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一、基本信息

实验室名称：

中文：广西南海珊瑚礁研究重点实验室

英文：Guangxi Laboratory on the Study of Coral Reefs in the South China Sea

依托单位：广西大学

实验室学术委员会主任：焦念志

实验室主任：余克服

通讯地址：广西南宁市西乡塘区大学东路 100号

联系人：黄荣永

联系电话：15277103086

EMail：coralreefs@gxu.edu.cn

网 址 ：https://shj.gxu.edu.cn

学科与学位点：

学科

学科分类 名称 代码

本科专业 海洋科学 0707

硕士点 海洋科学 0707

博士点 生物学 0710

博士后站 生物学/生态学 0710/0713

研究性质 ■ 基础研究 ■应用基础研究 社会公益性研究 高技术研发

归口领域 化学 数理 ■地学 生命科学 医学科学 信息 材料 工程

注：学科名称与代码参考国务院学位委员会、教育部印发的《研究生教育学科专业目录（2022
年）》（http://www.moe.gov.cn/srcsite/A22/moe_833/202209/t20220914_660828.html）。

https://shj.gxu.edu.cn
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（一）实验室简介

广西南海珊瑚礁研究重点实验室（以下简称“实验室”）于 2016 年获批成立，是广西

2016 年唯一无需培育而直接认定的省级重点实验室，也是我国迄今唯一聚焦珊瑚礁研究的

省部级重点实验室，已连续在三轮全区重点实验室三年评估（2015-2017 年、2018-2020 年、 

2021-2023 年）中获评优秀等级。

目前，实验室是广西唯一的“本-硕-博”一体化的海洋科学人才培养基地，拥有“海

洋科学”本科专业、“海洋科学”一级学科硕士学位授权点，以及“海洋生物资源与环境

保护”二级学科博士学位授权点。“海洋科学”作为广西大学土木工程与先进材料学科群

的核心学科于 2017 年入选“世界一流建设学科”。

从珊瑚礁研究的角度，实验室拥有国内场地最大、设备最齐全的珊瑚礁研究设施，拥

有国内专业方向最齐全、人数最多的珊瑚礁研究队伍。实验室面积为 17310 m2，科研仪器

设备总值 8995 万元；固定科研人员 45 人，技术人员 3 人，管理人员 8 人。固定科研人员

有 71%不超过 40 岁，有 91%不超过 50 岁；全部拥有博士学位（均为中国科学院、“985”

高校或双一流高校的博士学位），包含国家重大人才工程计划项目、国家杰出青年科学基金

获得者、国家重大科学研究计划项目（“973”项目）首席科学家、国务院政府特殊津贴获得

者等。

实验室与三沙航迹珊瑚礁保护研究所建立了长期、稳定和密切的合作关系，合作共建

有联合研究中心和三沙永乐龙洞保护站；建有潜水培训中心和“蓝色梦想”珊瑚礁科考团

队，先后出海考察 107 航次，参与 527 人次，累计 1769 天，总航程 71299 海里，范围覆盖

整个中国南海、华南沿岸、西太平洋、东印度洋和南印度洋等。以考察采集获得的数据与

样本为基础，实验室已建成国内样本数量最丰富、种类最齐全、覆盖范围最广的南海珊瑚

礁样品库。其中，既有钻穿西沙群岛琛航岛珊瑚礁的岩芯（琛科 2 井，928.75 m，平均取

芯率 70%），又有广西大学历史首次南海深潜获得的深海冷水珊瑚和深海沉积物等珍贵样

品。

实验室拥有涠洲岛珊瑚馆、岛礁生态修复实验室、海洋科教馆、广西涠洲岛珊瑚礁国

家级海洋公园管理站和广西大学海洋科学广西院士工作站等平台，形成了集研究、教学、

实践、服务于一体的珊瑚礁系统科学研究与人才培养基地，迄今被授予中国科协涠洲岛珊

瑚馆科普教育基地、广西科普基地、广西海洋科普与意识教育基地和广西科普教育基地等。

依托以上条件，实验室自成立以来：
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1. 已获得国家自然科学基金重大研究计划重点支持项目、国家自然科学基金重点项目

和国家自然科学基金重大项目课题等 255项基金项目（经费 20237万元）。

2. 获得了一系列新的科学发现、提出了一系列新的学术观点，形成了珊瑚礁系统科学

理论的基本框架，共计发表学术论文 758 篇（含 SCI 检索 502 篇），出版学术著作 3 部，

其中《珊瑚礁科学概论》是我国迄今唯一关于珊瑚礁的综合性学术著作与教材。此外，本

年度在编的《南海珊瑚礁与环境》已获国家科学技术学术专著出版基金优先资助。

3. 以珊瑚礁系统科学理论为基础，构建了能够避免传统“拆东墙补西墙”问题的“珊瑚

选种、育苗、选址、移植、维护、可视化监控”的全链条珊瑚礁生态修复新技术体系，建

成了涠洲岛自然海区珊瑚礁生态修复示范区（国内目前唯一对公众开放、可随时参观的珊

瑚礁生态修复示范区），获批了涠洲岛 200 亩专门用于珊瑚生态修复实验的科研用海（迄

今涠洲岛唯一对外批复的科研用海项目），并实施了 6992 万中央海洋生态保护修复资金项

目（修复涠洲岛 30 公顷的受损珊瑚礁），成效已入选 2025 年全国。

4. 申请专利 97 项（发明专利 77 项、实用新型专利 20 项），其中已获得授权 38 项

（发明专利 18 项、实用新型专利 20 项）。

5. 培养硕士研究生 488 人（已获硕士学位 251 人）、博士研究生 57 人（已获博士学位

28人）、本科生 764 人（已获学士学位 442 人，参与发表学术论文 44 篇，其中 SCI 检索 12 

篇、北大中文核心论文 19 篇）；骨干教师拥有国家杰出青年科学基金获得者和国家重大人

才工程计划项目等人才称号 31 人次，担任教育部科技委学部委员、中国第四纪科学研究会

常务理事和中国海洋湖沼协会地质学分会副理事长等重要学术组织职务 57 人次和 Marine 

Environmental Research 主编、《海洋学研究》副主编和《海洋学报》（中英文版）编委等 

30 本重要期刊职务，入选全球最具影响力气候领域科学家等学术排名榜单 13 人次。

6. 免费向社会开放涠洲岛珊瑚馆、岛礁生态修复实验室和海洋科教馆，至今累计参观

40 万人次，开展大型科普与宣传公益活动 88 场次，中央电视台、中国日报和新华社等权

威媒体报道近 180 次，有效地向社会普及了海洋和珊瑚礁知识，提高了民众南海领土主权

和生态环境保护意识，曾入选广西科学家精神宣讲团名单、中国青少年宫协会会员单位，

并获国家自然科学基金科学传播类专项项目、中国科协全国科普日优秀活动、“八桂科普

大行动”优秀特色活动、“八桂科普大行动”先进个人、广西“十佳优秀科普教育基地”

和广西“十佳优秀科学传播活动”等科普奖。
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实验室基于研究成果完成的一份报告被海军有关部门评价为“为南海岛礁工程规划选

址和施工过程中的生态环境保护提供了重要科学依据”；参与完成的关于南海岛礁工程维

护与后续建设的另一份报告，得到了国家最高领导人的亲自批示；参与编制的《黄岩岛海

域生态环境状况调查评估报告》被评价“为服务国家政治外交大局提供了支撑保障”。

总而言之，实验室形成了理论研究、技术研发和应用服务等多学科集成的珊瑚礁系统

科学研究框架，并奠定了我国珊瑚礁系统科学专业人才培养的基础，因而获得了广西自然

科学奖一等奖、二等奖，广西高等教育自治区级教学成果一等奖，广西创新争先奖和广西

工人先锋号等。

（二）实验室定位

实验室以珊瑚礁系统科学研究为特色，以建设代表中国最高水平的珊瑚礁研究和人才

培养基地为目标，致力于建成集探索科学前沿和服务国家需求于一体的科学研究、人才培

养机构，服务于我国珊瑚礁学科的发展与人才培养。

（三）实验室的研究方向

实验室面向国家重大需求和学科发展前沿，瞄准我国南海珊瑚礁研究和应用所面临的

关键科学问题，例如，在全球变暖、海洋酸化、富营养化等多重环境压力的背景下，珊瑚

礁对未来环境变化的适应潜力以及响应方式等，通过多学科交叉的方式，围绕南海珊瑚礁

的生物、生态、地质、资源与环境等开展系统的科学研究，揭示珊瑚礁学科的规律，服务

于我国南海珊瑚礁开发利用的长远规划与可持续发展、南海珊瑚礁生态系统的修复、以及

南海岛礁工程建设与长期维护等。具体研究方向包括：1. 南海珊瑚礁生物与生态；2. 南海

珊瑚礁地质与环境；3. 南海珊瑚礁环境与化学；4. 南海珊瑚礁遥感与监测。

（四）实验室平台与设施

实验室总面积 17310 m2，科研仪器设备总值 8995 万元，其中价值超过 50 万元的大型

仪器设备 36台（套），总值 4850万元。实验室典型的基地/平台设施举例如下：

1.广西大学海洋科学广西院士工作站

广西大学海洋科学广西院士工作站是实验室与武汉大学遥感信息工程学院摄影测量与

遥感学家张祖勋院士为贯彻落实向海图强战略而组建的科研平台。其目标是融合武汉大学

遥感信息工程学院世界一流遥感学科的优势与实验室珊瑚礁系统科学研究的特色，拓展实

验室的研究领域，促进实验室的学科建设，完善实验室的人才培养体系，从而提高实验室
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的科学研究水平与综合影响力，提升实验室的人才培养与服务国家重大需求的能力。该平

台在 2025年度广西院士工作站绩效评价中获得优秀。

2.南海珊瑚礁样品库

截至 2025 年 12 月，实验室组织赴南海、西太平洋、东印度洋、孟加拉湾、赤道印度

洋和南印度洋等开展科学考察共计 527人次，累积 1769天，航程达 71299海里。科学考察

采集了大量关于珊瑚礁地质、地貌、生态与环境等方面的关键数据和样本，形成了国内样

本数量最多、种类最齐全、覆盖范围最广的南海珊瑚礁样品库。目前存储生物样品 26498

个、沉积物及珊瑚砂 691袋、海水水样 3472份。其中含有珊瑚样品 11428个（包括鹿角珊

瑚、滨珊瑚、盔形珊瑚、蔷薇珊瑚等 25 属 136 种）、长棘海星样品 14200 个，其他样品

（包括鱼类样品、藻类样品、螺类样品等）870 个。南海珊瑚礁样品库为评估南海珊瑚礁

的生态状况提供了第一手的素材，为南海珊瑚岛礁的开发、建设与维护，以及珊瑚礁生态

系统的保护、修复与可持续发展积累了丰富的数据，为深入揭示印太交汇区代表性物种的

生物多样性演变及其生态功能提供了关键的材料，为实验室高质量完成国家与广西的重大

科学研究项目奠定了基础。

3.岛礁生态修复实验室

岛礁生态修复实验室占地 120 m2，拥有 31套珊瑚养殖系统和 1套珊瑚有性繁殖系统，

设有 4 m×0.6 m×0.6 m 的珊瑚礁生态展示缸 1 个、4 m×0.8 m×0.4 m 的珊瑚断肢繁殖缸 1个

和实验模拟缸 22个。目前养殖珊瑚 36种，共 5000余株。岛礁生态修复实验室是实验室研

究珊瑚对温度、营养盐、环境污染物等非生物胁迫响应和珊瑚抗病机制的重要平台，能为

南海珊瑚礁的保护与修复提供科学的理论依据和实践材料。该室功能以服务科研教学为主，

辅以珊瑚礁科普展览展示，旨在为实验室师生提供安全可靠的珊瑚礁研究场地和设备。

2025 年，该室累计承接模拟实验 35 人次，供应珊瑚实验样品 100 余个；接待外来参观 99

批次，累计接待人数 4840人，科研支撑与科普传播成效显著。

4.涠洲岛珊瑚礁野外生态修复实验基地

实验室研发了从人工繁殖、水族箱养殖和维护、海区苗圃、珊瑚移植等一体化的珊瑚

礁生态修复技术。该技术在涠洲岛自然海区的应用形成了面积 2000 m2的自然海区珊瑚礁

生态修复示范区，是国内迄今唯一可随时供人参观的珊瑚礁生态修复示范区。以此为基础，

实验室获批涠洲岛 200 亩的科研用海（迄今涠洲岛唯一对外批复的科研用海项目），用于

珊瑚礁生态系统修复实验。该基地的珊瑚礁生态修复模式，奠定了未来南海珊瑚礁生态修
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复的基础，为南海珊瑚礁的保护和科学利用提供了重要的技术支撑，并为全球珊瑚礁退化

治理贡献了“中国智慧”。2025 年，以该基地为基础的珊瑚礁生态修复成果入选了 2025

年全国海洋生态保护修复典型案例；而相关的《北部湾珊瑚礁生态修复技术与示范项目》

和《智筑珊海——珊瑚礁生态修复科技创新实践》则在首届联合国“海洋十年”海洋生态

保护修复大赛中分别获得了“海洋十年”中国行动国际合作种子基金重点项目和重大项目。

5.涠洲岛珊瑚馆

与北海市涠洲岛管理委员会合作共建的珊瑚馆，总面积约 500 m2，拥有 1个 10米大型

生态缸、1 个 4 米珊瑚礁生态展示缸、2个 4米大型繁殖缸，养殖水体 90 m3。该基地建设

探索出了科研、科普、旅游三位一体的珊瑚礁保护与修复新模式：直接建设在涠洲岛上，

能为实验室进行野外珊瑚礁保护和修复实验研究提供保障；面向全社会开放，向社会宣传

和普及珊瑚礁生态与保护的知识，增强社会民众的海洋意识和环保意识，是迄今全国最大

的珊瑚礁公益科普馆。至今已被授予中国科协涠洲岛珊瑚馆科普教育基地、广西科普基地、

广西海洋科普与意识教育基地和广西科普教育基地等。本年度接待参观 7.59万人次，媒体

参访与报道 6次，组织大型科普活动 2场次，开展大型公益讲解 119次。

6.三沙航迹珊瑚礁保护研究所联合研究中心与三沙市永乐龙洞保护站

实验室与三沙航迹珊瑚礁保护研究所于 2019年签订合作协议共建联合研究中心，旨在

促进我国珊瑚礁领域的人才培养和科学探索，为南海生态环境保护建言献策，服务于国家

海洋强国战略和海上丝绸之路建设。该联合研究中心成立至今，已围绕南海珊瑚礁生态环

境保护等科学问题，联合开展南海珊瑚礁科学考察 23次（今年 3次）。之后，在三沙市政

府相关部门的大力支持下，实验室在 2024年与国家海洋环境监测中心、三沙航迹珊瑚礁保

护研究所联合建成三沙市永乐龙洞保护站。本年度依托该站开展相关科研工作的师生人数

达到 40人次。2025年 9月 15-16日，实验室主办三沙市永乐龙洞保护站工作研讨会，对保

护站建站以来的科研平台建设现状与成效、存在问题及不足等进行了深入讨论，并研讨敲

定了保护站未来工作重点和发展方向。实验室通过三沙市永乐龙洞保护站实现了对西沙晋

卿岛龙洞及周边珊瑚礁海域的全天候长期定点监测，以及关于珊瑚礁生物生态、环境化学

和地质地貌等多学科交叉的系统性综合实验与研究。

7.海洋科教馆

海洋科教馆位于广西大学综合实验大楼 1楼，面积 1400 m2，主要功能是为珊瑚礁系统

科学研究提供人才培养（专业课、校选课和第二课堂）、学术交流、成果展示和科学传播
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等的平台。该馆迄今已被授予广西海洋科普与意识教育基地、广西科普教育基地。本年度

接待参观 204 场次，共 1.85 万人次，包括中国科学院领导、中国科协 2025 年高层次人才

国情考察活动（广西）院士专家团、面向东盟蓝色经济合作发展论坛专家代表团、香港特

区政府驻广西联络处主任王卓然等。2025年 3 月，海洋科教馆入选中国青少年宫协会会员

单位。2025年 4月，广西大学海洋科教馆科学家精神宣讲工作室入围第三批广西科学家精

神宣讲团名单。这标志着海洋科教馆已成为弘扬科学家精神、传播科学思想领域的重要阵

地。

海洋科教馆人才培养、科学研究与科学传播一体化得到国内知名专家学者的高度肯定

左：中国科协 2025年高层次人才国情考察活动（广西）院士专家团；右：王景全院士与郑皆连院士。
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（五）实验室组成框架

（1）学术委员会

学术委员会主任

焦念志 教授、中国科学院院士 厦门大学

学术委员会副主任

陈发虎 教授、中国科学院院士 中国科学院青藏高原研究所

学术委员会委员（按姓名拼音字母的字典顺序排序）

戴民汉 教授、中国科学院院士 厦门大学

葛全胜 研究员 中国科学院地理科学与资源研究所

郭正堂 研究员、中国科学院院士 中国科学院大学

翦知湣 教授、中国科学院院士 同济大学

林 间 教授、欧洲科学院院士 南方科技大学

刘丛强 研究员、中国科学院院士 天津大学

李铁刚 研究员 自然资源部第一海洋研究所

祁士华 教授 中国地质大学（武汉）

余克服 教授 广西大学

王英辉 教授 广西大学

韦刚健 研究员 中国科学院广州地化所

学术委员会顾问（按姓名拼音字母的字典顺序排序）

黄鼎成 研究员 中国科学院地质与地球物理研究所

汪 稔 研究员 中国科学院武汉岩土力学研究所

王苏民 研究员 中国科学院南京地理与湖泊研究所

张祖勋 教授、中国工程院院士 武汉大学遥感信息工程学院
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（2）固定人员信息

实验室主任：余克服

实验室副主任：黄荣永（常务）、黄雯

实验室秘书：姜伟、苏宏飞、张瑞杰、雍阳阳、李艳丹

1.固定人员列表

序号 姓名 性别 出生年月 学位 职称 专业方向 类型

1 余克服 男 1969.03 博士 教授 地球化学 研究

2 徐向荣 女 1973.06 博士 教授 环境科学 研究

3 王英辉 女 1970.01 博士 教授 环境工程 研究

4 姜伟 男 1989.12 博士 教授 地球化学 研究

5 刘珊 女 1986.06 博士 教授 环境科学 研究

6 王丽伟 女 1986.05 博士 副教授 无机化学 研究

7 梁甲元 男 1986.11 博士 副教授 微生物学 研究

8 王广华 男 1981.04 博士 副教授 海洋生物学 研究

9 黄雯 男 1988.01 博士 副教授 水产养殖学 研究

10 苏宏飞 男 1984.09 博士 副教授 海洋生物学 研究

11 巩三强 男 1986.06 博士 副教授 生物学 研究

12 陈飚 男 1992.11 博士 副教授 海洋生物学 研究

13 王瑞 男 1983.03 博士 副教授 地质学 研究

14 张瑜 男 1985.04 博士 副教授 地质学 研究

15 张瑞杰 男 1982.01 博士 副教授 环境科学 研究

16 张媛媛 女 1981.07 博士 副教授 环境工程 研究
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17 裴继影 女 1989.06 博士 副教授 分析化学 研究

18 潘长桂 男 1985.07 博士 副教授 环境工程 研究

19 陈小燕 女 1974.07 博士 副教授 环境工程 研究

20 姚作芳 女 1982.08 博士 副教授 环境科学 研究

21 黄荣永 男 1985.10 博士 副教授 摄影测量与遥感 研究

22 陈正华 女 1980.01 博士 副教授 地理学 研究

23 左秀玲 女 1986.03 博士 副教授 地图学与地理信息 研究

24 雍阳阳 女 1987.06 博士 副教授 气象学 研究

25 邓珊珊 女 1993.09 博士 副教授 自然地理学 研究

26 黄爱国 男 1991.09 博士 副教授 水生生物学 研究

27 韦芬 女 1986.01 博士 讲师 水产养殖学 研究

28 覃祯俊 男 1991.03 博士 讲师 海洋生物学 研究

29 张曼 女 1986.12 博士 讲师 海洋生物学 研究

30 范天来 男 1984.06 博士 讲师 自然地理学 研究

31 吴司琪 女 1993.09 博士 讲师 古生物学 研究

32 乐远福 男 1982.07 博士 讲师 地质学 研究

33 宋宜 女 1991.11 博士 讲师 地质学 研究

34 宁志铭 男 1988.12 博士 讲师 海洋化学 研究

35 唐兴颖 男 1986.08 博士 讲师 动力工程与工程热物理 研究

36 梁作栋 男 1992.08 博士 讲师 海洋工程 研究

37 俞小鹏 男 1992.11 博士 讲师 海洋生物学 研究
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38 江红蕾 男 1992.11 博士 讲师 生态学 研究

39 江蕾蕾 女 1995.02 博士 讲师 生物学 研究

40 黄钦 男 1994.08 博士 讲师 海洋地质学 研究

41 郭泽军 男 1994.10 博士 讲师 生态学 研究

42 韩民伟 男 1992.05 博士 讲师 生物学 研究

43 王刘炜 男 1997.10 博士 讲师 环境科学与工程 研究

44 李正浩 男 1996.01 博士 讲师 地理学 研究

45 黄硕文 男 1997.06 博士 讲师 资源与环境 研究

46 韦朝帅 男 1989.05 硕士 实验师 环境科学 技术

47 张俊 男 1988.06 硕士 实验师 环境科学与工程 技术

48 张威 男 1988.12 博士 助理实验师 环境科学与工程 技术

49 秦华东 男 1978.12 博士 副研究员 作物栽培学与耕作学 管理

50 黄学勇 男 1986.03 硕士 讲师 生态学 管理

51 刘旗扬 女 1974.12 硕士 高级工程师 行政管理学 管理

52 李周佳 男 1982.01 硕士 讲师 音乐学 管理

53 周剑 男 1986.04 硕士 助理研究员 新闻与传播 管理

54 林玉华 女 1979.01 硕士 助理研究员 公共管理 管理

55 龙海华 女 1974.03 硕士 讲师 英语 管理

56 梁琪 女 1993.10 硕士 助理研究员 农村与区域发展 管理
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2.研究单元

序号 研究组 带头人 其他成员

1 珊瑚礁生物与生态 巩三强

黄 雯、梁甲元、苏宏飞、王广华、陈 飚、

俞小鹏、黄爱国、韦 芬、覃祯俊、张 曼、

郭泽军

2 珊瑚礁地质与环境 余克服
姜 伟、王 瑞、范天来、吴司琪、乐远福、

张 瑜、宋 宜、黄 钦

3 珊瑚礁环境与化学 徐向荣

王英辉、刘 珊、张瑞杰、张媛媛、裴继影、

王丽伟、潘长桂、宁志铭、唐兴颖、韩民伟、

王刘炜

4 珊瑚礁遥感与监测 黄荣永

左秀玲、陈正华、陈小燕、雍阳阳、姚作芳、

梁作栋、邓珊珊、江红蕾、江蕾蕾、李正浩、

黄硕文

说明：研究队伍人员全部拥有博士学位，年龄有 71%不超过 40岁，有 91%不超过 50岁。

3.人才称号

序号 姓名 荣誉称号 年份

1 余克服 2016

2 余克服 2016

3 余克服 2015

4 余克服 2019

5 余克服 2014

6 余克服 2013

7 余克服 2012

8 余克服 2010

9 余克服 2014

10 余克服

国家重大人才工程计划项目

国家重大人才工程计划项目

政府特殊津贴获得者

广西 B 层次人才

广西八桂学者

国家百千万人才工程

国家重大科学研究项目（“973”项目）首席科学家

国家杰出青年科学基金获得者

青年科技创新领军人才

广西人才小高地 2025



广西南海珊瑚礁研究重点实验室 2025年度报告

14

11 王英辉 2018

12 王英辉 2016

13 王英辉 2013

14 王英辉 2013

15 徐向荣 2011

16 黄雯 2024

17 黄雯 2022

18 姜伟 2024

19 左秀玲 2025

20 王丽伟 2025

21 刘珊 2025

22 陈飚 2025

23 巩三强 2025

24 王英辉 2025

25 姜伟 2025

26 徐向荣 2025

27 黄雯 2025

28 陈飚 2024

29 黄爱国

第九批自治区优秀专家

广西五一巾帼标兵

“广西新世纪十百千人才工程”第二层次人选

全区教育系统“巾帼标兵”

中国科学院“引进国外杰出人才”（百人计划）

广西“最美科技工作者”

八桂科普大行动先进个人

自治区重大人才项目

自治区重大人才项目

自治区重大人才项目

自治区重大人才项目

自治区重大人才项目

自治区重大人才项目

广西 D 层次人才

广西 D 层次人才

南宁市 A 层次人才

南宁市 B 层次人才

南宁市 D 层次人才

南宁市 D 层次人才 2024
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30 俞小鹏 南宁市 D层次人才 2025

31 郭泽军 南宁市 D层次人才 2025

32 吴司琪 南宁市 D层次人才 2025

4.学术组织任职

序号 姓名 学术组织 职务 时间

1 余克服 教育部科技委学部 委员
2016.01-2020.12
2021.01-2025.12

2 余克服 中国第四纪科学研究会 常务理事

2012.01-2015.12
2016.01-2019.12
2020.01-2023.12
2024.01-2027.12

3 余克服
中国海洋湖沼协会地质学

分会
副理事长 2022.10-2027.09

4 余克服
中国第四纪科学研究会海

岸与海洋专业委员会
副主任

2021.01-2024.12
2025.01-2028.12

5 余克服
中国海洋学会海洋生态资

源保护与修复分会
副主任委员 2022.09-至今

6 余克服

海南南沙珊瑚礁生态系统

国家野外科学观测研究站

学术委员会

副主任 2021.12-至今

7 余克服
教育部 2011计划“中国南

海研究协同创新中心” 特约研究员 2012.07-至今

8 余克服

北部湾海洋生态环境广西

野外观测研究站学术委员

会

副主任委员 2024.09-2027.09

9 余克服
中国古生物学会生物沉积

学分会
理事 2024.01-至今

10 余克服

海底科学与探测技术教育

部重点实验室(中国海洋

大学)第四届学术委员会

委员 2025.01-2030.01

11 徐向荣
中国土壤学会环境微塑料

工作组工作委员会
副主任 2024.12-2028.11

12 徐向荣
中国海洋湖沼学会化学分

会
理事 2022.11-2027.10

13 徐向荣 中国海洋发展研究会 理事 2024.12-2028.12
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14 王英辉
广西近海海洋环境科学重

点实验室学术委员会
副主任 2023.12-2026.12

15 王英辉
广西绿色低碳产业技术协

会第一届理事会 秘书长 2023.08-2028.08

16 王英辉
广西产研院绿色低碳技术

研究所有限公司
执行董事 2023.08-2028.08

17 黄雯 广西海洋学会 副理事长 2024.12-2028.12

18 黄荣永 广西地理学会 常务理事 2024.11-至今

19 左秀玲 广西遥感学会 常务理事 2025.07-2029.07

20 黄雯
北海市全民科学素质工作

领岛小组办公室

北海市科学传

播海洋生态首

席专家

2022.09-2025.09

21 黄雯
广西海洋产业专家咨询委

员会
顾问 2020.11-至今

22 雍阳阳 广西气象学会 理事 2021.01-2026.01

23 雍阳阳
广西气候变化与防灾减灾

研究会
理事 2023.05-2028.04

24 雍阳阳 广西海洋学会 理事 2024.12-2028.12

25 左秀玲 中国太平洋学会海洋电子

信息科学与技术分会
理事 2025.10-2028.10

26 王瑞 广西海洋学会 理事 2024.12-2028.12

27 雍阳阳 钦州市气象局

钦州市精细化

气象预报服务

创新团队导师

2023.07-至今

28 余克服

南方海洋科学与工程广东

省实验室（珠海）--深海

生命与生态过程团队

首席科学家 2022.11-至今

29 余克服

北部湾环境演变与资源利

用教育部重点实验室学术

委员会

委员 2021.01-2025.12

30 徐向荣

海南三亚海洋生态系统国

家野外科学观测研究站学

术委员会

委员 2024.12-2027.12

31 徐向荣
巴塞尔公约亚太区域中心

化学品和废物环境管理智
专家 2023.11-2028.11
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库

32 徐向荣

海洋化学与应用技术福建

省高校重点实验室（厦门

大学）学术委员会

委员 2024.12-2027.12

33 徐向荣

中国合成树脂协会塑料循

环利用分会海洋塑料防治

技术委员会

委员 2021.04-2025.04

34 徐向荣
中国海洋与湖沼学会海岸

带可持续发展委员会
委员 2021.04-2025.04

35 徐向荣 中国生态学会 会员 2023.10-2028.10

36 徐向荣
广东省新污染物治理专家

委员会
委员 2023.10-2028.10

37 徐向荣

广西北部湾海洋环境变化

与灾害研究重点实验室学

术委员会

委员 2024.01-2026.12

38 徐向荣
广东省应急管理专家委员

会
委员 2022.01-2025.01

39

余克服、陈飚、徐

向荣、韩民伟、张

瑞杰、覃祯俊、江

蕾蕾、黄荣永、姜

伟、陈小燕、俞小

鹏、左秀玲、王刘

炜、李周佳、江红

蕾、黄雯

国际海洋碳负排放组织 创始会员 2025.10-至今

40 梁甲元
中国海洋学会大洋深潜分

会
委员 2024.08-2027.08

41 左秀玲

国际数字地球学会中国国

家委员会数字海岸带专业

委员会

委员 2024.05-2029.05

42

徐向荣、陈飚、巩

三强、韩民伟、黄

钦、黄荣永、梁甲

元、宁志铭、潘长

桂、裴继影、王丽

伟、姜伟、俞小

鹏、张瑞杰、张媛

媛、左秀玲、张

威、江红蕾

广西海洋学会 会员 2024.12-2028.12

43 左秀玲 国际数字地球学会中国国

家委员会青年科学家工作
委员 2025.04-2029.04
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委员会

44 王丽伟 学术桥论文辅导专家库 成员 2025.03-2028.03

45 江蕾蕾

中国第四纪科学研究会专

业委员会-历史时期气候

变化专业委员会

委员 2025.01-2028.01

46 海洋科教馆 中国青少年宫协会 会员 2025.03-至今

47 梁甲元
中国生态学学会第六届海

洋生态专业委员会
委员 2022.01-2027.01

48 梁甲元
中国太平洋学会海洋测绘

研究分会
理事 2023.01-2028.01

49 徐向荣
中国生产力促进中心协会

海洋分会
主任委员 2026.01-2028.01

50 徐向荣
中国生态学学会生态毒理

学专委会
委员 2025.10-2028.10

51 徐向荣
中国颗粒学会微塑料专委

会
委员 2026.01-至今
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5.学术期刊任职

序号 姓名 学术期刊名称 职务 时间

1 余克服 《海洋学研究》 副主编 2022.12-至今

2 余克服
《中国科学：地球科学》和

《SCIENCE CHINA: Earth Sciences》 编委 2018.01-2027.12

3 余克服 《第四纪研究》 编委 2020.01-至今

4 余克服
《海洋学报》和

《Acta Oceanologica Sinica》 编委 2017.01-至今

5 余克服 《海洋科学进展》 编委 2023.01-至今

6 余克服 《Anthropocene Coasts》 编委 2022.01-至今

7 余克服 《海洋与湖沼》 编委 2025.04-2030.04

8 徐向荣 《Marine Environmental Research》 主编 2021.12-2025.11

9 徐向荣 《生态毒理学报》 编委 2023.09-2028.09

10 徐向荣
《Watershed Ecology and the

Environment》 编委 2023.01-2027.12

11 徐向荣
《Journal of Environmental Exposure

Assessment》 编委 2024.04-2026.04

12 徐向荣 《环境生态学》 编委
2019.01-2023.01
2023.01-2027.01

13 徐向荣 《海洋环境科学》 编委 2022.12-2026.12

14 徐向荣
《Water Emerging Contaminants &
Nanoplastics》 副主编 2025.07-2027.07

15 雍阳阳 《气象研究与应用》 编委 2019.01-至今

16 左秀玲 《地理科学》 青年编委 2025.05-至今

17 刘珊 《Fishes》 编委 2024.10-2026.10
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18 刘珊
《Water Emerging Contaminants &

Nanoplastics》 编委 2024.06-2026.06

19 刘珊
《Journal of Environmental Exposure

Assessment》 编委 2024.12-2026.12

20 王刘炜
《Environmental Geochemistry and

Health》 副主编 2025.07-2027.07

21 王刘炜 《Soil Use and Management》 副主编 2025.08-至今

22 姜伟 《Frontiers in Marine Science》 副编辑 2021.02-至今

23 姜伟 《Scientific Reports》 编委 2025.03-至今

24 潘长桂 《Toxics》 编委 2023.01-至今

25 潘长桂
《Journal of Environmental Exposure

Assessment》 编委 2024.05-2025.05

26 潘长桂
《Emerging Contaminants and

Environmental Health》 编委 2024.01-至今

27 唐兴颖 《Energy & Environment Nexus》 编委 2025.11-2029.11
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二、年度主要进展

（一）科研项目立项

本年度科研项目立项 50项（合计经费 1221.54万元），其中国家自然科学基金 9 项（合计经费 302万元），广西自然

科学基金/广西科技基地与人才专项/广西重点研发计划项目 25项（合计经费 802万元），其他项目 16项（合计经费 117.54

万元）。

序号 来源/类型 名称 编号 起始年份 结束年份
经费

（万元）
负责人

1 国家自然科学基金委 /国
家自然科学基金面上项目

基于物理信息扩散模型高精度重

建陆-海水质量迁移过程及区域质

量海平面预算闭合

42571043 2026年 2029年 46 邓珊珊

2 国家自然科学基金委 /国
家自然科学基金面上项目

流体饱和状态对西沙群岛晚中新

世白云岩结构的调控机制
42572123 2026年 2029年 47 王瑞

3 国家自然科学基金委 /国
家自然科学基金面上项目

北部湾近岸海域典型阻燃剂的源

汇格局及其风险调控机制研究
42576143 2026年 2029年 50 徐向荣

4
国家自然科学基金委 /国
家自然科学基金地区科学

基金项目

强还原活性物种对海水病原微生

物的灭活及消毒副产物协同控制

效应与机制研究

52560001 2026年 2029年 33 张媛媛

5
国家自然科学基金委 /国
家自然科学基金地区科学

基金项目

机器学习驱动电化学生物传感技

术对珊瑚致病菌的快速检测及健

康评估研究

22564003 2026年 2029年 31 王丽伟

6
国家自然科学基金委 /国
家自然科学基金青年基金

项目

海岸带景观格局和气候变化对生

态系统服务供需的影响机制与优

化调控

42501364 2026年 2029年 30 江红蕾
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7
国家自然科学基金委 /国
家自然科学基金青年基金

项目

南海北部珊瑚记录的 5.5 ka BP事

件期间 ENSO活动及其对太阳辐

照度的响应

42502176 2026年 2029年 30 江蕾蕾

8
国家自然科学基金委 /国
家自然科学基金青年基金

项目

造礁石珊瑚对多环芳烃及其衍生

物的兴奋效应及其分子机制
42506130 2026年 2029年 30 韩民伟

9 国家自然科学基金委 /国
家自然科学基金专项项目

科学传播类：基于珊瑚礁特色的

广西海洋教育小学示范校科普活

动分层分级实施

42542038 2026年 2029年 5 徐向荣

10
广西壮族自治区科技厅 /
广西自然科学基金广西重

点研发计划

面向海洋中小尺寸塑料垃圾的无

人船智能监测技术研发与应用示

范

2025FN9619
929 2026年 2029年 96 徐向荣

11
广西壮族自治区科技厅 /
广西自然科学基金广西科

技成果转化计划

基于碳点传感检测的分级氧化-吸
附协同全量化处理垃圾渗滤液关

键技术研发及应用

2025ZG0312
057 2026年 2029年 0 唐兴颖

12
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

细胞穿膜肽介导 VP28特异性纳

米抗体抗对虾WSSV作用机制研

究

2025JJA130
007 2026年 2029年 10 黄爱国

13
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

全球变暖与平陆运河悬浮物增加

叠加对北部湾珊瑚礁生态影响与

适应潜力研究

2025JJA150
187 2026年 2029年 10 俞小鹏

14
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

高温实验模拟珊瑚白云石化过程

中稀土元素的迁移机制
2025JJA150

010 2026年 2029年 10 王瑞
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15
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

桂西南地区下雷锰矿成矿环境和

富集机制研究
2025JJB1500

38 2026年 2029年 8 黄钦

16
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

典型热带岛礁土壤微塑料赋存特

征与老化机制研究
2025JJB1500

27 2026年 2029年 8 王刘炜

17
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

涠洲珊瑚礁区波致海底埋管动力

灾变机理与分析方法
2025JJB1600

06 2026年 2029年 8 梁作栋

18
广西壮族自治区科技厅 /
广西自然科学基金广西科

技基地和人才专项

广西南海珊瑚礁研究重点实验室

科技创新能力建设
桂科
AD25069075 2025年 2028年 400 余克服

19
广西壮族自治区科技厅 /
广西自然科学基金广西重

点研发计划

广西北部湾海漂垃圾溯源追踪技

术研究及应用示范
桂科
AB25069113 2025年 2027年 74 徐向荣

20
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

滨珊瑚的海平面指示意义及在南

海北部全新世海平面重建中的应

用

2025GXNSF
AA069160 2025年 2028年 10 乐远福

21
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

紫外光催化双酮高级氧化还原体

系对海水有害微生物的灭活及副

产物协同控制研究

2025GXNSF
AA0691008 2025年 2028年 10 张媛媛

22
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

南海造礁石珊瑚骨骼及珊瑚砂中

黑碳的赋存/埋藏特征及其碳汇能

力初探

2025GXNSF
AA069701 2025年 2028年 10 张瑞杰
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23
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

虫黄藻 Cladocopium goreaui的热

驯化及其对涠洲岛苗圃区珊瑚耐

热性的作用研究

2025GXNSF
AA069187 2025年 2028年 10 覃祯俊

24
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

桂东南大瑶山燕山早期高 Sr/Y花

岗岩类成因及其深部动力学意义
2025GXNSF
AA069324 2025年 2028年 10 张瑜

25
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

超临界水中磷化腐蚀膜抑制晶界

扩散行为对镍基合金晶间腐蚀的

影响机制研究

2025GXNSF
AA069823 2025年 2028年 10 唐兴颖

26
广西壮族自治区科技厅 /
广西自然科学基金面上项

目

近岸礁区有孔虫分布特征及其对

生态环境的指示意义——以广西

涠洲岛为例

2025GXNSF
AA069592 2025年 2028年 10 孟敏

27
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

不同温度条件下造礁石珊瑚的脂

类组成变化及其指示意义
2025GXNSF
BA069092 2025年 2028年 8 宋宜

28
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

造礁石珊瑚应对多环芳烃污染的

响应与适应机理研究
2024JJB1502
02 2025年 2028年 8 韩民伟

29
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

涠洲岛造礁珊瑚对平陆运河工程

低盐水输入适应机制研究
2025GXNSF
BA069587 2025年 2028年 8 俞小鹏

30
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

南海北部季节性海表温度和盐度

对东亚季风降雨预报的可靠性与

机制研究

2025GXNSF
BA069398 2025年 2028年 8 江蕾蕾
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31
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

红树植物白骨壤耐盐相关基因的

筛选及功能研究
2025GXNSF
BA069196 2025年 2028年 8 郭泽军

32
广西壮族自治区科技厅 /
广西自然科学基金青年基

金项目

广西平陆运河流域生态系统服务

多尺度权衡/协同关系、影响因素

与优化管理策略研究

2024JJB1501
08 2025年 2028年 8 江红蕾

33

广西壮族自治区人力资源

和社会保障厅，广西壮族

自治区财政厅 /青苗人才

补助

桂西南地区沉积锰矿富集机制与

成矿规律研究
202502325 2025年 2030年 30 黄钦

34
广西壮族自治区人力资源

和社会保障厅，广西壮族

自治区财政厅 /青苗人才

补助

单宁在红树植物镉耐受中的作用

机制研究
202502322 2025年 2030年 30 郭泽军

35 中国科学院南海海洋研究

所
海洋样品类固醇激素测试服务 202500606 2025年 2026年 4 潘长桂

36 三亚海洋生态环境工程研

究院
海南河口海域微塑料测试服务 202501010 2025年 2025年 9.13 潘长桂

37 国家海洋环境监测中心
小公鱼、球形棕囊藻传感器构建

数据资料
202500125 2025年 2025年 6 张曼

38 中国科学院南海海洋研究

所研究所

海洋沉积物和水体样品抗生素检

测和数据分析
202501984 2025年 2026年 3.92 刘珊

39 三沙航迹珊瑚礁保护研究

所

2025年度龙洞生态环境监测服务

和报告撰写
202501912 2025年 2026年 25.12 韩民伟

40 中国科学院南海海洋研究

所研究所
塑料样品检测与数据分析 202501893 2025年 2026年 3.8 刘珊

41 国家海洋环境监测中心

三沙永乐龙洞周边海域珊瑚礁生

态、水文和沉积物通量历史监测

数据分析和报告撰写服务项目

202501691 2025年 2025年 19.91 陈飚
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42 生态环境部华南环境科学

研究所

2025年度南海海域生态环境监测

服务项目
202501660 2025年 2025年 149.8 俞小鹏

43 中国科学院南海海洋研究

所研究所

南海北部边缘造礁珊瑚对高温与

高浑浊度双重胁迫的适应机制研

究

202501391 2025年 2027年 4.0 俞小鹏

44 广西汇康能环保科技有限

公司

塑料废弃物裂解炭黑的纯化与功

能材料制备技术研究
202501244 2025年 2026年 6.5 唐兴颖

45 中国科学院南海海洋研究

所

海洋沉积物样品环境参数测试服

务
202501186 2025年 2026年 4.95 刘珊

46 中国检验认证集团广西有

限公司

城市垃圾填埋场渗滤液中污染物

识别及关键技术研究服务
202501039 2025年 2026年 5.0 唐兴颖

47 广西产研院绿色低碳技术

研究所

水热酸解甘蔗渣制备 C5/C6糖水

解液研究技术服务
202502130 2025年 2025年 9.38 张威

48 广西青辉环保技术有限责

任公司

再生混凝土微观孔结构调控与多

场景性能提升改性研究
202502508 2025年 2025年 31 王英辉

49 广西青辉环保技术有限责

任公司

再生混凝土微观孔结构优化与有

害元素控制改性研究
202502474 2025年 2025年 30 王英辉

50 中国科学院南海海洋研究

所
红树林沉积物环境参数分析服务 202502590 2025年 2026年 4.32 刘珊
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（二）奖励与荣誉

2025年新增重要奖励与荣誉 18项，含第四届广西创新争先奖、广西工人先锋号、福建省科技进步奖二等奖、中国国际大学

生创新大赛广西赛区金奖、国家级一流本科课程和 2025年全国海洋生态保护修复典型案例等。

序号 姓名 项目名称 奖项名称与等级 授予单位

1

余克服、吴志强、王瑞、梁

甲元、黄荣永、姜伟、苏宏

飞、黄雯、张瑞杰、左秀

玲、裴继影、王丽伟、王少

鹏、陈 飚、俞小鹏、宁志铭

南海珊瑚岛礁保护与科学利

用团队
第四届广西创新争先奖

广西壮族自治区科学技术协会、广

西壮族自治区科学技术厅、广西壮

族自治区工业和信息化厅、广西壮

族自治区人力资源和社会保障厅、

广西壮族自治区人民政府国有资产

监督管理委员会

2 余克服、左秀玲、覃祯俊 课程《珊瑚礁科学概论》 国家级一流本科课程 中华人民共和国教育部

3 “蓝色梦想”海洋科考队 广西工人先锋号 广西工人先锋号 广西壮族自治区总工会

4
蔡明刚、徐向荣、夏斌、孙

承君、施华宏、李锐龙、李

恒翔

海洋环境微塑料的全链条分

析体系构建与关键技术研发

及应用

福建省科技进步二等奖 福建省人民政府

5

广西南海珊瑚礁研究重点实

验室珊瑚礁生态保护与修复

团队（余克服、黄雯、陈飚

和俞小鹏等）

科技赋能珊瑚海，共谱人鲸

和美新乐章——广西北海市

涠洲岛珊瑚礁生态保护修复

案例

全国海洋生态保护修复典

型案例
自然资源部国土空间生态修复司

6 张媛媛 课程名称《海洋科学导论》
第五届全国高校教师教学

创新大赛广西赛区新工科

组二等奖

广西高等教育学会
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7 李正浩
基于遥感的海洋浮游植物对

环境气候变化响应研究
中国遥感优秀成果二等奖 中国遥感委员会

8 左秀玲
南海珊瑚礁遥感监测与预警

研究

第二十七届生态环境遥感

论坛优秀青年学术报告一

等奖

中国遥感应用协会

9

余克服、梁甲元、黄荣永、

徐向荣、黄 雯、姜 伟、左

秀玲、苏宏飞、张瑞杰、雍

阳阳、王 瑞、俞小鹏、陈

飚、王丽伟、裴继影、江红

蕾、黄学勇、周 剑

基于南海岛礁特色的海洋科

学研究生培养体系的构建与

实现路径

广西大学高等教育（研究

生）教学成果特等奖
广西大学

10 广西大学海洋学院
第二届(2025年)全国海洋学

教学大赛

全国海洋学教学大赛优秀

组织奖

教育部⾼等学校海洋科学类专业教

学指导委员会

11 黄雯
海洋科学导论（说课）开启

蓝色科学之旅

全国海洋学教学大赛二等

奖

教育部⾼等学校海洋科学类专业教

学指导委员会

12 裴继影、宁志铭、江蕾蕾 海洋科学导论说课及教学
全国海洋学教学大赛优秀

奖（3项）

教育部⾼等学校海洋科学类专业教

学指导委员会

13

张睿、刘扶真、浦诚书、何

小方、仇旭华、梁嘉裕、樊

孝荣、梁腾（指导老师：袁

功林,张振荣,王少鹏,王丽

伟,杨天山,香赵政,曾凡辉）

探海智测--海洋环境多维度

智能监测技术领跑者

中国国际大学生创新大赛

“建行杯”广西赛区选拔

赛金奖

广西壮族自治区教育厅



广西南海珊瑚礁研究重点实验室 2025年度报告

29

14

康亚茹、谢婷、吴博、李昌

恒、方贵瑾、林子业、赖秋

月、刘缘、于尚科、彭梦

娇、陆晔、何煜、劳子彤等

（指导老师：黄学勇、黄

雯、巩三强、余克服、徐向

荣、王瑞、秦华东、张媛

媛、黄荣永、刘旗扬、王刘

炜、李周佳、周剑、林玉

华、梁琪等）

蓝色梦想·珊海同行——专

注于珊瑚礁保护的公益服务

先锋卫士

中国国际大学生创新大赛

“建行杯”广西赛区选拔

赛铜奖

广西壮族自治区教育厅

15

黄雯,余克服,黄学勇,梁作

栋,苏宏飞,徐向荣,巩三强,

黄荣永,陈小燕,王明威,彭梦

娇,刘书萌,谭何勇

北部湾珊瑚礁生态修复技术

与示范项目

联合国“海洋十年”中国

行动国际合作种子基金重

点项目

中国海洋大学、“每洋十年”国际

合作中心、全球青年创新预袖共同

体促进会

16

谭何勇、彭梦娇、王明威、

刘书萌、许辉、陆晔、徐

烨、劳子彤、徐明培、周榆

鹏、王永刚（指导老师：黄

学勇,黄雯,梁作栋）

智筑珊海——珊瑚礁生态修

复科技创新实践

联合国“海洋十年”中国

行动国际合作种子基金重

大项目

中国海洋大学、“每洋十年”国际

合作中心、全球青年创新预袖共同

体促进会

17 高德硕（指导老师：裴继

影）

基于 3D 打印-SPME 牙签喷

雾质谱快速检测复杂基质中

的有机紫外吸收剂

第七届高校大学生海洋与

化学科技实践论坛口头报

告一等奖

教育部高等学校海洋科学类专业教

学指分委员会

18 王秋婷（指导老师：张瑞

杰）

珊瑚砂和珊瑚骨骼中黑碳赋

存特点及其碳封存意义

第七届高校大学生海洋与

化学科技实践论坛口头报

告二等奖

教育部高等学校海洋科学类专业教

学指分委员会



广西南海珊瑚礁研究重点实验室 2025年度报告

30

（三）论文发表

本年度以第一或通讯作者发表学术论文 113 篇，其中 SCI 检索 75 篇（中科院一区和二区 50 篇，JCR Q1 和 Q2 区 69

篇），中国科协高质量科技期刊 T1级 39篇、T2级 19篇、T3级 26篇，如下表所示：

年份

中国科协

高质量科技期刊分级
中科院分区 JCR分区

SCI 论文

总数
T1 T2 T3 一区 二区 三区 四区 Q1 Q2 Q3 Q4

2014 1 1 3 0 5 1 3 6 1 2 0 9 11

2015 5 7 1 4 4 10 3 8 6 2 3 21 28

2016 8 10 15 3 6 7 9 9 4 6 5 25 49

2017 9 6 9 2 10 6 4 10 5 4 2 22 43

2018 14 9 9 3 12 6 6 17 4 2 4 27 48

2019 16 5 14 7 14 17 1 26 9 2 2 39 47

2020 29 17 9 16 9 22 3 30 11 5 4 50 68

2021 32 9 9 15 24 5 0 38 3 3 0 44 58

2022 36 20 20 14 20 17 2 39 13 0 1 53 94

2023 43 13 11 17 23 13 4 43 9 5 0 57 88

2024 48 20 18 25 28 21 6 58 14 3 5 80 111

2025 39 19 26 20 30 23 2 59 10 4 2 75 113

合计 280 136 144 126 185 148 43 343 89 38 28 502 758
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（四）代表性成果

※《2025年黄岩岛海域生态环境状况调查评估报告》：继去年参与对黄岩岛的首次摸

底调查并编制《黄岩岛海域生态环境状况调查评估报告》（被评价“为服务国家

政治外交大局提供了支撑保障”）之后，团队在本年度再次参与了生态环境部对

黄岩岛海域生态环境状况的系统调查。与去年相比，这次调查更具系统性与针对

性、更具科学性与先进性、更注重多源数据资料融合。而基于现场调查、卫星遥

感和历史调查研究等资料，我们系统评估了黄岩岛海域环境质量状况和珊瑚礁生

态系统状况，分析了面临的主要压力和生态风险，进而编制并发布了《2025年黄

岩岛海域生态环境状况调查评估报告》。结果再次表明，黄岩岛海域环境质量优，

自然生态系统多样性、稳定性、持续性好，可以为南海海洋生物提供重要栖息地

和庇护所，具有重要的生态价值、资源价值和科研价值。换而言之，该成果为黄

岩岛珊瑚礁未来的科学研究与深化保护指明了方向，为推动黄岩岛自然生态系统

健康状况持续向好发展奠定了基础，因而被生态环境部评价为“系统展示了我国

南海海洋生态环境保护成效，为服务国家政治外交大局提供了有力支撑”。

※ 国家级海洋生态保护修复典型案例: 实验室牵头实施的涠洲岛北部珊瑚礁修复项

目，针对热带北缘珊瑚礁修复效率低、稳定性不足和技术体系缺失等关键问题，

系统构建了“选址—选种—育苗—移植—管护”一体化的全链条修复技术体系，

实现了由单点修复向生态系统重建的转变。该项目在珊瑚扩繁、抗逆性提升与智

能化管护方面取得多项突破：1）建立了陆海协同的珊瑚育苗体系，海区育苗规

模达10万株，鹿角珊瑚年生长速率超过15厘米，修复成活率稳定在80%以上；2）

首次在人工环境中实现鹿角杯型珊瑚有性繁殖，能有效维护本地珊瑚遗传多样性；

3）通过热驯化技术，使珊瑚耐热阈值提升2–3°C，显著增强修复群落对气候变暖

的适应能力。在工程实践方面，项目于涠洲岛北部修复了30公顷受损珊瑚礁，成为

北部湾规模最大、集成度最高的珊瑚礁生态修复工程，而且是国内迄今唯一随时可参

观的珊瑚礁生态修复项目。依托多功能人工礁体和物联网监测平台，项目还实现了修

复环境的实时感知与智能管护。迄今修复区活珊瑚覆盖率已由5.1%提升至19.7%，且
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鱼类和大型底栖生物数量显著增长，布氏鲸等大型海洋生物稳定回归，生态系统功能

持续恢复。该项目探索了“科研—教学—科普—旅游”一体化融合的发展模式，促进

了渔民转产就业与区域绿色发展，打造了珊瑚岛礁生态系统修复的“中国样板”。

2025年，该项目入选国家级海洋生态保护修复典型案例，为全球珊瑚礁退化治理提供

了可复制、可推广的中国经验。

涠洲岛珊瑚礁生态系统修复前后的对比效果

左：珊瑚礁生态系统前的状况；右：珊瑚礁生态系统后的状况
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※《Environmental Science & Technology》（副封面报道）：有机磷酸酯（OPEs）

作为全球消费量巨大的阻燃剂、塑化剂和消泡剂添加剂，已在全球海洋环境（包

括南大洋、极地等偏远海域）中普遍检出，其高亲脂性促进在海洋生物体内的累

积和食物链传递，对生态系统和人类健康构成潜在威胁。然而，OPEs在海洋环境

中的迁移机制、归趋过程及生态效应仍不明确。西北南海（WSCS）地处热带，

拥有丰富的珊瑚礁生态系统，但持续遭受陆源污染、航运排放和河流输入（珠江、

湄公河）的多重压力，加上印度支那半岛和吕宋岛等陆源污染物通过大气长距离

传输的输入，使其成为研究陆源新兴污染物向远洋传输及其生态影响的理想天然

实验室。在全球变暖与海洋酸化背景下，OPEs对珊瑚礁等敏感生态系统的毒性效

应愈发凸显，但其在深海系统中的垂直传输机制以及生物地球化学循环过程尚不

清楚，亟需系统研究以揭示其环境行为与生态风险。本研究系统揭示了西北南海

OPEs的污染现状、迁移机制与生态风险，证实大气沉降是OPEs进入海洋的主导

途径，颗粒物介导的垂直传输是驱动OPEs在深海富集的关键物理过程，而微生物

群落通过生态位分化和降解酶上调在OPEs归趋中发挥重要生物调控作用。OPEs

的长期上升趋势对南海珊瑚礁和深海生态系统构成潜在威胁，其通过食物链传递

和微生物群落扰动可能引发连锁生态效应。研究强调需加强对区域工业、航运和

电子垃圾拆解等排放源的监管，特别是控制颗粒物相关排放；同时提出保护海洋

健康需从"大气-表层水-深海"连续统视角制定管理策略。该研究为理解颗粒反应

性新兴污染物的海洋生物地球化学循环提供了范式，凸显了物理输运与生物转化

耦合作用在决定污染物环境影响中的核心地位，对全球海洋新兴污染物风险防控

具有重要借鉴意义。

论文信息：Minwei Han, Kefu Yu*, Ruijie Zhang, Biao Chen, Mei Xiong, Yaru Kan

g, Xiaopeng Yu, Zhenjun Qin, Xiangrong Xu, Organophosphate Ester Migration Mec

hanisms and Environmental Impacts in the Western South China Sea, Environmental

Science & Technology, 2025, 59(45):24538–24552. https://doi.org/10.1021/acs.est.5c09

148.

https://doi.org/10.1021/acs.est.5c09148
https://doi.org/10.1021/acs.est.5c09148
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※ 《Environmental Chemistry and Ecotoxicology》：作为我国水产养殖的“明星品种”，

珍珠龙胆石斑鱼产量占全国石斑鱼总产量的 70%，2022 年产量已达 20.58 万吨，

在水产养殖产业中具有重要地位。然而，全球每年超 4 亿吨塑料生产带来的污染问

题，让这一 “水产优等生” 面临严峻挑战 —— 约 90% 的塑料垃圾未能有效回收，

最终渗入土壤或进入海洋，降解形成粒径小于 5 毫米的微塑料和小于 100 纳米的

纳米塑料。这些 “海洋隐形杀手” 能吸附重金属和有毒有机污染物，通过食物链

传递危害生物健康。而珍珠龙胆石斑鱼在越冬期（10–15℃）不仅要抵御低温，还

要应对微纳塑料的 “隐性攻击”，此前科学界对这种双重胁迫的影响知之甚少。聚

焦这一关键科学问题，团队通过系统研究取得多项重要发现：在富集规律上，微纳

塑料在鱼体内的分布呈现明显 “尺寸偏好”：纳米塑料主要靶向富集于肝脏，湿组

织中含量最高达 22.94 μg/g，成为肝脏内的微型 “破坏者”；微塑料则更倾向于

分布在消化器官，悄悄干扰消化功能。组织病理学观察显示，石斑鱼肝脏在微纳塑

料暴露下出现肝细胞肿胀、炎症、空泡变性等损伤，原本储存能量的脂滴数量显著

减少，且损伤程度随塑料颗粒尺寸减小而加剧，证实纳米塑料的毒性显著强于微塑

料。在代谢层面，微纳塑料引发了一系列 “连锁危机”：氧化应激升级，SOD 与

CAT 等 “抗氧化卫士” 活性下降，MDA 与 GSH 等 “氧化损伤标志物” 含量

升高；脂质代谢失衡，甘油三酯（TG）减少，总胆固醇（T-CHO）和低密度脂蛋白

胆固醇（LDL-C）升高，机体被迫加速分解脂肪供能；397-499 个差异表达基因被激

活，其中 PNPLA2、MGLL 等脂肪分解相关基因异常活跃，低温条件下更为显著，

导致能量稳态失衡。研究进一步明确，微纳塑料通过三重途径威胁石斑鱼越冬生存：

激活免疫反应增加能量需求、直接调控脂肪分解基因加速脂滴消耗、干扰甘油三酯

分解与转运，三者共同作用导致低温下石斑鱼能量储备快速耗尽，死亡风险大幅上

升。该研究首次系统阐明了微纳塑料与低温双重胁迫对珍珠龙胆石斑鱼的毒性机制，

构建了“环境胁迫 - 基因 - 代谢” 的完整作用模型，不仅为塑料污染对水生生物

的影响研究提供了创新思路，更为推动可持续水产养殖、保障食品安全和生态安全

提供了重要理论支撑。

论文信息：Julong Wang, Yan Gao, Shanshan Yao, Lang Lin*, Hengxiang Li, Shan

Liu, Rui Hou, Zhijian Jiang, Xiangrong Xu*, Emerging microplastic and nanoplastic
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threats: Decoding winter survival mechanisms in hybrid groupers through hepatic met

abolic disruption, Environmental Chemistry and Ecotoxicology, 2025, 7：2544-2555. h

ttps://doi.org/10.1016/j.enceco.2025.07.021.

※ 《Microbial Ecology》：受气候变化和人类活动的双重干扰，全球珊瑚礁生态系

统急剧退化，需要对珊瑚的高温适应机制进行深入探究。珊瑚体内存在大量的光

合细菌，在部分珊瑚物种或个体中光合细菌可占到总细菌相对丰度的50%以上。

然而，此类细菌是否对高温条件下虫黄藻的光合作用具有补偿效应尚不清楚。在

本研究中，我们以北部湾涠洲岛珊瑚礁区一种典型的块状珊瑚—十字牡丹珊瑚

（Pavona decussata）为研究对象：首先，通过固定样的方式进行四个季度连续监

测其共生虫黄藻和光合细菌的群落结构动态变化，特别是光合细菌在夏季高温条

件下的动态；其次，在室内实验室离体培养下验证光合细菌对虫黄藻光合作用的

补偿效应。研究结果发现，四个季节中虫黄藻群落组成稳定，主要以

Cladocopium goreaui为主导（81.63%~82.33%），但虫黄藻的密度和叶绿素a的含

量则变化显著。夏季高温期虫黄藻的密度和叶绿素a的含量分别为0.51 ± 0.17

× 106 cells cm-2和5.71 ± 0.18 μg·cm-2，显著低于其他季节（p < 0.05）。更

值得关注的是，夏季高温期细菌群落结构与其它季节显著不同（p < 0.05），其

中，第一主导属为视紫质细菌（BD1-7_clade），相对丰度占总细菌的50.59%；

而Synechococcus_CC9902和Cyanobium_PCC-6307则分别占蓝细菌总数的61.85%

和31.48%，这3种光合细菌的丰度在夏季高温期显著高于其他季节（p < 0.05）。

由此推测，这种此消彼长的动态变化可能在维持珊瑚共生功能体的光合能量供给

方面起着重要作用。进一步从 P. decussata中成功分离了虫黄藻主导系群C.

goreaui和光合细菌Cyanobium_PCC-6307，在离体培养的情况下，模拟高温胁迫

时在生长率和Fv/Fm方面的变化，发现Cyanobium_PCC-6307对C. goreaui均具有

显著的补偿效应。本研究探究了珊瑚共生虫黄藻和光合细菌之间潜在的协同效应，

揭示了这些动态关系在帮助珊瑚抵御环境压力方面发挥重要作用。

论文信息：Xu Yongqian, Liang Jiayuan, Qin Liangyun, Niu Tianyi, Liang Zhuqing,

Li Zhicong, Chen Biao, Zhou Jin, Yu Kefu, The Dynamics of Symbiodiniaceae and
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Photosynthetic Bacteria Under High Temperature Conditions. Microbial Ecology,

Microbial Ecology,2025, 87, 169. https://doi.org/10.1007/s00248-024-02470-4.

※ 《Environmental Research》：随着人类社会的发展，微塑料污染正威胁着地球

的各个角落。生物多样性以及初级生产力都非常高的珊瑚礁生态系统受到的威胁

程度也不容忽视，更需要关注。在珊瑚礁生态系统中，虫黄藻是造礁石珊瑚最重

要的共生伙伴之一，它能为珊瑚共生功能体提供约90%的光合能量。然而虫黄藻

对微塑料的生理响应以及受影响程度目前还知之甚少。本研究使用聚苯乙烯材质

的微塑料（PS-MPs）对一种广布型的珊瑚共生虫黄藻（Cladocopium goreaui）所

产生的毒性危害进行了探究。结果表明，微米级别的PS比纳米级别的对C.

goreaui毒害作用更大，粒径10 μm浓度为20 mg/L的PS-MPs对C. goreaui的生长

抑制率高达62.9% - 86%，几乎完全抑制了细胞增殖。暴露于10 μm的PS-MPs显

著增加了细胞损伤。例如，细胞外聚合物和丙二醛的浓度在暴露第10天至20天分

别增加了161.6%、184.4% 和 261.8%、896%。此外，当C. goreaui受到PS-MPs胁

迫抑制时，它可以通过提高细胞色素的含量来维持光合功能的稳定，并且受抑制

程度越强烈色素含量的提高越显著。然而，暴露于10 μm的PS-MPs可能会损害

C. goreaui的叶绿体，导致光合色素的合成能力下降，进而引起光合作用能力降

低。C. goreaui的形态和基因活性表明，PS-MPs主要引起细胞皱缩变形，以及细

胞核和叶绿体溶解性损伤，同时较多的基因表达被抑制，主要涉及琥珀酸脱氢酶、

四吡咯结合、血红素结合和离子运输相关功能，以及与氧化还原等有关的活动。

这项研究探究了PS-MPs对珊瑚关键共生伙伴（虫黄藻）的毒害作用以及藻细胞

做出的积极响应，从而揭示了微塑料对珊瑚礁生态系统的影响。

论文信息： Liang Jiayuan, Niu Tianyi, Zhang Li, Yang Yating, Li Zhicong, Liang

Zhuqing, Yu Kefu, Gong Sanqiang, Polystyrene microplastics exhibit toxic effects on

the widespread coral symbiotic Cladocopium goreaui, Environmental Research,2025,

268, 120750. https://authors.elsevier.com/sd/article/S0013-9351(25)00001-5.
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※ 《 IEEE Journal of Selected Topics in Applied Earth Observations and Remote

Sensing》：水深是表征珊瑚礁环境的重要地形要素。由于珊瑚礁底质和地形具

有高 度的空间异质性，目前的遥感水深反演方法在获取珊瑚礁区大范围浅水水

深时精度仍较低。本研究以我国南海西沙群岛的11个珊瑚礁（海域面积607 km2）

为研究区，结合目前在轨的星载激光雷达ICESat-2水深数据以及中分辨率的高分

一号（GF-1）和高分辨率的WorldView-2/3（WV-2/3）多光谱卫星影像，构建了

一种基于地貌分区的多参数模型组合水深反演方法（PMCGS）。该方法使用

ICESat-2数据和多光谱卫星影像在每个地貌带构建5个参数模型，然后组合每个

地貌带的最优模型进行水深反演，并将其外推应用至其他珊瑚礁进行大范围水深

反演。实验结果表明，礁坪、浅潟湖和点礁地貌带的最优参数模型为多波段比值

模型，礁坡和深潟湖地貌带的最优模型为二项式模型。经大量实测水深数据和少

部分ICESat-2数据验证，当PMCGS方法外推应用反演大范围珊瑚礁区的水深时，

GF-1影像反演的水深均方根误差（RMSE）为0.91 m，WV-2/3反演的水深RMSE

为0.70–0.88 m，该精度均高于未分地貌建模的水深反演方法。与前人研究相比，

该方法反演0–10 m和15–25 m处的水深精度更高，尤其是在礁坪和浅潟湖这类

浅水珊瑚礁区。本研究提出的PMCGS水深反演方法显著提高了中高分辨率影像

的水深反演精度，在获取珊瑚礁区大范围水深数据方面具有很大的应用潜力，可

辅助应用于珊瑚礁生境的评估、保护和恢复。

论文信息：Xiuling Zuo, Juncan Teng, Fenzhen Su, Zhengxian Duan and Kefu Yu.

Multimodel combination bathymetry inversion approach based on geomorphic

segmentation in coral reef habitats using ICESat-2 and multispectral satellite images.

IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing,

2025.18：3267-3280. https://doi.org/10.1109/JSTARS.2024.3523296.

※ 《Paleoceanography and Paleoclimatology》：珊瑚礁作为地球生物多样性最丰富

的生态系统之一，对气候变化和环境波动极为敏感，是记录古环境信息的天然档

案。但珊瑚礁区广泛分布的底栖有孔虫，其环境指示意义的研究还非常有限，极

少用于古环境重建研究。该研究对采集自南海黄岩岛、羚羊礁表层沉积物中的底
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栖有孔虫进行了全壳碳氧同位素分析。结果表明，研究区底栖有孔虫表现出显著

种间差异，大型底栖有孔虫碳氧同位素结果偏离平衡方解石估算值。同时，大部

分物种的碳氧同位素值也表现出显著的种内差异，只有部分物种种内稳定性较高。

结合所研究的每种有孔虫的生态特征，发现礁区底栖有孔虫壳体碳氧同位素指标

主要受镁元素含量、共生藻类型、钙化方式及个体发育等因素影响。此外，该研

究还发现，基于大型底栖有孔虫物种Sorites orbiculus和 Neorotalia calcar的碳氧

同位素值反演的表层海水温度及生产力水平，总体上与两处研究区域的实际环境

条件吻合，证实了礁区有孔虫特定物种碳氧同位素作为古环境指标的潜力。

论 文 信 息 ： Siqi Wu, Risheng Liang, Kefu Yu*, The Potential of Benthic

Foraminifera Carbon and Oxygen Isotopic Proxies as Environmental Indicators in

Coral Reef Regions.Paleoceanography and Paleoclimatology,2025,40(5),

e2024PA005080. https://doi.org/10.1029/2024PA005080.

※ 《BMC Genomics》：由于全球气候变化，珊瑚礁正面临日益严重的威胁，然而，

一些生活在边缘环境中的珊瑚却表现出很强的耐受性。为了进一步了解珊瑚应对

环境变化的分子机制，本研究结合生理学和多组学技术，揭示了涠洲岛十字牡丹

珊瑚经历不同季节陆上暴露后的转录调控特征。结果表明，与未经历陆上暴露的

珊瑚相比，有季节性陆上暴露史的珊瑚在能量代谢和防御机制方面发生了全面的

变化。在夏季，经历陆上暴露的珊瑚可能通过增加T-SOD和CAT酶的活性来增强

抗氧化防御；珊瑚共附生细菌中优势类群主要来自α-变形菌纲，可能有助于珊

瑚抵抗环境压力；珊瑚宿主TCA循环转录水平的下降和鸟氨酸代谢物含量的增加

可能指示了能量代谢途径的改变。在冬季，经历陆上暴露后的珊瑚Chl a含量较

高，且珊瑚共附生细菌中优势类群转变为γ-变形菌纲，可能指示了珊瑚具有更

高的能量储备；珊瑚宿主TGF-beta信号通路的激活和代谢产物白三烯D4的积累可

能表明珊瑚具有更高的抗炎需求，并通过先天免疫进行调节。本研究揭示了涠洲

岛十字牡丹珊瑚适应季节性环境波动的分子特征，为珊瑚分子生物学和珊瑚礁生

态保护提供了进一步的理论依据。

论文信息：Man Zhang, Shan Huang, Li Luo, Kefu Yu. Environmental acclimatization



广西南海珊瑚礁研究重点实验室 2025年度报告

40

of the relatively high latitude scleractinian coral Pavona decussata: integrative

perspectives on seasonal subaerial exposure and temperature fluctuations. BMC

Genomics, 2025,26: 483. https://doi.org/10.1186/s12864-025-11660-4.

※ 《Journal of Marine Science and Engineering》：人工珊瑚礁在生态修复与海岸

防护方面具有双重效益，然而其在珊瑚礁生境中的波浪衰减效能尚未得到充分评

估。为此，本研究创新性地融合了现场实测地形与人工礁体数据，构建了二维数

值波浪水槽，模拟了包含礁前斜坡与礁坪的典型岸礁剖面，系统分析了波浪在跨

礁传播过程中的波高衰减、增水效应以及反射与透射特性。研究主要结论包括：

（1）礁坪水深对波浪演化过程具有主导调控作用。低潮时的最大波高与增水幅

度较高潮时分别提升45.7%与78.5%。水深变化通过调节波浪破碎过程显著影响

反射系数与透射系数的分布，是决定波浪传播形态的关键因子。（2）潮位状态

显著影响人工礁体结构参数对波浪耗散的作用机制。低潮时礁体间距对波浪反射

影响显著，而礁体行数的影响相对有限；高潮时增大礁体间距可使峰值波高降低

2.1%，峰值增水减小2.4%；而增加礁体行数则使峰值波高上升5.2%，同时波增

水下降10.5%。（3）对于部署于外礁坪的现有礁体结构，其在调控波浪透射方面

效果有限。在不同潮位、行数与间距组合下，所引起的透射系数变化均低于5%。

结果表明，需通过结构优化，如增加礁体高度或将礁体铺设于礁前斜坡，以提升

整体波浪衰减性能。该研究首次将北部湾涠洲岛现场地形与人工礁体参数相结合，

定量评估了现有人工礁体在规则波作用下的波浪耗散效能，为珊瑚礁生态修复与

海岸防护工程设计提供了理论依据与结构优化方向。

论文信息：Liang Zuodong, Huang Guangxian, Huang Wen, Chen Hailun, Yu Kefu,

Jeng Dong-Sheng. Numerical Modeling of Wave Hydrodynamics Around Submerged

Artificial Reefs on Fringing Reefs in Weizhou Island of Northern South China Sea.

Journal of Marine Science and Engineering, 2025, 13(11), 2031.

https://doi.org/10.3390/jmse13112031.

※ 《Analytical Methods》、《Marine Environmental Research》：作为全球已知最

深的海洋蓝洞，西沙永乐蓝洞拥有独特的垂直分层水环境，从表层有氧区、中间
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化学跃层到深层缺氧区，形成了鲜明的氧化还原梯度和生态位分化，为研究极端

环境下DOM的循环机制提供了天然实验室。DOM作为海洋碳循环的核心载体，

其组成与动态变化直接影响全球碳储存效率与营养盐循环平衡，是解开海洋生物

地球化学谜题的关键。在发表于Analytical Methods的工作中，研究团队系统对比

了质谱正负电喷雾电离（ESI+与ESI−）两种模式对DOM的检测效能。研究发现，

ESI+模式可捕获比ESI−模式更多的DOM，尤其擅长检测含氮化合物（CHN、

CHON、CHONS）及多肽、多酚类物质；而ESI−模式在富硫化合物（CHOS）检

测中表现更优，在缺氧层的检测灵敏度尤为突出。两种模式虽能共同识别碳水化

合物、富羧基脂环分子（CRAM）等核心组分，但在高不饱和化合物检测效率上

存在显著差异，证实单一电离模式易导致DOM解读偏差，双模式联用可实现

DOM信息的全方位捕获，为后续研究提供了标准化检测方案。在此技术基础上，

团队在Marine Environmental Research发表的研究中，进一步整合非靶代谢组学与

宏基因组学技术，深入解析了蓝洞不同水层中DOM与微生物群落的互作调控机

制。研究揭示，蓝洞 DOM 呈现显著的垂直分层特征：缺氧层溶解有机硫

（DOS）浓度显著高于表层，而化学跃层溶解有机氮（DON）含量最低，这种分

布差异与微生物代谢活动密切相关——缺氧层中脱硫杆菌目等厌氧菌富集，通过

硫酸盐还原作用生成硫化氢，进而促进DOS积累；化学跃层则因硝化菌与反硝化

菌的耦合作用，通过“DON→氨→硝酸盐→气态氮”的转化路径，加速DON矿

化流失。同时，微生物还通过精准调节脂质、氨基酸、异戊酰肉碱等代谢物的生

成，适应不同的氧化还原环境。这两项研究层层深入，电离检测技术为精准解析

DOM组成提供了关键工具支撑。研究通过构建蓝洞DOM的完整分子图谱，系统

揭示了微生物代谢活动对DOM生物地球化学循环中的核心调控作用。该成果不

仅弥补了极端海洋环境DOM系统研究的不足，更为全球海洋碳循环方法学优化

及极端生态系统保护提供了重要科学依据。

论文信息： 1.Pei Jiying, Chen Shiguo, Zhang Jiayu, Yu Wenfeng, Qin Weijie, Yu

Kefu. Comparative evaluation of positive and negative LC-MS modes for DOM

profiling. Analytical Methods, 2025,17: 6598 — 6608.

https://doi.org/10.1039/d5ay00679a.



广西南海珊瑚礁研究重点实验室 2025年度报告

42

2. Pei Jiying, Chen Shiguo, Yu Kefu, Liang Jiayuan, Zhang Ruijie, Li Penghui,

Hou Zhuanghao, Fu Liang, Ma Honglin. Microbial regulation of dissolved orga

nic matter revealed by integrated metabolomics and metagenomics in the World’

s deepest blue hole. Marine Environmental Research, 2025, 210: 107354. https:/

/doi.org/10.1016/j.marenvres.2025.107354.

※ 《Talanta》：OUVs广泛应用于防晒霜、化妆品及塑料制品中，在紫外线防护和

材料抗老化方面发挥重要作用。然而，这类化合物通过生活污水排放、休闲娱乐

活动等途径大量进入水体环境，已被证实会对海洋生物造成珊瑚白化、幼体发育

受阻等毒性效应，部分OUVs还具有潜在内分泌干扰风险，对生态系统和人类健

康构成双重威胁。传统液相色谱-质谱（LC-MS）、气相色谱-质谱（GC-MS）等

检测方法虽灵敏度高，但存在样品前处理繁琐、分析周期长、有机溶剂消耗量大、

仪器成本高等局限，难以满足现场快速检测和高通量筛查需求。为此，研究团队

提出模块化集成创新方案：以C₁₈修饰的牙签作为固相微萃取探针，借助木材表

面羟基富集目标物；通过3D打印定制化接口装置调控离子源与质谱仪相对位置，

提升检测稳定性与可重复性；将萃取探针与常压质谱联用，无需复杂预处理即可

快速分析。该技术平台表现出优异性能，检测限低至0.23-8.17 μg/L，超纯水和洁

面后冲洗液中回收率达81.3%-119.6%，人工海水中回收率保持50.9%-83.0%，分

析时间缩短至分钟级，且无需昂贵色谱柱和大量有机溶剂，显著降低检测成本与

环境负担。实际应用中，该方法检测8款商用防晒霜的结果与产品标注完全吻合，

可实现防晒品质量控制；证实表面活性剂辅助清洁能使皮肤残留OUVs释放量提

升1.58-2.31倍，为评估个人卫生习惯对环境排放的影响提供数据支撑；同时在游

泳池水及马来西亚仙本那珊瑚礁海域成功检出BP-1、EHMC、ODPABA等典型

OUVs，其中珊瑚礁水域EHMC浓度最高达55.59 μg/L，揭示了旅游密集区域的

OUVs污染现状，为珊瑚礁生态保护提供警示。该研究成功实现3D打印、固相微

萃取与牙签喷雾常压质谱的一体化集成，有效突破传统色谱-质谱技术在现场快

速检测中的应用瓶颈，构建了“富集-电离-检测”一体化高效分析流程。该技术

平台兼具低成本与便携性优势，在提升环境监测效率、强化污染风险预警等方面
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展现出重要潜在应用价值，为复杂基质中目标污染物的快速筛查提供了创新技术

方案。

论文信息： Yingyuan Zhang, Deshuo Gao, Kefu Yu, Ruijie Zhang, Jiayu Zhang,

Wenfeng Yu, Shiguo Chen, Jiying Pei. 3D-printed SPME-based wooden-tip mass

spectrometry for rapid detection of organic ultraviolet absorbers in complex matrices.

Talanta, 2025, 297: 128692. https://doi.org/10.1016/j.talanta.2025.128692.

※ 《Acta Oceanologica Sinica》：西沙群岛位于南海北部陆缘，长期以来被厚层新

生代沉积物覆盖，岩浆岩样品难以通过钻探获取，导致该区域在地幔源区岩浆活

动与构造演化方面的研究相对有限。其中，西沙地区新生代岩浆活动是否与海南

地幔柱有关，一直是学界争议的焦点，这一问题的解答直接影响对南海北部陆缘

伸展过程及区域构造—岩浆演化规律的认识。本研究基于CK-2井基底玄武质火

山碎屑岩的矿物化学和全岩地球化学数据，系统揭示了其地幔源区性质及原生岩

浆特征。结果表明，西沙新生代岩浆活动的地幔源区中存在辉石岩组分，该组分

很可能由再循环洋壳与地幔橄榄岩反应形成。通过橄榄石—熔体Mg-Fe交换温度

计估算，地幔潜在温度介于1502–1756℃之间，与典型地幔柱相关的洋岛玄武岩

温度范围一致。此外，样品具有较低的H₂O含量（0.01–1.47 wt.%），显著低于典

型大型火成岩省原生岩浆的含水量。综合以上证据，研究提出西沙群岛玄武质火

山碎屑岩来源于一个贫挥发分的地幔柱源区。该成果不仅为南海新生代玄武岩成

因机制提供了新的约束，也对认识南海形成的地球动力学背景具有重要科学意义。

论 文 信 息 ： Zhang Yu, Yuan Yaqi, Yu Kefu. Geochemical characteristics and

petrogenesis of the basaltic pyroclastic rocks from the Xisha Islands, Northwestern

South China Sea. Acta Oceanologica Sinica, 2025. 44(9): 81 – 94.

https://doi.org/10.1007/s13131-025-2511-3.

※ 《The ISME Journal》：开创性地以“同一个星球，同一个健康（One Planet,

One Health）”为研究视角，对涵盖无脊椎动物至人类的13个类群生物的肠道微

生物群对490多种环境污染物的转化能力。所涉及的污染物类型广泛，包括持久
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性有机污染物、重金属、药品和个人护理品、工业添加剂等。此外，论文还明确

揭示了肠道微生物群在污染物转化过程中的普遍作用机制，深入探讨了该转化过

程对污染物生物利用度、毒性水平及环境归趋的影响。在此基础上，研究团队进

一步提出“污染物—肠道微生物群—宿主”相互作用的系统化研究方向，并倡导

将肠道微生物的转化能力纳入跨学科研究范式，为相关领域研究提供全新思路。

论文信息：Rui Hou, Xiaowei Jin, Jingchun Feng*, Jingchuan Xue, Chengzhi Ch

en, Yuanqiang Zou, Xiangrong Xu*, Kefu Yu, Peiyuan Qian, Wei Zhang, Jizho

ng Zhou, Si Zhang, Zhifeng Yang, Deciphering the Universal Role of Gut Micr

obiota in Pollutant Transformation, The ISME Journal, 2025, 19(1): wraf215. htt

ps://doi.org/10.1093/ismejo/wraf215.

※ 《Marine Pollution Bulletin》：随着微塑料在海洋环境中的累积，其对珊瑚礁等

生态系统的威胁日益凸显。虫黄藻作为造礁珊瑚的关键共生藻类，其生理状态直

接影响珊瑚的健康与存活。然而，不同颜色微塑料对虫黄藻的毒性效应及其内在

机制尚不明确。本研究以常见造礁石珊瑚的共生虫黄藻——Cladocopium goreaui

为研究对象，系统评估了红、黄、绿、蓝、白五种颜色聚苯乙烯微塑料（粒径5

μm，浓度20 mg/L）对其生长、光合生理、氧化应激及基因表达的影响。研究

发现：1. 显著抑制藻细胞生长：所有颜色PS-MPs均对C. goreaui生长产生抑制作

用（P<0.05），其中蓝色与白色PS-MPs的抑制效应最强，藻细胞生长率最高下降

约36%。2. 光合生理响应与能量重新分配：尽管藻细胞通过上调光合色素含量

（如蓝色PS-MPs暴露组中叶绿素a、叶绿素c和类胡萝卜素含量在第20天分别增

加39%、108%和38%）以应对微塑料遮光效应，但光合产能被大量用于抵抗氧化

胁迫，导致藻体生长受限。3. 关键代谢通路基因表达下调：转录组分析表明，

PS-MPs显著抑制了与生物合成、氮同化、脂代谢等关键代谢通路相关的基因表

达。其中，蓝色与白色PS-MPs对脂肪酸代谢和核糖体功能相关基因的抑制尤为

明显（P<0.05）。4. 颜色差异调控毒性强度：微塑料的颜色差异通过影响其颗

粒聚集行为及光吸收与反射特性，进而调控毒性效应的强弱。该研究首次系统阐

明微塑料颜色差异在调控其对珊瑚共生虫黄藻毒性效应中的作用，从生理响应与
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基因表达层面揭示了不同颜色微塑料的生态风险差异，为评估微塑料污染对珊瑚

礁生态系统的潜在影响提供了新的科学依据。

论文信息：Tianyi Niu, Yating Yang, Sanqiang Gong, Kefu Yu, Jiayuan Liang*

Color disparity enhances the toxic effects of polystyrene microplastics on Clado

copium goreaui. Marine Pollution Bulletin, 2025，222 (Part 2) : 118815. https://

doi.org/10.1016/j.marpolbul.2025.118815.

※ 《Quaternary Science Reviews》：该研究以贵州西部娘娘山湿地泥炭岩芯为载体，

建立了中国黔西地区MIS3晚期和早全新世以来的植被演化序列，通过与临近的

草海记录对比，探讨了地形特征与沉积环境对西南地区古植被重建的影响作用，

为全球山地生态系统对气候与人类活动的响应等相关研究提供了新的参考模式。

受印度夏季风（ISM）影响的中国西南地区，因其复杂的高山峡谷与喀斯特地貌

格局，成为全球生物多样性热点区与重要冰川避难所，是揭示古植被—气候互动

机制的理想区域。然而，该区域植被重建研究仍存在不确定性，其中一个重要原

因是忽略了受地形特征和沉积环境影响的孢粉来源等相关问题。本研究选取云贵

高原黔西娘娘山湿地（26°34′40″–26°36′38″N、104°45′29″–104°

48′45″E，海拔 2050 米）为研究对象，其独特的湿地沉积环境可捕获局地植

被信号，为修正传统记录偏差提供了较为理想载体。研究结果表明，末次冰期以

来研究点周围植被类型发生了明显变化，MIS3晚期以落叶栎、桦木科为主，早

全新世柯/栲属、青冈属主导群落，常绿阔叶林广泛分布。通过对比娘娘山湿地

（局地花粉来源）与临近的草海湖泊（广域花粉来源）的记录发现，西南传统湖

泊记录可能高估了常绿硬叶栎林（ESQF）的扩张范围，实际LGM时期ESQF可能

仅垂直下移500-800米。在驱动机制方面，本研究在传统影响因素之外，强调了

AMOC对西南植被演替的影响作用。

论文信息：Xiao Zhang, Yuanfu Yue*, Ziyan Zhang, Liuying He, Xinmeng Yuan,

Xintian Yu, Qiuchi Wan, Cong Chen, Yongjie Tang, Zhuo Zheng, Kangyou Huang,

The topographic features and sedimentary environment potentially influenced the

vegetation reconstruction in southwestern China since the MIS3. Quaternary Science
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Reviews,2025.369, 109636. https://doi.org/10.1016/j.quascirev. 2025. 109636.

※ 《Remote Sensing》：海洋热浪（Marine Heatwaves）和冷浪（Marine Cold-spells）

往往会对暖水珊瑚造成严重威胁。然而，全球珊瑚礁区海洋热浪与冷浪的历史与

未来时空格局、驱动机制及其对珊瑚礁生态系统的影响研究仍然缺乏。鉴于此，

本研究基于OISST v2.1与CMIP6数据，系统分析了1982–2022年及2023–2070年

期间全球海洋热浪和冷浪的时空演化特征；结合四种机器学习方法与可解释性工

具SHAP（SHapley Additive exPlanations）识别了全球海洋热浪的关键驱动因子，

分析了其与全球十大珊瑚礁区平均活珊瑚覆盖度之间的相关关系。结果表明：1.

过去40年间，全球海洋热浪的平均强度和极端性均增强，而海洋冷浪则呈下降趋

势。其中，红海、波斯湾和南太平洋群岛等海域的热浪事件天数增幅最高，可达

每十年增加28天。2.高纬度珊瑚礁区的海洋热浪增幅显著高于赤道区域，这可能

会削弱高纬度区域作为“珊瑚避难所”的潜在功能。3.根据高排放情景（SSP5-

8.5）的预测，到2070年，几乎全年为海洋热浪状态；低排放情景（SSP2-4.5）下，

海洋热浪的发生面积约为海洋冷浪的100倍，而高排放情景下则高达196倍。4.年

均温度的变异系数、年海洋热含量的变异系数以及月均温度的变异系数被识别为

驱动海洋热浪强度变化的三大关键因素。因此，在海洋热浪预测与评估中应更加

关注气候指标的变异性，而不仅仅是平均值。5.活珊瑚覆盖度与热浪事件显著负

相关（r=−0.54，p<0.01），与冷浪事件显著正相关（r=0.60，p<0.01）。其中，

太平洋海域的活珊瑚覆盖度对海洋热浪最为敏感；在经历海洋热浪事件后，珊瑚

群落呈现明显的死亡后衰退（post mortality）与滞后恢复（lag recovery）过程。

本研究揭示了海洋热浪与冷浪的历史与未来时空格局、驱动机制及其对珊瑚礁生

态系统的影响，凸显了在气候变化压力日益加剧的背景下，提升珊瑚礁生态韧性

与适应性的紧迫性

论文信息：Jiang Honglei, Ren Tianfei, Huang Rongyong, Yu Kefu*. Marine He

atwaves and Cold Spells in Global Coral Reef Regions (1982–2070): Character

istics, Drivers, and Impacts. Remote Sensing. 2025, 17, 2881. https://doi.org/10.3

390/rs17162881.

https://doi.org/10.1016/j.quascirev
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※ 《Algal Research》：虫黄藻（Symbiodiniaceae）作为造礁珊瑚的核心共生伙伴，

为珊瑚宿主提供90%以上的光合能量。然而，异常温度胁迫会破坏珊瑚与虫黄藻

的共生关系，导致珊瑚白化。不同种属的虫黄藻生理功能各异，对珊瑚的环境适

应性，特别是高温/低温耐受性，具有重要影响。本研究探究了两种虫黄藻——

高温敏感型Cladocopium goreaui (C. goreaui)与高温耐受型Durusdinium trenchii

（D. trenchii）——在异常高温（34℃）和低温（16℃）胁迫下的响应策略。结

果表明：1.C. goreaui对高温极为敏感，细胞密度显著下降（P<0.05），比生长率

从0.119降至-0.125 day⁻¹，光系统II（PSII）最大光量子产率（Fv/Fm）从0.66降至

0（胁迫14天），叶绿素a骤降90.22%，电镜观察显示叶绿体严重解体，各项生化

指标均指示其遭受强烈的氧化胁迫；与之相反，D. trenchii则表现出较强的高温

耐受性，比生长率仅从0.10降至0.066 day⁻¹（P>0.05），Fv/Fm仅下降10%，细胞

结构完整。蛋白质组学显示其通过上调热休克蛋白（HSP70）和泛素介导的蛋白

降解通路维持稳态。2.在低温胁迫下，两种虫黄藻均呈现适度的生理变化。C.

goreaui激活三羧酸循环（TCA循环）和谷胱甘肽抗氧化通路，叶绿素a仅下降

27.16%，Fv/Fm降幅（11.5%）显著低于D. trenchii（47%），表明其增强了耐寒

性。D. trenchii则依赖RNA剪接通路（剪接体相关蛋白富集度最高）进行转录后

调控，但光合损伤更严重，提示其存在一种适应性的转录后调控机制。本研究阐

明了虫黄藻不同物种间独特的温度响应策略，为理解其在气候胁迫下物种特异性

的适应力提供了新见解。

论 文 信 息 ： Jiayuan Liang, Liangyun Qin, Li Zhang, Yongqian Xu, Tianyi Niu,

Zhicong Li, Yating Yang, Zhuqing Liang, Kefu Yu*, Sanqiang Gong. The stress

response strategies of two typical coral Symbiodiniaceae (Cladocopium goreaui and

Durusdinium trenchii) under abnormal temperatures. Algal Research, 2025,91:104187.

https://doi.org/10.1016/j.algal.2025.104187.

※ 《Marine Pollution Bulletin》：类固醇激素作为典型内分泌干扰物，其环境行为

与生态风险已成为国际研究热点。九龙江口长期受到流域内城市化、农业面源和
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工业排放的复合污染压力，污染物负荷显著。但针对该区域类固醇激素污染的系

统性风险评估和管理措施仍存在空白，亟需开展其时空分布特征解析及优先管控

污染物识别等研究。徐向荣教授团队于2014年11月（枯水期）和2015年6月（丰

水期）对九龙江口水体及沉积物中22种类固醇激素的污染特征进行了系统研究，

首次揭示该区域类固醇激素的时空分布规律，并建立了优先管控污染物清单。研

究表明，水体中检出7种类固醇激素（浓度范围0.2-51 ng L⁻1），沉积物中检出10

种类固醇激素（浓度范围ND-12 ng g⁻1）；在不同季节，天然激素在水和沉积物

中均呈现显著优势；类固醇激素在水-沉积物系统中的分布受疏水性及温度、盐

度、pH、叶绿素-a和总有机碳含量等多种环境因子的影响；沉积物中赋存的类固

醇激素占总量的90%以上，证实其作为重要储存库的关键作用。此外，基于多标

准综合评价体系，研究确定九龙江口枯水期需优先管控黄体酮和睾酮，丰水期则

以黄体酮为核心管控对象。该研究通过多介质环境行为解析与风险源精准识别，

为河口环境风险管控与“蓝色海湾”生态保护提供科学依据，对区域生态安全屏

障构建具有重要实践价值。

论文信息：Ru Xu, Niannian Wu, Shan Liu, Hui Chen, Qinwei Hao, Yongxia H

u, Bing Hong, Shen Yu, Xiangrong Xu*, Spatiotemporal distribution and priorit

y assessment of steroids in the estuarine environment: Implications for environm

ental risk management. Marine Pollution Bulletin, 2025, 216:117980. https://doi.

org/10.1016/j.marpolbul.2025.117980.

※ 《Ecological Informatics》：全球变化背景下，微生物组对造礁石珊瑚的气候适

应性与恢复力至关重要。然而，晚分化珊瑚家系微生物组对多尺度环境的响应和

适应模式仍不清楚。本研究聚焦南海西沙群岛、南沙群岛跨越6个纬度的8个热带

珊瑚礁，以石芝珊瑚科（Fungiidae）较晚分化的鳞状石叶珊瑚（Lithophyllon

scabra；分化于13.5969Ma）为研究对象，解析其共生虫黄藻（Symbiodiniaceae）

与共生附生细菌群落对不同纬度、岛礁以及地貌带的多尺度环境响应模式及其生

态功能。结果显示：1.鳞状石叶珊瑚在大空间尺度上与压力耐受型虫黄藻C27亚

系群建立特异性共生关系，其相对丰度介于59.73-67.61%，指示该珊瑚物种采用
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与抗逆型虫黄藻特异性共生的方式适应多尺度环境变化；2.鳞状石叶珊瑚共生虫

黄藻群落构建过程主要由稀有共生体所驱动，并在差异空间尺度上存在显著差异。

共生虫黄藻群落构建的确定性过程在纬度尺度上与营养盐浓度下降相关，而在岛

礁尺度和地貌带潟湖相上则分别受气候因子与高温、高盐、高溶解氧调控。此外，

共生虫黄藻群落构建的随机性过程则主要受水体交换水平与扩散能力驱动。3.鳞

状石叶珊瑚共附生细菌群落具有极高的灵活性，其群落构建过程在纬度、岛礁及

地貌带间完全由确定性过程占据主导。在纬度与岛礁尺度上，多尺度环境因子对

鳞状石叶珊瑚细菌群落结构的影响模式符合“皮尔·卡丹准则”（Pierre Cardin

Principle；PCP），即环境因子独立作用对细菌群落结构的生态影响要显著高于

耦合作用。而鳞状石叶珊瑚细菌群落对环境压力的响应模式则符合“安娜·卡列

尼娜准则”（Anna Karenina Principle；AKP）；4.鳞状石叶珊瑚共附生细菌群落

功能特征在外礁坡与潟湖之间存在显著差异。潟湖中的珊瑚共附生细菌群落具备

更强的氮代谢（氮代谢、反硝化作用）与光合自养能力，而外礁坡则呈现出更高

丰度的异养营养（化能异养、有氧化能异养）与抗菌潜能，指示鳞状石叶珊瑚可

通过调节共附生细菌群落营养模式与功能组成以适应地貌带环境变化。本研究揭

示了南海鳞状石叶珊瑚微生物组对纬度、岛礁以及地貌带的多尺度环境响应模式，

为深入理解晚分化珊瑚家系微生物组的生态互作机制及其对气候适应策略提供了

新的见解。

论文信息：Biao Chen, Lin Liang, Kefu Yu*, Yuxin Wei, Xinyue Liang, Zeming Bao,

Zhiheng Liao, Xiaopeng Yu, Zhenjun Qin, Lijia Xu, Yongzhi Wang, Yaru Kang,

Microbiome dynamics and multiscale environmental response patterns of later-

diverging coral clade across latitudes, reefs and geomorphological zones in the South

China Sea. Ecological Informatics. 2025,90, 103244. doi:

10.1016/j.ecoinf.2025.103244.

※ 《Global and Planetary Change》：厄尔尼诺—南方涛动（ El Niño–Southern

Oscillation，ENSO）是全球年际气候变率的主导模态，对自然环境与人类社会产

生深远影响。然而，对ENSO在全新世时期的演变特征的认识仍存在较大的缺陷，
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限制了对其长期机制的理解。本研究以南海北部采集的113段化石滨珊瑚和1段现

代滨珊瑚（Porites lutea）为研究材料，基于铀系测年和X射线影像揭示的珊瑚年

生长纹层信息，构建了一条覆盖5829–2643 a BP时间跨度达2203年的年分辨率

珊瑚生长率序列，并据此定量重建了该时段的年平均海表温度（Sea Surface

Temperature，SST）及ENSO变率。研究结果表明，重建的年均SST在24.2–

27.5℃范围内波动，其均值为25.6 ± 0.4℃，比1982–2023年的实测SST低～

0.7℃。在此期间（5829–2643 a B），至少出现了14个暖期与18个冷期，其中冷

期的演变呈现出～200年的准周期性特征；ENSO变率表现出多尺度波动，从中全

新世（~5800–4200 a BP）整体弱于现代（1994–2023年）的类La Niña态转变为

晚全新世（~4200–2600 a BP）强于现代的类El Niño态。进一步分析表明，气候

系统内部动力学（特别是海洋—大气相互作用）在驱动中晚全新世ENSO变率非

线性演化过程中发挥主导作用。

论文信息：Huang Dahua, Yu Kefu, Jiang Leilei, Jiang Wei. ENSO variations

during the mid- to late Holocene: Evidence from coral growth rates spanning 2203

years in the northern South China Sea. Global and Planetary Change, 2025, 257:

105259.https://doi.org/10.1016/j.gloplacha.2025.105259.

※ 《Global and Planetary Change》：晚全新世（~4200 cal yr BP 至今）是地球系

统从自然主导转向人类活动强化影响的关键转型期，火活动作为重要生态驱动因

子，通过森林砍伐、刀耕火种农业等人类活动深刻改变全球生态系统。中国云贵

高原位于印度夏季风与东亚夏季风交汇区，地形复杂（喀斯特地貌为主）、生物

多样性丰富，是研究古气候-植被-人类互动的天然实验室。该区域晚全新世火活

动与生态系统变化已被部分研究关注，但存在明显局限：一是地理覆盖不均，贵

州西部相较于云南等地研究薄弱，限制了区域规律的认知；二是对气候变率与人

类活动的相对贡献量化不足，尤其是人类活动成为主导驱动的时间节点不明确；

三是生物多样性对复合驱动因素的响应模式尚未厘清。贵州西部娘娘山湿地作为

贵州西部最大的泥炭沼泽湿地，具备连续沉积、高分辨率的优势，为填补上述空

白提供了理想的天然档案。该研究以贵州西部娘娘山湿地泥炭岩芯为载体，通过
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高分辨率花粉、炭屑、粒度等多指标分析，辅以 PCA 主成分分析与稀疏度生物

多样性量化，重建了过去 3400 年植被演化、火活动历史与人类-环境互动过程，

揭示了亚热带季风区生态系统对气候变率和人类活动的响应机制。研究明确中全

新世适宜期在该区域持续至~3200 cal yr BP，地形对季风减弱的缓冲作用使常绿

林存续更久，明清时期人类活动成为生态系统转型的关键阈值，打破了自然气候

的调控作用。科学上，该研究填补了贵州西部晚全新世高分辨率古生态研究空白，

建立了亚热带季风区 “气候-植被-火-人类” 互动范式，完善了多指标古环境重

建方法；现实意义上，揭示的长期生态系统响应规律，为西南喀斯特地区植被恢

复、生物多样性保护提供了历史参照，也为未来气候波动下的生态韧性预测和可

持续管理提供了科学依据。

论文信息：Yuanfu Yue, Shixiong Yang*, Liuying He, Zhuo Zheng, Xiao Zhang, Cong

Chen, Qiuchi Wan, Yongjie Tang, Kangyou Huang, Fang Gu. Vegetation ecosystem

responses to climate-human interactions since the Late Holocene from peat record of

Niangniang Mountain, western Guizhou. Global and Planetary Change, 2025, 257:

105238.https://doi.org/10.1016/j.gloplacha.2025.105238.

（五）学术交流

实验室本年度参加学术会议交流 39 场次（284 人次），其中国内会议 34 场次（227

人次）、国际会议 5场次（57人次）；合计开展会议报告 183人次（国际会议 46人次），

其中特邀报告 9 人次（国际会议 3 人次），口头报告 145人次（国际会议 19人次），展

板报告 38人次（国际会议 27人次）。

实验室本年度邀请国内知名专家学者讲学 14场次（18人次），包括美国亚利桑那州

立大学终身教授、生命科学与可持续发展学院杰出教授邬建国，中国科学院海洋研究所所

长、中国科学院大学海洋学院院长王凡，广西壮族自治区海洋局党组成员、副局长宁向军，

三沙航迹珊瑚礁保护研究所所长傅亮等。

此外，实验室本年度主办/承办/协办学术会议 8场次，包括第八届地球系统科学大会、

国家重点研发计划“地球系统与全球变化”重点专项“热带西太平洋全新世高分辨率气候

https://doi.org/10.1016/j.gloplacha.2025.105238
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变化重建、集成和同化研究”项目 2025年度进展暨学术研讨会、国家自然科学基金重大

项目“印太交汇区物质能量汇聚中心海洋环境与生态过程的耦合作用和生态效应”2024

年度总结暨学术交流会、三沙市永乐龙洞保护站工作研讨会等。

（六）出海科考

本年度实验室“蓝色梦想”科考团队共组织赴南海东北部、西沙群岛、南沙群岛、中

沙群岛、吕宋海峡、菲律宾海和密克罗尼西亚南部等地科考共计 6 航次（含基金委 2025

年西太平洋共享航次，NORC2024-09），累计 132 天、11 人次，总航程 13050 海里

（24169公里），累计完成礁区生态调查、表层海水和沉积物采集站位 159站，布设生态

调查样线 251 条，共计拍摄了样线录像 2065 分钟、样方照片 11725 张、底栖特写照片

4701 张，采集造礁石珊瑚样本 67 种 5408 份、礁栖生物样本 102 份、礁区海水滤膜样本

211 份、礁区表层沉积物样本 88 份，极大地丰富了实验室南海珊瑚礁样品库的样本和数

据，为开展珊瑚礁生态系统对全球变化的响应与适应机制提供了新的研究材料。同时，珊

瑚礁科考强化了实验室与生态环境部、国家海洋环境监测中心、生态环境部华南环境科学

研究所、三沙市海洋和渔业局、三沙市海洋保护区管局和三沙航迹珊瑚礁保护研究所等单

位的合作研究与协同创新。
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实验室“蓝色梦想”科考团队 2025年的珊瑚礁科学考察

左上：实验室 2015年第一次登上黄岩岛开展科学考察；右上：实验室 2025年再次登上黄岩岛开展科学考

察；左中：基金委西太平洋共享航次（NORC2024-09）；右中：西沙群岛晋卿岛永乐龙洞海域综合科学考

察；左下、右下：南海珊瑚礁水下考察。

（七）人才引进

本年度引进刘珊教授、王刘炜博士、李正浩博士和黄硕文博士等 4名教师：

（1）刘珊

刘珊，博士毕业于中国科学院大学，理学博士，主要围绕河口、海湾、珊瑚礁等典型

海洋生态系统，结合野外调查、室内模拟、模型估算等手段，基于靶向和非靶向分析方法，

构建快速精准的新污染物（类固醇激素、橡胶添加剂、抗生素、微塑料等）的定量分析技

术，甄别其关键组分，开展典型新污染物的环境地球化学行为和生态风险评估等研究工作。

曾主持或参与国家自然科学基金、科技基础资源调查专项、国家重点研发计划课题和国家

高端智库重点研究项目等 10 余项科研项目。以第一作者 /通讯作者在 Environmental

Science & Technology，Water Research，Journal of Hazardous Materials 等期刊发表 SCI 论
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文 20余篇，迄今总被引 6000余次；参与编写英文专著 2部、中文专著 1部。担任 Fishes、

Water Emerging Contaminants & Nanoplastics 和 Journal of Environmental Exposure

Assessment期刊编委。

代表论文：

[1] Li-Jun Zhou, Shan Liu*, Man Wang, Nian-Nian Wu, Ru Xu, Li-Ni Wei, Xiang-Rong Xu,

Jian-Liang Zhao, Peng Xing, Huabing Li, Jin Zeng, Qinglong L. Wu*. Nationwide

occurrence and prioritization of tire additives and their transformation products in lake

sediments of China. Environment International, 2024, 193, 109139.

[2] Li-Ni Wei#, Nian-Nian Wu#, Ru Xu, Shan Liu*, Heng-Xiang Li, Lang Lin, Rui Hou,

Xiang-Rong Xu, Jian-Liang Zhao*, Guang-Guo Ying. First Evidence of the

Bioaccumulation and Trophic Transfer of Tire Additives and Their Transformation

Products in an Estuarine Food Web. Environmental Science & Technology, 2024, 58,

6370-6380.

[3] Yuan Liu, Nian-Nian Wu, Ru Xu, Zhi-Hua Li*, Xiang-Rong Xu, Shan Liu*. Phthalates

released from microplastics can't be ignored: Sources, fate, ecological risks, and human

exposure risks. TrAC Trends in Analytical Chemistry, 2024, 179, 117870.

[4] Nian-Nian Wu, Shan Liu*, Ru Xu, Qian-Yi Huang, Yun-Feng Pan, Heng-Xiang Li, Lang

Lin, Rui Hou, Yuan-Yue Cheng, Xiang-Rong Xu*. New insight into the bioaccumulation

and trophic transfer of free and conjugated antibiotics in an estuarine food web based on

multimedia fate and model simulation. Journal of Hazardous Materials, 2024, 465,

133088.

[5] Ru Xu, Shan Liu*, Yun-Feng Pan, Nian-Nian Wu, Qian-Yi Huang, Heng-Xiang Li, Lang

Lin, Rui Hou, Xiang-Rong Xu*, Yuan-Yue Cheng. Steroid metabolites as overlooked

emerging contaminants: Insights from multimedia partitioning and source–sink

simulation in an estuarine environment. Journal of Hazardous Materials, 2024, 461,

132673.

[6] Ru Xu, Shan Liu*, Hui Chen, Qin-Wei Hao, Yong-Xia Hu, Heng-Xiang Li, Lang Lin,

Rui Hou, Bing Hong, Shen Yu, Xiang-Rong Xu. An effective tool for tracking steroids

and their metabolites at the watershed level: Combining fugacity modeling and a

chemical indicator. Environmental Pollution, 2023, 326, 121499.

[7] Shan Liu, Ru Xu, Yun-Feng Pan, Qian-Yi Huang, Nian-Nian Wu, Heng-Xiang Li, Lang
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Lin, Rui Hou, Xiang-Rong Xu*. Free and conjugated forms of metabolites are

indispensable components of steroids: The first evidence from an estuarine food web.

Water Research, 2023, 235, 119913.

[8] Shan Liu, Fei Tian, Yun-Feng Pan, Heng-Xiang Li, Lang Lin, Rui Hou, Lin-Bao Zhang,

Zhe Zhang, Shuang-Shuang Liu, Xiang-Rong Xu, Yuan-Yue Cheng, Hai-Gang Chen*.

Contamination and ecological risks of steroid metabolites require more attention in the

environment: Evidence from the fishing ports. Science of the Total Environment, 2022,

807, 150814.

[9] Shan Liu, Yun-Feng Pan, Heng-Xiang Li, Lang Lin, Rui Hou, Zhen Yuan, Peng Huang,

Ming-Gang Cai, Xiang-Rong Xu*. Microplastic pollution in the surface seawater in

Zhongsha Atoll, South China Sea. Science of the Total Environment, 2022, 822, 153604.

[10] Shan Liu, Haochang Su, Heng-Xiang Li, Jin-Jun Liu, Lang Lin, Xiang-Rong Xu*, Lin-

Zi Zuo, Jian-Liang Zhao*. Uptake, Elimination, and Biotransformation Potential of a

Progestagen (Cyproterone Acetate) in Tilapia Exposed at an Environmental

Concentration. Environmental Science & Technology, 2019, 53, 6804-6813

（2）王刘炜

王刘炜，博士毕业于清华大学，理学博士，主要从事水土环境污染的老化机制、迁移

归趋与长效风险管控相关研究，近 5年以第一作者在 Environmental Science &Technology、

Water Research 等期刊发表学术论文 24篇，含 5篇 Nature Index 期刊论文，其中有 2篇

Environmental Science &Technology 封面论文、1 篇 Environmental Science &Technology 年

度最佳论文、8 篇入选 ESI高被引论文（引用量前 1%）、3 篇入选 ESI 热点论文（引

用量前 0.1%）。迄今论文总被引 3811 次。相关成果被 Nature、《中国科学报》、中央

人民广播电台、美国《新闻周刊》（Newsweek）等国内外百余家知名媒体报道。至今获

授权发明专利 7项（完成成果转化 2项）并取得软件著作权 3项。迄今多次入选斯坦福大

学全球前 2%顶尖科学家榜单，曾获黑龙江省水利科学技术奖一等奖和日内瓦国际发明展

银奖。

代表论文：

[1] Liuwei Wang, Caide Huang, Junhao Cao, Pingfan Zhou, Siqi Han, Guangyu Qu, Michael S.
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Bank, Deyi Hou*. Polymer type, oxidation, size, and abundance of microplastics in subsoils

versus topsoils with varying land use in Beijing, China. Environmental Science &

Technology, 2025,59, 12933-12946.

[2] LiuweiWang, JingGao, WeiminWu, JianLuo, MichaelS.Bank, AlbertA.Koelmans,

JohnJ.Boland, DeyiHou*. Rapid generation of microplastics and plastic-derived dissolved

organic matter from food packaging films under simulated aging conditions. Environmental

Science & Technology, 2024, 58, 20147-20159.

[3] WLiuweiWang, MichaelS.Bank, JörgRinklebe, DeyiHou*. Plastic-rock complexes as

hotspots for microplastic generation. Environmental Science & Technology, 2023,57, 7009-

7017.

[4] LiuweiWang, PengfeiLi, QiZhang, WeiminWu, JianLuo, DeyiHou*. Modeling the

conditional fragmentation-induced microplastic distribution. Environmental Science &

Technology, 2021,55, 6012-6021.

[5] Liuwei Wang, David O’Connor, Jörg Rinklebe, Yong Sik Ok, Daniel C.W. Tsang, Zhengtao

Shen, Deyi Hou*. Biochar aging: Mechanisms, physicochemical changes, assessment, and

implications for field applications. Environmental Science & Technology, 2020.54, 14797-

14814.

[6] Liuwei Wang, Jiameng Guo, Huixia Wang, Jian Luo, Deyi Hou*. Stimulated leaching of

metalloids along 3D-printed fractured rock vadose zone.Water Research, 2022,226, 119224.

[7] Jing Gao, Liuwei Wang, Yong Sik Ok, Michael S. Bank, Jian Luo, Weimin Wu, Deyi Hou*.

Nanoplastic stimulates metalloid leaching from historically contaminated soil via indirect

displacement. Water Research,2022, 218, 118468.

[8] Liuwei Wang, Deyi Hou*. Plastistone: An emerging type of sedimentary rock. Earth-Science

Reviews, 2023,247, 104620.

[9] Liuwei Wang, Jing Guo, Michael S. Bank, Lukas Van Zwieten, Nanthi S. Bolan, Weimin Wu,

Deyi Hou*. Organo-mineral interaction between plastic film and sedimentary rock induced

by UV irradiation. Chemical Geology, 2024,662, 122240.

[10] Liuwei Wang, Jiameng Guo, Daniel C.W. Tsan, Deyi Hou *. Cadmium isotope

fractionation during sorption to soil minerals: Lab evidence and field implication. Chemical

Geology, 2023,634, 121607.
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（3）李正浩

博士毕业于南京信息工程大学，理学博士，主要从事海洋光学、海洋水色遥感和海洋

生态环境监测等相关领域研究。研究兴趣包括海洋浮游植物群落结构和初级生产力卫星遥

感、海洋水体光学特征机理、海岸带水质环境监测等。近五年在国内外权威期刊先后发表

论文 17 篇，其中以第一作者在 Science Advances 发表论文 2 篇（2024、2025 年），

Global Change Biology发表论文 1篇。获得授权发明专利 1项。目前担任 Earth's Future 等

国内外权威期刊审稿专家。曾获得中国遥感优秀成果奖一等奖（2023 年）、二等奖

（2025年），上海海洋科学技术奖二等奖，江苏省海洋学会科学技术奖一等奖等奖励。

代表论文：

[1] Zhenghao Li, Deyong Sun*, Shengqiang Wang, Yu Huan, Hailong Zhang, Yibo Yuan, Yijun

He.. Satellites reveal hotspots of ocean changes in the early 21st century. Science Advances,

2025,11 (23), eads0307

[2] Zhenghao Li, Deyong Sun*, Shengqiang Wang, Yu Huan, Hailong Zhang, Yibo Yuan, Yijun

He. Ocean-scale patterns of environment and climate changes driving global marine

phytoplankton biomass dynamics. Science Advances, 2024,10 (45), eadm7556

[3] Zhenghao Li, Deyong Sun*, Shengqiang Wang, Yu Huan, Hailong Zhang, Yibo Yuan,,

Jianqiang Liu, Yijun He. A global satellite observation of phytoplankton taxonomic groups

over the past two decades. Global Change Biology, 2023,29, 4511-4529

[4] 李正浩, 陈志钊, 王力彦, 孙德勇, 赵彬如, 和王胜强. 结合GOCI数据反演近海浮游植

物叶绿素和类胡萝卜素浓度. 光学学报, 2021,41, 7-17

（4）黄硕文

黄硕文，博士毕业于武汉大学，工程博士，毕业于武汉大学遥感信息工程学院，主要

从事人工智能遥感数据处理方法、海洋三维重建和遥感监测、测绘装备研发等相关领域研

究。近5年发表学术论文12篇，其中第一或通讯作者8篇（中科院一区2篇）。担任

Automation in Construction和IEEE Geoscience and Remote Sensing Letters等国际期刊审稿专

家。曾参与国家重点研发计划专项、国家自然科学基金和社会科学基金等项目。作为核心

成员参与相关机载激光雷达、手持扫描仪等装备的软硬件研发，产品出口德国、美国等国

家，累计销售千余套，产生经济效益超千万元。
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代表论文：

[1] Shuowen Huang, Qingwu Hu*, Pengcheng Zhao, Mingyao Ai, Wenwu Ou, Jiayuan Li,

Shaohua Wang. Dynamic street scene 3D reconstruction with self-supervised Gaussian

Splatting using spatiotemporal deformation field. Big Earth Data, 2025.2595830.

[2] Shuowen Huang, Qingwu Hu*, Pengcheng Zhao, Mingyao Ai, Xujie Zhang, Wenwu Ou,

Linze Li. 3D reconstruction for unconstrained image collections using Gaussian Splatting

with foundation model. Geo-spatial Information Science, 2025: 1-14

[3] Yunqiang Li, Shuowen Huang#, Ying Chen, Yong Ding, Pengcheng Zhao, Qingwu Hu*,

Xujie Zhang. RGBTSDF: an efficient and simple method for color truncated signed distance

field (TSDF) volume fusion based on RGB-D images. Remote Sensing, 2024, 16(17): 3188.

[4] Yunqiang Li, Shuowen Huang#, Ying Chen, Yong Ding, Pengcheng Zhao, Qingwu Hu*,

Xujie Zhang. RGBTSDF: an efficient and simple method for color truncated signed distance

field (TSDF) volume fusion based on RGB-D images. Remote Sensing, 2024, 16(17): 3188.

[5] Shuowen Huang, Qingwu Hu*, Pengcheng Zhao, Jiayuan Li, Mingyao Ai, Shaohua Wang.

ALS point cloud semantic segmentation based on graph convolution and transformer with

elevation attention. IEEE Journal of Selected Topics in Applied Earth Observations and

Remote Sensing, 2023, 17: 2877-2889.

[6] Jian Li, Shuowen Huang*, Hao Cui, Yurong Ma, Xiaolong Chen. Automatic point cloud

registration for large outdoor scenes using a priori semantic information. Remote Sensing,

2021, 13(17): 3474.

（八）人才培养

1.骨干教师培养

本年度新增人才称号 12 人次、学术组织任职 12 人次和学术期刊任职 14 本。其中，

余克服教授入选广西人才小高地；刘珊博士、王丽伟博士、左秀玲博士、陈飚博士和巩三

强博士入选自治区重大人才项目；徐向荣入选南宁市 A 层次人才，黄雯入选南宁市 B层次

人才，俞小鹏博士、郭泽军博士、吴琪博士入选南宁市 D 层次人才；新增王丽伟博士晋

升教授，邓珊珊博士和黄爱国博士晋升副教授；新增王刘炜博士担任 Soil Use and 

Management 和 Environmental Geochemistry and Health 期刊副主编，刘珊博士担任 Water
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Emerging Contaminants & Nanoplastics 、 Fishes 和 Journal of Environmental Exposure

Assessment期刊编委；新增徐向荣教授担任中国生产力促进中心协会海洋分会主任委员，

江蕾蕾博士担任中国第四纪科学研究会专业委员会-历史时期气候变化专业委员会委员，

左秀玲博士担任广西遥感学会常务理事等。

此外，余克服教授、徐向荣教授和王丽伟博士入选了美国斯坦福大学和国际权威学术

出版社爱思唯尔共同发布的全球前 2%顶尖科学家榜单“年度科学影响力排行榜”。其中，

余克服教授和徐向荣教授同时入选“终身科学影响力排行榜”，且还双双入选爱思唯尔

“中国高被引学者年度榜单”。

2.研究生培养

实验室 2025年招收硕士研究生 63人（海洋科学 44人、环境工程 19人），招收博士

研究生 11人（海洋生物资源与环境保护），招收博士后 1人。毕业硕士学位研究生 61人

（海洋科学 39人、环境工程 22人），毕业博士学位研究生 4人（海洋生物资源与环境保

护）。

毕业研究生中，获得优秀博士学位论文 2篇（南海珊瑚礁区有机磷酸酯的时空分布、

环境行为及对珊瑚的毒性效应，康亚茹；基于 qPCR技术的钦州湾球形棕囊藻游离单细胞

分布及其控制因子研究，王佳乐）和优秀硕士论文 4篇（三氯生对澄黄滨珊瑚的毒理效应

及机制研究，梁浩；南海典型珊瑚礁区海水和沉积物磷的赋存形态、分配行为和吸附解吸

特征，刘志金；多尺度系统对中国夏季大气河的影响及其极端降雨效应，杨凯；西沙群岛

琛科 2 井晚中新世-早上新世脂类分布特征及其古海洋环境响应，黄建容）；获得区级优

秀毕业生 1人（博士 1人：康亚茹）、校级优秀毕业生 5人（博士 2人：康亚茹、陈健；

硕士 3人：罗兰、黄思宇、包泽铭）；获得校长奖学金 1人（博士 1人：康亚茹）。获得

首届联合国“海洋十年”海洋生态保护修复大赛“海洋十年”中国行动国际合作种子重大

项目 1项（谭何勇、彭梦娇、王明威、刘书萌、许辉、陆晔、徐烨、劳子彤、徐明培、周

榆鹏、王永刚）。

研究生参加国内外学术会议交流约 70人次，典型包括：第八届地球系统科学大会，

40 多名研究生积极参加（黄达华获“优秀学生展板”奖）；第六届“未来科学家”全国

研究生“海洋与气候”学术论坛，共 2名学生积极参加（研究生梁馨月获“最佳墙报奖”
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奖和“优秀口头报告三等奖”，李炫霖获“优秀墙报”奖）；第三届海岸带大会，共有 6

名师生积极参加（余芷丽获“优秀报告”奖）。

历年硕士研究生培养情况

历年博士研究生培养情况

实验室研究生培养充分利用珊瑚礁系统科学研究特色，采用理论与实践相结合的理念，

成效显著，因而在本年度获得广西大学高等教育（研究生）教学成果特等奖。目前，该成

果正在参加广西高等教育（研究生）教学成果奖的评定。
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广西大学高等教育（研究生）教学成果特等奖
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3.储备人才培养

实验室基于“科教融合、师生互惠”的理念，将科研资源转化为教学资源，让本科生

在导师指导下 100%参与导师的科研项目、100%进实验室、100%参与创新实践活动，取

得了显著成效：

（1）《珊瑚礁科学概论》入选国家级一流本科课程；

（2）本科生读研率达到 41.6%，获得区级优秀毕业生 1 人（赖秋月）、校级优秀毕

业生 7人（赖秋月、于尚科、黄旗旗、宋紫文、刘缘、蒋孟芸、秦子阳），获得校长奖学

金 1人（赖秋月）；

（3）本科生结题“大学生创新创业训练项目”13项（含优秀结题 4项），新增“大

学生创新创业训练项目”项目 14项（国家级 5项、自治区级 9项）；

（4）本科生获得第八届地球系统科学大会优秀展板 1项（张佳宇）、2025年中国国

际大学生创新大赛省级铜奖 1项，并获得第七届高校大学生海洋与化学科技实践论坛口头

报告一等奖和二等奖各 1项（高德硕、王秋婷）；

（5）本科生参与发表学术论文 8 篇（本科生一作 3 篇），申请发明专利 1 项、实用

新型专利 1项、软件著作权 1项；

（6）承办第二届全国海洋学教学大赛，吸引全国涉海高校 100多名代表参加，实验

室成员获二等奖 1项、优秀奖 3项。

此外，实验室根据《关于资助优秀本科生参加高水平学术会议和出海科学考察的规定》

（https://shj.gxu.edu.cn/info/1068/3514.htm），本年度择优资助了 1名本科生（张佳宇）参

加第八届地球系统科学大会并获“优秀学生展板”奖。
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4.在读研究生列表

序号 导师姓名 硕士生 博士生

1 乐远福 张博、袁欣萌、黄代钊 无

2 任幸 路霄杰 无

3 余克服

黄俞文、罗伟霖、韦競、彭梦娇、谭

荣华、王健雄、钟云清、李炫霖、张

楚卉、周煦、方心怡、何燃、林雪

姣、马洪林、苏琥、王若谷

向柯宇、夏荣林、崔

梦瑶、马静、滕君

灿、高洁、李雨箫、

黄达华、肖竣友

4 俞小鹏
马玉玲、郑月、杨兰、陆安馨、覃至

辉
无

5 关瑶 黄曼玉 无

6 刘珊 张廷超 何佳利

7 吴司琪 李玫、李钰涵、黄雨洁 无

8 唐兴颖

覃祖安、张莹莹、解贵元、黄琳程、

冯一茗、李科、吴雨萌、卢恺富、王

玉婷、林玉升、何海锋、蒋林海、刘

文静

无

9 喻达辉 无 桑秀秀

10 姚作芳 覃正宇、潘袁乐、田顺鑫 无

11 姜伟
刘彩凤、杜思琦、杨婷、孙瑞朋、曾

洋、江昱燕、石宇辰、欧阳慧
郭宁、顾庭舞

12 宋宜 王佳宝、覃齐、廖书昕 无

13 左秀玲
罗盛、黎蔚琪、梁宏业、余芷丽、元

剑南、钟莹莹、李帅
蓝斐芜、李志文

14 巩三强 黄蕾蕾、庞骁、曾璐佳、曾峻森 邢清淦

15 张媛媛
李旭东、薛鹏飞、韦泽福、卓儀俐、

梁芳雨、程元勋
无
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16 张瑜 原雅琪、俞欣甜、张振涛 无

17 张瑞杰

刘环鑫、杨昕谕、莫立伟、秦贵帮、

孙卓珑、段永辉、纪哲鸿、韦盼、叶

全发、伊喆

无

18 徐向荣 韦益善、杨欣、李昊天、赵梓睿 甘品、梁翠珠

19 林武辉 王一潼、刘晨 无

20 梁作栋 陈海伦、刘大军、覃河融、梁钦皓 无

21 梁甲元
胡思雨、梁祝清、卢铭垚、蔡圣海、

冯宜合、石文杰、卢毅
无

22 江红蕾 任天飞、朱桂涛、郭裕、郭宝彤 无

23 江蕾蕾 赵佰玲、黄紫云 无

24 潘长桂
陈济迅、谢镇桐、梁译、廖彪、韦柳

亦、罗丽媛、吴晓君、赵宇航
胡俊杰

25 王丽伟 朱振宇、吴可欣、万仕伟、许辉 无

26 王广华 王辰燕、黄金生、丁夏芬 李蜜

27 王瑞 吴松烨、花绘、邓筱晟 无

28 王英辉

何伟豪、谢凌君、黄成立、麦旭志、

韦雪敏、罗松林、韦顺强、王梓睿、

徐丹丹、徐伟峰、方世伟、李树、黄

泽涛

王文欢、邓淞文、何

建乔、黄佳升、吴文

乾

29 苏宏飞
陈凡、秦晓、孙非龙、汪韦辉、邹

杰、刘名定
无

30 范天来 吴观生、马晓玲 无

31 裴继影
余文峰、李童、谢铭轶、苏琼、徐德

泽、农春妮、贤爱华
无

32 覃祯俊 韦丽菲、阳琪芝、张毓琳、罗涛 无

33 邓珊珊 胡安戈、赵治文、晏安钦 无
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34 郭泽军 李展泓、张逸轩、陈喜、黄骞 无

35 陈小燕
闫兆千、黄世龙、武茁、熊志祥、杨

艳彬
刘珂、吴艳柳

36 陈飚 梁林、梁馨月、黄堉杰 无

37 雍阳阳 蓝弋朝、杨诗语、吴子同、张虞 无

38 韦芬 玉颢瑜、唐柳格、莫云杰 无

39 马笑晚 黄云帆、张志鹏 无

40 黄爱国
韦炎钦、马振涛、易楚顺、曾繁晟、

韦婷玉、黄家龙、陈国豪
无

41 黄荣永 鲁宇贤、曾仕卿、杨享运、陈兆年 无

42 黄钦 赵凌楠、余松易 无

43 黄雯
王明威、谭何勇、徐烨、黄光贤、宛

强、刘书萌、周兴旺、何玉洋
无

44 黄鹄 无 周姣娣

45 宁志铭 周志恒 无

46 陈正华 曾俊杰 无

47 张曼 温倍华 无

5.毕业研究生列表

序号 导师姓名 硕士生 博士生

1 余克服 伍锐 康亚茹、陈健

2 俞小鹏 陈俊伶 无

3 吴司琪 黄晓婷 无

4 唐兴颖 朱日广、陈积权、王智洁、薛宇阳 无
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5 姜伟 肖玉雯、张兆琳 无

6 宁志铭 刘志金 无

7 宋宜 黄建容 无

8 左秀玲 段晓鹏、邱妮珊 无

9 张媛媛 甘品、罗兰 无

10 张瑜 周宇 无

11 张瑞杰 谢松霖、沈红双、王镜宇、王馨怡 无

12 林武辉 黄思宇、罗柱、张翊邦 无

13 梁甲元 李志聪、杨雅婷、张丽 无

14 潘长桂 周超洋、梁浩、刘珍珠 无

15 王丽伟 何雅怡、刘雅玲、张涛、张毅博 无

16 王广华 卢锟 无

17 王瑞 刘春彤 无

18 王英辉 王志燊、李尚泽、魏怡华 王佳乐、王少鹏

19 苏宏飞 何旭聪、陈祺琦 无

20 范天来 张明望 无

21 裴继影 陈仕国、张樱元 无

22 覃祯俊 蓝梦玲 无

23 邓珊珊 张雯茜 无

24 陈小燕
蒿若星、张文倩、彭润乾、吴秋昀、

杜宇豪、余清
无

25 陈振华 陈旭 无

26 陈正华 李华德 无
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27 陈飚 包泽铭 无

28 雍阳阳 杨凯 无

29 韦芬 潘晓媛 无

30 黄荣永 李泽琛、尹迦南 无

31 黄雯 陈锦连、黄智华、徐明培、周榆鹏 无

（九）硬件设施建设

硬件设施建设方面，本年度投入 228.5万元用于仪器设备购置以及平台维护与升级。

其中，新增设备 88台（套），总值 220.1万元，详情如下表所示：

序号 资产名称 型号 品牌 单价（元）

1 水肺潜水装备 定制 Mares.S.p.A 28700.00

2 水肺潜水装备 定制 Mares.S.p.A 28700.00

3 水肺潜水装备 定制 Mares.S.p.A 28700.00

4 水肺潜水装备 定制 Mares.S.p.A 28700.00

5 水肺潜水装备 定制 Mares.S.p.A 28700.00

6 无人机监测系统

大疆 350、大疆

P1、大疆 L2、华测

导航 Coprocess

DJI 大疆 199260.00

7 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

8 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

9 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

10 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

11 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

12 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

13 智能无线超低温冷链监控系统 ML-4TU 中科美菱 1580.00

14 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

15 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

16 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00
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17 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

18 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

19 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

20 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

21 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

22 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

23 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

24 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

25 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

26 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

27 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

28 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

29 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

30 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

31 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

32 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

33 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

34 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

35 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

36 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

37 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

38 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

39 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

40 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

41 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

42 智能无线冷链监控系统 ML-4TH 中科美菱 1480.00

43 激光打印机 Huawei PixLab B5 华为 1900.00

44 显示器 Redmi G Pro 27U 小米 3000.00
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45 笔记本电脑 MacBook Pro 苹果/Apple 34800.00

46 工作站 Precision T3680 戴尔 38549.00

47 图型工作站 T7920 戴尔 97200.00

48 备用发电机组 XM-300 扬州鑫明 399937.18

49 除湿机 DY-8220C 宁波德业 5520.83

50 双电源自动切换配电柜 定制 民尚电力 12094.60

51 灭火器 GQQ70/2.5 江苏共安 3550.12

52 灭火器 GQQ70/2.5 江苏共安 3550.12

53 配电箱 定制 民尚电力 1067.17

54 配电箱 定制 民尚电力 1067.17

55 配电柜 定制 民尚电力 4980.13

56 全波长酶标仪 Epoch 安捷伦 99000.00

57 叶绿素荧光仪 AquaPen AP110-C PSI 28000.00

58 万分之一天平 BCE224-1CCN 赛多利斯 10500.00

59 冻干机 CTFD-18S-U 永合创信 55000.00

60 高速冷冻离心机 3K15 SIGMA 89000.00

61 不间断供电电源系统 3C3HD-300K 山特/santak 418800.00

62 空调
RF12WPdQ/NhA-

N3JY01
格力 14000.00

63 不间断电源 3C3 HD-20K 山特/SANTAK 47600.00

64 不间断电源 3C15KS 山特/SANTAK 28560.00

65 笔记本电脑 MateBook 14 华为 9000.00

66 笔记本电脑 MateBook 14 华为 9000.00

67 笔记本电脑 YOGA Pro 14s 1MH9 联想 8500.00

68 笔记本电脑 Y9000P 联想 12500.00

69 笔记本电脑 ThinkBook 16+ 联想 8990.00

70 笔记本电脑 ThinkBook 16+ 联想 8990.00

71 LED 显示屏 C1.8PRO 超想电子 51800.00

72 超低温冰箱 DW-HL680 中科美菱 69800.00
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73 超低温冰箱 DW-HL680 中科美菱 69800.00

74 冰柜 BCD-301DTECGS 中科美菱 1770.00

75 冰柜 BCD-301DTECGS 中科美菱 1770.00

76 冰柜 BCD-301DTECGS 中科美菱 1770.00

77 冰柜 BCD-301DTECGS 中科美菱 1770.00

78 冰柜 BCD-301DTECGS 中科美菱 1770.00

79 冰柜 BC/BD-408DTE 中科美菱 2170.00

80 冰柜 BC/BD-408DTE 中科美菱 2170.00

81 冰柜 BC/BD-408DTE 中科美菱 2170.00

82 冰柜 BC/BD-408DTE 中科美菱 2170.00

83 冰柜 BC/BD-408DTE 中科美菱 2170.00

84 智能人工气候箱 RDN-600B 宁波东南 17000.00

85 智能人工气候箱 RDN-600B 宁波东南 17000.00

86 旋转蒸发仪 R-300EL 瑞士 BUCHI 101000.00

87 监控电视录像机 DS-7732N-K4 1820.00

88 监控电视录像机 DS-7732N-K4 1820.00

合计 2201136.32
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三、论著列表

本年度以第一或通讯作者发表学术论文 113 篇，其中 SCI 检索 75 篇，含 JCR Q1 区 59 篇。此外，本年度正在编撰的

《南海珊瑚礁与环境》已获得国家科学技术学术专著出版基金优先资助。

（一）南海珊瑚礁生物与生态方向

序

号
作者 论文题目 期刊名称 级别

影响

因子

JCR
分区

中科

院分

区

中国科

协期刊

分级

是否
TOP
期刊

1

Zejun Guo, Siyao
Liao, Chaoqun Xu,
Mingyue Wei, Lingyu
Song, Hezi Huang,
Zhanhong Li, Xi Chen,
Lei Jiang, Hailei
Zheng*

Silicon enhances
potassium uptake and leaf
growth in Avicennia
marina, asilicon-
accumulating mangrove
plant with silicon
transporters

Industrial Crops and
Products SCI 5.6 1 1 T1 是

2

Tingyu Wei, Xuemin
Wei, Jialong Huang,
Songlin Luo, Aiguo
Huang*

Nitrite-induced intestinal
injury mechanisms and
multi-organ toxicity in
Tilapia: Insights from
integrated multi-omics
analysis

Aquaculture SCI 3.8 2 2 T2 否

3

Biao Chen, Lin Liang,
Kefu Yu*, Yuxin Wei,
Xinyue Liang, Zeming
Bao, Zhiheng Liao,
Xiaopeng Yu, Zhenjun
Qin, Lijia Xu, Yongzhi
Wang, Yaru Kang

Microbiome dynamics and
multiscale environmental
response patterns of later-
diverging coral clade
across latitudes, reefs and
geomorphological zones in
the South China Sea

Ecological Informatics SCI 7.3 1 2 T2 否
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4

Yongqian Xu, Jiayuan
Liang*, Liangyun Qin,
Tianyi Niu, Zhuqing
Liang, Zhicong Li,
Biao Chen, Jin Zhou,
Kefu Yu*

The Dynamics of
Symbiodiniaceae and
Photosynthetic Bacteria
Under High- Temperature
Conditions

Microbial Ecology SCI 3.3 1 3 T2 否

5

Aiguo Huang, Yanqin
Wei, Jialong Huang,
Songlin Luo, Tingyu
Wei, Jing Guo, Fali
Zhang*, Yinghui
Wang*

Effects of Natural
Ingredient Xanthohumol
on the Intestinal
Microbiota, Metabolic
Profiles and Disease
Resistance to
Streptococcus agalactiae in
Tilapia Oreochromis
niloticus

Microorganisms SCI 4.1 2 2 / 否

6

Linqing Meng ,
Ronghua Tan,
Zunyong Xiao, Jinlian
Chen, Zhihua Huang,
Yonggang Wang,
Enguang Yang,
Yupeng Zhou,
Mingpei Xu, Kefu Yu,
Wen Huang*

Antioxidant capacity is a
key factor in the difference
in thermal tolerance
between massive Porites
lutea and branching
Acropora formosa

Marine Pollution
Bulletin SCI 5.3 1 3 T3 否

7

Tianyi Niu, Yating
Yang, Sanqiang Gong,
Kefu Yu, Jiayuan
Liang*

Color disparity enhances
the toxic effects of
polystyrene microplastics
on Cladocopium goreaui

Marine Pollution
Bulletin SCI 5.3 1 3 T3 否

8

Jiayuan Liang*,
Liangyun Qin, Li
Zhang, Yongqian Xu,
Tianyi Niu, Zhicong
Li, Yating Yang,
Zhuqing Liang, Kefu
Yu*, Sanqiang Gong

The stress response
strategies of two typical
coral Symbiodiniaceae
(Cladocopium goreaui and
Durusdinium trenchii)
under abnormal
temperatures

Algal Research-
Biomass Biofuels and
Bioproducts

SCI 4.5 1 2 / 否



广西南海珊瑚礁研究重点实验室 2025年度报告

73

9

Lifei Wei, Shuchang
Chen, Zhenjun Qin*,
Nengbin Pan,
Mengling Lan,
Tingchao Zhang, Ran
He, Hongye Liang,
Wenzhi Deng,
Changhao Mo, Kefu
Yu*

Responses of the Coral
Symbiont Cladocopium
goreaui to Extreme
Temperature Stress in
Relatively High- Latitude
Reefs, South China Sea

Microbial Ecology SCI 3.3 1 3 T2 否

10
Man Zhang, Shan
Huang, Li Luo, Kefu
Yu*

Environmental
acclimatization of the
relatively high latitude
scleractinian coral Pavona
decussata: integrative
perspectives on seasonal
subaerial exposure and
temperature fluctuations

BMC Genomics SCI 3.5 2 2 T2 否

11

Qiqi Chen, Lin Wang,
Jie Li, Qiqi Li,
Hongfei Su*, Zhimao
Mai*

Characteristics of
Carbonatogenic Bacteria
and Their Role in
Enhancing the Stability of
Biocrusts in Tropical
Coral Islands

Microorganisms SCI 4.1 2 2 / 否

12

Zhenjun Qin*,
Mengling Lan,
Nengbin Pan, Kefu
Yu*, Lifei Wei, Qizhi
Yang, Tingchao
Zhang, Ran He

Coral polyp and skeletal
microbiome in tropical and
subtropical reefs in the
South China Sea: spatial
variation and implications
for coral environmental
adaptability

Acta Oceanologica
Sinica SCI 1.7 3 3 T1 否

13

Mengling Lan,
Kaixiang Gao,
Zhenjun Qin*,
Zhanhong Li, Ru
Meng, Lifei Wei, Biao

Coral microbiome in
estuary coral community
of Pearl River Estuary
insights into variation in
coral holobiont

Bmc Microbiology SCI 4 2 2 / 否
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Chen, Xiaopeng Yu,
Lijia Xu, Yongzhi
Wang, Kefu Yu*

adaptability to low-salinity
conditions

14

Ziyang Xian, Yayi He,
Chaoxin Zhang, Hao
Fu, Yaling Liu, Tao
Zhang, Shaopeng
Wang, Shan Lu, Man
Zhang*, Liwei Wang*

Sensitive detection of
early growth of
Skeletonema costatum
using a gold-doped carbon
sphere-gold nanoparticle
electrochemical biosensor

New Journal of
Chemistry SCI 2.5 3 3 / 否

15

Siyu Hu, Kun Lu,
Chenyan Wang, Mi Li,
Jinsheng Huang,
Guanghua Wang*

Carbonatibacter coralli
gen. nov., sp. nov., a
carbonate-producing and
vitamin B12-sharing
bacterium isolated from
coral Porites lutea,
reclassification of
Kiloniellaceae and
proposal of
Aestuariispiraceae fam.
nov.

International Journal
of Systematic and
Evolutionary
Microbiology

SCI 2 4 3 无 否

16

Jiayuan Liang*, Tianyi
Niu, Li Zhang, Yating
Yang, Zhicong Li,
Zhuqing Liang, Kefu
Yu*, Sanqiang Gong

Polystyrene microplastics
exhibit toxic effects on the
widespread coral
symbiotic Cladocopium
goreaui

Environmental
Research SCI 7.7 1 2 T1 是

17

Wen Huang*, Jinlian
Chen, Enguang Yang,
Linqing Meng, Yi
Feng, Yinmin Chen,
Zhihua Huang,
Ronghua Tan,
Zunyong Xiao,
Yupeng Zhou,
Mingpei Xu, Kefu Yu*

Heat-tolerant subtropical
Porites lutea may be better
adapted to future climate
change than tropical one in
the South China Sea

Science of the Total
Environment SCI 8.2 1 1 T1 是
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18

张廷超，潘能斌，唐

媛媛，何 燃，蓝梦

玲，韦丽菲，覃祯俊
*

虫 黄 藻

（Effreniumvoratum）对

高温胁迫的生理响应

海南热带海洋学院学

报
/ 0.645 / / / /

19
马玉玲，俞小鹏*，
余克服*，陈俊伶，

郑月，陈健

造礁珊瑚热适应相关功

能基因的研究进展
海洋学报

北大核

心,CSCD 1.329 / / T1 /

20

徐明培，黄雯*，陈

锦连，黄智华，周榆

鹏，宛强，李雨箫，

余克服

涠洲岛四种造礁石珊瑚

耐热阈值测定及其差异

性对比

海洋湖沼通报
北大核

心,CSCD 1.265 / / T3 /

21

周榆鹏，肖遵勇，陈

锦连，黄智华，徐明

培，谭荣华，蒙林

庆，王永刚，余克

服，黄雯*

美丽鹿角珊瑚 (Acropora
muricata)与风信子鹿角珊

瑚 (Acropora hyacinthus)
的耐热性差异研究

海洋学报
北大核

心,CSCD 1.329 / / T1 /

22 苏宏飞，梁甲元，余

克服*

海洋生物学进展研究生

课程个性化教学改革探

索与实践

科教导刊 - 电子版 / 0.297 / / / /

23

何燃,高楷翔,潘能斌,
李展泓 ,张廷超 ,梁宏

业,卢晓燕,蓝梦玲,覃
祯俊*

虫黄藻对低盐胁迫的生

理响应
热带生物学报 / 1.618 / / / /

24

张丽,李志聪,杨雅婷,
梁祝清 ,冯宜合 ,卢铭

垚,胡思雨,余克服,梁
甲元*

两种环境敏感性不同的

虫 黄 藻 (Cladocopium
goreaui 和 Durusdinium
trenchii)的脂质代谢对热

胁迫的响应模式

海洋学报
北大核

心,CSCD 1.329 / / T1 /

25
陈凡,韦冬冬,谢瑾琨,
余庆,高艳侠,黄静,何
金钊,施金谷,赵明明,

两株海洋来源贝莱斯芽

孢杆菌的筛选、分离鉴

定及益生特性

广东海洋大学学报
北大核

心,CSCD 1.765 / / T3 /
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覃向谋,苏宏飞*,李鹏

飞*

26
邹杰,王琳,陈祺琦,何
旭聪,黄金梅,孙天奕,
苏宏飞*

珊瑚源噻虫嗪降解菌的

分离、鉴定及其降解特

性研究

广东农业科学 / 2.159 / / T3 /

27
黄菲菲,崔梦瑶,韦芬*,
杨溪月 ,潘晓媛 ,玉颢

瑜

室内养殖条件下两种造

礁石珊瑚的性腺发育研

究

广西科学 北大核心 1.252 / / / /

28
刘名定,蔡永超,李洁,
刘青,张健,吕丽娜,苏
宏飞*

一株珊瑚来源二苯甲酮-3
降 解 菌 Sphingopyxis
terrae SCSIO 90395 的分

离鉴定及基因组特征

热带海洋学报
北大核

心,CSCD 1.38 / / T2 /

29 崔梦瑶,韦芬*,余克服
*

造礁珊瑚有性繁殖的研

究进展
海洋学报

北大核

心,CSCD 1.329 / / T1 /

30 陈俊伶,马玉玲,郑月,
余克服*,俞小鹏*

基于转录组学的造礁石

珊瑚环境胁迫响应机制

研究进展

广西科学 北大核心 1.252 / / / /

31

李志聪 ,胡思雨 ,梁祝

清,杨雅婷,卢铭垚,余
克服,梁甲元*,张丽,冯
宜合

珊 瑚 共 生 蓝 藻
Synechococcus sp.GXU01
对两种典型虫黄藻的代

谢协调作用

广西科学 北大核心 1.252 / / / /

32
汪婷婷 ,周兴旺 ,谭何

勇,肖遵勇,黄雯,胡庭

俊*

涠洲岛海域 7 种造礁石

珊瑚的生长差异研究
广西科学 北大核心 1.252 / / / /

33
曾心茹,韦芬*,崔梦瑶,
玉颢瑜 ,潘晓媛 ,余克

服

基于环境 DNA 技术的造

礁石珊瑚物种多样性分

析 ——以涠洲岛珊瑚礁

区为例

海洋环境科学
北大核

心,CSCD 1.646 / / T2 /
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（二）南海珊瑚礁地质与环境方向

序

号
作者 论文题目 期刊名称 级别

影响

因子

JCR
分区

中科院

分区

中国科

协期刊

分级

是否
TOP
期刊

1

Yinqiang Li, Kefu
Yu*, Lizeng Bian,
Baoqing Hu, Zhiheng
Liao, Shengmin
Huang, Zhiguang
Song, Weihua Liao

Dominance of coralline algae in
the South China Sea: Insights into
their responses to
paleoceanographic events over the
last 20 million years

Palaeogeography
Palaeoclimatology
Palaeoecology

SCI 2.6 1 2 T2 是

2

Wei Jiang, Yuwen
Xiao, Kefu Yu*, Rui
Wang, Shendong Xu,
Ning Guo, Tingwu Gu

Holocene coral reef carbonate
REY geochemistry during the
neomorphism from aragonite to
calcite: A case study in the South
China Sea

Palaeogeography
Palaeoclimatology
Palaeoecology

SCI 2.6 1 2 T2 是

3

Tingwu Gu, Wei
Jiang*, Yansong Han,
Chunmei Feng, Ning
Guo, Caifeng Liu, Yu
Zhang, Kefu Yu

High‐Resolution Coral Records of
Rare Earth Elements and Yttrium
in Seawater Driven by Submarine
Groundwater Discharge in a
Basalt Island: A Case Study in the
Northern South China Sea

journal of
geophysical
research-earth
surface

SCI 3.5 1 2 T2 否

4 Siqi Wu, Risheng
Liang, Kefu Yu*

The Potential of Benthic
Foraminifera Carbon and Oxygen
Isotopic Proxies as Environmental
Indicators in Coral Reef Regions

Paleoceanography
and
Paleoclimatology

SCI 3.2 1 2 T1 否

5 Yu Zhang, Yaqi Yuan,
Kefu Yu*

Geochemical characteristics and
petrogenesis of the basaltic
pyroclastic rocks from the Xisha
Islands, northwestern South China
Sea

Acta
Oceanologica
Sinica

SCI 1.7 3 3 T1 否
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6 Guo Ning, Jiang Wei
*, Li Yueer, Yu Kefu

Geochemical behavior of redox
sensitive trace metals in marine
environment and their
applications as paleoredox proxies

Palaeogeography
Palaeoclimatology
Palaeoecology

SCI 2.6 1 2 T2 是

7

Yi Song, Thomas J.
Algeo, Carlton Brett,
Zhanhong Liu,
Shucheng Xie*

Molecular indicators of microbial
community change linked to
salinity variation and terrestrial
inputs during the Ordovician-
Silurian transition (East-Central
USA)

Chemical
Geology SCI 3.6 1 2 T1 否

8

Xiao Zhang, Yuanfu
Yue*, Ziyan Zhang,
Liuying He, Xinmeng
Yuan, Xintian Yu,
Qiuchi Wan, Cong
Chen, Yongjie Tang,
Zhuo Zheng, Kangyou
Huang

The topographic features and
sedimentary environment
potentially influenced the
vegetation reconstruction in
southwestern China since the
MIS3

Quaternary
Science Reviews SCI 3.2 1 1 T1 是

9

Lingnan Zhao, Qin
Huang*, Daohui Pi, Yi
Zhang, Daqing Ding,
Sasmaz Ahmet

Microbially-mediated supergene
dissolution and oxidization of
solid manganese carbonate in the
Malkantu manganese ore deposit
in West Kunlun, Northwest China

Ore Geology
Reviews SCI 3.2 1 2 T1 否

10

Shendong Xu*,
Hongyan Mo, Kefu
Yu*, Jie Gao, Zheng
Men

Seasonal Variations in Coral
Lipids and Their Significance for
Energy Maintenance in the South
China Sea

Journal of
Geophysical
Research-Oceans

SCI 3.4 1 2 T1 否

11
Dahua Huang, Kefu
Yu*, Leilei Jiang, Wei
Jiang

ENSO variations during the mid-
to late Holocene: Evidence from
coralgrowth rates spanning 2203
years in the northern South China
Sea

Global and
Planetary Change SCI 4 1 1 T1 是
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12

Yuanfu Yue, Shixiong
Yang*, Liuying He,
Zhuo Zheng, Xiao
Zhang, Cong Chen,
Qiuchi Wan, Yongjie

Tang, Kangyou
Huang, Fang Gu

Vegetation ecosystem responses
to climate-human interactions
since the Late Holocene from peat
record of Niangniang Mountain,
western Guizhou

Global and
Planetary Change SCI 4 1 1 T1 是

13 臧明思,王佳宝,宋宜*,
黄雯,余克服

珊瑚脂类生物标志物组成及对

环境的响应：研究进展与问题
地球环境学报 CSCD 2.126 / / T2 /

14
乐远福*,赵毅恒,唐立

超,张博,熊海仙,张雅

泽

南海北部滨珊瑚微环礁的海平

面指示意义及其反映的中全新

世海平面历史

地球科学
北大核

心,EI,CSCD 4.582 / / T1 /

15 陈裕月, 姜伟*, 杨浩

丹, 余克服

近 30 年来涠洲岛海域海水磷含

量变化及其影响因素——来自

高分辨率珊瑚记录的证据

热带海洋学报
北大核

心,CSCD 1.38 / / T2 /

16 姜伟，梁甲元，黄荣

永，余克服*
互联网在海洋科学研究生教育

中的应用：现状、挑战与应对

中国多媒体与网

络教学学报
/ 0.176 / / / /

17 王瑞,刘春彤,吴松烨,
花绘

海相碳酸盐硼同位素反演古海

水 pH值模型及其应用

石油与天然气地

质

北大核

心,EI,CSCD 7.149 / / T1 /

18 黄晓婷,李玫,吴司琪*
南 海 礁 区 大 型 底 栖 有 孔 虫

Mg/Ca 值微区分布及其应用潜

力

微体古生物学报

(中英文)

北大核

心,CSCD 0.656 / / T2 /
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19 余骄洋 ,俞小鹏 ,余克

服*,马玉玲

西 沙 群 岛 太 阳 长 棘 海 星

（Acanthaster solaris）幽门盲囊

细菌多样性及群落组成研究

热带地理
北大核

心,CSCD 3.364 / / T3 /

（三）南海珊瑚礁环境与化学方向

序号 作者 论文题目 期刊名称 级别
影响

因子

JCR
分区

中科院

分区

中国科

协期刊

分级

是否
TOP
期刊

1

Minwei Han, Kefu Yu*,
Ruijie Zhang, Biao
Chen, Mei Xiong, Yaru
Kang, Xiaopeng Yu,
Zhenjun Qin, Xiangrong
Xu

Organophosphate Ester
Migration Mechanisms and
Environmental Impacts in the
Western South China Sea

Environmental
Science &
Technology

SCI 11.3 1 1 T1 是

2

Qianyi Huang, Rui
Hou*, Yuchen Wang,
Lang Lin, Hengxiang Li,
Shan Liu, Xiangrong
Xu*, Kefu Yu, Xiaoping
Huang

Emerging and legacy
organophosphate flame
retardants in the tropical
estuarine food web: Do they
exhibit similar
bioaccumulation patterns,
trophic partitioning and dietary
exposure?

Water Research SCI 11.4 1 1 T1 是

3

Junjie Hu, Changgui
Pan*, Xiangrong Xu*,
Fengjiao Peng, Shan
Liu, Jiying Pei, Zhenzhu
Liu, Hao Liang, Kefu
Yu

Cytochrome P450-mediated
biotransformation of
octocrylene in Tetradesmus
obliquus Integrative insights
from transcriptomics,
proteomics, molecular
docking, and density
functional theory calculation

Journal of
Hazardous
Materials

SCI 12.2 1 1 T1 是



广西南海珊瑚礁研究重点实验室 2025年度报告

81

4

Liuwei Wang, Caide
Huang, Junhao Cao,
Pingfan Zhou, Siqi Han,
Guangyu Qu, Michael S.
Bank, Deyi Hou*

Polymer Type, Oxidation,
Size, and Abundance of
Microplastics in Subsoils
versus Topsoils with Varying
Land Use in Beijing, China

Environmental
Science &
Technology

SCI 11.3 1 1 T1 是

5

Junjie Hu, changgui
Pan*, Fengjiao Peng*,
Hao Liang, Zhenzhu
Liu, Kefu Yu

An integrated multi-omics
approach reveals octocrylene
disrupts Tetradesmus obliquus
growth by triggering a cascade
of photosynthetic inhibition
and metabolic dysregulation

Journal of
Hazardous
Materials

SCI 12.2 1 1 T1 是

6

Yuan Liu, Jiaming
Zhou, Niannian Wu,
Shan Liu*, Xiaoliang
Liao, Haijiang Wu, Lin
Zhu, Hengxiang Li,
Lang Lin, Rui Hou,
Zhihua Li, Xiangrong
Xu, Zhifeng Chen*,
Zongwei Cai

Targeted and non-targeted
analyses reveal trophic
biomagnification of rubber-
derived chemicalin an
estuarine food web near
China’s largest rubber
production region

Journal of
Hazardous
Materials

SCI 12.2 1 1 T1 是

7

Lini Wei, Niannian Wu,
Ru Xu, Yuan Liu, Shan
Liu*, Haiyan Zhang,
Zitong Li, Yuehong Liu,
Xiangrong Xu, Jianliang
Zhao*, Guangguo Ying

Rainfall, seasonal variation,
and stream type governing the
multi-media fate and
ecological risks of tire
additives and their
transformation products in
mega-urban streams

Water Research SCI 11.4 1 1 T1 是

8
Jiying Pei, Qiong Su,
Shuiyuan Jiang, Jianxiu
Li*, Nengzhong Xie*

Exploring the structural
diversity and spatiotemporal
dynamics of mogrosides in
Siraitia grosvenorii

Food Chemistry SCI 9.8 1 1 T1 是
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9

Julong Wang, Yan Gao,
Shanshan Yao, Lang
Lin*, Hengxiang Li,
Shan Liu, Rui Hou,
Zhijian Jiang,
Xiangrong Xu*

Emerging microplastic and
nanoplastic threats: Decoding
winter survival mechanisms in
hybrid groupers through
hepatic metabolic disruption

Environmental
Chemistry and
Ecotoxicology

SCI 8.2 1 1 / 是

10

Rui Hou, Xiaowei Jin,
Jingchun Feng*,
Jingchuan Xue,
Chengzhi Chen,
Yuanqiang Zou,
Xiangrong Xu*, Kefu
Yu, Peiyuan Qian, Wei
Zhang, Jizhong Zhou, Si
Zhang, Zhifeng Yang

Deciphering the Universal
Role of Gut Microbiota in
Pollutant Transformation

The ISME Journal SCI 10 1 1 T1 是

11

Shan Liu, Qinge Zhou,
Yuan Liu, Biao Li,
Huabing Li, Jixun Chen,
Niannian Wu, Man
Wang, Xiangrong Xu,
Lijun Zhou*, Qinglong
L. Wu*

Nationwide occurrence,
distribution drivers, and source
apportionment of steroids in
China’s coastal wetlands: An
urgent priority for 4-
andro\u0002stene-3,17-dione
and progesterone

Environmental
Chemistry and
Ecotoxicology

SCI 8.2 1 1 / 是

12

Qiqi Huang, Jiqiao
Zhang, Ziwen Song,
Xianwang Deng,
Songlin Luo, Weizhi
Yua, Xiaofang He,
Pengfei Zheng,
Shaopeng Wang*, Liwei
Wang*

Construction of S-type
CdS@ZnIn2S4
heterojunctions with core-shell
hollow nanosphere and their
application in visible light
photocatalytic degradation of
antibiotics

Journal of Alloys
and Compounds SCI 5.8 1 2 T1 否

13

Liwei Wang, Liping
Gao*, Hongjie Liu*,
Qian Zhang, Hao Fu,
Zhelin Liu

Constructing of Bi2O3-In2O3
nanofibers for sensitive
detection of freshness gas
markers in aquatic products

Journal of Alloys
and Compounds SCI 5.8 1 2 T1 否
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14

Yaling Liu, Yibo Zhang,
Changrui Ye, Yayi He,
Shaopeng Wang, Man
Zhang, Hao Fu, Shan
Lu*, Liwei Wang*

Electrochemical biosensor
based on strand displacement
reaction for on- site detection
of Skeletonema costatum

Microchimica Acta SCI 5.4 1 2 / 否

15

Xuan Chen, Pin Gan,
Kunling Huang, Fangyu
Liang, Tianhao Wu,
Xudong Li, Yuanyuan
Zhang*

Comparison of UV based
advanced oxidation processes
(UV/H2O2, UV/NaClO, and
UV/Na2S2O8) for inactivating
Uronema marinum inmarine
water

Journal of Water
Process
Engineering

SCI 6.3 1 3 T3 否

16

Junjie Hu, Shangke Yu,
Chao Yin, Fengjiao
Peng, Shuangshuang
Liu, Changgui Pan*,
Kefu Yu

Sorption and mechanisms of
legacy and emerging per- and
polyfluoroalkyl substances
(PFASs) on different particle
size fractions of marine
sediments

Environmental
Research SCI 7.7 1 2 T1 是

17

Beihua Wen, Zhenyu
Zhu, Junjie Zeng,
Shiwei Wan, Chaoxin
Zhang, Yingzhan Chen,
Liwei Wang*, Man
Zhang*, Kefu Yu

A ratiometric electrochemical
DNA biosensor for the
detection of crown-of-thorns
starfish eDNA

Bioelectrochemistr
y SCI 4.8 1 2 T2 否

18

Xiangrong Xu*, Zhen
Yuan, Yanxu Zhang,
Hengxiang Li, Lang Lin,
Shan Liu, Rui Hou,
Eddy Y. Zeng

Atmospheric transport of
microplastics from land to sea
is inefficient: Evidence from
multimedia observations

Journal of
Hazardous
Materials

SCI 12.2 1 1 T1 是

19

Ru Xu, Niannian Wu,
Shan Liu, Hui Chen,
Qinwei Hao, Yongxia
Hu, Bing Hong, Shen
Yu, Xiangrong Xu*

Spatiotemporal distribution
and priority assessment of
steroids in the estuarine
environment: Implications for
environmental risk
management

Marine Pollution
Bulletin SCI 5.3 1 3 T3 否
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20

Yiming Feng, Xueling
Hu, Yuyang Xue,
Xingying Tang*,
Donghai Xu, Yingying
Zhang, Yumeng Wu

Hydrothermal carbonization of
model compounds of
municipal sludge: Effects of
reaction conditions and
aqueous phase recirculation

Journal of
Environmental
Chemical
Engineering

SCI 7.2 1 2 / 否

21

Ke Li, Jiquan Chen,
Guiyuan Xie, Xingying
Tang*, Donghai Xu,
Jianqiao Yang

A novel phosphorus
segregation–driven chromium
depletion mechanism for
intergranular corrosion of
inconel 625 in SCWO–HyMoS
environments

Corrosion Science SCI 8.5 1 1 T1 是

22

Sisi Chen, Xingying
Tang*, Jiquan Chen,
Yuyang Xue, Yinghui
Wang, Donghai Xu

Regulation of slow-release
performance of high-sugar
biomass waste filter mud and
sugarcane bagasse by co-
hydrothermal carbonization
and potential evaluation of
hydrochar-based slow-release
fertilizers

Biomass &
Bioenergy SCI 5.8 1 2 T3 否

23

Yumeng Wu, Jianjun
Cai*, Xingying Tang*,
Shubin Wang,
Mingkang Fang,
Shengfeng Yao, Jiafeng
Zhang

Efficient and selective
recovery of lithium from spent
lithium-ion batteries by
biomass single-component
regulated pyrolysis with
synergistic water leaching
approach

Journal of
Environmental
Chemical
Engineering

SCI 7.2 1 2 / 否

24

Fengjiao Peng, Ronggui
Zhu, Changgui Pan*,
Chaoyang Zhou, Junjie
Hu, Sen Li, Xingjun
Feng, Kefu Yu

Parabens and Their
Metabolites in Surface
Sediment from Estuaries to the
Sea: Occurrence, Spatial
Distribution, and Potential
Sources

Acs Es&T Water SCI 4.3 1 3 T3 否
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25

Jingyu Wang, Ruijie
Zhang*, Jingzhen
Wang*, Liwei Mo,
Zhehong Ji, Pan Wei,
Chaoshuai Wei, Kefu
Yu

Occurrence, spatiotemporal
distribution and environmental
behavior of dissolved,
particulate, and sedimentary
black carbon in a subtropical
coastal environment:
Differences between semi-
enclosed and open estuaries.

Marine Pollution
Bulletin SCI 5.3 1 3 T3 否

26

Zhiming Ning, Zhijin
Liu, Kefu Yu, Ronglin
Xia, Wei Jiang, Bin
Yang, Guodong Song*

Further increasing nitrogen
concentration does not
enhance the denitri cation and
DNRA potentials in eutrophic
reefs: Insights from the
differences in benthic
categories

Limnology And
Oceanography SCI 3.7 1 2 T1 否

27

Yingyuan Zhang,
Deshuo Gao, Kefu Yu,
Ruijie Zhang, Jiayu
Zhang, Wenfeng Yu,
Shiguo Chen, Jiying
Pei*

3D-printed SPME-based
wooden-tip mass spectrometry
for rapid detection of organic
ultraviolet absorbers in
complex matrices

Talanta SCI 5.6 1 1 / 是

28

Jiying Pei, Shiguo Chen,
Jiayu Zhang, Wenfeng
Yu, Weijie Qin, Kefu
Yu*

Comparative evaluation of
positive and negative LC-MS
modes for DOM profiling

Analytical Methods SCI 2.7 1 3 T2 否

29

Jiying Pei*, Shiguo
Chen, Kefu Yu*,
Jiayuan Liang*, Ruijie
Zhang, Penghui Li,
Zhuanghao Hou, Liang
Fu, Honglin Ma

Microbial regulation of
dissolved organic matter
revealed by integrated
metabolomics and
metagenomics in the World’s
deepest blue hole

Marine
Environmental
Research

SCI 3 1 3 T3 否
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30

Dandan Xu, Rui Xue,
Mengyuan Luo,
Wenhuan Wang, Wei
Zhang*, Yinghui Wang*

Advances in Dissolved
Organic Carbon Remote
Sensing Inversion in Inland
Waters: Methodologies,
Challenges, and Future
Directions

Sustainability SCI 3.3 2 3 T3 否

31

Xuzhi Mai, Quan Li,
Weifeng Xu, Songwen
Deng, Wenhuan Wang,
Wenqian Wu, Wei
Zhang*, Yinghui Wang

Estimation of Mangrove
Aboveground Carbon Using
Integrated UAV-LiDAR and
Satellite Data

Sustainability SCI 3.3 2 3 T3 否

32

Hongshuang Shen, Fang
Liu, Ruijie Zhang*,
Annan Yan, Yaru Kang,
Jingyu Wang, Kefu Yu

Influence of Air, Water,
Light, and Salinity on Release
of Plasticizers, Flame
Retardants, and Ultraviolet
Absorbents from Polystyrene
Plastic.

Bulletin of
Environmental
Contamination and
Toxicology

SCI 2.2 3 4 / 否

33 Fangyu Liang,
Yuanyuan Zhang*

Research progress on fungi
and their spore inactivation in
different water bodies

Desalination and
Water Treatment SCI 1 4 4 / 否

34

Riguang Zhu, Guiyuan
Xie, Zu-an Qin,
Xingying Tang*, Jianjun
Cai, Jianqiao Yang

Effects of dissolved oxygen
accelerated P. aeruginosa on
the corrosion mechanism of
X70 steel in simulated marine
environments

Materials
Chemistry and
Physics

SCI 4.7 2 3 T2 否

35

Jiquan Chen, Zitao Lin,
Xingying Tang*, Ke Li,
Riguang Zhu, Jianqiao
Yang

Comparative study of the
corrosion behavior of Inconel
625 in supercritical water
containing dissolved and
molten phosphates

Journal of
Supercritical Fluids SCI 4.4 2 3 / 否
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36

Bin Chen, Yang Zhou,
Kazi Belayet Hossain,
Yixin Chen, Xiaoshan
Zhu, Hengxiang Li,
Xiangrong Xu*,
Minggang Cai*

Microplastic in tropical island
estuaries in China: Source
identification and management
framework development

Marine
Environmental
Research

SCI 3 1 3 T3 否

37

Zhishen Wang, Huiling
Wu, Weihao He,
Shunqiang Wei, Xuemin
Wei, Chaoshuai Wei,
Yinghui Wang*, Aiguo
Huang

Protective Effect of
Nanobodies Targeting Sip
Protein Against Streptococcus
agalactiae Infection in Tilapia
(Oreochromis niloticus)

Animals SCI 2.7 1 2 / 否

38

Weifeng Xu, Xuzhi Mai,
Songwen Deng,
Wenhuan Wang,
Wenqian Wu, Wei
Zhang*, Yinghui Wang

High-Resolution Mapping and
Impact Assessment of Forest
Aboveground Carbon Stock in
the Pinglu Canal Basin: A
Multi-Sensor and Multi-Model
Machine Learning Approach

Forests SCI 2.4 1 3 T3 否

39

Songwen Deng,
Mengyuan Luo,
Wenhuan Wang,
Sixiang Lan, Weifeng
Xu, Xuzhi Mai, Wei
Zhang*

Assessment of biodiversity and
landscape changes during the
Pinglu Canal construction and
the benefits of ecological
restoration based on Rao's Q
index

Ecological
Engineering SCI 4.1 1 2 T3 否

40

Geng Yang, Xingying
Tang*, Xingtao Wang,
You Wu, Hui Ma,
Shengyan Pu

Synergistic hydrothermal
carbonization and wet
oxidation for sustainable
sewage sludge valorization and
process waters toxicity
mitigation

Biomass &
Bioenergy SCI 5.8 1 2 T3 否

41

Yibo Zhang, Hongjie
Liu, Shaopeng Wang*,
Hao Fu, Yuanyu Xie,
Chaoxin Zhang, Man
Zhang, Jie Lu, Liwei

Advancements of the Vibrio
coralliilyticus eDNA detection
based on Co-Fe PBA-assisted
biosensors for the rapid coral-
disease warning

Biochemical
Engineering
Journal

SCI 3.7 2 3 / 否
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Wang*, Kefu Yu

42

Weifeng Xu, Yaofei
Cheng, Mengyuan Luo,
Xuzhi Mai, Wenhuan
Wang, Wei Zhang*,
Yinghui Wang*,

Progress and Limitations in
Forest Carbon Stock
Estimation Using Remote
Sensing Technologies: A
Comprehensive Review

Forests SCI 2.4 1 3 T3 否

43
张佳宇,陈仕国,余克服,
梁甲元,侯壮豪,裴继影
*

基于单细胞质谱组学研究珊

瑚共生虫黄藻的化学多样性
质谱学报

北大核

心, CSCD 1.35 / / T1 /

44
陈思思,薛宇阳,唐兴颖

*,王智洁,张莹莹,钱黎

黎,李尚泽,王英辉

液相循环对制糖固废共水热

碳化影响机制研究
中国环境科学

北大核

心,EI,CS
CD

3.419 / / T1 /

45 邢 政，王佳乐，赖俊

翔*，王英辉*，李 杰

氮磷限制条件下球形棕囊藻

生理生化响应及转录组学研

究

广西科学 北大核心 1.252 / / / /

46 韦丽妮,刘珊*,赵建亮,
吴念念,徐茹,刘源

不同类型城市受纳河涌大型

底栖动物多样性及其对水环

境因子的响应

生态毒理学报
北大核

心,CSCD 1.648 / / T3 /

47 黄思宇 ,林武辉*,何贤

文,林晓东

大气中 7Be 和 210Pb 时空分

布特征差异和机制解析
核技术

北大核

心,CSCD 0.99 / / T2 /
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48
秦贵帮 ,张瑞杰*,王煜

轩 ,康亚茹 ,史敬 ,王辰

燕,韩民伟,余克服

涠洲岛珊瑚礁区有机氯农药

的污染水平、来源和生物富

集特征研究

上海海洋大学学报
北大核

心,CSCD 2.289 / / T3 /

49
裴继影*,张樱元,余克

服,余文峰,张瑞杰,王

瑞

基于科教融合人才培养模式

的“化学海洋学”教学改革

与实践

科技风 / / / / /

50 康亚茹,张瑞杰*,余克

服,曾维斌,王瑞轩

广西北部湾典型水产品中有

机磷酸酯的生物富集特征和

食用风险评估

上海海洋大学学报
北大核

心,CSCD 2.289 / / T3
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（四）南海珊瑚礁遥感与监测方向

序号 作者 论文题目 期刊名称 级别
影响

因子

JCR
分区

中科院

分区

中国科

协期刊

分级

是否
TOP
期刊

1
Honglei Jiang, Tianfei
Ren, Rongyong Huang,
Kefu Yu*

Marine Heatwaves and Cold
Spells in Global Coral Reef
Regions (1982–2070):
Characteristics, Drivers, and
Impacts

Remote Sensing SCI 4.2 1 2 T3 否

2
Huade Li, Jinshui Zhang,
Zhenghua Chen, Mingwei
Zhang

A new remote sensing index
of mildew for winter wheat
disaster area extraction

International Journal
of Digital Earth SCI 4.9 1 2 T1 否

3

Zuodong Liang,
Guangxian Huang, Wen
Huang, Hailun Chen,
Kefu Yu*, Dongsheng
Jeng

Numerical Modeling of
Wave Hydrodynamics
Around Submerged Artificial
Reefs on Fringing Reefs in
Weizhou Island of Northern
South China Sea

Journal of Marine
Science and
Engineering

SCI 2.7 1 3 T2 否

4

Yanliu Wu, Xiaoyan
Chen*, Yuhao Du,
Zhenhua Chen, Zhaoqian
Yan, Hongfei Su, Zhenjun
Qin, Zhiming Ning,
Yuxiao Li, Kefu Yu*

Metabolism of wildfire-
derived methoxyphenol in
Acropora formosa:
Metabolite identification,
toxicity prediction, and
impact on coral health

Journal of
Hazardous Materials SCI 12.2 1 1 T1 是

5 陈正华 ,兰思香 ,张锦水,
张威,李华德,赵丽芳

城市黑臭水体遥感监测的

研究现状与展望
遥感技术与应用

北大核

心,CSCD 2.403 / / T3 /



广西南海珊瑚礁研究重点实验室 2025年度报告

91

6
滕君灿,余克服,左秀玲*,
李志文 ,黄学勇 ,段正贤,
蓝斐芜

相对高纬度珊瑚礁的有限

弹性：气候变化和人类影

响下的结构复杂度退化

中国科学:地球科学
北大核心,
CSCD 4.032 / / T1 /

7 江蕾蕾，黄达华，赵佰

玲，余克服*
珊瑚骨骼荧光记录环境变

化的研究进展
海洋学报

北大核

心,CSCD 1.38 / / T1 /

8 左秀玲,梁甲元,余克服*,
苏宏飞,梁作栋

珊瑚礁领域研究生课程教

学模式创新探索

中国多媒体与网络

教学学报
/ 0.245 / / / /
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四、在研基金项目列表

本年度在研各类科研基金 94项，合同经费 10186.17万元，其中国家自然科学基金 28项（合计经费 1612万元；含国家

自然科学基金重点项目和国家自然科学基金重大课题项目各 1项，经费分别为 305万元和 400 万元）、广西自然科学基金/

广西科技基地与人才专项/广西重点研发计划项目 44 项（合计经费 1215 万元）、中央海洋生态保护修复资金 1 项（经费

6992.14万元）。

（一）纵向科研基金项目

本年度在研纵向科研项目 72项，总经费 2827万元，其中国家自然科学基金 28项（合计经费 1162万元）、广西自然科

学基金/广西科技基地与人才专项/广西重点研发计划项目 44项（合计经费 11215万元）。国家自然科学基金中包含国家自

然科学基金重点项目和国家自然科学基金重大课题项目各 1项，经费分别为 305万元和 400万元。

序号 来源 类型 名称 编号 起止时间
经费

（万元）
负责人

1 国家自然科学

基金委

国家自然科学基金

重大研究计划项目

印太交汇区代表性物种的生物多样性演

变及其生态功能
42090041 2021.01-

2025.12 400 余克服

2 国家自然科学

基金委

国家自然科学基金

重点项目

全新世南海珊瑚礁发育的时-空差异及

其对全球变暖的适应机制
42030502 2021.01-

2025.12 305 余克服

3 国家自然科学

基金委

国家自然科学基金

面上项目

基于物理信息扩散模型高精度重建陆-
海水质量迁移过程及区域质量海平面预

算闭合

42571043 2026.01-
2029.12 46 邓珊珊
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4 国家自然科学

基金委

国家自然科学基金

面上项目

流体饱和状态对西沙群岛晚中新世白云

岩结构的调控机制
42572123 2026.01-

2029.12 47 王瑞

5 国家自然科学

基金委

国家自然科学基金

面上项目

北部湾近岸海域典型阻燃剂的源汇格局

及其风险调控机制研究
42576143 2026.01-

2029.12 50 徐向荣

6 国家自然科学

基金委

国家自然科学基金

面上项目

基于 40K重建多时间尺度的涠洲岛珊瑚

岸礁生长发育历史
42276044 2023.01-

2026.12 56 林武辉

7 国家自然科学

基金委

国家自然科学基金

面上项目

珊瑚礁碳酸钙产量大尺度分布遥感综合

估算研究
42276182 2023.01-

2026.12 55 左秀玲

8 国家自然科学

基金委

国家自然科学基金

面上项目

隐花色素介导蓝光调控珊瑚-虫黄藻共

生体热白化耐受性的机理
42476137 2025.01-

2028.12 48 巩三强

9 国家自然科学

基金委

国家自然科学基金

面上项目

河口环境孕激素及其代谢产物的赋存特

征与降解转化机制
42177388 2022.01-

2025.12 39.90824 刘珊

10 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

强还原活性物种对海水病原微生物的灭

活及消毒副产物协同控制效应与机制研

究

52560001 2026.01-
2029.12 33 张媛媛

11 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

机器学习驱动电化学生物传感技术对珊

瑚致病菌的快速检测及健康评估研究
22564003 2026.01-

2029.12 31 王丽伟

12 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

全新世以来南海北部“高纬度珊瑚礁”对
全球变化的响应及演化趋势预测

42466003 2025.01-
2028.12 30 范天来

13 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

海南岛珊瑚礁全新世发育过程和海平面

重建及气候变化响应研究
42366002 2024.01-

2027.12 32 乐远福
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14 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

基于南海珊瑚数据再利用和机器学习技

术重建近两百年台风历史记录
42265007 2023.01-

2026.12 33 雍阳阳

15 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

南海西沙新生代玄武质火山碎屑岩地球

化学特征及成因研究
42166003 2022.01-

2025.12 35 张瑜

16 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

基于非靶代谢组学及分子网络探究珊瑚

对高温胁迫的代谢应答机制
22264003 2023.01-

2026.12 33 裴继影

17 国家自然科学

基金委

国家自然科学基金

地区科学基金项目

原位可视化定量研究全尺寸微塑料在北

部湾典型红树林区植物根系的时空分布

特征

22266005 2023.01-
2026.12 33 李锐龙

18 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

海岸带景观格局和气候变化对生态系统

服务供需的影响机制与优化调控
42501364 2026.01-

2028.12 30 江红蕾

19 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

南海北部珊瑚记录的 5.5 ka BP事件期

间 ENSO活动及其对太阳辐照度的响

应

42502176 2026.01-
2028.12 30 江蕾蕾

20 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

造礁石珊瑚对多环芳烃及其衍生物的兴

奋效应及其分子机制
42506130 2026.01-

2028.12 30 韩民伟

21 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

南海珊瑚礁区大型底栖有孔虫碳氧同位

素的影响因素及古环境意义
42402007 2025.01-

2027.12 30 吴司琪

22 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

高温促进红树植物白骨壤盐腺泌盐的机

制研究
42406121 2025.01-

2027.12 30 郭泽军

23 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

氮代谢调整在温度波动驯化提高珊瑚耐

热性的作用机制
42406143 2025.01-

2027.12 30 俞小鹏
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24 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

地质脂类记录的阿巴拉契盆地晚泥盆世

海洋微生物组成对生态危机事件的响应
42302348 2024.01-

2026.12 30 宋宜

25 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

造礁石珊瑚病毒群落对急性低盐胁迫的

响应模式研究
42306165 2024.01-

2026.12 30 陈飚

26 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

基于地极移动的陆地水储量及相应海平

面长期演化特征与机理研究
42201024 2023.01-

2025.12 30 邓珊珊

27 国家自然科学

基金委

国家自然科学基金

青年科学基金项目

入侵型和土著型虫黄藻-珊瑚共生体对

高温胁迫响应的差异性研究
42206157 2023.01-

2025.12 30 覃祯俊

28 国家自然科学

基金委

国家自然科学基金

专项项目

科学传播类：基于珊瑚礁特色的广西海

洋教育小学示范校科普活动分层分级实

施

42542038 2025.08-
2026.12 5 徐向荣

29 广西壮族自治

区科技厅

广西自然科学基金

广西科技基地和人

才专项

广西南海珊瑚礁研究重点实验室科技创

新能力建设
桂科

AD25069075
2025.03-
2028.02 400 余克服

30 广西壮族自治

区科技厅

广西自然科学基金

广西重点研发计划

广西北部湾海漂垃圾溯源追踪技术研究

及应用示范
桂科

AB25069113
2025.03-
2027.02 74 徐向荣

31 广西壮族自治

区科技厅

广西自然科学基金

广西重点研发计划

面向海洋中小尺寸塑料垃圾的无人船智

能监测技术研发与应用示范
2025FN9619

929
2026.01-
2029.12 96 徐向荣

32 广西壮族自治

区科技厅

广西自然科学基金

广西科技成果转化

计划

基于碳点传感检测的分级氧化-吸附协

同全量化处理垃圾渗滤液关键技术研发

及应用

2025ZG0312
057

2026.01-
2029.12 0 唐兴颖

33 广西壮族自治

区科技厅

广西自然科学基金

面上项目

细胞穿膜肽介导 VP28特异性纳米抗体

抗对虾WSSV作用机制研究
2025JJA130

007
2026.01-
2029.12 10 黄爱国
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34 广西壮族自治

区科技厅

广西自然科学基金

面上项目

全球变暖与平陆运河悬浮物增加叠加对

北部湾珊瑚礁生态影响与适应潜力研究
2025JJA150

187
2026.01-
2029.12 10 俞小鹏

35 广西壮族自治

区科技厅

广西自然科学基金

面上项目

高温实验模拟珊瑚白云石化过程中稀土

元素的迁移机制
2025JJA150

010
2026.01-
2029.12 10 王瑞

36 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

桂西南地区下雷锰矿成矿环境和富集机

制研究
2025JJB1500

38
2026.01-
2029.12 8 黄钦

37 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

典型热带岛礁土壤微塑料赋存特征与老

化机制研究
2025JJB1500

27
2026.01-
2029.12 8 王刘炜

38 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

涠洲珊瑚礁区波致海底埋管动力灾变机

理与分析方法
2025JJB1600

06
2026.01-
2029.12 8 梁作栋

39 广西壮族自治

区科技厅

广西自然科学基金

广西重点研发计划

项目

陶瓷膜-光催化耦合降解消杀技术及一

体化装备研发与应用示范
桂科

AB24010117
2024.05-
2027.04 150 姚作芳

40 广西壮族自治

区科技厅

广西自然科学基金

广西科技基地和人

才专项

气候变化背景下陆-海水质量迁移的时

空特征及机理研究
桂科

AD23026069
2023.06-
2026.05 10 邓珊珊

41 广西壮族自治

区科技厅

广西自然科学基金

面上项目

滨珊瑚的海平面指示意义及在南海北部

全新世海平面重建中的应用
2025GXNSF
AA069160

2025.03-
2028.02 10 乐远福

42 广西壮族自治

区科技厅

广西自然科学基金

面上项目

紫外光催化双酮高级氧化还原体系对海

水有害微生物的灭活及副产物协同控制

研究

2025GXNSF
AA0691008

2025.03-
2028.02 10 张媛媛

43 广西壮族自治

区科技厅

广西自然科学基金

面上项目

南海造礁石珊瑚骨骼及珊瑚砂中黑碳的

赋存/埋藏特征及其碳汇能力初探
2025GXNSF
AA069701

2025.03-
2028.02 10 张瑞杰
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44 广西壮族自治

区科技厅

广西自然科学基金

面上项目

虫黄藻 Cladocopium goreaui的热驯化

及其对涠洲岛苗圃区珊瑚耐热性的作用

研究

2025GXNSF
AA069187

2025.03-
2028.02 10 覃祯俊

45 广西壮族自治

区科技厅

广西自然科学基金

面上项目

桂东南大瑶山燕山早期高 Sr/Y花岗岩

类成因及其深部动力学意义
2025GXNSF
AA069324

2025.03-
2028.02 10 张瑜

46 广西壮族自治

区科技厅

广西自然科学基金

面上项目

超临界水中磷化腐蚀膜抑制晶界扩散行

为对镍基合金晶间腐蚀的影响机制研究
2025GXNSF
AA069823

2025.03-
2028.02 10 唐兴颖

47 广西壮族自治

区科技厅

广西自然科学基金

面上项目

近岸礁区有孔虫分布特征及其对生态环

境的指示意义——以广西涠洲岛为例
2025GXNSF
AA069592

2025.03-
2028.02 10 孟敏

48 广西壮族自治

区科技厅

广西自然科学基金

面上项目

粤桂地区滨海核电站周边大气γ剂量率

变异机制与跨省输运研究
2024GXNSF
AA010449

2024.05-
2027.04 10 林武辉

49 广西壮族自治

区科技厅

广西自然科学基金

面上项目

海洋环境中有机紫外吸收剂的常压质谱

分析方法学研究与应用
2023GXNSF
AA026488

2023.06-
2026.05 10 裴继影

50 广西壮族自治

区科技厅

广西自然科学基金

面上项目

南海澄黄滨珊瑚共生虫黄藻 C15及其

宿主的遗传多样性分布及关键驱动因子

分析

2023GXNSF
AA026510

2023.06-
2026.05 10 黄雯

51 广西壮族自治

区科技厅

广西自然科学基金

面上项目

种间珊瑚微生物组移植的抗病作用及机

制研究
2023GXNSF
AA026388

2023.06-
2026.05 10 苏宏飞

52 广西壮族自治

区科技厅

广西自然科学基金

面上项目

基于高分辨率遥感的涠洲岛珊瑚礁碳酸

钙产量分布精确估算方法研究
2022GXNSF
AA035548

2022.04-
2025.03 10 左秀玲

53 广西壮族自治

区科技厅

广西自然科学基金

面上项目

厄尔尼诺-南方涛动与准两年振荡对广

西夏季极端降水的协同影响
2022GXNSF
AA035441

2022.04-
2025.03 10 雍阳阳
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54 广西壮族自治

区科技厅

广西自然科学基金

面上项目

基于MOS p-n异质结的水分子诱导效

应及气敏机理研究
2022GXNSF
AA035565

2022.04-
2025.03 10 王丽伟

55 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

不同温度条件下造礁石珊瑚的脂类组成

变化及其指示意义
2025GXNSF
BA069092

2025.03-
2028.02 8 宋宜

56 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

造礁石珊瑚应对多环芳烃污染的响应与

适应机理研究
2024JJB1502

02
2025.03-
2028.02 8 韩民伟

57 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

涠洲岛造礁珊瑚对平陆运河工程低盐水

输入适应机制研究
2025GXNSF
BA069587

2025.03-
2028.02 8 俞小鹏

58 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

南海北部季节性海表温度和盐度对东亚

季风降雨预报的可靠性与机制研究
2025GXNSF
BA069398

2025.03-
2028.02 8 江蕾蕾

59 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

红树植物白骨壤耐盐相关基因的筛选及

功能研究
2025GXNSF
BA069196

2025.03-
2028.02 8 郭泽军

60 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

广西平陆运河流域生态系统服务多尺度

权衡/协同关系、影响因素与优化管理

策略研究

2024JJB1501
08

2025.03-
2028.02 8 江红蕾

61 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

造礁石珊瑚共附生微生物对潮间带波动

生境的响应模式
2024GXNSF
BA010307

2024.05-
2027.04 8 陈飚

62 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

利用南海珊瑚礁区底栖有孔虫碳氧同位

素指标重建古海洋环境的可靠性评估
2024GXNSF
BA010231

2024.05-
2027.04 8 吴司琪

63 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

基于 GRACE/GFO重力卫星数据的全

球海水质量变化特征与归因研究
2024GXNSF
BA010158

2024.05-
2027.04 8 邓珊珊
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64 广西壮族自治

区科技厅

广西自然科学基金

青年科学基金项目

涠洲岛珊瑚共生虫黄藻季节性变化规律

及共生虫黄藻对高温/低温胁迫的响应

研究

2022GXNSF
BA035449

2022.04-
2025.03 8 覃祯俊

65 广西壮族自治

区教育厅

广西壮族自治区教

育厅

海洋科学专业导师制课程实施模式研

究——以本科生和研究生团队合作为基

础

2023JGB111 2023.06-
2026.05 1 张媛媛

66

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

桂西南地区沉积锰矿富集机制与成矿规

律研究
202502325 2025.09-

2030.12 30 黄钦

67

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

单宁在红树植物镉耐受中的作用机制研

究
202502322 2025.09-

2030.12 30 郭泽军

68

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

景观格局和气候变化对平陆运河流域生

态系统服务的影响研究
202402024 2024.12-

2029.12 30 江红蕾

69

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

潮间带微观尺度造礁珊瑚耐热性差异调

控机制研究
202402021 2024.12-

2029.12 30 俞小鹏

70

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

极端波流耦合荷载下珊瑚岛礁场地回填

管线上浮失稳机理与预测研究
202402020 2024.12-

2029.12 30 梁作栋
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71

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

南海北部季节性海表温度和盐度对东亚

季风降雨预报的可靠性与机制
202401998 2024.12-

2029.12 30 江蕾蕾

72

广西壮族自治

区人力资源和

社会保障厅，

广西壮族自治

区财政厅

青苗人才补助（科

研启动经费）

南海珊瑚礁区大型底栖有孔虫镁钙比值

的影响因素及古环境意义
202401977 2024.12-

2029.12 30 吴司琪

（二）横向科研基金项目

本年度在研横向基金项目 22项，总经费 7298.27万元，含中央海洋生态保护修复资金 1项，经费 6992.14万元。

序号 项目来源 项目名称 项目编号 起止时间
经费

（万元）
负责人

1 中央海洋生态保护修复

资金
广西北海市涠洲岛北部珊瑚礁生态修复项目

KLBH2022-
G2-0003

2022.11.30-
2026.12.30 6992.14 黄雯

2 生态环境部华南环境科

学研究所
2025年度南海海域生态环境监测服务项目 202501660 2023.07-2025.06 149.8 俞小鹏

3 三沙航迹珊瑚礁保护研

究所
2025年度龙洞生态环境监测服务和报告撰写 202501912 2025.09-2026.09 25.12 韩民伟

4 中国科学院南海海洋研

究所研究所

海洋沉积物和水体样品抗生素检测和数据分

析
202501984 2025.08-2026.08 3.92 刘珊
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5 中国科学院南海海洋研

究所研究所
塑料样品检测与数据分析 202501893 2025.09-2027.08 3.8 刘珊

6 中国科学院南海海洋研

究所研究所

南海北部边缘造礁珊瑚对高温与高浑浊度双

重胁迫的适应机制研究
202501391 2025.03-2026.03 4.0 俞小鹏

7 中国科学院南海海洋研

究所
海洋样品类固醇激素测试服务 202500606 2025.06-2026.06 4 潘长桂

8 中国科学院南海海洋研

究所
海洋沉积物样品环境参数测试服务 202501186 2025.05-2026.12 4.95 刘珊

9 中国检验认证集团广西

有限公司

城市垃圾填埋场渗滤液中污染物识别及关键

技术研究服务
202501039 2025.08-2025.12 5.0 唐兴颖

10 三亚海洋生态环境工程

研究院
海南河口海域微塑料测试服务 202501010 2025.04-2025.07 9.13 潘长桂

11 国家海洋环境监测中心 小公鱼、球形棕囊藻传感器构建数据资料 202500125 2025.09-2026.06 6 张曼

12 国家海洋环境监测中心

三沙永乐龙洞周边海域珊瑚礁生态、水文和

沉积物通量历史监测数据分析和报告撰写服

务项目

202501691 2025.03-2025.12 19.91 陈飚

13 国家海洋环境监测中心
滨海核电冷源取水区两种毛虾的特异性 DNA

探针设计及性能评价
202500119 2025.09-2025.10 4.8 张曼

14 自然资源部第四海洋研

究所

MOF@微生物协同可见光光催化降解海产养殖

废水中 TCH 机制研究
MRESD-
2023C05 2024.11-2025.08 3 王少鹏

mailto:MOF@微生物协同可见光光催化降解海产养殖废水中TCH机制研究
mailto:MOF@微生物协同可见光光催化降解海产养殖废水中TCH机制研究
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15 广西汇康能环保科技有

限公司

塑料废弃物裂解炭黑的纯化与功能材料制备

技术研究
202501244 2025.07-2026.07 6.5 唐兴颖

16 广西大学
基于环境 DNA耦合电化学生物传感技术的珊瑚

致病菌快速检测研究
2023BZRC025 2023.06-2025.05 10 王丽伟

17 广西大学
基于空间尺度上推的珊瑚礁结构复杂度指数遥感

反演研究
2023BZRC019 2023.06-2025.05 10 左秀玲

18 广西产研院绿色低碳技

术研究所

水热酸解甘蔗渣制备 C5/C6糖水解液研究技

术服务
202502130 2025.09-2025.10 9.38 张威

19 广西产研院绿色低碳技

术研究所
再生混凝土样品理化性质测试分析 202402084 2024.12-2025.01 22.5 张威

20 广西青辉环保技术有限

责任公司

再生混凝土微观孔结构调控与多场景性能提

升改性研究
202502508 2025.09-2025.12 31 王英辉

21 广西青辉环保技术有限

责任公司

再生混凝土微观孔结构优化与有害元素控制

改性研究
202502474 2025.08-2025.11 30 王英辉

22 中国科学院南海海洋研

究所
红树林沉积物环境参数分析服务 202502590 2025.12-2026.12 4.32 刘珊
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五、授权/公开专利列表

本年度获授权专利 6项（含发明专利 2项、实用新型专利 4项）、公开发明专利 9项。

序号 名称 专利号 发明人 申请日期 授权/公开日期 类型 状态

1 一种可调刀距的岩石薄板自

动切割机
CN119748657A 江蕾蕾,赵佰玲,黄达

华,姜伟
2025.02.24 2025.09.23 发明 授权

2 一种混凝土用再生骨料及其

全再生混凝土的制备方法
CN119349911A

程耀飞,郑建安,何建

乔,肖建庄,蒙秋江,
吴海乐,应敬伟,王纪

云,王文欢,王英辉,
陈润成

2024.08.01 2025.11.07 发明 授权

3 一种适用于珊瑚岛礁动力环

境监测的分段式海床基
CN223192370U 梁作栋,刘大军,余克

服,黄雯,陈海伦
2024.10.12 2025.08.05 实用

新型
授权

4 一种适用于珊瑚礁海岸动力

环境的沉积物捕获器
CN223192635U 梁作栋,陈海伦,余克

服,黄雯
2024.09.11 2025.08.05 实用

新型
授权

5 一种便携式珊瑚礁场地沉积

物通量监测装置
CN223192374U 梁作栋,覃河融,余克

服,黄雯,黄光贤
2025.05.27 2025.08.05 实用

新型
授权

6 一种用于珊瑚礁生态修复的

梯形玻璃钢礁体
CN223391831U

彭梦娇,周榆鹏,劳子

彤,黄雯,余克服,徐
明培,黄智华,黄学勇

2024.10.10 2025.09.30 实用

新型
授权

7
基于夜光遥感序列的人类活

动对珊瑚礁生态健康评估方

法

CN119251695A 李泽琛，黄荣永 2024.08.27 2025.01.03 发明 公开
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8
一种基于 Landsat影像的珊

瑚礁区表层海水叶绿素 a浓
度反演方法

CN120217721A 张威,王英辉,邓淞

文,徐伟峰,麦旭志
2025.05.26 2025.06.27 发明 公开

9 珊瑚物种语义样本智能自动

化生成系统及方法
CN120673412A 左秀玲,蓝斐芜,滕君

灿
2025.06.09 2025.09.19 发明 公开

10
基于 DEM和 Geomorphons
方法的岛礁微观地貌遥感分

类方法

CN119649092A 左秀玲,余芷丽 2024.11.18 2025.03.18 发明 公开

11
一种基于固相微萃取和常压

质谱检测紫外线吸收剂的装

置及检测方法

CN120558682A 裴继影,张樱元,高德

硕
2025.05.28 2025.08.29 发明 公开

12 基于多源遥感技术的森林碳

储量与碳汇监测评估方法
CN120833559A 王文欢,吴文乾,兰思

香,王英辉,张威
2025.07.08 2025.10.24 发明 公开

13 功能性生物有机复合肥及其

制备方法
CN119707585A 王英辉,李尚泽,唐兴

颖,黄爱国,邱书维
2024.10.30 2025.03.28 发明 公开

14 一种再生微粉水泥基灌浆料

及其制备方法
CN119683941A 韦庭丛,肖建庄,王英

辉,杨海峰
2024.12.27 2025.03.25 发明 公开

15 一种靶向无乳链球菌 SIP蛋

白的纳米抗体制备及其应用
CN119552244A

王英辉,黄爱国,何建

乔,王志燊,张发利,
姜晓玉

2024.08.21 2025.03.04 发明 公开
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六、学术交流

（一）会议交流

实验室本年度参加学术会议交流 39 场次（284 人次），其中国内会议 34 场次（227 人次）、国际会议 5 场次（57 人

次）；合计开展会议报告 183 人次（国际会议 46 人次），其中特邀报告 9 人次（国际会议 3 人次），口头报告 145 人次

（国际会议 19人次），展板报告 38人次（国际会议 27人次）。

序号 会议名称 时间 地点
国际/
国内

参会

人数
报告题目（姓名） 报告类型

1 第三届“空间、大气、海洋

与环境光学”学术会议
2025.04.18-

04.20 武汉 国内 1 南海珊瑚岛“地貌-生态”演变过程的遥

感分析(黄荣永) 口头报告

2

印太交汇区物质能量汇聚中

心海洋环境与生物过程的耦

合作用和生态效应 2024 年

度总结及学术交流会

2025.05.19-
05.20 南宁 国内 20

重大项目课题 1进展汇报(余克服) 口头报告

印太交汇区珊瑚礁的生态特征及其热

适应模式(陈小燕) 口头报告

印太交汇区共生-游离态虫黄藻的空间

分布及其生态效应(陈 飚) 口头报告

3 第三届中山大学海洋系统科

学开放年会
2025.10.17-

10.20 珠海 国内 2

广东近岸造礁珊瑚对高温和低盐胁迫

的适应性研(俞小鹏) 口头报告

西沙群岛珊瑚礁的发育演化历史及其

古环境记录——以琛科 2 井为例(王
瑞)

特邀报告

4 2025 第二届环境科学与环

境材料学术会议
2025.04.25-

04.27 南京 国内 1 潮间带微观尺度造礁珊瑚耐热性差异

调控机制研究(俞小鹏) 口头报告

5 2025 年中国环境科学学会

科学技术年会
2025.07.20 南京 国内 1 南海长棘海星快速示踪及暴发预警研

究(王丽伟) 口头报告

6 第十届地学青年论坛 合肥 国内 10 南海灰沙岛与沙洲地貌近 30 年演变及

其环境驱动因素的遥感分析(黄荣永) 邀请报告
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中国沿海地区植被 NPP 的突变时空格

局和驱动机制(江红蕾) 口头报告

Escalating MarineHeatwaves and
DecliningCold-spells in Coral
Reefs:Spatiotemporal Trends andFuture
Projections(任天飞)

口头报告

南海珊瑚礁生态系统健康状况的多光

谱卫星遥感分析(肖竣友) 口头报告

亚热带海岸环境中不同形态黑碳的时

空变化及环境行为：半封闭海湾和开

放河口的差异(王镜宇)
展板报告

南海北部珊瑚生长率记录的中-晚全新

世共 2203 年的 SST 及 ENSO 变化(黄
达华)

展板报告

珊瑚骨骼 P/Ca 示踪南海北部边缘礁表

层海水磷含量变化(郭宁) 展板报告

台湾恒春珊瑚礁对热带气旋的响应与

记录(石宇辰) 展板报告

热带气旋对河流入海沉积物的影响及

其珊瑚记录一以海南岛为例(刘彩凤) 展板报告

南海北部表层海水稀土元素的珊瑚记

录及其环境气候意义(顾庭舞) 展板报告

7 第八届地球系统科学大会
2025.07.02-
07.05 上海 国际 50

涠洲岛沙质海岸侵蚀及其与珊瑚礁退

化的关系研究(黄荣永) 特邀报告

全新世南海珊瑚礁发育的南北差异及

相对高纬度避难所意义(江蕾蕾) 特邀报告

塑岩理化性质与形成原因的初步探索

(王刘炜) 口头报告

潮间带微观尺度造礁珊瑚耐热性差异

调控机制研究(俞小鹏) 口头报告

基于单细胞质谱组学研究珊瑚共生虫

黄藻的化学多样性(张佳宇) 口头报告
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南海珊瑚礁不同地貌带沉积物中有机

碳含量、组成及来源的空间异质性(高
洁)

展板报告

珊瑚骨骼 P/Ca 示踪南海北部边缘礁表

层海水磷含量变化(郭宁) 展板报告

基于地貌分区建模的珊瑚礁遥感水深

反演方法(滕君灿) 口头报告

西沙群岛珊瑚礁区的尿素分布特征及

其来源分析(夏荣林) 口头报告

南海北部涠洲岛珊瑚岸礁波浪破碎与

增水特性数值模拟研究(陈海伦) 展板报告

南海北部表层海水稀土元素的珊瑚记

录及其环境气候意义(顾庭舞) 展板报告

西沙群岛晚中新世宣德组沉积相对白

云石晶体发育演化的控制作用(花绘) 展板报告

南海北部珊瑚生长率记录的中－晚全

新世共 2203 年的 SST 及 ENSO 变化

(黄达华)
展板报告

南海西沙群岛羚羊礁底栖有孔虫群落

特征差异性分析(李玫) 展板报告

南海第四纪珊瑚礁生态系统演化中海

胆的调控作用(李钰涵) 展板报告

造礁石珊瑚病毒群落对急性低盐胁迫

的响应模式研究(梁林) 展板报告

靶向接种：潜在益生菌为热胁迫下珊

瑚白化 “降温”(梁祝清) 展板报告

热带气旋对河流入海沉积物的影响及

其珊瑚记录—以海南岛为例(刘彩凤) 展板报告

近 40 年来大亚湾造礁石珊瑚群落结构

的演变分析(卢锟) 展板报告

益生菌 Bacillus firmus GXU-Z9 的珊

瑚抗病作用与机制研究(秦晓) 展板报告
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珊瑚礁区海洋热浪加剧与冷浪衰减：

时空演变及未来趋势(任天飞) 展板报告

Ammonia removal mitigates white plague
type II in the coral Pocillopora
damicornis(孙非龙)

展板报告

琛科 2 井晚中新世-早上新世脂类分布

特征及其古海洋环境变化的响应(王佳

宝)
口头报告

珊瑚砂和珊瑚骨骼中黑碳赋存特点及

其碳封存意义——基于 BPCA 分子标

志物法的证据(王镜宇)
口头报告

广 西 涠 洲 岛 珊 瑚 来 源 虫 黄 藻

Cladocopium goreaui 的热驯化及高温

响应机制(韦丽菲)
口头报告

高温实验模拟文石质珊瑚白云石化过

程中稀土元素的变化特征(吴松烨) 展板报告

基于多光谱卫星的活珊瑚覆盖度反演

方法研究(肖竣友) 口头报告

葡萄糖和五氯酚暴露下澄黄滨珊瑚的

代谢和生理破坏：珊瑚碳循环的意义

(薛鹏飞)
口头报告

南海北部边缘珊瑚礁区珊瑚-虫黄藻共

生体对急性/慢性温度胁迫的响应机制

(阳琪芝)
展板报告

联合转录组与蛋白质组学技术解析丛

生盔形珊瑚热应激的分子响应机制(余
文峰)

展板报告

北部湾海域涠洲岛晚全新世气候定量

重建及珊瑚礁响应(袁欣萌) 展板报告

过去 2000 年南海北部冬季海表温度预

报东亚季风区降雨的可靠性验证(张楚

卉)
展板报告
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过去 2000 年南海北部春季海表盐度对

东亚季风降雨的预报(赵佰玲) 展板报告

上新世-更新世东亚季风演化：来自南

海珊瑚礁碳酸盐岩 Nd同位素特征的证

据(赵凌楠)
展板报告

海洋热浪引发的适应性机制提升霜鹿

角珊瑚（Acropora pruinosa）热耐受性

(郑月)
展板报告

公元 700 年 ENSO 引发南海北部海表

盐度显著变化(周煦) 展板报告

热驯化提高珊瑚耐热阈值的分子机制

研究(马玉玲) 展板报告

南海全新世珊瑚砂对泻湖填充的碳汇

效应(杜思琦) 展板报告

澄黄滨珊瑚共生绿藻 Trebouxiophyceae
sp.的分离鉴定与系统发育分析(卢铭垚) 展板报告

8 珊瑚岛礁系统科学发展战略

研讨会
2025.10.15-

10.19 南宁 国内 13

基于多时相遥感影像的南海珊瑚礁面

积估算(黄荣永) 口头报告

黄岩岛环礁地貌近 40 年变化的遥感分

析(黄荣永) 口头报告

涠洲岛沙质岸线侵蚀与珊瑚礁退化的

关系：珊瑚礁退化削弱沙质岸线稳定

(黄荣永)
口头报告

南海珊瑚记录之全新世高分辨率气候

进展(江蕾蕾) 口头报告

全新世南海珊瑚礁发育的空间差异及

相对高纬度避难所意义(江蕾蕾) 口头报告

南海珊瑚礁的发育演化及其环境记

录——以西沙群岛琛科 2井为例(王瑞) 口头报告

大空间尺度南海珊瑚礁的生态现状与

动态过程(陈小燕) 口头报告

南海珊瑚礁环境压力大尺度分布遥感 口头报告
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研究(左秀玲)
南海珊瑚礁区新污染物研究：进展与

展望(张瑞杰) 口头报告

广西涠洲岛珊瑚礁生态修复实践与岛

礁修复思路探讨(黄雯) 口头报告

南海珊瑚礁敌害生物快速示踪及预警

新方法研究(王丽伟) 口头报告

水动力作用下珊瑚礁区沉积物响应机

制与分析方法(梁作栋) 口头报告

无机防晒剂对涠洲岛造礁珊瑚的毒性

效应及影响评估研究(陈健) 口头报告

9
第六届“未来科学家”全国

研究生“海洋与气候”学术

论坛

2025.10.25 青岛 国内 3

礁石珊瑚共附生微生物对潮间带波动

生境的响应模式(梁馨月) 展板报告

礁石珊瑚共附生微生物对潮间带波动

生境的响应模式(梁馨月) 口头报告

南海珊瑚共附生微生物对极端海洋热

浪事件的响应模式(李炫霖) 展板报告

10 第十届全国生态毒理学大会
2025.04.20-

04.22 嘉兴 国内 10

方法学挑战物质环境危害评估——微

纳塑料专场(徐向荣)

专场主持

人、学术委

员会成员

轮胎添加剂及其转化产物在河口环境

的时空分布特征及生物富集规律(刘
珊)

主旨报告

斜生四链藻中细胞色素 P450 介导的奥

克立林生物转化：转录组学、蛋白质

组学、分子对接和密度泛函理论计算

(胡俊杰)

口头报告

三氯生与热胁迫对澄黄滨珊瑚的协同

毒性效应：从生理响应到分子机制(潘
长桂)

口头报告

潮间带微观尺度造礁珊瑚耐热性差异

调控机制研究(俞小鹏) 口头报告
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八放珊瑚对高温、镉胁迫以及微塑料

胁迫的响应机制(马玉玲) 口头报告

多组学揭示亚硝酸盐暴露对罗非鱼的

免疫毒性机制(韦婷玉) 口头报告

热应激影响下造礁石珊瑚对 PAHs 的

响应与适应策略(韩民伟) 展板报告

珠江口万山群岛鹿角杯形珊瑚对“南

方暴雨”寻致低盐事件差异响应机制

的研究(俞小鹏)
展板报告

磺胺甲噁唑暴露对罗非鱼多组织的损

伤(韦雪敏) 展板报告

11 第七届高校大学生海洋与化

学科技实践论坛
2025.11.07-

11.10 汕头 国内 6

/(裴继影) 仅参会，未

作报告

/(张瑞杰) 仅参会，未

作报告

珊瑚砂和珊瑚骨骼中黑碳赋存特点及

其碳封存意义(王秋婷) 口头报告

基于 3D 打印-SPME 牙签喷雾质谱快

速检测复杂基质中的有机紫外吸收剂

(高德硕)
口头报告

海上石油污染对发泡聚苯乙烯泡沫和

聚乙烯膜塑料中添加剂释放的影响及

作用机制研究(蔡晓莉)
口头报告

基于质谱非靶代谢组学研究 BP-3 对珊

瑚的毒理效应(张佳宇) 口头报告

12 2025 年三沙市永乐龙洞保

护站工作研讨会
2025.09.15-

09.16 南宁 国内 22

2025 年西沙群岛珊瑚礁及永乐龙洞综

合科学考察工作汇报(陈 飚) 口头报告

龙洞浮游植物群落变化特征(陈小燕) 口头报告

珊瑚礁生态遥感及其在龙洞监测中的

应用(黄荣永) 口头报告

长棘海星全生命周期监测预警(王丽伟) 口头报告

全球变暖对棘冠海星爆发的影响(向柯 口头报告



广西南海珊瑚礁研究重点实验室 2025年度报告

112

宇)

13 第九届全国环境地球化学大

会
2025.10.31-

11.02 广州 国内 5

塑岩理化性质与形成原因的初步探索

(王刘炜) 口头报告

广西涠洲岛珊瑚礁区典型新污染物的

污染特征及其对珊瑚健康的生态风险

(张瑞杰)
口头报告

中南海山山坡和山脚处沉积柱黑碳的

埋藏历史及其环境意义(韦盼) 口头报告

基于北部湾沉积物岩心焦炭与烟炱黑

碳记录的燃烧模式转变追踪：埋藏通

量控制与碳汇功能评估(莫立伟)
口头报告

Source-Dependent Transformation and
Sequestration of Black Carbon in Shelf
and Slope Sediments of the Northern
South China Sea(纪哲鸿)

口头报告

14 2025第三届海岸带大会
2025.07.28-

07.30 烟台 国内 6

大数据支持珊瑚礁可持续发展(左秀玲) 特邀报告

涠洲岛沙质海岸侵蚀及其与珊瑚礁退

化的关系(黄荣永) 专题报告

全球珊瑚礁区海洋热浪 /冷浪 (1982-
2070) : 特征、机制和影响(江红蕾) 专题报告

中国海陆过渡带植被恢复力并非随着

植被变绿而持续增强(郭裕) 口头报告

南海西沙群岛宏观地形分析与珊瑚分

布空间格局研究(余芷丽) 口头报告

基千时间序列多光谱卫星影像的珊瑚

与藻类指数构建及其在珊瑚礁生态状

况评估中的应用(肖竣友)
口头报告

15 2025 年《中国环境科学》

青年学术会议
2025.08.15-

08.16 长沙 国内 3

轮胎添加剂及其转化产物在河口环境

的时空分布特征及生物富集规律(刘珊) 口头报告

斜生四链藻对环境浓度奥克立林的胁

迫响应及生物转化机制(潘长桂) 口头报告

差异化营养水平下珊瑚礁关键氮转化 口头报告
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过程的

分配变异与调控(宁志铭)

16

第十二届中国红树林学术研

讨会暨中国生态学学会红树

林生态专业委员会 2025 年

年会

2025.11.14-
11.17 海口 国内 3

红树植物秋茄和白骨的水通道蛋白在

其适应海岸潮间带环境中发挥的作用

(郭泽军)
口头报告

/(李展泓) 仅参会，未

作报告

/(陈喜) 仅参会，未

作报告

17 2025年中国质谱学术大会
2025.09.19-

09.23 郑州 国内 1 紫外吸收剂在南海珊瑚礁区的分布及

其分析方法构建(裴继影) 口头报告

18 第二届 Carbon Research 大

会
2025.11.07-

11.09 绍兴 国际 1 塑岩理化性质与形成原因的初步探索

(王刘炜) 口头报告

19 2025 海南蓝碳论坛新兴海

洋碳汇机制与潜力分论坛
2025.07.17-

07.20 陵水 国内 1 广西涠洲岛珊瑚礁生态修复的技术与

进展(黄雯) 口头报告

20

Xiamen Symposium on
Marine Environmental
Sciences--Transformative
Science and Technology for a
Sustainable 0cean

2025.01.14-
01.17 厦门 国际 4

Atmospheric transport of microplastics
from land to sea is inefficient: Evidence
from multimedia observations(徐向荣)

邀请报告

Monitoring and early alerting of coral
reef environment in the South China Sea
basedon remote sensing integrated
technologies(左秀玲)

口头报告

Coral nutritional strategies in response to
wildfire ash deposition(刘珂) 口头报告

Dual impact of extreme wildfires and
tropical cyclones on phytoplankton in
coral reef regions(吴秋云)

口头报告

21

14th international
Symposium on Digital Earth-
-Theme: Digital Earth
Facilitating Sustainable
Development Goals

2025.04.21-
04.25 重庆 国际 1

Satellite Monitoring and Early Alerting of
Coral Reefs in the South China Sea(左秀

玲)
口头报告

22 The 5th International Forum
on Big Data for Sustainable

2025.09.06-
09.08 北京 国际 1 Big data supports the sustainable

development of coral reefs(左秀玲) 口头报告
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Development Goals

23
第二十七届生态环境遥感论

坛暨第十五届桂粤闽赣遥感

科技大会

2025.09.25-
09.27 桂林 国内 1 南海珊瑚礁遥感监测与预警研究(左秀

玲) 口头报告

24

国际数字地球学会中国国家

委员会第一届青年科学家工

作委员会第一次会议暨学术

交流会

2025.07.18 昆明 国内 1 /(左秀玲) 仅参会，未

作报告

25
中国太平洋学会海洋电子信

息科学与技术分会第一届理

事会第一次会议

2025.10.28 深圳 国内 1 /(左秀玲) 仅参会，未

作报告

26 中国海洋学会海洋化学分会

2025年度学术研讨会
2025.11.21-

11.23 杭州 国内 1 /(余克服) 学术委员会

27

国家自然科学基金委员会

地球科学部变化中的河口-
海湾生态环境：多米诺与蝴

蝶效应

2025.12.4-12.6 钦州 国内 1 河口海湾新型替代阻燃剂的食物链传

递机制—挑战与应对(徐向荣) 口头报告

28 2025 年海洋生态环境保护

及监测技术研讨会
2025.11.02-

11.03 杭州 国内 2

南海相对高纬度礁区珊瑚共生虫黄藻

C.goreaui 对极端高/ 低温胁迫的响应

(韦丽菲)
口头报告

南海边缘礁区珊瑚- 共生虫黄藻对急性

/慢性温度胁迫的响应机制(阳琪芝) 口头报告

29

中国科学院大学 2025 年研

究生海洋科学学术论坛暨第

9 届“青年与海洋科学”学术

论坛

2025.11.27 广州 国内 2

造礁石珊瑚共附生微生物对潮间带波

动生境的响应模式(梁馨月) 口头报告

南海珊瑚微生物组对极端海洋热浪事

件的响应模式(李炫霖) 口头报告

30 2025 年有益微生物资源与

生物产业发展论坛
2025.11.22-

11.23
防城

港
国内 2

第三代高通量测序引导下珊瑚共附生

细菌的富集培养技术研究(王辰燕) 口头报告

从体外抗菌到体内益生：一株珊瑚黏

液相关细菌可缓解热应激诱导的珊瑚

白化(梁祝清)
口头报告

31 广西南海珊瑚礁研究重点实 2025.12.09 南宁 国内 20 北部湾沉积柱黑碳埋藏记录及其环境 口头报告
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验室 2025 年度学术委员会

会议暨学术年会活动之海洋

环境与化学研究生学术论坛

指示意义(叶全发)
类固醇激素在全国滨海湿地的赋存特

征、来源贡献与优控污染物的筛选(周
沁歌)

口头报告

考洲洋红树林生态系统中类固醇激素

的分布与积累特征(陈济迅) 口头报告

海洋环境中塑料衍生溶解性有机质的

赋存特征与潜在生态效应(何燃) 口头报告

四种有机物胁迫下橙黄滨珊瑚碳源汇

效应改变及机制研究(薛鹏飞) 口头报告

基于质谱代谢组学研究 BP-3 对珊瑚的

毒理效应(张佳宇) 口头报告

藻质生物炭协同微生物对模拟虾塘废

水中磺胺甲恶唑的吸附降解效应与机

制研究(钟文轩)
口头报告

基于物理感知与多尺度特征解耦的复

杂海况海漂垃圾精准监测研究(曾峻森) 口头报告

茅尾海海漂垃圾轨迹分布及溯源数值

模拟(韦益善) 口头报告

CRISPR-DNA 水凝胶比色传感器用于

中国毛虾的现场快速智能检测(万仕伟) 口头报告

32

广西南海珊瑚礁研究重点实

验室 2025 年度学术委员会

会议暨学术年会活动之物理

海洋与遥感研究生学术论坛

2025.12.19 南宁 国内 22

全球海洋典型浮游植物类群卫星遥感

及气候变化响应研究(李正浩) 口头报告

蒸气压亏缺导致中国沿海植被绿度与

生态系统恢复力解耦(郭裕) 口头报告

印度-太平洋交汇区野火活动特征及其

环境影响研究(闫兆千) 口头报告

时间复合型东亚大气河的特征(杨诗语) 口头报告

南海北部珊瑚 Sr/Ca 记录 3.8 ka BP 较

强的 ENSO活动(赵佰玲) 口头报告

利用 GRACE（-FO）重力卫星数据与

ConvLSTM 模型反演珠江流域高分辨
口头报告
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率水储量异常(胡安戈)
莫雷阿岛珊瑚礁对海洋热浪的响应：

地貌、水深与群落动态的时空异质性

(黎蔚琪)
口头报告

基于 ICESat-2 和多光谱影像珊瑚礁地

貌分类的深度学习水深反演方法(罗盛) 口头报告

海南岛椰林湾砂质岸线近 40 年对珊瑚

礁人为毁坏响应的遥感影像记录(曾仕

卿)
口头报告

广西北部湾沿岸海洋冷却效应量化及

其驱动机制研究(覃正宇) 口头报告

基于无人机激光雷达与卫星数据融合

的红树林地上碳储量估算研究(麦旭志) 口头报告

北部湾涠洲岛岸礁区域人工礁体周围

波浪水动力特性数值模拟研究(黄光贤) 口头报告

非线性波流荷载作用下沟槽管道周围

钙质海床动力响应试验研究(刘大军) 口头报告

33

广西南海珊瑚礁研究重点实

验室 2025 年度学术委员会

会议暨学术年会活动之海洋

地质与环境研究生学术论坛

2025.12.24 南宁 国内 18

南海陆缘岩石圈伸展破裂过程的构造-
地层记录(高圆圆) 口头报告

热带气旋对海南岛山区河流输送水和

悬浮沉积物的影响(刘彩凤) 口头报告

黄岩岛潟湖沉积记录的近~1100年来的

风暴信息(钟云清) 口头报告

南海珊瑚礁区底栖有孔虫群落特征、

壳体尺寸及碳氧同位素的环境指示意

义(李玫)
口头报告

高温实验模拟文石质珊瑚白云石化过

程中稀土元素的迁移机制(吴松烨) 口头报告

大西洋年代际振荡和太阳辐射对热带

气旋的调控—来自台湾南部珊瑚百年

尺度的记录(石宇辰)
口头报告

U–Pb zircon, geochemical and Sr–Nd–Hf 口头报告
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isotopic constraints on age and origin of
Mid-Late Jurassic granites from
Dayaoshan in Guangxi, South China:
Indication of paleo-Pacific subduction(原
雅琪)
广西涠洲岛滨珊瑚营养方式的季节性

差异对其骨骼碳同位素的影响(韦競) 口头报告

南海北部表层海水锌含量年际变化的

珊瑚记录(王健雄) 口头报告

人为压力导致营养物质对珊瑚生长效

应的转变：来自南海北部的证据(曾洋) 口头报告

34

广西南海珊瑚礁研究重点实

验室 2025 年度学术委员会

会议暨学术年会活动之海洋

生物与生态研究生学术论坛

2025.12.26 南宁 国内 28

野火源甲氧基酚在鹿角珊瑚中的代谢

转化及其介导的白化机制(吴艳柳) 口头报告

澄黄滨珊瑚对热胁迫的记忆效应：共

生功能体耐热性提升的分子基础(马玉

玲)
口头报告

同质化驯养对不同纬度澄黄滨珊瑚耐

热性影响研究(谭荣华) 口头报告

不同光质驯化对涠洲岛美丽鹿角珊瑚

热耐受性的影响研究(宛强) 口头报告

广 西 涠 洲 岛 珊 瑚 来 源 虫 黄 藻

Cladocopium goreaui 的热驯化及高温

响应机制(韦丽菲)
口头报告

造礁石珊瑚病毒群落对急性低盐胁迫

的响应模式研究(梁林) 口头报告

一株珊瑚礁区新属蓝藻的形态鉴定与

功能分析(石文杰) 口头报告

广西涠洲岛珊瑚礁生态修复效果评估

(彭梦娇) 口头报告

广西涠洲岛造礁石珊瑚与人工礁体生

长适配性研究(王明威) 口头报告

中国鲎胚胎期抗菌肽的活性功能研究

(黄云帆) 口头报告
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海洋益生菌筛选及其增强石斑鱼抗病

能力研究(陈凡) 口头报告

纳米抗体 Nb24抗白斑综合征病毒作用

研究(韦雪敏) 口头报告

凡纳滨对虾通过调节自噬和凋亡增强

亚硝氮耐受性(马振涛) 口头报告

亚硝酸盐与吡虫啉联合暴露下凡纳滨

对虾组织的差异性基因表达及代谢组

学响应(黄成立)
口头报告

亚硝酸盐诱导的罗非鱼肠道损伤机制

和多器官毒性：综合多组学分析的见

解(韦婷玉)
口头报告

珊瑚来源二苯甲酮-3 降解菌的分离、

鉴定及基因组特征(刘名定) 口头报告

第三代高通量测序引导下珊瑚共附生

细菌的富集培养技术研究(王辰燕) 口头报告

饲料中添加姜黄素对金鲳鱼养殖的影

响效果(路霄杰) 口头报告

35 第四届渔业生态环境大会
2025.12.12-

12.14 北海 国内 2

海洋环境微塑料生态风险评估：关键

挑战与应对策略(徐向荣) 主旨报告

专题 3 污染物的渔业生物效应与风险

防控(余克服) 专题主席

36 第六届全国环境微塑料污染

与管控学术研讨会
2025.04.28-

04.30 咸阳 国内 1 环境微塑料的生态风险评估研究挑战

(徐向荣) 特邀报告

37 2025 全国污染生态学学术

研讨会
2025.08.29-

08.31 天津 国内 1 南珊瑚礁生态系统中多环芳烃的环境

行为、来源及生态风险(韩民伟) 口头报告

38

国家重点研发计划项目《热

带西太平洋全新世高分辨率

气候变化重建、集成和同化

研 究 》

（ 2023YFF0804800） 2025
年度学术研讨会

2025.12.19-
12.21 国内 南宁 15

热带玄武岩岛屿化学风化与地下水排

泄驱动的表层海水稀土元素参数变

化：来自珊瑚的证据(姜伟)
口头报告

珊瑚记录的中晚全新世 ENSO 活动及

其对南海珊瑚礁发育的影响机制(江蕾

蕾)
口头报告
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南海北部滨珊瑚生长率记录的中晚全

新世共 2203 年的 SST 及 ENSO 变化

(黄达华)
口头报告

39 第十二届海洋强国战略论坛 2025.11.16 国内 杭州 1 蓝色国土:南海珊瑚礁地貌与生态演变

的遥感研究与应用(黄荣永) 口头报告

（二）学者讲学

实验室 2025年度邀请国内知名学者讲学 14场次（18人次）。

序号 报告题目/内容 学者 单位 时间 地点

1

LSS-Integrating Ecology, Geography, and
Design for Sustainability（景观可持续科学-
整合生态学、地理学与设计以实现可持续

性）

邬建国教授

美国亚利桑那州

立大学、生命科

学与可持续发展

学院

2025.3.21 海洋学院 215会
议室

2
多孔隙介质中水气两相驱替过程探索

海洋碳酸盐台地研究展望——来自科学钻探

目标

陆钊副研究员
浙江大学海南研

究院

2025.4.15 海洋学院 215会
议室

吴时国教授

海南热带海洋学

院海洋科学技术

学院、中国科学

院深海科学与工

程研究所
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3 多尺度海洋生态动力学建模与应用 马荍沣博士
海南大学生态学

院
2025.4.21 海洋学院 215会

议室

4 塑岩理化性质与形成原因的初步探索 王刘炜博士 清华大学 2025.4.30 海洋学院 1104会
议室

5

深海多圈层相互作用新认知及其对气候变

化、宜居地球、生命起源的启示

Aapplcations in the reconstructionofmut-scae
ocean structure

王凡研究员
中国科学院海洋

研究所

2025.5.18 广西大学君武馆

第二会议室

杜岩研究员
中国科学院海洋

研究所

6. 野外科学观测台站内涵与定位、发展历程、

成效和展望

周文能教授，南方海洋科

学与工程广东省实验室

（广州）副主任

南方海洋科学与

工程广东省实验

室

2025.6.16 海洋学院 1104会
议室

7 强化海洋意识，发展海洋经济，建设海洋强

区

宁向军，广西壮族自治区

海洋局党组成员、副局长

广西壮族自治区

海洋局
2025.4.30 海洋学院 1104会

议室

8 基于表型组学的环境风险物质识别与评估 张琨副教授 上海交通大学 2025.6.30 海洋学院 1104会
议室

9 波澜万丈的海底构造与板块构造理论诞生 赵明辉研究员
中国科学院南海

海洋研究所
2025.9.11 海洋学院 215会

议室
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滨海城市可持续发展海洋解决方案工具包

（COAST）介绍

赵杰臣，联合国“海洋十

年”海洋与气候协作中心

（DCC-OCC）项目官员

联合国“海洋十年”：进展与未来

管松副研究员，联合国

“海洋十年”海洋与气候

协作中心（DCC-OCC）
高级项目主管

自然资源部第一

海洋研究所

10
海洋藻毒素的生物合成与化学生态学研究

李爱峰教授，中国海洋大

学近海环境污染与生态健

康研究所所长

中国海洋大学 2025.9.18 海洋学院 215会
议室

11
湛蓝海平面下的另一个世界——谈谈用潜水

调查法开展海洋研究工作 傅亮，三沙航迹珊瑚礁保

护研究所所长

三沙航迹珊瑚礁

保护研究所
2025.9.17 广西大学君武馆

玉林厅

12 海洋生态环境效应与大数据分析

胡献刚教授，南开大学碳

中和交叉科学中心副主

任、环境污染过程与基准

教育部重点实验室副主任

南开大学 2025.11.12 海洋学院 1104会
议室

13 强化海洋意识，发展海洋经济，建设海洋强

区

宁向军，广西壮族自治区

海洋局党组成员、副局长

广西壮族自治区

海洋局
2025.12.09 海洋学院 215会

议室

14 高通量单细胞和单细胞细菌 RNA测序技术

的开发和应用
王永成研究员 浙江大学 2026.1.7 海洋学院 1104会

议室
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七、开放课题和自主课题

本年度申请结题开放/自主课题 7 项、申请延期开放课题/自主课题 4项，具体情况如下表所示：

序号 课题名称

（项目编号）
类型 负责人 单位

起止时

间

经费

（万元）
状态 成果

1
南海西沙海域甘泉海台锶同位

素年代学研究

（GXLSCRSCS2019001）

开放

课题
张江勇

广州海洋

地质调查

局

2019.12
-

2025.12
7 申请

延期
国际会议报告 2次。

2

北部湾涠洲岛珊瑚礁区果胞藻

属的时-空变化规律及其碳酸

钙储量研究

（GXLSCRSCS2021001）

开放

课题
廖芝衡

南宁师范

大学

2021.12
-

2025.12
25 申请

延期
参加学术会议 3次。

3
造礁珊瑚摄食对其骨骼δ13C

的影响研究

（GXLSCRSCS2022001）

开放

课题
许慎栋

南方海洋

科学与工

程广东省

实验室

（广州）

2022.12
-

2025.12
25 申请

结题
发表 SCI检索论文 2篇。

4
钙化藻中诱导棘冠海星幼虫附

着的活性物质研究

（GXLSCRSCS2022002）

开放

课题
姚秋翠

南宁师范

大学

2022.12
-

2025.12
20 申请

延期
正在撰写 SCI检索论文 1篇。

5
限制粤东珊瑚群落恢复的机制

研究——以大亚湾为例

（GXLSCRSCS2022003）

开放

课题
陈天然

中国科学

院南海海

洋研究所

2022.12
-

2025.12
5 申请

结题

已提交图书章节“大亚湾石珊瑚

群落的长期演变”；发表 SCI 检
索论文 1 篇；参与学术会议 1
次。

6 南海现代热白化珊瑚地球化学 开放 王浩 信阳师范
2023.12

-
15 申请 正在撰写 SCI检索论文 1篇；参
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指标特征研究

（GXLSCRSCS2023001）
课题 大学 2025.12 延期 加学术会议 1次。

7
中新世以来南海北部珊瑚礁岩

的风化作用特征和成因模式

（GXLSCRSCS2023002）

开放

课题
杨洋

桂林理工

大学

2023.12
-

2025.12
15 申请

结题

发表 SCI检索论文 2篇；参与学

术会议 4次。

8
南海珊瑚礁中多核素联合重建

人类核活动历史与核污染溯源

（GXLSCRSCS2023003）

开放

课题
林武辉 集美大学

2023.12
-

2025.12
20 申请

结题

发表 EI检索论文 3篇、中文核心

论文 2 篇；获中国辐射防护学会

潘自强青年科学家奖和中国海洋

发展研究中心优秀论文各 1 项；

获《科学通报》2024 年度地球与

环境科学最佳论文；参与学术会

议 2次。

9

基于完全替换策略探究南海

D1型虫黄藻（Durusdinium）
在珊瑚宿主中的生物学功能

（GXLSCRSCS2023101）

自主

课题
梁甲元 广西大学

2023.12
-

2025.12
30 申请

结题
发表 SCI检索论文 4篇。

10
南海长棘海星快速示踪及暴发

预警研究

（GXLSCRSCS2023102）

自主

课题
王丽伟 广西大学

2023.12
-

2025.12
30 申请

结题

入选全球 Top 2%顶尖科学家“年

度科学影响力排行榜；发表 SCI
检索论文 6 篇；获授权专利 1
项；参与学术会议 4 次；获奖 2
项。

11
美丽鹿角珊瑚配子发育相关基

因的功能研究

（GXLSCRSCS2023103）

自主

课题
韦芬 广西大学

2023.12
-

2025.12
30 申请

结题

发表 SCI 检索论文 1 篇、中文核

心论文 4篇。
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八、科普与宣传

除了实验室主页（https://shj.gxu.edu.cn/）之外，科普与宣传活动主要依托于涠洲岛珊瑚馆、海洋科教馆、岛礁生态修

复实验室和国内相关媒体。本年度涠洲岛珊瑚馆、海洋科教馆和岛礁生态修复实验室接待参观 444场次，学生志愿参与科

普与宣传讲解 214人次。详细的年度科普与宣传统计信息如下表所示：

序号 参观人数（人次） 媒体参访与报道（次） 大型科普活动（场）

涠洲岛珊瑚馆 75873 6 2

海洋科教馆 18481 6 27

岛礁生态修复实验室 5102 6 27

合计 99456 18 29

鉴于实验室科学传播活动的显著成效，海洋科教馆于 2025年 3月入选中国青少年宫协会会员单位；广西大学海洋科

教馆科学家精神宣讲工作室于 2025年 4月入围第三批广西科学家精神宣讲团名单。这标志着海洋科教馆已成为弘扬科学家

精神、传播科学思想领域的重要阵地。

需要特别指出的是，实验室本年度第一次获得国家自然科学基金专项项目——科学传播类：基于珊瑚礁特色的广西海

洋教育小学示范校科普活动分层分级实施（项目编号：42542038）。依托该项目，实验室本年度已 7次走进南宁市金阳路

小学开展“国家自然科学基金科普项目首入广西小学系列课堂”。
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以下进一步列举实验室在本年度的代表性科普宣传/媒体报道活动：

序号 主题 时间 场地 备注

1
2024广西最美科技工作者丨黄

雯：屡赴深蓝，守护岛礁绚烂

新生态

2025.01.08 海洋学院
 广西日报（https://apph5.cloudgx.cn/article/sync1876932

462610083840）

2 涠洲岛上，听“珊瑚奶爸”讲珊

瑚
2025.01.17 涠洲岛

 科普时报社（https://digitalpaper.stdaily.com/http_www.
kjrb.com/kjwzb/html/2025-01/17/node_125.htm）

3 《逐梦珊海》，一曲海洋生态

文明的赞歌
2025.01.15 海洋学院

 广西日报（https://ssw.gxrb.com.cn/json/interface/epaper/
api.php?name=gxrb&date=2025-01-14&code=021&xuha
o=4）

4 在海底种出鲜花 2025.03.25 涠洲岛

 广西日报（https://apph5.cloudgx.cn/article/sync1904196
746046197760）

 广西新闻网（http://edu.gxnews.com.cn/staticpages/2025
0324/newgx67e17d02-21773449.shtml）

 广西壮族自治区科学技术厅网站（http://kjt.gxzf.gov.cn
/dtxx_59340/kjdt/t19751272.shtml）

5 奋斗在一线 广西 “珊瑚奶

爸”：在海底播种希望
2025.05.03 涠洲岛

 央视新闻（CCTV 13）（https://tv.cctv.com/2025/05/03
/VIDEApYcAdy6mUj8bGHreoyp250503.shtml）

6 海底“种”珊瑚是怎样一种体

验？跟“珊瑚奶爸”一探究竟
2025.05.03 涠洲岛

 中国新闻网（https://www.chinanews.com.cn/sh/2025/05
-03/10410001.shtml）

https://apph5.cloudgx.cn/article/sync1904196746046197760
https://apph5.cloudgx.cn/article/sync1904196746046197760
http://edu.gxnews.com.cn/staticpages/20250324/newgx67e17d02-21773449.shtml
http://edu.gxnews.com.cn/staticpages/20250324/newgx67e17d02-21773449.shtml
https://tv.cctv.com/2025/05/03/VIDEApYcAdy6mUj8bGHreoyp250503.shtml
https://tv.cctv.com/2025/05/03/VIDEApYcAdy6mUj8bGHreoyp250503.shtml
https://www.chinanews.com.cn/sh/2025/05-03/10410001.shtml
https://www.chinanews.com.cn/sh/2025/05-03/10410001.shtml
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7
[中国三农报道]五四青年节 广

西北海 修复珊瑚礁 在海底播

种希望

2025.05.04 涠洲岛
 央视新闻（CCTV 17）（https://tv.cctv.com/2025/05/04

/VIDEaZiyyuiCoz5EAAslaRfA250504.shtml）

8 世界孤独症关注日·守护“星星的

孩子” 2025.04.02 海洋科教馆
 央视新闻（CCTV 1）（https://tv.cctv.com/2025/04/02/

VIDEXsxyyEOIcfnqxwVwhpJG250402.shtml?spm=C31
267.PvNPVPq0jA22.EhdUNGSvFP7C.24）

9 “文明校园”系列节目——《我

是接班人》
2025.05.05 涠洲岛

 广西卫视（https://h5.gxtv.cn/html/live/tvLive.html?data
Source=2&objId=415a7b5e4194438a8be0480741a1234
2）

10 请查收这份来自 2025年八桂青

年的投稿
2025.05.04 海洋学院

 广西日报视频号（https://haokan.baidu.com/v?vid=4414
975172161435223）

 广西大学（https://www.gxu.edu.cn/info/1004/38161.ht
m）

 广西新闻网微博（https://www.weibo.com/1986954045/
Pqj5xt5sq?s=6cm7D0&type=repost）

11 AI长卷|那一片向海的深蓝里，

有专注、坚守和奋斗
2025.04.25 涠洲岛

 学习强国（https://article.xuexi.cn/articles/index.html?art
_id=8158470817465685731&item_id=815847081746568
5731&to_audit_timestamp=2025-04-24+15%3A50%3A5
0&study_style_id=feeds_default&pid=&ptype=-1&sourc
e=share&share_to=wx_single）

12
青春在志愿服务中闪闪发光 —
—广西大学学生广泛参与志愿

服务的火热实践

2025.03.12 海洋学院
 人民网（http://gx.people.com.cn/n2/2025/0312/c390645-

41161772.html）

13
开放的大门——首批沿海城市

开放 40年大型全媒体行动北海

行

2025.03.18 涠洲岛珊瑚馆

 广西广播电视台（https://h5.gxtv.cn/html/live/tvLive.ht
ml?dataSource=2&objId=4322f89de24e46bebaa7e206ac1
6f298）

 海洋学院（https://ma.gxu.edu.cn/info/1031/6234.htm）

https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=415a7b5e4194438a8be0480741a12342
https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=415a7b5e4194438a8be0480741a12342
https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=415a7b5e4194438a8be0480741a12342
https://www.gxu.edu.cn/info/1004/38161.htm
https://www.gxu.edu.cn/info/1004/38161.htm
https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=4322f89de24e46bebaa7e206ac16f298
https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=4322f89de24e46bebaa7e206ac16f298
https://h5.gxtv.cn/html/live/tvLive.html?dataSource=2&objId=4322f89de24e46bebaa7e206ac16f298
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14 守护好这片“海底雨林”（山水

间的财富密码④
2025.08.25 涠洲岛

人民日报

（https://mk.haiwainet.cn/n/2025/119/013EN2025082530099138.
html?id=E_N_20250825_30099138&contentType=CT001#/）

15 点燃蓝色梦想！广西海洋日系

列活动丰富多彩
2025.06.10 海洋学院

广西新闻网

（https://www.gxnews.com.cn/staticpages/20250610/newgx6848
20c9-21808511.shtml）

16 从“种珊瑚”到“育珊瑚” 海底“造
林”有了新进展

2025.06.08 涠洲岛

新华社客户端

（https://h.xinhuaxmt.com/vh512/share/12580385?docid=125803
85&newstype=1001&d=134fff0&channel=weixin&time=174937

4905553）

17 广西大学海洋学院亮相全国科

普月，展现珊瑚礁保护新作为
2025.9.19 海洋学院

央视频

（https://www.yangshipin.cn/video/home?vid=h0000448c3z）
广西大学海洋学院

（https://ma.gxu.edu.cn/info/1031/6446.htm）
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九、其他社会服务活动

※ 参与编制《2025年黄岩岛海域生态环境状况调查评估报告》，服务我国在南海的生态

安全；

※ 实施中央海洋生态保护修复资金项目，修复涠洲岛 30 公顷受损珊瑚礁，入选全国

2025年海洋生态保护修复典型案例，打造了岛礁生态系统修复的“中国样板”，在首

届联合国“海洋十年”海洋生态保护修复大赛中获“海洋十年”中国行动国际合作种

子基金重点项目和重大项目；

※ 对海南省生态环境监测中心在海口召开的《珊瑚礁生态质量监测技术体系》专家咨询

会进行指导，并参与海南省生态环境监测中心行业标准《珊瑚礁生态监测技术规范》

预研究与方案编制；

※ 为海口无境深蓝海洋生态保护中心提供的技术咨询服务，支撑“珊瑚礁人工繁育修复”

与“珊瑚礁普查”等两门科学课程通过 PADI（专业潜水教练协会，全球最大的潜水

培训和认证机构）保育专长课；

※ 涠洲岛珊瑚馆、海洋科教馆和岛礁生态修复实验室组织大型科普活动 29场、媒体参访

18 次，累计接待 9.95 万人次，撰写的《打造南海珊瑚礁国家旅游名片助力海洋强国

建设》社情民意信息被自治区政协教科卫体委员会报送至全国政协教科委卫体委员会

和广西政协，而广西大学海洋科教馆科学家精神宣讲工作室则入围第三批广西科学家

精神宣讲团名单；

※ 帮助桂林市森林公安局对 190 个珊瑚礁生物进行物种鉴定，打击了珊瑚礁生物的非法

贸易，从而服务了珊瑚礁生物的保护。
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十、运营管理

（一）现有主要仪器设备

1.海上探测平台

（1）地球物理探测系统

序号 设备名称 型号 厂家

1 多功能回声探测仪 DT-X 美国 Biosonics公司

2 工业级大范围侧扫声呐 4200-MP 美国 EdgeTech公司

3 水下高光谱剖面仪 Profiler Ⅱ 加拿大 satlantic

5 便携式高分辨率侧扫声呐 4125 美国 EdgeTech公司

6 双频测深仪 EA400 康士伯海事公司

7 声学多普勒海流剖面仪 WHS-1200 美国 TRDI公司

9 全数字双变频测深仪 HD-380 广州市中海达测绘仪器有限公司

10 浅地层剖面仪 3100P 美国 EdgeTech公司

11 便携式地物光谱仪 HH2325-1075 美国 LICA INTERNATIONAL
GROUP LIMIT

12 无人机监测系统

大疆 350、大疆

P1、大疆 L2、华

测导航 Coprocess
DJI大疆创新科技有限公司

13 标准型波潮仪 virtuoso3D|wave16 青岛亚必锐海洋仪器设备有限公司

（2）定位与通信系统

序号 设备名称 型号 厂家

1 卫星接收系统 GS15 徕卡测量系统贸易（北京）有限公司
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2 智能型 GPS RTK接收机 IRTK2 广州中海达测绘仪器有限公司

（3）样品数据采集系统

序号 设备名称 型号 厂家

1 浮游植物流式细胞仪 cytosense 荷兰 cytobuoy公司

2 水下原位营养盐分析仪 EcolABII GreenEyes公司

3 连续监测荧光仪 MONITORING-PAM 德国WALZ

4 温盐深仪 SBE19PlusV2 美国 SeaBird公司

5 便携式地物光谱仪 HH2325-1075 LICA INTERNATIONAL GROUP
LIMIT

6 多参数水质仪 YSI ProDSS 美国 YSI（赛莱默）分析仪器公司

7 水质多参数原位检测系统 LBF-SZDC3.5 青岛罗博飞海洋技术有限公司

8 珊瑚智能化监控平台 LBF-I0T002CR 青岛罗博飞海洋技术有限公司

9 水下调制叶绿素荧光仪 DIVING-PAM-II 德国WALZ

10 珊瑚原位呼吸代谢测量仪 CISME 加拿大 Qubit Systems

11 CTD采水器 MISS 意大利 IDRONAUT

2.实验分析平台

序号 设备名称 型号 厂家

1 电子探针显微分析仪 JXA-8230 日本 JEOL公司

2 岩芯综合测试系统 MSCL-S 英国 GEOTEK公司

3 稳定同位素质谱仪 MAT 253 赛默飞世尔科技有限公司

4 发射扫描电子显微镜 SU5000 日本 HITACHI公司

5 超高效液相色谱-三重四级杆

质谱联用仪
AGILENT 1290/6460 安捷伦科技有限公司
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6 显微激光共焦拉曼光谱仪 invia 英国雷尼绍公司

7 气质联用仪 Agilent 7890B/7000C 美国 AGILENT
TECHNOLOGIES

8 电感耦合等离子体质谱仪 ICAPQC 赛默飞世尔科技有限公司

9 电感耦合等离子体质谱仪 Plasma Quant MS 德国耶拿分析仪器股份有限公

司

10 离子阱质谱仪 LTQ XL 美国赛默飞世尔科技有限公司

11 X射线粉末衍射仪 Ultima IV 日本朱式会社理学

12 高纯锗γ谱仪 GWL-120-15-LB-AWT 美国 AMETEK公司

13 电感耦合发射光谱仪 ICAP7400 赛默飞世尔科技有限公司

14 微生物鉴定系统 GEN III MicroStation 美国 BIOLOG公司

15 元素分析仪 VARIO MACRO CUBE 德国 ANALYSENSYSTEME
GMBH

16 高效液相色谱仪 ULTIMATE 3000 赛默飞世尔科技

17 全自动气体吸附分析仪 AUTOSORB-IQ-MP 唐塔公司

18 总溶解性无机碳分析仪 AS-C6 美国 Apollo Scitech

19 荧光定量 PCR仪 7500Fast 美国 ABI公司

20 气相色谱仪 AGILENT 7890B 安捷伦科技有限公司

21 总碱度分析仪 AS-ALK2 美国 Apollo Scitech

22 紫外可见分光光度计 LAMBDA 1050 英国 PERKIN ELMER公司

23 多功能酶标仪 Varioskan LUX 美国赛默飞世尔科技有限公司

24 偏光显微镜 LV100NPOL 日本尼康株式会社

25 电动摄影生物显微镜 Ni-E 日本尼康公司

26 三维建模可视化系统 EVS 美国 C TECH公司

27 原子荧光光度计 AFS-9230 北京吉天仪器有限公司
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28 多功能生物分子成像仪 ImageQuant LAS500 美国 GE公司

29 超纯水系统 Milli-Q Integral 10 默克密理博有限公司

30 紫外分光光度计 UV-2700 日本岛津公司

31 珊瑚养殖系统 定制
广西南宁市铭嘉水产养殖有限

公司

32 金相显微镜 LV150N 日本尼康公司

33 颚式破碎仪 JC6 北京格瑞德曼仪器设备有限公

司

34 磁控离子溅射仪 MSP-2S 美国 IXRF公司

35 叶绿素荧光测定仪 Trilogy 美国纳特，YURNER DESIGNS

36 磁化率仪 MS2 Bartington Instruments Ltd

37 体式显微镜 SZX16 奥林巴斯（中国）有限公司

38 微波消解萃取仪 MDS15 上海新仪

39 热循环仪 LabCycler 德国 SENSOQUEST（圣欧）

有限责任公司

40 超微量分光光度计 DS-11FX+ 美国 DeNovix Inc公司

41 电化学工作站 Zennium XC 德国 Zahner公司

42 研究级正置荧光显微镜 DM2000LED 德国徕卡公司

43 全波长酶标仪 Epoch 安捷伦

科技有限公司

全波长酶标仪 Epoch
安捷伦科技有

限公司

全波长酶标仪 Epoch 安捷伦

科技有限公司

（二）三十万元以上设备的年度使用情况

序号 设备名称 型号
购买

时间

价格

（万元）

使用时间

（小时）

1 高纯锗γ谱仪
GWL-120-15-LB-

AWT 2018.04 103.9 0

2 电动摄影生物显微镜 Ni-E 2019.05 31.5 150
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3 卫星接收系统 GS15 2017.05 39.0 80

4 浮游植物流式细胞仪 cytosense 2016.09 229.9 380

5 高效液相色谱仪 ULTIMATE 3000 2019.04 59.9 45

6 岩芯综合测试系统 MSCL-S 2017.12 419.7 50

7 三维建模可视化系统 EVS 2019.03 31.0 200

8 温盐深仪 SBE19PlusV2 2016.09 34.9 80

9 连续液流仪器分析仪 San++ 2016.06 84.9 800

10 全自动营养盐分析仪 QuAAtro 2016.06 67.9 50

11 便携式高分辨率侧扫

声呐
4125 2016.09 54.9 85

12 工业级大范围侧扫声

呐
4200-MP 2016.09 84.8 20

13 多功能回声探测仪 DT-X 2016.09 84.9 500

14 双频测深仪 EA400 2016.11 39.9 70

15 电子探针显微分析仪 JXA-8230 2018.05 463.6 81

16 显微激光共焦拉曼光

谱仪
invia 2019.11 220.9 80

17 水下高光谱剖面仪 Profiler Ⅱ 2017.03 79.8 75

18 声学多普勒海流剖面

仪
WHS-1200 2017.03 33.3 80

19 稳定同位素质谱仪 MAT 253 2015.03 369.3 8541

20 元素分析仪
VARIO MACRO

CUBE 2015.11 82.1 357

21 连续监测荧光仪
MONITORING-

PAM 2016.09 56.7 821

22 水下原位营养盐分析

仪
EcolABII 2016.09 75.5 60

23 X射线粉末衍射仪 Ultima IV 2016.09 139.9 50
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24 珊瑚原位呼吸代谢测

量仪
CISME 2023.03 51.8 400

25 全自动气体吸附分析

仪
AUTOSORB-IQ-MP 2016.06 50.0 500

26 超高效液相色谱仪 H-CLASS 2016.06 76.8 461

27 超高效液相色谱-三
重四级杆质谱联用仪

AGILENT
1290/6460 2015.12 250.2 500

28 气质联用仪
Agilent

7890B/7000C 2016.09 193.6 2021

29 电感耦合等离子体质

谱仪
Plasma Quant MS 2016.09 174.9 200

30 离子阱质谱仪 LTQ XL 2016.11 162.9 277

31 电感耦合等离子体质

谱仪
ICAPQC 2015.03 169.5 230

32 多功能酶标仪 Varioskan LUX 2016.11 39.8 400

33 微生物鉴定系统
GEN III

MicroStation 2016.09 87.9 30

34 荧光定量 PCR仪 7500Fast 2016.06 47.9 40

35 偏光显微镜 LV100NPOL 2015.10 34.9 140

36 原子吸收光谱仪 ZEEnit700P 2015.11 65.1 515

37 电感耦合发射光谱仪 ICAP7400 2015.03 103.1 870

38 傅立叶变换红外光谱

仪
IRTrace-100 2016.06 36.0 90

39 发射扫描电子显微镜 SU5000 2016.09 279.9 259

40 水下调制叶绿素荧光

仪
DIVING-PAM-II 2023.03 58.8 350

41 气相色谱仪 AGILENT 7890B 2015.12 47.0 20

42 珊瑚智能化监控平台 LBF-I0T002CR 2021.04 54.7 8760

43 CTD采水器 MISS 2020.07 49.7 20
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44 温湿度控制-气液配

气系统
DGL-III 2018.12 73.55 744

45 光电综合测试平台 CGS-MT 2019.05 39.78 150

46 总碱度分析仪 AS-ALK2 2020.07 31.95 75

47 总溶解性无机碳分析

仪
AS-C6 2020.07 84.95 20

48 紫外可见分光光度计 LAMBDA 1050 2020.07 54.95 20

49 手持式矿石分析仪 XL3t 950 2020.12 39.68 135

50 研究级正置荧光显微

镜
DM2000LED 2022.06 33.94 265

51 藻类自动在线监测系

统
CytoBST3942 2022.12 99.55 0

52 水质多参数原位检测

系统
LBF-SZDC3.5 2023.06 39.27 8760
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十一、附录：年度论文集

实验室 2025 年论文集索引表：

方向 1 南海珊瑚礁生物与生态

序号 题目（作者） 期刊 页码

1
Silicon enhances potassium uptake and leaf growth in Avicennia marina, asilicon-
accumulating mangrove plant with silicon transporters (Zejun Guo, Siyao Liao,
Chaoqun Xu, Mingyue Wei, Lingyu Song, Hezi Huang, Zhanhong Li, Xi Chen, Lei
Jiang, Hailei Zheng*)

Industrial Crops and Products 146

2
Nitrite-induced intestinal injury mechanisms and multi-organ toxicity in Tilapia:
Insights from integrated multi-omics analysis (Tingyu Wei, Xuemin Wei, Jialong
Huang, Songlin Luo, Aiguo Huang*)

Aquaculture 162

3
Microbiome dynamics and multiscale environmental response patterns of later-
diverging coral clade across latitudes, reefs and geomorphological zones in the South
China Sea (Biao Chen, Lin Liang, Kefu Yu*, Yuxin Wei, Xinyue Liang, Zeming Bao,
Zhiheng Liao, Xiaopeng Yu, Zhenjun Qin, Lijia Xu, Yongzhi Wang, Yaru Kang)

Ecological Informatics 173

4
The Dynamics of Symbiodiniaceae and Photosynthetic Bacteria Under
High- Temperature Conditions (Yongqian Xu, Jiayuan Liang*, Liangyun Qin, Tianyi
Niu, Zhuqing Liang, Zhicong Li, Biao Chen, Jin Zhou, Kefu Yu*)

Microbial Ecology 193

5
Effects of Natural Ingredient Xanthohumol on the Intestinal Microbiota, Metabolic
Profiles and Disease Resistance to Streptococcus agalactiae in Tilapia Oreochromis
niloticus (Aiguo Huang, Yanqin Wei, Jialong Huang, Songlin Luo, Tingyu Wei, Jing
Guo, Fali Zhang*, Yinghui Wang*)

Microorganisms 206

6
Antioxidant capacity is a key factor in the difference in thermal tolerance between
massive Porites lutea and branching Acropora Formosa (Linqing Meng , Ronghua
Tan, Zunyong Xiao, Jinlian Chen, Zhihua Huang, Yonggang Wang, Enguang Yang,
Yupeng Zhou, Mingpei Xu, Kefu Yu, Wen Huang*)

Marine Pollution Bulletin 224

7
Color disparity enhances the toxic effects of polystyrene microplastics on
Cladocopium goreaui (Tianyi Niu, Yating Yang, Sanqiang Gong, Kefu Yu, Jiayuan
Liang*)

Marine Pollution Bulletin 235
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8
The stress response strategies of two typical coral Symbiodiniaceae (Cladocopium
goreaui and Durusdinium trenchii) under abnormal temperatures (Jiayuan Liang*,
Liangyun Qin, Li Zhang, Yongqian Xu, Tianyi Niu, Zhicong Li, Yating Yang,
Zhuqing Liang, Kefu Yu*, Sanqiang Gong)

Algal Research-Biomass Biofuels
and Bioproducts 248

9
Responses of the Coral Symbiont Cladocopium goreaui to Extreme Temperature
Stress in Relatively High- Latitude Reefs, South China Sea (Lifei Wei, Shuchang
Chen, Zhenjun Qin*, Nengbin Pan, Mengling Lan, Tingchao Zhang, Ran He, Hongye
Liang, Wenzhi Deng, Changhao Mo, Kefu Yu*)

Microbial Ecology 260

10
Environmental acclimatization of the relatively high latitude scleractinian coral
Pavona decussata: integrative perspectives on seasonal subaerial exposure and
temperature fluctuations (Man Zhang, Shan Huang, Li Luo, Kefu Yu*)

BMC Genomics 273

11
Characteristics of Carbonatogenic Bacteria and Their Role in Enhancing the Stability
of Biocrusts in Tropical Coral Islands (Qiqi Chen, Lin Wang, Jie Li, Qiqi Li, Hongfei
Su*, Zhimao Mai*)

Microorganisms 290

12
Coral polyp and skeletal microbiome in tropical and subtropical reefs in the South
China Sea: spatial variation and implications for coral environmental adaptability
(Zhenjun Qin*, Mengling Lan, Nengbin Pan, Kefu Yu*, Lifei Wei, Qizhi Yang,
Tingchao Zhang, Ran He)

Acta Oceanologica Sinica 303

13
Coral microbiome in estuary coral community of Pearl River Estuary insights into
variation in coral holobiont adaptability to low-salinity conditions (Mengling Lan,
Kaixiang Gao, Zhenjun Qin*, Zhanhong Li, Ru Meng, Lifei Wei, Biao Chen,
Xiaopeng Yu, Lijia Xu, Yongzhi Wang, Kefu Yu*)

Bmc Microbiology 323

14
Sensitive detection of early growth of Skeletonema costatum using a gold-doped
carbon sphere-gold nanoparticle electrochemical biosensor (Ziyang Xian, Yayi He,
Chaoxin Zhang, Hao Fu, Yaling Liu, Tao Zhang, Shaopeng Wang, Shan Lu, Man
Zhang*, Liwei Wang*)

New Journal of Chemistry 340

15
Carbonatibacter coralli gen. nov., sp. nov., a carbonate-producing and vitamin B12-
sharing bacterium isolated from coral Porites lutea, reclassification of Kiloniellaceae
and proposal of Aestuariispiraceae fam. nov. (Siyu Hu, Kun Lu, Chenyan Wang, Mi
Li, Jinsheng Huang, Guanghua Wang*)

International Journal of Systematic
and Evolutionary Microbiology 350

16
Polystyrene microplastics exhibit toxic effects on the widespread coral symbiotic
Cladocopium goreaui (Jiayuan Liang*, Tianyi Niu, Li Zhang, Yating Yang, Zhicong
Li, Zhuqing Liang, Kefu Yu*, Sanqiang Gong)

Environmental Research 359

17
Heat-tolerant subtropical Porites lutea may be better adapted to future climate change
than tropical one in the South China Sea (Wen Huang*, Jinlian Chen, Enguang Yang,
Linqing Meng, Yi Feng, Yinmin Chen, Zhihua Huang, Ronghua Tan, Zunyong Xiao,

Science of the Total Environment 371
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Yupeng Zhou, Mingpei Xu, Kefu Yu*)

18 虫黄藻（Effreniumvoratum）对高温胁迫的生理响应(张廷超，潘能斌，唐媛媛，

何 燃，蓝梦玲，韦丽菲，覃祯俊*) 海南热带海洋学院学报 383

19 造礁珊瑚热适应相关功能基因的研究进展(马玉玲，俞小鹏*，余克服*，陈俊

伶，郑月，陈健) 海洋学报 393

20 涠洲岛四种造礁石珊瑚耐热阈值测定及其差异性对比(徐明培，黄雯*，陈锦连，

黄智华，周榆鹏，宛强，李雨箫，余克服) 海洋湖沼通报 413

21
美丽鹿角珊瑚(Acropora muricata)与风信子鹿角珊瑚(Acropora hyacinthus)的耐热

性差异研究(周榆鹏，肖遵勇，陈锦连，黄智华，徐明培，谭荣华，蒙林庆，王

永刚，余克服，黄雯*)
海洋学报 425

22 海洋生物学进展研究生课程个性化教学改革探索与实践(苏宏飞，梁甲元，余克

服*) 科教导刊 - 电子版 436

23 虫黄藻对低盐胁迫的生理响应(何燃,高楷翔,潘能斌,李展泓,张廷超,梁宏业,卢晓

燕,蓝梦玲,覃祯俊*) 热带生物学报 439

24
两种环境敏感性不同的虫黄藻(Cladocopium goreaui和 Durusdinium trenchii)的脂

质代谢对热胁迫的响应模式(张丽,李志聪,杨雅婷,梁祝清,冯宜合,卢铭垚,胡思雨,
余克服,梁甲元*)

海洋学报 447

25 两株海洋来源贝莱斯芽孢杆菌的筛选、分离鉴定及益生特性(陈凡,韦冬冬,谢瑾

琨,余庆,高艳侠,黄静,何金钊,施金谷,赵明明,覃向谋,苏宏飞*,李鹏飞*) 广东海洋大学学报 461

26 珊瑚源噻虫嗪降解菌的分离、鉴定及其降解特性研究(邹杰,王琳,陈祺琦,何旭聪,
黄金梅,孙天奕,苏宏飞*) 广东农业科学 472

27 室内养殖条件下两种造礁石珊瑚的性腺发育研究(黄菲菲,崔梦瑶,韦芬*,杨溪月,潘
晓媛,玉颢瑜) 广西科学 486

28 一株珊瑚来源二苯甲酮-3降解菌 Sphingopyxis terrae SCSIO 90395的分离鉴定及

基因组特征(刘名定,蔡永超,李洁,刘青,张健,吕丽娜,苏宏飞*) 热带海洋学报 494

29 造礁珊瑚有性繁殖的研究进展(崔梦瑶,韦芬*,余克服*) 海洋学报 505

30 基于转录组学的造礁石珊瑚环境胁迫响应机制研究进展(陈俊伶,马玉玲,郑月,余
克服*,俞小鹏*) 广西科学 519

31 珊瑚共生蓝藻 Synechococcus sp.GXU01对两种典型虫黄藻的代谢协调作用(李志

聪,胡思雨,梁祝清,杨雅婷,卢铭垚,余克服,梁甲元*,张丽,冯宜合) 广西科学 539

32 涠洲岛海域 7种造礁石珊瑚的生长差异研究(汪婷婷,周兴旺,谭何勇,肖遵勇,黄雯,
胡庭俊*) 广西科学 550
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33 基于环境 DNA技术的造礁石珊瑚物种多样性分析 ——以涠洲岛珊瑚礁区为例

(曾心茹,韦芬*,崔梦瑶,玉颢瑜,潘晓媛,余克服) 海洋环境科学 558

方向 2 南海珊瑚礁地质与环境

序号 题目（作者） 期刊 页码

34
Dominance of coralline algae in the South China Sea: Insights into their responses to
paleoceanographic events over the last 20 million years (Yinqiang Li, Kefu Yu*,
Lizeng Bian, Baoqing Hu, Zhiheng Liao, Shengmin Huang, Zhiguang Song, Weihua
Liao)

Palaeogeography Palaeoclimatology
Palaeoecology 568

35
Holocene coral reef carbonate REY geochemistry during the neomorphism from
aragonite to calcite: A case study in the South China Sea (Wei Jiang, Yuwen Xiao,
Kefu Yu*, Rui Wang, Shendong Xu, Ning Guo, Tingwu Gu)

Palaeogeography Palaeoclimatology
Palaeoecology 580

36
High‐Resolution Coral Records of Rare Earth Elements and Yttrium in Seawater
Driven by Submarine Groundwater Discharge in a Basalt Island: A Case Study in the
Northern South China Sea (Tingwu Gu, Wei Jiang*, Yansong Han, Chunmei Feng,
Ning Guo, Caifeng Liu, Yu Zhang, Kefu Yu)

journal of geophysical research-
earth surface 590

37 The Potential of Benthic Foraminifera Carbon and Oxygen Isotopic Proxies as
Environmental Indicators in Coral Reef Regions (Siqi Wu, Risheng Liang, Kefu Yu*)

Paleoceanography and
Paleoclimatology 605

38 Geochemical characteristics and petrogenesis of the basaltic pyroclastic rocks from the
Xisha Islands, northwestern South China Sea (Yu Zhang, Yaqi Yuan, Kefu Yu*) Acta Oceanologica Sinica 622

39 Geochemical behavior of redox sensitive trace metals in marine environment and their
applications as paleoredox proxies (Guo Ning, Jiang Wei *, Li Yueer, Yu Kefu)

Palaeogeography Palaeoclimatology
Palaeoecology 636

40
Molecular indicators of microbial community change linked to salinity variation and
terrestrial inputs during the Ordovician-Silurian transition (East-Central USA) (Yi
Song, Thomas J. Algeo, Carlton Brett, Zhanhong Liu, Shucheng Xie*)

Chemical Geology 660

41
The topographic features and sedimentary environment potentially influenced the
vegetation reconstruction in southwestern China since the MIS3(Xiao Zhang, Yuanfu
Yue*, Ziyan Zhang, Liuying He, Xinmeng Yuan, Xintian Yu, Qiuchi Wan, Cong
Chen, Yongjie Tang, Zhuo Zheng, Kangyou Huang)

Quaternary Science Reviews 675

42
Microbially-mediated supergene dissolution and oxidization of solid manganese
carbonate in the Malkantu manganese ore deposit in West Kunlun, Northwest China
(Lingnan Zhao, Qin Huang*, Daohui Pi, Yi Zhang, Daqing Ding, Sasmaz Ahmet)

Ore Geology Reviews 689

43 Seasonal Variations in Coral Lipids and Their Significance for Energy Maintenance in
the South China Sea (Shendong Xu*, Hongyan Mo, Kefu Yu*, Jie Gao, Zheng Men)

Journal of Geophysical Research-
Oceans 699
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44
ENSO variations during the mid- to late Holocene: Evidence from coralgrowth rates
spanning 2203 years in the northern South China Sea (Dahua Huang, Kefu Yu*, Leilei
Jiang, Wei Jiang)

Global and Planetary Change 712

45

Vegetation ecosystem responses to climate-human interactions since the Late
Holocene from peat record of Niangniang Mountain, western Guizhou（Yuanfu
Yue,Shixiong Yang*,Liuying He,Zhuo Zheng,Xiao Zhang,Cong Chen,Qiuchi
Wan,Yongjie Tang,Kangyou Huang,Fang Gu）

Global and Planetary Change 725

46 珊瑚脂类生物标志物组成及对环境的响应：研究进展与问题(臧明思,王佳宝,宋宜

*,黄雯,余克服) 地球环境学报 740

47 南海北部滨珊瑚微环礁的海平面指示意义及其反映的中全新世海平面历史(乐远

福*,赵毅恒,唐立超,张博,熊海仙,张雅泽) 地球科学 752

48 近 30年来涠洲岛海域海水磷含量变化及其影响因素——来自高分辨率珊瑚记录

的证据(陈裕月, 姜伟*, 杨浩丹, 余克服) 热带海洋学报 766

49 互联网在海洋科学研究生教育中的应用：现状、挑战与应对(姜伟，梁甲元，黄

荣永，余克服*) 中国多媒体与网络教学学报 777

50 海相碳酸盐硼同位素反演古海水 pH值模型及其应用(王瑞,刘春彤,吴松烨,花绘) 石油与天然气地质 781

51 南海礁区大型底栖有孔虫Mg/Ca值微区分布及其应用潜力(黄晓婷,李玫,吴司琪
*) 微体古生物学报(中英文) 794

52 西沙群岛太阳长棘海星（Acanthaster solaris）幽门盲囊细菌多样性及群落组成研

究(余骄洋,俞小鹏,余克服*,马玉玲) 热带地理 807

方向 3 南海珊瑚礁环境与化学

序号 题目（作者） 期刊 页码

53
Organophosphate Ester Migration Mechanisms and Environmental Impacts in the
Western South China Sea (Minwei Han, Kefu Yu*, Ruijie Zhang, Biao Chen, Mei
Xiong, Yaru Kang, Xiaopeng Yu, Zhenjun Qin, Xiangrong Xu)

Environmental Science & Technology 821

54
Emerging and legacy organophosphate flame retardants in the tropical estuarine food
web: Do they exhibit similar bioaccumulation patterns, trophic partitioning and dietary
exposure? (Qianyi Huang,Rui Hou*,Yuchen Wang,Lang Lin,Hengxiang Li,Shan
Liu,Xiangrong Xu*,Kefu Yu,Xiaoping Huang)

Water Research 836

55 Cytochrome P450-mediated biotransformation of octocrylene in Tetradesmus obliquus
Integrative insights from transcriptomics, proteomics, molecular docking, and density

Journal of Hazardous Materials 847
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functional theory calculation (Junjie Hu, Changgui Pan*, Xiangrong Xu*, Fengjiao
Peng, Shan Liu, Jiying Pei, Zhenzhu Liu, Hao Liang, Kefu Yu)

56
Polymer Type, Oxidation, Size, and Abundance of Microplastics in Subsoils versus
Topsoils with Varying Land Use in Beijing, China (Liuwei Wang, Caide Huang,
Junhao Cao, Pingfan Zhou, Siqi Han, Guangyu Qu, Michael S. Bank, Deyi Hou*)

Environmental Science & Technology 858

57
An integrated multi-omics approach reveals octocrylene disrupts Tetradesmus
obliquus growth by triggering a cascade of photosynthetic inhibition and metabolic
dysregulation (Junjie Hu, changgui Pan*, Fengjiao Peng*, Hao Liang, Zhenzhu Liu,
Kefu Yu)

Journal of Hazardous Materials 872

58

Targeted and non-targeted analyses reveal trophic biomagnification of rubber-derived
chemicalin an estuarine food web near China’s largest rubber production region (Yuan
Liu, Jiaming Zhou, Niannian Wu, Shan Liu*, Xiaoliang Liao, Haijiang Wu, Lin Zhu,
Hengxiang Li, Lang Lin, Rui Hou, Zhihua Li, Xiangrong Xu, Zhifeng Chen*,
Zongwei Cai)

Journal of Hazardous Materials 885

59
Rainfall, seasonal variation, and stream type governing the multi-media fate and
ecological risks of tire additives and their transformation products in mega-urban
streams (Lini Wei, Niannian Wu, Ru Xu, Yuan Liu, Shan Liu*, Haiyan Zhang, Zitong
Li, Yuehong Liu, Xiangrong Xu, Jianliang Zhao*, Guangguo Ying)

Water Research 896

60
Exploring the structural diversity and spatiotemporal dynamics of mogrosides in
Siraitia grosvenorii (Jiying Pei, Qiong Su, Shuiyuan Jiang, Jianxiu Li*, Nengzhong
Xie*)

Food Chemistry 908

61
Emerging microplastic and nanoplastic threats: Decoding winter survival mechanisms
in hybrid groupers through hepatic metabolic disruption (Julong Wang, Yan Gao,
Shanshan Yao, Lang Lin*, Hengxiang Li, Shan Liu, Rui Hou, Zhijian Jiang,
Xiangrong Xu*)

Environmental Chemistry and
Ecotoxicology 920

62
Deciphering the Universal Role of Gut Microbiota in Pollutant Transformation (Rui
Hou, Xiaowei Jin, Jingchun Feng*, Jingchuan Xue, Chengzhi Chen, Yuanqiang Zou,
Xiangrong Xu*, Kefu Yu, Peiyuan Qian, Wei Zhang, Jizhong Zhou, Si Zhang,
Zhifeng Yang)

The ISME Journal 932

63
Nationwide occurrence, distribution drivers, and source apportionment of steroids in
China’s coastal wetlands: An urgent priority for 4-andro\u0002stene-3,17-dione and
progesterone (Shan Liu, Qinge Zhou, Yuan Liu, Biao Li, Huabing Li, Jixun Chen,
Niannian Wu, Man Wang, Xiangrong Xu, Lijun Zhou*, Qinglong L. Wu*)

Environmental Chemistry and
Ecotoxicology 954

64
Construction of S-type CdS@ZnIn2S4 heterojunctions with core-shell hollow
nanosphere and their application in visible light photocatalytic degradation of
antibiotics (Qiqi Huang, Jiqiao Zhang, Ziwen Song, Xianwang Deng, Songlin Luo,

Journal of Alloys and Compounds 966
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Weizhi Yua, Xiaofang He, Pengfei Zheng, Shaopeng Wang*, Liwei Wang*)

65
Constructing of Bi2O3-In2O3 nanofibers for sensitive detection of freshness gas
markers in aquatic products (Liwei Wang, Liping Gao*, Hongjie Liu*, Qian Zhang,
Hao Fu, Zhelin Liu)

Journal of Alloys and Compounds 976

66
Electrochemical biosensor based on strand displacement reaction for on- site detection
of Skeletonema costatum (Yaling Liu, Yibo Zhang, Changrui Ye, Yayi He, Shaopeng
Wang, Man Zhang, Hao Fu, Shan Lu*, Liwei Wang*)

Microchimica Acta 985

67
Comparison of UV based advanced oxidation processes (UV/H2O2, UV/NaClO, and
UV/Na2S2O8) for inactivating Uronema marinum inmarine water (Xuan Chen, Pin
Gan, Kunling Huang, Fangyu Liang, Tianhao Wu, Xudong Li, Yuanyuan Zhang*)

Journal of Water Process Engineering 998

68
Sorption and mechanisms of legacy and emerging per- and polyfluoroalkyl substances
(PFASs) on different particle size fractions of marine sediments (Junjie Hu, Shangke
Yu, Chao Yin, Fengjiao Peng, Shuangshuang Liu, Changgui Pan*, Kefu Yu)

Environmental Research 1010

69
A ratiometric electrochemical DNA biosensor for the detection of crown-of-thorns
starfish eDNA (Beihua Wen, Zhenyu Zhu, Junjie Zeng, Shiwei Wan, Chaoxin Zhang,
Yingzhan Chen, Liwei Wang*, Man Zhang*, Kefu Yu)

Bioelectrochemistry 1022

70
Atmospheric transport of microplastics from land to sea is inefficient: Evidence from
multimedia observations (Xiangrong Xu*, Zhen Yuan, Yanxu Zhang, Hengxiang Li,
Lang Lin, Shan Liu, Rui Hou, Eddy Y. Zeng)

Journal of Hazardous Materials 1032

71
Spatiotemporal distribution and priority assessment of steroids in the estuarine
environment: Implications for environmental risk management (Ru Xu, Niannian Wu,
Shan Liu, Hui Chen, Qinwei Hao, Yongxia Hu, Bing Hong, Shen Yu, Xiangrong Xu*)

Marine Pollution Bulletin 1042

72
Hydrothermal carbonization of model compounds of municipal sludge: Effects of
reaction conditions and aqueous phase recirculation (Yiming Feng, Xueling Hu,
Yuyang Xue, Xingying Tang*, Donghai Xu, Yingying Zhang, Yumeng Wu)

Journal of Environmental Chemical
Engineering 1053

73
A novel phosphorus segregation–driven chromium depletion mechanism for
intergranular corrosion of inconel 625 in SCWO–HyMoS environments (Ke Li, Jiquan
Chen, Guiyuan Xie, Xingying Tang*, Donghai Xu, Jianqiao Yang)

Corrosion Science 1064

74
Regulation of slow-release performance of high-sugar biomass waste filter mud and
sugarcane bagasse by co-hydrothermal carbonization and potential evaluation of
hydrochar-based slow-release fertilizers (Sisi Chen, Xingying Tang*, Jiquan Chen,
Yuyang Xue, Yinghui Wang, Donghai Xu)

Biomass & Bioenergy 1076

75 Efficient and selective recovery of lithium from spent lithium-ion batteries by biomass
single-component regulated pyrolysis with synergistic water leaching approach

Journal of Environmental Chemical
Engineering 1090
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(Yumeng Wu, Jianjun Cai*, Xingying Tang*, Shubin Wang, Mingkang Fang,
Shengfeng Yao, Jiafeng Zhang)

76
Parabens and Their Metabolites in Surface Sediment from Estuaries to the Sea:
Occurrence, Spatial Distribution, and Potential Sources (Fengjiao Peng, Ronggui Zhu,
Changgui Pan*, Chaoyang Zhou, Junjie Hu, Sen Li, Xingjun Feng, Kefu Yu)

Acs Es&T Water 1101

77
Occurrence, spatiotemporal distribution and environmental behavior of dissolved,
particulate, and sedimentary black carbon in a subtropical coastal environment:
Differences between semi-enclosed and open estuaries. (Jingyu Wang,Ruijie
Zhang*,Jingzhen Wang*,Liwei Mo,Zhehong Ji,Pan Wei,Chaoshuai Wei,Kefu Yu)

Marine Pollution Bulletin 1111

78
Further increasing nitrogen concentration does not enhance the denitri cation and
DNRA potentials in eutrophic reefs: Insights from the differences in benthic categories
(Zhiming Ning, Zhijin Liu, Kefu Yu, Ronglin Xia, Wei Jiang, Bin Yang, Guodong
Song*)

Limnology and Oceanography 1122

79
3D-printed SPME-based wooden-tip mass spectrometry for rapid detection of organic
ultraviolet absorbers in complex matrices (Yingyuan Zhang, Deshuo Gao, Kefu Yu,
Ruijie Zhang, Jiayu Zhang, Wenfeng Yu, Shiguo Chen, Jiying Pei*)

Talanta 1137

80 Comparative evaluation of positive and negative LC-MS modes for DOM profiling
(Jiying Pei, Shiguo Chen, Jiayu Zhang, Wenfeng Yu, Weijie Qin, Kefu Yu*) Analytical Methods 1146

81
Microbial regulation of dissolved organic matter revealed by integrated metabolomics
and metagenomics in the World’s deepest blue hole (Jiying Pei*, Shiguo Chen, Kefu
Yu*, Jiayuan Liang*, Ruijie Zhang, Penghui Li, Zhuanghao Hou, Liang Fu, Honglin
Ma)

Marine Environmental Research 1157

82
Advances in Dissolved Organic Carbon Remote Sensing Inversion in Inland Waters:
Methodologies, Challenges, and Future Directions (Dandan Xu, Rui Xue, Mengyuan
Luo, Wenhuan Wang, Wei Zhang*, Yinghui Wang*)

Sustainability 1167

83
Estimation of Mangrove Aboveground Carbon Using Integrated UAV-LiDAR and
Satellite Data (Xuzhi Mai, Quan Li, Weifeng Xu, Songwen Deng, Wenhuan Wang,
Wenqian Wu, Wei Zhang*, Yinghui Wang)

Sustainability 1202

84
Influence of Air, Water, Light, and Salinity on Release of Plasticizers, Flame
Retardants, and Ultraviolet Absorbents from Polystyrene Plastic. (Hongshuang
Shen,Fang Liu,Ruijie Zhang*,Annan Yan,Yaru Kang,Jingyu Wang,Kefu Yu)

Bulletin of Environmental
Contamination and Toxicology 1231

85 Research progress on fungi and their spore inactivation in different water bodies
(Fangyu Liang, Yuanyuan Zhang*) Desalination and Water Treatment 1240

86
Effects of dissolved oxygen accelerated P. aeruginosa on the corrosion mechanism of
X70 steel in simulated marine environments (Riguang Zhu, Guiyuan Xie, Zu-an Qin,
Xingying Tang*, Jianjun Cai, Jianqiao Yang)

Materials Chemistry and Physics 1250
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87
Comparative study of the corrosion behavior of Inconel 625 in supercritical water
containing dissolved and molten phosphates (Jiquan Chen, Zitao Lin, Xingying Tang*,
Ke Li, Riguang Zhu, Jianqiao Yang)

Journal of Supercritical Fluids 1266

88
Microplastic in tropical island estuaries in China: Source identification and
management framework development (Bin Chen, Yang Zhou, Kazi Belayet Hossain,
Yixin Chen, Xiaoshan Zhu, Hengxiang Li, Xiangrong Xu*, Minggang Cai*)

Marine Environmental Research 1278

89
Protective Effect of Nanobodies Targeting Sip Protein Against Streptococcus
agalactiae Infection in Tilapia (Oreochromis niloticus) (Zhishen Wang, Huiling Wu,
Weihao He, Shunqiang Wei, Xuemin Wei, Chaoshuai Wei, Yinghui Wang*, Aiguo
Huang)

Animals 1290

90
High-Resolution Mapping and Impact Assessment of Forest Aboveground Carbon
Stock in the Pinglu Canal Basin: A Multi-Sensor and Multi-Model Machine Learning
Approach (Weifeng Xu, Xuzhi Mai, Songwen Deng, Wenhuan Wang, Wenqian Wu,
Wei Zhang*, Yinghui Wang)

Forests 1305

91
Assessment of biodiversity and landscape changes during the Pinglu Canal
construction and the benefits of ecological restoration based on Rao's Q index
(Songwen Deng, Mengyuan Luo, Wenhuan Wang, Sixiang Lan, Weifeng Xu, Xuzhi
Mai, Wei Zhang*)

Ecological Engineering 1330

92
Synergistic hydrothermal carbonization and wet oxidation for sustainable sewage
sludge valorization and process waters toxicity mitigation (Geng Yang, Xingying
Tang*, Xingtao Wang, You Wu, Hui Ma, Shengyan Pu)

Biomass & Bioenergy 1343

93
Advancements of the Vibrio coralliilyticus eDNA detection based on Co-Fe PBA-
assisted biosensors for the rapid coral-disease warning (Yibo Zhang, Hongjie Liu,
Shaopeng Wang*, Hao Fu, Yuanyu Xie, Chaoxin Zhang, Man Zhang, Jie Lu, Liwei
Wang*, Kefu Yu)

Biochemical Engineering Journal 1354

94
Progress and Limitations in Forest Carbon Stock Estimation Using Remote Sensing
Technologies: A Comprehensive Review (Weifeng Xu, Yaofei Cheng, Mengyuan
Luo, Xuzhi Mai, Wenhuan Wang, Wei Zhang*, Yinghui Wang*,)

Forests 1363

95 基于单细胞质谱组学研究珊瑚共生虫黄藻的化学多样性(张佳宇,陈仕国,余克服,
梁甲元,侯壮豪,裴继影*) 质谱学报 1399

96 液相循环对制糖固废共水热碳化影响机制研究(陈思思,薛宇阳,唐兴颖*,王智洁,
张莹莹,钱黎黎,李尚泽,王英辉) 中国环境科学 1413

97 氮磷限制条件下球形棕囊藻生理生化响应及转录组学研究 (邢 政，王佳乐，赖

俊翔*，王英辉*，李 杰) 广西科学 1424

98 不同类型城市受纳河涌大型底栖动物多样性及其对水环境因子的响应(韦丽妮,刘 生态毒理学报 1442
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珊*,赵建亮,吴念念,徐茹,刘源)

99 大气中 7Be和 210Pb时空分布特征差异和机制解析(黄思宇,林武辉*,何贤文,林晓

东) 核技术 1455

100 涠洲岛珊瑚礁区有机氯农药的污染水平、来源和生物富集特征研究(秦贵帮,张瑞

杰*,王煜轩,康亚茹,史敬,王辰燕,韩民伟,余克服) 上海海洋大学学报 1470

101 基于科教融合人才培养模式的“化学海洋学”教学改革与实践（裴继影*,张樱元,
余克服,余文峰,张瑞杰,王瑞）

科技风 1479

102 广西北部湾典型水产品中有机磷酸酯的生物富集特征和食用风险评估（康亚茹,
张瑞杰*,余克服,曾维斌,王瑞轩）

上海海洋大学学报 1482

方向 4 南海珊瑚礁遥感与监测

序号 题目（作者） 期刊 页码

103
Marine Heatwaves and Cold Spells in Global Coral Reef Regions (1982–2070):
Characteristics, Drivers, and Impacts (Honglei Jiang, Tianfei Ren, Rongyong Huang,
Kefu Yu*)

Remote Sensing 1501

104 A new remote sensing index of mildew for winter wheat disaster area extraction
(Huade Li, Jinshui Zhang, Zhenghua Chen, Mingwei Zhang) International Journal of Digital Earth 1532

105
Numerical Modeling of Wave Hydrodynamics Around Submerged Artificial Reefs on
Fringing Reefs in Weizhou Island of Northern South China Sea (Zuodong Liang,
Guangxian Huang, Wen Huang, Hailun Chen, Kefu Yu*, Dongsheng Jeng)

Journal of Marine Science and
Engineering 1554

106
Metabolism of wildfire-derived methoxyphenol in Acropora formosa: Metabolite
identification, toxicity prediction, and impact on coral health (Yanliu Wu, Xiaoyan
Chen*, Yuhao Du, Zhenhua Chen, Zhaoqian Yan, Hongfei Su, Zhenjun Qin, Zhiming
Ning, Yuxiao Li, Kefu Yu*)

Journal of Hazardous Materials 1575

107 城市黑臭水体遥感监测的研究现状与展望(陈正华,兰思香,张锦水,张威,李华德,赵
丽芳) 遥感技术与应用 1589

108 相对高纬度珊瑚礁的有限弹性：气候变化和人类影响下的结构复杂度退化(滕君

灿,余克服,左秀玲*,李志文,黄学勇,段正贤,蓝斐芜) 中国科学:地球科学 1603

109 珊瑚骨骼荧光记录环境变化的研究进展(江蕾蕾，黄达华，赵佰玲，余克服*) 海洋学报 1615

110 珊瑚礁领域研究生课程教学模式创新探索(左秀玲,梁甲元,余克服*,苏宏飞,梁作

栋) 中国多媒体与网络教学学报 1627



Silicon enhances potassium uptake and leaf growth in Avicennia marina, a 
silicon-accumulating mangrove plant with silicon transporters

Zejun Guo a,b,1, Siyao Liao a, Chaoqun Xu b, Mingyue Wei c , Lingyu Song b, Hezi Huang b ,  
Zhanhong Li a, Xi Chen a, Lei Jiang a, Hai-Lei Zheng b,2,*

a Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Coral Reef Research Center of China, School of Marine Sciences, Guangxi University, Nanning 
530004, China
b Key Laboratory of the Ministry of Education for Coastal and Wetland Ecosystems, College of the Environment and Ecology, Xiamen University, Xiamen 361102, China
c College of Ecology, Resources and Environment, DeZhou University, DeZhou, Shandong 253000, China

A R T I C L E  I N F O

Keywords:
Mangrove
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A B S T R A C T

Silicon (Si) is an essential fertilizer that enhances plant growth and stress resilience. Mangroves thrive in high- 
salinity, oxygen-deficient soils with high productivity, rapid decomposition, and fast elemental cycling. How
ever, the physiological effects of Si on mangrove plants, as well as their mechanisms for Si uptake, transport, and 
function, remain unclear. In this study, we identified Avicennia marina as a Si-accumulating mangrove species 
and elucidated its Si transport pathways and associated physiological benefits. Through bioinformatics and 
heterologous expression in yeast, we demonstrated that the Si transporters AmLsi1 and AmSIET4 are localized to 
cellular membranes and mediate Si transport. RT-qPCR and RNA-seq analyses revealed that AmLsi1 and 
AmSIET4 are predominantly expressed in roots and leaves, respectively, with comparable expression levels. Both 
genes showed similar responses to salt, flooding, and Si treatments, indicating their coordinated roles in Si 
transport. AmLsi1 acts as a bidirectional transporter of Si and As(III) in roots, also facilitating H2O and H2O2 
transport, while AmSIET4 functions as an efflux transporter for Si and As(III) in leaves. Si absorption by roots and 
secretion through salt glands were further confirmed using SEM-EDX and ICP-MS. Si treatment enhanced leaf 
area, upregulated K+ channel gene expression, enhanced K+ uptake, and reduced Na+ concentration in the roots, 
improving the K+/Na+ ratio and restoring Fv/Fm under saline conditions. This study provides new insights into Si 
uptake, transport, and its physiological significance in mangroves, deepening our understanding of Si’s role in 
A. marina and its contribution to mangrove ecosystem productivity.

1. Introduction

Silicon (Si) is the second most abundant element in the Earth’s crust 
and is a beneficial element for many plant species (Yamaji and Ma, 
2021). Most plants absorb Si in the form of monosilicic acid (Si(OH)4) 
through their roots (Takahashi and Hino, 1978). Si(OH)4 is a soluble 
form of Si that is present in soil solution, produced by the weathering of 
silicate minerals in the soil. The uptake of Si by rice is facilitated by Lsi1, 
a aquaporin (AQP) protein expressed in the roots that acts as a 
bi-directional Si transporter (Mitani et al., 2008). The absorbed Si in the 
form of Si(OH)4 permeates through Lsi1 into the plant roots, and is then 
transported to the aboveground parts through transpiration stream and 

eventually deposited as amorphous Si (nSiO2-nH2O) in leaves or other 
tissues (Ma and Takahashi, 2002). The Si concentration in plants is 
usually highest in the leaves, ranges from 0.1 % to 10 % of their dry 
weight (Deshmukh et al., 2020; Ma and Takahashi, 2002).

Lsi1 was first identified as a Si transporter in rice, is polarly localized 
on the plasma membrane of the distal side of both endodermis and 
exodermis of root and is essential for Si accumulation. It belongs to the 
NIPIII subfamily of AQP proteins, which share the general features of 
AQPs, including six transmembrane domains, two complete NPA motifs, 
and a specific aromatic/Arginine (ar/R) selectivity filter, with four 
amino acid residues at G-S-G-R positions (Saitoh et al., 2021). In addi
tion to Si transport, Lsi1 has been identified to transport As(III) (Saitoh 
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et al., 2021). Later, its homolog, Lsi6, was found to also transport Si, 
responsible for unloading Si from the xylem to the leaf in rice (Yamaji 
et al., 2015).

Lsi2, Lsi3, and SIET4 are homologous genes but are not homologous 
to Lsi1. Initially identified as Si efflux transporters in rice, these genes 
are characterized by their distinct tissue localizations. Lsi2 is polarly 
localized on the proximal side of the plasma membrane in the same cells 
as Lsi1 in the roots, where they work together to facilitate Si transport 
through the Casparian strips into the xylem (Ma et al., 2007). Lsi3 is 
localized in the root pericycle, where it is responsible for loading Si into 
the xylem (Huang et al., 2022). SIET4 is polarly localized on the distal 
side of epidermal cells and the cells surrounding bulliform cells in the 
leaf blade, playing a crucial role in exporting Si from leaf cells to the 
surface. This ensures proper Si accumulation, contributing to the 
healthy growth of rice on land (Mitani-Ueno et al., 2023).

Functional homologs of the Si transporters Lsi1 or Lsi2/SIET4 have 
been identified in various plants beyond rice, including monocots like 
barley (Hordeum vulgare) (Chiba et al., 2009) and maize (Zea mays) 
(Mitani et al., 2009a; Mitani et al., 2009b), as well as dicots such as 
soybean (Glycine max) (Deshmukh et al., 2013), cucumber (Cucumis 
sativus) (Sun et al., 2018; Sun et al., 2017), pumpkin (Cucurbita 
moschata) (Mitani-Ueno et al., 2011a), grapevine (Vitis vinifera) 
(Noronha et al., 2020), poplar (Populus trichocarpa) (Deshmukh et al., 
2015), date palm (Phoenix dactylifera) (Bokor et al., 2019), and the fern 
horsetail (Equisetum arvense) (Grégoire et al., 2012; Vivancos et al., 
2016). Plants with the Lsi1 gene typically accumulate more Si, and the 
presence of Lsi1 can be used to predict the potential for Si uptake 
(Deshmukh et al., 2020).

Si has been proven to have positive effects on plant growth, partic
ularly in monocotyledonous plants such as rice and sorghum. Absorption 
of Si can enhance cell wall strength, providing mechanical strength to 
plants (Lux et al., 2003; Ma and Takahashi, 2002). Additionally, Si has 
been shown to increase photosynthetic activity and improve rice yield 
(Lavinsky et al., 2016). Si absorption has also been demonstrated to 
enhance plant resistance to biotic and abiotic stressors. For example, 
accumulation of Si in plant tissues can prevent herbivores and pathogens 
(Ma and Yamaji, 2006). Si also plays an important role in alleviating the 
negative impacts of abiotic stress factors such as drought, salinity, and 
heavy metal toxicity (Debona et al., 2017).

Mangroves are highly productive, which makes them an important 
player in tropical Si cycling (Elizondo et al., 2021). The uptake of Si by 
mangroves can have significant impacts on the Si cycling in the coastal 
wetland ecosystem, affecting the flux of Si between sediments and 
water. It has been reported that biogenic silica in sediments dissolves 
7–20 times faster than mineral silicates (Cornelis et al., 2011). Addi
tionally, the accumulation of Si in mangrove sediments may impact the 
productivity of mangroves and the functions of the larger estuarine and 
coastal ecosystems they support, through its effects on nutrient uptake 
by mangrove plants. As an important member of mangroves, the trans
port and role of Si in Avicennia marina is still unclear.

In this study, we inferred the Si uptake capacity of three mangrove 
plants by comparing their Si concentrations and verified it through 
identification and functional analysis of Si transporters. We systemati
cally analyzed the absorption, transportation, and effects of Si on the 
growth and physiology such as the uptake of potassium (K) of the Si 
accumulator A. marina. Our findings provide a deeper understanding of 
Si transport in mangrove plants and clarify the role of Si in the growth 
and physiological processes of A. marina.

2. Materials and methods

2.1. Bioinformatics analysis

Homologous genes for silicon transporters Lsi1 and Lsi2 were iden
tified by searching the genomes of three mangrove species: Avicennia 
marina (Ma et al., 2022), Aegiceras corniculatum (Ma et al., 2021), 

Kandelia obovata (Qiao et al., 2024). The protein sequences used for the 
phylogenetic analysis of the NIP subfamily, to which Lsi1 belongs, were 
obtained from our previously published A. marina AQP information 
(Guo et al., 2024) and K. obovata AQP information (Guo et al., 2022). 
NIPs from model plants, including Arabidopsis AQPs (Johanson et al., 
2001) and Populus trichocarpa AQPs (Gupta and Sankararamakrishnan, 
2009), were also included. The sequences of OsLsi1 (NP_001403822.1) 
and OsLsi6 (NP_001389719.1) were downloaded from NCBI Protein. 
Full-length NIP protein sequences were aligned using the ClustalW tool, 
and a phylogenetic tree was generated using the neighbor-joining 
method with 1000 bootstrap replicates in MEGA X software (Kumar 
et al., 2018).

In the multi-species phylogenetic analysis and sequence alignment 
analysis, the following sequences were used: GmNIP2–2 
(NP_001240190.1), CsLsi1 (ACU29603.1), SlLsi1 (NP_001274283.1), 
VvNIP2–1 (RVW31404.1), PtLsi1 (XP_002324057.1), PdNIP2–1 
(XP_008802606.1), ZmLsi1 (NP_001105637.1), OsLsi2 
(NP_001388947.1), ZmLsi2 (NP_001183945.1), CsLsi2 (APT69295.1), 
CmLsi2–1 (AB551951) and CmLsi2–2 (AB551952), all of which were 
obtained from the NCBI Protein database. The sequence for EaLsi2–1 
was obtained from the study by Coskun et al. (2021). The sequence in
formation for AmLsi1 and AmSIET4 was provided in Table S3. Se
quences alignment was performed using the Clustal Omega tools (htt 
ps://www.ebi.ac.uk/Tools/msa/clustalo/), and the resulting align
ment was visualized using GeneDoc software.

Subcellular localization of the proteins was predicted using the WoLF 
PSORT tool, 3D protein structure modeling was performed with the 
AlphaFold 3 server, and channel pore analysis was conducted using 
PoreWalker.

2.2. Cloning and transformation of Si transporter genes in yeast

The methods for gene cloning and yeast transformation were per
formed as previously described (Guo et al., 2022). Total RNA was 
extracted from mixed root and leaf samples of A. marina using the Plant 
Total RNA Isolation Kit (Vazyme, China) following the manufacturer’s 
instructions. The first-strand cDNA synthesis was performed using the 
1st Strand cDNA Synthesis Kit (Vazyme, China) with 1 μg of total RNA in 
a 20 μL reaction volume. The resulting cDNA was used as a template for 
PCR amplification of AmLsi1 and AmSIET4 coding sequences (CDS), 
using primers for Si transporter genes cloning listed in Table S1 and DNA 
Polymerase (TransGen Biotech, China). The amplified DNA fragments 
were then cloned into the pYES2-GFP vector using the pEASY®-Basic 
Seamless Cloning and Assembly Kit (TransGen Biotech, China). The 
resulting plasmids, along with the empty plasmid, were transformed into 
Saccharomyces cerevisiae strain INVSc1 via the lithium acetate method. 
Following transformation, the yeast cells were cultured for three days at 
29◦C on SD-URA screening medium containing 2 % (w/v) glucose.

2.3. Subcellular localization, and permeability of water and substrates

For the substrate sensitivity assay as previously described (Guo et al., 
2022), yeast cells were first cultured in YNB liquid medium at 29◦C for 
24 h. The yeast culture was then diluted with sterile water to an OD 600 
value of 1.0, followed by 10-fold serial dilutions for 5 times. Next, 10 μL 
of each diluted yeast culture was spotted on YNB solid medium con
taining 2 % (w/v) galactose and 1 % (w/v) raffinose, with or without 
3 mM H2O2, 5 mM H3BO3, or 2 mM NaAsO₂, and cultured at 29◦C for 4 d.

For yeast subcellular localization and cell volume observation, as 
previously described (Guo et al., 2022), yeast cells cultured for 24 h in 
liquid medium were directly aspirated and imaged through the GFP 
channel, using a Zeiss LSM900 laser confocal microscope. The lengths of 
the long and short axes of yeast cells with GFP signals were measured 
using ZEN 3.1 software, and the volume was calculated based on the 
spheroid volume formula.
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2.4. RNA-seq data collection

RNA-seq data from unpublished work were used to investigate the 
expression patterns of AmLsi1 and AmSIET4 genes in seedlings of 
A. marina subjected to salt and simulated tidal flooding treatments. 
Seedlings at 3 months of age were divided into three salt treatment 
groups: 0, 250 and 500 mM NaCl. The 500 mM NaCl treatment was 
gradually increased, following a one-week acclimation period at 
250 mM NaCl. For the simulated tidal flooding treatment, the water was 
maintained at 250 mM NaCl, with tidal flooding from 8:00–16:00 by a 
daily cycle. After two weeks of treatment, roots and leaves were har
vested from seedlings subjected to salt treatment, 8 hours of tidal 
flooding (TF), and 16 hours of aerial exposure after tidal flooding (ATF). 
Total RNA was extracted from these tissues and used for transcriptome 
sequencing.

2.5. Plant materials and treatments

The mature and healthy leaves of three mangrove species, A. marina, 
A. corniculatum, and K. obovata, were used to compare their Si accu
mulation. The plant materials were collected from a small area within 
the same natural habitat of mangroves located in the Zhangjiang River 
Estuary Mangrove National Natural Reserve (23◦55’N, 117◦26’E), 
Fujian, China.

For indoor seedling treatment experiments, plants were cultured 
from propagules obtained from the Zhangjiang River Estuary, following 
previously described methods (Guo et al., 2023). Four healthy and 
similarly sized propagules were planted in a plastic pot (diameter 9 cm, 
height 9 cm, bottom with holes) filled with clean sand. Twelve plastic 
pots were placed in a large plastic container (40 ×30 ×8 cm). The small 
pots were immersed in 1/2 Hoagland nutrient solution without being 
submerged. The nutrient solution was changed once a week, and fresh 
water was added every day to compensate for evaporation losses. The 
seedlings were grown in a greenhouse with a temperature of 26 ± 2℃, a 
light period of 14 hours/10 hours (light/dark), and photosynthetically 
active radiation (PAR) about 150 μmol m− 2 s− 1. After 3 months of 
growth, seedlings with consistent height were selected and divided into 
seven groups: CK, 200 mM NaCl, 500 mM NaCl, 0.5 mM Na2SiO3, 
1.5 mM Na2SiO3, 200 mM NaCl + 0.5 mM Na2SiO3, and 500 mM NaCl 
+ 1.5 mM Na2SiO3 treatments. The 1.5 mM Na₂SiO₃ is designated as the 
high-Si treatment, while 0.5 mM Na₂SiO₃ is deemed a more suitable 
(moderate) Si concentration for A. marina based on our pilot experiment. 
The treatment solutions contained 1/2 Hoagland nutrient solution 
concentration, and the nutrient solution was changed weekly. After 3 
months of treatment, the plants were subjected to SEM-EDX detection 
for Si localization, physiological measurement, RT-qPCR analysis, 
ICP-MS measurement for ion concentration, and NMT measurement for 
potassium ion (K+) flux. For physiological measurements, plant water 
content was calculated as (fresh weight - dry weight) / fresh weight. The 
chlorophyll fluorescence Fv/Fm ratio was measured using a LI-6800 
Portable Photosynthesis System (LI-COR, USA) in the dark.

2.6. Real-time quantitative PCR (RT-qPCR) analysis

The method for extracting total RNA from plant samples and syn
thesizing first-strand cDNA was consistent with the description in the 
Materials and Methods section of the gene cloning part. The synthesized 
cDNA was used for RT-qPCR analysis, which was performed with SYBR 
qPCR Master Mix (Vazyme) using a Real-Time PCR Detection System 
(Bio-Rad, USA). RT-qRCR primers for Si transporter and K+ channel 
genes were listed in Table S2. 18 s rRNA was used as internal control. 
Relative expression levels of genes were calculated by the 2− ΔΔCT 

method.

2.7. Scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDX)

The localization and relative concentration of Si in different tissues 
of A. marina were determined using SEM combined with EDX as previ
ously described (Guo et al., 2023). All plant tissue samples were cut into 
small pieces and freeze-dried, and then fixed onto carbon tape with the 
observation side facing upwards, followed by sputter coating using a 
Quorum 550x sputter coater. The metal-coated samples were photo
graphed using a scanning electron microscope (Phenom Pharos G2 
Desktop FEG-SEM, Netherlands) at an acceleration voltage of 15 kV. The 
Si concentration and localization of the displayed sample area were 
analyzed using an EDX detector. Five randomly captured images of fixed 
sizes were taken for each sample, and the most representative one was 
selected for display.

2.8. Elemental concentration determination

For plant samples, all samples used for measurements were freshly 
collected, cleaned of surface impurities, and surface ions were removed 
using ultrapure water. The samples were then dried in an oven at 80◦C 
until a constant weight was achieved and ground into a powder.

For yeast samples, they were cultured in YNB liquid medium con
taining either 0.5 mM Na2SiO3 or 0.5 mM NaAsO2 for approximately 
24 h at 29◦C. When the yeast cell density reached an OD600 value of 1, 
the cells were collected by centrifugation and washed four times with 
ultrapure water. The yeast cells were then dried at 80◦C and prepared for 
subsequent sample digestion.

Sample preparation for ICP-MS analysis followed previously 
described methods (Guo et al., 2023). Then, 50 mg of the sample was 
mixed with 3 mL of 65 % concentrated nitric acid in a digestion tube, 
and digested using a microwave digestion system (CEM MARS6, USA). 
The temperature was raised to 180◦C within 15 min and held at 180◦C 
for 15 min to digest the sample into ions. After cooling, the digestion 
tube was opened and the excess nitric acid was evaporated by heating to 
150◦C using an electric furnace, leaving approximately 500 μL of liquid. 
The digestion solution was then diluted to 50 mL with ultrapure water 
for measurement of Na+, K+, As and Si concentration. For measurement 
of Si concentration in plant tissues, the digestion method followed the 
protocol described by Haysom and Ostatek-Boczynski (2006). After 
digestion with concentrated nitric acid and evaporation of excess nitric 
acid, 2.5 mL of 10 % NaOH (w/v) was added to the digestion tube, and 
the sample was subjected to microwave digestion again at 180◦C for 
15 min. The sample was then titrated to neutrality using 2 M nitric acid, 
with phenolphthalein as an indicator. The resulting solution was diluted 
with ultrapure water to a final volume of 50 mL for measurement. The 
concentration of Na+, K+, Si and As in the test solution was measured 
using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 
7500ce, USA).

2.9. Measurement of the net K+ flux from the root of A. marina

Plants were uprooted, cleaned and a 1 cm long segment with the root 
tip was cut and placed in test solution (0.1 mM CaCl2, 0.1 mM KCl, 
0.1 mM MgCl2, 0.2 mM Na2SO4, 0.5 mM NaCl, 0.3 mM MES, pH 6.0) for 
2 h. The root samples were then transferred to a culture dish containing 
5 mL of fresh test solution. Non-invasive micro-test technology (NMT) 
(Xuyue Science and Technology, China) was used to measure the net K+

flux from the root tip of A. marina, following the method previously 
described (Guo et al., 2023). According to the manufacturer’s in
structions, commercial microsensors and liquid ion-exchange cocktail 
(K+ LIX, Xuyue, China) were used to make ion-selective electrodes. The 
ion-selective electrode was mounted on a three-dimensional micro-ma
nipulator and calibrated with 0.05, 0.1 and 0.5 mM KCl before 
measuring ion flux. The tip of the ion-selective electrode was located at 
two positions near the root and 30 microns away from the root in the 
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X-axis direction, moving back and forth every 6 sec. The NMT system 
calculated the net ion flux by measuring the electrochemical potential 
difference between the two positions of the microelectrode and con
verting it to an ion concentration difference using the calibrated slope. 
Six samples were measured for each treatment group, with each sample 
being measured for 10 min. The average of six samples was used for 
evaluation.

2.10. Statistical analysis

The data reported in this study are presented as means ± SD, with a 
minimum of three sample replicates (n ≥ 3). Statistical analysis was 
conducted using either Student’s t-test or one-way ANOVA, and post-hoc 
comparisons were performed using Fisher’s least significant difference 
(LSD) test with a significance level of p < 0.05.

3. Results

3.1. A. marina is an accumulator of Si and As in mangrove ecosystems

To investigate Si accumulation in coexisting mangrove species, we 
quantified the Si concentration in the leaves of A. marina, 
A. corniculatum, and K. obovata using ICP-MS. Our study found that 
A. marina leaves had the highest Si concentration, followed by 
A. corniculatum and K. obovata (Fig. 1a). We also quantified the con
centration of another metalloid, arsenic (As), and observed a consistent 
trend of Si and As accumulation across the three mangrove species 
(Fig. 1b). These results demonstrate that A. marina is an accumulator of 
both Si and As in mangrove ecosystems.

3.2. A. marina has putative Si transporters AmLsi1

Given the difference in Si accumulation levels among three 
mangrove species in the same habitat, we further identified whether 
they have a Si transporter Lsi1. Phylogenetic analysis of the NIP sub
family genes of A. marina, A. corniculatum, K. obovata as well as two 
model plants, Arabidopsis and poplar, was conducted with rice OsLsi1 as 
a reference for known functionality. Results showed that each of 
A. marina and A. corniculatum had a putative Lsi1, while K. obovata did 
not (Fig. 2a). Among them, AmLsi1 had the highest similarity to 
PtNIP2;1, which was also identified as a Si transporter.

To further verify whether AmLsi1 has Si transporter characteristics, 
sequence alignment analysis was performed with previously identified 
Si transporters Lsi1 from species Glycine max, Cucumis sativus, Solanum 
lycopersicum, Vitis vinifera, Populus trichocarpa, Phoenix dactylifera, Oryza 
sativa, and Zea mays. The AmLsi1 sequence showed high similarity with 
the identified Si transporter Lsi1 sequences (Fig. 3a). The highest simi
larity was with VvLsi1 at 83 %, followed by SlLsi1 at 80 %, and OsLsi1 at 
71 %. AmLsi1 also had the typical features of AQP with six trans
membrane domains (Fig. 3a). Four residues of the ar/R selectivity filter 
of AmLsi1 were consistent with those of Lsi1 of other species and were 
the Si-specific filters G-S-G-R (Fig. 3a) (Mitani-Ueno et al., 2011b). The 
other two Si-selective filters located at Thr65 and Thr181 of OsLsi1 
(Saitoh et al., 2021) were also present in AmLsi1 at the corresponding 
positions, with both being Thr residues (Fig. 3a). Furthermore, the two 
NPA motifs of AmLsi1 are separated by 108 amino acids (Fig. 3a), which 
is a characteristic feature of Si transporters, where there is a strict 108 
amino acid spacing between the two NPA motifs of Lsi1 (Deshmukh 
et al., 2015). On the other hand, AcLsi1 from A. corniculatum, had a 
missing amino acid sequence at the N-terminus, and its sequence simi
larity with other Lsi1 sequences was low, with the highest similarity 
being 48 % with SlLsi1. Furthermore, the selective filter residue at the 
position corresponding to OsLsi1 Thr181 was mutated to C in AcLsi1 and 
the two NPA intervals were separated by 113 amino acids (Fig. 3a). In 
summary, the sequence analysis suggests that AmLsi1 has the charac
teristics of a typical Si transporter Lsi1 and is considered a candidate Si 
transporter. In contrast, AcLsi1 does not possess these characteristics 
and therefore is not a Si transporter.

3.3. A. marina has putative Si efflux transporter AmSIET4

To investigate the presence of Si efflux transporters, specifically Lsi2, 
in three mangrove species, we conducted a genome-wide BLAST anal
ysis. Lsi2 homologs were identified exclusively in A. marina. Our results 
revealed two homologous proteins of OsLsi2 in A. marina, Am09079 and 
Am09078, both of which are more closely related to OsSIET4 than to 
OsLsi2 (Fig. 2b). Among these, Am09079 is expressed in the leaves, 
while Am09078 shows no detectable expression in either roots or leaves, 
suggesting it may be a pseudogene (Fig. S1). Due to its potential func
tional role in the leaves, we designated Am09079 as AmSIET4.

Next, a phylogenetic analysis was conducted to compare AmSIET4 
with Lsi2/SIET4 transporters known for Si efflux functions in Cucumis 

Fig. 1. Si and As concentrations in the leaves of three mangrove species in the same habitat. Si (a) and As (b) concentration were measured using ICP-MS. 
Values are means ± SD of four biological replicates. Different letters indicate significant differences (p < 0.05).
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sativus, Cucurbita moschata, Oryza sativa, Hordeum vulgare, Zea mays, and 
Equisetum arvense. The analysis showed that AmSIET4 is a homologous 
gene to these transporters and is more closely related to OsSIET4 
(Fig. 2b). Furthermore, amino acid sequence alignment was performed 
between AmSIET4 and its homologs, including OsLsi2, OsLsi3, and 
OsSIET4 from O. sativa and CsLsi2 from C. sativus. The alignment 
revealed that AmSIET4 shares high sequence similarity with these ho
mologs and contains 11 transmembrane domains. The highest sequence 
similarity was found between AmSIET4 and CsLsi2, with a similarity of 
79 %, followed by OsSIET4 at 75 %, and OsLsi2 at 63 % (Fig. 3b). This 
sequence analysis suggests that AmSIET4 is a putative Si efflux 
transporter.

3.4. Subcellular localization and water transport activity of AmLsi1 and 
AmSIET4

Subcellular localization predictions, 3D structural modeling, and 
pore analysis all demonstrate that AmLsi1 and AmSIET4 are plasma 
membrane channel proteins (Fig. S2). To further validate this result 
experimentally, we heterologously expressed GFP-tagged AmLsi1 and 
AmSIET4 in yeast cells. Laser confocal microscopy revealed that AmLsi1 
and AmSIET4 were located on the membrane system of the yeast cells, 
whereas the fluorescence signal of the control (GFP) was uniformly 
distributed in the cytoplasm (Fig. 4a). Additionally, when observing the 
cell morphology, we found that the yeast cells expressing AmLsi1 
expanded in volume to twice that of the control cells, which was caused 
by the water transport activity of AmLsi1 that allows the cells to absorb 
water and swell. In contrast, there was no change in the volume of the 
yeast cells expressing AmSIET4 (Fig. 4b). These results indicate that 
AmLsi1 and AmSIET4 are both membrane proteins, with AmLsi1 having 
the function of transporting water.

3.5. Substrates transported by AmLsi1 and AmSIET4

To further investigate the functions of AmLsi1 and AmSIET4, a yeast 
system was employed to identify their substrate permeability. Four 
substrates, namely H2O2, H3BO3, As(III), and Si, were used for testing. 
Given the cytotoxicity of H2O2, H3BO3, and As(III), substrate sensitivity 
assays were conducted to determine the permeability of AmLsi1 and 
AmSIET4 towards these substrates. The results showed that AmLsi1 was 
sensitive to H2O2 and As(III), but not to H3BO3, indicating that AmLsi1 
has inward permeability to H2O2 and As(III) (Fig. 5a). AmSIET4 was 
insensitive to H2O2 and H3BO3 but had low sensitivity to As(III), sug
gesting that AmSIET4 has outward transport for As(III) (Fig. 5a). 
Additionally, since Si is non-toxic to cells, the transport of Si by trans
porter proteins was assessed by measuring Si concentration in yeast cells 
grown under Si-containing liquid medium. The results showed that both 
AmLsi1 and AmSIET4 transformed yeast had lower levels of Si compared 
to the control, with AmLsi1 showing the lowest Si concentration 
(Fig. 5b). At this point, both AmLsi1 and AmSIET4 exhibited Si efflux. As 
(III), as an analogue of Si, showed a similar pattern of enrichment in 
AmLsi1 and AmSIET4 transformed yeast (Fig. 5b, c). These results 
indicate that AmLsi1 has bidirectional permeability towards Si and As 
(III), while AmSIET4 has an outward transport function for Si and As 
(III).

3.6. Effects of salinity, tidal flooding and Si on the expression of AmLsi1 
and AmSIET4

After confirming the Si transport activity of AmLsi1 and AmSIET4, we 
aimed to further investigate their tissue-specific expression and response 
to intertidal environment in A. marina. Firstly, we retrieved the 
expression information of AmLsi1 and AmSIET4 from our previous RNA- 
Seq data. The data showed that AmLsi1 was predominantly expressed in 
roots, and its expression was significantly reduced under high salinity 
(500 mM NaCl) and tidal flooding (Fig. 6a). In contrast, AmSIET4 was 

Fig. 2. Phylogenetic tree of homologous genes of Si transporters AmLsi1 and AmSIET4. (a) Identification of Lsi1 in three mangrove plants. The phylogenetic tree 
shows homologs of Lsi1 in the NIP subfamily of three mangrove plants (A. marina, A. corniculatum, and K. obovata) and model plants (A. thaliana and P. trichocarpa), 
using OsLsi1 and OsLsi6 from Oryza sativa as references. (b) Phylogenetic relationship of AmSIET4 with other known Si efflux transporters, SIET4/Lsi2. The ho
mologous genes are from species including C. sativus, C. moschata, O. sativa, H. vulgare, Z. mays, and E. arvense. Phylogenetic trees were constructed using MEGA-X.
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Fig. 3. Sequence alignment analysis of Si transporter proteins Lsi1 and SIET4 from various species. (a) Sequence alignment of putative A. marina and 
A. corniculatum Lsi1 with known Lsi1 from G. max, C. sativus, S. lycopersicum, V. vinifera, P. trichocarpa, P. dactylifera, O. sativa and Z. mays. The NPA motif is 
highlighted in red font, and the G-S-G-R amino acid residues, which is the ar/R selectivity filter, is highlighted in green background. The other two Si selectivity 
filters, located at Thr65 and Thr181 on OsLsi1, are highlighted in purple background. (b) Sequence alignment of putative AmSIET4 with identified Si efflux 
transporter SIET4/Lsi2 from O. sativa and C. sativus.
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highly expressed in leaves, and its expression was also downregulated 
under high salinity (Fig. 6b). Interestingly, they showed comparable 
expression levels in roots and leaves, with FPKM values of around 40 
(Fig. 6a, b), which was confirmed by subsequent RT-qPCR analysis 
(Fig. 6c).

Moreover, to investigate the response of AmLsi1 and AmSIET4 to Si 
and salt, we performed RT-qPCR analysis on A. marina seedlings sub
jected to Si, salt, and combined treatments. The results showed that their 
expression levels were reduced under salt treatment, and significantly 

downregulated under high salinity, which was consistent with the RNA- 
Seq data (Fig. 6d, e). Comparing their expression levels under low Si 
(0.5 mM Na2SiO3) and high Si (1.5 mM Na2SiO3) treatments, high Si 
significantly inhibited their expression (Fig. 6d, e). Under the combined 
treatment of low Si and low salt, there was no significant change in 
expression levels, while under the combined treatment of high Si and 
high salt, both genes were significantly inhibited (Fig. 6d, e).

Taken together, these results suggest that AmLsi1 is expressed in 
roots, while AmSIET4 is expressed in leaves, and both genes exhibit 

Fig. 4. The subcellular localization and cell volume in AmLsi1 and AmSIET4 transformed yeasts. (a) AmLsi1 and AmSIET4 were expressed in yeast cells. GFP channel 
shows the fluorescence signals and the differential interference contrast (DIC) channel shows cell morphology. Scale bar = 5 μm. (b) Cell volume measurement of 
AmLsi1 and AmSIET4 transformed yeasts. GFP transformed yeast as a control. Values are means ± SD (n = 30). Different letters indicate significant differ
ences (p < 0.05).
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similar responses to salt and Si.

3.7. Si accumulation at salt glands on the adaxial surface of A. marina 
leaves

To gain further insight into the distribution of Si in different tissues 
of A. marina, we utilized scanning electron microscopy (SEM) combined 
with energy dispersive X-ray spectroscopy (EDX) to examine various 
plant tissues. Our results showed that Si was evenly distributed in the 
cross-section of the root, with a weight percentage of 0.08 % (Fig. 7a). 
No Si was detected in the stem (Fig. 7b). In the leaf, cross-section scans 
revealed a Si concentration of 0.05 %, mainly concentrated on the 
adaxial surface (Fig. 7c). The Si concentration on the surface of non- 
glandular hair on the abaxial side of the leaf was 0.06 % (Fig. 7d). 
The Si concentration on the adaxial surface of the leaf was 0.26 %, and Si 
was found to be concentrated at the salt gland (Fig. 7e). Further scan
ning of the salt gland showed that Si was deposited above the gland, with 
a high concentration of 7.6 %. The localization of Si overlapped with 
oxygen (O), and the only other elements with high concentration in this 
region were carbon (C), as shown by the spectrum (Fig. 7f-i). Moreover, 
the fact that this material was insoluble in water after washing the leaf 
surface also supports the identification of the deposited material as SiO2. 
In summary, the highest Si concentration in A. marina was found in the 
leaf, mainly deposited on the surface of the salt gland, in the form of 
SiO2.

3.8. Effect of Si on the growth of A. marina

To gain deeper insights into the effects of Si on A. marina, we treated 
A. marina seedlings with 0.5 mM Na2SiO3, 200 mM NaCl, and a com
bination of both for three months to observe their growth. Statistical 
analyses of the growth parameters revealed that either Si alone or salt 
alone significantly increased plant height, dry weight, fresh weight, and 
leaf area compared with the control (Fig. 8). Under salt conditions, Si 
treatment did not affect plant height, dry weight, or fresh weight, but 
significantly increased leaf area (Fig. 8). Moreover, Si, salt, and their 
combination all reduced plant water content while increasing the pro
portion of dry matter (Fig. 8g). Notably, Si alleviated the salt-induced 
decline in maximum quantum yield of primary photochemistry (Fv/ 
Fm) (Fig. 8i). These results indicate that Si enhances leaf expansion in 
A. marina and has a more pronounced growth-promoting effect under 
low salinity, while under saline conditions, Si may help restore light 
energy utilization efficiency.

3.9. Si promotes potassium uptake in A. marina seedlings

In order to further investigate the roles of Si uptake in A. marina, we 
utilized ICP-MS to measure the elemental concentration of A. marina 
seedling tissue treated with 0.5 mM Na2SiO3, 200 mM NaCl, and a 
combination of both. The results indicated that the individual Si treat
ment significantly increased the Si concentration in both roots and 

Fig. 5. Identification of substrate transported by AmLsi1 and AmSIET4 using a yeast model. (a) Toxicity of externally applied H2O2, H3BO3 and As(III) on yeast 
cells expressing AmLsi1 and AmSIET4. Yeast cells Control (empty vector pYES2) and expressing AmLsi1, AmSIET4 were ten-fold diluted and spotted on solid in
duction medium containing H2O2, H3BO3 or As(III). The cells were incubated at 29◦C for 4 d. Accumulation of Si (b) and As (c) in control and AmLsi1 and AmSIET4 
transformed yeast exposed to 0.5 mM Na2SiO3 or 0.5 mM As(III). The yeast cells were incubated in liquid YNB induction medium at 29◦C for 24 h. The data represent 
the mean ± SD (n = 4). Different letters indicate significant differences (p < 0.05).
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leaves. However, Si treatment under saline conditions did not increase 
the Si concentration in roots and leaves (Fig. 9a). Additionally, 
compared to the control group, the individual Si treatment increased the 
K concentration in roots, stems, and leaves, while the individual salt 
treatment reduced the K concentration in these tissues. When salt 
treatment was combined with Si treatment, the K concentration in roots 
was significantly enriched, but in leaves was reduced (Fig. 9b). The 
0.5 mM Na2SiO3 treatment had no effect on the Na concentration in 
roots and stems, but slightly increased the Na concentration in leaves 
due to the enrichment effect of Na in A. marina leaves. The salt treatment 
increased the Na concentration in roots, stems, and leaves, while the 
combined Si treatment reduced the Na concentration in roots (Fig. 9c). 
Furthermore, the K/Na ratio in roots increased after Si treatment 
(Fig. 9d). In summary, salt inhibited the absorption of Si, while Si pro
moted the uptake of K in the roots and inhibited the uptake of Na.

3.10. Si promotes the inward flow of K+ into the roots of A. marina

To further investigate the K+ uptake in A. marina roots, non-invasive 
micro-test technology (NMT) was used to measure the K+ flux at a 

distance of 400 μm from the root tip (Fig. 10a). The results showed that 
Si treatment, under both saline and non-saline conditions, significantly 
reduced K+ efflux, indicating a relative increase in K+ influx by 
approximately 200 pmol cm− 2 s− 1 (Fig. 10b, c). These findings provide 
further evidence that Si promotes K+ uptake in A. marina roots.

3.11. Si promotes the expression of K+ channel genes in the roots of 
A. marina

In light of the fact that Si promotes K+ uptake in A. marina roots, 
further investigation was conducted to verify whether this effect is 
attributed to the regulation of K+ channel gene expression. RT-qPCR 
analysis was used to identify the expression of K+ channel genes in the 
roots of A. marina seedlings treated with 0.5 mM Na2SiO3, 200 mM 
NaCl, and a combination of both. The results showed that Si treatment 
under non-saline conditions increased the expression of the high-affinity 
K+ transporter (HAK5), inward-rectifier K+ channel (AKT1) and the 
outwardly-rectifying K+ channel GORK1 and GORK2. Si treatment 
under saline conditions increased the expression of HAK5 and GORK2 
genes (Fig. 11). These results indicate that Si treatment increases the 

Fig. 6. Tissue-specific expression of AmLsi1 and AmSIET4 and their response to salt, tidal flooding and silicate in A. marina. Expression of AmLsi1 (a) and 
AmSIET4 (b) in roots and leaves of A. marina at salinity of 0, 250 and 500 mM NaCl and at TF and ATF during simulated tidal flooding treatments. (c) RT-qRCR 
analysis of AmLsi1 and AmSIET4 expression in roots and leaves, respectively. RT-qPCR analysis of the response of AmLsi1 in roots (d) and AmSIET4 in leaves (e) 
to different salt concentrations (200 or 500 mM NaCl), different concentrations of silicate (0.5 or 1.5 mM Na2SiO3), and their combined treatments. The data 
represent the mean ± SD (n = 3). Different letters within the same group indicate significant differences (p < 0.05), as determined by one-way ANOVA.
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transcriptional levels of K+ channel genes in A. marina roots.

4. Discussion

4.1. Relationship between plant Si concentration and Si transporters in 
A. marina

Study on the transport and function of Si in plants has mainly focused 
on monocotyledonous plants, as they often accumulate large amounts of 
Si in their bodies. For example, the Si concentration in rice leaves can 
reach 10 % of the plant dry weight (Ma and Takahashi, 2002). In 
contrast, the Si concentration accumulated in dicotyledonous plants 
under natural conditions is relatively low, such as around 1 % in the 
leaves of bottle gourd (Kumawat et al., 2021), approximately 0.5 % in 
the aboveground parts of grapes (Noronha et al., 2020), 0.3 % in soy
bean leaves (Deshmukh et al., 2013), and 0.2 % in strawberry leaves 
(Ouellette et al., 2017). The presence of the Si transporter Lsi1 has been 
identified in these dicotyledonous plants, which have relatively high Si 
concentration. Some dicotyledonous plants have a Si concentration of 
less than 0.1 %, such as cruciferous plants, which do not have the Lsi1 
(Deshmukh et al., 2020). The Si concentration is also closely related to 
the number of Si transporters, such as in rice where there are two ho
mologous genes, Lsi1 and Lsi6 (Ma et al., 2011). Helianthus annuus has 
seven Lsi1 genes, and the leaf Si concentration can reach up to 3.7 % 
under Si treatment (Deshmukh et al., 2020), indicating that the number 
of Lsi1 genes also affects the potential for Si absorption.

In our study, the Si concentration of three plant species in mangroves 

was less than 0.1 %, but relative to the other two species, the Si con
centration in A. marina leaves was the highest (Fig. 1). When we iden
tified their Si transporters, we found that only A. marina has a functional 
Si transporter, Lsi1 (Figs. 2 and 3). In addition to the presence of Si 
transporters, the Si concentration in plants is also related to the con
centration of soluble Si(OH)4 in the soil. Most soluble Si in soils ranges 
from 100 to 500 μM (Sommer et al., 2006), and we measured the soluble 
Si concentration in the Zhangjiang Estuary mangroves as 140 μM, which 
may be the reason for the low Si concentration in A. marina. After 
treatment with 0.5 mM Na2SiO3, the Si concentration in A. marina leaves 
increased by 50 % (Fig. 9). These results indicate that the Si concen
tration in plants is related to the presence and quantity of Lsi1 genes and 
the Si concentration in the soil.

4.2. Structure and function of AmLsi1 and AmSIET4

Si transporter Lsi1 is a type of AQP protein belonging to the NIPIII 
subfamily and is located in the plasma membrane. Unlike other AQPs, it 
has a unique Si-selective filter, with four amino acids at positions ar/R 
selectivity filter being G-S-G-R (Mitani-Ueno et al., 2011b), and two 
residues, Thr65 and Thr181, also having selectivity for Si (Saitoh et al., 
2021). In addition, the amino acid spacing between the two NPA motifs 
is considered important for Si permeation, typically being 108 amino 
acids (Deshmukh et al., 2015). AmLsi1 exhibits all of these character
istics and is highly similar in sequence identity to other Si transporter 
Lsi1 proteins (Fig. 3). Subcellular localization analysis also indicates that 
AmLsi1 is located in the plasma membrane (Fig. 4). Lsi1 from multiple 

Fig. 7. Si localization in tissues of A. marina. SEM and EDX analysis of Si enrichment in the root (a), stem (b), leaf cross-section (c), abaxial leaf surface (d), adaxial 
leaf surface (e), and salt gland of the adaxial leaf surface (f-h) of A. marina. The upper panels in (a-e) show SEM images of the tissues, while the lower panels show the 
mapping of Si localization in the tissues with pink dots using EDX analysis. EDX analysis was also used to map the localization of Si (g) and O (h) elements on the 
surface of the salt gland. (i) Elemental spectrum of the salt gland scan. The labels above the image indicate the weight percentage content of the elements.
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species, such as rice (Ma et al., 2006), grape (Noronha et al., 2020), and 
cucumber (Wang et al., 2014), all show high expression in the roots. Our 
gene expression pattern analysis also indicates high expression of 
AmLsi1 in the roots of A. marina (Fig. 6).

AmSIET4 is a homolog of Lsi2, a family of Si efflux transporters. The 
Si efflux function of various Lsi2 genes has been identified in several 
plants, including rice (OsLsi2, OsLsi3, OsSIET4) (Huang et al., 2022; Ma 
et al., 2007; Mitani-Ueno et al., 2023), maize (ZmLsi2), barley (HvLsi2) 
(Mitani et al., 2009a), cucumber (CsLsi2) (Sun et al., 2018) and pumpkin 
(CmLsi2) (Mitani-Ueno et al., 2011a). However, their tissue localization 
varies. For example, OsLsi3, ZmLsi2, and HvLsi2, which belong to the 
same evolutionary clade as OsLsi2 (Fig. 2b), are expressed in the roots 
and function in loading Si into the xylem. In contrast, OsSIET4, 
CmLsi2–1, and CmLsi2–2, which cluster in the same evolutionary clade 
as AmSIET4 (Fig. 2b), are highly expressed in the shoots or leaves. 
Notably, OsSIET4 plays a crucial role in the correct deposition of Si in the 
leaves and the export of Si to the leaf surface, which is essential for the 
healthy growth of rice (Mitani-Ueno et al., 2023). In our study, AmSIET4 
is exclusively expressed in the leaves (Fig. 6), where it mediates Si efflux 
(Fig. 5). Additionally, Si deposition was observed on the salt glands of 
the leaf surface, suggesting that AmSIET4 may facilitate Si efflux in the 
leaves of A. marina, leading to Si deposition on the salt glands.

The Si transport function of rice Lsi1 and Lsi2 has been validated by 
expression in Xenopus oocytes. Lsi1 mediates bidirectional Si permeation 
that is independent of energy consumption, whereas Lsi2 only exhibits 
efflux activity for Si and relies on a proton gradient-driven process that 
requires energy consumption (Ma et al., 2007; Mitani et al., 2008). The 
Si transport function of other species’ Si transporters has also been 

verified in Xenopus oocytes, such as grape (Noronha et al., 2020) and 
tomato (Sun et al., 2020). In our study, we used yeast cells to validate the 
permeability of AmLsi1 and AmSIET4 to Si (Fig. 5). This method is 
feasible and relatively easier to operate. In addition to their Si transport 
function, the Si transporters Lsi1 and Lsi2 also exhibit permeability to 
germanium (Ge) and As(III) (Ma et al., 2008; Noronha et al., 2020; 
Saitoh et al., 2021). Ge is a Si analogue that cannot be distinguished 
from Si by plant roots. It can be used to identify Si permeability (Ma 
et al., 2007). Similarly, As(III) is also a Si analogue. Our results indicate 
that AmLsi1 and AmSIET4 exhibit similar trends in their permeability to 
Si and As(III) (Fig. 5b, c). Combined with the substrate sensitivity assay 
for As(III) (Fig. 5a), it suggests that AmLsi1 is capable of bidirectional 
permeation of both Si and As(III), while AmSIET4 exhibits efflux activity 
(Fig. 5).

4.3. Response of AmLsi1 and AmSIET4 to Si and other environmental 
factors

In our study, both AmLsi1 and AmSIET4 showed similar trends in 
response to Si, salt, and tidal flooding, with downregulation observed at 
high concentrations of Si and salt as well as under tidal flooding con
ditions (Fig. 6). Similar downregulation of Lsi1 expression under Si 
supply has been reported in rice (Ma et al., 2006; Ma et al., 2007) and 
other species such as ryegrass (Pontigo et al., 2021), soybean 
(Deshmukh et al., 2013), date palm (Bokor et al., 2019), and pigeonpea 
(Mandlik et al., 2022). This feedback mechanism maintains the Si con
centration within a certain range, as appropriate Si levels are beneficial 
for plants (dos Santos Sarah et al., 2021). Dehydration stress and abscisic 

Fig. 8. Effect of Si and salt treatments on A. marina phenotype. (a-c) display the frontal, aerial, and leaf morphology of A. marina seedlings treated with a 
combination of 0.5 mM Na2SiO3, 200 mM NaCl or a combination of both, respectively. Plant height (d), whole plant fresh weight (e), whole plant dry weight (f), 
whole plant water content (g), leaf area (h), and Fv/Fm (i) were measured and statistically analyzed. Data are presented as the mean ± SD (d-f, h) or min to max (g and 
i) (n = 10, 5, 5, 5, 10, 22 for a-i, respectively). Different letters indicate significant differences (p < 0.05).
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acid (ABA) treatment can rapidly suppress the expression of Lsi1 and 
Lsi2 in rice and reduce Si uptake (Yamaji and Ma, 2007, 2011). Drought 
and salinity significantly downregulate the expression of rice Lsi1 and 
Lsi6 (Nguyen et al., 2013). In our results, the combination of Si and 
salinity treatment further intensified the downregulation of AmLsi1 and 
AmSIET4 genes, and interestingly, the addition of Si under salinity 
conditions did not increase the Si concentration in the leaves, but 
instead led to a slight reduction (Figs. 6 and 9). This suggests that 
A. marina reduces Si uptake when accumulating salt, possibly to opti
mize energy allocation. These findings indicate that osmotic stress leads 
to downregulation of Si transporter genes and a consequent reduction in 
Si uptake.

Si in A. marina mainly accumulates in leaves, and we observed the 
phenomenon of salt gland secretion of Si, even under non-saline con
ditions (Figs. 7 and 9). Similar deposition of Si has also been found in salt 
glands of other species such as Tamarix (Storey and Thomson, 1994) and 
Plumbaginaceae (Faraday and Thomson, 1986). The plants do not 
appear to intercept Si as it is excreted through the salt glands with 
secreted sap. Based on the tissue-specific expression of AmSIET4 in 

leaves and the identification of AmSIET4 expression in the transcriptome 
of salt glands by laser capture microdissection (unpublished data), we 
propose that Si secretion in salt glands is regulated by AmSIET4. The 
transport of Si by AmSIET4 requires energy, and under saline conditions, 
AmSIET4 has lower expression levels with energy mainly allocated to 
salt secretion.

4.4. Insights into the role of silicon in A. marina

Previous studies have mainly focused on the beneficial effects of Si 
uptake in plants on enhancing plant strength and rigidity, as well as 
resisting biotic and abiotic stresses (Ma and Yamaji, 2006). For example, 
Si has been shown to restore the photosynthetic capacity of okra under 
salt stress (Abbas et al., 2015). Similarly, in our study, we found that Si 
restored chlorophyll fluorescence (Fv/Fm) under salt treatment, thereby 
enhancing photosynthetic potential and stress resistance in A. marina 
seedlings. Since Fv/Fm reflects the efficiency of electron transport in the 
photosynthetic process and the overall health of the plant (Maxwell and 
Johnson, 2000), these findings underscore the positive impact of Si on 

Fig. 9. Effect of Si and salt treatments on element accumulation in A. marina tissues. Si, Na, and K element concentrations (measured by ICP-MS) in the roots, 
stems, and leaves of A. marina treated with silicate (0.5 mM Na2SiO3), salt (200 mM NaCl), or a combination of both are shown in (a), (b), and (c), respectively. (d) 
Presents the K/Na ratio. Values are expressed as means ± SD (n = 4). Different letters within the same group indicate significant differences (p < 0.05), as deter
mined by one-way ANOVA.
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photosynthetic function under salinity. Growth measurements further 
indicated that Si application promoted biomass accumulation, reduced 
water content, and enhanced dry matter accumulation (Fig. 8), all of 
which may contribute to stress resistance. More notably, Si significantly 
increased leaf area and promoted seedling growth (Fig. 8). Subsequent 
measurements of ion concentration and flux indicated that Si facilitated 
K⁺ uptake in the root of A. marina (Figs. 9 and 10), and RT-qPCR analysis 
revealed that K+ channel genes were upregulated in response to Si 
treatment (Fig. 11). These findings are consistent with previous reports 
in other plant species. For instance, exogenous Si application has been 
shown to promote K⁺ absorption and increase leaf area in common beans 
(dos Santos Sarah et al., 2021), improve K⁺ uptake and transport in rice 
under salt stress (Yan et al., 2021), and alleviate K⁺ deficiency symptoms 
in peanuts by enhancing K⁺ uptake through the roots (Patel et al., 2022). 
In soybean, Si rescues plants from K⁺ deficiency stress and increasing K⁺ 

concentration (Miao et al., 2010) and, under salt stress, decreases Na⁺ 
concentration while increasing K⁺ concentration and leaf area 
(Peña-Calzada et al., 2023). Consistent with these observations, our 
study demonstrated that Si treatment also reduced the Na⁺ concentration 
in the roots under salt conditions (Fig. 9c). Taken together, in A. marina, 
Si regulates the K⁺/Na⁺ balance and enhances photosynthetic efficiency, 
ultimately promoting growth and salt tolerance.

In this study, we observed significant Si deposition on the salt gland 
surfaces of A. marina. However, it is unclear whether this Si is actively 
secreted by the glands or part of their cell wall structure. Similar findings 
in Tamarix aphylla suggested that Si might be secreted by salt glands 
(Storey and Thomson, 1994). Si has been reported to strengthen cell 
walls, reduce transpiration, and improve water retention, inhibition of 
electrolyte leakage and resistance to osmotic or salt stress (Agarie et al., 
1998; Sheng et al., 2018; Souri et al., 2021). Silica layers may reinforce 
salt gland integrity, maintaining functionality under high salinity and 
preventing salt backflow. Alternatively, Si might influence ion transport 
or excretion by modulating gland cell permeability or stability. These 
possibilities remain speculative. Future research with high-resolution Si 
localization and experiments on Si’s effects on salt secretion will be key 
to clarifying its role in salt gland functionality.

5. Conclusions

In this study, we investigated the Si concentration and transporters in 
three mangrove species and confirmed that A. marina is a Si accumulator 
in the mangrove ecosystem. Sequence analysis revealed that AmLsi1 and 
AmSIET4 are putative Si transporters, and heterologous expression in 
yeast confirmed that AmLsi1 is a bidirectional transporter for Si, with 
additional transport activity for H2O, H2O2, and As(III), while AmSIET4 
is an efflux transporter for Si and As(III). Gene expression analysis 
indicated that AmLsi1 functions in the roots, while AmSIET4 functions in 
the leaves, and both are negatively regulated by Si and salt stress. We 
described the process from Si uptake in the roots to Si secretion from the 
salt glands of leaf (Fig. 12). Si treatment increased the plant’s Si con
centration and promoted expression of K+ channel genes, enhancing 
root uptake of K+ and ultimately increasing leaf area (Fig. 12). Addi
tionally, Si reduced Na⁺ accumulation in the roots, improved the K⁺/Na⁺ 
ratio, and preserved photosynthetic potential. Overall, this study reveals 
the critical role of Si transporters in facilitating Si uptake and transport 
in mangrove plants, with a particular emphasis on their physiological 
benefits in A. marina. These findings deepen our understanding of how Si 
enhances growth and stress resilience in mangroves, underscoring its 
importance in these unique ecosystems.
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A B S T R A C T

The rapid accumulation of nitrite in aquaculture systems, primarily caused by high-protein feed utilization and 
fecal waste buildup, has become a significant environmental concern. In this study, we investigated the mech
anisms underlying nitrite-induced intestinal injury and multi-organ injury in tilapia (Oreochromis niloticus). 
Under nitrite exposure, Mycobacterium and Peptostreptococcaceae in the intestine of tilapia increased by 1.44- and 
6.28-fold, while Romboutsia decreased by 0.65-fold and Neochlamydia decreased by 22.20-fold. Exposure to ni
trite not only disrupted intestinal microbiota homeostasis, but also led to aberrant activation of DNA damage 
repair pathways. Based on topological overlap matrix (TOM) analysis, the screened intestinal microbe ASV489 
may modulate tilapia’s intestinal barrier function, affecting physiological functions. The changes in the tissue 
sections of the liver and spleen, the increased activity of SOD, CAT and PO, as well as the upregulation of MyD88 
and C-TLZ in multiple tissues, jointly indicated significant oxidative damage and inflammatory response in these 
tissues. These perturbations induced systemic oxidative stress and inflammatory response, culminating in multi- 
organ dysfunction. By integrating multi-omics analyses of intestinal microbiota, this study provided a more 
comprehensive understanding of the adverse effects of nitrite on fish health.

1. Introduction

Nitrite, a traditional contaminant naturally pervasive in aquatic 
ecosystems (Ciji and Akhtar, 2020), jeopardizes aquaculture sustain
ability and aquatic organism health (Camargo and Alonso, 2006; 
Romano and Zeng, 2013; Zhang et al., 2025). In conventional extensive 
aquaculture practices, nitrite concentrations rarely surpass the 1 mg/L 
threshold considered tolerable for aquatic species (Ciji and Akhtar, 
2020). In recent years, due to the economic benefits brought by inten
sive breeding, excessive feeding of high-protein feed (van Vuuren et al., 
2015), and the accumulation of large amounts of aquaculture feces 
(Dauda et al., 2019), the nitrite content in the aquaculture water has 
sharply increased. The nitrite content could even surge to as high as 50 
mg/L (Ciji and Akhtar, 2020). This could pose health risks to aquatic 
organisms, including reproductive and developmental toxicity (Bian 
et al., 2025; Keshari et al., 2016), metabolic disorders (Yan et al., 2024; 
Yang et al., 2024), and immunosuppression (Jia et al., 2016; Li et al., 
2025a). The intestine, as a target organ for nutrient absorption, immune 
defense (Qin et al., 2010), and the bioaccumulation of nitrite, plays a 

critical role in maintaining overall health. (Liang et al., 2022; Wang 
et al., 2024). Previous studies have revealed the injury caused by nitrite 
to the intestinal barrier of shrimp species such as crayfish and prawns 
(Guo et al., 2020; Yildiz and Benli, 2004; Yu et al., 2019), as well as its 
impact of intestinal antioxidant capacity, The intestinal immunity, and 
energy metabolism (Bian et al., 2024; Hou et al., 2024). The toxicity of 
nitrite in fish varies in different tissues, including blood (Gao et al., 
2020), gills (Li et al., 2022), liver (Lin et al., 2018b), brain (Beaver et al., 
2020) and muscle (Xu et al., 2022). The highest accumulation of nitrite 
is found in fish blood, where the nitrite concentration may be up to 60 
times higher than that in the surrounding water (Fontenot et al., 1999), 
leading to methemoglobinemia (Lewis Jr. and Morris, 1986). It caused 
physiological abnormalities and even death in fish (Brown and McLeay, 
1975; Maestre et al., 2009). However, there is limited research on the 
interaction between intestinal microbes and systemic organs.

The tilapia (Oreochromis niloticus), due to its rapid growth and strong 
adaptability to various environmental conditions, has rapidly become 
one of the most widely farmed fish species globally (Getnet et al., 2024). 
Studies have shown that the 96-h 50 % Lethal Concentration (LC50) of 
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nitrite for small Nile tilapia (4.40 ± 1.50 g) was 81 mg/L, while for large 
Nile tilapia (90.70 ± 16.43 g) was 8 mg/L, indicating that small tilapia is 
more resistant to nitrite (Atwood et al., 2001). Nitrite not only induced 
hypoxic responses of tilapia (Obirikorang et al., 2020), suppressing 
nonspecific immune enzymes and immunoglobulin activity (Xu et al., 
2016), but also reduced the cell vitality of leukocytes and increased 
susceptibility to Streptococcus agalactiae (Zhao et al., 2020). This 
response was further exacerbated in the presence of Lactococcus lactis 
(Tan et al., 2022). Current research has mainly focused on the effects of 
probiotics, such as Clostridium butyricum (Zhang et al., 2021), Ped
iococcus acidilactici (Ferguson et al., 2010), on the antioxidant capacity, 
immune response, and intestinal microbiota of tilapia. However, the 
impact of pathogenic bacteria presented in the intestine on the tilapia 
remains unclear, especially when nitrite concentrations in the aqua
culture environment sharply increase.

Based on the above background, our study leverages 16S ribosomal 
RNA (16S rRNA), eukaryotic transcriptome, histopathological observa
tions, as well as quantitative Real-time PCR (RT-qPCR) to:(1) investigate 
the mechanisms of nitrite-induced intestinal damage using multi-omics 
approaches and analyzing multiple tissues; (2) map the intestinal- 
derived damage to various tissues, providing a more comprehensive 
understanding of the adverse effects of nitrite on fish health.

2. Materials and methods

2.1. Chemicals and animals

Sodium Nitrite (NaNO2, CAS: 7632-00-0, purity: 95 %) was pur
chased from Chuandong Chemical Group (Chongqing, China) and dis
solved in ultrapure water to prepare stock solutions of 1 mg/L and 10 
mg/L, which were stored in the dark at 4 ◦C. Tilapia (initial body weight: 
8.5 ± 0.5 g; total length: 8.5 ± 0.5 cm) were obtained from the Pengqian 
Aquaculture Base (Nanning, Guangxi, China). Prior to the experiment, 
fish were acclimated for 7 days in a laboratory recirculating water sys
tem (28 ± 1 ◦C; dissolved oxygen >6 mg/L) at a stocking density of 400 
fish/200 L water. Fish were fed once daily at 12:00 with Xiamen Jiakang 
commercial feed, and fasting was implemented 24 h before the experi
ment. All animal experimental protocols were approved by the Experi
mental Animal Welfare Ethics Committee of Guangxi University.

2.2. Experimental design

Acclimated Tilapia were randomly divided into three groups, each 
containing 15 fish. Based on previous studies, the safe concentration of 
nitrite during tilapia aquaculture was determined to be 0.1 mg/L, and 
the 96-h median lethal concentration (96 h-LC50) was 28.18 mg/L 
(Yanbo et al., 2006). Experimental concentrations were set accordingly. 
The experimental groups were designated as follows: Control group (CK) 
– no nitrite exposure (0 mg/L), and nitrite exposure groups (NS1, NS10) 
– low concentration (1 mg/L) and high concentration (10 mg/L) nitrite 
exposure. The experimental conditions were maintained at a tempera
ture of 28 ± 1 ◦C, with a 12:12 h light-dark cycle, pH 7.9 ± 0.2, and 
dissolved oxygen above 6 mg/L. Water was exchanged every 24 h to 
maintain experimental conditions. After 7 days of exposure, three fish 
were randomly selected from each group, and their liver, spleen, brain, 
gills, and intestines were dissected (each tissue weighed approximately 
50 ± 10 mg) and stored in 1.5 mL centrifuge tubes at − 80 ◦C for sub
sequent analysis.

2.3. Tissue sections

Liver and spleen tissues from tilapia exposed to different concen
trations were collected and fully immersed in 4 % paraformaldehyde 
fixative (pH 7.0–7.5) at 25 ◦C for preservation. After fixation, the tissues 
were dehydrated, cleared, and embedded in paraffin using specific 
embedding molds. The paraffin blocks were sectioned, dewaxed to 

water, and the frozen sections were re-warmed and fixed. Following 
pretreatment, hematoxylin and eosin staining was performed, and the 
sections were dehydrated, mounted, and examined under a microscope.

2.4. Biochemical testing

Liver, spleen, brain, and gill tissues were collected for the assessment 
of superoxide dismutase (SOD), catalase (CAT), and phenoloxidase (PO) 
activities. The activity assays were performed using commercial kits 
provided by Nanjing Jiancheng Bioengineering Institute. Simply, 100 
mg of tissues were weighed and placed in a sterile centrifuge tube 
containing physiological saline, homogenized in an ice water bath, 
centrifuged at 4 ◦C 4000 r/min for 10 min, and finally the supernatants 
were taken for detection. The 96 well microplates were used and the 
wells were added the test samples, distilled water, enzyme working 
solution, enzyme dilution solution, and substrate application solution, 
respectively. The tests were contained control wells, control blank wells, 
test wells, and test blank wells. The microplates were gently shaken to 
mix solutions, and incubated at 37 ◦C for 20 min. Finally, the micro
plates were tested at 450 nm using an enzyme detector, and the results 
were calculated using the formula. 

SODinhibition rate (%) =
(A1 − A2) − (A3 − A4)

(A1 − A2)
×100% (1) 

SOD Activity (U/mg prot) = SODinhibition rate ÷ 50%×
B
C
×

(
0.24mL
0.02mL

)

÷ D
(2) 

A1 —— control wells.
A2 —— control blank wells
A3 —— test wells
A4 —— test blank wells
B —— 240 μL reaction system
C —— 100-fold dilution factor
D —— the concentration of the sample protein to be tested，mg 

prot/mL 

CAT Activity (U/mg prot) = △A× 271 ÷ VSample ÷ T ÷ Cpr (3) 

△A —— Acontrol – Atest at 405 nm
V Sample —— 100 μL sample volume
T —— 60-s reaction time
Cpr —— protein concentration of the homogenate solution 

PO Activity (ΔOD490/min/g) = ΔA ÷ (W×V1 ÷ V) ÷ 0.001 ÷ T

= 333.3×ΔA ÷ W (4) 

V —— add the volume of the extracted liquid, 1 mL
T —— reaction time, 30 min
V1 —— add sample volume, 0.1 mL
W —— sample quality, 0.1 g
ΔA = A2- A1
A1 —— absorbance at 490 nm
A2 —— absorbance at 490 nm after incubation at 35 ◦C for 30 min

2.5. RT-qPCR

Total RNA was extracted from liver, spleen, brain, and gill tissues 
using Trizol reagent. RNA quality was assessed via agarose gel electro
phoresis, followed by cDNA synthesis using the RNA Reverse Tran
scription Kit (Kangwei Century, China) according to the manufacturer’s 
instructions. The synthesized cDNA was then subjected to RT-qPCR 
analysis, and relative gene expression levels were calculated using the 
2-ΔΔCt method. Quantitative PCR was performed using the ABI FAST 
7500 Real-Time PCR System. The primers for quantification targeted the 
cfb gene, and Ultra SYBR Mixture (CWBIO, China) was used for the PCR 
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assays. The target genes analyzed in tilapia included inflammation- 
related genes (IL-1β, IL-8, IL-10), antioxidant stress-related gene (Cat), 
and immune-related genes (C-TLZ, MyD88), with β-Actin as the internal 
reference gene.

2.6. Microbial diversity analysis

Microbial community DNA was extracted from the intestinal con
tents of tilapia and assessed for quality and concentration using 1 % 
agarose gel electrophoresis and NanoDrop2000. The 16S rRNA gene V3- 
V4 region was PCR amplified using the 338F and 806R primers, and the 
amplicons were purified and used for sequencing library construction 
with the NEXTFLEX Rapid DNA-Seq Kit. Sequencing was performed on 
the Illumina Nextseq2000 platform. Raw sequencing data were quality 
controlled and merged using fastp and FLASH software, followed by 
DADA2 denoising in Qiime2 to generate amplicon sequence variants 
(ASVs) for species classification. Alpha diversity indices and inter-group 
differences were analyzed using mothur and Wilcoxon test, while mi
crobial community structure differences were assessed via PCoA and 
PERMANOVA. LEfSe was used to identify bacterial taxa with significant 
differential abundance, and Spearman correlation analysis was 
employed to construct species correlation networks.

2.7. Transcriptome analysis

Each group included three biological replicates (n = 3). RNA puri
fication, reverse transcription, library construction and sequencing were 
performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. 
(Shanghai, China) according to the manufacturer’s instructions. RNA 
quality was assessed using NanoDrop (Thermo Fisher Scientific, Amer
ica) and Agilent 5300 (Agilent, America) spectrophotometers. High- 
quality RNA (OD260/280 = 1.8–2.2, RQN > 6.5) meeting the 
required criteria was used for library construction. The tilapia intestinal 
contents RNA-seg transcriptome library was prepared following llu
mina® Stranded mRNA Prep, Ligation (San Diego, CA) using 1 μg of 
total RNA. High-throughput sequencing was performed on the NovaSeq 
XPlus platform.

Raw sequencing data from each group were processed for quality 
control and filtering to obtain clean reads, which were then aligned to 
the reference genome (HiSat2, version 2.2.1). Transcript abundance was 
quantified using RSEM (version 1.2.8), and differentially expressed 
genes (DEGs) were identified using DESeq2, with a threshold of fold 
change ≥ 2 and FDR < 0.05. Gene Ontology (GO) annotation and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis were 
performed using the ClusterProfiler package, with significant GO terms 
and KEGG pathways identified at p-value ≤ 0.05.

2.8. Statistical analyses

All experimental data are presented as the mean ± standard error of 
the mean (SEM), with each experiment repeated at least three times. 
Statistical analysis was performed using SPSS 27 and MATLAB R2023a, 
with data visualization done via R 4.4.1, OriginPro 2023 and Cytoscape 
3.10.3. t-tests and ANOVA were used for statistical assessment, with 
significance levels indicated as *p < 0.05, **p < 0.01, and ***p < 
0.001.

3. Results and discussion

3.1. Intestinal microbial structural changes under nitrite exposure

The intestinal microbiome, as a critical interface between environ
mental stressors and host physiology, exhibited pronounced structural 
and functional alterations following nitrite exposure in tilapia (Oreo
chromis niloticus). 16S rRNA sequencing analysis identified 42 differen
tially abundant ASVs from 406 total ASVs (|Log2FC| > 1, p < 0.05). Rank 

abundance analysis (Fig. S1a), alpha diversity indices (Fig. 1a), and beta 
diversity indices collectively revealed significant restructuring of mi
crobial community (Fig. 1b). LEfSe analysis demonstrated the decrease 
of order level variety after exposure (Fig. 1c), identifying 48 unique 
genera in the NS10 compared with 46 in the CK (Fig. 1d). Integrated 
analysis of the community heatmap and Circos network (Fig. S1c-d) 
revealed distinct divergence in dominant bacterial communities be
tween the NS10 and CK, demonstrating nitrite-induced restructuring of 
core microbiota.

The main components of the intestinal microflora of tilapia were 
Firmicutes, Actinobacteria, Chlamydiae, Fusobacteria and Verrucomicrobia. 
The four dominant microbial genera exhibited restructured intestinal 
microbiota profiles under nitrite exposure (Fig. 1e). NS10 exhibited 
differential microbial abundance compared to CK. Compared with CK, 
Peptostreptococcaceae increased by 6.28 times, Mycobacteria increased by 
1.44 times, Romboutsia decreased by 0.65 times, while Neochlamydia 
decreased significantly by 22.2 times. Specifically, Mycobacterium, 
which is a major pathogen in aquaculture, can cause liver and spleen 
inflammation and damaging phenomena upon infection (Delghandi 
et al., 2020; Talwani et al., 2011). Histopathological analysis of tissue 
sections suggested that the inflammatory infiltrate observed in the liver 
and spleen organs was linked to the pathogenic path caused by Myco
bacterium (Fig. S4a-b). When tilapia was infected with Mycobacterium, 
the area of melanomacrophage centers will increase, causing organ 
damage and even death (Gauthier and Rhodes, 2009; Manrique et al., 
2019). The depletion of Romboutsia, which produces butyrate and has 
anti-inflammatory properties, exacerbated intestinal barrier dysfunc
tion, consistent with findings in zebrafish (López Nadal et al., 2023). 
Notably, Peptostreptococcaceae, which is an opportunistic pathogen, 
formed a stable co-occurrence module with the Clostridiaceae family, 
playing a central role in the intestinal microbiota of cichlid fish and this 
genus was also linked to human intestinal inflammation and rectal 
cancer (Riera and Baldo, 2020). Additionally, Microbacteriaceae and 
Clostridiaceae exhibited significant increases in the NS10. Micro
bacteriaceae, a group of Gram-positive bacteria commonly found in 
aquatic ecosystems and the intestinal tracts of fish, may enhance their 
proliferation under nitrite stress through metabolic pathways that 
convert nitrite into ammonia or other low-toxicity compounds (Shan 
et al., 2024). Meanwhile, nitrite-induced intestinal hypoxia could favor 
the growth of Clostridiaceae, as these obligate anaerobes exhibit a 
competitive edge under oxygen-deprived conditions.

The changes in the composition of intestinal microorganisms indi
cated that exposure to nitrite might have caused immune-mediated in
flammatory response in tilapia. Collectively, nitrite exposure induced 
marked restructuring of the intestinal microbiota in tilapia, which may 
promote adverse outcomes including immune dysregulation, inflam
matory responses, and multi-tissue injury (Barbosa and Rescigno, 2010; 
Clavel and Haller, 2007; Gaudino and Kumar, 2019). To delineate the 
microbiota-host interplay, we performed transcriptomic profiling of the 
microbial community and quantified tissue-specific immune/inflam
matory biomarkers to systematically unravel the intestinal toxicity 
mechanisms in tilapia.

3.2. Transcriptome analysis of tilapia intestinal tissue under nitrite 
exposure

A total of 800 DEGs were identified (|Log2FC| > 1, p < 0.05), 
including 455 upregulated and 345 downregulated genes. Principal 
component analysis (cumulative variance explained 50.12 %) revealed 
significant separation between the NS10 and the CK (Fig. 2a), con
firming biological significance. Notably, transmembrane serine protease 
15 (TMPRSS15) showed the most significant upregulation (Log2FC =
11.16) (Fig. 2b). TMPRSS15 was closely associated with the activation of 
gastrointestinal digestive enzymes and immune regulation, serving as a 
critical molecular target in the study of gastrointestinal physiology and 
pathology (Bildstein et al., 2024; Fraser et al., 2022; Li et al., 2025b). 

T. Wei et al.                                                                                                                                                                                                                                      Aquaculture 609 (2025) 742961 

3 
164



The upregulation of TMPRSS15 indicated impaired intestinal digestion 
and nutrient absorption. The Random Forest algorithm identified 49 key 
genes (29 upregulated; 20 downregulated) (Fig. 2c), with the top-ranked 
genes DLGAP5 (Log2FC = − 1.27) (Pan et al., 2024; Zhou et al., 2024), 
WEE1 (Log2FC = − 1.08) (Guo et al., 2022), and RAG1 (Log2FC = 1.84) 
(Delmonte et al., 2018) linked to immune regulation (Hewit et al., 
2018).

Based on the topological parameters (Degree, Closeness, and 

Betweenness), a protein-protein interaction (PPI) network was con
structed to analyze DEGs (Fig. 2d). The highlighted key hub genes kif11 
(Log2FC = 1.30), ccna2 (Log2FC = 1.19), and cdc6 (Log2FC = 1.36), 
primarily associated with cell cycle regulation and cell division (Calzada 
et al., 2001; Malvezzi et al., 2018; Venere et al., 2015; Xu et al., 2019). 
Functional enrichment analysis revealed significant activation of the 
ubiquitination regulatory system and highlighted α-linolenic acid 
metabolism and DNA mismatch repair as core perturbation pathways 

Fig. 1. Intestinal microbial structural changes under nitrite exposure. 
a. CK and NS10 alpha diversity (Simpson and Shannon indices). b. CK and NS10 beta diversity (PCoA analysis), based on Bray-Curtis distance algorithm. c. LEfSe 
analysis (from outer to inner circles; LDA score threshold >3.34; only clearly classified taxa are shown). d. The Venn diagram of CK and NS10 genera. e. Relative 
abundance of the top 10 bacterial genera from CK and NS10.
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(Fig. 2e-f). Dysregulation of the ubiquitin-proteasome system may lead 
to excessive degradation of repair proteins, thereby exacerbating intes
tinal barrier dysfunction (Chen et al., 2022; Cleynen et al., 2014). 
Ubiquitination played a crucial role in various DNA-driven processes. 
Specific E3 ligases can recognize and ubiquitinate tight junction pro
teins, promoting the degradation by the proteasome. In the DNA damage 
response, ubiquitinated proteins recruited and activated factors 
involved in DNA damage recognition and repair, ensuring the stability of 
cellular genetic information (Li et al., 2025c). Abnormal enrichment of 
the ubiquitin pathway following nitrite exposure, the proteasome trig
gered stress and directly induces apoptosis of epithelial cells, ultimately 
undermined intestinal health.

A more in-depth analysis of the results, using WGCNA co-expression 
network analysis, demonstrated significant negative interactions among 
the Green, Yellow, Blue, and Brown modules (Fig. 2g). Enrichment 
analysis was conducted on each module. The results showed that the 
differentially expressed genes were closely related to the regulation of 
enzyme activity and the maintenance of DNA integrity. Nitrite might 
disrupt the active hubs of key enzymes in the intestine. Impairment of 

enzymatic activity may disrupt oxidative stress regulation and inflam
matory response modulation, thereby compromising immune homeo
stasis maintenance in tilapia. Further integrated analysis was needed to 
investigate the intestinal injury and concomitant microbiome changes in 
tilapia.

3.3. Microbiome and transcriptome synergistic analysis of tilapia 
intestinal tissue under nitrite exposure

To describe the interaction between microorganisms and host gene 
regulation, we identified the top ten hub genes within each co- 
expression module based on topological overlap matrix (TOM) anal
ysis, as well as the TOM of intestinal microbiota and key genes in tilapia 
(Fig. 3a-b). ASV489 (Log2FC = 4.20; Actinobacteriota/ g__unclassi
fied_f__Microbacteriaceae) was identified as a core node in the blue 
module. In addition, epidermal development-related gene evpl and cal
cium ion transport regulator gene sln (kWithin > 0.96) (Huang et al., 
2022; Robinson et al., 2024) also played important roles in this module. 
This module was functionally enriched in peptide transmembrane 

Fig. 2. Transcriptome analysis of tilapia intestinal tissue under nitrite exposure. 
a. PCA of CK and NS10. b. Volcano plot. c. Random forest-based identification of key DEGs. d. PPI network of DEGs. e-f. Functional enrichment of DEGs. The color 
gradient represents the p-value, thus indicating the significance of the KEGG term enrichment, whereas the size of the dots reflects the count of genes associated with 
each term (the Rich Factor). g. WGCNA co-expression network.
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transport and DNA damage repair pathways. ASV313 (Log2FC = 5.43; 
Firmicutes/g__Clostridium_sensu_stricto_13) was selected as a core strain 
through random forest-based multi-omics modeling. At the same time, 
the 51 key genes were involved in redox homeostasis regulation, lipid 
metabolism balance, and programmed cell death. Previous studies have 
shown that Clostridium can regulate the balance of the microbial com
munity, enhance the immune response and produce short-chain fatty 
acids (Meng et al., 2021), thereby promoting the intestinal health of fish 
(Poolsawat et al., 2020). Microbacteriaceae plays a role in assisting the 
host’s immune response (Li et al., 2024). In tilapia, Clostridium may 

enhance intestinal barrier integrity and disease resistance through 
butyrate-mediated anti-inflammatory pathways (Salvi and Cowles, 
2021), while Microbacteriaceae likely contributes to nutrient metabolism 
and pathogen inhibition (Chen et al., 2023), collectively synergizing to 
optimize intestinal homeostasis under environmental stressors. Strain- 
gene interaction network analysis showed that ASV489 exhibited 
stronger correlations with oxidative stress and inflammation response- 
associated genes compared to ASV313. Furthermore, ASV489 exhibi
ted co-expression with genes such as smoc1 (cell adhesion regulation) 
(Awwad et al., 2015; Gao et al., 2019), slc39a8 (zinc transport) (Lin 

Fig. 3. Microbiome and transcriptome synergistic analysis of tilapia intestinal tissue under nitrite exposure 
a. Top ten hub genes within each co-expression module based on TOM analysis. b. Strain-Gene Interaction Network Analysis.
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et al., 2018a), and dpp7 (peptidase activity) (Zhang et al., 2023). The co- 
expression of ASV489 with smoc1 suggested their potential synergistic 
role in modulating the tissue repair microenvironment, while its co- 
expression with slc39a8 may indicate regulation of metal ion homeo
stasis in the local microenvironment, potentially influencing host im
mune cell tolerance to oxidative stress. Furthermore, ASV489- dpp7 co- 
expression could implicate involvement in immune-metabolic axis 
regulation. These co-expression results suggested that this Actinobacteria 
strain may influence host physiological status by modulating epidermal 
barrier function, ion homeostasis, and protein metabolism networks. 
The correlation between ASV489 and epidermal barrier-related genes 
suggested that Actinobacteriota expansion may potentially through mi
crobial metabolite-mediated inhibition of epithelial repair.

3.4. Nitrite exposure-affected physiological functions in liver, spleen, 
brain and gill tissues

Biochemical analysis revealed dose-dependent changes in the activ
ities of superoxide dismutase (SOD), catalase (CAT), and phenol oxidase 
(PO) in liver, spleen, brain, and gill tissues (Fig. S2a-c). NS1 could 
induce a mild upregulation of enzyme activities, while NS10 signifi
cantly enhanced enzyme activity in liver and gill tissues. Thess results 
revealed that high-concentration exposure alleviates oxidative stress by 
activating the antioxidant system (Ilderbayev et al., 2022). RT-qPCR 
analysis (Fig. S2d-i) revealed that NS1 significantly upregulated the 
expression of oxidative gene Cat and various inflammatory (IL-1β, IL-8, 
IL-10) and immune (MyD88, C-TLZ) genes across all tissues. Although 
NS10 sustained elevated expression of inflammatory and immune genes, 
Cat expression was suppressed in the liver and spleen, while it remained 
upregulated in the brain and gill. This biphasic regulation suggested that 
low concentration nitrite activates oxidative defense and immune re
sponses, inducing compensatory protection. However, high nitrite con
centrations induce liver and spleen damage, consistent with 

histopathological alterations observed in our analysis (Fig. S5a-b). 
Specifically, 7 days of nitrite exposure induced dose-dependent histo
pathological damage in tilapia liver and spleen tissues. Liver tissue 
sections (Fig. 4a) showed that CK exhibited intact hepatic sinusoids and 
closely arranged hepatocytes. In the NS1, early oxidative damage was 
observed with widened intercellular spaces and nuclear swelling. In the 
NS10, significant disruption of liver cord structure accompanied by in
flammatory cell infiltration was noted. Spleen damage exhibited a 
concentration-dependent pattern (Fig. 4b). The NS1 showed white pulp 
atrophy and apoptotic body formation, while the NS10 displayed 
abnormal macrophage activation. Nitrite exposure caused injury to the 
tilapia intestinal, which subsequently affected physiological functions in 
liver, spleen, brain and gill tissues. The mechanism of intestinal toxicity 
induced by nitrite and the resulting multi-organ injury deserve further 
exploration and research.

3.5. The multi-organ injury caused by the intestinal toxicity mechanism 
induced by nitrite

Core members of the blue module (ASV489, evpl, sln) demonstrated 
significant correlations with SOD, CAT, and PO activities across multiple 
tilapia tissues (Fig. 5a-b). These results further suggested that nitrite 
may regulate multiorgan enzyme activities through gut microbiota 
modulation, consequently inducing systemic oxidative stress responses. 
Module-biomarker correlation analysis further demonstrated strong 
positive associations between yellow/blue/turquoise modules and liver/ 
brain enzyme activities (Pearson’s r = 0.530–0.776; p < 0.01). The 
above-mentioned modules were mainly enriched with calcium ion ho
meostasis regulation, pH regulation, and anion transmembrane trans
port pathways. These results suggested that intestinal microbial 
imbalance may trigger oxidative damage in the liver and brain tissues by 
disrupting the ionic dynamic balance. Conversely, green and brown 
modules showed negative correlations with liver/brain enzymatic 

Fig. 4. Effects of nitrite exposure on liver and spleen tissues. 
a. H&E-stained liver tissue sections from tilapia, obtained from CK, NS1 and NS10. Green arrows indicate hepatocyte vacuolization, yellow arrows point to cellular 
infiltration zones, black arrows show sinusoids dilation, and blue arrows represent fatty degeneration. b. H&E-stained spleen tissue sections. Green arrows indicate 
fibrotic trabeculae, light green arrows point to macrophage aggregation, red arrows indicate cellular vacuolization, and blue arrows represent congestion of red pulp. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indices (Pearson’s r = − 0.733 ~ − 0.362; p < 0.01). Mechanistically, the 
pivotal regulatory gene e2f2 might attenuate lipid peroxidation through 
coordinated suppression of macrophage pro-inflammatory responses 
coupled with modulation of amino acid metabolic pathways (Timmers 
et al., 2007). The tissue-specific analysis revealed that the enzyme ac
tivities in the spleen and gill tissues exhibited a bidirectional regulatory 
feature with the Yellow/Blue/Turquoise module. The results may be 
related to the tissue-specific distribution of microbial metabolites and 
their interaction with the local microenvironment. The Green and 
Brown modules also exhibited similar regulatory heterogeneity in the 
spleen and gill tissues. These results suggested that the oxidative stress 
effect was finely regulated by organ-specific signaling pathways.

4. Conclusion

This study employed tilapia (Oreochromis niloticus) as a model or
ganism to systematically evaluate nitrite induced intestinal injury 
mechanisms through integrated multi-omics analyses of intestinal 
microbiota dynamics, transcriptomics, and multi-tissue physiological 
assessments. The results showed that nitrite exposure markedly altered 
intestinal microbial diversity. It promoted Mycobacterium proliferation 
while depleting beneficial microbiota like Romboutsia. The TOM iden
tified ASV489(Actinobacteriota/g__unclassified_f__Microbacteriaceae) and 
ASV313(Firmicutes/g__Clostridium_sensu_stricto_13) as keystone micro
biota biomarkers. These microorganisms strongly correlated with key 

Fig. 5. Multi-omics topological overlap matrix (TOM) construction and correlation analysis with biomarks. 
a. Spearman correlations between ASV489, evpl and sln with oxidative stress biomarkers across tissues. b. Modules-biomarkers association analysis.

T. Wei et al.                                                                                                                                                                                                                                      Aquaculture 609 (2025) 742961 

8 
169



dysregulated genes, indicating microbiota-host interplay in nitrite 
toxicity. Transcriptomics revealed nitrite -triggered overactivation of 
ubiquitin-dependent proteolysis and DNA repair pathways. WGCNA 
further linked co-expressed gene modules to enzymatic regulation and 
genome stability. Notably, Actinobacteria-associated ASV489 showed 
close relationship with epidermal barrier disruption, ion imbalance, and 
proteomic dysregulation, suggesting its role in systemic toxicity ampli
fication. The enrichment of Actinobacteria (e.g., ASV489) may activate 
the TLR4/MyD88 pathway through the secretion of lipopolysaccharide 
(LPS), thereby inducing the expression of E3 ligases and accelerating the 
degradation of barrier proteins.

Mechanistically, nitrite exposure not only disrupted intestinal 
microbiota homeostasis in tilapia, but also led to aberrant activation of 
DNA damage repair pathways. These perturbations propagate systemic 
oxidative stress and inflammatory response, culminating in multi-organ 
injury. By integrating multi-omics analyses of intestinal microbiota and 
differentially expressed genes, this study investigated the ecotoxico
logical of nitrite. The identification of microbiota-gene network hubs 
offered novel biomarkers and provided a more comprehensive under
standing of the adverse effects of nitrite on fish health.
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A B S T R A C T

The climatic adaptability and resilience of coral-associated microbiomes are pivotal under the global change. 
However, the environmental responses and acclimation patterns of microbiome within corals from the latest 
clades across multiple spatial scales remain unclear. This study analyzed the community and function charac
teristics of Symbiodiniaceae and bacteria in Lithophyllon scabra (latest-diverging clade of Fungiidae) across lat
itudes, reefs and geomorphological zones in the South China Sea. The results showed that L.scabra acclimated to 
environmental variation at multiple spatial scales by establishing specific symbioses with C27 sub-clade. The 
deterministic assembly of Symbiodiniaceae was associated with nutrient declines at latitudinal scales, while at 
reefal and geomorphological scales, it is driven by climatic factors and their interactions with local effects, 
respectively. However, the stochastic process of Symbiodiniaceae was shaped by symbionts dispersal across 
multiple spatial scales. Notably, environment filtration entirely governed the bacterial assembly process. At 
latitudinal and reefal scales, the environmental effects and responses pattern of bacterial community aligned 
with “Pierre Cardin principle” and “Anna Karenina principle”, respectively. Interestingly, bacterial community 
was enriched with nitrogen-metabolizing taxa and photoautotrophic functions in the lagoon, while exhibiting a 
higher abundance of heterotrophic functions and antibacterial taxa on the reef slope, which suggests that 
changes in nutritional patterns and composition of the bacterial community were crucial for the acclimation of 
L. scabra to distinct geomorphological zones. These results provide novel insights into the environmental in
teractions and adaptive strategies of the microbiome associated with younger clades of coral across multiple 
spatial scales in the context of climate change.

1. Introduction

Coral reefs are one of ecosystems with the most biodiversity and 
symbiotic diversity of in the earth, which are hailed as “tropical rain
forest of the ocean” (Blackall et al., 2015; Galand et al., 2023; Reaka- 
Kudla et al., 1997). However, over the past two decades, coral reefs have 
experienced substantial degradation primarily driven by climate change 
(Spalding and Brown, 2015; Hughes et al., 2017a; Hughes et al., 2018a, 
2018b; Sully et al., 2019; Lin et al., 2023; Voolstra et al., 2025). This has 

resulted in a dramatic global decline in live coral cover, estimated to 
range from 50% to 80% (Silverstein et al., 2015). Between 1977 and 
2001, Caribbean reefs experienced a significant decline in live coral 
cover, dropping from approximately 50% to around 10% (Gardner et al., 
2003; Pittman et al., 2018; Yu, 2012). Similarly, in the Indo-Pacific re
gion, coral cover decreased from 42.5% in the early 1980s to 22.1% by 
2003 (Bruno and Selig, 2007; Tkachenko, 2017). The third global coral 
bleaching event (2014–2017) had profoundly negative impacts on 
biodiversity and ecosystem health of 74% of coral reef in worldwide 
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(Eakin et al., 2019; Hughes et al., 2017b; Hughes et al., 2018a, 2018b; 
Perry and Morgan, 2017). This event resulted in catastrophic die-offs of 
staghorn and tabular corals, transforming the three-dimensional struc
ture and ecological functionality of 29% of the 3,863 reefs in the Great 
Barrier Reef (GBR), and approximately 35% of global reefs experienced 
significant coral mortality (Eakin et al., 2022; Hughes et al., 2018a, 
2018b). The recent study by Reimer et al. (2024) indicates that the 
fourth global coral bleaching event, which began in October 2023, has 
led to extensive coral mortality and reef degradation across multiple 
regions, including Kenya (Watamu), Australia (Capricorn Bunkers in the 
Southern Great Barrier Reef), Panama (Bocas del Toro), and Brazil 
(Costa dos Corais). The interval between global bleaching events, driven 
by extreme climate change, is now less than six years, providing insuf
ficient time for damaged coral reefs to recover to their original state 
(Hughes et al., 2018a, 2018b). Notably, the bleaching susceptibility and 
mortality of coral exhibited spatial heterogeneity. Importantly, coral 
bleaching susceptibility and mortality exhibit significant spatial het
erogeneity. For instance, while northern GBR reefs experienced 
extremely high sea surface temperatures (SST) during the 2016 
bleaching event, some northern reefs displayed significantly lower 
damage levels compared to reefs in the central and southern GBR 
(Hughes et al., 2017b; Stuart-Smith et al., 2018). This spatial variability 
in the decline of live coral cover across the GBR is closely linked to the 
independent or combined effects of climatic, local, and nutrient factors 
(e.g., cyclones, upwelling) across multiple scales (Beger et al., 2014; 
Stuart-Smith et al., 2018; Thirukanthan et al., 2025). It is worth noting 
that the highest level of coral bleaching risk and frequency occur at 
tropical intermediated latitudes regions that spanning 15-20◦ north and 
south latitude based on the field observations of coral bleaching at 3351 
sites in 81 countries from 1998-2017 (Sully et al., 2019). Also, the 
Persian/Arabian Gulf and Coral Triangle are the warmest regions in the 
earth (Hume et al., 2016; Smith et al., 2022; Zhang et al., 2023), yet the 
most abundant coral reefs developed in these region (Veron et al., 2015). 
These findings suggest that coral thermal bleaching susceptibility and 
stress tolerance exhibit spatial heterogeneity and variation across mul
tiple scales. However, while spatial heterogeneity in coral degradation 
and mortality can be partially explained by global and local stressors 
(Veron et al., 2015), the environmental impact on corals and their 
response pattern in multiple spatial scale among latitudes, reefs and 
geomorphological zones remain unclear.

Coral reefs are recognized as hotspots of microbiome diversity in the 
ocean, exhibiting exceptional genetic and symbiotic diversity on Earth 
(Galand et al., 2023). Corals exhibit the biological characteristics of a 
holobiont, consisting of coral hosts and their associated microbiomes, 
including endosymbiotic Symbiodiniaceae, bacteria, fungi, viruses, and 
archaea (Bourne et al., 2016; Osman et al., 2020; Voolstra et al., 2024). 
Studies have shown that coral-associated microbiota play an important 
role in stress adaptability and environment resistance of coral in mul
tiple scales (Gantt et al., 2024; Hernandez-Agreda et al., 2017; Tran, 
2022; van Oppen and Blackall, 2019), thereby significantly shaping the 
coral holobiont’s response to environmental changes (Santoro et al., 
2025). Within the coral holobiont, Symbiodiniaceae and bacterial 
communities exhibit distinct ecological dynamics and functional roles 
due to their non-overlapping ecological niches (Robbins et al., 2019; 
Voolstra et al., 2021). Symbiodiniaceae are widely distributed in the 
open ocean and coral reef regions (Armstrong et al., 2023; Decelle et al., 
2018; Million et al., 2025), exhibiting a high level diversity within coral 
microhabitats and reef niches (Million et al., 2025). Symbiodiniaceae 
and corals share a co-evolutionary history spanning approximately 
140–200 million years, characterized by long-term stable symbiotic re
lationships (Lajeunesse et al., 2018). As the primary photosynthetic 
symbionts, Symbiodiniaceae supply up to 95% of the coral host’s energy 
requirements through photosynthesis (Falkowski et al., 1984; Muscatine 
et al., 1984), which will assist coral to acclimate environmental regimes 
through community shifts or establishment of specific symbioses in 
multiple scales (Grottoli et al., 2014; Voolstra et al., 2021). Shifts in 

Symbiodiniaceae community composition are widely documented 
across extensive spatial and latitudinal gradients. For instance, Pocillo
pora damicornis in Taiwan and New Caledonia is primarily dominated by 
Cladocopium (C1 subclade), whereas in Djibouti and French Polynesia, 
the community shifts to Durusdinium (D1 subclade) dominance (Brener- 
Raffalli et al., 2018). This ecological process is largely driven by long- 
term environmental and geographic factors and has been documented 
across various coral species in the Persian/Arabian Gulf and the South 
China Sea (SCS) along latitudinal gradients (Chen et al., 2019; Chen 
et al., 2020; Hume et al., 2016; Reimer et al., 2017; Ziegler et al., 2017a). 
In addition, certain coral species exhibit higher symbiotic stability and 
rely on specific Symbiodiniaceae subclades to cope with environmental 
and stress-induced changes on a latitudinal scale, such as Porites-C15 
subclade (Chen et al., 2019; Osman et al., 2020; Terraneo et al., 2019), 
Pocillopora meandrina-Cladocopium latusorum (L5) and SSH5_Pver-Cla
docopium goreaui (L1) (Armstrong et al., 2023). In reefs scale, it has been 
found that coral recovery under elevated temperatures was driven by a 
tenfold increase in the relative abundance of Durusdinium within the 
Symbiodiniaceae community. This phenomenon was observed in Kir
itimati, located in the equatorial Pacific Ocean, during the 2015–2016 
heatwave, providing enhanced heat tolerance crucial for the long-term 
persistence of corals (Claar et al., 2020). Also, distinct coral species 
exhibited different environmental response patterns in their Symbiodi
niaceae communities at the reefal scale (Chankong et al., 2020; Lee 
et al., 2022; Pratomo et al., 2022). For instance, the Symbiodiniaceae 
community structures in Diploastrea heliopora exhibited relative stability 
across ten reef sites along the coasts of the Malay Peninsula (Ong et al., 
2022). In contrast, Pachyseris speciosa showed strong associations with 
both Cladocopium and Durusdinium, while Pocillopora acuta and 
D. heliopora were predominantly dominated by Durusdinium, which has 
closely associations with climatic (temperature, salinity) and local 
(calcite centration, cloud fraction, primary productivity and phosphate 
concentration) environment regimes among reefs (Ong et al., 2022). 
However, the restructure and shift of coral-Symbiodiniaceae symbioses 
seems to be unstable, which mediated by repeated coral bleaching and 
can not transfer to filial generation of corals (Boulotte et al., 2016a; 
Quigley et al., 2022). Moreover, climate change also results in sharp 
increase of environmental stress in small spatial scale, which will lead to 
more extreme environment and lower habitat availability in lagoon and 
tidal zone that has higher level of stress than reef slope (Camp et al., 
2017; Hughes et al., 2017b). However, the switching and shuffling of 
dominated Symbiodiniaceae in corals across geomorphological zones 
was rare (Alessi, 2024; Qin et al., 2021). In addition, the evolutionary 
divergence, functional diversity, and symbiotic strategies of Symbiodi
niaceae can influence the environmental tolerance of the coral holobiont 
(Chen et al., 2024; Lajeunesse et al., 2010; Lajeunesse et al., 2018), yet 
these factors have not been sufficiently considered across multiple 
spatial scales. Thus, the contribution of specific symbioses and back
ground symbionts to adaptability and stress response patterns of coral 
holobiont at small-scale still largely unknown.

Bacterial communities play essential roles in the coral holobiont by 
contributing to nutrient metabolism (Kimes et al., 2010; Wegley et al., 
2007; Ainsworth et al., 2015; Hochart et al., 2023), producing antibi
otics (Ritchie, 2006; van Oppen and Blackall, 2019), maintaining metal 
homeostasis (Zhang et al., 2015), and facilitating the remediation of 
organic compounds (Santoro et al., 2025; Zhang et al., 2015). These 
communities exhibit remarkable flexibility in responding to environ
mental stresses and changes across diverse biogeographic scales. In 
latitudinal scales, coral-associated bacteria community responded to 
environment variation and climatic event by increasing abundance of 
potential beneficial bacteria (Chen et al., 2021; Osman et al., 2020), 
altering the core bacterial microbiota (Chen et al., 2021), modulating 
bacterial richness and diversity (Mcdevitt-Irwin et al., 2017; van Oppen 
and Blackall, 2019; Zaneveld et al., 2017). For instance, based on the 
16S rRNA barcoding analysis of 681 coral samples collected from 21 
sites in Australia, the coral-associated bacterial communities exhibited 
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high levels of community dispersion and a notable abundance of envi
ronmental resistance genes (Sessa et al., 2022). Also, the bacteria 
community of Pocillopora exhibited huge diversity and flexibility to 
respond to the environmental and geographic regimes across Indo- 
Pacific regions, which not only regulated by global or local stress 
levels, but also shaped by historical process and habitat heterogeneity 
(Brener-Raffalli et al., 2018; Galand et al., 2023; Osman et al., 2020). 
Pocillopora corals possess the capacity to regulate the relative abundance 
and genetic composition of beneficial Endozoicomonadaceae bacteria, 
enabling them to acclimate to environmental variations across lat
itudinal and longitudinal gradients (Chen et al., 2021; Hochart et al., 
2023). Similar patterns of bacterial community adaptation have been 
observed across reef scales (Qin et al., 2020; Zaneveld et al., 2016; 
Ziegler et al., 2017b; Ziegler et al., 2019), depth gradients (Hernandez- 
Agreda et al., 2016; Qin et al., 2024), geomorphological zones (Lima 
et al., 2020; Qin et al., 2021). However, the assembly process, functions 
change and the independent or combined effects of environmental fac
tors on coral-associated bacteria communities across multiple spatial 
scales remain unclear. This has led to the complexity and instability of 
environmental influence patterns and the response strategies of coral- 
associated bacteria, as observed in previous studies.

The SCS is located northwest of the Coral Triangle region that is the 
diversity center of the world from Indo-Pacific convergence (Veron 
et al., 2015). The degradation trend of coral reefs in the SCS mirrors the 
global pattern observed under climate change, with approximately 
50–70% of coral cover lost since the 1960s (Yu, 2012). Although many 
coral reefs in the northern and central SCS experienced severe thermal 
bleaching and mass mortality during the 2020 marine heatwave event 
(Baum et al., 2023; Feng et al., 2022; Lin et al., 2023; Liu et al., 2021; 
Szereday et al., 2024), the percentage and susceptibility of coral thermal 
bleaching exhibited significant interspecific differences (Chen et al., 
2024; Yu et al., 2021). Notably, members of the Fungiidae family 
exhibited remarkable heat tolerance and bleaching resistance, with an 
exceptionally low 2.0% thermal bleaching rate observed during the 
extreme warming event of 2020 (Chen et al., 2024). Previous studies 
have also shown that Fungiidae can thrive in stressful habitats charac
terized by temperature fluctuations, low light, and high turbidity, 
without experiencing significant mortality (Bongaerts et al., 2012; 
Hoeksema, 1991; Hughes et al., 2017b; Loya and Sakai, 2008; Qin et al., 
2021; Wei et al., 2024), which suggest that Fungiidae employs a 
uniquely ecological strategy to respond and acclimate to diverse envi
ronmental regimes. Lithophyllon scabra is one of the most recently 
diverged species in the family Fungiidae (Wei et al., 2024). In long-term 
warm habitats, it demonstrates a greater capacity for microbiome 
regulation and enhanced community stability within its holobiont 
compared to other members of this family (Wei et al., 2024), which 
implied that L. scabra holobiont may has stronger stress tolerance and 
resistance in the SCS. However, the environmental impact and response 
pattern of L. scabra-associated microbiome across multi-spatial scales 
remain unclear, which impede the spatial evaluation of coral commu
nity evolutionary patterns and their differentiated microbial adaptive 
strategies in the context of climate change. Therefore, the diverse 
environmental conditions and coral habitats types spanning 19 latitudes 
in the SCS create a natural laboratory for investigating the environ
mental impacts and response patterns of the L. scabra-associated 
microbiome across multiple spatial scales (Liao et al., 2021; Wang and 
Li, 2009; Yu, 2012).

This study aimed to investigate, for the first time, the diversity and 
community structure of Symbiodiniaceae and bacterial communities 
associated with L. scabra across four latitudinal regions, eight reefs, and 
two geomorphological zones in the tropical SCS, and it evaluated the 
stability and adaptability of these microbial communities across multi
ple spatial scales. Additionally, the assembly processes of the microbial 
community are analyzed to determine the relative contributions of 
deterministic and stochastic process in shaping the Symbiodiniaceae and 
bacterial communities across different latitudes, reefs, and 

geomorphological zones. Moreover, a correlation analysis between mi
crobial community variation and environmental factors will be con
ducted to elucidate the environmental response patterns of the L. scabra- 
associated microbiome. Variation Partitioning Analysis (VPA) will be 
employed to identify the environmental impact pattern of the Symbio
diniaceae and bacterial communities of L. scabra. Furthermore, com
munity composition analysis and functional traits prediction will be 
used to assess the stress response and acclimation strategies of the mi
crobial community across multiple spatial scales. The findings of this 
study will deepen our understanding of the dynamics and assembly 
processes of coral holobiont microbiomes across diverse habitats and 
environmental regimes. They will also offer valuable insights into the 
unique environmental response patterns of coral-associated micro
biomes at multiple spatial scales, particularly in the context of climate 
change.

2. Materials and methods

2.1. Sample collection and environmental parameter measurements

Using SCUBA diving at a depth range of 2-15 m, a total of 55 samples 
of L.scabra were collected from eight reefs, include Zhaoshu Island (ZS), 
Shiyu (SY), Longdong patch reef (LD), Ganquan Island (GQ), Jinqing 
Island (JQ), Lingyang Reef (LY), Huaguang Reef (HG) and Sanjiao Reef 
(SJ), spanning four latitudinal regions (ZS, Yongle atoll [YL], HG and SJ) 
in the SCS (Fig. 1; Table.1). The morphologically distinct colonies of L. 
scabra were collected at least 10 m apart, and eight sampling sites were 
separated by as much as 5 km, which will avoid duplicate sampling and 
collection of fragments from asexually reproducing colonies. The sam
ples were transferred to the ship and cleaned with artificial sterile 
seawater (salinity: 35‰) to remove the interference from free-living 
Symbiodiniaceae and bacteria in in the seawater. All coral samples 
were transferred to 15 mL cryotubes (Jet Biofil, Guangzhou, China), and 
20% dimethyl sulfoxide (DMSO) buffer or 95% ethanol was added. After 
the above operation, the cryotubes were stored at -20◦C until DNA 
extraction.

In situ coral reef water samples (5L/sample) were collected from 
study sites for environmental parameters determining, and the sea sur
face temperature (SST; ◦C), salinity (PSU), dissolved oxygen (DO; mg/L), 
pH and turbidity (FNU) were test by ProDSS Multiparameter Digital 
Water Quality Mater (YSI, USA) at the same time as that of L. scabra 
samples collection. Consequently, the seawater samples were stored at 
-80◦C for nutrient measured, and SiO3

2- (μmol/L), PO4
3- (μmol/L), NH4

+

(μmol/L), NO2- (μmol/L) and NO3- (μmol/L) were measured using an 
QuAAtro auto-continuous flow analyzer (SEAL, Germany) in the scien
tific expedition vessel.

2.2. Total DNA extraction, PCR amplification and next-generation 
sequencing

Total microbiome DNA of L.scabra was extracted using TIANamp 
Marine Animals DNA Kit (Tiangen, Beijing, China), and extraction 
strategy is performed according to the manufacturer’s instructions. The 
concentration and purity of the microbiome DNA were assessed using a 
NanoDrop 2000 ultraviolet spectrophotometer (Thermo Fisher Scienti
fic, MA, USA), and only high-quality DNA samples were selected as 
templates for PCR amplification. The Symbiodiniaceae rDNA ITS2 gene 
was amplified with ITSintfor2 (5’-GATTGCAGAACTCCGTG-3’) 
(Lajeunesse and Trench, 2000) and ITS2-reverse (5’-GGGATCCA
TATGCTTAAGTTCAGCGGGT-3’) (Coleman et al., 1994). Meanwhile, 
338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGAC
TACHVGGGTWTCTAAT-3’) were used to amplify the highly variable 
V3-V4 region of the 16S rRNA bacterial gene (Mori et al., 2014). PCR 
was performed with ~10ng of DNA, 1.6μL (5μM) prime, 0.4 μL Trans 
Start Fastplu DNA Polymerase, 4μL 5×FastPfu Buffer, 0.2μL BSA, 2μL 
2.5mM dNTPs, and ddH2O at a total volume of 20 μL. PCR amplification 
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was conducted on an ABI GeneAmp® 9700 thermocycle controller with 
the following program: 3min at 95◦C, followed by 35 cycles of 95◦C for 
30 s, 55◦C for 30 s, 72◦C for 45 s, and a final extension at 72◦C for 10 
min. The PCR products were purified using the QIAquick Gel Extraction 
Kit (Qiagen, Hilden, Germany), which were pair-end sequenced on an 
Illumina Miseq platform (Majorbio, Shanghai, China) using 2 × 300 bp 
mode based on standard protocols after entry quality control and 
adapter ligation. The raw read dataset of ITS2 and 16S rRNA amplicons 
have been submitted into the NCBI Sequence Read Archive database 
(Accession Number: PRJNA1063379 and PRJNA1063386).

2.3. Bioinformatics processing and microbial sequences identification

Microbiome sequences were processed based on Quantitative In
sights Into Microbial Ecology 2 (Bokulich et al., 2018). The low-quality 
reads and concatenate the bacterial and Symbiodiniaceae reads have 
been removed using the DADA2 pipeline in R statistical software 
(Callahan et al., 2016), and qualified reads were rarefied to an equal 
sequencing depth. After quality control and filtration, Symbiodiniaceae 
and bacterial reads were clustered into amplicon sequence variant 
(ASVs) using the DADA2 algorithm (Callahan et al., 2016). However, the 
Symbiodiniaceae ITS2 region is a multicopy molecular marker, and 
intragenomic variation as well as pseudogenes can lead to over
estimation of Symbiodiniaceae α and β diversity (Stat et al., 2011; 
Thornhill et al., 2007). Thus, ITS2 read alignment and ASV analyses 
were applied to enhance the reliability of the results regarding Sym
biodiniaceae community dynamics together (Ziegler et al., 2017a, 
2017b; Chen et al., 2019). The quality-filtered ITS2 reads were aligned 
to the local Symbiodiniaceae database using BLASTN (Supplementary 
Material Dataset S1 and Code S1), and the alignment scheme was 
executed following the pipeline detailed in previous studies (Chen et al., 
2019; Chen et al., 2023; Chen et al., 2024). The presence of Symbiodi
niaceae ITS2 reads at a minimum cut-off >5% in at least one sample 
were identified as dominant Symbiodiniaceae sub-clades (Chen et al., 
2019; Chen et al., 2020; Ziegler et al., 2017a; Supplementary Table S1), 
which was applied to Symbiodiniaceae community composition anal
ysis. In addition, the Symbiodiniaceae ASVs was used to evaluate α and β 
diversity of Symbiodiniaceae by reducing the proportion of ITS2 vari
ants rather than relying on the taxonomy (Chen et al., 2024; Wei et al., 
2024). However, not all ASVs that were clustered by ITS2 reads 
belonged to Symbiodiniaceae, because the significance of individual 
base pair differences within the Symbiodiniaceae ITS2 sequence was 
ambiguous (Cunning et al., 2018; Howe-Kerr et al., 2020). Therefore, 
after removing chimeras using DADA2 pipeline, the representative se
quences of ASVs were also aligned with the duplication-free ITS2 
database based on local BLASTN to remove non-Symbiodiniaceae ASVs 
(Supplementary Material Dataset S1 and Code S1; Chen et al., 2019). 

Fig. 1. Overview of the study areas. (a) The dark blue areas represent the distribution of coral reefs in the South China Sea (SCS). The red star marks the sampled 
areas of Lithophyllon scabra. (b) Zhaoshu Island (ZS). (c) Yongle Atoll (YL): Shiyu (SY), Longdong point reef (LD), Ganquan Island (GQ), Jinqing Island (JQ), Lingyang 
Reef (LY); (d) Huaguang Reef (HG); (e) Sanjiao Reef (SJ).

Table 1 
Details of the sampling of Lithophyllon scabra conducted in this study. Nb denotes 
the number of Lithophyllon scabra sampled at each reefs.

Reefs Region Geomorphological 
zones

Longitude Latitude Nb

Zhaoshu 
Island (ZS)

N 
16.9658

E 
112.2755 8

Shiyu (SY)

Yongle 
Atoll

reef slope
N 
16.5466

E 
111.7335 6

Longdong 
patch reef 
(LD)

lagoon
N 
16.5227

E 
111.7508 6

Ganquan 
Island 
(GQ)

reef slope
N 
16.5025

E 
111.5808

8

Jinqing 
Island (JQ) lagoon

N 
16.4703

E 
111.7380 8

Lingyang 
Reef (LY)

lagoon N 
16.4523

E 
111.5977

7

Huaguang 
Reef (HG)

N 
16.2199

E 
111.7755

6

Sanjiao Reef 
(SJ)

N 
10.1746

E 
115.2748 6
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The high-confidence Symbiodiniaceae ASVs were utilized for down
stream analysis. For bacterial ASVs, the classification sklearn (naïve 
Bayes) method based on the SILVA 132 database was used for alignment 
with a confidence threshold of 0.7 (Bokulich et al., 2018; Caporaso et al., 
2010; Yilmaz et al., 2014). The ASVs of the chloroplasts, mitochondria, 
and other nonbacterial cells were removed.

2.4. Statistical analyses of microbial ecological indices

The α diversity (Chao1 richness and Shannon diversity indices) of 
Symbiodiniaceae and bacterial communities in L. scabra was performed 
using the Vegan package in R (Oksanen et al., 2015). Kruskal-Wallis test 
was conducted to assess differences of Symbiodiniaceae and bacterial 
communities α diversity among latitudinal and reefal scales, and 
Student-Newman-Keuls (SNK) test was used for post-hoc multiple 
comparisons of significant result. The Welch t-test was used for com
parisons on Symbiodiniaceae and bacterial communities α diversity 
between geomorphological zones, and the false discovery rate (FDR) 
was used for two-tailed testing. These significance tests were conducted 
using GraphPad Prism 8. Also, the significant differences of Symbiodi
niaceae and bacteria community structure in L. scabra were test by 
permutational multivariate analysis of variance (PERMANOVA) with 
9,999 permutation-based Bary-Curtis dissimilarity matrix. The results of 
PERMANOVA were visualized by the principal coordinate analysis 
(PCoA) based on the Bray-Curtis distance in the Vegan package in R 
(Oksanen et al., 2015). The community assembly process of Symbiodi
niaceae and bacteria in L. scabra among distinct scales were evaluated by 
neutral community model (NCM) using R (Burns et al., 2016), and 
R2>0.5 was as the threshold for assessing better goodness fit. The 
normalized stochasticity ratio (NST) was used to quantify the impor
tance of deterministic and stochastic processes in the assembly of 
Symbiodiniaceae and bacteria communities that has the better goodness 
fit of NCM. The 50% was set as threshold for identifying the predomi
nance of stochastic or deterministic processes (Ning et al., 2019). Ca
nonical correspondence analysis (CCA) and redundancy analysis (RDA) 
were used to establish the relationship among environmental factors, 
multi-scale sampling regions and relative abundance of ASV of Sym
biodiniaceae and bacteria. CCA/RDA were performed in R using the 
Vegan package, and significance levels were based on 1,000 Monte Carlo 
permutations. A VPA was conducted to quantify the contributions of 
climate (SST and salinity), nutrient (SiO3

2-, PO4
3-, NH4

+, NO2- and NO3-) 
and local factors (turbidity, pH, DO) on microbial community structure 
among multi-scale habitats using the varpart function of the Vegan 
package in R (Oksanen et al., 2015). The environmental variables 
redundancy was conducted by varclus in Hmisc R package (Harrell, 
2008), and co-linearity effects have been limited. Moreover, the anno
tation of prokaryotic taxa (FAPROTAX) was used to predict the 
ecological functional profiles of bacterial communities (Louca et al., 
2016), and the top 10 functional profiles in terms of abundance are used 
for subsequent analysis. Wilconxon rank-sum test was applied to 
determine the significant differences of functional profiles of bacterial 
communities between geomorphological zones, and post-hoc test was 
conducted by FDR. Above all, p-values below 0.05 was considered 
indicative of significant differences for all statistical test.

3. Results

3.1. Diversity and community structure of Symbiodiniaceae in multiple 
spatial-scale

For the Symbiodiniaceae ITS2 reads analysis, Cladocopium, Dur
usdinium, and Gerakladium were identified in L. scabra from the SCS after 
quality control. At the sub-clade level, 177 Symbiodiniaceae sub-clades 
were aligned, belonging to Cladocopium (n = 162), Durusdinium (n =
13), Fugacium (n = 1), and Gerakladium (n = 1). The results of the 
Symbiodiniaceae ASV analyses showed that 626 valid Symbiodiniaceae 

ASVs from L. scabra were obtained after subsampling (n = 22,289; 
Supplementary Table S2) and filtering, which were then used for α di
versity analyses of Symbiodiniaceae (Chao richness and Shannon di
versity indices). However, no significant differences were observed in 
the Chao richness index of the Symbiodiniaceae community in L. scabra 
across latitudes (Kruskal-Wallis H test, p = 0.1172 > 0.05; Fig. 2a), reefs 
(Kruskal-Wallis H test, p = 0.1616 > 0.05; Fig. 2b), or geomorphological 
zones (Welch’s t-test, p = 0.1709 > 0.05; Fig. 2c). It is also noteworthy 
that the Shannon diversity index of the Symbiodiniaceae community in 
L. scabra exhibited the same pattern, with no significant differences 
across latitudes (Kruskal-Wallis H test, p = 0.1463 > 0.05; Fig. 2d), reefs 
(Kruskal-Wallis H test, p = 0.071 > 0.05; Fig. 2e), or geomorphological 
zones (Welch’s t-test, p = 0.1150 > 0.05; Fig. 2f).

For Symbiodiniaceae community composition, L. scabra in the SCS 
was dominated by Cladocopium (88.97%) and Durusdinium (10.88%). 
Gerakladium was rare in the L. scabra holobionts, with a relative 
abundance of 0.15%. In addition, eight predominant Symbiodiniaceae 
sub-clades were identified in L. scabra from the SCS (relative abundance 
> 5% in at least one sample; Supplementary Table S1), all belonging to 
Cladocopium (C27, C1, Cspc, C3d, C1ca, C1# and C93) and Durusdinium 
(D1; Fig. 3). The C27 sub-clade dominated the Symbiodiniaceae com
munities across latitudes (relative abundance: 67.61±8.32%; Fig. 3a), 
reefs (relative abundance: 59.73±15.50%; Fig. 3b), and geomorpho
logical zones (relative abundance: 60.63±4.33%; Fig. 3c), showing 
strong, stable symbiosis with L. scabra in the SCS. The C1 sub-clade was 
the subdominant Symbiodiniaceae sub-clade in L. scabra across lat
itudinal (relative abundance: 12.56±8.81%; Fig. 3a), reef (relative 
abundance: 21.22±14.61%; Fig. 3b), and geomorphological zone scales 
(relative abundance: 20.24±4.22%; Fig. 3c). Notably, the heat-tolerant 
D1 sub-clade also appeared in the Symbiodiniaceae community 
composition across different habitat scales (latitudes: 0.56±0.62%; 
reefs: 1.15±1.48%; geomorphological zones: 1.31±1.59%; Fig. 3).

Nevertheless, the results of PCoA and PERMANOVA showed no sig
nificant differences in the Symbiodiniaceae community structure of 
L. scabra across latitudes (PERMANOVA, F = 1.461, R2 = 0.0792, p =
0.1999 > 0.05; Fig. 3d), reefs (PERMANOVA, F = 1.940, R2 = 0.2055, p 
= 0.0992 > 0.05; Fig. 3e), or geomorphological zones (PERMANOVA, F 
= 0.799, R2 = 0.0237, p = 0.3829 > 0.05; Fig. 3f). Therefore, the α 
diversity and community structure of the Symbiodiniaceae communities 
of L. scabra exhibited homogenization characteristics across multiple 
spatial scales in the SCS.

3.2. Diversity and community structure of bacteria in multiple spatial- 
scale

After quality control of the 16S rRNA reads and subsampling (n = 19, 
209), 7,528 valid bacterial ASVs were obtained. A total of 43 phyla, 107 
classes, 270 orders, 466 families, 969 genera, and 1,715 species were 
identified in the bacterial communities of L. scabra in the SCS (Supple
mentary Table S3). The results of α diversity analyses showed significant 
differences in the Chao richness index of the bacterial community of 
L. scabra across latitudes (Kruskal-Wallis H test, p = 0.0117 < 0.05; 
Fig. 4a), reefs (Kruskal-Wallis H test, p = 0.0001 < 0.05; Fig. 4b), and 
geomorphological zones (Welch’s t-test, p = 0.0175 < 0.05; Fig. 4c). The 
patterns of the Shannon diversity index were consistent with those of the 
Chao richness index, with significant differences also observed across 
latitudes (Kruskal-Wallis H test, p = 0.0201 < 0.05; Fig. 4d), reefs 
(Kruskal-Wallis H test, p = 0.0085 > 0.05; Fig. 4e), and geomorpho
logical zones (Welch’s t-test, p = 0.0421 < 0.05; Fig. 4f). At the lat
itudinal scale, the Chao richness index of the bacterial community of 
L. scabra in HG was significantly higher than in ZS (Fig. 4a), and the 
Shannon diversity index of the bacterial community of L. scabra in HG 
was also lower than in ZS and YL (Fig. 4d). At the reefal scale, the Chao 
richness and Shannon diversity indices of the bacterial community in GQ 
were significantly lower than those in other reefs (SY, LD, and JQ) 
except LY (Fig. 4c and d). At the geomorphological zone scale, the 
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changes in the Chao richness index of coral-associated bacterial com
munities were consistent with those of the Shannon diversity index, and 
the α diversity of the bacterial community of L. scabra in the lagoon was 
significantly higher than in the reef slope (Fig. 4e and f).

At the class level, the bacterial community of L. scabra across all 
latitudes in the SCS was dominated by α-proteobacteria (52.48 
±20.18%), γ-proteobacteria (37.66±23.49%), Bacilli (3.94±5.92%), 
and Bacteroidia (1.94±0.86%; Fig. 5a). At the genus level, 24 genera 
had relative abundances greater than 1% (Fig. 5b). At the latitudinal 
scale, it is worth noting that Terasakiellaceae dominated the L. scabra 
associated-bacterial community at different latitudes (ZS, 40.33%; YL, 
26.66%; HG, 75.15%; SJ, 40.30%). Vibrio exhibited the highest relative 
abundance in the bacterial community of L. scabra in ZS (24.36%) 
compared to other latitudinal regions (YL: 6.07%; HG: 0.00%; SJ: 
7.10%; Fig. 5b), while the BD1-7 clade also showed a high relative 
abundance in L. scabra in SJ (8.27%; Fig. 5b). Additionally, Pseu
doalteromonas (20.79%) and Shewanella (9.07%) dominated the bacte
rial community of L. scabra at YL (Fig. 5b). The results of PERMANOVA 
and PCoA showed significant differences in the bacterial community 
structure of L. scabra across latitudes (PERMANOVA, F = 3.970, R2 =

0.1894; p = 0.0001 < 0.05; Fig. 5c). At the reef scale, α-proteobacteria 
(34.52±24.75%), γ-proteobacteria (55.43±29.70%), Bacteroidia (2.88 
±1.74%), and Bacilli (2.05±2.58%) also dominated the bacterial com
munities of L. scabra in SY, LD, GQ, JQ, and LY (Fig. 5d). Notably, at the 
genus level, the bacterial community of L. scabra from LD had a higher 
abundance of Shewanella (52.80%), whereas the GQ community was 
dominated by Pseudoalteromonas (78.58%; Fig. 5e). Furthermore, there 
were significant differences in the bacterial community of L. scabra 
among reefs (PERMANOVA, F = 10.217, R2 = 0.5767; p = 0.0001 <
0.05; Fig. 5f). Interestingly, the relative abundance of predominant 
bacterial classes and genera in L. scabra was distinct between the lagoon 

and reef slope (Fig. 6). The γ-proteobacteria had a high relative abun
dance in the bacterial community of L. scabra from the reef slope 
(77.64%), while α-proteobacteria (47.70%) dominated those from the 
lagoon (Fig. 6a). At the genus level, 14 bacterial genera were identified 
as predominant taxa, including Pseudoalteromonas, unclassified Ter
asakiellaceae, Shewanella, Vibrio, Dyella, Cobetia, Alteromonas, Hal
omonas, unclassified α-proteobacteria, unclassified γ-proteobacteria, 
unclassified Thalassobaculales, Photobacterium, BD1-7 clade, and un
classified Rhodobacteraceae (Fig. 6b). The results of PCoA and PER
MANOVA found a significant difference in the bacterial community 
structure of L. scabra between the lagoon and reef slope (PERMANOVA, 
F = 7.979, R2 = 0.1947, p = 0.0001 < 0.05; Fig. 6c). Additionally, some 
bacterial genera of L. scabra showed significantly distinct enrichment 
between the lagoon and reef slope (Fig. 6d). The bacterial community of 
L. scabra in the lagoon had a higher abundance of Terasakiellaceae 
(lagoon: 35.92%; reef slope: 12.79%; Welch’s t-test, p = 0.0036 < 0.01) 
and Shewanella (lagoon: 15.11%; reef slope: 0.02%; p = 0.0417 < 0.05) 
than in the reef slope. In contrast, Vibrio (lagoon: 2.49%; reef slope: 
11.42%; Welch’s t-test, p = 0.0221 < 0.01) and Pseudoalteromonas 
(lagoon: 2.34%; reef slope: 48.48%; Welch’s t-test, p < 0.0001) were 
more enriched in the bacterial community of L. scabra in the reef slope 
than in the lagoon.

3.3. Community assembly of Symbiodiniaceae and bacteria in multiple 
spatial-scale

The results of the NCM showed that the Symbiodiniaceae commu
nities across latitudes (R2 = 0.6685), reefs (R2 = 0.6580), and 
geomorphological zones (lagoon: R2 = 0.5356; reef slope: R2 = 0.6211) 
were better fitted to an NCM (Fig. 7a-d). The migration rate of the 
Symbiodiniaceae community in the reef slope (m = 0.0026; Fig. 7c) was 

Fig. 2. The α diversity of Symbiodiniaceae communities of Lithophyllon scabra at ASV level at multiple spatial scales in the South China Sea (SCS). (a-c) Chao richness 
index of Symbiodiniaceae communities in L. scabra across latitudes, reefs and geomorphological zones in the SCS; (d-f) Shannon diversity index of Symbiodiniaceaea 
communities in L. scabra among latitudes, reefs and geomorphological zones in the SCS.
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greater than that in the lagoon (Fig. 7d), which was also higher than that 
in the latitudinal and reef scales. However, the migration rate of the 
Symbiodiniaceae community of L. scabra was relatively low across all 
spatial scales, indicating that the Symbiodiniaceae communities were 
influenced by restricted dispersal. The NST analysis suggested that the 
community assembly of Symbiodiniaceae in L. scabra was mainly 
dominated by deterministic processes at the latitudinal scale, with the 
NST of the Symbiodiniaceae community in SJ (5.3±0.9%) being 
significantly lower than that in other islands or reefs at higher latitudes 
(ZS: 36.7±22.1%; YL: 51.8±7.9%; HG: 31.7±14.4%; FDR, p < 0.001). 
Additionally, the community assembly process of Symbiodiniaceae in 
L. scabra showed heterogeneity at the reef scale. It was dominated by 
stochastic processes in GQ (80.6±15.3%) and SY (58.7±22.9%), while 
the deterministic process contributed more to the assembly of Symbio
diniaceae communities in LD (10.3±4.2%), JQ (27.1±8.0%), and LY 
(37.9±20.7%; FDR, p < 0.001). It is worth noting that the NST value of 
Symbiodiniaceae community assembly in the reef slope was signifi
cantly higher than that in the lagoon (FDR, p < 0.001). Stochastic 
processes dominated the assembly of the Symbiodiniaceae community 
in the reef slope (71.1±15.8%), while deterministic processes domi
nated in the lagoon (29.9±6.0%).

In addition, the bacterial community assembly pattern of L. scabra 
did not fit the NCM across all spatial scales, as the goodness-of-fit values 
for the bacterial community were less than 50% (latitudinal scale: 
0.0689; reefal scale: 0.2019; lagoon: 0.0822; reef slope: 0.4860; Fig. 7e- 
f). Therefore, the bacterial community assembly of L. scabra was almost 

completely controlled by deterministic processes across latitudes, reefs, 
and geomorphological zones, which differs from the Symbiodiniaceae 
community assembly process.

3.4. Effects of environmental factors on the microbial communities in 
multi-scale environment

In the latitudinal scale, the Symbiodiniaceae community of L. scabra 
in ZS, HG, and SJ was influenced by environmental factors (Fig. 8a). The 
relative abundance of Symbiodiniaceae ASVs in ZS, with higher lati
tudes, was positively correlated with higher levels of NH4

+, SiO3
2-, and 

pH, but negatively correlated with salinity. However, the relative 
abundance of Symbiodiniaceae ASVs in SJ, with lower latitudes, showed 
a positive correlation with salinity and a negative correlation with 
higher levels of NH4

+, SiO3
2-, and pH. The relative abundance of Sym

biodiniaceae ASVs in HG, at intermediate latitudes, was primarily 
positively correlated with higher temperature and turbidity, but nega
tively correlated with lower DO. For the bacterial community of 
L. scabra, the relative abundance of bacterial ASVs in ZS, HG, and SJ was 
also positively correlated with higher levels of SiO3

2-, turbidity, and pH, 
and negatively correlated with salinity (Fig. 8b). It is worth noting that 
the correlations between the community structure of Symbiodiniaceae 
and bacteria and environmental factors were weak in YL. VPA was used 
to further assess the contribution of climate (SST and salinity), local 
factors (turbidity, pH, DO), and nutrients (SiO3

2-, PO4
3-, NH4

+, NO2
- , and 

NO3
- ) to the Symbiodiniaceae and bacterial community structures 

Fig. 3. Symbiodiniaceae community composition and structure of Lithophyllon scabra at multiple spatial scales of the South China Sea (SCS). (a-c) Community 
composition of Symbiodiniaceae in L. scabra at the sub-clade level across latitudinal, reef, and geomorphological zone scales in the SCS. (d-f) Principal Coordinates 
Analysis (PCoA) of Bray-Curtis distances for ASVs of L. scabra across latitudinal, reef, and geomorphological zones in the SCS. Ellipses represent significant differences 
in Symbiodiniaceae community structure of L. scabra across multiple spatial scales, as determined by Permutational Multivariate Analysis of Vari
ance (PERMANOVA).
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(Fig. 8a-b). The independent effect of nutrient factors contributed the 
highest percentage of variation (14.56%) to the Symbiodiniaceae com
munity structure of L. scabra across latitudes (Fig. 8a), and the bacterial 
community variation of L. scabra was also shaped by the independent 
effects of climate (14.62%), local factors (15.42%), and nutrients 
(8.98%; Fig. 8b).

At the reef scale, the Symbiodiniaceae and bacterial communities of 
L. scabra were primarily influenced by temperature, DO, pH, and 
salinity, which are climate and local factors (Fig. 8c-d). The relative 
abundance of Symbiodiniaceae ASVs in JQ was mainly positively 
correlated with high salinity, but negatively correlated with tempera
ture (Fig. 8c). Meanwhile, the Symbiodiniaceae community in LD and SY 
was positively correlated with low DO and pH. In addition, the relative 
abundance of bacterial ASVs of L. scabra in GQ and LD was positively 
correlated with temperature (Fig. 8d). However, the bacterial commu
nity in GQ showed negative associations with salinity, pH, and DO, 
while those in LD were positively correlated with these environmental 
factors. Moreover, the results of VPA suggest that the independent effect 
of climate contributed the highest level of variation in the Symbiodi
niaceae community of L. scabra at the reef scale, explaining 14.52% of 
the community shift (Fig. 8c). Although the combined effect of climate 
and local factors explained 16.03% of the bacterial community variation 
of L. scabra at the reef scale, the independent effects of climate and local 
factors contributed 19.46% and 19.47% to bacterial community 
changes, respectively (Fig. 8d).

At the geomorphological scale, the results of the Mantel test showed 
no significant associations between environmental factors and the 
Symbiodiniaceae community (Fig. 8e). The Symbiodiniaceae commu
nities in the lagoon had a weak positive association with climatic 
(temperature: Mantel’r = 0.0397, p = 0.239 > 0.05; salinity: Mantel’r =
0.0400, p = 0.223 < 0.05) and local factors (pH: Mantel’r = 0.0967, p =

0.094 > 0.05; DO: Mantel’r = 0.0598, p = 0.162 > 0.05), while the 
communities in the reef slope showed a weak negative correlation with 
climatic (temperature: Mantel’r = -0.0386, p = 0.570 > 0.05; salinity: 
Mantel’r = -0.0385, p = 0.564 > 0.05) and local factors (pH: Mantel’r =
-0.0387, p = 0.489 > 0.05; DO: Mantel’r = -0.0405, p = 0.577 > 0.05). 
However, these potential correlations were not significant. The results of 
AVD analysis also showed that the variation and stability of the Sym
biodiniaceae community of L. scabra in the lagoon (AVD: 0.540) were 
similar to those in the reef slope (AVD: 0.542; Fig. 8e). However, the 
bacterial community of L. scabra showed a significantly positive corre
lation with climatic (temperature: Mantel’r = 0.4565, p = 0.002 < 0.05; 
salinity: Mantel’r = 0.5514, p = 0.001 < 0.05) and local factors (pH: 
Mantel’r = 0.2720, p = 0.009 < 0.05; DO: Mantel’r = 0.2180, p = 0.011 
< 0.05) in the lagoon (Fig. 8f). It is worth noting that the bacterial 
communities of L. scabra also had a significantly positive association 
with climatic (temperature: Mantel’r = 0.7693, p = 0.001 < 0.05; 
salinity: Mantel’r = 0.7655, p = 0.002 < 0.05) and local factors (pH: 
Mantel’r = 0.7470, p = 0.001 < 0.05; DO: Mantel’r = 0.2180, p = 0.011 
< 0.05) in the reef slope. The AVD value of the bacterial community of 
L. scabra in the reef slope (AVD: 0.585) was higher than that in the 
lagoon (AVD: 0.491; Fig. 8f).

3.5. Functional profile prediction of bacterial communities in multiple 
spatial-scale

The results of the FAPROTAX analysis showed that the top 10 
functional profiles in terms of abundance are associated with the 
nutrient pattern and nitrogen metabolism of the bacterial community in 
L. scabra (Fig. 9a). However, there were no significant differences or 
variations in the functional profiles of the bacterial community of 
L. scabra among latitudes (Kruskal-Wallis H test, p > 0.05). It is worth 

Fig. 4. The α diversity of bacterial communities of Lithophyllon scabra at ASV level at multiple spatial scales in the South China Sea (SCS). (a-c) Chao richness index of 
bacterial communities in L. scabra across latitudes, reefs, and geomorphological zones in the SCS; (d-f) Shannon diversity index of bacterial communities in L. scabra 
among latitudes, reefs and geomorphological zones in the SCS.
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noting that there were significant differences in the potential ecological 
functions of the bacterial community of L. scabra within YL among reefs 
(Fig. 9b). The relative abundance of chemoheterotrophy (Kruskal-Wallis 
H test, p < 0.001) and aerobic chemoheterotrophy (Kruskal-Wallis H 
test, p < 0.001) in the bacterial community of L. scabra in GQ was higher 
than in the other reefs, while phototrophy (Kruskal-Wallis H test, p <
0.001), photoautotrophy (Kruskal-Wallis H test, p < 0.001), anoxygenic 
photoautotrophy (Kruskal-Wallis H test, p = 0.002 < 0.05), anoxygenic 
photoautotrophy S oxidizing (Kruskal-Wallis H test, p = 0.039 < 0.05), 
cyanobacteria (Kruskal-Wallis H test, p = 0.003 < 0.05), and oxygenic 
photoautotrophy (Kruskal-Wallis H test, p = 0.003 < 0.05) in the bac
terial community of L. scabra from LY had higher relative abundance. In 
addition, the nitrogen metabolism (Kruskal-Wallis H test, p < 0.001) and 
nitrate respiration (Kruskal-Wallis H test, p < 0.001) of the bacterial 
community of L. scabra in LD were stronger than in SY, GQ, JQ, and LY. 
Therefore, the nutrient pattern and nitrogen metabolism of the bacterial 
community in L. scabra exhibited spatial heterogeneity at the reef scale.

Interestingly, the relative abundance of functional profiles related to 
chemoheterotrophy (FDR, p = 0.002 < 0.05) and aerobic chemo
heterotrophy (FDR, p = 0.001 < 0.05) showed an enrichment pattern in 
the L. scabra-associated bacterial community in the reef slope, which 
was significantly higher than in the lagoon at the geomorphological 
scale (Fig. 9c). However, the relative abundance of phototrophy (Wil
coxon rank-sum test, p = 0.004 < 0.05), photoautotrophy (Wilcoxon 
rank-sum test, p = 0.006 < 0.05), anoxygenic photoautotrophy 

(Wilcoxon rank-sum test, p = 0.005 < 0.05), anoxygenic photoauto
trophy S oxidizing (Wilcoxon rank-sum test, p = 0.019 < 0.05), cya
nobacteria (Wilcoxon rank-sum test, p = 0.021 < 0.05), and oxygenic 
photoautotrophy (Wilcoxon rank-sum test, p = 0.0208 < 0.05) in the 
bacterial community of L. scabra in the lagoon were significantly higher 
than those in the reef slope. Therefore, there were clear differences in 
the nutrient patterns of the bacterial community of L. scabra between the 
reef slope and lagoon. The nutrient pattern of the bacterial community 
of L. scabra in the reef slope was dominated by chemoheterotrophy, 
whereas the bacterial community of L. scabra in the lagoon was 
controlled by photoautotrophy. Additionally, the relative abundance of 
nitrogen metabolism (Wilcoxon rank-sum test, p < 0.01) and nitrate 
respiration (Wilcoxon rank-sum test, p < 0.01) functional profiles in the 
bacterial community of L. scabra in the lagoon was significantly higher 
than in the reef slope.

4. Discussion

4.1. Multi-scale environmental response pattern of L. cabra-associated 
Symbiodiniaceae was regulated by specific symbiosis

The results of the α diversity indices showed no significant differ
ences in Chao richness and Shannon diversity in the Symbiodiniaceae 
communities of L. scabra across latitudes, reefs, and geomorphological 
zones (Fig. 2a-c). Additionally, the community structure of 

Fig. 5. The bacterial community composition and structure of Lithophyllon scabra at latitudinal and reefal scales in the South China Sea (SCS). The bacterial 
community composition associated with L. scabra at (a) the class and (b) genus levels at latitudinal scales in the SCS. (c) Principal Coordinates Analysis (PCoA) of 
Bray-Curtis distances of bacterial ASV composition in L. scabra at latitudinal scales. Ellipses represent significant differences in bacterial ASV communities among 
Zhaoshu Island (ZS), Yongle Atoll (YL), Huaguang Reef (HG), and Sanjiao Reef (SJ), as determined by Permutational Multivariate Analysis of Variance (PERMA
NOVA). (d-e) Bacterial community composition at (d) the class and (e) genus levels of L. scabra at reefal scales in the SCS. (f) PCoA of Bray-Curtis distances of 
bacterial ASV communities in L. scabra across five reefs in the SCS. Ellipses denote significant differences in bacterial ASV communities among Shiyu (SY), Longdong 
Point Reef (LD), Ganquan Island (GQ), Jinqing Island (JQ), and Lingyang Reef (LY), based on PERMANOVA.
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Symbiodiniaceae in L. scabra exhibited no significant variation across 
multiple spatial scales (Fig. 3d-f). However, the Symbiodiniaceae com
munities in L. scabra were predominantly dominated by the C27 sub- 
clade across distinct latitudes, reefs, and geomorphological zones. This 
finding suggests that the L. scabra holobiont responds to multi-scale 
environmental variation by establishing a specific symbiosis with the 
C27 sub-clade, which does not rely on shifts in the overall Symbiodi
niaceae community composition. Previous studies have recognized 
shifts in Symbiodiniaceae communities, including shuffling and 
switching, as essential adaptive strategies that enable corals to respond 
to climate and environmental changes across spatial scales, thereby 
enhancing their stress tolerance and resilience. (Apprill and Gates, 2007; 
Berkelmans and van Oppen, 2006; Cunning et al., 2015; Ladner et al., 
2012; Quigley et al., 2022). For instance, in the northern Red Sea, the 
Symbiodiniaceae community of Pocillopora damicornis shifted from 
being dominated by the A1, A1c, and C1h sub-clades in high latitudes to 
being dominated by the A1 variant in intermediate latitudes, a pattern 
closely linked to thermal response and acclimation in latitudinal gra
dients (Osman et al., 2020). A comparable shift in symbiont composition 
has been documented in the SCS, where coral communities and reef 
assemblages at higher latitudes are predominantly associated with the 
C1 subclade. In contrast, reefs at intermediate and lower latitudes 
exhibit an increased relative abundance of stress-tolerant symbiont 

types (e.g., C15, D1, and C3u), likely reflecting coral adaptive responses 
to environmental variability (Chen et al., 2019; Chen et al., 2021). In 
addition, in the Andaman Sea and Zanzibar in the Indian Ocean, the 
Symbiodiniaceae communities of seven coral genera with horizontal 
transmission of symbionts shifted from being dominated by C3u in 
offshore regions to D1-4 inshore, where higher turbidity is found 
(Lajeunesse et al., 2010). However, the reconstruction and shift of 
Symbiodiniaceae community composition in coral holobionts seem 
opportunistic and unreliable across multiple spatial scales. Symbiont 
switching in coral holobionts has been shown to be limited by Sym
biodiniaceae transmission patterns and repeated bleaching events 
(Boulotte et al., 2016). Evidence from 1,643 symbiont communities of 
corals across approximately 900 kilometers of the GBR indicates that 
although Symbiodiniaceae community turnover and redistribution 
occurred after the 2016 mass bleaching event, the increase in diversity 
and abundance of heat-tolerant symbionts was only observed in certain 
environments and coral species across latitudinal scales (Quigley et al., 
2022). Moreover, the inheritance of changed Symbiodiniaceae com
munity composition in corals is rare (Quigley et al., 2018; Voolstra et al., 
2021), occurring only in cases of strong specificity (Howells et al., 2020; 
Hume et al., 2020; Lajeunesse et al., 2018). Thus, while shifts in Sym
biodiniaceae community composition may enhance the environmental 
resilience and acclimation capacity of the parental coral generation, this 

Fig. 6. The bacterial community composition, structure and enrichment characteristics of Lithophyllon scabra between geomorphological zones in the South China 
Sea. The bacterial community composition associated with L. scabra at (a) the class and (b) genus levels between reef slope and lagoon in the SCS. (c) Principal 
Coordinates Analysis (PCoA) of Bray-Curtis distances of bacterial ASV communities in L. scabra between reef slope and lagoon in the SCS. (d) Enrichment char
acteristics of bacterial genera between reef slope and lagoon in the SCS.
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strategy remains limited in ensuring the long-term adaptive potential of 
their offspring. However, for L. scabra, establishing a specific symbiosis 
with the stress-tolerant C27 sub-clade could be an effective and stable 
strategy for responding to multi-scale environmental changes, avoiding 
the negative consequences of non-heritable shifts in Symbiodiniaceae 
communities. It has been shown that L. scabra diverged relatively 
recently in the Fungiidae family (81.73 Ma; Wei et al., 2024), and its 
close relatives have maintained stable, specific symbioses with the C27 
sub-clade across various habitats with distinct environmental stresses (e. 
g., long-term high temperatures and high coral bleaching risk; Chen 
et al., 2024; Wei et al., 2024). Qin et al. (2021) also reported a strongly 
stable, specific symbiosis between a close relative of L. scabra and the 
C27 sub-clade across reef slopes and lagoons in the Panshiyu of the Xisha 
Islands, following the global coral bleaching event. Notably, the C27 
sub-clade is closely related to the C3 sub-clade, which is a living ancestor 
of Cladocopium and exhibits greater adaptability to high SST, photo
synthetically active radiation (PAR), and salinity (Chen et al., 2019; 
Lajeunesse, 2005). Therefore, the specific symbiosis between L. scabra 
and the C27 sub-clade represents an ecologically robust strategy for 
responding to multi-scale environmental stress in the context of climate 
change. This pattern has also been observed in other coral species, such 
as Galaxea fascicularis with Durusdinium trenchii (Chen et al., 2020), 
Porites with the C15 sub-clade (Chen et al., 2019; Chen et al., 2021; 
Lajeunesse et al., 2010; Osman et al., 2020), and Stylophora with the A1 
sub-clade (Ziegler et al., 2017a), all of which exhibit lower bleaching 
susceptibility than other coral species.

Accordingly, L. scabra responds to multi-scale environmental stress 
by establishing a specific symbiosis with the potentially stress-tolerant 
C27 sub-clade, which represents a potentially useful and stable strat
egy for coral holobionts to adapt to climate change. Future research 
should focus on the distribution and abundance of the C27 sub-clade at 
the micro scale within individual coral holobionts, as these factors likely 
play a crucial role in shaping the ecological adaptability and resilience of 
coral-Symbiodiniaceae symbioses (Turnham et al., 2025; van Oppen and 
Raina, 2023). In addition, employing higher-resolution markers such as 

the chloroplast psbAncr or flanking sequences of microsatellite loci to 
resolve the roles of different Symbiodiniaceae species and genotypes 
within the C27 sub-clade in shaping coral-Symbiodiniaceae specificity 
and their multi-scale environmental response patterns would offer 
valuable insights into information of symbionts community variation 
and ecological process at micro scale within the coral holobiont (Hume 
et al., 2015; Hume et al., 2016; Reimer et al., 2017).

4.2. Symbiodiniaceae dynamic in L. cabra was driven by rare taxa, 
environment variation and dispersal capacity

There was a stable, specific symbiosis between L. cabra and the C27 
sub-clade, but the results of community assembly were also influenced 
by both deterministic and stochastic processes (Fig. 7a-d). RDA and VPA 
indicated that the dynamics of the Symbiodiniaceae community were 
shaped by multiple environmental factors across latitudes, reefs, and 
geomorphological zones (Fig. 8a, c, e). These findings suggest that the 
variation in the Symbiodiniaceae community of L. cabra was primarily 
driven by sub-dominant Symbiodiniaceae sub-clades and a rare symbi
ont biosphere. It has been shown that these background symbionts play 
an important role in maintaining the stability of the Symbiodiniaceae 
community structure and in enhancing the resilience of coral- 
Symbiodiniaceae symbiosis (Boulotte et al., 2016; Lee et al., 2016; 
Wei et al., 2024; Ziegler et al., 2018). At low latitudes (SJ), the deter
ministic processes shaping the Symbiodiniaceae communities of L. cabra 
were more pronounced than those observed at intermediate latitudes 
within the SCS (Fig. 7a). This may be primarily driven by a decrease in 
nutrient concentration, particularly NH4+. The independent effect of 
nutrients contributed the most to the variation in the Symbiodiniaceae 
community across latitudes (Fig. 8a). While high sea surface tempera
ture (SST) and salinity are crucial in shaping coral-Symbiodiniaceae 
symbiosis at low latitudes (Chen et al., 2021; Claar et al., 2020; Hume 
et al., 2016), background symbiont communities in corals are also 
associated with low nutrient concentrations (Morris et al., 2019). Warm, 
eutrophic conditions promote Symbiodiniaceae to sequester more 

Fig. 7. Fit of the neutral community model (NCM) of Symbiodiniaceae and bacteria community assembly of Lithophyllon scabra in multiple spatial scales in the South 
China Sea. The predicted occurrence frequencies for Symbiodiniaceae communities of L. scabra at (a) latitudinal scale, (b) reef scale, (c) lagoon and (d) reef slope. The 
predicted occurrence frequencies of L. scabra-associated bacterial communities at (e) latitudes, (f) reefs, (g) lagoon habitat and (h) reef slope habitat. The green lines 
represent the best fit to the NCM, while the deep blue and red lines indicate the 95% confidence intervals for model predictions. ASVs of Symbiodiniaceae and 
bacteria that occur more or less frequently than predicted by the NCM are shown in red and green, respectively. The variable m denotes the community size 
multiplied by the immigration rate of Symbiodiniaceae and bacteria in L. scabra, and R2 represents the goodness of fit to the NCM.
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resources and energy for growth (Marubini and Davies, 1996; Morris 
et al., 2019), which can lead to a shift from symbiotic to parasitic or 
opportunistic states (Baker et al., 2018; Lee et al., 2016). Therefore, a 
decrease in nutrient concentrations may play a crucial role in main
taining the stability of the L. cabra-C3u sub-clade symbiosis and the 
background symbiont community, driving deterministic processes in the 
assembly of the Symbiodiniaceae community across latitudes. In addi
tion, at the reef scale, the Symbiodiniaceae communities of L. cabra in YL 
were predominantly controlled by stochastic processes, especially in 
reefs with strong hydrodynamic forces (Fig. 7b). It has been observed 
that GQ, located in the western part of YL, experiences stronger seawater 
exchange and tidal activity (Wang, 2001). SY, located in the north
eastern water exchange channel of YL, has the highest average wave 
energy (0.9 kW/m) and wave direction frequency (20%) in the eastern 
and northeastern regions of YL (Qiu et al., 2024). These hydrological 
characteristics may influence the stochastic processes of Symbiodinia
ceae community assembly, particularly dispersal and horizontal trans
mission. Approximately 75% of reef-building corals acquire their 
Symbiodiniaceae via horizontal transmission from the environment 
(Baird et al., 2009; Decelle et al., 2018), which is closely related to the 
homogenized or heterogeneous dispersal of Symbiodiniaceae. 

Nevertheless, climatic factor played an important role in the determin
istic processes of Symbiodiniaceae assembly in LD, JQ and LY at the 
reefal scale. Moreover, the assembly of the Symbiodiniaceae community 
of L. cabra in lagoons was predominantly driven by deterministic pro
cesses, while stochastic processes dominated in the reef slope. In the 
lagoon, the variation in Symbiodiniaceae community structure was 
positively correlated with climatic and local factors (Fig. 8e), suggesting 
that high temperature, salinity, pH, and dissolved oxygen (DO) levels 
may shape the community variation and assembly of the Symbiodinia
ceae community. In contrast, the stronger water exchange and weaker 
environmental filtration in the reef slope led to a dominance of sto
chastic processes in the assembly of the Symbiodiniaceae community. It 
has been found that the reef slope has the highest wave height (1.8 m) 
and energy (7.8 kW/m), whereas the wave height and energy in the 
lagoon are much lower (0.6 m and 0.7 kW/m, respectively) (Qiu et al., 
2024). Additionally, the migration rate of the Symbiodiniaceae com
munity in the reef slope (m = 0.0026) was higher than that in the lagoon 
(m = 0.0019; Fig. 7c-d). These suggestions may provide the bases for 
dispersal and stochastic assembly of Symbiodiniaceae community of 
L. cabra in reef slope.

Accordingly, the assembly process of the Symbiodiniaceae 

Fig. 8. Correlations between environmental factors and microbial community variation of Lithophyllon scabra in multiple spatial scales in the South China Sea. The 
Canonical Correspondence Analysis (CCA) and Redundancy Analysis (RDA) indicated that climatic, local, and nutrient factors influence the Symbiodiniaceae and 
bacterial communities of L. scabra at (a, b) latitudinal and (c, d) reefal scales in the SCS. Variation Partitioning Analysis (VPA) was used to assess the relative 
contributions of climatic, local, and nutrient variables to the variation in the Symbiodiniaceae and bacterial community structure. The metal-test heatmaps for (e) 
Symbiodiniaceae and (f) bacterial ASVs of L. scabra in relation to environmental factors. Edge width corresponds to Mantel’s r statistic for the distance correlations, 
while edge color indicates statistical significance. Pairwise comparisons of environmental factors are shown, with a color gradient representing Pearson’s correlation 
coefficient. The average variation degree of Symbiodiniaceae and bacterial communities of L. scabra between lagoon and reef slope zones is also shown.
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community was influenced by background symbionts. The deterministic 
processes driving Symbiodiniaceae community assembly appeared to be 
closely associated with a decrease in nutrient concentrations across 
latitudinal scales, climatic factors at the reef scale, and high levels of 
temperature, salinity, pH, and DO in the lagoon. In contrast, the sto
chastic processes governing Symbiodiniaceae community assembly 
were likely regulated by water exchange levels and the dispersal of 
symbionts at multiple spatial scales. Therefore, this investigation lays 
the groundwork for establishing a comprehensive understanding of the 
relationship between Symbiodiniaceae community dynamics and 
ecological factors in later-diverging coral species. Nevertheless, future 
studies should elucidate the temporal dynamics and coral hosts inter
specific differences of assembly process of Symbiodiniaceae community. 
Given that the assembly of Symbiodiniaceae communities is closely 
influenced by factors such as life history stage (Thornhill et al., 2017), 
the identity of symbiotic host species (Lin et al., 2024), and prevailing 
external environmental conditions (Li et al., 2025), it is imperative that 
these key ecological factors are explicitly considered in subsequent 
investigations.

4.3. Multi-scale environmental effect and response on bacterial 
community of L. scabra respective consist with “Pierre Cardin principle” 
and “Anna Karenina principle”

The bacterial community assembly process of L. scabra deviates from 
the neutral community model, indicating that the bacterial community 
is predominantly shaped by environmental filtration across multiple 
scales (Fig. 7e-h). The results of the VPA revealed that the independent 
effects of climatic, local, and nutrient factors explained a greater pro
portion of the variation in the L. scabra bacterial community compared 
to the combined effects of these environmental factors at the latitudinal 
scale (Fig. 8b-d). A similar trend was observed in the bacterial com
munity of L. scabra at the reefal scale. These results indicated that the 
multi-scale environmental effect on bacterial community of L.scabra 
consist with “Pierre Cardin principle” (PCP; one plus one may not equal 
two, and the effect of ineffective combination stacking can even equal 

zero). It has been found that coral bacterial communities exhibit sig
nificant flexibility in response to environmental stress across both 
temporal and spatial scales (Chen et al., 2021; Mcdevitt-Irwin et al., 
2017; Qin et al., 2021; van Oppen and Blackall, 2019). However, pre
vious studies focus on the impact of single environmental stressors on 
coral-associated bacterial communities. For example, heat stress has 
been shown to drive shifts in coral-associated bacterial communities, 
transitioning from a dominance of beneficial bacteria (e.g., Endozoico
monas) to an increase in pathogenic (e.g., Vibrio) or opportunistic bac
teria (e.g., Rhodobacterales) (Bourne et al., 2008; Tout et al., 2015; 
Mcdevitt-Irwin et al., 2017; Pootakham et al., 2019; Teeling et al., 2012; 
Welsh et al., 2016). Similarly, a decrease in seawater pH alters the 
bacterial community structure in Acropora millepora, reducing the rela
tive abundance of beneficial Endozoicomonas by more than 50% in 
volcanic CO2 seep areas (Morrow et al., 2015). Some studies have also 
addressed the combined effects of multiple stressors on coral-associated 
bacterial communities, highlighting that the influence of combined 
stressors is often stronger than that of individual factors (Zaneveld et al., 
2016; Zhu et al., 2023). For instance, the combined effects of parrotfish 
predation and nutrient enrichment significantly increased the relative 
abundance of pathogenic Proteobacteria in Porites, a trend that was 
more pronounced than the effect of either stressor alone (Zaneveld et al., 
2016). However, environmental factors are interconnected, influenced, 
and constrained by each other and may affect the environmental ad
aptations of coral holobionts in complex ways (Pendleton et al., 2016). 
The combined effect of external environmental stressors may reduce 
their overall impact on coral and their bacterial community, which is 
consistent with the PCP. It has been found that the combined effects of 
nutrients, predation, and temperature on bacterial community structure 
in Pocillopora meandrina were weaker than the impact of individual 
factors (Maher et al., 2019). Similarly, in Pocillopora verrucosa across 
tropical and biogeographical transition zones in the SCS, the indepen
dent effects of environmental factors (temperature, nutrients, and 
turbidity; 38.5%) explained more variation in bacterial community 
composition than the combined effects of environmental and 
geographical factors (latitude and longitude; 11.0%; Chen et al., 2021). 

Fig. 9. The top 10 of predicted functional traits of bacterial communities of Lithophyllon scabra in multiple spatial scales in the South China Sea (SCS). The heatmap 
shows the top 10 bacterial functional traits of L. scabra at (a) latitudinal and reefal scales. Significant differences in chemoheterotrophy, nitrogen metabolism, and 
photoautotrophy were observed among L. scabra-associated bacterial communities across (b) five reefs and (c) two geomorphological zones (reef slope and lagoon) in 
the SCS.
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Thus, the environmental influences on the bacterial community of 
L. scabra align closely with the PCP across multiple scales. This suggests 
that the combined effects of climatic, nutrient, and local factors may 
mitigate the impact of individual environmental stressors on certain 
coral-bacteria symbioses in the context of climate change. These find
ings offer new insights into how multiple environmental stressors shape 
coral-bacteria symbioses and drive the succession of dominant coral 
species across various scales, particularly spanning ocean basins, climate 
zones, and latitudinal gradients (Brener-Raffalli et al., 2018; Chen et al., 
2021; Galand et al., 2023; Osman et al., 2020), as well as at regional 
scales including islands, reefs, river deltas, upwelling zones, and mar
ginal reefs (Hernandez-Agreda et al., 2016; Lima et al., 2020; Zhu et al., 
2023). However, significant interspecific differences exist regarding the 
effects of multiple environmental stressors on the bacterial communities 
of coral holobionts (Hochart et al., 2023; Lan et al., 2025; Qin et al., 
2020; Sessa et al., 2022). Therefore, the ecological applicability of PCP 
to the bacterial communities of different coral species, as well as its 
effectiveness under extreme climatic and local events, requires further 
investigation.

Interestingly, the bacterial community of L.scabra showed lower α 
and β diversity in HG than those in the other latitudinal regions (Fig. 4d, 
Fig. 5c). These results indicated the L.scabra in HG has greater bacterial 
community stability and environmental resistance. It has been found 
that the α and β diversity of coral holobiont bacterial communities 
generally increase under local and global stressors (Gantt et al., 2024; 
Mcdevitt-Irwin et al., 2017), which is associated with destabilized 
microbiota and immune responses of coral holobionts (van Oppen and 
Blackall, 2019). This increase in diversity is primarily driven by path
ogenic and opportunistic bacteria, such as Flavobacteriales, Rhodo
bacterales and Alteromonadales (Gignoux-Wolfsohn and Vollmer, 2015; 
Mcdevitt-Irwin et al., 2017; van Oppen and Blackall, 2019). These 
bacteria have been identified under various environmental stress con
dition, including thermal stress (Bourne et al., 2008), ocean acidification 
(Meron et al., 2011; Morrow et al., 2012; Morrow et al., 2015), overf
ishing (Zaneveld et al., 2016), eutrophication (Jessen et al., 2013), and 
exposure to algal contact environments (Vega Thurber et al., 2012). 
Therefore, the environment response pattern of bacterial microbiota of 
coral holobiont consist with “Anna Karenina principle” (AKP) across 
diverse habitats (Mcdevitt-Irwin et al., 2017; Zaneveld et al., 2017). The 
L. scabra in HG showed low level of α and β diversity of bacteria com
munity, and pathogenic Vibrio has not been identified (Fig. 5b), which 
suggest this there were weaker environmental stress, stronger bacterial 
community stability and resistance on L.scabra holobiont in HG. How
ever, the variation of bacterial communities of L.scabra has spatial het
erogeneity at latitudinal scales, because the change trend of the α and β 
diversity of bacterial community in L.scabra not associated with the shift 
of latitudes. In addition, at reefal scale, the bacterial community of L. 
scabra showed the lowest level of α, β diversity (Fig. 4e and Fig. 5f) and 
has the highest relative abundance of Pseudoalteromonas (78.58%; 
Fig. 5e) in GQ from YL. The bacterial community of L.scabra in GQ has 
negatively correlations with pH, DO and salinity (Fig. 7d). These results 
suggest that the L. scabra holobiont can acclimate to reef environments 
characterized by acidification, hypoxia, and hyposmolality by main
taining bacterial community stability and promoting the abundance of 
beneficial bacteria. The evidence from Hawaiian coral reefs has shown 
that short-term hyposalinity stress increases infections by Vibrio cor
alliilyticus and Vibrio owensii, pathogens responsible for white syndrome 
in corals (Shore-Maggio et al., 2018). Furthermore, hypoxia has been 
shown to alter bacterial community composition and increase the rela
tive abundance of potential pathogens (e.g., Halodesulfovibrio, Vibrio) in 
coral reefs, which in turn leads to increased disease and mortality in 
coral holobionts (Doyle et al., 2022). Low pH environments are also 
known to result in the loss of beneficial symbionts in corals (Ge et al., 
2021; Morrow et al., 2015; Webster et al., 2016). However, it has been 
found that Pseudoalteromonas has strong antimicrobial activity in coral 
holobiont (Kvennefors et al., 2012), and it’s metabolites played 

important roles in algal removal, antifouling and biofilm activities of 
corals (Delgadillo-Ordoñez et al., 2024; Jessen et al., 2013; Shnit-Orland 
et al., 2012). Additionally, the bacterial community of L.scabra in GQ 
showed enrichment characteristics of aerobic chemocheterotrophy and 
chemoheterotrophy (Fig. 9b). Therefore, L.scabra in GQ may acclimate 
to acidification, hypoxia and hyposmolality by enhancing the abun
dance of beneficial Pseudoalteromonas, inhibiting the activity of poten
tially pathogenic bacteria and improving the heterotrophy intensity of 
bacterial community, thereby maintaining the stability of bacterial 
community. The environmental response pattern of L.scabra-associated 
bacterial community consist with AKP at reefal scale.

Accordingly, the environmental influence on the L. scabra bacterial 
community aligns with the PCP at both latitudinal and reefal scales, 
while the multi-scale stress response pattern of bacterial community 
adheres to AKP. However, the acclimatization and adaptive strategy of 
L.scabra-associated bacteria community exhibit spatial heterogeneity 
and flexibility across latitudes and reefs.

4.4. Bacterial nutritional shifts underlying L. scabra’s habitat acclimation 
across geomorphological zones

The results of this study showed that the α diversity of the L. scabra- 
associated bacteria community in lagoon was higher than those in the 
reef slope (Fig. 4f), while the AVD variation of L. scabra-associated 
bacteria community exhibited the opposite trend between lagoon and 
reef slope (Fig. 7f). The bacterial community variation in L. scabra from 
reef slope was greater than that in lagoon, suggesting that L. scabra 
holobionts on the reef slope experience stronger environmental stress 
than those in the lagoon, in line with AKP (Mcdevitt-Irwin et al., 2017; 
Zaneveld et al., 2017). Previous studies have indicated that lagoons are 
less favorable for coral growth due to weaker seawater exchange (Burt 
et al., 2020; Guo et al., 2019; Qin et al., 2022), greater temperature 
fluctuations (Lima et al., 2020; Tkachenko, 2014; Tkachenko and Soong, 
2017), and reduced pH and DO levels (Camp et al., 2017; Manzello et al., 
2012). In addition, L. scabra and coral species from the Fungiidae family 
show a preference for reef slope habitats, a phenomenon observed in the 
Spermonde Islands, Indonesia (Hoeksema, 2012), and the northern Red 
Sea (Goffredo and Chadwick, 2000; Goffredo and Chadwick-Furman, 
2003). However, members of Fungiidae family have exhibited remark
able adaptive capabilities and aggregation behavior in the lagoon of the 
SCS (Qin et al., 2021; Wei et al., 2022), and L. scabra is also well known 
for its thermal tolerance and bleaching resistance in the tropical SCS 
(Chen et al., 2024; Wei et al., 2024). These results suggest that lagoon 
habitats may be more adaptive for L. scabra holobionts in the SCS than 
reef slopes. Interestingly, the potentially beneficial Terasakiellaceae 
(35.92%) and Shewanella (15.11%) of L. scabra exhibited enrichment 
characteristic in the lagoon, which has closed associations with nitrogen 
metabolism processes in coral holobionts (He et al., 2021; Weiler et al., 
2018). It has been found that members of Terasakiellaceae may become 
nitrogen-fixing agents that participate in nitrogen metabolism in coral 
holobiont under limited food supply conditions (Quintanilla et al., 2022; 
Weiler et al., 2018). In addition, Shewanella has capacity to denitrify 
nitrate or nitrite (Van Spanning et al., 2005), and a nearly complete 
nitrogen metabolism network has been identified in Shewanella within 
cnidarian (He et al., 2021). In oligotrophic coral reef ecosystems, ni
trogen is often a limiting nutrient (Falkowski, 1997; Tyrrell, 1999), and 
the photosynthetic performance of Symbiodiniaceae is closely depen
dent on nitrogen availability (Cook and D’Elia, 1987; Mcauley, 1987; 
Radecker et al., 2015; Tyrrell, 1999). Thus, the enrichment of poten
tially beneficial bacteria with nitrogen metabolism capabilities likely 
facilitates L. scabra holobionts’ occupation of broader ecological niches 
within lagoon habitats. The results of ecological functions prediction 
also showed that the relative abundance of nitrogen and nitrate respi
ration profiles in the bacterial community of L. scabra in the lagoon was 
higher than that in the reef slope (Fig. 9c), suggesting that the 
L. scabra–bacteria symbiosis in the lagoon exhibits stronger nitrogen 
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metabolism activity. However, the bacteria community of L. scabra 
showed the higher relative abundance of potentially pathogenic Vibrio 
(11.42%) and antimicrobial Pseudoalteromonas (48.48%) in reef slope 
than those in the lagoon (Fig. 6b and 6d). This evidence suggests that the 
stronger environmental stress on the reef slope increases the likelihood 
of pathogen infection and β diversity in the bacterial community of 
L. scabra. It has been found that Vibrio will increase more than 20-40% of 
relative abundance in coral holobiont in the environmental stress con
dition and bleaching event (Liu et al., 2016; Mcdevitt-Irwin et al., 2017; 
Rosenberg et al., 2009), and the expression of virulence factor-related 
genes significantly increases (Nelson et al., 2013; van Oppen and 
Blackall, 2019). Interestingly, the potentially beneficial and antibacte
rial Pseudoalteromonas dominated in the bacterial community of 
L. scabra in reef slope, which imply that L. scabra may inhibit the 
pathogenic Vibrio by increasing the relative abundance of beneficial 
Pseudoalteromonas. A similar strategy has been observed in other coral 
species; for example, Vibrio fortis, Vibrio chagsiii, and Vibrio harveyi 
dominate the bacterial community of P. verrucosa in a biogeographical 
transition zone, but this coral can increase the relative abundance of 
antimicrobial Endozoicomonas to suppress the activity of pathogenic 
Vibrio (Chen et al., 2021).

Notably, the bacterial community nutritional pattern of L. scabra 
shifted from photoautotrophy in the lagoon to chemoheterotrophy on 
the reef slope (Fig. 9c), suggesting that changes in the bacterial com
munity’s nutritional strategies play a crucial role in helping L. scabra 
acclimate to environmental stress variations across geomorphological 
zones. Previous studies have shown that photosynthetic bacteria, such as 
Erythrobacter sp. (29%), dominate the bacterial communities of six coral 
species in thermally stressed environments, such as at Wadi El Gemal 
(the warmest site in the southern Red Sea; Osman et al., 2020). The 
abundance of these bacteria increases with a decrease in the latitudinal 
gradient of the Red Sea (Osman et al., 2020). Additionally, Symbiodi
niaceae provide 70-90% of energy requirement for coral respiration 
through solar energy utilization and photosynthesis (Davy et al., 2012), 
and photosynthetic autotrophic capacity of Symbiodiniaceae will be 
inhibited in the stress condition and bleaching event (Huang et al., 2011; 
Leal and Ferrier-Pages, 2016). However, the density and chlorophyll b 
content of photosynthetic bacteria, such as cyanobacteria, increase by 
55% and 50%, respectively, and exhibit faster recovery compared to 
Symbiodiniaceae during the coral recovery phase after short-term heat 
stress (Liang et al., 2021). Therefore, it is inferred that the abundance of 
photoautotrophic functional profiles in the bacterial community of 
L. scabra may provide additional energy and photosynthates to the coral- 
Symbiodiniaceae symbiosis, thereby enhancing the adaptability and 
stability of both L. scabra and its associated microbiota in the lagoon. 
However, L. scabra holobiont faced stronger competition stress of light 
and habitat in reef slope that those in lagoon in the SCS, which may lead 
to the enrichment of chemoheterotrophy traits in the bacterial com
munity of L. scabra. It has been observed that the average cover of turf 
algae and macroalgae on the reef slope was 28.4±3.46% and 12.2 
±2.89%, respectively, significantly higher than in the lagoon (turf: 10.7 
±4.69%; macroalgae: 5.3±5.3%) in the study area (Lei, 2024). Previ
ously studies have been found that increases in turf algae and macro
algae cover lead to coral bleaching, mortality, and a decline in coral 
larval settlement (Haas et al., 2010; Hughes et al., 2007; Zaneveld et al., 
2016). These flourishing algal communities compete with corals for 
space in already crowded reef habitats (Mccook et al., 2001) and reduce 
the photosynthetic efficiency and growth rate of coral holobionts by 
shading sunlight (Lirman, 2001; Titlyanov et al., 2007), exerting nega
tive ecological effects on coral reef ecosystems (Adjeroud et al., 2018; 
Graham et al., 2015; Liao et al., 2021). Fungiidae prefer to live in the 
sheltered habitat in reef slope (depth< 20m), because there is low level 
of reef species competition, sedimentation rate and predation in this 
habitat (Goffredo and Chadwick, 2000; Sammarco, 1991). However, 
light limitation in these habitats reduces the photosynthesis of L. scabra 
and other Fungiidae species, requiring these corals to rely more on 

heterotrophy to meet their nutritional and energy demands for hol
obiont growth and survival. It has been found that heterotrophy is an 
crucial strategy for coral holobiont in environmental stress, which can 
assist coral to survival in thermal or disturbed habitats by compensating 
for the lack of energy supply for photosynthesis (Baumann et al., 2014; 
Hoogenboom et al., 2010; Palardy et al., 2008; Xu et al., 2021). 
Therefore, high abundance of chemoheterotrophy traits in bacterial 
community may played an important role in energy supply in hetero
trophy pattern of L. scabra holobont in the reef slope with weaker light 
and stronger algae competition.

In summary, significant differences were observed in the dynamics 
and acclimation strategies of the L. scabra holobiont bacterial commu
nity between lagoon and reef slope habitats. In lagoons, L. scabra 
enriched nitrogen-metabolizing bacteria, thus expanding its ecological 
niche, whereas on reef slopes, the increased abundance of antibacterial 
bacteria likely suppressed pathogens. Additionally, the enrichment of 
photoautotrophic functions in the lagoon bacterial community may 
provide additional photosynthates, enhancing L. scabra’s adaptability. 
In contrast, the bacterial community on the reef slope exhibited higher 
heterotrophic activity, which likely supports L. scabra by supplying en
ergy and nutrients in the face of low light and intense algal competition. 
These findings suggest that L. scabra may adapt to geomorphological 
variations by adjusting its bacterial community composition and nutri
tional strategies.

5. Conclusions

The L. scabra holobiont adapts to multi-scale environmental condi
tions by forming a specific symbiotic relationship with the C27 sub- 
clade. This partnership may help mitigate the negative impacts of 
opportunistic Symbiodiniaceae and the limited long-term adaptability of 
coral offspring during the reconstruction and transition of the Symbio
diniaceae community. In addition, The Symbiodiniaceae assembly pro
cess was influenced by background symbionts, with deterministic 
assembly closely linked to decreasing nutrient concentrations at a lat
itudinal scale. At the reef scale and across geomorphological zones, 
deterministic assembly is primarily driven by climatic factors and their 
interactions with local environmental conditions. However, the sto
chastic process of Symbiodiniaceae community was regulated by sym
bionts dispersal in multi-scale. Also, the bacterial community assembly 
of L. scabra was primarily governed by deterministic processes. At 
multiple scales, the independent effects of climatic, nutrient, and local 
factors outweighed their combined influence on bacterial community 
variation. This suggests that the multi-scale environmental effects on the 
L. scabra-associated bacterial community align with the PCP. Never
theless, the multi-scale stress response pattern of the L. scabra-associated 
bacterial community aligns with the AKP model. The community’s 
acclimatization and adaptive strategies demonstrate spatial heteroge
neity and flexibility across different latitudes and reef environments. 
Moreover, according to the AKP, L. scabra holobionts on reef slopes 
experience greater environmental stress compared to those in lagoons, 
as evidenced by the higher AVD of their associated bacterial community. 
It was worth noting that the L. scabra-associated bacterial community 
displayed distinct dynamic patterns and response strategies between 
lagoon and reef slope habitats. In lagoons, the bacterial community was 
enriched with nitrogen-metabolizing bacteria and photoautotrophic 
functions, enhancing photosynthate supply and improving the hol
obiont’s adaptability. In contrast, on reef slopes, the bacterial commu
nity exhibited a higher abundance of heterotrophic functions and 
antibacterial taxa, supporting L. scabra holobionts by providing addi
tional nutrients and inhibiting pathogens under conditions of low light 
and intense algal competition. This study highlights the environmental 
impacts and response patterns of the L. scabra microbiome across mul
tiple spatial scales, including latitudes, reefs, and geomorphological 
zones. These findings offer new insights into the microbial-ecological 
processes and adaptive strategies of later-diverging coral holobionts in 
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the face of climate change. Furthermore, a comprehensive understand
ing of the temporal and micro-scale dynamics of microbial communities 
associated with later-diverging corals is crucial for developing robust 
ecological models that predict coral holobiont responses to climate 
change.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecoinf.2025.103244.
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Abstract
Coral thermal tolerance is intimately linked to their symbiotic relationships with photosynthetic microorganisms. However, 
the potential compensatory role of symbiotic photosynthetic bacteria in supporting Symbiodiniaceae photosynthesis under 
extreme summer temperatures remains largely unexplored. Here, we examined the seasonal variations in Symbiodiniaceae 
and photosynthetic bacterial community structures in Pavona decussata corals from Weizhou Island, Beibu Gulf, China, 
with particular emphasis on the role of photosynthetic bacteria under elevated temperature conditions. Our results revealed 
that Symbiodiniaceae density and Chlorophyll a concentration were lowest during the summer and highest in the winter. 
Notably, the summer bacterial community was predominately composed of the proteorhodopsin bacterium BD 1–7 _clade, 
alongside a significant increase in Cyanobacteria, particularly Synechococcus_CC9902 and Cyanobium_PCC-6307, which 
represented 61.85% and 31.48% of the total Cyanobacterial community, respectively. In vitro experiments demonstrated that 
Cyanobacteria significantly enhanced Symbiodiniaceae photosynthetic efficiency under high-temperature conditions. These 
findings suggest that the increased abundance of photosynthetic bacteria during summer may mitigate the adverse physi-
ological effects of reduced Symbiodiniaceae density, thereby contributing to coral stability. Our study highlights a potential 
synergistic interaction between Symbiodiniaceae and photosynthetic bacteria, emphasizing the importance of understanding 
these dynamic interactions in sustaining coral resilience against environmental stress, although further research is necessary 
to establish their role in preventing coral bleaching.

Keywords  Coral reef · Photosynthetic symbionts · Synergistic effect · Seasonal variation

Introduction

Coral reefs are complex ecosystems composed of coral 
hosts and a diverse community of associated microorgan-
isms, including Symbiodiniaceae, bacteria, archaea, fungi, 
protists, viruses, and others [1]. These microorganisms play 
crucial and intricate roles in the coral’s response to thermal 
stress [2]. Among these symbiotic partners, photosynthetic 
microorganisms are essential components of coral holobi-
onts, contributing significantly to coral growth, develop-
ment, and the intricate ecological interactions within coral 
reef ecosystems [3]. For instance, Symbiodiniaceae, as faith-
ful partners of corals, transfer most photosynthetic products 
to corals, providing energy for coral calcification [4]. Cyano-
bacteria, as the predominant photosynthetic bacterial group 
within corals [5], actively participate in carbon and nitrogen 
cycling, potentially aiding corals in maintaining homeostasis 
under environmental stress [6].
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Despite the well-studied relationship between corals and 
Symbiodiniaceae, the roles of the photosynthetic bacteria 
within corals remain largely unexplored[7, 8]. The break-
down of coral-Symbiodiniaceae symbiosis due to rising sea 
surface temperature has led to global coral reef degrada-
tion [9, 10]. Within coral holobionts, Symbiodiniaceae and 
bacteria engage in metabolic exchanges essential for ele-
ment cycling [11]. For instance, Symbiodiniaceae growth 
is enhanced through metabolic interactions with associated 
bacteria[12]. The co-localization of bacteria and Symbiod-
iniaceae within coral tissues suggests a mutualistic relation-
ship suggests a mutualistic relationship, essential for meta-
bolic cycling [13]. Cyanobacteria were observed adjacent to 
Symbiodiniaceae and are often in high densities throughout 
the gastrodermal tissues[6, 14]. Given this close association, 
it is likely that Symbiodiniaceae preferentially uptake the 
products from Cyanobacteria over those from host tissues 
[15].

Understanding the interactions between Symbiodini-
aceae and photosynthetic bacteria is critical for advancing 
coral reef recovery efforts [16]. Photosynthetic bacteria may 
compensate for the photosynthesis of Symbiodiniaceae, and 
there may be synergistic effects between them, which were 
impacted by variations in temperature [17], light [18], pH 
[19], or other environmental stresses [20]. However, mech-
anisms for such synergistic effects' environmental impact 
were poorly understood. To gain a deeper understanding 
of the role of photosynthetic bacteria in coral adaptation 
to seasonal environmental fluctuations, especially in the 
context of high-temperature conditions during the summer, 
we focused on Pavona decussata in Weizhou Island, Beibu 
Gulf. Weizhou Island exhibits clear seasonality, particularly 
during the summer when the maximum sea water tempera-
ture exceeds 32 °C [21].

We aimed to verify the auxiliary role of photosynthetic 
bacteria in supporting the photosynthesis of Symbiodini-
aceae under high-temperature conditions. The results ini-
tially revealed the compensatory effect of symbiotic photo-
synthetic bacteria on algae photosynthetic efficiency, which 
should help us better understand the ecological resilience 
and survival strategies of coral holobionts.

Material and Methods

Coral Sample Collection and Environmental Data

Coral samples of P. decussata were collected on Weizhou 
Island (21°N8.27′, 109°E12.6′) in July and October 2019 and 
in January and April 2020, respectively (Fig. 1a). A total of 
20 samples were collected across four seasons, with 5 coral 
fragments collected in each season. Sampling was conducted 
at a depth range of 6—7 m. To avoid duplicate sampling 

and the collection of individuals involved in coral asexual 
reproduction, the distance between sampling points for the 
same specimen exceeded 6 m [22]. To minimize contamina-
tion by exogenous microorganisms, each coral fragment was 
thoroughly rinsed three times with sterile seawater imme-
diately after retrieval. Subsequently, the coral samples were 
immediately placed in sterile, airtight bags, flash-frozen in 
liquid nitrogen, and then transported back to the laboratory 
for further experimentation.

Remote sensing data for the Weizhou Island coral reef 
area from July 2019 to July 2020 were obtained using the 
Giovanni Ocean Color tool (https://​giova​nni.​gsfc.​nasa.​gov/​
giova​nni). The data included Sea Surface Temperature (SST; 
°C), Photosynthetically Active Radiation (PAR; E m−2 d−1), 
Chlorophyll a concentration (mg m−3), 490 nm diffuse atten-
uation coefficient (Kd490; Kd m−1), and Particulate Organic 
Carbon (POC; mg m−3).

Determination of Symbiodiniaceae Density 
and Chlorophyll a Concentration

The determination of Symbiodiniaceae density followed the 
standard procedure [23]. To separate Symbiodiniaceae from 
coral skeletons and tissues, we utilized a high-pressure water 
jet (WaterPik irrigator) powered by sterile filtered seawater. 
All rinse water was collected and measured. A 1 mL of rinse 
water was centrifuged at 4000 × g for 10 min, and the super-
natant was discarded. The remaining cells were resuspended 
in 1 mL of 4% formaldehyde fixative. This suspension was 
placed on a hemocytometer, covered with a glass slide, and 
counted under the optical microscope (Nikon, DS-Ri2). The 
washed coral skeletons were dried in an oven at 60 °C for 
72 h to remove moisture. Each coral skeleton fragment was 
fully wrapped in aluminum foil. A 5 cm × 5 cm piece of 
aluminum foil was weighed to determine the coral surface 
area based on the weight-to-area ratio [24]. The density of 
Symbiodiniaceae per unit area of coral was calculated as 
described in the previous study [25]. To determine Chlo-
rophyll a concentration, coral fragments were soaked in 
90% acetone and extracted in the dark at 4 °C for 24 h. The 
absorbance of 664 nm, 647 nm, and 630 nm was measured 
using a spectrophotometer (Thermo Fisher), and the concen-
tration was calculated using the equations recommended by 
Jeffery and Humphrey [26].

DNA Extraction, High Throughout Sequencing 
and Bioinformatics Analysis

A fragment weighing about 90 mg, including calcium car-
bonate skeleton, tissue, and mucous components, was taken 
from each coral sample to extract genomic DNA. DNA 
extraction was performed using the Marine Animal Genomic 
DNA Extraction Kit (TIANGEN, DP324), following the 
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manufacturer’s instructions. After extraction, DNA qual-
ity was checked using agarose gel electrophoresis and UV 
A260/A280 absorbance measurements to ensure it met the 
required standards. Using high-quality DNA as a template, 
the ITS2 region of Symbiodiniaceae and the V3-V4 region 
of the bacterial 16S gene were amplified separately. The 
PCR reactions were set up, and conditions followed as 
described [17]. Qualified PCR products were sent on dry 
ice to Shanghai Meiji Biomedical Technology Co., Ltd. for 
MiSeq library construction and high-throughput sequencing.

To ensure the quality of the sequencing data, raw reads 
from the Illumina MiSeq Platform were processed using 
Trimmonmatic to filter out low-quality bases. High-qual-
ity reads were assembled and trimmed using PEAR, and 
chimeras were detected and removed through MOTHUR. 

Primer sequences were trimmed using CUTADAPT. The 
data were cleaned using DADA2 and Deblur to correct 
sequencing errors, remove chimeric sequences, filter out 
low-quality reads, and trim potential contaminants. This 
process produced accurate ASV representative sequences 
and abundance tables.

To analyze Symbiodiniaceae community composition, 
we used a refined, non-duplicate ITS2 database to avoid 
replicate sequences. This database was created by compil-
ing several published datasets and processing them with 
the CD-HIT Suite at a 100% sequence identity cut-off, as 
described in our previous study [27]. This method allowed 
us to accurately identify representative sequences and gen-
erate abundance tables for Symbiodiniaceae subclades.
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Fig. 1   The collection of coral samples and environmental data. (a) Sampling site in the coral reef area of Weizhou Island; (b) State of P. decus-
sata in summer; (c) Environmental parameters of Weizhou Island coral reef area each month from 2019 to 2020
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Isolation and Cultivation of Coral‑Associated 
Photosynthetic Microorganisms

To facilitate the subsequent isolation of photosynthetic 
microorganisms, the collected P. decussata were trans-
ported to the Coral Reef Research Center at Guangxi Uni-
versity and placed in an aquarium with stable conditions: 
600  mm × 600  mm × 600  mm (length × width × height), 
water flow at 6,500 L/h, color temperature at 15,000 K (12 h 
of light daily from 6:00 to 18:00), salinity of 35 g/L, pH 
between 7.5–8.0, Ca2+ concentration of 380–450 ppm, Mg2+ 
concentration of 1,200–1,320 ppm, and water temperature 
at 25 °C.

All subsequent microbial isolations were from P. decus-
sata. Once the coral’s tentacles had fully extended, a healthy 
2 cm × 2 cm fragment was excised and placed in sterile 
cryovials. The fragment was rinsed three times with sterile 
seawater to remove contaminants, then transferred to a ster-
ile shaker with grinding beads (Shanghai Jingxin, JXFST-
PRP-24) and 3 mL of sterile seawater. The shaker was set to 
50 Hz for 1 min to disrupt the coral polyps and release the 
Symbiodiniaceae cells.

The cultivation of Symbiodiniaceae was as previously 
described [28]. Briefly, the Symbiodiniaceae were isolated 
from coral fragments using micro-strainer filtration and den-
sity gradient centrifugation, then cultured in 96-well plates 
with L1 medium. Single cells were isolated by dilution to 
extinction, and species and phylogenetic relationships were 
identified using ITS2 sequences. Culturing was conducted 
in a light incubator (Yanghui Instruments, RDN-500D-CO2) 
under the following conditions: 25 °C, 45 ± 5 μmol photons 
m−2 s−1, and a 14:10 h light–dark cycle for two weeks.

Cyanobacteria were released and isolated similarly. 
Cyanobacteria were cultured on BG-11 plates under the 
same conditions as the Symbiodiniaceae. Colonies with 
significant morphological differences were selected for iso-
lation and purification. Morphological characteristics were 
observed using optical and scanning electron microscopes, 
as described previously [29].

Temperature Experiment of Coral‑Associated 
Photosynthetic Microorganisms

The temperature stress experiments were designed based 
on remote sensing data from the Weizhou Island coral reef 
area. High, ambient, and low temperatures were set at 32 °C, 
25 °C, and 20 °C, respectively, representing the highest sum-
mer SST, the average spring and autumn SST, and the lowest 
winter SST (Fig. 1c).

The experiments included four parts: individual cultiva-
tions of Cladocopium C1 and Cyanobium_PCC-6307 and 
co-cultivation with a density ratio 100:1. Photosynthetic 
microorganisms were synchronously cultured under different 

temperature conditions for 7 days. The temperature experi-
ment used isoclonal cultures, with three biological replicates 
for each condition, and each biological replicate included 
at least three technical replicates. After the temperature 
experiment, the following photosynthetic physiological 
parameters were measured. (1) Fv/Fm measurement: Fv/
Fm was measured using Pulse-Amplitude Modulation (Walz 
Heinz GmbH, Effeltrich, Germany) to determine the PSII 
photochemical efficiency of photosynthetic microorganisms 
20 min after turning off the light. (2) Density measurement: 
Symbiodiniaceae density was counted using a hemocytom-
eter under an optical microscope [30]. The density of indi-
vidually cultured cyanobacteria was measured by reading 
the absorbance value at 730 nm to estimate the number of 
cells [31]. The density of cyanobacteria in co-cultures was 
measured using Real-Time Quantitative PCRs. (3) Chloro-
phyll a measurement: Chlorophyll a was extracted using 
90% acetone at 4 °C in the dark for 24 h. Absorbance values 
were measured at 664 nm, 647 nm, and 630 nm using a 
spectrophotometer (Varioskan LUX, Thermos Fisher Sci-
entific, USA), and the concentration was calculated using 
the equations by Jeffery and Humphrey [26]. (4) Reducing 
sugar measurement: Reducing sugar content was determined 
using the phenol–sulfuric acid method[32].

Real‑Time Quantitative PCR

To quantify changes in Cyanobacterial abundance in the 
co-culture experiment, the primers BD16SF (5’ CAC​ACT​
GGG​ACT​GAG​ACA​C −3’) and BD16SR (5’ CTG​CTG​GCA​
CGG​AGT​TAG​ −3’) were selected as Cyanobacteria-specific 
primers for real-time quantitative PCR [33]. The reactions 
mixture, with a total volume of 10 μL, consisted of 5 μL 
SYBR Premix EX Taq™, 0.2 μL of each primer (10 pmol/
μL), 1 μL DNA template, and 3.6 μL ddH2O. The reactions 
were run on the QuantStudio™ 5 Real-Time PCR Instrument 
(Thermos Fisher Scientific, USA), with the following condi-
tions: an initial denaturation at 95 °C for 30 s, followed by 
35 cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for 45 s, 
with a final extension at 72 °C for 10 min.

Statistical Analysis and Data Visualization

For data following a normal distribution, a one-way analysis 
of variance (ANOVA) was conducted to assess significant 
differences, followed by Tukey's Honestly Significant Dif-
ference (HSD) post-hoc test for pairwise comparisons. The 
non-parametric Kruskal–Wallis test was applied for data 
not following a normal distribution, followed by pairwise 
comparisons with the Bonferroni-Dunn adjustment for mul-
tiple comparisons. Statistical analyses were performed using 
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SPSS 27.0. Data visualization was carried out using Origin 
Pro 2023 and R 4.3.3.

Results

Seasonal Variation of Environmental Parameters 
at Weizhou Island

The environmental parameters in the Weizhou Island coral 
reef area show significant seasonal fluctuations, with the 
most extreme values occurring in either summer or winter. 
SST and PAR follow similar trends, with their lowest values 
in winter and highest in summer and late spring. During 
the sampling period, the highest values for SST and PAR 
were 31.15 °C and 45.78 E m−2 d−1, respectively, occurring 
in summer (July 2019). The lowest values were 20.99 °C 
and 30.15 E m−2 d−1, respectively, in winter (July 2019, 
February, and January 2020). The two parameters have a 
strong positive correlation (Pearson correlation coefficient, 
r = 0.789, P < 0.01, Table S1) and exhibit consistent, gradual 
seasonal changes.

Chl a Kd490, and POC exhibit extreme values in either 
summer or winter. The highest values for Chl a, Kd490, 
and POC were 2.9 mg m−3, 0.201 Kd m−1, 391.783 mg m−3, 
respectively, in the summer (July 2019). The lowest val-
ues were 1.17 mg m−3, 0.116 Kd m−1, 222.738 mg m−3 in 
autumn (December 2019) and winter (March 2020). These 
three environmental parameters do not show a strong cor-
relation with seasonal changes. Overall, within the sampling 
time frame, Weizhou Island exhibits experienced high tem-
peratures and strong sunlight in summer, as well as low tem-
peratures and weak sunlight in winter. Notably, P. decussata 
showed no signs of bleaching (Fig. 1b).

Seasonal Variation of Coral‑Associated 
Photosynthetic Physiological State

The density of Symbiodiniaceae varied across the four 
seasons, ranging from 0.32 × 106 cells·cm−2 to 1.47 × 106 
cells·cm−2 (Fig. 2a). The lowest density was in summer 
(0.51 × 106 cells·cm−2), followed by spring and autumn. 
The highest was in winter (0.84 × 106 cells·cm−2), about 1.64 
times higher than in summer. Chlorophyll a concentration 
ranged from 3.48 μg·cm−2 to 12.45 μg·cm−2 (Fig. 2b). Simi-
lar to Symbiodiniaceae density, Chlorophyll a concentration 
was lowest in summer (5.20 ± 0.38 μg·cm−2), and highest in 
winter (8.93 ± 1.79 μg·cm−2), approximately 1.72 times that 
of summer. Statistic analysis showed that Symbiodiniaceae 
density and Chlorophyll a concentration were significantly 
higher in winter than in summer.

Molecular marker analysis based on ITS2 was performed 
on P. decussata samples. After quality control and filtering, 

117 ASVs were detected. All identified Symbiodiniaceae 
belonged to the genus Cladocopium, with 115 subclade 
sequences. At the subclade level, the Symbiodiniaceae com-
munity composition showed no significant variation across 
the seasons. The dominant subclade was consistently C1, 
with relative abundances ranging from 81.63% to 82.33%. 
Other subclades, such as C1ca, C1p, C72, and Cspc, had 
relative abundances ranging from 2.57% to 3.06%, 3.30% to 
3.11%, 2.45% to 2.77%, and 1.98% to 2.18%, respectively. 
Overall, the Symbiodiniaceae community remained stable 
throughout the four seasons.

Seasonal Variation of Coral‑Associated Bacteria

At the phylum level, Proteobacteria and Bacteroidota domi-
nated the bacterial communities across all four seasons. 
Proteobacteria had the highest relative abundance, ranging 
from 65.21% to 88.52%. Bacteroidota was the second most 
abundant phylum, with relative abundances from 1.48% to 
21.07% (Fig. 3a). At the genus level, the dominant genera 
were the BD1-7_clade and Endozoicomonas of the phylum 
Proteobacteria. BD1-7_clade had relative abundances of 
50.59%, 45.70%, 34.67%, and 21.25% in summer, autumn, 
winter, and spring, respectively. Endozoicomonas had 
relative abundances of 34.76%, 28.16%, and 24.84% in 
autumn, winter, and spring but dropped to 0.13% in sum-
mer (Fig. 3b).

Principal Coordinates Analysis (PCoA) based on the 
Bray–Curtis algorithm at the ASV level showed significant 
differences in the bacterial community structure among the 
seasons (PERMANOVA, R2 = 0.26, P < 0.05, Fig. 3c). While 
there was some overlap in the bacterial communities across 
all seasons, the structure in summer was significantly dif-
ferent from the others. The relative abundance of the pho-
tosynthetic bacterium BD1-7_clade peaked in summer at 
50.59%, compared to 21.25%—45.70% in other seasons. 
In contrast, the relative abundance of Endozoicomonas in 
summer dropped to 0.13% (Fig. 3b), much lower than that 
in the other three seasons (24.84%—34.76%). This shift 
indicates that BD1-7_clade dominates the bacterial com-
munity composition in summer, while in other seasons, both 
BD1-7_clade and Endozoicomonas co-dominate.

Seasonal Variation of Coral‑Associated 
Photosynthetic Bacteria

Among the top 20 species at the genus level by relative 
abundance, we identified three photosynthetic bacteria: 
the proteorhodopsin bacterium BD1-7_clade, Synechoc-
occus_CC9902, and Cyanobium_PCC-6307. The relative 
abundance of all three photosynthetic bacteria peaked in the 
summer. BD1-7_clade, the dominant genus in all four sea-
sons, had a relative abundance of 50.59% in summer, 45.70% 
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in autumn, 34.67% in winter, and 21.25% in spring. Despite 
showing no significant seasonal differences in relative abun-
dance, BD1-7_clade reached its highest levels in summer 
(Figs. 3b and 4c). The relative abundance of Synechococ-
cus_CC9902 was 1.08% in summer, 0.60% in autumn, 0.05% 
in winter, and 0.27% in spring, showing significant differ-
ences across the seasons. Similarly, the relative abundance 
of Cyanobium_PCC-6307 was 0.55% in summer, 0.17% in 
autumn, 0.009% in winter, and 0.01% in spring, demonstrat-
ing significant seasonal variation (Fig. 4a).

Based on 16S amplicon sequencing data, the community 
composition and ASVs of Cyanobacteria at the phylum level 
were obtained for each sample. 381 Cyanobacteria ASVs 
were detected across the coral samples in all four seasons, 
belonging to 3 orders, 11 families, 21 genera, and 36 species 

(Table S2). In summer and autumn, Synechococcus_CC9902 
and Cyanobium_PCC-6307 were dominant, with their rela-
tive abundance peaking in summer, at 61.85% and 31.48%, 
respectively (Fig. 4b).

Effect of High Temperatures on Coral‑Associated 
Photosynthetic Microorganisms

We successfully isolated Cladocopium C1 and Cyano-
bium_PCC-6307 from P. decussata, but could not isolate 
BD1-7_clade and Synechococcus_CC9902. Symbiodini-
aceae cultures are known to harbor their own microbiomes, 
which may include Synechococcus and Cyanobium [34]. To 
account for this, we sequenced the in vitro microbiomes of 
the isolated Cladocopium C1 cultures. The results showed 
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that the associated bacterial community of Cladocopium C1 
did not contain any Cyanobacteria (Table S3 and Fig. S2).

Under different temperature conditions, the photo-
synthetic physiological indicators of Cladocopium C1 
changed significantly. At 20  °C, 25  °C, and 32  °C, the 
Symbiodiniaceae density was (1.20 ± 0.05) × 106 cells cm2, 
(3.25 ± 0.22) × 106 cells cm2, and (1.15 ± 0.12) × 106 cells 
cm2, respectively (Fig. 5c). At 20 °C, 25 °C, and 32 °C, the 
Fv/Fm was 0.57 ± 0.05, 0.68 ± 0.04, and 0.46 ± 0.03, respec-
tively (Fig. 5d). The Chlorophyll a concentrations at 20 °C, 

25 °C and 32 °C were 0.50 ± 0.04 μg/mL, 1.33 ± 0.23 μg/
mL, and 0.42 ± 0.03 μg/mL, respectively (Fig. 5e). Statistic 
analysis showed that both high and low temperatures led to a 
significant decrease in cell density, Fv/Fm, and Chlorophyll 
a concentration, with a more pronounced reduction at high 
temperatures.

In contrast, the photosynthetic physiological indicators of 
the Cyanobium_PCC-6307 improved with increasing temper-
ature. At 32 °C, OD730 was 1.36 ± 0.07, representing a signifi-
cant increase of 25.93% and 49.45% compared to 25 °C and 
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20 °C, respectively (Fig. 5h). Similarly, at 32 °C, Fv/Fm was 
0.52 ± 0.15, showing a significant increase of 10.64% and 
44.44% compared to 25 °C and 20 °C, respectively (Fig. 5i).

The photosynthetic indicators exhibited distinct patterns 
under different temperature conditions in Cladocopium 
C1 and Cyanobium_PCC-6307 co-culture. The density 
of Cladocopium C1 and Cyanobium_PCC-6307 at 25 °C 
were significantly higher than at 20 °C and 32 °C (Figs. 6a 
and 6b). The density of Cladocopium C1 at 25  °C was 
(8.39 ± 2.22) × 105 cells/mL. At 20 °C and 32 °C, it decreased 
to (4.61 ± 1.19) × 105 cells/mL and (4.78 ± 1.33) × 105 cells/
mL, respectively. The density of Cyanobium_PCC-6307 
at 25 °C was (1.53 ± 0.39) × 107 copies/mL. At 20 °C and 
32 °C, it decreased to (1.06 ± 0.43) × 107 copies/mL and 
(0.65 ± 0.54) × 107 copies/mL. However, Fv/Fm increased 
significantly with rising temperature, reaching 0.64 ± 0.02, 
0.70 ± 0.02, 0.72 ± 0.03 at 20 °C, 25 °C, and 32 °C, respec-
tively (Fig. 6c). Additionally, the concentration of reducing 
sugar and Chlorophyll a did not show significant differences 
with temperature changes. The reducing sugar concentra-
tion at 20 °C, 25 °C, and 32 °C were 0.81 ± 0.07 μg/mL, 

0.81 ± 0.03 μg/mL, and 0.79 ± 0.04 μg/mL, respectively. The 
Chlorophyll a concentration at 20 °C, 25 °C, and 32 °C were 
0.42 ± 0.06 μg/mL, 0.43 ± 0.05 μg/mL, and 0.39 ± 0.02 μg/
mL, respectively.

Discussion

Seasonal Variation Pattern of Coral‑Associated 
Photosynthetic Physiological State

Symbiodiniaceae plays a crucial role in the health and resilience 
of corals, with its density and community composition com-
monly used to characterize coral photosynthetic performance 
and assess environmental adaptability [35]. Higher Symbiodini-
aceae density is generally associated with better stress resistance 
in corals [23]. Corals can also adjust the relative abundance of 
symbiotic Symbiodiniaceae or acquire new types from the envi-
ronment through processes known as reshuffling or replacement 
to adapt to changing environmental conditions [36].

Fig. 4   Changes of photosynthetic bacteria in different seasons. (a) 
Multiple comparisons of the top 20 species with significant differ-
ences in relative abundance at the genus level. * 0.01 < P ≤ 0.05, ** 
0.001 < P ≤ 0.01, *** P ≤ 0.001. (b) Seasonal variation differences 

in Cyanobacteria community composition of P. decussata on genus 
level (c) The proportion of BD 1–7 clade in four seasons. Data in the 
Fig. 4 are mean values, and the number of samples for each season is 
five
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Our results showed that Cladocopium C1 stably sym-
bioses with P. decussata, remaining the dominant species 
(81.63% ~ 82.33%), with a stable Symbiodiniaceae commu-
nity composition (Fig. 2c). The Symbiodiniaceae density 
and Chlorophyll a concentration followed a seasonal pat-
tern, being lowest in summer and highest in winter (Figs. 2a 
and 2b), consistent with previous studies [37]. In summer, 
high temperatures and intense light can damage the pho-
tosystem II of Symbiodiniaceae chloroplasts [38], reduc-
ing photosynthetic efficiency, generating excess electrons, 
leading to the overproduction of reactive oxygen species, 
which can damage coral tissue and DNA, ultimately causing 

Symbiodiniaceae cell death or expulsion from the coral host 
[39]. Consequently, in the high-temperature, intense-light 
environment of summer, Symbiodiniaceae density and 
Chlorophyll a concentration significantly decrease, photo-
synthetic efficiency drops, and the ability to fix carbon may 
decrease [40], leading to a significant reduction in organic 
carbon transferred to the coral host. This suggests that the 
energy supply of P. decussata may be compromised. How-
ever, field observations in summer showed that P. decus-
sata on Weizhou Island did not exhibit apparent bleaching 
(Fig. 1b), indicating that other microorganisms may help 
maintain the stability of P. decussata.
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Fig. 5   The photophysical status of coral-associated photosynthetic 
microorganisms under different temperature conditions. (a) L1 
medium showing growth of Cladocopium C1. (b) Morphological 
characteristic of Cladocopium C1 in vitro under optical microscopy. 
(c) The density of Cladocopium C1 under different temperatures. (d) 
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Chlorophyll a concentration of Cladocopium C1 under different tem-
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6307. (g) Morphological characteristic of Cyanobium_PCC-6307 
in vitro under scanning electron microscopy. (h) Changes in OD730 of 
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Seasonal Variation Pattern of Coral‑Associated 
Photosynthetic Microorganisms

Symbiotic bacteria are integral to coral adaptation to envi-
ronmental changes, playing critical roles in nutrient cycling, 
energy provision, and immune responses [41]. Our results 
showed that the bacterial structure during the summer sig-
nificantly differed from other seasons, shifting from the co-
dominance of BD1-7_clade and Endozoicomonas to the sole 
dominance of BD1-7_clade. Additionally, the relative abun-
dance of Synechococcus_CC9902 and Cyanobium_PCC-
6307 peaked during the summer.

BD1-7_clade is an oligotrophic bacteria adapted to extreme 
carbon source limitation and nutrient depletion conditions 
[42]. Its genome contains genes encoding rhodopsin, carot-
enoids, and polyketide synthase, allowing it to perform pho-
tosynthesis via proteorhodopsin even in environments with 
low organic matter [43]. This reduces the energy demands 
on P. decussata and likely explains the peak abundance of 
BD1-7_clade in summer. BD1-7_clade’s ability to perform 
photoheterotrophy through rhodopsins may also help mitigate 
the impact of high light conditions on P. decussata and offset 
the reduced photosynthesis by Symbiodiniaceae.

Similarly, Cyanobacteria displayed a comparable seasonal 
variation pattern. Synechococcus_CC9902 and Cyanobium_
PCC-6307 had the highest abundance in summer under high 
temperatures and intense light, while they were lowest in win-
ter under low temperatures and weak light (Fig. 4b). These 
Cyanobacteria are small, distributed in marine environments 
globally [44], and have evolved highly efficient photosynthetic 
apparatuses [45]. They also tolerate high temperatures and can 
uptake nutrients at low concentrations [46, 47]. For instance, 
Synechococcus_WH7803 prefers high temperatures, with an 
optimal growth temperature of up to 33 °C, and maintains high 
photosynthetic efficiency even at elevated temperatures [48, 
49]. Synechococcales are well adapted to oligotrophic envi-
ronments, with cyanobacterial densities reaching up to 4 × 105 
cells/mL [50]. Given their high photosynthetic efficiency under 
low nutrient concentration, Synechococcus_CC9902 and 
Cyanobium_PCC-6307 may potentially supply photosynthetic 
products to Symbiodiniaceae during summer.

Response Pattern of Cultured Coral‑Associated 
Photosynthetic Microorganisms 
to High‑temperature Conditions

The in vitro cultivation of coral-associated microorgan-
isms is crucial for understanding how coral responds to 
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environmental changes [51]. To explore whether photosyn-
thetic bacteria can compensate for the decreased photosyn-
thetic efficiency of Symbiodiniaceae under high-temperature 
conditions, we studied Cladocopium C1 and Cyanobium_
PCC-6307, both individually and in co-culture, under dif-
ferent temperature conditions.

After 7 days of single culturing, the physiological indica-
tors of Cladocopium C1 declined under high and low tem-
peratures. Fv/Fm and Chlorophyll a concentration, which 
reflect the photosynthetic efficiency of Symbiodiniaceae[52], 
showed significant decreases. This suggests that extreme 
temperatures, particularly high temperatures, impair the 
photosynthetic efficiency of Symbiodiniaceae, supporting 
previous research indicating that Cladocopium C1 is ther-
mally sensitive [53]. Abnormal temperatures can lead to the 
accumulation of reactive oxygen species (ROS) [54], damag-
ing to the photosystem that absorbs excitation energy [55]. 
In contrast, Cyanobium_PCC-6307 demonstrated strong 
adaptability to high temperatures. After 7 days of 32℃, the 
Fv/Fm of and OD730 of Cyanobium_PCC-6307 significantly 
increased compared to routine and low-temperature condi-
tions (Figs. 5h and 5i), indicating enhanced photosynthetic 
efficiency under high-temperature conditions. This is con-
sistent with previous reports that certain Cyanobacterial 
strains prefer high temperatures, showing maximal growth 
rates, cell density, and Fv/Fm [48].

After 7 days of co-culturing, Fv/Fm increased signifi-
cantly with rising temperature, reaching the highest value 
at 32 °C, which was higher than that observed in the single 
cultures of Cladocopium C1 and Cyanobium_PCC-6307, 
reflecting a synergistic effect. However, further studies are 
needed to quantify the individual contributions to overall 
photosynthetic performance. The concentrations of reducing 
sugar and Chlorophyll a were unaffected by temperature, 
showing no significant differences across the temperature 
gradients. Surprisingly, Cladocopium C1 and Cyanobium_
PCC-6307 exhibited the same responses to temperature 
changes. The Symbiodiniaceae density in the co-culture 
system was highest at 25 °C and significantly decreased at 
20 °C and 32 °C, consistent with the results from the single 
cultures. However, the Cyanobacteria copies were lowest 
at 32 °C, contrary to the results observed in the single cul-
tures. This discrepancy may be due to interactions between 
the symbiotic bacterial community of Symbiodiniaceae and 
Cyanobacteria [16]. Despite this, the Cyanobacteria den-
sity still reached 106 copies/mL, sufficient to maintain the 
photosynthesis efficiency of the co-culture system. Results 
from the co-culture experiment indicated that high tempera-
tures had minimal impact on the photosynthesis efficiency 
of Cladocopium C1 and Cyanobium_PCC-6307 co-culture 
system. Previous research has shown that Symbiodiniaceae 
can benefit from metabolic exchanges with bacteria. For 
example, the co-culture of Symbiodiniaceae and Ruegeria 

sp. thrives in nitrogen-free conditions, with 15N-stable iso-
tope probing-single cell Raman spectroscopy verifying Rue-
geria sp.’s role as a nitrogen supplier to Symbiodiniaceae 
[56]. Furthermore, Labrenzia alexandrii and Marinobacter 
sp. synthesize indole-3-acetic acid (IAA), a phytohormone 
that enhances the growth of Symbiodiniaceae [12].

Our results show that Cyanobium_PCC-6307 can help 
Symbiodiniaceae improve photosynthetic efficiency and may 
offer metabolic benefits under high-temperature conditions. 
Further research is needed to establish a direct link between 
these findings and the prevention of coral bleaching in hos-
pite. Overall, our results highlight the significant role of pho-
tosynthetic bacteria, particularly Cyanobium_PCC-6307, in 
enhancing the photosynthetic efficiency of Symbiodiniaceae 
under high-temperature conditions. By boosting Symbiod-
iniaceae photosynthesis, Cyanobium_PCC-6307 indirectly 
contributes to maintaining coral health and aiding adaptation 
to environmental changes. This knowledge provides new 
insights into the potential role of photosynthetic bacteria 
within the coral holobiont and is essential for developing 
strategies to protect and restore coral reefs.

Conclusion

We employed a comprehensive approach utilizing ampli-
con sequencing, microbiological isolation, and cultivation 
to analyze the dynamic changes in symbiotic Symbiodini-
aceae and photosynthetic bacteria in P. decussata across four 
seasons on Weizhou Island. Additionally, we examined the 
physiological states of Cladocopium C1, Cyanobium_PCC-
6307, and their co-culture under varying temperature condi-
tions in the laboratory. Our findings suggest that symbiotic 
Symbiodiniaceae and photosynthetic bacteria may collec-
tively contribute to the energy supply of P. decussata symbi-
otic consortia in response to seasonal changes. Furthermore, 
the results indicate a potential compensatory effect of photo-
synthetic bacteria on the photosynthesis of Symbiodiniaceae 
under high-temperature conditions. However, while our 
results highlight the possible synergistic interaction between 
photosynthetic microorganisms in maintaining coral pho-
tosynthetic physiology under high-temperature conditions, 
the direct impact of these interactions on the coral host, par-
ticularly in maintaining healthy photosynthate translocation, 
requires further investigation. These findings underscore the 
potential role of photosynthetic bacteria in supporting coral 
adaptation to high-temperature environments, particularly 
during the summer. It provides valuable insights into the 
environmental adaptability of coral symbiotic consortia.
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Abstract

Streptococcus agalactiae (SA) is a severe prevalent pathogen, resulting in high morbidity and
mortality in the global tilapia industry. With increasing bacterial resistance to antibiotics,
alternative strategies are urgently needed. This study aims to investigate the antibacterial
activity and the underlying mechanisms of the natural product xanthohumol (XN) against
SA infection in tilapia (Oreochromis niloticus). The results showed that XN could signifi-
cantly reduce the bacterial loads of SA in different tissues (liver, spleen and brain) after
treatment with different tested concentrations of XN (12.5, 25.0 and 50.0 mg/kg). Moreover,
XN could improve the survival rate of SA-infected tilapia. 16S rRNA gene sequencing
demonstrated that the alpha-diversity index (Chao1 and Shannon_e) was significantly
increased in the XN-treated group (MX group) compared to the SA-infected group (CG
group) (p < 0.05), and the Simpson diversity index significantly decreased. The Bray–Curtis
similarity analysis of non-metric multidimensional scaling (NMDS) and principal coordi-
nate analysis (PCA) showed that there were significant differences in microbial composition
among groups. At the phylum level, the relative abundance of the phyla Actinobacteria,
Proteobacteria and Bacteroidetes decreased in the MX group compared to the CG group,
while the relative abundance of the phyla Fusobacteria, Firmicutes and Verrucomicro-
bia increased. Differences were also observed at the genus level; the relative abundance
of Mycobacterium decreased in the MX group, but the abundance of Cetobacterium and
Clostridium_sensu_stricto_1 increased. Metabolomics analysis revealed that XN changed the
metabolic profile of the liver and significantly enriched aspartate metabolism, glycine and
serine metabolism, phosphatidylcholine biosynthesis, arginine and proline metabolism,
glutamate metabolism, urea cycle, purine metabolism, methionine metabolism, betaine
metabolism, and carnitine synthesis. Correlation analysis indicated an association between
the intestinal microbiota and metabolites. In conclusion, XN may be a potential drug for
the prevention and treatment of SA infection in tilapia, and its mechanism of action may be
related to the regulation of the intestinal microbiota and liver metabolism.
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1. Introduction
Tilapia is one of the largest fish species globally, and its production is increasing every

year. However, the emergence of pathogens has become a major limiting factor for the
production and supply of tilapia. Among pathogens, Streptococcus agalactiae (SA) is the
main bacterial pathogen in tilapia farms. SA infection can result in high mortality rates
of up to 30–90% for tilapia, causing severe economic losses for the tilapia aquaculture
industry [1]. Antibiotics are used to control SA infection to some extent [2]. However,
the abuse of antibiotics leads to the emergence of drug-resistant microbes and antibiotic
residues in foods [3]. Thus, it is urgent to identify new prevention and therapy agents
against SA infection in tilapia aquaculture.

Medicinal plants and their chemical composition are considered potential candidates
for antimicrobial drugs. Many studies have demonstrated that medicinal plants have
notable anti-SA activity in tilapia, such as Aristolochia debilis, Panax ginseng, Spatholobus
suberectus, Scutellaria baicalensis and Sophora flavescens [4–6]. Some plant extracts can also
regulate the intestinal microbiota and hepatic metabolism of tilapia. Guava and Star
gooseberry leaf extracts, whether used alone or in combination, can enhance the intestinal
microbial diversity of tilapia infected with Aeromonas hydrophila, increase the abundance
of probiotics, and combat Aeromonas hydrophila infection [7]. Bidens pilosa can regulate
the composition of the intestinal microbiota in tilapia, thereby affecting various metabolic
pathways in the liver, such as amino acid metabolism, carbohydrate metabolism and
lipid metabolism, and promoting growth through the gut–liver axis [8]. Interestingly, the
chemical composition of medicinal plants also exhibits antibacterial activity. For instance,
baicalin is the main component of Scutellaria baicalensis, and it has significant antibacterial
activity against SA infection in tilapia by attenuating SA virulence [9]. Xanthohumol (XN),
an isoprenylated flavonoid component in Sophora flavescens, can regulate inflammation-
and apoptosis-related innate immunity and exert multi-directional pro-healing properties
on damaged hair cells in zebrafish embryos [10]. Furthermore, XN has a safe concentration
in tilapia exceeding 100 mg/kg and can significantly inhibit GBS infection in tilapia [6].
However, previous research only confirmed that XN possesses antibacterial activity, while
the underlying mechanisms of its antibacterial activity and its potential associations with
intestinal microbiota and hepatic metabolism remain insufficiently studied.

In this study, the antibacterial activity and potential mechanism of XN against SA
infection were evaluated in tilapia (GIFT, Oreochromis niloticus). The anti-SA activity of XN
in tilapia was investigated by quantifying the bacterial loads using quantitative real-time
PCR (qPCR) and evaluating the mortality rates of SA-infected tilapia. Furthermore, we
employed 16S rRNA sequencing and untargeted metabolomics to identify the changes
in intestinal microbiota and liver metabolites, respectively. This study will provide a
comprehensive understanding of the regulatory roles of XN in tilapia.

2. Materials and Methods
2.1. Fish, Bacteria and Chemicals

Tilapia Oreochromis niloticus (body weight: 8.85 ± 0.11 g) was purchased from a fish
farm in Nanning, Guangxi, China. Fish were acclimatized for 14 days in 200 L aquariums
at 30 ◦C and fed with a commercial pellet diet twice daily. The animal use protocol was
approved by the Animal Care and Welfare Committee of Guangxi University (GXU-2023-
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0531). SA strain GXYL7, originally isolated from tilapia suffering from bacterial disease,
was used in our study [11]. Natural compound XN (CAS No. 6754-58-1) was purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. SA Quantification

SA quantification was performed using qPCR, as in our previous study [12]. Sim-
ply, the cfb gene, which encoded the CAMP factor, was selected as the target gene. It
was cloned using the primers cfb-F (5′-TAGCTTAGTTATCCCAAATCCC-3′) and cfb-R
(5′-TAAAGACTTCATTGCGTGCC-3′) into the pMD19-T simple vector (Takara, Shanghai,
China) for the target amplicon. The copy numbers of the target amplicon were quantified by
measuring the concentration using a NanoDrop spectrophotometer (NanoDrop Technolo-
gies Inc., Wilmington, DE, USA). The target amplicon was diluted and used as the template
for qPCR. The qPCR was performed using UltraSYBR Mixture (CWBIO, Taizhou, China)
in the ABI 7500 Fast Real-Time PCR System. The PCR cycling conditions were as follows:
95 ◦C for 10 min, then 40 cycles at 95 ◦C denaturation for 15 s, followed by annealing at
60 ◦C for 1 min. To verify the amplification of a single product, a melt curve analysis of 5 s
per step from 65 to 95 ◦C was performed at the end of each PCR thermal profile. Regression
of the log of cfb gene copy numbers and the corresponding cycle threshold (Ct) value was
used as a standard curve to determine the copy numbers of SA.

2.3. Experimental Design and Sampling

The anti-SA activity of XN was evaluated in SA-infected tilapia, as in a previous
study [6]. The experimental tilapia were grouped using a random number table method
and assigned to the control group, infection group, and XN treatment group. We further
evaluated the anti-SA activity of XN in tilapia. Tilapia were divided into the control
group and XN experimental groups (12.5, 25.0 and 50.0 mg/kg). The control groups were
injected with SA only, and the experimental groups were injected with SA suspensions and
different concentrations of XN. Each fish was injected with 100 µL suspensions. The final
concentration of SA bacterial suspensions was 1 × 108 cfu/mL. The liver, spleen, brain or
intestinal tissues were sampled and stored at −80 ◦C for analysis.

To investigate the preventive and control effects of XN, a 14-day experiment was
conducted on tilapia. For the XN-treated groups, tilapia were intraperitoneally injected
with a premixed solution of SA and XN, resulting in XN concentrations in tilapia reaching
12.5, 25, and 50 mg/kg (drug weight: fish weight), which were designated as the 12.5 mg/kg
XN group (LX), 25 mg/kg XN group (MX), and 50 mg/kg XN group (HX), respectively.
The infected group (CG) was injected with SA bacterial solution alone, while the healthy
group was injected with PBS solution (CP). Each group was set with 3 replicates, with
15 fish in each replicate. Each fish was injected with 100 µL of the treatment solution,
and the final concentration of GBS bacterial solution was 1 × 108 cfu/mL. Mortality was
recorded daily.

2.4. DNA Extraction and Absolute Quantification of the Copy Numbers of SA Genomic DNA

The 15 mg tissue samples were taken for DNA extraction, and all tissues were tritu-
rated using a tissue homogenizer (Sangon Biotech, Shanghai, China). Total genomic DNA
was extracted using the TIANamp Bacteria DNA Kit (Tiangen, Sichuan, China) following
the manufacturer’s instructions. Extracted DNA was subjected to quantification via Nan-
oDrop spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). Then, the
DNA was used to quantify the copy numbers of SA genomic DNA via qPCR.
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2.5. 16S rRNA Gene Sequencing for the Intestinal Microbiota Analysis

The genomic DNA of different samples was extracted according to the E.Z.N.A. ®Stool
DNA Kit (Omega, Inc., Dewitt, NY, USA). PCR amplification was performed in a 25 µL
reaction mixture to obtain the V3–V4 regions of 16S rRNA gene using the primers 338F
(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
The 5′ ends of the primers were tagged with specific barcodes for each sample and were
sequenced with universal primers. The PCR condition consisted of an initial denaturation
at 94 ◦C for 5 min; 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s,
and extension at 72 ◦C for 30 s; and then final extension at 72 ◦C for 10 min. The PCR
product was confirmed using 1% agarose gel electrophoresis. Following the standard
protocol of the ALFA-SEQ DNA Library Prep Kit (Ark Biosafety Technology (Guangzhou)
Co., Ltd., Guangzhou, China), the library construction is carried out. Subsequently, the
size of the library fragments is evaluated on the Qsep400 High-Throughput Nucleic Acid
and Protein Analysis System (Hangzhou Houze Biotech Co., Ltd., Hangzhou, China), and
the concentration of the library is measured using the Qubit 4.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). The library was sequenced on the Illumina NovaSeq
6000 platform, and 250 bp paired-end (PE) reads were generated (Guangdong Magigene
Biotechnology Co. Ltd., Guangdong, China).

2.6. LC-MS Conditions for Metabolomics Analysis

The metabolomics analysis of the liver sample was conducted using an ultra-
performance liquid chromatography (UPLC) system (Vanquish, Thermo Fisher Scientific,
Waltham, MA, USA). An ACQUITY UPLC BEH Amide column (50 mm× 2.1 mm, 1.7 µm,
Waters, UK) was used for the separation. The mobile phase A of liquid chromatography is
an aqueous phase containing 25 mmol/L ammonium acetate and 25 mmol/L ammonia
water, while mobile phase B is acetonitrile. Sample tray temperature is 4 ◦C, and injection
volume is 2 µL. The Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to detect the eluted metabolites. The Orbitrap Exploris
120 mass spectrometer was operated in both positive and negative ion modes. Sheath
gas flow rate was 50 Arb, Aux gas flow rate was 15 Arb, capillary temperature was
320 ◦C, full MS resolution was 60,000, MS/MS resolution was 15,000, collision energy was
SNCE 20/30/40, spray voltage was 3.8 kV (positive) or −3.4 kV (negative), respectively.
During the entire acquisition period, the mass accuracy was calibrated after every 20 sam-
ples. Furthermore, a quality control (QC) sample was analyzed after every 10 samples to
evaluate the stability of LC-MS during the whole acquisition (for relevant details, refer to
Supplementary Materials).

2.7. 16S rRNA Data Analysis

Paired-end (PE) reads were assigned to individual samples based on their unique
barcode sequences, which were subsequently truncated to remove the barcode and primer
sequences. The resulting reads were merged using the FLASH v1.2.11 software. Quality
filtering was performed under stringent conditions using the fastp (v0.14.1) to obtain high-
quality clean tags (For QC, refer to Supplementary Materials Table S2). Chimeric sequences
were identified and removed using the Usearch software (v10.0.240). DADA2 was em-
ployed for dereplication, resulting in a feature table and sequence data. Feature abundance
was normalized relative to each sample’s total abundance based on the SILVA (release 132)
classifier. Operational taxonomic units (OTUs) were analyzed at a 97% sequence similarity
threshold using the Usearch (v10.0.240). Alpha-diversity indices, including ACE, coverage,
Simpson, Chao1, and Shannon_e, were calculated using the QIIME2 2023.5 to evaluate
species complexity. Beta diversity was assessed through principal coordinate analysis
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(PCoA) and non-metric multidimensional scaling (NMDS) based on bray_curtis, also using
QIIME2. Differential intestinal microbiota between groups were detected, and their species
composition was analyzed at the phylum and genus levels. Linear discriminant analysis
effect size (LEfSe) analysis was performed to identify differential microbiota taxa. Linear
discriminant analysis effect size (LEfSe) was performed based on the OTU annotation
results, and multiple testing correction was conducted using Benjamini–Hochberg FDR
(p < 0.05) to identify species with significant differences in abundance between groups.
Differential species analysis was conducted using the non-parametric Kruskal–Wallis rank-
sum test and Wilcoxon rank-sum test. Bacterial genera with linear discriminant analysis
(LDA) score greater than 3 and p-values less than 0.05 were selected for further analysis,
aiming to discover the differential biomarker species among the intestinal microbiota of
tilapia under different treatments. All statistical analyses were conducted using R ver-
sion 4.3.3 and different R packages (phyloseq v1.42.0, DESeq2 v1.38.3, vegan v2.6.2 and
ggplot2 v3.3.6).

2.8. Metabolomics Data Processing

The raw data were converted to the mzXML format using ProteoWizard 3.0.7414 and
processed with an in-house program, which was developed using R and based on XCMS,
for peak detection, extraction, alignment, and integration. Then, the MS2 database was
applied to metabolite annotation. The cutoff for annotation was set at 0.3. Using the R
package stats (v4.0.3), principal component analysis (PCA) is conducted. For Orthogonal
Projections to Latent Structures–Discriminant Analysis (OPLS-DA), the R language package
ropls (v1.22.0) is employed. Variable Importance in the Projection (VIP) scores > 1, along
with absolute Fold Change (FC) values > 2 or <0.5, and p < 0.05, are applied as criteria for
screening differential metabolites. The selected differential metabolites are then annotated,
classified, clustered, and analyzed using the proprietary database established by Guang-
dong Magigene Biotechnology Co., Ltd. Venn diagrams are generated using Metware
Cloud 2024.1.26 (https://cloud.metware.cn; accessed on 24 March 2024) for visualizing
and comparing sets of differential metabolites or pathways across different experimental
conditions or analyses. Metabolic pathway analysis is performed via MetaboAnalyst 6.0
(https://genap.metaboanalyst.ca/; accessed on 26 March 2024), with statistical significance
set at p < 0.05. Metabolic pathways with an impact value > 0.1 are considered significantly
relevant to the study conditions, indicating that these pathways are the most pertinent ones
associated with the experimental conditions. The correlation heatmap was drawn using
the OmicStudio tools 3.6 at https://www.omicstudio.cn/tool (accessed on 8 October 2024).

2.9. Statistical Analysis

All data are presented as means ± SD. The statistical analysis was carried out with SPSS
18.0 statistical software (SPSS Inc., Chicago, IL, USA). p ≤ 0.05 was considered significant.
Spearman’s correlation analysis was conducted to analyze the correlation relationship
between the microbiota and metabolite using the data of significantly differential genus-
level microbiota and differential secondary metabolites. A scaled heatmap was constructed
for the correlation matrix using the default clustering method.

3. Results
3.1. Xanthohumol Inhibits SA Replication in Tilapia

As shown in Figure 1A–C, XN could significantly inhibit SA infection in different
tissues of tilapia after treatment with different concentrations of XN for 24 h. Compared
with the control groups, the copy numbers of SA in the liver, spleen, and brain tissues
of tilapia in the XN groups reduced by 6.45-fold, 5.96-fold and 7.73-fold, respectively.
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Furthermore, XN could also significantly inhibit SA infection in the liver tissues of tilapia
after treatment with different concentrations of XN for 24, 48 and 72 h (Figure 1D–F).

A B C 

D E F 

Figure 1. Xanthohumol (XN) inhibited the proliferation of Streptococcus agalactiae (SA) in tilapia.
Bacterial loads in the (A) liver, (B) spleen and (C) brain of SA-infected tilapia treated with different
concentrations of XN for 24 h. Bacterial loads in the liver of SA-infected tilapia treated with different
concentrations of XN for (D) 24 h, (E) 48 h and (F) 72 h. Asterisks mark the significant difference
between experimental data and control data (* p < 0.05, ** p < 0.01).

3.2. Xanthohumol Improves the Survival Rate of SA-Infected Tilapia

To explore the therapeutic effect of XN, SA-infected tilapia was treated with XN (12.5,
25, and 50 mg/kg) and observed for 14 days. As shown in Figure 2, the survival rate of
tilapia was significantly different between the treatment and control groups. The cumulative
survival rate of tilapia in the CP groups (treated with PBS only) was 100%, while it was only
20% in the CG groups (treated with SA only). Interestingly, the cumulative survival rates of
SA-infected tilapia after treatment with 12.5 mg/kg (LX groups), 25 mg/kg (MX groups) and
50 mg/kg (HX groups) XN for 14 d were increased to 40%, 80% and 40%, respectively.

Figure 2. XN improved the survival rate of tilapia infected with SA. The CP groups were in-
jected with PBS solution only; the CG groups were injected with SA bacterial solution only; the LX
(12.5 mg/kg XN), MX (25 mg/kg), and HX (50 mg/kg XN) groups were injected with a mixture of
XN and SA bacterial solution. The mortality of each group (n = 45) was continuously detected for
14 days. Survival Rate = (Number of Survivors/Initial Number) × 100%.
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3.3. Effects of Xanthohumol on the Intestinal Microbial Diversity

As shown in Table 1, there were no significant differences in ACE and coverage indices
among the MX groups, CP groups and CG groups (p > 0.05), but the ACE index in the MX
groups was higher than that in the CG groups, and the MX groups were lower than that
in the CP groups. There were significant differences in Simpson, Chao1, and Shannon_e
indices between both the MX group and CG groups, as well as between the CP group and
CG groups (p < 0.05). The results of the α-diversity indices indicated that XN could regulate
the α-diversity of intestinal microbial communities in tilapia. In addition, the Bray–Curtis
similarity analysis of NMDS and PCoA among different groups showed that there were
significant differences in microbial composition among groups (Figure 3).

Figure 3. The β-diversity of intestinal microbiota of tilapia in different groups. (A) NMDS analysis.
Stress = 0.044 indicates that NMDS can accurately reflect changes in the community between samples;
(B) PCoA analysis. PCoA scatter plot of OTUs. The gray, yellow and blue circles represent the CP
group, CG group and MX group, respectively.

Table 1. The α-diversity analyses of intestinal microbiota in the three groups.

Index CG CP MX

ACE 430.88 ± 17.10 473.79 ± 25.22 464.80 ± 15.92
Coverage 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Simpson 0.26 ± 0.02 a 0.18 ± 0.01 b 0.15 ± 0.01 c

Chao1 265.63 ± 14.25 b 321.63 ± 21.47 a 346.20 ± 10.85 a

Shannon_e 2.08 ± 0.08 b 2.40 ± 0.07 ab 2.55 ± 0.06 a

Different letters in the same row indicate the significant differences between various groups (p < 0.05).
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3.4. Effects of Xanthohumol on Intestinal Microbial Composition

As shown in Figure 4, the intestinal microbial composition of the dominant microbiota
was essentially the same but with changes in abundance. At the phylum level, the relative
abundance of the phyla Actinobacteria, Proteobacteria and Bacteroidetes decreased in the
MX compared to the CG, while the relative abundance of the phyla Fusobacteria, Firmicutes
and Verrucomicrobia increased (Figure 4A). Compared with the CP group, the relative
abundance of Proteobacteria, Bacteroidetes, and Firmicutes in the CG group was decreased,
while the relative abundance of Fusobacteria, Actinobacteria, and Verrucomicrobia was
increased (Figure 4A). Differences were also observed at the genus level; the relative
abundance of Mycobacterium decreased in the MX, but the abundance of Cetobacterium
and Clostridium_sensu_stricto_1 increased (Figure 4B). Compared with the CP group, the
relative abundance of Cetobacterium and Clostridium_sensu_stricto_1 in the CG group
was decreased, while the abundance of Mycobacterium was increased (Figure 4B).

Figure 4. The relative abundance of intestinal microbiota in different groups at the phylum (A) and
genus (B) taxonomic level.

3.5. Identification of Potential Intestinal Microbial Biomarkers

To evaluate the potential biomarker taxa in tilapia, we compared the intestinal micro-
bial communities between the CG and CP groups and the CG and MX groups using the
linear discriminant analysis effect size (LEfSe, Table 2). LEfSe analysis was performed based
on the LDA effect size and could be used to compare between groups for the identification
of biomarker taxa with the most significant differences in abundance. Between the CG and
CP groups, the CP groups had four taxa with significantly enriched abundance, while three
taxa were upregulated in the CG groups. In addition, the MX groups had 17 taxa with
significantly enriched abundance compared to the CG groups, and 5 taxa were upregulated
in the CG groups. In CG vs. MX, the biomarkers recognized for the MX group were
g_Cetobacterium and g_Clostridium_sensu_stricto_1, while g_Mycobacterium was identified as
biomarkers in the CG group.
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Table 2. LEfSe analysis of group CP, group CG and group MX at the genus level.

Group Biomarker ID LDA p-Value

CG vs. CP

CG
g. Allorhizobium 3.654 0.0495
g. Streptococcus 3.552 0.0495

g. Brevinema 3.219 0.0495

CP

g. Iamia 3.789 0.0495
g. Clostridium_sensu_stricto_1 3.424 0.0495

g. Romboutsia 3.207 0.0495
g. Anaerobacterium 3.092 0.0463

CG vs. MX

CG

g. Deinococcus 3.990 0.0369
g. Anoxybacillus 3.879 0.0463

g. Methylobacterium 3.388 0.0495
g. Mycobacterium 3.042 0.0369
g. Xanthobacter 3.004 0.0463

MX

g. Cetobacterium 4.806 0.0495
g. Clostridium_sensu_stricto_1 4.129 0.0495

g. Lachnoclostridium 4.090 0.0369
g. Massilia 3.961 0.0369

g. Clostridium_sensu_stricto_2 3.895 0.0463
g. Ruminococcaceae_UCG 3.762 0.0495

g. Caproiciproducens 3.650 0.0369
g. Clostridium_sensu_stricto_12 3.646 0.0495

g. Akkermansia 3.422 0.0495
g. Cellulosilyticum 3.401 0.0369

g. Romboutsia 3.396 0.0495
g. Anaerobacterium 3.333 0.0463

g. Clostridium_sensu_stricto_7 3.295 0.0463
g. Clostridium_sensu_stricto_13 3.270 0.0495

g. Epulopiscium 3.215 0.0495
g. Clostridium_sensu_stricto_18 3.164 0.0463

g. Iamia 3.144 0.0495
The linear discriminant analysis (LDA) effect size (LEfSe) was used to compare the differences in gut microbial
community composition in different groups. LDA score > 3.

3.6. Effect of Xanthohumol on Metabolomic Alterations

The results of PCA analysis showed that there was no overlap between CP3 and CG3
and CG3 and MX3 (Figure 5A). Figure 5B–E show scatter plots of the OPLS-DA model
between the CG and CP groups and CG and MX groups. The farther the distance between
the points, the greater the difference between their physiological and pathological states.
It can be seen from Figure 5B,D that the main components of the CG3 group and CP3
group and the CG3 group and MX3 group are separated and do not overlap; thus, there is
a significant difference between the CG3 group and CP3 group and the CG3 group and
MX3 group. Meanwhile, we use the OPLS-DA model to calculate the VIP through the
control group to assess the contribution of metabolites to the differences between groups.
To assess the model, an alignment test is performed. An alignment verification chart is
shown in Figure 5. As shown in Figure 5C,E, the original model has a good fit and there is
no overfitting.
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Figure 5. The PCA and OPLS-DA analysis of liver metabolites of tilapia in different groups. (A) PCA
analysis. The yellow, green and blue circles represent the CG3 group, CP3 group and MX3 group,
respectively; (B) score scatter plot and (C) permutation test result plot of OPLS-DA model in CG3 vs.
CP3; (D) score scatter plot and (E) permutation test result plot of OPLS-DA model in MX3 vs. CG3.
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3.7. Differential Metabolic Pathways and Differential Metabolites

Compared with the CP3 group, there were 211 downregulated and 103 upregulated
metabolites in the CG3 group (Figure 6A). Compared with the CG3 group, the num-
ber of downregulated and upregulated metabolites in the MX3 group was 124 and 230
(Figure 6B), respectively.

Figure 6. The analysis of DEMs and differential metabolic pathways in different groups. The volcano
plot of DEMs in CG3 vs. CP3 (A) and in MX3 vs. CG3 (B); the pairwise comparison of differential
metabolic pathways in CG3 vs. CP3 (C) and MX3 vs. CG3 (D); the Venn diagram of DEMs (E) and
differential metabolic pathways (F) in different groups.
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Differential metabolites were imported into the Metaboanalyst 6.0 database for
metabolic pathway analysis. The results of the differential metabolic pathways indicated
that, in CG3 vs. CP3, the metabolic pathways of phosphatidylcholine biosynthesis, glycine
and serine metabolism, arachidonic acid metabolism, phosphatidylethanolamine biosyn-
thesis, arginine and proline metabolism, glutathione metabolism, urea cycle, carnitine syn-
thesis, aspartate metabolism in the CG3 group were mainly enriched (Figure 6C). In MX3
vs. CG3, the metabolic pathways of aspartate metabolism, glycine and serine metabolism,
phosphatidylcholine biosynthesis, arginine and proline metabolism, glutamate metabolism,
urea cycle, purine metabolism, methionine metabolism, betaine metabolism, carnitine
synthesis in the MX3 group were mainly enriched (Figure 6D).

The Venn diagram analysis revealed an overlap of 193 differentially expressed metabo-
lites (DEMs) and 6 differential metabolic pathways shared between the two comparison
groups (Figure 6E,F). Additionally, exclusive to the CG3 versus CP3 comparison, there
were 121 unique DEMs and 3 distinct metabolic pathways, whereas the MX3 versus CG3
comparison exhibited 161 exclusive DEMs and 4 unique metabolic pathways.

3.8. Association Between the Intestinal Microbiota and Metabolites

The correlation analysis of 16S sequencing and metabolomics was performed to ex-
plore the relationship between the intestinal microbiota and host metabolism using the
data of differential genus-level microbiota and differential secondary metabolites using
Pearson’s correlation analysis (Figure 7). According to the genus-level microbial species
analysis, compared with the other two groups, the relative abundance of cetobacterium
and Clostridium_sensu_stricto_1 in the MX group was higher, while the relative abundance
of Mycobacterium was lower. As shown in Figure 7A, Spearman’s correlation analysis re-
vealed that in the comparison between CG3 and CP3, Clostridium_sensu_stricto_1 exhibited
a significant positive correlation with saikosaponin B1. In contrast, prostaglandin F2a,
4-guanidinobutyric acid, Yucalexin B20, arecaidine, alpha-ketoisovaleric acid, methylsuc-
cinic acid, and prostaglandin A1 showed significant negative correlations with Clostrid-
ium_sensu_stricto_1. Moreover, Streptococcus had a significant positive correlation with are-
caidine and 2,3,4,5-tetrahydropyridine-2-carboxylate, while kinsenoside and S-Adenosyl-
L-homocysteine showed significant negative correlations with Streptococcus. As shown in
Figure 7B, in the comparison between MX3 and CG3, Clostridium_sensu_stricto_1 demon-
strated a significant positive correlation with sphingosine. Mycobacterium showed a signif-
icant positive correlation with bisosthenon B, galanthamine N-Oxide, 2-Biphenylol, and
2-Hydroxyethanesulfonic acid. Cetobacterium also had a significant positive correlation
with galanthamine N-Oxide, 2-Biphenylol, and 2-hydroxyethanesulfonic acid, whereas
N-Acetyl-L-arginine showed a significant negative correlation with Cetobacterium. However,
the correlation analysis in this study only reveals statistical associations between variables,
and causal relationships cannot be inferred at this stage.
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Figure 7. The combination analysis of differential microbiota and differential metabolites in pairwise
comparison of the three groups. (A) CG3 vs. CP3, (B) MX3 vs. CG3 (* p < 0.05, ** p < 0.01).

4. Discussion
In the present study, we utilized qPCR to assess the variation in SA loads in the

tissues of tilapia following SA infection and subsequent treatment with XN. This approach
was employed to quantify the drug’s anti-SA efficacy and to evaluate its potential as an
anti-SA agent. In disease treatment, the effectiveness of a drug depends on the dosage,
and many phytochemicals exhibit hormetic effects. This is a biphasic dose–response
model, usually showing a “J”-shaped or inverted “U”-shaped curve, which is characterized
by “stimulation at low doses and inhibition at high doses” [13]. In our study, different
concentrations of XN all showed significant protective effects on tilapia, among which
the 25 mg/kg concentration exhibited the best efficacy. This is highly consistent with the
hormetic effect model. Furthermore, our survival rate results were similar to the anti-SA
effects, where the 25 mg/kg XN exhibited the optimal protective effect, further supporting
that xanthohumol may possess a hormetic effect. In other studies, 5 mg/L XN can alleviate
DNA damage caused by oxidative stress in Saccharomyces cerevisiae, while concentrations
higher than 5 mg/L lead to a reduced growth rate and aggravated DNA damage [14].
In summary, XN may exhibit a hormetic effect and has a good anti-SA effect in tilapia,
indicating that XN has great therapeutic potential for SA infection.

The integrity of gut microbiota structure and function is intricately linked to microbial
diversity [15], which, in turn, is correlated with the health status of fish [16]. In alignment
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with previous findings, SA infection significantly diminishes the richness and diversity of
the zebrafish gut microbiota while concurrently increasing the prevalence of pathogenic
bacteria, thus aggravating the zebrafish condition [17]. The diversity resistance hypothesis
posits that microbial communities with greater diversity are more likely to contain species
capable of resisting invaders or pathogens [18]. Treatment with XN has been shown to
elevate the ACE, Chao, and Shannon indices of the tilapia gut microbiota and to decrease the
Simpson index, suggesting an enhancement in α-diversity. The reason for this phenomenon
may be that, although XN has antibacterial activity, it mainly targets and inhibits pathogenic
bacteria while having little impact on beneficial bacteria in the intestine. In addition, XN
may promote the proliferation of beneficial bacteria by regulating intestinal composition
and improving the intestinal environment, thereby increasing the overall diversity of
microbiota. This mechanism is different from that of traditional broad-spectrum antibiotics,
reflecting the specific advantages of XN. This implies that XN may bolster resistance to SA
invasion through the promotion of gut microbial α-diversity.

The bacterial community composition in the XN-treated group diverged from that of
the infected group, suggesting that both XN and SA are capable of modulating the tilapia
gut microbiota structure. Donoso et al. [19] observed that XN can alter the abundance of spe-
cific gut microbial genera and significantly affect the β-diversity in a rat maternal separation
model. Logan et al. [20] discovered through 16S rRNA gene sequencing of fecal samples
from obese mice that XN supplementation can modify the microbial composition and
substantially alter the predicted functional capabilities of the gut microbiota. Additionally,
dietary garlic supplementation has been shown to regulate the gut microbial community in
tilapia, influencing bacterial counts, diversity indices, and community structure, thereby
countering Streptococcus iniae infection [21]. These findings collectively suggest that XN
may alter the tilapia gut microbiota structure, potentially conferring protection against
SA infection.

In the XN-treated group, the relative abundance of Cetobacterium and Clostrid-
ium_sensu_stricto_1 was significantly higher compared to the infected group, whereas
Mycobacterium was significantly less abundant. Li Ming et al. [22] noted significant shifts in
the gut microbiota composition and diversity of tilapia following oral SA infection, with
an increase in pathogenic genera such as Edwardsiella and Pseudomonas and a decrease in
beneficial genera like Cetobacterium, Lactococcus, and Propionibacterium. Zhao et al. [23]
reported a marked increase in the relative abundance of the pathogen Campylobacter in the
gut of SA-infected tilapia under high-temperature conditions, potentially compromising
the fish’s immune defenses. Mycobacterium is a genus known to pose significant threats to
fish, with several species inducing severe and often fatal diseases across a broad spectrum
of fish species globally [24,25]. Cetobacterium, an anaerobic bacterium native to the guts
of many freshwater fish, has been shown to produce butyrate through the fermentation
of peptides and carbohydrates, thereby inhibiting the growth of potential pathogens [26].
Recent studies have highlighted Cetobacterium’s ability to produce vitamin B12, which
fortifies intra-microbiota interactions and enhances the host’s resistance to pathogenic
infections [27]. Consistent with our observations, Radix Rehmanniae Preparata polysac-
charides have also been reported to increase the abundance of Cetobacterium in the perch
gut [28]. Clostridium_sensu_stricto_1, capable of metabolizing proteins and carbohydrates to
produce small organic acids and hydrogen, is regarded as a beneficial bacterial genus in the
context of bacterial infections due to its butyrate production [29]. XN can specifically enrich
Clostridium_sensu_stricto_1 and Cetobacterium (which are capable of producing short-chain
fatty acids) in the intestines of tilapia, whereas other plant extracts (such as allicin) mainly
exert their effects directly by inhibiting pathogenic bacteria [30,31]. This unique mode of
action may be an important reason for the in vivo antibacterial activity of XN. This indicates
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that XN may counteract SA infection by increasing the proportion of beneficial bacteria,
such as Cetobacterium and Clostridium_sensu_stricto_1. However, regarding the impact of
XN on the intestinal microbiota of tilapia, due to taxonomic limitations, further verification
of its role in the tilapia intestine through metagenomics or single-bacterium isolation and
culture experiments will be required in the future.

Bacterial infections are a significant cause of metabolic disorders in fish. Cur-
rent research indicates that a variety of bacteria, including Vibrio vulnificus, Vibrio algi-
nolyticus, Aeromonas hydrophila, Edwardsiella tarda, and SA, can alter the host’s metabolic
pathways [32–36]. The findings suggest that the metabolic state of aquatic animals is closely
related to their infection resistance. For instance, studies have shown that crucian carp can
regulate their metabolism to resist Edwardsiella tarda infection at 30 ◦C [37]. Existing re-
search indicates that XN can ameliorate the dysfunctional glucose and lipid metabolism in
diet-induced obese mouse models [20]. Our results indicated that, compared with the CG3
group, the number of downregulated and upregulated metabolites in the MX3 group was
124 and 230. Moreover, many metabolic pathways, including the aspartate metabolism,
glycine and serine metabolism and phosphatidylcholine biosynthesis, were enriched in the
MX3 group, indicating that XN changed the tilapia metabolic profiles. Aspartate was found
to enhance the defense capability of zebrafish against antibiotic-sensitive and -resistant
Edwardsiella tarda by promoting the biosynthesis of nitric oxide (NO) [38]. Exogenous
aspartate could protect zebrafish from infection, and similarly, exogenous aspartate could
enable Cyprinus carpio to combat Aeromonas hydrophila infection by promoting the release of
NO [35]. Furthermore, aspartate metabolism also promotes the secretion of interleukin-1β
(IL-1β) in inflammatory macrophages [39], indicating that aspartate metabolism also plays
a key role in regulating macrophage function and inflammatory responses. Glycine and
serine are two non-essential amino acids that play significant roles in the growth, health,
and immune systems of aquatic animals. Glycine is involved in the construction of the
antioxidant system and can stimulate the immune system [40]. In Cyprinus carpio, dietary
supplementation with glycine can significantly improve growth performance, red blood
cell stability, and humoral and mucosal immunity [40]. The regulation of serine metabolism
can promote the survival of Nile tilapia after infection with Edwardsiella tarda [36].

The gut microbiota plays a key role both in the digestion and absorption of amino acids
and in the breakdown and fermentation of amino acids in the intestine [41]. The intestinal
microbiota of tilapia is rich in species participating in amino acid metabolism [42], espe-
cially, Cetobacterium and Clostridium_sensu_stricto_1 [30]. The Spearman correlation analysis
indicates a positive correlation between Cetobacterium and Clostridium_sensu_stricto_1 with
N-Acetyl-L-arginine, L-Asparagine, and N-Acetyl-L-histidine. Thus, XN may have en-
hanced the number of microorganisms capable of producing metabolically produced amino
acids to facilitate immunopotentiation in the host.

XN shows promise as a preventive and therapeutic agent against SA infection in
tilapia, with its mechanism of action likely involving the regulation of intestinal microbiota
and liver metabolism (Figure 8). This study provides a foundation for the application of
natural products in aquaculture to combat bacterial infections.
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Figure 8. XN-mediated modulation of microbiota and liver metabolism in preventing SA infection.
“+” represents promotion, and “−“ represents inhibition.
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A B S T R A C T

Identifying the reasons behind differences in thermal tolerance among reef-building corals is pivotal to projecting 
their ability to withstand increasing seawater temperatures. Antioxidant responses are common in marine or
ganisms and are strongly linked with coral thermotolerance. However, the mechanism by which the antioxidant 
response affects the thermotolerance of coral holobionts remains unclear. In this study, heat stress experiments 
were performed on massive Porites lutea and branching Acropora formosa from Weizhou Island in the northern 
South China Sea and analyzed for physiological indices, antioxidant levels, and high-throughput sequencing. 
Following heat stress, A. formosa exhibited more severe physiological bleaching and significantly lower Sym
biodiniaceae density, Fv/Fm, and antioxidant levels than P. lutea. Moreover, P. lutea host and its Symbiodinia
ceae (Cladocopium C15) downregulated fewer antioxidant-related genes than A. formosa at 34 ◦C. Specifically, 
P. lutea host had a more complex antioxidant regulatory capacity and mainly regulated glutathione (GSH). 
Cladocopium C15 enhanced the regulation of GSH, peroxisome, and ascorbate-related genes, thereby boosting 
antioxidant capacity. P. lutea also had more antioxidant-functional coral-associated bacteria than A. formosa at 
high temperatures, including Endozoicomonas, Ruegeria, and Dinoroseobacter. Overall, the superior antioxidant 
capacity of the coral holobionts plays a key role in the greater thermotolerance of P. lutea. These findings suggest 
that antioxidants can potentially be used as biomarkers for coral reef management. Our research deepens the 
understanding of high-temperature adaptation strategies for thermotolerant corals and provides a theoretical 
basis for their selection and reef restoration.

1. Introduction

Coral reefs are biodiversity hotspots that provide ecosystem services 
to millions of individuals (Eddy et al., 2021). However, recent studies 
show that global warming has tripled the number of annual marine 
heatwave days (Marcos et al., 2025), leading to widespread coral 
bleaching and reef degradation (Hughes et al., 2017; Pockley, 2000). 
Coral bleaching events have occurred more frequently recently, such as 
in 2023–2024, which is recognized as the fourth global coral bleaching 

event year (Reimer et al., 2024). The survival of reef-building corals 
during bleaching events depends on their thermal tolerance—once 
seawater temperatures exceed this threshold, corals experience thermal 
stress (Lachs et al., 2023). Numerous field and laboratory studies have 
shown that corals with different morphologies exhibit varying levels of 
thermal tolerance. For example, massive corals (e.g., Poritidae, Faviidae, 
Fungiidae) tend to be more thermotolerant than branching corals (e.g., 
Acropora, Pocilloporidae, Milleporidae) (Harithsa et al., 2005; Liang et al., 
2017; Marshall and Baird, 2000; Muir et al., 2021). The underlying 

Abbreviations: Fv/Fm, the maximum photochemical efficiency of photosystem II; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; POD, peroxidase; 
ROS, reactive oxygen species; H2O2, hydrogen peroxide; 1O2, singlet oxygen; O2

—, superoxide radical; ASVs, amplicon sequence variants; PCoA, principal coordinate 
analysis; LEfSe, linear discriminant analysis effect size; KEGG, Kyoto encyclopedia of genes and genomes; GO, gene ontology; TPM, transcripts per million reads; 
DEGs, differentially expressed genes; ANOVA, analysis of variance; SD, standard deviation; DMS, dimethylsulfide; DMSP, dimethylsulfoniopropionate.
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mechanisms driving thermotolerance variation are complex, involving 
genetic influences, the coral host, associated endosymbiotic algae, and 
microbial communities, but they are not fully understood (Putnam, 
2021; Strand et al., 2024). Therefore, exploring the factors underlying 
thermotolerance in massive and branching corals is important and ur
gent, as it enhances our understanding of reef-building coral survival 
strategies and supports coral reef restoration.

The antioxidant response, widely observed in coral reef ecosystems, 
involves a series of antioxidants (e.g., superoxide dismutase, SOD; 
catalase, CAT) that scavenge excess reactive oxygen species (ROS) to 
prevent cellular damage, and is closely linked to coral thermotolerance 
(Halliwell, 2006; Lesser, 2006; Morris et al., 2022). For example, at heat 
stress and higher irradiances, ROS production in symbiotic Symbio
diiaceae is a major stressor leading to programmed cell death (Downs 
et al., 2002; Lesser, 2024). As key components of the coral holobionts, 
the coral host and its associated microbiome also produce ROS, espe
cially in response to environmental stressors (Suggett and Smith, 2020). 
This suggests that the ability of corals to effectively scavenge the high 
ROS accumulated (i.e., antioxidant capacity) determines their ability to 
withstand high temperatures and regulate coral health (Cziesielski et al., 
2019; Weis, 2008). It is evident that antioxidant capacity may influence 
the thermal tolerance of corals with different morphologies. For 
example, previous studies have shown that, due to differences in anti
oxidant capacity, the massive Galaxea fascicularis and Platygyra verweyi 
exhibit greater thermotolerance than the branching Pocillopora dam
icornis and Isopora palifera (Dias et al., 2019; Wang et al., 2022). These 
studies have enhanced our understanding of thermotolerance and anti
oxidant responses in corals to some extent, but they have primarily 
explored the issue from a single perspective—such as physiological in
dicators or the coral host—leaving many underlying mechanisms still 
unclear. A more comprehensive understanding of the mechanisms un
derlying the differences in antioxidant response and thermotolerance 
between massive and branching corals is required through the inte
grated response of their hosts, Symbiodiniaceae, and coral-associated 
bacteria (Avila-Magaña et al., 2021; Huang et al., 2024). Unfortu
nately, relatively less research has been conducted on this topic.

As an important component of the antioxidant system, SOD dispro
portionates superoxide to hydrogen peroxide (H2O2), and CAT in
activates H2O2 to generate water and oxygen to avoid oxidative damage 
in the organism (Lesser, 2006). GSH also quenches harmful ROS, such as 
H2O2, singlet oxygen (1O2), and superoxide radical (O2

− ), and plays an 
important defense mechanism (Fernández-Checa et al., 1997; Lesser, 
2006). In addition, peroxidase (POD), ascorbate, carotenoids, tocoph
erol, and small-molecule antioxidants, such as uric acid, dime
thylsulfide, and mycosporine-like amino acids, also play important roles 
(Halliwell, 2006; Lesser, 2006). Previous studies have found differences 
in SOD and CAT activities under heat stress in coral hosts and Symbio
diniaceae (Doering et al., 2023; Yakovleva et al., 2004). This suggests 
that the proportion and contribution of these antioxidants may vary 
between corals and their symbiotic partners. Therefore, molecular-level 
analyses of antioxidant expression in massive and branching coral hol
obionts are crucial for elucidating the mechanisms by which corals 
respond to heat stress.

Acropora formosa and Porites lutea are well-known typical branching 
and massive corals, respectively, and the genomes of their host and 
symbiotic algae have recently been revealed (Robbins et al., 2019; 
Shinzato et al., 2021). Although thermotolerance of the two corals have 
been studied previously, they mainly focused on the physiological in
dictors and Symbiodiniaceae (Fisher et al., 2012; Harithsa et al., 2005). 
A comprehensive study on antioxidant response of the two coral hol
obionts is lacking. In the present study, we comprehensively analyzed 
the differences in thermal tolerance between the two corals using 
physiological indicators, antioxidant levels, and high-throughput 
sequencing. The main objectives were to (1) explore the effect of the 
antioxidant response on the difference in thermotolerance between 
massive P. lutea and branching A. formosa; (2) further analyze the 

antioxidant differences between the two corals in their host, Symbio
diniaceae, and coral-associated bacteria; (3) explore the potential of 
antioxidants as biomarkers for application in coral reef restoration. 
These findings provide new insights into the adaptation mechanism of 
thermotolerant corals to future warming seawater and provide theo
retical support for the restoration and protection of severely degraded 
coral reefs.

2. Materials and methods

2.1. Sample collection and experimental design

Massive P. lutea and branching A. formosa were collected in 
November 2021 from Weizhou Island in the northern South China Sea 
(21◦00′–21◦10′ N, 109◦00′–109◦15′ E). Five colonies for both coral spe
cies were sampled using SCUBA at depths of 4–6 m and water temper
atures of approximately 25 ◦C (Huang et al., 2024). Sampling distance 
was at least 5 m to minimize the possibility of sampling clonal genotypes 
(Baums et al., 2006). All colonies were transported within 1 h to the 
laboratory at the Weizhou Island Coral Museum of Guangxi University 
and placed in 400 L aquarium tanks with pumps to maintain water flow. 
Circulating seawater was filtered using live rock and protein skimmers. 
Each colony was divided into two uniformly sized ramets (~4 cm) for 
experimental sampling at 26 ◦C and 34 ◦C, respectively. These ramets 
were acclimated at 26 ◦C for 15 d before the formal experiments began.

Heat-stress experiments are effective for examining differences in 
coral thermotolerance ability (Voolstra et al., 2020). The temperature of 
26 ◦C is suitable for coral growth, while 34 ◦C simulates future ocean 
warming (Huang et al., 2024). Therefore, two temperature conditions 
were applied: 26 ◦C as the control (normal temperature) and 34 ◦C as the 
experimental treatment (extreme high temperature) (Fig. 1A). The 
experimental tank seawater was raised from 26 ◦C by 1 ◦C daily to 
simulate warming. Given that the average summer seawater tempera
ture around Weizhou Island is 30 ◦C, seawater in the tank was main
tained at 30 ◦C for 2 d to acclimate the coral ramets to the anticipated 
heat stress. The temperature was then increased to 34 ◦C at the same 
rate, maintained for 2 d, and followed by sampling. The control tank had 
been maintained at a seawater temperature of 26 ◦C and sampled at the 
end of the experiment (i.e., 26 ◦C for 11 d). Here, only two tanks were 
used in the experiment. Although multiple replicate tanks would 
improve statistical reliability, resource constraints limited their feasi
bility (Huang et al., 2024).

Both tanks were exposed to natural light with an average daily in
tensity of ~180 μmol m− 2 s− 1. Tank temperatures were controlled using 
aquarium heaters and chillers, with 20 % of the water volume replaced 
daily with filtered natural seawater. Water quality parameters were 
tested and maintained within natural seawater ranges, and corals were 
not fed. Temperature and light levels were recorded using HOBO ther
mometers, with measurement ranges of − 20 to 50 ◦C and 0 to 167,731 
lx, respectively (Onset Corporation, Bourne, MA, USA). According to the 
manufacturer's reference, 1 μmol m− 2 s− 1 equaled 54 lx under sunlight. 
All conditions were identical between the tanks, except for temperature. 
To facilitate subsequent data analysis, four groups were established: 
26 ◦C-treated P. lutea (CP), 34 ◦C-treated P. lutea (HP), 26 ◦C-treated 
A. formosa (CA), and 34 ◦C-treated A. formosa (HA).

2.2. Phenotype, physiological indicators, and antioxidant indicators

The ramet health status was observed and photographed daily using 
an Olympus Tough TG-6 camera. The Fv/Fm values were measured 
daily using a DIVING-PAM after 30 min in the dark to allow the corals to 
adapt. Dark-adapted Fv/Fm provides a good approximation for the 
maximum photochemical efficiency of photosystem II (Huang et al., 
2022; Warner et al., 1999). To minimize variations in the Fv/Fm values, 
all measurements were taken perpendicular to the coral tissue at a dis
tance of 1 cm (Putnam and Edmunds, 2011).
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At each sampling point, tissue samples (~4–6 cm2) were collected for 
DNA and RNA analysis, while the remaining tissue (~10–12 cm2) was 
immediately used for physiological and antioxidant activity 
assessments.

Symbiodiniaceae density was measured as described previously 
(Huang et al., 2024; Qin et al., 2019). Briefly, coral tissue was rinsed by a 
Waterpik with 0.22-μm filtered seawater. Fifty milliliters of the initial 
slurry measured with a graduated cylinder was centrifuged at 4 ◦C, 
3000g for 10 min, and the supernatant was discarded. After resuspension 
in 10 mL of filtered seawater and centrifugation of a 1 mL aliquot, the 
supernatant was removed, and the algae were preserved in 1 mL of 5 % 
formaldehyde at 6 ◦C for 2–4 h. Symbiodiniaceae numbers were calcu
lated by the hemocytometer counts (8 replicates). Coral surface area was 
determined using the aluminum foil method (Johannes et al., 1970), 
with 8–10 replicates to reduce error, particularly for branching corals.

The high-concentration tissue homogenate (<10 mL) was centri
fuged at 4 ◦C, 6000g for 15 min, and the supernatant was used to 
determine antioxidant indicators. SOD and CAT activities, along with 
GSH concentration, were measured using commercial kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) according to the 
manufacturer's instructions (Huang et al., 2022; Zhou et al., 2018). To 
normalize the total level of each antioxidant, coral homogenates were 
assayed for protein concentration using the BCA Protein Assay Kit 
(Sangon Biotech, Shanghai, China). All antioxidant indicators were 
measured from coral tissue homogenate and thus are values for coral 
holobionts (Huang et al., 2024).

2.3. Composition analysis of Symbiodiniaceae clade type

DNA was extracted using a DNeasy Plant Mini Kit (QIAGEN, Hilden, 
Germany) according to the manufacturer's instructions. PCR 

amplification of the ITS2 region of Symbiodiniaceae rDNA was per
formed using quality-checked DNA (n = 6) as a template (Chen et al., 
2019), ITSintfor2 (5′-GAATTGCAGA ACTCCGTG-3′) and ITS-reverse (5′- 
GGGATCCATA TGCTTAAGTT CAGCGGGT-3′) as primers (Coleman 
et al., 1994; LaJeunesse and Trench, 2000). All qualified purified 
amplicons were combined in equimolar amounts following the manu
facturer's instructions and paired-end sequenced on an Illumina MiSeq 
platform (2 × 300). Sequencing was performed by Majorbio Biopharm 
Technology Co., Ltd. (Shanghai, China). Sequencing data were analyzed 
with reference to previous methods (Chen et al., 2019; Huang et al., 
2024).

2.4. 16S rRNA sequencing analysis

DNA was extracted using the TIANamp Marine Animals DNA Kit 
(Tiangen Biotech, Beijing, China). DNA (n = 12) was selected after 
quality testing, bacterial 16S rRNA V3V4 was amplified by PCR using 
previously reported cycling conditions and primers 338F (5′-ACTCC
TACGGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTC
TAAT-3′) (Liu et al., 2016). Amplicons were purified, polymerized at 
equimolar concentrations, and sequenced at Majorbio Biopharm Tech
nology Co., Ltd. using the Illumina MiSeq platform following standard 
protocols (Huang et al., 2024).

The raw sequences were quality controlled using Fastp software 
(version 0.20.0) (Chen et al., 2018). Splicing was performed using 
FLASH software (version 1.2.7) (Magoč and Salzberg, 2011) and the 
splicing standard was described previously (Yu et al., 2020). After QC 
splicing, the optimized sequences were denoised using the DADA2 
plugin in Qiime2 to obtain amplicon sequence variants (ASVs) (Callahan 
et al., 2016). All samples annotated as chloroplast and mitochondrial 
sequences were removed and flattened using a minimum number of 

Fig. 1. Experiment design, Physiology indicators, and antioxidant indicators. (A) Heat-stress experiment design. (B) Coral phenotype. (C) Symbiodiniaceae density. 
(D) Fv/Fm. (E) Superoxide dismutase, SOD. (F) Catalase, CAT. (G) Glutathione, GSH. Significant differences in two-way ANOVA for species, temperature, and their 
interaction effects are boxed. In pairwise comparisons, black asterisks indicate significant differences between temperature treatments within the same species, while 
red asterisks denote significant differences between species at a given temperature. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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sequences (Huang et al., 2024). The species taxonomy of the ASVs was 
based on the silva138/16s_bacteria gene database using the Naïve Bayes 
classifier in Qiime2. Alpha diversity was calculated using Mothur soft
ware (Schloss et al., 2009), and principal coordinate analysis (PCoA) 
based on the Bray-Curtis distance algorithm was used to test the simi
larity of the coral-associated microbial community structure. The mi
crobial species composition of each sample and its relative abundance 
were determined at different taxonomic levels using R software (version 
3.3.1). Linear discriminant analysis Effect Size (LEfSe, LDA > 3, p <
0.05) was used to identify bacterial taxa with significant differences in 
abundance from the phylum to the genus levels between groups (Huang 
et al., 2024). Based on Spearman's correlation (|r| > 0.6, p < 0.05), co- 
occurrence network analyses were performed using R to analyze the 
correlations between the top 50 coral-associated bacteria (at the genus 
level) in total abundance and antioxidant activities in different groups 
(Sweet et al., 2019; Zhang et al., 2021).

2.5. RNA-seq analysis

Total RNA was extracted from coral tissue using Trizol reagent (Life 
Technologies, USA) by strictly following the product instructions as 
detailed in Huang et al. (2024). High-quality RNA samples (OD260/280 
= 1.8–2.2, OD260/230 ≥ 1.0, RIN ≥ 8.0, > 1 μg) were selected to 
construct a total of cDNA libraries (n = 12). Libraries were constructed 
following conventional processes, such as oligo dT enrichment of mRNA, 
fragmentation of mRNA, reverse synthesis of cDNA, ligation of the 
adaptor, fragment screening, and PCR amplification (Huang et al., 
2024). Paired-end RNA-sequencing libraries were quantified using 
TBS380 and sequenced on an Illumina NovaSeq 6000 sequencer (2 ×
150 bp read length).

Raw paired-end reads were trimmed and quality controlled using 
Fastp with default parameters to obtain high-quality sequencing data (i. 
e., clean reads) (Chen et al., 2018). The clean reads of each sample were 
compared to the reference genome using HISAT2 software (Kim et al., 
2015). The P. lutea hosts and their Symbiodiniaceae (Cladocopium C15) 
reference genome (http://plut.reefgenomics.org/) were obtained from 
Robbins et al. (2019). A. formosa hosts were compared to the reference 
genome of Acropora spp. (https://marinegenomics.oist.jp/ahya/viewe 
r/info?project_id=91) (Shinzato et al., 2021), and their Symbiodinia
ceae were compared to the reference genome of Cladocopium C1 (http:// 
symbs.reefgenomics.org/download/). The clean reads of each sample 
were first compared with those of the host genome, and the remaining 
data were compared with those of Symbiodiniaceae. The successfully 
matched genes were annotated using BLAST in six databases (Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), 
Clusters of Orthologous Groups, Swiss-Prot, Pfam, and Non-redundant). 
The read counts for each sample gene were obtained using RSEM (Li and 
Dewey, 2011) and normalized to Transcripts Per Million reads (TPM).

Antioxidant-related genes were searched in the annotated gene sets 
to explore coral antioxidant expression in the different groups. These 
antioxidants are common in marine organisms (Halliwell, 2006; Lesser, 
2006), and include SOD, CAT, GSH, POD, ascorbate/ascorbic acid, 
tocopherol, carotenoid, urate/uric acid, dimethylsulfide, and 
mycosporine-like amino acids. The TPM values of these antioxidant- 
related genes were counted and summarized individually. Finally, the 
results were plotted as histograms, and the selected antioxidants with 
high expression levels were plotted as heatmaps.

Differential expression analysis was performed using DESeq2 soft
ware (Love et al., 2014), and genes were considered as differentially 
expressed genes (DEGs) when Padjust < 0.05, |log2FC| ≥ 2. GO term 
and KEGG pathway analysis of the DEGs were performed using Goatools 
and KOBAS, and the terms or pathways were considered to be signifi
cantly enriched when Padjust < 0.05. To compare the antioxidant ca
pacities of the two corals at high temperatures, we normalized the GO 
and KEGG pathways of the upregulated and downregulated DEGs in 
each group (HP vs. CP_up, HP vs. CP_down, HA vs. CA_up, and HA vs. CA 

_down). Briefly, the number of antioxidant-related terms or pathways 
(Nant) and the total number of terms or pathways (Ntotal) were counted 
separately according to the description of the GO term or KEGG pathway 
for each group. The ratios of the antioxidant-related terms or pathways 
in each group were obtained using Nant/Ntotal and compared as the net 
change ratio.

2.6. Statistical analysis

Physiological indices and antioxidant activities were assessed using a 
two-way analysis of variance (ANOVA) with species and temperature 
treatments as fixed factors after a normal distribution and homogeneity 
of variance test. When ANOVA detected a significant main effect (p <
0.05), post hoc pairwise comparisons of marginal estimated means were 
conducted to assess the differences between species within each tem
perature treatment (Voolstra et al., 2020). In addition, pairwise com
parisons were used to test the significance of data from different 
temperature treatments in the same species. All data are expressed as 
mean ± standard deviation (SD).

For 16S rRNA data analysis, the Kruskal-Wallis H test was used for 
between-group differences in alpha diversity, and the ANOSIM method 
was used for the between-group difference test of PCoA. The Kruskal- 
Wallis sum-rank test and Wilcoxon rank-sum test were used to obtain 
significantly different bacterial taxa for LEfSe.

3. Results

3.1. Changes in phenotype and physiology of coral

P. lutea and A. formosa in the control group remained in good con
dition, with fully stretched tentacles, throughout the experiment. In the 
experimental group, both corals remained healthy at 26 ◦C, but 
A. formosa was darker in color. When the temperature was increased 
further to 34 ◦C, A. formosa clearly lost tissue, exposed white skeletons, 
and showed severe bleaching. P. lutea was also affected by heat stress 
and began tentacle contraction but did not show clear bleaching and was 
in a significantly better condition than A. formosa (Fig. 1B).

Symbiodiniaceae density and Fv/Fm were significantly affected by 
species and temperature, and the latter was also affected by temperature 
× habitat (two-way ANOVA, p ≤ 0.01) (Fig. 1C–D). These indicators 
were significantly decreased in both corals during the temperature in
crease from 26 ◦C to 34 ◦C (pairwise comparisons, p ≤ 0.01). This was 
consistent with the phenotypic changes, suggesting that high tempera
tures severely damaged both corals. The Symbiodiniaceae density of 
P. lutea was higher than A. formosa at any temperature, with a significant 
difference at 34 ◦C (pairwise test, p ≤ 0.01). The Fv/Fm of A. formosa 
was significantly higher than P. lutea at 26 ◦C (pairwise test, p ≤ 0.001), 
but higher values were observed for P. lutea at 34 ◦C (pairwise test, p ≤
0.001). These results indicate that P. lutea has better physiological 
performance than A. formosa at high temperatures.

3.2. Antioxidant responses of coral holobionts

Two-way ANOVA showed that SOD, CAT activity, and GSH con
centration were significantly affected by species and temperature (p ≤
0.05), whereas SOD activity were also significantly affected by tem
perature × habitat (p ≤ 0.01) (Fig. 1E–G). As the temperature increased 
from 26 ◦C to 34 ◦C, all three antioxidant indicators of P. lutea decreased, 
with CAT activity and GSH content showing significant differences 
(pairwise comparison, p ≤ 0.05). Between 26 ◦C and 34 ◦C, SOD activity 
and GSH concentration in A. formosa significantly decreased (pairwise 
comparison, p ≤ 0.01), while CAT activity remained unchanged with 
increasing temperature (Fig. 1F).

GSH concentration (pairwise test, 0.01 < p ≤ 0.05) and SOD activity 
(pairwise test, p > 0.05) of P. lutea were slightly higher than A. formosa 
at 26 ◦C. However, these enzyme activities of P. lutea were significantly 
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higher than A. formosa at 34 ◦C (pairwise test, p ≤ 0.001) (Fig. 1E, G). 
Notably, CAT activity in P. lutea was consistently significantly higher 
than that in A. formosa during warming (pairwise test, p ≤ 0.001) and 
reached an order of magnitude difference (Fig. 1F). These results suggest 
that massive P. lutea have higher antioxidant levels at high 
temperatures.

3.3. Antioxidant transcriptional response in the coral host

Twelve cDNA libraries were constructed for the heat stress experi
ment, with three biological replicates per group (CP, HP, CA, and HA). 
Sequencing data for each sample met the requirements for transcriptome 
analysis (Table S1).

The results showed that P. lutea mainly expressed GSH, SOD, and 
POD-related genes at 26 ◦C; when at 34 ◦C, the expression of GSH- 
related genes was significantly increased, followed by ascorbate, SOD, 
and POD (Fig. 2A). Similarly, A. formosa mainly expressed GSH, POD, 
and ascorbate-related genes at 26 ◦C, and POD, GSH, POD, and CAT- 
related genes at 34 ◦C (Fig. 2B). The heatmap shows that the expres
sion of GSH-related genes decreased and the expression of SOD, CAT, 
POD, and ascorbate-related genes increased in A. formosa after high- 
temperature stress (Fig. 2B). However, the expression of all these 
genes increased in P. lutea after high-temperature stress (Fig. 2A). Gene 
expression includes upregulation and down-regulation. Therefore, to 
clarify the up- and down-regulation of these antioxidant-related genes, 
we identified DEGs in P. lutea (HP vs. CP) and A. formosa (HA vs. CA) 
after high-temperature treatment (Fig. 2C). The upregulated and 
downregulated DEGs were analyzed for GO and KEGG enrichment, 
respectively.

Table 1 showed that the ROS-related GO terms were not found in the 
upregulated DEGs of P. lutea after high-temperature stress, whereas the 
downregulated DEGs had less than 0.01 % of related GO terms. 
A. formosa upregulated DEGs were found to be 0.09 % ROS-related GO 
terms, whereas no downregulated related terms were found. This sug
gests that A. formosa lacks the ability to regulate ROS compared to 
P. lutea. Among the antioxidant-related terms, P. lutea was upregulated 
by 0.05 % and downregulated by 3.34 %, for a net change of down
regulation of 3.29 %, while A. formosa was upregulated by 3.05 % and 
downregulated by 10.76 %, for a net change of downregulation of 7.71 
%. In contrast, P. lutea responded to heat stress by reducing the decline 
in its antioxidant terms. Unexpectedly, among the significantly enriched 
antioxidant-related GO terms (Padjust < 0.05), A. formosa was more 

Fig. 2. Coral host gene expression responses. Expression of antioxidant-related genes in (A) P. lutea and (B) A. formosa, as indicated by the TPM values. The left panel 
shows the TPM values of various antioxidants, including GSH, ascorbate, POD, SOD, CAT, and “Others”. “Others” represents antioxidants with low TPM values, 
including tocopherol, carotenoid, uric acid/urate, dimethylsulfide, and mycosporine-like amino acids. The right panel displays the gene expression levels of major 
antioxidants (excluding “Others”), with blue indicating low expression and purple indicating high expression. (C) Host up- and downregulated DEGs under high- 
temperature stress. The GSH metabolism pathway of downregulated DEGs obtained based on KEGG enrichment analyses in (D) P. lutea and (E) A. formosa. 
“Ratio” represents the gene numbers of GSH metabolism pathway divided by the gene numbers of all pathways in the down-regulated DEGs. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Summary of GO terms for up- and down-regulated DEGs in two coral hosts at 
34 ◦C. “Ratio” represents the number of GO terms for each category in each 
group divided by the total number of GO terms in the group. “–” means that 
there are no relevant GO terms. Data details and calculation process were given 
in Table S2.

Category Group Ratio Net change ratio

Related to ROS HP vs. CP Up – <0.01 % (down)
Down <0.01 %

HA vs. CA Up 0.09 % 0.09 % (up)
Down –

Related to antioxidants HP vs. CP Up 0.05 % 3.29 % (down)
Down 3.34 %

HA vs. CA Up 3.05 % 7.71 % (down)
Down 10.76 %
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frequently upregulated, and P. lutea was more frequently downregulated 
(Table S2).

KEGG enrichment results showed that both corals did not show 
upregulated antioxidant-related pathways and downregulated only one 
of related GO terms (GSH metabolism) after high-temperature stress. 
Although the number of downregulated DEGs was higher in P. lutea, the 
percentage of downregulated genes was 2.59 % in P. lutea and 10 % in 
A. formosa (Fig. 2D, E). Further analysis showed that P. lutea down
regulated fewer genes that form GSH (e.g., the process by which GSH is 
formed from glutathione disulfide) and downregulated more genes that 
consume GSH (e.g., the process by which GSH forms R-S-Glutathione or 
L-Cysteinylglycinase) than A. formosa. This may have allowed P. lutea to 

contain more GSH for ROS removal.

3.4. Community composition and antioxidant-related gene expression of 
Symbiodiniaceae

Symbiodiniaceae in all P. lutea samples were dominated by the 
subclade Cladocopium C15, whereas A. formosa were dominated by 
Cladocopium C1 (Fig. 3A). Therefore, the genomes of both subclades 
were used as reference genomes for Symbiodiniaceae RNA-seq analysis. 
Cladocopium C15 expressed more GSH, ascorbate, and POD-related 
genes at 26 ◦C; when the temperature is 34 ◦C, the expression of these 
genes was clearly increased (Fig. 3B). Cladocopium C1 mainly expressed 

Fig. 3. Community composition and antioxidant-related gene expression of Symbiodiniaceae. (A) Relative abundances of different Symbiodiniaceae subclades in 
coral samples. “Others” represents subclades with an abundance of <1 %. Expression of antioxidant-related genes in (B) Cladocopium C15 and (C) Cladocopium C1, as 
indicated by TPM values. The left panel shows the TPM values of various antioxidants, including ascorbate, GSH, POD, SOD, CAT, carotenoid, and “Others”. “Others” 
represents antioxidants with low TPM values, including tocopherol, uric acid/urate, dimethylsulfide, and mycosporine-like amino acids. The right panel displays the 
gene expression levels of major antioxidants (excluding “Others”), with blue indicating low expression and purple indicating high expression. (D) Symbiodiniaceae 
up- and downregulated DEGs under high-temperature stress. GO enrichment analysis of up- and downregulated DEGs in (E) Cladocopium C15 and (F) Cladocopium C1 
at high temperatures. KEGG enrichment analysis of up- and downregulated DEGs in (G) Cladocopium C15 and (H) Cladocopium C1 at high temperatures. “Ratio” 
represents the DEGs numbers of antioxidant-related terms/pathways divided by the DEGs numbers of all terms/pathways. (I) Schematic depicting Cladocopium C15 
with greater antioxidant capacity. The diagram summarizes the KEGG-enriched pathways, including “Glutathione metabolism,” “Peroxisome,” and “Ascorbate and 
aldarate metabolism.” (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ascorbate, GSH, POD, and carotenoid-related genes at 26 ◦C and 34 ◦C, 
but most of these genes were reduced at 34 ◦C (Fig. 3C).

Similar to the coral host, Cladocopium C15 had more DEGs than 
Cladocopium C1 at high temperatures (Fig. 3D). GO enrichment results 
showed that Cladocopium C15 was upregulated by 1.96 % and down
regulated by 2.01 % of antioxidant-related terms under heat stress, with 
a net change in downregulation of 0.05 % (Fig. 3E). Cladocopium C1 did 
not show upregulated antioxidant-related terms and downregulated 
4.26 % of related GO terms (Fig. 3F). KEGG enrichment analysis also 
showed that Cladocopium C15 had a net downregulation of 1.16 % 
antioxidant-related pathways (2.16 % upregulation and 3.32 % down
regulation; Fig. 3G), whereas Cladocopium C1 had a net downregulation 
of 3.77 % related pathways (3.92 % upregulation and 7.69 % down
regulation; Fig. 3H). Both Symbiodiniaceae subclades mainly regulated 
the GSH, peroxisome, ascorbate, and aldarate metabolism pathways. 
Overall, in these pathways, Cladocopium C15 regulated more DEGs but 
had a lower ratio than Cladocopium C1 to minimize the loss of antioxi
dant activity, which may help the P. lutea holobiont maintain its anti
oxidant capacity against heat stress (Fig. 3I).

3.5. Sequencing analysis of coral-associated bacteria

The Chao and Shannon indices showed that the species richness and 
diversity of both coral-associated bacteria increased under heat stress, 
and these indices were higher for P. lutea than for A. formosa at 34 ◦C, 
but were not significant (Fig. 4A–B). The PCoA result indicated that the 
associated bacterial community structure of P. lutea showed more 
obvious changes after high-temperature stress (Fig. 4C). The coral- 
associated bacterial communities were similar in composition at the 
phylum level in different groups, with Proteobacteria, Firmicutes, and 
Bacteroidota being the dominant taxa (Fig. 4D). Significant differences 
were observed at the genus level (Fig. 4E). Specifically, P. lutea associ
ated bacteria were dominated by Endozoicomonas (>50 %) and Ruegeria 
at 26 ◦C. As the temperature rose to 34 ◦C, they remained the dominant 
genera, while the abundances of Vulcaniibacterium, Comamonadaceae, 
Thermus, Acinetobacter, and Rhodobacteraceae increased. A. formosa 
associated bacteria were dominated by Alphaproteobacteria, Comamo
nadaceae, and Vulcaniibacterium at different temperatures. The Ruegeria 
decreased sharply and the relative abundance of Thermus, Vibrio, and 
Brevibacillus were increased at 34 ◦C.

LEfSe analysis showed that P. lutea had significantly different 

Fig. 4. Coral-associated bacterial community composition and structure. Chao index (A), Shannon index (B), and PCoA (C) of ASV levels. (D) Bacterial community 
composition on the phylum level, bacteria with a relative abundance of <1 % were classified as “Others”. (E) Bacterial community composition on the genus level, 
bacteria with a relative abundance of <2 % were classified as “Others”. (F) LEfSe analysis from the phylum to genus level, LDA > 3, p < 0.05. Co-occurrence network 
analysis was conducted on data from the CP (G), HP (H), CA (I), and HA (J) groups. Each connection indicates a significant correlation (Spearman, p < 0.05), and the 
color represents the correlation (purple is positive, blue is negative). Node size was correlated with the relative abundance of bacterial taxa and antioxidant activity. 
Here, U stands for unclassified, and N represents the norank. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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bacterial taxa from A. formosa at different temperatures (Fig. 4F). Eleven 
significantly different taxa of P. lutea associated bacteria at 26 ◦C, mainly 
Endozoicomonas, Oceanospirillales, Cyanobacteriia, and Kiloniellaceae. 
Nine significantly different taxa were recorded when the temperature 
rose to 34 ◦C, including Nannocystaceae, Dinoroseobacter, Methyl
oligellaceae, Amoebophilaceae, and Cytophagales. In contrast, the number 
of significantly different taxa of A. formosa were clearly lower, with 
Alphaproteobacteria at 26 ◦C and Lawsonella at 34 ◦C. Network analysis 
showed that the number of bacteria (i.e., the degree of nodes) connected 
to CAT, GSH, and SOD in P. lutea at 26 ◦C was 18, 19, and 5, respectively 
(Fig. 4G). As the temperature rose to 34 ◦C, the degrees of the three 
enzymes were 22, 6, and 14, respectively (Fig. 4H). The degrees of CAT 
and GSH in A. formosa at 26 ◦C were 9 and 7, respectively, and no 
bacteria were significantly correlated with SOD (Fig. 4I). The degrees of 
CAT, GSH, and SOD at 34 ◦C were 15, 15, and 4, respectively (Fig. 4J).

4. Discussion

Reef-building corals are increasingly exposed to frequent marine 
heatwaves (Marcos et al., 2025), as exemplified by the recently 
confirmed Fourth Global Coral Bleaching Event in 2023–2024 (Reimer 
et al., 2024). Massive and branching reef-building corals exhibit 
different survival rates under marine heatwaves, which may be attrib
uted to their varying antioxidant capacities. Heat stress causes coral 
holobionts to produce high levels of ROS (Cziesielski et al., 2019), and 
the antioxidant capacity plays an important role in their ability to sur
vive (Halliwell, 2006; Helgoe et al., 2024). However, it remains unclear 
how antioxidant responses contribute to the differences in thermal 
tolerance between massive and branching corals. Here, we performed 
heat stress experiments on the massive P. lutea and branching 
A. formosa. The results indicated that P. lutea performed better against 
bleaching. Symbiodiniaceae density was not significantly different be
tween the two corals, and the Fv/Fm of P. lutea was significantly lower 
than A. formosa at 26 ◦C. However, P. lutea had significantly higher 
values of these parameters at 34 ◦C. The coral phenotype, Symbiodi
niaceae density, and Fv/Fm are useful indicators of health status (Huang 
et al., 2024; Voolstra et al., 2020). These results strongly suggest that 
P. lutea is more thermotolerant than A. formosa, which is consistent with 
previous findings (Fisher et al., 2012; Harithsa et al., 2005).

High-temperature stress increases ROS levels in coral holobionts, 
thereby activating antioxidant systems (Cziesielski et al., 2019; Doering 
et al., 2023; Weis, 2008). Under heat stress, antioxidant levels in P. lutea 
and A. formosa declined continuously. However, P. lutea maintained 
higher antioxidant levels than A. formosa throughout the warming 
process, particularly at 34 ◦C. This may be due to more severe thermal 
damage in A. formosa, which have impaired the production of antioxi
dant enzymes. Some studies believe that high antioxidant level is 
indicative of coral heat-sensitivity (Yakovleva et al., 2004; Yu et al., 
2020), but coral antioxidant level has species-specific differences 
(Roberty et al., 2016) as well as being closely related to health status 
(Martignago et al., 2024). Our previous studies have shown that healthy 
P. lutea produces higher antioxidant levels to enhance resistance to 
temperature stress (Huang et al., 2024; Huang et al., 2022). Similarly, a 
series of studies have indicated that corals with higher antioxidant levels 
have better thermotolerance (Dias et al., 2019; Martignago et al., 2024; 
Wang et al., 2022). Therefore, by combining this with the coral 
phenotype, we suggest that the greater thermotolerance of P. lutea is 
associated with its higher antioxidant levels. Next, we explored the 
differences in the antioxidant responses of the two corals in their hosts, 
Symbiodiniaceae, and coral-associated bacteria.

GSH, ascorbate, and POD are important antioxidants that scavenge 
harmful ROS, such as H2O2, 1O2, and O2

− (Halliwell, 2006; Lesser, 2006). 
Both coral hosts downregulated the expression of these antioxidant- 
related genes due to high temperatures, whereas P. lutea host had a 
smaller downregulation ratio (Table 1, Fig. 2D–E). In addition, 
A. formosa hosts upregulated ROS-related genes. This suggests that 

P. lutea hosts maintain their health and withstand high temperatures by 
retaining more antioxidant activities (Wang et al., 2022), a strategy 
lacking in A. formosa hosts. Unexpectedly, the significantly enriched 
antioxidant-related GO terms of hosts were downregulated in P. lutea 
and upregulated in A. formosa (Table S2). The possible reasons for this 
are as follows: (1) P. lutea hosts maintain their health at high tempera
tures through the regulation of metabolism, immunity, apoptosis, and 
disease resistance (Huang et al., 2024). They may indirectly maintain 
their antioxidant capacity in these ways, even if antioxidant genes are 
downregulated. Although A. formosa hosts upregulated antioxidant 
genes, they failed to produce high levels of antioxidants because of the 
low number of DEGs expressed and severe tissue damage. This may be 
caused by species-specific differences in constitutive antioxidant activity 
(Roberty et al., 2016). (2) GSH is the main regulated antioxidant gene in 
P. lutea host, and the downregulation of GSH metabolism may lead to the 
downregulation of glutamate metabolism, which in turn enhances 
cellular energy availability and maintains the host's ability to cope with 
oxidative stress (Radecker et al., 2021). This reflected the strong and 
complex antioxidant regulatory capacity of P. lutea host. In addition, 
GSH not only scavenges various types of ROS and participates in various 
regulatory pathways but is also an essential substrate for glutathione 
peroxidase (Lesser, 2006). This also explains why it was the main anti
oxidant gene expressed in both coral host (especially P. lutea).

Similar to the host, the expression of antioxidant-related genes was 
downregulated in both Symbiodiniaceae at 34 ◦C, but in a simpler and 
more direct manner. Compared to Cladocopium C1, Cladocopium C15 
slowed the decrease in antioxidant levels and thus enhanced antioxidant 
capacity by regulating the GSH, peroxisome, and ascorbate metabolism 
pathways (Fig. 3I). This bestows Cladocopium C15 with greater heat 
resistance, which in turn benefits its host P. lutea against high temper
atures (Huang et al., 2024). Previous studies have shown that different 
Symbiodiniaceae types influence coral thermotolerance (Al-Hammady 
et al., 2022; Rowan, 2004), whereas thermotolerant Symbiodiniaceae 
have a stronger antioxidant capacity (Krueger et al., 2014; McGinty 
et al., 2012; Roberty et al., 2016; Xiao et al., 2024). Combined with the 
findings of the present study, we suggest that thermotolerance in Sym
biodiniaceae is positively correlated with antioxidant level.

Heat stress can cause coral diseases (Bruno et al., 2007), and 
potentially pathogenic bacteria were found at high temperatures in both 
corals. For example, Acinetobacter and Phormidium were found in P. lutea 
at 34 ◦C; while A. formosa increased the relative abundance of Vibrio and 
Brevibacillus, and the differential bacterium Lawsonella was also found. 
These bacteria were considered as potential pathogens in most reports 
(Escapa et al., 2018; Forsgren, 2010; Qin et al., 2021; Richardson and 
Kuta, 2003; Rosado et al., 2019). However, A. formosa showed greater 
occupancy by pathogenic bacteria, which may be more damaging to its 
health. Notably, in both corals, their associated bacteria with antioxi
dant functions adjusted to respond to high temperatures. P. lutea had 
higher relative abundance of Endozoicomonas, Comamonadaceae, Rho
dobacteraceae, and Ruegeria at 34 ◦C. Endozoicomonas encodes a dime
thylsulfoxide reductase that catalyzes the conversion to dimethylsulfide 
(DMS), providing an effective pathway for ROS removal (Robbins et al., 
2019; Sunda et al., 2002). Variovorax terrae, a member of Comamona
daceae, has potential antioxidant activity (Woo and Kim, 2022). Ruegeria 
belongs to Rhodobacteraceae, and one of its members (Ruegeria pomeroyi) 
degrades DMSP to DMS and has an antioxidant capacity (Reisch et al., 
2013; Sunda et al., 2002). For different bacteria in P. lutea, Dinor
oseobacter can detoxify ROS (Tomasch et al., 2011), and a member of the 
Cytophagales can produce carotenoids to improve antioxidant capacity 
(Irschik and Reichenbach, 1978). In contrast, the high percentage of 
antioxidant-functioning bacteria in A. formosa was only Comamonada
ceae at 34 ◦C, indicating a severe lack of the antioxidant capacity to cope 
with high temperatures.

Indeed, many bacteria are opportunistic, and their functions vary 
depending on the coral host and environment, such as Acinetobacter (Qin 
et al., 2021), Rhodobacteraceae (Pootakham et al., 2019). Although 
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analyzing the antioxidant function of coral-associated bacteria through 
metagenomic sequencing would make our conclusions more robust, 
funding and resource limitations prevent this. Therefore, we further 
proved our hypothesis using a co-occurrence network analysis between 
antioxidant activity and bacteria (Sweet et al., 2019; Zhang et al., 2021). 
At high temperatures, the number of bacteria associated with antioxi
dants was significantly higher in P. lutea than in A. formosa. This may be 
due to the higher bacterial diversity and abundance of P. lutea, which 
increases the probability of functional antioxidant bacteria (Huang 
et al., 2024). Previous studies have also shown that increasing the di
versity of coral-associated bacteria is beneficial for thermotolerance 
(Liang et al., 2017; Yu et al., 2020). The high number of CAT-associated 
bacteria in P. lutea may indicate that it produces more CAT, which seems 
to explain the unusual phenomenon of an order of magnitude difference 
in CAT activity between the two coral holobionts (Fig. 1F). In summary, 
our results suggest that P. lutea has more antioxidant-functional bacteria 
than A. formosa and thus improves the antioxidant capacity against 
pathogenic bacteria and heat stress.

However, this study was limited by the insufficient number of coral 
species, which may have weakened the universality of the conclusions. 
In the future, more thermotolerance comparisons between massive and 
branching corals should be conducted to further clarify the role of 
antioxidant capacity using multiomics approaches. In particular, the size 
contribution of the coral host, Symbiodiniaceae, and coral-associated 
bacteria to antioxidant capacity. We believe that these findings will be 
confirmed in future studies, which will benefit coral reef management. 
Specifically, antioxidants can be used as biomarkers indicative of coral 
thermotolerance and reef degradation monitoring (Downs et al., 2000; 
Marangoni et al., 2019). A study of Great Barrier Reef corals across 12 
latitudes found that antioxidant capacity can be also used as a genetic 
marker to select stress-resistant corals (Jin et al., 2016). Corals with 
tolerant genotypes can facilitate the high-quality restoration of damaged 
reefs through selective breeding or even assisted evolution (Jin et al., 
2016; van Oppen et al., 2015). Here, we suggest that thermotolerant 
corals can be identified based on the antioxidant level after short-term 
acute heat stress assays (Voolstra et al., 2020) and transplanted for 
restoration, which provides a novel coral reef management approach. 
However, the realization of rescue measures is based on the reduction of 
threats to marine ecosystems and effective management approaches 
(Bay et al., 2023).

5. Conclusion

In the present study, massive and branching corals were tested for 
thermotolerance. The results showed that massive P. lutea exhibited 
greater thermotolerance than branching A. formosa, closely related to its 
higher GSH concentration and elevated SOD and CAT activities. High- 
throughput sequencing analysis showed that compared with 
A. formosa, P. lutea host had more complex antioxidant regulatory 
mechanisms at 34 ◦C, mainly through slowing down the downregulation 
of GSH-related genes to maintain the antioxidant capacity. Cladocopium 
C15 enhanced the regulation of GSH, peroxisome, and ascorbate-related 
genes, giving P. lutea a greater antioxidant capacity. P. lutea also had 
greater coral-associated bacterial diversity than A. formosa, reduced the 
proportion of potentially pathogenic bacteria, and increased the number 
of bacteria with antioxidant functions, including Endozoicomonas, Rue
geria, and Dinoroseobacter. Overall, we found that the heat resistance of 
P. lutea and A. formosa was positively correlated with their antioxidant 
levels. This study provides new insights into the high-temperature 
coping mechanisms of thermotolerant corals and the reef ecosystem 
restoration.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2025.118556.
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A B S T R A C T

Coral reef ecosystems are increasingly threatened by environmental stressors, with microplastics (MPs) emerging 
as a pervasive and harmful contaminant. As essential symbionts of reef-building corals, Symbiodiniaceae are vital 
to coral health; however, their physiological responses to MPs remain largely unexplored. This study investigates 
the toxic effects of polystyrene microplastics (PS-MPs) of five distinct colors (red, yellow, green, blue, and white) 
on Cladocopium goreaui, a dominant coral symbiont. Exposure to 5 μm PS-MPs at 20 mg/L significantly inhibited 
algal growth, with blue and white PS-MPs exhibiting the strongest suppression. Growth rates decreased by up to 
approximately 36.0 % compared to controls over a 20-day exposure period. Although C. goreaui upregulated 
photosynthetic pigment content to compensate for reduced light availability due to MP aggregation, a substantial 
portion of the generated energy was diverted to mitigate oxidative stress. Transcriptomic analysis revealed that 
PS-MPs exposure downregulated key genes involved in biosynthetic pathways (e.g., peptide/amide formation) 
and primary metabolism (e.g., nitrogen assimilation, lipid metabolism). The pronounced toxicity of blue and 
white PS-MPs was attributed to their strong suppression of fatty acid metabolism and ribosomal function. These 
findings highlight the role of color disparity in modulating MP toxicity and offer new insight into the physio
logical and molecular responses of coral symbionts to MP pollution, with implications for coral reef health and 
resilience.

1. Introduction

Most coral reefs are distributed in tropical and subtropical oligo
trophic shallow waters. Despite covering only approximately 0.25 % of 
the global ocean area, these ecosystems hold immense ecological and 
economic significance for humanity. Renowned as the “tropical rain
forests of the sea”, coral reefs support extraordinary biodiversity and 
functional diversity while providing critical habitat for nearly 30 % of 
marine species. Their unique combination of ecological value, aesthetic 
appeal, and ecosystem services makes them indispensable to marine 
environments and human societies alike (Reaka-Kudla, 1997; Yu, 2018; 
Jones et al., 2022). The unique morphological structure of coral reefs 
enables them to function as natural hydraulic barriers These ecosystems 
serve three critical coastal protection roles: (1) replenishing beach sand 
through biogenic sediment production, (2) filtering and trapping sus
pended sediments, and (3) significantly mitigating shoreline erosion 

through wave energy dissipation (Smith, 1978; Fisher et al., 2015; 
Peixoto et al., 2019; Woodhead et al., 2019). Coral holobionts comprise 
the coral host's mucus, ambient seawater, and sediment-associated 
benthic microbial communities (Pogoreutz et al., 2020). The composi
tion and structure of microbial communities within coral holobionts are 
highly responsive to environmental fluctuations (e.g., temperature, light 
availability) and stressors (e.g., toxic substances) (Ursell et al., 2012; 
Webster and Thomas, 2016). The symbiotic relationship between Sym
biodiniaceae and reef-building corals forms the foundation of coral reef 
ecosystems, with the photosynthates (e.g., amino acids, glucose, glyc
erol) provided by the algae satisfying up to 90 % of the coral hosts' 
energy requirements (Houlbrèque and Ferrier-Pagès, 2009; González- 
Pech et al., 2019). C. goreaui forms widespread symbiotic relationships 
with corals across the Indo-Pacific region, exhibiting high photosyn
thetic efficiency that enhances host coral tolerance to seasonal low 
temperatures and elevated nutrient conditions (Baker et al., 2013). 
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Subject to escalating pressures from global warming, overfishing, and 
environmental pollution, coral reef ecosystems are experiencing accel
erating degradation (Hughes et al., 2003; van Woesik and Kratochwill, 
2022). Coral bleaching has emerged as the predominant driver of large- 
scale reef degradation worldwide. The dazzling colors of corals come 
from Symbiodiniaceae living in their tissues and when corals lose these 
Symbiodiniaceae or the Symbiodiniaceae loss of pigmentation, the corals 
turn white—a process called bleaching (Guibert, 2024; Mellin et al., 
2024). Mortality occurs in bleached corals when Symbiodiniaceae repo
pulation does not achieve threshold densities within species-specific 
recovery windows.

Given the ecological fragility of coral reefs and their dependence on 
Symbiodiniaceae, it is crucial to understand emerging anthropogenic 
stressors that may exacerbate reef degradation. Among these, plastic 
pollution and particularly MPs have attracted increasing global atten
tion. Anthropogenic development has made plastics and their additives 
a major emerging threat to Earth's ecosystems (Jambeck et al., 2015; 
Sendra et al., 2021). Under environmental stressors including photo
degradation (UV exposure), oxidative weathering, and microbial 
degradation, plastics undergo progressive fragmentation into micro- 
scale particles (Thompson et al., 2004; Lambert et al., 2013; Jambeck 
et al., 2015; Auta et al., 2017). MPs are globally pervasive, found in 
rivers, soils, oceans, and air (Li et al., 2021a; Zhou et al., 2021). Each 
year, over 100,000 tons of plastic enter the oceans through various 
pathways, where they are carried by ocean currents, widely dispersed, 
and pose serious threats to marine ecosystems across entire food webs 
(Liu et al., 2022; Xia et al., 2023; Zhang et al., 2024; Kazancı et al., 
2025). MP ingestion by marine organisms has become ubiquitous, 
raising significant concerns about ecosystem stability (Kühn and Van 
Franeker, 2020; Lu et al., 2025). These MPs cause severe physiological 
impacts, including gastrointestinal obstruction, organ damage, and 
growth impairment (Wright et al., 2013; Huang et al., 2019). A MP 
analysis of 1381 fish specimens revealed contamination in 42.4 % of 
samples, comprising fibers, microbeads, and fragments (Peters et al., 
2017). Importantly, the ecological risks of MPs are not limited to higher 
trophic levels such as fish, but also extend to primary producers like 
marine algae, which play key roles in sustaining coral reef ecosystems. 
MPs pose significant threats to marine algae, causing both direct phys
ical damage and photosynthetic inhibition (Ding et al., 2019b). Elevated 
MP concentrations inhibit algal growth, induce oxidative stress, and 
enhance the release of algal proteins and polysaccharides (Li et al., 
2020). These MPs can form aggregates with the secreted biomolecules, 
which subsequently persist in the water column or settle into benthic 
sediments (Lagarde et al., 2016; Zhang et al., 2017; Li et al., 2020; Li 
et al., 2021b).

Building on this, recent studies have suggested that not only the 
presence of MPs but also their physical characteristics—such as size, 
shape, and particularly color—can further modulate their ecological 
impacts. In natural environments, coloration is an evolutionarily adap
tive trait that enhances survival through predator avoidance or light 
capture optimization (Croce and Van Amerongen, 2014; Karpestam 
et al., 2014). Color is a functional trait in both natural and synthetic 
systems. Plastics are manufactured in various colors to fulfill specific 
industrial purposes, with color influencing their environmental in
teractions (Shtykova et al., 2006; Greenway and Gerstenberger, 2010). 
Colored MPs dominate aquatic plastic debris, with black, white, red, 
yellow, green, and blue being most common (Shaw and Day, 1994; Su 
et al., 2016; Wang et al., 2017; Zhang et al., 2018). A global survey of 
oceanic floating plastic fragments revealed that white and transparent/ 
sem-transparent MPs are the most abundant, accounting for up to 47 % 
of particles collected, highlighting the environmental relevance of 
chromatic variation in MPs (Zhao et al., 2022). The plastisphere refers to 
the unique ecological niche formed by microbial communities adhering 
to and colonizing MP surfaces (Zettler et al., 2013). Blue polyethylene 
MPs (2.76–2.88 mm) uniquely enhance microbial diversity and select 
for distinct taxa in aquaculture pond plastispheres compared to yellow/ 

transparent counterparts (Wen et al., 2020), possibly because different 
colors alter surface energy and adsorption properties, thereby shaping 
microbial colonization dynamics. Exposure to 5 μm PS-MPs of varying 
colors (white, green, orange, red) significantly inhibited growth in the 
freshwater microalga Scenedesmus obliquus, with the least suppression 
observed in green PS-MPs that closely matched the algal cell's pigmen
tation (Chen et al., 2020). This pattern suggests that color-dependent 
light absorbance and reflectance can influence photosynthetically 
active radiation, thereby modulating algal physiological responses. In 
addition, recent studies have demonstrated that marine and freshwater 
organisms, including fish and crustaceans, exhibit selective ingestion 
based on MP color, suggesting ecological relevance of plastic color in 
exposure dynamics and potential toxicity (Horie et al., 2024). Such 
feeding selectivity may reflect visual perception biases, where certain 
colors mimic natural prey or contrast strongly with the surrounding 
environment, thereby altering ingestion risk. These findings indicate 
color-mediated differential ecological risks of MPs, though the mecha
nistic basis of chromatic toxicity is poorly understood.

Reef-building corals serve as the ecological foundation of coral reef 
ecosystems, predominantly establishing symbiotic relationships with 
Symbiodiniaceae through horizontal transmission. This coral-algal sym
biosis represents a critical biological partnership, where the physiolog
ical status of the symbionts directly determines holobiont stability. In 
recent years, escalating inputs of MPs into marine environments have 
emerged as a significant threat to Symbiodiniaceae survival, conse
quently compromising the functionality of coral reef ecosystems. PS- 
MPs, due to their persistence and bioavailability, exhibit high mobility 
in the environment, can accumulate through food chains, and induce 
multiple biological toxic effects such as cytotoxicity and oxidative stress, 
thereby posing a serious threat to ecosystems (Wang et al., 2024; Wang 
et al., 2025).

To elucidate the color-dependent mechanisms of MP toxicity in 
Symbiodiniaceae, we investigated the responses of the globally wide
spread coral symbiont C. goreaui to five color-annotated PS-MPs (red, 
yellow, green, blue, and white; 20 mg/L; 5 μm). By systematically 
assessing algal growth rate, photosynthetic efficiency, oxidative stress 
responses, and transcriptomic alterations, this study reveals color- 
specific impacts of PS-MPs on cellular physiology and gene expression. 
Our findings demonstrate that PS-MPs of different colors exert distinct 
levels of toxicity on Symbiodiniaceae, highlight the molecular mecha
nisms driving these divergent responses, and provide a basis for more 
accurate risk assessment of color-dependent MP impacts on coral–algal 
symbioses and reef conservation.

2. Materials and methods

2.1. Materials and experimental design

The strain of C. goreaui used in this study was isolated by our labo
ratory from Acropora pruinosa collected in Weizhou Island, Beibu Gulf, 
South China Sea (Qin et al., 2023). The cultures were maintained in L1 
seawater medium under controlled conditions: salinity 35 ‰, tempera
ture 25 ± 1 ◦C, light intensity 90 μmol photons m− 2 s− 1, with a 14:10 h 
light: dark photoperiod (Guillard and Hargraves, 1993). L1 medium 
components were sourced from Guangyu Biotechnology Co., Ltd. 
(Shanghai, China). Monodisperse colored latex PS microspheres were 
obtained from Beisile Technology Research Center (Tianjin, China). 
These particles were synthesized by incorporating chromophores via 
surface coatings. The microspheres exhibit spherical morphology with 
smooth surfaces, high purity (>99 %), and narrow size distribution (5 
μm ± 0.2 μm). In 250 mL conical flasks, C. goreaui was cultured in a 150 
mL system until reaching a cell density of 1.0 × 105 cells/mL, after 
which PS-MPs stock solution was added to achieve a final concentration 
of 20 mg/L (Higher concentrations facilitate the observation of signifi
cant changes within a short period, enabling an effective assessment of 
the toxic effects arising from color differences in PS-MPs). In the control 
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group, an equal volume of ultrapure water (the solvent for the micro
plastics) was added. Six experimental treatments were established: red, 
yellow, green, blue, and white PS-MPs, along with a control group, each 
group with three biological replicates. All sampling procedures were 
conducted in a clean bench, and the experiment was maintained for 20 
days.

2.2. Indicator measurement

2.2.1. growth ratios
At days 0, 5, 10, and 20 of the experiment, 1 mL aliquots were 

collected and fixed with 100 μL formaldehyde at 4 ◦C in the dark for 24 
h. algal cells were then enumerated using a hemocytometer under an 
optical microscope. Cell density (cells/mL) and growth ratios were 
calculated from the recorded data. The specific growth rate (μ, day− 1) 
was determined as: μ = [ln(N₂/N₁)] / (t₂ - t₁), where: N₁ and N₂ = cell 
densities (cells/mL) at time points t₁ and t₂, respectively.

2.2.2. Maximum photochemical efficiency Fv/fm and photosynthetic 
pigment content

Fv/fm was measured after 30-min dark adaptation using a PAM 
fluorometer (Walz, Germany) at four timepoints (days 0, 5, 10, 20). 
Measurements followed established protocols with 3 biological repli
cates (Schreiber et al., 1986; Sun, 2020). At each sampling timepoint 
(days 0, 5, 10, 20), 2 mL aliquots were centrifuged (5000 ×g, 5 min, 
4 ◦C). The supernatant was discarded, and the pellet was resuspended in 
1 mL methanol. After vortex mixing, samples were wrapped in 
aluminum foil and dark-incubated at 4 ◦C for 24 h to extract pigments. 
Following subsequent centrifugation (5000 ×g, 5 min, 4 ◦C), the su
pernatant was analyzed spectrophotometrically for optical density (OD) 
at 480, 510, 630, 664, and 750 nm wavelengths using a microplate 
reader (Ritchie, 2006). Light-protected protocols were strictly main
tained throughout. Pigment contents were normalized to per-cell values 
and calculated as: 

Chlorophyll a (μg/mL) = 13.6849×(OD664 − OD750) − 3.4551
×(OD630 − OD750)

Chlorophyll c (μg/mL) = − 7.014×(OD664 − OD750)+32.9371
×(OD630 − OD750)

Carotenoids (μg/mL) = 7.6×(OD480 − OD750) − 1.49×(OD510 − OD750)

2.2.3. Extracellular polymeric substances content
Since the primary component of extracellular Polymeric Substances 

(EPS) is polysaccharides, EPS content was estimated by quantifying 
polysaccharide levels using the phenol‑sulfuric acid (H₂SO₄) method (Li 
et al., 2020; Cao et al., 2022b; Yue et al., 2022). At days 0, 10, and 20 of 
the experiment, 5 mL of algal culture was heated at 80 ◦C for 30 min, 
followed by centrifugation at 8000 ×g and 4 ◦C for 10 min to collect the 
supernatant. Heat-extracted supernatants (80 ◦C, 30 min) were reacted 
with phenol/H₂SO₄ under controlled thermal conditions (100 ◦C × 20 
min → 0 ◦C × 10 min). Absorbance at 490 nm was calibrated against 
glucose standards (0–90 μg/mL, R2 > 0.99).

2.2.4. Soluble protein content, MDA level, and SOD activity
For cell lysis, at days 0, 10, and 20 of the experiment, 20 mL algal 

suspensions were pelleted (3000 ×g, 10 min, 4 ◦C), resuspended in PBS, 
and subjected to bead-beating (0.5 mm ZrO₂ beads; 10 s ON/30 s OFF 
×6 cycles) in a pre-chilled homogenizer. Lysates were cleared by 
centrifugation (3000 ×g, 10 min, 4 ◦C). Total protein concentration in 
the supernatant was determined using a BCA microprotein assay kit 
(Sangon Biotech, Shanghai, China). Malondialdehyde (MDA) content 
was quantified with a commercial MDA assay kit (A003, Jiancheng 
Bioengineering, Nanjing, China). Superoxide dismutase (SOD) activity 

was measured using an SOD detection kit (A001, Jiancheng Bioengi
neering). All measurements were normalized to per-cell values.

2.3. Transcriptome sequencing

At the experimental endpoint (day 20), algal cells from 100 mL 
cultures were harvested by centrifugation (5000 ×g, 10 min, 4 ◦C). 
Following PBS washing (3 × 20 mL) and final pelleting, samples were 
snap-frozen in liquid nitrogen (30 min) prior to RNA-seq analysis (Illu
mina NovaSeq X Plus; Majorbio, Shanghai). Datasets were analyzed on 
the online platform of Majorbio Cloud Platform (https://cloud.majorbio 
.com/) (Han et al., 2024). The detailed steps are provided in the sup
plementary materials.

2.4. Statistical analysis

All statistical tests were implemented in SPSS. All data were tested 
for normality (Shapiro-Wilk test) and homogeneity of variances (Lev
ene's test) prior to ANOVA. When these assumptions were satisfied, 
Tukey's HSD was applied for multiple comparisons (p < 0.05). Graphical 
representations were created in Origin, and all values expressed as mean 
± SEM (n = X).

3. Results

3.1. PS-MPs exposure significantly inhibited the growth of C. goreaui

The decline in growth ratios directly reflected cellular damage in 
C. goreaui. All colored PS-MPs exposure significantly inhibited algal 
growth (p < 0.05), but the inhibition was less severe in color-matched 
groups (yellow and green) than in spectrally distinct groups (red, blue, 
and white) (Fig. 1A). Specifically, yellow and green PS-MPs caused 
transient growth inhibition during days 0–10, while red, blue, and white 
PS-MPs induced sustained suppression throughout the experiment. The 
most pronounced inhibition occurred in the blue and white groups, with 
growth rates decreasing by 33.6 % and 36 % (day 5), 32.5 % and 34.7 % 
(day 10), and 32.1 % and 35.4 % (day 20) compared to the control, 
respectively.

The photosynthesis of Symbiodiniaceae plays a very important role in 
symbiotic functional organisms. Throughout the experimental period, 
no significant changes in Fv/fm were observed across all treatment 
groups (Fig. 1B). As photosynthetic pigments are critical for maintaining 
photosynthetic function, exposure to 20 mg/L of 5 μm PS-MPs of 
different colors resulted in significantly increased chlorophyll a (Chl-a) 
content in the red, green, and blue groups compared to the control, 
except for the yellow and white groups (Fig. 1C). The red group 
exhibited the most pronounced increase in Chl-a at days 5–10 (p <
0.001). No significant difference in Chl-a content was detected between 
the yellow group and the control, while the white group showed a 
transient increase at day 5 (p < 0.05) followed by a significant decline at 
days 10–20 (p < 0.05). For chlorophyll c (Chl-c), the blue group 
demonstrated a highly significant increase (p < 0.001), whereas the 
yellow group showed a reduction at day 5 (p < 0.05) and the red group 
displayed elevated levels at days 10–20 (p < 0.05). The white group 
exhibited similar trends in Chl-c as in Chl-a (Fig. 1D). From days 5–20, 
carotenoid content significantly increased in the red and green groups 
(p < 0.0001), with the blue group showing a delayed response (signifi
cant only at day 20, p < 0.001). No significant change was observed in 
the yellow group, while the white group mirrored the Chl-a pattern 
(Fig. 1E).

3.2. PS-MPs exposure induced cellular damage in C. goreaui

EPS play a protective role against toxicant penetration into cells. 
Upon exposure to 20 mg/L of 5 μm color-differentiated PS-MPs, all 
groups exhibited significantly elevated EPS production by day 10 (p <
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Fig. 1. The growth and photosynthetic indicators of C. goreaui after exposure to PS-MPs. (A) Growth ratios. (B) Fv/fm. (C) Chl-a content. (D) Chl-c content. (E) 
Carotenoids content. The bar shapes represent the mean ± the standard error (three biological replicates). The significance between the experimental group and the 
control group is indicated by asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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0.001), with yellow and green groups (similar in color to algal cells) 
showing less pronounced increases than spectrally distinct red, blue, and 
white groups (Fig. 2A). The blue and white PS-MPs induced maximal 
EPS secretion, reaching 127 % and 139.9 % above control levels at day 
10, and maintaining 83.7 % and 93.8 % increases at day 20, 
respectively.

Soluble proteins, serving as essential nutrients and osmoregulators, 
exhibited concentration patterns analogous to EPS following exposure to 
20 mg/L of 5 μm color-variant PS-MPs. Consistent with EPS dynamics, 
yellow and green groups (spectrally similar to algal cells) demonstrated 
lower protein accumulation than red, blue, and white groups (Fig. 2B). 
All treatments showed significant increases in soluble protein content (p 
< 0.05), except the yellow group at day 10. Notably, blue and white PS- 
MPs triggered extreme upregulation (p < 0.001), elevating protein levels 
by 56.4 % and 82.3 % (day 10), and 114.1 % and 145.2 % (day 20) 
relative to controls, respectively.

MP toxicity induced substantial reactive oxygen species (ROS) gen
eration in algal cells, where excessive ROS accumulation triggered 
membrane lipid peroxidation and elevated malondialdehyde (MDA) 
production. Superoxide dismutase (SOD) activity, as a critical ROS 
scavenger, showed coordinated patterns with MDA, extracellular poly
meric substances (EPS), and soluble protein levels under 20 mg/L of 5 
μm color-differentiated PS-MPs exposure (Figs. 2C, D). All treatments 
exhibited significant increases in both SOD activity and MDA content (p 
< 0.05), with yellow and green groups (spectrally matched to algal cells) 
displaying less pronounced responses than red, blue, and white groups. 
Specifically, blue and white PS-MPs induced the most severe oxidative 
stress: SOD activity surged to 58.3 % and 61.7 % above controls at day 
10, and 113.7 % and 106 % at day 20, while MDA levels escalated by 
94.6 % and 118.1 % (day 10), and 290.5 % and 313.1 % (day 20), 
respectively.

3.3. PS-MPs exposure suppressed biosynthesis and energy metabolism in 
C. goreaui

3.3.1. Gene expression and gene set level
Cluster analysis was performed using Pearson correlation co

efficients with complete linkage clustering and Euclidean distance 
metrics, applying log10 transformation to group-averaged values. The 
results demonstrated high reproducibility across all biological repli
cates, with inter-sample correlation coefficients exceeding 0.97 
(Fig. 3A). Principal component analysis (PCA) revealed distinct sepa
ration between blue/white PS-MPs groups and controls in terms of 
differentially expressed genes (DEGs) patterns (Fig. 3B). Raw counts 
were directly analyzed using DESeq2 based on the negative binomial 
distribution. Differentially expressed genes between groups were iden
tified following standard normalization and filtering procedures, with 
default thresholds set at Padjust <0.05 and |log2FC| ≥ 1. Analysis of 
DEGs in C. goreaui following PS-MPs exposure showed that red, yellow, 
and green groups shared similar upregulated DEG profiles, whereas blue 
and white groups exhibited more extensive alterations, particularly the 
white group showing the greatest number of upregulated genes 
(Fig. 3C). For downregulated DEGs, the yellow group displayed the most 
substantial changes, followed by white, blue, green, and red groups in 
descending order.

Venn analysis of differentially expressed genes (DEGs) in C. goreaui 
following PS-MPs exposure revealed only 8 common DEGs across all five 
color groups, demonstrating distinct transcriptomic responses to 
different MP colors (Fig. 4A). Notably, blue and white PS-MPs, which 
showed the strongest growth inhibition, shared 465 overlapping DEGs. 
GO functional annotation (level 4) of these DEGs identified significant 
terms across three categories: Biological Process (BP), Cellular Compo
nent (CC), and Molecular Function (MF) (Fig. 4B). The most affected 

Fig. 2. The cellular defense and oxidative stress indicators of C. goreaui after exposure to PS-MPs. (A) EPS content. (B) soluble proteins content. (C) SOD activity. (D) 
MDA content. The bar shapes represent the mean ± the standard error (three biological replicates). The significance between the experimental group and the control 
group is indicated by asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

T. Niu et al.                                                                                                                                                                                                                                      Marine Pollution Bulletin 222 (2026) 118815 

5 
239



molecular functions included ion binding, nucleotide binding, and ATP 
binding, while cellular processes were primarily associated with 
macromolecular metabolism and nitrogen/phosphorus metabolic 
pathways.

3.3.2. Functional enrichment
Protein-protein interaction (PPI) network analysis was conducted for 

the white PS-MPs group (showing strongest toxicity), from which 21 
functionally pivotal genes were selected for cluster analysis, with results 
visualized in a heatmap (Fig. 5). These genes predominantly encode 
ribosomal proteins involved in large and small subunit assembly. 
Striking expression divergence was observed between the white group 
and controls, exhibiting inverse transcriptional patterns. Subsequent GO 
and KEGG enrichment analyses of differentially expressed genes (DEGs) 
across all groups were performed, with results displayed as the union of 
the top 10 most significantly enriched GO terms and KEGG pathways per 

group (Fig. 6).
GO enrichment analysis of DEGs revealed a spectral transition 

pattern following the color sequence from red to blue to white (Fig. 6A). 
Functional overlaps were observed specifically between white and blue 
groups, while blue groups additionally shared some terms with yellow 
groups. Red groups showed distinct GO profiles from all other treat
ments. Notably, the most growth-inhibitory groups (blue and white) 
exhibited significant suppression of ribosome-related functions, partic
ularly cytoplasmic large ribosomal subunit assembly, protein-RNA 
complex organization, and protein-RNA complex assembly. Concur
rently, blue and yellow groups showed impaired biosynthesis and 
metabolism of amides and peptides. Photosynthesis-related terms were 
downregulated in green groups, whereas red groups displayed reduced 
signal reception capacity for proteases.

Pathway analysis revealed consistent perturbations across multiple 
treatment groups in essential metabolic pathways including ribosome 

Fig. 3. Expression level analysis of genes in each group after exposure to PS-MPs. (A) Cluster analysis between samples. Z: Control; R: Red; Y: Yellow; G: Green; B: 
Blue; W: White. (B) PCA analysis between samples. (C) Differential expression statistics. Three biological replicates. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Gene set analysis of DEGs in each group after exposure to PS-MPs. (A) Venn analysis of DEGs in each group. (B) GO functional annotation analysis. Three 
biological replicates.
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function, unsaturated fatty acid biosynthesis, TCA cycle, and lipoic acid 
metabolism (Fig. 6B) - all critical for cellular growth and proliferation in 
C. goreaui. The white group showed additional suppression of peroxi
some and fatty acid degradation pathways, while the blue group 
exhibited impaired proteasome activity and endoplasmic reticulum 
protein processing. These findings indicate: (1) compromised energy 
metabolism and (2) attenuated proteolytic signaling in these high- 
toxicity groups. Furthermore, yellow groups displayed inhibited carbo
hydrate/alcohol biosynthesis and photosynthetic pathways, whereas red 
groups showed downregulation of sugar metabolism and disease resis
tance mechanisms - collectively suggesting severe impairment of energy 
production and stress defense capacities.

4. Discussion

4.1. PS-MPs exposure exerted detrimental effects on the growth of 
C. goreaui

The increasing severity of global coral reef degradation and the 
pivotal role of Symbiodiniaceae in reef ecosystems have driven growing 
research focus on their stress response mechanisms, with particular 
attention to MP toxicity as pollution escalates. Exposure to 1 μm PS-MPs 
at 5 mg/L concentration inhibited detoxification activity and assimila
tory metabolism in C. goreaui, while activating ion transport mecha
nisms and elevating apoptosis levels, collectively suppressing algal 
growth (Su et al., 2020). In this study, 5 μm PS-MPs at 20 mg/L similarly 
reduced the growth ratios of C. goreaui, with greater growth inhibition 
observed in red, blue, and white groups that exhibited larger chromatic 
differences from algal cells compared to the spectrally similar yellow 
and green groups showing relatively milder suppression. This color- 
dependent toxicity likely reflects combined effects of optical shading 
and differential aggregation influencing cellular stress and transcrip
tional responses. Darker or more reflective colors may alter particle-cell 
adhesion rates, influencing aggregate formation and light penetration. 
This pattern was corroborated in parallel experiments with Scenedesmus 
obliquus exposed to 5 μm PS-MPs of different colors (red, orange, green, 
white), where the green PS-MPs (color-matched to chloroplasts) induced 
less toxicity than chromatic-mismatched groups, as further evidenced by 
irregular and slower algal cell motility in red, orange, and white 

treatments relative to green PS-MPs (Chen et al., 2020). Faster-moving 
algal cells can acquire greater light exposure, thereby generating 
higher biomass, suggesting potential color discrimination capabilities 
and chromatic preferences in these organisms. Previous studies have 
demonstrated that ultrastructural observations reveal adverse effects of 
MPs exposure on algal cells, including surface shrinkage and thylakoid 
distortion (Jiang et al., 2025; Liang et al., 2025). Furthermore, ribo
somal function was severely impaired in all groups except the red 
treatment. Such ribosomal dysfunction may result from color-dependent 
aggregation and chemical interactions, as reflected in transcriptomic 
downregulation of ribosomal genes in blue and white groups (Ni and 
Buszczak, 2023). Ribosomal dysfunction induced by PS-MPs concur
rently diminishes both antioxidant capacity (via enzyme activity 
reduction) and immune protease function, ultimately severely compro
mising C. goreaui growth, with the white group's uniquely elevated 
toxicity attributable to specific dysregulation of ribosomal subunit genes 
(60S/40S) (Ford et al., 2025).

For colors, Wen et al. demonstrated through biofilm cultivation ex
periments in aquaculture pond water systems with different colored MPs 
(blue, yellow, transparent) that plastisphere communities exhibited 
enhanced diversity and evenness, particularly in blue MP groups which 
harbored more unique species, indicating a color-driven selection 
mechanism among plastisphere microbiota (Wen et al., 2020). This 
finding is particularly relevant given that Symbiodiniaceae survival de
pends critically on symbiotic bacteria for essential nutrients like nitro
gen and phosphorus. Previous studies have documented that PS-MPs 
tend to form large aggregates with C. goreaui, with these aggregates 
encapsulating significant populations of symbiotic bacteria within the 
plastisphere (Liang et al., 2025). Therefore, color-dependent aggrega
tion may modulate light availability and bacterial interactions, poten
tially contributing to the observed growth variations and transcriptomic 
changes. Exposure to differently colored PS-MPs may induce distinct 
bacterial community shifts in the microalgal-bacterial symbiotic system, 
potentially contributing to the observed growth variations in C. goreaui 
across experimental groups. The chromatic properties of plastic 
microbeads, determined by wavelength-specific absorption and reflec
tion patterns of surface dyes, critically influence light availability for 
photosynthesis. White PS-MPs, exhibiting poor light reflectivity, 
significantly reduced light energy acquisition in C. goreaui, leading to 

Fig. 5. DEGs clustering heatmap with strong importance after exposure to white PS-MPs. Z: Control; R: Red; Y: Yellow; G: Green; B: Blue; W: White. Three biological 
replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Functional enrichment analysis of DEGs in each group after exposure to PS-MPs. (A) Bubble chart of multi-gene set GO enrichment analysis. (B) Bubble chart 
of multi-gene set KEGG enrichment analysis. Three biological replicates.
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impaired growth and energy synthesis. This energy limitation was 
further exacerbated by PS-MPs-induced downregulation of key meta
bolic pathways, as demonstrated by transcriptomic data showing sup
pressed DEGs in lipoic acid metabolism, unsaturated fatty acid 
biosynthesis, and TCA cycle-all essential for energy transduction (Zhao 
et al., 2023; Cheng et al., 2024). Functional annotation revealed severe 
macromolecular metabolic deficiencies in blue and white groups, 
particularly in nitrogen/phosphorus assimilation, correlating with their 
maximal growth inhibition. Specifically, the combined effects of 
inhibited fatty acid degradation in white groups and disrupted protein 
processing in blue groups created synergistic bottlenecks in both energy 
supply and anabolic capacity, explaining their pronounced growth 
suppression (Zheng et al., 2025). Moreover, the color variations of 
plastic products in the environment often result from manufacturers 
using different types of dyes. In this sense, the distinct effects of these 
dyes on Symbiodiniaceae may be considered one of the factors contrib
uting to the observed differences in the toxicity of microplastics of 
different colors. This is because microplastics of varying colors are un
likely to incorporate dyes with identical chemical compositions. In this 
study, all differently colored PS-MPs were obtained from the same 
manufacturer and product line, with identical particle size and polymer 
grade. Based on the supplier's specifications and previous studies (e.g., 
Chen et al., 2020), we assumed in our experimental design that these PS- 
MPs were consistent in material composition and additives, differing 
only in color. However, as FTIR or Raman spectroscopy was not per
formed in this work to directly verify this assumption, a degree of un
certainty remains. Future studies should employ spectroscopic 
characterization to further confirm the chemical consistency of differ
ently colored PS-MPs.

4.2. Regulatory mechanisms for photosynthetic homeostasis in C. goreaui 
under PS-MPs exposure

EPS production constitutes an adaptive strategy in algae, where 
environmentally induced secretion of these polysaccharide-protein 
complexes mediates both proliferation and stress defense (Li et al., 
2020). However, excessive EPS promotes aggregation with MPs, causing 
color-dependent shading that attenuates light availability and alters 
transcription of photosynthesis-related genes, as demonstrated by 1 μm 
PS-MPs forming dense EPS-MP complexes on Chlorella pyrenoidosa sur
faces that critically impair light-harvesting capacity (Cao et al., 2022b). 
Under light-limiting conditions, the algal cells upregulated chlorophyll 
biosynthesis to enhance photosynthetic efficiency, thereby maintaining 
photostasis (Falkowski and Owens, 1980). The Symbiodiniaceae within 
corals transition from a monolayer to a multilayer configuration during 
winter months with lower temperature and light intensity to enhance 
light capture efficiency, whereas under summer conditions of elevated 
temperature and irradiance, both their density and photosynthetic 
pigment content decrease (Venn et al., 2008). These seasonal adapta
tions demonstrate the algal symbionts' capacity to modulate their pho
topigmentation to maintain photosynthetic homeostasis. In this study, 
the red and blue PS-MPs treatment groups exhibited a significant in
crease in photosynthetic pigment content compared to the control, while 
Fv/fm values remained unchanged. This indicates that, despite color- 
dependent shading and aggregation stress, C. goreaui maintained 
photosynthetic performance via compensatory upregulation of pigment- 
synthesis genes, consistent with transcriptomic evidence. Similarly, Su 
et al. (2020) reported that chl-a content in C. goreaui significantly 
increased on day 7 following exposure to 1 μm PS-MPs at a concentra
tion of 5 mg/L, while photochemical efficiency remained unchanged 
throughout the exposure period. However, due to the necessity of 
counteracting toxic and/or oxidative stress, the photosynthetically 
derived energy was largely diverted from growth-related processes. This 
pattern may reflect the limited light availability caused by the poor 
reflectivity of white PS-MPs, which constrained photosynthetic input 
and ultimately led to pigment reduction. Moreover, spectral differences 

among coral reef substrates have been reported to influence light ab
sorption and, consequently, chlorophyll content in Symbiodiniaceae (Xu 
et al., 2019). In this study, the significant differences in photosynthetic 
pigment content across treatment groups may be explained by the 
distinct spectral absorption and reflection characteristics of the surface 
dyes on PS-MPs, which likely altered the wavelengths of light reaching 
algal cells. Although the majority of differentially expressed genes 
related to photosynthesis and light-harvesting were downregulated in 
the yellow group, photosynthetic pigment levels and Fv/fm remained 
largely unaffected. This phenomenon may be attributed to the efficient 
absorption of yellow light by C. goreaui, likely owing to the spectral 
similarity between the yellow PS-MPs and the intrinsic pigmentation of 
the algal cells.

4.3. Defensive mechanisms and oxidative damage of C. goreaui following 
exposure to PS-MPs

Higher EPS content leads to increased attachment of particulate 
matter, enhancing co-aggregation and further elevating EPS levels, 
which in turn causes severe oxidative damage to the cells (Chen et al., 
2012). The higher the EPS content, the more severe the cellular exposure 
to toxic substances, resulting in greater oxidative damage to the cells. 
Soluble proteins, as key nutrients and osmotic regulators, enhance 
cellular water retention and protect vital cellular components and bio
logical membranes, making them commonly used as indicators for 
screening cellular resistance (Guzmán-Murillo et al., 2007; Qian et al., 
2008). Our investigation showed that EPS and soluble protein levels in 
the red, blue, and white groups increased significantly, with higher in
creases compared to the yellow and green groups. These color- 
dependent increases suggest that greater aggregation and shading by 
chromatically mismatched PS-MPs enhance stress signaling, consistent 
with transcriptomic activation of EPS and stress-response genes.

Algal cells possess mechanisms for both the production and removal 
of reactive oxygen species (ROS), maintaining a dynamic equilibrium. 
However, excessive ROS, including superoxide radicals (O2− ), hydroxyl 
radicals (•OH), and hydrogen peroxide (H2O2), are generated upon 
exposure to toxic pollutants (Cao et al., 2022a; Jin et al., 2024). When 
ROS cause severe damage to the cell membrane and organelles, cells 
activate their immune system to produce antioxidant enzymes such as 
CAT, SOD, and POD to mitigate the negative effects of ROS (Cao et al., 
2015). In the present work, SOD activity significantly increased in all 
experimental groups, with the red, blue, and white groups showing 
greater increases than the yellow and green groups. This pattern reflects 
higher ROS production induced by color-dependent aggregation and 
shading, consistent with transcriptomic activation of oxidative stress 
pathways.

MDA, a product of membrane lipid peroxidation, serves as an indi
cator of oxidative damage in algal cells. Excessive ROS promotes lipid 
peroxidation of the cell membrane, thereby increasing MDA levels (Qian 
et al., 2008; Cao et al., 2022a; Cao et al., 2022b). All experimental 
groups showed a significant increase in MDA levels, indicating that PS- 
MPs exposure causes severe oxidative damage to C. goreaui. The red, 
blue, and white groups, which exhibit greater color differences from the 
algal cells, generated higher ROS levels and exhibited higher MDA 
content, resulting in more extensive cellular damage. Carotenoids, as 
antioxidants in living organisms, play a crucial role in scavenging lipid 
peroxidation free radicals, and the increase in carotenoid levels is 
closely linked to the cellular capacity to eliminate reactive oxygen 
species (Kaur et al., 2024; Sanniyasi et al., 2024). Following PS-MPs 
exposure, carotenoid content significantly increased in all groups 
except the yellow group, suggesting a compensatory defense response 
coordinated with transcriptional regulation of antioxidant pathways. 
The decline in functions related to cytosolic large ribosomal subunits, 
protein-RNA complex assembly, and protein-RNA complex organization 
in the blue and white groups, as observed in transcriptomic results, 
could be one of the key reasons for the severe cellular damage in these 
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groups. The reduction in ribosomal function slows down metabolic 
processes, leading to severe ROS accumulation, while the impaired 
function of protein receptors responsible for antioxidant enzyme pro
duction prevents timely ROS clearance, exacerbating cellular damage. 
Moreover, the downregulation of peroxisomal pathways in the white 
group weakens its ability to eliminate ROS, resulting in the most severe 
lipid peroxidation, which may explain the highest MDA levels observed 
in this group.

4.4. Ecological implications: Symbiosis disruption and coral reef risk 
assessment

The symbiotic relationship between reef-building corals and Sym
biodiniaceae underpins the ecological stability and productivity of coral 
reef ecosystems (Matthews et al., 2020). Symbiodiniaceae supply up to 
90 % of the energy required by their coral hosts through photosynthetic 
carbon translocation (Ros et al., 2020). Our findings reveal that MPs 
exposure, particularly from blue and white PS-MPs, induces severe 
physiological stress, oxidative damage, and metabolic suppression in 
C. goreaui, which could reduce its contribution to the host's energy 
budget. The enhanced immune response of symbiotic algae to their host 
also induces metabolic trade-offs, deplete energy reserves and conse
quently reduces photoprotective capacity (Tang et al., 2025). Through 
quantitative analytical reasoning, if algal photosynthate translocation 
decreases by ~90 %, key coral functions such as calcification (poten
tially reduced by 50–70 %), protein synthesis (reduced by ~40 %), 
reproduction (reduced by 30–50 %), and stress resilience (reduced 
thermal tolerance by 1–2 ◦C) are likely to be compromised (Dufault 
et al., 2013; Schoepf et al., 2013; Hughes et al., 2018). Impaired algal 
function compromises the translocation of essential photosynthates to 
corals, reducing host energy reserves and exacerbating susceptibility to 
bleaching and mortality under environmental stress (Suggett et al., 
2017). Moreover, previous studies have shown that oxidative imbalance 
and metabolic reprogramming in Symbiodiniaceae are key early events 
preceding symbiosis breakdown (Wang et al., 2020). Therefore, the 
physiological impairments observed in this study could initiate or 
intensify coral bleaching phenomena, particularly under combined 
stressors such as warming or eutrophication.

It should be noted that the experimental MP concentrations used 
here (20 mg/L) are higher than the typical background levels in coral 
reef waters (~0.1–10 mg/L), but fall within reported hotspots of local 
pollution (John et al., 2022; Yu and Singh, 2023). This comparison 
suggests that even moderate environmental MPs may pose cumulative 
risks to algal symbionts and consequently the coral energy supply. Given 
the increasing ubiquity of MPs in coral reef habitats (Ding et al., 2019a; 
Kaandorp et al., 2023; Lin et al., 2024), our results underscore the urgent 
need to incorporate MP-induced symbiosis disruption into coral reef 
health assessments and risk models. This study provides critical mech
anistic evidence linking MP pollution to coral-algal symbiosis destabi
lization, offering a novel dimension to the ecological risk framework for 
coral reefs. Future conservation strategies should thus prioritize miti
gating MP contamination alongside addressing climate-induced 
stressors to safeguard reef ecosystem resilience.

5. Conclusion

This study shows that PS-MP toxicity to C. goreaui is strongly color- 
dependent, with blue and white particles—most divergent from algal 
pigmentation—causing the greatest physiological and molecular dis
ruptions. Although photosynthesis was maintained via increased 
pigment content, much energy was diverted to counter oxidative stress, 
impairing growth and cellular homeostasis. Transcriptomic analysis 
revealed suppression of genes in key biosynthetic, metabolic, and energy 
pathways, especially fatty acid metabolism and ribosomal function. 
These findings shed light on the mechanisms by which microplastics 
compromise the health of Symbiodiniaceae, potentially destabilizing 

coral-algal mutualisms and reef resilience, highlighting the urgent need 
to mitigate MP contamination.
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A B S T R A C T

Temperature stress disrupts the coral–Symbiodiniaceae symbiosis and contributes to coral bleaching. Symbio
diniaceae, essential symbionts for reef-building corals, provide over 90 % of the coral holobionts photosynthetic 
energy. This study examined the thermal response strategies of two Symbiodiniaceae types, Cladocopium goreaui 
(C. goreaui) and Durusdinium trenchii (D. trenchii), at high (34 ◦C) and low (16 ◦C) temperatures. C. goreaui 
exhibited heat sensitivity, with reduced cell density, impaired photochemical efficiency of photosystem II (PSII) 
(Fv/Fm), pigment loss, and chloroplast degradation. In contrast, D. trenchii maintained photosynthetic perfor
mance and upregulated proteins related to heat shock response, antioxidant defense, and membrane stability. 
Under cold stress, both species showed moderate physiological changes. C. goreaui activated pathways associated 
with redox homeostasis and the TCA cycle, indicating enhanced cold tolerance. D. trenchii primarily responded 
by upregulating RNA splicing-related pathways, suggesting an adaptive post-transcriptional regulation mecha
nism. These results highlight distinct thermal response strategies and provide insight into species-specific 
resilience among Symbiodiniaceae under climate stress.

1. Introduction

The cornerstone of coral reef ecosystems is the “holobiont” 
composed of coral polyps and their associated microorganisms, which 
include Symbiodiniaceae, bacteria, fungi, and protists. Among these, 
Symbiodiniaceae contribute >95 % of the photosynthetic products (e.g., 
amino acids, glucose, glycerol) to the “holobiont” [1,2]. Simultaneously, 
they acquire the essential carbon dioxide and nutrients (such as 
ammonia and phosphate) necessary for their survival and for photo
synthesis from the coral host [3]. The stable symbiosis between coral 
hosts and Symbiodiniaceae is crucial for the health of coral reef eco
systems [4]. When the surrounding environment undergoes abnormal 
changes, the stability of the “holobiont” is compromised, leading to 
coral bleaching and, ultimately, death. Among the various stresses, 

abnormal seawater temperature is a primary factor affecting the sta
bility of the “holobiont”. However, extensive field survey data indicate 
that not all coral species undergo bleaching and death in the face of 
extreme temperature stress. Some species exhibit resilience to high- 
temperature and survive under such conditions [5,6]. These tempera
ture resistance characteristics are closely related to both the coral host 
and the specific Symbiodiniaceae species involved [7–11].

LaJeunesse et al. [12] proposed that the Symbiodiniaceae clades 
actually represent up to 15 distinct species in morphologically or 
phylogenetically. Physiological characteristics and environmental tol
erances vary significantly among different species of Symbiodiniaceae, 
aiding coral hosts in resisting external environmental stressors. Recent 
research generally suggests that some species within the genus Dur
usdinium (clade D), such as D. trenchii in the D1and D1a/D1–4 clades, are 
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evolved to thrive in extremely high temperatures and high-turbidity 
environments [13]. When establishing symbiotic relationships with 
cnidarians (corals and anemones), these species can resist the break
down of the symbiotic system induced by stress from abnormal envi
ronmental conditions, known as coral bleaching [14]. Research by 
Manzello et al. [15] demonstrated that D. trenchii improves the thermal 
resilience of the coral Orbicella faveolata, enabling this species to persist 
through extensive thermal bleaching episodes in the Florida Keys. Dur
usdinium are widely distributed in the Indo-Pacific and are also found in 
coral reefs in the South China Sea at mid to low latitudes [16]. On the 
other hand, Cladocopium (clade C) is one of the most diverse genera of 
Symbiodiniaceae, with different subclades exhibiting distinct physio
logical characteristics. Subclade C1 contains several species that form 
symbiotic relationships with corals in the Indo-Pacific region, often 
displaying high photochemical efficiency of PSII (Fv/Fm) and helping 
coral hosts tolerate seasonally low temperatures and high-nutrient 
conditions [17]. Species within the C15 subclade mainly form stable 
symbiotic relationships with corals in the genus Porites, which tolerate 
high temperatures and turbidity [18].

In various coral reef regions in the South China Sea at different lat
itudes, including the Nansha Islands, Xisha Islands, Luhuitou in Sanya, 
Leizhou Peninsula, Weizhou Island, Daya Bay, and Dongshan Island, the 
dominant Symbiodiniaceae genera associated with reef-building corals 
are Cladocopium (Clade C) and Durusdinium (Clade D) [16]. At the sub
clade level, there are significant differences in the composition of 
Symbiodiniaceae communities among coral species in coral reef regions 
at different latitudes [19]. Specifically, in relatively high-latitude reef- 
building corals in the South China Sea, the Symbiodiniaceae community 
is predominantly composed of the C1 subclade [20]. In contrast, in mid- 
to low-latitude reef-building corals, the Symbiodiniaceae community is 
dominated by diverse subclade types, including the C50, Cspc, C15, C1, 
and D1 subclades [18,20,21]. Overall, the community composition of 
Symbiodiniaceae in South China Sea corals shows a spatial distribution 
pattern transitioning from the dominance of the C1 subclade at higher 
latitudes to the codominance of heat-tolerant Symbiodiniaceae such as 
C15, C3u, and D1 at mid- to low latitudes [16].

The evidence above indicates that the unique identity of Symbiodi
niaceae influences the adaptability of corals to their environment [22]. 
However, the specific biological functions of different species of Sym
biodiniaceae, especially their response strategies under temperature 
changes, have not been fully elucidated. Due to the unique symbiotic 
relationship between Symbiodiniaceae and corals, very few species can 
be cultured outside their host organisms for an extended period. Ahles 
et al. [23] conducted in vitro cultivation studies on Symbiodiniaceae 
from 70 different hosts and reported that <25 % could survive briefly in 
ASP-8A medium. Using f/2 medium, Kinzie [24] also reported that only 
a few species of Symbiodiniaceae survived in vitro cultivation. Addi
tionally, K medium [24] and ISM medium [25] have been applied for in 
vitro cultivation of Symbiodiniaceae but with suboptimal results.

In the preliminary stages of our research, two Symbiodiniaceae 
strains, were isolated and cultured: a Cladocopium species (C1 type) from 
Acropora pruinosa in the relatively high-latitude coral reef areas of 
Weizhou Island; and a Durusdinium species (D1 type) from Galaxea fas
cicularis in the low-latitude coral reef area of the Xisha Islands in the 
South China Sea [26]. This study focused on these species, aiming to 
explore their response strategies under abnormal temperatures of 34 ◦C 
and 16 ◦C. The goal of this study was to gain a deeper understanding of 
the mechanisms of environmental adaptation in coral reefs and future 
evolutionary trends from the perspective of these key symbiotic 
partners.

2. Materials and methods

2.1. Cultivation of and experimental design for C. goreaui and D. trenchii

The Symbiodiniaceae strains used in this study were isolated and 

cultured from coral reefs in the South China Sea in the preliminary phase 
of the project. The species were identified as Cladocopium goreaui 
(C. goreaui) (100 %) and Durusdinium trenchii (D. trenchii) (100 %) 
through ITS and LSU sequence determination and homology search 
[26], respectively. Prior to the experiments, Symbiodiniaceae strains 
were cultured in L1 medium at 25 ◦C under a light intensity of 90 μmol 
photons m− 2 s− 1, the Symbiodiniaceae were cultivated to the mid- 
logarithmic phase to ensure optimal growth conditions. For the tem
perature stress experiments, mid-logarithmic C. goreaui and D. trenchii 
cultures were centrifuged at 800 ×g for 5 min, the supernatant was 
removed, and the cells were transferred to 500 mL conical flasks con
taining 300 mL of L1 medium. The initial cell concentration was 
adjusted to 1.0 × 105 cells/mL, and the cultures were maintained for 1 
day before the temperature stress experiment was initiated. The lowest 
monthly mean sea surface temperature (SST) was 17.3 ◦C between 1960 
and 2001 [27]. SST below 18 ◦C in winter was found to severely affect 
corals [28]. By analysing satellite SST data from 1985 to 2019 (htt 
ps://coralreefwatch.noaa.gov), we found that the SST at Weizhou Is
land is generally around 30 ◦C in summer and 19 ◦C in winter. The SST 
around Weizhou Island has been increasing at a rate of 0.33 ◦C/10 yr 
over the past decades [27]. Different temperature conditions were used, 
including a normal cultivation temperature of 25 ◦C (control group), an 
abnormally high temperature of 34 ◦C (to simulate possible future 
seawater temperatures [29]), and an abnormally low temperature of 
16 ◦C (to simulate seawater temperatures under extreme cold conditions 
in winter). On day 0, cultures of both C. goreaui and D. trenchii were 
transferred into conical flasks. For the high- and low-temperature 
groups, the temperature was adjusted from 25 ◦C by increasing or 
decreasing 1 ◦C every 8 h until the target temperature was reached, 
followed by a 10-day temperature stress period. Each group included 
three biological replicates. Measurements of cell density, Fv/Fm, and 
chlorophyll content were conducted at 12:00 PM on days 1, 4, 7, 10, and 
14.

2.2. Cell density and growth rate determination

A 1 mL aliquot of algal culture was fixed by adding 100 μL of 
formaldehyde reagent. Cell counting for Symbiodiniaceae was per
formed using a plankton counting chamber under an upright optical 
microscope (Nikon, ECLIPSE Ni-E). The data were recorded, and cell 
density was calculated. The growth rate (μ) was determined using the 
formula μ = ln(N2/N1)/(t2-t1), where μ is the growth rate, N2 and N1 
are the cell densities at times t2 and t1, respectively, which are calcu
lated by the stress temperature arrival time t1, that is, the initial density 
under stress conditions on day 4.

2.3. Determination of the photochemical efficiency of PSII (Fv/Fm)

The Fv/Fm value can indicate the energy conversion efficiency of PSII 
in photosynthetic organisms. According to the methods of Guo et al. 
[30], Fv/Fm was measured during dark adaptation for 30 min with a 
Moni-DA Plant Monitoring PAM (WALZ, Germany), the maximum 
fluorescence value (Fm) was determined by a 0.6 s saturation pulse 
(approximately 8000 μmol m− 2⋅s− 1).

2.4. Determination of photosynthetic pigment levels

Ten milliliters of algal culture was centrifuged at 5000 ×g for 5 min, 
after which the supernatant was removed. Then, 1 mL of 100 % meth
anol solution was added, followed by vortexing and shaking. The 
mixture was stored in the dark at 4 ◦C for 24 h. After extraction, the 
absorbance at 480 nm, 510 nm, 630 nm, 664 nm, and 750 nm was 
measured using a spectrophotometer (Thermal). The concentrations of 
chlorophyll a (Chl a) and carotenoids (CARs) in the Symbiodiniaceae 
were calculated using the formulas provided by Ritchie et al. [31].
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Chlorophyll a(μg/ml) = 13.6849×(A664 − A750) − 3.4551×(A630 − A750)

Carotenoids(μg/ml) = 7.6×(A480 − A750) − 1.49×(A510 − A750)

2.5. Transmission electron microscopy (TEM)

On the 14th day, C. goreaui and D. trenchii cells under different 
temperature stress were collected for transmission electron microscopy 
(TEM) analysis. Thirty milliliters of algal culture was centrifuged using a 
Sigma horizontal-rotor centrifuge at 800 ×g for 10 min to collect the 
cells. The cells were washed twice with 0.1 mol/L phosphate-buffered 
saline (PBS) (pH = 7.4) for 10 min each time. Then, the cells were 
fixed in a solution of glutaraldehyde-polyformaldehyde (2.5 %–2 %) 
(P1116; Beijing Solebao Technology Co., Ltd.) at room temperature in 
the dark for 2 h and stored at 4 ◦C. The fixed cells were rinsed three times 
with PBS for 15 min each time. Subsequently, the cells were fixed in 1 % 
osmium tetroxide prepared in PBS at room temperature in the dark for 2 
h, followed by centrifugation and washing with PBS three times for 15 
min each time. The samples were dehydrated in an ethanol gradient (30 
%, 50 %, 70 %, 80 %, 95 %, and twice in 100 %, each for 20 min) and 
embedded in 812 embedding resin (SPI, US). The embedding blocks 
were sectioned using an EM UC7 ultramicrotome (Leica), stained with 
uranyl acetate and lead citrate, and observed and photographed using an 
HT7800 transmission electron microscope (Hitachi). Images were pro
cessed using ImageJ software to calculate the proportion of chloroplast 
area within the cells, with five cells analyzed for statistical purposes.

2.6. Proteomic analysis

Due to the complete bleaching of C. goreaui algal cells under heat 
stress in the later stages of the experiment, making it impossible to 
obtain sufficient quantity for proteomic analysis, we opted to conduct 
proteomic analysis on C. goreaui under cold stress and normal temper
ature, as well as on D. trenchii algal cells under all three cultivation 
conditions. Approximately 120 mL of algal culture was centrifuged at 
3000 ×g for 5 min at 4 ◦C using a horizontal rotor. The pellet was washed 
twice with 0.1 mol/L PBS (pH = 7.4) at 4 ◦C for 5 min each time. After 
freezing in liquid nitrogen for half an hour, the samples were stored at 
− 80 ◦C.

The samples were subsequently transported on dry ice to Shanghai 
Meiji Biomedical Technology Co., Ltd., for label-free quantitative pro
teomic analysis. Frozen samples were transferred into MP shaker tubes, 
supplemented with 1 % polyvinylpolypyrrolidone (PVPP) and an 
appropriate volume of BPP buffer. Samples were homogenized three 
times (40 s each) using a high-throughput tissue grinder. The homoge
nate was centrifuged at 12,000 ×g for 20 min at 4 ◦C, and the super
natant was collected. The supernatant was mixed with an equal volume 
of Tris-saturated phenol and vortexed at 4 ◦C for 10 min. After centri
fugation (12,000 ×g, 20 min, 4 ◦C), the phenol phase was retained and 
re-extracted with an equal volume of BPP buffer. The mixture was 
vortexed again for 10 min and centrifuged under the same conditions. 
The phenol phase was then mixed with five volumes of pre-chilled 
ammonium acetate in methanol and incubated overnight at − 20 ◦C to 
precipitate proteins. The next day, samples were centrifuged, and the 
supernatant was discarded. The protein pellet was washed twice with 
90 % pre-chilled acetone, with centrifugation after each wash (12,000 
×g, 20 min, 4 ◦C). The final pellet was dissolved in lysis buffer (8 M urea, 
1 % SDS, with protease inhibitor cocktail), sonicated on ice for 2 min, 
and centrifuged. The protein-containing supernatant was collected, 
quantified using the BCA assay, and assessed by SDS-PAGE.

After reducing, alkylating, and enzymatic digesting the protein 
samples, peptide desalting and quantification were performed. Accord
ing to the quantification results of peptides, peptides with a concentra
tion of 0.1 μg/μL were dissolved in mass spectrometry loading buffer (2 
% acetonitrile, 0.1 % formic acid) for mass spectrometry analysis. The 

chromatographic separation was performed using a mobile phase system 
gradient composed of 2 % acetonitrile and 0.1 % formic acid (solvent A) 
and 80 % acetonitrile and 0.1 % formic acid (solvent B). The gradient 
elution of solvent B increased from 3 % at 0 min to 28 % at 45 min, then 
increased to 44 % at 50 min, further increased to 90 % at 55 min, and 
finally ended the program at 60 min, with a total chromatographic 
separation time of 60 min. The post-separation samples were analyzed 
by timsTOF Pro2 mass spectrometer (Brucker) for DDA mass spec
trometry analysis. The detection mode was positive ion, with the ion 
source voltage set at 1.5 kV, and both MS and MS/MS were detected and 
analyzed using TOF. The mass spectrometry scan range was set to 
100–1700 m/z. The data acquisition mode adopted Parallel Accumula
tion Serial Fragmentation (PASEF) mode.

The data analysis was performed using MaxQuant software (version 
2.0.3.1). The search was based on trypsin/P digestion, with methylation 
of cysteine as a fixed modification, N-terminal acetylation and methio
nine oxidation as variable modifications, and a maximum missed 
cleavage value of 2. The global false discovery rate (FDR) for peptide 
identification was set to 0.01. The annotations of proteins from the 
C. goreaui and D. trenchii genome databases were used for proteomic 
analysis of Symbiodiniaceae. Differentially expressed proteins (DEPs) 
were identified based on a fold change (FC) > 1.2 for upregulated pro
teins and FC < 0.83 for downregulated proteins (default for label-free 
items). The statistical analysis of protein samples was performed using 
independent sample t-tests, with a p value threshold of <0.05 (default 
value for proteomics). R software was used to analyze the relationship 
between the differential expression of proteins and quantity and to 
generate PCA plots. For the proteins in the experimental samples, 
Blast2GO (2.5.0) software was used for Gene Ontology (GO) functional 
annotation, KOBAS (2.1.1) was used for Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway functional annotation, hmmsca was used 
for Pfam functional annotation (identifying protein domains), Diamond 
(V0.8.3.37.99) was used for Clusters of Orthologous Groups of proteins 
(EggNOG) and Non-Redundant Protein Sequence Database (NR) func
tional annotation, and MultiLoc2 was used for Subcellular Localization 
(Subloc) prediction.

Enrichment analysis of the DEPs was performed for GO and KEGG 
pathways using Goatools for GO enrichment. Fisher's exact test was 
used, and the p values were corrected based on the Benjamini–Hochberg 
method. GO functions were considered significantly enriched if the 
corrected p value (FDR) was <0.05. Python-based analysis was used for 
KEGG pathway enrichment, with Fisher's exact test and Benjami
ni–Hochberg correction applied and a threshold of 0.05 for corrected p 
values.

2.7. Data statistics and analysis

The data obtained from the experiments, including the photochem
ical efficiency of PSII (Fv/Fm) and Symbiodiniaceae growth rate, were 
processed using Microsoft Excel. The results are presented as the mean 
± standard deviation (mean ± SD). The statistical analysis was per
formed using SPSS 24.0 software, employing the Mann–Whitney U test 
for nonparametric analysis, with the significance level set at 0.05. 
Graphs were generated using Origin 2023.

3. Results

3.1. Analysis of the algal cell density and growth rate

When subjected to abnormal high-temperature stress at 34 ◦C, the 
density of the C. goreaui strain exhibited an overall decreasing trend, and 
after day 10, its value was significantly lower than the initial density (P 
< 0.05). In contrast, under normal temperature conditions (25 ◦C), the 
algal cell density increased (Supporting Information Fig. S1A). Under 
abnormal high-temperature stress, the density of D. trenchii increased, 
even surpassing the growth observed under normal temperature 
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condition (Supporting Information Fig. S1B); which also increased the 
growth rate analysis showed that the growth rate of C. goreaui decreased 
from 0.119 (25 ◦C) to − 0.125 (34 ◦C), while that of D. trenchii decreased 
from 0.10 ± 0.01 (25 ◦C) to 0.066 ± 0.008 (34 ◦C), though the latter 
change was not significant (P > 0.05) (Fig. 1A). However, when sub
jected to abnormal low-temperature stress at 16 ◦C, the cell density of 
C. goreaui remained unchanged compared to 25 ◦C (Supporting Infor
mation Fig. S1A), and the growth rate was essentially 0. D. trenchii still 
exhibited slow growth, with a growth rate of 0.055 ± 0.010 (Supporting 
Information Fig. S1B). From the perspective of algal cell growth, 
D. trenchii was more resistant to both abnormal high- and low- 
temperature stress than C. goreaui was.

3.2. Analysis of the Fv/Fm value and photosynthetic pigments

Under high-temperature stress at 34 ◦C, the Fv/Fm values of 
C. goreaui gradually decreased. When the stress temperature reached 
34 ◦C on the 4th day, the Fv/Fm value decreased from 0.66 ± 0.03 to 
0.63 ± 0.02 and dropped to 0 on the 14th day. (Fig. 1B). However, under 
low-temperature stress at 16 ◦C, the Fv/Fm value of C. goreaui decrease 
during the initial 4 days of cooling from 0.61 to 0.55 but then remained 
mostly stable, reaching 0.54 ± 0.04 by the 14th day (Fig. 1B). Compared 
to C. goreaui, D. trenchii showed no significant inhibition of Fv/Fm under 
34 ◦C high-temperature stress, with the value declining from 0.65 ±
0.01 to 0.58 ± 0.02 from the 1st day to the 14th day (a decrease of 
approximately 10 %) (Fig. 1C). However, under 16 ◦C low-temperature 
stress, the Fv/Fm value was significantly reduced, showing a continuous 
downward trend from 0.62 ± 0.01 on the 1st day to 0.32 ± 0.03 on the 
14th day (a decrease of 47 %) (Fig. 1C).

When C. goreaui was subjected to high-temperature stress, the Chl a 
concentration gradually decreased, and the CAR concentration showed 
an overall decreasing trend. On the 14th day of 34 ◦C high-temperature 
stress, the Chl a concentration suddenly decreased by 90.22 % (Fig. 2A), 
while the CAR concentration decreased by only 29.56 % (0.22 ± 0.08) 
(Fig. 2B). However, under 16 ◦C low-temperature stress, the Chl a 
concentration exhibited an overall decreasing trend, reaching 0.42 ±
0.03 on the 14th day (a decrease of 27.16 %) (Fig. 2A). However, the 
CAR concentration showed an overall increasing trend, with an increase 
of 62.42 % (0.37 ± 0.01) on the 10th day (Fig. 2B). Compared to 
C. goreaui, D. trenchii showed no significant decrease in Chl a and CAR 
concentrations under 34 ◦C high-temperature stress compared to the 
control group; instead, both pigments showed a marked increase during 
the initial phase of the experiment. However, under 16 ◦C low- 
temperature stress, both Chl a and CAR concentrations gradually 
decreased, reaching 0.51 ± 0.05 (a decrease of 25.92 %) (Fig. 2C) and 
0.42 ± 0.06 (a decrease of 6.49 %) (Fig. 2D) on the 14th day. Therefore, 
changes in photosynthetic pigments and Fv/Fm values indicate that 
D. trenchii has a tolerance to high temperature, while C. goreaui has a 
tolerance to low temperature.

3.3. Intracellular structure analysis of Symbiodiniaceae

The integrity of the cell structure is crucial for normal growth and 
reproduction. After 10 days of exposure to 34 ◦C high-temperature 
stress, C. goreaui exhibited morphological deformities, including 
shrinkage, invagination, separation of the cell wall, and disintegration of 
chloroplasts and chromatin, ultimately leading to cell death (Fig. 3A). 
However, when subjected to 16 ◦C low-temperature stress for 10 days, 
C. goreaui maintained an intact cell morphology, and the accumulation 
of lipids was observed within the cells (Fig. 3A). Due to severe cell ne
crosis and chloroplast disintegration caused by abnormally high tem
peratures, it was not possible to analyze the proportion of the 
chloroplast area in C. goreaui cells. However, under low-temperature 
stress conditions, the proportion of the chloroplast area in C. goreaui 
cells significantly decreased compared to that in the control group (P <
0.05), dropping from the normal state of 16.8 ± 3.6 % to 8.3 ± 2.0 %. In 
contrast to C. goreaui, D. trenchii maintained good integrity with no se
vere deformities after 10 days of exposure to 34 ◦C high-temperature 
stress (Fig. 3B). However, low-temperature stress resulted in cell de
formities and sparse chloroplasts in D. trenchii. Analysis of the propor
tion of the chloroplast area inside the cells revealed a significant 
decrease under abnormal temperature stress (from 41.8 ± 2.2 % to 36.3 
± 3.0 % in the high-temperature group and from 41.8 ± 2.2 % to 30.7 ±
3.6 % in the low-temperature group). Importantly, no lipid accumula
tion was observed within the algal cells under these conditions (Fig. 3B). 
Thus, lipid accumulation inside algal cells may constitute an adaptive 
strategy employed by C. goreaui in response to abnormal low- 
temperature stress. At present, our results primarily reflect changes in 
chloroplast morphology rather than direct evidence of functional 
impairment. These morphological alterations may be associated with 
changes in photosynthetic performance.

3.4. Proteomic analysis

Based on the response of the two types of Symbiodiniaceae, 
C. goreaui and D. trenchii, to abnormal temperatures (in terms of growth 
rate, Fv/Fm, photosynthetic pigment concentration, and intracellular 
structural changes), it was found that the former could not maintain 
integrity under continuous high-temperature stress for 13 days, with 
severe disintegration of intracellular structures observed; in contrast, 
the latter exhibited greater tolerance under high-temperature stress. 
Additionally, after 13 days of low-temperature stress at 16 ◦C, both 
C. goreaui and D. trenchii could maintain structural integrity but showed 
different response patterns. Therefore, to explore the protein molecular 
response mechanisms of C. goreaui under low-temperature stress and 
D. trenchii under high/low-temperature stress, cells of C. goreaui sub
jected to low-temperature stress and normal temperature culture on the 
14th day, as well as cells of D. trenchii subjected to high/low- 
temperature stress and normal temperature culture, were collected 
simultaneously for proteomic analysis.

Fig. 1. Impact of temperature stress on the growth rate (μ) and the Fv/Fm value of Symbiodiniaceae. (A) Impact of temperature stress on the growth rate (μ) of 
C. goreaui and D. trenchii. (B) Influence of temperature stress on the Fv/Fm value of C. goreaui. (C) Influence of temperature stress on the Fv/Fm value of D. trenchii.
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With MaxQuant software used for database search analysis, a total of 
15 samples yielded 32,461 spectra, with 31,339 unique spectra match
ing 4782 peptides and 1336 proteins. The number of proteins assembled 
into different protein groups in all the samples was 1030 (Supporting 
Information Fig. S2A). Among all the detected proteins, 893 were an
notated by EggNOG, 856 by GO, 746 by KEGG, 883 by Pfam, and 1030 
by subcellular localization (Subloc) (Supporting Information Fig. S2B). 
Specific functional annotations of all proteins are provided in Support
ing Information Figs. S3-S7. Among the detected proteins, significant 
DEPs were recovered under low-temperature stress in C. goreaui 
compared to the control group, low-temperature stress in D. trenchii 
compared to the control group, and high-temperature stress in D. trenchii 
compared to the control group; the numbers of uniquely expressed 
proteins were 95, 183, and 179, and the total numbers of significant 
DEPs were 237, 267, and 268, respectively (Fig. 4A, B, C). The results for 
the upregulated and downregulated proteins are shown in Fig. 4D. PCA 
indicated that the effect of species identity (PC1 45.5 %) was greater 
than the effect of abnormal temperature (PC2 14.5 %) on these species 
(Fig. 4E). Similarly, within the same species, high/low-temperature 
stresses did not affect them to the same extent (Supporting Informa
tion Fig. S8).

3.4.1. GO enrichment analysis
We conducted enrichment analysis of DEPs in three major GO cate

gories: Biological Processes (BP), Cellular Components (CC), and Mo
lecular Functions (MF). The results revealed that under low-temperature 
stress, the top 10 significantly enriched GO terms for DEPs in C. goreaui 
were (Fig. 5): purine-containing compound biosynthetic process; phos
phoric ester hydrolase activity; IMP metabolic process; 4 iron, 4 sulfur 
cluster binding; cellular metabolic compound salvage; metal ion bind
ing; metal cluster binding; iron–sulfur cluster binding; ribonucleotide 
biosynthetic process; ribose phosphate biosynthetic process.

Under low-temperature stress, the top 10 significantly enriched GO 
terms for DEPs in D. trenchii were (Fig. 5): nuclear protein-containing 

complex; spliceosomal snRNP complex; small nuclear ribonucleopro
tein complex; Sm-like protein family complex; U2 snRNP; ribonucleo
protein complex subunit organization; ribonucleoprotein complex 
assembly; RNA binding; spliceosomal complex assembly; pro
tein–containing complex assembly.

Under high-temperature stress, the top 10 significantly enriched GO 
terms for DEPs in D. trenchii were (Fig. 5): ubiquitin-like protein trans
ferase activity; response to inorganic substance; sulfur compound 
metabolic process; thioester biosynthetic process; purine nucleoside 
bisphosphate biosynthetic process; nucleoside bisphosphate biosyn
thetic process; acyl–CoA biosynthetic process; ribonucleoside bisphos
phate biosynthetic process; organic hydroxy compound biosynthetic 
process; response to metal ion.

3.4.2. KEGG enrichment analysis
Likewise, to further understand the impact of abnormal temperature 

stress on Symbiodiniaceae cells and their related pathways, pathway 
enrichment analysis was conducted for the top 10 most significantly 
enriched KEGG pathways. An adjusted P value (Padjust) <0.05 was 
considered to indicate a significantly enriched KEGG pathway function. 
The results indicated that under abnormal low-temperature stress, the 
DEPs were significantly enriched in C. goreaui were (Fig. 6): Citrate cycle 
(TCA cycle); ribosome; inositol phosphate metabolism; oxidative phos
phorylation; spliceosome; purine metabolism; butanoate metabolism; 
nitrogen metabolism; valine, leucine and isoleucine degradation; 
glutathione metabolism.

When subjected to abnormal low-temperature stress, D. trenchii 
exhibited significant enrichment of DEPs in pathways such as Spliceo
some; ribosome biogenesis in eukaryotes; peroxisome; proteasome; 
plant–pathogen interaction; nicotinate and nicotinamide metabolism; 
glycerophospholipid metabolism; biosynthesis of cofactors; arginine 
biosynthesis; propanoate metabolism (Fig. 6).

For D. trenchii under abnormally high-temperature stress, the DEPs 
were significantly enriched in RNA degradation; pantothenate and CoA 

Fig. 2. Changes in the photosynthetic pigments of Symbiodiniaceae under high/low-temperature stress. (A) Changes in the Chl a Concentration of C. goreaui under 
High- and Low-Temperature Stress. (B) Changes in the CAR Concentration of C. goreaui under High- and Low-Temperature Stress. (C) Changes in the Chl a Con
centration of D. trenchii under High- and Low-Temperature Stress. (D) Changes in the CAR Concentration of D. trenchii under High and Low-Temperature Stress.
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Fig. 3. (A). Ultrastructure of C. goreaui; (B). Ultrastructure of D. trenchii n: nucleus; c: chromosome; Ch: chloroplast; Py: pyrenoid; m: mitochondrion; s: starch; a: 
accumulation body; w: cell wall (paired arrows indicate cell wall thickness); v: vacuole.
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biosynthesis; thiamine metabolism; fatty acid biosynthesis; fatty acid 
degradation; alanine, aspartate and glutamate metabolism; fructose and 
mannose metabolism; nucleotide metabolism; porphyrin metabolism; 
glycerophospholipid metabolism (Fig. 6).

4. Discussion

The molecular basis of the physiological response of coral- 
Symbiodiniaceae symbiosis to environmental stress has been investi
gated mainly through transcriptomics and metabolomics. Various gene 
expression methods have been utilized to assess the genetic responses of 
corals to stress. Although these studies have made significant progress in 
enhancing our understanding of the molecular responses of coral hosts, 
symbiotic microorganisms, and the entire system under environmental 
stress, they do not necessarily represent the true phenotypes at the 
protein level in these cells. The proteome provides a more accurate 
reflection of biological functions since proteins typically have higher 
abundances than transcripts and have longer half-lives inside cells [32]. 
The presence of Symbiodiniaceae plays a crucial role in the survival of 
coral hosts, and temperature fluctuations can lead to changes in algal 
density, photosynthetic pigment concentration, photochemical effi
ciency of PSII, photosynthetic capacity, and the xanthophyll cycle [33]. 
It is well established that both thermal and cold anomalies can drive 
coral bleaching (i.e., loss of symbionts) and increase mortality rates 

[34–36]. Heat stress and cold stress primarily exert adverse effects on 
photosynthesis but can induce enhanced photoprotective mechanisms, 
thereby mitigating the impact of transient exposure on photosynthetic 
processes [33]. However, these temperature extremes affect distinct 
physiological processes and may involve trade-offs in stress tolerance 
[37]. In this study, the physiological characteristics and molecular stress 
response mechanisms of C. goreaui and D. trenchii were investigated 
under abnormally high/low temperatures during the same period. Both 
cold and heat stress had negative effects on Symbiodiniaceae, this 
research contributes to elucidating the adaptive strategies of different 
species of Symbiodiniaceae to different temperatures: for C. goreaui, 
high-temperature stress had a greater impact than low-temperature 
stress, while the opposite was observed for D. trenchii under stress.

4.1. Physiological and proteomic responses of two Symbiodiniaceae 
species to high temperature stress

Elevated temperatures are known to cause PSII photoinhibition and 
impair photodamage repair mechanisms in Symbiodiniaceae [38]. 
These impairments suppress metabolic performance and represent a 
primary driver of thermal bleaching in corals [38–41]. Previous studies 
have reported damage to coral hosts under prolonged exposure to 34 ◦C 
(12h) or extended periods of extreme temperature stress at 36 ◦C, 
leading to apoptosis or necrosis in Symbiodiniaceae cells, which are 

Fig. 4. (A) Specific protein expression in C. goreaui induced by abnormal low-temperature stress. (B) Specific protein expression in D. trenchii induced by abnormal 
low-temperature stress (C) Specific protein expression in D. trenchii induced by abnormal high-temperature stress. (D) Differential protein expression under different 
conditions. (E) PCA.
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subsequently expelled [42,43].
Under high-temperature stress (34 ◦C), Cladocopium goreaui exhibi

ted typical thermosensitive characteristics [9], including a significant 
decline in cell density (Supporting Information S1A), negative growth 
rate (μ < 0) (Fig. 1A), a sharp reduction in the Fv/Fm value (Fig. 1B), and 
fluctuating levels of Chl a and CARs (initial increase followed by 
decrease; Fig. 2A, B). Moreover, its cellular structure was severely 
damaged, with disintegration of chloroplast morphology (Fig. 3A), 
indicating a pronounced impairment of photosynthesis [44]. These 
physiological deteriorations are consistent with previously described 
heat-induced photosynthetic inhibition and oxidative stress damage 
[45–48]. Heat stress suppresses D1 protein repair and destabilizes PSII 
reaction centers, contributing to the observed Fv/Fm decline [49,50]. 
Additionally, pigment degradation is a known photoprotective strategy 
that limits Reactive oxygen species (ROS) accumulation [51,52]. Chlo
roplast structures are disrupted prior to widespread oxidative damage 
under thermal stress, and diminished photosynthesis forces Symbiodi
niaceae chloroplasts to reroute electrons via the Mehler reaction [53].

In contrast, Durusdinium trenchii demonstrated higher thermal 
tolerance under the same stress conditions [54,55]. Although its growth 
rate was reduced compared to the control (Fig. 1A), cell density 
increased (Supporting Information S1B), Fv/Fm showed only a modest 

decline (Fig. 1B), pigment concentrations remained relatively high 
(Fig. 2C, D), and cell structures, including chloroplasts, remained intact 
(Fig. 3B), indicating a more stable photosynthetic and metabolic func
tion under heat stress. Proteomic analysis supported these findings. GO 
enrichment revealed significant upregulation of ATP-dependent protein- 
folding chaperones such as HSP70 (Fig. 5), suggesting enhanced pro
teostasis mechanisms to counteract heat-induced protein denaturation 
[56–58]. KEGG pathway analysis also showed strong activation of 
endocytosis and ubiquitin-mediated proteolysis pathways (Fig. 6), 
indicating an enhanced cellular response to misfolded proteins 
[48,59,60]. Meanwhile, protein expression associated with photosystem 
I (PSI), the Calvin cycle, and pigment biosynthesis was downregulated 
(Figs. 5, 6), implying reduced light absorption and electron transport, 
which may lower the synthesis of photosynthetic products [61]. Proteins 
involved in chloroplast lipid biosynthesis, such as acetyl-CoA carbox
ylase (ACC) and ω-6 fatty acid desaturase (FAD6), were upregulated 
(Fig. 5). ACC catalyzes the carboxylation of acetyl-CoA in the rate- 
limiting step of fatty acid biosynthesis, potentially increasing unsatu
rated fatty acid content to enhance membrane fluidity and chloroplast 
stability [62]. High expression of proteins such as 4-hydroxyphenylpyr
uvate dioxygenase (HPPD) and 2-methyl-6-phytyl-1,4-hydroquinone 
methyltransferase (MPBQ-MT) was observed in the biosynthesis of 

Fig. 5. GO enrichment analysis of DEPs in Symbiodiniaceae under abnormal temperature stress. (The x-axis represents different groups, the y-axis represents the GO 
term, and the size of the bubbles is proportional to the number of proteins enriched in this GO term.)
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plastoquinones and other terpenoid quinones under heat stress (Figs. 5, 
6). These pathways are critical for α-tocopherol (vitamin E) synthesis, a 
lipid-soluble antioxidant that scavenges singlet oxygen within chloro
plasts, protects membrane lipids from peroxidation, and stabilizes 
photosynthetic complexes. The quinone form of α-tocopherol also in
tegrates into the thylakoid electron transport chain, providing addi
tional photoprotection [63]. In addition, biosynthetic pathways for 
macromolecules and organic compounds were downregulated, possibly 
reflecting a strategic reallocation of resources toward stress response 
mechanisms [64].

In summary, C. goreaui exhibited extreme sensitivity to heat stress, 
displaying a characteristic “photoinhibition–cell collapse” pattern, 
while D. trenchii showed strong thermal adaptation through enhanced 
chaperone activity, protein degradation systems, and pigment stability. 
These differential responses are consistent with previous studies on the 
evolutionary thermal tolerance and species-specific adaptation of Sym
biodiniaceae [10,65–69].

4.2. Physiological and proteomic responses of two Symbiodiniaceae 
species to low temperature stress

Both high and low temperatures have been shown to accelerate 
photoinhibition (fixing CO2 by severely limiting photosynthesis) 
[70–72]. The structural integrity of symbiont chloroplasts is essential for 
maintaining photosynthetic capacity under thermal stress. Similarly, 
exposure to cold stress also reduces the Fv/Fm in Symbiodiniaceae, 
potentially leading to photoinhibition and photodamage [36,61]. It 
negatively affects photosynthesis by reducing chlorophyll fluorescence 
quantum yield, weakening the activity of carbon fixation enzymes 
[33,36,61,73], and lowering membrane fluidity [61].

Under low temperature stress (16 ◦C), neither species exhibited se
vere physiological damage. Although cell density growth slowed during 
the later stages of the experiment, the overall μ values remained positive 
(Fig. 1A). Cellular structures remained intact (Fig. 3), and concentra
tions of Chl a and CARs showed no significant differences from the 
control group (P > 0.05; Fig. 2), suggesting a degree of cold tolerance in 
both species. However, both experienced declines in the Fv/Fm value, 
with a more pronounced decrease in D. trenchii than in C. goreaui 
(Fig. 1B), indicating that despite stable pigment content, PSII function 

Fig. 6. KEGG pathway analysis of DEPs in Symbiodiniaceae under abnormal temperature stress. (The x-axis represents different groups, the y-axis represents the 
KEGG pathway, and the size of the bubbles indicates the number of proteins enriched in the KEGG pathway.)
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was impaired in both, and C. goreaui may be better adapted to cold stress 
[9]. Proteomic analysis further revealed the molecular basis of this 
adaptation. In C. goreaui, GO-enriched pathways upregulated under cold 
stress included metal ion transport, glutathione biosynthesis, and 
α-ketoglutarate dehydrogenase activity, indicating the activation of 
redox homeostasis and mitochondrial TCA cycle pathways [74,75]. 
Glutathione synthesis can help scavenge cold-induced ROS and maintain 
intracellular redox balance [76]. KEGG analysis also showed significant 
downregulation of fatty acid, pyruvate, and nicotinamide metabolism, 
supporting a strategy of metabolic suppression [77].

In D. trenchii, cold stress predominantly triggered extensive upre
gulation of RNA splicing-related pathways, including the spliceosome, 
snRNP complexes, and mRNA splicing (significant in both GO and KEGG 
enrichment), suggesting active post-transcriptional regulation and rapid 
adjustment to temperature changes via splicing machinery [78–80]. 
Concurrently, pathways related to carbohydrate biosynthesis and the 
electron transport chain were downregulated, indicating reduced energy 
metabolism under cold conditions [81]. NAD+-dependent GPD1 was 
upregulated in C. goreaui, and FAD-dependent GPD2 was upregulated in 
D. trenchii. Both enzymes catalyze the conversion of dihydroxyacetone 
phosphate (DHAP) to glycerol-3-phosphate (G3P), providing the glyc
erol backbone for triacylglycerol (TAG) synthesis [82]. The fatty acid 
β-oxidation enzyme ACAA1 was also upregulated in D. trenchii, which is 
associated with reduced lipid synthesis and decreased TAG accumula
tion, indicating a metabolic shift from lipid storage to utilization [83].

In conclusion, C. goreaui demonstrated a degree of cold tolerance by 
activating antioxidant and metabolic homeostasis mechanisms, while 
D. trenchii, despite being more photosynthetically sensitive, showed 
active post-transcriptional regulation through enhanced spliceosome- 
related protein expression. These strategic differences reflect distinct 
priorities in resource allocation and regulatory focus in response to cold 
stress.

5. Conclusion

Many ecological studies on coral reefs have shown that the density of 
Symbiodiniaceae in hospite is lower in warmer summers and higher in 
winters [84]. This patterns may be explained by the impact of low 
temperatures on Symbiodiniaceae, with the weaken photosynthesis and 
decrease nutrient supply to corals [36,61,85]. However, the relationship 
between the density of Symbiodiniaceae and metabolism are nuanced 
[86]. For instance, an increase in nutrients within a certain range may 
lead to an increase in the density of Symbiodiniaceae [87]. But, when 
the nutrient level exceeds a certain threshold, the density of Symbiodi
niaceae may actually decrease [87]. Recent transcriptomics and 
metabolomics studies demonstrate the importance of nutrients in host- 
symbiont interactions [58,88–91], they can provide insights into the 
molecular mechanisms underlying the changes in Symbiodiniaceae 
density and metabolism.

This study elucidates the distinct stress-response strategies of two 
Symbiodiniaceae species, Cladocopium goreaui and Durusdinium trenchii, 
under extreme temperature conditions. At elevated temperatures 
(34 ◦C), C. goreaui exhibited marked reductions in growth, photosyn
thetic efficiency, and cellular integrity, indicating pronounced thermal 
sensitivity. In contrast, D. trenchii maintained relatively stable physio
logical functions while activating multiple protective mechanisms, 
including chaperone-mediated protein folding and antioxidant biosyn
thesis. Under cold stress (16 ◦C), both species displayed minimal phys
iological impairment; however, C. goreaui appeared more cold-tolerant 
through modulation of redox homeostasis and TCA cycle activity, 
whereas D. trenchii responded via enhanced post-transcriptional regu
lation involving spliceosome-related pathways. These results highlight 
species-specific thermal adaptation mechanisms and provide new in
sights into the resilience of coral-algal symbioses in the context of 
climate change.

CRediT authorship contribution statement

Jiayuan Liang: Writing – review & editing, Writing – original draft. 
Liangyun Qin: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Formal analysis, Data curation. Li Zhang: 
Writing – review & editing, Writing – original draft, Investigation, Data 
curation. Yongqian Xu: Methodology, Investigation. Tianyi Niu: 
Methodology, Investigation. Zhicong Li: Methodology, Investigation. 
Yating Yang: Methodology, Investigation. Zhuqing Liang: Methodol
ogy, Investigation. Kefu Yu: Funding acquisition. Sanqiang Gong: Data 
curation.

Declaration of competing interest

All authors declare no conflict of interest.

Acknowledgements

This work was supported by the National Natural Science Foundation 
of China (42030502 and 42090041), and the Self-Topic Project of 
Guangxi Laboratory on the Study of Coral Reefs in the South China Sea 
(GXLSCRSCS2023101).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2025.104187.

Data availability

Data will be made available on request.

References

[1] L. Muscatine, L.R. McCloskey, R.E. Marian, Estimating the daily contribution of 
carbon from zooxanthellae to coral animal respiration, Limnol. Oceanogr. 26 
(1981) 601–611.

[2] P.G. Falkowski, Z. Dubinsky, L. Muscatine, J.W. Porter, Light and the bioenergetics 
of a symbiotic coral, BioScience 34 (1984) 705–709.

[3] M.S. Roth, The engine of the reef: photobiology of the coral-algal symbiosis, Front. 
Microbiol. 5 (2014).

[4] D.G. Bourne, K.M. Morrow, N.S. Webster, Insights into the coral microbiome: 
underpinning the health and resilience of reef ecosystems, in: S. Gottesman (Ed.), 
Annual Review of Microbiology Vol 70, 2016, pp. 317-+.

[5] S.L. Coles, Reef corals occurring in a highly fluctuating temperature environment at 
Fahal Island, Gulf of Oman (Indian Ocean), Coral Reefs 16 (1997) 269–272.

[6] P. Craig, C. Birkeland, S. Belliveau, High temperatures tolerated by a diverse 
assemblage of shallow-water corals in American Samoa, Coral Reefs 20 (2001) 
185–189.

[7] N.M. Boulotte, S.J. Dalton, A.G. Carroll, P.L. Harrison, H.M. Putnam, L.M. Peplow, 
M.J.H. van Oppen, Exploring the Symbiodinium rare biosphere provides evidence 
for symbiont switching in reef-building corals, ISME J. 10 (2016) 2693–2701.

[8] T.A. Oliver, S.R. Palumbi, Many corals host thermally resistant symbionts in high- 
temperature habitat, Coral Reefs 30 (2011) 241–250.

[9] R. Rowan, Coral bleaching: thermal adaptation in reef coral symbionts, Nature 430 
(2004) 742.

[10] R. Berkelmans, M.J.H. van Oppen, The role of zooxanthellae in the thermal 
tolerance of corals: a ‘nugget of hope’ for coral reefs in an era of climate change, 
Proc. R. Soc. B Biol. Sci. 273 (2006) 2305–2312.

[11] D. Abrego, K.E. Ulstrup, B.L. Willis, M.J.H. van Oppen, Species–specific 
interactions between algal endosymbionts and coral hosts define their bleaching 
response to heat and light stress, Proc. R. Soc. B Biol. Sci. 275 (2008) 2273–2282.

[12] T.C. LaJeunesse, J.E. Parkinson, P.W. Gabrielson, H.J. Jeong, J.D. Reimer, C. 
R. Voolstra, S.R. Santos, Systematic revision of Symbiodiniaceae highlights the 
antiquity and diversity of coral endosymbionts, Curr. Biol. 28 (2018) 2570.

[13] T.C. LaJeunesse, D.T. Pettay, E.M. Sampayo, N. Phongsuwan, B. Brown, D. 
O. Obura, O. Hoegh-Guldberg, W.K. Fitt, Long-standing environmental conditions, 
geographic isolation and host–symbiont specificity influence the relative ecological 
dominance and genetic diversification of coral endosymbionts in the genus 
Symbiodinium, J. Biogeogr. 37 (2010) 785–800.

[14] T.C. LaJeunesse, R. Smith, M. Walther, J. Pinzon, D.T. Pettay, M. McGinley, 
M. Aschaffenburg, P. Medina-Rosas, A.L. Cupul-Magana, A. Lopez Perez, H. Reyes- 
Bonilla, M.E. Warner, Host-symbiont recombination versus natural selection in the 
response of coral-dinoflagellate symbioses to environmental disturbance, Proc. R. 
Soc. B Biol. Sci. 277 (2010) 2925–2934.

J. Liang et al.                                                                                                                                                                                                                                    Algal Research 91 (2025) 104187 

10 
257

https://doi.org/10.1016/j.algal.2025.104187
https://doi.org/10.1016/j.algal.2025.104187
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0005
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0005
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0005
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0010
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0010
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0015
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0015
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0020
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0020
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0020
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0025
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0025
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0030
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0030
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0030
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0035
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0035
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0035
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0040
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0040
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0045
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0045
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0050
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0050
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0050
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0055
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0055
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0055
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0060
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0060
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0060
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0065
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0065
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0065
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0065
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0065
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0070
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0070
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0070
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0070
http://refhub.elsevier.com/S2211-9264(25)00298-X/rf0070


[15] D.P. Manzello, M.V. Matz, I.C. Enochs, L. Valentino, R.D. Carlton, G. Kolodziej, 
X. Serrano, E.K. Towle, M. Jankulak, Role of host genetics and heat-tolerant algal 
symbionts in sustaining populations of the endangered coral Orbicella faveolata in 
the Florida keys with ocean warming, Glob. Chang. Biol. 25 (2019) 1016–1031.

[16] B. Chen, Spatial Changes of Coral Miceobiome and Environmental Adaption 
Mechanism in the South Chine Sea, Guangxi University, 2021.

[17] D.M. Baker, J.P. Andras, A.G. Jordán-Garza, M.L. Fogel, Nitrate competition in a 
coral symbiosis varies with temperature among Symbiodinium clades, ISME J. 7 
(2013) 1248–1251.

[18] K.D. Hoadley, D.T. Pettay, A. Lewis, D. Wham, C. Grasso, R. Smith, D.W. Kemp, 
T. LaJeunesse, M.E. Warner, Different functional traits among closely related algal 
symbionts dictate stress endurance for vital Indo-Pacific reef-building corals, Glob. 
Chang. Biol. 27 (2021) 5295–5309.

[19] B. Chen, K. Yu, J. Liang, W. Huang, G. Wang, H. Su, Z. Qin, X. Huang, Z. Pan, 
W. Luo, Y. Luo, Y. Wang, Latitudinal variation in the molecular diversity and 
community composition of Symbiodiniaceae in coral from the South China Sea, 
Front. Microbiol. 10 (2019).

[20] S. Keshavmurthy, K.-H. Tang, C.-M. Hsu, C.-H. Gan, C.-Y. Kuo, K. Soong, H.- 
N. Chou, C.A. Chen, Symbiodinium spp. associated with scleractinian corals from 
Dongsha Atoll (Pratas), Taiwan, in the South China Sea, PeerJ 5 (2017) e2871.

[21] B. Chen, K. Yu, J. Liang, W. Huang, G. Wang, H. Su, Z. Qin, X. Huang, Z. Pan, 
W. Luo, Y. Luo, Y. Wang, Latitudinal variation in the molecular diversity and 
community composition of Symbiodiniaceae in coral from the South China Sea, 
Front. Microbiol. 10 (2019) 1278.

[22] E.M. Sampayo, T. Ridgway, P. Bongaerts, O. Hoegh-Guldberg, Bleaching 
susceptibility and mortality of corals are determined by fine-scale differences in 
symbiont type, Proc. Natl. Acad. Sci. USA 105 (2008) 10444–10449.

[23] M.D. Ahles, Some Aspects of the Morphology and Physiology of Symbiodinium 
microadriaticum, Fordham University, 1967.

[24] R.A. Kinzie, P.L. Jokiel, R. York, Effects of light of altered spectral composition on 
coral zooxanthellae associations and on zooxanthellae in vitro, Mar. Biol. 78 (1984) 
239–248.

[25] J.J. Lee, M.E. McEnery, J.R. Garrison, Experimental studies of larger foraminifera 
and their symbionts from the Gulf of Elat on the Red Sea, J. Foraminifer. Res. 10 
(1980) 31–47.

[26] L. Qin, Y. Xu, J. Chen, T. Niu, K. Yu, J. Liang, Optimization of in vitro culture 
method for zooxanthellae associated with reef-building corals, Acta Microbiol Sin. 
63 (2023) 1658–1671.

[27] Y.U. Kefu, J. Mingxing, C. Zhiqiang, C. Tegu, Latest forty two years' sea surface 
temperature change of Weizhou Island and its influence on coral reef ecosystem, 
Chin. J. Appl. Ecol. (2004) 506–510.

[28] J.E.N. Veron, P.R. Minchin, Correlations between sea surface temperature, 
circulation patterns and the distribution of hermatypic corals of Japan, Cont. Shelf 
Res. 12 (1992) 835–857.

[29] W. Huang, L. Meng, Z. Xiao, R. Tan, E. Yang, Y. Wang, X. Huang, K. Yu, Heat- 
tolerant intertidal rock pool coral Porites lutea can potentially adapt to future 
warming, Mol. Ecol. 33 (2024) e17273.

[30] Y.P. Guo, D.P. Guo, H.F. Zhou, M.J. Hu, Y.G. Shen, Photoinhibition and 
xanthophyll cycle activity in bayberry (Myrica rubra) leaves induced by high 
irradiance, Photosynthetica 44 (2006) 439–446.

[31] R.J. Ritchie, Consistent sets of spectrophotometric chlorophyll equations for 
acetone, methanol and ethanol solvents, Photosynth. Res. 89 (2006) 27–41.

[32] A.J. Weston, W.C. Dunlap, J.M. Shick, A. Klueter, K. Iglic, A. Vukelic, A. Starcevic, 
M. Ward, M.L. Wells, C.G. Trick, P.F. Long, A profile of an endosymbiont-enriched 
fraction of the coral Stylophora pistillata reveals proteins relevant to microbial-host 
interactions, Mol. Cell. Proteomics 11 (2012).

[33] M.S. Roth, R. Goericke, D.D. Deheyn, Cold induces acute stress but heat is 
ultimately more deleterious for the reef-building coral Acropora yongei, Sci. Rep. 2 
(2012).

[34] P.L. Jokiel, S.L. Coles, Response of Hawaiian and other Indo-Pacific reef corals to 
elevated temperature, Coral Reefs 8 (1990) 155–162.

[35] T.C. LaJeunesse, H. Reyes-Bonilla, M.E. Warner, Spring “bleaching” among 
Pocillopora in the Sea of Cortez, Eastern Pacific, Coral Reefs 26 (2007) 265–270.

[36] T. Saxby, W.C. Dennison, O. Hoegh-Guldberg, Photosynthetic responses of the 
coral Montipora digitata to cold temperature stress, Mar. Ecol. Prog. Ser. 248 (2003) 
85–97.

[37] M.S. Roth, D.D. Deheyn, Effects of cold stress and heat stress on coral fluorescence 
in reef-building corals, Sci. Rep. 3 (2013) 1421.

[38] M.E. Warner, W.K. Fitt, G.W. Schmidt, Damage to photosystem II in symbiotic 
dinoflagellates: a determinant of coral bleaching, Proc. Natl. Acad. Sci. 96 (1999) 
8007–8012.

[39] S. Takahashi, T. Nakamura, M. Sakamizu, R.v. Woesik, H. Yamasaki, Repair 
machinery of symbiotic photosynthesis as the primary target of heat stress for reef- 
building corals, Plant Cell Physiol. 45 (2004) 251–255.

[40] S. Takahashi, S. Whitney, S. Itoh, T. Maruyama, M. Badger, Heat stress causes 
inhibition of the de novo synthesis of antenna proteins and photobleaching in 
cultured Symbiodinium, Proc. Natl. Acad. Sci. USA 105 (2008) 4203–4208.

[41] D.J. Smith, D.J. Suggett, N.R. Baker, Is photoinhibition of zooxanthellae 
photosynthesis the primary cause of thermal bleaching in corals? Glob. Chang. 
Biol. 11 (2004) 1–11.

[42] P.W. Sammarco, K.B. Strychar, Responses to high seawater temperatures in 
zooxanthellate octocorals, PLoS One 8 (2013).

[43] K.B. Strychar, P.W. Sammarco, Exaptation in corals to high seawater temperatures: 
low concentrations of apoptotic and necrotic cells in host coral tissue under 
bleaching conditions, J. Exp. Mar. Biol. Ecol. 369 (2009) 31–42.

[44] C. Ferrier-Pagès, C. Rottier, E. Beraud, O. Levy, Experimental assessment of the 
feeding effort of three scleractinian coral species during a thermal stress: effect on 
the rates of photosynthesis, J. Exp. Mar. Biol. Ecol. 390 (2010) 118–124.

[45] M.P. Lesser, Experimental biology of coral reef ecosystems, J. Exp. Mar. Biol. Ecol. 
300 (2004) 217–252.

[46] D. Tchernov, M.Y. Gorbunov, C. de Vargas, S. Narayan Yadav, A.J. Milligan, 
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Abstract
Global climate change has led to frequent extreme temperature events in oceans. Corals are susceptible to extreme high-tem-
perature stress in summer and extreme low-temperature stress in winter in the relatively high-latitude reef areas of the South 
China Sea (SCS). The most abundant symbiotic coral Symbiodiniaceae in the higher-latitude reefs of the SCS is Cladocopium 
goreaui, predominantly associating with dominant coral hosts such as Acropora and Porites. However, to date, relatively few 
studies have focused on the response and mechanism of C. goreaui to the extreme high- and low-temperature stress. In this 
study, the responses and regulatory mechanisms of the dominant C. goreaui to extreme high- and low-temperature stress 
were investigated based on physiological indexes, transmission electron microscopy (TEM), and transcriptome analysis. 
The results showed that (1) under 34 °C heat stress, the disintegration of thylakoids triggered photosynthetic collapse in C. 
goreaui; survival is enabled through metabolic reprogramming that upregulates five protective pathways and redirects energy 
via pentose/glucuronate shunting to sustain ATP homeostasis, revealing a trade-off between damage containment and preci-
sion energy governance under thermal extremes. (2) Low temperature exposure induced suppression of maximum quantum 
yield (Fv/Fm), compounded by glutathione pathway inhibition, crippling ROS scavenging. The transcriptome results revealed 
that C. goreaui prioritizes gene fidelity maintenance under low temperature stress. These findings reveal that energy alloca-
tion trade-offs constitute the core strategy of C. goreaui temperature response: prioritizing energy maintenance under high-
temperature stress, while safeguarding genetic fidelity at the expense of antioxidant defense under low-temperature stress.

Keyword  Cladocopium goreaui · Extreme high and low temperature · Fv/Fm; Transcriptome

Introduction

The coral holobiont comprises the coral host, symbiotic  
microalgae (Symbiodiniaceae), and a diverse microbiota 
including bacteria, archaea, fungi, and viruses, which collec-
tively drive nutrient cycling and stress resilience [1]. One of 
the most important symbiotic relationships is that between 

the coral host and Symbiodiniaceae, which is a family of 
symbiotic dinoflagellates that form mutualistic associations 
with corals and other marine invertebrates [2]. However, this 
symbiotic partnership is highly vulnerable to environmental 
stressors, particularly temperature fluctuations that trigger 
coral bleaching—a phenomenon now imperiling the survival 
of coral reefs worldwide [3, 4].

Thermal sensitivity varies markedly among Sym-
biodiniaceae [2]. The Cladocopium genus is particularly 
sensitive to even moderate temperature increases. Such 
increases disrupt the structure of Photosystem II (PSII) 
and chloroplast-like vesicle membranes [5]. These changes 
limit CO2 fixation and affect Symbiodiniaceae growth [6]. 
Under thermal stress, excessive production of reactive 
oxygen species (ROS) in chloroplasts leads to DNA, pro-
tein, and lipid damage [7]. ROS further impairs photosyn-
thetic activity by inhibiting PSII repair mechanisms and 
disrupting photosynthetic membranes [6]. Excessive ROS 
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can cause coral tissue damage and discharge of symbiotic 
Symbiodiniaceae, leading to coral bleaching and death [8, 
9]. In contrast to the extensively studied thermal stress, 
cold stress as another potential threat remains significantly 
under-researched. Sudden low temperatures caused by 
regional extreme low-temperature events such as oceanic 
cold currents can lead to extensive coral bleaching, death, 
and coral reef degradation [10]. Under marine cold-spells, 
Symbiodiniaceae exhibit cold-induced photoinhibition 
through impaired PSII function, characterized by decline 
in maximal photosynthetic efficiency, which triggers ROS 
accumulation and subsequent photodamage to thylakoid 
membranes. This results in the accumulation of ROS in 
tissues, coral bleaching, and death [8, 11, 12]. In the con-
text of global warming, coral reefs at higher latitudes are 
gaining ecological prominence as potential climate refugia 
due to their cooler waters, which may offer thermal respite 
for sensitive coral species [13, 14]. However, their role as 
refugia is complicated by winter low-temperature stress, 
which itself poses a significant physiological challenge to 
coral survival [15].

High-latitude coral reefs occur in temperate regions and 
are characterized by seasonal temperature fluctuations and 
lower mean temperatures compared to tropical reefs [14]. 
High-latitude coral reefs are distributed worldwide, includ-
ing locations such as Western Australia, South Africa, and 
Japan [14, 16, 17]. The South China Sea (SCS), with a rela-
tively high latitude, belongs to the relatively high-latitude 
reef region. Relatively high-latitude coral reef areas in the 
SCS include the Weizhou Island (Guangxi), Daya Bay 
(Guangdong), Hong Kong, Dongshan (Fujian), and Taiwan 
[18–20]. The SST of the Weizhou Island (WI) waters can 
be as high as 32 °C at extremely high temperatures and as 
low as 12.3 °C at extremely low temperatures [21, 22]. In 
summer, marine heatwaves cause corals to undergo thermal 
bleaching in these regions. Meanwhile, marine cold-spells 
may cause cold bleaching in winter. Although Symbiod-
iniaceae heat responses are well-studied, their autonomous 
cold acclimation mechanisms in high-latitude SCS reefs 
remain elusive, with most research focusing on holobiont 
level responses [23–26]. Cladocopium dominates the Sym-
biodiniaceae community composition in SCS high-latitude 
coral reefs, with its prevalence exhibiting a positive lati-
tudinal gradient correlated with seasonal temperature vari-
ability [27]. The mechanisms of how C. goreaui responds to 
extremely high and low temperatures remain unclear.

This study systematically investigates C. goreaui’s 
extreme temperature responses (34 °C heat stress/14 °C 
cold stress vs 26 °C control) using three complementary 
approaches: (1) Fv/Fm as a biomarker for photosystem 
impairment; (2) transmission electron microscopy (TEM) 
revealing ultrastructural changes; and (3) transcriptomics 
identifying DEGs in energy metabolism, protein folding, 

and stress signaling. These collectively address how high-
latitude populations reconfigure gene networks to withstand 
thermal fluctuations.

Materials and Methods

Experimental Subjects and Design

C. goreaui was isolated from Acropora formosa colonies 
collected from Weizhou Island reef flats (21°N, 109°E; 
2–4 m depth) in August 2022. Coral fragments (5–10 cm) 
were harvested by underwater chiseling, transported 
in seawater, and air-brushed to extract tissues. During 
sampling, surface seawater conditions were as follows: 
temperature = 28.5 ± 0.5  °C, salinity = 35 ± 1.5‰, and 
pH = 8.2 ± 0.1. Measurements were conducted using the 
protocols of Qin et al. [28]. Symbiodiniaceae were purified 
using a discontinuous Percoll density gradient (40%, 60%, 
and 80% in sterile seawater) followed by centrifugation at 
4000 × g for 10 min. The algal layer at the 60–80% interface 
was collected. The prepared algal suspension was aseptically 
transferred to 96-well plates containing L1 medium (Sup-
plementary Table 1) and cultured in LED climate chambers 
(RDN-500D-CO2) under controlled conditions (50 µmol 
photons·m⁻2·s⁻1, 26 ± 0.5 °C, 12 h:12 h light:dark cycle). 
The Symbiodiniaceae cultures were subcultured every 
2 weeks using a 1:10 dilution method (culture: medium 
ratio). Weekly growth monitoring was performed using 
inverted microscopy. Following morphological confirmation 
as Symbiodiniaceae, Sanger sequencing was conducted to 
verify their identity as Symbiodiniaceae. To verify the puri-
fication efficiency of Symbiodiniaceae, a second round of 
high-throughput sequencing was performed after 2 months 
of culture following the initial high-throughput sequencing. 
The results demonstrated that the relative abundance of C. 
goreaui exceeded 90% in both sequencing runs. Detailed 
sequencing metrics are provided in Supplementary Table 2.

Cell density of C. goreaui was counted using a hemo-
cytometer (Marienfeld Superior). The cell density of each  
experimental group was adjusted to 1.1 × 105 cells/mL by 
adding sterile seawater. Figure 1B and C show the micro-
scopic examination of C. goreaui under an optical micro-
scope (Nikon, ECLIPSE Ni-E) at × 400 magnification. The 
experimental temperature gradients were set as follows: high 
temperature group (26 °C, 29 °C, 32 °C, and 34 °C) and 
low temperature group (26 °C, 20 °C, and 14 °C), with an 
initial temperature of 26 °C, each containing three technical 
replicates. The temperatures are in reference to the extreme 
temperatures in WI [29]. Technical replicates were defined 
as triplicate subcultures derived from the same parent C. 
goreaui population and maintained in three identical under 
synchronized conditions. Daily verification was performed  
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using Traceable® ISO 17025-certified thermometers  
(± 0.1 °C accuracy). Control samples (ambient tempera- 
ture, 26 °C) were collected at the experiment’s initiation. 
Temperature adjustments were applied weekly in stepwise 
increments (Fig. 2). Environmental parameters excluding 
temperature were standardized across all incubators to elimi-
nate confounding variables. The light intensity of the incu-
bators was uniformly adjusted to 50 µmol photons·m⁻2·s⁻1, 
the humidity was adjusted to 60% RH, and the CO₂ concen-
tration was adjusted to 500 ppm.

Maximum Quantum Yield (Fv/Fm) and Transmission 
Electron Microscopy (TEM)

In this study, the Fv/Fm in C. goreaui was quantified at  
all sampling timepoints using a DIVING-PAM Submers- 
ible Fluorometer (WalzHeinaGmbh, Effeltrich, Germany). 
Prior to measurement, symbiont cultures were dark-adapted 
for > 2 h in lighted incubator. Fm was the maximum chloro-
phyll fluorescence of dark-adapted cells in the presence of 
a saturating blue light pulse (3000 µmol photons m−2 s−1, 
1 s). FO was the minimum fluorescence in the presence of a 
weakly modulated measured light. Fv/Fm [30] was calculated 
as follows:

Samples of C. goreaui were post-fixed in 1% OsO4/0.1 M 
phosphate buffer (pH 7.4) for 2  h at RT (dark), rinsed 

F
V

F
m

=

F
m−

F
o

F
m

3 × 15 min with the same buffer, then dehydrated through 
an ethanol series (30% → 50% → 70% → 80% → 95% → 
100%, 20 min each) and acetone (2 × 15 min). Infiltra-
tion with EMBed 812 resin followed sequential mixtures: 
acetone:resin (1:1, 2–4 h; 1:2, overnight) and pure resin 
(5–8 h) at 37  °C. After embedding and polymerization 
(37 °C overnight → 60 °C, 48 h), ultrathin Sects. (60–80 nm) 
were mounted on 150-mesh copper grids. Double staining 
with 2% uranyl acetate (8 min, dark) and 2.6% lead citrate 
(8 min, CO2-free) was performed, with rinses in 70% etha-
nol and ultrapure water. Grids were air-dried overnight and 
imaged via TEM (Hitachi HT-7800, 80 kV).

Transcriptome Sequencing and Bioinformatics 
Analysis

C. goreaui samples from the control group (26 °C), high 
temperature group (34 °C), and low temperature group  
(14 °C) were collected for transcriptomic sequencing fol- 
lowing temperature treatment. The culture solution con- 
taining C. goreaui cells was dispensed into 50-mL sterile 
and enzyme-free centrifuge tubes, vortexed and mixed, and 
centrifuged using a high-speed cryocentrifuge at 500 × g for  
10 min at 4 °C. The supernatant was aspirated, the cells 
were washed with PBS two to three times, and the cells were 
removed from the centrifuge. After removing phosphate-
buffered saline by aspiration, pelleted C. goreaui cells were 
transferred to 2-mL cryogenic vials (CORNING, MEX), 
snap-frozen in liquid nitrogen, and stored at − 80 °C until 
RNA extraction.

Fig. 1   Cultured Cladocopium 
goreaui were observed under 
an optical microscope. A The 
Acropora formosa symbiotic 
with C. goreaui. B Initial 
isolation of C. goreaui from 
Acropora formosa. C C. goreaui 
after purification culture
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Total RNA was extracted from C. goreaui samples using  
TRIzol® Reagent (QIAzol Lysis Reagent, Qiagen), with 
quality control parameters rigorously validated: RNA purity 
(A260/A280 = 1.8–2.2; A260/A230 ≥ 2.0) was assessed via  
NanoDrop ND-2000, while RNA integrity (RQN ≥ 6.5)  
and ribosomal ratios (28S:18S ≥ 1.0) were confirmed  
using Agilent 5300 Bioanalyzer (RNA ScreenTape Assay). 
Poly(A) + mRNA was enriched from 1 µg high-quality RNA  
and fragmented to 300 ± 50 bp using NEBNext Magnesium  
RNA Fragmentation Module (94 °C, 8 min). Stranded  
RNA-seq libraries were constructed with Illumina Stranded 
mRNA Prep Kit (Cat. 20,040,534), including cDNA synthe- 
sis (SuperScript IV Reverse Transcriptase, Invitrogen), end  
repair, A-tailing, and adapter ligation. Final libraries were  
validated via Agilent 4200 TapeStation (DNA HS D1000, 

insert size 320 ± 25 bp) and sequenced on Illumina NovaSeq 
X Plus (2 × 150 bp paired-end) at Majorbio Bio-pharm Bio-
technology Co., Ltd.

The raw paired end reads were trimmed and quality con- 
trolled by fastp [31] with default parameters. Then, clean reads 
were separately aligned to reference genome with orientation 
mode using HISAT2 [32] (http://​ccb.​jhu.​edu/​softw​are/​hisat2/​
index.​shtml) software. The specific filtering procedures are  
detailed as follows: Adapter sequences were removed from 
reads, and reads without inserted fragments (e.g., due to  
adapter self-ligation) were discarded. Low-quality bases 
(quality score < 20) at the 3′ end were trimmed. If any base 
with a quality score below 10 remained after trimming, the 
entire read was discarded; otherwise, it was retained. Reads 
containing > 10% undetermined bases (N) were eliminated.  

Fig. 2   Experimental temperature settings. Red line represents the 
high-temperature group (26 °C → 29 °C → 32 °C → 34 °C), black line 
indicates the control group (constant 26 °C), and blue line denotes the 
low-temperature group (26 °C → 20 °C → 14 °C). Circles mark sam-

pling points for maximum quantum yield of Photosystem II (Fv/Fm). 
Squares indicate transcriptomic sampling and transmission electron 
microscopy (TEM) analyses timepoints
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Post-trimming reads shorter than 20 bp were excluded. After 
quality control, filtered data underwent re-evaluation including  
base error rate distribution analysis and nucleotide content dis- 
tribution statistics. The filtered clean data were compared with 
the reference genome C. goreaui (http://​symbs.​reefg​enomi​
cs.​org/​downl​oad/) [33], and the mapped data were used for 
transcript assembly and expression calculation. The mapped  
reads of each sample were assembled by StringTie [34] in  
a reference-based approach. To identify DEGs (differential 
expression genes) between two different samples, the expres-
sion level of each transcript was calculated according to the 
transcripts per million reads (TPM) method [35]. RSEM [36] 
was used to quantify gene abundances. Differential expression 
analysis was performed using the DESeq2 (http://​bioco​nduct​
or.​org/​packa​ges/​stats/​bioc/​DESeq2/). DEGs with |log2FC|≧1 
and FDR < 0.05(DESeq2) or FDR < 0.001(DEGseq) [37] were 
considered to be significantly different expressed genes. In 
addition, functional-enrichment analysis including KEGG was 
performed to identify which DEGs were significantly enriched 
in metabolic pathways at Bonferroni-corrected P-value < 0.05 
compared with the whole-transcriptome background. C. gore-
aui differentially expressed genes were categorized into bio-
logical pathways or functional hierarchies using the KEGG 
Orthology (KO) system via Blast KOALA [38] annotation  
(sequence-based KO assignment), followed by KEGG Map-
per’s Reconstruct tool to map K numbers to organism-spe- 
cific pathways, and enrichment analysis of DEGs through the 
KEGG PATHWAY database [39]. The KEGG pathway enrich-
ment analysis was performed using the Python SciPy package 
[40]. To control for the calculation of the false-positive rate, 
multiple tests were performed using the BH (FDR) method. 
The corrected P-value was thresholded at 0.05 using Fisher’s 
exact test; the corrected P-value was thresholded and KEGG 
pathways meeting this condition were defined as those that 
were significantly enriched in differentially expressed genes 
[41].

Statistical Analysis

All data are presented as the mean ± standard deviation of at 
least three independent technical replicates. Statistical anal-
yses were performed using IBM SPSS Statistics 26 (IBM 
Corp., Armonk, NY, USA). Differences between groups 
were assessed by one-way ANOVA using the nonparametric 
Kruskal–Wallis test, with a P-value < 0.05 considered statisti-
cally significant.

Results

Physiological Changes in C. goreaui Under Extreme 
High/Low‑Temperature Stress

Kruskal–Wallis analysis showed (Fig. 3) that the C. goreaui 
under ambient temperature (26 °C) exhibited the highest 
Fv/Fm, indicating intact photosystem II (PSII) function. In 
contrast, the low-temperature groups (at 20 °C and 14 °C) 
showed a significant reduction in Fv/Fm (P = 0.000), sug-
gesting direct structural damage to PSII. Notably, the high 
temperature group at 29  °C maintained an Fv/Fm level 
comparable to that of the ambient temperature (26  °C) 
(P = 0.146), while the groups at 32 °C presented marked 
declines in Fv/Fm (P = 0.002). Fv/Fm became undetectable 
when the temperature reached 34 °C. The raw Fv/Fm data 
and statistical analysis results can be found in Supplemen-
tary Material 3.

Ultrastructure of C. goreaui Under Extreme High/
Low‑Temperature Stress

In Fig. 4, TEM revealed that under the ambient temperature 
(26 °C), C. goreaui cells (8–13 µm) exhibited intact ultras-
tructure with pyrenoid-containing chloroplasts surrounded 
by starch granules. C. goreaui in the low temperature group 

Fig. 3   Fv/Fm activity in C. goreaui under experimental treatments. 
Control (maintained at 26 °C), Low_T (exposed to 14 °C and 20 °C 
for 7  days), and High_T (exposed to 29  °C, 32  °C  and 34  °C for 
7 days) are represented by yellow, blue, and red, respectively. Differ-
ent lowercase letters (a, b) above the bars indicate statistically signifi-
cant differences. Fv/Fm values could not be detected due to severe dis-
ruption of thylakoid membranes within chloroplasts at 34 °C

264

http://symbs.reefgenomics.org/download/
http://symbs.reefgenomics.org/download/
http://bioconductor.org/packages/stats/bioc/DESeq2/
http://bioconductor.org/packages/stats/bioc/DESeq2/


	 L. Wei et al.   88   Page 6 of 13

(14 °C) initially showed stress responses. Although the cell 
wall still existed, the spatial relationship between the cell 
and the cell wall might have undergone subtle changes, 
such as a slight trend of plasmolysis. The internal struc-
ture of the chloroplast gradually became disordered, and the 
arrangement of thylakoids was distorted, which seriously 
threatened the progress of the light-dependent reaction in 
photosynthesis. C. goreaui in the high temperature group 
(34 °C) suffered more severe damage. Apoptotic character-
istics were significant, and the physiological functions of 
the cells were on the verge of collapse. The abnormal accu-
mulation of starch revealed the blockage of the pathway for 
the conversion and utilization of photosynthesis products. 
A large number of thylakoids in chloroplasts were lost, and 
photosynthesis was basically paralyzed. The spatial changes 
between the cell wall and the cells were exacerbated, and the 
cell morphology was severely distorted.

Transcriptome Analysis of C. goreaui Under Extreme 
High/Low‑Temperature Stress

RNA-seq generated 74.13 Gb clean data (> 7.4 Gb per 
group), with Q30 scores > 92.18% indicating > 99.9% base-
call accuracy. The percentage of clean reads mapped to the 
designated reference genome ranged from 75.86% to 78.0% 
across samples (Supplementary Table 4).

The Venn diagram (Fig. 5A) identified 21,400 shared 
genes among control group (26  °C), high temperature 
group (34 °C), and low temperature group (14 °C) with 67, 
342, and 243 group specific genes, respectively, indicat-
ing overlapping and unique temperature responses to guide 
KEGG analysis. PCA (Fig. 5B) revealed PC1 (43.6%) and 

PC2 (31.82%) collectively explained 75.42% of variance, 
visualizing major expression differences and separating 
experimental groups most distinctly high temperature group 
(34 °C) vs control group (26 °C) confirming significant tem-
perature impacts on C. goreaui. Tight intra-group cluster-
ing in PCA demonstrated strong technical reproducibility. 
Correlation heatmap (Fig. 5C) further validated replicate 
consistency (intra-group R2 > 0.98, dark red), excluding 
technical artifacts. Table 1 summarizes DEGs under tem-
perature stress. The High-T group exhibited 2831 DEGs 
(P < 0.05, |log₂FC|≥ 1), comprising 2364 upregulated and 
467 downregulated genes. The Low-T group showed 2774 
DEGs, with 1498 significantly upregulated and 1249 down-
regulated genes. Complete datasets are provided in Supple-
mentary Tables 5 and 6.

KEGG analysis revealed temperature-dependent path- 
way shifts: at 34 °C, upregulation biosynthesis of various 
plant secondary metabolites, arginine and proline metabo-
lism, nucleocytoplasmic transport, fatty acid biosynthesis, 
propanoate metabolism, and tryptophan metabolism path-
way (Fig. 6A), while downregulation protein processing 
in endoplasmic reticulum, ascorbate and aldarate metabo-
lism, ribosomes, pentose and glucuronate interconversions, 
phagosome, and porphyrin metabolism pathway (Fig. 6B) 
(P value < 0.05). Among these, the differentially expressed 
genes UGT/DHx38 were significantly downregulated in 
the ascorbate and aldarate metabolism pathway, while 
HSP90A and HSP90B were significantly downregulated 
in the protein processing in endoplasmic reticulum path-
way. At 14 °C, spliceosome, mRNA surveillance, nucleo-
cytoplasmic transport, and ribosome biogenesis in eukary-
otes pathway were upregulated (Fig. 6C), but glutathione 

Fig. 4   TEM results of C. goreaui under different experimental treat-
ment groups. The experimental groups included: Control (maintained 
at 26 °C), High-T (exposed to 34 °C for 7 days), and Low-T (exposed 

to 14 °C for 7 days). “n,” nucleus; “Ch,” chloroplast; “m,” mitochon-
drion; “s,” starch; “a,” accumulation body; “w,” cell wall; “Py,” pyr-
enoid; “v,” chromosome
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metabolism and protein processing in endoplasmic reticu-
lum pathway downregulated (Fig. 6D) (P value < 0.05). 
Among these, the differentially expressed gene GST was 
significantly downregulated in the glutathione metabolism 
pathways, while HSP90B and HSPBP1 were significantly 
downregulated in the protein processing in endoplas-
mic reticulum pathway. Supplementary Table 7 includes 
KEGG pathway analysis of differentially expressed genes 
(DEGs) under difference stress.

Discussion

Multidimensional Response Mechanisms 
of Photosynthetic Function and Metabolic Pathways 
in C. goreaui Under High Temperature Stress

Temperature stress affects the physiological state of Sym-
biodiniaceae. Elevated temperatures perhaps disrupt electron 
transfer in the photosynthetic system, reducing the Fv/Fm 
and ultimately impairing photosynthetic efficiency [42]. As 
shown in Fig. 3A, Fv/Fm at 29 °C showed no significant dif-
ference from the control group (26 °C). After 32 °C, Fv/Fm 
decreased sharply, identifying 32 °C as the critical threshold 
for PSII heat damage, and at 34 °C, Fv/Fm was undetect-
able. Howells et al. (2011) demonstrated that Symbiodin-
ium C1 shows no stress at 32 °C after 11 days, with Fv/Fm 
16% higher than controls (27 °C), and a follow-up study 
confirmed stable photosynthetic performance and exROS 
levels after 15 days at 32 °C [26]. The Fv/Fm of C. gore-
aui remains stable at 29 °C, likely reflecting its short-term 

A
C

B

Fig. 5   Correlation and differentially expressed gene analysis of the 
expression level of C. goreaui transcriptome under high/low-tempera-
ture stress. A Venn diagram of the number of C. goreaui specific and 
shared genes in different experimental groups. B PCA analysis of the 
expression levels of C. goreaui transcriptomes in different experi-

mental groups. C Graph of correlation analysis between different 
experimental groups based on the C. goreaui’s transcriptomes. Con-
trol (maintained at 26 °C), High-T (exposed to 34 °C for 7 days), and 
Low-T (exposed to 14 °C for 7 days)

Table 1   Different expression gene numbers among groups of C. gore-
aui under extreme high/low-temperature stress

Group Significantly 
differentially 
expressed genes

Upregu-
lated DEGs

Downregu-
lated DEGs

High_T_vs_Control 2831   2364   467
Low_T_vs_Control 2747   1498 1249
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thermal acclimation capacity, which is consistent with the 
performance of corals in high-latitude regions. There, sea-
sonal temperature fluctuations have selected for physiologi-
cal plasticity in coral responses to temperature stress within 
marginal coral communities [43]. In contrast, Symbiodinium 
C1 can enhance Fv/Fm at 32 °C, suggesting that tropical 
symbionts may have evolved constitutive heat tolerance to 
persist in stable, warm environments [26]. The divergence 
between C. goreaui and Symbiodinium C1 also underscores 
the potential for “symbiont shuffling” in high-latitude cor-
als. If warming exceeds C. goreaui’s threshold, corals may 
switch to more heat-tolerant symbionts (e.g., Durusdinium), 
as observed in tropical systems [26, 44]. Structurally, thyla-
koid membranes—embedded in the chloroplast stroma and 
densely distributed around the pyrenoid—are central to light 
energy capture [45]. TEM images of the high temperature 
group (Fig. 4) revealed C. goreaui thylakoid membrane dis-
integration and loss of light energy capture efficiency. This 

structural collapse likely explains the undetectable Fv/Fm 
at 34 °C [46].

High temperature stress increases the concentration of 
ROS in Symbiodiniaceae cells [47]. High concentration ROS 
interacts with components involved in mitochondrial apopto-
sis, which promotes cell apoptosis [48]. In eukaryotic cells, 
superoxide dismutase (SOD) is one of the important anti-
oxidant pathways, providing the first line of defense against 
O₂⁻ and H₂O₂ and alleviating the damage caused by ROS to 
cells [49]. KEGG enrichment analysis revealed a significant 
upregulation of arginine and proline metabolism pathways in 
the high-temperature group. These two nitrogen-containing 
compounds are not only important osmoregulators but also 
can indirectly enhance ROS scavenging capacity by par-
ticipating in the glutathione cycle [50]. Polyamines derived 
from arginine can stabilize thylakoid membrane structures, 
while proline directly scavenges hydroxyl radicals (·OH) and 
assists SOD in coping with the explosive accumulation of 

Protein processing in
endoplasmic reticulum 

    Ascorbate and 
aldarat metabolism

 Ribosome

 Pentose and glucuronate
      interconversions

Phagosome

 Porphyrin metabolism

   Biosynthesis of various 
plant secondary metabolites 

        Arginine and proline 
              metabolism

        Nucleocytoplasmic transport

        Fatty acid biosynthesis

Propanoate metabolism

    Tryptophan metabolism

    Spliceosome

    Ribosome biogenesis in 
              eukaryotes

    Nucleocytoplasmic transport

  mRNA surveillance pathway
Glutathione metabolism

 Protein processing in 
endoplasmic reticulum

A B

C D

Fig. 6   KEGG enrichment analysis plot of differentially expressed 
genes. A Enrichment results of significantly upregulated genes in the 
high-temperature group. B Enrichment results of significantly down-
regulated genes in the high-temperature group. C Enrichment results 
of significantly upregulated genes in the low-temperature group. D 
Enrichment results of significantly downregulated genes in the low-
temperature group. The y-axis displays pathway names, while the 

x-axis represents the Rich factor (defined as the ratio of enriched 
genes in the pathway to the annotated background genes). Larger 
Rich factors indicate stronger enrichment. The size of each point 
corresponds to the number of genes in the pathway, and the color 
denotes different ranges of adjusted p-values. M, metabolism; GIP, 
genetic information processing; CP, cellular process
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O₂⁻ and H₂O₂, thereby delaying the vicious cycle of oxida-
tive damage → photosynthetic collapse [51].

High temperature may induce apoptosis in C. goreaui 
cells [52]. KEGG enrichment analysis shows that the protein 
processing in endoplasmic reticulum pathway in dinoflagel-
late symbionts was significantly downregulated, indicating 
that the cells were reducing protein synthesis [53]. Within 
the ER protein processing pathway, the significant down-
regulation of HSP90A and HSP90B represents a critical 
tipping point for apoptosis in C. goreaui. HSP90 is a con-
served molecular chaperone with dual roles: maintaining 
the stability of client proteins (e.g., signaling kinases, tran-
scription factors) and directly inhibiting apoptotic signaling 
[54]. Studies have shown differential expression patterns 
of HSP70 and HSP90 in coral hosts and their algal sym-
bionts under heat stress. In Acropora aspera, coral HSP90 
and HSP70 were significantly upregulated during bleaching, 
while symbiont HSP90 decreased [55]. Similarly, in Sym-
biodinium, moderate heat stress increased HSP70 expres-
sion, but extreme stress reduced it, while HSP90 expression 
decreased under all heat stress conditions [54]. In coral sym-
bionts, HSP90 upregulation is typically associated with ther-
mal tolerance—for example, tropical Durusdinium strains 
upregulate HSP90 to protect photosynthetic machinery 
under heat stress [56]. In this study, downregulation of heat 
shock proteins may lead to apoptosis in C. goreaui [57].

High-temperature stress critically disrupts C. goreaui  
metabolism and survival, triggering upregulation of five  

protective metabolic pathways—biosynthesis of plant sec-
ondary metabolites, fatty acid biosynthesis, propanoate 
metabolism, arginine and proline metabolism, and trypto-
phan metabolism—which enhance osmoprotection, mem-
brane integrity, and antioxidant capacity as observed in 
analogous heat-stressed phototrophs like seaweed Pyropia 
haitanensis [58]. Concurrently, C. goreaui counteracts 
energy metabolism disorder [59] by downregulating energy-
intensive processes (e.g., ribosome biogenesis and ascor-
bate/aldarate metabolism) [60], while redirecting carbon flux 
through UGT/xyoA-catalyzed pentose/glucuronate intercon-
versions to optimize TCA cycle efficiency for ATP homeo-
stasis. This dual strategy of protective metabolite induction 
and precision energy governance, aligned with proteomic-
documented prioritization of photosynthesis and defense 
over protein synthesis [61], sustains cellular function under 
thermal extremes. For high-latitude coral reefs dominated by 
C. goreaui, this metabolic flexibility provides partial buffer-
ing against climate change. Upregulation of stress pathways 
may extend survival during transient heatwaves, consistent 
with predictions that temperate reefs could serve as climate 
refugia [62]. Notably, this metabolic profile contrasts sharply 
with tropical symbionts (e.g., Durusdinium), which typi-
cally upregulate energy-intensive pathways such as oxida-
tive phosphorylation to enhance antioxidant defenses [56]. 
This divergence likely reflects adaptation to distinct thermal 
regimes: tropical symbionts prioritize sustained defense in 
stable, warm environments, whereas high-latitude C. goreaui 

Fig. 7   Response mechanisms of C. goreaui at different temperatures. A High temperature at 34 °C. B Low temperature at 14 °C. Color types 
indicate C. goreaui upregulated (red) and downregulated (blue) expression
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prioritizes plastic energy conservation to survive seasonal 
fluctuations (Fig. 7).

Energy Reallocation in Cold‑Stressed C. goreaui: 
Prioritize Genetic Fidelity

Low-temperature stress, as a non-negligible abiotic distur-
bance factor in the marine environment, exerts a remark-
able remodeling effect on the physiological homeostasis of 
coral symbiotic Symbiodiniaceae [63]. Figure 3 shows that 
the Fv/Fm in the 20 °C and 14 °C groups was significantly 
lower than that in the control group, reflecting the block-
age of the photosynthetic electron transport chain [64]. The 
phenomenon of thylakoid disintegration was observed from 
the TEM results, which may be the reason for the signifi-
cant decrease in Fv/Fm [46]. In addition to photosynthetic 
damage, low temperature stress may also inhibit the antioxi-
dant defense capacity of C. goreaui, rendering cells vulner-
able to the accumulation of ROS [65]. KEGG enrichment 
analysis shows that the glutathione metabolic pathway was 
significantly downregulated, and the gene GST related to 
the glutathione metabolic pathway was also significantly 
downregulated. Glutathione plays a crucial role in the cel-
lular antioxidant system. GST is a key enzyme in glutathione 
metabolism, which can accelerate glutathione synthesis, and 
reduced glutathione can counteract ROS [66]. This indicates 
that C. goreaui may have defects in the enzymatic antioxi-
dant pathway. This stands in sharp contrast to C. goreaui’s 
response to heat stress, where arginine/proline metabolism 
is upregulated to enhance ROS scavenging.

Low-temperature stress poses unique challenges to cel-
lular integrity, affecting various aspects of genetic informa-
tion transfer. Cold denaturation can alter protein structure 
at quaternary, tertiary, and secondary levels, leading to cel-
lular injuries [67]. Eukaryotic cells respond to hypothermia 
through various regulatory mechanisms, including altera-
tions in gene expression, attenuated protein synthesis, and 
changes in lipid composition, to preserve energy and prolong 
cell survival [68]. In our study, KEGG enrichment analysis 
revealed that C. goreaui significantly upregulated four path-
ways related to genetic information processing: the spliceo-
some pathway, mRNA surveillance pathway, nucleocyto-
plasmic transport, and ribosome biogenesis in eukaryotes. 
While downregulating the endoplasmic reticulum protein 
processing pathway. The spliceosome repairs pre-mRNA 
splicing errors to ensure the correct expression of cold-
responsive genes [69]. The mRNA surveillance pathway 
degrades abnormal mRNA, thereby maintaining transcrip-
tome quality [70]. Nucleocytoplasmic transport accelerates 
the nuclear import of stress factors and the export of mature 
mRNA, safeguarding the continuity of gene expression [71]. 
Ribosome biogenesis in eukaryotes optimizes ribosome 
assembly to support the translation of key proteins [72]. 

Collectively, the upregulation of these pathways indicates 
that C. goreaui prioritizes ensuring the fidelity of genetic 
information flow over protein-dependent repair mechanisms 
(e.g., heat shock proteins) under cold stress. This emphasis 
on genetic repair stands in sharp contrast to C. goreaui’s 
response to heat stress, where protein-dependent defenses 
are prioritized.

ER stress may trigger cell death [73]. Under cold stress, 
C. goreaui exhibits ER stress characterized by downregula-
tion of protein processing pathways within the ER [74]—a 
critical system for cellular protein synthesis and modifi-
cation. Specifically, key heat shock protein (HSP) genes 
(HSP90B and HSPBP1) in this pathway are significantly  
suppressed. Notably, HSPs play essential roles in stabiliz-
ing protein folding, preventing aggregation, and facilitat- 
ing stress response under abiotic challenges including cold 
[75]. This coordinated downregulation likely reflects C. 
goreaui’s adaptive resource reallocation strategy: redirect-
ing energy from protein processing toward cold adaptation 
mechanisms. While this prioritization may temporarily 
sustain cellular function, it carries trade-offs—insufficient 
chaperone activity that may trigger apoptotic pathways under 
extreme cold stress [76]. High-latitude coral reefs experi-
ence seasonal cold snaps but return to optimal tempera-
tures annually [77]. Under cold stress, C. goreaui regulates 
genetic information processing while suppressing ER protein 
processing, demonstrating its resource allocation strategy 
under energy-limited conditions. By prioritizing the fidelity 
of genetic information flow, it ensures survival during cold 
exposure (Fig. 7).

Conclusion

Temperature stress significantly impacts the physiologi- 
cal state of C. goreaui, disrupting photosynthetic electron 
transfer and reducing Fv/Fm, thereby impairing photosyn-
thetic efficiency. At 29 °C, Fv/Fm remains comparable to 
the control (26 °C), but beyond 32 °C—a critical threshold 
for PSII damage—it declines sharply, becoming undetect-
able at 34 °C. While Symbiodinium C1 exhibits thermal 
tolerance at 32 °C, C. goreaui demonstrates short-term 
acclimation at 29 °C, reflecting adaptations to seasonal 
fluctuations in high-latitude reefs. Structural damage to 
thylakoid membranes at high temperatures explains the 
photosynthetic collapse. Concurrently, heat stress elevates 
ROS levels, triggering apoptosis, though antioxidant path-
ways (e.g., arginine/proline metabolism) and metabolic  
adjustments (e.g., downregulation of energy-intensive pro-
cesses) partially mitigate damage. In contrast, cold stress 
(14–20 °C) impairs photosynthesis and antioxidant capac-
ity (e.g., glutathione downregulation), while C. goreaui  
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prioritizes genetic fidelity via upregulated spliceosome  
and mRNA surveillance pathways, sacrificing protein 
repair mechanisms. This divergence in stress responses 
underscores C. goreaui’s adaptive strategies: metabolic 
flexibility for heat and genetic preservation for cold, align-
ing with its niche in thermally variable reefs.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00248-​025-​02587-0.

Acknowledgements  This research was supported by the National Natu- 
ral Science Foundation of China (42206157, 42030502, 42090041), 
the Natural Science Foundation of Guangxi Province (2025GXNS-
FAA069187). The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. The raw data were depos-
ited in the NCBI Sequence Read Archive (SRA) database (https://​www.​
ncbi.​nlm.​nih.​gov/, PRJNA1245310).

Author Contribution  Author Contributions Statement LFW (First 
Author): Conceptualization, Methodology, Formal Analysis,  Writ-
ing—Original Draft; SCC: Data Curation, Software, Validation； 
ZJQ(Corresponding Author):  Methodology, Formal Analysis, 
Visualization;Writing—Review & Editing, Funding Acquisition; NBP: 
Formal Analysis, Writing—Review & Editing; MLL: Software Devel-
opment, Data Visualization; TCZ: Formal Analysis, Supervision； 
RH: Methodology, Validation, Writing—Review & Editing; HYL: 
Data Collection, Visualization; WZD: Supervision, Writing—Review 
& Editing; CHM: Formal Analysis, Statistical Analysis; KFY (Corre-
sponding Author): Conceptualization, Funding Acquisition, Supervi-
sion, Writing—Review & Editing, Project Administration. All authors 
have reviewed and approved the final version of the manuscript.

Funding  This research was supported by the National Natural Science 
Foundation of China (42206157, 42030502, 42090041), the Natural 
Science Foundation of Guangxi Province (2025GXNSFAA069187).

Data Availability  The raw data were deposited in the NCBI Sequence 
Read Archive (SRA) database (https://​www.​ncbi.​nlm.​nih.​gov/, 
PRJNA1245310).

Declarations 

Competing Interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativeco 
mmons.org/licenses/by-nc-nd/4.0/.

References

	 1.	 Voolstra CR, Suggettd DJ, Peixoto RS et al (2021) Extending the 
natural adaptive capacity of coral holobionts. Nat Rev Earth Envi-
ron 2(11):747–762. https://​doi.​org/​10.​1038/​s43017-​021-​00214-3

	 2.	 Lajeunesse TC, Everett PJ, Gabrielson PW et al (2018) Systematic 
revision of Symbiodiniaceae highlights the antiquity and diversity 
of coral endosymbionts. Curr Biol 28:2570–2580. https://​doi.​org/​
10.​1016/j.​cub.​2018.​07.​008

	 3.	 Zhang M, Huang S, Luo L (2015) Environmental acclimatization 
of the relatively high latitude scleractinian coral Pavona decus-
sata: integrative perspectives on seasonal subaerial exposure and 
temperature fluctuations. BMC Genomics 26(1):483. https://​doi.​
org/​10.​1186/​s12864-​025-​11660-4

	 4.	 Hughes Terry P, Kerry James T, Álvarez-Noriega M et al (2017) 
Global warming and recurrent mass bleaching of corals. Nature 
543(7645):373–377. https://​doi.​org/​10.​1038/​natur​e21707

	 5.	 Chakravarti LJ, Beltran VH, Van Oppen MJH (2017) Rapid ther-
mal adaptation in photosymbionts of reef-building corals. Glob 
Change Biol 10:40. https://​doi.​org/​10.​1111/​gcb.​13702

	 6.	 Muratan N, Takahashi S, Nishiyama Y et al (2007) Photoinhibi-
tion of photosystem II under environmental stress. Biochimica et 
Biophysica Acta (BBA)-Bioenergetics 1767(6):414–421. https://​
doi.​org/​10.​1016/j.​bbabio.​2006.​11.​019

	 7.	 Wang Q L, Chen J H, He N Y (2018) Metabolic reprogramming in 
chloroplasts under heat stress in plants. Int J Mol Sci 2018. 19(3). 
https://​doi.​org/​10.​3390/​ijms1​90308​49

	 8.	 Marangoni L F D B, C Rottier, C Ferrier-Pagès (2021) Symbiont 
regulation in Stylophora pistillata during cold stress: an acclima-
tion mechanism against oxidative stress and severe bleaching. J 
Experimental Biol 224(Pt 3). https://​doi.​org/​10.​1242/​jeb.​235275

	 9.	 Solayan A (2016) Biomonitoring of coral bleaching - a glimpse on 
biomarkers for the early detection of oxidative damages in corals, 
in Invertebrates - experimental models in toxicity screening, M.L. 
Larramendy and S. Soloneski, Editors. 2016, IntechOpen: Rijeka. 
https://​doi.​org/​10.​5772/​61831

	10.	 Yao Y, Wang C (2022) Marine heatwaves and cold-spells in global 
coral reef zones. Prog Oceanogr. https://​doi.​org/​10.​1016/j.​pocean.​
2022.​102920

	11.	 Thornhill Daniel J, Kemp Dustin W, Bruns Brigitte U et al (2010) 
Correspondence between cold tolerance and temperate biogeogra-
phy in a western Atlantic Symbiodinium (Dinophyta) Lineage1. 
J Phycol 44(5):1126–1135. https://​doi.​org/​10.​1111/j.​1529-​8817.​
2008.​00567.x

	12.	 Smith D, Suggett D, Baker N (2005) Is photoinhibition of zooxan-
thellae photosynthesis the primary cause of thermal bleaching in 
corals? Global Change Biol. Global Change Biol 11:1–11. https://​
doi.​org/​10.​1111/j.​1529-​8817.​2003.​00895.x

	13.	 Shaohua Mo, Tianran C, Zesheng C et al (2022) Marine heatwaves 
impair the thermal refugia potential of marginal reefs in the north-
ern South China Sea. Sci Total Environ 825:154100. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2022.​154100

	14.	 Tom B, Legorreta F, Mitch RB et al (2014) Variable responses of 
benthic communities to anomalously warm sea temperatures on 
a high-latitude coral reef. PLoS One 9:e113079. https://​doi.​org/​
10.​1371/​journ​al.​pone.​01130​79

	15.	 Wei X, Yu K, Qin Z et al (2024) The acute and chronic low-
temperature stress responses in Porites lutea from a relatively 
high-latitude coral reef of the South China Seahttps://​doi.​org/​10.​
3389/​fmars.​2024.​13218​65

	16.	 Schleyer Michael H, Laing FC, Stuart CS et al (2018) What can 
South African reefs tell us about the future of high-latitude coral 
systems? Mar Pollut Bull 136:491–507. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2018.​09.​014

270

https://doi.org/10.1007/s00248-025-02587-0
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1186/s12864-025-11660-4
https://doi.org/10.1186/s12864-025-11660-4
https://doi.org/10.1038/nature21707
https://doi.org/10.1111/gcb.13702
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.3390/ijms19030849
https://doi.org/10.1242/jeb.235275
https://doi.org/10.5772/61831
https://doi.org/10.1016/j.pocean.2022.102920
https://doi.org/10.1016/j.pocean.2022.102920
https://doi.org/10.1111/j.1529-8817.2008.00567.x
https://doi.org/10.1111/j.1529-8817.2008.00567.x
https://doi.org/10.1111/j.1529-8817.2003.00895.x
https://doi.org/10.1111/j.1529-8817.2003.00895.x
https://doi.org/10.1016/j.scitotenv.2022.154100
https://doi.org/10.1016/j.scitotenv.2022.154100
https://doi.org/10.1371/journal.pone.0113079
https://doi.org/10.1371/journal.pone.0113079
https://doi.org/10.3389/fmars.2024.1321865
https://doi.org/10.3389/fmars.2024.1321865
https://doi.org/10.1016/j.marpolbul.2018.09.014
https://doi.org/10.1016/j.marpolbul.2018.09.014


	 L. Wei et al.   88   Page 12 of 13

	17.	 Denis V, Mezaki T, Tanaka K et al (2013) Coverage, diversity, 
and functionality of a high-latitude coral community (Tatsukushi, 
Shikoku Island, Japan). PLoS One 8(1):e54330. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00543​30

	18.	 Chen Tianran, Yu Kefu (2014) Responses and high-resolution 
records for marine environment changes in the relatively high-
latitude corals from the South China Sea[J]. Quaternary Sciences, 
34(6): 1288-1295https://​doi.​org/​10.​3969/j.​issn.​1001-​7410.​2014.​
06.​18

	19.	 Wang Y, Yu K, Chen X et al (2020) An approach for assess-
ing ecosystem-based adaptation in coral reefs at relatively high 
latitudes to climate change and human pressure. Environ Monit 
Assess 192:579. https://​doi.​org/​10.​1007/​s10661-​020-​08534-5

	20.	 Huang W, Yang E, Yu K et al (2022) Lower cold tolerance of 
tropical Porites lutea is possibly detrimental to its migration to 
relatively high latitude refuges in the South China Sea. Mol Ecol 
31(20):5339–5355. https://​doi.​org/​10.​1111/​mec.​16662

	21.	 YU Kefu, Jiang Mingxing, Cheng Zhiqiang et al (2004) Latest 
forty two years’ sea surface temperature change of Weizhou Island 
and its influence on coral reef ecosysten. 15(3): 506–510. https://​
www.​cjae.​net/​EN/​Y2004/V/​I3/​506

	22.	 Yu K (2012) Coral reefs in the South China Sea: their response to 
and records on past environmental changes. Sci China Earth Sci. 
https://​doi.​org/​10.​1007/​s11430-​012-​4449-5

	23.	 Nunn Brook L, Tanya B, Emma T-S et al (2025) Protein signa-
tures predict coral resilience and survival to thermal bleaching 
events. Commun Earth Environ 6(1):191. https://​doi.​org/​10.​1038/​
s43247-​025-​02167-7

	24.	 Levin RA, Beltran VH, Hill R et al (2016) Sex, scavengers, and 
chaperones: transcriptome secrets of divergent Symbiodinium 
thermal tolerances. Mol Biol Evol 33(9):2201–2215. https://​doi.​
org/​10.​1093/​molbev/​msw119

	25.	 McGinty ES, Pieczonka J, Mydlarz LD (2012) Variations in reac-
tive oxygen release and antioxidant activity in multiple Symbio-
dinium types in response to elevated temperature. Microb Ecol 
64(4):1000–1007. https://​doi.​org/​10.​1007/​s00248-​012-​0085-z

	26.	 Howells E J Beltran, V H Larsen N W et al (2012) Coral thermal 
tolerance shaped by local adaptation of photosymbionts. Nat Cli-
mate Change 2(2): 116-120https://​doi.​org/​10.​1038/​nclim​ate13​30

	27.	 Chen B, Yu K, Liang J et al (2019) Latitudinal variation in the 
molecular diversity and community composition of Symbiod-
iniaceae in coral from the South China Sea. Front Microbiol 10. 
https://​doi.​org/​10.​3389/​fmicb.​2019.​01278

	28.	 Qin, Zhenjun, Yu, Kefu, Liang, Jiayuan et al (2020) Significant 
changes in microbial communities associated with reef corals in 
the southern South China Sea during the 2015/2016 global‐scale 
coral bleaching event. J Geophysical Res Oceans 125. https://​doi.​
org/​10.​1029/​2019J​C0155​79

	29.	 Feng Y, Bethel BJ, Dong C et al (2022) Marine heatwave events 
near Weizhou Island, Beibu Gulf in 2020 and their possible rela-
tions to coral bleaching. Sci Total Environ 823:153414. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2022.​153414

	30.	 Van KO, Snel JF (1990) The use of chlorophyll fluorescence 
nomenclature in plant stress physiology. Photosynth Res 
25(3):147–150. https://​doi.​org/​10.​1007/​bf000​33156

	31.	 Chen S, Zhou Y, Chen Y et al (2018) fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34(17):i884–i890. https://​
doi.​org/​10.​1093/​bioin​forma​tics/​bty560

	32.	 Kim D, Paggi J, M Park C et al (2019) Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol 37(8): 907-915https://​doi.​org/​10.​1038/​s41587-​019-​0201-4

	33.	 Liew Y J, M Aranda, and C R Voolstra (2016) Reefgenomics.Org 
- a repository for marine genomics data. Database J Biological 
Databases Curation. https://​doi.​org/​10.​1093/​datab​ase/​baw152

	34.	 Pertea M, Pertea G, Antonescu C et al (2015) Stringtie enables 
improved reconstruction of a transcriptome from RNA-seq reads. 
Nat Biotechnol 33:290–295. https://​doi.​org/​10.​1038/​nbt.​3122

	35.	 In H L Y, and R Pincket (2022)Transcripts per million ratio: 
applying distribution-aware normalisation over the popular TPM 
method. https://​doi.​org/​10.​48550/​arXiv.​2205.​02844

	36.	 Li B, Dewey CN (2011) RSEM: accurate transcript quantifica-
tion from RNA-Seq data with or without a reference genome. 
BMC Bioinformatics 12(1):323. https://​doi.​org/​10.​1186/​
1471-​2105-​12-​323

	37.	 Love MI, Huber W, Anders S (2014) Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol 15(12):550. https://​doi.​org/​10.​1186/​s13059-​014-​0550-8

	38.	 Kanehisa M, Sato Y, Morishima K (2016) BlastKOALA and 
GhostKOALA: KEGG tools for functional characterization of 
genome and metagenome sequences. J Mol Biol 428(4):726–731. 
https://​doi.​org/​10.​1016/j.​jmb.​2015.​11.​006

	39.	 Kanehisa M, Goto S (2000) KEGG: Kyoto Encyclopedia of Genes 
and Genomes. Nucleic Acids Res 28(1):27–30. https://​doi.​org/​10.​
1093/​nar/​gkw10​92

	40.	 Virtanen P, Gommers R, Oliphant TE et al (2020) SciPy 1.0: 
fundamental algorithms for scientific computing in Python. Nat 
Methods 17:261–272. https://​doi.​org/​10.​1038/​s41592-​019-​0686-2

	41.	 Chen Xie 1, Xizeng Mao, Jiaju Huang et al (2011) KOBAS 2.0: 
a web server for annotation and identification of enriched path-
ways and diseases. Nucleic Acids Research. 39(Web Server issue) 
316–22. https://​doi.​org/​10.​1093/​nar/​gkr483

	42.	 Warner ME, Fitt WK, Schmidt GW (1996) The effects of elevated 
temperature on the photosynthetic efficiency of zooxanthellae in 
hospite from four different species of reef coral: a novel approach. 
Plant Cell Environ 19:291–299. https://​doi.​org/​10.​1111/j.​1365-​
3040.​1996.​tb002​51.x

	43.	 Keshavmurthy S, Beals M, Hsieh HJ et al (2021) Physiological 
plasticity of corals to temperature stress in marginal coral com-
munities. Sci Total Environ 758:143628. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2020.​143628

	44.	 Abbott E, Dixon G, Matz M (2021) Shuffling between Cladocop-
ium and Durusdinium extensively modifies the physiology of each 
symbiont without stressing the coral host. Mol Ecol 30(24):6585–
6595. https://​doi.​org/​10.​1111/​mec.​16190

	45.	 Zhao LS, Huokko T, Wilson S et al (2020) Structural variability, 
coordination and adaptation of a native photosynthetic machinery. 
Nat Plants 6:869–882. https://​doi.​org/​10.​1038/​s41477-​020-​0694-3

	46.	 Koji Y, Michio K, Mitsutaka T et al (2008) Correlation between 
chloroplast ultrastructure and chlorophyll fluorescence character-
istics in the leaves of rice (Oryza sativa L.) grown under salinity. 
Plant Prod Sci 11(1):139–145. https://​doi.​org/​10.​1626/​pps.​11.​139

	47.	 Amario M, Villela LB, Jardim-Messeder D et al (2023) Physi-
ological response of Symbiodiniaceae to thermal stress: reactive 
oxygen species, photosynthesis, and relative cell size. PLoS One 
18(8):e0284717. https://​doi.​org/​10.​1371/​journ​al.​pone.​02847​17

	48.	 Hawkins TD, Bradley BJ, Davy SK (2013) Nitric oxide medi-
ates coral bleaching through an apoptotic-like cell death pathway: 
evidence from a model sea anemone-dinoflagellate symbiosis. 
FASEB J 27(12):4790–4798. https://​doi.​org/​10.​1096/​fj.​13-​235051

	49.	 Cziesielski MJ, Schmidt-Roach S, Aranda M (2019) The 
past, present, and future of coral heat stress studies. Ecol Evol 
9(17):10055–10066. https://​doi.​org/​10.​1002/​ece3.​5576

	50.	 You J, Hu H, Xiong L (2012) An ornithine δ-aminotransferase 
gene OsOAT confers drought and oxidative stress tolerance in 
rice. Plant Sci 197:59–69. https://​doi.​org/​10.​1016/j.​plant​sci.​2012.​
09.​002

	51.	 Shaghef Ejaz, Shah Fahad, Muhammad Akbar Anjum et al (2020). 
Role of osmolytes in the mechanisms of antioxidant defense of 
plants. In: Lichtfouse, E. (eds) Sustainable agriculture reviews 39. 

271

https://doi.org/10.1371/journal.pone.0054330
https://doi.org/10.1371/journal.pone.0054330
https://doi.org/10.3969/j.issn.1001-7410.2014.06.18
https://doi.org/10.3969/j.issn.1001-7410.2014.06.18
https://doi.org/10.1007/s10661-020-08534-5
https://doi.org/10.1111/mec.16662
https://www.cjae.net/EN/Y2004/V/I3/506
https://www.cjae.net/EN/Y2004/V/I3/506
https://doi.org/10.1007/s11430-012-4449-5
https://doi.org/10.1038/s43247-025-02167-7
https://doi.org/10.1038/s43247-025-02167-7
https://doi.org/10.1093/molbev/msw119
https://doi.org/10.1093/molbev/msw119
https://doi.org/10.1007/s00248-012-0085-z
https://doi.org/10.1038/nclimate1330
https://doi.org/10.3389/fmicb.2019.01278
https://doi.org/10.1029/2019JC015579
https://doi.org/10.1029/2019JC015579
https://doi.org/10.1016/j.scitotenv.2022.153414
https://doi.org/10.1016/j.scitotenv.2022.153414
https://doi.org/10.1007/bf00033156
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/database/baw152
https://doi.org/10.1038/nbt.3122
https://doi.org/10.48550/arXiv.2205.02844
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1093/nar/gkr483
https://doi.org/10.1111/j.1365-3040.1996.tb00251.x
https://doi.org/10.1111/j.1365-3040.1996.tb00251.x
https://doi.org/10.1016/j.scitotenv.2020.143628
https://doi.org/10.1016/j.scitotenv.2020.143628
https://doi.org/10.1111/mec.16190
https://doi.org/10.1038/s41477-020-0694-3
https://doi.org/10.1626/pps.11.139
https://doi.org/10.1371/journal.pone.0284717
https://doi.org/10.1096/fj.13-235051
https://doi.org/10.1002/ece3.5576
https://doi.org/10.1016/j.plantsci.2012.09.002
https://doi.org/10.1016/j.plantsci.2012.09.002


Responses of the Coral Symbiont Cladocopium goreaui to Extreme Temperature Stress in Relatively… Page 13 of 13     88 

Sustainable Agriculture Reviews, 39. Springer, Cham. https://​doi.​
org/​10.​1007/​978-3-​030-​38881-2_4

	52.	 Zhi Zhou, Kaidian Zhang, Lingui Wang et al (2021) Nitrogen 
availability improves the physiological resilience of coral endos-
ymbiont Cladocopium goreaui to high temperature. J Phycology 
57. https://​doi.​org/​10.​1111/​jpy.​13156

	53.	 DuRose JB, Scheuner D, Kaufman RJ et al (2009) Phospho-
rylation of eukaryotic translation initiation factor 2α coordinates 
rRNA transcription and translation inhibition during endoplasmic 
reticulum stress. Mol Cell Biol 29(15):4295–4307. https://​doi.​org/​
10.​1128/​MCB.​00260-​09

	54.	 Rosic NN, Pernice M, Dove S et al (2011) Gene expression pro-
files of cytosolic heat shock proteins Hsp70 and Hsp90 from sym-
biotic dinoflagellates in response to thermal stress: possible impli-
cations for coral bleaching. Cell Stress Chaperones 16(1):69–80. 
https://​doi.​org/​10.​1007/​s12192-​010-​0222-x

	55.	 Leggat W P, Seneca F, Wasmund K et al (2011). Differential 
responses of the coral host and their algal symbiont to thermal 
stress. PLoS ONE, 6. https://​doi.​org/​10.​1371/​journ​al.​pone.​00266​
87

	56.	 Cunning R, Baker AC (2020) Thermotolerant coral symbionts 
modulate heat stress-responsive genes in their hosts. Mol Ecol 
29(15):2940–2950. https://​doi.​org/​10.​1111/​mec.​15526

	57.	 Pinzón JH, Kamel B, Burge CA et al (2015) Whole transcriptome 
analysis reveals changes in expression of immune-related genes 
during and after bleaching in a reef-building coral. Royal Soc 
Open Sci 2(4):140214. https://​doi.​org/​10.​1098/​rsos.​140214

	58.	 Zeb A, Khan Y, Yang X et al (2024) Impact of temperature stress 
on Pyropia yezoensis and its inhabitant microbiota to promote 
aquaculture. Environ Adv 16:100532. https://​doi.​org/​10.​1016/j.​
envadv.​2024.​100532

	59.	 Sun Y, Jiang L, Gong S et al (2022) Changes in physiological per-
formance and protein expression in the larvae of the coral Pocil-
lopora damicornis and their symbionts in response to elevated 
temperature and acidification. Sci Total Environ 807:151251. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151251

	60.	 Kos-Braun IC, Jung I, Koš M et al (2017) Tor1 and CK2 kinases 
control a switch between alternative ribosome biogenesis path-
ways in a growth-dependent manner. PLoS Biol 15(3):e2000245. 
https://​doi.​org/​10.​1371/​journ​al.​pbio.​20002​45

	61.	 Shi J, Chen Y, Xu Y et al (2017) Differential proteomic analysis by 
iTRAQ reveals the mechanism of Pyropia haitanensis responding 
to high temperature stress. Sci Rep 7:44734. https://​doi.​org/​10.​
1038/​srep4​4734

	62.	 González-Pech RA, Hughes DJ, Strudwick P et al (2022) Physi-
ological factors facilitating the persistence of Pocillopora aliciae 
and Plesiastrea versipora in temperate reefs of south-eastern Aus-
tralia under ocean warming. Coral Reefs 41:1239–1253. https://​
doi.​org/​10.​1007/​s00338-​022-​02277-0

	63.	 Roth M, Goericke R, Deheyn D (2012) Cold induces acute stress 
but heat is ultimately more deleterious for the reef-building coral 
Acropora yongei. Sci Rep 2:240. https://​doi.​org/​10.​1038/​srep0​
0240

	64.	 Krause GH, Somersalo S (1989) Fluorescence as a tool in photo-
synthesis research: application in studies of photoinhibition, cold 
acclimation and freezing stress [and Discussion]. Philos Trans R 
Soc B Biol Sci 323(1216):281–293. https://​doi.​org/​10.​1098/​rstb.​
1989.​0010

	65.	 Rezayian M, Niknam V, Ebrahimzadeh H (2019) Oxidative dam-
age and antioxidative system in algae. Toxicol Rep 6:1309–1313. 
https://​doi.​org/​10.​1016/j.​toxrep.​2019.​10.​001

	66.	 Allocati N, Masulli M, Di Ilio C et al (2018) Glutathione trans-
ferases: substrates, inihibitors and pro-drugs in cancer and neuro-
degenerative diseases. Oncogenesis 7:8. https://​doi.​org/​10.​1038/​
s41389-​017-​0025-3

	67.	 Gulevsky AK, Relina LI (2013) Molecular and genetic aspects of 
protein cold denaturation. Cryo Letters 34(1):62–82

	68.	 Adjirackor N A, K E Harvey, and S C (2020) Harvey, Eukaryotic 
response to hypothermia in relation to integrated stress responses. 
Cell Stress Chaperones. 25(6): p. 833-846https://​doi.​org/​10.​1007/​
s12192-​020-​01135-8

	69.	 Chung-An Lu, Huang C-K, Huang W-S et al (2020) DEAD-box 
RNA helicase 42 plays a critical role in pre-mRNA splicing under 
cold stress. Plant Physiol 182(1):255–271. https://​doi.​org/​10.​1104/​
pp.​19.​00832

	70.	 Wagner E, Lykke-Andersen J (2002) mRNA surveillance: the per-
fect persist. J Cell Sci 115(Pt 15):3033–3038. https://​doi.​org/​10.​
1242/​jcs.​115.​15.​3033

	71.	 Kose S, Imamoto N (1840) Nucleocytoplasmic transport under 
stress conditions and its role in HSP70 chaperone systems. 
Biochimica et Biophysica Acta (BBA) - General Subjects 
1840(9):2953–2960. https://​doi.​org/​10.​1016/j.​bbagen.​2014.​04.​
022

	72.	 Biedka S, Wu S, LaPeruta AJ et al (2017) Insights into remod-
eling events during eukaryotic large ribosomal subunit assem-
bly provided by high resolution cryo-EM structures. RNA Biol 
14(10):1306–1313. https://​doi.​org/​10.​1080/​15476​286.​2017.​12979​
14

	73.	 Gorman AM, Healy SJM, Jäger R et al (2012) Stress management 
at the ER: regulators of ER stress-induced apoptosis. Pharmacol 
Ther 134(3):306–316. https://​doi.​org/​10.​1016/j.​pharm​thera.​2012.​
02.​003

	74.	 Perinur Bozaykut, Nesrin Kartal Ozer, Betul Karademir et al 
(2014) Regulation of protein turnover by heat shock proteins. 
Free Radical Biol Med 77. https://​doi.​org/​10.​1016/j.​freer​adbio​
med.​2014.​08.​012

	75.	 Ha JS, Lee JW, Seo SH et al (2019) Optimized cryopreservation 
of Ettlia sp. using short cold acclimation and controlled freezing 
procedure. J Appl Phycol 31:2277–2287. https://​doi.​org/​10.​1007/​
s10811-​019-​1743-z

	76.	 Duprey Y, Bhagooli R, Daniels C (2017) Gene expression bio-
markers of heat stress in scleractinian corals: promises and 
limitations. Comp Biochem Physiol Part C: Toxicol Pharmacol 
191:63–77. https://​doi.​org/​10.​1016/j.​cbpc.​2016.​08.​007

	77.	 Tuckett CA, Thomas W (2018) High latitude corals tolerate severe 
cold spell. Front Marine ence 5:14. https://​doi.​org/​10.​3389/​fmars.​
2018.​00014

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

272

https://doi.org/10.1007/978-3-030-38881-2_4
https://doi.org/10.1007/978-3-030-38881-2_4
https://doi.org/10.1111/jpy.13156
https://doi.org/10.1128/MCB.00260-09
https://doi.org/10.1128/MCB.00260-09
https://doi.org/10.1007/s12192-010-0222-x
https://doi.org/10.1371/journal.pone.0026687
https://doi.org/10.1371/journal.pone.0026687
https://doi.org/10.1111/mec.15526
https://doi.org/10.1098/rsos.140214
https://doi.org/10.1016/j.envadv.2024.100532
https://doi.org/10.1016/j.envadv.2024.100532
https://doi.org/10.1016/j.scitotenv.2021.151251
https://doi.org/10.1371/journal.pbio.2000245
https://doi.org/10.1038/srep44734
https://doi.org/10.1038/srep44734
https://doi.org/10.1007/s00338-022-02277-0
https://doi.org/10.1007/s00338-022-02277-0
https://doi.org/10.1038/srep00240
https://doi.org/10.1038/srep00240
https://doi.org/10.1098/rstb.1989.0010
https://doi.org/10.1098/rstb.1989.0010
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1038/s41389-017-0025-3
https://doi.org/10.1038/s41389-017-0025-3
https://doi.org/10.1007/s12192-020-01135-8
https://doi.org/10.1007/s12192-020-01135-8
https://doi.org/10.1104/pp.19.00832
https://doi.org/10.1104/pp.19.00832
https://doi.org/10.1242/jcs.115.15.3033
https://doi.org/10.1242/jcs.115.15.3033
https://doi.org/10.1016/j.bbagen.2014.04.022
https://doi.org/10.1016/j.bbagen.2014.04.022
https://doi.org/10.1080/15476286.2017.1297914
https://doi.org/10.1080/15476286.2017.1297914
https://doi.org/10.1016/j.pharmthera.2012.02.003
https://doi.org/10.1016/j.pharmthera.2012.02.003
https://doi.org/10.1016/j.freeradbiomed.2014.08.012
https://doi.org/10.1016/j.freeradbiomed.2014.08.012
https://doi.org/10.1007/s10811-019-1743-z
https://doi.org/10.1007/s10811-019-1743-z
https://doi.org/10.1016/j.cbpc.2016.08.007
https://doi.org/10.3389/fmars.2018.00014
https://doi.org/10.3389/fmars.2018.00014


R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhang et al. BMC Genomics          (2025) 26:483 
https://doi.org/10.1186/s12864-025-11660-4

BMC Genomics

*Correspondence:
Kefu Yu
kefuyu@scsio.ac.cn

Full list of author information is available at the end of the article

Abstract
Background  Coral reefs are being increasingly threatened due to global climate change. However, some coral 
species have shown strong tolerance despite living in marginal environments. The species Pavona decussata from 
Weizhou Island in the South China Sea experiences subaerial exposure in summer and winter due to extreme low 
tides, and their environmental acclimatization to this aerial exposure remains unexplored.

Results  Here we aimed to explore the molecular mechanism of P. decussata under season or subaerial exposure 
background through physiological and multi-omics integrative analyses. Specifically, corals with a history of seasonal 
air exposure underwent comprehensive changes in energy metabolism and defense mechanisms compared to 
permanently submerged corals. In summer, corals experiencing subaerial exposure enhanced antioxidant defense by 
increasing the activities of the enzymes T-SOD and CAT, and the coral-associated bacterial community shifted toward 
the class Alphaproteobacteria that may have provided corals with resistance to environmental stresses. Moreover, the 
decrease in the transcript levels of the TCA cycle and the increase in metabolite content of ornithine suggested an 
alteration in energy metabolic pathways. Corals with an air-exposed background may have enhanced energy reserves 
in winter, as indicated by a higher content of Chl a and a rebound in coral-associated bacterial community toward 
the class Gammaproteobacteria. Furthermore, accumulation of the metabolite leukotriene D4 and activation of the 
TGF-beta signaling pathway suggested higher anti-inflammatory requirements and positive regulation by innate 
immunity.

Conclusions  This study provides insights into the acclimatization of P. decussata to seasonal environmental 
fluctuations and demonstrates that relatively high-latitude corals possess the plasticity and acclimatory capacity to 
adapt to marginal environments.

Environmental acclimatization of the 
relatively high latitude scleractinian coral 
Pavona decussata: integrative perspectives 
on seasonal subaerial exposure 
and temperature fluctuations
Man Zhang1, Shan Huang1, Li Luo1 and Kefu Yu1,2*
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Background
The biodiversity of coral reefs provides diverse eco-
system services [1]. Scleractinian corals are the main 
frame-builders of coral reef ecosystems, comprising a 
mutually beneficial symbiosis with microorganisms such 
as zooxanthellae and bacteria [2]. Due to the complex-
ity of coral holobionts, changes in environmental factors 
may lead to imbalances in the symbioses [3, 4], and the 
corals are then bleached or even threatened with death 
[5–7]. Therefore, in the context of coral habitat expan-
sion driven by global warming [3], exploring the adaptive 
mechanisms by which corals survive under abiotic stress 
is critical to predicting their continued viability in chang-
ing environments.

Corals that survive in marginal marine habitats have 
attracted increasing attention as representing an alter-
native developmental state for corals in the face of envi-
ronmental change [8]. In Hong Kong, the massive coral 
Oulastrea crispata is widely distributed along the highly 
urbanized coastline where there are vastly contrasting 
water quality conditions; yet, the coral showed continued 
environmental robustness [9]. Similarly, in the western 
fringing reef at Pulau Satumu, shallow reef communities 
surviving in highly turbid waters recovered quickly from 
acute thermal bleaching [10]. In Honolulu Harbor, the 
massive Porites corals living in shallow waters also exhib-
ited greater bleaching resilience during several thermal 
stress events [11]. Furthermore, corals living in the inter-
tidal and subtidal zones where environmental changes are 
more intense have been the focus of research in recent 
years. As sessile benthic organisms, corals are unable to 
move to seek shelter during tidal changes. Therefore, cor-
als in intertidal and subtidal zones are often exposed at 
extreme low tides that exposes the corals to hypoxia, des-
iccation and UV stress and experience changes in tem-
perature, salinity, and other environmental factors [12]. 
Such natural phenomena are commonly found in lower 
latitudes, for example, on Gorgona Island [13], Madura 
Island [14], Guam [15], Shell Island [16, 17], and the 
Pelorous and Orpheus Islands [18]. Corals in these habi-
tats appear to be uniquely adapted to local environmental 
fluctuations. Similar to thermal bleaching, the branch-
ing coral genus Acropora and the family Pocilloporidae 
are susceptible to air exposure, while massive corals are 
the least affected [18]. An in situ simulation experiment 
on Gorgona Island in the tropical eastern Pacific dem-
onstrated that extreme low tides were not lethal to the 
branching coral Pocillopora damicornis [13]. Thus, in the 
long term, studying how corals acclimate to air exposure 

may be able to provide insights into the future survival of 
corals in a changing climate.

Theoretically, under the effects of climate-induced 
stress, corals may migrate to higher latitudes where the 
range of seasonal temperature fluctuations is greater 
compared to tropical regions [19]. This serves to buf-
fer the stress of abnormal environmental temperatures 
on corals, but also poses a new survival challenge for 
corals—how to cope with low winter temperatures. 
Further, air exposure and low winter temperatures can 
bring a double threat to corals. Hoegh-Guldberg et al. 
[20] reported that Acropora aspera from the Great Bar-
rier Reef were exposed to unusually cold and dry air 
during subaerial exposure and suffered bleaching and 
mortality. This implies that the survival of corals under 
such marginal environmental conditions will depend on 
their ability to tolerate dynamic environments with more 
intense disturbances [21]. Therefore, understanding how 
relatively high-latitude corals acclimate to air exposure in 
wintry weather is essential for predicting the fate of cor-
als. In general, acclimatization is achieved by a combina-
tion of differential gene expression by the coral host and 
the flexible composition of symbiotic microorganisms. 
Differential regulation of innate immunity and energy 
metabolism in coral hosts may reflect the results of accli-
matization to distinct environments [22]. The coral-asso-
ciated bacterial community may likewise be altered by the 
acclimatization process [23, 24]. Moreover, the metabo-
lite profiles of corals after experiencing environmental 
changes could be used as signatures to reveal their adap-
tive history, and this would apply to an extended period 
following stress [25]. Studies that combine these charac-
teristics will help provide insight into the acclimatization 
of corals to seasonal subaerial exposure.

Located in the relatively high latitude of the South 
China Sea, Weizhou Island has abundant coral resources, 
especially in the northern subtidal zone where there are 
large areas of Pavona decussata. Compared to tropi-
cal coral reef areas, Weizhou Island has a greater range 
of temperature variation, with a difference of up to 
13.6  °C throughout the year [26], and the corals may 
thus be more tolerant to large temperature fluctuations 
[26]. Moreover, the subtidal P. decussata is periodically 
exposed to air due to extreme low tides in summer and 
winter. These corals may be acclimated to long-term sea-
sonal environmental fluctuations. It is conceivable that 
the environmentally susceptible coral-associated bacteria 
and coral host gene regulation would allow P. decussata 
to survive under seasonal environmental fluctuations 
and that this would leave an associated metabolic history 

Keywords  Scleractinian coral, Pavona decussate, Seasonal environmental fluctuations, Subaerial exposure, 
Temperature variation, Acclimatization
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during long-term survival. Therefore, the research design 
incorporated: (1) quantification of antioxidant capacity 
and Chlorophyll a (Chl a) content; and (2) coral-associ-
ated bacterial diversity assessment, transcriptomic analy-
sis, and metabolomic analysis. Assessing the survivability 
of P. decussata in seasonal environmental fluctuations 
is essential for understanding the plasticity of adaptive 
capacity under global climate change. This research will 
also enhance our understanding of coral stress tolerance 
at relatively high latitudes and provide a theoretical basis 
for future marginal reef conservation.

Results
Analysis of coral physiological indicators
The quantification of antioxidant capacity and Chl a con-
tent between different groups are shown in Fig. 1. In the 
experienced subaerial exposure in summer (SAS) group, 
the total superoxide dismutase (T-SOD) activity was sig-
nificantly higher than that in the permanently submerged 
corals (SMS) group (Fig. 1a; p < 0.01), with an increase of 
155%. Similarly, the activity of the antioxidant enzyme 

catalase (CAT) in the SAS group was significantly 
higher from those in the SMS and SAW groups (Fig. 1b, 
p < 0.01). Compared to the SMS group, the SAS group 
had a significant increase in CAT of about four times. 
The SAW group in winter had a significant 76% decrease 
compared to the SAS group in summer. In relative terms, 
the malondialdehyde (MDA) content of the SAW group 
was significantly lower than SAS group (Fig. 1c, p < 0.05), 
with a decrease of 55%. Conversely, the Chl a content in 
the SAW group was significantly 147% higher than that in 
SAS group (Fig. 1d, p < 0.01).

Dynamics of coral-associated bacterial communities
After 16S rRNA sequencing of 15 samples from the SAS, 
SMS, and SAW groups, 1,045,350 processed bacterial 
sequences were assigned to 12,306 amplicon sequence 
variants (ASVs), and the sequence details are presented 
in Additional file 2: Table S1. The statistics for alpha 
diversity are presented in Table  1. The Ace, Chao, and 
Sobs indices suggested no significant difference in com-
munity richness between the SAS and SMS groups, while 

Table 1  Alpha diversity statistics of coral-associated bacterial community
Estimators SAS-Mean SAS-SD SMS-Mean SMS-SD SAW-Mean SAW-SD p value (SAS vs. SMS) p value (SAW vs. SAS)
Ace 324.1 222.5 194.5 123.3 659.8 201.9 NS **
Chao 319.1 219.6 192.2 121.1 657.1 200.7 NS **
Sobs 316.6 217.7 191.4 120 651.6 199.1 NS **
Shannon 3.64 1.38 1.58 1 4.01 1.04 ** NS
Simpson 0.15 0.12 0.53 0.3 0.14 0.15 ** NS
Note: Mean represented ‘mean value’, and the SD represented ‘standard deviation’. NS represented ‘non-significance’, **p < 0.01

Fig. 1  The quantification of antioxidant capacity and Chl a content. (a) T-SOD, total superoxide dismutase. (b) CAT, catalase. (c) MDA, malondialdehyde. 
(d) Chl a content. Data are expressed as mean ± standard deviation (SD; n = 4). U should be Unit. Significant differences were analyzed between groups 
(*p < 0.05, **p < 0.01)
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the richness of the SAW group was significantly higher 
than that of the SAS group (p < 0.01). In addition, the 
Shannon index reflecting community diversity was signif-
icantly higher for the SAS group than for the SMS group 
but was not significantly different from that of the SAW 
group. The Simpson index is inversely proportional to the 
Shannon index, and this indicated that the lowest diver-
sity of coral-associated bacterial communities was in the 
SMS group. Overall, the SMS group had the lowest alpha 
diversity.

Based on the Bray-Curtis dissimilarity, principal 
coordinate analysis (PCoA) was used for demonstrat-
ing the variable characteristics of the coral-associated 
bacteria, with all samples being clustered and differen-
tiated by groups (Fig.  2a). SMS group could be clearly 

distinguished from SAS and SAW groups on the PC2 
axis. The dominant bacterial taxa in all three groups 
were similar, but their abundances were altered. At the 
phylum level, the main constituents of all three groups 
were Proteobacteria, Firmicutes, and Actinobacteriota 
(Fig.  2b). At the genus level, the top genera in relative 
abundance included BD1-7_clade, Rhodopseudomonas, 
and unclassified_k__norank_d__Bacteria in three groups 
(Fig.  2c). Moreover, linear discriminant analysis effect 
size (LEfSe) analysis identified differential microbial 
communities between groups, with alterations of the 
phylum Proteobacteria being mainly responsible for the 
differences in both SAS vs. SMS and SAW vs. SAS. Spe-
cifically, the SAS group has different compositions of the 
classes Alphaproteobacteria and Gammaproteobacteria 

Fig. 2  The microbial beta diversity and community composition statistics. (a) PCoA analysis. (b) Microbial community composition at the phylum level. 
(c) Microbial community composition at the genus level between groups. (d) Statistics of taxa constituting differences between groups. The pink pen-
tagrams marked taxa belonging to the class Alphaproteobacteria, and the purple triangles marked the counterparts of the class Gammaproteobacteria
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compared to SAW and SMS groups (Fig.  2d). Relative 
to the SMS group, the relative abundance of the genus 
BD1-7 clade was lower in the SAS group, while the rela-
tive abundance of the genera Paracoccus and Sphingomo-
nas was higher. Compared to SAS group, the relative 
abundance of the genus BD1-7 clade was elevated in the 
SAW group.

Different transcriptional responses of coral hosts
To determine the molecular mechanisms underlying the 
acclimatization of coral hosts to annual environmental 

changes, 12 samples from the SAS, SMS, and SAW 
groups were employed for RNA sequencing. In total, 
583,925,222 clean reads were produced based on 
592,968,090 raw reads, which were then assembled into 
267,502 unigenes. The sequencing results are detailed in 
Additional file 3: Table S2. The analysis of molecular vari-
ance (AMOVA) results for single nucleotide polymor-
phism (SNP) loci are presented in Additional file 4: Table 
S3. There was minimal genetic differentiation between 
the groups (FST < 0.05, p < 0.05). Principal component 
analysis (PCA) plots revealed differences in expression 

Fig. 3  Characterization and comparison of the transcriptional profiles. (a) PCA plot. (b) Scatter diagram demonstrating the DEGs for two different com-
parison schemes (SAS vs. SMS and SAW vs. SAS, the latter is considered the reference group). The FDR < 0.01 is indicated in red, while the FDR ≥ 0.01 is in-
dicated in blue. The networks showed the core pathways of (c) SAS vs. SMS and (d) SAW vs. SAS. Each dot represented a pathway, and only the significant 
pathways are shown. The more DEGs enriched within the pathway, the larger the dot. Also, the color of the dot reflected the p-value. Only the names and 
map IDs of critical pathways are shown in the map
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between the SAS and SMS groups, as well as between the 
SAW and SAS groups (Fig.  3a), with replicates showing 
higher correlation within groups and a clear separation 
between groups. Subsequently, unigenes with signifi-
cant differential expression between groups were identi-
fied. There were 8,744 differentially expressed unigenes 
(DEGs) in the SAS group relative to the SMS group. In 
addition, compared to the SAS group, 17,294 DEGs were 
identified in the SAW group (Fig. 3b).

Gene Ontology (GO) annotation analysis indicated 
that these two sets of DEGs had similar functional 
classification. Among these, “cellular process” and 
“metabolic process” were the dominant subcatego-
ries in biological process. The “cell part” had the high-
est proportion in cellular component, while “binding” 
and “catalytic activity” were the most important in 
molecular function (Additional file 1: Fig. S2). The GO 
functions of these DEGs were enriched, and the top 
20 significantly enriched (p < 0.05) GO terms in bio-
logical process reflected certain changes. Compared 
to the SMS group, the SAS group was significantly 
enriched in the subcategories of “cellular process” and 
“metabolic process”, with the upregulation of terms 
belonging to “cellular process” such as “cilium move-
ment (GO: 0003341)” and “cellular component assem-
bly (GO: 0022607)” and the downregulation of terms 
belonging to “metabolic process” such as “respiratory 
electron transport chain (GO: 0022904)” and “peptide 
biosynthetic process (GO: 0043043)” (Additional file 1: 
Fig. S3a). Meanwhile, the SAW group was significantly 
enriched in “biological regulation” and “metabolic pro-
cess” subcategories, and both showed upregulation 
compared to the SAS group; for example, this included 
“proteasomal protein catabolic process (GO: 0010498)”, 
“organonitrogen compound catabolic process (GO: 
1901565)”, and “regulation of biosynthetic process (GO: 
0009889)” (Additional file 1: Fig. S3b).

In the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis, the DEG set 
of SAS vs. SMS was significantly enriched (p < 0.05) 
in 42 pathways, including “citrate cycle (TCA cycle) 
(map00020)” and “steroid biosynthesis (map00100)” 
(Additional file 5: Table S4). Figure  3c shows that four 
pathways, “regulation of actin cytoskeleton (map04810)”, 
“oxidative phosphorylation (map00190)”, “autophagy-
animal (map04140)”, and “proteasome (map03050)”, had 
strong associations with other pathways. In contrast, 
the DEG set of SAW vs. SAS was significantly enriched 
in 27 pathways, including “biosynthesis of unsaturated 
fatty acids (map01040)” (Additional file 5: Table S4), with 
three pathways showing associations with other path-
ways, namely “lysosome (map04142)”, “TGF-beta signal-
ing pathway (map04350)”, and “peroxisome (map04146)” 
(Fig. 3d).

Metabolomic profiling of P. decussata
The changes in the metabolome of P. decussata under 
different environmental conditions were analyzed using 
LC-MS. After forming the data matrix, a total of 1,889 
variables were identified in positive (POS) ionization 
mode and 1,248 in negative (NEG) mode, which were 
preprocessed to obtain metabolite quantities. A total 
of 1,741 metabolites were identified in POS mode and 
1,152 metabolites in NEG for all samples. The num-
ber of metabolites identified accounted for 92.17% and 
92.31% of the number of variables in the POS and NEG 
models, respectively. After data processing, the partial 
least squares discriminant analysis (PLS-DA) score plot 
showed significant differences in metabolites in both 
POS and NEG modes (Fig.  4a and b). Subsequently, an 
orthogonal partial least squares discriminant analysis 
(OPLS-DA) model was used to discriminate the sig-
nificantly different metabolites (DMs). In both POS and 
NEG modes, 54 DMs were obtained for SAS vs. SMS 
(Fig.  4c), and 825 DMs were obtained for SAW vs. SAS 
(Fig. 4d).

Upon analyzing the KEGG metabolic pathway infor-
mation for these DMs (Additional file 6: Table S5), the 
majority in both groups were involved in two categories 
of energy supply pathways, “amino acid metabolism” and 
“lipid metabolism” (Additional file 1: Fig. S4). A topologi-
cal pathway analysis identified two significantly enriched 
pathways in SAS vs. SMS, namely “arginine biosynthe-
sis (map00220)” and “arginine and proline metabolism 
(map00330)” (Fig.  4e). Both pathways contained the 
upregulated metabolite ornithine (Additional file 1: Fig. 
S5a) associated with amino acid metabolism. In SAW vs. 
SAS, five significantly enriched pathways were identified, 
namely “arginine and proline metabolism (map00330)”, 
“glycerophospholipid metabolism (map00564)”, “argi-
nine biosynthesis (map00220)”, “nucleotide metabo-
lism (map01232)”, and “arachidonic acid metabolism 
(map00590)” (Fig.  4f ). In contrast, the abundance of 
metabolite ornithine decreased in SAW group compared 
to SAS group. The metabolite leukotriene D4 of “arachi-
donic acid metabolism (map00590)” associated with lipid 
metabolism was upregulated in SAW vs. SAS (Additional 
file 1: Fig. S5b).

Association analyses of transcriptome and metabolome
The O2PLS model was fitted to the DEGs and DMs of 
SAS vs. SMS and SAW vs. SAS. The contributions of 
each part showed that both SAS vs. SMS and SAW vs. 
SAS had high contributions of their “Joint part”, rang-
ing from 86.55 to 100.00% of “Joint part and Orthogonal 
part” individually (Additional file 7: Table S6), indicating 
that the model could be used to explain the joint varia-
tion in the transcriptome and metabolome. Furthermore, 
the joint loadings plot showed the extent to which each 
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Fig. 4  Characterization and comparison of the metabolite profiles. PLS-DA analysis of individual samples in (a) POS mode and (b) NEG mode. The volcano 
plots showed the DMs of (c) SAS vs. SMS and (d) SAW vs. SAS. The key pathways in (e) SAS vs. SMS and (f) SAW vs. SAS were shown. The key pathways are 
labelled in terms of impact value. The larger the impact value, the more important the pathway. Only the top five pathways in (f) are labelled
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variable in one omics approach was associated with the 
other omics in two dimensions, with larger absolute val-
ues indicating stronger associations. In this study, both 
SAS vs. SMS (Additional file 1: Fig. S6a and Fig. S6b) and 
SAW vs. SAS (Additional file 1: Fig. S6d and Fig. S6e) 
had strong correlations between almost all the variables 
among muti-omics.

To further explore the main mechanisms of tran-
scriptional and metabolic regulation in the corals with 
a seasonal air-exposed background, the pathways con-
cerning energy metabolism and innate immunity were 
selected from the above enrichment results for corre-
lation analysis (Additional file 8: Table S7). The strong 
correlations between gene expression and metabolite 
abundances in these pathways are shown in Additional 
file 1: Fig. S7. In the SAS vs. SMS comparison, ornithine 
was an important metabolite based on the above omics 
analyses, and it was significantly negatively correlated 
with the rate-limiting enzymes citrate synthase (CS) 
and isocitrate dehydrogenase (IDH), which were down-
regulated in “citrate cycle (TCA cycle) (map00020)” 
(Fig.  5a). In the SAW vs. SAS comparison, leukotriene 
D4 was enriched as a key metabolite, and it was signifi-
cantly positively correlated with genes related to “ara-
chidonic acid metabolism (map00590)” and with bone 
morphogenetic protein receptor, type I (BMPRI), bone 
morphogenetic protein (BMP) and SMAD family mem-
ber 4 (SMAD4), which were upregulated in “TGF-beta 
signaling pathway (map04350)” (Fig. 5b).

Discussion
Physiological plasticity of P. decussata in response to 
variable environmental stress
P. decussata has shown strong tolerance to environmental 
stress [7, 26], and this may be reflected at the physiologi-
cal level in the present study. The potential of P. decussata 
to acclimatize to air exposure included stronger activities 
of the antioxidant enzymes T-SOD and CAT (Fig. 1a and 
b), acclimatization that may be beneficial in eliminating 
reactive oxygen species (ROS) generated by dramatic 
environmental changes [27, 28]. Moreover, free radicals 
react with lipids to form MDA [29], and thus the lower 
MDA content may be indicative of a decreased oxidative 
response in P. decussata that experienced air exposure in 
winter. Meanwhile, the higher Chl a content in the SAW 
group (Fig. 1d) could also provide stronger photoprotec-
tion through the xanthophyll cycle of zooxanthellae [30], 
resulting in a reduction of potential existential threats 
during the winter months.

Coral-associated bacterial communities may be involved in 
the acclimatization
Coral-associated bacterial communities play key roles in 
coral health, disease, and evolution due to the fact that 
their habitats are closely linked to host tissue structures 
[31–34]. Thus, coral-associated bacteria are vulnerable to 
environmental variation, and the corresponding changes 
in their composition may in turn affect the coral hosts 
[35]. Previous studies have shown that the alpha diver-
sity of coral-associated bacteria increases to a certain 

Fig. 5  The correlation plot between the expression of key genes and the abundances of core metabolites. The left chart reflected the correlation be-
tween metabolite ornithine and genes associated with the citrate cycle (TCA cycle) in (a) SAS vs. SMS, and the right chart represented the correlation 
between metabolite leukotriene D4 and genes related to the arachidonic acid metabolism and TGF-beta signaling pathway in (b) SAW vs. SAS. The blue 
bars represented negative correlations and red represented positive. The horizontal coordinate showed the correlation coefficient. Significance of dif-
ferences was indicated by *p < 0.05 and **p < 0.01. CS, citrate synthase; OGDH, oxoglutarate dehydrogenase; SDHD, succinate dehydrogenase complex 
subunit D; ACO, aconitate hydratase; IDH, isocitrate dehydrogenase; ALOX5, arachidonate 5-lipoxygenase; GGT1, leukotriene-C4 hydrolase; BMPRI, bone 
morphogenetic protein receptor, type I; BMP, bone morphogenetic protein; SMAD4, SMAD family member 4
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extent under external stresses [36, 37], contributing to 
the symbiont’s resistance to infections and the mainte-
nance of essential functions of the microbiota [26]. In 
our research, both the SAS and SAW groups that expe-
rienced subaerial exposure showed higher alpha diversity 
of coral-associated bacteria than the always-submerged 
SMS group (Table 1). The sensitive changes in coral-asso-
ciated bacterial community diversity may indicate that 
the disturbance from air exposure is a potential stressor 
for P. decussata both in summer and winter. Interestingly, 
the community richness indices Ace, Chao, and Sobs 
were significantly higher in the SAW group compared 
to the SAS group, in contrast to previous findings on P. 
decussata [26]. This indicated that P. decussata may be 
also highly tolerant to air exposure in winter. Addition-
ally, our results showed that the microbial communities 
of the samples that were influenced by extremely low 
tides showed intercolonial variability, and the degree of 
variability varied between samples from different seasons 
(Fig. 2a). This implied that despite having the same coral 
host, there were effects of different environments on the 
microbiomes.

In this study, P. decussata experiencing subaerial expo-
sure showed a decrease in the relative abundance of class 
Gammaproteobacteria and an increase in class Alphap-
roteobacteria in the SAS group relative to the SMS group 
(Fig.  2d). Unsurprisingly, the current study suggested 
that most bacteria that confer benefit to the symbiont 
belonged to the classes Gammaproteobacteria and Alp-
haproteobacteria [38], and the shift in these classes in 
coral-associated bacteria may be based on environmen-
tal acclimatization. The BD1-7 clade that carries out 
carotenoid biosynthesis [39] has been detected in corals 
and other marine organisms [26, 40]. The biosynthetic 
process is crucial for symbiont health [41]. Paracoccus 
sp. was demonstrated to be able to kill harmful bloom-
forming algae [42], showing the potential for application 
in regulating environmentally harmful factors. Moreover, 
it has been shown that P. marcusii can produce ROS-
reactive pigments to help detoxify free radicals and ROS 
[43]. In addition, a metabolic characteristic of the genus 
Sphingomonas is the capacity for xenobiotic degradation, 
an ability that may play an essential role in adaptation to 
oligotrophic marine environments [44]. Therefore, the 
switch from class Gammaproteobacteria (genus BD1-7 
clade), which may favor the maintenance of a stable 
healthy state of the coral host, to class Alphaproteobac-
teria (genera Paracoccus and Sphingomonas) that are 
resistant to exogenous stresses may be microbiological 
evidence that P. decussata was affected by air exposure 
and acclimatized to this stress. In addition, compared 
to SAS group, the relative abundances of some bacteria 
from the class Gammaproteobacteria was elevated after 
air exposure in winter (Fig.  2d). The genus BD1-7 clade 

played a key role in energy utilization [26]. This suggested 
that coral-associated bacterial communities may assist P. 
decussata in acclimatizing to environmental fluctuations 
during winter by shifting to structures that favored sym-
biont energy reserves.

Overall, changes in the diversity of coral-associated 
bacterial communities, along with differences in bacte-
rial taxa, allowed the coral host to cope with stresses in 
different conditions, suggesting that P. decussata may be 
resistant to external pressures due to the presence of the 
symbiont.

Coral hosts responded to environmental stresses through 
flexible gene regulation
Extensive studies on scleractinian corals have shown that 
energy metabolism and homeostasis are closely linked 
under exogenous stresses [4, 45, 46]. The citrate acid 
cycle, also known as the TCA cycle, was a conserved 
primitive metabolic pathway typically serving as the 
organism’s energy engine [47]. We noted that the “citrate 
cycle (TCA cycle) (map00020)” pathway was significantly 
enriched in SAS vs. SMS. In this pathway, CS and IDH 
were both downregulated in the SAS group, suggest-
ing that air exposure limited the TCA cycle and affected 
the efficiency of energy utilization in the coral host. 
The result was consistent with that of previous studies 
on the response of coral hosts to exogenous stresses [4, 
48]. Moreover, the “peroxisome (map04146)” pathway 
was enriched in the SAW vs. SAS comparison (Fig. 3d), 
possibly dominating more abundant amino or fatty acid 
metabolism and regulating the level of ROS [49]. This 
may be a survival advantage for P. decussata in response 
to extremely low tides in winter.

P. decussata has demonstrated remarkable resilience 
to thermal stress, as evidenced by having flexible regu-
lation of the antioxidant response and innate immunity 
[7]. Specifically, proteasomes are protease complexes 
that selectively degrade short-lived regulatory or dam-
aged proteins [50]. To maintain homeostasis during oxi-
dative stress in the organism, ubiquitinated proteins are 
degraded by the proteasome as a general damage signa-
ture [51]. In this study, the “proteasome (map03050)” 
pathway were enriched in the SAS group relative to the 
SMS group (Fig. 3c). Moreover, autophagy is an essential 
component of cellular response to stress [52] as a type of 
programmed cell death pathway [53] and can be activated 
by oxidative stress [54]. In the SAS vs. SMS comparison, 
the “autophagy-animal (map04140)” pathway (Fig.  3c) 
may reveal plasticity in gene expression after stimula-
tion by subaerial exposure. Additionally, in the SAW 
group, the activated “lysosome (map04142)” pathway 
(Fig. 3d) may have been used to control oxidative stress 
[28], similar to the activated “peroxisome (map04146)” 
pathway. Therefore, we hypothesized that P. decussata 
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experiencing seasonal subaerial exposure may respond to 
oxidative stress in different ways. In summer, individuals 
that were consistently submerged may maintain cellular 
homeostasis through ubiquitinated protein degradation 
by proteasomes, whereas their counterparts that expe-
rienced subaerial exposure may protect cells through 
enhanced antioxidant T-SOD and CAT enzyme activi-
ties and activation of autophagy. In winter, P. decussata 
that experienced air exposure maintained high antioxi-
dant enzyme (T-SOD) activity and may further cope with 
oxidative stress through lysosomes. Ultimately, there was 
no significant difference in the extent of oxidative dam-
age between SAS and SMS groups (Fig.  1c), reflecting 
the effectiveness of gene regulation in P. decussata with 
subaerial exposure in summer. In addition, the corals in 
winter may have a significant reduction in the degree of 
oxidative damage (Fig. 1c) due to the combined action of 
their antioxidant enzymes and organelles.

Innate immunity seems to play an essential role in the 
response of P. decussata to air exposure. As a form of 
innate immunity [55], autophagy could be activated when 
the coral host is stressed and challenged, as shown in the 
SAS group. Similar results have been observed in toler-
ant Porites species [56]. In addition, BMPRI, BMP and 
SMAD4 in “TGF-beta signaling pathway (map04350)” 
was upregulated in the SAW group relative to the SAS 
group. It is known that the TGF-beta signaling pathway 
can act as an innate immune pathway as an enforcer of 
immune tolerance and an inhibitor of inflammation [57]. 
In P. decussata, the anti-inflammatory effect of the TGF-
beta signaling pathway may be beneficial for maintaining 
organismal health during air exposure in winter. It fol-
lows that P. decussata defends against threats from sub-
aerial exposure by regulating the innate immune-related 
pathways, both in summer and winter; this may be a clue 
to its resilience.

In summary, the flexible gene regulation capacity of 
P. decussata may be a necessary asset for its survival in 
changing environmental conditions, which either directly 
or indirectly impacted its basic physiological processes.

Altered metabolic profiles may reflect the stress history of 
P. decussata
The metabolome results for both SAS vs. SMS and SAW 
vs. SAS showed that the enriched KEGG pathways con-
tained “arginine biosynthesis (map00220)” and “argi-
nine and proline metabolism (map00330)” on amino 
acid metabolism (Fig.  4e and f ). This implied that the 
changes in amino acid metabolism may be a sensitive 
reflection of coral responses to environmental changes, 
and the same results were also found in the metabolic 
profiles of corals undergoing thermal stress [58]. Sclerac-
tinian corals absorb and utilize nitrogen for growth and 
development under stable conditions, including their 

most representative calcification. Previous studies have 
demonstrated that urea may be an important source 
of nitrogen for corals [59–61] and that the urea cycle is 
also involved in calcification in scleractinian corals [62]. 
In this study, the changes in the above two pathways 
focused on ornithine, an intermediate molecule in the 
urea cycle that is also an essential substrate for proline 
synthesis [63]. Compared to the SMS and SAW groups, 
the upregulation of ornithine in the SAS group (Addi-
tional file 1: Fig. S5) predicted a stronger material basis 
for the urea cycle. Additionally, P. decussata that experi-
enced air exposure may have a stronger capacity for cal-
cification in summer, consistent with the findings from 
other reef-building corals [64–67], suggesting that sub-
aerial exposure may not affect classic seasonal patterns of 
coral calcification.

In the present study, changes in lipid metabolism 
such as “glycerophospholipid metabolism (map00564)” 
and “arachidonic acid metabolism (map00590)” were 
observed in the SAW vs. SAS comparison (Fig. 4f ). Two 
types of metabolites phosphatidylcholine (PC) and phos-
phatidylserine (PS) in “glycerophospholipid metabolism 
(map00564)”, which usually serve as typical cnidarian 
lipids [68], were upregulated in SAW vs. SAS (Additional 
file 1: Fig. S5b). These lipids comprise the major lipid 
structures in eukaryotic cell membranes, suggesting that 
P. decussata with a history of air exposure ultimately 
may acclimat to winter by improving membrane fluidity 
to help maintain cellular function [69]. Similarly, arachi-
donic acid, which can be used as an indicator to evalu-
ate coral health [70], indicated physiological changes in 
P. decussata experiencing subaerial exposure and low 
temperatures during winter. In “arachidonic acid metab-
olism (map00590)” pathway, the downstream catabolic 
product leukotriene acts as an inflammatory mediator to 
trigger or participate in inflammatory responses [71]. In 
our metabolome results, leukotriene D4 was upregulated 
in the SAW group relative to the SAS group (Additional 
file 1: Fig. S5b), suggesting that P. decussata experiencing 
air exposure may have a higher risk of inflammation in 
winter.

Taken together, the changes in amino acid and lipid 
metabolism may be historical signatures of seasonal envi-
ronmental fluctuations experienced by P. decussata and 
may further reveal the variation in biological processes 
in different seasons. These findings were essential for our 
comprehensive assessment of the acclimatization of P. 
decussata.

Integrated evaluation of the acclimatization and survival 
potential of P. decussata to marginal environments
The future of coral reefs depends on the ability of reef-
building corals to respond to rapid environmental 
changes [72]. In this study, in addition to the flexible 
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coral-associated bacterial communities, P. decussata with 
a history of seasonal air exposure had apparent physi-
ological advantages in antioxidant and photosynthetic 
capacity (Fig. 6). Subsequent O2PLS models successfully 
fitted transcriptomic and metabolomic data and revealed 
strong correlations (Additional file 1: Fig. S6), implying a 
link between gene regulation and metabolite abundances. 
Further analyses found that similar to other scleractinian 
corals [4, 54], P. decussata from Weizhou Island located 
in a subtropical marginal coral reef responded to stress 
through alterations in energy metabolism and innate 
immunity. Thus, these changes could be used to assess 
the acclimatization and survival potential of P. decussata 
under varied environmental conditions.

In general, coral-associated microbes have shorter gen-
eration times compared to coral hosts, implying that they 
may acclimatize more rapidly and provide corresponding 
adaptive capacity to the corals [72]. Thus, changes in bac-
terial community structure and diversity under different 
conditions [24, 73] have been evaluated in previous stud-
ies of coral acclimatization and adaptation [72]. Similar 
to our findings, the coral-associated bacterial commu-
nity was altered at the genus level on Madura Island reefs 
where cyclical subaerial exposure also occurred, although 
Proteobacteria was still the dominant phylum [13]. Both 
at low and relatively high latitudes, these results demon-
strated the involvement of coral-associated bacteria in 
the ongoing effects caused by subaerial exposure. Their 
specific alterations may contribute to coral stress resis-
tance and energy reserves (Fig.  6), although the exact 

mechanism of bacteria in the acclimatization of corals to 
seasonal environmental fluctuations remains unclear. For 
coral hosts, the degree of genetic differentiation among 
populations can be assessed to evaluate the impacts of 
environmental fluctuations. In this study, the low yet sta-
tistically significant level of genetic differentiation among 
populations may suggest adaptation of the P. decussata 
coral host to tidal-induced environmental fluctuations at 
Weizhou Island. However, due to the small sample size 
and the limitations of RNA-seq, the interpretation of FST 
value may lack comprehensiveness, necessitating further 
validation.

Additionally, the level of energy metabolism in the 
coral host is closely linked to the stress response process. 
In previous studies, energy allocation by corals was the 
basis for acclimatization [12, 74]. In this research, com-
pared to the SMS group, the TCA cycle pathway in the 
SAS group was downregulated, while the activities of 
antioxidant enzymes T-SOD and CAT, proteins con-
taining a large number of amino acid residues [75], were 
significantly increased (Fig.  6). These phenomena may 
indicate that P. decussata with a subaerial exposure his-
tory may reduce the efficiency of energy utilization and 
allocate energy to the antioxidant system in summer. In 
contrast, the negative correlation between the abundance 
of the metabolite ornithine in the urea cycle and the gene 
expression of CS and IDH in the TCA cycle (Fig. 5a) may 
point to some degree of substance flow between the two 
pathways. Theoretically, the urea cycle and the TCA 
cycle are connected by aspartic acid and fumarate, i.e., 

Fig. 6  Overview of the subtidal P. decussata acclimatization to seasonal subaerial exposure and temperature fluctuations. The left half of it depicted 
changes in corals with an exposure history during the summer relative to those without exposure backgrounds, and the right half detailed the variations 
of corals which experienced subaerial exposure under cold temperature conditions in winter. Characters in italics represented genes, and characters on 
the orange oval and white hexagonal icons represented substances. Red font and arrows indicated up-regulation or increase, while blue font and ar-
rows indicated down-regulation or decrease. The black arrows denoted the direction of the response and the dotted lines signified presumptions. CAT, 
catalase; T-SOD, total superoxide dismutase; CS, citrate synthase; IDH, isocitrate dehydrogenase; BMPRI, bone morphogenetic protein receptor, type I; BMP, 
bone morphogenetic protein; SMAD4, SMAD family member 4
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oxaloacetate from the TCA cycle synthesizes aspartic 
acid and then participates in the urea cycle, while fuma-
rate produced by the urea cycle enters the TCA cycle [76, 
77]. In our metabolome data, the active urea cycle indi-
cated by ornithine may be a surrogate program for the 
TCA cycle due to the reduction of energy utilization effi-
ciency (Fig. 6), although neither aspartic acid nor fuma-
rate was detected, possibly due to detection errors. Thus, 
P. decussata, similar to other corals that experience sub-
aerial exposure [12], has certain energy adjustment strat-
egies to cope with high temperatures and air exposure 
in summer, and such advantages may allow the corals to 
survive.

Higher Chl a content favored coral photosynthesis, 
in turn facilitating resistance to environmental stress 
[78]. In this research, P. decussata with an air-exposed 
background possessed a higher Chl a content in winter, 
indicating the resistance to marginal environments at 
relatively high latitudes and an energy advantage (Fig. 6). 
At low temperatures, innate immunity is thought to ben-
efit corals to adapt to environmental stresses [26, 54], 
and the same result was obtained in our study. P. decus-
sata emerged from the sea surface for hours and then 
became submerged in cold seawater, and this may cause 
abnormalities in lipid metabolism such as an increase in 
leukotriene D4 indicative of the high risk of inflamma-
tion. In addition, the abundance of leukotriene D4 was 
positively correlated with the expression of BMPRI, BMP 
and SMAD4 related to the TGF-beta signaling pathway 
(Fig. 5b), demonstrating that innate immunity functions 
in P. decussata to prevent inflammatory responses and 
maintain homeostasis in winter (Fig. 6).

In general, the adaptive capacity of corals to extreme 
environments has been closely linked to taxa [79], simi-
lar to thermal bleaching events [80, 81]. The leaf coral P. 
decussata, an intermediate between branching and mas-
sive corals, may have innate tolerant and adaptive advan-
tages. Additionally, due to the geographical advantage of 
relatively high latitudes, similar to north-western Aus-
tralia and in Reunion Island [82, 83], most air exposure 
on Weizhou Island occurs at sunrise or sunset, a factor 
that may have protected P. decussata from prolonged 
exposure to the sun and the threat of high temperatures, 
allowing this species to continue to survive after the 
seasonal subaerial exposure. Overall, biotic and abiotic 
factors have allowed P. decussata to successfully acclima-
tize to seasonal environmental fluctuations in Weizhou 
Island.

Conclusions
Scleractinian coral possess the potential to survive in 
marginal environments. Multi-omic analyses highlighted 
that coral-associated bacterial community structure and 
diversity of P. decussata on Weizhou Island changed in a 

direction that favored coral survival under seasonal sub-
aerial exposure and temperature fluctuations. In addi-
tion, dynamic changes in energy metabolism and innate 
immunity were beneficial for maintaining coral homeo-
stasis. To conclude, our analysis has contributed to a 
deeper comprehension of coral persistence in environ-
mental fluctuations and provides a theoretical basis for 
future acclimation of relatively high-latitude corals.

Methods
Sample collection
The study site was located at Weizhou Island on the 
northern edge of the South China Sea (Fig.  7a). Field 
surveys in the northern part of Weizhou Island found 
that P. decussata surviving in the Blue Bridge area 
(21°4.16′N, 109°5.79′E) were exposed to recurrent 
extreme low tides (​h​t​t​p​​:​/​/​​g​l​o​b​​a​l​​-​t​i​​d​e​.​​n​m​d​i​​s​.​​o​r​g​​.​c​n​​
/​d​e​f​​a​u​​l​t​.​h​t​m​l) in ​s​u​m​m​e​r (June–August) and win-
ter (December–February next year), similar to sub-
tidal corals in other areas [16]. Such extreme low tides 
typically occurred around sunrise and lasted almost 
3  h in summer. In winter, such tides occurred around 
sunset and lasted for about 3  h (Additional file 1: Fig. 
S1; Fig.  7b). These events usually occurred in succes-
sion, and at least three consecutive occurrences were 
observed during most of the summer and winter 
months. The sampling began at approximately 2 weeks 
after the end of consecutive extreme low tide events. 
We collected samples from corals that experienced 
subaerial exposure (SAS) by scuba diving on 28 August 
2022. The seawater had a temperature of 30.3 °C and a 
salinity of 34.2 PSU, while the air had a temperature of 
33.8  °C and a relative humidity of 57.6%. At the same 
time, we collected samples of permanently submerged 
corals (SMS) in water depths of approximately 3  m 
located at the same sampling sites. Similarly, we col-
lected coral samples with a subaerial exposure back-
ground in winter (SAW) at the same sampling site on 
3 March 2023. The seawater was recorded with a tem-
perature of 20.4  °C and a salinity of 33.0 PSU, and the 
air conditions were noted as 21.0  °C in temperature 
and 52% in relative humidity. The distance between 
the SAS/SAW and SMS groups is approximately 10 m. 
Samples from eight different colonies were taken as 
2–4 cm patches using hammers and chisels and as far 
away as possible to ensure that more comprehensive 
biological information was obtained. The samples were 
then rinsed with 0.22-µm filtered seawater to prevent 
contamination. Ultimately, all samples were quickly 
frozen in liquid nitrogen and stored at − 80 °C.

Physiological measurements
A total of 12 samples (four samples of each group) 
were used for quantifying the antioxidant capacity and 
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Chl a contents of the corals. As previously described, 
a WaterPik® Ultra Water Jet (Water Pik, USA) filled 
with 0.22-µm filtered seawater was used to remove 
the coral tissue from the skeleton [84]. After obtain-
ing coral tissue homogenates, three subsamples were 
taken from each replication. Then, the coral tis-
sue homogenate supernatant was used to analyze 
the antioxidative indicators. The activities of total 
superoxide dismutase (T-SOD) and catalase (CAT) 
and the content of malondialdehyde (MDA) were 
assayed using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, China). The total protein 
was measured using a quantitative assay kit (Nan-
jing Jiancheng Bioengineering Institute, China), and 
all data for antioxidative indicators were normalized 
to the total protein content. Meanwhile, 100% ace-
tone was used for extracting Chl a in a 24-hour dark 
period at − 20  °C according to the method of Zhang 
et al. [7]. The homogenate was centrifuged using 
Sigma 3-18KS freezing centrifuge (Sigma Laborzen-
trifugen GmbH, Germany) at 4,000  rpm for 10  min; 
the supernatant was collected, and the absorbance 
was measured at OD630 and OD663 using a UV-2700 
spectrophotometer (SHIMADZU, Japan). The chlo-
rophyll content was computed using the equations 
in Jeffrey and Humphrey [85]. The coral antioxidant-
related indices and the Chl a content were analyzed. 
Pairwise group comparisons were performed using 
t-tests, and p-values were adjusted for multiple test-
ing via Bonferroni correction, with p < 0.05 represent-
ing a significant difference and p < 0.01 representing a 
highly significant difference.

DNA extraction, 16S rRNA gene amplicon sequencing, and 
data analysis
Small amounts (2–4 g) of each coral sample were crushed 
with a mortar and pestle, and DNA was extracted using 
the TIANamp Marine Animals DNA Kit (Tiangen, 
China). Finally, the high-quality DNA of 15 samples from 
three groups was extracted. PCR amplification was per-
formed using the primers 338 F (5′-​A​C​T​C​C​T​A​C​G​G​G​A​
G​G​C​A​G​C​A​G-3′) and 806R (5′-GGACTACHVGGGT-
WTCTAAT-3′) for the V3V4 variable region of bacterial 
16S rRNA with an ABI GeneAmp 9700 thermal cycler 
(Thermo Fisher Scientific, USA), followed by detection 
and quantification of the PCR products. A TruSeq™ DNA 
Sample Prep Kit (Illumina, USA) was used to prepare 
Illumina libraries, which were then sequenced on an Illu-
mina MiSeq platform following standard protocols.

The raw data were split according to the samples and 
then quality-filtered and merged using the Trimmo-
matic read trimming tool and FLASH [84]. The result-
ing high-quality reads were denoised using Qiime2 
(Version 2023.5.0) via the DADA2 plugin to obtain 
amplicon sequence variants (ASVs) [86]. All sequences 
annotated as being from chloroplasts and mitochon-
dria were removed to ensure the purity of the data, and 
the remaining sequences were normalized by the lowest 
number of sequences. To quantify fluctuations in bac-
terial species, the values of alpha diversity indices (Ace, 
Chao, Sobs, Shannon, and Simpson) were calculated 
using Mothur (https://mothur.org/), and the data were 
analyzed using the Kruskal-Wallis H test [87]. Sample 
spacing of beta diversity was calculated using princi-
pal coordinate analysis (PCoA) based on the weighted 

Fig. 7  The location map of sampling sites. (a) Weizhou Island in the South China Sea. (b) The image on the left showed that P. decussata in Blue Bridge 
area experienced subaerial exposure during extreme low tide event on 5 January 2022, and the image on the right showed their permanently submerged 
counterparts
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Bray-Curtis algorithm in order to visualize the com-
munity structure between samples. Linear discriminant 
analysis effect size (LEfSe; ​h​t​t​p​​:​/​/​​h​u​t​t​​e​n​​h​o​w​​e​r​.​​s​p​h​.​​h​a​​r​v​
a​​r​d​.​​e​d​u​/​​g​a​​l​a​x​​y​/​r​​o​o​t​?​​t​o​​o​l​_​i​d​=​l​e​f​s​e​_​u​p​l​o​a​d) was used to 
profile the species characteristics that explained most of 
the differences between groups with a linear discrimi-
nant analysis (LDA) threshold of 4 and a p-value < 0.05. 
The data were analyzed through the free online platform 
of majorbio cloud platform (http://cloud.majorbio.com) 
[88].

RNA extraction, transcriptome sequencing, and data 
analysis
The coral total RNA was extracted from four samples 
per group using a TRIzol™ Plus RNA Purification Kit 
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. Oligo (dT) magnetic beads were 
used to enrich the mRNA. An Illumina Stranded mRNA 
Prep Ligation Kit (Illumina, USA) was then used to con-
struct a library. Sequencing was performed using an Illu-
mina NovaSeq 6000 according to standard protocols.

Clean reads were obtained after adapter removal, prun-
ing, and filtering of raw reads via Fastp (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​
o​m​/​​O​p​e​n​​G​e​​n​e​/​f​a​s​t​p) [89]. All clean reads were ​a​s​s​e​m​b​
l​e​d de novo by Trinity (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​r​i​n​​i​t​​y​r​n​​a​s​e​​
q​/​t​r​​i​n​​i​t​y​r​n​a​s​e​q​/​w​i​k​i) [26]. BLASTx was used to obtain 
the sequences from the coral hosts, according to Yu et 
al. [6]. The sequences were annotated using non-redun-
dant (Nr; Version 2022.10), Gene Ontology (GO; Ver-
sion 2022.0915), and Kyoto Encyclopedia of Genes and 
Genomes (KEGG; Version 2022.10) databases. To mea-
sure the transcription and gene expression levels, RSEM 
(version 1.3.3) was used and the transcripts per million 
(TPM) was applied. To further determine whether the 
groups had genetic differences, the AMOVA analysis of 
the SNP sites in the transcript data was performed using 
Arlequin (Version 3.5.2.2). The samples were clustered 
based on the expression of unigenes by principal com-
ponent analysis (PCA), followed by the identification of 
differentially expressed unigenes (DEGs) using DESeq2 
(Version 1.24.0) with a false discovery rate (FDR) < 0.01 
and an absolute value of log2FC ≥ 1. To further explore 
the DEGs, information regarding function and pathways 
was obtained by GO and KEGG annotation. The KEGG 
enrichment analyses was carried out using majorbio 
cloud platform [88] with Python package scipy, and used 
Fisher’s exact test and p < 0.05 as the criteria for signifi-
cant judgment. To avoid result narrowing due to over-
correction, no multiple testing correction was applied to 
enrichment analyses, but the FDR values, corrected using 
the Benjamini-Hochberg method, are still provided in 
Additional File 5 for the reader’s reference. Enrichment 
network analysis was performed based on the relation-
ship between significant KEGG pathways to obtain the 

major pathways, and then key DEGs were screened by the 
most dominant and representative pathway mechanism.

Extraction and identification of metabolites
A total of 24 samples (eight samples per group) were 
employed to extract the metabolites. First, a small 
amount of each coral sample (100 ± 5 mg) was added to 
a mortar, and metabolite extraction was performed using 
400 µL of methanol-water extraction solution (4:1, v/v) 
containing 0.02 mg/mL of internal standard (L-2-chloro-
phenylalanine). Samples were ground by the Wonbio-96c 
frozen tissue grinder (Shanghai wanbo biotechnology, 
China) for 6 min at − 10 °C, followed by low-temperature 
ultrasonic extraction for 30  min at 5  °C. The samples 
were then allowed to left at − 20 °C for 30 min, and cen-
trifuged using Centrifuge 5430R (Eppendorf, Germany) 
at 11,500  rpm for 10  min. Finally, the supernatant was 
collected. Equal volumes of all sample supernatant were 
taken and mixed to prepare quality control samples 
(QC), and a QC was included in every eight samples dur-
ing instrumental analysis. All supernatant were analyzed 
by LC-MS using a UHPLC-Q Exactive HF-X system 
(Thermo Fisher Scientific, USA) with the following con-
ditions. An ACQUITY UPLC HSS T3 column (100 mm 
× 2.1 mm i.d., 1.8 μm; Waters, USA) was used for extrac-
tion. Mobile phase A consisted of 95% water and 5% 
acetonitrile (with 0.1% formic acid), and mobile phase B 
consisted of 47.5% acetonitrile, 47.5% isopropanol, and 
5% water (with 0.1% formic acid). The injection volume 
was 3 µL, and the column temperature was 40  °C. The 
samples were ionized by electrospray, the specific param-
eters of the mass spectra were as follows. Sheath gas flow 
rate was set to 50 arb and aux gas flow rate was 13 arb. 
Spray voltage was 3,500 in positive mode and 3,500 in 
negative mode. Normalized collision energy was 20  eV, 
40 eV, 60 eV. Full MS resolution was 60,000, and MS/MS 
resolution was 7500. Scan type was 70–1050  m/z. The 
mass spectral signals were collected in positive (POS) 
and negative (NEG) ion scanning modes. Then, the raw 
data were imported into Progenesis QI (Waters, USA) for 
baseline filtering, peak identification, integration, reten-
tion time correction, and peak alignment. Finally, a data 
matrix of retention time, mass-to-charge ratio, and peak 
intensity was obtained, which was then matched accord-
ing to the HMDB (https://hmdb.ca/) and Metlin ​(​​​h​t​t​p​s​:​/​/​
m​e​t​l​i​n​.​s​c​r​i​p​p​s​.​e​d​u​/​​​​​) databases.

Before analyzing the data, the data matrix was prepro-
cessed by removing and filling in missing values. Spe-
cifically, only those metabolic features with non-zero 
values in at least 80% of the samples in any set were pre-
served. The empty values are then filled using the small-
est value in the original matrix. The mass spectrometry 
peak intensities corresponding to all metabolic features 
were normalized using the sum normalization method. 
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Variables with a relative standard deviation > 30% in QC 
were removed, and the remaining variables were log 
transformed. Partial least squares discriminant analysis 
(PLS-DA) was used to examine group differences. The 
Ropls package in R (Version 1.6.2) was used to perform 
the OPLS-DA. Further, metabolites from POS and NEG 
modes were combined for significantly different metabo-
lite (DM) identification and further analysis. DMs were 
identified based on the value of variable importance 
in the projection (VIP) obtained from the orthogonal 
partial least squares discriminant analysis (OPLS-DA) 
model and FDR from Student’s t-test. Metabolites with 
FDR < 0.01 and VIP > 1 were defined as DMs. DMs were 
matched to the KEGG database and analyzed for enrich-
ment using the Python package scipy.stats, and the 
p-values were obtained by Fisher’s exact test. Similar to 
the transcriptomic analysis, to prevent the narrowing 
of results from overcorrection, multiple testing correc-
tion was not applied to the enrichment analyses. KEGG 
pathway analysis was performed based on the relative-
betweenness centrality of the topology. The metabolo-
mics data analysis was performed using the free online 
platform of majorbio cloud platform ​(​​​h​t​t​p​:​/​/​c​l​o​u​d​.​m​a​j​o​r​
b​i​o​.​c​o​m​​​​​) [88].

Association analyses and statistics
To determine whether gene expression levels and metab-
olite abundances were correlated, a credible O2PLS 
model was applied to fit two omics datasets [90, 91] 
according to the description in Bouhaddani et al. [92]. 
The DEGs were designated as the X dataset, and the 
DMs were defined as the Y dataset. For assessing the 
explanatory ability of the two datasets, the contribution 
values (R2X and R2Y) were output separately. Signifi-
cantly enriched KEGG pathways were screened in both 
transcriptomics and metabolomics. First, pathways were 
selected with first category as metabolism. Then, among 
the pathways in the first category of cellular processes, 
the innate immune pathways that have been reported 
in corals [55] were selected. Finally, DEGs from these 
pathways and DM were correlated. Spearman correla-
tion coefficients and the significance of gene expression 
and metabolite abundances were calculated based on the 
overall determination of the correlation between the two 
omics with the O2PLS model. The integrative model dia-
gram was created by BioRender (https://biorender.com) 
and Adobe Illustrator 2020 (Adobe, USA).
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Abstract: Soil erosion is a serious environmental problem that leads to land degradation
and ecological imbalance, thereby eliciting extensive and profound worldwide concern.
Biological soil crusts (biocrusts) play a crucial role in soil stabilization; however, the un-
derlying microbial enzymatic mechanisms remain poorly understood. The present study
aimed to characterize carbonatogenic bacteria and investigate the role of their carbonic
anhydrase-induced carbonate crystals in promoting soil shear strength within biocrusts.
The results demonstrated a significant increase in the activity of carbonic anhydrase during
biocrust formation and development (p < 0.05). A total of 35 strains exhibiting carbonic
anhydrase activity were isolated from biocrusts, belonging to Actinomycetota, Bacillota,
Pseudomonadota and Cyanobacteriota. The subsequent investigation revealed a positive
correlation between the carbonic anhydrase activities of the strains and the shear strength
during sand consolidation. Specifically, strain SCSIO19859, a type of cyanophyta, exhib-
ited the highest carbonic anhydrase activity, of 1.50 U/mL. It produced 0.70 g/day of
calcium carbonate and demonstrated a shear strength that was 6.09 times greater than
that of the control group after sand consolidation for seven days of incubation under
optimal conditions. X-ray diffraction and scanning electron microscope analysis revealed
that SCSIO19859 produced calcite and vaterite carbonates, which significantly increased
the shear strength of the sand grains (p < 0.05). This study provides evidence for the
ecological function of biocrusts in promoting soil erosion resistance from the perspective of
carbonatogenic bacteria-derived carbonic anhydrase. The functional strains with carbonic
anhydrase obtained from this study have significant potential applications in enhancing
soil erosion resistance.

Keywords: biocrusts; carbonic anhydrase; shear strength; sand consolidation

1. Introduction
Soil erosion, resulting from both natural factors (wind or water erosion) and human

activities that remove soil from the surface, is a widespread form of land degradation,
affecting 84% of degraded lands [1,2]. Soil erosion leads to several severe issues, including
the loss of soil organic carbon [3], a reduction in biodiversity [4] and an increase in the
occurrence of natural disasters such as landslides and dust storms [5,6]. Globally, wind
and water erosion affect more than 1.5 billion hectares of land, whereas in China, the area
of water and soil loss exceeds 26 million hectares, primarily occurring in desert regions,
plateaus, grasslands and islands [7–9]. Particularly on tropical coral islands, nutrient
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availability is limited within the coral sand matrix, resulting in sparse vegetation cover.
Moreover, these coral islands are exposed to extreme environmental conditions such as
intense rainfall events and frequent storms that significantly increase the vulnerability
of loose coral sand to erosion [10]. Hence, it is imperative to implement measures for
mitigating soil erosion in these regions.

Biological soil crusts (biocrusts) are intricate composites formed through the adhesion
of microorganisms such as bacteria, fungi and algae (including cyanobacteria and algae), as
well as cryptogamic plants such as mosses, along with their mycelia and secretions, to soil
particles [11]. These pioneer organisms can thrive in extreme environments characterized
by high temperatures, intense light exposure and limited water availability; therefore,
they are vital for restoring desert ecosystems [12]. Biocrusts are essential in providing
soil ecosystem services, including accelerating soil respiration, enhancing photosynthesis,
improving fertility, regulating water flow and facilitating weathering processes [13–16].
More importantly, biocrusts can mitigate wind and water erosion effectively, thereby en-
hancing soil stability [17]. Consequently, they have been extensively utilized in desert and
plateau regions to ameliorate soil stability and diminish erosion [18,19]. The involvement
of microorganisms is crucial in the process of sand stabilization in biocrusts. The inter-
twining of microbial hyphae with soil particles results in the formation of aggregates that
increase soil stability [20]. Moreover, microbial secretion of extracellular polymeric sub-
stances contributes to promoting soil structural stability by adhering to soil particles [21,22].
Additionally, these substances contain diverse active components, including microbial
enzymes [23]. However, few studies have investigated the mechanisms through which
microbial enzymes increase the erosion resistance of biocrusts.

Carbonic anhydrase is a zinc-containing metalloenzyme that can catalyze the hydra-
tion reaction of carbon dioxide, thereby facilitating the formation of carbonates. This en-
zyme is widely distributed among living organisms and is characterized by its remarkable
catalytic efficiency [24]. Current research suggests that carbonic anhydrase has extensive
applications in soil stabilization, enhancing the performance of concrete materials and
restoring damaged buildings and cultural relics [25,26]. The findings from our previous
research indicate a positive correlation between erosion resistance and microbial carbonic
anhydrase activity in biocrusts [27]. The result indicated that biocrusts may harbor carbon-
atogenic bacteria with elevated carbonic anhydrase activity, which could play a pivotal
role in promoting sand stabilization. The further isolation and screening of carbonic anhy-
drase strains from biocrusts, along with the elucidation of the role of carbonates in sand
consolidation, hold significant importance for future applications.

Therefore, cyanobacterial biocrusts at different developmental stages were selected.
The purposes of this study were to (1) elucidate the variations in carbonic anhydrase activity
during biocrust formation and development, (2) isolate microbial strains with carbonic
anhydrase activity and (3) identify the characteristics of carbonates induced by carbonic
anhydrase and illustrate their role in sand consolidation.

2. Materials
2.1. Sampling Methods

This study was conducted on a tropical coral island in the South China Sea charac-
terized by a tropical oceanic monsoon climate. The annual average temperature on the
island is 27.4 ◦C, coupled with an annual mean humidity of 83% and a mean wind speed of
3.4 m/s [28]. The soil composition of tropical coral islands is rich in calcium carbonate, with
a fragile and morphologically diverse substrate that is particularly prone to erosion [29].
The vegetation cover on the island is sparsely distributed, with a low extent of coverage.
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Cyanobacteria-dominated biocrusts account for approximately 6.25% of the total land
area [30].

In July 2024, three sample types (bare soil, light biocrusts and dark biocrusts) were
collected from the unvegetated soil surface (0–2 cm). Chlorophyll-a was used to assess the
photosynthetic potential, which serves as an index for the developmental stage of biocrusts.
Light biocrusts represent the initial three years of growth, whereas dark biocrusts indicate
later stages of more than five years [13,31]. Eight 1 m × 1 m quadrats spaced more than
20 m apart were set up, and five samples were collected from each quadrat. All the samples
were stored at 4 ◦C for enzyme activity tests and bacterial cultivation.

2.2. Determination of Chlorophyll-a and Carbonic Anhydrase Activity

The samples were dried at 25 ◦C and passed through a 35-mesh sieve to remove coarse
particles. Chlorophyll-a was determined by ethanol spectrophotometry [32]. In the dark
environment, 1 g of biocrusts was added to 5 mL of 95% ethanol solution, boiled at 95 ◦C
for 5 min and allowed to cool for 30 min. The absorbance was immediately measured
at 665 nm. The carbonic anhydrase activity of biocrusts was determined according to a
previous report [33]. The biocrust samples were ground, and then 1 g of each sample
was taken and placed into a 15 mL centrifuge tube, after which 1 mL of deionized water
was added. The mixture was vortexed for 5 min and centrifuged at 3000× g for 5 min at
4 ◦C. The supernatant was collected for assessment of soil carbonic anhydrase activity. The
enzyme activity was measured by the rate of pH reduction by one unit at a temperature
of 4 ◦C. The assay mixture comprised 5 mL of phosphate buffer (20 mmol/L, pH = 8.3),
0.5 mL of either boiled or unboiled sample and 4.5 mL of CO2-saturated water. Carbonic
anhydrase activity was calculated by the formula U = 10(To/Te − 1). To and Te denote the
time of one-unit decrease in pH of boiled or unboiled samples.

2.3. Microbiological Analysis
2.3.1. Isolation of Carbonatogenic Bacteria

One gram of soil sample was added to 9 mL of sterile deionized water. After vortexing
and standing for 30 min, the sample was diluted and the supernatant was coated onto blue–
green 11 (BG-11) and tryptose soybean agar (TSA) medium plates and incubated aerobically
at 30 ◦C. After a period of incubation, single colonies were collected and cultured at 30 ◦C
in sterilized BG-11 or TSB medium. The carbonic anhydrase activity of the strains was
determined according to the standard procedure. The strains with carbonic anhydrase
activity were stored at −80 ◦C with 30% (w/v) sterilized glycerin.

2.3.2. Bacterial Identification

Bacterial DNA was extracted using EasyPure Bacterial Genomic DNA Kit. The uni-
versal primers 27F and 1492R were used to amplify 16S rRNA gene by polymerase chain
reaction (PCR). Reaction conditions were as follows: predenaturation at 95 ◦C for 5 min,
95 ◦C for 3 min, 57 ◦C for 30 s and 72 ◦C for 1 min, for 30 cycles; and a final cycle of 10 min
at 70 ◦C. The PCR products were sequenced using the Sanger method and compared on
EZBioCloud website (www.ezbiocloud.net) (accessed on 1 September 2024) to determine
the closely related species of the isolated strain. The 16S rRNA gene sequences with the
highest similarity in database were taken as references, and the Clustal W method in MEGA-
11 (version 11.0) software was used for multiple sequence comparison [34]. Phylogenetic
trees depicting the relationships among the related bacteria were constructed using the
neighbor-joining method [35].
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2.4. Sand Consolidation

The strains with high carbonic anhydrase activity were selected, and the method of
sand consolidation refers to our previous study [27]. In total, 10 mL of bacterial culture
solution, 10 mL of 1 mol/L CaCl2 solution and 10 mL of 1 mol/L NaHCO3 solution were
added to 300 g of quartz sand (with Ca2+ removed by 1 mol/L HCl solution and dried
early) for seven consecutive days, after the quartz sand was dried. Sterile water was used
instead of bacterial solution as the control group (CK). Shear strength was measured using
a soil shear testing device (Eijkelkamp, Giesbeek, The Netherlands).

2.5. Optimization of Carbonate Formation Conditions

The OD values of bacterial cultures were measured at various temperatures and pH
levels to determine the optimal conditions for growth. The concentration of the carbon
source (NaHCO3) utilized for analyzing carbonic anhydrase-induced carbonate formation
ranged from 0.5 to 1.25 mol/L, with an incremental step of 0.25 mol/L. The CaCl2 and
Ca(C2H3O2)2 were selected to test for the optimal calcium source for carbonic anhydrase-
induced carbonate formation. The production of carbonic anhydrase-induced calcium
carbonate was measured under the optimal condition.

2.6. Analysis of the Morphology of Carbonate Crystals

Five grams of particles were scraped from the surface of the consolidated sand for X-
ray diffraction (XRD) and scanning electron microscopy (SEM) analysis. The crystal profile
of the crystal was analyzed by an X-ray crystal diffractometer (D8 ADVANCE, Berlin,
Germany) with CuKα radiation (λ = 0.154 nm), a diffraction angle of 2θ and scanning
speeds of 10–80◦ and 10◦/min. The consolidated sand was subjected to ion beam sputtering
(ISC150 T, SuPro, Shenzhen, China) and sprayed with gold metal for 60 s. SEM (S-3400 N,
Hitachi, Tokyo, Japan) was subsequently used to observe and photograph the cementation
effect of carbonate precipitation induced by carbonic anhydrase on sand.

2.7. Statistical Analysis

SPSS (version 26.0) was utilized to perform a univariate ANOVA (employing the
Tukey HSD test) to assess significant differences in parameter variances. The Clustal W
method in MRGA-11 (version 11.0) software was used for multisequence comparison, the
predictive tree building model was Tamura-Nei and the neighbor-joining method was
adopted for clustering analysis.

3. Results
3.1. Carbonic Anhydrase Activity and Chlorophyll-a Contents of Biocrusts

The carbonic anhydrase activities of the three sample types are illustrated in Figure 1A.
The carbonic anhydrase activity of the dark biocrusts was 1.20 U/g dry soil, which was
significantly higher than those of the light biocrusts and bare soil (p < 0.05). The chlorophyll-
a content in the dark biocrusts was 25.22 mg/kg, which was significantly higher than those
of the light biocrusts and bare soil (p < 0.05), and that of the dark biocrusts was 2.77 times
higher than that of the light biocrusts (Figure 1B). Chlorophyll-a serves as an indicator of
biocrust development and exhibits a positive correlation with carbonic anhydrase activity
(Figure 1C).
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Figure 1. The carbonic anhydrase activity, chlorophyll-a content and their correlation. (A) Carbonic
anhydrase activities of the three sample types. (B) Chlorophyll-a content in the three sample types.
(C) Correlation between carbonic anhydrase activity and chlorophyll-a content (y = 24.0379x − 3.8156,
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between groups, with a significance level below p < 0.05. The scattered solid shapes depict the
specimens obtained from various sites, with yellow, red and blue scatters symbolizing samples
collected from bare soil (BS), light biocrusts (LCs) and dark biocrusts (DCs), respectively.

3.2. Characteristics of Carbonatogenic Bacteria and Their Carbonic Anhydrase Activity

In this study, 35 bacterial strains with carbonic anhydrase activity, which belong to
four phyla and eight genera, were isolated from biocrusts (Figure 2A,B). The carbonic
anhydrase activity of the isolated strains ranged from 0.09 to 1.26 U/mL (Table S1). The
correlation between the carbonic anhydrase activity of the strains and the shear strength of
the sand consolidation is illustrated in Figure 3A,B. The strain SCSIO19859, which exhibits
the highest carbonic anhydrase activity, demonstrated the greatest shear strength in sand
consolidation. A significant positive correlation was observed between the microbial
carbonic anhydrase activity and the shear strength during sand consolidation (p < 0.05)
(Figure 3C). Given that strain SCSIO19859 exhibited the highest carbonic anhydrase activity
and demonstrated the greatest shear strength in sand consolidation, it was selected for
further investigation. The SEM and optical microscope analyses revealed that strain
SCSIO19859 exhibited a globular filamentous morphology (Figure 4A,B). Furthermore, the
phylogenetic tree analysis indicated that SCSIO19859 could be preliminarily identified as
Nostoc calcicola (Figure 4C).
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and SCSIO19859. (B) The shear strength in sand consolidation treated with strains SCSIO19853,
SCSIO19815 and SCSIO19859. (C) Correlation between carbonic anhydrase activity and shear strength
in sand consolidation (y = 4.8812x + 2.8698, R2 = 0.8715, p < 0.05). The presence of distinct letters (a, b,
and c) indicates noteworthy variances between groups, with a significance level below p < 0.05.
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3.3. Optimal Conditions for Carbonate Formation

As illustrated in Figure 5A,B, the optimal conditions for the growth of strain SC-
SIO19859 are a temperature of 25 ◦C and a pH of 7. Under these conditions, strain
SCSIO19859 exhibited maximal calcium carbonate production in a 1.5 mol/L NaHCO3

solution (Figure 5C). Furthermore, strain SCSIO19859 induced greater calcium carbon-
ate precipitation when CaCl2 was used as the calcium source compared to Ca(C2H3O2)2

(Figure 5D). Under optimal conditions, strain SCSIO198597 can produce 0.70 g/day of
CaCO3, a rate that surpasses both that obtained in non-optimized conditions and that of the
control group (Figure 6A). Additionally, a significantly positive correlation was observed
between CaCO3 content and shear strength in sand consolidation (p < 0.05) (Figure 7B).
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Figure 6. Correlation between CaCO3 production and shear strength in sand consolidation obtained
through treatment with strain SCSIO19859. (A) CaCO3 production for optimized (Opti) and non-
optimized (N-Opti) conditions, as well as control group (CK). (B) Correlation between CaCO3

production and shear strength (y = 17.4774x − 0.2793, R2 = 0.9592, p < 0.05). The presence of distinct
letters (a, b, and c) indicates noteworthy variances between groups, with a significance level below
p < 0.05.
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the interstices of sand particles. 
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findings, previous studies have also reported a substantial increase in chlorophyll-a content 
with biocrust development [39,40]. Biocrusts exhibiting relatively high levels of chlorophyll-
a may possess increased photosynthetic capacity, thereby potentially contributing more or-
ganic matter to the soil. An increase in soil fertility can provide a greater abundance of re-
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Figure 7. XRD and SEM analyses of calcium carbonate in sand consolidation for treatment with
strain SCSIO19859. (A) XRD analysis of CaCO3 crystals during sand consolidation. The horizontal
coordinate in the XRD analysis is twice the incidence angle of the X-ray (2θ), and the vertical coordi-
nate indicates the diffraction intensity. (B) SEM analysis of CaCO3 crystal during sand consolidation
at 300× magnification. The red arrow indicates the presence of calcium carbonate crystals on the
surface and within the interstices of sand particles.

3.4. Characteristics of Carbonate Induced by Carbonic Anhydrase

As illustrated in Figure 7A, the XRD analysis revealed that the calcium carbonate
particles induced by strain SCSIO19859 primarily consisted of calcite and vaterite. The SEM
analysis revealed a significant formation of calcium carbonate crystals produced during
the sand consolidation process with the treatment with strain SCSIO19859. These crystals
were observed both on the surface and within the interstices between the sand particles
(Figure 7B).

4. Discussion
4.1. Biocrusts Development Promotes the Activity of Microbial Carbonic Anhydrase

The results revealed variations in carbonic anhydrase activity among the different
sample types, demonstrating a significant increase concurrent with biocrust formation and
development (p < 0.05) (Figure 1A). Investigations in karst ecosystems have also revealed
variations in the activity of carbonic anhydrase due to distinct karst characteristics, vegeta-
tion types and coverage [36]. Similarly, in marine environments, the enzyme’s activity is
influenced by variations across different circulation zones and depths [37]. Moreover, soil
type also exerts a notable impact on carbonic anhydrase activity, with forests exhibiting
the highest levels, followed by Mediterranean ecosystems and deserts, while agricultural
soils display the lowest activity [38]. The increase in carbonic anhydrase activity may
be attributed to the formation and development of biocrusts. In this study, an increase
in chlorophyll-a content was observed during the development of biocrusts (Figure 1B).
Consistent with our findings, previous studies have also reported a substantial increase
in chlorophyll-a content with biocrust development [39,40]. Biocrusts exhibiting relatively
high levels of chlorophyll-a may possess increased photosynthetic capacity, thereby poten-
tially contributing more organic matter to the soil. An increase in soil fertility can provide a
greater abundance of resources and energy for the proliferation of microorganisms, thereby
facilitating an increase in the microbial population and, ultimately, enhancing the activity
of soil microbial carbonic anhydrase [12,41,42]. Moreover, our previous study revealed that
the development of biocrusts can also enhance the proliferation of specific microbial com-
munities associated with carbonic anhydrase secretion [27]. The development of biocrusts
can also enhance soil physical and chemical properties, including pH, salinity and moisture,
thereby promoting an increase in carbonic anhydrase activity [43,44].
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Increases in soil carbonic anhydrase activity may contribute to the soil stabilization
capabilities of biocrusts. The findings of our previous research indicate a positive corre-
lation between the activity of carbonic anhydrase in biocrusts and their resistance to soil
erosion [27]. The strains obtained in this study also revealed a positive correlation between
high carbonic anhydrase activity and increased sand-fixation strength (Figure 3C). Previous
research has demonstrated that the application of carbonic anhydrase biostimulation signif-
icantly enhances the shear strength of soil, resulting in a six-fold increase compared to soil
without biostimulation [45]. The compressive strength of concrete treated with carbonic
anhydrase-producing bacteria was significantly enhanced [46]. In this study, biocrusts
exhibiting well-developed characteristics demonstrated higher carbonic anhydrase activity
(Figure 1A), indicating their potential for stronger sand-fixing capabilities. This finding
highlights the significance of promoting the development of biocrusts and enhancing car-
bonic anhydrase activity to improve their ability to stabilize soil for future cultivation
and management.

4.2. Carbonatogenic Bacteria and Their Role in Sand Consolidation

A total of 35 strains capable of secreting carbonic anhydrase were isolated from
biocrusts (Table S1). These strains are classified under the phyla Cyanobacteriota, Actino-
mycetota, Bacillota and Pseudomonadota (Figure 2A). The findings from our previous in-
vestigations demonstrated that these microorganisms constitute the predominant bacterial
assemblage within biocrusts [27,30]. The bacteria isolated from biocrusts are also primarily
Chloroflexota, Pseudomonadota, Bacteroidota, Actinomycetota and Acidobacteriota [47,48].
It was reported that cyanobacteria possess the ability not only to perform photosynthesis
for organic matter synthesis, but also to harbor genes responsible for carbonic anhydrase
secretion and regulation, which holds significant potential for calcification [49]. Firmi-
cutes, such as Bacillus, are well known for their high levels of carbonic anhydrase and
possess significant potential applications in soil stabilization. Bacillus strains possess the
ability to form biofilms, thereby enhancing bacterial colonization, nutrient acquisition
and interactions with other microorganisms. Moreover, these strains can produce extra-
cellular polymeric substances, which consist of proteins that facilitate the formation of
mineralized products with diverse crystal morphologies, leading to increased inter-particle
friction [50,51]. Similarly, Actinomycetota and Pseudomonadota bacteria are also capa-
ble of producing carbonic anhydrase, which facilitates CO2 sequestration and carbonate
generation [52,53]. The carbonic anhydrase activity of the strains obtained in this study
ranged from 0.03 to 1.26 U/mL. Among these strains, strain SCSIO19859 demonstrated
the highest degree of carbonic anhydrase activity, which is higher than that of the strain
Chryseobacterium gambrini from the developed karst area of Yunnan Province, but lower
than that of the strain Bacillus from mine sediment [21,54].

Microbial carbonic anhydrase facilitates the catalysis of carbonate formation, thereby
promoting soil stability. The strain SCSIO19859 exhibited enhanced calcium carbonate
precipitation when 1.25 mol/L NaHCO3 and CaCl2 were utilized as substrates (Figure 5).
Consistent with other studies, the calcium carbonate particles produced by microbial
carbonic anhydrase using calcium chloride as a substrate exhibited higher levels compared
to those from other sources of calcium. This can be attributed to the high solubility of the
calcium chloride solution and high surface energy [55]. The production of CaCO3 was
substantially enhanced under optimized conditions compared to non-optimized conditions
(p < 0.05) (Figure 6A). Moreover, the quantity of CaCO3 exhibited a positive correlation
with shear strength during the sand consolidation process (Figure 6B). A study conducted
along coastlines to induce microbial carbonate precipitation for mitigating coastal erosion
also revealed a clear linear relationship between calcium carbonate content and erosion
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resistance [56]. The XRD analysis revealed that the CaCO3 crystals induced by strain
SCSIO19859 were predominantly composed of calcite and vaterite (Figure 7A). Carbonic
anhydrase is an effective enzyme that catalyzes the formation of calcite, aragonite and
precipitates [57]. This process guides newly formed particles into existing calcium spiral
structures to facilitate the growth of larger crystals [58]. The stability of calcite crystals
derived from calcium carbonate has been reported to be higher than that of aragonite
crystals formed by alternative sources of calcium [59]. The strain SCSIO19859 in this
study was found to induce calcite production, which could potentially account for the
increased formation of calcium carbonate and enhanced sand-fixation strength. The SEM
analysis further revealed that calcium carbonate crystals, mediated by carbonic anhydrase,
were tightly wrapped around the sand grains (Figure 7B). The process of sand and gravel
bonding can be enhanced by the presence of calcium carbonate crystals, which contribute to
increased soil density and improved stability [60]. Furthermore, carbonic anhydride crystals
can enhance the roughness and friction characteristics of the sand surface, thereby increasing
its stability [61]. More crucially, calcium carbonate crystals facilitate robust adhesion among
sand particles, thereby enhancing the mechanical stability of the sand [62,63]. In addition
to microbial carbonic anhydrase, there may be other factors, including the adsorption
of extracellular polymeric substances, the accumulation of organic matter and soil fine
particles, or the entanglement of mycelia, which can also enhance soil stability [64–66].
Consequently, it is an even greater challenge to explore additional pathways to maintain
soil stability during biocrust formation and development.

The present study characterizes the carbonic anhydrase activity of isolated carbonate-
producing bacteria and elucidates their role in enhancing soil shear strength during biocrust
development. It is plausible that other uncultivated strains also possess carbonic anhydrase
activity, which warrants further investigation. Therefore, future research should focus on
the isolation and characterization of additional carbonatogenic bacteria. Moreover, efforts
should be directed toward optimizing the application of known carbonatogenic bacteria,
such as SCSIO19859, to promote biocrust development and enhance soil shear strength
under field conditions. Additionally, incorporating an evaluation of the long-term stability
of calcium carbonate crystals and exploring potential synergies with other soil stabilization
techniques would be of significant importance.

5. Conclusions
The present study provides evidence for a link between the carbonic anhydrase activity

of carbonatogenic bacteria and the stability of biocrusts. The results demonstrate a signifi-
cant enhancement in carbonic anhydrase activity with biocrust development (p < 0.05). A
total of 35 strains capable of secreting carbonic anhydrase were isolated from the biocrusts.
The data further revealed a positive correlation between the carbonic anhydrase activity and
the shear strength during sand consolidation under these strains. The strain SCSIO19859,
which exhibits high carbonic anhydrase activity, can induce the stable formation of calcite
and vaterite under optimized conditions. The calcium carbonate crystals can efficiently
bind the sand particles, thereby enhancing the shear strength of the sand. This study offers
a novel insight into the erosion resistance of biocrusts from the perspective of culturable
carbonatogenic bacteria and their carbonic anhydrase. Furthermore, this investigation also
highlights the significance of these strains in enhancing soil stability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13030523/s1, Table S1: The carbonic anhydrase
activity and closely related species of isolated strains.
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Abstract
The environments of tropical and subtropical coral reef regions (CRR) differ from each other; however, it is not known
if  these  environmental  differences  influence  coral  polyp  and  skeleton  microbiome  composition.  In  this  study,
Coelastrea palauensis corals were collected from tropical and subtropical CRR in the South China Sea, and bacterial,
archaeal,  and fungal communities in polyps and skeletons were analyzed. Results showed that the microbial diversity
and composition of C. palauensis significantly differed between the polyps and skeletons, and between the tropical and
subtropical CRR. Regarding bacteria associated with corals, C. palauensis was mainly associated with bacteria closely
related to the nitrogen cycle in the subtropical  CRR. The relative abundances of  Terasakiellaceae and Chlorobium  in
both coral polyps and skeletons in the subtropical CRR were higher than those in the tropical CRR. In the tropical CRR,
C. palauensis was mainly associated with opportunistic pathogenic bacteria. The relative abundances of Tenacibaculum
and Vibrio in coral polyps and skeletons in the tropical CRR were higher than those in the subtropical CRR. Regarding
archaea associated with corals,  polyps and skeletons of C. palauensis  in both tropical and subtropical reef areas were
dominated by n_Woesearchaeales, and the relative abundance of n_Woesearchaeales in skeletons is significantly higher
than  that  in  polyps.  In  addition,  the  relative  abundances  of  n_Woesearchaeales  in  polyps  and  skeletons  in  the
subtropical  CRR  were  significantly  higher  than  those  in  the  tropical  CRR.  Regarding  fungi  associated  with  corals,
Ascomycota  was  dominant  in  polyps  and  skeletons  in  the  subtropical  CRR,  while  Sordariomycetes,  Periconia,
Cladosporium,  and Aspergillus  were  dominant  in  polyps  and  skeletons  in  the  tropical  CRR.  Besides,  the  diversity
differences of coral-associated microorganisms were related to environmental factors such as nutrients and temperature
that  may  affect  the  survival  of  coral-associated  microorganisms.  These  results  implied  that  corals  may  adjust  the
composition of microorganisms, conducive the coral holobiont to better adapting the environment. Our research will be
beneficial in understanding the differences and adaptations of coral polyp and skeletal microbiome.

Key words  coral  microbiome,  polyp  microbiome,  skeleton  microbiome,  microbial  diversity,  environmental
adaptability
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1  Introduction

Reef-building corals are the main constructors of coral
reef  ecosystems,  and  are  composed  of  a  large  number  of
porous  voluminous  calcium  carbonate  skeletons  and
polyps (Levy et al., 2021). Coral polyps and skeletons are
associated with  various  microorganisms,  including   Sym-
biodiniaceae, bacteria,  fungi,  archaea,  viruses,  and proto-
zoa (Bourne et al., 2016). Coral polyps include the mucus
and tissue layers.  In the mucus layer,  the microbial  com-
munity play an important role in nutrient cycling and pre-
vention  of  pathogen  invasion  (Kemp et  al.,  2015).  In  the
tissue  layer,  the  microbial  community  is  usually  stable,
and  some microorganisms  form cell-associated  microbial
aggregates  (Sweet  et  al.,  2011;  Work  and  Aeby,  2014;
Bourne et al., 2016). Bacteria play important roles in coral
polyps, such as in the nitrogen cycle (Lesser et al.,  2004;
Lema et al., 2012), carbon cycle (Kimes et al., 2010), sul-
fur  cycle  (Raina  et  al.,  2009),  and  antibiotic  secretion
(Ritchie, 2006).

The coral polyp microbiome is typically dominated by
Proteobacteria (especially  Gammaproteobacteria  and   Al-
phaproteobacteria), Actinobacteria,  Bacteroidetes,   Firmi-
cutes  and  Cyanobacteria  (Blackall  et  al.,  2015;  Huggett
and Apprill,  2019). The coral  skeletal  microhabitat  clear-
ly differs from that of coral polyps (Luo et al., 2021). The
coral  skeleton  is  composed  of  aragonite  crystals,  and  its
loose and porous structure provides a good habitat for the
survival of microorganisms (Meibom et al., 2008). Skele-
tal microbes survive in low light and low oxygen content,
and the pH of coral  skeletons fluctuates significantly due
to some microorganisms in the coral perform light deteri-
oration  during  the  day  and  respiration  at  night  carry  out
photosynthesis  during  the  day  and  respiration  at  night
(Shashar  and  Stambler,  1992; Ricci  et  al.,  2019;  Pernice
et  al.,  2020). The  difference  of  microhabitat  strongly   af-
fects the composition of the skeletal  microbial  communi-
ties (Ainsworth et  al.,  2010).  Microbes in coral  skeletons
usually exhibit  high biodiversity and mainly include Pro-
teobacteria, Bacteroides, Firmicutes, Actinomyces, Phyto-
cocca,  Acidobacter  and  Chlorophyta  (Li  et  al.,  2014;
Williams  et  al.,  2015; Marcelino  and  Verbruggen,  2016;
Yang  et  al.,  2019; Chen  et  al.,  2021; Ricci  et  al.,  2021).
These skeletal microbes contribute to material circulation
and energy exchanges of microbial communities to hosts,
such as the nitrogen and carbon cycles (Sangsawang et al.,
2017; Yang et al., 2019). Coral polyps and skeletons have
different microbial associations and respond differently to
environmental  stress,  which  may  influence  the  microbial
communities (Sweet et al., 2011; Luo et al., 2021). In ad-
dition, it has been reported that the composition and diver-
sity  of  bacterial  communities  in  coral  skeletons  can  be
driven by biogeographical or local environmental factors,
resulting  in  regional  differences  (Liu  et  al.,  2022;  Yang
et al., 2016, 2019, 2020; Ricci et al., 2021). However, few
studies have focused on the diversity and composition dif-

ferences in coral skeletal bacteria in tropical and subtropi-
cal  coral  reef  regions  (CRR)  as  well  as  differences  from
coral polyps’ bacteria.

Similarly, few studies have focused on the differences
of archaea and fungi between coral polyps and skeletons.
Previous studies  have  indicated  that  members  of   Eur-
yarchaeota and Thaumarchaeota are associated with corals
and that some archaea members play key roles in ammo-
nia oxidation, affecting the nitrogen cycle in corals (Fran-
cis et al., 2007; Huggett and Apprill, 2019). Most fungi in
corals belong to Ascomycota,  followed by Basidiomycota
and  Chytridiomycota  (Wegley  et  al.,  2007;  Raghukumar
and Ravindran, 2012). Fungi are generally considered op-
portunistic pathogens in corals under environmental stress
but may also be non-pathogenic invasive microorganisms
(Le  Campion-Alsumard  et  al.,  1995b;  Ainsworth  et  al.,
2017).  In  addition,  some  fungi  play  important  roles  in
coral mineralization (Le Campion-Alsumard et al., 1995b)
and  antibacterial  activity  (Xu  et  al.,  2018;  Wang  et  al.,
2011). However, the differences between skeletal archaea
and  fungi  of  corals  in  tropical  and  subtropical  CRR  as
well as  the  differences  in  coral  polyps  are  not  well   stud-
ied.

The massive Coelastrea corals are stress tolerant, and
are  the  dominant  coral  populations  in  Indo-Pacific  coral
reefs  (Darling  et  al.,  2012).  Coelastrea  corals are   dis-
tributed  in  coral  reefs  in  different  regions  of  the  South
China Sea (SCS), with a high abundance in tropical CRR
(such as Xisha Islands and Nansha Islands) and subtropi-
cal CRR (such as Weizhou Island and Daya Bay) (Liao et
al.,  2021).  In  these  regions, Coelastrea  palauensis  is  the
common species of Coelastrea genus (Zou, 2001; He and
Huang, 2019). The specific skeletal structure and distribu-
tion of Coelastrea corals affect the composition and func-
tion of associated microorganisms in response to environ-
mental  fluctuations  (Torda  et  al.,  2017).  However,  the
spatial variation of Coelastrea skeletal and polyp microor-
ganisms  in  different  climate  zones  and  between  coral
skeletons  and  polyps  remains  unclear.  These  differences
are important  for  studying  the  interaction  of  coral   mi-
croorganisms  and  their  relationship  with  environmental
stress adaptation.

In  this  study,  we  examined C. palauensis  in  tropical
and subtropical  CRR.  Based  on  the  composition  and   di-
versity  of C.  palauensis  polyp and  skeleton  bacteria,   ar-
chaea,  and  fungi,  and  environmental  parameters  of  the
two  CRR,  two  scientific  problems  were  investigated:
(1) the differences in the composition and diversity of C.
palauensis polyp and skeletal bacteria, archaea, and fungi
in tropical and subtropical CRR; and (2) the potential rela-
tionship  of  bacteria,  archaea,  and  fungi  in C.  palauensis
skeletons and polyps with coral environmental adaptabili-
ty. Regarding  this,  two  scientific  hypotheses  were   pro-
posed:  (1)  there  is  a  difference  between  the  composition
and diversity of C. palauensis polyp and skeletal bacteria,
archaea,  and  fungi  in  tropical  and  subtropical  CRR;  and
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(2) the differences in the composition of bacteria, archaea,
and  fungi  in  the  polyp  and  skeletons  of  C.  palauensis
corals correlate with the coral environments. The compo-
sition and diversity of bacteria, archaea and fungi in coral
polyp and skeletons from the subtropics and tropics CRR
in the SCS were investigated to test our hypotheses in re-
lation  to  in  situ  aquatic  environmental  parameters  in  the
study area. Our research will be beneficial in understand-
ing  the  differences  and  adaptations  of  coral  polyp  and
skeletal microbiome.

2  Materials and methods

2.1  Study area

The  study  areas  (Fig.  1)  in  this  study  spanned  two
climate  zones  in  the  SCS,  the  Bombay  Reef  (16°03'N,
112°33'E)  in  the  tropical  CRR  and  Weizhou  Island
(21°00′N, 109°00′E) in the subtropical  CRR. The annual
average sea  surface  temperature  (SST)  of  the  Xisha   Is-
lands  is  27.5℃.  The  lowest  SST  was  24.8℃, which   oc-
curred between  December  and  February,  while  the   high-
est  average  SST  was  29.9℃,  which  occurred  between
May  and  September  (Zhang  et  al.,  2014).  An  ecological
survey suggested that the average live coral  cover (LCC)
of  the  Bombay  Reef  in  the  tropical  reef  area  was  11%
(Chen et al., 2019).

The annual average SST of Weizhou Island in the sub-
tropical  reef  area is  24.6℃. Low SST was observed dur-
ing  winter,  with  an  average  of  17.5–19.8℃,  while  high
SST  was  observed  during  summer,  with  an  average  of
29.0–30.3℃ (Wang  et  al.,  2016;  Yu  et  al.,  2019).  The
coral reefs on Weizhou Island have suffered from serious

degradation  due  to  destructive  human  activities,  with  the
average LCC decreasing from about 42% in 1984 to about
10% in 2015 (Yu et al., 2019).

2.2  Coral sample collection and seawater param-
eter measurement

A  total  of  34  C.  palauensis  nubbins  were  sampled
from  the  Bombay  Reef  and  Weizhou  Island  in  August
2021.  All  the  coral  samples  were  collected  in  5–6  m
depths  at  the  outer  reef  slope  both  of  Bombay  Reef  and
Weizhou  Island.  To  remove  attached  microorganisms,
coral  samples  were  washed  with  sterile  seawater.  After
quick  freezing  with  liquid  nitrogen,  the  samples  were
stored at –20℃, and transported to the laboratory for sub-
sequent  sample  treatment.  In  the  laboratory,  surface
polyps of each coral sample were obtained by sterile scis-
sor  in  2  mL  sterile  centrifuge  tube  on  sterile  console.
After  the  polyp  on  the  coral  surface  was  removed,  the
coral  sample  was  thoroughly  washed  using  a  Waterpik
containing sterile seawater to remove the residual tissue of
coral  polyps.  The  coral  skeleton  was  then  split,  and  the
skeleton sample  was  cut  using  sterile  forceps,  the   skele-
ton piece which does not  directly contact  the tissue layer
was  carefully  separated.  The  coral  polyp  and  skeleton
fragments  were  stored  15  mL  freezing  tubes  in  a  –80℃
freezer.

Environmental  parameters  were  measured  including
water  temperature,  salinity,  dissolved  oxygen  (DO),  pH,
transparency,  turbidity,  dissolved  inorganic  nitrogen
(DIN),  and  soluble  reactive  phosphorus  (SRP).  Water
temperature,  salinity,  and  DO  were  assessed  with  a  YSI
water  quality  analyzer  (YSI  Inc.,  Yellow  Springs,  OH,
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Fig. 1.   Location map of coral reef sampling sites in the Bombay Reef and Weizhou Island. Coelastrea palauensis nub-
bins were sampled in B1–B2 from the Bombay Reef and W1–W2 from the Weizhou Island. Environmental parameters
were measured and water samples were collected in B1–B5 from the Bombay Reef and W1–W5 from the Weizhou Is-
land.
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USA). Seawater samples were collected and immediately
filtered  (Whatman  GF/F;  GE  Healthcare,  Chicago,  IL,
USA). The  pH was  measured  with  separate  portable  me-
ters  (PHB-4). Turbidity  was  measured  by  a  portable   tur-
bidity  meter  (WGZ-20B,  0–20  NTU).  Transparency  was
measured  with  a  Secchi  disc  (SD  30).  Nitrate  and  SRP
were  measured  using  a  continuous  flow  analyzer  (SEAL
QuAAtro;  SEAL Analytical  Shanghai,  Shanghai,  China).
In this study, environmental parameters were measured at
five  sites  in  the  Bombay  Reef  or  Weizhou  Island,  and
each site was measured once (Fig. 1, Table S1). Since no
significant  difference  in  these  environmental  parameters
among five sites on a same island, these parameters on a
same  island  were  served  as  a  set  of  data.  The  Wilcoxon
rank-sum test  was  used  to  analyze  the  differences   be-
tween  the  Bombay  Reef  and  Weizhou  Island,  and  the
Mann-Whitney  test  was  used  to  perform  post  hoc  tests.
The  statistical  results  of  these  environmental  parameters
were  expressed  using  mean  ±  standard  deviation  (SD),
and  the  significant  level  threshold  was  defined  as  0.05
(p < 0.05).

2.3  DNA extraction, PCR and sequencing

Total DNA was extracted from C. palauensis polyp or
skeleton  samples  using  the  TIANamp  Marine  Animals
DNA Kit  (Tiangen Biotech,  Beijing,  China)  according to
the manufacturer’s  instructions.  After  extraction,  1  μL of
DNA was used to determine the concentration and purity
using  a  NanoDrop2000  trace  UV  spectrophotometer
(Thermo  Fisher  Scientific,  Waltham,  MA,  USA).  After
quality and purity testing, the extracted DNA sample was
used as a PCR template. Primers were used to amplify the
following regions:  V3−V4 region  of  the  16S rRNA gene
in bacteria (338F:5'-ACTCCTACGGAGGCAGCAGCAG-
3',  806R:  5'-GGACTACHVGGGTWTCTAAT-3')  (Mori
et  al.,  2014, Xu  et  al.,  2016);  V4−V5  region  of  the  16S
rRNA  gene  in  archaea  (524F10extF:5'-TGYCAGCGC-
CGCGGTAA-3',  Arch958RmodR:5'-YCCGCGGTTGA-
VTCCAATT-3')  (Liu  et  al.,  2016); and  Internal   Tran-
scribed  Spacer  2  (ITS2)  region  in  fungi  (ITS3F:5'-GC-
ATCGATGAAGAACGCAGC-3'  and  ITS4R:5'-TCCTC-
GCTTATTGATGC-3') (Toju et al., 2012).

Each sample had a unique barcode, and PCR amplifi-
cation was performed in a 50-μL reaction volume contain-
ing approximately 50 ng of DNA, 25 μL of 2X Taq plat-
inum  polymerase  chain  reaction  stock  solution  (Tiangen
Biotech, Beijing, China), 200 nmol/L of each primer, and
double-distilled H

2
O to make up the final  volume.  Using

an  ABI  GeneAmp  system  with  a  9 700  Thermal  Cycler
(Applied  Biosystems,  Waltham,  MA,  USA),  the  reaction
was allowed to proceed for 5 min at 94℃; 35 cycles were
subsequently carried out at 94℃, 51℃, and 72℃ for 30 s
each, and, finally, the temperature was maintained at 72℃
for  5 min (Sun et  al.,  2014). 3 μL PCR product  was col-
lected  per  sample  and  tested  product  integrity  using  2%
agarose gel electrophoresis (115 V, 45 min) to ensure that

the amplicon was in the size of 301–340 bp. An AxyPrep
DNA  gel  extraction  kit  (Axygen  Biosciences  Inc.  Union
City, CA, USA) and a QuantiFluor ST fluorescence quan-
tification  system  (Promega,  Madison,  WI,  USA)  were
used to purify and quantify the amplicon.

After  quality  inspection,  the  amplified  samples  were
subjected to paired-end sequencing on an Illumina MiSeq
platform  (Majorbio  Bio-pharm  Technology,  Shanghai,
China). The raw sequences were deposited in the Nation-
al Center  for  Biotechnology  Information  (NCBI)   Se-
quence Read Archive (SRA) database (accession number:
fungi:  PRJNA923503;  bacteria:  PRJNA923743;  archaea:
PRJNA923739).

2.4  Bioinformatics and statistical analysis

The  original  bacterial  and  archaea  data  from  C.
palauensis samples were derived from the raw sequences
obtained  using  Illumina  MiSeq  sequencing.  PEAR
(v.0.9.8) was used to assemble the paired reads of the bac-
terial  16S  rRNA  gene  produced  by  the  Illumina  MiSeq
platform  to  generate  the  complete  V3−V4 region   se-
quence  of  the  16S  rRNA  gene,  and  archaea  16S  rRNA
gene produced by the  Illumina MiSeq platform to  gener-
ate  the  complete  V4−V5  region  sequence  of  the  16S
rRNA gene,  with  a  maximum allowed  mismatch  ratio  of
0.2 (Zhang et al., 2014). The valid sequences of the sam-
ples were then identified based on the sequence primer se-
quences  and  barcodes,  and  the  sequence  orientation  was
adjusted  (barcode  quality  control  threshold:  mismatch
number  0;  maximum  primer  mismatch  number  2).  Non-
repetitive  sequences  were  extracted  from  the  optimized
sequences using Uparse (version 7.1), while removing sin-
gle  sequences  without  repeats  and  chimeras.  The  SILVA
138.1/16S_Bacteria and SILVA 138.1/16S_Archaea were
used to identify and classify the bacteria, archaea, respec-
tively, and  clustering  them  into  groups  of  amplicon   se-
quence  variants  (ASV)  (Callahan  et  al.,  2016;  Savary
et al., 2021). Based on ASV clustering and rarefied, Moth-
ur (version  1.30.1)  was  used  to  calculate  α  diversity   in-
dices, including the Shannon–Wiener, Simpson, Sobs, and
Ace indices (Schloss et al. 2011).

The  raw  fungal  ITS2  sequences  were  screened,  and
the unqualified sequences were deleted using the Mothur
(version  1.30.1)  platform  (Caporaso  et  al.,  2010;  Zhang
et al., 2014). According to the next generation sequencing
data  quality  control  standards,  the  “trim.seqs”  function
was used to remove low-quality reads,  including barcode
sequences,  up-stream  primers,  homopolymers  (>6  bp),
and  short  length  sequences  (<250  bp)  (Schloss  et  al.,
2009).  Chimeras  were  removed  from the  sequence  using
UCHIME.  NT_v20200327/ITS  was  used  to  identify  and
classify the fungi, and clustering them into groups of ASV
(Nilsson  et  al.,  2019). Based  on  ASV clustering  and   rar-
efied, Mothur (version 1.30.1) was used to calculate fun-
gal  α  diversity  indices,  including  the  Shannon-Wiener
(H ′),  Simpson,  Sobs,  and  Ace  indices  (Schloss  et  al.,
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2011).
The Wilcoxon rank sum test was used to compare the

differences in  α  diversity  and  microbial  composition   be-
tween  the  skeletons  and  polyps  of C.  palauensis  in  the
Bombay  Reef  and  Weizhou  Island,  and  the  Mann-Whit-
ney  test  was  used  to  perform  post  hoc  tests.  The  Circos
(version 0.67-7, http://circos.ca/)  was used to analyze the
composition of dominant bacteria, archaea, and fungi, and
the  proportion  of  dominant  microbial  members  between
the skeletons and polyps.  Venn diagram analysis  at  ASV
level was conducted using VennDiagram package. Princi-
pal  coordinates  analysis  (PCoA)  at  the  ASV  level  was
used to conduct a β-diversity analysis of the coral associ-
ated bacteria, archaea, and fungi. They were used to visu-
alize the results of Permutational Multivariate Analysis of
Variance  (PERMANOVA)  generated  by  the  Bray  Curtis
distance  to  reveal  the  microbial  community  structure  of
the  different  groups  of  coral  skeletons  and  polyps  in  the
Bombay Reef and Weizhou Island. All multi-dimensional
statistical  analysis  was  performed  using  R  version  3.1.2
and  the  Vegan  package  (Oksanen  et  al.,  2015).  In  this
study,  because  of  Detrended  Correspondence  Analysis
(DCA) < 3, a redundancy analysis (RDA) was performed
in Canoco 4.5 software to examine the correlation among
environmental factors, sampling areas, and ASV of bacte-
ria,  archaea,  and  fungi.  Statistical  results  of  this  study
were  expressed  using  mean  ±  SD  in  this  study,  and  the
significance  level  threshold  was  defined  as  0.05  (p  <
0.05).  The  data  of  environmental  parameters,  diversity
community bacteria, archaea and fungus from coral polyp
and skeleton in tropical and subtropical CRR can be avail-
able  from  the  Dryad  (https://datadryad.org.  DOI:  10.
5061/dryad.c59zw3rh8).

3  Results

3.1  Environmental parameters

The DIN and SRP in the subtropical CRR were high-
er  than  those  in  the  tropical  CRR  (Table  S1,  Wilcoxon
rank  sum  test, p  =  0.008).  In  contrast,  the  SST,  salinity,
and  transparency  of  the  tropical  CRR  were  higher  than
those  of  the  subtropical  CRR  (Wilcoxon  rank  sum  test,
p =  0.008).  No significant  differences  were  found in  DO
and  pH  between  the  subtropical  and  tropical  CRR
(Wilcoxon rank sum test, p > 0.05). These data show that
the seawater of the subtropical CRR is characterized by a
relatively  high  nutrient  content  and  high  turbidity  while
that  of  the  tropical  CRR  is  characterized  by  high  water
temperature, high transparency, and low nutrient content.

3.2  The  bacterial  community  of  coral  polyp  and
skeleton in tropical and subtropical CRR

After quality filtering, 18 571 ASV were obtained us-
ing Illumina MiSeq platform. α-diversity index was mea-
sured  using  the  Sobs,  Ace,  Shannon-Wiener, and   Simp-
son  indices  (Table  S2,  Figs  2  and  S1).  In  the  tropical

CRR, the  Shannon-Wiener  (Wilcoxon rank sum test, p =
0.185) and Simpson (Wilcoxon rank sum test, p = 0.181)
indices of skeletal bacteria in C. palauensis were not sig-
nificant different from those of polyp bacteria. In the sub-
tropical CRR,  the  Ace and Sob indices  of  skeletal  bacte-
ria in C. palauensis were significantly higher than those of
polyp  bacteria  (Wilcoxon rank  sum test,  Ace, p <  0.001;
Sob, p = 0.001). Besides, this study showed that the Shan-
non-Wiener index of coral polyp bacteria in tropical CRR
was  significantly  higher  than  that  in  subtropical  CRR
(Wilcoxon  rank  sum test, p =  0.014),  while  the  Simpson
diversity  index  coral  polyp  bacteria  in  tropical  CRR was
significantly lower than that in subtropical CRR (Wilcox-
on rank sum test, p < 0.001). The Ace and Sob indices of
the  coral  skeletal  bacteria  in  the  subtropical  CRR  were
significantly higher than those indices in the tropical CRR
(Wilcoxon rank sum test, Ace index, p = 0.002; Sob, p =
0.003).

Total taxonomic  composition  of  bacteria  in  the   ana-
lyzed samples included 52 phyla, 156 classes, 390 orders,
643  families,  and  1  273  genera.  At  the  class  level,  17
classes  of  bacteria  in  C.  palauensis  had  an  abundance
greater than 1% (Table S3). In the tropical CRR, the rela-
tive abundance of Bacteroidia in coral polyps was signifi-
cantly  higher  than  those  in  the  skeletons  (Wilcoxon rank
sum  test,  p  =  0.047),  but  the  relative  abundance  of
Gammaproteobacteria  in  coral  polyps  was  significantly
lower than those in the skeletons (Wilcoxon rank sum test,
p  = 0.001).  In  the  subtropical  CRR,  the  relative   abun-
dance of Alphaproteobacteria in coral polyps was signifi-
cantly  higher  than  those  in  the  skeletons  (Wilcoxon rank
sum  test,  p  =  0.001),  but  the  relative  abundance  of
Gammaproteobacteria  in  coral  polyps  was  significantly
lower than those in the skeletons (Wilcoxon rank sum test,
p = 0.001). Besides, the relative abundance of Gammapro-
teobacteria and Bacteroidia of the coral polyps in the trop-
ical CRR was significantly higher than that in subtropical
CRR (Wilcoxon rank sum test, p < 0.001 and p = 0.015,
respectively), but significantly lower in the relative abun-
dance of Alphaproteobacteria (p = 0.006). Meanwhile, the
coral skeletal  bacteria  were  dominated  by   Gammapro-
teobacteria and Alphaproteobacteria in the subtropical and
tropical  CCRs,  but  there  was  no  significant  difference
(Wilcoxon rank sum test, p = 0.423 and p = 0.815, respec-
tively).  In  the  subtropical  CRR,  higher  abundance  of
Chlorobia  was found in  the coral  skeletons,  whereas  was
barely detected in tropical  CCR (<0.1%). The percentage
of Anaerolineae of the coral skeletons in the tropical was
significantly  higher  than  that  in  the  subtropical  (Wilcox-
on rank sum test, p = 0.000).

At the bacterial genus level, the composition of associ-
ated  bacterial  communities  significantly  differed  among
C. palauensis samples in the tropical and subtropical CRR
(Table S4, Fig. 3a). For polyp bacteria, high relative abun-
dances  of  Terasakiellaceae  (Wilcoxon rank sum test, p <
0.001),  Blastocatella  (p  =  0.002)  and  Chlorobium  (p  <
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0.001)  was  detected  in  the  subtropical  CRR  than  in  the
tropical  CRR,  as  shown  in Fig.  4. In  contrast,  high   rela-
tive  abundances  of  Rhodobacteraceae  (p  <  0.001), Pseu-
doalteromonas  (Wilcoxon rank sum test, p < 0.001),  and
Vibrio (Wilcoxon rank sum test, p < 0.001) was suggest-
ed in the tropical CRR. For skeletal bacteria, high relative
abundances of Terasakiellaceae (Wilcoxon rank sum test,
p  <  0.001)  and Chlorobium  (p  =  0.001)  was  detected  in
subtropical  CRR.  In  contrast,  the  relative  abundances  of
Cyclobacilluscaeae  (Wilcoxon  rank  sum test, p  <  0.001)
and A4b (Wilcoxon rank sum test, p = 0.002) were low in
the subtropical CRR.

Some  bacterial  taxa  differed  significantly  between

polyps and skeletons of C. palauensis. For example, in the
subtropical CRR,  the  relative  abundances  of   Terasakiel-
laceae  (Wilcoxon  rank  sum  test,  p  <  0.001)  and Blasto-
catella  (Wilcoxon  rank  sum  test,  p  =  0.004)  in  coral
polyps  were  significantly  higher  than  those  in  skeletons,
but  those  of Ruegeria  and Woeseia  (Wilcoxon  rank  sum
test, p = 0.002) in skeletons were significantly higher than
those  in  polyps  (Wilcoxon  rank  sum  test, p  =  0.024).  In
the tropical CRR, the relative abundances of Rhodobacter-
aceae (Wilcoxon rank sum test, p = 0.017), Pseudoaltero-
monas  (Wilcoxon  rank  sum test, p <  0.001), Vibrio  (p =
0.002),  A4b (p <  0.001),  and SAR202_clade  (p <  0.001)
differed significantly between polyps and skeletons.
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Fig. 2.   The Ace, Sobs, Shannon-Wiener, and Simpson diversity indices of associated bacteria based on ASV level in
coral  polyp and skeleton in the tropical  and subtropical  coral  reef  regions (CRR) in the South China Sea (SCS).  The
“SU_Po” “SU_Sk” “TR_Po” “TR_Sk” represent “coral polyp in subtropical CRR” “coral skeleton in subtropical CRR”
“coral polyp in tropical CRR” “coral skeleton in tropical CRR”, respectively. The red asterisks “*” “**” and “***” rep-
resent “0.01 < p < 0.05” “0.001 < p < 0.01” and “p < 0.001”, respectively.
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Venn diagram analysis revealed common and specific
bacterial  ASV  in  different  polyps  and  skeletons  of  C.
palauensis  (Fig.  3c).  The results showed that ASV found
in  coral  skeletons  were  higher  than  in  coral  polyps,  and
ASV  found  in  the  subtropical  CRR  were  higher  than  in
the tropical CRR. PCoA showed that the coral samples of
coral polyps  in  subtropical  CRR,  coral  skeletons  in   sub-
tropical  CRR,  coral  polyps  in  tropical  CRR,  and  coral
skeleton in tropical CRR were divided into four indepen-
dent  groups (Fig.  3d,  PERMANOVA, df  = 3, F = 11.09,
p = 0.001). PCoA and Venn analyses showed that the as-
sociated bacterial communities were different between the
skeletons and polyps of C. palauensis, as well as between

different  climate  zones.  According  to  the  RDA  analysis
(Fig.  S4a),  SST,  DIN,  SRP  and  transparency  were  the
main factors affecting bacterial ASV of polyps and skele-
ton. Coral polyp and skeletal bacterial ASV were signifi-
cantly negatively correlated with DIN and positively cor-
related with transparency and SST.

3.3  The  archaeal  community  of  coral  polyp  and
skeleton in tropical and subtropical CRR

After quality  filtering,  1  268 effective  ASV were  ob-
tained using the Illumina MiSeq platform. α-diversity was
measured  using  the  Sobs,  Ace,  Shannon–Wiener,  and
Simpson indices (Table S5, Figs 5 and S2). The Sobs and
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Fig.  3.     Relative  abundances  of  coral-associated  bacterial  communities  at  class  level  in  polyp  and  skeletal  of  C.
palauensis  in  the  tropical  and  subtropical  CRR in  the  SCS.  a.  The  relative  abundance  of  coral-associated  bacteria  at
class level. b. The relative abundance of coral-associated bacteria at genus level. c. Venn, Venn analysis was based on
ASV level. d. Principal co-ordinates analysis (PCoA). PC1 and PC2 explained 33.17% and 17.17% of total variation,
respectively.
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Ace indices  of C.  palauensis polyp archaea  were  signifi-
cantly  higher  in  the  subtropical  CRR than  in  the  tropical
CRR (Wilcoxon rank sum test,  Sobs p =  0.012,  Ace p =
0.016), while the Ace index of skeletal archaea was signif-
icantly higher in the tropical CRR than in the subtropical
CRR (Wilcoxon rank sum test, p = 0.046). Meanwhile, the
Shannon and Simpson indices of polyp archaea were sig-
nificantly higher in the subtropical CRR than in the tropi-
cal  CRR  (Wilcoxon  rank  sum  test,  Shannon  p  =  0.001;
Simpson p = 0.002).

The total taxonomic composition of archaea in the an-
alyzed  samples  included  five  phyla,  seven  classes,  eight
orders,  nine families,  and nine genera.  At the class level,
unclassified_Archaea  [(11  ±  4)%–(69  ±  18)%]  and
Nanoarchaeia [(31 ± 18)%–(89 ± 4)%] were detected (Ta-
ble  S6,  Fig.  6a).  At  the  genus  level,  Woesearchaeales
[(64 ± 4)%–(88 ± 4)%] were dominant in the coral polyps
in  subtropical  CRR,  coral  skeletons  in  subtropical  CRR
and  coral  polyps  in  tropical  CRR  groups.  In  the  coral
polyps  in  tropical  CRR  groups,  Woesearchaeales  [(31  ±
18)%] were also dominant archaea (Fig. 6a).

Common and unique archaeal ASV (Fig. 6c) were de-
tected in the polyps and skeletons in the tropical and sub-
tropical  CRR.  In  the  tropical  CRR,  the  ASV  found  in

coral  skeletons  were  higher  than  in  coral  polyps.  In  the
subtropical  CRR,  the  ASV  found  in  coral  polyps  were
higher  than  in  coral  skeletons.  Besides,  in  coral  polyps,
the  ASV found  in  the  subtropical  CRR were  higher  than
in  the  tropical  CRR.  For  coral  skeletons,  the  ASV found
in  the  tropical  CRR  were  higher  than  in  the  subtropical
CRR. PCoA showed that the coral samples of coral polyps
in  subtropical  CRR,  coral  skeletons  in  subtropical  CRR,
coral  polyps  in  tropical  CRR,  and  coral  skeletons  in  tro-
pical  CRR  were  divided  into  four  independent  groups
(Fig.  6d,  PERMANOVA,  df  =  3, F =  55.54, p =  0.001).
PCoA and Venn diagram analysis showed that the associ-
ated archaeal  communities  were  different  between   tropi-
cal  and  subtropical  CRR  as  well  as  between  polyps  and
skeletons.

For  polyp  archaea,  the  relative  abundance  of  archaea
was  significantly  higher  in  the  subtropical  CRR  than  in
tropical  CRR  (Table  S7,  Wilcoxon  rank  sum  test,  p  <
0.001), while  that  of  Woesearchaeales  showed  the  oppo-
site trend (Wilcoxon rank sum test, p < 0.001), as shown
in Fig.  7.  For  skeletal  archaea,  the  relative  abundance  of
Woesearchaeales was significantly higher in the subtropi-
cal  CRR  than  in  the  tropical  CRR  (Wilcoxon  rank  sum
test, p < 0.001). Moreover, some archaea of C. palauensis
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Fig. 4.   Wilcoxon rank-sum test bar plot of associated bacterial communities at genus level in coral polyp and skeleton
in  the  tropical  and  subtropical  CRR in  the  SCS.  Some  of  microbes  such  as  n_Terasakiellaceae,  u_Rhodobacteraceae
represent norank coral-associated microbial genera of Terasakiellaceae and unclassified coral-associated microbial gen-
era of Rhodobacteraceae, respectively. The red asterisks “*” “**” and “***” represent “0.01 < p < 0.05” “0.001 < p <
0.01” and “p < 0.001”, respectively.
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differed significantly between the polyps and skeletons. In
the subtropical  CRR,  the  relative  abundance  of   Woe-
searchaeales was significantly higher in the skeletons than
in the polyps (Wilcoxon rank sum test, p < 0.001). In the
tropical  CRR,  the  relative  abundance  of  unclassified_Ar-
chaea  was  significantly  higher  in  the  polyps  than  in  the
skeletons (Wilcoxon rank sum test, p < 0.001), while that
of  Woesearchaeales  was  significantly  higher  than  in  the
skeletons than in the polyps (Wilcoxon rank sum test, p <
0.001).  According  to  the  RDA analysis  (Fig.  S4b),  SST,
DIN, SRP and transparency were the main factors affect-
ing archaeal ASV of polyps and skeleton. Coral polyp and
skeletal bacterial ASV were significantly negatively corre-
lated with DIN and positively correlated with transparen-
cy and SST.

3.4  The  fungal  community  of  coral  polyp  and
skeleton in tropical and subtropical CRR

After quality filtering, 857 valid fungal ASV were ob-
tained using an Illumina MiSeq platform. α-diversity was
measured  using  the  Sobs,  Ace,  Shannon-Wiener,  and
Simpson indices.  In  the  subtropical  CRR,  the  Sobs,  Ace,
Shannon-Wiener,  and  Simpson  indices  of  skeletal  fungi
were significantly higher than those of polyp fungi (Table
S8,  Wilcoxon  rank  sum  test,  Sobs,  p  =  0.001;  Ace,  p  =
0.008;  Shannon-Wiener,  p  =  0.025;  Simpson,  p  =  0.01;
Figs  8 and S3).  Meanwhile,  the  Sobs  and Ace indices  of
polyp fungi were significantly higher in the tropical CRR
than  in  the  subtropical  CRR  (Sobs  p  =  0.001,  Ace  p  =
0.042).
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Fig. 5.   The Ace, Sobs, Shannon-Wiener, and Simpson diversity indices of coral-associated archaea in coral polyp and
skeleton in the tropical and subtropical CRR in the SCS. The red asterisks “*” “**” and “***” represent “0.01 < p <
0.05” “0.001 < p < 0.01” and “p < 0.001”, respectively.
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At  the  genus  level,  Ascomycota  (99%–100%)  was
dominant  in  the  subtropical  CRR,  while  Ascomycota
[(41  ±  19)%–(81  ±  7)%]  and  Sordariomycetes  [(2  ±
3)%–(32  ±  21)%]  were  dominant  in  the  tropical  CRR
(Fig. 9a).  Comparison of the sequences of fungi revealed
unique ASV in the polyps and skeletons of C. palauensis
corals  in  the  tropical  and  subtropical  CRR  (Fig.  9c).  In
coral skeletons, the ASV were found higher than in coral
polyps. And in the subtropical CRR, the ASV were found
higher  than  in  the  tropical  CRR.  PCoA  analysis  showed
that  coral  samples  were  divided  into  four  independent

groups  (Fig.  9d,  PERMANOVA,  df  =  3, F  =  13.61, p  =
0.001). PCoA and Venn diagram analysis showed that the
coral-associated fungal  communities  were  different   be-
tween coral polyps and skeletons as well as between coral
locations.

The fungal composition of C. palauensis corals varies
regionally  in  the  tropical  and subtropical  CRR (Table  S9
and S10, Fig. 10). In coral polyps, the relative abundance
of Ascomycota was high in the subtropical CRR (Wilcox-
on  rank  sum  test,  p  < 0.001),  while  that  of   Sordari-
omycetes  was  significantly  higher  in  the  tropical  CRR
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Fig. 6.   Relative abundances of associated archaea communities at class level in coral polyp and skeleton in the tropi-
cal and subtropical CRR in the SCS. a. The relative abundance of coral-associated bacteria at class level. b. The rela-
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Fig. 7.   Wilcoxon rank-sum test bar plot of associated archaea communities at genus level in coral polyp and skeleton
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(Wilcoxon  rank  sum  test, p  =  0.020).  Similarly,  in  coral
skeletons, the relative abundance of Ascomycota was sig-
nificantly higher in the subtropical CRR than in the tropi-
cal CRR (Wilcoxon rank sum test, p < 0.001), while that
of Sordariomycetes showed the opposite trend (Wilcoxon
rank  sum  test,  p  <  0.001).  According  to  RDA  analysis
(Fig.  S4c),  SST,  DIN,  SRP  and  transparency  were  the
main factors affecting fungal ASV of polyps and skeleton.
Coral polyp and skeletal bacterial ASV were significantly
negatively  correlated  with  DIN  and  positively  correlated
with transparency and SST.

4  Discussion

4.1  Differences  and  influencing  factors  in  the
polyp  and  skeletal  bacterial  communities  of
corals in tropical and subtropical CCRs

In this study, the community compositions of bacteria
in  coral  polyps  and skeletons  were  significantly  different
between  tropical  and  subtropical  CRR.  Environmental
stresses  such  as  high  temperature  (Santos  et  al.,  2014;
Bourne et  al.,  2008),  eutrophication (Jessen et  al.,  2013),
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Fig. 8.   The Ace, Sobs, Shannon-Wiener, and Simpson diversity indices of associated fungi communities in coral polyp
and skeleton in the tropical and subtropical CRR in the SCS. The red asterisks “**” and “***” represent “0.001 < p <
0.01” and “p < 0.001”, respectively.
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and water pollution (Ziegler et al., 2016) reduce the abili-
ty of the coral host or its microbiome to regulate commu-
nity  composition,  which  could  affect  the  α-diversity  of
bacterial  community (Zaneveld et  al.,  2017; McDevitt-Ir-
win  et  al.,  2017).  In  this  study,  coral-associated  bacteria
may  have  been  influenced  by  different  environmental
stresses between tropical and subtropical CRR. High SST
and  salinity  may  influence  corals  in  the  tropical  CRR,
while relative high eutrophication and turbidity may influ-

ence corals in the subtropical CRR. RDA analyses showed
that DIN,  SST  and  transparency  were  the  main   environ-
mental  influences  in  coral  polyps  and  skeletal  bacteria
(Fig.  S4a).  The  different  responses  of  coral  polyp  and
skeletal  bacteria  to  these  environmental  stresses  may  be
the main reason for the regional differences in Sobs, Ace,
Shannon-Wiener, and Simpson indices.

In  the  subtropical  CRR of  the  SCS,  coral  polyps  and
skeletons  contain  a  high  relative  abundance  of  bacteria
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Fig. 9.   Relative abundances of associated fungi communities at class level in coral polyp and skeleton in the tropical
and subtropical  CRR in the SCS. a.  The relative abundance of coral-associated bacteria at  class level.  b.  The relative
abundance of coral-associated bacteria at genus level. c. Venn, Venn analysis based on ASV level. d. PcoA. PC1 and
PC2 explained 35.31% and 4.35% of total variation, respectively.
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that are  related  to  the  nitrogen  cycle  and  local   environ-
ment  adaptation.  A  high  abundance  of  Terasakiellaceae
was  detected  in  coral  polyps  in  the  subtropical  CRR,
which may  contribute  to  nitrogen  cycling  of  coral   holo-
bionts,  especially  in  habitats  where  nutrients  are  limited
(Weiler  et  al.,  2018;  Quintanilla  et  al.,  2022).  The
Terasakiellaceae  were  documented  to  be  nitrogen  fixed
and may be important for the nitrogen metabolism (Tied-
je, 1988). It may be a biomarker for organisms involved in
the  nitrogen  cycle  (Weiler  et  al.,  2018).  The  azotobacter
Chlorobium,  which  usually  survives  in  hypoxic  aquatic
environments  (Frigaard  and  Bryant,  2004),  was  also  the
dominant  bacteria  in  coral  polyps  and  skeletons  in  the
subtropical CRR. The RDA analysis showed that DIN was
the main factor influencing in the subtropical CRR, which
may be a factor resulting in high abundance of Chlorobi-
um  in  coral  skeletons  and  polyps.  Some  members  of
Chlorobium belong to the nitrogen-fixing bacteria,  which
are related with the nitrogen cycle and may be high abun-
dance in high nutrient environment (Frigaard and Bryant,
2004;  Fan  et  al.,  2021).  In  addition, Cyclobacilluscaeae
which can assimilate ammonia nitrogen (Fan et al., 2021),
Woeseia  (Mußmann  et  al.,  2017;  Zhang  et  al.,  2020),
which  is  capable  of  dissimilatory  sulfur  oxidation  and
denitrification,  and  Blastocatalla  (Huang  et  al.,  2017),
which can remove nitrogen, phosphorus, and organic mat-
ter,  were  also  highly  abundant  in  the C.  palauensis  coral
in the subtropical CRR in the SCS.

In the  tropical  CRR,  a  relatively  high  relative   abun-
dances of opportunistic, pathogenic, and antibacterial bac-
teria were detected in coral polyps of C. palauensis. High
SST influences the dynamic balance between invasion and
resistance  of  opportunistic  and  pathogenic  coral  bacteria
(Qin  et  al.,  2020).  In  this  study,  some  members  of
Rhodobacteraceae were dominant in coral polyps, some of
which  were  fast-growing opportunistic  bacteria  that   sig-
nificantly  increased  in  abundance  in  stressed  corals  that
found  in  previous  studies  (Teeling  et  al.,  2012;  Meron
et al.,  2011; Sharp et al.,  2012). In addition, some poten-
tial  pathogens,  namely  Tenacibaculum,  Nonlabens,
Mesoflavibacter,  and  Vibrio,  also  had  relatively  high
abundances  in  coral  polyps.  Tenacibaculum, Nonlabens,
and  Mesoflavibacter  belong to  the  family   Flavobacteri-
aceae, which is related to coral bleaching (Gignoux-Wolf-
sohn  and  Vollmer,  2015).  The  abundance  of  pathogenic
bacteria  will  significantly  increase  when coral  holobionts
suffer  from thermal  stress  and  coral  diseases,  causing  an
increase  in  gene  expression  related  to  virulence  factors
(McDevitt-Irwin  et  al.,  2017;  van  Oppen  and  Blackall,
2019).  However,  high  relative  abundances  of  the  Pseu-
doalteromonas  and  Alteromonas  were  also  detected  in
coral polyps. Some members of Pseudoalteromonas have
antibacterial  activity  against  coral  bacteria  (Shnit-Orland
et al., 2012; Tang et al., 2020), and some members of Al-
teromonas can participate in the coral nitrogen and sulfur
cycle  (Raina  et  al.,  2009;  Ceh  et  al.,  2013).  In  addition,
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Fig. 10.   Wilcoxon rank-sum test bar plot of associated fungi communities at genus level in coral polyp and skeleton in
the tropical and subtropical CRR in the SCS.
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20%  of  the  members  of  coral-associated  bacteria Photo-
bacterium  and Alteromonas  can secrete  antibiotics  to   re-
sist  the  invasion  of  coral  pathogens  (Ritchie,  2006).
Therefore, coral polyps in the tropical CRR may be asso-
ciated with  potential  probiotics  to  resist  the  negative   ef-
fects of a high abundance of pathogenic bacteria.

In the coral skeletons in the tropical CRR, a high rela-
tive abundance of A4b was detected. The bacteria of A4b
belong to  the  Anaerolineae,  which  is  related  to   carbohy-
drate decomposition during anaerobic digestion of organ-
ic  substances  (Ni  et  al.,  2022). Sangsawang  et  al.  (2017)
found  that  coral  skeleton  bacteria  have  a  high  primary
productivity and can be transferred to coral polyps. There-
fore, coral skeleton bacteria may be important for the sur-
vival and recovery of corals.

4.2  Differences  and  influencing  factors  in  the
polyp  and  skeletal  archaeal  communities  of
corals in tropical and subtropical CRR

In this  study,  Nanoarchaeota  and  unclassified   Ar-
chaea were the dominate archaea in corals in the tropical
and  subtropical  CRR.  Woesearchaeales  and  unclassified
Archaea accounted for approximately 99% of the relative
abundance  of  archaea.  Recent  research  has  revealed  the
potential role  of  Woesearchaeales  in  anaerobic   biogeo-
chemical cycles of carbon, nitrogen, and sulfur (Liu et al.,
2021).  Liu  et  al.  (2018)  reported that  various   Woe-
searchaeales were distributed in different biological com-
munities and were mainly concentrated in anoxic environ-
ments. Most  Woesearchaeales  are  anaerobes  or   faculta-
tive  anaerobes,  and  the  environmental  oxygen  content  is
one of the key factors affecting the Woesearchaeales com-
munity (Kühl et al., 2008). In deeper parts of coral skele-
ton below  the  endolithic  algal  layer,  oxygen  content   de-
creases rapidly,  creating  a  hypoxic  or  anaerobic  environ-
ment  (Kühl  et  al.,  2008;  Ricci  et  al.,  2019) that  is   con-
ducive to the survival of the Woesearchaeales community.
Our study  showed  that  the  relative  abundance  of   Woe-
searchaeales  in  coral  skeletons  was  significantly  higher
than that in coral polyps. RDA analysis showed that DIN,
SRP, SST and  Transparency  were  the  main  environmen-
tal  influences  on  coral  polyp  and  skeletal  archaeal  ASV.
DIN and  SRP were  positively  correlated,  while  SST and
transparency were negatively correlated. DO was positive-
ly correlated  with  archaeal  ASV.  The  significant   differ-
ence in Woesearchaeales may be due to the combined ef-
fects of DO content, elevated nutrients due to water pollu-
tion, and SST.

4.3  Differences  and  influencing  factors  in  the
polyp  and  skeletal  fungal  communities  of
corals in tropical and subtropical CRR

The  α-diversity  of  coral-associated fungi  showed   re-
gional differences.  Generally,  SST  is  an  important   envi-
ronmental  factor  that  drives  the  richness  and  community
of fungi in seawater with a positive correlation (Li et  al.,

2019).  A  high  SST  could  result  in  an  increase  in  fungal
community diversity in corals (Thurber et al.,  2009). Our
results showed a high α-diversity of fungal community of
coral skeletons and polyps in the tropical CRR with high-
er SST.  Although  invasion  from the  polyps  to  the   skele-
ton  triggers  the  defense  mechanism,  fungi  with  strong
drilling  capacity  can  successfully  break  through  coral
skeleton structures under the influence of high SST (Golu-
bic et  al.,  1975, 2005; Bentis et  al.,  2000).  The relatively
high abundance  of  fungi  in  the  tropical  CRR  causes   in-
tense competition  in  the  skeletons,  resulting  in  the   sur-
vival of  some  fungi  in  coral  polyps.  Besides,  high  abun-
dances of Sordariomycetes, Periconia, Cladosporium, and
Aspergillus  were  detected  in  the  tropical  CRR.  A  higher
SST could  be  the  driving  factor  for  these  fungal   abun-
dances.  Most  members  of  Sordariomycetes  are  classified
as Halosphaeriales and Lulworthiales. Halosphaeriales are
adaptable  to  extremely  high  temperatures  (Zhang  et  al.,
2006).  Meanwhile,  combined  with  the  RDA,  the  results
showed that SST was the main environmental influencing
factor  for  the  fungal  communities  in  coral  skeletons  and
polyps. This could explain why Sordariomycetes were the
dominant fungi in coral polyps and skeletons in the tropi-
cal CRR, which had relatively high SST.

In this study, Ascomycota was the dominant fungus in
coral  skeletons  and  polyps  in  tropical  and  subtropical
CRR.  Several  studies  have  reported  a  relatively  high
abundance  of Ascomycota  in corals  from  coral  reefs   in-
cluding the SCS (Xu et al., 2018), Bocas del Toro (Weg-
ley et  al.,  2007),  Florida (Bonthond et  al.,  2018), Ofu Is-
land in USA (Amend et al., 2012), the Great Barrier Reef
(Littman et al.,  2011),  and Hawaii  (Thurber et  al.,  2009).
In  addition,  microscopic  observations  of  coral  skeletons
suggested  that Ascomycota  are  common  fungi  in  healthy
coral  skeletons  (Wegley  et  al.,  2007;  Góes-Neto  et  al.,
2020). These Ascomycota associate with coral early in life
and grow with the carbonate skeleton to maintain their po-
sition just under the coral polyps (Le Campion-Alsumard
et al., 1995a; Wegley et al., 2007). The abundance of As-
comycota  is  closely  related  to  the  organic  matter  and
chemical  composition  of  coral  skeletons  and  polyps
(Paulino  et  al.,  2017,  2020).  Some  Ascomycota  can  de-
grade  organic  carbon  and  sugars,  and  thereby  promoting
their growth (Suh et al., 2006). The mucus in coral polyps
is mainly composed of glucose, galactose, lipids, and oth-
er  monosaccharides  (Ducklow  and  Mitchell,  1979; Glasl
et  al.,  2016), whereas  the  coral  skeleton  is  mainly   com-
posed of  calcium  carbonate,  resulting  in  a  higher   abun-
dance of Ascomycota  in  the polyps than in the skeletons.
Some Ascomycetes can participate in multiple carbon ni-
trogen  coupled  cycles,  such  as  carbon  fixation,  ammonia
assimilation,  and  ammoniation,  and  bioactive  substances
can participate in immune regulation and antibacterial ac-
tivity (Gleason et al., 2017, Wegley et al., 2007). Ascomy-
cota  is  the  dominant  fungal  phylum  in  the  honeycomb
corals  in  the  tropical  and  subtropical  CRR,  and  some  of
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them  have  positive  effects.  It  is  possible  to  conduct  in-
depth research on how to utilize these beneficial  fungi to
maintain the ecology of coral reefs.

5  Conclusions

In  this  study,  coral-microbial  assemblages  in  coral
polyps  and  skeletons  varied  at  tropical  and  subtropical
reefs in  the  SCS.  In  the  subtropical  CRR of  Weizhou Is-
land,  the  nitrogen-fixing  bacterium Chlorobium  was  the
dominant  bacterium  in  the  polyps  and  skeletons  of  C.
palauensis.  The Woeseia, which is  capable  of  sulfur  oxi-
dation  and  denitrification,  as  well  as  high  abundance  of
Blastocatella, which  could  remove  high  nitrogen,   phos-
phorus, and organic particulate matter were detected in the
C.  palauensis  polyps or  skeletons.  In  addition,  the   rela-
tive  abundance  of  Woesearchaeales  was  significantly
higher than that of corals from the tropical CRR. This may
be  due  to  anthropogenic  activities  impacts  such  as  high
nutrients and  turbidity.  Relatively  high  abundance  of  op-
portunistic, pathogenic and antimicrobial bacteria was de-
tected  in C.  palauensis  polyps  in  the  tropical  CRR.  The
potentially pathogenic fungi such as Periconia, Cladospo-
rium,  and Aspergillus  were  significantly  higher  in  polyp
and  skeleton  from  the  tropical  CRR  than  the  subtropical
CRR. Suffered from high thermal stress in summer, corals
in the tropical CRR may be threatened by potential bacte-
rial or fungal diseases, and are susceptible to coral bleach-
ing under the thermal stress. Therefore, in the subtropical
CRR, anthropogenic activities should be reduced, which is
conducive to corals’ health. In the tropical CRR, it  is ad-
vised to enhance monitoring for abnormally high tempera-
tures, which will be conducive to early detection the threat
of abnormally high thermal to the corals.
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　　Figure S1. The Ace, Sobs, Shannon-Wiener, and Simpson diversity indices of associated bacteria based on ASV level in coral
polyp and skeleton between the Bombay Reef and Weizhou Island in the South China Sea (SCS). The “SU_Po” “SU_Sk” “TR_Po”
“TR_Sk”  represent  “coral  polyp  in  subtropical  CRR”  “coral  skeleton  in  subtropical  CRR”  “coral  polyp  in  tropical  CRR”  “coral
skeleton in tropical CRR”, respectively. The red asterisks “*” “**” and “***” represent “0.01 < p < 0.05” “0.001 < p < 0.01” and “p
< 0.001”, respectively.
　　Figure S2. The Ace, Sobs, Shannon-Wiener, and Simpson diversity indices of associated archaea based on ASV level in coral
polyp and skeleton between the Bombay Reef and Weizhou Island in the SCS.
　　Figure S3.  The Ace,  Sobs,  Shannon-Wiener,  and Simpson diversity indices of  associated fungi  based on ASV level  in coral
polyp and skeleton between the Bombay Reef and Weizhou Island in the SCS.
　　Figure S4.  The correlation among environmental factors, sampling areas, and ASV of coral associated bacteria, archaea, and
fungi based on redundancy analysis (RDA). a. bacteria-ASV, b. archaea-ASV, c. fungi-ASV.
　　Table S1. Data of seawater temperature, DIN, SRP, DO, pH, salinity, and transparency in the Bombay Reef and Weizhou Is-
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Abstract 

Background  Low salinity is a crucial environmental stressor that affects estuarine coral ecosystems considerably. 
However, few studies have focused on the effects of low-salinity conditions on coral-associated microorganisms 
and the adaptability of coral holobionts.

Methods  We explored the community structure of coral symbiotic Symbiodiniaceae and associated bacteria in low-
salinity conditions using samples of six coral species from the Pearl River Estuary and analyzed the adaptability of coral 
holobionts in estuaries.

Results  The symbiotic Symbiodiniaceae of all six studied coral species were dominated by Cladocopium, but, 
the Symbiodiniaceae subclades differed among these coral species. Some coral species (e.g., Acropora solitaryensis) 
had a high diversity of symbiotic Symbiodiniaceae but low Symbiodiniaceae density, with different adaptability 
to low-salinity stress in the Pearl River Estuary. Other coral species (e.g., Plesiastrea versipora) potentially increased 
their resistance by associating with specific Symbiodiniaceae subclades and with high Symbiodiniaceae density 
under low-salinity stress. The microbiome associated with the coral species were dominated by Proteobacteria, 
Chloroflexi, and Bacteroidetes; however, its diversity and composition varied among coral species. Some coral species 
(e.g., Acropora solitaryensis) had a high diversity of associated bacteria, with different adaptability owing to low-salinity 
stress. Other coral species (e.g., Plesiastrea versipora) potentially increased their resistance by having minority bacterial 
dominance under low-salinity stress.

Conclusions  High Symbiodiniaceae density and high bacterial diversity may be conducive to increase the tolerance 
of coral holobiont to low-salinity environments. Different coral species have distinct ways of adapting to low-salinity 
stress, and this difference is mainly through the dynamic regulation of the coral microbiome by corals.

Keywords  Coral holobionts, Associated bacteria, Symbiotic Symbiodiniaceae, Low-salinity stress, Microbial 
community variation
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Introduction
Coral reefs, known as the “rainforests of the ocean,” are 
distributed in 110 countries and regions worldwide, 
accounting for approximately 0.17–0.5% of the global 
ocean and providing habitat for approximately 30% of 
marine organisms [1, 2]. The association between coral 
hosts and their microbiome is the basis for coral growth 
and reef development [3]. Coral holobionts include 
cnidarian polyps, bacteria, Symbiodiniaceae, archaea, 
fungi, and other microorganisms [4, 5]. Symbiodiniaceae 
are critical microorganisms in coral holobionts that use 
light energy for photosynthesis and provide fixed organic 
carbon to the coral host [6]. Symbiodiniaceae can uti-
lize the metabolic waste produced by the coral host to 
replenish its nitrogen, phosphorus, and other vital nutri-
ents [7]. Community-associated bacterial communities 
play key roles in coral holobionts, including nitrogen [8, 
9], carbon [10], sulfur [11, 12], phosphorus fixation [13], 
intrametallic homeostasis [13], tissue repair [13], and 
antibiotic production [14]. Many coral-associated bac-
teria also protect corals from invasion by pathogens and 
other exogenous bacteria by secreting antibiotics [14, 15].

Corals are generally considered stenohaline, with lim-
ited ability to regulate osmotic pressure and adapt to or 
survive salinity changes [16]. Salinity is a critical environ-
mental factor affecting their growth and distribution, and 
the suitable salinity range for growth is generally 32–40‰ 
[17]. Changes in salinity due to climate change may affect 
the physiology and metabolism of corals [18–20]. The cor-
als have poor ability to regulate cellular osmotic pressure 
[21]. A short-term decline in salinity leads to significant 
changes in cellular respiration and photosynthesis in the 
coral symbiont Symbiodiniaceae [22]. Freshwater runoff is 
a major cause of coral mortality in estuarine coral reefs, 
particularly in those close to major river systems [22].

Environmental changes caused by global warm-
ing and destructive anthropogenic activity exacerbate 
damage to coral reef ecosystems and predispose coral 
holobionts to dysbiosis [23, 24], leading to high suscep-
tibility to infections by opportunistic pathogens and 
coral mortality. Estuarine ecosystems are character-
ized by complex and variable environments, high bio-
diversity and productivity, and a high degree of human 
disturbance [25]. Global climate change has led to an 
unusual increase in extreme rainfall events in mul-
tiple regions [26–28], resulting in marine organisms 
frequently experiencing low-salinity stress in estua-
rine regions. Low salinity is one of the causes of coral 
bleaching. Many studies have explored the effects of 
low salinity on the physiological performance of the 
early stages of coral; for example, low salinity decreases 
coral larval recruitment and growth rates [29–31]. Low 
salinity may affect the physiological and biochemical 

processes, cellular changes, microbiome alterations, as 
well as the reproductive and survival capabilities of cor-
als [32–34]. Low salinity stress can disrupt the symbi-
otic relationship within the coral holobiont, influencing 
the adaptability and stability of the coral holobiont [22]. 
In conclusion, Low-salinity stress can severely impact 
the growth, reproduction, photosynthesis, and respira-
tion of corals, impair the normal functions of cells, and 
pose a serious threat to the health of corals [22, 35].

The sea section of the Pearl River Estuary in Guang-
dong represents the estuary of the Pearl River, the sec-
ond largest river in China in annual runoff. Facing the 
South China Sea, the Pearl River Estuary is a typhoon-
prone area and is susceptible to storm surges and flood-
ing outbreaks, resulting in a large influx of freshwater 
into the estuary [36]. Corals in the Pearl River Estuary 
are affected by the year-round influx of freshwater. In 
the summer of 2022, record-breaking pre-flood rainfall 
in South China was lasted from May to June, resulting 
in a severe coral bleaching event in the coral communi-
ties of the Wanshan Islands in the Pearl River Estuary 
[37]. However, the effects of low-salinity stress on coral 
holobionts in the Wanshan Islands, and corals’ adapta-
bility to low-salinity environments, are not well studied.

In this study, we aimed to answer two fundamental 
questions: are there differences in coral microorgan-
isms in the coral communities of the Pearl River Estu-
ary, and how well are the coral holobionts adapted to 
low salinity. We tested two hypotheses: (1) the com-
positions of coral microorganisms in the coral com-
munities of the Pearl River Estuary vary in low-salinity 
conditions when compared with high salinity condi-
tions, and (2) the physiological parameters of corals 
influence coral adaptability to low-salinity. To answer 
the two questions, we collected local water quality 
parameters and the coral symbiotic Symbiodiniaceae 
density, chlorophyll a (Chl a) content, and microbial 
diversity throughout the Pearl River Estuary. The find-
ings of this study enhance the understanding of changes 
in estuarine coral reef communities and facilitate the 
conservation of estuarine corals and further research.

Experimental procedures
Study area and coral sample collection
The study area was located in the Wanshan Islands, Pearl 
River Estuary, China (Fig. 1). The Pearl River is the largest 
river in southern China and comprises Lingdingyang, Jid-
ianmen, Mudianmen, and Huangmaohai. A large amount 
of freshwater from the Pearl River flows into the South 
China Sea, resulting in the salinity of seawater in the 
Pearl River Estuary being lower than the average salinity 
of seawater. Furthermore, rainstorms decrease seawater 
salinity in the Pearl River Estuary. In this study, after the 
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rainstorm, two islands, Pingzhou and Miaowan, from the 
Pearl River Estuary were used for coral sample collection 
(Fig. 1). Water parameters, including the seawater surface 
temperature (SST; °C), surface water dissolved oxygen 
content (DO; mg/L), and salinity (Sal), were measured 
around the two islands.

In the Wanshan Islands, the dominant coral genera are, 
for example, Plesiastrea, Platygyra, Porites, Montipora, 
and Acropora [38]. In this study, 36 samples of six rep-
resentative coral species, Platygyra daedalea, Plesiastrea 
versipora, Acropora solitaryensis, Montipora peltiformis, 
Echinophyllia aspera, and Galaxea fascicularis, were col-
lected from around the two islands at water depths of 
3–6 m. Among these samples, there are six samples for 
each coral species. The coral samples were obtained by 
scuba divers using hammers and chisels. The coral sam-
ples were cleaned using artificial sterile seawater (salin-
ity: 35‰) to ensure they were not disturbed by free-living 
Symbiodiniaceae and fungi. A portion of the coral sam-
ples were 20–50 cm−2 in size, and Symbiodiniaceae den-
sity and chlorophyll a (Chl a) content were determined. 
The remaining coral samples were cut and placed in 5 
mL freezing tubes, immediately snap-frozen, and stored 
in liquid nitrogen for subsequent experiments. The data 
related to corals in normal salinity were extracted from 
existing studies and reanalyzed [39–46]. Relevant data 
comprised Symbiodiniaceae density, Chl a content, sym-
biotic Symbiodiniaceae and coral-associated bacteria 
composition, and diversity of coral-associated bacteria. 
The data from under normal salinity were compared with 
those from low-salinity conditions, and their differences 
were observed.

Coral symbiotic Symbiodiniaceae
Measurement of coral symbiotic Symbiodiniaceae density 
and Chl a content
Coral tissue was removed using a Waterpik™ (3–5 kgf 
cm−2) containing 0.22 μm filtered seawater, and the 
volume of the initial slurry was measured in a gradu-
ated cylinder. The slurry was homogenized and re-
sampled into four 3 mL aliquots. The slurry samples 
were centrifuged for 5 min (6,500 r·min−1). After dis-
carding the supernatant, the Symbiodiniaceae at the 
bottom were preserved in 1 mL 5% formaldehyde at 6 
°C for 2–4 h before proceeding to the next step of the 
analysis. Repeated counts of Symbiodiniaceae densities 
were performed using hemocytometry (n = 8–12). The 
coral surface area was determined based on the correla-
tion between the weight of the aluminum foil and the 
surface area [47, 48]. In detail, the aluminum foil was 
pressed to cover the surface of the coral skeleton, and 
the foil from the covered area was cut and weighted. A 
10 × 10 cm piece of aluminum foil was used to confirm 
the weight of the foil per square centimeter. The sur-
face area of the coral skeleton was calculated using the 
weight of the foil covering the surface of the coral skel-
eton and the weight of the foil per square centimeter. 
Next, 2 mL of the algal solutions were collected thrice 
from the same sample bottle in 2 mL centrifuge tubes 
and centrifuged for 5 min (4,000 r·min−1). The super-
natant was slowly removed, 1.5 mL acetone solution 
was added to the precipitate, and these samples were 
stored at 4 ℃ for 24 h. The extracted solutions were 
centrifuged for 5 min (4,000 r·min−1), and 200 μL of the 
supernatant was collected to determine the absorbance 

Fig. 1  Sampling site information. Coral samples and local water environmental parameters were collected in two islands of Pingzhou and Miaowan, 
from the Wanshan Islands, Pearl River Estuary, China
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by using a spectrophotometer at wavelengths of 750, 
664, 647, and 663 nm. The Mann–Whitney U test was 
used to analyze the significance of differences between 
groups (p < 0.05).

Total DNA extraction, Polymerase Chain Reaction (PCR) 
amplification, and Illumina MiSeq sequencing of coral 
symbiotic Symbiodiniaceae
The total DNA of coral holobionts was extracted as fol-
lows: ~ 50 mg of coral tissue and mucus was sampled, and 
genomic DNA was extracted using the DNeasy® Plant 
Kit per the manufacturer’s instructions. The extracted 
DNA samples were used as PCR templates after the 
examination of quality and purity. The quality and con-
centration of DNA were determined using 1.0% agarose 
gel electrophoresis and a NanoDrop2000 spectropho-
tometer (Thermo Scientific, United States) and stored at 
–80 ℃ for further use. PCR amplification of the Symbio-
diniaceae ITS2 region of rDNA was performed using the 
primers F:5′-GAA​TTG​CAG​AAC​TCC​GTG​-3′ and R:5′-
GGG​ATC​CAT​ATA​TGC​TTA​AGT​TCA​GCG​GGG​T-3′, 
with a six-nucleotide barcode unique to each sample [49, 
50], and a 50 μL reaction volume PCR amplification was 
performed. The reaction volume contained ~ 50 ng DNA, 
25 μL 2 × Taq Platinum Polymerase Chain Reaction Mas-
ter Mix (Tiangen, China), 200 nM of each primer, and 
ddH2O added to achieve the final volume. The reaction 
was conducted for 5 min at 94 °C, 35 cycles of 30 s at 94 
°C, 30 s at 51 °C, and 30 s at 72 °C, with a final extension 
for 5 min at 72 °C, using an ABI GeneAmp® 9700 thermal 
cycler [51]. Triplicate PCR products were collected from 
each sample, purified, and quantified using the AxyPrep 
DNA Gel Extraction Kit and QuantiFluor™ ST Fluores-
cence Quantification System for sizes between 301 and 
340 bp. Purified amplicons were pooled in equimolar 
amounts and subjected to paired-end sequencing on an 
Illumina MiSeq platform according to standard protocols 
(2 × 300).

Analysis of α‑diversity and community composition 
of coral symbiotic Symbiodiniaceae
Strict quality control and sequence filtering were per-
formed to ensure the accuracy of the results. After short 
and low-quality sequences were removed by the sequenc-
ing company, full-length ITS2 rDNA fragments were 
obtained by applying the paired-end-sequence amalga-
mation (PEAR) tool to merge overlapping PE reads to 
generate ITS2 sequences [52]. After identifying a unique 
sequence, ITS2 tags were demultiplexed into all sam-
ples using the QIIME 2 platform [53]. BLASTn was used 
to compare all ASV sequences with the ITS2 database 
[54, 55]. The resulting symbiont ITS2 Symbiodiniaceae 

subclade counts were combined for downstream statisti-
cal analyses. The symbiotic Symbiodiniaceae H′ diversity 
index was calculated using the R software environment 
(version 4.2.3) and Bray–Curtis to assess the α-diversity 
in the symbiotic Symbiodiniaceae composition among 
coral species. Kruskal–Wallis analysis was performed 
on the α-diversity data based on different corals. A phy-
logenetic tree of the Symbiodiniaceae was constructed 
in MEGA 6 by using the maximum likelihood method 
(based on the Kimura 2-parameter model) [44, 56]. Raw 
reads were deposited into the NCBI Sequence Read 
Archive database (Accession Number: PRJNA1086834).

Coral‑associated bacteria
Total DNA extraction, PCR amplification, and Illumina MiSeq 
sequencing of coral‑associated bacteria
Approximately 50 mg of coral tissue and mucus was cut 
with scissors, and the total genomic DNA was extracted 
from the coral samples by using the TIANamp Marine 
Animal DNA Kit per the manufacturer’s instructions. The 
quality and concentration of DNA were determined using 
1.0% agarose gel electrophoresis and a NanoDrop2000 
spectrophotometer (Thermo Scientific, United States) 
and stored at –80 ℃ for further use. The total genomic 
DNA that fulfilled the conditions 1.8 < 260/280 < 2.0 and 
260/230 > 2.0 was used as a template. Upstream primers 
carrying Barcode sequences 338F (5’-ACT​CCT​ACG​GGG​
AGG​CAG​CAG-3’) and 806R (5’-GGA​CTA​CHVGGG​
TWT​CTAAT-3’) were used with the ABI GeneAmp® 
9700 Thermal Cycler for the PCR amplification of the V3–
V4 region of the bacterial 16S rRNA gene [48, 57]. An ABI 
GeneAmp 9700 thermal cycler (Thermo Fisher Scientific, 
Waltham, MA, United States) was used as a PCR reaction 
system, and the reactions were conducted under the fol-
lowing conditions: 3 min at 95°C, followed by 35 cycles 
of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and a final 
extension at 72°C for 10 min. PCRs were run in triplicate 
per sample, which were conducted using a 20 μL reaction 
volume of TransGen AP221-02 (TransGen Biotech, Bei-
jing, China) containing: 4 μL 5 × FastPfu Buffer (TransGen 
Biotech, Beijing, China), 2 μL 2.5 mM dNTPs, 0.8 μL (5 
μm) forward primer, 0.8 μL (5 μm) reverse primer, 0.4 μL 
FastPfu DNA Polymerase (TransGen Biotech, Beijing, 
China), 0.2 μL BSA and 10 ng template DNA; the final 
volume was adjusted to 20 μL using ddH2O [55]. Next, 2 
μL amplified product was collected, and product integ-
rity was determined using 2% agarose gel electrophore-
sis at a voltage of 115 V for 45 min to confirm whether 
the fragment size was between 420 and 460 bp. PCR 
products were purified using PCR Clean-up Kit accord-
ing to the manufacturer’s instructions (Yuhua, China), 
and Qubit 4.0 (Thermo Fisher Scientific, USA) was used 
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to detect and quantify the recovered products. The puri-
fied PCR products were constructed using NEXTFLEX ® 
Rapid DNA-SeqKit: (1) split-link (2) Use magnetic bead 
screening to remove split-self-connected segments; (3) 
Enrichment of library templates by PCR amplification; (4) 
The PCR products were recovered by magnetic beads to 
obtain the final library. Sequencing was performed using 
the umimaNextseq2000 platform (Majorbio Biopharm 
Technology Company, Shanghai, China). Raw reads were 
deposited into the NCBI Sequence Read Archive database 
(Accession Number: PRJNA1086806).

Analysis of α‑diversity and community composition 
of associated bacteria
Paired reads of the bacterial 16S rRNA gene output from 
the Illumina MiSeq platform were merged with over-
lapping PE reads by using PEAR software to obtain the 
complete 16S rRNA gene V3–V4 region sequence, which 
allowed for a maximum mismatch ratio of 0.2. The com-
plete 16S rRNA gene V3–V4 region was homogenized 
to remove average quality scores of < 20 and bases of < 50 
bp. Sequence orientation was based on primer sequences 
with valid sequences from barcode-identified samples. 
Non-repetitive sequences were extracted using Uparse. 
Single sequences and chimeras without repeats were 
removed, and based on the valid ASV data, they were 
processed and denoised. Next, species were classified to 
obtain the ASVs of bacterial samples for the assessment 
and statistical analysis of bacterial diversity and commu-
nity composition. The SILVA v138 database was used for 
the identification of bacterial species. Rarefaction curves 
construction as well as alpha diversity indices were calcu-
lated on rarified data set (30,000 sequences for bacteria) 
using the Mothur (v1.30.2). Alpha diversity indices were 
compared with Kruskal Wallis test using the stats pack-
age in R (v3.3.1). The bacterial community composition 
was visualized by NMDS based on Bray–Curtis distance, 
using the Vegan package in R software (version 4.2.3). 
PERMANOVA was conducted to test for statistically sig-
nificant differences in community composition among 
groups [58].

Results
Water parameters of Wanshan Islands, Pearl River Estuary
The water parameters of the Wanshan Islands in the Pearl 
River Estuary showed that in July 2022, the SST ranged 
from 29.44 ± 0.07 °C to 29.72 ± 0.08 °C, DO ranged from 
6.65 ± 1.46 to 7.84 ± 0.56 mg/L, and salinity ranged from 
23.26 ± 0.05‰ to 24.83 ± 1.03‰. Owing to heavy rainfall 
in the upper reaches of the Pearl River over several days, 
a large amount of freshwater was imported into the Pearl 
River Estuary, resulting in low-salinity conditions. In 

this study, the average salinity of the sampling sites was 
24.4 ± 1.1‰, which is much lower than the normal salin-
ity level (30.61–32.39‰) in the Pearl River Estuary [59], 
indicating that corals are subjected to low-salinity condi-
tions in the Wanshan Islands.

Coral symbiotic Symbiodiniaceae in Wanshan Islands, Pearl 
River Estuary
Density and Chl a content of coral symbiotic 
Symbiodiniaceae
The Symbiodiniaceae density significantly differed among 
the six coral species (Fig.  2A, p < 0.05, Table  S1). The 
symbiotic Symbiodiniaceae density assessment results 
showed that P. daedalea had the highest Symbiodini-
aceae density (6.91 ± 2.07 × 106 cells/cm2), and E. aspera 
had the lowest density (3.31 ± 0.88 × 106 cells/cm2). Thus, 
the densities of other Symbiodiniaceae coral species were 
between those of P. daedalea and E. aspera.

Moreover, there was a significant difference in Chl a 
content among these coral species (p < 0.05). G. fascicu-
laris exhibited the highest Chl a content (14.88 ± 2.19 μg/
cm2), which was much higher than those of the other 
coral species (Fig.  2B). The lowest Chl a content was 
4.55 ± 1.56 μg/cm2 for A. solitaryensis, M. peltiformis, P. 
versipora, P. daedalea, and E. aspera. The Chl a content 
of E. aspera was between that of A. solitaryensis and G. 
fascicularis.

Diversity of coral symbiotic Symbiodiniaceae
In this study, 1,535,930 Symbiodiniaceae ITS2 reads were 
obtained in low-salinity conditions to fulfill the analy-
sis criteria after rigorous screening and quality control. 
Of the Symbiodiniaceae ASVs, 1,070 valid ASVs were 
obtained for diversity and community analyses.

The Ace, Chao, Shannon, and Simpson indices for the 
symbiotic coral Symbiodiniaceae are shown in Fig. 3 and 
Table  S2. The symbiotic Symbiodiniaceae of E. aspera 
had the highest Shannon index (2.09 ± 0.05), and that of P. 
daedalea was the lowest (1.27 ± 0.22). Overall, significant 
differences were observed in the diversity indices among 
the six coral species (p < 0.05).

Composition of coral symbiotic Symbiodiniaceae
As shown in the composition diagram (Fig.  4), Clado-
copium was the dominant Symbiodiniaceae among the 
six coral species (relative abundance > 97%, Table  S3). 
Among them, A. solitaryensis, P. daedalea, and G. fas-
cicularis had similar compositions to Symbiodiniaceae, 
and the abundance of the dominant Cladocopium C1 
ranged from 80.4% to 84.5%. The compositions of P. ver-
sipora, E. aspera, and M. peltiformis differed from those 
of A. solitaryensis, P. daedalea, and G. fascicularis. P. 
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versipora had the highest percentage of Cladocopium C1, 
and the abundance of Cladocopium C1 was lower than 
that of A. solitaryensis, P. daedalea, and G. fascicularis. 
Cladocopium Cspc, Cladocopium C44, and Cladocopium 
C1p were highly abundant (> 5%). The symbiotic Sym-
biodiniaceae of E. aspera had the highest abundance of 
Cladocopium C18 (49.7%), followed by Cladocopium 
C1 (26.4%) and Cladocopium C1p, Cladocopium C16 
(> 5%). Cladocopium C3d was dominant in M. peltiformis 

(79.8%). Cladocopium C21.11 and Cladocopium Cspc 
also showed a high abundance (> 5%).

A phylogenetic tree of the dominant Symbiodiniaceae 
subclades in low-salinity conditions was constructed 
(Fig.  5). Three major groups were suggested for the 
development of the symbiotic Symbiodiniaceae in six 
coral species from the Pearl River Estuary. Cladocopium 
C16, Cladocopium C21.11, and Cladocopium Cspc had 
close phylogenetic relationships, and the phylogenetic 

Fig. 2  Symbiodiniaceae density (a) and Chl a content (b) of six coral species from the Wanshan Islands, Pearl River Estuary. ‘a’, ‘b’ and ‘c’ represent 
the differences between different corals in Symbiodiniaceae density and Chl a conten, respectively (Mann–Whitney U test, P < 0.05)
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relationships of Cladocopium C65a, Cladocopium C1p, 
and Cladocopium C72 were closer than those of Cla-
docopium C44, Cladocopium C1ca, and Cladocopium 
C1. The symbiotic Symbiodiniaceae composition of M. 
peltiformis, including Cladocopium C3.14, Cladocop-
ium C21.11, Cladocopium Cspc, and Cladocopium C3d, 
showed closer phylogenetic relationships. The symbiotic 
Symbiodiniaceae composition of A. solitaryensis, includ-
ing Cladocopium Cspc, Cladocopium C72, Cladocopium 
C1p, Cladocopium C1p.C45, Cladocopium C1ca, Clado-
copium C1, and Cladocopium C78a, showed closer phy-
logenetic relationships.

Diversity and composition of coral‑associated bacteria 
in Wanshan Islands, Pearl River Estuary
Diversity of coral‑associated bacteria
In this study, 1,425,904 reads were obtained from the 
six coral species after rigorous screening and qual-
ity control (Table  S4). After excluding archaea, chloro-
plasts, and mitochondrial sequences, in total, 16,112 

valid bacterial ASVs were identified. Per these bacterial 
ASVs, the Shannon index showed that A. solitaryensis 
had a relatively low level of associated bacterial diversity 
and that P. versipora and G. fascicularis had higher lev-
els of associated bacterial diversity (Fig. 6). The Shannon 
index also showed a significant difference in bacterial 
community diversity between P. versipora and A. solita-
ryensis (p < 0.001). The bacterial community diversity of 
P. versipora and M. peltiformis also significantly differed 
(p < 0.05). The Simpson diversity index was the opposite 
of that of the Shannon diversity index. The Ace index 
statistics showed that P. versipora and G. fascicularis had 
the highest levels of total ASVs (Fig. 6), and A. solitaryen-
sis had the lowest levels of total bacterial species, which 
differed from those of P. versipora (p < 0.05). In normal 
salinity, the Sobs index and Shannon index of M. pelti-
formis and Platygyra were lower than in low-salt condi-
tions. Furthermore, at normal salinity, the Simpson index 
of M. peltiformis and Platygyra was higher than that of 

Fig. 3  Diversity indices of coral symbiotic Symbiodiniaceae of six coral species from the Wanshan Islands, Pearl River Estuary. The statistical 
differences were calculated by the Kruskal–Wallis H Test followed by pairwise testing using the Mann–Whitney U test (*: 0.01 < p < 0.05; **: 
0.001 < p < 0.05; ***: p < 0.001)
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low-salinity conditions. These results indicated increased 
bacterial diversity in corals in low-salinity conditions.

According to the NMDS analysis (Fig.  7), the commu-
nity composition of the bacteria associated with the six 
coral species suggested that E. aspera differed significantly 
(p < 0.05) from the other coral species in associated bac-
terial community composition. The NMDS analysis also 
suggested that the associated bacteria community of P. versi-
pora differed significantly from those of the other coral spe-
cies (p < 0.05). A. solitaryensis, M. peltiformis, P. daedalea, 
and G. fascicularis had similar bacterial communities.

Composition of coral‑associated bacteria
At the phylum level, the bacteria associated with A. soli-
taryensis and P. daedalea were dominated by Proteo-
bacteria (Fig. 8, Table S5). For P. versipora and E. aspera, 
Chloroflexi were the dominant bacteria; other bacteria, 
such as Proteobacteria, Bacteroidota, and Actinomyce-
tota, also had relatively high abundances. In the cases of 

G. fascicularis and M. peltiformis, the dominant bacteria 
were Proteobacteria, Bacteroidota, and Firmicutes. The 
bacterial composition of corals in normal salinity differs 
from that in low-salinity conditions. The bacteria asso-
ciated with M. peltiformis were dominated by Cyano-
bacteria, with relative abundances of 92.15% at normal 
salinity. In normal conditions, the relative abundances 
of γ-proteobacteria (20%), α-proteobacteria (12%), and 
Cyanobacteria (39%) in the associated bacteria commu-
nity of G. fascicularis were relatively high. The dominant 
bacteria in both low-salt conditions is Proteobacteria, 
and the dominant bacteria in normal salinity is Cyano-
bacteria. For Platygyra, Proteobacteria was the dominant 
phylum, with 71.87% in normal salinity, followed by Fir-
micutes. This suggests that different corals are affected 
by low salinity to different degrees and that low-salinity 
conditions affect the composition of some coral symbi-
otic bacteria.

Fig. 4  Composition of symbiotic Symbiodiniaceae in six coral species from the Wanshan Islands, Pearl River Estuary. The Symbiodiniaceae 
subclades such as C1, C44, and Cspc,were be classified as the Cladocopium 
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At the genus level, we selected the top 30 bacte-
ria in terms of total abundance for plotting. Among 
these six coral species had high abundances of Vibrio 
(relative abundance: 4.2 ± 4.8%) and Rhodobacteraceae 
(relative abundance: 3.9 ± 2.6%, Fig.  9, Table  S6). G. fas-
cicularis had high abundances of Pseudomonas (relative 
abundance: 4.6 ± 2.4%), Photobacterium (relative abun-
dance: 4.5 ± 2.4%), and Pseudoalteromonas (relative abun-
dance: 4.5 ± 2.4%). Ruegeria was observed in P. daedalea 
and M. peltiformis, with relative abundances of 2.9 ± 1.9% 
and 1.0 ± 1.2%, respectively. At the genus level, in normal 
salinity, the bacteria associated with M. peltiformis were 
dominated by Synechococcus CC9902 (89.16%). The domi-
nant genus in Platygyra was Endozoicomonas (52.30%). 
The results demonstrated that the dominant genus com-
position of corals differed significantly between normal 
salinity and low-salinity conditions (Mann–Whitney U 
test, p < 0.05).

Discussion
Adaptation of coral‑Symbiodiniaceae holobionts 
to the low‑salinity in the Pearl River Estuary
Owing to the influences of short-term rainstorms and 
massive freshwater input, low-salinity conditions endure 
in the Pearl River Estuary. Low-salinity conditions have 
significant negative impacts on coral-Symbiodiniaceae 
holobionts, and coral symbiotic Symbiodiniaceae density 
decreases in low salinity [22, 60]. The symbiotic Symbio-
diniaceae density reflects differences in the adaptability 
of coral species in low-salinity conditions. For example, 
G. fascicularis can normally survive more than 60 d when 
exposed to 20‰ salinity [61]; however, the growth rate 
of Platygyra acuta slows when the salinity is < 26‰ and 
stops at salinities < 22‰ [30]. In low-salinity conditions, 
Liu et  al. [60] found that the Symbiodiniaceae density 
and Chl a content of Porites lutea decreased significantly 
when the surrounding seawater salinity was < 30‰, and 

Fig. 5  Phylogenetic tree of coral symbiotic Symbiodiniaceae of six coral species from the Wanshan Islands, Pearl River Estuary
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Fig. 6  Diversity indices of coral-associated bacteria of six coral species from the Wanshan Islands, Pearl River Estuary. The statistical differences 
were calculated by the Kruskal–Wallis H Test followed by pairwise testing using the Mann–Whitney U test (*: 0.01 < p < 0.05; **: 0.001 < p < 0.05; ***: 
p < 0.001)

Fig. 7  NMDS analysis of associated bacteria of six coral species from the Wanshan Islands, Pearl River Estuary
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the Symbiodiniaceae density and Chl a content decreased 
dramatically when the salinity decreased from 30‰ to 
20‰ until the corals bleached. Similarly, in this study, 
the density and Chl a content of coral symbiotic Symbi-
odiniaceae differed significantly in the low-salinity con-
ditions of the estuary, with some corals showing high 
Symbiodiniaceae densities and Chl a content, such as G. 
fascicularis; other corals showed low Symbiodiniaceae 
densities, such as E. aspera. The Symbiodiniaceae den-
sity of P. versipora was 6.8 × 106 cells/cm2 [39], and that 

of M. peltiformis was 4 × 106 cells/cm2 at normal salinity 
[40]. Both corals exhibited a decrease in Symbiodiniaceae 
density in low-salinity conditions. The Chl a content of A. 
solitaryensis was 15.21 μg/cm2, and that of M. peltiformis 
was approximately 11 μg/cm2 at normal salinity [41, 42]. 
In this study, the Chl a content of A. solitaryensis was 
2.43 μg/cm2, and that of M. peltiformis was 8.09 μg/cm2 
in low-salinity conditions. Both corals showed decreases 
in Chl a content. These findings suggest that low-salin-
ity conditions affect Symbiodiniaceae density and Chl a 

Fig. 8  Composition of coral-associated bacteria at the phylum level in the Wanshan Islands, Pearl River Estuary

333



Page 12 of 17Lan et al. BMC Microbiology          (2025) 25:278 

content, and differences in Symbiodiniaceae density and 
Chl a content could be responsible for the different adap-
tations of corals to low-salinity conditions.

Environmental factors drive various types of and differ-
ent environmental influences in Symbiodiniaceae coral 
holobionts [62, 63]. Studies have found that the dominant 
symbiotic Symbiodiniaceae is closely related to the tol-
erance of coral-Symbiodiniaceae holobionts to environ-
mental stress [64–66]. Symbiodiniaceae subclades confer 
different physiological characteristics and environmental 
tolerances to coral holobionts [65, 67, 68]. In this study, 
the dominant symbiotic Symbiodiniaceae subclades in 

all corals were Cladocopium C1, excluding M. peltiformis 
and E. aspera. Some corals with Cladocopium C1-dom-
inant species had a lower percentage of Cladocopium 
C1 than corals in normal salinity conditions, for exam-
ple, P. versipora with 75% in normal salinity and 41.5% 
in this experiment [43], and some coral Cladocopium 
C1 percentage gaps do not vary much, for example, G. 
fascicularis, with approximately 80% in normal and low-
salinity conditions [43]. Cladocopium C1 is a subclade 
of Symbiodiniaceae with high photosynthetic efficiency 
[69]. Under the low-salinity stress, corals may establish 
a symbiotic relationship with highly photosynthetically 

Fig. 9  Associated bacterial composition at the genus level of six coral species in the Wanshan Islands, Pearl River Estuary

334



Page 13 of 17Lan et al. BMC Microbiology          (2025) 25:278 	

efficient Symbiodiniaceae to maintain the functioning 
of the calcium carbonate secretion-storage system [70]. 
However, some of the dominant symbiotic Symbiodini-
aceae subclades change from corals between the normal 
salinity and low-salinity conditions. In normal condi-
tions, for example, the dominant symbiotic Symbiodini-
aceae subclades of the M. peltiformis were Cladocopium 
C3d, followed by Cladocopium C2r [44]. In low-salinity 
conditions, the dominant symbiotic Symbiodiniaceae 
subclades were Cladocopium C3d, followed by Clado-
copium Cspc. Notably, some corals were symbiotic with 
different symbiotic Symbiodiniaceae subclades when 
experienced low-salinity stress. For example, Cladoco-
pium Cspc and C3d were detected from M. peltiformis 
in low salinity conditions, but Cladocopium C3d and C2r 
were detected in normal salinity conditions. Research 
has observed that M. peltiformis has high susceptibility 
to environmental influences [45]. The flexible changes in 
the composition of symbiotic Symbiodiniaceae subclades 
may be conducive M. peltiformis to survive and adapt to 
low-salinity stress.

Coral symbiotic Symbiodiniaceae types are typically 
determined by environmental selection and co-evolution 
[71]. The results of this study showed that among the 
six coral species, some of them differed significantly in 
their Symbiodiniaceae diversity and composition. Coral 
holobionts can regulate physiological and ecological 
characteristics (e.g., coral host stress, Symbiodiniaceae 
densities, Symbiodiniaceae subclades, and bacterial com-
munities) to adapt to external environmental changes 
[72, 73]. The results suggest that different corals adapt 
to low salinity by regulating their symbiotic relationship 
with Symbiodiniaceae. Based on the phylogenetic tree 
of Symbiodiniaceae, two typical symbiotic Symbiodini-
aceae species selected by corals survived in low-salinity 
conditions. For example, the Symbiodiniaceae subclades 
of M. peltiformis belong to similar branches of the phy-
logenetic tree, and those of A. solitaryensis are distrib-
uted throughout the phylogenetic tree. This suggests that 
symbiotic Symbiodiniaceae may be regulated by corals 
in low-salinity conditions. Some coral species establish 
symbiotic relationships with specific Symbiodiniaceae 
subclades (e.g., Cladocopium C1) to increase their photo-
synthetic rate, and other coral species establish symbiotic 
relationships with multiple Symbiodiniaceae subclades to 
enhance their Symbiodiniaceae diversity and tolerance to 
low-salinity conditions.

Adaptation of coral‑bacterial holobionts to low‑salinity 
Pearl River Estuary condition
Salinity is a key factor influencing the diversity and 
composition of bacterial communities in coastal corals 

[74, 75]. Microbiome dynamics are linked to coral envi-
ronmental tolerance [76]. And a high diversity of the 
bacterial community may contribute to niche comple-
mentation and/or functional redundancy [23, 77]. In our 
study, six studied coral species suggested that the bacte-
rial communities associated with each of them showed 
significant differences in diversity and composition. Spe-
cifically, relatively high bacterial diversity was detected in 
the P. versipora, while relatively low bacterial diversity in 
the A. solitaryensis.

Compared with normal salinity environment, bacterial 
composition of different corals widely changed in low-
salinity environment [45, 46]. For example, M. peltiformis 
showed distinct changes in bacterial composition. At the 
phylum level, the bacteria associated with M. peltiformis 
were dominated by Cyanobacteria, with relative abun-
dances of 92.15% in normal salinity environment. At the 
genus level, the bacteria associated with M. peltiformis 
were dominated by Synechococcus CC9902 (89.16%) [45]. 
However, in low-salinity conditions, the dominant ASVs 
were Proteobacteria at the phylum level. At the genus 
level, u_Rhodobacteraceae were the dominant bacte-
ria. Synechococcus spp. is conducive coral holobiont to 
nitrogen fixation [78] and photosynthesis [79], indicating 
their potential roles in the hologenomic nutrient cycling 
of corals and the health state of coral hosts. Rhodobac-
teraceae may also enhance the resilience of corals by 
absorbing DMSP from Symbiodiniaceae and producing 
antibacterial compounds against pathogens [80]. Evi-
dently, low salinity can affect changes in the bacterial 
composition of corals, which further impacts the health 
of coral holobionts [45]. In contrast, the bacterial com-
position of G. fascicularis was relatively in stable. Under 
normal-salinity conditions, the relative abundances of 
γ-Proteobacteria, α-Proteobacteria, and Cyanobacteria 
of G. fascicularis were 20%, 12%, and 39% respectively, 
remaining at a relatively high level [46]. Under low-
salinity environment, Proteobacteria becomes were also 
the dominant bacteria, which is similar to the bacterial 
composition under normal conditions. This indicates a 
potential variation between the stability of the microbi-
ome and the susceptibility to bleaching among coral spe-
cies. The bacterial diversity might be important factors in 
coral adaptability to low-salinity conditions. Some coral 
species may survive better than others in low-salinity 
conditions by maintaining a high level of bacterial diver-
sity. Coral microbiome with high diversity may have high 
physiological and ecological acclimatization to low-salin-
ity conditions [81].

Community-associated bacterial communities have 
high flexibility and diverse functions and are closely 
related to the health of coral symbiotic functionaries. For 
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example, Proteobacteria and Bacteroidetes have a high 
tolerance to salinity stress [82]. In this study, bacteria 
from Proteobacteria and Bacteroidetes tended to domi-
nate the coral-associated communities, and their insen-
sitivity to salinity allowed these bacteria to survive better 
than other bacteria in low-salinity conditions. Rhodobac-
teraceae were highly abundant in all six coral species, and 
their ability to grow through photosynthesis, metabolize 
CO2, and fix nitrogen plays an important role in the car-
bon and nitrogen cycles of marine ecosystems [83].

In this study, additional differences were observed in 
the relative abundances of bacterial phyla and genera, 
reflecting varying adaptability among coral species in 
low-salinity conditions. Coral-associated bacteria may 
be related to coral growth, nutrient metabolism, the 
immune system, antioxidant capacity, resilience, and 
tolerance [84, 85]. In our study, the coral microbial com-
munities in low-salinity areas revealed that Pseudoalte-
romonas was extremely abundant in some corals, such 
as P. daedalea. Pseudoalteromonas has been shown to 
have significant antagonistic effects on various patho-
gens [86]. In this study, Pseudoalteromonas and Vibrio 
were detected in the composition of coral-associated 
bacteria. Pseudoalteromonas may be conducive to inhibit 
the growth and reproduction of Vibrio via antagonism, 
potentially decreasing the risk of disease in corals [87]. 
Furthermore, a high abundance of Ruegeria was found 
in P. daedalea and M. peltiformis. Ruegeria is a potential 
probiotic coral that produces antibiotics that can inhibit 
the growth of Vibrio [88]. High abundance of Vibrio in 
low-salinity conditions may interfere with the associated 
relationship between corals and bacteria [89, 90]; the 
antagonistic effect of Pseudoalteromonas and the antibi-
otics produced by Ruegeria could be conducive to inhib-
iting the growth of Vibrio, maintaining the stability of the 
relationship and the mutual cooperation between corals 
and bacteria. Under low-salinity stress, the increased 
abundance of specific bacterial taxa may contribute to 
the health and survival of corals [91, 92].

Conclusions
Different coral species have different adaptations to 
low-salinity stress by regulating the diversity and com-
position of Symbiodiniaceae and bacteria. Some coral 
species improved their adaptation to low-salinity stress 
in the Pearl River Estuary based on a high diversity of 
symbiotic Symbiodiniaceae and associated bacteria. In 
contrast, some other coral species may increase their 
resistance by associating with specific Symbiodini-
aceae subclades, with high Symbiodiniaceae density, or 
minority bacterial dominance under low-salinity stress.
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Sensitive detection of early growth of
Skeletonema costatum using a gold-doped carbon
sphere-gold nanoparticle
electrochemical biosensor

Ziyang Xian, †a Yayi He,†a Chaoxin Zhang,b Hao Fu,b Yaling Liu,a Tao Zhang,b

Shaopeng Wang,a Shan Lu,c Man Zhang*a and Liwei Wang *ab

The red tide caused by Skeletonema costatum (S. costatum), which greatly harms the ecosystem, makes

the accurate, sensitive, and quick detection of S. costatum a challenge within the field, despite early

warning being conducive to intervening and managing its occurrence. This paper proposes an

electrochemical biosensor composed of gold-doped carbon spheres (CBAu) and gold nanoparticles to detect

its early growth. CBAu has excellent conductivity and provides an effective channel for the transmission of

electrical signals in the biosensor. At the same time, the unique characteristics of gold nanoparticles can

effectively enrich ferrocene-labeled DNA (FcDNA). Therefore, this biosensor displays excellent detection

performance, including a low detection limit (LOD = 51.28 fg mL�1), a low limit of quantitation (LOQ =

137.85 fg mL�1), and a wide linear range (100 fg mL�1–10 pg mL�1). A linear relationship has been established

between the algal density and current value, with the calculated LOD being 2672 cells per L and LOQ 4575

cells per L. Both of these values are far below the algal bloom threshold of 107 cells per L. The reliability and

accuracy of the biosensor are further verified by comparison with optical microscopy and droplet digital PCR

(ddPCR). In addition, the applicability of the biosensor is re-verified in the field test in the Beibu Gulf.

1. Introduction

Skeletonema costatum (S. costatum) is one of the high red tide
algae and a perennial dominant species in the world’s coastal
waters.1 It can reproduce rapidly under adequate nutrient salinity
and relatively stable hydrological and meteorological conditions,
and it can cause seawater discoloration and produce reactive
aldehydes, which hurt copepod hatching.2 Besides endangering
aquatic ecosystems, high algae densities lead to massive fish kills
and economic losses.3 The technical specification for red tide
monitoring issued by the Chinese Ocean Disaster Monitoring
and Early Warning Technology Laboratory defines red tide as a

condition when the density of S. costatum is more than 107 cells per
L. According to China’s ocean disaster report statistics, S. costatum
red tide occurred almost every year from 2002 to 2022 and
fluctuated. Up to 2022, 44 red tides caused by S. costatum occurred,
with a cumulative area of more than 17 906 km2, which cause
frequent outbreaks and a wide range of impacts. Red tide is a
natural phenomenon that cannot practically be eliminated, but an
effective detection program can provide early warning of red tide
and mitigate its adverse environmental impacts. Currently, the
identification and counting of S. costatum mainly rely on light
microscopes.4,5 This method is time-consuming and prone to
human errors. By contrast, emerging molecular detection techni-
ques can identify and quantify it more quickly and accurately.
Polymerase chain reaction (PCR) and quantitative polymerase
chain reaction (qPCR) have been widely used in microalgae
detection.6–9 However, they require professional personnel and
laboratories, and thus they can’t meet the practical needs for rapid
and efficient detection of S. costatum, further hindering the devel-
opment of related technologies. Therefore, it is urgent to develop
rapid on-site analysis methods. Electrochemical biosensors have
recently drawn public attention. They respond quickly with high
sensitivity and relatively low costs and support on-site instant
analysis.10,11 An increasing number of research reports focus on
using such sensors to detect microalgae.12–14 For example, Yoseph
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Seo et al. developed a rapid and sensitive electrochemical biosensor
for detecting harmful cyanobacteria based on species–specific DNA
primers.15 Emma Izzati Zakariah et al. developed an electrochemi-
cal DNA biosensor that uses AQMS as a redox marker to detect the
DNA of Alexandrium minutum.16 These biosensors are characterized
by strong specificity and easy miniaturization. However, they still
face challenges in terms of sensitivity and reliability, which, to
some extent, limit their practical application in fields such as
marine organism monitoring and early warning. However, these
biosensors still face challenges in accuracy, sensitivity, and relia-
bility, which, to some extent, limit their practical application in
fields such as marine biological monitoring and early warning.

Carbon nanomaterials have recently become the focus of
research to address the above challenge due to their significant
advantages, such as high mechanical strength, large specific sur-
face area, and facilitation of electron transfer.17 Their highly
adjustable surface characteristics enable carbon nanomaterials to
sensitively recognize signal molecules, further enhancing their
sensitivity and selectivity as judgment tools.18,19 In addition, gold
nanoparticles have attracted increasing attention in the field of
sensing due to their unique properties, such as excellent conduc-
tivity, low toxicity, and high compatibility.20 When applied to
electrochemical biosensors, gold nanoparticles can play two roles.
One is an efficient conductive mediator in detecting biomolecules
or chemical substances; the rapid electron transfer enables the
biosensor to generate an apparent electrical signal response to
target substances at extremely low concentrations.21–23 Another is
that signal probes can be combined with gold nanoparticles
through physical adsorption24 and chemical bonding,25 thereby
achieving highly enriched signal probes. This enrichment effect
can amplify the detection signal significantly, enabling even trace
amounts of target substances to produce detectable signal
responses.26,27 Therefore, gold nanoparticles can significantly
improve accurate target identification.

Here, a biosensor was developed for detecting the DNA of
S. costatum by using electrode modification materials (gold-
doped carbon balls, marked as CBAu) and gold nanoparticles
(Au NPs) that can enrich signaling molecules (DNA labeled with
ferrocene, marked as FcDNA). Due to the excellent conductivity
of CBAu and the amplification of current signals achieved by the
enrichment of signal molecules through gold nanoparticles, this
biosensor shows excellent sensitivity and specificity. In addition, its
satisfactory accuracy in detecting S. costatum was confirmed by
comparing it with droplet digital polymerase chain reaction
(ddPCR) and microscopic detection methods. Moreover, its applic-
ability was also verified through the analysis of actual samples
from the Beibu Gulf. Therefore, we believe that this work provides a
new perspective for the on-site quantitative analysis of S. costatum
and lays a foundation for the early warning of its outbreak.

2. Materials and methods
2.1. Preparation of the material

CB was synthesized as previously described in the literature,28

with slight modifications. First, 70 mL of ethanol, 10 mL of

distilled water, and 3 mL of concentrated ammonia were mixed
into a solution and stirred for 15 min, and then 0.4 g of
resorcinol and 0.56 mL of formaldehyde solution were added
to the mixed solution and stirred for 24 h. After the reaction,
the sample was washed three times with water and three times
with ethanol, respectively, and the resulting precipitates were
placed in a vacuum-drying oven and dried at 60 1C for 12 h.
After the sample was completely dried and ground, it was
calcined in a tube furnace protected by a nitrogen atmosphere
at 700 1C for 5 h, and the temperature increase rate was set at
5 1C min�1. The carbon spheres produced were doped with gold
using a chemical reduction method to obtain CBAu.29 The
reagents and instruments used in the experiment are in SI S1.1.

2.2. Primer and probe design

Design primer and probe sequences in the internal transcribed
spacer region 2 (ITS2) gene sequence. The specific experimental
details of DNA extraction and PCR amplification are in SI S1.2.
The preliminary screening of specific primers after PCR ampli-
fication is shown in Fig. S1A. Table S1 shows the gene
sequences of specific primers and targets of S. costatum, where
S. costatum DNA was used as a template. The specific primers
were amplified by PCR, and the amplified length was 214 bp.
Red tide high-prevalence algae were selected as the interfering
species, including Prorocentrum donghaiense, Akashiwo sanguinea,
Prorocentrum minimum, and Heterosigma akashiwo. The specificity
of the selected primers was verified by PCR amplification (SI
Fig. S1B).

2.3. Fabrication of an electrochemical biosensor

In Scheme 1 of this paper, the stepwise modification process of
the electrochemical biosensor is described. Specifically, the
GCE electrode was polished with 0.5 mm and 0.05 mm alumina
powders and sonicated in ultrapure water. 4 mg of CBAu was
dispersed in 1 mL of 0.2% chitosan acetic acid solution (CS),
and 10 mL of the mixed suspension was added dropwise onto
the bare glass electrode and dried at room temperature. CP/
CBAu/GCE was prepared by adding 10 mL of diluted capture
probe (CP) solution dropwise onto the prepared CBAu/GCE,
and incubated for 2 h before being dried at room temperature.
The preparation method of the CP is in SI S1.3. 10 mL of 5 mM
MCH was added and incubated for 2 h for non-specific con-
finement of the electrode surface, and MCH/CP/CBAu/GCE was
prepared. After that, 10 mL of the target (T) was added and
reacted with CP for 2 h to form T/MCH/CP/CBAu/GCE, and
finally, 10 mL Au-FcDNA was added and incubated for 2 h to
complete the preparation of the Au-FcDNA/T/MCH/CP/CBAu/
GCE electrode. The electrochemical test conditions are in
SI S1.4.

2.4. Actual sample analysis

The Beibu Gulf of Guangxi is the target area of this study. In
recent years, red tides of S. costatum have been frequently
reported in this area. Based on the locations of red tides, nine
sampling points, namely P1–9, are set up in the study area.
The information on these sampling points is shown in Table S2.
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Briefly, after collecting 1 L of seawater samples at each sampling
point, filtration is carried out, and the DNA in the seawater
samples is extracted and stored at �80 1C for subsequent experi-
ments. At the same time, the enriched DNA samples are analyzed
on-site by portable electrochemical biosensors. For the DNA
enrichment of actual samples, please refer to SI S1.5.

3. Results and discussion
3.1. Material characterization

The morphology of the prepared electrode material, CBAu was
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As can be seen from
Fig. 1A, the synthesized carbon balls have a regular spherical
structure with uniform carbon ball sizes, and the diameters are
about 381 nm (Fig. S2A). This uniformity in size provides a
stable substrate structure for biosensors, and the even distribu-
tion of carbon spheres ensures consistency in the modification
of the electrode surfaces, preventing signal fluctuations caused
by differences in material morphology, thereby effectively guar-
anteeing the repeatability of sensor detection from a hardware
perspective. In addition, the presence of C, N, O, and Au
elements can be observed from the energy dispersive spectro-
scopy diagrams (Fig. S2B and C). In Fig. S2D, the particle size of
Au NPs before incorporation into the CBAu material was
6.83 nm, which decreased to 4.44 nm after incorporation
(Fig. S2E). This phenomenon is attributed to interfacial charge
transfer and other interactions between the AuNPs and carbon
materials, which alter the electronic structure and surface
energy of the gold particles. These interactions enhance the
thermodynamic stability of smaller nanoparticles, inhibit the
Ostwald ripening process, reduce the dissolution of small
particles and mass migration to larger particles, ultimately

stabilizing the AuNP size at a smaller dimension, which initially
proves the successful synthesis of the CBAu composite material.30

The introduction of Au elements not only significantly enhances
the conductivity of the material, but also provides precise binding
sites for the immobilisation of CP through surface Au active sites,
laying a solid foundation for subsequent specific recognition of
target DNA with high loading capacity.31

The X-ray diffraction (XRD) patterns of CB and CBAu are
consistent with the standard card in the energy spectrum
diagram in Fig. 1B, indicating the successful synthesis of the
material. Among them, CBAu has two strong diffraction peaks
related to graphite carbon (002) and (101), indicating that
carbon atoms form an orderly arranged large p bond system
through sp2 hybridisation, and this structure is the core source
of the high electrical conductivity of CBAu.32 This result is also
confirmed by the Raman spectrum in Fig. 1C. This may be caused
by the interaction between the incorporated gold and the defects in
the carbon material and the filling of some defect sites. After
calculation, the ratio of the D band to the G band of CB decreases
to 0.71 after gold doping.33,34 This may be caused by the interaction
between the incorporated gold and the defects in the carbon
material and the filling of some defect sites.35 The above results
suggest that CBAu has a degree of graphitization. The existence of
graphitized carbon allows the electrons in the p bond system to
move relatively freely, thereby endowing the material with excellent
conductivity and improving the detection ability of the biosensor.36

In order to reveal the chemical valence state of the elements
in the material and the modified functional groups, X-ray
photoelectron spectroscopy (XPS) tests were performed in
Fig. S2F. The O element in CBAu and CB comes from the
phenolic resin precursor and exists in C–O, CQO, and O–
CQO chemical bonds37 (Fig. 1D and E). Among them, the C–O
bond and the CQO bond mainly exist in the defects of the

Scheme 1 Schematic diagram of the DNA biosensor for the detection of S. costatum DNA.
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graphite lattice,38 and the two can react with Au to form an Au–O
bond (Fig. 1F).39 Compared with CB, the characteristic peak of O
1s of CBAu shifts in the direction of decreasing binding energy.
This may be caused by the electronic structure of gold affecting
the electron cloud density around oxygen atoms and causing
changes in the electron binding energy of oxygen. This further
optimises the interfacial charge distribution of the material and
enhances the efficiency of electrical signal conduction.40 These
results further illustrate the successful doping of Au.

Fig. S3A and B show the Brunauer–Emmett–Teller (BET) plots of
CB and CBAu, respectively. The specific surface area of the carbon
material is 375.41 m2 g�1, while that of CBAu is 11.79 m2 g�1.
During the gold doping process, the micropores of the carbon
material are occupied by gold, which significantly reduces the
internal surface area available for gas adsorption, thus leading to
a decrease in the BET-specific surface area. Au NPs successfully fill
the microporous structure of the carbon material, which reduces
the internal surface area for gas adsorption, yet constructs a large
number of Au active sites on the material surface. These sites
provide a dedicated binding platform for the covalent anchoring of
CP. As shown in Fig. S3C, cyclic voltammetry (CV) is employed for
electrochemical characterization of the material. Fig. S3D is the
linear fitting curve of scan rate and peak current. According to the
Randles–Sevcik equation41 (SI; eqn (S1)), the effective electroche-
mically active surface area of CBAu is 0.25 cm2. This indicates that
CBAu has active sites that participate in electrochemical reactions.
Therefore, based on the above discussion, CBAu composites can be
used as electrode materials to further construct high-performance
electrochemical DNA biosensors.

3.2. Characterization of the electrochemical biosensor

The current signal level of biosensors is not only directly related
to the concentration of the target substance T but also depends

on the precise design of the DNA probe. The ‘‘switch’’ character-
istic of CP, combined with the signal amplification ability of Au-
FcDNA, together constitute the core advantages of the sensor’s
high specificity and high sensitivity. The sensing principle is
shown in Fig. 2A. When the T exists on the electrode surface, CP
will open and combine with T to form a double strand, and the
conformational changes of the returning probe have strict target
selectivity, responding only to the target sequence. At this time, the
addition of Au-FcDNA will bind with the double strand, and the
large amount of Fc will have a redox reaction on the surface of the
electrode to produce a high signal, realizing the sensitive detection
of the trace T. If there is no T on the electrode surface, the CP will
not be turned on, and the weak current signal generated by the
non-specific adsorption of Au-FcDNA on the electrode surface,
which belongs to the background signal current value. In addition,
the formation of Au-FcDNA was verified by UV-vis spectroscopy. As
shown in Fig. S4A, the absorption peak of bare Au NPs is about
522 nm. After modification with FcDNA, the DNA shows a sharp
characteristic peak at 260 nm due to the formation of Au-FcDNA.42

At the same time, the absorption peak of Au NPs shifts from
522 nm to 524 nm. It indicates that FcDNA is stably modified on
the surface of Au NPs through Au–S bonds. This stable covalent
binding not only prevents signal drift caused by probe detachment
but also enhances the electron transfer efficiency between Fc and
the electrode surface through the nanoscale effect of Au NPs. The
density of DNA probes on CBAu was calculated using chronocou-
lometric (CC) measurements, as shown in Fig. S4B. According
to eqn (S2) and (S3), the DNA density was calculated to be 2.276
�1013 molecules cm�2, which provides sites for subsequent
reactions.43,44 Fig. 2B shows the validation of the biosensor probe
strategy using polyacrylamide gel electrophoresis, where the mole-
cular weight size affects its migration rate on the gel. Lanes 1, 2,
and 3 are CP, T, and FcDNA, respectively; their molecular weight

Fig. 1 Characterization of material CBAu. (A) TEM image of CBAu, (B) XRD pattern of CB and CBAu, (C) Raman spectra of CBAu, (D) XPS spectra survey
spectrum of CB and CBAu C 1s, (E) O 1s and (F) Au 4f.

Paper NJC

Pu
bl

is
he

d 
on

 1
9 

Se
pt

em
be

r 
20

25
. D

ow
nl

oa
de

d 
by

 G
ua

ng
xi

 U
ni

ve
rs

ity
 o

n 
9/

20
/2

02
5 

2:
29

:5
1 

PM
. 

View Article Online

343

https://doi.org/10.1039/D5NJ02636A


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025 New J. Chem.

sizes are 58 bp, 28 bp, and 8 bp. From the electrophoretic bands, it
can be seen that the migration rate slows down with the increase
of molecular weight. Lane 4 is the product of the combination of
CP and T, and due to the increase in molecular weight, the
movement of CP–T is slower than that of the previous three lanes.
Lane 5 is the product of the combination of CP, T, and FcDNA,
Due to the small molecular weight of FcDNA, its electrophoretic
band is similar to lane 4. Lane 5 is the product of the combination
of CP, T, and FcDNA; due to the small molecular weight of FcDNA,
its electrophoretic band is similar to lane 4.

Fig. 2C and D show the step-by-step construction process of the
biosensor characterized by electrochemical impedance spectro-
scopy (EIS) and CV. The EIS high-frequency semicircular cross-
section corresponds to the charge-transfer confinement process,
where an increase in the semicircular diameter indicates an

increase in the interfacial charge-transfer resistance (Rct). The
semicircle diameter is the impedance of CBAu/GCE (Rct = 11 O,
Fig. 2C, curve a), which has a faster charge transfer process at this
point due to the excellent electrical conductivity of the material
itself. The attachment of CP generates a spatial potential resistance
on the electrode surface, affecting the electron transfer rate and
decreasing the redox current.45 Therefore, the Rct value of CP/CBAu/
GCE increases to approximately 313 O compared with that of CBAu/
GCE (Fig. 2C, curve b). Passivating the surface with MCH further
leads to a significant increase in the Rct value (about 573 O, Fig. 2C,
curve c), because MCH can form a film with a thickness of several
molecular layers on the electrode surface, which completely seals
the Au on the electrode surface and hinders the charge transfer
between potassium ferricyanide and the electrode surface.46 Hybri-
dization of the T with CP decreases the spatial potential resistance

Fig. 2 Feasibility verification of the electrochemical biosensor detection strategy. (A) Schematic diagram of the detection strategy. (B) The programmed
detection strategy was characterized by using 20% polyacrylamide gel. (C) Different modified steps of electrodes by CV and (D) EIS measurements with
the Nyquist plots in 5 mM of K3[Fe(CN)6]/K4[Fe(CN)6] solution containing 0.1 M of KCl. (E) and (F) DPV responses of the electrochemical biosensor.
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of the electrode surface, and the CP opens to form a double strand
(about 460 O, Fig. 2C, curve d). The Au-FcDNA hybridizes to the
open double strand, and the increase in the surface material of the
electrode level after hybridization increases the impedance. Still,
since gold nanoparticles increase the electrical conductivity of the
electrode surface, they also improve the electron transfer rate
(about 465 O, Fig. 2C, curve e). The results obtained by cyclic
voltammetry (CV) are consistent with those of EIS, both of which
prove the successful construction of the biosensor.

Differential pulse voltammetry (DPV) was used to test the
current’s magnitude, indicating the target’s presence or
absence (Fig. 2E). A relatively large current value will be
generated when the T exists in the reaction system (red line).
At this time, T will open CP on the electrode surface and
connect with Au-FcDNA, and Fc will undergo redox reactions
on the electrode surface. When T is absent, the current signal is
only generated by non-specific adsorption (black line); the
current signal is relatively weak. Subsequent DPV tests verified
the effect of FcDNA enrichment on gold nanoparticles by
comparing the current response in Fig. 2F. The results show
that the current signal of Au-FcDNA is twice that of FcDNA,
indicating that the enrichment effect of gold nanoparticles has
enhanced the detection ability of the biosensor. The above
results further prove the successful construction of the
biosensor.

3.3. Performance testing of the biosensor

To improve the detection ability of the biosensor, the experi-
mental parameters (incubation time of CP and T, concentration

of CP, and volume ratio (mL) of Au NPs to FcDNA) were
optimized (Fig. S5, DI is the difference in current before and
after the biosensor detects T). According to the experimental
results, optimal experimental conditions were obtained when
the incubation time of T was 90 min, the incubation time of CP
was 120 min, the concentration of CP was 0.8 mM, and the
volume ratio (mL) of Au NPs to FcDNA was 5/40. A standard
curve was constructed according to the above experimental
conditions.

The constructed biosensors were incubated with different
concentrations of T, and the current signal changes are
observed using a DPV test (Fig. 3A). The peak current of Fc
increased with the increase in S. costatum DNA concentration.
The linear range is 100 fM–10 nM, and a relationship is
established between DI and the logarithm of S. costatum DNA
concentration. The fitting formula is:

DI = 0.72 + 5.60 lg C (1)

DI represents the signal value, mA; C represents the concen-
tration of target DNA, mM. R2 = 0.96 (Fig. 3B). The limit of
detection (LOD) and limit of quantification (LOQ) were calculated
using eqn (S4) and (S5). The LOD was calculated as 29.47 fM and
the LOQ as 90.47 fM according to the above formula.

For selectivity, excluding potential interference from other
algae in the marine environment is an essential indicator of S.
costatum DNA sensing. Therefore, highly incident red tide algae
(P. donghaiense, A. sanguinea, P. minimum, and H. akashiwo)
were selected as interferons for the selectivity test, in which the
concentration of interferons was nM, the concentration of the

Fig. 3 Electrochemical biosensor performance testing. (A) Current response values of targets at different concentrations (100 fM, 1 pM, 10 pM, 100 pM, 1
nM, and 10 nM) and (B) the corresponding calibration curve. (C) Selectivity of the biosensor. (D) Stability of current response values for detecting targets
after storage at 4 1C for 1–14 days. (E) Reproducibility of the biosensor (targets at 100 fM, 10 pM, and 1 nM, respectively). The error bars represent the
standard deviations (n = 5). **P r 0.01.
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target was 100 pM, and the mixtures contained the target and
interferons with concentrations of 100 pM and 1 nM, respec-
tively. As shown in Fig. 3C, the current response of the target is
nearly 4 times higher than that of the interferon, and the
current response of the interferon is almost equal to the blank.
In addition, even for a mixture with a concentration ratio of 10,
the current response is very close to that of the target alone.
Subsequent significance analyses of the current values for each
group show P r 0.01 indicating that 1 nM (10 fold) of inter-
ferons have no significant effect on the target signal. This arises
from two aspects of advantage: on one hand, the hairpin
structure of the CP achieves precise recognition through base
complementary pairing, opening its conformation only for the
specific sequence of S. costatum, while maintaining closure for
the non-complementary sequences of interfering algae, thereby
blocking non-specific binding at the molecular level; on the
other hand, the uniform spherical structure of the CBAu

material and the ordered distribution of surface Au sites ensure
that the probe is fixed at a uniform density, reducing non-
specific adsorption caused by differences in material morphol-
ogy, thus further enhancing the selective barrier.

The stability and reproducibility of the biosensor were tested
as shown in Fig. 3D and E. The prepared biosensor was tested
after being stored at room temperature for 1–14 days, respec-
tively, to evaluate the stability of the sensing system. The DPV
response shows that the current peak’s relative standard devia-
tion (RSD) within fourteen days is 3.27% when the T concen-
tration is 100 pM. The highly graphitized structure of CBAu
endows the material with excellent chemical stability. Further-
more, the DNA probes stably bind to the gold sites on the
surface of CBAu through Au–S bonds. Combined with the
passivation effect of MCH, this forms a dense probe-sealing
agent bilayer structure, significantly reducing the risk of probe
detachment. In addition, the biosensor was tested for

Fig. 4 Schematic diagram of portable biosensor detection. (A) Schematic diagram of the process of on-site detection by a portable biosensor. (B)
Current response values at different concentrations (100 fg ml�1, 1 pg ml�1, 10 pg ml�1, 100 pg ml�1, 1 pg ml�1 and 10 pg ml�1) and (C) the corresponding
calibration curve. (D) DNA concentration and absorbance at 680 nm during the growth cycle of S. costatum. (E) Observed and predicted values of S.
costatum algae density and (F) linear relationship. (G) A linear relationship between algae density and genomic DNA concentration.
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reproducibility with target substances at 100 fM, 10 pM, and
1 nM, respectively. The results show the relative standard
deviations of the current peak T, which are2.30%, 1.58% and
2.34% respectively, all within the acceptable range. Spiked
recovery experiments were performed for different concentra-
tions to assess the accuracy and applicability of the biosensor.
As shown in Table S3, the recovery rates obtained for different
concentrations of T (5 � 10�3, 5 � 10�4, 5 � 10�5 and 5 � 10�6

mM) are 102.98%, 104.30%, 94.46% and 96.96%, respectively,
which is a desirable recovery for the biosensor. The satisfactory
stability and reproducibility of the biosensor are attributed to
the material having stable chemical properties, which ensures
the biosensor’s ability to test in complex testing environments.

3.4. Verification of accuracy

A portable biosensor based on screen-printed carbon electrode
(SPCE) is used to further explore the applicability of electroche-
mical biosensors (Fig. 4A). The working curve of the portable
biosensor for detecting target genomic DNA is constructed in the
laboratory. As the concentration of the target increases, DI
increases. A relationship is established between DI and the
logarithm of the target genomic DNA concentration ranges from
100 fg mL�1 to 10 ng mL�1. The fitting formula is:

DI = 0.88 + 7.77 lg C (2)

DI represent the signal value, mA; C represents the concen-
tration of genomic DNA, mg mL�1 and R2 = 0.98 (Fig. 4B and C).
The LOD and LOQ were calculated by eqn (S4) and (S5).
The LOD was calculated as 51.28 fg mL�1 and the LOQ as
137.85 fg mL�1 according to the above formula. The higher
sensitivity and broader linear range indicate that this biosensor
can detect the target sensitively. The biosensor is also com-
pared with assays used to identify and quantify other algae, and
the results show that the detection ability of this biosensor is
acceptable and competitive (Table S4).

Algae density and DNA concentration were analyzed using
an electrochemical biosensor and optical microscope to con-
struct a quadratic polynomial regression model. Subsequently,
S. costatum was cultured in the laboratory for 20 days to observe
its growth, and algal growth curves (Fig. 4D and Fig. S6A),
density (Fig. 4E and Fig. S6B), and the corresponding DNA
concentrations (Fig. 4D and Fig. S6C) were tested. The specific
experimental details are shown in SI S1.6 and S1.7. They can be
used for subsequent evaluation of biosensor suitability. A linear
analysis is conducted on the algal density of S. costatum
cultured for 20 days and the predicted algal density values
(Fig. 4F). There is a significantly correlated relationship
between the algal density detected by the biosensor and the
observed algal density (r = 0.98; P o 0.001), showing a relatively
linear relationship. Additionally, a relationship between geno-
mic DNA and algal density was established, which also showed
a good linear relationship (R2 = 0.9792, Pearson’s r = 0.9895,
Fig. 4G). On one hand, the rich Au active sites on the surface of
CBAu ensure a high density of DNA probes, with sufficient
recognition sites ensuring that the DNA of algal cells at different

concentrations can be fully captured, thus avoiding signal satura-
tion caused by insufficient probes; on the other hand, the signal
amplification mechanism of Au-FcDNA significantly enhances the
signal distinguishability of low-concentration algal cells, allowing
for quantifiable current responses even during the late logarith-
mic growth phase when algal density is relatively low, thereby
extending the linear detection range. In order to verify the
accuracy of the biosensor, the densities of different gradients of
algal sap are selected to do a linear analysis with the corres-
ponding current values (Fig. S6D). As the density of S. costatum
algae increased, DI increased, and a relationship is established
between. DI and the logarithm of the density of S. costatum algae.
The fitting formula is:

DI = 0.90 + 1.60 lg C (3)

DI represents the signal value, mA; C represents the concen-
tration of cells, cells per L. R2 = 0.96, based on the calculation of
eqn (S4) and (S5), LOD = 2672 cells per L, LOQ = 4575 cells per
L. This linear relationship can be helpful for the application of
subsequent field tests.

3.5. Analysis of environmental samples

Fig. 5A is a flowchart of actual sample testing in the field.
A portable biosensor was used to detect the DNA of S. costatum
at five sampling sites in the Beibu Gulf, China. Fig. 5B shows
the geographical location of each sampling site and indicates
the algal density by color. The algal densities of P1 and P2 are
1.97 � 105 and 2.92 � 104 cells per L, well below the outbreak
threshold. Fig. 5C shows the S. costatum DNA concentration
level of positive samples obtained by the portable biosensor,
consistent with the results measured by ddPCR (P 4 0.05;
Table S5). The strong electrochemical signals detected at P1 and
P2 indicate a high target concentration. In contrast, the biosen-
sor can only detect current signals equivalent to the background
at P3, P4, P5, P6, P7, P8 and P9. (Fig. 5D). The experimental
results are consistent with the situation of the ecological survey
at that time. These results prove that the portable electrochemi-
cal biosensor can be used for field detection.

4. Conclusion

In this work, the detection of S. costatum was realized by
enriching FcDNA using Au NPs and introducing nanomaterial
CBAu, which performed well in amplifying the detection signal.
Firstly, the nanomaterials have excellent electrical conductivity,
indicating a high electron transport rate, which can improve
the detection ability of the biosensor. Secondly, the hairpin
probe has stability and selectivity as a capture probe, which
improves the specific detection of the target; finally, the current
signal is amplified by enriching FcDNA with Au NPs to realize
the detection of the trace target. This biosensor has excellent
sensitivity, with the LOD and LOQ calculated as 51.28 fg mL�1

and 137.85 fg mL�1. Moreover, this biosensor’s satisfactory
applicability and accuracy were demonstrated during the on-
site detection of S. costatum in the Beibu Gulf. The S. costatum
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DNA concentration obtained in this area by the biosensor is
consistent with that of ddPCR (P 4 0.05). This biosensor can
mainly be attributed to the ultrasensitive detection of trace
amounts of S. costatum DNA in three aspects. Firstly, the
excellent electrical conductivity of CBAu enhances the inter-
facial transfer rate of electrons, enabling the biosensor to
respond sensitively to the electron transfer in the redox reaction
of FcDNA. Secondly, the stability and selectivity of the hairpin
probe, acting as a capture probe, improve the specific recogni-
tion ability of the target. Thirdly, the current signal is amplified
by enriching FcDNA with Au NPs, achieving the detection of
trace targets. However, the biosensor for detecting S. costatum
should undergo further validation and address some issues,
such as the ease of DNA enrichment. Nevertheless, it offers
excellent potential for subsequent integration into miniatur-
ized devices, bringing it closer to field detection. Thus, this
work is a breakthrough for the rapid and straightforward
detection of S. costatum in the field.
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INTRODUCTION
Kiloniellaceae, a family within the phylum Pseudomonadota, was proposed by Wiese et al. based on the genus Kiloniella [1] and 
revised by Hördt et al. [2]. However, the classification range of Kiloniellaceae remains controversial. At the time of writing, the 
genera Kiloniella and Aestuariispira have been assigned to this family [2]. Additionally, three other genera, namely, Thalassocola, 
Marivibrio and Curvivirga, have been tentatively assigned to this family due to lack of genomic data or based on stare decisis 
[2, 3]. Meanwhile, the Genome Taxonomy Database (GTDB, https://gtdb.ecogenomic.org/) indicates that this family contains 5 
subclades and at least 15 genera.

Members of Kiloniellaceae are usually marine organisms associated, such as sponges [4, 5], corals [5–8], lobster guts [9], crabs 
and clams [10], shrimp [11], fish [12] and macroalgae [1], in addition to seawater [13, 14] and sediments [15]. Especially, some 
Kiloniellaceae bacteria were closely associated with coral Symbiodiniaceae algae (could not be separated from algae by filtration) 
[16]. Cells are typically rod-, spiral- or vibrio-shaped; mesophilic; chemoheterotrophic; and moderately halotolerant [1–3, 17–19]. 
However, the function of these bacteria is still unclear.

Marine microbial carbon sink has become a research hotspot due to global warming caused by excess emissions of carbon dioxide 
[20], and calcium carbonate precipitation from algae–bacteria consortium is believed to be one of the important microbial carbon 

Abstract

A Gram-stain-negative, non-spore-forming, carbonate-producing, vitamin B
12

-sharing, aerobic rod, designated strain GXU_MW_
B19T, was isolated from coral Porites lutea. Cells grew at 20–40 °C, pH 6.5–10 and no more than 5% NaCl (w/v). Global align-
ment based on 16S rRNA gene sequence indicated that the new isolate is most close to members of the genus Kiloniella with 
identities of 92.9–94.1%, while sharing no more than 91.7% similarity with other type strains. The maximum average nucleotide 
identity and average amino acid identity to closely related species were 69.5 and 62.8%, respectively. Phylogenetic analysis 
based on both 16S rRNA gene sequences and the whole-genome sequences indicated that strain GXU_MW_B19T forms a stable 
cluster with genus Kiloniella in the order Rhodospirillales. The genome G+C content was 54.5 mol%. The dominant cellular fatty 
acids (≥10%) included iso-C

10 : 0
2OH, C

12 : 1
, C

14 : 1
 ω5c and iso-C

17 : 0
3OH. The major polar lipids comprised phosphatidylethanolamine, 

diphosphatidylglycerol, unidentif﻿﻿ied ninhydrin-positive lipid and three unidentified lipids. Alpha-1,6-glucosidase, alkaline phos-
phatase, isochorismate-related enzymes and P2-like prophage-related proteins were encoded in the new isolate, all of which 
were absent in closely related species. Based on these distinct phylogenetic, genomic and chemotaxonomic characteristics, 
the new isolate is suggested to represent a new species in a new genus, for which the name Carbonatibacter coralli gen. nov., 
sp. nov. is proposed. The type strain is GXU_MW_B19T (=KCTC 8092T=MCCC 1K08794T). Finally, phylogenetic analyses led to the 
reclassification of the Kiloniellaceae and the proposal of ‌Aestuariispiraceae‌ fam. nov.
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sink channels [21]. Meanwhile, vitamin B12 is vital to animals, most of the algae and bacteria, but can only be synthesized de novo 
by a few bacteria or archaea [22, 23]. In this study, a carbonate-producing and vitamin B12-sharing Kiloniellaceae strain, designated 
GXU_MW_B19T, was isolated from Porites lutea and characterized by polyphasic identification.

HABITAT AND ISOLATION
Strain GXU_MW_B19T was isolated from P. lutea from Weizhou Island, China (21° 03′ 42″ N 109° 08′ 35″ E). The coral tissue 
and bones were ground in a mortar and diluted with sterile seawater. The homogenate was serially diluted (10−1 fold) and spread 
on one-tenth strength of R2A+2216E agar medium (HaiBo, China) for 2 weeks of incubation at 25 °C. A white and transparent 
colony, designated strain GXU_MW_B19T, was picked, purified and stored with 25% glycerol at −80 °C. Strain GXU_MW_B19T 
grows well on 2216E agar medium. Type strains Kiloniella laminariae DSM 19542T and Kiloniella spongiae JCM 19930T, obtained 
from the German Collection of Microorganisms and Cell Cultures (DSM) and Japan Collection of Microorganisms (JCM), 
respectively, were used as references.

CULTURAL, MORPHOLOGICAL AND PHYSIOLOGICAL FEATURES
Morphology of cells was determined using transmission electron microscope (Hitachi HT-7700) after incubation for 3 days in 
2216E liquid medium at 25 °C. Catalase activity was determined by observing bubble production in a 3% (v/v) hydrogen peroxide 
solution, and oxidase activity was determined using oxidase test strips (Huankai, China). Endospore formation was examined as 
described by Dong and Cai [24]. Gram-staining analysis was carried out using the Gram-staining kit (Huankai 029010) according 
to the manufacturer’s instructions. The mobility of strain GXU_MW_B19T was determined using the hanging drop technique 
[25]. Anaerobic growth was tested using the AnaeroPack system according to its instructions. Optimal growth temperature was 
determined at 4, 10, 15, 20, 25, 30, 37, 40, 45 and 50 °C using 2216E agar medium. NaCl tolerance was tested in 1/5 strength R2A 
liquid medium (dissolved in ultrapure water) at 25 °C for 7 days with different NaCl concentrations [0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 
7, 8, 9, 10 and 12% (w/v)]. The pH range was tested in 2216E liquid medium at 25 °C for 7 days (pH 4, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 
9, 10 and 11). Metabolic ability was tested by using API 20NE, API ZYM strips (bioMérieux) and the Biolog Gen III MicroPlate 
according to the manufacturers’ protocols. Anaerobic fermentation was determined using API 50CH strips according to the 
manufacturer’s protocol with yeast extract amended artificial seawater (0.1%, w/v). Carbonate in the plate was checked by visual 
observation (sand-like particles) and determined by observing bubble production in 1% HCl.

The detailed morphological, physiological and biochemical characteristics of GXU_MW_B19T were provided in Table 1 and the 
species description. Cells of strain GXU_MW_B19T are Gram-stain-negative, aerobic rods, motile by a single polar flagellum 
(Fig. S1A, available in the online Supplementary Material). Strain GXU_MW_B19T can grow at 20–40 °C, pH 6.5–10 and in 
0–5% NaCl (w/v), and the optimal conditions were at 30–37 °C, pH 8 and in 0.5–1% NaCl (w/v). The highest temperature for 
growth is consistent with that of genus Pelagibius, but higher than those of Kiloniella and Denitrobaculum, and lower than those of 
Thalassocola, Curvivirga and Marivibrio (Table 1). Tests for oxidase, catalase and nitrate reduction were positive. In the API ZYM 
assay, strain GXU_MW_B19T was negative for chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, 
β-glucosidase, N-acetyl-β-glucosidase and α-mannosidase, and this profile was consistent with those of genera Curvivirga, 
Marivibrio, and Aestuariispira, but opposite to those of K. laminariae DSM 19542T, K. spongiae JCM 19930T and D. tricleocarpae 
R148T (Table 1). Carbonate deposition was detected in the solid media of strain GXU_MW_B19T, K. laminariae DSM 19542T 
and K. spongiae JCM 19930T (Fig. S2).

GENOMIC CHARACTERIZATION AND PHYLOGENY
The 16S rRNA gene of strain GXU_MW_B19T was obtained by using PCR amplification with the universal bacterial primers 
27F and 1492R [26] and sequenced using the Sanger method with the same primers. Whole-genome sequencing was performed 
on the Illumina HiSeq PE150 platforms at the Beijing Novogene Bioinformatics Technology Co., Ltd. Genome information was 
extracted according to Riesco and Trujillo [27]. Determination of the 16S rRNA gene sequence similarities was performed in the 
EzBioCloud [28] and the NCBI database. Alignment of 16S rRNA gene sequences was performed using online sina [29]. Phylo-
genetic trees were reconstructed using the maximum-likelihood [30], the neighbour-joining [31] and the maximum-parsimony 
[32] algorithms in the software mega11 [33]. The phylogenetic distance matrices were estimated by the Kimura two-parameter 
model [34]. The topology of the phylogenetic tree was evaluated by using the bootstrap resampling method of Felsenstein [35] 
with 1,000 replicates. The phylogenomic tree was reconstructed using FastTreeMP [36] on the basis of the GTDB concatenated 
proteins for 120 marker genes [37], then edited using iTOL [38].

‌Genome assembly of strain GXU_MW_B19T yielded 23 scaffolds with a total size of 3.63 Mbp and a digital G+C content of 54.5 
mol%. ‌The genome annotation revealed ‌3,240 protein-coding genes‌, along with ‌53 tRNA genes‌, ‌four 5S rRNA genes‌, one 16S 
rRNA gene and one 23S rRNA gene. The complete 16S rRNA gene sequence (1,482 bp) derived from the whole-genome sequence 
is identical to the Sanger sequencing result (1,355 bp).
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‌Global alignment of 16S rRNA gene sequences revealed that strain GXU_MW_B19T clustered with members of the genus 
Kiloniella (92.9–94.1%), showing the highest similarity (94.1%) to K. spongiae JCM 19930T. And the following genera were 
Denitrobaculum (91.7%) and Pelagibius (91.2–91.4%). These similarity values (<95%) indicate that strain GXU_MW_B19T may 
represent a new genus [39].

Phylogenetic analysis using maximum-likelihood and neighbour-joining algorithms indicated that strain GXU_MW_B19T forms 
a stable clade with members of the genus Kiloniella within a large clade under the order Rhodospirillales, though with low bootstrap 
support (Figs 1, S3 and S4). The large clade comprises members of the families Kiloniellaceae, Rhodovibrionaceae (Aquibaculum, 
Fodinicurvata, Limibacillus, Limimonas, Pelagibius, Rhodovibrio and Tistlia) [2] and Rhodospirillaceae (namely, Algihabitans, 
Denitrobaculum, Ferruginivarius, Hwanghaeella and ‘Pacificispira’). Consistent support across phylogenetic algorithms was 
observed for four monophyletic subclades: subclade I (Aestuariispira, Curvivirga, Hwanghaeella, Marivibrio and ‘Pacificispira’), 
subclade II (Fodinicurvata, Aquibaculum and Algihabitans), subclade III (Rhodovibrio, Ferruginivarius and Limimonas) and 
subclade IV (the new isolate and Kiloniella). Subclades II and III represent the core of the family Rhodovibrionaceae [2], yet the 
monophyly of this family was unstable across algorithms due to the phylogenetic positions of genera Pelagibius, Denitrobaculum 
and Limibacillus (Figs S3 and S4). However, in the maximum-parsimony tree, subclade I was separated from the large clade of the 
maximum-likelihood and neighbour-joining trees by other species of the family Rhodospirillales (Fig. S5). These results suggest 
that the family assignment of genera Aestuariispira, Curvivirga and Marivibrio should be reassigned.

Phylogenomic analysis based on the concatenated amino sequences from 120 marker genes also supported the large clade identi-
fied in phylogenetic analysis with high bootstrap values (>0.9) (Fig. 2). The monophyly of the four subclades was also supported 
with high bootstrap values. The main difference between phylogenomic and phylogenetic analysis was that subclades II and III 
formed a distinct branch with high bootstrap support, while genera Pelagibius, Denitrobaculum and Limibacillus and subclade 
IV members formed another separate branch with high bootstrap support. These results indicated that the taxonomic ranges of 

Fig. 1. Subtree of the family Rhodospirillales based on 16S rRNA gene sequences using the maximum-likelihood algorithm. Numbers at nodes indicate 
percentages of 1,000 bootstrap resamplings; only values above 0.5 are shown. Bar, 0.05 substitutions per nucleotide position.
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families Kiloniellaceae and Rhodovibrionaceae need further adjustment and that a third family encompassing genera Aestuariispira, 
Curvivirga, Hwanghaeella, Marivibrio and ‘Pacificispira’ should be additionally proposed. The family Rhodovibrionaceae should 
contain the genera Algihabitans, Ferruginivarius and Aquibaculum along with Fodinicurvata, Limimonas, Rhodovibrio and Tistlia. 
The family Kiloniellaceae should contain genus Kiloniella and the new isolate as core members and tentatively include the genera 
Denitrobaculum, Pelagibius and Limibacillus.

COMPARATIVE GENOMICS
Average nucleotide identity (ANI) was calculated using the web service in the EzBioCloud [40]. The average amino acid identity 
(AAI) was calculated using the CompareM software. Clusters of Orthologous Groups of proteins were annotated using the 
eggNOG-mapper [41].

The genome size of strain GXU_MW_B19T is 3.63 Mb, lower than those of the closely related type strains except Curvivirga 
aplysinae RKSG073T (3.56 Mb) (Table 1). Its genome encodes 3,240 proteins, the lowest count among closely related type strains 

Fig. 2. Phylogenomic tree inferred using FastTree based on GTDB-Tk alignment (concatenated amino acid sequence of 120 core genes). Support indices 
are given at branching points. Bar, 0.1 substitutions per position.
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(ranging from 3,373 to 5,853) (Table 1). The maximum ANI of strain GXU_MW_B19T to validly published species was 69.5% 
(against K. laminariae DSM 19542T), indicating that this new isolate does not belong to any existing species [27]. Additionally, 
AAI values between strain GXU_MW_B19T and closely related species were ≤62.8% (Table S1), suggesting that it may represent a 
new genus (the genus threshold for AAI is 45–65%) [42, 43]. The range of AAI values among the clades is as follows: 54.07–57.22% 
between subclade I and Rhodovibrionaceae, 54.37–57.78% between subclade I and subclade IV and 55.74–60.86% between 
Rhodovibrionaceae and subclade IV (Table S1).

EggNOG annotation of 25 genomes indicated that the genome of strain GXU_MW_B19T encodes alpha-1,6-glucosidase, alkaline 
phosphatase, isochorismate-related enzymes and P2-like prophage-related proteins, all of which are absent in closely related 
species (Table S2). Capsule-related proteins were identified in its genome, consistent with Transmission electron microscope 
observations of capsule structures (Fig. S1B). Notably, most phylogenetically related species or genera (including GXU_MW_B19T, 
genera Kiloniella, Pelagibius, Denitrobaculum, Tistlia, Fodinicurvata, Rhodovibrio and Algihabitans) encode vitamin B12 de novo 
biosynthesis genes (Table S2). Additionally, ankyrin-repeat domains associated with symbiosis were detected in genomes of strain 
GXU_MW_B19T and its relatives.

CHEMOTAXONOMY
Biomass for the analysis of quinones and polar lipids was obtained from 2216E liquid medium after 4 days of incubation at 25 °C. 
Respiratory quinones were extracted as described by Collins [44] and analysed using reversed-phase HPLC [45]. The isoprenoid 
quinones were eluted by a mixture of methanol-2-propanol (2 : 1, v/v) at a flow rate of 1 ml min−1 at room temperature and detected 
by UV absorbance at 270 nm. Polar lipids were extracted as described by Kamekura [46] and identified by spraying with ethanolic 
molybdophosphoric acid, molybdenum blue and ninhydrin after two-dimensional TLC [47]. Biomass for cellular fatty acid 
analysis was obtained by scraping the colonies from the fourth quadrant of 2216E agar medium, which was incubated at 25 °C 
for 3 days. Cellular fatty acids were examined by GC (Agilent G6890N) and determined via the Sherlock Microbial Identification 
System version 6.0 following its standard MIDI (Microbial Identification System) protocol [48]. Vitamin B12 production employed 
the medium described by Sultana et al. [23], and detection was performed using Lactobacillus delbrueckii subsp. lactis CICC 6077 
(=ATCC 7830) [49].

The major respiratory quinone of strain GXU_MW_B19T was Q-9, consistent with K. laminariae DSM 19542T and K. spongiae 
JCM 19930T. In contrast, C. aplysinae RKSG073T contains both Q-10 (ubiquinone 10) and Q-9 [3], while Rhodovibrio strains 
possess Q-10 and MK-10 (menaquinones) [50]. Other genera phylogenetically related to strain GXU_MW_B19T predominantly 
contain Q-10 [51–54] (Table 1). The major cellular fatty acids (>5%) of strain GXU_MW_B19T were iso-C10 : 02OH (18.7%), C12 : 1 
(15.4%), C14 : 1 ω5c (11.8%), iso-C17 : 03OH (10%), C18 : 2 ω6,9c/ante-C18 : 0 (8.5%), C19 : 0 cyclo ω8c (8.3%), iso-C15 : 1 H/C13 : 03OH (7.8%), 
C16 : 1 ω6c/ω7c (7.6%), C10 : 0 (6.7%) and anteiso- C17 : 0 (5.3%) (Table S3). This profile markedly differed from those of K. laminariae 
DSM 19542T (dominant fatty acid is anteiso-C19 : 0, 12.2%) and K. spongiae JCM 19930T (dominant fatty acid is C11 : 03OH, 18.8%) 
(Tables 1 and S3). In contrast, the dominant fatty acids (>10%) of genera Denitrobaculum, Pelagibius, Thalassocola, Curvivirga and 
Aestuariispira are usually long-chain C19, C18 and C16 fatty acids (Table 1). The major polar lipids of GXU_MW_B19T comprised 
phosphatidylethanolamine, diphosphatidylglycerol, unidentified ninhydrin-positive lipid and three unidentified lipids (Fig. S6). 
In contrast, K. laminariae DSM 19542T contained phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol, 
while K. spongiae JCM 19930T exhibited phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and two 
unidentified ninhydrin-positive lipids (Fig. S6). Other related genera also contain phosphatidylglycerol as a major polar lipid 
(Table 1). Vitamin B12 was detected in the broth of all three strains (GXU_MW_B19T, K. laminariae DSM 19542T and K. spongiae 
JCM 19930T), indicating their capacity to provide VB12 to other organisms [23].

DISCUSSION AND CONCLUSION
Morphological analysis (produces capsule), physiological characteristics (absence of chymotrypsin, α-galactosidase, β-galactosidase, 
β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosidase and α-mannosidase), chemotaxonomic data (dominant 
fatty acid is iso-C10 : 02OH), comparative genomics (maximum 16S rRNA gene identity to validly published species<95%, maximum 
ANI<95% and maximum AAI<65%) (Table 1) and phylogenetic analysis (robust clustering with genus Kiloniella) collectively 
indicate that strain represents a new species in a new genus in the Kiloniellaceae, for which the name Carbonatibacter coralli gen. 
nov., sp. nov. is proposed.

Genera Kiloniella, Carbonatibacter, Denitrobaculum, Pelagibius and Limibacillus formed a distinct branch in phylogenomic 
analysis with high bootstrap support (≥0.9) (Fig. 2), suggesting that these genera may belong to the existing family Kiloniellaceae. 
The observation of high AAI (≥58%) among genera within this branch (except Limibacillus) compared to genera outside this 
branch (Table S1) also supports the assignment of these genera into one family. While the genera Kiloniella and Carbonatibacter 
possess Q-9 as the major respiratory quinone, in contrast to Q-10 found in other genera (Table 1), this biochemical distinction 
solidifies the close relationship of Kiloniella to Carbonatibacter. Therefore, the genera Kiloniella and Carbonatibacter are proposed 
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as the core of the family Kiloniellaceae, and genera Denitrobaculum, Pelagibius and Limibacillus are tentatively assigned to this 
family. As the genome of Thalassocola is still unavailable, its phylogenetic position leads to its tentatively being assigned to this 
family as well.

The monophyly of subclade I (comprising genera Aestuariispira, Curvivirga, Hwanghaeella, Marivibrio and ‘Pacificispira’) suggests 
that this subclade should be assigned to a new family within the order Rhodospirillales, despite its members being originally 
classified under families Kiloniellaceae and Rhodospirillaceae. The AAI values among these genera (≥58%) further support their 
close phylogenetic relationship (Table S1). Thus, the new family Aestuariispiraceae fam. nov. is proposed to accommodate all 
genera of subclade I.

Phylogenomic analysis revealed that genera of the family Rhodovibrionaceae formed two distinct subclades with strong 
bootstrap support (0.94; Fig. 2). This separation was ‌more evident‌ in phylogenetic analyses (Figs 1 and S3–S5), ‌supporting‌ 
the proposal of Fodinicurvataceae fam. nov. in 2023 [55]. The AAI values among Rhodovibrionaceae genera (58.01–66.03%) 
remain ‌comparable‌ to those observed in Kiloniellaceae (57.33–63.31%) and Aestuariispiraceae (58.32–66.54%) (Table S1), 
‌supporting the tentative retention‌ of Rhodovibrionaceae. ‌Additionally‌, the genera Algihabitans and Ferruginivarius should 
be reclassified into Rhodovibrionaceae from Rhodospirillaceae based on high bootstrap support in phylogenomic analysis 
(Fig. 2).

DESCRIPTION OF CARBONATIBACTER GEN. NOV.
Carbonatibacter (​Car.​bo.​na.​ti.​bac’ter. N.L. masc. n. carbonas, carbonate; N.L. masc. n. bacter, rod; N.L. masc. n. Carbonatibacter, 
carbonate-producing rod).

Cells are Gram-stain-negative, aerobic rods, motile by a single polar flagellum. Catalase and oxidase are positive. The only detected 
respiratory quinone is Q-9. The dominant fatty acids are iso-C10 : 02OH, C12 : 1, C14 : 1 ω5c and iso-C17 : 03OH. The major polar lipids 
are phosphatidylethanolamine, diphosphatidylglycerol, unidentified ninhydrin-positive lipid and three unidentified lipids. This 
genus phylogenetically belongs to Kiloniellaceae.

The type species is Carbonatibacter coralli.

DESCRIPTION OF CARBONATIBACTER CORALLI SP. NOV.
Carbonatibacter coralli (​co.​ral’li. L. gen. n. coralli, of coral).

The features are as described in the genus description with the following additions. Cells are usually 0.36–0.58 µm wide and 
1.0–2.1 µm long. Cells grow at 20–40 °C, pH 6.5–10 and 0–5% NaCl (w/v), and the optimal conditions were 30–37 °C, pH 8 and 
0.5–1% NaCl (w/v). Colonies of strain GXU_MW_B19T are white, transparent, round, convex, and smooth on 1/10 strength 
R2A+2216E agar medium after 3 days of incubation at 25 °C. Nitrate reduction is positive. Capsule and carbonate are produced. 
Vitamin B12 was produced and shared. In the API ZYM assay, alkaline phosphatases, butyrate esterase, caprylate esterase-lipase, 
myristate lipase, leucine aminopeptidases, valine aminopeptidases, cystine aminopeptidases, trypsin, acid phosphatases and phos-
phoamidase are positive. In the Biolog Gen III microplate, d-maltose, d-trehalose, d-cellobiose, sucrose, β-methyl-d-glucoside, 
d-salicin, N-acetyl-d-glucosamine, α-d-glucose, d-fructose, d-galactose, inosine, myo-inositol, glycerol, d-glucose-6-PO4, 
d-fructose-6-PO4, d-serine, l-histidine, pectin, methyl pyruvate, d-lactic acid methyl ester, l-lactic acid, citric acid, α-keto-glutaric 
acid, d-malic acid, l-malic acid, bromo-succinic acid, γ-amino-butyric acid, α-hydroxy-butyric acid, β-hydroxy-d,l-butyric 
acid, α-keto-butyric acid, propionic acid, acetic acid and formic acid are positive. The major fatty acids also include C18 : 2 ω6,9c/
ante-C18 : 0, C19 : 0 cyclo ω8c, iso-C15 : 1 H/C13 : 03OH, C16 : 1 ω6c/ω7c, C10 : 0 and anteiso-C17 : 0.

The type strain, GXU_MW_B19T (=KCTC 8092T=MCCC 1K08794T), was isolated from P. lutea. The genome DNA G+C content is 
54.5 mol%. The 16S rRNA gene and whole-genome sequence was deposited in GenBank under PP719616 and JBBUTJ000000000, 
respectively.

EMENDED DESCRIPTION OF KILONIELLACEAE WIESE ET AL. 2009 EMEND. HÖRDT ET AL. 2020
The description is as given before [1, 2] with the following modification. The family houses Kiloniella (the type genus) and 
Carbonatibacter. Thalassocola, Denitrobaculum, Pelagibius and Limibacillus are tentatively assigned to this family as well.

EMENDED DESCRIPTION OF RHODOVIBRIONACEAE HÖRDT ET AL. 2020
The description is as given before [2] with the following modification. Algihabitans and Ferruginivarius are phylogenetically 
assigned to this family.
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DESCRIPTION OF AESTUARIISPIRACEAE FAM. NOV.
Aestuariispiraceae (​Aes.​tu.​a.​ri.​i.​spi.​ra’​ce.​ae. N.L. fem. n. Aestuariispira, name of a bacterial genus; L. fem. pl. n. suff. -aceae, ending 
to denote a family; N.L. fem. pl. n. Aestuariispiraceae, the Aestuariispira family)

Cells are Gram-negative, usually curved-to-spiral rod, motile, aerobic or facultatively anaerobic and heterotrophic. The major 
isoprenoid quinone is Q-10. Major fatty acids are C18 : 1 ω7c/ω6c, C16 : 0 or C19 : 0 cyclo ω8c. The major polar lipids are phosphatidyl-
glycerol and phosphatidylethanolamine. The genomic G+C content is 55.5–66 mol%. This family has been separated from other 
families based on phylogenetic analyses of genome and 16S rRNA gene sequences. The family contains Aestuariispira, Curvivirga, 
Hwanghaeella, Marivibrio and ‘Pacificispira’.

The type genus is Aestuariispira.
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A B S T R A C T

Within the coral reef habitat, members of the Symbiodiniaceae family stand as pivotal symbionts for reef-
building corals. However, the physiological response of Symbiodiniaceae on microplastics are still poorly un-
derstood. Research conducted in this investigation assessed the harmful impact of polystyrene microparticles
(PS-MPs) on Cladocopium goreaui, a Symbiodiniaceae species with a broad distribution. The results showed that
micrometre-sized PS-MPs had a greater toxic effect on C. goreaui than nanometre-sized PS-MPs, and the growth
inhibition rate of a concentration of 20 mg/L with 10 μm-sized PS-MPs on C. goreaui was as high as 62.9%–86%,
which almost completely inhibited cell proliferation. Exposure to 10 μm PS-MPs significantly increased cell
damage, for instance, the concentration of extracellular polymeric substance and malondialdehyde have
increased by 161.6%–184.4% and 261.8%–896% on days 10–20 respectively. Furthermore, When PS-MPs
inhibited the photosynthesis of C. goreaui, it could ensure their typical photosynthetic activity maintained by
increasing their chlorophyll levels, and the increase in chlorophyll concentration is proportional to the level of
inhibition experienced. However, Exposure to 10 μm PS-MPs could damage the chloroplasts of C. goreaui, leading
to a decrease in the ability to synthesize photosynthetic pigments and subsequently resulting in a reduction in
photosynthetic capacity. The morphology and genetic activity of C. goreaui suggest that PS-MPs primarily induce
cellular shrinkage and distortion, as well as the disintegration and impairment of nuclear and chloroplastic
structures, concurrently eliciting a greater number of suppressed genes, predominantly those associated with the
function of succinate dehydrogenase, the attachment to tetrapyrroles, the binding of haem, and the handling of
iron ions, including activities related to oxidoreduction. The investigation examined the adverse impacts of PS-
MPs on a crucial coral symbiont (Symbiodiniaceae) and the beneficial reaction of these algal organisms,
enhancing comprehension of how microplastic pollution affects the coral reef ecosystem.

1. Introduction

Coral reefs showcase significant levels of primary productivity
alongside a rich variety of biodiversity (Mooney et al., 2009; Hoegh--
Guldberg, 2011). Although coral reefs occupy only approximately
0.25% of the global marine area, they provide habitat for nearly 30% of
marine organisms and are known as "tropical rainforests of the sea"
(Reaka-Kudla and L, 1997; Yu, 2018). The continuous decline in the

health of coral reef habitats is intensifying as a result of issues including
climate change, excessive fishing practices, and the contamination of the
natural environment (Hughes et al., 2003; Yu, 2012). With societal
development, plastic pollution and that of its additives have become
serious threats to Earth’s ecosystems (Jambeck et al., 2015; Sendra et al.,
2021). In the natural environment, plastic waste is gradually decom-
posed into small particles through physical, chemical, and biological
processes, forming microplastics (MPs) with diameters less than 5 mm
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(Thompson et al., 2004; Lambert et al., 2013; Auta et al., 2017; Yang
et al., 2020). And after secondary decomposition, nanoplastics with
particle size less than 100 nm can be formed (Sana et al., 2020). MPs are
widely distributed, including in rivers, soil, oceans, and even the air (Li
et al., 2021a, b; Zhou et al., 2021). It is estimated that more than 8
million tons of plastic waste enter the ocean from land each year and are
dispersed to every corner of the ocean by ocean currents (Schwarz et al.,
2019; Van Sebille et al., 2020). This has led to the ubiquitous threat of
MPs pollution in coral reefs. MPs have been detected in coral reef areas
such as the Great Barrier Reef in Australia (Jensen et al., 2019), the
Maldives archipelago (Imhof et al., 2017; Saliu et al., 2018), and
numerous islands in the South China Sea (Ding et al., 2019a; Huang
et al., 2019). MPs in coral reef ecosystems can be ingested by
reef-dwelling organisms in different ways, thereby entering the food
chain cycle and being difficult to degrade (Wright et al., 2013; Ivleva
et al., 2017). Rotjan et al. (2019) analysed different coral species on
Rhode Island and detected many MPs in each polyp, with an average
content of more than 100. Simultaneously, in indoor experiments, it was
found that when polyethylene MPs (107.5–230.8 μm) and brine shrimp
eggs of similar size coexisted, the coral Astrangia poculata preferred to
ingest MPs and exhibited a certain resistance response to brine shrimp
eggs, indicating that corals would inhibit their intake of other foods after
ingesting MPs. Tang et al. (2018) have found that short-term contact
with PS-MPs provokes a stress reaction within the scleractinian coral
species Pocillopora damicornis, which activates the JNK and ERK sig-
nalling pathways. This activation impairs the coral’s fungal detoxifica-
tion and defense mechanisms, consequently diminishing its ability to
resist stress and compromising its immune function.

Reef-building corals are typical symbiotic organisms that are
composed of coral polyps and various microorganisms, such as Sym-
biodiniaceae, bacteria, fungi, viruses, and protozoa, that form a "hol-
obiont" in a mutualistic symbiotic relationship (Wegley et al., 2007;
Robbins et al., 2019). In tropical and subtropical coral reef environ-
ments, Symbiodiniaceae constitute the predominant group of symbiotic
phototrophs (Su et al., 2020). The partnership between these microor-
ganisms and reef-building corals forms the foundation of coral reef
ecosystems, due to the fact that the energy produced through photo-
synthesis by Symbiodiniaceae fulfills up to 95% of the nutritional needs
of the corals they inhabit (Houlbrèque and Ferrier-Pagès, 2009;
González-Pech et al., 2019).The family Symbiodiniaceae comprises
several distinct clades, such as Symbiodinium (Clade A), Breviolum (Clade
B), Cladocopium (Clade C), Durusdinium (Clade D), and Fugacium (Clade
F) (LaJeunesse et al., 2018). As identified by Gong et al. (2021) with
Cladocopium and Durusdinium being dominant in tropical Indo-Pacific
corals. The Cladocopium genus is the most diverse genus of Symbiodi-
niaceae, and C. goreaui is the most representative species. It has high
photosynthetic efficiency, which can help coral hosts tolerate seasonal
low temperature and high nutrient environments (Baker et al., 2013).
Symbiotic dinoflagellates play a key role in coral bleaching, therefore,
they are often used as important indicators of coral health. MPs not only
inhibit the photosynthesis of phytoplankton but also cause direct
physical damage to algae (Ding et al., 2019b). Microparticle contami-
nants in marine environments vary in dimension from several nano-
meters to hundreds of micrometers, with their harmful impacts being
intimately linked to the scale of the particles. Chen et al. (2020) found
that after exposure to MPs of different sizes at the micrometre level for
72 h, Scenedesmus quadricauda and Platymonas helgolandica var. tsing-
taoensis, two types of microalgae, contained 1–2 μm diameter MPs in
some cells, with a significant decrease in microalgal density and inhi-
bition of photosynthesis; however, MPs with a diameter of 3–5 μm were
not found inside the cells. Moreover, Xiao et al. (2020) reported that at a
concentration of 10 mg/L, the toxicity of 5 μm diameter MPs to the
freshwater microalga Euglena gracilis was greater than that of 0.1 μm
diameter MPs. These MPs not only inhibited algal cell growth but also
reduced the content of photosynthetic pigments and increased SOD ac-
tivity. In the study by Cao et al. (2022b),1 μm MP had a significantly

greater inhibitory effect on the growth of the freshwater alga Chlorella
pyrenoidosa than 5 μmMP did, also significantly reducing the content of
photosynthetic pigments, inducing an oxidative stress response in cells,
and damaging the integrity of cell membranes. The varied outcomes
demonstrate that analyses of MPs’ influence on microalgae should
encompass not just the adverse impacts of uniform-sized particles but
also the collective toxicity stemming from a range of MPs sizes.
Regarding the toxicity of MPs to Symbiodiniaceae, Marangoni et al.
(2022) reported that 20 nm PS-MPs reduced the maximum electron
transfer rate and total antioxidant capacity of Symbiodinium (Clade A)
and increased lipid peroxidation. Ripken et al. (2020)’s study indicated
that exposure to nanoscale MPs (42 nm) resulted in the upregulation of
genes associated with Cladocopium sp.(clade C) involvement in motor
protein movement and the downregulation of genes related to photo-
synthesis, mitosis, and intracellular degradation, with more genes being
downregulated than upregulated. Research by Su et al. (2020) showed
that exposure to 1 μm MP at 5 mg/L suppressed the detoxification ac-
tivity, nutrient absorption, and photosynthesis of C. goreaui observed
that elevated oxidative stress and enhanced cellular apoptosis by stim-
ulating ion transport. At present, studies concerning the impact of MPs
on Symbiodiniaceae have predominantly focused on minute fragments
(20 nm, 42 nm, and 1 μm), while the toxicological consequences of MPs
varying in particle size and concentration remain unexplored.

The initiation of the symbiotic partnership termed "coral-Symbiodi-
niaceae symbiosis" occurs via horizontal transmission for most species
that construct coral reefs, according to Ali et al. (2019). Planktonic
larvae are important during the early development of corals, and they
must absorb free-living Symbiodiniaceae from the environment to form
a "coral-Symbiodiniaceae" symbiont (Ng et al., 2019). The peril that MPs
pose to Symbiodiniaceae has a direct impact on the wellbeing and
equilibrium of the whole coral reef ecosystem. In order to further
investigate the toxic mechanism of MPs on Symbiodiniaceae, this study
conducted a short-term indoor acute exposure experiment to MPs to
study the physiological and biochemical changes and transcription
products of C. goreaui. Some research had shown that the main types of
MPs in the western Pacific Ocean are PP, PVC, PS, and PE (Cui et al.,
2022); The main types of MPs in the eastern Indian Ocean are PP, PE,
PVC, PS, and PET (Li et al., 2021a, b); The main types of MPs in the
Persian Gulf waters are PE, PS, PP (Kor and Mehdinia, 2020). So, this
research delved into how various amounts and dimensions (microplastic
grade) of polystyrene—among the most prevalent commercial plastics
globally—affect the Symbiodiniaceae family detrimentally, examining
the underlying processes. Insights garnered from this investigation are
anticipated to enhance comprehension of how pivotal coral-associated
microbes react to MPs pressures and the implications of these in-
teractions for coral reef environments and further evaluate the potential
impact of microplastic pollution on the entire coral reef ecosystem.

2. Materials and methods

2.1. Cultivation of the C. goreaui strain and experimental reagents

The C. goreaui strain used in this study was isolated and cultured
from Acropora pruinosa on Wuzhou Island, northern South China Sea
(Qin et al., 2023). C. goreaui was grown in L1 marine water mixture,
featuring a 35 parts per thousand saline content, ambient warmth of
25 ◦C with a 1-degree margin, 90 μmol per square meter per second of
luminance, and a photoperiod of 14 h illuminated to 10 h unlit. Using
artificial plastic microbeads to simulate the environment can better
control experimental conditions, observe the impact characteristics of
MPs under different conditions, and more accurately evaluate their
potential impact on coral reef environments. In addition, it also can help
researchers understand the response patterns of MPs under specific
environmental conditions, providing scientific basis for environmental
protection and risk assessment. PS-MPs were procured from Tianjin
Besttech Research Center, located in Tianjin, China, and were preserved
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in suspension form at a concentration of 2.5% by weight to volume in a
10-mL solution. PS-MPs were uniformly dispersed in water and did not
precipitate or accumulate during the cultivation experiments.

2.2. MPs exposure experiment

Owing to the steady breakdown and diminishment of plastic within
nature, it becomes undetectable when it falls below a specific threshold.
So this study selected a wide range of concentrations of MPs from 0 to
50 mg/L and a size range of MPs from 100 nm to 10 μm. C. goreaui was
cultured to a density of 1.0 × 105 cells/mL. Six groups were set up with
different concentrations of 1 μm PS-MPs, 0 mg/L, 2 mg/L, 5 mg/L, 10
mg/L, 20 mg/L, and 50 mg/L, with three replicates per group. The
concentration of PS-MPs was fixed at 20 mg/L, and five experimental
groups with different particle sizes of 0.1 μm, 0.4 μm, 1 μm, 5 μm, and
10 μmwere set up, with three replicates per group. This study selected a
particle size range of 0.1–10 μm, ranging from small particle size to
particle size similar to C. goreaui cells (9.8 ± 1.3 μm) (Qin et al., 2023),
to comprehensively explore the toxic effects of microplastic particle size
on C. goreaui. The particle size was set to 1 μm (the middle value of the
particle size range) to investigate the toxicity of MPs at different con-
centrations, and had good radiation effect on both extreme values on
both sides. Setting up a high concentration simulation environment is
beneficial for better controlling experimental conditions, observing the
impact characteristics of MPs under different conditions, and thus more
accurately evaluating their potential impact on coral reef environments.
In addition, a high concentration simulated environment helps to
enhance the cumulative effect of convex MPs and assists researchers in
understanding the response patterns of MPs under specific environ-
mental conditions, providing scientific basis for environmental protec-
tion and risk assessment. Therefore, set the concentration range to 0–50
mg/L, and when exploring the toxic effects of MPs with different particle
sizes, set the concentration to 20 mg/L. The cultivation conditions were
the same as those mentioned above.

2.3. Sample processing and data analysis

2.3.1. C. goreaui growth rate analysis
Samples were taken at 0, 5, 10, and 20 days of culture for analysis

and testing. One millilitre of sample solution was removed and fixed
with 100 μL of formaldehyde reagent. Cell quantification was performed
with a haemocytometer while utilizing a Nikon ECLIPSE Ni-E upright
light microscope. Subsequently, the recordings of this data enabled the
determination of both cell concentration and proliferation velocity. To
compute these parameters, the equation utilized was: Proliferation ve-
locity (μ) = ln(N2/N1)/(t2-t1), wherein μ represents the proliferation
velocity (per day), and N2 and N1 signify the respective cellular con-
centrations (cells/mL) at the distinct time points t2 and t1.

2.3.2. Determination of the photosynthetic pigment content and
photobiological efficiency of C. goreaui

Samples were taken at 0, 2, 5, 10, and 20 days of culture for analysis
and testing. A 5 mL aliquot of the test liquid was pipetted into a
centrifuge tube, then spun at a temperature of 4 ◦C and a force of
5000×g for a duration of 5 min. Following this, the clear liquid above
the sediment was discarded, and the residue was treated with 1 mL of
methanol. The sample was thoroughly mixed with a vortex mixer,
covered in aluminum foil, and stashed away from light at a temperature
of 4◦ Celsius for a full day to allow for the extraction of the photosyn-
thetic pigments. A Varioskan™ LUX multifunctional microplate reader
(Thermo Scientific) was used to measure optical density (OD) at 480,
510, 630, 664, and 750 nm wavelengths (Ritchie, 2006; Sun, 2020) in
the dark. The photosynthetic pigment content was normalized to the
single-cell content (pg/cell). The formulas for determining Chl a, Chl c,
and carotenoid levels are as follows:

Chlorophyll a (μg /ml)=13.6849×(OD664 − OD750) − 3.4551

× (OD630 − OD750)

Chlorophyll c (μg /ml)= − 7.014×(OD664 − OD750)+ 32.9371

× (OD630 − OD750)

Carotenoids (μg /ml)=7.6×(OD480 − OD750) − 1.49× (OD510 − OD750)

The C. goreaui cells were incubated in a dark setting for half an hour
before their photosystem II (PS II) peak photochemical efficiency,
denoted as Fv/Fm, was quantified using aWALZ brand PAM device from
Germany.

2.3.3. Determination of extracellular polymeric substance content
Samples were taken at 0, 10, and 20 days of culture for analysis and

testing. The quantity of extracellular polymeric substance (EPS) (The
main component is exopolysaccharide) was determined through the
phenol-sulfuric acid technique as described by Li et al. (2022) and Yue
et al. (2022). For this process, the specimen underwent a thermal phase
of 80◦ Celsius lasting 30 min prior to being spun at a force of 8000×g for
a duration of 10 min at a temperature of 4 ◦C. From the clarified liquid, a
volume of 2 mL was extracted, to which was then introduced 1 mL of
phenol at a 6% concentration within a chilled environment. Subse-
quently, a measured 5 mL of sulfuric acid was incrementally dispensed,
taking care to minimize or eliminate thermal emission. Subsequent to
the initial procedure, the concoction underwent a boiling process within
a water bath for a duration of 20 min, followed by a chilling period in an
ice bath spanning 10 min. The OD was then ascertained at a 490 nm
wavelength. For calibration purposes, a glucose solution served as the
reference. A series of ten varying concentrations (0, 10, 20, 30, 40, 50,
60, 70, 80, and 90 μg/mL) were systematically prepared to establish a
concentration gradient. From each level of this gradient, a volume of 2
mL was sampled, and the OD for each was gauged at a 490 nm wave-
length, adhering to the procedures previously described.A calibration
curve, showing concentration along the horizontal axis and OD verti-
cally, was used to determine the sample’s EPS levels, which were then
adjusted based on individual cell quantities.

2.3.4. Evaluation of dissolved protein levels, malondialdehyde quantities
and superoxide dismutase functionality

Samples were taken at 0, 10, and 20 days of culture for analysis and
testing. A volume of 20 mL of the test fluid underwent centrifugation at a
temperature of 4 ◦C and a force of 3000×g for a duration of 10 min.
Following the extraction of the clear fluid above the sediment, the
precipitate was reconstituted with 1.5 mL of Phosphate Buffered Saline
and then relocated into a centrifuge tube with a capacity of 2 mL.
Then,100 μL of 0.5 mm zirconia grinding beads was added. A mechan-
ical device for tissue homogenization (manufactured by Shanghai
Jingxin) facilitated the pulverization process, operating in cycles of 10 s
on, 30 s off, totalling six cycles, with the apparatus’s adapter precooled
in a freezer set to minus 20 ◦C prior to its application. Following ho-
mogenization, the samples were spun at a force of 3000×g and a tem-
perature of 4 ◦C for a duration of 10 min, subsequent to which the clear
liquid above the settled particles was extracted. To quantify the amount
of dissolvable protein present, an assay kit specifically designed for
bicinchoninic acid (BCA) protein analysis (procured from Shanghai
Shenggong, China) was employed. The enzymatic function of Superox-
ide dismutase (SOD) was quantified with the employment of a specific
SOD detection kit (A001, Nanjing Jiancheng, China), while the level of
malondialdehyde (MDA) was ascertained utilizing a correspondingMDA
measurement kit (A003, Nanjing Jiancheng, China). The results were
normalized to the single-cell content.
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2.3.5. Ultrastructural analysis
Three particle size groups with significant differences, namely 0.1

μm, 1 μm, and 10 μm, were selected for ultrastructural analysis.

2.3.5.1. SEM analysis. Twenty days into the experiment, a 50 mL
sample of C. goreaui cells was harvested and subjected to centrifugation
at 4 ◦C and at a force of 5000×g for a duration of 10 min, subsequently
discarding the supernatant. The cells were then rinsed thrice using PBS
(0.1 M, excluding NaCl). A 2.5–3% solution of glutaraldehyde, chilled to
4 ◦C, was introduced to the cells for fixation over a period of 4 h at the
same temperature. Following fixation, the preserving agent was elimi-
nated, and the samples underwent a quintuple wash with PBS (0.1 M,
NaCl omitted) for 15 min per wash. Subsequent to the attachment of the
specimens to the slides, a sequential dehydration was conducted using a
range of ascending alcohol concentrations (30%, 50%, 70%, 80%, 90%,
95%, 100%). The alcohol solution was added once for 15 min each, after
which the samples were thoroughly dehydrated with 100% alcohol
twice for 10 min each. Subsequently, a critical point dryer (Leica EM
CPD300) was used for drying treatment. Finally, an ion sputtering
coating instrument (Leica EM ACE200) was used to vacuum spray the
samples, which were observed through scanning electron microscopy
(SEM; HITACHI SU-8010).

2.3.5.2. TEM analysis. On experiment day Twenty, a 50 mL sample of
the algal population was harvested, followed by a centrifugation process
at 5000×g for a duration of 10 min at a temperature of 4 ◦C. Subse-
quently, the overlaying liquid was discarded. The collected cells were
then stabilized using glutaraldehyde. After being submerged in 0.1M
phosphate-buffered saline, the stabilized algal cells were subjected to a
triple rinse. The samples were again centrifuged under the same con-
ditions to eliminate any remaining supernatant, with each rinse lasting
20 min. The cells were then treated with 1% osmic acid while main-
tained at a cool 4 ◦C, solidified at this temperature for a period between
2 and 3 h, and finally, they were washed with 0.1M PBS three times,
allotting 20 min for each washing session. After dehydration with a
series of gradient alcohols (30%, 50%, 70%, 80%, 85%, 90%, 95%,
100%), each concentration of alcohol was used once for 15 min each
time, after which the samples were thoroughly dehydrated with 100%
alcohol twice for 10 min each. Subsequently, used the penetrant to
infiltrate, and the penetrant is a mixture of 2 times acetone and 1 time
epoxy resin, a mixture of acetone and epoxy resin in equal proportions,
and epoxy resin, each at 37 ◦C overnight in an incubator. Ultimately, the
permeated specimen was positioned within a compact container, fol-
lowed by the incorporation of an embedding medium of epoxy resin,
after which the specimen underwent a curing process at a temperature of
60 ◦C for a duration of 48 h. After curing, the sample was trimmed to a
suitable size and shape and sliced on an ultrathin sectioning machine
(EM UC7) with a thickness of approximately 60–100 nm. Following the
application of lead and uranium as contrasting agents, the specimens
underwent examination using a Tecnai G220 TWIN transmission elec-
tron microscope (TEM).

2.4. Extraction and sequencing of transcription products

The transcription products were analysed for experimental samples
with significant physiological index effects. On day 20 of the stress trial,
we gathered and preserved the C. goreaui cells from test cohort of con-
trol, 1 μm-10 mg/L, 1 μm-20 mg/L, 1 μm-50 mg/L, and 10 μm-20 mg/L
by immersing them in liquid nitrogen for a duration of 30 min. The
samples were subsequently sent to Shanghai Meiji Biomedical Tech-
nology Co., Ltd., for transcriptome sequencing analysis (see Supple-
mentary File S1 for specific methods).

2.5. Statistical analysis

Statistical evaluation was conducted through the application of
SPSS, with p-values below 0.05 marking the threshold for statistical
relevance. Subsequent examinations of datasets exhibiting notable dis-
parities were carried out utilizing Tukey’s post hoc analysis.
Figures were generated employing Origin software. Data representation
took the form of the mean ± the standard error.

3. Results

3.1. Physiological effects of PS-MPs exposure on C. goreaui

3.1.1. Growth ratios
Fig. 1 illustrates how varying amounts and sizes of PS-MPs particles

influence C. goreaui cell’s development. The particle diameter of PS-MPs
was a stronger deterrent to the proliferation rate of C. goreaui compared
to the quantity. C. goreaui cell’s expansion was not notably impacted by
PS-MPs particles measuring 1 μm C. goreaui at different concentrations
(0–50 mg/L). However, at a concentration of 20 mg/L, PS-MPs particles
5 μm and 10 μm in size more significantly inhibited the growth of
C. goreaui. On the 5th, 10th, and 20th days, compared with those in the
control group, the growth rates of C. goreaui exposed to 5 μm PS-MPs
decreased by 22.9%, 22.8%, and 28.8% in these three days respec-
tively. And the growth rates of C. goreaui exposed to 10 μm PS-MPs
decreased by 62.9%, 86%, and 81.9% in these three days respectively.
In particular, PS-MPs with a particle size of 10 μm almost completely
inhibited the growth of the cells.

3.1.2. Photosynthesis
During experiments involving various concentrations and sizes of PS-

MPs particles, the photochemical efficiency (Fv/Fm) of C. goreaui
remained stable, except for that of the 10 μm-20 mg/L exposure group,
which showed significant inhibition starting from the 5th day (19.5%
decrease compared to the control group); moreover, no Fv/Fm values
were detected starting from the 10th day (Fig. 2A and B). Photosynthetic
pigments are crucial for maintaining photosynthesis. After exposure to
different concentrations of PS-MPs with a particle size of 1 μm, a positive
correlation was observed on the Chl a content of C. goreaui, and in the 1
μm-50 mg/L group, the Chl a content significantly increased beginning
on the 5th day (Fig. 2C). When exposed to PS-MPs at size of 5 μm and 10
μm at a concentration of 20 mg/L, the Chl a content of C. goreaui
significantly increased beginning on the 2nd day and then noticeably
decreased on the 10th day (Fig. 2D). When exposed to PS-MPs at particle
sizes of 0.1 μm, 0.4 μm, and 1 μm at a concentration of 20 mg/L, the Chl
a content of C. goreaui significantly increased only on the 20th day (p <

0.05). The changes in the Chl c and carotenoid contents were similar to
those in the Chl a content (Fig. 2E, F, G, H). The 0.1 μm, 0.4 μm, and 1
μm particles at concentrations of 10–20 mg/L had significantly greater
carotenoid contents on the 5th day than did the control group (Fig. 2G
and H).

3.2. Impacts of PS-MPs interaction on antioxidant response and cellular
protection mechanisms within C. goreaui cells

Following interaction with PS-MPs, there was a direct correlation
between the PS-MPs’ quantities and dimensions and the amounts of EPS,
soluble protein, and MDA, as well as the enzymatic action of SOD in
C. goreaui cells (Fig. 3). When exposed to PS-MPs at a particle size of 1
μm, the experimental treatment with a concentration lower than 20 mg/
L had no significant impact on the EPS content in C. goreaui cells, while
the experimental treatment with a concentration higher than 20 mg/L
had a significant increase in EPS content on days 10–20 compared to
that of the control group (Fig. 3A). When exposed to PS-MPs at a con-
centration of 20 mg/L and different particle sizes, the EPS content in
C. goreaui cells was significantly greater on days 10–20 than that in the
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control group (Fig. 3B), and the degree of significance was in the
following order: 10 μm > 5 μm > 1 μm ≈ 0.4 μm ≈ 0.1 μm. Among the
groups, the experimental group exposed to 10 μm PS-MPs had the
highest degree of significance, with increases in EPS of 161.6% and
184.4% on days 10 and 20, respectively.

Upon exposure to PS-MPs with either a 20 mg/L concentration and
particle sizes of 5 μm or 10 μm, or a 50 mg/L concentration with 1 μm
particles, there was an alteration in the soluble protein levels in
C. goreaui cells significantly increased on days 10–20, while the other
groups showed no significant differences (Fig. 3C and D). The experi-
mental group exposed to 10 μm PS-MPs exhibited the highest degree of
significance, with increases in soluble protein of 151.6% and 190.3% on
days 10 and 20, respectively.

Upon encountering PS-MPs, the alterations observed in SOD activity
closely paralleled those in soluble protein levels found in C. goreaui cells
(Fig. 3E and F). The experimental group exposed to 10 μm PS-MPs
exhibited the highest degree of significance, with increases in SOD ac-
tivity of 147% and 169% on days 10 and 20, respectively.

Subjecting C. goreaui cells to varying levels and sizes of PS-MPs
particles led to a marked elevation in its MDA levels on days 10–20 of
the experiment (Fig. 3G and H). Relative to the control group, the levels
of MDA in the various experimental groups rose over time and exhibited
a direct relationship with both the concentration and the size of the
particles. Among the groups, the experimental group exposed to 10 μm
PS-MPs had the greatest degree of significance, with increases in the
MDA content of 261.8% and 896% on days 10 and 20, respectively.

3.3. Effects of PS-MPs exposure on the structure of C. goreaui cells

SEM analysis clearly revealed the interaction between the algal cells
and the PS-MPs. When C. goreaui cells were exposed to PS-MPs, a large
amount of PS-MPs aggregated with extracellular polysaccharides to
form EPS (Fig. 4E, F, G). In the control group, the associated bacteria
were in a free state and did not aggregate with C. goreaui (Fig. 4D), while
in the experimental group, most of the associated bacteria aggregated in
the EPS (Fig. 4E, F, G). Even PS-MPs with a particle size of 10 μm and a
concentration of 20 mg/L caused severe wrinkling and deformation of
the algal cells (Fig. 4G).

TEM observation of the damage in algal cells revealed that exposure
to PS-MPs at a particle size of 10 μm and a concentration of 20 mg/L had
detrimental effects on the growth of C. goreaui, causing cell wrinkling,
dissolution of accumulations (preliminarily judged as lipids), separation

of the plasma membrane, sparse fractures of the thylakoid layer, disin-
tegration of chloroplasts, and nuclear disintegration (Fig. 5D).
Furthermore, compared to those in the control group, the volume of
chloroplasts in the C. goreaui experimental group exposed to 10 μm PS-
MPs at a concentration of 20 mg/L significantly increased.

3.4. Effects of PS-MPs exposure on the transcription products of
C. goreaui cells

3.4.1. Analysis of variable gene expression and Gene Ontology functional
annotation in C. goreaui

Subsequent to being subjected to varying sizes and concentrations of
polystyrene particles (1 μm at 10, 20, and 50 mg/L, and 10 μm at 20 mg/
L), there was an observed association between the volume of upregu-
lated genes exhibiting differential expression and the amount of PS-MPs
present. In contrast, the quantity of genes showing decreased expression
levels was linked to both the amount and size of the PS-MPs particles
(Fig. 6A). As the concentration of PS-MPs heightened, there was an
uptick in the number of downregulated differentially expressed genes,
whereas the count of upregulated genes initially rose before it went on a
decline. Increasing the particle size of the PS-MPs resulted in an increase
in the number of downregulated differentially expressed genes (DEGs).

GO functional annotation analysis of the DEGs revealed that the ef-
fects of PS-MPs exposure on C. goreaui were mainly about the functions
of predominantly encompassed enzyme catalysis, molecular binding,
components of cells, membrane segments, metabolic functions, and
cellular operations, as depicted in Fig. 6B. The impact of PS-MPs expo-
sure on these biochemical functions was mainly manifested by the
greater influence of larger particle sizes and higher concentrations (in
order of significance: 10 μm-20 mg/L, 1 μm-50 mg/L, 1 μm-20 mg/L,
and 1 μm-10 mg/L).

3.4.2. GO functional enrichment analysis
A further examination was carried out on the ten most markedly

enhanced Gene Ontology(GO) terms associated with differentially
expressed genes found within the GO enrichment analysis, as depicted in
Fig. 6C. Following interaction with various particle sizes and PS-MPs
concentrations, the expression of DEGs in the cohort subjected to 1 μm
particles at a 20 mg/L concentration underwent upregulation.
Conversely, in cohorts subjected to particle parameters of 1 μm–10 mg/
L, 1 μm-50 mg/L, and 10 μm-20 mg/L, there was a predominance of
downregulation in DEG numbers compared to those experiencing

Fig. 1. The influence of PS-MPs exposure on the growth rate of C. goreaui. (A) Exposure to PS-MPs with different concentrations of particles with a diameter of 1 μm.
(B) Exposure to PS-MPs with a concentration of 20 mg/L and different particle sizes. The data points and bars represent the mean ± the standard error (three
biological replicates). The significance between the experimental group and the control group is indicated by asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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upregulation. Among them, the experimental group exposed to a parti-
cle size of 10 μm had the highest number of downregulated DEGs, which
were associated with functions such as succinate dehydrogenase activ-
ity, tetrapyrrole binding, haem binding, ionic binding, and the thylakoid
lumen. Patterns of gene expression pertaining to these roles (with
certain DEGs showing enrichment across various GO categories) were
examined and depicted as a heatmap (refer to Fig. S1). Genes (SymbC1.
scaffold2946.4) implicated in light capture and counteracting photo-
oxidative stress exhibited a marked increase in expression within the
experimental cohorts subjected to particle concentrations spanning 1 μm
to 50 mg/L and 10 μm to 20 mg/L. Nevertheless, within the test group
subjected to a particle size and a concentration of 10 μm–20 mg/L, there
was also a notable elevation in the relative gene expression levels
associated with the production of fatty acids (SymbC1.scaffold1086.4)
and malonyl-CoA synthesis (SymbC1.scaffold6029.2, SymbC1.For

scaffold5219.1, whose genes have a close association with the TCA
cycle, the expression levels of the other genes were reduced.

3.4.3. KEGG pathway enrichment analysis
Fig. S2 presents the foremost 10 KEGG pathways that were markedly

enriched among differentially expressed genes (DEGs) as identified by
the KEGG pathway enrichment analysis. The findings suggest that the
pathways most affected by various concentrations and sizes of PS-MPs
pertain predominantly to metabolic functions, biosynthetic activities,
and the processing of genetic information, exhibiting different degrees
of involvement. Within these pathways, there was a mix of genes with
increased and decreased expression levels; however, with the exception
of DEGs in the group exposed to 1 μm-50 mg/L PS-MPs, the majority of
DEGs exhibited decreased expression. The number of enriched DEGs in
the 10 μm-20 mg/L and 1 μm-50 mg/L groups was relatively high.The

Fig. 2. Effects of PS-MPs exposure on the photosynthetic efficiency and pigment content of C. goreaui. (A) Exposure to PS-MPs with different concentrations of
particles with a diameter of 1 μm on the Fv/Fm ratio. (B) Exposure to PS-MPs with a concentration of 20 mg/L and different particle sizes on the Fv/Fm. (C) Exposure
to PS-MPs with different concentrations of particles with a diameter of 1 μm on the chlorophyll a concentration. (D) Exposure to PS-MPs with a concentration of 20
mg/L and different particle sizes on the chlorophyll a content. (E) Exposure to PS-MPs with different concentrations of particles with a diameter of 1 μm on the
chlorophyll c content. (F) Exposure to PS-MPs with a concentration of 20 mg/L and different particle sizes on the chlorophyll c content. (G) Exposure to PS-MPs with
different concentrations of particles with a diameter of 1 μm on the carotenoid content. (H) Exposure to PS-MPs with a concentration of 20 mg/L and different
particle sizes on the carotenoid content. The bar shapes represent the mean ± the standard error (three biological replicates). The significance between the
experimental group and the control group is indicated by asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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distribution of particular gene expression within these networks (with
certain differentially expressed genes being prevalent in a number of
KEGG pathways) was examined and is depicted as a heatmap (refer to
Fig. S3).

4. Discussion

4.1. The effect of various concentrations and sizes of PS-MPs particles on
the suppression of C. goreaui growth

Although the research indicated an absence of noteworthy disparity
in the growth rate of C. goreaui cells exposed to PS-MPs at a particle size
of 1 μm or at different concentrations (0–50mg/L), upon exposure to PS-
MPs with a density of 20mg per liter, featuring particles measuring 5 μm
and 10 μm, there was a marked suppression in the proliferation of

C. goreaui. With the most pronounced effect observed in the subset
subjected to the 10-μm particles, which had decreased 62.9%–86% of
the growth rate compared to the control group, nearly halted growth
entirely. This indicated that larger PS-MPs particle sizes have a greater
impact on the growth of C. goreaui. Similarly, Liu et al. (2019) reported
that when Scenedesmus obliquus was exposed to PS-MPs at a concentra-
tion of 75mg/L, the inhibitory effect on growth was significantly greater
for 0.5 μm particles than for 0.1 μm particles. Xiao et al. (2020) also
reported that at a concentration of 10 mg/L, the toxicity of 5 μm par-
ticles on Euglena gracilis growth was greater than that of 0.1 μmparticles.
In addition, through SEM, this study revealed that PS-MPs of different
sizes all aggregated with C. goreaui to form EPS, and the larger particle
size group formed more EPS than the smaller particle size group. The
group of 10 μm–20 mg/L caused cell shrinkage and deformation.
However, Cao et al. (2022b) reported that smaller PS-MPs (1 μm) were

Fig. 3. Effects of PS-MPs exposure on important metabolites in C. goreaui cells. (A) Exposure to PS-MPs with different concentrations of particles with a diameter of 1
μm on EPS. (B) Exposure to PS-MPs with a concentration of 20 mg/L and different particle sizes on EPS. (C) Exposure to PS-MPs with different concentrations of
particles with a diameter of 1 μm on soluble proteins. (D) Exposure to PS-MPs with a concentration of 20 mg/L and different particle sizes on soluble proteins. (E)
Exposure to PS-MPs with different concentrations of particles with a diameter of 1 μm on SOD activity. (F) Exposure to PS-MPs with a concentration of 20 mg/L and
different particle sizes on SOD activity. (G) Exposure to PS-MPs with different concentrations of particles with a diameter of 1 μm on MDA levels. (H) Exposure to PS-
MPs with a concentration of 20 mg/L and different particle sizes on the MDA concentration. The bar shapes represent the mean ± the standard error (three biological
replicates). The significance between the experimental group and the control group is indicated by asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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more likely to interact with C. pyrenoidosa and form EPS on the cell
surface, while PS-MPs particles with a size of 5 μm did not aggregate
with C. pyrenoidosa cells to form EPS. This indicates that the impact of
PS-MPs on marine microalgae is species specific. Therefore, when
exploring the toxic effects of MPs on marine microalgae, it is necessary
to carefully consider the differences in response of different microalgae
species to MPs. Algal cells excrete EPS into their surrounding milieu,
which are crucial for their development and intrinsic defense mecha-
nisms (Li et al., 2020). When PS-MPs aggregate with algal cells to form a
large amount of EPS, they can block light and affect the photosynthesis
of algal cells, causing severe oxidative damage to the cells (Chen et al.,
2012). Furthermore, this study revealed that the increase in EPS caused
by PS-MPs exposure also affected the growth of bacteria associated with
C. goreaui, thereby impacting the growth of C. goreaui.

4.2. Stress regulation of photosynthetic pigments in C. goreaui after PS-
MPs exposure

When the available light energy for cells decreases, the chlorophyll
content increases to maintain photosynthesis (Falkowski and Owens,
1980). During the chill of winter, the symbiotic algae housed within
corals transition from a simple layer structure to a more complex,
stratified configuration, enhancing their ability to absorb light, which
consequently raises both the concentration and the chlorophyll con-
centration in these algae, as reported by (Venn et al., 2008). Conversely,

in the summer months, characterized by greater warmth and more
intense sunlight, there is a reduction in both the concentration and
chlorophyll levels of the symbiotic algae. These findings indicate that
symbiotic algae regulate their own chlorophyll content to maintain
stable photosynthesis. During the PS-MPs exposure experiments,
C. goreaui also employed similar stress strategies. The chlorophyll a
content in C. goreaui cells significantly increased on the 7th day of
exposure to PS-MPs at a particle size and concentration ranging from 1
μm to 5 mg/L, while the photochemical efficiency remained stable
throughout the exposure experiment (Su et al., 2020). This study
revealed that, during the initial stage of PS-MPs exposure, C. goreaui
cells adjust their content of photosynthetic pigments to maintain stable
photosynthesis. In the experimental groups exposed to larger particles
(5 μm-20 mg/L and 10 μm-20 mg/L), the contents of pigment in
C. goreaui cells significantly increased in the early stage of exposure (0–5
days), indicating a positive response from the algal cells. However, due
to the stronger damaging effect of larger PS-MPs on C. goreaui, following
the fifth day, there was a notable reduction in the pigment concentration
within the algal cells. Thus it can be seen that when the particle size of
PS-MPs exceeds 5 μm, the chloroplast function of C. goreaui is impaired.
Furthermore, cell structure analysis also revealed that C. goreaui cells
exhibited severe damage, such as cell contraction and chloroplast
disintegration, in the exposure experiment at a particle size and con-
centration of 10 μm–20 mg/L, leading to weakened photosynthesis. The
synthesis of photosynthetic pigments is directly related to tetrapyrrole

Fig. 4. Effects of PS-MPs exposure on the surface structure of C. goreaui cells. (A) PS-MPs with a particle size of 0.1 μm. (B) PS-MPs with a particle size of 1 μm. (C)
PS-MPs with a particle size of 10 μm. (D) Control group. (E) Exposure group with a particle size of 0.1 μm and a concentration of 20 mg/L. (F) Exposure group with a
particle size of 1 μm and a concentration of 20 mg/L. (G) Exposure group with a particle size of 10 μm and a concentration of 20 mg/L. Yellow arrows point to
C. goreaui cells, red arrows point to associated bacteria, and blue arrows point to PS-MPs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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binding and haem binding (Ikeuchi and Ishizuka, 2008; Xiao et al.,
2023), and these dual functions are based on ionic binding. During the
experiment involving exposure to PS-MPs, genomic investigation
demonstrated a notable decrease in the expression of genes associated
with these activities within the group subjected to particles varying in
size from 10 μm and having a concentration up to 20 mg/L, suggesting a
diminished synthesis of photosynthetic pigments followed by a reduc-
tion in the ability to perform photosynthesis. And the significant
downregulation of gene expression related to chloroplast thylakoid
lumina indicates that chloroplast function is inhibited.

4.3. Exposure to PS-MPs induces oxidative stress and incurs oxidative
damage in C. goreaui

Succinate dehydrogenase is one of the key components connecting
oxidative phosphorylation and electron transfer, providing electrons for
aerobic respiration and energy production in eukaryotic mitochondria
and various prokaryotic cells (Lussey-Lepoutre et al., 2015). Haem
binding also plays an important role in cellular respiration and energy
metabolism (Khan and Quigley, 2011; Xiao et al., 2023). In the PS-MPs
exposure experiment, transcriptomic analysis revealed significant
downregulation of gene expression related to Succinate dehydrogenase
activity, haem, and ionic binding in the experimental group with par-
ticle size and concentration of 10 μm–20 mg/L (Fig. 6C), indicating
insufficient energy supply and inhibited metabolism. During this pro-
cess, C. goreaui cell growth is restricted, and metabolism is disrupted.
Due to its photosynthetic autotrophic nature, C. goreaui accumulated

energy substances such as sugars and proteins through photosynthesis
during cultivation. And the MDA produced by oxidation reaction will
also increase with the increase of cell number. As the exposure days
increased, the total metabolite content in the control group gradually
accumulated, however, as the number of cells increases, their single-cell
content gradually decreases, which is consistent with the results of other
researchers (Li et al., 2020; Cao et al., 2022b).

Soluble proteins are important nutrients and osmoregulatory sub-
stances in cells that not only contribute to the improvement of cell
water-holding capacity but also protect biomacromolecules and bio-
membranes in cells (Guzmán-Murillo et al., 2007; Qian et al., 2008).
When exposed to relatively high concentrations (1 μm-50 mg/L) and
large particle sizes (5 μm-20 mg/L and 10 μm-20 mg/L) of PS-MPs, the
markedly higher presence of the content of soluble proteins in C. goreaui
cells compared to the control group could be associated with the algae’s
innate self-repair and defense capabilities. The content of soluble pro-
teins in C. goreaui cells increased with increasing PS-MPs particle size,
indicating that larger PS-MPs particles (5 μm and 10 μm) cause more
severe damage to algal cells and produce stronger stress responses.

When PS-MPs exposure leads to the inhibition of photosynthesis and
insufficient energy supply in C. goreaui, the electron transfer rate de-
creases, resulting in electron accumulation and increased generation of
reactive oxygen species (ROS) (Cao et al., 2022a). Upon suffering
extensive harm to their cellular structures and internal components due
to ROS, cells activate their innate defense mechanisms to synthesize
protective enzymes like catalase (CAT), superoxide dismutase (SOD),
and peroxidase (POD), with the objective of mitigating the detrimental

Fig. 5. Effects of PS-MPs exposure on the internal structure of C. goreaui cells. (A) Control group. (B) Exposure group with a particle size of 0.1 μm and a con-
centration of 20 mg/L. (C) Exposure group with a particle size of 1 μm and a concentration of 20 mg/L. (D) Exposure group with a particle size of 10 μm and a
concentration of 20 mg/L “n”: nucleus; “c”: chromosome; “Ch”: chloroplast; “Py”: pyrenoid; “m”: mitochondrion; “s”: starch; “a”: accumulation body; “w”: cell wall.
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impact of these reactive molecules (Cao et al., 2015). In the present
study, when different-sized PS-MPs (1 μm at 50 mg/L, 5 μm at 20 mg/L,
and 10 μm at 20mg/L) were administered to the C. goreaui, resulting in a
marked elevation in the SOD activity within the algal cells compared to
the control group. This suggests an increase in ROS generation in the
cells, with the SOD activity showing a direct relationship to the PS-MPs
particle size. These findings suggested that larger PS-MPs particles have
stronger toxic effects on C. goreaui, leading to the production of more
ROS in the cells.

The substance MDA, which results from the peroxidation of mem-
brane lipids, serves as an indicator of the extent of oxidative harm (Qian

et al., 2008; Melegari et al., 2012). Excessive ROS exacerbates cell
membrane lipid peroxidation, resulting in the production of a large
amount of MDA (Melegari et al., 2012; Xiao et al., 2020). Upon sub-
jecting C. goreaui cells to various levels and sizes of PS-MPs, there was a
notable increase in MDA levels compared to the control group. Addi-
tionally, it was observed that an upsurge in both the amount and di-
mensions of the particles led to an enhanced accumulation of MDA,
signifying intensified oxidative harm.

4.4. Considerations on the use of higher concentrations of MPs in
experimental design

In marine environments, the toxicological effects of MPs are a pro-
longed process. In this study, we employed higher concentrations of MPs
to investigate their impact on key symbiotic microorganisms of corals,
with the aim of exploring the potential threats posed byMPs to coral reef
ecosystems. As indicated by similar studies, utilizing higher concentra-
tions of MPs in short-term acute exposure experiments provides clearer
insights into their potential impacts (Mao et al., 2018; Li et al., 2020; Cui
et al., 2022; Khatiwada et al., 2023). It is undeniable that using higher
concentrations of MPs to explore their toxicological effects has certain
limitations. However, due to the current inadequacies in detection
methods for microplastic concentrations at micron and nanoscale levels
in natural environments, the measured values may be lower than the
actual values. Moreover, the global production and discharge of plastic
products are still increasing, and large particles of plastic are further
decomposed into small particle size MPs (Thompson et al., 2004;
Lambert et al., 2013; Auta et al., 2017; Yang et al., 2020). As such, the
experimental findings of this study provide valuable insights into the
impacts of MPs on coral reef ecosystems to some extent.

5. Conclusion

This research indicated harmful impacts of PS-MPs on C. goreaui, and
the impacts are closely related to particle size, with larger particles
exhibiting greater toxicity. Specifically, PS-MPs aggregate with
C. goreaui cells to form a large amount of EPS, which blocks light and
inhibits photosynthesis, significantly increases the ROS content, and
causes structural damage to C. goreaui cells. In addition, PS-MPs
inhibited the expression of genes related to photosynthesis and
cellular metabolism in C. goreaui cells. Overall, based on the toxic effects
of PS-MPs on the common coral symbiont Symbiodiniaceae (C. goreaui)
and the importance of Symbiodiniaceae to coral, MPs pollution is pre-
sumed to pose a potential threat to coral reef ecosystems. Due to the
difficulty of degrading MPs in the natural environment and the contin-
uous increase in plastic waste emissions, if not controlled, future plastic
pollution will inevitably severely damage coral reef ecosystems.
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The heat resistance of Porites lutea varies 
at different latitudes in the SCS.

• Subtropical P. lutea has a stronger heat 
tolerance.

• Better heat tolerance associated with a 
negative feedback transcription 
mechanism

• Subtropical P. lutea in the SCS may 
adapt to future climate change.

P. lutea sample collection locations. (a) Violin plots of sampling locations and monthly mean sea tem
perature in the two regions. (b) Monthly mean and standard deviation of sea temperature at the sampling 
location. (c) Temperature design of the heat stress experiment.
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A B S T R A C T

Coral reefs are degrading at an accelerating rate owing to climate change. Understanding the heat stress toler
ance of corals is vital for their sustainability. However, this tolerance varies substantially geographically, and 
information regarding coral responses across latitudes is lacking. In this study, we conducted a high temperature 
(34 ◦C) stress experiment on Porites lutea from tropical Xisha Islands (XS) and subtropical Daya Bay (DY) in the 
South China Sea (SCS). We compared physiological levels, antioxidant activities, and transcriptome sequencing 
to explore heat tolerance mechanisms and adaptive potential. At 34 ◦C, both XS and DY corals experienced 
significant bleaching and the physiological/biochemical index decreased, with XS corals exhibiting greater 
changes than DY corals. Transcriptome analysis revealed that coral hosts respond to heat stress mainly by 
boosting metabolic activity. The subtle transcriptional responses of zooxanthellae C15 underscored the host’s 
pivotal role in thermal stress responses. DY coral hosts showed lower bleaching, stronger physiological plasticity, 

* Corresponding author.
** Correspondence to: K. Yu, Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou 511458, China.

E-mail addresses: wenhuang@gxu.edu.cn (W. Huang), kefuyu@scsio.ac.cn (K. Yu). 

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

https://doi.org/10.1016/j.scitotenv.2025.178381
Received 9 July 2024; Received in revised form 28 November 2024; Accepted 2 January 2025  

Science of the Total Environment 962 (2025) 178381 

Available online 11 January 2025 
0048-9697/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

371

mailto:wenhuang@gxu.edu.cn
mailto:kefuyu@scsio.ac.cn
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2025.178381
https://doi.org/10.1016/j.scitotenv.2025.178381
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2025.178381&domain=pdf


and higher temperature tolerance thresholds than XS, indicating superior heat tolerance. This superiority is 
linked to negative feedback transcriptional regulation strategies, including active environmental stress response 
and genetic information damage repair. The differences in thermal adaptability between tropical and subtropical 
P. lutea in the SCS may be attributed to their genetic differences and native habitat environments, suggesting that 
subtropical P. lutea may have the potential to adapt to future climate change. This study provides novel insights 
for predicting the fate of corals at different latitudes in terms of global warming and provides instructive 
guidance for coral reef ecological restoration.

1. Introduction

Climate change and anthropogenic factors have driven coral reef 
degradation (HughesTP et al., 2003; Hughes et al., 2017). High sea 
surface temperatures (SST) owing to global warming have led to severe 
thermal bleaching events, posing a serious threat to coral reef survival 
(Ainsworth et al., 2016; HughesTP et al., 2003). As climate warming 
persists, these bleaching events are expected to become more frequent 
and intense (Sully et al., 2019). Therefore, under current climate sce
narios, corals must adapt in order to survive over the long term. How
ever, the extent of their adaptability to thermal changes (Mumby and 
van Woesik, 2014) and the mechanisms by which naturally resilient 
corals might enhance their tolerance to climate change remains unclear 
(Langlais et al., 2017; Sully et al., 2019). Therefore, understanding these 
factors is crucial for assessing the future viability of coral ecosystems.

Temperature fluctuations of 1–2 ◦C above or below normal levels can 
prove fatal for narrowly temperate corals (Hoegh-Guldberg, 1999), 
although these thresholds vary across regions (Langlais et al., 2017; 
Sully et al., 2019). In addition, coral thermal tolerance thresholds are 
also related to factors such as coral holobionts genetic adaptation 
(Howells et al., 2016; Manzello et al., 2019), recent thermal history 
(Voolstra et al., 2020), latitude (Dixon et al., 2015), depth (Tavakoli- 
Kolour et al., 2023), and species (Marzonie et al., 2022). Recent field
work suggests that, in some locations, reef-building corals can tolerate 
heat stress at temperatures that exceed the global average (Masoudi and 
Asrari, 2023), particularly in habitats with thermal extremes (e.g., corals 
in the Persian–Arabian Gulf can tolerate water temperatures of 36 ◦C) 
(Coles and Riegl, 2013; D’Angelo et al., 2015), and thermal hyper
variability (e.g., corals in the American Samoan back reef tanks of Ofu 
Island at 35 ◦C) (Palumbi et al., 2014). However, these findings are 
mostly limited to specific regions, and widespread spatial heterogeneity 
exists in the thermal tolerance of corals (Langlais et al., 2017; Sully et al., 
2019). Moreover, a clear understanding of the thermal tolerance re
sponses and adaptive potential of corals across latitudinal temperature 
gradients is lacking.

Ecological studies have shown that coral species occupying a wide 
range of ecological niches span strong environmental temperature gra
dients and often vary phenotypically (Bruno and Edmunds, 1997; 
Rowan et al., 2021). Examples include Red Sea corals (Osman et al., 
2017) and Australian Great Barrier Reef corals (Barfield et al., 2018). 
Further studies suggest that this phenotypic variation is related to local 
adaptation to the thermal regime of the host (Savary et al., 2021; 
Voolstra et al., 2021) as well as short-term physiological acclimation 
(Voolstra et al., 2021). Coral populations are undergoing strong regional 
selection for tolerance and exhibit significant individual genetic vari
ability in response to rapid climate change (Barker, 2018; Quigley, 
2023), offering potential for genetic rescue-assisted evolution to 
enhance their thermal resilience (Selmoni et al., 2024). Therefore, 
identifying temperature-tolerant coral populations at similar spatial 
acale ranges is required to restore coral reef ecosystems.

South China Sea (SCS) coral reefs, with their large latitudinal spans 
and notable temperature gradients, provide a unique natural laboratory 
for exploring intra- and intercommunity coral responses to climate 
change (Yu, 2012). Agglomerated Porites lutea is considered a highly 
resistant coral species widely distributed in the Indo-Pacific reef zone in 
tropical and subtropical regions (Huang et al., 2015, 2012). P. lutea is an 

ideal research species for studying various stress responses and coral 
physiology, and is a dominant species in SCS coral reefs (Li et al., 2013). 
Robbins et al. (2019) revealed the genome of P. lutea, including its 
symbiotic dinoflagellate Cladocopium C15 and associated microorgan
isms, providing a foundational resource for molecular studies. Pre
liminary studies on P. lutea in the SCS have been conducted. For 
example, Huang et al. (2018) reported high genetic diversity and low 
genetic differentiation levels in P. lutea populations from different 
geographic locations in the SCS. Luo et al. (2022) demonstrated a close 
correlation between genetic differentiation, genetic variation levels, and 
latitudinal SST. Additionally, Huang et al. (2022) used metatran
scriptome sequencing methods to explore the differences in the cold 
tolerance of P. lutea at different latitudes in the SCS. However, regarding 
global warming, the heat resistance response of P. lutea at different 
latitudes in the SCS is not yet fully understood, and the underlying 
molecular mechanisms remain lacking.

In this study, we used physiological and metatranscriptome 
sequencing to explore the response and underlying adaptation mecha
nisms of P. lutea to thermal stress at different latitudes in the SCS. 
Additionally, we conducted association analyses by combining previous 
findings on cold stress and population genetics to explore understanding 
of the survival status and environmental stress adaptability of P. lutea to 
climate change. By shedding light on the adaptability of corals at diverse 
latitudes amid ongoing climate warming, this research offers instructive 
guidance for conserving and ecologically rehabilitating coral reefs.

2. Materials and methods

2.1. Sample collection and experimental design

P. lutea samples were collected from two latitudes in the South China 
Sea, namely the tropical Xisha XS North Reef (111◦51′E, 17◦06′N) and 
subtropical Daya Bay DY Sanmen Island (114◦64′E, 22◦27′N), with a 
latitudinal span of approximately 5◦ (see Fig. 1a for sampling point 
details). The 5 km daily mean SST data were obtained from NOAA’s 
Coral Reef Watch (http://coralreefwatch.noaa.gov). The monthly mean 
SSTs at different sampling locations (Fig. 1b) was obtained from a pre
vious study (Huang et al., 2022). Colonies were collected at approxi
mately the same depth (~5 m) at each sampling location using a scuba 
diving device with a hammer and tongs. Colonies were sampled >5 m 
apart to avoid gene cloning. After sampling, the live coral samples were 
quickly transported to the 300 L aquarium tanks of the China Coral Reef 
Research Center of Guangxi University and temporarily restored at 
26 ◦C. Five P. lutea were randomly selected from each sampling point for 
study. Three fragments (~16 cm2 each) were removed from each coral 
using a small cutter to serve as three independent sampling points (26, 
30, and 34 ◦C), i.e., each sampling point had five biological replicates, 
and one location had 15 fragments. All fragments were restored at 26 ◦C 
for 15 days before the formal experiment.

The heat stress experiment used three temperature treatments: 26 ◦C 
for the control group (optimal temperature for coral growth), 30 ◦C 
(normal temperature in summer) and 34 ◦C (extremely high tempera
ture) for the experimental group, with consistent temperature intervals 
between the sampling points (Fig. 1c). Owing to resource limitations, 
only two tanks were used in this experiment, namely the control (26 ◦C 
treatment, 5 fragments × 2 locations = 10) and the experimental (30 ◦C 
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and 34 ◦C treatments, 5 fragments × 2 locations × 2 treatments = 20) 
tanks. To simulate marine environment warming, the experimental tank 
was heated by 1 ◦C every 24 h starting at 26 ◦C. After reaching 30 ◦C, the 
temperature was maintained for three days, and samples were taken. 
The temperature was then further increased and samples were taken 
after three days at 34 ◦C. The heat stress experiment cycle was 12 days. 
Simultaneously, the control tank was maintained at 26 ◦C for 12 days 
and samples were collected.

All aquariums were illuminated using metal halide (250 W) and four 
T5HO lamps to simulate natural light in a 12 h:12 h light-dark cycle. 
Preheated and filtered seawater (20 %) was replaced daily to maintain 
the following water conditions: salinity 34–35 ppt, carbonate hardness 
(dKH) 7.3–7.5, c(Ca2+) 380–400 ppm, and c(Mg2+) 1200–1300 ppm. 
The aquarium temperature was controlled using 600 W aquarium 
heating rods and chillers, and continuously monitored and recorded 
with a HOBO thermometer (±0.1 ◦C accuracy). The corals were not fed 
during the experiment. The experimental and control tanks were 
maintained under the same conditions, except for the temperature 
difference.

2.2. Sample handling and measurement

2.2.1. Phenotypic and physiological index determination
The coral samples were photographed and recorded daily using an 

underwater camera. The black-and-white tape was used as a reference 
background for image intensity calibration, and the degree of coral 
bleaching was analyzed using the computerized photo analysis software 
Image Pro Plus (version 6.0) (Chow et al., 2016; Huang et al., 2022). 
Specifically, the original photo was converted to an 8-bit grayscale 
image with a gray of 0 for pure black dots and a gray of 255 for pure 
white dots and then calibrated for color intensity using black and white 
reference points around the optical quadrant. After obtaining the actual 
intensity of the reference points, the intensity readings of 0 to 255 (8-bit) 
were reset, with the lowest intensity reading representing black being 
set to 0 and the highest intensity reading being set to 255 representing 
white. Finally, the gray value of the calibrated coral surface was 
measured, and the degree of bleaching of the entire coral surface was 
calculated using a defined black-and-white reference. In this study, the 
coral was considered “healthy” at 26 ◦C, and its bleaching degree was 0. 
The gray value at this time = K, and the gray values at other tempera
tures were defined as X. The formula was calculated as follows:

Coral bleaching degree = (X − K)/(255 − K)× 100% 

The maximum quantum yield (Fv/Fm) of P. lutea was measured daily 
using Diving-PAM (Heinz Walz GmbH, Effeltrich, Germany) fluorom
eter. To ensure adequate relaxation time for the corals, Fv/Fm was 
measured 30 min after the dark adaptation period, as this parameter 
closely approximates the maximum photochemical efficiency of photo
system II (PSII) (Bilger et al., 1995; Huang et al., 2022; Warner et al., 
1999). During measurements, the fiber optic cable of fluorometer was 
maintained approximately 1 cm above the coral surface. To ensure the 
authenticity of Fv/Fm values, all measurements were performed 
randomly five times at different locations in the fragments.

Symbiodiniaceae density was determined as previously described 
(Chow et al., 2016; Qin et al., 2019), using a recirculating Waterpik 
filled with filtered seawater (0.45 μm) to rinse the coral surfaces, and 
quantifying the total volume of tissue homogenate using a measuring 
cylinder. Subsequently, 50 mL of homogenate was centrifuged (3000 ×g 
for 10 min at 4 ◦C), the supernatant was removed, 20 mL of filtered 
seawater was centrifuged, and de-supernatant was added (repeated 
thrice) to quantify the cell density. The collected algae-containing cell 
pellets were fixed in 4 % formaldehyde solution and counted using a 
hemocytometer. Symbiodiniaceae density (cells cm− 2) was calculated 
by normalizing the number of symbionts with respect to the surface area 
of stony corals derived from the aluminum foil method (Johannes et al., 
1970).

The chlorophyll a content was determined using the absorbance 
method. Homogenate (15 mL) was placed in a sterile centrifuge tube and 
centrifuged at 4000 rmin− 1 for 5 min at 4 ◦C. The supernatant was 
removed, precipitate fixed with 10 mL 90 % acetone, and extracted at 
4 ◦C in the absence of light for 24 h. The solution was then centrifuged 
and resuspended and the supernatant was subjected to optical density 
measurements at wavelengths of 630 nm, 647 nm, 664 nm, and 750 nm 
using a microplate reader (Varioskan LUX). The chlorophyll a content 
(μg/mL) was calculated using the published method (Jeffrey and 
Humphrey, 1975). Finally, the chlorophyll a content per unit area of 
coral (ug/cm2) was obtained by converting the surface area of the coral.

2.2.2. Enzyme activity assay
The catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), 

and glutathione (GSH) activities in the coral symbionts measured in this 
study were determined using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) in strict accordance with the 
manufacturer’s recommendations. We used a bicinchoninic acid (BCA) 
protein analysis kit (Shanghai Bioengineering Co., Ltd., Shanghai, 
China) to determine the concentration of total supernatant protein 

Fig. 1. P. lutea sample collection locations. (a) Violin plots of sampling locations and monthly mean sea temperature in the two regions. (b) Monthly mean and 
standard deviation of sea temperature at the sampling location. (c) Temperature design of the heat stress experiment.
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according to the manufacturer’s recommendations (Dodd and Drick
amer, 2001). The enzyme activity in the sample supernatants was 
expressed as the ratio of total enzyme activity units to total protein (U/ 
mg protein).

All data of physiological indices and enzyme activities were 
expressed as the mean ± standard deviation (SD). Two-way analysis of 
variance (ANOVA) was used to analyze the main effects and interactions 
of the fixed factors (coral location and temperature). When main or 
interaction effects were significant (P ≤ 0.05), post hoc pairwise com
parisons of variable means were conducted to determine if differences 
between coral locations in each temperature treatment were statistically 
significant (Lenth et al., 2019). Meanwhile, post-hoc multiple compar
isons (Duncan’s test) were used to determine the significance of data 
treated with different temperatures in the same coral location.

2.3. Symbiotic zooxanthellae identification

Genomic DNA was extracted from coral symbionts using the DNeasy 
Plant Mini Kit (QIAGEN, Hilden, Germany) according to the manufac
turer’s instructions. The ITS2 region of the symbiotic zooxanthellae 
rDNA was PCR amplified using ITS intfor2 (5′-GAATTGCAGA 
ACTCCGTG-3′) (Lajeunesse and Trench, 2000) and ITS2-Reverse (5′- 
GGGATCCATA TGCTTAAGTT CAGCGGGT-3′) (Coleman et al., 1994) 
primers (Chen et al., 2019). All qualified amplification products were 
mixed in equimolar amounts and subjected to nucleic acid sequencing 
using an Illumina MiSeq instrument in 2 × 300 bp paired-end mode, 
according to the manufacturer’s instructions. All sequencing was 
completed by Majorbio Biopharm Technology Co., Ltd. (Shanghai, 
China). The remainder of the analyses followed the method described by 
Chen et al. (2019). All the sequencing data were submitted to the NCBI 
for inclusion in the Biotechnology Information Sequence Read Archive 
database (accession no. PRJNA810338).

2.4. Transcriptome sequencing

2.4.1. P. lutea RNA extraction
Following our established procedure, coral samples were carefully 

dissected, with a portion of coral tissue from each experimental sam
pling point placed individually into 2 mL sterile, enzyme-free centrifuge 
tube using RNA-removing enzyme-enzymatic forceps. Subsequently, the 
samples were rapidly frozen in liquid nitrogen for a minimum of 15 min, 
then transferred and stored in a − 80 ◦C freezer for subsequent RNA 
extraction (Huang et al., 2022). Total RNA was extracted from each 
coral tissue sample using TRIzol (Life Technologies, USA), according to 
the manufacturer’s instructions and product datasheet. RNA was puri
fied using the MicroElute® RNA Clean Up Kit (Omega Biotech, 
Guangzhou, China) to remove contaminants, such as proteins, pigments, 
and polysaccharides, from the mixtures. The total RNA purity and 
concentration were measured using a NanoDrop 2000 UV–vis spectro
photometer (Thermo Fisher Scientific, Wilmington, VA, USA) 
(Desjardins and Conklin, 2010). RNA integrity was measured using the 
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, 
CA, USA).

Total RNA quality was assessed using 1 % agarose gel electropho
resis, and high-quality nucleic acid solutions were stored at − 80 ◦C to 
prevent degradation from repeated freezing and thawing cycles.

2.4.2. RNA-Seq analysis
RNA sequencing was performed using the Illumina TruseqTM RNA 

Sample Prep Kit, and 12 cDNA libraries were constructed from tissue 
samples that met the requirements for library construction (total RNA >
1 μg, concentration > 35 ng/μL, OD260/280 > 1.8, OD260/230 > 1.0). 
A total of 12 cDNA libraries were constructed. Briefly, mRNA was 
enriched using magnetic beads with oligo (dT) for A-T base pairing with 
the poly A tails at their 3′ ends. A fragmentation buffer was added to 
fragment the mRNA, and small fragments of approximately 300 bp were 

separated via magnetic bead screening. Subsequently, using a reverse 
transcriptase, six-base random primers (random hexamers) and mRNA 
templates were reverse-transcribed to form a double-stranded structure 
with stable sticky ends. The paired-end RNA-seq library was sequenced 
using the Illumina NovaSeq 6000 platform (2 × 150 bp read length) by 
forming adaptor junctions and performing cDNA target fragment 
screening, amplification, and quantification. All the sequencing data 
were submitted to the NCBI for inclusion into the Biotechnology Infor
mation Sequence Read Archive database (accession no. PRJNA994659).

2.4.3. Bioinformatics analysis
To ensure the accuracy of subsequent bioinformatics analysis, we 

removed the adapter sequences and incorrectly self-connected reads in 
the reads and trimmed the low-quality (quality value <30) bases at the 
end (3’end) of the sequence. Reads with an N-ratio of >10 % were 
removed, and finally, the adapter and sequences with a length of <50 bp 
after quality trimming were discarded to obtain clean reads. The clean 
reads of each sample were then aligned to the P. lutea host and Clado
copium C15 reference genomes (Robbins et al., 2019) (http://plut. 
reefgenomics.org/) using TopHat2 (Version 2.1.0) (Kim et al., 2013). 
Reads that matched the coral host genes were not further aligned to 
Cladocopium C15. BLAST alignment was performed using six databases: 
Non-redundant (NR), Swiss-prot, Pfam, Clusters of Orthologous Groups 
(COG), Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG). Successfully matched genes were annotated and the 
number of reads was mapped to each gene and counted using RMSE 
(Version 1.3.3) (Li and Dewey, 2011). Finally, gene expression levels 
were normalized using the transcripts per million (TPM) method. The 
normalized expressions of all 12 samples were hierarchically clustered 
using Spearman correlation, and the obtained numerical matrix was 
visually displayed using a Heatmap diagram. Differential expression 
analysis was performed using DESeq2 (Version 1.24.0) (Love et al., 
2014), and genes with |log2(Fold Change)| ≥ 1 and Padjust < 0.05 were 
classified as differentially expressed genes (DEGs). Genes with impor
tant functions were searched in the annotations of the DEG sets, and the 
expression changes were visualized. To study the biological functions of 
DEG functions, we used the KEGG database to enrich and analyze the 
various metabolic pathways. We evaluated the degree of enrichment of 
KEGG based on the rich factor, corrected Padjust, and number of genes. 
When Padjust < 0.05, the pathway was considered significantly enriched. 
To visualize the protein interaction network of the DEGs, we used String 
(version 11.5) and the homologous species, Pocillopora damicornis. The 
results were imported into Cytoscape (version 3.9.1) to map some of the 
gene networks using the top integrated values, and the Maximal Clique 
Centrality (MCC) algorithm in the software’s built-in Cytohubba plugin 
was used to identify the top 10 hub genes of corals responding to high- 
temperature stress (Jeong et al., 2001). Because of the limited number of 
DEGs in zooxanthellae, we conducted expression change analysis for the 
entire gene set using Gene Set Enrichment Analysis (GSEA) to overcome 
the limitations of DEGs enrichment analysis.

3. Results

3.1. Physiological and biochemical indicator analysis of P. lutea under 
heat stress

3.1.1. Phenotypic and physiological indicators
The differences in coral thermal bleaching phenotypes are related to 

heat resistance, thus the phenotypic variation plot showed that DY 
P. lutea had better heat resistance than XS (Fig. S1). In addition, 
consistent with the phenotypic changes, DY P. lutea had a lower 
bleaching degree and higher retention of maximum light quantum yield 
(Fv/Fm) than XS. In this high temperature stress experiment, the 
bleaching degree and Fv/Fm were significantly affected by coral 
geographical location, temperature, and location × temperature (two- 
way ANOVA, P ≤ 0.001) (Fig. 2a, b). The severity of coral bleaching 
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increased with increasing temperature (Fig. 2a). At 34 ◦C, the bleaching 
degree of corals at the two latitudes differed significantly with XS P. lutea 
being significantly more bleached than DY corals (pairwise test, P ≤
0.001). In contrast, Fv/Fm decreased with increasing temperature, only 
decreasing significantly at 34 ◦C (Duncan’s test, P > 0.05) and differing 
significantly between the two latitude corals (paired test, P ≤ 0.05), 
indicating its significantly higher Fv/Fm in DY P. lutea than that in XS 
P. lutea.

3.1.2. Enzyme activity biochemical indicators
Two-way ANOVA results showed that SOD, CAT, GSH, and POD 

enzyme activities were significantly affected by temperature (P ≤ 0.05). 
Except for CAT, other enzyme activities were significantly affected by 
coral location and coral location × temperature (P ≤ 0.001) (Fig. 2c–f).

Throughout the temperature-raising experiment, the levels of SOD, 
POD, and GSH in XS P. lutea initially increased and then decreased 
significantly (P < 0.05). Among the antioxidants of DY P. lutea, SOD, 
POD and GSH all decreased slightly, but the changes were not significant 
(P > 0.05). CAT activity was significantly increased in corals in both 
locations (P < 0.05), and the CAT activity of DY P. lutea was higher than 
that of XS P. lutea, although not significantly (P ≥ 0.05) at each tem
perature. In corals from both latitudes, all enzyme activities, except that 
of CAT, differed significantly only at 30 ◦C, and the level of enzyme 
activity was significantly higher in XS P. lutea. In addition, at 34 ◦C, 
except for the CAT activity of the two groups of corals which was higher 
than that at 26 ◦C, the other antioxidant enzyme activities were lower 
than those at 26 ◦C, although not significantly (P > 0.05).

3.2. RNA sequencing data and alignment rate

Twelve cDNA libraries were constructed, comprising samples from 
P. lutea hosts in XS and DY at 26 ◦C (C_XS, C_DY) and 34 ◦C (H_XS, 
H_DY). Transcriptome sequencing analysis of 12 coral host samples was 
completed, and a total of 80.42 Gb of clean data was obtained. The clean 
data of each sample reached >5.53 Gb, the Q30 base percentage was 
>93.86 %, and the GC content was between 42.11 and 46.44 %. The 
clean reads of each sample were aligned with the specified reference 
genome, with alignment rates between 40.08 and 69.72 %. In addition, 
transcriptome sequencing of the symbiotic zooxanthellae C15 obtained 
30.89 Gb of clean data. Clean data for each sample exceeded 1.32 GB, 
with a Q30 base percentage exceeding 92.82 % and GC content ranging 
between 41.42 and 50.69 %. The alignment rate ranged from 0.63 and 
34.45 %. The sequence information is provided in Table S1.

3.3. P. lutea host heat stress response

3.3.1. Host gene expression analysis
In the sample correlation analysis, most of the P. lutea samples were 

clearly clustered into the control group at 26 ◦C and the high- 
temperature group at 34 ◦C (Fig. 3a). However, the XS3 sample devi
ated somewhat, and considering the slight differences between coral 
individuals, we retained all samples for subsequent analysis. At 34 ◦C, 
the expression level of the caspase-3 gene in coral hosts increased 
significantly, with the expression level in DY hosts being the highest. 
The expression levels of SOD-related functional genes at both latitudes 
increased slightly, whereas those of CAT- and GSH-related functional 
genes decreased; the decrease in expression in XS corals was lower than 

Fig. 2. Physiological and enzyme activity changes of coral samples. (a) bleaching degree. (b) Fv/Fm. (c) Superoxide dismutase, SOD. (d) catalase, CAT. (e) 
peroxidase, POD. (f) glutathione, GSH. Error bars represent SD of the mean obtained using multiple replicates. Error bars represent the standard deviation of the 
mean (SD, n = 5) obtained using multiple replicates. Two-way ANOVA testing of coral location, temperature, and their interaction was framed (*P ≤ 0.05, **P ≤
0.01, ***P ≤ 0.001). Different lowercase or uppercase letters indicate that the parameters were significantly different between the temperature treatments (Duncan’s 
test, P < 0.05), respectively. Red asterisks indicate significant differences between two coral geographic locations at a given temperature (*P ≤ 0.05, **P ≤ 0.01, ***P 
≤ 0.001).
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that in DY corals (Fig. 3b). The number of common unigenes in all 
samples sequenced from P. lutea hosts (XS and DY) was 16,303. At 26 ◦C, 
the number of genes specific to XS and DY was 381 and 1267, respec
tively. At 34 ◦C, the number of genes unique to XS and DY was 548 and 
162, respectively, indicating large differences in gene expression be
tween XS and DY coral hosts (Fig. 3c).

3.3.2. Differential expression and enrichment analysis
The screening criteria were set as fold change ≥2 and false discovery 

rate value ≤0.05, and differential expression analysis was performed on 
H_XS vs. C_XS and H_DY vs. C_DY. The results revealed 336 DEGs in XS 
P. lutea hosts at 34 ◦C compared to 26 ◦C, comprising 193 upregulated 
genes and 143 downregulated genes. A total of 2669 DEGs were iden
tified in the DY coral host, of which 1215 were upregulated and 1454 
were downregulated (Fig. 3d). The number of DEGs in the relatively 

high-latitude DY coral hosts under heat stress was significantly higher 
than that in the XS coral hosts. Among the DEGs between the two groups 
of corals, 113 genes were upregulated (Hot_two up) and 90 genes were 
downregulated (Hot_two down) of the DEGs, 127 were XS-specific 
(Hot_XS diff) and 2460 were DY-specific (Hot_DY diff). KEGG enrich
ment analysis was performed for each of these gene sets, and the results 
are displayed in terms of the top 20 KEGG pathways (Fig. 4a–d).

KEGG enrichment analysis showed that compared with the control 
group (26 ◦C), the common upregulated DEGs of the two groups of coral 
hosts were significantly enriched in pathways related to metabolism, 
immune system, information processing, and disease infection. These 
pathways included Herpes simplex virus 1 infection, RIG-I-like receptor 
signaling pathway, cytosolic DNA-sensing pathway, shigellosis, influ
enza A, measles, glyoxylate and dicarboxylate metabolism, retinol 
metabolism, Vibrio cholerae infection, pathogenic Escherichia coli 

Fig. 3. Correlation between host genes and samples. (a) Heatmap showing changes in expression levels of functional genes during high-temperature stress. (b) 
Sample correlation clustering heat map (the numbers in the rectangles represent the correlation coefficients between samples). (c) Venn diagram of sequencing 
samples. (d) Number of DEGs in hosts (C: 26℃, H: 34℃).
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Fig. 4. KEGG pathway enrichment analysis and PPI network modules of host DEGs. KEGG enrichment analysis analyzed (a) significantly upregulated genes and (b) 
significantly downregulated genes in P. lutea samples from two regions. (c) XS-specific DEGs. (d) DY-specific DEGs. PPI network modules of (e) Hot_two up; (f) 
Hot_two down; (g) Hot_XS diff; (h) Hot_DY diff. Node color represents MCC score (The redder the color, the higher the score).
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infection, protein processing in endoplasmic reticulum, proximal tubule 
bicarbonate reclamation, drug metabolism - other enzyme, TCA cycle, 
steroid hormone biosynthesis, pyruvate metabolism, NOD-like receptor 
signaling pathway, chemical carcinogenesis, ascorbate and aldarate 
metabolism, and pentose and glucuronate interconversions (Padjust <

0.05) (Fig. 4a). The common downregulated DEGs were only signifi
cantly enriched in the cytokine–cytokine receptor interaction pathway 
during environmental information processing (Padjust < 0.05) (Fig. 4b). 
Notably, XS-specific DEGs were not significantly enriched in any 
metabolic pathway (Padjust > 0.05) (Fig. 4c). However, DY-specific DEGs 
were significantly enriched in metabolic pathways related to environ
mental information processing, organic systems, and cellular processes. 
These pathways included the PI3K-Akt signaling pathway, mineral ab
sorption, platelet activation, ECM-receptor interaction, Ras signaling 
pathway, protein digestion and absorption, focal adhesion, cytoki
ne–cytokine receptor interaction, MAPK signaling pathway, arathyroid 
hormone synthesis, secretion and action, complement and coagulation 
cascades, and apoptosis-multiple species (Padjust < 0.05) (Fig. 4d).

3.3.3. DEGs protein–protein interaction (PPI) network module construction 
and hub gene screening

The XS and DY common DEGs, as well as the Hot_XS diff and Hot_DY 
diff gene set nodes, were ranked using the MCC score of the CytoHubba 
plugin. The top 10 genes with the highest scores were selected as hub 
genes for the PPI network module (Fig. 4e–h). We predicted that these 
hub genes have important biological relevance in the coral hosts to heat 
stress.

The top 10 hub genes in each of the four PPI network modules were 
analyzed for KEGG functional enrichment. Module (e) exhibited signif
icant enrichment in pathways related to cellular energy metabolism, 
such as the citrate cycle (TCA cycle), pyruvate metabolism, proximal 
tubule bicarbonate reclamation, and longevity-regulating pathway- 
multiple species (Padjust < 0.05). Notably, heat shock protein genes 
(HSP) expression was upregulated in this pathway. Module (f) was 
significantly enriched in cytokine–cytokine receptor interactions, AMPK 
signaling pathway, and vitamin B6 metabolism (Padjust < 0.05). Module 
(g) was enriched in the chemical carcinogenesis and bile secretion 
pathways, albeit not significantly (Padjust > 0.05). Finally, module (h) 
was significantly enriched in the cell cycle (Padjust < 0.05), with upre
gulation of serine/threonine protein kinase genes CHK1,2, and cell di
vision control protein genes CDC6 and CDC45.

3.4. Response of P. lutea algal symbionts to heat stress

3.4.1. Composition of symbiotic zooxanthellae in P. lutea
The dominant genus of symbiotic zooxanthellae across all coral 

samples was Cladocopium, and the dominant species was subclade C15 
(Fig. S2a). Therefore, the community structure of symbiotic zooxan
thellae in P. lutea at the two latitudes in this study was similar in 
composition and relative abundance, all dominated by the C15 subclade.

3.4.2. Analysis of gene expression and enrichment of algal symbiont C15
Consistent with the host analysis criteria, C15 zooxanthellae sym

biotic with corals in XS and DY were analyzed. The results showed that 
C15 contained 11,934 common unigenes at different temperatures. At 
26 ◦C, DY coral C15-specific unigenes outnumbered XS coral-specific 
unigenes, at 687 and 350, respectively (Fig. S2b). At 34 ◦C, XS coral- 
specific unigenes decreased to 107, while DY coral-specific unigenes 
slightly decreased to 149. Notably, the number of DEGs in C15 under 
high-temperature stress was minimal, while XS exhibited a total of 20 
DEGs, including 11 upregulated and 9 downregulated genes (Fig. S2c). 
Nine DEGs were identified in the DY group, including seven upregulated 
and two downregulated genes. All possible pathways of XS and DY C15 
were enriched using GSEA (Table S2). GSEA analysis showed that genes 
enriched for protein output were significantly downregulated in the XS 
and DY C15 groups compared with those in the control group. 

Additionally, XS C15 significantly downregulated genes expression 
related to RNA polymerase, whereas DY C15 significantly down
regulated genes expression related to proteasomes and spliceosomes.

4. Discussion

4.1. Response of P. lutea population to high-temperature stress in the SCS

During the heat stress process, the bleaching degree of the two 
groups of corals increased significantly with the change in temperature, 
and the density of zooxanthellae, Fv/Fm, and chlorophyll a content 
gradually decreased. These results suggest that rising temperatures can 
lead to coral bleaching, photodamage to photosynthetic system II, and 
disruption of the symbiotic relationship between the host and zooxan
thellae (Evensen et al., 2021; Hazraty-Kari et al., 2023, 2024). Heat 
stress triggers the antioxidant mechanisms of corals and increases ROS 
levels in corals (DeSalvo et al., 2008). However, the coral–algae sym
biosis can also effectively remove ROS via antioxidant systems, 
including POD, GSH, SOD and CAT (Anithajothi et al., 2014; Pei et al., 
2022). Changes in the activity levels of these antioxidant enzymes and 
their genes expression, as well as the significant upregulation of the 
caspase-3 gene associated with cellular immune apoptosis, indicated 
that the corals have oxidative stress and apoptosis responses (Figs. 2, 
3b).

Transcriptome sequencing results showed that high-temperature 
stress mainly activated pathways related to cell metabolism and 
apoptosis, inhibiting the expression of cytokine genes related to immune 
signaling (Fig. 4a, b). High-energy metabolic demands may suggest that 
the coral host is energy-limited and responds to cellular demands for 
energy balance by enhancing metabolism (Anthony et al., 2009). 
However, the KEGG enrichment analysis results of the DEGs upregulated 
by both were also significantly enriched in disease pathways related to 
viral or bacterial infections, indicating that extreme temperatures can 
significantly increase the risk of coral disease (Yu et al., 2023). In 
addition, the gene expression profile of zooxanthellae C15 was similar to 
that of P. lutea under low-temperature stress at different latitudes 
(Huang et al., 2022) with few significant DEGs in both groups (Fig. 5c). 
The GSEA of symbiotic zooxanthellae C15 showed that both XS and DY 
C15 significantly downregulated protein export-related genes at high 
temperatures. Protein export may be related to the activity of 
antioxidant-related proteins in symbiotic algae (Anithajothi et al., 2014; 
Buerger et al., 2020). The consistent downregulation of protein export- 
related genes alongside the substantial decrease in zooxanthellae den
sity suggests that the high temperature of 34 ◦C may have damaged the 
organelles responsible for secreting antioxidants, leading to a significant 
loss of zooxanthellae, underscoring the decline in antioxidant enzyme 
content (Fig. 3f–i). In summary, the thermal tolerance of P. lutea mainly 
depends on the host itself (Huang et al., 2024; Yu et al., 2023). 
Furthermore, high-energy metabolism and antioxidant capacity are 
strategies for corals to avoid high-temperature threats and reduce 
oxidative damage.

4.2. Differences in heat tolerance between tropical XS and subtropical DY 
P. lutea in the SCS

Following exposure to heat stress at 34 ◦C, tropical P. lutea exhibited 
more severe bleaching than subtropical P. lutea and displayed a poorer 
physiological state characterized by lower zooxanthellae density, chlo
rophyll a content, and Fv/Fm. Therefore, we speculated that subtropical 
P. lutea is more heat-tolerant than tropical P. lutea. Notably, poor 
physiological status does not necessarily imply that XS P. lutea is 
completely incapable of regulating heat stress. We observed that during 
the entire heat stress process, the antioxidant enzyme activities of XS 
P. lutea changed significantly compared with DY coral, and the enzyme 
activity level was slightly higher at 34 ◦C. This finding suggested that 
tropical XS corals have a stronger antioxidant response to heat stress 
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than subtropical DY corals, probably because XS P. lutea survives for a 
long period in waters with higher SSTs and can respond rapidly to heat 
stress by regulating enzyme activities (Dias et al., 2020). Regardless, our 
physiological results support the fact that subtropical P. lutea has good 
heat tolerance properties, mainly in terms of its resistance to bleaching 
and symbiotic algal retention under heat stress (Brown et al., 1999; 
Hoadley et al., 2021; Keshavmurthy et al., 2021).

DEGs can, to some extent, clarify the differences in resistance mol
ecules among coral hosts (Maor-Landaw et al., 2017; Voolstra et al., 
2021). Under heat stress, the DEGs of the DY coral hosts were much 
higher than those of XS coral hosts, and their unique DEGs were 
significantly enriched in pathways related to environmental information 
processing and cellular processes, whereas XS corals were not signifi
cantly enriched in any pathway (Fig. 4c, d). This finding indicates that 
the transcriptional response of subtropical corals to high temperatures is 
stronger and more complex, while the response of tropical corals is 
simpler and more rapid, which may be the main reason for the differ
ences in phenotypes and physiology between the two groups of corals (Ip 
et al., 2022). In addition, temperatures triggered the DNA damage 
response (DDR) of DY P. lutea and activated the upstream factors ATM/ 
ATR. ATM/ATR is a member of the PI3 family of serine-threonine ki
nases that plays a role in protecting cells from DNA damage (Maréchal 
and Zou, 2013). In this pathway, ATM/ATR phosphorylates CHK1 and 
CHK2 kinases, respectively, initiating a series of reactions that ulti
mately trigger the cell repair pathway. The genetic material of DY 
P. lutea hosts may be damaged, potentially due to excessive ROS pro
duction (Schwarz et al., 2012). However, DY P. lutea can actively 
participate in DNA damage repair to maintain the integrity of cell 
chromosomes during the process of resisting high-temperature stress, 
which may enhance its heat tolerance (Downs et al., 2002). However, 
compared to DY P. lutea, the DEGs of XS P. lutea were only enriched in 
pathways related to disease infection, although not significantly 
(Fig. 4c). This suggests that XS P. lutea may be susceptible to infections at 
extremely high temperatures. Proteasomes can degrade proteins 
through ubiquitination and play a key role in maintaining cellular pro
tein homeostasis and stress responses (Basler and Groettrup, 2021). 
Proteasome expression in DY C15 cells may lead to the accumulation of 
misfolded and damaged proteins, affecting cellular protein homeostasis 

(Basler and Groettrup, 2021; Pei et al., 2022). However, proteasome 
inhibition may indirectly activate the expression of HSP expression to 
enhance cellular thermotolerance and trigger the unfolded protein 
response to reduce misfolded protein aggregation (Schubert et al., 2000; 
Seveso et al., 2019). While these perspectives may appear contradictory, 
further research is necessary to comprehend the intricacies of coral- 
symbiont relationships and the associated trade-offs. Another study 
has reported a functional link between the ubiquitin-like (UBL) family 
and pre-mRNA splicing processes (Chanarat and Mishra, 2018). Thus, 
the co-downregulated expression of spliceosomes and proteasomes in 
DY C15 cells may further illustrate their relationship and their potential 
impact on thermotolerance. RNA polymerase is related to the tran
scription of genetic information of gene DNA in organisms and its 
expression was downregulated in XS C15 cells, indicating restricted 
transcription.

In general, at 34 ◦C, DY P. lutea suffered less stress and DNA oxidative 
damage than XS corals and could actively mediate heat stress. For XS 
P. lutea, this temperature may have exceeded its maximum tolerance 
temperature critical point, resulting in a higher degree of bleaching than 
that observed in DY P. lutea. Therefore, our results suggest that sub
tropical P. lutea in the SCS has a higher thermal tolerance and adaptive 
potential than tropical P. lutea. This result is also supplemented by the 
expansion of previous data. Previous studies have shown that the high 
level of genetic differentiation between subtropical DY P. lutea pop
ulations in the SCS and other geographical populations of P. lutea 
(Huang et al., 2018) may have enabled it to adapt to cold winter sea 
temperatures at the genetic level and show enhanced cold tolerance 
(Huang et al., 2022). This further illustrates that the wide range of 
phenotypic differences in thermal tolerance among corals in the SCS at 
different latitudes may be attributed to geographical distance and 
different temperature histories, benefiting from limited gene flow. This, 
under the synergistic effect of genetic drift and natural selection, pro
motes phenotypic variation and adaptation to local thermal conditions 
of P. lutea populations at different spatial scales in the SCS (Marzonie 
et al., 2022; Pinsky et al., 2023). Therefore, we posit that the greater 
heat resistance of DY P. lutea and its symbionts at the transcriptional 
level (genes related to genetic information, spliceosomes, and protea
somes) may be the result of genetic differentiation, and may have 

Fig. 5. Common core stress responses of P. lutea that are more tolerant to temperature stress. Genes and pathways related to (a) antioxidation reaction, (b) genetic 
information processing, (c) immunity and apoptosis, and (d) metabolic homeostasis are shown.
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generated inherent genetic variation during long-term natural selection.

4.3. Potential temperature tolerance mechanisms in subtropical P. lutea in 
the SCS

Notably, previous studies on cold stress in tropical XS and subtrop
ical DY P. lutea populations in the SCS used samples from the same batch 
of isolates as the experimental corals used in the present study to avoid 
potential individual variation and genetic background effects (Huang 
et al., 2022). Combined with the previous results of cold stress studies, it 
is evident that subtropical DY P. lutea in the SCS exhibits a stronger 
temperature tolerance and adaptability potential than tropical XS 
P. lutea. Therefore, by comparing the results of this study with those in a 
previous study by Huang et al. (2022) on cold stress in XS and DY 
P. lutea, we found that various transcriptional regulatory pathways 
participated in both cold and heat stress in DY P. lutea (Fig. 5 and 
Table S3). Continuous exposure to heat or cold can cause severe 
oxidative stress in coral hosts and symbionts, resulting in immune 
damage, damage to nucleotides and algal photosynthetic systems, and 
energy dissipation (Hernández Elizárraga et al., 2023). Corals and their 
algae activate antioxidant systems to clear excess ROS and reduce 
damage. Corals also change their metabolism to meet their energy dis
tribution and supply needs for immunity and repair (Yu et al., 2023). In 
the process of removing active oxygen and oxygen free radicals, CAT 
degrades H2O2 generated by O−

2 (catalyzed by SOD), and converts it into 
H2O and O2 (Anithajothi et al., 2014). Similarly, ROS can be removed by 
antioxidants, such as POD and GSH, to reduce damage to lipids and DNA 
(M. K. DeSalvo et al., 2008). Our results found that ROS signaling also 
triggers NFkB-mediated cellular inflammation, apoptosis, and innate 
immune responses (DeSalvo et al., 2010; Souter et al., 2011). During this 
process, corals alleviate ROS-induced stress ROS by regulating the signal 
transduction systems related to cell proliferation (such as PI3K-AKT, 
MAPK, and mTOR) to maintain their immune balance, which is partic
ularly important for maintaining cell homeostasis and adapting to the 
environment (Ocampo et al., 2015; Voss et al., 2023). Notably, the 
thermotolerance transcriptional regulatory pathways discovered in this 
study were identical to the transcriptional responses of thermotolerant 
P. lutea to high-temperature stress in intertidal rock pools (Huang et al., 
2024). Therefore, we inferred that these stress transcriptional regulatory 
strategies may be the common and core transcriptomes mediating 
P. lutea tolerance to higher/lower temperature stress and that these 
common response modes, once activated, can effectively help P. lutea 
reduce the threat posed by temperature stress. Therefore, the molecular 
mechanisms discovered in this study provide strong theoretical guid
ance for evaluating the response of tolerant reef-building corals to global 
climate change.

Coral reef ecosystems are severely degraded worldwide owing to 
global warming (Hughes et al., 2017). Identifying highly resistant coral 
species and introducing meaningful adaptive variation through genetic 
rescue or relocated selective breeding may offer a strategy to mitigate 
the impact of climate change on stony corals (Dixon et al., 2015; 
Quigley, 2023). Our results suggest that P. lutea in the subtropical DY of 
the SCS exhibits strong physiological plasticity, temperature tolerance, 
and adaptive potential and may have adapted to the seasonally fluctu
ating, wide range (14–28 ◦C) SST environment at the genetic level, and 
may be a potential candidate population to withstand future climate 
disturbances. Therefore, we posit that other relatively high-latitude 
coral populations, such as DY P. lutea in the subtropics of the SCS, 
may exhibit comparable temperature tolerance, and these corals may 
serve as resilient parents for sexual reproduction to promote heat- 
tolerant genotypes in their offspring (Bay et al., 2017; Dixon et al., 
2015; Quigley et al., 2020). In particular, attention should be paid to the 
importance of susceptible branching corals in helping to restore coral 
reef communities, owing to their rapid growth and good domestication 
potential. This requires more work in the future to conduct similar 
research and verification on severely degraded branching corals to 

promote coral reef recovery.
Notably, our results also highlight the importance of protecting coral 

reef habitats. Although some coral species (such as DY P. lutea) have the 
ability to tolerate a wide range of temperature changes (12–34 ◦C), 
climatic conditions are unfavorable for most coral species in high lati
tudes (Kim et al., 2019). Corals in marginal areas have limited resilience 
to the ongoing impacts of climate change (including exposure to harsh 
environments and human activities) (HughesTP et al., 2003; Hughes 
et al., 2017). Thus, their temperature plasticity may be lost within de
cades without appropriate conservation and management strategies 
(Pandolfi et al., 2011; Pinsky et al., 2023).

5. Conclusion

In this study, we explored and analyzed the heat stress response of 
tropical XS and subtropical DY P. lutea populations in the SCS, and found 
that P. lutea mediates heat stress mainly by enhancing host metabolism 
levels to increase energy supply as a survival strategy. We also found 
considerable differences in heat tolerance among P. lutea at different 
latitudes in the SCS, with subtropical P. lutea showing greater resistance 
to heat stress than tropical P. lutea. The main manifestations are DY 
corals (1) have good physiological conditions under high-temperature 
environment, with low bleaching degree, high zooxanthellae density, 
Fv/Fm value, and chlorophyll a content, although XS corals have high 
enzyme activity; (2) live in seasonally fluctuating seawater temperatures 
(14–28 ◦C) year-round, with a wide range of temperature tolerance; and 
(3) have a negative-feedback transcriptional regulation strategy, 
namely, active environmental stress response and repair of genetic in
formation damage. Simultaneously, combined with previous cold stress 
and population genetics studies, we posit P. lutea in the subtropical SCS 
has stronger temperature tolerance and adaptability potential than those 
in the tropical SCS, which may mediate their adaption to climate 
change.

CRediT authorship contribution statement

Wen Huang: Writing – review & editing, Validation, Resources, 
Project administration, Methodology, Funding acquisition, Conceptu
alization. Jinlian Chen: Writing – original draft, Visualization, Valida
tion, Methodology, Data curation. Enguang Yang: Resources, 
Methodology, Investigation, Data curation. Linqing Meng: Methodol
ogy, Data curation. Yi Feng: Visualization, Software. Yinmin Chen: 
Visualization, Software. Zhihua Huang: Validation, Methodology. 
Ronghua Tan: Validation, Methodology. Zunyong Xiao: Software, 
Formal analysis. Yupeng Zhou: Software, Formal analysis. Mingpei Xu: 
Software, Formal analysis. Kefu Yu: Writing – review & editing, Re
sources, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The author declares no conflict of interest.

Acknowledgements

We thank Sansha Track Ocean Coral Reef Protection Institute for 
collecting specimens in Xisha. We would like to thank Editage (www. 
editage.cn) for English language editing. This study was financially 
supported by the National Natural Science Foundation of China (grant 
nos. 42030502 and 42090041) and Guangxi Natural Science Foundation 
(grant nos. 2023GXNSFAA026510).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178381.

W. Huang et al.                                                                                                                                                                                                                                 Science of the Total Environment 962 (2025) 178381 

10 
380

http://www.editage.cn
http://www.editage.cn
https://doi.org/10.1016/j.scitotenv.2025.178381
https://doi.org/10.1016/j.scitotenv.2025.178381


Data availability

The 5 km daily average sea surface temperature data for the tropical 
Xisha and subtropical Daya Bay areas of the South China Sea can be 
obtained from NOAA’s Coral Reef Watch (https://coralreefwatch.noaa. 
gov). The raw read data have been deposited in the Sequence Read 
Archive (SRA) database at NCBI under Bioproject IDs PRJNA994659 and 
PRJNA810338.
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虫黄藻（Effrenium voratum）对高温胁迫的生理响应

张廷超 a，潘能斌 a，唐媛媛 a，何  燃 a，蓝梦玲 a，韦丽菲 a，覃祯俊 a，b，c

（广西大学 a. 海洋学院；b. 广西南海珊瑚礁研究重点实验室；c. 珊瑚礁研究中心，南宁 530004）

摘要：全球气候变暖对珊瑚的生存带来极大威胁，近年来珊瑚白化事件频发，珊瑚共生虫黄藻的死亡或损失

是珊瑚发生白化的主要因素，而虫黄藻对高温胁迫的耐受性是决定珊瑚白化阈值的关键。以离体培养的虫黄藻

（Effrenium voratum）为研究对象，首先对其进行分子鉴定，然后开展高温胁迫试验。将对照组的环境温度设置为

26 ℃恒温，将处理组的环境温度分别设置为29 ℃和32 ℃，以此研究在全球气候变暖的背景下，海水升温对虫黄藻

E. voratum的生长状况、叶绿素 a （Chl a）质量浓度、超氧化物歧化酶（SOD）和过氧化氢酶（CAT）活性的生理影响。

高通量测序结果显示，离体培养藻液中E. voratum的相对丰度为（99.971±0.032）%。高温胁迫试验结果显示，29 ℃
下，E. voratum 的生长受到抑制，但仍能保持密度上升的趋势，Chl a 浓度在短时间内上升并维持相对较高水平，

SOD 与 CAT 活性呈持续上升趋势；32 ℃下，虫黄藻密度呈负增长，Chl a 浓度先上升后下降至低于对照组水平，

SOD活性呈先升后降的趋势，CAT活性呈持续上升的趋势。因此，E. voratum在26~29 ℃温度范围内可能具备一定

的适应潜力，而在32 ℃时，高温胁迫将导致虫黄藻出现细胞损伤甚至死亡。

关键词：虫黄藻；Effrenium voratum；高温胁迫；生理响应；离体培养；高通量测序

中图分类号：Q949.2                    文献标志码：A                    文章编号：2096-3122（2025）02-0001-10
DOI：10.13307/j.issn.2096-3122.2025.02.01

0 引言

珊瑚礁生态系统是具有全球最高生态多样性和初级生产力的生态系统，被喻为海底热带雨林，具有生

境功能、产出功能、调节功能和信息功能等［1］。然而，人类生产引起前所未有的气候变化，让珊瑚面临巨大

的威胁，尤其是全球气候变暖导致了大规模珊瑚白化事件发生越来越频繁，如 1998、2010、2015—2017年

的全球珊瑚白化事件［2］。据联合国政府间气候变化专门委员会（Intergovernmental Panel on Climate 
Change，IPCC）预计，相对工业化前水平，温度升高 1.5 ºC时珊瑚礁会减少 70%~90%，温度升高 2 ºC时会造

成珊瑚礁损失超过 99%［3］。珊瑚作为窄温性动物，受到热应激所引起的珊瑚白化，主要是由于其体内共生

虫黄藻与珊瑚之间的共生关系破裂，即虫黄藻从各自珊瑚宿主的组织中排出的过程，这一过程会对珊瑚造

成压力进而导致珊瑚死亡［4］。研究表明，海水温度上升也被认为是虫黄藻的主要压力事件［5‒6］，高温对虫

黄藻的生长产生极大影响［7］，甚至发现大多数虫黄藻在高温试验结束前就已经死亡［8］，同时，在高温胁迫

下，虫黄藻密度、最大光量子产量（Fv/Fm）和叶绿素 a（Chl a）质量浓度明显降低。温度的升高可能导致虫黄

藻光合系统电子转移受阻［9］，也可能会破坏虫黄藻的光合作用，出现光抑制现象，最终导致虫黄藻死

亡［10］。有研究指出，虫黄藻对温度升高的适应力因物种而异［11‒13］，某些虫黄藻物种可能通过补偿机制具

有一定的高温耐受性的能力［14‒17］。然而，离体培养的虫黄藻对高温胁迫下的生理响应研究较少，且虫黄

藻具有上百种不同的类群，不同类群的虫黄藻无论是在生活方式，还是对珊瑚虫的相互作用方面，都具有

各自不同的生理特征。虫黄藻与珊瑚的共生关系是全球热带与亚热带珊瑚礁生态系统存在的基础，在珊

收稿日期：2024‒11‒10 
基金项目：广西自然科学基金青年基金项目（2022GXNSFBA035449）；国家自然科学基金项目(42206157)；大学生创新创

业训练计划项目（202310593497） 
通信作者：覃祯俊，男，广西桂平人，讲师，博士，研究方向为珊瑚共生体微生态。
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瑚礁系统的建立中起着重要作用。目前，离体培养的虫黄藻类群对高温胁迫的响应机制研究还相对较少，

极大程度地限制了人们对全球气候变暖趋势下虫黄藻—珊瑚共生关系的基本理解［18］。
共生虫黄藻主要分为 Symbiodinium、Breviolum、Cladocopium、Durusdinium、Effrenium、Fugacium、Gerak⁃

ladium、Clade H和Clade I 9个属，其中Effrenium属目前只包含E. voratum［19］。E. voratum广泛分布于温

带和亚热带水域，如太平洋、大西洋和地中海地区，因其得益于在各种海洋环境中的生存条件，该物种具有

宽温度范围、高光强度的耐受性以及混养能力［20］，但研究指出的宽温度范围耐受性仅局限于对低温的耐

受，而对高温响应的相关研究还较少［21‒24］，在面对高温时的响应在很大程度上还是未知。因此，本研究以

高温作为环境压力源，将E. voratum在 26、29、32 ℃温度下，测定E. voratum的生长状况、Chl a质量浓度、超

氧化物歧化酶（SOD）和过氧化氢酶（CAT）活力等生理生化指标，以此研究全球气候变暖的背景下虫黄藻

对海水升温的响应过程。本研究结果将为虫黄藻种群的高温响应与适应机制以及构建可适应高温环境的

虫黄藻物种提供基础数据和参考。

1 材料与方法

1.1 材料

虫黄藻从试验室已有的E. voratum母液中转接获取，在装有L1-Si培养基的 250 mL锥形瓶中保存，置

于室内恒温光照培养箱中培养，温度为26 ℃，光照强度为5 000 lx，光/暗周期为12 h/12 h。每隔1周用显微

镜（奥克巴斯-BX53）观察转接的 E. voratum生长情况，对其进行形态学鉴定。为了确定培养的共生虫黄

藻的纯度，对转接后培养的虫黄藻E. voratum进行DNA提取处理，将提取的DNA样品经过质量和纯度检

测后送至上海美吉生物医药科技有限公司进行高通量测序。

1.2 方法

1.2.1 试验设计

试验设置3个不同的温度条件处理：26 ℃（室温，对照）、29 ℃、32 ℃。待细胞进入指数增长期后，首先将

母液转接到 1 L的大培养瓶中，转接后大培养瓶内虫黄藻的数量为 1×106个，然后均匀分配至各个容量为

500 mL的小培养瓶中，每瓶 200 mL，分别进行编号。随机抽取锥形瓶并分为对照组和处理组，将处理组分

别移至温度为 29 ℃和 32 ℃的培养箱进行处理，其他条件保持一致，并在试验开始后的 4、24、48 h取出相应

的试验样品进行生理生化指标测定。

1.2.2 生理指标测定

用微量移液器取每份 100 μL的 3份均匀藻液于 2 mL离心管内，加入 900 μL无菌海水稀释，将稀释后

的虫黄藻溶液用漩涡混匀器充分混匀。然后，移取 100 μL稀释后的藻液到浮游生物计数框中（覆盖盖玻

片），在显微镜下观察并进行虫黄藻计数（n=10），最后将统计结果换算成总体积溶液内所含虫黄藻的数量，

即虫黄藻密度（D，单位：个·mL‒1）。

充分混合均匀锥形瓶中的藻液，取出每份 2 mL的 3份溶液，分别加入离心管中，使用台式高速冷冻离

心机（Sigma-3K15）进行离心分离。4 000 r·min−1，离心 5 min 后，去除上清液，在沉淀物中加入 1.5 mL 
100%的丙酮，4 ℃条件下萃取 24 h；再次进行离心分离，4 000 r·min−1，离心 5 min，取上清液 200 μL。用分

光光度计分别测试波长750、664、647、630 nm处的吸光度，利用公式（1）计算Chl a质量浓度。

Ca=11.85×（A664－A750）－1.54×（A647－A750）－0.08×（A630－A750）， （1）
式中，Ca为Chl a质量浓度，单位：mg·L−1；A为吸光度。

1.2.3 生化指标测定

使用商用试剂盒（货号A001-3、A007-2-1，南京建成生物工程研究所有限公司）参照测定试剂盒使用

说明书，具体操作步骤参照刘旭［25］的方法，分别测定藻液中SOD、Fv/Fm和CAT总活性。

1.2.4 数据处理

所有数据均记录为至少 3个独立生物重复试验的平均值±标准偏差。使用非参数检验Kruskal-Wallis
·· 2
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单因素ANOVA分析对试验数据作显著性分析。使用SPSS Statistics软件进行结果分析和可视化处理。

2 结果与分析

2.1 虫黄藻的分子鉴定结果分析

本研究对3个离体培养的藻液样品（E01、E02、E03）进行高通量测序，以检测藻液的虫黄藻组成（表1）（原

始数据上传至NCBI数据库 https：//www.ncbi.nlm.nih.gov/，SRA：PRJNA1000185）。测序结果表明，本研究中

离体培养的藻样中 E. voratum 的纯度达到 99.93%~99.99%，可以确定本研究藻种为虫黄藻 E. voratum，能

够开展后续研究。本研究建立了E. voratum与其他虫黄藻系群的系统发育树（图 1），结果表明E. voratum

与其他虫黄藻系群在系统发育树中分布紧密，相对于Clade C而言，E. voratum与Clade A的 Symbiodinium 

microadriaticum、A15a，与Clade D的Durusdiniuum trenchii的系统发育关系更为密切。

表 1  虫黄藻藻液样品高通量测序结果

   虫黄藻类群 
Effrenium voratum

Cladocopium goreaui

Cladocopium Clp
Cladocopium Cl5a
Durusdiniuum trenchii

其他

相对丰度/%
    E01

99.988
0
0.002
0.002
0
0.007

   E02

99.934
0.052
0
0
0
0.014

     E03

99.991
0.005
0
0
0.002
0.002

平均值±标准偏差

99.971±0.032
—

—

—

—

—

图 1  虫黄藻系群的系统发育树

·· 3
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2.2 虫黄藻 E. voratum 在高温胁迫下的生长曲线变化

在显微镜下，观察不同温度条件下藻液中虫黄藻E. voratum的密度差异（图 2），进一步处理分析，结果

如图 3所示。在转接后并平均分至 500 mL 锥形瓶胁迫 4 h 时，对照组与 29 ℃、32 ℃处理组的虫黄藻密度

相近。24 h 温度胁迫后，处理组与对照组的 E. voratum 细胞能保持生长，密度均有所上升，对照组虫黄

藻密度的上升幅度稍微大于处理组，但差异不显著。高温胁迫 48 h 后，对照组的虫黄藻密度大幅上升，

29 ℃处理组的密度也有上升，但远小于对照组，而32 ℃处理组的虫黄藻密度则转而下降，与对照组差异显著

（P＜0.05）。

          （a） 26 ℃                        （b） 29 ℃                      （c） 32 ℃
图 2  不同温度下虫黄藻 E. voratum 的镜像观察

图 3  不同温度下虫黄藻 E. voratum 密度随胁迫时间的变化
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2.3 虫黄藻 E. voratum 在高温胁迫下 Chl a 质量浓度和 Fv/Fm的变化

虫黄藻E. voratum在高温胁迫下Chl a质量浓度的变化结果［图 4（a）］显示，29 ℃处理组的Chl a质量

浓度在 4 h时与对照组的差异不显著，而在 24 h出现显著上升（P<0.05），48 h的Chl a质量浓度与 24 h的差

异不显著。32 ℃处理组的 Chl a 质量浓度在 4 h 较对照组的下降，但差异不显著，在 24 h 时极显著上升

（P<0.01），48 h较24 h的Chl a质量浓度极显著下降（P<0.01）。

虫黄藻E. voratum的最大光量子产量（Fv/Fm）值的变化结果［图4（b）］显示，29 ℃处理组的Fv/Fm值在4 h
时与对照组的差异不显著，而在 24 h时稍有下降，但差异不显著，48 h的Fv/Fm值再次下降，与 24 h的差异

显著（P<0.05）。32 ℃处理组的Fv/Fm值在 4 h时较对照组的下降，但差异不显著，而在 24 h的Fv/Fm值较在

4 h的上升，差异不显著，但低于对照组在 24 h的Fv/Fm值；32 ℃处理组在 48 h的Fv/Fm值较在 24 h的显著

下降（P<0.05），并低于29 ℃处理组在48 h的Fv/Fm值，较对照组在48 h的显著下降（P<0.05）。

·· 4
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*表示处理间差异显著（P<0.05）；**表示处理间差异极显著（P<0.01）。

图 4  不同温度下虫黄藻 E. voratum 的 Chl a 质量浓度和 Fv/Fm随胁迫时间的变化
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2.4 虫黄藻 E. voratum 在高温胁迫下 SOD 与 CAT 的活性变化

虫黄藻E. voratum的超氧化物歧化酶（SOD）活性结果［图 5（a）］显示，对照组的 SOD活性较低；29 ℃处

理组在 4 h的 SOD活性较对照组差异不显著，而在 24 h与 48 h的均出现显著上升（P<0.01）。32 ℃处理组

在 4 h的 SOD活性较对照组的显著上升（P<0.01），在 24 h的进一步显著上升（P<0.01），在 48 h的较 32 ℃处

理组 24 h的 SOD活性出现极显著下降（P<0.01），并显著低于 29 ℃处理组 48 h的 SOD活性（P<0.01），较对

照组48 h的显著上升（P<0.05）。

虫黄藻 E. voratum 的过氧化氢酶（CAT）活性结果［图 5（b）］显示，对照组的 CAT活性较低；29 ℃处理

组在 4 h的 CAT活性较对照组的上升，但差异不显著，在 24 h的显著上升（P<0.05），48 h时继续显著上升

（P<0.01）。32 ℃处理组在 4 h的CAT活性较对照组的显著上升（P<0.01），在 24、48 h的均出现极显著上升

（P<0.001）。32 ℃处理组的CAT活性较29 ℃处理组4 h的显著（P<0.001）和24 h、48 h的极显著（P<0.001）。

·· 5
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*表示处理间差异显著（P<0.05）；**，***表示处理间差异极显著（P<0.01，P<0.001）。

图 5  不同温度下虫黄藻 E. voratum 的超氧化物歧化酶 SOD（a）、过氧化氢酶 CAT（b）活性随胁迫时间的变化

（a）

（b）

3 讨论

本研究虫黄藻 E. voratum 样品的相对丰度达到（99.971±0.032）%，纯度较高，可以很好地作为高温胁

迫的试验材料。对照组的虫黄藻E. voratum细胞在 48 h内一直保持着生长，而高温胁迫中相对长时间（大

于 24 h）的E. voratum生长则遭到抑制，过高温度（32 ℃）甚至出现负增长。实际上，32 ℃及以上的温度已

经超过了E. voratum对温度耐受的阈值，32 ℃的高温胁迫下E. voratum参与减数分裂的相关基因表达相

比对照组显著下调，导致细胞分裂遭到限制，甚至出现细胞死亡［22‒34］。而 E. voratum 似乎可以适应 26~
29 ℃的温度范围，尽管在 29 ℃处理下的虫黄藻密度增长小于对照组，但仍能维持细胞生长，保持着虫黄藻

密度上升的趋势。虫黄藻的Chl a质量浓度和Fv/Fm值与虫黄藻密度存在着紧密联系［8］，同时也是评估藻

类对海洋变暖敏感性的快速可用指标［22］。此外，高温会导致虫黄藻出现光抑制现象，从而降低光合作用

能力［35‒36］，Chl a和Fv/Fm值作为光能的捕获器，其质量浓度也作为评估高温胁迫下虫黄藻光合效率和适应

能力的指标。本研究中，24 h时，相较于对照组E. voratum的Chl a质量浓度，高温胁迫组显著上升，而在一

定范围内适度提高生长温度被证实有助于虫黄藻进行光合作用［37］。48 h时，32 ℃处理组的E. voratum的

Chl a质量浓度出现大幅下降，结合前人的研究，本研究中 32 ℃处理组在 24 h后，E. voratum的Chl a可能由

于受到压力，活性氧大量积累进而使 Chl a 与活性氧反应导致的色素降解［38‒39］；也可能由于参与叶绿素

降解的相关基因表达上调［33］，最终导致Chl a色素降解。相较于对照组的E. voratum，29 ℃和 32 ℃处理组

Fv/Fm均出现整体下降趋势，虽然 32 ℃处理组Fv/Fm在 24 h时较 4 h时出现了小幅上升，但在 48 h时出现更

大的降幅，表现为整体下降。当虫黄藻受到高温胁迫时，光合作用系统 II（PSII）的功能会受到影响，Fv/Fm
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值会降低。

活性氧分子（ROS）是光合作用和细胞呼吸的常见副产物［40‒41］。通常，为了控制细胞水平的毒性，保护

细胞免受氧化损伤，细胞内的抗氧化机制也会被触发［8，42］，其中包括酶与非酶的抗氧化剂，比如 SOD、

CAT、POD，以及一些小分子，如维生素C和硫醇类抗氧化剂［34，43‒44］，SOD与CAT则作为其中的 2种抗氧化

剂在这一过程中起到重要作用。SOD通过催化O2 • -转化成水和H2O2提供了抗氧化的第一道防线［45］，CAT
则会将H2O2还原成水和氧气［46］。因此，SOD与CAT的活性作为氧化应激参数已被广泛用作高温胁迫下细

胞应激的生物学指标［21，47］，通过氧化酶活性的测定，能够反映取样时刻细胞内ROS和抗氧化机制之间的

平衡状态。但在高温胁迫条件下，虫黄藻会加速产生具有破坏性的ROS，比如H2O2、OH-、O2 • -等有害自由

基［34，48‒49］，前人的研究表明，这一反应机制是由于虫黄藻光合作用能力受到抑制，阻碍电子转移的过程，

导致 PSII上的D1蛋白损伤，并且损伤的速度远低于修复的速度，平衡循环受到破坏［25］。而Gong等［33］在
E. voratum 的高温胁迫试验中发现 E. voratum 细胞内光合作用的相关基因（编码 PSII 中的 PsbB、PsbC、

PsbD、PsbO、FCPA、LHC与PSII中的PsaA、PsaC以及叶绿素ATP酶中的ATPF1B和ATPF1A的基因）和抗氧

化活性相关的基因（编码HSP70、SOD和CAT的基因）均在高温条件下相比对照组显著上调，其研究结论也

同样认为可能是由于通过抗氧化相关系统的修复机制与光合作用相关蛋白的失活速率不匹配导致 E. 
voratum的光抑制。PSII的生理功能不能继续进行，导致传递链断开，分子氧增加，使得活性氧增多［25］。当

细胞内的ROS质量浓度累积到超过阈值，则会引起细胞氧化损伤和细胞死亡［34］。在本研究中，29 ℃处理

的 SOD与CAT活性随着时间的变化趋势一致，表现为 4 h时其活性高于对照组，并且随着时间的推移，活

性不断升高；32 ℃处理的 SOD与CAT活性随着时间变化的趋势存在差异，4 h时，SOD与CAT活性均表现

出高于对照组，在 24 h时均呈持续升高，48 h时CAT活性依旧呈上升趋势而 SOD活性则呈下降趋势，并且

除 48 h 的 SOD 活性外，相同时间下，32 ℃处理的 SOD、CAT 活性均显著高于 29 ℃处理。刘旭［25］和杨晓

红［34］的研究结果显示，SOD和CAT酶活性在短时间内高温胁迫均显著增加，本试验稍有不同，在较长时间

的高温胁迫下 SOD酶活性出现先上升后下降的现象。抗氧化酶的上升说明温度升高激活了E. voratum细

胞的氧化应激反应，并且 2个温度的酶活性差异说明温度越高反应越剧烈，抗氧化能力的显著增加也同时

从侧面揭示了温度胁迫下E. voratum的ROS产量增加。

通过试验观察到温度胁迫下，SOD活性先上升后下降存在几种可能性，首先是影响细胞抗氧化机制的

ROS，杨晓红［34］的研究表明，高温胁迫下E. voratum的ROS处于先上升后下降的趋势。短期的高温处理能

够刺激ROS的增加［50‒51］，但随着时间的推移，可能会由于细胞抗氧化机制的作用或者产生ROS的通路代

谢从高水平恢复至正常水平，也可能由于高温条件下，细胞受损严重且活性丧失，细胞内产生的ROS通路

机制严重损坏，从而导致ROS水平下降［34］；其次是负责清除ROS的抗氧化机制中也存在多种抗氧化物发

挥作用［43］，可能由于在ROS上升期间，富集的ROS超过了可控的阈值，即ROS的降解速度远远小于其生成

速度，大量的ROS富集会对虫黄藻生理功能造成损伤，即有可能导致产生 SOD通路遭到损坏，导致 SOD活

性下降，同时，在不同的温度和时间下，其他的抗氧化物可能承担了受损或者未受损通路产生 SOD的部分

功能，这也解释了在 29 ℃与 32 ℃温度下同种抗氧化酶活性的波动幅度不一致的原因。综合来看，E. vora⁃
tum 应对温度升高存在 2 种结果：1） E. voratum 无法适应该程度下的高温胁迫，其生理功能受到严重损

伤；2） E. voratum 适应了该程度下的高温胁迫，表现出其在进化过程中所形成的抗逆性。在本研究

中，E. voratum能够适应 29 ℃而无法适应 32 ℃的温度胁迫，尽管在抗氧化酶活性上，2个温度胁迫试验在

前期均呈相似的变化趋势，但在试验后期，32 ℃处理的 SOD活性降低，而 29 ℃处理的 SOD活性还在升高，

因此不大可能是由于 32 ℃下细胞抗氧化机制的作用导致ROS水平下降，进而导致 SOD活性水平的下降，

结合虫黄藻密度与Chl a质量浓度的变化，32 ℃下的E. voratum已经出现细胞死亡与色素分解现象，该温

度下E. voratum氧化与抗氧化机制可能已经被严重损坏。

4 结论

本文研究了高温作为环境压力源下虫黄藻E. voratum的生理生化反应。在高温（29 ℃、32 ℃）胁迫下，

·· 7
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E. voratum均表现出生长受到抑制和短时间内Chl a的质量浓度上升，以及短时间内抗氧化酶 SOD和CAT
活性的上升，说明 2组温度胁迫下的E. voratum具有类似的高温响应机制。但是，长时间下 32 ℃处理组的

虫黄藻密度出现负增长、Chl a质量浓度与 SOD活性大幅下降，而 29 ℃处理的E. voratum生长抑制效果和

色素降解程度更低，仍能保持着虫黄藻密度上升的趋势及长时间其体内高水平的Chl a质量浓度。研究结

果表明，E. voratum能适应 26~29 ℃的温度，具有一定的耐热性和适应性，但无法适应过高的温度（32 ℃），

一旦超过阈值，将会导致细胞损伤甚至死亡。本研究结果为虫黄藻种群的高温响应与适应机制以及构建

可适应高温环境的虫黄藻物种提供了基础数据和参考。
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Physiological Response of Effrenium voratum to
High⁃temperature Stress

ZHANG Tingchaoa， PAN Nengbina， TANG Yuanyuana， HE Rana， 
LAN Menglinga，WEI Lifeia， QIN Zhenjuna，b，c

（a. School of Marine Sciences；b. Guangxi Laboratory on the Study of Coral Reefs in the South China Sea；
c. Coral Reef Research Center of China， Guangxi University， Nanning 530004， China）

Abstract： Global warming poses a great threat to the survival of corals. In recent years， coral bleaching events have 
occurred frequently， and the death or loss of the coral symbiotic zooxanthellae is the major factor of coral bleaching. The 
tolerance of coral zooxanthellae to high‑temperature stress is the key to determining the threshold of coral bleaching. Using 
the isolated cultured Effrenium voratum as the research object， the molecular characterization of coral zooxanthellae was 
first carried out， and followed by the high-temperature stress experiment. The ambient temperature of the control group was 
set at a constant temperature of 26 ℃， and that of the experimental group was set at 29 ℃ and 32 ℃， respectively， to 
study the physiological effects of seawater warming on the growth， Chl a concentration， superoxide dismutase （SOD） and 
catalase （CAT） activity of E. voratum under the background of global warming. The high ‑ throughput sequencing results 
showed that the relative abundance of E. voratum in the isolated culture algal solution was （99.971±0.032）%. The results 
of high‑temperature stress experiments showed that the growth of E. voratum was inhibited when exposed to 29 ℃. Still， 
they managed to maintain the trend of increasing density， Chl a increased and maintained a relatively high level within a 
short period， and the activities of the antioxidant enzymes SOD and CAT exhibited a continuous upward trend. When 

E. voratum was exposed to 32 ℃， the density of E. voratum showed a negative increase， Chl a showed a rise and then 
decreased to a level lower than that of the control group， SOD activity showed a rise and then decreasing trend， and 
CAT activity showed a trend of continuous increase. Therefore， E. voratum may have certain adaptation potential at the tem‑
perature range of 26~29 ℃， while at 32 ℃， high temperature stress will lead to cell damage or even death of E. voratum.

Keywords： coral zooxanthellae； Effrenium voratum； high temperature stress； physiological response； in vitro culture； 
high throughput sequencing
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造礁珊瑚热适应相关功能基因的研究进展
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摘要：全球变暖和极端高温事件导致了珊瑚大规模白化，引起全球珊瑚礁生态系统的快速退化。识别

热适应相关的功能基因有助于进一步揭示珊瑚对全球变暖的响应及适应策略，科学预测珊瑚礁生态

系统的发育趋势。但目前对珊瑚共生功能体热适应分子机制的认识非常不足。因此，本文综述了珊

瑚热适应相关功能基因的研究进展。热适应相关基因在珊瑚受到热胁迫后会产生一系列的连锁反

应。首先，Toll 受体等识别受体识别到热胁迫后参与信号通路激活进而启动免疫响应过程，主要包

括：热休克蛋白基因上调使变性多肽重新折叠；抗氧化蛋白基因上调避免活性氧损伤；细胞凋亡与细

胞焦亡基因清除“有害”细胞。随着热胁迫加剧，珊瑚会启动一系列复杂过程共同维持细胞稳态，包

括：光保护蛋白基因快速修复虫黄藻光系统、宿主荧光蛋白基因维持氧化平衡；钙离子通道蛋白基因

维持细胞内 Ca
2+
水平稳定；代谢基因保持代谢平衡以确保营养供给；细胞周期调控基因抑制细胞复制

以保存能量；细胞骨架基因维持珊瑚骨架的完整性；泛素相关基因调节蛋白质的去泛素化等。此外，

反复出现的热胁迫对珊瑚具有驯化作用，可能通过减缓珊瑚宿主代谢、减少热胁迫相关蛋白质的损

伤、提高抗氧化物和铵同化酶等活性等提高珊瑚耐热性。

关键词：全球变暖；造礁珊瑚；热适应；功能基因；热驯化

中图分类号：Q178.53                文献标志码：A                文章编号：0253−4193(2025)09−0023−20

 1　引言

珊瑚礁生态系统具有极高的生物多样性，给将近

30% 的海洋动物提供了栖息地以及食物能源
[1]
。但

珊瑚礁生态系统也是最脆弱的海洋生态系统之一，在

全球变暖和海洋热浪加剧背景下，珊瑚礁生态系统会

遭遇严重的白化威胁
[2–4]

。平均水温仅超过夏季正常

温度 2℃ 就会导致珊瑚共生功能体共生关系崩溃进

而导致珊瑚白化和死亡
[5–6]

，这是珊瑚退化死亡的重

要原因。然而，科学家们发现，在高温下，一些珊瑚群

落几乎不受影响，而另一些则完全白化。即使是同一

物种的珊瑚，在不同地点的耐热性也各不相同
[7]
。并

且部分地区珊瑚遭受二次热胁迫时白化程度没有预

期的严重，珊瑚总覆盖率也没有显著下降
[8]
，这表明

珊瑚的热适应性在抵御热胁迫方面发挥了重要作

用
[9]
。了解珊瑚的耐热性差异对于制定有效的保护

和管理策略至关重要。天然耐热珊瑚的存在为大规

模珊瑚礁恢复和保护工作提供了目标。通过深入研

究这些差异，可以更好地理解珊瑚如何适应气候变

暖，从而制定出更有效的保护措施。
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20 世纪 30 年代，“珊瑚白化 ”被首次报道，21 世

纪初开始研究珊瑚功能基因表达模式
[10]

。尽管进行

了 20 多年的研究，但功能基因在珊瑚共生功能体

响应热胁迫过程中的表达模式及作用机制仍不够明

确
[11]

。而且共生体中参与微生物活动、竞争和应激

反应的基因还未完全找出
[12]

。研究热适应性相关功

能基因有助于揭示珊瑚共生功能体对环境变化和疾

病的适应潜力，对珊瑚的未来有着极其重要意义
[13]

。

目前国内关于珊瑚相关功能基因的综述文章主

要聚焦于经典热应激基因（如 Hsp、抗氧化蛋白基因、

钙调素等钙离子通道蛋白相关基因等），且仅追溯到

2013 年
[14]

与 2018 年
[15]

；国际上主要有对已知的热应

激、海洋酸化和营养污染对珊瑚免疫系统的影响
[16]

，

以及综述热应激的基因表达生物标志物（热休克蛋白

基因、代谢基因、抗氧化蛋白基因、免疫反应基因

等）
[11]

，且仅追溯到 2017 年。近年来，随着生物技术

体系的迭代更新和分子生物学研究方法的革新性突

破，早期文献在时效性和技术适配性方面难以满足现

代研究需求。本文利用美国科学信息研究所（ Insti-
tute  for  Scientife  Information， ISl）的 Web of  Science 核

心合集的 SCIE 数据库，以及中国知网（China National
Knowledge Infrastructure,  CNKI）数据库为检索源 ，选

择已发表的国内外期刊论文作为研究对象。对于珊瑚

功能基因，英文以“coral ” “heat stress ” “gene” “ RNA-
seq”为检索关键词；中文以“珊瑚” “热胁迫” “基因”
“转录组”等为检索主题词，运用计算机检索语言将各

个检索词进行联结，来源类别以 SCI 来源期刊、EI 来
源期刊、中文核心期刊、硕博论文为来源库。检索

1982–2025 年珊瑚功能基因的期刊，为后续的研究提

供参考。本文介绍了功能基因相关研究手段，重点综

述了珊瑚白化与热适应的关系、热适应相关基因表

达模式及潜在功能以及驯化提高耐热性的研究进展，

系统提升了珊瑚热适应功能基因综述的全面性与前

瞻性，进而阐述珊瑚白化与驯化之间的关系，明确热

驯化可以提高珊瑚耐热性，推动该领域的发展，为进

一步、全方位研究珊瑚热适应机制提供参考和指导。

 2　珊瑚白化与热适应的关系

过去 30 年珊瑚白化事件呈现快速增加的趋势
[17]

。

在全球变暖加剧背景下，预计这一趋势仍将延续，

2050 年 ，珊瑚白化将使活珊瑚覆盖率减小 50%～

75%； 2100 年，全球珊瑚礁栖息地丧失将达到 60%
[18]

。

但最近的研究发现，在 2010 年至 2013 年期间，Pulau
Layang-Layang 岛珊瑚覆盖率下降 5.2%，直到 2019 年

有所恢复，珊瑚面积增加了 10.3%，约 27.1 hm
2[19]

；太

平洋珊瑚礁系统中珊瑚群落的耐热值以 0.1°C/10 年

的速度增加
[20]

，使白化的影响并没有预期严重。珊瑚

覆盖度的恢复均得利于珊瑚的适应性、白化后的恢

复力以及群落结构的变化等多因素的调控
[21]

。尽管

目前已经发现了珊瑚对热胁迫的潜在适应性，但其耐

热性是否能跟上变暖的速度以及是否能够干预具体

的适应机制仍不得而知。为了适应全球变暖，珊瑚需

要忍受越来越严峻的高温 ，其应对方法主要有
[21]

：

（1）其分布向中层水深、中光层和相对高纬度“避难

所”迁移；（2）珊瑚−虫黄藻及细菌等微生物组共生关

系重组；（3）通过调节相关功能基因表达来提高热适

应性。归其根本，热适应过程是珊瑚共生功能体各组

分共同作用的复杂分子过程。热应激增加了宿主代

谢中的能量需求以及氮可用性，并导致虫黄藻的光合

和线粒体膜会受到损伤从而产生活性氧（ROS）并触

发宿主免疫反应
[22]

，进而导致共生关系分解
[23]

。但无

论温度或者热应激时间长短如何，虫黄藻主导系群不

会发生变化
[8]
。但目前大多研究主要聚焦于虫黄藻

密度以及系群组成的变化
[24]

；共生细菌主要通过细菌

群落多样性组成变化以及核心系群的切换来应对热

胁迫；对于宿主来说，主要是研究其相关基因的变化，

通过差异基因找出热适应相关分子机制。例如珊瑚

面临白化时，共生功能体一方面可能会减少光合作

用、呼吸、生长和代谢等生理活动
[25]

，另一方面其氧

化应激、钙离子稳态、热休克、免疫、代谢、DNA 修
复、细胞凋亡和细胞焦亡等相关基因的表达也发生

变化
[7, 26]

，通过抑制高温导致的不良生理反应从而避

免白化。珊瑚功能基因的研究揭示了分子应激反应

的初步反应，并为生物标志物的进一步开发奠定了基

础。因此聚焦于功能基因的研究能够更好地找出珊

瑚面对热胁迫后产生的一系列热适应分子过程。热

胁迫后相关功能基因变化的适应机制如图 1 所示。

此外，有研究发现经历过白化事件之后的珊瑚会

进行一系列的自我修复，能够适应更高的温度，这被

称为“环境记忆”现象。“环境记忆”现象类似于免疫

系统中的免疫记忆（即机体首次遇到某种抗原物质

时，会对该物质产生记忆，当再次遇到同种抗原物质

时，会迅速做出反应，维持机体稳定）
[27]

。热驯化是珊

瑚拥有“环境记忆”的一个重要手段。目前已有大量

室内模拟实验对珊瑚进行热驯化以增加珊瑚耐热性

从而达到驯化的效果。“环境记忆”是珊瑚应对多变

气候的重要机制，拥有“环境记忆”的珊瑚耐热性会更

高。然而，目前对“环境记忆”分子层面（主要是热适
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应基因发挥作用）尚未得到明确的描述。因此，提高

对珊瑚热适应相关基因的研究能够更好地预测珊瑚

对未来气候变化的反应，从而更有针对性地保护珊瑚

礁生态系统。

 3　珊瑚功能基因研究方法与进展

基因功能的研究已经成为后“基因组时代”的一

个重要课题。首先，在研究一个基因的功能前，要先

对基因的时空表达谱（包括 mRNA 和蛋白质两个水

平上的基因表达谱分析）进行分析
[28]

。珊瑚功能基因

的时空表达谱主要技术是 21 世纪后出现的转录测序

技术（RNA-Seq），它通过捕获热胁迫下珊瑚的全转录

本信息，快速筛选差异表达基因，成为解析珊瑚热适

应机制的主要技术手段，促进了生物学研究的发展
[29]

。

其次，需要通过实验来进行研究和验证基因功能，如

基因敲除技术、RNA 干扰 （RNAi）、基因过表达技

术、微阵列分析等，这些方法被广泛运用于植物、动

物、细菌等生物群中
[30]

。其中，传统基因敲除（如同

源重组、T-DNA 插入）与新兴 CRISPR-Cas9 等定点编

辑技术已在其他生物中广泛应用，但在珊瑚中的实践

仍有限，目前仅见 van Oppen 和 Oakeshott 对珊瑚幼虫

的 HSF1 基因使用 CRISPR-Cas9 基因敲除技术
[31]

；RNA
干扰（RNAi）是一种高效、特异、新兴的基因阻断技

术
[32]

。该技术早些年在海葵
[33–34]

、水螅
[35]

研究中成

功应用，但目前只有 Yuyama 等用来测定珊瑚幼体

的 TRX 和 GFP 基因
[36]

。目前，珊瑚主要利用 cDNA
微阵列和 RNA-Seq 两种手段来研究热适应功能基

因
[37–39]

。2005 年 cDNA 微阵列方法被首次大规模应

用于珊瑚功能基因的研究中
[40]

，这是珊瑚转录组学研

究的先驱。转录组学高通量测序（RNA-Seq）是目前

研究珊瑚热适应基因主要研究手段
[10]

，能够全面快速

地获取热胁迫下珊瑚几乎所有的转录本
[41]

。

随着技术的进步，一些新兴技术开始在珊瑚中应

用。例如 Li 等使用单细胞转录组技术来分析珊瑚的

共生关系
[42]

；日本的研究人员已经在培养皿中培养出

珊瑚（Acropora tenuis）的可持续细胞系
[43]

。尽管技术

进步显著，但技术适配性不足、模型系统局限及基因−

表型关联薄弱仍是主要挑战。因此，需要加强珊瑚对

热适应相关基因的研究，对构建健康稳定的珊瑚礁生

态系统具有重要作用。

 4　热适应相关功能基因的研究

在造礁珊瑚中，热适应相关功能基因是珊瑚耐受

高温的分子基础。目前对珊瑚热适应相关功能基因

的研究主要涉及免疫相关基因（热休克蛋白相关基

因、抗氧化蛋白相关基因、细胞凋亡与细胞焦亡相关
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图 1    热适应相关功能基因变化示意图

Fig. 1    Schematic diagram of changes in functional genes related to thermal adaptation
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基因、其他免疫蛋白基因）、代谢相关基因、光保护

蛋白相关基因、钙离子通道蛋白相关基因、细胞生长

调控相关基因等（表 1）。

 4.1    免疫相关基因

免疫系统响应分为 3 个阶段：（1）识别威胁，即免

疫识别系统（PRR）；（2）信号通路激活；（3）免疫效应

阶段，负责消除威胁。珊瑚受到热胁迫后免疫系统发

挥作用。

首先，第一阶段的免疫受体（主要是 Toll 样受体）

发挥作用 ，开始识别病原体。Toll 受体包括 NLRs
 

表 1    珊瑚热适应相关功能基因列表

Table 1    List of functional genes related to coral's thermal adaptation

研究
对象

采用技术 GenBank
Acc.

基因
（蛋白）

已开展研究珊瑚物种 研究区域 潜在功能
热胁迫响应

过程
参考文献

免
疫
相
关
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

NW018149896 Nf-kβ1 Acropora millepora、
Acropora aspera

大堡礁
DNA修复， 染
色质稳定相关

温度升高表
达量降低

van de Water等
[44]

van de Water等
[45]

NW018149776 Nf-kβ2

NW018148758
补体因子c3样
蛋白（C3-Am）

Montastraea faveolata；
Acropora millepora、
Acropora aspera

加勒比海；
大堡礁

免疫相关；病
原体的直接

杀伤

温度升高表
达量升高

Desalvo等
[46]

van de Water等
[44]

van de Water等
[45]

珊瑚宿
主；虫
黄藻

RNA-Seq；
cDNA微阵列

分析

XM020776963 C型凝集素 Montastraea faveolata；
Acropora millepora、
Pocillopora damicornis

加勒比海；
南海

识别病原菌达
到免疫作用

温度升高表
达量降低

吴逸波
[47]

Wu等
[48]

Desalvo等
[38]

NW018150402
半乳糖凝集素

（galectin）

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

— HSP16 Porites astreoides 墨西哥湾 抗氧化作用；
抗凋亡

温度升高表
达量升高

Kenkel等
[49]

— HSP32 Pocillopora damicornis 琉球群岛 Thummasan等
[50]

GAL06223 HSP60 Pocillopora damicornis；
Seriatopora caliendrum；
Montastraea faveolata

琉球群岛；
地中海；
加勒比海

促进新合成蛋
白的折叠阻止

细胞凋亡

Thummasan等
[50]

Seveso等
[51]

Desalvo等
[38]

DR987088 TCP-1

珊瑚宿
主；虫
黄藻

NW018148923 HSP70

Acropora tenuis、
Acropora muricata ；
Goniopora djiboutiensis；

Porites lutea

印度洋；
缅甸海；
南海

抑制细胞凋
亡；变性蛋白

重折叠

Louis等
[52]

Li等
[53]

Xiao等
[54]

Sharp等
[55]

DR988373 HSP90
Montastraea faveolata；
Acropora tenuis

加勒比海；
琉球群岛

负责新合成多
肽的构象成熟
和变性蛋白的

再成熟

Desalvo等
[38]

张懿丹等
[56]

Yuyama等
[26]

珊瑚
宿主 — HSP100 Pocillopora damicornis 南海

水解酶活性 ；
降解变性多肽

聚合体
张懿丹等

[56]

珊瑚宿
主；虫
黄藻

RNA-Seq；
cDNA微阵列

分析

DR987062
Glutathione S-
transferasesig
ma（GST-S）

Montastraea faveolata；
Favia favus；
Mussismilia sp.
Siderastrea sp.；
Porites sp.、
Acropora sp.；
Porites lutea

Acropora pruinosa

加勒比海；
红海；

南大西洋；
大加纳利岛；

南海

免疫作用
温度升高表
达量升高

黄晖等
[14]

Desalvo等
[38]

Levy等
[57]

Martignago等
[58]

Camilo等
[59]

Vilas等
[60]

蒙林庆等 
[61]

Yu等
[8]

DR988371
Glutathione S-
tranferaseMu
（GST-M）

细胞防御相关
温度升高表
达量降低

NW018149119
谷胱甘肽过氧

化物酶
（GSH-Px）

ECM固结，过
氧化物酶活
性；增强细胞
抗氧化能力；
增强免疫力

温度升高表
达量升高NW018150375

超氧化物歧化
酶（SOD）

DR987689
过氧化氢酶

（CAT）

DR988170
锌指蛋白基因
（Zn

2+
-metallo-

protease）
Montastraea faveolata；
Acropora millepora；
Porites lutea

加勒比海；
大堡礁；
南海

锌离子结合转
录因子

温度升高表
达量升高 Desalvo等

[38]

Császár等
[62]

许昌有等
[63]

FE039547 Ferritin
铁离子结合；
平衡铁浓度

温度升高表
达量升高

CAON1879
细胞色素
（p450）

Montastraea faveolata；
Pocillopora damicornis；
Acropora aspera

加勒比海；
南海；
大堡礁

参与细胞解
毒；抗氧化

温度升高表
达量升高

Louis等
[11]

Liu等
[64]

Rosic等
[65]
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续表 1
 

研究
对象

采用技术 GenBank
Acc.

基因
（蛋白）

已开展研究珊瑚物种 研究区域 潜在功能
热胁迫响应

过程
参考文献

免
疫
相
关
基
因

珊瑚宿
主；虫
黄藻

RNA-Seq；
RNAi；

cDNA微阵列
分析

— TRX

Acropora tenuis；
Diploria strigosa；
Acropora cervicornis、
Montastraea faveolata

琉球群岛；
百慕大群岛；
佛罗里达群岛

螯合活性氧
温度升高表
达量升高

Morgan等
[66]

Yuyama等
[36]

Edge等
[66]

FE040110
NADH-

ubiquinone

Montastraea faveolata；
Galaxea facicularis；
Acropora sp.

琉球群岛

线粒体电子传
递；建立合成
ATP所需的跨
膜质子梯度

温度升高表
达量降低

Voolstra等
[67]

珊瑚宿
主；虫
黄藻

RNA-Seq

NW018150375 Bcl-2
Acropora aspera、
Acropora millepora

大堡礁 调控凋亡

温度升高表
达量升高

T.D.A等
[68]

Pernice等
[69]

NW018150269 caspase 3

Acropora millepora；
Pocillopora damicornis；
Orbicella faveolata 、
Porites Astreoides；

大堡礁；
琉球群岛、

南海；
加勒比海

细胞凋亡指
示剂

Pernice等
[69]

Thummasan等
[50]

Yu等
[70]

Shrestha等
[71]

— Gasdermins Pocillopora damicornis 南海 引发细胞焦亡 Jiang等
[72]

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

NW018148758
补体因子c3样
蛋白（C3-Am）

Montastraea faveolata；
Acropora millepora、
Acropora aspera

加勒比海；
大堡礁

免疫相关；病
原体的直接

杀伤

温度升高表
达量升高

Desalvo等
[38]

van de Water等
[44]

van de Water等
[45]

DR988012 组蛋白（H3）

Montastraea faveolata；
Acropora formosa

加勒比海、
墨西哥湾；
大堡礁

核小体组装
温度升高表
达量降低

Desalvo等
[38]

Miller等
[73]

Voolstra等
[74]DR988033 组蛋白（H2A）

DR987246 H2A家族

代
谢
相
关
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析
FE040151 MAT 1α

Montastraea faveolata；
Galaxea facicularis；
Acropora sp.

加勒比海、
西大西洋

S-腺苷甲硫氨
酸生物合成

温度升高表
达量升高

Desalvo等
[38, 46]

Watanabe等
[74]

Voolstra等
[67]

RNA-Seq

—
异柠檬酸裂解

酶 （IL）
Acropora millepora；
Pocillopora astreoides；
Pocillopora woodjonesi、
Pocillopora kelleheri、
Pocillopora verrucose

大堡礁 从脂质β-氧化
产物中合成碳

水化合物

温度升高表
达量升高

Rocker等
[75]

Kenkel等
[76]

Sun等
[7]

—
苹果酸合酶

（MS）
墨西哥湾

—
丙酮酸羧激酶

（PEPCK）
南海

促进糖异生
增强

温度升高表
达量升高

—
丙酮酸羧化酶

（PC）

—
甘油醛-3-磷
酸脱氢酶
（GAPDHs）

Pavona decussata 南海；
参与糖降解，
维持珊瑚能量

代谢平衡

温度升高表
达量升高

Zhang等
[77]

—
丙酮酸脱氢酶

复合物
（DLATs）

—
匀浆 1,2 双加
氧酶（HGDs）

—
谷氨酸脱氢酶

（GDHs）
Pavona decussata、
Stylophora pistillata

南海；红海

分解代谢谷氨
酸以推动
TCA 循环

温度升高表
达量升高

Zhang等
[77]

Rädecker等
[78]

—
谷氨酰胺合
成酶（GS）

Stylophora pistillata 红海
温度升高表
达量降低

Rädecker等
[78]

—
谷氨酸合酶
(GOGAT)

共生微
生物

宏基因组测序

—
糖基转移酶

（GT）

Favites sp. 南海

合成多糖/糖
蛋白

温度升高表
达量升高

Sun等
[79]

—
糖苷水解酶

（GH） 降解和转化碳
水化合物

温度升高表
达量降低

代谢相关基因 共生微生物

宏基因组测序 —
碳水化合物
酯酶（CE） Favites sp. 南海

降解和转化碳
水化合物

温度升高表
达量降低

Sun F等
[79]

9 期    马玉玲等：造礁珊瑚热适应相关功能基因的研究进展 27

 

397



续表 1
 

研究
对象

采用技术 GenBank
Acc.

基因
（蛋白）

已开展研究珊瑚物种 研究区域 潜在功能
热胁迫响应

过程
参考文献

光
保
护
蛋
白
相
关
基
因

虫黄藻 RNA-Seq

—
PsaA

Pocillopora woodjones、
Pocillopora kelleheri、
Pocillopora verrucose、
Galaxea astreata、
Acropora tenuis

南海
修复虫黄藻光
系统结构；增
强光合能力

温度升高表
达量升高

Sun等
[80]

沈城等
[80]

Gong等
[81]

PsaC

—

PsbA

PsbB

PsbC

PsbD

PsbO

珊瑚
宿主

RNA-Seq；
RNAi；cDNA
微阵列分析

DR987865 GFP

Montastraea faveolata；
Acropora yongei；
Acropora millepora、
Acropora digitifera、
Montipora digitata；
Goniopora lobata、
Goniopora norfolkensis

加勒比海；
西太平洋；
大堡礁；
南海 能量传递受

体；光保护；
抗氧化与珊
瑚颜色相关

随光照的增加
减少而快速变
化；温度升高
表达量降低

Desalvo等
[38]

Roth等
[82]

Smith-Keune 
[83]

Conaco等
[84]

黄文靖
[85]

RNA-Seq；
cDNA微阵列

分析

— RFP Acropora digitifera、
Montipora digitata、
Favites colemani、

Seriatopora caliendrum；
Goniopora lobata、
Goniopora norfolkensis

大堡礁；
南海

Conaco等
[84]

黄文靖
[85]

— CFP

钙
离
子
通
道
蛋
白
相
关
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

DR987851
Similar to EF-

hand
domain protein

Montastraea faveolata 加勒比海
Ca

2+
 结合

区域
温度升高表
达量降低

Desalvo等
[38]

DR987178 CaM
Montastraea faveolata；
Galaxea astreata、
Acropora muricata

加勒比海；
南海

视紫红素介导
的信号调节；
维持Ca

2+
平衡

高温下表
达量降低

Desalvo等
[38]

Huang等
[86]

黄元佳
[87]

Chiou等
[88]

NW018149378 CRT
Montastraea faveolata；
Galaxea astreata；
Acropora tenuis

加勒比海、
墨西哥湾；

南海；
琉球群岛

维持 Ca
 2+

 稳
态；内质网 ER

Ca
2+

 容量
的调节

温度升高表
达量降低

Desalvo等
[38]

黄元佳
[87]

Huang等
[89]

Voolstra等
[74]

Yuyama等
[26]

DR987943 Galaxin
Montastraea faveolata、
Galaxea fascicularis

加勒比海
有机基质可溶
性蛋白；作为
分子伴侣协助
维持细胞内

Ca
2+
稳态水平

Desalvo等
[38]

NW018148627 TnC Acropora muricata
南海、

东大西洋
Chiou等

[88]

Weston等
[90]

DR987097 SCRiP3A

Montastraea faveolata
加勒比海、
墨西哥湾

分泌肽；细胞
凋亡相关

黄晖等
[14]

Desalvo等
[38]

Reyes-Bermudez等
[91]

DR987884 SCRiP5

DR987486 SCRiP8

DR987831 SCRiP1

DR987097 SCRiP2

DR987965 SCRiP7

细
胞
生
长
调
控
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

NW018148815

DNA
replication
licensing

factor mcm7-A
Montastraea faveolata、
Acropora tenuis

加勒比海、
墨西哥湾；
琉球群岛

DNA 复制许
可因子

温度升高表
达量降低 Desalvo等

[38]

Yuyama等
[26]

Voolstra等
[74]

NW018150375
DNAJ

（Hsp40）
参与内质网未
折叠蛋白反应

温度升高表
达量升高

DR986717 RPL3 Montastraea faveolata；
Acropora pruinosa、
Acropora nasuta

加勒比海；
南海

蛋白质合成；
核糖体的结构

成分

温度升高表
达量升高

Desalvo等
[38]

Tian 和 Niu 
[92]

DR986615 RPL9
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（NOD-like receptors）、RLR（RIG-like receptor）和 MDA5
（ Melanoma  differentiation-associated  gene  5）以及 C 型

凝集素
[96]

。在 Toll 样受体中 TLRs 是高度保守的跨膜

蛋白，主要表达在细胞或内噬体表面
[97]

；NLRs 能够检

测细菌和毒力因子
[98]

；C 型凝集素家族可识别特定的

碳水化合物并凝集各种类型的动物细胞，在细胞和分

子水平上发挥识别作用
[99]

。珊瑚主要研究 C 型凝集

素家族（C-type lectin_family），它分为甘露糖结合 C 型

凝集素、半乳糖凝集素（galectin）等。高温诱导珊瑚

Hsp 的表达，导致甘露糖结合 C 型凝集素下调。凝集

素的下降不仅会抑制珊瑚 C 型凝集素对虫黄藻的识

别效果
[100]

，还导致珊瑚对致病菌的识别能力下降
[47]

，

最终使得珊瑚−虫黄藻共生的平衡以及相关免疫系统

被破坏。

其次，第二阶段是信号通路的激活。受体识别抗

原后信号通路被激活，如 Caspase-1 和  NF-kβ、MAPK
信号途径。这些信号通路的激活会促进促炎因子的

产生，从而启动免疫。Caspase-1 能够促进感染细胞

凋亡，NF-kβ 和 MAPK 通路能够与 TLR 配体协同提

高促炎因子和其他抗菌因子的产生，从而能够提高机

体对病原微生物的抵抗能力
[96]

。其中 Nf-kβ 基因在

信号通路激活中发挥着重要作用。Nf-kβ 家族主要

是 Nf-kβ1 和 Nf-kβ2，它是参与调节免疫应答的主要

转录因子，参与信号传导、细胞凋亡、免疫和细胞周

期调控等过程
[15]

。 Nf-kβ（Nf-kβ1，Nf-kβ2）的表达量在

热胁迫后可增加 1～2 倍
[101]

。

最后，第三阶段是免疫效应阶段（主要是免疫相

关基因），主要负责消除威胁。其表现为热休克相关

基因上调、抗氧化基因大部分上调和转录相关基因

上调，具体如下：

续表 1
 

研究
对象

采用技术 GenBank
Acc.

基因
（蛋白）

已开展研究珊瑚物种 研究区域 潜在功能
热胁迫响应

过程
参考文献

细
胞
生
长
调
控
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

分析

DR988078 RPL14

Montastraea faveolata；
Acropora pruinosa、
Acropora nasuta

加勒比海；
南海

蛋白质合成；
核糖体的结构

成分

温度升高表
达量升高

Desalvo等
[38]

Tian 和 Niu 
[92]

AXP85384 RPL16

DR987703 RPL23

DR987703 RPL26

DR986615 RPS2

DR988446 RP S3

DR988446 RP S5

DR988266 RPS7

DR986825 RPS25

NW018148536
细胞周期基因

（CDK2） Montastraea faveolata
加勒比海、
墨西哥湾

调控G1/S期
温度升高表
达量降低

Desalvo等
[38]

Voolstra等
[74]

其
他
基
因

珊瑚
宿主

RNA-Seq；
cDNA微阵列

DR988150
凝胶素
Gelsolin
（GSN）

Montastraea faveolata；
Pocillopora astreoides、
Acropora cervicornis

加勒比海；
西大西洋

钙调节的肌动
蛋白切断蛋白

温度升高表
达量降低

Desalvo等
[38]

Vollmer等
[93]

Kenkel等
[94]

DR986355
原肌球蛋白

（TPM）
肌动蛋白结合
细胞骨架成分

FE039783

Lethal giant
larvae

homologue 2
（LGL2）

细胞骨架组
织；半桥体

组装

DR988233
肌球蛋白 9A
（MYO9A） 肌动蛋白依赖

性ATP酶活性
温度升高表
达量升高

DR987650
肌球蛋白 7A
（MYO7A）

珊瑚
宿主

RNA-Seq；
cDNA微阵列

DR986515
泛素偶联酶

E2S Montastraea faveolata；
Galaxea fascicularis、
Montipora capricornis

加勒比海；
东大西洋

蛋白质的去泛
素化；膜转运

温度升高表
达量降低

Desalvo等
[38]

Yohann等
[95]

DR987159
泛素特异性蛋

白酶 24
（USP24）

蛋白质的去泛
素化

温度升高表
达量升高

　　注：“—”表示无GenBank登录号。
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 4.1.1    热休克蛋白相关基因

热休克蛋白基因（Hsp）是珊瑚热适应性研究最多

的基因
[49, 102−103]

，也是第一个被确定的生物标志物。

热休克蛋白是一类蛋白质，在热胁迫中起修复缓解作

用，参与珊瑚热白化和冷白化过程以及变性蛋白重折

叠过程
[80]

。热休克蛋白在胞内环境中与多肽链非特

异性结合，调控多肽的折叠、装配、转运，热胁迫能

使 Hsp 的胞内浓度升高，能在几分钟内增加 20 倍，以

抑制不良反应
[104]

，将错误折叠蛋白选择性降解或正

确折叠，避免蛋白质聚集等
[105]

。但 Hsp 的上调是短

暂的，长期的热胁迫会显示下调
[106]

。根据分子量可

将珊瑚的热休克蛋白分为 Hsp100、 Hsp90、 Hsp70、
Hsp60、小分子蛋白（Hsp16 和 Hsp32）

[107]
。

小分子蛋白协助其他休克蛋白一起表达，共同阻

止蛋白质聚合，让变性多肽重新折叠
[94]

。其中，Hsp16
（～16 kDa）是迄今为止对热胁迫反应最灵敏的基因

之一，但热胁迫期间 Hsp16 的表达尚未在共生虫黄藻

中进行研究
[11]

。另外，Hsp32（～32 kDa）是一种血红

素加氧酶 1（HO-1），可保护细胞免受氧化应激。Hsp32
能将有毒血红素降解为游离铁，并去除细胞质中的一

氧化碳（CO）和胆绿素
[50]

。在长时间热胁迫下 Hsp32
作为抗凋亡伴侣，发挥重要作用

[50]
。

Hsp60 是调节正常或应激条件下珊瑚蛋白结构

的伴侣蛋白。Hsp60 蛋白由线粒体合成并运输，它能

够促进新合成蛋白的折叠，其上调程度由热胁迫的严

重程度决定
[51]

。Hsp60 家族成员还有重要的 T 复合

体多肽（Tcp-1），它在其他热休克蛋白（Hsp90、Hsp70
等）表达后才上调

[108]
。

Hsp70 家族是一个多基因、多结构的家族
[109]

，大

部分蛋白质结构较为稳定 ，主要位于细胞质中。

Hsp70 不但可以保护细胞免受多种凋亡刺激
[110–112]

，

还能阻止 caspase3 酶的激活，其丰度能够反映出机体

对应激的反应的剧烈程度。目前研究发现 Hsp 存在

一定的特异性。在 Acropora属中珊瑚宿主 Hsp70 显

著上调发挥关键作用
[52]

，而在 Porites属中虫黄藻 Hsp70
上调，证明虫黄藻正在保持其蛋白质稳态

[54]
。

Hsp90 是热休克蛋白中最丰富的一类，负责多肽

的合成、构象与成熟并调节珊瑚变性蛋白的成熟。

Hsp90 在受到热胁迫后基因呈现上调的趋势
[113]

。尽

管近年来在 Hsp90 基因的研究取得了一些进展，但

Hsp70 的抗凋亡机制仍存在争议。

Hsp100 是一种大分子伴侣蛋白，它由 Hsp70 激

活
[114]

，与 Hsp70 一同溶解蛋白聚集体。随后，变性蛋

白重新折叠并降解变性多肽聚合体。Hsp100 在高温

下呈现上调的趋势并增加珊瑚耐热性
[115]

。

 4.1.2    抗氧化蛋白相关基因

珊瑚白化受到各种环境因素的影响。然而，无论

受到何种环境因素的影响，珊瑚应激产生的活性氧

（ROS）都是导致珊瑚白化的关键因素之一
[116]

。海水

温度升高会引起光抑制，共生虫黄藻光合作用的能力

受到损伤导致 ROS 积累
[117]

。过量的 ROS 自由基会

造成脂质过氧化、细胞膜损伤、酶失活和 DNA 链断

裂等损伤
[117]

。ROS 对细胞具有高度的破坏性，会使

蛋白质变性并破坏核酸
[81]

。珊瑚抗氧化蛋白基因包

括抗氧化相关酶（GST-S、GST-M、SOD、CAT、GSH-Px）、
锌指蛋白（Zn

2+
-metalloprotease）、铁蛋白基因（ferritin）、

细胞色素 P450（CYP）、硫氧还蛋白（TRX）、泛醌氧化

还原酶（NADH-ubiquinone）。
抗氧化相关酶包括超氧化物歧化酶（SOD）、过氧

化氢酶（CAT）和谷胱甘肽过氧化物酶（GSH-Px）、谷

胱甘肽酶（GST-S 与 GST-M）、谷胱甘肽过氧化物酶

（GSH-Px）。温度升高，除了调控谷胱甘肽 S-转染酶

（GST-M）的基因表达量降低外
[26]

，其他抗氧化蛋白基

因表达量升高以清除 ROS。蒙林庆等对南海澄黄滨

珊瑚的研究表明超氧化物歧化酶活性、过氧化氢酶

活性、还原型谷胱甘肽含量都是先升高后降低
[61]

。

虽然有抗氧化蛋白基因的调节，但逐渐积累的 ROS
将激活核转录因子（NF-kβ），进而使宿主产生 NO，最

终导致细胞被破坏、酶活性下降
[118−119]

。此外，Levin
等表明

[120]
，在热胁迫下不同共生虫黄藻系群的抗氧

化基因存在不同的变化。

锌指蛋白是一种金属蛋白酶基因，能够降解细胞

外基质（ECM）。锌指蛋白与 Zn
2+
结合可激活蛋白水

解酶的活性。金属蛋白酶基因与抗氧化酶基因是机

体抗氧化的重要功能基因，这些基因在珊瑚白化过程

中的作用值得继续深入探索
[15]

。

铁蛋白基因编码的铁蛋白在多孔鹿角珊瑚中覆

盖率为 100%
[63]

，该蛋白能够减少自由基的合成从而

降低细胞的氧化压力
[14, 121]

。在长时间的热胁迫下，

珊瑚中的铁蛋白会持续上调。

细胞色素 P450 由一大组血红素蛋白组成
[122]

，可

催化多种反应，参与细胞解毒，能够减缓氧化应激。

细胞色素 P450 通过掺入单个氧原子来氧化底物，参

与生物体化学防御的第一线
[65]

。珊瑚受到热胁迫后

体内的细胞色素 P450 表达量升高。

硫氧还蛋白（TRX）是一种氧化还原调节蛋白，可

作为生物体氧化应激的指标，螯合活性氧达到抗氧化

作用
[66]

。TRX 作为单线态氧淬灭剂和羟基自由基清
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除剂，维持真核细胞内的氧化还原平衡
[66]

。在高温环

境中，珊瑚的 TRX 基因表达量升高
[36]

。

泛醌氧化还原酶 （NADH-ubiquinone）是线粒体

中活性氧的主要来源，也是细胞氧化应激的重要促成

因素。泛醌氧化还原酶不仅能催化电子与质子跨膜

易位偶联，还有助于建立合成 ATP 所需的跨膜质子

梯度
[123−124]

。高温下珊瑚的线粒体功能损伤导致相

关基因表达下调，从而抑制细胞呼吸活性并降低细

胞 ATP 水平。

 4.1.3    细胞凋亡与细胞焦亡相关基因

珊瑚细胞的凋亡和组织层的减少发生在热胁迫

反应早期，它在受到严重损伤后会大量坏死
[125]

。调

节细胞凋亡是珊瑚热应激后的重要组成部分，其中半

胱天冬酶发挥重要作用。半胱天冬酶的激活已被用

作评估珊瑚细胞凋亡的标志，它可以通过外源性（细

胞表面死亡受体）途径或内源性途径启动
[69]

。其中，

caspase3 是细胞凋亡中的主要执行基因，热胁迫导致

ROS 的过剩并激活 caspase-3 介导的细胞凋亡
[126]

。热

胁迫下珊瑚 caspase-3 呈现上调
[70]

。此外，细胞凋亡

后 Bcl-2 基因会过表达，开始延迟保护反应。开始细

胞死亡时，caspase 家族中的蛋白质相互作用，控制细

胞色素 C 的释放以及线粒体外膜和细胞器膜的通透

性
[68]

，从而调控细胞凋亡。

细胞焦亡是一种程序性坏死细胞死亡，其特征是

细胞快速肿胀、膜破坏和大量胞浆内容释放
[127]

。细

胞焦亡是由 caspase3 基因裂解并激活成孔的 gasder-
min 家族蛋白，从而介导细胞内容物释放，随后引发

焦亡
[72]

。目前仅有 Jiang 等对珊瑚进行研究并发现

gasdermin 是炎症性细胞死亡的一种形式，发生在病

原体感染的过程中。

 4.1.4    其他免疫蛋白基因

补体系统指参与直接消除入侵微生物的另一种

效应机制，主要通过促进吞噬作用和诱导膜攻击复合

物的形成
[45]

。其中，补体因子 C3 样蛋白（C3-Am）是

先天免疫的另一个关键参与者。补体 C3 样蛋白的表

达在短期高温下没有显著变化，但长期下表达量会升

高
[44, 128]

，表明热胁迫下补体因子正在引导相关能源

以保护珊瑚共生体，它是补体系统的关键
[44]

。

组蛋白基因负责核小体的组装，在热胁迫下表达

量降低。其中组蛋白 H3 编码基因具有  3'-发夹结构，

在非多聚腺苷酸化组蛋白 mRNA 中为终止或加工信

号
[73]

，在转录翻译上发挥作用。

 4.2    代谢相关基因

高温会对珊瑚新陈代谢造成负面影响。高温下

大多数代谢基因呈上调的趋势
[128]

，从而保持珊瑚的

代谢平衡。受到热胁迫的珊瑚其碳水化合物代谢、

氮代谢等许多分子过程变得更加活跃，但代谢需求会

降低
[129]

。代谢相关基因包括乙醛酸循环酶（IL、MS）、
蛋氨酸腺苷转移酶（MAT）、能量代谢相关基因（PEP-
CK、PC、GAPDHs 、DLATs、HGDs、GDH、GS、GOGAT）
以及细菌碳水化合物活性酶 （GT、GH、CE）。

珊瑚细胞通过乙醛酸循环可将脂肪酸氧化分解

为乙酰 CoA，生成琥珀酸、乙醛酸和苹果酸，对珊瑚

合成碳水化合物有重要生理意义
[129]

。其中，参与乙

醛酸循环的酶有异柠檬酸裂解酶 （IL） 和苹果酸合酶

（MS）。IL 和 MS 能够从脂质 β-氧化产物中合成碳水

化合物，该过程被认为是乙醛酸循环的特征，具有特

异性
[76]

。

热胁迫下珊瑚的蛋氨酸代谢受到影响，为保持蛋

氨酸含量的平衡，蛋氨酸腺苷转移酶表达量升高
[108]

。

其中的蛋氨酸腺苷转移酶 1α（MAT 1α）在多个水平上抑

制细胞色素的表达，增加转硫途径的通量
[130]

，增强抗

氧化剂谷胱甘肽（GSH）的产生来调节线粒体功能
[131]

。

珊瑚能量代谢相关基因有助于缓解珊瑚共生体

的热胁迫反应，进一步加速热胁迫下珊瑚宿主的新陈

代谢
[132]

。珊瑚遭受热胁迫后可以通过糖酵解将一些

非碳水化合物底物（如丙酮酸、生糖氨基酸等）转化

为糖类从而参与三羧酸途径为宿主提供能量
[133]

。涉

及糖酵解相关的基因（蛋白）有磷酸烯醇丙酮酸羧激

酶  （PEPCK）、丙酮酸羧化酶（PC）、甘油醛 -3-磷酸脱

氢酶  （GAPDHs）、丙酮酸脱氢酶复合物  （DLATs）和
匀浆  1, 2 双加氧酶（HGDs）。这些糖酵解相关基因

（蛋白）均在热胁迫下呈现上调的趋势这是为了加快

合成葡萄糖和谷氨酸等以维持能量平衡。PEPCK 是

糖异生中的限速酶，在 PC 催化丙酮酸转化为草酰乙

酸后才进行催化
[134]

。此外，GAPDHs 是参与糖酵解

的关键酶，DLATs 能够催化糖酵解产物丙酮酸转化

为乙酰辅酶  A，HGDs 催化酪氨酸降解以保持热胁迫

期间珊瑚健康的
[77]

。

珊瑚遭受热胁迫后也通过三羧酸循环积极利用

氨基酸从而保持能量平衡，它是珊瑚细胞代谢产能的

主要途径。其中，GDH 促进谷氨酸的代谢合成以及

谷氨酸的代谢降解，以推动  TCA 循环
[135]

。此外，谷

氨酰胺合成酶 （GS） 和谷氨酸合酶 （GOGAT）在氮代

谢过程中起着关键作用。谷氨酰胺合成酶通过催化

谷氨酸和氨的缩合形成谷氨酰胺，在氮的代谢中起着

至关重要的作用
[136]

。GS 和 GOGAT 共同参与氨同化

的调控，GOGAT 以  NADH 为电子供体，催化谷氨酰
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胺的氨基转移到 α-酮戊二酸形成两分子的谷氨酸，随

后 GS 催化谷氨酸形成谷氨酰胺，进行氮的储存和转

换。热胁迫下，GS 和 GOGAT 这两个关键珊瑚宿主

基因在谷氨酸生物合成中的表达下调
[78]

。其中 GS
具有解毒代谢的作用，  其活性降低可能导致体内过

多的氨和谷氨酸积累，从而破坏氮代谢平衡
[137]

；GOGAT
活性的降低可能导致对氮同化和循环过程的干扰，并

影响氨基酸和蛋白质等含氮化合物的合成
[138]

。

此外，共生细菌在热胁迫下发挥作用，主要参与

碳代谢相关过程。这得利于细菌碳水化合物活性酶

（CAZymes）降解和转化碳水化合物。CAZymes 包括

糖基转移酶  （GT）、糖苷水解酶  （GH）以及碳水化合

物酯酶  （CE），异养微生物利用这些酶进行多糖和复

合糖的组装、分解和修饰
[139]

。其中，GT 是负责合成

多糖或糖蛋白的蛋白质
[140]

；GH 构成一组参与多糖

代谢的酶，多糖包括淀粉、纤维素、半纤维素和甲壳

素
[141]

；CE 家族可以将这些复杂的碳水化合物分解成

更简单的形式，助力珊瑚更高效地获取能量。白化珊

瑚中 GT 的含量大幅增加，而 GH、CE 的含量明显下

降。这说明热胁增加了能够合成多糖的异养细菌丰

度，且降低了细菌群落水解碳水化合物的能力
[79]

。

 4.3    光保护蛋白相关基因

珊瑚共生虫黄藻体内的光合器官叶绿体在高温

下会受到损伤，导致光合作用受到抑制，抑制 PSⅡ的

修复，光系统基因积极转录，表达量均升高
[81]

。虫黄

藻叶绿体中的光合系统Ⅰ（PSⅠ）主要有 psaA与 psaC；
光合系统Ⅱ的基因包括 psbA、 psbB、 psbC、 psbD和

psbO
[81]

。其中，psaA基因编码 P700 蛋白，也是 ABC 运

输过程中 Mn
2+
的最初受体

[142]
。psbA上调

[80]
，这是由

于 psbA基因编码 PSⅡ反应中心的核心蛋白 D1 蛋

白。在光照条件下 D1 蛋白会快速降解，且降解速度

与光照强度成正比，需要不断地合成 D1 蛋白来维持

其正常的生理需求
[143]

。在热胁迫下，D1 蛋白的降解

速率超过了合成速率，这将造成 D1 蛋白含量缺失，

从而使 PSⅡ反应中心的结构遭受破坏，最终导致光

合作用受到抑制。

荧光蛋白作为光保护剂和抗氧化剂，在热胁迫下

能够将较短波长的光转换为较长波长的光，从而保护

珊瑚免受有害波长的影响，并增强共生虫黄藻的可用

光
[144]

。荧光蛋白的表达量在热胁迫期间会降低
[38]

。

珊瑚的颜色主要是绿色（GFP）、蓝绿色（CFP）和红色

（RFP）以及非荧光色蛋白共同作用的结果。其中绿

色荧光蛋白是最为常见的一种荧光蛋白，也是所有荧

光蛋白种类中最鲜艳的一种
[85]

。绿色荧光蛋白的浓

度会随着光照水平的增加或减少而快速变化。高能

蓝光会直接损害 PSⅡ，并通过产生活性氧抑制 PSⅡ
的修复

[145]
。而绿色荧光蛋白不仅能吸收高能蓝光，

还具有光保护作用。

 4.4    钙离子通道蛋白相关基因

在全球变暖的背景下，钙离子通道蛋白相关基因

通过维持钙稳态、调节共生关系，帮助珊瑚应对热胁

迫，对于珊瑚礁保护和气候变化响应具有重要意义。细

胞内的钙离子 （Ca
2+
）作为普遍存在的细胞信使，参与

珊瑚的钙化生长，它们的调节会受到热胁迫的影响
[38]

。

珊瑚钙化生长是钙离子与碳酸盐在珊瑚组织基质和

骨架之间的钙化中心中结合形成碳酸钙骨骼
[146]

。珊

瑚钙化时 Ca
2+
泵密集地向上皮细胞中泵入 Ca

2+
，而活

性氧簇（ROS）、活性氮簇（RNS）和钙调素  CaM 失活

会减弱  Ca
2+
泵的活性导致细胞  Ca

2+
失衡，钙化率下

降
[14]

。这些过程在热胁迫下受到影响，这主要取决

于钙离子浓度的变化，因此研究钙离子通道蛋白相关

基因尤为重要。钙离子通道蛋白相关基因主要有

EF-hand 超家族、钙调素（ calmodulin，CaM）、钙网蛋

白（calreticulin，CRT）、生物矿化蛋白（Galaxin）、肌钙

蛋白 C 和富含半胱氨酸的小蛋白质（SCRiPs）。
EF-hand 超家族蛋白是一种负责编码 Ca

2+
结合区

域的蛋白，温度升高导致钙离子结合蛋白表达量降

低，如钙调蛋白和 EF-hand 蛋白
[38]

。

钙调素（CaM）是真核细胞中普遍存在的钙传感

蛋白，一种多功能钙代谢调节剂，介导许多重要的信

号通路并参与视紫红素介导的信号调节通路
[87]

。CaM
在热胁迫下表达量降低。其中，钙调素中的钙调蛋白

（CaLP）是多功能钙敏感元件，它在钙信号传导中起

重要作用
[86]

。因此，温度应激影响信号传导的同时也

会影响  CaLP 的表达。Huang 等表明
[86]

，热胁迫下的

珊瑚能量供应会减少，从而导致蛋白质合成减少
[26]

。

钙网蛋白（CRT）是内质网主要的 Ca
2+
结合蛋白，

通过协助蛋白质正确折叠、维持细胞 Ca
2+
稳态、调

节内质网（ER） Ca
2+

 容量来调节基因表达和自身免疫

等
[147−148]

。CRT 属于热激蛋白家族
[149]

，它在细胞经受

急性热胁迫后增加内质网腔的 Ca
2+
储存能力，在热胁

迫下表达量降低
[74]

。

生物矿化蛋白（Galaxin）位于有机基质中，在珊

瑚钙化中尤为重要。它作为内质网的膜结合凝集素，

可瞬时与新合成的糖蛋白结合并参与有机基质的合

成
[38]

。该蛋白最先在丛生盔形珊瑚中发现
[150]

。高温

下珊瑚中的虫黄藻流失从而影响有机基质的组成，最

终导致 Galaxin基因下调。
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肌钙蛋白 C 是肌钙蛋白复合物中的结合亚基，充

当各种信号通路的第二信使。在维持细胞内 Ca
2+
稳

态水平、维持信号级联和细胞稳态中肌钙蛋白 C 是

必不可少的
[151]

。在受到热胁迫后肌钙蛋白 C 表达上

调，在细胞胞吐过程中起到重要作用
[90]

。

Sunagawa 等发现的富含半胱氨酸的小蛋白质

（SCRiPs）与珊瑚钙化或钙离子平衡相关且具有分泌

肽
[150]

。SCRiPs 有细胞凋亡相关的功能，在高温下表

达量下降
[14]

。

 4.5    细胞生长调控相关基因

细胞周期调控相关基因在珊瑚中会使用大量的

能量来调节细胞生长、分裂分化、衰老凋亡等过程，

在热胁迫下，珊瑚会为了保存能量从而抑制细胞周期

调控基因的表达。相关基因包括 DNA replication li-
censing factor mcm7-A、DNAJ、核糖体基因（RPG）、细

胞周期基因和转录调控基因。

DNA 复制许可因子 mcm7-A（DNA replication  li-
censing factor mcm7-A）是  MCM 复合物 （MCM2-7）六
聚体的一部分，在真核细胞 DNA 复制中起核心作用，

高温导致 DNA 在 S 期异常复制，随后激活 DNA 损伤

反应（DDR）使细胞周期停止
[152]

。DNAJ（也称 Hsp40）
在高温下表达量升高，热胁迫下参与内质网未折叠蛋

白的反应
[153]

，它作为 Hsp70 的特异性调节因子能够

调节 Hsp70 的伴侣功能
[154]

。

核糖体基因（RP）是核糖体的重要组成部分，是核

糖体生物合成和蛋白质翻译的关键基因，对细胞生长

有重要作用
[155]

。高温下珊瑚 RP呈上调趋势
[156]

。细

胞周期素依赖性激酶 2（CDK2）是一种细胞周期基

因，主要调控 G1/S 期
[157]

，在未白化珊瑚中检测不出，

在高温下白化珊瑚的 CDK2表达量升高
[74]

。

 4.6    其他基因

珊瑚在高温下会产生热休克、氧化应激、钙化减

少、新陈代谢下降、细胞生长受到限制、细胞凋亡等

反应。除此之外还有一些基因也参与到珊瑚共生体

内一系列热适应过程中，例如细胞骨架相关基因和泛

素相关基因等。

珊瑚细胞骨架对高温极其敏感，主要是 5 个肌动

蛋白基因的差异表达
[46]

。其中 Gelsolin、原肌球蛋白

（TPM）和 Lethal giant larvae homologue 2（LGL2）在热

胁迫下调，而肌球蛋白 7A（MYO7A）和 9A（MYO9A）

略有上调
[26]

。Gelsolin 是肌动蛋白结合蛋白，可切断

肌动蛋白，覆盖肌动蛋白丝的倒钩末端并促进肌动蛋

白聚合的成核
[158]

。原肌球蛋白（TPM）的存在可以增

加肌动蛋白细丝的刚性、降低 TPM 对解聚因子的敏

感性来增强细丝。LGL2 是细胞骨架组织，参与半桥

体组装。肌球蛋白 7A 和 9A 控制肌动蛋白依赖性

ATP 酶活性。

在细胞膜转运和 DNA 修复和信号传导方面还有

重要的细胞泛素−蛋白酶系统发挥作用，它还参与了蛋

白质的去泛素化，是细胞内蛋白质降解的主要途径
[101]

。

细胞泛素−蛋白酶系统包含 USP24 Ubiquitin-conjugat-
ing enzyme E2S 和泛素特异性蛋白酶 24 （USP24）。泛

素偶联酶 E2S 是泛素−蛋白酶体通路通过泛素连接酶

将活化的泛素连接到靶蛋白所需的酶，决定了泛素链

的连接类型，调节底物蛋白的稳定性和活性。泛素特异

性蛋白酶 24（USP24）是真核生物体内的一种去泛素化

酶，它通过去泛素化调控靶蛋白的降解从而参与细胞

凋亡及细胞周期生长，还能参与 DNA 损伤修复途径
[159]

。

 4.7    热适应过程中的关键基因

近年来，珊瑚热适应功能基因的研究已成为海洋

生物学领域的重要课题。研究表明，尽管已鉴定出多

个与热适应相关的功能基因，但研究焦点主要集中于

少数高频出现的核心基因上。并且这些高频的核心

基因已经被广泛认可和验证。大量研究认为珊瑚相

关识别受体（主要为 Toll 样受体）识别到热胁迫后激

活一系列免疫作用（Hsp、抗氧化蛋白基因、caepase3
等免疫相关基因上调），此外代谢基因保持代谢平衡

以确保营养供给（GS/GDH 推动三羧酸循环、PEPCK/
PC 促进糖异生增强）；光保护蛋白基因快速修复虫黄

藻光系统（Psa/Psb上调）、宿主荧光蛋白基因维持氧

化平衡（GFP 下调）；钙离子通道蛋白基因维持细胞

内 Ca
2+
水平稳定（钙调素 /钙网蛋白 /肌钙蛋白下调），

进而提高了珊瑚的耐热能力（图 2）。

 5　热驯化提高珊瑚耐热性

在全球变暖的大背景下，珊瑚白化事件频发。但

幸运的是，珊瑚可以通过提高耐热阈值来适应更高强

度的高温
[160]

。目前许多研究从珊瑚功能基因入手，

并且发现适当的热胁迫存在一定的驯化效果。热驯

化是基于珊瑚适应性差异功能基因的应用，对全球持

续变暖背景下珊瑚未来具有重要意义，是人为干预提

高珊瑚适应性的过程。生物体耐热能力往往具有一

定的可塑性，珊瑚也不例外。这种耐热性可以通过热

驯化（生物体改变生长机制）或适应（繁殖体更适合改

变的条件）来获得
[160]

。关于珊瑚热驯化已经开展了

实验室模拟实验和自然海域对比研究
[161]

。在自然环

境中，波动的温度环境会提高珊瑚的耐热性。例如，

受潮汐影响的珊瑚比在稳定环境中的同种珊瑚表现

9 期    马玉玲等：造礁珊瑚热适应相关功能基因的研究进展 33

 

403



出更高的耐热性
[162]

、浅层的珊瑚比中层的珊瑚耐热

性更高
[163]

。在实验室热驯化中，Evensen 等发现珊瑚

对急性热胁迫和更长时间的热暴露的反应具有一定

的一致性
[164]

、Yu 等发现热驯化可以通过减缓宿主代

谢、改变优势细菌种群和增加细菌多样性来增加珊

瑚的热耐受性
[8]
、Takahashi 等发现热驯化有助于提高

共生虫黄藻 PSⅡ的耐热性
[165]

、刘旭等人发现适度的

热胁迫对珊瑚会有一定的驯化作用
[166]

且不同种珊瑚

的驯化效果不同
[167]

、Jiang 等
[168]

发现珊瑚成体驯化

后可以改变珊瑚幼虫的热耐受性。这些都表明驯化

能提高珊瑚耐热性与气候适应能力，但这种耐热性中

具体的分子机制知之甚少。

同时，不同珊瑚个体热驯化后产生的热适应能力

存在差异
[161]

。其主要是分子层面上的不同即热适应

基因表达的差异性。珊瑚共生功能体参与热驯化过

程中的分子机制是相互依赖的
[169]

。热驯化期间各种

细胞和分子发生反应以增强珊瑚耐热性，例如：脂质

组成、新陈代谢和蛋白质表达的变化；热休克蛋白作

用于重新折叠变性的细胞和结构蛋白
[105]

；机体产生

使有害氧自由基失活的氧化酶
[59]

以及抗光强的色素
[144]

等。热驯化可以通过减缓珊瑚宿主代谢
[8]
、减少热胁

迫相关蛋白质的损伤
[170]

、提高抗氧化物和铵同化酶

活性
[61]

等来增加珊瑚耐热性。

总之，热驯化帮助造礁珊瑚在升温的未来环境中

生存。然而，其带来的耐热能力能否抵挡未来高频高

温袭击还有待确定。因此，侧重于评估珊瑚体内热适

应功能基因的潜在影响，有助于了解珊瑚潜在功能基

因对适应未来高温环境做出的贡献，对全球变暖下珊

瑚耐热性的进化具有重要意义。

 6　问题与展望

气候变化对海洋生物圈产生深远影响，影响范围

从生物个体到生态系统的各个组织层面
[171]

。预计在

最乐观的温室气体排放量下，未来仍有 70% 至 90%

的珊瑚面临白化死亡
[172−173]

。保护珊瑚礁是一个全球

性的环境问题。珊瑚耐热能力取决于体内复杂的分

子反应和适应机制，因此研究珊瑚热适应基因对保护

珊瑚有重要意义。然而，对于珊瑚热适应相关基因的

研究目前还存在许多难题。国内外关于珊瑚热适应

相关基因的研究尚处于初步阶段，热适应基因的表达

特征以及介导其他应激反应的分子机制在很大程度

上仍未被探索
[174]

。目前关于珊瑚热适应功能基因方

面的研究还存在以下不足：

（1）  珊瑚热适应基因在共生功能体（珊瑚宿主、

虫黄藻、共生菌）中的相互作用机制的研究不足。

相比于其他腔肠动物，珊瑚在个体细胞组织等层

面上研究较少。有研究发现在相同的高温条件下，同

种珊瑚的不同个体存在耐热性差异
[7]
。在同一块珊

瑚中白化部分和未白化部分之间，有许多生物和分子

过程显著富集，白化以全面的方式影响珊瑚共生体
[7]
。

归其根本，珊瑚白化是一个大规模发生的单细胞过

程
[175]

。在单细胞水平上研究珊瑚白化可以减少整体

研究导致的偏差。因此，未来可以从单细胞方面研

究，更加精准区分珊瑚共生体中珊瑚宿主、共生虫黄

藻、共附生细菌、共生真菌或古菌之间的相互作用。

因此，在全球变暖的大背景下我们迫切需要对共生功

能体之间的热适应基因进行大量研究，以更好地了解

每个组分在热胁迫中发挥的分子机制。

 

珊瑚热适应关键功能基因

C型凝集素

(细胞识别激发免疫)
Hsp

(变性多肽重折叠)
抗氧化蛋白

(消除活性氧)
caspase3

(细胞凋亡)

免疫相关基因 代谢相关基因 光保护蛋白相关基因 钙离子通道蛋白相关基因

GS GDH

(推动TCA循环) (修复
虫黄藻光系统结构)

GFPPEPCK/PC

Psa/Psb

(促进糖异生增强)

钙调素/钙网蛋白
/肌钙蛋白

(维持Ca2+平衡)

(光保护)

图 2    热胁迫后造礁珊瑚关键热适应基因变化（蓝色为下调，红色为上调）

Fig. 2    Key heat adaptation gene changes in corals after heat stress (blue is downregulated and upregulated in red)
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（2）多组学和基因功能验证技术在珊瑚热适应的

研究中存在局限。

高通量测序技术可以区分珊瑚宿主以及虫黄藻

的基因，并筛选出重要潜在基因进行更深入的分析，从

而挖掘出热适应关键基因和通路。组学技术的研究成

果是相互印证的，单一的组学分析技术已无法满足当前

的研究需求。不同类型组学数据的关联分析有助于

揭示不同类型的分子和生化反应的复杂调控机制，将

来我们可以借助多组学分析手段，深入阐释珊瑚响应

热胁迫的分子机理。目前珊瑚基因主要从表达水平

上（qPCR）和基因功能验证（基因克隆、RNAi）上进行

验证，但高质量的热适应相关基因组资源不够丰富
 [176]

。

（3）未来研究方向。

未来随着基因验证技术的不断优化和发展，可以

尝试使用其他功能基因的研究手段，如 ZFN、TALEN
和 CRISPR-Cas9 等基因敲除技术。采用更多基因功

能验证技术来验证珊瑚热适应基因有利于解决高质

量热适应相关基因组资源不够丰富这一难题，为后续

珊瑚热适应基因的研究提供便利。目前，日本的研究

人员已经在培养皿中培养出珊瑚（Acropora tenuis）的
可持续细胞系

[38]
。这些细胞系是通过从珊瑚幼虫中

分离出细胞，然后发展成 8 种不同的细胞类型而形成

的。8 种细胞类型中的 7 种是稳定的，可以无限期地

生长，甚至在冷冻后仍可保持活力。使用这些细胞系

进行未来研究的意义是深远的。基于珊瑚细胞系开

展相关研究，有助于实时观察活珊瑚组织中发生的详

细变化，例如钙化、白化以及珊瑚/生体相互作用进行

详细的分子分析。
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Research progress on functional genes related to coral thermal adaptation
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Abstract: Global warming and extreme thermal events have induced widespread coral bleaching, leading to the rap-
id degradation of coral reef ecosystems across the globe. Identifying functional genes associated with thermotoler-
ance is crucial for elucidating coral adaptation mechanisms to climate warming and enabling scientific predictions
regarding coral reef ecosystem trajectories. However, the current understanding of the molecular mechanism of cor-
al  holobiont  in  response  to  heat  stress  is  very  insufficient.  Therefore,  this  paper  reviews the  research  progress  of
functional genes related to coral thermal adaptation. Initially, pattern recognition receptors (PRRs), including Toll-
like  receptors  (TLRs),  play  a  crucial  role  in  detecting  heat  stress  and  activating  downstream  signaling  cascades,
thereby initiating the immune response process. These responses primarily involve: upregulation of heat shock pro-
teins (HSPs) to facilitate the refolding of denatured polypeptides; induction of antioxidant protein genes to mitigate
oxidative damage caused by reactive oxygen species (ROS); genes associated with apoptosis and pyroptosis play a
crucial role in eliminating “harmful” cells.  As thermal stress intensifies, corals initiate a sophisticated network of
cellular  processes  to  maintain.  As  heat  stress  intensifies,  corals  initiate  a  series  of  complex  processes  to  jointly
maintain cellular homeostasis. This includes: rapid activation of photoprotective protein genes to repair the photo-
synthetic apparatus of Symbiodiniaceae; expression of host fluorescent proteins to maintain redox balance; calcium
channel proteins maintain the stability of intracellular Ca

2+
 levels; modulation of metabolic pathways to ensure ad-

equate nutrient supply; inhibition of cell cycle progression to conserve energy; maintenance of cytoskeletal integ-
rity to preserve structural stability; and regulation of ubiquitin-proteasome system for protein quality control. Fur-
thermore, recurrent thermal stress events can induce acclimatization in corals, potentially enhancing their thermal
tolerance  through  multiple  mechanisms:  downregulation  of  host  metabolic  rate,  protection  of  heat-sensitive pro-
teins, and upregulation of antioxidant enzymes and ammonium assimilation pathways.

Key words: global warming；coral reef；thermal adaptation；functional genes；thermal acclimation
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涠 洲 岛 四 种 造 礁 石 珊 瑚 耐 热 阈 值 测 定 及 其 差 异 性 对 比 

徐明培 1,2，黄雯 2*，陈锦连 2，黄智华 2，周榆鹏 1,2，宛强 1,2，李雨箫 2，余克服 2,3 

 （1.广西大学 资源环境与材料学院，广西 南宁，530004；2.广西大学 海洋学院，珊瑚礁研究中心，

广西南海珊瑚礁研究重点实验室，广西 南宁，530004；3.南方海洋科学与工程广东省实验室(广州)，
广东 广州，511458） 

  
摘要：全球变暖大背景下，海水温度上升导致大规模珊瑚白化事件频发，严重威胁了珊瑚礁生态系统的健康。为比较不

同形态珊瑚的耐热性差异，向珊瑚礁生态修复工作提供科学依据。本研究引入 CBASS（Coral Bleaching Automated Stress 

System）方法，对涠洲岛 2024 年夏季极端高温时期四种石珊瑚的耐热阈值进行测定，同时分析其生理生化指标。结果显

示：（1）珊瑚耐热阈值与生理生化指标反映一致，鹿角珊瑚耐热性最低，四种珊瑚耐热阈值分别为：风信子鹿角珊瑚

（Acropora hyacinthus）37.55℃，美丽鹿角珊瑚（Acropora muricata）36.84℃，十字牡丹珊瑚（Pavona decussata）39.40℃，

澄黄滨珊瑚（Porites lutea）39.50℃；（2）由耐热性差异表明面对高温压力时鹿角珊瑚将最先退化，其在珊瑚礁生态修复

工作中应被优先关注；（3）涠洲岛当地珊瑚并未受到环境温度带来的致命威胁。这意味着涠洲岛仍具有作为相对高纬度

珊瑚避难所的巨大潜力。 

关键词：涠洲岛；全球变暖；珊瑚礁生态修复；珊瑚耐热性；珊瑚避难所 

中图分类号:Q-1             文献标识码：A          

引   言 
在地球大环境变化下，尤其是全球气候变暖和海洋酸化，被认为对珊瑚礁生态系统的影响是巨大

的，有学者预计在本世纪末会出现大规模的珊瑚礁消失及退化，并伴随着物种的灭绝 [1-3]。在珊瑚礁生

存环境恶化之前，相对高纬度海域的水体环境更为动荡，且受多种自然与人为因素的叠加影响，这类区

域被称为珊瑚礁生存的“边缘”[4]。这些“边缘”环境通常在冬季会有大幅度的降温并不适宜珊瑚生存。

全球变暖驱使下，热带低纬度的珊瑚生存环境温度超过了其承受极限，造成大部分珊瑚的退化，例如大

堡礁、安达曼海域[5-6]。理论上，全球变暖提高了“边缘”的海水温度，夏季提高的温度对珊瑚礁而言并

不致命，但冬季温度的提升使原本不适宜珊瑚礁生存的环境得到改善[7]，所以相对高纬度地区可能是理

想的珊瑚避难所[8]。 
与此同时，由于不同珊瑚对环境变化的耐受度不同，珊瑚礁生态系统单一化的问题也日趋严重，

多样性减少的问题也必须重视。当然，并不排除珊瑚在环境压力下有进化并适应的发展可能性，但这一

进程是缓慢的，就珊瑚礁对地球生态系统以及人类社会的巨大贡献而言，我们不能将希望都寄托于自然

演化。综合而言，如何在全球海水升温背景下快速构建一个结构稳定，功能强大的珊瑚群落去遏制珊瑚

礁生态系统的退化是迫在眉睫的问题。人为介入，帮助珊瑚礁生态系统修复是有必要且行之有效的方法，

并已取得诸多成效[9-10]。 
CBASS（Coral Bleaching Automated Stress System，珊瑚白化自动应激系统）方法，是一种便捷的

珊瑚白化阈值测定方法，可以实现精确控制水温、光照等环境参数，模拟不同海洋环境条件，并同时进

行多个实验，实时监测与评估珊瑚的生理状态，通过对比不同温度条件下的珊瑚反应来分析珊瑚的耐受

性与适应性。此方法对于测定石珊瑚的耐热上限具有巨大潜力。Evensen[11]等的研究证明该方法在急性

与慢性处理下，具有相似的结果，可以作为快速测定珊瑚阈值的技术。同时他们用此技术测定了红海四

种造礁石珊瑚的耐热阈值 [12]，相比于传统的根据白化程度来测定珊瑚耐热极限，更为科学量化。

                                                   
基金项目：广西自然科学基金(2023GXNSFAA026510)；国家自然科学基金(42090041、42030502) 
作者简介：徐明培（1999—），男，在读研究生，主要从事珊瑚礁生态修复研究。E-mail: 1005342113@qq.com 
通信作者：黄雯（1988—），男，博士，副教授，硕士生导师，主要从事珊瑚礁生态修复和珊瑚群体遗传学研究工作。

E-mail：wenhuang@gxu.edu.cn 
收稿日期：2025-04-11 

网络首发时间：2025-06-16 09:40:58       网络首发地址：https://link.cnki.net/urlid/37.1141.P.20250613.1720.004

414



2 

 

Alderdice[13]等在澳大利亚大堡礁区域运用此技术评估在原位苗圃框架上繁殖前后的珊瑚耐热阈值，帮

助他们筛选出具有耐热优势的珊瑚进行培育。 
本实验利用 CBASS 方法测定涠洲岛当地 2024 年夏季极端高温时期四种造礁石珊瑚的耐热阈值，

结合生理生化指标分析，旨在对涠洲岛当地四种不同形态的造礁石珊瑚耐热性进行对比，为珊瑚礁生态

修复的选种工作提供科学依据。同时对地处“边缘”的涠洲岛是否适合珊瑚避难所的定位提出新的看法，

为保护和管理涠洲岛当地珊瑚礁生态提供理论基础。 

1  材料与方法 
1.1 研究区域与材料 

本实验所使用的四种活体珊瑚（风信子鹿角珊瑚、美丽鹿角珊瑚、十字牡丹珊瑚及澄黄滨珊瑚）均

采集于广西北海涠洲岛西北近岸海域（经纬度：21°00′～21°10′N， 109°00′～109°15′E），
水深为 4~6 m。所有珊瑚样本同时采集于 2024 年 8 月中旬，此时正值涠洲岛海域海水高温时期（采集

时海水温度为 32 ℃）。此批样本为抵御高温侵袭后的健康样本，每种珊瑚各采集 5 株，共 20 株珊瑚。 
1.2 实验设计 

所有珊瑚采集上岸后均迅速带水运输至广西大学涠洲岛珊瑚馆内进行分样处理。风信子鹿角珊瑚

与美丽鹿角珊瑚分割为 5 cm 左右长的断枝，十字牡丹珊瑚与澄黄滨珊瑚用小型切割机切割成表面积大

约为 16 cm2 的小块。分样完成后将所有珊瑚样本放入海水养殖缸内以 26 ℃暂养恢复 14 d，待珊瑚触手

自然伸展，消除所有应激反应后，每种珊瑚选取 20 株，共 80 株样本进行实验。 
本次正式实验共使用 4 个相同规格为 900 mm× 600 mm× 800 mm（长×宽×高）的循环海水养

殖缸，单个养殖缸的储水量约为 450 L。为还原珊瑚生长的真实环境，实验室采用通过透明阳光棚的自

然光线作为光源，每个养殖缸单独配备一台水冷机（温控区间 18 ~32 ℃）维持温度稳定，暂养期间定

期更换自然海水，并对水体定期检测，保持水体稳定在盐度 33‰ ~ 35‰、KH 7~7.5、pH 8.1~ 8.3、Ca2+

浓度 380-420 ppm、Mg2+浓度 1 230~1 380 ppm、NH3+＜ 0.15 ppm、NO3-＜ 0.1 ppm。本实验使用的各

个养殖缸串联于一体，共用一个系统过滤池，保持水流速度和水质营养盐条件完全一致。 

 
图 1  CBASS 实验步骤示意图 

Fig. 1 CBASS experimental steps 

本实验共设置 4 个实验温度梯度，分别为基准线温度 30 ℃（参考涠洲岛当地往年最大月平均海水

温度，数据来自本实验室于涠洲岛海域安放的 HOBO 水下温度计），轻度应激温度 33 ℃，中度应激温

度 36 ℃，极度应激温度 39 ℃。实验所用珊瑚采样时为涠洲岛夏季极端高温时期，珊瑚自然生存环境

温度已到达本实验所设置的基准线温度（30 ℃），珊瑚并未白化死亡，故而认为实验待测珊瑚耐热阈值

大于 30 ℃，因此并未设置正常温度水平的对照组。实验过程中，每个实验缸除了升温上限不同，其余

处理均保持一致。将选取的珊瑚样本随机分放至实验缸中。每个实验缸放入四种珊瑚样本，每种 5 株，

即每个实验缸中拥有 20 株珊瑚，实验缸初始温度为 30 ℃。考虑到实验时涠洲岛当地日落时间以及取

样时珊瑚至少经历 45 min 以上的暗反应时间，本实验从下午 13 时开始，于自然光照条件下进行。利用
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水族缸加热棒进行调控温度。下午 13 时，四个实验缸同时开始升温 3 h，到达设定温度后维持 3 h 后移

除所有加热设备（由于加热设备的精确度关系，本实验各实验缸实际最高温度为 30 ℃、33.1 ℃、36.2 ℃、

39.1 ℃），1 h 降温至基准线温度（30 ℃）。降温完成后，利用脉冲振幅调制荧光仪（DIVING-PAM-Ⅱ，

Walz，德国）检测各珊瑚样本最大光量子产量（Fv/Fm）。随即用液氮急速冷冻珊瑚，放入-80 ℃环境保

存，而后将珊瑚样本带回广西大学海洋学院生物实验室进行虫黄藻密度、叶绿素 a 含量、超氧化物歧化

酶（SOD）活性、过氧化氢酶（CAT）活性等生理生化指标测量。 
1.3 生理生化指标测量 
1.3.1 生理指标测量 

使用洗牙器（WP-70EC，Water pik，美国）盛装过滤海水（孔径为 0.45 μm 滤膜过滤）冲洗珊瑚

样本，得到珊瑚组织匀浆冲洗液和珊瑚骨骼，测量冲洗液总体积后，取 2 mL 冲洗液以 5 000 重力加速

度（g）于 4 ℃离心 10 min，去上清液，用纯水定容为 4 mL 后使用流式细胞仪测量单位虫黄藻密度（C，
单位：cells/ mL），用铝箔技术法测得珊瑚表面积，最后根据以下公式得到共生虫黄藻密度（D，单位：

cells/ cm2）[14]。 

                          D = C×2×V/（M/G）                           (1) 
式中,V 为冲洗液的总体积（单位：mL）；M 为贴合包裹珊瑚骨骼表面的铝箔纸质量（单位：g）；

G 为铝箔纸单位面积质量（单位：g/ cm2）[14]。 
共生虫黄藻叶绿素 a 含量参照 Jeffrey 和 Humphrey 的方法[15]计算，结合珊瑚表面积进一步换算可

以得到单位面积叶绿素 a 含量。从总冲洗液中取 15 mL 以 4 000 重力加速度（g）于 4 ℃离心 7 min，
缓慢去除上清液，于沉淀物中加入 5 mL 90 %丙酮，然后在 4 ℃冷藏条件下萃取 24 h。将萃取 24 h 后

的溶液再次离心（离心参数不变），取上清液用分光光度计分别测试波长为 750 nm、664 nm、647 nm 和

630 nm 处的吸光度，带入下列公式得到叶绿素 a 含量（Chl a，单位：μg / mL）： 
Chl a=11.85×（A664-A750）-1.54×(A647-A750)-0.08×(A630-A750)           (2) 

式中，A750、A664、A637、A630 分别代表波长为 750 nm、664 nm、647 nm、和 630 nm 处的吸

光度值。再结合总冲洗液体积（单位：mL）和珊瑚骨骼样本表面积（单位：cm2）计算可得叶绿素 a 含

量（单位：μg / cm2）。   
1.3.2 生化指标测量 

取 2 mL 珊瑚匀浆于低温高速离心机（3-18KS，SIGMA，德国）中 4 ℃、5 000 g 下离心 10 min 后

取上清液，-80 ℃保存，用于各生化指标测量[16]。使用商用试剂盒分别测定超氧化物歧化酶（SOD）活

性和过氧化氢酶（CAT）活性。所有试剂盒均购自南京建成生物工程研究所，货号分别为 A001 和 A007，
具体操作步骤见文献[14]。并使用 BCA 蛋白分析试剂盒（上海生工生物工程股份有限公司）测得所得上

清液蛋白质浓度，以此对上清液为基础样品的各生化指标总活性进行统一标准化，得到各特定生化指标

活性[17]。 
1.4 实验数据处理 

所有实验数据均采用 IBM SPSS Statistics27 进行双因素(two-way ANOVA )方差分析对固定因子（珊

瑚种类和实验温度）进行主效应和交互效应分析，当主效应或交互效应显著（P ≤ 0.05）时，对变量

进行事后配对比较，用以确定每个温度处理下的不同种类珊瑚之间的差异是否具有统计学意义[18]。同

时，进行多重比较（邓肯检验）以用于比较同种珊瑚不同温度处理下数据的显著性。不同温度处理后的

各珊瑚样本最大光量子产量（Fv/Fm）数据利用 R 软件 version 4.4.0 处理，使用 drc 包分别拟合每种珊

瑚的温度-光合效率曲线。 

2  实验结果 
2.1 通过 Fv/Fm 分析四种珊瑚耐热阈值 

如图 2 所示，整个实验过程中不同种珊瑚的最大光量子产量（Fv/Fm）在面对温度上升的实验环境

下都表现出一致的变化模式，总体都是随温度上升而下降。具体来说，最大光量子产量（Fv/Fm）均受
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到珊瑚种类、实验温度和珊瑚种类×实验温度的显著影响（双向方差分析，P ≤ 0.01）。从同温度下来

看，在 30 ℃和 33 ℃处理下，仅在十字牡丹珊瑚与澄黄滨珊瑚之间存在显著差异（成对检验，P  ≤ 0.05）；
当升温到 36 ℃后，澄黄滨珊瑚与其余珊瑚之间均存在显著差异，并且美丽鹿角珊瑚与十字牡丹珊瑚之

间也存在显著差异（成对检验，P ≤ 0.05）； 39 ℃处理下，所有珊瑚之间均存在显著差异（成对检验，

P ≤ 0.05,）。另外，从不同珊瑚种类来看，风信子鹿角珊瑚和十字牡丹珊瑚在 30 ℃、33 ℃和 36℃处

理下，最大光量子产量（Fv/Fm）均无显著差异（邓肯检验，P  ≤ 0.05）；美丽鹿角珊瑚是 36℃处理下

与 33 ℃之间出现显著差异（邓肯检验，P ≤ 0.05）；澄黄滨珊瑚则是此温度处理下，与前两个处理温

度均出现显著差异（邓肯检验，P ≤ 0.05）；并且四种珊瑚均在 39 ℃与其他温度处理出现显著差异（邓

肯检验，P ≤ 0.05）。整个实验过程中，风信子鹿角珊瑚和美丽鹿角珊瑚最大光量子产量（Fv/Fm）降

幅最大，十字牡丹珊瑚和澄黄滨珊瑚相比基准线温度也降低了 50%左右，二者的最大光量子产量（Fv/Fm）

明显优于前两者。 

 
图 2  CBASS 实验中四种造礁石珊瑚最大光量子产量（Fv/Fm）变化 

Fig. 2: Changes in maximum photon production (Fv/Fm) of four reef building coral species in the CBASS experiment 

数据拟合后，最终我们得到了以下曲线以及各珊瑚的 Ed50 值（median effective dose, ED50，此处

解释为最大光量子半数损失剂量）来代表珊瑚的耐热阈值。在 CBASS 系统实验条件下，美丽鹿角珊瑚

的 Ed50 为 36.84± 0.238 ℃，风信子鹿角珊瑚的 Ed50 为 37.55± 0.253 ℃，十字牡丹珊瑚的 Ed50 为

39.40± 0.138 ℃，澄黄滨珊瑚的 Ed50 为 39.50± 0.245 ℃。且通过 R 语言包进行似然比检验结果表

明，光合效率的变化具有显著的温度效应（p ＜ 0.01）。 

 
图 3 温度-光合效率拟合曲线 

Fig. 3 Temperature photosynthetic efficiency fitting curve 

注：散点代表实验中实际测得的各珊瑚最大光量子产量（Fv/Fm）值，曲线为 R 软件语言包拟合的温度-光合效率

拟合曲线，竖线代表各珊瑚的 Ed50 值，阴影部分为各值的 95 %置信区间 
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2.2 生理生化指标变化 
2.2.1 生理指标变化 

如图 4（a，b）所示，整个实验过程中，四种珊瑚的虫黄藻密度，叶绿素 a 含量变化模式一致，总

体趋势都是随温度升高而先升后降。与此同时，两个生理指标均受到珊瑚种类，实验温度和珊瑚种类×

实验温度的显著影响（双向方差分析，P ≤ 0.01）。虫黄藻密度结果显示，30 ℃处理下，澄黄滨珊瑚

与其他三种珊瑚均存在显著差异（成对检验，P ≤ 0.001），33 ℃处理下，除风信子鹿角珊瑚与美丽鹿

角珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤ 0.05）；36 ℃处理下，除美丽鹿角珊

瑚与十字牡丹珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤ 0 .05）；39 ℃处理下，澄

黄滨珊瑚与其余三种珊瑚均存在显著差异，同时风信子鹿角珊瑚与美丽鹿角珊瑚之间也存在显著差异

（成对检验，P ≤ 0 .05）。四种石珊瑚的虫黄藻密度从总体趋势来看，风信子鹿角珊瑚、美丽鹿角珊瑚

及澄黄滨珊瑚呈现先增加后减少的趋势，十字牡丹珊瑚则是先减少后回升，再减少的趋势。对比两种鹿

角珊瑚，风信子鹿角珊瑚在 36 ℃和 39 ℃之间没有明显差异，美丽鹿角则存在（邓肯检验，P ≤ 0 .05），
说明风信子鹿角珊瑚在高温环境下更能保持虫黄藻密度的稳定，从而保证整个共生体的主要能量来源。

十字牡丹珊瑚则是在前三个温度之间都相对稳定，仅在 39 ℃处理下显著下跌（邓肯检验，P ≤ 0.05）。
澄黄滨珊瑚全程都是数值最高的珊瑚，且是最高温和基准线温度相比损失唯一不超过 50%的珊瑚，其稳

定性为四种珊瑚中最高。 
叶绿素 a 含量结果显示，30 ℃处理下，仅在十字牡丹珊瑚与风信子鹿角珊瑚、澄黄滨珊瑚之间存

在显著差异（成对检验，P ≤ 0 .05）；33 ℃处理下，除风信子鹿角珊瑚与美丽鹿角珊瑚之间外，其余

珊瑚之间均存在显著差异（成对检验，P ≤ 0.01）；36 ℃处理下，澄黄滨珊瑚与其余三种珊瑚均存在

显著差异，并且风信子鹿角珊瑚与十字牡丹珊瑚之间也存在显著差异（成对检验，P ≤ 0.05）；最后在

39 ℃处理下，仅有澄黄滨珊瑚与其余三种珊瑚之间均存在显著差异（成对检验，P ≤ 0.01）。总体来

看，四种珊瑚叶绿素 a 含量均呈现先增后减的变化趋势。与虫黄藻密度变化情况基本相同，美丽鹿角珊

瑚在 36℃相比于风信子鹿角珊瑚数值更高，但 36℃与 39℃之间存在显著差异，风信子则不存在，说明

风信子鹿角珊瑚稳定性还是略胜一筹（邓肯检验，P ≤ 0 .05）。十字牡丹珊瑚前三个温度同样稳定，在

39 ℃处理下显著下跌（邓肯检验，P ≤ 0.05）。澄黄滨珊瑚在全程数值最高，同样的，其最高温和基准

线温度相比损失是四种珊瑚中唯一不超过 50%的。 
2.2.2 生化指标变化 

如图 4（c，d）所示，整个实验过程中，CAT 和 SOD 两个生化指标均受到珊瑚种类、实验温度和

珊瑚种类×实验温度的显著影响（双向方差分析，P ≤ 0.01）。从 CAT 结果分析，30 ℃和 39 ℃处理

下，仅在澄黄滨珊瑚与其余三种珊瑚之间存在显著差异（成对检验，P ≤  0.001）；33 ℃处理下，除风

信子鹿角珊瑚与美丽鹿角珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤  0.05）；36 ℃
处理下除风信子鹿角珊瑚与十字牡丹珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤ 0.01）。
单从珊瑚种类分析，美丽鹿角珊瑚在整个实验过程中 CAT 变化均无明显差异（邓肯检验，P ≤  0.05）；
风信子鹿角珊瑚仅在 30 ℃和 36 ℃之间存在显著差异（邓肯检验，P ≤ 0 .05）；十字牡丹珊瑚仅在 30 ℃
与其余三个温度之间存在显著差异（邓肯检验，P ≤ 0 .05）；澄黄滨珊瑚在 33 ℃与其余三个温度之间

以及基准线温度（30 ℃）和 39℃之间存在显著差异（邓肯检验，P ≤ 0 .05）。就各珊瑚 CAT 含量变化

趋势而言，两种鹿角珊瑚在 39℃处理下，CAT 含量基本持平，但前三个处理温度风信子鹿角珊瑚始终

高于美丽鹿角珊瑚，说明其抗氧化应激反应更加积极。十字牡丹珊瑚和澄黄滨珊瑚二者相比于鹿角珊瑚，

高温处理下数值高，变化小（邓肯检验，P ≤ 0 .05），说明二者对高温的响应更积极，且以澄黄滨珊瑚

为最高。 
从 SOD 结果分析，30 ℃处理下十字牡丹珊瑚与其余三种珊瑚之间存在显著差异（成对检验，P ≤ 

0 .01），以及美丽鹿角珊瑚与澄黄滨珊瑚之间存在显著差异（成对检验，P ≤ 0.01）；33 ℃处理下，除

美丽鹿角珊瑚与十字牡丹珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤ 0 .001）；36 ℃
处理下，除风信子鹿角珊瑚与澄黄滨珊瑚之间外，其余珊瑚之间均存在显著差异（成对检验，P ≤ 0 .001）； 
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39 ℃处理下，仅在十字牡丹珊瑚与其余珊瑚之间存在显著差异（成对检验，P ≤ 0.001）。四种珊瑚的

SOD 含量显示，风信子鹿角珊瑚在前三个温度均高于美丽鹿角珊瑚，且较为稳定，在三个处理温度下

均不存在显著差异（邓肯检验，P   ≤ 0.05）。美丽鹿角珊瑚虽然数值不如风信子鹿角珊瑚高，但也比较

稳定，仅在 39℃下 SOD 含量升高（邓肯检验，P   ≤ 0.05），相比而言，其抗氧化积极性不如风信子鹿

角珊瑚。十字牡丹珊瑚与澄黄滨珊瑚则是先升后降，且和风信子鹿角珊瑚一样，都在 39℃处理下和基

准线温度之间并无明显差异，这种情况或许说明此三种珊瑚对高温环境适应性更强，反观美丽鹿角珊瑚

均在 39℃和 30℃存在显著差异（邓肯检验，P   ≤ 0.05），说明其在高温下调整自身的能力不如其他三

种珊瑚。 

 
图 4  CBASS 系统实验条件下四种珊瑚生理生化指标的变化 

Fig. 4 Changes in physiological and biochemical indicators of four corals under experimental conditions of CBASS system 

3  讨论 
3.1 涠洲岛四种造礁石珊瑚耐热性差异分析 

虫黄藻密度、叶绿素 a 含量和最大光量子产量等光合作用特征被视为珊瑚重要的自养指标，也

是评估珊瑚共生体系健康程度的重要指标[19-20]。本实验中两种鹿角珊瑚及澄黄滨珊瑚的虫黄藻密度、

叶绿素 a 含量和最大光量子产量三个指标均呈现先升后降的趋势，而十字牡丹珊瑚则为先降再升又降

趋势。结合 CBASS 方法测得珊瑚耐热阈值来看，在环境温度接近阈值之前，温度上升可能对珊瑚具

有一些正面效应。有研究表明，温度上升会增强珊瑚的光合效应，为珊瑚共生体的日常生理活动及恢

复提供帮助以调控自身来适应当前环境[21]。但当环境温度逼近甚至超过珊瑚耐热阈值时，其阈值前后

生理指标均存在显著差异，比如美丽鹿角珊瑚耐热阈值为 36.8 ℃，在 33 ℃处理下和 36 ℃处理下之

间，三个生理指标均存在显著差异。后续降低是因为环境温度超过其耐热阈值导致珊瑚−虫黄藻共生

体系发生崩溃，使虫黄藻分离导致密度降低[22]，高温环境还会使虫黄藻光合系统电子转移受阻，所以

最大光量子产量也会降低[23]，这可能会导致虫黄藻出现光抑制现象，导致光合作用能力降低[24]。 
CAT 与 SOD 作为抗氧化酶可以反映珊瑚的防御机制，即在不利的环境变化中生物有机体将产生有

害的活性氧，此时珊瑚的应激反应会促进抗氧化酶的分泌以应对环境压力[20]。风信子鹿角珊瑚在环境温

度逼近其耐热阈值时两种抗氧化酶均存在显著高于基准线温度（30 ℃），但其余三种珊瑚并不明显。两

种鹿角珊瑚对比，风信子鹿角珊瑚表现出更强烈的抗氧化反应以维持共生体的稳定，所以我们认为风信
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子鹿角珊瑚可能有着更好的耐热性潜力，这也与 CBASS 方法测出风信子鹿角珊瑚有着更高耐热阈值的

结果一致。 
十字牡丹珊瑚和澄黄滨珊瑚的抗氧化酶则并没有统一趋势变化。结合 CBASS 结果，二者相对较高

的耐热阈值来看，可能是因为环境温度对它们的威胁没有对鹿角珊瑚的那么巨大，其抗氧化酶的起伏趋

势随温度呈现先升后降的波浪形或许说明这两种珊瑚对高温环境有更高的适应性。此二者珊瑚在环境

改变之初也会积极进行抗氧化反应，但随着温度上升，共生体逐渐适应环境改变，抗氧化水平回落。之

后再上升下降是珊瑚共生体在重复对环境温度改变应激与适应的过程。这可能就是一些研究证据中，澄

黄滨珊瑚等珊瑚白化率及死亡率都低于鹿角珊瑚[25-27]的原因。并且，大量的研究表明造成不同形态珊瑚

耐热性差异的原因是多样的。分枝状的鹿角珊瑚表面积与体积比相比块状及片状珊瑚更高，与周围水体

热量交换更迅速，故而更容易受到热应力影响[28]；不同形态珊瑚的共生虫黄藻多样性不同，这也导致了

其珊瑚-虫黄藻共生体对高温的耐受性差异[29]；从能量储备而言，块状珊瑚通常具有更厚的组织，能量

储备更充足，可以在高温条件下维持相对更长的时间[30]；此外，块状珊瑚可能更擅长激活热休克蛋白

（HSPs）和其他保护基因以应对高温压力[31]。根据 CBASS 方法的耐热阈值结果以及本实验中，当实验

温度超过不同珊瑚各自的耐热阈值时的各项生理生化指标，我们认为涠洲岛四种造礁石珊瑚中，鹿角珊

瑚的耐热性低于其余两种珊瑚，且风信子鹿角珊瑚优于美丽鹿角珊瑚。 
3.2 鹿角珊瑚是珊瑚礁生态修复工作优先关注的种群并应将其作为主要修复品种 

多项研究表明，与大块状珊瑚相比，分枝状的鹿角珊瑚耐热性较低，这可能与珊瑚形态、生长速度、

虫黄藻组成以及细菌组成有关[32-35]，并且鹿角珊瑚往往成片聚集生长，其群体高整合性导致鹿角群落会

对温度异常有更大反应[36]。换言之，即一个健康的珊瑚礁生态系统在面临环境恶化时，鹿角珊瑚可能是

最先退化甚至消失的。鹿角珊瑚的消失又会导致整个珊瑚礁生态系统多样性减少，系统抗性下降，进而

整个生态系统面临更大的退化风险。所以在人为进行珊瑚礁生态修复工作时，我们应当首先关注鹿角珊

瑚的退化程度。结合本实验结果，虽然十字牡丹珊瑚与澄黄滨珊瑚有更高的耐热阈值，但考虑到此两种

珊瑚生长缓慢，且形态多样性低，并不适合作为珊瑚礁生态修复工程的主要品种。所以，我们将目光锁

定至鹿角珊瑚。鹿角珊瑚具有生长迅速和形态多样性丰富等优势，并且，考虑到未来可能持续恶化的珊

瑚礁生存环境，风信子鹿角珊瑚具有更高的耐热阈值及耐热潜力，风信子鹿角珊瑚是更为理想的珊瑚礁

生态修复品种。 
基于此，以风信子鹿角珊瑚为主要品种，辅以多种珊瑚共同进行珊瑚礁生态修复，可以达到快速构

建珊瑚礁生态系统的同时又保证此生态系统内部多样性，增强其抵御外界环境变化能力的效果。这为实

施珊瑚礁生态修复和可持续发展提供重要参考和相关依据。 
3.3 涠洲岛海域仍具有作为相对高纬度珊瑚避难所的巨大潜力                                                                                                                                                                                                                                                                                                                                                                                         

本实验采样地点涠洲岛地处热带北缘，从地理条件、纬度和气候来看涠洲岛都满足珊瑚避难所假

说，但相关的文献记载以及当地珊瑚礁历史演变[37-39]结合涠洲岛现状来看似乎又并没有达到珊瑚避难

所假说的预期。但无法忽略的是涠洲岛作为热门的海岛旅游地，其人为因素对珊瑚礁生存环境的影响已

经超出了珊瑚礁生存“边缘”的界定。 
本实验考虑珊瑚的自然生长，利用 CBASS 系统方法测定了四种当地造礁石珊瑚的耐热阈值，所得

结果均大于当地最高海水温度（33 ℃，数据来源于本实验室投放的 HOBO 温度计）。实验珊瑚在 33 ℃
处理下，相比基准线温度（30 ℃）其生理指标略微上升表明珊瑚-虫黄藻共生系统并未受到太大影响，

甚至略有正面效应。生化指标变化也较小，说明其抗氧化应激反应并不强烈，其耐热阈值超过 33℃是

可信的。本实验所得到的珊瑚耐热阈值横向对比其余海域的类似实验中的同种珊瑚较高[12,40-41]，首先或

许是因为所使用的珊瑚样品是采集于 8 月的健康珊瑚，涠洲岛海域环境温度相对其他研究区域更高，且

珊瑚本身在面临了至少一轮（2024 年当年）海水高温中保持健康，可能受到自然高温驯化增强了其热

耐受性[42-44]，并时处夏季，就以往的研究经验，不同季节（主要区别是珊瑚生存海水温度），同种珊瑚

耐热阈值也不尽相同。此外，本实验反映的是此四种石珊瑚在短期急性应激环境所预测的耐热阈值，所

以其阈值结果高过许多长期胁迫研究所得结论，是因为本实验所得珊瑚耐热阈值并不代表珊瑚可以长
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期生存在此高温中，而更倾向于进行不同珊瑚或同种珊瑚不同季节中耐热性的对比，并非作为长期珊瑚

胁迫评估的依据。 
本实验所测的四种珊瑚耐热阈值说明当地四种珊瑚在高温季节有着超过生存环境的耐热阈值，在

涠洲岛水域这一相对高纬度地区的珊瑚或许已经逐渐适应了环境改变，高纬度地区水温较冷不适合珊

瑚生长这一问题正在被珊瑚自身逐步克服，这也满足相关研究所推断的珊瑚礁分布范围正在向高纬度

地区扩展[45]。 
综上所述，涠洲岛当地造礁石珊瑚并未受到来自环境温度上升带来的致命威胁，并且在一些近岸

水域，还发现了以较为脆弱的鹿角珊瑚为主的新珊瑚群落生长[46]，总体而言，涠洲岛海域从其地理位置

以及当地珊瑚所具备的高纬度珊瑚礁的生态特征[47]来看，具有较高可待发掘的作为珊瑚避难所的潜力。

其珊瑚礁生长现状未达到预期的原因可能更多是来自人类活动的干扰[48]，如过度捕捞、物理损伤（船锚

拖底、渔网纠缠）、多种排放物造成的沉积物覆盖、盗采珊瑚等，所以在保护、修复涠洲岛珊瑚礁的同

时，加强监管维护，规范渔业行为或许能更大程度上减轻涠洲岛珊瑚礁生存压力。 
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Determination and comparative analysis of thermal tolerance thresholds 

and the differences for four species of reef-building corals around 

Weizhou Island 
XU Mingpei1,2，HUANG Wen2*，CHEN Jinlian2，HUANG Zhihua2， 

ZHOU Yupeng1,2，WAN Qiang1,2，LI Yuxiao2，YU Kefu2,3 
（1.School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China; 2. 

Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Coral Reef Research Center of 
China, School of Marine Sciences, Guangxi University, Nanning 530004, China;3. Southern Marine 

Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou 511458, China） 
Abstract: Against the background of global warming, rising sea temperatures have led to frequent large-scale 
coral bleaching events, severely threatening the health of coral reef ecosystems. To compare the differences in 
thermal tolerance among different coral morphologies and provide a scientific basis for coral reef restoration 
efforts, this study introduced the CBASS (Coral Bleaching Automated Stress System) method to determine the 
thermal thresholds of four species of stony corals during the extreme high-temperature period in the summer of 
2024 on Weizhou Island, while analyzing their physiological and biochemical indicators. The results showed: 
(1) The thermal thresholds of the corals were consistent with their physiological and biochemical indicators, 
with Acropora exhibiting the lowest thermal tolerance. The thermal thresholds of the four coral species were as 
follows: Acropora hyacinthus 37.55℃, Acropora muricata 36.84℃, Pavona decussata 39.40℃, and Porites 
lutea 39.50℃; (2) The differences in thermal tolerance indicate that Acropora will degrade first under high-

423



11 

 

temperature stress, and thus should be prioritized in coral reef restoration efforts; (3) The local corals on Weizhou 
Island were not subjected to lethal threats from environmental temperatures. This suggests that Weizhou Island 
still holds significant potential as a relatively high-latitude coral refuge. 
Key words: Weizhou Island; global warming; coral reef ecological restoration；coral heat resistance; coral refuge 
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摘要：全球变暖导致珊瑚大规模白化事件频发，珊瑚礁生态系统加速退化。国际上通常采用珊瑚移植

的方式来修复退化的珊瑚礁，其中移植的珊瑚中鹿角珊瑚（Acropora）占大部分。然而，快速生长的

枝状鹿角珊瑚对热更敏感，影响其在日益变暖的海洋环境中的修复效果。为了了解鹿角珊瑚的高温

响应模式以及耐热性差异，本研究对广西涠洲岛美丽鹿角珊瑚（Acropora muricata）和风信子鹿角珊

瑚（Acropora hyacinthus）进行了高温胁迫实验。通过生理生化指标分析，高温胁迫后，美丽鹿角珊瑚

触手收缩、颜色变淡，抗氧化物（超氧化物歧化酶、还原型谷胱甘肽、过氧化氢酶）、铵同化酶（谷氨

酰胺合成酶）以及半胱氨酸天冬氨酸蛋白酶 3（caspase-3）的活性（含量）水平表现为先升后降的

趋势，风信子鹿角珊瑚的响应模式也几乎保持一致（除超氧化物歧化酶和谷氨酰胺合成酶外）。在

34℃ 下，风信子鹿角珊瑚的生理指标表现更佳，超氧化物歧化酶、铵同化酶和 caspase-3 始终保持高活

性及灵敏反应，意味着风信子鹿角珊瑚通过提高这些蛋白酶活性来抵抗高温环境，其比美丽鹿角珊瑚

更具耐热性。本研究揭示了两种鹿角珊瑚高温胁迫下的生理响应模式，并比较了两者之间的耐热性

差异，为耐热珊瑚挑选和珊瑚礁生态修复提供理论依据。

关键词：涠洲岛；鹿角珊瑚；高温胁迫；耐热性；珊瑚礁修复
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1　引言

作为地球上最具生产力的海洋生态系统之一，珊

瑚礁生态系统在生物资源保护、环境调节、海岸保

护、休闲娱乐等方面起着重要的作用
[1−2]

。然而，近年

来由于气候变暖，导致了珊瑚大规模白化事件频发
[3−4]

，

过去 30 a 已发生 4 次全球珊瑚白化事件
[5]
，并且第二

次事件（2010 年）与第三次事件（2014−2017 年）之间

仅仅间隔 4 a
[6]
。全球珊瑚礁生态系统正在快速退化，

预计到 21 世纪中叶珊瑚覆盖度将减少 70%～90%，全

球变暖是主要的原因之一
[7−8]

。除非迅速减少碳排放，

否则到本世纪末，世界上所有的珊瑚礁可能都将白化
[9]
。

因此，对珊瑚抵抗高温能力的研究尤为重要且紧迫。

珊瑚的耐热性与体内一些蛋白酶活性密切相关，

如抗氧化酶、谷氨酰胺合成酶（Glutamine Synthetase ,

GS）及 caspase-3 等
[10]

。不同种珊瑚高温胁迫实验也
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发现，耐热性差异与抗氧化酶活性高低有关
[11−12]

。对

大堡礁跨越 12 个纬度珊瑚的遗传标记研究认为，抗

氧化能力可以作为标记来选择耐受性珊瑚用于珊瑚

礁管理
[13]

。因此，探索不同种珊瑚在热应激下的抗氧

化酶等蛋白酶活性变化，有利于了解不同种珊瑚之间

耐热性的反应及其差异，这对于当前退化严重的珊瑚

礁生态系统的恢复至关重要。

不同形态珊瑚的耐热性存在差异，通常来说，块

状＞片状＞枝状
[14−15]

。枝状珊瑚尤其是鹿角珊瑚作为

珊瑚礁生态修复的功能性物种，在珊瑚移植工作中被

广泛使用
[16–18]

。值得注意的是，移植的枝状珊瑚之间

存活率存在差异，耐热性高低可能是原因之一。有研

究发现，在没有干扰的情况下，移植到人工基底上的

鹿角珊瑚的死亡率比杯形珊瑚（Pocillopora）低 37%；

在海洋热浪期间，鹿角珊瑚的死亡率反而比杯形珊瑚

高
[19]

。因此，了解枝状珊瑚之间耐热性的差异，筛选

出耐热性较强的枝状珊瑚，对珊瑚礁管理和珊瑚礁生

态修复有重要意义。

美丽鹿角珊瑚和风信子鹿角珊瑚在国内外的珊

瑚礁修复工作中均有移植
[16, 17, 20]

。在广西北海涠洲岛

海域，美丽鹿角珊瑚（Acropora muricata）和风信子鹿

角珊瑚（Acropora hyacinthus）是枝状珊瑚中的优势种，

也是涠洲岛珊瑚礁生态修复工作中首选的枝状珊瑚

物种
[21]

。尽管先前有对这两种鹿角珊瑚的耐热性研

究，但主要集中在生理和共生藻层面
[22−23]

，抗氧化酶

方面的讨论较少。在涠洲岛海域，有对澄黄滨珊瑚

（Porites lutea）
[11]

、十字牡丹珊瑚（Pavona decussata）
[10]

和霜鹿角珊瑚（Acropora pruinosa）
[24]

等珊瑚的耐热性

研究，但尚未见有对该海域的美丽鹿角珊瑚和风信子

鹿角珊瑚在这方面的报道。为了了解这两种鹿角珊

瑚的耐热性差异及其热应激反应，本研究以涠洲岛采

集的美丽鹿角珊瑚和风信子鹿角珊瑚活体样本，进行

高温胁迫实验，通过对比虫黄藻密度、叶绿素 a 含量

等生理指标变化以及超氧化物歧化酶 （Superoxide
Dismutase, SOD）、过氧化氢酶（Catalase , CAT）、还原

型谷胱甘肽（Glutathione，GSH）、GS 和 caspase-3 活性

（含量）高低，探索这两种鹿角珊瑚面对高温的响应模

式以及耐热性差异，为珊瑚礁修复中移植种类的选择

和决策提供理论依据。 

2　材料与方法
 

2.1    研究区域与材料

本实验所使用的美丽鹿角珊瑚和风信子鹿角珊瑚

活体样品均采集于广西北海市涠洲岛（20°54′～21°10′N，

109°00 ′～109°15 ′E）北部的珊瑚苗圃区（图 1A），水

深 2～5 m，采集时间为 2023 年 8 月。 

2.2    实验设计

本次实验采集两种鹿角珊瑚样品各 5 株，采样完

成后使用带水水箱打包运送至广西大学涠洲岛珊瑚

馆，放入循环海水珊瑚养殖缸以 26℃ 海水进行暂

养。待珊瑚触手自然伸展，生长状态良好时，即可进

行下一步实验。使用斜嘴钳从每株鹿角珊瑚样品中

剪切下 3 个长约为 10 cm 的珊瑚分枝，将其中 1 个珊

瑚分支放于对照缸 （用于 26℃ 对照与取样 ），剩余

2 个珊瑚分枝放于实验缸（分别用于 30℃ 和 34℃ 取

样），以此方法处理完所有的珊瑚样品。最后，将缸里

的珊瑚分枝暂养至健康状况恢复良好。本次实验使

用的对照缸和实验缸均为循环海水养殖缸，规格为

900 mm×600 mm×800 mm（长×宽×高），整个养殖系统

的储水量约为 450 L。采用通过透明阳光棚的自然太

阳光作为光源，使用加热棒和水冷机维持水温稳定，

定期更换自然海水，并定期检测水质，保持水体指标

稳定在盐度 33～35、KH7.0～7.3、pH8.1～8.3、Ca
2+
质

量浓度为 340×10
−6
～380×10

−6
、Mg

2+
浓度 1 330×10

−6
～

1 370×10
−6
、NH

+

4＜0.15×10
−6
、NO

−

3＜0.1×10
−6
、PO3- 4＜

0.1×10
−6
，即在自然海水参数范围内。对照缸与实验

缸除水温不一样外，其他条件均保持一致。

根据涠洲岛自然海域温度情况（图 1B），本实验

设置 3 个取样点 （图 1C），分别为 26℃（适宜水温）、

30℃（夏季正常水温）和 34℃（极端高温）。实验缸水

温从 26℃ 开始，每天晚上 20：00 调节加热棒和水冷

机，按照 1℃/d 的升温幅度进行升温，在水温 30℃ 停

留 3 d 后取样，使珊瑚机体有充分的时间来应对环境

温度的变化，随后以同样的方式升温，在水温 34℃ 持

续 3 d 后取样。对照缸水体温度保持 26℃ 不变，直至

实验结束后取样，本次实验周期为 13 d。取样时迅速

把样品装入无菌无酶的样品袋，做上标记并立刻用液

氮进行急冻 15 min 处理。随后把收集好的珊瑚样品

用干冰保存运输到广西大学珊瑚礁研究中心的实验

室，迅速放入−80℃ 冰箱保存，用于后续生理生化指

标的检测。 

2.3    生理生化指标测量 

2.3.1    生理指标测量

珊瑚表型：实验过程中，每天观察珊瑚样品的表

观形态，如触手伸展情况、颜色变化、黏液分泌、组

织脱落等情况，并使用 Olympus Tough TG-6（Olympus,
OM Digital Solutions Corporation, Tokyo, Japan）对各个

珊瑚分枝样品拍照记录。
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虫黄藻密度测定：用装有无菌过滤海水（滤膜孔

径 0.45 µm）的洗牙器（Waterpik，美国）冲洗珊瑚样品，

得到珊瑚组织冲洗液和珊瑚骨骼，测量冲洗液总体积

（V，单位：mL）后，取 50 mL 冲洗液在 3 000 g、4℃ 条件

下离心 10 min，弃上清液，再加 20 mL 过滤海水继续

离心，重复 2～3 次后，弃上清液，加入 10 mL 过滤海

水摇匀后进行镜检，通过镜检后再次摇匀并取其中 1 mL

液体离心，弃上清液，加入 1 mL 4% 甲醛溶液固定，使

用血球计数板法（重复 8 次）测得虫黄藻浓度（C，单

位：cells/mL）。珊瑚骨骼置于 35℃ 烘箱干燥后，采用

铝箔法测量表面积
[25]

。根据以下公式计算得出虫黄

藻密度（D，单位：cells/cm
−2
）。

D =C×V/(M/G), （1）

式中：M 为包裹珊瑚骨骼表面的铝箔纸质量（单位：g）；

G 为铝箔纸单位面积质量（单位：g/cm
2
）。

叶绿素 a 测定：从冲洗液中取 15 mL 以 4 000 r/min

离心 5 min，缓慢去除上清液，将 10 mL 90% 丙酮加入

剩余沉淀物中，在 4℃ 条件下萃取 24 h。将萃取后的

溶液再次以相同条件离心，用酶标仪分别测试波长

为 750 nm、664 nm、647 nm 和 630 nm 处的吸光度，参

照 Jeffrey 和 Humphrey
[26]

的方法，代入下列公式得到

叶绿素 a（Chl a，单位：μg/mL）。
Chl a =11.85× (A664 −A750)−1.54×

(A647 −A750)−0.08× (A630 −A750) （2）

式中 ： A750、 A664、 A647、 A630 分别代表波长为 750  nm、

664 nm、647 nm 和 630 nm 处的吸光度值。进一步计
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图 1    采样区域和实验方法

Fig. 1    Sampling locations and experimental method
A. 红色星形为具体采样海域，a1 为美丽鹿角珊瑚苗圃，a2 为风信子鹿角珊瑚苗圃；B. 2022 年 11 月至 2023 年 11 月自然海区温度，采用

HOBO 水下温度计（Onset 公司，美国）实测；C. 高温胁迫实验设计方法

Fig.1 A. The red star is the sampling area，a1 is the Acropora muricata nursery, a2 is the Acropora hyacinthus nursery; B. The natural sea temperature from

November 2022 to November 2023 was measured by the HOBO underwater thermometer (Onset, USA); C. Method of heat-stress experiment design
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算得到总体积冲洗液叶绿素 a 质量（单位：μg），再除

以珊瑚骨骼表面积即可得到单位面积叶绿素 a 含量

（单位：μg/cm
2
）。 

2.3.2    生化指标测量

同样用洗牙器冲洗珊瑚样品组织得到高浓度组

织匀浆（＜10 mL），取 2 mL 在 4℃、6 000 g 条件下离心

15 min，取 1 mL 上清液，用于生化指标测量。本实验

使用商用试剂盒（南京建成生物工程研究所）进行各

生化指标的测量，根据试剂盒使用说明，分别测量上

清液中 SOD、CAT、GS、 caspase-3 总活性和 GSH 含

量，具体操作步骤见文献[10]。随后使用 BCA 蛋白质

分析试剂盒（上海生工生物工程股份有限公司）测得

上清液蛋白质浓度，最后依据试剂盒说明书的计算公

式得到各生化指标活性和含量
[27]
。 

2.4    实验数据处理

本实验使用 Ocean Data View 软件绘制研究区域

地图，使用 Photoshop 软件处理实验过程中拍摄的珊

瑚样品照片。对于生理生化数据 ，采用 IBM SPSS
Statistics 27 软件检验各组数据均符合正态分布和方

差齐性后，以温度和珊瑚物种处理为固定因素，进行

双因素方差分析。当方差分析中存在显著的主效应

（p < 0.05）时，对边际估计均值进行事后两两比较

（Pairwise test），以确定每种温度处理下珊瑚物种之间

的差异是否具有统计学意义。此外，事后多重比较

（Duncan's multiple comparison）用来检验同一珊瑚物种

中不同温度下数据的显著性。所有数据都是以均

数±标准差（SD）表示。使用 Origin 2024 将实验结果

绘制成图，所有图像的整理、排版均在 Adobe Illustrat-
or 2025 软件中进行。 

3　实验结果
 

3.1    两种鹿角珊瑚的生理指标变化 

3.1.1    表观形态变化

如图 2 所示，在高温胁迫过程中，两种鹿角珊瑚

表观形态均表现为：26℃ 时，触手自然伸出，颜色正

常，整体状态良好；30℃ 时，触手依旧伸展，颜色没有

明显变化；34℃ 时，触手收缩，颜色明显变淡，并有黏

液分泌。除此以外，在 34℃ 第 3 天时，美丽鹿角珊瑚

的颜色明显比风信子鹿角珊瑚淡，更趋向于白化。 

3.1.2    共生藻生理指标变化

如图 3 所示，双因素方差分析结果表明，两种鹿

角珊瑚的虫黄藻密度均受温度显著影响（p＜0.001），
除此之外 ，还受到温度 ×珊瑚物种显著影响 （ p＜
0.001）；而两种鹿角珊瑚的叶绿素 a 含量还受到珊瑚

物种的显著影响（p＜0.001）。在整个实验过程中，除

风信子鹿角珊瑚的虫黄藻密度在 26℃ 至 30℃ 时变
 

26℃ 30℃ 34℃

A1 A2 A3

B2 B3B1

图 2    两种鹿角珊瑚在高温胁迫过程中表型变化

Fig. 2    Phenotypic changes of two species of staghorn corals under heat-stress
A1−A3.美丽鹿角珊瑚；B1−B3.风信子鹿角珊瑚

A1−A3. Acropora muricata ; B1−B3. Acropora hyacinthus
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化不大之外，两种珊瑚的虫黄藻密度、叶绿素 a 含量

均随温度的升高而显著降低（p＜0.05)。在 26℃ 时美

丽鹿角珊瑚的虫黄藻密度显著高于风信子鹿角珊瑚

（p＜0.05）；然而，随着温度升高（30℃ 和 34℃ 下），风

信子鹿角珊瑚的虫黄藻密度始终高于美丽鹿角珊瑚，

在 34℃ 时尤为显著（p＜0.05）。在整个升温过程中，

风信子鹿角珊瑚的叶绿素 a 含量均显著高于美丽鹿

角珊瑚（p＜0.05）。 

3.2    生化指标变化

如图 4 所示，双因素方差分析结果表明，SOD、

GS 活性和 GSH 含量均与温度、珊瑚物种和温度×珊

瑚物种三者显著相关（p＜0.05），而 CAT 活性与这三

者均没有显著相关性（p＞0.05），caspase-3 只受到温度

的显著影响（p＜0.001）。美丽鹿角珊瑚的 CAT、SOD、

GS、caspase-3 活性以及 GSH 含量均随温度升高表现

出先升后降的趋势，且除 CAT 活性外，其他指标变化

显著（p＜0.05）；风信子鹿角珊瑚的 CAT、caspase-3 和

GSH 含量也呈现先升后降的趋势，而 SOD 和 GS 酶

活性随温度升高呈上升趋势。整个实验过程中，风信

子鹿角珊瑚的 SOD 和 GS 酶活性均高于美丽鹿角，且

在 34℃ 时具有极显著性（p＜0.001）；美丽鹿角珊瑚的

CAT 活性和 GSH 含量高于风信子鹿角珊瑚，但在 34℃

时均没有显著差异（p＞0.05）；风信子鹿角珊瑚的 cas-

pase-3 活性在 26℃ 和 30℃ 时低于美丽鹿角珊瑚，而在

34℃ 时风信子鹿角珊瑚更高但没有显著性（p＞0.05）。

这些结果表明，风信子鹿角珊瑚在 34℃ 极端温度条

件下相比美丽鹿角珊瑚有着更高的抗氧化能力和铵

清除能力来抵抗高温胁迫。 

4　讨论
 

4.1    两种鹿角珊瑚对高温胁迫的响应模式

海水温度升高，珊瑚会发生热应激响应，导致珊

瑚体内活性氧（Reactive Oxygen Species，ROS）浓度增

加。ROS 的过量产生和毒性积累可能会对珊瑚宿主

和共生虫黄藻的细胞器造成永久性损伤
[28]

。因此，当

体内 ROS 浓度过高时，会触发珊瑚-虫黄藻共生体的

抗氧化机制，释放出抗氧化物来处理过剩的 ROS，如

通过 SOD 催化 O- 2 生成 H2O2，CAT 和 GSH 则参与

H2O2 的降解，以此来保护细胞免受氧化损伤
[10, 28–30]

。

两种鹿角珊瑚体内的抗氧化酶活性（含量）随着温度

的升高而表现出上升的趋势（图 4），说明珊瑚-虫黄藻

共生体正分泌出更多的抗氧化物处理过量的 ROS，这

与先前其他研究结果类似
[31]

。然而，随着温度继续上

升，珊瑚的抗氧化酶活性（风信子鹿角珊瑚的 SOD 除

外）有下降的趋势（图 4），这可能是珊瑚-虫黄藻共生

体产生的 ROS 比体内抗氧化物能处理的更多
[28, 32]

，逐

渐累积的 ROS 可能造成了细胞损伤，开始出现毒害

作用，珊瑚的抗氧化能力也因此变弱。

GS 负责生物体内的铵同化，可通过调节氨氮含

量水平起到一定的解毒代谢效果
[10]

。两种鹿角珊瑚
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Fig. 3    Changes of physiological indexes under heat-stress in two species of staghorn corals In the box are two-way ANOVA for temperat-
ure (T), coral species (S) and their interaction (T × S) （*p＜0.05，**p＜0.01，***p＜0.001）. Different lowercase letters indicate significant
differences in parameters between temperature treatments（p＜0.05）. The asterisk on the line indicates a significant difference between the

two corals at the same temperature（*p＜0.05，**p＜0.01，***p＜0.001）
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的 GS 随温度变化的趋势与 SOD 一致（图 4），在对鹿

角杯形珊瑚（Pocillopora damicornis）急性热胁迫的研

究中也发现 GS 活性增加
[33]

，这可能是在维持机体健

康。随着温度继续上升，持续的高温会抑制 GS 在转

录和蛋白质水平上的催化能力，而且高温也会使得珊

瑚细胞受到损伤，进而导致 GS 的基因表达下降
[11, 34]

。

因此，相较于 30℃，珊瑚（风信子鹿角珊瑚除外）在

34℃ 时的 GS 活性表现出下降的趋势（图 4E）。

caspase-3 是细胞凋亡的关键效应蛋白酶，属于一

种执行蛋白
[10]

。高温胁迫引起珊瑚-虫黄藻共生体产

生过量的 ROS，激活肿瘤坏死因子（TNF）介导的信号

通路，引起 caspase-3 活性上调，使得珊瑚-虫黄藻共生

体细胞凋亡，进一步导致共生虫黄藻的减少和珊瑚白

化
[35−36]

。与 Huang 等
[12]

的研究结果类似，在升温过程

中，两种鹿角珊瑚受到高温影响，caspase-3 活性有显

著提高（图 4），表明共生体内 ROS 过量，细胞受到损

伤。随着高温的持续，共生体细胞凋亡越来越多，细

胞数量减少 caspase-3 合成也随之减少 ，这可能是

34℃ 时 caspase-3 活性下降的原因。

综上所述，两种鹿角珊瑚面对高温胁迫的响应机

制如图 5 所示。 

4.2    两种鹿角珊瑚抵抗高温能力的差异性

多项研究发现，块状珊瑚的耐热性大于片状的和

枝状的
[12, 35, 37]

，但是同一形状珊瑚之间的耐热性探讨

较少。珊瑚的耐热性高低与抗氧化能力强弱有关
[13]

，

而抗氧化能力与抗氧化酶活性密切相关
[11, 38]

。高温胁

迫后两种鹿角珊瑚的生理和生化指标有所不同，意味

着它们之间的耐热性存在差异。

随着温度升高，两种鹿角珊瑚出现触手逐渐收

缩，颜色逐步变淡，有黏液分泌的现象 (图 2)，这与李

淑等
[37]

研究结果一致。珊瑚的黏液具有物质传输、

能量传递和保护珊瑚共生体等多种生物学功能
[10, 37]

，
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图 4    两种鹿角珊瑚高温胁迫过程中生化指标变化误差线表示多次重复所得平均值的标准误差。方框里为双因素 AN-
OVA 方差分析温度（T）、珊瑚物种（S）及其交互关系（T × S）（*p＜0.05，**p＜0.01，***p＜0.001）。不同小写字母表示温度

处理之间的参数存在显著差异（p＜0.05）。横线上的星号表示在同一温度下两种珊瑚之间存在显著差异

（*p＜0.05，**p＜0.01，***p＜0.001）
Fig. 4    Changes of biochemical indexes under heat-stress in two types of staghorn corals in the box are two-way ANOVA for temperature

(T), coral species (S) and their interaction (T × S) （*p＜0.05，**p＜0.01，***p＜0.001）. Different lowercase letters indicate significant dif-
ferences in parameters between temperature treatments（p＜0.05）. The asterisk on the line indicates a significant difference between the two

corals at the same temperature（*p＜0.05，**p＜0.01，***p＜0.001）
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由此可见，这是珊瑚面对高温胁迫时的自我保护机制

之一。虫黄藻密度、叶绿素 a 含量等光合作用特征被

视为珊瑚的自养指数，是评估珊瑚共生体健康状况的

重要指标
[39−40]

，会因为外界环境影响而发生变化
[41−42]

。

在高温胁迫过程中，珊瑚共生虫黄藻会通过原位分

解、胞外分泌、细胞凋亡等方式损失，使得珊瑚体内

虫黄藻密度下降，并且温度越高虫黄藻丧失越多
[37]

，

进而导致叶绿素 a 浓度降低。另一方面，高温也会导

致虫黄藻出现光抑制现象，光合作用能力下降，从而

与光合作用相关的蛋白合成减少，最终也会导致叶绿

素 a 浓度下降
[43]

。从珊瑚表观形态来看，表现为颜色

变淡甚至白化。在 34℃ 高温胁迫 3 d 后，美丽鹿角珊

瑚表现出趋向于白化的现象而风信子鹿角珊瑚却没

有（图 3），且风信子鹿角珊瑚的虫黄藻密度和叶绿素

a 含量显著高于美丽鹿角珊瑚（图 4），这表明风信子

鹿角珊瑚可能具有更好的耐热性。

高温会激发珊瑚-虫黄藻共生体抗氧化系统保护

细胞避免受到损伤。与澄黄滨珊瑚的高温胁迫实验

结果类似
[11]

，即两种珊瑚的抗氧化酶活性随温度升高

而呈现先升后降的趋势（风信子鹿角珊瑚 SOD 除外），

是 ROS 逐渐积累，氧化与抗氧化达到动态平衡，机体

自我保护的体现
[44−45]

。风信子鹿角珊瑚在 34℃ 时体

内 SOD 活性没有表现出下降的趋势（图 4），说明面对

环境因素胁迫时，不同种类珊瑚抗氧化酶活性下降临

界点会有所不同，这可能与胁迫强度、胁迫时间以及

耐受性有关。其他研究也有此类发现，即使在 34℃

高温胁迫 3 d，澄黄滨珊瑚 SOD、CAT 和 caspase-3 活

性也没有降低的趋势
[10]

。以往的研究发现，具有更高

抗氧化酶活性的珊瑚耐热性更好
[11, 12, 45]

。风信子鹿角

珊瑚 SOD 活性要显著高于美丽鹿角珊瑚 ，尽管其

CAT 活性相对低于美丽鹿角珊瑚，但不显著（图 4B），

这说明风信子鹿角珊瑚可能比美丽鹿角珊瑚更具有

抵抗高温的能力。除此之外，风信子鹿角珊瑚 GS 活

性在 3 个温度条件下均显著高于美丽鹿角珊瑚（图 4E）。

而 GS 在珊瑚体内负责铵的同化以降低毒性，其分泌

增多旨在增强自我保护能力
[11, 34]

。这也意味着风信

子鹿角珊瑚比美丽鹿角珊瑚具有更强的耐热性。综

上所述，结合表观形态和生理指标来看，拥有更高

抗氧化酶（SOD）和铵同化酶（GS）活性的风信子鹿角

珊瑚可能具有比美丽鹿角珊瑚更强的抵抗高温的

能力。

共生虫黄藻作为珊瑚宿主的合作伙伴，在维持共

生体健康和响应环境变化中发挥重要作用。有研究

表明，涠洲岛鹿角珊瑚属的共生虫黄藻以 C1 亚系群

为主导
[46]

，在对涠洲岛海域的霜鹿角珊瑚
[47]

、美丽鹿

角珊瑚
[48]

和浪花鹿角珊瑚（Acropora cytherea）
[49]

等珊

瑚的共生虫黄藻的研究进一步证明了这一观点。因

此，我们推测风信子鹿角珊瑚的共生虫黄藻可能也是

以 C1 亚系群为主导。以往的研究表明，不同共生藻

类型影响着珊瑚的耐热性
[50−51]

，而风信子鹿角珊瑚的

 

SOD

H2O O2

NH4
+

GSSG

H2O

+

谷胺酸钠 谷胺酰胺

GOCAT

H2O CO2

O2

R
O

S损
伤

D
N

A

DNA

(CH2O)
sugar

合成胺同化酶

合
成

抗
氧
化
酶

提供原料

基因表达上升

核糖体

Fe2+/3+

高
温
胁
迫

产
生
过
量

R
O

S

宿主细胞 共生虫黄藻

线粒体

caspase-3
促凋亡信号

受胁迫释放
Ca2+

激
活

激活
色素c释放

凋
亡 光照

线粒体

HO−

O2
− H2O2

CAT

GSH GS

排出

图 5    两种鹿角珊瑚高温响应机制图

Fig. 5    Diagram of the heat response mechanism of two types of staghorn corals
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共生虫黄藻主导系群可能与美丽鹿角珊瑚一致，这意

味着这两种鹿角珊瑚的耐热性差异主要是由虫黄藻

密度、叶绿素 a 含量等生理指标以及抗氧化酶活性的

不同导致的。 

4.3    耐热性强的鹿角珊瑚更适合用于珊瑚礁修复

在气候变暖加剧的背景下，全球珊瑚礁持续退

化，自然恢复的窗口越来越窄，这使得需要采用积极

的人为干预方式促进珊瑚礁恢复。世界范围内，有不

少国家开展了珊瑚礁修复工作。例如，印度尼西亚

在 2 hm
2
退化的珊瑚礁上投放了大约 11, 000 个人工礁，

活珊瑚覆盖率由最初的不足 10% 增加到超过 60%
[17]
；

张浴阳等
[16]

在海南三亚市蜈支洲岛一共移植了 6 000
株造礁石珊瑚，经过 3 a 的生长，修复区域造礁石珊瑚

平均覆盖率从 9.3% 提升到 35.3%。上述珊瑚礁生态

修复工作移植的珊瑚中鹿角珊瑚占绝大部分，其中的

原因之一是鹿角珊瑚具有生长速度快、驯化潜力好

的特点，可以帮助受损珊瑚礁快速恢复。本研究通过

两种鹿角珊瑚的高温胁迫实验发现，风信子鹿角珊瑚

具有比美丽鹿角珊瑚更高的耐热性。因此，我们认为

风信子鹿角珊瑚可能是珊瑚礁生态修复的重要功能

性物种，这为未来珊瑚礁生态修复项目对移植珊瑚种

类的选取提供了一定的借鉴意义。

在未来，应结合共生体微生物、分子生物学以及

基因表达等方面，进行多层次、全方位的分析，更全

面地了解广西涠洲岛造礁石珊瑚的高温响应机制。

同时，可对涠洲岛热敏性珊瑚进行人工热驯化，增强

其耐热性，并将驯化珊瑚用于珊瑚礁生态修复工作，

提高珊瑚在海水温度过高时的存活率，进而提升长期

的修复效果。
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The difference in thermal tolerance between Acropora muricata
 and Acropora hyacinthus
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Abstract: Global  warming has  led  to  frequent  large-scale  coral  bleaching events,  accelerating the  degradation of
coral reef ecosystems. Internationally, coral transplantation is commonly employed as a method to restore degraded
coral  reefs,  with Acropora species  constituting  the  majority  of  the  transplanted  corals.  However,  fast-growing
branching Acropora corals  are  more  sensitive  to  heat,  which  affects  their  restoration  efficacy  in  the  increasingly
warming marine environment. To understand the thermal response patterns and thermal tolerance differences of Ac-
ropora, this study conducted high-temperature stress experiments on Acropora muricata and Acropora hyacinthus
from Weizhou Island, Guangxi. Through the analysis of physiological and biochemical indicators, it was observed
that after high-temperature stress, A. muricata exhibited tentacle retraction and color fading, and the activity levels
of antioxidants  (superoxide  dismutase,  glutathione,  catalase),  ammonium  assimilation  enzyme  (glutamine  syn-
thetase), and cysteinyl aspartate specific proteinase-3 (caspase-3) showed a trend of initially increasing and then de-
creasing. A.  hyacinthus showed a  similar  response  pattern,  except  for  superoxide  dismutase  and  glutamine  syn-
thetase. At 34℃, A. hyacinthus performed better in physiological indicators, with superoxide dismutase, ammoni-
um  assimilation  enzyme,  and  caspase-3  maintained  high  activity  and  sensitive  response,  indicating  that A. hy-
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acinthus resists high-temperature environments by increasing the activity of these proteases, and it is more heat-tol-
erant than A. muricata. This study revealed the physiological response patterns of the two Acropora species under
high-temperature stress and compared their thermal tolerance differences, providing a theoretical basis for the selec-
tion of heat-tolerant corals and the ecological restoration of coral reefs.

Key words: Weizhou Island；Acropora；high-temperature stress；thermal tolerance；coral reef restoration
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虫黄藻对低盐胁迫的生理响应
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摘　要： 为了探究虫黄藻（Effrenium voratum）在低盐胁迫条件下的生理变化，以离体培养的虫黄藻为对象，对

虫黄藻进行高通量测序获得其相对丰度，开展低盐胁迫实验，研究低盐环境对 E. voratum 的生长状况、单个

虫黄藻 Chl a浓度、超氧化物歧化酶（SOD）和过氧化氢酶（CAT）活力的生理影响。结果显示：1）35盐度下，E.
voratum 的细胞密度稳定增长，表明其生长状态良好；25的低盐胁迫下，其生长受抑制但仍能维持生存。15的

低盐胁迫下，其细胞密度在 48 h后显著下降，呈负增长趋势，表明其生长受到严重抑制。2）15的低盐胁迫下，

E. voratum 的单个虫黄藻叶绿素 a浓度在 4 h后持续下降，表明其光合作用能力受到显著抑制，趋势明显。

3）25和 15的低盐胁迫下，E. voratum 的 SOD活性和 CAT活性在 4 h内有所上升，但在 24 h后持续下降，表

明其抗氧化能力初期有所增强，但随胁迫时间的延长，抗氧化能力逐渐减弱。

关键词： 虫黄藻；低盐胁迫；生理响应；高通量测序
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珊瑚礁生态系统具有全球最高生态多样性和

初级生产力，被誉为海底热带雨林,具有生境功能、

产出功能、调节功能和信息功能等
[1]
。受人类活动

和全球气候变化的影响，全球珊瑚礁正在遭受众

多危机，珊瑚白化等问题日渐严重，目前，大约有

三分之一的珊瑚物种面临灭绝的风险
[2]
。在当前

珊瑚生存面临严重威胁的背景下，相比于全球变

暖、海洋酸化而言，盐度是影响珊瑚生长发育的重

要环境因子，但其在珊瑚低盐胁迫响应中的研究

仍较缺乏。主要的原因可能是海洋中盐度的变化

通常较为稳定，其次珊瑚正常生长的盐度范围较

为广泛，一般是 27～40盐度，且具有一定的抗高

盐特性
[3]
。但珊瑚在面对低盐环境时的表现却较

为敏感
[4 − 5]

，海水变暖期间暴露于低盐度的近岸珊

瑚比离岸珊瑚经历了更多的白化
[6]
，且珊瑚自身缺

乏渗透压调节能力
[7]
，因此，在低盐环境下，珊瑚白

化的风险极高。除此之外，在热带地区，尤其是入

海口区域，极端强降雨时沿岸陆地径流骤增可能

会导致海水盐度降低超过 10
[8]
，部分珊瑚被迫生活

在盐度低于 15的环境中，珊瑚很容易白化甚至死

亡
[3,9]

。

珊瑚白化是指珊瑚体内的虫黄藻（Effrenium
voratum）与珊瑚的共生关系被破坏从而导致珊瑚

变白的现象。虫黄藻在珊瑚的生长发育过程中扮

演着极为重要的角色，虫黄藻的光合作用产物是

珊瑚宿主的主要能量来源
[10]

。以往的研究将盐度

的变化导致珊瑚白化归因于盐度对虫黄藻的影

响，导致转移到珊瑚的能量减少
[11 − 13]

。低盐环境

下的渗透压使虫黄藻细胞体积增加、膨胀，导致离

子和有机溶质的流失以及膜和细胞器的损伤，最 
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终可能导致酶系统受到抑制，破坏新陈代谢功能，

甚至细胞破裂
[14 − 15]

。Downs等
[16]

的研究揭示了低

盐胁迫会诱导虫黄藻产生氧化应激反应。而

Sakami
[17]

的研究也证实，低盐条件下，会对离体虫

黄藻光合作用带来直接的负面影响。然而，虫黄

藻含有上百种不同的类群，不同类群的虫黄藻无

论是在生活方式还是对珊瑚虫的相互作用方面，

都有各自的生理特征。只有通过对不同类群的虫

黄藻进行分离培养，收集与分析环境胁迫下虫黄

藻的响应数据，才能更好地揭示虫黄藻在珊瑚-虫
黄藻共生体关系构建、维持、破坏和重建中的作

用
[18]

。目前，离体培养的虫黄藻对低盐胁迫的响应

机制研究相对较少，一定程度限制了人们对当前

虫黄藻−珊瑚共生关系的基本理解
[19]

。近期的研

究 者 将 共 生 虫 黄 藻 主 要 分 为 Symbiodinium、

Breviolum、Cladocopium、Durusdinium、Effrenium、

Fugacium、Gerakladium、Clade H 和 Clade I，其中，

虫黄藻Effrenium 属目前只包含Effrenium voratum
[20]

。

E. voratum 广泛分布于温带和亚热带水域，如太平

洋、大西洋和地中海地区，得益于其在世界各地的

各种海洋环境中的生存，近期研究发现，该物种具

有宽温度范围、高光强度的耐受性及混养能力
[21]

。

E. voratum 虫黄藻不仅可以与珊瑚宿主共生，还可

以在珊瑚礁生态系统中浮游生存。研究低盐胁迫

下离体培养 E. voratum 的响应机制，有助于初步了

解虫黄藻对盐度变化的生理耐受性。然而，离体

状态与共生状态下的胁迫响应可能存在显著差

异。在共生状态下，虫黄藻位于珊瑚细胞内，受到

宿主的渗透调节和保护，而离体培养的虫黄藻直

接暴露于低盐环境，可能表现出更强的敏感性。

因此，未来研究需结合共生体系，进一步探究低盐

胁迫对虫黄藻−珊瑚共生关系的影响。因此，本研

究以低盐作为环境压力源，将 E. voratum 在不同盐

度环境下进行培养，测定 E. voratum 的生理生化指

标包括生长状况、单个虫黄藻 Chl a浓度、超氧化

物歧化酶（SOD）和过氧化氢酶（CAT）活力，研究在

低盐环境下虫黄藻 E. voratum 的响应过程，旨在为

虫黄藻种群的耐盐性研究提供了基础数据。

 1　材料与方法

 1.1　研究材料　虫黄藻（E. voratum）从实验室已

有的 E. voratum 母液中转接获取，在 250 mL的装

有 L1-Si培养基的锥形瓶中保存，置于室内恒温光

照培养箱中培养，温度为 26 °C，光照强度为 90
μmol·m

–2
·s

–1
，光暗周期为 L(光)︰D(暗)=12 h︰12 h，

盐度条件为 35、25、15。每隔 1周用显微镜（奥克

巴斯−BX53）观察转接的虫黄藻生长情况，并对其

进行形态学鉴定。

 1.2　虫黄藻的分子鉴定　为了确定培养的共生虫

黄藻的纯度 ，对转接后培养的虫黄藻进行了

DNA提取 ，使用 DNeasy
®
植物试剂盒 （Qiagen,

Hilden, Germany）按说明书步骤提取基因组 DNA。

然后，将提取的 DNA样品送至上海美吉生物有限

公司进行高通量测序。利用引物 F: 5′−GAATTGCA
GAACTCCGTG−3'和 R: 5′−GGGATCCATATGCT
TAAGTTCAGCGGGT−3′对虫黄藻 rDNA的 ITS2
区进行了 PCR扩增。使用 AxyPrep DNA凝胶提

取试剂盒（Axygen  Biosciences）和 QuantiFluorTM
ST荧光定量系统（Promega）将最后的 PCR产物纯

化和定量在 301～340 bp。纯化的扩增子以等摩

尔量汇集，然后，根据制造商标准使用协议在

Illumina Mi Seq测序平台进行测序。

 1.3　低盐胁迫实验设计　本实验使用 L1-Si培养

基，利用虫黄藻细胞作为实验对象开展实验研

究。设定 3个不同的盐度条件，分别为正常的

35盐度对照组和低盐的 25、15盐度实验组。每个

盐度条件设置至少 3个独立的生物学重复，每个

重复包含 200 mL培养基，初始细胞密度为 1 × 10
4

cells·mL
−1
。待细胞进入指数增长期后，重新接种

于灭菌后盐度分别为 35、25、15的 L1-Si培养基

中，所有培养瓶在恒温光照培养箱中随机排列，在

26 ℃，L(光)︰D(暗)=12 h︰12 h光周期等其他培养

条件相同的环境下胁迫 48 h。在 0、4、24、48、72 h
收集样品，每个时间点的样品均进行 3次重复测

定，以测定细胞密度、单个虫黄藻 Chl a含量、酶

活性等生理指标。

 1.4　生理生化指标测量　

 1.4.1　生理指标测定　用微量移液器取一式

3份，每份 100 μL均匀藻液于 2 mL离心管内，加

入 900 μL无菌海水稀释，将稀释后的虫黄藻溶液

用旋涡混匀器充分混合均匀。然后，用微量移液

器移取 100 μL稀释后的藻液到浮游生物计数框中

（覆盖盖玻片），在显微镜（奥克巴斯−BX53）下进行

虫黄藻的计数（n=10），最后将统计结果换算成总
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体积溶液内所含虫黄藻的数量，即虫黄藻密度（D，

单位：cells·mL
−1
）。

在充分混合均匀锥形瓶中的藻液之后，从中

取出一定量的溶液，每份为 2 mL，共取 3份。将这

些溶液分别加入离心管中，使用台式高速冷冻离

心机（Sigma−15）进行离心分离（设定 4 000 r·min
−1

的速度，离心 5 min）。之后，慢慢地倾倒去除上

清液，留下的沉淀物再加入 1.5 mL φ＝100%的

丙酮，在 4 ℃ 条件下进行 24 h的萃取。在萃取了

24 h后，将溶液再次进行离心分离（设定 4  000
r·min

−1
的速度，离心 5 min），然后取其上清液（200

μL），用分光光度计分别测试波长 750、664、647
和 630 nm处的吸光度，代入公式（1）计算 Chl a质

量浓度：

Ca =11.85× (A664−A750)−1.54× (A647−A750)−
0.08× (A630−A750)， (1)

式中，Ca 代表 Chl a浓度 (mg·L
−1
)。

再换算成实验总体积的藻液内 Chl a质量

浓度。最后，使用根据单位体检虫黄藻密度和 Chl a
质量浓度，用公式（2）计算出单个虫黄藻 Chl  a
含量：

单个细胞的 Chla含量 =(Chla质量浓度×109)/
细胞密度， (2)

式中，单个虫黄藻 Chl a含量的单位为 pg·cell
−1
；

Chl a质量浓度的单位为 mg·mL
−1
；细胞密度的单

位为 cells·mL
−1
。

 1.4.2　生化指标测定及数据分析　使用商用试剂

盒（货号 A001−3，A007−2−1）分别测定藻液中超氧

化物歧化酶（SOD）与过氧化氢酶（CAT）总活性，所

有试剂盒购买自南京建成生物工程研究所，使用

方法参照测定试剂盒的操作方法，具体操作步骤

见文献 [22]。
所有数据均记录为至少 3个独立生物重复实

验的平均值 ± 标准偏差。使用非参数检验 Kruskal-
Wallis对实验数据作显著性分析，并将 P<0.05视

为具有显著差异，P>0.05视为差异不显著。对于

同一盐度组内不同时间点的数据，不同盐度组在

同一时间点的数据，均采用 Kruskal-Wallis检验进

行组间比较。所有结果的分析使用软件 SPSS
Statistics进行，可视化使用软件 Origin2021进行。

 2　结果与分析

 2.1　虫黄藻的分子鉴定结果　本实验对离体培养

的藻液样品进行高通量测序，以检测藻液的虫黄

藻组成 （原始数据上传至 NCBI数据库 https://
www.ncbi.nlm.nih.gov/， SRA： PRJNA1000185）。
测序结果（表 1）表明，本研究中离体培养的藻样中

虫黄藻（E. voratum）的纯度达到（99.971±0.032）%，

可以确定本次实验藻种为虫黄藻（E. voratum），这

些虫黄藻可以用于开展后续实验。
 
 

表 1    离体培养虫黄藻 E. voratum 藻液样品高通量测序结果

Tab. 1　High-throughput sequencing of the algal liquid of the dinoflagellate E. voratum cultured in vitro %

虫黄藻物种
Taxon

样本1相对丰度
Sample1

Relative abundance

样本2相对丰度
Sample2

Relative abundance

样本3相对丰度
Sample3

Relative abundance

均值
Mean SD

Effrenium voratum 99.988 99.934 99.991 99.971 0.032

Others 0.011 0.066 0.009
 

 2.2　低盐胁迫下虫黄藻的生长曲线　本实验将正

常条件培养盐度为 35的虫黄藻作为对照组，盐度

条件改变为 25、15培养的虫黄藻作为胁迫实验

组。虫黄藻的初始理论接种浓度控制在 1 × 10
4

cells·mL
−1
。从图 1可知，盐度 35正常条件培养下

的虫黄藻密度在 72 h内有较为稳定的上升趋势但

不显著，25的低盐胁迫下在 72 h内虫黄藻密度变

化不显著，而 15的低盐胁迫下虫黄藻密度变化呈

现不断下降趋势且在第 48 h已显著低于的初始阶

段（P = 0.045）。在 48 h时，25与 15盐度下的虫黄

藻密度均已显著低于 35盐度下的虫黄藻密度（P <
0.05）。
 2.3　低盐胁迫下单个虫黄藻的 Chl a含量变化　

如图 2所示，3个盐度梯度（35、25、15）下，单个虫

黄藻细胞的 Chl a初始含量分别为（10.55 ± 0.76）、
（10.66 ± 1.57）和（10.43 ± 0.69）pg·cell

−1
，4 h时单个

虫黄藻细胞的 Chl a含量与初始含量无显著差异

（P > 0.05）。在盐度 35培养条件下，单个虫黄藻细
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胞的 Chl a的含量在 48 h内有上升趋势并在 72 h
后有所下降，但仍比初始含量高。在 25盐度的培

养条件下，单个虫黄藻细胞的 Chl a的含量在 24 h
内保持稳定，在 24 h后略有下降，但差异不显著（P >
0.05）。而 15盐度培养下，从4 h开始的单个虫黄

藻细胞的 Chl a含量出现连续下降趋势，48、72 h
时单个虫黄藻细胞的 Chl a含量显著低于初始含

量（P < 0.05）。
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图 2    不同盐度条件下单个虫黄藻的 Chl a 含

量随胁迫时间的变化
Fig. 2    Changes in Chl a content of individual

Symbiodiniaceae cells under different salinity
conditions over stress time

 

 2.4　低盐胁迫下虫黄藻的超氧化物歧化酶

（SOD）的活性变化　如图 3所示，3个盐度梯度

（35、 25、 15）的虫黄藻 SOD初始活力分别为

（12.57±1.83）、（14.68±1.39）、（10.74±1.59 ）U·mL
−1
，

低盐胁迫实验组的平均值在 4 h时要高于对照组

但两者的差异性并不显著。在随后的 24 h与 48 h，
低盐胁迫实验组呈现不断下降趋势；盐度 25实验

组在 72 h时与 48 h持平，而盐度 15实验组则仍

在下降。在胁迫 48、72 h时胁迫实验组中盐度

25和 15的 SOD活力均小于初始阶段的虫黄藻

的 SOD活力（P < 0.05），且均小于对照组中盐度

35的 SOD在胁迫了 48、72 h的虫黄藻 SOD活力。
 
 

35 25

**

*
15

20

虫
黄

藻
SO

D
活

性
/(U

·m
L−

1 )
SO

D
 a

ct
iv

ity
 in

 S
ym

bi
od

in
ia

ce
ae

/(U
·m

L−
1 )

15

10

5

0
0 4 24 48 72

胁迫时间 Stress time/h
图 3    不同盐度条件下虫黄藻超氧化物歧化酶 SOD 活力

随胁迫时间的变化
Fig. 3    Changes in SOD activity in Symbiodiniaceae
under different salinity conditions over stress time.

 

 2.5　低盐胁迫下虫黄藻（E. voratum）的过氧化

氢酶（CAT）的活性变化　如图 4所示，3个盐度

梯度（35、25、15）的虫黄藻 CAT初始活力分别为

（0.24±0.02）、 （0.23±0.04）、 （0.21±0.02）U·mL
−1
，低

盐胁迫实验组的平均值在 4 h要高于对照组，但两

者的差异不显著。在随后的 24与 48 h，低盐胁迫

实验组则呈现不断下降趋势。在 72  h时 ， 25
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盐度实验组 CAT活性略有上升，而盐度 15实验

组仍在下降。在胁迫 48、72 h时，胁迫实验组中盐

度 25和 15的 CAT活力均显著小于正常培养盐

度 35条件下对照组虫黄藻的 CAT活力（P < 0.05）。

 3　讨　论

本研究结果表明，低盐胁迫显著抑制了虫黄

藻的生长并导致其抗氧化系统崩溃，15的盐度环

境已超过其耐受阈值。具体而言，在 15盐度下，E.
voratum 的细胞密度在 48 h后呈现显著负增长，同

时伴随单个虫黄藻细胞的叶绿素 a浓度持续下降，

表明低盐环境严重抑制了其光合作用能力，这与

Sakami
[17]

的研究一致，即在高温加低盐胁迫条件

下会显著抑制虫黄藻的光合作用，结合本研究中

单个虫黄藻细胞 Chl a浓度的下降，推测其机制可

能涉及光合系统Ⅱ的损伤。此外，Chl a的降解可

能与 ROS诱导的脂质过氧化有关
[23]

，低盐胁迫下

细胞膜透性增加，加速了叶绿体结构的破坏，这进

一步解释了光合能力下降的机制。且 SOD与

CAT活性大幅降低（P < 0.05），说明低盐胁迫引发

的渗透压失衡导致虫黄藻细胞内 ROS过量积累，

而抗氧化系统（如 SOD和 CAT）的活性下降进一

步削弱了 ROS清除能力，最终加剧细胞损伤。值

得注意的是，在 25盐度下，尽管 SOD与 CAT活

性初期短暂升高（4 h），但随着胁迫时间延长（24 h
后），酶活性仍持续下降，表明虫黄藻的短期应激

机制不足以应对长期低盐压力。这些发现首次明

确了 E. voratum 的盐度耐受下限为 15，并提出了

其抗氧化系统的“双阶段响应”模式，短期激活与

长期失效的共存。这一机制不仅解释了低盐环境

下珊瑚白化的关键驱动因素（虫黄藻功能崩溃先于

宿主损伤 ），也暗示非优势虫黄藻类群 （如 E.
voratum）可能在极端盐度波动区域中通过快速响

应策略维持局部生态功能，为珊瑚礁适应性研究

提供了新视角。

以往的研究将盐度胁迫下珊瑚产生白化主要

归因于盐度对其体内的虫黄藻光合作用的影响
[11 − 13]

。

在本研究中，观察到 15盐度条件下单个虫黄藻细

胞 Chla的降低趋势且差异显著（P<0.05）。结合以

往的研究，导致 E. voratum 的 Chl a浓度下降的主

要原因可以分为外在因素与内在因素。首先是外

在因素，珊瑚受到盐度胁迫时，会发生水螅体回缩

的行为，从而减少组织与周围海水接触的表面积，

可能会导致到达虫黄藻的有效光合辐射大大减

少，进而影响虫黄藻的 Chl a浓度
[11 − 12]

；其次是

内在因素，可能是 E. voratum 受到压力，活性氧大

量积累进而加速了色素降解
[23 − 24]

，也可能是低盐

环境导致细胞器产生损伤甚至细胞凋亡
[14 − 15]

。

O2
•−

O2
•−

虫黄藻在低盐压力胁迫下会产生氧化应激反

应，加速产生具有破坏性的活性氧分子（ROS），比
如过氧化氢（H2O2）、羟基自由基（OH

−
）、超氧阴离

子自由基（ ）等
[16,25 − 27]

，其次是光合作用和细胞

呼吸的常见副产物
[28 − 29]

，但当细胞内的 ROS浓度

累积到超过阈值则会引起细胞氧化损伤和细胞死

亡
[27]

。与此同时，为了控制细胞水平的毒性，保护

细胞免受氧化损伤，细胞内的抗氧化机制也会被

触发
[30 − 31]

，包括酶与非酶的抗氧化剂，比如超氧化

物歧化酶（SOD）、过氧化氢酶（CAT）、过氧化物酶

（POD），以及一些小分子，如维生素 C和硫醇类抗

氧化剂
[27,32 − 33]

，其中的 SOD与 CAT则作为其中

的 2种抗氧化剂在这一过程中起到重要作用。

SOD通过催化 转化成水和 H2O2 提供了抗氧

化的第一道防线
[34]

，CAT则会将 H2O2 还原成水和

氧气
[35]

。因此，SOD与 CAT的活性作为氧化应激

参数已被广泛用作低盐胁迫下细胞应激的生物学

指标
[36 − 37]

，通过对氧化酶活性的测定，能够反映取样

时刻细胞内 ROS和抗氧化机制之间的平衡状态。

在本研究中，25与 15的低盐度实验组 E. voratum
的 SOD与 CAT活性随着时间变化趋势一致，表

现为初始阶段均高于 35盐度对照组活性水平，并

且随着时间的推移，活性均不断下降至低于对照

组活性水平。初始阶段抗氧化酶的上升可能是由

于渗透调节的需求导致代谢率升高进而导致虫黄

藻体内 ROS的增加所导致的
[38]

，即盐度下降激活了

E. voratum 细胞的氧化应激反应。而随后的酶活

下降可能是低盐条件下，细胞受损严重且活性丧失，

细胞内产生的 ROS通路机制严重损坏，从而导致

ROS水平下降
[27]

，或是在 ROS上升期间，产生抗

氧化酶的通路受损，又或是其他的抗氧化物可能

承担了受损或者未受损通路产生的抗氧化酶的部

分功能
[32]

。综合来看，25与 15的盐度胁迫下的 E.
voratum 氧化或者抗氧化机制可能已经被严重破坏。

综上所述，面对低盐胁迫，E. voratum 的响应

模式如图 5所示。低盐胁迫下，虫黄藻 E. voratum
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的生长受到抑制，光合作用减弱，产生氧化应激反

应，出现活性氧分子等有害自由基积累，抗氧化酶

SOD与 CAT活性初期升高，增强了虫黄藻的抗氧

化能力，后期抗氧化机制被破坏。极端低盐环境

下，细胞受损，酶活性下降，ROS通路受损，导致抗

氧化机制被破坏。
 
 

盐度下降 虫黄藻密度降低

引起

光合作用减弱

导致

盐度继续下降

促进

细胞受损, 酶活性下降 虫黄藻氧化应激反应

初始抗氧化能力增强
后期抗氧化机制被破坏

进一步引起

ROS通路受损
抗氧化机制被破坏 催化

分解

虫黄藻受胁迫
分泌ROS、O2

·−等有害自由基

促使ROS分
泌

引起

引
起

O2
·−

SOD

H2O2 H2O2+O2
CAT

图 5    E. voratum 对低盐胁迫的响应模式
Fig. 5    Response patterns of E. voratum to low-salt stress

 

因此，低盐胁迫对离体虫黄藻造成的负面影

响，包括虫黄藻密度降低、单个虫黄藻细胞 Chl a
浓度减少和关键抗氧化酶活性下降等，其他虫黄

藻系群和共生藻类也可能会表现出类似的反应，

因为盐度、Chl a浓度和抗氧化酶活性在虫黄藻生

长中起着基本的生理作用。已有研究证明，低盐

胁迫对紫色巴里沙软珊瑚共生虫黄藻的超氧化物

歧化酶和过氧化氢酶具有抑制作用
[39]

，但不同种类

的虫黄藻对盐度变化可能表现出不同的耐受性，

然而目前对虫黄藻低盐胁迫响应机制的研究较

少，具体不同系群虫黄藻对低盐胁迫的响应机制有

待进一步研究。本研究为理解虫黄藻种群对低盐

胁迫的响应和适应机制提供了数据支持，有助于深

入探究虫黄藻在低盐条件下的生理变化，为未来

构建和培育适应低盐环境的虫黄藻物种提供了参

考依据。本研究首次揭示了离体虫黄藻的低盐响应

机制，但仍存在以下局限：1）离体与共生状态下虫黄

藻的胁迫响应差异需通过共培养实验进一步验证；

2）不同虫黄藻属 （如 Cladocopium、Durusdinium）

对低盐的响应可能存在差异，需扩展比较研究以

完善理论框架。希望下一步开展对 Breviolum、

Cladocopium、Durusdinium 等不同属虫黄藻的低

盐胁迫研究，完善低盐条件对具体虫黄藻系群的

影响及其不同的响应机制。

 4　结　论

本研究以低盐作为环境压力源，研究了低盐

胁迫下虫黄藻（E. voratum）的生理生化反应。基于

高通量测序，本研究进行实验的虫黄藻样品中 E.
voratum 的相对丰度达到（99.971±0.032）%。盐度

为 25与 15的低盐胁迫下，E. voratum 均表现出生

长受到抑制出现负增长趋势，抗氧化酶 SOD和

CAT活性的下降。15的盐度条件下已经限制了

细胞分裂，甚至出现细胞死亡，表明这些盐度条件

已经超过了 E. voratum 对盐度耐受的阈值。本研

究通过离体培养实验，初步揭示了 E. voratum 对低

盐胁迫的生理响应机制，为虫黄藻种群的耐盐性

研究提供了基础数据。然而，离体状态与共生状

态下的胁迫响应可能存在显著差异，未来研究需

结合共生体系，进一步探究低盐胁迫对虫黄藻−珊
瑚共生关系的综合影响，为珊瑚礁生态系统的保

护与修复提供更全面的科学依据。
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Physiological response of coral Symbiodiniaceae to
low-salt stress

HE Ran
1#
,   GAO Kaixiang

1
,   PAN Nengbin

1
,   LI Zhanhong

1
,   ZHANG Tingchao

1
,   LIANG Hongye

1
,  

LU Xiaoyan
1
,   LAN Mengling

1
,   QIN Zhenjun

1,2,3*

（1. School of Marine Sciences, Guangxi University, Nanning, Guangxi 530004, China; 2. Guangxi Laboratory on the Study of Coral Reefs in the South
China Sea, Guangxi University, Nanning, Guangxi 530004, China; 3. Coral Reef Research Center of China,

Guangxi University, Nanning, Guangxi 530004, China）

Abstract： To  investigate  the  physiological  responses  of  Symbiodiniaceae  under  low-salinity  stress,  high-
throughput sequencing was conducted on isolated culture of Effrenium voratum to obtain its relative abundance,
and low-salinity  stress  experiments  were  performed on E.  voratum  for  systematical  analysis  of  the  effects  of
low-salinity  environments  on  the  growth  status,  chlorophyll  a  (Chl  a)  concentration  per  symbiodiniaceae,
superoxide dismutase (SOD) and catalase (CAT) activities of E. voratum. The results demonstrated that the cell
density of E. voratum cultured under 35 salinity showed stable growth, indicating favorable growth at this level
of  salinity.  At  25  salinity, E.  voratum  was  inhibited  in  growth  but  could  maintain  survival.  Severe  growth
inhibition occurred at 15 salinity, with cell density significantly declining after 48 hours, exhibiting a negative
growth  trend.  Under  15  salinity  stress,  the  Chl  a  concentration  per  symbiodiniaceae  progressively  decreased
after 4 hours, suggesting significant suppression of photosynthetic capacity. Both SOD and CAT activities of E.
voratum  initially increased within 4 hours under 25 and 15 salinity stresses, but showed a continuous decline
after  24  hours,  revealing  transient  enhancement  of  antioxidant  capacity  at  the  early  stages  followed  by
progressive weakening with prolonged stress exposure.
Keywords：Effrenium voratum；low-salt stress；physiological response；next-generation sequencing
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两种环境敏感性不同的虫黄藻 (Cladocopium goreaui
和 Durusdinium trenchii) 的脂质代谢

对热胁迫的响应模式
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摘要：虫黄藻是珊瑚共生体系中不可或缺的伙伴，不同种类的虫黄藻对环境胁迫的敏感性不同，从

而影响珊瑚宿主的环境适应能力。本研究从脂质代谢角度，探讨了广泛分布的两种珊瑚共生虫黄

藻— 环境敏感型 Cladocopium goreaui 和环境耐受型 Durusdinium trenchii 在热胁迫下的应激模式。

研究发现，热胁迫显著影响两者的生长密度、光合色素含量、称为光系统Ⅱ（PSⅡ）的光化学效率

（Fv/Fm）及抗氧化活性，且差异均具有统计学意义（P < 0.05）。脂质组学显示，C. goreaui 和 D.

trenchii 在应对热胁迫时，磷脂酰胆碱、甘油三酯、磷脂酰乙醇胺和溶血磷脂酰胆碱等脂质差异代谢物

显著富集于甘油磷脂代谢、甘油酯代谢及多不饱和脂肪酸相关代谢通路。值得注意的是，两者在鞘脂

代谢方面存在显著差异：D. trenchii 通过下调神经酰胺水平减少细胞氧化应激损伤，调控自噬过程，并

适应膜流动性的变化；而 C. goreaui 主要通过上调富含多不饱和脂肪酸的脂质分子，以维持膜稳定性

和调控信号传导。深入解析不同环境敏感性虫黄藻在热胁迫下的脂质代谢应激机制，有助于从共生

伙伴的角度，为提升珊瑚对环境变化的适应能力提供新的见解。

关键词：热胁迫；虫黄藻；鞘脂代谢；脂质组学；氧化应激

中图分类号：Q178.53                文献标志码：A                文章编号：0253−4193(2025)09−0101−14

 1　引言

虫黄藻属于甲藻门的单细胞藻类，是珊瑚、海葵

等海洋无脊椎动物和一些原生生物的内共生生物
[1]
。

在虫黄藻与刺胞动物的共生过程中，前者利用太阳光

能和二氧化碳产生糖、氨基酸、酯、醇和脂类等各种

代谢物转移到宿主体内
[2–4]

，后者则为前者提供无机

营养物质
[4−5]

。早期研究者确定了 9 个不同的虫黄藻

（共生藻属：Symbiodinium）系群（Clade A-I）
[6]
，最新的

研究依据系统发育学、形态学、生物地理学等特点将

共生藻属（Symbiodinium）提升为共生藻科（Symbiod-

iniaceae），并且分为 Symbiodinium、Breviolum、Cladoco-

pium、Durusdinium、Effrenium、Fugacium、Gerakladium、

Halluxium、Freudenthalidium、Miliolidum、Philozoon 等
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11 个属
[7–9]

。其中，Cladocopium 和 Durusdinium 属是

与印度洋−太平洋珊瑚共生的主要属
[10–12]

，后者通常

被归类为耐热型共生藻
[12−13]

，前者则被认为对温度更

敏感
[14]

。研究发现，热胁迫会导致虫黄藻产生过量的

活性氧（Reactive oxygen species，ROS），导致光系统损

伤、脂质过氧化及细胞凋亡
[15]

。在相同高温条件下，

Cladocopium 产生较高水平的丙二醛（Malonaldehyde，
MDA），表明膜脂过氧化较严重，而 Durusdinium 具有

更高的超氧化物歧化酶（Superoxide Dismutase，SOD）

活性，可有效清除 ROS，减轻细胞损伤
[16]

。

虫黄藻和珊瑚的不同组合对环境的适应存在差

异 ，有证据表明虫黄藻类型会影响珊瑚的生长速

度
[17]

及其应对急性胁迫的能力
[18]

。与具有 Cladocopium
属共生体的同种珊瑚相比，具有 Durusdinium 属共生

体的珊瑚对热应力的抵抗力更强
[14, 19−20]

，而且一些多

次发生白化现象的珊瑚礁中 Durusdinium 属共生体的

比例更高
[13]

。例如，以 Durusdinium 属为主导的 “洗
牌 ”可提高耐热性 ，使珊瑚能快速提高其适应能

力
[21−22]

。据报道，当珊瑚 Acropora millepora 中的共生

虫黄藻系群 Clade  C(Cladocopium) 被 Cladde  D  (Dur-
usdinium) 取代时 ，其耐热性会提高 1～ 1.5℃

[11]
。珊

瑚−虫黄藻共生关系的建立和维持受到温度的强烈影

响，近年来严重的珊瑚白化现象主要是由热胁迫引起

的
[23–25]

。对珊瑚共生体受到热损伤提出了多种与共

生藻有关的原因，包括 PSⅡ的 D1 蛋白功能障碍
[26]

、D1
的修复机制

[27]
、核酮糖 -1，5-二磷酸羧化酶 /氧化酶

（ Ribulose-1,  5-bisphosphate  carboxylase/oxygenase）
[28]

、

碳浓缩机制
[28]

和采光复合物
[29]

。总而言之，对虫黄

藻的热损伤会导致 ROS 的产生，而这些 ROS 被认为

会损害虫黄藻及其珊瑚宿主
[30]

，并通过多种细胞机制

之一导致共生关系的崩解
[31]

。事实上，虫黄藻与宿主

细胞的比率可能是有用的代用指标，可反映虫黄藻密

度与宿主组织生物量的关系
[32]

。研究表明，除了视觉

上的色素沉着差异外，检测白化早期迹象最广泛使用

的方法之一是使用 PAM 仪，该仪器可测量 PSⅡ的光

合能力
[33]

。

细胞膜由大量生物大分子组成，包括脂质、糖蛋

白和糖脂
[34]

。脂质在生物体内普遍存在，大多数脂质

是脂肪酸和醇形成的酯类及其衍生物。与健康珊瑚

中共生的虫黄藻的中性脂质相比，白化珊瑚中的虫黄

藻中性脂质的积累增加
[35]

，且脂质组成的不同会对不

同种类的虫黄藻适应环境变化的能力产生不同的影

响
[4]
。脂质不仅是维持细胞膜结构和控制细胞功能

的基本成分
[4]
，而且也是氧自由基等 ROS 攻击的主要

目标
[36]

。甘油磷脂 （ Glycerophospholipids）、甘油酯

（Glycerolipids）和鞘脂（Sphingolipids）等属于细胞膜脂

质的组成部分，在能量储存、信号转导、细胞增殖和

细胞凋亡等多种生理过程中发挥着重要作用
[37−38]

，也

是自由基攻击的主要目标
[36]

。脂肪酸（Fatty acid）一
直被用作确认海洋环境关系的定性标记

[39]
，根据不饱

和度可划分为：饱和脂肪酸（Saturated fatty acyls）、单

不饱和脂肪酸（Monounsaturated fatty acyls）、多不饱和

脂肪酸（Polyunsaturated fatty acyls）和奇数脂肪酸（Odd-
numbered fatty acyls），其中多不饱和脂肪酸的膜更容

易被 ROS（尤其是自由基）氧化
[36, 40]

，高温下，较高的

多不饱和脂肪酸可能会导致膜的流动性过高，进而导

致膜的不稳定性
[20]

。

由于脂质是细胞代谢产物的一部分，因此脂质组

学属于更广泛的“代谢组学”领域
[41]

。事实上，大多数

代谢组学研究都会涉及某些类别的脂质分析，或在一

定程度上扩展脂质的分析范围
[42]

。然而，与大多数水

溶性细胞代谢物相比，脂质具有特殊的物理和化学特

性，使脂质组学成为区别于一般代谢组学的一个独立

学科。但无论是单个脂质分子种类的含量还是整个

脂质类别的含量都无法提供有关进出代谢节点的通

量信息，因此，与一般代谢组学相比，脂质组学对代谢

的理解要复杂得多
[41]

。以往关于脂质的研究主要集

中在脂质的来源、合成途径、成分分析等
[43−44]

，且更

多集中在“刺胞动物−虫黄藻”整体
[45–47]

，而对于热胁

迫导致虫黄藻的脂质产生变化的报道较少。因此，对

虫黄藻进行脂质组学分析也成为了新的切入点。共

生虫黄藻的离体培养自 20 世纪以来就有研究，研究

者采取多种培养方法成功实现了不同种属虫黄藻的

离体培养
[48–50]

，并成功证实了虫黄藻对珊瑚共生体环

境耐受性的影响
[51]

。

综上所述，Cladocopium 和  Durusdinium 在耐热机

制上存在显著差异，特别是在 ROS 清除和膜脂调控

方面。然而，相较于基因组学、转录组学和蛋白质组

学研究，目前对不同虫黄藻脂质代谢响应高温的差

异机制尚不清晰。因此，在本研究中，以离体培养的

两种典型虫黄藻 Cladocopium goreaui 和 Durusdinium
trenchii 为实验对象，研究两者在常温（25℃）和热胁

迫（32℃）培养条件下的生理生化和脂质代谢变化，分

别对比热胁迫下与常温培养的同一系群虫黄藻和同

一温度条件下不同系群虫黄藻在密度、光合色素含

量、SOD 活力、MDA 含量和脂质代谢物变化情况，通

过深入分析两种环境敏感性不同的虫黄藻在热胁迫

下的应激机制，可以从共生伙伴的视角为珊瑚应对全
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球变暖提供新的见解。

 2　材料与方法

 2.1    虫黄藻的离体培养

虫黄藻 C. goreaui 和 D. trenchii 由本课题组分离

自涠洲岛（21°54′～21°10′N，109°00′～109°15′E）的

霜鹿角珊瑚 (Acropora pruinose) 和西沙群岛（15°46′～
17°08′N，111°11′～112°54′）的丛生盔形珊瑚 (Galaxea
fascicularis)，培养方案参照覃良云等

[52]
的描述：将虫

黄藻 C. goreaui 和 D. trenchii 培养至生长对数中期后

（对数生长期内，生长速率与初始密度无关
[53]

；且在此

期间营养供给充足时，比生长率主要受环境因子调

控
[54]

），转移至 500 mL 锥形瓶中在 L1 培养基、盐度

35、光照强度 90 μmol/(m
2
·s)、明暗周期 14 h∶10 h 的

环境条件下培养。温度根据 Waheed 和 Hoeksema
[55]

的研究设置 2 个温度 25℃、32℃，其中 25℃ 作为对照

组。每组 3 个重复（CC 组  = C. goreaui 25℃ 对照组；

CT 组  = C.  goreaui 32℃ 实验组 ； DC 组  = D.  trenchii
25℃ 对照组；DT 组 = D. trenchii 32℃ 实验组）。

 2.2    生理生化分析

 2.2.1    生长速率测定

吸取 1 mL 藻液加入终浓度为 5% 的戊二醛进行

固定，使用血球计数板（0.10 mm，1/400 mm
2
）在光学

显微镜下计数得出细胞密度，3 个重复取均值后计

算生长率 (μ)：μ = ln (N2 / N1) / (t2 − t1)。其中，μ 为比生

长速率 (d
−1

)， N2、 N1 分别为 t2、 t1 时刻的细胞密度

(cells/mL)。
 2.2.2    光合色素含量和 PSⅡ的最大量子产率（Fv/Fm）

的测定

吸取 2 mL 藻液离心 (12 000 r/min，5 min，4℃) 后
去除上清液并在沉淀物中加入纯甲醇，于 4℃ 避光条件

下萃取 24 h。萃取完成后将溶液再次离心 (12 000 r/min，
5 min，4℃)，离心后取其上清液用酶标仪（Thermo）读
取测定吸光值。叶绿素 a（ chlorophyll a）、叶绿素 c
（ chlorophyll c）和类胡萝卜素（ carotenoids）的测定基

于Strychar 和Sammarco
[56]

及Ritchie
[57]

的方程。对PSⅡ
最大光量子产率（Fv/Fm），将藻液避光黑暗处理 30 min
后，使用 monitoring PAM 仪对虫黄藻细胞进行检测。

 2.2.3    可溶性蛋白、SOD 活力和 MDA 含量测定

取 15 mL 藻液至离心管中在 4℃、4 000 r/min 条件

下离心 15 min，去上清后加入 1 mL PBS 溶液重悬，移

入 1.5 mL 离心管中，加入 0.3 mm 氧化锆研磨珠 100 µL，
使用全自动样品快速研磨仪（上海净信）进行研磨，运

行 30 s，暂停 10 s，共运行 10 次（使用前将适配器放入

−20℃ 冰箱中预冷）。随后在 4℃、12 000 r/min 条件

下离心 5 min，收集上清液。分别采用 BCA 法微量蛋

白质浓度测定试剂盒（上海生工，中国）、SOD 试剂盒

（A001，南京建成，中国）和 MDA 测定试剂盒（A003，
南京建成 ，中国 ）测定可溶性蛋白的浓度 、 SOD
活力和 MDA 含量。

 2.2.4    统计分析

使用软件 GraphPad Prism 9.5 进行数据分析，P < 
0.05 认为差异有统计学意义。采用 Tukey 事后检验

对有显著差异的数据进行随访检验。实验数据均归

一化到单位细胞内（该单位换算方法在藻类抗氧化研

究中已被广泛验证
[58]

），采用 “平均值  ± 标准误差 ”
（Mean ± SEM）表示（n = 3）。
 2.3    脂质组学分析

 2.3.1    样品处理

为探究热胁迫对两种虫黄藻脂质变化的影响，收

集对照组和实验组培养至第 15 天的虫黄藻细胞（离

体培养的虫黄藻经离心纯化后，显微镜检查确认无宿

主细胞残留，确保脂质组学分析仅针对虫黄藻）。精确

称取（50 ± 5） mg 样品至 2 mL 离心管中，加入一颗直径

6 mm 的研磨珠；加入 280 µL 提取液（甲醇∶水 = 2∶5），
再加入 400  µL  MTBE；冷冻组织研磨仪研磨 6  min
（−10℃，50 Hz）；低温超声提取 30 min（5℃，40 kHz），
将样品静置于−20℃， 30  min；离心 15  min（ 13 000 g，
4℃），取 350 µL 上清液于EP 管中，氮气吹干；加入 100 µL
提取液（异丙醇∶乙腈  = 1∶1）复溶；涡旋 30 s，低温

超声萃取 5 min（5℃，40 kHz）；离心 10 min（13 000 g，
4℃），移取上清液至带内插管的进样小瓶中上机分

析；另外，每个样本分别移取 20 µL 上清液混合后作

为质控样本。

 2.3.2    LC-MS 分析

本次 LC-MS 分析的仪器平台为赛默飞公司的超

高效液相色谱串联傅里叶变换质谱 UHPLC -Q Exactive
HF-X 系统。

色谱条件：色谱柱为 Accucore C30 柱（100 mm ×
2.1 mm i.d.，2.6 µm；Thermo）；流动相 A 为 50% 乙腈水

溶液（含 0.1% 甲酸，10 mmol/L 乙酸铵），流动相 B 为

乙腈 /异丙醇 /水 （ 10/88/2）（含 0.02% 甲酸 ， 2  mmol/L
乙酸铵），进样量为 5 μL，柱温为 40℃，洗脱流速为

0.4 mL/min。流动相洗脱梯度为：65%A、35%B（0 min）；
40%A、60%B （4 min）；15%A、85%B（12 min）；100%B
（15～17 min）；65%A、35%B（18～20 min）。

质谱条件：样品质谱信号采集采用正、负离子扫

描模式，质量扫描范围 m/z：200～2 000。正模式离子
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喷雾电压为 3 000 V，负模式离子喷雾电压为−3 000 V，

鞘气 60 psi，辅助加热气 20 psi，离子源加热温度 370℃，

20−40−60 V 循环碰撞能，采用 DDA 模式采集数据。

 2.3.3    质控

质控样本（quality control，QC）由所有样本的提取

液等体积混合制备而成，每个 QC 的体积与样本相

同，用与分析样本相同的方法处理和检测，在仪器分

析的过程中，每 5～15 个分析样本中插入一个 QC 样

本，以考察整个检测过程的稳定性。

 2.3.4    数据分析

 2.3.4.1    数据预处理和搜库

原始数据导入脂质组学处理软件  Lipidsearch
（Thermo Fisher，USA）进行基线过滤、峰识别、积分、

保留时间校正、峰对齐等，最终得到含保留时间、质

荷比和峰强度等信息的数据矩阵。其后采用该软件

进行特征峰搜库鉴定，将 MS 和 MS/MS 质谱信息与代

谢数据库进行匹配，MS 质量误差设置为小于 10×10
−6
，

同时根据二级质谱匹配得分鉴定代谢物。

搜库后的矩阵数据上传至美吉生物云平台

（https://cloud.majorbio.com）进行数据分析，首先进行

数据预处理，数据矩阵用 20% 规则来去除缺失值，即

保留至少一组样品中非零值 80% 以上的变量，在进

行填补空缺值（原始矩阵中极小值填补空缺值），为减

小样品制备及仪器不稳定带来的误差，用总和归一化

法对样本质谱峰的响应强度进行归一化，得到归一化

后的数据矩阵，同时删除 QC 样本对标准偏差（RSD）

大于 30% 的变量，并进行 lg 对数化处理，得到最终用

于后续分析的数据矩阵。

 2.3.4.2    差异代谢物分析

对与处理后的矩阵文件进行差异分析。R 软件

包 ropls（Version1.6.2）进行主成分分析（Principal com-
ponent analysis，PCA）和正交最小偏二乘判别分析（Or-
thogonal partial least squares discriminant analysis，OPLS-
DA），并使用 7 次循环交互验证来评估模型的稳定

性。此外，进行 student’s t 检验和差异倍数分析。差

异代谢物分析默认使用单变量统计分析（t 检验）联合

多元统计分析（OPLS-DA）以及倍数变化值（FC）共同

筛选差异代谢物，默认筛选条件为 P < 0.05 且 VIP >
 1 且（FC < 1 或 FC > 1）。

差异代谢物通过 KEGG 数据库（https://www.kegg.
jp/kegg/pathway.html）进行的代谢通路注释，获得差异

代谢物参与的通路，Python 软件包 scipy.stats 进行通

路富集分析，并通过 Fisher 精确检验获得与实验处理

最相关的生物学途径。

 3　结果

 3.1    生理生化指标

 3.1.1    生长速率

在整体实验周期中，CT 组与 CC 组的生长密度、

DC 组与 DT 的生长密度均无显著差异（P > 0.05）（图 1a）；
前者的 μ 表现出显著差异（P < 0.05），后者的 μ 未表现

出显著差异（P > 0.05）（图 1b）。培养至第 11、13、15
天时，CT 组的 μ 与 CC 组的 μ 对比分别下降了 84.00%、

86.83% 和 93.88%，同样条件下，DT 组的 μ 仅下降了

32.01%、 32.96% 和 26.85%（图 1b）。高温下 CT 组的

μ 波动较大，除在第 7 天时 μ 为正值，其余均为负值，

表明细胞在高温下受到抑制；而 DT 组相较于 DC 组，

尽管在早期（第 1 天）高温对其有抑制，但后期（第

7～15 天）的 μ 有所回升，这说明 D. trenchii 对高温的

耐受性较好（图 1b）。

 3.1.2    光合色素含量和 PSⅡ的最大量子产率（Fv/Fm）

光合色素的存在是虫黄藻进行光合作用的关

键。不同温度下的 D. trenchii 的叶绿素 a、叶绿素 c
和类胡萝卜素的浓度均表现出与生长密度正相关，

而 C. goreaui 的叶绿素 a、叶绿素 c 和类胡萝卜素浓

度从第 9 天起 CT 组与 CC 组与生长密度的关系表现

为负相关。其中，从第 7 天开始，CT 组的叶绿素 a 浓

度 [（ 1.085 3 ±  0.03）  pg/cell] 相较于 CC 组 [（ 2.182 7 ±
0.034）  pg/cell] 而言显著下降（P < 0.05）（图 1c）；叶绿

素 c 浓度从第 5 天 [CC 组：（5.300 5 ± 0.08）  pg/cell，CT

组：（8.374 3 ± 0.24） pg/cell] 显著提升（P < 0.05），并且在

第 11 天出现进一步提升[CC 组：（2.641 9 ± 0.35） pg/cell，
CT 组：（16.281 2 ± 0.26）  pg/cell]（图 1e）；类胡萝卜素浓

度的趋势从第 11 天起持续走高（图 1d）。由于 D. trenchii
对高温的耐受性，其 DT 组的叶绿素 a、叶绿素 c 和类

胡萝卜素浓度与 DC 组相比，虽同为表现为增长趋势，

但到实验后期（第 7～15 天），两组的光合色素含量无

显著差异 （P < 0.05）（图 1c、 1d、 1e）。DC 组和 DT 组

的 Fv/Fm 值基本保持稳定，除了第 1、3 和 5 天出现

稳步提升的现象。CC 组同样在实验周期基本保持

稳定，而 CT 组（0.55 ± 0.02）在第 11 天显著下降（与

对 CC 组 （0.669 ± 0.01）相比，Fv/Fm 值下降了 17.81%，

图 1f）（P < 0.05）。

 3.1.3    可溶性蛋白、SOD 和 MDA 含量

在实验周期中，CC 组、DC 组和 DT 组可溶性蛋白

含量整体呈现平稳趋势，而 CT 组则稳步上升（图 2a）。

1～15 天中，CT 组的可溶性蛋白含量（957.740 3 pg/cell）

相比 CC 组（491.140 5 pg/cell）具有显著差异（P < 0.05），
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而 DT 组（672.546 2 pg/cell）与 DC 组（722.623 1 pg/cell）

无显著差异（P > 0.05）。如图 2b，CC 组的 SOD 活力随

时间下降 [第 1 天（148.444 6 ± 6.02）  U
−7

/cell，第 15 天

（6.007 9 ± 0.73）  U
−7

/cell]，而 CT 组的 SOD 活力下降至

最低点（第 7 天 44.546 8 U
−7

/cell）后迅速上升，并在第

15 天[（172.195 2 ± 33.27） U
−7

/cell] 显著高于 CC 组（P <

 0.05）；而 DC 组和 DT 组的 SOD 活力较低，且随时间

无明显变化。CC 组、CT 组、DC 组和 DT 组的 MDA 含量

整体均随时间下降（图 2c）。其中，CT 组的 MDA 含量

在第 9 天[（557.267 9 ± 40.91） nmol
−7

/cell] 开始有所回升，

至第 13 天升到顶点 [（911.385 1 ± 75.34）  nmol
−7

/cell]

后又下降，并在第 15 天显著高于 CC 组（P < 0.05）；而

DC 组和 DT 组的 MDA 含量相对较低，随时间缓慢下

降，差异不显著（P > 0.05）。
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图 1    热胁迫下两种虫黄藻的生理指标变化

Fig. 1    Physiological parameter changes of two Symbiodiniaceae species under heat stress
a. CC 组、CT 组、DC 组和 DT 组的生长密度；b. CC 组、CT 组、DC 组和 DT 组的生长速率（μ）；c. CC 组、CT 组、DC 组和 DT 组的叶绿素 c 含量变化；

d. CC 组、CT 组、DC 组和 DT 组的类胡萝卜素含量变化；e. CC 组、CT 组、DC 组和 DT 组的叶绿素 c 含量变化；f. CC 组、CT 组、DC 组和 DT 组的

Fv/Fm 值变化。误差棒表示 SEM（3 个生物学重复），实验组和对照组之间的显著性

用星号表示（*：P < 0.05；**：P < 0.01；***：P < 0.001；****：P < 0.0001）

a. Growth density of CC, CT, DC, and DT groups; b. Growth rate (μ) of CC, CT, DC, and DT groups; c. Changes in chlorophyll a content in CC, CT, DC, and DT

groups; d. Changes in carotenoid content in CC, CT, DC, and DT groups; e. Changes in chlorophyll c content in CC, CT, DC, and DT groups; f. Changes in Fv/Fm

values in CC, CT, DC, and DT groups. Error bars represent SEM (n = 3 biological replicates), statistical significance between

experimental and control groups is indicated by asterisks (*: P < 0.05; **: P < 0.01; ***: P < 0.001；****：P < 0.0001)
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图 2    热胁迫下两种虫黄藻抗氧化物活性（含量）变化

Fig. 2    Changes in antioxidant activity (content) of two Symbiodiniaceae species under heat stress
a. CC 组、CT 组、DC 组和 DT 组的可溶性蛋白浓度的变化；b. CC 组、CT 组、DC 组和 DT 组的 SOD 活力的变化；c. CC 组、CT 组、DC 组和 DT 组的

MDA 含量的变化。误差棒表示 SEM（3 个生物学重复），实验组和对照组之间的显著性用星号表示（*：P < 0.05；**：P < 0.01；***：P < 0.001）

a. Changes in soluble protein concentration in CC, CT, DC, and DT groups; b. Changes in SOD activity in CC, CT, DC, and DT groups; c. Changes in MDA con-

tent in CC, CT, DC, and DT groups. Error bars represent SEM (n = 3 biological replicates), statistical significance between experimental

and control groups is indicated by asterisks (*: P < 0.05; **: P < 0.01; ***: P < 0.001)
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 3.2    脂质代谢分析

 3.2.1    脂质变化

两种虫黄藻共检测到 1 886 种不同的脂质种类

（图 3a），包括 64 种脂肪酸，1 204 种甘油酯，320 种甘

油磷脂，236 种鞘脂和 62 种固醇脂（Sterol Lipids）。根

据脂质链不饱和度分类统计如图 3b 所示：单不饱和

脂肪酸 96 种（13.77%），奇数脂肪酸 159 种（22.81%），

多不饱和脂肪酸 245 种（35.15%），饱和脂肪酸 142 种

（20.37%），其余 55 种（7.89%）。其中，多不饱和脂肪酸

占比最大，表明虫黄藻的脂质中它是主要的脂肪酸类

型。分别对 CC 组、CT 组、DC 组和 DT 组的脂质亚类

进行分析（图 3c），脂质分子数量排名前 5 的脂质亚类

是甘油三酯（Triglyceride）、甘油二酯（Diglyceride）、单

半乳糖二酰甘油酯（Monogalactosyldiacylglycerol）、神

经酰胺（Ceramides）和心磷脂（Cardiolipin）。
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单不饱和
脂肪酸: 96 (13.77%)

多不饱和
脂肪酸: 245 (35.15%)

奇数脂
肪酸: 159 (22.81%)

SFA: 142 (20.37%)

甘油脂: 1 024 (63.84%)鞘脂: 236 (12.51%)

甘油磷脂: 320 (16.97%)

60
脂肪酸 固醇脂 甘油磷脂 鞘脂 甘油脂

40

20

0

−20

CC

CT

DT

DC

脂质亚类名称

相
对
含
量

/%

Co FA
OA

HF
A

Ac
He

xC
hE

Ac
He

xZ
yE Ch
E

Cm
E

Si
E

St
E

Zy
E

Bi
ot

in
yl

PE
Bi

sM
eL

PA
Bi

sM
eP

A
Bi

sM
eP

E CL
DL

CL LP
C

LP
E

LP
G

LP
M

e
Ld

M
eP

E
M

LC
L

M
eP

C PA PC PE PE
t

PG PI
PM

e PS
dM

eP
E

Ce
r

Ce
rG

2G
NA

cl
GM

3
GT

3
He

x1
Ce

r
He

x2
Ce

r
He

x3
Ce

r
SP

H
SP

HP ST
ph

SM DG
DG

M
G

M
G

M
GD

G
M

GM
G TGW
e

a b

c

图 3    热胁迫下两种虫黄藻脂质变化注释图

Fig. 3    Annotated diagram of lipid changes in two types of Symbiodiniaceae species under heat stress
a. 虫黄藻全脂质分类统计图；b. 虫黄藻脂质链不饱和度分类统计图；c. CC 组、CT 组、DC 组和 DT 组的脂质分类统计图。

误差棒表示 SEM（6 个生物学重复）

a. Total lipid classification chart for Symbiodiniaceae; b. Lipid chain unsaturation classification chart for Symbiodiniaceae; c. Lipid classification chart for the

CC, CT, DC, and DT groups. Error bars represent SEM (n = 6 biological replicates)
 

 3.2.2    多元统计分析

本实验通过脂质组学探究高温下虫黄藻 C. gor-

eaui 和 D. trenchii 脂代谢相关的脂质分子的变化，反

映高温对虫黄藻 C. goreaui 和 D. trenchii 脂代谢水平

的影响。对鉴定到的脂质分子在正、负离子模式下

进行主成分分析（PCA），对照组和实验组在两种模式

下的 PCA 得分图（图 4a 和 4b）上均有不同的聚类趋

势，同一组内重复样品相似度最高，说明在高温下两

种虫黄藻的脂质代谢物存在差异。

为更直观反映实验组和对照组之间的差异，进行

有监督模式的正交偏最小二乘法判别分析（OPLS-

DA），OPLS-DA 得分图（图 4c−f）显示，两种虫黄藻的

脂质代谢成分具有良好的区分度，对构建的 OPLS-

DA 模型（表 1）的重复性和可靠性进行验证得到：所

有构建的模型均不存在过拟合现象，具备良好的稳定

性和预测能力。

 3.2.3    差异代谢物分析

CC 组和 CT 组鉴定到的差异代谢物共 695 个

（图 5a），其中 402 个上调 ， 293 个下调 ；鉴定到 DC

组和 DT 组之间的差异代谢物共 619 个 （图 5b），其

中 243 个上调，376 个下调；CC 组和 DC 组鉴定到的差

异代谢物共 683 个（图 5c），其中 373 个上调，310 个下

调；鉴定到 CT 组和 DT 组之间的差异代谢物共 695 个

（图 5d），其中 315 个上调，380 个下调。这意味着在
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高温条件下，CT 组有更大的代谢上调反应，表明 C.

goreaui 可能更积极地调整自身的代谢以应对高温压

力；相比之下，DT 组更多代谢物下调，表明 D. trenchii

可能更多地通过抑制代谢活动来应对高温环境。

采用单因素方差（ scheffe > 0.95）分析 CC 组、CT

组、DC 组和 DT 组的脂质谱，差异 test bar plot 分析结

果如图 6 所示。由图可知，两种虫黄藻在高温条件下

筛选出 P 值排名前 10 的代谢物，磷脂酰肌醇（Phos-

phatidylinositol，PI）、甘油三酯、甘油二酯、神经酰胺

和单半乳糖单酰甘油酯（Monogalactosylmonoacylgly-

cerol，MGMG）等脂类代谢物出现说明高温对这几类

脂类的代谢产生了显著影响（P < 0.001）。这些代谢

物与细胞膜的稳定性、信号转导和能量储存密切相关，

可能是高温应激响应的关键调节因子。其中，甘油三酯

作为储存能量的主要形式，可能通过脂质堆积或降解响

应温度变化，以提供细胞所需的能量或调节脂质稳态。

 3.2.4    脂质代谢物 KEGG 通路分析

为了解虫黄藻细胞受到热胁迫时对其相关通路

的影响情况，本研究对上述差异脂质代谢物进行了

KEGG 通路分析。当经过校正的 P 值 （Padjust < 0.05）
时，认为此 KEGG PATHWAY 功能存在显著富集情

况。结果显示，CT 组的差异代谢物相较于 CC 组主要

富集在细胞过程（Cell Processes，CP）和代谢（Metabol-
ism，M）通路（图 7a）上：上调差异代谢物 [PE(16∶1/
18∶1)、 PE(16∶0/16∶0) 和 PE(15∶0/15∶0)] 显著富

集到自噬−其他和和糖基磷脂酰肌醇 （GPI）−锚的

生物合成通路 ；上调差异代谢物 [TG(16∶0/16∶1/
20∶4)、 TG(16∶0/16∶0/16∶1) 和 TG(20∶0/16∶0/
16∶0)] 和下调差异代谢物 [TG(16∶1/18∶1/18∶1)]
显著富集到甘油脂代谢通路；上调差异代谢物 [PC
(16∶0/20∶5)、PC(18∶4/16∶0)、PC(20∶3/20∶3)、PC
(15∶0/14∶0) 和 PC(16∶0/16∶0)] 显著富集到亚油

酸、α-亚麻酸代谢和花生四烯酸代谢通路；上调差异

代 谢 物 [PE(16∶1/18∶1)、 PC(16∶0/20∶5)、 PC(18∶
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图 4    热胁迫下两种虫黄藻的 PCA 得分图和 OPLS-DA 得分图

Fig. 4    PCA score plot and OPLS-DA score plot of two types of Symbiodiniaceae species under heat stress
a、b.正、负离子模式 CC 组、CT 组、DC 组、DT 组的 PCA 得分图；c、d.正、负离子模式下 CC 组、CT 组的 OPLS-DA 得分图；

e、f.正、负离子模式下 DC 组、DT 组的 OPLS-DA 得分图

a, b. PCA score plots for the CC, CT, DC, and DT groups in positive and negative ion modes; c, d. OPLS-DA score plots for the CC and CT groups in positive and

negative ion modes; e, f. OPLS-DA score plots for the DC and DT groups in positive and negative ion modes
 

表 1    OPLS-DA 模型

Table 1    OPLS-DA modles

模型 R
2
X(cum) R

2
Y(cum) Q

2
(cum)

CC vs CT 0.641 0.992 0.987

CC vs CT * 0.629 0.993 0.988

DC vs DT 0.560 0.998 0.990

DC vs DT * 0.593 0.997 0.991

　　注：*代表负离子模式。
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4/16∶0)、PE(16∶0/16∶0)、PC(20∶3/20∶3)、PE(15∶0/

15∶0)、PC(15∶0/14∶0) 和 PC(16∶0/16∶0)] 和下调差

异代谢物（LPC(16∶0)）显著富集到甘油磷脂代谢通路。

DT 组相较于 DC 组的差异代谢物主要富集在细

胞过程和代谢通路（图 7b）上：下调差异代谢物（Cer

(d18∶1/16∶0)）显著富集到鞘脂代谢通路；上调差异代

谢物 [PC(22∶6/22∶6)] 和下调差异代谢物 [PC(15∶0/

14∶0)] 显著富集到亚油酸、α-亚麻酸代谢和花生四

烯酸代谢通路；上调差异代谢物[PE(15∶0/16∶0)、PE

(15∶0/15∶0) 和 PE(14∶0/22∶2)] 显著富集到糖基磷

脂酰肌醇（GPI）−锚的生物合成和自噬−其他通路；上

调差异代谢物 [TG(16∶0/18∶1/18∶2) 和 TG(16∶0/

16∶1/18∶2)] 和下调差异代谢物[TG(12∶0/12∶0/12∶

0) 和 TG(10∶0/12∶0/13∶0)] 显著富集到甘油脂代谢

通路 ；上调差异代谢物 [PE(15∶0/16∶0)、 PE(15∶0/

15∶0)、 PC(15∶0/14∶0) 和 PE(14∶0/22∶2)）和下调

差异代谢物（PC(22∶6/22∶6)、LPC(22∶6) 和 LPC(16∶

0)] 显著富集到甘油磷脂代谢通路。

在同一温度条件下，对两种虫黄藻分别进行分

析，DC 组相较于 CC 组的差异代谢物主要富集在细胞

过程和代谢通路（图 7c）上：PE(16∶1/18∶1) 在糖基

磷脂酰肌醇（GPI）−锚的生物合成和自噬-其他通路显

著下调；PC(22∶5/22∶6) 在亚油酸、α-亚麻酸代谢和

花生四烯酸代谢通路显著下调 ；下调差异代谢物

[PE(16∶1/18∶1) 和 PC(22∶5/22∶6)] 和上调差异代

谢物[LPC(16∶0)] 显著富集到甘油磷脂代谢通路；下

调差异代谢物[TG(16∶1/18∶1/18∶1)] 和上调差异代

谢物 [TG(16∶0/18∶1/20∶4)、 TG(12∶0/12∶0/12∶0)

和 TG(10∶0/12∶0/13∶0)] 显著富集到甘油脂代谢通

路。DT 组相较于 CT 组的差异代谢物主要富集在细

胞过程和代谢通路（图 7d）上：TG(12∶0/12∶0/12∶0)

在甘油脂代谢通路显著上调 ；PC(22∶6/22∶6)、PC
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图 5    热胁迫下两种虫黄藻的显著差异代谢物火山图

Fig. 5    Volcano plot of significant different metabolites in two Symbiodiniaceae species under heat stress
a. CC vs CT 显著差异代谢物火山图；b. DC vs DT 显著差异代谢物火山图；c. CC vs DC 显著差异代谢物火山图；

d. CT vs DT 显著差异代谢物火山图。以 P 值取前 10 的代谢物进行标记，P 值越小越显著

a. Volcano plot of significant different metabolites in CC vs CT; b. Volcano plot of significant different metabolites in DC vs DT; c. Volcano plot of significant

different metabolites in CC vs DC; d. Volcano plot of significant different metabolites in CT vs DT. Mark the top 10 metabolites by P-value, with lower P-values

indicating greater significance
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(18∶4/16∶0)、PC(20∶3/20∶3) 和 PC(22∶5/22∶6) 在

亚油酸、α-亚麻酸代谢和花生四烯酸代谢通路显著下

调 ；上调差异代谢物 [PE(15∶0/16∶0) 和 PE(14∶0/

22∶2)] 和下调差异代谢物[PE(16∶1/18∶1)、PE(16∶0/

16∶0) 和 PE(15∶0/15∶0)] 显著富集在糖基磷脂酰肌

醇（GPI）−锚的生物合成和自噬−其他通路；上调差异

代谢物（PE(15∶0/16∶0) 和 PE(14∶0/22∶2)）和下调

差 异 代 谢 物 [PC(22∶6/22∶6)、 PE(16∶1/18∶1)、 PC

(18∶4/16∶0)、PE(16∶0/16∶0)、PC(20∶3/20∶3)、PE

(15∶0/15∶0)、 LPC(22∶6)、 LPC(16∶0) 和 PC(22∶5/

22∶6)] 显著富集在甘油磷脂代谢通路。

 4　讨论

 4.1    两种虫黄藻应对热胁迫的生理生化响应策略

Cladocopium goreaui 和 D. trenchii 是两种典型的

环境敏感性不同的虫黄藻。目前的证据表明，温度的

升高会加剧可利用光能大量过剩条件导致的虫黄藻

共生关系破坏
[59]

，从而减少光合作用中可利用的光

能。虫黄藻的碳固定速率、氧进化速率、叶绿素含量

和生长速率均会低于其最适温度
[60–62]

，所观察到的影

响程度取决于虫黄藻的支系型。本实验中，热胁迫

下 C. goreaui 的密度、叶绿素 a 含量和 Fv/Fm 值均在

中后期显著下降（P < 0.05）（图 1a、c、 f），而叶绿素 c
含量和类胡萝卜素含量则呈现上升趋势（图 1d 和 e）；
但 D. trenchii 的各项数值均与常温培养趋势一致，且

胁迫结束两者未表现出显著差异性（P > 0.05）（图 1a−f），
与之前内共生虫黄藻的报道一致

[63]
。有研究表明，光

合色素吸收的过量光能是通过抑制光损伤 PSⅡ的

修复而不是通过加速 PSⅡ的光损伤来加速光抑制

的
[64−65]

。叶绿素 a 是主要的光能捕获色素，而叶绿

素 c 和类胡萝卜素则在保护细胞和补充光合作用方

面起到辅助作用。Fv/Fm 值的下降表明了 C. goreaui
受到了压力

[10]
，而 D. trenchii 的 Fv/Fm 值整体变化并不

明显，也较为直观的表明了其热耐受性（图 1f）。由此

看来，热胁迫下，虫黄藻密度降低必然使得光合作用

减弱从而导致 Fv/Fm 值和叶绿素 a 含量降低，三者存

在正相关的关系，而叶绿素 c 和类胡萝卜素则在叶绿

素 a 含量下降无法抑制 PSⅡ的光损伤修复时发挥

作用。

高温可能通过抑制关键酶来限制光合作用，它们

可能会限制光合作用所需的 CO2 供应，最终 ROS 生

成增加
[66]

，光合作用随之受损
[26]

。ROS 可以通过还原

性谷胱甘肽和过氧化物酶等抗氧化物实现清除。

MDA 是脂质过氧化的产物
[67]

，主要来源于多不饱和

脂肪酸被 ROS 氧化后分解生成，是氧化应激程度和

膜损伤的重要标志物。SOD 是一种重要的抗氧化

酶，能够将能将超氧自由基（O-2）转化为过氧化氢

（H2O2）和氧气（O2）
[63, 68]

，减少 ROS 对细胞的损害，是生

物体抗氧化系统的第一道防线。热胁迫下，C. goreaui
的可溶性蛋白显著上升（图 2a），同时 SOD（图 2b）和
MDA（图 2c）呈现先降后升的波动趋势，表明其通过

快速合成热休克蛋白（如 HSPs）和动态调节抗氧化系

统以应对氧化损伤，但伴随阶段性代谢失衡
[69]

；而 D.
trenchii 的上述指标在常温和高温下均保持稳定或缓

慢下降（图 2a、b、c），反映其依赖预存的耐热机制（如

结构性抗氧化能力或代谢抑制）维持内稳态，减少能

量消耗
[70]

。这种差异揭示了两种虫黄藻应对高温的

两种策略：C. goreaui 的“主动响应”适合短期波动环

境，而 D. trenchii 的“稳态耐受”更适应长期热胁迫，可

能影响其在珊瑚共生体系中的竞争优势及宿主适应

气候变化的潜力。
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图 6    热胁迫下两种虫黄藻的单因素方差分析棒状图

Fig. 6    One-way ANOVA histogram of two Symbiodiniaceae
species under heat stress

图中纵坐标轴表示代谢物名称，横坐标表示表示代谢物在不同分

组中平均相对丰度，不同颜色的柱子表示不同分组；误差棒表示

SEM（6 个生物学重复）。星号为显著性为 P 值（*：0.01 < P ≤

l0.05，**：0.001 < P ≤ 0.01，***：P ≤ 0.001）

The y-axis of the chart represents metabolite names, while the x-axis

represents the average relative abundance of metabolites in different

groups. Bars of different colors correspond to different groups. Error

bars represent SEM (n = 6 biological replicates). Asterisks indicate

significance levels of P-values (*: 0.01 < P ≤ 0.05,

**: 0.001 < P ≤ 0.01, ***: P ≤ 0.001)
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 4.2    两种虫黄藻应对热胁迫的脂质代谢分析

在热胁迫结束时，C. goreaui 和 D. trenchii 在脂质代

谢的脂质亚类类别并无明显差异（图 3c）（P > 0.05）。

藻类中的主要脂质类别是膜脂和储存脂质
[71]

，甘油三

酯和胆固醇酯在细胞中的积累可能会激活细胞凋亡
[72]

并改变浮游植物的膜完整性和光合活性
[73]

。虫黄藻

的热敏性会影响甘油磷脂等的分布，除主要的结构功

能外，几类极性脂质（包括磷脂酰乙醇胺和磷脂酰胆

碱）还可参与各种细胞过程。脂质不仅构成细胞膜的

基质，而且直接参与膜的运输、调节膜蛋白、细胞结

构，并在膜中形成有助于细胞功能的特定亚区
[74]

。

热胁迫下的 C. goreaui 和 D. trenchii 的 KEGG 通

路富集分析均发现磷脂酰乙醇胺、磷脂酰胆碱、溶血

磷脂酰胆碱和甘油三酯的变化。磷脂酰胆碱是自噬

体膜的主要成分
[75]

，自噬过程是细胞面对高温应激时

的一种重要自我保护机制
[76]

。糖基磷脂酰肌醇（GPI）-

锚的生物合成与细胞膜的重塑和信号传导有关
[77]

，这可

能是 C. goreaui 在应对外部胁迫时的关键适应策略。甘

油三酯的增加（图 7a）表明 C. goreaui 可能通过储存更

多的中性脂质来适应高温引起的能量需求和膜流动性

的变化。亚油酸和 α-亚麻酸是重要的多不饱和脂肪

酸，它们在维持膜流动性、抗氧化防御和信号传导中扮

演关键角色。花生四烯酸代谢与细胞的抗炎反应和

信号转导密切相关。Cladocopium goreaui 通过上调这些

磷脂酰胆碱可能在应对热胁迫的过程中增加膜的流

动性，减少膜脂质的过氧化，保持细胞膜功能的稳定性。

多不饱和脂肪酸代谢的变化说明 C. goreaui 在应对热

胁迫时依赖这些脂质分子调节膜流动性及其他细胞功

能，脂质代谢的重塑可能是对抗外界压力的关键机制。

鞘脂类在细胞膜稳定性和信号传导中具有重要
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图 7    热胁迫下两种虫黄藻差异代谢物的 KEGG 富集气泡图

Fig. 7    KEGG enrichment bubble plot of different metabolites in two Symbiodiniaceae species under heat stress
a. CC vs CT 的差异代谢物的 KEGG 富集分析通路图；b. DC vs DT 的差异代谢物的 KEGG 富集分析通路图；c. CC vs DC 的差异代谢物的 KEGG 富

集分析通路图；d. CT vs DT 的差异代谢物的 KEGG 富集分析通路图。横坐标为富集显著性 P 值，P 值越小，在统计学上就越有显著意义，一般 P < 0.05

认为该功能为显著富集项；纵坐标为 KEGG 通路。图中气泡的颜色代表该通路富集显著性，

气泡的大小代表该通路中富集到代谢集中代谢物的数量

a. KEGG pathway enrichment analysis of different metabolites of CC vs CT; b. KEGG pathway enrichment analysis of different metabolites of DC vs DT; c.

KEGG pathway enrichment analysis of different metabolites of CC vs DC; d. KEGG pathway enrichment analysis of different metabolites of CT vs DT. The x-ax-

is represents the enrichment significance P-value, where smaller P-values indicate higher statistical significance. Generally, pathways with P < 0.05 are con-

sidered significantly enriched. The y-axis represents KEGG pathways. In the chart, the color of the bubbles indicates the enrichment significance of the path-

way, while the size of the bubbles represents the number of metabolites enriched in the corresponding pathway
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作用
[78]

，尤其在应对外界压力时可能调控细胞凋亡和

存活。神经酰胺因为各种应激刺激（如缺氧、热应激

和辐射）通过增加细胞内神经酰胺来启动凋亡信号传

导，从而引起细胞凋亡
[79]

，还可通过激活内质网应激

或线粒体功能障碍信号（如 ROS 积累），诱导自噬相

关通路的激活。然而，DT 组中神经酰胺的下调（图 7b）
可能削弱了这种应激信号的传递

[80]
，转而通过其他脂

质代谢物（如磷脂酰乙醇胺和磷脂酰胆碱的异常富集）

触发代偿性自噬通路（如“自噬−其他”通路上调）
[81]

。

在热胁迫下，上调的甘油三酯可能表明 D. trenchii 通
过积累特定的中性脂质来适应胁迫环境，而下调的甘油

三酯可能反映了代谢的重新分配或某些特定脂肪酸的

消耗。热胁迫下，D. trenchii 可能通过上调磷脂酰乙醇

胺和磷脂酰胆碱类脂质来稳定细胞膜，而溶血磷脂酰胆

碱的下调可能与其氧化活性、膜破裂和修复过程有关
[82]

。

 5　结论

本研究通过比较 C. goreaui 和 D. trenchii 在热胁

迫（32℃）下的生理响应和脂质代谢变化，揭示了两种

虫黄藻在耐热性方面的差异。前者在热胁迫下生长

速率下降显著，光合色素含量减少，PSⅡ光系统（Fv/
Fm 值）损伤严重；MDA 含量显著上升，表明受到更严

重的氧化损伤；脂质代谢调整能力较弱，可能导致其

细胞膜在高温环境下更易受损，从而影响其生存能

力。后者在热胁迫下维持较稳定的生长速率和较高

的 Fv/Fm 值，表现出更强的耐热能力；通过更有效的抗

氧化机制（如 SOD 活性调节）减少了氧化损伤；通过

调节脂质代谢（如增加耐热性脂质的比例），提高了细

胞膜的稳定性和适应性，使其在高温环境下表现出更

强的适应能力。

综上，D. trenchii 通过优化生理状态和脂质代谢

策略，在高温环境下具有更强的适应性，而 C. goreaui 的
耐热能力较低，容易受到热胁迫的负面影响。这些发

现为理解珊瑚共生藻的热耐受机制提供了新的见解，

并有助于预测珊瑚生态系统在气候变化下的响应

趋势。
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Lipid metabolic response patterns to heat stress in two Symbiodiniaceae
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Abstract: Symbiodiniaceae are indispensable partners in the coral symbiotic system, and different species exhibit
varying sensitivities to environmental stress, thereby influencing the environmental adaptability of their coral hosts.
This study investigates the stress response patterns of two widely distributed coral symbiotic Symbiodiniaceae spe-
cies—environmentally sensitive Cladocopium goreaui and environmentally tolerant Durusdinium trenchii—under
heat stress from the perspective of lipid metabolism. The results showed that heat stress significantly affected their
cell density, photosynthetic pigment content, photochemical efficiency of photosystem Ⅱ (Fv/Fm), and antioxidant
activity, with statistically significant differences (P < 0.05). Lipidomics revealed that lipid-differentiated metabol-
ites such as phosphatidylcholine, triglycerides, phosphatidylethanolamine and lysophosphatidylcholine were signi-
ficantly  enriched  in  glycerophospholipid  metabolism,  triglyceride  metabolism,  and  polyunsaturated  fatty  acid-re-
lated metabolic pathways in response to heat stress in C. goreaui and D. trenchii. Notably, the two species exhib-
ited significant differences in sphingolipid metabolism: D. trenchii downregulated ceramide levels to reduce oxidat-
ive stress damage, regulate autophagy, and adapt to changes in membrane fluidity, whereas C. goreaui primarily up-
regulated  lipid  molecules  rich  in  polyunsaturated  fatty  acids  to  maintain  membrane  stability  and  regulate  signal
transduction. A deeper understanding of the lipid metabolic stress response mechanisms of Symbiodiniaceae with
different environmental sensitivities under heat stress provides new insights into enhancing coral adaptability to en-
vironmental changes from a symbiotic partner perspective.

Key words: heat stress；symbiodiniaceae；sphingolipid metabolism；lipidomics；oxidative stress
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摘 要： 【目的】 分离筛选海洋环境来源耐高温芽孢杆菌（Bacillus sp.），评估其潜在益生性能，为开发海水养殖微生态

制剂提供理论基础。 【方法】 通过热处理角蜂巢珊瑚（Favites flexuosa）组织匀浆以及珍珠龙胆石斑鱼（Epinephelus 

fuscoguttatus♀×Epinephelus lanceolatus♂）体表黏液，筛选潜在耐热型芽孢杆菌，结合形态学观察、生理生化鉴定以及

16S rRNA基因序列分析鉴定目标菌株。通过体外实验评估菌株耐胆盐、耐酸、广谱抑菌活性及产酶能力，并对 2株菌

潜在安全性进行评估。 【结果】 通过分离鉴定，得到 2 株形态不同且具有生长优势的贝莱斯芽孢杆菌（Bacillus 

velezensis）SH39和 TG1，2 株菌在 Luria-Bertani培养基中生长性能相似，均能耐受高盐以及强酸性环境，其中 SH39在

添加质量分数0.4%胆盐的LB培养液中存活率（60%）极显著高于TG1（20%）（P < 0.01）。抑菌实验结果显示，SH39与

TG1具有广谱抑菌活性，显著抑制嗜水气单胞菌（Aeromonas hydrophila）、哈维氏弧菌（Vibrio harveyi）等14种细菌性病

原生长（P < 0.05）。此外，2 株菌均具有蛋白酶、淀粉酶和纤维素酶活性，其中 SH39 蛋白酶活性（酶活性指数 1.81 ± 

0.03）显著高于TG1（1.35 ± 0.23）（P < 0.05）。安全性实验表明，2株菌对恩诺沙星、氟苯尼考等9种常见抗生素敏感，无

溶血活性，石斑鱼在1 × 108 CFU/mL腹腔注射后未见死亡或发病症状。 【结论】 SH39和TG1具有优良环境耐受性、广

谱抑菌活性、产酶能力以及安全性，可作为水产养殖益生菌候选菌株。

关键词： 海洋益生菌； 贝莱斯芽孢杆菌； 抑菌活性； 酶活性； 水产养殖
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Abstract: 【Objective】 This study aimed to isolate and screen thermotolerant Bacillus strains from 

marine environments, evaluate their potential probiotic properties, and provide a theoretical foundation 

for developing microbial ecological agents in mariculture. 【Methods】 Thermotolerant Bacillus strains 

were preliminarily screened from heat-treated tissue homogenates of Favites flexuosa and epidermal 

mucus of Epinephelus fuscoguttatus ♀ ×Epinephelus lanceolatus ♂ . The isolates were identified by 

morphological characterization, physiological-biochemical tests, and 16S rRNA gene sequencing. In 

vitro experiments were conducted to evaluate the bacterial strains' bile salt tolerance, acid resistance, 

broad-spectrum antimicrobial activity, and enzyme production capacity. Additionally, the potential 

safety of the two strains were assessed. 【Results】 Two Bacillus velezensis strains (SH39 and TG1) with 

distinct morphology and competitive growth advantages were isolated and identified. The growth 

performance of the two strains in Luria-Bertani medium was similar, both of which could tolerate high 

salt and strong acidic environments.  Notably, SH39 showed significantly higher survival (60% vs 20%, 

P < 0.01) in LB broth supplemented with a mass fraction of 0.4% bile salts than TG1. Antimicrobial 

assays revealed broad-spectrum inhibitory activity, significantly inhibiting the growth of 14 bacterial 

pathogens, such as Aeromonas hydrophila and Vibrio harveyi (P < 0.05). Both strains displayed 

protease, amylase, and cellulase activities, and SH39 exhibited significantly higher protease activity 

than TG1 (enzyme activity index: 1.81 ± 0.03 vs 1.35 ± 0.23, P < 0.05). Safety evaluation demonstrated 

that both strains were sensitive to nine common antibiotics (including enrofloxacin and florfenicol), 

showed no hemolytic activity, and caused no mortality or clinical symptoms in groupers after 

intraperitoneal injection at bacterial concentration of 1 × 108 CFU/mL. 【Conclusion】 The strains SH39 

and TG1 demonstrated excellent environmental tolerance, broad-spectrum antimicrobial activity, 

enzyme production capacity, and safety, making them promising probiotic candidates for aquaculture.

Key words: marine probiotics; Bacillus velezensis; bacteriostatic activity; enzymatic activity; 

aquaculture

长期以来，传统水产病害防控主要依赖抗生素

和化学消毒剂，过度使用抗生素不仅导致病原体耐

药性增强，更造成养殖生态环境污染和药物残留问

题，最终对人类健康构成潜在威胁[1−2]。益生菌的研

制和应用被视为绿色、有效的水产养殖病害防控新

工具[3]。在众多益生菌中，芽孢杆菌（Bacillus sp.）能

够有效帮助宿主抵抗病原菌[4]、病毒[5]、寄生虫[6]等水

生病原，被认为是水产饲料理想添加剂之一。大部

分肠道益生菌具有高度宿主特异性，其分离和产业

化较为困难[7]，而环境来源益生菌不仅宿主特异性

低，而且能够通过定植在水产动物体表，占据肠道

生态位对宿主产生益生作用[8−9]。目前海洋环境水

产益生菌的研究与应用仍较为匮乏。石斑鱼（Epi‐

nephelus sp.）为海洋底栖性鱼类，其成鱼主要栖息于

珊 瑚 礁 及 近 岸 岩 礁 区 域 ，本 研 究 于 角 蜂 巢 珊 瑚

（Favites flexuosa）以 及 珍 珠 龙 胆 石 斑 鱼（Epineph‐

elus fuscoguttatus♀×Epinephelus lanceolatus♂）两 种

典型海洋生物中筛选芽孢杆菌，从产酶特性、抑菌

谱、环境适应性等方面解析其益生潜力，为开发兼

具高效性和生态安全性的新型渔用微生态制剂提

供依据。

1　材料和方法
1.1　材料

珍珠龙胆石斑鱼购自广西壮族自治区南宁市

某海鲜市场。角蜂巢珊瑚采集自三亚市鹿回头半

岛三亚湾（109°28′Ｅ, 18°13′Ｎ），暂养于广西南海珊

瑚礁研究重点实验室。实验中使用的维氏气单胞

菌（Aeromonas veronii）、嗜水气单胞菌（Aeromonas  

hydrophila）、金 黄 色 葡 萄 球 菌（Staphylococcus 

aureus）、霍 乱 弧 菌（Vibrio cholerae）、大 肠 埃 希 菌

（Escherichia coli） 、 美 人 鱼 发 光 杆 菌

（Photobacterium damselae）、弗 氏 柠 檬 酸 杆 菌

（Citrobacter freundii）、摩 氏 摩 根 氏 菌（Morganella 

morganii）、溶藻弧菌（Vibrio alginolyticus）、副溶血

弧菌（Vibrio parahaemolyticus）、哈维氏弧菌（Vibrio 

harveyi）、河流弧菌（V. fluvialis）、轮虫弧菌（Vibrio 

rotiferianus）、欧文斯氏弧菌（Vibrio owensii）、创伤

弧 菌（Vibrio vulnificus）、地 中 海 弧 菌（Vibrio   
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mediterranei）均由广西水产生物技术与现代生态养

殖重点实验室分离并保存。

1.2　主要仪器与试剂

酵母提取物、琼脂粉、牛胆盐、脱脂奶粉、蛋白

胨，北京索莱宝科技有限公司；可溶性淀粉培养基、

胰蛋白胨，海博生物技术有限公司；哥伦比亚 CNA

血琼脂平板，广西南宁康维生物科技有限公司；羧

甲基纤维素钠，生工生物工程（上海）股份有限公

司；刚果红、磷酸二氢钾，天津市大茂化学试剂厂；

氯化钠、硫酸镁，成都金山化学试剂有限公司；革兰

染色试剂盒，北京兰杰柯科技有限公司；药敏纸片，

杭 州 天 和 微 生 物 试 剂 有 限 公 司 ；IF-A 接 种 液 、

Biolog GEN Ⅲ微孔板为美国 BIOLOG 公司产品；多

功能酶标仪，赛默飞世尔科技公司；分析天平，梅特

勒-托利多仪器（上海）有限公司；PCR 仪，德国艾本

德 股 份 公 司 ；平 场 相 差 显 微 镜 ，尼 康 株 式 会 社 。

16S rRNA 引物序列由武汉奥科鼎盛生物科技有限

公司合成，PCR 产物由该公司进行测序。

1.3　方法

1.3.1　样品采集与处理　选取健康状态良好、体表

无明显病理特征的珍珠龙胆石斑鱼，在无菌条件下

刮取体表黏液于离心管中，获得黏液样本；同时取

采集自近海的角蜂巢珊瑚样本，用无菌牙刷刷洗其

表面，制备珊瑚组织匀浆。取 200 μL 上述体表黏液

及组织匀浆，样品在 70 ℃下水浴 20 min[10]，分别接

种于 20 mL LB 液体培养基中，37 ℃、220 r/min 振荡

培养约 12 h。随后对样品进行划线分离，筛选出形

态均一的优势菌落。通过初步拮抗病原菌筛选实

验，获得抑菌活性良好的 2 株优势菌。优势菌经多

次分离纯化后获得单克隆菌株，以体积分数 25% 的

甘油作为保护剂于−80 ℃超低温保存备用。

1.3.2　益生菌形态学鉴定　将 2 株优势菌分别划线

接种于 LB 固体培养基，37 ℃培养 24 h 后观察菌落

形态及生长特性。挑取单菌落进行 LB 液体培养，

制备菌悬液涂片，通过革兰染色后在油镜下观察并

记录菌体形态学特征。

1.3.3　菌株的生理生化特性鉴定　 参 考 Biolog 

GEN Ⅲ微孔板使用说明书的操作步骤，使用无菌棉

签轻柔刮取适量菌落悬浮于 IF-A 接种液。接种液

涡旋震荡 2 min，以 100 μL/孔剂量接种至 GEN Ⅲ微

孔板。微孔板于 37 ℃培养 12 h 后，在 590 nm 下测

定光密度（D590），分析菌株生理生化特性。

1.3.4　益生菌分子生物学鉴定　采用Chelex-100法提

取细菌基因组DNA，并以其为模板，使用16S rRNA通

用引物 27F：5′‒AGAGTTTGATCCTGGCTCAG‒3′和

1492R：5′‒TACGACTTAACCCCAATCGC‒3′对基因组

进行扩增[11]。PCR反应体系：2 × Taq Master Mix 25 μL，

ddH2O 22 μL，上、下游引物各 1 μL，DNA 模板 1 μL。

PCR反应条件：94 ℃预变性5 min；94 ℃变性30 s，55 ℃

退火45 s，72 ℃延伸90 s，共35个循环，72 ℃最终延伸

10 min。扩增产物经琼脂糖凝胶电泳验证，送至武汉

奥科鼎盛生物科技有限公司进行测序。测序结果在

美国国家生物技术信息中心数据库中进行比对，使用

MEGA 11.0软件的邻接法（Neighbor-Joining）构建 16S

系统发育树，以确定菌株分类地位及其与相关菌株亲

缘关系。

1.3.5　益生菌产酶能力测定　为评估益生菌产酶能

力，参考林淑华等[12]方法分别测定蛋白酶、淀粉酶和纤

维素酶的活性。蛋白酶活性测定：将菌株接种于LB液

体培养基中，37 ℃、220 r/min培养24 h，取1 μL发酵液，

点接于含质量分数1.5%脱脂奶粉的LB固体培养基表

面，37 ℃恒温培养约12 h。通过观察菌落周围是否形

成透明水解圈来评估蛋白酶活性，测量菌落直径（d 菌落）

及水解圈直径（d水解圈），计算蛋白酶活性指数（Ip = d水解圈/

d 菌落）。淀粉酶活性测定：将1 μL发酵液点接于可溶性

淀粉培养基表面，37 ℃培养24 h后，均匀喷施Lugol’s

碘液，观察并测量菌落直径（d菌落）及水解圈直径（d水解圈），

计算淀粉酶活性指数（Ia = d 水解圈/d 菌落）。纤维素酶活性

测定：纤维素酶活性由纤维素酶培养基评估，将 1 μL

发酵液点接于纤维素培养基表面，37 ℃培养48 h。依

次用 1 mmol/L NaCl 溶液处理 10 min 和 1 g/L 刚果红

溶液染色30 min。观察菌落周围是否形成透明圈，测

量菌落直径（d 菌落）以及水解圈直径（d 水解圈），计算纤维

素酶活性指数（Ic = d 水解圈/d 菌落）。实验设置 3 个平行。

1.3.6　益生菌成膜能力测定　采用结晶紫染色测

定菌株生物膜形成能力[13]。取对数生长期的菌液，

5 000 g 离心 10 min 收集菌体，使用无菌磷酸缓冲盐

溶液 PBS（pH 7.4，0.01 mol/L）洗涤 2 次后将菌体重

悬于 LB 培养基并调整 D600至 0.8。取 200 μL 菌悬液

于 96 孔板，37 ℃密封静置 24 h 后，弃去培养基并使

用 PBS 洗涤 3 次。每孔加入 200 μL 质量分数 0.1%

的结晶紫溶液染色 15 min，无菌水漂洗 3 次后，加入

200 μL 体积分数 95% 乙醇解吸附生物膜结合的结

晶紫，通过测定 D570分析菌株生物膜形成能力，实验

设置 3 个重复。

1.3.7　生长曲线及回归方程的建立　将活化菌株

以体积分数 2% 接种量接种于 100 mL LB 液体培养

基，37 ℃、220 r/min 振荡培养 72 h，以无菌 LB 培养
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基作为空白对照测定不同时间点 D600 值，绘制菌株

生长曲线。采用平板计数法构建标准曲线：取对数

期菌悬液进行梯度稀释，同步测定各稀释度 D600值，

并将稀释菌液涂布 LB 平板，实验设置 3 个重复。培

养 24 h 后，筛选菌浓度（Colony forming unit, CFU）

在 30 ~ 300 之间的平板计数，绘制标准曲线，并通过

线性回归分析建立两者间的定量关系方程。

1.3.8　益生菌耐受能力评估　参考文献[4]并稍作

修改。pH 耐受实验：使用 2 mol/L 的 HCl 和 NaOH

溶液将 LB 液体培养基的 pH 分别调整为 2.0、4.0、

6.0、7.0、8.0、10.0 和 12.0，灭菌后备用。将对数生长

期的菌液按体积分数 10% 接种量接种于不同 pH 培

养基，37 ℃、220 r/min 培养 4 h 后测定 D600，实验设置

3 个重复。NaCl 耐受实验：制备盐度为 10、20、30、

40 的 LB 液体培养基，取对数期菌液以体积分数

10% 接种量接种，37 ℃、220 r/min 培养 4 h 后测定

D600，实验设置 3 个重复。胆盐耐受实验：制备含有

质量分数 0.4% 牛胆盐的 LB 液体培养基，以体积分

数 10% 接种量接入对数期菌液，取初始菌液以及

37 ℃、220 r/min 培养 2、4 h 时菌液分别涂板，计算存

活率，实验设置 3 个重复。

1.3.9　益生菌体外抑菌能力评估　采用打孔法检测

两株潜在益生菌对水产行业中常见致病菌的抑制效

果，实验选维氏气单胞菌、嗜水气单胞菌等 16 种病原

作为指示菌，所有指示菌经3次活化后接种于LB液体

培养基中，37 ℃培养至对数生长期。使用PBS缓冲液

将病原菌浓度调整至 1 × 107 CFU/mL，取 200 μL 稀释

液均匀涂布于 LB 平板，使用无菌打孔器在涂布病原

菌的平板上打孔，每孔加入60 μL益生菌发酵液，37 ℃

培养24 h，观察加样孔周围抑菌圈形成情况，并使用游

标卡尺测量抑菌圈直径（mm），评估分离株抑菌能力。

1.3.10　溶血性测定　参考文献[14]方法，取 1 μL 细

菌发酵液点种至哥伦比亚 CNA 血琼脂平板，37 ℃

恒温培养 24 h，观察菌株溶血特征，以初步评估其潜

在安全性。

1.3.11　抗生素敏感性测定　采用纸片琼脂扩散法

（K-B 法）检测潜在益生菌对抗菌药物敏感性。实验

选用恩诺沙星、氟苯尼考、磺胺甲恶唑、新霉素、多

西环素、环丙沙星、磺胺间甲氧嘧啶、甲砜霉素和氟

甲喹等 9 种常见抗生素进行药敏试验。将待测菌液

稀释至 1 × 108
 CFU/mL，吸取 200 μL 均匀涂布于 LB

琼脂平板表面，将药敏纸片轻贴于平板表面，37 ℃

培养 24 h 后，使用游标卡尺测量抑菌圈直径，根据

抑菌圈大小判断菌株药物敏感性。

1.3.12　活体安全性验证　挑取体长为（4.31 ± 0.47）cm

健康石斑鱼进行安全性评价，实验设置3个组别，各组

腹 腔 分 别 注 射 50 μL 无 菌 PBS、50 μL TG1

（1 × 108 CFU/mL）、50 μL SH39（1 × 108 CFU/mL），每

组 3 个平行各 10尾。注射后连续观察 1 周，观察各组

石斑鱼生长及死亡情况。

2　结果与分析

2.1　SH39与 TG1的分离鉴定

分别从角蜂巢珊瑚组织匀浆液和珍珠龙胆石

斑鱼体表黏液中筛选一株有拮抗活性的耐热型芽

孢杆菌，命名为 SH39 和 TG1。分离株 SH39 在 LB

固体平板上形成的菌落呈近圆形，表面粗糙、中部

凸起，湿润且黏稠（图 1(A)）。取对数生长期的细胞

进行革兰染色，显微镜下观察显示呈蓝紫色，为革

兰阳性菌（图 1(C)）。分离株 TG1 的菌落形态边缘

不规则、菌落扁平，干燥且无光泽（图 1(B)）。油镜

下观察细胞呈短棒状（图 1(D)），革兰染色结果为

阳性。

2.2　SH39与 TG1的 16S rRNA 测序结果

SH39 和 TG1 的 DNA 凝胶电泳条带单一、完整、

明亮（图 2(A)），经 16S rRNA 通用引物扩增的片段

长 度 分 别 为 1 472 和 1 466 bp。 系 统 发 育 树

 

(A) SH39

200 μm

(B) TG1 (C) SH39革兰染色 (D) TG1革兰染色

200 μm

图 1　分离株 SH39 和 TG1 形态学表征

Fig. 1　Morphological characterization of isolates SH39 and TG1
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（图 2(B)）表明，分离株 SH39 与 TG1 与贝莱斯芽孢

杆 菌（Bacillus velezensis）FZB42 和 CBMB205 聚 为

一支。综合形态学以及分子生物学鉴定结果，最终

确定 SH39 和 TG1 为贝莱斯芽孢杆菌。

2.3　SH39与 TG1的产酶性能

由表 1 可知，通过蛋白酶培养基测定，SH39 的

蛋白酶指数为 1.81 ± 0.03，显著高于 TG1 的 1.35 ± 

0.23（P < 0.05）。纤维素酶活性测定结果显示，SH39

和 TG1 均表现出一定纤维素酶活性，其指数分别为

2.25 ± 0.30 和 1.91 ± 0.20。尽管 SH39 的纤维素酶活

性略高于 TG1，但两者之间差异不显著（P > 0.05）。

在可溶性淀粉培养基中，SH39 的淀粉酶活性指数为

2.36 ± 0.27 之间，显著高于 TG1 的 1.92 ± 0.15（P < 

0.05）。由图 3 可知，SH39 和 TG1 均表现出一定的

消化酶活性，但 SH39 在蛋白酶和淀粉酶活性方面

显著优于 TG1。在培养 24 h 条件下，SH39 表现出更

高产酶潜力。
表 1　SH39 与 TG1 消化酶活性指数比较

Table 1　Comparison of SH39 and TG1 digestive enzyme 
activity indexes

菌株编号
Strain 

number

SH39

TG1

蛋白酶活性指数
Protease enzyme 

activity index

1.81 ± 0.03*

1.35 ± 0.23

纤维素酶活性指数
Cellulase enzyme 

activity index

2.25 ± 0.30

1.91 ± 0.20

淀粉酶活性指数
Amylase enzyme 

activity index

2.36 ± 0.27*

1.92 ± 0.15

注：以平均值 ± 标准差表示，同列数据含*表示数据间差异显著
（P < 0.05）。
Note: The data are expressed as mean ± standard deviation, and 
asterisks (*) within the same column indicate significant differences 
between the data（P < 0.05）.

2.4　SH39与 TG1生长曲线测定及回归方程

由图 4 (A‒B)可知，SH39 与 TG1 均呈典型的微

生物生长规律，且生长迟缓期均较短。培养 4 h 后，

两株菌迅速增长，进入对数生长期，细胞数量呈指

数增长。培养 24 h 左右时，生长曲线趋于平稳，进

入稳定期。培养 30 h 后，两株菌的 D600均略有下降。

为确定光密度与菌浓度之间数量关系，选取不同光

密度的菌液进行平板涂布，构建光密度与菌浓度之

间的标准曲线，由图 4 (C‒D)可知，SH39 与 TG1 的线

性回归方程分别是 ŷ = 1.377 3 × 109x − 7.523 5 × 107

（R2 = 0.991 6）和 ŷ = 1.388 6 × 109x − 1.464 0 × 107

（R2 = 0.997 2），回归方程可用于后续通过测定菌液

的 D600计算菌液浓度。

2.5　SH39与 TG1体外抑菌活性

基于打孔法对分离株 SH39 和 TG1 的广谱抑菌

活性进行测定。由表 2 可知，除河流弧菌与创伤弧

 

A M

1 000

750

500

100

250

2 000

SH39 TG1 B

M，DL2000 DNA marker
图 2　SH39 与 TG1 16S 分子生物学鉴定

Fig. 2　16S molecular biology identification of SH39 and TG1

 

(A) SH39蛋白酶解 (B) TG1蛋白酶解 (C) SH39纤维素酶解 (D) TG1纤维素酶解 (E) SH39淀粉酶解 (F) TG1淀粉酶解

图 3　SH39 与 TG1 消化酶活性能力验证

Fig. 3　SH39 and TG1 digestive enzyme activity verification
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菌之外，SH39 与 TG1 对维氏气单胞菌、嗜水气单胞

等 14 种病原均表现出一定抑菌活性，但对金黄色葡

萄球菌、霍乱弧菌、溶藻弧菌、哈维氏弧菌、轮虫弧

菌 以 及 欧 文 斯 氏 弧 菌 的 抑 菌 能 力 差 异 显 著（P < 

0.05），其中 SH39 与 TG1 对欧文斯氏弧菌的抑菌效

果最佳[抑菌圈直径分别为（21.77 ± 0.42）、（24.26 ± 

0.40）mm]，表明 SH39 和 TG1 具有广谱抑菌特性。

2.6　SH39与 TG1生理生化指标

实验使用 GEN Ⅲ微孔板对分离株 SH39 和 TG1

的碳源代谢及化学敏感性进行测定。由表 3 和表 4

可知，SH39 对 N-乙酰-D-半乳糖胺、L-焦谷氨酸等

24 种碳源代谢呈阴性，对 D-丝氨酸、萘啶酮酸等 11

种化学物质反应呈阴性；TG1 对 α-D-乳糖、N-乙酰

神经氨酸等 18 种碳源代谢呈阴性，对梭链孢酸、醋

竹桃霉素等 8 种化学物质反应呈阴性。

2.7　SH39与 TG1成膜能力

SH39 与 TG1 在 LB 中的成膜能力使用结晶紫

染色法测定。由图 5 可知，TG1 成膜能力显著高于

SH39（P < 0.05），表 明 TG1 可 能 具 有 更 强 定 植

能力。

2.8　SH39与 TG1耐受能力

由图 6 (A‒B)可知，SH39 的生长随培养基中盐

度增加受到轻微抑制，尽管如此，当盐度达 40 时，

SH39 仍保持相对较好生长活性，表明 SH39 对高盐

环境具有一定耐受性。TG1 在不同盐度 LB 培养基

中表现出一定嗜盐性，统计分析可知，其在盐度 20

的培养基中长势最佳（P < 0.05）。在不同 pH 值的

LB 培养基培养 4 h 后，两株分离菌在 pH 为 6 ~ 8 时

生长良好，在低 pH 环境中仍保持一定存活率。

由图 7 可知，随分离菌在胆盐培养基中培养时

间延长，两株菌存活率均有一定程度下降，4 h 时，

SH39 与 TG1 存活率分别为 60% 与 20%，SH39 胆盐

耐受力显著高于 TG1（P < 0.01）。

2.9　SH39与 TG1安全性

由图 8 (A‒B)可知，分离株 SH39 和 TG1 在哥伦

比亚 CNA 血琼脂平板上生长时周围均未出现溶血

圈，鉴定为非溶血性菌株。

 

(A) SH39生长曲线 (B) TG1生长曲线 (C) SH39回归方程 (D) TG1回归方程

图 4　SH39 与 TG1 的生长曲线与回归方程

Fig. 4　Growth curves and regression equations of SH39 and TG1

表 2　SH39 和 TG1 广谱抑菌活性比较
Table 2　Comparison of broad-spectrum antibacterial activity of SH39 and TG1

病原
Pathogens

维氏气单胞菌（Aeromonas veronii）

金黄色葡萄球菌（Staphylococcus aureus）

大肠埃希菌（Escherichia coli）

弗氏柠檬酸杆菌（Citrobacter freundii）

溶藻弧菌（Vibrio alginolyticus）

哈维氏弧菌（Vibrio harveyi）

轮虫弧菌（Vibrio rotiferianus）

创伤弧菌（Vibrio  vulnificus）

抑菌圈直径
Diameter of inhibition circle/mm

SH39

19.63 ± 0.15

15.47 ± 1.60

14.17 ± 1.12

13.90 ± 2.00

16.60 ± 0.66*

12.63 ± 1.10

13.46 ± 0.40*

0

TG1

21.10 ± 0.66

18.00 ± 0.26*

14.53 ± 1.81

14.40 ± 0.89

13.43 ± 0.84

17.67 ± 0.42*

11.77 ± 0.74

0

病原
Pathogens

嗜水气单胞菌（Aeromonas hydrophila）

霍乱弧菌（Vibrio cholerae）

美人鱼发光杆菌（Photobacterium damselae）

摩氏摩根菌（Morganella morganii）

副溶血弧菌（Vibrio parahaemolyticus）

河流弧菌（Vibrio fluvialis）

欧文斯氏弧菌（Vibrio owensii）

地中海弧菌（Vibrio mediterranei）

抑菌圈直径
Diameter of inhibition circle/mm

SH39

16.47 ± 2.43

12.80 ± 0.10

13.77 ± 0.40

12.23 ± 0.32

12.80 ± 0.70

0

21.77 ± 0.42

12.80 ± 0.10

TG1

17.13 ± 1.79

14.33 ± 0.86*

11.77 ± 0.49

12.80 ± 0.44

11.77 ± 0.15

0

24.26 ± 0.40*

12.17 ± 0.40

注：打孔器直径 7 mm。抑菌圈直径以平均值 ± 标准差表示。同行数据含*表示数据间差异显著（P < 0.05）。
Note: The diameter of the perforator is 7 mm. The diameter of the inhibition circle is expressed as mean ± standard deviation, and the data in the 

same row containing * indicate significant differences between the data (P < 0.05).
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采用纸片扩散法测试了分离株 SH39 和 TG1 对

恩诺沙星、氟苯尼考等 9 种抗菌药物的药物敏感性。

由表 5 可知，SH39 与 TG1 对所测试 9 种抗生素均表

现为敏感。

分别向石斑鱼腹腔注射 50 μL 无菌 PBS、1 × 

108 CFU/mL 的 TG1、SH39 后观察 7 d，石斑鱼进食

良好，无发病和死亡现象。

表 3　SH39 与 TG1 碳源代谢验证
Table 3　Carbon source metabolism verification of SH39 and TG1

测试项目 Test items

糊精（Dextrin）

D-麦芽（D-Maltose）

D-海藻糖（D-Trehalose）

D-纤维二糖（D-Cellobiose）

龙胆二糖（Gentiobiose）

蔗糖（Sucrose）

D-松二糖（D-Turanose）

水苏糖（Stachyose）

蜜三糖（D-Raffinose）

α-D-乳糖（α-D-Lactose）

蜜二糖（D-Melibiose）

β-甲酰-D-葡糖苷（β-Methyl-D-Glucoside）

D-水杨苷（D-Salicin）

N-乙酰-D-葡糖胺（N-Acetyl-D-Glucosamine）

N-乙酰-β-D-甘露糖胺（N-Acetyl-β-DMannosamine）

N-乙酰-D-半乳糖胺（N-Acetyl-D-Galactosamine）

N-乙酰神经氨酸（N-Acetyl neuraminic acid）

α-D-葡糖（α-D-Glucose）

D-甘露糖（D-Mannose）

D-果糖（D-Fructose）

D-半乳糖（D-Galactose）

3-甲酰葡糖（3-Methyl glucose）

D-岩藻糖（D-Fucose）

L-岩藻糖（L-Fucose）

L-鼠李糖（L-Rhamnose）

肌苷（Inosine）

D-山梨醇（D-Sorbitol）

D-甘露醇（D-Mannitol）

D-阿拉伯醇（D-Arabitol）

肌醇（myo-Inositol）

甘油（Glycerol）

D-葡糖-6-磷酸（D-Glucose-6-PO4）

D-果糖-6-磷酸（D-Fructose-6-PO4）

D-天冬氨酸（D-Aspartic acid）

D-丝氨酸（D-Serine）

明胶（Gelatin）

TG1

+

+

+

+

+

+

+

+

+

−
+

+

+

+

+

+

−
+

+

+

+

−
−
−
−
+

+

+

−
+

+

−
+

+

−
+

SH39

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

−
−
+

+

+

+

−
−
−
−
−
+

+

−
+

+

−
+

+

−
+

测试项目 Test items

       氨基乙酰-L-脯氨酸（Glycyl-L-Proline）

L-丙氨酸（L-Alanine）

L-精氨酸（L-Arginine）

L-天冬氨酸（L-Aspartic acid）

L-谷氨酸（L-Glutamic acid）

L-组胺（L-Histidine）

L-焦谷氨酸（L-Pyroglutamic acid）

L-丝氨酸（L-Serine）

果胶（Pectin）

D-半乳糖醛酸（D-Galacturonic acid）

L-半乳糖醛酸内酯（L-Galactonic acid lactone）

D-葡糖酸（D-Gluconic acid）

D-葡糖醛酸（D-Glucuronic acid）

葡糖醛酰胺（Glucuronamide）

黏酸（Mucic acid）

奎宁酸（Quinic acid）

糖质酸（D-Saccharic acid）

p-羟基-苯乙酸（p-Hydroxy- Phenylacetic acid）

丙酮酸甲酯（Methyl pyruvate）

D-乳酸甲酯（D-Lactic acid methyl ester）

L-乳酸（L-Lactic acid）

柠檬酸（Citric acid）

α-酮-戊二酸（α-Keto-Glutaric acid）

D-苹果酸（D-Malic acid）

L-苹果酸（L-Malic acid）

溴-丁二酸（Bromo-Succinic acid）

吐温 40（Tween 40）

γ-氨基-丁酸（γ-Amino-Butryric acid）

α-羟基-丁酸（α-Hydroxy-Butyric acid）

β-羟基-D,L 丁酸（β-Hydroxy-D, L Butyric acid）

α-酮-丁酸（α-Keto-Butyric acid）

乙酰乙酸（Acetoacetic acid）

丙酸（Propionic acid）

乙酸（Acetic acid）

甲酸（Formic acid）

TG1

+

+

+

+

+

+

+

+

+

+

+

+

+

−
−
+

−
−
+

+

+

+

−
−
+

+

+

−
−
+

−
+

+

+

+

SH39

+

+

+

+

+

+

−
−
+

+

+

+

+

−
−
−
−
−
+

−
+

+

−
−
+

+

+

−
−
+

−
+

−
+

+

注：“+”，阳性反应；“−”阴性反应。Note: “+”, positive reaction; “−” negative reaction.

144

467



第 4 期 陈凡等：两株海洋来源贝莱斯芽孢杆菌的筛选、分离鉴定及益生特性

3　讨论

本研究采用高温预处理筛选策略，成功分离获

得 2 株海洋源贝莱斯芽孢杆菌（B. velezensis）SH39

与 TG1。生理生化鉴定结果表明，2 株菌均具有广

泛的碳源代谢活性，这与先前研究报道的贝莱斯芽

孢杆菌特性相符[11]。贝莱斯芽孢杆菌最先发现于西

 

(A) SH39 (B) TG1

图 8　SH39 与 TG1 溶血性验证

Fig. 8　Hemolytic test of SH39 and TG1

** 表 示 数 据 间 差 异 极 显 著（P < 0.01）。 ** indicates extremely 
significant differences between data (P < 0.01).

图 7　SH39 与 TG1 胆盐耐受评估

Fig. 7　Bile salt tolerance assessment for SH39 and TG1

表 5　SH39 与 TG1 抗生素敏感性评估
Table 5　Evaluation on antibiotic sensitivity of SH39 and TG1

抗生素
Antibiotics

恩诺沙星
Enrofloxacin

氟苯尼考
Florfenicol

磺胺甲恶唑
Sulfamethoxazole

新霉素
Neomycin
多西环素

Doxycycline
环丙沙星

Ciprofloxacin
磺胺间甲氧嘧啶
Sulfamethoxypyri-

midine
甲砜霉素

Thiamphenicol
氟甲喹

Flumequine

浓度
Concen-
tration/
(μg/片)

10

30

30

30

30

5

30

30

30

抑菌圈直径判断
标准

Standard of
judgment/mm

R

≤10

≤10

≤10

≤10

≤14

≤15

≤12

≤15

≤15

I

11 ~ 14

11 ~ 14

11 ~ 14

11 ~ 14

15 ~ 17

16 ~ 20

13 ~ 16

16 ~ 20

16 ~ 20

S

≥15

≥15

≥15

≥15

≥18

≥21

≥17

≥21

≥21

敏感性
Sensitivities

SH39

S

S

S

S

S

S

S

S

S

TG1

S

S

S

S

S

S

S

S

S

注：R，耐药；I，中介；S，敏感。
Note: R, resistant; I, intermediate; S, sensitive.

表 4　SH39 与 TG1 化学敏感性验证
Table 4　Chemical sensitivity verification of SH39 and TG1

测试项目 Test items

pH 6

pH 5

质量分数 1% NaCl

质量分数 4% NaCl

质量分数 8% NaCl

质量分数 1% 乳酸钠

梭链孢酸

D-丝氨酸

醋竹桃霉

利福霉素 SV

二甲胺四环

林肯霉

TG1

+

+

+

+

+

+

−
+

−
+

−
+

SH39

+

+

+

+

+

+

−
−
−
+

−
−

测试项目 Test items

盐酸胍

硫酸四癸钠

万古霉素

四唑紫

四唑蓝

萘啶酮酸

氯化锂

亚碲酸钾

氨曲南

丁酸钠

溴酸钠

TG1

+

−
−
−
−
+

+

+

+

+

−

SH39

+

−
−
−
−
−
+

+

+

+

−

注：“+”，阳性反应；“−”阴性反应。
Note: “+”, positive reaction; “−” negative reaction.

不 同 处 理 组 凡 含 一 个 相 同 字 母 则 表 示 差 异 不 显 著（P > 0.05）。
Different treatment groups sharing the same letter indicate no 
significant difference between them (P > 0.05).

图 6　SH39 与 TG1 盐度与 pH 耐受评估

Fig. 6　Salinity and pH tolerance assessment of 

SH39 and TG1

 
SH39 TG1

0

1

2

3

4

D
57

0

✱

组别 Groups

*表示数据间差异显著（P < 0.05）。
*Indicates a significant difference between the data (P < 0.05).

图 5　SH39 与 TG1 成膜能力评估
Fig. 5　Evaluation of film-forming ability of SH39 and TG1
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班牙南部的贝莱斯河[15]，已有研究表明，不同来源的

贝莱斯芽孢杆菌在饲料添加剂、水质调控、病原拮

抗及免疫调节等方面表现出显著益生潜力[16−18]。

3.1　贝莱斯芽孢杆菌的环境适应性

益生菌须具备良好生长特性，才能在动物体内

发挥益生作用，而外源益生菌在海洋动物肠道内定

植，则需要承受动物消化道酸性环境、胆盐以及高

盐度胁迫[19−20]。贝莱斯芽孢杆菌属于厚壁菌门，在

极端环境中能够产生内生芽孢以应对环境胁迫，具

有一定抗逆性能。Gao 等[11]报道一株从凡纳滨对虾

（Litopenaeus vannamei）养殖环境中筛选到的贝莱

斯芽孢杆菌，既能抵抗 0.3% 质量分数的胆盐胁迫，

也能在 pH 值为 2 的 TSB 培养基中存活。广东海洋

大学研究团队报道 2 株从珍珠龙胆石斑鱼消化道内

筛选得到的贝莱斯芽孢杆菌，其能在低至 1.0pH 值

下保持一定存活率，且耐受质量分数 0.5% 胆盐浓

度[4]。Li 等[21]对比从牦牛（Bos grunniens）肠道内容

物分离得到枯草芽孢杆菌（Bacillus subtilis）与贝莱

斯芽孢杆菌的耐酸和耐胆盐情况发现，贝莱斯芽孢

杆菌表现更好耐受性能。本研究得到类似结果，

SH39 与 TG1 在 pH 为 2 ~ 4 培养环境中光密度显著

高于 pH 为 12 菌液（P < 0.05），表明 2 株菌均具有良

好耐酸性；在胆盐耐受实验中，2 株菌在含质量分数

0.4% 牛胆盐 LB 培养基中表现良好耐受能力。酸碱

与胆盐耐受实验表明 SH39 与 TG1 在肠道环境中拥

有一定定植潜力。全基因组测序研究显示，贝莱斯

芽孢杆菌能够利用 8 个 ATP 合成酶 atp 基因组成一

个操作子，通过水解 ATP 从细胞质中挤出质子来维

持酸性条件下质子平衡，同时，Na+/H+逆转运蛋白及

其编码基因的存在，使贝莱斯芽孢杆菌拥有良好低

pH 耐受性[22]，基因组中 btlA 和 bshA 基因则是参与到

胆盐耐受和分解过程，使贝莱斯芽孢杆菌在高胆盐

浓度环境中保持活力[23]。良好耐盐性能是益生菌在

海洋环境中发挥作用的先决条件。有研究从盐碱

地分离出 1 株具有广谱真菌抗性的贝莱斯芽孢杆菌

能够在盐度为 0 ~ 120 环境中生长[24]，油水富集液中

筛选得到贝莱斯芽孢杆菌也被证明能够在质量浓

度 10 ~ 150 g/L NaCl 培养基中存活[19]。本研究综合

海水养殖实际盐度需求，发现分离株 SH39 与 TG1

均能在高盐度培养基中保证生长，支持其作为海水

养殖益生菌的应用潜力。

3.2　           贝莱斯芽孢杆菌胞外酶系提高水产饲料利用率

水产动物通常依靠自身各种消化酶对饲料进

行消化与吸收，然而饲料中替代鱼粉的植物组分降

低了水产动物饲料转化率，肠道内消化酶种类与活

性 不 足 直 接 或 间 接 影 响 水 产 行 业 的 进 一 步 发

展[25−26]。芽孢杆菌生长繁殖快，抗逆性好，其分泌的

多种消化酶（如蛋白酶、脂肪酶和淀粉酶）能显著提

高饲料利用率，常被用于饲料添加领域[2, 27]。研究表

明，饲料中添加枯草芽孢杆菌可使石斑鱼饲料效率

比提升 25% ~ 60%[28]。贝莱斯芽孢杆菌有丰富的胞

外酶系，Xia 等[29]发现贝莱斯芽孢杆菌不仅能够产

生蛋白酶、淀粉酶、脂肪酶、纤维素酶等多种胞外

酶，而且能够刺激大口黑鲈（Micropterus salmoides）

肠道内胰蛋白酶、淀粉酶以及血清脂肪酶活性增

加，进而显著改善大口黑鲈生长性能；林淑华等[12]亦

确定野猪（Sus scrofa）肠道来源的贝莱斯芽孢杆菌

能够分解淀粉与纤维素。本研究中，SH39 与 TG1

同样有蛋白、纤维素以及淀粉的胞外降解活性，表

明 其 作 为 饲 料 添 加 剂 具 备 促 进 水 产 动 物 生 长 的

潜力。

3.3　芽孢杆菌的广谱抗菌作用与定植潜力

水产病害频发对水产养殖业造成重大经济损

失[30−33]，益生菌因其显著病原拮抗作用和宿主免疫增

强功能，在“无抗时代”背景下成为绿色病害防控策略

的研究热点[34−35]。蜡样芽孢杆菌（Bacillus cereus）能够

通过上调杂交石斑鱼脾脏和头肾中多种免疫和抗氧

化基因（CTL、CAT、SOD、HSP70、TLR3、TGF-β 和 IgM）

的表达，增强宿主免疫与抗氧化能力[36]，贝莱斯芽孢杆

菌能够合成脂肽、多酮类、肽类等多类型强抗菌次生

代谢物[37]。本研究通过体外抑菌实验确定SH39与TG1

对细菌性水产病原有广谱性抑制效果。尽管SH39与

TG1 在分子生物学鉴定上被归为同一种，但 2 株菌不

仅形态上存在明显差异，其对金黄色葡萄球菌、溶藻

弧菌、哈维氏弧菌以及霍乱弧菌等 6种病原抑制效果

同样差异显著（P < 0.05），这可能是2株菌在生态位竞

争以及次级代谢物的产生能力上存在差异。生物膜

是由细菌及其分泌形成的胞外聚合物共同形成的复

杂结构，该结构能够促进菌体与宿主黏膜之间定植，

与游离状态相比，生物膜结构有更加稳定形式，能增

强益生菌抗逆性以及与致病菌竞争肠道位点能力[38−39]。

例如，枯草芽孢杆菌DG101能够通过形成生物膜保护

本地肠道菌群不受肠道环境压力的影响[20]，相较于游

离 状 态 菌 体 ，处 于 生 物 膜 状 态 植 物 乳 杆 菌

（Lactiplantibacillus plantarum）也被证明有更好黏附

特性以及模拟肠胃液中更高存活率[40]。本研究通过结

晶紫染色法体外分别评定 SH39 与 TG1 成膜能力，发

现TG1成膜能力显著强于SH39 （P < 0.05），这可能是
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TG1 能够定植于珍珠龙胆石斑鱼体表重要原因。

3.4　贝莱斯芽孢杆菌安全性验证

益生菌安全性是其商业化应用前提。本研究

使 用 9 种 常 见 抗 生 素 进 行 耐 药 实 验 ，结 果 表 明 ，

SH39 和 TG1 对所有抗生素敏感，这排除了益生菌

携带耐药基因在肠道微生物群落中水平转移的潜

在风险[41]。此外，大多细菌致病性与其溶血特性相

关，溶血活性评估也是评价益生菌安全性重要标准

之一。研究表明，贝莱斯芽孢杆菌在哥伦比亚血平

板上不具有 β 溶血性[42]，本研究结果与之一致，分离

菌在血平板上未表现出草绿色或透明溶血环，确定

SH39 与 TG1 为 γ 溶血。本研究活体实验也显示，腹

腔注射 SH39 和 TG1 后，石斑鱼未出现异常状况，表

明 2 株菌具有潜在生物安全性。

4　结论
本研究从珊瑚与石斑鱼体表黏液中分离获得 2

株耐高温芽孢杆菌 SH39 和 TG1，经形态学观察、生

理生化鉴定以及分子生物学鉴定，综合确定其为贝

莱斯芽孢杆菌（Bacillus velezensis）。2 株菌不仅对

胆盐、盐度以及酸性环境有良好耐受性，而且对常

见水产病原菌有着广谱抑菌活性，并且能够产生多

种胞外消化酶，这提示 SH39 和 TG1 在海水养殖中

有较大应用潜力，可作为水产养殖候选益生菌。未

来将基于本研究获得的贝莱斯芽孢杆菌结合全基

因组测序技术以及复合微生物菌剂等手段，在活体

层面研究其对我国大中型名贵海产鱼类如珍珠龙

胆石斑鱼的益生作用，为推动名贵海水鱼类的集约

化高效健康养殖提供助力。
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珊瑚源噻虫嗪降解菌的分离、鉴定及其降解特性研究

邹 杰 1,2,3，王 琳 2，陈祺琦 1,2,3，何旭聪 3，黄金梅 3，孙天奕 3，苏宏飞 1,3

（1. 广西大学资源环境与材料学院，广西 南宁 530004；2. 中国科学院南海海洋研究所 /

中国科学院热带海洋生物资源与生态重点实验室，广东 广州 510301；

3. 广西大学海洋学院，广西 南宁 530004）

摘 要 :【目的】分离珊瑚共附生微生物中的潜在噻虫嗪降解菌，并解析其相关降解特性。【方法】以珊瑚为

试验材料，将珊瑚源微生物在以噻虫嗪为唯一碳源的培养基进行 3 轮富集培养，利用高通量测序技术分析富集培养

物的多样性、丰富度及群落组成；对富集培养物中的潜在噻虫嗪降解菌株进行分离、鉴定及其噻虫嗪降解能力测

试，确定噻虫嗪降解目的菌株；通过目的菌株对噻虫嗪的降解产物鉴定及毒性预测解析其对噻虫嗪的降解特征。

【结果】经 3 轮富集培养，得到能以噻虫嗪为唯一碳源利用的珊瑚源富集培养物。富集培养物的高通量测序结果表

明随着富集时间的增加，珊瑚源的噻虫嗪降解微生物群落结构趋于复杂，群落结构分析结果表明 3 轮富集中变形

菌门、厚壁菌门、拟杆菌门为优势菌门，γ- 变形菌纲、α- 变形菌纲为优势菌纲，弧菌属（Vibrio）、交替单胞菌属

（Alteromonas）和 Epibacterium 为优势菌属。从第 3 轮富集培养物中分离得到 27 株潜在噻虫嗪降解菌株，根据菌

株形态筛选出 GXU 22002、GXU 22003、GXU 22031、GXU 22040 4 株菌株，通过 16S rRNA 比对确定 4 株菌株分别

为 Serratia marcescens、Vibrio sagamiensis、V. neocaledonicus、V. alginolyticus。4 株菌株对噻虫嗪的降解能力试验

结果表明，S. marcescens GXU 22002、V. sagamiensis GXU 22003、V. neocaledonicus GXU 22031、V. alginolyticus GXU 

22040 对噻虫嗪具有不同程度的降解活性，在培养 7 d 后对噻虫嗪降解率分别为 14.7%、16.3%、20.7%、9.9%。通

过菌株 V. sagamiensis GXU 22003 对噻虫嗪的降解产物鉴定得出其降解噻虫嗪的主要产物为 TMX-urea、TMX-NH、

H-CLO-tri、CLO-tri 4 种化合物。ECOSAR 软件分析显示降解产物对鱼、水蚤、藻类 3 种水生生物的急性毒性相比

噻虫嗪减弱。【结论】成功从珊瑚中分离出 4 株潜在的噻虫嗪降解菌，并解析其降解特征，为噻虫嗪农药污染治理

提供菌种资源和理论依据。

关键词：珊瑚；农药污染；噻虫嗪；群落结构；菌株分离；弧菌属；微生物降解
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Isolation, Identification and Degradation Characteristics Study 
of Thiamethoxam Degrading Bacteria from Coral

ZOU Jie1,2,3, WANG Lin2, CHEN Qiqi1,2,3, HE Xucong3, HUANG Jinmei3, SUN Tianyi3, SU Hongfei1,3

（1. School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China;
 2. South China Sea Institute of Oceanology, Chinese Academy of Sciences / Key Laboratory of 

Tropical Marine Bio-resources and Ecology, Chinese Academy of Sciences, Guangzhou 510301, China; 
3. School of Marine Sciences, Guangxi University, Nanning, 530004, China）

Abstract: 【Objective】This study aimed to isolate the potential thiamethoxam-degrading bacteria from coral and 
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to analyze their degradation-related characteristics.【Method】Coral samples were used as the experimental material, the 

symbiotic microorganisms from corals were enriched and cultured for three rounds in a medium with thiamethoxam served as the 

sole carbon source. The diversity, richness, and community composition of the enriched microbial cultures were analyzed using 

high-throughput sequencing. The potential thiamethoxam-degrading strains were isolated, identified, and their thiamethoxam-

degrading ability was evaluated to determine the target thiamethoxam-degrading strains. The degradation-related characteristics 

of thiamethoxam of the target strain by identifying degradation products of thiamethoxam and predicting their toxicity.【Result】

Following three rounds of enrichment culture with thiamethoxam, coral symbionts that could utilize thiamethoxam as the sole 

carbon source were obtained high-throughput sequencing analysis of the enriched cultures revealed that their community 

structure of coral symbiotic thiamethoxam-degrading microorganisms .gained complexity with time. Further analysis revealed 

that within three rounds of enrichment, Proteobacteria, Firmicutes, Bacteroidota and Actinobacteriota were the dominant phyla; γ- 

and α-Proteobacteria were the predominant classes; Vibrio, Alteromonas and Epibacterium emerged as the preeminent genera. 

In total, 27 potential thiamethoxam-degrading strains were isolated from the third enrichment culture . Of these, four strains 

including GXU 22002, GXU 22003, GXU 22031, and GXU 22040 were screened morphologically . By comparing the 16S 

rRNA sequences, they were identified as Serratia marcescens, Vibrio sagamiensis, V. neocaledonicus and V. alginolyticus, 

respectively. The thiamethoxam-degradation ability tests indicated that these strains exhibited varying levels of degradation 

activity. S. marcescens GXU 22002, V. sagamiensis GXU 22003, V. neocaledonicus GXU 22031, and V. alginolyticus GXU 

22040 had degradation rates of 14.7%, 16.3%, 20.7%, and 9.9%, respectively, after 7 days. An analysis of the thiamethoxam-

degradation products by GXU 22003 confirmed the presence of  four main degradation products: TMX-urea, TMX-NH, 

H-CLO-tri, and CLO-tri. An assessment by the ECOSAR software showed that the acute toxicity of the products against three 

aquatic organisms (fish, daphnia, and green algae) was weaker than that of the parent compound, thiamethoxam.【Conclusion】

This study isolated potential thiamethoxam-degrading bacteria from coral samples, and determined their degradatio--associated 

characteristics, thereby providing valuable resource strains and a theoretical foundation for the control of pesticide pollution.

Key words: coral; pesticide pollution; thiamethoxam; community structure; strain isolation; Vibrio; microbial degradation

【研究意义】噻虫嗪（Thiamethoxam，THM）

又名阿克泰，是一种具有全新结构的第 2 代新烟

碱类杀虫剂［1］，具有剂量低、高效、内吸性好

等优点，被广泛运用于农业害虫防治［2-4］。特有

的 2- 氯 -1,3- 噻唑 -5- 基结构提高了噻虫嗪对

咀嚼式和刺吸式口器害虫的触杀及胃毒活性［5］，

可有效防治蚜虫、粉虱、潜叶蛾等害虫，使噻虫

嗪成为水稻、小麦、蔬菜等农作物不可或缺的农

药［6-7］。已有研究表明，噻虫嗪主要通过引起氧

化应激、抑制酶活性、阻碍基因表达等方式起作

用，可引起生物产生代谢紊乱、细胞衰亡、蛋白

表达异常等中毒现象［8-9］。环境中噻虫嗪可能成

为一种有机污染物，危害人类及其他非靶向生物

的健康与安全，因此，如何安全有效地去除噻虫

嗪污染成为当前亟需解决的问题。

【前人研究进展】目前降解水体中噻虫嗪的

方法有物理法、化学法和生物降解法。物理法主

要运用吸附技术，利用良好的吸附剂去除水体中

的噻虫嗪［10-11］。化学法主要利用高级氧化技术，

使用 Fenton（芬顿）、电化学、光催化等技术氧

化噻虫嗪［12-14］。物理法和化学法去除噻虫嗪的

成本相对较高，还可能产生二次污染。生物降解

法主要利用微生物对污染物的催化和代谢作用，

该方法具有成本低、代谢产物毒性低、无二次污

染等优点。目前已有来自陆地土壤的微生物降解

噻虫嗪的研究报道，如 Pandey 等［15］从土壤中分

离的 1 株假单胞菌（Pseudomonas sp. 1G）可在

14 d 内降解 70% 噻虫嗪，可将噻虫嗪杂环部分

含有的硝基还原为亚硝基、氨基、羰基，使噻虫

嗪转化为毒性更弱的尿素类噻虫嗪代谢物；Zhou

等［16］从海南大豆种植区的根系菌中分离得到黏

着剑菌（Ensifer adhaerens）TMX-23，该菌对噻

虫嗪具有良好的降解能力，还可释放多种植物促

生物质；Rana 等［17］从土壤分离得到恶臭假单胞

菌（P. putida）IMBL 5.2 和嗜气芽孢杆菌（Bacillus 
aeromonas）IMBL 4.1，在降解试验开始的 15 d

后噻虫嗪降解率分别达 38% 和 45%。此外，海

洋微生物种类丰富、数量繁多、分布广泛，已有
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研究发现海洋微生物在降解污染物方面展现出广

阔的应用潜力［18-19］。其中，珊瑚礁生态系统具

有丰富的生物多样性和生产力［20］，已证实其共

附生微生物可在海洋特有的高盐、高压、低营养、

低光照等极端条件下生存，在海水中或陆地上温

度、pH、盐度等条件较为极端的地区的噻虫嗪

污染治理方面更具应用潜力［21］。目前已有研究

表明珊瑚源微生物可降解有机污染物。Saranya

等［22］从珊瑚中分离出 1 株能有效吸附 Cu、Cr、

Zn 等 重 金 属 元 素 的 菌 株 Cronobacter muytjensii 
KSCAS2，其在陆地农田土壤重金属污染的防治

展示出良好性能。Ansari 等［23］从珊瑚组织液富

集获得的微生物能有效降解石油原油。Jayasree

等［24］从大堡礁的美丽鹿角珊瑚粘液中分离出 1

株菌株 Photobacterium ganghwense T14，其对氟

氯氰菊酯的降解率可达 92.13%。黄沁愉等［25］

从三亚鹿回头的近海海域珊瑚中分离出潜在的

EHMC（对甲氧基肉桂酸辛酯）降解菌。这些研

究表明珊瑚蕴藏丰富的污染物降解微生物，极可

能筛选出噻虫嗪降解菌。目前珊瑚礁区已出现严

重的有机污染，对珊瑚生态造成巨大危害，如多

环芳烃和多氯联苯的污染会导致珊瑚藻的光合色

素含量下降、细胞膜透性和丙二醛含量增加，最

终导致珊瑚藻停止生长［26］；除草剂 PSII 通过与

特定蛋白结合抑制珊瑚光合电子传递，导致活性

氧产生，进而干扰共生菌的光合作用，加剧氧化

损伤，最终损害珊瑚的健康［27］；有机磷类除草

剂草胺膦和草甘膦会抑制珊瑚氮相关代谢、共生

细胞周期和营养相关基因的表达，干扰珊瑚的代

谢、钙化和减数分裂等基本生理过程［28］。然而，

在污染物存在的情况下，珊瑚并未出现大量死亡，

可能是数量巨大、种类繁多的共附生微生物降解

作用使珊瑚获得新的生存希望。

【本研究切入点】噻虫嗪随着大气、河流最

终注入海洋，危害日益增加，因此寻找来源于海

洋的降解菌，或许更能适应海水理化性质，对海

洋农药污染治理更具前景。然而，目前报道的噻

虫嗪降解菌均来源于陆地，尚未见从海洋环境中

分离得到噻虫嗪降解菌的研究报道。因此本研究

尝试从珊瑚源微生物中分离得到噻虫嗪降解菌，

丰富噻虫嗪降解功能菌株资源。【拟解决的关键

问题】本研究从珊瑚中富集培养噻虫嗪降解菌，

分析富集培养物的群落组成与结构，然后分离培

养获得潜在噻虫嗪降解菌，最后进行菌株鉴定、

降解活性测定、降解产物鉴定及毒性预测等分析

噻虫嗪降解特征，为挖掘噻虫嗪降解菌以治理海

洋农药污染提供物质资源和理论依据。

1 材料与方法

1.1 试验材料

1.1.1 珊瑚样品 珊瑚样品于 2023 年 4 月采集

自海南省三亚鹿回头近岸海域的珊瑚礁（18°13’N、

109°29’E）。按照唐小玉等［29］方法用锤子敲取

健康的鹿角杯形珊瑚（Pocillopora damicornis）

样本，并保存于装有海水的无菌样品袋，送往广

西南海珊瑚礁研究实验室用于后续研究。

1.1.2 主要培养基及试剂 （1）人工海水培养

基（MMC）：氯化钠 24.0 g/L，硫酸铵 1.0 g/ L，

氯化钾 0.7 g/L，磷酸二氢钾 2.0 g/L，磷酸氢二钠

3.0 g/L，七水合硫酸镁 3.5 g/L，ddH2O 1 L，pH 7.4，

121℃灭菌 25 min。灭菌后添加 1% 微量元素原液；

微量元素原液配制方法参考文献［30］，配制好

后用 0.22 μm 滤膜过滤。（2）Marine Agar 培养基

（MA）：胰蛋白胨 5 g，酵母提取粉 1 g，葡萄糖

0.5 g，柠檬酸铁 0.05 g，陈海水 0.5 L，ddH2O 0.5 L，

pH 7.4；105℃灭菌 40 min。

噻虫嗪标准品（95%）购自上海麦克林生化

科 技 股 份 有 限 公 司；70% 噻 虫 嗪 水 分 散 粒 剂

购 自 山 东 贵 合 生 物 科 技 有 限 公 司； 扩 增 细 菌

16S rRNA 基 因 的 通 用 引 物 27F（5'-AGRGTTT

GATYNTGGCTCAG-3'） 和 1492R（5'-TASGGH

TACCTTGTTASGACTT-3'）由生工生物工程（上

海）股份有限公司合成；OMEGA 细菌 DNA 提取

试剂盒购自广州飞扬生物工程有限公司。

1.2 潜在噻虫嗪降解菌群的富集培养

以噻虫嗪为唯一碳源，按终浓度 100 mg/L

配 制 人 工 海 水 - 噻 虫 嗪（MMC-THM） 液 体 培

养基。取 1 g 鹿角杯形珊瑚枝条装入 50 mL 离心

管，往离心管加入 10 mL 无菌海水，振荡 20 s，

静置 5 min 去除骨骼碎片。用三层棉纱过滤，收

集液体于另一支 50 mL 离心管，8 000 r/min 离心

2 min。弃上清液，取沉淀物至 15 mL 离心管，
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加入 10 mL 无菌海水振荡涡旋，使沉淀物在无菌

海水中重悬，然后 8 000 r/min 离心 2 min，重复

以上步骤 2~3 次，获得珊瑚共附生微生物菌悬液。

取 200 μL 菌悬液接种于 100 mL MMC-THM 液体

培养基中，150 r/min 28℃ 避光条件下进行第 1

轮富集培养，培养至培养基中富集培养物 OD600

无明显变化时，按 1% 接种量接种至新培养基继

续第 2 轮富集。第 3 轮富集操作同第 2 轮。试验

设置 3 个处理：试验组 TC 在含有噻虫嗪的培养

基中添加珊瑚菌悬液，第 1~3 轮富集培养物分别

标记为 TC-1、TC-2、TC-3；对照组 C 单一添加

珊瑚菌悬液，不添加噻虫嗪；对照组 T 单一添加

噻虫嗪样品，不添加珊瑚菌悬液。每个处理 3 次

重复，所有处理按相同条件培养。

1.3 潜在噻虫嗪降解菌群的高通量测序

每 轮 富 集 结 束 时， 收 集 2 mL 培 养 液， 使

用 OMEGA 细 菌 DNA 提 取 试 剂 盒 提 取 细 菌 总

DNA，使用 1% 琼脂糖凝胶电泳和 NanoDrop 2000

验证 DNA 的纯度和浓度，检验条带单一且浓度

合格的总 DNA 样品送至上海凌恩生物科技有限

公司进行微生物组高通量测序。数据分析步骤如

下：首先利用 DADA2 方法从 QIIME2（V2020.6）

中处理的 Reads 中提取扩增子序列变异（Amplicon 

sequence variant，ASVs，P<0.05）［31］； 然 后 使

用 Bayes 注释方法进行物种注释，利用 QIIME 软

件估算微生物群落的 α 多样性指数，生成不同分

类水平上的物种丰度表。

1.4 潜在噻虫嗪降解菌的分离培养

取 200 μL 第 3 轮富集培养液，涂布于含有

100 mg/L 噻虫嗪的 MMC-THM 固体培养基上，

25℃避光培养 3 d。根据平板上单菌落的形态，

挑取不同单菌落至含有 100 mg/L 噻虫嗪的 MMC-

THM 固体培养基上进行划线分离纯化，于 25℃

避光培养 3 d。对生长在 MMC-THM 固体培养基

上的单菌落接种至 MA 固体培养基划线分离，对

单菌落经过 2~3 次分离纯化后得到细菌纯培养

物，获得潜在噻虫嗪降解菌株，并用 20% 甘油

于 -80℃保藏。

1.5 潜在噻虫嗪降解菌的鉴定和系统进化分析

使用细菌基因组 DNA 提取试剂盒提取潜在

降解菌的基因组 DNA，使用细菌通用引物 27F

（5'-AGAGTTTGATCCTGGCTCAG-3'）和 1492R

（5'-ACGGCTACCTTGTTACGACT-3'）进行 PCR

扩增。反应体系：模板 1.0 μL、27F 引物 1.0 μL、

1492R 引物 1.0 μL、Taq 酶 12.5 μL、ddH2O 9.5 μL，

总共 25.0 μL。反应条件：95℃ 5 min，94℃ 30 s、

55℃ 40 s、72℃ 90 s、30 个循环，72℃ 10 min。

将 PCR 扩增产物送至生工生物工程（上海）股份

有限公司完成测序。在 NCBI（https://www.ncbi.nlm.

nih.gov）和 Ezbiocloud（https://eztaxon-e.ezbiocloud.

net/）进行基因序列比对，根据序列比对结果选

取具有较高同源性菌株的 16S rRNA 基因作为参

照序列，使用 MEGA11 软件，以自展值为 1 000

次采用邻接法（Neighbor-Joining，N-J）进行聚

类分析并构建系统发育树［32］。

1.6 噻虫嗪降解率测定

用 0.85% 生 理 盐 水 制 备 潜 在 噻 虫 嗪 降 解

菌 株 的 菌 悬 液， 按 1% 接 种 量 接 种 至 10 mL

含 100 mg/ L 噻 虫 嗪 的 MMC-THM 培 养 基 中，

25℃、160 r/min 振荡培养 7 d，以添加等量无菌

生理盐水为对照组，测定菌株对噻虫嗪的降解

率。培养结束后取各试验组的培养液 2 mL，置

于分液漏斗中，加入 4 mL 二氯甲烷，剧烈振荡

5~6 次后静置分层。弃去上层水相，有机相加入

适量无水硫酸钠脱水。取 1 mL 脱水后的有机相

转移至 2 mL 离心管，使用氮吹仪将有机相吹干。

加入 1 mL 乙腈（色谱纯）溶解，经 0.22 μm 有

机尼龙微孔滤膜过滤后置于 2 mL 色谱进样瓶。

用封口膜封好口后置于 4℃保存，供高效液相色

谱（HPLC）检测［33］。HPLC 检测条件：流动相

为 0.1% 甲酸（V/V）的乙腈︰水（25 ︰ 75），

色谱柱为 C18（250 mm×4.6 mm，5 μm），进样

量 20 μL，检测波长 251 nm，柱温 25℃，流速

1.0 mL/ min。降解率计算公式如下：

  降解率（%）=〔（C0 － C）/ C0〕×100［15］

式中，C0 为对照组噻虫嗪浓度（mg/L），C 为试

验组噻虫嗪残留浓度（mg/L）。

称取 10 mg 噻虫嗪标准品，用甲醇作为溶剂

配制成浓度为 1 000 mg/L 噻虫嗪母液，用甲醇稀

释 配 制 浓 度 为 1、5、10、20、50、100 mg/L 的

噻虫嗪标准溶液，参照上述方法测定其在 HPLC

的峰面积，制作标准曲线。

475



134 第 52 卷广东农业科学（http://gdnykx.gdaas.cn） 

1.7 噻虫嗪降解菌降解产物鉴定和毒性预测

噻虫嗪降解菌株培养液经二氯甲烷萃取后用

乙腈定容至 1 mL，培养液中噻虫嗪降解产物的液

相色谱 - 质谱联用（LC-MS）分析委托安徽春丰

里检测科技有限公司完成。LC 参数：色谱柱为

Agilent EP-C18（2.1 mm×100 mm，1.8 μm），进

样体积为 20 μL，柱温为 40℃，波长为 251 nm。

流动相：A 为 0.1% 甲酸水，B 为乙腈。流速：

0.2 mL/ min。 梯 度 洗 脱 程 序：0~1 min，5% B；

1~7 min，5% → 95% B；7~12 min，95% B；

12~17 min，95% → 5% B；17~22 min，5% B。

MS 参 数： 离 子 源 为 ESI（ 电 喷 雾 电 离 源），

模式为 MS2 Scan， 极性为 Positive，m/z 范围为

50~600。使用 ECOSAR 软件对噻虫嗪降解产物

进行毒性预测，预测噻虫嗪降解产物对鱼类、水

蚤、藻类 3 种水生生物的急性毒性。

1.8 数据分析方法

使用 SPSS 27.0 软件对试验数据进行统计分

析，以 P=0.05 为临界值，使用单因素方差分析

方法（ANOVA）进行差异显著性分析。

2 结果与分析

2.1 噻虫嗪降解菌的富集生长情况

在 3 轮以噻虫嗪为唯一碳源的富集培养过程

中，试验组 TC 样品的 3 轮富集培养细菌密度呈

现增长趋势，其中前 2 轮富集培养物的 OD600 增

长尤为突出，从初始的 0.03 增长至 0.26。第 1

轮富集中，富集培养物的 OD600 在培养第 6 天达

到最高值；第 2 轮富集中，培养物的 OD600 在培

养第 4 天达到最高值，在第 6 天以后 OD600 在 0.22

左右平稳。微生物生长速度在前 2 轮富集培养中

相对较快、OD600 最高达 0.2 以上，第 3 轮富集有

所减缓、但均高于 0.1。相同条件下，单一添加

噻虫嗪对照组 T 与单一添加珊瑚微生物对照组 C

的 OD600 则几乎无变化（图 1）。可见，珊瑚噻

虫嗪富集培养物中的微生物并非自养细菌，培养

基的吸光度变化是由细菌自身变化引起，表明珊

瑚源微生物可利用噻虫嗪为唯一碳源生长，具有

潜在的噻虫嗪降解作用。

2.2 噻虫嗪富集培养物高通量测序分析

2.2.1 噻虫嗪富集培养物 α多样性分析 通过

Chao1、ACE、Shannon、Simpson 等 指 标 反 映 富

集培养物样本内部的物种丰富度和多样性。测

序结果分析发现，3 轮富集培养物的 Chao1 指数

和 ACE 指数范围介于 163~177，第 2 轮富集培

养物的 Chao1 指数和 ACE 指数的数值在 3 轮富

集培养物中最高（表 1），表明在富集过程中细

菌群落物种丰富度先增加后减少，但丰富度总体

较低且差异较小。3 轮富集培养物的 Shannon 指

数范围在 2.09~2.22，Simpson 指数也在 0.75~0.82

波动，其中第 3 轮富集培养物的 Shannon 指数和

Simpson 指数比前 2 轮富集大。可见，3 轮富集

培养物的 Simpson 和 Shannon 指数值不高且差异

较小，表明 3 轮富集培养物的物种多样性较低且

差异不显著。

2.2.2 噻虫嗪富集培养物微生物群落结构分析

珊瑚共附生微生物以噻虫嗪为唯一碳源富集培养

所得样品经高通量测序，按照 97% 相似度进行

OTU 聚类并划分物种分类，共归属为 11 门 16 纲

37 目 62 科 90 属（表 2）。3 轮富集培养后，试

验组 TC 在门、纲、目、科、属等各分类水平上

0 2 4 6 8

培养时间 Cu1ture time (d)

TC-1

TC-2

TC-3

T

C

0.30

0.25

0.20

0.15

0.10

0.05

0.00

O
D

60
0

图 1 噻虫嗪富集培养物的细菌生长曲线
Fig. 1 Bacterial growth curve of thiamethoxam-

    enrichment samples

表 1 噻虫嗪富集样品的微生物群落多样性指数

Table 1 Diversity indexes of microbial communities 
    isolated from thiamethoxam-enrichment samples

样品

Samples

Chao1 指数

Chao1 index

ACE 指数

ACE index

Shannon 指数

Shannon index

Simpson 指数

Simpson index

TC-1 168.34 166.11 2.09 0.76

TC-2 169.50 176.68 2.12 0.75

TC-3 163.68 169.86 2.22 0.82
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的细菌种类数目趋于平稳。在群落结构方面，在

高浓度噻虫嗪驯化条件下，富集培养物在门水平

和纲水平的组成无较大变化，但属水平的结构随

着富集时间的推移而趋于复杂（图 2）。

在 门 水 平 上（ 图 2A），3 轮 富 集 培 养 物

菌 群 中 变 形 菌 门（Proteobacteria）、 厚 壁 菌 门

（Firmicutes）、拟杆菌门（Bacteroidota）和放线

表 2 噻虫嗪富集样品中不同水平上的细菌种类数目

Table 2 Number of bacteria species at different levels in 
     thiamethoxam-enrichment samples

样品

Samples

门

Phylum

纲

Class

目

Order

科

Family

属

Genus

TC-1 8 11 28 47 59

TC-2 8 11 29 51 67

TC-3 9 13 27 44 63

菌门（Actinobacteriota）为优势菌门（相对丰度 >

0.1%），其中变形菌门占据绝大优势。在纲水平

上（图 2B），3 轮富集培养物菌群中主要包括 γ-

变形菌纲（Gammaproteobacteria）、α- 变形菌纲

（Alphaproteobacteria）、拟杆菌纲（Bacteroidia）、

梭菌纲（Clostridia）、芽孢杆菌纲（Bacilli）等，

其中 γ- 变形菌纲与 α- 变形菌纲为 3 轮富集培

养物中的优势菌纲；α- 变形菌纲的相对丰度为

TC-1>TC-3>TC-2，随着富集时间的推移呈先减

后增的趋势。在属水平上（图 2C），以相对丰度

≥ 5% 的属为优势属，3 轮富集培养物中的优势

菌群为弧菌属（Vibrio）、Epibacterium、交替单

胞菌属（Alteromonas），其中 Epibacterium 仅在

第 1 轮富集过程中为优势菌属。Epibacterium 在

第 1 轮富集中的相对丰度为 10.12%，随着富集次

数的增加占比趋于减小，至第 3 轮富集时相对丰

度仅 0.98%；交替单胞菌属在第 1、2 轮富集中的

相对丰度仅为 0.49% 和 0.22%，至第 3 轮富集中

相对丰度提高至 26.16%；弧菌属随着富集次数的

增加占比先缓慢上升然后大幅下降，但在 3 轮富

集中仍为优势菌属。

2.3 噻虫嗪降解菌株的分离培养与鉴定

对第 3 轮富集培养物进行涂布和划线培养

以获得单株噻虫嗪潜在降解菌株。取第 3 轮富集

培养液在 MMC-THM 固体培养基涂布 3 d，培养

后在平板上生成大小不一致的白色圆形菌落（图

3A）。挑取 MMC-THM 平板上较大的单菌落至

MMC-THM 固体培养基继续划线培养 3 d，平板

上的单菌落呈圆形，直径 1.5 mm 左右，乳白色（图

3B）。挑取 MMC-THM 固体培养基上的单菌落至

MA 固体培养基划线培养 3 d，平板上的单菌落呈

圆形、乳白色、直径 0.5 cm 左右，周围有半透明

光圈，边缘不整齐边，中间无隆起（图 3C）。

经筛选共分离出 27 株菌株，根据菌株生长

形态选取 4 株菌株分别提取 16S rRNA，在 NCBI

A：MMC-THM 固体培养基（涂布）；B：MMC-THM 固体培养基

（第 1 轮划线）；C：MA 固体培养基（第 2 轮划线）

A: MMC-THM solid medium (coating); B: MMC-THM solid medium (the first 

round of streaking); C: MA solid medium (the second round of streaking)

图 3 噻虫嗪潜在降解菌株在固体培养基上的分离情况
Fig. 3 Isolation of potential thiamethoxam degrading 

    strains on solid medium

A：门水平；B：纲水平；C：属水平

A: Phylum level; B: Class level; C: Genus level

图 2 噻虫嗪富集样品细菌群落分布
Fig. 2 Distribution of bacterial community in thiamethoxam-enrichment samples
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和 Ezbiocloud 上在线比对，选取同源性较高的

序列采用邻接法构建系统发育树。由表 3 和图 4

可 知， 菌 株 GXU 22002 与 Serratia marcescens 

ATCC 13880 为同一簇，序列相似度为 98.75%；

菌株 GXU 22003 与 V. sagamiensis LC2-047 的序

列 相 似 度 为 98.77%； 菌 株 GXU 22031 与 V. 
neocaledonicus NC470 为 同 一 簇， 序 列 相 似 度

为 99.65%； 菌 株 GXU 22040 与 V. alginolyticus 
CX-31 为 同 一 簇， 序 列 相 似 度 为 99.21%。 因

表 3 潜在噻虫嗪降解菌株信息

Table 3 Information of potential thiamethoxam-
    degradating strains

菌株

Strains

相似性高的菌株（序列号）Closest 

organism in GenBank (Accession No.)

相似度

Similarity (%)

GXU 22002 Serratia marcescens ATCC 13880 

(JMPQ01000005)

98.75

GXU 22003 Vibrio sagamiensis LC2-047 (AB428909) 98.77

GXU 22031 Vibrio neocaledonicus NC470 (JQ934828) 99.65

GXU 22040 Vibrio alginolyticus CX-31 (MH368375) 99.21

图 4 潜在噻虫嗪降解菌株系统发育树
Fig. 4 Phylogenetic tree of potential thiamethoxam degrading strains

GXU 22002

Serratia marceScenS ATCC 13880 (JMPQ01000005)
Serratia SurfactantfacienS YD 25 (KM093865)
Serratia nematodiPhila DSM 21420 (JPUX01000001)
Vibrio SaěamienSiS LC2-047 (AB428909)
Vibrio hyuěaenSiS 090810a (LCO04912)
Vibrio jaSicida TCFB 0772 (AB562589)
Vibrio chemaěurienSiS 1So1 (MG356329)
Vibrio alěinolyticuS Strain 5-35 (MW015989)
GXU 22003

GXU 22031

Vibrio neocaledonicuS NC470 (JQ934828)
Vibrio ParahaemolyticuS Strain Xmb002 (KT986132)
GXU 22040

Vibrio alěinolyticuS Strain CX-31 (MH368375)
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此，将菌株 GXU 22002 鉴定为 S. marcescens，菌

株 GXU 22003 鉴定为 V. sagamiensis，菌株 GXU 

22031 鉴定为 V. neocaledonicus，菌株 GXU 22040

鉴定为 V. alginolyticus。

2.4 噻虫嗪降解菌株的降解活性测试

以噻虫嗪浓度为横坐标、峰面积为纵坐标制

作噻虫嗪的标准曲线（图 5）。标准曲线回归方

程为 y=65.90x-0.01370，R²=0.9995，线性关系良好。

使用 HPLC 测定潜在噻虫嗪降解菌株对噻

虫嗪的降解率，结果（图 6）显示 4 株潜在噻

虫嗪降解菌对噻虫嗪均有一定降解能力，其中

菌株 V. neocaledonicus GXU 22031 对噻虫嗪的降

解能力最好，降解率为 20.7%；其次是菌株 V. 
sagamiensis GXU 22003，降解率为 16.3%；菌株

S. marcescens GXU 22002 和 菌 株 V. alginolyticus 
GXU 22040 对噻虫嗪的降解率分别为 14.7% 和

9.9%。其中，菌株 S. marcescens GXU 22002 与菌

株 V. sagamiensis GXU 22003 对噻虫嗪的降解率

无显著差异（P>0.05），其余菌株对噻虫嗪的降

解能力均存在显著差异（P<0.05）。

2.5 噻虫嗪降解产物鉴定及毒性预测

虽然 V. neocaledonicus GXU 22031 对噻虫嗪

的降解率在 4 株菌株中最高，但 V. neocaledonicus

图 5 噻虫嗪标准曲线
Fig. 5 Standard curve of thiamethoxam

y=65.90x - 0.01370
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会危害环境，对水生生物具有一定的致病性［34］，

因此选择对噻虫嗪降解率仅次于 V. neocaledonicus 

GXU 22031 的 菌 株 V. sagamiensis GXU 22003 作

进 一 步 试 验。 通 过 LC-MS 检 测 并 分 析 菌 株 V. 
sagamiensis GXU22003 降解噻虫嗪的产物，检测

到 4 种降解产物并分析出其具体的分子结构（图

7）。降解产物 A 的分子式为 C8H10ClN3O2S，m/z

为 247.9【M+H】+，为脲类噻虫嗪代谢物（Urea 

thiamethoxam，TMX-urea）； 降 解 产 物 B 的 分

子 式 为 C8H11ClN4OS，m/z 为 246.2【M+H】+，

为 亚 胺 类 噻 虫 嗪 代 谢 物（Imine thiamethoxam，

THX-NH）；降解产物 C 和 D 的分子式分别为

C9H12ClN5OS 和 C9H10ClN5OS，m/z 为 274.2【M+H】+

和 272.2【M+H】+，分别为羟基三嗪类噻虫胺衍

生物（Hydroxyl clothianidin triazinones，H-CLO-tri）

和三嗪类噻虫胺衍生物（Clothianidin triazinones，

CLO-tri）。

采用 ECOSAR 软件对噻虫嗪的 4 种降解产物

进行其对鱼类、水蚤和藻类 3 种水生生物的急性

毒性预测（表 4）。全球化学品统一分类与标签

制度（Globally Harmonized System of Classification 

and Labelling of Chemicals，GHS）是全球使用范

围最为广泛的化学品毒性分类制度，其在表示化

图 7 4种噻虫嗪降解产物的 LC-MS图谱
Fig. 7 LC-MS spectrum of four thiamethoxam degradation products
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小写英文字母不同者表示差异显著（P<0.05）

Different lowercase letter indicate significant differences (P<0.05)

图 6 4株潜在噻虫嗪降解菌对噻虫嗪的降解率
Fig. 6 Degradation rate of thiamethoxam by four potential
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学品对水生生物的毒性方面具有一定的权威［35］。

根 据 GHS 的 急 性 毒 性 分 类，LC50（EC50）>

100 mg/L 为未分类（微毒），10 mg/L<LC50（EC50）

≤ 100 mg/L 为 急 性 3 类（ 低 毒），1 mg/L<LC50

（EC50） ≤ 10 mg/L 为 急 性 2 类（ 中 毒），LC50

（EC50）≤ 1 mg/L 为急性 1 类（高毒）。通过菌

株 V. sagamiensis GXU 22003 对噻虫嗪的生物降

解作用，噻虫嗪降解产物的毒性相较于噻虫嗪本

身有所下降，尤其是产物 H-CLO-tri，对鱼类、

水蚤、藻类的 LC50（EC50）分别为 1 422、132、

179 mg/L。藻类暴露在 TMX-urea 溶液中 96 h 后

的 EC50 为 0.99 mg/L， 尽 管 TMX-urea 对 鱼 类 和

水蚤的毒性不高，TMX-urea 仍不可归类为无害

物质。代谢物 CLO-tri 对 3 种水生生物的毒性相

比其他 3 种代谢物高，但能进一步降解生成毒性

较低的 H-CLO-tri，即使 CLO-tri 毒性高于噻虫

嗪本身，但其进一步降解后的产物毒性明显低于

噻虫嗪。

3 讨论

噻虫嗪是目前使用最广泛的新烟碱农药之

一，其在农业施用过程中大部分未被农作物吸收，

而是直接进入土壤和大气，经雨水冲刷进入地表

径流，从而污染河流、湖泊、海洋等水体环境［36-37］。

目前淡水及海水水体均已检测出噻虫嗪，最高浓

度可达 281 ng/L［38-41］。已有研究发现斑马鱼［5］、

中华蟾蜍蝌蚪［42］、鲫鱼［43］等水生生物均受到

噻虫嗪毒害，出现氧化代谢功能异常和抗氧化系

统混乱等功能障碍。噻虫嗪可通过食物链积累进

入人体，对人体健康产生危害。人体摄入噻虫嗪

后会出现发烧、定向障碍、头晕和呕吐、心动过

速、呼吸急促等中毒症状［44-46］。长期暴露在噻

虫嗪环境对人类的免疫功能、血液循环和生殖系

统等均造成不利影响［9, 47］。

黄沁愉等［25］研究发现，原始珊瑚共附生微

生物样品的 α 多样性指数较大，但经过 3 轮以有

机紫外吸收剂 EHMC 为唯一碳源的培养基富集

培养后，样品的 α 多样性指数显著下降，表明

在高浓度 EHMC 驯化条件下物种的多样性和丰

富度下降。此研究中 EHMC 富集培养物的 4 种 α
多样性指数与本研究中的数值相近，本研究中富

集培养物 α 多样性指数较低，原因可能为高浓度

的噻虫嗪抑制了珊瑚共附生微生物的丰富度与多

样性。但与本研究略有不同的是，经 EHMC 多

次驯化后，珊瑚共附生微生物的群落结构趋于简

单，本研究与其产生差异的原因可能为本研究中

富集培养物的部分菌群在污染物达到一定浓度或

接触污染物达到一定时间时激发了其对污染物的

降解利用能力［48］。在污染物长期胁迫条件下，

环境中微生物群落结构会显著改变［49］。高浓度

噻虫嗪导致抗逆性较弱的细菌逐渐消亡，对噻虫

嗪具有较高耐受性的细菌则产生应对噻虫嗪的策

略，逐渐在菌群中占据主导地位，这些菌群可能

为潜在的噻虫嗪降解菌。

前人研究发现，健康珊瑚共附生微生物群

落的主要菌属为弧菌属、交替单胞菌属、芽孢杆

菌属、假单胞菌属、假交替单胞菌属等［25, 50］，

而本研究中在经过噻虫嗪第 3 轮富集后的珊瑚共

附生微生物优势菌属仅有弧菌属和交替单胞菌

属，表明弧菌属和交替单胞菌属的细菌对噻虫嗪

的耐受性较强，具有较大的噻虫嗪降解潜力。来

自海洋的交替单胞菌属细菌能降解广泛存在于海

洋中的甲基汞和芘等有机污染物［51-52］；弧菌属

细菌被发现具有降解褐藻胶、几丁质等有机物的

能力［53-54］，并被发现能降解在海洋中难降解的

有机污染物聚丁二酸丁二醇酯（PBS）［55］。研

究发现，沙雷氏菌（Serratia）能降解毒死蜱和

溴氰菊酯等农药［56-57］，本次研究也首次发现其

具有降解噻虫嗪的潜力。弧菌属细菌被成功分离

出来，印证了富集培养试验中其具有噻虫嗪降解

潜力的结果。弧菌具有一定生物致病性［58］，未

来可通过基因改造降低菌株潜在的致病性［59］，

表 4 噻虫嗪代谢产物的毒性预测

Table 4 Toxicty prediction of thiamethoxam metabolites

生物

Organisms

LC50 (EC50) (mg/L)

THM TMX-urea TMX-NH H-CLO-tri CLO-tri

鱼类 Fish 345.80 582.86 288.07 1422.02 35.56

水蚤 Daphnia 35.84 329.67 29.89 131.56 4.37

藻类 Green algae 39.00 0.99 32.45 179.22 3.40

  注：鱼类急性毒性指标为 96-h LC50；水蚤急性毒性指标为 48-h 

LC50；藻类急性毒性指标为 96-h EC50。

  Note: Acute toxicity of fish: 96-h LC50 ; Acute toxicity of daphnia: 48-h 

LC50 ; Acute toxicity of green algae: 96-h EC50.
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或通过宏基因组分析菌株降解噻虫嗪的功能基因

从而提取出具有噻虫嗪降解活性的酶［55］。在第

3 轮富集培养物中占有优势的交替单胞菌属细菌

未被分离出来，这可能与本研究选用的筛选培养

基有关。在以往的研究中分离出交替单胞菌属细

菌的培养基有 LB 培养基［60］、2216E 培养基［61］

以及 MSM 培养基［51］等，培养基的营养成分对

可培养细菌的数量及种类具有重要影响［62］。而

本研究使用以噻虫嗪为唯一碳源的 MMC 培养基

和 MA 固体培养基作为分离培养基，可能不利于

交替单胞菌的分离。在其他研究中已经针对芳香

烃、氟氯氰菊酯等有机污染物进行珊瑚共附生微

生物的驯化富集并获得对于对应底物耐受性大的

菌群，成功分离出具有降解对应底物能力的功能

菌株［24, 63］。因此，从珊瑚中分离可降解噻虫嗪

的微生物具有可行性。

在以往的研究中，报道的噻虫嗪降解菌对噻

虫嗪的降解率在 38%~87%［15-17］，与本研究的降

解结果有较大的差异，这可能是由微生物来源、

培养方法及条件、样品采集地等试验参数不同导

致的。因此虽然本研究分离出的噻虫嗪降解菌对

噻虫嗪的降解率较低，但仍有优化其降解率的空

间。有研究对培养条件进行优化或对菌株进行改

造，从而使菌株降解有机物的能力得到大幅优化。

例如，Boufercha 等［64］从工业园区的沉积物分离

出的菌株 Labrys portucalensis F11 在以噻虫嗪为

唯一碳源的条件下培养 30 d 后对噻虫嗪的降解

率为 43%，在培养基添加醋酸钠后对噻虫嗪的降

解率达到 100%；Xiang 等［65］使用新型的聚乙烯

醇 - 海藻酸钠 - 生物炭固定技术使噻虫嗪降解菌

Chryseobacterium sp. H5 固定化，固定后的菌株

在 7 d 内对噻虫嗪的降解率为 90.47%，远高于固

定前菌株对噻虫嗪的降解率（61.72%）。因此为

提高珊瑚共附生噻虫嗪降解菌对噻虫嗪的利用能

力，还需要进一步了解菌株最佳的生长条件及其

对噻虫嗪的最佳降解条件，通过设计单因素试验

与正交试验等菌株生长条件优化试验提升菌株对

噻虫嗪的降解率。

Pandey 等［15］通过 LC-MS 鉴定出噻虫嗪通

过 脱 氮 生 成 TMX-urea、TMX-NH、TMX-NNO

（Nitrosoguanidine thiamethoxam） 和 TMX-NH2

（Aminoguandine thiamethoxam）4 种 代 谢 物，

Zhou 等［14］通过 LC-MS 鉴定出噻虫嗪通过裂解

恶 二 嗪 环 生 成 噻 虫 胺（Clothianidin，CLO）、

CLO-tri 和 H-CLO-tri 3 种代谢物。这两项研究

结果分别代表噻虫嗪的两个主要的降解途径，

本研究中鉴定出的降解产物与这些研究一致，

表明本研究中菌株 V. sagamiensis GXU 22003 对

噻虫嗪的降解途径有可能为脱氮和裂解恶二嗪

环。Boufercha 等［64］在使用菌株 L. portucalensis 

F11 处理后，从含噻虫嗪的无机盐培养基中检测

出 12 种噻虫嗪代谢产物，这些产物包括本研究

中检测出的 4 种噻虫嗪降解产物；同时测试该菌

株处理前后的培养基对费氏另类弧菌（Aliivibrio 
fi scheri）的毒性作用，结果显示处理前的培养基

显著抑制费氏另类弧菌发光，而处理后的培养基

则无抑制作用，由此推测本研究检测出的 4 种噻

虫嗪降解产物对生物的毒性较小。由于本研究尚

未鉴定出更多噻虫嗪的代谢产物，因此无法完

全确定菌株 V. sagamiensis GXU 22003 对噻虫嗪

的降解途径。但已明确菌株 V. sagamiensis GXU 

22003 对噻虫嗪的降解产物对环境的危害与毒性

相对较小，其可被视为有潜力运用于实际环境中

噻虫嗪污染治理的功能菌株。

4 结论

对珊瑚共附生微生物进行 3 轮噻虫嗪胁迫下

的富集，得到能以噻虫嗪为唯一碳源利用的富集

培养物。高通量测序发现噻虫嗪富集培养物主要

菌群有弧菌属、交替单胞菌属、Epibacterium，

其中弧菌属和交替单胞菌属在 3 轮富集后对噻

虫嗪具有较大的耐受能力。此外，在富集培养

物菌群中筛选出 4 株噻虫嗪降解细菌，分别为 S. 
marcescens GXU 22002、V. sagamiensis GXU 22003、

V. neocaledonicus GXU 22031、V. alginolyticus 

GXU 22040，接种 7 d 后对噻虫嗪的降解率分别

为 14.7%、16.3%、20.7%、9.9%。 通 过 LC-MS

分析菌株 V. sagamiensis GXU 22003 降解噻虫嗪

的降解产物，结果表明该菌株可将噻虫嗪降解为

TMX-urea、TMX-NH、H-CLO-tri、CLO-tri， 这

4 种降解产物的毒性相比噻虫嗪有所减弱。综上，

本研究首次从南海海域珊瑚中成功分离获得潜在
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的噻虫嗪降解菌资源，为噻虫嗪的生物降解技术

提供新的方向。
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♦珊瑚礁生态保护与修复♦

室内养殖条件下两种造礁石珊瑚的性腺发育研究*

黄菲菲1,2,崔梦瑶1,2,韦 芬1,2**,杨溪月1,2,潘晓媛1,2,3,玉颢瑜1,2

(1.广西大学广西南海珊瑚礁研究重点实验室,广西大学珊瑚礁研究中心,广西南宁 530004;2.广西大学海洋学院,广西南宁 
530004;3.广西大学资源环境与材料学院,广西南宁 530004)

摘要:为探究人工环境下造礁石珊瑚的性腺发育规律,本研究选取排卵型的美丽鹿角珊瑚(Acropora
 

formosa)
和丛生盔形珊瑚(Galaxea

 

fascicularis)作为研究对象,自2021年9月起开展为期1年的室内养殖实验,观察

其性腺发育过程,并与自然海域珊瑚对比。结果表明,室内养殖条件下美丽鹿角珊瑚的卵母细胞发育起始时间

与自然海域珊瑚相同,但其性腺发育进程明显滞后;在整个观察周期内其仅发育至第Ⅱ时相。丛生盔形珊瑚性

腺发育与自然群体同步,于2022年4月下旬达到性成熟。美丽鹿角珊瑚性腺发育停滞,可能由于光照强度不

足导致自养营养受限,能量仅足以维持个体正常生长;而丛生盔形珊瑚自养与异养能力更强,故能维持正常的

性腺发育,更适合于室内人工繁育。本研究为室内养殖条件下造礁石珊瑚的性腺发育提供了基础数据,并为珊

瑚礁生态修复提供了理论依据。
关键词:美丽鹿角珊瑚;丛生盔形珊瑚;性腺发育;异位养殖;有性繁殖

中图分类号:P735  文献标识码:A  文章编号:1005Ƽ9164(2025)04Ƽ0820Ƽ08
DOI:10.13656/j.cnki.gxkx.20251114.017

  珊瑚礁生态系统是生物多样性及生产力较高的

生态系统之一,被称为“海洋中的热带雨林”[1Ƽ3]。受

全球气候变化和人类活动的双重影响,全球多个海域

的珊瑚礁生态系统已出现严重的退化[1,4Ƽ5],因此,珊
瑚礁生态系统的保护与修复问题受到广泛关注。近

年来,基于有性繁殖的珊瑚礁生态修复技术研究显著

增加[6Ƽ8],而性腺发育是造礁石珊瑚有性繁殖的关键

环节,由 于 大 多 数 排 卵 型 珊 瑚 每 年 仅 排 卵1-2
次[6,9],因此,深入研究珊瑚的性腺发育过程,对利用

有性繁殖技术促进珊瑚礁的修复具有重要意义。

  目前,在野外环境下开展珊瑚性腺发育及排卵行

为等繁殖相关的研究,主要依赖于人工观察和组织学

分析的方法,这通常需要投入大量的人力和物力资

源。此外,珊瑚样本的采集可能对供体珊瑚礁生态系
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统造成破坏[10Ƽ11]。相比之下,在人工控制环境下开展

珊瑚繁殖研究不仅操作更为便捷,而且对珊瑚礁生态

系统的影响相对较小。2017年,Craggs等[12]首次在

完全封闭的水族馆系统中成功实现了珊瑚的异位诱

导产卵,为观察珊瑚在人工环境下的性腺发育提供了

重要依据。2021年,O'Neil等[13]在人工培育条件下

连续2年记录了柱珊瑚(Dendrogyra
 

cylindrus)与
迷宫珊瑚(Meandrina

 

meandrites)的性腺发育过程,
结果表明其性腺成熟及排卵时间与自然种群保持一

致。2023年,Wei等[14]在异位养殖条件下研究发现,
丛生盔形珊瑚(Galaxea

 

fascicularis)的排卵时间集

中在4月和5月,与自然海域中珊瑚的排卵时间完全

同步。2024年,Laforest等[15]通过组织学方法,在室

内循环水养殖系统(Recirculating
 

Aquaculture
 

Sys-
tem,RAS)中观察到经过3年培育后 Montastraea

 

cavernosa 的性别变化及排卵行为。这些研究均表

明,珊瑚在人工环境下的性腺发育周期及排卵时间与

野外自然环境高度一致,为珊瑚的人工繁育和生态修

复提供了重要的科学依据。

  国外已有不少研究者对自然海域造礁石珊瑚的

性腺发育进行了观察和报道。Wallace[16]调查了大

堡礁9种鹿角珊瑚(Acropora
 

spp.)配子发育情况,
发现这些物种均为雌雄同体排卵型珊瑚,每年仅有一

次配子发育周期;现有研究通常根据Glynn等[17]的

标准,将 珊 瑚 的 性 腺 发 育 周 期 划 分 为4个 时 相;

Shlesinger等[18]则基于组织切片研究了红海北部24
种珊瑚的性腺发育过程,发现该区域大部分珊瑚的性

腺发育周期持续6-7个月。此外,新加坡、日本、墨
西哥等地的研究者也陆续报道了本区域内造礁石珊

瑚的性腺发育过程[19Ƽ21]。我国关于造礁石珊瑚性腺

发育过程的研究起步较晚,相关报道较少,且主要集

中在野外调查,研究方法主要是采用组织学分析。李

元超等[22]于2009年观测了鹿回头海域的佳丽鹿角

珊瑚(Acropora
 

pulchra)卵母细胞的发育过程,并推

断其排卵时间为4月底至5月初。杨小东[23]研究了

徐闻灯楼角附近海域的澄黄滨珊瑚(Porites
 

lutea)、
大管孔珊瑚(Goniopora

 

djiboutiensis)和丛生盔形珊

瑚的性腺发育周期。张诗泽等[24]研究了三亚鹿回头

海域多孔鹿角珊瑚(A.millepora)与丛生盔形珊瑚

的繁殖类型,明确了丛生盔形珊瑚是假雌全异株排卵

型珊瑚。韦芬等[25]研究了广西北海涠洲岛美丽鹿角

珊瑚(A.formosa)和秘密角蜂巢珊瑚(Favites
 

abdi-
ta)在自然海域的性腺发育过程,并确定了这两种珊

瑚属排卵型珊瑚,均于5月下旬排卵。

  美丽鹿角珊瑚因其较高的成活率和较快的生长

速度[26],成为涠洲岛珊瑚礁人工生态修复的首选物

种之一;丛生盔形珊瑚具有较强的环境耐受性,其野

外种群白化发生率较低,在人工环境下容易饲养,可
驯化 程 度 高,是 研 究 造 礁 石 珊 瑚 理 想 的 模 式 生

物[27Ƽ28]。因此,本研究选取美丽鹿角珊瑚与丛生盔形

珊瑚为研究对象,探索其在室内养殖的性腺发育规

律,并与自然海域的珊瑚作比较,以期为人工养殖条

件下造礁石珊瑚的性腺发育研究提供基础数据。

1 材料与方法

1.1 珊瑚养殖系统

  本研究依据RAS人工繁育技术来设置光照、水
流、水温等环境条件和珊瑚的异养饵料[12,29Ƽ31]。珊瑚

养殖系统由主缸、底缸及灯光架构成(图1),在底缸

中放置蛋白分离器(品牌:Red
 

Starfish,型号:RSƼ
N230

 

Plus,工作电压:DC
 

24
 

V,功率:35
 

W,处理水

量2
 

600
 

L/h,购自深圳市鸿海水族设备有限公司)与
活石(约20块,尺寸为10-20

 

cm),用以降低水体营

养盐水平。以4根T5灯(每根功率为39
 

W,Giese-
mann

 

GmbH,德国)为系统提供光源,利用定时器保

持12
 

h/d的光照周期(上午6:00至下午18:00),模
拟日出、日落的自然现象,确保光照条件(强度约

3
 

500
 

lx)的稳定性和适宜性。利用水冷机(品牌:海
利,型号:HCƼ1000BH,功率:746

 

W,购自广东海利

集团有限公司)和加热棒(品牌:阿诺比,型号:FHƼ
500,购自广东振华电器有限公司,)保持水温在(26±
2)

 

℃。通过造浪结构模拟自然环境中的水流状态。
养殖缸人工海水盐度为32-35,pH值控制在8.1-
8.3,每周更换20%-30%的人工海水。每周投喂一

次丰年虾卵(约8
 

g)孵化的丰年虾(品牌:皇冠)作为

珊瑚饵料。

1.2 样品采集与处理

  美丽鹿角珊瑚(6株)和丛生盔形珊瑚(6株)于

2021年7月采自广西北海涠洲岛海域(21°00'-
21°10'N,109°00'-109°15'E)。将美丽鹿角珊瑚每株

单独置于装有适量海水的聚乙烯塑料袋中,密封处

理;从生盔形珊瑚每株单独采用海水完全浸湿的报纸

进行包裹,最后分别放入不同的泡沫箱中,并于采集

后24
 

h内转运至广西大学海洋学院岛礁生态修复实

验室。造礁石珊瑚的性腺发育通常从秋季或冬季开

始,在春季随着海水温度的逐渐升高,性腺发育进程
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The
 

schematic
 

diagram
 

modified
 

from
 

reference
 

[31].
图1 珊瑚养殖系统

Fig.1 Coral
 

aquaculture
 

system
显著加快[32]。因此,在性腺发育较慢的9月至翌年2
月,每2个月取样一次;在性腺发育较快的3-4月,
每个月取样一次。本研究分别于2021年9月29日、

11月11日和2022年1月16日对室内的美丽鹿角

珊瑚进行取样,2022年3月17日、4月22日对室内

美丽鹿角珊瑚和丛生盔形珊瑚都进行取样。同时,在

2021年9月28日、11月18日和2022年3月8日于

涠洲岛海域2-5
 

m深处采集野外的美丽鹿角珊瑚。
美丽鹿角珊瑚和丛生盔形珊瑚取样位置分别位于顶

端下方和边缘约5
 

cm 处,取样大小均为1-3
 

cm。
每次每种珊瑚各采集3株,采集后立即固定在用海水

配制好的5%(m∶V)多聚甲醛溶液中,4
 

℃保存

备用。

1.3 方法

  固定的珊瑚样本参照文献[25]的方法进行处理:

首先用50%(V∶V)甲酸溶液对样本进行为期5
 

d的

脱钙处理,随后进行梯度脱水处理,依次使用75%乙

醇、85%乙醇、90%乙醇、95%乙醇及无水乙醇进行脱

水。脱水后的样本经二甲苯透明处理后,于54
 

℃石

蜡中进行包埋,随后制备成厚度为6-8
 

μm的连续

横 向 和 纵 向 切 片。 切 片 经 苏 木 精 Ƽ 伊 红

(HematoxylinƼEosin,HE)双重染色后,采用凝胶树

脂封片。使用光学显微镜[CX23,奥林巴斯(中国)有
限公司,分辨率为0.2

 

μm]进行组织学观察和拍照,
并测量配子的最大直径,用SPSS

 

26.0软件计算平均

直径及标准差。

2 结果与分析

  本研究中造礁石珊瑚性腺发育过程的具体形态

特征如表1和图2所示。
表1 美丽鹿角珊瑚和丛生盔形珊瑚不同时相卵母细胞的平均直径

Table
 

1 Average
 

diameters
 

of
 

oocytes
 

in
 

A.formosa
 

and
 

G.fascicularis
 

at
 

different
 

stages

珊瑚种类
Coral

 

species
时相
Stage

室内养殖
Indoor

 

cultivation
自然海域
In

 

the
 

wild
取样日期

Sampling
 

date
平均直径/μm

 

Average
 

diameter/μm
取样日期

Sampling
 

date
平均直径/μm

Average
 

diameter/μm
A.formosa Ⅰ 2021Ƽ09Ƽ29 60.31±15.62 2021Ƽ09Ƽ28 52.75±13.02

Ⅰ 2021Ƽ11Ƽ11 58.12±18.22
Ⅰ 2021Ƽ01Ƽ16 61.89±15.53
Ⅱ 2022Ƽ03Ƽ17 109.09±40.08 2021Ƽ11Ƽ18 80.81±32.60
Ⅲ 2022Ƽ03Ƽ08 176.66±24.57

G.fascicularis Ⅲ 2022Ƽ03Ƽ17 305.45±28.57
Ⅳ 2022Ƽ04Ƽ22 365.57±37.25
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  2021年9月29日,在室内养殖条件下,美丽鹿

角珊瑚的部分生殖腺中可观察到处于第Ⅰ时相的卵

母细胞[图2(a)],卵母细胞数量较少且大小不一,形
状不规则,细胞质致密,核质比高,细胞核位于细胞中

间。2021年9月28日,自然海域美丽鹿角珊瑚的卵

母细胞同样处于第Ⅰ时相,其肠系膜中卵母细胞的细

胞质更为致密,核质比依旧高[图2(b)]。

  2021年11月11日,室内养殖美丽鹿角珊瑚的

卵母细胞仍处于第Ⅰ时相,且数量稀少,零星分散在

肠系膜上[图2(c)],卵母细胞中可见少量脂质泡。

2021年11月18日,自然海域美丽鹿角珊瑚的性腺

已经发育至第Ⅱ时相,细胞质中可见大量的脂质泡,
核仁染色清晰[图2(d)],相较于同时期在室内养殖

的美丽鹿角珊瑚,其性腺发育的速度明显更快。

  2022年1月16日,室内养殖美丽鹿角珊瑚的卵

母细胞依然为第Ⅰ时相。

  2022年3月17日,室内养殖美丽鹿角珊瑚的卵

母细胞发育至第Ⅱ时相[图2(e)],数量稀少,仅部分

生殖腺内可见,细胞呈圆形,细胞质中出现粗糙粒状

的脂质泡,此时卵母细胞体积明显增大。2022年3
月8日,自然海域美丽鹿角珊瑚卵母细胞处于第Ⅲ时

相[图2(f)],细胞多呈椭圆形,出现大量卵黄颗粒,
细胞核向细胞膜迁移。

  2022年4月22日,室内养殖美丽鹿角珊瑚的卵

母细胞仍处于第Ⅱ时相,卵母细胞未能发育成熟,卵
子也无法正常排出。

  O:oocyte;N:nucleus;n:nucleolus;mes:mesentery;cgb:cnidoglandular
 

band;lv:lipid
 

vesicle;yg:yolk
 

granules;me:mesoglea.
(a)

 

Stage
 

Ⅰ
 

oocyte
 

of
 

A.formosa
 

under
 

indoor
 

cultivation
 

(2021Ƽ09Ƽ29);(b)
 

Stage
 

Ⅰ
 

oocyte
 

of
 

A.formosa
 

in
 

the
 

wild
 

(2021Ƽ
09Ƽ28);(c)

 

Stage
 

Ⅰ
 

oocyte
 

of
 

A.formosa
 

under
 

indoor
 

cultivation
 

(2021Ƽ11Ƽ11);(d)
 

Stage
 

Ⅱ
 

oocyte
 

of
 

A.formosa
 

in
 

the
 

wild
 

(2021Ƽ11Ƽ18);(e)
 

Stage
 

Ⅱ
 

oocyte
 

of
 

A.formosa
 

under
 

indoor
 

cultivation
 

(2022Ƽ03Ƽ17);(f)
 

Stage
 

Ⅲ
 

oocyte
 

of
 

A.formosa
 

in
 

the
 

wild
 

(2022Ƽ03Ƽ08);(g)
 

Stage
 

Ⅲ
 

oocyte
 

of
 

G.fascicularis
 

under
 

indoor
 

cultivation
 

(2022Ƽ03Ƽ17);(h)
 

Stage
 

Ⅳ
 

oocyte
 

of
 

G.fas-
cicularis

 

under
 

indoor
 

cultivation
 

(2022Ƽ04Ƽ22).
图2 美丽鹿角珊瑚与丛生盔形珊瑚的性腺发育过程

Fig.2 Gonadal
 

development
 

of
 

A.formosa
 

and
 

G.fascicularis
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  2022年3月17日,室内养殖的丛生盔形珊瑚发

育至第Ⅲ时相[图2(g)],卵母细胞形状为梯形,细胞

质分布均匀,出现卵黄颗粒,细胞核移至细胞一侧。

2022年4月22日,室内养殖的丛生盔形珊瑚发育至

第Ⅳ时相[图2(h)],卵母细胞之间紧密连接,占据整

个肠系膜,细胞形状变得不规则。细胞质分布均匀,
富含卵黄颗粒。细胞核呈新月形或马鞍形,移至细胞

边缘,紧紧黏附在细胞膜内侧。此时的卵母细胞已完

全发育成熟,随时都可以排放到外界。

  在室内养殖条件下,美丽鹿角珊瑚的性腺发育过

程中始终未观察到精巢的发育。美丽鹿角珊瑚与丛

生盔形珊瑚的性腺发育过程中,其卵母细胞内均未观

察到虫黄藻,因此推测珊瑚共生的虫黄藻从周围环境

中获取。

3 讨论

3.1 室内养殖的美丽鹿角珊瑚性腺发育落后于自然

海域的原因分析

  本研究发现,室内养殖条件下美丽鹿角珊瑚的卵

母细胞发育起始时间与自然海域珊瑚一致(均从9月

开始),然而,室内养殖珊瑚的卵母细胞在后续发育过

程中明显滞后。造礁石珊瑚在室内养殖过程中的生

长发育受多重因素影响,主要包括光照强度[33]、水
温[34]、藻类竞争[35Ƽ36]以及营养供给[37]等。在本研究

中,养殖缸的水温维持在(26±2)
 

℃,这是珊瑚生长

的适宜温度[38]。此外,养殖系统稳定,定期清理大型

藻类及其他有害生物,每周投喂1次丰年虾,因此排

除了温度波动、营养限制及藻类竞争的影响。然而,
本研究的光照强度维持在3

 

500
 

lx,显著低于自然海

域的平均光照强度(约7
 

500
 

lx)[32]。本研究基于珊

瑚Ƽ虫黄藻共生体的光合作用效率与光照强度呈正相

关的观测结果,推测养殖系统的光照不足限制了珊瑚

通过自养途径获取能量供应,这可能是导致室内养殖

的美丽鹿角珊瑚性腺发育落后于自然海域群体的主

要原因。

  大量研究表明,光照强度是调控造礁石珊瑚生长

和繁殖的关键环境因子。Wijgerde等[39]研究发现辐

照度对珊瑚特异性生长速率有显著的主效应,在较高

辐照度条件下珊瑚表现出更高的生长速率;Villins-
ki[40]发现在光照较弱的加勒比海海域,Montastraea

 

faveolata的繁殖力显著降低;Leuzinger等[41]的研究

显示指状蔷薇珊瑚(Montipora
 

digitata)在光照最弱

的环境下停止繁殖;Lin等[42]的研究也表明,在辐照

度较低的水族馆中,撕裂尖孔珊瑚(Oxypora
 

lacera)
和宝石刺孔珊瑚(Echinopora

 

gemmacea)的卵母细

胞较野生环境中的卵母细胞更小。尽管光照强度对

美丽鹿角珊瑚繁殖的具体调控机制尚未完全阐明,但
已有研究表明,鹿角珊瑚的生殖组织与体细胞组织的

能量含量比较高[43],较弱的光照可能导致母体能量

获取不足,从而减少繁殖投入,进而影响卵母细胞的

发育。

3.2 室内养殖的美丽鹿角珊瑚与丛生盔形珊瑚性腺

发育差异分析

  本研究观察到,与美丽鹿角珊瑚相比,处于相同

养殖环境下的丛生盔形珊瑚的卵母细胞能够发育成

熟,且与自然海域丛生盔形珊瑚性腺发育成熟时

间[14]同步。这可能与两种珊瑚的能量获取方式及其

对饵料的偏好差异有关。

  已有研究表明,造礁石珊瑚的能量获取方式存在

种间差异。与枝状珊瑚相比,块状珊瑚表现出更强的

异养摄食能力,其异养营养贡献率更高[41]。在自养

能量不足的情况下,块状珊瑚能够通过调节异养与自

养的能量比例来维持能量平衡,而枝状珊瑚则主要依

赖脂质来维持能量供给的平衡[44]。张志楠[45]发现,
在 相 同 的 环 境 条 件 下,块 状 珊 瑚 [如 滨 珊 瑚 属

(Porites)、盘星珊瑚属(Dipsastraea)、角蜂巢珊瑚属

(Favites)]的自养能力比枝状珊瑚[如鹿角珊瑚属

(Acropora)]更强。此外,现有研究进一步证实,在
人工培育条件下,中型浮游生物如丰年虾是丛生盔型

珊瑚的理想饵料来源[46Ƽ47]。丛生盔型珊瑚能够通过

摄食这些中型浮游生物,获得氮源、磷酸盐、维生素以

及其他微量元素[48Ƽ51],从而维持其正常的生长发育。
相比之下,鹿角珊瑚属对中型浮游生物的摄食能力较

弱,而更适应摄食小型浮游生物如浮游植物等[52Ƽ53]。

Conlan等[53]的研究也表明,相较于投喂丰年虾,多孔

鹿角珊瑚更容易从未经过滤的海水中获取营养物质。
由此推测,本实验仅投喂丰年虾,可能不利于美丽鹿

角珊瑚通过异养方式获取充足的能量。由于丛生盔

型珊瑚的营养灵活性和可塑性比美丽鹿角珊瑚更高,
因此该珊瑚更易于适应养殖缸内的生存环境,其性腺

发育状况也更好。

4 结论

  室内养殖条件下美丽鹿角珊瑚的卵母细胞发育

起始时间与自然海域种群相同,然而,室内养殖群体

的性腺发育进程明显滞后,最终仅能达到第Ⅱ时相,
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未能成熟,本研究推测是光照强度不足导致母体通过

自养途径获取的能量受限,进而减少了对繁殖的能量

投入,最终影响卵母细胞的正常发育。在同一养殖系

统中,丛生盔形珊瑚性腺能够正常发育成熟,这可能

由于其异养能力和自养能力比美丽鹿角珊瑚强,因
此,性腺发育得更好。
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Gonadal
 

Development
 

of
 

Two
 

Scleractinian
 

Coral
 

Species
 

under
 

Indoor
 

Cultivation
 

Conditions

HUANG
 

Feifei1,2,CUI
 

Mengyao1,2,WEI
 

Fen1,2**,YANG
 

Xiyue1,2,PAN
 

Xiaoyuan1,2,3,
YU

 

Haoyu1,2
(1.Guangxi

 

Laboratory
 

on
 

the
 

Study
 

of
 

Coral
 

Reefs
 

in
 

the
 

South
 

China
 

Sea,Coral
 

Reef
 

Research
 

Center
 

of
 

China,Guangxi
 

Univer-
sity,Nanning,Guangxi,530004,China;2.School

 

of
 

Marine
 

Sciences,Guangxi
 

University,Nanning,Guangxi,530004,China;

3.School
 

of
 

Resources,Environment
 

and
 

Materials,Guangxi
 

University,Nanning,Guangxi,530004,China)

Abstract:To
 

investigate
 

the
 

gonadal
 

development
 

patterns
 

of
 

scleractinian
 

corals
 

under
 

artificial
 

conditions,

this
 

study
 

focused
 

on
 

two
 

broadcastƼspawning
 

species,Acropora
 

formosa
 

and
 

Galaxea
 

fascicularis.Beginning
 

in
 

September
 

2021,a
 

oneƼyear
 

indoor
 

cultivation
 

experiment
 

was
 

conducted
 

to
 

observe
 

their
 

gonadal
 

develop-
ment,and

 

the
 

results
 

were
 

compared
 

with
 

corals
 

in
 

the
 

wild.It
 

was
 

found
 

that
 

the
 

initiation
 

of
 

oocyte
 

devel-
opment

 

in
 

A.formosa
 

under
 

indoor
 

conditions
 

was
 

synchronous
 

with
 

that
 

of
 

wild
 

corals.However,its
 

gonad-
al

 

development
 

under
 

indoor
 

conditions
 

was
 

significantly
 

delayed,reaching
 

only
 

stage
 

Ⅱ
 

by
 

the
 

end
 

of
 

the
 

ob-
servation

 

period.In
 

contrast,the
 

gonads
 

of
 

G.fascicularis
 

cultivated
 

indoors
 

matured
 

in
 

late
 

April,2022,

which
 

was
 

synchronous
 

with
 

that
 

of
 

wild
 

populations.It
 

is
 

hypothesized
 

the
 

suspension
 

of
 

gonadal
 

develop-
ment

 

in
 

A.formosa
 

cultivated
 

indoors
 

may
 

be
 

attributable
 

to
 

insufficient
 

light,which
 

limited
 

autotrophic
 

nu-
trition

 

and
 

was
 

enough
 

only
 

to
 

maintain
 

normal
 

growth.G.fascicularis
 

exhibits
 

strong
 

autotrophic
 

and
 

het-
erotrophic

 

abilities,thus
 

being
 

able
 

to
 

sustain
 

normal
 

gonadal
 

development.This
 

adaptability
 

makes
 

it
 

more
 

suitable
 

for
 

indoor
 

artificial
 

cultivation.This
 

study
 

provides
 

baseline
 

data
 

on
 

the
 

gonadal
 

development
 

of
 

in-
doorƼcultivated

 

scleractinian
 

corals
 

and
 

offers
 

theoretical
 

support
 

for
 

the
 

ecological
 

restoration
 

of
 

coral
 

reefs.
Key

 

words:Acropora
 

formosa;Galaxea
 

fascicularis;gonadal
 

development;ex
 

situ
 

cultivation;sexual
 

repro-
duction
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一株珊瑚来源二苯甲酮-3 降解菌 Sphingopyxis  terrae SCSIO  90395
的分离鉴定及基因组特征*

刘名定 1, 2, 3, 4
,蔡永超 2, 3

,李洁 2, 3
,刘青 2, 3

,张健 2, 3
,吕丽娜 2, 3

,苏宏飞 1, 4

1. 广西大学资源环境与材料学院 , 广西 南宁 530004;

2. 热带海洋环境与岛礁生态全国重点实验室 , 中国科学院南海海洋研究所, 广东 广州 510301;

3. 海南三亚海洋生态系统国家野外科学观测研究站, 中国科学院海南热带海洋生物实验站 , 海南 三亚 572000;

4. 广西大学海洋学院, 广西南海珊瑚礁研究重点实验室 , 广西 南宁 530004

摘要: 二苯甲酮-3(2-Hydroxy-4-methoxybenzophenone,  BP-3)是一种广泛添加于防晒霜和个人护理产品中的有机紫外线吸收剂, 作为海

洋新兴污染物, 已被证实在珊瑚礁生态系统中存在富集风险并对生态安全构成潜在威胁。为探究 BP-3 在珊瑚礁生态系统中的生物去除

途径, 本研究从南海丛生盔型珊瑚(Galaxea  fascicularis)组织样品中富集分离获得一株具备 BP-3(benzonphenone-3)降解功能的海洋细菌

Sphingopyxis terrae SCSIO 90395, 并分析其降解活性和潜在代谢机制。结果表明：在以 BP-3 为唯一碳源的条件下, 该菌株在 48h 内对

BP-3 的降解率达 30%。S.  terrae SCSIO  90395 基因组大小为 3892925bp,  GC(guanine-cytosine)含量为 64.81%, 共预测到 3732 个编码基

因, 富含多个与芳香族化合物代谢和细胞色素 P450 相关的功能基因。分子对接分析结果进一步表明, 由 gene0737 编码的细胞色素 P450

酶与 BP-3 之间具有较高的结合亲和力, 具备启动 BP-3 生物降解的潜力。研究结果为发展基于珊瑚原位功能微生物的 BP-3 污染生物修

复提供了新的菌种资源与理论支撑。

关键词: 珊瑚共生菌; 二苯甲酮-3; 微生物降解; 基因组分析

Isolation, identification  and genomic  characteristics of  a  coral-derived  Benzophenone-3- 
degrading Sphingopyxis terrae SCSIO 90395*

LIU Mingding1, 2, 3, 4, CAI Yongchao2, 3, LI Jie2, 3, LIU Qing2, 3, ZHANG Jian2, 3, LYU Lina2, 3, SU Hongfei1, 4

1. School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China;
2. State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, 510301,

China;

3. Sanya National Marine Ecosystem Research Station, Tropical Marine Biological Research Station in Hainan, Chinese Academy o f Sciences,
Sanya 572000, China;

4. School of Marine Sciences, Guangxi University, Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Nann ing 530004,
China

Abstract:. Benzophenone-3  (2-Hydroxy-4-methoxybenzophenone,  BP-3)  is  an  organic  ultraviolet  (UV)  filter  widely  used  in  sunscreens and 
personal care products. As an emerging marine contaminant, BP-3 bioaccumulates in coral reef ecosystems, posing possible ecological risks. To 
explore its biodegradation pathways, a BP-3(benzonphenone-3) degrading bacteria, Sphingopyxis terrae SCSIO 90395, was isolated from the coral

Galaxea fascicularis collected in the South China Sea. The strain degraded approximately 30% of BP-3 within 48 hours when provided as the sole 
carbon source. Genome analysis (3.89 Mb, 64.81%) revealed 3732 putative protein-coding sequences, including those associated with aromatic 
compound metabolism and cytochrome P450 enzymes. Molecular docking suggested that a cytochrome P450 enzyme encoded by gene0737 has 
high binding affinity to BP-3, implying a potential role in its biodegradation. These findings provided a novel microbial resource and establish a 
theoretical foundation for developing coral-associated microbial strategies for BP-3 bioremediation.

Key words: coral-associated bacteria; Benzophenone-3; microbial degradation; genomic analysis 
 

二苯甲酮-3(2-Hydroxy-4-methoxybenzophenone, BP-3)

是一种能够有效吸收 UVA(ultraviolet A)和 UVB (ultraviolet 

B)的有机紫外线吸收剂(Liu et al, 2011)。凭借良好的光稳定

性和紫外线过滤性能, BP-3(benzonphenone-3)被广泛添加

于防晒霜及多类个人护理产品中, 在我国化妆品中的允许

添加含量上限为 10%(Sánchez-Quiles et al, 2015)。据统计, 

全球热带地区每年使用防晒霜总量约为 16000~25000t, 其

中约有 4000~6000t通过生活污水排放、工业活动和海滨旅

游等途径进入水体, 并最终汇入海洋环境(Tsui et al, 2019; 

Astel et al, 2020)。由于 BP-3具有较高的辛醇—水分配系数, 

易在环境中富集, 并表现出持久性、生物累积性与生态毒

性(Apel et al, 2018)。 

珊瑚礁生态系统作为最具生产力和生物多样性的生态

系统之一, 为大约 25%的海洋生物提供栖息地和食物来源

(Moeller et al, 2021), 被誉为“海洋中的热带雨林”(赵美霞 

等, 2006)。然而, 生态风险评估显示, BP-3污染可能造成约

网络首发时间：2025-12-10 16:40:42       网络首发地址：https://link.cnki.net/urlid/44.1500.P.20251209.1701.002
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73%的沿海珊瑚和 20%的近海珊瑚面临白化风险(Pei et al, 

2023)。研究表明, BP-3可在珊瑚体内积累(Tsui et al, 2017; 

Mitchelmore et al, 2019; Pei et al, 2023; Lyu et al, 2025), 导

致珊瑚幼虫发育异常和基因变异(Danovaro et al, 2008; He et 

al, 2019; Wijgerde et al, 2020), 并诱发共生虫黄藻裂解, 加

速珊瑚白化与死亡(Downs et al, 2016)。鉴于珊瑚礁在维持

海洋生态平衡和沿海生态安全方面的重要作用, BP-3 的污

染现状已对珊瑚礁生态系统构成严重威胁, 因此亟需开发

高效、环境友好的去除途径, 以降低其对珊瑚礁的生态风

险。 

目前, 针对BP-3等有机污染物的环境治理技术主要包

括物理吸附、化学氧化及生物降解等方式(Chen et al, 2015; 

Guo et al, 2016; Rajesha et al, 2019)。其中, 微生物降解法因

其可持续、环境友好而更具应用潜力。已有研究学者从长

期受到BP-3污染的沉积物或土壤中分离出多株降解菌, 如

嗜甲基菌(Methylophilus sp.)、鞘氨醇单胞菌(Sphingomonas 

wittichii)、红球菌 (Rhodococcus sp.)、华西克雷伯氏菌

(Klebsiella huaxiensis)以及红色红球菌(Rhodococcus ruber)

等(Jin et al, 2019; Fagervold et al, 2021; Baek et al, 2022; 

Omeroglu et al, 2025; Liu et al, 2025)。然而, 这些菌株大多

来源于陆地环境, 若作为外来物种应用于海洋中BP-3污染

修复时, 可能会对本地微生物群落造成干扰, 从而引发生

态安全性问题。珊瑚作为典型的海洋生物, 其表面、黏液和

组织中共生着丰富且高度适应的微生物群落(Reshef et al, 

2006; Thompson et al, 2015; Bourne et al, 2016), 在长期的

BP-3 胁迫下, 可能演化出对 BP-3 具备降解潜力的土著微

生物资源, 为针对性生物修复提供重要资源。 

为此, 本研究选择南海优势造礁石珊瑚之一的丛生盔

型珊瑚(Galaxea fascicularis)作为研究对象, 在以 BP-3为唯

一碳源的培养条件下进行多轮微生物富集, 并从中分离和

鉴定得到一株具备 BP-3降解能力的海洋细菌 Sphingopyxis 

terrae SCSIO 90395。通过系统分析该菌株的降解特性和基

因组功能注释, 旨在揭示其在BP-3微生物修复中的潜在应

用价值, 并为珊瑚礁生态系统防晒霜污染治理提供理论支

撑和新的候选菌种资源。 

1  材料和方法 
1.1  材料 
1.1.1  珊瑚样品驯养和 BP-3胁迫处理 

2023 年 11 月 , 在海南省三亚市鹿回头海域

(18°12′39.13″N, 109°28′50.09″E)采集丛生盔型珊瑚, 剪取

适量珊瑚断枝置于自然海水循环缸内驯养 5~7d, 待生长状

态恢复后转入室内珊瑚养殖系统, 并在BP-3胁迫条件下维

持 20d。养殖条件设置如下：BP-3 初始浓度为 400ng·L-1, 

光照强度 120~140Lux(光照时间 12h∶12h), 盐度 32‰~35‰, 

pH7.8~8.2, 实验期间, 每日更换 50%海水并补充 200ng·L-1

的 BP-3。 

1.1.2  培养基与试剂 

BP-3标准品(≥98%)购自 Sigma-Aldrich公司；BP-1标

准品(≥99%)购自上海麦克林生化科技股份有限公司；细菌

DNA 提取试剂盒购自天根生物科技有限公司；用于扩增

16S rRNA 基 因 的 通 用 引 物 27F(5’-

AGAGTTTGATCMTGGCTCAG-3’) 和 1492R(5’-

GGTTACCTTGTTACGACTT-3’)由生工生物工程(上海)股

份有限公司合成；2×SanTaq PCR Mix购自广州欣凯莱生物

技术有限公司。 

富集培养和筛选使用人工海水培养基 (marine 

microalgae culture medium, MMC)：23.7g·L-1 NaCl, 1.0g·L-1 

KNO3,  1.0g·L-1 NH4Cl, 1.7g·L-1 KH2PO4, 3.0g·L-1 Na2HPO4, 

0.3g·L-1 NaH2PO4, 3.5g·L-1 MgSO4·7H2O, 调节 pH至 7.4左

右, 121℃灭菌 20min, 使用前添加 0.1%(v/v)的微量元素和

维生素溶液(Liu et al, 2005)。分离培养使用 R2A琼脂培养

基(Dang et al, 2023)：0.25g·L-1胰蛋白胨, 0.5g·L-1酸水解酪

蛋白 , 0.5g·L-1 酵母浸粉 , 0.5g·L-1 可溶性淀粉 , 0.3g·L-1 

K₂HPO₄, 0.1g·L-1 MgSO₄,   0.3g·L-1丙酮酸钠, 0.25g·L-1蛋

白胨, 0.5g·L-1葡萄糖, 12.0g·L-1琼脂, 调节 pH至 7.2, 121℃

灭菌 20min。 

1.2  方法 

1.2.1  BP-3 降解菌的富集、分离和筛选 

取在 BP-3胁迫条件下培养 20d的珊瑚断枝, 用无菌海

水清洗表面后, 在无菌超净工作台内, 使用灭菌气枪分离

丛生盔型珊瑚样品的组织与骨骼, 并用无菌海水收集组织

均质液。取 1mL 均质液接种至含 29mL MMC 培养基和

400ng·L-1BP-3的无菌玻璃培养管内, 于 28℃、160r·min-1避

光培养 20d。培养结束后, 按照 2%的接种量转移至新的

MMC-BP3液体培养基中, 连续富集 3轮。第 3轮富集液梯

度稀释后涂布于 R2A 琼脂平板, 在 25℃恒温培养箱培养

5~7d, 根据菌落形态特征挑取单菌落, 多次划线纯化后获

得纯菌。将纯菌接种于 MMC-BP3液体培养基中以验证其

降解能力, 选择具有降解活性的菌株进行后续实验, 并进

行编号和记录, 同时以 25%甘油作为保护剂于-80℃保藏。 

1.2.2  菌株鉴定 

从 R2A琼脂平板上收集菌体, 采用细菌 DNA提取试

剂盒提取细菌基因组 DNA, 使用细菌通用引物 27F和 149

2R 对 16S rRNA 基因序列进行 PCR 扩增, 扩增反应体系

为 50μL∶DNA 模板 1μL, ddH2O 20μL, 通用引物 27F 和

1492R各 2μL, 以及 2×SanTaq PCR Mix 25μL。PCR反应

过程：95℃预变性 5min30s, 54℃退火 30s, 72℃延伸 90s, 

72℃终延伸 10min, 循环 30次。PCR扩增产物通过 1%(w/

v)凝胶电泳检验扩增效果后, 回收扩增产物进行 16S rRN

A 测序。获得的 16S rRNA 基因序列经 SeqMan 7.1 软件

拼接后, 提交至 EzBioCloud 网站(https://www.ezbiocloud.n

et)进行比对鉴定(Yoon et al, 2017)。根据序列比对结果, 

选取具有最高同源性的 16S rRNA 基因作为参照序列, 使

用在线工具 genome-to-genome distance calculator(GGDC)
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(https://ggdc.dsmz.de)构建系统发育树(Meier-Kolthoff et al,

 2013; Meier-Kolthoff et al, 2021)。 

将菌株 SCSIO 90395的基因组数据上传至 TYGS(The

 Type Strain Genome Server, https://tygs.dsmz.de), 进行

基于全基因组的系统发育分析(Meier-Kolthoff et al, 2019;

 Meier-Kolthoff et al, 2021)。 

1.2.3  BP-3 降解率测定 

从-80℃冰箱中取出保藏菌种, 在超净工作台中使用

接种环蘸取菌液在 R2A 琼脂平板上进行划线, 置于 25℃

恒温培养箱中培养 24h。刮取单菌落接种于 MMC-BP3 液

体培养基中, 记录初始 OD600值后, 置于 25℃、160r·min-1

的恒温摇床振荡培养。空白对照组仅添加 BP-3, 每个处理

设 3 个生物学重复。培养过程中每隔 24h 取样, 连续监测

6d。 

参考 Omeroglu 等(2025)的方法, 使用乙酸乙酯萃取降

解后的 BP-3及其中间代谢产物(Omeroglu et al, 2025)。在

实验不同时间点收集 2mL培养物, 加入 2mL乙酸乙酯, 于

25℃超声 10min, 收集有机相；重复萃取一次后, 将两次萃

取得到的有机相在氮气流下浓缩后并以甲醇复溶, 通过 0.

22μm滤膜过滤后利用高效液相色谱(HPLC)测定BP-3及其

代谢物含量。 

色谱分析采用 ZORBAX 300SB-C18 柱(4.6×250mm, 

5μm)(Jin et al, 2019), 流动相为 0.01%甲酸水溶液与乙腈,

 流速 1mL·min-1, 柱温 25℃, 进样体积 20μL, 检测波长 2

90nm。BP-3降解率计算公式：降解率=[(C0-Ct)/ C0]×100%,

其中 C0为实验初始 BP-3浓度(mg·L-1), Ct为各时间点测定

的 BP-3残留浓度(mg·L-1)。 

采用外标法对 BP-3及降解产物进行定量分析。将标准

储备液用甲醇逐级稀释, 配制成不同浓度的标准液(1、5、

10、20、50、100mg·L-1), 按照上述方法依次进样, 记录峰

面积, 以浓度为横坐标, 峰面积为纵坐标建立标准曲线。 

1.2.4  BP-3 降解中间产物鉴定 

参考 Baek 等(2022)的方法并进行适当修改(Baek et a

l, 2022)。采用高效液相色谱-串联质谱(HPLC-MS/MS)鉴定

菌株 SCSIO 90395 降解 BP-3 过程中产生的中间产物。色

谱条件如下：使用Eclipse Plus C18色谱柱(4.6mm×250mm, 5

μm)；流动相 A由 95%水、5%乙腈、0.01%甲酸和 2.5mm

ol 甲酸铵组成, 流动相 B为 95%乙腈、5%水、0.01%甲酸

和 2.5mmol甲酸铵的混合液。梯度洗脱程序设置为：0~23

min, 95%A；23~25min, 5%A；25~30min, 95%A。流速设

定为 1mL·min-1；柱温为 30℃；进样体积为 20μL。质谱条

件为电喷雾(ESI)离子源, 正离子扫描, m/z 范围：50-600。 

1.2.5  全基因组测序 

为解析该菌株对BP-3的降解机制和潜在功能基因, 对

该菌株全基因组进行测序和注释分析。采用 illumina Nova

Seq 6000 进行文库构建和测序, 原始数据经质控后进行基

因组组装。基因组编码序列(CDS)使用 Prodigal v2.6.3(Hya

tt et al, 2010)预测, 质粒基因采用 GeneMarkS(Besemer et

 al, 2005)预测, tRNA和 rRNA分别通过 tRNAscan-SE v2.

0(Chan et al, 2019)和 Barrnapv0.9(https://github.com/tseem

ann/barrnap)进行预测。功能注释通过 BLASTP、Diamond、

HMMER 等序列比对工具完成, 并结合蛋白质直系同源簇

(cluster of orthologous groups of proteins,COG)、京都基

因与基因组百科全书(KEGG, Kyoto encyclopedia of gene

s and genomes)数据库进行比对分析。 

1.2.6  BP-3 与降解基因分子对接 

分子对接参照 Adhish 等(2024)的方法(Adhish et al, 

2024)。从 PubChem数据库(https://pubchem.ncbi.nlm.nih.gov)

下载 BP-3的三维结构(Kim et al, 2024), 将潜在降解基因的

蛋白质氨基酸序列上传至 SWISS-MODEL 服务器

(https://swissmodel.expasy.org)预测三维结构(Kamguia et al, 

2025)。利用 AutoDockTools-1.5.7进行分子对接, 通过计算

配体和蛋白质之间的相互作用力确定最佳结合模式, 并采

用 PyMOL对结果进行可视化分析。 

1.2.7  数据统计与分析 

数据处理和统计分析使用 SPSS 27, 采用方差分析

(analysis of variance, ANOVA)和独立样本 T检验进行统计

学差异检验, P<0.05表示差异显著。 

2  结果与分析 

2.1  BP-3降解菌株的分离与鉴定 
通过对丛生盔型珊瑚组织匀浆液进行以 BP-3 为唯一

碳源的三轮富集培养, 共分离获得 10 株可在含 BP-3培养

基中生长的细菌。对纯培养菌株进行 BP-3降解实验后, 筛

选出一株能以 BP-3为唯一碳源的降解菌 SCSIO 90395。为

明确该菌株的系统分类地位, 首先基于 16S rRNA 基因序

列构建系统发育树进行初步分析。结果显示(图 1a), 菌株

SCSIO 90395 与土地鞘氨醇盒菌 (Sphingopyxis terrae) 

NBRC 15098 的 16S rRNA 基因序列具有最高相似性, 为

99.63%。进一步对其进行全基因组测序, 并在典型菌株基

因组服务器(The Type Strain Genome Server, TYGS)上进行

比对分析, 如图 1b 所示, SCSIO 90395 与 S. terrae NBRC 

15098的 dDDH值(数字DNA-DNA杂交值)为 85.7%, 高于

70%的物种界定阈值(Deng et al, 2024), 且两者在系统发育

树上聚为一支, 因此将菌株 SCSIO 90395 鉴定为土地鞘氨

醇盒菌(Sphingopyxis terrae)。 
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图 1  菌株 SCSIO 90395的系统发育树。(a)基于 16S rRNA基因序列的构建结果；(b)基于全基因组序列的构建结果 

Fig. 1  Phylogenetic tree of strain SCSIO 90395. (a)Inferred from the 16S rRNA gene sequence; (b)Inferred from the whole-genome sequence 
 

2.2  S. terrae SCSIO 90395对 BP-3的降解 
由图 2可知, BP-3 的标准曲线回归方程为 y=72.554x-

3.5119, R2=0.9999；BP-1的标准曲线回归方程为 y=68.833x-

71.575, R2=0.9997。两者的相关系数均大于 0.999, 表明线

性关系良好。 

 
图 2  标准曲线 (a)BP-3；(b)BP-1 
Fig. 2  Standard curve. (a)BP-3; (b)BP-1 
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图 3  S. terrae SCSIO 90395以 BP-3为唯一碳源的降解和生长情

况(具有不同标记的字母代表差异显著, p<0.05) 

Fig. 3  Degradation and growth of S. terrae SCSIO 90395 using BP-
3 as sole carbon source (different letters indicate significant 

differences, p < 0.05). 

在以 BP-3为唯一碳源的培养条件下, S. terrae SCSIO 

90395表现出一定的生长能力和显著的 BP-3降解活性。如

图 3所示, 培养初期菌液的OD600值为 0.22, 随后菌体浓度

逐渐升高, 第 2 天达到约 0.32；与此同时, BP-3 浓度持续

下降, 2天内降解率约 30%, 显著高于空白对照组中的自然

衰减水平。 

2.3  BP-3降解产物鉴定 
为明确 S. terrae SCSIO 90395在 BP-3降解过程中产生

的中间代谢产物, 采用 HPLC-MS/MS进行检测。结果显示

(图 4), 在菌株培养液中出现主要色谱峰 , 其分子式为

C13H10O3, 根据碎片离子峰 m/z 137.0236 和 m/z 105.0344, 

将其鉴定为 BP-3 的主要去甲基化产物 BP-1(2,4-二羟基二

苯甲酮 )。进一步的量化分析显示, BP-3 浓度从初始的

0.045mmol·L-1逐渐下降至第 6 天的 0.03mmol·L-1, 降解量

为 0.015mmol·L-1；同时, BP-1 在培养过程中逐渐累积, 在

第 6天达到 0.0029mmol·L-1(图 5)。 

 
图 4  S. terrae SCSIO 90395降解 BP-3过程中间产物质谱图 

Fig. 4  Mass spectra of intermediate substances during BP-3 degradation by S. terrae SCSIO 90395. 
 

 
图 5  S. terrae SCSIO 90395作用下 BP-3降解及 BP-1生成的浓度变化曲线 

Fig. 5  Concentration profiles of BP-3 and the metabolite BP-1 during degradation by S. terrae SCSIO 90395. 
 

2.4  S. terrae SCSIO 90395基因组分析 
2.4.1  基因组的基本特征 

如图 6 所示 , S. terrae SCSIO 90395 基因组全长

3,892,925bp, GC(guanine-cytosine)含量为 64.81%。预测编

码基因(Coding sequence, CDSs)为 3732 个, 占整个基因组

总长度的 91.14%。此外, 基因组中含有 46个 tRNAs基因、

3个 rRNA基因(5S、16S、23S rRNA各 1个), 以及 16个

基因岛。 
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图 6  S. terrae SCSIO 90395基因组图谱 

(注：图谱的最外圈为基因组大小标识；第二圈和第三圈为正链和负链上的 CDS；第四圈为 rRNA和 tRNA；第五圈为 GC含量；最内圈为 GC-Skew值) 
Fig. 6  Whole genome map of S. terrae SCSIO 90395. 
(Note: The outermost circle of the map indicates genome size; the second and third circles indicate CDS on the positive and negative strands; the 

fourth circle indicates rRNA and tRNA; the fifth circle indicates GC content; and the innermost circle indicates GC skew value). 
 

2.4.2  基因功能注释 

在预测的 3732 个编码基因中, 共有 2973 个(79.66%)

被注释到 COG数据库(图 7a)。其中功能注释数量排名前五

的类别依次为：一般功能预测(General function prediction 

only, R)、脂质转运与代谢(Lipid transport and metabolism, I)、

转录 (Transcription, K)、氨基酸转运与代谢 (Amino acid 

transport and metabolism, E)以及细胞壁/膜/被膜生物合成

(Cell wall/membrane/envelope biogenesis, M)。此外, 基因组

中共有 2639 个(70.71%)基因被注释到 KEGG数据库中(图

7b), 其中 286个基因与氨基酸代谢(Amino acid metabolism)

相关, 另有 193个、189个和 173个基因分别归属于碳水化

合物代谢(Carbohydrate metabolism)、辅因子与维生素代谢

(Metabolism of cofactors and vitamins)以及能量代谢通路

(Energy metabolism)。 
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图 7  基因功能注释分类。(a)COG功能注释；(b)KEGG功能注释 

Fig. 7  Functional classification of gene annotations. (a)COG functional annotation; (b)KEGG functional annotation 
 

进一步分析 KEGG功能注释结果发现, S. terrae SCSIO 

90395基因组中与物质代谢相关的基因占 72.9%, 涵盖了大

多数微生物代谢通路及次级代谢产物的降解途径。并在此

基础上, 筛查出多条与外源生物降解相关的代谢通路(表 1), 

如苯甲酸盐降解通路、芳香族化合物降解通路、细胞色素

P450 代谢通路和多氯联苯代谢通路等, 表明该菌株具有较

强的芳香族化合物降解潜力。 

表 1  S. terrae SCSIO 90395 基因组中主要的生物降解和代谢调控通路及相关基因数量 
Tab. 1  Major biodegradation and metabolic regulation pathways and related gene number in the genome of S. terrae SCSIO 90395 
编号 r 通路 功能描述 注释数量/个 

1 Ko00362 苯甲酸盐降解 37 

2 Ko00980 细胞色素 P450对异源化合物的代谢作用 20 

3 Ko00626 萘降解 10 

4 Ko00627 氨基苯甲酸盐降解 9 

5 Ko00361 多氯联苯降解 8 

6 Ko00622 二甲苯降解 7 

7 Ko00643 苯乙烯降解 6 

8 Ko00621 二噁英降解 5 

2.4.3  BP-3 降解相关基因分析 

在 S. terrae SCSIO 90395 基因组中, 注释到多种可能

参与BP-3及其代谢产物降解和转化的关键功能基因(表2)。

其中, acd 基因编码的乙酰辅酶 A 脱氢酶在代谢过程中可

催化脱氢反应(Qiu et al, 2024), vanA 基因编码的芳香环羟

化双加氧酶 α 亚基能够介导芳香环的羟基化(Shan et al, 
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2024), cypD_E 属于细胞色素 P450 家族, 可催化去甲基化

反应(Wang et al, 2023)。 

表 2  S. terrae SCSIO 90395 基因组中与 BP-3 降解相关基因 
Tab. 2  Genes of related to BP-3 degradation in the S. terrae SCSIO 90395 genome 

KO编号 同源基因 功能注释 注释数量/个 

K00249 acd 乙酰辅酶 A脱氢酶 26 

K03862 vanA 芳香环羟化双加氧酶 α亚基 2 

- cypD_E 细胞色素 P450 3 

K00459 npd 硝酸盐单加氧酶 8 

K00252 gcdH 戊二酰辅酶 A脱氢酶 1 

K01011 sseA 硫代硫酸盐/3-巯基丙酮酸硫转移酶 1 

 
图 8  BP-3 和细胞色素 P450 的分子对接结果(a:gene0397；

b:gene0433；c:gene0737) 

Fig. 8  Molecular docking results of BP-3 and cytochrome 
P450(a:gene0397; b:gene0433; c:gene0737) 
 

已有研究表明, 细胞色素 P450酶可催化 BP-3的去甲

基化反应生成 BP-1(Baek et al, 2022)。因此, 为进一步分析

S. terrae SCSIO 90395中细胞色素 P450和 BP-3的结合能

力 , 对编码 CYP450 的 gene0397(PDB ID:3LXH) 、

gene0433(PDB ID:6KBH)、gene0737(PDB ID: 2VE3)进行了

分子对接。结合能是衡量复合物稳定性的核心指标, 负值

越大, 表明结合能力越强, 形成的复合物越稳定(Yang et al, 

2025)。结果显示, 三者与 BP-3 的结合能分别为-6.520、    

-6.520、-6.930kcal·mol-1。进一步对对接结果进行可视化分

析表明, 三者均与 BP-3形成了氢键相互作用, 但结合模式

存在差异。gene0397与 BP-3在对接位置通过 THR-248和

GLY-244 两个氨基酸残基形成了 2 个氢键, 键长分别为

2.2Å 和 2.3Å(图 8a)；gene0433 与 BP-3 在对接位置通过

LEU-372 形成 1 个氢键, 键长为 2.1Å, 并且 LEU-372 与

BP-3的甲氧基形成结合位点(图 8b)；gene0737 与 BP-3在

对接位置通过 ALA-341 形成 2 个氢键, 键长分别为 1.9Å、

2.1Å(图 8c)。 

3  讨论与结论 
本研究通过以BP-3为唯一碳源的选择性富集, 从丛生

盔型珊瑚样品中筛选获得一株具备 BP-3 降解功能的海洋

细菌 SCSIO 90395, 经全基因组序列比对和系统发育分析, 

将其鉴定为土地鞘氨醇盒菌(Sphingopyxis terrae)。已有研

究表明, Sphingopyxis属菌株能够降解多种难降解有机污染

物, 具备较强的环境适应性和芳香族化合物降解潜力 , 如

三氯生、苯乙烯、四氢化萘等(Lee et al, 2012; Oelschlägel et 

al, 2015; Ledesma-García et al, 2016)。本研究的结果进一步

表明 Sphingopyxis terrae在珊瑚微生物群落中具备 BP-3降

解功能, 拓展了对该属菌株在海洋生态系统中的生态功能

认知。与先前分离自污水处理厂活性污泥(Fagervold et al, 

2021)、沉积物(Baek et al, 2022)等富营养且污染物稳定聚集

环境的 BP-3降解菌相比, S. terrae SCSIO 90395来源于珊

瑚内共生微生物群落, 更适应珊瑚礁生态系统的原位环境, 

因此在用于珊瑚礁生物修复或污染治理中可能具备更好的

生态适应性与应用潜力。 

在 BP-3的代谢过程中, 通过 HPLC-MS/MS检测到其

主要降解产物为 BP-1, 该产物已被多项研究报道为 BP-3

微生物降解的共同代谢中间体(Liu et al, 2011; Jin et al, 2019; 

Fagervold et al, 2021), 其生成机制主要依赖细胞色素 P450

催化的去甲基化反应(Baek et al, 2022), 该反应表现为苯环

上的甲氧基被羟基取代。细胞色素 P450 酶(CYP450)是一

类广泛存在于生物体内的血红素依赖型单加氧酶, 能够催

化羟基化、去甲基化、环氧化等多种氧化反应, 在细菌降解

外源有机污染物过程中发挥关键作用(Khmelevtsova et al, 

2017; Yang et al, 2024; Wolf et al, 2024; Helvig et al, 2025)。

全基因组分析结果显示, S. terrae SCSIO 90395中注释到多

种与芳香族化合物代谢相关的加氧酶编码基因, 这些基因
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的存在表明该菌株在芳香环初步代谢方面具有较为丰富的

酶学基础。利用分子对接技术发现 BP-3与三个 CYP450候

选基因(gene0397、gene0433、gene0737)的结合能分别为-

6.520、-6.520、-6.930kcal·mol-1, 表明其与 BP-3 均具备较

好的结合能力并形成稳定复合物(徐佳宁 等, 2025)。其中, 

gene0737 与 BP-3 具有更强的结合能和更短的氢键相互作

用 , 预示着它可能是 BP-3 降解的关键候选基因；而

gene0433 与 BP-3 甲氧基的结合模式提示其可能参与初步

去甲基化反应。这些结果为 S. terrae SCSIO 90395降解 BP-

3提供了分子基础, 也为后续对关键 P450酶的功能验证提

供了明确靶点。 

尽管BP-1是本研究中检测到的唯一中间代谢产物, 但

其累积量未完全对应 BP-3的消耗量。这一现象表明, 在本

实验体系中, BP-3的降解不只依赖于去甲基化生成 BP-1的

单一途径, 还可能涉及其他尚未检测到的并行或后续代谢

反应。全基因组 KEGG功能注释结果显示, S. terrae SCSIO 

90395 在苯甲酸盐降解和芳香族化合物代谢等相关通路中

富集了多种关键酶编码基因, 包括脱氢酶、羟化酶及苯环

裂解酶等, 这表明该菌株具有进一步氧化 BP-1、裂解芳香

环并将其转化成苯甲酸或小分子有机酸的潜能。已有研究

指出, BP-1 可在氧化还原酶及双加氧酶等的协同作用下 , 

被转化为苯甲酸和 3-氧代己二酸(Baek et al, 2022)。因此, 

虽然在本研究的单菌培养条件下未能直接检测到其他下游

代谢产物, 但 S. terrae SCSIO 90395 的基因组功能注释结

果表明其具备完成该降解过程所需的酶学基础。推测在单

菌体系中, 相关关键酶的表达水平较低或部分代谢通路未

被完全激活, 从而限制了降解过程的深入推进。 

微生物群落在自然环境中通常具有高度复杂的代谢网

络和功能互补性, 通过多种微生物间的协同作用实现有机

污染物的高效降解(戴楚涵, 2022)。基于 S. terrae SCSIO 

90395 的来源环境及其基因组潜力分析, 推测其在珊瑚共

生体系中不仅能作为BP-3降解的启动者, 还可能通过与群

落中其他微生物的协同互作, 形成完整代谢链, 加速 BP-3

的降解。因此, 未来研究可在珊瑚原位环境的条件下开展, 

结合微生物群落间的相互作用分析, 深入探究BP-3在珊瑚

生态系统中的完整降解途径。 

综上所述, 本研究从丛生盔型珊瑚中分离获得一株具

备 BP-3降解能力的海洋细菌 S. terrae SCSIO 90395。该菌

株能够在以BP-3为唯一碳源的条件下生长, 并将其转化为

主要代谢产物 BP-1。基因组功能注释进一步揭示了其丰富

的芳香族化合物代谢遗传背景, 为阐释BP-3生物降解机制

提供了分子基础。本研究的菌株分离及功能研究为基于原

位功能微生物的污染治理策略提供了理论支撑和新的菌种

资源。 
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摘要：造礁珊瑚的有性繁殖是维持珊瑚礁生态系统结构和功能的关键生物学过程，直接决定珊瑚种群

的动态更新与遗传多样性，对于珊瑚礁生态系统的稳定与演化具有重要意义。本文综述造礁珊瑚有

性繁殖的研究进展，包括：（1）珊瑚的繁殖类型；（2）珊瑚的性腺发育；（3）珊瑚的排卵与受精；

（4）珊瑚的胚胎发育；（5）珊瑚幼虫的固着过程；（6）珊瑚幼体的发育。现有进展表明，珊瑚有性

繁殖过程受内源生物机制与外源环境因子协同调控，但其具体分子机制及过程仍不明了。未来需高

度关注环境因子对造礁珊瑚排卵时间的影响、诱导珊瑚幼虫固着的机制、早期共生关系的建立与可塑

性，以及建立分子辅助育种方法筛选耐热型珊瑚等方面。

关键词：造礁珊瑚；有性繁殖；性腺发育；排卵与受精；胚胎发育；幼虫固着

中图分类号：Q954.4                文献标志码：A                文章编号：0253−4193(2025)11−0013−14

 1　引言

珊瑚有性繁殖是指通过雌雄配子结合产生带有

新基因型的新个体的生物学过程，包括性腺发育、受

精、胚胎发育、幼虫附着变态、幼体发育及子代再繁

殖等 6 个阶段
[1]
，其中子代的成功繁殖标志着珊瑚已

完成一个完整的有性繁殖周期，实现了珊瑚幼体的有

效补充
[2]
。有性繁殖产生大量具有遗传多样性的个

体，不仅有助于维持珊瑚种群数量的稳定，还能增强

其对环境变化的适应潜力，对珊瑚礁生态系统的稳

定、恢复和进化等具有重要的意义
[3−4]

。

现有研究表明，尽管珊瑚可以在繁殖季产生大量

配子，但其有性繁殖过程中的各个阶段均表现出较高

的死亡率
[5−6]

。如原肠期前的胚胎极易发生破裂、畸

形和死亡
[7−8]

；固着后的幼体受多种因素的影响，导致

第一年的死亡率可能高达 30%～99%
[9−10]

，特别是在

全球气候变暖、人类活动加剧等破坏珊瑚生存环境

的背景下，这种现象严重制约了珊瑚群落的自然恢复

能力
[11]

。因此，本文基于文献总结了珊瑚有性繁殖过

程中的生物学特性及调控机制，梳理环境因素对珊瑚

早期发育影响的认识，希望有助于理解珊瑚早期生活

史中的关键过程，以及珊瑚幼体补充对种群结构的影

响，为珊瑚礁生态系统的管理与保护提供科学依据。

 2　珊瑚的有性繁殖类型

在全球已知的 900 多种造礁珊瑚中，有 400 多种

的繁殖类型已经清楚
[12]

，这些珊瑚按照性别可分为雌

雄同体型和雌雄异体型 2 类，其中雌雄同体型珊瑚在

同一株珊瑚体内同时产生卵子和精子 2 种配子，而雌

雄异体型则根据珊瑚的性别在不同的个体内分别产
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生卵子或精子
[10]

。按照生殖方式，珊瑚可分为排卵型

和排幼型，其中排卵型珊瑚通常会在 1 a中的某个特

定时间同步排出大量配子，在海水表面完成受精并发

育为浮浪幼虫
[13]

；而排幼型珊瑚则在母体内完成受

精，发育为浮浪幼虫后排出体外
[5]
。因此，珊瑚按繁

殖类型可分为雌雄异体排卵型、雌雄同体排卵型、雌

雄异体排幼型、雌雄同体排幼型等 4种，其中雌雄同

体排卵型珊瑚的比例最高，为 63%
[12]

。

部分珊瑚物种表现出混合的性别或生殖方式
[14]

。

例如，在不同海域，褶叶珊瑚科（Mussidae）、菌珊瑚科

（Agariciidae）和滨珊瑚科（Porididae）的生殖方式有所

不同，在印度−太平洋海域，这些珊瑚为排卵型，而在

大西洋海域则为排幼型
[15]

。此外，在滨珊瑚科、菌珊

瑚科和石芝珊瑚科（Fungiidae）等珊瑚中，已报道存在

具有混合性别特征的物种（mixed or contrasting sexual

patterns），这些物种可以同时表现出雌性、雄性和雌

雄同体 3 种性别类型
[12, 14–17]

。有研究认为混合性别

可能是一种顺序雌雄同体（sequential hermaphrodites），

即珊瑚的性别可能受年龄、发育阶段、种群结构和温

度等因素的影响而发生变化
[15]

。已有研究表明，某些

雌雄异体珊瑚的雌雄株间存在生理差异，如澄黄滨珊

瑚 （Porites  lobata）、巴拿马滨珊瑚 （Porites panamen-

sis）、椭圆星珊瑚 （Dichocoenia  stokesi）及柱状珊瑚

（Dendrogyra cylindrus）等多种珊瑚雄株的钙化和生长

速率显著高于雌株
[18]

；巴拿马滨珊瑚的雌雄株在珊瑚

杯直径、单位面积珊瑚杯数量及相邻珊珊杯数量存

在显著差异，体现出明显的二态性
[19]

。

 3　珊瑚的性腺发育

造礁珊瑚没有真正的器官，其配子会周期性地在

水螅体肠系膜特定部位产生，这一部位通常被称为性

腺
[20]

。不同种间珊瑚性腺的发育时间不同，目前已知

的排卵型珊瑚的性腺发育周期多为 1 a，其中，大部分

珊瑚的卵母细胞发育周期为 4～ 12 个月 ，精巢为

1～8 个月
[21]

，也有些卵母细胞需要 14～15 个月才能

发育成熟，不同年份配子发育周期重叠，或 1 a 中有多

个配子发育周期
[22]

。而排幼型珊瑚每年有多个配子

形成周期，但具体周期、次数在不同种珊瑚间存在差

异
[23]

。这可能与珊瑚的种类
[24−25]

及海水温度
[26]

有关。

珊瑚的配子发育分为 4 个时相
[27]

（图 1）。Ⅰ时相

的卵原细胞发生于肠系膜内的中胶层附近；Ⅱ时相的

初级卵母细胞被一层薄薄的中胶膜包裹，细胞形状变

得不规则；Ⅲ时相的卵母细胞体积开始迅速增大，并

逐渐积累卵黄蛋白等物质；Ⅳ时相的卵母细胞已经基

本成熟，脂质泡内充满大量脂质，细胞核从中心位置

移动到细胞膜附近 ，并在排卵前出现生发泡破裂

（GVBD）
[21, 27]

。Ⅰ时相的精巢是由几十个精原细胞成

簇地聚集而成的；Ⅱ时相的精巢被中胶层隔开，精母

细胞数量增多，排列紧密；Ⅲ时相的精巢中间有腔隙，

可见大部分精母细胞已完成减数分裂，形成精细胞；

Ⅳ时相的精巢中含有大量精子，明显观察到精子尾部

汇聚于一侧
[27]

。

相较于性腺组织学研究，珊瑚性腺发育过程中的

关键基因及其表达的相关研究还较少，现有关研究主
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图 1    摩羯鹿角珊瑚（Acropora cervicornis）不同时相配子的显微结构（图片改自 Vargas-Ángel 等
[27]

）

Fig. 1    Micrographs of A. cervicornis during Gonadal Development (modified from Vargas-Ángel et al.
[27]

)
A−D 和 E−H 分别依次为第Ⅰ、Ⅱ、Ⅲ、Ⅳ时相的卵母细胞及精巢。cgb：刺丝囊；g：肠系膜；gvc：消化循环腔；m：中胶层；no：凹痕；sc：波浪形边缘

A−D and E−H represent oocytes and spermaries at stages Ⅰ, Ⅱ, Ⅲ, and Ⅳ, respectively. cgb: cnidoglandular band; g: gastrodermis; gvc: gastrovascular cav-

ity; m: mesoglea; no: notches; sc: scalloping
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要集中在肾形真叶珊瑚（Euphyllia ancora）中，如 Shikina
发现 piwi基因始终存在于肾形真叶珊瑚肠系膜组织

的特定部位，可以作为早期生殖细胞（精原细胞和卵

原细胞）的标记基因
[28]

；此外，研究还发现了一些与配

子成熟相关的基因，如卵黄蛋白相关的基因（Vg、Ep）
和促性腺释放激素（GnRH-like peptide）在雌株性腺发

育的中期及末期大量表达；乙酰化 α 微管蛋白（Acet-
ylated  alpha-Tubulin，Ac-α-Tu）及鸟苷酸环化酶受体

（Receptor-type Guanylate  Cyclases， rGCs）则在雄株中

特异表达，可以调控末期精子成熟
[20, 29−30]

。但这些特

异表达的基因如何调节生殖细胞分化、发育及成熟

的分子机制还尚未清楚。

 4　珊瑚的排卵与受精

 4.1    珊瑚的排卵及其影响因素

大多数造礁珊瑚具有同步排卵的行为，即在配子

成熟后，同一海域的多种排卵型珊瑚会在满月前后若

干个环境条件适宜的夜晚，释放大量具有浮力的精卵

束，并在海面完成受精过程
[22, 31]

。珊瑚的同步排卵有

助于增加海水中配子的浓度，从而显著提高受精成功

率。自 1982 年 Harrison 第一次在澳大利亚大堡礁观

察到珊瑚大规模同步排卵现象后，研究人员陆续在红

海北部、日本琉球群岛、新加坡、菲律宾等地发现了

珊瑚的同步排卵行为
[32–35]

。截至 2021 年，研究人员

已在印度 −太平洋海域的 100 多个珊瑚礁区观察

到 6 178 次造礁珊瑚（300 余种）的排卵行为
[36]

，然而，

具体的排卵日期受海区环境等多方面因素的影响仍

难以精确预测。

现有研究表明，珊瑚排卵时间主要受海水温度、

月相、潮汐等环境因素影响
[10, 37]

。其中，海温是决定

排卵月份的关键因素，造礁珊瑚通常在当地的春季至

夏末期间进行排卵
[38−39]

。特定的季节性温度变化可

能会诱发珊瑚排卵 ，Keith 等通过分析太平洋海区

34 个海域鹿角属珊瑚（Acropora spp.）的排卵时间，发

现海水温度的快速升高是促使鹿角珊瑚排卵的主要

环境因素
[40]

；同样，台湾及三亚鹿回头等海域的造礁

珊瑚排卵时间与当地海水温度上升的时段一致
[41−42]

。

这可能是因为温度快速上升会增加海水中浮游生物

和有机碎屑的数量，从而加快珊瑚能量累积，促进配

子的成熟
[27]

。

月相是决定珊瑚具体排卵日期的关键因素
[39, 43−44]

。

有研究表明，珊瑚能够通过隐花色素（cryptochromes）
来感知月光强度的变化

[37, 45−46]
，并利用满月时日落与

月出之间的黑暗环境来调节排卵的具体日期
[47−48]

。

同时，大堡礁、日本高知岛及澳大利亚蜥蜴岛等地记

录到珊瑚在满月后的小潮大规模排卵的行为，推测月

相引起的潮汐变化也是影响珊瑚排卵日期的环境因

素之一
[38, 49]

。另外，海况、珊瑚个体间的基因型差异

以及邻近珊瑚排卵释放的激素等因素也会对珊瑚的

排卵日期产生显著影响
[50−51]

。

综上所述，珊瑚排卵时间受多种环境因素与内源

生物节律所调节。然而，现有研究尚不明确不同环境

因素对珊瑚排卵时间的具体作用，因此珊瑚的排卵日

期仍难以准确预测
[52]

。此外，人为活动引发的全球气

候变暖、光污染等问题可能会显著影响珊瑚对环境

的响应，破坏其排卵的同步性，甚至导致珊瑚在不适

宜的环境条件下排卵
[39, 53]

，降低其繁殖的成功率。

 4.2    珊瑚的受精及其影响因素

在已知繁殖类型的 400 多种造礁珊瑚中，排卵型

珊瑚占 85%，其配子通常在排出后 1～2 h 内完成受

精，未受精的配子只能存活几个小时
[5−6]

。受精率作

为衡量珊瑚繁殖成功的关键指标，通常与珊瑚间距

离、配子浓度、质量、接触时间及海水温度、酸碱度

等因素密切相关
[54−56]

。其中，个体间距离与精子密度

是影响受精率的主要因素。研究表明，风信子鹿角珊

瑚（Acropora hyacinthus）的受精率随个体间距增大而

显著下降：当间距小于 0.5 m 时平均受精率为 30%，间

距达 10 m 时则低于 10%，超过 15 m 时受精率趋近于

0
[56]

。在人工授精中，精子密度约为 10
6
 cells/mL 时受

精率最高（＞75%），降至 10
4
 cells/mL 时则低于 50%

[57]
。

然而，海水酸化和暖化等环境现象导致的珊瑚白化会

显著降低珊瑚种群密度，减少配子的产量，甚至可能

在 1～2 年内不产生成熟配子，或导致卵母细胞脂质

过氧化，从而降低特定海域珊瑚可用配子密度
[58–60]

。

此外，海洋环境的变化不仅影响珊瑚配子的生成，还

可能对释放到水体中的配子造成进一步损害，例如，

海水的暖化和酸化均会导致鹿角珊瑚的精子活力降

低，从而影响受精率
[61−62]

。

全球气候变暖及人类活动引发的珊瑚白化和异

步排卵现象，导致自然繁殖过程中可用配子的数量减

少、质量下降，从而进一步加速了珊瑚礁生态系统的

退化。因此，研究人员尝试通过珊瑚精子的冷冻保存

技术长期存储遗传物质，以保护珊瑚的遗传和生物多

样性
[63–65]

。该技术已成功储存了来自不同海域的

40 余种珊瑚精子，并建立了珊瑚精子冷冻库（CryoDi-
versity Bank），用于选择性育种实验

[66−67]
，然而，目前

仍缺乏通用的指标来评估冻融过程中精子质量的变

化
[68]

，也尚未开发出合适的卵子低温保存方法，限制

11 期    崔梦瑶等：造礁珊瑚有性繁殖的研究进展 15

 

507



了珊瑚种质资源的长期保存
[67]

。

 5　珊瑚的胚胎发育

造礁珊瑚的胚胎发育经历 5 个发育阶段：受精卵、

卵裂期、囊胚期、原肠胚期、浮浪幼虫期（图 2）
[69]

。

排幼型珊瑚的胚胎发育在体内完成，而排卵型珊瑚的

胚胎发育则在体外完成，并且不同种类的发育时间存

在差异
[70−71]

。大部分珊瑚排卵后 2 h 内受精卵开始分

裂，2～7 h 完成卵裂，形成囊胚；胚胎在 15～24 h 内进

入原肠阶段，并逐渐发展为原肠胚晚期，形成胚孔和

双胚层结构；最终，在 24～36 h 内胚胎发育为初级浮

浪幼虫，此时胚孔发育为幼体的口部，而内外胚层则

分别分化为外表皮和肠腔，在显微镜下，早期浮浪幼

虫明显观察到外面有一层透明的囊，并不停地转圈游

动
[72–74]

。

珊瑚具有完整的原肠胚形成过程，是典型的刺胞

动物发育模式。不同种类的珊瑚囊胚可分为“虾片

状”和“坐垫状”2 种结构类型
[75]

，这两种类型分别通

过内卷和内陷两种主要途径发育为原肠胚
[76]

。通常，

复杂型珊瑚（complex corals）的囊胚呈虾片状，扁平且

没有囊胚腔，在原肠形成的过程中，虾片状的囊胚内

卷成碗状的结构，经过较长时间的变形才最终闭合成

圆形的原肠胚，随后逐渐发育成带有口和咽的浮浪幼

虫；坚实型珊瑚（robust corals）的囊胚多呈坐垫状，具

有囊胚腔，这种囊胚先经历假内陷（出现假胚孔），然

后恢复为空心球的形态，进入原肠胚期，随后再次内

陷形成带有真胚孔及双胚层结构的原肠胚，最后发育

为浮浪幼虫（图 3）
[70, 77]

。

此外，由于珊瑚胚胎较为脆弱，温度、pH、沉积物

等多种环境因素都会对其发育产生影响，这些因素可

能导致胚胎破裂、畸形和死亡。其中，温度是影响胚

胎发育的最主要因素，适当地升高温度（＜30℃）能够

加快胚胎的发育速度，但过高的温度则会显著增加胚

胎的畸形率和死亡率
[78–80]

。 例如，柔枝鹿角珊瑚（Ac-

ropora tenuis）在 32℃ 下，其胚胎畸形率比 27℃ 时增

加了 15%，幼虫存活率降低了 1 倍
[79]

；佳丽鹿角珊瑚

（Acropora pulchra）在正常温度（26℃）下胚胎畸形率

为 3.6%，而在 30℃ 时增加至 7.6%，在 32℃ 时则显著

上升至 39%
[80]

。
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图 2    肉质扁脑珊瑚的胚胎及幼虫发育过程
[69]

Fig. 2    The early development of P.carnosus
[69]

a. 卵母细胞；b. 2 细胞期；c. 4 细胞期；d. 8 细胞期；e. 16 细胞期；f. 32

细胞期；g. 桑葚胚期（64 细胞期）；h. 桑葚胚期（128 细胞期）；i. 囊胚

早期；j. 囊胚晚期；k. 原肠胚早期；l. 原肠胚中期；m. 浮浪幼虫早期；

n1, n2. 浮浪幼虫中期；o. 浮浪幼虫晚期。所有标尺都为 200 μm

a. Oocytes; b. 2-cell stage; c. 4-cell stage; d. 8-cell stage; e. 16-cell stage;

f. 32-cell stage; g. morula stage (64-cell stage); h. morula stage (128-cell

stage); i. early blastula stage; j. later blastula stage; k. early gastrula stage;

l. middle gastrula stage; m. early planula stage; n1, n2. middle planula

stage; o. later planula stage. All rulers indicate 200 μm
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图 3    造礁珊瑚胚胎发育的两种模式（图片改自 Medina 等
[70]

）

Fig. 3    Diagrammatic representation of the two extreme forms of coral development (modified from Medina et al.
[70]

)
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 6　珊瑚幼虫的固着过程

幼虫的附着与变态是浮浪幼虫从浮游生活过渡

到固着底栖生活的过程
[22]

，包括寻找合适的线索

（search）、附着（attach）和变态（metamorphosis）3 个阶

段（图 4）
[81]

。排卵型珊瑚的幼虫一般在受精后 3 d 出

现试探附着行为，并在 3～5 d 内完成附着
[82]

。排幼型

珊瑚浮浪幼虫在排出后的几小时内即可开始附着，且

更倾向于附着在亲本附近。幼虫附着时口端朝上，而

反口端则紧贴基质，随着附着的进行，浮浪幼虫逐渐

由椭圆形变为扁平的碟形结构，并通过钙化反应稳固

地附着在基质上；附着 1～2 d 后，出现 6 个初级肠系

膜，观察到球状触手（tentacle tips）标志着幼虫成功完

成固着
[83−84]

。

 
 

口
造礁珊瑚的固着过程

浮浪幼虫

反口

寻找附着
地点 附着

变态

图 4    造礁珊瑚的固着过程（改自 Petersen 等
[81]

）

Fig. 4    Settlement stages of scleractinian corals

(from Petersen et al.
[81]

)
浮浪幼虫在发现合适的线索后开始附着、变态

The steps of a coral larvae searching, attachment, and metamorphosis
 

研究表明，尽管一些珊瑚幼虫的存活时间可超过

200 d，但大多数幼虫在 4～13 d 内会迅速丧失附着能

力
[82, 85]

。适宜的环境条件是浮浪幼虫完成固着的关

键因素（表 1）
[86–87]

。现有研究普遍认为，壳状珊瑚藻

（Crustose Coralline Algae, CCA）可以诱导大部分珊瑚

幼虫固着
[86–87]

，其中一种石皮藻（Titanoderma cf. tes-

sellatum）可使多种珊瑚幼虫的附着率（settlement rate）

提升至 50% 以上
[81, 88]

。然而，不同种珊瑚的幼虫对壳

状珊瑚藻的偏好存在差异。例如，鹿角珊瑚属（Acro-

pora）的幼虫倾向于附着在孔石藻属（Porolithon）附

近，而一种孢石藻（Sporolithon sp.）则能显著提高叶状

珊瑚科（Lobophyllidae）幼虫的附着率
[89]

。另有研究表

明，CCA 的提取物如糖甘油脂（glycoglycerolipids）和

高分子多糖（high molecular weight polysaccharides）能

诱导珊瑚幼虫固着
[90]

，而其他 CCA 提取物，如 11-脱

氧笛鲷素 -3（ 11-deoxyfistularin-3）
[91]

及大环二内酯

（macrodiolide luminaolide）
 [86]

则仅能诱导幼虫变态。

一些研究也发现，即使在没有 CCA 存在的情况下，海

洋微生物膜同样能够诱导幼虫固着
 [92–94]

。海洋微生

物膜主要由多种细菌、单细胞藻类（包括硅藻）以及

原生动物等组成。Kegler 等研究表明，伽马变形菌门

（Gammaproteobacteria）及甲变形菌门（Alphaproteobac-

teria）中的多种细菌可能在幼虫固着过程中发挥诱

导 作 用
[95]

。 然 而 ， 目 前 仅 从 两 株 假 交 替 单 胞 菌

（ Pseudoalteromonas  sp.  PS5、 Pseudoalteromonas rubra

#1783） 中 分 离 出 四 溴 吡 咯 （ tetrabromopyrrole）
[96–98]

和环丙菌红素（cycloprodigiosin）
[99–100]

，并证实其能有

效诱导部分珊瑚物种的幼虫固着
[96]

。此外，GLW-酰

胺神经肽（GLW-amide neuropeptides）、多巴胺（dopam-

ine）、肾上腺素 （ epinephrine）、谷氨酸 （ glutamic  acid）

以及氯化钙（CaCl2）等化学物质也被证明能够有效诱

导珊瑚幼虫的附着或变态行为
[101–103]

。

尽管生物化学因素被广泛认为是决定珊瑚固

着的主要因素，但诸如环境光及附着基的颜色、附

着基的材质和结构、沉积物等物理因素也会影响

珊瑚幼虫的固着行为（表 1）
[86–87]

。其中，环境光和

附着基的颜色被认为是影响幼虫固着的关键物理

因素之一。Strader 等研究表明，珊瑚幼虫能够感知

不同颜色的环境光，并表现出趋向红光的行为
[104]

；

Mason 等则发现幼虫对红色或橙色的附着基表现出

了显著的选择偏好
[105]

。此外，幼虫相比于平坦的表

面，更倾向于在陶瓦、陶瓷等附着基的裂缝或凹陷

处固着，从而减少其受到捕食者或草食动物干扰的风

险
[106–107]

。

 

表 1    生物化学因素与物理因素对珊瑚幼虫固着

过程的影响
[86–87]

Table 1    Effects of biochemical and physical factors
during larval settlement

[86–87]

影响因素 幼虫行为

生物化
学因素

壳状珊瑚藻（Crustose Coralline
Algae, CCA）及其代谢产物

诱导或排斥幼虫固着、不同种
幼虫对CCA的选择存在差异

微生物膜及其代谢产物 诱导或排斥幼虫固着

物理因素 环境光和附着基的颜色 影响固着深度、方向、位置

附着基的材质和结构 影响附着率

沉积物 影响附着率及对附着基的选择

温度
影响附着率及寻找合适

附着基的时间

水流
影响幼虫的扩散能力和

珊瑚连通性

压强 影响固着深度
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 7　珊瑚的幼体发育

珊瑚幼体是指珊瑚通过有性繁殖产生的、尚不具

备繁殖能力的小个体
[2]
，其早期发育过程包括口、肠

系膜及触手的形成；骨骼发育与虫黄藻共生；新个体

的形成等过程（图 5）
[84]

。新固着的幼体较为脆弱，易

被捕食、藻类竞争等其他环境因素影响；多数珊瑚幼

体早期的死亡率高达 30%～99%，符合Ⅲ型生存曲

线
[108–109]

。因此，幼体获得合适的共生藻、提高幼体的

生长速率、通过物理化学或生物的方法降低幼体被

捕食和藻类竞争的风险等方法是提高幼体补充率的

关键因素
[110]

。

 7.1    幼体生长速率及存活率

珊瑚幼体死亡率与幼体的年龄和直径密切相关，

现有研究表明，直径大于 5 mm 或年龄在 3～9 月以上

的珊瑚幼体，其死亡率较低
[111–112]

。其中，食草鱼类捕

食过程中的意外擦碰是导致 1～2 月龄幼体死亡的主

要原因
[113]

，藻类及其他底栖生物与幼体竞争也是造

成不同年龄珊瑚幼体死亡的重要因素
[114–115]

。研究人

员已探索多种方法来减少意外擦碰或竞争导致的珊

瑚幼体死亡现象
[116–121]

。例如，通过设计具有不同结

构的附着基，可为幼体提供避难所，从而减少食草鱼

类的干扰
[116]

；使用防污材料能够有效降低藻类等其

他底栖生物与幼体之间的竞争压力
[117]

；将珊瑚幼虫

与食草腹足类动物共同饲养，能够显著提高幼体的存

活率
[118–119]

。这些方法在促进珊瑚幼体的存活和生长

过程中展现出重要的应用潜力。

此外，海洋变暖和酸化会影响珊瑚幼体的生长发

育及存活率。海洋变暖会干扰幼体的代谢过程，降低

生长速率，并直接导致幼体死亡率的增加
[120–121]

。而

海洋酸化会影响幼体的钙化能力，改变其骨骼形态及

晶体微观结构，进而降低生长速率和骨骼密度，并显

著提高幼体的死亡风险
[122–123]

。为应对海洋变暖和酸

化对珊瑚幼体的负面影响，研究人员采取了辅助迁移

策略，将相对耐热的亲本珊瑚迁移至需要修复的海

域，与当地耐热性较低的个体进行杂交
[124–127]

。研究

表明，亲本中至少一方具有较高的耐热性时，子一代

（F1）的耐热性也会相应增强
[128]

。例如，Quiley 等研

究发现，在热胁迫下，耐热性不同的亲本杂交产生的

F1 代个体在附着率、生长速率及基因表达模式等方

面表现出显著差异，表明母体耐热性对 F1 代的耐热

性具有多方面的调控作用
[129]

。尽管目前关于珊瑚

F1 耐受性的研究主要集中在鹿角珊瑚中，但 Kirk 等

的研究表明，同一环境条件下的不同种珊瑚的 F1 普

遍表现出相似的耐热特性
[130]

。因此，选择来自边缘

地带的亲本进行杂交育种被认为是获得耐热性子代

的有效策略。然而，这种基于表现型的传统选择方法

存在选择周期长、成本高、准确性低等局限性，通过

分子标记辅助选择技术则可以弥补这些缺点，已有许

多研究通过重测序及转录组分析鉴定出多个与耐热

性相关的候选基因，如：Hsp70、Sacsin等
[131]

，但这些

基因的具体遗传机制和功能尚不明确。目前仅有

 

a b69 h 5 d c 9 d

1 个月d 1  个月e f g

0.5 cm500 μm

500 μm 500 μm200 μm

200 μm 200 μm

6 个月 12 个月

图 5    丛生盔形珊瑚的幼虫发育（改自 Wei 等
[84]

）

Fig. 5    G. fascicularis post-settlement development (modified from Wei et al.
[84]

)
a. 幼虫在 69 h 时出现试探附着行为，b. 排卵后 5 d 观察到幼虫附着成功，有 6 个明显的肠系膜，c. 第 9 d 观察到共生虫黄藻和体壁，d、e. 1 个月

后观察到 12 个触手和 6 个隔片，f、g. 后续幼体触手不断增长

a. Larvae started settling at 69 h; b. larvae settled successfully at 5 d, with 6 mesenteries; c. zooxanthellae and the body wall were observed at 9 d;

d, e. after 1 month, 12 tentacles and 6 septa were evident; f, g. the juvenile tentacles continued to elongate
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Cleves 等通过敲除多孔鹿角（A.millepora）的热休克转

录因子 1（Heat  Shock  Transcription  Factor  1, HSF1）基

因，证实了该基因在幼虫耐热性中的关键作用
[132]

。

进一步阐明这些候选基因的功能将有助于提高珊瑚

幼体在极端环境下的早期存活率。此外，研究人员还

发现，珊瑚幼体在发育过程中可能与同种异体幼体发

生融合，形成嵌合体，这些嵌合体表现出更快的生长

速度、较早的性成熟时间以及更强的耐热和抗病能

力
[133–135]

。

 7.2    早期共生藻

在珊瑚早期的发育过程中，主要通过 2 种方式获

得共生藻：一是通过来自母体的垂直传递，二是通过

环境中的水平传递
[22]

。现有研究表明，排幼型珊瑚主

要通过垂直传递获得共生藻，在排卵前几日，虫黄藻

会进入卵母细胞或幼虫内，子代的共生藻组成与母体

相似
[136]

。而大部分排卵型珊瑚主要通过水平传递获

得共生藻，在幼虫附着后几日到 1 个月内，幼体通过

口从环境（水、底泥等）中获得虫黄藻，这些虫黄藻先

进入腔肠，随后迁移到内胚层，最后转移至外胚层

细胞
[137–139]

。

虫黄藻作为珊瑚最重要的共生功能体之一，为珊

瑚宿主提供其生长发育所需的能量，并在珊瑚骨骼形

成过程中发挥关键作用
[126, 140]

。目前，基于核糖体

DNA 序列分析，虫黄藻已被划分为 9 个系群（Clade
A—I），每个系群又根据转录间隔区 ITS2 序列进一步

划分为多个亚系群 （如 C1、 D1 等 ），其中 Clade  A、

Clade B、Clade C 和 Clade D 是造礁珊瑚的主要共生

系群
[141]

。珊瑚幼体可能与单一类型的虫黄藻形成严

格的共生关系，也可能与多种不同类型及亚型的虫黄

藻共生，幼体通过水平传递获得共生藻的种类及时间

与珊瑚自身的种类、环境中虫黄藻的种类及密度，以

及环境条件密切相关
[142–143]

。有研究报道，檐形石芝

珊瑚（Fungm scutaria）在排卵后 4～5 d 便开始获取共

生藻
[144]

，而黄癣盘星珊瑚（Dipsastraea favus）则在排

卵后 26～30 d 才出现共生藻
[145]

，这表明不同种珊瑚

在获取共生藻的时间差异较大。此外，研究还表明，

宿主珊瑚能够主动调控其共生藻群落的组成，而不是

随机获取共生藻
[146–148]

，比如 Quigley 等发现，鹿角珊

瑚幼体在海水环境中获得的共生藻多样性远低于海

洋沉积物中虫黄藻的多样性
[148]

，表明珊瑚幼体可以

选择性地吸收合适的虫黄藻。

环境压力，如光线不足或高温，均会削弱珊瑚幼

体获取共生藻的能力，并改变其对虫黄藻的选择偏

好
[149–150]

，而在 pCO2≤1 200 μatm 下的海洋酸化对幼

体共生藻的含量和组成几乎不产生影响
[151]

。研究表

明，在高温条件下，珊瑚幼体会倾向于选择更耐热

的 D 系群虫黄藻，同时降低热敏感共生藻的相对丰

度
[150, 152–154]

。珊瑚共生藻的群落组成被认为是影响

幼体耐热性的关键因素之一
[155]

，接入耐热性更强的

共生藻可显著提升珊瑚的耐热能力
[156–157]

。

 8　展望

自 20 世纪 80 年代起，国际上开始关注珊瑚有性

繁殖并记录了不同海域多种珊瑚的有性繁殖过程，探

讨了环境因素对珊瑚有性繁殖过程的影响，并提出了

利用人工有性繁殖恢复受损珊瑚礁区的方法；国内关

于珊瑚有性繁殖的研究相对较晚，迄今的研究主要是

认识珊瑚的有性繁殖过程、探索环境因素对珊瑚早

期共生关系的可塑性等
[4, 18, 69, 105, 153]

。目前，国际上关

于珊瑚的有性繁殖仍存在诸多未解之谜，全面了解珊

瑚的有性繁殖过程，深入揭示影响珊瑚有性繁殖过程

的关键因素及其调控机制，对于理解珊瑚礁生态系统

的内在属性、评估珊瑚礁生态系统的发育趋势、人工

修复珊瑚礁生态系统及其保护和管理等均具有重要

的意义。从已有的研究进展来看，未来需要在以下方

面尽快取得突破。

（1）环境因子对造礁珊瑚排卵时间的影响

近年来，众多区域的研究人员已能够通过实地观

测与历史数据分析相结合的方法，对珊瑚的排卵时间

进行初步预测。然而，珊瑚的实际排卵时间受到多种

环境因素的调控，如海水温度、月相等。这些因素如

何通过分子信号通路影响性腺发育成熟、排卵时间

等机制尚不明确。未来需将多组学技术与长期原位

监测结合，解析温度波动、光周期等关键环境信号对

生殖细胞发育的调控机制。同时，通过室内实验模

拟，进一步揭示不同环境因子对珊瑚配子成熟及排卵

时间的影响。该研究可为精确预测排卵时间及人工

条件下诱导珊瑚全年排卵提供理论依据。

（2）诱导珊瑚幼虫固着的机制

珊瑚幼虫的固着是珊瑚早期发育的关键过程。

尽管 CCA、海洋微生物膜及其提取物可以显著影响

幼虫固着行为。但具体信号分子、受体蛋白及下游

信号传导通路尚未完全阐明。未来研究应聚焦于

CCA、微生物膜的协同作用机制，结合微生物组学、

转录组学和代谢组学等多组学技术，深入解析特定化

学信号对幼虫附着行为及其调控机制的影响，筛选有

效的诱导物质。阐明固着机制可为提升珊瑚幼虫附

着率提供必要的学术支撑。
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（3）早期共生关系的建立与可塑性

虫黄藻作为珊瑚的关键共生功能体，其被获取过

程受珊瑚种类、虫黄藻密度、环境压力等多种因素影

响。然而，幼体识别并获取合适共生藻的分子机制

尚未阐明，环境压力下幼虫如何调控共生藻组合以

增强适应性仍待深入探究。未来将研究共生藻进

入珊瑚幼体的过程，追踪其迁移路径，并筛选与共

生藻获取相关的关键基因和蛋白，揭示幼体精准识

别虫黄藻的分子机制。同时，在实验室条件下模拟

不同环境压力，解析幼体各发育阶段共生体及基因表

达动态。这些研究可以在全球气候变化和珊瑚白化

加剧的背景下，为人工植入合适的共生藻提供理论和

技术支持。

（4）建立分子辅助育种的方法，筛选耐热性珊瑚

全球气候变化导致海水温度持续升高，珊瑚白化

现象频发，严重威胁海洋生态系统的稳定性。为应对

这一危机，建立分子辅助育种方法筛选耐热性珊瑚具

有重要意义。未来研究将通过基因组测序技术，挖掘

珊瑚耐热相关功能基因（如热休克蛋白、抗氧化酶基

因等），开发分子标记以精准筛选耐热表型个体。结

合 CRISPR/Cas9 基因编辑技术开展功能验证，并通过

人工诱导繁殖和共生藻适配实验，加速耐热性状的遗

传改良。该方法突破传统育种的盲目性，显著提升育

种效率，为珊瑚礁修复提供抗逆种质资源。
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Research progress on sexual reproduction of scleractinian corals

Cui Mengyao
1
，Wei Fen

1
，Yu Kefu

1, 2

(1. Guangxi Laboratory on the Study of  Coral  Reefs  in  the South China Sea/Coral  Reef  Research Center  of  China/School  of  Marine Sci-
ences, Guangxi  University, Nanning 530004, China; 2. Southern  Marine  Science  and  Engineering  Guangdong  Laboratory (Guangzhou),
Guangzhou 519080, China)

Abstract: Sexual reproduction in scleractinian corals is a fundamental biological process that sustains the structure
and  function  of  coral  reef  ecosystems.  It  directly  determines  population  dynamics  and  genetic  diversity,  thereby
playing a crucial role in the stability and evolution of coral reefs.  This review summarizes recent advances in the
study of  coral  sexual  reproduction,  including:  (1)  reproductive strategies,  (2)  gonadal  development,  (3)  spawning
and fertilization, (4) embryogenesis, (5) larval settlement, and (6) juvenile development. Current research indicates
that coral  sexual  reproduction is  jointly  regulated  by endogenous  biological  mechanisms and exogenous  environ-
mental factors; however, the detailed molecular mechanisms underlying these processes remain largely unclear. Fu-
ture studies should focus on elucidating the environmental regulation of spawning timing, mechanisms inducing lar-
val settlement, establishment and plasticity of early symbiotic relationships, and the development of molecular-as-
sisted breeding strategies for selecting thermotolerant coral strains.

Key  words: scleractinian  corals； sexual  reproduction； gonadal  development； spawning  and  fertilization； embryogenesis；
larval settlement

26 海洋学报    47 卷

 

518



广西科学,2025年,32卷,第4期
 

Guangxi
  

Sciences,2025,Vol.32
 

No.4

收稿日期:2025Ƽ06Ƽ19    修回日期:2025Ƽ07Ƽ31
*国家自然科学基金重大项目(42030502),国家自然科学基金重点项目(42090041),国家自然科学基金项目(42406143),广西科技基地与人才专

项(桂科AD25069075),广西研究生教育创新计划项目(YCBZ2024045)资助。
【第一作者简介】
陈俊伶(1998-),女,硕士,主要从事生物与生态方向研究,EƼmail:2227301003@st.gxu.edu.cn。
【**通信作者简介】
余克服(1969-),男,教授,主要从事南海珊瑚礁地质和生态环境研究,EƼmail:kefuyu@scsio.ac.cn。
俞小鹏(1992-),男,助理教授,主要从事南海珊瑚生态与环境适应机制研究,EƼmail:yuxiaopeng100@foxmail.com。
【引用本文】
陈俊伶,马玉玲,郑月,等.基于转录组学的造礁石珊瑚环境胁迫响应机制研究进展[J].广西科学,2025,32(4):780Ƽ799.
CHEN

 

J
 

L,MA
 

Y
 

L,ZHENG
 

Y,et
 

al.Advances
 

in
 

TranscriptomeƼBased
 

Mechanisms
 

of
 

Environmental
 

Stress
 

Responses
 

in
 

Scleractinian
 

Corals
 

[J].Guangxi
 

Sciences,2025,32(4):780Ƽ799.

♦珊瑚礁生态保护与修复♦

基于转录组学的造礁石珊瑚环境胁迫响应机制研究进展*

陈俊伶1,马玉玲1,郑 月1,余克服1,2**,俞小鹏1**

(1.广西大学海洋学院,广西南海珊瑚礁研究重点实验室,广西大学珊瑚礁研究中心,广西南宁 530004;2.南方海洋科学与工程

广东省实验室(广州),广东广州 511458)

摘要:造礁石珊瑚的环境适应性取决于珊瑚共生功能体互作的分子调控机制,但这一机制尚未完全被阐明。近

年来,随着高通量测序技术的发展,转录组学技术被广泛应用于珊瑚共生功能体的研究,成为解析珊瑚环境响

应机制的关键工具,为揭示共生系统的分子互作网络提供了新视角。本文系统综述了转录组学在造礁石珊瑚

环境适应性研究中的应用进展,重点阐述了不同环境胁迫下珊瑚共生功能体的转录响应,总结了珊瑚共生功能

体各组分在应对不同环境胁迫时的差异响应机制。环境胁迫过程中珊瑚宿主和共生虫黄藻均表现出基因表达

的可塑性,能够通过精确的转录调控网络来建立对环境胁迫的耐受性,并且能通过协同调控机制来维持共生关

系的稳定。未来研究需进一步整合多组学数据,结合生理生态学验证,以全面揭示珊瑚共生功能体的调控

网络。
关键词:转录组学;造礁石珊瑚;珊瑚共生功能体;虫黄藻;环境胁迫;适应性

中图分类号:Q178.53  文献标识码:A  文章编号:1005Ƽ9164(2025)04Ƽ0780Ƽ20
DOI:10.13656/j.cnki.gxkx.20251114.014

  珊瑚礁生态系统是地球上生物多样性和生产力

较高的生态系统之一,其生态功能的维持高度依赖于

造礁石珊瑚这一关键框架生物[1]。然而,气候变暖、
极端降水、海洋酸化和水体富营养化等环境胁迫会造

成珊瑚宿主与共生虫黄藻的共生关系破裂,使得珊瑚

将共生虫黄藻排出细胞外并致使共生虫黄藻的光合

色素降解,最终导致珊瑚白化甚至死亡[2]。当响应环

境胁迫时,珊瑚在其分子、细胞及生理生化水平都会

产生一系列反应,是其应对环境胁迫的第一道防线。
珊瑚及其共生虫黄藻都能通过基因表达的改变来重

新配置代谢通路,以维持必需的新陈代谢并通过建立

新的稳态来适应环境变化[3]。随着全球变暖不断加

剧,珊瑚白化事件的频率和强度也在不断上升,但生

态调查同时也发现部分珊瑚种群正在逐步建立环境
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适应性,因此珊瑚环境响应的内在分子机制有待深入

研究。

  近年来,生物信息技术快速发展推动了以转录组

为首的组学技术在珊瑚研究中的广泛应用,这从根本

上改变了珊瑚环境适应性机制的研究范式[4Ƽ5]。转录

组学技术能够识别珊瑚宿主和共生虫黄藻,为研究珊

瑚与虫黄藻共生的内在分子机制提供了更为有效的

方法[6]。作为在 RNA水平上解析转录组图谱的研

究技术,转录组学通过全面揭示生物体的基因表达情

况,以阐述细胞、组织或器官在特定条件下的生命活

动规律。目前,转录组学技术已被广泛应用于探究珊

瑚共生功能体在高温、海水酸化、低盐胁迫、海水富营

养化、污染物暴露等不同环境压力下的响应机制,为
阐明珊瑚对环境胁迫的适应性机制提供了重要技术

支撑[7]。本综述对国内外转录组学在造礁石珊瑚环

境适应性中的应用进行了总结,深入分析了当前研究

存在的局限性,并对未来相关的研究方向进行了展

望。通过整合现有的研究成果,本文旨在为深入理解

不同环境胁迫下珊瑚共生功能体环境适应性的分子

机制及共生互作协同效应提供理论参考,同时也为珊

瑚礁生态系统的保护与修复提供科学依据。

1 转录组学技术分类与发展

  转录组是特定组织或细胞在某一发育阶段或功

能状态下转录出来的全部 RNA的集合[8]。作为一

门从整体水平上研究细胞中基因转录情况及转录调

控规律的学科,转录组学与静态稳定的基因组有所不

同,其能够反映研究对象的动态变化。这种动态特性

体现在同一基因在不同环境、不同时期和不同组分中

的表达差异上。转录组学研究技术主要分为两大类:
一类是杂交转录组学,以杂交图谱荧光信号的强弱来

判断基因表达的丰度,包括微阵列(Microarray)技
术、基因芯片(Gene

 

chip)技术;另一类是测序转录组

学,该技术通过组装、拼接得到相关序列,从而快速获

取转录本相关信息,主要包括表达序列标签(Ex-
pressed

 

Sequence
 

Tags,EST)技术、基因表达序列分

析(Serrial
 

Analysis
 

of
 

Gene
 

Expression,SAGE)、大
规模平行测序(Massively

 

parallel
 

sequencing)技术、

RNA
 

Sequence
 

(RNAƼSeq)技术、单细胞转录组测序

(Single
 

cell
 

transcriptome
 

sequencing,scRNAƼseq)
技术等。

  早期的转录组测序技术,如 Microarray、Gene
 

chip、EST等,虽然可以检测出基因的表达丰度,但是

受限于物种基因组信息,难以应用到还未完成全基因

组测序或者基因注释信息不完善的物种上。随着测

序技术的革新,RNAƼSeq技术凭借其不依赖于预先

设计的探针或已知序列信息的特点,逐渐成为目前主

流的转录组测序技术。该技术具有通量高、准确性

高、检测范围广、成本低等优势,可以应用于基因组图

谱尚未完成组装的物种上[9]。在此基础上,scRNAƼ
seq技术作为新兴技术,能够解析组织细胞之间的基

因表达异质性。该技术以单个细胞为检测单位,可以

获得单个细胞的转录组信息,为揭示不同类型细胞在

发育过程中的功能分化以及细胞间的调控网络提供

了重要工具[10]。

  目前,基于Illumina的下一代测序是主流的转

录组测序技术。然而,由于读长较短,基于算法组装

的全长转录本的质量相对较低。第三代全长转录本

测序(TGS)的出现弥补了这一不足,其超长读长的特

性显著提升了全长转录本组装的质量。转录组学技

术的优缺点比较分析如表1
 

所示。

表1 转录组学技术比较分析

Table
 

1 The
 

comparative
 

analysis
 

of
 

transcriptomic
 

technologies

技术
Technology

优点
Advantage

缺点
Disadvantage

Microarray High
 

throughput
 

and
 

reliability Only
 

detects
 

sequences
 

targeted
 

by
 

hybridization
 

probes
 

(fails
 

to
 

identify
 

new
 

species);
 

exhibits
 

crossƼhybridization,nonƼspecific
 

hy-
bridization,and

 

limited
 

detection
 

efficiency
 

of
 

individual
 

probes
Gene

 

chip Accurate
 

detection
 

of
 

highly
 

expressed
 

genes;
 

high
 

throughput,miniaturization,au-
tomation,low

 

cost,and
 

antiƼcontamination

Unable
 

to
 

detect
 

lowƼabundance
 

genes
 

(limited
 

by
 

gene
 

copy
 

num-
ber);

 

limited
 

database
 

data
 

potentially
 

resulting
 

in
 

annotation
 

errors

Expressed
 

Sequence
 

Tags
Relatively

 

low
 

cost
 

and
 

technical
 

threshold;
 

prior
 

to
 

2003,the
 

primary
 

and
 

most
 

efficient
 

method
 

for
 

rapid
 

discovery
 

and
 

identification
 

of
 

unknown
 

genes

Short
 

length
 

without
 

complete
 

expression
 

sequences;
 

lowƼabun-
dance

 

expressed
 

genes
 

difficult
 

to
 

acquire;high
 

error
 

rate;identical
 

PCR
 

product
 

sizes
 

in
 

cDNA
 

and
 

genomic
 

templates
 

(due
 

to
 

intron
 

absence);poor
 

conservation
 

of
 

3'UTR
 

sequences,easily
 

distinguis-
hing

 

single
 

genes
 

from
 

closely
 

related
 

homologous
 

gene
 

families
RNAƼSeq High

 

throughput,resolution,and
 

sensitivi-
ty;

 

not
 

limited
 

by
 

prior
 

knowledge;
 

enables
 

differentiation
 

of
 

symbiont
 

components

Fails
 

to
 

reveal
 

interƼindividual
 

cellular
 

expression
 

heterogeneity
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续表

Continued
 

table

技术
Technology

优点
Advantage

缺点
Disadvantage

Single
 

cell
 

transcriptome
 

sequencing
High

 

sensitivity,accuracy,and
 

specificity;
 

highƼquality
 

highƼthroughput
 

sequencing
 

a-
chievable

 

with
 

minimal
 

sample
 

input;
 

avoids
 

falseƼnegative
 

results
 

from
 

mixed
 

cell
 

popu-
lations;

 

identifies
 

rare
 

cell
 

subsets
 

undetect-
able

 

by
 

bulk
 

cell
 

sequencing

Incompatible
 

with
 

highƼthroughput
 

sample
 

processing;
 

challenging
 

to
 

capture
 

full
 

transcripts,entire
 

transcriptomes,and
 

fullƼlength
 

transcripts;
 

only
 

analyzes
 

poly(A)Ƽtailed
 

mRNA
 

[reliant
 

on
 

poly
(T)

 

primers
 

for
 

singleƼcell
 

cDNA
 

amplification];stricter
 

sample
 

quality
 

requirements;
 

unable
 

to
 

detect
 

most
 

mRNA
 

longer
 

than
 

3
 

kb

ThirdƼgeneration
 

fullƼ
length

 

transcriptome
 

se-
quencing

Error
 

correction
 

via
 

repeated
 

sequencing;
 

ultraƼlong
 

read
 

length;
 

no
 

requirement
 

for
 

template
 

amplification;
 

short
 

runtime;
 

di-
rect

 

detection
 

of
 

epigenetic
 

modification
 

sites
 

and
 

fullƼlength
 

transcripts

Relatively
 

low
 

sequencing
 

accuracy;
 

relies
 

on
 

polymerases
 

and
 

exo-
nucleases

 

with
 

inadequate
 

activity
 

and
 

stability;
 

insufficient
 

DNA
 

extensibility
 

prone
 

to
 

dimer
 

formation

2 环境胁迫下的珊瑚共生功能体转录组学

研究

  珊瑚共生功能体由珊瑚宿主、共生虫黄藻及其他

微生物共同组成,珊瑚宿主为共生虫黄藻提供生存场

所和代谢产物,同时也依靠共生虫黄藻通过光合作用

产生的光合产物(包括葡萄糖、甘油和氨基酸)易位来

满足自身的能量需求。这种互利共生关系的稳定性

对珊瑚共生功能体健康的维持至关重要。作为典型

的共生功能体,造礁石珊瑚对环境胁迫的响应机制涉

及多基因调控网络、多信号转导途径、多代谢通路以

及复杂的共生互作机制[11]。因此,在利用转录组学

研究珊瑚共生功能体环境适应性时,必须对珊瑚宿主

和共生虫黄藻共同进行分析,以全面解析二者在环境

压力下的基因表达变化情况及其相互作用机制。近

年来,基于转录组学的珊瑚研究取得了一定的进展,
揭示了一系列与环境适应性相关的重要基因和代谢

通路。为深入了解珊瑚共生功能体转录组学研究,以
“coral”“Microarray”“scRNAƼseq”“FullƼlength

 

tran-
scriptome”“RNAƼSeq”“Transcriptome”为检索关键

词,并运用计算机检索语言将各个检索词进行联结,
以美国科学信息研究所(Institute

 

for
 

Scientific
 

In-
formation,ISI)旗下的 Web

 

of
 

Science核心合集[具
体采用了其科学引文索引扩展版(SCIE)数据库]、中
国知网(China

 

National
 

Knowledge
 

Infrastructure,

CNKI)数据库中SCI来源期刊、EI来源期刊、中文核

心期刊、硕博论文为来源数据,检索2004-2024年珊

瑚转录组学研究相关文献。结果发现,随着转录组学

技术的更新换代,RNAƼSeq技术已成为当前珊瑚研

究的主流技术手段(图1)。基于此,本文主要综述珊

瑚共生功能体在不同环境胁迫下采用 RNAƼSeq技

术的转录组学研究,以期为深入理解造礁石珊瑚环境

适应性机制提供新的见解。

图1 珊瑚转录组学研究的历年发文量统计

Fig.1 Annual
 

publication
 

statistics
 

in
 

coral
 

transcriptomic
 

research

2.1 高温胁迫

  随着全球变暖的加剧,海表温度的快速上升导致

珊瑚热白化事件的频率和强度显著增加[12],高温已

经成为引发珊瑚白化的最主要环境胁迫因素。为减
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轻热应激对细胞造成的损伤,珊瑚细胞内部发生了一

系列反应,比如氧化还原调节、分子伴侣表达量上调、
内质网应激和免疫反应等。在急性高温胁迫条件下,
珊瑚对热应激产生巨大而快速的转录反应[13Ƽ15]。热

应激首先广泛影响蛋白质加工、细胞生长周期和代

谢,而后期的珊瑚白化反应则与RNA转运、细胞外

基质、珊瑚钙化,以及DNA复制、修复活性相关。在

珊瑚热白化的过程中,转录调控、蛋白质合成、细胞转

运、细胞骨架重排和氧化还原稳态等这些与重要细胞

功能和活动相关的通路显著表达。

  在珊瑚共生功能体对高温胁迫的转录响应研究

中,热休克蛋白(HSP)的编码基因是研究最为深入的

基因。研究发现,热应激下珊瑚宿主细胞内大量热休

克蛋白基因显著上调,表明其在热应激响应中发挥着

关键作用[16Ƽ18]。TraylorƼKnowles等[19]研究表明,在
急性高温胁迫期间,风信子鹿角珊瑚(Acropora

 

hya-
cinthus)在20

 

min内上调与热应激相关的特定基因

的表达,在5
 

h内约20%的基因表达会显著上调。另

外,珊瑚广义应激反应首先涉及转座子和转录因子的

短期反应;然后启动下游过程[19](该过程得到了与热

应激相关共表达基因网络的支持[20],并且该过程还

伴随着 HSP的短期上调和下调[19,21]);最后,转录组

反应调控代谢过程的下调,限制珊瑚代谢、生长、细胞

分裂、复制和蛋白质翻译相关的基因表达。热休克蛋

白和转录因子在急性胁迫早期上调,表明热休克蛋白

调控着热白化的整个过程。

  经历热白化事件的珊瑚具有一定的自我恢复能

力。Zhang等[22]通过转录组分析发现,自然热白化

的十字牡丹珊瑚(Pavona
 

decussata)在自我恢复过

程中,与有丝分裂、DNA复制和重组相关的通路显著

富集,这有助于珊瑚组织修复和能量代谢恢复。Li
等[23]在实验室条件下探究了鹿角杯形珊瑚(Pocillo-
pora

 

damicornis)共生功能体对逐渐升温的转录响

应,结果发现随着温度的升高,鹿角杯形珊瑚对温度

升高的反应比共生虫黄藻更快。另外,蛋白组学研究

结果进一步验证了转录组学的研究结果。Petrou
等[24]发现,与对照组相比,高温胁迫下的多孔鹿角珊

瑚(Acropora
 

millepora)中参与氧化应激和蛋白质

水解的相关蛋白酶显著增加,而共生虫黄藻中与光合

作用、能量代谢相关的蛋白酶减少。上述结果均表明

珊瑚正在通过相关变化来抵抗高温胁迫。

  不同形状和种类珊瑚的热耐受性存在显著差异。
块状珊瑚通常比片状、枝状珊瑚具有更高的热耐受

性[19];而相对棕色丛生盔形珊瑚(Galaxea
 

fascicu-
laris)来说,绿色丛生盔形珊瑚具有更高的绿色荧光

强度和GFP样蛋白编码基因转录水平,因而具有更

高的耐热能力[25]。此外,共生虫黄藻的类型也会显

著影响宿主的热耐受性。Cunning等[26]通过控制实

验发现,与D型虫黄藻共生的 Montastraea
 

caverno-
sa,其与核糖体结构、翻译活性相关的基因显著上调,
生长更快,并且在短期热应激下表现出更强的热耐

受性。

  为提高珊瑚共生功能体对高温的耐受性,研究人

员开展了珊瑚热驯化研究。Yu等[27]对霜鹿角珊瑚

(Acropora
 

pruinosa)进行热驯化后发现,珊瑚宿主

中与代谢相关的基因,特别是氮代谢通路相关基因的

表达显著下调,表明热驯化后的珊瑚可能通过降低新

陈代谢水平来实现自我保护。因此,热驯化改变了珊

瑚共生功能体的能量代谢途径,促进了营养物质从共

生虫黄藻向珊瑚宿主转移,进而增强了其热适应性。

2.2 强光胁迫

  大规模珊瑚白化事件不仅与持续高温有关,而且

与太阳辐射强度、海面平静状态和海水透明度等其他

自然环境因素共同作用有关。强光胁迫主要对珊瑚

共生虫黄藻的光合系统和免疫系统造成损伤,而珊瑚

宿主能够通过调节荧光蛋白和非荧光色蛋白基因的

表达来减轻强光的不利影响。

  朱乐等[28]在26
 

℃恒定温度下进行单因素光胁

迫实验,发现强光胁迫导致短指软珊瑚(Sinularia
 

sp.)共生虫黄藻密度骤降98.69%,且多样性显著丧

失、光合功能严重受损;与此同时,珊瑚宿主通过上调

免疫通路(如FcγR吞噬作用、RIGƼI样受体通路)基
因和异养营养(蛋白消化吸收)相关基因,并借助共生

细菌(如Endozoicomonas
 

sp.)重组维持生存,证实

宿主对强光的耐受性更强。而Jia等[29]研究同样发

现,在排除高温干扰的条件下,强光胁迫不仅显著影

响共生虫黄藻的光合系统功能,而且可对其免疫能力

产生负面影响,但丛生盔形珊瑚宿主对强光的耐受性

相对更强。然而,在自然海域环境中,持续的高温往

往也伴随着强光的辐射[30],因此二者的协同作用可

能加剧对珊瑚共生功能体的胁迫效应。

  共生虫黄藻的类型显著影响珊瑚对强光和高温

的耐受性。Yuyama等[31]的研究发现,与D型虫黄

藻共生的单独鹿角珊瑚(Acropora
 

solitaryensis)表
现出对强光和高温更强的耐受性。转录组分析显示,

D型虫黄藻中与光合作用相关的基因表达显著上调,
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而与离子转运、蛋白质折叠相关的基因表达显著下

调,这种独特的基因表达模式可能是D型虫黄藻增

强珊瑚功能共生体环境耐受性的重要机制[31]。为应

对强光胁迫,珊瑚宿主也进化出有效的保护机制。在

强光胁迫下,珊瑚体内荧光蛋白和非荧光色蛋白基因

转录表达显著上调,这些蛋白能够吸收紫外线辐射,
减少光损伤,从而增强珊瑚功能共生功能体对太阳辐

射的抵抗能力[31]。这种光保护机制与珊瑚宿主的转

录调控网络密切相关,是珊瑚适应强光环境的重要

策略[31]。

2.3 海水酸化胁迫

  大气中CO2 浓度的快速升高不仅加速了全球变

暖,而且导致海水pH值下降,引起海水酸化现象,进
而对珊瑚礁生态系统造成严重威胁。当有海水温度

升高、重金属离子超标等其他环境因子协同作用时,
海水酸化对生物体的影响将更加显著[32Ƽ33]。

  海水酸化主要影响珊瑚钙化作用、代谢、细胞酸

碱调节、应激响应等[34],而最直接的影响是与碳酸酐

酶(CA)分泌相关基因的表达。Griffiths等[35]发现

来自不同低pH 值环境下的Balanophyllia
 

elegans
转录响应存在差异。急性应激初期通常会引起基因

的快速显著表达,从而恢复珊瑚体内平衡;而长期的

慢性应激暴露意味着适应已经发生,相关基因的表达

仅限于维持所必需的稳态。长期处于低pH 值环境

中的珊瑚具有更强的离子转运能力以适应环境并维

持胞内pH稳态和钙化,而没有经历过低pH值环境

驯化的珊瑚,在低pH胁迫下其细胞应激反应相关基

因表达下调[35]。Kenkel等[36]对长期适应低pH 值

自然环境的多孔鹿角珊瑚及共生虫黄藻进行转录组

分析后发现,珊瑚宿主参与脂肪酸代谢相关的基因表

达发生变化,共生虫黄藻细胞生长分裂增强,共生功

能体转录反应复杂并对共生体之间相互作用产生

影响。

  不同种类的珊瑚对海水酸化的转录响应存在显

著差异。Radice等[37]通过将不同种类珊瑚移植到天

然低pH值的野外环境中发现,耐受性低的Sideras-
trea

 

siderea 表现出更为固定的转录响应模式,而耐

受性 较 高 的 两 种 滨 珊 瑚 (Porites
 

astreoides 和

Porites
 

porites)则表现出更强的转录可塑性。这种

物种特异性响应机制为理解珊瑚对海洋酸化的适应

策略提供了重要的资料。

2.4 低盐胁迫

  随着气候变暖,全球水循环加剧,导致极端降水

事件的频率和强度不断增加。降水的变化对河口区

域的珊瑚群落产生了极大影响———由于降水量增加

和入海径流量增大,该区域的珊瑚更易受到低盐胁

迫,进而出现白化现象。例如,香港的亚热带珊瑚群

落在2014年和2022年都因夏季极端强降水导致珊

瑚低盐白化事件的发生[38Ƽ40]。2022年雨季,珠江三

角洲地区强降雨事件增多,年降水量较2021年多

33.3%,较常年多12.9%,而珠江年入海径流量较常

年偏多11.0%,这使得珠江冲淡水作用加剧,该海域

底层海水盐度骤降至26.975,导致该海域的珊瑚群

落发生严重的低盐白化事件[41]。

  Chen等[41]研究表明,鹿角杯形珊瑚对低盐胁迫

的响应模式因胁迫持续时间而异:在急性低盐胁迫

下,与离子转运、细胞渗透压调节相关的基因显著上

调;而在长期低盐驯化过程中,具有低盐耐受性的鹿

角杯形珊瑚则表现出与代谢相关基因的显著下调。

Aguilar等[42]通过低盐胁迫实验揭示了多孔鹿角珊

瑚在急性低盐胁迫下的转录组动态响应特征,发现与

急性低盐胁迫1
 

h的珊瑚相比,经历24
 

h低盐胁迫

的珊瑚中与蛋白质稳态、氨基酸和氮代谢相关的基因

表达显著上调;同时,多孔鹿角珊瑚中许多与离子或

有机分子转运相关的基因表达改变,特别是参与甘氨

酸甜菜碱分解代谢的基因,其转录水平显著升高。珊

瑚在低盐环境下的适应机制主要涉及细胞渗透压的

调节,其对盐度波动的响应主要通过调节相容性有机

渗透压物质(如甘油、游离氨基酸和多元醇)来实

现[43Ƽ45]。除此之外,Chen等[41]的研究揭示了不同低

盐耐受性鹿角杯形珊瑚个体的转录组差异:低盐耐受

性低的珊瑚个体受到了更严重的免疫损伤,其与免疫

防御、细胞应激相关的基因显著上调;而耐受性更高

的珊瑚个体中与糖酵解/糖异生相关的代谢基因显著

下调。值得注意的是,在这些高耐受性珊瑚的共生虫

黄藻中,与氧化磷酸化相关的基因显著上调,这可能

是共生功能体补充能量需求以避免白化发生的重要

机制之一[41]。

2.5 营养盐胁迫

  海水营养富集(如溶解氮的增加)可能对造礁石

珊瑚产生负面影响,导致珊瑚白化发生率上升。然

而,营养盐胁迫下珊瑚共生功能体的响应机制复杂,
营养盐胁迫对珊瑚的影响具有两面性。

  Rosic等[46]通过研究粗糙鹿角珊瑚(Acropora
 

aspera)在铵态氮胁迫下的早期转录变化发现,与卵

巢减数分裂相关的通路和参与分子摄取的内吞通路
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显著富集,这表明营养盐胁迫影响珊瑚的繁殖、降低

酶活性、促进分解代谢并减少离子转运;另外,共生虫

黄藻核酮糖二磷酸羧化酶和胡萝卜素、叶绿素(a、b、

c)结合蛋白基因的表达上调,光合作用能力增强。氮

含量的增加会对珊瑚的生长和共生体密度产生积极

影响,但与此同时也会带来消极影响,如宿主释放藻

类的百分比增加。高温应激会导致珊瑚氮含量增加,
正如周榆鹏等[47]研究所示,高温胁迫下风信子鹿角

珊瑚通过显著提升谷氨酰胺合成酶(GS)的活性来强

化其氨氮同化能力,从而利于其共生藻密度及叶绿素

含量的维持;相较之下,美丽鹿角珊瑚(Acropora
 

muricata)在34
 

℃时GS活性显著降低,导致其共生

藻流失加速并呈现白化趋势。Yuan等[48]的研究结

果表明,高浓度铵离子胁迫显著抑制了鹿角杯形珊瑚

的核酸代谢和基因表达,调控了G蛋白偶联受体蛋

白信号通路,使转录发生重构;同时,还诱导和调控了

珊瑚细胞的凋亡和死亡。

  铵态氮一方面对珊瑚造成了营养盐胁迫,另一方

面又可能缓解珊瑚热应激反应。Zhou等[49]研究发

现,铵态氮含量的升高对高温胁迫下的鹿角杯形珊瑚

有积极的影响,不仅可以抑制热应激对珊瑚细胞凋亡

和死亡的诱导,而且会抑制珊瑚细胞发育、分化等生

理过程,减少能量消耗,将更多能量供给珊瑚必需的

生命活动,从而提高珊瑚的恢复力。

2.6 缺氧胁迫

  海洋变暖和海水富营养化使海水中的溶解氧含

量不断降低,这种缺氧环境会导致珊瑚白化甚至死

亡。据预测,到2100年全球海洋的脱氧率将达到

7%[50]。随着缺氧事件和缺氧水域的不断增加,缺氧

对珊瑚礁生态系统的潜在威胁日益凸显[51]。缺氧胁

迫会激活珊瑚缺氧反应系统(HIFƼHRS),导致其关

键基因 HIFα和HSP90 的表达发生变化,进而影响

珊瑚细胞内稳态、离子转运、细胞自噬以及脂质吸收

等重要生理生化过程。

  Alderdice等[52]通过RNAƼSeq分析证实,细枝

鹿角珊瑚(Acropora
 

tenuis)具有与其他后生动物同

源的、由完整活性缺氧诱导因子(HIF)介导的缺氧反

应系统。这一系统是珊瑚应对缺氧胁迫的关键基因

网络,其中关键基因 HIFα 的表达上调可能有助于

改 变 珊 瑚 的 白 化 敏 感 性[53]。此 外,HSP70 和

HSP90 基因在提高珊瑚低氧胁迫耐受性中也发挥了

重要作用,特别是 HSP90 的表达,它能够调控珊瑚

HIFƼHRS在缺氧胁迫下的代谢适应能力[53]。Al-

derdice等[52]研究还发现,具有更强低氧耐受性的细

枝鹿角珊瑚往往表现出更高效的 HIFƼHRS,这些珊

瑚通过维持更高的 HIFα 和 HIF依赖性 HSP90 表

达水平,能够快速协调 O2 通过钾离子通道,抑制线

粒体有氧活性并激活线粒体自噬以清除功能障碍的

细胞器;同时,增强蛋白质稳态和脂质摄取能力;最终

通过精细调控细胞周期与死亡,决定细胞的命运走

向。另外,缺氧胁迫也会降低鹿角珊瑚(Acropora
 

sp.)白化的温度阈值,高温和脱氧共同作用导致的过

度氧化应激可能会干扰 HIFƼHRS信号传导、加剧光

损伤,并使珊瑚免疫系统受损,进而使珊瑚更易发生

白化[54]。

2.7 污染物胁迫

  人类活动导致的化学污染物长期联合胁迫对珊

瑚健康构成了严重威胁。污染物胁迫主要通过毒理

效应影响珊瑚,在急性污染物胁迫下,珊瑚中与细胞

应激相关的基因显著上调。

  重金属、多环芳烃和农药残留是影响全球珊瑚礁

生态系统健康的三大传统化学污染物。农业径流、城
市及工业活动是重金属进入珊瑚礁生态系统的主要

途径。Schwarz等[55]研究发现,在30
 

μg/L铜环境

下暴露48
 

h的Montastraea
 

franksi细胞出现了明显

的DNA损伤和氧化应激反应。在急性镉胁迫下,鹿
角杯形珊瑚中与蛋白质修饰、错误蛋白重折叠、内质

网应激和细胞凋亡相关的基因表达显著上调,而与大

分子代谢过程相关的基因表达显著下调,这种基因表

达的正向调节有助于维持珊瑚共生体的平衡并提高

其适应性[56]。多环芳烃主要通过石油烃类的燃烧和

海上溢油进入海洋,并对珊瑚健康造成显著危害。在

Liu等[57]的研究中,多环芳烃通过影响新陈代谢、抗
氧化和解毒过程,对鹿角杯形珊瑚及其藻类共生体产

生缓慢但持久的影响,但珊瑚可以通过神经内分泌调

节来应对多环芳烃的胁迫。此外,除草剂、杀虫剂等

残留农药通过地表径流和地下渗透进入河流,并最终

汇入海洋,从而影响珊瑚健康。Zhou等[58]对暴露于

草铵膦和草甘膦的鹿角杯形珊瑚进行转录组分析,发
现草铵膦抑制了珊瑚的谷氨酰胺代谢,干扰了其应激

反应、免疫调节和共生虫黄藻细胞生长周期;草甘膦

则扰乱了珊瑚钙化、减数分裂和共生体营养物质输

出。此外,除草剂扑草净严重影响虫黄藻的光合作

用,破坏丛生盔形珊瑚共生虫黄藻的光系统修复机

制,并且加剧高温对珊瑚关键能量和营养代谢通路的

不利影响,最终导致珊瑚和虫黄藻共生关系破裂[59]。
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  与传统污染物相比,新兴污染物对珊瑚礁生态系

统的影响也日益受到关注。微塑料作为一种新兴污

染物,通过溪流、表层土壤渗透、降水以及工业生活废

水排放进入海洋,其在海洋生态系统中的移动与累积

对珊瑚造成了新的胁迫,特别是微塑料可能携带大量

病原体,可破坏珊瑚Ƽ虫黄藻的共生关系[60]。微塑料

在珊瑚体内的积累会导致珊瑚组织缺陷、免疫系统受

损、生长发育迟缓甚至白化。在急性微塑料胁迫下,
鹿角杯形珊瑚发生应激反应,并通过JNK和ERK信

号通路抑制其解毒和免疫系统[61]。另外,在微塑料

胁迫下,虫黄藻中与解毒活性、营养吸收和光合作用

相关的基因表达显著下调,而与氧化应激、离子转运

和细胞凋亡相关的基因表达显著上调,这直接影响了

珊瑚与虫黄藻共生关系的稳定性[62Ƽ63]。此外,随着滨

海旅游业的快速发展,防晒霜污染问题日益凸显。

Danovaro等[64]研究表明,即使在极低的浓度水平

下,防晒霜也可能引发鹿角珊瑚病毒感染,导致珊瑚

白化。然而,Ishibashi等[65]发现,防晒霜中常见的成

分benzophenoneƼ3
 

(BPƼ3)对细枝鹿角珊瑚及其共生

虫黄藻的毒性作用有限,这一发现为评估防晒霜对珊

瑚的影响提供了新的视角。

2.8 疾病胁迫

  气候变化带来的环境压力正在改变与珊瑚相关

的微生物群落的组成,导致有益微生物向病原体转

化,进而引起珊瑚白化和疾病暴发[66]。珊瑚疾病是

珊瑚宿主、病原体和环境相互作用的结果[67]。在应

对病原体入侵时,珊瑚的免疫反应表现出显著的转录

变化。SilvaƼLima等[68]研究表明,受白色瘟疫病影

响的Mussismilia
 

braziliensis的免疫系统和细胞防

御相关通路显著下调,而自噬和细胞黏附相关转录本

的下调表明患病珊瑚宿主防御能力耗尽,无法有效抵

御病原体的入侵而感染白化。Anderson等[69]发现,
受加勒 比 黄 带 病 影 响 的 Orbicella

 

faveolata 通 过

Wnt蛋白表达和 Notch信号传导进行先天免疫调

节,展现了珊瑚对疾病的不同防御策略。

  珊瑚免疫系统的信号通路归纳为4个层次:模式

识别受体的病原体感应、下游信号级联、炎症细胞因

子表达的激活、一系列生存或死亡响应机制的启

动[70]。珊瑚对疾病的免疫反应通常以炎症为特征,
涉及多种复杂的分子机制。这些机制包括抗菌肽和

活性氧的产生、抗氧化剂的生成、吞噬细胞向感染部

位的迁移,以及黑色素的积累[71Ƽ72]。

  不同种类珊瑚对病原体的耐受性存在显著差异。

Wang等[73]研究发现在溶珊瑚弧菌(Vibrio
 

coralli-
ilyticus)胁迫下,海孔角蜂巢珊瑚(Favites

 

halicora)
比鹿角杯形珊瑚呈现出更高的免疫相关基因转录可

塑性。其中,海孔角蜂巢珊瑚中参与细胞凋亡途径的

基因表达上调,而鹿角杯形珊瑚中核苷酸切除修复和

碱基切除修复通路显著富集。He等[74]研究发现,强
壮鹿角珊瑚(Acropora

 

valida)通过上调能量代谢途

径和先天免疫反应来应对弧菌胁迫,同时抑制与细胞

生长代谢相关基因的表达和细胞再生等过程。相比

之下,盾形陀螺珊瑚(Turbinaria
 

peltata)表现出更

强的免疫系统调节能力,能够避免弧菌胁迫诱导的免

疫失调,并通过上调特定的有机代谢途径来补充能

量,但这种适应性响应可能以牺牲某些功能(如离子

转运调节)为代价,该研究揭示了珊瑚对弧菌胁迫的

特异性响应机制[74]。

2.9 复合胁迫

  与单一环境胁迫相比,在自然环境中的珊瑚通常

面临多种环境胁迫的共同作用。Wu等[75]通过实验

室模拟研究发现,温度和酸化对丛生盔形珊瑚和强壮

鹿角珊瑚宿主基因表达的影响显著大于对其共生虫

黄藻的影响;在高温和酸化的双重胁迫下,珊瑚宿主

与共生虫黄藻之间参与光合作用、营养代谢与转移、
共生体识别相关的基因表达普遍下调,表明营养物质

从共生虫黄藻向珊瑚宿主的转移受到限制,最终导致

共生关系的破裂。Kaniewska等[76]研究报道,在高

温和高CO2 分压的环境下,多孔鹿角珊瑚细胞内的

三磷酸腺苷(ATP)被用于维持pH稳态、氧化应激反

应、未折叠蛋白反应(UPR)及DNA修复,导致用于

钙化和其他细胞功能的能量减少,从长远来看这可能

导致珊瑚死亡率的增加。另外,热应激与有毒细菌溶

珊瑚弧菌暴露的共同作用会加剧鹿角杯形珊瑚损伤,
但高温仍是珊瑚主要的威胁[5]。

  尽管热驯化已被证明能够提高珊瑚对海洋变暖

的适应能力,但是当与其他环境胁迫因子叠加影响

时,这种耐热性可能会受到损害。Zhou等[59]研究表

明,在高温和除草剂的双重胁迫下,耐受性较高的块

状丛生盔形珊瑚及其共生虫黄藻中与光合作用、抗氧

化能力和氮代谢相关的基因表达显著下调,这种转录

组响应模式损害了珊瑚共生功能体的耐热机制。

  环境变化不仅直接影响珊瑚的生理状态,而且可

能通过影响珊瑚的免疫能力增加其感染特定或机会

性病原体的风险。Takagi等[77]发现在高温和溶珊瑚

弧菌的共胁迫下,指形鹿角珊瑚(Acropora
 

digitif-
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era)中与先天免疫反应相关的基因表达被抑制,但为

了抵抗病原体的入侵,珊瑚上调了与蛋白质合成和分

解相关的基因,显著增强了线粒体的氧化代谢、细胞

外泌体的释放以及细胞外基质(ECM)成分转录物的

生物合成。

  珊瑚共生功能体在不同环境胁迫下的转录组学

研究相关情况如表2所示。

表2 珊瑚共生功能体在不同环境胁迫下的转录组学研究

Table
 

2 Transcriptomic
 

studies
 

on
 

coral
 

holobionts
 

under
 

various
 

environmental
 

stresses

胁迫类型
Type

 

of
 

stress

胁迫环境
Stress
environƼ
ment

物种
Species

共生功能体
组分

Holobiont
 

composition

关键代谢通路/
相关基因/蛋白
Key

 

metabolic
 

pathway/related
 

gene/protein

假定功能
Putative

 

function

胁迫下表
达量变化
Differential

 

expression
 

under
 

stress

参考文献
References

High
 

tem-
perature

Indoor Pocillopora
 

damicornis
Host Tumor

 

Necrosis
 

Factor
 

(TNF),p53
 

sig-
naling

 

pathway
 

and
 

caspase
 

pathway
Apoptosis,immunity,transla-
tion,replication

 

and
 

repair
Upregulated [23]

Symbiodi-
niaceae

- Translation,meiosis,signal
 

transduction
 

and
 

circadian
 

rhythm

Downregu-
lated

Montastraea
 

cavernosa
Host Protein

 

synthesis
 

and
 

processing,vesicleƼ
mediated

 

transport
 

and
 

secretion,ribo-
some

 

structure
 

and
 

translational
 

activity

Cell
 

growth
 

and
 

development Upregulated [26]

Carbohydrate
 

metabolic
 

process,DNA
 

re-
combination

 

and
 

repair,extracellular
 

ma-
trix

 

organization

Metabolism Downregu-
lated

Acropora
 

aspera
Host cytochrome

 

c
 

oxidase,NADHƼubiquinone
 

oxidoreductase
Oxidative

 

stress Upregulated [46]

Green
 

Fluorescent
 

Protein
 

(GFP)Ƽlike
 

homologs
- Downregu-

lated

Symbiodi-
niaceae

Photosynthetic
 

genes - Upregulated

Anomas-
traea

 

irreg-
ularis

Host Genes
 

encoding
 

senescence/apoptosisƼre-
lated

 

proteins
Apoptosis,maintenance

 

of
 

cell
 

polarity
 

and
 

cytoskeletal
 

changes
Upregulated [78]

Tubulin
 

and
 

deSUMOylating
 

isopeptidas-
es

Cellular
 

stress,mitosis,nutrient
 

transport
Downregu-
lated

Pocillopora
 

damicornis
Symbiodi-
niaceae

Bile
 

acidƼsodium
 

symporter
 

2,acylƼCoA
 

binding
 

protein
 

3
 

and
 

6,sodiumƼcoupled
 

neutral
 

amino
 

acid
 

transporter,sodiumƼ
dependent

 

dicarboxylate
 

transporter
 

SDCS,sugar
 

transporter
 

SWEET1

Lipid
 

biosynthesis, nutrient
 

transport
Upregulated [79]

Galaxea
 

fascicularis
Host DNA

 

integration
 

pathway,DNA
 

metabol-
ic

 

process,response
 

to
 

heat,unfolded
 

pro-
tein

 

response,protein
 

folding

Regulation
 

of
 

genome
 

integration
 

and
 

immunity
Upregulated [80]

Pantothenate
 

metabolic
 

process,positive
 

regulation
 

of
 

epithelial
 

cell
 

migration,
positive

 

regulation
 

of
 

cell
 

morphogenesis
 

involved
 

in
 

differentiation

Metabolism,cell
 

differentiation,
development

 

and
 

migration
Downregu-
lated

Acropora
 

hyacinthus
Host

 

(sensitive)
Tumor

 

necrosis
 

factor
 

receptorƼassociated
 

factor
 

3
 

homolog
Apoptosis,immune

 

response Upregulated [81]

MannoseƼbinding
 

lectin Immunomodulation,enzyme
 

ac-
tivity,enzyme

 

biosynthesis
Downregu-
lated

Host
 

(tol-
erant)

HSP70,TNF,peroxidase
 

and
 

zinc
 

metal-
loproteinase

- Upregulated

Carbonic
 

anhydrase,lectin
 

and
 

transcrip-
tion

 

factor
- Downregu-

lated

Natural
 

seawater
Millepora

 

complanata
Host 40S

 

ribosomal
 

protein
 

S30,60S
 

ribosomal
 

protein
 

L15,40S
 

ribosomal
 

protein
 

S14,
voltageƼdependent

 

LƼtype
 

calcium
 

channel
 

subunit
 

βƼ2,10
 

kDa
 

HSP

Protein
 

biosynthesis,ion
 

trans-
port,oxidative

 

stress
Upregulated [82]

High
 

tem-
perature

 

(heat
 

ac-
climation)

Indoor Pocillopora
 

damicornis
Host Transporters

 

SLC16,SLC5A8 Nutrient
 

transport Upregulated [79]

Stylophora
 

pistillata
Host

 

(longƼ
term

 

heat
 

stress)

Cellular
 

stress
 

response,protein
 

folding,
protein

 

catabolism,regulation
 

of
 

cellular
 

redox
 

homeostasis,Reactive
 

Oxygen
 

Spe-
cies

 

(ROS)
 

metabolism

Cellular
 

stress,metabolism Upregulated [83]

Regulation
 

of
 

biomineralization - Downregu-
lated
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续表

Continued
 

table

胁迫类型
Type

 

of
 

stress

胁迫环境
Stress
environƼ
ment

物种
Species

共生功能体
组分

Holobiont
composition

关键代谢通路/
相关基因/蛋白
Key

 

metabolic
 

pathway/related
 

gene/protein

假定功能
Putative

 

function

胁迫下表
达量变化
Differential

 

expression
 

under
 

stress

参考文献
References

Host
(short
term

 

heat
stress)

Unfolded
 

protein
 

response
 

signaling
 

path-
way

Cellular
 

stress Upregulated

Symbiodi-
niaceae

- Photosynthesis Downregu-
lated

High
 

light Indoor G.fascicuƼ
laris

Host Pathways
 

related
 

to
 

carbohydrate
 

metab-
olism,energy

 

metabolism,amino
 

acid
 

me-
tabolism,glycan

 

biosynthesis
 

and
 

metab-
olism,cofactor

 

and
 

vitamin
 

metabolism,
etc.

Cellular
 

metabolism Upregulated [29]

Ocean
 

aciƼ
dification

Indoor Balano-
phyllia

 

ele-
gans

Host Calcium
 

ion
 

binding,voltageƼgated
 

Ca
 

channel
Maintenance

 

of
 

membrane
 

poten-
tial

 

and
 

ionic
 

homeostasis
Upregulated [35]

Stylophora
 

pistillata
Host Bicarbonate

 

transporterƼlike
 

protein - - [84]

Symbiodi-
niaceae

Proton
 

pump - -

Natural
 

seawater
Acropora

 

millepora
Host FA

 

synthesis
 

gene
 

(stearoylƼCoA
 

desatu-
rase)

Fatty
 

acid
 

metabolism Downregu-
lated

[36]

FA
 

catabolism
 

gene
 

(longƼchainƼfattyƼ
acidƼCoA

 

ligase)
Fatty

 

acid
 

metabolism Upregulated

Symbiodi-
niaceae

Ribosomal
 

proteins Cell
 

growth/division Upregulated

Porites
 

astreoides
Host CA2

 

gene
 

and
 

BclƼ2Ƽlike
 

apoptosis
 

regula-
tory

 

genes,HSPs
 

and
 

heat
 

shock
 

factors,
calcium

 

transporters

Apoptosis,ion
 

transport Upregulated [37]

Porites
 

porites
Matrix

 

metalloproteinases
 

(MMPs),cy-
tosolic

 

phospholipase
 

A2,rRNA
 

process-
ing

 

proteins

Cell
 

adhesion,phospholipid
 

catal-
ysis

 

and
 

calcium
 

ion
 

binding
Upregulated

Siderastrea
 

siderea
Carbonic

 

anhydrase
 

2Ƽlike
 

gene,HSPs,
TNF

 

receptorƼassociated
 

factor
 

3Ƽlike
 

(TRAF3Ƽlike),MAP
 

kinase
 

cascade
 

and
 

serine/threonine
 

protein
 

kinases

Cellular
 

stress,immune
 

defense,
transmembrane

 

transport,calci-
um

 

ion
 

binding
 

and
 

activity

Upregulated

Solute
 

carrier
 

family
 

genes
 

(SLC13,
SLC39,SLC40)

Ion
 

transport Downregu-
lated

Low
 

salin-
ity

Indoor Acropora
 

millepora
Host Superoxide

 

dismutase,Catalase
 

(CAT),
Glutathione

 

SƼTransferase
 

(GST),trans-
porter

 

SLC24

- Upregulated [42]

Transporter
 

SLC6 - Downregu-
lated

Natural
 

seawater
Pocillopora

 

damicornis
Host

 

(bleƼ
aching)

TNF,CASP3,HSP90 Immune
 

defense,apoptosis Upregulated [41]

Host
 

(unƼ
bleaching)

Glycolysis/gluconeogenesis
 

pathway,
CASP3,

 

HSP90
Substance

 

and
 

energy
 

metabo-
lism,immune

 

response
Downregu-
lated

Symbiodi-
niaceae

Oxidative
 

phosphorylation Amino
 

acid
 

metabolism Upregulated

Orbicella
 

faveolata,
O.franksi

Host Genes
 

encoding
 

proteins
 

involved
 

in
 

an-
tioxidant

 

activity
 

and
 

mitochondrial
 

struc-
ture

 

composition

Oxidative
 

stress Upregulated [85]

Symbiodi-
niaceae

 

(Breviolum
 

minutum)

RNA
 

decay
 

proteins,NonsenseƼMediated
 

mRNA
 

Decay
 

(NMD)
RNA

 

modification Downregu-
lated

Nutrient Indoor Acropora
 

aspera
Host Cellular

 

meiosis,endocytosis,catabolism,
ion

 

transport,ROS
 

scavenging
 

pathway
Germ

 

cells
 

generating
 

genetic
 

di-
versity,mediating

 

intracellular
 

access
 

and
 

signal
 

transduction
 

of
 

macromolecules,decomposing
 

complex
 

molecules
 

to
 

release
 

en-
ergy

 

and
 

provide
 

precursors,
maintaining

 

ion
 

homeostasis
 

and
 

membrane
 

potential
 

inside
 

and
 

outside
 

cells,maintaining
 

cellular
 

redox
 

homeostasis

Upregulated [46]
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Differential

 

expression
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参考文献
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Symbiodi-
niaceae

Ribulose
 

bisphosphate
 

carboxylase,carot-
enoidƼchlorophyll

 

binding
 

protein
Photosynthesis Upregulated

Pocillopora
 

damicornis
Host Induction

 

of
 

apoptosis,caspase,BclƼ2Ƽlike
 

protein,tumor
 

necrosis
 

factor
 

receptor
Apoptosis Upregulated [49]

Response
 

to
 

chemical - Upregulated

Metabolic
 

process,nucleic
 

acid
 

metabolic
 

process
- Downregu-

lated

Hypoxia Indoor Acropora
 

tenuis
Host HIFα,HSP90,HIF

 

target
 

genes,proƼ
apoptotic

 

gene
 

bnip3,antiƼapoptotic
 

genes
 

bcl2
 

and
 

bclxl

Hypoxic
 

stress,mitophagy Upregulated [52]

Acropora
 

selago
HIFα,HSP90,HIF

 

target
 

genes,proƼ
apoptotic

 

gene
 

bnip3,antiƼapoptotic
 

genes
 

bcl2
 

and
 

bclxl

Hypoxic
 

stress,mitophagy,cell
 

cycle
 

regulation
Downregu-
lated

Pocillopora
 

damicornis
Host JNK

 

and
 

ERK
 

signaling
 

pathways - Downregu-
lated

[53]

Heavy
 

metals
Indoor Montastraea

 

franksi
Host Protein

 

modification,unfolded
 

protein
 

re-
sponse,endoplasmic

 

reticulum
 

stress,ap-
optosis

- Upregulated [55]

Metabolic
 

process,macromolecular
 

locali-
zation

- Downregu-
lated

Herbicides Indoor Acropora
 

tenuis
Host GFP,

 

cry1,CaspaseƼ8,AmNR7
 

and
 

chromogenic
 

proteins
Oxidative

 

stress,metabolism Downregu-
lated

[86]

Symbiodi-
niaceae

LightƼharvesting
 

related
 

genes,photosys-
tem

 

Ⅱ
 

(PSⅡ)Ƽrelated
 

genes,HSP
 

genes,ubiquitin
 

system
 

genes

Photosynthesis,oxidative
 

stress,
energy

 

metabolism
Downregu-
lated

Microplas-
tics

Indoor Pocillopora
 

damicornis
Symbiodi-
niaceae

Persulfide
 

dioxygenase,haloacid
 

dehalo-
genaseƼlike

 

hydrolase,domainƼcontaining
 

protein
 

3

Detoxification
 

activity,nutrient
 

absorption,photosynthesis
Downregu-
lated

[61]

Ubiquitin
 

protein
 

ligase
 

HERC1,chloro-
plastic

 

pentatricopeptide
 

repeatƼcontai-
ning

 

protein,1,3ƼβƼglucan
 

synthase
 

cata-
lytic

 

subunit
 

Bgs3

Oxidative
 

stress,ion
 

transport,
apoptosis

Upregulated

Sunscreen Indoor Acropora
 

tenuis
Host Cytochrome

 

P450
 

genes,GXN, G
 

proteinƼcoupled
 

receptor
 

(GPCR)
 

genes,
CYP1A1

 

and
 

CYP17A,polyƼγƼglutamic
 

homopolyglycan

Organic
 

pollutant
 

catabolism,ox-
idative

 

stress,immune
 

response,
cell

 

development

Upregulated [87]

HMCN1
 

and
 

MLP ECM
 

homeostasis Downregu-
lated

Triclosan Indoor Porites
 

lut-
ea

Host Complement
 

and
 

coagulation
 

cascade
 

pathway,TNF
 

signaling
 

pathway,Notch
 

signaling
 

pathway

immune
 

defense,reproduction - [88]

Symbiodi-
niaceae

Ribosome
 

biogenesis
 

pathway,Integrin
 

signaling
 

pathway,flavonoid
 

biosynthesis
 

pathway,ribosomal
 

proteins,RNA
 

exo-
nuclease

 

complex

- -

Vibrio
 

coralli-
ilyticus

Indoor Favites
 

hal-
icora

Host Apoptosis Immunomodulation Upregulated [73]

Pocillopora
 

damicornis
Nucleotide

 

excision
 

repair
 

and
 

base
 

exci-
sion

 

repair
 

pathways
- Downregu-

lated

Acropora
 

valida
GPCR

 

signaling
 

pathway,TollƼlike
 

recep-
tor

 

signaling
 

pathway
Energy

 

supply
 

and
 

immune
 

re-
sponse

Upregulated [74]

DNA
 

integration,DNA
 

recombination,ni-
trogen

 

cycle
 

metabolic
 

process
Immunomodulation Downregu-

lated

Turbinaria
 

peltata
JAKƼSTAT

 

negative
 

regulatory
 

receptor
 

signaling
 

pathway,polysaccharide
 

cata-
bolic

 

process,cellular
 

response
 

to
 

potassi-
um

 

ions

Immunomodulation
 

and
 

energy
 

metabolism
Upregulated

DNA
 

integration,DNA
 

recombination,ni-
trogen

 

cycle
 

metabolic
 

process
Ion

 

transport Downregu-
lated

Natural
 

seawater
Pocillopora

 

damicornis
Host Arachidonic

 

acid
 

metabolism - - [5]
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Mussismilia
 

braziliensis
Host Immune

 

response,cellular
 

defense
 

re-
sponse,autophagy

 

and
 

DNA/RNA
 

meta-
bolic

 

processes

Immune
 

defense,autophagy Downregu-
lated

[68]

Symbiodi-
niaceae

Photosynthetic
 

dark
 

reaction,carbohy-
drate

 

and
 

peptide
 

biosynthesis
 

processes
Photosynthesis,energy

 

metabo-
lism

Upregulated

O.faveolata Host Wnt
 

signaling
 

pathway,MAPK
 

signaling
 

pathway,Notch
 

signaling
 

pathway,phag-
ocytosis

 

pathway,RIGƼIƼlike
 

receptor
 

sig-
naling

 

pathway,pathogenic
 

bacterial
 

inva-
sion

 

of
 

epithelial
 

cells
 

pathway,NFƼκB
 

signaling
 

pathway,complement
 

activation
 

pathway,leukocyte
 

transendothelial
 

mi-
gration

 

pathway

Immune
 

defense,cellular
 

stress Upregulated [69]

High
 

tem-
perature+
high

 

light

Indoor G.fascicu-
laris

Host NiemannƼPick
 

C1
 

(NPC1)
 

protein,lipo-
protein,riboflavin

 

protein
 

and
 

monocar-
boxylate

 

transporter

Amino
 

acid
 

transport Upregulated [29]

SLC
 

transporters Amino
 

acid
 

transport Downregu-
lated

Symbiodi-
niaceae

Photosystem
 

Ⅰ
 

(PSⅠ)
 

and
 

PSⅡ Photosynthesis Upregulated

Acropora
 

solitaryensis
Symbiodi-
niaceae

 

D
Photosynthesis,HSPs Photosynthesis Upregulated [31]

Ammonia
 

transporters,zinc
 

transporters
 

and
 

cationic
 

amino
 

acid
 

transporters
Ion

 

transport Downregu-
lated

Symbiodi-
niaceae

 

C3
Photosynthesis,PSⅡ

 

assembly,regulaƼ
tion

 

of
 

photosynthesis,light
 

reaction
Photosynthesis Downregu-

lated

High
 

tem-
perature+
ocean

 

aciƼ
dification

Indoor G.fascicuƼ
laris

Host NPC1,Lipid,riboflavin
 

and
 

monocarbox-
ylates

 

transporters
Amino

 

acid
 

transport Upregulated [75]

Lipid
 

transporter
 

SLC
 

family
 

protein Amino
 

acid
 

transport Downregu-
lated

Symbiodi-
niaceae

PSⅠ
 

and
 

PSⅡ Photosynthesis Upregulated

Acropora
 

valida
Host Lipoprotein,riboflavin

 

protein
 

and
 

mono-
carboxylate

 

transporter,NPC1
 

(Nieman
nƼPick

 

disease,type
 

C1),NPC2
 

(Nie-
mannƼPick

 

disease,type
 

C2),solute
 

carri-
er

 

family
 

protein
 

SLC27A4,glucose
 

transporter

Substance
 

transport,nutrient
 

me-
tabolism/transfer,symbiont

 

rec-
ognition

Downregu-
lated

SLC23,mannose
 

receptor
 

and
 

LƼrham-
noseƼbinding

 

lectin
Vitamin

 

C
 

transport Downregu-
lated

Symbiodi-
niaceae

PSⅠ
 

and
 

PSⅡ,ammonium
 

transporter Photosynthesis,nitrogen
 

metabo-
lism

Downregu-
lated

High
 

tem-
perature+
hypoxia

Indoor Acropora
 

sp.
Host Prolyl

 

hydroxylase
 

EGLN1,photoprotec-
tive

 

pigments,GFP
Promotion

 

of
 

cell
 

survival
 

and
 

adaptation,photoprotection
Upregulated [54]

HIFα,Heat
 

Shock
 

Protein
 

90
 

Beta
 

Fami-
ly

 

Member
 

1
 

(HSP90B1)
Hypoxic

 

stress,immune
 

response Downregu-
lated

High
 

tem-
perature+
herbicide

Indoor G.fascicu-
laris

Host Cellular
 

nitrogen
 

compound
 

biosynthetic
 

process
 

and
 

cellular
 

protein
 

metabolic
 

process,oxidative
 

phosphorylation,fat
 

di-
gestion

 

and
 

absorption,protein
 

digestion
 

and
 

absorption
 

pathway,phagosome
 

and
 

lysosome
 

pathway,carbon
 

metabolism
 

pathway,ribosomal
 

proteins

Photosynthesis,energy
 

metabo-
lism

Downregu-
lated

[59]

Symbiodi-
niaceae

Photosynthesis,carbon
 

fixation,nitrogen
 

metabolism,glyoxylate
 

metabolism
Conversion

 

of
 

light
 

energy
 

into
 

chemical
 

energy
 

(ATP
 

and
 

NAD-
PH),fixation

 

of
 

carbon
 

dioxide
 

to
 

synthesize
 

organic
 

matter,me-
tabolism

Downregu-
lated

High
 

tem-
perature+
polycyclic

 

aromatic
 

hydrocarbons
 

(PAHs)

Indoor Pocillopora
 

damicornis
Host Neuroendocrine

 

regulation,apoptosis
 

process
- Upregulated [57]
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Symbiodi-
niaceae

Cellular
 

oxidative
 

pressure - Upregulated

Photosynthesis
 

efficiency - Downregu-
lated

High
 

tem-
perature+
sediment

Indoor Pocillopora
 

acuta
Host Small

 

heat
 

shock
 

proteins
 

(sHSPs),
HSP16.1

 

and
 

HSP16.2,Nuclear
 

Factor
 

Kappa
 

B
 

Subunit
 

1
 

(NFKB1)

Oxidative
 

stress
 

response,im-
mune

 

response,cell
 

proliferation
Upregulated [89]

EFƼHand
 

Domain
 

Containing
 

1,growth
 

arrestƼspecific
 

protein
 

8,calcium/calmod-
ulinƼdependent

 

protein
 

kinase
 

type
 

Ⅳ

Cellular
 

calcium
 

homeostasis,cell
 

division,apoptosis
Downregu-
lated

Note:“-”
 

indicates
 

that
 

relevant
 

research
 

literature
 

has
 

not
 

explored
 

this
 

part
 

of
 

the
 

content.

3 环境胁迫下的珊瑚幼虫转录组学研究

  珊瑚礁生态系统的持久性依赖于持续的珊瑚幼

虫补充。在补充过程的各阶段,珊瑚幼虫对环境胁迫

的耐受性可能成为珊瑚种群可持续发展的关键限制

因素。与成体珊瑚相比,珊瑚幼虫对环境变化更为敏

感,环境胁迫往往引发更显著的转录组变化[90]。

  Jiang等[79]的研究发现,热驯化后的鹿角杯形珊

瑚幼虫中与细胞氧化应激反应、细胞生长周期和营养

物质运输相关的基因表达显著上调,其共生虫黄藻中

与代谢相关的基因表达显著下调且营养转运蛋白基

因表达显著上调。在高温胁迫下,珊瑚幼虫通过抑制

代谢过程来降低生存成本,从而维持高温条件下的能

量平衡。然而,当高温与其他环境胁迫叠加时,其耐

受机制可能被完全破坏。Chui等[91]的研究表明,霜
鹿角珊瑚幼虫对高温和低盐胁迫均表现出高度敏感

性,其中,低盐对珊瑚幼虫定居的影响大于高温影响;
而在高温和低盐的双重胁迫下,珊瑚幼虫完全丧失定

居能力。另外,碳酸酐酶在无脊椎动物和脊椎动物的

生物矿化中起重要作用,与碳酸酐酶分泌相关的基因

表达的降低可直接影响珊瑚钙化。在珊瑚幼虫定居

过程中,高CO2 浓度会干扰珊瑚幼虫的代谢、基因表

达和蛋白质合成,破坏其精密有序的钙化过程,最终

威胁珊瑚礁的补充和 生 存[92]。与 此 同 时,Pinzón
等[93]发现高CO2 浓度增强了珊瑚幼虫细胞外有机

基质的合成并抑制了其细胞代谢,与膜相关和碳酸酐

酶分泌相关的基因表达量降低,而且骨骼有机基质中

许多已知和假定成分的表达严重紊乱。这种生理层

面的失调进一步体现在能量供应上,如Yuan等[94]的

研究进一步表明,芽枝鹿角珊瑚(Acropora
 

gemmif-
era)幼虫膜转运蛋白相关基因的下调会减少有机物

质的运输,可能导致能量供应不足,进而影响幼虫的

生长和发育。不仅如此,海水富营养化还会影响共生

关系。Tong等[95]发现,在高硝酸盐胁迫下,鹿角杯

形珊瑚幼虫与共生虫黄藻之间的互惠关系可能向寄

生关系转变———虫黄藻倾向于保留更多营养物质用

于自身生长,导致分配给珊瑚幼虫的营养物质减少,
从而阻碍珊瑚幼虫的正常发育。

  面对全球海洋环境的变化,造礁石珊瑚早期生命

阶段的幼虫依赖生理可塑性来适应新的环境条件。

Meyer等[96]研究发现,多孔鹿角珊瑚幼虫热休克蛋

白在短期高温胁迫中倾向于上调,但在长期高温胁迫

中则下调或保持不变。在热应激状态下,珊瑚幼虫通

过激活细胞应激和免疫反应来维持蛋白质稳态,从而

对抗热损伤[91]。而经过热适应的珊瑚幼虫则表现出

内质网质量控制(ERQC)和免疫相关基因的下调或

不变,其细胞生长发育未受到明显阻碍[83]。通过有

性生殖产生的珊瑚幼虫通常携带共生虫黄藻,这不仅

有助于满足处于扩散阶段的幼虫能量需求,而且使幼

虫因携带不同虫黄藻亚群而表现出独特的转录组响

应,从而增强其环境适应能力[83]。Jiang等[79]研究表

明,热驯化鹿角杯形珊瑚亲本所产下的幼虫在高温胁

迫下表现出更强的抵抗力和光合自养能力。这些幼

虫中与细胞周期、有丝分裂相关基因的上调,有助于

缓解珊瑚宿主的细胞应激;同时,共生虫黄藻与光合

作用相关的基因上调,维持了光收集、光保护和碳固

定之间的平衡,从而优化了高温胁迫下共生功能体的

光合活性。这种跨代适应现象表明,热驯化不仅增强

了成体珊瑚的热适应性,而且也提高了其后代幼虫的

热耐受性[79]。此外,不同表型的珊瑚幼虫在环境适

应性方面同样存在差异。在环境胁迫下,多孔鹿角珊

瑚红色荧光幼虫表现出细胞周期停滞和转录水平降
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低的特征,并且伴随核糖体的增加和抗氧化能力的增

强,呈现出一种滞育状态。这种生理策略使珊瑚红色

荧光幼虫在应对环境变化时具有更强的适应能力,有

利于其进行长距离扩散,以逃离不利的生存环境[97]。
珊瑚幼虫及其共生虫黄藻在不同环境胁迫下的转录

组学研究如表3所示。
表3 珊瑚幼虫及其共生虫黄藻在不同环境胁迫下的转录组学研究

Table
 

3 Transcriptomic
 

study
 

of
 

coral
 

larvae
 

and
 

its
 

associated
 

Symbiodiniaceae
 

under
 

different
 

environmental
 

stresses

胁迫类型
Type

 

of
 

stress

胁迫环境
Stress
environƼ
ment

珊瑚
Coral

共生功能体
组分

Holobiont
 

composition

关键代谢通路/
相关基因/蛋白
Key

 

metabolic
 

pathway/related
 

gene/protein

假定功能
Putative

 

function

胁迫下表
达量变化
Differential

 

expression
 

under
 

stress

参考文献
References

High
 

tem-
perature

Indoor Pocillopora
 

damicornis
Coral

 

larvae Heat
 

stressƼrelated
 

genes,transporter
 

genes
 

involved
 

in
 

transmembrane
 

trans-
port

 

of
 

nutrients

Cellular
 

stress,nutrient
 

transport
Upregulated [79]

Symbiodiniaceae Photorespiration,nitrogen
 

metabolism
 

pathway
Photosynthesis, metabo-
lism

Downregu-
lated

Acropora
 

pruinosa
Coral

 

larvae Carbohydrate
 

metabolism, oxidative
 

phosphorylation
 

(ATP
 

generation),
MAPK

 

signaling
 

pathway,NFƼκB
 

signa-
ling

 

pathway

Apoptosis Upregulated [91]

Acropora
 

millepora
Coral

 

larvae
(long

 

time
 

heat
stress)

Cacna
 

1s,Green
 

Fluorescent
 

Protein
 

(GFP)
Ion

 

transport Upregulated [96]

Heat
 

shock
 

proteins,mitochondrial
 

ade-
nine

 

transporter
 

(Slc25a44),carbonic
 

an-
hydrase

 

genes
 

CA2
 

and
 

CA3,ribosomal
 

protein
 

genes

Oxidative
 

stress
 

response,
metabolism

Downregu-
lated

Coral
 

larvae
(short

 

time
 

heat
 

stress)

Coral
 

cysteineƼrich
 

peptide
 

genes,heat
 

shock
 

proteins
 

(HSPA5,HSP90AA1
 

and
 

HSP90B1),protein
 

folding,ubiquitinƼcon-
jugating

 

enzyme
 

E2,nonƼfluorescent
 

chromoproteins

Oxidative
 

stress
 

response,
metabolism

Upregulated

Pocillopora
 

damicornis
Coral

 

larvae
(sensitive)

Protein
 

folding
 

and
 

endoplasmic
 

reticulum
 

quality
 

control,Toll
 

and
 

lmd
 

signaling
 

pathways,NODƼlike
 

receptor
 

signaling
 

pathway,apoptosis

Maintenance
 

of
 

protein
 

ho-
meostasis

 

and
 

immune
 

re-
sponse

Upregulated [98]

DNA
 

replication
 

and
 

repair,cell
 

cycle
 

checkpoint
 

kinases,mitosis,respiration,
metabolic

 

processes

- Downregu-
lated

Coral
 

larvae
(tolerant)

Protein
 

folding,metabolic
 

processes,pro-
tein

 

folding
 

and
 

endoplasmic
 

reticulum
 

quality
 

control,immune
 

and
 

inflammatory
 

responses

- Downregu-
lated

Coral
 

larvae ECMƼreceptor
 

interaction,cell
 

adhesion,
glycosaminoglycan

 

degradation
 

and
 

glyco-
sphingolipid

 

biosynthesis

- Upregulated [99]

Lipid
 

and
 

carbohydrate
 

metabolism,oxi-
dative

 

phosphorylation,cytochrome
 

P450
 

metabolism
 

of
 

exogenous
 

substances

- Downregu-
lated

Symbiodiniaceae Genes
 

encoding
 

PSⅡ
 

subunits Photosynthesis Downregu-
lated

Coral
 

larvae Transferases
 

(transferring
 

phosphorusƼ
containing

 

groups)
Ion

 

transport Upregulated [100]

Structural
 

proteins,oxidoreductases - Downregu-
lated

High
 

light Indoor Acropora
 

millepora
Coral

 

larvae
(green

 

fluoresƼ
cent)

ATPƼdependent
 

RNA
 

helicases,sodium/
potassium/chloride

 

transporters
 

(SLC12
 

transporters)

Regulation
 

of
 

cellular
 

ho-
meostasis

Upregulated [97]

Coral
 

larvae
 

(red
 

fluorescent)
mTOR

 

signaling
 

pathway,ribosomal
 

pro-
teins,Cu/Zn

 

superoxide
 

dismutase,fer-
ritin,catalase,glutathione

 

peroxidase
 

and
 

thioredoxin

Antioxidant
 

activity Upregulated

Translation,ribosome
 

structure
 

and
 

bio-
genesis

- Downregu-
lated

Ocean
 

aciƼ
dification

Indoor Pocillopora
 

damicornis
Coral

 

larvae Spliceosome
 

complex,RNA
 

polymerase,
protein

 

secretion
 

pathway
 

and
 

protea-
some,amino

 

acid
 

biosynthesis
 

and
 

metab-
olism,steroid

 

biosynthesis
 

and
 

glyco-
sphingolipid

 

biosynthesis,cell
 

cycle

Genetic
 

information
 

pro-
cessing

Upregulated [99]
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续表

Continued
 

table

胁迫类型
Type

 

of
 

stress

胁迫环境
Stress
environƼ
ment

珊瑚
Coral

共生功能体
组分

Holobiont
 

composition

关键代谢通路/
相关基因/蛋白
Key

 

metabolic
 

pathway/related
 

gene/protein

假定功能
Putative

 

function

胁迫下表
达量变化
Differential

 

expression
 

under
 

stress

参考文献
References

Symbiodiniaceae Metabolism,ion
 

transporters,cellular
 

complexes
Ion

 

transport Upregulated [100]

Biosynthesis,RNA
 

modification,isomer-
ases,peptidases,hydrolases

Biosynthesis Downregu-
lated

Acropora
 

millepora
Coral

 

larvae Glycoproteins,collagens,lipoproteins,lec-
tins,cysteineƼrich

 

proteins,exopeptidases
 

and
 

matrix
 

metalloproteinases

Extracellular
 

Organic
 

ma-
trix

 

synthesis
Upregulated [92]

Inner
 

mitochondrial
 

membrane
 

complex
 

proteins,ATP
 

synthase
 

subunits
Biomineralization,acidƼbase

 

regulation,metabolism
Downregu-
lated

Pocillopora
 

damicornis
Coral

 

larvae Ca2+
 

transporters
 

(SLC8,SLC24,SLC12
 

and
 

SLC25),plasma
 

membrane
 

Ca2+
 

transporting
 

ATPases,cadherins,throm-
bospondins

Ion
 

transport,cell
 

develop-
ment

 

and
 

differentiation,
coral

 

calcification

Downregu-
lated

[99]

Nutrient Indoor Pocillopora
 

damicornis
Coral

 

larvae Unfolded
 

protein
 

response Cellular
 

stress Upregulated [95]

Wnt
 

signaling
 

pathway,substance
 

trans-
port,substance

 

metabolism
Cell

 

development, ion
 

transport
Downregu-
lated

Symbiodiniaceae ATP
 

synthesis,carbohydrate
 

metabo-
lism,photosynthesis,respiration,sub-
stance

 

transport
 

and
 

nitrogen
 

compound
 

metabolism

Cell
 

division
 

and
 

growth,
nutrient

 

exchange,metabo-
lism

Upregulated

High
 

temƼ
perature+
ocean

 

a-
cidification

Indoor Pocillopora
 

damicornis
Coral

 

larvae
(transcriptional

 

response
 

of
 

the
 

high
 

tempera-
ture

 

+
 

ocean
 

a-
cidification

 

group
 

vs.
 

ocean
 

acidification
 

group)

ECMƼreceptor
 

interaction
 

pathway,cell
 

adhesion
Genetic

 

information
 

process
Upregulated [99]

Carbohydrate,lipid
 

and
 

amino
 

acid
 

me-
tabolism,as

 

well
 

as
 

cytochrome
 

P450
 

me-
tabolism

 

of
 

exogenous
 

substances

Metabolism Downregu-
lated

Coral
 

larvae
(transcriptional
response

 

of
 

the
high

 

temperaƼ
ture+ocean

 

acidification
 

group
 

vs.high
temperature

 

group)

Fatty
 

acid
 

biosynthesis
 

and
 

metabolism,
phagosome

 

maturation
 

pathway
 

and
 

con-
nexins

Provide
 

lipid
 

precursors
 

for
 

cell
 

membrane
 

repair
 

and
 

energy
 

storage,clear
 

dam-
aged

 

organelles
 

or
 

invading
 

microorganisms,coordinate
 

stress
 

signal
 

transmission
 

among
 

cell
 

populations

Upregulated

ECMƼreceptor
 

interaction
 

pathway,cell
 

adhesion,glycosaminoglycan
 

degradation
 

and
 

glycosphingolipid
 

biosynthesis

- Downregu-
lated

Symbiodiniaceae Genes
 

encoding
 

PSⅡ
 

subunits Photosynthesis Downregu-
lated

High
 

tem-
perature+
low

 

salini-
ty

Indoor Acropora
 

pruinosa
Coral

 

larvae CaspaseƼindependent
 

apoptosis
 

pathway,
carbohydrate

 

metabolism,oxidative
 

phos-
phorylation

 

(ATP
 

generation),ribosomal
 

proteins,neuropeptides
 

and
 

neurotrans-
mitter

 

receptors

Apoptosis Upregulated [91]

Oxidative
 

phosphorylation,fatty
 

acid
 

me-
tabolism,lipid

 

metabolism,nucleotide
 

metabolism,carbohydrate
 

metabolism

Metabolism Downregu-
lated

Note:“-”
 

indicates
 

that
 

relevant
 

research
 

literature
 

has
 

not
 

explored
 

this
 

part
 

of
 

the
 

content.

4 展望

  转录组学技术为珊瑚环境适应性研究提供了新

的技术手段,为解析环境胁迫下珊瑚环境适应性机制

提供了新的视角,为环境压力风险预测、珊瑚白化程

度和恢复能力评估等提供了科学依据。本文系统综

述了转录组学技术在造礁石珊瑚环境适应性研究中

的应用进展,重点阐明了珊瑚共生功能体在不同环境

胁迫下的转录响应和适应机制。总的来说,在急性环

境胁迫下,珊瑚宿主主要表现为氧化应激相关基因的

上调表达和代谢相关基因的下调表达;而在长期的环

境压力下,珊瑚逐渐建立起对环境胁迫的耐受性,表
现为免疫应激相关基因表达的下调,以及共生虫黄藻

中与代谢相关基因表达的上调,以满足珊瑚共生功能

体的营养需求并维持共生关系的稳定。

  尽管目前基于转录组学的珊瑚环境适应性研究

已取得一定进展,但是未来仍需从以下3个方面开展
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进一步研究。

  (1)完善造礁石珊瑚及其共生虫黄藻的基因组信

息。造礁石珊瑚及其共生虫黄藻种类繁多,但现有基

因组信息相对匮乏,而且珊瑚基因组质量普遍较低,
这给基因注释和功能解析带来了挑战。因此,需要进

一步扩展造礁石珊瑚基因组数据库,提高参考转录本

的质量,为珊瑚环境适应性研究提供基础的组学

数据。

  (2)加强多重环境胁迫下珊瑚适应性的转录组学

研究。随着气候变化日益复杂,珊瑚往往不再受单一

环境胁迫的影响,而是面临多重环境胁迫的协同作

用。因此,未来需要着重考虑多种环境胁迫因子对珊

瑚的复合影响,多维度揭示珊瑚的环境适应机制。

  (3)整合多组学技术深入解析珊瑚环境适应性机

制。虽然转录组学技术已成功鉴定出环境胁迫下珊

瑚共生功能体的关键基因和转录调控因子,但是仍需

结合基因组学、蛋白质组学和代谢组学等多组学技

术,系统开展环境耐受性基因和转录调控因子的功能

研究。通过多组学数据的整合分析,从共生功能体水

平上全面解析珊瑚白化机制及环境适应机制,为珊瑚

礁生态系统的保护和管理提供理论支撑。
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Abstract:The
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of
 

scleractinian
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depends
 

on
 

the
 

molecular
 

regulatory
 

mecha-
nisms

 

underlying
 

the
 

interactions
 

within
 

the
 

coral
 

holobiont,yet
 

these
 

mechanisms
 

remain
 

incompletely
 

eluci-
dated.In
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years,with
 

the
 

advancement
 

of
 

highƼthroughput
 

sequencing
 

technologies,transcriptomics
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been
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applied
 

to
 

the
 

study
 

of
 

coral
 

holobionts,emerging
 

as
 

a
 

key
 

tool
 

for
 

deciphering
 

the
 

environmental
 

response
 

mechanisms
 

of
 

corals.It
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new
 

perspectives
 

for
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the
 

molecular
 

interaction
 

net-
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within
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paper
 

systematically
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application
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transcriptom-
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on
 

elaborating
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summarizes
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component
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coral
 

holobiont
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various
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stresses.Under
 

environ-
mental

 

stress,both
 

the
 

coral
 

host
 

and
 

its
 

associated
 

Symbiodiniaceae
 

exhibit
 

gene
 

expression
 

plasticity,which
 

enables
 

them
 

to
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stress
 

tolerance
 

through
 

precise
 

transcriptional
 

regulatory
 

networks
 

and
 

maintain
 

symbiotic
 

stability
 

via
 

coordinated
 

regulatory
 

mechanisms.Future
 

research
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validation
 

to
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reveal
 

the
 

regulatory
 

net-
works

 

of
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♦珊瑚礁生态保护与修复♦

珊瑚共生蓝藻Synechococcus
 

sp.GXU01对两种典型虫黄藻的
代谢协调作用*

李志聪1,胡思雨1,梁祝清1,杨雅婷1,卢铭垚1,余克服1,2,梁甲元1,2**,张 丽3,冯宜合
 

3

(1.广西大学海洋学院,广西南宁 530004;2.广西大学,广西南海珊瑚礁研究重点实验室,广西南宁 530004;3.广西大学资源

环境与材料学院,广西南宁 530004)

摘要:虫黄藻和蓝藻是珊瑚共生功能体中两种主要的光合共生微生物,在珊瑚共生系统的复杂交互作用中扮演

重要角色。为探究二者之间的代谢协调机制,本研究通过离体共培养实验,将一株分离自十字牡丹珊瑚

Pavona
 

decussata 的蓝藻Synechococcus
 

sp.GXU01(以下简称GXU01)分别与两种典型的虫黄藻(环境敏感

型的Cladocopium
 

goreaui和环境耐受型的Durusdinium
 

trenchii)共培养,分析其在高温胁迫条件下生理代

谢、光系统Ⅱ功能及固碳关键基因PsbA、rbcL 表达等方面的协调响应。结果显示,GXU01对两种虫黄藻的生

长率均无显著影响,但在共培养初期,D.trenchii的光合色素含量显著下降(24.5%-29.6%),而C.goreaui
未受显著影响。无论在常温还是高温条件下,GXU01均能显著提高两种虫黄藻的最大光化学效率(Fv/Fm)
(P<0.05)。在活性氧(ROS)方面,GXU01使C.goreaui的ROS水平显著上升(9.83%-36.09%),而D.
trenchii的ROS水平则显著降低(12.55%-23.12%)。在光系统Ⅱ修复关键基因表达方面,GXU01对不同

温度下C.goreaui的psbA 表达无显著影响,但显著抑制高温胁迫下D.trenchii的psbA 表达,其相对表达量

下降82.45%-85.01%。在固碳效率关键基因表达方面,GXU01显著提高C.goreaui 的rbcL 表达(提高

25.37%-43.04%),同时也促进D.trenchii的rbcL 表达(提高51.62%-63.18%)。本研究从离体互作的角

度揭示了GXU01与虫黄藻之间的协同作用,为共生态下虫黄藻的热适应机制与热白化响应提供了新见解。
关键词:珊瑚礁生态系统;共生功能体;蓝藻;虫黄藻;功能互作

中图分类号:Q178.53  文献标识码:A  文章编号:1005Ƽ9164(2025)04Ƽ0828Ƽ11
DOI:10.13656/j.cnki.gxkx.20251114.018
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李志聪等.珊瑚共生蓝藻Synechococcus
 

sp.GXU01对两种典型虫黄藻的代谢协调作用

  珊瑚及其共附生微生物,包括虫黄藻,以及与其

长期互利共生的细菌、古菌、真菌、原生动物和病毒

等,共 同 组 成 了 珊 瑚 共 生 功 能 体 (Coral
 

holo-
biont)[1]。在该共生系统中,虫黄藻作为重要组成部

分,通过光合作用为珊瑚提供超过95%的光合能

量[2],使其得以在营养贫瘠的浅海环境中生存。研究

表明,仅虫黄藻等共生藻对溶解无机氮、无机磷的吸

收利用就可以满足珊瑚的快速生长所需[3]。此外,虫
黄藻吸收的CO2 也参与珊瑚的钙化过程,促进其骨

骼生长,为其他生物提供结构支持[4]。相应地,珊瑚

则为虫黄藻提供受保护的栖息环境,并供应 CO2、
氮、磷等无机营养物质[5]。蓝藻同样是珊瑚共生功能

体中一类重要的光合微生物,也是优势共生藻之

一[6]。已有研究显示,在某些珊瑚共生微生物组中,
蓝藻的丰度仅次于虫黄藻,部分珊瑚共生功能体中蓝

藻甚至占细菌总数的50%以上[7]。蓝藻能够通过固

氮作用为珊瑚提供额外氮源,参与整个共生功能体的

氮循 环,提 供 细 胞 修 复 所 需 要 的 氮,促 进 光 合 作

用[8Ƽ9],从而帮助珊瑚在逆境中维持稳态并增强其对

热白化的抵抗能力[10Ƽ12]。需要指出的是,珊瑚的热白

化并非单一物种作用的结果,而是“珊瑚Ƽ微生物”共
生体失衡的综合体现。目前,关于虫黄藻在珊瑚热应

激响应中的作用已有较为深入的研究,然而对共生微

生物组中其他成员的功能机制,尤其是“虫黄藻Ƽ蓝
藻”之间的代谢协调机理,仍了解不足。

  关于珊瑚共生蓝藻的研究多聚焦于其在珊瑚宿

主内发挥的能量供给、物质循环及环境适应等方面的

多维功能。蓝藻可能通过代谢交互与虫黄藻形成互

补网络,在珊瑚共生功能体中,二者的代谢协调对珊

瑚的营养获取、环境适应力以及抗逆性具有关键作

用。例如,有研究发现,加勒比海珊瑚 Montastraea
 

cavernosa 中的虫黄藻会优先使用蓝藻固氮作用的产

物[13],这些产物还可直接整合进珊瑚宿主的氨基酸

合成 途 径[14]。在 红 海 珊 瑚 Stylophora
 

pistillata
中,共生蓝藻甚至可满足宿主高达30%的氮源需

求[15],其重要性不言而喻。此外,蓝藻还能通过抗氧

化与耐高温机制直接增强珊瑚对环境胁迫的适应能

力。高温胁迫下,蓝藻丰度显著上升,其合成的热休

克蛋白(Hsp70)和超氧化物歧化酶(SOD)有助于清

除宿主组织内的活性氧(ROS)[16]。蓝藻与虫黄藻之

间也可能存在协同响应机制:夏季高温条件下,虫黄

藻密度下降,蓝藻丰度显著上升,二者此消彼长的协

同变化 有 助 于 提 升 珊 瑚 宿 主 应 对 环 境 变 化 的 能

力[17]。Liang等[18]在 研 究 杯 形 珊 瑚(Pocillopora
 

sp.)的高温胁迫与恢复过程时发现,尽管虫黄藻密度

显著降低,蓝藻的相对丰度却明显上升,而珊瑚的最

大光化学效率(Fv/Fm)未受显著影响,说明蓝藻可能

在能量供给与恢复过程中发挥了补偿作用。在营养

匮乏的情况下,虫黄藻还会通过主动摄食蓝藻以补充

氮源。这一发现不仅更新了人们对虫黄藻营养模式

(主要依赖光合作用)的传统认知,也揭示了虫黄藻在

珊瑚共生功能体中更为复杂的营养互作关系[19]。因

此,深入解析珊瑚共生功能体中虫黄藻与蓝藻之间的

代谢协调机制,不仅有助于揭示珊瑚共生功能体的稳

态维持机制,也为提升珊瑚应对气候变化与营养扰动

的适应力提供新思路。

  综上所述,目前关于内共生蓝藻和虫黄藻互作的

研究多从珊瑚宿主角度展开。然而,由于共生体中复

杂的生物互作网络,研究人员对蓝藻和虫黄藻之间代

谢协调机制的整体认识仍较为有限。现有研究多关

注高温[20]、高光[21]或酸化[22]等环境胁迫下虫黄藻的

生理变化与基因表达,而对其与蓝藻共培养等生物互

作情形的探讨相对不足。研究表明,虫黄藻在25
 

℃
条件下表现出较高的生长速率和光合活性[23];而当

温度超过31
 

℃时,Fv/Fm 开始显著下降,32
 

℃被认

为已产生明显高温胁迫效应[24]。在珊瑚共生功能体

中,32
 

℃培养条件下虫黄藻会出现大量差异表达基

因,说明该温度已超出其稳态耐受范围[25]。此外,珊
瑚热白化会损伤虫黄藻的光合系统,导致其光合作用

能力下降,研究也发现高温胁迫显著抑制虫黄藻光合

作用相关基因的表达[26]。在光合作用相关基因中,

psbA 基因编码光系统Ⅱ(PSⅡ)的D1蛋白,其表达

水平反映光合系统的修复能力[27];rbcL 基因则编码

核酮糖Ƽ1,5Ƽ二磷酸羧化酶/加氧酶(RuBisCO)大亚

基,是评估碳固定效率的关键指标[28]。二者均为虫

黄藻响应环境变化的核心功能基因,然而蓝藻是否调

控其表达尚不明确。为深入探究蓝藻对虫黄藻生理

生化特性的影响,特别是对其在psbA 与rbcL 基因

表达、光合作用及碳同化能力方面的调控作用,本研

究以环境敏感型虫黄藻Cladocopium
 

goreaui、环境

耐受型虫黄藻Durusdinium
 

trenchii以及蓝藻Syn-
echococcus

 

sp.GXU01(以下简称 GXU01)为研究对

象,建立共培养体系,通过测定虫黄藻生长率、光合色

素含量、Fv/Fm、ROS水平以及关键基因表达等指

标,系统分析游离状态下珊瑚共生蓝藻对两种典型虫

黄藻的代谢协调作用,以期为理解珊瑚共生功能体的
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热适应机制与热白化响应提供新视角。

1 材料与方法

1.1 材料

  GXU01由本课题组从涠洲岛(21°10'-21°54'
N,109°00'-109°15'E)十字牡丹珊瑚(Pavona

 

de-
cussata)中分离并保存[17]。实验时,将该菌株接种于

含3.5%海盐的蓝藻培养基(BGƼ11培养基),置于温

度25
 

℃、光照强度4
 

000
 

Lux、光暗比12∶12的二氧

化碳型人工气候箱(RDNƼ500DƼCO2,宁波扬辉仪器

有限公司)中培养。虫黄藻C.goreaui和D.trenchii
分别分离自涠洲岛的霜鹿角珊瑚(Acropora

 

prui-
nose)和 西 沙 群 岛(15°46'-17°08'N,111°11'-
112°54'E)的丛生盔形珊瑚(Galaxea

 

fascicularis),
其培养方法参照覃良云等[29]的研究。

1.2 实验设计

  本研究采用双因素(温度、GXU01共培养)实验

设计,以探究虫黄藻 C.goreaui
 

(C1)、D.trenchii
 

(D1)分别与GXU01共培养的协调作用机理。实验

分组设计如下:对照组(25C1,25D1),常温共培养组

(25C1+,25D1+),高温胁迫组(32C1,32D1),高温

共培养组(32C1+,32D1+),分别设3个生物学重

复。其中,组名中的25和32分别指25
 

℃(对照)与

32
 

℃(高温胁迫)两种温度条件。

  将GXU01和C1、D1分别用BGƼ11培养基和L1
培养基在25

 

℃条件下预培养至4×105
 

cells/mL。
随后,将GXU01以10

 

000
 

r/min离心5
 

min,并用无

菌海水洗涤沉淀3次。经预处理的GXU01以0.5%
(V/V)[17]接种至含等密度C1、D1的L1培养基。混

合藻液分装至250
 

mL锥形瓶,置于二氧化碳型人工

气候箱中培养。培养条件:温度25
 

℃/32
 

℃,湿度

60%
 

RH,CO2 含量1
 

964
 

mg/m3,光照强度4
 

000
 

Lux,光照周期12
 

h。培养期间,每日早晚各摇匀一

次培养基。

1.3 虫黄藻密度测定

  分别取培养1、4、7
 

d的藻液2
 

mL,使用浮游植

物流式细胞仪(CytoSense,荷兰CytoBuoy公司)测
定虫黄藻密度。测定前将藻液充分涡旋混匀,设置样

品流速为3
 

μL/s,测量时间60
 

s,每组样品重复测量

9次并取平均值。

1.4 细胞光合效率测定

  在培养的第1、3、5、7天晚上,将藻液在黑暗环境

中避光处理30
 

min后,使用连续监测荧光仪(Moni-

toring
 

PAM,德国 WALZ公司)测定Fv/Fm。测量

前摇匀藻液,并将探头垂直置于锥形瓶底部。电信号

阻尼(Damping)和增益(Gain)分别设置为1和2。每

组样品重复测量9次,结果取平均值。

1.5 光合色素测定

  在培养的第1、4、7天,取藻液各1
 

mL至离心管

中,在4
 

℃条件下以8
 

000
 

r/min离心5
 

min,去上清

液,再加入1
 

mL
 

100%甲醇后用锡纸覆盖,放入4
 

℃
冰箱中黑暗保存24

 

h,利用紫外分光光度计[UVƼ
2700,岛津仪器(苏州)有限公司]分别测定其在665、

470、652
 

nm 处的吸光度(记为 A665、A470、A652),并
计算叶绿素a(Chl

 

a)、叶绿素b(Chl
 

b)和类胡萝卜

素(Carotenoid)的含量。单细胞的色素含量用密度

(cells/mL)换算。计算公式[30]如下:

  Chl
 

a(μg/mL)=16.72A665-9.16A652,

  Chl
 

b(μg/mL)=34.09A652-15.28A665,

  Carotenoid(μg/mL)=(1000A470-1.63Chl
 

a-
15.28Chl

 

b)/221。

1.6 ROS含量测定

  取培养至第7天的藻液各1
 

mL,离心后取上清

液加入DCFHƼDA探针(终浓度为10
 

μmol/L),取
200

 

μL加入96孔板中,锡箔纸包裹于37
 

℃水浴孵

育30
 

min,立即放至酶标仪(Varioskan
 

Lux
 

3020,美
国Thermo

 

Fisher
 

Scientific公司)检测荧光强度,激
发波长488

 

nm,发射波长525
 

nm。

1.7 RTƼqPCR功能验证

  为验证蓝藻对虫黄藻光合作用的影响,挑选虫黄

藻psbA 和rbcL 两个光合作用相关基因,分析藻液

中基因表达的变化规律,虫黄藻内参基因选择GAP-
DH 基因[31],相关基因引物序列见表1。
表1

 

RTƼqPCR所用基因引物

Table
 

1 Gene
 

primers
 

used
 

for
 

RTƼqPCR

基因
Gene

引物序列
Primer

 

sequence

psbA F:5'ƼATGCTTGGTGTGGCTTGTTGƼ3'
R:5'ƼAAGCTGCTACAACAGGTGCTƼ3'

rbcL F:5'ƼTGAACGTGGAGGACATGTGGƼ3'
R:5'ƼTGATGAAGTCACCACCCTGCƼ3'

GAPDH[31] F:5'ƼGTCGCATTGGTCGTATGGTCTƼ3'
R:5'ƼCGATTAGCTCGTCCTTCTCCCƼ3'

1.7.1 总RNA提取与反转录

  取培养至第7天的藻液,使用 MolPure®
 

Plant
 

RNA
 

Kit植物RNA提取试剂盒[翌圣生物科技(上
海)股份有限公司]提取总RNA,并经紫外分光光度
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计测定其浓度和质量。根据PrimeScriptTM
 

RT
 

rea-
gent

 

Kit反转录试剂盒(日本Takara
 

Bio公司)使用

说明书,将RNA反转录为cDNA。具体反应体系见

表2。反应程序如下:37
 

℃孵育15
 

min;84
 

℃加热

5
 

s使反转录酶失活;最后冷却至4
 

℃保存,用于后续

实验。
表2 反转录反应体系

Table
 

2 Reverse
 

transcription
 

reaction
 

system  Unit:μL

组分
Component

添加量
Addition

 

amount

5×PrimeScript
 

Buffer
 

(real
 

time) 2.0

PrimeScript
 

RT
 

Enzyme
 

Mix
 

Ⅰ 0.5

Oligo
 

dT
 

Primer
 

(50
 

μmol/L) 0.5

Random
 

6
 

mers
 

(100
 

μmol/L) 0.5

Total
 

RNA 6.5

1.7.2 RTƼqPCR反应与分析

  采 用 ChamQ
 

Universal
 

SYBR
 

qPCR
 

Master
 

Mix试剂盒(Q711,南京诺唯赞生物科技股份有限公

司),RTƼqPCR反应体系见表3。RTƼqPCR反应程

序设置如下:首先在95
 

℃下预变性30
 

s;随后进行

40个循环,每个循环包括95
 

℃
 

10
 

s与60
 

℃
 

30
 

s两

个步骤;扩增结束后,进行熔解曲线分析,熔解条件采

用仪器默认程序。所使用仪器为荧光定量PCR仪

(7500Fast,美国ABI公司)。采用2-△△Ct 法对基因

相对表达量进行分析,虫黄藻基因相对表达量是以

GAPDH 作为内参基因,以25
 

℃无GXU01添加组

为对照组计算获得。
表3 RTƼqPCR反应体系

Table
 

3 RTƼqPCR
 

system  Unit:μL

组分
Component

添加量
Addition

 

amount

2×ChamQ
 

Universal
 

SYBR
 

qPCR
 

Master
 

Mix 5.0

Primer
 

1
 

(10
 

μmol/L) 0.2

Primer
 

2
 

(10
 

μmol/L) 0.2

cDNA 2.0

ddH2O 3.6

1.8 数据统计

  使用Excel
 

2021对实验中获得的数据进行预处

理,统计分析及绘图均在GraphPad
 

Prism
 

10.1.2中

进行,结果以平均值±标准差(Mean±SD)表示。若

数据满足高斯正态分布,通过单因素方差分析(OneƼ
way

 

ANOVA)对所有实验数据进行显著性检验,组
间差异通过Tukey多重比较检验进行分析;若数据

不满足高斯正态分布,则采用KruskalƼWallis检验并

使用Dunn多重比较检验进行组间比较,显著性水平

设为P<0.05。

2 结果与分析

2.1 共培养下虫黄藻生理生化指标

2.1.1 虫黄藻密度

  (1)GXU01对虫黄藻生长的影响。在C.go-
reaui中,第4天共培养组(25C1+与32C1+)的细胞

密度相较对照组(25C1与32C1)略有上升;但至第7
天,两组间差异不明显[图1(a)]。在D.trenchii中,
第1天与第4天共培养组(25D1+与32D1+)的细胞

密度亦呈现上升趋势,但差异不显著[图1(b)]。整

体上,GXU01对两种虫黄藻的生长均未产生显著

影响。

  (2)温度对虫黄藻生长的影响。高温处理显著抑

制了两种虫黄藻的生长(第7天)。在C.goreaui中,

32C1组较25C1下降了55.28%,32C1+较25C1+
下降了56.23%;在D.trenchii中,32D1较25D1下

降了52.95%,32D1+较25D1+下降了49.26%,两
者均达到显著差异水平(P<0.05)。综上,GXU01
对两种虫黄藻的生长均没有显著影响,而高温会显著

抑制虫黄藻的生长。

2.1.2 虫黄藻光合色素

  (1)C.goreaui虫黄藻响应特征。实验前期(第

1至第4天),共培养对C.goreaui的叶绿素b 含量

呈阶段性促进,共培养组(25C1+和32C1+)叶绿素

b含量显著高于对照组(P<0.05),提升幅度分别为

20.44%-29.14%(25
 

℃)和10.21%-18.22%(32
 

℃),到第7天差异不再显著。叶绿素a 和类胡萝卜

素则仅 在 第4天25C1+显 著 高 于 对 照 组(P<
0.05),其他阶段无显著差异。25

 

℃时C.goreaui色

素含量随时间持续下降,32
 

℃高温胁迫下则整体维

持较高稳定水平。至第7天,32C1相较于25C1,叶
绿素 a、叶 绿 素b 和 类 胡 萝 卜 素 含 量 分 别 高 出

53.23%、60.66%和48.76%;共培养组(32C1+相较

25C1+)的提升幅度更高,分别为61.00%、68.62%
和64.18%[图2:(a)、(c)、(e)]。
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Different
 

letters
 

indicate
 

significant
 

differences
 

among
 

groups
 

(P<0.05).
图1 不同温度下虫黄藻密度变化

Fig.1 Changes
 

in
 

density
 

of
 

Symbiodiniaceae
 

at
 

different
 

temperatures
  (2)D.trenchii虫黄藻响应特征。共培养对D.
trenchii光合色素有明显的抑制效应,在前期(第1
天),共培养组光合色素含量显著降低,其中叶绿素a
降低24.50%-27.14%、叶绿素b 降低27.75%-
29.60%、类胡萝卜素降低25.10%-27.31%。随着

时间推移,抑制效应减弱,第4-7天降幅收窄。分析

温度对光合色素的调控发现,25
 

℃时,单细胞色素含

量随时间持续下降;32
 

℃高温胁迫下,色素维持较高

水平。第 7 天 时,32D1 较 25D1 叶 绿 素 a 高 出

43.58%、叶绿素b 高出21.63%、类胡萝卜素高出

43.81%;而共培养条件下,32D1+较25D1+叶绿素

a高出48.51%、叶绿素b高出32.91%、类胡萝卜素

高出39.16%[图2:(b)、(d)、(f)]。

Different
 

letters
 

indicate
 

significant
 

differences
 

among
 

groups
 

(P<0.05).
图2 不同温度下虫黄藻光合色素含量变化

Fig.2 Changes
 

in
 

photosynthetic
 

pigment
 

content
 

of
 

Symbiodiniaceae
 

at
 

different
 

temperatures
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  C.goreaui和D.trenchii在与 GXU01共培养

时物种特异性差异显著,D.trenchii对共培养的敏感

度高于C.goreaui。

2.1.3 虫黄藻Fv/Fm

  如图3所示,C.goreaui的Fv/Fm 在25
 

℃时较

为稳定,第1天Fv/Fm 为0.58±0.03,第7天保持

在0.59±0.03;而D.trenchii的Fv/Fm 在第1天为

0.56±0.05,到第7天时,显著提升至0.61±0.03
(P<0.05)。32

 

℃高温胁迫时,虫黄藻Fv/Fm 出现

显著下降,C.goreaui的Fv/Fm 从第1天的0.55±
0.03显著降低至第7天的0.48±0.04(P<0.05),
降幅达12.7%;D.trenchii的Fv/Fm 从0.52±0.03
下降至0.51±0.05,差异不显著(P>0.05)。

Different
 

letters
 

indicate
 

significant
 

differences
 

among
 

groups
 

(P<0.05).
图3 不同温度下虫黄藻Fv/Fm 变化

Fig.3 Changes
 

in
 

Fv/Fm
 of

 

Symbiodiniaceae
 

at
 

different
 

temperatures
  与 GXU01共培养后,两种虫黄藻的Fv/Fm 都

有了显著提高(P<0.05)。C.goreaui在25
 

℃时,
第1天Fv/Fm 提高5.03%,第7天提高达5.30%
(25C1+对比25C1);而32

 

℃高温胁迫下,第1天提

高6.61%,第 7 天 提 高 至 10.79% (32C1+ 对 比

32C1)。D.trenchii在25
 

℃时,第1天Fv/Fm 提高

7.57%,第7天仅提高4.95%(25D1+对比25D1);
而32

 

℃高温胁迫下,第1天Fv/Fm 提高7.69%,第

7天提高达9.84%(32D1+对比32D1)。

2.1.4 虫黄藻ROS水平

  25
 

℃ 时,与 GXU01 共 培 养 的 C.goreaui
(25C1+)ROS 水 平 相 较 于 单 独 培 养 的 对 照 组

(25C1)显著提升36.09%(P<0.05);32
 

℃高温胁迫

时,共培养组依旧保持9.83%的增幅[图4(a)],表明

共生体会加剧C.goreaui的氧化应激。与之相反,

D.trenchii在共培养体系中的ROS水平呈现反向变

化趋势,25
 

℃共培养组(25D1+)较对照组(25D1)

ROS水平显著降低23.12%,32
 

℃共培养组则下降

12.55%[图4(b)],这提示共生关系对D.trenchii具

备抗氧化保护效应。高温胁迫显著增强了两种共生

藻的ROS积累,无论是单独培养还是共培养,32
 

℃
高温胁迫下的 ROS水平均显著高于25

 

℃(P<
0.05)。

  Different
 

letters
 

indicate
 

significant
 

differences
 

among
 

groups
 

(P<0.05).
图4 不同温度下虫黄藻ROS含量变化

  Fig.4 Changes
 

in
 

ROS
 

content
 

of
 

Symbiodiniaceae
 

at
 

different
 

temperatures
2.2 高温胁迫下GXU01对虫黄藻光照相关基因表

达影响

  与 GXU01共培养对C.goreaui和D.trenchii
的psbA 基因相对表达量无显著影响。C.goreaui的

psbA 基因 受 高 温 胁 迫 的 影 响 不 大,且 共 培 养 组

(32C1+)表达量要高于对照组(32C1),这与常温的

情况相反;而D.trenchii的psbA 基因受高温胁迫影

响后相对表达量显著降低(P<0.05),与常温组相

比,下降了82.45%-85.01%[图5:(a)、(b)]。

  C.goreaui和D.trenchii的rbcL 基因均表现出

共培养组相对表达量显著高于对照组。25
 

℃条件

下,GXU01添加使C.goreaui的rbcL 基因表达量提
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高43.04%(25C1+相比25C1),使D.trenchii提高

63.18%(25D1+相比25D1)。32
 

℃高温胁迫时提升

的幅度减小,C.goreaui共培养组rbcL 表达量提高

25.37%(32C1+ 相 比 32C1),D.trenchii 提 高

51.62%(32D1+相比32D1)[图5:(c)、(d)]。以上

结果表明,添加GXU01有助于提高虫黄藻的光合作

用效率。

  Different
 

letters
 

indicate
 

significant
 

differences
 

among
 

groups
 

(P<0.05).
图5 不同温度下虫黄藻psbA 和rbcL 基因相对表达量变化

  Fig.5 Changes
 

in
 

relative
 

expression
 

levels
 

of
 

psbA
 

and
 

rbcL
 

in
 

Symbiodiniaceae
 

at
 

different
 

temperatures

3 讨论

3.1 虫黄藻生理生化响应规律

  尽管有研究指出,含有蓝藻群体的珊瑚中虫黄藻

的DNA含量较高,可能处于细胞分裂准备阶段[13],
但这并不意味着蓝藻的固氮作用能显著提升虫黄藻

密度。本 实 验 中,两 种 虫 黄 藻(C.goreaui 与 D.
trenchii)与蓝藻GXU01共培养时,仅在第4天虫黄

藻密度略有增加,但差异均不显著(P>0.05)。在7
 

d的实验周期中,高温胁迫抑制了虫黄藻的生长,但
其密度仍缓慢上升;而在25

 

℃条件下,虫黄藻密度增

长迅速,并在第4天后显著高于高温胁迫组。表明尽

管高温会抑制C.goreaui和D.trenchii的生长,但
两者对高温都有良好的适应能力。然而,前人研究将

D1型虫黄藻归为耐热型虫黄藻,能适应极端高温环

境,而C1型虫黄藻则属于热敏感型[32]。例如,以

Durusdinium 属为主比以Cladocopium 属为主的鹿

角杯形珊瑚表现出更强的热耐受性[33]。本研究推

测,在离体培养条件下,培养基提供了充足营养,高温

胁迫尚处于前期至中期阶段,虫黄藻抵御高温胁迫的

能力较强。然而,若高温胁迫持续,两类虫黄藻的温

度响应差异可能更为显著,值得进一步研究。

  高温胁迫会直接破坏虫黄藻的PSⅡ反应中心,
而Fv/Fm 是量化高温胁迫下虫黄藻PSⅡ功能丧失

的首选指标[34]。本研究中C.goreaui和D.trenchii
的Fv/Fm 在共培养条件下均高于单培养,高温则显

著降低了这两种虫黄藻的Fv/Fm。这与本课题组之

前的研究结果[17]一致,进一步支持GXU01对虫黄藻

代谢具有协调作用的结论,即蓝藻可在一定程度上缓

解高温胁迫引起的Fv/Fm 下降。值得注意的是,本
实验共培养组仅添加0.5%的蓝藻,在总藻密度中占

比极低,因此蓝藻自身对光合色素、ROS及光合参数

测定的影响可忽略不计。尽管蓝藻添加量极少,但虫

黄藻的Fv/Fm 仍显著提升,提示 GXU01可能通过

固氮作用为虫黄藻提供氮源,进而提高其光合效率。
已有研究也表明,添加无机氮可增强鳞砗磲(Trid-
acna

 

squamosa)Ƽ虫黄藻共生体的光合作用[35],而氮

限制条件下虫黄藻的Fv/Fm 则较低[20],进一步说明

氮供应对虫黄藻光合效率具有关键作用。

  在高温胁迫和共培养条件下,C.goreaui和D.
trenchii表现出不同的光合色素响应模式。实验结

果显示,D.trenchii的叶绿素a、叶绿素b 和类胡萝

卜素在共培养条件下,无论是常温还是高温,均有不

同程度下降,且在第1天差异显著。而C.goreaui的

色素变化较为复杂:常温下,其叶绿素a 含量在第1
天和第7天时共培养组低于对照组,高温下则相反,
第4天表现相反;类胡萝卜素含量变化趋势与叶绿素

a大致相同;叶绿素b含量在前4天共培养组显著高

于对照组。值得注意的是,两种虫黄藻在高温胁迫下

均表现出单细胞光合色素含量的上升,与已有研究结

果[36Ƽ37]一致。类似地,杨晓红[20]也观察到虫黄藻

Fugacium
 

kawagutii叶绿素a 含量在高温下上升的

趋势,尽管差异不显著。

  ROS是一类化学性质活泼、氧化能力强的含氧

物质,包括含氧自由基(如超氧自由基·O-
2 )和含氧

非自由基(如单态氧1O2 和过氧化物 H2O2)
[38]。虫

黄藻在应激状态下会产生 ROS,导致PSⅡ的光损

伤[39]。研究表明,不同类型虫黄藻对高温胁迫的

ROS响应差异显著:C1型虫黄藻对高温高度敏感,
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产生最多ROS,而D1型虫黄藻是所研究的7种虫黄

藻中唯一不受高温影响的类型[40]。本研究中,C.
goreaui和D.trenchii两种虫黄藻单细胞中的ROS
含量均因高温胁迫而上升,与相关报道[41]一致。尽

管一般认为热敏感型虫黄藻更易积累ROS,本实验

中D.trenchii的ROS水平相对更高。推测该差异

可能与藻株生长状态有关:C.goreaui在培养中表现

出更好的细胞活性与稳定性,而D.trenchii的细胞

状态较差,可能处于亚健康或代谢压力下,从而导致

其ROS水平偏高。这提示ROS积累不仅与虫黄藻

的固有耐热性有关,也可能受细胞培养状态及活力的

影响。未来将结合细胞活性与抗氧化指标,进一步探

讨这一机制。

  GXU01与这两种虫黄藻共培养也引发了不同的

响应:与C.goreaui共培养导致 ROS积累,推测该

藻可能通过增加色素合成以竞争资源,从而引起氧化

应激;而与D.trenchii共培养则减轻了其氧化损伤,
推测D.trenchii通过降低色素合成以降低光捕获效

率,避免PSⅡ过度激发,从而减少ROS生成[37]。此

外,蓝藻可能通过分泌类胡萝卜素协助 D.trenchii
淬灭多余光能,降低ROS水平,或通过其抗氧化系统

(如超氧化物歧化酶和谷胱甘肽)协同增强D1型虫

黄藻的ROS清除能力[38]。这表明GXU01对C.go-
reaui和D.trenchii两种虫黄藻具有不同的共生协

调作用。已有研究指出,不同虫黄藻物种在资源竞争

或受限时会表现出物种特异性的代谢调节策略[42],
这为我们关于C.goreaui可能通过增强色素合成以

竞争资源导致氧化应激,以及D.trenchii采取降低

光捕获策略以避免过度激发的解释,提供了生态学层

面的支持。

3.2 高温胁迫下GXU01对虫黄藻光照基因表达的

影响

  psbA 基因编码PSⅡ反应中心的D1蛋白,是光

合作用过程中的关键组分[43]。rbcL 基因编码Rubi-
sco酶的大亚基,是卡尔文循环中催化CO2 固定的关

键酶,其活性直接影响暗反应的碳同化效率,从而调

控光反应与暗反应之间的能量平衡[44]。本研究结果

显示,高温胁迫下,C.goreaui中psbA 基因的表达量

虽有波动,但差异不显著;而D.trenchii的psbA 基

因表达量则显著下降(P<0.05)。共培养处理并未

对两种虫黄藻的psbA 基因表达产生显著影响。高

温胁迫导致D.trenchii的psbA 基因表达下调,与沈

城等[26]对稀杯盔形珊瑚(Galaxea
 

astreata)共生虫

黄藻的研究结果一致。然而,C.goreaui并未表现出

显著下降趋势,与通常的认识“敏感型虫黄藻对高温

更为脆弱”存在一定差异。这种差异可能与实验初始

状态有关。前期分析表明,在高温胁迫下,两种虫黄

藻所承受的氧化应激水平不同:D.trenchii的ROS
积累量高于C.goreaui。因此,基因表达模式的差异

不仅取决于其耐热性,也可能受到氧化损伤程度的影

响。此外,沈城等[26]的研究也发现,胁迫处理5
 

d
时,28

 

℃和32
 

℃条件下的psbA 基因表达量相近,而

28
 

℃仍处于虫黄藻的适宜温度范围[21]。

  对rbcL 基因表达的分析发现,高温胁迫未显著

影响C.goreaui的基因表达量,而D.trenchii的基

因表达量则出现不同程度的下降,其中高温胁迫共培

养组的表达量显著低于对照组,其原因可能与上述分

析一致。本研究还发现,共培养能够显著提高两种虫

黄藻rbcL 基因的相对表达量(P<0.05),提示蓝藻

可能通过提供额外碳源,缓解虫黄藻的碳限制,进而

触发Rubisco合成的反馈调控机制。蓝藻进化出的

无机CO2 浓缩机制(CCM)能够主动转运并积累高

浓度 HCO-
3 ,随后在羧酶体中经碳酸酐酶转化为

CO2,供Rubisco固定[45Ƽ46]。当蓝藻细胞内 CO2 浓

度过高时,部分CO2 可能扩散至细胞外,形成局部高

CO2 微环境,有利于虫黄藻吸收利用。此外,蓝藻在

光合作用过程中可分泌蔗糖、葡萄糖等小分子糖

类[47],虫黄藻可直接吸收这些有机物作为碳源和能

量来源,从而调控激活rbcL 的转录。另有研究显示,
在亚高温和强光胁迫下,番茄幼苗的rbcL 基因表达

量下降60%,同时Fv/Fm 降低40%[48],这一结果证

实了rbcL 基因对PSⅡ的直接影响,从基因表达层面

解释了本研究中共培养条件下虫黄藻Fv/Fm 显著提

升的现象。

4 结论

  本研究从离体互作的角度,探讨了蓝藻GXU01
与两种环境敏感性不同的虫黄藻(C.goreaui和D.
trenchii)共培养过程中的代谢协调作用。结果表明,

GXU01对不同类型虫黄藻的生理响应具有差异性影

响。在不显著影响虫黄藻生长的前提下,GXU01能

够调节其光合色素含量与ROS水平,并显著提高两

种虫黄藻的Fv/Fm;在分子水平上,GXU01显著上

调了虫黄藻rbcL 基因的表达,表明其碳同化能力增

强;而psbA 基因的表达则未受到显著影响。以上结

果表明,珊瑚共生蓝藻能够在不同虫黄藻类型中行使
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差异化的调控机制,协同调节其光合作用与固碳能

力。本研究为深入理解珊瑚共生功能体的热适应机

制与热白化响应提供了新的研究视角。
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Two
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Species
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Abstract:Symbiodiniaceae
 

and
 

Cyanobacteria
 

are
 

the
 

two
 

major
 

photosynthetic
 

symbionts
 

in
 

the
 

coral
 

holo-
biont,playing

 

critical
 

roles
 

in
 

the
 

complex
 

metabolic
 

interactions.This
 

study
 

aims
 

to
 

investigate
 

the
 

metabolic
 

interactions
 

between
 

a
 

cyanobacterial
 

strain
 

(Synechococcus
 

sp.GXU01,hereinafter
 

referred
 

to
 

as
 

GXU01)
 

isolated
 

from
 

Pavona
 

decussata
 

and
 

two
 

representative
 

Symbiodiniaceae
 

species:the
 

thermally
 

sensitive
 

Cladocopium
 

goreaui
 

and
 

the
 

thermally
 

tolerant
 

Durusdinium
 

trenchii.CoƼculture
 

experiments
 

were
 

conduc-
ted

 

to
 

explore
 

the
 

regulatory
 

effects
 

of
 

GXU01
 

on
 

the
 

physiological
 

metabolism
 

and
 

the
 

expression
 

of
 

key
 

genes
 

related
 

to
 

photosystem
 

Ⅱ
 

and
 

carbon
 

fixation
 

(psbA
 

and
 

rbcL)
 

in
 

response
 

to
 

heat
 

stress.The
 

results
 

showed
 

that
 

GXU01
 

had
 

no
 

significant
 

effect
 

on
 

the
 

growth
 

rate
 

of
 

C.goreaui
 

or
 

D.trenchii.However,dur-
ing

 

the
 

initial
 

stage
 

of
 

coƼculture,the
 

photosynthetic
 

pigment
 

content
 

of
 

D.trenchii
 

decreased
 

significantly
 

(by
 

24.5%-29.6%),whereas
 

that
 

of
 

C.goreaui
 

was
 

not
 

significantly
 

affected.Under
 

both
 

ambient
 

and
 

ele-
vated

 

temperature
 

conditions,GXU01
 

enhanced
 

the
 

maximum
 

photochemical
 

efficiency
 

(Fv/Fm)
 

of
 

both
 

Symbiodiniaceae
 

species
 

(P<0.05).In
 

terms
 

of
 

Reactive
 

Oxygen
 

Species
 

(ROS)
 

regulation,GXU01
 

marked-
ly

 

increased
 

the
 

ROS
 

level
 

in
 

C.goreaui
 

(by
 

9.83%-36.09%)
 

but
 

significantly
 

reduced
 

the
 

ROS
 

level
 

in
 

D.
trenchii

 

(by
 

12.55%-23.12%).Regarding
 

photosystem
 

Ⅱ
 

repair,GXU01
 

showed
 

no
 

significant
 

effect
 

on
 

the
 

psbA
 

expression
 

in
 

C.goreaui
 

at
 

different
 

temperatures,but
 

significantly
 

downregulated
 

the
 

psbA
 

ex-
pression

 

in
 

D.trenchii
 

by
 

82.45%-85.01%
 

under
 

heat
 

stress.In
 

terms
 

of
 

carbon
 

fixation,GXU01
 

signifi-
cantly

 

upregulated
 

rbcL
 

expression
 

in
 

both
 

C.goreaui
 

(by
 

25.37% -43.04%)
 

and
 

D.trenchii
 

(by
 

51.62%-63.18%).This
 

study
 

provides
 

new
 

insights
 

into
 

the
 

thermal
 

adaptation
 

and
 

heat
 

stress
 

responses
 

of
 

Symbiodiniaceae
 

in
 

coral
 

symbiotic
 

systems
 

from
 

a
 

perspective
 

of
 

in
 

vitro
 

interaction
 

between
 

GXU01
 

and
 

Symbiodiniaceae.
Key

 

words:coral
 

reef
 

ecosystem;symbiotic
 

holobiont;Cyanobacteria;Symbiodiniaceae;functional
 

interaction
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♦珊瑚礁生态保护与修复♦

涠洲岛海域7种造礁石珊瑚的生长差异研究*

汪婷婷1,2,周兴旺2,谭何勇2,肖遵勇2,黄 雯2,胡庭俊1**

(1.广西大学动物科学技术学院,广西南宁 530004;2.广西大学海洋学院,广西南海珊瑚礁研究重点实验室,广西大学珊瑚礁研

究中心,广西南宁 530004)

摘要:在全球珊瑚礁持续退化的背景下,移植珊瑚物种的筛选是珊瑚礁生态修复过程中的关键环节。本研究选

取涠洲岛自然海域的7种造礁石珊瑚,包括美丽鹿角珊瑚(Acropora
 

muricata)、风信子鹿角珊瑚(A.hya-
cinthus)、霜鹿角珊瑚(A.pruinosa)等3种枝状珊瑚,十字牡丹珊瑚(Pavona

 

decussata)、薄片刺孔珊瑚(Echi-
nopora

 

lamellosa)等2种片状珊瑚,以及澄黄滨珊瑚(Porites
 

lutea)、五边角蜂巢珊瑚(Favites
 

pentagona)等
2种块状珊瑚,通过测定其相对体积增长倍数和相对质量增长倍数,比较不同珊瑚种类的生长差异。结果显

示,7种造礁石珊瑚的相对质量增长倍数依次为美丽鹿角珊瑚>风信子鹿角珊瑚>霜鹿角珊瑚>十字牡丹珊

瑚>薄片刺孔珊瑚>澄黄滨珊瑚>五边角蜂巢珊瑚;但存活率呈相反趋势,五边角蜂巢珊瑚和十字牡丹珊瑚的

存活率(95.00%)最高,风信子鹿角珊瑚的存活率(70.00%)最低。除澄黄滨珊瑚与C15亚群专性共生外,其
余6种珊瑚均以C1为主导亚系群(占比超75%)。枝状珊瑚的共生虫黄藻密度高于其他形态珊瑚,这可能是

其生长优势大的原因之一。本研究结果可为相对高纬度海域珊瑚礁修复的物种选择提供科学依据。
关键词:珊瑚礁修复;珊瑚断枝;生长差异;虫黄藻;涠洲岛

中图分类号:P745  文献标识码:A  文章编号:1005Ƽ9164(2025)04Ƽ0812Ƽ08
DOI:10.13656/j.cnki.gxkx.20251114.016

  珊瑚礁生态系统被誉为“海洋中的热带雨林”,具
有极高的生产力和生物多样性。南海珊瑚礁不仅提

供了渔业、旅游和海岸保护等关键的生态系统服务,
还因其特殊的地理位置关乎着国家的海洋权益与战

略地位[1]。然而,这一宝贵的生态系统正面临严峻的

退化危机,过去30年,我国大陆和海南岛沿岸的珊瑚

礁至少80%已退化;过去10-15年,南海离岸较远

的环礁和群岛的珊瑚礁覆盖度也从大于60%退化至

20%左右[2Ƽ3]。

  面对全球珊瑚礁急剧退化的严峻形势,各国珊瑚

礁生态学家均在全力推进修复工作,并相继取得了一

定效果[4]。国外主要的珊瑚礁修复技术包括针对破
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碎化生境的工程化修复技术、珊瑚礁基修复技术、简
易修复技术、基于珊瑚苗圃的修复技术、有性繁殖技

术等。我国珊瑚礁修复工作起步较晚,但近年发展迅

速。李元超等[5]通过对 佳 丽 鹿 角 珊 瑚(Acropora
 

pulchra)卵母细胞发育进行研究,推断出珊瑚的排卵

时间,为幼虫捕获与修复提供了理论基础。段晓伟

等[6]在深圳大澳湾构建断枝培育系统,发现霜鹿角珊

瑚(A.pruinosa)生 长 速 度 最 快,膨 胀 蔷 薇 珊 瑚

(Montipora
 

turgescens)存活率最高。鲍鹰等[7]在人

工养殖基地开展鹿角珊瑚(Acropora
 

spp.)断枝培

育,结果证实自然海域条件下的生长速率显著高于人

工系统。王欣等[8]在涠洲岛架设铁架苗圃移植7种

造礁石珊瑚,发现风信子鹿角珊瑚(A.hyacinthus)
与粗野鹿角珊瑚(A.humilis)生长状况最佳,为涠洲

岛修复选种提供了参考。但现有研究多聚焦于单一

形态或少数物种,缺乏对不同形态珊瑚生长特性的系

统对比,且共生藻对其生长的调控机制尚未明确。因

此,珊瑚选种的科学性对修复成效具有决定性影响。
合适的珊瑚种类不仅能显著提升移植成活率,还能通

过快速生长加速礁区结构重建,进而增强生态系统韧

性。不同珊瑚种类在生长速率、抗逆性及生态功能上

存在显著差异[9]。枝状珊瑚通常比块状珊瑚生长更

快,能迅速形成复杂的三维结构,为鱼类提供栖息地;
而块 状 珊 瑚 虽 然 生 长 缓 慢,但 是 抗 风 浪 能 力 更

强[10Ƽ11]。此外,珊瑚与共生藻的互作关系也影响选

种:携带耐热共生藻系群的珊瑚在高温胁迫下表现出

更强的适应性[12]。因此,基于区域环境特征与珊瑚

生物学特性的精准选种,是珊瑚礁修复工程成功的

前提。

  涠洲岛是我国大陆沿岸最北缘的珊瑚礁分布区,
在全球气候变暖的趋势下可能成为热带珊瑚的“避难

所”,兼具独特的生态价值与科研价值。近40年来,
涠洲岛石珊瑚群落呈现明显的衰退趋势。活珊瑚覆

盖率由1984年的50%下降至2015年的6%[12]。为

保护和修复涠洲岛珊瑚礁,广西大学相关团队已经开

展了一系列修复实践,包括投放梯形人工礁、1/4球

形人工礁及铁架苗圃等,移植的珊瑚包括枝状的美丽

鹿角珊瑚、风信子鹿角珊瑚等。本研究在涠洲岛自然

海域设置的浮排上移植了7种造礁石珊瑚,从生态功

能来看,选取的造礁石珊瑚涵盖涠洲岛珊瑚礁的关键

类群:澄黄滨珊瑚(Porites
 

lutea)与五边角蜂巢珊瑚

(Favites
 

pentagona)作为当前礁区的核心优势种,其
稳定存续是维系礁体结构完整性的基础;美丽鹿角珊

瑚与风信子鹿角珊瑚为历史优势种,通过浮排移植有

望在修复区重建三维空间结构,恢复礁体的生态功

能;十字牡丹珊瑚(Pavona
 

decussata)与霜鹿角珊瑚

代表了边缘珊瑚礁特有的适应性类群,其生理机制的

研究可为全球变暖背景下珊瑚的适应性保护提供重

要参考。本研究的珊瑚组合覆盖枝状、片状、块状等

主要生长形态,以及礁坪、礁坡等关键生境的生态位,
可为涠洲岛珊瑚礁修复提供定量生长与生理数据,旨
在推动区域珊瑚礁修复的科学化与精准化。
 

1 材料与方法

1.1 材料

  本研究选取的珊瑚断枝采集于涠洲岛自然海域,
随后放置于该海域搭建的浮排上,浮排距水面高度约

1
 

m。根据邹仁林[13]编著的《中国动物志 腔肠动物

门 珊瑚虫纲 石珊瑚目 造礁石珊瑚》对实验珊瑚

进行种、属鉴定。这些珊瑚断枝包括美丽鹿角珊瑚

(Am)、风信子鹿角珊瑚(Ah)和霜鹿角珊瑚(Ap)等3
种枝状珊瑚,十字牡丹珊瑚(Pd)和薄片刺孔珊瑚

(El)等2种片状珊瑚,以及澄黄滨珊瑚(Pl)与五边角

蜂巢珊瑚(Fp)等2种块状珊瑚。每种珊瑚断枝各选

取20株,均使用等长的聚氯乙烯(PVC)塑料短管填

充实心水泥制成珊瑚断枝苗托,并在PVC苗托上做

好序号标记,放在自然海域浮排上进行7个月的生长

实验。实验结束后,从每种珊瑚中随机选取5株具代

表性的样本进行实验分析。

1.2 方法

1.2.1 珊瑚生长指标测定

  珊瑚形态多样,仅测量其高度或面积难以精准表

征其生长态势。为此,本研究通过拍照记录珊瑚断枝

形态,采用排水法精确测定其相对体积增长倍数和相

对质量增长倍数,客观反映珊瑚的生长情况。具体而

言,通过测量珊瑚在烧杯中排开海水的质量来获取其

体积,同时将珊瑚置于盛有海水的烧杯中直接称量,
进而计算出珊瑚生长指标的相关数据,计算公式

如下:

  Vi=(m悬i-m悬0)/ρ海水,

  Gi=(Vi+V0)/V0,

  Mi=m沉i/m沉0,
式中,Vi 为初始到第i月内珊瑚体积增长量,m悬i 为

珊瑚第i月的排水质量,m悬0 为珊瑚初始排水质量,

ρ海水 为海水密度(1.002
 

g/cm3),Gi 为初始到第i月

珊瑚的相对体积增长倍数,V0 为珊瑚初始体积,Mi
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为初始到第i月珊瑚的相对质量增长倍数,m沉i 为珊

瑚第i月的质量,m沉0 为珊瑚初始质量。

1.2.2 7种造礁石珊瑚共生虫黄藻分子系统分类

  采用海洋动物基因组DNA提取试剂盒提取实

验珊瑚共生虫黄藻 DNA。利用共生虫黄藻ITS特

异性引物扩增ITS基因序列,正向引物为ITS2ƼJIF
(5'ƼGAATTGCAGAACTCCGTGƼ3'),反向引物为

ITS2ƼJ2F(5'ƼGGGATCCATATGCTTAAGTTCAG
CGGGTƼ3')。扩增产物用1%的琼脂糖凝胶电泳和

凝胶成像仪(CLIN,上海勤翔科学仪器有限公司)进
行检测,采用Illumina

 

MiSeq测序仪(上海美吉生物

医药科技有限公司)进行高通量测序。每种珊瑚送5
个样品进行测序。由于薄片刺孔珊瑚和澄黄滨珊瑚

分别有一个样品建库失败,因此这两种珊瑚只有4个

重复样本。

1.2.3 7种造礁石珊瑚内共生虫黄藻相关指标分析

  (1)共生虫黄藻密度

  采用洗牙器(WPƼ70EC,美国 Waterpik公司)装
入过滤海水(孔径为0.45

 

μm滤膜过滤)冲洗珊瑚样

本,分离出珊瑚组织匀浆冲洗液和珊瑚骨骼,测量冲

洗液总体积后,再取2
 

mL冲洗液在4
 

℃下以5
 

000
 

r/min离心10
 

min,弃去上清液后用纯水定容至4
 

mL,通过浮游植物流式细胞仪(CytoSense,荷兰Cy-
toBuoy公司)检测单位体积的共生虫黄藻密度(C,单
位为cells/mL),同时采用铝箔技术法测量珊瑚的表

面积[14],最终得出共生虫黄藻的密度(D,单位为

cells/cm2),计算公式如下:

  D=C×2×V/(M/G),
式中,V 为冲洗液的总体积(mL),M 为贴合包裹珊

瑚骨骼表面的铝箔纸质量(g),G 为铝箔纸单位面积

质量(g/cm2)。
 

  (2)共生虫黄藻叶绿素a 含量

  共生虫黄藻叶绿素a 含量的测定参考Jeffrey
等[15]的吸光度测定法,并结合珊瑚表面积换算得到

单位面积叶绿素a 含量。具体步骤如下:从总冲洗

液中取15
 

mL,在4
 

℃条件下以4
 

000
 

r/min离心5
 

min,去除上清液,向沉淀物中加入10
 

mL
 

90%丙酮,
于4

 

℃条件下萃取24
 

h,萃取完成后,将溶液按相同

参数再次离心,取上清液用酶标仪[Varioskan
 

LUX,
赛默飞世尔科技(中国)有限公司]分别测定750、

664、647、630
 

nm波长处的吸光度(A),计算得出叶

绿素a 含量,具体公式如下:
 

  Chl
 

a=11.85×(A664-A750)-1.54×(A647-
A750)-0.08×(A630-A750),
式中,Chl

 

a 为叶绿素a 含量,单位为μg/mL。结合

总冲洗液体积(mL)和珊瑚骨骼样本表面积(cm2),
可计算得到单位面积叶绿素a 含量(μg/cm

2)。

  (3)最大光量子产量

  叶绿素荧光是测量植物光合作用效率的方法之

一[16Ƽ17],关闭系统光源后,经充分暗处理使珊瑚处于

完全黑暗状态,再采用脉冲振幅调制荧光仪(DIV-
INGƼPAMƼⅡ,德国 WALZ公司)测定各珊瑚样本的

最大光量子产量(Fv/Fm)。

1.2.4 数据分析

  本研究数据描述性统计值采用平均值±标准差

表示,使用SPSS
 

27统计软件对造礁石珊瑚各项数据

进行单因素方差分析,使用GamesƼHowell进行事后

检验,以P<0.05为差异显著水平,使用Origin
 

2024
软件进行绘图,并对共生虫黄藻ITS2序列的测序数

据进行注释分析。

2 结果与分析

2.1 7种造礁石珊瑚断枝的生长差异

  7种造礁石珊瑚断枝生长结果如图1所示。经

浮排培育7个月后,不同种类珊瑚间表现出明显的生

长差异。将第0个月与第7个月拍摄的照片进行对

比,发现枝状的美丽鹿角珊瑚和霜鹿角珊瑚的生长表

现为生长点数目增加及纵向生长,风信子鹿角珊瑚则

以生长点数目增加和横向生长为主。片状的十字牡

丹珊瑚同时兼顾纵向和横向生长,形成一个球状;薄
片刺孔珊瑚仅呈横向生长。块状的澄黄滨珊瑚和五

边角蜂巢珊瑚也同时兼顾纵向和横向生长,但生长速

度缓慢。

  7种造礁石珊瑚断枝相对质量增长倍数的大小

排序为美丽鹿角珊瑚>风信子鹿角珊瑚>霜鹿角珊

瑚>十字牡丹珊瑚>薄片刺孔珊瑚>澄黄滨珊瑚>
五边角蜂巢珊瑚(图2)。其中,枝状的美丽鹿角珊瑚

生长最快,其相对体积增长倍数与相对质量增长倍数

分别为11.7倍和11.4倍;风信子鹿角珊瑚和霜鹿角

珊瑚等枝状珊瑚的生长速度分别位列第2和第3,其
相对质量增长倍数分别为5.9倍和5.1倍;十字牡丹

珊瑚和薄片刺孔珊瑚等片状珊瑚的生长速度分别位

列第4和第5;澄黄滨珊瑚和五边角蜂巢珊瑚等2种

块状珊瑚的生长速度相对较慢,其相对质量增长倍数
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图1 7种造礁石珊瑚生长情况

Fig.1 Growth
 

comparison
  

of
 

7
 

species
 

of
 

scleractinian
 

corals

Different
 

lowercase
 

letters
 

indicate
 

significant
 

differences
 

(P<0.05).
图2 7种造礁石珊瑚的相对体积增长倍数和相对质量增长倍数

Fig.2 Relative
 

volume
 

growth
 

multiple
 

and
 

relative
 

weight
 

growth
 

multiple
 

of
 

7
 

species
 

of
 

scleractinian
 

corals
 

仅分别为2.0倍和1.8倍。除风信子珊瑚与霜鹿角

珊瑚、霜鹿角珊瑚与十字牡丹珊瑚、霜鹿角珊瑚与薄

片刺孔珊瑚、五边角蜂巢珊瑚与澄黄滨珊瑚、十字牡

丹珊瑚与薄片刺孔珊瑚间的相对质量增长倍数无显

著差异外,其余各组间均存在显著差异(P<0.05)。

  7种造礁石珊瑚移植7个月后的存活率如表1
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所示。7种造礁石珊瑚的平均存活率为87.14%。五

边角蜂巢珊瑚和十字牡丹珊瑚的存活率最高,为

95.00%;美丽鹿角珊瑚、霜鹿角珊瑚和澄黄滨珊瑚的

存活率次之,为90.00%;薄片刺孔珊瑚的存活率为

80.00%;风 信 子 鹿 角 珊 瑚 的 存 活 率 最 低,为

70.00%。
表1 7种造礁石珊瑚生长的存活率

Table
 

1 Survival
 

rates
 

of
 

7
 

species
 

of
  

scleractinian
 

corals
 

dur-
ing

 

their
 

growth

珊瑚种类
Species

 

of
 

coral

移植个数
Number

 

of
 

transplants

存活个数
Number

 

of
 

survivors

移植存活率/%
Transplant

 

survival
 

rate/%

Am 20 18 90.00

Ah 20 14 70.00

AP 20 18 90.00

Pd 20 19 95.00

El 20 16 80.00

Pl 20 18 90.00

Fp 20 19 95.00

Total 140 122

2.2 7种造礁石珊瑚共生虫黄藻系群及生理指标

分析

  除澄黄滨珊瑚外,其余6种珊瑚的共生虫黄藻主

导系群均为C1(占比75%以上);澄黄滨珊瑚主要与

C15虫黄藻共生,占比超过90%(图3)。C1ca也广

泛存在于6种珊瑚中,但占比较小,约为3%。

  7种造礁石珊瑚的共生虫黄藻密度、单位面积叶

绿素a 含量和最大光量子产量3个指标的趋势各不

相同(图 4)。3 种 枝 状 珊 瑚 的 共 生 虫 黄 藻 密 度

(≥1.0×106
  

个/cm2)较高,澄黄滨珊瑚处于中间水

平,十字牡丹珊瑚、薄片刺孔珊瑚和五边角蜂巢珊瑚

的共生虫黄藻密度[(0.3-0.4)×106
 

个/cm2]相对

较低。五边角蜂巢珊瑚的单位面积叶绿素a 含量显

著高于美丽鹿角珊瑚和霜鹿角珊瑚(P<0.05),其余

均无显著差异(P>0.05)。薄片刺孔珊瑚的最大光

量子产量最高,霜鹿角珊瑚次之,十字牡丹珊瑚最低,
余下4种珊瑚除美丽鹿角珊瑚与五边角蜂巢珊瑚具

有显著差异外,其余均无显著差异(P>0.05)。

图3 7种造礁石珊瑚的共生虫黄藻系群群落结构

Fig.3 Community
 

structure
 

of
 

Symbiodiniaceae
 

subclades
 

associated
 

with
 

7
 

species
 

of
 

scleractinian
 

corals

Different
 

lowercase
 

letters
 

indicate
 

significant
 

differences
 

(P<0.05).
图4 7种造礁石珊瑚共生虫黄藻相关指标的变化

Fig.4 Changes
 

in
 

indicators
 

of
 

Symbiodiniaceae
 

associated
 

with
 

7
 

species
 

of
 

scleractinian
 

corals
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3 讨论

3.1 不同种珊瑚的生长差异

  珊瑚礁的生态修复是遏制全球珊瑚礁退化的核

心手段,而物种筛选直接决定着修复成效,不仅需要

考虑物种的存活率、生长速率等基础生物学特性,还
需要兼 顾 修 复 后 群 落 的 物 种 多 样 性 与 生 态 稳 定

性[18]。单一化的珊瑚种群抗干扰能力薄弱,在疾病

暴发、极端气候等扰动下易引发生态系统崩溃[8],多
形态、多物种的搭配移植已成为珊瑚礁修复的共识。
因此,本研究聚焦涠洲岛海域7种优势造礁石珊瑚,
系统评估其生长特性,旨在为高纬度珊瑚礁修复提供

基础数据支撑,助力构建兼具功能性与稳定性的修复

群落。不同形态珊瑚的生长量化需突破形态特异性

限制。在珊瑚生长研究中,传统指标因形态适配性差

异难以跨类群比较,如段晓伟等[6]和鲍鹰等[7]针对枝

状珊瑚采用高度、分枝数及湿重等指标进行测定,王
章义等[19]针对块状珊瑚以表面积为核心参数,这些

研究均局限于单一形态。为解决这一问题,本研究创

新性地采用排水法测定7种造礁石珊瑚的体积与质

量,通过测定其相对体积增长倍数和相对质量增长倍

数等标准化指标,消除了枝状、片状、块状珊瑚的形态

差异对生长量化的干扰,建立了适用于不同形态珊瑚

生长特性的统一且可靠的量化标准。

  本研究结果显示,7种造礁石珊瑚的生长速率呈

现显著差异,美丽鹿角珊瑚、风信子鹿角珊瑚和霜鹿

角珊瑚等3种枝状珊瑚的相对体积增长倍数与相对

质量增长倍数较大,十字牡丹珊瑚和薄片刺孔珊瑚等

2种片状珊瑚处于中间水平,澄黄滨珊瑚和五边角蜂

巢珊瑚等2种块状珊瑚较小。这一枝状>片状>块

状的生长速率规律,与王永刚等[20]测定的3种造礁

石珊瑚生长6个月的体积和质量结果类似,印证了珊

瑚生长速率的形态依赖性。枝状珊瑚的生长速率大,
可能由其内在机制的多维度作用共同驱动:(1)枝状

珊瑚通常具有更高的钙化速率;(2)枝状珊瑚的疏松

骨骼结构更有利于珊瑚虫与海水之间的物质交换;
(3)本研究结果显示枝状珊瑚的共生虫黄藻密度更高

(图4),虫黄藻通过光合作用将海水中的无机碳转换

为有机化合物,为珊瑚生长提供了能量支撑,其光合

产物的供给,可直接为珊瑚快速生长提供关键能量

保障[21]。

  从修复实践来看,高生长率的枝状珊瑚是构建珊

瑚礁功能性结构的核心物种[22]。本研究结果显示,

美丽鹿角珊瑚是生长速率最快的种类,经浮排培育7
个月后其相对质量增长倍数为11.4倍,而风信子鹿

角珊瑚与霜鹿角珊瑚等枝状珊瑚的相对质量增长倍

数分别为5.9倍和5.1倍,表明即使同属枝状形态,
生长速度仍存在明显分化。Zheng等[23]的研究表

明,海南蜈支洲岛的两种枝状珊瑚[美丽鹿角珊瑚和

花鹿角珊瑚(A.florida)]的生长速率可达11.0-
12.1

 

cm/a,而同为枝状珊瑚的双叉鹿角珊瑚(A.bi-
furcata)的生长速率为5.6

 

cm/a。这种跨区域研究

结果的一致性,进一步凸显了珊瑚不同种类之间的生

长速度差异。本研究中,3种鹿角珊瑚的生长策略差

异体现了枝状珊瑚的形态适应性:风信子鹿角珊瑚呈

圆盘状,以平面横向生长为主;美丽鹿角珊瑚和霜鹿

角珊瑚呈灌木状,以立体纵向生长为主[22,24]。这种

差异化生长模式可快速提升珊瑚礁的三维结构复杂

性,高生长率的鹿角珊瑚能在短期内形成多孔隙、多
层次的栖息环境,有效提升礁栖生物(如鱼类)的丰富

度与多样性[25Ƽ26]。从快速实现生态修复效果的角度

考虑,建议在珊瑚礁修复过程中增加美丽鹿角珊瑚的

苗种使用比例。同时,珊瑚的高存活率也是修复成功

的关键因素[27]。Madin等[28]的研究表明,十字牡丹

珊瑚在自然海域具有强的存活能力,本研究也发现块

状的五边角蜂巢珊瑚表现出高存活率,二者共同为涠

洲岛珊瑚礁修复中移植珊瑚种类的选择提供了科学

依据。
 

3.2 珊瑚生长与共生虫黄藻的关系

  虫黄藻作为珊瑚宿主的关键共生伙伴,通过光合

作用为珊瑚提供生长所需的能量与有机化合物,是维

持共生体系健康及响应环境变化的核心因素[29Ƽ30]。
本研究发现,6种珊瑚的主导共生虫黄藻亚系群均为

C1,仅澄黄滨珊瑚以C15为主要共生虫黄藻亚系群。
这与涠洲岛区域虫黄藻的整体分布特征一致,即该区

域多数珊瑚以C1为优势亚系群,而澄黄滨珊瑚与

C15存在专性共生关系[31]。共生虫黄藻密度、叶绿

素a 含量和最大光量子产量等光合作用参数,既是

反映珊瑚自养能力的关键指标,也是评估共生体系健

康状态的重要依据[12,31]。本研究中,3种枝状珊瑚的

共生虫黄藻密度(≥1.0×106
 

个/cm2)较高,澄黄滨

珊瑚处于中间水平,十字牡丹珊瑚、薄片刺孔珊瑚及

五边角蜂巢珊瑚的共生虫黄藻密度[(0.3-0.4)×
106

 

个/cm2]较低。这一结果与7种造礁石珊瑚的生

长速率差异存在一定关联。具体而言,枝状珊瑚分枝

发达,单位质量的表面积更大,且单位质量表面积上
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的共生虫黄藻密度更高,两者协同作用可使其获得更

充足的光合产物供给,从而具有较片状和块状珊瑚更

快的生长速率。
 

4 结论

  本研究通过浮排培育实验,系统评估了涠洲岛自

然海域7种优势造礁石珊瑚的生长特性、存活率及共

生虫黄藻特征,为相对高纬度珊瑚礁修复提供了关键

数据支撑。结果表明,7种造礁石珊瑚生长速率呈现

显著的形态差异,整体表现为枝状>片状>块状,美
丽鹿角珊瑚生长最快。7种造礁石珊瑚平均存活率

达87.14%,五边角蜂巢珊瑚与十字牡丹珊瑚存活率

(95%)最高,风信子鹿角珊瑚(70%)最低。共生虫黄

藻方面,除澄黄滨珊瑚以C15为优势系群外,其余6
种珊瑚均以C1系群为主导(占比超75%);枝状珊瑚

共生虫黄藻密度高于片状与块状珊瑚,其高虫黄藻密

度与形态优势的协同作用,通过提升光合产物供给,
可能成为枝状珊瑚生长更快的重要机制。综合来看,
美丽鹿角珊瑚可作为涠洲岛珊瑚礁修复的核心功能

性物种,以快速构建礁体结构;五边角蜂巢珊瑚、十字

牡丹珊瑚可作为补充物种,以提升群落稳定性,该“核
心-补充”的物种搭配策略可为相对高纬度珊瑚礁生

态修复实践提供科学参考。
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Growth
 

Differences
 

of
 

Seven
 

Species
 

of
 

Scleractinian
 

Corals
 

in
 

Weizhou
 

Island
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and
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Coral
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South
 

China
 

Sea,Coral
 

Reef
 

Research
 

Center
 

of
 

China,School
 

of
 

Marine
 

Sciences,Guangxi
 

Univer-
sity,Nanning,Guangxi,530004,China)

Abstract:In
 

the
 

context
 

of
 

persistent
 

global
 

coral
 

reef
 

degradation,the
 

selection
 

of
 

coral
 

species
 

for
 

transplan-
tation

 

is
 

a
 

critical
 

step
 

in
 

the
 

ecological
 

restoration
 

of
 

coral
 

reefs.This
 

study
 

evaluated
 

the
 

growth
 

rates
 

of
 

seven
 

scleractinian
 

coral
 

species,including
 

three
 

branching
 

species(Acropora
 

muricata,A.hyacinthus,
 

and
 

A.pruinosa),two
 

foliose
 

species(Pavona
 

decussata
 

and
 

Echinopora
 

lamellosa),and
 

two
 

massive
 

species
 

(Porites
 

lutea
 

and
 

Favites
 

pentagona).The
 

relative
 

volume
 

growth
 

multiple
 

and
 

relative
 

weight
 

growth
 

mul-
tiple

 

were
 

measured
 

to
 

compare
 

the
 

growth
 

differences
 

among
 

different
 

coral
 

species.The
 

results
 

showed
 

that
 

relative
 

weight
 

growth
 

multiple
 

of
 

seven
 

scleractinian
 

coral
 

species
 

ranked
 

as
 

follows:A.muricata>A.hya-
cinthus>A.pruinosa>Pavona

 

decussata>E.lamellosa>Porites
 

lutea>F.pentagona.However,survival
 

rates
 

showed
 

an
 

opposite
 

trend:F.pentagona
 

and
 

Pavona
 

decussata
 

had
 

the
 

highest
 

survival
 

rate
 

(95.00%),
while

 

A.hyacinthus
 

had
 

the
 

lowest
 

survival
 

rate
 

(70.00%).The
 

other
 

six
 

species
 

were
 

predominantly
 

associ-
ated

 

with
 

clade
 

C1(over
 

75%
 

relative
 

abundance)
 

of
 

Symbiodiniaceae,except
 

Porites
 

lutea,which
 

maintained
 

an
 

obligate
 

relationship
 

with
 

subclade
 

C15.Notably,branching
 

corals
 

exhibited
 

significantly
 

higher
 

density
 

of
 

Symbiodiniaceae,which
 

may
 

be
 

one
 

of
 

the
 

reasons
 

for
 

their
 

significant
 

growth
 

advantage.These
 

findings
 

pro-
vide

 

critical
 

data
 

to
 

inform
 

species
 

selection
 

for
 

coral
 

reef
 

restoration
 

in
 

highƼlatitude
 

marine
 

ecosystems.
Key

 

words:coral
 

reef
 

restoration;coral
 

fragments;growth
 

differences;Symbiodiniaceae;Weizhou
 

Island
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基于环境DNA技术的造礁石珊瑚物种多样性分析
——以涠洲岛珊瑚礁区为例

曾心茹
1

，  韦    芬
1

，  崔梦瑶
1

，  玉颢瑜
1

， 
潘晓媛

1,2

，  余克服
1,3

[1.广西大学 广西南海珊瑚礁研究重点实验室/珊瑚礁研究中心/海洋学院, 广西 南宁 530004；2.广西大

学 资源环境与材料学院, 广西 南宁 530004；3.南方海洋科学与工程广东省实验室 (广州), 广东 广州

511458]

摘    要：探究造礁石珊瑚物种多样性对于保护珊瑚礁生态系统具有重要意义，然而，传统调查造礁石珊

瑚物种多样性的方法存在一定的局限性，因此，本研究采用高通量测序技术对涠洲岛珊瑚礁区海水环

境 DNA（environmental DNA，eDNA）样品进行分析，并与前人传统调查数据相比较，以探讨 eDNA 技

术在评估造礁石珊瑚多样性方面的应用潜力。结果显示：（1）eDNA 技术检测到涠洲岛海域共有

57 种石珊瑚，隶属于 13 科 33 属；近 6 年（2019－2024 年）的传统调查共记录了 11 科 29 属 68 种石珊

瑚，其中 25 种珊瑚在 2 种方法中均检测到，且 2 种方法检测到的珊瑚优势物种相似。（2）α 多样性指

数显示，涠洲岛珊瑚礁生态修复区（XFQ）的珊瑚物种多样性最高，而南湾湾内区域（SW2）的珊瑚物

种多样性最低。（3）β 多样性分析及各站点聚类关系显示，涠洲岛南面的 SW1 站点与其他站点的物

种组成差异最大，SW2 站点与北面的 W4 站点珊瑚物种组成较为相似。研究结果表明，eDNA 技术在涠

洲岛造礁石珊瑚的物种多样性检测中具有可行性，可作为传统调查的有效补充手段，实现对涠洲岛海

域造礁石珊瑚物种多样性的快速评估。

关键词：石珊瑚； eDNA； 物种多样性； 涠洲岛
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Analysis of species diversity of scleractinian corals based on environmental DNA
technology: A case study of Weizhou island coral reef area
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Abstract: Investigating the species diversity of scleractinian corals is essential for the protection of coral reef
ecosystems.  However,  the traditional  methods of investigating the species diversity of scleractinian corals  are

收稿日期：2024-08-26，修订日期：2025-01-19
基金项目：国家自然科学基金项目（42090041）；广西科技基地和人才专项（桂科 AD25069075）；广西南海珊瑚礁研究重点实验室

自主基金资助项目（GXLSCRSCS2023103）
作者简介：曾心茹（1999−），女，广东阳江人，硕士，主要研究方向为海洋生物与生态，E-mail：xinruz@sina.cn
通信作者：韦　芬（1986−），女，广西融安人，壮族，讲师，博士，主要研究方向为珊瑚礁的生态与修复，E-mail：weifensky@163.com 

第 44 卷第 5 期 海    洋    环    境    科    学 Vol. 44    No. 5
2025 年 10 月 MARINE ENVIRONMENTAL SCIENCE October    2025

DOI:10.13634/j.cnki.mes.2025.05.016

558



limited.  In  the  study,  we  employed  high-throughput  sequencing  technology  to  analyze  environmental
DNA(eDNA) samples collected from the coral reef area surrounding Weizhou island and compared them with
historical  survey data,  to  explore  the  potential  application  of  eDNA technology in  evaluating  the  diversity  of
reef-building corals. The results showed that (1) eDNA technology detected 57 species belonging to 13 families
and  33  genera,  while  traditional  survey  data  from  the  past  six  years  (2019－ 2024)  documented  68  species
belonging to 11 families and 29 genera; Among them, 25 coral species were detected by both methods, and the
dominant coral species identified by the two methods were similar. (2) The α-diversity index indicated that the
coral species diversity was highest in the Weizhou island coral reef ecological restoration area (XFQ), whereas
the  inner  South  Bay  area  (SW2)  exhibited  the  lowest  coral  species  diversity.  (3)  β-diversity  analysis  and  the
clustering  relationships  among  sites  revealed  that  the  SW1  site  on  the  southern  coast  of  Weizhou  island
exhibited the most distinct species composition compared to other sites, while the coral species composition of
the SW2 site showed relatively higher similarity to that of the northern W4 site.  These results underscore the
feasibility  of  utilizing  eDNA technology  for  assessing  scleractinian  coral  species  diversity  at  Weizhou  island
while serving as a valuable complement method for traditional transect surveys to achieve rapid assessment.

Key words: scleractinian corals; eDNA; species diversity; Weizhou island

珊瑚礁生态系统是全球初级生产力最高的

生态系统之一，具有极高的生物多样性，因此被

称为“海洋中的热带雨林”
[1-3]

。造礁石珊瑚是

珊瑚礁生态系统的主要构建生物，珊瑚物种多样

性是珊瑚礁生物多样性的重要组成部分
[4]

。然

而，近年来由于全球变暖、人类活动、海洋污染、

珊瑚病害及敌害生物的影响，造礁石珊瑚发生大

规模白化死亡，珊瑚覆盖度和物种多样性急剧下

降
[5-7]

。因此，准确掌握造礁石珊瑚的群落特征

和物种多样性对维持珊瑚礁生态系统的稳定与

健康具有重要意义
[8]

。

目前珊瑚物种多样性调查主要依赖样本收

集和野外生态调查（样带、样方及断面调查），然

后结合调查的样带录像和样本形态对珊瑚进行

人工判读
[9-11]

，但这些方法容易受到地理、时间、

人力和物力的限制，同时调查结果的准确性还依

赖站点的选择以及鉴定人员的珊瑚分类知识；此

外，可能还存在样本获取不均衡的问题
[12-15]

。以

上问题均可能导致对某些地区的珊瑚物种了解

不足等情况发生。因此，有必要结合一些新的技

术和方法，来辅助解决传统分类和物种多样性调

查遇到的问题。

环境 DNA（environmental DNA，eDNA）技术

具有操作简便、侵入性低、灵敏度高等优点，被

认为是一种非常有效、快速的方法
[16]

。该方法

通过从环境介质（如水、土壤）中提取 DNA，对特

定基因片段进行 PCR扩增和高通量测序，从而

实现对生物群落的监测
[17]

。早在 20世纪末，

eDNA技术就开始应用于微生物学研究，主要研

究微生物的分类及其生理生化功能
[18]

。随着

eDNA技术日益成熟，eDNA技术逐渐被应用于

单一物种检测、生物多样性以及生物量评估等，

例如，研究人员将该技术应用于监测北部湾海域

中华白海豚的分布
[19]

、长江口及邻近海域的鱼

类群落特征
[20]

以及估算天然泻湖中鲤鱼的生物

量和分布
[21]

等。

近年来 eDNA技术也逐渐被应用于珊瑚监

测。2018年，Shinzato等
[22]

从养殖海水的 eDNA
中检测到鹿角珊瑚；2019年，Nichols和 Marko

[23]

的研究结果表明，夏威夷珊瑚礁区海域 eDNA检

测珊瑚结果与样带调查结果高度相似；2020年，

Alexander等
[24]

利用 eDNA技术在印度尼西亚和

澳大利亚海岸交界处海域检测到 25属 78种石

珊瑚，与传统调查的 26属 68种石珊瑚存在显著

差异，同时还检测到该海域存在未被传统调查记

录过的珊瑚；2021年，Shinzato等
[25]

对日本冲绳

海域的海水 eDNA的检测结果表明，eDNA可以

揭示相隔 1 km的珊瑚群落之间的差异；2022年，

Dugal等
[26]

利用 eDNA技术在西澳大利亚罗利

浅滩海水中检测出石珊瑚 37个属 40个种，与传

统珊瑚礁调查结果几乎一致。以上研究表明，

eDNA技术在珊瑚多样性调查中不仅具有较高

的准确性，还具有更高的灵敏性，有望成为珊瑚

监测的有力工具。
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涠洲岛珊瑚礁位于南海珊瑚礁分布的北

缘
[27]

，是中国南海最重要的海洋生态系统之一。

近几十年涠洲岛造礁石珊瑚物种多样性表现出

明显的衰退趋势，据统计，活珊瑚平均覆盖率由

1984年的 42%下降到 2015年的 10%
[28-29]

。因

此，开展珊瑚礁的保护工作刻不容缓，而实施有

效的保护措施很大程度上依赖于对珊瑚物种多

样性的了解。目前涠洲岛珊瑚礁生态调查是以

样带和样方调查为主，导致涠洲岛珊瑚属种数量

存在较大的差异
[30-32]

。因此，本研究利用 eDNA
技术对涠洲岛造礁石珊瑚进行分析，旨在探讨该

技术用于检测珊瑚物种多样性的可行性，为造礁

石珊瑚多样性监测及生物资源评估提供新的技

术手段，同时为涠洲岛海域珊瑚礁保护工作提供

基础数据支持。

 1   材料与方法

 1.1    样本采集

本研究样本分为室内珊瑚养殖缸（缸内放置

5株美丽鹿角珊瑚【Acropora muricata】和 5株

丛生盔形珊瑚【Galaxea fascicularis】，阳性对

照）、非珊瑚礁区自然海域（北海国际客运港

码头，经纬度为 21°25′N，109°07′E，阴性对照）以

及涠洲岛珊瑚礁区海域 （ 21°00 ′N－ 21°10 ′N，

109°00′E－109°15′E）水样。涠洲岛珊瑚礁区海

域水样采于 2022年 11月，6个采样站点位置列

于表 1。SEb、SW1和 SW2站点位于涠洲岛南

面，W3J、W4、XFQ站点位于涠洲岛北面，其中

SW2在南湾湾内，XFQ是珊瑚礁生态修复区。

每个站点使用采水器采集水深 2～3 m的水样约

2 L，各 3个平行，保存至已消毒的采样瓶中。为

了能够最大程度地降低水样中 eDNA的降解，所

有水样在 12 h内使用 0.45 μm的混合纤维素滤

膜进行抽滤。玻璃抽滤装置在使用前用 10%次

氯酸钠消毒液进行清洗消毒，为防止不同水样间

的交叉污染，每抽滤完一个 2 L水样，用纯净水

对滤膜接触面进行清洗，然后再开始下一个水样

抽滤。每个样品过滤后，将富集 eDNA的滤膜保

存在 5.0 mL的无酶无菌离心管中，用干冰冷冻

运输至实验室。

 1.2    eDNA提取及扩增测序

使用海洋动物组织基因组 DNA提取试剂盒

（TianGen）进行 eDNA提取（具体操作详见试剂

盒说明书）。使用琼脂糖凝胶电泳对 eDNA进行

质量检测，将合格的 eDNA保存于−80 ℃ 冰箱备

用。根据文献 [24]设计 ITS基因高变区的通用引

物为 SCLER5.8SFor（5′-GARTCTTTGAACGCAA
ATGGC-3 ′ ）和 SCLER28SRev（ 5 ′ -GCTTATTAA
TATGCTTAAATTCAGCG-3 ′ ） 。 25  μL的 PCR
扩增体系包含 DNA模板 1 μL、正反引物各 1 μL、
2×Taq  PCR  Mix  11  μL，最后用 ddH2O补足至

25  μL。PCR扩增程序为：95 ℃ 预变性 5  min；
95 ℃ 变性 30 s，55 ℃ 退火 30 s，72 ℃ 延伸 45 s，
40个循环；最后 72 ℃ 延伸 10 min。PCR扩增完

成后，经 1%琼脂糖凝胶电泳检测后纯化回收样

品。室内珊瑚缸养殖海水 eDNA扩增产物采用

一代测序，涠洲岛珊瑚礁区海水 eDNA的 PCR
产物在 Illumina Miseq平台（上海美吉生物医药

科技有限公司）进行高通量双端测序。

 1.3    数据分析

使用 dada2/deblur降噪方法消除高通量测序

数据中可能出现的测序错误，获得每个样本的

ASV（amplicon aequence variants）代表序列及丰

度表，分析不同采样站点的共有 ASV和独有

ASV，绘制差异物种的 Venn图。采用 Blast best
hit注释算法

[33]

对获得的 ASVs序列进行物种分

类注释，将注释结果进行人工校对，手动去除非

造礁石珊瑚的信息，如水母、软珊瑚等其他腔肠

动物，剩余序列均是能注释为石珊瑚的高质量序

列，用于珊瑚生物多样性分析。

使用 QIIME2软件
[34]

计算 α多样性指数 ，

如 Sobs指数、ACE指数、Chao1指数、Shannon

 

表 1    涠洲岛珊瑚礁区 eDNA 采样站点

Tab.1    eDNA  sampling  locations  in  coral  reef  area  of  Weizhou
island        

涠洲岛方位 站点名称 经度(°E) 纬度(°N)

南面

SEb 109.129 21.017

SW1 109.077 21.019

SW2 109.099 21.015

北面

W3J 109.126 21.082

W4 109.142 21.067

XFQ 109.113 21.080
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指数和 Simpson指数；基于各采样站点的珊瑚物

种序列丰度，利用 Bray-Curtis距离矩阵进行 PCoA
分析（β多样性），绘制珊瑚物种组成热图，以此

综合评价各站点珊瑚丰富度及多样性。

 2   结果与讨论

 2.1    造礁石珊瑚物种组成

室内珊瑚缸养殖海水 eDNA测序所得的序

列经 Blast比对，结果显示物种均为鹿角珊瑚和

丛生盔形珊瑚，与实际养殖环境中的珊瑚物种一

致；涠洲岛非珊瑚礁区海水（阴性对照）未扩增出

条带。珊瑚礁区的 18个 eDNA样本高通量测序

共获得有效拼接序列 655661条，平均序列长度

为 270 bp。根据获得的分类单元丰度矩阵，绘制

了 6个采样站点共有分类单元的 Venn图，各站

点中共有和特有的分类单元数量如图 1所示。

6个站点的共有分类单元数量为 21个，北面

XFQ站点（35个）、W3J站点（12个）以及南面

SEb站点（14个）还具有较高数量的特有分类单

元，南湾湾内 SW2站点的特有分类单元数量最

少（4个）。经过数据库比对和人工校正，共注释

到造礁石珊瑚 57种，隶属于 13科 33属（详见

附表 1
①

），有 3个物种仅鉴定到属水平，分别为

角 孔 珊 瑚 属 （ Goniopora  sp.） 、 菊 花 珊 瑚 属

（Goniastrea sp.）和石芝珊瑚属（Fungiidae sp.）。
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35
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SEb

W4

SW2 14

8

4
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21

W3J
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图 1    涠洲岛不同采样站点间共有 ASV的 Venn图

Fig. 1    Venn  diagram  of  the  common  ASV  of  different

station of Weizhou island
 

涠洲岛珊瑚礁区的珊瑚物种组成如图 2

所示，其中相对序列丰度前 10位的珊瑚优势

物种分别为梳状属珊瑚（Pectinia teres）、莫氏滨

珊 瑚 （ Porites  murrayensis） 、 粗 糙 刺 叶 珊 瑚

（Echinophyllia aspera）、小刺叶珊瑚（Lithophyllon
scabra）、斯氏伯孔珊瑚（Bernardpora stutchburyi）、
黄癣盘星珊瑚（Dipsastraea favus）、锯齿刺星珊

瑚（Cyphastrea serailia）、小斜花珊瑚（Mycedium
robokaki）、加德纹珊瑚（Gardineroseris planulata）
和帛琉腔星珊瑚（Coelastrea palauensis）。传统

方法
[28,31,35-36]

检测到石珊瑚优势物种也有滨珊瑚

（Porites sp.）、斯氏伯孔珊瑚、黄癣盘星珊瑚和粗

糙刺叶珊瑚等，这在一定程度上说明了 eDNA技

术作为造礁石珊瑚物种多样性的调查方法具有

较高的准确率和可靠性。
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图 2    涠洲岛造礁石珊瑚物种组成

Fig. 2    Composition  of  scleractinian  corals  in  Weizhou

island       
 

2019年，Yu等
[28]

在涠洲岛珊瑚礁区设置了

10个调查站点 18个生态断面和 24个底质断面，

共鉴定出 10科 23属 48种珊瑚。2021年，杨振

雄等
[35]

在涠洲岛海域布设了 15个站点 45条断

面，发现涠洲岛造礁石珊瑚有 9科 22属 42种；

同年，梁文等
[31]

也报道了涠洲岛西南部海域造
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礁石珊瑚共有 9科 38种。2024年，Zeng等
[36]

在涠洲岛海域采集了 116株珊瑚，鉴定为 49
种。综合以上 4项研究结果，涠洲岛珊瑚礁区

的造礁石珊瑚共计 11科 29属 68种，以上数据

作为本文的传统调查结果，具体的物种信息见

表 2。
 

表 2    2019—2024 年涠洲岛造礁石珊瑚传统调查数据

Tab.2    Traditional survey data of scleractinian corals in Weizhou island from 2019-2024

科 属 种 拉丁名称 文献出处

滨珊瑚科

滨珊瑚属
*澄黄滨珊瑚 Porites lutea [28,31,35-36]

*团块滨珊瑚 Porites lobata [31,35]

伯孔珊瑚属 *斯氏伯孔珊瑚 Bernardpora stutchburyi [28,31,35-36]

角孔珊瑚属

大角孔珊瑚 Goniopora djiboutiensis [28,35]

二异角孔珊瑚 Goniopora duofasciata [31]

柱角孔珊瑚 Goniopora columna [31]

菌珊瑚科 牡丹珊瑚属

小牡丹珊瑚 Pavona minuta [28,36]

易变牡丹珊瑚 Pavona varians [28,35]

叶形牡丹珊瑚 Pavona frondifera [28,31,36]

十字牡丹珊瑚 Pavona decussata [28,31,35-36]

*变形牡丹珊瑚 Pavona explanulata [28,36]

鹿角珊瑚科

鹿角珊瑚属

霜鹿角珊瑚 Acropora pruinosa [28,31]

多孔鹿角珊瑚 Acropora millepora [35-36]

美丽鹿角珊瑚 Acropora muricata [28,35-36]

蔷薇珊瑚属

膨胀蔷薇珊瑚 Montipora turgescens [31,35]

单星蔷薇珊瑚 Montipora monasteriata [28]

鬃刺蔷薇珊瑚 Montipora hispida [28]

繁锦蔷薇珊瑚 Montipora efflorescens [28,35-36]

裸肋珊瑚科

扁脑珊瑚属

精巧扁脑珊瑚 Platygyra daedalea [28,31,35-36]

交替扁脑珊瑚 Platygyra crosslandi [28,31,35-36]

肉质扁脑珊瑚 Platygyra carnosa [28,35-36]

*中华扁脑珊瑚 Platygyra sinensis [28,35-36]

小业扁脑珊瑚 Platygyra verweyi [36]

*小扁脑珊瑚 Platygyra pini [36]

刺柄珊瑚属 *腐蚀刺柄珊瑚 Hydnophora exesa [28,31,35-36]

刺孔珊瑚属
宝石刺孔珊瑚 Echinopora gemmacea [28,36]

*薄片刺孔珊湖 Echinopora lamellosa [28,35-36]

刺星珊瑚属 *锯齿刺星珊瑚 Cyphastrea serailia [28,35-36]

角蜂巢珊瑚属

*秘密角蜂巢珊瑚 Favites abdita [28,31,35-36]

*五边角蜂巢珊瑚 Favites pentagona [28,31,35-36]

板叶角蜂巢珊瑚 Favites complanata [31]

海孔角蜂巢珊湖 Favites halicora [28,31,35-36]

*多弯角蜂巢珊瑚 Favites flexuosa [28,31,35-36]

中华角蜂巢珊瑚 Favites chinensis [31]

菊花珊瑚属

*网状菊花珊瑚 Goniastrea retiformis [28,35-36]

似蜂巢菊花珊瑚 Goniastrea favulus [36]

*梳状菊花珊瑚 Goniastrea pectinata [28,31,35-36]
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本研究将 eDNA检测到的珊瑚物种（57种）

与传统调查物种（68种）进行比较（表 2），发现

eDNA技术检测到的 25种珊瑚与传统调查一

致，占珊瑚总数（100种）的 25%，与目前 eDNA

技术的预期检出范围相符
[37-38]

。其中，eDNA检

测到的梳状珊瑚（Pectinia teres、  Pectinia ayleni）

在中国造礁石珊瑚物种名录
[39]

中未被记录过，

毗邻沙珊瑚（Psammocora contigua）、白斑小星

珊 瑚 （ Leptastrea  pruinosa） 、 莫 氏 滨 珊 瑚 （ P.

murrayensis）等 32种珊瑚物种未在涠洲岛珊瑚

礁区出现过；另外，涠洲岛传统调查确定存在的

美丽鹿角珊瑚（A. muricata）、繁锦蔷薇珊瑚（M.

efflorescens）和丛生盔形珊瑚（G. fascicularis）等

43种珊瑚在 eDNA检测中未被发现。这些发现

揭示了 eDNA检测可能存在假阳性和假阴性结

果的问题。假阳性结果产生的原因可能是公共

续表

科 属 种 拉丁名称 文献出处

裸肋珊瑚科

裸肋珊瑚属 阔裸肋珊瑚 Merulina ampliata [28,31,35]

盘星珊瑚属

*翘齿盘星珊瑚 Dipsastraea matthaii [28,31,35-36]

罗图马盘星珊瑚 Dipsastraea rotumana [28,35-36]

*黄癣盘星珊瑚 Dipsastraea favus [28,31,35-36]

*标准盘星珊瑚 Dipsastraea speciosa [28,31,35-36]

*海洋盘星珊瑚 Dipsastraea maritima [28]

圆突蜂巢珊瑚 Favia veroni [31]

带刺蜂巢珊瑚 Favia stelligera [31]

丹氏盘星珊瑚 Dipsastraea danai [36]

*疏盘星珊瑚 Dipsastraea laxa [36]

腔星珊瑚属 *粗糙腔星珊瑚 Coelastrea aspera [28,35-36]

斜花珊瑚属 鼻斜花珊瑚 Mycedium elephantotus [28]

圆星珊瑚属 *曲圆星珊瑚 Astrea curta [28,35-36]

木珊瑚科 陀螺珊瑚属

复叶陀螺珊瑚 Turbinaria frondens [28,35-36]

*盾形陀螺珊瑚 Turbinaria peltata [28,35-36]

皱折陀螺珊瑚 Turbinaria mesenterina [36]

小星陀螺珊瑚 Turbinaria.stellulata [28]

枇杷珊瑚科 盔形珊瑚属
丛生盔形珊瑚 Galaxea fascicularis [28,35-36]

稀杯盔形珊瑚 Galaxea astreata [28,31,35]

石芝珊瑚科
足柄珊瑚属 壳形足柄珊瑚 Podabacia crustacea [28,35-36]

石叶珊瑚属 波形石叶珊瑚 Lithophyllon.undulatum [28]

沙珊瑚科 沙珊瑚属 不等脊塍沙珊瑚 Psammocora nierstraszi [36]

筛珊瑚科 筛珊瑚属 柱形筛珊瑚 Coscinaraea columna [36]

同星珊瑚科 同星珊瑚属 *多孔同星珊瑚 Plesiastrea versipora [28,35-36]

未定科 小星珊瑚属
紫小星珊瑚 Leptastrea purpurea [28,31,35-36]

横小星珊瑚 Leptastrea transversa [28]

叶状珊瑚科

叶状珊瑚属
赫氏叶状珊瑚 Lobophyllia hemprichii [28,35-36]

*伞房叶状珊瑚 Lobophyllia corymbosa [31,35-36]

合叶珊瑚属 菌状合叶珊瑚 Symphyllia agaricia [28,35]

棘星珊瑚属 棘星珊瑚 Acanthastrea echinata [31,36]

刺叶珊瑚属 *粗糙刺叶珊瑚 Echinophyllia aspera [28,31,35-36]

注：*表示该物种在eDNA检测到
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数据库中包含大量不同物种的序列信息，导致序

列注释错误，从而使得比对结果中的物种并非来

自本地调查水域；假阴性结果产生的原因可能

是 eDNA扩增的序列片段过短，导致信息位点不

足以有效区分同属不同种的物种。由于涠洲岛

尚未建立完善的本地造礁石珊瑚序列信息数据

库，致使一些已知物种未能被 eDNA技术检测

到，特别是在鹿角珊瑚科物种的检测中，这一问

题表现尤为突出，虽然有文献报道鹿角珊瑚有特

异性引物
[40]

，但是无法满足本研究中整个涠洲岛

珊瑚的扩增。此外，造礁石珊瑚的线粒体基因内

部分化不足，导致系统发育分辨率仅在较高的分

类水平上，无法推断不同物种之间的遗传关

系
[41-43]

。已有研究发现，珊瑚核基因的替代率远

高于线粒体基因
[41-42]

。例如，Takabayashi 等
[44]

发现了 ITS的序列变异性在不同珊瑚种之间差

异很大，因此，我们选择珊瑚的 ITS序列作为

eDNA扩增的目的基因。综上所述，eDNA技术

在造礁石珊瑚多样性调查中具有一定的可行性，

可以对传统珊瑚调查数据进行补充，然而后续研

究需进一步挖掘和完善珊瑚的分子数据库，开发

新的引物，探索多引物联合使用的策略，以便更

好地将该技术应用于造礁石珊瑚多样性调查。

 2.2    造礁石珊瑚物种多样性分析

本研究利用 α多样性指数分析涠洲岛海域

造礁石珊瑚物种多样性（表 3），其中，Sobs指数

范 围 为 61～ 213， ACE指 数 范 围 为 61.000～
213.851，Chao1指数范围为 61.0～213.3，Shannon
指数范围为 1.065～3.686，Simpson指数范围为

0.010～0.569。在 6个站点的样本中，涠洲岛北

面 XFQ站点的 Sobs指数、ACE指数、Chao1指

数和 Shannon指数最高，Simpson指数最低，表明

该站点的珊瑚物种多样性最丰富；南湾湾内

SW2站点的 Sobs指数、ACE指数和 Chao1指数

最低，说明该站点的珊瑚物种多样性最低。另

外，南面的 SW1站点 Sobs指数（79）也较低，但

南面 SEb站点的 Sobs指数（164）较高，与北面

W3J站点（166）、W4站点（134）的指数相差不

大，物种多样性较高。Sobs指数、ACE指数和

Chao1指数的分布趋势基本一致，Shannon指数

和 Simpson指数分布趋势相反。

本研究利用 Bray-Curtis距离矩阵对各采样

站点的造礁石珊瑚物种序列丰度进行了 β多样

性分析，结果显示，涠洲岛南面的 SW1和 SW2
站点物种组成与其他站点差异最大，其余站点物

种组成相似（图 3）。基于种水平的造礁石珊瑚

组成热图显示各站点的物种组成存在差异

（图 4）。从聚类关系上看，南湾湾内 SW2站点和

北面的 W4站点最先聚在一起，北面地理上相邻

的站点 XFQ和 W3J也聚在一起，说明珊瑚物种

组成相似，而与 XFQ和 W3J站点物种组成差异

最大的是聚类关系最远的南面 SW1站点；从物

种相对丰度上看，涠洲岛北面的站点（XFQ、W3J
和 W4）相对于涠洲岛南面的站点（SW1、SW2、
SEb）有着较高的相对丰度（图 4），这与 α多样性

和 β多样性的分析结果基本一致。
 
 

0.7
0.6
0.5
0.4

0.2
0.3

0.1
0

−0.1
−0.2
−0.3
−0.4

−0.8 −0.6 −0.4 −0.2 0 0.80.60.40.2

PC1 (33.85%)

PC
2 
(1
7.
89
%
)

SEb

W4
SW2 W3J

SW1

XFQ

图 3    基于 Bray-Curtis 距离矩阵的涠洲岛造礁石珊瑚主

坐标分析（PCoA）

Fig. 3    Principal  coordinate  analysis  (PCoA)  of  Weizhou

island  scleractinian  coral  based  on  Bray-Curtis

distance matrix
 

人类活动是造成涠洲岛各站点造礁石珊瑚

 

表 3    涠洲岛各站点造礁石珊瑚的 α 多样性指数

Tab.3    α  diversity  index  of  scleractinian  coral  at  different  sites  in
Weizhou island

样本编号 Sobs指数 ACE指数 Chao1指数
Shannon
指数

Simpson
指数

SEb 164 167.517 165.6 2.354 0.197

SW1 79 83.709 82.2 1.065 0.569

SW2 61 61.000 61.0 1.409 0.508

W3J 166 173.520 173.0 2.881 0.111

W4 134 139.515 139.2 1.891 0.365

XFQ 213 213.851 213.3 3.686 0.010
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物种组成及多样性存在差异的重要因素。现场

调研发现，XFQ站点在涠洲岛珊瑚礁修复区内，

目前该区域已投放 550个珊瑚礁单体，200个海

上苗床，完成修复珊瑚礁面积 8.74875公顷
[45]

，

并且该站点的生态环境极少受到人类活动的干

预，生物多样性得到很好的保护，因此其物种多

样性和丰富度较其他几个站点高。而 SW2站点

位于涠洲岛南湾湾内，南湾主要为商业活动区域

及渔船停靠地点，对生活在该区域的珊瑚影响较

大
[32]

，因此，珊瑚物种多样性最低；SW1站点位

于石螺口附近，船舶往来与游客活动较为频繁，

所以该站点的物种多样性也相对较低。SEb站

点周边开发了五彩滩景点，旅游活动也较多，但

由于该站点位于坑仔珊瑚礁资源利用区
[46]

，该区

域渔业资源与旅游资源的开发和利用较为合理，

因此该站点比涠洲岛南面的另外两个站点 SW1
和 SW2珊瑚物种多样性高，与北面的站点多样

性相当。

此外，珊瑚礁区不同底质也会影响珊瑚群落

的组成。于婉君
[46]

发现涠洲岛南面 SW2站点

的沙质基底占比高达 55.26%，远超过该断面的

其他底质类型，而沙质基底不利于珊瑚的附着生

长
[46-47]

，这也是该站点物种多样性最低的原因；

此外，北面 W4站点也是以泥沙为主的底质，因

此，SW2和 W4站点的珊瑚物种组成相似。北

面 XFQ站点与 W3J站点的物种组成相似可能

是因为 2个站点均在公山珊瑚礁生态保护区内，

海域资源利用相同，底质地貌组成相似（均以沙

质基底为主）
[48]

。涠洲岛西南部的 SW1站点石

珊瑚组成与其他站点间差异较大，物种多样性也

相对较低，除了受人类活动的影响外，可能还因

为该区域底质特殊，主要为礁坪沉积带，其底质

组成以珊瑚遗体、贝壳以及陆源碎屑为主，活珊

瑚覆盖率和多样性均较低
[49]

。

总之，由于人类活动的影响及珊瑚礁底质的

差异，不同种类的珊瑚适应环境的能力和偏好方

面存在差异，进而导致了涠洲岛各站点珊瑚物种

多样性的差异。

 3   结 论

（1）本研究利用 eDNA技术检测到涠洲岛珊

瑚礁区共有造礁石珊瑚 57种，其中 25种珊瑚与

传统调查数据 （ 68种 ）一致 ， eDNA检出率为

25%，2种方法的珊瑚优势物种种类也大致相

同。表明 eDNA技术在造礁石珊瑚物种多样性

调查中具有一定的可行性，但检测结果存在假阳

性和假阴性，未来可考虑采用多引物联合并完善

珊瑚序列数据库来进一步提高检出率。

（2）涠洲岛不同站点造礁石珊瑚的物种多样

性和组成存在差异。珊瑚礁生态修复区（XFQ）

的珊瑚物种多样性最高，南湾湾内区域（SW2）的
珊瑚物种多样性最低；涠洲岛南面的 SW1与其

他站点的物种组成差异最大，SW2站点和北面

的 W4站点珊瑚物种组成较为相似。人类活动

的影响和珊瑚礁底质的差异是涠洲岛各站点珊

瑚物种多样性存在差异的主要原因。
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A B S T R A C T

The evolution of Earth’s climate is primarily reconstructed from deep-sea cores, while data from shallow-water 
carbonate successions play only a supplementary role. Furthermore, most available information originates from 
Western Europe, with limited data from the Middle East and almost none from the Americas and the Far East. 
While there has been significant discussion on the response of coralline algae to sea-level changes, their reactions 
to other paleoceanographic events and the long-term trends in their composition, abundance, and richness 
remain poorly understood. This study examines coralline algae in the carbonate rocks of Well CK2 in the 
northern South China Sea. A total of twelve genera, eight families, and three orders of coralline algae were 
identified in 666 petrologic thin sections. Coralline algal abundance was relatively high, between 10 and 4.28 
Ma. In the early Miocene, coralline algal richness exhibited three distinct increases at 17.55 Ma, 17.45 Ma, and 
17.44 Ma, corresponding to the Miocene Climate Optimum, likely as a response to global warming during this 
period. The distribution of Mesophyllum declined in response to a series of cooling events over the past 20 million 
years. Between 14.13 and 8.77 Ma, the concentration of Aethesolithon corresponded to a long-term sea-level fall, 
while its extinction indicated a rapid sea-level rise. At 6.71 Ma, the increasing abundance of Lithothamnion 
aligned with a rapid sea-level rise. A relative sea-level fall at 10 Ma was recorded by an increase in shallow-water 
coralline algae, which may be linked to regional uplift caused by the Dongsha movement. The algal distribution 
in the Xisha Islands reflects major geological and climatic events over the past 20 million years, underscoring the 
value of coralline algae as indicators of past climatic and environmental changes. These findings provide a new 
perspective on the late Cenozoic carbonate systems of the Far East.

1. Introduction

Calcareous red algae are important components of reefal carbonates, 
and their abundance and taxonomic composition result from a combi
nation of climate, plate tectonics, oceanography, biogeography, and 
evolution (Halfar and Mutti, 2005; Pomar et al., 2017; Sarkar, 2017; 
Coletti et al., 2022). Recently, the potential of coralline algae as re
corders of marine climate and their applications in paleoecology have 
been recognized (Braga and Aguirre, 2001, 2004; Coletti et al., 2019; 
Coletti and Basso, 2020; Li et al., 2021a, 2021b; Arnold et al., 2022). 
Additionally, Aguirre et al. (2000) used coralline algal groups with 

similar ecological requirements to analyze the diversification history of 
coralline algae. Therefore, understanding the evolution of coralline 
algae during different geological periods can enhance our knowledge of 
paleoceanographic events.

Coralline algae have a wide ecological distribution, ranging from 
polar to tropical settings within the euphotic zone (Nelson, 2009). They 
are major components of benthic assemblages and play important roles 
in coral reef development worldwide (Adey and Macintyre, 1973). Their 
contributions include binding coral frameworks (Rasser and Riegl, 2002; 
Littler and Littler, 1997), forming algal ridges (Steneck et al., 1997), 
trottoirs (Adey, 1986), and coralligène de plateau (Bosence, 1985), 
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constructing algal build-ups (Bosence, 1983a), forming algal frame
works (Freiwald and Henrich, 1994), and developing free-living rho
doliths and branches (Bosence, 1983b). Due to their long and continuous 
growth over hundreds of years, coralline algae serve as valuable pale
oenvironmental indicators (Halfar et al., 2011). The Mg content of 
coralline algae correlates with growth rates (Moberly Jr., 1968) and 
water temperature fluctuations (Chave and Wheeler Jr., 1965). Conse
quently, coralline algae have been used to reconstruct past temperature 
changes (Halfar et al., 2000) and historic marine cloud cover (Burdett 
et al., 2011). Coralline algae are also sensitive to changes in seawater 
carbonate chemistry associated with ocean acidification. Laboratory 
simulations indicate that the microscopic life history stage of Arthro
cardia corymbosa is more vulnerable to environmental stress than the 
adult stage (Roleda et al., 2015). Correlation analyses of biotic and 
abiotic variables suggest that turbidity negatively affects coralline algal 
assemblages, whereas salinity has a positive effect (Lei et al., 2018). 
Additionally, well-preserved coralline algae in fossil reefs provide ac
curate records of past paleoenvironmental changes (Braga and Aguirre, 
2001, 2004; Braithwaite, 2016).

Over the past 20 Ma, the Earth has experienced a series of tectonic 
and climatic events that have profoundly influenced global climate 
change (Wang, 1998). These include the early Miocene closure of the 
Tethyan Seaway, the middle Miocene expansion of the Antarctic ice 
sheet, the Miocene Climatic Optimum (MCO), the late Miocene negative 
carbon shift, the late Miocene–early Pliocene formation of the Isthmus of 
Panama, the late Pliocene intensification of Northern Hemisphere 
glaciation, and the middle Pleistocene climatic transition. Collectively, 
these events transformed the greenhouse-like conditions of the Paleo
gene into the Quaternary Ice Ages (Zachos et al., 2001; Mudelsee and 
Raymo, 2005; Lear et al., 2010; Guo et al., 2011; Knorr and Lohmann, 
2014; Haywood et al., 2016; Hoorn et al., 2022). During these climatic 
shifts, global climate changed across different timescales. With 
increasing core depth (e.g., deep-sea sediments, ice cores), significant 
progress has been made in reconstructing climate change since the late 
Cenozoic (Wang et al., 2003; Tian et al., 2008; Jiang et al., 2019; Singh 
et al., 2023). However, data from shallow-water successions remain 
secondary. Additionally, most available information originates from 
Western Europe, with limited data from the Middle East and almost none 
from the Americas and the Far East. Moreover, the vast majority of 
studies provide only qualitative descriptions, which prevent accurate 
comparisons. Without such comparisons, large-scale reconstructions 
cannot be achieved. Therefore, the study of reefal carbonates in the SCS 
can provide valuable insights into the carbonate systems of the Far East. 
Coralline algae-rich intervals within shallow-water carbonates can be 
analyzed in relation to key environmental variables at regional and 
global scales, including temperature, nutrient and carbon cycles, water 
depth, tectonic activity, and global climatic events. Understanding 
climate change as recorded by coralline algae over the last 20 million 
years is crucial for interpreting long-term trends in the modern climate 
system.

The coral reefs of the South China Sea (SCS) are situated on the 
northern edge of the Coral Triangle (Yu and Zhao, 2009). They are 
classified into two main categories based on regional distribution: 
inshore coral reefs and offshore coral reefs (Yu, 2012). To investigate the 
development and evolution of coral reefs, at least six wells (Well XY-1, 
Well XY-2, Well XS-1, Well XC-1, Well XK-1, and Well CK2) have been 
drilled in the Xisha Islands and three in the Nansha Islands (Well NK-1, 
NY-1, NY-2) over the past half-century. Similar to Well CK2, Wells XK-1 
and NK-1 also penetrated carbonate rock layers down to basaltic and 
volcaniclastic sequences. These wells have provided valuable materials 
for studying paleoecological and paleoenvironmental changes (Shao 
et al., 2017a, 2017b; Wang et al., 2018; Wu et al., 2019; Fan et al., 2020; 
Chen et al., 2021; Wu et al., 2021; Bi et al., 2024).

The Holocene carbonate sequences from Well NK-1 provide insights 
into reef growth (Zhao et al., 2022), while Pliocene paleoclimatic con
ditions and paleo-water depth variations have been inferred from 

coralline algae and foraminifera in Well XK-1 (Wu et al., 2023). Coral
line algae from Well CK2 (Fig. 1A, B) accurately document sea-level 
changes and coral-reef evolution since the Miocene (Li et al., 2021a, 
2021b). However, their role in recording and responding to paleo
ceanographic events remains unclear. In this study, we analyze the 
abundance, richness, and generic evolution of coralline algae from Well 
CK2 over a geological-historical period to investigate their responses to 
past paleoceanographic events.

2. Geological setting

As the largest marginal sea in the western Pacific Ocean, the SCS is 
connected to the East China Sea through the Taiwan Strait and to the 
Pacific Ocean through the Luzon Strait. Structurally, the SCS can be 
divided into three regions: the northern continental edge, the southern 
continental edge, and the ocean basin. Based on water depth and sea
floor topography, the ocean basin is further subdivided into three sub- 
basins: the northwest basin, the central basin, and the southwest basin 
(Li et al., 2015; Zhang et al., 2016).

The Xisha Islands (15◦47′–17◦08′ N, 110◦10′–112◦55′ E) are situated 
on a vast continental slope at the edge of the SCS and form one of the 
four largest archipelagos in the region. These islands consist of isolated 
carbonate platforms underlain by the Xisha-Zhongsha Block (Fig. 1B). 
Tectonically, they are part of the Xisha uplift, which formed due to the 
rifting of high-angle fault boundaries during the Paleocene (Tapponnier 
et al., 1990). The Xisha uplift was exposed at the surface before the 
Miocene (Wu et al., 2014). During the middle Miocene (15.5–10.5 Ma), 
the SCS region entered a phase of post-rift thermal subsidence (Wu et al., 
2009). Strontium isotope dating indicates that the basement of the Xisha 
uplift consists of Precambrian gray granite gneiss and Mesozoic volcanic 
rocks (Wang et al., 1979). Tectonic subsidence curves and sedimentation 
rates from the three major depressions—the Huaguang Depression, 
Changchang Depression, and Zhongjiannan Basin (Fig. 1B)—near the 
Cenozoic Xisha uplift exhibit pronounced changes from 10.5 to 5.5 Ma 
(Wu et al., 2014).

The Xisha Islands extend approximately 250 km in length and 150 
km in width (Yan, 2012) and comprise more than 40 sandbars, islands, 
and reefs. These formations include the Xuande Atoll on the eastern side 
and the Yongle Atoll on the southwestern side (Xu et al., 2010). The 
Xisha Islands have a tropical oceanic monsoon climate characterized by 
strong solar radiation and a physical marine environment influenced by 
the Asian monsoon and regional geomorphology. During summer, the 
East Asian monsoon is dominated by southwesterly winds, which blow 
from the ocean toward the mainland, whereas in winter, northeasterly 
winds prevail, blowing from the mainland toward the ocean (Wang 
et al., 2011). The region experiences relatively high temperatures, with 
an annual average of 26–27 ◦C, reaching a maximum of 28.9 ◦C in June 
and a minimum of 22.9 ◦C in January (Yan, 2012). The average annual 
humidity is approximately 81.6 %, and annual precipitation is around 
1500 mm, with most rainfall occurring during the summer season 
(May–September) and the typhoon season (June–November; He and 
Zhang, 1986). These conditions indicate that the Xisha Islands provide a 
highly suitable environment for coral reef formation. The initiation of 
the Xisha carbonate platforms occurred during the early Miocene, 
facilitated by a stable tectonic setting and steep slopes formed in the 
Paleocene (Yu, 2012; Wu et al., 2014). Their development expanded 
significantly during the middle Miocene before declining in the late 
Miocene (Ma et al., 2011). This was followed by moderate to active 
carbonate platform growth during the Plio-Pleistocene (Shao et al., 
2017a, 2017b).

3. Methods and material

3.1. Core logging

In 2013, a kilometer-scale drilling project, Well CK2, was conducted 
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on Chenhang Island, Xisha Islands, reaching a depth of 928.75 m with an 
average core recovery of approximately 70 %. Zircon U–Pb dating in
dicates that the Chenhang Island volcaniclastic rocks (878.22–928.75 
m) were deposited as early as 35 Ma (Zhang et al., 2020). Based on Sr 
isotope stratigraphy and a magnetic stratigraphic chronology frame
work, the carbonate sequence (0–878.22 m) from Well CK2 spans nearly 
20 Ma (Fan et al., 2020). The average growth rates of the Chenhang 
Island coral reef, as determined from Sr isotope dating, were 72.93 m/ 
Myr during the early Miocene, 19.77 m/Myr during the middle Miocene, 
28.57 m/Myr during the late Miocene, 39.63 m/Myr during the Plio
cene, and 85.06 m/Myr during the Pleistocene (Fig. 1C).

Mineralogical analysis of the carbonate rocks revealed that the in
terval 0–21.4 m primarily consists of high-Mgcalcite and aragonite; the 
intervals 21.4–180 m and 522–878.22 m are mainly composed of low- 
Mgcalcite; the interval 180–300 m consists predominantly of low- 
Mgcalcite and dolomite; and the interval 300–522 m consists mainly 
of dolomite (Fig. 1C; Wang et al., 2018; Fan et al., 2020). High-precision 
U-series dating of Acropora coral demonstrated that Holocene coral 
reefs occupy the top 16.7 m of Well CK2 (Ma et al., 2021). Based on 
lithological characteristics, Well CK2 was divided into ten major litho
logical units, with volcaniclastic rocks considered separately (Li et al., 
2021b). Petrologic features, such as rusty iron oxides and differential 
dissolution, allowed the identification of ten exposed surfaces (Yang 
et al., 2022). Coralline algal assemblages in Well CK2 record paleo-water 
depths ranging from < 5 m to > 25 m over the past 20 Ma, revealing 

three distinct sedimentary cycles from bottom to top (Li et al., 2021a, 
2021b).

3.2. Sample description and methods

The 878.22 m carbonate sequence from Well CK2 was sampled sys
tematically from top to bottom. In addition to the 414 samples studied 
by Li et al. (2021a, 2021b), an additional 252 samples were collected, 
resulting in a total of 666 standard petrologic thin sections (approxi
mately 2 × 3 cm) analyzed in this study.

Coralline algae were examined under a polarizing microscope at the 
School of Marine Science, Guangxi University, following the methods of 
Li et al. (2021a, 2021b). The morphological classification of coralline 
algae followed the framework of Woelkerling et al. (1993). To ensure 
accurate comparisons with previously published datasets, a simplified 
higher-level taxonomic scheme was developed based on algal repro
ductive anatomy (Braga et al., 1993; Harvey et al., 2003; Le Gall and 
Saunders, 2007; Iryu et al., 2009; Rösler et al., 2016; Coletti and Basso, 
2020; Li et al., 2021a). This scheme classifies coralline algae into three 
orders: Corallinales (characterized by uniporate conceptacles; Rösler 
et al., 2016), Hapalidiales (multiporate conceptacles; Nelson et al., 
2015), and Sporolithales (sporangia grouped in sori; Le Gall et al., 
2009). These orders can be distinguished based on reproductive char
acteristics: Corallinales are characterized by uniporate conceptacles, 
Hapalidiales by multiporate conceptacles, and Sporolithales by 

Fig. 1. Schematic diagram of the location, ages, and sedimentation rate of Well CK2. (A) Location of the Xisha Islands and Ocean Drilling Program (ODP) Site 1148 in 
the South China Sea (SCS). (B) Location of Well CK2, showing a tectonic sketch of the Xisha Islands and the depth of adjacent sea areas (modified from Wang et al., 
2018). (C) Ages of Well CK2 based on changes in Sr isotope ratios with depth and variations in sedimentation rate, represented as core accumulation thickness per 
unit time (m/Myr) with depth. The primary mineral components, determined via X-ray diffraction (XRD), are indicated by black and blue filled boxes (modified from 
Fan et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sporangia grouped in sori. Coralline algal genera abundance and rich
ness were determined and evaluated following the methods of Li et al. 
(2021a, 2021b). Rhodolith distribution was assessed using statistical 
analyses of their depth occurrence within the carbonate sequences. The 
size, morphology, and algal growth forms of rhodoliths were analyzed 
following Bosellini and Ginsburg (1971) and Woelkerling et al. (1993).

The carbonate sequence of Well CK2 was divided into 17 Subunits 
following Li et al. (2021a, 2021b). Coralline algal abundance was 
determined based on Li et al. (2021a, 2021b) and supplemented with 
data from additional samples collected from coralline algae-rich in
tervals. To infer the frequency of past sea-level fluctuations, long-term 
variations in the dominant distribution of Corallinales or Hapalidiales 

were analyzed. Student’s t-test was used to assess the statistical signif
icance of differences in coralline algal abundance across various Sub
units, using IBM SPSS Statistics 22 software (IBM, Armonk, NY, USA). 
Statistical results are reported as means ± standard deviations (n ≥ 3).

4. Results

4.1. Distribution of coralline algae over time in Well CK2

The carbonate sequence of Well CK2 is rich in coralline algae, which 
occur on corals, gravels, and other hard substrates. Twelve genera of 
coralline algae were identified from three orders.

Fig. 2. Common coralline algae from Well CK2 and their typical features. (A) Lithophyllum (sample CK2-SS247). (B) Hydrolithon sp. (sample CK2-SS220). (C) 
Aethesolithon nanhaiensis (sample CK2-SS165), showing the arrangement of larger cells in arches (green arrowhead). (D) Hapalidiales (sample CK2-SS062), a well- 
preserved multi-porate conceptacle with conical pore canals (pink arrowhead). (E) Corallina sp. (sample CK2-SS234). (F) Sporolithon sp. (sample CK2-SS151), with 
well-preserved rows of sporangia (pink arrowhead). (G) Hooked coralline algae (Corallinales; sample CK2-SS225) with a distinct hook (green arrow). (H) Hypothallus 
of an encrusting coralline algae with a thin encrusting morphology (sample CK2-SS245), showing common cell fusions (green arrow). (I) Mesophyllum sp. (sample 
CK2-SS248), thallus showing distinct dorsal (green arrow) and ventral features (pink arrow). (J) Lithothamnion magnum (sample CK2-SS108), with a well-preserved 
multiporate conceptacle (pink arrow). (K) Corallinales (sample CK2-SS146), with well-preserved uniporate conceptacles (pink arrow) and borings (green arrow). (L) 
Amphiroa sp. (sample CK2-SS081) presenting a distinct arrangement of long (pink arrow) and short cells (green arrow). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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Over the past 20 million years, coralline algal assemblages have been 
predominantly composed of Hapalidiales (Fig. 2D) and Corallinales 
(Fig. 2K), with relatively few representatives of Sporolithales. Cor
allinales dominate Subunits a-j and p-q, whereas Subunits k-o are pri
marily characterized by Hapalidiales (Fig. 3). Articulated forms include 
Amphiroa (Fig. 2L), Corallina (Fig. 2E), and Jania, while non-geniculate 
forms include Aethesolithon (Fig. 2C), Lithothamnion (Fig. 2J), Meso
phyllum (Fig. 2I), Lithoporella, Spongites, Lithophyllum (Fig. 2A), Neo
goniolithon, Sporolithon (Fig. 2F), and Hydrolithon (Fig. 2B). Additionally, 
some hooked coralline algae were observed (Fig. 2G). The stratigraphic 
distribution of Corallina, Lithoporella, Lithophyllum, and Hydrolithon has 

extended continuously throughout the past 20 million years. Jania, 
Mesophyllum, and Lithothamnion span the intervals 19.6–0.71 Ma, 
19.48–1.19 Ma, and 17.45–2.18 Ma, respectively. The distributions of 
Aethesolithon and Spongites are relatively concentrated at 14.13–8.77 Ma 
and 6.35–4.28 Ma, respectively. Neogoniolithon, Amphiroa, and Spor
olithon occur sporadically between 18.89 and 5.02 Ma, 6.94–2.17 Ma, 
and 16.5–6.74 Ma, respectively (Fig. 3). Coralline algal richness peaked 
at 789.85–689.07 m (17.73–16.78 Ma), with ten genera present, fol
lowed by a second peak at 9.77–7.35 Ma, with eight genera (Fig. 3). Core 
observations indicate that coralline algae in the Xisha Islands formed 
abundant ellipsoidal and spherical rhodoliths between 17.3 and 0.31 

Fig. 3. Vertical distribution of coralline algae and rhodoliths. The rhodolith distribution was determined based on core descriptions and observations, while coralline 
algal genera distribution was identified from thin sections analyzed under a polarizing microscope. Samples (black dots) studied by Li et al. (2021a, 2021b) are 
compared with additional samples (red dots) collected for this study, including rhodoliths (black dots). Coralline algal assemblages (CAAs), sedimentary cycles (SCs), 
and Subunits follow Li et al. (2021a, 2021b). Intervals within the same assemblage are represented by colour-filled boxes. Some key symbols were modified from 
Coletti et al. (2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Ma, with diameters ranging from ~1 to 10 cm (Fig. 3).

4.2. Variations in coralline algal abundance

According to the main biological components and long-term changes 
in coralline algal abundance, we focused on the overall abundance of 
both coralline algae and coral. If the abundance of coralline algae and 
corals is relatively high during a certain period, it indicates that the 
climatic and environmental conditions at that time were favorable for 
the development of coral reefs. The intervals of high abundance 
occurred in the early Miocene (Interval I), upper Miocene to lower 
Pliocene (Interval III), and Pleistocene to Holocene (Interval V). In 
contrast, foraminifera were more dominant in the other intervals, 
particularly during the late early Miocene to early upper Miocene (In
terval II) and late lowest Pliocene to lowest Pleistocene (Interval IV).

Interval I extends from the bottom of Well CK2 to 838.05 m 
(19.6–18.67 Ma; Subunit a). Interval II spans 838.05–506.1 m 
(18.67–10 Ma; Subunits b–h). Interval III covers 506.1–309 m (10–4.28 
Ma; Subunits i–m). Interval IV extends from 309 to 200 m (4.28–2.2 Ma; 
Subunit n), and Interval V ranges from 200 m to the top (2.2–0 Ma; 
Subunits o–q). The primary biological frameworks in Intervals I, III, and 
V consist predominantly of coral and coralline algae, with minor or 
sporadic foraminifera (Figs. 4, 5). In contrast, Intervals II and IV exhibit 
a transition from coral and coralline algal dominance to a foraminifera- 
dominated assemblage (Fig. 4). Rhodoliths were particularly abundant 
between ~180–420 m (2.05–7.82 Ma), comprising 5–80 % of the car
bonate deposits in this interval (Fig. 5). Overall, coralline algal abun
dance in Well CK2 was highest in the early Miocene and late 
Miocene–early Pliocene, with lower abundances recorded in other in
tervals (Fig. 5).

The analysis of thin sections from Well CK2 showed an average 
coralline algal abundance of 6.72 ± 0.45 %, with the highest abundance 
recorded in the 312–309 m interval (Subunit m; 4.36–4.28 Ma), where 
the average reached 34.06 ± 9.09 %. This value is significantly higher 
(p < 0.05) than those of other subunits (Fig. 6). During this period, 
numerous rhodoliths developed, contributing up to 80 % of the car
bonate deposits (Fig. 5). The second highest algal abundance was 
recorded in Subunit c, approximately one-third of that in Subunit m. 
Significant differences in algal abundance were observed between 
Subunit c and Subunits b, f, h, and i. The abundance of coralline algae in 

Subunits b, h, and i was relatively low. Additionally, significant differ
ences were found between Subunits b, h, and i and Subunits c, l, and m 
(p < 0.05). In summary, coralline algal abundance varied significantly 
across different subunits, with Subunit m displaying particularly intense 
coralline algal development (Fig. 6).

5. Discussion

5.1. Record and response of coralline algal taxa to changes in 
paleoceanographic events

In recent decades, more than 17 international research expeditions 
have drilled over 2000 wells in the SCS (Wang et al., 2014). The cores 
retrieved from these wells have provided extensive material and valu
able insights into regional tectonics, paleoceanography, and the evolu
tion of summer monsoon winds in East Asia (Wang et al., 2003). 
Paleoceanographic changes have been reconstructed from deep-sea 
sediments at ODP184 Site 1143 (Hess and Kuhnt, 2005; Wang et al., 
2014). Our understanding of climatic and environmental changes in the 
SCS over the past 20 million years has largely been derived from studies 
of Ocean Drilling Program (ODP) and Integrated Ocean Drilling Program 
(IODP) cores (Wang et al., 2015; Miao et al., 2018).

More recently, drill-core research on coral reefs in the Xisha Islands 
has provided information on monsoon intensity (Jiang et al., 2019), 
carbon cycling (Xu et al., 2019), and sea-level fluctuations (Shao et al., 
2017a; Wang et al., 2018; Li et al., 2021a, 2021b; Wu et al., 2023). The 
growth forms of coralline algae are primarily influenced by environ
mental factors (Iryu et al., 2009; Coletti et al., 2018). As key components 
of coral reefs, coralline algae serve as proxies for water depth and in
dicators of transgressive events (Adey and Macintyre, 1973; Varrone and 
D’Atri, 2007; Nalin et al., 2008; Abbey et al., 2011; Coletti et al., 2018). 
In geological contexts, the ratio of Corallinales to Hapalidiales is nega
tively correlated with increasing water depth (Cabioch et al., 1999; 
Aguirre et al., 2000; Coletti and Basso, 2020). Additionally, the devel
opment and extinction of coralline algal taxa are influenced by past 
climatic and environmental conditions (Aguirre et al., 2000). Therefore, 
changes in coralline algal composition, richness, abundance, and as
semblages serve as valuable records of paleoenvironmental events 
throughout geological history (Braga and Aguirre, 2004).

These findings indicate that coralline algal abundance, richness, and 

Fig. 4. Physical images of different intervals. (A) Numerous foraminiferal grains. (B) Bindstone formed by extensive coralline algae development. (C) Colonies of 
hermatypic Porites coral embedded in a bioclastic sediment containing fragments of coralline algae. (D) Growth band of well-preserved Porites coral.
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community composition are closely linked to paleoceanographic events, 
particularly sea-level fluctuations. In this study, coralline algal abun
dance and richness in Well CK2 exhibit pronounced temporal variations 
(Figs. 3–5), demonstrating their utility as paleoceanographic indicators. 
A total of 12 coralline algal genera were identified in Well CK2, with 
articulated and non-geniculate coralline algae distributed to varying 
degrees throughout the carbonate sequence (Fig. 3). The cumulative 
number of coralline algal genera increases in Subunits d (17.73–16.78 
Ma), g (14.79–13.72 Ma), and k (7.35–5.23 Ma) (Fig. 7D). The most 
significant increase occurs in Subunit d, where three genera—Amphiroa, 
Lithothamnion, and Sporolithon—exhibit similar distributions within the 
core (Fig. 3). The coralline algal genera that show increased richness in 
Subunits g and k are Aethesolithon and Spongites, with notable increases 
at 552.74 m (14.13 Ma) and 376.5 m (6.35 Ma), respectively. Subunit d, 
which records the highest coralline algal richness and the first in-core 
occurrence of Amphiroa, Lithothamnion, and Sporolithon, corresponds to 

the mid-Miocene Climatic Optimum (Fig. 7). The occurrences of Lith
othamnion and Sporolithon align closely with relative sea-level rises 
during the MCO (Fig. 7C; Haq et al., 1987; Miller et al., 2005; Miller 
et al., 2020). Sea surface temperature (SST) data also indicate that 
temperatures followed a similar pattern during this period (Fig. 7A; Hou 
et al., 2023, and references therein).

The MCO was a distinct period of climate change characterized by 
elevated biodiversity levels (Kohn and Fremd, 2008). Coralline algal 
species richness (Aguirre et al., 2000) and coral genus diversity (Budd, 
2000) were relatively high during this interval. Consequently, the in
crease in coralline algal richness in the Xisha Islands (Fig. 7) during the 
MCO was likely driven by transient global warming or environmental 
conditions favorable for coral reef development.

As recorded by benthic foraminifera, the middle Miocene δ18O 
values in the SCS suddenly increased between 14.2 and 13.6 Ma, coin
ciding with the largest expansion of the Antarctic ice sheet (Wang et al., 

Fig. 5. Main biological components (MBC), abundance of coralline algae, rhodoliths, and coral, and the ratio of Corallinales, Hapalidiales, and Sporolithales. The 
MBC includes coral, coralline algae, and foraminifera, with foraminifera encompassing both benthic and planktonic species. Coralline algal abundance was recal
culated using additional samples following Li et al. (2021a, 2021b). Coral abundance is based on Li et al. (2021a, 2021b). Rhodolith abundance represents the 
percentage of rhodoliths within the carbonate. For key symbols not included in this figure, refer to Fig. 3.
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2003). Meanwhile, the first occurrence of Aethesolithon in the core at 
14.13 Ma (552.74 m) corresponds to the onset of climate cooling and 
declining SST (Hou et al., 2023). The occurrence of Aethesolithon is 
nearly synchronous with the permanent formation of the Antarctic ice 
sheet (Fig. 7). However, Aethesolithon disappeared from the record by 
8.77 Ma (444.5 m) (Fig. 3). The paleo-water depth of the SCS increased 
during this period (Li et al., 2021b). Over the long-term growth period of 

Aethesolithon, global sea levels exhibited a downward trend (Fig. 7C), 
whereas Aethesolithon was primarily associated with the shallow, low- 
latitude-dominated mastophoroids (Braga and Aguirre, 2004). Thus, 
the development period of Aethesolithon coincided with a time of sig
nificant global climatic and environmental changes, suggesting that its 
disappearance may have resulted from multiple contributing factors. 
The increase in coralline algal richness in the SCS during the early and 

Fig. 6. Differences in coralline algal abundance across various Subunits of Well CK2. The gray dotted lines indicate the average coralline algal abundance throughout 
the entire drill core. Different colored bars are used to distinguish intervals. Values are presented as means ± SD. The completely inconsistent sets of letters (e.g., a, b, 
and bcd) on the bar graph indicate significant differences (p < 0.05) in coralline algal abundance among different Subunits.

Fig. 7. Coralline algal richness and ratio vs. paleoceanographic events. (A) Sea surface temperature data from Hou et al. (2023) and references therein. (B) Sea 
surface temperature records are shown in red and black curves (Li et al., 2011; Matsuzaki, 2023, respectively). (C) Global sea-level records are shown in black, blue, 
and pink curves (Haq et al., 1987; Miller et al., 2005; Miller et al., 2020, respectively). (D) Coralline algal genus richness (black) and cumulative coralline algal 
genera (green) in Well CK2, determined from thin-section identifications. Letters a, b, c, …, q denote Subunit positions. (E) Ratio of Corallinales, Hapalidiales, and 
Sporolithales. Numbers highlighted in red indicate boundary ages of Intervals I–V. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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middle Miocene was predominantly influenced by a combination of 
global and regional SST variations. Meanwhile, the disappearance of 
Aethesolithon and the subsequent occurrence of Spongites (Figs. 3, 6) after 
the late Miocene were associated with changes in regional sea levels.

Overall, coralline algal richness in Well CK2 exhibits a characteristic 
trend of initial increase followed by a decline from Interval I to Interval 
V (Fig. 7). Between 19.6 and 14.79 Ma, coralline algal richness fluctu
ated frequently, indicating shifts in ecological niches and the alternating 
evolution of multiple sedimentary microfacies. Subsequently, coralline 
algal richness began to decline and remained relatively stable over an 
extended period between 13.72 and 10 Ma. During this time, the paleo- 
water depth of the Xisha Islands was relatively shallow (Li et al., 2021b), 
global sea levels declined (Fig. 7C; Haq et al., 1987; Miller et al., 2005; 
Miller et al., 2020), and SSTs also showed a long-term decreasing trend 
(Fig. 7A; Hou et al., 2023, and references therein). These findings sug
gest that the environmental conditions supporting coral reef develop
ment during this period remained relatively stable.

5.2. Record and response of coralline algal abundance to changes in 
paleoceanographic events

During the early Miocene, when global temperatures were relatively 
high and ice volume was low, coralline algal abundance and richness in 
the SCS were also relatively high (Figs. 4, 7). This suggests that optimal 
temperature and sea-level conditions facilitated the growth and devel
opment of coralline algae. The highest coralline algal abundance and 
richness occurred during the late Miocene–early Pliocene (Figs. 3, 5). 
After 10 Ma, coralline algae became the dominant group among the 
three major reef-associated organisms (corals, coralline algae, and 
foraminifera) in the coral reef ecosystem (Fig. 5). A significant tectonic 
event, the Dongsha Movement, occurred following the cessation of SCS 
expansion (Du et al., 2021). This event led to uplift and erosion in 
certain regions, resulting in a hiatus in portions of the Miocene and 
Pliocene stratigraphic sequences. During this period, corals were nearly 
absent, and shallow-water coralline algae became the dominant group 
(Du et al., 2021). This shift is likely linked to the peripheral uplift caused 
by Dongsha tectonic activity, which also corresponded to a marked 
global sea-level decline (Fig. 7C; Haq et al., 1987). The late Miocene was 
a period of frequent geological events and intense global climate change 
(Zachos et al., 2008). A major global cooling event, the Late Miocene 
Cooling (LMC: ~7–5.4 Ma), was characterized by CO₂ concentrations 
falling below the glaciation threshold, leading to the expansion of the 
Northern Hemisphere ice sheets (Zachos et al., 2008). Regional tectonic 
activity during this time contributed to increased drought and seasonal 
variability, particularly around ~7 Ma (Herbert et al., 2016).

Global sea levels initially declined (7–6.72 Ma), then rose (6.72–5.9 
Ma) before declining again (Fig. 7C; Miller et al., 2020). The sea surface 
temperature (SST) trends during this interval closely followed these sea- 
level fluctuations (Matsuzaki, 2023), while ice volume exhibited an in
verse relationship (Rohling et al., 2021). This period corresponds to 
Subunit k in Well CK2, where Mesophyllum, Lithothamnion, and Lith
ophyllum are dominant. Coralline algal abundance in Subunit k was 
relatively high, averaging 9.81 ± 1.57 %. Among these taxa, Lith
othamnion exhibited a notable increase in frequency after 6.71 Ma, with 
coralline algal assemblages indicating a relatively deeper paleo-water 
environment. Thus, the increase in Lithothamnion abundance corre
sponds to a global sea-level rise. Mesophyllum exhibited a long temporal 
range from 19.6 to 1.19 Ma but displayed a discontinuous distribution 
throughout the core. Notably, its abundance declined, and it dis
appeared at 13.72 Ma and 1.19 Ma, corresponding to the formation of 
the Antarctic ice sheet and the Mid-Pleistocene Transition (MPT), 
respectively. SST records show distinct downward and upward shifts 
following 13.72 Ma and 1.19 Ma, respectively (Fig. 7A, B; Li et al., 2011; 
Hou et al., 2023). These findings indicate that coralline algal evolution 
in Well CK2 is a key area for further research, as understanding these 
patterns may provide insights into the stratigraphic significance of 

coralline algae in deeper time.
The coralline algal ratio results reveal 22 instances of complete 

alternation among the orders Corallinales, Hapalidiales, and Spor
olithales, where only one order was dominant in each instance (Fig. 7E). 
This suggests that at least 22 significant sea-level fluctuations occurred 
over the past 20 Ma. After 7.35 Ma, coralline algal assemblages were 
predominantly composed of Hapalidiales (Fig. 7E), with a correspond
ing increase in overall coralline algal abundance (Fig. 7D). These shifts 
suggest that the Xisha Islands entered a transgressive stage with frequent 
environmental changes. The observed patterns may be linked to a 
continuous decline in SST (Hou et al., 2023) and regional tectonic 
movements (Du et al., 2021).

5.3. Record and response of the main reefal organisms to changes in 
paleoceanographic events

The relationship between the abundance of corals, coralline algae, 
and foraminifera and ancient marine events was analyzed to understand 
how these reef-building organisms responded to paleoceanographic 
changes. Higher levels of coral and coralline algal abundance indicate 
periods of coral-reef development, which may have been influenced by 
climatic and environmental conditions favorable for reef growth. Based 
on the dominant reef-building organisms in different intervals, bioherms 
can be classified into coral-dominated reefs, coralgal reefs, and algal 
reefs (Abbey et al., 2011). The dominant corals, coralline algae, and 
foraminifera play key roles in high-productivity carbonate factories. In 
Well CK2, Intervals I and III are classified as coralgal reefs. Interval I, 
which exhibits relatively low coralline algal richness, is characterized by 
a higher sedimentation rate, whereas Interval III, with relatively high 
coralline algal richness, corresponds to a lower sedimentation rate. In
terval V is a coral-dominated reef, and during this period, the sedi
mentation rate was relatively high, with lower coralline algal richness. 
In contrast, Intervals II and IV are more dominated by foraminifera, with 
coralline algae and a small proportion of coral (Fig. 9D). The carbonate 
deposition rates during Intervals II and IV were also relatively high 
(Fig. 1C), along with relatively high coralline algal richness (Fig. 3). 
From the perspective of coralline algal evolution, Corallinales was the 
dominant order in Intervals I, II, and V. In Interval III, coralline algal 
assemblages evolved from Corallinales to Hapalidiales, while Interval IV 
is characterized by the coexistence of Corallinales and Hapalidiales 
(Fig. 5). The evolution of coralline algae reflects changes in paleo-water 
depth, which in turn influenced reef growth and sedimentation rates. 
Specifically, the transition from Corallinales to Hapalidiales on a long- 
term scale suggests a decrease in sedimentation rate, which is re
flected by the lowest sedimentation rate recorded in Interval III 
(Fig. 1C). This indicates a decline in carbonate factory productivity.

Foraminifera were nearly absent between the middle-late Miocene 
and early Pliocene (10–4.28 Ma; Fig. 5). A significant tectonic event, the 
Dongsha Movement, occurred along the northern edge of the SCS during 
this period, primarily impacting the Dongsha Uplift and its surrounding 
depressions (Du et al., 2021). The paleo-water depth recorded by 
coralline algal assemblages in Well CK2 shows a long-term deepening 
trend (Li et al., 2021a, 2021b), which corresponds with a parallel long- 
term rise in global sea levels (Haq et al., 1987; Miller et al., 2005; Miller 
et al., 2020). The two periods during which foraminifera became more 
abundant correspond to global sea-level declines (Haq et al., 1987; 
Miller et al., 2005; Miller et al., 2020) and SST variations (Hou et al., 
2023).

6. Conclusions

The growth and development of coralline algae are predominantly 
influenced by environmental factors. Their distribution, abundance, and 
richness have responded significantly to major climatic and environ
mental events over the past 20 million years, demonstrating their po
tential as reliable paleoenvironmental indicators. Our findings highlight 
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the key responses of coralline algae and their proxy records to major 
climatic events in the Xisha Islands during this period, characterized by 
the following: 

1) Variations in coralline algal richness. In the early Miocene 
(17.73–16.31 Ma), coralline algal richness was relatively high, with 
pronounced increases at 17.55 Ma (770.55 m), 17.45 Ma (744.74 m), 
and 17.44 Ma (741.74 m), reaching a peak of 10 genera in Subunit d. 
This period corresponds to the middle Miocene Climatic Optimum, 
reflecting a response to global warming. The genus Aethesolithon was 
extensively distributed in the 552.74–444.5 m interval (14.13–8.77 
Ma), corresponding to a long-term regression, while its disappear
ance marks a rapid transgression.

2) Variations in coralline algal abundance. The coralline algal assem
blages in Well CK2 are primarily composed of Hapalidiales and 
Corallinales, with Sporolithales occurring in minor quantities. 
Hapalidiales became predominant between 7.35 and 2.20 Ma, while 
Corallinales were present throughout the entire core, with a domi
nant phase from 19.6 to 10 Ma. Since 10 Ma, coralline algae have 
been mainly represented by Corallinales and Hapalidiales. Notably, 
Mesophyllum exhibited a long stratigraphic distribution (19.6–1.19 
Ma) but showed a marked decline in abundance at 13.72 Ma and 
1.19 Ma, eventually disappearing. In the late Miocene (6.71 Ma), the 
abundance of Lithothamnion increased significantly, corresponding 
to a period of rapid transgression. Additionally, the evolutionary 
patterns of coralline algae provide insights into the productivity of 
carbonate factories.

3) Significant changes in coralline algal abundance and genera 
composition. A major shift occurred at 10 Ma, driven by tectonic 
activity in the SCS (Dongsha Movement). During this period, coral
line algal abundance increased, with the proliferation of shallow- 
water species, while corals were absent. Our results demonstrate 
that the abundance, richness, and evolutionary patterns of coralline 
algal genera in the Xisha Islands over the last 20 million years were 
shaped by a combination of climatic and environmental factors.
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A B S T R A C T

The geochemistry of rare earth elements and yttrium (REY with Y, REE without Y) in reefal carbonates is 
increasingly used to investigate both palaeoceanography and modern oceans. Nevertheless, the application of 
these methods to elucidate climate dynamics of the geologic past is limited by their vulnerability to diagenetic 
alterations. Given the meteoric transformation of aragonite to calcite, which represents an extremely unfavorable 
scenario for preserving the original marine signature, we focused on the REY geochemistry of a Holocene coral 
reef, obtained from Well CK2 in the northern South China Sea, which initiated at ⁓7.8 ka BP, but ceased to grow 
vertically at ⁓3.9 ka BP. The Holocene reefal carbonates have undergone neomorphism, transforming aragonite 
into calcite in a meteoric environment and enabling a direct comparison of REY distributions between the 
original aragonite and neomorphic calcite. Despite the preserved REY patterns of stabilized calcite closely 
mirroring those initially present in surface seawater, the ΣREE contents and Ce anomalies vary significantly, 
reflecting mixing of REY from reefal microbialites. Despite these disturbances, the NdN/YbN and Y/Ho ratios of 
Holocene reefal carbonates still demonstrate a highly conservative behavior during diagenesis. Our study in
dicates that the initial REY parameters, such as NdN/YbN and Y/Ho ratios, are frequently preserved in Holocene 
reefal carbonates, thus offering significant support for employing ancient marine limestones as indicators of 
marine REY geochemistry. Nevertheless, prudence is advised when utilizing ΣREE contents and Ce anomaly.

1. Introduction

Modern and ancient marine carbonates incorporate rare earth ele
ments and yttrium (REY with Y, REE without Y) in proportions akin to 
those observed in ambient seawater (Luo et al., 2021; Saha et al., 2019; 
Saha et al., 2021; Webb and Kamber, 2000; Webb et al., 2009; Wyndham 
et al., 2004; Zhao and Jones, 2013). In recent years, the REY proxy in 
marine carbonates, including scleractinian corals and microbialites, has 
been used successfully for tracing marine input origins (Falcone et al., 
2022; Saha et al., 2018; Saha et al., 2019; Saha et al., 2021; Wei et al., 
2023a; Zhao and Zheng, 2014), environmental pollution (Jiang et al., 
2017; Nguyen et al., 2013; Xie et al., 2023), and palaeoceanography and 
paleoclimate (Bi et al., 2019; Della Porta et al., 2015; Jia et al., 2024; 
Jiang et al., 2019; Kamber et al., 2014; Li et al., 2019; Liu et al., 2022; 
Tostevin et al., 2016; Zhang and Shields, 2022; Zhao et al., 2021). 
Although the fidelity and robustness of modern/ancient marine 

carbonates REY proxies are empirically established, the efficacy still 
relies on the direct synsedimentary contamination degree of terrigenous 
detritus and preservation of original REY signals during subsequent 
diagenesis (Webb et al., 2009).

Direct terrigenous contamination can be identified through the 
concurrent presence of reduced mobile elements, such as thorium (Th) 
and zirconium (Zr) (Nothdurft et al., 2004; Webb and Kamber, 2000), 
and the effects of diagenesis on REY geochemistry of marine carbonates 
can be evaluated by the geochemical and mineralogical proxies for 
diagenesis alteration, such as manganese (Mn)/strontium (Sr) ratio and 
oxygen isotope (δ18O) (Derry et al., 1994; Higgins et al., 2018; Kaufman 
and Knoll, 1995). Over the last decades, the above methods have been 
extensively utilized to evaluate the preservation of original seawater 
REY signature, and most studies verifies the consistent conservative 
behavior of REY in reefal carbonates throughout a variety of diagenetic 
changes (Jia et al., 2024; Jiang et al., 2019; Li and Jones, 2014; Liu et al., 
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2022; Luo et al., 2021; Shen et al., 2023; Webb et al., 2009; Zhao and 
Jones, 2013). However, the majority of prior studies have centered on 
the pre-Holocene limestones or dolomites, which have undergone 
compaction and lithification. Furthermore, despite the inclusion of 
Holocene data in some studies, the distinctive characteristics of Holo
cene carbonates might be obscured in the whole core study, due to their 
relatively scarce data compared to Pleistocene or other geological strata.

In general, except for the dissolution and recrystallization of meta
stable carbonate minerals, the characteristics of REY in carbonates are 
expected to maintain stability over geological timescales (Zhong and 
Mucci, 1995). Therefore, the REY signatures of marine carbonates are 
always susceptible to modification during the early diagenetic stage, e. 
g., neomorphism from aragonite to calcite (Tanaka et al., 2003; Webb 
and Kamber, 2000; Webb et al., 2009), which has been considered as one 
of the most unfavorable scenarios for preserving the original REY 
signature (Webb et al., 2009). Despite the transformation of aragonite to 
calcite can also be found in pre-Holocene stratum, e.g., the Pleistocene 
scleractinian coral skeletons of Florida (Webb et al., 2009), it is more 
readily observed in Holocene strata.

Coral reefs are extensively distributed throughout the South China 
Sea (SCS) (Yu, 2012), which initiated at the late Oligocene or early 
Miocene (Fan et al., 2020; Li et al., 2023). Well CK2, drilled on an iso
lated carbonate platform in the SCS (Fig. 1), yielded core recovery rates 
averaging ~70 %, with most sections exceeding 80 %, thus providing 
highly suitable research materials dating back to the early Miocene. 
According to high-precision uranium(U)-series dating, the initiation of 
Holocene reefal carbonates, measuring 16.7 m in thickness, occurred 
approximately 7.8 thousand years before present (ka BP), while vertical 
accretion ceased around 3.9 ka BP (Ma et al., 2021; Qin et al., 2019). 
Due to the minimal terrigenous influence, the Holocene reefal carbon
ates present an exceptional opportunity for investigating the response of 
REY behavior during neomorphism. This study investigates the REY 
signatures of the Holocene stratum in Well CK2 with an aim to assess the 
impact of neomorphism from aragonite to calcite on the REY signature 
of marine carbonates. The findings will contribute towards evaluating 

marine carbonates suitability as geochemical archives for environ
mental studies.

2. Geological settings

SCS is one of the largest low-latitude marginal sea on the globe with 
an area of ~3.5 × 106 km2, originally formed due to rapid seafloor 
spreading during the Cenozoic era (Barckhausen and Roeser, 2013). The 
Xisha Islands (17◦07′-15◦43′N, 111◦11′-112◦54′E) constitute a cluster of 
atolls located on an elevated submarine plateau in the northwestern SCS, 
encompassed by seawater at depths exceeding 1 km. The Xisha Islands 
exhibit a tropical monsoon climate, characterized by an annual precip
itation ranging from 1300 to 2000 mm, an average seawater surface 
temperature ranging from 22 to 30 ◦C, and near-surface salinity levels 
ranging from 33.14 to 34.24 ‰. The carbonate platforms surrounding 
the Xisha Islands exhibited extensive development, with reef and plat
form growth displaying relatively high activity levels during the middle 
Miocene, decreasing significantly during the late Miocene, and ranging 
from moderate to active during the Pliocene and Pleistocene periods 
(Fan et al., 2020; Shao et al., 2017; Wu et al., 2014). Well CK2, drilled in 
2013 on Chenhang Island (16◦27′ N, 111◦43′ E) in the southeast of the 
Yongle Atoll, comprises a Cenozoic carbonate succession extending to a 
depth of 873.55 m, along with the volcaniclastic basement reaching a 
depth of 928.75 m. Considering the relative stability of neotectonic 
activities in the study area, as well as the fact that the reef flat of modern 
coral reefs in the SCS is predominantly situated at low tide height, and 
with Well CK2’s borehole positioned approximately 2.9 m above this 
modern reef flat, it can be inferred that originally, the top of Well CK2 
was located around 13.8 m below the low tide level of present-day sea 
(Qin et al., 2019).

Fig. 1. Locality map of Well CK2 on the Chenhang Island of the Yongxing Atoll in the Xisha Islands, northern SCS.
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3. Material and methods

3.1. Core chronology

Based on Qin et al. (2019) and Ma et al. (2021), the Pleistocene/ 
Holocene boundary of Well CK2 was determined to be located 16.7 m 
below the drilling surface. The upper 16.7 m section of the core was 
sampled to obtain 18 well-preserved Acropora spp. Specimens (Fig. S1 in 
the Supplemental Materials) to establish a comprehensive chro
nostratigraphy of the Holocene coral reef. The samples were cleaned and 
sectioned to eliminate any surface impurities, e.g., drilling mud and 
loose sediments, subjected to ultrasonic oscillation in distilled water for 
debris particle removal, dried at 50 ◦C, and finally sealed in plastic bags. 
The U-series ages of the samples were determined by the Nu plasma 
multicollector inductively coupled plasma mass spectrometer at the 
University of Queensland, enabling precise determination of isotopic 
ratios and elemental concentrations with an accuracy within ±1–2 ‰ 
(2σ) (Clark et al., 2014). The U‑thorium (Th) isotopic data and 230Th 
dates can be seen in supporting information Table S1 and 11 samples 
were selected to establish the age framework based on the order from 
the youngest to the oldest in this study after removing age reversed 
samples (Fig. 2). The determination of age framework in details is pro
vided in Ma et al. (2021).

3.2. Lithology and mineralogy

The mineral species and mass percentages were determined through 
the utilization of X’Pert PRO diffractometer according to 2θ angle and 
spectral peak intensity (Fig. S2). The lithological characteristics and 
mineralogy of Well CK2 were analyzed by conducting microscopic ob
servations on about 300 thin sections using a polarizing microscope. The 
results indicate that the core from Well CK2, spanning from 16.7 to 0 m, 
predominantly consists of a coral debris mixture containing aragonite, 
high-Mg calcite and low-Mg calcite (Fig. 3). The entire core is comprised 
of identical constituent groups, predominantly coral (Acropora spp., 
accounting for 59.35 %) and fragments of coralline algae. The obser
vation of coral, originally composed of aragonite, undergoing the 
aragonite-calcite transformation provided evidence for the existence of 
the aragonite-calcite transformation (Fig. S3).

3.3. Geochemical analysis

Geochemical analyses of the samples were conducted at the Guangxi 
University, China. 14 carbonate powder samples from relatively well- 
preserved corals collected at an interval of ~1 m from the uppermost 
~16.7 m section of Well CK2. The δ18O analysis was conducted using a 
Finnigan MAT-253 stable isotope mass spectrometer coupled with a 
Fairbanks carbonate preparation device. The isotopic ratios were pre
sented in the per mil (‰) convention and normalized to the V-PDB in 
accordance with the GBW04405 standard. Repeated measurements of 
this standard produced a standard deviation of 0.08 ‰ for δ18O. The 
carbonate samples were processed and analyzed for elemental compo
sitions using standard techniques with an inductively coupled plasma 
emission mass spectrometer. The isotopes of REY (89Y, 139La, 140Ce, 
141Pr, 146Nd, 149Sm, 153Eu, 159Tb, 160Gd, 161Dy, 165Ho, 167Er, 169Tm, 
172Yb, and 175Lu), along with other trace metals (31P, 55Mn, 57Fe, 88Sr, 
and 92Zr), exhibit distinctive signals. The levels of barium oxid and rare 
earth oxide were determined by analyzing pure elemental solutions, 
with appropriate corrections made for any potential interferences. The 
concentrations of phosphorus pentoxide (P2O5) and ferric oxide (Fe2O3) 
applied in this study were determined based on the P and Fe concen
trations. The analyzed data were assessed for accuracy and precision 
through a comprehensive quality assurance and quality control pro
gram, which encompassed the utilization of reagent blanks, duplicate 
tests, and certified geochemical reference materials (GBW07129, 
GBW07133, GBW07135) with deviations below 5 %. The detailed pro
cedures were described in Xu et al. (2019) and Jiang et al. (2019).

3.4. Interpretations for proxies

The distribution patterns of REY in Holocene carbonate samples are 
demonstrated by normalizing the REY against the standard Post- 
Archean Average Shale (PAAS) (McLennan, 1989) and plotting them 
on a logarithmic scale as a function of the atomic numbers of the 
respective elements. The XN represent the PAAS-normalized concen
trations of X, and the NdN/TbN ratio is used to represent light REE 
(LREE)/heavy REE (HREE). The Y/Ho mass ratios are computed without 
undergoing any form of normalization. Ce anomaly (Ce/Ce* = Ce/(Pr2/ 
Nd)) and Eu anomaly (Eu/Eu* = Eu × 2/(Sm + Gd)) are calculated by 
geometrically/linear extrapolating Pr and Nd, Sm and Gd, respectively.

4. Results

4.1. Lithofacies, depositional facies and mineralogy

The uppermost 16.7 m interval of Well CK2 consists predominantly 
of unconsolidated coarse sediments, comprising coral, large benthic 
foraminifera, mollusks, and coralline algae. The particle size distribu
tion is dispersed and the frequency of the particle size is not well-defined 
or abrupt, indicating a shallow seawater environment characterized by 
moderate to high energy levels. The Holocene sedimentary environment 
of Well CK2 was characterized by unconsolidated bioclastic limestone 
and coral debris.

The upper 16.7 m section of Well CK2 can be classified into three 
units based on mineral compositions (Fig. 3). Unit I (0–⁓2 m) primarily 
consists of aragonite, with minor occurrences of high-Mg calcite. In Unit 
II (⁓2–⁓10 m), the majority of primary aragonite has undergone 
transformation to high-Mg calcite within this unit. Unit III (⁓10–16.7 
m) is characterized by predominant low-Mg calcite, accompanied by 
minor amounts of aragonite or high-Mg calcite.

4.2. Elemental and isotopic geochemical characteristics

The REY proxies of the Well CK2 above 16.7 m are presented in 
Fig. 3. The Ce anomaly, Eu anomaly and NdN/YbN ratios do not exhibit 
any discernible trends except several extremes, with the respective 

Fig. 2. Calibrated U-Th age framework of the Holocene section of Well 
CK2 core.
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ranges of 0.42–1.06 (average ± standard deviation (SD): 0.65 ± 0.17), 
0.90–1.85 (average ± SD: 1.21 ± 0.25), and 0.27–0.92 (average ± SD: 
0.47 ± 0.17). A visible secular variation trend can be observed in the 
sequence of ΣREE content and Y/Ho ratios, with the respective ranges of 
0.45–2.50 ppm (average ± SD: 1.54 ± 0.64 ppm) and 43.70–88.58 
(average ± SD: 57.37 ± 13.53). All the carbonate samples have typical 
seawater REY patterns, characterized by the depletion in LREE 
compared to the HREE, superchondritic Y/Ho ratios, a slight positive Eu 
anomaly, and a negative Ce anomaly, as observed in Fig. 4.

As a typical detrital element, Zr ranges from 0.26 to 1.99 ppm, with 
an average of 0.86 ± 0.42 ppm. The Mn and Sr have the ranges of 
4.07–83.62 ppm (average ± SD: 30.98 ± 22.53 ppm) and 0.52–9.25 % 
(average ± SD: 1.41 ± 2.18 %), respectively. The P2O5 and Fe2O3 have 
the ranges of 0.04–0.15 % (average ± SD: 0.08 ± 0.03 %) and 
0.06–0.33 % (average ± SD: 0.17 ± 0.08 %), respectively. The δ18O 
values range from − 5.06 to − 2.10 ‰ (average ± SD: − 3.43 ± 0.77 ‰) 
throughout the uppermost 16.7 m interval of Well CK2.

5. Discussion

5.1. Impacts of contaminations and diagenesis

The exogenous sources, characterized by elevated REY contents and 
distinctive REY patterns, may overprint the carbonate REY signals 
(Nothdurft et al., 2004). This isolated carbonate system contained 
minimal fine siliciclastic particulates, which is consistent with the low 
ΣREE levels observed. In addition, the non‑carbonate contaminations 
were always evaluated based on several criteria, including Zr for 
detritus, Fe for Fe-Mn(oxyhydr)oxides, and P for phosphates (Nothdurft 
et al., 2004; Zhao et al., 2022). The Zr, abundant in shale (⁓210 ppm), 
occurs in concentrations ⁓0.86 ppm in carbonate samples, indicating 
<1 % shale contamination. Despite the potential influences from the 
very small amounts of shale with high REY concentrations on REY 
patterns, this possibility has been dismissed due to the lack of significant 
correlation between ΣREE and Zr (Fig. 5). Likewise, the low Fe2O3 
concentrations (<0.35 %) and absence of correlation observed in the 
plot depicting Fe2O3 concentrations against REY parameters (Fig. S4) 
suggests that Fe-Mn(oxyhydr)oxides do not exert a significant control 
over REY patterns. The P2O5 concentrations (<0.2 %) exhibit no sig
nificant correlation with the Y/Ho ratios and NdN/YbN, but they do 
display a strong correlation with ΣREE and Ce anomalies (Fig. 6). This 
suggests that phosphates, which can disproportionately incorporate REY 
and are susceptible to diagenesis alteration (German and Elderfield, 
1990; Reynard et al., 1999), account for the observed effects. Therefore, 
while the ΣREE and Ce anomalies of carbonate samples may not accu
rately reflect the primary signal, it is expected that the signals of Y/Ho 
ratios and NdN/YbN ratios may be well-preserved in these samples.

The diagenetic processes involve the early marine diagenesis, 
chemical exchange between the solid phase and pore-fluid, transforming 
metastable aragonite and high-Mg calcite into low-Mg calcite rocks 
(Higgins et al., 2018). The sedimentary composition of the area is pre
dominantly loose, with a notable lack of strong cementation. Only 
acicular aragonite cement can be observed within the interstices of 
certain coral fragments, which is commonly believed to have formed 
during the quasi-simultaneous period in a marine environment and 
likely shares similar REE chemical characteristics with seawater 
(Sholkovitz and Shen, 1995; Webb et al., 2009). Meanwhile, early 

Fig. 3. Mineral compositions (ARA: aragonite; HMC: high-Mg calcite; LMC: low-Mg calcite) and REY profiles from the top ~16.7 m section of Well CK2 core.

Fig. 4. The PAAS- normalized REY patterns of surface seawater samples from 
SCS and carbonates in the Well CK2 (0–16.7 m). The REY curve represented the 
average ± standard deviation. The data of SCS seawaters is from Alibo and 
Nozaki (2000).
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marine diagenesis has been reported not to invalidate the utility of 
shallow-marine carbonates as proxies for the seawater chemistry (Wei 
and Zhang, 2024). Therefore early marine diagenesis can not affect the 
behavior of REY. The mineralogy (%) exhibits a poor correlation with 
the REY parameters (Fig. 7), indicating that the stabilization of the REY 
patterns of neomorphic calcites during the diagenetic processes 
(Frimmel, 2009; Webb and Kamber, 2000; Webb et al., 2009). From the 
view of geochemistry, the majority of diagenetic fluids typically exhibit 
low Sr concentrations and high Mn concentrations (Kaufman and Knoll, 
1995). Additionally, meteoric fluids are characterized by isotopically 
depleted δ18O values (Derry et al., 1994). The commonly employed 

thresholds for assessing the preservation of primary signals are about 1 
for Mn/Sr ratios and − 10 ‰ for δ18O values (Higgins et al., 2018). In the 
carbonate samples, the δ18O results varied between − 5.06 ‰ and −
2.10 ‰, with an average of − 3.43 ‰, all surpassing the lower limit of 
− 10 ‰. Meanwhile, the δ18O values exhibit weak correlations with both 
the ΣREE and Y/Ho ratios across various sedimentary facies. Likewise, 
the Mn/Sr ratios ranged from 0.0005 to 0.0141, with an average value of 
0.0036, significantly below the threshold of 1. The correlation between 
the Mn/Sr ratios and Y/Ho ratios is found to be poor, whereas a sig
nificant association between the Mn/Sr ratios and ΣREE can be observed 
(Fig. 8).

Fig. 5. Co-variation plots of REY parameters against Zr in the top ~16.7 m section of Well CK2 core.

Fig. 6. Co-variation plots of REY parameters against P2O5 in the top ~16.7 m section of Well CK2 core.
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Considering the significant correlations among Mn/Sr ratios, P2O5, 
and ΣREE (Figs. 6 and 8), we inferred that the phosphates were affected 
by diagenetic alteration, resulted in the variations in ΣREE (German and 
Elderfield, 1990; Reynard et al., 1999). In fact, there are a certain 
amount of phosphates, such as microbialites containing phosphate, fish 
teeth and bones, crustacea, lingulata etc., in the Holocene sediments, 
and P could also be bound to the carbonate grains (Dodd et al., 2021; 
Monbet et al., 2007; Ning et al., 2020). Furthermore, it is plausible that 
the recrystallization process of apatite contributes to the reenrichment 
of REY (Liu et al., 2023). The weak correlation between P2O5 and Ce/ 

Ce* is likely transmitted from the strong negative correlation observed 
between ΣREE and Ce/Ce* (r = 0.67, p < 0.01).

5.2. REE behavior during neomorphism

In comparison to the overlying aragonite, the neomorphic calcite 
seems to exhibit distinctive characteristics (Fig. 3), including an 
increased ΣREE concentration, a heightened negative Ce anomaly, and 
an augmented depletion of light REE (lower NdN/YbN ratios), aligning 
with the REE parameters observed in Pleistocene scleractinian coral 
skeletons during meteoric diagenesis (Webb et al., 2009). Despite the 
weak correlation between ΣREE and mineralogy, a visible increase in 
REE concentration is observed from aragonite to calcite (Fig. 3). The 
majority of REY seem to be preserved through neomorphism, and the 
neomorphic calcite samples exhibit higher REY levels compared to 
aragonite (Fig. 3), albeit with predominantly similar PAAS-normalized 
patterns (Fig. 4). One hand, Webb et al. (2009) suggested that: (i) dur
ing the dissolution of calcite, the REY released are promptly sequestered 
by the adjacent deposited calcite; and (ii) upon the complete dissolution 
of marine limestone, the REY released will subsequently be sequestered 
by the newly formed calcite cement, leading to a slight enrichment of 
these elements within the new calcite. On the other hand, in comparison 
to the interactions between fluids and aragonite, the REY exhibit high 
distribution coefficients between calcite and diagenetic fluids, along 
with a strong tendency to bind to the surfaces of carbonate structures, 
which may result in the sequestration of REY during neomorphism 
(Lakshtanov and Stipp, 2004; Stipp et al., 2003). In general, the 
empirical distribution coefficients of REY between aragonite coral 
skeletons and fluids typically fall within the range of 1 to 5 (Akagi et al., 
2004; Sholkovitz and Shen, 1995; Wyndham et al., 2004). Despite the 
empirical and experimental evidences are contradictory concerning 
calcite (Scherer and Seitz, 1980; Tanaka and Kawabe, 2006; Webb and 
Kamber, 2000; Zhong and Mucci, 1995), the REY partition coefficients 
between fluids and calcite exhibit significantly higher values (e.g., 2.5 to 

Fig. 7. Co-variation plots of REY parameters against mineral compositions in the top ~16.7 m section of Well CK2 core.

Fig. 8. Co-variation plots of REY parameters against Mn/Sr ratios and δ18O 
values in the top ~16.7 m section of Well CK2 core.
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10 (Terakado and Masuda, 1988), ~100 (Scherer and Seitz, 1980), 
~300 (Toyama and Terakado (2019); Webb and Kamber, 2000)) 
compared to those observed between fluids and aragonite in equivalent 
experiments. Considering that the vast majority of samples, initially 
composed of aragonite, have now transformed into high-Mg calcite and 
low-Mg calcite, it is likely that the relatively higher ΣREY content in 
these carbonates can be attributed to their diagenetic processes. Despite 
the significant changes in ΣREE concentrations, the calcite REY patterns 
were retained largely intact due to proportionably scavenging of REY 
during the neomorphic calcite precipitation (Stipp et al., 2003) and the 
low levels of fluid REY concentrations.

Direct contamination by particulate matter and the dissolution of 
microbialites can also increase REY concentration (Cabioch et al., 2006; 
Webb et al., 2009; Webb and Kamber, 2000). Overall, the selective 
uptake of LREE by particulate matter could explain the nearly flat dis
tribution and the minimal negative Ce anomaly (Webb et al., 2009). 
Obviously, the relatively low NdN/YbN ratios and well-developed 
negative Ce anomalies of neomorphic calcites (Fig. 3) ruled out the 
possibility of particulate matters. Reefal microbialites represent the 
advanced stage of encrustation on deceased coral colonies or, more 
commonly, on related encrusting organisms, thereby forming surface 
crusts (Camoin et al., 2006). Microbialites are commonly found within 
cavities of coral frameworks (Heindel et al., 2012) and have been 
demonstrated to contemporaneously develop alongside reef frameworks 
or slightly postdate associated corals by a few centuries (Webb and Jell, 
2006; Westphal et al., 2010). As a feature of rapid sea-level rise and 
abrupt climatic changes, microbialites have been identified widespread 
development in the Holocene and modern reefs in the South China Sea 
(Gong et al., 2017; Heindel et al., 2012; Shen and Wang, 2008; Teng and 
Shen, 2008; Yang et al., 2023; Zhang et al., 2022). Reefal microbialites 
contain REY in higher concentration than corals (Webb and Kamber, 
2000), thus enhancing testability to facilitate precise value assessment 
and providing robust seawater REY proxies for ancient reefs and car
bonate platforms (Kamber and Webb, 2001; Kamber et al., 2014; 
Nothdurft et al., 2004; Olivier and Boyet, 2006). The dissolution of 
microbialite would not only result in an increased concentration of REY 
in pore fluids but also introduce an increasing negative Ce anomaly 
(Cabioch et al., 2006; Webb and Kamber, 2000). Therefore, we hy
pothesize that the microbialites, which exhibited sensitivity to diage
netic alteration, may account for the strong associations observed 
between ΣREE and Ce anomaly (r = − 0.67, p < 0.01), as well as the 
correlation between ΣREE and Mn/Sr ratio (Fig. 8). It’s worth noting 
that the growth of microbialites is typically succeeded by the formation 
of phosphatic‑iron‑manganese crusts, with phosphatic films frequently 
interlayering with microbial laminae on the external surfaces of the 
crusts and coating borings within both the microbialite and underlying 
red algal-foraminiferal encrustations (Camoin et al., 2006). Therefore, 
the microbialites containing phosphate might explain the significant 
correlations among P2O5, ΣREE and Ce anomaly (Fig. 6 and S2).

The reduction in LREE depletion in carbonates is thought to result 
from several factors, including the influences of terrigenous inputs 
(Nothdurft et al., 2004; Webb et al., 2009), variations in depositional 
settings (Kamber and Webb, 2001), and/or differences in diagenetic 
histories (Mazumdar et al., 2003). The NdN/YbN ratios, however, exhibit 
no discernible variations with respect to the diagenetic indices and 
mineral compositions (Fig. S5), implying that diagenesis exerted negli
gible influence on the depletion of LREEs. Salas-Saavedra et al. (2022)
reported that reefal microbialit-hosted REY distributions (NdN/YbN and 
Y/Ho ratio) were consistent with shallow oxygenated seawater, and 
might provide high-quality proxies for ambient water quality. However, 
Mazumdar et al. (2003) proposed that the basicity of pore fluids in both 
the unsaturated and saturated zones, which increases due to organic 
matter degradation, facilitates the incorporation of HREE into the car
bonate lattice. The transformation of aragonite and/or high-Mg calcite 
into low-Mg calcite potentially occurred within a mixed freshwater and 
seawater environment (MacNeil and Jones, 2003). Nevertheless, the 

limited depletion of LREE and the absence of any observed correlation 
between NdN/YbN ratios and diagenetic indices in carbonates may 
suggest negligible effects of meteoric processes throughout the trans
formation of aragonite and calcite. Actually, meteoric diagenesis does 
not invariably obscure the geochemical signature of primary carbonate 
minerals (Wei et al., 2023b). In this study, the NdN/YbN and Y/Ho ratios, 
which demonstrate limited correlations with both diagenetic alteration 
and non‑carbonate contamination indexes, should be preserved as the 
primary REY signature during the neomorphism processes.

5.3. Interpretation of REY patterns

The Holocene carbonate REY patterns are characterized by (1) pos
itive La anomalies, (2) negative Ce anomalies, (3) LREE depletion 
relative to HREE, and (4) superchondritic Y/Ho molar ratios (Fig. 4), 
similar to those found in other Quaternary marine carbonates (Jia et al., 
2024; Luo et al., 2021; Webb and Kamber, 2000; Webb et al., 2009) and 
modern seawater in the South China Sea (Alibo and Nozaki, 1999, 
2000). The Eu anomalies of most samples vary within the typical range 
of seawater (0.9–1.5) (Tostevin et al., 2016), and exhibit no clear trend. 
However, subtle distinctions exist among the REY patterns of the three 
units in terms of their Ce anomalies, NdN/YbN and Y/Ho ratios. All the 
Holocene carbonate samples exhibited negative Ce anomalies (Fig. 3). 
Tanaka et al. (2003) suggested that the Ce/Ce* of carbonates might 
indicate the depth of the seawater where the initial diagenetic processes 
occurred. The Ce/Ce* ratios of carbonates are consistent with those of 
modern surface seawater (Alibo and Nozaki, 2000), suggesting the 
presence of an oxygen-rich environment during their formation. The 
predominant process responsible for negative Ce anomalies in seawater 
is the oxidation of dissolved Ce(III) to particulate Ce(IV), associated with 
redox. Despite the possible influence of phosphates, the Holocene car
bonate samples still exhibit the oxidation characteristics inherent to the 
original surface seawater.

Excluding the potential influences of mineralogy (Webb et al., 2009) 
and diagenesis (Azmy et al., 2011; Tanaka et al., 2003) on REY in car
bonates, the variations in the NdN/YbN and Y/Ho ratios should primarily 
reflect the composition of the seawater during carbonate formation 
(Azmy et al., 2011). The observed variations in the NdN/YbN ratios of 
carbonates are likely attributed to fluctuations in the REY composition 
of seawater, as carbonates solely acquire REY from the surrounding 
seawater. The NdN/YbN ratios exhibit an increasing trend with depth in 
contemporary seawater (Alibo and Nozaki, 1999, 2000). Nonetheless, 
the gradual rise in NdN/YbN ratios with depth cannot be exclusively 
linked to differences in the initial depositional settings, since all the 
carbonates were formed in shallow marine environments. As a result, 
the recorded increase in NdN/YbN ratios with depth (Fig. 3) could 
indicate a long-term shift in the REY composition of seawater. The NdN/ 
YbN ratio, indicative of LREE depletion, is consistently attributed to the 
preferential affinity of LREE towards scavenging processes prevalent in 
seawater (Wyndham et al., 2004). However, many factors including the 
continental weathering inputs (Akagi et al., 2004; Caetano-Filho et al., 
2018; Saha et al., 2019; Wyndham et al., 2004) and mineralization and 
desorption processes occurring on the biogenic particles (Li et al., 2019) 
may influence the LREE depletion of seawater. Compared with modern 
seawaters in the SCS, the LREE depletion of carbonate samples are all 
within the range of surface seawater (Alibo and Nozaki, 2000). 
Considering the narrow range (0.27–0.92), the NdN/YbN ratios of Ho
locene carbonate might represent the secular change of LREE depletion 
of surface seawater in the open ocean, rather than being influenced by 
other impact factors.

Nozaki et al. (1997) proposed that Y and Ho exhibit relatively short 
residence times in the marine environment, with their fractionation 
primarily governed by scavenging processes associated with the 
complexation of Y and Ho on particles. The Y/Ho ratios are highest in 
open ocean settings, exceeding 44; they are intermediate in restricted 
marine environments, ranging from 25 to 44; and lowest in freshwater 
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systems and shale deposits, below 25 (Nozaki et al., 1997; Tostevin 
et al., 2016). The Y/Ho ratios of all samples, which are consistent with a 
seawater origin (Alibo and Nozaki, 2000), exhibit depth-dependent 
variations (Fig. 3). Overall, the Y/Ho ratios in surface seawater are 
primarily influenced by continental inputs and local oceanographic 
processes (Mazumdar et al., 2003). The Y/Ho ratios of Holocene car
bonate samples fall between those of open ocean water and shale/ 
freshwater (Nozaki et al., 1997; Tostevin et al., 2016), indicating a blend 
of terrigenous materials and oceanic seawater. In fact, the reef carbonate 
Y/Ho ratio has been utilized as reliable proxy for enhanced terrigenous 
inputs in the South China Sea (Jia et al., 2024). According to Fig. 3, our 
findings indicate an overall declining trend in terrigenous inputs over 
time.

6. Conclusions

We have conducted a REY analysis of a Holocene reef core in the 
Xisha Islands, northern SCS. Our findings suggest that Holocene reef 
carbonates preserve certain original REY signatures, such as NdN/YbN 
and Y/Ho ratios, derived from the surface seawater in which they 
formed, provided that they experience minimal terrigenous input and 
diagenetic alterations. Despite the REY parameters and patterns are 
consistent with those observed in other Holocene carbonate cores/corals 
in the SCS, the ΣREE contents should be impacted by both neomorphism 
and phosphates. In addition, the Ce anomaly variations were associated 
with the phosphates. We inferred that the reefal microbialites, which 
exhibited sensitivity to diagenetic alteration, might be responsible for 
the variations of ΣREE contents and Ce anomaly during the neo
morphism. Hence, we postulate that the NdN/YbN and Y/Ho ratios of 
Holocene reef carbonates can serve as crucial indicators for under
standing paleoceanography. However, caution is necessary when using 
ΣREE contents and Ce anomaly for analysis.
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High‐Resolution Coral Records of Rare Earth Elements and
Yttrium in Seawater Driven by Submarine Groundwater
Discharge in a Basalt Island: A Case Study in the Northern
South China Sea
Tingwu Gu1, Wei Jiang1 , Yansong Han1 , Chunmei Feng1, Ning Guo1, Caifeng Liu1,
Yu Zhang1, and Kefu Yu1,2

1Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, School of Marine Sciences, Guangxi University,
Nanning, China, 2Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China

Abstract Rare earth elements and yttrium (REY) are widely employed as tracers for oceanic geochemical
processes, which require a thorough understanding of their sources, sinks, and drivers of variability in the
marine environment. However, significant uncertainties exist in the marine REY cycle, the so‐called “missing
Nd flux,” particularly regarding the contribution of submarine groundwater discharge (SGD) and basalt
weathering in volcanic islands. Here, we present a 10‐year record of monthly Porites coral REY parameters
from Weizhou Island, a volcanic island built up underwater from basalt eruptions during the Quaternary, to
investigate the sources and seasonal characteristics of surface seawater REY. Results demonstrate a robust
seasonal cycle in the coral Y/Ho ratios, exhibiting a strong correlation with the rainfall‐controlled SGD on
monthly timescales and East Asian Summer Monsoon on interannual timescales, both of which are associated
with basalt weathering. Combined with multiple climatic and environmental data, we find that coral NdN/YbN

ratios may be mainly controlled by precipitation associated with SGD and the adsorption‐desorption processes
of marine biogenic particles, whereas coral REY/Ca ratios are influenced by the remobilization of sediment
driven by winter monsoon. Our research suggests that the high coral Y/Ho ratios may be primarily influenced by
basalt weathering during the wet season, when SGD from the island is the chief source of REY to the coastal
waters. This study provides new insights into the sources and characteristics of marine REY in volcanic islands,
highlighting the potential for SGD‐driven REY fluxes from basaltic islands.

Plain Language Summary Rare earth elements and yttrium (REY) are able to record marine
geochemical processes. To better understand this process, it is necessary to comprehend the sources and track
the changes of REY in the marine environment. However, the contribution of submarine groundwater discharge
(SGD) and basalt weathering of volcanic islands to marine REY is still unclear. Here, a Porites coral, reflecting
the historical changes in the REY composition of dissolved seawater, was collected from a volcanic island in the
South China Sea. Comprehensive geochemical analyses have been conducted to explore the temporal variations
and sources of REY in surface seawater. We discovered that basalt weathering driven by SGD is the main cause
of REY changes in seawater. Furthermore, seasonal fluctuations in biogenic particles, combined with the
dissolution of particulate REY within sediment driven by winter monsoon, played a substantial role. Another
key point is that the REY parameters (e.g., Y/Ho ratio) may hold promise as an excellent indicator for assessing
basalt weathering intensity. This study deepens our understanding of the origin and behavior of REY in marine
systems, and improves the comprehension of how basalt weathering influences REY recorded in corals.

1. Introduction
Rare earth elements and yttrium (REY) are regarded as excellent tracers for water‐mass transport, current
transport, and particle settling, for example, in marine geochemical processes (Behrens et al., 2020; Deng
et al., 2017; Elderfield & Greaves, 1982; Murphy & Dymond, 1984), due to their subtle but systematic differences
in chemical properties related to their unique electronic structure (Elderfield et al., 1988). The main sources of
dissolved REY in the modern oceans are riverine flux, submarine groundwater discharge (SGD), atmospheric/
eolian flux, and hydrothermal inputs (Chen et al., 2015; Jiang et al., 2018b). In addition, there is important ev-
idence that a deep, benthic flux and boundary exchange also likely contribute to the marine REY cycle (Abbott
et al., 2015; Pearce et al., 2013). Analyzing the budget and pattern of oceanic dissolved REY provides valuable
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insights into the geochemical signatures and climate evolution of the global or regional ocean (Adebayo
et al., 2022; Garcia‐Solsona & Jeandel, 2020; Garcia‐Solsona et al., 2020; Pham et al., 2019). It is crucial to note
that there is a difference between the combined river with atmospheric neodymium (Nd) fluxes and the flux
required to balance the oceanic Nd budget, the so‐called “missing Nd flux,” which is a significant issue in marine
REY research (Abbott et al., 2015; Arsouze et al., 2009; Lacan & Jeandel, 2005; Tachikawa et al., 2003). Recent
research has shown that there are two promising candidates for “missing Nd flux,” focusing on SGD (Chevis
et al., 2015; Johannesson & Burdige, 2007; Johannesson et al., 2011) and the weathering of basaltic islands
(Johannesson et al., 2017; Molina‐Kescher et al., 2018). However, the geochemistry of REY in seawater remains
relatively underexplored to date due to REY's low concentrations and complex chemical speciation (Schijf &
Byrne, 2021). There is a lack of continuous high‐resolution monitoring data to fully investigate the budget of REY
in the oceans and their influencing factors.

Coral reefs, widespread in tropical and subtropical marine environments, provide an excellent high‐resolution
geochemical proxy due to their long growth histories, rapid annual growth rates, clear interannual boundaries,
sensitivity to environmental changes, and suitable high‐precision dating (Saha et al., 2016; Thompson, 2022; Yu
et al., 2005). The concentrations of REY incorporated in coral skeletons are proportional to those in ambient
seawater (Akagi et al., 2004; Sholkovitz & Shen, 1995), allowing for the historical changes in the dissolved REY
composition of the surrounding seawater to be reliably represented by the changes in the REY composition along
the growth bands in coral (Wyndham et al., 2004). Therefore, the records of REY provided by corals offer the
potential to reveal past environmental and climatic parameters, including sea level change (Liu et al., 2006, 2011),
human activities (Nguyen et al., 2013), continental weathering (Naqvi et al., 1996), SGD (Jiang et al., 2018b;
Prouty et al., 2009), monsoon (Jiang et al., 2018a; Li et al., 2019), terrestrial runoff and associated coastal water
quality (Saha et al., 2018). Despite numerous surveys of estuarine areas, much less is known about the coral REY
variation in subterranean estuary areas as well as in basalt islands with SGD.

The Early‐Middle Pleistocene flood basalts are the products of the largest volcanic eruption on Weizhou Island
(WZI) (Zhang et al., 2020), which formed the volcanic terrain of the island (Fan et al., 2006). The natural
conditions of WZI are conducive to the growth and reproduction of reef‐building corals, which have developed
since the mid‐Holocene (Yu et al., 2019). Situated in a tropical zone with high precipitation and temperatures, the
volcanic rocks in WZI primarily consist of basalt (Yu et al., 2021), which facilitates chemical weathering
(Gislason et al., 2009). For this study, WZI was selected as the research area, where the high‐resolution (monthly)
coral records of REY were analyzed to investigate the impacts of climatic and environmental drivers (notably
SGD and basalt weathering) on the seasonal variations of marine REY, aiming to enhance our understanding of
marine REY budgets.

2. Materials and Methods
2.1. Study Area

WZI (20°00′–21°05′N, 109°04′–109°09′E), located in the northern South China Sea (SCS), is a volcanic island
formed by subaqueous eruptions of Quaternary basaltic magma (Yue et al., 2024) (Figure 1). There are large areas

Figure 1. Location map of the study area. (a) Location map in WZI, and (b) Geological map in WZI (modified from Fan
et al. (2006)) and sampling points of W3 coral and PW4 SGD (marked by stars).
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of spheroidal weathered basalt in the north of the island (Fan et al., 2006). WZI is an independent hydrogeological
unit surrounded by the sea and characterized by a tropical oceanic monsoon climate. The average annual tem-
perature is 23.5°C, and the average annual precipitation reaches∼1,423 mm, with nearly 85% occurring in the wet
season (from May to October), which supports strong chemical weathering. Additionally, the island boasts
abundant groundwater resources (Chen, 1999). The equal 224Ra mass of the source and sink terms in the study
area was used to estimate the SGD flux around the WZI to be 3.95 × 107 m3 d− 1 (26.57 cm d− 1) (Methods S1 and
S2 in Supporting Information S1), which is comparable to those of Jeju Island (4.5 × 107 m3 d− 1) (Kim &
Kim, 2011).

2.2. Sample and Geochemical Analysis

A modern Porites coral labeled as W3 was collected at a water depth of 4 m in the northwest of WZI (21°4′7″N,
109°5′24″E) in October 2015 (Figure 1b). After washing with clean water, the coral was cut along the major
growth axis using a rock saw to obtain a slab (approximately 24 cm long, 8 cm wide, and 1 cm thick). The annual
growth bands of coral aragonite can be determined from the alternating light‐dark density stripes of the X‐ray
image (Figure S1 in Supporting Information S1). Each high‐ and low‐density band represents 1 year of growth
(Knutson et al., 1972), while the outermost band represents the ongoing growth of coral skeletons in 2015. The
slab was soaked in 10% H2O2 for 48 hr and washed 3 times in an ultrasonic bath with Milli‐Q water to ensure the
removal of any surface contamination that could potentially affect the accuracy of the trace elemental records.
Subsequently, it was air‐dried in an oven at 40°C for 48 hr.

Following pretreatment, preliminary grinding was conducted along the designated sample track of the slab, with
the objective of removing approximately 1 mm of powder from the upper surface. Subsequently, based on the
annual density stripes of the X‐ray image, powdered calcium carbonate samples were taken at a fixed micro-
sampling interval and continuously along the maximum growth axis to obtain 416 samples (32 years). The in-
ternal standard isotopes (103Rh, 115In, 187Re) were used to prepare the 100 ml of 100 ppb internal standard stock
solution. The national certified carbonate geochemical reference materials (GBW07129, GBW07133,
GBW07135), as presented in Table S1 of the Supporting Information S1, were used as the external standards for
the coral skeleton analysis (Jiang et al., 2022). Approximately 3 mg of the sample was weighed into an LDPE tube
from the completely homogenized sample. Each tube was filled with 450 μl of 100 ppb internal standard stock
solution, diluted approximately 3,000 times with 2% HNO3, and then analyzed by inductively coupled plasma‐
mass spectrometry (ICP‐MS) for geochemical analysis of REY. The signals of the REY isotopes (89Y, 139La,
140Ce, 141Pr, 143Nd, 149Sm, 153Eu, 159Tb, 160Gd, 164Dy, 165Ho, 167Er, 169Tm, 174Yb, and 175Lu), other trace metals
(43Ca and 90Zr), and the internal standard isotopes were simultaneously monitored and measured in the same
aliquots. The signals were further corrected for any oxide, hydroxide, and isobaric interferences and calibrated
against the certified elemental abundances in the standard to calculate the elemental concentrations in the coral
samples (The levels of BaO and (REY)O were determined by analyzing pure elemental solutions, with appro-
priate corrections made for any potential interferences). All samples were measured 3 times with a relative
standard deviation (RSD) of generally less than 5%. The details of the sample processing and analysis methods
have been reported in our previous research (Jiang et al., 2022).

Previous studies have reported that the Ni/Ca and V/Ca ratios of the W3 coral were low and stable during the
period 1994–2008, whereas these values fluctuated drastically and exhibited high levels during other periods of
anthropogenic activity (Jiang et al., 2022; Wu et al., 2022). Thus, the coral REY time series was established for the
decade of 1999–2008 in our study, which was the natural state relatively less affected by artificial disturbance in
the WZI (Figure S2 in Supporting Information S1) and showed a more pronounced trend (Sun et al., 2022). The
δ18O values of W3 coral (selected from the same completely homogenized sample for the REY measurements)
have been previously reported by Xu et al. (2018) and were applied in this study. The maximum δ18O values
corresponded to the lowest point of the sea surface temperature (SST) cycle and vice versa; then, each annual
cycle variation of the same coral REY can be determined correspondingly (Tables S2 and S3 in Supporting
Information S1). Subsequently, the REY data with the monthly resolution was obtained from linear interpolation.
Because of the complex internal structure of the coral, the actual growth rate of the coral is not likely to be
uniform. The interpolation method may result in slight deviations in the monthly resolution time series. Therefore,
the data will be analyzed and discussed using a 5‐month moving average, which effectively removes the dis-
turbances in question.
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2.3. SGD Sample Collection and Chemical Analysis

The groundwater sample (labeled as PW4, situated in close proximity to W3 coral) was collected in October 2022
in acid‐cleaned high‐density polyethylene (HDPE) bottles at the location shown in Figure 1b. In the field, salinity
(∼20‰) and pH (∼6.66) were monitored using a portable multiparameter water quality analyzer until the pa-
rameters reached a stable state. Subsequently, the PW4 groundwater was filtered through a 0.45 μm filter
membrane and collected in an acid‐cleaned HDPE bottle. It was then acidified to a pH of less than 2 with ultra‐
pure HNO3 and transported back to the laboratory under refrigeration. Since its return to the laboratory, the
groundwater sample has been stored in the laboratory sample freezer at a temperature of approximately 0 degrees
Celsius.

The PW4 groundwater sample was passed through Bio‐Rad® Poly‐Prep columns packed with∼2 mL of Bio‐Rad
AG® 50 W‐X8 (100–200 mesh, hydrogen form) cation‐exchange resin in order to separate the REY from the
major salts. Two 3‐mL acid rinses of 1.75 M ultra‐pure HCl and 2 M ultra‐pure HNO3 were performed to elute Fe
and Ba, respectively, from the columns. REY were then eluted from the column into a Teflon® beaker with 10 mL
of 8 M ultra‐pure HNO3. Each sample was subsequently evaporated to dryness on a hot plate, and taken up in
10 mL of a 1% v/v ultra‐pure HNO3 solution for analysis (Johannesson et al., 2017). The sample was spiked with
115In at 2 ppb for use as an internal standard and analyzed for the REY isotopes (89Y, 139La, 140Ce, 141Pr 146Nd,
147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 167Er, 169Tm, 172Yb, and 175Lu) by ICP‐MS at Guangxi Uni-
versity. The analyzed data were assessed for accuracy and precision through quality assurance and quality control,
which included reagent blanks, duplicate tests, and the National Research Council Canada Certified Reference
Material (NASS‐7). The analytical precision of REY analyses was consistently less than 10% RSD.

2.4. Climate and Environmental Data

Date on SST, rainfall, and wind speeds were collected from the WZI Weather Station. The East Asian Summer
Monsoon (EASM) indices were obtained from the China Climate Bulletin (http://www.ncc‐cma.net/channel/
news/newsid/100060). Chlorophyll‐a (Chl‐a) concentration data were archived by the Environmental Research
Division's Data Access Program (ERDDAP) of the National Oceanic and Atmospheric Administration (NOAA)
(https://coastwatch.pfeg.noaa.gov/erddap/index.html). The sea surface salinity (SSS) data were obtained from the
website http://www.ocean.iap.ac.cn/. The wet season of WZI is defined as the period between May and October,
while the dry season is the interval between November and April.

2.5. REY Parameters

The REY parameters for W3 coral have been normalized using the Post Archean Australian Shales (PAAS) REY
patterns (Pourmand et al., 2012). The ratio of [Nd/Yb] PAAS (NdN/YbN) is a common indicator to represent the
fractionation of light rare earth elements (LREE, La‐Eu) and heavy rare earth elements (HREE, Gd‐Lu) (Hen-
derson, 1984). Yttrium/holmium (Y/Ho) is commonly used in corals to indicate the degree of influence of
continental sources, which are more enriched in Ho than in Y (Nguyen et al., 2013).

3. Results
3.1. Variation of the Coral REY

The total REE levels in W3 coral samples from 1999 to 2008 ranged from 136 to 775 ng/g, with an average of
202 ng/g (Figure 2). These values are substantially higher than those reported for sites in the SCS that have
experienced minimal human disruption, such as Xiaodonghai Bay (average 106 ng/g) (Jiang et al., 2017, 2018b),
Yongxing Island (average 42 ng/g) (Jiang et al., 2018a), and Longwan Bay (average 79 ng/g) (Liu et al., 2011),
but lower than the areas that have been strongly impacted by human activities, such as Hong Kong (average
419 ng/g) (Liu et al., 2006, 2011) and Nha Trang Bay (average 340 ng/g) (Nguyen et al., 2013).

The monthly variation of REY parameters of W3 coral is shown in Figure 2. The coral had average REE/Ca and
Y/Ca values of 149.03± 52.76 nmol/mol and 487.79± 41.57 nmol/mol, respectively. The coral REE/Ca showed
a significant correlation (r = 0.8, p < 0.001, n = 120) to coral Y/Ca from 1999 to 2008. The average Y/Ho values
for the coral are 152.53 ± 18.85. Notably, the NdN/YbN ratios (average 0.40, n = 120) exhibit a significant
seasonal cyclicality, that is, high values in the wet season and low values in the dry season (Figure 2a). Addi-
tionally, a high value of REE/Ca (Y/Ca) occurs during the dry season (Figures 2c and 2d). The REY parameters in
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the coral exhibit relative stability, except for anomalous peaks and valleys, which are primarily concentrated
between September 2006 and March 2007. There was also an anomalous peak of REE/Ca (Y/Ca) in 2001, which
may indicate an unconfirmed anthropogenic source (Jiang et al., 2022).

3.2. Normalized REY Patterns

The faithfulness and robustness of modern coral (e.g., W3 coral) marine REY proxies are empirical (Webb
et al., 2009). The W3 coral samples have typical seawater REY patterns (Figure 3c), characterized by LREE
depletions, HREE enrichments, negative Ce anomalies, and high Y/Ho ratios (∼152, n = 120). Additionally, the
lack of a correlation between the REY and Zirconium (Zr) (Figure S3 in Supporting Information S1) in the coral
samples suggests that the coral REY can accurately record the surface seawater conditions (Jiang et al., 2018b).
The REY concentration in the W3 coral was higher than that in the WZI coral (Li et al., 2019), despite both corals
being from WZI (Figures 3c and 3d). Deviating from the surface seawater in the SCS (Alibo & Nozaki, 2000), the
REY patterns for the WZI soil (Cai et al., 2021) and WZI basalt (Cai et al., 2021) are characterized by enrichment
in LREE, positive Eu anomalies, and high REY concentrations (Figures 3a, 3b, and 3f).

4. Discussion
4.1. Factors Affecting REY Variations in Surface Seawater

The variations of REY in the SCS surface waters could be caused by several factors, including river runoff, dust
and precipitation from the atmosphere, erosion of surrounding peninsulas and islands, and sediment remobili-
zation from the shelf (Alibo & Nozaki, 2000). The impact of riverine inputs on REY, however, is deemed
negligible due to the W3 coral site being far from large rivers on the Asian continent (Li et al., 2019; Wu
et al., 2022). Furthermore, the offshore seawater REY in the WZI is not affected by eolian dust, as evidenced by
the remarkably low eolian dust indexes reported by Nozaki et al. (1998), Amakawa et al. (2000), and Li
et al. (2019).

Figure 2. Monthly variation of REY parameters for W3 coral during 1999–2008. (a) NdN/YbN, (b) Y/Ho, (c) Y/Ca (nmol/
mol), and (d) REE/Ca (nmol/mol). Solid lines represent the mean value, and dotted lines show the mean ± standard
deviation. The red circles and gray background represent the anomalous peaks and valleys. The gray background
corresponds to the middle and late construction period of the crude oil terminal project in the northwest of WZI (from
October 2006 to March 2007).
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Despite our previous research indicating that there were relatively small anthropogenic contributions of va-
nadium and nickel during the decade of 1999–2008 (Jiang et al., 2022; Wu et al., 2022), the REY parameters
still demonstrate the impact of human activities due to their sensitivity. The REY parameters exhibited sub-
stantial anomalies between September 2006 and March 2007 (Figure 2). These anomalies are unlikely to be
derived from natural sources and may be related to the construction of the crude oil terminal project in WZI
during the middle and late stages. Coral V/Ca ratio is an effective indicator of oil pollution in coastal areas
(Tanaka et al., 2013). It is worthy of note that an anomalous peak in the V/Ca ratio of W3 coral was also
observed in late 2006 and early 2007, which may be correlated with the oil pollution events (Jiang et al., 2022).
Furthermore, the observed depletion of Y/Ho ratios and the elevated NdN/YbN and REY/Ca in W3 coral during
this period may be caused by the fact that when the dredged spoils were dumped into the seawater, the Ho‐
enriched and LREE‐enriched terrigenous materials released an excess of Ho and LREE into the seawater
(Nguyen et al., 2013). The REY/Ca ratios were significantly correlated with both the NdN/YbN ratios (r = 0.99,
p < 0.001, n = 6) and the Y/Ho ratios (r = – 0.93, p < 0.01, n = 6) (Figure S4 in Supporting Information S1)
suggesting that total REY concentrations during this period exhibited a heightened sensitivity to increases in Ho
and LREE, compared to HREE and Y. Consequently, the source of REY may be dominated by anthropogenic
activity from September 2006 to March 2007. The study of natural drivers did not cover the changes in REY
parameters during this period.

Figure 3. PAAS‐normalized distribution patterns for REY. (a) WZI soil (Cai et al., 2021), (b) WZI basalt (Cai et al., 2021),
(c) W3 coral (this study), (d) WZI coral (in the southwest of WZI) (Li et al., 2019), (e) Tahiti SGD (Molina‐Kescher
et al., 2018), and (f) open surface water of the SCS (Alibo & Nozaki, 2000). The ordinate is log10 (sample/PAAS) and the
abscissa is REY. The gray background corresponds to the standardized Y and Ho.
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In summary, to explore the natural drivers for the dissolved REY in WZI surface seawater, the following pos-
sibilities are studied: (a) Basalt chemical weathering driven by SGD, (b) remobilization of REY in the shelf
sediments, and (c) biogeochemical cycle.

4.1.1. Basalt Chemical Weathering Driven by SGD

SGD is an important component of the global ocean hydrological cycle (Moore, 2010; Zhang et al., 2022) and is
recognized as an essential flux of dissolved and particulate REY to coastal waters (Jiang et al., 2018b; Kim &
Kim, 2011, 2014). The lithologic high permeability of marine islands is an important controlling factor for REY
flux into the ocean (Kim & Kim, 2011). WZI exhibits high permeability due to its developed pore‐fissure
structure. This structure is composed of a series of basic volcanic rock types, including olivine basalt, basaltic
tuff, and basaltic breccia (Chen, 1999). In contrast to the open surface seawater of the SCS (∼0.023 μg/L), PW4
SGD (∼0.087 μg/L) has been observed to exhibit elevated concentrations of REY. In general, terrestrial sources
exhibit higher concentrations of REEs than seawater, especially LREEs. The coral NdN/YbN ratios exhibited a
distinct seasonal variation pattern, characterized by elevated ratios during the wet season and reduced ratios
during the dry season (Figure 4a). Thus, it is plausible to assert that SGD may contribute to REY fluxes of coastal
areas in WZI.

Rock weathering converts primary minerals into secondary minerals and solutes, which are then transported to the
ocean by SGD and surface runoff (Worthington et al., 2016). A similar effect occurs in volcanic rocks; thus, the
weathering of volcanic islands is considered to be a significant source of REY in the seawater near volcanic
islands (Johannesson et al., 2017; Molina‐Kescher et al., 2018). Basalts are extremely susceptible to weathering
(Louvat & Allègre, 1997), exhibiting a bulk weathering rate that is higher than that of many other silicate rocks
(Dessert et al., 2001; Worthington et al., 2016). Previous studies have indicated that there are elevated REE
contents in WZI basalt (ΣREE = 237 mg/kg) (Cai et al., 2021), with values approximately 160% of the upper
continental crust (ΣREE = 146 mg/kg) (Taylor & McLennan, 1985). The chemical weathering of basalt may be
an important source of REY in the surface seawater of WZI. In general, the rate of chemical weathering of
groundwater on volcanic islands is always higher than that of surface water (Rad et al., 2007). Furthermore, young
volcanic areas have generally higher hydraulic conductivity, facilitating the quick recharge of precipitation to

Figure 4. Seasonal variations of W3 coral REY parameters and environmental parameters during 1999–2008. (a) NdN/YbN,
(b) Y/Ho, (c) temperature (°C), and (d) precipitation (mm). The white background represents the dry season of WZI (from
November to April), and the blue background color represents the wet season of WZI (from May to October). The three red
circles indicate a period characterized by inconsistent seasonal variation trends in REY parameters, and the gray background
indicates a period with anthropogenic sources of REY.
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groundwater (Zang et al., 2023). In summary, the REY released by basalt weathering may be primarily discharged
to the ocean via SGD rather than surface runoff due to the absence of rivers on WZI.

Weathering of basalt produces a solid mineral residue that is rich in Fe‐ and Mn‐ (hydro)oxides (Campodonico
et al., 2019). The affinity of Y for Fe‐ and Mn‐ (hydro)oxides is substantially lower than that of holmium (Ho),
despite their similar ionic radii (Bau, 1999; Bau et al., 1997). Thus, Y‐Ho fractionation always occurs during
basalt weathering (Thompson et al., 2013). The Y/Ho ratio of soil is lower than that of basalt on WZI (Figures 3a
and 3b), confirming that Y is more mobile in weathering products from basalt compared to Ho. Notably, the
majority of the erosion and migration of terrestrial materials in tropical islands predominantly occurs in the wet
season (Nunes et al., 2023). The region's high precipitation during the wet season, combined with its high‐
permeability basalt aquifer, facilitates a rapid increase in groundwater fluxes, thereby promoting chemical
weathering and water‐rock interactions (Horta‐Puga & Carriquiry, 2012; Kumar et al., 2019). Interestingly, the Y/
Ho ratios of the W3 coral exhibit obvious seasonal cycles, with high values in the wet season and low values in the
dry season, except for 2003 and 2006 (Figure 4b). The low Y/Ho ratios observed during the wet seasons of 2003
and 2006 may be related to the low EASM index (Figure 5a) and human activities, respectively. In particular, the
PW4 SGD sample in WZI exhibited a high Y/Ho ratio (∼123). Continuous rainwater leaching during the wet
season provides a driving force for the downward migration of REY (especially Y), and groundwater with high Y/
Ho ratios is transported to the surface seawater, where it is subsequently recorded by corals. Rainfall is the only
natural source of replenishment for the abundant groundwater in WZI (Li & Qian, 2018). Therefore, precipitation
data can be used to estimate SGD in WZI in the absence of groundwater data. The calculation of the coral residual
δ18O (Δδ18O) is achieved by subtracting the contribution of temperature from the coral δ18O (Methods S3 in
Supporting Information S1). Coral Δδ18O can be used to indicate the seawater δ18O isotope variations, which may
correlate with SSS and precipitation (Corrège, 2006; Gagan et al., 1998). The 5‐month moving average of Δδ18O
shows a significant positive correlation with SSS (r = 0.39, p < 0.001; Figure S5 in Supporting Information S1),
whereas no significant correlation was observed with precipitation (r = – 0.22, p > 0.01; Figure S5 in Supporting
Information S1). It is interesting to note that the 5‐month moving average variation of precipitation exhibited
significant positive correlations with coral NdN/YbN ratios (r = 0.34, p < 0.001; Table S4 in Supporting Infor-
mation S1) and Y/Ho ratios (r = 0.45, p < 0.001; Figure 6). Furthermore, there is also a notable correlation
between coral Y/Ho ratios and precipitation during the wet season (r = 0.37, p < 0.01, n = 60; Figure S6 in
Supporting Information S1), supporting that the Y/Ho may serve as an excellent proxy for basalt weathering in
coastal seawater during the wet season, when SGD from the island represents the primary source of REY in the
coastal waters.

Our findings suggest a substantial contribution of SGD from basaltic islands to the enrichment of REY in coastal
seawater, which is supported by studies conducted in Kona, Hawaii (Johannesson et al., 2017), Jeju Island, Korea
(Kim & Kim, 2011), and Tahiti Island (Molina‐Kescher et al., 2018). It is noteworthy that our research, conducted
in the WZI, may represent the inaugural report of this effect recorded by a coral.

Figure 5. Comparison of the average W3 coral Y/Ho ratio of the wet season with the EASM index and precipitation of the wet
season during 1999–2008. (a) Comparison of Y/Ho and the EASM index and (b) Comparison of Y/Ho and the precipitation.
The red dot represents the coral Y/Ho value during the wet season of 2006, which was affected by the anthropogenic source
of REY.
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4.1.2. Remobilization in the Bottom Sediments

Given that strong weathering and high SGD discharge would be expected to occur mostly during the summer
seasons, however, this form seemed to contradict variations in the coral REE/Ca (Y/Ca) time series, which reach
the peak value during the dry season (Figures 2c and 2d). In general, the majority of terrestrial dissolved and
particulate REY in the near‐coastal areas of WZI may be derived from SGD, due to the island's geographical
positioning surrounded by the sea. Relevant to the high accumulation of REY in marine sediments, it is note-
worthy that the resuspension of sediments and the upward diffusion of pore fluids may serve as important sources
contributing to the presence of dissolved REY in surface seawater (Abbott et al., 2015; Crocket et al., 2018; Liao
et al., 2022).

Strong winds have the potential to resuspend sediments, which may increase the concentration of dissolved el-
ements in seawater. Approximately 50% of bottom sediments in shallow water areas can be resuspended when
wind speeds exceed 4 m/s (Booth et al., 2000). The coastal seawater in WZI is very shallow, particularly at the W3
coral sampling site, with an average depth of approximately 5 m (Yu et al., 2019). The wind speed at WZI
(average 4.2 m/s) exhibited a seasonal fluctuation under the impact of the strong East Asian Winter Monsoon
(EAWM), displaying low wind speeds during the wet season and high wind speeds during the dry season
(Figure 7 and Figure S7 in Supporting Information S1). During the dry season, wind speeds in excess of 4 m/s
were a common occurrence in this region, creating favorable conditions for sediment resuspension. It is note-
worthy that coral REY/Ca ratios also exhibited a similar trend, characterized by high values in the dry season
(Figure 7). This pattern corresponds to the occurrence of winter monsoons and elevated average wind speeds
observed during the same period. A 5‐month moving average time series analysis showed a significant positive

Figure 6. Comparison of W3 coral Y/Ho and precipitation anomaly during 1999–2008 (the average value of precipitation is
118.6 mm). The bold lines represent the 5‐month moving average, and the fine lines represent the monthly variation. The
gray background is the period with anthropogenic sources of REY.

Figure 7. Seasonal variations of average wind speed and W3 coral REY/Ca ratios. The light blue and dark blue colors
represent the dry season and the wet season of the average wind speed, respectively. The red circles indicate the year with
inconsistent trends. The anomalous increase in REY/Ca values during the wet seasons of 2001 and 2006 interrupted the
seasonal cycle of REY/Ca (an increase in the REY/Ca ratio was observed during the dry season), which should be related to
artificial disturbances, as discussed above. This indicates that the increase in REY/Ca in surface seawater resulting from wind‐
induced sediment resuspension may be obscured by the effects of human‐induced disturbances.
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correlation between the average wind speed and coral REY/Ca in this area (r = 0.34, p < 0.001; Table S4 in
Supporting Information S1). The occurrence of frequent hurricanes during the summer periods may also induce
remobilization of bottom sediments. However, the absence of a correlation between coral REY/Ca ratios and the
maximum wind speed (p = 0.11, r > 0.05; Table S4 in Supporting Information S1) precludes the possibility of an
influence from the summer hurricane. In addition, we considered that the effects of summer hurricanes are not
comparable to those of sustained winter winds in terms of their short‐term impacts. Therefore, the concentrations
of dissolved REY are substantially affected by the remobilization and resuspension of marine sediments in
surface seawater caused by the strong winter monsoon. This conclusion is consistent with the findings reported by
Li et al. (2019). Our study suggests that the signal of strong winter winds can be seen in the coral REY/Ca records
on a longer timescale and with a monthly resolution.

4.1.3. Biogeochemical Cycle

Plankton plays an indispensable role in the biogeochemical cycle of trace elements in the ocean ecosystem
(Martin & Knauer, 1973). For instance, rapid fluctuations in phytoplankton blooms and bio‐particle variations can
significantly impact the biogeochemical cycling of REY in shallow water environments (Hara et al., 2009).
Seasonal variations in the WZI coral NdN/YbN ratios with peaks occurring during spring have been observed by
Li et al. (2019), due to mineralization processes associated with biological particles.

Wind‐induced sediment resuspension can also affect the light and nutrient limitation of phytoplankton, poten-
tially increasing the nutrient supply for growth and enhancing phytoplankton production, as estimated by Chl‐a
(Schallenberg & Burns, 2004). A large number of biogenic particles are subsequently generated (Ma et al., 2014).
The concentration of Chl‐a in WZI generally exhibited a distinct seasonal pattern, with pronounced peaks during
the dry season (Figure 8). Interestingly, the high Chl‐a values observed in the dry season were inversely
correlated with coral NdN/YbN ratios, and vice versa. The coral NdN/YbN ratios can still respond accurately to the
changes in Chl‐a, despite the potential presence of a time lag of 1–2 months in the time series due to the variable
degree of annual growth rate of the coral (Gagan et al., 2012). The prevailing EAWM brings rich nutrients to the
surface seawater in WZI during the dry season, promoting the proliferation of plankton. A substantial decrease in
the NdN/YbN ratio was observed during the phytoplankton bloom (Figure 4a, shown with white background), due
to biogenic particles preferentially absorbing LREE over HREE (Hara et al., 2009; Strady et al., 2015).
Conversely, an increase in the NdN/YbN ratio was observed during the wet season, which may be caused by the
release of LREE through the mineralization and desorption processes of biological particles during the waning
winter monsoon. Interestingly, the 5‐month moving average of coral NdN/YbN showed a negative correlation
with Chl‐a (r = –0.29, p < 0.01; Table S4 in Supporting Information S1). Therefore, the adsorption‐desorption
process of biological particles in the ocean may be an important factor influencing the REY pattern of seawater
in WZI.

Figure 8. Comparison of W3 coral NdN/YbN and Chl‐a during 1999–2008. The gray background is the period with
anthropogenic sources of REY, and the orange background highlights that the high values of Chl‐a correspond to low NdN/
YbN ratios.
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4.2. Reliability of Coral Y/Ho Ratios as Basalt Weathering Proxies

Temperature, runoff, and precipitation are the most important parameters that control chemical weathering
(Dessert et al., 2001; Shao et al., 2012). Indeed, the EASM controls the climatic regime of a region through
changes in temperature and precipitation (Chen et al., 2017). The coral Y/Ho ratios are not only influenced by
SGD associated with precipitation on monthly timescales but also affected by the EASM on interannual time-
scales (Figure 5). For instance, higher Y/Ho ratios were observed in 2001–2002 and 2008, which coincided with
periods of elevated EASM index and heavy precipitation. Conversely, lower Y/Ho ratios were found in 2003
when the EASM index was weak and precipitation was low. In conclusion, the coral Y/Ho ratios exhibited a
robust correlation with the EASM and rainfall‐induced SGD, suggesting that the coral Y/Ho value is likely to be a
potential novel and reliable proxy for chemical weathering intensity on basaltic islands.

The analysis showed noteworthy differences in the Y/Ho values of end‐members between conventional conti-
nental sources and marine sources (Figure 9). However, the elevated Y/Ho values for W3 coral are too high to be
explained by simple, binary mixing between seawater and terrestrial input. Instead, the high Y/Ho values for the
coral indicate that there was an additional contribution derived from another flux. The W3 coral exhibits a REY
pattern that is strikingly similar to that of Tahiti SGD, another Pacific volcanic island, particularly in terms of the
elevated Y/Ho values (Figures 3c and 3e). In contrast to the open surface seawater of the SCS (Alibo &
Nozaki, 2000), elevated Y/Ho ratios (∼123) have also been observed in the PW4 SGD sample. The groundwater
in the WZI was reported to be mainly basalt pore‐fissure water (Ma et al., 2019). The coral average Y/Ho ratios
during the wet season exhibit a significant positive correlation with precipitation, which controls SGD (r = 0.95,
p < 0.001, n= 9; Figure 10). Accordingly, we suggest that the high Y/Ho ratio in W3 coral is most likely the result
of the Y‐Ho fractionation that occurred during basalt weathering. Ho is preferentially adsorbed onto secondary
minerals during weathering, whereas Y is preferentially migrated away in solution, indicating that basalt
weathering of the Y‐Ho fractionation driven by the SGD contributes substantially to the coastal areas in WZI.

5. Conclusion
This study reconstructed the monthly variations of REY parameters in the surface seawater from 1999 to 2008,
using the geochemical record of a coral from WZI. The NdN/YbN ratios exhibit a substantially seasonal cyclicity,
which may be related to the precipitation associated with SGD and the adsorption‐desorption processes of marine
biogenic particles, with high values during the wet season and low values during the dry season. The combination
of heavy rainfall and high temperature promotes basalt weathering and water‐rock interaction during the wet
season, which facilitates the release of REY and Y‐Ho fractionation, resulting in high Y/Ho values in weathering
solutions. Continued rainwater leaching provides a driving force for the downward migration of REY, and then
SGD with high Y/Ho ratios is transported into the coastal seawater. Meanwhile, sediments resulting from the

Figure 9. Schematic diagram of Y/Ho ratios in W3 coral and its end‐members (terrestrial, seawater, and SGD), with ranges of
Y/Ho values in parentheses.
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migration of basalt weathering products are deposited on the continental shelf around coastal areas of WZI. In the
following dry season, the concentrations of REY in surface seawater are likely affected by the resuspension of
marine sediments caused by winter winds, which is reflected in the coral REY/Ca ratios characterized by high
ratios in the dry season.

The results suggest that REY fractionation in WZI is mainly controlled by basalt weathering associated with the
EASM and SGD estimated by precipitation, as well as the biogeochemical cycle, whereas the total REY content is
influenced by sediment resuspension driven by winter monsoon. REY flux from basalt weathering driven by SGD
is the dominant natural source in the coastal areas of volcanic islands. This study presents for the first time that
there is a substantial correlation between the coral Y/Ho ratio and basalt weathering, suggesting that coral Y/Ho
could serve as a reliable proxy for basalt weathering intensity. Our study highlights the potential of this parameter
in evaluating past and present basalt weathering. Furthermore, there is also the possibility that coral NdN/YbN

could serve as a novel proxy for Chl‐a. However, further high‐precision data and longer time series are necessary
for confirmation, and additional research is needed to strengthen the application of Y/Ho tracking for interannual
EASM variability analysis.
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Abstract Using reef‐dwelling benthic foraminifera for paleoenvironmental reconstruction remains an
unresolved challenge. Therefore, to evaluate the efficacy of using the δ18O and δ13C values obtained from
benthic foraminifera species as environmental indicators in tropical reef regions, 233 specimens of 20 species
collected from Huangyan Island and Lingyang Reef in the South China Sea were studied. The analyzed
foraminifera species exhibited significant inter‐ and intraspecific variations for both δ18O and δ13C values, with
δ13C values displaying greater overall intraspecific variability. Clear distinctions were observed between the
symbiont‐bearing large benthic foraminifera (LBF) and symbiont‐barren small benthic foraminifera, with the
latter displaying slight oscillations around the isotopic values of the estimated equilibrium calcite and the δ18O
and δ13C values of the LBF miliolids and rotaliids exhibiting markedly divergent trends. Miliolids generally
showed higher isotopic values than equilibrium calcite, while rotaliids exhibited lower values, which may be
attributed to variations in the calcification patterns and symbiotic algae associations. The δ18O and δ13C values
of two LBF species at the two studied sites are generally consistent with the sea surface temperature and
productivity levels, providing valuable insight into the utilization of reef‐dwelling foraminifera as
environmental indicators. The results of this study support the hypothesis that the δ18O and δ13C values of
certain reef‐dwelling foraminifera are reliable environmental indicators and offer valuable insights for
paleoenvironmental reconstruction and marine ecosystem forecasting, although the limitations of this method
should be considered in practical applications.

Plain Language Summary Coral reef sediments are invaluable archives for understanding
environmental changes, yet the use of reef‐dwelling foraminifera for paleoenvironmental reconstruction
remains challenging. This study therefore assessed the potential of using isotopic values (δ18O and δ13C) from
foraminifera species as proxies for past environmental conditions in tropical reef regions. Specimens were
collected from Huangyan Island and Lingyang Reef in the South China Sea. The results showed significant
intraspecific and interspecific variability, influenced by a range of factors such as magnesium content,
calcification pathways, growth rates, and symbiotic algae. Nevertheless, certain species exhibited relatively
stable isotopic values that closely aligned with the actual environmental conditions, indicating their potential as
reliable paleoenvironmental indicators. These findings underscore the potential of specific foraminifera species
as effective tools for reconstructing the past environmental conditions in reef ecosystems, although further
research is required to refine their application.

1. Introduction
Coral reef regions serve as critical marine habitats that are highly sensitive to environmental fluctuations. They
have attracted considerable scientific interest due to their pivotal role in biodiversity conservation and their
capacity to provide valuable insights into climate change (e.g., Bellwood et al., 2004; Graham et al., 2020). Large
benthic foraminifera (LBF) are distinguished by their larger test sizes and their complex internal architecture that
are frequently associated with symbiotic algae (e.g., Boudaugher‐Fadel, 2018; Hallock, 2000; Walker
et al., 2011). In contrast, small benthic foraminifera (SBF) have relatively smaller tests and generally lack
symbiotic algae. Being among the most common inhabitants of reef environments, LBF play a pivotal role in
shaping reef sediment composition (Doo et al., 2014; Langer, 2008; Pearson, 2012). The temporal and spatial
distribution of LBF populations in reef regions provides a link between past and present, offering considerable
potential for paleoenvironmental reconstruction (Maeda et al., 2017; Meng et al., 2022; F. Wu et al., 2023).
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Furthermore, their strong responsiveness to external variations and remarkable resilience to events such as
thermal stress enhance their utility as paleoenvironmental proxies (Benedetti et al., 2024; Coletti et al., 2022).

Geochemical analyses of deep‐sea foraminiferal tests have become an effective tool for unraveling Earth's cli-
matic history (Katz et al., 2010). The δ18O signatures preserved within foraminifera tests have been extensively
employed as proxy for paleotemperature and global ice volume, and for stratigraphic correlations (e.g., Lisiecki &
Raymo, 2005; Prell et al., 1986; Waelbroeck et al., 2002), with the δ13C values providing information about
marine productivity levels and carbon cycling (e.g., Bickert & Mackensen, 2003; Mackensen, 2008; Zahn
et al., 1986). However, despite the remarkable progress made in the geochemical analyses of deep‐sea forami-
nifera, the application of these analytical tools faces considerable challenges when dealing with reef‐dwelling
species. Thus, the appropriateness of their geochemical signals for paleoenvironmental reconstruction is still
debated (Billups et al., 2022; Saraswati, 2004).

Extensive research has consistently demonstrated that foraminiferal biomineralization is more susceptible to vital
effects and abiotic factors in warm, shallow waters (Robbins et al., 2017; Wefer et al., 1999). Multiple studies on
LBF have revealed their environmental implications in coral reef regions. Temperature‐controlled culture ex-
periments involving specific LBF species indicate a notable correlation between δ18O and temperature, high-
lighting the promising nature of this methodology (Maeda et al., 2017). The application of in‐situ microanalytical
techniques has also shed light on the use of LBF carbon and oxygen isotopes in paleoenvironmental re-
constructions (Rollion‐Bard et al., 2008; Q. Zhang et al., 2020). However, comprehensive studies investigating
the δ18O and δ13C values of naturally captured benthic foraminifera in reef areas have identified several limi-
tations in their use as reliable environmental indicators. For instance, the isotopic analysis of various LBF species
from Akajima in Japan indicated that shell size significantly impacts both δ18O and δ13C on the reef flat, while
minimal impact is observed in deep water benthic foraminifera (Saraswati et al., 2004). Another study conducted
at the Açu Reef, Brazil, found large intraspecific variability in the δ13C and δ18O values of all studied LBF
(Billups et al., 2022).

The use of downcore foraminifera from coral reef regions in paleoenvironmental reconstruction is an emerging
field (Fujita, 2020; Johnson et al., 2019; Meng et al., 2022). The interpretation and application of foraminifera in
paleoenvironmental reconstructions require careful consideration and evaluation to mitigate potential biases and
conflicting influences. The South China Sea (SCS) contains a substantial number of coral reefs; however, few
studies focused on using reef‐dwelling foraminifera as valuable environmental indicators in this area (A'ziz
et al., 2021; Ma et al., 2018). This study therefore aimed to investigate the suitability of reef‐dwelling benthic
foraminifera as paleoenvironmental indicators and build a fundamental basis for future application in downcore
samples without strong diagenesis. We conducted whole‐test carbon and oxygen isotope analyses of different
benthic foraminiferal species found in the surface reef sediments of the central SCS. The selected foraminifera
encompassed four distinct orders, comprising a diverse array of species with varying test types, including both
larger and smaller forms, and both symbiont‐bearing and ‐barren species.

2. Geological Setting
The SCS is a maritime region that lies south of mainland China in the western Pacific Ocean (Figure 1). The area
is characterized by a complex and dynamic tectonic setting that has been shaped over millions of years by a
combination of plate tectonics, volcanism, and sedimentary processes (Shao et al., 2017; Sun, 2016; Y. Zhang
et al., 2020). The Xisha Islands, also known as the Paracel Islands, are situated in the northwestern SCS and
originated from the Xisha Uplift in the early Miocene (S. Wu et al., 2014). The Zhongsha Islands, also known as
the Macclesfield Bank, are situated in the central SCS southeast of the Xisha Islands and feature atolls and an
abundance of organic reefs that originated from the positive relief during the Middle Miocene (Huang
et al., 2020).

The Lingyang Reef is located in the southwestern reef flat of the Yongle Atoll on the Xisha Islands. The reef is an
atoll that comprises a roughly triangular contour spanning approximately 15 km2, with a length of 5.6 km from
north to south and a maximum width of approximately 4 km from east to west. A small lagoon within the reef has
a diameter ranging from 2 to 3 km and a maximum depth exceeding 15 m. The western slope of the lagoon is
characterized by a gentle incline, which stands in stark contrast to the steep slope of its eastern counterpart. Most
of the reef platform is exposed above the water surface during low tides and only submerged during typhoons and
extremely high tides. Numerous coral reefs are scattered throughout the lagoon. The sedimentary environment of
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Lingyang Reef is relatively complex, including the a fore‐reef slope, a reef flat, a lagoon slope, and a lagoon basin,
which offers a diverse array of habitats suitable for foraminifera and other coral reef‐associated organisms.

Huangyan Island, also known as Scarborough Shoal, is a triangular atoll located at the easternmost edge of the
Zhongsha Islands. The total area of Huangyan Island is approximately 133 km2, measuring ∼15 km from east to
west and north to south. The lagoon on Huangyan Island has a diameter ranging from 8 to 13 km and water depth
varying between 9 and 11 m, with a maximum depth of 19.5 m. Huangyan Island is the only emergent area during
low tides within the Zhongsha Islands. The sediment in the lagoon exhibits a distinct fining trend as the water
depth increases, providing suitable habitats for foraminifera and other coral reef organisms.

3. Material and Methods
3.1. Surface Sediment Collection

Surface loose sediments were collected from the uppermost surfaces of the lagoon areas in the Lingyang Reef
(16°28′N, 111°35′E, depth = 8 m) and Huangyan Island (15°07′N, 117°51′E, depth = 10 m) in the SCS
(Figure 1). Sediments were stained immediately after collection using Rose Bengal to identify living and dead
foraminifera. In subsequent procedures, a mixed foraminiferal assemblage was employed to represent a time
period analogous to sampling from a specific layer in the sediment core. Samples were stored in the sample
repository at the School of Marine Sciences, Guangxi University.

3.2. Foraminifera Specimen Preprocessing

Sediment samples were initially placed in beakers and agitated with distilled water before leaving to settle for one
day. The upper suspension of the water was then decanted, and the washing process was repeated several times to
reduce the clay content. Samples were then subjected to three cycles of 2‐min ultrasonic cleaning in ultrapure
water (70 W power, 40 kHz frequency) and immersed in a 5% buffered H2O2 solution for one day to degrade any
organic matter. Subsequently, the samples were subjected to two additional cycles of 2‐min ultrasonic cleaning
and sieved to retain 0.063–2 mm particles. After drying in an oven at 60°C, foraminiferal specimens were then
selected under a high‐performance stereo microscope (ZEISS Stemi 508). Finally, careful observations were

Figure 1. Map of South China Sea showing location and sampling sites in Lingyang Reef and Huangyan Island.

Paleoceanography and Paleoclimatology 10.1029/2024PA005080

WU ET AL. 3 of 17607



conducted under a Scanning Electron Microscope (JXA‐8230) to confirm that the samples have not undergone
recrystallization.

3.3. Whole‐Test Isotope Analysis

Larger individuals of uniform size and shape from each species were selected for isotopic analysis. Besides
imperforate (porcelaneous) and perforate (hyaline) tests, foraminifera with agglutinated tests were also investi-
gated, given that these species are primarily composed of calcareous cement and capable of self‐secreting calcite
(Loeblich & Tappan, 1989). To release their contents, the selected specimens were gently crushed and the
fragments were collected using fine tweezers. Both individual and multiple specimens of the same species were
analyzed using a stable isotope ratio mass spectrometer (ThermoScientific MAT253) in the laboratory at the
School of Marine Sciences in Guangxi University. Standard deviations obtained for δ18O and δ13C were 0.08 and
0.04‰, respectively. Each species from the two study sites was analyzed, with a minimum of eight replicate
samples, except for several species of lower abundance for which fewer than eight specimens were available.
Calibration of the δ18O and δ13C results was performed using external standards from the Chinese national
standard carbonate GBW04405 (δ18O = − 8.49 ± 0.14‰, δ13C = 0.57 ± 0.03‰) and National Bureau of
Standards 18 (δ18O= − 23.2 ± 0.1‰, δ13C= − 5.014± 0.035‰) and were reported per mille (‰) relative to the
Vienna Pee Dee Belemnite (VPDB) isotope scale.

Analyzing individual specimens allowed us to capture unique isotopic signatures that may be masked when
multiple specimens are combined, providing insights into the intraspecific variations critical for our research.
Considering the potential bias from single‐specimen analysis, future studies should incorporate multiple speci-
mens. Mixed specimens can significantly reduce the testing time, which is especially beneficial in large‐scale
studies. Nevertheless, this approach may introduce additional errors, which we addressed by comparing the re-
sults of mixed specimens with the average isotopic values obtained for individual specimens. Specifically, Sorites
orbiculus was chosen for analysis due to its relatively stable carbon and oxygen isotopic values and high
abundance at both study sites.

3.4. Equilibrium Calcite Isotope Values Estimation

Oxygen and carbon isotope values of equilibrium calcite were calculated to assess the calcification of forami-
nifera relative to equilibrium conditions. The δ18Oc (δ18O of equilibrium calcite) can be derived using a modified
equation (Kim & O'Neil, 1997):

δ18Oc =
4.64 –

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
21.53 – 0.36 × (16.1 – T)

√

0.18
+ δ18Ow – 0.27

where T is temperature in °C, δ18Oc is in the VPDB scale, and δ18Ow is in the Vienna Standard Mean Ocean Water
(VSMOW) scale. The value 0.27 is derived from the VSMOW‐VPDB conversion value, for which 0.27‰ is
currently accepted (Hut, 1987). The δ18Ow (δ18O of ambient seawater) was obtained using the salinity‐δ18Ow

isotope equation for surface to subsurface water in the SCS: δ18Ow = 0.23S–7.8 (J. Wu et al., 2021). Salinity was
derived from in‐situ measurements using a YSI Pro30 conductivity meter, with both sites exhibiting a salinity of
34.5‰. According to an annually updated 1° × 1° grid global sea surface temperature (SST) data set (Rayner
et al., 2003), the annual average SSTs for Lingyang Reef and Huangyan Island were set at 27.5°C and 28.5°C
respectively. Using these parameters, the δ18Oc of Lingyang Reef and Huangyan Island were calculated to be
− 2.49‰ and − 2.68‰, respectively.

The δ13Cc value (δ13C of equilibrium calcite) was calculated using the carbon isotope fractionation relationship
(Emrich et al., 1970):

δ13Cc = δ13Cb + 1.85 + 0.035 (T – 20)

where T is temperature in °C, δ13C is in the VPDB scale, and δ13Cb is the δ13C for dissolved HCO–3, which is
approximated as the δ13C of total dissolved organic carbon (DIC) since HCO–3 accounts for 91% in the DIC
(Raven et al., 2005). The value of δ13CDIC was set to 0.35‰ in accordance with studies performed nearby (Ding
et al., 2020). The δ13Cc of Lingyang Reef and Huangyan Island were calculated as 2.46 and 2.50‰ respectively.
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4. Results
The most abundant species from the LBF and SBF groups were selected for analysis. A total of 233 foraminiferal
individuals from 20 species, with no signs of dissolution or recrystallization, were meticulously selected. Of
these, 81 individuals representing 9 species were selected from Huangyan Island and 152 individuals representing
16 species from Lingyang Reef. The abundance and diversity of foraminifera are higher at Lingyang Reef than
Huangyan Island. The genera and species identified in this study are listed in Table 1.

4.1. Isotopic Intraspecific and Interspecific Variability

The isotopic values showed significant intraspecific and interspecific variability in both study areas, with overall
δ18O values ranging from − 4.26 to 1.20‰ (SD = 0.54) and overall δ13C values from − 1.44 to 4.78‰
(SD = 1.41), underscoring the complexity of isotopic signatures in reef‐dwelling foraminifera. To better
emphasize the variability in data stability among different foraminiferal species, we used variance instead of
standard deviation (Figure 2). In general, the δ13C data exhibited lower stability as compared to the δ18O data,
especially for Huangyan Island (Figure 2). The majority of δ18O variance was below 0.15 with a maximum of
0.28, while four of the δ13C variance were greater than 0.5, with one species, Gaudryina trullissata, surpassing 1.

4.2. Isotopic Variability of LBF and SBF

The 20 foraminifera species analyzed in this study include both LBF and SBF. Of the species observed, nine are
LBF, including Dendritina pacifica, Peneroplis pertusus, S. orbiculus, Amphistegina radiata, A. lessonii, Cal-
carina hispida, Neorotalia calcar, Nummulites venosus andHeterostegina suborbicularis. Significant differences
were observed in the δ18O and δ13C values obtained for the LBF and SBF groups. The highest degree of

Table 1
Studied Foraminifera Species

Order Family Species Test types Symbiont

Number

HY LY

Miliolida Hauerinidae Massilina intermedia Imperforate 0 10

Quinqueloculina parkeri 8 11

Schlumbergerina occidentalis 0 10

Triloculina earlandi 8 4

Peneroplidae Dendritina pacifica rhodophyte 0 10

Peneroplis pertusus rhodophyte 0 8

Soritidae Sorites orbiculus dinoflagellate 9 10

Rotaliida Amphisterginidae Amphistegina radiata Perforate diatom 8 0

A. lessonii diatom 9 0

Calcarinidae Calcarina hispida diatom 10 0

Neorotalia calcar diatom 11 11

Nummulitidae Nummulites venosus diatom 0 7

Heterostegina suborbicularis diatom 0 8

Elphidiidae Elphidium craticulatum 0 11

Elphidum crispum 0 10

Elphidum sp. 9 10

Almaenidae Anomalinella rostrata 0 9

Textulariida Valvulinidae Clavulina angularis Agglutinated 0 12

Textulariidae Textularia agglutinans 0 11

Lituolida Verneuilinidae Gaudryina trullissata 9 0

Total 81 152

Note. LBF species are marked in blue. Five species observed at both sites are marked in green. HY = Huangyan Island,
LY = Lingyang Reef.
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intraspecific stability in the carbon and oxygen isotopic values was predominantly in the SBF group (Figure 2),
especially S. occidentalis (0.031 and 0.041) and Clavulina angularis (0.020 and 0.069) from the Lingyang Reef.
In the LBF group, the oxygen isotopic variances were generally lower (0.063∼0.190) than carbon isotopic
variances (0.105∼0.442), with only S. orbiculus exhibiting relatively lower oxygen (0.090∼0.140) and carbon
(0.105∼0.114) isotopic variances in both studied areas (Figure 2).

4.3. Spatial Variations in the Two Study Areas

4.3.1. Isotopic Results for Lingyang Reef

Sixteen foraminiferal species (152 individuals) were selected from the Lingyang Reef for carbon and oxygen
isotope analyses, with six of them were LBF. The average δ18O and δ13C values for the 16 species were − 2.60‰
(SD = 0.55) and 1.41‰ (SD = 1.39), respectively. The δ13C data exhibited significant fluctuations ranging from
− 1.44 to 4.30‰, with the δ18O data results fluctuating between − 1.32‰ and − 4.26‰ (Figure 3). The isotopic
variances in Lingyang Reef were generally lower than 0.3, except for the δ18O variance observed in Elphidum
crispum, which reached 0.614 (Figure 2).

4.3.2. Isotopic Results for Huangyan Island

Nine benthic foraminiferal species (81 individuals) were selected from Huangyan Island, of which five were LBF.
The average values of δ18O and δ13C were − 2.73‰ (SD = 0.51) to 1.69‰ (SD = 1.51), respectively. The δ13C
values of all species fluctuated between − 1.06 and 4.778‰, and the δ18O values from − 1.20‰ to − 3.78‰
(Figure 4). In general, δ13C data exhibited lower stability compared to δ18O data in same site and the δ13C data in
Lingyang Reef (Figure 2). Only S. orbiculus displayed stability for both δ18O and δ13C.

Figure 2. Variability in δ18O and δ13C values for analyzed foraminifera species at the two study sites.
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4.3.3. Isotopic Results for the Five Benthic Foraminifera Species Observed at Both Study Sites

Five of the 20 benthic foraminiferal species appeared in both the Huangyan Island and Lingyang Reef sediments
(Figure 5), with average δ13C values of 1.95 and 1.19‰ and average δ18O values of − 2.50‰ and − 2.41‰ in
Huangyan Island and Lingyang Reef, respectively.

The δ18O and δ13C values of different foraminifera species exhibit incongruent fluctuations across the two sites
(Figure 5). The two LBF species S. orbiculus and N. calcar showed higher δ18O values for Lingyang Reef
(− 1.87‰ and − 2.51‰, respectively) as compared to Huangyan Island (− 2.21 ‰ and − 2.93‰, respectively),
while for δ13C, S. orbiculus exhibited higher values in Huangyan Island (4.41‰) than Lingyang Reef (3.82‰),
and N. calcar exhibited higher values in Lingyang Reef (0.54‰) than Huangyan Island (− 0.17‰). All three SBF
species exhibited higher δ18O and δ13C values in Huangyan Island (Figure 5).

4.4. Isotopic Variations Among Different Orders, Test Types, and Symbiont Types

The foraminiferal species studied belonged to four orders, with a corresponding relationship observed between
the test types of the foraminifera and the orders to which they belonged (Table 1). S. occidentalis has an
agglutinated structure and is placed in the imperforate group due to its evolutionary affinity with other Miliolida
(Mikhalevich et al., 2008) and its retained typically imperforate arrangement (Wood, 1948).

Variation was observed in the δ18O and δ13C values among the different orders (test types). Both miliolid LBF
and SBF exhibited higher δ18O and δ13C values in Huangyan Island (Figure 4), while only miliolid LBF exhibited

Figure 3. δ18O (‰) and δ13C (‰) values obtained for foraminiferal species in Lingyang Reef. Circles represent isotope
values obtained for each specimen and triangles represent average values with standard deviation.

Paleoceanography and Paleoclimatology 10.1029/2024PA005080

WU ET AL. 7 of 17611



higher δ18O and δ13C values in Lingyang Reef (Figure 3). The vast majority of the δ18O and δ13C values obtained
for miliolid LBF were higher than the values estimated for equilibrium calcite, while rotaliid LBF exhibited the
opposite pattern (Figure 6a). Thus, the LBF group is divided into two distinct parts on the δ13 C/δ18O scatter plot.
In comparison, the isotopic values of the SBF group were closer to the estimated equilibrium calcite values and no
clear distinction was assumed based on their test types (Figure 6b). Notably, while the results of agglutinated tests
may theoretically be influenced by impurities, no distinct differentiation was observed in the SBF group as
compared to the other two test types (Figure 6b).

The growth and development of LBF is typically accompanied by symbiotic algae, including rhodophytes, di-
noflagellates, chlorophytes, and diatoms, which vary among different LBF species (e.g., Hallock, 2000; Prazeres
& Renema, 2019). In this study, the nine LBF species were divided into three groups based on their symbiotic
algae (Table 1). All studied rotaliids harbored diatoms, whereas the miliolids harbored only rhodophytes and
dinoflagellates. In the miliolid group, the only species harboring dinoflagellate symbiont (S. orbiculus) exhibited
the highest δ13C values; however, little difference was observed in the δ18O values for species with dinoflagellate
symbionts and rhodophyte symbionts (Figure 6c).

4.5. The δ13C‐δ18O Relationship

Integrated data for all LBF species revealed moderate but positive δ13C‐δ18O correlations (R2 = 0.42, Figure 6a),
with the overall δ13C‐δ18O correlation weaker in the SBF group (R2 = 0.28, Figure 6b). It is noteworthy that the
higher correlation observed within the overall LBF group arises from the distinctly different isotopic distributions
exhibited by miliolids and rotaliids. Specifically, miliolids (dark blue in Figure 6a) tend to demonstrate relatively
higher δ13C and δ18O values, whereas rotaliids (red in Figure 6a) exhibit relatively lower δ13C and δ18O values.

Figure 4. δ18O (‰) and δ13C (‰) values of analyzed foraminifera species in Huangyan Island. Circles represent isotope
values obtained for each specimen; triangles represent average values with standard deviation.
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However, when examining miliolids and rotaliids separately, the δ13C‐δ18O correlation within each group is weak
(R2 = 0.00 and 0.09, respectively).

The majority of species studied exhibit weak correlation, while several species (for which regression lines are
plotted in Figures 7 and 8) show moderate positive δ13C‐δ18O correlation (R2 > 0.5) with a slope greater than 1.
Only one SBF species in the miliolid group from Huangyan Island, Q. parkeri, shows a notable correlation
(R2 = 0.66), while the others exhibit weak correlations (Figures 7 and 8). The rotaliid LBF A. lessonii and N.

Figure 5. Average δ18O (‰) and δ13C (‰) values obtained for five foraminifera species observed at both studied sites.

Figure 6. δ18O versus δ13C scatter plots. Vertical and horizontal gray bars represent δ18O and δ13C values estimated for
equilibrium calcite, respectively. (a) large benthic foraminifera (LBF) group differentiated by test type; (b) small benthic
foraminifera (SBF) group differentiated by test type; (c) LBF group differentiated by symbiont type. Solid and hollow
symbols represent Huangyan Island and Lingyang reef, respectively.
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venosus display moderate correlation (R2 = 0.51 and 0.58), with weaker correlations observed in the remaining
species (Figure 7). However, rotaliid SBF correlations are generally weak, except for E. crispum (R2 = 0.71,
Figure 8). Notably, two species, Textularia agglutinans and G. trullissata, which possessed agglutination tests,
displayed the highest positive correlation (R2 = 0.76 and R2 = 0.77, Figures 8j and 8k).

4.6. Multiple Individual Analyses

Eight S. orbiculus individuals were mixed and subjected to carbon and oxygen isotope analyses, with results close
to the mean values derived from single individuals (Table 2). Specifically, differences of 0.004 and 0.001‰ were
obtained for δ13C and δ18O in the mixed results from Huangyan Island showed and differences of 0.049 and
0.090‰ were obtained for Lingyang Reef as compared to the mean. Considering the analytical precision, the
results from both measurements can be regarded as consistent.

5. Discussion
5.1. Factors Affecting the Isotopic Variation in the 20 Foraminifera Species

The δ18O and δ13C values of the 20 studied species displayed significant overall interspecific, intraspecific, and
spatial variations, with obvious variations between the LBF and SBF groups observed among species with
different test types and LBF hosting different symbiont algae. The δ18O and δ13C values obtained for the fora-
minifera tests also differed from those presumed for equilibrium calcite. The differences in chemical composition
of biogenic carbonate compared to inorganic carbonate within the same environmental conditions are known as

Figure 7. δ18O versus δ13C scatter plots of analyzed LBF. Blue and orange symbols represent miliolids and rotaliids,
respectively. Solid and hollow symbols represent Huangyan Island and Lingyang reef, respectively.
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“vital effects” (Dubicka et al., 2018; Erez, 1978; Grossman, 1987). Vital effects are associated with metabolic
processes, including respiration, growth rate, and calcification pathways, as well as the photosynthetic activity of
symbionts (Robbins et al., 2017; Rollion‐Bard et al., 2008). A rapid growth rate leads to strong kinetic effects and
linear associations between skeletal δ18O and δ13C in carbonates (McConnaughey, 1989). Previous studies
consistently found the δ13C‐δ18O slopes to be greater than 1 (Billups et al., 2022), and this is also the case for the

six species with observable correlation in our study (Figures 7 and 8), high-
lighting the distinct influence that these effects have on the δ18O and δ13C
values. However, the majority of the species do not exhibit strong δ13C‐δ18O
correlations, which suggests the influence of other factors.

5.1.1. Influence of Magnesium Content

Magnesium substitution impacts the oxygen isotope fractionation for calcite
and water, resulting in an ∼0.14‰ δ18O increase in magnesium calcite
relative to pure calcite for each mole percent of MgCO3 (Mavromatis

Figure 8. δ18O versus δ13C scatter plots of analyzed SBF. Blue, orange, and green symbols represent miliolids, rotaliids, and
others, respectively. Solid and hollow symbols represent Huangyan Island and Lingyang reef, respectively.

Table 2
δ13C and δ18O Values Obtained FromMixed Multiple Specimens (n= 8) and
the Average Obtained From Individual Sorites orbiculas Specimens (n = 10)

Mixed Individual average

δ13C (‰) δ18O (‰) δ13C (‰) δ18O (‰)

Huangyan Island 4.406 − 2.209 4.41 − 2.21

Lingyang Reef 3.868 − 1.963 3.819 − 1.873

Paleoceanography and Paleoclimatology 10.1029/2024PA005080

WU ET AL. 11 of 17615



et al., 2012). This effect is significant enough that the presence of magnesium in LBF tests cannot be disregarded,
as doing so would result in a deviation of several degrees when estimating paleotemperature. Symbiont‐bearing
benthic foraminifera exhibit significantly higher Mg/Ca ratios than planktonic or symbiont‐barren benthic
foraminifera (Raja et al., 2005). Considering this factor, LBF are expected to exhibit relatively higher δ18O
values. In our study, compared to the estimated equilibrium calcite, miliolid LBF exhibit higher δ18O values
overall, while rotaliid LBF generally display slightly lower values (Figure 6a), indicating a more intricate
interplay of various controlling factors.

Previous studies have shown that the Mg content of LBF in the same genus typically falls within a fixed range
despite temperature changes but varies among different genera and even species (Raja et al., 2005, 2007). For
instance, the Mg/Ca ratio in Amphistegina ranges from 24 to 86 mmol/mol, whereas in Neorotalia it ranges from
214 to 290 mmol/mol (Raja et al., 2005, 2007). Such disparities may contribute to interspecies variation in terms
of isotope value. In this study, Amphistegina, which exhibits substantially lower magnesium content as compared
to other LBF genera, also shows lower δ18O values relative to the other LBF genera in Huangyan Island (Figures 3
and 4), illustrating this point. Miliolids typically contain higher amounts of Mg compared to rotaliids (van Dijk
et al., 2017), which aligns with the overall slightly higher oxygen isotope values observed in this study
(Figure 6a). However, the isotopic differences between the miliolids and rotaliids cannot be solely attributed to
the overall differences in their magnesium content. Specifically, the miliolids P. pertusus and S. orbiculus exhibit
lower Mg/Ca ratios (Langer & Gehring, 1994; van Dijk et al., 2017) as compared to the rotaliids C. hispida and N.
calcar (Raja et al., 2007), yet they demonstrate higher δ18O values (Figures 3 and 4). Thus, while magnesium
concentration is a significant factor influencing oxygen isotope fractionation, other species‐specific traits are also
crucial in driving isotopic variability.

5.1.2. Influence of Inherent Physiological Differences

The δ18O and δ13C values distinguished in the miliolids and rotaliids groups suggest that the vital effects
associated with the foraminiferal order or test type play a crucial role in controlling the isotope values. Multiple
studies have consistently demonstrated more negative δ13C and δ18O values for rotaliids as compared to miliolids
in same environment (Billups et al., 2022; Langer, 1995; Robbins et al., 2017; Saraswati et al., 2004). Miliolids
and rotaliids correspond to distinct test types and the divergent processes involved in their test formation may
contribute to the observed variations in the isotope values. Different calcification pathways have been shown to
influence their stable isotopic compositions (Robbins et al., 2017; Roepert et al., 2020; Ter Kuile et al., 1989).
Rotaliids possess an internal carbon pool that accumulates elements from various sources to facilitate calcifi-
cation, whereas miliolids, lacking such a pool, precipitate calcite within their vesicles by directly incorporating
elements from seawater (Ter Kuile et al., 1989). Metabolic CO2 enriches in the internal pool in rotaliids, leading
to reduced δ13C values as compared to species without pools (Ten Kuile & Erez, 1987; Ter Kuile, 1994).
Furthermore, culture experiments have shown that miliolid δ13C values are independent of pH and rotaliid δ13C
values are influenced by pH, which may be attributed to the lack of a relationship between pH and δ13C for
dissolved inorganic carbon in seawater (Robbins et al., 2017).

5.1.3. Influence of Symbiotic Algae

Symbionts serve as a crucial nutrient source for most coral reef LBF (Walker et al., 2011). The clear differen-
tiation between miliolids and rotaliids in the Huangyan Island (Figure 4) indicates an inherent physiological
control between these two types of foraminifera. However, it is worth noting that only the symbiont‐bearing
miliolids showed significantly higher isotope values in Lingyang Reef (Figure 3). Although concordance was
observed between the symbiotic types and taxonomic classification in the symbiont‐bearing group, the fact that
symbiont‐barren species did not exhibit order‐associated differentiation (Figure 6b) suggests that order‐
associated factors, such as test type and calcification mode, do not control the isotopic values in this case. The
study of benthic foraminifera from the continental shelf of tropical Brazil also reveals that LBF miliolids and
rotaliids exhibit opposite δ13C deviation trend compared to equilibrium calcite, while symbiont‐barren species
from both orders have δ13C values close to that of equilibrium calcite (Billups et al., 2022), further confirming that
the presence of symbionts appears to play a more critical role in influencing the δ13C. As for the oxygen isotope,
study of larger foraminifera from a reef flat at Akajima, Okinawa, Japan, shows that symbiosis has little or no
impact on the oxygen isotopic composition of the bulk carbonates in LBF (Saraswati et al., 2004). In our study,
both δ13C and δ18O of LBF deviate from equilibrium calcite, but the δ13C deviation is significantly more
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pronounced compared to δ18O (Figure 6), which may further corroborate the hypothesis that symbionts exert a
primary influence on the carbon isotope values.

The variability produced by symbiotic algae is also linked to the presence of an internal carbon pool, and serves to
enhance the influence of the pool on the isotopic results. Symbiont photosynthesis preferentially absorbs 12CO2,
leading to an increase in the proportion of 13CO2 in ambient seawater and resulting in a positive shift in the δ13C
content of marine carbonates (Ravelo & Hillaire‐Marcel, 2007). This phenomenon accounts for the elevated δ13C
values observed in the symbiont‐bearing miliolids, as they calcify directly from ambient seawater rather than from
an internal carbon pool. In contrast, the enhanced metabolic activity of the host‐algae complex in rotaliids would
result in an increased accumulation of metabolic CO2 enriched with lighter oxygen and carbon in the internal
carbon pool (Erez, 1978). Thus, photosynthetic activity tends to result in lower δ13C and δ18O values in symbiont‐
bearing rotaliids but higher δ13C in symbiont‐bearing miliolids.

Symbionts vary among different LBF, with rotaliids primarily hosting diatoms, while miliolids accommodate a
diverse range of algae, including chlorophytes, rhodophytes, and dinoflagellates (Lee, 2006; Prazeres &
Renema, 2019). Previous research on the photosynthetic plasticity of symbionts in LBF indicates that rhodophyte‐
bearing species exhibit a significantly lower maximum quantum efficiency compared to those associated with
dinoflagellates, diatoms, or chlorophytes (Ziegler & Uthicke, 2011). This may clarify why miliolid species that
host dinoflagellates show higher carbon isotope values than their rhodophyte‐bearing counterparts (Figure 6b).
The maximum quantum efficiencies of photosynthesis also differed among species that host the same symbiotic
algae (Ziegler & Uthicke, 2011), potentially leading to the discrepancies observed among LBF with same algal
symbionts. Species harboring diatoms are distributed over the largest depth range (Prazeres & Renema, 2019),
and this extensive environmental distribution likely accounts for their broader δ13C and δ18O values when
compared to species with other types of symbiotic algae (Figure 6c). Overall, the current evidence captures only
the general influence of the presence of symbiotic algae, without fully elucidating the distinct impacts of different
types of symbiotic algae, which requires further exploration.

Studies on planktic foraminifera have found that algal symbionts cause δ18O depletion due to photosynthesis,
which is possibly linked to kinetic fractionation (Spero, 1992; Spero & Lea, 1993). This, however, does not
explain the overall high δ18O values observed in symbiont‐bearing miliolids, which are more likely influenced by
the relatively higher Mg content, as mentioned previously. Hence, the isotopic offset in foraminifera cannot be
attributed solely to the photosynthetic activity of symbiotic algae, and is instead the result of the combined effects
of complex factors.

5.1.4. Factors Leading to Intraspecific Variation

Symbiotic photosynthetic intensity varies among individuals of the same species, potentially leading to intra-
specific variation (Saraswati, 2004). In our study, greater intraspecific variations were observed for the δ13C as
compared to δ18O, indicating that the influence of vital effects more greatly affects δ13C. This may be attributable
to the previously mentioned impact that symbiotic algae have on δ13C. However, the fact that LBF do not exhibit
greater intraspecific variations than SBF suggests that symbiotic algae are not the primary drivers of variability,
further supporting the conclusion that intraspecific variations are dominated by intrinsic vital effects.

The ontogenetic or ecotypic characteristics of foraminifera, potentially driven by lifespan, reproduction timing,
and growth rates, lead to intraspecific variation (Saraswati, 2004; Staines‐Urías & Douglas, 2009). In particular,
lifespan and reproductive timing of foraminifera dictate the seasons they endure, ultimately shaping the seasonal
variations observed in their tests (Saraswati, 2004). Higher growth rates correspond to elevated metabolic rates,
likely resulting in greater metabolic CO2 incorporation, affecting the δ13C values (Staines‐Urías & Doug-
las, 2009). Microanalysis indicates intra‐test seasonal variation in LBF species (Rollion‐Bard et al., 2008; Sar-
aswati et al., 2004; Wefer & Berger, 1980), with a relatively rapid growth rate and extended lifespan observed
across multiple seasons. Therefore, whole‐test isotope data may have a stronger tendency to reflect the envi-
ronmental conditions prevalent during the high growth rate season. Analysis of the similar growth stage is
necessary to ensure comparability (Saraswati, 2004). To minimize this error, specimens with comparable sizes
and morphologies were selected. Persistent intraspecific variations can be attributed only to uncontrollable
factors. In LBF‐based paleoenvironmental reconstruction, it is crucial to select multiple individuals of the same
species and a similar size when averaging to reduce errors caused by intraspecific variation.
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5.2. Environmental Information Revealed by Spatial Isotopic Variation

Five of the 20 benthic foraminiferal species appeared in both the Huangyan Island and Lingyang Reef sediments,
with discernible variations in the δ18O and δ13C values (Figure 5). As discussed above, active photosynthetic
symbionts would lead to a rise in the δ13C content in miliolids and lower δ13C values for rotaliids (due to the
presence of the internal pool). Thus, the δ13C values of the two common symbiont‐bearing species (S. orbiculus
and N. calcar) indicate a higher level of biological productivity in Huangyan Island, consistent with the estab-
lished observation that the lagoon on Huangyan Island exhibits the highest phytoplankton biomass and primary
productivity of the atolls in the Xisha area (Ke et al., 2016). The enhanced productivity levels of Huangyan Island
may be attributed to nutrient input from fishing vessels and the aggregation of phytoplankton driven by south-
western winds (Ke et al., 2016). In addition, three of the SBF species in Huangyan Island exhibited higher δ13C
values compared to those in Lingyang Reef, which may be attributed to the overall higher primary productivity in
the surrounding waters.

The δ18O value of the foraminifera tests is mainly influenced by seawater temperature and δ18Ow (Epstein
et al., 1953; Pearson, 2012), with an inverse correlation between seawater temperature and the δ18O value of
carbonates when other conditions remain constant (Epstein et al., 1951). The modern annual SST in Huangyan
Island is ∼1°C higher than it is in Lingyang Reef, according to a previously produced SST data set (Rayner
et al., 2003), which is consistent with the δ18O results of the two LBF species at the two studied sites (Figure 5). In
contrast, inconsistencies were observed in the δ18O values and SST of three SBF species at the two studied sites,
suggesting that, in our case study, factors other than temperature exert a stronger influence on the δ18O values in
these species. LBF species, characterized by a larger size and longer lifespan, are expected to offer a more reliable
representation of long‐term average values and exhibit reduced susceptibility to temperature fluctuations during
peak flux periods. The different environmental factors at Lingyang reef and Huangyan Island may have
contributed to the observed differences in the coral reef health, which could also help explain the variations in
foraminiferal abundance and diversity at the two sites. Nevertheless, the use of LBF species to quantify the
relationship between the δ18O values and environmental factors still poses a formidable challenge.

5.3. Application Potential of Benthic Foraminiferal Carbon and Oxygen Isotopes to Reconstruct
Paleomarine Environments in Coral Reef Areas

Selecting benthic foraminiferal species with stable isotopic values that accurately reflect the prevailing envi-
ronmental conditions is crucial for reliable paleoenvironmental reconstruction. Among the 20 benthic forami-
niferal species analyzed, distinct intraspecific variations and different stability were observed in the δ13C and
δ18O values, highlighting their varying potential as environmental proxies. Previous studies of LBF on a tropical
continental shelf revealed the significant influence of vital and abiotic factors on stable isotopic variability,
limiting their reliability as paleoenvironmental tracers (Billups et al., 2022; Saraswati et al., 2004). In this study,
the δ13C and δ18O values of SBF fluctuated around equilibrium calcite. While some species displayed minor
isotopic data variation (e.g., S. occidentalis, C. angularis), their utility in reflecting the reef paleoenvironmental
conditions is limited due to their scarcity and discontinuity. LBF are more abundant, but more susceptible to vital
effects: miliolid LBF generally exhibit higher δ18O and δ13C values and rotaliids display comparatively lower
values. Despite the influence of vital effects, SST and productivity levels inferred from the δ18O and δ13C values
of the shared LBF species S. orbiculus and N. calcar at the two study sites generally align well with the observed
environmental conditions, indicating that these species possess the capacity to reflect the calcification
environment.

Notably, S. orbiculus, the only species that hosts dinoflagellates, exhibited relatively stable δ18O and δ13C values
in both studied sites and was not affected by the internal pool. However, S. orbiculus exhibited the highest δ18O
and δ13C values of all the LBF species, and the greatest deviation from the equilibrium calcite. In other
comprehensive studies involving multiple foraminifera species, S. orbiculus also exhibited higher δ18O values
and highest δ13C values among the studied LBF species (Saraswati et al., 2004), indicating that the large isotopic
migration of this species is consistent across different regions. The analysis of multiple individual mixed S.
orbiculus samples indicates that they are closely aligned with the mean values obtained from single individuals,
confirming their stability in reflecting the average environmental conditions over multiple years. Therefore,
although the quantification of vital effects remains challenging, the isotopic results derived from certain LBF
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species tests undeniably reveal the characteristics of the respective environments, such as the SST and produc-
tivity levels, providing invaluable insight for further paleoenvironmental research in coral reef regions.

When applied to downcore fossil samples, diagenetic alteration emerges as a critical factor. Current research has
made progress in elucidating the effects that diagenesis has on stable isotopic compositions in SBF and planktonic
species (e.g., Cisneros‐Lazaro et al., 2022; Edgar et al., 2013; Poirier et al., 2021; Stainbank et al., 2020). Q.
Zhang et al. (2020) employed a range of methods to effectively exclude diagenetic influences on LBF and
successfully applied carbon isotopes from LBF to investigate the structure and magnitude of the carbon isotope
excursion during the Paleocene‐Eocene Thermal Maximum. However, the knowledge gap regarding LBF re-
mains significant, and systematic investigations remain conspicuously absent. This deficiency could potentially
be addressed through the following two approaches in future study: (a) controlled laboratory simulations repli-
cating diagenetic processes under modern experimental conditions; (b) detailed observations and analysis of
fossil samples. These complementary strategies could potentially establish diagnostic criteria for identifying and
quantifying post‐depositional modifications in LBF specimens, thereby enhancing the reliability of paleoenvir-
onmental reconstructions derived from their geochemical signatures.

6. Conclusion
A total of 20 species were selected from surface sediments at Lingyang Reef and Huangyan Island in the SCS for
δ13C and δ18O analysis. Several key observations were made:

1. The studied benthic foraminifera exhibited significant interspecific variations in stable isotopic values
influenced by factors which included magnesium content, symbiotic algae and inherent vital effects among
different species.

2. Intraspecific variation varied among species, with some species exhibiting stable data. These intraspecific
variations were primarily attributed to ontogeny‐related influences rather than symbiont influences.

3. Symbiont activity was found to have opposite influence on δ13C values of miliolids and rotaliids. Additionally,
SST and productivity levels derived from the δ18O and δ13C values of LBF species S. orbiculus and N. calcar
generally align with the actual conditions at the two studied sites.

These findings provide valuable insights into the potential use of shallow‐water benthic foraminiferal species as
reliable environmental indicators, highlighting the necessity for further quantitative research to comprehensively
understand the fundamental nature of vital effects and their broader implications, ultimately contributing to the
refinement of paleoenvironmental reconstruction methodologies for reef areas using LBF stable isotope
indicators.

Data Availability Statement
All isotope data related to this paper are available in the Zenodo data set (Wu, 2024).
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Abstract
As one of the micro-blocks dispersed in the South China Sea (SCS), the Xisha Islands are covered by thick Cenozoic
sedimentary layers, making it challenging to obtain magmatic rocks. Well CK-2 is a kilometer-scale scientific drilling
project  on  the  Xisha  Islands  in  the  northwestern  SCS.  It  penetrates  the  thick  reef  limestone  and  reaches  basaltic
pyroclastic rocks. This study presents the whole-rock and olivine compositions of the basaltic volcaniclastic rocks from
Well  CK-2.  These  rocks  exhibited  ocean  island  basalt  signatures  characterized  by  the  enrichment  of  light  rare  earth
elements  and  high-field-strength  elements.  Compared  with  partial  melting  products  derived  from  mantle  peridotite,
whole-rock compositions showed elevated Fe/Mn and Zn/Fe mass ratios. Additionally, olivines were characterized by a
lower Ca content, higher Ni content, elevated Fe/Mn mass ratios, and moderate Mn/Zn mass ratios compared to those
crystallized  from  peridotitic  melts.  The  compositions  of  both  the  whole-rock  and  olivine  phenocrysts  indicate  the
presence of pyroxenite in the mantle source, which likely formed through the reaction of recycled oceanic crust with the
surrounding  mantle  peridotite.  Using  the  olivine-liquid  Mg-Fe  exchange  thermometer,  this  study  derived  mantle
potential  temperatures  (T

p
)  ranging  from 1 502℃ to  1 756℃,  which  is  consistent  with  those  of  plume-related  ocean

island  basalts.  Furthermore,  the  basaltic  volcaniclastic  rocks  exhibit  low  H
2
O  contents  (0.01%–1.47%),  which  were

significantly lower than those found in the primary magmas of Large Igneous Provinces. These results suggest that the
basaltic volcaniclastic rocks on the Xisha Islands originated from a volatile-poor mantle plume source.

Key words  South China Sea, Xisha Islands, basaltic pyroclastic rocks, olivine
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1  Introduction

The  South  China  Sea  (SCS)  is  one  of  the  largest
marginal basins in the western Pacific that is located at the
junction  of  the  Pacific,  Eurasian,  and  Indo-Australian
Plates  (Li  et  al.,  2015; Yang  and  Fang,  2015; Yu  et  al.,
2018; Zhang et al., 2018a, 2018b; Yu and Liu, 2020). Al-
though  the  SCS  basin  is  relatively  small  and  its  oceanic
crust  is  very  young,  it  has  undergone  a  nearly  complete
Wilson  cycle,  from  continental  breakup  to  seafloor
spreading to subduction (Li  et  al.,  2014; Yang and Fang,

2015; Yang et al., 2019). Thus, the SCS serves as a natu-
ral laboratory for studying various lithospheric evolution-
ary  processes,  including  continental  margin  breakup,
ocean  basin  expansion,  and  subduction  termination,  and
has attracted widespread attention from researchers world-
wide (Li et al., 2014, 2015; Yu et al., 2018). The SCS can
be  divided  into  three  main  parts:  northern,  southern,  and
oceanic basins.  The  northern  margin  of  the  SCS  lies   be-
tween  the  South  China  Block  and  the  ocean-continent
transition zone of the SCS. In the past,  the northern mar-
gin of the SCS was classified as a discrete, non-volcanic,   
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passive  continental  margin  (Clift  et  al.,  2002).  However,
with  the  progression  of  research,  it  has  been  regarded  as
representing  an  intermediate  mode  of  rifting,  bearing
characteristics that are closely aligned with a magma-poor
margin (Gao et al., 2015). Unlike volcanic margins, which
are characterized  by  extensive  magmatic  activity,   Ceno-
zoic volcanic rocks along the northern margin of the SCS
are  relatively  limited  in  distribution.  However,  post-
spreading  magmatism  is  widespread  throughout  the  SCS
and surrounding areas (Xu et al., 2012).

The northern continental  margin  of  the  SCS has  long
been influenced by subduction of the Mesozoic Paleo-Pa-
cific  Plate  and  Cenozoic  rifting  processes  (Suo  et  al.,
2019; Li et al., 2020; Sun et al., 2021; Zhang et al., 2021a;
Yang  et  al.,  2023).  Since  the  Late  Cenozoic,  the  region
has been influenced by a complex interplay of geological
processes, including seafloor spreading, subduction along
the Manila Trench, formation of the Taiwan Orogeny, up-
lift of the Tibetan Plateau, and extrusion of the Indosinian
Block. These geological processes led to frequent and in-
tense magmatic  activity  along  passive  continental   mar-
gins during the Late Cenozoic (Zhang et al., 2014).

The Xisha Islands are overlain by thick Cenozoic sedi-
ments at the northern continental margin of the SCS, mak-
ing  it  challenging  to  access  magmatic  rock  samples
through drilling. Consequently, studies on mantle-derived
magmatism and tectonic evolution in the Xisha region re-
main  scarce.  Whether  the  Cenozoic  magmatic  activity  in
the Xisha region is related to the Hainan mantle plume re-
main unclear, which directly affects our understanding of
critical scientific issues, such as the extensional processes
of the northern SCS margin and the regional tectono-mag-
matic  evolution.  In  this  study,  we  present  the  mineral
chemistry  and whole-rock geochemistry  of  basaltic  pyro-
clastic  rocks  from  the  basement  of  Well  CK-2  to  reveal
the lithology of the mantle source and nature of the prima-
ry magma, which aids in our understanding of the genesis
of  Cenozoic  basalts  in  the  SCS  and  their  geodynamic
background.

2  Geological setting and sample description

The SCS is bounded by the East Vietnam fault to the
west  and  the  Manila  Trench  the  east  (Fig.  1).  The  deep-
water  basin  of  the  SCS  can  be  divided  into  three  sub-
basins:  southwest,  east,  and  northwest  (Li  et  al.,  2014,
2015; Liao  et  al.,  2022; Zhang et  al.,  2024).  Constrained
by mapping  magnetic  anomalies  and  International  Ocean
Discovery Program  Expedition  (IODP)  349  drilling   re-
sults,  the  onset  of  seafloor  spreading  near  the  northern
continental margin of the SCS was dated to approximate-
ly  33  Ma.  Subsequently,  around  23.6  Ma,  the  ridge
jumped  southward  and  the  seafloor  extended  into  the
southwest sub-basin. Seafloor spreading ceased at approx-
imately 15 Ma in the eastern sub-basin and approximately
16 Ma in the southwestern sub-basin (Li et al., 2014). Af-
ter  the  cessation  of  seafloor  spreading,  post-spreading

magmatism occurred widely in the SCS and the surround-
ing areas (Wang et  al.,  2012; Xu et  al.,  2012; Yan et  al.,
2018, 2019; Yu et al., 2018; Qian et al., 2021, 2022).

There  are  several  micro-blocks  dispersed  in  the  SCS,
including  Xisha,  Nansha,  Zhongsha,  and  Reed-northeast-
ern  Palawan  blocks  (Yan  et  al.,  2008,  2014,  2015;  Liu
et  al.,  2011;  Li  et  al.,  2013;  Zhang  et  al.,  2020b,  2024).
During the Paleo-Tethyes period, these micro-blocks were
regarded as a single block, which was named the “Qiong-
dongnan block” (Liu et al., 2006; Yan et al., 2008). Since
the  Early  Cenozoic,  the  regional  stress  field  shifted  from
compression  to  extension,  causing  these  micro-blocks  to
rift and drift away from the South China block (Clift et al.,
2008; Yan et al., 2019 and references therein).

The Xisha micro-block is situated in the northwestern
part of the northern continental slope of the SCS, bound-
ed  by  the  Xisha  Trough  in  the  north,  the  Qiongdongnan
Basin  in  the  northwest,  and  the  Dongsha  Trough  in  the
east  (Fig.  1).  Composed  of  thinned  continental  crust,  its
basement  is  believed  to  have  been  affected  by  multiple
phases  of  magmatism  (Huang  et  al.,  2011;  Guo  et  al.,
2016;  Li  et  al.,  2019;  Zhang  et  al.,  2024  and  reference
therein).  With  the  subsidence  of  the  Xisha  micro-block
and global  sea-level  fluctuations,  coral  reefs in the Xisha
region  began  to  develop  since  the  Early  Miocene  (Shao
et al., 2017; Fan et al., 2020). During the Middle Miocene,
reefs  flourished  and  expanded  laterally,  reaching  their
maximum extent  (Wang et  al.,  2018). However,  they be-
gan to  contract  during  the  Late  Miocene  and  shrank   fur-
ther into isolated carbonate platforms during the Pliocene
and Pleistocene (Wu et al., 2014).

Well CK2 was drilled in the Xisha micro-block of the
northwestern  SCS (Fig.  1).  The  well  was  drilled  through
thick  reefal  limestone  (0–878.21 m)  and  reached  the   un-
derlying basement (878.21–928.75 m) (Fig. 2). The base-
ment of Well CK-2 consisted of basaltic pyroclastic rocks.
The  basaltic  pyroclastic  rocks  contain  minor  amounts  of
marine  bioclastic  fossils,  occasionally  accompanied  by
reef limestone breccias (Fig.  3). They were predominant-
ly  gray-green,  dark  green,  and  yellow-brown  in  color.
They underwent  extensive  alteration  (chloritization,   ser-
pentinization  and  carbonation)  and  exhibited  well-devel-
oped vesicular  and  amygdaloidal  textures.  The   amyg-
dalae  were  predominantly  elliptical  and  circular,  with  a
few  irregularly  shaped  amygdales.  The  filling  minerals
mainly consisted of calcite, opal, chalcedony, and zeolite.
The crystalline clastic minerals  were primarily composed
of  clinopyroxene  with  minor  amounts  of  plagioclase  and
olivine.  The  crystal  clastics  were  mostly  sub-angular  to
angular  in  shape,  indicating  that  the  basaltic  pyroclastic
rocks were formed in situ or near the site of volcanic ac-
tivity.  For  a  more  detailed  petrographic  analysis,  please
refer to Zhang et al.  (2018c, 2020b, 2024).  The chemical
characteristics of the clinopyroxene indicated that the par-
ent magma belonged to a silica-undersaturated alkaline se-
ries, formed in an intraplate tectonic setting (Zhang et al.,
2018c).  The  zircon  U-Pb  geochronology  of  the  basaltic
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pyroclastic  rocks  indicated  that  the  Xisha  micro-block
likely developed on a uniform Late Jurassic metamorphic
crystalline basement intruded by Cretaceous granitic mag-
matism (Zhang et al., 2024).

3  Analytical methods

In  this  study,  whole-rock  geochemical  analyses  of
basaltic  pyroclastic  rocks  were  conducted  using  the  LA-
ICP-MS method. The sample selection adhered to the fol-
lowing  two  criteria:  (1)  microscopic  observation  ensured
that the samples did not undergo significant alteration and

(2)  preference  was  given  to  fine-grained  samples  with
evenly  distributed  mineral  grains  (Yang,  2015).  Whole-
rock  LA-ICP-MS  analyses  were  performed  at  the  State
Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry,  Chinese  Academy  of  Sciences,  using  an
Agilent 7 900 ICP-MS equipped with a GeoLasPro 193 nm
ArF  excimer  laser.  Helium  was  applied  as  a  carrier  gas
which was mixed with Argon via a T-connector before en-
tering  the  ICP-MS. The  standard  ablation  cell  was   opti-
mized with  resin  mold  to  get  a  small  volume  and  to   im-
prove the washout efficiency. Analysis was run with 44 μm
pit size, 10 Hz pulse frequency and 4−5 J/cm2 fluence. El-
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ement contents were calibrated against multiple-reference
materials (BHVO-2G, BCR-2G, and BIR-1G) without us-
ing an internal standard (Liu et al., 2008b). Off-line selec-
tion and integration of the background and analyte signals,
time-drift  correction,  and  quantitative  calibration  were
performed using ICPMSDataCal (Liu et al., 2010).

In-situ  trace  element  analyses  of  olivine  were  carried
out using LA-ICP-MS at the Wuhan SampleSolution Ana-

lytical Technology  Co.,  Ltd.,  Wuhan  China.  Detailed   in-
strument parameters and analytical procedures are same as
described by Zong et al. (2017).

4  Analytical results

4.1  Whole-rock major and trace element compo-
sitions

The whole-rock major and trace elements are listed in
Table S1. The mass fraction of the pyroclastic rockschem-
ical composition is as follows: 40.56%–48.89% for SiO

2
;

12.79%–17.46%  for  Al
2
O
3
;  13.86%–20.63%  for  MgO;

11.45%–16.42%  for  TFeO;  and  0.88%–4.77%  for  TiO
2
.

The Mg# values ranged from 66 to 75. The chondrite-nor-
malized rare-earth element (REE) patterns showed that the
pyroclastic rocks  were  enriched  in  light  rare  earth   ele-
ments  (LREEs)  and  had  flat  heavy  rare  earth  element
(HREE)  patterns  similar  to  those  of  the  SCS  and  intra-
plate  ocean  island  basalts  (OIB)  (Fig.  4)  (Sun and   Mc-
Donough, 1989; Yan et al., 2008). In the primitive mantle-
normalized trace-element spider diagram (Fig. 5), the py-
roclastic rocks were characterized by enrichment in high-
field-strength elements  (HFSEs),  consistent  with  the   fea-
tures of OIB.

4.2  Mineral chemistry

Twenty olivine grains  were analyzed for  their  chemi-
cal compositions. The results are summarized in Table S2.
The analyzed olivines exhibited a narrow range of Fo con-
tents  (81–84).  The  major  elemental  compositions  of  the
olivine from  the  basaltic  pyroclastic  rocks  were  as   fol-
lows: SiO

2,
 37.36%–39.23%; MgO, 43.28%–45.08%; NiO,

0.15%–0.24%; MnO, 0.21%–0.25%; CaO, 0.16%–0.25%.
The high CaO content suggests that the analyzed olivines
were phenocrysts  formed  during  magma  fractional   crys-
tallization (Thompson and Gibson, 2000; Foley et al., 2013).

5  Discussion

5.1  Crustal contamination and fractional crystal-
lization

The  composition  of  the  basaltic  magma is  influenced
by crustal contamination as it ascends through the crust to
the surface.  Therefore,  it  is  necessary to evaluate the  im-
pact of  crustal  contamination  on  geochemical   composi-
tion before interpreting the petrogenesis  of  basaltic  pyro-
clastic  rocks  (Rudnick  and  Gao,  2003;  Dai  et  al.,  2018;
Zhang et al., 2020a). Previous studies suggest that crustal
contamination  can  be  identified  using  whole-rock  iso-
topes and trace-elements (Rudnick and Gao, 2003; Salters
and Stracke, 2004). The basaltic pyroclastic rocks exhibit-
ed a relatively variable Nb/U mass ratio (23.29–89.22, with
an  average  of  46.46)  and  Ce/Pb  mass  ratio  (1.63–36.49,
with an average of 13.04), which were substantially high-
er  than  those  of  the  continental  crust  (Nb/U  =  6.15  and
Ce/Pb  =  3.91;  Rudnick  and  Gao,  2003;  Salters  and
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Stracke,  2004),  suggesting  limited  crustal  contamination.
Furthermore,  the  primitive  mantle-normalized trace   ele-
ment  pattern  lacked  strong  negative  Nb  or  Ta  anomalies
(Fig.  5),  implying  that  continental  crustal  contamination
was  negligible  (Zou  et  al.,  2003; Yang  and  Fang,  2015;
An  et  al.,  2017; Zhang  et  al.,  2020a).  In  conclusion,  the
trace element characteristics suggest that crustal contami-
nation of  basaltic  pyroclastic  rocks  was  negligible,   sup-
porting the inference that these rocks were likely derived
from a mantle source.

The  basaltic  pyroclastic  rocks  were  characterized  by
low contents of Ni (131–247 μg/g), Co (16–77 μg/g), and
Cr (23–73 μg/g) (Table S1). These results are inconsistent
with  the  geochemical  characteristics  of  primitive  magma
(Irving  and  Frey,  1978; Wilkinson  and  Le  Maitre,  1987;
An et al.,  2017; Zhang et al.,  2020a), implying that these

basaltic pyroclastic rocks experienced a certain degree of
fractional  crystallization  of  olivine  and clinopyroxene.  In
the primitive mantle-normalized trace-element spider dia-
gram, the samples  showed negative Eu and Sr  anomalies
(Fig.  5),  indicating  that  the  magmas  that  formed  these
basaltic pyroclastic rocks underwent plagioclase fractiona-
tion.

5.2  Lithology of mantle source

Identifying the lithology of mantle sources is essential
for estimating the composition of the primary magma, as-
sessing the mantle potential temperature, and understand-
ing  mantle  heterogeneity.  Traditionally,  peridotite  has
been  considered  the  primary  mantle  lithology  in  the
source  region  of  alkali  basalts  (Herzberg  and  O'Hara,
2002; Putirka,  2005; Rhodes et  al.,  2012). However,  par-
tial  melting  experiments  have  demonstrated  that  alkaline
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basalts  can  also  be  generated  through  the  partial  melting
of  olivine-poor  mantle  lithologies,  including  carbonated
peridotite,  pyroxenite,  and hornblendite (Hirschmann and
Stolper, 1996; Hirschmann et al., 2003; Kogiso et al., 2003;
Pertermann  and  Hirschmann,  2003a;  Dasgupta  et  al.,
2006,  2007;  Kogiso  and  Hirschmann,  2006;  Pilet  et  al.,
2008; Sorbadere et al., 2013; Lambart et al., 2016).

Previous studies  have suggested that  carbonated peri-
dotite  and  pyroxenite  contribute  to  the  mantle  source  of
Late Cenozoic basalts  in the SCS and its  surrounding ar-
eas (Wang et al., 2012; Liu et al., 2015; An et al., 2017; Li
et  al.,  2017;  Zhang  et  al.,  2017; Yan  et  al.,  2018; Yang
et al., 2020; Cao et al., 2022a, 2022b). Magmas generated
through the  partial  melting  of  carbonated  mantle   peri-
dotite exhibited significant negative Ti, Zr, and Hf anoma-
lies (Zeng et al., 2010). However, the basaltic pyroclastic
rocks exhibit positive Ti and Hf anomalies (Fig. 5), ruling
out carbonatized mantle peridotite as the mantle source.

Experimental  studies  have  demonstrated  that  the
Fe/Mn mass ratio in basaltic melts serves as a reliable in-
dicator of the mantle source lithology and can effectively
distinguish  between  pyroxenite  and  peridotite  mantle
sources (Liu et al., 2008a; Wang et al., 2012). Pyroxenite-
derived  melts  typically  exhibit  higher  Fe/Mn  mass  ratios
than  those  derived  from  peridotite  (Liu  et  al.,  2008a;
Herzberg, 2011). Basaltic pyroclastic rocks are character-
ized  by  high  Fe/Mn  mass  ratios,  with  an  average  of  86,
which  is  significantly  higher  than  the  ratios  observed  in
mid-ocean ridge basalt (MORB) and typical peridotite-de-
rived  melts  (Wang  et  al.,  2012).  This  elevated  Fe/Mn
mass  ratio  suggests  the  presence  of  a  certain  amount  of
pyroxenite in the mantle source of the basaltic pyroclastic
rocks. Le Roux et al. (2010) demonstrated that high Zn/Fe
mass  ratios  indicate  a  non-peridotite  source.  The  basaltic
pyroclastic  rocks  exhibited  high  Zn/Fe  mass  ratios  (8.5–
13.8,  with  an  average  of  10.7),  which  were  substantially
higher  than  the  average  values  of  the  upper  mantle  (Le
Roux et al., 2010). This further supported the presence of
pyroxenite in the source rocks (Le Roux et al., 2010).

Olivine  typically  crystallizes  first  from  mantle-de-
rived  melts,  making  it  a  key  indicator  for  identifying  the
source  lithology.  In  the  basaltic  pyroclastic  rocks,  the  Fo
of  olivine  exhibited  no  significant  correlation  with  Ca
content but shows a marked negative correlation with Mn
content  (Figs  6a  and  b).  These  systematic  compositional
relationships indicate that clinopyroxene fractionation has
a limited influence on the olivine composition, suggesting
that  the  observed  olivine  characteristics  primarily  reflect
source-related processes. Previous studies suggest that the
involvement  of  pyroxenite  or  eclogite  in  a  mantle  source
can  be  identified  by  the  presence  of  olivine  phenocrysts
with  low  content  of  Ca,  high  content  of  Ni,  and  high
Fe/Mn mass ratios (Sobolev et al., 2005, 2007; Herzberg,
2011;  Foley  et  al.,  2013).  The  olivine  phenocrysts  from
the  basaltic  pyroclastic  rocks  exhibited  low  Ca  and  high
Ni  contents,  similar  to  the  compositions  of  olivines  in
basalts  from  the  SCS  and  its  surrounding  areas,  which

were  derived  from  a  pyroxenite  source  (Figs  6a  and  c)
(Wang  et  al.,  2012;  Liu  et  al.,  2015;  An  et  al.,  2017;
Hoang et al., 2018; Zhang et al., 2018b; Yang et al., 2023)

Mn, Zn, and Fe have similar olivine–melt partition co-
efficients  during  the  melting  of  mantle  peridotite  under
specific  whole-rock compositions,  oxygen fugacity,  pres-
sure,  and  temperature  conditions  (Le  Roux  et  al.,  2010;
Foley  et  al.,  2013; Howarth  and  Harris,  2017). The   pro-
portions  of  these  elements  do  not  change  significantly
during  partial  melting  or  fractional  crystallization  but
rather  represent  the  characteristics  of  the  source  region
(Sobolev et  al.,  2007; Foley et  al.,  2013; Herzberg et  al.,
2016). The Fe/Mn mass ratios of crystallized olivine from
peridotite-derived  melts  generally  ranged  from  60  to  70
(Herzberg,  2011).  The  whole-rock  high  Fe/Mn  ratios  of
the basaltic pyroclastic rocks were reflected in the Fe/Mn
ratios of their olivine phenocrysts. As shown in the Fo vs.
Fe/Mn diagram (Fig.  6d),  most olivines from the basaltic
pyroclastic rocks displayed high Fe/Mn mass ratios, indi-
cating  the  presence  of  a  pyroxenite  mantle  source.
Howarth and Harris  (2017) proposed that  olivine crystal-
lized from peridotite melts has high Mn/Zn values (>15),
whereas  olivine  crystallized  from  pyroxenite  melts  has
low Mn/Zn values (<13). The Mn/Zn values of olivine in
the basaltic pyroclastic rocks range from 12 to 15, indicat-
ing a mixed pyroxenite-peridotite source. In summary, the
compositions  of  both whole-rock (e.g.,  Fe/Mn and Zn/Fe
mass ratios) and olivine phenocrysts (e.g., Ca and Ni con-
tents  and  Fe/Mn  and  Zn/Fe  mass  ratios)  suggest  that  the
mantle source of basaltic pyroclastic rocks is a mixture of
peridotite and pyroxenite.

Several hypotheses have been proposed to explain the
genesis of  pyroxenite,  including  (1)  cumulative  pyroxen-
ite  (Zhang  and  Xu,  2012),  (2)  metamorphosed  oceanic
crust (Herzberg, 2011; Lambart et al., 2013) and (3) reac-
tions  between  recycled  continental/oceanic  crust  and  the
surrounding  mantle  peridotite  (Sobolev  et  al.,  2005;
Mallik and Dasgupta, 2012; Foley et al., 2013; Liu et al.,
2015;  Zhang  et  al.,  2021b).  Cumulative  pyroxenite  is
characterized  by  low  Ni  content  and  cannot  crystallize
high-Ni  olivine  (Lee et  al.,  2006); therefore,  the  first  hy-
pothesis can be excluded. Additionally,  most basaltic py-
roclastic rocks have a higher MgO content than the melt-
ing  products  of  silica-excess  pyroxenite  or  bimineralic
eclogite  (MgO  <  8.0%;  Pertermann  and  Hirschmann,
2003b); the  second  hypothesis  is  not  applicable  for   ex-
plaining  the  origin  of  the  pyroxenite  components  in  the
mantle source of these rocks. Therefore, we argue that the
third  hypothesis  is  the  most  plausible  mechanism for  the
genesis of pyroxenite in the source region of basaltic py-
roclastic rocks.

The  basaltic  pyroclastic  rocks  exhibited  positive  Nb
and Ta anomalies in the primitive mantle-normalized spi-
dergrams  (Fig.  5), suggesting  that  continental  crust   com-
ponents were not present in the mantle source. Li is typi-
cally enriched in the crust  and sediments (up to 70 μg/g)
compared  with  the  lithospheric  mantle  and  mantle-de-
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rived melts (Foley et al., 2013). Based on the low Li con-
tent  of  olivine  from  Hawaii  basalts,  Ammannati  et  al.
(2016)  suggested  that  recycled  subducted  oceanic  crust
was involved in the production of the Hawaii basalts. The
olivines  from  the  basaltic  pyroclastic  rocks  had  low  Li
contents (mostly <5 μg/g), indicating that continental crust
components were not present in the mantle source (Foley
et  al.,  2013).  Thus,  we  suggest  that  the  recycled  oceanic
crust  may have reacted with ambient mantle peridotite to
form a relatively silica-rich mantle pyroxenite.

5.3  Mantle potential temperature

Potential  temperature  (T
p
)  refers  to  the  hypothetical

temperature  of  the  mantle  as  it  rises  to  Earth’s  surface
without  decompression  or  melting  (Putirka,  2005).  This
serves as  a  critical  parameter  for  characterizing  the   ther-
mal  state  of  the  upper  mantle  (McKenzie  and  Bickle,
1988; Putirka,  2005, 2008; Campbell,  2007; Wang et  al.,
2012; Lee et al., 2009). It is widely recognized that mag-
mas exhibiting OIB characteristics are not exclusively de-

rived  from  mantle  plumes  (Xu  et  al.,  2012).  Mantle
plumes are commonly linked to thermal anomalies charac-
terized by elevated T

p
 values. Moreover, it is generally ac-

cepted that the generation of mafic magma associated with
mantle  plumes  requires  higher  ambient  T

p
  than that   re-

quired  for  the  formation  of  MORB  (Herzberg and   Asi-
mow,  2008).  To constrain  mantle  plumes,  the  concept  of
excess  temperature  (T

ex
)  has  been  proposed  to  identify

thermal  anomalies  in  the  mantle  (T
ex
=T

p
hotspot

－T
p
MORB).

OIBs generated by mantle plumes typically exhibit elevat-
ed T

ex
,  which  range  between  100℃ and  300℃ (Kreutz-

mann  et  al.,  2004;  Putirka,  2005).  Consequently, T
p
  can

serve as  a  diagnostic  parameter  for  identifying  the   pres-
ence of mantle plumes (Kreutzmann et al., 2004; Putirka,
2005).

The  olivine-liquid  Mg-Fe  exchange  thermometer  was
independent of the specific lithology of the mantle source
(Putirka, 2005; Yu and Liu, 2020). In this study, we used
an  Fe-Mg  exchange  geothermometer  to  calculate  the  T

p
of basaltic  pyroclastic  rocks.  Using this  method,  the esti-
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Fig.  6.     Composition  of  olivine  phenocrysts  in  basaltic  pyroclastic  rocks  from  Well  CK-2  compared  to  calculated
olivines  from  partial  melts  of  a  fertile  peridotite  and  a  stage  2  pyroxenite,  after  Herzberg  (2011).  Also  shown  are
Koolau olivines (Sobolev et al., 2007). Data for the Hainan Island are from Gu et al. (2019); data for the Vietnam are
from Hoang et al. (2018); data for SCS are from Zhang et al. (2018b).
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mated  T
p
  for  the  basaltic  pyroclastic  rocks  ranged  from

1 502℃ to 1 756℃,  with  an  average  of 1 645℃.  The T
p

of Iceland basalt ranged from 1 480℃ to 1 520℃, and the
T
p
  of  Hawaii  OIB  was  approximately  1 530℃ (Putirka,

2005).  The  estimated T
p
  of  the  basaltic  pyroclastic  rocks

aligned closely  with  that  of  the  plume-related OIBs (Ice-
land  and  Hawaii  basalts),  indicating  an  abnormally  high
mantle potential  temperature  in  the  study  area.  As   dis-
cussed earlier,  basaltic  pyroclastic  rocks exhibit  OIB-like
geochemical  characteristics  (Fig.  4).  The  combination  of
these OIB-type geochemical features and the evidence of
high-temperature anomalies strongly supports the involve-
ment of a mantle plume in their genesis.

Previous  studies  have  proposed  that  the  head  of  the
Hainan  mantle  plume  likely  impinges  on  the  base  of  the
lithosphere  at  approximately  30  Ma  (Wang  et  al.,  2013).
Yu  et  al.  (2018)  suggested  that  the  SCS  MORB  which
could  have  recorded  plume-ridge  interaction  perhaps
appeared  since  about  23.8  Ma.  The  initial-spreading
MORB  (Site  U1500)  of  the  SCS  yielded  a  normal  T

p
(about 1 380℃)  and was derived from a peridotite-domi-
nated  mantle  source,  suggesting  that  the  opening  of  the
SCS was not influenced by a mantle plume (Yu and Liu,
2020).  In  contrast,  the  late-spreading  MORB  (Site
U1431E)  yielded  relatively  high T

p
  (about  1 442℃)  and

originated  from  a  pyroxenite-enriched  mantle  source
(Zhang et al., 2018a, 2018b; Yang et al., 2019, 2023), in-
dicating that the mantle plume impacted the final stages of
SCS  spreading.  The  uneven  distribution  of  stagnant  slab
materials in the mantle transition zone is believed to have
split and bifurcated the Cenozoic Hainan mantle plume in-
to  separate  upwellings  (Yang  et  al.,  2023). Stronger  por-
tions of these stagnant slabs likely impeded the ascent of
the mantle plume and hindere its  upward migration.  This
bifurcation likely  occurred  as  the  mantle  plume   encoun-
tered stagnant slabs within the mantle transition zone, pro-
viding a plausible explanation for the uneven distribution
of magmatic  activity  and  discrepancies  between  the   pre-
dicted  magmatic  distribution  and  topographic  changes  in
classical mantle plume models (Yang et al., 2023).

5.4  Water content of the magmas

The formation  of  Large  Igneous  Provinces  (LIP)   in-
volves  various  physical  and  chemical  factors,  including
anomalously  high  mantle  temperatures,  the  presence  of
fusible components  in  the  mantle  source,  substantial   de-
compression, and water enrichment (Sobolev et al., 2011;
Liu et al., 2017). LIP are widely regarded as closely asso-
ciated with  mantle  plume  activity.  Specifically,   thermo-
chemical mantle plumes originating from deep mantle are
considered to  account  for  the deep-sourced materials  and
the  elevated  thermal  energy  necessary  for  the  extensive
melting observed in LIP.

Water content of the mantle is important for studying
magmatic  processes  in  the  deep  mantle.  Elevated  water
content increases  the  melting  depth,  leading  to  an   in-
crease in  the  volume  of  magma  formed  by  melting.   Re-

cently,  studies  on  the  water  content  of  major  LIPs  have
been  conducted  worldwide  (Xia  et  al.,  2016;  Liu  et  al.,
2017,  2022;  Ivanov  et  al.,  2018;  Gu  et  al.,  2019;  Lang
et al., 2020). The primary magma water content of the pi-
crites  from the  Emeishan  LIP  was  3.44%,  corresponding
to a mantle source water content of more than 6 000 μg/g.
The formation of the Emeishan LIP was closely related to
a  high-temperature  mantle  plume  enriched  in  water  and
fusible components (Liu et al., 2017).

The water content of the mantle plays a critical role in
understanding  magmatic  processes  occurring  in  the  deep
mantle.  Elevated  water  content  enhances  the  melting
depth, which in turn increases the volume of magma pro-
duced  during  melting.  Recent  studies  have  investigated
the water content of the mantle sources in major LIP (Xia
et  al.,  2016a; Liu  et  al.,  2017, 2022;  Ivanov et  al.,  2018;
Gu et  al.,  2019; Lang et  al.,  2020). For  instance,  the  pri-
mary magma water content of the picrites from the Emeis-
han LIP exhibited a water  content  of  3.44%, correspond-
ing  to  a  mantle  source  water  content  exceeding
6 000 μg/g (Liu et al., 2017). The formation of the Emeis-
han LIP was closely related to a high-temperature mantle
plume enriched in both water and fusible components (Liu
et al., 2017).

Dol/liq
CaO

Dol/liq
CaO

In this  study,  the  water  content  of  the  basaltic   pyro-
clastic  rocks  was  estimated  using  a  Ca-in-olivine  geohy-
grometer (Gavrilenko et al., 2016). This geohygrometer is
based  on  experimental  observations  that  demonstrate  the
influence of meltwater content on the partition coefficient
of  CaO  between  olivine  and  silicate  melts  ( ).  The
geohygrometer calculated the meltwater content as a func-
tion of the MgO content and   with an estimated un-
certainty  of  1.4%–1.8%  H

2
O  (Gavrilenko  et  al.,  2016).

Using this method, we determined the H
2
O contents of the

primary  magma  in  basaltic  pyroclastic  rocks  to  be
0.01%–1.47% (with an average of 0.66%), which is com-
parable to the water content of OIB (0.3%–2%, Métrich et
al.,  2014). However,  these values were significantly low-
er than those of the mantle sources for many LIPs, such as
the Emeishan LIP (3.44%, Liu et al., 2017) and the Tarim
LIP (4.8%, Xia et al., 2016a) (Fig. 7).

5.5  Implications

Accumulating  geophysical  and  geochemical  evidence
increasingly  supports  the  existence  of  a  Hainan  mantle
plume  (Zou  and  Fan,  2010;  Wang  et  al.,  2013;  Huang,
2014; Wei  and  Chen,  2016; Xia  et  al.,  2016b; An  et  al.,
2017; Fan et  al.,  2017; Yan et  al.,  2018, 2019; Yu et  al.,
2018;  Zhang  et  al.,  2018b,  2020a).  A  mushroom-shaped
low-velocity  seismic  anomaly  extending  into  the  lower
mantle was identified, suggesting the presence of a lower
mantle  root  associated  with  the  Hainan  plume  beneath
southern China (Huang et al., 2015; Wei and Chen, 2016;
Xia  et  al.,  2016b;  Fan  et  al.,  2017).  Several  geophysical
studies  have  further  suggested  that  the  Hainan  mantle
plume is one of the 12 plumes originating from the core-
mantle  boundary  (Huang  et  al.,  2015). The  Cenozoic   in-
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traplate basalts  of  Southeast  Asia  are  primarily  distribut-
ed across  the Leizhou Peninsula,  Hainan Island,   Indochi-
na block, and SCS.

Gravity and magnetic anomaly data indicate that Ceno-
zoic magmatism was widely distributed in the Xisha area
(Zhang et al., 2016; Feng et al., 2017). Zhang et al. (2016)
identified flat-topped and conical-topped seamounts in the
Xisha area  based  on  the  geophysical  data.  Chenhang   Is-
land  potentially  represent  one  of  the  flat-topped  seam-
ounts (Zhang et al.,  2024). The stratigraphic contact rela-
tionship  and  seismic  reflection  characteristics  revealed
three distinct phases of magmatism in the Xisha area: Pa-
leocene and Eocene, early Oligocene to mid-Miocene, and
mid-Miocene to recent (Zhang et al., 2016). In this study,
the trace element patterns of the basaltic pyroclastic rocks
exhibited  typical  OIB-like  characteristics  (Fig.  4).  Addi-
tionally, the high T

p
 values further support the hypothesis

that the mantle beneath the Xisha Islands was significant-
ly influenced by the Hainan mantle plume. The northwest-
ern  SCS has  experienced  multiple  phases  of  rifting  since
the Late Cretaceous, characterized by the extensive devel-
opment of NE-NEE trending faults, which provide favor-
able pathways  for  magma  upwelling.  Furthermore,  man-
tle plume  material  underwent  lateral  expansion  at   litho-
spheric  depths,  affecting  the  entire  northern  SCS  from
west  to  east  (Xia  et  al.,  2025).  This  process  likely  drives
the  widespread  magmatic  activity  observed  in  the  Xisha
area. However, unlike classical mantle columns with large
heads and thin tails that form large igneous provinces and
age-progressive seamount  chains,  the  Hainan mantle  col-
umn did not exhibit these features.

6  Conclusions

This study presents the whole-rock and olivine chemi-
cal  compositions  of  basaltic  pyroclastic  rocks  from  Well
CK-2, SCS, and reaches to the following conclusions:

The compositions of both whole-rock and olivine phe-
nocrysts indicate that the mantle source of the basaltic py-
roclastic rocks was derived from a mixed source compris-

ing  peridotite  and  pyroxenite.  The  pyroxenite  likely
formed through the reaction of recycled oceanic crust with
the surrounding mantle peridotite.

The  calculated  T
p
  values  ranged  from  1 502℃ to

1 756℃, which were comparable to those of plume-relat-
ed OIB.

The basaltic pyroclastic rocks exhibited low H
2
O con-

tents  (0.01%–1.47%), significantly  lower  than  those   ob-
served in the primary magmas of LIPs.
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A B S T R A C T

The redox sensitive trace elements (RSTEs) are a group of trace metals that exhibit exceptional sensitivity to 
redox environments, with their transport and enrichment being constrained by prevailing redox conditions. Most 
of RSTEs are predominantly found in marine water as dissolved ions and tend to precipitate and accumulate in 
anoxic sediments under reducing conditions. The distinct behavior of RSTEs, such as rhenium (Re), uranium (U), 
vanadium (V), and molybdenum (Mo), has led to their widespread use as geochemical indicators to infer the 
redox state of marine sediments during deposition, and consequently, the oxygen levels in the overlying water 
and atmosphere. However, there are still gaps in our understanding of the redox transport and transformation 
processes of some RSTEs, and the application of certain indicators remains limited. In this review, we provide a 
detailed description of the geochemical behavior of typical RSTEs in the ocean. We also summarize a series of 
indicators that can be applied as proxies of seawater redox conditions. These indicators are based on the 
enrichment patterns of certain elements observed under varying redox conditions, including the elemental 
enrichment factor (TMEF), excess trace metal concentration (TMXS), elemental enrichment degree (TM/Al), bi- 
elemental ratios (Re/Mo, V/Cr, V/(V + Ni), V/Mn), Mo- and U-EF covariation patterns, and isotopic systems 
(δ98Mo, δ238U, δ51V, δ187Re). Considering local depositional environmental factors such as water chemistry, 
operation of Fe-Mn particle shuttle, sedimentation rate, and diagenesis are crucial for interpreting the enrich
ment patterns and the extent of isotope fractionation of RSTEs in marine sediments, providing valuable insights 
into the influence of hydrochemical conditions on the geochemical signatures of RSTEs across different 
geological periods. Therefore, the utilization of multiple independent geochemical proxies on the same sample 
and comparing data from temporally correlated profiles can yield a more robust and precise information about 
redox conditions and depositional environments of localized basins. Furthermore, we compiled data on the 
concentrations of Re, U, V, and Mo, as well as the isotope composition of Mo and U in ancient anoxic marine 
sediments from 3.5 billion years ago to the present. These data reveal the marine reservoirs of these elements, 
providing clues to the nature and timing of atmospheric oxidation on Earth. The results suggest that the Great 
Oxidation Event (GOE) was more like the climax of a long oxidation history starting from the Archean. In the 
millions of years after the end of the Lomagundi Event, the Earth may have remained well-oxygenated, until the 
oxygen level declined during the mid-Proterozoic. However, the records reveal at least two brief oxygenation 
events (ca. 1.4 Ga and 1.1 Ga) within this interval, contradicting the conventional view of persistently low 
oxygen concentrations throughout the mid-Proterozoic.

1. Introduction

In recent decades, the investigation of the geochemical behavior of 
redox sensitive trace elements (RSTEs) in seawater, such as vanadium 
(V), uranium (U), molybdenum (Mo), rhenium (Re), chromium (Cr), 
nickel (Ni), cadmium (Cd), and copper (Cu) and others, has garnered 

significant interest. These elements are highly sensitive to the redox 
conditions of the surrounding environment, and their distribution and 
migration in the ocean are regulated by many factors, mainly including 
dissolved oxygen, hydrogen sulfide concentration, and interactions with 
other substances. Among them, Mo, U, Re, and V in sediments are the 
four trace elements most commonly used to reconstruct redox conditions 
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and are important indicators for studying ocean oxygenation (Bennett 
and Canfield, 2020; Brumsack, 2006; Kunert and Kendall, 2023; Mänd 
et al., 2020; Ostrander et al., 2019; Sahoo et al., 2016; Tribovillard et al., 
2012, 2006; Yang et al., 2023; Zhang et al., 2022b).

In this paper, we adopt the following the redox classification scheme 
for bottom waters based on dissolved oxygen and hydrogen sulfide 
concentrations: oxic (> 2.0 ml O2 L− 1), dysoxic or suboxic (~0.2–2.0 ml 
O2 L− 1), anoxic-nonsulfidic (< 0.2 ml O2 L− 1, 0 ml H2S L− 1), and anoxic- 
sulfidic or euxinic (0 ml O2 L− 1, > 0 ml H2S L− 1) (Fig. 1) (Algeo and 
Tribovillard, 2009). As two special minor elements, the redox cycles of 
iron (Fe) and manganese (Mn) profoundly influence the migration and 
enrichment processes of RSTEs (Tribovillard et al., 2006). Under oxic 
conditions, Fe and Mn accumulate in sediments as oxyhydroxides or 
oxides, which under suboxic and anoxic conditions can dissolve into the 
pore water and migrate to the sediment (Brumsack, 1989; Middelburg 
et al., 1987; Rajendran et al., 1992). Most RSTEs usually exist as soluble 
ions in oxic environment, with some being absorbed by plankton as 
nutrients/trace elements or co-cycled with redox-sensitive minerals 
such as Fe and Mn (oxy)hydroxides (Smrzka et al., 2019). Under low 
oxygen or reducing conditions, the behavior of RSTEs becomes more 
complicated, as they have the potential to precipitate from seawater as 
insoluble oxides, hydroxides, metal ligands, and organic complexes with 
lower valence (Crusius et al., 1996; Lv et al., 2021; McManus et al., 
2006). This leads to varying distributions of RSTEs in different marine 
environments and their enrichment to varying extents (Fig. 1). Conse
quently, variations in the concentrations of RSTEs in siliciclastic rock (e. 
g., black shales or mudstones) have been commonly used for recon
structing environmental redox conditions. Furthermore, during the 
processes of redox, adsorption, and precipitation, RSTEs directly or 
indirectly experience measurable isotope fractionation (Ostrander et al., 
2021). This property renders the isotope ratio of sedimentary rocks (e.g., 
siliciclastic rock and carbonates) yet another invaluable proxy in pale
oredox investigations (Ostrander et al., 2021; Chen et al., 2021; Li et al., 
2022).

Recent studies have found that RSTEs enrichment can be influenced 
by a range of factors beyond the redox conditions. Local depositional 
factors, such as the chemical composition of the water mass, variations 
in anoxic basins, fluctuations in sea level, and rates of sedimentation, all 
have significant impacts on the enrichment levels of RSTEs and the 
extent of their isotope fractionation (e.g., Liu and Algeo, 2020; Peng, 
2022; Paul et al., 2023; Vind et al., 2023; Noordmann et al., 2015; Qin 
et al., 2022; Tan et al., 2023; Ostrander et al., 2019; Li et al., 2022; Lau 
et al., 2020). This is because these local depositional factors can regulate 
the distribution patterns of redox processes. For example, the presence 
of enclosed or semi-enclosed basins restricts water circulation, lowering 
the concentrations of RSTEs in seawater and subsequently influencing 
the extent of RSTEs enrichment and isotope compositions in sediments 
(e.g., Liu and Algeo, 2020; Noordmann et al., 2015; Tan et al., 2023; 
Ostrander et al., 2019; Kurzweil et al., 2015). Moreover, sedimentation 
rates exert a significant influence on the distribution/accumulation of 
RSTEs and their isotope compositions by modulating processes such as 
dilution of organic matter (via increased input of non-organic detrital 
components) and downward diffusion of trace metals (e.g., Crombez 
et al., 2020; Lau et al., 2020; Noordmann et al., 2015). Therefore, a 

comprehensive examination of the concentration, distribution, 
geochemical behavior, and isotopic composition of RSTEs in seawater 
and sediment is necessary for an advanced view of global environmental 
change, ecosystem functioning, and Earth’s history.

In this paper, we aim to provide a thorough review of the 
geochemical behavior of RSTEs. Additionally, we will summarize the 
applications of RSTEs as widely accepted indicators for assessing the 
redox state of the marine environment, along with an examination of the 
local depositional and environmental parameters that exert influence on 
their distribution in sediments. Specifically, we provide a concise 
overview of the most important two minor elements, namely Fe and Mn, 
while placing emphasis on four RSTEs (Mo, U, Re, and V) and their 
isotopes. These RSTEs elements have been regarded as reliable in
dicators of paleoredox conditions due to their limited abundance in the 
Earth’s crust, long residence times in seawater, diverse valence states, 
and deposition processes highly influenced by redox conditions.

2. Overview of RSTEs

Most RSTEs undergo biogeochemical cycling within the marine 
euphotic zone, either through primary producers or in conjunction with 
redox-sensitive minerals like Fe and Mn (oxy)hydroxides (Smrzka et al., 
2019). The transport of RSTEs from the euphotic zone to the seafloor 
occurs at varying rates, including three primary carriers: (1) organic 
matter, (2) Fe(oxy)hydroxides, and (3) Mn(oxy)hydroxides, depending 
on their chemical speciation and association with solid-phase particles 
(e.g., Bertine and Turekian, 1973; Piper and Perkins, 2004; Smrzka 
et al., 2019; Goswami et al., 2012; Monien et al., 2014; Collier, 1984; 
Rudnicki and Elderfield, 1993; Auger et al., 1999), as visually depicted 
in Fig. 2. Typically, these particulate matters release RSTEs during the 
respiration and reductive dissolution processes near the sediment-water 
interface (Smrzka et al., 2019). Subsequently, these RSTEs may either 
diffuse into the oxic water column or become buried within the sediment 
(Smrzka et al., 2019).

2.1. Mn and Fe: key minor elements influencing RSTEs

The predominant species of Mn in seawater are Mn2+ and MnCl+. 
However, under aerobic conditions, Mn(II) is inherently unstable and 
prone to oxidation, resulting in the formation of insoluble Mn(III) and 
particularly Mn(IV) (oxy)hydroxides (mainly MnO2 and MnOOH) 
(Calvert and Pedersen, 1993; Rajendran et al., 1992). In oxic seawater, 
the most thermodynamically stable form of Fe is Fe(III), which un
dergoes rapid hydrolysis to generate various Fe(III) (oxy)hydroxides 
(mainly Fe(OH)3) to its high insolubility (de Baar and de Jong, 2001). 
Under oxic conditions in marine water, both Mn(IV) and Fe(III) exist as 
(oxy)hydroxides, acting as oxidants during the oxidation of organic 
matter, following a predictable sequence (Froelich et al., 1979). After 
oxygen is consumed by organic matter, Mn(IV) generates Mn(II) in the 
pore water, and the subsequent production of Fe(II) in the pore water 
after nitrate is exhausted. Both of the aqueous ions can either diffuse 
upwards for re-oxidation or move downwards into sediment layers 
where sulfate reduction and methanogenesis dominate(Froelich et al., 
1979). As the re-oxidation of Mn(II) generally occurs at a slower rate 

Fig. 1. Correlation between seawater ambient partitioning and variations in RSTEs concentration within sediments, modified from Tang et al. (2015).
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compared to that of Fe(II), Mn(II) released from the shallow layer 
preferentially diffuses into the overlying water column (Froelich et al., 
1979; Olson et al., 2017). In contrast, Fe(II) released from deeper sulfate 
reduction zones is rapidly oxidized or sulfidized, which severely restricts 
its activity within the sediments (Froelich et al., 1979). When Fe(II) and 
Mn(II) diffuse downward into the sulfate reduction zone rich in H₂S, S 
(II) preferentially reacts with Fe(II) to form amorphous FeS (i.e., 
mackinawite). Subsequently, the FeS can be further transformed into 
pyrite (FeS2) through the polysulfide pathway or the H₂S pathway 
(Rickard and Luther, 2007). Since the formation of FeS2 in sediment is 
jointly controlled by the abundance of reactive Fe, H2S, and partially 
oxidised sulphur in the water column, and is also highly reliant on the 
specific pathway of FeS2 formation (e.g., Chang et al., 2020; Rickard, 
1997; Rickard and Luther, 2007). Therefore, in pore waters rich in sul
fides, Fe(II) may be depleted in the formation of FeS and FeS₂ (Rickard 
and Luther, 2007; Olson et al., 2017). Unlike the situation of Fe(II), Mn 
(II) typically precipitates as carbonate in the sulfate reduction zone 
(Jakobsen and Postma, 1989; Böttcher, 1998). This precipitation process 
significantly restricts the diffusion and migration of Mn(II) in pore 
water, ultimately resulting in almost no Mn available for the formation 
of authigenic pyrite (Böttcher, 1998). However, in sediments associated 
with pore waters enriched in sulfides and having a high Mn/Fe ratio, Mn 
(II) can serve as a secondary source of cations and partially substitute for 
Fe(II) in the pyrite lattice (Cui et al., 2023; Olson et al., 2017).

The distinctive geochemical behaviors of Fe and Mn are highly 
crucial in the transport of trace metals from the water column to the 
sediments, as well as their subsequent incorporation into the authigenic 

phase. In the oxic surface water column, the elevated concentration of 
dissolved oxygen facilitates the precipitation of Mn-(oxy)hydroxides and 
Fe-(oxy)hydroxides, thereby inducing substantial adsorption and pre
cipitation of trace metals (Fig. 2). Upon approaching the sediment-water 
interface, trace metals adsorbed on Fe-Mn (oxy)hydroxides can be 
released and subsequently diffuse back into the water column or be 
captured by other solid phases (Fig. 2) (Olson et al., 2017; Tribovillard 
et al., 2006). The phenomenon, commonly referred to as the “particle 
shuttle,” is essential for the enrichment of trace metals in suboxic-anoxic 
deposition systems by facilitating the transport and precipitation of 
trace metals from seawater into sediments (Algeo and Tribovillard, 
2009).

In summary, the redox behavior of Fe and Mn controls the mobility 
and incorporation of trace metals. Mn and Fe (oxy)hydroxides efficiently 
scavenge specific reactive trace metals, such as Mo and V, either via 
surface adsorption or direct incorporation into their crystal lattice 
(Burdige, 1993). Consequently, these processes facilitate the cycling of 
associated RSTEs between the sediment and pore water, regulating their 
distribution and availability in the sedimentary environment.

2.2. Mo

Mo exhibits a significantly low abundance in the Earth’s crust, with 
an average concentration of approximately 1.5 μg/g in the upper crust 
(McLennan, 2001). In contemporary seawater, Mo is found at an average 
concentration of approximately 0.010 μg/g (Collier, 1984). In oxic 
seawater, Mo predominantly exists as a stable molybdate oxyanion 

Fig. 2. Schematic representation of the circulation, adsorption, and transport of RSTEs in the water column to the seafloor, highlighting key solid-phase particles. 
SWI indicates sediment-water interface. The diagram incorporates three primary solid-phase particles: organic matter (depicted in green), Fe(oxy)hydroxide 
(depicted in brown), and Mn(oxy)hydroxide (depicted in purple). While it is possible for all four elements to adsorb onto all solid-phase particles, this depiction 
focuses on the most relevant elements associated with each phase, modified from Smrzka et al. (2019). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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(MoO4
2− ) (Bertine and Turekian, 1973). The residence time of Mo in 

seawater is estimated to be around 780 ka, which significantly exceeds 
the mixing time of seawater (1.5 ka) (Algeo and Tribovillard, 2009; 
Miller et al., 2011; Tribovillard et al., 2006).

Although MoO4
2− has high solubility in oxic seawater, the adsorption 

of organic matter or Fe-Mn (oxy)hydroxides enables it to gradually 
accumulate even under oxic conditions (Bertine and Turekian, 1973; 
Piper and Perkins, 2004; Smrzka et al., 2019). This adsorption-mediated 
accumulation effectively facilitates the transportation of Mo from the 
water column to the sediment surface (Algeo and Lyons, 2006; Wagner 
et al., 2017). Under reducing conditions, the dissolution of Fe-Mn (oxy) 
hydroxides occurs, resulting in the release of MoO4

2− into the ambient 
(pore) water. The fate of MoO4

2− within the pore water depends on the 
concentration of ambient H2S, as it may either re-diffuse back into the 
water column or be captured by more recalcitrant phases such as organic 
matter or Fe sulfides (Morford et al., 2005; Morford and Emerson, 1999). 
Under anoxic-euxinic conditions, MoO4

2− undergoes sequential conver
sion to particle-reactive sulfur-containing Mo complexes such as thio
molybdates (MoOxS4-x

2− , x = 1–4) and molybdenum polysulphide (MoO 
(S4)S2− ) (Helz et al., 1996). The thiomolybdate substances exhibit a 
pronounced affinity towards reactive surfaces and readily undergo 
adsorption or complexation onto metal-rich particles, organic matter, 
and iron sulfides for efficient removal (Fig. 3) (Emerson and Huested, 
1991; Tribovillard et al., 2004; Zheng et al., 2002). As the ambient 
concentration of H2S approaches the aquatic threshold, i.e., the 
“geochemical switch” of ~11 μM, MoO4

2− is fully thiolated and con
verted into tetrathiomolybdate ion (MoS4

2− ) (Erickson and Helz, 2000). 
Therefore, Mo is typically highly enriched in euxinic sediments 
(Fig. 3C). It has also been demonstrated that sulfur-containing Mo 
complexes transform into an inert Fe-S-Mo nanomineral, and this 
transformation leads to a constant concentration of dissolved Mo in the 

water column or pore water, restricting further removal of Mo (Helz, 
2022; Helz and Dolor, 2012). This process may explain why Mo 
enrichment in sediments is lower in strongly euxinic basins than in less 
euxinic basins (Helz et al., 2011; Helz and Dolor, 2012). However, sig
nificant fluctuations in the redox interface of the water column can 
potentially remobilize and release Mo from unstable euxinic sediments 
(e.g., Fe monosulfide (FeS)) back into the pore water (and subsequently 
bottom waters) (Dellwig et al., 2021; Hermans et al., 2019).

In summary, the enrichment of sedimentary Mo is largely influenced 
by the adsorption of Fe-Mn (oxy)hydroxides in oxic/suboxic water or by 
the sulphur effect of H2S in euxinic ambient waters. In comparison to 
other RSTEs, Mo tends to exhibit greater vertical migration in sedi
mentary columns, and its immobilization is closely associated with the 
removal of iron sulphide phases or humic substances (Morford et al., 
2009b; Morford and Emerson, 1999).

2.3. U

U is relatively scarce in the Earth’s crust, with an average abundance 
of 2.8 μg/g in the upper crust (McLennan, 2001). In modern seawater, 
the average concentration of U is approximately 3.02 × 10− 3 μg/g (Ku 
et al., 1977). Under oxic conditions and within the pH range of seawater, 
U mainly exists in the stable form of U(VI), where uranyl ions combine 
with carbonate ions to form soluble UO2(CO3)3

4− (Tribovillard et al., 
2006). The residence time of U in seawater is shorter than that of Mo, 
averaging around 450 ka, yet still significantly higher than the mixing 
time of seawater (Ku et al., 1977).

In oxic seawater, U generally displays conservative behavior but can 
be adsorbed by organic matter (Goswami et al., 2012; Monien et al., 
2014). The reduction and removal of U are primarily believed to occur in 
sediments instead of the water column due to the decoupling of U(VI) 

Fig. 3. Schematic illustration of the enrichment mechanism of RSTEs from water to sediment, no scale implied. A: Reduction sequence of RSTEs in waters with 
different degrees of oxidation, Referring to Algeo and Li (2020); B: Enrichment mechanism of RSTEs in suboxic-anoxic waters (no H2S); C: Enrichment mechanism of 
RSTEs in euxinic waters. Enrichment of all RSTEs occurs under euxinic condition, the focus here, however, is on elements that are associated with H2S in the 
water column.
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reduction to U(IV) from the free H2S concentration in the water column 
(Algeo, 2004; McManus et al., 2005; Zheng et al., 2002). Thus, the 
transport of U from the euphotic zone to the seafloor and sediments is 
primarily governed by dissolved oxygen concentrations and fluxes of 
organic matter (McManus et al., 2006, 2005). However, coupling be
tween the cycling of Fe and U has been observed in sediments, indicating 
that Fe hydroxyoxides possess the capability to scavenge U or that mi
croorganisms facilitate the transformation of these two substances (Beck 
et al., 2008; Lovley et al., 1993, 1991). Under the reduced state, U 
enrichment in sediments is promoted through two pathways: (1) the 
formation of organometallic ligands for U in humic acids (Klinkhammer 
and Palmer, 1991; McManus et al., 2005; Zheng et al., 2002), and (2) the 
conversion of soluble and unreactive U(VI) to insoluble and particulate- 
reactive U(IV) under the Fe(III)-Fe(II) reducing interface (Fig. 3) (Helz 
et al., 1996; Morford et al., 2007, 2005; Zheng et al., 2002). The result of 
this process is the formation of crystalline uraninite (UO2) or its meta
stable precursor, along with highly surface-active hydroxyl complexes, 
ultimately leading to authigenic enrichment (Klinkhammer and Palmer, 
1991; Zheng et al., 2002). The thermodynamic equilibrium governs the 
reduction kinetic process of U(VI) in sediments by synergistically 
modulating redox potential (Eh) and pH values (Zheng et al., 2002). 
Nevertheless, it is widely postulated that this reduction process is 
mediated by Fe and sulfate-reducing bacteria (Zheng et al., 2002). This 
is due to the fact that, in the absence of a catalyst, the abiotic reduction 
process of U(VI) is typically characterized by sluggish kinetics 
(Swarzenski et al., 1999). Within sediments, U is present in two forms: 
refractory crystalline uraninite and unstable monomeric “non-crystal
line U(IV)”, which is usually bound to organic matter and organic 
carbonaceous clays (Bernier-Latmani et al., 2010; Bone et al., 2017). The 
unstable mineral structure of monomeric U(IV) makes it susceptible to 
oxidation back to U(VI) through interactions with dissolved oxidants 
like oxygen (O2) or solid oxides such as Fe-Mn (oxy)hydroxides can 
subsequently diffuse, either upward into the overlying water column or 
downward into the sediments (Cochran et al., 1986; Dellwig et al., 2021; 
McManus et al., 2005; Paul et al., 2023; Zheng et al., 2002).

In summary, the reduction of U occurs in close proximity to the Fe 
(III)-Fe(II) redox interface and is likely controlled by microbial- 
mediated Fe redox reactions, with little influence from the presence or 
absence of H2S (Fig. 3). The deposition of U, unlike Mo, occurs under in 
sedimentary environment under less reducing conditions and at shal
lower depths (Fig. 3A). Its fixation primarily relies on the organic matter 
concentration present in the sediment.

2.4. V

Species of V in the environment is primarily governed by pH and 
redox conditions (Calvert and Pedersen, 1993). In marine environments, 
V exhibits a nutrient-like distribution and participates in biological 
cycling processes (Collier, 1984; Smrzka et al., 2019). The abundance of 
V is low in the Earth’s crust, with an average of 2.7 μg/g in the upper 
crust and an average concentration of about 1.49 × 10− 3 - 1.99 × 10− 3 

μg/g in modern seawater (Collier, 1984; Jeandel et al., 1987; Shen and 
Boyle, 1987). In oxic waters, V mainly exists as stabilized vanadate with 
the dominant species being HVO4

2− and H2VO4− . V has a long residence 
time in the ocean ranging from approximately 50 ka to 130 ka (Morford 
and Emerson, 1999; Wanty et al., 1990).

In addition to being influenced by biological ingestion and release in 
oxic waters, the distribution of V is predominantly controlled by 
adsorption onto mineral surfaces, particularly Fe-Mn (oxy) hydroxides 
(Auger et al., 1999; Collier, 1984; Rudnicki and Elderfield, 1993). V 
readily adsorbs onto these sinking particles and subsequently diffuses 
from seawater, which is considered the most efficient transport mech
anism of V from seawater to sediments (Piper and Calvert, 2009; Prange 
and Kremling, 1985). In weakly reducing environments, V(V) undergoes 
reduction to V(IV) and form vanadyl (VO2+), which has a small ionic 
radius and is highly susceptible to chelation with organometallic 

ligands, leading to the formation of organic complexes or hydrides that 
are enriched in anoxic sediments (Fig. 3B) (Morford and Emerson, 
1999). Under alkaline conditions in seawater, VO2+ species undergo 
hydrolysis to produce hydroxyl groups (VO(OH)3

− ) and the insoluble 
hydroxide VO(OH)2 (Fig. 3B) (Emerson and Huested, 1991; Morford and 
Emerson, 1999). This process is more favorable in the presence of humic 
and fulvic acids (Emerson and Huested, 1991; Morford and Emerson, 
1999). Although V(IV) does not form stable sulfides with H2S, its 
adsorption onto particulate matter is significantly enhanced in the 
presence of sulfides in pore water (Fig. 3C) (Wehrli and Stumm, 1989). 
This is because V(IV) is more likely to form complexes with organic or 
inorganic ligands, and is more surface reactive compared to vanadates. 
Under euxinic conditions, free H₂S further reduces V(IV) to V(III), which 
can then be captured by surrounding porphyrin or precipitate as solid 
oxides such as V2O3 or the hydroxide V(OH)3 (Breit and Wanty, 1991; 
Wanty and Goldhaber, 1992). Consequently, V typically tends to accu
mulate in the organic matter fraction of sediments rather than in pyrite 
or other euxinic minerals (Breit and Wanty, 1991). It has been suggested 
that the higher abundance of V in black shales under highly reducing 
conditions, which may be due to higher concentrations of H2S, is a result 
of V reduction and sequestration in the sediments (Tribovillard et al., 
2006). However, it has been noted that V enrichment in sediments from 
the oxygenated minimum zones is higher than in sediments deposited in 
the anoxic and euxinic water columns (Bennett and Canfield, 2020). Cui 
et al. (2023) and Kunert et al. (2020) have also concluded that highly 
euxinic conditions are not necessary for high V enrichment. They pro
pose that elevated V concentrations in sediments could be attributed to 
(i) increased V concentrations in the water column resulting from the 
desorption and dissolution of Mn oxides following the influx of high Mn 
particulate flux into weakly anoxic environments, and (ii) moderately 
restricted environments with either strong or weak sulfidation, where 
robust water exchange at the seafloor continuously supplies V from the 
open ocean to the sediments.

To summarize, the removal of V from seawater is influenced by 
biological uptake, Fe-Mn (oxy)hydroxide, and redox processes. Both V 
and Mo are affected by the “particle shuttle,” but there are significant 
differences between them. Surface seawater experiences a slight deple
tion in V due to the incorporation of biological or detrital particles 
(Collier, 1984). V enrichment occurs in suboxic-euxinic ambient and is 
shallower than Mo and deeper than Re in the sedimentary environment 
(Fig. 3A) (Tang et al., 2015). V tends to accumulate in the organic matter 
fraction of sediments due to stable complexation. During transient 
oxidation events, reduced V in sediments may undergo re-oxidation to V 
(V), which can destabilize the authigenic V phase (Wehrli and Stumm, 
1989). Additionally, occasional bottom water oxidation can enhance 
carbon turnover and decrease the retention of recalcitrant organic 
compounds, potentially leading to the re-dissolution of solid-phase V 
(Wu et al., 2020).

2.5. Re

The crustal abundance of Re is extremely low, measuring approxi
mately 0.4 × 10− 3 μg/g, while its average concentration in modern 
seawater falls within the range of approximately 3.63 × 10− 6 to 1.63 ×
10− 5 μg/g (Anbar et al., 1992; McLennan, 2001). Re is primarily 
delivered to the ocean via rivers and behaves conservatively in seawater, 
predominantly existing as dissolved oxidized perrhenate (ReO4

− ) (Anbar 
et al., 1992). Re demonstrates an extended residence time in seawater, 
averaging around 750 ka, surpassing significantly the mixing time of the 
oceanic water (Colodner et al., 1993).

In oxic seawaters, Re undergoes neither “particle shuttle” processes 
nor significant scavenging by organic or terrestrial particles, resulting in 
a sluggish accumulation rate (Colodner et al., 1993). In weakly oxic and 
anoxic seawater environments, the efficiency of Re enrichment is much 
higher (Colodner et al., 1993; Crusius et al., 1996; Morford et al., 2012). 
The migration of Re from the water column to sediments primarily 
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occurs through diffusion across the sediment-water interface, followed 
by the reduction of Re(VII) to Re(IV) solid-phase compounds in pore 
water (Fig. 3B) (Colodner et al., 1993). In suboxic water conditions 
prevalent in continental margin environments, authigenic Re enrich
ment occurs when shallow pore water becomes anoxic, with low H2S 
concentrations but without simultaneous significant Mo accumulation, 
suggesting that Re enrichment is not strongly influenced by H2S 
(Colodner et al., 1993; Morford et al., 2005; Morford and Emerson, 
1999). However, it has also been suggested that dissolved sulfides in 
anoxic waters are key in controlling the speciation of Re by converting 
ReO4

− to the dissolved sulphide species form, such as Re(HS)4
0 (Helz, 

2022; Helz and Dolor, 2012; Xiong, 2003; Živković et al., 2023). A 
positive correlation between Re concentration and total organic carbon 
(TOC) concentration was observed in some organic matter-rich sedi
ments, indicating the scavenging of Re by organic matter (Rooney et al., 
2010). Crusius and Thomson (2000) found in their study of marine 
sediments that Re concentration reached a minimum in the pyrite- 
enriched layer. This result suggests that the chemical properties of Re 
may prevent it from binding with pyrite. Therefore, its behavior is 
analogous to that of U, which is enriched in organic matter sediments 
and is not incorporated into pyrite under anoxic-euxinic conditions 
(Crusius and Thomson, 2000; Koide et al., 1987; Ravizza et al., 1991). 
Recent research proposes new perspectives on the removal mechanisms 
of Re and Mo in euxinic deposition environments, where both elements 
co-precipitate with Fe and S in euxinic waters (Helz, 2022; Helz and 
Dolor, 2012; Živković et al., 2023). The concentrations of Re and Mo in 
the euxinic water column are observed to start decreasing at the same 
location and reach asymptotes at similar depths, indicating their co- 
precipitation (Helz, 2022; Živković et al., 2023). The coprecipitate is a 
nanoscale sulphide, Fe(Mo, Re)S4, which undergoes irreversible trans
formation by internal electron transfer to the product represented by Fe 
(Mo, Re)(S2)S2 (Helz, 2022; Živković et al., 2023).

When the bottom water column is weakly oxic or anoxic, Re can 
efficiently migrate into anoxic sediments at low levels of dissolved H2S, 
making it a reliable proxy for tracking general marine anoxia (i.e., 
including euxinic and ferruginous anoxic) (Colodner et al., 1993; Cru
sius et al., 1996; Morford et al., 2012, 2005; Morford and Emerson, 
1999). Although V and U exhibit similar behavior, the authigenic 
enrichment of Re in anoxic marine sediments is significantly higher than 
the crustal background concentration. This suggests that Re is more 
sensitive to O2-deficient conditions than V and U, potentially providing 
more precise and quantitative information about the redox state of the 
deep ocean (Fig. 3A) (Sheen et al., 2018).

3. Influence of local depositional factors on RSTEs

Historically, it has been common to focus the causes of RSTEs 
enrichment in marine sediments on a narrow selection of factors, mainly 
the redox conditions (Algeo and Tribovillard, 2009; Helz et al., 1996; 
Paul et al., 2023; Peng, 2022). However, the enrichment of RSTEs in 
sediments is influenced by several “secondary” local depositional factors 
beyond the primary control of local redox conditions (Liu and Algeo, 
2020; Peng, 2022). In recent years, geologists have started to address 
concerns regarding the impact of additional potential local depositional 
factors, such as the operation of Fe-Mn particle shuttle, the chemistry of 
the water column in the basin (seawater RSTEs concentrations), and the 
effects of sedimentation rates and diagenesis on the mechanisms of 
RSTEs enrichment in both modern and ancient marine sediments (e.g., 
Algeo and Rowe, 2012; Crombez et al., 2020; Liu and Algeo, 2020; Peng, 
2022; Vind et al., 2023). The purpose of this section is not to reiterate the 
previous assessments of influences observed in RSTEs analyses (e.g., Xie 
et al., 2019; Zhang et al., 2022b). Instead, the emphasis is on discerning 
the impact of these “secondary” local depositional factors, which are 
crucial for reliably reconstructing paleo-redox depositional environ
ments using geochemical indicators based on these elements.

3.1. Basin restriction

The concentration of dissolved RSTEs in the water column exerts a 
significant influence on RSTEs enrichment in sediments (Algeo and 
Lyons, 2006; Algeo and Rowe, 2012). Most RSTEs exhibit prolonged 
residence times in seawater (Tribovillard et al., 2006), resulting in 
minimal concentration changes in open ocean systems over short time 
scales. In open ocean basins, owing to well-circulated seawater, the 
concentration of RSTEs in sedimentary basins aligns with the global 
average seawater concentration (Tribovillard et al., 2012). Under these 
conditions, the enrichment of sedimentary RSTEs can reflect the 
reducing conditions of the underlying seawater (Fig. 4a). In semi- 
enclosed or closed ocean basins, the reduction in global ocean 
recharge of RSTEs into basin waters and their effective burial in sedi
ments beneath anoxic conditions has resulted in a decrease in dissolved 
RSTEs reservoirs within local basins (Algeo and Lyons, 2006; Algeo and 
Rowe, 2012). Changes in the confinement degree of these basins, 
whether due to sea level fluctuations or tectonic processes, can subse
quently impact the rate of RSTEs recharge or authigenic uptake (Liu and 
Algeo, 2020; Peng, 2022). These dynamics can lead to significant fluc
tuations in RSTEs abundance within sediments (Fig. 4bc). Therefore, 
when analyzing sedimentary redox environmental conditions, it is 
crucial to identify basin types that offer a plausible explanation for the 
depositional environment.

The Mo/TOC ratio is widely recognized as a valuable indicator for 
assessing the timing of water mass renewal under anoxic conditions. It 
reflects the availability of seawater elements and helps assess the degree 
to which hydrological conditions influence sedimentation in different 
basins (e.g., Algeo and Lyons, 2006; Liu and Algeo, 2020; Sahoo et al., 
2012; Scott et al., 2008). Mo usually shows a strong positive correlation 
with TOC due to the significant uptake of organic matter (Algeo and 
Lyons, 2006). When the hydrological connection between the basin and 
the open ocean is weak, bottom water often has lower Mo availability, 
resulting in a lower Mo/TOC ratio in the sediments (Algeo and Lyons, 
2006). Within several contemporary anoxic-euxinic marine systems 
with varying degrees of water body confinement, the sedimentary Mo/ 
TOC ratios exhibit clear yet variable patterns (Tribovillard et al., 2012; 
Algeo and Lyons, 2006). Mo/TOC ratios in unconfined marginal sea 
basins hover around 45 ppm/%, aligning with seawater Mo concentra
tions close to global averages (e.g., Saanich Inlet, Canada; Algeo and 
Lyons, 2006). The Mo/TOC ratio in the weakly restricted, silled basins 
Cariaco Basin is about 25 ppm/% (Algeo and Lyons, 2006). Contrarily, 
Mo/TOC ranges from about 9 to 4.5 ppm/% in highly restricted Nor
wegian Framvaren Fjord and approximately 4.5 ppm/% in the strongly 
confined Black Sea, where seawater Mo concentrations exhibit a sig
nificant reduction compared to global averages (Algeo and Lyons, 
2006). Therefore, when conducting analytical comparisons of marine 
sedimentary environments, it is feasible to juxtapose processed sample 
Mo/TOC ratio data against values from known modern ocean basin data 
points (Fig. 5). This approach allows for discriminating and assessing the 
extent of limitation in anoxic-sulfidic basins, furnishing crucial per
spectives on the hydrological characteristics of marine sedimentary 
basins. However, it is important to consider a significant factor when 
using sediment Mo/TOC as a proxy for local water column limitation: 
during periods of widespread oceanic anoxia, the global marine reser
voir of dissolved Mo was considerably lower than in the modern ocean 
(Fig. 13). Therefore, a low Mo/TOC ratio in sediments may not solely 
indicate strict basin-specific limitation but could also reflect global Mo 
depletion (e.g., Chen et al., 2022c; Tan et al., 2023; Zhu et al., 2022). 
Additionally, thermal maturation can lead to the loss of sedimentary 
TOC, impacting the use of metal/TOC ratios in inferring depositional 
conditions (Ardakani et al., 2016; Yang et al., 2023). To date, specific 
threshold qualifications akin to Mo have not been extensively estab
lished for other RSTEs in modern marine systems, although some RSTE/ 
TOC analyses have been conducted (e.g., Gill et al., 2021; Liu and Algeo, 
2020; Peng, 2022). Nonetheless, similar principles should theoretically 
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apply to other RSTEs as observed with Mo (Liu and Algeo, 2020).

3.2. Sedimentation rate

In recent years, sedimentation rate has been recognized as a potential 
factor influencing the extent of autochthonous RSTEs enrichment in 
marine sediments. It controls the extent of dilution of secondary sedi
ment components (e.g., organic matter particles) and the downward 
diffusion of reactants (e.g., metallic elements, sulfates) (Andersen et al., 
2014; Jobe et al., 2012; Sommerfield and Nittrouer, 1999). All else being 
equal, lower sedimentation rates increase the accumulation of RSTEs by 
prolonging the residence time of sediments in the RSTEs diffusion zone 

near the sediment-water interface (Liu and Algeo, 2020). However, it 
has been argued that low sedimentation rates increase the exposure time 
of surface sediments to oxygen, thereby enhancing the likelihood of 
their remobilization and consequent loss of RSTEs (Mangini et al., 2001; 
Crusius and Thomson, 2003). In contrast, high sedimentation rates 
facilitate rapid burial of sediments, reducing oxidation of organic matter 
(Crusius and Thomson, 2003; Mesa-Fernández et al., 2022) and thereby 
enhancing the preservation of RSTEs. Liu and Algeo (2020) demon
strated a linear negative correlation between authigenic Mo and U 
concentrations in sediments and sedimentation rates in basins with 
similar redox conditions, using a diffusion-reaction model. This in
dicates that sedimentation rate significantly impacts the authigenic 
enrichment levels of Mo and U in sediments (Liu and Algeo, 2020; Vind 
et al., 2023), crucially affecting the reliability of Mo- and U-based redox 
proxies. Failure to consider sedimentation rates when applying these 
elemental geochemical proxies across basin scales could potentially 
result in misinterpreting paleoenvironmental conditions. Crombez et al. 
(2020) suggested that differences in sedimentation rates exceeding an 
order of magnitude could significantly enrich (at low sedimentation 
rates) or dilute (at high sedimentation rates) the concentration of the 
authigenic component of RSTEs. When concentrations of the authigenic 
component of RSTEs surpass the detrital component by at least an order 
of magnitude, they become more robust indicators of paleoenvir
onmental change. Proxies based on the ratio of two authigenic compo
sitions (e.g., Mo/TOC, Mo/U) may offer better correction for elemental 
enrichment in low detrital-origin samples rich in organic matter, as they 
respond proportionally to variations in sedimentation rates (Crombez 
et al., 2020).

3.3. Operation of the water column particle shuttle

Fe and Mn (oxy)hydroxides play a pivotal role in the distribution and 
enrichment of RSTEs by accelerating the uptake of certain elements from 
seawater into sediments and reactivating some of the elements in the 
vicinity of the aqueous chemocline (Morford et al., 2005; Algeo and 
Tribovillard, 2009; Tribovillard et al., 2012). This process is known as 
“particle shuttle”. More specifically, insoluble Fe/Mn (oxy)hydroxides 
form in surface-oxygenated water and adsorb dissolved RSTEs as they 

Fig. 4. Pattern diagram of the influence of water chemistry conditions on RSTEs enrichment patterns, modified from Tang et al. (2015) and Peng (2022).

Fig. 5. TOC versus Mo concentration cross-plot, modified from Algeo and 
Lyons (2006). The dashed lines represent Mo/TOC in four modern basins with 
different degrees of limitation. The severity of limitation increases from Saanich 
Inlet to the Black Sea.
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sink to the seafloor. When these particulate Fe/Mn (oxy)hydroxides 
enter the deep, anoxic bottom water environment, they dissolve under 
reducing conditions, releasing Fe, Mn, and adsorb RSTEs ions (Morford 
et al., 2005; Morford and Emerson, 1999). Once released, they engage in 
a new series of reactions, such as binding with sulfides and immobili
zation in solid phases, leading to a shift in the position of elemental 
enrichment (Algeo and Maynard, 2004; Helz et al., 1996; Helz and 
Vorlicek, 2019; Paul et al., 2023). Both Mo and V are impacted by Fe-Mn 
particle shuttle, whereas the adsorption of Re and U onto these phases is 
significantly weaker than Mo and V. Therefore, the operation of Fe-Mn 
shuttles does not substantially affect U and Re enrichment. As a result, 
active particle shuttle typically lead to notably higher authigenic Mo/U 
ratios compared to unrestricted oceanic systems (Morford et al., 2005; 
Algeo and Tribovillard, 2009; Tribovillard et al., 2012). This phenom
enon is well documented in both modern (e.g., Cariaco Basin) and 
various paleoceanic systems (Algeo and Tribovillard, 2009; Tribovillard 
et al., 2012). Based on differences in geochemical behavior during Mo 
and U deposition, Algeo and Tribovillard (2009) proposed using Mo- and 
U-EF (EF is enrichment factor, see definition in Section 4.1) covariation 
patterns to identify trends in “particle shuttle”, which have been widely 
applied to ancient and modern marine systems (e.g., Ostrander et al., 
2019; Paul et al., 2023; Tan et al., 2023; Yang et al., 2023; Yuan et al., 
2023; Zhu et al., 2022). The influence of “particle shuttle” effects in the 
water column can be discerned by examining the MoEF/UEF ratio in 
sediments (MoEF/UEF ratios typically ranging from 3 to 10 × seawater), 
as detailed in Section 4.3 below.

Additionally, Fe-Mn (oxy)hydroxides preferentially adsorb lighter 
Mo isotopes, resulting in lower δ98Mo values in sediments (Barling and 
Anbar, 2004; Scholz et al., 2013; Cheng et al., 2016). Compared to other 
RSTEs, V exhibits a stronger affinity for oxide minerals, leading to its 
significant enrichment in Fe/Mn (oxy)hydroxides (Scott and Lyons, 
2012; Tribovillard et al., 2012; Hein and Koschinsky, 2014; Ostrander 
et al., 2019). Therefore, the particle cycling effect of Fe/Mn (oxy)hy
droxides not only decreases Mo isotopes in sediments but also results in 
notable enrichment of V relative to Mo, U, and Re. Consequently, the 
observation of a more pronounced negative correlation between the 
degree of V enrichment in sediments and δ98Mo values has increasingly 
been used to identify the operation of Fe-Mn particle shuttle in the water 
column (Ostrander et al., 2019; Kunert et al., 2020; Chen et al., 2022c; 
Tan et al., 2023).

3.4. Diagenesis

Diagenesis is a pervasive process in sediments, and the element 
migration during diagenesis often modifies the degree of enrichment or 
depletion of RSTEs generated by the original depositional environment 
(Nameroff et al., 2002). This alteration leads to distributions of these 
elements that deviate from the original environmental conditions, 
introducing bias in the application of these elemental indicators for 
paleoenvironmental reconstruction (Tribovillard et al., 2006). For 
example, during early diagenesis, microbial-mediated organic matter 
degradation and mineralization, accompanied by the formation of 
authigenic minerals, induce simultaneous elemental redistribution and 
isotopic fractionation, modifying the primary geochemical records 
preserved in sediments (Berner, 1980; Deming and Baross, 1993; Aller, 
2014; Scholz et al., 2011; Li et al., 2021; Lau et al., 2020; Kendall et al., 
2009). This may be more pronounced in some sedimentary systems 
(Morford et al., 2009a), such as those experiencing seasonal or annual 
variations in sediment organic carbon fluxes, bottom water oxygen 
concentrations, oxygen penetration depths, and the intensity of bio
turbation and irrigation due to water mass dynamics (e.g., in some lakes, 
Sholkovitz and Copland, 1982) or semi-enclosed basins with deep-water 
circulation (e.g., Saanich Inlet, Anderson and Devol, 1973). Diagenetic 
processes can superimpose sedimentary geochemical signatures on 
sedimentary rocks, which will further affect their record of the charac
teristics of the true historical environment. Therefore, diagenesis must 

be carefully considered when interpreting paleo-redox conditions.
Based on petrological and geochemical evidence, diagenesis and 

metamorphism of organic-rich mudstones and shales are characterised 
by the following features: high thermal maturity of organic matter; 
geochemical/mineralogical/structural indicators of thermochemical 
sulphate reduction and organic matter oxidation; the presence of coarse- 
grained pyrite nodules (indicative of diagenetic S and Fe elemental 
transport); the formation of diagenetic or metamorphic minerals (e.g., 
magnetopyrite is a metamorphic alteration product of pyrite); the for
mation of calcite veins, and the authigenic quartz fraction (e.g., Arda
kani et al., 2016; Cai et al., 2015; Fantle et al., 2020; Zhao and Jin, 
2021). Additionally, reasonable Re-Os isochron ages can demonstrate 
that post-depositional processes have not affected organic-rich mud
stones and shales (Kendall et al., 2009; Rooney et al., 2010), providing a 
reliable basis for the use of redox proxies.

Currently, the assessment of the degree to which carbonate rocks 
have been altered during diagenesis and subsequent processes primarily 
relies on analyzing petrographic and mineralogical characteristics, 
supplemented by techniques based on elemental geochemistry for 
further interpretation. Techniques such as optical microscopy (diage
netic crystals and dolomite), scanning electron microscopy (detecting 
the presence of secondary mineral components in crystal structures), 
cathodoluminescence (spatial distribution of Fe2+ and Mn2+ contents), 
and X-ray diffraction (detecting mineral phase transitions and changes 
in lattice parameters) are applied to assess whether carbonates have 
undergone diagenesis and the extent of alteration (Swart, 2015; Li et al., 
2023a; Fantle et al., 2020; Kaufman and Knoll, 1995; Warren, 2000; 
Kaczmarek and Thornton, 2017). Using multiple isotopic and trace 
element proxies (e.g., the loss of trace elements such as Sr and Mg; 
changes in isotopic ratios like δ13C, δ18O, δ44/40Ca, and δ26Mg; and 
characteristic trace element ratios such as Sr/Ca, Mg/Ca, and Mn/Sr) 
provides insights into carbonate diagenetic types, evolutionary history, 
and the degree to which redox indicators are affected across various 
spatial scales (e.g., Kaufman and Knoll, 1995; Peng et al., 2016; Brand 
and Veizer, 1981, 1980; Fantle and Higgins, 2014; Lau et al., 2017; Ahm 
et al., 2018, 2019; Higgins et al., 2018; Fantle et al., 2020; Murray et al., 
2021; Lau and Hardisty, 2022). By integrating mass balance equations, 
isotope fractionation coefficients, and reactive transport models, re
searchers can invert diagenetic fluid compositions (e.g., freshwater/ 
seawater mixing ratios), quantify diagenetic timescales of diagenetic 
events, and fluid fluxes (e.g., Ahm et al., 2018, 2019, 2021; Fantle et al., 
2020; Lau and Hardisty, 2022; Akhtar et al., 2024). An example is the 
coupled Ca-Mg isotope system, whose synergistic fractionation pattern 
can serve as a precise geochemical fingerprint to distinguish between the 
“seawater-buffered” and “sediment-buffered” diagenetic conditions 
(Ahm et al., 2018, 2019, 2021; Lau and Hardisty, 2022; Akhtar et al., 
2024). With the continuous improvement of these techniques and 
methods, we can integrate them to obtain more comprehensive and 
accurate diagenetic records. This allows for a more precise and detailed 
analysis of the geochemical characteristics of carbonate, thereby 
enhancing our understanding of diagenesis and sedimentary 
environments.

4. Methods for RSTEs to reconstruct the redox state

4.1. Extent of authigenic trace metal enrichment

Sediment RSTEs are crucial parameters for indicating the redox state 
of the depositional environment(e.g., Calvert and Pedersen, 1993; Cru
sius et al., 1996; Tribovillard et al., 2006; Scholz et al., 2011; Scott and 
Lyons, 2012). However, variations in the amount of RSTEs found in 
sediments, due to their diverse sources and characteristics, can signifi
cantly impact analysis results (Piper and Calvert, 2009). Therefore, it is 
necessary to process the concentration data of RSTEs obtained from rock 
samples through calibration or normalization. Only authigenic enrich
ment, which corrects for the detrital fraction, can be used to reconstruct 
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the redox state at the time of deposition. Various approaches exist for 
standardizing RSTEs in sediments, with the most widespread one being 
the use of Al levels (and also Th or Ti) as a standardizing element in 
sediments with low terrestrial detrital influx and high biogenic fraction 
(Van der Weijden, 2002). Although there are some limitations in 
adopting Al as a reference system, most studies have demonstrated that 
standardization of the obtained RSTEs elemental concentration by Al is 
still a practical and effective method (Tang et al. (2015) and their ref
erences therein). Currently, three proverbially recognized approaches 
are used for estimating authigenic trace metal enrichment: the enrich
ment factor (TMEF, e.g., Calvert and Pedersen, 1993; Tribovillard et al., 
2004), excess trace metal concentration (TMXS, e.g., Jokinen et al., 
2020; Scholz et al., 2013), and TM/Al ratio (e.g., Bennett and Canfield, 
2020).

4.1.1. TMEF and TMXS
The TMEF is a parameter used to evaluate the relative enrichment or 

depletion of a geochemical element in a sample compared to its abun
dance in the standard background (Tribovillard et al., 2012, 2006). It is 
typically expressed as: 

TMEF =

(

X/Al

)

Sample

/
(

X/Al

)

Pass

(1) 

Calculated TMEF values can be categorized as follows: TMEF < 1 in
dicates elemental depletion, TMEF > 1 indicates elemental enrichment 
with respect to the crustal context, TMEF > 3 indicates detectable 
autochthonous enrichment, and TMEF > 10 indicates significant 

enrichment (Algeo and Lyons, 2006; Tribovillard et al., 2004). TMXS is 
calculated by subtracting the amount of detrital input in sediments, to 
some extent reflecting the authigenic deposition of this element from 
seawater into sediment (Bennett and Canfield, 2020; Brumsack, 2006). 
TMXS is calculated using the formula: 

TMXS = TMSample −

(

TM/Al

)

Reference
×AlSample (2) 

The replacement values of the standard background values typically 
come from average shale (Turekian and Wedepohl, 1961), upper con
tinental crust (UCC, McLennan, 2001), and Post-Archean Australian 
shale (PAAS, Taylor and McLennan, 1995). Both TMEF and TMXS are 
important parameters used to assess the redox conditions of depositional 
environments. TMXS is mainly used to calculate the authigenic part of an 
element in sediments or sedimentary rocks to distinguish whether the 
element originates from seawater or terrigenous detritus. If the TMXS 
value is large, the element is significantly affected by the processes 
within the sedimentary environment. Conversely, a small value in
dicates that the element mainly comes from terrigenous input. TMEF, on 
the other hand, is used to determine whether an element in sediments or 
sedimentary rocks is enriched, and then infer the redox state of the 
sedimentary environment accordingly.

4.1.2. TM/Al ratio
To more accurately infer the redox state of ancient marine deposi

tional environments, Bennett and Canfield (2020) recommended inte
grating enrichments of Mo, U, V, and Re for comprehensive analysis. 

Fig. 6. RSTEs enrichment (lg scale) in different modern marine sedimentary environments. P-OMZ represents perennial oxygen-minimum zone, S-OMZ represents 
seasonal oxygen-minimum zone, modified from Bennett and Canfield (2020).
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They compiled and analyzed data on Re, Mo, U, and V from modern 
marine sedimentary environments, including normal oxic depositional 
environments (such as the Washington margin), Seasonal Oxygen Min
imum Zones (S-OMZs), or perennially low-oxygen areas at unrestricted 
continental margins (Perennial Oxygen Minimum Zones, P-OMZs, such 
as those off Chile and Namibia margins), as well as restrictive, perma
nently anoxic sulfide depositional basins (such as the Black Sea and 
Cariaço Basin) (Fig. 6). Based on the unique characteristics of RSTEs 
enrichment in different environments, they differentiated sedimentary 
environments using the enrichment ratios of TM (ppm)/Al (wt%) and 
established thresholds.

V showed the lowest enrichment in anoxic-euxinic depositional en
vironments, with a median of 29.5 ppm/wt%, which is three times lower 
than the enrichment influenced by P-OMZ (median = 92.0 ppm/wt%) 
(Fig. 6). This enrichment pattern can be attributed to higher rates of 
input of reactive solids (such as organic matter particles and Fe-Mn (oxy) 
hydroxides) to the seafloor and faster turnover of the water column 
resulting in increased provision of soluble V in unrestricted marine 
setting (Algeo and Lyons, 2006; Sweere et al., 2016; Bennett and Can
field, 2020). Therefore, compared to the more restrictive conditions of 
euxinic basins, these factors provide a more favorable environment for 
the enrichment of V (Fig. 6). Compared to sediments in euxinic basins 
(median = 3.7 ppm/wt%), the highest U enrichment occurs in sediments 
beneath P-OMZ coverage (median = 15.8 ppm/wt%) (Fig. 6). This may 
be due to the higher rate of seawater renewal in the continental margin 
OMZ (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; Sweere 
et al., 2016). Furthermore, the upwelling zones with high primary 
productivity transport substantial organic carbon to the seafloor, 
enhancing the authigenic enrichment of U in sediments (Bennett and 
Canfield, 2020; McManus et al., 2006, 2005). U can also combine with 
biogenic particles in the water column to form particulate non- 
lithogenic uranium (PNU), which is an important source of authigenic 
U in sediments (Zheng et al., 2002). In sedimentary environments below 
P-OMZ compared to normal oxic conditions, the higher enrichment of U 
(median = 2.2 ppm/wt%, similar to euxinic basins) is likely due to these 
environments typically having shallower oxygen penetration depths and 
lower bottom water oxygen content, thereby preserving significant PNU 
signals (McManus et al., 2005; Morford and Emerson, 1999; Zheng et al., 
2002). Similar to U and V, the highest enrichment of Mo is also observed 
in sediments beneath P-OMZ coverage (median = 23.9 ppm/wt%), 
which is approximately twice as high as that observed in sediments from 
euxinic basins (median = 12.9 ppm/wt%), and more than ten times 

higher than that observed in S-OMZ sediments (median = 2.07 ppm/wt 
%) (Fig. 6). This could be attributed to higher organic matter fluxes and 
active sulfate reduction beneath P-OMZ (Algeo and Lyons, 2006; Dahl 
et al., 2017; Helz and Vorlicek, 2019). Such conditions may lead to the 
formation of high concentrations of dissolved sulfides in shallow sedi
ments, particularly in sediments with low reactive iron content. 
Consequently, effective removal of Mo can occur even in the absence of 
continuously high concentrations of free sulfides in the water column (as 
observed in euxinic basins) (Brüchert et al., 2003). Furthermore, due to 
hydrological restrictions, the rate of dissolved Mo supply from the open 
ocean to euxinic basins is much lower compared to OMZ environments 
(Algeo and Lyons, 2006; Bennett and Canfield, 2020; Sweere et al., 
2016). The highest enrichment of Re in P-OMZ sediments (median =
14.6 ppb/wt%) slightly exceeds its enrichment in euxinic environments 
(median = 10.9 ppb/wt%) (Fig. 6). The enrichment of Re is primarily 
driven by reducing conditions generated by organic carbon respiration, 
thus the level of Re enrichment correlates with shallow oxygen pene
tration depths (Morford et al., 2012). Moreover, in OMZ and normal oxic 
sedimentary environments, Re enrichment also increases with produc
tivity enhancements (Morford et al., 2012).

In general, normal oxic environments exhibit characteristic low ra
tios of RSTE/Al, notably Re/Al (<1.3 ppb/wt%), Mo/Al (<0.4 ppm/wt 
%) (Fig. 7). Evidence for euxinic basin sedimentary environments in
cludes Mo/Al > 5 ppm/wt%, U/Al > 5 ppm/wt%, and V/Al between 23 
and 46 ppm/wt% (Fig. 7). Mo/Al > 5 ppm/wt%, U/Al > 5 ppm/wt%, 
and V/Al > 46 ppm/wt% are strong indicators of perennial OMZ anoxic 
conditions, whereas U/Al > 1 ppm/wt%, V/Al < 23 ppm/wt%, and Mo/ 
Al < 5 ppm/wt% suggest sediment deposition beneath oxic seawater in 
perennial OMZ regions (Fig. 7). It is noteworthy that applying modern 
sediment-defined thresholds to ancient oceans may lead to biases 
(Bennett and Canfield, 2020; Zhu et al., 2022; Absar et al., 2024), due to 
significant differences in RSTEs reservoirs between ancient and modern 
oceans (Fig. 13).

4.2. Re/Mo

Crusius et al. (1996) suggested that the Re/Mo ratio can be applied to 
differentiate between suboxic-anoxic deposition conditions. Re and Mo 
begin to enrich under suboxic and euxinic conditions respectively, 
therefore even minor expansions in anoxic seafloor areas can result in 
significant differences in their relative proportions in sediments (Crusius 
et al., 1996). Specifically, under oxic conditions, the Re/Mo ratio is 

Fig. 7. V/Al-U/Al (A) and V/Al-Mo/Al (B) in modern marine. Dashed lines represent TM /Al thresholds suggested by Bennett and Canfield (2020) for various 
environmental settings. Purple, gray, and green regions correspond to oxic, euxinic basin, and P-OMZ interior and beneath, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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usually similar to the crustal value (0.3 × 10− 3) (Nameroff et al., 2002). 
If the primary pathway for Mo removal from the oxic ocean involves the 
adsorption of Mo onto Fe and Mn (oxy)hydroxides, this process enriches 
Mo in these phases by more than 100-fold compared to the upper con
tinental crust (Hein et al., 2013; McDaniel et al., 2004; Tagami and 
Uchida, 2007). Re is scavenged less efficiently, resulting in the Re/Mo 
ratios being lower than the crustal ratio (Nameroff et al., 2002). Under 
suboxic or mildly anoxic (absence of H2S) conditions, the reduction of 
Fe-Mn (oxy)hydroxides releases adsorbed Mo and results in significant 
enrichment of Re in sediments (Crusius et al., 1996). Consequently, this 
results in a substantial increase in Re/Mo ratios, which can be much 
higher than the ratios in seawater, reaching 10 × 10− 3 to 30 × 10− 3 

(Crusius et al., 1996; Nameroff et al., 2002). In anoxic-euxinic envi
ronments, both Re and Mo are highly enriched in sediments, bringing 
the Re/Mo ratio close to that found in seawater (0.8 × 10− 3) (Nameroff 
et al., 2002). Turgeon and Brumsack (2006) found that Re/Mo ratios 
between 4 × 10− 3 to 15 × 10− 3 and 0.8 × 10− 3 to 4 × 10− 3 could 
potentially characterize suboxic and anoxic-sulfidic sedimentary envi
ronments respectively. Recently, Kunert and Kendall (2023) have 
further refined the Re/Mo thresholds for distinguishing suboxic and 
anoxic-euxinic environments to Re/Mo = 10 × 10− 3 and Re/Mo = 2 ×
10− 3 (Fig. 8). Furthermore, Crusius et al. (1996) proposed to determine 
the redox state of the water column or sediments—whether they are 
oxic, suboxic, or euxinic—by combining Re/Mo values with the depth of 
Re and Mo enrichment (Fig. 9A). In suboxic or euxinic environments, the 
original depth of enrichment of Re and Mo in sediments is around 1 cm, 
whereas in oxic environments, the depth of enrichment can reach 10 cm 
or more (Fig. 9A, Crusius et al., 1996).

Recent studies have provided researchers with new understandings 
of the mechanisms of Re and Mo removal from sediments, where Re and 
Mo co-precipitate with Fe and S in reducing water (Fig. 3) (Helz, 2022; 
Helz and Vorlicek, 2019; Vorlicek et al., 2018; Živković et al., 2023). 
The coprecipitate is a nanoscale sulfide, Fe(Mo, Re)S4, which is irre
versibly transformed to Fe(Mo, Re)(S2)S2 by internal electron transfer 
(Helz, 2022; Vorlicek et al., 2018). This irreversibility preserves infor
mation about the redox conditions at the time of deposition, unless the 
sedimentary rock subsequently undergoes oxidation or thermal matu
ration (Helz, 2022). Oxidation typically decreases the Re/Mo ratio as Re 
is more readily oxidized and leached from the sediment than Mo, while 

thermal maturation can either increase or decrease this ratio depending 
on temperature and mineral-phase changes (Helz, 2022). The Re/Mo 
ratio in the cumulative co-precipitate from the Rayleigh process is given 
by: 
(

ReS/MoS

)

cum
=

(

Re*
aq,sat

/
Mo*

aq,sat

)

×(1 − fα)/(1 − f) (3) 

Where α = (Re/Mo)solid / (Re/Mo)aqueous is the distribution coeffi
cient of Re and Mo during co-precipitation, typically assumed to be 
constant in the model to simplify calculations. Meanwhile, f = Moaqueous 
/ Mo*aqueous represents the remaining fraction of Mo in the aqueous 
phase, indicating the extent of Mo consumption during co-precipitation, 
where Moaqueous and Mo*aqueous are the current and initial concentra
tions of Mo in the aqueous phase, respectively (Helz, 2022). Helz (2022)
calculated (Res/Mos)sw to be 0.94 by fitting Black Sea data, a result that 
closely aligns with the actual composition of the Black Sea sediment 
components (Fig. 9B). Other examples in Fig. 9 also confirm that (Res/ 
Mos)sw can effectively represent local bottom water redox conditions, as 
originally proposed by Crusius et al. (1996). Živković et al. (2023)
successfully used the (Res/Mos)sw model to predict sediment composi
tion in Rogoznica Lake along the Adriatic coast of Croatia. However, the 
model may exhibit some complexity and requires appropriate parame
terization. The accuracy and reliability of the model could be influenced 
by the choice of parameters, necessitating further research to validate 
and optimize it. For instance, the model assumes α to be constant, 
whereas in reality, it may vary under different environmental 
conditions.

4.3. Mo- and U-EF covariation patterns

Mo- and U-EF covariation patterns in sediments have been widely 
used to track redox and hydrological conditions in ancient and modern 
marine sediments (e.g., Algeo and Rowe, 2012; Algeo and Tribovillard, 
2009; Gilleaudeau et al., 2020; Hu et al., 2023; Li et al., 2017; Tribo
villard et al., 2012). The uptake of authigenic U in sediments begins at 
the redox boundary of Fe(II)-Fe(III) under low oxygen conditions, in
dependent of the presence of seawater sulfides (Zheng et al., 2002). In 
contrast, authigenic Mo uptake requires the presence of at least trace 
H2S (Helz et al., 1996). Based on the geochemical behaviors of Mo and U 
during sedimentation, Algeo and Tribovillard (2009) proposed that the 
Mo- and U-EF covariation patterns in sediments provide information on 
bottom water redox changes, operation of Fe-Mn particle shuttle in the 
water column, and hydrological conditions related to basin restriction 
levels. In their model, in an unrestricted marine system, U enrichment 
without Mo enrichment typically reflects suboxic conditions in the 
bottom water (Fig. 10 A1). When environmental conditions become 
more reducing, the degradation of organic matter and the increase in 
sulfides gradually lead to the accumulation of Mo surpassing that of U, 
resulting in a steeper MoEF-UEF trend (Fig. 10 A2). Particle shuttle can 
effectively accelerate the enrichment of Mo in sediments, while U is 
largely unaffected by particle shuttle, causing Mo to accumulate more 
than U even in mildly reducing environments (Fig. 10 B). In a restricted 
environment with high concentrations of sulfides in the bottom water, 
Mo undergoes significant enrichment relative to U. However, due to 
hindered hydrological exchange with the open ocean and the equilib
rium between FeMoS4 and dissolved Mo in the presence of high sulfide 
concentrations (Paul et al., 2023), the supply of Mo to the bottom water 
is restricted (Fig. 10 C2). Consequently, the maximum achievable Mo 
enrichment factor is expected to be suppressed, leading to a gradual 
decrease in MoEF/UEF ratio in the sediment, while UEF continues to in
crease (Fig. 10 C2). Therefore, these authigenic Mo- and U-EF covaria
tion patterns can not only be used to discern different redox conditions 
in sedimentary environments but also offer valuable clues about water 
mass properties and processes in various sedimentary basin marine 
systems.

Fig. 8. Re versus Mo plots for Gordondale Member core. Trend lines are pro
vided for suboxic and anoxic-sulfidic conditions, along with the modern 
seawater Re/Mo ratio (0.8 × 10− 3). Blue and pink shaded areas represent po
tential sedimentation under suboxic and anoxic-sulfidic conditions. Data from 
Kunert and Kendall (2023). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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4.4. V/Cr, V/(V + Ni), V/Mn

Over the years, ratios of V associated with other metals (e.g., V/Cr, 
V/(V + Ni)) have been widely utilized to infer oxygen levels in sedi
mentary environments. When V/Cr > 4.25, it indicates an anoxic 
environment; when V/Cr < 2.00, it suggests an oxic environment; and 
V/Cr in the range of 2.00 to 4.25 indicates suboxic conditions (Jones and 
Manning, 1994). Hatch and Leventhal (1992) compared the V/(V + Ni) 
ratio with other geochemical redox indicators and found that ratios less 
than 0.46, between 0.46 and 0.6, 0.6 to 0.84, and greater than 0.84 
correspond to oxic, suboxic, anoxic, and euxinic conditions, respec
tively. However, Algeo and Liu (2020) pointed out that the fixed redox 

thresholds for these bimetallic ratios established in specific stratigraphic 
units may have limited applicability when analyzing other stratigraphic 
units. This is because under reducing conditions, the preferential 
enrichment of one metal element over another in a specific ratio cannot 
be guaranteed (Pan et al., 2022). Therefore, an accurate analysis of 
redox conditions in marine sedimentary systems must be based on 
specific stratigraphic contexts rather than relying on fixed redox 
thresholds (Algeo and Liu, 2020; Pan et al., 2022; Liu et al., 2023; Qian 
et al., 2024). Nevertheless, these redox proxies remain effective tools, 
although the redox thresholds for each ancient sediment layer need to be 
recalibrated.

Recently, Cui et al. (2023) investigated the impact of Mn oxides 
cycling in euxinic bottom waters and pore waters on V geochemistry in 
Chesapeake Bay, proposing the use of V/Mn molar ratios to track redox 
variations. The increase in dissolved V concentrations in waters pri
marily results from the transport of Mn particles to euxinic environ
ments (Kunert et al., 2020; Cui et al., 2023). Desorption or dissolution of 
these Mn oxides leads to the substantial release of adsorbed V (Balistrieri 
and Murray, 1986; Beck et al., 2008). This exerts a more dominant 
control on V geochemistry compared to adsorption by pyrite and the 
formation of solid V(OH)3 through reduction by H2S (Wanty et al., 1990; 
Cui et al., 2023). Specifically, as environmental conditions become more 
euxinic, the dissolved V/Mn ratio increases while the solid-phase V/Mn 
ratio decreases. Due to the simultaneous negative correlation between 
solid-phase V/Mn molar ratio and H2S concentration, and positive cor
relation between dissolved V/Mn molar ratio and H2S concentration, the 
V/Mn molar ratio in sediments may serve as an effective tool for iden
tifying marine redox conditions.

4.5. Isotope systems

Isotope geochemistry has experienced rapid development since the 
21st century, with expanding applications in various fields due to 
theoretical breakthroughs, methodological innovations, and the devel
opment of high-precision analytical techniques (Kendall, 2021). In the 
field of earth sciences, isotopes have found extensive use in studies such 
as tracing the sources of substances, determining the ages of geological 
events, and revealing the redox conditions of depositional environments 
(e.g., Kendall et al., 2009; Kendall, 2021; Akhtar et al., 2024; Li et al., 
2022). Changes in the depositional environment (e.g., variations in 

Fig. 9. Correlation between the original depth of enrichment Z and Re/Mo for sediment Re and Mo (A, modified from Crusius et al. (1996)); (Res/Mos)sw normalized 
to seawater in basin sediments classified according to the redox characteristics of the bottom water, with vertical dashed lines in the figure showing fitted Black Sea 
(Res/Mos)sw (B, modified from Helz (2022)).

Fig. 10. Covariant patterns of Mo-EF and U-EF (modified after Tribovillard 
et al. (2012)). Solid diagonal lines represent Mo/U ratios equal to seawater 
values (1 × SW), while dashed lines indicate Mo/U ratios as fractions of 
seawater values (3 × SW, 0.3 × SW) (Algeo and Tribovillard, 2009; Tribovillard 
et al., 2012). The light blue area represents the “unrestricted ocean” trend. The 
green area represents the “particle shuttle” trend. Red arrows indicate bottom 
water redox trends, while black arrows denote basin water restriction trends. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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organic matter burial rate, sedimentation rate, or basin hydrology and 
restriction) can result in the isotopic fractionation of elements during 
deposition, and the redox state of the environment can also impact the 
extent of isotopic fractionation (Kendall, 2021). Currently, two widely 
utilized isotope systems as redox tracers in the global oceans are Mo and 
U (e.g., Kendall et al., 2011; Andersen et al., 2014; Noordmann et al., 
2015, 2016; Dickson, 2017; Rolison et al., 2017). Simultaneously, efforts 
are underway to develop Re and V isotopes for use as paleo-redox 
proxies (Kendall, 2021; Wei et al., 2023; Wu et al., 2022). Combined 
with isotope mass balance methods, researchers have found widespread 
application in global studies to estimate past oceanic hypoxic seafloor 
areas (e.g., Cheng et al., 2015; Cole et al., 2020b; Zhang et al., 2020; Wei 
et al., 2021a). By leveraging differences in the direction and/or 
magnitude of isotope fractionation in environments with distinct redox 
signatures, the degree of ocean oxygenation can be inferred through 
isotope mass balance models (Fig. 11, 12).

4.5.1. Mo isotopes
Mo isotopes have been the initial metal isotope system applied to 

quantify the redox state of the global ocean (Kendall, 2021). Recent 
studies have predominantly reported relative thousand-point deviations 
expressed relative to the NIST SRM 3134 standard (Nägler et al., 2014), 
denoted as: 

δ98Mo (‰) =

[(

98/95MoSample

/
98/95MoSample

)

− 1

]

× 1000 (4) 

The modern open-ocean seawater (OSW) exhibits homogeneous 
δ98Mo values (δ98MoOSW = +2.34 ‰) (Nakagawa et al., 2012; Siebert 
et al., 2003), significantly exceeding the Mo isotopic composition of 
riverine inputs (mean δ98Moriver = +0.7 ‰). The transfer of Mo from 
water column to sediments induces distinct Mo isotopic fractionations 
controlled by the redox conditions of the depositional environment 
(Fig. 11). In oxic seawater, light Mo isotopes preferentially adsorb onto 
Fe and Mn (oxy)hydroxides, while heavy Mo isotopes remain in 

seawater (Barling and Anbar, 2004; Siebert et al., 2003; Wang et al., 
2018). This process leads to a significant equilibrium isotopic fraction
ation between oxic sediment and open-ocean seawater with a fraction
ation factor of approximately Δ98MoOX-OSW = -3 ‰ (Barling and Anbar, 
2004; Cheng et al., 2015). Under anoxic non-sulfide conditions (O2 = 0 
μM; H2S < 11 μM), the reduction of Mo leads to highly variable δ98Mo 
values between reduced sediments and open-ocean seawater, with 
Δ98MoRED-OSW ranging from − 0.5 ‰ to − 2.9 ‰ (Azrieli-Tal et al., 2014; 

Fig. 11. Schematic of modern ocean (A) Mo, (B) U isotope mass balance models. (A) Modified from Wei et al. (2021a) and Wei et al. (2023), (B) Modified from Goto 
et al. (2014) and Wei et al. (2021a) U isotopes

Fig. 12. Schematic diagram of a modern marine V isotope mass balance model, 
modified from Wei et al. (2023).
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Nägler et al., 2005; Noordmann et al., 2015). This variability likely 
arises from transport mechanisms (i.e., diffusion or Fe-Mn (oxy)hy
droxide dissolution) mediating Mo transfer from bottom water to sedi
ment porewater, coupled with incomplete conversion of molybdate to 
particle-reactive thiomolybdate (Eroglu et al., 2020; Wei et al., 
2021a). Overall, the weighted mean Δ98MoRED-OSW ≈ − 0.7 ‰ represents 
the Mo isotope fractionation between non-sulfide sediments and 
seawater (Poulson et al., 2006). Under euxinic conditions (H2S ≥ 11 
μM), the quantitative removal of Mo results in minimal Mo isotopic 
fractionation between sediments and the open ocean. MoO₄2− is 
completely converted to MoS₄2− , which either associates with Fe-S 
particles or adsorbs onto organic particles, leading to rapid removal 
from seawater (Helz et al., 1996; Erickson and Helz, 2000; Nägler et al., 
2011; Dahl et al., 2017; Helz and Vorlicek, 2019). As a result, Mo is 
entirely incorporated into the sediments, where the δ98Mo values of 
these sediments are similar to contemporaneous seawater values 
(Barling and Anbar, 2004; Noordmann et al., 2015; Helz et al., 2011; Lu 
et al., 2020). The non-quantitative removal of dissolved Mo allows for 
the preservation of variable δ98Mo in sediments, and these values are 
significantly lower relative to seawater (Bura-Nakić et al., 2018; Nägler 
et al., 2011). This is due to isotopic fractionation of Δ98MoEUX-OSW 
produced between MoS4

2− and authigenic solid Mo phases in deep 
euxinic basins, ranging between 0 ‰ and − 0.5 ‰ (Nägler et al., 2011). 
As both strong and weak euxinic environments are much more Mo- 
enriched than non-euxinic environments, they are often considered to 
be oceanic Mo sinks. The average Mo isotope fractionation between 
overall euxinic sediments and open ocean seawater is Δ98MoEUX-OSW =

− 0.5 ‰ (Poulson et al., 2006).
Under euxinic conditions, Mo undergoes almost no fractionation as it 

transfers from seawater into sediments (Neubert et al., 2008; Nägler 
et al., 2011; Noordmann et al., 2015), thereby effectively preserving the 
δ98Mo signature of seawater at the time. The Mo isotope composition of 
euxinic shale and carbonate serves as effective archives for recon
structing the global redox state of ancient oceans (e.g., Wille et al., 2007; 
Duan et al., 2010; Scheiderich et al., 2010; Voegelin et al., 2010; Kendall 
et al., 2011; Thoby et al., 2019). However, the isotope offset between 
sediments and seawater is influenced by complex local depositional 
factors, including Fe/Mn oxides, sea-level changes, and basin re
strictions (Kendall et al., 2017; Ostrander et al., 2019; Qin et al., 2022). 
These factors pose challenges in accurately inferring the Mo isotope 
composition of ancient global seawater (Ostrander et al., 2019). The Fe- 
Mn particle shuttle significantly contributes to the decrease in the Mo 
isotope ratio in anoxic sediments (Hardisty et al., 2016; Ostrander et al., 
2019; Qin et al., 2022; Tan et al., 2023). In this process, lighter Mo 
isotopes are preferentially adsorbed by Fe and Mn (oxy)hydroxides 
(Barling and Anbar, 2004; Siebert et al., 2003; Wang et al., 2018). When 
these particles sink into anoxic or weakly euxinic bottom waters and 
dissolve, the lighter Mo isotopes are released into the pore water, thus 
preserving the characteristics of lighter Mo isotopes in the sediment 
(Hardisty et al., 2016; Ostrander et al., 2019). The degree of basin re
striction also influences the isotopic composition of Mo in sediments 
(Kurzweil et al., 2015; Noordmann et al., 2015; Ostrander et al., 2019; 
Tan et al., 2023). As restriction increases, the connectivity between the 
basin and the open ocean decreases, leading to a reduction in Mo supply, 
while the burial efficiency in sulfide-rich sediments increases, depleting 
the local dissolved Mo reservoir (Neubert et al., 2008; Scott and Lyons, 
2012). At this time, Mo is almost quantitatively removed from the water 
and incorporated into the sediments, causing the euxinic sediments to 
retain a relatively high δ98Mo value, which may mirror the coeval global 
seawater (Li et al., 2022; Tan et al., 2023). Additionally, hydrothermal 
activity may supply local seawater with abundant Mn, promoting the 
cycling of Mn oxides. Eventually, this leads to a decrease in the Mo 
isotopic value in sediments (Tan et al., 2023).

4.5.2. Uranium isotope
Analogous to Mo, the U isotope system can serve as a useful proxy for 

global oceanic redox oscillations, as U isotope fractionation exhibits 
distinct responses to varying levels of anoxic conditions (Kendall, 2021). 
Recent reports mostly express relative thousandths deviation ratios 
relative to the CRM145 standard (Andersen et al., 2014; He et al., 2021; 
Lu et al., 2020), denoted as: 

δ238U (‰) =

[(

238/235USample

/
238/235UStandard

)

− 1

]

× 1000 (5) 

The modern open-ocean seawater have a homogeneous value of 
δ2238UOSW of − 0.39 ‰ (Andersen et al., 2015; Noordmann et al., 2016; 
Tissot and Dauphas, 2015). Despite inputs from groundwater and 
weathering sources (Dunk et al., 2002), U inputs to the modern ocean 
are predominantly riverine, with an average δ238U value of − 0.29 ‰ 
(Tissot and Dauphas, 2015; Wei et al., 2021a). The major modern ma
rine U sinks consist of strongly anoxic (or euxinic) sediments, hypoxic 
(or non-euxinic) sediments, primary marine carbonates, Fe and Mn 
(oxy)hydroxides, and high-temperature hydrothermal alteration of 
oceanic crust (Fig. 11). Under anoxic-euxinic conditions, microbial- 
mediated U(VI) reduction produces significant U isotope fractionation 
between +0.8 ‰ and + 1.2 ‰, leading to a greater enrichment of heavy 
U isotopes in U(IV) solid-phase sediments (e.g., Basu et al., 2014; Stirling 
et al., 2015; Dang et al., 2016). Consistent with this, the average U 
isotope fractionation between sediments from modern anoxic basins and 
continental margins (e.g., Black Sea, Cariaco Basin, Gulf of Saanich, 
Baltic Sea, Namibian Margin (Abshire et al., 2020; Andersen et al., 2014; 
Brüske et al., 2020; Montoya-Pino et al., 2010; Stirling et al., 2007; 
Weyer et al., 2008)) and the overlying water column is Δ238UEUX-OSW =

+0.7 ‰ (Andersen et al., 2017). Authigenic U enrichment in suboxic 
sediments within sulphide-free suboxic or ferrous environments, such as 
in modern, highly productive continental margins (e.g., Peruvian con
tinental margins, Namibian continental margins), is much lower than in 
euxinic depositional environments. The average δ238U values range 
from − 0.4 to − 0.2 ‰ (Andersen et al., 2016; Weyer et al., 2008). During 
the precipitation of biogenic carbonate from seawater, the fractionation 
of U isotopes is relatively small (Chen et al., 2018b; Livermore et al., 
2020; Romaniello et al., 2013). The offsets of Δ238UCarb-OSW = +0.24 ‰ 
(Tissot et al., 2018) or Δ238UCarb-OSW =+0.27 ‰ (Chen et al., 2018a) are 
considered to be indicative of the potential influence of early diagenetic 
alteration and authigenic U enrichment in carbonate sediments from 
anoxic water bodies or porewaters. However, these offsets may vary due 
to local depositional and burial environments of marine carbonate 
sediments (Hood et al., 2018). In contrast, U adsorbed onto Fe and Mn 
(oxy)hydroxides in the oceans will have a lighter isotopic composition, 
as observed in marine Fe-Mn crusts, with an isotopic fractionation of 
Δ238U(Fe-Mn)-OSW = − 0.23 ‰ (Brennecka et al., 2011; Goto et al., 2014). 
Furthermore, hydrothermal forcing and low-temperature alteration of 
oceanic crust are also considered significant sinks for marine U (Dunk 
et al., 2002). The δ238U values derived from these processes are gener
ally higher than seawater values (− 0.17 ‰ to − 0.25 ‰) (Andersen et al., 
2015; Noordmann et al., 2016). Consequently, compared to other ma
rine U sinks, the significant fractionation occurring in sediments formed 
in anoxic environments strengthens the utility of δ238U as a paleo-redox 
indicator.

Recent studies have demonstrated that the extent of isotope frac
tionation during the removal of U to anoxic sediments is strongly 
influenced by various hydrological factors, including organic matter 
burial rate, sedimentation rate, primary productivity, and the degree of 
basin restriction (Lau et al., 2022; Rutledge et al., 2024). In high- 
productivity environments, such as upwelling zones, the input of 
organic carbon increases. Elevated organic carbon fluxes can prompt the 
transfer of a substantial quantity of heavy isotope U(IV) onto sinking 
organic particles (Lau et al., 2022; Rutledge et al., 2024). This process 
leads to a reduction in the δ238U value of seawater, irrespective of 
whether the expansion of anoxic conditions is accompanied by ferrugi
nous or euxinic states (Lau et al., 2022; Bruggmann et al., 2022; He et al., 
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2021; Rutledge et al., 2024). Moreover, low sedimentation rates lead to 
the enrichment of U in sediments, as U has more time to undergo 
reduction and accumulation in the sediments (Lau et al., 2020, 2022). In 
contrast, high sedimentation rates dilute uranium concentrations and 
weaken the isotope fractionation effect (Lau et al., 2022). In basins with 
higher degrees of restriction, local U isotopes may be altered due to 
insufficient mixing with the open ocean. The reduction in uranium re
serves results in a decrease in the δ238U value of the sediments (Lau 
et al., 2020, 2022). Despite the complexity and diversity of these factors, 
the scale of anoxic uranium sinks in the ocean is a key factor controlling 
the δ238U value of seawater (Lau et al., 2022; Remírez et al., 2024).

Typically, carbonate rocks are considered the most reliable archive 
for recording seawater δ238U values, as they can directly and effectively 
capture the δ238U composition of seawater. However, the use of δ238U in 
carbonates for paleo-redox studies presents certain complexities, as they 
are subject to diagenetic processes, which can lead to deviations in δ238U 
values of carbonates relative to seawater, ranging from approximately 0 
‰ to 0.6 ‰ (Chen et al., 2018a; Tissot et al., 2018). Nevertheless, after 
correcting for the δ238U values in carbonates, they are still considered a 
reliable means for estimating the original seawater δ238U composition 
(Zhang et al., 2020; Rutledge et al., 2024). Shale is also commonly used 
to calculate the U isotope composition of ancient seawater (Lau et al., 
2022). However, when utilizing the δ238U values of black shale to 
reconstruct ancient ocean redox states, special attention must be paid to 
accurately removing fractionation signals caused by local factors such as 
basin restriction, organic matter burial rates, and sedimentation rates 
(Lau et al., 2022).

4.5.3. V isotopes
The V isotope system is an emerging redox proxy with the ability to 

track short-term changes in the redox state of the global ocean (Wu 
et al., 2020). The isotopic composition of V is expressed as a relative 
thousandths deviation with respect to the Alfa Aesar (AA) standard so
lution first adopted by the University of Oxford (Nielsen et al., 2011), 
denoted as: 

δ51V (‰) =

[(

51/50VSample

/
51/50VStandard

)

− 1

]

× 1000 (6) 

During continental chemical weathering, V in silicate rocks is dis
solved into rivers, which is the main source of V in the modern oceans 
(Shiller and Mao, 2000), with a total (including both dissolved and 
particulate V) riverine input of δ51VRiver = − 0.6 ‰ (Wu et al., 2019). A V 
isotope study of seawater by Wu et al. (2019) showed that the V isotope 
composition of open-ocean seawater is homogeneous, with δ51VOSW =

+0.20 ± 0.15 ‰ (Fig. 12). The incorporation of V into sediments varies 
according to different redox conditions, leading to significant differ
ences in V isotopic compositions. In oxic seawater (O2 > 10 μМ), 
pentavalent vanadate (H2VO4− ) tends to adsorb onto Fe-Mn (oxy)hy
droxides and clay minerals (Morford et al., 2005; Prange and Kremling, 
1985). This process results in a Δ51VOX-OSW value of − 1.1 ‰ (Wu et al., 
2020). In anoxic seawater (O2 < 10 μМ), the V isotopic composition of 
sediments depends on the isotopic fractionation of V(IV) enriched in 
organic matter particulate matter within the anoxic or strongly reducing 
fraction of the water column. Thus, the V isotope fractionation value 
between anoxic sediments and open ocean seawater is approximately 
Δ51VANOX-OSW = − 0.7 ‰ (Wu et al., 2020). In analogy with anoxic 
sediments found on continental margins, the uptake of authigenic V in 
euxinic sediments of the Cariaco Basin primarily occurs through particle 
transport within the reduced water column rather than diffusive trans
port beneath the sediment-seawater interface (Calvert et al., 2015; Wu 
et al., 2020). Under euxinic conditions, characterized by high levels of 
sulphide, there is a Δ51VEUX-OSW = -0.42 ‰ V isotope shift between the 
sulphide-rich sediments in the Cariaco Basin and oceanic seawater (Wu 
et al., 2020). Hydrothermal sediments represent another significant sink 
for marine V, primarily through the adsorption of Fe oxides, resulting in 

an associated V isotope shift of approximately Δ51VHT-OSW = − 0.4 ‰ 
(Wu et al., 2022).

V isotope paleoproxy is gradually emerging as an effective tool for 
quantifying the redox conditions of the global ocean in shale records 
(Wu et al., 2020; Heard et al., 2023; Li et al., 2023b; Wei et al., 2023). 
This proxy can also distinguish between different types of anoxic sedi
ments (ferruginous vs. euxinic) and oxic sediments (Heard et al., 2023). 
Studies on different sedimentary environments in modern ocean basins 
have revealed that redox conditions are the main factor determining the 
characteristics of authigenic sedimentary V isotopes, while post- 
depositional diagenesis has a relatively minor impact on them (Wu 
et al., 2020; Chen et al., 2022b). However, the application of the V 
isotope system as a paleo-redox proxies is still in its infancy, and further 
studies on V isotopes are required to track the high-resolution evolution 
of redox conditions in the global ocean.

4.5.4. Re isotope
Re isotopes are generally expressed in terms of relative parts per 

thousand deviation, relative to the NIST SRM 989 standard, denoted as: 

δ187Re (‰) =

[(

187/185ReSample

/
187/185ReStandard

)

− 1

]

×1000 (7) 

Dickson et al. (2020) analyzed the Re isotopic composition of 
seawater in the Atlantic Ocean. They found a high degree of homoge
neity in the open-ocean seawater, suggesting a δ187ReOSW value of 
approximately − 0.17 ‰ for modern seawater. In the modern oceans, 
oxidative weathering of organic matter-rich mudstones with reducing 
minerals in the continental crust is the primary source of Re (Colodner 
et al., 1993), while low-temperature hydrothermal fluids may be a 
secondary source (Morford and Emerson, 1999). The sinks of Re in the 
modern ocean include sediment burial in three redox environments: 
oxic, suboxic, and anoxic (Sheen et al., 2018). Dellinger et al. (2021)
made the first determination of the partitioning between Re and Atlantic 
seawater in the weathering products of the Mackenzie River, which was 
approximately − 1.2 ‰. In recent years, the mechanisms driving redox 
fractionation of Re have been a subject of intense research (Zhang et al., 
2022b). Miller et al. (2011) and Miller et al. (2015) suggested that 
reduction and sulfur substitution may be the primary mechanisms 
leading to isotopic fractionation of Re, with a predicted net isotopic 
fractionation of up to − 1.5 ‰. However, stable Re isotope measure
ments are currently limited, primarily due to analytical method con
straints and factors such as low concentrations of Re in geological 
samples (Miller et al., 2015). Given that Re isotopes share similar 
properties with Mo, U, and V isotopes, they hold significant potential for 
indicating redox conditions in sedimentary environments. Further 
investigation is needed to obtain detailed information on the extent of 
Re isotope fractionation in different oxidative environments.

5. Earth’s oxygenation history: insights from the RSTEs

Tracking the oxidative history of Earth is challenging. Generally, the 
concentrations and isotopic compositions of RSTEs can be used to infer 
the redox conditions of the Earth (e.g., Kendall, 2021; Ostrander et al., 
2021; Scott et al., 2008; Partin et al., 2013; Wei et al., 2023). The 
enrichment of RSTEs in organic-rich shales is widely regarded as 
providing a record of global marine redox conditions (Scott et al., 2008; 
Sahoo et al., 2012; Partin et al., 2013; Sheen et al., 2018; Mänd et al., 
2020). In oxygen-rich seawater, RSTEs are primarily soluble, whereas in 
reducing marine environments, these metals are transported downward 
to the seafloor and accumulate in large quantities within the sediments 
(e.g., Morford and Emerson, 1999; Tribovillard et al., 2006). The burial 
flux of these metals is several orders of magnitude higher in the reducing 
environment than in the oxygenated environment (Sahoo et al., 2012). 
Globally, extensive weathering of RSTEs minerals under oxic conditions 
transports these metal elements from continental crusts to seawater via 
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rivers, thereby maintaining a large marine RSTEs reservoir. Conversely, 
during periods of global anoxia or low oxygen, the marine reservoir of 
these elements is minimized due to reduced continental weathering 
(Scott et al., 2008; Sahoo et al., 2012; Partin et al., 2013; Reinhard et al., 
2013; Sheen et al., 2018). In relatively open local marine environments, 
where the degree of basin enclosure is slight or negligible, sediments 
deposited in anoxic and euxinic water bodies exhibit higher RSTEs 
concentrations when the marine RSTEs reservoir is large (indicating 
high marine oxidation states). Conversely, sediments show lower RSTEs 
concentrations when the marine RSTEs reservoir is small (indicating low 
marine oxidation states). Therefore, theoretically, insights into large- 
scale fluctuations in Earth’s atmospheric-oceanic oxygen levels can be 
gained by examining RSTEs concentrations in anoxic shales (Scott et al., 
2008; Sahoo et al., 2012; Partin et al., 2013; Reinhard et al., 2013; Lyons 
et al., 2014; Sheen et al., 2018). The U and Mo isotope systems, similar 
to the enrichment patterns of RSTEs, also respond to global oceanic 
redox environments. It is widely believed that well-oxidized oceans have 
higher Mo and U isotope values, whereas, in the new steady-state con
ditions following the expansion of oceanic sulfide environments, the Mo 
and U isotope compositions of global seawater are lower (Kendall et al., 
2017; Zhang et al., 2020). We have updated the compilation of 
geological historical data on RSTEs concentrations in anoxic-euxinic 
marine sedimentary shales and the Mo and U isotope compositions in 
various types of anoxic-euxinic sediments across various epochs globally 
(Fig. 13). These RSTEs data predominantly originate from marine 
sedimentary rocks deposited in continental margins and basins, with 
some connection to open oceans. This allows us to correlate these data 
with global metal reservoirs in the oceans and further quantify the redox 
conditions of the global oceans.

Traditionally, it is believed that Earth experienced two critical 
oxygenation events during the Paleoproterozoic (Great Oxidation Event 
(GOE), starting around 2.43 Ga or 2.32–2.23 Ga, ending around 2.06 Ga) 
and the Neoproterozoic (the Neoproterozoic Oxidation Event (NOE), 
~0.8–0.54 Ga), respectively, gradually establishing modern oxygen 
levels (Lyons et al., 2014) (Fig. 13). These two oxidation events serve as 
milestones to divide fluctuations in RSTEs contents in sedimentary de
posits across the entire geological history into four main stages (e.g., 
Partin et al., 2013; Scott et al., 2008; Sheen et al., 2018). Before the GOE 
(>2.43 Ga), the concentration of RSTEs was generally low, indicating 
that the oxygen level in Earth’s atmosphere may have been too low to 
significantly increase the input of terrestrial RSTEs through oxidative 
weathering. This restricts the storage of dissolved RSTEs in the upper 
ocean and the extent of RSTEs cycling (Anbar and Knoll, 2002; Scott 
et al., 2008; Scott and Lyons, 2012). Although early geological data 
points from the Archean are limited, the geological records prior to the 
Archean-Proterozoic boundary show some indications of trace oxygen in 
the Earth’s atmosphere before the GOE, suggesting the presence of small 
amounts of oxygen. For example, in the McRae Shale, the concentrations 
of Mo and Re increased (Anbar et al., 2007), and the δ98Mo of this unit is 
greater than the average value of the upper crust (0.7 ‰), with the 
δ98Mo of some black shales reaching as high as 1.86 ‰ (Duan et al., 
2010). In addition, the U- isotope composition of this horizon is also 
significantly heavier than the upper-crust value (Kendall et al., 2013). 
These phenomena are interpreted as evidence of oxygen production, 
leading to intensified oxidative weathering at ~2.5 Ga. Similar logic 
applies to the observed high Re enrichment in the organic-rich shales in 
the Klein Naute Formations at ~2.6–2.5 Ga (Kendall et al., 2010). Going 
further back in time, evidence of increased oxygen levels on Earth can 
still be found. Records from ~2.7 Ga show significant changes in ele
ments such as Mo, U, and V, which may have resulted from an unusually 
rapid chemical weathering rate (Nesbitt et al., 2009). Moreover, shales 
and carbonates deposited during the period from 2.5 to 2.7 billion years 
ago exhibit much heavier δ98Mo compared to the overall continental 
crust (Siebert et al., 2005; Wille et al., 2007; Voegelin et al., 2010; 
Eroglu et al., 2015; Thoby et al., 2019). While these localized enrich
ments themselves do not provide definitive evidence, combining various 

indicators such as MIF-S signals (Kurzweil et al., 2013; Ohmoto et al., 
2006), δ53Cr (Frei et al., 2009), and δ15N (Thomazo et al., 2011) can 
further enhance the credibility of these short-term environmental 
oxidation events. Therefore, the GOE appears more like the culmination 
of Earth’s long oxidative history beginning from the Archean (Ostrander 
et al., 2021). The increase in RSTEs concentrations and heavier Mo 
isotopic compositions at ~2.5 Ga reflects the rise in global atmospheric- 
oceanic oxygen levels associated with the GOE (Fig. 13). Currently, 
there is considerable controversy regarding the precise timing of the 
GOE. Geochemical evidence from multiple sulfur isotope systems 
constrain the GOE between 2.50 and 2.43 Ga (Warke et al., 2020). 
However, the permanent rise in atmospheric oxygen may not have 
occurred until ~2.32 Ga (Bekker et al., 2004; Luo et al., 2016). Asael 
et al. (2018) found that the increase in Mo isotopes in black shales 
during 2.32–2.06 Ga may have recorded the initial stage of the GOE: the 
rise in atmospheric oxygen levels led to large scale weathering of con
tinental sulfides, which in turn enhanced the transport of sulfate to the 
ocean, providing a Mo sink for the euxinic environments at the ocean 
margins and ultimately affecting the composition of Mo isotopes. Other 
studies suggest that the culmination of permanent atmospheric 
oxygenation occurred at ~2.22–2.06 Ga, during the Lomagundi Event 
(LE) (Poulton et al., 2021). While geological records of RSTEs can cap
ture indications of the GOE, data on elements like Re and V remain 
generally lacking. Further analysis of RSTEs concentrations during this 
period is needed to provide accurate evidence of the timing of the GOE. 
In addition, according to shale records from ~2 Ga Zaonega Formation 
in northwestern Russia, there is significant enrichment of Mo, U, and Re, 
as well as an increase in the isotope values of U and Cr (Mänd et al., 
2020, 2022). Some researchers have proposed that even after the end of 
the LE, the oceans during the Paleoproterozoic maintained well- 
oxygenated for an extended period (Mänd et al., 2020, 2022). Howev
er, given the potential regional bias in the Zaonega Formation records 
(as indicated by conflicting conclusions of Bellefroid et al. (2018) and 
Ossa Ossa et al. (2018, 2022) regarding persistent global anoxia post 
LE), further research is necessary to elucidate the transient high oxida
tive levels that may have occurred after the LE.

The discussion on redox conditions in the mid-Paleozoic oceans and 
atmosphere has sparked considerable debate. Contrary to the widely 
accepted hypothesis of pervasive oceanic and atmospheric anoxia, an 
increasing body of research suggests that the mid-Paleozoic atmosphere- 
ocean system experienced several transient oxidation events. Specif
ically, records from RSTEs and other geochemical evidence indicate that 
at least two brief oxygenation events occurred at ~1.4Ga and ~ 1.1Ga 
(Diamond and Lyons, 2018; Diamond et al., 2018; Steadman et al., 2020; 
Wei et al., 2021b; He et al., 2022; Yu et al., 2022; Xu et al., 2024). 
Supporting this view, evidence such as increased Mo and V concentra
tions in Velkerri Group shales (Kendall et al., 2009; Cox et al., 2016; 
Zhang et al., 2016) is thought to correlate with weathering of 
phosphorus-rich flood basalts from large igneous provinces (Cox et al., 
2016). Additionally, significant enrichment of Re and V in the Xiamaling 
Formation shales of North China is attributed to enhanced organic car
bon burial due to strong upwelling events (Wang et al., 2020). Recent 
studies further support the point that the weathering of large igneous 
provinces may have increased initial ocean productivity and organic 
carbon burial, thereby increasing oxygen concentrations in the 
atmosphere-ocean system at ~1.4Ga (Diamond et al., 2021; Xu et al., 
2024). Mo isotope data from black shales of the Xiamaling Formation in 
the North China Craton show that seawater δ98Mo reached 1.8 ‰ at that 
time, higher than the average δ98Mo of Mesoproterozoic seawater 
(about 1.1 ‰), consistent with extensive marine oxidation (Diamond 
et al., 2018; Zhang et al., 2019). Moreover, the Gaoyuzhuang Formation 
also records characteristic Mo isotope signals, with δ98Mo values 
ranging from − 4 ‰ to 2.51 ‰ (Luo et al., 2021; Ye et al., 2021). While 
Luo et al. (2021) attribute extremely heavy δ98Mo to dolomitization, it 
could also represent a broad expansion of oxidized or weakly reduced 
environments (Ye et al., 2021). Related signals of a Mesoproterozoic 
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Fig. 13. Fig. Long-term record of RSTEs concentrations in anoxic shales. (A) Atmospheric O2 levels over time, adjusted from Lyons et al. (2014), with red arrows 
indicating O2 ‘whiff’ that may have been captured by the RSE geohistoric record, and blue arrows indicating Mesoproterozoic transient oxidative events that may 
have been identified by the RSTEs, and PAL = present atmospheric level. (B) V in anoxic shales through time, >2500 ppm data not shown. Modified after Sahoo et al. 
(2012, 2016). Other data from: Asael et al., 2018; Borchers et al., 2005; Cabral et al., 2013; Cox et al., 2016; Gilleaudeau et al., 2020; Gilleaudeau and Kah, 2013; He 
et al., 2022; Kunert and Kendall, 2023; Motomura et al., 2024; Piper and Dean, 2002; Roué et al., 2021; Tan et al., 2021, 2023; Wang et al., 2020; Wei et al., 2023; 
Yang et al., 2023; Yuan et al., 2023. (C) U in anoxic shales through time, >300 ppm data not shown. Modified after Partin et al. (2013) and Chen et al. (2015). Other 
data from: Cox et al., 2016; Gilleaudeau et al., 2020; He et al., 2022; Kendall et al., 2020; Lu et al., 2017; Mänd et al., 2020; Motomura et al., 2023; Ostrander et al., 
2019; Roué et al., 2021; Sahoo et al., 2012, 2016; Stockey et al., 2020; Tan et al., 2021, 2023; Wang et al., 2020; Yang et al., 2023; Yuan et al., 2023; Dong et al., 
2023; Zhao et al., 2023; Wei et al., 2023. (D) Mo in anoxic shales through time, >500 ppm data not shown. Modified after Chen et al. (2015) and Yuan et al., 2023. 
Other data from: Cox et al., 2016; Gilleaudeau et al., 2020; He et al., 2022; Kunert and Kendall, 2023; Mänd et al., 2020; Kendall et al., 2020; Roué et al., 2021; Sahoo 
et al., 2012, 2016; Stockey et al., 2020; Tan et al., 2021, 2023; Wang et al., 2020; Dong et al., 2023; Zhao et al., 2023; Wei et al., 2023; Yang et al., 2023. (E) Re in 
anoxic shales through time, >1500 ppb data not shown. Modified after Sheen et al. (2018). Other data from: Mänd et al., 2020; Ostrander et al., 2019; Sahoo et al., 
2012, 2016; Wang et al., 2020; Yang et al., 2023; Kunert and Kendall, 2023. (F) δ98Mo in anoxic sediments through time. Modified after Qin et al. (2022). Other data 
from: Stockey et al., 2020; Tan et al., 2021, 2023; He et al., 2022; Dong et al., 2023; Yuan et al., 2023; Zhao et al., 2023. (G) δ238U in anoxic sediments through time. 
Modified after Chen et al. (2021). Other data from: Mänd et al., 2020; Abshire et al., 2022; Cherry et al., 2022; Dang et al., 2022; J. Chen et al., 2022a; Li et al., 2022; 
Zhang et al., 2022a; del Rey et al., 2023; Gong et al., 2023; Lu et al., 2023; Song et al., 2023; Wang et al., 2023; Zhao et al., 2023; Rutledge et al., 2024. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G. Ning et al.                                                                                                                                                                                                                                    Palaeogeography, Palaeoclimatology, Palaeoecology 675 (2025) 113082 

17 
652



oxygenation event have also been observed in the 1.36 Ga strata of the 
McArthur Basin in northern Australia (Yang et al., 2017). Yang et al. 
(2017) reported that the average δ238U of the upper black shales of the 
Velkerri Formation at 1.36 Ga was 0.13 ± 0.04 ‰, suggesting that the 
proportion of anoxic zones in the seafloor was less than 25 % during this 
period, indicating a relatively high degree of oceanic oxidation. 
Following this was the transient rise in atmospheric-oceanic O2 at 
~1.1Ga, evidenced primarily by multi-proxy shale data from the 
Taoudeni Basin, Mauritania (Rooney et al., 2010; Gilleaudeau and Kah, 
2013, 2015; Gilleaudeau et al., 2016). Although the existing geochem
ical evidence is not as compelling as that for the ~1.4Ga, significant 
increases in Re and V concentrations in organic-rich shales and highly 
fractionated δ53Cr in carbonates suggest the possibility of a transient 
oxidation event at ~1.1Ga (Diamond and Lyons, 2018; Gilleaudeau 
et al., 2016; Gilleaudeau and Kah, 2013, 2015; Rooney et al., 2010).

After ~1.1Ga, the concentration of RSTEs remained at low levels 
before the NOE. Multiple geochemical evidences indicate that conti
nental oxidative weathering can be traced back to around 800 Ma (e.g., 
Cole et al., 2020a; Planavsky et al., 2014). However, the geological re
cord of RSTEs seems unable to identify changes during this period, 
possibly due to relatively sparse data or low temporal resolution. 
Nevertheless, in black shales from Northwestern Canada, which are 
approximately 800 Ma old, the high δ238U values indicate that there 
might have been transient oxygenation events in some parts of the ocean 
(Dang et al., 2022). The Doushantuo Formation in the South China Basin 
had close connections with the global oceans during the Ediacaran 
Period (635-560 Ma) (Yuan et al., 2023). The black shales of the 
Doushantuo Formation exhibit extremely high levels of RSTEs enrich
ment as well as high Mo and U isotope values (Sahoo et al., 2012, 2016; 
Ostrander et al., 2019; Yuan et al., 2023), indicating that these sedi
ments captured the fundamental transition of Earth’s oceans from pre
dominantly anoxic conditions in the Precambrian to more broadly 
oxygenated conditions resembling today’s oceans (Scott et al., 2008; 
Sahoo et al., 2012, 2016; Ostrander et al., 2019; Yuan et al., 2023). With 
the permanent establishment of widespread oceanic oxygenation, RSTEs 
in the oceans formed stable geochemical cycling processes similar to 
modern times. In today’s predominantly oxygenated oceans, there are 
large reservoirs of RSTEs, leading to significant enrichment of RSTEs and 
varying degrees of fractionation of their isotopes in sediments at the 
anoxic-euxinic bottoms of a few oceanic areas (e.g., Scott et al., 2008; 
Sahoo et al., 2012, 2016; Partin et al., 2013; Sheen et al., 2018; 
Ostrander et al., 2019; Chen et al., 2021; Gangl et al., 2023; Yuan et al., 
2023).

6. Conclusion and prospects

RSTEs exhibit unique geochemical behavior in the oceans, and dif
ferences in their behavior can be used to infer the redox state of the 
oceans. In suboxic-anoxic deposition environments, Re, U, and V are 
enriched, whereas Mo requires bottom-water sulphide for autogenous 
enrichment. As RSTEs respond differently to various redox potentials, 
the spatial extent of oxic, suboxic, and anoxic-euxinic ambient seawater 
can be estimated by measuring the concentrations of Re, U, V, and Mo in 
sediment or rocks. Commonly used assessment methods include the 
elemental enrichment factor (TMEF), excess trace metal concentration 
(TMXS), elemental enrichment (TM/Al), bi-elemental ratios (Re/Mo, V/ 
Cr, V/(V + Ni), V/Mn), and Mo- and U-EF covariation patterns. Addi
tionally, the extent of global ocean oxygenation can be inferred from 
RSTEs isotope mass balance models, utilizing differences in the direction 
and/or magnitude of isotope fractionation in different redox- 
characterized environments. Among these, δ98Mo and δ238U have been 
extensively used as oceanic redox tracers on a global scale, while δ51V 
has been recognized for its potential to track short-term changes in the 
global oceanic redox state. Furthermore, the RSTEs concentrations from 
sediments of locally anoxic oceans can provide crucial evidence for 
revealing RSTEs oceanic reservoirs and the history of global redox 

structure. However, within the complex and lengthy sedimentary his
tory of marine sediments, besides the primary control of local redox 
conditions, other factors such as water chemistry, particle shuttle, 
sedimentation rates, and post-depositional processes can lead to varying 
degrees of enrichment of RSTEs in sediments. Therefore, when inferring 
redox conditions across different spatial and temporal scales, these 
factors must be taken into consideration.

Currently, the geochemical mechanisms of RSTEs are not fully un
derstood, including their processes of redox migration and trans
formation. Each geochemical proxy for ancient redox conditions has its 
own criteria and advantages and disadvantages in practical applications. 
By integrating multiple independent proxy indicators on the same 
sample and comparing data from temporally related profiles, more 
reliable and accurate information on redox and sedimentary environ
ments in local basins can be obtained. Additionally, RSTEs data in ocean 
systems from different ages and locations are relatively limited, poten
tially exhibiting spatiotemporal variations in enrichment levels. The 
applicability of redox proxies developed from modern marine sediment 
systems or specific basins may be ambiguous when applied to ancient or 
different ocean basins. In the lengthy history of Earth’s oxygenation, 
there are many controversies and unknowns regarding when and to 
what extent Earth began producing oxygen. Therefore, detailed strati
graphic and geochronological studies of key periods in Earth’s oxygen
ation history are crucial for advancing our understanding of Earth’s 
history. In the future, combining mass balance approaches of marine 
Mo, U, V, Re and leveraging the enrichment of RSTEs in sediment could 
potentially track long-term variations and extents of euxinic and non- 
euxinic seafloor distributions in the global ocean.
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A B S T R A C T

A series of pollen records from southwestern (SW) China has provided substantial evidence for the reconstruction 
of paleovegetation and paleoclimate in the region since the Last Glacial Period (LGP). However, studies inves
tigating the relationship between paleoclimate and ecosystem changes during MIS3 remain limited, thereby 
constraining our understanding of the response of vegetation to climatic fluctuations on the glacial–interglacial 
timescale. Moreover, in comparison to local–scale topographic pollen sources, traditional lake sedimentary en
vironments introduce a higher degree of uncertainty into vertical vegetation reconstructions. Here, we present a 
pollen record derived from a peat core of the Niangniang (NN) Mountain Wetland, aiming to reconstruct biome 
and climate variations over the past 37 ka. Our findings indicate that during the LGP, the study area was pre
dominantly covered by deciduous broadleaved forests (DBLF), with Quercus (D) and other Betulaceae taxa as the 
main components. Although a sedimentary hiatus occurred in the core sediments between 18.5 and 4.6 ka, it is 
still possible to infer that from the LGP to the late Holocene, the forests surrounding the NN wetland transitioned 
from DBLF to evergreen broadleaved forests (EBLF), which were predominantly composed of Castanopsis and 
Cyclobalanopsis. Over the past 2400 years, the rapid expansion of associated plants, including Poaceae and Pinus, 
along with secondary taxa such as Alnus, has driven a gradual transition to the Alpine Shrubland and Meadow 
(ALSM) biome. This shift is largely attributed to early human activities and fires. By comparing these results with 
other pollen and climate records, we conclude that DBLF expanded extensively at medium–to–high altitudes 
during the LGP, rather than evergreen sclerophyllous Quercus forest (ESQF). Consequently, previous estimates of 
mean annual temperature (MAT) based on pollen data may have been inflated from the Last Glacial Maximum 
(LGM) to the Holocene. In addition to the drivers operating at the glacial–interglacial scale, the Atlantic 
Meridional Overturning Circulation (AMOC) plays a pivotal role in modulating the variability of the Indian 
Monsoon precipitation, which in turn influences biome succession in SW China.

1. Introduction

The mountain ranges and valleys in southwestern (SW) China have 
provided important glacial refuges (Boufford and van Dijk, 2004), and 
are global hotspots of biodiversity due to their extreme topographical 
features, together with intense climatic fluctuations associated with the 
Indian summer monsoon (ISM) and recurrent glaciations (Tang et al., 

2015). In recent years, a series of pollen records have furnished essential 
data for the quantitative reconstruction of paleovegetation and paleo
climate in SW China, particularly since the Last Glacial Maximum 
(LGM). For instance, at higher altitudes, such as Tengchongqinghai 
(TCQH) (Zhang et al., 2020), Heqing (HQ) (Jiang et al., 2001), Caohai 
(CH) (Zhang et al., 2024) and Dianchi (DC) (Xiao et al., 2020), the high 
proportion of Quercus (ES) during the LGM implies a significant 
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southward expansion of evergreen sclerophyllous Quercus forests 
(ESQF) in this region. Simultaneously, other records indicate that de
ciduous broadleaved forests (DBLF), dominated by deciduous taxa like 
Betulaceae and Quercus (D), remained the dominant vegetation type in 
mid–to–high altitude mountains throughout the LGM (Deng et al., 2022; 
Li, K. et al., 2024). Moreover, studies on specialized taxa, such as Pinus 
yunnanensis (Pan et al., 2025), provide indirect evidence of small–scale 
vegetation evolution subsequent to the LGM. These studies on pollen 
records collected at different elevations in SW China have revealed 
distinct vegetation changes during the glacial–interglacial cycles (Shen 
and Xiao, 2018; Xiao et al., 2020) that have been closely linked to 
vertical biome shifts (Zhang et al., 2020). However, few investigated 
pollen records extend back through the Last Glacial Period (LGP, e.g., 
MIS3), and the low resolution of data acquired in previous works (Tang, 
1992; Zhao et al., 2014; Zheng et al., 2016) has hindered precise spatial 
correlation and accurate dating of rapid climate changes during the LGP 
(Zhang et al., 2020).

Another critical issue that warrants attention is the limited focus in 
existing studies on the influence of topographic features and sedimen
tary environments on pollen–paleovegetation reconstruction. Pollen can 
be dispersed over distances ranging from dozens or even hundreds of km 
in flat terrain by wind and typically down to less than approximately 50 
km in mountainous regions (Xu et al., 2016). Consequently, wind
–dispersed pollen types with high productivity tend to be over
represented in pollen records. This over–representation leads to an 
overestimation of their proportion within vegetation types, such as Pinus 
(Wang et al., 2020). Most existing pollen records in SW China originate 
from lake sediments at various altitudes (Zhang et al., 2024). Larger 
lakes possess a robust ability to capture pollen transported by wind or 
water currents, thereby reflecting broader–scale mountain vegetation 
changes (Xu et al., 2016; Chevalier et al., 2020). In contrast, sedimen
tary environments with weaker pollen–trapping capabilities, such as 
wetlands, are more likely to accurately represent local vegetation suc
cession characteristics (Deng et al., 2022). This divergence can result in 
significant differences in recorded vegetation types even among study 
sites in close proximity. For instance, during the LGP, the pollen record 
of TCQH lake in western SW China was predominantly characterized by 
ESQF. A significant portion of this pollen likely originates from the 
relatively high–altitude Gaoligong Mountain to the east (Xiao et al., 
2015; Zhang et al., 2020). In contrast, merely 30 km to the north, 
Tengchongbeihai (TCBH) wetland was dominated by Coniferous and 
Mixed Forests (CLMX) during the same period (Zhang et al., 2019). 
Recent studies by Zeng et al. (2025) have utilized pollen analysis and 
ordination techniques to reconstruct the pollen dissemination charac
teristics of Gaoligong Mountain in SW China. Their findings indicate that 
the Asian summer monsoon, diurnally-varying orographic winds, and 
vegetation type characteristics all play roles in shaping pollen dispersal 
patterns in mountainous areas. Therefore, to achieve a more accurate 
reconstruction of the vegetation succession process in SW China since 
the LGP, it is essential to obtain additional pollen records from non
–traditional lake sources.

Furthermore, the mechanisms driving biome changes in SW China 
since the LGP remain a subject of debate. Pollen records and simulation 
studies suggest that annual or monthly solar radiation may have been 
the primary factor influencing regional vegetation succession since the 
LGM (Xiao et al., 2015; Zhang et al., 2023). During the growing season, 
solar radiation plays a crucial role in influencing plant photosynthesis 
and growth, thereby determining the types and spatial distribution of 
vegetation over time. Other research has highlighted the significant 
impact of high–latitude ice volume on biome changes in the Yun
nan–Guizhou Plateau (Zhang et al., 2024). High–latitude ice volume can 
significantly influence global sea level and atmospheric circulation 
patterns. These changes, in turn, have a profound impact on the climate 
of the Yunnan–Guizhou Plateau and contribute to local biome changes. 
Additionally, other factors such as surface temperature variations in the 
Indian Ocean–Western Pacific Warm Pool (a major driver of climate 

variability in the region; Xiao et al., 2014; Zhang et al., 2020), the 
north–south shifts of the Intertropical Convergence Zone (ITCZ) (Xiao 
et al., 2020), and fluctuations in the strength of the Atlantic Meridional 
Overturning Circulation (AMOC) (Zhang et al., 2024) have collectively 
exerted an influence on the characteristics of regional vegetation suc
cession at various temporal scales. Thus, further research is necessary to 
elucidate the complex interactions of these influencing factors on biome 
change in SW China.

The Niangniang (NN) Mountain Wetland is situated in the western 
region of the Yunnan–Guizhou Plateau. The surrounding area features a 
karst peak cluster landform (Li, S.M. et al., 2024; Yue et al., 2024). 
Numerous cushion–shaped peat wetlands have developed and are 
distributed across the basaltic mountain plateau in this region. Our aim 
in this study is to reconstruct the biome succession in the eastern 
mountainous regions of the Tibetan Plateau and the Hengduan Moun
tains since MIS3. To achieve this, we present a pollen record retrieved 
from the NN subalpine wetland and quantitatively reconstruct local 
biome and climate variations since 37 ka. We systematically compare 
this pollen with numerous pollen and other paleoclimate records from 
SW China. Among these, especially noteworthy is the record of Caohai 
(CH) lake, which, despite its proximity, exhibits marked differences in 
sedimentary environments (Zhang et al., 2024). Through this compari
son, we can reconstruct the biome succession in the target regions with 
greater precision and offer unique insights. This approach not only en
hances the accuracy of quantitative climate reconstructions in the ISM 
region but also provides new perspectives on the mechanisms of related 
climate forcing.

2. Study area

2.1. Geographical setting

The NN Mountain is within the territory of the Yunnan–Guizhou 
Plateau, which is a transitional zone from the Tibetan Plateau to areas of 
lower altitude (Fig. 1). The wetland atop the NN Mountain 
(26◦34′40″–26◦36′38"N, 104◦45′29″–104◦48′45"E, 2050 m a.s.l.) repre
sents one of the most well preserved plateau wetlands in SW China, 
renowned for its remarkable biodiversity (Zhou et al., 2022). The 
climate of the NN Mountain is mainly influenced by the ISM. The warm 
and moist air masses associated with the ISM lead to warm winters and 
hot summers. The study area has a subtropical humid monsoonal 
climate with around 78 % of its precipitation falling between May and 
October, when moist winds from the Arabian Sea and Bay of Bengal 
bring abundant rainfall. The mean annual temperature (MAT) of the 
study area is around 13.5 ◦C, while the mean annual precipitation (MAP) 
is approximately 1350 mm (Yue et al., 2024).

2.2. Modern vegetation

The current distribution of vegetation types in the NN Mountain and 
adjacent mountainous regions is closely correlated with the elevational 
gradients of the Tibetan Plateau. More specifically, the vegetation in the 
mountain ranges of SW China can be categorized into a series of distinct 
vegetation belts (Tang, 2015).

The lowest elevation belt, characterized by tropical rainforest 
(TRFO), occurs in Yunnan Province at the altitudes below 1000 m a.s.l. 
This ecosystem is predominantly composed of species from the families 
Fabaceae, Meliaceae, and Sapindaceae, with a minor presence of gym
nosperms such as Pinus, Cycadaceae, and Podocarpaceae. Evergreen 
broadleaved forest (EBLF) typically develops between 1000 and 2400 m 
a.s.l, where it is primarily dominated by Fagaceae species including 
Cyclobalanopsis delavayi, C. glaucoides, and Castanopsis delavayi, along
side associated species like Cinnamomum glanduliferum and Schima 
wallichii. Coniferous forests, notably those dominated by Pinus yunna
nensis, are prevalent in the upper elevations of this zone. Additionally, 
the lower boundary of this elevation belt exhibits some transitional 
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forest types that incorporate elements of the tropical flora found at lower 
altitudes. From 2400 to 2700 m a.s.l., the vegetation types give way to 
conifers and deciduous broadleaved trees dominated by Juniperus for
mosana, Pinus yunnanensis, Quercus fabri, Q. aliena, Corylus yunnanensis, 
Populus yunnanensis, Salix cavaleriei, and Alnus mengtze. The dominant 
forest types here are deciduous broadleaved forest (DBLF) and mixed 
broadleaved forest (EBLF/DBLF). Between 2400 and 2700 m a.s.l, the 
vegetation transitions to DBLF, with dominant species including Juni
perus formosana, Pinus yunnanensis, Quercus fabri, Q. aliena, Corylus 
yunnanensis, Populus yunnanensis, Salix cavaleriei, and Alnus mengtze. 
Additionally, evergreen sclerophyll Quercus forest (ESQF) dominated by 
sclerophyll Quercus species is common and/or dominant in a belt 
centered between 2500 and 3600 m in the southeastern parts of the 
Tibetan Plateau and SW China (Yang et al., 2009). Cold mixed forest 
(CLMX), primarily composed of cold–tolerant conifers such as Abies, 
Picea, and Pinus, is predominantly distributed between elevations of 
3300 and 4200 m a.s.l. As elevation continues to increase, alpine 
shrubland, meadow, and tundra (ALSM) ecosystems are prevalent, 
characterized by dominant species from the Cyperaceae, Poaceae, and 
Ranunculaceae. The permanent ice belt generally forms at elevations 
above 4800–5000 m. The zonal vegetation of the NN Mountain 

primarily consists of EBLF, secondary forests, and certain cash crops, 
such as Toxicodendron vernicifluum and Camellia oleifera (Fig. 1d).

3. Materials and methods

3.1. Materials

The NN core was taken from the alpine wetland of the NN Mountain 
in the western Guizhou Province (Fig. 1e). The research site is not 
influenced by any rivers in its vicinity. The core is 150 cm long and 
covers all the sediment to the bedrock.

3.2. Methods

3.2.1. Laboratory analysis
The samples were collected at 1 cm intervals at the top 50 cm of the 

core and at 0.5 cm intervals towards the bottom (50–150 cm). In total, a 
collection of 245 samples was obtained. So, for each pollen sample, 
about 1 g of sediment was weighed and processed by heavy liquid 
separation (Moore et al., 1991; Yue et al., 2012). On average, 510 
terrestrial pollen grains were counted per individual sample. Based on 

Fig. 1. (a) Topography and location of the NN wetland and the cores used for correlation. Dark green dots indicate the YSL profile (Shi et al., 2011), Wuxu (WX) 
(Zhang et al., 2016), Shudu (SD) (Cook et al., 2011, 2013; Yao et al., 2017), Haligu (HLG) (Song et al., 2012), Wenhai (WH) (Yao et al., 2015), Chenghai (CHH) (Xiao 
et al., 2017), Tiancai (TC) (Xiao et al., 2014), Lugu (LG) (Shen and Xiao, 2020), Tengchongqinghai (TCQH) (Xiao et al., 2015; Zhang et al., 2020), Dianchi (DC) (Xiao 
et al., 2020), Xingyun (XY) (Chen et al., 2014a, 2014b), Yangzhonghai (YZH) (Wang et al., 2020), Yilong (YL) (Li, K. et al., 2024) and Menghai (MH) lake (Tang, 
1992); Ganchi (GC) wetland (Deng et al., 2022); Heqing (HQ) basin (Jiang et al., 2001; Xiao et al., 2007); Dayin (DY) cave (Zhang et al., 2024), VN/GA (Li et al., 
2009), NPK (Penny, 2001); (b) Vegetation map of SW China (Zhang, 2007). (c) local topography and location of the NN wetland. (d) local vegetation around NN 
wetland (Zhang, 2007). (e) The surrounding environment of the core site. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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the above counting method, all percentages quoted for pollen grains 
(from conifers, arboreal and non–arboreal taxa) in this work are based 
on the summed counts of pollen grains from terrestrial taxa. We used 
previously established morphological criteria to divide the complex 
Quercus pollen in SW China (Zhang et al., 2018). TILIA 3.0.1 (Grimm, 
1991–1993) was used to calculate pollen percentages and plot the pollen 
diagram.

3.2.2. Biomization reconstruction
Vegetation reconstruction was conducted using the biomization 

technique based on previously reported plant functional types (PFTs) 
(Ni et al., 2014; Zheng et al., 2023), specifically employing the biome 
classifications derived from the pollen record of Caohai (CH) lake 
(~100 km southeast from NN site) (Zhang et al., 2024). Consistent with 
the CH lake records, all pollen taxa identified from the NN core were 
assigned to 17 PFTs and subsequently aggregated into 6 biomes relevant 
to the study area. When this biome reconstruction method was applied 
to modern pollen spectra for validation, the majority of samples were 
accurately classified according to previous studies (Zhang et al., 2024).

3.2.3. Statistical analysis
To simplify the analysis of the relationships between the ecological 

properties of the different pollen taxa and climatic variables, and to 
establish a quantitative framework for linking vegetation dynamics to 
paleoclimatic changes, we performed a principal component analysis 
(PCA) on the pollen dataset (Birks et al., 1998). Statistical analyses were 
based on the abundances (expressed as percentages) of pollen taxa 
detected in at least five samples with relative abundances exceeding 2 %; 
30 pollen taxa satisfied these requirements. The gradient length was 
below 2 (1.32 in this study) standard deviation (SD) units, so the PCA 
method was considered appropriate for analyzing pollen assemblages 
with respect to interspecific correlations using square root trans
formation of pollen percentages. Statistical analyses were performed 
using Canoco 5.0 (Braak and Smilauer, 2002), with results visualized 
through biplot projections that simultaneously display taxon composi
tions and sample groupings. This integrative approach enabled us to 
identify dominant vegetation patterns and their climatic drivers across 
the studied stratigraphic interval.

4. Results

4.1. Sediment lithology and core chronology

Based on the color and lithological characteristics of the core sedi
ments in the field, the 150 cm long NN sediment can be roughly divided 
into 5 layers from bottom to top (Fig. 2). The sediment from 150 to 126 
cm consists of gray clay interbedded with wood fragments (140–136 cm) 
and plant remains. This is followed by a layer of dark peat with higher 
organic content (126–100 cm), which is identical to that observed be
tween 80 and 50 cm. The deposits between 100 and 80 cm consist of silty 
dark gray clay and the uppermost 50 cm of the NN core mainly consists 
of silty gray clay.

The core’s chronology was determined through accelerator mass 
spectrometry (AMS 14C) dating of nine plant fragments and bulk sedi
ment samples, which were analyzed at the Xi’an Accelerator Mass 
Spectrometry Center and Beta Analytic Inc. (Miami, USA) (Table 1). 
Given the study area’s dominance of Carboniferous-Permian limestone, 
sandstone, and minor coal layers, the 14C dating results from sediment 
samples collected at the NN wetland may be affected by the hard-water 
effect typical of karst sedimentary environment (Kong et al., 2010). This 
effect occurs when initial 14C radioactivity in aquatic sediments is lower 
than contemporary atmospheric levels, causing apparent age over
estimation of organic materials—an effect more pronounced in lake 
sediments. Notably, because the core was retrieved from an alpine 
wetland, the likelihood of hard-water effect influence is low. The 
age-depth model was established using the Bayesian Bacon method 

(Blaauw and Christen, 2011). It indicates that, due to the presence of a 
sedimentary hiatus, the core can be clearly divided into two distinct 
sections at a depth of 67 cm. The lower section spans from 150 to 67 cm, 
corresponding to an age range of 37.2 to 18.5 ka, while the upper section 
extends from 67 cm to the surface (0 cm) with an age range of 4.6 ka to 
the present (Fig. 2). The average temporal sampling resolutions of the 
two components are approximately 56 years and 114 years, 
respectively.

4.2. Fossil pollen and charcoal record

A total of 93 pollen and spore types were identified in 245 samples 
retrieved from the NN core. The most abundant and representative taxa 
are shown in the pollen diagram (Fig. 3). In samples from the glacial 
interval, the pollen assemblages are dominated by arboreal and herba
ceous pollen. The most abundant taxa are Quercus (D), Betulaceae 
(Corylus, Betula, Carpinus) and Poaceae, which collectively account for 
70–85 % of the total pollen content. These taxa are typical of a relatively 
cold and dry climate, which was characteristic of the glacial interval. 
Conversely, the dominant pollen taxa in assemblages from the Holocene 
are Cyclobalanopsis and Castanopsis followed by Pinus; other frequently 
detected taxa include arboreal taxa such as Tsuga, Alnus, Eurya and 
herbaceous taxa such as Artemisia, Asteraceae and Lamiaceae. To better 
understand the temporal variation of pollen assemblages, a Constrained 
Incremental Sum of Squares (CONISS) analysis was performed on the 
pollen data. Based on a CONISS analysis of the pollen data, the pollen 
sequence was divided into the following five main zones.

Zone 1 (37.2–27.4 cal ka BP, 150–112 cm)
In this zone, the mean percentage of arboreal pollen reaches a 

notably high value of 67.9 %, with Quercus (D) serving as the dominant 
taxon, accounting for an average of 24.9 %. Other common arboreal taxa 
include Corylus (6.9 %), Carpinus (5.1 %), Betula (3.2 %), and Fagus (3.3 
%). Among non–arboreal pollen, Poaceae has the highest proportion at 
18.7 %. This zone is further subdivided into two subzones, namely Zone 
1a (37.2–32.5 cal ka BP, 150–127 cm) and Zone 1b (32.5–27.4 cal ka BP, 
127–112 cm). Compared to Zone 1a, the proportion of Quercus (D) in 
Zone 1b increased from 20.1 % to 29.1 %. Additionally, there were slight 
increases in other deciduous taxa such as Betula (from 2.5 % to 3.8 %), 
Carpinus (from 4.5 % to 5.5 %), and Fagus (from 2.9 % to 3.6 %), while 
the proportion of coniferous taxa decreased (from 9.1 % to 6.4 %). The 
composition of non–arboreal/herbaceous pollen remained largely 

Fig. 2. Lithology and age/depth model of the NN core.
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unchanged.
Zone 2 (27.4–19.1 cal ka BP, 112–69 cm)
Compared to the preceding zone, Zone 2 exhibits an increased pro

portion of arboreal pollen (75.9 %), while the proportions of coniferous 
and non–arboreal pollen have both decreased to some extent. Notably, 
this zone is characterized by a significant rise in Quercus (D) to its 
highest percentage (36.9 %). Additionally, the proportion of Corylus has 
increased to 8.7 %. However, the proportions of other deciduous taxa 
that were relatively high in Zone 1 have slightly decreased, such as 
Betula (2.3 %), Carpinus (3.0 %) and Fagus (2.9 %). Among conifers, the 
most pronounced change is observed in Tsuga, which has increased from 
0.7 % to 1.8 %. In terms of non–arboreal/herbaceous pollen, the pro
portion of Poaceae has decreased to 15.2 %, and Artemisia has also 
declined from 1.7 % to 1.0 %, with minimal changes in other herbaceous 
taxa.

Zone 3 (19.1–18.5 cal ka BP, 69–66 cm)
The variations in the proportions of conifer, arboreal, and non

–arboreal pollen within Zone 3 were relatively minor. However, sig
nificant changes were observed among certain deciduous and evergreen 
taxa. Specifically, the proportions of Quercus (D) (27.7 %) and Fagus 
(0.3 %) exhibited a significant decline. Additionally, there was a slight 
decrease in Betula (1.1 %) and Carpinus (2.3 %). Conversely, the primary 
evergreen taxa, Castanopsis and Cyclobalanopsis, increased to 6.5 % and 
18.4 %, respectively. Among non–arboreal pollen, Artemisia reached its 
highest proportion in the entire pollen diagram at 4.3 %, while Poaceae 
showed a slight reduction to 12.1 %.

Zone 4 (4.6–2.4 cal ka BP, 66–51 cm)
Zone 4 commenced at 4.6 ka due to the influence of the sedimentary 

hiatus. This zone is characterized by a markedly elevated arboreal pollen 
content (92.2 %), primarily dominated by Cyclobalanopsis (36.5 %) and 
Castanopsis (30.6 %). The proportions of coniferous and non–arboreal 

pollen both exhibit significant reductions. This zone can be further 
subdivided into two subzones:

Zone 4a (4.6–3.7 cal ka BP, 65–57 cm)
This zone exhibits the highest concentration of Cyclobalanopsis pol

len (44.9 %) throughout the entire core. Additionally, several other 
evergreen taxa showed an increase, including Ilex (0.6 %). Conversely, 
the proportions of Quercus (D) and Corylus pollen declined significantly 
to 12.9 % and 5.6 %, respectively. The percentage of Poaceae within the 
non–arboreal pollen fraction also decreased from 12.1 % to 4.9 %.

Zone 4b (3.7–2.4 cal ka BP, 57–51 cm)
Compared to Zone 4a, the arboreal pollen content in Zone 4b is 

significantly higher at 94.5 %, while the proportions of coniferous and 
non–arboreal pollen are markedly lower at 1.8 % and 3.6 %, respec
tively. The most distinctive feature of this zone is the rapid increase in 
the proportion of Castanopsis pollen, which reaches its peak at 47.8 %, 
whereas the proportion of Cyclobalanopsis pollen declines to 28.1 %.

Zone 5 (since 2.4 cal ka BP, 51–0 cm)
In this zone, the proportion of arboreal pollen experienced a rapid 

decline to its lowest recorded level of 38.6 %, while both coniferous 
(27.1 %) and non–arboreal pollen (34.3 %) reached their highest levels. 
The increase in coniferous pollen was primarily attributed to a sub
stantial rise in Pinus from 1.9 % to 26.9 %. The elevation in non–arboreal 
pollen was driven by significant increases in Poaceae, Artemisia, and 
Brassicaceae, with Poaceae notably rising to 25.8 %. Additionally, sec
ondary taxa such as Alnus (5.6 %) and Salix (0.34 %) also exhibited 
marked upward trends.

4.3. Statistical analysis

PCA was conducted on the relative pollen frequencies to identify the 
key climatic factors influencing vegetation dynamics. The analysis of 

Table 1 
AMS radiocarbon dates of samples from the NN core.

Depth (cm) Lab code Materials 14C date (a BP) Error (±a) Calibrated age (cal a BP, 2σ) Mid–point (cal a BP)

21 Beta 503983 Dark clay 480 30 496–542 518
35 Beta 503984 Dark clay 1880 30 1714–1840 1785
47 Xi’an 01 Dark clay 1617 28 1411–1538 1479
51.5 Beta 503985 Dark clay 3220 30 3375–3471 3426
68 Xi’an 02 Dark clay 15801 56 18909–19191 19054
95 Xi’an 03 Dark clay 20072 62 23879–24249 24071
110 Beta 506744 Dark clay 22240 80 26298–26936 26599
124 Xi’an 04 Dark clay 28250 120 31855–32934 32312
147 Beta 360342 Gray dark clay 32050 220 36000–36924 36391

Fig. 3. Pollen percentage diagram of selected taxa in the NN core. There was a sedimentary hiatus between 4.6 and 18.5 ka. The solid and faded plots show the same 
percentage values on different scales.
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245 NN core samples, encompassing 30 taxa, resulted in the first and 
second principal components (PCs), with their eigenvalues accounting 
for 51.3 % and 37.6 % of the total variance, respectively (Fig. 4). Taxa 
with positive loadings on PC1 primarily comprise common tropical and 
subtropical evergreen broadleaved forest species such as Castanopsis and 
Cyclobalanopsis. These evergreen species typically thrive in warmer cli
mates. Conversely, taxa with negative loadings on PC1 predominantly 
include cold–tolerant deciduous trees like Quercus (D), Fagus, Betula, 
Ericaceae, and Corylus, as well as temperate conifers such as Abies/Picea 
and Tsuga (Fig. 4a). The presence of these cold–tolerant taxa in the 
negative loading group indicates that PC1 predominantly captures the 
influence of temperature on pollen taxa. Taxa with positive loadings for 
PC2 are primarily herbaceous taxa, including Poaceae, Artemisia, and 
certain deciduous taxa, whereas evergreen taxa such as Castanopsis, 
Cyclobalanopsis, and Ilex exhibit negative loadings. This suggests that 
PC2 may primarily reflect moisture conditions at the site, where positive 
values correspond to drier conditions and negative values indicate 
wetter conditions (Fig. 4a). Based on these interpretations of PC1 and 
PC2, Zone 2 is likely characterized by the driest or coldest conditions, 
while Zone 4a may represent the warmest or wettest environment 
(Fig. 4b).

To further explore the relationship between vegetation distribution 
and climate conditions over the past 21 ka in SW China, we compared 
the PC1 and PC2 curves with the TraCE–simulated MAT and MAP (Liu 
et al., 2009). By making this comparison, we aimed to validate whether 
the principal components obtained from the PCA could serve as reliable 
proxies for temperature and precipitation. Although a sedimentary hi
atus exists between 18.5 and 4.6 ka, the trends identified in the PCA 
results align closely with those of the simulated reconstructions, indi
cating that the principal components may function as proxies for tem
perature (PC1) and precipitation (PC2), as suggested by earlier studies. 
(Fig. 4c). This finding implies that vertical biome shifts were predomi
nantly influenced by temperature variations along elevation gradients 
and changes in monsoon precipitation intensity (Xiao et al., 2020; Zhang 
et al., 2024).

4.4. Biome reconstructions

Biome reconstructions play a crucial role in understanding the 
long–term ecological dynamics in SW China (Ni et al., 2014). In previous 
research, we effectively reconstructed the current biomes of SW China 
using modern pollen samples. The findings indicated that the shifts in 
pollen–based biomes were largely consistent with the vertical vegetation 
changes observed in the eastern mountains of the Tibetan Plateau 
(Zhang et al., 2024). As illustrated in Fig. 5, this study employed the 
same biome reconstruction method for the NN core. Biome scores 
indicated that during the LGP, the dominant biome was consistently 

DBLF (zones 1–3), especially prominent during MIS3, when the score 
peaked. During this time, CLMX and ALSM also showed relatively high 
biome scores, while the scores for EBLF and TRFO were the lowest. 
During the late Holocene (Zone 4), the biome score of EBLF reached its 
peak, indicating a significant shift in vegetation types during the tran
sition from the LGP to the Holocene. Although the exact timing of the 
transition from DBLF to EBLF remains uncertain, a comparison with the 
biome reconstruction results from the adjacent CH core suggests that it 
likely occurred during the late deglaciation period or the early Holocene 
(Zhang et al., 2024). After 2.4 ka, ALSM emerged as the biome with the 
highest score, coinciding with a marked increase in Pinus and Poaceae 
pollen abundance (zone 5), which may be closely associated with human 
activities such as large–scale deforestation for agriculture and expansion 
of pastoral areas.

5. Discussion

5.1. Biome variations of NN and CH record

The most abundant pollen taxon in the NN fossil record from the LGP 
is Quercus (D), accompanied by other deciduous trees such as Betula, 
Carpinus, Fagus, Ericaceae (e.g., Rhododendron), and Ulmus. The biome 
result also indicates that the DBLF score has consistently been the 
highest, particularly during the MIS3 (Fig. 6). In modern East Asia, DBLF 

Fig. 4. PCA ordination of pollen percentage data. (a) PCA results based on selected pollen taxa. (b) Biplot of the PCA result for pollen data; (c) Comparison of PC1 
(PC2) values and the local temperature (precipitation) simulated using TraCE21 (Liu et al., 2009).

Fig. 5. Compare the pollen–based Biome in SW China (left) (Zhang et al., 
2024), the modern mountainous vegetation types (middle) and the biome 
variations of the NN core (right). The elevated ALSM biome score observed 
between 2.4 and 0 ka are likely attributable to agricultural activities rather than 
natural factors.
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is predominantly distributed north of 32◦ latitude, while in south
western regions, only scattered patches of DBLF exist, likely due to the 
influence of the winter climate in this area (Tang, 2015). Although DBLF 
can be found within an elevation range of 300–3000 m a.s.l. (Flora of 
China Editorial Committee, 2013), they typically dominate at altitudes 
between 2000 and 2500 m a.s.l. (Zhou, 1981). This suggests that the 
vegetation types during the LGP exhibited a notable downward shift in 
altitude compared to contemporary vegetation (Tang, 2015).

To further understand the regional vegetation dynamics during the 
LGP, we compared the NN record with that of the CH core. The linear 
distance between the NN and CH cores is less than 100 km, and the 
sampling altitude difference is minimal (less than 200 m). Based on 
these geographical similarities, the vegetation types in the vicinity of 
these two records since the LGP were likely to have been relatively 
consistent. Wang et al. (2019) analyzed 14 pollen records from southern 
China and concluded that most of SW China was predominantly covered 
by temperate mixed coniferous and broadleaved forests or warm–tem
perate deciduous broadleaved forests during the LGP. While this general 
pattern provides a regional context, the records from the NN and CH 
show some unique characteristics. During this period, particularly at the 
LGM, the biome differences recorded by NN and CH were notably 
distinct (Fig. 6), highlighting the local–scale variability in vegetation 
responses to the glacial climate. Before 16 ka, the biome score of CH 
consistently indicated a dominance of Quercus (ES), while DBLF 
exhibited a significant prevalence around NN during this interval. 
Quercus (ES) species are commonly encountered and often dominate in 
an altitudinal belt centered between 2500 and 3600 m a.s.l. in the 
southeastern Tibetan Plateau and SW China (Yang et al., 2009). This 
elevation range is significantly higher, by approximately 500–800 m, 
than that of deciduous DBLF currently distributed in the southwestern 
region (Tang, 2015). Quercus (ES) exhibits notable adaptability to very 
cold and arid climates as well as nutrient–deficient soils. These condi
tions typically limit the growth of most deciduous broadleaved trees 
such as Alnus, Betula, and Carpinus, and other deciduous or evergreen 
Fagaceae members like Quercus (D) and Cyclobalanopsis, which are 
predominantly found at lower elevations (Zhou et al., 2007). Given the 
distinctive ecological characteristics of Quercus (ES) and its specific 
elevation range, it is plausible that these factors contributed to the 
notably lower vertical distribution of vegetation types recorded by the 
NN core compared to those documented in the CH record during the 
LGM.

We posit that the variation in pollen sources across different sites and 
the differing capacities of sedimentary environments to retain pollen are 
likely the primary factors contributing to this discrepancy. Firstly, CH is 
a typical karst lake formed under geological structural influences, with a 
catchment area of 380 km2. It is surrounded by relatively high moun
tains, i.e. Xiliang (West, 2854 m), Yangjiao (East, 2519 m), Dalongcao 
(North, 2490 m) and Yingpan (South, 2360 m). Typically, pollen 
transport distances vary significantly depending on the terrain. For 
instance, in relatively flat terrains, pollen can be transported over dis
tances ranging from dozens or even hundreds of kilometers, whereas in 
mountainous regions with dense vegetation, this distance is notably 
reduced to less than ~50 km (Xu et al., 2014). During summer, the ISM 
and associated precipitation transport pollen from the higher elevations 
of Xiliang Mountain on the western side to the CH water body, while 
during winter, the monsoon carries more pollen originating from 
Yangjiao Mountain on the eastern side. Unlike the CH core, the NN 
pollen sediments originated from the alpine wetland of NN Mountain. 
Within the pollen dissemination range, no other mountains with com
parable or higher altitudes were present. Consequently, the pollen in the 
NN wetland primarily originated from a relatively localized area, which 
may lead to a more accurate representation of the local vegetation at 
that time but also limits the scope of regional vegetation information 
compared to the CH record. Thus, it is deduced that the high biome 
scores of ESQF and ALSM recorded by CH during the LGM do not 
straightforwardly imply that these high–altitude vegetation belts as a 
whole vertically descended by more than 1000 m (Zhang et al., 2024). 
This is because the composition of pollen records can be significantly 
affected by factors such as pollen sources and sedimentary environ
ments. When calculated according to the altitude of the surrounding 
mountains of the CH core, the ESQF during this period is likely to have 
been concentrated within an altitude range of approximately 
2300–2600 m. This indicates a downward shift of only about 500–800 m 
in comparison with the current situation (Fig. 7). Therefore, the area 
around CH may have been in the transition zone between DBLF and 
ESQF, while the area around NN was likely closer to the upper boundary 
of the DBLF belt during this period. Understanding these regional dif
ferences is crucial for comprehensively interpreting the vegetation 
evolution in this area, as it helps to identify the specific ecological niches 
and environmental gradients that influenced the distribution of different 
vegetation types. In previous studies, utilizing quantitative climate 
reconstruction results and the habitat characteristics of Quercus (ES), it 

Fig. 6. Compare the biome scores recorded by (a) CH (Zhang et al., 2024) and (b) NN cores. The modern biomes found at different altitudes in SW China are also 
shown on the upper right side (Zhang et al., 2024). As illustrated in Fig. 5, the elevated biome scores of ALSM since 2.4 ka are closely associated with 
human activities.
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was hypothesized that the biome transformation during the Heinrich 
event 1 (H1) period, as indicated by CH pollen records, could be closely 
associated with temperature fluctuations (Zhang et al., 2024). However, 
this conclusion may have underestimated the substantial influence of 
pollen sources. To gain a more accurate understanding of the biome 
transformation, it is essential to comprehensively consider factors such 
as pollen sources, sedimentary environments, and their interactions 
with climate change, in order to better reconstruct the historical vege
tation dynamics in this area.

Since the deglaciation, with the gradual warming and increased 
humidity of the climate, the vertical vegetation zones in SW China have 
experienced an upward shift (Xiao et al., 2020). During this period, the 
CH sediment record clearly documented a transition in the surrounding 
mountain vegetation from DBLF to EBLF, which has been attributed to 
the intensification of the ISM (Zhang et al., 2024). Consistent with the 
CH records, the vegetation around NN also shifted from DBLF to EBLF 
between the LGP and the Holocene. Although sedimentary discontinu
ities prevent precise determination of the timing of this vegetation shift 
around NN site, evidence confirms that the EBLF boundary migrated 
upward by at least 300–500 m during the Holocene (Fig. 7). In the late 
Holocene (ca. 4–2 ka), the biome type in CH reverted from EBLF to 
DBLF, while regional vegetation type of NN wetland is EBLF, suggesting 
a slight downward migration of the alpine vegetation belt. The transi
tion zone between EBLF and DBLF may be situated between 2000 and 
2200 m during this period. Notably, since 2 ka, both CH and NN have 
recorded a clear shift to ALSM biome scores. We propose that the un
usually high proportions of ALSM and DBLF during this period are 
attributable to elevated levels of Poaceae pollen (associated with ALSM) 
and Alnus pollen (linked to DBLF), likely resulting from human activities 
and fires. This also indirectly suggests that the anthropogenic distur
bance in this area has been relatively consistent since around 2 ka.

5.2. Reassess the vegetation succession since the MIS3

To further elucidate the process in SW China since the MIS3, it is 

essential to understand the influence of topographic features and sedi
mentary environments on pollen records. Consequently, we systemati
cally categorized previous pollen data, including those from NN, into 
four distinct types of study sites (Table 2). 

1. The pollen source area is extensive, typically exceeding 30–50 km, 
with surrounding mountains of higher elevation. Most alpine lakes 
fall into this category. These pollen records typically offer a 
comprehensive overview of the regional high–altitude vegetation.

2. The pollen source area is also extensive, typically exceeding 30–50 
km, but is devoid of surrounding mountains of higher elevation, such 
as the lower–altitude Menghai (MH) lake to the south (Tang, 1992). 
These records, similar to Type 1, encompass a diverse array of pollen 
sources and may also indicate vegetation changes across extensive 
regions. However, given the absence of high mountains in the sur
rounding area, the documented vegetation types are likely to 
resemble those in the vicinity of the sampling sites.

3. The pollen source area is limited, usually less than 10 km, yet sur
rounded by mountains of higher elevation, exemplified by the GC 
wetland (Deng et al., 2022). In this scenario, despite the presence of 
mountains surrounding the sedimentation site, the pollen assem
blage is likely to be predominantly derived from local vegetation 
within the immediate area, owing to the limited capacity of the site 
to trap pollen grains.

4. The pollen source area is similarly limited (less than 10 km), without 
surrounding mountains of higher elevation, such as the NN wetland 
(this study). Pollen derived from this type of site predominantly re
flects the composition of local vegetation, as there are no substantial 
topographic barriers that could interfere with pollen transport from 
distant sources. This characteristic renders it particularly valuable 
for investigating local–scale vegetation succession.

In summary, the first type of pollen records generally reflects 
regional high mountain vegetation, while the latter three types pri
marily represent local vegetation changes (Fig. 8).

Fig. 7. The pollen sources of CH lake and NN wetland and the biome types of the mountain profiles during the early–mid Holocene and LGM.
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In numerous such records, from high–altitude regions in SW China 
and low–altitude areas on the southeastern margin of the Tibetan 
Plateau, it is evident that Quercus (ES) pollen was exceptionally abun
dant during the late MIS3 to the LGM. For instance, several lacustrine 
records, such as DC (Xiao et al., 2020), XY (Chen et al., 2014a), TCQH 
(Xiao et al., 2015; Zhang et al., 2020), and the HQ basin (Jiang et al., 
2001), indicate the dominance of Quercus (ES) together with alpine 
Abies/Picea and cold–tolerant herbs in the vicinity of lakes in SW China. 
These pollen records, as described above, provide clear evidence that the 
ESQF expanded significantly southward and into lower-altitude regions 
during the period from MIS 3 to the LGM, in comparison to its modern 
distribution. Wang et al. (2023) utilized the MaxEnt model to simulate 
the potential distribution range of ESQF during the LGM, with results 
confirming this conclusion. However, it should be noted that all these 
pollen records belong to the Type 1 we previously classified (Table 2). 
Since these records may reflect surrounding mountain vegetation types 
rather than local vegetation changes, they might have overestimated the 
extent of ESQF expansion during the LGP. For instance, the pollen record 
from the relatively southern XY lake likely represents the mountain 
vegetation on its eastern side (1900–2500 m) (Chen et al., 2014a) 
(Fig. 8), while at an altitude of the core site (ca. 1700 m), it may be 
predominantly dominated by DBLF. This finding is also supported by 
records from the more southerly but lower–altitude YL lake (Li, K. et al., 
2024). These examples demonstrate that failing to differentiate between 
regional (mountain–influenced) and local vegetation signals may result 
in misinterpretations regarding the actual extent of vegetation range 
shifts (Fig. 9a). In a recent study, three pollen records were utilized in 
the East Asian Monsoon Domain, comprising two from SW China (TCQH 
and CH) and one from central China (DJH), to quantitatively reconstruct 
the paleoclimate variations since the LGP (Zhang et al., 2023). The result 
shows that during the LGM, ESQF dominated around TCQH and CH 
lakes. Compared to modern vegetation, the altitudinal distribution of 
this vegetation zone shifted downward by ca. 900–1100 m (Zhang et al., 
2020). Based on East Asian Pollen Database and quantitative models, it 
can be estimated that the MAT during the LGM was ca. 7–9 ◦C lower 
than during the Holocene (Zhang et al., 2023). However, given that the 
primary pollen sources of TCQH and CH predominantly originate from 
the surrounding alpine vegetation, it is plausible to infer that the ESQF 
did not extend to the same altitude around the two lakes during this 
period (Fig. 8). According to our NN records, the vegetation at ca. 2000 
m likely represented either the lower boundary of the ESQF or the upper 

boundary of the DBLF. Consequently, the ESQF might have only un
dergone a vertical migration of 600–800 m during the LGM. Considering 
the slightly higher temperature gradient rate during the LGM compared 
to present–day conditions (Loomis et al., 2017), it is estimated that the 
MAT might have only decreased by an average of 5–7 ◦C relative to the 
Holocene. This finding is in good agreement with global model pre
dictions (Osman et al., 2021), which not only validates the reliability of 
our estimations but also provides valuable insights into the regional 
climate changes during the LGM.

The deglaciation event since the LGM led to significant climatic 
changes, which in turn exerted profound impacts on the distribution and 
dynamics of vegetation types. As the climate gradually warmed and 
precipitation patterns altered, low–altitude vegetation types such as 
EBLF began to experience changes in their geographical ranges (Wang 
et al., 2019). Since the deglaciation, low–altitude vegetation types such 
as EBLF have restrictedly expanded northward (Zheng et al., 2023). 
However, the biome scores for DBLF recorded by NN, DC, and GC 
remained consistently high. Moreover, the proportion of deciduous 
components in southern sites, as documented by the studies of YZH 
(Wang et al., 2020), YL (Li, K. et al., 2024), and XY (Chen et al., 2014a), 
also remained relatively high. In contrast to the general northward 
expansion trend, the northward migration range of EBLF during this 
period was restricted, with its vertical distribution not exceeding 
1400–1600 m a.s.l. This might be due to competition with other vege
tation types, especially the persistent dominance of DBLF in some areas. 
Meanwhile, DBLF, ESQF and CLMX gradually migrated to high
er–altitude areas in the eastern part of the Tibetan Plateau (Wang et al., 
2019). For instance, the biome types in CH and TCQH underwent a clear 
transition from ESQF to DBLF, indicating that DBLF had vertically 
migrated to approximately 2000 m a.s.l. (Zhang et al., 2020, 2024). 
Nonetheless, records from HQ (Jiang et al., 2001), EYXH (Lin et al., 
1986), and WH (Yao et al., 2015) still predominantly exhibit ESQF or 
CLMX, suggesting that DBLF in SW China was likely concentrated be
tween 2000 and 2800 m a.s.l. during this period. Similarly, based on 
records from LG (Shen and Xiao., 2015), SD (Cook et al., 2011, 2013; 
Yao et al., 2017), WX (Zhang et al., 2016), TC (Xiao et al., 2014) and YSL 
(Shi et al., 2011), it can be inferred that ESQF in the area was distributed 
between 2400 and 3700 m a.s.l., while CLMX and ALSM were found at 
relatively higher altitudes (Fig. 9b).

With the gradual rise in temperature and precipitation, the EBLF, 
primarily consisting of Castanopsis, Cyclobalanopsis, and Euphorbiaceae, 

Table 2 
The basic information for pollen records in SW China.

Site Long 
(◦E)

Lan 
(◦N)

Elevation (m a.s. 
l)

bottom Age 
(ka)

Sedimentary 
environment

Type References

Tiancai (TC) 99.72 26.63 3898 21 Lake 1 Xiao et al., 2014a; Xiao et al., 2014b
Wuxu (WX) 101.40 29.15 3760 12.3 Lake 1 Zhang et al. (2016); Shen and Xiao (2018)
Shudu (SD) 99.94 27.91 3620 30 Lake 1 Cook et al. (2011); Cook et al. (2013); Yao et al., 

2017
YSL profile 99.70 29.87 3310 32 Mountain 1 Shi et al. (2011)
Haligu (HLG) 100.18 27.00 3277 9.3 Lake 1 Song et al. (2012)
Wenhai (WH) 100.17 26.98 3080 23 Lake 1 Yao et al. (2015)
Lugu (LG) 100.78 27.72 2690 22 Lake 1 Shen and Xiao (2018)
Caohai (CH) 104.34 26.81 2203 22 Lake 1 Zhang et al. (2024)
Heqing (HQ) 100.17 26.56 2190 2780 Basin 1 Xiao et al. (2007); Jiang et al. (2001)
Niangniang (NN) 104.82 26.10 2000 37 Wetland 4 This study
Eryuanxihu (EYXH) 100.00 26.00 1980 17 Lake 1 Lin et al. (1986)
Erhai (EH) 100.18 25.73 1974 13 Lake 1 Shen et al. (2006)
Dianchi (DC) 102.68 25.02 1886 20 Lake 1 Xiao et al. (2020)
Tengchongqinghai 

(TCQH)
98.53 25.26 1885 68 Lake 1 Xiao et al. (2015); Yang et al. (2016); Zhang et al. 

(2020)
Ganchi (GC) 103.03 29.39 1805 25 Wetland 3 Deng et al. (2022)
Yangzonghai (YZH) 103.00 24.91 1800 13 Lake 1 Wang et al. (2020)
Xingyun (XY) 102.55 24.33 1717 37 Lake 1 Chen et al. (2014a); Chen et al. (2014b);
Chenghai (CHH) 100.67 26.53 1503 8.2 Lake 1 Xiao et al. (2017)
Yilong (YL) 102.58 23.68 1414 27 Lake 1 Li et al. (2024)
Dayin (DY) 105.04 24.23 991 47 Cave 4 Zhang et al. (2024)
Menghai (MH) 100.47 21.97 612 42 Lake 2 Tang, 1992
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Fig. 8. The sedimentary environment and pollen sources documented by certain pollen records in SW China. (a) TCQH lake (Xiao et al., 2015; Zhang et al., 2020); (b) 
HQ basin (Jiang et al., 2001; Xiao et al., 2007); (c) DC lake (Xiao et al., 2020); (d) CH lake (Zhang et al., 2024); (e) XY lake (Chen et al., 2014a, 2014b); (f) YL lake (Li, 
K. et al., 2024); (g) NN wetland (this study); (h) GC wetland (Deng et al., 2022); (i) MH lake (Tang, 1992).

Fig. 9. Vegetation changes in Southwest China during (a) MIS3–LGM, (b) deglaciation and (c) early–mid Holocene inferred from pollen records and topo
graphic feature.
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experienced significant northward expansion during the early to mid- 
Holocene (Tang, 2015). This expansion and upward altitudinal shift 
not only demonstrated the vegetation’s adaptability to climatic changes 
but also imposed ecological pressure on the distribution of DBLF, 
resulting in a marked contraction of its geographic range. Concurrently, 
paleovegetation records from high-altitude sites such as TCQH (Xiao 
et al., 2015; Zhang et al., 2020), CH (Zhang et al., 2024), GC (Deng et al., 
2022), EH (Shen et al., 2006), and HQ (Jiang et al., 2001) reveal a 
transitional shift in vegetation composition, from DBLF dominance to an 
increased presence of evergreen elements. This suggests that the EBLF 
biome underwent a vertical shift to elevations of ca. 2200–2400 m a.s.l. 
(Fig. 9c). In contrast, the distribution range of DBLF was notably 
restricted. Based on records from WH (Yao et al., 2015), HLG (Song 
et al., 2012), LG (Xiao and Shen., 2018) and others, it can be inferred 
that the upper limit of DBLF distribution during this period was below 
approximately 3000 m a.s.l. A recent study by Zheng et al. (2023)
examined the characteristics of EBLF and DBLF changes during the 
glacial to interglacial transition using pollen records from subtropical 
China. The findings revealed that most mountainous regions in the 
subtropical zone were predominantly covered by DBLF during the LGM, 
and the major biome replacement from deciduous to evergreen forest 
did not occur until around 8.1 ka. This suggests an earlier forest 
replacement in low–latitude regions compared to sites further north or 
at higher elevations. It not only provides additional evidence for the 
biome replacement process but also helps to establish a broader context 
for understanding the spatial and temporal patterns of vegetation 
changes in the region.

Following the LGP, the climate in the study region underwent sig
nificant changes, which had profound impacts on the distribution and 
migration of vegetation types. Among these, the ESQF, which exhibited 
a wide distribution during the LGP, gradually migrated to the south
eastern edge of the Tibetan Plateau and the western margin of the 
Sichuan Basin. This migration resulted in its concentration primarily 
between 3000 and 3700 m a.s.l., similar to the modern distribution 
pattern (Yang et al., 2009). Meanwhile, pollen records from MH lake 
during the early–mid Holocene in southern regions highlighted specific 
components that are characteristic of TRFO (Tang, 1992). In contrast, 
NPK records from the Indochinese Peninsula at lower latitudes indicated 
that this region was predominantly covered by a typical TRFO biome 
during the same period (Penny, 2001). Consequently, it is reasonable to 
deduce that TRFO expanded from areas such as the Indochinese 
Peninsula into low–altitude regions south of ca. 22◦N in SW China 
during this period. However, due to insufficient paleovegetation re
cords, the precise extent of this expansion remains undetermined.

5.3. Possible climate forcing for the biome succession

Numerous studies have demonstrated that climate change since the 
LGP has significantly influenced biome succession across various regions 
in SW China (Xiao et al., 2020; Wang et al., 2019; Zhang et al., 2024). 
Understanding these impacts is essential for forecasting future 
ecosystem changes and for reconstructing the historical ecological dy
namics of the region. For example, a continuous pollen record from 68 
ka at TCQH lake indicates that vegetation during the MIS3 was highly 
productive (Zhang et al., 2020). By integrating this record with two 
additional sites (CH and DJH), the comprehensive dataset enabled the 
quantitative reconstruction of temperature and precipitation changes 
within the Asian monsoon domain since the MIS3 (Zhang et al., 2023). 
The pollen data from TCQH provided insights into the types and abun
dances of plants present, which were then correlated with known cli
mate–vegetation relationships. The data from the other sites 
complemented this information, helping to fill in gaps and validate the 
reconstruction. These findings align with our PCA indicators for tem
perature (PC1) and precipitation (PC2), providing confirmation that the 
MIS3 period was characterized by significant climatic fluctuations, 
specifically cold and humid conditions (Fig. 10). On the 

glacial–interglacial timescale, our PC1 and PC2 variations are closely 
correlated with Northern Hemisphere (NH) ice volume changes (Charbit 
et al., 2007) and the July insolation difference between 30◦N and 30◦S 
(Laskar et al., 2004), as shown in Fig. 10. This suggests that variations in 
ice sheets and the summer inter–tropical insolation gradient (SITIG) 
were critical factors influencing biome succession in SW China (Zhang 
et al., 2023, 2024). During the LGM, NH ice sheets significantly 
contributed to temperature reductions, intensifying the north–south 
temperature gradients. Consequently, this enhanced moisture transport 
from tropical oceans to the continent, increasing monsoonal precipita
tion over SW China and the eastern margin of the Tibetan Plateau 
(Lehmkuhl and Owen, 2005). The increased precipitation, in turn, 
influenced the growth and distribution of various plant taxa. 
Wet–adapted plants flourished, while drought–tolerant taxa encoun
tered challenges, resulting in a shift in biome composition. Throughout 
this process, the Indo–Pacific Warm Pool played a crucial role in energy 
transmission, as evidenced by the high consistency between our pol
len–based PC2 and other rainfall records in SW China (Xiao et al., 2020) 
with sea surface temperature (SST) and marine δ18O data derived from 
planktonic foraminifera in the Bay of Bengal (Ahmad et al., 2012; Govil 
and Naidu, 2010; Jung et al., 2009).

Nonetheless, long–term climatic changes are insufficient to fully 
explain the intricate details of biome succession in SW China. For 

Fig. 10. Correlation of pollen proxies with other paleoclimatic records. (a) July 
21 30◦N–30◦S insolation (Laskar et al., 2004) and Stalagmite δ18O values from 
Chinese caves (Cheng et al., 2016); (b) PC2 for NN core and pollen–based MAP 
estimates for the TCQH and CH core (Zhang et al., 2023); (c) NIOP905 marine 
δ18O G. ruber records (Jung et al., 2009) and SST from the SK237–GC09 core 
(Raza et al., 2017); (d) PC1 for NN core and pollen–based MAT estimates for the 
TCQH and CH core (Zhang et al., 2023); (e) ice volumes for the Northern 
Hemisphere simulated using ECHAM3 (Charbit et al., 2007) and sea level 
(Grant et al., 2014); (f) dominant biomes based on the NN core.
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instance, certain pollen records indicate that biomes underwent multiple 
distinct successions during deglaciation periods, frequently coinciding 
with rapid events such as the Younger Dryas (YD), Bolling–Allerød (BA), 
and H1 (Xiao et al., 2015; Zhang et al., 2024). Conversely, other pollen 
records suggest minimal or no significant changes in biome composition 
before and after these rapid events, with only a small fraction of species 
exhibiting minor alterations (Xiao et al., 2014; Shen and Xiao, 2018). 
This suggests that short–term fluctuations in regional climatic thresh
olds may have either facilitated or constrained the growth of certain taxa 
(Xu et al., 2023). Thus, the observed shifts in biomes in SW China are 
likely influenced by additional mechanisms rather than being solely a 
response to thermodynamic effects on a periodic scale. In this study, 
although YD and H1 are unrecorded, abrupt events H2 and H3 are 
distinctly evident in our precipitation indicators (PC2), indicating that 
the AMOC is an additional significant driver influencing changes in the 
Indian Monsoon, which profoundly affected the biome succession in SW 
China (Ng et al., 2018; Shen and Xiao, 2018). During the period of these 
abrupt events, the proportions of several taxa in our pollen records 
exhibited significant fluctuations. For example, Ericaceae, a taxon 
characterized by its representation as a typical deciduous shrub in 
subtropical regions (Tang, 2015), experienced a peak proportion of 11 % 
during the H2 event. In comparison with tree species such as Quercus 
(D), Ericaceae demonstrates a higher resilience to the strong winds and 
very dry conditions prevalent at mountain tops (Tang, 2015). Therefore, 
it is hypothesized that during the LGM, a period marked by an overall 
cold and dry climate, the exceptionally colder and drier conditions 
during the H2 event led to significant changes in certain taxa, such as 
Ericaceae. Similarly, biome transitions recorded by pollen analysis of CH 
lake since the LGM predominantly occurred during or immediately 
following global rapid events (i.e., H1, YD and the 4.2 ka event) (Zhang 
et al., 2024). Recently, the rainfall of the East Asian Summer Monsoon 
(EASM) was quantitatively reconstructed by using multi–proxy records 
from a maar lake in southern China, with the records dating back to the 
LGM (Lu et al., 2025). The analysis identified five critical tipping points 
in EASM rainfall variability since the LGM, which are also attributed to 
abrupt shifts in the AMOC and Saharan vegetation. Thus, the AMOC 
significantly impacts the degree of change in Asian monsoon precipita
tion through complex water vapor circulation processes, thereby influ
encing biome succession in SW China since the MIS3. These findings 
highlight the complex interplay between global climate systems, such as 
the AMOC, and regional ecological processes in the eastern margin of 
the Tibetan Plateau.

6. Conclusion

Studying the vegetation dynamics and biome variations in SW China 
is crucial for understanding the region’s ecological history and its 
response to climate change. Our high–resolution pollen analysis yields a 
novel record of these aspects since 37 ka, enabling a detailed quantita
tive reconstruction of biome variations. The findings reveal that during 
the MIS3 period, the region surrounding the study site was dominated by 
DBLF, with Quercus (D) and other Betulaceae taxa serving as key com
ponents. The biome score for DBLF slightly decreased during the LGM, 
yet it remained the highest among all biomes. The discrepancies in 
biome composition during this period compared to records from the 
nearby CH lake may be attributed to variations in topographic charac
teristics and sedimentary environments. Through a comparative anal
ysis of our findings with other pollen records from SW China, we infer 
that during the LGP, the DBLF likely expanded over extensive areas at 
medium to high altitudes in the region, whereas the ESQF may have 
experienced only a vertical migration of approximately 600–800 m 
during the LGM. Consequently, we hypothesize that the discrepancy in 
previous pollen-based MAT estimates may have been overestimated 
from the LGM to the Holocene.

In addition, during this period, the dominant vegetation type sur
rounding the NN wetland transitioned from DBLF to EBLF. This indicates 

that the EBLF biome in SW China underwent a vertical migration during 
the Holocene, establishing itself at elevations of approximately 
2200–2400 m a.s.l. This shift not only indicates a response to changing 
climate conditions but also reflects the dynamic nature of the regional 
vegetation, adapting to gradual warming and other environmental fac
tors. Over the past 2400 years, there has been a gradual shift towards the 
ALSM biome, with dominant taxa comprising pioneer plants and/or 
secondary shrubs associated with high fire frequencies. Consequently, 
we propose that this most recent biome transition is predominantly 
attributed to early human activities.

The PCA of the fossil pollen dataset revealed a strong correlation 
between the principal components and the simulated climate variables, 
indicating that PCA can serve as a robust proxy for assessing climate 
conditions. Given that abrupt events are clearly reflected in our pre
cipitation indicators (PC2), we propose that, in addition to gla
cial–interglacial scale drivers such as solar radiation and variations in 
high–latitude ice volume, the AMOC plays an additional critical role in 
modulating changes in the Indian Monsoon. This, in turn, has signifi
cantly influenced biome transitions in SW China.
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A R T I C L E  I N F O

Keywords:
Supergene manganese oxide
Microbial dissolution
Malkantu Mn deposit
Weathering of manganese carbonate
West Kunlun

A B S T R A C T

Supergenic manganese (Mn) oxide ores with high Mn concentrations, which are oxidized from sedimentary Mn 
carbonate ores, represent critical Mn resources and primary targets for industrial exploitation. Previous studies 
have suggested that most supergene Mn oxides are formed under warm and humid climatic conditions. However, 
the contribution of microbes to the formation of supergene Mn oxide deposits may have been significantly 
underestimated. In particular, under arid and cold conditions, where chemical weathering rates are extremely 
low, microbial processes may dominate, leading to Mn mineral alteration. In this study, we conducted a 
comprehensive morphological and mineralogical analysis of supergene Mn oxides in the Malkantu Mn deposit 
using advanced analytical methodologies, including X-ray diffraction, micro-Raman spectroscopy, scanning 
electron microscopy, and transmission electron microscopy. Our results revealed a range of microbially induced 
structures, including tubular borings, biofilm-like coatings, hyphae-like filaments, and nano-spherulite aggre
gations. These features provide compelling evidence for biologically mediated dissolution of Mn carbonates and 
the subsequent precipitation of secondary Mn oxides. The Mn carbonates, initially formed during the Late 
Carboniferous, were subsequently buried beneath the Permian volcanic-sedimentary sequences. The Cenozoic 
tectonic uplift exposed the Mn-rich layers to surface conditions characterized by arid climates, intense solar 
radiation, and minimal vegetation cover. Despite the seemingly inhospitable environment, microbial activity 
persisted, thus significantly influencing the alteration of Mn-bearing minerals. Our findings suggest a novel 
model for supergene Mn enrichment dominated by microbial processes rather than solely by climatic factors, 
offering new insights into supergene Mn ore genesis in arid, cold, and high-altitude settings.

1. Introduction

Manganese (Mn) is an essential metal with a wide-range of appli
cations, particularly in battery and steel manufacturing (Zhang et al., 
2022). Globally, sedimentary Mn ore deposits occur in a variety of 
sedimentary sequences, such as banded iron formations, carbonates, 
sandstone-mudstone, and black shale series, and have historically served 
as critical Mn sources (Force and Cannon, 1988; Fan et al., 1992; Calvert 
and Pedersen, 1996; Roy, 2006; Polgári et al., 2012; Beukes et al., 2016; 
Johnson et al., 2016; Yu et al., 2016, 2019, 2021a, 2021b; Sasmaz et al., 

2020, 2021; Chen et al., 2023, 2022a,b; Dong et al., 2022, 2023). The 
prevailing understanding suggests that Mn initially precipitates as pre
cursor oxides within oxic sediments, which subsequently undergo mi
crobial reduction by heterotrophic microbes utilizing organic matter or 
methane (CH4) as electron donors, resulting in the formation of Mn 
carbonates during early diagenesis (Calvert and Pedersen, 1996; Huang 
et al., 2023; Johnson et al., 2016; Zhang et al., 2020). In addition, 
several studies have proposed that Mn carbonates can form directly 
within anoxic water columns (Ai et al., 2023; Chen et al., 2023, 2022a,b; 
Gao et al., 2021). Thus, Mn carbonates, such as rhodochrosite, 
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kutnohorite, and Mn-bearing calcite, typically dominate sedimentary 
Mn ore deposits (Johnson et al., 2016; Maynard, 2010; Yan et al., 2022). 
While primary Mn oxide deposits are rarely preserved, most sedimen
tary Mn deposits exhibit near-surface supergene Mn oxide zones where 
localized Mn enrichment can be economically significant (Beukes et al., 
2016; Carmichael et al., 2017; Kuleshov, 2017a; Maynard, 2010; Tsikos 
et al., 2003; Vafeas et al., 2018). During weathering and soil formation, 
near-surface Mn carbonate ores commonly undergo extensive mineral
ogical alterations, leading to leaching of Mn carbonates and subsequent 
oxidation (Nimfopoulos et al., 1997). The presence of supergene zones 
in sedimentary Mn deposits profoundly influences their global economic 
viability because Mn oxides within these zones exhibit high Mn con
centrations and are amenable to simplified mining processes (Beukes 
et al., 2016; Kuleshov, 2017b).

The supergene processes involving the leaching of Mn carbonates 
and subsequent oxidation of dissolved Mn2+ are typically considered 
products of warm and humid climatic conditions (Pack et al., 2000; 
Pharoe et al., 2020; Zhao et al., 2022). Therefore, supergene Mn oxides 
are often regarded as valuable proxies for dating tectonic and weathered 
events (Deng and Li, 2013; Deng et al., 2016; Gutzmer, 2012; Li et al., 
2007; Poulton et al., 2015; Sethumadhav et al., 2010; Vafeas et al., 
2018). However, many studies have ignored the microbial contribution 
during supergene or weathering processes. Indeed, the majority of nat
ural Mn oxides are believed to form through direct or indirect microbial 
Mn2+ oxidation, as biotic pathways are significantly faster than abiotic 
ones (Learman et al., 2011; Romano et al., 2017; Tebo et al., 2005; 
Zhang et al., 2018). The ubiquity of Mn-oxidizing microorganisms, 
including bacteria and fungi, in terrestrial and marine ecosystems 
highlights their potential role in supergene processes (Tebo et al., 2005). 
The microbial oxidation of dissolved Mn2+ has been extensively re
ported in many studies (Geszvain and Tebo Bradley, 2010; Toyoda and 
Tebo, 2013), and experimental observations have demonstrated the 
ability of bacteria and fungi to facilitate the dissolution and surface 
modification of natural solid Mn carbonates (Tang et al., 2013; Wang 
et al., 2015). In arid and cold high-altitude environments, where 
chemical weathering rates are typically slow, the role of microbial 
processes in facilitating mineral transformation may be particularly 
pronounced (DiGregorio, 2005; Kuhlman et al., 2008; Lingappa et al., 
2021; Wang et al., 2011). However, the evidence of microbially medi
ated supergene Mn mineralization under low chemical weathering 
conditions remains limited.

In recent years, the Malkansu Mn metallogenic zone, located within 
the West Kunlun orogenic belt in Northwest China, has emerged as a 
significant geological discovery (Zhang et al., 2020). This Mn metal
logenic zone hosts a series of moderate to giant-sized sedimentary Mn 
ore deposits, including Ortokarnash, Muhu, and Malkantu. The Mn 
carbonate ores in this region exhibit extremely high grades, with an 
average Mn content exceeding 37 %, ranking among the richest Mn 
carbonate deposits documented in China to date (Gao et al., 2018). The 
Malkansu Mn metallogenic zone, located in an arid high-altitude envi
ronment, is an ideal natural laboratory for investigating these processes. 
Previous studies have identified Ca-bearing rhodochrosite as the domi
nant Mn mineral phase within the Malkansu Mn metallogenic zone 
(Zhang et al., 2020). Additionally, the near-surface environments within 
this zone contain abundant supergene Mn oxide ores, which are 
considered economically significant. In this study, we present mineral
ogical and microstructural evidence suggesting that microorganisms 
contribute significantly to the dissolution of solid Mn carbonate and the 
subsequent formation of Mn oxide phases during supergene weathering. 
Our findings highlight a novel biological pathway for Mn enrichment in 
both arid and cold environments.

2. Geological setting

Previous studies have provided a comprehensive description of the 
regional geological deposits of the Malkansu Mn carbonate metallogenic 

zone (Dong et al., 2020, 2023; Huang et al., 2022; Zhang et al., 2020; 
Dong et al., 2025). This section provides an overview of this study. The 
Malkansu Mn metallogenic belt is located at the junction of the Tarim 
Block and the West Kunlun orogenic belt at the northeastern edge of the 
Pamirs (Gao et al., 2018) (Fig. 1B). A giant Mn deposit (Ortokarnsh), two 
medium Mn deposits (Muhu and Malkantu), and several smaller zones of 
Mn mineralization have been found in the Malkansu Mn metallogenic 
belt (Dong et al., 2020, 2023; Zhang et al., 2020; Dong et al., 2025) 
(Fig. 1A). The Mn metallogenic belt preserves the Lower Carboniferous 
to Upper Permian strata and is controlled by the main west-to east- 
trending Malkansu compound anticline and a series of west-to east- 
trending regional faults (Zhang et al., 2020). During the late Paleozoic to 
early Mesozoic, the Paleo-Tethys Ocean began to subduct beneath the 
southern margin of the Tarim Plate and formed a back-arc basin in the 
Malkansu region (Zhang et al., 2018). A series of platform facies 
including conglomerate limestone, sandy limestone, and organic-rich 
marlstone were deposited in this basin. Subsequently, the residual 
basin closed and was covered by Permian volcanic and volcaniclastic 
rocks (Zhang et al., 2018). Since the Late Cenozoic, the western Kunlun 
region has experienced intense uplift, forming towering mountains that 
have been subjected to sustained weathering and erosion (Pan, 1990; 
Xiao and Wang, 1998). The progressive uplift of the Western Kunlun 
region led to the development of an arid, cold, sparsely vegetated 
plateau landscape.

The Early Carboniferous Wuluate Formation is composed of basic 
and acidic volcanic and volcaniclastic rocks with a small amount of 
carbonate rocks covering the eastern portion of the study area (Zhang 
et al., 2020). The Upper Carboniferous Kalaatehe Formation uncon
formably overlies the Wuluate Formation. The Kalaatehe Formation is 
an Mn-bearing stratum in which the first member consists of lenticular 
conglomerate and layered bioclastic limestones, the second member is 
composed of sandy limestone, and the third member includes organic- 
rich marlstone with two or three intervals of Mn ore bodies (Zhang 
et al., 2020). The rock assemblages of the Upper Carboniferous Kalaa
tehe Formation are indicative of transgression-regression. Lithological 
evidence, including dark grey to black coloration, well-developed hor
izontal bedding, and organic-rich marlstone of the third member, sug
gests a stable and low-energy depositional environment (Zhang et al., 
2020). The Lower Permian Malkanquekusaishan Formation, which 
comprises a gray-purple conglomerate andesitic tuff with minor 
andesite, unconformably overlies the Kalaatehe Formation. The Mal
kantu Mn carbonate deposit is located in the eastern part of the Mal
kansu area, where the mining zone exhibits an approximately west-east 
orientation (Gao et al., 2018). Three layers of Mn ore are hosted in the 
organic-rich marlstone of the third member that consists of the Kalaa
tehe Formation in the Malkantu Mn deposit (Gao et al., 2018; Dong 
et al., 2025) (Fig. 2). The Malkantu Mn carbonate deposit is estimated to 
contain 30 × 106 tons of Mn ore and mainly consists of three laminated 
ore beds (Mn-1, Mn-2 and Mn-3) (Fig. 3), with Mn contents ranging from 
17.5 to 41.3 wt%.

3. Samples and methods

Supergenic Mn ores were obtained by sampling two open profiles of 
Mn ore bodies (Fig. 3). Four samples were collected: two oxidized Mn 
carbonate ore samples from the Mn-1 open profile and two from the Mn- 
2 open profile. The Mn ore samples exhibited varying degrees of su
pergene weathering.

Thin sections of the re-oxidized Mn carbonate ores were systemati
cally examined under a polarizing light microscope, and further analysis 
of the Mn ore thin-section samples was conducted using field-emission 
scanning electron microscopy (FE-SEM). Prior to FE-SEM observations, 
thin sections were coated with several nanometers of platinum (Pt) or 
gold (Au). These analyses were conducted at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geo
sciences, Wuhan, China, using a Zeiss Sigma 300 FE-SEM under specified 
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operational conditions: a sample-to-detector distance of 8 mm, applied 
voltages of either 5 kV or 20 kV, and a beam current of 10nA.

For powder samples of Mn ores, X-ray diffraction (XRD) analysis was 
conducted using a Bruker D8 ADVANCE XRD instrument, covering a 2θ 
range of 5-75◦ with a count time of 1◦ min− 1. XRD analysis was carried 
out at the State Key Laboratory of Geological Processes and Mineral 
Resources, China University of Geosciences, Wuhan, China. Data pro
cessing and mineral identification were performed using Jade 6.0.

Raman spectroscopy was employed to identify the micro-minerals, 
and high-resolution micro-Raman analysis was conducted using a 
WITec300 Confocal Raman Imaging system at the State Key Laboratory 
of Biogeology and Environmental Geology, China University of Geo
sciences, Wuhan, China. All Raman spectra were processing used the 
WITec Project Five Plus software.

Transmission electron microscope (TEM) analyses were conducted 
using the Thermo Fisher Scientific FEI Talos F200× electron microscope, 
equipped with two windowless EDS detectors, at the Faculty of Materials 

Science and Chemistry, China University of Geosciences, Wuhan, China. 
EDS spectra and elemental mappings were obtained using a STEM sys
tem with an operating voltage of 200 kV.

4. Result

Polarizing light microscopy revealed a heterogeneous oxidation 
profile within the Mn carbonate ores, categorized into three distinct 
grades: mild, moderate, and severe alteration zones. In the mildly 
altered zone, the primary microstructures of Mn carbonate minerals 
remained notably intact. In the moderate alteration zone, the preser
vation of spherical and rod-shaped Mn carbonate grains was observed, 
while the interstitial spaces are filled with Mn oxides (Fig. 4A). In severe 
alteration zones, Mn carbonate minerals were completely replaced by 
Mn oxides and the formation of numerous dissolution holes ranged from 
1 to 3 μm (Fig. 4B).

XRD analysis identified rhodochrosite, pyrolusite, todorokite, and 
quartz as the primary constituents of the supergene Mn ores (Fig. 4C). 
Micro-Raman spectroscopy analysis revealed the prevalence of todor
okite in the severely oxidized regions (Fig. 4D). SEM revealed that 
spherical Mn carbonate and calcite cement were retained in the mildly 
oxidated area (Fig. 5A). Transitioning to regions of moderate oxidation, 
the calcite cement was replaced by Mn oxides, coinciding with the for
mation of a Mn oxide shell enveloping the spherical Mn carbonate 
(Fig. 5B-C). Residual Mn carbonate exhibited an array of eroded pits on 
its surfaces, predominantly irregular in shape and typically measuring 
less than 1 μm in diameter (Fig. 5D-F). Interstitially, micro-Mn oxide 
nodules, morphologically similar to modern oceanic ferromanganese 
nodules, were observed among the Mn carbonate grains, showing 
concentric layering (Fig. 5E-F). Within severely oxidized area, Mn car
bonates were fully replaced by micro-Mn oxide spherulites and nodules 
(Fig. 6A-B). Numerous spherical Mn oxide coatings were observed, 
enveloping the micro-Mn oxide grains. Interstices between the Mn oxide 
grains and coatings were evident, along with the proliferation of micro- 
Mn oxide nodules (Fig. 6C-D).

Cross-sectional observations revealed concentric layering in micro- 
Mn oxide nodules, which were devoid of a central core and had irreg
ular widths ranging down to several nanometers (Fig. 6E and F). The 
presence of network-like and fibrous structures interspersed between 
micro-Mn oxide nodules resembled fungal hyphae and biofilm 

Fig. 1. A. Geological map of the Malkansu Mn metallogenic belt, showing the location of the Malkantu Mn carbonate deposit. B. Simplified tectonic units of the West 
Kunlun orogenic belt. Modified after Zhang et al. (2020).

Fig. 2. Simplified geological map of the Malkantu manganese ore deposit. 
(modified from Dong et al., 2025).
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microstructures (Fig. 7A, D, and E). Moreover, the adhesion of numerous 
nano-spherulites with diameters ranging from 50 to 200 nm onto the 
surfaces of micro-Mn oxide and biofilm surfaces between nodules was 
observed (Fig. 7B). Some nano-spherulites exhibited elongated tail-like 
extensions akin to mucous substances adhering to their surfaces 
(Fig. 7F and G). The cumulative aggregation of these nano-spherulites 
resulted in the formation of thin concentric layers of Mn oxide 
(Fig. 7C). Furthermore, transmission electron microscopy analysis 
indicated that the nanospheres primarily comprised Mn, oxygen, and 
calcium (Fig. 7H–K). Thus, we speculated that these nano-spherulites 
predominantly consisted of todorokite.

5. Discussion

Since the Phanerozoic, the Western Kunlun Orogenic Belt has un
dergone three major tectonic events (Pan, 1990; Xiao and Wang, 1998). 
The first event occurred during the Middle to Late Early Paleozoic, when 
the subduction of the Proto-Tethys Ocean beneath the Kunlun Block led 
to the eventual closure of the ocean and the formation of the Kudi suture 
zone and the Western Kunlun Orogen. The second event occurred at the 
end of the Late Paleozoic and involved the northward subduction of the 

Paleo-Tethys Ocean beneath the Tarim Block. This process gave rise to a 
suite of intermediate-to-acidic island arc volcanic rocks in the foreland 
region of northern Western Kunlun, while a back-arc basin developed in 
the northern Malkansu region (Gao et al., 2018; Zhang et al., 2018). The 
Malkantu Mn carbonate deposit formed within this back-arc basin (Gao 
et al., 2018; Zhang et al., 2018). The third tectonic event began in the 
Late Cenozoic, during which the Western Kunlun region underwent 
rapid uplift, forming towering mountains that were subjected to intense 
weathering and erosion (Pan, 1990; Xiao and Wang, 1998). Previous 
studies have reported that large-scale tectonic uplift events are among 
the primary driving forces behind the development of extensive 
weathering crusts (Deng et al., 2016; Li et al., 2007). In the Malkantu Mn 
deposit, the Late Cenozoic uplift of the Western Kunlun region likely 
provided favorable conditions for the onset of supergene oxidation. This 
tectonic activity not only exhumed the Mn ore bodies from deep sub
surface levels to near-surface or surface settings but also generated 
abundant fractures within the ore zone due to enhanced tectonic stress, 
thereby increasing the permeability and facilitating fluid access and 
oxidative alteration. Although the precise timing of the Mn oxide for
mation remains unconstrained, the supergene oxidation process likely 
occurred after the Cenozoic uplift event. Further geochronological 

Fig. 3. A. Stratigraphic column of the sampling location: Carboniferous Kalaatehe Formation. B. Open Mn ore layers. C. Supergene Mn ores.
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constraints are required to validate this hypothesis.
The weathering of rocks encompasses a series of physical, chemical, 

and biological processes, with a notable emphasis on the vital contri
butions of organisms, particularly microorganisms, during the initial 
phases of rock weathering (Chen et al., 2022b). Microbial weathering of 
rock is a widely observed geological phenomenon on the Earth’s surface, 
indicating the growth, proliferation, and metabolic byproducts of mi
croorganisms that contribute to mineral dissolution, notably affecting 
mineral dissolution rates (Zhu and Li, 2004). The microorganisms 
capable of rock weathering primarily comprises bacteria, fungi, lichens, 
and algae. Carbonate minerals are abundantly distributed on Earth’s 
surface and display significant susceptibility to microbial weathering 
(Lian et al., 2006). Biological weathering of carbonate minerals is 
evident in two distinct forms. First, microbial control involves micro
organisms attaching to carbonate mineral surfaces, producing acidic 
substances that erode these minerals and forming dissolution holes with 
diameters ranging from 1 to 100 μm on these mineral surfaces (Fluegel, 
2004; Lian et al., 2006; Neumann et al., 2002). Microorganisms with 
dissolution capabilities including bacteria, fungi, mosses, lichens, small 
animals, and plants (Gray and Engel, 2013; Hose et al., 2000; Lian et al., 
2006). The nutrients in carbonate dissolution holes not only serve as 
energy sources for microbial metabolism but also significantly increase 
the available surface area for the chemical dissolution of carbonate 
(Gadd, 1999, 2007; Sterflinger, 2000; Viles, 1987). In addition, fungal 
hyphae can penetrate carbonate fissures, thereby accelerating dissolu
tion (Breitenbach et al., 2022; van Breemen et al., 2000). Another aspect 
is microbially induced weathering, which is primarily characterized by 

the release of organic acids (e.g., formic acid, acetic acid, and vinegar) 
and CO2 during microbial metabolism, effectively dissolving carbonate 
minerals (Smith and Ferry, 2000). Recent experimental studies have 
shown that Mn-oxidizers (bacteria and fungi) and their secretion of 
extracellular polymeric substances (EPS) facilitate the dissolution of 
solid rhodochrosite (Tang et al., 2013; Wang and Pan, 2014; Wang et al., 
2015). In our samples, a substantial number of eroded pits were detected 
on the surfaces of Mn carbonate grains within the moderately oxidized 
zone, exhibiting irregular shapes with an approximate diameter of 1 μm, 
consistent with the morphology of microbial cells (Fig. 4D–F). More
over, notable hole formations were observed in the Mn oxides within 
areas of severe oxidation, which are likely attributable to microbial 
dissolution processes (Fig. 4B). Given the weaker acid resistance of 
calcite than of Mn carbonate minerals, the initial calcite cement within 
the Mn carbonate preferentially undergoes dissolution. Microorganisms 
demonstrate a selective disruptive effect on minerals with varied crystal 
structures, showing an accelerated rate of mineral destruction in speci
mens with weaker weathering resistance to microorganisms (Lian, 1998; 
Lian et al., 2002, 2005). This phenomenon correlates with the presence 
of Mn oxides dispersed in a cement-like form among the Mn carbonate 
grains within the moderately oxidized zone. These findings indicate the 
active involvement of microorganisms in the weathering processes 
affecting Mn carbonate ores, thereby accelerating the weathering ki
netics. Thus, we hypothesized that the weathering processes of Mn 
carbonate ores, especially when exposed near the surface, are signifi
cantly influenced by climatic conditions and microbial weathering 
processes.

Fig. 4. . Polarizing microscope image (reflected light) of supergene Mn ore samples. A. Moderate oxidation area: Mn oxides is filling in pore of calcite cement. B. 
Severe oxidation area: Mn carbonate minerals fully replaced by Mn oxides, exhibiting numerous dissolution holes. C. XRD patterns of the supergene Mn ore. D. Micro- 
Raman patterns of the supergene Mn oxides in severe area. Q: Quartz; Rds: Rhodochrosite; Tod: Todorokite; Pyr: Pyrolusite.

L.-N. Zhao et al.                                                                                                                                                                                                                                Ore Geology Reviews 186 (2025) 106855 

5 
693



Microorganisms are ubiquitous in marine and terrestrial environ
ments, including aphotic deep-sea environments (Bargar et al., 2009; 
Hansel, 2017; Lingappa et al., 2021; Tebo et al., 2005). Most of these 
microbes lack conducive conditions for fossilization, with only specific 
metabolic byproducts of certain bacteria preserved under particular 
environmental conditions, leading to the formation of microbial fossils 
(Nayak et al., 2013; Nealson and Tebo, 1980). Notably, iron-manganese 
oxidizers possess unique capability for preservation (Nealson and Tebo, 
1980). Consequently, well-preserved bacterial microfossils found in Mn 
oxide sediments serve as crucial evidence of their biological origins 
(Jiang et al., 2017, 2019; Reykhard and Shulga, 2019; Rossi et al., 2010; 
Wang and Müller, 2009; Wang et al., 2009, 2011). However, the pres
ence of microfossils does not necessarily imply direct microbial 
involvement in Mn oxidation processes (Bian et al., 1997; Huang et al., 
2022; Rossi et al., 2010). Bian et al. (1997) classified the microfossil 
structures within Fe-Mn nodules into three microorganism categories: 
exogenous, parasitic, and constructive. Among these, only constructive 
microorganisms actively participate in Mn oxidation, whereas the 

former two play minimal roles (Jiang et al., 2019). Common examples of 
exogenous microorganisms in such environments include radiolarians 
and foraminifera (Nayak et al., 2013; Templeton et al., 2009). Previous 
studies have identified two types of constructive microorganisms, 
clumpy and filamentous, both belonging to primitive algal families in 
the East Pacific ferromanganese nodule area (Hu et al., 2000). Rossi 
et al. (2010) discovered abundant and well-preserved microbial fossils 
in ferromanganese crusts of cave environments. Our observations 
revealed the significant presence of enveloped spherical structures in the 
areas of severe oxidation in our samples (Fig. 6A and B), resembling the 
Fe-Mn-encrusted microfossils described by Levett et al. (2020) and Baele 
et al. (2008), whose mineralogical preservation offers strong support for 
a microbial origin. However, the lack of biogeochemical data for these 
structures presents a challenge for accurately assessing their reliability 
as microfossils. Despite these challenges, our findings on Mn oxide 
nodules highlighted a large number of biological structures, including 
fibrous materials that similar to fungal hyphae and mesh-like biofilms 
(Fig. 7D–G). These biological structures offer compelling evidence 

Fig. 5. Scanning electron microscope (SEM) images of moderate oxidation area in supergene Mn ores under BSE-SE2. A. Primary spherulitic Mn carbonate. B-C. 
Calcite cement is replaced by Mn oxides and Mn oxide shell enveloping spherical Mn carbonate. D-E. A large of eroded pit occurs in the surface Mn carbonate. F. 
Manganese oxide nodules are distributed among Mn carbonate grains. Rds: Rhodochrosite; Ca-Rds: Calcium-bearing rhodochrosite.
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supporting the microbial origin of Mn oxides.
The interpretation of nano-todorokite spherulites as ultra microfos

sils presents a plausible hypothesis (Nayak et al., 2013; Perri et al., 
2018) (Fig. 7B). However, their heterogeneous sizes challenge this view, 
given the minor variations in the size of ultra microbial cell (Perri et al., 
2018). Nano-todorokite spherulites typically adhere to the surfaces of 
biofilms, fibrous substrates, and Mn nodules, suggesting their potential 
role as initial byproducts of microbial Mn oxidation (Feng et al., 2010). 
Experimental evidence also supports the biological origin of nano- 
todorokite spherulites (Feng et al., 2010). Analysis of Mn nodule 
cross-sections revealed their coreless nature, contrasting sharply with 
modern oceanic ferromanganese nodules characterized by biogenic sil
ica and calcite cores. Previous studies have postulated that biogenic 
silica and calcite debris act as nucleation sites, facilitating the precipi
tation of Mn oxide (Nayak et al., 2013; Wang et al., 2009, 2011). Our 
observations showed that the concentric layers of Mn oxide nodules 
were composed of nano-spherulites layers (Fig. 7C), indicating a 
possible primary nucleation role of these initially biogenic nano- 

todorokite spherulites. Microbial Mn oxidizers facilitate the oxidation 
of Mn2+ in the environment, resulting in the formation of nano- 
todorokite spherulites. These spherulites proliferate on biofilms or 
fibrous fungal hyphae, gradually aggregating to form larger spherulites 
that act as nucleation sites, attracting smaller spherulites and ultimately 
culminating in Mn oxide nodules with concentric layer arrangements. 
The presence of trailing mucilage around nano todorokite spherulites 
suggests inherent aggregation capabilities. In summary, our findings 
support the microbial oxidation origin of Mn oxide nodules.

Notably numerous spherulitic Mn carbonates were enveloped by Mn 
oxide coatings within the intermediate oxidation zone (Fig. 5B). The 
absence of eroded pits on the surfaces of Mn carbonate bearing Mn oxide 
coatings implied a potential passivation effect, impeding further disso
lution and oxidation of Mn carbonate. The absence of corrosive eroded 
pits on the Mn carbonate grains encased in the Mn oxide coatings 
implied a potential passivation effect that impeded further oxidation. 
This phenomenon may be attributed to early-formed Mn oxide shells 
acting as physical barriers, microenvironmental variations in redox 

Fig. 6. Scanning electron microscope (SEM) images of severe oxidation area in supergene Mn ores under BSE-SE2. A-B. Spherical Mn oxide shells are enveloping 
micro-Mn oxide grains within. C. Micro-Mn oxide nodules. D. Reticular Mn oxides. E. Concentric layers of micro-Mn oxide nodules are similar with oceanic Fe-Mn 
nodules. F. Ultrathin concentric layers of micro-Mn oxide nodules.
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conditions that suppressed microbial oxidation, or restricted diffusion of 
oxidants through compact Mn oxide rims. However, the origin and 
effectiveness of such passivating rims remain speculative and require 
further experimental investigation. Broadly, microorganisms assume a 
pivotal role in driving the supergene weathering oxidation of near- 
surface Mn carbonate deposits. Our study revealed that microorgan
isms not only facilitate the dissolution of Mn carbonate but also cata
lyzed the in-situ oxidation of released Mn2+ in near-surface 
environments, thereby substantially enhancing the efficiency of super
gene weathering oxidation processes. While previous studies have 
underscored the importance of warm and humid climates as pre
requisites for supergene weathering and oxidation (Deng and Li, 2013; 
Deng et al., 2016; Li et al., 2007), recent findings have highlighted the 
persistence of abundant microorganisms capable of oxidizing Mn even 
in cold and arid settings (Dietzel et al., 2008; Whitley et al., 2017). 
Despite minimal rainfall, intense solar radiation, and absence of vege
tation, microbial communities appear to mediate significant mineral
ogical alterations (Lingappa et al., 2021). In our study, although the 
observed features of microbial mediation were compelling, the relative 
contribution of biotic versus abiotic processes to overall oxidation 
remained difficult to determine. While the presence of tubular borings, 
biofilm-like structures, and nano-spherulite aggregates strongly suggests 
that microbial activity was a major mechanism, abiotic oxidation, such 
as O2 diffusion, UV-induced redox reactions, or fluid-mediated weath
ering, may have also played a secondary role. Therefore, we tentatively 
propose that microbial oxidation holds significant potential in cold, arid, 
and high-altitude environments. However, the contribution of abiotic 
oxidation cannot be completely excluded. The Malkantu Mn deposit 
provides a compelling example of microbial resilience and mineralogical 

alterations in high-altitude, arid, and cold environments. These findings 
highlight the potential for biologically driven weathering and ore 
enrichment, even under seemingly inhospitable surface conditions.

6. Conclusion

This study revealed that microbial processes play a fundamental role 
in the supergene weathering and oxidation of Mn carbonate ores in the 
Malkantu Mn deposit in the West Kunlun region of Northwest China. 
Microscopic evidence, including the presence of micro-borings, biofilm- 
like structures, fungal hyphae analogs, and nanosphere aggregations, 
indicated active microbial involvement in both the dissolution of Mn 
carbonate and the precipitation of secondary Mn oxides. The observed 
paragenetic sequence, from partial carbonate dissolution to the forma
tion of nanocrystalline todorokite and concentric Mn oxide nodules, 
supports a biologically mediated transformation pathway. These find
ings may challenge the conventional view that supergene Mn oxide 
formation is primarily climate-driven and emphasize the great potential 
of microorganisms in catalyzing and structuring oxidation processes 
near the surface. This study provides novel insights into the genesis of 
secondary Mn deposits and offers a biological perspective on arid and 
cold settings.
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Fig. 7. Scanning electron microscope (SEM) and Transmission Electron Microscopy (TEM) images of severe oxidation area in supergene Mn ores under SE2 and 
HAADF. A. Micro-Mn oxide nodules. B. Numerous nanospheres with diameters ranging from 50 to 200 nm are attached to the surfaces of micro-Mn oxide nodules. C. 
Aggregation of abundant nanospheres generate thin concentric layers of micro-Mn oxide nodules. D-E. Network-like and fibrous materials interspersed between 
micro-Mn oxide nodules evokes resemblance to fungal hyphae and biofilm structures. F-G. Nanospheres exhibit elongated tail-like extensions. H-K. Elemental 
composition of nanospheres under the HAADF.
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Seasonal Variations in Coral Lipids and Their Significance
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Abstract The degradation of coral reef ecosystems caused by coral bleaching has been increasing in recent
years. Coral bleaching implies a decrease in the symbiodinianceae, such as endosymbiotic zooxanthellae, which
in turn affects the energy supplied to coral hosts. However, as an alternative energy source, the energy supply
mechanism of lipids during seasonal changes in zooxanthellae density (ZD) was not well explored and
validated. In this study, 66 coral samples of Acropora millepora and Pocillopora damicornis were collected in
March, June and October 2020 in Xisha Islands in the South China Sea. The response of lipids to the seasonal
variations of ZD and photosynthetic rate was explored by combining physiological parameters (ZD) with
geochemical indicators (δ13C of zooxanthellae δ13Cz, host tissues δ

13Ch and total lipids δ13CTL). The ZD and
δ13Cz of Acropora millepora and Pocillopora damicornis (ZD: 28.7% and 28.8%; δ13Cz: 0.47 and 0.57‰
respectively) decreased in summer compared to that in spring indicate a decrease in photosynthetic rate of
zooxanthellae. Correspondingly, δ13Ch decreased by 0.50 and 0.61‰, lipid content decreased by 60.82% and
53.56%, δ13CTL decreased by 2.1 and 2.07‰ respectively. This means that corals can maintain stable energy
supply by increasing heterotrophic predation and consuming more lipid when autotrophic photosynthesis
decreases in summer. We emphasize that the level of lipid reserves may be an important factor affecting the
resistance to environmental stress. Coral species with higher lipid reserves could have a selective advantage and
higher resistance to bleaching.

Plain Language Summary In recent years, global warming is causing coral bleaching to worsen.
Coral bleaching means a decrease in the symbiodinianceae, such as endosymbiotic zooxanthellae. This is
usually accompanied by a reduction in the photosynthetic intensity. Meanwhile, coral's energy obtained through
photosynthesis will also decrease. Coral lipids contain components such as triglycerides and wax esters, and are
potential alternative energy sources. However, the mechanism of lipid energy supplementation during
symbiodinianceae reduction is not well understood. There were few studies on the seasonal changes of coral
lipid contents and its mechanism for energy supply. Based on the δ13C labeling technology, we explored the
coupling between lipids consumption, autotrophic photosynthesis and heterotrophic predation. The results show
that endosymbiotic zooxanthellae and the photosynthesis intensity decreased in summer. Correspondingly, the
content and δ13C of lipids decreased significantly. This means that storage lipids containing heavier carbon
isotopes were consumed. Corals can maintain the stability of energy supply by consuming stored lipids when
photosynthesis decreases. This energy maintenance mechanism has been rarely mentioned in previous research,
which is important for improving coral's adaptability to the environmental stresses as well as resistance to
bleaching.

1. Introduction
In recent years, the intensification of global warming and extreme climate have led to an increase in the frequency
and severity of coral bleaching (Chen et al., 2019; Ferrier‐Pagès et al., 2018; Jones et al., 2021; Sommer
et al., 2024). For example, Fine et al. (2019) found that the increasingly warm and acidic marine environment
caused some corals to bleach and die. And the number of coral species declined by 26% from 2015 to 2019 in the
Great Barrier Reef of Australia. Xu et al. (2023) reported that coral bleaching and mortality rates in the northern
South China Sea (SCS) have reached 84.78% and 10.68% respectively in recent years due to marine heat waves.
Zooxanthellae is one kind of important endosymbiotic symbiodinaceae of coral. Coral bleaching means a
decrease in endosymbiotic zooxanthellae density (ZD) and/or chlorophyll content (Chapron et al., 2022; Grottoli
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et al., 2004; Suggett & Smith, 2020). From the perspective of energy supply, a decrease in ZD and/or chlorophyll
content is usually accompanied by a decrease in the photosynthetic rate of the zooxanthellae which leads to a
reduction in the amount of energy provided by photosynthesis to the coral host (Grottoli et al., 2006; Hughes
et al., 2010; Lyndby et al., 2020). In this situation, corals need more energy to fill the energy gap. Almost all
scleractinian corals are mixotrophic organisms, they can rely on both photosynthates translocated from their
zooxanthellae and heterotrophic predation of the host (Houlbrèque & Ferrier‐Pagès, 2009). It has been shown that
corals can increase the intensity of host heterotrophic predation to maintain the balance of energy supply when
autotrophic photosynthesis of the zooxanthellae decreases (Grottoli et al., 2006).

Coral lipids include structural lipids and storage lipids, therein sterols and phospholipids are important structural
lipids which form the structural basis of coral cell membranes and zooxanthellae; triglycerides and wax esters are
the main lipids for energy storage (Crandall et al., 2016; Imbs et al., 2010; Teece et al., 2011; Yamashiro
et al., 1999). Each gram of lipid could produce 39.5 kj of energy and has a high energy value (Anthony
et al., 2002; Palardy et al., 2008; Schoepf et al., 2015). Usually, a small portion of the substances synthesized by
zooxanthellae through photosynthesis is used for their own growing and meeting their metabolic energy
requirement; the remaining majority substances are transferred to the host in the form of organic compounds such
as glucose and glycerol (Crossland et al., 1980; Patton & Burris, 1983; Yamashiro et al., 1999). Although the
processes of lipid synthesis and storage are clear now, seasonal changes in lipid catabolism and their energy
supply mechanism was still less studied. Yamashiro et al. (2005) found that there was a decrease in lipid content
when coral reefs experienced bleaching in Okinawa, Japan. Schoepf et al. (2015) through a culture experiment
found that O. faveolate corals had a 30% decrease in lipid content when they were exposed to high temperatures
for 2.5 weeks. These studies investigated the changes in lipid content and other physiological parameters during
bleaching and high‐temperature stress. However, there are currently few studies conducted on the coupling
analysis of the different energy supply patterns of coral in the context of seasonal variations in temperature and
physiological parameters. This limits us to accurately understand the energy maintenance mechanism of corals
under thermal stress. Especially considering the background of future climate scenarios characterized by more
frequent thermal stress events, relatively higher surface seawater temperature (SST) in summer will be more
likely to cause bleaching events.

Accurately obtaining information on changes in the rate of photosynthesis and intensity of heterotrophic predation
is a prerequisite for further exploring the mechanism of lipid energy supply. Stable carbon isotope of different
organic components of coral symbiotic tissues (i.e., δ13C of zooxanthellae δ13Cz; δ

13C of hosts δ13Ch; δ
13C of

total lipids δ13CTL) have been proven to indicate changes in coral nutrition and the consumption process of lipids
effectively (Alamaru et al., 2009; Ferrier‐Pagès & Leal, 2019; Maier et al., 2010; Xu et al., 2021). During the
process of photosynthesis, endosymbionts tend to absorb more CO2 containing lighter

12C which leads to carbon
isotope fractionation and lower δ13Cz values. When photosynthesis is enhanced, the demand for carbon increases
and a heavier 13C is absorbed. Generally, the stronger the photosynthesis of zooxanthellae, the weaker the
fractionation effect and the more positive δ13Cz. On the contrary, when photosynthesis decreases, the fraction-
ation effect increases, resulting in a decrease in δ13Cz (Muscatine et al., 1989; Nahon et al., 2013; Rodrigues &
Grottoli, 2006; Swart et al., 2005). With the increase in heterotrophic predation intensity of coral hosts, δ13Ch will
decrease due to the food source being usually poor in 13C. This resulted in an increase in the difference between
δ13Ch and δ

13Cz (i.e., ∆h‐z 13C). Based on this, we can further verify the changes in coral heterotrophic predation
intensity through δ13Ch and ∆h‐z 13C values variations. Generally, the lower heterotrophic predation intensity of
corals is often accompanied by an increase in δ13Ch and ∆h‐z 13C; the stronger heterotrophy characterized by
relatively lower δ13Ch and ∆h‐z 13C values (Muscatine et al., 1989; Reynaud et al., 2002; Xu et al., 2021). The
δ13CTL values are related to the consumption process. Because there are differences in δ13C values between
structural lipids and storage lipids, specifically storage lipids are relatively rich in 13C. Generally, the δ13CTL

value of the remaining total lipids decreases with the depletion of stored lipids during coral metabolism (Grottoli
& Rodrigues, 2011; Rodrigues et al., 2008; Yamashiro et al., 2005). In this study we will explore seasonal
variations in autotrophic photosynthesis, heterotrophic predation, and lipid consumption through measuring
physiological parameters and stable carbon isotopes of different organic components of coral symbiotic tissues.
And then, explore their significance for energy maintenance and environmental adaptability of corals.

The Xisha Islands are located in the central part of the SCS, about 330 km from the mainland (Figure 1). Being far
away from the densely populated mainland, coral reefs in Xisha are less affected by human activities, but more
affected by natural environmental stress. For example, ZD decreases significantly under the influence of higher
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SST in summer (Qin, Yu, Chen, et al., 2019; Xu et al., 2021). Therefore, the Xisha Islands is an ideal site to
explore the mechanism of energy replenishment of coral lipids under natural conditions when ZD decreases.
Previous studies have shown that corals with different lipid contents have different survival advantages and
coverage in this study area. Specifically, massive corals with higher lipid contents have more survival advantages
compared to branching corals with lower lipid contents. The dominant position of massive corals was increasingly
accompanied by a decrease in the coverage of branching corals in Xisha Islands in the SCS (Liao, 2021; Xu
et al., 2022). However, it is unclear whether the level of lipid content can affect the environmental adaptability of
corals through the stability of energy supply. We collected 66 samples of Acropora millepora (A. millepora
n = 33) and Pocillopora damicornis (P. damicornis n = 33) corals in 2020 from the Xisha Islands. Physiological
parameters, including ZD and lipid contents, were measured. Geochemical parameters, including δ13Cz, δ

13Ch,
and δ13CTL were measured and analyzed. As far as we know, this is the first study to examine δ13C values of
different organic components of coral symbiotic tissues in different seasons. This can enable us to further explore
the energy supply mechanism of corals, especially during the summer when relatively higher SST lead to a
decrease in ZD. We analyzed the seasonal changes in ZD and the photosynthetic rate of endosymbionts, and then
we investigated the response of coral lipids to the changes in the ZD and the photosynthetic rate. This study has
improved our understanding of the significance and energy maintenance mechanism of coral lipids, as well as
providing insights about the effects of coral lipids on their environmental resilience.

The outline of the paper is as follows: Section 2 points out the sampling area, explains the experimental process
and data analysis methods. Section 3 presents the data results and discussions. Section 4 gives conclusions,
respectively.

2. Materials and Methods
2.1. Study Sites and Sample Collection

The study area Xisha Islands and the specific sampling area are shown in Figure 1. The prevailing tropical oceanic
monsoon climate in the Xisha Islands leads to the obvious dry and wet seasons, as well as the ultra‐high annual
sunshine duration and abundant solar and thermal resources in this region (Zhang et al., 2014). In addition, the
transparency of the seawater in the Xisha Islands is relatively high, about 15–30 m (Xu et al., 2021). These
environmental conditions are very favorable for corals to photosynthesize, so coral reefs in this area have been
well‐developed and flourishing for hundreds of millions of years, with high ecological value (Zhang et al., 2014).
The photosynthetically active radiation (PAR) and SST data are products of the MODIS (Moderate‐Resolution
Imaging Spectroradiometer) of the Terra satellite. These data were downloaded from the National Aeronautics

Figure 1. Study area (red box, on the left) and sampling location (red five‐pointed star, on the right) of the Xisha Islands.

Journal of Geophysical Research: Oceans 10.1029/2024JC021890

XU ET AL. 3 of 13701



and Space Administration (NASA: https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level‐3%20Mapped/
Terra‐MODIS/). The time range is from 1 January 2020 to 31 December 2020. The spatial range is from 111°E to
113°E and 15°N to 17°N, the spatial resolution is 4 km.

Coral samples were collected in March, June, and October 2020. In the Xisha Islands in the SCS, March cor-
responds to spring, June corresponds to summer, and October corresponds to autumn respectively. All these coral
samples were randomly collected in sea areas where corals grow naturally in a healthy state. It was not a
designated sampling area, nor was an artificially repaired sea area. However, it should be emphasized that all
samples were collected at depths of approximately 2–4 m to prevent differences in coral physiological parameters
caused by water depth. The surface area of each sample was approximately 50 cm2. Then place in a ziplock bag
and immediately freeze at − 20°C to bring back to the laboratory.

2.2. Physiological Parameters Analysis

2.2.1. Surface Area of Coral Skeleton

Coral samples were rinsed in closed containers with a Waterpik washer (filtered through a 0.4 μm filter) to
separate the coral skeleton and symbiotic tissues. AWaterpik scaler filled with seawater (filtered through a 0.4 μm
membrane) was employed to rinse the corals to detach the coral skeleton from the symbiotic tissue, which formed
a mixture with seawater (X). The mixture was poured into a measuring cylinder and the container was rinsed twice
and combined and poured into the measuring cylinder, noting the total initial volume (V). The coral skeletons
were placed in an oven at a temperature setting of 35°C, dried and then stored in PE plastic ziplock bags pending
determination of their surface area. The surface of the coral skeleton was covered with aluminum foil and pressed,
the foil was cut to cover the surface of the skeleton and weighed. A square of aluminum foil with 10 cm sides was
cut and weighed, and the weight of the foil per square centimeter was calculated. Finally, the surface area of the
skeleton (V1) was determined by calculating the ratio of the weight of the foil covering the surface of the skeleton
to the weight of the foil per square centimeter (Marsh, 1970; Xu et al., 2017).

2.2.2. ZD

The mixture of tissue and seawater (X) was centrifuged in 4 portions of 2 ml each in a table‐top high‐speed freezer
centrifuge (Sigma‐3K15) at 4,000 r·min− 1 for 3 min. Then slowly removed the supernatant of the centrifuged
solution. The remaining endosymbionts were added to 1 ml of 5% formaldehyde solution, fixed for 4 hr, and
stored at 0°C. The preserved endosymbionts solution was mixed thoroughly, and the number of endosymbionts
was counted under a microscope (Oakbass‐BX53) using a hematocrit plate (covered with a thin slice), and the
average value was taken 8 times, which was then converted to the number of endosymbionts in the total volume of
the solution. Finally, the ZD was calculated based on the ratio of the number of endosymbionts contained in the
initial total volume of solution to the surface area of the coral skeleton (V1) (Fagoonee et al., 1999; Li et al., 2008).

2.2.3. Lipid Content

Samples were soaked in 10% aqueous formaldehyde solution for 24 hr. The samples were then rinsed with fresh
water and dried at 35°C. Subsequently dried in a vial of chloroform‐methanol mixture (chloroform: meth-
anol= 2:1) to extract the lipids (Grottoli & Rodrigues, 2011). The extract was poured through a coarse paper filter
into a pre‐weighed aluminum tray after 24 hr. The coral sample and the filter were rinsed with 5 ml of freshly
prepared chloroform‐methanol solution, followed by evaporation of the solvent from the aluminum tray in a
thermostatic blower oven at a regulated temperature (55°C), and the remaining material in the tray was the lipid
(Stimson, 1987). The aluminum discs and residues were weighed and the mass of the discs was subtracted to
obtain the mass of lipids from each coral (noted as M, accurate to 0.001 g). The weighed coral lipids were
collected separately into 3 ml centrifuge tubes for subsequent determination of lipid carbon isotopes. Once lipid
extraction, the remaining coral samples in the bottles were removed and dried. The coral surface was wrapped
with aluminum foil and the coral skeletal surface area (V) was calculated based on the relationship between the
weight and area of the foil. Finally, the ratio of lipid mass to coral skeletal surface area was calculated to obtain the
lipid content of each coral sample. That is, lipid content (unit: mg/cm2) = lipid mass (M)/coral skeletal surface
area (V).
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2.3. Stable Carbon Isotope Analysis

2.3.1. Separation of Endosymbionts and Host Tissue

The remaining mixture (X) after the determination of ZD was mixed thoroughly and poured into separate 50 ml
centrifuge tubes and centrifuged at 4,000 r·min− 1 for 5 min. The supernatant of the centrifuged samples (con-
taining host tissues) was poured into clean centrifuge tubes slowly, and the separation was repeated until the
endosymbionts were not visible in the solution with a microscope (Okbas‐BX53). The solution was then poured
into a filter fitted with a Whatman GF/F membrane (47 mm diameter, 0.7 μm pore size) and filter membranes
enriched for coral hosts were placed in an oven at 35°C for 24 hr. After drying, the coral tissues were scraped off
the membranes and collected in 3 ml centrifuge tubes for subsequent determination of the carbon isotopes of the
coral hosts. The remaining lower layer of liquid in the 50 ml centrifuge tube (containing the endosymbionts) was
supplemented with 0.5 ml of a hydrochloric acid solution at a concentration of 1 mol/L to remove carbonate
material from the sample. Rinse the sample with distilled water, centrifuge and purify twice. And then placed in an
oven at 35°C for 24 hr. After drying, the sample was collected and used for the determination of the carbon
isotopes of endosymbionts (Papina et al., 2003; Seemann, 2013).

2.3.2. Determination of Stable Carbon Isotope

Samples of endosymbionts, host tissues, and lipids that had been processed for isotope measurements were sent to
the Analytical Testing Center of the Third Institute of Oceanography, Ministry of Natural Resources. They were
tested for δ13C by Elemental Analysis‐Stable Isotope Ratio Mass Spectrometry (EA‐IRMS) using Sercon Integra
2, respectively. For the test, three blanks were set up in front of the samples, and two standards were inserted for
every 12 samples (the standard sample was acetanilide, with δ13C= − 26.85‰). Each sample was measured twice
and the average value was taken. δ13CTOC values were determined relative to the PDB (Pee Dee Belemnite) with
an analytical precision of ±0.2‰.

2.4. Statistical Analysis

The software used to analyze the data in this study was SPSS 25.0. One‐way ANOVA tests were used to analyze
whether the coral physiological parameters and carbon isotope ratios were significantly different in different
seasons. Pearson's correlation analyses were used to analyze the correlation between the coral physiological
parameters and the carbon isotope ratios. Independent‐Sample t‐tests were used to analyze whether there were
significant differences between the two species of corals. Pearson's correlation analysis was used to analyze the
correlation between coral physiological parameters and carbon isotope ratios. The statistical significance level
was set at 0.05, that is, p < 0.05 is considered to be a significant correlation or significant difference. All results
are expressed as mean ± 1 standard deviation (mean ± 1SD).

3. Results and Discussion
3.1. Seasonal Changes in ZD Lead to Changes in Photosynthetic Rate

3.1.1. Seasonal Changes in ZD

Corals have different thermal tolerances based on their genetics and the water depth, latitude, etc where they
grow. Previous research work conducted in the study area have shown that the upper limit of SST suitable for
branching corals is around 30°C (e.g., Qin, Yu, Wang, et al., 2019; Xu et al., 2022). When the SST exceeds this
limit corals are induced to produce more destructive Reactive Oxygen Species, a substance that can lead to the
destruction and loss of the coral endosymbionts (Bhagooli & Hidaka, 2004; Gustafsson et al., 2014; Venn
et al., 2008; Yentsch et al., 2002). Many studies have shown that high SST can lead to the decrease in ZD. For
example, Glynn and D'Croz (1990) found that ZD remained high when P. damicornis corals were at normal
temperatures (26–28°C), but decreased to 68% of its original level when the corals were at temperatures of 30–
32°C in an indoor experiment. Harithsa et al. (2005) conducted a field study of coral bleaching in the Laksha
Islands in the Arabian Sea and found that the ZD of branching A. formosa corals decreased by 80% after
experiencing abnormally high temperatures (30–32°C) for up to a month.

In this study SST showed significant seasonal variations in the Xisha Islands. Especially the average SST 30.27°C
in June (Figure 2), which was close to or even exceeded the upper limit of the suitable growth temperature in the
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study area (Qin, Yu, Chen, et al., 2019). Meanwhile, the ZD of the two coral species also showed significant
seasonal differences. Specifically, the ZD of the A. millepora and P. damicornis corals decreased by 28.7% and
28.8% in June than that in March, and then increased by 59.1% and 36.2% in October than that in June,
respectively (as shown in Table 1, Figure 3a). We conclude that ZD decreased due to high SST in summer and
then recovered in autumn as SST decreased to the range suitable for coral survival.

3.1.2. Seasonal Changes in Photosynthetic Rate

The influencing factors of δ13Cz mainly include two categories: δ13C of seawater DIC and isotope fractionation
effect related to photosynthesis. Therein, seawater DIC are related to the suess effect, river runoff and so on
(Dassié et al., 2013; Deng et al., 2013); isotope fractionation effect during photosynthesis are related to the ZD,
light intensity, water depth, water turbidity and so on (Alamaru et al., 2009; Browne et al., 2014). Among them,
lighting is considered to be an important influencing factor of the photosynthetic intensity of zooxanthellae. It has
been found that within a certain threshold range, the stronger the light, the higher the photosynthetic intensity of
zooxanthellae and its δ13Cz value. On the contrary, the lower the light, the lower the photosynthetic intensity of
zooxanthellae and its δ13Cz value (Ferrier‐Pagès et al., 2018). In this study, the average PAR were 47.70
Em− 2 d− 1 in March (Spring), 56.97 Em− 2 d− 1 in June (Summer) and 31.48 Em− 2 d− 1 in October (Autumn)
(Figure 2). The average PAR in June was about 19% higher than that in March (Spring) and 81% higher than that
in October. Theoretically, δ13Cz value in June should be higher than that in March and October if lighting
conditions were the main factor influencing the seasonal variation of photosynthetic intensity of zooxanthellae.
However, on the contrary, the δ13Cz values in June were lower than those in March and October (Figure 4a). We
consider that the effect of the reduced ZD on the photosynthetic intensity in June (summer) was greater than the

Figure 2. Monthly average surface seawater temperature and photosynthetically active radiation of Xisha islands in 2020.

Table 1
The Results of Physiological Parameters

Species Sampling month ZD (106cells/cm2) Lipid content (mg/cm2)

A. millepora March 2.09 ± 0.56 3.42 ± 0.28

June 1.49 ± 0.53 1.34 ± 0.20

October 2.37 ± 0.75 1.77 ± 0.55

P. damicornis March 1.98 ± 0.28 3.51 ± 0.39

June 1.41 ± 0.42 1.63 ± 0.27

October 1.92 ± 0.35 2.55 ± 0.34

Note. The mean values (mean± 1SD) of physiological parameters (ZD and total lipid content) of Acropora and P. damicornis
corals in March, June, and October.
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effect of elevated PAR. In other words, the magnitude of the increase in photosynthetic intensity and δ13Cz due to
the increase of PAR in June were offset by the impact of reduced ZD.

Nevertheless, we do not deny the potential influence of other factors on δ13Cz, what we want emphasize is that the
changes in ZD was an important factor affecting δ13Cz in this study. Coral derive their photosynthetic activity
from the endosymbionts, whose chloroplasts contain chlorophyll and other accessory pigments indispensable for
participation in photochemical reactions (Hoegh‐Guldberg, 1999). The ZD can directly affect photosynthetic rate
of endosymbionts. Generally, the higher the ZD, the higher the photosynthetic rate (Marubini & Davies, 1996;

Figure 3. Seasonal differences in zooxanthellae density and lipid content of two coral species. (a) ZD; (b) Lipid content. The
a, b and c indicate significant seasonal differences in physiological parameter of two genera of corals.

Figure 4. Carbon isotope ratios of two genera of corals in spring, summer and autumn. (a) δ13Cz; (b) δ
13Ch; (c) ∆h‐z 13C;

(d) δ13CTL. The error bars represent a standard error, and the letters a and b indicate statistical seasonal differences in coral
carbon isotope ratios.

Journal of Geophysical Research: Oceans 10.1029/2024JC021890

XU ET AL. 7 of 13705



Porter et al., 1989; Wooldridge, 2014). As shown in Figure 5, the ZD and 13Cz

of both species of corals showed a significant positive correlation (Acropora:
r = 0.70, p < 0.01; P. damicornis: r = 0.51, p < 0.05). This indicates that the
δ13Cz values of both species of corals were affected by ZD, that is, the higher
the ZD, the stronger their autotrophic photosynthesis and the higher δ13Cz

values. In addition, average δ13Cz was relatively higher in spring and autumn
but lower in summer, which was consistent with the seasonal variation
characteristics of ZD (Figures 3a and 4a). The consistent seasonal variations
of characteristics ZD and δ13Cz values imply that the variation of ZD leads to
the variation of its photosynthetic rate as well as δ13Cz. The lower photo-
synthetic rate of corals in summer was mainly caused by the relatively lower
ZD compared to that in spring and autumn.

3.2. Seasonal Changes in Heterotrophic Predation Intensity of Corals

Almost all scleractinian corals are mixotrophic organisms. They can obtain
energy through both photosynthesis of endosymbionts and heterotrophic
predation of the host (Alamaru et al., 2009; Conti‐Jerpe et al., 2021; Grottoli
et al., 2006; Oku et al., 2003). Normally photosynthetic nutrients from en-
dosymbionts can provide most or even 100% of the daily metabolic energy
requirements of corals (Davies, 1991; Muscatine & Cernichiari, 1969). When
ZD decreases due to extreme environmental conditions, corals must rely on
alternative sources of fixed carbon to meet their energy demand. Therefore,

heterotrophic predation is an important alternative source. Some scholars have reported that corals can signifi-
cantly increase their heterotrophic predation to maintain the stability of their energy supply during the decrease in
ZD or even during bleaching (e.g., Grottoli et al., 2006; Hughes & Grottoli, 2013; Rodrigues & Grottoli, 2006). In
addition, Alamaru et al. (2009) found that the heterotrophic predation intensity of corals significantly increased
due to the decrease in autotrophic photosynthetic rate along a 60 m water depth gradient in the Red Sea. In this
study, we speculate that corals rely more on heterotrophic predation to obtain energy in summer due to the
decrease in ZD and autotrophic photosynthetic rate. This speculation can be proven by the decrease in δ13Ch and
∆h‐z 13C values.

Due to the isotopic fractionation effect that accompanies carbon exchange between host and endosymbionts, the
δ13Ch values are slightly lower than δ13Cz values (Muscatine et al., 1989; Maier et al., 2010). However, as
heterotrophic predation enhanced, δ13Ch became closer to the more 13C‐deficient food sources, resulting in lower
δ13Ch values and a more negative ∆h‐z 13C (Nahon et al., 2013). In our study, the two coral species exhibited
decreases in δ13Ch and ∆h‐z 13C in summer, although this was not statistically significant (Table 2, Figure 4). The
δ13Ch of A. millepora and P. damicornis corals decreased by 0.50 and 0.61‰, respectively compared to spring.
Meanwhile, the ∆h‐z 13C values decreased by 0.03 and 0.04‰ compared to spring, respectively. This implied that
the heterotrophic predation intensity of coral hosts of the two species increased during the summer when
photosynthetic rate of the endosymbionts decreased, although there was no statistically significant difference.

Figure 5. Relationship between zooxanthellae density and δ13Cz of two coral
species. In Pearson's correlation analysis, p < 0.05 was considered
significant.

Table 2
The Results of Geochemical Analysis

Species Sampling month δ13Cz (V‐PDB; ‰) δ13Ch (V‐PDB; ‰) ∆h‐z 13C (V‐PDB; ‰) δ13CTL (V‐PDB; ‰)

A. millepora March − 13.42 ± 0.56 − 14.06 ± 0.37 − 0.64 ± 0.89 − 16.64 ± 0.61

June − 13.89 ± 0.52 − 14.56 ± 0.93 − 0.67 ± 1.15 − 18.74 ± 0.47

October − 13.47 ± 0.33 − 14.10 ± 0.25 − 0.63 ± 0.35 − 16.84 ± 0.48

P. damicornis March − 13.24 ± 0.50 − 13.97 ± 0.53 − 0.73 ± 0.65 − 16.55 ± 0.21

June − 13.81 ± 0.38 − 14.58 ± 0.74 − 0.77 ± 0.67 − 18.62 ± 0.45

October − 13.41 ± 0.30 − 14.13 ± 0.29 − 0.73 ± 0.29 − 16.81 ± 0.41

Note. The mean values (mean ± 1SD) of δ13Cz, δ
13Ch, ∆h‐z 13C, and δ13CTL of 2 different coral species in March, June, and

October.
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That is to say, coral hosts can increase their heterotrophic predation intensity when their energy supply is
insufficient. The results are similar to relevant previous studies. For example, Palardy et al. (2005) conducted
systematic experiments to test the autotrophic photosynthesis of endosymbionts and the intensity of host het-
erotrophic predation in three coral species from Panama at different water depths, and found that the photo-
synthetic rate of endosymbionts decreased, while the host predation intensity was enhanced significantly with
depth.

3.3. Stored Lipid Is Another Important Type of Alternative Energy Sources

3.3.1. Seasonal Changes in Lipid Content

Coral's own stored nutrients are another potential source of energy, including proteins, carbohydrates and lipids
(Leuzinger et al., 2012). Therein, proteins and carbohydrates account for only a small fraction of the coral's
energy reserves, and the energy provided by these two substances is often used as a replenishment for coral in a
short time (Hoogenboom et al., 2010; Porter et al., 1989). Scleractinian corals are lipid‐rich organisms, with total
lipids accounting for approximately 10%–46% of the tissue's dry weight (Al‐Moghrabi et al., 1995; Harland
et al., 1992, 1993). Lipids produce at least two‐thirds more energy compared to the same unit mass of protein or
carbohydrate, thus lipids have a relatively higher energy value (Conlan et al., 2020; Parrish, 2013). In this study,
we compare and analyze the coupled changes in endosymbionts autotrophic photosynthesis, the host's hetero-
trophic predation, and coral's lipid content across different seasons, to better understand the mechanism of the role
of lipids in maintaining a stable energy supply.

Our results showed that the total lipid content of two species of corals have decreased significantly in summer
(p< 0.05, Figure 3b). Specifically, lipid content of A. millepora and P. damicornis corals decreased by about 2.08
and 1.88 mg cm− 2 in summer than that in spring, representing 60.82% and 53.56% of lipid content in spring,
respectively. And then increased by about 0.43 and 0.92 mg cm− 2 in autumn than that in summer, representing
32.09% and 56.44% of summer, respectively (Table 1). The seasonal variation of lipid content was synchronized
with ZD (Figure 3). So we suggest that corals consume more lipids to maintain the stability of energy supply in
summer when the photosynthetic rate of endosymbionts decreases. In autumn, the density and photosynthesis of
endosymbionts increased, the demand for lipid decreased, and the intensity of lipid catabolism decreased, leading
to the recovery of lipid content. Previous studies have also found changes in coral lipid content under different
conditions. For example, Al‐Moghrabi et al. (1995) found that the autotrophic photosynthesis of coral endo-
symbionts decreased and corals' energy supply was insufficient under the shading state. The content of fatty acids,
which are important components of lipid storage in the host tissue, is reduced significantly. Rodrigues
et al. (2008) found that P compressa and M capitata corals consumed more stored lipids after bleaching by
investigating the changes in lipid content before and after corals bleaching in Hawaiian. The synergistic changes
of coral lipid, ZD and photosynthetic rate indicated that lipid could be used as an important supplement to
maintain the balance of energy supply when corals were under environmental stress.

3.3.2. Isotopic Evidence of Lipid Consumption

The seasonal variation of δ13CTL can further verify that corals consume more lipids as an energy supplement in
summer. Previous studies have shown that corals have different kinds of lipids, and not all of them were
consumed equally. For example, Grottoli et al. (2004) found that the ratio of stored lipids to total lipids decreased
and the ratio of structural lipids to total lipids increased in P compressa and M verrucosa corals after bleaching.
This means that stored lipids were consumed as energy (Baumann et al., 2014; Grottoli et al., 2004). In addition,
Grottoli and Rodrigues (2011) found that stored lipids have higher δ13C values than structural lipids, and when
corals consume stored lipids, the total lipids become more depleted in 13C. Generally, the more lipids are
consumed, the lower the δ13CTL value is. For example, a large amount of lipids were consumed after coral
bleaching which result in decreases in δ13CTL of 1.9 and 3.4 ‰ in Porites compressa and Montipora capitata
corals, respectively (Grottoli & Rodrigues, 2011). Besides, Alamaru et al. (2009) reported that δ13CTL values of
Stylophora pistillata and Favia favus corals reduced by more than 4 ‰ along a 60 m water depth gradient in the
Red Sea, due to the decrease in autotrophic photosynthetic rate and the consumption of more lipids. In our study,
the δ13CTL values of both coral species showed significant seasonal differences (p < 0.01) with reduction
amplitude 2.1 and 2.07 ‰ respectively (Table 2 and Figure 4d), which is roughly consistent with previous
research results. This demonstrated that corals consumedmore storage lipids enriched in 13C to maintain adequate
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energy supply when photosynthesis of endosymbionts was reduced in summer. In autumn, the lipid consumption
became less due to the increase of ZD and photosynthesis. This study suggests that branching A. millepora and P.
damicornis corals can maintain a stable energy supply by consuming more of their stored lipids when the energy
supplied by the endosymbionts was insufficient. The seasonal changes in coral energy supply patterns in Xisha
Islands reefs in the SCS are briefly summarized in Figure 6.

3.4. Implication of Coral Lipids for Their Environmental Stress Tolerance

The energy supply of organisms is the basis for maintaining their daily metabolic activities. Coral need to
consume large amounts of lipids when they are exposed to high‐frequency or prolonged environmental stress.
Lipids as an important substance for corals to store energy, may affect their ability to survive under different
environmental stresses. This study analyzed the seasonal changes in coral nutrition and lipids through δ13C
analysis. Results clearly demonstrate that storage lipid consumption is an important alternative energy source for
corals when the energy obtained from autotrophic photosynthesis could not meet the daily metabolic demands due
to ZD decreases in summer. It should be pointed out that the lipid reserves of corals are limited, and the lipid
content of different species of corals also varies (Baumann et al., 2014; Grottoli & Rodrigues, 2011; Xu
et al., 2022). Therefore, we consider that corals with different lipid contents may affect their environmental
adaptability and bleaching sensitivity under the backdrop of global warming, and coral with higher lipid reserves
may have greater environmental adaptability.

In our previous research, we have found significant differences in lipid contents between massive Favia pal-
auensis, Porites lutea and the branching Acropora millepora, Pocillopora damicornis corals in Xisha Islands in
the SCS (Xu et al., 2022). Specifically, massive Favia palauensis and Porites lutea have higher lipid contents than
branching Acropora millepora and Pocillopora damicornis corals. Coincidentally, ecological surveys on coral
community composition and live coral coverage data in the study area have shown that massive corals have more
survival advantages compared to branching corals. For example, Liao (2021) found that the dominant position of
massive corals was increasingly accompanied by a decrease in the coverage of branching corals when they
conducted an investigation about the spatial distribution characteristics of coral communities in Xisha Islands in
the SCS. Therefore, we consider that the level of coral lipid reserves is an important factor affecting their
resistance to environmental stress, and may even further affect the species survival advantage of coral reefs. Coral
species with higher lipid reserves could have a selective advantage and higher resistance to bleaching in the
context of future climate scenarios characterized by more frequent thermal stress events.

What we want to emphasize is that the two coral species selected in this study Acropora millepora and Pocil-
lopora damicornis were both branching corals, and there were no significant difference in their lipid content and
lipid carbon isotopes (Table 3). In future research, studies can be conducted on corals of different species
collected from reef areas at different latitudes and/or different water depths, and combining indoor conditioned

Figure 6. The graphical abstract about seasonal variations in coral zooxanthellae density, autotrophic rate of the symbiotic
zooxanthellae, heterotrophic predation rate of the hosts, and the comsumption of lipids in the South China Sea.
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cultivation experiments. Further investigate and validate the impact mecha-
nism of lipids on coral environmental adaptability and field community
distribution.

4. Conclusions
In this study, we combined isotope geochemical indices and physiological
parameters to investigate the response of lipids to the changes in density and
photosynthetic rate of endosymbionts of A. millepora and P. damicornis
corals in summer. And further analyzed the significance of lipids in main-
taining the stability of energy supply. The results showed that the high SST in
summer caused the corals to discard part of the endosymbionts. The photo-

synthetic rate of the endosymbionts were reduced, which in turn led to the decrease of the energy supplied by
autotrophy. At this time, heterotrophic predation intensity of coral hosts increased and the lipid content decreased.
This suggests that corals can maintain the stability of energy supply by increasing their heterotrophic predation
and consuming their own stored lipids when the density of endosymbionts and photosynthesis decrease in
summer. The δ13CTL value became significantly negative (p < 0.001) in summer which further confirmed that
lipids were consumed. Lipid reserves is an effective supplement to the reduced autotrophic nutrient supply of the
endosymbionts under environmental stress, which are important for improving coral's adaptability to environ-
mental stresses as well as resistance to bleaching.

Data Availability Statement
The coral ZD, Lipid content, and δ13C data can be retrieved from the Supplemental Information 1. In addition, the
data used in this paper have been deposited in a general data repository [Dataset], they are available from the link
https://doi.org/10.6084/m9.figshare.27085615 (Mo et al., 2024).
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A B S T R A C T

The El Niño–Southern Oscillation (ENSO) dominates global interannual climate variability and significantly
impacts human societies. However, ENSO behavior during the Holocene remains poorly constrained and
debated, limiting our ability to assess its long-term dynamics. Here, we present a 2203-year, discontinuous re-
cord of annual coral growth rates, derived from 113 U-series-dated fossil corals (Porites lutea) collected from
eastern Hainan Island in the northern South China Sea (SCS), spanning 5829–2643 years before present (a BP,
relative to 1950 Common Era [CE]). Using a robust calibration between coral growth rate and sea surface
temperature (SST), we quantitatively reconstruct annual SST fluctuations in the northern SCS, ranging from
24.2 ◦C to 27.5 ◦C, with a mean of 25.6 ± 0.4 ◦C (1σ), approximately 0.7 ◦C lower than the baseline of
1982–2023 CE. The SST record reveals at least 18 cold periods occurring quasi-periodically at ~200-year in-
tervals, with their durations shortening toward the Late Holocene. Since coral growth rates closely track local
SST variability, interannual ENSO signals are reliably preserved in the coral archive. The inferred ENSO vari-
ability exhibits pronounced multidecadal modulation, transitioning from weaker-than-present, persistent La
Niña-like conditions in the Mid-Holocene (~5800–4200 a BP) to stronger-than-present, prolonged El Niño-like
conditions in the Late Holocene (~4200–2600 a BP). These ENSO shifts cannot be fully explained by external
forcings such as orbital insolation or volcanic activity, highlighting the predominant role of internal ocean-
–atmosphere dynamics in modulating ENSO evolution during the Holocene.

1. Introduction

The El Niño–Southern Oscillation (ENSO) is the leading mode of
interannual climate variability in the tropical Pacific and generates far-
reaching hydroclimatic anomalies through coupled ocean–atmosphere
teleconnections (Cai et al., 2020; Geng et al., 2023; McPhaden et al.,
2006; Timmermann et al., 2018). During El Niño events, westerly wind
anomalies generate downwelling Kelvin waves that deepen the eastern
Pacific thermocline and warm the surface through the Bjerknes feed-
back, while the eastward shift of convection weakens the Walker cir-
culation and induces drought across the western Pacific warm pool (Cai
et al., 2021; Vialard et al., 2025). Conversely, La Niña events strengthen
the trade winds and the zonal SST gradient, producing broadly opposite
anomalies. ENSO is therefore a primary driver of global extremes,
including droughts, floods, and heatwaves, and exerts substantial
ecological and socioeconomic impacts (Cai et al., 2014; McPhaden,

2015). Although instrumental observations over the past ~150 years
reveal pronounced decadal-scale ENSO fluctuations (Deser et al., 2010;
Fedorov et al., 2020), major uncertainties remain regarding the influ-
ence of anthropogenic warming on ENSO variability (Lawman et al.,
2022; Collins et al., 2010). Given that the instrumental record captures
only a limited portion of ENSO’s intrinsic variability, geological archives
are essential for constraining its long-term behavior and improving
climate model projections.

The Holocene (since 11,700 a BP, relative to 1950 Common Era
[CE]) is particularly valuable as a climate analog for the present inter-
glacial and provides an opportunity to investigate ENSO behavior under
different background climate states. Coral-based reconstructions from
the central and western tropical Pacific (Beck et al., 1997; Cobb et al.,
2013; McGregor et al., 2013; Tudhope et al., 2001) suggest persistently
weak ENSO variability during the Mid-Holocene, which is supported by
marine sediment records from Peru (Rein et al., 2005). In contrast,
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sediment records from Laguna Pallcacocha (Moy et al., 2002) and evi-
dence from archaeological sites in Peru (Keefer et al., 1998) indicate
episodes of strong ENSO variability during the Mid-Holocene. In addi-
tion, whether ENSO variability is primarily driven by natural external
forcings (Adams et al., 2003; Grothe et al., 2019; Jiménez-Moreno et al.,
2021) or internal climate system variability (Cobb et al., 2003; Dee
et al., 2020; Wittenberg, 2009) remains vigorously contested. These
discrepancies are often attributed to the limited temporal resolution of
many paleoclimate records, highlighting the need for more high-
resolution ENSO reconstructions.

Porites corals are highly sensitive to environmental changes and
provide climatic information at a monthly to annual resolution, making
them reliable proxies for reconstructing ENSO variability during the
Holocene (Cobb et al., 2003; Corrége et al., 2000; Dee et al., 2020). The
northern South China Sea (SCS) hosts widespread Porites corals that
effectively capture ENSO signals (Dang et al., 2024; Jiang et al., 2023;
Yu, 2012). However, diagenetic alteration of coral aragonite can
compromise the fidelity of geochemical proxy records (Brachert et al.,
2016). In contrast, coral growth rates, measured along the skeletal pri-
mary growth axis, are largely insensitive to post-depositional diagenesis

Fig. 1. Overview of the study area and fossil coral samples. (a) Spatial correlation between sea surface temperature (SST) in the Niño 3.4 region and SST in the study
area (Jiang et al., 2021a). (b) Sampling locations. SST data are sourced from NOAA OISSTv2 (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html), and the
map is generated using Ocean Data View program (https://odv.awi.de/). (c) X-ray images of the 113 fossil coral cores.
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(Reuter et al., 2005), reducing this source of uncertainty. Consequently,
analyzing Porites coral growth rates from the northern SCS offers a
robust approach to improving the spatial and temporal resolution of
ENSO reconstructions (Dang et al., 2020; Tao et al., 2024). Nonetheless,
generating continuous multi-century coral records remains difficult due
to the episodic preservation of corals and the discontinuous exposure of
fossil colonies on uplifted reefs or reef flats (Cobb et al., 2013). As a
result, most coral-based records are composite time series assembled
from discrete samples, and truly long-term Holocene-scale continuous
records remain scarce.

In this study, 113 fossil cores and one modern coral core (Porites
lutea) collected from eastern Hainan Island in the northern SCS were
analyzed. By integrating U-series dating of the fossils with annual
growth-band counting from X-ray images, we constructed a discontin-
uous 2203-year record of annual coral growth rates, spanning approxi-
mately 5829 to 2643 a BP. Based on the relationship between modern
coral growth rates and instrumental SST, a transfer function was
developed to quantitatively reconstruct an annual SST record over this
interval. Given that contemporary instrumental SST and coral growth
rate–SST records effectively capture ENSO variability, this 2203-year-
long record was used to assess long-term ENSO variability and its po-
tential forcing mechanisms. The long-term, high-resolution SST series
reconstructed from coral growth rates elucidates the dynamics of coral
growth and ENSO variability over this interval, providing valuable in-
sights into ENSO evolution and its driving mechanisms.

2. Study region

The SCS, located at the edge of the West Pacific Warm Pool, is
influenced by the East Asian monsoon, with its interannual climate
variability predominantly modulated by ENSO (Chen et al., 2023; Liu
et al., 2016; Tan et al., 2016; Wang et al., 2023). Eastern Hainan Island
(18◦N–20◦N, 110◦E–111◦E) is located in the northern SCS (Fig. 1a),
where SST exhibits a distinct annual cycle, with higher SST from May to
October (mean ~ 28.3 ◦C) and lower SST from January to March
(~23.3 ◦C). The co-variability of SST between the northern SCS
(including Hainan Island) and the Niño 3.4 region is attributed to the
remote influence of ENSO activity through an “atmospheric bridge”
(Klein et al., 1999). During El Niño events, weakening of the zonal SST
gradient in the tropical Pacific enhances downward shortwave radiation
and produces positive SST anomalies in the northern SCS (Jiang et al.,
2021a, 2021b; Wang et al., 2000; Yan et al., 2011). Conversely, during
La Niña events, negative SST anomalies are observed in the northern SCS
as a result of a strengthened tropical Pacific gradient and reduced net
solar radiation.

3. Materials and methods

3.1. Coral cores and dating

Coral samples (Porites lutea) were collected from eastern Hainan Is-
land in 2023 CE (Fig. 1b–c). Coral cores were extracted from 113 dead
colonies and one living colony using a hydraulic rig and a portable
electric drill, with core diameters of 60 mm and 80 mm. The total
lengths of the dead and living coral cores were approximately 111.9 m
and 0.6 m, respectively. In the laboratory, each core was sliced into ~7
mm-thick sections. These sections were soaked in an 8 % H2O2 solution
for 48 h to remove organic matter, then ultrasonically cleaned in
deionized water for one hour to remove surface contaminants. Finally,
after drying the sections in an oven at 37 ◦C, X-radiographs were ob-
tained using a medical X-ray imaging system to identify annual growth-
band patterns (Fig. 1d). Uranium-series dating of the dead coral cores
was conducted using Multi-Collector Inductively Coupled Plasma Mass
Spectrometer (MC-ICP-MS) at the University of Queensland, Australia,
following the analytical methods detailed in Yu et al. (2006) and Zhao
et al. (2009).

3.2. Growth rate measurement

Coral growth rate was quantified by measuring the distances be-
tween annual density bands visible in the X-ray images (Cooper et al.,
2012; Helmle et al., 2011; Saenger et al., 2009; Tao et al., 2024). The
RadiAnt DICOM Viewer software was used to convert the original X-ray
negatives into positive grayscale images for analysis. Measurements
were taken along the primary growth axis of each coral (DeLong et al.,
2013), by measuring the distance between the midpoints of successive
high-density bands, with each adjacent black–white band pair repre-
senting one year of skeletal extension. The mean of multiple measure-
ments was calculated as the annual growth rate for that year. Annual
growth-band counts derived from X-ray images were then integrated
with Uranium-series dating results to establish the chronological
framework, assigning each measured coral growth layer to a specific
calendar year within dating uncertainties.

3.3. Data acquisition and processing

To evaluate the degree to which SST variability in the northern SCS
reliably reflects ENSO variability, monthly SST data (1982–2023 CE) for
eastern Hainan Island (18◦N–20◦N, 110◦E–111◦E) and for the Niño 3.4
region (5◦S–5◦N, 170◦W–120◦W) were compiled from the NOAA Opti-
mum Interpolation SST Analysis dataset (OISSTv2, https://psl.noaa.
gov/data/gridded/data.noaa.oisst.v2.html). Sea surface salinity (SSS)
data were obtained from the UK Met Office EN4 dataset (https://www.
metoffice.gov.uk/hadobs/en4/), and outgoing longwave radiation
(OLR) data were extracted from the NOAA HIRS L1B product (Lee et al.,
2007). These environmental parameters were used to assess their rela-
tive influence on coral growth and to quantify the extent to which SST is
the dominant driver in the northern SCS.

Linear regression, spectral analysis, and wavelet transforms were
conducted using PAST software. Linear interpolation was performed in
SPSS software to facilitate comparison among datasets. In addition, SST
anomalies (SSTA) were calculated as deviations from the climatology of
the corresponding timescale for each SST record. The SST anomaly se-
ries was processed with a 3–7-year band-pass filter to isolate ENSO-
frequency variability (Jiang et al., 2021a), and its total variance was
taken as an indicator of ENSO intensity (Cobb et al., 2003; Comboul
et al., 2015; Jiang et al., 2023). Furthermore, a 30-year sliding window
was applied to calculate relative variance (Cobb et al., 2013; Dang et al.,
2020), allowing ENSO intensity to be evaluated relative to 1994–2023
CE. In addition, probability density functions (PDFs) based on kernel
density estimation were employed to characterize the temporal distri-
bution of ENSO variance (Lawman et al., 2020).

The empirical calibration threshold method (Hereid et al., 2013) was
applied to assess detection of ENSO events. Specifically, an initial
threshold of 0.01 ◦C was incrementally adjusted by 0.01 ◦C to optimize
detection of ENSO events (Jiang et al., 2021a; Tao et al., 2024). Based on
the optimized thresholds, El Niño events were defined as SST anomalies
exceeding 0.12 ◦C and La Niña events as those falling below − 0.12 ◦C.
Furthermore, the detection capability of the SST record from Hainan
Island was quantified as the proportion of ENSO events correctly iden-
tified from the filtered SSTA series.

4. Results

4.1. Chronology construction

The modern coral core (24NH45) from Hainan Island spans
1982–2023 CE. The U and Th isotopic compositions and corresponding
U-Th ages of the 113 fossil corals are listed in Table S1 (errors at 2σ). An
age model for each coral was constructed by integrating U-Th ages with
annual growth-band patterns identified in X-ray images. Across the
111.9 m of fossil cores and their associated X-ray images, a total of 7085
annual growth layers were identified. Individual fossil cores record
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15–164 years of growth, with a mean length of ~63 years (Table S2).
Based on the established chronology, 1608 years of overlap were

identified among the fossil corals (Fig. S1c), forming six continuous
segments that together span 2203 years of the Mid- to Late Holocene.
These segments (ages relative to 1950 CE) are 5829–5780 a BP (50
years), 5733–5149 a BP (585 years), 4667–4470 a BP (198 years),
4403–3212 a BP (1192 years), 3008–2939 a BP (70 years), and
2750–2643 a BP (108 years). The U-Th age uncertainties for each
segment are reported at 2σ (Table S1). These discontinuous but
temporally extensive segments constitute the high-resolution coral
archive used in this study and substantially expand existing tropical
coral records.

4.2. Characteristics of coral growth rate

The modern coral (1982–2023 CE) exhibits a mean annual growth
rate of 1.246 ± 0.148 (1σ) cm/a, with a maximum of 1.700 cm/a, a
minimum of 0.925 cm/a, and an overall amplitude of 0.775 cm/a. In
comparison, the 113 fossil corals show a mean growth rate of 1.031 ±

0.138 (1σ) cm/a, with a maximum of 1.620 cm/a, a minimum of 0.584
cm/a, and an amplitude of 1.036 cm/a (Fig. S1a). On average, the fossil
corals grew approximately 0.215 cm/a more slowly than the modern
coral yet displayed substantially greater variability in annual growth
rates.

Since the overlapping coral segments displayed broadly consistent
trends, growth rates within the overlapping intervals were averaged to
generate six composite continuous segments (Fig. S1b): (1) 5829–5780 a
BP (50 years, mean 0.746 cm/a): growth rates declined from ~0.881
cm/a to 0.652 cm/a. (2) 5733–5149 a BP (585 years, 1.010 cm/a):
growth rates exhibited an overall increasing trend, ranging from 0.653
cm/a to 1.385 cm/a, with minima occurring at ~5440 a BP (0.848 cm/
a) and ~ 5250 a BP (0.821 cm/a). (3) 4667–4470 a BP (198 years, 1.058
cm/a): growth rates decreased sharply from 1.480 cm/a to 0.584 cm/a,
yielding an amplitude of ~0.9 cm/a. (4) 4403–3212 a BP (1192 years,
1.034 cm/a): growth rates showed an overall decreasing trend with
internal fluctuations. Notably low values occurred at ~4200 a BP (0.603
cm/a), ~4000 a BP (0.881 cm/a), ~3800 a BP (0.926 cm/a), ~3600 a
BP (0.671 cm/a), ~3400 a BP (0.760 cm/a) and ~ 3200 a BP (0.754 cm/
a), recurring at intervals of approximately 200 years. (5) 3008–2939 a
BP (70 years, 0.940 cm/a): growth rates increased rapidly from 0.622
cm/a to 1.380 cm/a. (6) 2750–2643 a BP (108 years, 1.106 cm/a):
growth rates rose from 0.818 cm/a to 1.450 cm/a (~2675 a BP) and
subsequently declined to 0.707 cm/a.

Overall, the coral growth record can be divided into three broad
phases: a period of increasing growth rates (~5800–4400 a BP), fol-
lowed by a period of decreasing growth rates (~4400–4200 a BP), and a
final period characterized by oscillatory growth-rate variability
(~4200–2600 a BP). These patterns reflect the high sensitivity of coral
growth to environmental variation and provide high-resolution insights
into the climate dynamics during the Mid- to Late Holocene.

5. Discussion

5.1. Modern Calibration: coral growth rates as proxies for SST and ENSO

5.1.1. Coral growth rate thermometer
The primary environmental factors controlling coral skeletal growth

include SST, SSS, and light availability (Cooper et al., 2012; Lough and
Barnes, 1997). To assess their relative influence in the northern SCS,
regression analyses were performed between coral growth rates and
instrumental records of SST, SSS, and OLR (Fig. S2). The resulting co-
efficients of determination (R2) are 0.836 for SST, but only 0.001 for SSS
and 0.003 for OLR, indicating that SST is by far the dominant driver of
coral growth-rate variability in this region. This interpretation is
consistent with findings from Hainan Island (Nie et al., 1997) and the
Xisha Islands (Tao et al., 2024), which similarly identified SST as the

primary control on coral growth. A strong positive correlation (r = 0.91,
P < 0.0001, n = 42) was observed between instrumental SST and coral
growth rates from 1982 to 2023 CE in eastern Hainan Island (Fig. 2a).
Based on this relationship, a coral growth rate–SST conversion equation
(Fig. 2b) was developed using Reduced Major Axis (RMA) regression
(Solow and Huppert, 2004):

SST (
◦C) = 3.172 (± 0.200)× L (cm)+ 22.356 (± 0.251) (1σ) (1)

R2 = 0.84, n = 42, p < 0.0001.

where L denotes coral growth rate. From Eq. (1), an increase of 1 mm
in coral growth rate corresponds to an increase of 0.3 ± 0.02 ◦C in SST.
Using this calibration, the SST history for eastern Hainan Island from
1982 to 2023 CE was quantitatively reconstructed. The coral-derived
SST values range from ~25.3 to 27.8 ◦C with a mean of 26.3 ± 0.4 ◦C
(1σ), in excellent agreement with the instrumental SST range of
25.3–27.4 ◦C (26.3 ± 0.4 ◦C; Fig. S3a) over the same interval.

Over 1982–2023 CE, the coral-based SST closely tracks the instru-
mental SST in eastern Hainan Island (Fig. S3a), confirming that coral
growth rates faithfully capture contemporary temperature variability.
The two records exhibit consistent dominant periodicities in their
spectral power (Fig. 2c-d), and the 2.5–97.5th percentile ranges of their
probability density distributions almost entirely overlap (coral: − 2.2 to
1.7, instrumental: − 2.0 to 1.9; Fig. S3b), further demonstrating their
strong similarity. Together, these results indicate that coral growth rates
effectively capture contemporary SST variability in this region. These
findings are consistent with observations from other regions, including
the Great Barrier Reef (Cooper et al., 2008; Lough and Barnes, 1997), the
southwestern Indian Ocean (Cooper et al., 2012), and the Caribbean Sea
(Kwiatkowski et al., 2013; Saenger et al., 2009), where positive corre-
lations between coral growth rates and SST have been documented.
Notably, Lough and Barnes (2000) reconstructed twentieth-century SST
in the Great Barrier Reef and reported that a 1 ◦C increase in SST cor-
responded to a 3 mm/year increase in coral growth rates. Such parallels
provide further confidence that coral growth rate serves as a reliable
“thermometer” proxy for past SST.

5.1.2. Modern ENSO variability
Themodern instrumental and coral-derived SST records fromHainan

Island both exhibit dominant interannual cycles of 2.3 years (Fig. 2c)
and 2.2 years (Fig. 2d), respectively, consistent with the typical ENSO
cycle. Furthermore, regression analyses between band-pass-filtered
instrumental SST anomalies (detrended relative to the mean of
1982–2023 CE) in Hainan Island and those in the Niño 3.4 region, as
well as between coral-derived SSTA from Hainan Island and instru-
mental SSTA in the Niño 3.4 region, yield statistically significant cor-
relations (r = 0.55, p < 0.001, Fig. S4a; and r = 0.31, p < 0.05, Fig. 3c,
respectively). In addition, the probability distribution of the coral-
recorded SSTA closely matches that of the instrumental Niño 3.4
SSTA, exhibiting comparable 2.5–97.5 % ranges (coral-based: − 2.2 to
1.7, Niño 3.4: − 2.1 to 1.7; Fig. 3d). We further compared the coral
growth rate record from Hainan Island to the coral δ18O anomaly record
from Fanning Island in the central tropical Pacific, which serves as a
robust proxy for ENSO variability (Cobb et al., 2013). The two records
exhibit a strong negative correlation (r = − 0.71, p < 0.001, n= 23), and
their probability density distributions show close agreement (Fig. 3a–b).
In summary, these results demonstrate that SSTs in eastern Hainan Is-
land are significantly modulated by ENSO variability. Because coral
growth rates closely track local SST fluctuations, they enable robust
reconstruction of ENSO-related climate variability.

To explicitly identify ENSO events, a 3–7-year band-pass filter and a
standard event-threshold analysis were applied (Dang et al., 2024;
Hereid et al., 2013; Jiang et al., 2021a), using a 30-year sliding window
anchored to the period of 1994–2023 CE. Based on the threshold crite-
rion, the annual SST records from the Niño 3.4 region correctly identify
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7 El Niño events (missing 2) and 6 La Niña events (Fig. S4b). This cor-
responds to a detection rate of 78 % (7/9) for El Niño events and full
detection (6/6) of La Niña events over 1994–2023 CE. The twomissed El
Niño events (1994 and 2004 CE) were likely weak in amplitude, and the
conversion from monthly to annual resolution may have smoothed out
these weaker ENSO signals. The instrumental SST record from Hainan
Island correctly identified 7 El Niño events (missing 2) and 5 La Niña
events (with 1 false alarm and 1 missed), achieving a detection rate of
78 % (7/9) for El Niño events and 83 % (5/6) for La Niña events
(Fig. S4c). Similarly, our coral record from Hainan Island accurately
captured 7 El Niño events (missing 2) and 4 La Niña events (with 1 false
alarm and 2 missed), corresponding to a detection rate of 78 % (7/9) for
El Niño events and 67 % (4/6) for La Niña events over 1994–2023 CE
(Fig. 3e). Notably, both instrumental and coral records reveal an
increasing trend in ENSO variance during 1982–2023 CE (Fig. S4d;
Fig. 3f). Therefore, these results demonstrate that coral growth rates
from Hainan Island reliably record ENSO variability at interannual
timescales. Similar ENSO detectability based on growth rate has been
documented for modern Porites coral from the Xisha Islands (Tao et al.,
2024), further supporting the robustness of coral growth rate as an
ENSO-sensitive proxy.

5.2. Fossil coral insights into SST fluctuation and ENSO variability

5.2.1. Reconstruction of SST changes during the mid- to late Holocene
Using the established calibration equation, SST variations in the

northern SCS were quantitatively reconstructed during 5829–2643 a BP
(Fig. 4a). The six continuous coral-derived segments (Table 1) indicate
SST ranges of 24.4–25.2 ◦C (5829–5780 a BP), 24.4–26.8 ◦C (5733–5149

a BP), 24.2–27.1 ◦C (4667–4470 a BP), 24.3–27.2 ◦C (4403–3212 a BP),
24.3–26.7 ◦C (3008–2939 a BP), and 24.6–27.0 ◦C (2750–2643 a BP).
The full 2203-year composite record yields a mean SST of 25.6 ± 0.4 ◦C,
approximately 0.7 ◦C lower than the modern baseline (26.3 ± 0.4 ◦C,
1982–2023 CE). These results indicate that the Mid- to Late Holocene
climate in the northern SCS was, on average, cooler than at present,
consistent with previous coral-based reconstructions and marine sedi-
ment records from the northern SCS (Chen et al., 2024, Fig. 4h; Yang
et al., 2019, Fig. 4d). Collectively, our coral record offers robust con-
straints on the timing and amplitude of oscillatory temperature varia-
tions during the Mid- to Late Holocene in this region.

Despite the overall cooling trend, at least 14 distinct warm episodes,
with SSTs either comparable to or exceeding modern levels, can be
identified within this 2203-year record (Fig. S5, Table S3). Several of
these warming events coincide with well-documented periods of coral
thermal stress and bleaching (Wang et al., 2021, Fig. 4f; Xu et al., 2017),
including those occurring at ~5300 a BP, ~4568 a BP, ~3900 a BP, and
~ 3654 a BP. This pattern is further supported by coral records from
Leizhou Peninsula (Yu et al., 2005, Fig. 4h), which report SSTs ~0.5 ◦C
higher than in the 1990s around 4961 ± 54 a BP. These correlations
suggest that modern-like or warmer SSTs have been reached repeatedly
during the Mid- to Late Holocene, with deleterious impacts on reef
ecosystems.

Using 25.2 ◦C (the annual minimum during 1982–2023 CE) as a
threshold, at least 18 cold periods on an interannual scale are identified
(Fig. S6–7; Table S4), with 5 pronounced multidecadal cold intervals
using a 30-year sliding average (Fig. S6). The most severe cold interval
occurred between 5829 and 5780 a BP (24.7 ◦C), representing a cooling
of 1.6 ◦C relative to 1982–2023 CE. These prolonged cooling phases are

Fig. 2. Establishment of the coral growth rate–sea surface temperature (SST) conversion equation and spectral characteristics of SST variability in Hainan Island. (a)
Comparison and (b) regression analysis of the relationship between coral growth rate and SST in the northern South China Sea. (c) Spectral analysis of instrumental
SST (1982–2023 CE) and (d) coral growth rate–derived SST (1982–2023 CE). The green, blue, and red lines denote the 80 %, 90 %, and 95 % confidence levels,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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not isolated features but are consistent with widespread paleoclimate
evidence from the northern SCS and adjacent regions. Coral Sr/Ca re-
cords from Hainan Island indicate a rapid SST decline during the 4200 a
BP event (Chen et al., 2023, 2024, Fig. 4h). Coral growth-rate archives
from the Xisha Islands (Dang et al., 2020, Fig. 4h; Zhang et al., 2014,

Fig. 4h) document SST reductions of 1.0 ◦C (4420–4312 a BP), 1.3 ◦C
(4189–4112 a BP), and 0.9 ◦C (2985–2904 a BP) relative to 1887–2007
CE. Similarly, coral records from the Great Barrier Reef (Sadler et al.,
2016, Fig. 4g), the central tropical Pacific and western Pacific (Bova
et al., 2021, Fig. 4c; Rodriguez et al., 2019, Fig. 4g; Stott et al., 2004,

Fig. 3. El Niño–Southern Oscillation (ENSO) signals and variability inferred from modern coral records. (a) Filtered sea surface temperature anomalies (SSTA) and
(b) probability density functions (PDFs) of coral records from Hainan Island (orange) and Fanning Island (purple; Cobb et al., 2013) during their overlapping interval
(1982–2004 CE). (c) Relationship and (d) PDFs of 3–7-year band-pass-filtered SSTA from Hainan Island (orange) and the Niño 3.4 region (green) over their over-
lapping period (1982–2023 CE). (e) Extraction of ENSO events from coral-based SSTA using the defined threshold. Red and blue shading indicate identified El Niño
and La Niña events, respectively; open triangles denote false negatives, and solid triangles denote false positives. The interval of 1994–2023 CE is highlighted by gray
shading. (f) ENSO intensity derived from the variance of the extracted ENSO signal using a 30-year sliding window (1982–2023 CE). Horizontal bars in panels (b) and
(d) indicate the 2.5–97.5 percentile ranges. All records in panels (b) and (d) are standardized using Z-scores for comparison. El Niño events are defined as SSTA
exceeding 0.12 ◦C and La Niña events as SSTA below − 0.12 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4b), and Indonesia (Abram et al., 2009, Fig. 4g) indicate cooling
events centered around 5800 a BP, ~5200 a BP, ~4400 a BP, ~4200 a
BP, and ~ 3200 a BP, all of which correspond closely to cold intervals
detected in our coral-derived SST record.

Significantly, these coral-based cold intervals exhibit a recurring
periodicity of ~200 years. This cycle is consistent with independent

Holocene climate reconstructions. For example, the global temperature
stack compiled by (Marcott et al., 2013, Fig. 4e) documents cooling
events at broadly similar ~200-year intervals. Additional support is
provided by solar irradiance reconstructions, which highlight the de
Vries (~208-year) solar cycle as a persistent feature of centennial-scale
solar variability (Steinhilber et al., 2009, Fig. S8d). The recurrence of

(caption on next page)
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~200-year cold intervals in our fossil coral record may therefore reflect
sensitivity to these cyclic variations in solar output, superimposed on
regional ocean–atmosphere feedbacks in the tropical Pacific.

However, solar forcing is unlikely to have acted as the sole driver of
these cooling phases. The timing and magnitude of several SST anom-
alies do not align precisely with known solar minima, indicating that
internal climate processes modulated their regional expression. ENSO-
related ocean–atmosphere dynamics likely amplified or dampened the
external solar signal, while the East Asian monsoon system, tightly
coupled with tropical western Pacific SST, may have further reinforced
these cooling intervals. The reconstructed SST minima coincide with
reduced East Asian Summer Monsoon intensity inferred from cave spe-
leothems and lacustrine records (Wang et al., 2005, Fig. S8c; Yancheva
et al., 2007, Fig. S8b), suggesting that these cold phases formed part of
broader shifts in the East Asian–western Pacific climate system.

In summary, the coral-derived cold events in the northern SCS are
consistent with regional and global evidence for Holocene cooling. Their
quasi-200-year recurrence pattern points to a potential solar pacing, yet
the amplitude and timing of the cooling intervals also highlight the role
of internal ocean–atmosphere variability and monsoon-ENSO in-
teractions. These findings underscore the need to integrate coral ar-
chives with broader multi-proxy datasets to better constrain the
mechanisms governing Holocene tropical climate variability.

5.2.2. Reconstruction of ENSO variability during the mid- to late Holocene
The coral-derived SST record during 5829–2643 a BP exhibits pro-

nounced 2–7-year cycles (Fig. S9), consistent with canonical ENSO
variability, but with dominant cycles that differ from those of the
modern reference period (1982–2023 CE; Fig. 2c–d). High-frequency
interannual ENSO signals (Fig. S10) are also identified during
5733–5149 a BP, 4667–4470 a BP, and 4403–3212 a BP. Together, these
features indicate that ENSO variability during the Mid- to Late Holocene
was neither stationary nor uniform, but instead characterized by notable
changes in both frequency and amplitude. The distribution estimated
from fossil-based SST anomalies (2.5–97.5 percentile range; Fig. S11)
also departs from those of modern coral records (Fig. 3d), further
reflecting the instability of ENSO behavior. Moreover, the probability
distributions of three fossil coral segments (5829–5780 a BP, 3008–2939
a BP, and 2750–2643 a BP) are skewed toward positive anomalies,
suggesting El Niño-like background states, whereas the interval of
5733–5149 a BP is skewed toward negative anomalies, indicating a

potential association with La Niña-like conditions.
A 3–7-year band-pass filter was applied to isolate ENSO signals

(Fig. 5a) in the coral-derived SST anomalies, and a 30-year moving
window was used to reveal interdecadal fluctuations in SSTA from the
northern SCS (Fig. 5c). The same 30-year window was employed to
count El Niño events and La Niña events, thereby tracking interdecadal
trends in ENSO event frequency (Fig. 5d). ENSO intensity was assessed
by calculating the variance of the filtered SSTA within a 30-year sliding
window (Fig. 5b), using the period of 1994–2023 CE (variance is
0.0233) as the modern reference. Based on these metrics, 15 periods of
weak ENSO variability and 16 periods of strong ENSO variability were
identified during the Mid- to Late Holocene (Fig. S12, Table 2). These
results demonstrate that theMid-Holocene was not a period of uniformly
suppressed ENSO activity, but rather characterized by alternating pha-
ses of weak and strong ENSO expression. Notably, the marked increase
in strong ENSO intervals after the 4.2 ka event suggests that ENSO
variability intensified during the Late Holocene.

Multiple independent proxy records corroborate the evolutionary
pattern of ENSO variability inferred from our coral data. For instance,
marine radiocarbon reservoir age reconstructions from the northern SCS
(Yu et al., 2010) indicate weakened ENSO variability around 5800–5600
a BP, consistent with the low ENSO variance identified for this interval.
Coral records from New Caledonia (Lazareth et al., 2013) provide evi-
dence for increased El Niño occurrence around 5500–5100 a BP, in
agreement with speleothem δ18O records that suggest wetter tropical
conditions during this period (Tian et al., 2023, Fig. 6c), as well as the
heightened El Niño activity reconstructed in our study. In contrast, coral
fluorescence data from the Great Barrier Reef (Leonard et al., 2016)
indicate reduced ENSO variability during 5200–4300 a BP, a trend re-
flected in eastern Hainan Island and central equatorial Pacific coral δ18O
records (McGregor et al., 2013; Sun et al., 2005), titanium concentra-
tions in Cariaco Basin sediments (Haug et al., 2001, Fig. 6e), and our
coral-derived variance.

Notably, during the 4.2 ka event, coral growth rates and Sr/Ca from
the northern SCS (Dang et al., 2020, 2024) document a two-stage ENSO
response in which variance decreased to 27 % of the modern level in the
early phase and subsequently recovered to 63 % of the modern level in
the late phase. This pattern matches the transient ENSO weakening
followed by recovery observed in our reconstruction for this climate
perturbation. After ~4200 a BP, ENSO variance exhibits a strengthening
trajectory, supported by Tridacna records from the SCS that indicate

Fig. 4. Growth rate–derived sea surface temperature (SST) reconstruction from fossil corals in Hainan Island compared with regional and global proxy records. (a)
Reconstructed SST variability from this study. The gray shading represents the ±1σ uncertainty range; the orange dashed line denotes the mean SST of the six
continuous segments (5829–5780 a BP, 5733–5149 a BP, 4667–4470 a BP, 4403–3212 a BP, 3008–2939 a BP, and 2750–2643 a BP); the red shaded band indicates
the range of mean annual SST values across all fossil coral reconstructions; the green dashed line marks the instrumental mean SST for 1982–2023 CE; and the black
curve shows the 30-year sliding mean. (b) SST reconstruction based on Mg/Ca of planktonic foraminifera from the western Pacific (Stott et al., 2004). (c)
Alkenone-based, UK’37 SST reconstruction from the western Pacific (Bova et al., 2021). (d) SST reconstruction based on Mg/Ca of planktonic foraminifera from the
northern South China Sea (Yang et al., 2019). (e) Holocene global temperature compilation sequence (Marcott et al., 2013). (f) Coral Sr/Ca-based SST anomaly
reconstruction from the northern SCS (Wang et al., 2021). Arrows denote coral bleaching events: red arrows mark samples containing a single mortality surface,
whereas purple arrows indicate samples exhibiting both mortality surfaces and growth discontinuities. (g) Coral-based SST anomaly reconstructions from the
Mentawai Islands (Abram et al., 2009, orange squares), Muschu/Koil Island (Abram et al., 2009, purple squares), the Great Barrier Reef (Sadler et al., 2016, green
squares), and the central tropical Pacific (Rodriguez et al., 2019, blue squares). (h) Coral Sr/Ca- and growth rate–based SST anomaly reconstructions from the
northern SCS (Chen et al., 2024, blue squares; Dang et al., 2020, green squares; Yu et al., 2005, yellow squares; Zhang et al., 2014, purple squares). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Distributional periods of fossil corals and the range of their growth rates and SST variations.

Distribution period
± 2σ (a BP)

Period duration
(year)

Range of growth rates (cm/a) Average growth rate (cm/a) Range of SST (◦C) Average SST
(◦C)

SST Polarization
(◦C)

5829–5780 50 0.652–0.881 0.746 24.4–25.2 24.7 ± 0.4 0.8
5733–5149 585 0.653–1.385 1.010 24.4–26.8 25.6 ± 0.4 2.4
4667–4470 198 0.584–1.480 1.058 24.2–27.1 25.7 ± 0.4 2.9
4403–3212 1192 0.603–1.530 1.034 24.3–27.2 25.6 ± 0.4 2.9
3008–2939 70 0.622–1.380 0.940 24.3–26.7 25.3 ± 0.4 2.4
2750–2643 108 0.707–1.450 1.106 24.6–27.0 25.9 ± 0.4 2.4
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increasing ENSO variability during 4000–3000 a BP (Zhou et al., 2022).
By ~3000 a BP, multiple proxies, including coral archives (Woodroffe
et al., 2003), lake sediments (Konecky et al., 2016, Fig. 6f; Moy et al.,
2002, Fig. 6b), and speleothem records (Hu et al., 2008, Fig. 6d; Zhu
et al., 2017, Fig. 6g), document further ENSO intensification, which
aligns with the high-variance phase identified in our reconstructions.

This cross-proxy and cross-regional agreement provides robust sup-
port for the validity of our findings and underscores the regional
coherence of Holocene ENSO dynamics. A key insight from our recon-
struction is the pronounced contrast in ENSO behavior between the Mid-
Holocene (5829–4200 a BP) and the Late Holocene (4200–2643 a BP).
The Mid-Holocene is characterized by generally weak ENSO variability,
fewer extreme events, and a persistently La Niña-like background state.
In contrast, ENSO variability intensified substantially after ~4200 a BP,
with more frequent transitions between El Niño and La Niña, larger SST
anomaly amplitudes, and a marked increase in overall ENSO variance,
marking a shift toward a more dynamically unstable ENSO regime in the
Late Holocene (Fig. 5, Figs. S13–14, Table S5).

5.3. SST–ENSO interactions and climate drivers

5.3.1. La Niña-like phases and SST cooling
Periods of markedly suppressed ENSO variability in our reconstruc-

tion are closely associated with prolonged SST cooling in the northern
SCS and La Niña-like background states. The weakest ENSO variance
occurred during 5814–5794 a BP, representing a 91 % reduction relative
to the instrumental baseline of 1994–2023 CE (Table 2). During this
interval, mean SST reached its minimum value of ~24.7 ◦C (Table S4),
frequencies of ENSO events were reduced (4.24 El Niño and 3.90 La Niña
events per 30 years, Fig. 5d), and interannual SSTA amplitudes were
diminished (Fig. 5a,c). Similar, though less extreme, behavior is
observed during the long weak-ENSO phase of 4265–3697 a BP, when

variance remained on average 59 % below modern levels, frequencies
revealed reduced ENSO events (4.06 El Niño events and 3.93 La Niña
events per 30 years), and SST exhibited a relatively smooth warming
trend with superimposed low-amplitude interannual variability.

Analogous to modern ENSO dynamics, these phases can be explained
by a strengthened Walker circulation and enhanced equatorial upwell-
ing, which favor a shallower thermocline in the western Pacific (Cai
et al., 2021). In this configuration, relatively cool subsurface waters are
more easily ventilated into the upper ocean of the western tropical Pa-
cific and marginal seas such as the SCS, thereby promoting regional SST
cooling and suppressing the growth of large ENSO anomalies. The low
frequency and amplitude of ENSO events inferred for these intervals are
therefore consistent with a dynamically stable, La Niña-biased back-
ground state. La Niña-dominated background conditions during com-
parable periods have been documented in marine sediment and coral
records from the western Pacific (Cobb et al., 2013; McGregor et al.,
2013).

These La Niña-like periods appear to have been accompanied by
distinctive regional hydroclimatic responses. Increased precipitation
over the maritime continent likely enhanced riverine discharge into the
SCS, as indicated by coeval increases in terrigenous sediment input
(Yang et al., 2019) and reductions in salinity. Concurrent weakening of
the East Asian summer monsoon (Wang et al., 2005) may have further
amplified continental runoff and upper-ocean stratification, thereby
reinforcing surface cooling in the northern SCS. This interpretation is
supported by synchronous cold anomalies recorded in coral, speleo-
them, and lacustrine archives across East and Southeast Asia (Asami
et al., 2020; Hu et al., 2008; Zhang et al., 2023), suggesting a basin-scale
hydroclimatic teleconnection under La Niña-dominated background
states.

Fig. 5. El Niño–Southern Oscillation (ENSO) variability and sea surface temperature anomaly (SSTA) fluctuations inferred from fossil coral records in the northern
South China Sea. (a) ENSO signals extracted from the coral-derived SSTA series using a 3–7-year band-pass filter. (b) ENSO intensity quantified as the variance of the
filtered SSTA within a 30-year sliding window, expressed relative to the baseline of 1994–2023 CE. (c) Interdecadal variations in SSTA revealed by applying a 30-year
sliding mean, where the blue curve represents the long-term trend and the orange curve denotes the corresponding amplitude changes. (d) Interdecadal ENSO
frequency derived from a 30-year sliding window, with red and blue curves indicating the number of El Niño and La Niña events per 30-year window, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5.3.2. El Niño-like phases and SST warming
Conversely, periods of intensified ENSO variability are associated

with pronounced SST warming and more El Niño-like background
conditions in the northern SCS. For example, during 4652–4588 a BP
and 3696–3563 a BP (Table 2), anomalously warm SST conditions were
identified in our coral records (Table S3), such as 4662–4640 a BP and
3583–3552 a BP. These periods are characterized by frequent El Niño
events and greatly elevated ENSO variance. Both the ENSO event
structure (Fig. S12b) and the dominant El Niño-like background state
(Fig. S13) reflect this regime shift. Mechanistically, under persistently El
Niño-like conditions, weakened trade winds and a reduced zonal SST
gradient suppress equatorial upwelling and deepen the thermocline in
the western tropical Pacific (Cai et al., 2021). Such a configuration re-
duces vertical mixing and tends to trap heat in the upper ocean of the
western Pacific and marginal seas, leading to warmer SSTs and larger
interannual anomalies. The large-amplitude ENSO cycles and elevated
variance observed in the fossil record therefore reflect a dynamically
unstable state of the ENSO system, in which frequent transitions be-
tween El Niño-like and La Niña-like conditions occur against a warm
background.

These coupled patterns of intensified ENSO variability and regional
SST warming are evident in other datasets from the northern SCS (Xu
et al., 2017), indicating that prolonged El Niño-like conditions exert
significant stress on regional climate and marine ecosystems. Strong
interannual SST variability around 3600 a BP has been documented
from Line Islands corals (Cobb et al., 2013), and disrupted reef accretion
in Panama has been attributed to heightened ENSO variability during
that interval (Toth and Aronson, 2019; Toth et al., 2015). Notably, coral
bleaching events dated to ~4568 a BP and ~ 3900 a BP (Wang et al.,
2021) coincide with intervals of sustained warming and strengthened
ENSO variability identified in our reconstruction. This synchronicity

suggests that ENSO-driven thermal stress played an important role in
triggering bleaching during the Holocene, paralleling the mechanisms
responsible for modern warming-induced coral degradation.

5.3.3. Internally driven ENSO variability
Our reconstruction suggests a strong correspondence between ENSO

state and SST variability throughout the Mid- to Late Holocene. Cooler
SSTs tended to occur during La Niña-like phases, whereas warmer
conditions coincided with El Niño-like phases, implying a close linkage
between ENSO dynamics and regional ocean temperatures in the
northern SCS. However, only limited evidence supports external forc-
ings as a major driver of long-term ENSO variability during the Mid- to
Late Holocene. Neither reconstructed solar irradiance (Steinhilber et al.,
2009, Fig. 6h) nor volcanic activity (Kobashi et al., 2017, Fig. 6i) shows
a consistent correspondence with ENSO variance peaks or state transi-
tions in our record. For instance, intervals of elevated ENSO variability
(such as 4650–4580 a BP, 4580–4530 a BP, and 3700–3560 a BP) were
not accompanied by marked declines in solar irradiance. Likewise,
strengthened ENSO variance around 3700–3600 a BP did not coincide
with enhanced volcanic forcing; rather, volcanic intensification around
3600–3500 a BP occurred during a period of reduced ENSO variability,
suggesting a decoupling of these processes. Taken together, these pat-
terns suggest that external forcings exerted only a limited influence on
the long-term modulation of ENSO dynamics during the Mid- to Late
Holocene.

Coral δ18O records from Christmas and Fanning Islands indicate that
orbital-scale insolation exerted only limited influence on ENSO dy-
namics, showing minimal sensitivity since ~7000 a BP (Cobb et al.,
2013). Likewise, no statistically significant relationship has been iden-
tified between reconstructed ENSO variability and orbital forcing
(Emile-Geay et al., 2016), and the impacts of even large volcanic erup-
tions appear weak and transient in coral δ18O (Dee et al., 2020). Multiple
studies also indicate that ENSO can undergo substantial fluctuations in
the absence of clear external triggers (Cobb et al., 2003; Hereid et al.,
2013; Zhu et al., 2022). Furthermore, the nonlinear and irregular nature
of ENSO variability requires internal ocean–atmosphere processes to be
considered in order to explain its Holocene evolution (McGregor and
Gagan, 2004).

Taken together, coral-based records, supported by climate model
results and other proxy reconstructions, suggest that internal climate
dynamics were the primary driver of ENSO variability during the Mid- to
Late Holocene. The irregular and oscillatory behavior of ENSO during
this period was likely governed by ocean–atmosphere coupling and
stochastic processes. Coral growth rate therefore represents a robust
dual proxy, capable of recording both SST variations and ENSO-related
interannual changes at annual resolution. The 2203-year fossil coral
record from the northern SCS reveals complex climate behavior,
including tightly linked SST–ENSO fluctuations, and highlights the
predominant role of internal processes in modulating ENSO over the
past ~6000 years.

6. Conclusion

This study establishes a 2203-year, high-resolution reconstruction of
SST and ENSO variability derived from coral growth rates in the
northern SCS during the Mid- to Late Holocene. Coral growth rate is
demonstrated to be a reliable dual proxy for SST and ENSO variability,
effectively capturing the amplitude and frequency of interannual
climate fluctuations. The reconstructed annual SST record has a mean of
25.6 ± 0.4 ◦C (1σ), approximately 0.7 ◦C lower than the modern base-
line (26.3 ± 0.4 ◦C, 1982–2023 CE). Over this interval, the coral-based
SST series reveals at least 14 warm periods and 18 cold periods, with the
latter recurring quasi-periodically at ~200-year intervals and short-
ening in duration toward the Late Holocene. Meanwhile, the recon-
structed ENSO variability exhibits multiscale fluctuations, shifting from
weaker-than-present, La Niña-like conditions (~5800–4200 a BP) to

Table 2
Periods of stronger or weaker ENSO variability (referenced to a variance of
0.0233) on interdecadal scales during 5829–2643 a BP.

Distribution
period ±2σ
(a BP)

Period
duration
(year)

Mean
ENSO
Variance

Mean
relative
ENSO
Variance
(%)

Min
Variance
(%)

Max
Variance
(%)

5814–5794 21 0.0022 − 91 − 94 − 85
5718–5691 28 0.0426 83 1 124
5690–5242 449 0.0108 − 54 − 93 2
5241–5214 28 0.0297 27 5 46
5213–5169 45 0.0128 − 45 − 79 − 1
5168–5163 6 0.0242 4 1 6
4652–4588 65 0.0535 129 7 232
4587–4583 5 0.0206 − 12 − 40 − 1
4582–4532 51 0.0686 194 5 372
4531–4484 48 0.0132 − 43 − 64 − 20
4388–4365 24 0.0794 240 3 361
4364–4328 37 0.0181 − 23 − 43 − 2
4327–4314 14 0.0251 8 0 14
4313–4290 24 0.0210 − 10 − 23 1
4289–4266 24 0.0252 8 0 24
4265–3697 569 0.0096 − 59 − 91 − 1
3696–3563 134 0.0606 160 1 431
3562–3498 65 0.0109 − 53 − 80 − 2
3497–3462 36 0.0346 48 0 84
3461–3416 46 0.0154 − 34 − 57 − 1
3415–3412 4 0.0249 7 5 9
3411–3332 80 0.0147 − 37 − 62 − 1
3331–3279 53 0.041 76 17 157
3278–3253 26 0.0203 − 13 − 22 0
3252–3226 27 0.0307 32 3 44
2993–2992 2 0.0371 59 57 61
2991–2969 23 0.0188 − 19 − 45 − 1
2968–2953 16 0.0437 87 1 318
2730–2692 44 0.0172 − 26 − 50 − 2
2691–2664 28 0.0272 17 2 26
2663–2657 7 0.0167 − 28 − 46 − 2
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Fig. 6. Reconstructed El Niño–Southern Oscillation (ENSO) variability during the Mid- to Late Holocene compared with regional proxy records and external forcing
datasets. (a) Relative ENSO variance derived from a 30-year sliding window (this study). (b) Red colour intensity from Laguna Pallcacocha sediments, southern
Ecuador (Moy et al., 2002). (c) ENSO variability inferred from δ18O records of Qunf Cave (Tian et al., 2023). (d) δ18O differences between stalagmites from Heshang
Cave and Dongge Cave (Hu et al., 2008). (e) Titanium concentrations in Cariaco Basin sediments off the Venezuelan coast (Haug et al., 2001). (f) Leaf-wax hydrogen
isotope (δD) variations from Lake Towuti sediments in the Indo-Pacific Warm Pool (Konecky et al., 2016). (g) ENSO intensity reconstruction based on IRM magnetic
minerals from a stalagmite in central China (Zhu et al., 2017). (h) Total solar irradiance reconstruction based on ice-core 10Be records (Steinhilber et al., 2009). (i)
Volcanic forcing reconstruction from the GISP2 ice core (Kobashi et al., 2017). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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stronger-than-present, El Niño-like conditions (~4200–2600 a BP).
Notably, La Niña-like intervals generally coincided with cooler SSTs,
whereas El Niño-like phases corresponded to periods of SST warming,
indicating strong SST–ENSO coupling. These patterns indicate that long-
term ENSO variability cannot be attributed solely to external forcings,
such as solar irradiance or volcanic eruptions. Instead, our findings
highlight the dominant role of internal climate dynamics, particularly
ocean–atmosphere interactions, in driving the nonlinear evolution of
ENSO variability during the Mid- to Late Holocene.
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A B S T R A C T

This study presents a high-resolution multi-proxy analysis of a peat core from Niangniang Mountain in western 
Guizhou, China, to reconstruct vegetation dynamics, fire history, and human-environment interactions over the 
past 3400 years. By integrating pollen, charcoal, and sedimentological analyses, we identify four distinct phases 
of ecosystem change. Phase I (~3400–3200 cal yr BP) was characterized by stable, warm-humid conditions 
supporting dense subtropical evergreen broad-leaved forests (dominated by Quercus-E and Castanopsis/Lith
ocarpus) with minimal natural fire activity. Phase II (~3200–2100 cal yr BP) marked a transition to cooler-drier 
conditions, evidenced by declining evergreen taxa, expansion of Pinus and grasslands, and increased fire fre
quency, likely amplified by early human activities. Phase III (~2100–600 cal yr BP) saw sustained conifer 
dominance and grassland expansion under cool-dry climates, but fire activity paradoxically declined, possibly 
due to fuel limitation or land-use changes. Phase IV (~600 cal yr BP–present) recorded dramatic anthropogenic 
transformation, with Pinus peaking, evergreen taxa collapsing, and macroscopic charcoal (>125 μm) appearing, 
reflecting intensive agriculture during the Ming-Qing dynasties. Biodiversity trends revealed non-linear re
sponses: low richness in stable climates (Phase I), intermediate peaks during transitional periods (Phase II), and 
maximum diversity in anthropogenic landscapes (Phase IV). The study highlights the interplay of monsoon 
variability and human activities in shaping subtropical ecosystems, with anthropogenic impacts have become 
dominant in recent centuries. These findings underscore the importance of local context in understanding long- 
term ecosystem resilience and biodiversity dynamics in monsoon-sensitive regions.

1. Introduction

The Late Holocene (~4200 cal yr BP to present) represents a critical 
transition in Earth system dynamics, marked by the intensifying influ
ence of human activities on global landscapes through population 
growth and technological advancement (Stephens et al., 2019). There
fore, fire emerged as a primary catalyst and ecological engineer, 

fundamentally transforming ecosystems through deforestation, energy 
procurement, and swidden (slash-and-burn) agriculture (Yue et al., 
2024a, 2024b; Bowman et al., 2011; Archibald et al., 2013). These 
anthropogenic practices substantially altered natural fire regimes, 
encompassing frequency, intensity, and spatial extent, across a variety of 
continental settings (Marlon et al., 2013; Power et al., 2008). Conse
quently, clarifying the interplay between climate variability, 
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anthropogenic ignition regimes, and vegetation feedbacks is funda
mental to interpreting historical ecosystem dynamics and quantifying 
resilience trajectories under projected future climate scenarios (Yue 
et al., 2024a, 2024b; Marlon et al., 2013; Iglesias et al., 2021).

Wetland sediments, particularly peat bogs, are exceptional archives 
for investigating these complex interactions. Their continuous accu
mulation, high temporal resolution, and sensitivity to both climatic and 
anthropogenic signals make them particularly valuable (Yue et al., 
2024a; Chambers and Charman, 2004; van der Knaap et al., 2011). 
Within these archives, microscopic charcoal particles act as “time cap
sules” of past fire events, resulting from the incomplete combustion of 
vegetation that were buried and preserved in the sediment (Whitlock 
and Larsen, 2001; Conedera et al., 2009). Charcoal analysis provides a 
vital quantitative tool for reconstructing regional fire history, including 
the frequency and intensity of fire events. These reconstructions help 
identify the drivers of fire activity—whether climatic (e.g., drought 
frequency), biotic (e.g., fuel load and type), or anthropogenic (e.g., land- 
use practices) (Yue et al., 2024a; Higuera et al., 2009; Colombaroli et al., 
2013; Vachula et al., 2021). Although elevated charcoal concentrations 
are generally interpreted as indicators of more frequent or intense fires 
(Mooney et al., 2011), this relationship is inherently non-linear and 
mediated by complex interactions among climatic conditions (e.g., 
cold-dry phases conducive to burning; Marlon et al., 2009; Tan et al., 
2015), vegetation flammability (Leys et al., 2018), and human activities 
(Bowman et al., 2011; Coughlan et al., 2018).

Complementing charcoal records, pollen analysis functions as a 
foundational palaeoecological proxy and remains central to recon
structing past vegetation composition, structure, and succession (Birks 
and Birks, 1980; Bennett and Willis, 2001). As direct and robust proxies 
of the past, pollen assemblages offer both qualitative and quantitative 
insights into historical plant communities and their associated climatic 
envelopes (Guiot et al., 1993; Xu et al., 2016; Herzschuh et al., 2019). 
Pollen data serve as indispensable proxy for reconstructing biomes, 
inferring palaeotemperature and palaeoprecipitation regimes, and 
elucidating the drivers of long-term vegetation dynamics (Prentice et al., 
1996; Zheng et al., 2007; Herzschuh et al., 2019). Crucially, the inte
gration of pollen and charcoal analyses provides a powerful, synergistic 
framework for exploring vegetation responses to concurrent changes in 
climate, fire disturbance regimes, and human land-use (Yue et al., 
2024a, 2024b; Tinner et al., 2005; Colombaroli and Gavin, 2010; Blar
quez et al., 2014). Reconstructing historical fire regimes and elucidating 
the driving mechanisms are thus essential for understanding the com
plex interplay among climate, vegetation, fire, human activity, and for 
developing robust models to predict future fire activity under global 
change (Marlon et al., 2013; Iglesias et al., 2021).

The Yunnan–Guizhou Plateau, located in Southwest China at the 
convergence of the Indian Summer Monsoon (ISM) and East Asian 
Summer Monsoon (EASM), represents a pivotal region for palaeoclimate 
and palaeoecological research due to its climatic complexity and 
ecological sensitivity (Yue et al., 2024a; Zhang et al., 2025). Its complex 
karst (limestone) topography, high biodiversity, and sensitivity to global 
changes make it uniquely valuable for studying past environmental 
dynamics (Yue et al., 2024a; Zhang et al., 2025; Xiao et al., 2014, 2015, 
2017; Chen et al., 2014; Huang et al., 2018). The region experienced 
frequent and severe forest fires. Palaeoecological studies in this area 
reveal a significant increase in fire activity during the Late Holocene, 
driven by both climatic fluctuations, particularly cold-dry phases, and 
escalating human impacts (Yue et al., 2024a; Xiao et al., 2015, 2017; 
Huang et al., 2018; Yuan et al., 2022). While these studies have 
advanced our understanding of fire–vegetation–human relationships, 
for instance, anthropogenic activities such as deforestation introduced 
new ignition sources, they may have simultaneously suppressed fire 
occurrence by disrupting fuel continuity (Xiao et al., 2015; Xu et al., 
2021; Huang et al., 2018). This underscores the non-linear and 
context-dependent nature of fire regime dynamics. Despite these in
sights, previous studies in Southwest China remain geographically 

uneven. In particular, western Guizhou is underrepresented relative to 
Yunnan and other subtropical regions, limiting our understanding of 
broader regional patterns (Yue et al., 2024a; Huang et al., 2018).

Niangniang Mountain Wetland (Fig. 1), located in western Guizhou 
on the eastern Yunnan-Guizhou Plateau, offers an ideal natural archive 
to address this gap (Yue et al., 2024a). Its continuous peat accumulation, 
high sensitivity to environmental changes, and unique geographic po
sition make it particularly suitable for reconstructing Late Holocene 
palaeoclimate, fire history, and vegetation succession (Yue et al., 
2024a). This study aims to: (1) reconstruct Late-Holocene climatic and 
environmental changes, (2) trace regional fire history, and (3) investi
gate how local and regional vegetation ecosystems responded to con
current shifts in climate, fire activity, and human pressures.

2. Study area

Niangniang Mountain wetland (26◦4′25″ − 26◦8′24″N, 104◦45′24″ −
104◦51′41″E) is situated at the junction of Shuicheng District, Liupan
shui City, and Panzhou City, Guizhou Province (Fig. 1). It lies in the 
transition zone between the mountainous plateau in western Guizhou 
and the hilly plains in central Guizhou. The wetland has an average 
altitude of 2100 m above sea level (m a.s.l.), stretches in a northwest- 
southeast direction, and covers a total area of approximately 2680 ha 
(including 1060 ha of wetland). As one of western Guizhou’s largest and 
most ecologically significant peat swamp wetlands, its formation is 
primarily governed by the geological structure of the basalt bedrock and 
regional hydrological conditions. The combination of low bedrock 
permeability, abundant rainfall, and flat topography minimizes surface 
runoff, thereby promoting peat accumulation and supporting the 
development of the wetland ecosystem.

The study area lies within the subtropical plateau monsoon climate 
zone, characterized by warm, humid, and distinct seasons. The annual 
average temperature ranges from 13 to 16 ◦C. The annual precipitation 
ranges from 1100 to 1400 mm, with 60–70 % concentrated in summer 
(increasing from northwest to southeast). This precipitation pattern is 
tightly linked to the advance and retreat of the southwest monsoon. 
Additionally, the region has relatively short annual sunshine 
(1200–1500 h), and year-round relative humidity of 70–80 %, creating 
favorable hydrothermal conditions for subtropical evergreen broad- 
leaved forests.

Regional vegetation is dominated by subtropical evergreen broad- 
leaved forests, alongside coniferous forests, deciduous broad-leaved 
forests, and shrublands, showing clear vertical zonation (Liu, 1981). In 
the lower-elevation river valleys, evergreen broad-leaved tree species 
such as Lauraceae, Fagaceae and Theaceae are dominant, forming dense 
and complex evergreen broad-leaved forest communities. With rising 
elevation, vegetation shifts to coniferous forests (dominated by Pinus 
yunnanensis and Pinus armandi), and mixed coniferous and broad-leaved 
forests incorporating deciduous broad-leaved species. At high eleva
tions, shrublands and meadows predominate, adapted to cold, windy 
conditions.

3. Materials and methods

3.1. Sampling

In September 2013, a 150-cm sediment core (NNS, 26.10◦N, 
104.82◦E, 1999 m a.s.l., Fig. 1) was collected from the outer area of 
Niangniang Mountain wetland using a Russian peat corer. Immediately 
after retrieval, the core was sealed in plastic film and then stored at 4 ◦C 
to preserve sediment integrity and minimize external contamination. 
The upper 52 cm of core NNS was prioritized for detailed analysis, with 
sediment samples collected at 0.5-cm intervals throughout this interval, 
yielding 104 sediment samples for multi-proxy investigations.
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3.2. Particle size analysis

Grain-size analysis of the upper 52 cm sediments from the NNS 
borehole was conducted at 0.5-cm intervals using a Malvern Mastersizer 
3000 laser diffraction system (School of Marine Sciences, Guangxi 
University), which measures particle sizes ranging from 0.02 to 3500 μm 
by analyzing light scattering patterns. Particle sizes were classified using 
the Krumbein phi (φ) scale (Krumbein, 1934), a logarithmic scale 
defined by the equation φ = − log₂(D/Do) (where D is the particle 
diameter in mm and Do = 1 mm as the reference diameter), establishing 
an inverse relationship between μm and φ: smaller μm values correspond 
to larger φ values (e.g., clay <4 μm equates to φ > 8, silt 4–63 μm to 4–8 
φ, and sand >63 μm to φ < 4). This classification aligns with standard 
sedimentological categories—clay (<4 μm), silt (4–63 μm), and sand 
(>63 μm)—facilitating interpretation of depositional environments 
when integrated with other proxies (e.g., pollen and charcoal).

3.3. Chronology

To establish the age sequence of core NNS, well-preserved and un
contaminated plant remains from the core were selected for accelerator 
mass spectrometry (AMS) 14C dating. In the laboratory, samples 

underwent pretreatment using the acid-base-acid method to remove 
humic acids, carbonates, and other impurities, ensuring the reliability of 
the dating data. Treated samples were then sent to the Xi’an Accelerator 
Mass Spectrometry Center and Beta Analytic Inc. (Miami, USA) for 14C 
dating. Four samples were dated in total (Table 1). Radiocarbon dates 
were calibrated using Calib 8.2 software (Stuiver and Reimer, 1993) 
with the IntCal20 calibration curve (Reimer et al., 2020). The age-depth 
model was built using the recently developed Bayesian Bacon 2.5.4 al
gorithm (Blaauw and Christen, 2011) in RStudio (v4.3.1) with the rba
con package (v2.5.4) (Fig. 2). The chronology model indicates that the 
base of the upper 52 cm core segment dates to 3430 cal yr BP, with a 
sedimentation rate of just 0.015 cm/a.

3.4. Pollen and charcoal analysis

Fifty-two samples (1-cm interval) were selected for pollen and 
charcoal analysis. These samples were pretreated using the heavy liquid 
floatation method (Yue et al., 2012; Nakagawa et al., 1998). First, 
samples were sequentially treated with hydrochloric acid (HCl) and 
potassium hydroxide (KOH) to remove carbonates and organic matter. 
Samples were not bleached (to avoid destroying charcoal integrity). 
Residues were sieved through a 200 μm mesh. Next, pollen was enriched 

Fig. 1. (a) Geographic location and topography of the Niangniang Mountain (NNS) and comparison sites: Lake Tengcongqinghai (TCQH, Xiao et al., 2017), Chaohai 
Wetland (CH, Zhang et al., 2024), and Dongge Cave (Wang et al., 2005), (b) specific location of the peat drilling site in Niangniang Mountain wetland. (c-e). Field 
photos of the peat core extraction.

Table 1 
AMS 14C dating results from the NNS wetland peat borehole.

Sample No. Depth(cm) Lab code Material Radiocarbon age (yr BP) Error (±yr) 12C/13C ratio (‰) Calibrated age range (cal yr BP)

min max median

NNS21 21.0 BETA 503983 Black clay 480 30 − 26.5 499 541 519
NNS35 35.0 BETA 503984 Black clay 1880 30 − 25.6 1730 1883 1821
NNS47 47.0 Xi’an-AMS Black clay 1617 28 1411 1538 1479
NNS51.5 51.5 BETA 503985 Black peat 3220 30 − 28.1 3375 3484 3439
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via heavy liquid flotation (density: 2.0 g/ml). To ensure the accuracy of 
pollen and charcoal concentration measurements, a known quantity of 
modern Lycopodium clavatum spores (27,560 grains per tablet) was 
added as an exotic pollen indicator during the processing of each 
sample.

Pollen identification was performed under a Nikon optical micro
scope at 400–1000× magnification, using authoritative references 
including Angiosperm Pollen Flora of Tropic and Subtropical China 
(Institute of Bontany and South China Institute of Bontany, Academia 
Sinica, 1982), Pollen Flora of China (Second Edition) (Wang et al., 1995) 
and Chinese Quaternary Palynology (Tang et al., 2016). For each sample, 
at least 400 pollen grains were counted to guarantee the representa
tiveness and reliability. Relative percentages of pollen species were 
calculated based on the total terrestrial pollen count. Relative abun
dance of aquatic herbaceous pollen, fern spores, mosses, algae, and fungi 
were determined by their proportions within the total palynomorph 
assemblage (including terrestrial pollen), following the method outlined 
by Yue et al. (2012). Palynomorph diagrams were generated using Tilia 
2.0.4 software with the CONISS cluster analysis method (Grimm, 1987), 
focused on taxa with a total content exceeding 5 %.

Charcoal analysis was conducted concurrently with pollen identifi
cation to ensure consistent sample processing. After undergoing pre
treatment procedures including HCl-KOH digestion, 200 μm mesh 
sieving, and heavy liquid flotation), charcoal particles were hand-picked 
under a Nikon optical microscope at 400–1000× magnification. Dis
tinguishing fire activity across different spatial scales is a key objective 
of palaeofire research (Whitlock and Larsen, 2001). To achieve this, we 
adopted a three-level size classification system validated through 
regional methodological studies (Li et al., 2006; Xu et al., 2021). The 
classification criteria and their ecological implications are as follows: (1) 
small microscopic charcoal (<50 μm), which is easily transported by 
wind over long distances and indicates regional fire events; (2) medium 

microscopic charcoal (50–125 μm), representing transitional fire signals 
between regional and local scales; and (3) macroscopic charcoal (>125 
μm), which typically deposits within 3–7 km of the fire source and re
flects near-source, localized burning (Ohlson and Tryterud, 2000; 
Vachula et al., 2021).

Charcoal particles were counted separately for each size class, and 
their concentrations (grains/g) were calculated using the Lycopodium 
clavatum spore (27,560 grains per tablet) as indicator. This approach 
standardizes for differences in sediment volume and preservation con
ditions. This workflow aligns with standardized palaeofire analysis 
protocols (Conedera et al., 2009) and has been validated in subtropical 
monsoon regions similar to our study area (Xu et al., 2021; Yue et al., 
2024a, 2024b).

3.5. Principal Component Analysis (PCA)

To further clarify the role of the NNS borehole pollen assemblage in 
reflecting vegetation types and climate dynamics, Principal Component 
Analysis (PCA) was applied to pollen species with a total content greater 
than 5 % across all samples. This analysis focused on 29 dominant pollen 
types and was executed using Canoco 5 software to uncover ecological 
and climatic insights from the pollen data.

3.6. Rarefaction analysis

The palynological richness of core NNS was evaluated via rarefaction 
analysis in PAST software (Hammer et al., 2001). As a widely used 
statistical approach, rarefaction standardizes samples with varying 
pollen counts to estimate average richness at a constant reference lev
el—typically the lowest pollen count in the dataset (Birks and Line, 
1992). We utilized the uncorrected E (Sn) value derived from rarefaction 
analysis as an indicator of species richness, vegetation composition, and 

Fig. 2. The lithology, grain-size result, median particle size, Bayesian age-depth model, and lithology description from core NNS.
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landscape diversity. Specifically, the “Individual rarefaction” function in 
PAST’s “Diversity” module was applied to pooled count data from each 
sampling site, generating rarefaction curves that illustrate how species 
richness changes with increasing sample size. This approach effectively 
revealed the differential responses of regional vegetation diversity to 
climate changes and human activities through reconstructed pollen 
richness, aligning with established palaeoecological methodologies.

4. Results

4.1. Sediment stratigraphy

This research investigated the sedimentary composition of the upper 
52 cm of core NNS. Based on visual color, primary components, and 
sediment characteristics, the sequence was stratified into four litholog
ical units (Fig. 2). Bulk sediment analysis revealed average contents of 
4.97 % clay, 47.74 % silt, and 47.29 % sand with median particle size 
ranges from 2.37 to 5.96 φ. From bottom to top, the core is divided into 
four distinct zones (Fig. 2):

Zone I (52–50 cm): dark black peat. This zone shows a median par
ticle size of 5.54 φ, with average clay, silt, and sand contents of 9.85 %, 
65.23 %, and 24.93 %, respectively. It displays the highest clay and sand 
contents within the profile.

Zone II (50–40 cm): dark gray clay, showing a gradual boundary with 
underlying sediments. This zone has a median particle size of 4.18 φ, 
with average clay, silt, and sand contents of 4.14 %, 49.06 %, and 46.80 
%, respectively. It exhibits the lowest clay content within the profile.

Zone III (40–22 cm): light grayish-white clay with sparse organic 
material. This unit has a median particle size of 4.57 φ, with average 
clay, silt, and sand contents of 6.13 %, 52.69 %, and 41.18 %, respec
tively. The clay content is higher than in Zone II.

Zone IV (22–0 cm): gray-yellow to gray-black organic-rich clay. This 
zone has a median particle size of 3.67 φ, with average clay, silt, and 
sand contents of 3.85 %, 41.06 %, and 55.09 %, respectively. It displays 
the highest silt content within the profile.

Grain-size distribution (sand: >63 μm; silt: 4–63 μm; clay: <4 μm) 
reflects significant shifts in hydrological regimes, erosion intensity, and 
depositional energy over the past 3400 years. For instance, Zone IV’s 
high sand content (e.g., 55.09 %) indicates intensified runoff and high- 
energy depositional conditions, likely linked to enhanced precipitation 

events or anthropogenic-induced soil erosion (e.g., agricultural tillage; 
Zhang et al., 2024). In contrast, increased clay and silt proportions (e.g., 
9.85 % clay and 65.23 % silt) in Zone I correspond to stable, low-energy 
environments under humid climatic conditions, as fine particles are 
transported and deposited only in calm water settings (Chambers and 
Charman, 2004). The transition from fine-grained sediments (Zone I) to 
coarser grains (Zone II–IV) parallels monsoon weakening and increasing 
human disturbance, highlighting the synergistic influence of climate and 
human activities on sedimentary processes. Integrating these grain-size 
insights with pollen and charcoal records strengthens multi-proxy in
terpretations: for example, the high sand content in Zone IV coincides 
with elevated macroscopic charcoal and Poaceae percentages, con
firming intensive agricultural activities and associated erosion.

4.2. Facies description based on multi-proxy analysis

A total of 88 pollen and spore taxa were identified across 52 samples 
from core NNS. Pollen counts per sample ranged from 546 to 943 grains 
(729 grains). The pollen diagram (Fig. 3) illustrates the dominant and 
representative taxa (as seen in Fig. 4). Arboreal pollen (AP) was domi
nated by Pinus, deciduous Quercus (Quercus-D), Corylus, Alnus, Betula, 
Carpinus, Morus, Hamamelis, evergreen Quercus (Quercus-E), Juglans, 
Tsuga, and Castanopsis/Lithocarpus. Non-arboreal pollen (NAP) included 
Poaceae, Artemisia, Asteraceae, Chenopodiaceae and Brassicaceae. 
Aquatic/wetland herbs were primarily represented by Cyperaceae and 
Myriophyllum. Fern spores were dominated by monolete types (e.g., 
Polypodiaceae, Dryopteridaceae), with trilete spores identified in 
Dicranopteris. Based on variations in major pollen/spore percentages, 
and charcoal particles concentrations, CONISS cluster analysis divided 
core NNS into four distinct zones (Fig. 3):

4.2.1. Zone I (52–50 cm; ~3400–3200 cal yr BP)
This zone exhibits the highest pollen concentration in the profile 

(mean: 3.89 × 106 grains/g). AP dominates (92.05 %), with evergreen 
broad-leaved taxa (e.g., Quercus-E, Castanopsis/Lithocarpus) peaking at 
76.72 %. Deciduous components (e.g., Quercus-D, Alnus) comprise 
16.69 %, while coniferous Pinus is low (3.06 %). Terrestrial herbs 
(mainly Poaceae, Artemisia) account for 7.95 %. Fern spores (predomi
nantly monolete) reach 20.81 %, with minimal aquatic herbs (0.76 %) 
and fungi (0.7 %). Charcoal concentrations are highest for particles <50 

Fig. 3. Pollen percentage diagram of core NNS, including lithological column (color and texture, description see Fig. 2), radiocarbon ages (cal yr BP) with corre
sponding depths, relative frequency (%) of trees, herbs, ferns, concentrations of pollen and charcoal, and total sum (from left to right).
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μm (mean: 439,121 grains/g), with a lower value for <125 μm particles 
(mean: 9212 grains/g); while particles >125 μm are absent. Total 
charcoal concentration ranges from 193,459 to 967,295 grains/g (mean: 
448,333 grains/g).

4.2.2. Zone II (50–40 cm; ~3200–2100 cal yr BP)
Pollen concentration declines significantly (mean: 165,195 grains/ 

g). AP decreases to 65.44 %, with evergreen broad-leaved taxa reduced 
to 33.40 %. Conifers (Pinus) increase to 14.87 %, and terrestrial herbs 
(Poaceae, Artemisia) peak at 34.56 %. Aquatic herbs (Cyperaceae, 1.13 
%) and fern spores (33.54 %) show marked increases. Charcoal con
centrations peak for 50–125 μm particles (mean: 15,236 grains/g). 
Particles <50 μm average 87,822 grains/g (range: 15,759–211,566 
grains/g); while the particles >125 μm remain absent. Total charcoal 
averages 103,058 grains/g (range: 15,759–260,169 grains/g).

4.2.3. Zone III (40–22 cm; ~2100–600 cal yr BP)
AP declines slightly (60.26 %), dominated by coniferous Pinus 

(20.42 %). Evergreen broad-leaved taxa decrease to 24.01 % (Casta
nopsis/Lithocarpus dominant). Terrestrial herbs (dominated by Poaceae, 
39.74 %) and monolete spores (39.05 %) show elevated percentages. 
Total pollen concentration averages 40,805 grains/g. Charcoal concen
trations are the lowest in the profile: <50 μm (mean: 22,241 grains/g; 
range: 6816–53,539 grains/g), 50–125 μm (mean: 2232 grains/g). 
Particles >125 μm are absent. Total charcoal averages 24,437 grains/g 
(range: 8234–61,316 grains/g).

4.2.4. Zone IV (22–0 cm; ~600 cal yr BP–present)
AP comprises 66.59 % of the assemblage. Evergreen broad-leaved 

taxa decline to their minimum (9.64 %), while conifers (dominated by 
Pinus) peaks (40.37 %). Terrestrial herbs (Poaceae, Cyperaceae) reach 
their maximum (33.41 %). Fern spores decline to 16.27 %, with fungi at 
1 %. Charcoal concentrations increase: <50 μm (mean: 40,786 grains/g; 
range: 8564–91,130), 50–125 μm (mean: 6357 grains/g). Notably, 
charcoal >125 μm first appears at 16 cm depth (~340 cal yr BP), 
averaging 158 grains/g (sporadic occurrence). Total charcoal concen
tration averages 47,300 grains/g (range: 10,581–106,755).

4.3. Principal component analysis (PCA)

Principal Components Analysis (PCA) of the pollen data reveals 
distinct environmental gradients (Fig. 5). The first two principal com
ponents (PC1 and PC2) together explain 62.51 % of the total variance, 
PC1 accounts for 50.65 % and PC2 for 11.86 %. It indicates that these 
axes capture the primary drivers of pollen assemblage variation.

PC1 exhibits strong positive loading for subtropical evergreen broad- 
leaved taxa (e.g., Castanopsis/Lithocarpus, evergreen Quercus (Quercus- 
E)), which favor warm-humid conditions (Fig. 5), and high negative 
loadings for cold/drought-tolerant taxa such as Pinus and Poaceae. This 
loading pattern indicates that PC1 captures a climatic gradient spanning 
warm-humid to cold-dry environments conditions.

PC2, by contrast, exhibits strong negative loadings for anthropogenic 
indicator taxa, particularly Poaceae, commonly associated with agri
cultural disturbance, and positive loadings for primary broad-leaved 

Fig. 4. Key palynomorph/charcoal micrographs from the Niangniang Mountain peat core. (a) Pinus; (b) Juglans; (c) Carpinus; (d) Charcoal particle; (e) Cyperaceae; 
(f) Poaceae; (g) Evergreen Quercus (Quercus-E); (h) Castanopsis/Lithocarpus; (i) Alnus; (j) Betula; (k) Dicranopteris; (l) Tsuga; (m) Myriophyllum; (n) Artemisia; (o) 
Brassicaceae; (p) Asteraceae; (q) Chenopodiaceae. All micrographs were taken under a Nikon optical microscope (400×)with bright-field illumination.
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forest taxa. Accordingly, PC2 likely represents a gradient of human- 
induced disturbance intensity.

Furthermore, the characteristics of pollen and spore assemblages 
across stratigraphic intervals provide compelling support for spatial 
distribution patterns of taxa (Fig. 5b). Although detailed species-level 
loadings require further analysis, the PCA results offer a robust foun
dational basis for interpreting vegetation responses to Late Holocene 
climatic variability and anthropogenic influence in this subalpine 
ecosystem.

PC2’s ecological significance is phase-specific: in zone I 
(~3400–3200 cal yr BP), its positive loadings for evergreen broad- 
leaved taxa align with high clay content (stable humid conditions) and 

low charcoal concentrations (minimal disturbance), directly linking it to 
warm-humid climates. Particularly zone IV, PC2’s negative loadings for 
anthropogenic indicators (e.g., Poaceae) correlate with elevated 
macroscopic charcoal (>125 μm) and sand content, confirming it re
flects an anthropogenic disturbance gradient. This dual interpretation is 
validated by regional studies (Xiao et al., 2017; Xu et al., 2021), high
lighting the shifting drivers of vegetation change over time.

4.4. Biodiversity

Palynology-based biodiversity models are used to evaluate the esti
mated number of pollen taxa for every sediment interval (1 cm 

Fig. 5. PCA results from core NNS: (a) loading plots of dominant pollen taxa; (b) Sample distribution plot of pollen data for each zone.

Fig. 6. Palynology-based rarefaction analysis: (a) Curves indicate estimated number of pollen taxa E (Sn) for every sediment interval (1 cm resolution) in core NNS, 
(b) estimated number of pollen taxa E (Sn) for each pollen zone in core NNS, (c) Palynological richness [E (Sn)] based on rarefaction analysis of pollen data from 
core NNS.
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resolution) in core NNS. Rarefaction curves illustrate species diversity 
values for individual sample (Fig. 6a) and pollen zones (Fig. 6b). The 
estimated species richness fluctuated between 17 and 42 species per 
sample during the past 3400 years (Fig. 6c). Diversity metrics for the 
four zones (outlined in Section 4.2) are detailed below:

Zone I (~3400–3200 cal yr BP) contains 30 taxa and 2041 counts of 
pollen grains, with low species richness (E(Sn) = 20–25).

Zone II (~3200–2100 cal yr BP), taxa richness increased to 47 (6785 
pollen grains), with moderate richness (E(Sn) = 19–28).

Zone III (~2100–600 cal yr BP), a total 56 taxa were recorded 
(14,410 pollen grains), the richness reached minimum levels (E(Sn) =
20–32).

Zone IV (~600 cal yr BP–present), a total 80 taxa were recorded 
(14,658 pollen grains), the richness rebounded to high levels (E(Sn) =
17–42).

These patterns of low richness in stable climates and peak richness in 
anthropogenic landscapes demonstrate that dynamic diversity may 
respond to climate and human impacts.

5. Discussions

5.1. Environmental fluctuation and ecosystem dynamics during the late 
Holocene

The Niangniang Mountain peat record provides a high-resolution 
archive of environmental and ecosystem dynamics spanning the last 
3400 years. It reveals complex interactions among climate variability, 
vegetation succession, and anthropogenic influence in western Guizhou. 
This section synthesizes multi-proxy evidence to reconstruct palae
oenvironmental evolution and ecosystem responses across four distinct 
phases of the Late Holocene (Fig. 7).

5.1.1. Phase I (~3400–3200 cal yr BP)
The basal sediments of the Niangniang Mountain peat core record a 

period of exceptional ecosystem stability, driven by a strong summer 
monsoon influence. Pollen assemblages here are dominated by ever
green broad-leaved taxa (72.30 %), with evergreen Quercus and 

Castanopsis/Lithocarpus as the main components, indicating closed- 
canopy subtropical evergreen broad-leaved forests, a vegetation type 
characteristic of warm, humid conditions (Fig. 7). This interpretation is 
further corroborated by the high positive scores on both PC1 and PC2 
(Fig. 7), though it is critical to clarify that PC2’s linkage to warm-humid 
conditions is phase-specific to Phase I. Regional palaeoecological studies 
confirm both axes associated with warm-humid climatic conditions in 
this context (Xiao et al., 2015; Huang et al., 2018; Herzschuh et al., 
2019).

Chronologically, this vegetation composition aligns with the late 
stage of the Holocene thermal maxima (HTM, Marcott et al., 2013), a 
global climatic optimum (Fig. 8a). Notably, this warm-humid optimum 
appears to have persisted longer at our site than in nearby records, 
including those from Lake Caohai (eastern Guizhou, Zhang et al., 2024), 
Lake Qinghai (Yunnan, Xiao et al., 2017), and other monsoon-influenced 
regions (Zhao et al., 2009). Exceptionally high pollen concentrations 
(3.89 × 106 grains/g) and minimal charcoal abundance further suggest 
limited ecological disturbance during this interval (Fig. 9), a pattern 
consistent with reduced fire activity during peak monsoon periods as 
documented in global fire-history syntheses (Marlon et al., 2013).

The ‘peak monsoon period’ in southwest China (including western 
Guizhou) is widely documented as 4000–3000 cal yr BP (Wang et al., 
2005; Dykoski et al., 2005), corresponding to the late stage of the HTM. 
This period is characterized by maximum summer monsoon intensity, as 
recorded by speleothem δ18O (Dongge Cave) and peat pollen records 
(Yue et al., 2012; Xiao et al., 2017). Our data align with this regional 
signal, but we emphasize that our 3400–3200 cal yr BP record captures 
only the tail end of this peak monsoon period—not its full duration—to 
avoid overinterpreting the scope of our core’s basal interval.

Multiple proxies, including pollen assemblages, grain-size data, and 
charcoal concentrations converge to confirm Phase I’s warm-humid 
regime. The high proportion of monolete fern spores (20.81 %) in
dicates moist understory conditions; when integrated with sedimento
logical and other proxy evidence, this collectively strengthens the case 
for Phase I’s warm-humid climatic regime. The sedimentological evi
dence includes: (1) dark black peat with fine particle size (median 5.73 
φ), which points to waterlogged conditions conducive to peat 

Fig. 7. The variations in primary pollen ecological types and the climate and environmental shifts signaled by PCA in the NNS wetland borehole.
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Fig. 8. Conceptual diagrams of environmental fluctuation and ecosystem dynamics on Niangniang Mountain since ~3400 cal yr BP: (a) 3400–3200 cal yr BP (warm- 
humid optimum); (b) 3200–2100 cal yr BP (monsoon weakening transition); (c) 2100–600 cal yr BP (sustained cool-dry interval); (d) since 600 cal yr BP 
(anthropogenic transformation).

Fig. 9. Vegetation changes, climate dynamic, biodiversity, and fire activity records in the past 3400 years for this study, comparison to the record of Caohai Wetland 
(Zhang et al., 2024), Lake Qinghai (Xiao et al., 2017), δ18Q of stalagmite of Dongge Cave (Wang et al., 2005), the estimated Holocene anthropogenic land use from 
China (Goldewijk et al., 2017), and the estimated human population of China (maroon) (Ge, 2002; Lu and Teng, 2000; Li et al., 2009). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Y. Yue et al.                                                                                                                                                                                                                                      Global and Planetary Change 257 (2026) 105238 

9 
733



accumulation (Chambers and Charman, 2004). (2) higher clay content 
(Fig. 2), signaling stable, low-energy depositional environments, and (3) 
low charcoal concentrations (Fig. 4), further suggesting reduced fire 
activity under humid monsoon conditions.

As shown in Fig. 9, these findings align with regional speleothem 
δ18O records that document the late stage of the maximum Holocene 
monsoon intensity (4000–3000 cal yr BP, Wang et al., 2005; Dykoski 
et al., 2005). Additionally, the delayed transition at Niangniang 
Mountain suggests (relative to other sites like Lake Caohai and Lake 
Qinghai) suggests local topographic buffering of monsoon weakening. 
This consistency across proxies and regional records confirms that local 
vegetation and environmental changes were embedded within broader 
southwest China monsoon dynamics.

5.1.2. Phase II (~3200–2100 cal yr BP)
This phase marks a significant ecological reorganization, driven by 

climatic deterioration, a shift toward cooler conditions and reduced 
monsoon-derived precipitation (consistent with regional speleothem 
records; Wen et al., 2017). Vegetation communities show clear re
sponses to this climatic shift, for instance, evergreen broad-leaved taxa 
declined by 50 % (to 34.40 %), while drought-tolerant Pinus (14.87 %) 
and grassland species (Poaceae 34.56 %) increased notably (Fig. 7). This 
vegetation turnover indicates a shift toward cooler/drier conditions, 
aligns with both regional and global climate contexts. Regionally, it is 
consistent with records documenting weakened monsoon intensity 
during this period (Fig. 8b, Fig. 9, Wen et al., 2017; Zhou et al., 2023). 
While globally, we link this monsoon weakening—evident in our Phase 
II and corresponding to the late stage of the HTM—to hemispheric 
climate forcing (e.g., declining Northern Hemisphere insolation; Mar
cott et al., 2013), thereby clarifying how local ecological changes fit 
within broader global climatic processes.

Additionally, microscopic charcoal abundance (50–125 μm) in
creases tenfold (mean: 15,236 grains/g), suggesting heightened fire 
activity (Fig. 8b, Fig. 9). This increase likely stems from both climatic 
aridity (which dries fuel sources) and early human-induced disturbance. 
This pattern mirrors fire regime shifts observed in other monsoon 
transition zones during this period (Xu et al., 2021; Tan et al., 2015).

Interestingly, a key observation here is the apparent contradiction 
between sedimentological and pollen signals. Sediments shift to dark 
gray clay with reduced organic content, which indicates diminished peat 
accumulation under drier conditions consistent with regional lake level 
reconstructions (Chen et al., 2015). In contrast, pollen and spore data 
show expanded fern spores (33.54 %) and aquatic herbs, implying 
localized wetland expansion (Fig. 9). We attribute this discrepancy to 
episodic heavy rainfall events amid the overall drier trend. Increased 
slope runoff from these events may have created localized waterlogging 
in low-lying areas of the peatland, supporting wetland vegetation even 
as the broader regional climate became drier. This pattern has been 
observed in other subtropical peatlands during monsoon transition pe
riods (Xiao et al., 2015).

5.1.3. Phase III (~2100–600 cal yr BP)
This phase records the most substantial vegetation reorganization 

(Fig. 7), with conifers expand to 20.42 %, while evergreen taxa decline 
to 24.01 %. This conifer-dominated landscape, accompanied by 
expanded grasslands (39.74 %), indicates prolonged cool/dry condi
tions, potentially linked to Northern Hemisphere cooling events like the 
Dark Ages Cold Period (DACP, ~500–900 CE), a well-documented cold- 
dry event that reinforced conifer dominance in Southwest China (Zhao 
et al., 2010; Wang et al., 2012). This prolonged cool-dry phase then 
overlaps with the Medieval Climate Anomaly (MCA, ~950–1250 CE), a 
period of regional climate instability rather than a uniform warm phase 
in this monsoon-sensitive area, which intensified summer monsoon 
fluctuations (Xiao et al., 2017). Episodic droughts and short wet spells 
during the MCA likely exacerbated conifer persistence and grassland 
expansion, as pine and Poaceae are more resilient to hydrological 

variability than evergreen broad-leaved taxa. Surprisingly, charcoal 
concentrations decline to a profile minimum (Fig. 8c, Fig. 9), despite the 
presumed flammability of pine forests. This contradiction may be 
attributed to three factors: (1) reduced fuel loads from prior deforesta
tion (Huang et al., 2018), (2) active fire suppression as pastoralism 
expanded (Dietze et al., 2018), or climatic aridity insufficient to support 
frequent fires (Marlon et al., 2013). As shown in Fig. 9, similar fire- 
vegetation-climate decoupling has been documented in other subtropi
cal regions during this period (Xiao et al., 2017; Xu et al., 2021; Zhang 
et al., 2024). The presence of light grayish-white clay with sparse or
ganics further supports a prolonged moisture deficit, aligning with 
regional speleothem records showing weakened monsoon intensity 
(Wang et al., 2005).

5.1.4. Phase IV (~600 cal yr BP-present)
This phase documents dramatic ecosystem transformations fueled by 

intensive human activities (Fig. 8d). The dominance of Pinus (39.1 %), 
suppression of evergreen taxa (8.0 %), and continued grassland expan
sion (33.41 %) point to large-scale deforestation. Notably, this 
anthropogenic-driven vegetation transformation occurred amid 
enhanced El Niño-Southern Oscillation (ENSO) variability (Herzschuh 
et al., 2019). As a global climate mode, ENSO amplifies East Asian 
summer monsoon fluctuations in Southwest China, leading to more 
frequent extreme rainfall and drought events. However, such climatic 
variability did not reverse the vegetation trajectory: the first appearance 
of macroscopic charcoal (>125 μm) at ~340 cal yr BP (Fig. 9) marks 
localized slash-and-burn agriculture (Roos et al., 2023), and the con
current surge in Poaceae (33.41 %) reflects widespread cropland 
expansion. These changes coincide with historical records of Han Chi
nese migration into Guizhou during the Ming-Qing dynasties (Yuan 
et al., 2022). This confirms that human impacts ultimately overwhelmed 
climatic controls, even as ENSO intensified monsoon variability. The 
resurgence of fire activity (charcoal mean: 47,300 grains/g), coupled 
with increased fungal spores and coarser sediments (55.09 % sand), 
points to landscape opening and soil erosion consistent with patterns 
observed across other Asian agricultural frontiers (Xiao et al., 2017; 
Zhang et al., 2024; Zhao et al., 2024). These shifts occurred despite the 
climatic backdrop of the Little Ice Age (LIA, ~1300–1850 CE), under
scoring the dominant influence of human activity, in line with global 
Late Holocene human–environment interactions (Ellis et al., 2021).

The PCA ordination (PC1: 50.65 %, PC2: 11.86 %) provides quan
titative support for these interpretations (Fig. 4). PC1 exhibits positive 
loadings for evergreen forest taxa and negative loadings for Pinus and 
Poaceae, reflecting a primary climate gradient from warm-humid to 
cool-dry conditions, explaining 50.65 % of total variance. This gradient 
aligns with regional reconstructions of Late Holocene monsoon weak
ening (Wang et al., 2012). Samples from Phase I cluster at the positive 
extreme, Phase III at the negative, with Phase II showing transitional 
positioning, a progression matching other monsoon-sensitive records 
(Zhao et al., 2010).

PC2 is characterized by negative loadings for Pinus, Brassicaceae and 
Aster (taxa linked to disturbed environments) and positive loadings for 
primary forest taxa, capturing an anthropogenic disturbance gradient 
that accounts for 11.86 % of variance. To strengthen this interpretation, 
we cross-validate PC2 with Phase IV’s non-pollen proxies: the maximum 
PC2 scores in Zone IV samples correspond to the highest macroscopic 
charcoal concentrations (47,300 grains/g) and sand content (55.09 %) 
in the core, directly linking PC2’s variation to intensified human activity 
(e.g., slash-and-burn agriculture, soil erosion). Notably, PC2’s earlier 
association with warm-humid conditions is restricted to Zone I. In this 
interval, positive PC2 scores overlap with high clay content (stable 
humid conditions) and low charcoal (minimal disturbance), while Zone 
IV’s PC2 signal is exclusively driven by anthropogenic factors. This 
phase-specific distinction avoids misinterpretation of PC2’s ecological 
meaning across the core. This PCA pattern is consistent with analyses 
from other anthropogenically altered landscapes in subtropical China 
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(Xiao et al., 2017; Xu et al., 2021), confirming that human activity 
emerged as a secondary but increasingly significant ecological driver in 
the Late Holocene.

In addition, regional comparisons reveal both consistencies and 
unique aspects of Niangniang Mountain’s environmental history. While 
the broad monsoon-weakening trend aligns with Yunnan records (Xiao 
et al., 2017), the persistence of evergreen taxa until ~3200 cal yr BP 
suggests western Guizhou remained favorable longer than eastern areas, 
likely due to topographic effects (Huang et al., 2018). Fire regime dif
ferences with other subtropical sites, where anthropogenic burning 
intensified steadily (Xu et al., 2021), highlight the role of local variables 
such as fuel availability and land-use practices in modulating fire
–climate–human interactions (Archibald et al., 2013; Coughlan et al., 
2018). These findings contribute to growing evidence that Late Holo
cene environmental change in monsoon Asia reflects complex interplay 
between global climate drivers, regional monsoon dynamics, and 
localized anthropogenic activities (Zhao et al., 2010; Zhou et al., 2023).

Notably, Pinus pollen is consistent over-representation throughout 
the record, a common phenomenon in subtropical peatland archives that 
requires explicit clarification to avoid misinterpreting vegetation 
dynamics.

Pinus pollen is consistently over-represented throughout the pollen 
record, a pattern common in subtropical peatland archives. Three key 
factors explain this phenomenon: (1) Ecologically, Pinus yunnanensis and 
Pinus armandi—dominant coniferous species in western Guizhou
—exhibit strong adaptability to heterogeneous habitats (e.g., rocky 
slopes and degraded forests), maintaining large local populations (Xiao 
et al., 2017; Yuan et al., 2022). (2) Taphonomically, Pinus pollen grains 
have a thick, resistant exine layer that enhances preservation in anaer
obic peat sediments, reducing decomposition rates compared to fragile 
broad-leaved pollen (Herzschuh et al., 2019; Xu et al., 2016). (3) Dis
persally, as anemophilous species, Pinus releases massive amounts of 
lightweight pollen that can be transported over long distances by wind, 
increasing its relative abundance in the record even from non-local 
sources (Birks and Birks, 1980). This over-representation should be 
considered when interpreting vegetation dynamics, as Pinus pollen 
percentages may overestimate its actual coverage in the past landscape.

5.2. Climatic and anthropogenic drivers of biodiversity changes

The palynological richness index [E(Sn)] and PCA results from the 
Niangniang Mountain peat core provide detailed insights into the 
complex drivers of biodiversity change over the Late Holocene, 
revealing intricate interactions between climatic forcing and human 
disturbance (Fig. 8).

Phase I (~3400–3200 cal yr BP), characterized by low richness (E 
(Sn) = 20–24, Fig. 5c), reflects a period of climatic stability that favored 
the dominance of a few key taxa (Birks and Birks, 1980; Willis et al., 
2010). The closed-canopy evergreen forest (72.30 %), dominated by 
evergreen Quercus and Castanopsis/Lithocarpus, created homogeneous 
environmental conditions that limited niche space for herbaceous spe
cies, resulting in low β-diversity (Huang et al., 2020). This pattern aligns 
with global observations that peak interglacial conditions often reduce 
plant diversity by favoring competitive exclusion of stress-tolerant 
species (Blarquez et al., 2014). The high pollen concentration (3.89 ×
106 grains/g) further supports optimal growing conditions, as demon
strated in other subtropical peat archives (Huang et al., 2018).

Between Phase II (~3200–2100 cal yr BP), richness increased 
moderately (E(Sn) = 20–31, Fig. 5c) in response to greater climatic 
variability, which likely enhanced habitat heterogeneity. The coexis
tence of residual evergreen forests (34.40 %), expanding pine wood
lands (Pinus 14.87 %), and grasslands (Poaceae 34.56 %) supported 
more species through niche partitioning (Colombaroli and Gavin, 2010; 
Steinbauer et al., 2018). This intermediate disturbance effect, where 
maximum diversity is achieved during ecotonal transitions, is also 
observed in European lake sediments (Giesecke et al., 2012). The 

expansion of fern spores (33.54 %) and aquatic herbs further suggests 
microhabitat diversification linked to fluctuating moisture conditions, a 
well-documented phenomenon in monsoon-sensitive environments 
(Ren et al., 2021).

In Phase III (~2100–600 cal yr BP), richness declined to its lowest 
levels (E(Sn) = 16–27, Fig. 5c), as habitat homogenization occurred 
through the dominance of stress-tolerant conifers (20.42 %, e.g., Pinus) 
and herbs (39.74 %, e.g., Poaceae) (Tinner et al., 2005; Zhao et al., 
2009). This vegetation shift reflects a classic stress-filtering mechanism, 
where harsh environmental conditions eliminate all but the most 
adapted species (May et al., 2019). Despite Pinus dominance, charcoal 
concentrations declined, suggesting reduced fuel availability and lower 
structural complexity—conditions similar to those documented in other 
fire-suppressed coniferous ecosystems (Marlon et al., 2013).

In Phase IV (~600 cal yr BP-present), palynological richness reached 
its peak (E(Sn) = 26–36, Fig. 5c), despite intensive anthropogenic 
impact. This seemingly paradoxical increase aligns with the “interme
diate disturbance hypothesis” (Xu et al., 2021; Ellis et al., 2021); agri
cultural activity, deforestation, and the expansion of secondary 
vegetation enhance habitat heterogeneity, which in turn supports 
greater biodiversity. Such a mosaic landscape supported both shade- 
intolerant ruderals (e.g., Artemisia, Brassicaceae) and forest-edge spe
cies, increasing γ-diversity despite reduced α-diversity in any single 
habitat type. Similar dynamics have been reported in European cultural 
landscapes, where moderate human disturbance maximizes biodiversity 
through intermediate disturbance effects (Dietze et al., 2018; Roberts 
et al., 2017). The appearance of macroscopic charcoal (>125 μm) at 
~340 cal yr BP (Fig. 9) marks a critical threshold in land-use intensity, 
coinciding with Ming-Qing dynasty agricultural expansion (Yuan et al., 
2022), the increase in Chinese population (Klein Goldewijk et al., 2017), 
and the expansion of cropland area (Ge, 2002; Lu and Teng, 2000; Li 
et al., 2009). This transformation led to novel ecosystems characterized 
by new disturbance regimes and the co-occurrence of fire-adapted taxa 
(e.g., Pinus) and disturbance indicators (e.g., Poaceae). Such patterns are 
increasingly recognized as characteristic of the early Anthropocene in 
East Asia (Stephens et al., 2019; Zhou et al., 2023).

The biodiversity patterns reveal non-linear responses to environ
mental change. The Phase II-III transition crossed an ecological 
threshold where cooling exceeded the tolerance of many evergreen taxa, 
causing irreversible forest reorganization (Wang et al., 2012). Sediment 
evidence, the presence of light grayish-white clay with low organics, 
corroborates this regime shift, reflecting prolonged moisture deficits 
that exceeded the buffering capacity of subtropical forest ecosystems 
(Huang et al., 2018). Likewise, the intensification of agricultural activity 
during Phase IV introduced fundamentally altered disturbance regimes, 
and along with elevated fungal spore abundances, this phenomenon 
signals accelerated decomposition and enhanced nutrient cycling—key 
hallmarks of anthropogenically modified landscapes (Leys et al., 2018; 
Roos et al., 2023). These findings support theoretical frameworks that 
emphasizing state shifts in coupled human-environment systems, 
particularly the “Anthropocene Biosphere” concept (Ellis et al., 2021).

The Niangniang Mountain diversity patterns show both similarities 
and differences with other Asian monsoon regions. While the general 
trend of increased diversity during intermediate disturbance phases 
matches Yunnan records (Xiao et al., 2015), the magnitude of anthro
pogenic enhancement in Phase IV exceeds that observed in less inten
sively cultivated areas (Ren et al., 2021). This contrast highlights the 
role of land-use intensity in mediating diversity responses, as proposed 
in global syntheses of palaeoecological data (Mottl et al., 2021). The 
study also contributes to ongoing debates about biodiversity conserva
tion in cultural landscapes. The observed peak diversity during Phase IV 
supports the “intermediate disturbance hypothesis” in anthropogenic 
ecosystems (Fox, 2013), but raises questions about the long-term sus
tainability of such diversity given associated soil erosion (54.90 % sand 
content) and ecosystem simplification (8 % evergreen taxa). These 
trade-offs mirror contemporary concerns about biodiversity 
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conservation in rapidly developing Asian montane regions (Hua et al., 
2022).

5.3. The history of human activities inferred from multi-proxy record

5.3.1. Proto-historical period (~3200–2100 cal yr BP)
While climatic deterioration drove broad vegetation shifts during 

Phase II, evidence of early human activity adds nuance to this transition. 
The charcoal peak during Phase II (mean: 15,236 grains/g for particles 
50–125 μm, Fig. 9) suggests early human presence in western Guizhou, 
potentially linked to Bronze Age communities practicing limited forest 
deforestation. This period corresponds with archaeological evidence of 
Neolithic to Bronze Age transitions in surrounding regions (Ren et al., 
2021; Zhao et al., 2009). However, the absence of macroscopic charcoal 
indicates that fire activity remained largely natural or involved low- 
intensity anthropogenic burning (Bowman et al., 2011; Marlon et al., 
2013), consistent with patterns observed in other subtropical regions 
during initial human colonization (Yuan et al., 2022).

Notably, as shown in Fig. 7, >50 % decline in evergreen broad- 
leaved taxa (from 72.30 % to 34.40 %) and a concurrent increase in 
fire-prone Pinus (14.87 %) may represent unintentional landscape 
modification through selective burning, a pattern documented in other 
monsoon Asia regions (Colombaroli and Gavin, 2010). Such vegetation 
shifts likely triggered positive feedback, as pine-dominated ecosystems 
are generally more flammable than evergreen broad-leaved forests 
(Archibald et al., 2013). The concurrent expansion of grassland species 
(e.g., Poaceae, 34.56 %) further suggests initial forest opening, possibly 
for small-scale swidden agriculture or grazing, as evidenced by similar 
patterns in Yunnan (Xiao et al., 2015). This interval aligns with evidence 
of regional climate deterioration (Sun et al., 2015), complicating the 
disentanglement of climatic versus anthropogenic drivers. However, the 
timing of the charcoal peak (Fig. 9) indicates that human activity likely 
amplified climate-induced vegetation changes, as proposed in other 
Asian monsoon regions (Xu et al., 2021).

5.3.2. ~2100–600 cal yr BP (Phase III)
As shown in Fig. 9, charcoal concentration (mean: 2232 grains/g for 

50–125 μm particles) dropped to a profile minimum during this phase, 
despite conditions generally conducive to fire (e.g., pine dominance up 
to 20.42 %, cool and dry climate). This apparent contradiction may be 
explained by multiple, non-mutually exclusive mechanisms.

Firstly, prior disturbances may have reduced fuel loads below 
thresholds necessary for frequent fire spread, as observed in other sub
tropical systems (Huang et al., 2018; Leys et al., 2018). Sedimentological 
evidence, as shown in Fig. 3, the light grayish-white clay with sparse 
organics, supports reduced biomass productivity under prolonged 
moisture deficits.

Secondly, a socio-economic shift away from fire-based land man
agement may have occurred, with increasing reliance on pastoralism or 
more intensive agriculture reducing fire ignitions (Dietze et al., 2018). 
Historical records indicate increasing societal complexity in south
western China during this period (Li et al., 2017), while political 
instability during the Han–Tang transition may have further limited 
anthropogenic fire use, as suggested by analogous patterns in central 
China (Zhao et al., 2010). The sustained conifers (Pinus dominance) 
likely reflect its value as a timber resource for construction (Fig. 7), 
consistent with archaeological evidence of building booms during Chi
nese imperial expansions (Xiao et al., 2017).

Additionally, climatic aridity may have been insufficient to sustain 
frequent fires. As shown in Fig. 7, the pollen record shows a continued 
decline in evergreen taxa (to 24.01 %) and expansion of grasslands 
(39.74 % e.g., Poaceae), indicating persistent landscape openness. This 
trajectory contrasts with some Yunnan records showing forest regener
ation during this period (Fig. 9, Xiao et al., 2015), suggesting that eco
systems in western Guizhou may have crossed a critical ecological 
threshold (Wang et al., 2012). The sedimentological shift to finer 

particles (median 4.57 φ) with reduced organic content (Fig. 3) supports 
this interpretation, indicating altered hydrological regimes under 
changed vegetation cover.

5.3.3. ~600 cal yr BP to the present (Phase IV)
Dramatic ecological transformations occurred concurrent with his

torically recorded Han Chinese migration into Guizhou during the 
Ming–Qing dynasties (Yuan et al., 2022; Xu et al., 2021). The maximum 
PC2 scores in Phase IV samples and the first appearance of macroscopic 
charcoal particles (>125 μm) at approximately 340 cal yr BP (Fig. 9) 
provide unequivocal evidence of localized slash-and-burn agriculture. 
Palynological data reveal a pronounced decline in evergreen taxa and a 
sharp increase in Poaceae, consistent with widespread forest clearance 
for agriculture.

These changes reflect large-scale deforestation for agriculture 
(Fig. 8d), consistent with historical records of Ming-Qing agricultural 
expansion in southwest China (Stephens et al., 2019), the increase in 
Chinese population (Goldewijk et al., 2017), and cropland expansion 
(Ge, 2002; Lu and Teng, 2000; Li et al., 2009, Fig. 9). Sedimentological 
evidence shows a shift to organic-rich clay with a high sand fraction 
(55.09 %), indicative of accelerated hillslope erosion driven by culti
vation patterns (Fig. 3), corroborated by both historical documentation 
and palaeoecological studies from the region (Xu et al., 2021; Zhou 
et al., 2023). Resurgent fire activity (mean charcoal concentration: 
47,300 grains/g) and increased fungal spores further point to intensified 
decomposition and nutrient cycling, hallmarks of anthropogenically 
transformed landscapes (Roos et al., 2023). These transformations 
occurred despite the LIA climatic context, underscoring the overriding 
anthropogenic influence on ecosystem processes, a pattern observed 
across East Asia during this period (Ellis et al., 2021).

The Niangniang Mountain sequence exhibits both convergence and 
divergence with other East Asian palaeoecological records, underscoring 
the importance of local context in shaping human–environment in
teractions. As in the Loess Plateau (Zhao et al., 2009), human impacts in 
western Guizhou intensified after ~3000 cal yr BP, although ecological 
trajectories varied due to differences in topography, vegetation, and 
cultural development. In contrast to Yunnan records that show a later 
onset of human influence (Xiao et al., 2015), the early charcoal peak in 
the Niangniang profile suggests that this region may have been more 
vulnerable to anthropogenic burning, possibly due to its vegetation or 
topography. Additionally, the Ming-Qing transformation parallels agri
cultural intensification patterns across monsoon Asia (Stephens et al., 
2019), but the magnitude of change at Niangniang surpasses many other 
sites, possibly reflecting its marginal position relative to Han Chinese 
settlement cores. These findings highlight how local biophysical and 
cultural factors modulate the intensity and character of human impacts 
across spatial and temporal scales (Archibald et al., 2013). The Niang
niang Mountain record contributes to growing recognition of southwest 
China as a region where human activities have shaped ecosystems for 
millennia, challenging traditional narratives of pristine wilderness in 
montane subtropical Asia (Huang et al., 2018; Zhou et al., 2023).

6. Conclusions

The Niangniang Mountain peat record provides a detailed recon
struction of Late Holocene environmental changes in western Guizhou, 
revealing complex interactions between climate variability, vegetation 
succession, and human activities. Our key insights include: 

(1) The mid-Holocene thermal maximum (HTM) persisted until 
~3200 cal yr BP, supporting diverse evergreen forests under 
strong monsoon influence.

(2) Subsequent monsoon weakening and cooling shifted ecosystems 
to conifer-grassland dominance, with fire activity peaking 
initially but later declining due to climatic and anthropogenic 
factors.
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(3) Human impacts, particularly during the Ming-Qing dynasties, 
overwhelmed climatic controls, leading to large-scale deforesta
tion, intensified human-induced fire regimes, and biodiversity 
reorganization.

(4) Biodiversity exhibited threshold responses, with maximum rich
ness occurring during intermediate disturbance phases and 
anthropogenic landscapes.

This study underscores the dual role of climate and humans in 
shaping subtropical ecosystems, with anthropogenic forces have become 
increasingly dominant in recent centuries. The findings align with 
regional patterns of monsoon-driven ecological change while high
lighting unique local trajectories due to topographic and cultural factors. 
The persistence of evergreen forests longer than in eastern Guizhou 
suggests topographic buffering of monsoon shifts, whereas the intensity 
of Ming-Qing transformations reflects western Guizhou’s marginal yet 
vulnerable position in China’s agricultural expansion. These insights are 
critical for understanding long-term ecosystem resilience and informing 
conservation strategies in culturally modified landscapes under future 
climate change.
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珊瑚脂类生物标志物组成及对环境的响应 ：研究进展与
问题

臧明思，王佳宝，宋 宜 *，黄 雯，余克服
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Response of coral lipid biomarkers to the environment: progress and problems

ZANG Mingsi, WANG Jiabao, SONG Yi*, HUANG Wen, YU Kefu
Coral Reef Research Center of China, Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, School of Marine 
Sciences, Guangxi University, Nanning 530004, China

Abstract: Background, aim, and scope Lipids are the structural components of cell membranes and important 
signaling molecules in modern coral tissues that play an important role in energy storage and adaptation to 
extreme environments. Corals are highly responsive to changes in the marine environment; they can adapt to 
environmental changes and produce characteristic biogeochemical records by altering their lipid composition and 
structure. The study of lipid compounds in modern and fossil corals will help us understand the co-evolutionary 

摘  要：脂类是现代活珊瑚组织中细胞膜的结构成分以及重要的信号分子，在能量储存以及适应极端环

境等方面发挥重要作用。珊瑚对海洋环境变化响应异常灵敏，能够通过改变自身脂类的组成和结构适应

环境变化并产生特征性的脂类分子记录，对现代珊瑚以及化石珊瑚中脂类化合物进行研究，有助于深刻

认识全球变化时期环境与生命协同演化过程。在国内外珊瑚脂类生物标志物的研究基础上，综述珊瑚及

其文石骨骼中脂类化合物的分布特征，以及脂类对环境变化（如温度、光照、CO2）响应的研究进展。珊

瑚中的脂类化合物能够灵敏地响应环境变化，已有研究表明温度能明显地影响珊瑚组织中脂肪酸与甾醇

的含量及分布。其中，珊瑚中的甾醇类受光照、温度以及营养方式等环境因素影响，并且种属间也表现

出明显差异。研究表明珊瑚骨骼间微环境的物理化学特性是影响骨骼中脂类分布的重要因素。因此环境

变化对珊瑚软组织以及骨骼中脂类的含量与分布具有显著影响，然而在现代过程中海洋环境对珊瑚组织

中脂类分布的影响及定量关系还需进一步研究，其对环境响应的规律总结是研究珊瑚礁应对极端环境的

基础。通过综述国内外珊瑚脂类的相关研究，为探究珊瑚脂类生物标志物记录生物地球协同演化过程提

供更多见解。

关键词：珊瑚骨骼；环境胁迫；脂肪酸；甾醇；古环境
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process of the environment and life during the period of global change. Materials and methods Based on the 
research of coral lipid biomarkers at home and abroad, this paper reviews the distribution characteristics of coral 
and aragonite lipid compounds and the response of coral lipid compounds to environmental changes (temperature, 
light, and CO2). Results Lipid compounds in corals respond sensitively to environmental changes. Temperature 
can significantly affect the content and distribution of fatty acids and sterols in coral tissues. Sterols in corals 
are influenced by environmental factors such as light, temperature, and nutritional modes, and show obvious 
differences among species. In addition, the physicochemical properties of the microenvironment between coral 
skeletons are important factors that affect the distribution of lipids in the skeletons. Discussion In the modern 
process, the inf luence of the marine environment on the distribution of lipids in coral tissues and their quantitative 
relationship needs to be further studied, and a rule summary of their response to the environment is the basis 
for studying the response of coral reefs to extreme environments. Previous studies have shown that temperature 
significantly affects the content and distribution of fatty acids and sterols in coral tissues. In addition, sterols 
in corals are affected by light, temperature, and nutritional mode, and their compositional characteristics differ 
among species. Moreover, the physical and chemical characteristics of the microenvironment between coral bones 
affect the distribution of lipids in the bones and play an important role in calcification. Therefore, environmental 
changes significantly affect the lipid content and distribution in coral tissues and bones. Conclusions Coral 
extracts are rich in lipid compounds and respond sensitively to environmental changes. In addition, coral lipids 
differ depending on the species and region. Recommendations and perspectives Currently, research on coral 
lipid compounds mainly focuses on analyzing the lipid content and composition of modern corals, as well as the 
response of coral lipids to environmental conditions. Therefore, it is necessary to conduct systematic research 
on the modern process of coral reef lipids in the future. For example, in addition to considering the impact of 
individual environmental factors on coral lipids, the synergistic response process between their lipid compounds 
and multiple environmental factors should also be explored. It is also necessary to further explore the inf luence of 
early diagenesis of reef-building corals on the distribution and content of lipid compounds in coral skeletons. This 
will help to better apply biomarker compounds in modern coral reefs to geological historical periods and provide 
relevant evidence for modern processes ref lected in the paleoclimate and paleoenvironment of coral reef lipids in 
geological carriers.
Key words: coral skeleton; environmental stresses; fatty acid; sterol; paleoenvironment

现代珊瑚礁对环境变化非常敏感，尤其是全

球变暖以及海洋酸化事件（Spalding and Brown，
2015）。由于珊瑚具有生长周期较长、生长位置

固定以及分布广等特点，也常被称作重建古气候

的“载体”。其优势主要体现在以下几个方面：

（1）造礁珊瑚的生长率较快，一般来说可以达到

1 — 2 cm ∙ a−1，因此可用于进行年 — 月甚至更高

分辨率的采样工作（Lought，2010）。（2）造礁

珊瑚的持续生长时间可达几十年甚至上百年，因此

它可以提供长时间尺度的气候变化记录（Falkowski
et al.，1984）。（3）造礁珊瑚能够灵敏地响应气

候变化并记录环境信号，因此珊瑚礁可以记录极

端、突发、短期的事件。当温度、盐度、河流输

入、海洋环流或其他海洋环境因子发生变化时，珊

瑚骨骼中的一些同位素或微量元素都会产生相应的

规律性变化（Roth，2014）。

脂类生物标志物具有化学稳定、结构多样以及

具有特定来源等特征，因此常被用于古海洋环境

和古海洋气候研究（Schubert et al.，1998；Werne 
et al.，2000；Zhang et al.，2006）。由于脂类化合

物能对环境变化有很好的响应，因而可以为探究

海洋地球化学过程提供丰富信息，包括母质来源

（Weijers et al.，2009）以及沉积过程中的古环境

条件。除此之外，某些脂类化合物如脂肪酸、甾

醇等，可以用来指示特定的生物类群或者微生物

功能群（Brocks，2005），因此这些脂类化合物也

可以用作这些生物类群或代谢功能的标志物。

依照“将今论古”的原理，研究分析珊瑚中
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脂类化合物对现代环境条件（如温度、光照及 CO2

等）变化的响应，有助于探究过去全球变化过程

中珊瑚脂类化合物所反映的古环境信息。本文对

近年来珊瑚脂类生物标志化合物的研究进展进行

总结，尝试为珊瑚礁中脂类化合物古环境重建中

“将今论古”这一方法提供理论支持。

1 脂类生物标志物在珊瑚组织及骨骼中的
分布

1.1 珊瑚组织中脂类的组成与分布特征

珊瑚的脂质类型主要包括：蜡酯（wax ester，
WE）、单烷基二酰甘油（monoalkyl-diacylglycerol，
MADAG）、甘油三酯（triacylglycerol，TG）、

极性脂质（polar lipid，PL）、以及甾醇（sterol，
ST）（Imbs et al.，2015）。根据珊瑚的骨骼特性，

可将其分为石珊瑚类与软珊瑚类。其中，石珊瑚

具有分泌碳酸钙的能力，从而可以形成群体骨

骼，它们是构成珊瑚礁体的主要部分，因此又被

称为造礁珊瑚，如滨珊瑚（Porites）与鹿角珊瑚

（Acropora）。软珊瑚没有坚硬的骨骼，只有细小

的骨针分散在组织中，也被称为非造礁珊瑚（图

1）。不同类别珊瑚的脂质组成与含量也不相同。

蜡酯与甘油三酯总含量在造礁珊瑚脂质含量中占

主导地位（Imbs et al.，2010a），高达总脂质含

量的 73%（Harland et al.，1993）。软珊瑚中脂质类

型主要包括极性脂质与非极性脂质，其中非极性脂

质主要为单烷基二酰甘油（Imbs et al.，2010b）。

单烷基二酰甘油作为细胞膜调节过程中重要的脂类

分子，在珊瑚脂类提取物中较为常见，前人研究表

明软珊瑚中单烷基二酰基甘油的相对含量是造礁珊

瑚中的 3 倍左右（Imbs et al.，2010b）（图 2）。

蜡酯是脂肪酸和一元醇所组成的酯，在海洋生

物中广泛存在。珊瑚体内蜡酯是主要的能量贮存物

质，也是珊瑚脂质中最主要的组成成分之一，其含

量在不同种属和不同环境中均存在一定差别（Imbs 
et al.，2010b）。在热带珊瑚中，造礁珊瑚中蜡酯

相对含量约是虫黄藻共生软珊瑚的 1.5 倍（图 2）
（Harland et al.，1992）。受环境变化影响，珊瑚

体内蜡酯含量也会发生较大改变。例如：随着气

候季节性变化，夏季时珊瑚体内蜡酯含量会增加

到冬季的 1.5 倍左右（Oku et al.，2003）。白化后

的珊瑚体内蜡酯含量会急剧降低，绝对含量仅为健

康珊瑚体内的 1/3 — 1/5（Grottoli et al.，2004），

部分珊瑚白化后体内将不再含有蜡酯（Yamashiro
et al.，2001），这可能是在白化事件中蜡脂作为储

能物质，被当作主要能量来源被消耗。

脂肪酸在珊瑚中通常与脂肪醇结合形成蜡酯

或直接以游离形式存在，是中性脂肪、磷脂和糖脂

的主要成分。它广泛分布于生物体中，是构成生物

体的主要成分之一。依据碳氢链的饱和程度，将脂

肪酸进一步划分为饱和脂肪酸、单不饱和脂肪酸及

a ：滨珊瑚，b ：鹿角珊瑚，c、d ：软珊瑚。

a: Porites; b: Acropora; c, d: soft coral.

图 1 不同种类珊瑚
Fig. 1 Different coral species

图 2 不同珊瑚群中各脂质类型的相对含量（占总脂质的
百分比），改自 Imbs et al.（2010b）

Fig. 2 Relative contents of different lipid types in different 
coral groups (percentage of total lipids), 

modified from Imbs et al. (2010b)
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多不饱和脂肪酸，其中，多不饱和脂肪酸依据双键

位置的不同又可分为 ω-3和 ω-6系列多不饱和脂肪

酸，ω-3与 ω-6由于其独特的结构在生物体内具有

很强的生理功能。在造礁珊瑚中饱和脂肪酸以 C16 : 0

和 C18 : 0 为主，多不饱和脂肪酸以 C20 : 4ω6、C20 : 5ω3 和

C22 : 6ω3 为主，多不饱和脂肪酸含量在总脂肪酸中的

占比可高达 50%（Imbs，2013）。Latyshev et al.
（1991）对热带造礁珊瑚的多不饱和脂肪酸进行提

取与分析后发现，ω-3系列多不饱和脂肪酸主要由

C20 : 5ω3 和 C22 : 5ω3 组成，ω-6系列多不饱和脂肪酸主

要由 C20 : 4ω6 和 C22 : 4ω6 组成。与造礁石珊瑚相比，

软珊瑚的脂肪酸种类有明显区别，软珊瑚中饱和脂

肪酸以 C16 : 0 为主，多不饱和脂肪酸以 C20 : 4ω6 为主

（Kneeland et al.，2013）（图 3）。不仅如此，

Vysotskii and Svetashev（1991）通过对比位于鄂霍

次克海中不同水深下生长的软珊瑚体内的脂肪酸后

发现：不同水深下的软珊瑚其脂肪酸主要组成也存

在明显差别，表层暖水软珊瑚体内的脂肪酸主要是

饱和脂肪酸 C16 : 0 和 C18 : 0，而深层冷水软珊瑚体内的

脂肪酸主要是多不饱和脂肪酸 C20 : 4ω6 和 C20 : 5ω3。由

此可见，珊瑚体内脂肪酸的组成与含量会受自身种

属类型及生长环境等因素影响而产生差异，因此某

些特定的脂肪酸类型也可用作珊瑚分类群的独特化

学标记。例如：软珊瑚的脂质中含有 C24 多不饱和

脂肪酸 C24 : 5ω6 和 C24 : 6ω3，但造礁珊瑚的脂质中却缺

乏此类脂肪酸（Imbs et al.，2010b），因此上述多不

饱和脂肪酸可作为软珊瑚的独特化学标记。虫黄藻

共生珊瑚体内含有较多的多不饱和脂肪酸 C18 : 3ω6、

C18 : 4ω3 和 C16 : 2ω7（Imbs et al.，2009）（图 4），因

而上述脂肪酸被认为是珊瑚有无虫黄藻的特征脂肪

酸，也是研究珊瑚营养方式（即通过共生藻光合作

用自养与异养营养）的关键。

图 3 指形软珊瑚 Sinularia sp. 和鹿角珊瑚 Acropora sp. 中主要的多不饱和脂肪酸的相对含量（占总脂肪酸含量的
百分比），改自 Imbs et al.（2010a）

Fig. 3  Relative content of major polyunsaturated fatty acids in soft coral Sinularia sp. and reef-building coral Acropora sp. (as a 
percentage of total fatty acid content), modified from Imbs et al. (2010a)

珊瑚体内同时含有较多的中性脂质，包括脂

肪醇与甾醇等醇类化合物。脂肪醇是指羟基与脂

肪烃基连接而形成的醇类，它能提供现代沉积物

中有机质源（Zhang et al.，2014）、气候环境（Xie 
et al.，2003；Treignier et al.，2006）和有机质成岩

变化（Sinninghe Damsté et al.，2002）等信息。

在生物体中，脂肪醇一般会和脂肪酸结合在一起，

以蜡酯的形式存在。珊瑚体内脂肪醇种类主要包

括 C14 : 0、C16 : 0、C16 : 1、C18 : 0、C18 : 1 及C20 : 0，其中，

以 C16 : 0 脂肪醇含量最高（Joseph，1979；Patton 

et al.， 1983）。Oku et al.（2002） 对蔷薇珊瑚

（Montipora sp.）的顶部、中部以及底部的醇类

含量分别进行研究，指出蔷薇珊瑚顶部的脂肪醇

C16 : 0 的相对含量高于底部含量。同时指出，C16 : 0

在珊瑚脂质中占据主导地位，占总脂肪醇含量的

80% 左右。除直链脂肪醇外，植醇也是珊瑚体内主

要的醇类化合物。植醇主要来源于共生虫黄藻，

占共生虫黄藻总脂肪醇含量的 13% — 30%，与共

生虫黄藻相比，宿主组织中的植醇相对含量非常

低（Treignier et al.，2008）。除了脂肪醇，珊瑚
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脂类提取物中甾醇种类丰富并且含量较高，其分

布特征在种属之间也存在明显差异。甾醇广泛分

布于真核细胞中，是真核细胞膜重要的结构与调

控成分（Bloch，1981）。它作为一种相对稳定的

生物标志化合物，可以记录较长时间的地质信息

（Volkman，1986）。由于甾醇的生物来源广泛且

分子结构具有多样性，因此也被广泛用于有机质

来源示踪及其变化过程的研究中（Frostegård and 
Bååth，1996）。珊瑚脂质中最主要的甾醇类型是

胆固醇、菜油甾醇及 24- 亚甲基胆固醇（Yamashiro 
et al.，1999）。与甾醇仅由胆固醇组成的哺乳动物

细胞不同，珊瑚组织细胞会产生 C28 — C30 植物甾

醇（Yamashiro et al.，1999）。因为不同种属类型

的珊瑚体内甾醇含量与分布存在差异性，所以甾

醇也能被当作珊瑚分类群的独特标记（Yamashiro 
et al.，1999）。值得注意的是，甾醇含量与组成

在珊瑚宿主与虫黄藻共生体之间也存在明显差

异。Treignier et al.（2008）对比了石珊瑚的共生

虫黄藻脂质与珊瑚虫宿主脂质中甾醇的组成成分

与含量，发现两者脂质中最主要的甾醇类型均为

菜油甾醇，不同的是，共生虫黄藻中 24- 亚丙基胆

固醇的相对含量比宿主组织中的高。由于甾醇具

有良好的指向性，因此也可为研究珊瑚的营养方

式提供独到见解。例如：甲藻甾醇主要是由甲藻

共生体产生（Withers et al.，1982），因此甲藻甾

醇可作为珊瑚光合自养来源的化学标志物。浮游

动物是珊瑚重要的食物来源，通常含有大量胆固

醇，因此胆固醇可作为珊瑚异养来源的化学标志

物（Treignier et al.，2009）。

1.2  造礁石珊瑚文石骨骼中脂类的赋存形式及分布
特征

造礁石珊瑚是热带海洋中常见的生物，主要

生长在表层海水中。造礁石珊瑚在生长过程中会直

接从海水中吸收 Ca2+ 和溶解的 CO2 来分泌并沉淀

碳酸钙，从而形成其特有的骨骼生长层。脂质是

造礁石珊瑚骨骼中重要的组成成分，其含量占珊

瑚骨骼干重的 1/10（Ingalls et al.，2003）。与珊瑚

软组织中脂质组成成分不同，珊瑚骨骼中脂质的主

要组成成分为极性脂质、甾醇以及甾醇酯（Farre 
et al.，2010）。脂质在造礁石珊瑚骨骼与组织中最

明显的不同表现在蜡酯与甾醇酯的分布上：在珊瑚

软组织中，蜡酯比甾醇酯的含量高；而在造礁石珊

瑚骨骼中，蜡酯含量最低，而甾醇酯含量较高。

已有研究证明，有机质能够在造礁石珊瑚的文

石骨骼中得到有效保存，这为重建珊瑚礁古环境提

供了可能性（Ingalls et al.，2003）。珊瑚文石骨骼

中的脂类总含量可占骨骼干重的 3% — 10%，这包

括骨骼微生物产生的脂类以及被包裹在碳酸钙晶体

之间的脂类。珊瑚文石骨骼中分布着特定的生物群

落并具有相应的功能作用，前人研究表明珊瑚骨骼

中微生物群落产生的脂类化合物是骨骼中脂类的重

要组成（Farre et al.，2010）。除此之外，在珊瑚

骨骼纳米级微观结构中，造礁石珊瑚的文石骨骼

中脂类化合物主要集中在富含有机质的钙化中心

（von Euw et al.，2017）。造礁石珊瑚骨骼中存

在两种微观结构：一种是由颗粒状晶体所构成的

钙化中心，另一种是自钙化中心向外辐射的呈鱼

鳞状的碳酸钙晶体纤维（Shirai et al.，2005）。

为进一步探究珊瑚骨骼中脂类化合物的组成

与分布情况，Ingalls et al.（2003）对佛罗里达群

岛附近的环圆菊珊瑚（Montastraea annularis）文

石骨骼以及澄黄滨珊瑚（Porites lutea）文石骨骼

的中性脂质含量及其组成进行研究，结果表明环

圆菊珊瑚骨骼非晶格中的中性脂质含量是晶格中

的 10 倍。不论是在环圆菊珊瑚骨骼的晶格内还是

非晶格内，脂质中甾醇都以谷甾醇为主，脂肪醇都

以 C18 : 0 为主，脂肪酸主要由 C16 : 0 与 C18 : 0 组成，

且发现了少量的奇碳数脂肪酸。在澄黄滨珊瑚的文

石骨骼中，中性脂质含量在晶格与非晶格中大致相

同。澄黄滨珊瑚文石骨骼的脂质中饱和脂肪酸的

主要组成是 C16 : 0 与 C18 : 0，并且上述两种饱和脂肪

酸在晶格内与非晶格中的含量相当，但是奇碳数脂

图 4 虫黄藻珊瑚与非虫黄藻珊瑚之间脂肪酸相对含量的
差异，改自 Imbs et al.（2009）

Fig. 4 Differences in the relative content of fatty acids 
between zooxanthellate corals and azooxanthellate corals, 

modified from Imbs et al. (2009)
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肪酸主要富集在文石骨骼的非晶格中。综上，珊瑚

骨骼晶格与非晶格中的化合物含量存在差异，但化

合物种类基本相似。

脂类化合物不仅较好地保存在珊瑚骨骼当中，

且它本身在珊瑚骨骼的钙化过程中也起着相当重

要的作用。大多数生物的矿化过程需要通过有机基

质进行调控，有机大分子指导矿物晶体的成核位

点、生长方向，最终影响晶体生成的形状以及生成

的物相（Putnis et al.，2021）。生物矿物中的有机

基质是指参与生物矿物形成、调控或稳定过程的

结构性物质（欧阳健明，2005），这其中也包括

脂类化合物。研究表明造礁石珊瑚骨骼分泌的有

机基质在调节或控制生物的矿化过程中发挥重要

作用，其中脂类是造礁石珊瑚骨骼有机基质的主

要组成成分（Gautret et al.，1997）。Reggi et al.
（2016）对造礁石珊瑚骨骼有机基质中的脂质进行

提取与分离后发现，脂质主要以游离脂肪酸的形

式存在于骨骼的有机基质中，其中也包括少量甾

醇、甾醇酯以及神经酰胺。骨骼有机基质中的脂

肪酸以 C16 : 0 为主，其次是 C18 : 0，这两种脂肪酸也

是珊瑚软组织中最主要的饱和脂肪酸。与造礁珊

瑚组织中脂肪酸组成成分不同的是，在骨骼脂类

化合物中，不饱和脂肪酸以单不饱和脂肪酸 C18 : 1

为主，且其含量较低。该研究表明脂质与钙离子

发生相互作用进而组装成颗粒，使得造礁石珊瑚

骨骼内的脂质能够在方解石晶体中产生孔隙。这

同时说明造礁石珊瑚骨骼内的脂质可促进方解石

晶体内部孔隙的形成，从而影响珊瑚钙化过程及

骨骼密度。

1.3  不同种属的珊瑚脂类分布差异

脂质是重要的能量储备，主要以蜡酯和甘油

三酯的形式储存在动物组织中，或以甾醇和多不饱

和脂肪酸的形式储存在细胞膜中（Samorì et al.，
2017）。脂类由于生物来源不同通常具有不同的分

布特征，因此不同种属之间其脂类分布存在一定差

异。由于不同珊瑚种属之间可能存在营养方式、代

谢水平以及区域分布的不同，本节综述种属间差异

与脂类分布的关系。

珊瑚的营养方式包括两种，即通过共生藻的光

合作用进行自养以及通过触手捕获和黏液吸附等方

式进行异养。营养方式能够直接影响脂类来源，因

此对脂类的分析可以提供有关珊瑚自养或异养起源

的有用信息（Napolitano et al.，1997）。由于与珊

瑚共生的虫黄藻是影响珊瑚脂质组成成分的重要因

素之一，因此有虫黄藻共生与无虫黄藻共生的珊瑚

之间其脂质分布存在明显差异。研究表明：热带虫

黄藻共生珊瑚比热带非虫黄藻共生珊瑚含有更多的

储存脂质（蜡酯与甘油三酯）以及更少的结构脂质

（极性脂质和甾醇）（Yamashiro et al.，2005）（图

2）。每个珊瑚分类单元（从纲到属）都有各自特

定的脂肪酸谱（Imbs et al.，2010b）。对于更高

层次的分类水平而言，珊瑚群之间的这些差异则由

脂肪酸生物合成途径的不同引起（Imbs，2013）。

然而，珊瑚体内的脂肪酸并不都是由生物自身合成

的，还有些脂肪酸是通过摄食转移而来（Mueller 
et al.，2014）。珊瑚属之间或同一属不同种之间

脂肪酸组成的不同通常是由从食物中获得的脂肪

酸的差异性造成（Imbs et al.，2007；Imbs et al.，
2010b）。 Imbs et al.（2010b）通过对比热带虫黄

藻共生珊瑚与热带非虫黄藻共生珊瑚的脂肪酸组成

后发现，前者脂肪酸以饱和脂肪酸 C16 : 0 为主，后

者则以多不饱和脂肪酸 C20 : 4ω6 和 C24 : 5ω6 为主。从
相对含量上看，与非虫黄藻共生珊瑚相比，虫黄藻

共生珊瑚中多不饱和脂肪酸 C18 : 4ω3、C18 : 3ω6 和 C16 : 2ω7

的相对含量更高。珊瑚营养方式的差异也会影

响珊瑚骨骼中脂肪酸组成，Samorì et al.（2017）
对比虫黄藻共生珊瑚与非虫黄藻共生珊瑚骨骼中

脂肪酸成分后发现，单不饱和脂肪酸 C18 : 1 仅在虫
黄藻共生珊瑚的文石骨骼中检测到。

珊瑚群落中脂质的组成除与营养方式有关，也

会受生存环境影响（Oku et al.，2003）。Imbs et al.
（2016）对鄂霍次克海冷水水螅珊瑚（Stylaste-
ridae）和我国南海热带水螅珊瑚（Milleporidae）
的脂质组成成分进行比较后发现，两者中单烷基二

酰甘油和甾醇的相对含量存在显著差异，冷水水螅

珊瑚脂质中甾醇、极性脂质和甘油三酯的相对含量

明显高于热带水螅珊瑚。该项研究同时表明：上

述两种珊瑚中 C20 和 C22 多不饱和脂肪酸的绝对含

量存在显著差异。首先，热带水螅珊瑚含有特有的

多不饱和脂肪酸 C22 : 5ω6，冷水水螅珊瑚则缺乏此类
脂肪酸；其次，冷水水螅珊瑚中最主要的多不饱和

脂肪酸为 C20 : 4ω6 和 C20 : 5ω3，但热带水螅珊瑚中最主

要的多不饱和脂肪酸为 C22 : 6ω3；此外，冷水水螅珊

瑚单不饱和脂肪酸 C20 : 1ω9 相对含量明显高于热带水
螅珊瑚（Imbs et al.，2016）。该项研究同时对比

了鄂霍次克海冷水珊瑚群与我国南海热带软珊瑚

群中主要的多不饱和酸的相对含量，结果表明同
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一类型的珊瑚群落在冷水与热带海洋中多不饱和

脂肪酸 C20 : 5ω3 的含量存在显著差异（Imbs et al.，
2016）（图 5）。

珊瑚群落中脂质的组成还会因珊瑚自身代谢

水平的高低而产生差异。Samorì et al.（2017）对

四种地中海珊瑚中的骨骼脂肪酸浓度和组成进行

研究，选取的珊瑚具有不同层次的组织（独居或群

居）和营养策略（共生或非共生）。结果表明：

年轻珊瑚骨骼的脂肪酸浓度高于年老珊瑚，虫黄

藻共生珊瑚骨骼的脂肪酸浓度高于非虫黄藻共生

珊瑚，群居珊瑚的脂肪酸浓度也高于独居珊瑚。

2  珊瑚脂类对环境条件的响应

2.1  温度

温度是影响珊瑚异养营养以及共生虫黄藻光

合效率的重要环境因素之一。珊瑚在遭受高温胁

迫时，虫黄藻的光系统Ⅱ（PSⅡ）反应中心将会受

到破坏，从而导致光抑制，并最终导致珊瑚白化

（李秀保等，2006）。在白化过程中，珊瑚依靠

储备的能量，尤其是脂质得以生存。通过研究珊

瑚脂质的组成成分，可以揭示脂质的来源，进而

提供珊瑚白化和恢复期间代谢水平（即自养或异

养）的证据（Rodrigues et al.，2008）。

研究表明珊瑚及其共生藻体内的脂质含量和

脂肪酸分布会在高温胁迫下发生变化。对经受高

温胁迫几周后的白化珊瑚进行脂质分析后发现，

其总脂质浓度（Rodrigues and Grottoli，2007）、

甘油三酯（Rodrigues et al.，2008）及蜡酯（Grottoli 
et al.，2004）含量均减少。Kneeland et al.（2013）
研究了在不同温度（26、28、30 以及 32 ℃）和

持续时间（4 周）下生长的虫黄藻 C1 型和虫黄藻

D1 型中脂质含量变化，结果表明虫黄藻中 C18 多

不饱和脂肪酸与 C18 饱和脂肪酸在升温条件下呈明

显下降趋势，并且脂肪酸与甾醇的比值在升温条

件下也呈现下降趋势。该项研究表明虫黄藻体内

游离脂肪酸和甾醇的比例可作为珊瑚受升温影响

的敏感指标。Tolosa et al.（2011）通过对照实验，

研究了短期热应力对肾形陀螺珊瑚（Turbinaria 
reniformis）体内脂肪酸、甾醇和脂肪醇含量的影响

（图 6），发现珊瑚在经历高温胁迫后，其体内脂

肪酸与甾醇的含量降低，但是脂肪醇的含量会增加

（图 6）。此外，在对珊瑚体内脂肪酸的组成和

含量进行对比后发现，C16 : 0、C18 : 0 以及多不饱和

脂肪酸的含量均减少（图 7）。值得注意的是，

ω-3 多不饱和脂肪酸作为磷脂的主要成分，控制

了许多细胞过程，如珊瑚生殖细胞的成熟（Pernet 
et al.，2002）。ω-3 系列多不饱和脂肪酸大量损失

证实了在升温条件下珊瑚共生藻光合作用遭到部

分损坏（Treignier et al.，2008），这是因为珊瑚

体内必须的脂肪酸（如 ω-3 和 ω-6 系列多不饱和

脂肪酸）主要来源于虫黄藻的生物合成（Papina 
et al.，2003）。

珊瑚中脂质的含量与组成除了会受到极端温

图 5 冷水软珊瑚与热带无虫黄藻珊瑚中主要的多不饱和
脂肪酸的相对含量，改自 Imbs et al.（2016）

Fig. 5 Relative contents of major polyunsaturated fatty acids 
in cold-water soft corals and tropical azooxanthellate soft 

corals, modified from Imbs et al. (2016)

图 6  温度胁迫下（26 ℃和 31 ℃）珊瑚各脂类化合物

含量，改自 Tolosa et al.（2011）
Fig. 6  Contents of lipid compounds in coral under temperature 

stress (26 ℃ and 31 ℃ ), modified from Tolosa et al. (2011)
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度影响，也会因温度的季节性不同产生差异。Oku 
et al.（2003）通过研究粗糙菊花珊瑚（Goniastrea
aspera）脂质含量和组成的季节性变化后发现，

随着气温增加，珊瑚中脂质含量呈线性上升，且

在夏季保持较高水平。夏季较高的脂质水平被认

为是夏季光照水平下，珊瑚共生虫黄藻在增强的

光合作用下储存了更多的脂质。然而，虫黄藻密

度和叶绿素含量的峰值则出现在冬季（Fitt et al.，
2000），结合藻类数量与光合有效辐射水平之间

存在显著负相关（Brown et al.，1999）的证据，推

测这可能是珊瑚共生藻受光与温度季节性变化的

影响。因此，珊瑚脂质水平的季节性变化主要受

海水表面温度季节性变化的影响，而光照季节性

变化的影响也不可忽视。

2.2  光照

光照是影响珊瑚共生虫黄藻光合速率的关键

因素（周洁等，2014）。在珊瑚中，大部分光合作

用固定的碳从共生体转移到珊瑚宿主体中，其主要

成分是富含碳的有机物，用来维持珊瑚正常的能量

消耗（Muscatine，1990）。多余的碳以脂质形式储

存在宿主组织中，作为能量储备（Grottoli et al.，
2004）。因此，光照条件会显著影响珊瑚体内脂

质的含量与组成。对珊瑚进行人工遮蔽的实验表

明在较低光照水平下的珊瑚通常含有较少的脂质

（Stimson，1987）。与加勒比地区的浅层群落相

比，生长在中光层深度附近的造礁石珊瑚的脂质

水平下显著降低（Harland et al.， 1992）。然而

光照与脂质水平之间并非线性关系，Treignier et al.
（2008）定量研究了在不同的光照以及摄食条件

下，肾形陀螺珊瑚虫黄藻和宿主组织中脂肪酸和

甾醇的组成，研究显示：光照影响所有珊瑚实验

样品的叶绿素含量，光合作用速率以及脂质的生

成；高光照（300 µmol 光子 ∙ m−2 ∙ s−1）使得饥饿珊

瑚（即主要依赖共生光合产物提供营养的珊瑚）

中除了植物醇以外的所有类脂物浓度增加了 1 倍。

低光照（100 µmol 光子 ∙ m−2 ∙ s−1）则使珊瑚组织中

脂质的含量降低，这是由于光合固定碳无法满足珊

瑚日常代谢需求以及组织中脂质积累（图 8）。

虫黄藻依靠日光进行光合作用以维持生命，

因此光照条件同样会影响到虫黄藻中脂肪酸与脂

肪醇的含量与组成。上述研究表明在强光条件下，

图 7 温度胁迫下（26 ℃和 31 ℃）珊瑚脂质中主要的多
不饱和脂肪酸的相对含量，数据来源 Tolosa et al.（2011）
Fig. 7 Relative contents of major polyunsaturated fatty acids 

in coral lipids under temperature stress (26 ℃ and 31 ℃ ), 
data from Tolosa et al. (2011) Zoox 代表珊瑚虫黄藻，Host 代表宿主组织，100S 代表弱光条件

100 µmol 光子 ∙ m−2 ∙ s−1，300S 代表强光条件 300 µmol 光子 ∙ m−2 ∙ s−1，
数据来源于 Treignier et al.（2009）。
Zoox represents coral zooxanthellate, Host represents host tissue, 100S 
represents 100 µmol photons ∙ m−2 ∙ s−1 for weak light conditions, and 
300S represents 300 µmol photons ∙ m−2 ∙ s−1 for strong light conditions, 
data from Treignier et al. (2009).

图 8 在不同光照条件下宿主组织与珊瑚虫黄藻中脂肪酸与
甾醇的碳稳定同位素值

Fig. 8 Carbon stable isotopes of fatty acids and sterols in host 
tissues and zooxanthellate under different light conditions
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虫黄藻中 ω-3 多不饱和脂肪酸、C16 : 0 脂肪醇以及

植醇的含量都有所减少（Treignier et al.，2008）。

24- 亚丙基胆固醇作为虫黄藻脂质最主要的甾醇之

一，也会受到光照条件影响，强光条件下虫黄藻

中 24- 亚丙基胆固醇的消耗会增加。

光照不仅会影响虫黄藻的光合速率，同时也会

对珊瑚的碳利用产生影响。Treignier et al.（2009）
通过控制变量的实验表明光照和喂食对肾形陀

螺珊瑚虫黄藻以及宿主中脂类的碳稳定同位素

（δ13C）组成有显著影响。虫黄藻和宿主中脂类生

物标志物的 δ13C 值随光照强度的增加而偏正，这

是由于虫黄藻的光合速率随光照强度的增大而增

加，13C 固定也会随之增强（图 8）。

2.3  CO2

自工业革命以来，人类活动产生的大量 CO2

被排放到大气层中，不仅导致了严重的温室效应，

也使得全球海洋出现酸化现象。由于造礁珊瑚在

形成礁体的过程中需要利用 CaCO3 进行相关的生

理生化过程，所以造礁珊瑚被认为是受海洋酸化

影响最大的群体。

在CO2 分压（pCO2）升高的情况下，珊瑚为了

维持自身的钙化率，将会从以下一个或多个来源获

取额外能量：（1）珊瑚自身能量储备（即脂质、

蛋白质以及碳水化合物），（2）共生虫黄藻进行

光合作用后提供的能量（Brading et al.，2011），

（3）珊瑚异养所获取的能量（即浮游动物、颗

粒物和溶解有机碳）（Drenkard et al.，2013）。

Schoepf et al.（2013）分析了珊瑚在 pCO2 为 39、
62、75 Pa 的海水环境下脂质含量的变化。在研究

的四种珊瑚中，有两种珊瑚的脂质含量受 pCO2

影响。与现代海洋环境中 pCO2（39 Pa）相比，

多孔鹿角珊瑚（A. millepora） 与鹿角杯形珊瑚

（Pocillopra damicornis）的脂质含量均在高 pCO2

的条件下有所增加。因此认为在海洋酸化条件下，

珊瑚通常不会通过代谢能量储备（如脂质、碳水化

合物及蛋白质）来维持其钙化过程。值得注意的

是，虽然有些造礁珊瑚可以通过上调钙化点而抵消

海洋酸化对自身钙化的消极影响（Schoepf et al.，
2013），但也有研究表明造礁珊瑚的钙化率会随海

洋酸化加剧而降低（Movilla et al.，2012）。Wall
et al.（2017）通过分析对比在不同 pCO2 条件下

（pCO2 为 44、97 Pa）锐枝杯形珊瑚（P. acutas）
中脂质含量，得出珊瑚的脂质含量在高 pCO2 下会

减少的结论。该实验中珊瑚组织脂质含量的减少

表明海洋酸化会诱导组织生物量的能量缺失，但

是这与 Schoepf 的实验结果相悖。由此可见，在探

究珊瑚脂类化合物对海水 pCO2 的响应时，除了需

要考虑造礁石珊瑚的种属差异性导致其钙化率对

海洋酸化具有不同响应之外，也需要考虑 pCO2 与

珊瑚脂质之间是否存在非线性响应。然而探明造

礁珊瑚脂质与海水 pCO2 之间的关系仍需大量实验

数据支持，后续还需进一步开展更多的有关海水

CO2 对于珊瑚脂类影响的室内定量实验。

造礁珊瑚对海洋酸化的响应除因自身种属差异

之外，还存在地区特异性（Comeau et al.，2014），

因此探究海洋酸化对造礁珊瑚脂质的影响还应考

虑多方面因素。然而现有文献中关于海洋酸化对

珊瑚脂质影响方面的研究较少，且方法主要是定

量对比实验。因此，还需要开展更多的有关海洋

酸化对珊瑚脂类化合物影响方面的研究。

3  研究展望

研究珊瑚礁适应温度波动过程以了解其适应

气候变化的能力具有十分重要的意义，也是珊瑚

礁生态系统应对未来全球变化的根本挑战。我国

南海珊瑚礁广泛发育，其碳酸盐岩全面记录了中

新世以来珊瑚礁生态系统对古环境变化的响应过

程。对珊瑚中的脂类化合物进行研究，不仅能更

好地了解珊瑚自身生理生化过程，同时也能更好

地对古环境进行重建。

目前，对珊瑚脂类化合物方面的研究主要集

中在分析现代珊瑚的脂类含量与组成以及珊瑚脂

质对环境条件的响应，后续还需要对珊瑚礁脂类

的现代过程进行系统性研究，例如：除考虑单个

环境因素对珊瑚脂类的影响之外，还应当探究其

脂类化合物与多重环境因子的协同响应过程。

对于现代过程的研究，能够更清晰地理解地质历

史时期，尤其是气候环境突变期珊瑚礁对环境的

响应策略。除此之外，也需深入探究造礁珊瑚早

期成岩作用对珊瑚骨骼中脂类化合物分布特征及

含量的影响。这将有助于将现代珊瑚礁中的生物

标志化合物更好地应用于地质历史时期，并且为

地质载体中的珊瑚礁脂类反映的古气候与古环境

提供现代过程的相关依据。全球气候变化是当今

世界的热点研究之一，准确预测未来全球气候变

化的有效途径是以古鉴今。在未来工作中，可基
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于我国南海珊瑚礁碳酸盐岩样品，利用其中的脂

类生物标志物研究珊瑚礁区脂类的分布特征，揭

示珊瑚礁区生物对环境变化的生态响应和演变规

律，从而为探讨全球气候变暖下珊瑚礁区微生物

对环境变化的响应提供一定见解。
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南海北部滨珊瑚微环礁的海平面指示意义
及其反映的中全新世海平面历史
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摘 要： 南海北部雷琼海岸的珊瑚礁是研究古海平面变化的重要标志物 . 但因重建标准不统一，海平面重建结果存

在显著时空差异性 . 本研究通过对海南岛东部珊瑚礁区 27 块现代滨珊瑚微环礁的顶面高程进行实地测量，精确量

化其海平面指示意义；同时对该区域 65 个已发表的海平面标志点数据进行重新校正，重建了更可靠的海平面变化

历史 . 研究表明，这些顶部死亡但整体存活的现代滨珊瑚已达到生长上限，其顶面高程位于清澜港平均潮位以下

146.09 cm，最低低潮位（lowest low tide，LLT）以下 15.09 cm，且生长上限高差仅 ±8.35 cm，呈现典型的滨珊瑚微环礁

发育形态，证实其生长主要受最低低潮位控制，是理想的海平面标志物 . 海平面重建结果显示，在（6 143±34） cal a BP
至（3 013±9） cal a BP 期间，南海北部相对海平面呈波动下降趋势，变化范围为（25.0±9.8） cm 至（136.09±9.80） cm.
与周边地区海平面记录对比发现，中全新世高海平面的出现时间和高度存在差异，这可能与标志物的高程估算方

法及测年技术差异有关 . 此外，将研究结果和 GIA 模型（ICE-6G_HetML14）预测结果对比显示，南海北部雷琼海岸 3
个地点的中晚全新世海平面数据均低于模型预测曲线，表明该区域过去几千年可能经历构造沉降过程 . 本研究结

果为预测南海北部未来海平面变化趋势提供重要科学依据，也为区域构造演化研究提供新视角 .
关键词： 南海北部；中全新世；相对海平面；滨珊瑚（微环礁）；海平面变化；构造沉降；海洋学 .
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The Sea⁃Level Indicative Meaning of Porites Microatolls and Its Application to 
Middle Holocene Sea⁃Level Reconstructions in the Northern South China Sea

Yue Yuanfu1*， Zhao Yiheng1， Tang Lichao2， Zhang Bo1， Xiong Haixian3*， Zhang Yaze4

    1. Guangxi Laboratory on the Study of Coral Reefs in the South China Sea， School of Marine Sciences， Coral Reef Research
Center of China， Guangxi University， Nanning   530004， China

    2. Ministry of Education Key Laboratory for Coast and Island Development， School of Geographic and Oceanographic
Sciences， Nanjing University， Nanjing   210093， China

基金项目：国家自然科学基金项目（No. 42366002）；广西自然科学基金项目（No. 2025GXNSFAA069160）；国家重点研发计划项目（No. 
2017YFA0603300）；自治区级大学生创新创业训练计划项目（No. S202410593449）.

作者简介：乐远福（1982—），男，博士，硕士生导师，主要从事全球变化与环境演变研究工作 .  ORCID： 0000⁃0002⁃5248⁃0056.  Email： yuanfu.
yue@gxu. edu. cn

* 通讯作者：乐远福，Email: yuanfu. yue@gxu. edu. cn

引用格式：乐远福，赵毅恒，唐立超，张博，熊海仙，张雅泽，2025. 南海北部滨珊瑚微环礁的海平面指示意义及其反映的中全新世海平面历史 .
地球科学，50（9）：1-14.
Citation：Yue Yuanfu，Zhao Yiheng，Tang Lichao，Zhang Bo，Xiong Haixian，Zhang Yaze，2025.The Sea⁃Level Indicative Meaning of Porites Mi⁃
croatolls and Its Application to Middle Holocene Sea⁃Level Reconstructions in the Northern South China Sea.Earth Science，50（9）：1-14.

752

乐远福
Highlight

乐远福
Highlight



第  50 卷地球科学  http://www.earth⁃science.net

    3. School of Marine Sciences， Sun Yat⁃sen University， Zhuhai   519082， China
    4. Guangzhou Institute of Geography， Guangdong Academy of Sciences， Guangzhou   510070， China

Abstract: The coral reefs along the Leiqiong Coast in the northern part of the South China Sea are key indicators for studying 
paleo-sea level changes. However, due to the lack of unified standards, significant spatiotemporal discrepancies exist in coral-
derived sea-level data. In this study, through field measurements of the top surface elevation of 27 modern Porites microatolls in 
the coral reef area of eastern Hainan Island, the sea level indicative meaning of Porites microatolls was first precisely quantified. 
Meanwhile, 65 published sea-level index proxies based on U-Th dated fossil Porites (microatoll) corals from the region were 
systematically recalibrated and integrated to reconstruct a more accurate and reliable sea-level change history during the Middle 
Holocene in the northern South China Sea. The research reveals that those modern Porites colonies with dead upper surfaces but 
intact overall viability have reached their growth limits. Their top elevation lies 146.09 cm below the mean tide level of Qinglan 
Port and 15.09 cm below the lowest low tide, and the height difference of the growth limit is only ±8.35 cm, representing a 
typical developmental pattern of Porites microatolls. It is confirmed that their growth limits are primarily controlled by the lowest 
low tide level, and they are ideal indicators for reconstructing past sea levels. Sea level reconstruction results indicate that the 
relative sea level in the northern South China Sea exhibited a fluctuating downward trend from (6 143±34) cal a BP to (3 013±9) 
cal a BP, ranging from (25.0±9.8) cm to (136.09±9.80) cm. Comparison with sea level records from surrounding South China Sea 
regions reveals spatiotemporal variations in the timing and magnitude of Middle Holocene high sea-level, which may be attributable 
to differences in indicator elevation estimation methods and dating techniques. In addition, a comparison of the research results with 
the sea level predicted by the GIA model (ICE-6G_HetML14), reveals that the Middle and Late Holocene sea-level data at three 
locations along the Leqiong coast are all below the model curve. This indicates that these regions may have undergone tectonic 
subsidence over the past several thousand years. The results of this study offer an important scientific basis for predicting the future 
sea-level change trend in the northern South China Sea, and provide a new perspective on regional tectonic evolution studies.
Key words: northern South China Sea; Middle Holocene; relative sea level, Porites coral/ microatoll; sea level changes; tectonic 
subsidence; oceanography.

0 引言  

研究过去海平面变化的关键在于识别具有明

确指示意义的海平面标志物（王绍鸿， 1989； 聂宝

符， 1996； Yue et al.， 2024），并对其高程和年代进

行精确测定（Yue et al.， 2024）. 海平面标志物的指

示意义体现为其与特征潮汐水位/海平面之间可量

化的高程关系（Yue et al.， 2024）. 高质量的标志物

需具备几个关键特征：形成或分布于相对狭窄的垂

直区间内，具备可重复测量的精确高程和年代数

据，且在地质记录中保存状态良好 . 基于上述标准，

海平面标志物可划分为两大类：生物标志物（如硅

藻、有孔虫、珊瑚/珊瑚礁等）和沉积与地貌标志物

（如海滩岩、盐沼泥类、泥炭等）（王绍鸿， 1989）.
近年来，众多学者基于珊瑚（礁）、海滩岩、有孔

虫、硅藻、盐沼、泥炭等典型海平面标志物，对南海

北部全新世海平面历史开展了广泛研究，积累了丰

富 的 海 平 面 记 录（聂 宝 符 ， 1996； Zhao and Yu， 
2002； Zong， 2004； 时 小 军 等 ， 2008； Yu et al.， 
2009； Yao et al.， 2013； 唐立超和乐远福， 2023； 

乐远福和唐立超， 2023）. 然而，对现有成果的深入

分析表明，利用不同海平面标志物重建的南海北部

全新世同期海平面高程存在显著差异 . 例如，U⁃Th
定年的珊瑚礁记录显示中晚全新世海平面高于现

代（时小军等， 2008； Yu et al.， 2009），而基于 14C
定年的其他海平面标志物（如盐沼、泥炭等）重建的

中全新世海平面却未显示高海平面（Zong， 2004）.
这一矛盾引发了关于南海北部是否存在中全新世

高海平面的学术争议，表明该区域海平面历史研究

的共识缺失 . 此外，研究表明，不同海平面标志物

或方法反演的海平面曲线存在显著差异和不确

定性，甚至在部分场景下缺乏可比性（乐远福和

唐立超，2023）. 显然，若无法实现海平面标志物

的精确识别、指示意义的明确界定以及多源数据

的有效同化，将难以获得准确可靠的海平面曲线

（乐远福等， 2022； Yue et al.， 2024）. 因此，在典

型海区（如南海北部，图 1），选择指示意义明确

的海平面标志物并结合高精度测年技术 ，是重

建连续、高分辨率海平面变化序列的必要途径 .
南海北部作为全球变化的敏感区域，也是全球
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海平面研究的关键地带，全新世以来发育了丰富的

海平面标志物，尤其在雷州半岛和海南岛沿海珊瑚

礁区（图 1）. 珊瑚礁的发育严格受海平面制约，被认

为是反映过去古海平面的重要标志（聂宝符， 1996）.
造礁珊瑚中的滨珊瑚，尤其是滨珊瑚微环礁，因具有

清晰可辨的年生长纹层和持续的生长时间，且对  
铀‒钍（uranium⁃thorium，U⁃Th）测年方法具有良好

的适用性（Bard et al.， 1993； Zhao and Yu， 2002），

被认为是理想的海平面标志物（Yue et al.， 2024）.
当前，基于珊瑚礁的海平面变化研究主要依

赖礁坪上出露海面的大型块状原生滨珊瑚（微环

礁）的 年 代 学 与 高 程 测 量 数 据（聂 宝 符 ， 1996； 
Zhao and Yu， 2002； 时小军等 ， 2008； Yu et al.， 
2009； Yao et al.， 2013； Hallmann et al.， 2018； 乐
远 福 和 唐 立 超 ，2023； Yue et al.， 2024； Yan et 
al.， 2024）. 由滨珊瑚（微环礁）等大型块状珊瑚构

成的礁顶面会随着海平面的变化而调整生长状

态，呈现向上生长与侧向生长的双重趋势（Yu et 

al.， 2009； 乐远福和唐立超， 2023）. 关于滨珊瑚

（微环礁）生长上限的界定，传统研究表明其最高

生长上限通常不超过大潮低潮面，多数情况下位

于大潮低潮面以下约 1 m 的位置（聂宝符， 1996； 
余克服等， 2002；颜廷礼，2022）. 但部分学者以平

均低低潮面作为滨珊瑚的生长上限开展海平面重

建（例如，Yao et al.， 2013）. 此外，还有研究通过现

代活滨珊瑚（微环礁）的顶面高程来进行相对海平

面的重建（例如，时小军等， 2008； Yu et al.， 2009），

或依据化石滨珊瑚（微环礁）的高程变化来重建

特定时段的海平面波动历史（Yan et al.， 2024）.
可见，目前南海北部广泛分布的滨珊瑚（微环

礁）与现代海平面之间的定量关系仍存在较大的不

确定性 . 一方面，不同研究采用的计算方法存在差

异；另一方面，测年技术的多样性，部分年代区间的

数据缺失，以及多数海平面重建缺乏区域构造校正 .
这些因素导致基于滨珊瑚（微环礁）重建的中全新

世同期海平面结果差异显著，加剧了判断中全新世

图 1　南海地理位置图（a）以及南海北部雷琼地区现代珊瑚礁空间分布（b），前期在海南岛东部沿海多个地点开展野外踏勘和

滨珊瑚采样的地点（b），野外发现的现代滨珊瑚微环礁（c）及化石滨珊瑚（d）
Fig.1　Geographical location map of the South China Sea (a), spatial distribution of modern coral reefs in Leiqiong area in the 

north of the South China Sea (b), and field survey and coral sampling sites along the east coast of Hainan Island (b),      
modern Porites microatoll (c) and fossil Porites corals (d) found in the field
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是否存在高海平面的学术争议 . 例如，有学者质疑

出露的化石滨珊瑚究竟是高海平面的产物，还是构

造抬升的结果（Yao et al.， 2013）. 这表明，当前对滨

珊瑚（微环礁）与海平面之间关系的探究仍处于半

定量阶段，对作为海平面标志物的滨珊瑚（微环礁）

的顶面高程与现代海平面的对应关系及潮位指示

范围尚未明确界定 . 因此，亟需针对南海北部滨珊

瑚（微环礁）开展高精度测量，精确量化其顶面高程

与现代海平面之间的关系以及潮位指示范围，并基

于“将今论古”原则，高质量重建过去海平面历史 .
在此背景下，本研究对海南岛东部沿海已经达

到生长上限的 27 块现代活滨珊瑚微环礁顶面高程

开展测量，通过精确量化其与海平面的关系，建立

海平面计算公式，验证滨珊瑚微环礁作为海平面标

志物的可靠性 . 然后，以研究区礁坪上出露海面的

大型块状原生化石滨珊瑚和滨珊瑚微环礁为研究

对象，通过高程测量和 U⁃Th 定年，为南海北部提供

新的可靠的海平面数据 . 同时，收集该区域已有的

滨珊瑚（微环礁）海平面数据并进行系统性校正，集

成新老数据以重建研究区中全新世的海平面变化

历史，进一步讨论海平面变化与构造运动的关系 .

1 研究区域  

南海是我国近海中面积最大的海域（图 1a）.
通过巴士海峡、苏禄海以及马六甲海峡等关键水

道连接太平洋与印度洋 . 这一地理位置不仅赋予

了南海独特的战略意义，也使其拥有丰富的海洋

资源和生物多样性 . 作为远场区域，南海北部沿

海低纬度地区（如北部湾中部海域涠洲岛、雷州

半岛和海南岛等），自全新世以来气候与环境与

构造相对稳定，为珊瑚礁和海滩岩等海平面标志

物的发育提供了理想的环境 . 尤其是雷州半岛和

海南岛沿海地区（图 1b），珊瑚礁以岸边基岩为附

着基底大面积发育，构成南海北缘和世界珊瑚礁

重要的分布带 . 这些广泛分布的海平面标志物为

研究过去海平面变化提供了宝贵的物质基础 .
在海洋地质与珊瑚礁研究领域，大型块状滨珊

瑚的礁顶面与海平面升降的动态关系一直是研究

重点 . 理论上，大型块状滨珊瑚构成的礁顶面会随

着海平面的升降而变化 . 当海平面稳定时，大型块

状滨珊瑚生长至接近其生长上限后转为横向扩展，

形成相对平坦的礁顶面 . 若海平面下降，珊瑚的生

长上限亦随之降低，顶部因暴露于空气中而死亡，

滨珊瑚在较低位置继续横向生长，围绕死亡顶面

形成环带状新礁顶面 . 当海平面上升时，滨珊瑚持

续向上及侧向生长，沿礁体边缘向上延伸，在原礁

顶形成突起环带，直至达到新的生长上限并形成

新 的 礁 顶 面 . 这 种 生 长 机 制 使 得 多 数 微 环 礁     
（microatoll）由顶部死亡但保持侧向生长的环带状

大型块状原位珊瑚演化而来 . 其中，由滨珊瑚发育

成的滨珊瑚微环礁尤为典型 . 类似的现象在印度

洋 Cocos 群岛珊瑚礁区（Smithers and Woodroffe， 
2000）、南纬 3 珊瑚礁区（Natawidjaja et al.， 2004）、

海南岛青葛（时小军等，2008）以及雷州半岛徐闻

灯楼角（Yu et al.， 2009）均有报道 . 这些区域的滨

珊瑚微环礁，就是顶面已死亡但仍保持侧向生长

呈环带状的滨珊瑚 ，个体顶面高程变化范围为

2.0~8.5 cm（2σ），最 低 误 差 <3 cm. 上 述 研 究 表

明，同一珊瑚礁区由滨珊瑚（微环礁）等造礁珊瑚

构成的礁顶面严格受海平面控制，因而被视为是热

带区域高精度海平面标志物（Smithers and Wood⁃
roffe， 2000； Yu et al.， 2009），由这类珊瑚礁顶面

构成的礁坪面亦成为推断古海平面的关键证据，为

研究地质历史时期海平面变化提供了重要线索 .
此外，南海作为西太平洋面积最大的边缘海，

是太平洋与印度洋交汇的关键地带，该地区频繁遭

受热带气旋/台风的侵袭（Yue et al.， 2019）. 由于紧

邻印度‒西太平洋暖池，且处于东亚季风区的核心

区域，南海表层海洋环流深受东亚季风的显著调控

（An， 2000），并呈现鲜明季节性特征：夏季，环流以

东北向为主导，海水主要经卡里马塔海峡和卡斯

帕海峡从爪哇海涌入南海，抵达南海北部后，大部

分水体通过巴士海峡及巴林塘海峡流出并汇入黑

潮主流，部分水流继续北上进入台湾海峡；冬季，

环流则呈现逆时针方向流动，浙闽沿岸流与广东

沿岸流自台湾海峡沿南海西部近岸向西南流动 .
综上所述，南海北部作为南海向陆地过渡的关

键地带，不仅是经济发达区域和大中城市集中区，

更是全球气候变化的敏感、热点区域之一 . 研究南

海北部过去海平面变化历史，不仅有助于人们深

入理解南海海洋环境和生态系统，还能为应对全球

气候变化和推动可持续发展提供重要科学依据 .

2 材料和方法  

2.1　数据来源及可靠性分析　

本文数据主要来源于 Yue et al.（2024）、颜廷礼
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（2022）、Yan et al.（2024）及时小军等（2008）.其中珊

瑚顶面高程数据来源于海南岛东部文昌沿海开放

海域珊瑚礁区的 27 块顶部已经死亡的现代活滨珊

瑚微环礁（Yue et al.， 2024）.65 个海平面标志点数

据则来源于海南岛东部文昌至琼海珊瑚礁区 51 块

出露海面的大型块状原位化石滨珊瑚（微环礁），采

样点分布见图 1.其中包括 Yue et al.（2024）的 6 个数

据以及颜廷礼（2022）、Yan et al.（2024）的 40 个新近

发表的数据 .这些数据源自 2020-2022 年最低潮位

期间在海南岛东部文昌铜鼓岭至琼海谭门沿海珊

瑚礁区进行踏勘时采集的化石滨珊瑚（微环礁）样

品 . 野外采样时利用徕卡（Leica）GS18 T GNSS 接

收机通过实时动态载波相位差分技术（Real Time 
Kinematic，RTK）对开放海域现代活以及化石原

位滨珊瑚（微环礁）（图 1c~1d）顶面进行了高精度

高程测量 . 每个采样点至少进行 2 次独立测量，单

次测量持续时间不少于 5 min，取平均值作为最终

高 程 数 据 ；重 复 测 量 的 误 差 范 围 控 制 在 ±2 cm
以内，确保数据可靠性 . 另有 19 个滨珊瑚海平面

数据来源于时小军等（2008）早年发表的研究 .
本 研 究 中 当 地 平 均 潮 位（mean tide level，

MTL）数 据 基 于 海 南 清 澜 港 长 期 潮 位 监 测 站

（1985-2020 年）实 测 记 录 计 算 ，其 高 程 基 准 与

1985 国家高程基准（即现代平均海平面，mean sea 
level，MSL）一致，两者差值可忽略不计 . 文中涉

及的滨珊瑚微环礁顶面高程均以该基准为参照 .
上述 65 个海平面标志点数据的年代均通过

U⁃Th 测年获得 . 为了便于与其他基于 14C 测年的

区域代用指标对比，所有 U⁃Th 测年结果均转换

为 距 今 年 龄（cal a BP， 起 点 为 公 元 1950 年）.65
个海平面标志点数据的原始数据、校正过程及

最终结果详见附表，采样点分布见图 1，其中高

程基准统一转换为现代平均海平面（MSL）.
为了验证数据，对 65 个海平面标志点数据进行

了系统性、可靠性评估 .（1）生长纹与测年精度验证：

将化石珊瑚样品打磨至 7 mm 厚的珊瑚板，通过数

字化 X 射线成像判断珊瑚样品生长纹清晰度 . 对生

长纹清晰的新增珊瑚样品进行重复 U⁃Th 测试，以

验证 U⁃Th 测年方法的精确性与结果的可靠性 . 举
例来说，当数字化 X 射线成像清晰地展示出珊瑚的

生长纹，则表明该珊瑚样品适合 U⁃Th 测年并可获

得准确数据（Yue et al.， 2024）.（2）δ234U 值封闭系统

检验：将所有化石滨珊瑚样品的 δ234U 与现代海水

（144‰±2‰）（Chen et al.， 1986）及 现 代 珊 瑚

（156‰±6‰）（Stirling et al.， 1995）的 δ234U 对比，若

这些化石滨珊瑚样品在地质历史中保持封闭系

统，其 δ²³ ⁴U 值应落于上述现代参照值范围内，相

应测年数据视为可信；反之，若偏离此范围，则质

疑数据的可信度 .（3）铀浓度成岩作用评估：以南

海北部 276 块珊瑚样品铀浓度平均值（3.0721×
10 ⁻ ⁶）（Yue et al.， 2024）为 基 准 ，若 珊 瑚 样 品 U
浓度异常偏低 ，可能指示文石向方解石转化的

成岩作用导致铀流失，相关数据判定为不可靠 .
2.2　全新世海平面重建及验证　

定量研究滨珊瑚微环礁顶面高程与现代海平

面之间的关系及潮位指示范围，明确现代活滨珊瑚

微环礁的指示意义（indicative meaning， IM）是开展

过去海平面重建的基础 . 对于仅发现化石滨珊瑚

（微环礁）但缺少现代活体滨珊瑚微环礁作为参照

的区域，可采用以下公式估算当地古海平面高度：

RSL=H fossil－IM，                                           （1）
其中，RSL 为古海平面高度，Hfossil 是原生化石滨 珊

瑚（微 环 礁）的 顶 面 测 量 高 程 . 对 于 同 时 存 在

化 石 滨 珊 瑚 微 环 礁 和 活 体 滨 珊 瑚 微 环 礁 的 海

岸 ，古 海 平 面 高 度 为 原 生 化 石 滨 珊 瑚 微 环 礁

与 现 代 活 体 滨 珊 瑚 微 环 礁 顶 面 高 程    （Hmodern）

的 垂 直 高 度 差 . 公 式 如 下 ：

RSL=H fossil－Hmodern，                                       （2）
注意，计算中 IM、H fossil 和 Hmodern 应转换为同一高程

基准 . 若 RSL 为正值，表明古海平面高度高于现

今海平面 . 由于大型块状原生滨珊瑚（微环礁）的

侵蚀高度难以精确测定，本文所计算的海平面数

值代表当时可能存在的最低海平面高度 .
古海平面垂直高度的误差主要来源于海平

面标志物的指示意义及其范围 ，以及样品采集

和 处 理 过 程 中 的 固 有 因 素（如 测 量 误 差 、样 品

厚度变化以及分样误差等）. 量化误差可采用以

下公式（Shennan and Horton， 2002）进行计算：

E=（e2
1+e2

2+…+e2
n）

1/2，                              （3）
其中，E 代表海平面标志物所代表的 RSL 的总误

差，e1… en 代表各种误差来源 .
最后，将南海北部中全新世海平面重建结果与

冰川均衡调整（glacial isostatic adjustment， GIA）模

型（ICE⁃6G_HetML140，数据来自南洋理工大学李

堂华博士）进行对比，以分析海平面变化的驱动机

制 . 该模型采用三维横向非均匀黏弹性地球模型
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HetML140（Li and Wu ， 2018 ； Li et al. ， 2019）
和 ICE ⁃ 6G_C 冰 盖 模 型（Peltier et al. ， 2015），

GIA 响 应 通 过 耦 合 位 扰 动 拉 普 拉 斯 方 程 的 三

维 有 限 元 算 法（CLFE）计 算（Wu ， 2004）.

3 结果  

3.1　现代活滨珊瑚（微环礁）上顶面高程　

根据野外勘探，海南岛文昌铜鼓岭珊瑚礁区

开放海域随机选取的 27 块现代活滨珊瑚微环礁，

除顶部已经死亡以外的其他部位均处于存活状态

（Yue et al.， 2024）. 根据这 27 块样品的礁顶面高

程测量数据（Yue et al.， 2024），这些滨珊瑚微环

礁的顶面高程平均值为-43.09 cm（相对于 MSL，

后同）（图 2a），个体变化高程范围为-51.6 cm 至

-34.94 cm，表明顶面高差最大为 16.66 cm，相对

高度变化幅度为±8.33 cm. 以海南清澜港平均潮

位（103 cm，1985 国家高程基准），这些滨珊瑚微环

礁 顶 面 高 度 为 -146.09 cm（图 2b~2c），揭 示 其

顶面高程与当地相对海平面存在可量化关系 .
3.2　海平面数据对应的同位素数据和 U⁃Th 测

年结果　

65 个海平面标志点数据对应的珊瑚同位素

δ234U（T）变化、U 浓度和 U⁃Th 年龄分布如图 3 所

示 . 首先，65 个海平面标志点数据所对应的化石

滨 珊 瑚 样 品 的 δ234U （T）变 化 范 围 为（145.2±
1.3）‰~（151.2±1.6）‰，平均值为 148.50‰，处于

现 代 珊 瑚（Stirling et al.， 1995）和 海 水（Chen et 
al.， 1986）的 δ234U （T）之间 . 其次，U 浓度平均值

为 2.912×10−6，变 化 范 围 介 于 2.5753×10−6~
3.4326×10−6，与南海北部新近报道的的 276 个全

新世珊瑚样品校正后 U 浓度（3.0721×10−6）（Yue 
et al.， 2024）高度吻合 . 最后，测年结果显示，这些

滨珊瑚（微环礁）顶部年龄处于（3 013±9） cal a 
BP 至（6 143±34） cal a BP 之间，属于中全新世范

围，年代跨度约 3 100 a，年代误差（2σ）为 8~34 a.
3.3　南海北部中全新世海平面重建结果　

通过对海南岛东部沿海珊瑚礁区 27 块现代活

滨珊瑚微环礁顶面高程的高精度测量，可以确定该

区现代活滨珊瑚微环礁的海平面指示意义为当地

平均潮位以下 143.09 cm（图 2b）. 采用误差计算公

式，可以对新增珊瑚样品的海平面总误差进行量化 .
例如，27 块现代活滨珊瑚微环礁顶面高程自身存在

8.33 cm 的误差，而 RTK 测量仪器总误差为 5 cm，采

样 厚 度 1 cm ，计 算 得 海 平 面 高 程 数 据 总 误 差

为 ±9.8 cm. 为 了 便 于 计 算 ，对 校 正 后 的 65 个

海 平 面 标 志 点 数 据 都 赋 予 这 个 误 差 值 .
基于 3.2 部分所述的海平面重建公式，获得了

海南岛东部珊瑚礁区 65 个新的海平面标志点数

据（附表和图 4），为重建南海北部海南岛东岸中

全新世的海平面变化历史奠定可靠基础 . 如图 4
所示，在（6 143±34） cal a BP 到（3 013±9） cal a 
BP 的 3 100 a 期间，南海北部的相对海平面波动范

围为 25~136.09 cm，整体呈现持续波动下降趋势 .

4 讨论  

4.1　滨珊瑚微环礁的海平面指示意义　

滨 珊 瑚 微 环 礁 是 高 精 度 海 平 面 重 建 的 理

想 标 志 物 . 海 南 岛 东 部 沿 海 珊 瑚 礁 区 27 块 现

代 活 滨 珊 瑚 微 环 礁 野 外 测 量 结 果 显 示 ，其 分

布 于 开 放 海 域 ，顶 面 高 程 与 海 平 面 / 参 考 潮

位 有 可 量 化 的 垂 直 关 系（Yue et al. ， 2024）.
首先，27 块现代活滨珊瑚微环礁所在的海南

岛东部沿海文昌铜鼓岭珊瑚礁区相对平坦，无显

著局部凹陷，且与开放海域直接相通，即使是处

于 2020 年 7 月的最低潮期间，海水也可以与外海

自由交换 . 这就排除了局部地形对这 27 块现代

活滨珊瑚微环礁生长的影响 . 更为重要的是，该

区域属于海南铜鼓岭国家级自然保护区 . 据笔者

2020 年野外初步估算 ，该珊瑚礁区生态系统健

康，珊瑚种类丰富（常见种包括 Porites、Platygy⁃
ra、Montipora solanderi、Acropora austera、Facia 
speciose、Pocillopora、Fungia fungites 等），且 活 珊

瑚覆盖度较高 . 这说明该区 27 块现代活滨珊瑚

顶部死亡是因为达到本身的生长上限而导致的 .
其次，从形态特征看，27 块现代活滨珊瑚的顶

面高程波动于-51.6 cm 至-34.94 cm 之间，变化范

围为±8.33 cm，呈现出相对平坦却又在平顶中间凹

凸不平的礁顶面，符合滨珊瑚微环礁的典型发育形

态 . 此外，从生长状态分析，其顶部均已死亡，平均

高 程（-43.09 cm）较 海 南 岛 清 澜 港 最 低 低 潮 位

（-28 cm）低  15.09 cm，较 平 均 潮 位（103 cm）低

146.09 cm（图 c），表明最低低潮是这些滨珊瑚微环

礁理论生长上限 . 同时，这些现代活滨珊瑚顶面高

度近乎一致、生长范围狭窄，指示其海平面变化响

应区间狭窄且指示意义统一，符合滨珊瑚微环礁的

典型特征，说明它们作为理想海平面标志物的可靠
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性 . 基 于 上 述 特 性 ，可 通 过 这 27 块 达 到 生 长 上

限的现代活滨珊瑚微环礁 ，推算出目前出露海

面 的 化 石 滨 珊 瑚（微 环 礁）礁 顶 面 代 表 的 最 低

海平面高度，为海平面研究提供关键数据支持 .
4.2　中全新世海平面高程差异的原因分析　

尽管以往基于滨珊瑚（微环礁）的海平面重建

研究未深入探讨滨珊瑚（微环礁）的海平面指示意

义，但需强调的是，现今沿海珊瑚礁区域礁坪上高

出潮面的死亡大型块状原生滨珊瑚（微环礁），直接

指示其发育时期海平面高于当前海平面 . 理论上，

精确测定这些滨珊瑚（微环礁）顶面的年代及高程，

即可有效推测其发育时期的海平面高度 . 基于此，

图 2　海南岛文昌铜鼓岭珊瑚礁区 27 块现代活滨珊瑚微环礁顶面高程与清澜港潮汐的关系

Fig.2　Relationship between the top elevation of 27 modern live Porites (microatolls) in Tongguling coral reef area and tides at 
Qinglan Harbor in Wenchang, Hainan Island

高程数据由 Leica GS18 T RTK 设备测量获取，为相对于 MSL 数值；清澜港属不正规日潮，基于 1985 年国家高程基准，其平均潮位为     
103 cm，平均低潮位为 58 cm，平均高潮位为 147 cm，最高高潮位（Highest High Tide，HHT）为 315 cm，最低低潮位为-28 cm，平均潮差为

89 cm，最大潮差为 255 cm（中国人民解放军海军司令部航海保证部编制，2022）
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有学者依据雷琼地区 4 个珊瑚礁的 14C 测年数据及

其高程信息，推断该地区中全新世（（7 120±165）至

（4 010±110） a BP，未 校 正）海 平 面 波 动 范 围 为

200~250 cm（余克服等，2002）.同时，另有学者通过

测量雷州半岛南部沿海的古珊瑚礁礁顶面高程，并

结 合 14C 测 年 技 术 ，估 算 出 中 全 新 世 期 间（如           
（6 550±130）至（5 300±80） a BP，未校正）海平面

比现今高出 300~400 cm（Ma et al.， 2003）. 在不考

虑中全新世以来地壳升降影响的情况下，通过对该

地区 7 块滨珊瑚进行的 16 个 U⁃Th 年龄年龄测定结

果，进一步推测南海北部（7 240±319）至（5 009±
54） a BP（相对于公元 2001 年）期间海平面高度至

少比现代高出 290~380 cm（Zhao and Yu， 2002）.然

而，与上述 300~400 cm 高海平面结论不同，Yu et 

al.（2009）通过对比不同时期大型滨珊瑚微环礁与

现代微环礁顶面高程，结合 5 个微环礁的 18 个 U⁃
Th 年龄数据及微地貌结构特征，指出在（7 050±
32）至（6 603±41） cal a BP（校正后，以公元 1950
年为基准）期间，雷州半岛海平面高度为现今水

平 之 上（171.0±8.5）至（219.0±8.5） cm，并 经 历

至少 4 次百年尺度的周期性波动 . 这些研究为南

海北部中全新世高海平面提供了珊瑚礁证据 .
从 海 平 面 高 度 时 空 变 化 视 角 分 析 ，南 海 北

部 全 新 世 海 平 面 重 建 结 果 呈 现 出 显 著 的 差 异

性 ，根 源 可 能 在 于 所 采 用 的 海 平 面 重 建 方 法 ，

其 中 海 平 面 标 志 物 的 高 程 估 算 精 度 以 及 测 年

图 3　样品的 δ234U (T)变化  (a)、U 浓度(b) 和 U-Th 年龄分布(c)
Fig.3　δ234U (T) change (a), U concentration (b) and U-Th age distribution (c)
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技 术 是 影 响 重 建 结 果 准 确 性 的 关 键 因 素 .
首先，在海平面高程估算方面，不同研究对

滨珊瑚的海平面指示意义存在显著认知分歧 . 现
有研究采用了多元参考标准，例如，有研究是以

大潮低潮面/潮高基准面以下 1 m 作为滨珊瑚的

实际生长上限（聂宝符，1996），也有研究以平均

低 潮 面 作 为 滨 珊 瑚 的 生 长 上 限（Yao et al.， 
2013），还有研究基于现代活滨珊瑚微环境顶面

高程进行海平面重建（Yu et al.， 2009）. 尽管雷琼

地区前人海平面重建结果均采用 1985 国家高程

基准或与之可转换的潮高基准面，但在具体指标

选取上存在明显分化——部分以平均低潮面为

参考，部分以大潮低潮面为参考 . 这一差异成为导

致区域海平面高程重建结果矛盾、限制横向可比性

的主要原因 . 本研究通过将所有数据统一转换至

现代平均海平面，有效消除基准差异对区域对比的

影响，为区域对比提供了统一、可靠的分析基础 .
本 研 究 通 过 对 海 南 岛 东 部 沿 海 珊 瑚 礁 区

达 到 生 长 上 限 的 现 代 滨 珊 瑚 微 环 礁 顶 部 进 行

高程测量 ，明确其顶面高程与现代海平面的关

系以及潮位指示范围 ，量化滨珊瑚微环礁的海

平 面 指 示 意 义 ，为 其 他 珊 瑚 礁 区 的 滨 珊 瑚（微

环礁）海平面重建提供了新范式和依据 .
其次，在测年方法方面，研究表明珊瑚样品

的 14C 测年结果相较于其对应的 U⁃Th 测年结果，

系统性呈现约 200~1 000 a，甚至 3 000~3 500 a 的

年 轻 化 趋 势 ，即 使 经 过 校 正 ，仍 可 能 存 在 80~  
600 a 差距（Bard et al.， 1993）. 这种差异可能源于

海洋碳库效应的时空变异性、环境的改变，或晚期

成岩作用（Bard et al.，1993）. 此外，不同软件或不

同版本的同一软件对全新世 14C 年龄的校正结果，

可能存在十年甚至上千年的差异（乐远福和唐立

超，2023；唐立超和乐远福，2023）. 以本研究 65 个

滨珊瑚（微环礁）海平面标志点数据为例，U⁃Th 测

年的 2σ 误差范围为 14~34 a，且同一块滨珊瑚（微

环礁）测年结果基本一致，凸显 U⁃Th 测年方法的

高精度 . 同时，有学者通过对全新世珊瑚样品年代

学数据，发现 U⁃Th 年龄与树木年代学校准结果高

度吻合（Bard et al.， 1993），进一步验证了 U⁃Th 测

年技术的准确性及其作为地质年代计的高精度特

征 . 综上，选择指示意义明确的海平面标志物并采

用精确测年方法 ，是高质量重建过去海平面的

关键 . 对于滨珊瑚（微环礁）而言，U⁃Th 测年技

术较 14C 测年方法具更高的海平面重建可信度 .

图 4　基于滨珊瑚及滨珊瑚微环礁重建的南海北部中全新世海平面

Fig.4　Middle Holocene sea level reconstruction of the northern South China Sea based on Porites corals and Porites microatolls
红色数据来源于 Yue et al.（2024）；绿色数据来源于时小军等（2008）；紫色数据来源于颜廷礼（2022）和 Yan et al.（2024）
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在海平面重建研究中，无论采用何种海平面

标志物，均需遵循以下关键流程：首先明确所选

海平面标志物的指示意义 . 其次，提升定年技术

精度并严格控制误差 ，同时开展必要的构造校

正 以 消 除 地 质 构 造 运 动 的 影 响 . 在 此 基 础 上 ，

通过多源数据交叉验证提升结果的可靠性 ，最

后整合多元海平面记录以解决争议性问题 .
与全球中全新世海平面记录对比表明，南海北

部海平面变化既呈现全球共性，也存在区域分异 .
全球尺度上，中全新世早期海平面上升、中期维持

相对高位是普遍特征，但不同区域的上升速率和高

位持续时间差异显著 . 例如，泰国和越南现代海岸

在 8 000~7 000 cal a BP 已出现明确海侵的证据，并

在 约 6 000 cal a BP 达 到 接 近 1.5 m 的 峰 值（Ta⁃
nabe， 2003； Stattegger et al.， 2013）. 与此同时，马

来西亚半岛东海岸海平面在约 7 000 cal a BP 期间

波动于 1.4~3.0 m（Parham et al.， 2014），6 500 cal a 
BP 时为 1.5 m，至 4 500 cal a BP 进一步上升至 2 m
（Zhang et al.， 2021）. 此外，印度尼西亚勿里洞岛在

6 800~6 600 cal a BP 期间记录到 1.8 m 的海平面高

度 . 此外，巽他陆架（Meltzner et al.， 2017）、澳大利

亚 大 堡 礁（Chappell， 1983）、太 平 洋 波 利 尼 西 亚    
（Pirazzoli et al.， 1988）、和 东 印 度 洋 科 科 斯 环 礁

（Woodroffe et al.， 1999）的化石珊瑚礁记录均显示

中全新世处于高海平面期 . 这表明南海北部中全

新世高海平面的出现与南海周边区域基本同步，

可能具有全球驱动背景 . 然而，热带太平洋地区中

全新世早期海平面上升速率略高于南海北部，中

期高位持续时间更长 . 这种差异可能与海洋地理

环境、地壳均衡调整以及构造运动有关 . 南海北部

受东亚季风和西太平洋暖池的影响，对区域气候

系统变化更为敏感；而板块边界等构造活跃区，

海平面变化则可能叠加了地壳升降运动的影响 .
值得注意的是，中全新世是一个高温时期，南

海 北 部 海 表 温 度 较 现 在 高 0~2 ℃（Wei et al.， 
2007）. 最新研究显示，基于滨珊瑚重建的南海北部

中全新世高海平面和陆地孢粉重建的高温期高度

重叠，表明高海平面可能与气候变暖密切相关（Yue 
et al.， 2024）. 在当前全球变暖背景下，1980-2020
年全球海平面上升已经进入加速状态，且未来持续

快速上升（乐远福和唐立超，2023），极有可能重现

中全新世高海平面情景，这将对南海北部低洼地区

的人类生存环境和沿海生态环境带来严重威胁，包

括加剧海水入侵、土壤盐碱化等问题 . 因而，亟

需采取有效措施应对海平面上升的潜在风险 ，

以保障区域生态安全和居民生命财产安全 .
4.3　区域构造升降运动因素分析　

相对海平面变化是全球融冰过程、地壳均衡调

整、局地构造运动和沉积压实等效应的综合响应 .
通过对比海平面变化地质数据与 GIA 模型的差异，

有望从中分离出区域和当地的构造信号 . 为探讨南

海北部雷琼海岸过去几千年的构造升降过程，本研

究将海南岛东岸（本文研究区，图 5a）、西岸（Yao et 
al.， 2013；图 5b）和雷州半岛南端（Yu et al.， 2009；
图 5c）中 晚 全 新 世 滨 珊 瑚（微 环 礁）海 平 面 数

据与 GIA 模型（ICE⁃6G_HetML140）进行对比 .
假设 GIA 模型预测准确，其与海平面数据的

差异理论上反映当地构造升降量 . 如图 5 所示，

雷琼海岸中晚全新世海平面数据均位于 GIA 预

测曲线下方，表明这些区域过去几千年处于构造

沉降状态 . 其中，海南岛东岸中全新世数据与模型

的差值小于 1 m，至 3 000 a BP 缩小至约 0.5 m，反

映沉降速率较低（（0.12±0.06） mm/a）. 尽管海南

岛西岸和雷州半岛的海平面数据较少，不足以进

行定量对比，但均表现出明显构造沉降迹象 .
上述结果与前人提出的雷琼地区全新世构造

抬升结论（詹文欢等，2006； Yao et al.， 2013）存在

显著差异 . 例如，粤西与海南地区的中全新世高海

平面（Zong et al.， 2004）及海南岛西部河流的全新

世阶地（陈康林等，2024）常被解释为构造抬升证

据 . 然而，本研究的最新数据‒模型对比表明，雷琼

海岸的中全新世高海平面现象可能是水动型 GIA
效应的结果，而非构造抬升——远场 GIA 高海平

面效应掩盖了局地较弱的构造沉降信号，导致对

全新世地质资料的误读 . 国家一等水准网垂直形

变观测数据显示，近 50 a 来海南岛及雷州半岛海

岸表现出明显沉降趋势（郭鑫伟等，2022），为本研

究提出的中长期构造沉降提供了佐证 . 从新生代

板块运动和南海的演变背景看，南海洋盆沉陷驱

动南海北部大陆架向南扩张并伴随沉降（张健与

石耀霖， 2003； Wang et al.， 2024），这可能是雷琼

海岸中晚全新世构造沉降的区域动力学机制 .
需要注意的是，以上推论依赖于 GIA 模型的准

确性，而 ICE⁃6G 冰模型主要基于北极地区的融冰

历史构建，对远场区域的预测存在不确定性 . 雷琼

地区处于新构造活跃带，第四纪晚期经历复杂的间
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歇 性 差 异 性 升 降（詹 文 欢 等 ，2006；陈 康 林 等 ，

2024），内陆与海岸可能表现不同升降模式 . 因此，

证实雷琼海岸长期构造升降模式并精确量化速

率，仍需更多可靠的地质证据及模型交叉验证 .
本 研 究 受 限 于 现 有 数 据 量 与 模 型 精 度 ，

暂 未 对 海 平 面 代 用 指 标 进 行 构 造 校 正 . 研 究

中 雷 琼 海 岸 GIA 模 型 与 实 测 数 据 的 差 异（图

5），已 初 步 暗 示 构 造 因 素 对 海 平 面 变 化 的 潜

在 影 响 ，但 量 化 分 析 仍 需 进 一 步 探 索 .

5 结论和展望  

本研究针对南海北部中全新世海平面变化争

议及构造信号分离问题，通过分析海南岛东部珊瑚

礁区 27 块顶面死亡的现代滨珊瑚微环礁顶面高程，

明确其海平面指示意义，并对该区 65 个海平面标志

点数据进行系统性评估与校正，进而重建南海北

部中全新世海平面变化历史 . 主要结论如下：

（1）滨珊瑚微环礁海平面指示意义的精确量化 .
现代滨珊瑚微环礁平均高度（-43.09 cm）位于当地

最低低潮位（-28 cm）以下 15.09 cm，证实最低低潮

位是滨珊瑚微环礁的理论生长上限，表明海平面是

该地区滨珊瑚微环礁发育的关键因素 . 这些滨珊瑚

微环礁平均高程（-43.09 cm）相对于海南岛清澜港

平均潮位（103 cm）为-146.09 cm，为滨珊瑚微环

礁的海平面指示意义提供了量化基准，解决了前

人因指示意义不明确导致的重建结果矛盾问题 .
（2）中全新世海平面变化特征 . 本研究重建的

是南海北部中全新世相对海平面变化，数据均以

MSL 为基准，确保与全球其他地区记录具有可比

性 . 海平面重建结果显示，在（6 143±34） cal a BP
至（3 013±9） cal a BP 期间，南海北部的相对海平面

波动范围为（25.0±9.8） cm 至（136.09±9.80） cm，

整体呈波动下降趋势 . 与全球中全新世海平面

记录相比 ，南海北部的海平面变化既呈现与全

球一致的趋势，也存在区域差异特征，这可能与

南海北部受东亚季风和西太平洋暖池的气候调

控效应有关，以及叠加了地壳升降运动的影响 .
（3）构 造 沉 降 的 新 证 据 . 通 过 海 平 面 变 化

地质 数据与 GIA 模型 的对比分析 ，发现 南海北

部 雷 琼 海 岸 过 去 几 千 年 整 体 处 于 构 造 沉 降 状

态（海 南 岛 东 岸 沉 降 速 率 为（0.12±0.06） mm/

图 5　基于滨珊瑚及滨珊瑚微环礁重建的南海北部中全新世海平面与 GIA 模型预测海平面曲线对比图

Fig.5　Comparison of the Middle Holocene sea level reconstructed from Porites and Porites microatolls in the northern South   
China Sea with the sea level curves predicted by the GIA model

a，b 和 c分别为海南岛东岸、西岸以及雷州半岛南端地区
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a），修正了前人将中全新世高海平面归因于构

造抬升的认识 . 远场 GIA 效应掩盖了局部沉降

信 号 ，导 致 对 地 质 资 料 的 误 读 . 国 家 水 准 网 观

测数据与区域板块运动背景（南海洋盆沉陷驱

动大陆架扩张）进一步支持了长期沉降机制 .
（4）研究局限性与展望 . 本研究依赖北极融冰

历史构建的 GIA 模型，对远场区域的预测存在不确

定性 . 若要精确量化雷琼海岸长期构造升降速

率，未来需结合更多钻孔资料、高精度测年数据及

区域构造模型，验证长期沉降模式并量化速率，为

准确分离气候与构造信号提供更坚实的基础 .
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近 30 年来涠洲岛海域海水磷含量变化及其影响因素—来自高

分辨率珊瑚记录的证据  

陈裕月 1, 姜伟 2, 杨浩丹 2, 余克服 2
 

1. 中国地质大学(武汉)海洋学院, 湖北 武汉 430070;  

2. 广西大学海洋学院, 广西南海珊瑚礁研究重点实验室, 广西 南宁 530004 

摘要: 表层海水磷(P)含量变化是评价海洋生态系统营养含量的重要参数, 对地球环境演变过程起到重要调节作用。涠洲岛是

我国最大最年轻的火山岛, 海水表层 P 含量变化缺乏长时间尺度记录, 影响因子尚未明确。珊瑚骨骼 P/Ca 是反演海水 P 含量

的可靠指标, 被广泛用于重建高分辨率海水 P 含量变化历史。本研究以涠洲岛西北部连续生长珊瑚为研究对象, 基于珊瑚氧

同位素建立 1985—2015 年的年龄框架, 重建 1985—2014 年月分辨率的珊瑚 P/Ca 变化历史。不同年份的珊瑚 P/Ca 值及其季

节变化较大, 在 1998—2003 年之间珊瑚 P/Ca 值较低, 普遍低于年平均值。珊瑚 P/Ca 比值变化与季风强度变化存在极大相关

性(P<0.05), 季风、台风盛行期珊瑚 P/Ca 值明显增加, 说明海表风速是该区域海水 P 含量变化的主控因素。此外, 火山爆

发、石油泄露以及旅游业的发展也会造成 P 含量短暂性升高, 但影响时长有限。降雨量年际变化及干湿季变化与 P/Ca 值相

关性不显著, 说明陆源物质对海水 P 含量变化的影响有限。 

关键词: 涠洲岛; 磷; 珊瑚礁; 地球化学 
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Changes and controlling factors of seawater phosphorus in Weizhou Island over the 
past 30 years: Insights from high-resolution coral records 

CHEN Yuyue1, JIANG Wei2, YANG Haodan2, YU Kefu2
 

1.  College of Marine Science and Technology, China University of Geosciences, Wuhan 430070, China;  

2.  Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, School of Marine Sciences, Guangxi University, Nanning 
530004, China 

Abstract: The change in phosphorus (P) content in surface seawater is an important parameter to evaluate the nutrient content of 

marine ecosystem, and plays a significant role in regulating the evolution of the Earth’s environment. Weizhou Island is the largest 

and youngest volcanic island in China. The change in surface phosphorus content in seawater over a long time scale is not well 

documented, and the influencing factors remain unclear. Coral skeleton P/Ca is a reliable index for retrieving seawater phosphorus 

content and is widely used to reconstruct the high-resolution history of seawater P content. In this study, continuously growing corals 

from northwest Weizhou Island were taken as the research object, and an age framework was established from 1985 to 2015 based 

on coral oxygen isotopes to reconstruct the P/Ca change history of surface seawater in monthly resolution from 1985 to 2014. The 

results showed that the coral P/Ca value varied greatly in different years and seasons, with low P/Ca values observed from 1998 to 

2003, generally lower than the annual average. The change in coral P/Ca ratio was highly correlated with the change in monsoon 

intensity (P<0.05), and the coral P/Ca value increased significantly during the monsoon and typhoon periods, indicating that the sea 
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~surface wind was the main factor controlling the change in seawater P content in this region. Additionally, volcanic eruptions, oil 

spills, and tourism can also cause a temporary increase in P content, but the effects are limited. However, there was no significant 

correlation between the inter-annual variations of rainfall and changes between wet and dry seasons and the P/Ca values, indicating 

that terrigenous materials had limited influence on the change in P content in seawater. 

Key words: Weizhou Island; phosphorus; coral reefs; geochemistry 

磷(P)是影响海洋浮游植物生物量和群落结构的

关键营养元素, 对海洋初级生产力发挥着一定的抑制

和 促 进 作 用 (Delaney, 1998; Benitez-Nelson et al, 
1999)。在地质时间尺度上, P 被认为是维持海洋初级

生产力的最终限制营养元素 (Kolowith et al, 2001; 
Paytan et al, 2007)。然而, 长期营养记录的缺乏限制了

对营养污染程度和生态影响的理解。 
热带造礁珊瑚对环境变化十分敏感, 连续生长时

间长且珊瑚文石骨骼年际界限清楚, 结合高分辨率氧

同位素可以建立精确的年龄框架, 因此热带造礁珊瑚

是高分辨率记录海洋环境长时间尺度演化的重要载体

(Hoppe, 2003; Lough, 2004; Yu et al, 2005; Yu, 2012)。
Dodge 等人首先注意到珊瑚骨骼 P/Ca 值作为营养指

标的潜力, 巴拿马湾的多个珊瑚群落说明了骨骼 P/Ca
值与海水溶解无机磷(dissolved inorganic phosphorus, 
DIP)之间存在相同的关系(Dodge et al, 1984b; LaVigne 
et al, 2010)。Chen 等(2011)通过南海大亚湾富营养环

境下生长的滨珊瑚岩心发现, 在富营养化环境下, 珊瑚

的 P/Ca 值与海水中总磷(total phosphorus, TP; 包括溶

解和颗粒态)的线性关系更强。Mallela 等(2013)发现

珊瑚 P/Ca 值与海水磷酸盐的强相关关系, 并建立了珊

瑚 P/Ca 值与海水磷酸盐的线性关系, 随后通过大堡礁

的多个珊瑚岩芯研究表明, 珊瑚 P/Ca 值的时间变异性

与附近河流向珊瑚礁排放的总颗粒 P 呈强烈共变。

Chen 等(2019)在此基础上进一步证实了珊瑚 P/Ca 值

跟踪反演海水 DIP 变化的可靠性。以上研究都表明, 
珊瑚骨骼 P/Ca 值与海水中各种形式的 P 有很强的相

关性, 可以作为海水中 P 营养物质的代用指标。 
涠洲岛是我国最大最年轻的火山岛, 也是广西面

积最大的海岛, 表层海水温度平均 24.6℃, 光照充足, 
造礁石珊瑚分布广泛(况雪源 等, 2007), 其珊瑚礁生态

区是浮游植物生长受到 P 限制较明显的海区(何本茂 
等, 2013)。海水混合层 P 含量变化缺乏长时间尺度记

录, P 含量演化的影响因子尚未明确。虽然前人对涠

洲岛的海水化学性质和造礁珊瑚开展过一些研究, 但
主要集中于古气候研究 (Yu et al, 2001; Chen et al, 
2009; Yu, 2012)。本研究利用涠洲岛 1985—2014 年高

分辨率的珊瑚骨架地球化学数据(P/Ca、δ18O 等)研究

1985—2014 年浅海珊瑚礁区海水 P 的变化规律, 通过

分析 P/Ca 值与降雨量、海表风速、人类活动、火山

爆发等的相关关系, 探讨了海水 P 的影响因素及其影

响程度。本文的研究结果有助于了解涠洲岛营养污染

程度和海水 P 对生态系统的影响, 从而为涠洲岛珊瑚

礁区保护和发展提供科学依据。 

1 研究区域、材料与方法 

1.1 研究区域 
涠洲岛(20°50´—21°10´N, 109°00´—109°15´E)隶属

于广西北海市, 与雷州半岛、海南岛、越南相邻, 长约

7.5km, 宽约 5.5km, 全岛陆地面积约 24.98km2(刘敬合 
等, 1991)(图 1)。涠洲岛是我国形成时间最晚, 由火山

岩堆积成的岛屿, 环境承载能力和恢复能力十分有限

(刘敬合 等, 1991; 况雪源 等, 2007)。受亚热带海洋性

季风气候的影响, 涠洲岛夏季盛行偏南风, 冬季盛行偏

北风, 春秋两季处于季风转换期, 风速较低(Gai et al, 
2020)。根据涠洲岛月平均降水量, 5—10 月为雨季, 
 11 月至次年 4 月为干季(李嘉琪 等, 2018)。近年来, 
涠洲岛人为活动的增加导致附近海水的营养通量显著

增加, 过量的营养物质会影响珊瑚礁的健康程度, 出现

珊瑚礁退化现象(McCook, 1999; Cloern, 2001; Glibert 
et al, 2006; Wang et al, 2018)。 
1.2 材料与方法 

分析的活体橙黄滨珊瑚 W3 于 2015 年 10 月采自

涠洲岛西北部(21°04′07″N, 109°05′24″E) (图 1), 没有

出现白化或疾病的迹象。样品运输至实验室后, 首先

用清水冲刷去除珊瑚礁表面藻类、软体动物外壳等

杂质, 使用高速切割机沿主要生长轴把 W3 珊瑚切割

成 10mm 厚, 80~100mm 宽的薄板, 然后使用医用 X
光透视机获取 X 射线成像。为了去除表面污染物, 将
珊瑚薄板放置在 10%H2O2中浸泡 48h, 再加入超纯水

(Milli-Q)超声清洗珊瑚薄板 3 次, 之后放置于 40℃鼓

风干燥箱烘干。根据 X 射线成像和珊瑚骨骼一年内

形成一个高密度段和一个低密度段的特征确定时间

序列(Knutson et al, 1972; 龙雅婷 等, 2022)。为了测

定珊瑚中的 P/Ca 值, 沿珊瑚最大生长轴连续取样, 每
个样品约 10mg, 样品数量为 416 个。称取 0.5~1mg
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粉状样品与 100%H3PO4在 75℃的自动碳酸盐装置中

反应, 并将提取出来的 CO2 导入 Finnigan MAT-253
稳定同位素质谱仪 , 采用 GBW04405 标准 (δ18O= 
−8.49‰)标准化为 V-PDB, 该标准的多次测量(n=15)
得到 δ18O 的标准偏差为 0.08%, 并用月分辨率 δ18O 对

年龄框架进行交叉验证。然后称取 3mg 的珊瑚骨骼

粉末到离心管中, 加入 900μL 内标(115In、187Re 配置 

为 100ppb)消除 Ca 的基体效应, 然后用 2%HNO3 溶

解稀释约 3000 倍至 6ppb。最后使用电感耦合等离子

体质谱仪(ICP-MS)对获得的溶液进行 P、Ca 元素的

测试。在 ICP-MS 测试前首先使用 ICP 分析专用标

准溶液制作标准曲线, 测量中对所有样品进行三次测

量, 每次测量结果的标准偏差普遍小于 5%, 有效减小

了测试结果的误差。 

 
图 1 研究区位置示意图 
a. 海洋磷循环示意图, 修改自 Benitez-Nelson (2000)和周强 等(2021); b. 北部湾环流图, 黑色圆点为采样站位, 基于自然资源部标准地图服务

网站下载的审图号为 GS(2022)4309 号的标准地图制作; c. 采样站位图 
Fig. 1 Schematic diagram of the marine phosphorus cycle (a) and diagram of circulation of the Beibu Gulf (b) and the sampling site 
(c) 

本文所用到的涠洲岛降雨量、风速数据来自美国

国家海洋和大气管理局自然科学部(www.esrl.noaa.gov/ 
psd/data/), 涠洲岛溢油事件来自广西海洋局环境公报, 
海水 TP含量来自韦蔓新 等(2013)和吴敏兰(2014)。 

2 结果 

2.1 年代学框架 
密度带成像结果显示 W3 珊瑚生长时间跨度为

1985—2015 年, 拥有 30 年珊瑚骨骼同位素记录(Xu et 
al, 2018)(图 2)。由于取样过程中, 沿着珊瑚最大生长

轴均匀取 12~15 个样品, 所得数据不利于分析 P 干湿

季的变化及季节特征, 因此利用 δ18O 最大值与温度周

期最低值相对应的特点, 即涠洲岛一年中 SST 最低的

1 月份对应于 δ18O 最大值的月份, 对仪器测试数据进

行 12 个月的插值处理, 处理后的数据以 12 个月均匀

分布的形式呈现(图 2)。 
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图 2 W3 珊瑚薄板和 X 射线照片及 P/Ca 值 
骨架内的年带状由高(暗)密度和低(亮)密度的周期表示, 黄线表示珊瑚的最大生长轴。 
Fig. 2  Slab photograph, X-ray image, and P/Ca ratios of Porites coral from the W3 site, Weizhou Island 

2.2 P/Ca 值测试结果 
ICP-MS 会检测骨骼内所有形式(有机、无机、可

溶、不可溶)的 P, 因此, 本研究中 P/Ca 值信号反映了

有机相和无机相的结合。全球平均 P/Ca 值和溶解无

机磷 DIP 的线性关系表明 , 珊瑚 P/Ca 值对低于

(4.9±1.4)μmol·mol−1 的海水 DIP 不敏感, 且珊瑚骨骼

P/Ca 值的分析不确定度和异质性产生 1.4μmol·mol−1

的额外误差。因此 , 珊瑚 P/Ca 值接近或小于

6.3μmol·mol−1 时, 不能精确反演海水 DIP(Chen et al, 
2019)。本研究中 W3 珊瑚 P/Ca 值在 1985—2014 年

期 间 的 范 围 为 67.6~283.7μmol·mol−1, 平 均 值 为

152.3μmol·mol−1, 大大超过 6.3μmol·mol−1, 可以作为

海水 P 的可靠代表。残余珊瑚组织内有大量 P 有机物

的存在 , 导致 2015 年珊瑚 P/Ca 值偏离正常轨迹

(Dodge et al, 1984a; Alibert et al, 2003; LaVigne et al, 
2008), 位于较高的状态, 因此忽略对该数据的分析。 

1985—2014 年 W3 珊瑚的 P/Ca 值波动较大, 可以

划分为三个时期, 分别是 1985—1997、1998—2003 和

2004—2014 年 , 平均值分别为 174.48 、 88.76 和

160.87μmol·mol−1, 分别称为前期、中期和后期。将一

年内所有样品获取的 P/Ca 结果求平均可得到年平 
均 P/Ca 值, 三个时期的年平均 P/Ca 值的最大值分别位

于 1992、2001 和 2011 年, 分别为 213.29、138.11 和

283.69μmol·mol−1。前期年平均 P/Ca 值普遍较高, 从
1992年开始出现一个下降的趋势, 在 1997年有一个急剧

的下降, 由 179.51μmol·mol−1下降到 87.05μmol·mol−1。中

期为珊瑚 P/Ca 值低值 期 , P/Ca 年平均值低至

88.7μmol·mol−1, 除个别月份外, 大多数月份珊瑚 P/Ca
值都低于总体平均值。2003 年后珊瑚 P/Ca 值开始升

高, 由 73.74μmol·mol−1上升到 135.18μmol·mol−1。后期

珊瑚 P/Ca 值缓慢增大, 2011 年急剧上升, 出现最大值, 
随后 P/Ca值不断下降(图 3)。 

3 讨论 

3.1 珊瑚 P/Ca 值代表海水 P 的变化 
与其他珊瑚礁区相比, 涠洲岛 W3 珊瑚 P/Ca 值较

高 , 在其他已发表的研究范围之内(Montagna et al, 
2006; Chen et al, 2011), 但显著高于公海和人类活动较

少的海域中的珊瑚 P/Ca 值(Alibert et al, 2003; Chen et 
al, 2019)(表 1)。Chen 研究大亚湾珊瑚表明 P/Ca 值与

海水 TP 具有较强的线性关系(P<0.001, r=0.9, n=16), 
本文通过对该数据进行线性回归, 得到 P/Ca-TP 回归

方程(Chen et al, 2011)。通过该方程推测海水 TP 含

量, 绝大部分与涠洲岛实地采样所记录的海水 TP 含

量相近, 随后将 W3 珊瑚 P/Ca 与海水实测数据与大亚

湾数据进行相关性分析, 表明骨骼 P/Ca 值与 TP 之间

存在较强的线性关系(P<0.001, r=0.969, n=22) (图 4)。
进一步证实了该线性关系的可靠性以及在涠洲岛等高

营养盐通量的地区珊瑚 P/Ca 值可以作为海水 P 的直

接代理。 
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图 3 W3 珊瑚骨骼中基于珊瑚 δ18O(V-PDB, ‰)构建的 P/Ca 值时间序列(1985—2014 年) 
Fig. 3 P/Ca time series based on coral δ18O (V-PDB, ‰) values in W3 coral skeletons over the period (1985–2014) 

表 1 不同海域珊瑚 P/Ca 值对比 
Tab. 1 P/Ca comparison from worldwide studies of scleractinian corals 

海域 物种 P/Ca 值/(μmol·mol–1) 数据来源 
涠洲岛 Porites 93.37~283.58 本研究 

地中海 COBAS97a 
Desmophyllum dianthus 125.8~139.4 

Montagna et al, 2006 
西太平洋 G16505 714.1~731.2 

大亚湾 Porites sp.   38.6~190.8 Chen et al, 2011 
巴拿马湾 Pavona gigantea 4.1~10.3 

Chen et al, 2019 
列斯库拉索岛 Montastrea 11.4~52.7 

澳大利亚大堡礁 Porites 65.4 Alibert et al, 2003 
 

 
图 4 涠洲岛 W3 珊瑚与大亚湾珊瑚与海水 TP 的关系 
黑色圆圈表示大亚湾珊瑚 P/Ca 值与海水 TP, 蓝色星形表示涠洲岛 W3 珊瑚 P/Ca 值与海水实测 TP, 绿色三角形表示涠洲岛 W3 珊瑚 P/Ca 值

与由经验公式反演得到的海水 TP 
Fig. 4 Relationship between seawater TP and corals from Weizhou Island (W3) and Daya Bay 
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3.2 珊瑚骨骼 P/Ca 值与自然变量的关系 
3.2.1 陆源输入 

海洋中 P 来源主要有陆源输入、大气沉降、热液

输送和火山喷发(图 1), 以下将从这几方面探讨影响珊

瑚骨骼 P/Ca 值变化的自然因素(Moore et al, 2000; 
Slomp et al, 2004; Paytan et al, 2006)。河流和地下水

是将物质从陆地运输到海洋的主要渠道, 降雨增加的

季节径流承载入海的物质通量也相应增加(Shiller et 
al, 1987; Deng et al, 2009)。W3 珊瑚采样位置距离河

流入海口较远, 最近的陆地为距离 51.66 km 的北海市

(刘敬合 等, 1991), 且涠洲岛向海洋输送的河流少、流

量小, 由涠洲岛河流输送入海的 P 含量小, 因此该海域

海水 P 的径流输入较小。地下水是沿海海洋营养物质

的重要和持续来源(Moore, 2010), 对珊瑚的丰度和多

样性有潜在影响(Fabricius, 2005; Prouty et al, 2010)。
一些沿海地区地下水陆源化合物含量高于河水(Slomp 
et al, 2004; Boehm et al, 2006; Santos et al, 2008)或者与

河流流量相当(Burnett et al, 2003)。涠洲岛有丰富的

地下水资源, 降雨是涠洲岛地下水资源的唯一天然来

源(刘江宜 等, 2020)。W3 珊瑚骨骼 δ18O 值和涠洲岛

年降雨量与珊瑚 P/Ca 值相关性不显著 (P=0.075, 
r=−0.330; P=0.988, r=0.003)(图 3、图 5), 表明来自地

下水输入的营养盐对海水 P 变化的影响较小。涠洲岛

受海洋气团和极地大陆气团的交替影响, 根据月平均

降雨量, 可以将 5—10 月划分为湿季, 11 月至次年 
4 月划分为干季(李嘉琪 等, 2018)。珊瑚骨骼 P/Ca 值

干季的均值为 146.4μmol·mol−1, 湿季 P/Ca 均值为

158.1μmol·mol−1。珊瑚 P/Ca 值变化受到干湿季降雨

的影响十分有限, 仅在 1987—1991 年, 湿季 P/Ca 值与

降雨量呈正相关(P=0.001, r=0.989); 在 1985—2015 年, 
干、湿季珊瑚 P/Ca 值与涠洲岛降雨量不相关

(P=0.966, r=0.008; P=0.695, r=0.075)(图 5)。进一步说

明了 W3 珊瑚骨骼 P/Ca 值和海水 P 含量受到陆地径

流以及地下水的影响较小。 

 
图 5 涠洲岛珊瑚骨骼 P/Ca 值和降雨量对比(1985—2014) 
a. 珊瑚骨骼 P/Ca 值和年降雨量对比; b. 干季 W3 珊瑚骨骼 P/Ca 值和干季降雨量对比; c. 湿季 W3 珊瑚骨骼 P/Ca 值与湿季降雨量的变化 
Fig. 5 Comparison of P/Ca of coral skeletons and annual rainfall in Weizhou Island (1985–2014) 

3.2.2 大气沉降、热液输入和火山喷发 
大气沉降是近海生态系统重要的营养来源, 且湿

沉降是近海水体 P 的重要来源, 但大气湿沉降相对于

其他因素(人为和自然)对 P 投入比例较低, 并且涠洲
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岛海域降雨量与珊瑚 P/Ca 值不相关, 因此大气沉降过

程对该海域海水 P 的贡献较低(Lu et al, 2018)。在一

个世纪以内, 涠洲岛附近没有火山喷发的记录(Li et al, 
2018), 排除热液输入对海水 P 变化的影响。菲律宾吕

宋岛的皮纳图博火山(120.35°E, 15.13°N)在 1991 年 
6 月 12 日至 15 日爆发, 大量火山气溶胶被带入平流

层(Hayashida et al, 1993), 同年底, 珊瑚骨骼 P/Ca 值逐

渐升高, 在 1992 年达到前期(1985—1997 年)的最高值

(图 3), 火山喷发通过大气远距离输送的影响时长较

短, 经过一定时间的调整后逐渐恢复到正常海洋环境

(魏浩天 等, 2020)。 
3.2.3 海表风速 

在东亚季风的控制下, 南海受到冬季干燥寒冷季

风和夏季温暖潮湿季风的交替影响, 使得冬季风环流

和夏季风降水均表现出较强的时空变异性(Deng et al, 
2017; Gai et al, 2020)。南海夏季(6—8 月)盛行西南风, 
表层海水易在该海域形成反气旋环流, 同时在沿岸地

区形成离岸上升流, 冬季盛行东北风, 最大风速较夏季

小。春秋两季处于季风转换期, 风速较低(Yu et al, 

2005)。季风会驱动海水的垂直混合和水平混合, 且垂

直混合强于水平混合, 因此在季风盛行期间, 海洋底部

的 P 会被带到海表, 表层海水中 P 含量大大增加(李敏, 
2009; Lao et al, 2023)。本研究中, 春秋两季 P/Ca 值在

1985—2000 年以及 2009—2013 年与平均风速呈现出

明显的正相关关系(P=0.05, r=0.498; P=0.037, r=0.900), 
且这种现象在风速较高的夏冬季节更加明显, 其 P/Ca
值在 1985—2010 年与平均风速具有正相关的关系

(P=0.037, r=0.410)(图 6)。证实了该时段内季风是影响

海水 P 含量变化的主导因素, 影响时间长且效果显

著。尽管涠洲岛海域受到季风的主要影响 , 但珊瑚

P/Ca 值季节性变化特征不明显, 因此还需考虑其他因

素对海水 P 季节变化影响。热带气旋主要发生在湿季, 
通过引起海水垂直混合将海水底部 P 带到海表(Walker 
et al, 2005; Gao et al, 2021), 从而影响海水表层 P含量。

本研究中, 1985—2007 年, 珊瑚年平均 P/Ca 值与年平

均最大风速以及湿季平均 P/Ca 值与湿季平均最大风速

存在显著相关性(P=0.007, r=0.542; P=0.043, r=0.426), 
说明热带气旋也是影响海水 P 含量的主要原因。 

 
图 6 W3 珊瑚 P/Ca 值与风速的变化 
a. 春秋季珊瑚 P/Ca 值与平均风速; b. 夏冬季珊瑚 P/Ca 值与平均风速; c.珊瑚年平均 P/Ca 值与年平均最大风速; d. 珊瑚湿季平均 P/Ca 值与湿

季平均最大风速。阴影部分表示二者相关性显著 
Fig. 6 Changes in P/Ca of W3 corals and wind speed. The shaded part is the range for which the P/Ca of W3 corals is significantly 
correlated with the wind speed 
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为了进一步判断海表风速对海水 P 的影响, 我们

将研究自然状态(1998—2003 年)海表风速对珊瑚骨

骼 P/Ca 值变化的影响, 该时段涠洲岛人为活动少, 可
以忽略人为因素对海水 P 的影响。该时间段内珊瑚

骨骼 P/Ca 值较低, 平均值为 88.87μmol·mol−1, 低于总

体平均值。且除个别月份外, 大多数月份珊瑚 P/Ca
值都低于总体平均值。值得注意的是, 2001 年 6—9
月珊瑚 P/Ca 值异常高, 变化幅度非常大。4 月该比值

较低, 仅为 64.7μmol·mol−1, 但从 4 月份开始, 该比值

开始大幅度上升, 幅值约为 80.0μmol·mol−1, 同年 7 月

份, 已经达到 285.48μmol·mol−1(图 3)。根据中央气象

台台风网, 2001 年 7 月 2 日, 0103 号台风“榴莲”经过

涠洲岛海域; 同年, 7 月 7 日, 0104 号台风“尤特”经过

涠洲岛海域; 7 月 26 日, 0107 号台风“玉兔”吹过北部

湾涠洲岛海域; 8 月 11 日, 0110 号热带风暴“天兔”经
过研究区域; 8 月 31 日, 0114 号热带风暴“菲特”经过

研究海域; 9 月 21 日, 0116 号热带低压“百合”经过研

究区域。台风会推动海水的水平运动, 以及加强水体

的垂直混合, 因此在台风盛行期间, 台风影响区域的

海水会产生强烈的混合。综上所述, 在自然状态下, 
影响研究海域珊瑚骨骼 P/Ca 值变化的主导因素是海

表风。 

3.3 珊瑚骨骼 P/Ca 值与人类活动的关系 
旅游业发展会极大地影响海水 P 含量变化。人类

活动影响较强烈的海洋面积约占全球海洋面积的

41%(Halpern et al, 2008), 为了减轻环境污染和避免生态

破坏, 1989 年 12 月 26 日, 会议通过了《中华人民共和

国环境保护法》。根据 P/Ca 值时间序列, 1994 年后珊

瑚 P/Ca 值呈现出明显下降趋势, 并在 1998—2003 年期

间处于低值状态, 年平均值为 88.7μmol·mol−1。这六年

的珊瑚 P/Ca 年平均值都处于总体年平均 P/Ca 值水平

以下, 这与环境保护方法的实施是密不可分的(图 3)。 
随着经济发展和旅游资源不断开发, 涠洲岛吸引

了越来越多游客的参观。2004 年, 涠洲岛游客为 9 万

人/年, 到 2014 年, 上岛游客已经增加到 59.3 万人/年
(王文欢 等, 2016)。2004年到 2014年涠洲岛上游客人数

增长率为 5.03 万人/年, 污染物对附近海域也造成了明

显的影响(郭芳, 2015)。值得注意的是, 2004—2012 年, 
W3 珊瑚 P/Ca 值与涠洲岛每年的游客人数具有显著的

正相关性 (P=0.03, r=0.855)( 图 7) 。与此同时 , 根 
据海水实测数据, 从 2007年到 2011年涠洲岛海域海水 
TP 含量不断增加, 从 0.013mg·L−1 增加到 0.058mg·L−1 

(韦蔓新 等, 2013; 吴敏兰, 2014)。以上研究都表明人

类活动是引起周围海域海水 P 变化的重要原因之一。 

图 7 珊瑚骨骼 P/Ca 值(1985—2014)与游客人数(2004—2014)变化(Moore et al, 2000) 
Fig. 7 Changes in P/Ca of coral skeletons (1985−2014) and number of tourists (2004−2014) (Moore et al, 2000) 

石油是一种生物来源的天然产物, 富含碳、氢、

磷等元素, 石油泄漏的海域海水磷含量较正常海水磷

含量高(Medina-Bellver et al, 2005; 刘慧杰 等, 2012)。
W3 珊瑚 P/Ca 值在 2007、2009、2010 和 2011 年(分别

为 116.3、131.4、197.5 和 219.8μmol·mol−1)都比相邻

年份的 P/Ca 值高, 与涠洲岛海域发生石油污染的时间

相对应(图 7)。2006 年 7 月, 北海发生了严重的溢油事

故, 污染物主要为黑色块状油污(陈圆 等, 2013), 受到石

油泄漏事故的影响 , 珊瑚岩芯 P/Ca 值大约增加了

24.6μmol·mol−1。2008 年, 涠洲岛西南部海域发生了 
4 次溢油事故, 污染物主要为黑色油块, 黏性较强, 其中

污染最严重的溢油事故发生于 8 月份, 总溢油量高达

750 吨 , 将近 129.96km2 的海域面积都遭受了污染 
(李君光, 2009), 与此对应的是, 2008 年珊瑚骨骼 P/Ca
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值增加了 49.23μmol·mol−1。2009 年, 一艘拖网渔船在

北海码头沉没并出现溢油现象。2011年 8月 5日, 涠洲

镇也发生了一次石油溢油事故, 在西北方向距岸边约 
5km处出现大量漂浮油污(陈圆 等, 2013), 受到油污中有

机物的影响, 2011 年 W3 珊瑚岩芯 P/Ca 值增加了

97.51μmol·mol−1, 增加幅度较大。由于珊瑚钙化过程由

多种机制参与进行, 最初钙化集中在表面, 随后经过缓

慢的沉积逐渐增厚, 可能相对环境有一定的滞后性

(Barnes et al, 1993; Taylor et al, 1995), 因此珊瑚 P/Ca值出

现峰值的时间滞后于溢油事故的时间。综上所述, 旅游

业的发展和石油泄漏对海水 P变化的相对影响较大。 

4 结论 

本次研究利用涠洲岛 1985—2014 年高分辨率珊

瑚骨架的地球化学数据(P/Ca 值、δ18O 等), 描述了珊

瑚骨骼 P/Ca 值的变化和 1985—2014 年浅海珊瑚礁区

海水 P 变化的影响因素, 主要研究结果如下。 
1) W3 珊瑚骨骼 P/Ca 值作为海水表层 P 含量变

化的有效代用指标, 能够可靠反演 1985—2014 年涠洲

岛海域 P 含量变化, 涠洲岛海域海水 P 含量变化受陆

源输入和大气沉降的影响较小, 可忽略不计。 
2) 环境保护法的落实有利于缓解涠洲岛海域海

水的污染程度。随着经济的发展, 游客人数增加和海

上工程造成的溢油事故都是造成涠洲岛海域海水 P 含

量增加的重要原因, 如果不加强对该海域的管理, 未来

海水中的 P 可能会成为威胁珊瑚礁生存的重要因子。 
3) 春秋季和秋冬季珊瑚 P/Ca 值与平均风速具有

显著的相关性, 该海域海水 P 含量的变化受季风的强

烈影响。台风盛行期间, 珊瑚 P/Ca 值也相应升高。因

此海表风是影响海水 P 含量变化的主控因素, 而火山

爆发、石油泄露以及旅游业的发展都是造成 P 含量短

暂性升高的主要因素。 
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引言

党的二十大报告把“发展海洋经济，保护海洋

生态环境，加快建设海洋强国”作为加快构建新发

展格局和着力推动高质量发展的重要举措。高层次

海洋人才和海洋科技创新是发展海洋新质生产力和

建设海洋强国的基础保障。海洋科学类研究生教育

作为海洋高等教育序列的顶端，是涉海高层次人才

的集中培养高地。因此，扩大海洋专业研究生招收

规模、培养海洋创新人才成为涉海高等院校支撑海

洋强国战略的重要使命。

近年来，我国海洋科学类研究生招生规模持续

增长，2024 年海洋科学类研究生招生人数达到了约

4700 人，较去年增加了约 10%。随着海洋科学类人

才招生规模的不断扩大，海洋科学类研究生传统培

养模式的存在受到时间和地点限制、资源利用率低、

教学成本较高等不足，已不能满足对高素质海洋研

究型人才的需求。互联网和信息技术的快速发展为

海洋科学的教学改革提供了新的契机。借助互联网

平台，教学内容得以更加灵活多样，学习方式也变

得更加互动和个性化。近年来，线上教学在全球高

等教育领域中得到了广泛应用，线上教学充分展现

了其卓越的适应性和灵活性。本研究探讨了海洋科

互联网在海洋科学研究生教育中的应用：

现状、挑战与应对
姜伟，梁甲元，黄荣永，余克服

（广西大学 海洋学院，广西　南宁　530004）

【摘要】随着信息技术的迅猛发展，互联网已成为推动各学科教学改革的关键力量。作为一门涵盖自然、

环境、技术及人文等多领域的综合性学科，海洋科学的研究生教育应紧跟时代步伐，充分利用现代信息

技术，促进教学内容和方式的创新。本文探讨了互联网技术在海洋科学研究生教育中应用的现状，如线

上课程、虚拟实验和大数据分析等，并分析了互联网技术应用存在问题和挑战。认为涉海高校通过实时更

新课程内容、构建混合式教学模式、增强互动性和强化师资培训等措施，可有效提升教学质量与学生能力。

【关键词】海洋科学；研究生；互联网；教学改革；虚拟仿真
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The Application of Internet in Postgraduate Education of Marine 
Science: Current Situation, Challenges and Solutions

Jiang Wei, Liang Jiayuan, Huang Rongyong, Yu Kefu
(School of Marine Sciences, Guangxi University, Guangxi Nanning 530004, China)

【Abstract】With the rapid advancement of information technology, the Internet has emerged as a pivotal force 
driving educational reform across various disciplines. Given that marine science is an interdisciplinary field 
encompassing natural sciences, environmental studies, technology, and humanities, its postgraduate education 
must adapt to contemporary trends by leveraging modern information technology to foster innovation in teaching 
content and methodologies. This paper examines the current application of Internet technology in marine science 
postgraduate education, including online courses, virtual experiments, and big data analysis, while identifying the 
associated challenges and issues. It argues that marine universities can significantly enhance teaching quality and 
student competencies through measures such as timely updates to course content, development of hybrid teaching 
models, increased interactivity, and enhanced teacher training.
【Keywords】marine science; postgraduate; internet; teaching reform; virtual simulation
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学研究生课程与培养中互联网应用的现状与挑战，

提出将信息技术与海洋科学研究生培养有机结合的

改革策略，为保障海洋人才高质量发展和海洋研究

生教育现代化提供了建议和参考。

一、互联网在海洋科学研究生教育中的应用意义

近年来，互联网技术迅猛发展，其应用已渗透

社会生活的各个领域，教育领域也不例外。互联网

技术的快速发展为海洋科学研究生教育提供了新的

思路和手段，使得教学资源的整合与共享、教学模

式的创新与变革成为可能。通过互联网，学生可以

随时随地获取全球范围内的优质教学资源，与国内

外专家学者进行实时交流和合作，极大地开阔了学

习视野和拓展了科研思路。首先，它打破了传统教

育模式的时空限制，实现了教学资源的全球共享，

使得学生能够接触到更多元化、更前沿的知识体系。

其次，互联网技术支持下的新型教学模式，如混合

式学习、翻转课堂等，能够激发学生的学习兴趣和

主动性，提高他们的自主学习和创新思维能力。此

外，互联网还为海洋科学研究生间的科研合作与学

术交流提供了便捷平台，促进了科研成果共享和转化。

二、海洋科学研究生课程中互联网应用的现状

目前，海洋科学研究生课程教学与培养依旧存

在传统的面对面课堂讲授、实验教学和论文写作等

形式。然而，随着信息技术的普及，许多院校已开

始尝试将互联网应用融入海洋科学教育中。

（一）线上资源建设初具规模

目前，许多涉海高校已逐步建立了涵盖海洋科

学不同领域的在线课程资源。例如，部分涉海高校

已经将传统的课堂教学内容进行数字化转型，提供

了视频课程、电子教材、研究论文等在线学习材料，

学生可以通过网络平台随时访问和学习。学术资源

和教学资料的数字化极大地方便了学生的自主学

习。此外，许多院校采用在线讨论论坛、学术交流

群组等形式，增强学生与教师之间的互动，提升学

生的学术交流能力。同时，一些高校利用MOOC（大

规模开放在线课程）平台和网络视频会议等工具开

展远程教育，使不同地区的研究生可共享优质教学

资源。从传统的线下教学到线上教学的转型，不仅

方便了学生的学习，也推动了海洋科学教育现代化。

（二）虚拟实验与仿真初步应用

由于海洋科学涉及大量的实验和实地调查，一

些涉海高校尝试使用虚拟仿真技术和远程实验平

台，可以让学生在计算机上模拟海洋现象和实验，

降低了物理实验的局限性。例如，虚拟实验与仿真

技术可用于海洋环境模拟，即模拟海洋中的各种物

理、化学和生物过程，包括潮汐、海流、波浪、气

候变化等，帮助研究生深入理解复杂的海洋现象，

并预测不同情景下的海洋变化。目前，越来越多的

虚拟实验平台和软件工具被开发出来，支持对海洋

环境的高效仿真，如使用计算流体力学（CFD）、

有限元分析（FEA）等技术模拟海洋动力学、生态

系统、气候变化、灾害预测、海洋资源开发等。

（三）海洋大数据分析与模型构建

海洋科学中的数据分析与模型构建是当前研究

的重要方向之一。随着卫星遥感、海洋传感器网络

和无人潜水器等技术的迅猛发展，海洋科学研究获

取的数据量呈指数级增长，涵盖了海洋表面温度、

盐度、流速、潮汐以及气候变化等多个方面。如何

高效处理和分析这些海量数据已成为海洋科学领域

的一个核心挑战。通过互联网应用，学生能够更加

便捷地进行数据分析和模型模拟等实践操作，从而

加强了理论与实践的紧密结合。此外，海洋科学中

的模型种类繁多，包括物理模型（如海洋流动模型、

气候模型）、生物模型（如海洋生态系统模型）和

化学模型（如污染扩散模型）。这些模型通常依赖

数值模拟技术和方程求解方法，以实现对海洋环境

的动态仿真与预测。近年来，海洋科学研究对多尺

度建模的需求日益增加，即同时考虑从局部区域到

全球尺度的海洋过程。这不仅要求模型具备更高的

分辨率与精度，还必须能够适应不同空间尺度和时

间尺度的数据输入。越来越多的海洋科学研究机构

和政府部门建立了开放数据平台，提供免费的海洋

数据集、模型和分析工具，促进了数据共享、合作

研究，并推动了跨学科的合作与创新。

（四）科研合作与交流的促进

互联网技术的发展不仅为海洋科学研究生提供

了丰富的学习资源和创新的教学模式，还极大地促

进了他们之间的科研合作与学术交流。通过互联网

平台，海洋科学研究生可以轻松跨越地域和学科界

限，与国内外专家学者进行实时交流和合作。在科

研合作方面，互联网平台为海洋科学研究生提供了

便捷的沟通工具和协作平台。例如，通过视频会议、

在线文档共享等工具，学生可以与导师、同学以及

合作机构的科研人员进行实时沟通和协作，共同推

进科研项目的进展。此外，一些专门的科研合作平

台还提供了项目匹配、资金申请、成果展示等一站
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式服务，为海洋科学研究生的科研合作提供了有力

支持。在学术交流方面，互联网平台也为海洋科学

研究生提供了广阔的舞台。通过参加在线学术会议、

研讨会等活动，学生可以了解最新的科研成果和学

术动态，与国内外专家学者进行深入交流和探讨。

同时，一些学术社区和论坛还为海洋科学研究生提

供了发表文章、分享经验、交流心得的平台，促进

了他们之间的学术交流和合作。

三、海洋科学研究生课程与培养中互联网应用

的挑战

在海洋科学研究生课程中，互联网应用的普及

和发展为教学和研究带来了诸多新的机遇与工具。

然而，随着这一趋势的推进，也出现了一系列挑战。

（一）在线内容的更新滞后和匹配度低

海洋科学领域发展迅速，新技术和新发现层出

不穷。然而，在线课程的内容更新和优化往往需要

较长时间，特别是在涉及海洋科学前沿技术和研究

时，可能会出现信息滞后现象，导致学生所学内容

与当前的研究和技术应用间存在差距。此外，海洋

科学课程内容复杂，涵盖理论知识和实验操作的结

合，而现有的互联网应用多侧重于资源共享和线上

学习，缺乏针对该学科特点的教学创新和技术支持。

（二）海洋科学特有的实践性与虚拟化限制

海洋科学课程具有显著的实践性特征，大量实

验和观察活动必须在真实的海洋环境中进行，或依

赖专门的海洋设备和技术。尽管虚拟实验和仿真工

具能为学生提供一定程度的模拟体验，但它们无法

完全替代实地的海洋观测和数据采集。此外，当前

许多涉海学校及科研机构的互联网平台建设尚不完

善，缺乏高效稳定的教学系统与虚拟仿真技术支持，

导致在线学习体验不佳，从而影响了整体教学效果。

（三）在线数据安全性和实时性

在海洋科学研究中，数据收集与处理占据着核

心地位，涵盖来自卫星遥感、传感器网络及实验室

分析等多渠道的数据源。鉴于部分数据涉及敏感的

地理信息、气候预测或国家安全等领域，因此对这

些信息的安全保障和合规性提出了严格要求。此外，

海洋科学研究还需要处理大量实时数据，例如海洋

气候变化和海洋灾害等，此类数据具有快速变化和

高度动态性的特点。为了确保全球海洋研究和应急

响应的有效性，实时数据流的处理和分析不仅需要

强大的计算资源和高效的数据传输能力，还必须保

证数据的高度实时性和准确性。

（四）学习互动性与教师指导的缺失

在传统的面授课程中，学生享有明确的时间安

排和教师的直接监督，而在互联网平台学习时，学

生的自律性成为成功学习的关键因素。特别是在对

学术要求较高的学科中，学生可能面临较大的学习

压力，需要具备高度的自我管理能力。此外，尽管

互联网课程提供了便捷的学习平台，但其缺乏面对

面的互动和教师的即时指导，可能导致学生感到孤

立，并在处理复杂理论和应用时因缺少及时答疑和

讨论而影响学习效果。另外，海洋科学的教学团队

主要由具有丰富传统教学经验的专家学者组成，他

们在信息技术应用方面的知识和能力相对不足，难

以高效地将互联网工具整合到课堂教学中。

四、海洋科学研究生课程与培养中互联网应用

的改革策略

为了有效推动海洋科学教育的现代化，提升教

育质量和效率，在海洋科学研究生课程中应采取一

系列措施，以加强海洋科学研究生教育与互联网应

用的有机结合。

（一）提高课程内容的实时更新与开放共享

海洋科学作为一门快速发展的学科，必须与时

俱进，及时更新课程内容，并积极推动开放教育资

源的共享。为此，应建立课程内容动态更新机制，

确保最新的科研成果、技术进展和相关政策能够迅

速融入教学体系。同时，加快开放教育资源平台的

建设，提供免费或低成本的学习资料、实验工具及

科研数据，促进全球范围内的海洋科学教育资源共

享。此外，课程内容应采用模块化设计，使学生可

以根据个人兴趣和需求灵活选择学习模块，深入探

索海洋科学的前沿领域。涉海高校应加大投入，建

设具有专业特色的在线教育平台，整合多学科知识，

提供多样化的学习资源。该平台需要具备高效的互

动功能，支持实时在线答疑、课后讨论及学术交流。

（二）构建混合式海洋教学模式

应将线上教学与传统线下教学有机结合，形成

互补的混合式教学体系。对于海洋科学研究生课程

而言，可以采用线上理论学习与线下实验、实地调

查相结合的方式，充分利用线上平台提供的丰富学

习资源，同时保留并强化传统教学中的实践环节。

具体来说，可将课程内容划分为若干模块，每个模

块包含在线学习部分和实验实习部分。研究生可以

通过在线资源提前预习理论知识，在课堂上参与互

动讨论、案例分析或实际操作，并通过实地实验和

779



·16·

在线教育教学中国多媒体与网络教学学报

实习进一步巩固理论知识，掌握实验技能。

（三）增强互动性学习和加强师资培训

互联网应用应强化学生与课程内容、教师及同

学之间的互动，通过灵活的学习路径设计满足学生

的个性化需求，从而提升学习效果。引入智能学习

系统，利用大数据分析和人工智能技术为每位学生

提供定制化学习建议和规划。建立线上讨论平台、

虚拟实验室和协作空间，促进学生与教师、同行间

的实时互动和知识共享。开设在线辅导和答疑服务，

借助视频会议和即时通信工具解决学生在学习过程

中遇到的问题。设立专门的师资培训课程，帮助教

师掌握互联网教育的核心技能和工具，学习如何设

计互动性强且效果显著的在线课程。鼓励教师参与

线上教育研究与实践，支持其开发创新性的海洋科

学在线教学资源和课程。建立教学反馈机制，依据

学生学习进度和满意度持续优化教学方法和内容。

（四）强化研究生自学能力和注重学科特性

提供丰富的自主学习资源，包括在线文献、案

例分析和研究工具等，以支持学生在海洋科学各个

领域的自主探索与深入理解。鼓励学生积极参与在

线学术社区、科研项目及开源平台，以培养其创新

精神和团队协作能力。建立在线导师制度，通过个

性化指导帮助学生规划学术路径并提升自我管理能

力。课程设计应充分考虑海洋科学的学科特点，结

合互联网技术开发虚拟实验、在线模拟和数据分析

工具，使学生能够在真实或模拟的海洋环境中进行

实验操作、数据采集与分析。

（五）完善教学质量评估体系

在互联网教学模式下，如何确保教学质量和效

果的有效评估是一个重要问题。为了解决这个问题，

应建立完善的教学质量评估体系。首先，应制定科

学的评估指标和方法，涵盖教学内容、教学方法、

教学效果等多个方面。评估指标应具体、可量化，

能够客观反映教学质量和效果。其次，应采用多种

评估方式相结合的方法，如学生评价、同行评价、

专家评价等。学生评价可以通过问卷调查、在线反

馈等方式进行，了解学生对教学内容和方法的满意

度和意见。同行评价和专家评价则可以通过教学观

摩、教学研讨等方式进行，对教师的教学水平和能

力进行全面评估。此外，还应加强对评估结果的反

馈和应用。评估结果应及时反馈给教师和学生，帮

助他们了解教学中存在的问题和不足，并及时改进。

同时，评估结果也应作为教师晋升、奖励和评优的

重要依据，激励教师不断提高教学质量和效果。

结语

在海洋强国战略的大背景下，国家对海洋科技

人才的需求会越来越大，海洋科技人才则是国家实

现建设海洋强国战略的重要支撑力量，对人才要求

也会越来越高。互联网应用在海洋科学研究生课程

和培养中的应用，能够突破传统教育模式的局限，

推动教学内容和方法的改革。通过构建完善的互联

网教学平台，加强师生互动，提高教师在线教学能

力以及实施个性化评估，结合学科特点与信息技术，

不仅能提高教学效率，优化学习体验，还能培养学

生的创新思维和实践能力。未来，随着技术的不断

发展，海洋科学研究生课程和教育将迎来更多创新

和变革，推动海洋科学的可持续发展。
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海相碳酸盐硼同位素反演古海水 pH 值模型及其应用

王 瑞 1，2，3，刘春彤 1，2，3，吴松烨 1，2，3，花 绘 1，2，3
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广西 南宁 530004）

摘要：硼元素（B）在自然界中广泛分布，其稳定同位素（10B和 11B）的分馏特性使其成为古海洋和古气候重建的重要参数。依据硼同

位素值（δ11B）与海水pH值之间的敏感关系，科学家们建立了δ11B-古海水pH值模型，利用海相碳酸盐矿物中的硼同位素值来反演古

海水的 pH值，进而分析大气中CO2浓度的变化，但模型的准确性仍面临挑战。基于海洋中硼循环和硼同位素测定方法分析，研究了

δ11B-古海水 pH值模型的构建机理及应用潜力。研究结果表明：影响该模型准确性的主要因素是生命效应产生硼偏差，硼同位素间

分馏系数不准确，海水中硼同位素在B（OH）3和B(OH)-
4 两种存在形式之间的交换过程不清楚，不能完全模拟自然环境中碳酸盐沉淀

过程中硼同位素的分馏系数。为提高模型的准确性，应与B/Ca元素含量比值等其他指标结合使用，寻找受生命效应影响较小的碳

酸盐样品；同时，要努力提高硼同位素分馏系数的计算精度，建立更科学的生命效应校正经验方法，使硼同位素在古海洋气候重建中

的应用更加科学、发挥更大的作用。

关键词：古环境；古气候；古海水；pH值；硼同位素；海相碳酸盐
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Proxy of paleo-seawater pH reconstruction based on boron isotopes of marine 
carbonates and its applications

WANG Rui，LIU Chuntong，WU Songye，HUA Hui
（1.  School of Marine Sciences， Guangxi University， Nanning， Guangxi 530004， China； 2.  Coral Reef Research Center of China， Guangxi 

University， Nanning， Guangxi 530004， China； 3.  Guangxi Laboratory on the Study of Coral Reefs in the South China Sea， Nanning， 

Guangxi 530004， China）

Abstract：Boron （B） is widely distributed in nature.  The fractionation of its stable isotopes 10B and 11B establishes boron 
as a significant tool for reconstructing paleoceanographic and paleoclimate conditions.  The sensitivity of the δ11B values 
to seawater pH makes it possible to establish a δ11B-paleo-seawater pH proxy.  This proxy enables the inversion of paleo-

seawater pH using the boron isotope values of marine carbonate minerals， which in turn facilitates the analysis of the 
atmospheric CO2 concentration changes.  Although the δ11B-paleo-seawater pH proxy has great theoretical potential， its 
accuracy remains a challenge.  By analyzing the boron cycling in the ocean and methods for boron isotope determination， 
we investigate the underlying mechanisms and application potential of the δ11B-paleo-seawater pH proxy.  The results 
indicate that major factors affecting the proxy accuracy include boron deviation caused by biological effects and 
inaccuracies in the fractionation coefficient between boron isotopes， insufficient understanding of the exchange processes 
between B（OH）3 and B(OH)-

4 in the seawater， and the inability of lab simulations to fully replicate the fractionation of 
boron isotopes during carbonate precipitation in the natural environment.  To enhance the accuracy of the proxy， it is 
recommended to incorporate additional proxies such as the B/Ca ratio and to select carbonate samples less affected by 
biological effects.  Furthermore， it is necessary to enhance the precision of boron isotope fractionation coefficient 
calculations， establishing a more scientific empirical method for correcting the biological effects.  These advancements 
will contribute to more scientific and broader applications of boron isotopes in reconstructing paleoceanographic and 
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古海洋特别是地球早期海水的 pH 值演化是科学

家长期关注的一个重大科学问题。海水 pH值在地质

历史研究中扮演着至关重要的角色，其数值变化（特别

是海洋酸化）直接影响着海洋生物碳酸盐的生长发育，

进而影响海洋生态系统的平衡［1］。目前已知的反演古

水体 pH 值信息的方法主要包括硼同位素［2-5］、锂同位

素［6-7］、硅藻组合法［8-9］、brGDGTs（分支甘油二烷基甘油

四醚）［10］和 3-羧基脂肪酸法［11］等。锂同位素值（δ7Li）
与海水 pH 值间存在负相关性［6-7］，但 δ7Li-pH 值关系

的研究仍处于起步阶段。硅藻组合法是根据沉积物

中保存的硅藻的种类和丰度来重建古水体的 pH 值，

在湖泊研究中有较多成功的应用［12］。brGDGTs 法是

基于沉积物中 brGDGTs 的环化指数或异构化程度重

建古水体 pH 值，而 3-羟基脂肪酸法是基于沉积物中

3-羟基脂肪酸的支链比反演古水体 pH 值［12］，但利用

这两种方法反演的古海水 pH值均存在较大的不确定

性。在过去 20 年中，基于硼同位素与海水 pH 值之间

的敏感关系而建立的硼同位素-海水 pH值模型，使得

硼同位素成为重建古海水 pH 值的有力工具，特别是

利用钙质生物如珊瑚和有孔虫来推断古海水的

pH值［2-5， 13］。
硼（B）的原子序数为 5，在化学元素周期表中属于

轻量元素。硼的稳定同位素包括 10B 和 11B，其同位素

组分丰度分别为 80. 1 %和 19. 9 %［14］。硼元素具有出

色的溶解性，常见富集各类岩石及水相环境中，在海水

中拥有长达约 16 Ma 的滞留期［15］，这一特性赋予了硼

元素较好记录地质时间尺度原始沉积环境信息的能

力。硼在水-岩反应过程中往往会发生显著的同位素

分馏，从而导致水或岩石中的 11B/10B 同位素含量比值

变化幅度极大［16-17］。目前记载的数据显示自然界中不

同物质的硼同位素值（δ11B）在-70 ‰ ~ 75 ‰均有分

布［18-19］，常见的环境流体及物质赋存的硼同位素值范

围见图 1。因此，硼同位素的分馏特性可应用于判别

沉积环境、反演洋壳构造运动过程、示踪流体来源和还

原地球化学过程等，在过去的 10余年大量应用于地幔

地质学［20-24］、矿床地质学［25-28］和古海洋学［29-33］等领域，

引起了学者们的广泛关注。

近年来全球气候变暖，温室效应愈演愈烈，其中关

键的大气CO2浓度与海水 pH值联系密切。因此，硼同

位素反演古海水 pH 值及大气 CO2 浓度方面备受关

注［31， 33-38］。对于硼同位素-古海水 pH 值模型而言，海

水中的硼分馏过程、硼同位素分馏系数和硼同位素测

定方法等因素均可能影响重建古海水 pH值的结果和

精确度。此外，鉴于硼同位素代用指标在碳酸盐尤其

是生物碳酸盐样品的实际测定中存在生命效应（vital 
effect）的影响，基于硼同位素重建古海洋古气候的方

法仍需进一步探索。因此，本文基于海洋中硼循环和

硼同位素测定方法的背景分析，旨在梳理硼同位素-
古海水 pH值模型的构建机理及应用潜力，为利用硼同

位素开展古海学和古气候学研究提供借鉴。

1　硼循环途径与模式

1. 1　输入方式

硼的输入与输出对于海洋中硼浓度和同位素比例

有重要影响。目前认为海洋中硼的来源主要有 3 种：

河流输入［40-43］、海底热液活动的释放和俯冲带增生楔

的排出液［44-46］（图2）。

地球表面岩石和土壤中的硼元素在自然风化过程

中逐渐释放。物理风化如温差引起的岩石破碎，化学

风化如溶解作用，共同促使硼溶解进入地表和地下水

系统［47］。地下水与地表水的交互作用进一步促进了

硼的迁移，使其以溶解态形式——包括自由离子和与

有机物结合的复合物——被河流携带，最终汇入海洋，

成为海洋硼循环的关键环节。据统计，陆地每年通过

河流输送到海洋中的硼通量为 38. 0 × 1010 g/a，δ11B 为

10. 0 ‰［40］。然而，人类活动，特别是含硼洗涤剂的使

用，对这一自然循环产生了影响。据估算，含硼洗涤产

品的使用导致约 2. 5 × 1010 g/a 的硼排放，占全球自然

硼循环通量的近 7. 0 %［40， 43］。
在大洋中脊和其他洋壳活动区域，洋壳中的断裂

为富含矿物质的热液流体提供了上升通道。这些流体

携带着地幔中的硼，当它们与冷海水接触并混合时，硼
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元素便被释放到海洋环境中。这一过程对海洋硼循环

贡献显著，输入硼通量平均为 4. 0 × 1010 g/a，而 δ11B则

在-1. 5 ‰ ~ 14. 5 ‰之间波动［48-50］，这一通量和同位素

值受到 3 个关键因素的制约：硼从地幔转移到新的洋

壳中的速率、洋壳生成速度和洋壳中的硼浓度值［48-51］。
与海底热液活动不同，增生楔排出液主要发生在

板块汇聚带，尤其是俯冲带。在这一地质过程中，海洋

板块向大陆板块或另一个海洋板块下方俯冲，进入地

幔。随着板块的俯冲，板块表面的沉积物和部分地壳

物质在压力和摩擦力共同作用下被加热并部分熔融，

形成富含硼和其他化学物质的流体。这些流体通过地

壳裂隙上升，最终排入海洋，为海洋硼循环贡献了新的

硼源。这个过程输入海洋的平均硼通量和 δ11B分别为

2. 0 × 1010 g/a和 20. 0 ‰ ~ 30. 0 ‰［48， 51-52］。这表明，虽

然与河流输入相比，增生楔排出液对海洋硼的贡献较

小，但它在海洋硼循环中扮演着独特而重要的角色。

总体而言，河流是硼元素进入海洋的主要输送者，

其贡献显著高于海底热液活动和增生楔排出液。尽管

后两者的贡献相对较小，但它们与河流输入共同构成

了海洋硼循环的输送机制。

1.  2　输出方式

海洋中的硼元素通过多种途径汇聚，包括洋壳低

温蚀变［48， 53］、碎屑沉积物吸附［44， 54］和碳酸盐共沉

淀［2］（图2）。
洋壳低温蚀变是一种在低温条件（< 150 ℃）下发

生的海水与洋壳相互作用的化学反应。在洋中脊和洋

壳的形成过程中，海水通过裂缝和孔隙渗透到新形成

的洋壳中，并与洋壳基岩接触，海水中的溶解硼与洋壳

矿物（洋中脊玄武岩、蛇纹石和变质岩等）发生反应，随

后被吸收并进入洋壳中［23， 48， 55］。在此过程中，进入洋

壳的平均硼通量和 δ11B 分别为 27. 0 × 1010 g/a 和

4. 0 ‰［48］，其主要受控于洋壳的矿物组成、海水的化学

性质、温度和pH值，以及生物活动的影响［48， 53］。
碎屑沉积物吸附主要是沉积物颗粒通过物理或化

学作用吸附硼元素，从而将硼从海水中移除。这些沉

积物可能来源于陆地风化产物、海洋生物残骸或洋壳

蚀变产物，因此沉积物的类型和粒径、海水中硼的浓度

以及水动力学条件等因素均有可能影响沉积物对硼的

吸附效率。沉积物吸附的平均硼通量和 δ11B值分别为

13. 0 × 1010 g/a和14. 0 ‰ ~ 16. 0 ‰［44， 54］。
碳酸盐共沉淀是在碳酸盐矿物（如方解石和文石）

的形成过程中，硼同位素（10B和 11B）与碳酸盐矿物共同

沉淀。这一过程沉淀的平均硼通量约为6. 0 × 1010 g/a，
δ11B平均值范围为 15. 0 ‰ ~ 25. 0 ‰，主要受海水的碳

酸盐饱和度、生物活动、pH值和温度等因素的控制［2］。
以上 3 种输出方式存在一定的物理化学条件（温

度和 pH值等）差异，并主导各自过程中硼的分馏，表现

出不同的 δ11B值特征。整体而言，洋壳低温蚀变是硼

元素的主要输出方式，但碎屑沉积物吸附和碳酸盐共

沉淀对硼同位素分馏的影响更明显。

海洋中硼的输入和输出过程相互交织，共同塑造

了海洋硼循环模式和全球硼同位素分布特征。现代海

水中的硼浓度约为 4. 5 × 10-6，δ11B 平均约为 39. 6 ‰，

不同海域间的硼浓度和同位素比值差异较小，δ11B 分

布范围为 37. 7 ‰ ~ 40. 4 ‰［56］。此外，大洋蚀变玄武

岩、海底沉积物以及陆壳岩石的 δ11B也与它们对应的

流体表现出高度的一致性［57］，并且呈现出一定的规律

性差异：大洋蚀变玄武岩的 δ11B最高，其次是海底沉积

岩，而陆壳岩石的 δ11B 相对较低［23， 58-59］。这种差异性

反映了不同地质环境和物质来源对硼同位素分馏的

影响。

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

 煤         玄武岩     电气石         蒸发岩    

 古土壤     珊瑚       海相碳酸盐     热泉水    

 地下水     盐湖       雨水           河水

δ11B
海水

=39.6 ‰

δ11B/‰

图1 自然界中的硼同位素组成与分布（修改自文献［39］）
Fig.  1 Distribution of boron isotopic composition in nature 

（modified after reference ［39］）
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2　硼同位素测定方法

硼同位素的测定可以追溯到20世纪60年代初期。

然而，由于硼在自然中的浓度极低，早期的测定技术精

度不足，难以满足高精度测定的需求，这成为了硼同位

素研究发展的主要瓶颈。当时，硼含量的技术仅适用

于盐湖等硼自然丰度高的环境［60-62］。随着 20 余年的

技术发展和学者们的不懈努力，硼同位素高精度测量

方法逐渐建立并完善，包括样品的消解、分离提纯和质

谱分析等环节的改进 ［63-71］。这些技术的进步使得硼

同位素分析得以广泛应用于地质研究，并催生了不同

的科研群体和研究方向（如星云形成过程、壳-幔演化

和核工业用富集硼等），为硼元素的广泛应用打下了坚

实的基础［58， 72-73］。目前在国际上硼同位素测定普遍使

用美国国家标准技术研究所生产的 NIST951（11B/10B的

标准值为 4. 046 9 ± 0. 000 2）。在实际应用中，较为常

见的硼同位素测定方法主要分为两大类：①溶液整体

分析法，包括热电离质谱法（TIMS），电感耦合等离子

体质谱法（ICP-MS）和多接收电感耦合等离子体质谱

法（MC-ICP-MS）；②微区原位分析法，包括二次离子

质谱法（SIMS）和激光剥蚀多接收电感耦合等离子体

质谱法（LA-MC-ICP-MS）［71， 74］。这些方法的应用，为

地质学研究提供了强有力的工具，推动了硼同位素应

用的深入发展。

热电离质谱测定（TIMS）分为正热电离质谱（P-
TIMS）和负热电离质谱（N-TIMS）。其中，P-TIMS是最

早对高精度地质样品进行硼同位素分析的方法［75］，当
时检测离子为 Na2BO2

+，相对质量差大，测定精度不高，

误差约为±2 ‰［76］。然而现在P-TIMS通常利用Cs2BO2
+

作为发射离子，其相对质量足够大，可避免因硼同位素

在测定过程中产生分馏而影响测定精度，最低可检测

10 ng级硼含量的样品［77］，误差为±（0. 1 ‰ ~ 0. 4 ‰），

被认为是目前硼同位素分析准确度最高的方法［74］。
与之相比，N-TIMS 的测定精度稍低，为 0. 4 ‰ ~ 
0. 7 ‰，但此方法的灵敏度极高，可分析硼含量为 1 ng
甚至到 150 pg 的样品［78-81］，并且对于海水、高盐卤水、

地下水和碳酸盐等物质的前处理要求不高，无需对样

品中的硼进行化学分离或浓缩即可进行分析［3］。但是

N-TIMS检测的目标离子是BO-
2，由于不同的硼同位素

对于测定离子的质量差较大，在测定过程中会发生分

馏效应，由此影响精度［82］，因此其主要适用于量少且

雨水输入

  

  

   
 

平均输入 δ11B=10.4 ‰
平均输出 δ11B=9.2 ‰

δ11B
海水

=39.6 ‰

大气循环

大陆风化(河流)
δ11B=10.0 ‰

硼通量=38 × 1010 g/a

增生楔排出液
δ11B=25.0 ‰ ± 2.0 ‰
硼通量=2 × 1010 g/a

碳酸盐共沉淀
δ11B=20.0 ‰ ± 5.0 ‰
硼通量=6 × 1010 g/a

吸附至沉积物
δ11B=15.0 ‰ ± 1.0 ‰
硼通量=13 × 1010 g/a

海底热液
δ11B=6.5 ‰ ± 8.0 ‰
硼通量=4 × 1010 g/a

洋壳蚀变
δ11B=4.0 ‰

硼通量=27 × 1010 g/a

图2 海洋中的硼循环（输入与输出）模式（修改自文献［37， 40］）
Fig.  2 Boron cycling patterns （inputs and outputs） in oceans （modified after references ［37， 40］）
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硼同位素分离比例大的样品。

电感耦合等离子体质谱法（ICP-MS）的优点主要

为成本低、用时短，但测定得到的数据精度低，难以应

用到精确分析研究中。ICP-MS 的优点使其具有良好

的竞争优势，因此许多学者尝试改进以提高其测定精

度，多接收电感耦合等离子体质谱法（MC-ICP-MS）的

出现提供了更好的解决办法［69］，该技术已经逐渐成为

硼同位素测试的主流方法。然而，硼的记忆效应一直

是困扰 MC-ICP-MS 高精度测定 δ11B 的难题［83-84］。硼

的记忆效应是指在仪器测试阶段样品在进样系统存在

硼残留的现象，此效应将影响下一个样品的硼数据采

集。目前消除硼的记忆效应的较优方法［85］是采用浓

度 0. 6 mg/g 的 NaF 溶液（浓度 1 % HNO3）作为洗液消

除上一个样品硼同位素的残留，其优点在于清洗时间

短、效率高、对测试结果影响小，同时操作简便、耗材少

等，且能够显著提高 MC-ICP-MS 测定硼同位素的效

率、稳定性和准确度。

二次离子质谱法（SIMS）适合直接分析固体样品，

具有低前处理需求、高空间分辨率和稳定性，能分析不

同位置和深度的同位素分布，目前广泛应用于珊瑚、双

壳类、有孔虫和硼酸盐玻璃等硼同位素分析［86-89］。
激光剥蚀多接收电感耦合等离子体质谱法（LA-

MC-ICP-MS）是一种微区原位高精度同位素比值分析

测试技术，其不仅具有高空间分辨率、快速、实时、低样

品消耗量和较少的水相关质谱干扰等特点，并且受到

的记忆效应影响相对较低，被广泛应用于地质、环境科

学、生物学、材料科学和考古学等领域［71］。需要注意

的是，由于 10B和 11B之间存在 10 %的质量差异，在激光

剥蚀、传输和离子化过程中会产生同位素分馏，产生较

大的质量歧视效应（mass discrimination）［90］，影响测试

结果的准确性，因此需采用样品标样交叉校正法

（standard-sample bracketing，SSB）方法校正质量歧视和

信号漂移，即在样品前后均插入标准样品进行测试，通

过标准样品的质量歧视平均值对结果进行校正，并且

需要精确控制仪器参数和校正方法等多种因素以确保

数据的精确度和准确度。

3　硼同位素-古海水pH值模型

在古海洋古气候研究领域，通过精确测量海洋生

物碳酸盐中的硼同位素比例，利用 δ11B-古海水 pH 模

型，能够重建古海水的 pH 值，进而可以推测大气 CO2
含量和古气候变化。尽管一些研究发现海水硼同位素

组成、硼酸电离常数和硼同位素分馏系数等不确定性

因素会对 δ11B-古海水 pH值模型产生影响［3， 34， 91-94］，但
是近年来相关研究显示了该模型在解析古海洋古气候

变化中的潜力。

生物碳酸盐类，如有孔虫、珊瑚、腕足类和腹足纲

等，构成了海相环境中硼的主要储存库。硼进入这些

碳酸盐结构时，海水的 pH值对硼的同位素分馏具有显

著影响。在自然水体中，硼通常以 B（OH）3和 B(OH)-
4 

两种溶解态形式存在。从微观角度看，B（OH）3呈平面

三角形结构，而B(OH)-
4 呈四面体结构。由于硼的轻质

量和强溶解性，自然中的硼通常与氧结合，形成 B—O
键。四面体［B(OH)-

4］中的 B—O 键键长为 0. 137 nm，

C—O键的键长 0. 128 nm。这种相似性使得B(OH)-
4 能

够以取代CO2 -3 的形式进入到碳酸盐晶格中［63， 95］。流体

中的B（OH）3和B(OH)-
4通常存在一个动态交换平衡：

B (OH) 3 +  H2O — ■————■ —————
 
  B (OH) -

4 +  H+ （1）
硼的两种溶解态之间的转换并未发生价态变化，

而发生这个交换反应的动力来源于轻、重同位素之间

的分馏：
10 B (OH) 3 +  11 B (OH) -

4 — ■————■ —————
 
  11 B (OH) 3 + 10 B (OH) -

4  （2）
从反应式（2）中可以看出两种同位素在B(OH)-4和B

（OH）3中均有赋存，但两者主要富集的B同位素不同，其

主要受 10B 与 11B 之间的分馏系数 α4-3 和环境体系中

的 11B/10B同位素含量比值及反应平衡常数 1110 K的影响：

α4-3 =  1
1110 K  =  

11 B/ 10 BB(OH)-4
11 B/ 10 BB(OH)  3

 =  RB(OH)-4

RB ( )OH  
3

（3）
式中：11 B/ 10 BB(OH)-4

及 11 B/ 10 BB(OH)  3 分别表示 B ( )OH -
4 与

B ( )OH 3 中两种同位素的含量比值，无量纲；R 表示硼

在某种相态中的 11B/10B同位素含量比值，无量纲。

Oi等［96］通过研究多硼酸盐之间同位素效应，采用

分子轨道理论并结合振动分析计算了单硼酸和多硼酸

盐之间的同位素交换反应的平衡常数，得到多硼酸盐

中硼同位素交换反应［公式（3）］的分馏系数 α4-3 为
1. 019 4。如果流体体系中两种硼同位素交换反应的

平衡常数大于 1，说明 11B相对富集于B（OH）3中，而 10B
则相对富集于四面体B(OH)-

4中。

在海水流体体系中，海水的 pH值主要由碳酸盐系

统进行宏观调控，大气中的CO2通过海气交换被吸收到

海水中，并且溶解后与水形成碳酸（H2CO3）。碳酸极易

分解电离成H+，HCO-
3和CO2-3 ，分离出的HCO-

3仍可继续

电离为 CO2-3 和 H+，也可与海水中的 Ca2+通过沉淀作用

在海水体系沉积形成碳酸盐矿物（图3）。另外，海洋中

生物的光合作用和呼吸作用会利用溶解态的CO2，形成

有机物 CH2O，并且通过代谢作用可再次回到海水中。
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碳酸盐系统帮助海水pH值维持在一定的范围内（通常

在7. 9 ~ 8. 4）［97］，以保持海水酸碱度的平衡（图3）。

在海水-大气向海作用过程中，如果海水中溶解

的 CO2增加，电离产生的 H+随之增加，海水偏酸性，此

时反应式（1）的平衡向左移动，海水中硼多以 B（OH）3
的形式存在；当溶解CO2减少，海水 pH值较高时，反应

式（1）的平衡向右移动，此时硼主要以 B(OH)-4 的形式

赋存于流体体系中（图 4）。因此，对于 pH值较高的海

水（偏碱性），δ11B较低，而对于 pH值较低的海水（偏酸

性）则存在较高的 δ11B。

海水 pH值对于两种溶解态硼相对含量的控制，主

要是基于反应式（1）中的电离平衡，其中转换反应的反

应平衡常数 pK*B 随海水 pH 值变化而变化［公式（4）］。

根据 Hershy 等［98］的计算，当温度为 25 ℃时，pK*B = 
8. 830，随着温度升高，pK *B 增加，同时 B(OH)-4 相对于

B（OH）3的比例下降，此时流体中溶解的 B（OH）3逐渐

成为体系中硼的主导赋存形式。

pH =  pK*B - lg B ( )OH 3
B ( )OH -

4
（4）

在已有研究中，关于利用硼同位素还原古海水 pH
值的理论关系式［3］如下：

pH =  pK*B - lg ■
■

|
||
|
|
| δ11B海水 - δ11B样品

α-1δ11B样品 - δ11B海水 +  103( )α-1 - 1
■

■

|
||
|
|
|
（5）

式中：δ11B 海水为海水中的 B（OH）3和 B(OH)-4 相对于国

际标准 NIST951 的硼同位素值，δ11B 样品为两相溶解态

硼共存的海水中 B(OH)-4 相对于 NIST951 的值。但此

模型关系式成立的前提是基于如下假设：硼主要以

B(OH)-4 形式进入生物碳酸盐矿物，且几乎不发生同位

素分馏［2， 3， 99］。此时，海相生物碳酸盐中的硼同位素值

δ11Bc即为共存海水中B(OH)-4相对于国际标准NIST951
的硼同位素值。在 δ11B-古海水 pH值模型研究的起步

阶段，有实验通过调制 pH = 8（与现代海水 pH值相近）

的溶液合成碳酸盐矿物（文石和方解石），对其进行硼

同位素测定发现，合成得到的碳酸盐矿物的 δ11Bc几乎

相同，并且与 δ11BB(OH)-4
的计算曲线吻合，据此将原理论

式［公式（5）］中的δ11B 样品替换成了δ11BB(OH)-4
：

pH =  pK*B - lg ■

■

|

|
||
|

| δ11B海水 - δ11BB ( )OH -
4

α-1 δ11BB ( )OH -
4

- δ11B海水 +  103( )α-1 - 1
■

■

|

|
||
|

|

（6）
从公式（5）中不难看出，分馏系数 α4-3，δ11B 海水和

pK*B 这 3个数值的可靠性对于 pH理论计算值的精确程

度有较大影响。其中，精确确定分馏系数 α4-3对于利

用硼同位素值反演古海水 pH值至关重要。

Kakihana 等［100］在 1977 年首次利用配分函数和光

=

大气

海面

+

++

+

=

CO2(g)

海水-大气

CO2(aq) + H2O       H2CO3(水化)

H2O
(光合作用)

Cm(H2O)n

O2

H+

HCO3
−       H+ + CO3

2−(解离)

Ca2+

CaCO3(s) + CO2(aq) + H2O

图3 碳酸盐系统调控海水 pH值示意图

Fig.  3 Schematic diagram showing the regulation of seawater pH 
by the carbonate system
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图4 硼在海水中的存在形式和同位素组成与海水pH值的关系

Fig.  4 Relationships of boron occurrence forms and isotopic 
composition with seawater pH

a.  海水中硼的 2种存在形式的相对丰度与 pH值的关系；b.  硼的 2种主

导形式在不同pH值溶液中对应的δ11B［3］

［计算使用反应平衡常数pK*B = 8. 597； 分馏系数α4-3 = 0. 974。］
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谱数据进行计算，得到 α4-3为 0. 981，这一结果在随后

的一段时间内被广泛接受并应用。随着研究的深入，

Kakihana的计算被再次验算，虽然得到的数值不变，但

该方法被指出其计算结果对于实验所设定的 B（OH）3
及 B(OH)-4 的分子振动频率和分子间作用力的理论计

算值存在极高的敏感性，无法模拟自然环境中的分子

行为，结果缺乏可靠性［101］。许多学者使用其他的计算

测定方法（如分子轨道理论、同位素交换平衡理论等）

得到α4-3范围主要为 0. 972 ~ 0. 975［102-104］，均低于此前

广泛使用的 0. 981（表 1）。刘羿等［103］对前人的方法

（气相分子法和自洽反应场法）进行了全面对比与评

价。其中，气相分子法假设 B（OH）3或 B(OH)-4 孤立于

气相环境，忽略了实际环境（如溶剂或其他环境因素）

对于分子振动的影响，难以准确反映实际溶液中的分

子行为。自洽反应场法（self-consistent reaction field，
简称 SCRF）是指假设一个极性溶质分子位于极性溶剂

中，极性溶剂会产生电场，这个电场则被称之为反应

场；这个方法虽然考虑了溶液环境，但是该方法假设的

极性溶剂拥有均匀的介电常数，可能无法充分考虑到

溶剂分子与溶质分子之间的复杂相互作用，尤其是水

溶液中重要的氢键效应。刘羿等最终选择了可能更贴

近实际环境的“水滴法”（water-droplet method），即假设

大量水分子环绕着 B(OH)-4 或 B（OH）3的排列模型，水

分子之间形成氢键，这与真实水滴环状结构及氢键网

络结构十分相似，可更为准确地模拟分子在自然环境

流体中的行为。在计算过程中，他们发现之前关于

B(OH)-4 与硼酸盐中的 BO4键相同的假设有误。实际

上，硼酸盐中的四面配位体比 B(OH)-4 轻，导致硼酸盐

中的 B 同位素值显著较小；在这个模型中，α4-3和 pK*B
对于曲线的预测有显著影响。基于这一发现，他们计

算出新的分馏系数为 0. 974，并建立了基于 B(OH)-4 的
pH 值与 δ11B 的新理论曲线。肖军等［39］通过对北海涠

洲岛、海南三亚和灯楼 3个区域的活体珊瑚进行研究，

计算得到 α4-3 平均值为 0. 978 8。该值刚好落在

B(OH)-4 和 B（OH）3 两者的计算曲线之间，表明在

B(OH)-4 为优先掺入形式的情况下，硼以 B(OH)-4 和 B
（OH）3两种形式同时进入了珊瑚碳酸盐骨骼。由于活

体样品的引入，使得该数值更适用于生物碳酸盐样品

pH值的重建应用。

pK*B 作为硼同位素重建古海水 pH 值理论式中的

关键因子之一，已有大量相关研究对其进行实验并计

算数值［105］。Hershey 等［98］研究 25 ℃时不同溶液介质

中的 B（OH）3，得到 B（OH）3的平衡常数 pK*B 为 8. 830，
这一数值得到了 Hemming和 Hanson的引用［3］。随后，

Dickson 在不同的温度和盐度条件下开展了计算实

验［106］，得到了pK*B为8. 597，并指出pK*B的大小随温度、

盐度增高而减少。Roy等［107］在 35 ‰盐度条件下对 0 ~ 
55 ℃的海水进行 B（OH）3的平衡常数研究，其结果与

Dickson 的结果具有高度的一致性。因此，截止目前，

领域内普遍认可并广泛使用的 pK*B为8. 597［3］。

综上，目前大量研究通过各种方法对模型的相关

参数（pK*B 和α4-3等）展开了广泛的讨论，但不同参数数

值在实例应用上仍存在一定的争议，主要原因在于不

同参数数值在部分研究对象的具体应用过程中仍存在

一定的偏差，例如生物碳酸盐的生命效应使其体内硼

同位素值与环境值间存在差异，对模型重建结果的准

确度和可靠性带来了挑战。因此，未来关于 δ11B重建

古海水 pH值的模型系数仍需要根据特定的物种建立

经验公式对结果进行校正。

4　利用硼同位素反演古海水 pH值

目前，利用硼同位素值反演古海水 pH值的研究对

象主要集中于生物碳酸盐，尤其是珊瑚和有孔虫。珊

瑚（文石质）作为硼同位素分析样品，其重建结果具有

高时间分辨率的特点，可提供短时间内的海水 pH变化

信息；而有孔虫（方解石质）载体则适用于构建较长时

间序列的海水pH信息。

利用珊瑚反演古海水 pH 值主要集中于全新世时

期（图5）。Wei等［29］和Pelejero等［108］利用澳大利亚大堡

礁附近的珊瑚骨骼 δ11B，重建了近 300年的海水 pH 值

演变过程，揭示了18世纪以来海洋酸化的趋势，特别是

δ11B与碳同位素值（δ13C）之间的正相关性以及二者的共

同下降趋势，表明燃烧化石燃料等人类活动可能导致

表 1　计算硼同位素分馏系数的几种方法

Table 1　Summary of methods for calculating the boron isotope fractionation coefficient

方法

分子轨道理论法

水滴法

分光光度法

活体珊瑚测定法

分馏系数（α4-3）
0. 965 0 ~ 0. 980 0

0. 974 0
0. 972 0
0. 978 8

特点

从微观角度深入理解，精确度高，但计算量大，成本高，对于参数的选择依赖性强

可准确模拟分子的不同溶液环境下的实际情况，但计算成本高，且可能不适用于复杂环境体系

可直接测量，适合实际水样的分析计算，但对实验条件精确度要求高

对自然样品的硼同位素理解深入，但成本高，样品需求量大，且易受样品的选择和处理过程影响

参考文献

［96］
［103］
［104］
［39］
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大气CO2浓度急剧上升，氧同位素值（δ18O）略微下降以

及Mg/Ca元素含量比值（作为温度敏感性指标）稳步上

升，进一步展示了与全球变暖趋势的一致性。他们的

计算过程均选用了 pK*B= 8. 60；对于分馏系数，Pelejero
选用α4-3 = 0. 981，而Wei则对比使用了3个不同系数值

（α4-3 = 0. 974，0. 981和0. 980），前两者的反演结果与现

代海水的平均 pH 值范围不符，因此 Wei 选用了 α4-3 = 
0. 980，该结果更符合现代海水的酸碱情况，但Wei也指

出，尽管选用了该系数，计算结果中仍存在异常低值。

柯婷等［31］采集了 47 个来自南海北部三亚湾的活

体滨珊瑚骨骼，并开展约为月分辨率的硼同位素研究，

重建了 2016—2019年的海水 pH值变化范围在 7. 77 ~ 
8. 37，且呈季节性波动特征，与采样地点长期实测的海

水 pH值记录相符，为 δ11B-古海水 pH值模型的可靠性

提供了有力证据。柯婷等的计算过程选用了 pK*B = 
8. 597，α4-3 = 0. 974，并且考虑到生命效应的影响使用

滨珊瑚种的经验公式 pH 海水 = （pHECF−5. 95）/0. 32，对
pH 值重建结果进行了校正（ECF：extracytoplasmic 
calcifying fluid，细胞质外钙化液）。她们分析后发现虽

然滨珊瑚的 δ11B 受温度影响不明显（与 δ18O 变化不同

步），然而 δ11B重建的 pH值与 δ18O却存在弱相关性，并

从季节时间尺度上总结了海水pH的变化规律，即低温

季节时海水倾向于偏碱性。这表明三亚湾珊瑚礁附近

海水pH值的短时间变化可能受控于生物活动，而非海

水 CO2的溶解度。另外，有研究测定南海多个岛礁珊

瑚硼同位素特征并重建海水pH值（选用α4-3 = 0. 981）发
现，低δ11B恰与6 000年前的极地冰雪消融-海平面升高

事件对应，推测当时低碱度（pH = 5. 7 ~ 6. 2）［109］的雪

融水汇入导致海水pH值降低，响应了中国南海的海平

面变化的关键时期［110］。

以珊瑚作为研究对象并应用 δ11B-古海水 pH值模

型开展的研究通常会选用大型的块状珊瑚，以重建长

时间（数百年）且连续的海水 pH值序列。但珊瑚是复

杂的多细胞生物，拥有调控自身钙化流体 pH值的生命

效应，且珊瑚生长过程中生物因素（光照、温度和营养

盐浓度等）影响，可能存在个体差异［111］，因此珊瑚骨骼

记录的 pH信息可能与真实海水的存在偏差［3， 112］，为硼

同位素代用指标的准确性和可靠性带来一定影响。未

来解决珊瑚代用指标的局限性可能需要研究者针对选

用的珊瑚属种建立更多物种经验公式，校正生命效应

产生的pH值升高，尽可能消除生命效应的影响。

利用有孔虫反演古海水 pH 值可以追溯到新生代

（60 Ma）（图 6）。Pearson 和 Palmer［93］分析了来自热带

太平洋的 35个有孔虫样本的硼同位素值，剔除了 3个

可能因为生命效应影响而发生强烈硼分馏的异常 δ11B
低值后，重建了自新生代（60 Ma）以来海洋表面 pH值

（选取 pK*B = 8. 60，δ11B 海水= 39. 5 ‰，α4-3 = 0. 981），发现

早始新世—晚古新世（60 ~ 52 Ma）大气CO2浓度基本平

稳于500 × 10-6左右，最大值甚至超过2 000 × 10-6，而在

55 ~ 40 Ma期间出现了大气CO2的不稳定下降，推测是

由于洋中脊、火山和变质带排放的 CO2减少和碳埋藏

的增加所导致。Spivack等［113］利用有孔虫硼同位素对

21 Ma 的太平洋海水 pH 值重建的结果显示 pH 值为

7. 4，远低于现代海水（pH = 8. 2 ± 0. 2），并以此推测当

时的大气 CO2 浓度相比现代处于较高水平。此外，

Sosdian等［114］分析来自不同地理位置的 68个有孔虫样

本的碳酸钙壳中的 δ11B，考虑到有孔虫样品可能存在

体内物种特异性硼偏移，对其使用校正公式：δ11Bborate = 
（δ11BT. trilobus-2. 69）/0. 833（δ11Bborate为进入该种有孔虫骨

骼中的 B(OH)-4 的 δ11B，δ11BT. trilobus为有孔虫种 Trilobatus 
trilobus 的 δ11B），并选用 α4-3 = 0. 974 计算，重建了过去

22 Ma 的表层海水 pH 值及大气 CO2浓度，发现在中中
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图6 利用有孔虫重建的古海水 pH值时间轴［93， 113， 114］

Fig.  6 Timeline of paleo-seawater pH reconstructed from 
foraminifer［93， 113， 114］
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图5 利用珊瑚重建的古海水 pH值时间轴［29， 31， 108， 110］

Fig.  5 Timeline of paleo-seawater pH reconstructed from 
corals［29， 31， 108， 110］
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新世气候适宜期（middle miocene climate optimum， 
MMCO），地球表面曾出现过大约 7. 6 ± 0. 1的 pH值最

低值，这一时期的CO2浓度达到（470 ~ 630） × 10-6。在

全新世时期，位于东大西洋塞拉利昂高迪的 ODP-
668B钻井中的有孔虫的硼同位素测定，建立了更新世

中期（140 ~ 0 ka 和 420 ~ 300 ka）以来的表层海水 pH
值的演变规律，结果表明冰期的海水表面pH值高于间

冰期，其差值达到 0. 18 ± 0. 03；也以此重建了该时间

尺度内的大气CO2变化，其结果与冰芯研究结果吻合，

为有孔虫硼同位素在全新世古气候的应用提供有效支

持［115］；随后，Zeebe 等［116］利用该研究重建的海水表面

pH值序列，展开冰期—间冰期的气候震荡时期的追踪

分析，发现硼同位素重建的数个冰期旋回pH值序列与

δ18O呈现一致的波动趋势，且与Vostok冰芯［117］记录中

推断的pCO2变化一致。

利用有孔虫还原古海水 pH值时，也可能会受到生

命效应的影响。由于生物生长需求可能会调节体内的

pH值，导致其与真实海水 pH值存在偏差，且如果发生

调控下偏碱性的体内环境，可能会促进 B(OH)-4 的形

成，不利于保持原始硼记录［3， 112］。因此，需要通过实验

建立经验模型，以校正生命效应带来的偏差［34， 118］。此

外，有研究［119］指出浮游有孔虫的钙化过程可能会受到

海水温度的影响，在这个阶段有孔虫的壳体内及周围

会形成一个“微环境”，海水温度升高时，“微环境”的

pH值和CO2 -3 浓度可能会被提高，促进钙化生长进程。

因此，δ11B-古海水pH值技术仍面临挑战和不确定

性；目前对于海水中的硼同位素分馏及两种存在形式

之间的交换过程的了解尚不充分，且受生命效应等因

素的影响，模型中的关键参数α4-3并不能完全消除生物

碳酸盐中的硼同位素值偏差，未来仍需进一步探索。

5　结论与展望

基于硼同位素在海洋中的循环机制及其测定方法

的分析，本文探讨了 δ11B-古海水 pH 值模型在反演古

海水 pH值中的机制及应用。为了提高该模型的准确

性，需要设计接近自然海水环境的模拟实验优化模型

参数（α4-3），采用多尺度模拟方法，整合微观模型与宏

观模型，全面理解海水中硼同位素的分馏行为；针对不

同碳酸盐生物物种（如珊瑚和有孔虫），建立全面的 pH
值校正公式库，减少生命效应对硼同位素值偏差的影

响，并探索使用单一物种作为更可靠的碳酸盐样品，以

降低种间差异和光合作用等生命活动对体内 pH值的

影响。目前，δ11B反演古海水 pH值的研究主要集中于

珊瑚和有孔虫，分别主要提供了全新世和新生代的海

水 pH值信息。尽管存在生命效应和硼同位素分馏等

挑战，但该模型仍在揭示古海洋酸化和大气 CO2浓度

变化方面显示出潜力。未来的研究应进一步优化模型

系数，完善 pH值校正公式，并扩展研究实例，以提高模

型的准确性和可靠性。

同时，生物碳酸盐的硼/钙元素含量比值（B/Ca）和

锂同位素值（δ7Li）等指标也是反演古海水 pH值的潜在

有效指标。B/Ca用于计算海水 pH值的原理是基于海

水中硼与碳酸钙的相对含量，通过分析碳酸盐中的 B/
Ca比值，计算和重建海水的 pH值［33， 63， 111］。另一方面，

δ7Li重建指标的依据是锂水合离子在进入碳酸盐晶格

之前，其脱水过程的去溶能与pH值密切相关，且δ7Li与
海水 pH值之间存在显著的负相关性［6-7］。通过结合这

些指标，可以验证硼 δ11B-古海水 pH 值模型反演古海

水pH值的数据，进而增强对古海洋环境变化的理解。
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提要  生物碳酸盐Mg/Ca值是古水温的重要指标。然而作为珊瑚礁区沉积物重要组成部分的大型底栖有孔虫

(LBF), 其Mg/Ca指标的应用受到诸多限制。为探究礁区LBF Mg/Ca值在海水古温度重建方面的应用潜力, 本研

究使用微区分析方法 , 深入探讨了西沙群岛永乐环礁表层沉积物中两种有孔虫Amphistegina lobifera和

Amphistegina lessonii壳内Mg/Ca值的分布规律, 同时, 比较了两种微区方法——电子探针(EPMA)和激光剥蚀电

感耦合等离子质谱(LA-ICP-MS)的差异。另外, 为了探究成岩作用对有孔虫Mg/Ca值的影响, 选取永乐环礁羚羊

礁及琛航岛岩心中的A. lobifera进行了测试。结果表明, 两种LBF的Mg/Ca值展现出了极为相似的分布特征, 沿

着生长方向均呈现出清晰的周期性分布模式, 这与初级和次级方解石层的交替生长有关, 但二者的Mg/Ca值在

次级方解石层边缘的变化模式略有不同。结合壳内分布规律及两种微区方法的差异, 发现尽管有孔虫的Mg/Ca

值受到初级方解石层影响, 但通过选择合适的微区原位分析方法和打点位置, 仍然具有反映海水温度变化的潜

力。成岩作用对岩心深处有孔虫Mg/Ca值的影响不容忽视, 实际应用时需加以考虑。通过与现代表层沉积物同

种有孔虫的Mg/Ca值范围对比, 同时结合扫描电镜观察结果, 可以判断成岩作用影响程度。 

关键词  大型底栖有孔虫  Mg/Ca 指标  原位微区分析  古温度  永乐环礁 

 

前  言 

珊瑚礁区以占全球海洋不足0.2%的面积, 养

育超过了25%种类的海洋生物(Cox et al., 2021)。在

当前全球变暖、海平面上升的背景下, 珊瑚礁区在

地质历史时期的环境演变是理解地球气候变迁的

关键一环。珊瑚礁中的底栖有孔虫数量充足、种类

繁多, 其死亡后残留的壳体是珊瑚礁区沉积物的

重要组成部分(Hallock, 1981b; Fujita et al., 2016; 

Doo et al., 2017; Mcneil et al., 2022; Förderer et al., 

2023)。有孔虫不断吸收周围海水中的元素构建其

壳体, 从而记录了环境信息(Lea et al., 1999)。Mg

置换碳酸盐中的Ca是吸热过程, 温度升高会导致

有孔虫壳体中Mg含量增加。基于这一特性, 有孔

虫壳体Mg/Ca值可以反演海水温度的变化(Lea et 

al., 1999)。 

底栖有孔虫按常用的非系统分类类群可分为

大型底栖有孔虫(LBF)与小底栖有孔虫(SBF)两类: 

LBF的壳体较大, 具有复杂的内部结构, 多与微体

藻类共生。SBF的壳体则相对较小, 不含有共生藻

类(Raja et al., 2007)。在珊瑚礁区沉积物中, LBF在

种类及数量上都占据优势地位(王丽荣和赵焕庭, 

2008; Förderer et al., 2018)。因此, 重建礁区古海洋

环境, 对LBF的研究必不可少。然而, LBF的Mg/Ca

指标在实际运用中存在各种问题。首先, 有孔虫壳

体中的地球化学信号除了与生长时期的海洋环境

有关, 其自身复杂的生长过程也会造成不同类群、

不同个体、同一个体的不同圈层之间存有差异, 被

称为生命效应(Bentov & Erez, 2006; Morse et al., 

2007)。由于个体较大及共生藻类的存在, LBF的生 
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命效应尤为显著(Saraswati et al., 2004; Raja et al., 

2005, 2007; Khanolkar et al., 2021; Charrieau et al., 

2023)。另外, 与SBF相比, LBF的Mg/Ca值通常高出

1−2个数量级(陈龙等, 2019), 因此, LBF的Mg/Ca值

随海水温度变化的敏感程度较低。 

目前, 对珊瑚礁区有孔虫的研究方法多为属

种组合及分布, 研究领域多为对沉积相的指示和

对珊瑚礁健康状况的评估(秦国权, 1987; Uthicke et 

al., 2010; Velásquez et al., 2011; Oliveira-Silva et al., 

2012; Parker et al., 2012; Perrin & Bosellini, 2012; 

Stephenson et al., 2015; Chen & Lin, 2017; Renema, 

2018; A’ziz et al., 2021), 缺乏利用有孔虫的地化指

标对古环境进行定量分析重建, 亦缺乏对有孔虫

壳体微量元素分布的深入解读。为了进一步提升礁

区底栖有孔虫在古环境重建中的应用潜力, 本研

究使用EPMA和LA-ICP-MS两种原位微区方法对

Amphistegina lobifera和Amphistegina lessonii进行

测试, 探讨其Mg/Ca值在壳体内部的分布规律, 并

对比两种微区方法的差异, 为后续古环境重建的

研究提供支撑。同时, 利用一个浅层岩心(底部年

代约为2 665 aBP)及一个深层岩心(取样处年代约

为3.6 Ma)中获取的A. lobifera来分析成岩改造对

Mg/Ca值的影响, 综合探讨LBF的Mg/Ca指标作为

海水古温度计的可行性。 

1  材料与方法 

1.1  样品及来源 
本研究有孔虫来源于表层沉积物及岩心样品。

所有样品均采集自中国南海西沙群岛永乐环礁(图

1)。永乐环礁是西沙群岛西部岛群核心区域, 由羚

羊礁、甘泉岛、珊瑚岛、全富岛、银屿等13个珊瑚

岛礁及8个口门通道, 围绕中央潟湖组成, 属于典

型的珊瑚环礁, 也是西沙群岛面积最大的环礁。永

乐环礁的年际海水温度变化为23℃到32℃, 年均

28℃(数据来自哥白尼海洋环境监测服务中心

http://marine.copernicus.eu)。 

表层沉积物样品 (图2)均采集于2021年9月 , 

Amphistegina lobifera 采 自 银 屿 岛 外 礁 坡

(111°42′26″E, 16°35′51″N), Amphistegina lessonii采

自甘泉岛外礁坡(111°34′51″E, 16°30′9″N)。LYJ2岩

心(16°27'59.32"N, 111°36'09.62"E)于2013年采自羚

羊礁封闭澙湖的内礁坪区域(相对海平面以下150 

cm), 总长287 cm, 采集过程中没有任何损失。通过

对岩心中有孔虫Calcarina sp.进行 14C测年得到

LYJ2年代框架, 其底部年龄约为2 665 aBP (Yue et 

al., 2019)。CK2岩心(16°26'56.368"N, 111°0'53.557"E)

于2013年钻自琛航岛东南部近礁突起处的碳酸盐

岩。钻孔位置在地形上高出现代礁坪2.88 m, 钻井

深度为928.75 m, 上部碳酸盐岩沉积物厚873.55 m, 

下部火山碎屑岩基岩厚52.20 m, 整个钻孔平均取

芯率为69.6%。锶同位素测定碳酸盐岩底部地层年

龄为~19.6 Ma(Fan et al., 2020)。 

1.2  测试属种及其测试区域的选取 
LBF 的 Mg/Ca 值 变 化 范 围 较 广 ( 表 1), 为

15−375.85 mmol/mol, 绝大部分集中在 50−350 

mmol/mol。Mg/Ca值越低, 细微的Mg含量变化更

加明显, 因此, 选取Mg/Ca值低的LBF更利于反映

海水温度。LBF中Amphistegina属Mg/Ca值通常较

低, 仅为15−90 mmol/mol。同时, 在珊瑚礁LBF中, 

Amphistegina属在全世界分布最广、数量最多

(Hallock et al., 2024), 且具有时代连续性, 在CK2

底部仍有出现 , 可以一直追溯到晚中新世(孟敏, 

2022)。该属含有硅藻共生体, 生活的深度范围很

广(<1 m至~100 m), 但通常在水深20 m以内的岩石

或海藻上出现(Hallock, 1999)。 

Amphistegina属具有特征的钙化成壳方式, 其

壳体在背腹两侧均呈现出渐开线状, 当形成新的

房室时, 方解石由中心向两边不断沉淀, 从有孔

虫的纵剖面(穿过背部与腹部顶点的剖面)看, 中部

有一扇形无孔区域, 含有多层同心状纹层。其中, 

较窄的深色层为初级方解石层, 较宽的浅色层为

次级方解石层(Toler et al., 2001)。knob区域包含有

孔虫整个生长阶段连续沉积的壳体, 面积大且无

孔, 便于进行微区测试。 

对表层沉积物样品中有孔虫进行挑选和鉴定

后 , 发现银屿岛外礁坡的优势种为Amphistegina 

lobifera, 甘泉岛外礁坡的优势种为Amphistegina 

lessonii，故选择这两种有孔虫进行测试。LYJ2优势

种为A. lobifera, 从岩心顶部到底部每间隔25~30 

cm取一个样, 共取10个样。由于LYJ2长度较短, 为

了更好地观测成岩作用的影响, 另取一较长岩心

CK2约3.6 Ma处的A. lobifera进行测试。观察多个有

孔虫均发现其高镁层溶解, 取两个样进行测试。 

1.3  研究方法 
1.3.1  样品前处理 

考虑到礁区LBF直径的范围, 使用孔径0.063 

mm及2 mm标准样筛将表层沉积物及岩心样品水

洗过筛, 保留两筛之间的部分。为了去除有孔虫

壳体中残留的有机质 , 使用3%过氧化氢和0.4%  
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图1  研究区地图及采样位置 

红点为采样位置, 表层沉积物样品采自银屿岛和甘泉岛, 岩心样品采自羚羊礁和琛航岛 

Fig. 1  Map showing the sample locations 

Red dots represent sampling sites. Surface sediment samples were collected from the Yinyu Island and the Ganquan Island, while core samples were 

obtained from the Lingyang Reef and the Chenhang Island 

表 1  已知的LBF Mg/Ca值分布范围(包括全壳分析和微区分析) 

Table 1  Reported distribution range of Mg/Ca values of LBF (whole-test and in-situ) 

目 科 属 Mg/Ca值(mmol/mol) 来源 

Rotaliida Amphisteginidae Amphistegina 15−90 
(Raja et al., 2007; Mewes et al., 2014; Geerken et al., 

2018; Khanolkar et al., 2021) 

 Nummulitidae Heterostegina 48.8−150 (宫巨嵩和史宇坤, 2017) 

  Operculina 102.9−155.4 
(Evans et al., 2013; Evans et al., 2015; 童铄云等, 

2023) 

 Calcarinidae Baculogypsina 106.7−281.8 
(Raja et al., 2007; Gacutan et al., 2017; 童铄云等, 

2023) 

  Calcarina 116.6−317.4 (Raja et al., 2007; Gacutan et al., 2017) 

  Neorotalia 214−301.1 (Raja et al., 2005; Raja et al., 2007) 

Miliolida Soritidae Amphisorus 224−256 (Raja et al., 2005) 

  Marginopora 213−375.85 (Raja et al., 2005; Raja et al., 2007) 

  Archaias 55.5−150 
(Toler et al., 2001; Gacutan et al., 2017; 宫巨嵩和史

宇坤, 2017)  

 Peneroplidae Laevipeneroplis 130−150 (宫巨嵩和史宇坤, 2017) 
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图 2  A. lobifera和A. lessonii的体视镜下照片 

A−C. A. lobifera, 采自银屿岛: A. 背视; B.腹视; C.口视; D−F. A. lessonii, 采自甘泉岛: D. 背视; E. 腹视; F. 口视 

Fig. 2  Light photos of A. lobifera and A. lessonii. 

A−C. A. lobifera from the Yinyu Island: A. dorsal view; B. umbilical view; C. apertural view; D−F. A. lessonii from the Ganquan Island: D. dorsal view; E. 

umbilical view; F. apertural view 

 

氢氧化钠混合溶液将其浸泡24h (Barker et al., 

2003), 然后使用超纯水清洗两遍。烘干后, 在体

式镜(Zeiss Stemi 508)下挑取有孔虫样品, 然后用

无水甲醇溶液超声清洗(＞5s), 移除沉积粘土, 烘

干后将有孔虫封进环氧树脂, 待其凝固后, 脱模

后打磨并抛光, 使其纵剖面knob区域生长纹层清

晰。抛光完成后, 使用超纯水清洗, 再将其放在无

水甲醇溶液中超声清洗(＞5s), 去除打磨抛光过

程粘在样品上的杂质 , 烘干后在偏光显微镜

(Nikon LV100NPOL)反射光模式下拍摄并标记出

所需测试区域(图3)。另外, 在EPMA测试前将样

品镀碳。 

1.3.2  微区Mg/Ca值测试 

为了探讨两种有孔虫壳体中Mg/Ca值的分布

规律 , 使用EPMA对表层沉积物中Amphistegina 

lobifera和Amphistegina lessonii进行了面扫、线扫和

点分析(分析位置见图3-A, 3-B, 3-D, 3-E)。面扫描

及线扫描属于半定量分析, 点分析属于定量分析。

面扫描能够获得直观的元素整体分布状况; 线扫

时选择横纵两个方向, 纵向线扫从中心穿过全部

生长纹层, 以获得整个生长过程元素的变化信息, 

横向线扫尽量可能多地穿过同一次级方解石层 , 

便于追踪元素在层内的变化特征; 点分析能够获

得准确的元素含量, 打点位置尽量选择在较宽的

次级方解石层, 以最大限度排除Mg含量较高的初

级方解石层的影响。为了比较EPMA和LA-ICP-MS

两种微区分析方法的差异, 使用LA-ICP-MS对表

层沉积物中的A. lobifera进行了Mg、Ca点分析, 打

点位置紧靠EPMA(图3-B)。 

为了分析成岩作用的影响 , 使用EPMA对两

个岩心LYJ2及CK2的A. lobifera进行了Mg、Ca面扫

描(图7), 对LYJ2的A. lobifera还进行了Mg、Ca线性

扫描(图3-C), 并使用LA-ICP-MS 对两个岩心的A. 

lobifera进行了点分析(图3-C, 3-F), 以便和表层沉

积物样品作定量对比。 

EPMA测试使用的仪器为日本电子JXA-8230, 

测试条件为电流5×10-9A, 电压15kV, 束斑大小10 

μm。数据校正采用日本电子的ZAF校正方法。LA-

ICP-MS测试使用的仪器为相干193 nm准分子激光

剥蚀系统和安捷伦电感耦合等离子体质谱仪 
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图 3  有孔虫测试区域示意图 

A. 银屿岛表层A. lobifera.完整纵切面; B. 为图A中的蓝框放大, 显示测样位置; C. LYJ2 A. lobifera测样位置; D. 甘泉岛表层A. lessonii完整纵

切面; E. 图D的蓝框区域放大; F. CK2 A. lobifera测样位置; 红框为面扫描区域, 红色三角标为面扫图左上角; 绿线为EPMA线扫位置, 实际宽度为

1 μm, 黑色三角标为线扫起始位置; 红点和蓝点分别为EPMA和LA-ICP-MS打点位置, 其大小代表两种方法的束斑大小 

Fig. 3  Analysis regions in the foraminiferal cross sections 

A. Vertical section of A. lobifera from the Yinyu Island surface; B. close-up of the blue box in A showing analysis regions; C. analysis regions of A. 

lobifera from Core LYJ2; D. Vertical section of A. lessonii from surface sediments in the Ganquan Island; E. close-up of the blue box in D showing analysis 

regions; F. analysis regions of A. lobifera from Core CK2; red boxes represent EPMA mapping areas; red triangles represent the upper-left corner; green 

lines represent line-analysis position, with an actual width of 1 μm; black triangles marks the starting point; red and blue dots represent the point-analysis 

positions of EPMA and LA-ICP-MS, respectively, with their sizes corresponding to the spot sizes of the two methods 

 

(Agilent 7900)联机 , 测试条件为激光能量80 mJ, 

激光束斑直径44 μm, 剥蚀频率5Hz。两种微区方法

所得的元素结果全部转化为元素/钙形式。 

2  结  果 

2.1  表层沉积物两种有孔虫壳体的元素/钙分布

规律及其Mg/Ca定量分析结果 
表层沉积物中两种有孔虫的EPMA元素/钙面

扫描结果(图4)显示, 二者的各元素/钙分布特征非

常相似。Mg/Ca值远高于Na/Ca、Fe/Ca和P/Ca且变

化范围较广, 在knob区域呈现出清晰的周期性分

布, 在较窄的初级方解石层高, 在较宽的次级方

解石层低。Na/Ca具有与Mg/Ca值相似的周期性分

布特征, 但与Mg/Ca值相比变化不显著。Fe/Ca、

P/Ca低, 分布均匀。共测试两组, 同种有孔虫面扫

描结果具有相似性, 选择其中一组呈现(图4)。 

表层沉积物两种有孔虫的EPMA Mg/Ca线性

扫描结果(图5-A−D)与面扫描结果一致, 都显示出

周期性规律变化。线扫结果还显示了两种有孔虫

Mg/Ca分布的细微差别。两种有孔虫的Mg/Ca值均

在次级方解石层内低而稳定, 在初级方解石层出

现峰值。但初级方解石层的Mg/Ca峰值分别往内、

外两侧过渡到次级方解石层边缘的Mg/Ca低值时, 

两 种 有 孔 虫 Mg/Ca 值 的 变 化 幅 度 不 一 致 , 

Amphistegina lobifera内侧平缓、外侧陡峭(图5-A红

框中蓝色箭头指示内侧, 绿色箭头指示外侧), 而

Amphistegina lessonii两侧都较为陡峭。 

表层沉积物中A. lessonii的EPMA法Mg/Ca值

范围为13.85−44.10 mmol/mol, A. lobifera的EPMA

法和 L A - I C P - M S 法 M g / C a 值范围分别为

18.11−42.86 mmol/mol和23.54−38.28 mmol/mol。整

体上, 两种有孔虫的Mg/Ca值范围相近, A. lessonii 

EPMA的Mg/Ca值上下限均略大于A. lobifera的。与 
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图 4  表层沉积物中A. lobifera和A. lessonii的元素/钙分布(具体面扫位置见图 3) 

Fig. 4  Elements/Ca distribution maps of A. lobifera and A. lessonii from surface sediments (Detailed mapping positions provided in 

Fig. 3) 

 

图 5  有孔虫Mg/Ca值EPMA线扫结果(具位分析置见图 3) 

Fig. 5  EPMA Mg/Ca line-scan results of the foraminifers (Detailed scan positions provided in Fig. 3) 

 

前人研究相比 , 本研究两种有孔虫微区Mg/Ca值

均略微偏低(表2)。 

A. lobifera 的两种微区方法对比显示, EPMA

方法的Mg/Ca值上下限均略大于LA-ICP-MS方法

的(图6-A)。 

2.2  岩心Amphistegina lobifera壳体的Mg/Ca分布

规律及其定量分析结果 
LYJ2 Amphistegina lobifera的扫描电镜下照片

(图7-B)显示, 其knob区域保存完好, 无明显的溶

解现象, 而CK2 A. lobifera高镁初级方解石层则 
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表 2  A. lobifera和A. lessonii微区Mg/Ca值 

Table 2  In-situ Mg/Ca values of A. lobifera & A. lessonii 

属种 Mg/Ca值范围(mmol/mol) 方法 来源 

A. lobifera 35.8−50.8 LA-ICP-MS (宫巨嵩和史宇坤, 2017) 

 23.54−38.28 LA-ICP-MS 本研究 

 18.11−42.86 EPMA 本研究 

A. lessonii 15−80 LA-ICP-MS (Khanolkar et al., 2021) 

 18−75 LA-ICP-MS (Geerken et al., 2018) 

 13.85−44.10 EPMA 本研究 

 

图 6  EPMA和LA-ICP-MS两种分析方法的比较 

A. 同一个体相邻位置两种微区方法Mg/Ca点分析结果, 具体分析位置见图3-B; B. 两种微区方法Mg/Ca值的Bland-Altman图, 展示配对偏差

与均值的关系 

Fig. 6  Comparison of Mg/Ca between the EPMA and LA-ICP-MS methods 

A. Mg/Ca ratios at adjacent positions of the same individual using two analysis methods, with detailed position shown in Fig. 3-B; B. Bland-Altman 

plot for the EPMA and LA-ICP-MS results, demonstrating the paired bias against the mean 

 
发生了明显的溶解(图7-E)。Mg/Ca值面扫结果显

示, LYJ2中A. lobifera的Mg/Ca值较高, 且具有与现

代表层沉积物有孔虫相同的周期性分布特征, 而

CK2中该种的Mg/Ca值明显降低, 周期性分布特征

微弱。同时, LYJ2中A. lobifera的Mg/Ca的横纵线性

扫描结果(图5-E, 5-F)都显示了与表层沉积物(图4-

A)相似的变化特征。 
LA-ICP-MS点分析结果显示 (图8), LYJ2 A. 

lobifera的Mg/Ca分布范围略大于表层沉积物, 均

值略小于表层沉积物, 二者整体接近。而CK2 A. 

lobifera的Mg/Ca最高值低于表层沉积物及LYJ2的

最低值, 其整体Mg/Ca分布范围及Mg/Ca均值远低

于表层沉积物及LYJ2的结果。 

3  讨  论 

3.1  微区分析的优势及不同微区分析方法的差异 
3.1.1  全壳分析与微区分析的对比 

全壳分析是有孔虫壳体微量元素测试最常使

用的方法, 通常需要挑选大于25毫克的有孔虫样

品(高剑峰等, 2003), 进行清洗、溶解后送进光谱仪

或质谱仪进行测试(孟宪伟等, 2001)。全壳分析要

求有孔虫壳体完整, 遇到残缺样品难以发挥作用, 

其前处理步骤繁琐、冗长, 通常需要将有孔虫的元

素含量稀释至一定倍数进行测试, 可能引入人为误

差, 同时, 有孔虫壳体可能受到的次生作用或铝硅

酸盐沾染, 都可能影响分析结果的准确性(宫巨嵩

和史宇坤, 2017)。作为整体分析方法, 全壳分析无

法提供足够高的空间分辨率, 通常只能对有孔虫属

种间及个体间的地球化学元素进行研究, 不能深入

解析有孔虫个体内部的地球化学元素变化。 

原位微区分析通常能够在微米级的尺度上对

固体样品进行元素定量分析, 微区原位分析技术

省去了繁琐的样品消解、分离和富集等前处理流

程, 具有简单、快速、实时在线等优点(Liu et al., 

2013)。相较于全壳分析, 微区分析具有更高的分

辨率、准确性及灵活度, 它可以针对有孔虫特定区

域的化学成分、晶体结构等进行定量或定性的原 
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图 7  LYJ2 和CK2 中A. lobifera的EPMA面扫描区域细节特征及其Mg/Ca值分布 

A−C. A. lobifera, 来源于LYJ2: A. 完整纵切面; B. 为图A中面扫描红框区域放大, 展示knob区域细节特征; C. 为图B中面扫描区域Mg/Ca值结

果; D−F. A. lobifera, 来源于CK2: D. 完整纵切面; E. 为图D中面扫描红框区域放大, 展示knob区域细节特征; F. 为图E中面扫描区域Mg/Ca值结果 

Fig. 7  The intra-test details and Mg/Ca distributions of A. lobifera from the cores of LYJ2 and CK2 

A−C. A. lobifera from Core LYJ2: A. the cross section; B. close-up of the red box in A showing details of the knob area; C. Mg/Ca distribution of the 

knob area; D−F. A. lobifera from Core CK2: D. the cross section; E. close-up of the red box in D showing details of the knob area; F. Mg/Ca distribution of 

the knob area 

 

图 8  表层沉积物及岩心中A. lobifera的Mg/Ca值结果对比 

LYJ2数据为从顶到底共取10个样的综合结果 

Fig. 8  Comparison of the Mg/Ca values of A. lobifera from 

the surface sediments and cores 

Data of Core LYJ2 represents the combined results from 10 samples 

 

位研究, 并且能够生成元素分布图像 , 直观地展

示出壳体不同区域的元素分布情况, 以及有孔虫

的形貌和元素组成之间的关系(陈意等, 2021)。 

LBF壳体的地球化学信号容易受到生命效应

的影响 , 而微区分析有助于分析解读这一影响 , 

提升其在古环境重建中的潜力(Raja et al., 2005; 

Geerken et al., 2019; Dijk et al., 2020)。Raja(2005)

等人对LBF Marginopora kudakajimaensis的外房室

和其余部分进行了Mg/Ca值测试, 发现其Mg/Ca值

具有较高壳内异质性, 可能是受共生藻类和个体

寿命等因素的影响 , 虽然整个有孔虫壳体的

Mg/Ca值与温度的相关性很差 , 但其外房室的

Mg/Ca值与温度具有相关性 , 体现了选择合适位

置进行微区分析的实际应用价值。 

3.1.2  EPMA及LA-ICP-MS两种微区分析的差异 

Balestra(2021)等人比较了EPMA和LA-ICP-

MS两种方法在有孔虫Mg/Ca测试中的差异, 使用

的束斑分别为10 μm和12 μm。结果表明, 当Mg/Ca

值低于13 mmol/mol, 两种微区方法具有一致性 , 

当Mg/Ca值高于13 mmol/mol, EPMA的测量值偏

高。由于预计两种仪器都不会出现尺度依赖性偏

差, 因此, 这种差异可能是仪器灵敏度、光束饱和

度影响导致。另外, LA-ICP-MS方法使用的束斑过

小, 可能对数据的准确性造成一定程度的影响。 

801



66 微体古生物学报(中英文) 42 卷 

 

本 研 究 使 用 EPMA 和 LA-ICP-MS 对

Amphistegina lobifera进行Mg、Ca点分析 , 并作

Bland-Altman图展示两种微区方法Mg/Ca值的一致

性情况(图6-B)。配对点全部落在95%一致限内, 表

明两种微区方法的一致性良好。然而它们的偏差并

不是全正或全负, 偏差可能来源于束斑大小及打

点位置的差异。EPMA与LA-ICP-MS使用的束斑分

别为10 μm和44 μm, 而从图3-B可以看到, 每一层

的次级方解石的宽度不固定, 宽度最小小于5 μm, 

最大约为40 μm。结合图3和图6-A可以看到, 在配

对点中, 涵盖初级方解石层和靠近初级方解石层

前侧的点Mg/Ca值偏高, 这与A. lobifera EPMA线

性扫描的Mg/Ca值分布规律细节(图5-A)吻合。这种

Mg/Ca壳内分布特征导致了微区方法使用的束斑

越小, 受打点位置的影响更大, 而较大的束斑反

而能体现束斑范围内的平均情况。在A. lobifera两

种微区分析方法的Mg/Ca值点分析结果中, EPMA

的波动程度比LA-ICP-MS大, 也印证了这一观点

(图6-A)。为了数据的准确性, 选择合适的微区方法

及打点位置尤为重要。 

3.2  大型底栖有孔虫Mg/Ca值微区分析的应用潜

力 
3.2.1  LBF Mg/Ca值的影响因素 

LBF的Mg/Ca值, 除了受到主要因素温度的影

响外 , 还受海水盐度变化 (Dissard et al., 2010; 

Geerken et al., 2018; Hauzer et al., 2021)、长时间内

海水Mg/Ca值的波动(Segev & Erez, 2006)和生命效

应(Raja et al., 2005, 2007; Khanolkar et al., 2021)等

因素的影响, 通过微区分析能够解读并帮助排除

这些因素的影响。 

环境相似的情况下 , 种间差异也会导致

Mg/Ca值的不同。线扫结果表明 , Amphistegina 

lobifera和A. lessonii的Mg/Ca值的细节分布规律略

有不同(图5-A), 这可能与二者的钙化过程的差异

有关。相较于A. lessonii, A. lobifera个体尺寸更大, 

寿命更长 , 碳酸钙沉积速率更快 (Hallock et al., 

1986)。在古环境重建的研究中, 同属不同种的有

孔虫往往被视作潜在的替代指标。然而, 本研究表

明 , 同属不同种的有孔虫Mg/Ca值壳内分布规律

存在细节差异 , 这种差异可能会影响其Mg/Ca值

的整体结果, 也为实际应用中微区分析位置的选

择提供了参考。因此, 利用微区分析技术精确捕捉

不同有孔虫壳内Mg/Ca比值差异 , 对于解析其原

因及提升古环境重建的精度至关重要。 

而利用岩心LBF的Mg/Ca值进行古温度重建

时, 还需考虑成岩作用的影响。本研究发现, 通过

扫描电镜观察并结合其Mg/Ca值分布范围 , 可以

识别出其是否受明显的成岩作用影响。表层沉积物

(图3-B, E)及LYJ2 (图7-B)中A. lobifera的knob区域

完整 , 未观察到明显的溶解现象 , 并且其Mg/Ca

值范围与表层沉积物的接近, 表明在约2 600年尺

度上 , LYJ2有孔虫未受到明显的成岩作用影响 , 

其Mg/Ca仍具有反映海水温度的潜力。相较于表

层沉积物中的A. lobifera, LYJ2中A. lobifera的

Mg/Ca上下限值略大, 均值略低。其原因可能有: 

(1) 表层沉积物中A. lobifera的样品数量较少, 受

生命效应影响, 其Mg/Ca可能不具有绝对的代表

性; (2) A. lobifera的Mg/Ca值具有异质性, 受打点

位置的影响较大 ; (3) 岩心中的 A. lobifera的

Mg/Ca值反映了~2 665 aBP时期的海水温度变化; 

(4) 表层沉积物A. lobifera采集自外礁坡, LYJ2 A. 

lobifera采集自内礁坪, 其受水动力等条件影响不

同, 例如, 水动力影响与共生藻类光合作用相关

的CO2和O2的交换(Hallock et al., 1986); (5) LYJ2 A. 

lobifera可能已经发生轻微溶解。 

而CK2 A. lobifera的knob区域的高镁层明显发

生溶解 , 且其Mg/Ca最高值低于表层沉积物及

LYJ2的最低值, 表明在该岩心3.6Ma左右处, 有孔

虫明显受到了成岩作用的影响。因此, 重建准确的

古海水温度需要排除和量化这种影响。通过将测试

位置尽量选择在低镁层, 可以最大限度地排除高

镁层溶解的影响; 前人对浮游有孔虫的研究表明, 

水深、底部海水[CO3
2-]、有孔虫壳体重量及有孔虫

结晶度等指标具有校正有孔虫高镁层的溶解对

Mg/Ca的影响的潜力(Lea et al., 2000; Broecker et 

al., 2001; Dekens et al., 2002; Tachikawa et al., 2003; 

Bassinot et al., 2004; Procter et al., 2024)。因此, 通

过选择合适的位置、寻找量化溶解程度的方法, 即

使受到成岩作用的影响, LBF仍然具有一定的反映

古海水温度的潜力。 

3.2.2  LBF Mg/Ca值微区分析应用潜力分析  

Khanolkar (2021)等人在四个不同季节(2003年

9月、11月、2004年1月和3月)从日本冲绳县赤岛海

域的珊瑚礁中采集了多个Amphistegina lessonii活

体成年样品(样品直径为900~1 200 μm), 使用LA-

ICP-MS分析了样品从外房室到初房隔壁的元素/

钙。并结合Hallock(1981a)通过培养实验得出的生

长曲线, 推断出了A. lessonii每个房室的生长时间。

从而根据资料记录的海水温度 ,  建立了该种的

Mg/Ca值-温度经验公式。在2−3个月的生长期内,  
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每个A. lessonii样品壳体的平均Mg/Ca值与其生长

期的平均温度显著相关, 由以下指数方程和线性

方程描述 : ① Mg/Ca 值 (mmol/mol)=26.8e0.0155T± 

0.94(R2=0.45, p<0.05) 和② Mg/Ca 值 (mmol/mol)= 

0.607T+24.5±0.94(R2=0.46, p<0.05)。同一采样月份

A. lessonii样品壳体的平均Mg/Ca值与其生长期间

的平均温度相关性更高, 由以下指数方程和线性

方程描述 : ③Mg/Ca值(mmol/mol)=25.904e0.0172T± 

1.31(R2=0.78, p<0.05) 和④ Mg/Ca 值 (mmol/mol)= 

0.67T+23.08±1.31(R2=0.80, p<0.05)。 

Khanolkar (2021) 等 人 的 研 究 中 , 所 有 A. 

lessonii 样 品 壳 体 Mg/Ca 值 范 围 约 为 15−80 

mmol/mol, 明显超过了当地海水季节性变化的尺

度 , 但将壳体Mg/Ca值取平均值后 , 仍与温度相

关, 表明虽然初级方解石对结果有影响, 但由于

其含量少, 不影响其整体趋势。因此, 选择合适的

微区测试方法及测试位置, LBF的Mg/Ca值仍然具

有重建地质历史时期海水温度的潜力。与

Khanolkar(2021)等人的研究相比 , 本研究的A. 

lessonii壳体Mg/Ca值偏低, 且变化幅度较小。只有

将本研究A. lessonii的EPMA分析的Mg/Ca最大值

44.10 mmol/mol代入④公式 , 得到的温度结果

29.42℃才在永乐环礁年际表层海水温度变化的范

围内。本研究与Khanolkar(2021)等人研究的A. 

lessonii壳体Mg/Ca值的差异可能由以下原因导致:  

(1) 初级方解石层的影响。Khanolkar (2021)等

人的研究在有孔虫隔壁进行打点时, 未考虑初级

方解石和次级方解石的差异 , 部分Mg/Ca值高值

可能受初级方解石层的影响。 

(2) 微区分析方法的差异。本研究使用10 μm

束斑EPMA方法 , 而Khanolkar (2021)等人的研究

使用30 μm束斑LA-ICP-MS方法对A. lessonii壳体

的Mg/Ca值进行测试。而本研究使用Amphistegina 

lobifera对比两种微区方法的Mg/Ca值, 发现其受

束斑大小及打点位置的影响。 

(3) 高镁方解石的溶解。高镁方解石溶解度相对

较高 , 通常导致有孔虫壳体发生选择性溶解。

Khanolkar (2021)等人的研究样品为活体有孔虫, 而本

研究有孔虫样品采自表层沉积物, 可能已经沉积了一

段时间, 其壳体高镁部分可能已经开始发生溶解。 

(4) 地理环境差异间接影响有孔虫共生藻类

的活性及生产力。LBF沉淀初级方解石受环境pH

影响, 而共生藻类日间的光合作用和夜间的呼吸

作用可改变有孔虫周围微环境的pH (Rink et al., 

1998; Köhler-Rink & Kühl, 2005)。Khanolkar (2021)

等人研究的采样地点受潮汐及风暴影响, 海水浑

浊和光强度降低, 间接影响了有孔虫共生藻类的

光合作用和呼吸作用。 

其他研究者利用微区分析方法, 还建立了以

下几种LBF的Mg/Ca值 -温度经验公式。Maeda 

(2017)等人通过实验室培养发现钙质有孔壳有孔

虫 Calcarina gaudichaudi 和钙质无孔壳有孔虫

Amphisorus kudakajimaensis的Mg/Ca值-温度变化

相似。因此, 建立了两个种都适用的Mg/Ca值-温度

经验公式: Mg/Ca=2.85T+81.20。Evans (2013)等人

对Operculina ammonoides进行室内培养并建立了

Mg/Ca值-温度经验公式。该种是已灭绝的始新世

Nummulites属最亲近的现存亲近种, 因此, 根据该

经验公式, 利用Nummulites djokdjokartae可重建始

新世中期热带海面温度的季节性变化。结果表明, 

始新世中期年温度变化范围为5−6℃, 其季节性变

化大于现代的季节性变化, 这与始新世季节性表

层海洋冷却一致。 

Amphistegina属分布广泛、knob区域连续面积

大且生长纹层明显、壳体Mg/Ca值在LBF中较低, 

在重建海水温度方面有其独特的优势。本研究发

现, 在Amphistegina两种有孔虫壳体中, Mg/Ca值均

具有周期性的分布特征, 且在次级方解石中均较

为稳定。另外, 两种有孔虫Mg/Ca值数值略具差异, 

分布模式也稍有不同, 考虑到微区方法的高分辨

率和精确性, 实际运用时同属不同种最好不要混

用。同时, 结合有孔虫扫描电镜特征及其Mg/Ca值

范围可以识别出其是否受明显的成岩作用影响。综

上, Amphistegina属Mg/Ca值微区分析具有一定的应

用潜力, 在实际应用中还需进一步评估。 

4  结  论 

为探究礁区LBF Mg/Ca值微区分析在重建海

水温度中的应用潜力 , 本研究使用EPMA及LA-

ICP-MS对采自中国南海西沙岛礁表层沉积物及岩

心中的Amphistegina属有孔虫进行了Mg/Ca值及其

他元素/钙原位微区分析测试, 得到以下结论:  

(1) Amphistegina属的Mg/Ca值相对其他LBF较

低, 对温度的变化更敏感; 壳内含有硅藻共生体, 

水深分布范围广泛 , 在珊瑚礁中占据优势地位 , 

易于获取; 其含有的knob区域连续面积大 , 能够

记录连续的信息, 便于进行微区测试。 

(2) 两种有孔虫壳体的Mg/Ca值均具有周期性

分布特征。此外, 在两种有孔虫的同层次级方解石,  
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Mg/Ca 值 均 较 为 稳 定 , 但 存 在 细 微 差 别 。

Amphistegina lobifera初级方解石层Mg/Ca峰值过

渡到两侧次级方解石层Mg/Ca低值的变化幅度不

一致, 而Amphistegina lessonii则大致相同。因此, 

在探究LBF的微区分析重建海水温度的研究潜力

时 , 需要考虑同属不同种有孔虫间Mg/Ca值分布

差异的影响。 

(3) 对比两种微区分析方法 , 发现有孔虫的

Mg/Ca值, 受初级方解石层的影响较大, 当微区方

法使用的束斑越小, 受打点位置的影响越大。为了

提升数据的可靠性, 选择合适的微区方法及打点

位置尤为重要。 

(4) 岩心样品中的有孔虫可能会受到成岩作

用影响, 应进行检测及排除, 提高分析测试结果

的准确性。 

综合本研究及前人研究结果, LBF的Mg/Ca值

微区分析在古环境重建方面具有一定的应用潜力, 

但需注意样本选择、技术优化及影响因素评估等实

际应用中的关键问题。 
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IN-SITU MG/CA MICROANALYSIS IN LARGER BENTHIC FORAMINIFERA FROM 
THE SOUTH CHINA SEA REEF REGION AND THEIR APPLICATION POTENTIAL * 

HUANG Xiaoting, LI Mei and WU Siqi** 

Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Guangxi University, Nanning 530004, China 

Abstract  The Mg/Ca ratio in biogenic carbonates serves as a key indicator for paleotemperature reconstruction. 

However, the application of Mg/Ca ratio of larger benthic foraminifera (LBF), an important component of sediments in 

coral reef regions, is limited by various factors. To explore the application potential of Mg/Ca ratio in reef-dwelling 

LBF as a paleotemperature proxy, the intratest variation of Mg/Ca ratios of Amphistegina lobifera and Amphistegina 

lessonii obtained from the surface sediments of the Yongle Atoll in Xisha Islands was thoroughly investigated. 

Additionally, the differences between two methods [Electron Probe Microanalysis (EPMA) and Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)] were discussed. Furthermore, to examine the influence 

of diagenesis, the Mg/Ca ratios of A. lobifera from downcore samples of the Lingyang reef and the Chenhang Island in 

the Yongle Atoll were also analyzed. The results show that the Mg/Ca distributions of the two species exhibit notable 

similarities, both displaying a distinct periodic pattern along the growth direction, which is related to the alternate growth 

of primary and secondary calcite layers. However, the shifting trends in two species are slightly different near the edge 

of the secondary calcite layer. Combining the intratest distribution pattern and the differences between the two methods, 

it can be inferred that despite the influence of the primary calcite, the potential to reflect paleotemperature remains valid 

by selecting appropriate analytical methods and positions. The influence of diagenesis on the Mg/Ca ratio of downcore 

samples cannot be ignored and should be taken into account in applications. By comparing the Mg/Ca range with modern 

samples, and a thorough observation using scanning electron microscope, the extent of diagenetic influence can be 

assessed. 

Key words  larger benthic foraminifera, Mg/Ca ratio, in-situ microanalysis, paleotemperature, Yongle  

Atoll 
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西沙群岛太阳长棘海星 （Acanthaster solaris）
幽门盲囊细菌多样性及群落组成研究

余骄洋 1，俞小鹏 1，余克服 1,2，马玉玲 1

[1. 广西大学 广西南海珊瑚礁研究重点实验室//珊瑚礁研究中心//海洋学院，南宁 530004；

2. 南方海洋科学与工程广东省实验室 （广州），广州 511458］

摘 要：长棘海星 （Crown-of-Thorns Starfish, CoTS, Acanthaster spp.） 是珊瑚的天敌，其周期性暴发并大量摄

食珊瑚是导致珊瑚礁退化的重要原因。共生细菌对长棘海星的发育、繁殖和消化等具有重要意义，但迄今关于

长棘海星体内细菌的组成与功能了解甚少。文章以采自西沙群岛珊瑚礁区的 15 个成年太阳长棘海星为研究对

象，通过高通量测序技术检测其主要消化器官幽门盲囊内的细菌组成及其功能。结果显示：太阳长棘海星幽门

盲囊中共检出 833 个细菌 OTU，分别属于 26 个门、55 个纲、115 个目、171 个科和 278 个属；优势门为变形菌门

（Proteobacteria, 94.50%）；优势属为弧菌属 （Vibrio, 60.61%）、罗尔斯通氏菌属 （Ralstonia, 17.86%） 和发光杆

菌属 （Photobacterium, 6.64%）。通过对比西沙群岛其他礁栖生物共生细菌的组成，发现不同食性的生物具有不

同的细菌组成，表明摄食珊瑚可能是太阳长棘海星幽门盲囊细菌组成的重要影响因素。对比澳大利亚大堡礁和

日本海域长棘海星消化道中的细菌组成，发现具有较大的区域差异，西沙群岛样品的弧菌含量远高于大堡礁和

日本，这可能与 2020—2021 年西沙群岛珊瑚大面积白化有关，因为白化珊瑚共附生细菌中弧菌相对丰度会显著

增加。此外，长棘海星作为潜在的弧菌传播载体，可能对南海珊瑚礁生态系统带来疾病风险。结合细菌功能预

测的结果，推测长棘海星幽门盲囊细菌可能通过分泌水解酶来帮助其消化珊瑚。

关键词：长棘海星；共生细菌；幽门盲囊；珊瑚白化；西沙群岛

中图分类号：Q958.8；Q178.2     文献标志码：A     文章编号：1001-5221(2025)06-1020-14

DOI：10.13284/j.cnki.rddl.20240365  

长 棘 海 星 （Crown-of-Thorns Starfish, CoTS, 

Acanthaster spp.） 是珊瑚的天敌，其周期性暴发是

导致珊瑚礁生态系统退化的重要原因 （姚秋翠 等，

2022）。例如，2006—2010 年长棘海星暴发导致西

沙群岛的珊瑚覆盖率从 60% 多降低到不足 5% （李

元超 等，2019）；1985—2012 年，澳大利亚大堡礁

约 42% 的珊瑚礁退化是长棘海星造成的 （De'ath et 

al.， 2012）。有研究推测，随着气候变化的不断加

剧，长棘海星暴发事件可能越来越频繁，对珊瑚礁

生 态 系 统 的 破 坏 也 将 更 加 严 重 （Kamya et al., 

2017）。因此，长棘海星受到越来越多的关注。虽

然国际上对长棘海星的研究已有 60多年的历史，但

对长棘海星的暴发机制及其应对策略等方面仍没有

取得令人满意的进展 （姚秋翠 等，2022）。中国对

长棘海星的关注相对较晚，相关研究主要涉及其分

类阶元厘定 （李渊 等，2024）、生长繁殖 （Tian et 

al., 2017；刘界宏 等，2024）、群体遗传 （Chen et 

al., 2021a）、化学物质提取 （蔡健 等，2021）、生物

累积与分布特征 （夏荣林 等，2022；赵思佳 等，

2022；史敬文 等，2023；王辰燕 等，2023）、暴发

原因 （Yang et al., 2022; Peng et al., 2023）、危害与

防治 （郑金辉 等，2023；Li et al., 2024）、eDNA 快
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速检测 （张颖 等，2022；闫智聪 等，2023；Wang 

et al., 2023） 等方面。根据李渊等 （2024） 的研究，

中 国 南 海 分 布 的 长 棘 海 星 种 类 为 太 阳 长 棘 海 星

（Acanthaster solaris）。

已有研究表明，长棘海星各组织中存在多种共

附生细菌，且这些细菌在其发育、繁殖、和消化等

重要生命活动过程中发挥作用 （Carrier et al., 2018; 

Høj et al., 2018; Wada et al., 2020）。Wada 等 （2020）

发现在长棘海星表皮下方普遍存在隶属于螺旋体门

（Spirochaetes） 并与其具有潜在共生关系的细菌

COTS27，可能对适应海洋环境有一定作用。Carri‐

er 等 （2018） 对长棘海星幼虫的共附生细菌研究发

现，一方面，营养条件能改变长棘海星幼虫的细菌

组成，另一方面，光营养细菌 （例如 Rhodobactera‐

ceae 和 Rhodospirillaceae） 可能有助于增加长棘海

星幼虫的存活机率。Høj 等 （2018） 发现，长棘海

星雄性生殖腺中的优势菌 Mollicutes 可能参与了长

棘海星的配子成熟过程，而弓形菌属 （Arcobacter）

则与疾病显著相关。但迄今关于长棘海星细菌的研

究仍较少 （Wada et al., 2020）。因此，研究长棘海

星的共附生细菌对于了解其暴发原因和防治具有重

要作用。成年长棘海星摄食过程中翻出贲门胃包裹

食物 （如珊瑚等），并进行初步体外消化，然后将

初步消化后的食物传递到幽门胃和幽门盲囊进一步

消化 （Jangoux, 1982）。幽门盲囊是最主要的消化

场所之一，而消化道细菌不仅与宿主的栖息环境、

食性等密切相关，还能通过宿主的排泄或死亡影响

当 地 生 态 系 统 （Smriga et al., 2010; Ezzat et al., 

2019; Velásquez-Rodríguez et al., 2021）。但关于南

海太阳长棘海星幽门盲囊中的细菌组成及其功能尚

不明确。

为进一步探究长棘海星幽门盲囊中菌群的结构

及其功能，本研究在南海西沙群岛共采集了 15只成

年太阳长棘海星，通过 16S rRNA 高通量测序技术

检测其幽门盲囊细菌的组成，并基于测序数据进一

步对其多样性、群落组成以及潜在功能进行分析，

以期有助于了解长棘海星的共生菌群与其宿主之间

的关系。

1 材料与方法 

1.1　样品采集　

2021 年春季在南海西沙群岛永乐环礁海域通过

水肺潜水的方式在同一站位采集 15个太阳长棘海星

成体样本，迅速解剖采集幽门盲囊内部组织并用无

菌海水清洗后放入液氮中冷冻。将冷冻样本带回广

西南海珊瑚礁研究重点实验室进行幽门盲囊细菌

DNA的提取 （图 1）。

1.2　实验方法　

使用无菌剪刀剪下约 50 mg 冰冻的太阳长棘海

星幽门盲囊样品，然后使用粪便 DNA 提取试剂盒

（广州美基生物科技有限公司，产地中国） 提取其

基因组总 DNA。使用 NanoDrop 2000 （赛默飞世尔

科技公司，产地美国） 对获得的 DNA 进行质量和

纯 度 检 查 后 ， 使 用 条 形 码 正 向 引 物 341F （5′

-CCTACGGGNGGCWGCAG-3′） 和反向引物 806R

（5′- GGACTACHVGGGTWTCTAAT-3′） 按照先前

报道的反应条件，对细菌 16S rRNA 基因的 V3-V4

区进行 PCR 扩增 （Yu et al., 2021）。PCR 扩增体系

为 50 μL 混合物，包含 10 μL 5×Q5@反应缓冲液、

10 μL 5×Q5@ High GC Enhancer、 1.5 μL 2.5 mM 

dNTPs、1.5 μL 上下游引物 （10 μM）、0.2 μL Q5@

高保真 DNA 聚合酶和 50 ng 模板 DNA。PCR 相关

试剂厂家为 New England Biolabs，产地美国。使用

AMPure XP Beads 对扩增产物进行纯化，并使用

ABI StepOnePlus实时 PCR 系统 （Life Technologies，

产地美国） 进行定量。纯化后的产物根据 Novaseg 

6000的 PE250模式 pooling上机测序。

图 1　长棘海星摄食珊瑚 （a）、反口面 （b）、

口面 （c） 和管足解剖 （d） 图

Fig.1　Photos of Acanthaster solaris which feeding on coral (a), 

aboral surface (b), oral surface (c), and tube foot anatomy (d)

注：照片由广西南海珊瑚礁研究重点实验室实验人员拍摄。
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1.3　数据分析　

使用 FASTP （版本 0.18.0） 对 Illumina 平台的

原始数据进行过滤，将过滤后获得的 clean reads 用

于组装分析。使用 FLSAH （版本 1.2.11） 将 clean 

reads 按最小重叠为 10 bp，错配率最高 2% 的阈值合

并为 tag。使用 Qiime2 对低质量 tags 进行过滤，得

到高质量的 clean tags。使用 UPARSE （版本 9.2.64）

流 程 将 clean tags 按 97% 的 相 似 度 聚 类 为 OTUs

（Operational Taxonomic Units，可操作分类单元）。

使用 UCHIME 算法进行嵌合体检查，过滤嵌合体后

得到的 Effective tags进行 OTU 丰度统计和其他后续

分析。选取丰度最高的 tag 序列作为每个 OTU 的代

表序列。选择细菌 16S：Silva （Release132） 数据

库，使用 RDP Classifier （version 2.2，置信度阈值

为 0.8） 对 OTU 代表序列进行物种注释。通过对

OTU 聚类分析和物种分类学分析，获得每个样本在

不同分类层次的细菌群落组成和相对丰度 （Yu et 

al., 2021）。使用 Qiime2 将在 80% 以上的样本中存

在的 OTUs 判定为核心细菌微生物组成员 （Bolyen 

et al., 2019）。

通过计算 Good's 物种覆盖度 （Coverage）、群

落丰富度 （Ace richness estimator）、香农—威纳多

样性指数 （Shannon-wiener diversity index）、辛普

森多样性指数 （Simpson diversity index）、Sobs 指

数、Chao指数、PD-whole tree指数反映细菌群落的

覆盖率、丰度和多样性 （Schloss et al., 2011）。基于

KEGG （Kyoto Encyclopedia of Genes and Genomes，

京都基因与基因组百科全书） 数据库的信息，利用

PICRUSt， V2.1.4 从 16S rRNA 标记基因序列预测

细菌基因的功能。

通过 Web of Science 和中国知网检索西沙群岛

生物的共附生细菌相关研究，并与本研究进行对

比，包括以下物种：金带齿颌鲷 （Gnathodentex au‐

rolineatus）（王晶晶 等，2022）、圆舵鲣 （Auxis ro‐

chei）、黄鳍金枪鱼 （Thunnus albacares）、鸢乌贼

（Sthenoteuthis oualaniensis）（Tang et al., 2023）、大

马蹄螺 （Trochus niloticus）（Zhang et al., 2023）、海

鞘 （Atriolum robustum）（Liu et al., 2021）、白化和

健康的单独鹿角珊瑚 （Acropora solitaryensis）（Liu 

et al., 2016）、健康和被长棘海星摄食的杯形珊瑚

（Pocillopora sp.）（Qin et al., 2022）。同时，与澳大

利亚大堡礁和日本地区的长棘海星共附生细菌进行

比较 （Høj et al., 2018; Wada et al., 2020）。

使用广州基迪奥生物技术有限公司在线平台①

进行上述分析。利用 Origin 2024 绘制与其他文献来

源数据的对比图，并使用 Adobe Illustrator 2021 进

行整理和汇总。

2 结果分析 

2.1　太阳长棘海星幽门盲囊共生细菌的群落组成

和多样性　

经过筛选和过滤后得到了 1 845 047 条细菌序

列，并按照 97% 的相似度共分配了 833 个 OTUs，

分别属于 26 个门、55 个纲、115 个目、171 个科和

278个属。每个样本中的序列数为 117 795~130 830，

细菌序列长度均在 204~476 bp，细菌序列的平均长

度为 466 bp。本研究每个样品的 Good's coverage 均

＞99.9%，稀释曲线接近饱和，表明测序结果代表

了样品中细菌分布的真实情况。太阳长棘海星幽门

盲囊细菌群落的α-多样性指数平均值和标准差如表

1 所示，表明部分太阳长棘海星个体之间幽门盲囊

细菌的丰度和多样性存在一定差异。如图 2 所示，

在门水平上，太阳长棘海星幽门盲囊细菌中丰度最

高的细菌都为变形菌门 （Proteobacteria, 94.50%）；

在属水平上，太阳长棘海星幽门盲囊细菌中的优势

属为弧菌属 （Vibrio, 60.61%），其他相对丰度＞5%

的 细 菌 属 还 包 括 罗 尔 斯 通 氏 菌 属 （Ralstonia, 

17.86%） 和发光杆菌属 （Photobacterium, 6.64%）。

弧菌属 （Vibrio）、罗尔斯通氏菌属 （Ralstonia） 和

发光杆菌属 （Photobacterium），分别是 10、4 和 1

个样本中的主导细菌，表明部分太阳长棘海星个体

幽门盲囊细菌之间存在一定差异。

2.2　太阳长棘海星幽门盲囊中的核心细菌　

按照在 80% 及以上的样品中出现的阈值筛选出

42个核心细菌 OTU。如图 3所示，这 42个核心细菌

① https://www.omicsmart.com/

表 1 15 个太阳长棘海星幽门盲囊细菌多样性指数

Table 1 Bacterial diversity index of pyloric ceca of Acanthaster solaris

指数

Sobs

Ace

Chao

Shannon

Simpson

PD

Coverage

平均值±标准差

148.2±55.77

199.19±73.61

188.1±76.87

1.52±0.99

0.39±0.27

25.47±8.43

0.999 6±0.000 14

1022

809



余骄洋等：西沙群岛太阳长棘海星 （Acanthaster solaris） 幽门盲囊细菌多样性及群落组成研究6 期

OTU 相对丰度总计 98.6%，分别属

于以下 3 个门、10 个目和 23 个属：

变形菌门 （Proteobacteria）、厚壁菌

门 （Firmicutes）、拟杆菌门 （Bacte‐

roidetes）； 弧 菌 目 （Vibrionales）、

伯 克 霍 尔 德 氏 菌 目 （Burkholderia‐

les）、噬几丁质菌目 （Chitinophag‐

ales）、柄杆菌目 （Caulobacterales）、

根瘤菌目 （Rhizobiales）、假单胞菌

目 （Pseudomonadales）、 乳 杆 菌 目

（Lactobacillales）、 芽 孢 杆 菌 目

（Bacillales）、肠杆菌目 （Enterobac‐

teriales）、 黄 单 胞 菌 目 （Xantho‐

monadales）； 弧 菌 属 （Vibrio）、 罗

尔斯通氏菌属 （Ralstonia）、发光杆

菌属 （Photobacterium）、沉积杆菌

属 （Sediminibacterium）、短波单胞

菌 属 （Brevundimonas）、 慢 生 根 瘤

菌属 （Bradyrhizobium）、不动杆菌

属 （Acinetobacter）、 Burkholderia-

Caballeronia-Paraburkholderia、 中

间 根 瘤 菌 属 （Mesorhizobium）、 类

芽孢杆菌属 （Paenibacillus）、Bosea、假单胞菌属

（Pseudomonas）、Pelomonas、明串珠菌属 （Leuco‐

nostoc）、嗜冷杆菌属 （Psychrobacter）、赖氨酸芽

孢 杆 菌 属 （Lysinibacillus）、 芽 孢 杆 菌 属 （Bacil‐

lus）、埃希氏-志贺氏菌属 （Escherichia-Shigella）、

Delftia、普罗威登斯菌属 （Providencia）、寡养单胞

菌菌属 （Stenotrophomonas）、气球菌属 （Aerococ‐

cus）、丛毛单胞菌属 （Comamonas）。

2.3　太阳长棘海星幽门盲囊细菌与西沙群岛其他

生物的差异　

为进一步探究影响太阳长棘海星幽门盲囊细菌

群落组成的因素，将其幽门盲囊细菌群落组成与西

沙群岛其他礁栖生物的共附生细菌进行对比。礁栖

生物的定义参照文献 （高永利 等，2014）。如图 4

所示，在属水平上，圆舵鲣、黄鳍金枪鱼和鸢乌贼

的肠道细菌以发光杆菌属 （Photobacterium） 为主

（Tang et al., 2023）；金带齿颌鲷肠道细菌的优势菌

属包括产丙酸菌属 （Propionigeniu）、弧菌属 （Vib‐

rio）、Intestinibacter 等 （王晶晶 等，2022）。大马

蹄螺的肠道细菌以支原体属 （Mycoplasma） 为主

（Zhang et al., 2023）；海鞘的共附生细菌中相对丰度

图 2　门 （a） 和属 （b） 水平的太阳长棘海星幽门盲囊细菌群落组成

Fig.2　Bacterial community composition of the pyloric ceca in 

Acanthaster solaris, phylum (a) and genus (b) level

a）

b）

图 3　太阳长棘海星幽门盲囊细菌 （a） 及

其核心细菌 （b） 在目水平上的组成

Fig.3　Bacterial community composition (a) and core bacterial 

OTU (b) of the pyloric ceca in Acanthaster solaris (order level)
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最高的是假单胞菌属 （Pseudomonas）（Liu et al., 

2021）。其中，圆舵鲣、黄鳍金枪鱼、鸢乌贼和金

带齿颌鲷为肉食性生物 （Mostarda et al., 2007；陶

雅 晋 等 ， 2017； 王 晶 晶 等 ， 2022； Tang et al., 

2023）， 大 马 蹄 螺 为 植 食 性 生 物 （Zhang et al., 

2023），海鞘为滤食性生物 （Liu et al., 2021）。健康

的单独鹿角珊瑚共生细菌中的第一优势属为 Methy‐

lobacterium，而白化的单独鹿角珊瑚中的优势属则

为弧菌属 （Vibrio）（Liu et al., 2016）；健康的杯形

珊瑚的共生细菌以假单胞菌属 （Pseudomonas） 为

主，而被长棘海星摄食的杯形珊瑚则以未分类的蓝

藻门 （n. Cyanobacteria） 为主 （Qin et al., 2022）。

相对而言，太阳长棘海星幽门盲囊细菌的组成

与珊瑚共生细菌更为相似。本研究对比发现，太阳

长棘海星幽门盲囊细菌与杯形珊瑚共生细菌共有 13

个细菌属 （Qin et al., 2022），与健康单独鹿角珊瑚

共生细菌共有 13个细菌属，与白化单独鹿角珊瑚共

生细菌共有 8个细菌属 （Liu et al., 2016）。此外，太

阳长棘海星幽门盲囊细菌与白化单独鹿角珊瑚共生

细菌中的主导细菌都为弧菌属，表明太阳长棘海星

幽门盲囊细菌与白化珊瑚的共生细菌相似性更高。

2.4　西沙群岛太阳长棘海星幽门盲囊细菌组成与

其他海域的差异　

为了解不同地区之间长棘海星细菌群落组成的

差异，将本研究结果与澳大利亚大堡礁和日本地区

的长棘海星共附生细菌进行 OTU 水平比较。如图 5

所示，大堡礁地区长棘海星健康个体幽门盲囊中的

优势菌主要包括隶属于 Marine spirochetes、Flavo‐

bacteriales、Oceanospirillales、Anaeroplasmatales 等

目的 OTU （Høj et al., 2018）；而日本地区长棘海星

幽门胃的共附生细菌主要包括隶属于 Marine spiro‐

chetes、Mycoplasmatales、Burkholderiales、Bacilla‐

les、Beggiatoales、Rhizobiales 等目的 OTU （Wada 

et al., 2020）。而本研究长棘海星幽门盲囊细菌中的

主要 OTU 隶属于弧菌目 （Vibrionales）、Burkholde‐

riales、Chitinophagales、Caulobacterales、Rhizobia‐

les、Pseudomonadales、Bacillales；这 7 个细菌目中

有 6 个在澳大利亚大堡礁长棘海星幽门盲囊中被检

出，有 4个在日本地区的长棘海星幽门胃中被检出。

并且，Vibrionales、Burkholderiales、Rhizobiales 和

Bacillales 在所有地区的样品中都存在 （Høj et al., 

2018; Wada et al., 2020）。这表明西沙群岛太阳长棘

海星幽门盲囊细菌群落组成与大堡礁和日本地区存

在一定相似性。但是，西沙群岛太阳长棘海星幽门

盲囊细菌群落组成与其他地区也存在较大差异，表

现为西沙群岛太阳长棘海星幽门盲囊弧菌目 （Vib‐

rionales） 细菌的相对丰度 （67.3%） 远高于大堡礁

和日本地区长棘海星共生细菌中的弧菌目含量 （均

＜2%）。

2.5　太阳长棘海星幽门盲囊细菌基因功能预测　

为 了 表 征 共 生 细 菌 的 功 能 ， 利 用 PICRUSt 

V2.1.4 基于 16S rDNA 测序数据预测共生细菌基因

组功能。如图 6 所示，代谢类相关功能基因占比最

高，在 2 级 KEGG 上包括碳水化合物代谢 （Carbo‐

hydrate metabolism）、氨基酸代谢 （Amino acid me‐

tabolism）、辅助因子和维生素的代谢 （Metabolism 

of cofactors and vitamins）、脂类代谢 （Lipid metab‐

olism）、萜类和聚酮类物质的代谢 （Metabolism of 

terpenoids and polyketides）、 其 他 氨 基 酸 的 代 谢

（Metabolism of other amino acids）、异生素生物降解

和 代 谢 （Xenobiotics biodegradation and metabo‐

lism）、能量代谢 （Energy metabolism）、聚糖生物

合成和代谢 （Glycan biosynthesis and metabolism）、

其他次生代谢物的生物合成 （Biosynthesis of other 

secondary metabolites）、 核 苷 酸 代 谢 （Nucleotide 

metabolism）。

2 级 KEGG 上其他占比较高的功能包括复制和

修复 （Replication and repair）、折叠，分类和降解

（Folding， sorting and degradation）、翻译 （Transla‐

tion）、转录 （Transcription）、细胞运动 （Cell mo‐

tility）、膜转运 （Membrane transport）、信号传导

（Signal transduction）、 细 胞 生 长 和 死 亡 （Cell 

growth and death）、细胞群落—原核生物 （Cellular 

community-prokaryotes）、运输和分解代谢 （Trans‐

port and catabolism） 等。在 3 级 KEEG 通路中还发

现存在较高丰度的糖酵解/糖异生 （Glycolysis/Glu‐

coneogenesis） 水平。

3 讨论 

3.1　摄食珊瑚可能会影响太阳长棘海星幽门盲囊

细菌　

通过物种组成分析，发现弧菌属、罗尔斯通氏

菌属和发光杆菌属是太阳长棘海星幽门盲囊细菌中

的优势属。为进一步探究食性对细菌群落组成的影

响，将太阳长棘海星幽门盲囊细菌与西沙群岛其他

已经发现的常见生物的共附生细菌进行对比 （图
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4），发现均与本研究太阳长棘海星的幽门盲囊细菌

有较大差异。相对而言，太阳长棘海星幽门盲囊细

菌的群落组成与珊瑚更为相似，尤其是与白化珊瑚

相似性更高。

饮食习性是驱动动物消化系统内细菌群落组成

和多样性的重要因素 （Miyake et al., 2015；向佳丽 

等，2022）。圆舵鲣和黄鳍金枪鱼通常以小型鱼类、

头足类和甲壳类为食 （Mostarda et al., 2007；陶雅

晋 等 ， 2017）； 大 马 蹄 螺 主 要 摄 食 大 型 藻 类

（Zhang et al., 2023），成体海鞘则以过滤海水为生

（Liu et al., 2021），上述生物的饮食习性均与长棘海

星不同。不同的摄食习惯将不同的食物引入肠道环

境，导致特定微生物群体的生态位差异分化 （Gao 

et al., 2020; Viver et al., 2023）。因此，本研究推测

独特的珊瑚食性可能是导致太阳长棘海星幽门盲囊

细菌群落组成与西沙群岛其他生物共附生细菌存在

较大差异的主要原因。与本研究发现类似，Michl

等 （2017） 对虹鳟 （Oncorhynchus mykiss） 的肠道

细菌研究发现，植物性饲料能显著增加虹鳟肠道细

菌 中 乳 杆 菌 目 （Lactobacillales）、 芽 孢 杆 菌 目

（Bacillales） 和假单胞菌目 （Pseudomonadales） 等

细菌的相对丰度，而动物性饲料则能增加拟杆菌目

（Bacteroidales）、梭菌目 （Clostridiales） 和弧菌目

（Vibrionales） 等细菌的相对丰度。Cai 等 （2024）

的研究也表明，西沙群岛植食性鱼类的肠道细菌群

落组成及多样性与杂食性或肉食性鱼类显著不同，

表明食物来源确实对肠道细菌有一定影响。

此外，太阳长棘海星幽门盲囊细菌的群落组成

与珊瑚更为接近，并且主导细菌罗尔斯通氏菌属是

南海珊瑚中常见的益生菌 （Chen et al., 2021b），因

此，本研究推测长棘海星摄食珊瑚之后，来自珊瑚

的细菌也可能通过在消化道中定植，而改变共生细

菌 的 群 落 组 成 （Ringø et al., 2016; Karlsen et al., 

2022）。在其他地区也发现了类似现象，例如，加

勒比海珊瑚礁区的蝴蝶鱼 （Chaetodon capistratus）

以珊瑚作为部分食物来源，其肠道中含有大量的珊

瑚益生菌 Endozoicomonas，而当珊瑚礁退化导致珊

瑚食物来源大幅度减少之后，蝴蝶鱼肠道中 Endo‐

zoicomonas 的含量显著下降 （Clever et al., 2022）。

Velásquez-Rodríguez 等 （2021） 在鹦嘴鱼 （Spariso‐

ma viride） 粪便中检出大量与当地珊瑚相同的共生

细菌，Ezzat 等 （2020） 也发现鹦嘴鱼 （Chlorurus 

spilurus） 的口腔中存在与其所摄食珊瑚相同的细菌

OTU。这些结果均表明珊瑚共生细菌可能通过摄食

过程进入珊瑚摄食者的消化道，最终影响共生细菌

的群落组成。

综上所述，本研究推测太阳长棘海

星幽门盲囊细菌与其他生物的显著差异

主要是由其摄食珊瑚的习性导致。

3.2　珊瑚健康状况可能会影响长棘海星

幽门盲囊细菌组成　

如图 5 所示，西沙群岛太阳长棘海

星幽门盲囊细菌组成与大堡礁和日本地

区存在一定相似性。但是，西沙群岛太

阳长棘海星幽门盲囊弧菌目细菌的相对

丰度远高于大堡礁和日本地区长棘海星

共生细菌中的弧菌目含量，表明长棘海

星幽门盲囊弧菌具有较大的区域差异。

共生细菌群落可塑性高，容易受到

环境条件、食物供给和宿主发育阶段等

因素的影响 （Carrier et al., 2018; Egerton 

et al., 2018；向佳丽 等，2022）。珊瑚礁

是长棘海星等礁栖生物赖以生存的环境，

珊瑚礁的健康状况会对礁栖生物的共生

细菌产生显著影响 （Clever et al., 2022; 

Zhang et al., 2023）。 例 如 ， Turon 等

图 4　太阳长棘海星幽门盲囊细菌与西沙群岛其他礁栖生物

共附生细菌对比 （属水平）

Fig.4　Comparison of pyloric cecal bacteria of  Acanthaster solaris and symbiotic 

bacteria of other reef-associated organisms in the Xisha Islands on genus level

注：太阳长棘海星外的数据来自文献 （Liu et al., 2016; Liu et al., 2021; Qin et al., 

2022；王晶晶 等，2022；Tang et al., 2023; Zhang et al., 2023）。
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（2019） 对芽庄湾的海绵群落研究发

现，相比生长在健康珊瑚礁区的海绵

群落，受人为干扰而衰退的珊瑚礁区

的海绵具有更低的共附生细菌多样性。

Zhang 等 （2023） 发 现 ， 大 马 蹄 螺

（Trochus niloticus） 的肠道细菌的多样

性和群落组成均在人为调控的海洋酸

化 和 抗 生 素 污 染 环 境 下 发 生 改 变 。

Cheutin 等 （2021） 发现，由珊瑚主导

变为大型藻主导的生态相变显著地改

变了珊瑚礁鱼类的肠道细菌群落组成。

Clever 等 （2022） 在对兼性珊瑚食性

的蝴蝶鱼 （Chaetodon capistratus） 肠

道细菌研究中也发现，相比生活在健

康珊瑚礁区的蝴蝶鱼，生活在衰退珊

瑚礁区的蝴蝶鱼肠道细菌中益生菌 En‐

dozoicomonas 含 量 减 少 ， 而 弧 菌 科

（Vibrionaceae） 和 红 细 菌 科 （Rhodo‐

bacteraceae） 细菌的含量上升。西沙

群岛珊瑚礁近年来退化严重，2019 年

后高温导致的珊瑚白化事件和长棘海

星暴发使西沙群岛的活珊瑚覆盖率急

剧下降，2020 年西沙群岛珊瑚平均白

化率为 23.9%，并且除永兴岛之外的

区 域 都 受 到 长 棘 海 星 暴 发 的 威 胁

（Xiao et al., 2022；雷明凤 等，2024）。

2021 年西沙永乐群岛的活珊瑚覆盖率

已下降到 11% （郎尚昆，2022）。而

Høj 等 （2018） 采 样 时 期 （2014 年）

的大堡礁区北部和 Wada 等 （2020） 采

样时期 （2017 年） 的日本地区均具有

较 高 的 活 珊 瑚 覆 盖 率 （Emslie et al., 

2024; Kimura et al., 2022）。因此，西

沙群岛太阳长棘海星幽门盲囊细菌可

能受到西沙珊瑚礁退化的影响。

本 研 究 发 现 的 主 要 差 异 是 弧 菌

（Vibrio） 相对丰度较高。众所周知，

弧菌作为海洋中广泛分布的机会主义

致病菌，其在健康珊瑚中的含量通常

较 低 （Kvennefors et al., 2010; Liu et 

al., 2016）。然而，当珊瑚受到高温等

环境胁迫时，其共生细菌中的弧菌含

量急剧增长。例如在 2015/2016年的全

球性珊瑚白化事件中，南海南沙群岛

图 5　不同地区长棘海星的主要细菌 OTU 的相对丰度和目水平的注释

Fig.5　The relative abundance and annotated results of the major symbiotic bacteria OTUs 

of the Acanthaster solaris in different regions

注：大堡礁和日本地区的数据结果来自文献 （Høj et al., 2018; Wada et al., 2020）。
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的石芝珊瑚 （Fungia fungites） 中弧菌的相对丰度

急剧增长到 52.9%，显著高于白化前 1.61% 的弧菌

含量 （Qin et al., 2020）。Liu 等 （2016） 也发现西沙

群岛中白化的鹿角珊瑚 （Acropora solitaryensis） 中

的弧菌相对丰度为 34%，远高于健康珊瑚中 14% 的

弧菌含量。Zhao 等 （2023a） 在 2020 年 8―9 月对西

沙群岛海水和沉积物研究发现，西沙群岛海水中弧

菌含量显著高于大亚湾，同时沉积物中的弧菌含量

高达 32.12%，显著高于周围海域，推测与 2020 年

西沙珊瑚白化事件 （Zhao et al., 2023b） 有关。

因此，大规模白化事件可能导致珊瑚共附生细

菌中的弧菌含量大量增加，并影响周围的环境和生

物。成年长棘海星主要以珊瑚为食，并且长棘海星

摄食珊瑚之后来自珊瑚的细菌也可能在其消化道中

定植，从而改变共生细菌的群落组成 （Ringø et al., 

2016; Karlsen et al., 2022）。因此，摄食富含弧菌的

珊瑚也可能导致本研究太阳长棘海星幽门盲囊中存

在大量弧菌。并且本研究也发现不同

太阳长棘海星个体的幽门盲囊细菌存

在一定的差异 （见图 2），这可能是由

于西沙群岛活珊瑚覆盖度持续降低，

已经不能满足高密度长棘海星的食物

需求，导致部分个体被迫摄食其他底

栖生物 （例如 Dendronephthya、Anti‐

pathes、 Litophyton 等 软 珊 瑚）（Jan‐

goux, 1982; Kuo et al., 2021），而这可

能导致不同个体之间细菌差异性增加

（Michl et al., 2017; Viver et al., 2023）。

此外，弧菌作为机会致病菌是珊

瑚礁生态系统中潜在的威胁，而海洋

无 脊 椎 动 物 可 能 是 弧 菌 的 储 藏 库

（Dilmore & Hood, 1986）。弧菌可以在

棘皮动物的消化道内增殖 （Beleneva 

& Kukhlevskii, 2010），并可能通过宿

主的摄食、排泄和移动传播到其他区

域 （Ezzat et al., 2019; Renzi et al., 

2022）。因此，长棘海星可能是弧菌传

播 的 潜 在 载 体 （Rivera-Posada et al., 

2011; Caballes et al., 2012）。由于长棘

海星的种群数量在暴发后期迅速下降

（Pratchett, 2005），体内的弧菌将随着

海星的死亡分解大量释放到周围环境

中，从而给珊瑚礁生态系统带来疾病

风险 （Li et al., 2024）。因此，在长棘

海星暴发后期，宜加强对珊瑚礁海域弧菌含量的检

测，以更好地保护珊瑚礁生态系统。

综上所述，本研究推测太阳长棘海星幽门盲囊

细菌可能受到西沙珊瑚礁退化的影响。南海西沙群

岛太阳长棘海星幽门盲囊细菌与大堡礁、日本等地

区的长棘海星共生细菌存在较大差异主要与珊瑚的

健康状况相关。大面积白化事件导致白化珊瑚共生

细菌和礁区环境中的弧菌暴发，太阳长棘海星可能

由 于 摄 食 富 含 弧 菌 的 珊 瑚 而 导 致 体 内 含 有 大 量

弧菌。

3.3　幽门盲囊细菌可能参与太阳长棘海星消化

过程

为分析共生细菌对长棘海星的作用，对幽门盲

囊细菌进行功能预测，结果显示，太阳长棘海星幽

门盲囊细菌的基因组功能最主要集中在代谢方面

（图 6）。在 2级 KEEG 水平中相对丰度较高的通路包

图 6　基于 KEGG 的太阳长棘海星幽门盲囊细菌的基因功能预测

Fig.6　Gene function prediction of pyloric cecal bacteria of 

Acanthaster solaris based on KEGG
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括碳水化合物代谢、氨基酸代谢、辅酶和维生素的

代谢和脂类代谢等；在 3 级 KEEG 通路中还存在较

高丰度的糖酵解/糖异生。这些结果表明，幽门盲囊

细 菌 可 能 参 与 了 太 阳 长 棘 海 星 的 日 常 生 理 代 谢

过程。

碳水化合物、蛋白质、脂类是珊瑚中的主要储

能物质 （Schoepf et al., 2013）。例如，珊瑚黏液中

包含阿拉伯糖、岩藻糖、半乳糖等多种糖类 （Ha‐

daidi et al., 2019）。动物消化道细菌的功能之一是通

过向细胞外分泌水解酶，将碳水化合物 （多糖）、

蛋白质、脂肪等生物大分子水解成游离的单糖、氨

基酸或脂肪酸，从而促进宿主对营养物质的转化和

吸收 （Ray et al., 2012）。因此，幽门盲囊细菌可能

通过分泌水解酶，将多糖等碳水化合物分解为单

糖，促进长棘海星对这类物质的吸收。与本研究发

现类似，Beleneva & Kukhlevskii （2010） 也发现海

胆和海参肠道中存在具有能分泌半乳糖苷酶和岩藻

多糖酶等多种水解酶的弧菌，可能具备帮助宿主消

化食物的功能。此外，由于珊瑚组织中的蛋白质和

脂类含量远高于糖类 （Schoepf et al., 2013），因此，

幽门盲囊细菌可能需要通过糖异生途径将氨基酸或

脂 肪 酸 等 物 质 转 化 为 糖 类 ， 以 满 足 其 生 理 需 要

（Thompson & Redak, 2000; Hecker et al., 2019）。

幽门盲囊细菌功能预测结果中的主要通路还包

括脂类代谢。蜡酯 （Wax ester） 是珊瑚中重要的脂

类贮能物质 （Imbs et al., 2010）。尽管长棘海星被认

为具有特异性消化珊瑚中蜡酯的酶系统 （Benson et 

al., 1975; Brahimi-Horn et al., 1989），但是在其基因

组 中 并 没 有 发 现 编 码 相 关 酶 的 基 因 （Hall et al., 

2017）。并且，长棘海星幼虫共生细菌与成体存在

巨大差异 （Carrier et al., 2018），而处在食性转换期

的亚成体长棘海星也不具有完全消化珊瑚的能力

（Deaker et al., 2021）。幽门盲囊是长棘海星主要的

消化器官 （Jangoux, 1982），因此，本研究推测珊

瑚中的蜡酯可能被幽门盲囊中的产酶菌分泌的酯酶

水解为游离的脂肪酸，从而促进长棘海星对珊瑚的

消化吸收。赵书梅等 （2017） 也从溶藻弧菌 （Vib‐

rio alginolyticus） 中克隆了酯酶基因，并将其在大

肠杆菌 （Escherichia coli） 中表达后发现其具有较

好的活性。

综上所述，本研究太阳长棘海星幽门盲囊细菌

的主要功能集中在代谢方面，推测幽门盲囊细菌可

能具有通过分泌水解酶来促进其消化吸收珊瑚的

功能。

4 结论 

本研究以南海西沙群岛的太阳长棘海星为对

象，通过高通量测序研究其幽门盲囊细菌的群落组

成及多样性，并对其潜在功能进行分析。得出以下

主要结论：

1） 西沙群岛太阳长棘海星幽门盲囊细菌群落

中的优势门为变形菌门 （94.50%）；优势属为弧菌

属 （Vibrio，60.61%），罗尔斯通氏菌属 （Ralsto‐

nia， 17.86%） 和 发 光 杆 菌 属 （Photobacterium，

6.64%）。太阳长棘海星幽门盲囊细菌的群落组成可

能主要与其摄食珊瑚的习性相关；

2） 太阳长棘海星幽门盲囊细菌可能受到西沙

珊瑚礁退化的影响。白化事件导致珊瑚共生细菌和

礁区环境中的弧菌暴发，太阳长棘海星可能由于摄

食富含弧菌的珊瑚导致体内含有大量弧菌。同时，

长棘海星作为潜在的弧菌传播载体，可能对南海珊

瑚礁生态系统造成严重威胁；

3） 太阳长棘海星幽门盲囊细菌的功能主要集

中在代谢方面，幽门盲囊细菌可能通过分泌水解酶

促进其消化吸收珊瑚。
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余骄洋等：西沙群岛太阳长棘海星 （Acanthaster solaris） 幽门盲囊细菌多样性及群落组成研究6 期

Bacterial Diversity and Community Composition in the Pyloric Ceca of 
Acanthaster solaris in the Xisha Islands

Yu Jiaoyang1, Yu Xiaopeng1, Yu Kefu1,2, and Ma Yuling1

[1. Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Coral Reef Research Center of China, 

School of Marine Sciences, Guangxi University, Nanning 530004, China; 2. Southern Marine Sciences and Engineering 

Guangdong Laboratory (Guangzhou), Guangzhou 511458, China]

Abstract: Crown-of-Thorns Starfish (CoTS) are natural enemies of corals. Periodic outbreaks of CoTS and 

substantial feeding on corals lead to the degradation of coral reefs among the Indo-Pacific Ocean. Symbiotic 

bacteria play an important role in the development, reproduction, and digestion of CoTS. However, little is known 

about their composition and function. The pyloric ceca are the main digestive organ of CoTS. In this study, the 

composition and function of bacteria in the pyloric ceca of 15 adult A. solaris collected from the coral reef area of 

Xisha Islands were tested by high-throughput sequencing. A total of 833 bacterial OTUs were detected in the 

pyloric ceca, belonging to 26 phyla, 55 classes, 115 orders, 171 families, and 278 genera. The dominant phyla 

were Proteobacteria (94.50%), and the dominant genera were Vibrio (60.61%), Ralstonia (17.86%), and 

Photobacterium (6.64%). The symbiotic bacterial composition of other reef-associated organisms with different 

feeding habits, distributed in the Xisha Islands, were different. Composition of the pyloric cecal bacteria of CoTS 

were relatively similar to that of the coral symbiotic bacteria owing to the presence of some same bacteria genera 

in microbiome. Moreover, Vibrio was the dominant bacteria in both the pyloric cecal bacteria of CoTS and 

symbiotic bacteria of bleached Acropora solitaryensis, indicating high similarity. Therefore, the feeding habit of 

corals might be the important factor that affects the bacterial composition of the pyloric ceca of CoTS. The 

bacterial composition of the digestive tract of CoTS from the Great Barrier Reef of Australia and Japan showed 

the presence of Vibrionales, Burkholderiales, Rhizobiales, and Bacillales. However, significant regional 

differences were observed between the bacterial composition of the Xisha Island and Great Barrier Reef of 

Australia or Japan. Vibrio was more abundant in samples from the Xisha Islands than those from the Great Barrier 

Reef and Japan. This might be related to the massive coral bleaching events in the Xisha Islands from 2020 to 

2021, which increased the relative abundance of Vibrio among the symbiotic bacteria of bleached corals. 

Additionally, as a potential Vibrio transmission vector, CoTS can pose a threat to the coral reef ecosystem in 

South China Sea. The results of bacterial function predict that their genome function was mainly focused on 

metabolism. The pathways with high relative abundance included carbohydrate, amino acid, cofactors and 

vitamins, and lipid metabolism. These results suggest that pyloric cecal bacteria may be involved in the daily 

physiological metabolic processes of CoTS. Thus, they might help digest corals by secreting hydrolytic enzymes. 

This study revealed the community composition, diversity, and affecting factors (feeding on coral) of pyloric 

cecal bacteria in CoTS from Xisha Islands, South China Sea.

Keywords: Acanthaster solaris; symbiotic bacteria; pyloric ceca; coral bleaching; Xisha Islands
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ABSTRACT: Organophosphate esters (OPEs) are ubiquitous in
various environmental media and are of concern because of their
toxicity and potential ecological impacts. However, their transport
mechanisms and ecological effects in marine environments remain
poorly understood. Herein, we comprehensively investigated the
occurrence and distribution of OPEs in multiple environmental
media (atmosphere, rainwater, seawater, and sediments) in the
western South China Sea (WSCS). Results show that OPEs are
widespread in the WSCS. OPE concentrations in the atmosphere
were higher than those reported in most other marine regions
globally, whereas concentrations in seawater were either lower than
or comparable to those in other oceanic regions. The
biogeochemical cycling of OPEs is driven primarily by particulate
matter (PM) and microbial activity. PM facilitates the transport of 65.3−98.4% of total OPEs and 60.5−100% of chlorinated OPEs
from the atmosphere to the ocean. PM sinking strongly influences the vertical distribution of OPEs, while microorganisms contribute
to OPE biodegradation through community succession, differentiation of ecological niches among key functional groups, and
hydrolytic enzyme activity. Given the increasing concentrations of OPEs in the South China Sea, it is imperative to conduct
comprehensive and continuous investigations of their migration mechanisms and impacts on marine ecosystems, particularly coral
reefs.
KEYWORDS: organophosphate esters, environmental behavior, migration mechanisms, particulate matter, microbial activity

1. INTRODUCTION
Organophosphate esters (OPEs) are widely used as flame
retardants in polymers,1,2 plasticizers,3 defoamers4 in various
commercial and industrial products. Their production and use
inevitably result in the release of residual OPEs into environ-
mental media. Trace levels of OPEs have been detected in
remote oceans, including the Southern Ocean and the polar
regions.1,5 The high lipophilicity of OPEs is of particular concern
because it facilitates their accumulation in marine organisms
such as corals, fish, and shellfish, and their subsequent transfer
along the food chain, potentially posing threats to ecosystems
and human health.6−8

The atmosphere influences the transport and distribution of
OPEs in the environment, and the ocean is considered an
important reservoir for these compounds.1 The widespread
distribution of OPEs in various environmental media under-
scores their considerable environmental transport properties.7,9

Concurrently, their potential biotoxicity, including endocrine
disruption abilities, neurotoxicity, reproductive toxicity, and
carcinogenicity, is of high concern.3,9 Remote marine environ-

ments are geographically distant from the direct impact of large-
scale human activities and industrialized urban production.
However, pollutants frequently enter the marine environment
through multiple pathways, including atmospheric transport,
riverine input, rainfall, and particulate matter (PM) deposi-
tion.10,11 Under conditions of global warming and ocean
acidification, these inputs may further exacerbate ecological
threats to sensitive marine ecosystems such as coral reefs.12,13

The biogeochemical cycling of OPEs in the marine environment
is influenced by multiple factors, including their physical and
chemical properties, ocean currents, atmospheric circulation,
solar radiation, marine biological pumps (MBLPs), microbial
activity, and particle deposition, leading to variations in their
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behavior across different environmental media.1,14−16 The
diffusion patterns of ocean currents and sinking behavior of
PM facilitate the diffusive transportation of semivolatile organic
compounds (SVOCs) in surface systems and also impact their
distribution and environmental behaviors within deep-sea
systems.17,18 The western South China Sea (WSCS) is
influenced by intensive shipping activities and land-based runoff
and is also impacted by the summer monsoon of the South
China Sea (SCS). Pollution from shipping activities and rivers
(e.g., Pearl and Mekong rivers) is transported into the SCS via
diffusion with ocean currents,19 and the terrigenous sources of
SVOCs originating from excess human activities eventually end
up in the SCS via the long-range transportation (LRT) of the
atmosphere from land sources such as the Indochina Peninsula
and Luzon Island.20,21 The SCS is characterized by the presence
of numerous coral reefs, which have been recognized for their
remarkable biodiversity. However, currently, they are experienc-
ing incessant bleaching and deterioration.22 In the context of
climate change, the damage to coral reefs due to intensified
human activities appears to be more prominent, and the adverse
effects of SVOCs on coral reefs are especially concerning. The
deleterious effects of these pollutants on coral reefs predom-
inantly include the destruction of coral symbiotic organisms,
impacts on photosynthesis, changes in reef nutritional patterns,
induction of oxidative stress, and inhibition of growth.23−27 The
WSCS serves as a transition zone for the migration of land-based
pollution to coral reef regions of the SCS and is perennially
exposed to various human activities, including terrestrial
pollution, riverine input, and shipping.17,19,28 However, the
current status of OPE pollution and their environmental
behavior in the region remain poorly understood, and the

driving mechanisms of their biogeochemical cycling processes
and ecological impacts are still unclear.
Therefore, this study aims to (1) quantify the occurrence and

spatiotemporal trends of OPEs across multiple environmental
compartments in the WSCS; (2) elucidate the vertical transport
mechanisms of OPEs from the atmosphere to the ocean interior,
including deep-sea systems; and (3) identify the key drivers
governing the distribution and fate of OPEs in ocean vertical
profiles. Collectively, these findings will advance understanding
of the biogeochemical cycling, underlying mechanisms, and
potential ecological impacts of OPEs as emerging contaminants
in the marine environment.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Eleven widely used OPEs,

including three chlorinated OPEs (Cl-OPEs) and eight
nonchlorinated OPEs (non-Cl-OPEs), were selected as target
compounds in this study. Their detailed physicochemical
properties are provided in Text S1 and Table S1.
2.2. Sampling and Sample Pretreatment. All samples

were collected during a cruise aboard the research vessel
Xiangyanghong 3 in August 2021 (Figure 1). For the
investigation of OPE concentrations, air, surface seawater,
water column, bottom water, rainwater, and sediment samples
(Tables S3−S6) were collected as described in our previous
study.17 In brief, atmospheric samples were collected using an
active atmospheric sampler. Surface seawater was collected and
passed through glass fiber filters (GFFs) and two tandem
polyurethane foam (PUF) columns to enrich particle- and
dissolved-phase OPEs. All the water column, bottom water, and
rainwater samples were collected in brown glass bottles, stored

Figure 1. Sampling points (a) and distribution characteristics of OPEs (b) during the voyage in the WSCS.
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at−4 °C, and, upon return to the laboratory, OPE extraction was
performed using solid-phase extraction (SPE). All the solid-
phase samples, including PUFs, GFFs, quartz fiber filters, and
sediment samples, were wrapped in tinfoil zip-lock bags and
stored at −20 °C. Detailed sampling and extraction procedures
are provided in Text S2. For microbial community analysis, 20 L
of seawater was collected using sterile Niskin bottles mounted
on a CTD rosette. Water samples were filtered through a sterile
stainless-steel disc filter (Sartorius, Göttingen, Germany) fitted
with a sterile 0.22 μm pore-size polycarbonate membrane
(Φ142 mm; Millipore, Billerica, USA). The filtration apparatus
was cleaned with 75% ethanol prior to use. After filtration, the
membrane was folded, placed into a 50 mL enzyme-free cryovial
(Corning, Beijing, China), flash-frozen in liquid nitrogen, and
stored at −80 °C. The total storage time from sampling to DNA
extraction was less than 50 days.
2.3. Extraction and Instrumental Analysis. Two

deuterium-labeled OPEs, i.e., tributyl phosphate-d27 (TNBP-
d27) and triphenyl phosphate-d15 (TPHP-d15), were used as
analytical surrogates. The target OPEs in all aqueous samples
were extracted via SPE, and Soxhlet extraction was used for
extracting other solid-phase samples (Text S2).6,29,30 OPEs were
qualitatively and quantitatively analyzed using an Agilent gas
chromatography−tandem mass spectrometry (GC−MS/MS)
instrument, and details of the instrumental parameters and
temperature program are presented in Table S2 and Text S2.
2.4. Quality Assurance and Quality Control. Air samples

were collected on the windward side of the ship’s foredeck to
minimize background contamination. Possible contamination
was monitored using field blanks, experimental blanks, program
blanks, and repeated samples. Instrumental detection limits
(IDLs) were established based on a signal-to-noise ratio
obtained from three times the analyte in the minimum standard.
OPE concentrations in all blank samples were below or
comparable to the IDLs, and all samples were corrected using
field blanks. Method detection limits (MDLs) were calculated
by dividing the 3-fold IDLs by the volume or mass of the sample.
The MDLs for surface seawater, bottom seawater, atmospheric,
and sediment samples were 0.0005−0.0300 ng/L, 0.0038−
0.2415 ng/L, 0.0002−0.0112 ng/m3, and 0.0075−0.4831 ng/g,
respectively. TNBP-d27 and TPHP-d15 were used to monitor
sample recovery, which ranged from 88.4% to 117%. The
relative standard deviations of measured OPE concentrations in
the spike matrix ranged from 0.52% to 18.9%. The reported
concentrations were not corrected for surrogate recovery on an
individual basis but were adjusted for procedural contamination
by subtracting the mean concentration measured in the
procedural blanks from each sample.
2.5. Bioinformatic Processing of 16S rRNA Sequencing

Data. The methods for DNA extraction and 16S rRNA
sequencing are described in Text S4. Raw sequencing reads
(∼50,000 reads per sample) were initially processed using fastp
v0.19.31 Quality control included the removal of low-quality
bases (Q-score < 20) and adapter sequences. All samples
demonstrated exceptionally high sequencing quality, with Phred
quality scores (Q30) ranging from 97.9% to 98.9%, well above
the widely adopted threshold for high-quality data (Q30 > 90%).
These metrics indicate a very low error rate, confirm high
sequence reliability, and support the robustness of the data for
downstream bioinformatic analyses. Next, filtered high-quality
reads were imported into QIIME2 v2022.232 for comprehensive
microbiome analysis. Sequence processing was performed using
the DADA2 algorithm,33 which implemented a three-step

denoising pipeline involving (i) the modeling of errors
originating during amplification and sequencing and the use of
this model to correct random sequencing errors, (ii) the precise
merging of paired-end reads, and (iii) the generation of a high-
resolution amplicon sequence variant (ASV) table containing
exact biological sequences with their corresponding abundance
profiles for all samples. For taxonomic classification, the
representative sequences from each ASV were aligned with the
SILVA ribosomal RNA database (SILVA; release 138; https://
www.arb-silva.de/) using a naive Bayes classifier. The
classification process used a bootstrap confidence threshold of
0.7 to ensure taxonomic assignment reliability.34 To maintain
data integrity, chimeric sequences and nonmicrobial sequences
(i.e., mitochondrial, chloroplast, and eukaryotic-derived reads)
were systematically filtered from the data set. Using these
stringent quality control measures, only high-confidence
bacterial ASVs were retained for the subsequent ecological
analyses.
2.6. Data Analysis. 2.6.1. Microbial Community Charac-

terization and Statistical Analyses. Phylogenetic reconstruc-
tion was conducted by performing the multiple sequence
alignment of representative ASV sequences using MAFFT
v7.235 with default parameters, followed bymaximum-likelihood
tree construction using IQ-TREE.36 The microbial α-diversity
was estimated using the inverse Simpson index, and the β-
diversity was calculated using Bray−Curtis dissimilarities
between samples based on the high-confidence ASV data set.
All diversity metrics were computed using the vegan package
(v2.7-1) in R. Significant differences in the α-diversity among
groups were assessed using Kruskal−Wallis tests. To evaluate
variations in community structures, permutational multivariate
analysis of variance (PERMANOVA) was performed on Bray−
Curtis dissimilarity matrices with 9999 permutations, and results
were visualized using nonmetric multidimensional scaling
(NMDS) ordination plots.
The genus-level community composition was analyzed using

relative abundance data normalized by the total sum scaling.
Correlations between environmental variables and community
structures were determined using partial Mantel tests, and
microbial compositional variation among samples and environ-
mental dissimilarity matrices were calculated using Canberra
distance matrices while controlling for the dissolved oxygen
concentration as a covariate. Community assembly processes
were quantitatively assessed using a null model approach37 with
999 randomizations, incorporating phylogenetic (β-nearest
taxon index, βNTI) and taxonomic (Raup−Crick index,
RCbray) metrics. Ecological processes were categorized as
follows: (1) homogeneous selection (βNTI < −2), (2)
heterogeneous selection (βNTI > +2), (3) dispersal limitation
(|βNTI| < 2 and RCbray > 0.95), (4) homogeneous dispersal
(|βNTI| < 2 and RCbray < −0.95), and (5) drift (|βNTI| < 2 and |
RCbray| < 0.95).
Depth-stratified microbial biomarkers were identified using

the linear discriminant analysis effect size (LEfSe),38 with
significant differences in relative abundances (p < 0.05)
confirmed using Kruskal−Wallis H tests. The functional
potential was predicted from 16S rRNA gene sequences using
the Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt2)39 with KEGG and
MetaCyc pathway databases.40,41 The abundance of OPE-
degrading enzymes was visualized via heatmap analysis using the
R heatmap package.
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2.6.2. OPE Concentration Analysis. SPSS 26.0 was used for
the statistical analysis of OPE concentrations. A student’s t-test
or a nonparametric test was used to ascertain the existence of
differences in OPE concentrations between different groups. A
p-value of <0.05 indicated a statistically significant result, and a
p-value of <0.01 indicated a highly statistically significant result.

3. RESULTS AND DISCUSSION
3.1. Widespread Occurrence and Spatial Trends of

OPEs in theWSCS. 3.1.1. Surface System. Eleven target OPEs
were simultaneously monitored in the gas and particle phases of
the atmosphere, as well as in the dissolved and particle phases of
surface seawater and rainwater in the WSCS. The majority of
OPEs were detected across these environmental media. All 11
OPEs were detected in the atmospheric environment, with 11 in
the gas phase and 9 in the particle phase. In surface seawater,
nine OPEs were detected, with only tri(2-ethylhexyl) phosphate
(TEHP) and trihexyl phosphate (THP) not detected. These
results indicate that OPE contamination was pervasive within
the WSCS surface system.

3.1.2. Atmosphere. The total concentrations of the 11 target
OPEs (∑11OPEs) in the gas phase (21.9 ± 36.2 ng/m3) were

slightly lower than those in the particle phase (29.5 ± 13.2 ng/
m3) (Figures S2d and S3c). The total concentration of the eight
non-Cl-OPEs (∑8non-Cl-OPEs) was approximately 40 times
higher in the particle phase (48.6% ± 4.41%) than in the gas
phase (1.39% ± 1.27%). For the 11 OPEs in the gas phase, the
total concentration of the three chlorinated OPEs (∑3Cl-OPEs,
16.7 ± 21.0 ng/m3) was significantly higher than that of the
∑8non-Cl-OPEs (0.12 ± 0.13 ng/m3) (nonparametric test, p <
0.01). In the particle phase, ∑3Cl-OPEs (14.8 ± 6.12 ng/m3)
and ∑8non-Cl-OPEs (14.7 ± 7.19 ng/m3) were comparable.
The atmospheric concentrations of OPEs observed in this study
were higher than those reported in the Southern Ocean,42 the
Northern Pacific and Indian Oceans,43 and the Atlantic, Pacific
Oceans.44

3.1.3. Rainwater. ∑11OPEs in the dissolved phase (505 ±
98.7 ng/L) was significantly higher than that in particle phase
(287 ± 41.7 ng/L; t-test, p < 0.01; Figure 2e,f). ∑3Cl-OPEs
(dissolved phase: 448 ± 86.0 ng/L, particle phase: 213 ± 75.4
ng/L) was significantly higher than ∑8non-Cl-OPEs (dissolved
phase: 56.7 ± 12.8 ng/L, particle phase: 74.2 ± 33.6 ng/L).
These concentrations were slightly higher than those in the
intertropical convergence zone (ITCZ).14

Figure 2. Organophosphate ester concentrations in different environmental media of the surface system (a−f) and deep-sea system (g−k) in the
WSCS.
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3.1.4. Surface Seawater. ∑11OPEs in surface seawater were
notably lower than those in rainwater. In the dissolved phase,
∑11OPEs (15.0 ± 8.70 ng/L) were much higher than in the
particle phase (0.66 ± 0.63 ng/L; t-test, p < 0.01; Figure 2a,b).
Among these, ∑3Cl-OPEs (7.95 ± 6.55 ng/L) and ∑8non-Cl-
OPEs (7.10 ± 4.37 ng/L) were comparable in the dissolved
phase, whereas in the particle phase, ∑3Cl-OPEs (0.59 ± 0.60
ng/L) were significantly higher than ∑8non-Cl-OPEs (0.07 ±
0.05 ng/L). The OPE concentrations obtained were lower than
those reported in the South Pacific,45 the Atlantic Ocean,14

Northwest Pacific and Arctic Oceans,46 but close to those in the
Southern Ocean.5,14

3.1.5. Deep-Sea System. All target OPEs were detected to
varying extents in the dissolved and particle phases of seawater,
with detection rates of 45.5−100% and 63.6−100%, respec-
tively. Eight OPEs were detected in all deep-sea sediment
samples, with a detection rate of 100%, while TEHP, THP, and
tri(dichloroisopropyl) phosphate (TDCIPPs) were not de-
tected.

3.1.6. Water Column Depth Profiles in Different Sea Areas.
∑11OPEs in the dissolved phase (95.3 ± 42.6 ng/L) were
significantly higher than in the particle phase (22.7 ± 13.7 ng/L;
t-test, p < 0.01), and ∑3Cl-OPEs were significantly higher than
∑8non-Cl-OPEs in both the dissolved and particle phases
(Figure 3). These concentrations were comparable to those
reported in the Mariana Trench,10 the Atlantic Ocean, and the
Southern Ocean.14

In the open sea area (WC-1),∑11OPEs exhibited a consistent
trend of change in particle and dissolved phases, i.e., ∑11OPEs
continuously increased from the surface to a depth of 100 m,
suddenly decreased at a depth of 500 m, increased at a depth of
1000 m, and finally decreased at a depth of 1500 m. The highest

∑11OPEs in the particle (50.8 ng/L) and dissolved (160 ng/L)
phases were observed at a depth of 100 m (Figure 3).
In the sea area near the coral reef (WC-2), the observed trends

in∑11OPEs exhibited notable differences between the dissolved
and particle phases. The highest ∑11OPEs in the dissolved
phase was observed at the surface layer, while the highest
∑11OPEs in the particle phase was observed at a depth of 500m.
From the surface to the subsurface layer (25m),∑11OPEs in the
dissolved phase decreased sharply and then significantly
increased in the deep chlorophyll maximum (DCM) layer
(Figure 3). This surface enrichment, accompanied by subsurface
depletion, was attributed to the sinking and adsorption of PM, a
process that is exacerbated by the nearby cold eddies.
Conversely, the increased OPE concentration in the DCM
layer was attributed to the increase in the phytoplankton
biomass, which in turn affects the sinking of PM. Potential
microbial activities may also be involved in OPE degradation. In
the particle phase, ∑11OPEs were highest at 25 m and gradually
decreased with increasing depth, with the lowest concentrations
observed at 100 m. Across all depth profiles from 100 to 1500 m,
∑11OPEs first increased and then decreased; the difference was
that the highest ∑11OPEs in the dissolved phase (171 ng/L)
occurred at 1000 m, whereas the highest ∑11OPEs in the
particle phase (20.2 ng/L) occurred at 500 m (Figure 3).
As mentioned above, the photochemical degradation process

significantly reduced the concentration of Cl-OPEs in surface
seawater compared to other layers in the vertical profile, and
microbial activity in the subsurface layer of the ocean may
dominate the degradation of non-Cl-OPEs in the vertical profile.
Still, the distribution ofOPEs inWC-1 andWC-2water columns
differed. Coral reef regions have a higher biodiversity and
primary productivity, increasing PM concentration in the
surrounding seawater. In WC-2, a high concentration of

Figure 3. Variations in OPE concentrations in the two water columns (WC-1 is in the open water, deep chlorophyll maximum (DCM) = 75 m; WC-2
is close to the Zhongsha Atoll, DCM = 95 m) in the WSCS.
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∑11OPEs in the dissolved phase may adsorb onto PM or coral
mucus during the uninterrupted sinking process of PM. After
obtaining the highest ∑11OPEs in the particle phase at a 500 m
depth, the sinking and dissolution of mucus and PM led to the
re-entry of particle-phase OPEs into the dissolved phase of the
water column. This process may have substantially increased
∑11OPEs in the dissolved phase at a 1000 m depth.
Additionally, the process of resuspension, induced by deep-sea
currents, may have further increased the concentration of
dissolved OPEs. Furthermore, except for surface seawaters,
∑3Cl-OPEs was higher than ∑8non-Cl-OPEs in all depth
profiles. The exceptionally high value of ∑8non-Cl-OPEs in
surface seawater contributed to the high values of ∑11OPEs
(Figure 3).

3.1.7. Bottom Seawater. ∑11OPEs in the particle phase
(38.0 ± 49.1 ng/L) were comparable to those in the dissolved
phase (44.0 ± 42.2 ng/L; t-test, p < 0.01), and ∑3Cl-OPEs were
significantly higher than ∑8non-Cl-OPEs in both the dissolved
and particle phases (Figure 2i,j). These concentrations were
higher than those reported in the Atlantic and Southern
Oceans,14 but were comparable to those in the Mariana
Trench.10

3.1.8. Deep-Sea Sediment. ∑11OPEs ranged from 2.70 to
15.6 ng/g (8.13 ± 3.13 ng/g), and ∑8non-Cl-OPEs (8.13 ±
3.63 ng/g) were significantly higher than ∑3Cl-OPEs (0.92 ±
0.71 ng/g; Figure 2k). These OPE concentrations were higher
than those reported in the Arctic Ocean,47,48 but lower than
those in the Eastern Indian Ocean,49 the Mariana Trench,10 and
the Bohai Sea and East China Sea.50

3.1.9. Spatial Distribution of OPEs. 3.1.9.1. Spatial Differ-
ences and Influencing Factors in the Atmosphere. ∑11OPEs
in the atmospheric environment exhibited regional differences in
the entire survey area, with higher values in the South and lower
values in the North. High-∑11OPE regions were detected near
the Indochina Peninsula and Zhongsha Islands (Figure 1b2).
The southwest monsoon drives the transport of terrigenous
pollution sources in the Indochina Peninsula, negatively
affecting the SCS ecosystem.51−53 The 72 h backward air mass
trajectory showed the significant impact of the southwest
monsoon on the SCS ecosystem during the sampling period
(Figure S1). Terrestrial sources of pollution, such as electronics
dismantling and waste incineration,21,54 could continue
releasing OPEs, which are transported to the SCS via the LRT
of the air mass driven by the summer monsoon (Figure S2b).
Additionally, the high-concentration zone of OPEs near the
Zhongsha Islands was precisely located along the main shipping
route in the SCS,55 indicating that ship navigation could have
been responsible for releasing OPE-related pollutants into the
atmospheric environment.
The occurrence of OPEs in the atmosphere was influenced by

monsoon and diurnal variations in the WSCS. Atmospheric
OPE concentrations were markedly higher during the southwest
monsoon than during the southeast monsoon, particularly in the
gas phase (Figure S3d). The southwest monsoon likely
contributed predominantly to the input of non-Cl-OPEs,
whereas the southeast monsoon predominantly contributed to
Cl-OPEs. Maritime human activities, including fishing, offshore
oil drilling, and shipping, may have contributed to OPE inputs
into the atmosphere (Figures S3a and 2d). The global electronic
component manufacturing plant and supply base on Luzon
Island was also responsible for transporting pollutants into the
WSCS atmosphere via air masses (Figure 1b2). Diurnal
variations influenced atmospheric OPE concentrations, with

particle-phase OPE concentrations higher during daylight and
gas-phase OPE concentrations higher at night (Figures S3e and
2h). This discrepancy was attributed to the higher photo-
degradation capacity of Cl-OPEs in the gas phase compared to
the particle phase.

3.1.9.2. Gas/Particle Partitioning. Gas/particle partitioning
determines the environmental fate of SVOCs, especially their
LRT and migration in the atmosphere, and affects the
bioavailability of SVOCs.56,57 A comparison between the
estimated KP values of different models and the field values is
shown in Figure S4. The comparison shows that the KP values of
the target OPEs predicted using the Harner−Bidleman
adsorption model were close to the actual values (Figure
S4e,f). The Junge−Pankowmodel fitted the correlation between
the temperature-corrected subcooled liquid vapor pressure
(PL0) and calculated values of KP, but the slope was significantly
different from the theoretical value at equilibrium (Figure
S4a,b). By contrast, theKP values for all 11OPEs predicted using
the Ksoot‑air double-adsorption model were much lower than the
actual values (Figure S4c,d). Furthermore, although the steady-
state model predicted KP values for some OPEs that were close
to the actual values, there was a significant deviation between the
predicted values and actual values for five OPEs (Figure S4g,h).
New pollution sources, LRT, physical and chemical properties of
OPEs, field sampling, air temperature, and activity coefficients
affect the KP of SVOCs, leading to the deviation between the
actual and simulated values.16,57,58

3.1.9.3. Spatial Differences and Influencing Factors in the
Surface Seawater. The high-value area of ∑11OPEs covered
the Hainan Island and Xisha Island (Figure 1b1), which
experience frequent human activities. High concentrations of
OPEs (28.0−40.5 ng/L) were detected in the northeastern
region of the Hainan Island (W2 and W3). Of these, Cl-OPEs
constituted 68.5−72.7% of the total, and the concentration of
tris(2-carboxyethyl) phosphine (TCEPs) and tris(2-chloroiso-
propyl) phosphates (TCIPPs) reached their zenith, indicating
that industrial discharges in the northeastern region of the
Hainan Island (i.e., wastewater discharge and shipbuilding and
maintenance) significantly impacted the spatial distribution of
OPEs. Moreover, OPEs unintentionally generated during
industrial activities in southern China entered the SCS via
Pearl River runoff. There were well-established electronics
dismantling and recycling industry chains in Qingyuan and
Shantou, Guangdong Province, which may aggravate the
pollution of OPEs in the Pearl River and SCS.11,59 However,
the current-driven transport and dispersion of OPEs in the
northern SCS had a minimal impact on the distribution
characteristics of OPEs in the surface water of the study area,
as evidenced by the currents in the SCS during the sampling
period (Figure S2a). Furthermore, the western boundary
current (WBC), a primary driver of the northward migration
and dispersion of water masses from the Mekong River and
terrigenous pollution sources in the Central South Peninsula,
could exacerbate OPE contamination (Figure S2a). Continuous
runoff inputs from the Mekong River have exacerbated the
pollution from dissolved black carbon, polycyclic aromatic
hydrocarbons, and other organic matter in the WSCS.17,52

Unfortunately, OPE pollution may pose a significant ecological
threat to the numerous coral reefs in Hainan and Xisha Islands
and increase the risk to human health through transfer along the
food chain.6,60 The target OPEs were significantly correlated in
each environmental medium of the deep-sea and surface systems
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(Figure S5), indicating that the OPEs in each environmental
medium of the WSCS had similar potential sources.
3.2. Atmospheric Deposition as a Dominant Input

Pathway. 3.2.1. Air−Water Exchange. A modified two-layer
model was used to calculate the air−water exchange flux of
OPEs (Text S6).61−63 The net flux range of the studied
∑11OPEs was from 22.8 to 3012 ng/m2/d, with an average value
of 783 ± 810 ng/m2/d, indicating that OPEs were evaporated
from the ocean to the atmosphere during sampling period.
Among them, the net flux of ∑3Cl-OPEs (435 ± 564 ng/m2/d)
was higher than that of ∑8non-Cl-OPEs (334 ± 314 ng/m2/d),
and TCIPPs and TPHPs were the dominant contributors to
these two types of fluxes, respectively (Figure 4a).

3.2.2. Atmosphere Deposition. Atmospheric deposition has
been successfully used to investigate the vertical migration of
SVOCs (Text S6).21,64 The calculated dry deposition fluxes
ranged from 6161 to 58,165 ng/m2/d (17,463 ± 9734 ng/m2/
d); the dry deposition fluxes of∑3Cl-OPEs (11,085± 8238 ng/
m2/d) were considerably higher than those of ∑8non-Cl-OPEs
(6379 ± 3105 ng/m2/d; t-test, p < 0.01). The dry deposition
fluxes of ∑11OPEs in the particle phase (12,734 ± 5704 ng/m2/
d) were significantly higher than those in the gas phase (4729 ±
2592 ng/m2/d; t-test, p < 0.01; Figure S7b,c). Some studies have
demonstrated that wind speed, humidity, particle size, and
physicochemical properties of compounds can affect dry
deposition rates.65,66 The wet deposition fluxes of OPEs ranged
from 3521 to 9307 ng/m2/d (6602 ± 2893 ng/m2/d), and
∑8non-Cl-OPEs were predominant (92.1% ± 1.74%; Figure
S7d,e). Unlike dry deposition, wet deposition fluxes of
∑11OPEs in the dissolved phase (4834 ± 2256 ng/m2/d)
were significantly higher than those in the particle phase (1768
± 825 ng/m2/d; t-test, p < 0.01; Figure S7b,c).

These results imply that PM plays an important role in the
input of marine OPEs via atmospheric deposition and exerts a
substantial influence on their vertical transport. For dry
deposition, more than 27.1% of OPEs and 41.6% of Cl-OPEs
deposited from the atmosphere into the ocean were attributable
to PM (Figure 4a). Similarly, PM accounted for more than
27.0% of OPEs and 84.4% of Cl-OPEs transported vertically
during wet deposition (Figure 4b).

3.2.3. Deep-Sea Sediment-Water Diffusion. The absorp-
tion/desorption characteristics of deep-sea sediments for OPEs
were explored according to the procedures reported in our
previous studies (Text S8).17,20,67 As shown in Figure S8b, deep-
sea sediments showed potential adsorption tendencies for the
majority of OPEs in bottom seawater (log f < −0.12), indicating
that deep-sea sediments are potential sinks for OPEs in the water
column of the WSCS. Moreover, the difference between the
experimental KOC and average field KOC increased with
increasing experimental KOC, indicating that the adsorption
capacity of sediments for OPEs increased with increasing KOC
of the OPEs. The calculated log KOC of OPEs was significantly
correlated with their log KOW (R2 = 0.65, p < 0.01),
demonstrating that the partitioning of OPEs between deep-sea
sediment-water systems was significantly influenced by hydro-
phobic interactions (Figure S8a). The chemical structure of
OPEs was closely related to the calculated log KOC, which
increased with increasing number of carbon atoms for non-Cl-
OPEs and with increasing number of chlorine atoms for Cl-
OPEs.68

In summary, the net atmospheric transport (20,460−27,085
ng/m2/d) to the marine environment was the dominant process
transporting OPEs to the WSCS, primarily via atmospheric
deposition (Figure S7f). OPEs, especially chlorinated com-

Figure 4. Contribution rates of different phases during OPE migration from the atmosphere to the ocean: (a) dry deposition, (b) wet deposition, and
(c) total input flux. Correlation between particulate matter and OPE concentrations in the (d) dissolved and (e) particle phases of the water column.
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pounds such as TCIPPs and TCEP, have high KP values and
readily adsorb onto atmospheric PM. This results in high
concentrations of OPEs in the atmospheric particle phase, and
particulate-bound OPEs are more likely to enter the ocean via
dry or wet deposition. Air−water exchange, however, depends
on diffusion processes at the sea−air interface, and most OPEs
have low Henry’s constants, leading to weak volatilization from
the sea surface to the atmosphere. Consequently, net
atmospheric deposition was identified as the predominant
pathway for OPEs entering the WSCS, exceeding the
volatilization flux by orders of magnitude. Atmospheric
deposition dominated the vertical transport of atmospheric
OPEs, influencing their biogeochemical cycling and exacerbat-
ing ecological pressure on marine ecosystems, particularly coral
reefs. Importantly, PM contributed 65.3−98.4% (58.6% ±
16.5%) of the total input of atmospheric OPEs into the ocean
(Figure 4c), while deep-sea sediments were identified as a
potentially significant sink for OPEs in the deep-sea environ-
ment (Figure S8).
3.3. Vertical Transport of OPEs and Biogeochemical

Cycles. As shown in Figure 3, ∑11OPEs in the two water
columns of the WSCS exhibited significant differences.
However, when the water column was divided into an epipelagic
zone (EZ; 0−100 m), a mesopelagic zone (MZ; 100−500 m),
and a bathypelagic zone (BZ; 1000−1500 m), OPEs exhibited a
pronounced depletion in the surface layer and an enrichment in
the deep sea. This distribution pattern was consistent in the
dissolved and particle phases of seawater. The following order of
∑11OPEs was observed in the dissolved and particle phases: BZ
(106± 26.4 and 72.7± 29.2) >MZ (80.2± 17.5; 52.1± 3.45) >
EZ (49.9 ± 31.6 and 31.6 ± 25.4; Figures S3 and S6). This
pronounced heterogeneity may reflect the general pattern of the
OPE distribution in the vertical profile of seawater in theWSCS.

3.3.1. Vertical Transport Driven by Particulate Matter.
Material and energy transport in the ocean’s vertical profile is
linked to MBLPs, which play a crucial role in nutrient cycling

and carbon sequestration in the deep sea.69 The vertical
transport processes of OPEs in the ocean affect their
biogeochemical cycling processes in the global ocean.49 OPEs
in seawater depth profiles originate from the surface environ-
ment of oceans and combine with PM, phytoplankton, and
biological detritus via biogeochemical cycling to sink to the deep
sea under the action of MBLPs. Numerous studies have
confirmed that organic pollution in the deep-sea environment
originates from the surface system.10,14,17,70 A clear correlation
exists between OPEs in various environmental media in the
surface and deep sea in the WSCS (Figure S5). As shown in
Figure 4d,e, a notable positive correlation exists between OPE
concentrations and PM in the WSCS vertical profile. The
sinking of PM plays a pivotal role in shaping the distribution of
OPEs along the depth profile, thereby influencing their vertical
transport. Ocean snow, formed by the sinking of phytoplank-
tonic organic matter, organic particles, dead organisms, and
feces, transports nutrients to the deep sea and also adsorbs and
transports OPEs from surface waters to deeper ocean layers,
thereby altering the concentration and composition of OPEs at
different depths (Figure 4d,e). The interaction between sinking
particles and OPEs may also influence the bioavailability of
OPEs and their potential impacts on marine ecosystems
throughout the water column. Therefore, PM in seawater drives
the distributional characteristics of OPEs in the WSCS depth
profile and also influences the environmental behavior of OPEs
in the water column. PM plays an important role in the vertical
transport of marine surface OPEs to the deep-sea environment,
which most likely also influences the biogeochemical cycling of
OPEs in the deep-sea environment.

3.3.2. Microbial Community Response and the Biological
Pump of OPEs. The high-throughput 16S rRNA gene
sequencing analysis of seawater samples from the EZ, MZ, and
BZ showed distinct microbial community structures in these
zones. Phylogenetic analysis of the top 500most abundant ASVs
demonstrated clear phylum-level clustering, with extremely low

Figure 5. Vertical stratification characteristics of the bacterial diversity and community structure in seawater of the WSCS. (a) Phylum-level
phylogenetic tree of the top 500 abundant ASVs (highlighting 10 dominant bacterial phyla). (b) Shared and unique ASVs among three zones (i.e., EZ,
MZ, and BZ). (c) Taxonomic diversity (InvSimpson index) in three zones (n = 12; Kruskal−Wallis H test, *p < 0.05, **p < 0.01). (d) NMDS based on
Bray−Curtis dissimilarities (PERMANOVA by Adonis, n = 12). (e) Relative abundance (%) of the top 16 bacteria in three zones.
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taxonomic overlap between the different zones (Figure 5a).
These ASVs were predominantly distributed among the
following phyla: Acidobacteria, Actinobacteria, Bacteroidota,

Chloroflexi, Cyanobacteria, Firmicutes, Nitrospinae, Plancto-
mycetota, Proteobacteria, unclassified taxa, and Verrucomicro-
bia (Figure 5a). Notably, only 31 ASVs (1.38%) were common

Figure 6. Microbial community assembly and degradation mechanisms driving the vertical partitioning of OPEs in the WSCS. (a) Associations
between microbial community structure (based on Canberra distance) and environmental variables (based on Canberra distance) analyzed using
partial Mantel tests. Partial Mantel’s p values are indicated by edge color (solid and dashed lines represent positive and negative correlations,
respectively), while partial Mantel’s r values are represented by edge width. Statistical significance is denoted by edge color. Pairwise correlations
between environmental variables are depicted using a color gradient reflecting Spearman’s correlation coefficients, with statistical significance denoted
as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. (b) Relative contribution of each ecological process driving microbial community assembly within
different water layers, based on null model analysis. (c) Identification of biomarkers in different zones by LEfSe. (d) Relative abundances of
significantly differentiated biomarkers (Kruskal−Wallis H test, p < 0.05) in the EZ, MZ, and BZ. (e) Heatmap of the relative abundance of key OPE-
degrading enzyme genes in different zones. (f) Alkaline phosphatase abundance increases with increasing water depth.
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in all the three zones (Figure 5b). The MZ and BZ exhibited a
higher community similarity (138 ASVs) but shared only 42−55
ASVs with the EZ. Furthermore, 522, 848, and 706 unique ASVs
were detected in the EZ, MZ, and BZ, respectively, further
corroborating the distinct community structures of these three
zones (Figure 5b). The microbial α-diversity analysis (In-
vSimpson index) exhibited a significant increasing trend with
depth (Kruskal−Wallis test, p < 0.01), following the order of BZ
> MZ > EZ (Figure 5c). NMDS ordination based on Bray−
Curtis dissimilarities (stress = 0.08) confirmed vertical
stratification (PERMANOVA; R2 = 0.64, p = 0.001), with
distinct clustering of communities by zones (Figure 5d). At the
genus level, the relative abundance of Alteromonas increased
with increasing water depth (EZ = 2.36%, MZ = 18.0%, BZ =
24.1%), indicating the potential niche-specific adaptations to
OPE-rich deep-sea environments. By contrast, the relative
abundance of Pelagibacter decreased with increasing water
depth (EZ = 22.3%, MZ = 7.68%, BZ = 5.46%), reflecting its
reduced competitive fitness in deeper, more polluted seawater
(Figure 5e).
Partial Mantel tests demonstrated a significant correlation

between microbial community composition and OPE concen-
trations (Figure 6a). Dissolved OPEs (D-OPEs) and dissolved
chlorinated OPEs (D-Cl-OPEs) exhibited significant correla-
tions with the EZ microbial community structure, whereas
dissolved non-Cl-OPEs (D-non-Cl-OPEs) showed stronger
correlations with the MZ microbial community structure.
Notably, particle-associated OPEs in the BZ were predom-
inantly linked to the BZ community structure, indicating that
microbial niche partitioning was the primary driver of the
vertical stratification of OPEs (Figure 6a).
Distinct assembly mechanisms governed microbial commun-

ities in different zones (Figure 6b). In the EZ, drift (DR) and

dispersal limitation were the dominant forces. In the MZ, the
community assembly was jointly regulated by DR and
homogeneous selection (HoS). In the BZ, the selective pressure
of HoS significantly increased, collaborating with DR to mold
the community structure (Figure 6b). These shifts in assembly
mechanisms provided a foundation for the microbial degrada-
tion of OPEs.
LEfSe analysis further elucidated the microbial degradation

mechanisms. The seawater in the EZ was dominated by typical
oligotrophic microorganisms, while that in the MZwas enriched
with bacterial genera such as Phaeobacter with potential for OPE
degradation.71,72 The seawater in the BZ was significantly
enriched with highly efficient OPE-degrading bacteria, including
Alteromonas and Marinomonas,15,72 accompanied by the
colonization of various piezophilic bacteria (Figure 6c).
Kruskal−Wallis H tests confirmed significant differences (p <
0.05) in the relative abundances of these biomarkers in the three
zones, indicating that the concentration gradient of OPEs and
the vertical profile drive the niche differentiation of microbial
functional communities (Figure 6d). These degrading bacteria
regulated the concentration distribution of OPEs in the MZ and
BZ via theMBLP effect. Themicrobial degradation of OPEs was
mediated by phosphoester hydrolase (including alkaline
phosphatase and phosphodiesterase),73 oxidative degradation
enzymes (e.g., oxygenases), phospholipase, and enzymes
involved in the degradation of aromatic OPEs.74 PICRUSt2-
based functional inference elucidated themolecular mechanisms
underlyingOPE biodegradation. The abundance of key enzymes
involved in OPE degradation, predicted using different data-
bases, such as KEGG Orthology (KO), enzyme commission
(EC) number, and MetaCyc, increased significantly in the MZ
and BZ (Figure 6e). Notably, the alkaline phosphatase
abundance increased with increasing water depth (EZ < MZ <

Figure 7. (a,b) Characteristics of interannual variability of OPE concentration levels in the SCS (atmosphere here represents only the atmospheric
particle phase).
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BZ; Figure 6f), in agreement with the accumulation of OPEs in
the MZ and BZ. This finding confirms that deep-sea microbial
communities adapt to the high-OPEs environment by
upregulating phosphoester hydrolase, enabling the efficient
degradation of OPEs and regulating their vertical distribution.
In summary, we have systematically revealed the significant

impact of deep-seamicrobial activity on the distribution patterns
of OPEs from the perspectives of microbial community
assembly mechanisms and functional adaptive evolution.
Concentration differences in OPEs and vertical profiles shape
distinct marine microbial community structures, and these
microbial communities drive the degradation of OPEs in the
ocean via microbial activities such as ecological niche differ-
entiation and significant upregulation of the relative abundance
of key degrading taxa (e.g., Phaeobacter, Alteromonas, and
Marinomonas) and enhanced activity of OPE-degrading
enzymes (e.g., alkaline phosphatase). These phenomena are
indicative of the significant ecological role of microbial
communities in driving the biogeochemical cycling of OPEs in
the marine environment via multidimensional adaptive strat-
egies.
Consequently, in addition to the focus on the physical

migration processes of PM in the ocean, the regulatory role of
microbial activity on the biogeochemical cycling of OPEs in the
ocean is equally important. The vertical distribution of OPEs in
the ocean is influenced by a combination of physical−chemical
processes (e.g., PM sinking) and biological processes (e.g.,
marine microbial activity). These processes collectively
determine the concentration levels and distribution patterns of
OPEs in the ocean, thereby impacting the biogeochemical
cycling of OPEs in marine ecosystems.
3.4. OPE Pollution Trends and Potential Impacts. The

analytical results and existing studies reveal that the pollution of
OPEs in the SCS shows an increasing trend.28,75−78 The
pollution levels of OPEs in the atmosphere increased
significantly (Figure 7a). Compared to earlier reports on the
concentration of seven OPEs (∑7OPEs) in the atmos-
phere,28,76,77 ∑7OPEs in the Hainan Island increased from
77.9± 26.0 pg/m3 in 2013 to 524± 330 pg/m3 in 2014 and then
to the current level of 13,040 ± 7191 pg/m3. ∑7OPEs in the
Xisha Islands and WSCS increased from 912 ± 469 pg/m3 and
730 ± 244 pg/m3 in 2014 to 8501 ± 2576 pg/m3 and 15,211 ±
8758 pg/m3, respectively, during this survey.
The pollution levels of OPEs in the surface seawater of the

SCS also showed a general increasing trend (Figure 7b).
According to these results and existing reports on ∑7OPEs in
surface seawater in the SCS,28,75,78 ∑7OPEs in the Hainan and
Xisha islands increased from 5.38 ± 2.83 ng/L and 4.73 ± 2.14
ng/L in 2013 to 14.5± 9.97 ng/L and 6.38± 2.12 ng/L in 2014,
respectively, and even though there was a slight decrease in
2015, ∑7OPEs have increased to 22.7 ± 10.4 ng/L and 21.1 ±
3.48 ng/L during the sampling period. In the WSCS, there was a
slight decrease in 2014 (6.30 ± 2.55 ng/L) compared to 2013
(8.31 ± 5.74 ng/L), but the contamination level was
significantly higher during the sampling period (12.7 ± 6.28
ng/L).
The non-Cl-OPE concentration increased at a higher rate

than the Cl-OPEs, potentially owing to increased human
activities such as paint and coating use as well as the growth of
plastics and electronics industries.79 The presence of long-term
plastic waste in the SCSmay also result in OPE release under the
influence of ultraviolet rays or microorganisms. Furthermore,
the rapid development of the electronics manufacturing industry

in China (Guangdong, Fujian) and Vietnam have led to the
continuous migration of OPEs in electronic components to long
distances into the SCS via runoff and atmospheric transport.
Concurrently, increase in maritime trade and use of SCS
shipping lanes significantly raises the likelihood of antifouling
paint wear and hydraulic oil leaks entering the ocean, thereby
exacerbating OPE pollution. This could exert greater ecological
pressure on marine ecosystems (e.g., coral reefs) in the SCS and
influence deep-sea ecosystems through coupled physical,
chemical, and biological processes. These processes may alter
the composition of marine microbial communities, affect the
natural succession of microbial community structures, and
disrupt the ecological niche differentiation of key functional
groups. Continued studies are needed to evaluate the potential
impacts of increasing OPE pollution on ocean health. The
methodologies and findings of this study will help advance
research on the biogeochemical cycling of emerging contami-
nants in the marine environment and their ecological
consequences. Collectively, these results highlight that the
WSCS serves as a critical region for OPE deposition, transport,
and microbial-mediated transformation, with important im-
plications for both coral reef ecosystems and deep-sea
environments.

4. ENVIRONMENTAL IMPLICATIONS
Escalating emissions of OPEs constitute a significant environ-
mental threat to the SCS, highlighting the vulnerability of
marine ecosystems to emerging contaminant inputs. This study
demonstrates that atmospheric deposition�primarily mediated
by PM�is the dominant pathway for OPE introduction,
accounting for 65.3−98.4% of total inputs. This process
efficiently transports OPEs to offshore and deep-sea environ-
ments, including ecologically sensitive zones such as coral reefs.
The sinking of PM facilitates the vertical transfer of OPEs,
resulting in unexpected contamination of deep-sea ecosystems
and introducing these pollutants into fragile food webs.
Critically, microbial communities respond through functional
adaptation, including taxonomic niche partitioning and
upregulation of hydrolytic enzymes, representing a natural yet
potentially overwhelmed mechanism for OPE degradation.
These findings underscore the urgent need to regulate PM-
associated emissions from regional industrial and shipping
activities. Furthermore, this study establishes a paradigm for
understanding the fate of particle-reactive emerging pollutants,
emphasizing the coupled roles of physical transport and
biological transformation in determining their environmental
impact. Mitigation strategies must consider the atmosphere−
surface seawater−deep-sea continuum to effectively preserve
ocean health.
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■ NOTE ADDED AFTER ASAP PUBLICATION
After this article was published ASAP October 20, 2025, a
correction was made to Figure 6a. The corrected version was
posted October 22, 2025.
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A B S T R A C T

Emerging organophosphate flame retardants (E-OPFRs) are a new class of pollutants that have attracted 
increasing attention, but their bioaccumulation patterns and trophodynamic behaviors in aquatic food webs still 
need to be validated by comparison with legacy OPFRs (L-OPFRs). In this study, we simultaneously investigated 
the bioaccumulation, trophic transfer, and dietary exposure of 8 E-OPFRs and 10 L-OPFRs in a tropical estuarine 
food web from Hainan Island, China. Notably, the Σ10L-OPFRs concentration (16.1–1.18 × 105 lipid weight (lw)) 
was significantly greater than that of Σ8E-OPFRs (nondetectable (nd) - 2.82 × 103 ng/g lw) among the inves
tigated organisms, and they both exhibited similar trends: fish<mollusk<crustacean. Significant bio
magnification was found only for triphenyl phosphate (TPHP, an L-OPFR) with a trophic magnification factor 
(TMF) of 1.55, whereas other E- and L-OPFRs showed limited trophic transfer potential. Storage lipid was the 
dominant adsorption phase for most E-OPFRs and L-OPFRs on the basis of the fugacity approach. The water 
content controls the main trophic partitioning for the L-OPFRs of triethyl phosphate (TEP) and tris(2-chloroethyl) 
phosphate (TCEP) in the food web. Storage lipid and structure protein are equally important for 2,2-bis(chloro
methyl)-propane-1,3-diyltetrakis(2-chloroethyl) biphosphate (V6, an emerging OPFR). The investigation of 
metabolites and the biotransformation rate (KM) confirmed the role of biotransformation in offsetting trophic 
transfer for both legacy and emerging OPFRs. Furthermore, the hazard quotients (HQs) were found to be <1 for 
South China residents for both the E- and L-OPFRs, but the health risks of these two kinds of OPFRs should be 
given sustained attention.

1. Introduction

Organophosphate flame retardants (OPFRs) have been commonly 
used as chemicals to increase the flame retardancy of various materials 
for decades, such as plastics, rubber, textiles, and electronic equipment 
(Du et al., 2019; Hou et al., 2016). The prohibition and restriction of the 

use of legacy OPFRs (L-OPFRs), such as TCEP, tris(1, 
3-dichloro-2-propyl) phosphate (TDCPP) and tri(chloro-2-propyl) 
phosphate (TCPP), in children’s products, furniture, mattresses, and 
electronics have been pronounced by the US, Canada and the EU (Blum 
et al., 2019; Pantelaki and Voutsa, 2019; van der Veen and de Boer, 
2012), and TCEP is also listed in the “Second batch of priority controlled 
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chemicals list” in China (China MEE, 2020). In recent years, a growing 
number of nonhalogenated emerging OPFRs (E-OPFRs), such as 
diphenyl p-tolyl phosphate (CDP), 8-methylnonyl diphenyl phosphate 
(iDDPHP), and tris(4-tert-butylphenyl) phosphate (T4tBPP), have been 
introduced as substitutes for legacy OPFRs. The global OPFR market size 
was approximately ¥ 5.4 billion in 2022 and is expected to reach ¥ 7.9 
billion in 2029 on the basis of QYResearch (2023).

Compared with legacy OPFRs, emerging OPFRs generally have 
higher molecular weights, longer half-lives and greater hydrophobicity 
(Luo et al., 2023; Ye et al., 2023). Notably, some emerging OPFRs 
exhibit comparable or even greater toxic effects than legacy OPFRs. For 
example, the effects of tris(4-isopropylphenyl) phosphate (iPPP) were 
greater than those of L-OPFRs (TPHP, tricresyl phosphate (TCP) and 
2-ethylhexyl diphenyl phosphate (EHDPHP)) on mitochondrial activity, 
oxidative stress, and steroid secretion in mouse Leydig tumor cells 
(Schang et al., 2016), and energy metabolism was found to be more 
effectively inhibited by CDP than by L-OPFRs such as TPHP, TCEP, 
TDCPP, tris(2-ethylhexyl) phosphate (TEHP), tris(2-butoxyethyl) phos
phate (TBOEP), and tris-n-butyl phosphate (TNBP) (Tsugoshi et al., 
2020). In addition, emerging OPFRs have been detected in many aquatic 
environments, such as the Yangtze River Basin (Li et al., 2023), Taihu 
Lake (Ye et al., 2022; Zhao et al., 2019), and Laizhou Bay (Bekele et al., 
2019). The effects on aquatic organisms and the potential risk of 
E-OPFRs have recently attracted widespread attention from scholars in 
the water environment field (Shi and Zhao, 2024; Xie et al., 2024b).

The extensive and widespread distribution of emerging OPFRs 
inevitably leads to increased exposure to aquatic animals (Shi and Zhao, 
2024). Significantly increased E-OPFRs accumulation was detected in 
marine mammals (cetaceans and finless porpoises) from 2007 to 2020 
(Xie et al., 2024a, 2024b). Previous studies have suggested that parti
tioning and biotransformation are the most important factors in the 
determination of bioaccumulation and trophic transfer of nonpersistent 
compounds in aquatic food webs (Huang et al., 2023; Kim et al., 2002). 
Compared with the commonly used Log KOW, the organism-water 
partition coefficient (Korganism-water) is a more suitable descriptor for 
predicting bioaccumulation potential because of its partitioning in 
different tissue compartments (i.e., lipid, phospholipid, protein, and 
water) (Endo and Goss, 2014; Geisler et al., 2012; Huang et al., 2023). In 
addition, the estimated inherent KM values and metabolite accumulation 
can provide insight into the biotransformation of OPFRs to characterize 
their compound-specific trophodynamics. Joint partitioning and 
biotransformation efforts can offer an opportunity to yield new insights 
into the bioaccumulation and trophic transfer mechanisms of E- and 
L-OPFRs in aquatic food webs.

To the best of our knowledge, whether the bioaccumulation potential 
and trophic transfer behavior of E-OPFRs are similar to those of legacy 
analogs in aquatic food webs remain unclear. For example, CDP showed 
trophic dilution in aquatic food webs for wild fish in Poyang Lake but 
exhibited significant trophic magnification potential in the marine food 
web of Laizhou Bay (Bekele et al., 2019; Yan et al., 2024). Bisphenol A 
bis (diphenyl phosphate) (BDP) was significantly biodiluted in Laizhou 
Bay, whereas no such trend was observed in Taihu Lake (Lian et al., 
2024; Zhao et al., 2019). It is imperative to conduct pertinent studies 
without elucidation of the bioaccumulation and trophic transfer mech
anisms involved. Hainan Island, China, is a region with distinctive 
characteristics, with relatively high levels of OPFRs pollution origi
nating from both local and surrounding cities/countries (Mo et al., 
2019). Therefore, the estuary (Nandu River Estuary) can be considered 
the ideal area to clarify the bioaccumulation pattern, the fugacity- and 
biotransformation-based mechanisms of trophic transfer, and the po
tential health risks of legacy and emerging OPFRs in the aquatic food 
web. The objectives of this study were to 1) compare the occurrence and 
accumulation of selected 8 emerging and 10 legacy OPFRs in marine 
environments and organisms; 2) characterize the different trophic par
titioning of these OPFRs and introduce Korganism-water and 
metabolite-quantified to clarify the primary influencing mechanisms; 

and 3) assess and compare the potential health risks of legacy and 
emerging OPFRs from seafood.

2. Results and discussion

2.1. Bioaccumulation of emerging and legacy OPFRs in the tropical 
estuarine food web

The concentrations of the 8 emerging and 10 legacy OPFRs in 
seawater and sediments from the Nandu River Estuary are provided in 
Fig. 1-A, B, Tables 1 and 2. Tris(2,4-di‑tert-butylphenyl) phosphate 
(TDtBPP) (309±108 ng/L), iPPP (0.077±0.111 ng/L) and V6 (0.067 
±0.114 ng/L) are the most abundant E-OPFRs in seawater. TDtBPP was 
also the predominant E-OPFRs in the sediment samples (350±283 ng/g 
dw), which is not only produced industrially but also susceptible to the 
oxidation of tris(2,4-di-tert-butylphenyl) phosphite (AO168), leading to 
its high abundance in the environment (Gao et al., 2024; Liu and 
Mabury, 2018; Zhou et al., 2024). EHDPHP and TEHP are the most 
abundant legacy OPFRs in seawater, whereas TEP and TDCPP are 
dominant in sediment. Compared with those of the 10 legacy OPFRs, the 
total concentrations of the 8 emerging OPFRs were relatively greater in 
both seawater (309±109 ng/L) and sediments (350±283 ng/g dw).

In the food web samples, the mean total concentrations of Σ10L- 
OPFRs and Σ8E-OPFRs both showed an increasing trend among species: 
fish (775 ± 1.53 × 103 and 137 ± 209 ng/g lw) < mollusk (1.60 × 104 ±

3.21 × 104 and 160 ± 246 ng/g lw) < crustacean (4.63 × 104 ± 4.03 ×
104 and 464 ± 881 ng/g lw), respectively (Fig. 1-A, Tables 1 and 2). (3- 
diphenoxyphosphoryloxyphenyl) diphenyl phosphate (RDP), iDDPHP 
and TDtBPP were the most accumulated emerging OPFRs, with average 
concentrations of 120 ng/g lw, 29.9 ng/g lw and 21.1 ng/g lw, respec
tively, whereas TDCPP (10,913 ng/g lw), TBOEP (259 ng/g lw), TCPP 
(89.9 ng/g lw), TCP (87.3 ng/g lw) and TPHP (70.7 ng/g lw) were 
important legacy OPFRs (Fig. 1-B). The average concentrations of the 
other emerging OPFRs were lower than 10.8 ng/g lw. A weak correlation 
of the total concentration was found between L- and E-OPFRs, which 
suggested that they may exhibit different environmental behaviors or 
sources (Figure S1). The concentrations of RDP and iDDPHP in the biota 
were higher than those in the water and sediment, which may be 
attributed to the moderate Log KOW values of RDP (5.97) and iDDPHP 
(5.44) for bioaccumulation (Arnot and Gobas, 2006). Among legacy 
OPFRs, TDCPP and TCPP are well documented as important OPFR 
congeners in aquatic organisms because of their ubiquitous distribution 
and persistence in the environment (Choi et al., 2020; Fu et al., 2021; Xie 
et al., 2024b; Yan et al., 2024). Principal component analysis (PCA) 
revealed no distinct differences in the OPFRs distributions between the 
environmental matrices and biota or between the emerging and legacy 
OPFRs (Figure S2).

The log BAF value is usually employed as a metric to assess the 
bioaccumulation potential, where a value lower than 3.3 (wet weight- 
based, criterion B in Annex XIII of REACH) indicates a low bio
accumulation effect for the investigated chemicals. The log BAFs for the 
emerging OPFRs were in the range of − 1.33–1.44, except for CDP, RDP 
and BDP (nd in seawater) (Fig. 1-C, Table S1). All legacy OPFRs had log 
BAF values ranging from − 2.27–1.75 for all species (Fig. 1-C, Table S2). 
Overall, the studied emerging and legacy OPFRs have a limited bio
accumulation capacity in the investigated food web. The mean BSAF 
values of legacy and emerging OPFRs ranged from 0.004 to 27.4 and 
from 0.003 to 158, respectively (Tables S1 and S2). Among them, legacy 
OPFRs of TDCPP, TPHP, TBOEP, TCP and TEHP and emerging OPFRs of 
CDP, RDP, iDDPHP, iPPP and T4tBPP in some species were higher than 
1, indicating that these compounds tend to accumulate in specific spe
cies rather than in sediment. In comparison, E-OPFRs have relatively 
high bioaccumulation potentials in the food web, and water uptake 
might be the main exposure route of most OPFRs in organisms.
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2.2. Trophodynamic differences between emerging and legacy OPFRs

The δ13C and δ15N values ranged from − 23.8 ‰ to − 14.7 ‰ and 3.44 
‰ to 15.8 ‰, respectively, in the food web (Figure S3-A and Table S3). A 
statistically significant correlation was observed between the δ13C and 
δ15N values (r2 = 0.4944, p < 0.001), indicating analogous marine 
habitats for these species. The relative trophic levels (TLs) of the 
observed organisms ranged from 1.13 to 4.67 (Figure S3-B and 

Table S3). To reduce uncertainty, only OPFRs with detection frequency 
(DF) >30.0 % in the organisms were used to calculate the TMFs 
(Tables S1 and S2). The TMFs of TPHP, TCP and iDDPHP estimated by 
the slope of the concentration-TL relationship (TMFOLS) were 1.55, 
0.514 and 0.505, respectively (p < 0.05). In addition, TEHP showed a 
marginally significant relationship with TLs (p = 0.05, TMFs = 0.519; 
Fig. 2) in this study, indicating that TEHP tends to biodilute in this food 
web. The log-transformed concentrations of other legacy OPFRs (TCEP, 

Fig. 1. Bioaccumulation of legacy and emerging OPFRs in the environment matrices and estuarine biotas from the Nandu River Estuary. (A) Total legacy and 
emerging OPFR concentrations, (B) legacy and emerging OPFR profiles, and (C) comparison of the log bioaccumulation factors (log BAFs) with the trophic 
magnification factor (TMF). The threshold values were set for bioaccumulation (log BAFs > 3.30) and biomagnification (TMF > 1). All the factor values are presented 
as the means ± standard deviations.
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TNBP, TEP, TCPP, TDCPP, and EHDPHP) and emerging OPFRs (T4tBPP 
and RDP) were not significantly related to TLs (p > 0.05, Figure S4).

Furthermore, we performed Monte Carlo simulations of the TMFs 
(TMFNPB, n = 10,000) for all these OPFRs (Fig. 2 and S5). Bootstrap 
regression is frequently employed as a reliable supplementary method to 
OLS regression, as it is particularly suitable for the analysis of limited 
sample sizes and unequal samples. Among the E-OPFRs, the TMFNPB of 
RDP was greater than 1, with probabilities of TMFs greater than 1 of 100 
%. RDP has been found to have biomagnification potential in the food 
web of Poyang Lake, China, which is consistent with the results of this 
study (Yan et al., 2024). T4tBPP has a TMFNPB of 1.21, with a 52.1 % 
probability of exceeding a value of 1, indicating moderate potential for 
biomagnification. In addition, iDDPHP has a TMFNPB of 0.650 with a 
probability greater than 1 of 13.6 %, indicating its robust biodilution 
potential (Table S1). The TMFNPB of the TPHP was 1.54, which is highly 
consistent with TMFOLS. Significant biomagnification of TPHP has also 
been reported in the marine food webs of Laizhou Bay (Bekele et al., 
2019), Pearl River Estury (Huang et al., 2023), and Liaodong Bay in 
China (He et al., 2023), suggesting its trophic transfer potential in the 

marine food web. The TMFNPB values for legacy OPFRs (TEP, TCEP, 
TDCPP, TNBP and EHDPHP) were all >=1 in this food web, and the 
probabilities of observing TMFs > 1 were greater than 39.2 %. However, 
the TMFNPB values for TCPP, TCP and TEHP were <1, and the proba
bilities of observing TMFs > 1 were <28.7 % (Table S2). A number of 
studies have reported the occurrence of trophic dilutions of TCP and 
TEHP in marine environments (Brandsma et al., 2015; He et al., 2023; 
Wang et al., 2023).

2.3. Partitioning and metabolic behavior of emerging and legacy OPFRs

In this study, we employed a fugacity-based approach to characterize 
the partition coefficients and mass distributions of legacy and emerging 
OPFRs in various biological phases accurately and assess their trophic 
transfer mechanisms in the estuarine food web. The pp-LFERs method 
allows for the normalization of contaminant concentrations in organ
isms to their mass fraction in each absorption phase. In general, the log 
Klipid/water values were greater than the log Kphospholipid/water and log 
Kprotein/water values for OPFRs (Huang et al., 2023; Zhang et al., 2024). 

Table 1 
Details on the concentrations of 8 emerging OPFRs in seawater (ng/L, n = 14), sediment (ng/g dw, n = 14), and biological samples (ng/g lipid weight).

Categories Species name V6 CDP RDP iDDPHP BDP iPPP T4tBPP TDtBPP Σ8E-OPFRs

Seawater Dissolved phase nd nd nd nd nd nd nd 178±95.7 178±95.7
​ Detection frequency (%) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100 100
​ Particulate phase 0.067 

±0.114
nd nd 0.018 

±0.017
nd 0.077 

±0.111
0.010 
±0.019

131±64.2 131±64.1

​ Detection frequency (%) 28.6 0.000 0.000 57.1 0.000 42.9 50.0 100 100
​ Total 0.067 

±0.114
nd nd 0.018 

±0.017
nd 0.077 

±0.111
0.010 
±0.019

309±108 309±109

​ Detection frequency (%) 28.6 0.000 0.000 57.1 0.000 42.9 50.0 100 100
Sediment ​ 0.077 

±0.198
0.004 
±0.012

0.020 
±0.075

0.022 
±0.026

nd 0.053 
±0.136

0.004 
±0.009

350±283 350±283

​ Detection frequency (%) 14.3 14.3 7.14 50 0.000 14.3 14.3 100 100
Fish Epinephelus fasciatus nd 17.5 ± 30.3 108±57.4 2.26±3.91 nd 7.45±12.9 13.8 ± 12.7 344±596 493±598
​ Chorinemus formosanus nd 68.9 ± 119 nd 1.93±3.34 nd nd 2.16±1.34 nd 73.0 ± 124
​ Acanthopagrus latus nd nd nd 0.503 

±0.524
nd 0.882 

±0.578
<MDL 108±188 110±187

​ Terapon jarbua nd nd nd 0.728 
±0.733

nd 0.556 
±0.963

1.08±1.23 nd 2.36±1.81

​ Siganus canaliculatus nd 42.2 ± 47.7 90.0 ± 85.2 2.84±2.70 nd 2.39±4.14 nd nd 137±117
​ Sillago sihama 38.1 ± 65.9 nd nd 0.139 

±0.241
nd nd nd nd 38.2 ± 65.8

​ Leiognathus brevirostris nd nd 247±65.8 6.00±1.18 nd 77.5 ± 134 8.08±7.53 nd 338±183
​ Pneumatophorus 

japonicus
43.2 ± 74.8 nd 35.2 ± 60.9 4.48±2.52 nd 26.6 ± 46.0 1.71±1.70 nd 111±108

​ Gnathanodon speciosus nd 59.2 ± 88.7 nd 2.56±1.25 nd 20.2 ± 27.6 0.494 
±0.856

nd 82.5 ± 117

​ Plectorhinchus nd nd nd 23.1 ± 38.6 nd 0.455 
±0.788

0.190 
±0.329

nd 23.8 ± 38.1

​ Stolephorus chinensis nd 18.7 ± 32.3 287±139 0.679 
±0.605

nd 2.38±4.13 0.946 
±0.839

nd 310±174

​ Trachinotus ovatus nd nd 77.8 ± 87.4 0.874 
±0.757

nd 0.212 
±0.367

2.31±4.00 53.3 ±
92.4

135±62.6

​ Pisodonophis boro nd nd nd 2.00±1.77 nd 4.75±7.45 nd nd 6.75±8.67
​ Lutjanus johni nd nd nd <MDL nd <MDL <MDL nd 0.085 

±0.060
​ Trachiocephalus myops nd nd 165±120 7.49±5.82 nd 9.44±8.20 18.4 ± 27.9 nd 201±98.6
Mollusk Turritella terebra bacillum nd nd nd 289±501 nd nd nd nd 289±501
​ Solen strictus nd nd nd 14.3 ± 3.25 nd nd nd nd 14.3 ± 3.25
​ Meretrix meretrix nd nd nd 326±190 nd nd nd nd 326±190
​ Loligo beka nd nd 19.8 ± 21.4 nd nd nd nd nd 19.8 ± 21.4
​ Octopusocellatus nd nd 120±41.3 31.3 ± 42.2 nd nd nd nd 152±83.2
Crustacean Penaeus penicillatus nd nd nd nd nd nd 10.6 ± 10.0 nd 10.6 ± 10.0
​ Parapenaeopsis 

hungerfordi
nd nd nd nd nd nd 3.14±2.89 nd 3.14±2.89

​ Metapenaeus affinis nd nd 110±191 nd nd nd 0.900 
±0.892

nd 111±190

​ Oratosquilla oratoria nd nd 1625±904 nd nd 107±126 nd nd 1732±1002
Detection frequency in biota (%) 2.78 9.72 36.1 58.3 0.000 29.2 40.3 4.17 93.1

All the values are presented as the means ± standard deviations.
nd: all of the sample concentrations are lower than the MDL.
<MDL: the mean value is lower than the MDL.
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Table 2 
Details on the concentrations of 10 legacy OPFRs in seawater (ng/L, n = 14), sediment (ng/g dw, n = 14), and biological samples (ng/g lipid weight).

Categories Species name TEP TCEP TCPP TDCPP TPHP TNBP TBOEP TCP EHDPHP TEHP Σ10L- 
OPFRs

Seawater Dissolved phase 4.25 
±2.67

0.134 
±0.051

5.72 
±7.42

2.64±1.51 0.374 
±0.293

5.70 
±9.89

0.846 
±0.766

nd 9.33 
±6.21

0.570 
±0.403

29.6 ±
14.2

​ Detection 
frequency (%)

100 100 71.4 92.9 100 100 100 0.000 100 100 100

​ Particulate phase 0.530 
±0.324

0.001 
±0.002

0.625 
±0.391

0.217 
±0.286

0.054 
±0.030

0.021 
±0.030

0.032 
±0.034

0.148 
±0.307

13.4 ±
11.1

11.4 ±
8.67

26.4 ±
19.8

​ Detection 
frequency (%)

100 7.14 100 71.4 100 78.6 92.9 57.1 100 100 100

​ Total 4.78 
±2.76

0.135 
±0.051

6.34 
±7.63

2.86±1.61 0.428 
±0.312

5.72 
±9.91

0.878 
±0.776

0.148 
±0.307

22.7 ±
16.9

11.9 ±
8.82

55.9 ±
27.5

​ Detection 
frequency (%)

100 100 100 100 100 100 100 57.1 100 100 100

Sediment ​ 75.0 ±
60.8

0.014 
±0.006

5.91 
±3.99

17.9 ±
15.0

0.162 
±0.090

0.463 
±0.222

0.163 
±0.113

0.751 
±2.03

1.54 
±0.921

0.150 
±0.160

102±69.8

​ Detection 
frequency (%)

100 100 100 100 100 100 100 57.1 100 78.6 100

Fish Epinephelus 
fasciatus

44.1 ±
31.3

1.54 
±0.620

85.3 ±
86.5

210±203 126 
±60.4

74.0 ±
67.3

4721 
±2317

437 
±99.9

33.0 ±
11.6

22.5 ±
27.7

5755 
±2679

​ Chorinemus 
formosanus

23.7 ±
10.4

0.267 
±0.287

nd 119±112 86.5 ±
119

5.51 
±3.31

1390 
±283

85.3 ±
89.0

1.26 
±2.18

12.5 ±
4.64

1724±238

​ Acanthopagrus 
latus

6.01 
±3.75

0.113 
±0.035

6.54 
±6.09

26.1 ±
3.58

0.582 
±0.683

0.707 
±0.675

96.1 ±
166

nd nd 0.652 
±0.072

137±168

​ Terapon jarbua 59.1 ±
75.8

0.543 
±0.554

42.2 ±
50.9

167±257 29.0 ±
20.4

6.92 
±8.49

nd nd 1.54 
±2.66

18.8 ±
27.8

325±441

​ Siganus 
canaliculatus

0.962 
±1.67

0.474 
±0.527

nd 162±131 475 
±192

<MDL nd nd nd 8.98 
±7.67

648±289

​ Sillago sihama 19.4 ±
8.09

0.689 
±0.902

53.2 ±
51.0

96.9 ±
102

4.09 
±7.09

5.03 
±7.67

nd 5.01 
±8.68

nd 2.83 
±2.57

187±140

​ Leiognathus 
brevirostris

49.7 ±
12.4

0.127 
±0.220

58.6 ±
49.8

nd 57.8 ±
24.0

nd nd nd 42.3 ±
21.8

7.98 
±13.8

217±59.9

​ Pneumatophorus 
japonicus

13.3 ±
13.8

nd 0.748 
±1.30

95.1 ±
165

91.1 ±
51.1

13.1 ±
22.6

nd nd 0.905 
±1.57

1.46 
±2.53

216±156

​ Gnathanodon 
speciosus

3.29 
±3.60

0.414 
±0.380

59.4 ±
103

388±255 43.2 ±
37.3

11.9 ±
7.79

nd 50.5 ±
87.4

0.435 
±0.754

7.35 
±8.56

565±495

​ Plectorhinchus 6.05 
±4.40

0.342 
±0.216

49.3 ±
85.3

21.0 ±
19.4

64.0 ±
39.6

2.57 
±1.08

nd nd <MDL 0.332 
±0.574

144±105

​ Stolephorus 
chinensis

18.4 ±
0.910

1.15 
±0.568

nd 381±270 181 
±52.6

1.17 
±1.18

nd 46.6 ±
21.4

11.8 ±
9.30

6.46 
±4.62

648±345

​ Trachinotus ovatus 44.9 ±
35.2

1.35 
±1.27

106 
±97.1

259±181 67.5 ±
48.1

27.3 ±
27.8

6.57 
±9.71

83.4 ±
123

36.0 ±
30.7

26.4 ±
23.7

658±488

​ Pisodonophis boro 3.98 
±2.98

0.029 
±0.028

24.5 ±
39.2

184±200 7.71 
±6.72

0.966 
±1.67

0.035 
±0.060

19.3 ±
10.7

<MDL 2.39 
±2.25

243±262

​ Lutjanus johni 0.738 
±1.28

0.091 
±0.091

7.93 
±7.31

37.2 ±
11.5

nd 1.35 
±2.17

nd 8.54 
±8.98

0.315 
±0.545

0.259 
±0.280

56.4 ±
15.6

​ Trachiocephalus 
myops

nd 1.18 
±0.713

nd 26.4 ±
28.5

23.2 ±
6.67

8.88 
±11.3

nd 24.9 ±
21.9

12.1 ±
3.52

7.89 
±13.7

105±25.6

Mollusk Turritella terebra 
bacillum

nd 1.96 
±1.29

414 
±217

76,328 
±13,968

25.6 ±
12.5

20.7 ±
6.84

nd 189 
±162

31.8 ±
35.4

81.2 ±
37.5

77,092 
±14,417

​ Solen strictus 441 
±353

0.313 
±0.316

47.6 ±
82.4

50.9 ±
88.2

50.0 ±
17.6

nd nd 466 
±373

28.6 ±
49.5

60.9 ±
53.0

1145±952

​ Meretrix meretrix 216 
±193

0.212 
±0.106

33.2 ±
52.5

106±93.4 41.4 ±
2.59

nd nd 313 
±271

297±259 414 
±209

1421±631

​ Loligo beka 23.6 ±
20.7

0.296 
±0.165

2.97 
±5.15

141±38.4 21.4 ±
2.49

0.627 
±0.307

0.730 
±1.26

nd 0.251 
±0.316

9.85 
±17.1

201±42.9

​ Octopusocellatus 61.0 ±
50.7

0.585 
±0.416

nd nd 116 
±29.2

0.562 
±0.973

nd 82.8 ±
117

1.21 
±2.09

nd 262±136

Crustacean Penaeus penicillatus nd 1.77 
±0.564

373 
±48.0

26,850 
±883

2.77 
±0.728

14.2 ±
2.86

7.80 
±13.5

nd 0.662 
±1.15

7.33 
±12.7

27,258 
±920

​ Parapenaeopsis 
hungerfordi

165 
±286

1.02 
±0.227

274 
±44.3

104,749 
±11,761

15.0 ±
10.9

0.163 
±0.283

nd nd nd nd 105,205 
±11,780

​ Metapenaeus affinis 192 
±225

2.10 
±0.250

211 
±74.3

37,264 
±30,019

45.8 ±
21.9

13.1 ±
9.34

1.17 
±2.03

285 
±359

25.1 ±
14.6

nd 38,039 
±30,159

​ Oratosquilla 
oratoria

nd 1.43 
±0.878

307 
±218

14,242 
±23,084

122 
±118

11.1 ±
8.96

1.44 
±2.49

nd 40.4 ±
16.6

24.1 ±
41.7

14,750 
±23,370

Detection frequency in biota (%) 69.4 87.5 55.6 77.8 91.7 63.9 19.4 43.1 51.4 63.9 100

All the values are presented as the means ± standard deviations.
nd: all of the sample concentrations are lower than the MDL.
<MDL: the mean value is lower than the MDL.
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Fig. 2. Relationships between log-transformed concentrations of OPFRs (ng/g lw) and trophic levels (left side) and the frequency distributions of trophic magni
fication factors (TMFs) determined for lipid-normalized concentrations of OPFRs generated from bootstrapped Monte Carlo simulations (n = 10,000, right side) in 
estuarine food webs from Hainan Island, China.
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Compared with legacy OPFRs, emerging OPFRs have relatively higher 
Korganism-water values. The estimated Korganism-water values were signifi
cantly correlated with Log KOW for all the biota groups for OPFRs (p <
0.01, Fig. 3-A). These results confirmed the importance of hydropho
bicity in the partitioning of OPFRs in marine organisms.

First, we found that the water content was the predominant ab
sorption phase in all the biota samples (ranging from 66.6 % to 87.1 % of 
the mass), followed by structure protein (3.25–5.68 %), storage lipid 
(0.627–7.67 %) and phospholipids (0.120–0.200 %) (Figure S6). 
Considering that lipid, protein, phospholipid and water are important 
adsorption phases for the partitioning of organic pollutants, lipid-water/ 
phospholipid-water/protein-water partition coefficients have been 
explored for their bioaccumulation/trophic magnification potential for 
emerging and legacy OPFRs (Droge, 2019; Fremlin et al., 2023). These 
results indicate that different trophic partitioning behaviors occurred for 
OPFR congeners in this food web. For TEP and TCEP, water content was 
the most important absorption phase for their mass distributions, and 
the mass distributions of storage lipid (29.1–85.4 %) and structural 
protein (13.2–65.9 %) were the two most important absorption phases 
for V6 (Fig. 3-B). The estimated mass fractions of the other 7 emerging 
OPFRs and 8 legacy OPFRs occurred mainly in storage lipid. Impor
tantly, storage lipid did not significantly increase with increasing TLs (r 
< 0, p = 0.591; Figure S6), which may have resulted in an insignificant 
trophic transfer potential for most OPFRs in this study. Therefore, the 
variations in the absorption phase compositions may greatly control the 
partitioning of OPFRs in different food web members, which can also 
explain the different biomagnification conclusions for OPFRs across 
food webs (Borgå et al., 2012; Burkhard et al., 2013; Zhang et al., 2024).

A growing number of studies have indicated that the metabolism of 
OPFRs in organisms affects their bioavailability and limits their trophic 
transfer potential in food webs (Tang et al., 2019; Wang et al., 2019; 
Zhao et al., 2019). The total concentrations of the target OPFR metab
olites increased in the following order: crustacean (30.7 ± 34.3 ng/g lw) 
< mollusk (49.5 ± 53.4 ng/g lw) < fish (50.6 ± 76.3 ng/g lw) (p > 0.05) 
(Table S4 and Figure S7-A). 4-hydroxyphenyl diphenyl phosphate 
(4-OH-TPHP) was the predominant OPFR metabolite, with a mean 
concentration of 27.5 ng/g lw, followed by di-n-butyl phosphate 
(DNBP), dibutyl-3-hydroxybutyl phosphate (3-OH-TNBP), and bis 
(2-butoxyethyl) phosphate (BBOEP) (Table S4 and Figure S7-B). The 
mass fraction of these OPFR metabolites in each absorption phase also 
did not show any positive correlations with the TLs (Figure S8). The 
significant relationships between TBOEP, TNBP and their corresponding 
metabolites suggest that there is a high probability that these two sub
stances tend to be metabolized and accumulate in organisms (Figure S9). 
In the present study, we used the estimated KM values via the EPA 
EPISuite BCFBAF™ for nonspecies-specific fish as a surrogate for the 
overall KM of all OPFRs by various species in food webs (Table S5). The 
estimated KM values of most legacy OPFRs were higher than those of 
emerging OPFRs (Fig. 3-A). It can be hypothesized that emerging OPFRs 
are inherently more difficult to metabolize in organisms and may 
accumulate more as parent compounds in the bodies of organisms.

2.4. Human dietary exposure and health risk assessment

In this study, we assessed the human health risks of target OPFRs and 
their metabolites via seafood consumption and used their concentrations 
in marine organisms to estimate daily intake (Fig. 4). HQ > 1 indicates a 
health risk for humans, whereas HQ < 1 indicates no risk. RfDs from 
references were adapted in this study and were calculated by applying 
the lowest NOAEL and reference maximum recommended composite 
uncertainty factors for the lowest reported NOAEL (Table S6). The HQs 
of all the OPFRs were in the range of 2.39 × 10− 5–7.93 × 10− 2. The 
relatively high HQs of TDCPP might be attributed to their relatively high 
exposure levels and low RfD. Generally, the total risk of human exposure 
to emerging OPFRs via seafood ingestion is relatively lower than that of 
legacy OPFRs. The bioavailability and permeability of compounds play 

key roles in the assessment of human exposure to OPFRs (Dahley et al., 
2024; Pandey et al., 2024). Most legacy OPFRs have high gastrointes
tinal absorption according to an in silico tool (SwissADME; Table S7), 
indicating that emerging OPFRs may be relatively less bioavailable for 
humans. The probabilities of Caco-2 permeability were comparable 
between legacy and emerging OPFRs, but the aqueous solubilities of the 
emerging OPFRs, except for V6, were relatively lower (Log S < − 4.0). 
This phenomenon may be attributed to the higher molecular mass of the 
emerging OPFRs. However, our study evaluated only OPFRs exposure 
via the dietary route, and the health risks of emerging OPFRs via mul
tiple pathways should be assessed in the future. The high levels of some 
OPFR metabolites found in seafood cannot be ignored, which can pro
vide valuable risk information for human exposure (Hou et al., 2023).

3. Conclusions

Understanding the partitioning and metabolism of OPFRs in marine 
organisms is far less understood but is key to assessing the trophic 
transfer potential of OPFRs in food webs. Although relatively high 
concentrations of the emerging OPFRs were detected in seawater and 
sediments from the investigated area, trophodynamic analysis revealed 
that the trophic transfer potential of the emerging OPFRs was lower than 
that of legacy OPFRs. Fugacity-based analysis indicated that different 
trophic partitioning behaviors occurred for the OPFR congeners in this 
food web. All the emerging OPFRs were found to be lipid-dominated in 
the organisms, but TEP and TCEP (the legacy OPFRs) showed significant 
water dominance in the food web members. Emerging OPFRs have 
relatively higher Korganism-water values than legacy OPFRs do when ac
counting for the biological phase composition, but the relatively lower 
level of emerging OPFRs in the environment hinders their bio
accumulation and trophic transfer potential in the food web.

The consumption of seafood was found to present nonsignificant 
risks to local residents for both target legacy and emerging OPFRs. In 
silico bioavailability analysis also revealed a relatively lower gastroin
testinal absorption potential of emerging OPFRs than legacy analogs. 
Nevertheless, it is advisable to maintain vigilance concerning the po
tential risks of emerging OPFRs from aquatic food webs, considering the 
gradual replacement of legacy OPFRs with emerging OPFRs in the 
future. Notably, we investigated only 8 metabolites of legacy OPFRs in 
this study. Comprehensive metabolite quantification of all OPFRs 
(especially E-OPFRs) can help characterize their bioaccumulation and 
trophodynamics in the food web.

4. Materials and methods

4.1. Chemicals and materials

The standards of 8 emerging OPFRs, including V6, CDP, RDP, 
iDDPHP, BDP, iPPP, T4tBPP and TDtBPP, and 10 legacy OPFRs, 
including TEP, TCEP, TCPP, TDCPP, TPHP, TNBP, TBOEP, TCP, 
EHDPHP and TEHP, were purchased with purities > 95 %. The 8 OPFR 
metabolites, including bis(2-butoxyethyl) hydroxyethyl phosphate 
(BBOEHEP), 3-OH-TNBP, 4-OH-TPHP, bis(2-butoxyethyl) 3-hydroxyl-2- 
butoxyethyl phosphate (3-OH-TBOEP), 2-ethyl-5-hydroxyhexyl 
diphenyl phosphate (5-OH-EHDPHP), diphenyl phosphate (DPHP), 
DNBP and BBOEP, were purchased with purities > 95 %. The detailed 
information of the abovementioned compounds is listed in Table S8. The 
isotope-labeled internal standard (IS) TNBP-d27 and surrogates for 
OPFRs (TPHP-d15) and metabolites (BBOEP-d8) were purchased from 
Toronto Research Chemicals (Toronto, ON, Canada). High-performance 
liquid chromatography-grade acetonitrile, dichloromethane, n-hexane, 
and methanol were purchased from OCEANPAK (Tianjin, China) or 
Merck (USA or Germany). The corresponding parent compounds for 
each of the metabolites are listed in Table S9.
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Fig. 3. (A) Estimated distributions of the Log Korganism-water ratios of legacy OPFRs (red points) and emerging OPFRs (blue points) relative to Log KOW and Log KM. (B) 
Linear regressions between the mass fraction and TLs of 8 emerging and 10 legacy OPFRs.
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4.2. Sampling sites and sample collection

All the environmental and faunal samples were collected from the 
Nandu River Estuary, China, in April 2023 (Figure S10). All the fauna 
samples were identified and classified on the basis of seafood databases 
(i.e., FishBase (https://www.fishbase.org), FishIDER (https://fishider. 
org/en), SeaLifeBase (https://www.sealifebase.org), and WoRMS (http 
s://www.marinespecies.org)). The collected samples included fifteen 
fish species, including Epinephelus fasciatus (n = 3), Chorinemus for
mosanus (n = 3), Acanthopagrus latus (n = 3), Terapon jarbua (n = 3), 
Siganus canaliculatus (n = 3), Sillago sihama (n = 3), Leiognathus brevir
ostris (n = 3), Pneumatophorus japonicus (n = 3), Gnathanodon speciosus (n 
= 3), Plectorhinchus (n = 3), Stolephorus chinensis (n = 3), Trachinotus 
ovatus (n = 3), Pisodonophis boro (n = 3), Lutjanus johni (n = 1) and 
Trachiocephalus myops (n = 3). The five mollusk species included Turri
tella terebra bacillum (n = 3), Solen strictus (n = 3), Meretrix meretrix (n =
3), Loligo beka (n = 3) and Octopusocellatus (n = 3), and the four crus
tacean species included Penaeus penicillatus (n = 3), Parapenaeopsis 
hungerfordi (n = 3), Metapenaeus affinis (n = 3) and Oratosquilla oratoria 
(n = 3). Specifically, 54.1 % of these investigated species are carnivo
rous, 33.3 % are omnivorous, 4.17 % are deposit feeders, and 8.33 % are 
filter feeders. The majority of the species are benthic (62.5 %), with 33.3 
% classified as coastal or pelagic and 4.17 % identified as coral reef fish. 
A detailed description of the collected organism samples is provided in 
Table S3. After collection, the samples were stored directly in a refrig
erator at − 20 ◦C and transported to the laboratory. Fourteen surface 
water samples and fourteen surface sediment samples were also 
collected in the sampling region.

4.3. Sample preparation and instrumental analysis

Detailed information on the preparation and treatment of the 
seawater, sediment and biota samples is provided in the Supporting 
Information (SI-1). Instrumental analysis of legacy and emerging OPFRs 
and metabolites was performed via Agilent 1290 Infinity ultra-high 
performance liquid chromatography coupled with Agilent 6470 triple 
quadrupole mass spectrometry (UPLC-MS/MS). The detailed UPLC and 

MS/MS parameters for the target analytes, surrogates, and IS are given 
in SI-2 and Table S10. The freeze-dried biota samples (0.5 mg) were used 
for analyzing stable isotopic ratios of carbon (δ13C) and nitrogen (δ15N) 
via a Flash EA 112 series elemental analyzer coupled with a Finnigan 
MAF ConFlo 111 isotope ratio mass spectrometer (Lu et al., 2023). The 
standard deviations for the δ13C and δ15N analyses were 0.02 % and 0.05 
%, respectively. The water content of the biological samples was 
determined via the weighing method. The lipid content was determined 
gravimetrically using 0.1 g dw biological samples extracted with 1:1 v/v 
n-hexane and dichloromethane twice. Total protein and phospholipid 
levels in the biota samples were quantified via a Bicinchoninic Acid 
Assay Kit (Enzyme-linked Biotechnology Co., Shanghai, China) and a 
Phopholipid ELISA Kit (YJ218547, Yuanju Biotech, Shanghai, China), 
respectively.

4.4. Quality assurance and quality control (QA/QC)

All glassware was heated at 450 ◦C for 4 h before use, and all 
equipment (glassware, PTFE tube, etc.) was cleaned in sequence with 
methanol, dichloromethane, and n-hexane to decrease background 
interference. For each batch of samples (n = 12), a solvent blank, a 
method blank and a quality control (each target analyte at a concen
tration of 100 ng/mL) were run in sequence to check for carryover and 
system performance. Method blanks > 1 ng/mL were detected for TEP, 
TCPP, TDCPP, TPHP, and TDtBPP. The concentrations of the method 
blanks were subtracted from the corresponding samples. The surrogate 
recoveries for TPHP-d15 were 49.6–104 %, 65.4–85.0 %, and 53.4–138 
% and those for BBOEP-d8 were 111–159 %, 85.4–123 % and 49.6–133 
% for seawater, sediment and biological samples, respectively. The 
method detection limits (MDLs) and method quantitation limits (MQLs) 
were defined as the concentrations with signal-to-noise ratios of three 
and ten, respectively. The MDLs and MQLs of the target compounds 
ranged from 0.002 to 0.873 and 0.005–2.91 ng/g lw, respectively. The 
matrix effects for the target compounds ranged from 28.7 to 132 %. The 
utilization of matrix standards for the quantitative assessment of sub
stances exhibiting high matrix effects. Spike recoveries were performed 
on the biological samples, with absolute recoveries ranging from 65.0 to 

Fig. 4. Health risks of legacy and emerging OPFRs in seafood, measured in terms of hazard quotient (HQ).
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127 %. The intraday relative standard deviations (RSDs) were in the 
range of 0.957–22.0 %. Details of the QA/QC results for the seawater, 
sediment and biological samples are presented in Table S11.

4.5. Statistical analysis

The bioaccumulation factors (BAFs) are calculated to describe the 
transfer ratio of pollutants from water to biota via the following equa
tions (Ma et al., 2014). 

BAFwet weight = Cbiota ww
/
Cwater (1) 

Where Cwater is the sum of pollutant concentrations in the dissolved 
phase and particulate phase (ng/L) and Cbiota is the concentration in 
biota (ng/g wet weight).

The biota-sediment accumulation factor (BSAF) is used to evaluate 
the bioavailability of pollutants from sediments and can be estimated via 
the following equation (Zhu et al., 2024): 

BSAF = Cbiota/Csediment (2) 

Where Cbiota is the pollutant concentration in biota (ng/g wet weight) 
and Csediment is the pollutant concentration in sediment (ng/g dry 
weight).

TLs of the analyzed organisms are estimated on the basis of the 
assumption that zooplankton occupy a TL of 2.0 and a Δσ15N of 3.4 via 
Eq. (3): (Yin et al., 2023) 

TLs =
(
δ15Nsamp − δ15Nbaseline

)/
Δσ15N + λ (3) 

Where δ15Nsamp and δ15Nbaseline are the test δ15N values of the biological 
sample and the baseline organism (zooplankton), respectively.

The calculation of TMFs is based on the correlations between lipid- 
normalized concentrations and the TLs of individual organisms via the 
following Eqs. (4)–(5): 

logOPFRs = a + b∗TLs (4) 

TMFs = 10b (5) 

The partition coefficients for OPFRs and metabolites between the 
water and biological phases (i.e., lipid, protein and phospholipid) were 
estimated via the pp-LFERs method (SI-3 and Table S5). (Stenzel et al., 
2013)

The relative fractions of the chemical mass of the target compounds 
(%) in each tissue phase can be estimated via Eq. (6): (Fremlin et al., 
2023) 

Mtissue =
Mtissue

Mlipid + Mprotein + Mphospholipid + Mwater
× 100 (6) 

To evaluate the human health risk of OPFRs via seafood consump
tion, the estimated daily dietary intake (EDI) was calculated as follows: 
(Zhu et al., 2024) 

EDI = C × DC/BW (7) 

Where C is the concentration of the target compound in marine organ
isms (ng/g ww). DC represents the daily per capita seafood consumption 
of 82.4 g/person/day (Chen et al., 2023), and BW represents the average 
body weight of adults (70 kg) (Wang et al., 2020).

The health risk assessment via seafood consumption was evaluated 
(SI-4).

Univariate correlation analysis (Spearman correlation coefficients) 
was conducted to assess the concentrations between legacy and 
emerging OPFRs. All the statistical analyses were carried out via Origin 
2022b software (Origin Lab Corporation, MA). A p value < 0.05, 0.01 or 
0.001 was considered statistically significant. One-way analysis of 
variance (one-way ANOVA) was used to test the significance between 
groups, with a statistical significance level of 0.05. The chemical 

concentration below the MDLs was set to half of the MDLs for all the 
statistical analyses except linear regression.
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Cytochrome P450-mediated biotransformation of octocrylene in 
Tetradesmus obliquus: Integrative insights from transcriptomics, proteomics, 
molecular docking, and density functional theory calculation
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c School of Environment, South China Normal University, Guangzhou 510006, China

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Tetradesmus obliquus removed 95 % of 
OC in 10 days, mainly through 
biotransformation.

• Ten OC biotransformation products 
were identified, with 54.1 % being 
mono-hydroxylated.

• Seven CYP450s were significantly upre
gulated, confirming CYP450 involve
ment via ABT inhibition.

• Theoretical calculations indicate that 
CYP26-like mediates hydroxylation of 
the alkyl chain in OC.

A R T I C L E  I N F O

Keywords:
Octocrylene
Tetradesmus obliquus
Cytochrome P450 enzymes
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A B S T R A C T

Octocrylene (OC), a sunscreen active ingredient, has received considerable attention due to its widespread 
occurrence and toxicity. However, little is known about its removal efficiency, elimination routes and the 
associated mechanisms by microalgae. Here, we investigated the removal efficiency, biotransformation products, 
pathways, and the cytochrome P450 (CYP450) catalytic reaction mechanism of OC by Tetradesmus obliquus. We 
found that Tetradesmus obliquus removed approximately 95 % of OC within 10 days, with biotransformation 
(82 %-99 %) being the primary removal route. Ten transformation products (TPs) were identified, of which 
mono-hydroxylated TPs accounted for 54.1 % of the total abundance. Transcriptomics and proteomics results 
both revealed that the expression of seven CYP450s was significantly upregulated, six of which were CYP26-like 
proteins. Furthermore, the non-specific CYP450 enzyme inhibitor 1-aminobenzotriazole (ABT) significantly 
inhibited the OC biotransformation rate, demonstrating the involvement of CYP450 in the biotransformation of 
OC in Tetradesmus obliquus. Molecular docking and DFT calculations jointly revealed that the specific binding 
conformation of OC with CYP26-like favored alkyl chain hydroxylation. Our findings demonstrate that 
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Tetradesmus obliquus can efficiently degrade OC, providing new insights for developing green and sustainable 
removal methods for emerging contaminants like OC.

1. Introduction

The global sunscreen market has experienced continuous growth due 
to increasing public awareness of UV-induced skin damage, including 
sunburn and skin cancer [39]. Among the most widely used UV filters, 
octocrylene (OC) holds a dominant position, accounting for 36.6 % of 
the market in Asia, 55.8 % in Europe, 52.0 % in North America, 74.0 % 
in South America, and 48 % in Australia as of 2021 [10]. However, OC’s 
persistence in the environment poses significant concerns due to its 
resistance to photolysis and hydrolysis [16,30,42]. For example, OC has 
been shown to remain stable in surface water for over 144 h without 
degradation [48]. Additionally, conventional wastewater treatment 
plants (WWTPs) fail to effectively remove OC [63], allowing it to enter 
aquatic ecosystems through treated effluents and recreational water 
activities [41]. Environmental concentrations of OC have been reported 
to reach up to μg/L levels, with extremes exceeding 103 μg/L [15,58]. 
Due to its high lipophilicity (log Kow = 6.88), OC can accumulate in 
aquatic organisms across various trophic levels [54], raising potential 
risks for non-target organisms. Adverse effects include endocrine 
disruption and growth inhibition as demonstrated in Danio rerio, where 
antiestrogenic, antiandrogenic, and estrogenic effects were observed 
[69]. Likewise, OC has been shown to inhibit the growth of marine 
species such as Paracentrotus lividus (sea urchin), Mytilus galloprovincialis 
(marine mussel) and Artemia salina (brine shrimp), with mortality 
occurring at concentrations between 100 μg/L to mg/L [22,55]. These 
findings underscore OC’s toxicity to aquatic organisms and highlight the 
need for mitigation strategies.

Microalgae, as primary producers, constitute a significant biomass in 
various aquatic environments [50]. They play crucial ecological roles, 
such as providing oxygen and serving as the foundation of aquatic food 
webs [53]. Beyond their ecological importance, microalgae are utilized 
in industries for products like biofuels, nutritional supplements, cos
metics as well as wastewater treatment, highlighting their economic and 
environmental significance [4]. Among microalgal species, Tetradesmus 
obliquus, a green microalga commonly found in freshwater habitats, is 
noted for its rapid growth rate and robust adaptability to various envi
ronmental conditions [49,72]. This species has demonstrated efficacy in 
removing emerging contaminants (ECs), such as climbazole (CBZ), 
levofloxacin (LEV), and 17α-ethinyl estradiol (EE2) [50,51,66]. For 
example, Tetradesmus obliquus removed 23–29 % of benzophenone-3 
(BP-3) mainly by biotransformation within 10 days [32]. Additionally, 
the heterotrophic microalga Chromochloris zofingiensis exhibited 
76–97 % removal of LEV via biosorption and biotransformation pro
cesses [52]. The primary mechanism of EC removal by microalgae 
involved bioaccumulation, biotransformation and biosorption [29,51, 
68]. However, such studies have focused mostly on the removal rates 
and pathways, with the underlying molecular and biochemical mecha
nisms remaining largely unknown. This knowledge gap underscores the 
need for further research to elucidate the detailed processes governing 
microalgal remediation of ECs.

Cytochrome P450 (CYP450) enzymes, key members of the heme 
monooxygenase superfamily, play pivotal role in the metabolism of both 
endogenous and exogenous compounds in organisms [34]. These en
zymes are recognized as key mediators of biotransformation for ECs, 
catalyzing reactions such as hydroxylation, oxidation, and decarboxyl
ation [13]. For instance, CYP450 in zebrafish has been shown to mediate 
the formation of C5-OH and C6-OH hydroxylated metabolites from 
2-ethylhexyl diphenyl phosphate (EHDPHP) [70]. Similarly, CYP450 
participated in the metabolism of sulfamethoxazole (SMX) in Chlorella 
sorokiniana [13]. Despite their importance, our understanding of 
CYP450-mediated catalytic process remains limited, with only a few 

studies exploring their activity toward organic contaminants [17,61, 
74]. CYP450 was shown to drive microalgal biotransformation of 
bisphenol A (BPA), SMX and ciprofloxacin (CIP) through inhibitor as
says, metabolomics, and molecular docking [12]. Here, we hypothesize 
that Tetradesmus obliquus can effectively remove OC through 
CYP450-mediated biotransformation, considering that the long carbon 
chains in OC that are amenable to such enzymatic modification [54,6]. 
However, it is crucial to note that biotransformation products may 
exhibit greater persistence, toxicity, or bioaccumulation potential than 
the parent compound (OC) itself [29]. Therefore, elucidating the 
structures and environmental behaviors of OC’s transformation products 
is essential to understanding its fate, transport, and potential ecological 
risks in aquatic systems.

Thus, the present study aimed to achieve three primary objectives: i) 
to evaluate the efficiency and pathways of OC removal by Tetradesmus 
obliquus; ii) to identify the biotransformation products of OC, elucidate 
their formation pathways, and assess the associated toxicological risks; 
and iii) to investigate the catalytic mechanism of CYP450-mediated OC 
biotransformation in Tetradesmus obliquus. Collectively, the present 
study provides novel insights into the role of CYP450 in OC biotrans
formation within algal systems. The results not only advance out un
derstanding of microalgal detoxification mechanism but also provide a 
scientific foundation for developing eco-friendly strategies for environ
mental remediation of OC and related contaminants.

2. Materials and methods

2.1. Chemicals and Tetradesmus obliquus culture

Octocrylene (OC, >98 %) was obtained from TCI (Tokyo, Japan). 
Dimethyl sulfoxide (DMSO) and LC-MS grade methanol were acquired 
from Macklin (Shanghai, China) and Sigma-Aldrich (St. Louis, Missouri, 
USA), respectively. Nitrogen-containing BG-11 culture medium stock 
solution (1000 ×) was purchased from Leding Tec (Shanghai, China).

Unicellular green alga Tetradesmus obliquus (FACHB-12) was pur
chased from the Freshwater Algae Culture Collection at Institute of 
Hydrobiology of Chinese Academy of Sciences (Wuhan, China). Micro
algae were inoculated in sterile BG11 medium at pH of 7.0 ± 0.1. The 
algae were maintained in a climate chamber under controlled conditions 
of temperature (23.0 ± 0.2 ◦C), light intensity (3500 ± 100 lux), and a 
light-dark cycle of 12–12 h. Algae under exponential growth phase were 
collected for subsequent experiments.

2.2. Experimental setup

Tetradesmus obliquus in exponential growth phase was inoculated 
into 300 mL conical flasks, generating an initial algal cell density of 
approximately 4 × 105 cells/mL in 200 mL of BG11 medium. Four 
different treatments were performed: solvent control (0.01 % DMSO), 
500 μg/L OC without algae (control), 500 μg/L OC with dead algae 
(control), and 500 μg/L OC with alive algae. Additionally, to investigate 
the role of CYP450 in the biotransformation of OC in algae, two more 
treatment groups were also conducted using 1-aminobenzotriazole 
(ABT; a non-specific inhibitor of CYP450 enzyme): ABT treatment 
group (5 μM) and ABT + OC treatment group (5 μM ABT + 500 μg/L OC) 
(Fig. S1). 5 μM ABT was validated in preliminary experiments and 
widely used in microalgae studies [13,60]. The flasks were shaken three 
times and repositioned daily to prevent uneven light exposure. The 
experimental conditions were the same as the culture conditions. All 
experiments were performed in triplicate, and lasted for 10 days. Mea
surements were conducted as follows: algal density and OC 
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concentration were measured every two days (days 0, 2, 4, 6, 8, and 10), 
OC biotransformation products were analyzed every five days (days 5 
and 10), and transcriptome and proteomics analyses were performed 
after 10 days of exposure (day 10).

2.3. Determination of cell density

To investigate the effects of OC and ABT on algal growth, cell density 
was determined using a hemocytometer under an optical microscope. 
The optical density (OD) at 680 nm was measured using a microplate 
reader (Thermo Fisher, USA). A linear relationship between cell density 
(cells/mL) and OD680 was established, and the equation is provided 
below [25]: 

Cell density (cells/mL) = 1.35× 107 × OD680 + 2.49 × 104             (1)

2.4. Removal of OC by algae

To determine OC concentrations in the culturing solution, 10 mL of 
algal solution was centrifuged at 3000 rpm for 10 min, and the super
natant was collected. The resultant algal cells were used to determine 
the amount of adsorbed (biosorption) and accumulated (bio
accumulation) OC. For biosorption, the algal cells were resuspended in 
1 mL of 2:8 methanol/water, vortexed for 30 s, and centrifugated for 
10 min at 3000 rpm. This procedure was repeated twice, and the 
resultant supernatants were combined for the determination of OC 
adsorbed onto the algal cells. Meanwhile, the resultant pellets were used 
to measure bioaccumulation by subjecting them to repeated freeze-thaw 
cycles and ultrasonic treatment, extraction with 1 mL of methanol each, 
vortex, and centrifugation (3000 rpm, 10 min). Details on calculating 
removal efficiency (R) and biotransformation rate (Pb), the pseudo-first- 
order kinetic model, and the Gompertz model are provided in Text S1.

2.5. OC and its transformation products (TPs) analysis

OC concentration was determined using an Agilent 1290 ultrahigh- 
performance liquid chromatography system coupled to a 6460 triple- 
quadrupole mass spectrometer (LC-MS/MS, Agilent, USA). Details on 
the LC-MS/MS parameters are shown in Table S1.

OC metabolites in algae were extracted following the method pre
viously reported with minor modifications [67]. Briefly, at day 5 and 
day 10, 35 mL of algal solution from both the solvent control and the 
500 µg/L OC treatment group were collected and centrifuged at 
3000 rpm for 10 min. The pellet was subjected to ultrasonic disruption, 
followed by extraction with 1 mL of methanol. The mixture was vor
texed for 30 s and then centrifuged. The supernatant was filtered 
through a 0.22 µm organic phase syringe filter. OC metabolites were 
then determined using an ultra-high-performance liquid chromatog
raphy system coupled to Q exactive™ plus hybrid quadrupole-orbi
trap™ mass spectrometer (UHPLC-QE-Orbitrap-MS, Thermo Fisher 
Scientific, the United States). The spectra were analyzed using Com
pound Discoverer (CD) 3.3. The expected metabolite ID workflow was 
used to identify TPs, which were required to have a maximum mass error 
of less than 5 ppm accompanied by MS/MS spectra. Additionally, pre
vious studies were used to assist in the TPs identification [54,6]. The 
instrument parameters and associated details are described in Text S2.

2.6. Transcriptomic and proteomic analysis

Transcriptomic and proteomic analysis were conducted in the sol
vent control group (DMSO) and the 500 μg/L OC treatment group on the 
10th day to investigate changes in the expression of genes and proteins 
associated with biotransformation (such as CYP450 and ABC trans
porters) in Tetradesmus obliquus under OC exposure. Specifically, 200 mL 

of algal solution was centrifuged at 4000 rpm for 10 min, and the 
resultant pellet was washed twice with PBS (pH = 7), frozen in liquid 
nitrogen and stored at − 80 ◦C. Detailed information on transcriptomics 
and proteomics analysis is provided in Text S3 and Text S4.

The reference genome version for transcriptomics and proteomics 
was GCA_030272155.1(https://www.ncbi.nlm.nih.gov/datasets/geno 
me/GCA_030272155.1/). Differential expression genes (DEGs) were 
identified with p-value < 0.05 (Wald test) and an absolute log2-fold 
change > 0.585. Differential expression proteins (DEPs) were identi
fied with p-value < 0.05 (student’s t-test) and an absolute log2-fold 
change > 0.263. Gene ontology (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG), and Swiss-Prot were used to note DEGs and DEPs 
functions.

2.7. In silico prediction and theoretical calculation

Quantum chemical calculations were conducted to investigate the 
structure-activity relationship of OC and the reactivity of active sites. 
Details of the density functional theory (DFT) calculations are provided 
in Text S5 [38]. The specific parameters for molecular docking are 
outlined in Text S6. The Cartesian coordinates of atoms, molecular 
docking parameters, and detailed docking results are provided in 
Tables S2-S4. Pairwise and multiple sequence alignments of protein 
sequences were performed using EMBOSS Needle and Clustal Omega 
[40], respectively, and visualized with Jalview [62]. Protein surface 
hydrophobicity was analyzed and visualized using ChimeraX 1.9 [44].

The ECOSAR Class Program (version 1.11) was used to assess toxic 
effects of OC and its TPs in aquatic environments. The toxicity of a 
chemical was classified according to the calculated log10 LC50/EC50 
values: very toxic (log10 LC50/EC50 < 0), toxic (0 < log10 LC50/EC50 <

1), harmful (1 < log10 LC50/EC50 < 2), and not harmful (2 < log10 LC50/ 
EC50) [21]. Subsequently, we used Swiss Target Prediction (http:// 
www.swisstargetprediction.ch/) to predict the potential human pro
tein targets of OC and its TPs by selecting targets with a probability 
greater than 0.1 (P > 0.1) for visualization using Cytoscape [71].

2.8. Statistical analyses

Statistical analyses were performed using SPSS (IBM, Statistics 26, 
USA). The normality of data was examined using Shapiro-Wilk test, and 
the homogeneity of variance between groups was checked by Levene’s 
test. Normality (Shapiro-Wilk) and variance homogeneity (Levene’s) 
were assessed at α = 0.05. p > 0.05 indicated no significant deviations 
from assumptions. Significant differences in cell density between the 
treatment and control groups were estimated using one-way ANOVA, 
followed by least significant difference (LSD) test for multiple compar
isons. For ANOVA, a statistically significant result (p < 0.05) indicates 
that at least two groups differ significantly. Subsequent post-hoc tests 
(LSD) with p < 0.05 identify which specific pairs of groups exhibit sig
nificant differences. The heatmaps of protein sequence identity and 
similarity were created using Chiplot (https://www.chiplot.online/), 
while other figures were generated with Origin 2024.

3. Results and discussion

3.1. OC removal by Tetradesmus obliquus

The cell density of Tetradesmus obliquus in 500 μg/L OC treatment 
group was slightly lower than the control group throughout the expo
sure, with the difference reaching approximately 10 % by the end of 
exposure (Fig. S2a). After 10 days, OC concentration decreased slightly 
in the abiotic group (without algae, < 5 %), suggesting negligible 
photolysis and hydrolysis of OC during the exposure period (Fig. S3). On 
the other hand, in the presence of Tetradesmus obliquus, OC concentra
tion decreased by more than 90 % at the end of the exposure, demon
strating that biotic reactions were the main routes for OC removal. 
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Indeed, the OC removal observed here was primarily attributed to 
biotransformation (82 %-99 %) and bioaccumulation (1 %-17 %) 
(Fig. S2b), suggesting the important role of intracellular enzymes in the 
OC removal process. The Gompertz model fitted better than the pseudo- 
first-order kinetics model (R2 = 0.914 and 0.868, respectively) (Fig. S2c- 
d). In this study, Tetradesmus obliquus required an adaptation period (lag 
phase) of approximately 0.8 days before transitioning into the expo
nential clearance phase of OC [9].

3.2. Identification of OC transformation products (TPs)

Ten TPs were identified with mass errors less than 5 ppm, seven of 
which are phase I TPs (TP249, TP359, TP375, TP377-Ph, TP377, TP391, 
and TP393; Where "xxx" in TPxxx denotes the relative molecular weight) 
while the remaining are phase II TPs (TP539, TP615 and TP641) (Fig. 1). 
The MS and MS/MS spectra of these TPs are shown in Fig. S4-S35. 
Among phase I TPs, both TP249 and TP359 were identified by fragments 
of m/z 250.08626 (C16H12O2N+), m/z 232.07569 (C16H10O2N+), and m/ 
z 204.08078(C15H12N+) (Fig. S36). TP249 is known as 2-cyano-3,3- 
diphenylacrylic acid (CPAA) and a metabolite generated from the 
ester hydrolysis of OC [6], whereas TP359 was discovered for the first 
time for OC. Similarly, TP375, TP391 and TP393 were identified 
through the Na+ adduct ions (NaC16H11O2N+, m/z 272.06820; Fig. S36). 
TP375 was identified as a carbonylated metabolite on the 2-ethylhexyl 
chain based on the fragment ions of m/z 272.06820 and m/z 
127.11229 (C8H15O+) (Fig. S36). Moreover, TP375 was likely a ketone 
metabolite as here we did not seek to identify carboxylated metabolites 
of OC. TP391 was identified by ions of m/z 272.06820 and m/z 
288.06366, which suggests the occurrence of phenolic hydroxylation on 
the phenyl ring. In addition, other ions including m/z 165.08915 
(NaC8H14O2

+) and m/z 143.10720 (C8H15O2
+) were also observed for 

TP391 (Fig. S36), which further confirms the occurrence of oxidation on 
the 2-ethylhexyl chain. TP391 was therefore a mono-carbonyl and 
mono-hydroxylated metabolite rather than a carboxylated metabolite. 
TP393 was identified as a dihydroxylation product by fragment ions of 
m/z 272.06820 and m/z 167.10480 (NaC8H16O2

+) (Fig. S36). 

Unfortunately, phenyl ring hydroxylation was not observed for the 
di-hydroxylated metabolite, possibly due to low signal response and the 
lack of MS/MS spectra. Regarding TP377, it was a mono-hydroxylated 
metabolite identified through fragments of m/z 250.08626, m/z 
232.07569 and m/z 204.08078, suggesting the occurrence of hydrox
ylation on the 2-ethylhexyl chain. Similarly, previous studies reported 
that 5-OH OC was a major product of alkyl chain hydroxylation of OC in 
in vitro studies, human urine, and coral symbionts [23,5,54,6]. Two 
additional fragments, m/z 272.06820 and m/z 288.06366 
(NaC16H11O3N+), were also observed for TP377, indicating the simul
taneous occurrence of hydroxylation on the phenyl ring, which was 
further confirmed by the detection of TP377-Ph.

Among phase II TPs, OC-glucoside conjugate (TP539) was identified 
through m/z 272.06820 and 2-ethylhexyl chain adduct with the gluco
side ion (NaC14H26O6

+, m/z 313.16174), which was reported for the first 
time for OC. In the MS/MS spectra of the sodium adduct ion, diagnostic 
fragment ions of m/z 382.17780 (NaC24H25NO2

+) and m/z 272.06820 
confirmed the presence of the two fatty acid conjugates, TP615 and 
TP641. It should be noted that fatty acid conjugates are extremely rare 
for natural biotransformation products of exogenous compounds. 
Nonetheless, because fatty acid conjugation would substantially in
crease compound’s lipophilicity and thereby hinder its metabolism [54, 
8], we speculated this might be a strategy used by microalgae to reduce 
the bioavailability of OC, similar to acetylation and methylation in 
phase II metabolism reactions [18]. Likewise, fatty acid conjugates have 
been observed in coral symbionts and worms [14,54,56].

3.3. Proposed biotransformation pathway and toxicity assessment of TPs

Apart from the two newly reported TPs of 2-ethylhexyl chain desa
turation (TP359) and OC-glucoside conjugate (TP539) (Fig. 1), the 
remaining eight TPs have been identified in human urine and coral 
symbionts as well [54,6]. As hydroxylation in the phase I metabolism 
serves as a prerequisite for the subsequent formation of oxidation/hy
droxylation metabolites and phase II conjugation products, we provided 
a semi-quantitative assessment of the relative contributions of 

Fig. 1. Proposed transformation products and biotransformation pathways of OC by the green alga Tetradesmus obliquus. Where "xxx" in TPxxx denotes the relative 
molecular weight.
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individual TPs based on their corresponding peak areas (Fig. 2a). On the 
5th day, the proportions of phase I biotransformation products were 
54.1 % for mono-hydroxylation (TP377 and TP377-Ph), 21.3 % for 
oxidation (TP375), 2.4 % for hydrolysis (TP249), 2.1 % for 
hydroxylation-oxidation (TP391), 1.8 % for di-hydroxylation (TP393) 
and 1.0 % for desaturation (TP359). Regarding the phase II biotrans
formation products, the proportions were 2.5 %, 7.2 %, and 7.6 % for 
glucoside conjugate (TP539), C16:0 fatty acid conjugate (TP615) and 
C18:1 fatty acid conjugate (TP641), respectively. Therefore, the 
mono-hydroxylation metabolites (TP377 and TP377-Ph) were the major 
identified TPs, with the 2-ethylhexyl chain hydroxylation metabolite 
(TP377) accounting for 97 % of the mono-hydroxylation products. In 
contrast to the OC metabolism in humans, hydroxylation rather than 
hydrolysis products dominated the TPs in microalgae [7]. However, on 
day 10, most of the TPs dissipated (e.g., TP249, TP391, etc., Table S5), 
with the abundance of all hydroxylated and hydrolyzed metabolites 
(TP249, TP377, TP377-Ph, TP391 and TP393) decreasing significantly 
by approximately 96.4–100 % as compared to day 5. Such reduction is 
likely due to their increased hydrophilicity, which facilitates their 
excretion from the algal cells. However, 7.8–10.2 % of the two fatty acid 
conjugates were retained (TP615 and TP641). None of the 10 metabo
lites were detected in the culture medium after 10 days, suggesting they 
may have undergone further degradation.

All observed TPs except TP359, TP615 and TP641 presented lower 
aquatic toxicity (fish, daphnia and green algae) than OC (according to 
ECOSAR, Fig. 2b and Table S6), which is probably related to the elevated 
hydrophilicity caused by the increased number of hydroxyl groups (e.g., 
TP377, TP393 and TP539), a common detoxification mechanism in or
ganisms [11]. While TP359 showed relatively higher acute toxicity to 
green algae only, the two fatty acid conjugates (TP615 and TP641) 
exhibited relatively higher aquatic toxicity to fish, daphnia and green 
algae, possibly caused by elevated hydrophobicity. As a prior study of 
toxic effects of BP-3 (another sunscreen) on corals has demonstrated the 
phototoxicity of BP-3-glucoside [59], attention should be paid to the 
potential phototoxicity of OC-glucoside conjugates. Additionally, we 
identified 282 protein targets for six of the 11 examined compounds 
(OC, TP249, TP359, TP375, TP377 and TP377-Ph) using Swiss Target 
Prediction, which are related to growth and development, cardiovas
cular, neurological and immune system diseases (Fig. 2c).

3.4. Genes and proteins associated with biotransformation

Transcriptomic and proteomic analyses enable high-throughput 
screening of differentially expressed genes and proteins, revealing key 
factors in OC biotransformation [36,37]. The expression of a total of 13 
genes along with their encoding proteins were simultaneously signifi
cantly upregulated, namely CYP450-monooxygenase (n = 7), 
Cu-monooxygenase (n = 1), UDP-glucuronosyltransferase (UGT) 
(n = 2) and ABC transporters (n = 3) (Fig. 3a and Table S7). Xenobiotic 
metabolism comprises both biotransformation and transport processes, 
which are involved in detoxification of exogenous compounds [57]. 
CYP450 are key enzymes participating in the metabolism of both 
endogenous and exogenous compounds, degrading substances primarily 
through oxidation and occasionally through dehydrogenation and hy
drolysis [24]. They can biotransform lipophilic exogenous chemicals 
into more water-soluble compounds for excretion [65]. Here, we found 
significant upregulation (log2FC of gene expression = 1.25–10.99, 
log2FC of protein abundance = 1.12–5.00) of eight monooxygenase 
genes (OEZ86_000961, OEZ86_003108, OEZ86_003232, 
OEZ86_004050, OEZ86_004193, OEZ86_008212, OEZ86_011280 and 
OEZ86_013322) along with their encoding proteins (WIA30909.1, 
WIA32262.1, WIA32405.1, WIA35635.1, WIA35805.1, WIA36975.1, 
WIA28746.1 and WIA39880.1, respectively; coding gene names were 
used in the subsequent discussion to represent their corresponding 
proteins), which matches well our discovered biotransformation prod
ucts. Therefore, we further performed BLASTP searches and domain 
analysis (https://www.ebi.ac.uk/interpro/; https://pantherdb.org) on 
these eight protein sequences to uncover their potential functions. 
BLASTP results showed that these proteins had the highest sequence 
identity (30.24 %-63.55 %) with CYP450s from Monoraphidium sp. 
(green algae) and were well-clustered within the CYP450 family of green 
algae (Figs. S37-S44). Domain analysis revealed that OEZ86_000961 and 
OEZ86_011280 were annotated as ABA-like proteins (abscisic acid hy
droxylase) and DBH-like proteins (dopamine β-hydroxylase), respec
tively. Both ABA-like and DBH-like proteins mediate the hydroxylation 
of ABA and dopamine [2,35], respectively, with the hydroxylation sites 
located on their carbon chains. This suggests their potential activity in 
OC hydroxylation. The remaining proteins were classified as either 
CYP26-like proteins (retinoic acid hydroxylases in animals, uncharac
terized) or CYP120A1-like proteins (retinoic acid hydroxylases in cya
nobacteria, characterized) based on sequence similarity (Fig. 3b), 
indicating potential functional or substrate similarities. The represen
tative proteins of the CYP26 family were CYP26A1, CYP26B1, and 
CYP26C1, which shared retinoic acid (RA) as their common substrate. 
This finding is intriguing, as some eukaryotic microalgae, such as 
Chlamydomonas sp., have been reported to produce RA and its metabo
lites (e.g., at-4-oxo-retinoic acid) [64]. However, no such enzymes have 
been characterized or even mentioned in eukaryotic microalgae to date. 
The six CYP26-like proteins were compared pairwise, and they were 

Fig. 2. The abundance (Peak area-based semi-quantification) (a), aquatic 
toxicity (b) and compounds-targets network (c) of OC biotransformation 
products. The abundance in (a) was measured on the day 5. The aquatic toxicity 
in (b) was predicted using ECOSAR. The compounds-targets network in (c) was 
created using Cytoscape and Swiss Target Prediction. The degree value in
dicates the number of compounds associated with a given target.
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Fig. 3. Analysis of genes and proteins participating in xenobiotic metabolism. a) Expression fold changes of differentially expressed genes (DEGs) and differentially 
expressed proteins (DEPs) related to xenobiotic metabolism, b) Domain identification of the six CYP26-like proteins using the PANTHER classification system, c) 
Pairwise sequence alignment of the six CYP26-like proteins, d) Multiple sequence alignment of the three CYP26-like proteins, CYP120A1 and CYP26 family proteins 
(Complete sequence comparison is shown in Fig S45.), and e) Hydrophobicity analysis of the OEZ86_008212 protein surface. Treatment-1, Treatment-2 and 
Treatment-3 indicate biological replicates. T and P represent transcriptome and proteome, respectively. SRS and HBD indicate substrate recognition site and heme- 
binding domain, respectively.
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grouped into two categories based on sequence similarity (Fig. 3c). High 
sequence similarity typically suggests functional similarity. If multiple 
proteins catalyze the same substrate, this could result in functional 
redundancy [26]. Therefore, we speculated that these proteins might 
catalyze multiple substrates or oxidation sites, which aligns with the 
presence of multiple TP377 isomers. Notably, the three members of the 
CYP26 family (CYP26A1, CYP26B1, and CYP26C1) exhibit distinct 
catalytic site preferences [26]. This suggests that the two groups iden
tified in this study may preferentially catalyze different sites of the same 
substrate. To further investigate the differences in the substrate recog
nition sites (SRSs) and heme-binding domain (HBD) between the target 
proteins and CYP120A1 and CYP26, we performed a multiple sequence 
alignment of a set of proteins (OEZ86_003018, OEZ86_008212, 
OEZ86_013322) with CYP120A1 and CYP26 (Fig. 3d, Fig. S45). 
Consistent with a previous study, the sequence identity in the SRS5 re
gion near the HBD was relatively high [28], indicating similarity in 
substrate catalysis. The three-dimensional structures of the proteins 
were modeled using AlphaFold (Fig. 3e). Taking OEZ86_008212 as an 
example, its substrate-binding channel and pocket exhibited high hy
drophobicity, resembling those of CYP120A1 [31]. This was not unex
pected as both RA and OC are highly hydrophobic compounds (log Kow =

6.3 and 6.88, respectively). Based on their metabolites, the hydrophilic 
ends of both substrates likely oriented away from the heme group to 
optimize the catalytic site.

Consistent with TP539, we found that UDP-glucuronosyltransferase- 
like genes and proteins (UGT3A1-like and UGT3A2-like) were signifi
cantly upregulated. Notably, UGT3A1 and UGT3A2 utilized UDP N- 
acetylglucosamine, UDP-glucose, and UDP-xylose as sugar donors, 
instead of UDP-glucuronic acid, to metabolize a wide range of endoge
nous and exogenous compounds [20,43]. The upregulation of ABC 
transport proteins may also lead to enhanced detoxification capacity of 
algae [3,47]. Similarly, expression dysregulation of ABC transporters 
has been observed in algal cells exposed to tylosin and erythromycin 
[33,45].

3.5. The role of CYP450 in OC biotransformation

The preceding results of this study collectively supported the medi
ating role of CYP450 in OC biotransformation. To further strengthen this 
speculation, we used the non-specific CYP450 inhibitor ABT to explore 
the actual role of CYP450 in the metabolism (Fig. 4a-d) [46]. In com
parison with the OC group, the addition of 5 μM ABT significantly 
decreased OC bioaccumulation rates by 0.1 %-13.0 % from day 2, 4, 6 
and 8 (Fig. S46), and decreased biotransformation rates (1.4 %-7.3 %) 
(Fig. 4b). These effects are likely due to the inhibition of CYP450 enzyme 
activity. Additionally, ABT extended the lag phase and half-life of OC 
removal (Fig. 4c-d and S47), thereby slowing the early-stage biotrans
formation of OC in the algae. Similarly, a previous study reported that 
5 µM of ABT significantly reduced the removal efficiency of SMX by 
Chlorella sorokiniana [13]. Therefore, it is highly likely that OC removal 
was primarily attributed to biotransformation mediated by CYP450.

Considering that hydroxylation was identified as the main metabolic 
reaction of OC in Tetradesmus obliquus, we used DFT to calculate the 
highest occupied molecular orbital-lowest unoccupied molecular orbital 
(HOMO-LUMO) gaps and condensed Fukui function of OC (Fig. S48). We 
found that the electron-rich and electron-poor regions were concen
trated on the phenyl, nitrile and ester groups, which were confirmed by 
the condensed Fukui function results. Meanwhile, the atoms C5 (f− =

0.0643), N26 (f− = 0.1004) and C24 (f− = 0.0872) were identified as the 
most susceptible sites for electrophilic attack. These results suggested 
that the phenyl group was more prone to electrophilic reagent attack 
than the alkyl chain [70]. However, this computational prediction did 
not fully align with our experimental observations of TPs abundance. 
This discrepancy may be explained by enzymatic reaction pathways, as 
hydroxylation, a major metabolic transformation, was predominantly 
catalyzed by CYP450 enzymes [34]. In such reactions, the alkyl chain 
was more susceptible to hydroxylation than the phenyl ring [19].

Transcriptomics and proteomics analysis demonstrated significant 
upregulation of CYP26-like proteins in Tetradesmus obliquus under the 

Fig. 4. Changes in algal cell density (a), OC biotransformation rates within 10 days with or without ABT addition (b), and Gompertz models for OC biotransformation 
in the OC (c) and OC+ABT (d) treatment groups. *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively (post-hoc test: LSD).
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OC exposure. CYP26 protein catalyzes RA mainly via hydroxylation 
[31], with the carbon chain of RA serving as the binding site [1]. Given 
the structural similarity between RA and OC, OC might be a substrate for 
CYP26-like proteins as well. Hence, we further conducted molecular 
docking of OC with CYP26-like proteins using AutoDock Vina. We 
employed the AlphaFold and Swiss-Model for protein modeling. With 
the exception of OEZ86_003108, which was modeled using CYP120A1 
(PDB: 2VE4) as a homology template, all other proteins were predicted 
via AlphaFold. The results showed that all CYP26-like proteins met the 

criteria for molecular docking (Fig. S49, Table S8).
Six CYP26-like proteins exhibited strong binding affinity with OC, 

primarily mediated by van der Waals forces and hydrogen bonds, with 
binding energies ranging from − 9.1 to − 7.2 kcal/mol (Fig. 5a). For all 
CYP26-like proteins, RA and OC exhibited comparable binding energies, 
ranging from − 9.4 to − 7.3 kcal/mol. These results suggest that OC has 
the binding affinity required to serve as a substrate for CYP26-like en
zymes (Fig. S50). However, the β-ionone ring of RA was positioned 
closer to the heme group rather than the long alkyl chain, consistent 

Fig. 5. Molecular docking of CYP26-like (OEZ86_003108, OEZ86_003232, OEZ86_004050, OEZ86_004193, OEZ86_008212 and OEZ86_013322) with OC (a) and 
energy profiles (in kcal/mol) for C-H abstraction and hydroxyl rebound of OC by Cpd I (b). The complete catalytic pathway was calculated exclusively for the 
hydroxylation occurring at C5. The distance between proteins and molecules was measured in angstroms (Å). In the 2D interaction diagram, purple and green dashed 
lines represent hydrophobic interaction and hydrogen bond, respectively. Abbreviation: Ala, alanine; Thr, threonine; Phe, phenylalanine; Pro, proline; Gly, glycine; 
Trp, tryptophan; Val, valine; Hem, heme; RC, reactant complex; TS, transition state; IM, intermediate; PC, product complex.
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with the structure of its metabolic products [1]. Analysis of the binding 
conformations revealed that the alkyl chains of the six CYP26-like pro
teins were closer to the heme group than phenyl groups. Specifically, the 
distances between the iron atom at the heme center and the C4, C5, and 
C6 atoms were shorter than those of other atoms. This indicates that 
these three carbon atoms were more likely to be catalyzed by the active 
sites of CYP26-like proteins, owing to their strong binding affinity and 
specific conformational arrangement.

To further investigate the mechanism of OC hydroxylation, we 
calculated the reaction potential energy distribution and structure of the 
CYP450 active site with OC. In this study, only the low-spin (LS) state of 
Cpd I was considered. Previous reports indicate that reactions involving 
the high-spin (HS) state exhibit comparable or higher energy barriers 
[13,19,73]. The results showed that hydrogen abstraction (HAT) and 
hydroxyl rebound were the primary mechanisms for CYP450-mediated 
OC hydroxylation (Fig. 5b). HAT was identified as the rate-limiting 
step of the catalytic reaction. C5 (10.6 kcal/mol) exhibited a kinetic 
advantage over C4 (10.9 kcal/mol) and C6 (15.5 kcal/mol) during this 
step, as reflected in the condensed Fukui function (f− ), indicating that 
hydroxylation at C5 was more favorable. A previous study reported that 
C5 of EHDHPH had a lower hydrogen abstraction energy barrier than C6 
of EHDHPH, facilitating the hydroxylation at C5 position [70]. There
fore, a complete catalytic pathway was calculated exclusively for the 
hydroxylation at the C5 position. Initially, the oxygen atom in Cpd I 
abstracts a hydrogen atom from the C5 position of OC, with a C-H-O 
bond angle reaching 167.45◦ and a distance of 1.25 Å between the 
abstracted hydrogen and the FeIV=O moiety in Cpd I. After hydrogen 
abstraction, an iron-hydroxy intermediate (IM) is formed [73]. Subse
quently, the -OH radical rebounds from the iron-hydroxy group to the C5 
position of the substrate, completing the reaction. The -OH rebound step 
proceeded without any barriers in the low-spin state [27], releasing 
approximately 59.1 kcal/mol of heat. Collectively, transcriptomics, 
proteomics, molecular docking and DFT calculation suggest that 
CYP26-like proteins are likely to be the primary proteins responsible for 
the hydroxylation of OC.

4. Conclusions

This study confirms the capability of Tetradesmus obliquus to effec
tively biotransform OC in aquatic environments, primarily via enzy
matic processes. The biotransformation pathway was dominated by 
mono-hydroxylation, indicating a specific catalytic role of CYP450 en
zymes. Transcriptomic and proteomic analyses highlighted significant 
activation of several CYP450s, particularly CYP26-like proteins, during 
the process. The use of the CYP450 inhibitor ABT further demonstrated 
the critical role of these enzymes. Molecular docking provided insights 
into the binding interactions, showing a preference for hydroxylation at 
specific sites on OC’s alkyl chain. These findings underscore the po
tential of Tetradesmus obliquus in addressing ECs through bioremedia
tion, presenting an environmentally friendly approach to pollution 
mitigation. However, the environmental behavior and toxicity of the 
resulting biotransformation products require further investigation to 
ensure the safety and sustainability of this method. This study provides a 
feasible strategy for establishing green and sustainable pollutant 
removal systems. Future research could optimize microalgal-based 
platforms or microalgal-bacterial consortia to enhance the elimination 
of ECs.

Environmental implication

The study highlights that the green alga Tetradesmus obliquus can 
effectively biotransform octocrylene (OC) in aquatic environments, of
fering a sustainable complement to existing water treatment methods. 
Enzymes such as cytochrome P450 play a key role in this process, sug
gesting potential for degrading other emerging contaminants. The use of 
algae-based systems could enhance the removal of persistent pollutants 

while minimizing ecological disruption. However, further research on 
transformation products will help optimize this approach and ensure its 
safe application in natural and engineered water systems.
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ABSTRACT: The occurrence of microplastics (MPs) in topsoil is
well documented; however, recent evidence has also shown that
MPs can reach the subsoil, which may eventually enter
groundwater aquifers posing a potential threat to drinking water.
In this study, we examined polymer-type specific, small-sized MPs
(20−500 μm) in both topsoil (5 cm) and subsoil (50 and 100 cm)
in the megacity of Beijing, China, using Laser Direct Infrared
(LDIR) Chemical Imaging Spectroscopy, focusing on variation in
abundance, size, polymer type, and oxidation characteristics across
6 land use types. A total of 6085 MP particles with 11 polymer
types were identified. MP abundance in subsoils was significantly
lower, and they were surprisingly larger in size and less oxidized.
MP distribution in subsoils was enhanced in fine-textured and iron (Fe)-depleted soils. Based on these findings, we conducted
additional column migration experiments using different textured vadose zones, either with or without hematite, as a typical Fe
oxide. Two scenarios were set, including continuous water infiltration and wet−dry cycling conditions. Field data strongly reflected
our lab experiments under wet−dry cycling, suggesting that preferential penetration rather than filtration served as the likely primary
mechanism of MP occurrence in subsoil.
KEYWORDS: Soil contamination, Microplastic, LDIR, Aging, Migration

1. INTRODUCTION
Global production of plastic reached 413.8 million tons by
2023,1 raising concerns about potential threats to ecosystems
following the release of plastic debris into the environment.2,3

It is estimated that ∼13−25 million tons of plastic debris is
discarded into terrestrial ecosystems annually, leading to
significant and irreversible accumulation in environmental
compartments, including soil.4,5 Moreover, plastics in soil
become fragmented and oxidized over time, and this aging
process produces tiny microplastics (MPs, <5 mm) and
nanoplastics (NPs, <1 μm), which have much higher mobility
and bioavailability.4,6

The abundance of MPs in topsoil, particularly in the surficial
layer of ∼0−30 cm (plough layer), has been extensively
reported and reviewed by previous studies.7−9 The primary
interest in MP explorations in topsoil is largely driven by
concerns regarding agricultural soil pollution from plastic
debris, such as mulching films.7,10,11 Several pioneering studies
have reported that small-sized MPs and NPs can be
accumulated by crops via a crack-entry mode and ultimately
transported to edible parts, thereby posing a potential threat to
food security.12−14 In addition, regional- and national-scale
field surveys have been conducted to explore the spatial
distributions of MPs in topsoils across various land use types,

including agricultural soils.6,7,10,15−22 These studies found that
both local inputs from agricultural, domestic, and industrial
activities and distal sources such as atmospheric deposition and
runoff transport contributed to MP accumulation in top-
soils.6,16−22 For instance, a field survey in central Chile
suggested that MP accumulation in soils was primarily due to
the application of phosphate fertilizers rather than mining or
traffic activities.20 A field study in Coimbra, Portugal, found
that urban greenspaces, in particular, parks, had the highest
abundance of MPs compared to industrial and forest soils,
which was possibly due to domestic emissions as well as the
high retention of MPs by plants.17 In contrast, another field
survey in the metropolitan area of Seoul, Korea, found high
MP abundance in agricultural and roadside soils compared to
parks, suggesting the complexity of MP sources in urban
settings.22 In addition, a nationwide field study of Turkish soils
suggested higher MP abundance in agricultural soils compared
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to urban soils, and MP accumulation was attributed to plastic
mulching, domestic activities, and atmospheric deposition.21

Furthermore, transport mechanisms of MPs in soil porous
media have been explored through laboratory column
migration tests.23−29 Most of these studies utilized saturated
porous media,25−29 while several applied a more environ-
mentally relevant scenario using unsaturated porous
media.23,24 These studies found that MPs were transported
in porous media similarly to colloids and that one-site or two-
site kinetic models for colloid/particle transport effectively
described MP transport characteristics.24−29

Despite this, field evidence on the presence of MPs in
subsoil (>30 cm) has only recently come to light, with a
limited number of studies reporting that MPs have penetrated
through the topsoil and accumulated in subsoils, typically
ranging from 30 to 100 cm.30−35 Similar to field studies
focusing on topsoils, research on subsoil MPs has primarily
examined agricultural soils compared to other land use types
and has reported the abundance of MPs in subsoils.30−32,35

However, several knowledge gaps still exist in subsoil MP
research: (1) Despite the clear presence of MPs in subsoils, the
mechanisms by which MPs accumulate in subsoils warrant
further exploration. In particular, field evidence is needed to
unravel transport mechanisms in real-world environments
beyond laboratory column migration simulations. (2)
Although MP abundance in subsoils has been reported by
existing studies, field data on several other key factors of
subsoil MPs affecting mobility and associated risks, such as size
distribution patterns, polymer types, and polymer oxidation
characteristics, remain very limited. (3) Field data on subsoil
MPs in land use types other than agricultural soils are rare and
have only been documented in a few studies,33,34 thus our
understanding of subsoil MP accumulation across land use
types remains insufficient. Notably, a growing body of
literature has documented the occurrence of MPs in
groundwater aquifers36−38 and non-negligible concentrations
of MPs in tap water sourced from groundwater.39,40 This
provides direct evidence that MPs can be transported from
topsoils through subsoils to groundwater, highlighting
potential risks to drinking water safety. Unraveling the
presence of MPs in subsoils is, therefore, crucial and a
prerequisite for protecting drinking water sources.

In this study, we examined the presence and aging
characteristics of MPs in subsoils to reveal the possible
mechanisms of MP accumulation in the subsoil. First, we
conducted a field survey in a metropolitan region to examine
MP occurrence in topsoil (5 cm) and subsoil (50 and 100 cm).
With the advancement of MP characterization techniques in
recent years, we provided a polymer-type specific exploration
of MPs using Laser Direct Infrared (LDIR) Chemical Imaging
Spectroscopy, which can simultaneously capture a particle’s
spectral data and shape information, allowing for the
determination of polymer type, oxidation characteristics, size,
and shape of MPs.41−43 Particles whose sizes range from 20 to
500 μm can be automatically detected by LDIR without the
need for human intervention,41,42,44 addressing a common
challenge in MP characterization relying on manual scanning
and measurement (in particular, individual point selection and
analysis by conventional optical- or spectra-based approaches),
which often introduces subjectivity and can compromise the
accuracy and reliability of the results.45−47 Previous studies
have also shown that MPs within this size range are more
prevalent in soil compared to larger MPs (>500 μm), with the

mobility of these smaller MPs being significantly higher.6,15,48

Various multivariate statistical analysis approaches were also
employed to identify factors affecting the MP vertical
distribution. Based on our field data, we formulated two
hypotheses accounting for MP vertical distribution: (1) ideal
filtration and (2) preferential penetration. Additional labo-
ratory experiments were then conducted with different vadose
zone types under two conditions: continuous water infiltration
and wet−dry cycling. Finally, multiple lines of evidence from
the field survey and additional laboratory experiments
suggested possible mechanisms of MP vertical distribution in
soil.

2. MATERIALS AND METHODS
2.1. Field Survey and Soil Sampling. A field survey was

conducted in 2023 on August 30th and October 6th in the
megacity of Beijing, China (39.4−41.1° N, 115.4−117.5° E). A
total of 50 locations were selected, representing different land
use types: arable land (n = 10), bare land (n = 5), forest (n =
10), grassland (n = 5), shrubland (n = 5), and urban
greenspace (n = 15) (Figure S1). Paired topsoil (5 cm) and
subsoil (50 cm) samples were simultaneously collected at all
50 locations using a stainless steel soil core sampler (0415SB,
Eijkelkamp, The Netherlands). Representative photos for each
land use type are provided in Figure S2. Furthermore, 8
additional samples with depths of 100 cm were also collected
at 8 of the 50 sampling points (Figure S1). All 108 samples,
each measuring 50 g, were transferred to aluminum boxes and
brought to the lab for MP characterization. A detailed
description of the field site is provided in Text S1. Soil
moisture was measured in situ using a moisture meter (LY-601,
Agatige, USA), while penetration resistance was also measured
in situ using a soil compaction tester (PG-JSD-SC, Lankong,
China). Bulk density of the soils was measured by using soil
cores collected by a soil ring sampler.

Following these in situ measurements, an additional set of
mixed soil samples (0−20 cm) measuring 1.5 kg was also
collected at each sampling point using a stainless-steel shovel
and transferred to the lab for the characterization of soil
properties. The soils were first oven-dried at 40 °C and sieved
below 2 mm. Soil pH was measured at a solid-to-liquid ratio of
1:2.5.49 Soil electrical conductivity (EC) was measured at a
solid-to-liquid ratio of 1:5.50 Total organic carbon (TOC)
content of the soil was determined with the potassium
dichromate method.51 Soil texture was determined with a
laser particle size analyzer (LS13320, Beckman Coulter Inc.,
US) in wet mode52 and classified as sand (>0.02 mm), silt
(0.002−0.02 mm), and clay (<0.002 mm) according to the
International Union of Soil Sciences (IUSS).53 Soil CEC was
determined using the ammonium acetate method.51 Pseudo-
total elemental compositions were determined by ICP-MS
(7800, Agilent, USA) following aqua regia digestion.54

2.2. LDIR-Based Microplastic Characterization. Soil
samples for LDIR characterization were subjected to MP
separation following a well-established protocol with mod-
ifications.55 Specifically, 10 g of sieved soil was placed in 60 mL
glass serum bottles precleaned with nitric acid, and 20 mL of
30% hydrogen peroxide was added to the bottles; the slurry
was heated at 60 °C for 12 h on a heating plate. The remaining
liquid was evaporated, after which 50 mL of saturated ZnCl2
solution (with a density of 1.7 g/cm3) was added to the bottle,
sonicated at 35 kHz for 10 min, and then allowed to settle for
24 h. The supernatant containing MPs was passed through a
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10 μm stainless steel filter membrane, and the particles on the
filter were transferred to another clean glass bottle. Next, 15
mL of 30% hydrogen peroxide and 5 mL of sulfuric acid were
added to the bottle, which was then heated at 60 °C for
another 12 h. Note that this protocol has been proven effective
for efficient separation of MPs from solid matrices such as soil
and sludge with relatively high natural organic matter content
and will not alter the oxidation characteristics of MPs.55 MPs
were then collected on another 10 μm stainless steel filter
membrane and washed with ultrapure water.

MPs on the filter membrane were resuspended in 1 mL of
ethanol and loaded onto a high reflection window in the LDIR
(8700, Agilent, USA) system for quantitative analysis. Small-
sized MPs ranging from 20 to 500 μm could be characterized
by LDIR and were automatically scanned by the system.41,42,44

Clarity software was used to quantify the MPs after collecting
infrared spectra within the wavenumber range of 1800 to 975
cm−1. A matching degree of 70% was adopted in this study to
identify specific polymer types.42,44 A total of 11 plastic
polymers were identified, including polyamide (PA), poly-
carbonate (PC), polyethylene (PE), polyethylene terephthalate
(PET), poly(methyl methacrylate) (PMMA), polyoxymethy-
lene (POM), polypropylene (PP), polystyrene (PS), poly-
tetrafluoroethylene (PTFE), polyurethane (PU), and poly-
(vinyl chloride) (PVC). Characterization results such as
average diameter, aspect ratio, polymer type, and original
infrared spectra data of each particle were obtained for further
analyses.

2.3. Field Survey Data Analysis. The size distribution of
MPs was first described using a power law equation (eq 1):56,57

=y b D xlg lg lg (1)

where x represents the size (μm) and y is the relative
abundance of MPs. D is the fragmentation dimension, while
parameter b is the intercept. It was observed that a higher
absolute value of the power law slope indicates that MPs may
have experienced more extensive aging.56,58 It was reported by
previous literature that the size distribution patterns of MPs in
the environment usually followed this power law.56,57,59 The
power law was also used to normalize reported MP abundance
across the literature to 1−5000 μm for comparison, whose
details are provided in Text S2.

Following this, the cumulative size distribution of micro-
plastics (MPs) was depicted using a conditional fragmentation
model (eq 2):6

=F x e( ) 1 x (2)

where F(x) represents the cumulative size distribution of MPs,
λ stands for the range parameter, and α is the fragmentation
parameter. Detailed assumptions and parameter definitions
have been documented previously.6

In addition, the carbonyl index (CI) of the particles (as an
indicator of polymer oxidation) was calculated following
Zhang et al.60 (eq 3):

=
I
I

CI 1750 1650

1480 1440 (3)

where I1750−1650 and I1480−1440 refer to maximum infrared
spectra absorbance within the wavenumber range of 1750−
1650 cm−1 and 1480−1440 cm−1, respectively.

An orthogonal partial least-squares-discriminant analysis
(OPLS-DA) model was established to identify the key

differentiating polymer types between topsoil and subsoil in
field samples. This supervised method effectively determines
the separating factor of 2 groups.61−63 The OPLS-DA model is
described with the following equations (eqs 4 and 5):64

= + +X t p t p Ep p
T

o o
T

(4)

= +Y t Fqp p
T

(5)

where X is a matrix of predictors, Y is an matrix of responses, tp
and pp are Y-predictive score matrix and loading matrix for X, to
and po are Y-orthogonal score matrix and loading matrix for X,
qp is the Y-predictive loading matrix for Y, E is the residual
matrix for X, and F is the residual matrix for Y, respectively.
The OPLS-DA model splits the variability of the system into
two components: predictive (correlated with the response Y)
and orthogonal (not correlated with the response Y). Polymer
types with a higher Variable Importance in Projection (VIP)
value (VIP > 1) were identified as key separating types.61−63

We further explored potential relationships among variables
through correlation analysis, principal component analysis
(PCA), and hierarchical clustering. A debiased sparse partial
correlation (DSPC) network was also used to reveal direct and
indirect influences of soil properties and environmental factors
on MP vertical distribution (eq 6):65

=T vec vec S( ) ( )
1

(6)

where T̂ is the desparsified graphical lasso estimator, Θ̂ is the
graphical lasso estimator of the inverse covariance matrix, and
S is the sample covariance matrix. The DSPC network
algorithm constructs partial correlation networks of variables,
offering insights into their associations.66,67 An edge was placed
between the two nodes when p values were <0.05.

Furthermore, ridge regression (as a modification of multiple
linear regression) was used to identify key factors affecting MP
vertical distribution (eq 7):68

= +k X X kI X Y( ) ( )T T1 (7)

where β̂ is the ridge estimator, I is the identity matrix, and k is
the ridge parameter (k ≥ 0). Ridge regression rather than
multiple linear regression was adopted in this study because
the independent variables were found to be highly correlated
and to correct for potential overfitting.

Based on these exploratory statistical analyses, a structural
equation model was constructed as a confirmatory analysis of
potential pathways (eq 8):69

= + +B (8)

where η is a vector of endogenous constructs, B is a matrix of
coefficients representing the effects of the endogenous
constructs on each other, Γ is a matrix of coefficients
representing the effects of the exogenous constructs on the
endogenous constructs, and ζ is a vector of residuals.
Goodness of fit of the structural equation model was assessed
via a χ2 test, where a nonsignificant value (p > 0.05) indicated
that the constructed pathways well describe the observed data.

One-way ANOVA with Fisher’s LSD test was used to
determine whether significant differences existed among
groups with a significance level of p < 0.05. Different lowercase
letters in the figures indicated significant differences among
groups. Correlation analysis, PCA, and one-way ANOVA were
conducted using Origin 2022, and ridge regression was
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performed with XLSTAT, while other analyses were conducted
using Program R scripts.

2.4. Additional Laboratory Column Migration Experi-
ments. Following field survey and data analyses, additional
column migration experiments were conducted in the
laboratory to further test our hypotheses. Glass columns with
an inner diameter of 5 cm and a length of 12 cm were used for
this purpose. In this study, PE (LDPE, Dow, USA), PP
(ExxonMobil, USA), PA (PA66, BASF, Germany), PET

(DuPont de Nemours, USA), PVC (Tosoh, Japan), and PU
(BASF, Germany) MPs with sizes ranging from 20 to 26 μm
(controlled via wet sieving) were employed. The morphologies
of the MPs were characterized by Field Emission Scanning
Electron Microscopy (FESEM) (GEMINISEM500, ZEISS,
Germany) (Figure S3). The surface functionalities of MPs
were characterized by Fourier Transform Infrared Spectrosco-
py (FTIR) (Nicolet iS50, Thermo Fisher Scientific, USA)
scanning within a wavenumber range of 4000 to 400 cm−1 with

Figure 1. MP abundance in topsoil and subsoil, samples collected from a field survey in Beijing, China, 2023. (a) MP abundance in topsoil and
subsoil (size range from 20 to 500 μm, same for panels b−g). (b) Soil MP abundance at 5 cm across different land use types. (c) Soil MP
abundance at 50 cm across different land use types. (d) Soil MP abundance at 100 cm across different land use types. (e) Soil MP abundance at 50
cm divided by that at 5 cm (MPsub/MPtop) across different land use types. (f) Comparison of soil MP abundance at 5 and 50 cm. (g) Comparison
of soil MP abundance at 5 and 100 cm. (h) Comparison of normalized soil MP abundance with literature data (size range normalized to 1 to 5000
μm according to Koelmans et al.59 for comparison). Data sources: Desert 1 − Badain Jaran Desert;81 Desert 2 − Mu Us Desert;82 Plateau 1 −
Southwest part of the Tibetan Plateau;86 Plateau 2 − Southern Tibetan Plateau;76 Wetland 1 − A tidal freshwater wetland in Kenilworth Park and
Aquatic Gardens in Washington D. C., USA;83 Wetland 2 − A karst wetland in Southwest China;87 Agricultural 1 − Cotton field with long-term
plastic mulching for 5 to over 30 years;88 Agricultural 2 − Agricultural soil with long-term plastic mulching for 25 to 30 years;84 Urban 1 − Soil
collected from Wuhan City, China;85 Urban 2 − Soil collected from Beijing City, China during our previous field survey.6

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c00871
Environ. Sci. Technol. 2025, 59, 12933−12946

12936
861

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c00871/suppl_file/es5c00871_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c00871?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c00871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a resolution of 4 cm−1 (Figure S4). Quartz sand and hematite
(purity >99.9%), with particle diameters sieved between 90
and 100 μm, and kaolinite (purity 98.8% with 1.2% illite), with
diameters ranging between 0.2 and 2.4 μm, were used. A 0.22
μm glass fiber filter membrane was placed at the bottom of
each column. Four different vadose zones were created by
combining different minerals, namely, 100% quartz sand
(hereinafter referred to as 100Q), 90% quartz sand + 10%
kaolinite (by mass) (90Q+10K), 40% quartz sand + 60%
kaolinite (40Q+60K), 90% quartz sand + 10% hematite (90Q
+10H), and 80% quartz sand + 10% hematite + 10% kaolinite
(80Q+10H+10K). The side walls of each column were
preroughened, and then, minerals were dry-packed into the
columns with a packing height of 10 cm.70 The porosity was
held constant at 0.5 for each column. A leaching solution (1
mM NaCl at pH = 7)24,71 was added to the columns from the
top for 3 pore volumes (PVs) to achieve hydro-chemical
equilibration. The leaching speed was maintained at 5 mm/h
to prevent surface ponding, which is comparable to the water
infiltration rate of natural fine-textured soils.72 Subsequently, a
0.5 cm thick MP-spiked layer (13 g of quartz sand and 0.065 g
of MPs, yielding an application rate of 0.5%73) was placed on
top of the 10 cm vadose zone. Only one polymer type was used
for each single column.

We conducted column experiments in two modes. In the
first mode (continuous water infiltration), 10 pore volumes
(PVs) of the leaching solution were continuously added to the
column from the top. In the second mode (wet−dry cycling),
we conducted 10 wet−dry cycles, each consisting of 1 PV of
leaching solution injection followed by oven-drying at 50 °C
for 48 h. After the experiments, soil samples were taken at 2.5
cm (calculated from the top, representing a 2 cm depth of
penetration) and 8.5 cm from the top (representing an 8 cm
depth of penetration) and dried at 50 °C. Triplicate samples
were analyzed, where in each replicate, 1 g of dried solid
sample was placed in a 40 mL glass serum bottle and 20 mL of
saturated ZnCl2 solution was added for separation. Particles
trapped on the 10 μm stainless steel filter were characterized
using confocal microscopy (FV 3000RS, Olympus, Japan)
(with only one polymer type for each solid sample in a pure
mineral vadose zone in lab experiments), whose applicability
was thoroughly explored and cross-validated in our previous
studies.58,74,75

2.5. Quality Control Measures. All chemicals used were
of analytical grade. All liquids were passed through 10 μm
stainless steel filters to prevent the introduction of MPs. For
the analysis of field samples, three field blank samples were
prepared by using aluminum boxes left open to test whether
MPs were introduced during the sampling process. These
samples were rinsed with 50 mL of ultrapure water, followed
by flotation and MP quantification. Three soil blank samples
were also prepared, where 50 g of ultrapure water-washed
quartz sand, following flotation with ZnCl2, was used to replace
field-collected soils for MP separation. Additionally, consider-
ing that the soil core sampling process may induce vertical
transport of MPs, we set up a 30 cm tall cleaned quartz sand
layer in a bucket measuring 32 cm in height with a 34 cm inner
diameter. The bulk density was 1.3 g/cm3. We mixed an
ultrahigh concentration of 600 g of MP mixture containing PE,
PP, PET, PVC, PA, and PU MPs (100 g for each polymer
type) with the top 5 cm quartz sand layer, resulting in an
exceptionally high spiking rate of 10%. Afterward, we took
three 20 cm long quartz sand core samples using the same core

sampler and collected the bottom 50 g of quartz sand, which
underwent the same quantification method.

In the aforementioned quality control samples, the number
of particles detected was well below the MP concentration
reported for soil samples (Table S1). The detection limit for
LDIR using the protocol mentioned in this study was 0.056
items/g, while the quantification limit was 0.18 items/g. All
reported data were above the quantification limit. Furthermore,
we spiked 0.1 g of PE, PP, PET, PVC, PA, and PU MPs
separately with 10 g of MP-free quartz sand and measured the
spike recovery rates of MPs following sample pretreatment and
LDIR characterization. The recovery rates of these polymers
were 98.7%, 96.5%, 94.4%, 90.2%, 91.4%, and 92.7%,
respectively, comparable with or higher than previously
reported values using LDIR.76,77

For lab column migration experiments, a control column
with a 100% quartz sand vadose zone was set, and triplicate
solid samples at 2 and 8 cm penetration depths were collected
following the same leaching experiments (a total of 6 samples
were collected). The detection limit of MPs for confocal
microscopy in lab column migration experiments was
determined to be 2.9 items/g, while the quantification limit
was 9.6 items/g. Observations above the quantification limit
were reported with MP abundance values.

3. RESULTS AND DISCUSSION
3.1. Field Data Revealing MP Abundance in Topsoils

and Subsoils. Average MP abundance decreased with
increased sampling depth, with values of 104.8 ± 29.0 (mean
and standard error), 8.1 ± 1.8, and 1.5 ± 0.5 items/g for 5, 50,
and 100 cm, respectively (Figure 1a). MP abundance in arable
land was highest at 5 cm (Figure 1b). This pattern aligns with
previous findings showing higher MP abundance in agricultural
soil compared to undisturbed natural soil.7,20 A previous
nationwide survey on topsoil MPs in Chinese arable lands also
suggested that widespread use of plastic mulching and plastic
packaging was the main cause of MP enrichment.10 Several
field surveys in other countries also suggested MP enrichment
due to other agricultural activities such as phosphate fertilizer
application (Chile’s Regioń Metropolitana),20 sludge applica-
tion (Valencia, Spain),78 and wastewater irrigation (Konya
City, Türkiye).79 However, at 50 and 100 cm, MP abundance
in arable land was lower than that in shrubland (Figure 1c,d).
Although arable land had the highest MP abundance, MP
penetration into subsoils was not the highest in arable land
(Figure 1e). These findings suggest that agricultural activities
may strongly influence MP accumulation in topsoil yet may
have less impact on MP enrichment in subsoil below the
plough layer in this region. When comparing MP abundance at
5 and 50 cm, subsoil MP abundance was consistently lower
than that in paired topsoil samples (with all observations falling
below the y = x line) (Figure 1f). Specifically, 46% of
observations fell between the y = x and y = 0.1x lines, 50% fell
between y = 0.01x and y = 0.1x, and 4% fell below the y =
0.01x line (Figure 1f). Similarly, when comparing abundances
at 5 and 100 cm, all samples had MP abundance consistently
<10% than that of topsoil, ranging from 0.2 to 3.6 items/g
(Figure 1g). A recent in situ field trial in Zürich Reckenholz
Switzerland suggested that MP penetration is relatively slow,
with only 1% spiked PET MPs reaching below 8 cm soil depth
in two years.80

Soil MP abundance in this region was further compared with
that of other soils after normalization to 1−5000 μm following
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methods described by Koelmans et al.59 (Text S2). Normalized
MP abundance in this study had ranges of 21.0−9212, 3.5−
540, and 1.4−25.3 items/g at 5, 50, and 100 cm, respectively
(Figure 1h). Topsoil MP abundance in this study was
significantly higher (p < 0.05) than remote regions, such as
the Badain Jaran Desert,81 Mu Us Desert,82 and the Southern
Tibetan Plateau,76 suggesting regional MP enrichment. Topsoil
MP abundance was also significantly higher (p < 0.05) than
protected areas such as a tidal freshwater wetland in
Kenilworth Park and Aquatic Gardens in Washington D. C.,
USA.83 Topsoil MP abundance observations were also
significantly lower (p < 0.05) compared to agricultural soil
with long-term (i.e., 25−30 years) plastic mulching84 and
urban soils collected from Wuhan City, China.85 Notably,
topsoil MP abundance reported in this study was not
statistically different (p > 0.05) from our previous field survey
in this region using a different MP characterization technique.6

MP abundances at 50 and 100 cm were much lower than that
of topsoil in this study and were comparable with MP
abundance found in topsoil from remote regions.

3.2. Size Distribution of MPs in Topsoil and Subsoil. A
total of 4710, 1252, and 123 MP particles were identified by
LDIR at depths of 5, 50, and 100 cm, respectively (Figure 2).
The size distribution characteristics of MPs were well
described by the conditional fragmentation model, both for
the entire data set at each sampling depth (Figure 2a−c) and
for the land-type and polymer-type specific data sets (Table
S2). The fragmentation parameter values were consistently >1
for all fittings (Figure 2a−c, Table S2), suggesting that the
probability of MP fragmentation became higher for larger
particles.6 Previous studies also found that the conditional
fragmentation model well described size distributions of MPs
in different environmental samples such as soil, atmospheric
deposition, freshwater, road dust, and sewage sludge.6,89,90

Different fitting parameters were observed across samples,

suggesting a possibility of using the size distribution
parameters for source identification, which warrants further
investigation.6,89,90

Surprisingly, a significant increase (p < 0.05) in MP size was
found with increasing sampling depth (Figure 2a−d). This
finding was somewhat counterintuitive regarding MP transport
in porous media, where smaller particles were thought to have
higher mobility.91−93 The size distribution of MPs was also
well described by power law, suggesting a pseudo-two-
dimensional fragmentation pattern (Table S3). The absolute
values of the power law slope or fragmentation dimension (D)
were higher at 5 cm compared with those at 50 cm (Table S3).
Furthermore, it was found that the higher the absolute value of
the power law slope (i.e., the higher the fragmentation
dimension), the lower is the average diameter of MPs (Figure
2e,f). Previous studies exploring the size distribution of MPs in
natural aquatic environments56 as well as those examining the
size distribution of MPs generated under various accelerated
aging conditions in the lab, including mechanical abrasion,
freeze−thaw cycling, and ultraviolet (UV) irradiation,58,75 also
suggested a two-dimensional fragmentation pattern. For
instance, by analyzing MP size distributions in various
freshwater and marine aquatic environments on a global
scale, Kooi and Koelmans56 obtained an average fragmentation
dimension of 1.6 ± 0.5 (n = 19).

3.3. Polymer Types of MPs in Topsoil and Subsoil. PA
(12.4−26.3%), PE (8.0−12.3%), PET (16.8−17.1%), PU
(16.5−23.6%), and PVC (12.7−24.3%) were the most
abundant polymer types across different sampling depths,
while other polymer types were less frequently detected
(Figure 3a). These polymer types are widely fabricated and
used,1 and soil contamination by these diverse polymers
suggests that soil MPs in this region may originate from several
sources including domestic, construction, agricultural, atmos-
pheric, and industrial. For example, PA is widely used in

Figure 2. Size of MPs in topsoil and subsoil, samples collected from field survey in Beijing, China, 2023. (a) Size distribution of soil MPs at 5 cm.
(b) Size distribution of soil MPs at 50 cm. (c) Size distribution of soil MPs at 100 cm. (d) Comparison of diameters of soil MPs across different
sampling depths. (e) Correlation of power law slope with average diameters of MPs across various land use types. (f) Correlation of power law
slope with average diameters of MPs with various polymer types.
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Figure 3. Polymer type and oxidation characteristics of MPs in topsoil and subsoil samples collected from the field survey in Beijing, China, 2023.
(a) Heatmap revealing polymer type composition of soil MPs at different sampling depths. The numbers in the heatmap refer to proportions of
each polymer types, and warmer colors suggest higher proportions. (b) OPLS-DA score plot of MP polymer composition across different land use
types (top − 5 cm; subdeep − 50 and 100 cm). (c) OPLS-DA score plot of MP polymer composition at different sampling depths. (d) VIP values
showing key separating polymer types. (e) CIs of all identified MPs at different sampling depths. (f) CI and average diameters of MPs across
various land use types. (g) CI and average diameters of MPs across various polymer types. (h) CI and aspect ratios of MPs at 5, 50, and 100 cm. (i)
Comparison of CIs for different polymer types at 5, 50, and 100 cm. Note that no PMMA or PS particles were detected at 100 cm.
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various consumer goods such as textiles,94,95 PE is commonly
used in agricultural mulching films and plastic gauze at
construction sites to prevent dusting;10,58 PET is frequently
used for food and beverage packaging as well as textiles.95−97

PU is widely adopted in packaging as well as in many
automotive applications,98,99 and PVC is frequently used in
building and construction, particularly for pipes.100,101 A clear
separation was observed using the OPLS-DA model, with p <
0.001, R2Y = 0.503, and Q2 = 0.417. Positive T score [1] values
were reported for topsoil (5 cm), while negative T score [1]
values were reported for most subsoils (50 and 100 cm)
(Figure 3b,c). The key polymers contributing to the difference
between topsoil and subsoil were identified as PU, PET, PE,
PVC, and PA (VIP > 1) with VIP values of 1.37, 1.26, 1.23,
1.22, and 1.22, respectively (Figure 3d).

The relative abundances of PC and PE peaked at 5 cm; the
abundances of PA, PMMA, PP, and PS peaked at 50 cm, while
the abundances of other polymers peaked at 100 cm (Figure
3a). We originally assumed that polymers with a higher density
would migrate to a greater extent; however, the findings from
this study cannot be simply explained by this theory. For
instance, PE and PP have low densities of <1, but their
abundances showed different trends with increasing depth.
PET and PVC are both polymers with high densities of >1.3,
yet their relative abundances did not monotonically increase
with depth. We further classified the 11 polymer types into
low-density polymers (i.e., PE and PP, with densities lower
than water) and high-density polymers (i.e., other polymers
whose densities are usually higher than water). It was found
that the proportion of high-density polymers first decreased
and then increased with depth (Figure S5). Furthermore, we
also classified the 11 polymer types into high-hydrophilicity
polymers (i.e., polymers with oxygen-containing functional
groups in their structure, including PA, PC, PET, PMMA,

POM, and PU) and low-hydrophilicity polymers (i.e., other
polymers, including PE, PP, PS, PTFE, and PVC). A gradual
decrease in the proportion of high-hydrophilic polymers was
observed (Figure S6). These findings suggest that density or
hydrophilicity alone cannot explain the vertical distribution of
MP polymers, further indicating the presence of other
dominant transport mechanisms.

3.4. Polymer Oxidation Characteristics of MPs in
Topsoil and Subsoil. The carbonyl indices (CIs) for MPs in
subsoil were significantly lower (p < 0.05) than those in topsoil
(Figure 3e), suggesting a lower degree of chemical oxidation
for subsoil MPs. A lower degree of MP oxidation was also
found to correlate with a higher average diameter for different
land use types (Figure 3f). Furthermore, the degree of
oxidation for different polymers showed an exponential decline
with an increasing average diameter (Figure 3g). Similar
patterns were also reported by previous field survey along the
Japan coast102 and accelerated aging experiments simulating
coastal weathering of MPs,103 which found that smaller MPs
tended to have a higher extent of oxidation due to longer
exposure to environmental aging processes.102,103 It was also
observed that particles with an aspect ratio closer to 1 (more
spherical) tended to have a higher degree of oxidation (Figure
3h). Our previous field survey also suggested that MPs in the
soil environment underwent shape changes from larger
fragments to smaller granules.6 Note that different polymers
intrinsically possess different CIs due to their chemical
structures; therefore, a polymer-type specific comparison of
the degree of chemical oxidation was also conducted (Figure
3i), suggesting that PE and PVC were more oxidized in topsoil
compared to the lesser oxidized PET, POM, and PTFE in the
same media. Other polymer types showed no statistically
significant difference across various sampling depths.

Figure 4. Statistical analyses unraveling factors affecting MP abundance and distribution in topsoil and subsoil samples collected from a field survey
in Beijing, China, 2023. (a) Correlation analysis, (b) principle component analysis, (c) hierarchical clustering, (d) ridge regression, (e) DSPC
network, and (f) structural equation model showing factors affecting microplastic distribution in subsoils versus topsoil.
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3.5. Factors Affecting Vertical Distribution of MPs.
We explored potential factors influencing MP vertical
distribution, where a higher MPsub/MPtop ratio (soil MP
abundance at 50 cm divided by that at 5 cm, based on paired
data for 50 sample points) suggested a greater ability for MPs
to migrate vertically. Correlation analysis showed that the
proportion of fine particles (clay and silt) was significantly
positively correlated with MPsub/MPtop, suggesting that soils
with finer textures may have facilitated MP penetration (Figure
4a). This finding contradicted our original intuitive belief that
coarse-textured soils should favor MP transport, while fine-
textured soils would impede MP movement due to pore
blockage. On the other hand, Fe content in soil exhibited a
significant negative correlation with MPsub/MPtop (p < 0.05)
(Figure 4a), indicating that higher Fe content in soils may
hinder MP penetration. This impediment was expected, as
previous studies from batch experiments have shown that
positively charged or less negatively charged Fe oxides have a
higher capacity for the attachment of negatively charged NPs/
MPs due to electrostatic interactions, compared with
silicates.104,105 Previous studies with Fe-modified soil amend-
ments also suggested a reduction in MP mobility following
amendment.106,107

Results from PCA also suggested that soil texture and Fe
content played key roles in affecting MP vertical distribution
(Figure 4b), while hierarchical clustering results indicated that
texture, albedo, penetration resistance, and population density
are closely related to MP abundance in soils, in both topsoil
and subsoil (Figure 4c). Ridge regression results corroborated
the correlation analysis and PCA, further emphasizing the
crucial impact of soil texture and Fe content on the MP
distribution (Figure 4d).

Additionally, the DSPC network showed that albedo directly
affected MP abundance in the topsoil (Figure 4e). It is well-
established that UV irradiation promotes the fragmentation of
large plastic debris into MPs. Our previous study using
accelerated aging experiments also suggested that UV

irradiation leads to the rapid generation of MPs with
exponential kinetics.75 Higher albedo indicates less protection
from vegetation cover against UV irradiation,108,109 which may
contribute to higher MP abundance. In the DSPC network,
texture had a direct impact on MP vertical distribution, while
Fe content had an indirect impact by affecting soil CEC
(Figure 4e).

Considering these findings collectively, we then established a
structural equation model to characterize the potential
pathways (Figure 4f). The p value was 0.78, indicating a
close fit between the model and data (test statistic = 7.28 and
df = 11). The standard root-mean-square residual (SRMR) was
0.074, suggesting a good fit of data to the proposed pathways.
The pathways indicated that higher albedo led to higher MP
abundance in topsoil, finer texture promoted MP migration to
subsoils, and higher Fe content impeded MP migration.
Although finer soil texture would result in higher penetration
resistance, which is not favorable for MP migration, this
impediment pathway played only a minor role compared to the
enhancement (Figure 4f).

3.6. Additional Evidence from Laboratory Simulation
Experiments. Findings from the field survey suggested that a
finer texture and lower Fe content may have favored MP
migration to subsoil. Here, we provided multiple lines of
evidence using additional lab column migration experiments
(Figure 5). In column experiments with continuous water
infiltration, an increase in vadose zone kaolinite content (i.e.,
finer texture) significantly impeded MP transport (p < 0.05)
(Figure 5a,c). Results from wet−dry cycling experiments were
in stark contrast, showing a significant promotion of MP
transport (p < 0.05) (Figure 5b,d). Furthermore, the
introduction of hematite, a typical Fe oxide, significantly
impeded MP transport in both scenarios (p < 0.05) (Figure 5).
These phenomena were observed for different polymer types,
including PE, PP, PA, PET, PVC, and PU, despite the intrinsic
differences in the density, polymer structure, and surface
hydrophobicity of these polymers.

Figure 5. Additional evidence from laboratory simulation experiments. (a) Abundance of MPs under continuous water infiltration conditions at 2
cm. (b) Abundance of MPs under vadose zone wet−dry cycling conditions at 2 cm. (c) Abundance of MPs under continuous water infiltration
conditions at 8 cm. (d) Abundance of MPs under vadose zone wet−dry cycling conditions at 8 cm.
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3.7. Environmental Implications: Preferential Pene-
tration as a Possible Cause. Here, we propose two
scenarios for MP migration to subsoil based on the established
knowledge of MP transport: the ideal filtration hypothesis and
the preferential penetration hypothesis (Figure S7).

The ideal filtration hypothesis assumes that MPs migrate
along soil pores in a manner similar to that of a filtration
process. This hypothesis is inspired by the filtration process in
environmental engineering, which traps and removes particles
from aqueous media. In this case, larger MPs will be trapped to
a greater extent, while smaller MPs will have a higher mobility.
Additionally, fine-textured porous media will trap more
particles, leading to lower mobility. Previous lab-based column
migration tests using pure quartz sand as a representative
porous medium supported this hypothesis, showing that
coarser sand and smaller MPs result in greater MP
penetration.24,110−112

Conversely, the preferential penetration hypothesis assumes
that MPs mainly migrate through cracks generated by aging
processes such as wet−dry cycling events. In this scenario, fine-
textured soils will favor MP penetration due to a higher
likelihood of desiccation cracking, and MPs that penetrate
subsoils are not necessarily smaller when preferential
penetration occurs. This hypothesis is inspired by knowledge
from engineering geology, which suggests that silt and clay
fractions in natural soils contain higher amounts of clay
minerals, leading to desiccation cracking due to the swelling
and shrinkage of these minerals.113−115

The findings from this study provide multiple lines of
evidence, suggesting that MPs are likely transported from
topsoil to subsoil via preferential penetration processes rather
than ideal filtration. Field data showed that, while MP
abundances in subsoil were lower compared to topsoil (Figure
1a), they were not smaller (Figure 2d) or more oxidized
(Figure 3e), which contradicted the ideal filtration hypothesis.
Additionally, results from column migration experiments
suggested that vertical migration of MPs was significantly
enhanced in fine-textured and Fe-depleted vadose zones under
wet−dry cycling events (Figure 5). This finding strongly
corroborates field data, which showed that the proportion of
fine particles (clay and silt) was significantly positively
correlated with MPsub/MPtop, while the Fe content was
significantly negatively correlated with MPsub/MPtop (Figure
4a).

The findings from this field survey were also in stark contrast
to the intuitive belief suggested by previous column migration
studies of MP transport in porous media. Using quartz sand as
a porous medium and adopting continuous flow conditions to
examine MP transport mechanisms in soils, laboratory column
migration experiments suggested that smaller MPs tended to
have higher mobility in porous media compared to larger
ones.91−93 Furthermore, coarse-textured porous media were
generally believed to favor MP transport due to larger pore
spaces.24,111 However, the results from this study provide
robust evidence that MPs in subsoils are not necessarily
smaller under real-world conditions and that fine-textured soils,
in contrast, facilitate vertical MP transport. Therefore, we
recommend revising current laboratory transport experiment
simulations to better reflect natural conditions, including
adopting natural soils or different textured minerals as vadose
zone media and incorporating naturally occurring wet−dry
cycling events, which were found to be important drivers of
MP vertical distribution. Additionally, it is important to note

that the groundwater level in this field region was >15 m;116

therefore, fluctuations in groundwater level did not affect MP
transport in this case. In other regions with a shallow
groundwater table, however, it is highly likely that groundwater
level fluctuations may also influence the MP vertical
distribution.

The phenomenon of preferential penetration has implica-
tions for the risk assessment and mitigation of MPs in
subsurface environments. Regions with lower soil Fe content,
finer texture, more frequent precipitation events (i.e., leading
to more wet−dry cycling in the vadose zone), and shallower
groundwater are at a higher risk of MP penetration from
topsoil to subsoil and then to the groundwater aquifer. The
preferential penetration phenomenon may also apply to
fractured rock vadose zones, including karst areas. In such
regions, potential human and ecological risks induced by
drinking MP-enriched groundwater should be explored by
scientists, policymakers, and natural resource managers. On the
other hand, a low-impact development (LID) infrastructure,
such as bioretention ponds, has been proposed as a promising
strategy to remove MPs from runoff water and prevent their
migration across environmental compartments.117,118 Such
systems often apply a natural soil layer to trap aqueous
contaminants including MPs, and high frequency wet−dry
cycles occur in the vadose zone.119,120 The risks of MP
transport and leakage from these systems via preferential
penetration should also be examined. The use of an Fe-rich
surface layer for such systems for contaminant retention could
be a potentially feasible mitigation measure.

3.8. Study Limitations. Although our investigation
presents several novel findings, we feel it is important to
highlight a few important study limitations. First, the LDIR
system used in this study could only characterize MPs with
sizes ranging between 20 and 500 μm, meaning larger MPs
(>500 μm) and smaller MPs and NPs (<20 μm) were not
modeled. Second, soil physicochemical properties were only
measured for the surficial layer due to sampling mass
restrictions. This limitation was partially overcome through
additional support from lab column migration experiments,
providing multiple lines of evidence to verify our hypotheses.
Finally, other processes that may lead to soil cracking, such as
freeze−thaw cycling,121,122 were not considered in this region.
Future studies may further verify whether the preferential
penetration phenomenon and mechanisms also apply in high-
latitude regions with both wet−dry cycling and freeze−thaw
cycling.
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An integrated multi-omics approach reveals octocrylene disrupts 
Tetradesmus obliquus growth by triggering a cascade of photosynthetic 
inhibition and metabolic dysregulation
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The effects and mechanisms of Tetra
desmus obliquus under OC exposure were 
explored.

• Environmental concentration of OC can 
inhibit the growth of Tetradesmus 
obliquus.

• OC disrupts Tetradesmus obliquus’ 
photosynthetic and metabolism system.

• OC can activate the antioxidant system 
of Tetradesmus obliquus.

A R T I C L E  I N F O
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A B S T R A C T

Octocrylene (OC) is a widely used organic UV absorber and a common ingredient in coral-friendly sunscreen. 
Recent studies have highlighted its impact on microalgal growth, though the underlying mechanisms remain 
unclear. In this study, we investigated the growth inhibition and related mechanisms of green algae Tetradesmus 
obliquus exposed to OC at four concentrations (1, 10, 100, and 500 μg/L) over 7 days. Results demonstrated a 
concentration-dependent growth inhibition, with approximately 24 % growth reduction observed in the 500 μg/ 
L group by the end of exposure. Chlorophyll fluorescence analysis showed that effective quantum yield (Y(II)) 
and photochemical quenching (qP) decreased by 8 %-29 %, while relative electron transport rate (rETR) declined 
by 10 %-36 %. These changes were supported by alterations in the expression of photosystem-related genes and 
proteins (psbW, psaG, psaN, psbA, petF, Lhcb1, Lhcb2, psbS, and Lhcb4). Additionally, suppression of the Calvin 
cycle and glycolysis pathways led to metabolic disruptions, with upregulated fatty acid degradation to 
compensate for tricarboxylic acid (TCA) cycle substrates. As energy reserves were diverted to counteract OC 
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stress, the availability of precursors for DNA and RNA synthesis decreased, directly affecting cell growth and 
division. These findings contribute to a better understanding of the impact of OC in aquatic environments.

1. Introduction

Octocrylene (OC) is a widely utilized ultraviolet absorber known for 
its effective absorption of UVB and UVA-II radiation (320 ~ 340 nm). It 
is commonly used as a stabilizer for other UV absorbers, such as avo
benzone (AVO), which offer broad-spectrum protection against UVA and 
UVB radiation [1]. In fact, OC has been found in 2999 sun protection 
factor (SPF) products in the United States [2], which accounted for 
approximately 49 % of the sunscreen products worldwide [3]. More
over, it is expected that the levels of OC would be elevated due to the 
widespread banning of certain sunscreen ingredients, such as 
benzophenone-3 (BP-3) and ethylhexyl methoxycinnamate (EHMC) [4]. 
On the other hand, the high lipophilicity of OC (logKow = 6.88) [5], 
combined with its strong resistance to hydrolysis, photolysis, and aer
obic biodegradation [6–8], contributes to its environmental persistence 
and bioaccumulation potential. It is generally recognized that 
short-term point source inputs, such as those from water-based recrea
tional activities, are the primary contributors to elevated OC residues in 
aquatic environments [9], with concentrations reaching detectable 
levels of up to μg/L, and in some cases, exceeding 102 μg/L [10].

A previous toxicological study of OC revealed antiestrogenic, anti
androgenic, and estrogenic effects in Danio rerio [11]. Moreover, a prior 
study demonstrated that OC exposure affected both brain and liver 
development of zebrafish, accompanied by alterations of liver metabolic 
genes (cebpa, rbp4 and arntl1a) [12]. More recent studies have revealed 
OC accumulation in coral tissues, forming complexes with fatty acids 
and inducing mitochondrial toxicity [13, 14]. In addition to endocrine 
disruption and metabolic disturbances, OC can also affect growth of 
aquatic organisms. For instance, the 48h-EC50 values for growth inhi
bition of OC in Paracentrotus lividus (sea urchin) and Artemia salina 
(brine shrimp) were 0.74 mg/L and 0.61 mg/L, respectively [15, 16]. 
Additionally, OC was shown to inhibit the growth of algae and marine 
bacteria, with EC50 values in the range of a few milligrams per liter 
[15–17].

Microalgae, as the primary producers, plays a fundamental role in 
the material cycling, energy flow, and enhancement of biodiversity 
throughout the ecosystem [18]. Furthermore, microalgae have the po
tential to accumulate pollutants and transfer them through the food 
chain [19]. Tetradesmus obliquus, a species of freshwater green algae, is 
widely distributed in aquatic environments [20, 21]. Additionally, it is a 
standard algal species widely used for toxic test, as recommended by the 
Organization for Economic Cooperation and Development (OECD) [22]. 
However, previous studies on OC have primarily focused on its effects on 
the growth inhibition of microalgae [15–17], the mechanisms underly
ing this inhibition remain poorly understood.

Therefore, the present study aimed to i) investigate the effects of OC 
on Tetradesmus obliquus, including parameters such as cell growth, the 
photosynthetic system and the antioxidant system, over a 7-day expo
sure period, and ii) illustrate the molecular mechanisms responsible for 
growth inhibition using metabolomic, transcriptomic and proteomic 
analyses.

2. Materials and methods

2.1. Chemicals and Tetradesmus obliquus culture

OC (> 98 %) was obtained from TCI (Tokyo, Japan), and its physi
cochemical properties are shown in Table S1. High performance liquid 
chromatography (HPLC) grade dimethyl sulfoxide (DMSO) and ethanol 
were both purchased from Macklin (Shanghai, China). Liquid chro
matograph mass spectrometer (LC-MS) grade methanol and HPLC grade 

dichloromethane (DCM) were acquired from Sigma-Aldrich (St. Louis, 
Missouri, the United States). Nitrogen-containing BG-11 culture medium 
stock solution (1000 ×) was bought from Leding Tec (Shanghai, China), 
and the medium formulation can be referenced in [23]. Commercial kits 
for total protein (TP), reactive oxygen species (ROS), superoxide dis
mutase (SOD), catalase (CAT), malondialdehyde (MDA), and gluta
thione (GSH) were obtained from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). The Elisa kit for Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (rubisco) was purchased from Jingmei 
Biotechnology (Yancheng, China).

Unicellular green algae Tetradesmus obliquus (FACHB-12) was pur
chased from the freshwater algae culture collection of the Institute of 
Hydrobiology of Chinese Academy of Sciences (Wuhan, China). Micro
algae were inoculated in sterile nitrogen-containing BG11 medium at a 
pH of 7.0 ± 0.1. The algae were maintained in a climate chamber under 
controlled conditions of temperature (23.0 ± 0.2◦C), light intensity 
(3500 ± 100 lux), and a light-dark cycle of 12–12 h. The algae were 
cultured for at least 28 days before the experiment. Subsequently, algae 
were subcultured into fresh sterile medium every 7 days to ensure 
exponential growth until they were used for inoculating the test 
solutions.

2.2. Experimental setup

Tetradesmus obliquus in exponential growth phase was inoculated 
into 300 mL flasks, with the addition of 200 mL BG11 medium. The 
initial algal cell density was adjusted to about 4 × 105 cells/mL. Blank 
controls, solvent controls (0.01 % DMSO), and four OC treatment groups 
(1, 10, 100 and 500 μg/L) were set up with three replicates (n = 3). Here, 
the low concentrations of 1 and 10 μg/L were often found in natural 
water [10], while the high concentrations of 100 and 500 μg/L normally 
occurred in the recreational waterpark and river [24, 25]. These treat
ments were used to explore whether Tetradesmus obliquus were under 
stress after exposure to OC and how the responses differed among 
different treatments. The flasks were shaken three times and reposi
tioned daily to prevent uneven light exposure, with the total duration of 
exposure lasting 7 days. Algal density was measured daily, while other 
physiological indicators, including photosynthetic pigments, enzyme 
activities, chlorophyll fluorescence and antioxidant system substances 
were assessed on days 0, 1, 3, 5, and 7. Omics, including metabonomic, 
transcriptomic and proteomic analyses were performed at the end of the 
exposure period (day 7).

2.3. Determination of physiological indicators

2.3.1. Determination of cell density
Cell density was determined using a hemocytometer under an optical 

microscope. The optical density (OD) at 680 nm was measured using a 
microplate reader (Thermo Fisher Scientific, the United States). A linear 
relationship between cell density (cells/mL) and OD680 was established, 
and the specific equation is provided below: 

Cell density (cells/mL) = 1.35× 107 × OD680 + 2.49 × 104             (1)

2.3.2. Determination of photosynthetic pigment content
Briefly, 5 mL of algal solution were centrifuged at 4000 rpm for 

10 min. After discarding the supernatant, 1 mL of 95 % ethanol was 
added into the centrifuge tube, and thoroughly mixed. Thereafter, the 
tube was stored in the dark at 4◦C for 24 h and subsequently centrifuged 
at 10,000 rpm for 5 min. The absorbance at 470 nm, 649 nm, and 
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665 nm were measured for the supernatant using a microplate reader. 
The formulas for calculating the content of chlorophyll a (Chl a), chlo
rophyll b (Chl b), and carotenoids (CAR) are as follows [26]: 

Chl a (mg/L) = 13.95 OD665 - 6.88 OD649                                       (2)

Chl b (mg/L) = 24.96 OD649 - 7.32 OD665                                       (3)

CAR (mg/L) = (1000 OD470 - 2.05 Chl a - 114.8 Chl b)/245            (4)

2.3.3. Determination of chlorophyll fluorescence parameters
The microalgae were acclimated under darkness for 30 min to ensure 

accurate measurements. The maximum quantum yield (Fv/Fm), effec
tive quantum yield (Y(II)), relative electron transport rate (rETR), 
photochemical quenching (qP), non-photochemical quenching (NPQ) 
and non-regulated excitation dissipation (Y(NO)) of Tetradesmus obli
quus were determined by pulse amplitude modulation fluorometry 
(WALZ MONITORING-PAM, Germany) [27]. The interval between 
high-light pulses was set to 20 s. The maximum photosynthetic photon 
flux densities were 0, 90, 125, 190, 285, 420, 625, 820, and 1150 
μmol⋅m− 2/s.

2.3.4. Determination of total protein, antioxidant system, and rubisco
A 20 mL aliquot of the algal solution was centrifuged at 4000 rpm for 

10 min, and the resulting pellet was washed twice with phosphate 
buffered saline (PBS, pH = 7) before being concentrated to 1 mL. 
Thereafter, the concentrated solution was grinded using an automated 
sample homogenizer (60 Hz, 5 min) with zirconium beads and subse
quently centrifuged. After centrifugation, the supernatant was analyzed 
for total protein, antioxidant system, and rubisco using commercial kits 
[28].

2.4. Determination of OC

The method for OC determination was modified based on a previous 
study [29]. Briefly, 10 mL of algal solution was centrifuged at 4000 rpm 
for 10 min. The supernatant was extracted twice with 3 mL of DCM, 
concentrated with nitrogen, and re-dissolved in 0.5 mL of methanol. 
This solution was filtered through a 0.22 μm syringe filter, OC concen
tration was then determined using an Agilent 1290 
ultrahigh-performance liquid chromatography system coupled to a 6460 
triple-quadrupole mass spectrometer (LC-MS/MS, Agilent, the United 
States). Details on the LC-MS/MS parameters are shown in Table S2.

2.5. Metabolomics analysis

Briefly, 10 mL of algal solution (DMSO, 1 μg/L, and 500 μg/L) was 
centrifuged at 4000 rpm for 10 min, and the obtained pellet was washed 
twice with PBS (pH = 7). The cells were then frozen in liquid nitrogen 
and stored at − 80 ◦C. Metabolites were extracted using a mixture of 
methanol and water (8:2, v:v), and analyzed using an ultrahigh- 
performance liquid chromatography system coupled to a Q-Exactive 
orbitrap mass spectrometer (UPLC-QE-Orbitrap-MS, Thermo Fisher 
Scientific, the United States). Details on metabolomics extraction and 
determination are provided in Text S1. Differentially expressed metab
olites (DEMs) were identified based on a p < 0.05 and variable influence 
on projection (VIP) value > 1. DEMs were annotated using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) for metabolic pathway 
analysis and compound classification.

2.6. Transcriptomics analysis

A 200 mL aliquot of the algal solution (DMSO, 1 μg/L, and 500 μg/L) 
was centrifuged at 4000 rpm for 10 min and the obtained pellet was 
washed twice with PBS (pH = 7). The cells were then frozen in liquid 

nitrogen and stored at − 80 ◦C. Detailed information on transcriptomics 
analysis is provided in Text S2. Transcriptome assembly, differential 
gene expression analysis, and functional enrichment were performed 
post-sequencing and sequence alignment. Differential expression genes 
(DEGs) were identified with adjust p-value < 0.05 (Benjamini-Hochberg 
method) and an absolute log2 fold change > 0.585. Functional enrich
ment analysis of DEGs involved KEGG pathway analyses.

Real-time quantitative polymerase chain reaction (RT-qPCR) was 
employed to validate key genes involved in pathways such as photo
synthesis, ribosome, and metabolism, thereby confirming the accuracy 
of the transcriptomic analysis. Details of the RT-qPCR protocol are 
provided in Text S3, while the primer sequences for the selected genes 
are listed in Table S3.

2.7. Proteomics analysis

We performed proteomics analysis for solvent control (DMSO) and 
the high-concentration treatment group (500 μg/L). Sample pre
processing was consistent with the transcriptomics analysis until liquid 
nitrogen quenching. Subsequent protein extraction, digestion, and LC- 
MS/MS parameters are detailed in Text S4. The reference genome 
version for transcriptomics and proteomics was GCA_030272155.1 (htt 
ps://www.ncbi.nlm.nih.gov/datasets/genome/GCA_030272155.1/). 
Differential expression proteins (DEPs) were identified with p-value 
< 0.05 (student’s t-test method) and an absolute log2 fold change 
> 0.263 [30]. Functional enrichment analysis of DEPs involved KEGG 
pathway analyses.

2.8. Molecular docking and molecular dynamics (MD) simulation

To investigate the interaction between photosystem II subunit S 
(psbS) and OC, molecular docking and molecular dynamics simulations 
were performed. Using the psbS (4ri2.1.A) as a template, the three- 
dimensional configuration of the psbS was obtained through homol
ogy modeling with SWISS-MODEL (http://swissmodel.expasy.org/). 
The three-dimensional configuration of OC was obtained from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/). Then, molecular docking was 
performed using AutoDock Vina 1.2.5 [31]. The conformation with the 
lowest binding energy was selected for molecular dynamics simulations, 
which were conducted using GROMACS 2024.3 package [32]. Detailed 
docking and simulation parameters are provided in Text S5.

2.9. Statistical analyses

All data were presented as mean ± standard deviation (SD). Statis
tical analyses were performed using SPSS Statistics 27 (IBM, the United 
States), with significance defined as p < 0.05. The normality of data was 
examined using Shapiro-Wilk test, and the homogeneity of variance 
between groups was checked by Levene’s test. One-way analysis of 
variance (ANOVA) was employed to test the significance of differences 
in algal cell density, photosynthetic system, and antioxidant system in
dicators. Subsequently, post hoc least significant difference (LSD) tests 
were conducted to examine differences between treatment and control 
groups. Both Pearson and Spearman correlation analyses were employed 
to uncover potential relationships among the physiological indicators. 
The correlation heatmap was generated using ChiPlot (https://www.ch 
iplot.online/), while all other figures were created with Origin 2024 
(OriginLab, the United States).

3. Results

3.1. Effects on the growth

There was no significant difference between the DMSO control and 
the water control, suggesting that 0.01 % DMSO had no significant effect 
on the growth of Tetradesmus obliquus (Fig. 1a). After 7 days, algal cell 
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density increased approximately 7–9 fold in all groups. Moreover, there 
were significant reductions in algal cell density in the 500 μg/L group as 
compared to the DMSO group during the exposure period (p < 0.05), 
which increased with increasing exposure time, reaching approximately 
24 % by the end of the experiment (day 7). On the other hand, there 
were no significant differences in the density of algal cells between the 
remaining OC treatment groups and the DMSO group.

3.2. Effects on the photosynthesis

On days 1, 3 and 5, there was no significant difference in the levels of 
the three photosynthetic pigments (Chl a, Chl b and CAR) between OC 
treatment groups and the DMSO group (Fig. 1b-d). However, on day 7, 
all three photosynthetic pigments decreased by approximately 20 %- 
40 % in the 500 μg/L group in comparison to the DMSO group 
(p < 0.05). On day 1, in comparison to the DMSO group, Fv/Fm 
significantly decreased by 0.025–0.065 in all OC groups, presenting a 
dose-response relationship (p < 0.05), except for the lowest OC treat
ment group (i.e., 1 μg/L), in which an increase of approximately 0.035 
was observed (Fig. 2a). Noticeably, Fv/Fm decreased significantly from 
0.64 on day 1–0.52 on day 3 in the 500 μg/L group (p < 0.05), and 
thereafter returned to 0.65 on days 5 and 7. In parallel, rubisco activity 
in the 500 μg/L group decreased significantly by 26 % as compared to 
the DMSO group on day 1, followed by a significant increase of 50 % on 
day 3 (p < 0.05), and thereafter remained at levels similar to the DMSO 
group (Fig. 2b).

In the 500 μg/L OC group, qP and Y(II) decreased by approximately 
8 %-29 % across different light intensities compared to the DMSO con
trol (Fig. 2c). rETR showed a greater reduction, ranging from 10 % to 
36 %. NPQ exhibited a slight increase (4 %-7 %) under high light in
tensity on day 1 but continuously declined throughout the exposure 
period, with a maximum decrease of 19 %. Y(NO) increased steadily by 
approximately 1 %-10 % during the exposure. Photosynthetic 

parameters in the 1 µg/L OC treatment group were similar to the control, 
except on day 7. On day 7, Y(II), qP, rETR, and NPQ decreased by 
approximately 1 %-18 %, while Y(NO) increased by 1 %-4 %.

Molecular dynamics simulations showed a decrease in protein 
compactness upon ligand binding (Figs. 3a and 3b). The root mean 
square deviation (RMSD) of the ligand-free (apo) state reached equi
librium around 25 ns, while the bound state took up to 50 ns (Fig. 3c). 
The radius of gyration (Rg) remained stable overall in both states 
(Fig. 3d). However, the Rg value of the bound state was higher than that 
of the apo state, indicating that OC altered the compactness of both 
proteins. Root mean square fluctuation (RMSF) analysis revealed 
increased flexibility in amino acids around position 100 (Fig. 3e). 
Finally, the binding energy remained stable at approximately − 43 kcal/ 
mol (Fig. 3f).

3.3. Effects on the antioxidant system

There were no significant differences in ROS levels between the 
DMSO group and the two lower OC groups (1 and 10 μg/L) (Fig. 4a-e). 
ROS levels in the 100 μg/L and 500 μg/L group significantly increased 
by approximately 30–50 % as compared to the DMSO group on day 1 
(p < 0.05), and afterwards decreased by approximately 10–65 %. The 
MDA content was similar between the DMSO group and the 1 μg/L 
group during the exposure period. On day1 and day 3, the MDA content 
in the 10 μg/L, 100 μg/L, and 500 μg/L groups increased by 30 %-59 %, 
compared to the DMSO group (p < 0.05). Except for the 500 μg/L group, 
the CAT activity showed no significant difference between other groups 
and DMSO group. CAT activity in the 500 μg/L group decreased by 33 % 
compared to the DMSO group on day 1 (p < 0.05), while on days 3, 5, 
and 7, it increased by 28 % (p < 0.05), 91 % (p < 0.05), and 18 %, 
respectively, compared to the DMSO group. SOD activity on the 10 μg/L, 
100 μg/L, and 500 μg/L (p < 0.05) groups exhibited inhibition on day 1, 
with decreases ranging from 22 % to 56 %. After this, the SOD activity 

Fig. 1. The cell density (a), chlorophyll a (b), chlorophyll b (c) and carotenoids (CAR) content (d) of Tetradesmus obliquus exposed to OC. Note: ***: p < 0.001, 
different letters above error bars indicate significant differences (p < 0.05).
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Fig. 2. The Fv/Fm value (a), rubisco activity (b), Y(II), rETR, qP, NPQ and Y(NO) values (c) of Tetradesmus obliquus exposed to OC.
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on the 100 μg/L and 500 μg/L (p < 0.05) groups continued to increase 
by 25–349 % compared to the DMSO group. Meanwhile, GSH content in 
the 500 μg/L group significantly increased by 59 %-97 % compared to 
the DMSO group on days 1, day 3 and day 5 (p < 0.05), with no sig
nificant difference observing on day 7.

3.4. Effects on the metabolome, transcriptome and proteome

The PCA score plot showed good clustering of replicates within the 
same group for metabolomics, transcriptomics, and proteomics (Figs. 5a 
and 5b，Fig. S1). The partial least squares discriminant analysis (PLS- 
DA) plot and permutation testing of PLS-DA confirmed the reliability of 
the metabolomics analysis model. (Fig. 5c, Fig. S2).

3.4.1. Metabolomics analysis
After 7 days of exposure, 69 DEMs were identified in 1 μg/L group 

(51 upregulated and 18 downregulated), while 208 DEMs were identi
fied in 500 μg/L group (38 upregulated and 170 downregulated) 
(Fig. S3). Approximately 90 % of amino acids, lipids, carbohydrates, and 
nucleotides were downregulated in the 500 µg/L group, whereas 
approximately 67 % were upregulated in the 1 µg/L group (Fig. S4 and 
S5). The KEGG pathway enrichment analysis revealed that in the 1 μg/L 
group, the significantly enriched pathways included linoleic acid 
metabolism, carbon fixation in photosynthetic organisms, lysine 
biosynthesis, pentose phosphate pathway, and glyoxylate and dicar
boxylate metabolism (p < 0.05, Fig. 5d, Fig. S6a), etc. In the 500 μg/L 
group, the significantly enriched KEGG pathways were associated with 
alpha-linolenic acid metabolism, nucleotide metabolism, purine meta
bolism, linoleic acid metabolism, and beta-alanine metabolism 

Fig. 3. Molecular docking and dynamics results. (a) psbS conformation, (b) psbS-OC binding conformation, (c) RMSD, (d) Rg, (e) RMSF, (f) Binding energy.
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(p < 0.05, Fig. 5e, Fig. S6b), etc.

3.4.2. Transcriptomics analysis
After 7 days of exposure, 401 (222 upregulated and 179 down

regulated) and 612 (255 upregulated and 357 downregulated) DEGs 
were identified in the 1 and 500 μg/L groups, respectively (Fig. S7). The 
KEGG pathway enrichment analysis reveals that in the 1 μg/L group, the 
significantly enriched (p < 0.05) pathways were associated with 
cysteine and methionine metabolism, histidine metabolism, arginine 
biosynthesis, and arginine and proline metabolism (Fig. 5f, Fig S8a-b), 
etc. In the 500 μg/L group, the significantly enriched KEGG pathways 
included ABC transporters, nucleocytoplasmic transport, tryptophan 
metabolism, and spliceosome (p < 0.05, Fig. 5g, Fig S8c-d). The KEGG 
pathways related to genetic information processing are presented in 
Fig. S9-S13. Additionally, the RT-qPCR-validated genes showed high 
consistency with the transcriptomics data (Fig.S14).

3.4.3. Proteomics analysis
After 7 days of exposure, 573 (272 upregulated and 301 down

regulated) DEPs were identified in the 500 μg/L group (Fig. S15). The 
heatmap of DEPs showed clear distinctions between the control and 
treatment groups (Fig. 5h). The KEGG pathway enrichment analysis 
reveals that in the 500 μg/L group, the significantly enriched (p < 0.05) 
pathways were associated with alpha-linolenic acid metabolism, valine, 
leucine and isoleucine degradation, fatty acid degradation, ABC trans
porters, glycerolipid metabolism (Fig. 5i).

4. Discussion

In the present study, Tetradesmus obliquus showed significant growth 
inhibition under the exposure of 500 μg/L OC group. It is considered 
that the attack on photosynthesis, energy metabolism, nucleotide and 
purine metabolism of Tetradesmus obliquus were responsible for this 
phenomenon.

4.1. OC disrupted electron transport and reduced photosynthetic activity

OC exposure impaired the photosynthetic system of Tetradesmus 
obliquus, as reflected in both functional parameters and molecular re
sponses. A significant decrease in Fv/Fm on day 1 indicated inhibition of 

PSII [33], a primary target of OC stress. This inhibition was consistent 
with the downregulation of key PSII-related genes (Fig. 6, Fig. S16), such 
as psbW (encoding PSII reaction center subunit W protein) and psbA 
(encoding PSII D1 protein), which are essential for maintaining PSII 
stability and photochemical activity [34–36]. Although Fv/Fm signifi
cantly decreased, chlorophyll content remained stable from day 1 to day 
5, demonstrating that the photosynthetic efficiency decline was inde
pendent of pigment loss [37]. Instead, the disruption of electron trans
port, evidenced by a decrease in rETR, likely contributed to reduced 
energy conversion efficiency (Fig. 4) [38]. This was further supported by 
the downregulation of petF (encoding ferredoxin I protein), which en
codes an iron-sulfur protein critical for transferring electrons to down
stream metabolic pathways like carbon fixation [39]. In addition， 
disruption of electron transport likely led to the accumulation of excess 
light energy, compounding photodamage. Under stress conditions, 
light-harvesting efficiency also declined, as indicated by reduced qP and 
the downregulation of Lhcb1 (encoding chlorophyll a/b binding protein 
1) and Lhcb2 (encoding chlorophyll a/b binding protein 2), which are 
crucial for antenna pigment function [40, 41]. Concurrently, the 
photosynthetic system’s capacity for thermal energy dissipation (NPQ) 
increased briefly on day 1, reflecting an initial photoprotective response 
[42]. However, prolonged exposure led to a decline in NPQ and a cor
responding increase in Y(NO), signaling reduced heat dissipation ca
pacity and photodamage [43]. psbS was significantly upregulated 
during exposure, a protein involved in photoprotection that is typically 
directly linked to NPQ values [44]. The upregulation of psbS was ex
pected, as previous studies have demonstrated that psbS is consistently 
induced under abiotic stresses to protect chloroplasts from photodamage 
[45, 46]. However, this contrasting result may be attributed to the direct 
inhibition by OC. The longer equilibrium time, along with the higher 
RMSD and Rg values observed in the bound state, suggested that OC 
affected the stability of the psbS monomer [47]. This led to a reduction 
in the protein’s compactness, which could further interfere with psbS 
function and hinder the formation of its dimer. At the PSI level, the 
downregulation of psaG (encoding PSI subunit G) and psaN (encoding 
PSI subunit N), subunits stabilizing the PSI complex and mediating 
electron transfer from plastocyanin, further disrupted electron transport 
[48, 49]. The combined downregulation of PSI and PSII-related genes 
ultimately impaired NADPH synthesis, hindering the Calvin cycle’s 
conversion of 1,3-bisphosphoglycerate (1,3-BPG) to 

Fig. 4. The levels of ROS (a), MDA (b), CAT (c), SOD (d) and GSH (e) of Tetradesmus obliquus exposed to OC. Note: Different letters above error bars indicate 
significant differences (p < 0.05).
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Fig. 5. Multi-omics analysis of Tetradesmus obliquus at the end of exposure (day 7). (a) Scores plot of PCA of transcriptome, (b) Scores plot of PCA of proteome, (c) 
Scores plot of PLS-DA of metabolome, KEGG enrichment analysis plot of DEMs in 1 μg/L OC (d) and 500 μg/L OC (e), KEGG enrichment analysis plot of DEGs 1 μg/L 
OC (f) and 500 μg/L OC (g), (h) Heatmap of protein abundance of DEPs and (i) KEGG enrichment analysis plot of DEPs. Note: *: p < 0.05, **: p < 0.01, 
***: p < 0.001.
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glyceraldehyde-3-phosphate (G3P) [50]. Even at a concentration of 
1 μg/L, OC caused photodamage by day 7. This indicated that the 
photosynthetic capacity of Tetradesmus obliquus was affected even under 
low environmental concentrations (1 μg/L). The downregulation of 
photosynthetic genes and proteins, combined with functional impair
ments in energy capture, electron transport, and photoprotection, un
derscores the severity of OC’s impact on the Tetradesmus obliquus 
photosynthetic system.

Spearman’s rank correlation analysis revealed strong negative cor
relations between ROS levels and both Fv/Fm (r = -0.75, p < 0.001) and 
rETRmax (r = -0.51, p < 0.05) (Fig. S17), suggesting a potential mecha
nistic relationship between oxidative stress and photochemical 

efficiency impairment. In addition to gene-level changes, elevated ROS 
levels on day 1 suggested oxidative stress due to inhibited electron 
transport [51, 52]. The antioxidant system responded insufficiently, as 
enzymatic antioxidant activities were inhibited under high ROS condi
tions [53]. Previous studies also found that relatively lower concentra
tions of myclobutanil (50 μg/L) and p-chloroaniline (1.25 mg/L) 
induced higher antioxidant enzyme activity compared to higher con
centrations (100 μg/L and 5 mg/L, respectively) [54, 55]. 
Non-enzymatic antioxidants, such as GSH, played a compensatory role 
in mitigating ROS but failed to fully prevent oxidative damage, as 
indicated by MDA accumulation (Fig. S18). Interestingly, as the OC 
concentrations declined both in the culture medium and intracellularly 

Fig. 6. Enrichment analysis of differentially expressed metabolites, genes and proteins in Tetradesmus obliquus after exposure to 500 μg/L OC. Note: The figure was 
modified based on KEGG.
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(Table S4, Fig. S19), the 500 μg/L treatment group showed a slight re
covery in antioxidant enzyme activities, concomitant with a reduction in 
ROS levels (Fig. S20, p < 0.05). This recovery, though partial, helped 
mitigate further oxidative stress and contributed to the elimination of 
excess MDA. However, the recovery did not fully reverse the damage to 
the photosynthetic system, particularly the impairment of photo
protective mechanisms and the decline in photosynthetic capacity. 
Together, these findings demonstrate that OC disrupted the coordinated 
function of photosynthetic proteins and genes, leading to impaired en
ergy capture, electron transport, and photoprotection, ultimately 
reducing photosynthetic efficiency and causing photodamage.

4.2. Cascading effects: Photosynthetic inhibition disrupts energy 
metabolism

When the photosynthetic system was inhibited, the conversion of 
light energy into chemical energy decreased, leading to insufficient 
cellular energy supply and subsequent inhibition of metabolism [56]. As 
previously mentioned, the inhibition of the electron transport chain led 
to impaired NADPH synthesis, which subsequently affected carbon fix
ation in the Calvin cycle. The downregulation of the ALDO (encoding 
aldolase) gene and ribulose-5-phosphate isomerase (rpiA) likely 
impacted key enzymatic activities in both the Calvin cycle and glycol
ysis, resulting in reduced carbon metabolism efficiency [57, 58]. The 
downregulation of ALDO may have inhibited the production of 
three-carbon compounds in glycolysis, while the downregulation of rpiA 
protein may have obstructed the interconversion of five-carbon sugars in 
the Calvin cycle. These changes could directly lead to a decrease in the 
levels of metabolic intermediates such as ribulose-5-phosphate (Ribu
lose-5P), glycerate-3-phosphate (Glycerate-3P), and 
xylulose-5-phosphate (Xylulose-5P), thereby reducing carbon fixation 
efficiency[59]. Furthermore, the downregulation of PK (encoding py
ruvate kinase) gene in the glycolysis pathway is noteworthy. In the final 
step of glycolysis, PK catalyzes the irreversible conversion of ADP and 
phosphoenolpyruvate to ATP and pyruvate [60, 61]. Pyruvate is then 
converted into acetyl coenzyme A (acetyl-CoA), a key substrate for the 
TCA cycle [62].

Due to the inhibition of photosynthesis and the resulting energy 
deficiency, fatty acid degradation was mobilized to supplement acetyl- 
CoA production [63]. This was also reflected in the lipid metabolic 
profile, where about 85 % of lipid molecules showed decreased abun
dance in the 500 μg/L OC group (Fig S5b). The upregulation of 
medium-chain acyl-CoA dehydrogenase (ACADM) and 3-ketoacyl-CoA 
thiolase (ACAA1) likely indicated enhanced activity of the fatty acid 
β-oxidation pathway [64], promoting fatty acid breakdown and energy 
supply [64, 65]. Additionally, in the α-linolenic acid metabolism 
pathway, the downregulation of oxylipins such as 12-oxophytodienoic 
acid (12-OPDA), hydroxy-octadecatrienoic acid (HOTrE), and trau
matic acid (TA) suggested a suppression of certain lipid-derived defense 
metabolites under OC stress (Fig. 6). Despite this, the upregulation of 
key enzymes like ACADM, ACAA1, and 12-oxophytodienoate reductase 
(OPR) might contribute to jasmonic acid (JA) synthesis [66]. This dual 
response optimized energy production while selectively modulating 
defense-related metabolites to adapt to stress conditions.

Another key energy metabolism pathway, oxidative phosphoryla
tion, was also altered. The downregulation of mitochondrial electron 
transport chain-related genes or proteins such as NADH: Ubiquinone 
oxidoreductase subunit A2 (NDUFA2) protein, NADH: Ubiquinone 
oxidoreductase subunit B1 (NDUFB1) protein, and NDUFS1 (encoding 
NADH:Ubiquinone oxidoreductase core subunit S1 protein), along with 
oxidative phosphorylation-related proteins like cytochrome c (CYC) 
protein and cytochrome c oxidase subunit 6B (COX6B) protein (Fig. 6) 
[67], likely indicated reduced oxidative phosphorylation efficiency 
[68]. This suggests a decreased reliance on mitochondrial respiration, 
thereby reducing ROS production to cope with OC stress. This also im
plies that the increased activity of antioxidant enzymes was not the only 

mechanism for reducing ROS levels. Additionally, the upregulation of 
ppa (encoding pyrophosphatase) could have strengthened phosphate 
metabolism and ion transport functions [69], further helping the cell 
maintain metabolic homeostasis under low-energy-consuming condi
tions. A previous study found that OC leads to mitochondrial dysfunc
tion in corals [13], which could be the underlying cause of the 
disruption in oxidative phosphorylation metabolism.

4.3. Reduction in substrates for cell growth and division inhibited cell 
growth

After photosynthesis and energy metabolism were affected, the cell 
required additional energy sources, such as fatty acids, to synthesize 
hormones to resist stress. This further reduced the availability of sub
strates needed for cell growth and division. In the 500 μg/L group, 
numerous genes involved in cell division and proliferation were 
enriched in pathways such as nucleocytoplasmic transport, spliceosome, 
basal transcription factors, RNA degradation. It should be noted that 
most of the DEGs in these pathways were downregulated, which is a 
common phenomenon in algae and plants under non-biological stress 
[70, 71]. However, no expression alterations in these genes were 
observed under the 1 μg/L group. The downregulation of genes related 
to genetic information processing indicated that cell growth and the 
synthesis of essential genetic materials may be inhibited (Fig. S10-S14), 
potentially contributing to the observed decrease in algal cell density. In 
500 μg/L group, metabolites related to nucleobase metabolism were 
downregulated, corresponding to the previously mentioned down
regulation of genes associated with genetic information processing. 
Notably, metabolites related to uridine (3′-UMP, 5′-UMP) exhibited 
downregulation, both being upstream products of uridine. The 
decreased levels of these two substances, which can be resynthesized 
from uridine in RNA degradation [72], may explain the observed inhi
bition of RNA synthesis identified in the transcriptomics, as UMP is a 
crucial component of RNA [73]. Other metabolites associated with RNA 
synthesis or precursor compounds for DNA synthesis, such as 3′-GMP, 
5′-GMP, 3′-AMP, 5′-AMP, and 5′-CMP, also showed downregulation, 
which supported the hypothesis that DNA and RNA synthesis were 
inhibited.

Although no cell division-related pathways were enriched in the 
1 μg/L group, alterations were still observed in certain energy meta
bolism pathways (e.g., linoleic acid metabolism and carbon fixation in 
photosynthetic organisms), particularly in amino acid metabolism 
pathways (including cysteine and methionine metabolism, histidine 
metabolism, arginine biosynthesis, arginine and proline metabolism, 
and lysine biosynthesis). These findings demonstrate that even at envi
ronmental relevant concentrations, metabolic disturbances were 
induced in the microalgae [74], although no significant reduction in 
algal density was detected.

In summary, the inhibition of the light reactions and electron 
transport in photosynthesis was a key event leading to the suppression of 
algal cell growth (Fig. 6). Insufficient and delayed NADPH supply dis
rupted carbon synthesis in the Calvin cycle. This chain reaction impaired 
the glycolytic pathway’s ability to provide sufficient acetyl-CoA for the 
TCA cycle. As a result, fatty acid degradation was upregulated to sup
plement acetyl-CoA, while the oxidative phosphorylation pathway also 
became dysregulated, reducing electron transport chain activity to 
maintain cellular homeostasis. Under resource limitations, the synthesis 
of TA might have been suppressed to allocate resources to more im
mediate defense responses, such as the JA pathway. During energy 
shortages, more substrates were diverted to stress responses, and the 
downregulation of nucleotide metabolism pathways directly affected 
DNA and RNA synthesis [75], thereby impairing cell proliferation and 
division. This ultimately led to a reduction in cell density.
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5. Conclusions

In conclusion, this study demonstrates that OC exposure leads to 
significant growth inhibition in the green alga Tetradesmus obliquus by 
disrupting photosynthesis and energy metabolism. The reduction in 
photosystem efficiency, along with suppressed Calvin cycle and glycol
ysis pathways, highlights how OC impairs energy production and 
metabolic balance. These disruptions resulted in increased fatty acid 
degradation to support energy demands and a decline in precursors for 
nucleic acid synthesis, directly affecting cell growth and division. As a 
widely used organic UV absorber, OC’s impact on primary producers 
like Tetradesmus obliquus highlights the need for further research to 
understand its ecological effects and potential risks in aquatic 
environments.
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Environmental implications

The suppression of photosynthesis and energy metabolism pathways, 
along with shifts in metabolic processes, highlights how OC exposure 
disrupts energy balance and diminishes cellular function in primary 
producers. As OC continues to dominate the sunscreen market, its 
increasing environmental concentrations pose risks to aquatic ecosys
tems by altering species interactions and nutrient cycling, potentially 
reducing ecosystem resilience. These findings underscore the urgent 
need for further investigation into the broader environmental conse
quences of OC contamination.
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[32] Abraham, M.J., Murtola, T., Schulz, R., Páll, S., Smith, J.C., Hess, B., et al., 2015. 
GROMACS: High performance molecular simulations through multi-level 
parallelism from laptops to supercomputers. SoftwareX 1, 19–25. https://doi.org/ 
10.1016/j.softx.2015.06.001.

[33] Zhou, R., Yu, X., Kjær, K.H., Rosenqvist, E., Ottosen, C.-O., Wu, Z., 2015. Screening 
and validation of tomato genotypes under heat stress using Fv/Fm to reveal the 
physiological mechanism of heat tolerance. Environ Exp Bot 118, 1–11. https:// 
doi.org/10.1016/j.envexpbot.2015.05.006.
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• Targeted and non-targeted RDCs were
first identified in estuarine species.

• Log Korganism/water more accurately pre-
dicts RDC biomagnification than Log
Kow.

• Mass distribution analysis reveals phase-
specific RDC partitioning in organisms.

• Most RDCs exhibit persistence, bio-
accumulation, or toxicity (PBT)
properties.
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A B S T R A C T

The emergence of rubber-derived chemicals (RDCs) has garnered significant environmental attention, particu-
larly N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine quinone (6PPD-Q) linked to acute mortality in sal-
monids. However, the trophic transfer of RDCs within marine ecosystems is notably sparse. Here, we investigated
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Biomagnification mechanisms
Non-targeted screening
Marine ecosystem

RDCs in the Nandu River estuary near China’s largest rubber production region through an integrated targeted
and non-targeted approach. Twelve targeted and 28 non-targeted RDCs were identified in biological samples. For
targeted RDCs, total mean concentrations (ng/g, wet weight) showed a descending order of crab (702) > shellfish
(531) > snail (491) > shrimp (392) > cuttlefish (342) > fish (190), while those for non-targeted RDCs followed
the order of fish (3.91 ×103) > shellfish (3.08 ×103) > cuttlefish (2.96 ×103) > shrimp (2.78 ×103) > snail
(1.61 ×103) > crab (1.36 ×103). Thirteen RDCs exhibited biomagnification potential with trophic magnification
factors (TMFs) of 1.05–3.24, while nine compounds displayed biodilution trends (TMFs: 0.56–0.93). Organism-
water partition coefficients, derived from multi-parameter linear free-energy relationships, more accurately
elucidate biomagnification mechanisms of RDCs. Furthermore, 60 % of RDCs exhibited persistence, bio-
accumulation and toxicity properties. This research underscores the importance of integrating targeted and non-
targeted approaches of RDCs in biomonitoring, offering a more comprehensive view of cumulative chemical risks
to humans and wildlife.

1. Introduction

Between 2004 and 2023, the global automotive industry, which had
produced 1.6 billion vehicles with China contributing over 25 % to this
output [41], necessitates the use of various additives in tire
manufacturing to meet stringent performance standards. These addi-
tives, including antioxidants, vulcanization accelerators, crosslinking
agents, and plasticizers, are predominantly high-production-volume
compounds [40]. These additives can migrate to the tire surfaces and
subsequently permeate diverse environmental matrices, exhibiting a
spectrum of toxicities to aquatic organisms [28,38]. For example, anti-
oxidant N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD)
has been demonstrated to elicit developmental toxicity in Danio rerio
embryos and larvae [42]. Notably, some tire additives undergo a suite of
biotic and abiotic transformations, resulting in the generation of trans-
formation products with potentially increased biotoxicity [30,35,48].
An illustrative case is the transformation of the pervasive rubber anti-
oxidant 6PPD into 6PPD-quinone (6PPD-Q), which has been linked to
acute mortality of wild salmon (Oncorhynchus kisutch) [47]. These tire
additives and their transformation products, collectively known as
rubber-derived chemicals (RDCs), can also enter the marine ecosystem,
presenting hazards to aquatic life and potentially jeopardizing human
health via the food webs [13,24,50,9].

Despite growing recognition of their ecological risks, the bio-
accumulation and trophic transfer mechanisms of RDCs in aquatic food
webs, particularly in estuarine ecosystems, remain poorly understood.
Tropical estuaries, with their unique ecological sensitivity and envi-
ronmental responsiveness, are ideal natural laboratories for studying
contaminant behavior [1,18]. As biodiversity hotspots and essential
nurseries for aquatic life, their susceptibility to organic pollutants makes
them invaluable for pollution research. The accelerated biogeochemical
cycling of contaminants in tropical regions, driven by elevated meta-
bolic rates and warm temperatures, facilitates rapid transformations and
biomagnification within food webs [12,22,4]. This positions tropical
estuaries as critical indicators of global contaminant dynamics, offering
unique insights into the environmental fate and ecological risks of
emerging pollutants like RDCs.

The Nandu River Estuary (NRE), a tropical estuary in China, connects
the Leizhou Peninsula to Haikou city, located on northern Hainan
Province. Hainan Province, as China’s largest rubber production base,
hosts numerous rubber processing factories along the Nandu River
basin, inevitably elevating the pollution levels of RDCs into the river
[10]. Furthermore, NRE is situated in the most economically active re-
gion of Hainan Province, which experiences heavy traffic and abundant
rainfall, making the NRE susceptible to pollution from RDCs. Therefore,
this estuary is an ideal site for investigating the bioaccumulation and
trophic transfer of RDCs. Recently, high-resolution mass spectrometry
(HRMS) has become a critical tool for the detection and identification of
unknown chemicals [11,14,45]. HRMS-based suspect and non-targeted
screening strategies (commonly known as non-targeted analysis) have
recently revealed a broad spectrum of RDCs across various environ-
mental matrices, enhancing our understanding of these previously

obscure compounds. However, existing research has largely focused on
dust, surface runoff, and single-species exposures, with less attention
given to the behavior and impacts of RDCs within food webs [27,31,8].

Thus, objectives of this research were to: (1) thoroughly profile the
presence and composition of RDCs in tropical estuarine species utilizing
both targeted and non-targeted approaches, (2) employ the organism-
water partition coefficient (Korganism/water) and mass fraction to deci-
pher their bioaccumulation and trophodynamic mechanisms, and (3)
identify compounds with potential persistence, bioaccumulation, and
toxicity (PBT) characteristics. This study, combining targeted and non-
targeted analyses, can expand our understanding of the trophody-
namics of RDCs in estuarine food webs and guide future biomonitoring
strategies for compound prioritization and control.

2. Materials and methods

2.1. Reagents and materials

Seventeen RDCs, including five p-phenylenediamine antioxidants
[PPDs: 6PPD, N-phenyl-N’-cyclohexyl-p-phenylenediamine (CPPD), N,
N′-diphenyl-1,4-phenylenediamine (DPPD), N,N′-bis(methylphenyl)-
1,4-benzenediamine (DTPD), and N-isopropyl-N’-phenyl-1,4-phenyl-
enediamine (IPPD)], five corresponding PPD-derived quinones (PPD-Qs:
6PPD-Q, CPPD-Q, DPPD-Q, DTPD-Q, and IPPD-Q), five vulcanization
accelerators [1H-benzotriazole (BT), benzothiazole (BTH), 2-methyl-
thio-benzothiazole (2-Me-S-BTH), 2-hydroxybenzothiazole (2-OH-
BTH), and N,N′-diphenylurea (DPU)], and two other additives [hexam-
ethoxymethylmelamine (HMMM) and epsilon-caprolactam (CAP)] were
selected (Table S1). Atrazine-d5, 6PPD-quinone-d5, and
methylbenzotriazole-d6 were utilized as the internal standards. Details
regarding solvents and reagents are delineated in the Supporting
Information.

2.2. Sampling sites and sample collection

In April 2023, a total of 14 water samples, 12 sediment samples and
93 biological samples (encompassing 28 species) were procured from
the NRE. The geographical coordinates of the sampling sites are delin-
eated in Figure S1. The biological samples included three species of snail
(BZL, Turritella terebra bacillum, n = 3; CWL, Bufonaria rana, n = 3; LFL,
Conomurex luhuanus, n = 3), four species of shrimp (KXG, Oratosquilla
oratoria, n = 3; HSFDX, Parape naeopsis hungerfordi, n = 3; JYXDX,
Metapenaeus affinis, n = 3; CMDX, Penaeus penicillatus, n = 4), three
species of shellfish (ZC, Solen strictus, n = 3; FLBCZ, Ruditapes philip-
pinarum, n = 3; FCYB, Perna canaliculus, n = 3), two species of cuttlefish
(DX, Octopus ocellatus, n= 3; HQWZ, Loligo beka, n= 3), and one species
of crab (GZX, Charybdis riversandersoni, n = 3). We identified 15 species
of fish (DLX, Sillago sihama, n = 3; CWCS, Chorinemus formosanus, n = 4;
DCM, Pisodonophis boro, n = 3; HLWCS, Gnathanodon speciosus, n = 3;
HBSBY, Epinephelus fasciatus, n = 4; DTGMY, Trachiocephalus myops,
n = 3; TY, Pneumatophorus japonicus, n = 3; ST, Cynoglossus semilaevis
Gunther, n = 3; XLL, Terapon jarbua, n = 4; LXCS, Trachinotus ovatus,
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n = 3; HQJD, Acanthopagrus latus, n = 6; HBLZY, Siganus canaliculatus,
n = 3; HJD, Plectorhinchus, n = 3; DWB, Leiognathus brevirostris; n = 4;
ZHXGY, Stolephorus chinensis, n = 4). Upon collection, all samples were
promptly stored in a freezer at − 20◦C and subsequently transported to
the laboratory. For information on sampling locations, water quality,
and biological samples, please refer to Figure S1 and Tables S2-S4 in the
Supporting Information.

2.3. Sample extraction and targeted analysis

The extraction procedures for seawater, sediment, and biological
samples followed our previous study with monitor modification [49].
Briefly, seawater samples (250 mL) were filtered and spiked with in-
ternal standards, and then enriched using solid-phase extraction (Wa-
ters, HLB, 500 mg) columns. Frozen-dried sediment samples (0.5 − 1.5 g)
were extracted using 2 mL of acetonitrile, 2 mL of methanol, and 2 mL of
acetonitrile through ultrasonication. Muscle tissues (0.5 − 2.0 g, wet
weight) were collected as biological samples, extracted using acetoni-
trile and then purified using C18 adsorbent. Detailed information on the
sample extraction can be found in the Supporting information.

RDCs were analyzed using an Agilent 1290 Infinity Ultra Perfor-
mance Liquid Chromatography (UPLC) system coupled with an Agilent
6470 Triple Quadrupole Mass Spectrometer (MS/MS) in multiple reac-
tion monitoring (MRM) mode. All targeted substances were analyzed in
positive electrospray ionization mode (ESI+). The mobile phase con-
sisted of Milli-Q water with 0.1 % formic acid (A) and methanol (B).
Detailed operational conditions of the instrument, compound transi-
tions, and retention times are listed in Table S5. The biological samples
(0.1 g, dry weight) underwent extraction with a mixture of n-hexane and
dichloromethane (1:1, v/v) in a two-step process. Subsequently, the
lipid content was determined using gravimetric analysis (Table S4).
Frozen-dried biological samples (0.5 mg) were analyzed for stable ni-
trogen (δ15N) isotope ratios using a Flash EA 112 series elemental
analyzer coupled with a Finnigan MAF ConFlo 111 isotope ratio mass
spectrometer [36] (Table S4). The accuracy of the nitrogen isotope
analysis was maintained within ±0.05 %. The levels of total protein and
phospholipid in the biota samples were quantified using a Bicinchoninic
Acid Assay Kit (Enzyme-linked Biotechnology Co., Shanghai, China) and
a Phopholipid ELISA Kit (YJ218547, Yuanju Biotech, Shanghai, China),
respectively.

2.4. Non-targeted screening workflow for RDCs

Building on our previous studies with slight modifications [26,31],
we identified potential RDCs beyond targeted substances in biological
tissues using a Vanquish ultrahigh-performance liquid chromatography
system coupled with an Orbitrap Exploris 120 quadrupole-orbitrap
high-resolution mass spectrometer (UPLC-HRMS, Thermo Fisher Scien-
tific, USA) in both positive and negative electrospray ionization modes.
Non-targeted screening data were acquired by full-scan mass spec-
trometry (MS) of precursor ions, selecting those with signal values at
least exceeding 5 × 103, followed by data-dependent acquisition in
tandem MS (ddMS2). Mass spectral features detected in quality control
(QC) samples, prepared by combining 10 μL aliquots from each bio-
logical sample solution, but absent in blank controls or with QC re-
sponses exceeding five times that of the blank response, were classified
as suspected features. These were analyzed using Compound Discoverer
3.3 (Thermo Fisher Scientific, USA) and structurally assigned based on
the mzCloud mass spectral library (http://www.mzcloud.org). Features
were prioritized if they met the following criteria: signal-to-noise ratio
> 3, signal intensity > 5 × 104, mass accuracy tolerance < 5 ppm, and a
mzCloud match score or similarity match score > 60, with evidence of
use in rubber or tire manufacturing verified via PubChem and Chemical
Book databases. Features of interest were confirmed at confidence level
1 using commercially available reference standards via parallel reaction
monitoring (PRM) fragmentation, or identified as probable structures at

confidence level 2 [44]. Additionally, concentrations of confirmed and
probable non-targeted RDCs in biological tissues were quantified using
reference standard calibration and, when applicable, estimated via
Quantem software (https://quantem.co/), respectively. Detailed calcu-
lations for non-targeted RDC concentrations (Text S6) and UPLC-HRMS
operating parameters (Table S6) are provided in the Supplementary
Information.

2.5. Quality assurance and quality control

All targeted substances have undergone strict quality control pro-
cedures. The recovery rates of 17 RDCs in water, sediment, and bio-
logical samples were 69.4–121 %, 54.0–125 %, and 60.9–118 %
respectively (Tables S7-S8). The method detection limits (MDLs) and
method quantification limits (MQLs) of RDCs across diverse environ-
mental media were ascertained employing the signal-to-noise ratio
approach. The MDLs for RDCs in water, sediments, and biological
samples were delineated at 0.00493–2.25 ng/L, 0.00960–13.3 ng/g and
0.0127–3.95 ng/g, respectively. Their corresponding MQLs in water,
sediments, and biological samples ranged from 0.0164 to 7.50 ng/L,
0.0321–44.2 ng/g and 0.0423–13.2 ng/g, respectively. To assess back-
ground contamination and instrument performance, each batch of
samples underwent quality control measures such as field controls, field
blanks, method blanks, solvent blanks, and standard solutions (each
targeted substance at 100 μg/L). None of the targeted compounds were
detected in method blank samples and solvent blanks. Only BTH, 2-OH-
BTH, and HMMM were detected in field blank samples with levels
greater than their MQLs. The final quantitative concentration was
ascertained by subtracting the field blank concentration from the cor-
responding sample. For all quantification batches, the correlation co-
efficients (R2) of the calibration curves (0.1–200 μg/L) exceeded 0.99.
Moreover, calibration standards were assessed for each 12 samples to
validate instrumental accuracy, ensuring analyte quantification vari-
ability remained within 20 %.

In non-targeted screening, an instrument blank, a standard solution,
and a quality control (QC) sample, were analyzed before and after each
batch during instrumental analysis. Additionally, a blank sample was
measured every seven samples, and both a QC sample and a standard
solution were analyzed every fourteen samples, with all procedures
following the same method used for biological samples [6]. The relative
standard deviation (RSD) of the peak areas of most RDCs in QC samples
remained below 20 %. Outliers, such as N,N-dicyclohexylmethylamine
(DCHMA), which had higher RSD values, were likely due to lower
detection concentrations or reduced frequency in the samples rather
than indicating absence. This interpretation is supported by DCHMA’s
identification at confidence level 1 using a reference standard.

2.6. Statistical analysis

The bioaccumulation factors (BAFs) for estuarine organisms were
calculated as 1000 × Cbiota/Cw, with Cbiota representing the concentra-
tion of target chemical in each sample tissue (ng/g, wet weight, ww),
and Cw denoting the mean concentration of RDCs in the estuarine water
(ng/L). Levels of RDCs below the MQL are assigned a value equivalent to
half of the MQL, while levels below the MDL are treated as zero.

Based on the premise that zooplankton occupy trophic level (TL) of
2.0 and δ15N of 3.8 [54], the following equation was applied to deduce
the TL of the surveyed organisms.

TL = 2+
[(

δ15Nsample − δ15Nplankton
)]/

3.8 (1)

The trophic magnification factors (TMFs) were calculated based on
the correlation between lipid-normalized concentrations (ng/g, lipid
weight, lw) and TLs of individual organisms, using Eqs. 2 and 3.

LogCbiota = a+ b× TL (2)
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TMF = 10b (3)

TMFs were calculated solely for RDCs found in biological samples at
a detection frequency above 30 %. Linear regression was applied to
forecast TMFs exhibiting clear concentration-TL relationships. Earlier
research has proven that Monte Carlo simulations can reliably estimate
TMF values of target compounds in food webs, even when no significant
correlation exists between compound concentrations and TLs [22,23].
Therefore, besides linear regression, Monte Carlo simulations were also
utilized for TMF value prediction. Log TMF values were derived through
Monte Carlo simulations conducted using Crystal Ball software, which
performed 10,000 predictions [22,23]. These simulations utilized

lipid-normalized concentrations and TL values as input parameters,
consistent with the approach employed in linear regression analyses.

The partition coefficients (log Korganism/water) for targeted and non-
targeted RDCs between aqueous and biological phases (i.e., lipid, pro-
tein, and phospholipid) were determined utilizing the polyparameter
linear free energy relationships (PP-LFERs) approach. Detailed infor-
mation about the PP-LFERs method can be found in the Supporting in-
formation. PBT profiling was applied to assess the inherent hazards of
targeted and non-targeted compounds. Refer to the Supplementary In-
formation for detailed methodology. A single-factor correlation analysis
(Spearman correlation coefficient) was performed to assess the impact of
biological parameters on the bioaccumulation of RDCs, and one-way

Fig. 1. Targeted determination of 17 RDCs in estuarine water, sediment, and biological samples. Box plots show (A) total concentrations of all targeted rubber-
derived chemicals (RDCs) and (B) combined concentrations of p-phenylenediamines and their quinones (PPDs and PPD-Qs). Panels display proportions of (C)
total targeted RDCs and (D) the combined proportions of PPDs and PPD-Qs. Concentrations, proportions (%), and BAFs of biological samples are expressed on a wet
weight basis.
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analysis of variance (ANOVA) was used to test the significance between
groups. All statistical analyses were performed using SPSS v25.0 (SPSS
Inc., Chicago) or Origin 2021b software (Origin Lab Corporation, Chi-
cago). Statistical significance was set at p < 0.05.

3. Results and discussion

3.1. Contamination profiles and bioaccumulation of targeted RDCs in the
biological tissues

Ten, six, nine, eight, seven and three targeted RDCs were identified
in the tissues of fish, shellfish, snail, cuttlefish, shrimp and crab (Fig. 1C,
Table S9). For the different groups, the total mean concentrations (ng/g,
ww) decreased as follows: crab (702) > shellfish (531) > snail (491)
> shrimp (392) > cuttlefish (342) > fish (190) (Fig. 1A), which were
apparently higher than those documented in the biological species from
Pearl River Estuary (45–67 ng/g) [49]. The observed differences might
stem from the comparatively intense RDC contamination in the NRE
(218–1.99 ×103 ng/L, Fig. 1C, Tables S10-S11), exceeding those
recorded in the Pearl River Estuary (119–942 ng/L) [49]. This elevated
RDC pollution in the NRE could be linked to Hainan’s status as China’s
predominant rubber producer and processing hub, consequently
amplifying the environmental burden of RDCs in this region. Among the
detected 12 targeted RDCs, BTH predominated with an average con-
centration proportion of 65.4–96.3 % in the tissues, followed by CAP
(ND-23.0 %) and 2-OH-BTH (0.237–11.1 %), likely attributed to their
high levels in water (Fig. 1C, Table S10). Interestingly, the mean levels
of PPDs and PPD-Qs in tissues followed the order of snail (2.83 ng/g)
> fish (2.68 ng/g) > shrimp (1.21 ng/g) > cuttlefish (1.05 ng/g)
> shellfish (0.607 ng/g)> crabs (not detected) (Fig. 1B), indicating that
snail and fish may have a greater enrichment capacity for PPDs and
PPD-Qs. Significantly, PPDs and PPD-Qs displayed tissue-specific accu-
mulation profiles; IPPD was predominantly enriched in fish, cuttlefish
and shellfish, while 6PPD-Q and DPPD in snail, highlighting their dif-
ferential bioaccumulation patterns (Fig. 1D).

BAFs were only ascertained for 11 targeted RDCs in biological
samples, with IPPD-Q excluded due to its non-detection in water. Log
BAF > 3.30 indicates bioaccumulation and log BAF > 3.70 indicates
high bioaccumulation [3]. The mean log BAF values spanned 2.34–4.85
(Table 1), which were alignment with the calculated range for RDCs
(1.1 − 5.8) in the Pearl River Estuary [49]. Particularly, the mean log
BAF values for 6PPD, DPPD, IPPD, BT, and DPU in at least one species
surpassed 3.70, signifying a high bioaccumulative potential for these
RDCs and underscoring the variability in their bioaccumulation among
biological groups. Notably, the mean log BAF values for 6PPD-Q in fish
(3.09) and snail (3.53) were lower than those of its parent compound
6PPD, with mean log BAF values of 4.76 in fish and 4.44 in snail. This
variance could be ascribed to a combination of chemical hydrophobic-
ity, environmental residual levels, and metabolic rates [19,31]. For the
remaining RDCs, BTH, 2-OH-BTH and CAP demonstrated minimal bio-
accumulation in most species (Log BAF < 3.30), while HMMM, and
2-Me-S-BTH exhibited bioaccumulation potential in a few species [3].

3.2. Non-targeted screening of RDCs in biological tissues beyond targeted
substances

Non-targeted analysis of biological samples uncovered mass spectral
features across a broad range of molecular weights, polarities, and peak
intensities (Fig. 2A). Among these features, five RDCs were confirmed at
level 1 using reference standards. These included two antioxidants, N-
phenyl-1-naphthylamine (PNA) and diphenylamine (DPA), and three
vulcanization accelerators, N,N′-dicyclohexylurea (DCU), N,N′-diphe-
nylguanidine (DPG), and DCHMA (Fig. 2B and Table S12). Additionally,
23 features identified at level 2 as probable structures through mass
spectral library matching included nine antioxidants [e.g., bisphenol A
(BPA), 4-nonylphenol (4-NP), 2,2-methylenebis(4-ethyl-6-tert-

Table 1
Bioaccumlation factors (Log BAF) of targeted RDCs in the biota samples based on
wet weight.

Compound Na Detection
rate (%)b

Log BAF
Range

Mean Species for maximum
Log BAF

Snail ​ ​
6PPD 9 22 4.40–4.48 4.44 Bufonaria rana (CWL)
DPPD 9 33 4.14–4.24 4.19 Bufonaria rana (CWL)
IPPD 9 22 3.69–3.75 3.72 Turritella terebra

bacillum (BZL)
6PPD-Q 9 22 3.48–3.57 3.53 Bufonaria rana (CWL)
BTH 9 100 2.54–3.17 2.88 Conomurex luhuanus

(LFL)
CAP 9 11 2.35–2.35 2.35 Bufonaria rana (CWL)
HMMM 9 67 2.73–4.36 3.52 Conomurex luhuanus

(LFL)
2-Me-S-
BTH

9 44 2.46–2.73 2.59 Turritella terebra
bacillum (BZL)

2-OH-BTH 9 67 2.34–3.44 2.95 Bufonaria rana (CWL)
Shrimp ​ ​
IPPD 13 23 3.75–3.82 3.80 Oratosquilla oratoria

(KXG)
BT 13 8 4.01–4.01 4.01 Penaeus penicillatus

(CMDX)
BTH 13 54 2.73–3.38 3.00 Metapenaeus affinis

(JYXDX)
CAP 13 62 1.63–3.08 2.47 Metapenaeus affinis

(JYXDX)
HMMM 13 69 2.95–3.91 3.51 Oratosquilla oratoria

(KXG)
2-Me-S-
BTH

13 62 2.66–3.45 3.80 Parapenaeopsis
hungerfordi (HSFDX)

Shellfish ​ ​
IPPD 9 33 3.57–3.63 3.59 Perna canaliculus

(FCYB)
BTH 9 66 2.76–3.25 3.01 Solen strictus (ZC)
CAP 9 100 2.11–3.57 2.90 Solen strictus (ZC)
HMMM 9 100 3.20–3.81 3.48 Perna canaliculus

(FCYB)
2-Me-S-
BTH

9 33 2.39–2.50 2.43 Perna canaliculus
(FCYB)

2-OH-BTH 9 56 2.84–3.59 3.31 Solen strictus (ZC)
Cuttlefish ​ ​
6PPD 6 17 4.30–4.30 4.30 Loligo beka (HQWZ)
IPPD 6 50 3.57–3.59 3.58 Loligo beka (HQWZ)
BT 6 17 3.67–3.67 3.67 Loligo beka (HQWZ)
BTH 6 50 2.51–3.09 2.85 Loligo beka (HQWZ)
CAP 6 33 2.40–3.74 3.07 Octopusocellatus (DX)
DPU 6 50 4.43–5.48 4.85 Octopusocellatus (DX)
2-Me-S-
BTH

6 33 2.72–2.73 2.73 Octopusocellatus (DX)

2-OH-BTH 6 17 2.34–2.34 2.34 Loligo beka (HQWZ)
Crab ​ ​
BTH 3 100 2.23–3.49 2.80 Charybdis

riversandersoni (GZX)
HMMM 3 100 3.19–3.66 3.37 Charybdis

riversandersoni (GZX)
2-Me-S-
BTH

3 67 3.20–3.25 3.23 Charybdis
riversandersoni (GZX)

Fish ​ ​
6PPD 53 8 4.75–4.76 4.76 Leiognathus

brevirostris (DWB)
IPPD 53 64 3.56–4.12 3.74 Leiognathus

brevirostris (DWB)
6PPD-Q 53 19 3.08–3.44 3.09 Leiognathus

brevirostris (DWB)
BT 53 28 2.75–4.44 3.63 Chorinemus

formosanus (CWCS)
BTH 53 43 1.47–3.01 2.60 Trachiocephalus

myops (DTGMY)
CAP 53 34 1.68–3.31 2.58 Plectorhinchus (HJD)
DPU 53 2 2.76–3.74 3.25 Stolephorus chinensis

(ZHXGY)
HMMM 53 40 2.47–3.91 3.03 Trachiocephalus

myops (DTGMY)
2-Me-S-
BTH

53 34 2.20–2.85 2.56 Trachinotus ovatus
(LXCS)

2-OH-BTH 53 36 2.34–4.27 2.89 Plectorhinchus (HJD)

Y. Liu et al.

889



Journal of Hazardous Materials 495 (2025) 138958

6

butylphenol) (METBP), 4-nitroaniline (4-NA), 4-methylphenol (4-MP),
butylhydroquinone (DTBHQ)], one ultraviolet absorber [bumetrizole
(UV-326)], eight plasticizers [e.g., triethyl phosphate (TEP), diethyl
phthalate (DEP), 2,4-di-tert-butylphenol (DTBP), diisodecyl phthalate
(DIDP), monobutyl phthalate (MBP)], one polymerization catalyst
[benzoic acid (BA)], and four vulcanization accelerators [e.g., trietha-
nolamine (TEA), 4,4′-methylenebis(2-methylaniline) (MBA)]
(Table S13). Concentrations of DPA, DCHMA, TEA, TEP, BPA, and 4-NP
ranged from several dozen ng/L to several dozen mg/L in simulated
water leachates from tire wear particles [16,26,43], while DCU, DPG,
BA, and DEP were detected at μg/g levels in tire wear particles [2,53].

Twenty-three, 21, 20, 20, 17, and 9 non-targeted RDCs were iden-
tified in the tissues of fish, shellfish, snail, cuttlefish, shrimp, and crab,
respectively (Fig. 2C). Total mean concentrations (ng/g, ww) were
highest in fish (3.91 ×103), followed by shellfish (3.08 ×103), cuttlefish
(2.96 ×103), shrimp (2.78 ×103), snail (1.61 ×103), and crab
(1.36 ×103) (Table S14). These results suggest a higher enrichment
capacity in fish, aligning with targeted determination results. Of the 28
identified non-targeted RDCs, four (PNA, DTBP, TEP, and TEA) were
consistently detected across all biological tissues. Despite PNA’s low
concentrations ranging from 0.0477 to 69.7 ng/g ww (Table S14), it is
noted for its high toxicity to Chlorella vulgaris, with a median effective
concentration of 0.04 mg/L [25]. TEA was the predominant

non-targeted compound in biological tissues, comprising 68–82 % of the
total identified non-targeted compounds (Table S14). In a two-year
dermal study, TEA induced liver tumors in female mice and may have
contributed to a slight increase in live hemangiosarcomas in male mice
[39]. Overall, non-targeted screening effectively complemented tar-
geted analysis by prioritizing additional RDCs for identification with a
confidence level of 2 or higher; however, reference standards are
required to confirm probable structures at level 2. Given the ubiquitous
detection of PNA and TEA across various species, additional analytical
work is needed to integrate these two substances into routine surveil-
lance programs.

3.3. Trophic transfer of targeted and non-targeted RDCs

RDCs with a detection rate of more than 30 % were used to estimate
TMF [7]. For targeted RDCs, six compounds, namely BTH, 2-OH-BTH,
2-Me-S-BTH, IPPD, HMMM, and CAP, were selected for TMF estima-
tions (Fig. 3). A significant correlation (p < 0.05) was observed between
IPPD concentrations and TL (TMF = 1.95), indicative of bio-
magnification propensity (Fig. 3). Despite the absence of a statistically
linear correlation between concentrations of BTH, 2-Me-S-BTH, and
HMMM with their respective TLs, Monte Carlo simulation revealed a
biomagnification potential for these compounds. Collectively, IPPD,
BTH, 2-Me-S-BTH, and HMMMmay accumulate at higher trophic levels,
eventually implicating human exposure through the food chain. In
contrast, there was a significant negative correlation (p < 0.05) between

a The total number of biota samples in each biota group.
b Detection frequencies in different biota groups.

Fig. 2. Non-targeted screening of RDCs in biological samples. (A) Mass spectral features of RDCs identified with confidence levels 1 (compound name annotated) and
2. Circle size and color bar represent the mzCloud best match score and best similarity match score, respectively. (B) Extracted ion chromatograms and ddMS2 spectra
of five RDCs identified at confidence level 1. Chromatograms were obtained from the reference standard, quality control (QC), solvent blank samples, and a biological
sample with minimal or no detection. ddMS2 spectra are shown for the QC sample (top) and reference standard (bottom). (C) Normalized concentrations (color bar)
and detection frequencies (circle black area size) of 5 RDCs at confidence level 1 and 23 at level 2 in tissues of 28 marine species in six biological groups.
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the concentrations of 2-OH-BTH and TL (TMF = 0.66). Furthermore,
Monte Carlo simulations hinted at the biodilution potential of CAP,
despite the lack of a statistically linear correlation between log con-
centration of CAP and TL. This result suggests that species at higher
trophic levels, such as fish, have livers that can metabolize contaminants
more efficiently, which may reduce levels of 2-OH-BTH and CAP in
higher trophic levels. Given the absence of a linear correlation between
non-targeted RDC concentrations and their TLs, Monte Carlo simula-
tions were used to identify their biomagnification trends (Table S15).
Biodilution trends were observed for seven compounds, including
2-naphthol (2-NAP), BPA, 4-NP, 2,2′-methylenebis(4-methyl-6--
tert-butylphenol) (MBMP), DTBP, DCU, and disulfiram (DSF), while the
remaining nine compounds exhibited biomagnification trends. Notably,
BTH and 2-Me-BTH showed a trend of biodilution in a subtropical es-
tuary [49], as well as both BPA and 4-NP demonstrated bio-
magnification potential in a subtropical watershed [46], inconsistent
with our findings. These disparities probably result from region-specific
environmental pressures and ecological dynamics. Temperature’s role in
modulating the uptake and elimination kinetics of contaminants and the
intricacy of aquatic food webs, particularly across latitudes, may
intensify these differences [20,29]. Additional research is crucial for

clarifying these dynamics and crafting environmental management
strategies tailored to the specificities of diverse climatic and ecological
settings.

3.4. Mass fraction in the biological phases

To further investigate the partitioning behavior of RDCs among
different biological phases, the mass fractions and the partition coeffi-
cient of RDCs among water, lipid, phospholipid and protein were
calculated. As depicted in Table S16 and Fig. 4, eight compounds,
including TEA, CAP, TEP, BT, BA, 4-NA, 2-OH-BTH, and 4-MP exhibited
a bioaccumulation propensity in aqueous phase of biological tissues
(48.3–99.9 %), nine compounds (BPA, DPU, PNA, DPG, MBA, 2-NAP,
MBP, DTBHQ, and DCU) preferred to be stored in proteins
(51.7–84.2 %), and the remaining 28 substances showed a greater af-
finity for lipid storage (52.3–100 %). These findings indicate a pro-
nounced variability in the distribution of RDCs across various biological
phases. Interestingly, some transformation products, such as PPD-Qs,
exhibited a diminished affinity for lipid storage relative to their parent
compounds, such as PPDs. Concurrently, their aqueous and protein-
bound fractions were augmented, potentially due to enhanced

Fig. 3. Trophic transfer of targeted RDCs in estuarine species. Relationships between log-transformed levels (ng/g, lipid weight) of (A) IPPD, (C) BTH, (E) CAP, (G) 2-
Me-S-BTH, (I) HMMM, and (K) 2-OH-BTH. Regression analysis was conducted based on the 95 % confidence interval for each compound. Frequency distribution of
Trophic Magnification Factors (TMFs) estimated by bootstrap Monte Carlo simulations (n = 10,000) based on lipid normalized concentrations of (B) IPPD, (D) BTH,
(F) CAP, (H) 2-Me-S-BTH, (J) HMMM, and (L) 2-OH-BTH in estuarine food webs.
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hydrophilicity, a key facet of in vivo metabolic detoxification processes
[34,37]. This result suggests that the metabolic conversion to more
soluble forms may facilitate the compounds’ clearance, thereby influ-
encing their bioavailability, toxicity, and subsequent ecological impact.
Despite some RDCs exhibiting higher log Kphosphlipid/water than log Kli-
pid/water and log Kprotein/water, their mass fractions in the phospholipid
phase were minimal (< 3.5 %), likely due to the low phospholipid
content in tissues (0.01–0.02 %). Notably, the brain, a lipid-rich organ
with high levels of phospholipids, has the second-highest lipid content
among all human tissues, comprising 50 % of its dry weight [52]. These
findings indicate a high accumulation potential of RDCs in the brain and
suggest potential hazards, consistent with results from previous studies
[31,32,5].

3.5. Partitioning and metabolic behavior impacting the bioaccumulation
and trophodynamics

Hydrophobicity, defined as octanol-water partition coefficient (log
KOW), is a pivotal determinant in compound bioaccumulation and tro-
phic transfer [21,22]. Nevertheless, log KOW overlooks species-specific
differences in lipid and non-lipid tissue composition [17]. Conse-
quently, the organism-water partition coefficients (log Korganism/water)
were employed as a refined alternative to KOW for calculations [17]. For
targeted RDCs, log Korganism/water showed significant correlation with
both log BAF and simulated TMF values, whereas log KOW exhibited only
a statistical positive correlation with log BAF (p < 0.05, Figs. 5A, 5C,
and S4). Compared with log KOW (r = 0.58) (Fig. 5A), log Korganism/water
demonstrated a stronger association with TMF (r = 0.94) (Fig. 5C), and
similar consistency with log BAF (Figure S2). When non-targeted RDCs
were included, log Korganism/water maintained a significant correlation
with simulated TMF values (Fig. 5D), unlike log KOW (Fig. 5B). This
implies that log Korganism/water may serve as a more reliable predictor
than log KOW for the bioaccumulation and trophic transfer of RDCs
within estuarine food webs.

Additionally, metabolic rates (km) of exogenous pollutants in or-
ganisms are reported to affect bioaccumulation and trophic transfer [3,
46]. A negative linear correlation (p = 0.05) was observed between km
and simulated TMF of targeted RDCs (Fig. 5E), and a comparable cor-
relation (p < 0.05) between the log BAF values and km (Figure S3).
When non-targeted RDCs were added, this trend became non-significant
(Fig. 5F). The insignificance could stem from simulated metabolic rates
in our fitting process, neglecting inter-species metabolic variances, thus
weakening the effect of metabolic rates on the bioaccumulation and
trophodynamics. Moreover, the accumulation of RDCs in organisms at
higher trophic levels appears to be influenced by the metabolic trans-
formation of their parent compounds, rather than being driven exclu-
sively by bioaccumulation mechanisms. This metabolic alteration can
lead to the phenomenon of “pseudo-biodilution or amplification” of the
metabolites [22,51]. Future studies on the trophic transfer of RDCs
should focus on accurately quantifying the biotransformation of parent
compounds within organisms. Additionally, bioaccumulation and
exposure time are pivotal for a comprehensive understanding of TMF.
However, accurately determining the exposure duration of biological
samples and whether bioaccumulation has reached a steady state poses a
notable challenge under field conditions. More research is warranted to
explore the combined effects of bioaccumulation and exposure time on
trophic transfer of RDCs.

3.6. PBT properties

This research presents a first examination uncovering the pervasive
presence of RDCs within tropical marine species through both targeted
and non-targeted analyses. Despite the long-standing application of
RDCs in rubber formulations, marine environmental assessments of
these contaminants are conspicuously deficient. Specifically, there are
notable gaps in knowledge regarding the PBT properties of RDCs, which
are pivotal for accurate environmental management. To fill this gap, the
present study evaluated the PBT characteristics of the targeted and non-

Fig. 4. Relative fractions of the mass of the target compounds in muscle tissue in different biological phases (lipid, phospholipid, protein and water).
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Fig. 5. Influence of partitioning and metabolic behavior on the trophodynamics of targeted and non-targeted RDCs. Correlations between the log TMF of RDCs from
Monte Carlo simulations and their respective parameters: (A-B) log KOW, (C-D) log Korganism/water, and (E-F) km. Regression analyses were conducted based on the
95 % confidence intervals for each compound.
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targeted RDCs based on the field-measured and predicted data [15,33].
Specifically, 9 targeted and 15 non-targeted RDCs exhibited persistence
with overall persistence (POV) exceeding 60 days (Fig. 6 and Table S17).
Among them, HMMM (POV, 289 days) and DIDP (173 days) emerged as
the most persistent compounds in the targeted and non-targeted cate-
gories, respectively. Eight targeted RDCs exhibited significant bio-
accumulation (log BAF> 3.3), led by 6PPD with the largest BAF of 4.50.
In contrast, non-targeted RDCs presented a low bioaccumulation pro-
pensity. Additionally, high toxicity was uniquely identified in the
renowned 6PPD-Q and the non-targeted compound METBP, with me-
dian lethal concentrations below 0.01 mg/L. Notably, 60 % of RDCs
exhibited PBT properties, with 15 out of 28 non-targeted compounds
displaying one or more of these properties, underscoring their potential
environmental risks.

4. Conclusions

This is the first study to integrate targeted and non-targeted ap-
proaches to assess the bioaccumulation and trophic transfer of RDCs in
estuarine marine food webs. Twelve targeted RDCs and 28 non-targeted
RDCs were identified in biological samples from the Nandu River estu-
ary. Most PPDs were bioaccumulative or very bioaccumulative. Trophic
transfer of RDCs was effectively predicted based on linear modeling and
Monte Carlo simulation. Log Korganism/water elucidated the bio-
magnification mechanism of RDCs more accurately than Log Kow. Mass
distribution analysis showed that TEA, CAP, TEP, and BT tended to be
distributed in the aqueous phase in organisms, while BPA, DPU, PNA,
DPG, and MBA tended to be distributed in the protein phase. DIDP,
DCHMA, DBS, and EHDPP exhibited greater affinity for lipid storage.
PBT assessment showed that most RDCs exhibited at least one or more
PBT characteristics, highlighting their potential environmental risk. This
study emphasizes the importance of integrating targeted and untargeted
approaches to RDCs in biomonitoring to provide a more comprehensive
understanding of cumulative chemical risks to humans and wildlife.
Future research is needed to elucidate the interspecies differences and
detailed metabolic processes of RDC biotransformation, which is critical
for refining ecological risk assessments and human health evaluations.
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Environmental implication

This study integrates targeted and non-targeted approaches to
elucidate the trophodynamics of rubber-derived chemicals (RDCs) in an
estuarine food web. By identifying key RDCs with persistence, bio-
accumulation, and toxicity, our findings underscore the necessity of
incorporating non-targeted analysis into environmental biomonitoring.
This comprehensive approach ensures a more accurate assessment of
risks to aquatic organisms and public health, providing crucial guidance
for prioritizing compounds in environmental management to safeguard
both consumer health and aquatic ecosystems.
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[7] Castro-Jiménez, J., Bănaru, D., Chen, C.-T., Jiménez, B., Muñoz-Arnanz, J.,
Deviller, G., et al., 2021. Persistent organic pollutants burden, trophic

Fig. 6. Persistence, bioaccumulation, and toxicity based on field-measured and
predicted data. The direction of the arrow indicates where the value of a spe-
cific attribute increases (H) or decreases (L). See Table S17 for detailed data.

Y. Liu et al.

894

https://doi.org/10.1016/j.jhazmat.2025.138958
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref1
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref1
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref1
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref2
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref2
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref2
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref3
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref3
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref4
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref4
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref4
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref5
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref5
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref5
https://nontargetedanalysis.org/reference-content/methods/study-design/
https://nontargetedanalysis.org/reference-content/methods/study-design/
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref6
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref6


Journal of Hazardous Materials 495 (2025) 138958

11

magnification and risk in a pelagic food web from coastal NW Mediterranean Sea.
Environ Sci Technol 55 (14), 9557–9568.

[8] Chen, J., Tang, T., Li, Y., Wang, R., Chen, X., Song, D., et al., 2024. Non-targeted
screening and photolysis transformation of tire-related compounds in roadway
runoff. Sci Total Environ 924, 171622.

[9] Chibwe, L., Parrott, J.L., Shires, K., Khan, H., Clarence, S., Lavalle, C., et al., 2022.
A deep dive into the complex chemical mixture and toxicity of tire wear particle
leachate in Fathead Minnow. Environ Toxicol Chem 41 (5), 1144–1153.

[10] China Briefing, 2022. Investing in Hainan: industry, economics, and policy.
Available from: 〈https://www.china-briefing.com/news/investing-in-hainan-ind
ustry-economics-and-policy/〉. [Accessed 4 November 2024].

[11] Diera, T., Thomsen, A.H., Tisler, S., Karlby, L.T., Christensen, P., Rosshaug, P.S.,
et al., 2023. A non-target screening study of high-density polyethylene pipes
revealed rubber compounds as main contaminant in a drinking water distribution
system. Water Res 229, 119480.

[12] Ding, Y., Han, M., Wu, Z., Zhang, R., Li, A., Yu, K., et al., 2020. Bioaccumulation
and trophic transfer of organophosphate esters in tropical marine food web, South
China Sea. Environ Int 143, 105919.

[13] Du, B., Liang, B., Li, Y., Shen, M., Liu, L.-Y., Zeng, L., 2022. First report on the
occurrence of N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD) and
6PPD-quinone as pervasive pollutants in human urine from South China. Environ
Sci Technol Lett 9 (12), 1056–1062.

[14] Du, B., Tian, Z., Peter, K.T., Kolodziej, E.P., Wong, C.S., 2020. Developing unique
nontarget high-resolution mass spectrometry signatures to track contaminant
sources in urban waters. Environ Sci Technol Lett 7 (12), 923–930.

[15] ECHA, 2023. Guidance on Information Requirements and Chemical Safety
Assessment. Chapter R.11: PBT/vPvB assessment.

[16] Edeskär T, A.R., Håøya A.O., 2004. Leaching of phenol from tire shreds in a noise
barrier. In: Sustainable waste management and recycling: challenges and
opportunities; proceedings of the international conference organized by the
concrete and masonry research group and held at Kingston University - London on
14-15 September 2004. London: Thomas Telford Ltd; 2004. p. 251–60.

[17] Endo, S., Brown, T.N., Goss, K.-U., 2013. General model for estimating partition
coefficients to organisms and their tissues using the biological compositions and
polyparameter linear free energy relationships. Environ Sci Technol 47 (12),
6630–6639.

[18] Feebarani, J., Joydas, T.V., Damodaran, R., Borja, A., 2016. Benthic quality
assessment in a naturally- and human-stressed tropical estuary. Ecol Indic 67,
380–390.

[19] Grasse, N., Seiwert, B., Massei, R., Scholz, S., Fu, Q., Reemtsma, T., 2023. Uptake
and biotransformation of the tire rubber-derived contaminants 6-PPD and 6-PPD
quinone in the zebrafish embryo (Danio rerio). Environ Sci Technol 57 (41),
15598–15607.

[20] Hoondert, R.P.J., van den Brink, N.W., van den Heuvel-Greve, M.J., Ragas, A.J.,
Jan Hendriks, A., 2020. Implications of trophic variability for modeling
biomagnification of pops in marine food webs in the svalbard archipelago. Environ
Sci Technol 54 (7), 4026–4035.

[21] Hou, R., Huang, Q., Pan, Y., Lin, L., Liu, S., Li, H., et al., 2022. Novel brominated
flame retardants (NBFRs) in a tropical marine food web from the South China Sea:
the influence of hydrophobicity and biotransformation on structure-related
trophodynamics. Environ Sci Technol 56 (5), 3147–3158.

[22] Huang, Q., Hou, R., Lin, L., Li, H., Liu, S., Cheng, Y., et al., 2023. Bioaccumulation
and trophic transfer of organophosphate flame retardants and their metabolites in
the estuarine food web of the Pearl River, China. Environ Sci Technol 57 (9),
3549–3561.

[23] Jia, H., Zhang, Z., Wang, C., Hong, W.-J., Sun, Y., Li, Y.-F., 2015. Trophic transfer
of methyl siloxanes in the marine food web from coastal area of Northern China.
Environ Sci Technol 49 (5), 2833–2840.

[24] Jia, J., Zhu, Q., Liu, N., Liao, C., Jiang, G., 2019. Occurrence of and human
exposure to benzothiazoles and benzotriazoles in mollusks in the Bohai Sea, China.
Environ Int 130, 104925.

[25] Jiang, J.-R., Cai, W.-X., Chen, Z.-F., Liao, X.-L., Cai, Z., 2024. Prediction of acute
toxicity for Chlorella vulgaris caused by tire wear particle-derived compounds using
quantitative structure-activity relationship models. Water Res 256, 121643.

[26] Jiang, J.-R., Chen, Z.-F., Liao, X.-L., Liu, Q.-Y., Zhou, J.-M., Ou, S.-P., et al., 2023.
Identifying potential toxic organic substances in leachates from tire wear particles
and their mechanisms of toxicity to Scenedesmus obliquus. J Hazard Mater 458,
132022.

[27] Jin, R., Wu, Y., He, Q., Sun, P., Chen, Q., Xia, C., et al., 2023. Ubiquity of amino
accelerators and antioxidants in road dust from multiple land types: targeted and
nontargeted analysis. Environ Sci Technol 57 (28), 10361–10372.

[28] Khan, F.R., Rødland, E.S., Kole, P.J., Van Belleghem, F.G.A.J., Jaén-Gil, A.,
Hansen, S.F., et al., 2024. An overview of the key topics related to the study of tire
particles and their chemical leachates: from problems to solutions. TrAC Trends
Anal Chem 172, 117563.

[29] Kortsch, S., Primicerio, R., Aschan, M., Lind, S., Dolgov, A.V., Planque, B., 2019.
Food-web structure varies along environmental gradients in a high-latitude marine
ecosystem. Ecography 42 (2), 295–308.

[30] Li, C., Zhang, Y., Yin, S., Wang, Q., Li, Y., Liu, Q., et al., 2023. First insights into
6PPD-quinone formation from 6PPD photodegradation in water environment.
J Hazard Mater 459, 132127.

[31] Liao, X.-L., Chen, Z.-F., Liu, Q.-Y., Zhou, J.-M., Cai, W.-X., Wang, Y., et al., 2024.
Tissue accumulation and biotransformation of 6PPD-quinone in adult zebrafish and
its effects on the intestinal microbial community. Environ Sci Technol 58 (23),
10275–10286.

[32] Liao, X.-L., Chen, Z.-F., Ou, S.-P., Liu, Q.-Y., Lin, S.-H., Zhou, J.-M., et al., 2024.
Neurological impairment is crucial for tire rubber-derived contaminant 6PPDQ-
induced acute toxicity to rainbow trout. Sci Bull 69 (5), 621–635.

[33] Liu, Q., Li, L., Zhang, X., Saini, A., Li, W., Hung, H., et al., 2021. Uncovering global-
scale risks from commercial chemicals in air. Nature 600 (7889), 456–461.

[34] Liu, X., Pan, G., 2019. Drug transporters in drug disposition, effects and toxicity.
Springer Singapore, Singapore, pp. 293–340.

[35] Liu, Y.-H., Mei, Y.-X., Wang, J.-Y., Chen, S.-S., Chen, J.-L., Li, N., et al., 2024.
Precipitation contributes to alleviating pollution of rubber-derived chemicals in
receiving watersheds: combining confluent stormwater runoff from different
functional areas. Water Res 264, 122240.

[36] Lu, R., Cao, X., Zheng, X., Zeng, Y., Jiang, Y., Mai, B., 2023. Biomagnification and
elimination effects of persistent organic pollutants in a typical wetland food web
from South China. J Hazard Mater 457, 131733.

[37] Matthee, C., Brown, A.R., Lange, A., Tyler, C.R., 2023. Factors determining the
susceptibility of fish to effects of human pharmaceuticals. Environ Sci Technol 57
(24), 8845–8862.

[38] Müller, K., Hübner, D., Huppertsberg, S., Knepper, T.P., Zahn, D., 2022. Probing
the chemical complexity of tires: identification of potential tire-borne water
contaminants with high-resolution mass spectrometry. Sci Total Environ 802,
149799.

[39] National Toxicology Program, 2004. P.H.S., National Institutes of Health, US
Department of Health and Human Services. NTP toxicology and carcinogenesis
studies of triethanolamine (Cas No. 102-71-6) in B6C3F1 mice (dermal studies).
National Toxicology Program technical report series, (518), 5–163. 〈https://ntp.
niehs.nih.gov/publications/reports/tr/500s/tr518〉 [Accessed 4 November 2024].

[40] OECD HPV Database. 〈https://hpvchemicals.oecd.org/ui/search.aspx〉. [Accessed
4 September2024]. 2024.

[41] OICA, Organisation Internationale des Constructeurs d′Automobiles. 〈http
s://www.oica.net/〉. [Accessed 4 September 2024]. 2024.

[42] Peng, W., Liu, C., Chen, D., Duan, X., Zhong, L., 2022. Exposure to N-(1,3-
dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD) affects the growth and
development of zebrafish embryos/larvae. Ecotoxicol Environ Saf 232, 113221.

[43] Rist, S., Le Du-Carrée, J., Ugwu, K., Intermite, C., Acosta-Dacal, A., Pérez-
Luzardo, O., et al., 2023. Toxicity of tire particle leachates on early life stages of
keystone sea urchin species. Environ Pollut 336, 122453.

[44] Schymanski, E.L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer, H.P., et al., 2014.
Identifying small molecules via high resolution mass spectrometry: communicating
confidence. Environ Sci Technol 48 (4), 2097–2098.

[45] Strynar, M., McCord, J., Newton, S., Washington, J., Barzen-Hanson, K., Trier, X.,
et al., 2023. Practical application guide for the discovery of novel PFAS in
environmental samples using high resolution mass spectrometry. J Expo Sci
Environ Epidemiol 33 (4), 575–588.

[46] Tang, J., Zhang, C., Zhang, J., Jia, Y., Fang, J., 2023. Trophodynamic of endocrine
disrupting compounds in the aquatic food webs: association with hydrophobicity
and biota metabolic rate. Sci Total Environ 868, 161731.

[47] Tian, Z., Zhao, H., Peter, K.T., Gonzalez, M., Wetzel, J., Wu, C., et al., 2021.
A ubiquitous tire rubber–derived chemical induces acute mortality in coho salmon.
Science 371 (6525), 185–189.

[48] Wang, W., Cao, G., Zhang, J., Qiao, H., Wang, F., Cai, Z., 2023. Recent applications
of mass spectrometry in the analysis of transformation products of emerging
contaminants in PM2.5. Anal Sci Adv 4 (3-4), 49–59.

[49] Wei, L.-N., Wu, N.-N., Xu, R., Liu, S., Li, H.-X., Lin, L., et al., 2024. First evidence of
the bioaccumulation and trophic transfer of tire additives and their transformation
products in an estuarine food web. Environ Sci Technol 58 (14), 6370–6380.

[50] Wu, J., Cao, G., Zhang, F., Cai, Z., 2023. A new toxicity mechanism of N-(1,3-
Dimethylbutyl)-N′-phenyl-p-phenylenediamine quinone: formation of DNA adducts
in mammalian cells and aqueous organisms. Sci Total Environ 866, 161373.

[51] Wu, N.-N., Liu, S., Xu, R., Huang, Q.-Y., Pan, Y.-F., Li, H.-X., et al., 2024. New
insight into the bioaccumulation and trophic transfer of free and conjugated
antibiotics in an estuarine food web based on multimedia fate and model
simulation. J Hazard Mater 465, 133088.

[52] Yoon, J.H., Seo, Y., Jo, Y.S., Lee, S., Cho, E., Cazenave-Gassiot, A., et al., 2022.
Brain lipidomics: from functional landscape to clinical significance. Sci Adv 8 (37),
eadc9317.

[53] Zhao, H.N., Hu, X., Gonzalez, M., Rideout, C.A., Hobby, G.C., Fisher, M.F., et al.,
2023. Screening p-phenylenediamine antioxidants, their transformation products,
and industrial chemical additives in crumb rubber and elastomeric consumer
products. Environ Sci Technol 57 (7), 2779–2791.

[54] Zheng, G., Wan, Y., Shi, S., Zhao, H., Gao, S., Zhang, S., et al., 2018.
Trophodynamics of emerging brominated flame retardants in the aquatic food web
of lake taihu: relationship with organism metabolism across trophic levels. Environ
Sci Technol 52 (8), 4632–4640.

Y. Liu et al.

895

http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref6
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref6
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref7
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref7
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref7
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref8
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref8
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref8
https://www.china-briefing.com/news/investing-in-hainan-industry-economics-and-policy/
https://www.china-briefing.com/news/investing-in-hainan-industry-economics-and-policy/
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref9
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref9
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref9
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref9
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref10
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref10
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref10
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref11
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref11
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref11
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref11
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref12
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref12
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref12
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref13
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref13
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref13
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref13
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref14
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref14
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref14
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref15
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref15
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref15
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref15
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref16
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref16
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref16
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref16
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref17
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref17
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref17
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref17
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref18
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref18
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref18
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref18
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref19
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref19
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref19
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref20
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref20
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref20
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref21
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref21
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref21
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref22
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref22
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref22
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref22
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref23
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref23
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref23
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref24
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref24
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref24
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref24
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref25
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref25
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref25
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref26
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref26
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref26
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref27
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref27
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref27
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref27
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref28
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref28
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref28
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref29
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref29
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref30
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref30
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref31
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref31
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref31
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref31
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref32
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref32
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref32
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref33
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref33
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref33
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref34
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref34
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref34
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref34
https://ntp.niehs.nih.gov/publications/reports/tr/500s/tr518
https://ntp.niehs.nih.gov/publications/reports/tr/500s/tr518
https://hpvchemicals.oecd.org/ui/search.aspx
https://www.oica.net/
https://www.oica.net/
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref35
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref35
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref35
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref36
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref36
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref36
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref37
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref37
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref37
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref38
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref38
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref38
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref38
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref39
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref39
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref39
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref40
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref40
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref40
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref41
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref41
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref41
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref42
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref42
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref42
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref43
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref43
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref43
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref44
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref44
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref44
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref44
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref45
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref45
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref45
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref46
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref46
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref46
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref46
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref47
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref47
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref47
http://refhub.elsevier.com/S0304-3894(25)01874-6/sbref47


Rainfall, seasonal variation, and stream type governing the multi-media 
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A B S T R A C T

Tire additives and their transformation products (TATPs) are increasingly recognized for their toxicity and 
widespread environmental presence. However, the interplay of rainfall, seasonal variation, and stream type in 
governing their multi-media partitioning and risks remains largely unexplored. This study investigated the 
spatiotemporal distribution, environmental drivers, and ecological risks of 21 TATPs in three distinct urban 
streams (general road, expressway, and rural road-adjacent). Seventeen, 19, and 14 TATPs were quantified in 
water (514–6541 ng/L), suspended particulate matter (SPM, 12.8–244 ng/L), and sediment (1.71–248 ng/g), 
respectively. Rainfall significantly altered aqueous TATP levels, while stream type and seasonal variation 
influenced TATP pollution in SPM and sediment. Multiple linear regression identified pH, temperature, and road 
area as key aqueous-phase drivers, whereas precipitation and road area controlled the levels of TATPs in SPM 
and sediment, respectively. Hydrophobicity was a key determinant in TATP multi-media partitioning. High 
ecological risks were found across all water samples, primarily associated with 1,3-diphenylurea (DPU), 1,3-dicy
clohexylurea (DCU), N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine quinone (6PPD-Q), and hexa 
(methoxymethyl)melamine (HMMM). Eight TATPs exhibited persistence, bioaccumulation, or toxicity traits, 
warranting prioritized regulation. These insights are crucial for crafting effective environmental policies to 
mitigate =TATP impacts and protect urban aquatic ecosystems.

1. Introduction

Tire additives, such as antioxidants and vulcanizing agents, are in
tegral to tire formulations because they enhance rubber durability and 
processing efficiency. p-Phenylenediamines (PPDs) are predominant 
antioxidants in tire and rubber products, with most of them including N- 
(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD), N,N’- 
diphenyl-1,4-phenylenediamine (DPPD), and N-isopropyl-N’-phenyl-p- 
phenylenediamine (IPPD) designated high-production volume (HPV) 
chemicals (OECD, 2024). Benzothiazoles (BTs), including benzothiazole 

(BTH), 2-hydroxybenzothiazole (2-OH-BTH), and 2-(methyl
thio)-benzothiazole (2-Me-S-BTH), act as vulcanizing agents (Capolupo 
et al., 2020; Fohet et al., 2023), and have been employed as tracers for 
tire pollution in surface runoff (Wu et al., 2022). Other additives are 
commonly used in tire manufacturing, such as 1,3-diphenylguanidine 
(DPG) is a vulcanization accelerator, whose transformation products 
are 1,3-diphenylurea (DPU) and 1,3-dicyclohexylurea (DCU) (Jin et al., 
2021). Hexa(methoxymethyl)melamine (HMMM) is a crosslinking 
(Alhelou et al., 2019). These other additives have been frequently 
detected at high levels in tire leachates and surface waters (Rauert et al., 
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2022; Müller et al., 2022; Liu et al., 2024a). These additives can produce 
a variety of transformation products through water immersion (Müller 
et al., 2022), gas-phase oxidation (Zhao et al., 2023), biodegradation 
(Xu et al., 2023), photodegradation, and thermal degradation (Fohet 
et al., 2023).

Tire additives and their transformation products (TATPs) can 
migrate to the tire surfaces and subsequently permeate diverse envi
ronmental matrices (Zoroufchi Benis et al., 2023; Zhang et al., 2024), 
exhibiting a spectrum of toxic effects on aquatic organisms. For example, 
6PPD and N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine 
quinone (6PPD-Q) have been demonstrated to significantly reduce 
spontaneous locomotion and heart rate in zebrafish (Danio rerio) em
bryos (Peng et al., 2022; Zhang et al., 2023c). IPPD is associated with 
developmental abnormalities and growth retardation in zebrafish 
(Zhong et al., 2022). Moreover, 2-OH-BTH and BTH can induce cyto
toxicity and oxidative stress in the epithelial cells of rainbow trout 
(Oncorhynchus mykiss) (Zeng et al., 2016). Besides chronic toxicity, 
6PPD-Q exhibited varying degrees of lethal effects on different fish 
species, with the median lethal concentrations (LC50) ranging from 41 
ng/L in juvenile coho salmon (Oncorhynchus kisutch) to 309 µg/L in 
zebrafish larvae (Lo et al., 2023; Hiki et al., 2021; Varshney et al., 2022).

Rainfall-induced surface runoff is a key source of TATPs in aquatic 
ecosystems (Liu et al., 2024a). Continuous inputs and inadequate 
management of surface runoff have driven TATPs to emerge as global 
environmental pollutants at high concentrations (µg/L or µg/g). Spe
cifically, they have been identified in roadside dust in Japan (Hiki et al., 
2022), wastewater treatment plants (WWTPs) in Germany (Seiwert 
et al., 2022), soil in Norway (Asheim et al., 2019), rivers in Australia 
(Rauert et al., 2022), seawater in China (Zhang et al., 2024), and at
mospheric particulate matter in global megacities (Johannessen et al., 
2022b). Significant spatial variations in TATP concentrations were 
observed globally. For instance, 6PPD-Q levels in Chinese rivers 
(0.26–11.3 ng/L) were much lower than those in American streams 
(<200–3500 ng/L) and some Canadian rivers (290–2350 ng/L) 
(Johannessen et al., 2022a; Tian et al., 2021; Zhang et al., 2023a). These 
concentration disparities underscore TATP pollution as a pressing global 
environmental concern. However, the comprehensive understanding of 
TATP partitioning mechanisms across multi-media (water, SPM, sedi
ment), its spatial-temporal dynamics, and interplay of drivers (e.g., 
rainfall, seasonal variations, and stream type) in urban receiving envi
ronments remain largely elusive.

Urban streams are the linchpins of urban ecosystems, alleviating the 
urbanization impact on water cycles through rainwater infiltration and 
discharge. Yet, rapid urbanization has deteriorated rainwater quality, 
leading to substantial pollution in urban streams from direct surface 
runoff during rainfall (Anim and Banahene, 2021; Tian et al., 2021). A 
quintessential example of the detrimental effects of urbanization on 
water bodies is the "Urban Stream Syndrome" exacerbated by contami
nants such as 6PPD-Q (Tian et al., 2021). Guangzhou is an exemplar of 
rapid urbanization in China, characterized by a subtropical monsoon 
climate, high population density, and intense economic activity. It has a 
well-developed river network, with major waterways like Dongjiang, 
Pearl River, and Liuxi River traversing the area. The region’s frequent 
rainfall, extensive transportation infrastructure (225 km²), and 3.18 
million automobiles collectively create substantial environmental stress 
on urban streams and make it an exemplary case for studying urban 
stream pollution (GZSY, 2024). This extensive road network and sub
stantial vehicle output inevitably exert significant environmental stress 
on urban water bodies, particularly in terms of pollution from TATPs. 
While there is a burgeoning interest in the pollution status of TATPs in 
urban water bodies (Peter et al., 2022; Zhang et al., 2023a), the impact 
of rainfall, seasonal fluctuation, and stream type on TATPs remains 
largely unexplored.

This study aims to (1) systematically characterize the multi-media 
distribution of 21 TATPs in urban streams adjacent to general road, 
expressway, and rural road; (2) quantify the impact of rainfall, seasonal 

variation, and stream type on TATP partitioning; (3) identify key drivers 
governing TATP fate across environmental compartments; and (4) 
evaluate the ecological risks, persistence, bioaccumulation, and toxicity 
(PBT) profiles of TATPs to prioritize compounds. By achieving these 
objectives, this study will deepen the understanding of TATP dynamics 
in urban water systems, guide the development of strategies to address 
their environmental and health impacts, and thereby enhance sustain
able urban water management.

2. Materials and methods

2.1. Chemicals and materials

Four categories of TATPs, including five PPDs (6PPD, CPPD [N- 
cyclohexyl-N’-phenyl-1,4-benzenediamine], IPPD, DPPD, and DTPD [N, 
N’-ditolyl-p-phenylenediamine]), four PPDs-Q (6PPD-Q, CPPD-Q, 
DPPD-Q, and DTPD-Q), five BTs (BT [2Hbenzotriazole], BTH, 2-ABTH 
[2-aminobenzothiazol], 2-OH-BTH, and 2-Me-S-BTH), and seven other 
tire additives (DPG, DPU, DCU, HMMM, RD [poly(1,2-dihydro-2,2,4- 
trimethylquinoline)], TMTD [tetramethylthiuram disulfide]), and 4- 
OH-DPA [4-hydroxydiphenylamine] were selected. Atrazine-d5 and 
6PPD-Q-d5 were used as internal standards, respectively. Stock standard 
solutions of each target compound were prepared in methanol and 
stored at − 20 ◦C for later use. The purity of all standards exceeded 98 %, 
and all other reagents were of HPLC grade. Additional details can be 
found in Table S1 of the Supplementary materials.

2.2. Sampling stations and sample collection

Three representative urban streams in Guangzhou, China, were 
selected for sampling in the current study: streams near general roads 
(GRS), expressways (ES), and rural roads (RRS). GRS, adjacent to a 
major urban river, is subject to diverse pollution sources. RRS, situated 
at the residential area’s edge, is vulnerable to domestic influences. ES, 
positioned beneath an expressway, is directly impacted by highway 
runoff but flows through an ecological park with minimal additional 
environmental perturbations. Three discrete sites were sampled for each 
stream type, yielding a total of nine sampling points, the geographic 
location and detailed information of the sampling sites are shown in 
Fig. S1 and Table S2. Water and sediment samples were collected at each 
sampling site both pre- and post-rainfall events, adhering to strict 
criteria: clear weather for at least one-week pre-rainfall and within three 
hours after the onset of rainfall (Liu et al., 2024a). Collections took place 
in September 2022, February 2023, and July 2023, representing the 
normal, dry, and wet seasons, respectively. The classification of these 
seasons was determined by referencing monthly rainfall patterns and 
published literature (GZSY, 2023; Huang et al., 2024). A total of 52 
water, 54 SPM, and 46 sediment samples were amassed throughout the 
study period. Post-sampling, water quality parameters were measured in 
situ using a YSI Multiparameter Water Quality Monitor (YSI ProPlus, YSI 
Inc., USA). Water samples were collected and stored in 1-liter brown 
glass bottles, with 1 mL of 1 M glutathione solution and 20 mL of 
methanol added to attenuate microbial activity and chemical trans
formations. Sediment samples were collected using a grab sampler. All 
samples were stored at − 20 ◦C and promptly transported to the labo
ratory. Then, the water samples were filtered through Whatman GF/F 
glass microfiber filters (0.7 μm) to separate the aqueous and particulate 
phases. Detailed information on water properties (including nitrate ni
trogen [NO3–N], ammonium nitrogen [NH3–N], and total phosphorus 
[TP]), sediment properties (total organic carbon [TOC]) can be found in 
Tables S3-S4. Rainfall data were sourced from the daily records of 
meteorological stations in the districts where the sampling sites are 
located (China Meteorological Administration). The road area was 
determined by centering each sampling point, drawing a 500 m radius 
circle, and extracting the main road area (m2) within this radius using 
Google Earth (version 7.3.4.8248, Google Inc). Population density 
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(people/km2) is derived from the 2020 China Census data, representing 
the population density of the corresponding street at each sampling site 
(Table S2).

2.3. Sample extraction and instrumental analysis

Sample extraction for both water and sediment in this study adhered 
to established methodologies with minor modifications (Wei et al., 
2024; Zhang et al., 2023a). Briefly, water samples (1 L) were processed 
via solid-phase extraction (SPE) using a Waters HLB cartridge (500 mg) 
for enrichment. For sediment samples (0.5 g), an ultrasonication method 
was employed with sequential extractions using 10 mL of methanol, 7 
mL of acetonitrile, and 7 mL of dichloromethane. SPM samples were 
freeze-dried, crushed, and processed following the same ultrasonication 
protocol as for sediment. The targets were quantified using ultra
performance liquid chromatography coupled to a Xevo TQ-S triple 
quadrupole mass spectrometer (Waters Co., Milford, Massachusetts) 
with an electrospray ionization (ESI) source in multiple reaction moni
toring mode. All the targets were analyzed in the ESI (+) mode, and the 
mobile phase consisted of Milli-Q water (with 0.1 % formic acid; A) and 
methanol (B). Detailed extraction methods, instrumental conditions, 
transitions and retention times of target compounds are provided in SI 
and Table S5.

2.4. Quality assurance and quality control (QA/QC)

Comprehensive quality assurance and quality control (QA/QC) 
measures were implemented throughout the analytical process, 
including field controls, blanks (field, procedural, solvent), and analyt
ical standards (100 μg/L of each target), to monitor background 
contamination and ensure instrument performance. TATP concentra
tions in all samples were corrected by subtracting the mean field blank 
values. Recovery experiments (n = 3) for 21 TATPs in water, SPM, and 
sediment yielded ranges of 53.7–132 %, 53.0–124 %, and 53.0–121 %, 
respectively (Tables S6-S8). Method sensitivity was determined using 
signal-to-noise (S/N) ratios of 3 and 10 for the limits of detection (LOD) 
and quantification (LOQ), respectively. Target analytes were quantified 
using internal standardization, with calibration curves (0.1–200 µg/L) 
showing excellent linearity (R2 > 0.99) across all batches.

2.5. Data analysis

All statistical analyses were performed using SPSS 26.0 (IBM Corp., 
Armonk, NY, USA) and OriginPro 2024 (OriginLab, Northampton, MA, 
USA). For TATP concentrations below the LOQs, statistical analysis 
incorporated values at 1/2 LOQs; whereas data below the LODs were 
assigned a zero value and denoted with ND (not detected). The Kol
mogorov− Smirnov and Shapiro− Wilk tests were used to test for 
normality. The two-sample t-test and Mann-Whitney U test were utilized 
to evaluate alterations in TATP concentrations in water, SPM, and 
sediment under varying conditions (pre- and post-rainfall, season shifts, 
and stream types, as well as to examine seasonal variations in the water- 
SPM partition coefficients (Kp) and water-sediment partition coefficients 
(Kd). Spearman correlation analysis was employed to assess relation
ships between TATP concentrations. Multiple linear regression (MLR) 
was conducted to pinpoint the principal factors affecting TATP con
centrations across various environmental matrices. β (unstandardized 
regression coefficient) represents the direction and magnitude of the 
independent effect of each predictor variable on TATP concentrations. 
To avoid multicollinearity, variance inflation factors (VIF < 5) were 
evaluated. Model significance was tested via ANOVA, and adjusted R² 
was reported.

The partition coefficients of Kp and Kd were calculated employing the 
subsequent equations (Xu et al., 2024a): 

Kp =
CSPM

CWater
(1) 

Kd =
CSediment

CWater
× 1000 (2) 

where C Water (ng/L), CSPM (ng/L), and C Sediment (ng/g), represent the 
concentrations of the target TATPs in the water, SPM, and sediment, 
respectively.

The fugacity fraction (ff) characterized TATP transfer directionality 
between water and sediment (Tan et al., 2024., Kong et al., 2023). The 
mass inventory calculation aimed to evaluate the sink potential of 
various environmental media for TATPs in streams. The hazard index 
(HI) and risk quotient (RQ) methods were adopted to evaluate the po
tential eco-environmental risk presented by TATPs (EPA, 2000; Euro
pean, 2003), and HI depicted the total value of the ecological risk at the 
sampling site. To protect the environment and human health, the PBT 
characteristics (persistence, bioaccumulation potential, and toxicity) of 
TATPs in urban streams were evaluated based on PBT criteria (Muir and 
Howard, 2006). The specific calculation process of fugacity fraction, 
mass inventories, HI, RQ and PBT characteristics is included in the Texts 
S4-S5 and Tables S9-S10.

3. Results and discussion

3.1. Pervasive presence and compositional variability of TATPs in urban 
streams

3.1.1. Stream water
In the stream water samples (n = 52), 17 TATPs were identified, 

comprising 3 PPDs, 3 PPDs-Q, 5 BTs, and 6 others, with total levels 
varying from 514 to 6541 ng/L (median, 1504 ng/L) (Fig. 1A, Fig. S2). 
These levels consistently aligned with those documented in river waters 
(Zhang et al., 2023a; Rauert et al., 2022) and WWTP influent (Li and 
Kannan, 2024), but lower than those identified in road stormwater 
runoff (Liu et al., 2024a). Except for PPDs, CPPD-Q, DPPD-Q, DTPD-Q, 
4-OH-DPA, RD, and TMTD, other TATPs showed high detection fre
quencies (92.3–100 %), suggesting their ubiquity in urban streams 
(Table S11). Compared with PPDs-Q (3.00 ng/L) and PPDs (1.15 ng/L), 
others (893 ng/L) and BTs (522 ng/L) had the highest median concen
trations (Fig. 1B). Others (mean proportion, 51.85 %) and BTs (mean 
proportion, 47.73 %) predominantly contributed to the total TATP levels 
(Fig. 1E), likely due to their extensive application (Janna et al., 2011; Liu 
et al., 2017; Magami and Guthrie, 2012; Rink, 2008), high aqueous 
solubility (log KOW: 1.40–3.30), and persistence (half-lives in water: 
15.0–180 days, except 4-OH-DPA) (Table S10). 4-OH-DPA is a special 
case, in which the half-life of 4-OH-DPA in river water is only 0.14 days 
(Di et al., 2022). In contrast, PPDs (mean proportion, 0.07 %) and 
PPDs-Q (mean proportion, 0.35 %) constituted less of the total levels 
(Fig. 1E). Still, they can be highly toxic to aquatic life, even at low levels 
(Tian et al., 2021; Hiki et al., 2021; Brinkmann et al., 2022). Further
more, the notably higher concentrations of PPD-Q (ND-41.5 ng/L) 
compared to its parent compound PPD (ND-6.17 ng/L) indicate that 
transformation products are more prevalent in water, highlighting the 
need to enhance the surveillance of PPDs-Q.

3.1.2. Stream SPM
In SPM samples (n = 54), 19 TATPs (encompassing 4 PPDs, 3 PPDs- 

Q, 5 BTs, and 7 others) were observed, with total levels ranging from 
12.8 to 244 ng/L (median, 43.2 ng/L) (Fig. 1A, Fig. S3). The SPM levels 
of BTs exceeded those reported in the eastern shelf areas of China (Zhao 
et al., 2024), as did the levels of 6PPD and 6PPD-Q compared to Liuxi 
River Watershed (Zhang et al., 2023b). Except for CPPD, DPPD, CPPD-Q, 
DPPD-Q, BT, BTH, RD, TMTD, others were consistently detected in SPM 
(66.7–100 %, Table S11). The median total levels of TATPs in the four 
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categories dropped in the following order: others (22.1 ng/L) > BTs 
(11.3 ng/L) > PPDs (2.65 ng/L) > PPDs-Q (1.69 ng/L) (Fig. 1C). 
Notably, the mean proportion of PPDs in SPM (9.21 %) was higher than 
in water (0.07 %). While PPDs are known for their limited long-distance 
transport in water due to rapid hydrolysis (Liu et al., 2024b), the role of 
SPM in facilitating the transport and the potential for broader 

environmental contamination by PPDs merits further scrutiny.

3.1.3. Stream sediment
In sediments (n = 46), 14 TATPs (including 4 PPDs, 2 PPDs-Q, 4 BTs, 

and 4 others) were detected with total levels spanning 1.71 to 248 ng/g 
(Fig. 1A, Fig. S4). These levels were lower than those found in roadside 

Fig. 1. Concentrations and compositions of tire additives and their transformation products in water, suspended particulate matter, and sediment. (A) The total 
concentrations of target compounds across various stations (S1-S9) and seasons (N, normal season; D, dry season; W, wet season); Pre- and Post- represent pre- and 
post-rainfall, respectively; W, SPM and S represent water, suspended particulate matter, and sediment, respectively. (B-D) Boxplots of log-transformed concentrations 
for PPDs-Q, PPDs, BTs, and others in water (B), SPM (C), and sediment (D); (E-G) Compositions of PPDs-Q, PPDs, BTs, and others in water (E), SPM (F), and sediment 
(G). Boxes represent the 25th and 75th percentiles; lines show medians; dots represent all data.
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soils (Jin et al., 2023), like river sediments (Zhang et al., 2024), but 
higher than estuarine and deep-sea sediments (Zeng et al., 2023; Wei 
et al., 2024). TATPs in sediments were dominated by PPDs (median, 
12.5 ng/g), and others (median, 12.0 ng/g), followed by BTs (median, 
4.25 ng/g), and PPDs-Q (median, 0.73 ng/g), a composition differing 
from that in water and SPM (Fig. 1). The dominance of PPDs likely re
flects their high log KOC values (2.70–3.70), promoting adsorption by 
the sediments (Table S1). The differential degradation rates of PPDs, 
with half-lives ranging from 0.17 to 1.89 days in water(Cao et al., 2023) 
and 338 to 542 days in sediments (EPI Suite), also significantly influence 
this distribution. More studies need to be carried out to reveal the 
multi-media partitioning mechanism of TATPs. Notably, 6PPD, a pre
cursor to the highly toxic 6PPD-Q, peaked at 180 ng/g in sediment 
(Table S11). Given that 6PPD can transform into 6PPD-Q under anaer
obic flooded soils (Xu et al., 2023), high concentrations of 6PPD in 
sediments may be converted to 6PPD-Q, thereby increasing the toxicity 
to aquatic life.

3.2. Rainfall, seasonal variation, and stream type influencing multi-media 
TATP concentrations

3.2.1. Rainfall
Post-rainfall (median, 1565 ng/L) water samples revealed the pres

ence of 17 TATPs, significantly higher than the pre-rainfall (median, 
1397 ng/L) (Independent samples t-test, p < 0.05, Fig. 2A, Table S12). 
This increase was mainly driven by elevated concentrations of others 
and PPDs-Q (Fig. S5). Additionally, the detection frequencies for TATPs 
(excluding 6PPD, CPPD, DPPD-Q, and BTH) were higher post-rainfall, 
with detection frequencies ranging from 73.1 % to 100 % (Table S12). 
This suggests rainfall-driven transport, potentially via road runoff or 
direct atmospheric deposition, may constitute significant TATP sources 
in urban streams. For the four TATP categories, the post-rainfall median 
concentrations followed the order: others (934 ng/L) > BTs (527 ng/L) 
> PPDs-Q (7.10 ng/L) > PPDs (0.87 ng/L). Interestingly, PPDs exhibited 
a lower maximum concentration post-rainfall (2.55 ng/L) than pre- 
rainfall (6.17 ng/L), likely due to rapid aqueous transformation, 
source variability, or rainfall dilution. The short half-lives of PPDs in 
river water (0.38–0.88 days for IPPD, CPPD, and 6PPD) likely contrib
uted to their decrease (Xu et al., 2025). Dilution may also dominate if 
pollutant influx from rainfall is low. Conversely, concentrations and 
detection frequencies of 6PPD transformation products (6PPD-Q and 
4-OH-DPA) increased post-rain. Our field-monitoring data limitations 
precluded definitive source identification for these products.

In SPM, 19 TATPs were identified post-rainfall, with slightly higher 
total levels (median, 47.4 ng/L) compared to pre-rainfall (median, 34.8 
ng/L) (Independent samples t-test, p > 0.05, Fig. 2A, Table S13). This 
increase may stem from rainfall-driven particulate inputs like surface 
runoff and atmospheric deposition (Ge et al., 2024; Hiki and Yamamoto, 
2022; Zhang et al., 2022), which enhance TATP concentrations in SPM. 
Among the four major categories, post-rainfall median concentrations 
were ranked as follows: others (23.1 ng/L) > BTs (16.6 ng/L) > PPDs 
(5.50 ng/L) > PPDs-Q (1.05 ng/L). Notably, BTs and PPDs levels were 
significantly elevated post-rainfall (Independent samples t-test, p < 0.05, 
Fig. S5). This further supports that post-rainfall SPM partly originates 
from road dusts and atmospheric deposition, as these sources are known 
to contain higher levels of BTs and PPDs (Wang et al., 2025; Liao et al., 
2021).

In contrast to water and SPM samples, sediment TATP concentrations 
remained relatively stable, ranging from 5.93–192 ng/g pre-rainfall, 
compared to 1.71 to 248 ng/g post-rainfall, showing no significant in
crease (p > 0.05, Fig. 2A, Table S14). This consistency indicates that 
sediment TATP levels primarily represent long-term pollutant accumu
lation in urban streams, rather than being influenced by short-term 
weather variations.

3.2.2. Seasonal variations
Fig. 2B depicts pronounced seasonal fluctuations in TATP concen

trations in water, with the median levels ranked as follows: normal 
season (2024 ng/L) > wet season (1153 ng/L) > dry season (901 ng/L) 
(Mann− Whitney U test, p < 0.05). BT, DPG, and DCU were identified as 
the primary contributors to elevated TATP concentrations during the 
normal season (Fig. S6). In contrast to water, SPM exhibited higher 
median levels of TATPs in the wet (55.9 ng/L) and normal seasons (52.8 
ng/L) than in the dry season (21.8 ng/L) (Independent samples t-test, p 
< 0.05, Fig. 2B). These seasonal increases in SPM-associated TATPs are 
likely driven by enhanced surface runoff and the remobilization of 
sediment-bound TATPs during rainfall events (Xu et al., 2024b). 
Spearman correlation analysis revealed significant associations between 
total TATP concentrations and individual TATPs detected at frequencies 
above 30 %, except for DPPD-Q (p < 0.05; Fig. S7). This implies that 
these pollutants share similar sources or environmental behavior 
(Rauert et al., 2022; Xu et al., 2025, 2024b). In contrast, sediment TATP 
concentrations exhibited minimal seasonal variability, with only the dry 
season median (44.1 ng/g) being significantly higher than that of the 
normal season (20.1 ng/g) (p < 0.05, Fig. 2B), indicating sediment TATP 
levels are stable and less affected by seasonal changes. This consistency 
may arise from long-term sorption and sediment buffering, which could 
mitigate the impact of short-term climatic variations.

3.2.3. Stream type
In water, the median TATP levels of different stream types followed 

the order: GRS (2345 ng/L) > RRS (1565 ng/L) > ES (850 ng/L) 
(Mann− Whitney U test, p < 0.05; Fig. 2C). BT dominated in the water of 
GRS, representing 16.00–71.7 % of total TATPs and was found at µg/L 
levels in 63 % of sites (Fig. S2). Given BT’s widespread use in industrial 
processes and consumer products, including corrosion inhibitors, anti
fogging and antifungal agents, washing powders, and brake fluids (Shi 
et al., 2019), its presence in GRS likely stems from urban runoff and 
other contaminated media such as industrial emissions, traffic-related 
sources, atmospheric deposition, construction activities, and improper 
waste disposal, highlighting the diverse pollution sources affecting GRS. 
In the water of ES and RRS, DPU was the dominant TATPs, constituting 
16.00–61.13 %, and 1.32–56.34 % (Fig. S2), aligning closely with the 
composition found in urban road runoff (Liu et al., 2024a). This simi
larity suggests that road runoff is the primary source of TATPs in these 
receiving streams. Compared to ES, the higher total TATP concentra
tions in RRS are likely due to the larger road area in RRS, along with the 
influence of the surrounding environment (Table S2). Elevated levels of 
BTH, 2-OH-BTH, and 2-Me-S-BTH, which are associated with rubber 
products, were detected at higher concentrations in RRS (Liao et al., 
2018), suggesting that the use of rubber products in nearby residential 
areas contributes to these higher levels.

For SPM, the median TATP concentrations exhibited a distinct 
pattern: RRS (50.5 ng/L) > GRS (44.9 ng/L) > ES (32.6 ng/L), with RRS 
being significantly higher than GRS and ES (Independent samples t-test, 
p < 0.05; Fig. 2C). Differently, median TATP concentrations in water and 
sediment followed the order: GRS > RRS > ES, reflecting the parti
tioning differences among various compartments. However, given the 
absence of SPM physicochemical data (e.g., particle size, TOC) and hy
drodynamic conditions (e.g., flow velocity, retention time), the distinct 
TATP distribution in SPM remains unclear. Future research should pri
oritize SPM characterization and hydrodynamic modeling to clarify 
TATP behavior across environmental matrices.

The sediment distribution of TATPs mirrored that of the aqueous 
phase: GRS (median, 59.6 ng/g) > RRS (median, 30.2 ng/g) > ES 
(median, 23.2 ng/g) (Mann− Whitney U test, p < 0.05; Fig. 2C). 
Although there are significant differences between the total concentra
tions of TATP in different types of stream sediments, their compositions 
are relatively close, all dominated by 6PPD, followed by DPG, which also 
indicates that the distribution of TATP in river sediments from different 
cities is relatively stable.
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Fig. 2. Concentrations of tire additives and their transformation products in water, suspended particulate matter (SPM), and sediment under different conditions: (A) 
pre- and post-rainfall, (B) seasonal variation (normal, dry, and wet seasons), and (C) stream types (GRS, general road stream; ES, expressway stream; RRS, rural road 
stream). Asterisks indicate significant differences at p < 0.05.
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3.3. Compartment-specific drivers of TATP distribution

Multiple linear regression analyses revealed compartment-specific 
determinants governing TATP distribution in urban streams (Table 1). 
For aqueous-phase TATPs, the robust model (F = 5.83, p < 0.001, R2 =

0.56) identified three mechanistic drivers: pH (β = 0.31, p = 0.016), 
temperature (β = 0.02, p = 0.049), and log road area (β = 2.00, p =
0.001). The observed positive pH dependence implies that alkaline 
conditions may promote the leaching of tire-derived compounds, likely 
via desorption from particulate surfaces or dissolution of metal-TATP 
complexes. Temperature-driven increases likely stem from enhanced 
desorption kinetics and/or increased tire wear rates at higher temper
atures. The robust correlation with road area (β = 2.00) quantitatively 
identifies vehicular traffic as a dominant emission source, with road 
expansion directly increasing TATP inputs. Importantly, the model’s 56 
% explanatory power suggests that other factors, such as hydrodynamic 
conditions or variations in tire formulation, may also influence aqueous- 
phase concentrations.

SPM demonstrated distinct control mechanisms (F = 4.98, p < 0.001; 
R2 = 0.52), with precipitation as the sole significant predictor (β =
0.004, p = 0.031). This likely results from rainfall flushing accumulated 
tire wear particles and resuspending streambed sediments, thereby 
transporting TATP-containing particles into urban streams and elevating 
TATP concentrations in SPM. The lack of significance for road area in 
SPM, compared to its dominance in the dissolved phase, underscores 
differential fate processes. While dissolved TATP concentrations directly 
reflect source strength, particulate-bound TATPs appear to be governed 
by transport limitations rather than emission magnitude. Collectively, 
precipitation accounted for 52 % of the variability in TATP concentra
tions in SPM.

Sediment systems exhibited unique regulatory pattern (F = 2.67, p =
0.036; R2 = 0.26), with only road area achieving significance (β = 1.71, 
p = 0.05). Although grain size distribution was not measured in this 
study, sediment TOC was quantified. However, TOC did not emerge as a 
statistically significant predictor (p > 0.05) of TATP sediment 

concentrations. This finding aligns with observations for PPDs in 
riverine and marine sediments, where TOC also showed no significant 
correlation (Zeng et al., 2023). Also, in estuarine sediments, TOC 
demonstrated significant associations only with 4 out of 20 TATPs 
(Zhang et al., 2024). These findings suggest that TOC levels do not 
predominantly control the partitioning for most TATPs in sediments. 
The relatively low explanatory power (R² = 0.26) of our sediment model 
strongly indicates that other sediment characteristics (e.g., grain size, 
mineral composition) or in-situ biogeochemical processes may signifi
cantly modulate TATP partitioning. Therefore, future work should 
incorporate comprehensive sediment characterization and investigate 
in-situ processes to fully elucidate the factors governing TATP seques
tration in urban streambeds, particularly under varying hydrological 
conditions.

3.4. Hydrophobicity affecting the multi-media partitioning mechanisms

To elucidate the environmental behavior of TATPs within urban 
streams, examining the variations in their log Kp is imperative. Signifi
cant seasonal differences in log Kp values were observed pre-rainfall 
(Mann− Whitney U test, p < 0.05, Fig. S8, Tables S15–16), with the 
wet season exhibiting a wider range (− 2.36 to 1.36) than the dry (− 2.70 
to 0.76) and normal seasons (− 2.63 to 0.48). This suggests that the 
solubility or adsorptive potential of TATPs is sensitive to seasonal 
changes, likely driven by fluctuations in water physicochemical prop
erties influenced by temperature and precipitation. Post-rainfall, the log 
Kp values were − 2.70–1.34, − 2.59–1.01, and − 2.64–1.04 in the normal, 
dry and wet seasons, respectively. Notably, significant differences were 
observed only between the wet and normal seasons (Mann− Whitney U 
test, p < 0.05, Fig. S8, Tables S15–16). This suggests that precipitation 
might equalize TATP partitioning, mitigating seasonal water body 
effects.

Log Kd can delineate the partitioning behavior of TATPs between 
water and sediment. Before rainfall, log Kd values spanned 0.26–4.32 in 
normal, − 0.44–5.18 in dry, and − 0.39–6.00 in wet seasons. Post- 

Table 1 
Multiple linear regression analysis of concentrations (ng/L or ng/g) of tire additives and their transformation products in water, suspended particulate matter (SPM), 
and sediment against various variables.

Analysis of variables a Coefficient β (unitless unstandardized regression coefficients) b p value VIF F R2 Adj R2

Log CWater Regression − 6.17 <0.001 ​ 5.83 0.56 0.46
Log Road area (m2) 2.00 0.001 2.15 ​ ​ ​
pH 0.31 0.016 1.30 ​ ​ ​
T ( ◦C) 0.02 0.049 2.18 ​ ​ ​
DO (mg/L) − 0.03 0.164 1.24 ​ ​ ​
NO3-N (mg/L) − 0.007 0.465 1.74 ​ ​ ​
NH3-N (mg/L) − 0.037 0.601 1.18 ​ ​ ​
TP (mg/L) 0.014 0.581 1.82 ​ ​ ​
Precipitation (mm) − 0.003 0.120 1.93 ​ ​ ​
Log Population density (person/km2) − 0.70 0.438 1.83 ​ ​ ​

Log CSPM Regression − 6.67 <0.001 ​ 4.98 0.52 0.41
Precipitation (mm) 0.004 0.031 1.91 ​ ​ ​
pH 0.25 0.071 1.30 ​ ​ ​
T ( ◦C) 0.01 0.170 2.19 ​ ​ ​
DO (mg/L) − 0.02 0.502 1.21 ​ ​ ​
NO3-N (mg/L) − 0.01 0.221 1.74 ​ ​ ​
NH3-N (mg/L) 0.03 0.721 1.21 ​ ​ ​
TP (mg/L) 0.04 0.175 1.54 ​ ​ ​
Log Road area (m2) 0.32 0.646 1.81 ​ ​ ​
Log Population density (person/km2) 1.17 0.239 1.67 ​ ​ ​

Log CSediment Regression 5.52 0.036 ​ 2.67 0.26 0.16
Log Road area (m2) 1.71 0.05 1.19 ​ ​ ​
TOC ( %) − 0.12 0.367 1.45 ​ ​ ​
T ( ◦C) − 0.03 0.10 1.69 ​ ​ ​
Precipitation (mm) 0.003 0.407 1.79 ​ ​ ​
Log Population density (person/km2) − 2.95 0.07 1.37 ​ ​ ​

a Analysis of variables includes pH, T (Temperature, ◦C), DO (Dissolved oxygen, mg/L) NO3–N (nitrate nitrogen, mg/L), NH3–N (ammonium nitrogen, mg/L), and 
TP (total phosphorus, mg/L) in water samples; TOC (total organic carbon content, %) in sediment samples. Precipitation (mm), log road area (m2), and log Population 
density (person/km2). b β coefficients are unitless unstandardized regression coefficients used to indicate the relative relationships between variables.
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rainfall, these values modestly shifted to 0.18–3.29, − 0.35–4.11, and 
− 0.29–5.18, respectively (Fig. S8, Tables S17-S18. Notably, these log Kd 
values exceed log Kp by 2–5 orders of magnitude, owing to the partic
ulate phase concentrations being used in ng/L versus ng/g. The log Kd 
values exhibited season-independent stability, with rainfall events 
failing to induce significant alterations. This unvarying pattern implies 
that sediments act as a reliable sink for TATPs, highlighting the 
importance of sediment management in curbing the ecological footprint 
of TATPs.

Recent investigation has highlighted that the partitioning behavior 
of TATPs within estuarine environments is primarily influenced by their 
octanol-water partition coefficient (log KOW) and molecular weight 
(Zhang et al., 2024). As depicted in Fig. 3, positive correlations were 
observed between the partition coefficients (log Kp and log Kd) and log 
KOW both pre-rainfall and post-rainfall. Conversely, molecular weight 
showed a negative correlation with log Kp exclusively post-rainfall (p <
0.05, R2 = 0.05). This suggests that the partitioning of TATPs in urban 
streams is predominantly driven by log KOW rather than molecular 
weight, contrasting with an earlier estuary-based study (Zhang et al., 
2024). These correlations accentuate the pivotal influence of log KOW on 
the environmental partitioning of TATPs. The marginal impact of mo
lecular weight after rainfall suggests that variables, like dissolved 
organic carbon levels and sediment properties, exert a greater influence 
on partitioning.

The fugacity fraction (ff) characterized TATP transfer directionality 
between water and sediment (Fig. S9). Due to lack of data regarding 
particulate organic carbon, only water-sediment transfer was evaluated. 

The ff values of 0.25–0.75 indicates intercompartment equilibrium (Tan 
et al., 2024; Kong et al., 2023). Pre-rainfall, ffmedian values >0.75 for BT, 
HMMM, and 6PPD-Q suggest predominant water phase origin with 
limited sediment transfer. Conversely, RD and 6PPD (ff < 0.25) prefer
entially partitioned from water to sediment. 2-ABTH, 2-OH-BTH, and 
IPPD exhibited few detections (ff consistently <0.25), indicating sedi
ment partitioning tendency. Post-rainfall, 2-Me-S-BTH and DPG 
demonstrate aqueous-phase dominance with limited sediment transfer 
like BT, HMMM and 6PPD-Q with ff >0.75. RD, 6PPD, and IPPD 
maintained ff <0.25, implying minimal influence of rainfall inputs on 
their water-sediment distribution.

To clarify the distribution dynamics of TATPs across environmental 
compartments within urban streams, we conducted a meticulous 
assessment of their mass per unit area (Ikenoue et al., 2023; Xu et al., 
2024) (Fig. S10). The mass per unit area of TATPs ranged from 1.26 
− 17.1 mg/m2 in pre-rainfall and 1.00–26.9 mg/m2 in post-rainfall. 
Sediments emerged as the primary repository for TATPs, accounting 
for an average proportion of 68.94 % (pre-rainfall) and 54.05 % 
(post-rainfall) of the total mass per unit area. This sedimentary seques
tration is attributed to the hydrophobic nature of TATPs. Post-rainfall, a 
notable shift occurred, apart from PPDs, likely due to their accelerated 
degradation in aqueous environments. The subsequent increase in 
aqueous TATP concentrations suggests that rainfall-induced surface 
runoff significantly contributes to the urban stream’s TATP load, high
lighting the pivotal role of hydrological events in the mobilization and 
distribution of these compounds within urban ecosystems.

Fig. 3. Correlation between Log Kp of tire additives and their transformation products with Log KOW (A) and molecular mass (B), and the correlation between Log Kd 
of tire additives and their transformation products with Log KOW (C) and molecular mass (D).
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3.5. High ecological risks and priority pollutants with PBT traits

As depicted in Fig. 4, the HI analysis of water samples from all 
sampling sites indicated high risks, with HI values escalating from 1.87 
to 13.3 pre-rainfall to 2.09 to 24.9 post-rainfall, predominantly driven 
by DPU, DCU, 6PPD-Q, and HMMM. Post-rainfall, the impact on high- 
risk sites was further exacerbated by DPG, in addition to the four 
TATPs above. This suggests that rainfall may heighten the risk to urban 
water bodies. Notably, HMMM presented a high risk only at station D-S8 

(dry season) pre-rainfall and at N-S8 (normal season) post-rainfall. This 
difference may be due to a combination of rainfall-induced TATP in
crease, dilution effect of rainfall, and compound degradation. Medium 
risks were observed for DPG, BT, IPPD, and 4-OH-DPA in 42.31 %, 7.76 
%, 3.85 %, and 3.85 % of pre-rainfall samples, respectively; and for BT, 
2-OH-BTH, and DPPD-Q in 23.08 %, 3.85 %, and 3.85 % of post-rainfall 
samples, respectively. Other TATPs, including BTH, 2-ABTH, 2-Me-S- 
BTH, RD, CPPD, and 6PPD, presented low risks due to their lower con
centrations or toxicities.

Fig. 4. Hazard index (HI) and risk quotient (RQ) values for tire additives and their transformation products pre-rainfall and post-rainfall across various stations (S1- 
S9) and seasons (N, normal season; D, dry season; W, wet season).
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To understand the behavior and potential long-term effects of TATPs 
in the aquatic environment, the PBT characteristics of TATPs were 
identified based on measured and simulated data. HMMM and DPG 
showed half-lives in water exceeding 60 days, indicating considerable 
persistence (Fig. S11 and Table S10). Four compounds—CPPD, DPPD, 
DTPD and IPPD—exhibited bioaccumulation potential with log BAF 
values of 4.8, 4.8, 4.3, and 3.8, respectively (Wei et al., 2024), and 
consequent risk of biomagnification in the food chain. Furthermore, 
6PPD-Q and TMTD, with extremely low LC50 (for fish) values of 41 ng/L 
and 340 ng/L (Lo et al., 2023; Padilla et al., 2012), respectively, 
demonstrated acute toxicity to fish, highlighting their harmful potential 
even at low concentrations. These findings highlight that eight TATPs 
possess one PBT characteristic, amplifying their risk profile in the 
environment. This knowledge is imperative for the development of 
stringent environmental regulations aimed at managing these sub
stances effectively and safeguarding ecosystem health.

3.6. Limitations

Our study has some limitations. First, we collected 152 samples 
across multiple media over three seasons, with pre- and post-rainfall 
sampling at each of the nine sites. While this design captured the het
erogeneity of major urban runoff sources and allowed statistical com
parison of stream type impacts, it may not fully represent all stream 
environments. Future research with more sites and a broader range of 
stream types would enhance the generalizability of the results. Second, 
lack of SPM property data and hydrodynamics impeded full interpre
tation of TATP distribution patterns across streams. Future work should 
prioritize characterizing SPM properties and hydrodynamics to eluci
date TATP partitioning. Third, toxicological information on TATPs re
mains limited, especially regarding their combined effects during multi- 
compound exposure. In this study, HI values were calculated using 
concentration-addition modelling. However, mixed TATPs in actual 
environments might exhibit synergistic effects, potentially resulting in 
higher risks than our assessment. Future research should focus on the 
combined toxicological effects of TATPs to improve the accuracy of risk 
assessments and inform more effective regulatory strategies.

4. Conclusions

This study offers new perspectives on the multi-media distribution 
and ecological risks of TATPs in urban streams, highlighting the signif
icant roles of rainfall, seasonal variation, and stream type. Hydrophilic 
compounds (e.g., BTs) dominated aqueous phases and hydrophobic 
PPDs accumulated in sediments. Sediments acted as stable, long-term 
reservoirs, buffering short-term hydrological fluctuations. Precipita
tion events were a key driver in augmenting the concentrations of TATPs 
in the aqueous phase, whereas the extent of TATP contamination in SPM 
and sediment was primarily modulated by stream type and seasonal 
variation. Multivariate linear regression analysis elucidated 
compartment-specific factors governing TATP distribution: pH, tem
perature, and road area modulated aqueous-phase concentrations; pre
cipitation exclusively dictated SPM levels; and road area was the sole 
determinant of sediment TATP concentrations. Hydrophobicity was a 
key determinant in their multi-media partitioning. Ecological risk as
sessments indicate high risks across all water samples. In a pioneering 
evaluation, eight TATPs exhibited persistence, bioaccumulation poten
tial, or acute toxicity, warranting prioritization in regulatory frame
works. Urgent research is needed to uncover the partitioning dynamics 
of TATPs across environmental media and to assess their toxicological 
effects on aquatic life, prioritizing compounds with significant risk and 
notable PBT characteristics. To address TATP pollution in stormwater 
runoff, we propose installing stormwater filtration systems to enhance 
pollutant retention and implementing regular sediment dredging to 
remove contaminated stream sediments. These strategies should be in
tegrated into comprehensive stormwater treatment plans optimizing 

stormwater collection, storage, and treatment. Future research should 
evaluate the effectiveness of these strategies in reducing TATP pollution 
under varying hydrological conditions.
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A B S T R A C T

Mogrosides are the main non-caloric sweeteners in Siraitia grosvenorii, with sweetness determined by specific 
chemical structures. However, the diversity of triterpenoid skeletons and glucosylation patterns suggests that the 
variety of mogrosides remains insufficiently characterized. Here, high-resolution mass spectrometry (HRMS) 
coupled with Global Natural Products Social Molecular Networking (GNPS) was used to systematically profile 
mogrosides. A total of 88 distinct compounds were identified based on accurate molecular mass, MS/MS spectra, 
and retention time, and were classified into nine types of tetracyclic triterpene skeletons. Mogroside composition 
and abundance varied across developmental stages, cultivars, and environments. Fewer glucosyl units occurred 
during early development (15–30 days after pollination), while glucosylation increased in later stages (50–75 
days after pollination). Greenhouse conditions accelerated growth, and the Xinning cultivar produced more 
mogroside V than Longji at maturity. This investigation facilitates novel mogroside discovery and reveals dy
namic accumulation patterns, offering practical insights for cultivating high-sweetness S. grosvenorii fruits.

1. Introduction

Siraitia grosvenorii (Swingle) C. Jeffrey, commonly known as monk 
fruit or Luo Han Guo, is a fruit traditionally consumed in China for its 
natural sweetness and potential health benefits (Gong et al., 2019). It 
contains abundant bioactive compounds such as vitamin C, dietary fiber, 
and triterpene glycosides (Guo et al., 2024; Utami et al., 2024), which 
have attracted increasing interest in the functional food industry. The 
fruit’s intense sweetness primarily arises from mogrosides, a group of 
triterpene glycosides (Xia, Rivero-Huguet, Hughes, & Marshall, 2008). 
Among these, mogroside V and siamenoside I are the predominant 
constituents, exhibiting sweetness approximately 425 and 563 times 
greater than sucrose, respectively (Cui et al., 2023). These non-caloric 
compounds are widely used as sugar substitutes in low-calorie and 
diabetic-friendly products (Gong et al., 2019), including beverages like 
Diet Coke sweetened with monk fruit extract. Beyond their sweetening 
properties, certain mogrosides—such as 11-oxo-mogroside V—also 
exhibit strong reactive oxygen species (ROS) scavenging activity (Chen, 
Wang, Qi, & Xie, 2007). This property indicates their potential as natural 
antioxidants, which may contribute to the reduction of oxidative stress 

when incorporated into a health-conscious diet (Huang et al., 2024; Lu 
et al., 2023). To fully harness these functional attributes, a compre
hensive understanding of the structural diversity and distribution of 
mogrosides in S. grosvenorii is essential.

Mogrosides consist of a tetracyclic triterpenoid core decorated with 
varying glucosylation patterns, which significantly influence their 
sweetness and bioactivity (Li et al., 2014; Wu et al., 2022). Although 
numerous mogroside structures have been identified (Jia & Yang, 2009; 
Prakash & Chaturvedula, 2014), the complexity of their molecular 
frameworks suggests that many low-abundance or novel variants remain 
uncharacterized. Traditional analytical methods, such as isolation and 
structural elucidation, are labor-intensive and often miss these minor 
compounds. While liquid chromatography–mass spectrometry (LC–MS) 
has enhanced detection capabilities, the limited availability of 
comprehensive spectral databases continues to constrain the identifi
cation of new mogrosides.

We hypothesize that the diversity of triterpenoid skeletons and glu
cosylation patterns in S. grosvenorii leads to a far richer structural variety 
of mogrosides than currently recognized. To test this, we employed high- 
resolution mass spectrometry (HRMS) combined with Global Natural 

* Corresponding authors.
E-mail addresses: jianxiuli@gxas.cn (J. Li), xienengzhong@gxas.cn (N. Xie). 

Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier.com/locate/foodchem

https://doi.org/10.1016/j.foodchem.2025.146185
Received 20 May 2025; Received in revised form 13 August 2025; Accepted 30 August 2025  

Food Chemistry 495 (2025) 146185 

Available online 2 September 2025 
0308-8146/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

908

mailto:jianxiuli@gxas.cn
mailto:xienengzhong@gxas.cn
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2025.146185
https://doi.org/10.1016/j.foodchem.2025.146185
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2025.146185&domain=pdf


Products Social Molecular Networking (GNPS). HRMS allows precise 
molecular formula determination, while GNPS facilitates visualization 
of molecular relationships and dereplication of unknown compounds 
based on MS/MS spectral similarity (Nothias et al., 2020; Wang et al., 
2016; Xue et al., 2021). This integrated strategy enhances the efficiency 
of compound analysis by eliminating the need for isolation or purifica
tion. Furthermore, even low-abundance mogrosides, if subjected to MS/ 
MS fragmentation, can be detected and annotated within molecular 
networks. This strategy has been successfully applied to other complex 
metabolite classes such as triterpenoid saponins and phenolics (Chen 
et al., 2023; Ge, Zhu, Yoshimatsu, & Komatsu, 2017). It offers a powerful 
platform for comprehensive mogroside profiling and novel compound 
discovery in S. grosvenorii.

In addition to analytical challenges, mogroside composition and 
content are known to vary significantly among cultivars and cultivation 
conditions (Dong et al., 2025; Wang et al., 2019). Genetic differences 
influence biosynthetic capacity, particularly through variation in the 
expression of key enzymes like UDP-glucosyltransferases involved in 
glycosylation (Qiao et al., 2019). Environmental factors—including 
temperature, light intensity, and humidity—also modulate enzyme ac
tivity and metabolic fluxes (Li, Kong, Fu, Sussman, & Wu, 2020; Yang 
et al., 2018). These modulations thereby affect mogroside accumulation 
patterns. Despite these known influences, the combined effects of 
cultivar genetics and environmental conditions on the temporal dy
namics of mogroside biosynthesis remain poorly characterized. A deeper 
understanding of these interactions is essential to optimize cultivation 
strategies and improve the quality and yield of mogroside-rich products.

To address these knowledge gaps, we designed a systematic study to 
investigate the structural diversity and accumulation dynamics of 
mogrosides in S. grosvenorii. Using liquid chromatography–high-resolu
tion mass spectrometry (LC–HRMS) integrated with GNPS, we aim to: 1) 
comprehensively characterize the chemical diversity of mogrosides, 
including low-abundance variants and a broad range of putative struc
tures; 2) examine how cultivar type and cultivation conditions influence 
the spatiotemporal patterns of mogroside profiles during fruit develop
ment; and 3) quantify the impact of these factors on mogroside content 
across key developmental stages. This integrative strategy enables sys
tematic, high-throughput investigation of mogroside diversity and 
accumulation dynamics, thereby facilitating their improved utilization 
in functional foods and food-derived ingredients.

2. Materials and methods

2.1. Materials of S. grosvenorii

S. grosvenorii plants were cultivated at the Guangxi Institute of 

Botany, Chinese Academy of Sciences (Guilin, China, GPS coordinates: 
E110.17 and N25.01). Two distinct cultivars were investigated: Longji 
and Xinning. The Longji cultivar was grown under two conditions: wild 
conditions (denoted as L) and greenhouse conditions (denoted as L’). 
The Xinning cultivar was exclusively grown in the wild (denoted as X). 
Pollination was standardized and conducted on July 22, 2020. Fruits 
were harvested at four critical stages: 15, 30, 50, and 75 days after 
pollination (DAP), representing the progression from early development 
to late maturity. For each experimental group (i.e., each combination of 
cultivar, growth condition, and developmental stage), six biological 
replicates were obtained. Each replicate consisted of an individual fruit 
of comparable size, harvested from a different plant to ensure biological 
independence. In total, 72 samples were collected for analysis. Imme
diately upon harvesting, fruits were flash-frozen in liquid nitrogen to 
preserve their biochemical integrity and natural properties. Following 
this, all samples were stored at − 80 ◦C until subjected to further labo
ratory analysis. Due to post-processing laboratory errors, six contami
nated samples were excluded, yielding a final total of 66 samples. The 
experimental design is schematically presented in Fig. 1.

2.2. Chemicals and reagents

Eighteen mogroside reference standards, including mogrol (MG), 
mogroside IA1 (IA1), mogroside IE1 (IE1), 11-oxo-mogroside IIA (11-O- 
IIA), mogroside IIE (IIE), mogroside IIA (IIA), mogroside IIA1 (IIA1), 
mogroside IIA2 (IIA2), 11-oxo-mogroside III (11-O-III), 11-oxo-mogro
side IIIE (11-O-IIIE), mogroside III (III), mogroside IIIE (IIIE), mogro
side IVA (IVA), mogroside IVE (IVE), siamenoside I (SI), 11-oxo- 
mogroside V (11-O-V), mogroside V (V), and mogroside VI (VI), were 
procured from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, 
China). HPLC-grade methanol and acetonitrile were purchased from 
Thermo Fisher Scientific (Waltham, USA), and ultrapure water was 
obtained using a PURELAB Classic system (ELGA LabWater, High 
Wycombe, UK). Other chemicals and reagents utilized in this study were 
of analytical grade and above. Stock solutions of the 18 mogroside 
reference standards were prepared at a concentration of 1000 mg/L by 
dissolving 1 mg of each compound in 50:50 (v/v) methanol-water. These 
stock solutions were stored at − 20 ◦C in amber vials for future analyses. 
Working solutions at various concentrations were subsequently pre
pared by diluting the stock solutions with methanol as needed.

2.3. Extraction of metabolites from S. grosvenorii

Frozen S. grosvenorii samples were initially dehydrated using a vac
uum freeze dryer (Qingdao Yonghe Chuangxin Electronic Technology 
Co., Ltd., Qingdao, China) for 72 h. The dried fruit was then ground into 

Fig. 1. A diagram of the experimental design.
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fine powder using a high-throughput tissue grinder (SCIENTZ-48, Sci
entz Biotechnology Polytron Technologies Inc., Zhejiang, China) with 
stainless steel beads, operating at 60 Hz for 3 min. The ground powder 
was sieved through a 60-mesh screen to ensure uniform particle size. For 
metabolite extraction, 50 mg of the powdered sample, obtained from an 
individual fruit, was mixed with 0.5 mL of chilled methanol-water 
(80:20, v/v) solution. The mixture was sonicated for 15 min with a 
40 kHz frequency at room temperature (Shenzhen Shenhuatai Ultra
sonic Cleaning Equipment Co., Ltd., Shenzhen, China) and then centri
fuged at 9660 ×g (rotor radius: 60 mm, 12,000 rpm) for 10 min at 4 ◦C 
(Micro 200 R Centrifuge, Andreas Hettich GmbH & Co. KG, Tuttlingen, 
Germany). The extraction was repeated twice, and supernatants from all 
three extractions were pooled. The pooled extracts were evaporated to 
dryness under a nitrogen stream. The dried residue was reconstituted in 
1 mL of methanol-water solution (50:50, v/v). Prior to ultra- 
performance liquid chromatography–tandem mass spectrometry 
(UPLC–MS/MS) analysis, 0.1 mL of the reconstituted solution was 
filtered through a 0.22 μm Millipore filter and subsequently diluted 4.5- 
fold for sample injection.

2.4. Instrumental measurement and data pre-processing

Metabolic analysis was performed using UPLC coupled with Q- 
Exactive Orbitrap mass spectrometry (UPLC-Q-Exactive Orbitrap-MS) 
(Thermo Fisher Scientific, Waltham, USA). Chromatographic separa
tion was achieved using an RRHD SB-C18 column (2.1 mm × 100 mm, 
1.8 μm; Agilent Technologies, CA, USA). The mobile phases consisted of 
H2O with 0.1 % formic acid (A) and acetonitrile with 0.1 % formic acid 
(B). The gradient elution program was as follows: 0–8 min, 25 % B; 8–11 
min, 25 %–80 % B; 11–16.5 min, 80 % B; 16.6–20 min, 80 %–25 % B; 
and 20–23 min, 25 % B. The flow rate was maintained at 0.2 mL/min, 
with an injection volume of 2 μL and a column temperature set at 30 ◦C 
throughout the analysis.

Mass spectrometry data were acquired using a data-dependent 
acquisition (DDA) mode, controlled by Xcalibur software (Thermo 
Fisher Scientific, Waltham, USA). The electrospray ionization (ESI) 
source operated in negative ion mode with a spray voltage of 2.7 kV. The 
ionization source settings were configured as follows: capillary tem
perature, 320 ◦C; sheath gas flow rates, 30 arbitrary units (Arb); auxil
iary gas flow rates, 10 Arb. Arb is a unit defined by the instrument 
software. For MS acquisition, full scan measurements were conducted at 
a resolution of 70,000 FWHM (at m/z 200), spanning a mass range from 
m/z 200 to 1800. Data-dependent MS/MS scans were carried out at a 
resolution of 35,000 FWHM (at m/z 200), with a normalized collision 
energy (NCE) of 15.

For data pre-processing, raw data files (.raw) were converted to 
mzXML format and analyzed using the open-source MZmine software 
(Version 2.51, Okinawa Institute of Science and Technology (OIST), 
Onna, Japan) for feature extraction. It is available at: https://github. 
com/mzmine/mzmine2/releases (accessed on September 15, 2021). 
During chromatogram construction, a minimum peak height threshold 
of 70,000 was applied, with an m/z tolerance of 5 ppm. Chromatograms 
were deconvoluted using the local minimum algorithm, with peak 
duration set from 0.07 to 1.20 min and a minimum absolute height of 
70,000. Isotopic peaks were grouped with an m/z tolerance of 0.003 Da 
and a retention time tolerance of 0.05 min. Peak alignment was per
formed using the join aligner module, with m/z and retention time tol
erances of 0.001 Da and 0.15 min, respectively. After alignment, gap 
filling was conducted with an intensity tolerance of 5 %, an m/z toler
ance of 0.001 Da (or 5 ppm), and a retention time tolerance of 0.15 min. 
A detailed account of the MZmine parameters used in this study is 
presented in Table S1. Detailed settings are provided in Table S1.

2.5. Molecular network analysis

An MGF-formatted file and a feature quantification table, both 

exported from MZmine software, were uploaded to the GNPS website for 
feature-based molecular networking (FBMN) analysis. The FBMN was 
carried out with parameters set as follows: parent and fragment ion mass 
tolerance of 0.02 Da, a cosine score threshold of 0.7, a minimum of 2 
matched peaks, a library search minimum matched peak count of 2, a 
library search score threshold of 0.7, and a minimum peak intensity of 
100,000. The FBMN job can be accessed at: https://gnps.ucsd.edu/Prote 
oSAFe/status.jsp?task=a819779c1f5e477b9859018ca3051250. In 
total, 29 compounds were annotated using the GNPS database search. 
Additional unidentified compounds were manually characterized by 
comparing their MS/MS spectra with those of known compounds from 
the GNPS library and 18 mogroside reference standards. The results of 
the molecular networking were visualized using Cytoscape software 
(Version 3.8.0, Cytoscape Consortium, San Diego, USA).

2.6. Statistical analysis

A total of 66 samples were included in the statistical analysis, rep
resenting combinations of different developmental stages (DAP15, 
DAP30, DAP50, and DAP75), cultivars (Longji and Xinning), and growth 
environments (wild and greenhouse). Specifically, the Longji cultivar 
was grown under both wild (L) and greenhouse (L’) conditions, while 
the Xinning cultivar was cultivated only under wild conditions (X), 
resulting in a total of 12 distinct sample groups, with 4–6 biological 
replicates per group.

To explore metabolic differences and clustering patterns among 
these conditions, multivariate statistical analyses including Principal 
Component Analysis (PCA), Orthogonal Partial Least Squares Discrimi
nant Analysis (OPLS-DA), and Principal Coordinates Analysis (PCoA) 
were conducted. PCA and OPLS-DA were performed using SIMCA-P 
software (Version 14.1, Umetrics, Umea, Sweden), with data pre
processing involving unit variance scaling for PCA and Pareto scaling for 
OPLS-DA. The reliability of the OPLS-DA model was validated with 200 
random permutation tests. Model performance was assessed using the R2 

(cum) for goodness-of-fit and Q2 (cum) for prediction. Values 
approaching 1 indicate high accuracy, while Q2 (cum) values greater 
than 0.5 suggest acceptable predictive reliability. PCoA was performed 
using R (Version 4.4.1, R Core Team, Vienna, Austria). To visualize the 
distribution of mogrosides in S. grosvenorii across different develop
mental stages and cultivars, Hierarchical Cluster Analysis (HCA) was 
performed using Chiplot (https://www.chiplot.online). For group 
comparisons (e.g., comparisons across different developmental stages, 
cultivars, or environments), statistical analyses were conducted using 
SPSS software (Version 17.0, SPSS Inc., Chicago, USA). Prior to hy
pothesis testing, data were checked for normality with the Shapiro–Wilk 
test and for homogeneity of variances using Levene’s test. If both as
sumptions were met, two groups were compared using a two-tailed 
unpaired Student’s t-test; otherwise, the Mann–Whitney U test was 
applied. For comparisons among multiple groups, one-way ANOVA 
followed by post-hoc tests was used when assumptions were satisfied; if 
not, the Kruskal–Wallis test was conducted. A p-value of <0.05 was 
considered statistically significant.

2.7. Data quality control

To assess system stability and technical reproducibility, a pooled 
quality control (QC) sample was prepared by mixing equal amounts (10 
mg) of S. grosvenorii powder from all experimental samples. Ten 50 mg 
aliquots (QC1–QC10) were taken from the pooled material and pro
cessed using the same extraction and analysis procedures as the indi
vidual samples.

For instrument stability monitoring, one aliquot (QC1) was repeat
edly injected—six times at the beginning of the UPLC–MS/MS run and 
then once after every six sample injections—resulting in ten total in
jections (labeled QC1–1 to QC1–10). The average relative standard de
viation (RSD) of the extracted ion currents (EICs) for the ten most 
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intense peaks across QC1–1 to QC1–10 was 7.15 %, indicating good 
system stability (Fig. S1). To evaluate the technical reproducibility of 
the full workflow, all ten QC aliquots (QC1–QC10) were analyzed. PCA 
revealed that these QC samples clustered tightly near the center of the 
score plot (Fig. S2), confirming high technical consistency across both 
the extraction and instrumental analysis steps.

During feature extraction, variables with an RSD greater than 30 % 
across QC1–1 to QC1–10 were excluded to ensure data quality. Addi
tionally, all experimental samples were analyzed in a randomized order 
to reduce systematic bias. For compound identification, mass accuracy 
was maintained within ±5 ppm for both precursor and product ions.

3. Results

3.1. Identification of unknown mogrosides with GNPS

Chromatographic separation coupled with HRMS enabled the iden
tification of 2455 molecular features, which were subsequently orga
nized into molecular networks. These molecular networks provided a 
comprehensive view of the relationships among the 2455 features. This 
facilitated the identification of unknown mogrosides through compari
son with 18 mogroside reference standards. As shown in Fig. 2A, all 18 
identified mogrosides share a common structural foundation of either a 
mogrol or 11-oxo-mogrol skeleton. Their key distinction lies in the 
number of attached glucosyl units, which varies from one to six across 
the different compounds. Under negative ESI mode, mogrosides are 
typically ionized as [M + HCOO]− . Upon collision-induced dissociation 
(CID), these formate-adducted ions consistently lose formic acid (m/z 
46.0055) (Fig. 2B). The loss of m/z 46.0055 represents a hallmark 
fragmentation behavior characteristic of mogrosides. This enables the 
grouping of mogroside-related compounds into clusters within the mo
lecular network based on high cosine similarity scores.

Building on this characteristic fragmentation profile, we utilized 18 
mogroside reference standards to guide the structural annotation of 
unknown mogrosides. The following example illustrates the approach 
used to identify the unknown mogrosides. Molecular network analysis 
revealed that several unknown compounds, with m/z values of 
1167.5824 (ID 27977), 1169.5964 (ID 18370), 1313.6393 (ID 18378), 
1329.6333 (ID 25544), and 1491.6883 (ID 18388), co-clustered with 
two known mogroside standards: mogroside III (m/z 1007.5449, 
C48H82O19, ID 233) and mogroside V (m/z 1331.6509, C60H102O29, ID 
243) (Fig. 3A). Upon closer inspection of their MS/MS spectra, these 
unknown compounds displayed fragmentation patterns similar to the 
reference mogrosides, notably a consistent loss of m/z 46.0055 corre
sponding to formic acid loss (Fig. 3B). This consistent pattern suggested 
that these unknown compounds were likely mogrosides. To identify 
these compounds more precisely, we calculated their molecular for
mulas based on their exact masses. The molecular formulas for the un
known compounds were as follows: C54H90O24 (2.23 ppm), C54H92O24 
(0.77 ppm), C60H100O28 (1.22 ppm), C60H100O29 (0.53 ppm), and 
C66H110O34 (1.94 ppm). Mogrosides are characterized by a tetracyclic 
triterpenoid skeleton with attached glucosyl units, each having a mo
lecular formula of C6H10O5 (mass of 162 Da). By analyzing the molec
ular formulas of these unknown compounds, we were able to infer both 
the structure of the triterpenoid skeleton and the glucosyl units attached 
to each molecule. For instance, the compound with m/z 1167.5824 (ID 
27977) corresponded to a mogrol skeleton (C30H50O4) with four glu
cosyl units. Similarly, the compounds with m/z values of 1169.5964 (ID 
18370), 1313.6393 (ID 18378), 1329.6333 (ID 25544), and 1491.6883 
(ID 18388) corresponded to mogrol skeletons with variations. Specif
ically, they retained the original skeleton (C30H52O4), lost one H2O 
(C30H50O3), lost two hydrogens (C30H50O4), and lost two hydrogens 
(C30H50O4), respectively. The glucosyl units attached to each compound 
were determined to be 4, 5, 5, and 6, respectively. Due to the limitations 
of mass spectrometry in differentiating structural isomers, the complete 
structures of these compounds could not be fully elucidated. Therefore, 

the unidentified mogrosides were tentatively designated as: 11-oxo- 
mogroside IV isomer (ID 27977), mogroside IV isomer (ID 18370), 25- 
dehydroxy-24-oxo-mogroside V isomer (ID 18378), 11-oxo-mogroside 
V isomer (ID 25544), and 11-oxo-mogroside VI isomer (ID 18388) 
(Fig. 3B).

Tetracyclic triterpenoids can have multiple structural isomers for a 
given molecular formula. These variations may arise from differences 
such as the positioning of double bonds, the location of hydroxyl groups, 
and the cis/trans configuration of carbon atoms. For instance, the mo
lecular formula C30H50O5 can correspond to two or more constitutional 
isomers, such as 7-oxo-mogrol (Li et al., 2014), 20-hydroxy-11-oxo-mog
rol (Li et al., 2014), and 29-hydroxy-mogrol (Fig. 4A) (Wang et al., 
2022). In the case of C30H52O4, two epimers–mogrol and 11-epi-mog
rol–can exist. This is due to the differing spatial orientation of the hy
droxyl group at the C-11 position, which can either be in the α 
(downward) or β (upward) configuration (Fig. 4B) (Wu et al., 2022). 
However, distinguishing between these isomers using mass spectrom
etry remains challenging, as the tetracyclic triterpenoid skeletons 
exhibit minimal fragmentation in CID spectra. As a result, isomers with 
identical molecular masses but different structural configurations 
cannot always be distinguished. These isomers with the same molecular 
formula are grouped under a common core structure label designated as 
Mx, where “x” refers to the number of distinct molecular formulas 
identified. In this study, the core structures identified in the GNPS 
analysis correspond to the following molecular formulas: M1 (M, 
C30H52O4), M2 (M – H4O, C30H48O3), M3 (M – H2O, C30H50O3), M4 (M – 
O, C30H52O3), M5 (M – H2, C30H50O4), M6 (M – H2 + O, C30H50O5), and 
M7 (M + CH2, C31H54O4) (Fig. 4C) (Gong et al., 2019; Guo et al., 2024; 
Li et al., 2006; Li et al., 2014; Wu et al., 2022). To further expand the 
scope, our literature search revealed two additional core structures 
present within the molecular network: M8 (M + O, C30H52O5) (Gong 
et al., 2019; Wu et al., 2022) and M9 (M + CH2O, C31H54O5) (Wu et al., 
2022). However, these nodes did not cluster with the reference stan
dards in the network, which may be attributed to FBMN parameter 
settings, such as MS/MS peak intensity thresholds or other spectral 
matching criteria.

In addition to structural isomerism of the tetracyclic triterpenoid 
skeleton, mogrosides with the same tetracyclic triterpenoid skeleton and 
the same glucosyl units can exist as multiple isomers. This is due to the 
structural flexibility in glucosyl unit attachment. Specifically, glucosyl 
units can attach to different hydroxyl positions on the tetracyclic tri
terpenoid skeleton, either as individual sugars or in chain-like struc
tures. For example, when the M1 tetracyclic triterpenoid skeleton is 
conjugated with one to six glucosyl units, several distinct structural 
isomers can be formed (Fig. S3). Distinguishing mogroside isomers 
solely by MS/MS fragmentation is challenging due to their highly similar 
spectra. Therefore, chromatographic separation based on retention time 
differences, which arise from variations in polarity, is employed to 
differentiate them. For example, as shown in Fig. S4D, isomers IIE, IIA2, 
IIA, and IIA1 eluted at 11.22 min, 11.62 min, and 11.83 min (IIA and 
IIA1), respectively. Given the negligible difference in retention times 
between IIA and IIA1, they were considered indistinguishable. A 
threshold of 0.2 min—based on the typical peak width of reference 
standards (0.1–0.3 min)—was applied to define chromatographically 
resolvable isomers.

Additionally, analysis of the 18 mogroside reference standards 
revealed a trend of decreasing retention time with increasing glucosy
lation. This trend is consistent with increasing polarity (Fig. S4). For 
instance, mogrol exhibited an elution time of 13.52 min. In contrast, 
mogrosides with one to six glucosyl units eluted progressively earlier, 
with their elution times ranging from approximately 12.00 min down to 
1.77 min. To avoid false positives, a retention time tolerance of ±4 min 
was applied around the expected elution window for each glucosylation 
level. This dual filtering strategy—based on MS/MS fragmentation and 
retention time—allowed for robust yet cautious annotation of mogroside 
features. In total, we identified 88 unique mogrosides (Table S2), 
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Fig. 2. (A) Structure and (B) MS/MS spectra of the 18 mogroside reference standards. The number of glucosyl units is highlighted by shading beneath the mog
roside names.
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comprising 18 compounds confirmed by reference standards and 70 
tentatively annotated based on HRMS and GNPS analysis. These corre
spond to 36 distinct molecular formulas derived from their m/z values. 
Based on their skeleton type, the 88 unique mogrosides are categorized 
as follows: 25 with M1 (mogrol), 3 with M2 (bryogenin), 10 with M3 
(25-dehydroxy-24-oxo-mogrol), 13 with M4 (11-deoxy-mogrol), 20 with 
M5 (11-oxo-mogrol), 9 with M6 (7-oxo-mogrol), 1 with M7 (25- 
methoxy-mogrol), 6 with M8 (5α, 6α-epoxy-mogrol), and 1 with M9 (7β- 
methoxy-mogrol). In terms of glucosylation degree, the compounds 
were distributed as follows: 2 aglycones (no glucosyl units), 12 mono- 
glucosides, 20 di-glucosides, 16 tri-glucosides, 19 tetra-glucosides, 13 
penta-glucosides, and 6 hexa-glucosides.

3.2. Spatiotemporal dynamics of metabolic profiles in S. grosvenorii

To investigate the metabolic dynamics of S. grosvenorii across 
different developmental stages, cultivation conditions, and cultivars, 
multivariate statistical analysis (PCA, OPLS-DA, and PCoA) was per
formed. The PCA and OPLS-DA analyses revealed significant differences 
in the metabolic profiles of wild-grown S. grosvenorii across different 
developmental stages (Fig. 5 and Fig. S5A, C). These differences were 
statistically supported by a PERMANOVA test based on the PCA distance 
matrix (p < 0.05, Fig. S5B). The OPLS-DA model exhibited strong 
explanatory and predictive power (R2 = 0.975, Q2 = 0.965), and the 
results of 200-time permutation testing confirmed the model’s robust
ness and statistical reliability (Fig. S5D). The degree of separation 
observed in metabolic profiles closely correlates with the time intervals 
between developmental stages. Specifically, samples from adjacent 
developmental stages exhibited more similar profiles, while those from 
more widely separated stages displayed greater differences. 

Comparative analysis of cultivar L grown in wild and greenhouse con
ditions revealed significant differences in their metabolic profiles. 
Greenhouse-grown plants displayed more advanced metabolic charac
teristics, resembling those of older wild-grown plants, especially during 
early developmental stages. For instance, the metabolic profile of DAP15 
greenhouse-grown plants was similar to that of DAP30 wild-grown 
plants. PCoA further confirmed consistent metabolic differences be
tween wild-grown and greenhouse-grown cultivar L across all develop
mental stages (p < 0.05, Fig. S6A). Additionally, PCoA was used to 
compare the metabolic profiles of cultivars L and X. The results revealed 
significant differences during the early (DAP15) and late (DAP75) 
developmental stages (p < 0.05), but no significant differences were 
detected at mid-developmental stages (DAP30 and DAP50) (p > 0.05, 
Fig. S6B).

In the following, PCoA and HCA were performed to analyze the 
distribution of 88 identified mogrosides in S. grosvenorii across different 
developmental stages, cultivation conditions, and cultivars. The PCoA 
revealed significant differences in the metabolic profiles of mogrosides 
across developmental stages for all cultivars (p < 0.05, Fig. S7A). 
Notably, comparative analyses revealed significant metabolic diver
gence between wild-grown and greenhouse-grown cultivar L at all 
developmental stages (p < 0.05, Fig. S7B). Cultivars L and X exhibited 
distinct metabolic profiles at the late developmental stage (p < 0.05, 
DAP75), whereas no significant differences were observed between the 
two cultivars at the early (DAP15) and intermediate developmental 
stages (p > 0.05, DAP30 and DAP50) (Fig. S7C).

To further explore the distribution of mogrosides, we categorized the 
88 identified mogrosides into two groups based on their glucosyl unit 
content: low-glucoside (0–3 glucosyl units) and high-glucoside (4–6 
glucosyl units). HCA revealed that low-glucoside mogrosides were 

Fig. 3. (A) Submolecular network of S. grosvenorii metabolites. Rectangular nodes represent known mogroside reference standards, while parallelogram nodes 
correspond to mogrosides inferred from these standards. The unknown mogrosides (ID 27977, ID 18370, ID 18378, ID 25544, and ID 18388) were identified based on 
their structural similarity to reference standards (ID 233 and ID 243). Each pie chart illustrates the relative abundance of each compound at different developmental 
stages, with pink representing DAP15, green for DAP30, yellow for DAP50, and blue for DAP75. (B) MS/MS spectra of two known mogroside reference standards 
(mogroside III and mogroside V, labeled as “S”) and five tentatively identified mogrosides (labeled as “T”). Peaks marked with an asterisk (*) indicate precursor ions. 
Representative structures are provided for the inferred mogrosides. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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predominantly found in early maturity fruits (DAP15 and DAP30), while 
high-glucoside mogrosides were mainly present in mid and late maturity 
fruits (DAP50 and DAP75) (Fig. 6). The HCA also revealed that mog
roside distributions were more similar between samples from adjacent 
developmental stages. Specifically, the DAP15 and DAP30 samples 

formed one cluster, while the DAP50 and DAP75 samples formed 
another. This indicates a clear metabolic distinction between the early 
maturity and late maturity fruits.

Fig. 4. (A) Three possible structures for the molecular formula C30H50O5. (B) Two optical isomers for the molecular formula C30H52O4. (C) Nine identified molecular 
formulas of tetracyclic triterpenoid skeletons (M1–M9) from S. grosvenorii, each paired with a representative structure. The two structures, M1 and M5, which match 
those in the 18 reference standards, are highlighted in red. The carbon sites in the tetracyclic triterpenoid skeleton are marked, with M1 (mogrol) used as an example. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Spatiotemporal dynamics of mogroside content in S. grosvenorii

To quantitatively monitor changes in mogroside content during 
different developmental stages, cultivation conditions, and cultivars, 
calibration curves were constructed for 18 mogroside standards. These 
mogrosides were quantified directly using individual calibration curves 
prepared for each reference standard (Fig. S8A). For the remaining 70 
inferred mogrosides lacking standards, an alternative calibration-by- 
proxy approach was employed. This method is based on the observed 

trend: except for MG, the ionization efficiency of mogrosides in ESI 
decreases as glucosyl units increase, while mogrosides containing the 
same glucosyl units exhibit relatively consistent ionization efficiencies 
(Fig. S9). This trend aligns with a previous report (Luo et al., 2016). 
Similar strategies have been documented in literature: Feng et al. (Feng 
et al., 2025) and Ling et al. (Ling et al., 2022), for example, used 
isotopically labeled internal standards with specific benzene ring counts 
to quantify quinones sharing the same ring count. Despite structural 
diversity, compounds with identical core structures often exhibit similar 

Fig. 5. (A) PCA and (B) OPLS-DA plots based on the metabolic profiling of S. grosvenorii at different developmental stages.

Fig. 6. HCA plot illustrating the distribution of identified mogrosides from S. grosvenorii across different developmental stages.
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ionization behavior (Wang, Wang, & Han, 2017), making calibration- 
by-proxy a practical alternative when individual standards or isotopic 
analogs are unavailable.

Accordingly, the 18 mogroside standards were grouped by glucosyl 
units, with the mean signal value for each group used to generate cali
bration curves. These curves estimated concentrations of inferred 
mogrosides with the same glucosyl unit count. For instance, a two- 
glucosyl-unit curve developed from five standards (11-O-IIA, IIA, IIA1, 
IIA2, and IIE) quantified 15 corresponding mogrosides across 70 sam
ples. The resulting six calibration curves showed strong linearity (R2: 
0.9951–0.9999; p-values: 3.12 × 10− 15–2.41 × 10− 9) (Fig. S8B), indi
cating reliable fit and acceptable precision for quantifying mogrosides 
without available standards.

The total mogroside content peaked at DAP50, reaching 61.19 mg/g, 
which was significantly higher than at other developmental stages 
(Fig. 7A). However, highly glucosylated mogrosides such as mogroside V 
and mogroside VI peaked at DAP75, with levels of 11.26 mg/g and 1.04 
mg/g, respectively (Fig. 7B). Throughout all developmental stages, the 
majority of the total mogroside content came from the 18 identified 
mogroside standards, while non-standard mogrosides contributed 
merely 23.13 %–29.59 % of the total content at each stage (Fig. 7B). For 
example, during the mature stage (DAP75), the predominant mogro
sides were mogroside V, SI, and 11-O-V, which collectively accounted 
for 65.63 % of the total mogrosides. The variation in mogroside content 
based on glucosyl units followed a clear temporal pattern (Fig. 7C). At 
DAP15, early maturity fruits primarily contained mogrosides with two 
and three glucosyl units, at concentrations of 23.29 mg/g and 10.96 mg/ 

g, respectively. By DAP30, the concentration of mogrosides with three 
glucosyl units increased to 16.82 mg/g, while those with two glucosyl 
units decreased to 19.06 mg/g. At DAP50, mogrosides with three, four, 
and five glucosyl units became the most abundant, with concentrations 
of 17.66 mg/g, 21.65 mg/g, and 16.85 mg/g, respectively. In the late 
maturity fruits at DAP75, mogrosides with five glucosyl units domi
nated, reaching a concentration of 21.65 mg/g. Meanwhile, those with 
four glucosyl units declined to 10.70 mg/g.

The progression of mogroside glucosylation revealed three distinct 
metabolic patterns during fruit development (Fig. S10). Low- 
glucosylation mogrosides (with one and two glucosyl units) showed a 
significant decrease (p < 0.05) in content prior to DAP50, indicating 
their early-stage predominance and subsequent metabolic conversion. 
Medium-glucosylation mogrosides (with three and four glucosyl units) 
exhibited a biphasic pattern. They showed a significant increase (p <
0.05) before DAP30, followed by a marked decrease (p < 0.05) from 
DAP50 to DAP75. This pattern suggests that they function as transitional 
metabolites during fruit development. The high-glucosylation mogro
sides (with five and six glucosyl units) accumulated significantly (p <
0.05) between DAP30 and DAP50. Notably, mogrosides with six glu
cosyl units continued to increase significantly (p < 0.05) through 
DAP75, indicating sustained glucosylation activity for complex mogro
sides during late maturation.

Comparative analysis of late-maturity fruits (DAP75) revealed sig
nificant variations in mogroside accumulation patterns across cultiva
tion conditions and cultivars. Wild-grown cultivar L showed the highest 
total mogroside content (37.17 mg/g), significantly exceeding 

Fig. 7. Comparative analysis of mogroside distribution across developmental stages, cultivars, and growth environments. (A) Box plot showing the total mogroside 
content at four developmental stages (DAP15, DAP30, DAP50, and DAP75). (B) Stacked bar chart showing the composition of 18 mogroside reference standards and 
tentatively identified mogrosides across the developmental stages. (C) Line chart showing the distribution of mogrosides categorized by glucosyl units at each 
developmental stage. (D) Box plot showing the total mogroside content among different cultivars and growth environments (L, X, and L’). (E) Stacked bar chart 
showing the composition of 18 mogroside standards and tentatively identified mogrosides in L, X, and L’. (F) Line chart showing the distribution of mogrosides 
categorized by glucosyl units in L, X, and L’.
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greenhouse-grown L’ (20.59 mg/g, p < 0.05) while remaining compa
rable to wild-grown X (36.97 mg/g) (Fig. 7D). Interestingly, examina
tion of individual mogrosides uncovered contrasting patterns. Despite its 
lower total content, cultivar L’ accumulated 32.5 % more mogroside V 
(10.66 mg/g) than cultivar L (8.04 mg/g), with cultivar X demonstrating 
the highest mogroside V production (14.47 mg/g) (Fig. 7E). These dif
ferential patterns were also observed when analyzing mogrosides by the 
number of glucosyl units (Fig. S11). With five-glucosyl mogrosides as an 
example, cultivar X accumulated significantly higher levels than L’ (p <
0.05), while showing comparable content to L (Fig. 7F and Fig. S11E).

4. Discussion

The combination of HRMS and molecular network analysis has 
significantly enhanced the high-throughput identification of unknown 
natural products. In our study, these advanced techniques identified 88 
distinct mogrosides representing 9 unique tetracyclic triterpenoid skel
etons. This finding substantially expands the known database of these 
compounds. This combined approach presents distinct advantages over 
conventional methods. Traditional approaches typically rely on targeted 
analyses using reference standards or a combination of isolation, puri
fication, and spectroscopic techniques (Li et al., 2007; Shen et al., 2014). 
However, reference standards can only detect known compounds, which 
limits the discovery of novel mogrosides. Additionally, the isolation and 
purification steps are both labor-intensive and time-consuming pro
cesses. In contrast, HRMS coupled with molecular network analysis fa
cilitates rapid, simultaneous identification of multiple unknown 
mogrosides, including low-abundance species that might otherwise 
remain undetected.

Like all analytical methods, this workflow has inherent limitations 
that warrant discussion. On the structural identification side, mass 
spectrometry inherently struggles to distinguish structural isomers (De 
Bruycker, Welle, Hirth, Blanksby, & Barner-Kowollik, 2020), making 
definitive structural assignment challenging. Although we could tenta
tively classify mogroside types based on accurate mass, characteristic 
MS/MS fragmentation, and retention time differences, their precise 
structures could not be confirmed. Further verification using nuclear 
magnetic resonance (NMR), chemical synthesis of standards, or other 
orthogonal techniques will be essential. Beyond identification, the 
quantification of mogrosides presents its own set of challenges and so
lutions. Our calibration-by-proxy approach offers practical utility for 
comprehensive metabolomic profiling but is not without constraints. 
Limitations arise from subtle structural variations beyond glucosyl unit 
count. Even among mogrosides sharing the same number of glucosyl 
units, ionization efficiencies may vary (Yang et al., 2023). It potentially 
compromises the accuracy of absolute quantification compared to ana
lyses using individual authentic standards. Nonetheless, this method 
enabled both qualitative identification and quantification of numerous 
mogrosides that would otherwise be inaccessible due to the lack of 
commercial or synthesized standards. Importantly, this capability 
facilitated the identification of distinct accumulation patterns of mog
rosides across developmental stages, cultivation environments, and 
cultivars of S. grosvenorii.

The accumulation of 88 distinct mogrosides during the develop
mental stages of S grosvenorii highlights the plant’s dynamic biochemical 
changes throughout development. In early stages, the fruit predomi
nantly contains simpler mogrosides with fewer glucosyl units. This 
aligns with the low glucosyl content observed at this stage. As the fruit 
matures, the glucosyl units gradually increase, supplying the necessary 
substrates for the synthesis of more complex mogrosides (Hong, Yang, 
Liu, Leong, & Chen, 2022). This biochemical transition shifts the 
dominant mogrosides: fewer glucosyl units dominate in early stages, 
whereas more glucosyl units accumulate at later stages (Lee, Salomon, 
Yu, & Jez, 2019). By full maturity, mogroside V–renowned for its intense 
sweetness–becomes the dominant component. The accumulation of 
intensely sweet mogrosides (e.g., mogroside V) in later stages reflects 

biochemical maturation. It may also represent an ecological adaptation. 
The increased accumulation of sweet mogrosides likely attracts animals, 
thereby promoting seed dispersal and reproduction in S. grosvenorii 
(Stevenson, Nicolson, & Wright, 2017).

The total mogroside content reported in this study at maturity 
(20.59–37.17 mg/g) aligns with the range of 30–40 mg/g reported in 
previous literature (Wang et al., 2019). The 18 mogroside reference 
standards comprised 70–90 % of total mogrosides across all develop
mental stages. The remaining 70 compounds occurred at significantly 
lower concentrations. From DAP50 to maturity (DAP75), the levels of 
highly glucosylated mogrosides (e.g., mogroside V and 11-oxo-mogro
side V) increased. However, this period also saw a decrease in overall 
mogroside content, consistent with published literature reports (Qing 
et al., 2017). This indicates that incomplete conversion of the low glu
cosylated mogrosides to their highly glucosylated counterparts occurs 
during fruit maturation. Instead, some of these low glucosylated mog
rosides likely undergo metabolic transformations. These processes, 
including hydroxylation (Zhang et al., 2008), oxidation (Miettinen et al., 
2017), and sulfation (Kanwal, Adhikari, Hameed, Hafizur, & Musharraf, 
2017), lead to the formation of other compounds.

The cultivation environments are pivotal factors in determining the 
metabolism of S. grosvenorii, particularly its mogroside V content. In 
greenhouse environments, key factors such as light intensity, tempera
ture, water availability, and soil composition are carefully controlled. 
This optimization promotes plant growth and accelerates fruit matura
tion. The controlled setting shortens the cultivation period, reducing 
production costs while maintaining mogroside V levels. In contrast, wild 
environments face fluctuating temperatures, varying photoperiods, and 
limited soil nutrients. These conditions prolong the maturation period. 
However, these environmental stresses also drive metabolic shifts. 
Specifically, lower nutrient availability—particularly nitrogen defi
ciency—shifts plant metabolism toward the production of secondary 
metabolites (Zhang et al., 2023). This prioritizes compounds such as 
mogrosides over growth-related primary metabolic processes. Addi
tionally, environmental stressors such as ultraviolet radiation, temper
ature fluctuations, and drought elevate ROS levels (Gill & Tuteja, 2010). 
These elevated ROS levels can accelerate the conversion of mogroside V 
to 11-oxo-mogroside V. As a result, wild-grown S. grosvenorii tends to 
accumulate a broader range of mogrosides, resulting in a higher total 
mogroside content compared to greenhouse-grown plants.

In addition to environmental factors, genetic variations among cul
tivars also significantly influence mogroside accumulation. For example, 
during maturation, cultivar X accumulates higher levels of mogrosides 
with five glucosyl units relative to cultivar L. This includes particularly 
high levels of mogroside V. This difference likely stems from genetic 
variations that regulate mogroside biosynthesis enzymes, particularly 
glycosyltransferases. These include UDP-glucosyltransferases, which are 
identified as key enzymes in mogroside biosynthesis (Itkin et al., 2016). 
These enzymes control the attachment of glucose molecules to the tri
terpene aglycone, a critical step in the formation of glucosylated mog
rosides as characterized in the biosynthetic pathway analysis (Chen 
et al., 2024; Itkin et al., 2016). These genetic variations may lead to 
increased activity of glycosyltransferases in cultivar X, resulting in 
higher levels of highly glucosylated mogrosides like mogroside V. 
Therefore, genetic differences between cultivars X and L are likely a key 
contributing factor to the observed variation in mogroside 
accumulation.

5. Conclusions

In this study, non-targeted metabolomics combined with molecular 
networking enabled the systematic identification of 88 mogrosides in 
S. grosvenorii. These compounds span nine distinct tetracyclic triterpene 
skeletons, offering a comprehensive overview of mogroside diversity. 
This work lays a solid foundation for the future discovery of novel 
mogrosides, supported by complementary structural elucidation 
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techniques such as NMR and infrared spectroscopy to resolve structural 
ambiguities. Our results reveal that mogroside composition and content 
are significantly influenced by developmental stage, cultivar genotype, 
and cultivation conditions. As the fruit matures, low-glucosylated 
mogrosides undergo sequential glucosylation, culminating in a peak of 
five- and six-glucosylated forms around DAP75. Greenhouse cultivation 
was found to accelerate fruit development and promote mogroside V 
accumulation in cultivar L, whereas cultivar X exhibited higher mog
roside V levels at physiological maturity. These findings offer valuable 
insights for optimizing cultivation strategies to enhance mogroside yield 
and sweetness in S. grosvenorii.
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A B S T R A C T

This study explores the impact of microplastics (MPs) and nanoplastics (NPs) on hepatic lipid metabolism in pearl 
gentian grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂) during overwintering and elucidates the 
underlying mechanisms. Fish were exposed to polystyrene (PS) MPs and NPs of varying sizes (5 μm, 500 nm, and 
50 nm) for a 15-day exposure period. Histopathological analysis, oxidative stress assessment, and gene expres
sion profiling related to lipid metabolism revealed significant toxic effects on the liver. Results showed that NPs 
preferentially accumulated in the liver, causing hepatocyte swelling, inflammation, and lipid metabolism dis
orders. Smaller particle sizes intensified oxidative stress, reduced triglyceride (TG) content, and elevated low- 
density lipoprotein cholesterol (LDL-C) and total cholesterol (T-CHO) levels. Transcriptomic analysis indicated 
that MPs and NPs altered the expression of lipid metabolism genes, particularly those in glyceride metabolism 
and lipolysis pathways, with significant upregulation of PNPLA2 and LIPG (p < 0.05) under cold stress. This led 
to excessive energy reserve depletion and hepatic lipid metabolism dysfunction. This study establishes a 
“environmental stress-gene-metabolism” response model and provides novel insights into the molecular mech
anisms by which NPs disrupt lipid homeostasis in aquatic organisms, offering a theoretical basis for under
standing the toxicological effects of emerging contaminants.

1. Introduction

Plastics are widely used due to their exceptional material properties 
[1]; however, they present significant environmental challenges. In 
2023, global plastic production reached 400 million metric tons [2], 
with forecasts predicting an increase to 1.48 billion metric tons by 2050 
[3]. Over 90 % of plastic waste is not adequately recycled, and 
approximately 10 % of terrestrial plastic debris enters marine ecosys
tems, constituting about 85 % of total marine litter [4]. Within marine 
environments, plastics undergo degradation through physical, chemical, 

and biological processes [5,6], resulting in the formation of micro
plastics (MPs, <5 mm) and nanoplastics (NPs, <100 nm) [7,8]. These 
particles have been identified in seawater, sediments, and marine or
ganisms [9,10]. MPs and NPs can release harmful additives, such as 
phthalates and bisphenol A [3], and adsorb heavy metals and persistent 
organic pollutants [11,12]. Extensive research has demonstrated that 
MPs and NPs exhibit bioaccumulative potential and toxicological ef
fects, presenting substantial risks to ecosystems and human health 
through food chain transfer [13].

MPs and NPs can accumulate in organisms, triggering toxic effects 
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such as gastrointestinal obstruction, metabolic dysregulation, repro
ductive system abnormalities, and changes in biochemical parameters 
[14]. The liver, as the central metabolic and secretory organ of the 
digestive system, plays a critical role in protein synthesis, nutrient 
metabolism, xenobiotic detoxification, and immune regulation [15]. 
Upon internalization of MPs and NPs into organisms, these particles 
elicit a compensatory response, marked by the upregulation of genes 
such as the sodium/potassium-transporting ATPase subunit alpha-4 
(Atp1a4) and the calcium-activated chloride channel regulator 3 A-1 
(Clca3a1). This response enhances cellular energy metabolism and 
chloride homeostasis to mitigate the disruptions caused by MPs [16]. A 
substantial body of experimental evidence demonstrates that MPs and 
NPs exert significant toxic effects on the liver of marine organisms. 
Research has shown that exposure to MPs and NPs can induce patho
logical changes in liver tissue, including hepatocyte swelling, inflam
matory cell infiltration, and structural damage [17]. At the molecular 
level, temporary exposure to MPs or NPs can activate the unfolded 
protein response, specifically through the PERK-Eif2a signaling 
pathway, leading to oxidative stress in the liver. This, in turn, results in 
lipid accumulation and hepatocyte degeneration [18]. Additionally, 
animal studies have confirmed that exposure to MPs and NPs signifi
cantly alters the expression of genes involved in lipid metabolism, 
including key regulatory factors such as PPAR, SREBP1, and AMPK [19].

Compared to MPs, NPs exhibit significantly higher bioaccumulation 
potential in hepatic tissue. Quantitative analyses in both fish and 
mammalian models consistently show a greater accumulation of NPs in 
the liver than MPs, likely due to their smaller size and increased cellular 
uptake efficiency [20]. This heightened accumulation and greater 
“availability” of NPs result in more severe hepatic injury, including in
flammatory responses, oxidative stress, dysregulation of lipid meta
bolism (such as hepatic steatosis), and, in some cases, progression to 
cirrhosis and fibrosis [18,21]. These differences underscore the critical 
role of particle size in determining the toxicity of MPs and NPs [22,23]. 
Compared to MPs, NPs possess a smaller size and a larger specific surface 
area, which enable them to more readily penetrate biological barriers, 
such as the gaps between intestinal epithelial cells or gill mucosa, and 
reach the liver via the bloodstream [24]. The increased bioavailability of 
NPs enhances their interaction with cellular membranes, inducing 
endoplasmic reticulum stress and mitochondrial dysfunction. Conse
quently, this results in increased oxidative stress and inflammation [25]. 
These properties account for the typically greater toxicity of NPs 
compared to MPs at the same exposure levels [26].

Current toxicological research predominantly focuses on model or
ganisms (such as zebrafish and tilapia), with a notable scarcity of studies 
on fish species of high economic importance. Taking the pearl gentian 
grouper as an example, this species accounts for over 70 % of China’s 
total grouper aquaculture production [27]. In 2022, China’s grouper 
farming output reached 205,800 tons, ranking it as the third largest 
marine aquaculture fish species and establishing it as a vital economic 
species in the southeastern coastal regions. Given the widespread pres
ence and ingestion of MPs and NPs in marine environments [28], the 
pearl gentian grouper inevitably becomes a carrier of these contaminants 
[29,30]. The toxicity study of MPs and NPs for this species has not been 
reported in a systematic study, and its key scientific issues such as bio
accumulation patterns and molecular toxicological mechanisms need to 
be carried out urgently. Accordingly, the aim of this study is to inves
tigate the transfer patterns of MPs and NPs in the pearl gentian grouper, 
and focus on the mechanism of NPs on hepatic lipid metabolism in pearl 
gentian grouper. Combined with histopathological analysis, oxidative 
stress indicators, biochemical parameters, and transcriptome analysis of 
lipid metabolism related genes, we systematically evaluate the inter
fering effects of NPs on hepatic lipid metabolism and its potential mo
lecular mechanisms.

2. Methods

2.1. Materials and chemicals

In this study, spherical PS MPs and NPs with particle sizes of 5 μm, 
500 nm, and 50 nm were utilized. These samples were procured from 
Jiangsu Zhichuan Technology Co., Ltd. (Jiangsu, China). The stock so
lutions of PS MPs and NPs were stored at 4 ◦C and subjected to ultra
sonication for 30 min prior to use to ensure uniform dispersion of the 
particles. The morphological characteristics and dimensions of PS MPs 
and NPs were analyzed using a desktop scanning electron microscope 
(SEM, JSM-7800F, TESCAN, Czech) and a transmission electron micro
scope (TEM, TF30, JEOL Ltd., Japan). Particle size distribution is 
quantified by laser diffraction for MPs (Microtrac S3500, Malvern In
struments, England) and dynamic light scattering (DLS, Malvern Zeta
sizer Nano ZS90, Malvern Instruments, England) for NPs. Surface charge 
characteristics are determined via zeta potential measurements (DLS, 
Malvern Zetasizer Nano ZS90, Malvern Instruments, England).

2.2. Fishing rearing and sampling

The pearl gentian grouper used in this experiment were obtained from 
Daqiuzhuang Aquaculture Co., Ltd. (Guangdong, China). The initial 
body weight of the fish was 54.79 ± 8.11 g, and the body length was 
15.38 ± 0.96 cm. The experimental conditions were natural winter 
conditions with a temperature range of 10–15 ◦C. After two weeks of 
acclimation, the fish were randomly assigned to four groups (n = 25 per 
group): a control group and three treatment groups exposed to PS 
microbeads with particle sizes of 5 μm, 500 nm, and 50 nm, respectively. 
Based on the sampling results, we chose 1 mg/L as the exposure con
centration for all groups (Fig.S1), and there is a 15-day exposure period. 
Prior to exposure, the PS MPs and NPs were pre-treated to prepare 
suspensions following the method described by Zhang et al. [31] (Fig. 
S2). At the end of the experiment, the fish were euthanized using tri
caine. Subsequently, samples of liver, gill, intestine, stomach, and 
muscle tissues were collected, and immediately frozen in liquid nitro
gen, and then stored at − 80 ◦C in an ultra-low temperature freezer for 
further analysis. Ethical approval was obtained from the Ethical Com
mittees of the South China Sea Institute of Oceanology, Chinese Acad
emy of Science.

2.3. Organ distribution analysis

The pyrolysis method in combination with gas chromatogra
phy–mass spectrometry (Py-GC/MS) established by Zhou et al. [32] was 
used for quantification of MPs and NPs in the main tissue organs (gills, 
intestine, liver, muscle and stomach) of the pearl gentian grouper. The 
detailed procedure was as follows: 1 mL of 25 % tetramethylammonium 
hydroxide (Shanghai Aladdin Biochemical Co., Ltd., Shanghai, China) 
solution was added to the tissue samples, followed by digestion on a 
constant temperature shaker (300 rpm, 25 ◦C) for 24 h. Subsequently, 
10 mL of anhydrous ethanol was added, and the mixture was incubated 
in a water bath at 80 ◦C for 30 min. After centrifugation at 4000 rpm for 
5 min, the supernatant was discarded. The pellet was then resuspended 
in 0.50 mL of ultrapure water, and 200 μL of the suspension was 
transferred to a pyrolysis target in three aliquots, dried at 70 ◦C, and 
prepared for analysis. For Py-GC/MS analysis, styrene trimer (m/z = 91) 
was used as the characteristic indicator for polystyrene quantification 
(pyrolyzer: Frontier EGA/PY-3030D, Frontier Laboratories Ltd., 
Fukushima, Japan; gas chromatograph: Agilent 5977B, Agilent Tech
nologies, Inc., Santa Clara, USA; mass spectrometer: Agilent 8890, 
Agilent Technologies, Inc., Santa Clara, USA).

2.4. Pathological examination

Liver tissue samples were fixed in 4 % paraformaldehyde for 24 h, 
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followed by embedding in paraffin (for hematoxylin-eosin staining, 
H&E) and optimal cutting temperature compound (for Oil Red O 
staining). Serial sections with a thickness of 5–8 μm were prepared using 
a microtome. H&E sections were used to examine histopathological 
changes in the liver tissue, while Oil Red O sections were employed to 
assess lipid droplet accumulation within hepatocytes. All sections were 
observed under a light microscope, and quantitative analysis of histo
pathological alterations and lipid droplet accumulation was performed 
using ImageJ image analysis software (National Institutes of Health, 
USA).

2.5. Biochemical analysis

Precisely 100 mg of liver tissue from pearl gentian grouper was 
weighed and placed into a 2 mL sterile grinding tube. Pre-chilled 
phosphate-buffered saline (PBS, pH 7.40) was added at a 1:9 (w/v) 
ratio. The samples were then ground in a cryogenic grinder at − 30 ◦C, 
followed by centrifugation at 4 ◦C and 15000 rpm for 10 min. The su
pernatant was collected, and commercial kits were used to measure the 
levels of superoxide dismutase (SOD), catalase (CAT), malondialdehyde 
(MDA), and glutathione (GSH) (Beijing MREDA Technology Co., Ltd., 
Beijing, China), as well as total cholesterol (T-CHO), triglycerides (TG), 
and low-density lipoprotein cholesterol (LDL-C) (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

2.6. RNA-sequencing analysis and quantitative real-time PCR (q-PCR)

After the exposure period, three pearl gentian groupers were randomly 
selected from each group, and their liver tissues were collected for 
transcriptomic analysis. Following established protocols, total RNA 
extraction, RNA integrity assessment, library construction, and high- 
throughput sequencing were performed [33]. Based on normalized 
gene expression levels, differentially expressed genes (DEGs) were 
identified between the control and treatment groups using a threshold of 
greater than 1.5-fold change (|log2foldchange| > 0.585) and a signifi
cance level of p < 0.05. Functional annotation and enrichment analysis 
of DEGs were conducted using Gene Ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) pathway analyses. Additionally, 
KEGG enrichment analysis was employed to elucidate lipid metabolism 
pathways associated with the DEGs. Furthermore, the expression levels 
of 12 selected genes were validated using real-time quantitative poly
merase chain reaction. Detailed information on gene names and primer 
sequences was provided in the supplementary materials (Table.S1).

2.7. Data analysis

Data visualization and graphical representation were performed 
using Origin 2023 (OriginLab Corporation, USA), SPSS (International 
Business Machines Corporation, USA), and GraphPad Prism 10 
(GraphPad Software Corporation, USA). All data are presented as mean 
± standard deviation. Statistical differences between the control and 
exposure groups were evaluated using one-way analysis of variance. p 
value less than 0.05 was considered indicative of a statistically signifi
cant difference between the exposure and control groups. Different 
numbers of asterisks represent different p values: * was for p < 0.05, ** 
was for p < 0.01, *** was for p < 0.001, **** was for p < 0.0001.

3. Results and discussion

3.1. Characterization of PS MPs and NPs

The purchased MPs and NPs of three different particle sizes were 
characterized using SEM, TEM, DLS, and Zeta potential measurements 
(Fig.S3). The SEM and TEM results revealed that the PS MPs and NPs of 
all three sizes used in this study were spherical in shape. The average 
particle sizes for PS5 μm, PS500 nm, and PS50 nm were determined to be 

4.66 ± 0.26 μm, 524.84 ± 22.26 nm, and 54.06 ± 2.38 nm, respec
tively. Zeta potential analysis indicated that the PS particles were pre
dominantly negatively charged, with values of − 14.90 ± 1.59 mV, 
− 40.03 ± 11.77 mV, and − 1.75 ± 1.62 mV for the respective sizes. 
Notably, the 500 nm PS particles exhibited the highest Zeta potential 
value. We redispersed 50 nm NPs and measured their Zeta potential to 
be − 28.75 ± 2.06 mV, indicating that under this method, NPs can be 
well dispersed (Fig.S2).

3.2. PS MPs and NPs have extensive absorption and distribution in 
various tissues of fish

In this study, the distribution characteristics of PS MPs and NPs in 
various tissues of pearl gentian grouper after a 15-day exposure at a 
concentration of 1 mg/L were determined using Py-GC/MS. The 
experimental results demonstrated that the polystyrene trimer, with a 
retention time of 24–26 min and a mass to charge ratio of 91, could serve 
as a characteristic marker for PS quantification without significant 
interference from the protein extraction process [32] (Fig. 1a, Fig. 1b, 
Fig. 1c, Fig.S4). Tissue distribution analysis revealed that PS5 μm parti
cles exhibited the highest accumulation in the digestive system, specif
ically in the stomach and intestine, with concentrations of 3.61 μg/g and 
5.60 μg/g wet tissue, respectively, which were approximately 2–6 times 
higher than those of NPs. In respiratory organs, the accumulation of PS50 

nm particles in gill tissue was significantly greater than that of other 
sizes, reaching 5.60 μg/g wet tissue, compared to 0.56 μg/g and 0.94 μg/ 
g wet tissue for the other particle sizes. In muscle tissue, PS content 
showed a particle size-dependent pattern, decreasing with smaller par
ticle sizes (ranging from 2.67 ± 0.62 to 1.49 ± 0.71 μg/g wet tissue). 
The liver tissue displayed a distinct distribution profile, with the highest 
content of PS50 nm (22.94 ± 6.46 μg/g wet tissue) and a notable 
increasing trend as particle size decreased (Fig. 1d, Fig. 1e, Fig. 1f, Fig. 1
g, Fig. 1 h, Table.S2).

Particle size is a critical factor influencing the uptake and distribu
tion of MPs. Due to their higher specific surface area and lipophilic 
properties, NPs tend to aggregate on the intestinal surface, whereas MPs 
are primarily excreted through feces [34]. Notably, regardless of size, 
both MPs and NPs can impair intestinal barrier function, thereby 
enabling their penetration through intestinal epithelial cells into the 
internal environment [35]. Once inside the body, MPs and NPs can 
bypass the protective barriers of the circulatory and lymphatic systems, 
resulting in widespread systemic distribution [36]. The liver, as a central 
organ for metabolism and detoxification, is the primary site for the 
accumulation of exogenous PS, with concentrations significantly higher 
than in other tissues, making it a primary target for the toxic effects of 
MPs and NPs. Furthermore, the presence of MPs and NPs has also been 
detected in other organs, such as the brain and kidneys [37,38]. In the 
respiratory system, NPs are easily absorbed through gill tissues and 
transported to various internal organs via the bloodstream, while MPs, 
although retained, are less prone to accumulation [39]. Despite exten
sive research on the impact of particle size on the tissue accumulation of 
MPs and NPs, variables such as exposure duration, exposure method, 
tissue type, and detection techniques can significantly influence exper
imental outcomes. Consequently, the widespread distribution and 
accumulation patterns of MPs and NPs in pearl gentian grouper under
score their potential risk to food safety, warranting further attention and 
investigation. In addition to this, the presence of MPs has been detected 
in other economically important species, such as large yellow croaker and 
eel [40]. Studies have shown that eels, due to their benthic habits, are 
more likely to come into contact with MPs in sediments. Consequently, 
the MPs detected in their intestines are often associated with higher 
concentrations of adsorbed pollutants [41,42]. With the continuous 
development of the aquaculture industry, food safety issues have 
increasingly garnered public attention. Therefore, reducing biological 
contamination and enhancing food safety at the table have become key 
areas of research.
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3.3. Main pathological changes in liver following MPs and NPs exposure 
of different size

Following a 15-day exposure experiment, MPs and NPs caused sig
nificant pathological damage to liver tissue compared to the control 
group. Histopathological analysis revealed characteristic damage, 
including hepatocyte swelling, indistinct cell boundaries, vacuolar 
degeneration, inflammatory cell infiltration, fatty degeneration, and 
localized fibrous tissue proliferation (Fig. 2a, Fig.S5). Quantitative 
assessment using a liver injury scoring system indicated a clear particle 
size-dependent pattern in these pathological changes (Fig. 2c). Specif
ically, as the particle size of MPs and NPs decreased, their ability to 
penetrate the intestinal epithelial barrier and directly impact the liver 
via the circulatory system was significantly enhanced [43]. This finding 
aligns with previous studies [44], smaller NPs exhibited a broader tissue 

distribution within organisms and exerted stronger toxic effects when 
compared with MPs. It is noteworthy that the liver exhibits a degree of 
tissue damage closely associated with liver dysfunction [45]. This study 
revealed that MPs and NPs exposure not only caused typical hepatocyte 
damage but also triggered a distinctive disruption in lipid metabolism. 
Through Oil Red O staining analysis, we observed a significant reduction 
in lipid deposition area in the liver tissue of the exposure group (Fig. 2b, 
Fig. 2d, Fig.S6), a phenomenon that differs from previous reports. This 
finding suggests that MPs and NPs may exacerbate liver injury by 
interfering with lipid metabolism pathways in the liver [46]. Therefore, 
MPs and NPs exposure can lead to liver dysfunction through multiple 
mechanisms, including the induction of hepatic inflammation, promo
tion of fatty degeneration, and disruption of lipid metabolism.

The experimental results demonstrated that MPs and NPs exposure 
exerted a significant particle size-dependent effect on the levels of TG, T- 

Fig. 1. (a-c) Py-GC/MS chromatogram of PS5 μm, PS500 nm and PS50 nm. The total ion chromatogram (TIC), selected indicator ion chromatogram (SIC, m/z 91). (d-h) 
Determination of MPs and NPs content in major organs of pearl gentian grouper after exposure to MPs and NPs of different particle sizes, including (d) Muscle; (e) Gill; 
(f) Liver; (g) Intestine; (h) Stomach. Data are expressed as mean ± standard deviation. With four independent tests in every treatment.
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CHO, and LDL-C in liver tissue. As particle size decreased, the TG con
tent in the liver tissue exhibited a gradual declining trend (Fig. 3a), 
while the levels of T-CHO and LDL-C showed a marked increase (Fig. 3b, 
Fig. 3c), with the most pronounced changes observed in the 50 nm 
exposure group (p < 0.05). TG, as a critical regulator of energy ho
meostasis and lipid metabolism [47], is primarily stored in adipocytes in 
the form of lipid droplet, providing energy reserves for the organism 
[48]. The reduction in TG content suggests that MPs and NPs exposure 
may accelerate the breakdown of TG to meet energy demands. This 
observation is in accordance with the findings of Chen et al. [49], who 
reported that MPs exposure led to a decrease in TG levels in mouse liver, 
subsequently triggering liver dysfunction, hepatocyte damage, and lipid 
metabolism disorders.

LDL-C functions as a primary mediator of lipid transport and plays a 
pivotal role in shuttling lipids from the liver to peripheral tissues [19]. 
The elevated LDL-C levels observed in this study suggest a compensatory 
mechanism to alleviate metabolic stress induced by MPs and NPs 

exposure, though this adaptive response may concurrently disrupt lipid 
homeostasis and energy metabolism. As a critical regulator of fish 
metabolism, growth, and health, cholesterol is instrumental in govern
ing lipid catabolism and energy allocation, while also modulating 
various physiological processes, including cellular signaling cascades 
[50]. Research by Lee et al. [51] has demonstrated that the accumula
tion of MPs and NPs in the body can induce liver damage accompanied 
by elevated cholesterol levels. This may represent an adaptive defense 
mechanism, whereby the organism provides additional energy to miti
gate the toxic effects of MPs and NPs. Furthermore, exposure to MPs and 
NPs may also promote the development of atherosclerosis by triggering 
inflammatory responses. Specifically, the inflammatory environment 
can lead to the oxidation of LDL-C, which is subsequently engulfed by 
macrophages and transformed into cholesterol and lipid rich foam cells 
[52]. By comprehensively analyzing the changes in TG, LDL-C, and T- 
CHO levels, it can be inferred that MPs and NPs exposure significantly 
accelerates the organism’s energy metabolism processes, mobilizing 

Fig. 2. Pathological changes in the liver after exposure to PS MPs and NPs of different particle sizes. (a) Hematoxylin-eosin staining images of liver. (Magnifica
tion:×20) (b) Quantitative analysis of liver damage. (c) Oil red o staining image of liver. (Magnification:×20) (d) Oil red o staining area percentage. Different symbols 
represent different types of damage. (▸: Inflammatory cell infiltration; ➧: Hepatocyte swelling; : Fibrosis; →: Tissue damage; ◎: Liver lobule destruction; ★: 
Pigmentation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lipid reserves to provide energy support in response to exogenous con
taminants. This finding offers a crucial metabolic perspective for further 
elucidating the toxicity mechanisms of MPs and NPs.

3.4. Effect of different particle size PS MPs and NPs on oxidative stress in 
liver tissues

Exposure to MPs and NPs can trigger oxidative stress responses in 
organisms, with a pronounced particle size-dependent effect: as particle 
size decreases, the intensity of oxidative stress significantly increases 
[53]. This heightened oxidative stress prompts cells to release numerous 
inflammatory mediators, which activate the organism’s immune system, 
leading to inflammatory responses and ultimately disrupting the ho
meostasis of hepatic lipid metabolism. Among these processes, the 
excessive production of reactive oxygen species (ROS) is regarded as a 
central mechanism contributing to hepatotoxicity and lipotoxicity.

In the pearl gentian grouper, we observed that MPs and NPs exposure 
significantly disrupted the balance of the antioxidant system. Specif
ically, the levels of SOD and CAT were markedly reduced (Fig. 3d, 
Fig. 3e), while the levels of MDA and GSH were significantly elevated 
(Fig. 3f, Fig. 3g). SOD and CAT, as the first line of defense in the anti
oxidant system, are responsible for converting superoxide radicals into 
hydrogen peroxide and further decomposing it into water and oxygen, 
respectively [54,55]. The decline in their activities indicates a signifi
cant impairment in the organism’s ability to scavenge ROS. Under these 
conditions, GSH plays a vital role in mitigating MPs and NPs induced 

oxidative damage by converting peroxides into less toxic hydroxyl 
compounds [56].

It is noteworthy that MDA, a specific marker of lipid peroxidation in 
cell membranes [57], exhibited a significant increase in content, directly 
reflecting the extent of cell membrane damage caused by exposure to 
MPs and NPs. Previous studies have shown that MDA not only acts as a 
biomarker of oxidative stress but also induces apoptosis in various cell 
types, including hepatocytes [58]. Furthermore, due to their ability to 
directly penetrate cell membranes, NPs can more effectively disrupt the 
cellular microenvironment and metabolic processes, while the toxic 
additives they release further intensify oxidative stress levels. The 
findings of this study are highly consistent with those reported by Tao 
et al. [59], confirming that exposure to MPs and NPs significantly im
pairs the liver’s antioxidant system function and leads to abnormal el
evations in MDA and GSH levels.

3.5. Overview of changes in hepatic transcriptome

This study employed RNA-seq technology to systematically investi
gate the molecular regulatory mechanisms of lipid metabolism in the 
liver of the pearl gentian grouper under MPs and NPs exposure. Tran
scriptomic analysis revealed that 441, 397, and 499 DEGs were identi
fied in the respective exposure groups, with 23 genes exhibiting a 
consistent differential expression pattern across all three groups (Fig. 4a, 
Fig. 4b, Fig. 4c). To gain deeper insights into the biological roles of these 
DEGs, we conducted comprehensive functional enrichment analyses 

Fig. 3. Analysis of biochemical parameters and oxidative stress. (a) TG content; (b) LDL-C content; (c) T-CHO content; (d) SOD content; (e) CAT content; (f) MDA 
content; (g) GSH content.
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using GO and KEGG databases. GO annotation classified the DEGs into 
three primary categories: Biological Process, Cellular Component, and 
Molecular Function (Fig. 4d). The analysis revealed that significantly 
enriched DEGs were primarily associated with biological functions such 
as “cellular processes,” “metabolic processes,” “single-organism re
sponses,” “binding,” and “catalytic activity.” Notably, the pronounced 
enrichment in “metabolic processes” suggests that MPs and NPs expo
sure may induce widespread disruptions in cellular metabolic homeo
stasis [60]. This finding aligns with the observed changes in TG, T-CHO, 
and LDL-C levels, as well as the results of Oil Red O staining, collectively 
confirming the substantial interference of MPs and NPs exposure on 
hepatic lipid metabolism. Furthermore, the significant enrichment in the 
“catalytic activity” category indicates that MPs and NPs exposure might 
influence the organism’s antioxidant defense system by affecting 
enzyme activity [61]. This hypothesis is supported by the observed 

variations in antioxidant enzyme activity in the present study. Addi
tionally, research by Dar et al. [62] has demonstrated that the expression 
and activity of antioxidant enzymes exhibit a characteristic “biphasic 
response”: they are positively regulated under low stress conditions but 
significantly suppressed under high stress conditions. This phenomenon 
may account for the observed dysfunction in the antioxidant system in 
this study.

Based on transcriptomic data analysis, we categorized the 934 
identified DEGs into 10 distinct gene clusters with varying expression 
patterns. Among these, the expression profiles of genes in Clusters 3, 4, 
6, and 7 were significantly associated with disruptions in hepatic lipid 
metabolism (Fig.S7). KEGG pathway enrichment analysis revealed that 
these DEGs were predominantly involved in metabolic pathways such as 
triglyceride metabolism, adipocyte lipolysis regulation, glycer
ophospholipid metabolism, steroid biosynthesis, and pathological 

Fig. 4. Transcriptome analysis results of MPs of different particle sizes. (a-c) Volcano plot of expression differences between different particle size exposure groups 
and control groups. (a) 5 μm. (b) 500 nm. (c) 50 nm. (d) GO functional annotation analysis. (e-f) KEGG pathway enrichment analysis after exposure to MPs and NPs of 
different particle sizes. (e) 5 μm. (f) 500 nm. (g) 50 nm.
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processes like atherosclerosis. Notably, DEGs in other clusters were 
primarily linked to biological processes including apoptosis, immune 
response, and signal transduction. Further analysis indicated significant 
variations in the hepatic lipid metabolism pathways affected by MPs and 
NPs exposure. These particle size-dependent pathway differences are 
likely to reflect a close relationship between the toxicity mechanisms of 
MPs and NPs and their physicochemical properties. Specifically, MPs 
may primarily disrupt cellular functions through physical stimulation 
and surface adsorption, whereas NPs can penetrate cells directly, 
exerting toxic effects by interfering with organelle functions and mo
lecular signaling pathways. This finding provides crucial molecular- 
level evidence for understanding the particle size-dependent toxicity 
mechanisms of MPs and NPs.

Transcriptomic analysis revealed that although PS MPs and NPs of 
varying particle sizes exhibited significant enrichment in lipid 
metabolism-related pathways, the specific metabolic pathways affected 
differed markedly (Fig. 4e, Fig. 4f, Fig. 4g). Specifically, PS5 μm was 
predominantly enriched in pathways such as “atherosclerosis” and 
“regulation of lipolysis in adipocytes”; PS500 nm showed significant 
enrichment in pathways related to “atherosclerosis” and “circadian 
rhythm”; while PS50 nm primarily influenced pathways including 
“circadian rhythm,” “regulation of lipolysis in adipocytes,” and 

“triglyceride metabolism.” These particle size-dependent pathway var
iations highlight fundamental differences in the toxicity mechanisms of 
MPs and NPs [63]. Notably, although MPs and NPs may induce similar 
toxic effects, the intensity and underlying mechanisms of their impact 
vary considerably. Due to their higher bioavailability, NPs are more 
readily absorbed and accumulated in tissues, leading to stronger 
oxidative stress and inflammatory responses [64]. In contrast, MPs 
primarily exert their effects by disrupting gut function and altering gut 
microbiota homeostasis [65]. This finding is consistent with the results 
reported by Choi et al. [66] and Jeong et al. [67]. However, existing 
studies are limited to indicate that both MPs and NPs can cause gut 
microbiota dysbiosis, the underlying mechanisms of these effects require 
further investigation.

To validate the reliability of the RNA-seq results, we performed q- 
PCR analysis on key genes involved in the regulation of adipocyte 
lipolysis and triglyceride metabolism (such as PNPLA2, MGLL, LIPC, and 
LPIN1) as well as other genes associated with lipid metabolism (C1QL4 
and FABP3) (Fig. 5a, Fig. 5b). Since the PS500 nm exposure group showed 
limited enrichment in lipid metabolism pathways, q-PCR validation was 
conducted on the control group and other two treatment groups. The 
results demonstrated that the expression patterns of these genes were 
highly consistent with the Illumina sequencing data, exhibiting similar 

Fig. 5. (a) Heatmap of q-PCR gene expression; (b) q-PCR validation of RNA-sep. Up and down represent up-regulated genes and down-regulated genes, respectively.

J. Wang et al.                                                                                                                                                                                                                                    Environmental Chemistry and Ecotoxicology 7 (2025) 2544–2555 

2551 
927



upregulation and downregulation trends, thereby confirming the reli
ability of the DEGs analysis.

3.6. Potential mechanism of hepatic lipid metabolism disruption by small 
particle size PS MPs and NPs

Based on these findings, we propose the hypothesis of multiple 
mechanisms of action of MPs and NPs exposure leading to disorders of 
hepatic lipid metabolism (Fig. 6). 

(1) MPs and NPs exposure during the overwintering period interferes 
with glyceride metabolism and adipocyte lipolytic regulatory 
processes. Research by Wang et al. [68] demonstrated that under 
cold stress, perch adapt to the demands of lipid metabolism by 
downregulating gene expression in the mTOR signaling pathway 
while upregulating PPAR-a expression. Notably, pearl gentian 
grouper exhibits a significant reduction in food intake when 
temperatures drop below 24 ◦C, and feeding ceases entirely at 
13 ◦C [69]. Combining the Oil Red O staining and transcriptomic 
analysis results from this study, we found that MPs and NPs 
exposure accelerates lipid breakdown in adipose tissue, leading 
to premature depletion of energy reserves and thereby impairing 
the fish’s ability to cope with cold stress. This observation aligns 
with findings by Biro et al. [70], who reported that small onco
rhynchus mykiss experience significantly increased mortality rates 
due to early exhaustion of lipid reserves during winter. It is 
noteworthy that the smaller the particle size of MPs, the more 
pronounced the depletion of hepatic lipid reserves. Although this 
study did not directly measure fatty acid content, considering 
that fatty acids are central components of lipid metabolism, 
future research should prioritize examining changes in fatty acid 
profiles. This will contribute to a more comprehensive under
standing of the molecular mechanisms underlying MPs and NPs 
induced lipid metabolism disorders, particularly by elucidating 
their toxic effects from the perspective of fatty acid metabolism.

(2) MPs and NPs exposure leads to energy metabolism imbalance. To 
cope with the physiological stress induced by MPs and NPs 
exposure, fish must increase their metabolic demands to maintain 
essential physiological functions, resulting in a significant 
reduction of energy allocated for growth and development, 
thereby causing an imbalance in energy distribution [71]. The 
reduction in lipid content is not only attributed to the lack of 
nutritional value in MPs and NPs but may also be linked to the 
increased energy demand caused by the inflammatory responses 
they trigger [72]. This finding is corroborated by the results of 
hematoxylin-eosin staining. Transcriptomic analysis further 
revealed significant enrichment in the IL-17 signaling pathway 
and autophagy-related pathways, which are energy-dependent 
biological processes that exacerbate energy consumption [73]. 
This phenomenon is consistent with the findings of Watts et al. 
[74], who reported that MPs exposure leads to a notable reduc
tion in energy reserves and lipid depletion in crabs. Additionally, 
studies suggest that certain organisms may activate anaerobic 
metabolic pathways to cope with chemical stress induced by MPs 
and NPs exposure [75]. Collectively, these findings jointly 
explained that MPs and NPs exposure disrupts energy metabolism 
balance, resulting in reduced hepatic lipid storage and subse
quently impairing the normal growth and development of or
ganisms. Given that numerous studies have demonstrated a 
significant increase in the levels of inflammatory mediators (e.g., 
TNF-α, IL-1β) and their gene expression under exposure to MPs 
and NPs as well as cold stress conditions, we did not directly 
measure the concentrations of these inflammatory mediators or 
autophagy markers (e.g., LC3-II) to further validate the tran
scriptomic analysis results. Future studies could employ real-time 
sample collection and multi-omics approaches to further sub
stantiate the related hypotheses [76–81].

(3) Disruption of TG metabolism and abnormal transport. TG plays a 
critical role in maintaining energy homeostasis and serves as the 
primary form of energy storage in adipose tissue. Under condi
tions of increased energy demand, such as fasting, TG can be 

Fig. 6. Diagram of glycerol metabolism and lipid decomposition regulation in pearl gentian grouper exposed to 50 nm PS NPs. Red rectangles indicate up-regulated 
genes, and blue rectangles indicate down-regulated genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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hydrolyzed to release fatty acids, providing energy for the or
ganism [82]. Adipose triglyceride lipase (ATGL) acts as the rate- 
limiting enzyme in TG breakdown, primarily catalyzing the 
initial hydrolysis step of TG to produce diacylglycerol, which 
serves as a substrate for hormone-sensitive lipase (HSL), thereby 
supplying essential energy to the organism [83]. Following MPs 
and NPs exposure, the expression level of ATGL is significantly 
upregulated, which subsequently promotes the catabolism of TG 
in the liver. This process results in a reduction of hepatic TG 
content, while TG is transported from the liver to peripheral tis
sues in the form of LDL-C via apolipoprotein-mediated mecha
nisms to meet the energy demands of other tissues. This abnormal 
metabolism and transport of TG may represent a key mechanism 
underlying the disruption of hepatic lipid metabolism induced by 
MPs and NPs exposure.

3.7. Mitigation measure

To mitigate the adverse effects of MPs and low temperatures, we 
propose the following measures from the perspectives of the aquaculture 
environment and dietary interventions, taking into account both eco
nomic costs and practical benefits. Firstly, to address the issue of MPs 
pollution, we recommend implementing a dual-filtration system at the 
water inlets and outlets of aquaculture facilities. Specifically, a primary 
large-pore filter can be used to remove larger debris, followed by a 
secondary small-pore filter to effectively capture MPs. This approach 
can significantly reduce the entry and re-circulation of MPs within 
aquaculture systems. Additionally, we suggest the adoption of bacteria- 
microalgae combined bioremediation technology to improve water 
quality and yield in closed-loop aquaculture systems while specifically 
targeting the removal of MPs to prevent their re-entry into the envi
ronment [84,85].

Furthermore, as increased membrane lipid unsaturation and oxida
tive stress exacerbate cellular damage under low-temperature condi
tions [86], we recommend the use of functional feed additives to 
alleviate cold stress in fish. Specifically, diets enriched with antioxidants 
such as vitamin E and vitamin C, as well as other bioactive compounds 
including propolis, phycocyanin, highly unsaturated fatty acids, 
inositol, and phospholipids, can enhance fish resilience to cold stress 
[87]. Studies have shown that pre-winter feeding with high-oil diets 
improves the health status of gilthead sea bream, while winter diets 
supplemented with the aforementioned compounds significantly in
crease the survival rate of gilthead sea bream during cold periods [88]. 
These cost-effective and feasible dietary interventions can be readily 
adopted by aquaculture practitioners to improve the physiological 
adaptation of fish to temperature fluctuations.

4. Conclusion

This study shows that MPs and NPs enter systemic circulation via the 
respiratory and digestive systems, accumulating in the liver of pearl 
gentian grouper. This accumulation causes pathological damage, oxida
tive stress, and abnormal lipid metabolism, with effects intensifying as 
particle size decreases. During the overwintering phase, MPs and NPs 
exposure accelerates lipid degradation, likely as a compensatory 
mechanism to maintain energy homeostasis under thermal stress. Two 
potential mechanisms underlie this disruption: (1) immune-mediated 
energy demand, where the immune response to MPs and NPs in
creases energy needs, enhancing lipid reserve mobilization; and (2) 
direct modulation of lipid metabolism, with MPs and NPs upregulating 
hepatic TG catabolism through altered expression of genes like PNPLA2, 
MGLL, and LIPG, reducing hepatic TG levels while increasing circulating 
LDL-C. These findings offer novel insights into the mechanisms of he
patic lipid metabolism disruption by MPs and NPs during overwintering.
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Abstract

The gut microbiota represents a critical yet underexplored “second genome” in the host that functions as a key driver of pollutant
transformation across Earth’s ecosystems. This review synthesizes the current understanding of over 490 pollutants across a wide
range of species, highlighting the universal role of gut microbial communities in modifying pollutant exposure. We have demonstrated
that gut microbial communities transform a broad spectrum of environmental pollutants through evolutionarily conserved pathways,
fundamentally altering their bioavailability, fate, and toxicity potential within the host. Transformation reactions are elucidated with
connections among the metabolic enzymes that are developed by specific gut microbes, emphasizing the markedly specific and
complementary signatures of microbial biotransformation compared to the host process. By integrating multidisciplinary studies, the
complex and dynamic interplay between the gut microbiota, host physiology, and environmental pollutants has been elucidated, and
drivers involved in the biotransformation processes have been proposed. Furthermore, current methodologies are critically evaluated,
and next-generation approaches to reveal the underlying mechanisms of gut microbiota-driven pollutant transformation are outlined.
This review underscores the urgent need to systematize research on “pollutant–gut microbiota–host” interactions and advocates the
integration of gut microbial perspectives into interdisciplinary research paradigms of toxicology, microbiology, and ecology.
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Introduction
Environmental pollutants pose unprecedented challenges to
ecosystems and human health in the Anthropocene [1]. While
traditional toxicology has focused primarily on direct host–
pollutant interactions, emerging evidence reveals a critical
yet underexplored driver in environmental toxicology: the gut
microbiota. The gut microbiota, which can be found in virtually
any metazoan, from invertebrates to vertebrates, serves as a
crucial interface between environmental exposure and biological
responses [2]. This complex microbial ecosystem, which com-
prises trillions of microbes with > 150-fold more genes than their
host [3, 4], performs functions including resistance to pathogens,
regulation of the immune system, fermentation of nondigestible
dietary fibers, anaerobic metabolism of peptides and proteins,
interaction with the circadian rhythm, and biotransformation of
xenobiotics [5, 6]. There is now growing recognition that the gut
microbiota functions as an “external” organ for the host [7, 8].

In recent years, the “game-changing potential” of the gut micro-
biota with respect to its effects on the mode of action (MOA) and
the absorption, distribution, metabolism, and excretion (ADME) of
pollutants have since shaped the ecological and environmental
toxicology. The gut microbiota acts as the first physical and
biological barrier against environmental pollutants from the diet
as it resides at the site of exposure. Environmental pollutants,
such as antibiotics [9], heavy metals [10, 11], persistent organic
pollutants (POPs) [12, 13], pesticides [14–16], nanomaterials [17,
18], and other emerging pollutants [19], strongly influence the
structure and activity of the gut microbiome. The gut-“X” axis of
the gut is considered an important target of pollutant toxicity,
such as intestinal injury [20], hepatic diseases [21], metabolic
disorders [22], immune perturbations [23], and behavioral and
neurochemical alterations [24, 25]. In addition, the gut microbiota
harbors diverse enzyme families with xenobiotic-transformation
potential, which function as modifiers of pollutant exposure in
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organisms. Many recent cutting-edge and innovative efforts in
toxicology have made great strides toward gut microbiota-driven
pollutant transformation in organisms ranging from invertebrates
to humans [5, 26–28]. The gut microbiota has been revealed to play
an important role in the biotransformation of pollutants, and dif-
ferent chemical transformation modes and toxicity modifications
associated with the hepatic process have been described [29].
Overall, research on the gut microbiota has spurred a paradigm
shift from focusing solely on host-level consequences to adopting
a more integrative toxicological approach that emphasizes host–
microbiota symbiosis as a key determinant of pollutant-induced
adverse outcomes.

Over the past few years, the impact of environmental pollu-
tants on the gut microbiota, together with induced host toxi-
cology, has been described in various recent reviews [7, 19, 28,
30, 31]. Although some reviews have summarized the available
information on pollutant biotransformation by the gut microbiota
[5, 26–28, 32–35], most have focused primarily on the human
gut microbiota as a major target. Globally, mechanistic and crit-
ical reviews of gut microbiota-driven pollutant transformation
grounded in the “One Planet, One Health” concept (encompassing
the multidisciplinary links among planet, human health, and ani-
mal health) are still lacking. Many recent cutting-edge and inno-
vative efforts in toxicology have made great strides toward gut
microbiota-driven pollutant transformation in organisms ranging
from invertebrates to humans [5, 26–28], covering: (i) potential
candidate microbes and their transformation activities; (ii) trans-
formation kinetics, pathways, and mechanisms of target pollu-
tants; and (iii) changes in pollutant bioavailability and toxicity
during microbial transformation. Pollutant transformation by the
gut microbiota may be far more diverse and complicated than
previously believed because of the complex interplay of several
factors. The gut microbiota encompasses diverse domains of life,
including archaea, bacteria, fungi, and viruses, all of which could
contribute to pollutant transformation. Differences in the amount
and composition of the gut microbiota among species directly
affect enzyme activities, resulting in significant variation in the
effects on pollutant transformation; in contrast, pollutant struc-
tures and properties can also determine the intrinsic recalcitrance
of pollutants to microbial transformation [36]. Moreover, various
host-related factors, such as host genetics, lifestyle, diet, and
environmental stress, can also dramatically modulate microbial
capacity and efficiency in pollutant transformation [30, 37, 38].
To date, the “gut microbiota-driven transformation” is a research
gap in which specialization has been neglected and research
frequently overlooks, where the associated direct transforma-
tion modulations and the indirect modulations under “pollutant–
microbiota–host” interactions are the key issues to be addressed.

By synthesizing insights from toxicological, microbiological,
and ecological research, this review aims to provide a compre-
hensive framework for understanding how gut microbiota-driven
biotransformation shapes the impact and fate of environmental
pollutants. First, a panoramic overview of the role of the gut
microbiota in the ADME processes of pollutants is provided, and
scenarios where the gut microbiota participates in the pollu-
tant transformation are proposed. Second, specific pathways (the
enzymes involved), functional microbes, and their corresponding
effects on toxicity in gut microbiota-driven transformation are
summarized on the basis of the latest knowledge of pollutant
transformation. Third, the drivers of this gut microbial trans-
formation distribution are analyzed from the basic perspective
of “pollutant–gut microbiota–host” interactions. Finally, method-
ological advances in the study of gut microbial transformation

are presented, and key issues that should be addressed in the
future are suggested. This timely and essential review of gut
microbiota-driven transformation will not only advance scientific
understanding but also facilitate the development of more accu-
rate risk assessment models and innovative strategies to miti-
gate the ecological and human health impacts of environmental
pollution.

A brief overview of gut microbiota-driven
transformation and its influence on
pollutant absorption, distribution,
metabolism, and excretion (ADME)
processes
The ADME processes determine the internal exposure and toxic
action of pollutants within the body. Among these factors, host-
gut microbiota cooperative transformation is recognized as both
the most influential and the least understood factor (Box 1A).
Due to their distinct physiological and enzymatic properties, the
host (particularly the liver, a primary site of chemical transfor-
mation) and the gut microbiota often exhibit divergent, or even
opposing, capabilities in metabolizing pollutants. As a highly
vascularized organ with a constant oxygen supply, the liver pre-
dominantly facilitates detoxifying transformation through the
action of cytochrome P450 monooxygenases (CYPs), hydrolases,
and conjugating enzymes [39, 40]. In contrast, much of the gut of
large animals are located in reducing environments, where the gut
microbiota cannot rely on oxygen as the terminal electron accep-
tor for respiration [41]. In general, hepatic transformation tends
to exhibit broad substrate specificity, whereas the gut microbiota
is capable of mediating a wide array of metabolic reactions,
including reductive and hydrolytic processes [42].

In humans and other vertebrate animals with a complete
digestive system, pollutants can encounter the gut microbiota
through various pathways. Once absorbed by the gastrointesti-
nal (GI) tract, the ingested pollutants often undergo “first-pass
metabolism (presystemic metabolism)” by the host’s enzymes
and microbial enzymes before they reach the systemic circula-
tory system. Hepatic metabolites in the circulation may also be
excreted via the bile back to the gut lumen and reprocessed by
the gut microbiota [4, 26], where the subsequent deconjugation
of the excreted phase II metabolites can result in “enterohep-
atic circulation” of chemicals in the body. Invertebrates possess
a simple digestive system (a simple tube of enterocyte cells)
harboring the gut microbiota [44], often resulting in a relatively
simple host–gut microbiota transformation process. Overall, the
host- and gut microbiota-driven transformations form a complex,
complementary, and interactive metabolic network.

The role of the gut microbiota in pollutant transformation and
the alteration of toxicokinetic and toxicodynamic properties are
closely tied to the structure and exposure route of the pollu-
tant. Briefly, gut microbiota-driven pollutant transformation in
humans and other vertebrate animals can be categorized into four
distinct scenarios (Box 1B). With respect to the susceptibility of
pollutants to microbial transformation, “first-pass metabolism”
by the gut microbiota can be considered the first barrier for
the entry of pollutants into the blood circulation system (i.e.
direct transformation). The easily absorbed and readily hepati-
cally conjugated pollutants are more likely to be reproposed by
the gut microbiota, thereby spending long periods in the systemic
circulation through this process of “enterohepatic circulation” (i.e.
indirect transformation) [4, 26]. In contrast to the previous two
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Box 1. Overview of the complex metabolic network of pollutants in the host-gut microbiota cooperative process (A) and the four
proposed scenarios of pollutant transformation with respect to the gut microbiota (B).

There are different ADME processes for xenobiotics in the digestive system of invertebrates and high-trophic level organisms. In the complete
digestive system, orally ingested chemicals first experience the extremely acidic environment of the stomach (pH 1.5) [43], where various pH-sensitive
compounds can undergo abiotic hydrolysis and reduction reactions. Subsequently, these compounds can be jointly modified by digestive enzymes and
the gut microbiota in the small intestine and colon. They are then absorbed by the intestinal tissues and enter into circulation. Compounds in the
circulatory system can be processed by hepatic transformation and excreted via the kidneys. Bile excretion provides another opportunity for
metabolism by the gut microbiota, in which the phase II metabolites can be transformed to the conjugated form then reabsorbed during the
“enterohepatic cycle” [4, 26]. Eventually, chemicals and metabolites that are not absorbed by the large intestine can be excreted via feces. In the simple
digestive system, host and microbial transformation processes are more likely to occur simultaneously and function together [44].

There are four scenarios in which the gut microbiota participates in pollutant transformation: (1) the “first-pass metabolism” of ingested pollutants by
the gut microbiota; (2) the hepatic metabolites (mainly the phase II metabolites) of some pollutants in the circulatory system may also be excreted via
the bile back to the gut lumen, after which they are reprocessed by the gut microbiota; (3) some persistent pollutants cannot be degraded due to their
persistence and limited residence time in the GI tract; and (4) the gut microbiota participates in a complex and interactive process with the host.

scenarios, the gut microbiota can hardly modify rapidly absorbed
or microbe-resistant chemicals (the third scenario). In addition,
the gut microbiota mainly exerts direct effects on dietary com-
pounds. Because the exposed pollutants bypass this “first-pass
metabolism” to enter systemic circulation via another route (i.e.
inhalation, dermal intake, or intravenous injection), only the bile-
excreted proportion can be processed by the gut microbiota [26].
In real-world scenarios involving mixed pollutant exposure, host–
gut microbiota cooperative biotransformation is the most com-
mon occurrence (the fourth scenario). Consequently, ADME stud-
ies must meticulously distinguish between these distinct trans-
formation processes and account for exposure- and structure-

specific mechanisms when evaluating the role of gut microbiota–
pollutant interactions.

Universality of gut microbiota-driven
pollutant transformation
The capacity of gut microbiota to transform environmental
pollutants demonstrates remarkable universality, as shown by
a comprehensive analysis of the biotransformation of over 490
structurally diverse pollutants by animal species across 13
taxonomic groups, spanning invertebrates, fish, birds, non-human
mammals, and human. Supporting data on transformation
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pathways, functional microbes, and potential toxicity modulation
are summarized from the environmental toxicology and ecotoxi-
cology studies (Fig. 1; Table 1; Supplementary Tables S1–S6).

Substrate and reaction universality of the gut
microbial transformation
Legacy organic pollutants
Even though legacy organic pollutants including POPs possess
relatively stable chemical structures, substantial evidences have
confirmed their biotransformation by gut microbiota of humans
and rodents (Supplementary Fig. S1). For instance, dechlorina-
tion has been identified as a general reductive metabolic path-
way for a wide range of chlorinated compounds [45, 46], includ-
ing dichlorodiphenyl trichloroethane (DDT), organochlorine pes-
ticides (OCPs) such as dieldrin, lindane, and methoxychlor, as well
as polychlorinated biphenyls (PCBs). Similarly, the ester bonds
in organophosphate pesticides (OPs) and other ester-containing
raw chemicals render these compounds susceptible to hydroly-
sis by enzymes (e.g. phosphoesterases) derived from human gut
microbiota [47, 48]. Furthermore, the nitro-containing pollutants,
such as nitro-polycyclic aromatic hydrocarbons (nitro-PAHs), can
be reduced by gut microorganisms to amino-polycyclic aromatic
hydrocarbons (amino-PAHs), thereby enhancing their mutagenic-
ity and carcinogenicity; for example, certain bacteria such as
Klebsiella sp. C1, which are isolated from humans may be involved
in this process [49, 50]. Similarly, azo dyes are susceptible to bio-
transformation by azo reductases produced by specific gut bacte-
ria, including Clostridium perfringens, Bacteroides ovatus, Enterococcus
faecalis, and Ruminococcus obeum, as well as the broader human gut
microbiota [51–53], though which generates carcinogenic aniline
derivatives. PAHs have also been reported to undergo hydroxy-
lation by CYPs from the gut microbiota [54, 55], yielding prod-
ucts with elevated estrogenicity. Furthermore, the gut microbiota-
mediated biotransformation of melamine has attracted much
attention due to the significant increase in nephrotoxicity caused
by the formation of cyanuric acid [56].

Metals
Microbial transformation of metals often involves complex
networks of redox, methylation, and thiolation reactions,
profoundly influencing their mobility and toxicity. Arsenic (As)
metabolism provides a seminal example of this metabolic
versatility, which display complex transformation networks: iAsV

can be reduced to iAsIII by sulfate-reducing bacteria (e.g. Desul-
fovibrio), subsequently methylated to monomethyl- (MMAV) and
dimethylarsinic acid (DMAV), and thiolated to generate products
such as monomethylmonothio- (MMMTAV), dimethylmonothio-
(DMMTAV), dimethyldithioarsinic acid (MMDTAV), and dimeth
yldiothio-arsonic acid (DMDTAV) [57–59]. Human gut microbiota
can also oxidize iAsIII to iAsV [60]. Meanwhile, organic arsenic
compounds (e.g. MMAV, DMAV, AsB, and arsenic sugars) can
also be transformed by the gut microbiota through hydrolysis to
enhance their host absorption [61–63]. Critically, this capacity for
biotransformation is not unique to As; similar bacterial methyla-
tion pathways have been confirmed for other metals including Hg,
Bi, Sb, Se, and Te (Supplementary Fig. S2), highlighting a conserved
functional role across metal substrates.

Pharmaceutical and personal care products (PPCPs)
The role of the gut microbiota in pharmaceutical transformation
has long been recognized and considered in the field of
pharmaceutical design (Supplementary Fig. S3). The reductive

metabolism of pharmaceuticals represents a significant biotrans-
formation process, particularly for structurally distinct groups
such as azo (–N=N–), nitro (–NO2), alkenes (–C=C–), ketones
(–C=O), N-oxides (–N–O), and sulfoxides (–S=O). For example, the
azo drugs (mainly the digestion-related drugs) of balsalazide,
ipsalazide, neoprontosil, olsalazine, prontosil, and sulfasalazine
are intentionally designed to avoid rapid adsorption to ensure
their effective delivery to the colonic region [64]. These prodrugs
rely on azo reductases secreted by the gut microbiota for azo
bond cleavage to release active ingredients [4, 65]. Nitrazepam
can be efficiently reduced to 7-aminonitrazepam by Clostridium
leptum from human gut [66], whereas the cardiac drug digoxin
can undergo alkene cleavage by the human gut microbiota
to produce dihydrodigoxin [67]. Hydrolysis is another critical
metabolic pathway for pharmaceuticals by the gut microbiota.
For instance, Helicobacter pylori, a bacterium found in human gut,
can initially inactivate L-DOPA by decarboxylating it to generate
m-tyramine and m-hydroxyphenyl-acetic acid via hydrolase
activity [68]. Similarly, antibiotics including benzylpenicillin and
chloramphenicol can also be dealkylated by the gut microbiota to
counteract their adverse effects [69]. In addition, deconjugation
mediated by microbial β-glucuronidases and other hydrolases
can transform the detoxified pharmaceuticals (the conjugates),
such as itirican (SN38) [70], acetaminophen [71], diclofenac
[72], indomethacin [73], and triclosan [74], extending their
pharmacological or toxicological effects.

Mycotoxins
Although mycotoxins are natural fungal metabolites, they have
attracted global attention as emerging pollutants that adversely
affect human health [75]. The transformation of deoxynivalenol
(DON) into deepoxy-deoxynivalenol by the gut microbiota is an
efficient detoxifying transformation that occurs by the gut micro-
biota (Supplementary Fig. S4) [76]. In addition, hydrolysis can also
be conducted by the gut microbiota to detoxify mycotoxins, such
as ochratoxin A [77]. The sulfate and glucuronide conjugates of
mycotoxins (e.g. DON [75, 76] and zearalenone [78]) can also be
rapidly deconjugated by the gut microbiota, extending their half-
lives in the body.

Polymers and nanomaterials
A key universal mechanism for polymer biotransformation by the
gut microbiota involves enzymatic oxidative fragmentation initi-
ated by microbial oxidases (e.g. cytochrome P450 and laccases),
followed by depolymerization and assimilation. This pathway has
been demonstrated for a range of synthetic polymers, such as
polyethylene [79, 80], low-density polyethylene [81], polystyrene
[82–84], polyvinyl chloride [85], and polylactic acid [86]. These
processes ultimately metabolize polymers into monomers, low-
molecular-weight organic compounds, and the subsequent CO2

and H2O. In addition, carbon nanomaterials have been confirmed
to be transformed into endogenous organic metabolites via anaer-
obic fermentation in the gut, incorporating inorganic carbon into
organic butyrate [87].

Other emerging pollutants
Bisphenol A and disinfection byproducts (e.g. chloroacetonitrile,
dibromoacetic acid, and tetrabromopyrrole) are transformed
in the simulator of human intestinal microbial ecosystem
(SHIME), mitigating oxidative DNA damage [88, 89]. Furthermore,
tetrabromobisphenol A and its analogs (e.g. tetrachlorobisphenol
A and tetrabromobisphenol S) can suffer debromination and
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Table 1. General mechanisms and toxicological consequences of gut microbiota-driven transformation.

Category Reaction types General reaction mechanism Representative chemical targets Toxicology consequences

Reduction Azo reduction Azo-dyes and azo-antibacterial
predrugs (i.e. balsalazide analogs
and prontosil)

• Generate carcinogenic aromatic
amines from azo-dyes;

• Release products with efficacy
(toxicity).

Nitro reduction Nitro-PAHs, benzodiazepines
drugs (i.e. nitrazepam,
clonazepam, and bromazepam),
and metronidazole

• Decrease toxicity of nitro-PAHs;
• Increase carcinogenicity of

benzodiazepines.

Alkene reduction Deleobuvir and digoxin (the
drugs)

• Decrease efficacy (toxicity).

Sulfoxide
reduction

Sulfur-containing drugs (i.e.
omeprazole and sulfinpyrazone)

• Release products with efficacy
(toxicity).

N-oxide
reduction

N-oxide prodrug (i.e. loperamide
oxide) and H2 receptor
antagonists (i.e. ranitidine and
nitazidine)

• Release products with efficacy
(toxicity) for the prodrug;

• Decrease the efficacy of the
antagonists.

Keto reduction Hydrocortisone (the endocrine
drug) and zearalenone (the
mycotoxin)

• Increase efficacy (toxicity) of
zearalenone.

• Increase toxicity of zearalenone.

De-epoxidation Mycotoxin (i.e. deoxynivalenol
and nivalenol)

• Decrease toxicity.

Dehalogenation DDT, PCBs, and other
organochlorine pesticides

• Decrease toxicity.

Metal reduction iAsV • Increase toxicity of iAs.

Metal
demethylation

CH3HgI • Decrease toxicity and
bioavailability.

Hydrolysis Dealkylation Ester-containing drugs (i.e.
carbetapentane citrate, ketorolac,
and L-Dopa), organophosphate
pesticides, organophosphate
flame retardants and parabens

• Decrease toxicity and
bioavailability in most cases.

Deacetylation N- or O-acetyl chemicals and
drugs (i.e. acetaminophen,
formanilide, and irinotecan) and
acetyl mycotoxins (i.e. T-2 toxin)

• Increase bioavailability in most
cases;

• Sometimes increase toxicity (i.e.
diltiazem, irinotecan, and
spironolactone).

Deglycosylation Conjugates of drugs, personal
care products, mycotoxins,
pesticides, nirto-PAHs and plastic
additive

• Increase
bioavailability.

Other
deconjugation

Conjugates of drugs, personal
care products, nirto-PAHs, and
pesticides

• Increase
bioavailability.

(continued)
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Table 1. Continued.

Category Reaction types General reaction mechanism Representative chemical
targets

Toxicology
consequences

Functional
group removal

Acetylation Some drugs (i.e.
5-aminosalicylate,
sulfapyridine and
sulfasalazine)

• Decrease
bioavailability in
most cases.

Methylthiolation Organochlorine pesticides (i.e.
PCB29 and chlorothalonil)

• Increase
bioavailability in
most cases.

N-dealkylation Some drugs and neonicotinoid
pesticides

• Decrease toxicity

Metal
methylation

As, Bi, Hg, Sb, Se, and Te • Decrease toxicity
and increase
bioavailability.

Metal thiolation As and Se • Decrease toxicity
and increase
bioavailability.

Oxidation Hydroxylation PAHs and phenol • Increase toxicity
(estrogenicity) and
bioavailability.

Alkyl cleavage Plastic additives • Change toxicity
(estrogenicity) and
bioavailability.

Oxidative
depolymerization

Plastic and nanomaterials • Decrease toxicity.

glycosylation by the human gut microbiota [90, 91], whereas
microbial deglycosylation of the conjugates of these compounds
is also observed [91]. Esters can increase the susceptibility of
organophosphate flame retardants and phthalate esters to
hydrolysis by the gut microbiota [92, 93]. In addition, our previous
study on crucian carp has demonstrated that gut microbiota-
mediated alkyl-cleavage significantly alters the estrogenic effects
of bisphenol A and its analogs [94].

Overall, the gut microbiota-driven pollutant metabolic reac-
tions generally include the following: (i) reduction (e.g. alkene
reduction, azo reduction, de-epoxidation, dihydroxylation, dehalo-
genation, enoate reduction, hydrazine cleavage, keto reduc-
tion, nitro reduction, N-oxide reduction, and sulfoxide reduc-
tion); (ii) hydrolysis (e.g. deacylation, dealkylation, deamida-
tion, decarboxylation, deconjugation, proteolysis, and thiazole
ring-opening); (iii) functional group removal (e.g. acetylation,
methylthiolation, N-dealkylation, and transamination); and (iv)
oxidation. The extensive transformation of diverse environmental
pollutants demonstrates the broad substrate diversity inherent
to the gut microbiota metabolic capabilities.

Cross-species universality of the gut microbial
transformation
Reduction reactions are widely prevalent microbial-mediated
transformation processes for pollutants across 13 taxonomic
groups (Fig. 1B). The metabolism mediated by the gut microbiota
is widely regarded as a response-modifying process that reflects
the energy demand of gut microbes [95]. Most of the gut parts

of large animals are in reducing environments, and as a result
the gut microbiota in the intestine cannot utilize oxygen as the
terminal electron acceptor for respiration [41]. Consequently,
in contrast to oxidation, which ranks first in host metabolic
processes, the redox potential in the intestine is suitable for gut
microbes because it transfers hydride equivalents or electrons
(H+ and 2e−) to substrates [5, 26, 27]. For example, dehalogenation
reactions of halogenated organic compounds (primarily classified
as POPs) have been widely observed in the guts of various species,
including humans [46], rodents [45], earthworms [96], and apple
maggots [97]. Parallel transformation conservation occurs for
metal reduction. In studies of fish, rodents and humans, both
the reduction and methylation could be mediated by the gut
microbiota to inorganic and organic arsenic (iAs and oAs), encom-
passing the reduction, methylation, and thiolation pathways [61–
63, 98, 99]. This metabolic versatility extends to the invertebrates’
gut microbiota, where the Escherichia coli. From earthworm gut
(Eisenia foetida) can reduce and methylate As [100]. Mycotoxin’s
detoxifying transformation further demonstrates cross-species
conservation: reductive pathways efficiently transform DON, HT-
2, nivalenol, verrucarol, and T-2 toxins in fish [101], chickens [102,
103], pigs [104], and humans [76].

Hydrolysis and functional group removal reactions are impor-
tant mechanisms through which the gut microbiota participates
in host energy metabolism; these two reactions can produce
simple molecules that can be used for energetic purposes with-
out relying on oxidants [26, 105]. For endosulfan, a special OCP
with a sulfate group, endosulfan diol has been confirmed as a
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microbial triphenyl produced through hydrolysis by Rhodococcus
found in earthworms [106]. The plasticizers with esters (e.g. di(2-
ethylhexyl) phthalate and tri(2-butoxyethyl) phosphate) undergo
hydrolysis by specific gut microbes from earthworms [92, 93]
and fish [94], and the hydrolysis of OPs occurs exclusively in
various mammals and invertebrates [107–109]. Deconjugation is
also a widespread and highly efficient hydrolysis reaction that
occurs across species (including humans [4, 70, 91, 110], other
mammals [111, 112], fish [113], prawns [113], and mussels [113])
and across diverse xenobiotic classes, such as drugs, POPs, myco-
toxins, and plasticizers. These reactions, which typically proceed
rapidly, highlight the microbiota’s inherent and host-independent
capacity to transform conjugated compounds, regardless of spe-
cific host-microbiota interactions. In addition, N-dealkylation (the
functional group removal reaction) can be rapidly conducted for
pharmaceutical neonicotinoid pesticides or by the gut microbiota
of worms and mammals [3, 114].

Evidence of pollutant oxidation reactions that are driven by
the gut microbiota has also been reported from invertebrates to
vertebrates, although oxidation reactions are typically oxygen-
sensitive and require a significant amount of energy. In inverte-
brates, the relatively simple gut structure of invertebrates allows
higher oxygen availability in their gut environment, thereby facil-
itating oxidative reactions [115, 116]; in contrast, vertebrate gut
systems contain more anoxic gut environments, but CYP enzymes
are highly abundant in several facultative anaerobic bacteria [117,
118]. For example, the ability of the gut microbiota to transform
various plastics was discovered in studies based on earthworms
[81], mealworms [83], superworms [84, 116], other invertebrates
[119–121], and the mammals [122]. The facultatively anaerobic
and strictly aerobic bacteria are ubiquitous in the gut may pro-
mote oxidation under both anoxic and oxic conditions [115, 116].

Although the gut microbiota across species shares a univer-
sality for the general pollutant transformations, species-specific
differences in final outcomes often arise due to the simulta-
neous operation of diverse and intricate microbial transforma-
tion processes. For example, in earthworms, the gut microbiota
primarily mediates the methylation of inorganic mercury (iHg)
into methylmercury (MeHg), with sulfate-reducing bacteria (e.g.
Desulfovibrio) serving as the key methylators [123]. In contrast,
studies on fish have shown that while their gut microbiota can
simultaneously drive both the methylation and demethylation
of Hg [124, 125], where the demethylation process appears to be
more efficient. Collectively, these cross-species examples illus-
trate conserved functional roles of the gut microbiota in pollutant
transformation, serving as a critical modifier against environmen-
tal pollution.

General toxicological consequences of gut
microbial transformation
Transformation processes driven by the gut microbiota have
attracted much attention because they can significantly alter
the bioavailability (pharmacokinetic parameters) of certain
pollutants and induce changes in their toxicological effects
(Table 1) [5, 7, 28]. The reduction reactions generally convert
chemicals into more water-soluble metabolites and facilitate their
excretion from microbial cells, but the toxicological outcomes
are dependent on substrate specificity [26]. For example, nitro
reduction generates amine metabolites with weak toxicity, and
azo reduction generally induces compound carcinogenicity. The
hydrolysis of the pollutant itself markedly reduces host exposure,
whereas the deconjugation of the pollutant metabolites results in
the reactivation of pollutants and increases their bioavailability in

the gut (Table 1). In functional removal reactions, the installation
or removal of specific groups can also affect the bioavailability
and toxicity of pollutants. For example, the acetylation of pollu-
tants (e.g. 5-aminosalicylate and sulfapyridine) has been shown
to reduce toxicity (or efficacy) [126], whereas the methylation of
heavy metals may increase their bioavailability and toxicity [127].

To date, few toxicokinetic studies have assessed the role of
the gut microbiota in pollutant transformation and its combined
impact on host metabolism. A bioavailability study of disinfection
byproducts via SHIME revealed that ∼ 60% of chloroacetonitrile,
45% of dibromoacetic acid, and 80% of tetrabromopyrrole under-
went abiotic transformation in the stomach and small intestine.
Subsequent transformation of the remaining compounds occurs
in the colon, facilitated by the gut microbiota, underscoring the
pivotal role of gastrointestinal transformation in the toxicology
of these orally ingested pollutants [89]. Research has confirmed
that the gut microbiota’s efficiency in reducing nitrazepam to 7-
aminonitrazepam is seven times greater than that of the liver [66].
A recent study utilizing a GF rat model for the global analysis of
the physiological toxicokinetics of brivudine (a pharmaceutical)
reported that 70% of the compound’s transformation could be
attributed to microbial processes [29]. In addition, a toxicokinetic
model demonstrated that the gut microbiota contributed 44.0%
and 18.4% to the metabolism of total and inorganic arsenic,
respectively, in zebrafish [99]. However, current toxicokinetic stud-
ies remain insufficient in fully characterizing the contribution
of the gut microbiota to pollutant ADME, thereby limiting the
toxicological understanding of the microbiota’s role in the context
of pollutant exposure. Given the variable metabolic activity of
the gut microbiota toward different pollutants and their inherent
variability, this contribution is influenced by multiple factors,
necessitating careful interpretation of existing data or context-
specific application. Advanced models that integrate environ-
mental complexity are imperative for evaluating the long-term
toxicological impacts of gut microbiota-driven pollutant biotrans-
formation in real-world exposure scenarios.

Major factors driving the gut microbial
biotransformation
The intricate interplay among pollutants, the gut microbiota, and
host physiology underscores the complexity of gut microbiota-
driven pollutant transformation. To systematically deconstruct
this complexity, our analysis progresses across three tiers: (i)
pollutant structural and toxicological determinants of microbial
susceptibility, (ii) the enzymatic machinery across bacterial phyla
and their metabolic interplay with hosts, and (iii) host-specific
modulators shaping microbial catalysis. This tripartite framework
offers a unified perspective on how microbial pollutant trans-
formation emerges from the confluence of chemical properties,
microbial ecology, and host biology.

Pollutant effects on microbial transformation
The biotransformation potential of a chemical largely depends
on its intrinsic structure and properties, which determine its
resistance to transformation and ability to interact with specific
enzymes [32, 36]. Multidimensional scaling clustering was
employed to categorize the chemicals into groups of structurally
similar compounds (SI-1; n = 125; Supplementary Table S7).
This similarity-based clustering yielded 63 distinct clusters. To
streamline the subsequent analysis, all clusters containing fewer
than three molecules were consolidated into a single cluster,
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Figure 1. Distribution of pollutant biotransformation by gut microbes from mammals and non-mammal fauna. (A) Consensus evidence of
pollutant–microbe–reaction triad can be found in Supplementary Tables S1–S6. (B) Diversity of transformable pollutants and reaction types across 13
taxonomic groups. The size of the circles represents in the left the number of transformable pollutants for a particular category on the left. The
symbols on the right indicate whether a certain reaction was reported for the gut microbial transformation within a certain taxonomic group.
Organisms categorized as follows (top to bottom): other invertebrates, diptera insects, worms, fish, chickens, horses, cattle, sheep, pigs, dogs, rabbits,
rats, and humans. Abbreviations: OPs, organophosphate pesticides (OPs); NPAHs, nitrated polycyclic aromatic hydrocarbons; POPs, persistent organic
pollutants; PPCPs, pharmaceuticals and personal care products.

designated Cluster 14 (Supplementary Fig. S5A). Consequently,
certain clusters could be associated with specific transformation
pathways (Supplementary Fig. S5B). Clusters 8, 10, and 12 are
readily distinguishable by the presence of an azo group. The
azo group is a key structural feature conducive to specific azo
reduction reactions. For the compounds in Clusters 1 and 4, which
encompass majority of nitro-PAHs, nitro reduction emerges as the
most prevalent transformation reaction. In Cluster 1, chemicals
lacking specialized functional groups are more likely to undergo
oxidation or the removal of functional groups. Epoxy-containing
compounds in Cluster 2 trigger de-epoxidation reaction, whereas
halogenated compounds in Cluster 3 undergo dehalogena-
tion. The Phase II conjugates in Clusters 9 and 13 primarily
undergo glycosyl or glucuronosyl cleavage. Chemicals in Clusters
5, 6, and 11, which possess C-O, C-N, C-S, or ester bonds, are prone

to hydrolysis reactions, including dealkylation and deacylation,
as well as N-dealkylation. Overall, this analysis indicates that
pollutant transformation by the gut microbiota is highly structure
specific. Certain substructures, such as glycosidases-related
groups, esters, nitro, azo, alkene, keto, N-oxide, sulfoxide, and
epoxy substructures, increase the susceptibility of pollutants to
microbial transformation.

Pollutants can exert dose-dependent constraints on biotrans-
formation via direct toxicity to the gut microbiota. Antibiotics,
as the most disruptive pollutants, can induce acute microbial
suppression, compositional shifts, and metabolic capacity
changes [128, 129]. Similarly, exposure to non-antibiotic, including
pharmaceuticals and environmental chemicals, may disrupt
enzymatic pathways (e.g. azoreductases and β-glucuronidases)
critical for pollutant transformation, leading to the accumulation
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of toxic intermediates and compromised detoxification [130].
Polybrominated biphenyls (BDE-209) and perfluorooctane sul-
fonate reduce microbial diversity and short-chain fatty acid
production in both carp and infants [131, 132], whereas digoxin
enhances reductase activity and pollutant transporter expression
[130]. Furthermore, exposure to dioxins and heavy metals has
been linked to increased microbial transformation (and/or resis-
tance) genes, as demonstrated by shotgun metagenomic analysis
of 359 Italian subjects across contamination gradients [133]. This
transformation capacity erosion illustrates a cascading effect
within “One Health” frameworks, wherein antibiotics and other
microbiologically toxic pollutants diminish the gut microbiota-
driven transformation, thereby magnifying the adverse impacts
of other pollutants. Within this framework, understanding how
antibiotic and non-antibiotic pollutants alter the gut microbial
function is vital not only for elucidating the gut microbiota-
driven transformation to mixed pollutants but also for revealing
the bidirectional interplay between pollutants and the gut
microbiota.

Microbial mechanisms of transformation
One of the goals in gaining a mechanistic understanding of
microbial transformation is identifying and classifying the
functions of key microbes. We compiled information for 109
isolated gut microbes known to secrete core XME families:
hydrolases, oxidoreductases, transferases, and lyases (Fig. 2;
Supplementary Table S8). Overall, the xenobiotic-metabolizing
microbes appeared to be dispersed across four major bacte-
rial phyla (Bacillota, Pseudomonadota, Actinomycetota, and
Bacteroidota). The phylum Bacillota was the most frequently
observed phylum of XME microbes in these datasets, consisting
of the genera Clostridium (25.4%), Eubacterium (14.5%), Lactobacillus
(9.1%), and Enterococcus (9.1%). Bifidobacterium (69.2%) is the
most common genus in the phylum Actinomycetota and is
characterized by the activities of azo reductase, nitro reductase,
β-glucuronidase, and arylsulfatase. The genera Bifidobacterium
(in Actinomycetota), Bacteroides (in Bacteroidota), Citrobacter (in
Pseudomonadota), Klebsiella (in Pseudomonadota), and Escherichia
(in Pseudomonadota) are also possible sources of additional
xenobiotic-metabolizing bacteria. E. coli, the gut species with
the highest XME activity, is capable of catalyzing the hydrolysis,
reduction, oxidation, and transfer reactions of xenobiotics [107,
134, 135]. However, the “bacteria-centric” perspective presented
herein reflects the current state of the literature rather than
disregarding the potential significance of other microbiota
components, and the roles of archaea, fungi, and viruses in
pollutant transformation should not be overlooked. For example,
the archaeal genus Methanobrevibacter represents a primary source
of cellulases in the gastrointestinal tract of ruminants [136,
137], whereas the human gut archaea such as Methanosphaera
stadtmanae and Methanobrevibacter smithii have demonstrated
methyltransferase activity toward arsenic (As) [58, 59].

Although the isolation method provides direct insights into
the gut strains involved in pollutant transformation, it clearly
overlooks those uncultured gut microbes and the microbial
interactions. In a previous study of XMEs in human gut microbiota
(397 gut metagenomes) using metagenomic approaches, 850
bacterial genera were found to encode at least one XME (including
CYP, monoamine oxidase, epoxide hydrolase, alcohol and
aldehyde dehydrogenase, thiopurine methyltransferase, N-acetyl
transferase, and glutathione S-transferase) [136]. In many cases,
the diversity of the gut microbiota leads to a greater variety of

microbial enzymes, and the combination of synergistic, beneficial,
and antagonistic interactions among members of the gut
microbiota may have a significant effect on the microbial trans-
formation of pollutants in the digestive system [137]. Horizontal
gene transfer events among the gut microbiota can also expand
their substrate utilization range, enhance fermentation capacity,
and provide new electron transfer pathways, thereby improving
adaptation to anaerobic environments and increasing pollutant
transformation efficiency [138–140]. Metagenomics has enabled
the discovery of previously unrecognized enzymes, reactions,
and organism-specific pathways by systematically expanding the
catalog of xenobiotic-metabolizing pathways beyond culturable
species [133]. Therefore, this approach is preferable for clarifying
the diverse genes and pathways expressed by poorly represented
microbes, the interactions of transformation-associated microbes
with other microbes, and their adaptive evolution to pollutants
on the basis of microbial co-occurrence in future studies.

Host effects on the microbial transformation
The gut morphology, physiology, and function exert a combined
influence on the colonization of the gut microbiota (Box 2), which
reflects adaptations to ecological niches and environmental con-
ditions (e.g. pH, lumen flux, and peristalsis). There is little micro-
bial colonization in the stomach due to the extremely acidic
environment (pH 1.5), whereas the density of the gut microbiota
increases significantly in the distal small intestine (also known
as the ileum) and colon [5, 141]. Another gradient of microbial
distribution can be found along the tissue–lumen axis, wherein
few bacteria adhere to the tissue or mucus but many bacteria
are found in the lumen [142, 143]. Physiological characteristics of
the host’s digestive system are also important determinants of
the pollutant retention time and their opportunities in contact
with the gut microbiota. The slow dietary transport and abun-
dant microbial colonization make the distal intestine an ideal
site for pollutant transformation [5, 144, 145]. For example, the
extended digesta retention time in ruminants also allows for
more extensive microbial transformation of complex and persis-
tent pollutants [146]. In addition, vertebrate microbial stability
enables predictable pollutant transformation efficiency, whereas
the structural simplicity and environmental sensitivity of inver-
tebrate guts may lead to high variability in transformation path-
ways and outcomes across individuals [147].

The composition and activity of the gut microbiota are
influenced by a combination of various internal factors (such
as the host’s sex, lifestyle, and genetic characteristics) and
external factors (such as diet) [30, 37, 38]. Thus, the physiological
functions and lifestyle habits of the host inevitably affect the
gut microbial community and enzyme activity. In a recent
large-scale metagenome analysis, community similarity across
hosts was determined basis of the initial inoculum and niche-
specific factors such as the oxygen level, temperature, pH,
and organic carbon availability rather than the phylogenetic
relatedness of the hosts [30]. Taking digestive enzymes as
an example, there are visible differences in the composition
of gut microbes with digestive enzyme activity across host
species from humans, mammals, birds, amphibians, and fish
to invertebrates (Supplementary Table S9). The activity levels
of lipases, proteases, and trypsases in the gut microbiota of
carnivorous animals are much higher than those in herbivorous
species [161]. In omnivorous animals, the microbiome in the
gut tract mainly consists of protein-hydrolyzing bacteria and
starch-, lipid-, and cellulose-decomposing bacteria [161]. Feeding
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Figure 2. Phylogenetic tree showing the isolated gut bacterial strains with xenobiotic-metabolizing enzyme (XME) activities. The phylogenetic
relationships among the reported bacterial strains were extracted from the National Center for Biotechnology Information (NCBI) taxonomic database
classification system. The data points plotted outside the tree represent the xenobiotic metabolism ability of each species.

ruminants a starch-free diet allows the gut microbiota to require
almost no intestinal amylase to function but results in the
presence of a series of cellulose degraders in the rumen [162].
Moreover, amylase activity in the digestive tract of omnivorous
fishes is generally greater than that in the digestive tract of
carnivorous fishes [163]. Previous research revealed differences in
the metabolism of both endogenous and xenobiotic substances
in the enriched gut microbiota of six marine species caused by
differences in their feeding habitats [113, 164]. Therefore, the
understanding of the effects of the host’s physiological signatures
and feeding habits on the gut microbiota must be further
improved to account for variations in the microbiota in response
to pollutants, especially in comparisons across species. Such
interspecific differences in gut anatomy and microbial function
underscore the importance of considering host-specific gut
models when predicting the biotransformation and toxicological
consequences of pollutants.

Calling for novel methodologies for
elucidating gut microbiota-driven
transformation
Although significant advances in recent years have paved the
way for a more comprehensive toxicological perspective of gut
microbiota-driven pollutant transformation, the major challenge
is that the existing methodologies may no longer be adequate
for gaining mechanistic insights into the transformation process
under complex “pollutant–gut microbiota–host” interactions
(Fig. 3).

Developing prediction tools for the gut
microbiota-driven transformation of pollutants
Given the impracticality of experimentally investigating the
gut microbial transformation of every environmental pollutant,
computational prediction of transformation potential, scope, and
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Box 2. Distribution characteristics of the microbiota in the gut systems of humans and other animals.

Spatial heterogeneity of both chemical conditions and microbial signatures varies along the digestive tract [148]. In humans, the mucosal surface area
of the gastrointestinal (GI) tract is ∼ 200–300 m2, harboring various microbes, including 1013–1014 cells of 400 different microbial species and
subspecies [149]. Anaerobic bacteria are the main components of the stable intestinal microbiota, and their numbers are 100 to 1000 times higher than
those of aerobic bacteria and facultative anaerobes [150]. The general ranking for bacterial number in human tissues from high to low is as follows:
large intestine > small intestine > duodenum and stomach [5, 141]. In addition, the core gut microbes across vertebrate species are relatively stable
including bacterial phyla of Actinomycetota, Bacillota, Bacteroidota, Pseudomonadota, Fibrobacterota, Fusobacteriota, and Verrucomicrobiota, and
other microbes of fungi, archaea, protozoa, and viruses [151, 152], while > 98% of isolated genetic sequences present in the gut come from bacteria in
vertebrates [38, 153]. In invertebrates, the tube-like gut provides a semi-oxic or anoxic environment with stable moisture conditions and nutrient pools
from the foregut to the hindgut, which facilitates colonization through facultatively anaerobic bacteria [44]. In contrast, the simple invertebrate
digestive system induces environmentally susceptible gut microbiota with high interindividual variability and no consistent core microbiome [44].
All vertebrates, including fish, mammals, and humans, have relatively complex but different gut systems [154–156], which equipping them with
distinct digestive capacities (the comparative gut structures illustrated were redrawn based on anatomical data from the cited literatures). The
average total intestinal transit time for healthy adults is 70 h (in the range of 23–168 h), with a majority (∼80%) of the time spent in the large intestine
(colon) rather than other sections [5, 144, 145]. Ruminant mammals (e.g. bovine) have developed a downstream stomach or hindgut, thereby extending
the digesta retention time in the hindgut by as long as 96 h [157]. In fish, the gut evacuation time measured in situ generally ranges from 6 to 86 h
[158–160], with herbivorous species exhibiting extended digestion periods.

specificity is essential. Reaction mining and machine learning
approaches have led to tools such as BioTransformer [165], Drug-
Bug [166], and GutBug [167], which predict potential microbial
biotransformation pathways and enzyme classes (EC numbers)
based on chemical structure. However, reliable prediction remains
challenging due to the complexity and dynamic nature of the gut
microbiome and the scarcity of high-quality training data across
diverse conditions. Advances in high-throughput technologies are
aiding the development of better-curated databases. For example,
integrated genetic and metabolomic analyses have been used to
identify gut microbes and enzymes involved in drug metabolism
[3], whereas microbiome-derived metabolic screening combines
culturing, metagenomics, and transformation assays to link genes
to functions [4]. Although not specifically designed for gut pol-
lutant transformation studies, numerous databases containing
biological and chemical information can be leveraged to develop
accurate predictive models through integration or as foundational

resources, such as the metabolism pathway databases (e.g. KEGG,
MetaCyc, and Reactome), enzyme-specific databases (e.g. CAZy,
Pfam, and UniProt), chemical–enzyme interaction databases
(e.g. ChEMBL), and protein–protein interaction databases (e.g.
STRING). Especially, genomic context prediction methods (i.e.
gene co-occurrence, co-expression profiles, and genomic neigh-
borhood) as implemented in tools such as STRING can provide
a powerful “guilt-by-association” approach for hypothesizing
novel pathway components in non-model organisms [168].
Artificial intelligence and the subdomains machine learning and
natural language processing, which integrate pathways, enzymes,
metabolites, and kinetics from many biotransformation studies,
are recommended for chemoinformatic and bioinformatic anal-
yses. This could enable more precise tools to quickly screen for
pollutant candidates prone to microbial transformation, which
will support more finely targeted mining and the mechanistic
analysis of associations between enzymes and specific reactions.
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Figure 3. Existing methodologies and development directions for gut microbiota-driven pollutant transformation. Abbreviations: DB, database; AI,
artificial intelligence; GM, gut microbiota; HRMS, high-resolution mass spectrometry; SIP, stable isotope probing; PBTK, physiologically based
toxicokinetics; ADME, absorption, distribution, metabolism, and excretion; MIE, molecular initiating event; KE, key event; MOA, modes of action; TIE,
toxicity identification evaluation; EDA, effect-directed analysis.

Constructing advanced experimental models and
selection guidelines for gut microbiota-driven
transformation of pollutants
Current experimental models for studying gut microbiota-driven
pollutant transformation include both in vitro and in vivo systems,
each with distinct advantages and limitations in replicating the
gut physiology and microbial complexity. In vitro models, such
as batch cultures with fecal samples [169], are accessible and
ethically advantageous but are limited by the poor culturability
of many gut species [170–172]. Continuous culture simulators
(e.g. SHIME [59, 62, 89], the simulation of the mammal intestinal
microbial ecosystem [173], and the fish digestion model [158]) can
better mimic intestinal conditions and enable direct observation

of microbial metabolism, but they still struggle to fully replicate
critical gut features such as pH, redox potential, and microbial
diversity. In vivo gut microbiota manipulation models, including
germ-free (GF) animals, antibiotic-treated models, and fecal
microbiota transplantation (FMT) models, can provide direct
functional insights but face translational and practical challenges
[5, 174, 175]. GF rodents are relatively ideal models but still exhibit
anatomical and metabolic abnormalities and limited human
extrapolation [5]. They also require stringent maintenance and
exhibit morphological and functional abnormalities such as
significant cecal enlargement and reduced absorption efficiency
[5]. Among aquatic species, only GF zebrafish at the larval stage
are available and widely used as a model for gut microbiome
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research [99, 158]. In addition, the FMT model is applicable
only for studying specific bacteria upon successful colonization.
To enhance reproducibility and biological relevance, future
efforts should focus on developing multi-species gnotobiotic
models, humanized microbiota mouse models, and integrated
systems that combine in vitro realism with in vivo validity. Novel
technologies such as intestinal organoids, 3D cell cultures, or gut-
on-a-chip systems offer more accurate biological replication [176],
enabling simulation of host responses and supporting reliable
in vitro–in vivo extrapolation. There is also a growing need to
develop standardized selection guidelines that consider research
objectives, pollutant properties, and the microbial ecological
context to facilitate model comparison and data integration.

Integrating technologies for the description and
tracing of transformation mechanisms
Elucidating the complex interactions among microbial consortia
and host cells during gut-driven pollutant transformation
requires interdisciplinary strategies integrating microbiology,
analytical chemistry, omics technologies, and computational
biology. This requires interdisciplinary approaches that combine
molecular biology, analytical chemistry, laboratory experiments,
and data science [177]. Microbiological techniques, such as
conventional culture, single-cell sequencing, metabarcoding,
metagenomics, transcriptomics, proteomics, metabolomics, and
their combinations, are essential for studying composition and
function of the gut microbiota [19, 175]. The study of the
enzymes and metabolic pathways of known gut microbes can
also provide clues to support microbiome discoveries. Integrating
multiomics data provides genetic insights into transformation
enzymes, while combining omics with microbial metabolic
network analysis helps clarify microbial relationships during
metabolism.

Although advanced chemical analysis can detect trace levels
of gut metabolites, host-microbe-metabolite interactions remain
difficult to characterize. Stable isotopes (e.g. 13C, 15N, and 18O)
help trace low-level or cometabolic activities. The preferential
breakage of bonds for light isotopes and heavy isotopes (13C)
results in a gradual increase in the enrichment of heavy isotopes
in the parent compound compared with the metabolites [178].
Compound-specific isotope analysis examines isotope ratios to
identify unique biotransformation pathways and fractionation-
causing reactions [179], thereby distinguishing pollutant transfor-
mation from host–microbe interactions. Stable isotope-assisted
metabolomics (SIAM) enables sensitive, untargeted detection of
isotope-labelled pollutant metabolites, enhancing high-resolution
mass spectrometry for unknown metabolite characterization
[180, 181]. SIAM can be used to track isotopic labels globally
without preconceptions about pollutant fate [182]. Stable
isotopes can also link transformation activities with specific
microbial populations and assimilation mechanisms. Stable
isotope probing (SIP) methods, including DNA-SIP, metagenomic-
SIP, transcriptome-SIP, protein-SIP, and single-cell SIP, provide
sequence and functional data on potential transformation
agents by monitoring labelled atom incorporation into nucleic
acids [183, 184]. Time-dependent 13C-metabolite flux analysis
(13C-MFA) traces isotopic ratios in key metabolic pathways,
revealing gut transformation processes [185]. For example, 13C-
MFA successfully elucidated the microbial fermentation of 13C-
labelled carbon nanomaterials in mice [87], demonstrating
its ability to uncover in situ gut symbiotic metabolism. These
integrative, isotope-enabled approaches allow mechanistic
exploration of pollutant transformation at the molecular, cellular,

and ecosystem levels, offering a powerful framework for future
gut microbiome research.

Advancing toxicological assessment approaches
for gut microbiota-driven pollutant
transformation
Despite early hints of its pollutant-transforming role, the gut
microbiota’s direct toxicity-related interactions with pollutants,
drugs, and xenobiotics may represent just the tip of the
iceberg [28, 186]. Beyond these direct impacts (e.g. “first-pass
metabolism” and “enterohepatic circulation”), two key non-
transformation mechanisms also influence pollutant bioavail-
ability: (i) changes in bioavailability (e.g. gut mucosal barrier
alterations or microbiota-mediated pollutant adsorption) [187]
and (ii) interference with the host’s detoxification mechanisms
[5, 188]. For instance, gut microbes can alter pollutant absorption
by affecting mucosal integrity or through direct adsorption. Lacti-
plantibacillus plantarum can reduce PAH uptake via surface binding
[189], while some certain bacteria can deplete pharmaceuticals
through bioaccumulation without structural modification [190].
Comparative studies in germ-free versus colonized animals
have further revealed microbiota-induced changes in host gene
expression related to xenobiotic metabolism in the gut and liver
[191, 192], highlighting the microbiome’s systemic influence on
toxicological responses.

Toxicological assessments must be integrated into gut micro-
biota transformation studies. For example, product identification
coupled with toxicity assessments (i.e. effect-directed analysis
and toxicity identification evaluation) can reveal key mechanisms
in in vitro gut microbiota models. In silico tools such as quantitative
structure–activity relationships, quantitative cationic–activity
relationships, quantitative structure–nanotoxicity relationships,
and structural can be employed to predict the toxicity of gut
metabolites. In addition, the application of a physiologically based
toxicokinetic (PBTK) model incorporating gut microbial transfor-
mation can clarify associations between the microbiota and in
vivo pollutant toxicokinetics. PBTK models can be developed for
GF or antibiotic-treated animal comparisons to describe both
microbiota- and host-driven transformation processes [29]. These
approaches facilitate the elucidation of the microbially mediated
toxicological effects of pollutants by providing a quantitative
framework for understanding the role of the microbiota in
pollutant toxicokinetics. Given the tremendous progress in
biochemistry, microbiology, and toxicology, a comprehensive
interdisciplinary methodological framework for the more in-
depth exploration of the role of the gut microbiota in toxicology
is urgently needed.

Conclusions and prospects for progress
The transformation of environmental pollutants by the gut
microbiota greatly impacts the effects of exposure to and the
toxicology of these pollutants in humans and animals. This review
summarizes the emerging understanding of the contributions
of the gut microbiota to pollutant transformation, covering a
wide range of host species and chemical classes. The main
transformation reactions that can be driven by the gut microbiota
include reduction, hydrolysis, functional group removal, and
oxidation. These reactions are connected to the metabolic
enzymes that have developed in the gut microbiota, allowing
them to directly transform specific pollutants and regulate
their MOA and ADME properties in the host. In addition, this
review provides an overview of existing methodologies and future
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Figure 4. Key goals for investigating gut microbiota-driven transformation and multidisciplinary research in light of “pollutant–gut microbiota–host”
interactions.

development directions to systematically elucidate gut microbiota-
driven transformation and its toxicological consequences.
The key to the successful investigation of gut microbiota-
mediated transformation is to efficiently combine transformation
consequences with microbial and compound-specific features,
which requires highly multidisciplinary research dedicated to
elucidating “pollutant–gut microbiota–host” interactions (Fig. 4).
In the opinion of this research group, the following key issues
should be addressed in the future:

• Pollutant transformation by gut microbial communities
involves both dose effects and mixture effects. Future

studies should clearly identify the long-term toxic effects
and threshold concentrations for specific compounds and
the co-metabolism of complex pollutant mixtures in the
assessment of the effects of the host and gut microbiota
on environmental pollutants in the real world.

• Owing to the complex structure of gut microbial com-
munities, future studies should systematically explore the
functional implications of bacteria and enzymes involved in
transformation processes, the mechanistic characterization
of interactions among bacteria, and the influence of
ecosystem-wide changes in the microbiome on transforma-
tion outcomes.
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• Considering that pollutant transformation can be recognized
as a combined host–microbiota process, a systems biology
view of host–microbiota interactions should be established
for pollutant transformation mechanisms, including micro-
bial modulation, enzymatic cooperation, and metabolomic
interactions.

Recognizing the gut microbiota’s pivotal role as a universal
modifier of pollutant exposure underscores the need to inte-
grate “pollutant–gut microbiota–host” interactions into the“One
Planet, One Health” concept. However, gut microbiota-driven
transformation remains an underexplored research frontier
and is often overlooked due to its inherent complexity and
interdisciplinary nature. First, insights into gut microbiota-
mediated pollutant transformations have led to advancements
in chemical design, pollutant management, risk assessment,
and toxicology. Beyond this, characterizing population-specific
microbial metabolic functions could significantly enhance
environmental health research, drug development, precision
medicine, and other transdisciplinary fields aligned with the
“One Planet, One Health” notion. Ultimately, given the potential
relationships between healthy host microbiota relationships at
the micro level and ecosystem health and homeostasis at the
macro level, understanding gut microbial transformation holds
promise as a path for ecological research on ecosystem changes
and biodiversity loss across all ecosystems on Earth in the context
of the Anthropocene.
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A B S T R A C T

Steroids are potent endocrine-disrupting compounds, yet their environmental behavior in coastal wetlands re
mains poorly understood. This first nationwide assessment of steroids along approximately 5000km China’s 
coastline analyzed 21 steroids across 136 water and 139 sediment samples from 10 regions. Eight and eleven 
steroids were identified in water and sediment, at total concentrations of not detected (ND) to 23 ng/L and ND to 
32 ng/g, respectively, with spatial distributions showing significant heterogeneity. Sediments constitute the 
dominant reservoir, storing 97 % of the ~19-ton national steroid inventory, pinpointing them as a critical 
compartment for long-term monitoring. Steroid occurrence was primarily driven by socioeconomic inputs 
(livestock, aquaculture, and sewage), while their fate and partitioning were subsequently modulated by coastal 
environmental conditions (salinity, chlorophyll-a, temperature, total organic carbon). Source apportionment 
further demonstrated that water and sediment record pollution across different timescales: water reflects current 
wastewater inputs (64.3 % from wastewater treatment plants), whereas sediment preserves a legacy of historical 
domestic and livestock sources (96.6 %). Critically, risk-based prioritization showed that exposure potential 
outweighs intrinsic hazard, though steroid stanozolol exhibited the highest hazard, the most exposed steroids—4- 
androstene-3,17-dione and progesterone—were identified as high-priority contaminants. Our findings translated 
data into actionable management strategies, offering a scientific framework for targeted source control, opti
mized monitoring, and effective risk mitigation of steroid pollution in coastal ecosystems.

1. Introduction

Steroids, encompassing estrogens, androgens, glucocorticoids, and 

progestagens, are endocrine-disrupting chemicals (EDCs) that exhibit 
carcinogenicity in humans and exert deleterious effects on aquatic 
species [1,2]. Even at trace concentrations (ng/L), they can disrupt 

* Corresponding authors at: Key Laboratory of Lake and Watershed Science for Water Security, Nanjing Institute of Geography and Limnology, Chinese Academy of 
Sciences, Nanjing 211135, China.

E-mail addresses: ljzhou@niglas.ac.cn (L.-J. Zhou), qlwu@niglas.ac.cn (Q.L. Wu). 
1 Shan Liu and Qin-Ge Zhou contributed equally to this paper.

Contents lists available at ScienceDirect

Environmental Chemistry and Ecotoxicology
journal homepage: www.keaipublishing.com/en/journals/environmental- 

chemistry-and-ecotoxicology/

https://doi.org/10.1016/j.enceco.2025.10.030
Received 11 September 2025; Received in revised form 8 October 2025; Accepted 27 October 2025  

Environmental Chemistry and Ecotoxicology 7 (2025) 2619–2630 

Available online 29 October 2025 
2590-1826/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. CC BY 4.0 This is an open access article under the 
CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

954

mailto:ljzhou@niglas.ac.cn
mailto:qlwu@niglas.ac.cn
www.sciencedirect.com/science/journal/25901826
https://www.keaipublishing.com/en/journals/environmental-chemistry-and-ecotoxicology/
https://www.keaipublishing.com/en/journals/environmental-chemistry-and-ecotoxicology/
https://doi.org/10.1016/j.enceco.2025.10.030
https://doi.org/10.1016/j.enceco.2025.10.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enceco.2025.10.030&domain=pdf
http://creativecommons.org/licenses/by/4.0/


sexual characteristic [3], inhibit reproduction [4], and dysregulate gene 
expression in aquatic species [5]. They originate from endogenous 
excretion by humans/animals through urine and feces and synthetic 
applications in healthcare, livestock and aquaculture [6,7]. Globally, 
annual emissions of six major natural steroids exceed 18,270 tons and 
grow by 10 % yearly [8]. Critically, conventional wastewater treatment 
plants (WWTPs) struggle to effectively remove steroids [9], and un
treated or partially treated discharges also release steroids into the 
environment. Consequently, steroids exist as pervasive contaminants in 
diverse ecosystems [10].

Coastal wetlands are key transition zones between land and sea, of
fering key ecological functions like carbon storage, biodiversity pro
tection, and shoreline stabilization [11]. Their biogeochemical 
processes naturally intercept land-derived pollutants, such as antibiotics 
[12], per- and polyfluoroalkyl substances [13], macro- and microplastics 
[14], mitigating fluxes to coastal oceans. However, escalating anthro
pogenic pressures (e.g., land reclamation, aquaculture intensification, 
climate change) degrade these habitats [15], potentially compromising 
their pollutant retention capacity and amplifying marine contamination 
risks.

Despite their ecological vulnerability, steroid occurrence and fate in 
coastal wetlands remain strikingly understudied. Existing research 
mostly targets freshwater systems (lakes, rivers, and WWTPs) [2,16,17], 
whereas coastal data are sparse, geographically fragmented, and 
restricted to isolated estuaries [18], bays [19], or deltas [20]. This gap is 
particularly acute for China, which hosts 13,373 km2 of coastal wetlands 
(top 10 globally) [15], historically degraded by intensive human activ
ities [21]. Although recent conservation efforts (since 2012) have 
expanded wetland area [22], the biogeochemical drivers governing 
steroid contamination status, partitioning, source apportionment, and 
risks in these ecosystems are virtually uncharacterized at a national 
scale, hindering evidence-based coastal management.

Here, we present the first comprehensive, coast-wide assessment of 
steroid distribution across China’s coastal wetlands. We hypothesized 
that: (1) the distribution of steroids in coastal wetlands is governed by a 
combination of unique coastal environmental processes and distinct 
regional socioeconomic activities; (2) natural steroids would dominate 
the contamination profile in coastal wetlands, owing to their continuous 
and widespread input from human and animal excretion; (3) exposure 
potential, rather than intrinsic hazardous properties, would be the pre
dominant factor in determining priority steroids for environmental 
management in coastal wetlands.

Hence, we quantified 21 steroids in water-sediment matrices from 10 
major coastal cities, spanning 9 coastal provinces and representative 
wetland categories (natural wetlands, restored wetlands, and aquacul
ture ponds). Our aims were to (1) establish baseline contamination 
profiles of steroids in water-sediment system at a national scale; (2) 
identify key environmental and socioeconomic drivers modulating ste
roid partitioning and spatial trends; (3) quantify national steroid in
ventories via mass-load estimation; (4) apportion steroid sources via 
principal component analysis-multiple linear regression (PCA-MLR) 
modeling; (5) screen priority steroids. The findings from this study can 
offer comprehensive insights into steroids’ environmental behavior in 
coastal wetlands and help with the control and management of steroids.

2. Materials and methods

2.1. Chemicals

In contrast to the predominant focus on estrogens in steroid research 
[23], this work prioritizes the investigation of other steroid classes 
(androgens, glucocorticoids, and progestagens). A total of 21 steroids 
were therefore targeted, encompassing 4 natural steroids [4-androstene- 
3,17-dione (AED), testosterone (T), cortisol (CRL) and progesterone 
(P)], 5 metabolites [11-deoxycorticosterone (DOC), 20α-dihy
droprogesterone (20α-DHP), 17α,20α-dihydroxyprogesterone (17α,20α- 

DOHP), 17α,20β-dihydroxyprogesterone (17α,20β-DOHP), 17α- 
hydroxyprogesterone (17α-OHP)] and 12 synthetic steroids [17β-bol
denone (17β-BOL), 19-nortestosterone (19-NT), stanozolol (S), 17α- 
methyltestosterone (17α-MT), prednisolone (PREL), 17α-hydrox
yprogesterone acetate (17α-OHPA), 1-dehydroprogesterone (1-DHP), 
medroxyprogesterone acetate (MPA), norvinisterone (NVT), cyprot
erone acetate (CPTA), megestrol acetate (MGTA), norethindrone 
(NTD)]. Isotopically labeled internal standards, namely testosterone-d3 
(T-d3), cortisol-d2 (CRL-d2) and progesterone-d9 (P-d9) were used to 
ensure analytical accuracy. More details on these compounds are pro
vided in the Table S1 and Text S1 in the Supporting Information.

2.2. Study regions and sample collection

The study encompasses ten representative sampling regions (Fig. 1), 
strategically positioned across critical wetland areas along China’s 
coastal provinces. These regions include the Liao River Estuary (LRE) in 
Panjin, Liaoning Province; Bohai Bay (BHB) in Qinhuangdao, Hebei 
Province; the Yellow River Estuary (YRE) in Dongying, Shandong 
Province; the Yangtze River Estuary (YZE) in Shanghai, which is a mu
nicipality directly under the central government; the Zhangjiang River 
Estuary (ZJR) in Zhangzhou, Fujian Province; the Pearl River Estuary 
(PRE) in Guangzhou, Guangdong Province; as well as coastal wetlands in 
Wenzhou (WZW), Zhejiang Province; Yancheng (YCW), Jiangsu Prov
ince; the Leizhou Peninsula (LZP), Guangdong Province; and Sanya 
(SYW), Hainan Province.

The samples were classified based on distinct wetland types into 
aquaculture ponds (AP), natural wetlands (NW), and restored wetlands 
(RW). A total of 136 water samples and 139 sediment samples were 
collected across various locations from July to August 2023 (Fig. 1). 
Comprehensive details regarding the sampling locations are delineated 
in Tables S2. Water samples were preserved in plastic containers, while 
sediment samples were collected using stainless-steel grab samplers. 
After sampling, all samples were stored at − 20 ◦C for subsequent 
extraction.

2.3. Sample extraction and instrumental analysis

The extraction and analytical methods utilized in this study are 
described in the Text S2 and S3 in Supporting Information. Briefly, water 
samples were filtered through a 0.7 μm glass fiber filter (GF/F, What
man, UK) to eliminate suspended particulate matter, followed by 
enrichment via solid phase extraction using HLB cartridges (Waters, 500 
mg). The targeted steroids were eluted with 4.5 mL of methanol, 4 mL of 
ethyl acetate, and 4 mL of dichloromethane, then the eluted solution was 
dried by nitrogen and reconstituted in 1 mL of methanol. Sediment 
samples (0.5 g) underwent ultrasonic extraction using 2 mL of aceto
nitrile, 2 mL of methanol, and 2 mL of acetonitrile. The extracts were 
then concentrated and redissolved in 0.5 mL methanol for further 
analysis. Steroids were detected and quantified using LC-MS/MS (Agi
lent 1290 Infinity II liquid chromatography in conjunction with an 
Agilent 6470 triplequadrupole mass spectrometer) which was operated 
in multiple-reaction monitoring mode.

2.4. Quality assurance and quality control (QA/QC)

The recovery rates for the 21target steroids varied, with water 
samples showing a range of 68 % to 116 % and sediment samples 
ranging from 65 % to 107 % (Table S3). The method limits of detection 
(LOD) and method limits of quantification (LOQ) were determined using 
signal-to-noise ratios (SNR) of threefold and tenfold near the target 
peak, respectively. The LODs and LOQs for the target analytes in water 
samples ranging from 0.0076 to 2.3 ng/L and 0.025 to 7.8 ng/L, 
respectively. For sediment samples, LODs and LOQs were within the 
ranges of 0.00035–0.42 ng/g and 0.0012–1.4 ng/g, respectively 
(Table S3). Furthermore, each batch of samples was subjected to quality 
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control checks including the use of field blanks, procedural blanks, 
solvent blanks, and standard solutions (100 μg/L of each steroid) to 
assess instrument performance and background contamination levels. 
All target steroids were not detected (ND) in the field, procedural, and 
solvent blanks, and thus no blank correction was applied to the sample 
data. The calibration curves (1.0–200 μg/L) of 21 object steroids dis
played great linearity with strong correlation coefficient above 0.99. 
Further details can refer to the Supporting Information.

2.5. Data analysis

Steroid concentrations below the limit of detection (LOD) were 
designated as non-detectable (ND). Values between LOD and LOQ were 
estimated using half of the LOQ [24]. Additionally, data within LOD and 

LOQ range were factored into calculations of detected frequency (DF), 
whereas NDs were excluded. The Mann-Whitney U test was used to 
evaluate differences in total steroid levels across sampling areas and 
wetland types, due to non-normal distribution. To explore the associa
tions between steroid concentrations and environmental and socioeco
nomic parameters, spearman’s rank correlation analysis was employed. 
Socioeconomic data came from the local government’s official statistical 
yearbook (Table S4). Statistical significance was determined using a 
single p-value threshold of p < 0.05 for all tests and analyses. Principal 
component analysis (PCA) and multiple linear regression (MLR) were 
employed to identify the different sources of steroids in water and 
sediment sample [20,25]. The mass inventory of steroids in water and 
sediment was estimated by integrating measured concentration, water 
depth, and sediment characteristics, and the final inventory represents 

Fig. 1. Sampling sites of ten coastal wetland regions. In the map of China, yellow represent cities that contain sampling sites and green areas indicate provinces 
where the sampling sites are located. WS, W and S respectively indicate sample sites that both water and sediment, solely water, only sediment samples were 
gathered. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the median value derived from a Monte Carlo simulation, which incor
porated the ranges of the input parameters to account for their vari
ability. Moreover, a risk-based prioritization approach, which integrated 
the potential hazard effects and environmental exposure, was employed 
to identify priority steroids. This approach included three steps: (1) 
assigning a PBT (persistence, bioaccumulation, toxicity) score to each 
steroid; (2) quantifying exposure via detection frequency and measured 
concentration; (3) combining hazard and exposure to yield the final 
priority list. All calculation details and formulas regarding priority ste
roids, mass inventory, and PCA-MLR analysis are provided in the Text 
S5-S8 in Supporting Information. The visual map of sample sites was 
created using ArcGIS Pro and Microsoft PowerPoint 2021. Other figures 

and the Spearman rank correlation analysis were generated using Origin 
2024. Furthermore, the PCA-MLR analysis was conducted using SPSS 
27.

3. Results and discussion

3.1. Nationwide occurrence and spatial distribution of steroids in the 
coastal wetlands

Eight steroids were identified in water across ten major coastal 
wetlands, with the total concenrations ranging from ND to 23 ng/L 
(median: 0.30 to 4.8 ng/L; Fig. 2A, Table S5). Generally, our 

Fig. 2. The total concentrations of steroids (A), compositions of steroids categorized by their types, effects and sources (B), total mean concentration (C), and the 
total concentrations of steroids in water and sediment across different wetland types (D).
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meseasurements are comparable to those in South China Sea bays [19], 
but lower than those in adjacent rivers [26] and inland lake [17], 
possibly driven by higher water mobility and dilution effects in coastal 
wetlands. The steroids in China’s coastal wetlands within an interme
diate range of global pollution levels. The comparability with Kenya’s 
lake water [27], despite differing socioeconomic stages, indicate a 
similar level of anthropogenic pressure and highlight the ubiquitous 
nature of steroids as global pollutants. More importantly, the signifi
cantly lower concentrations compared to certain Canadian surface wa
ters [28] and the Sundarbans wetland [29] underscore that regional 
socioeconomic factors and environmental fate processes are decisive. 
Efficient dilution, dynamic hydrography and—relative to the Sundar
bans—more advanced wastewater infrastructure in China’s coastal cit
ies likely curtail steroid buildup. Thus, global comparison shows that 
steroid pollution reflects not only economic development but also the 
effectiveness of local environmental governance and natural attenuation 
capacity. Spatially, the total mean concentrations of steroids (ng/L) in 
water followed: WZW (4.6) > BHB (4.3) > ZJE (3.3) > LZP (2.9) > PRE 
(2.6) > YCW (1.8) > LRE (1.6) > YRE (1.3) > YZE (0.88) > SYW (0.47), 
though regional differences were marginal (p > 0.05). AED, 17α-MT and 
P showed high detection rates of 51 %, 76 % and 54 %, respectively, 
whereas the other compounds had detection rates below 50 %. 
Regarding individual compounds, natural androgen AED dominated in 
water samples from all study regions except in SYW, where 17α-MT was 
the primary compound (Fig. 2B). Androgens were the most prevalent 
class of steroids aross all the ten regions, followed by progestagens, 
while glucocorticoids (CRL, < 7.8 ng/L) were detected exclusively in 
YCW and YZE. These findings did not fully align with steroid distribu
tion patterns documented in previous studies focusing on the Pearl River 
Estuary and coastal waters of the Guangdong-Hong Kong-Macao Greater 
Bay Area [30,31], likely due to a complex interplay of diverse pollution 
sources, seawater dilution, or bioaccumulation of wetland plants. The 
metabolite 20α-DHP (< 0.84 ng/L) was identified only in BHB and YCW. 
Notably, in SYW, synthetic steroids were presented comparatively high 
proportion (71.2 %) driven by 17α-MT (< 0.025–0.85 ng/L). This 
elevated level likely stems from the extensive use of 17α-MT in aqua
culture. Therefore, tighter controls on synthetic steroids in aquaculture 
in SYW are essential.

Eleven steroids were detected in sediments, with total levels varing 
from ND to 32 ng/g (median: 2.3–4.6 ng/g; Fig. 2A, Table S6). Our 
measurements were lower than those in Chinese river [16], but com
parable to Chinese fishing port [32]. Globally, these levels were lower 
than those reported in Canadian river [33], but higher than those in 
Italian coastal lagoon [34]. Globally, the sedimentary steroid burden in 
China’s coastal wetlands is notable yet not extreme, reflecting a balance 
between large anthropogenic inputs from densely populated, economi
cally active coastlines and the natural attenuation capacity of these 
dynamic systems. Spatially, the total mean concentrations of steroids 
(ng/g) in sediments followed: YCW (11) > PRE, ZJE (5.5) > YRE, LZP 
(4.0) > YZE (3.9) > BHB, WZW (3.6) > SYW (3.3) > LRE (3.2). Notably, 
except YCW, no significant differences of steroid levels in sediments 
were found, mainly attributed to high elevated concentrations in YCW 
aquaculture pond (Table S6). AED, T, CRL, PREL, P and 20α-DHP 
showed high detection rates at 97 %, 100 %, 90 %, 78 %, 99 % and 91 % 
respectively, whereas detection rates of other compounds below 50 %. 
Regarding individual compounds, 6 steroids were indentified across all 
regions, with mean concentrations (ng/g) in descending order: P (1.7), 
CRL (1.1), T (0.70), PREL (0.50), AED (0.53), and 20α-DHP (0.39) 
(Fig. 2B), indicating their long-term presence and coexistence in coastal 
wetland sediments. Unlike water, in sediments, androgens had the 
smallest proportion, while glucocorticoids and progestagens were the 
dominant classes. The natural steroid proportion was relatively consis
tent across all sampling regions (71.9 %–85.6 %), seemly due to their 
widespread sources like human and animal metabolism and excretion. 
Meanwhile, In YCW and ZJE, metabolites had higher percentages, while 
synthetic steroids were more prevalent in other regions.

We also analyzed the distribution and proportions of steroids by 
different wetland types. In water, the total steroid concentrations (ng/L) 
were ND–12 (median, 0.80), ND–23 (1.6), and ND–11 (1.5) for AP, NW 
and RW, respectively. In sediments, levels (ng/g) were 0.71–32 (3.7), 
1.0–16 (3.3), and 0.95–12 (4.2) for AP, NW and RW, respectively 
(Fig. 2D and Tables S5, S6). Total concentrations showed no significant 
variation across wetland types in water or sediments (Mann-Whitney U 
test, p > 0.05). Additionally, steroid proportion in different wetland 
types, mirrored those in different study regions, regardless of whether 
steroids were categorized by individual compounds or different types 
(Fig. S2). These results indicate that wetland type exerts little influence 
on steroid distribution in coastal wetlands. Notably, aquaculture ponds 
at PRE had the highest average steroid concentration at 1.3 ng/L 
(Fig. S2), while their natural and restored wetland sediments showed 
significant contamination, possibly due to Guangdong’s high population 
density and aquaculture industry. All wetland types contained the syn
thetic steroids 17α-MT and 17β-BOL in water, with aquaculture ponds 
exhibiting the highest percentages. These steroids, used as feed additives 
for sex manipulation [35], and growth promotion [36], suggest possible 
unauthorized use in some aquaculture operations.

3.2. Distribution drivers of steroids in wetland water and sediments

Steroid concentrations in coastal wetlands can be impacted by 
multiple environmental factors, and the wet-season conditions under 
which this study was conducted likely modulated these interactions. In 
water (Fig. 3A), salinity was positively correlated with 17α-MT and P, 
the opposite of the “salting-out effect” reported for most EDCs, whose 
aqueous solubility drops as salts accumulate, driving them into the non- 
aqueous phase [37]. This apparent contradiction may be a distinctive 
feature of the wet season, the large influx of freshwater likely created a 
low-salinity environment where steroids are likely influenced to a more 
strongly by other drivers. Consequently, in coastal wetlands experi
encing intense hydrological cycles, traditional models governing steroid 
distribution may require seasonal adjustments. This is critical for accu
rately predicting their environmental behavior across both dry and wet 
seasons. Furthermore, the negative correlations between chlorophyll-a 
and steroid concentrations (17β-BOL and P) highlight a key natural 
purification process driven by phytoplankton. Algae can mitigate ste
roids through mutiple mechanisms, such as acting as a photosensitizer to 
enhance oxidative photodegradation [38], directly adsorbing the com
pounds, and facilitating biodegradation [39], making algal communities 
an efficient, multi-pathway removal system in the aquatic environment, 
a capability that can be harnessed in algae-based wastewater treatment 
to enhance steroid removal [40]. Given that aquaculture wastewater 
and livestock manure are rich in nutrients [41,42], the positive corre
lation of 17α-MT and 20α-DHP with nutrient indicators suggests a 
shared origin, directly implicating the aquaculture and livestock in
dustries as major contributors to steroid contamination in these coastal 
wetlands. Conversely, the negative correlation between P and nutrients 
likely reflects enhanced surface-runoff transport of nutrients during the 
wet season, which stimulates algae proliferation and thereby accelerates 
the biodegradation and transformation of natural steroids [43,44]. The 
negative correlations of P with both dissolved organic carbon (DOC) and 
water temperature point to its enhanced degradation through two pri
mary pathways: DOC-facilitated photodegradation [45] and 
temperature-dependent biodegradation [46] and photodegradation 
[47]. Hence, the synergistic action of sunlight, warm temperatures, and 
organic carbon leads to the most efficient natural attenuation of steroids 
in such conditions.

In sediment (Fig. 3B), AED, T, P, and 20α-DHP levels have strong 
positive correlations with nutrient indicators, implying that these ste
roids have a source rich in nutrients, such as domestic sewage, livestock 
and aquaculture wastewater [41,42]. Nevertheless, the negative corre
lations between PREL, 1-DHP and certain nutrients revealed the 
complexity of steroid adsorption and degradation in sediments, 
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highlighting the need for future research on how multiple factors 
interact with steroid occurrence. Moreover, most steroids, including 
AED, T, P, and 20α-DHP, had significant positive relationships with total 
organic carbon (TOC) (r = 0.31–0.37, p < 0.05) (Fig. S3). This corre
lation, consistent with reports from estuarine [18] and fishing port 
sediments [32], can be attributed to the well-established role of TOC in 
facilitating the adsorption of hydrophobic organic compounds to sedi
ments [48]. Consequently, TOC-rich sediments act as a significant sink, 
sequestering steroids and reducing their immediate bioavailability in 
the water column. Conversely, the concentrations of PREL were nega
tively correlated with TOC, possibly because factors beyond TOC also 
affect sediment steroid occurrence, such as sediment resuspension that 
enhances the bioavailability of DOC [49], promoting the biodegradation 
and transformation of steroids and thereby influencing their partition
ing. Additionally, wet-season hydrology—dilution, resuspension, and 
high nutrient—sharply increases the complexity of interacting factors. 

Thus, while the detected correlations pinpoint core drivers of steroid 
fate, their magnitude and relative weight are specific to the monsoon 
phase and may differ under the stagnant, concentrated dry season.

Regarding socioeconomic parameters, steroid levels in natural 
wetland waters correlated positively with farming production (livestock 
meat, pig slaughter, mariculture) (Fig. 3C), implying possible discharge 
of untreated or inadequately treated livestock and aquaculture waste
water into natural wetlands. Manure composting can also introduce 
steroids into wetland water via surface runoff [50]. Similarly, the total 
steroid concentrations in sediments correlated strongly with farming 
production (livestock meat, pig slaughter and aquatic product) 
(Fig. 3D), indicating livestock and aquaculture are likely the main 
sources of steroids in coastal wetland sediments [51,52]. Furthermore, 
the strong link between steroid levels in restored wetland water and 
local sewage discharge shows domestic sewage is a key factor and po
tential steroid source. The strong correlation between aquatic yield and 

Fig. 3. Correlations between steroid concentrations and environmental parameters in water (A) and sediment (B), correlations between total steroid concentrations 
and socioeconomic parameters from ten districts in water (C) and sediment (D).
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natural wetland sediment steroids (Fig. 3D) underscores aquaculture’s 
substantial impact on ecosystems and highlights the need for better 
environmental management and pollution control in aquaculture.

3.3. Mass inventory

We estimated steroid mass inventory in Chinese coastal wetlands by 
integrating our monitoring data from ten wetland regions spanning nine 
provinces (Fig. 4). Challenges in distinguishing natural and restored 
wetlands led us to separately quantify mass inventories in coastal wet
lands (natural and restored) and aquaculture ponds. The total steroid 
mass inventory in Chinese coastal wetlands and aquaculture ponds was 
19 tons, 1.3 % of China’s national mass inventory [50]. Provincial-level 
inventories exhibited significant spatial heterogeneity, ranging from 
558.6 (Hebei) to 5791 (Guangdong) kg (Fig. 4A). In water, the mass per 
unit area was 0.023–2.6 ng/cm2 (Table S7), lower than the Jiulong River 
estuary [53]. In sediment, it was 0.17–0.50 mg/m2 (Table S7), similar to 
Chinese estuaries [18] but significantly lower than fishing ports [32]. 
The sedimentary steroid mass inventory, which accounted for 97 % of 
the total mass inventory (Fig. 4B), highlights the critical role of sedi
ments as a primary reservoir for steroids in wetland ecosystems. In 
coastal wetlands, water steroid mass inventory ranged from 0.56 kg in 
Hainan to 163 kg in Fujian, and sediment mass inventory from 312 kg in 
Hebei to 5108 kg in Guangdong (Fig. 4C). Liaoning, with the largest 
wetland area (10,338 km2), had relatively low steroid mass inventory, 

which likely due to its sparse population (Table S4). Conversely, high 
mass inventories in Guangdong and Fujian emphasize the urgent need to 
address steroid pollution here.

For aquaculture ponds, steroid mass inventory in water ranged from 
0.04 kg (Shanghai) to 5.9 kg (Guangdong), while in the sediment, it 
ranged from 18.4 kg (Shanghai) to 1055 kg (Jiangsu) (Fig. 4D). The low 
inventories in Shanghai likely stem from its minimal aquaculture pond 
areas (51.8 km2). Although Shandong has the largest aquaculture area, 
its steroid mass inventory is relatively low, possibly due to effective 
aquaculture management and water quality control. Conversely, the 
high steroid inventories in both water and sediment in Guangdong may 
be related to its robust aquaculture economy [54]. High-density aqua
culture can accelerate steroid accumulation in sediment. Jiangsu’s 
aquaculture pond sediments have the highest steroid mass inventory 
(1055 kg), significantly exceeding the second place (Guangdong, 558 
kg). Future monitoring of steroid pollution in aquaculture ponds should 
focus on Guangdong and Jiangsu, particularly aquaculture pond sedi
ments in Jiangsu, as these may serve as a significant source of steroids 
entering the marine environment [32]. Overall, sediments emerged as a 
primary reservoir for steroids, thereby highlighting the critical impor
tance of prioritizing sediments in future monitoring and restoration 
endeavors.

Fig. 4. Total steroid mass inventories of different provinces (A), the percentage of the total steroid mass inventories (B), each steroid mass inventories of different 
provinces within natural and restored wetlands (C) and aquaculture ponds (D).
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3.4. Source apportionment

In water, four principal components (PC1-PC4) were identified, 
contributing 22.6 %, 16.2 %, 14.1 % and 14.0 % to the total variance, 
respectively (Table S8). PC1 was associated with S and MGTA. MGTA is 
extensively used in medical applications such as cachexia–anorexia 
syndrome [55], and S is commonly employed for treating cytopenia [56] 
and as a stimulant in athletes [57]. Hence, PC1 likely represents 
wastewater inputs from medical and pharmaceutical sources. PC2 was 
strongly associated with 17β-BOL and 20α-DHP. 17β-BOL was known as 
its employment in livestock growth promoting [58], and 20α-DHP was a 
natural metabolite of P and was commonly found in mammals [59]. 
Therefore, PC2 likely represents livestock wastewater. PC3 correlated 
highly with CRL, which was effectively removed in WWTPs (98 % 
removal rate) and detected at very low levels in effluents (0.55 ng/L) 

[10]. Thus, PC3 likely originated from untreated wastewater. PC4 was 
characterized by the endogenous androgen AED, which is mainly of 
human origin [50] excreted via urine [60]. Its high prevalence in 
WWTPs (up to 802 ng/L in influent, and 70 ng/L in effluent) indicates 
PC4 stands for WWTPs effluents [27,61]. The contributions of the four 
principal components were determined via MLR analysis using factor 
score (FSk) and the standard normalized deviation (Ẑsum) of target ste
roid concentrations, retaining only significance variables (p < 0.05), as 
following equation: 

Ẑsum = 0.244FS1 +0.145FS2 +0.088FS3 +0.8588FS4 (R2 = 0.824)

Fig. 5A illustrated the mean percentage contributions of each source 
to the total steroid concentrations: 18.3 % from medical and pharma
ceutical discharge (PC1), 10.9 % from livestock wastewater (PC2), 6.6 % 
from untreated wastewater (PC3), and 64.3 % from WWTPs effluents 

Fig. 5. Source contributions to steroids based on PCA-MLR analysis for water (A) and sediment (B).
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(PC4). The dominance of WWTP effluents as the primary source of ste
roids in water is consistent with findings in rivers of Beijing [25]. 
However, this contrasts sharply with studies from surface water of the 
Yellow River Delta [20], where animal source was identified as the 
major contributor (42.3 %). This regional heterogeneity in sources un
derscores that steroid emissions are a direct reflection of local anthro
pogenic activities. Consequently, precise management of steroids are 
needed, such as upgrading WWTPs in urbanized zones and controlling 
waste in agricultural regions. The contributions of sources varied greatly 
among sampling points. WWTP effluents (PC4) were the main cause of 
high steroid levels at most sites, while other sources (PC1, PC2, PC3) 
dominated elsewhere. These differences likely stem from inadequate 
wastewater treatment and variable discharge conditions. Additionally, 
negative values from some sources at certain stations are typically 
attributed to improper variable scaling, a common issue in PCA [62].

In sediment, four principal components (PC1-PC4) were recognized, 
explaining 43.9 %, 14.3 %, 9.4 % and 9.3 % of the total variance, 
respectively (Table S9). PC1 was linked to four endogenous steroids 
(AED, T, P, and 20α-DHP) originating from human and animal sources, 
primarily via sewage and livestock farming [8]. Therefore, PC1 was 
identified as domestic sewage and livestock wastewater. PC2 strongly 
correlated with glucocorticoids CRL and PREL, both commonly found in 
WWTPs and efficiently removed (99 % for CRL and 96 % for PREL) [61]. 
Therefore, PC2 can be considered as untreated wastewater. PC3 was 
characterized by high loadings for 17α-MT, which was widely used in 
aquaculture for hormonal sex reversal [63]. Moreover, among the three 
types of wetlands, 17α-MT was found as the highest proportion in 
aquaculture pond water (Fig. S2). Therefore, PC3 can be inferred as 
originating from aquaculture wastewater. PC4 was strongly correlated 
with NVT, a well-known component of contraceptives. Therefore, PC4 
was identified as pharmaceutical wastewater. Similarly, the equation for 
MLR as follows: 

Ẑsum = 0.982FS1 +0.035FS3 (R2 = 0.967)

Results indicated that only PC1and PC3 were retained, with contri
butions of 96.6 % from domestic sewage and livestock wastewater 
(PC1), and 3.4 % from aquaculture wastewater (PC3) (Fig. 5B). Across 
all sediment sampling sites, the majority of steroid load originated from 
livestock wastewater and domestic sewage, with aquaculture waste
water contributing negligible proportions. The hydrophobic nature of 
steroids leads to their accumulation in sediments via sedimentation, 
making sediments a major storage [50]. Hence, steroid source analysis 
in sediment likely reflects the historical aquatic steroid pollution and 
accumulation. The findings highlight significant accumulation of natu
ral steroids in coastal wetland sediments, which should not be over
looked, as these steroids can be resuspended and re-entered the water 
column. Our quantitative source apportionment provides a scientific 
basis for targeted mitigation strategies. The predominance of WWTP 
effluents necessitates prioritizing upgrades to treatment technologies in 
major coastal cities, with a focus on advanced oxidation processes such 
as photocatalysis, Fenton reactions, electrocatalytic oxidation, and cat
alytic ozonation [64]. To address the significant contributions from 
medical and livestock sources, policy measures should include the 
improved management of pharmaceutical waste and the enforcement of 
stricter regulations on waste discharge from livestock farms. The spatial 
heterogeneity of pollution sources calls for tailored, region-specific 
control strategies.

3.5. Screening of priority steroids in water

This study utilized a risk-based prioritization model, and integrated 
12 PBT attributes (3 for persistence, 3 for bioaccumulation, and 6 for 
toxicity) with environmental exposure of steroids to identify priority 
steroids in coastal wetland water [65]. According to criteria for PBT 
substances (Table S11), 5 steroids (AED, S, 17α-MT, P and 20α-DHP) 

exhibited high persistence, indicating their extreme persistence (model- 
predicted total degradation times exceeding months), with S having the 
highest persistence. None of the detected steroids reached the bio
accumulation criteria, with S exhibiting the highest bioaccumulation 
potential (Log BAF = 3.1). Although the detected steroids do not meet 
the criteria for acute aquatic toxicity (LC50/EC50 < 0.1 mg/L), their 
potential for inducing chronic and sublethal effects poses a significant 
threat to aquatic organisms. We found that all steroids have possible 
developmental toxicity, five steroids (AED, S, 17α-MT, P and 20α-DHP) 
have probable carcinogenicity, and four (S, CRL, P and MGTA) have 
potential hepatotoxicity. The combination of these toxicity endpoints, 
especially their endocrine-disrupting potential, means that these ste
roids, even at low environmental levels, exert a cascade of adverse ef
fects on aquatic organisms, compromising reproduction, development, 
and overall health. The ToxPi scores based on PBT attributes indicate 
that steroid S poses the highest hazard among detected compounds, 
followed by 17α-MT (Fig. 6A). The predicted no-effect concentration 
(PNEC) of S is the lowest (47 ng/L), resulting in medium risks (RQs ≥
0.1) at several sampling points in the PRE region, while 17α-MT exhibits 
minimal risk (RQs < 0.01) (Fig. S4). The high ToxPi score of S is 
attributed to its strong persistence and bioaccumulation characteristics. 
S is commonly used as veterinary medicine [66] and stimulant of sports 
[57], thus there was a potential for its misuse and underscoring the need 
for targeted monitoring of S in PRE.

Normalized exposure (Fig. 6B) showed AED, P, 17α-MT, 17β-BOL, 
and S as the most exposed compounds (normalized exposure ≥0.01). 
Integrating exposure levels and hazard data, AED and P were classified 
as high-priority steroids, and 17α-MT, S and 17β-BOL as medium- 
priority steroids in coastal wetland water (Fig. 6C). The high-risk in
dexes of AED and P stem predominantly from their high exposure levels 
in water, with PBT attributes contributing relatively little (Fig. 6C). 
Though AED and P are naturally secreted by humans and animals, their 
accumulation can cause ecological harm. Exposure to P can cause direct 

Fig. 6. ToxPi score (A), concentration magnitude versus detection frequency, 
and their respective contributions to normalized exposure (B), and ranking of 
priority steroids based on ToxPi score, normalized exposure and risk index in 
water samples (C).
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pathological damage to vital organs, such as the liver and gills in fish 
[67]. More critically, at the physiological level, both steroids function as 
potent endocrine disruptors. P is proven to disrupt sex differentiation 
[68] and alter transcriptional profiles in the brain and ovary, adversely 
impacting reproduction [69]. Simultaneously, AED exhibits strong 
androgenic effects, leading to the masculinization of female fish across 
multiple species, including mosquitofish and fathead minnows [70–72]. 
Critically, the risk is magnified in real-world scenarios where mixtures 
prevail. Environmentally relevant mixtures of steroids exert additive 
adverse impacts on fish reproduction [73], and the co-regulation of 
several genes by multiple steroids suggests a convergent disruption of 
key developmental pathways [74]. Therefore, the co-occurrence of P 
and AED with other steroids likely leads to combined toxicities that pose 
a far greater threat to aquatic ecosystems than any single compound 
alone. In all coastal wetland water samples, AED and P exhibited low or 
minimal risks (RQs < 0.1) in coastal wetlands (Fig. S4). Specifically, 
AED showed low risk at BHB, ZJE, LZP, and WZW, while P exhibited low 
risk at BHB, ZJE, PRE, and YRE. Given these results, enhanced moni
toring and management of AED and P are recommended for BHB and 
ZJE wetlands. To achieve this, wastewater treatment plants should 
establish specific monitoring indicators, and pre-treatment standards for 
aquaculture and livestock wastewater need to be strengthened. Overall, 
at 83 % of the sampling sites, steroids pose minimal ecological risk (RQs 
< 0.01, Fig. S4). Despite low concentrations, vigilance is needed, espe
cially in PRE, where steroid mixtures have a higher hazard index (HI >
0.1), potentially impacting organism endocrine systems.

3.6. Limitations

Several limitations should be acknowledged in this study. Firstly, the 
absence of comprehensive toxicity data restricted our risk assessments to 
only 8 steroids, which might lead to an underestimation of the cumu
lative risks in the environment. Secondly, the PCA-MLR model adopted 
herein simplifies the intricate interactions between pollution sources 
and fails short in precisely refining the identification of pollution sour
ces. Thirdly, the snapshot sampling approach, conducted exclusively 
during wet season, fails to capture seasonal variations, which is critical 
for steroids influenced by hydrological and biological cycles. To address 
these gaps, future studies should incorporate longitudinal monitoring 
efforts, expand toxicity datasets, and employ multi-compartment 
modeling to enhance the precision of risk predictions.

4. Conclusions

This study established the first systematic, national-scale baseline for 
steroid occurrence in China’s coastal wetlands, revealing key contami
nation characteristics. Steroid concentrations were found to be rela
tively low overall (ND to 23 ng/L in water and ND to 32 ng/g in 
sediment), with natural steroids predominating. Furthermore, no sig
nificant differences in steroid levels were observed across different 
wetland types (natural, restored, aquaculture). Environmental parame
ters (salinity, chlorophyll-a, temperature, and TOC) and socioeconomic 
drivers (livestock farming output, aquaculture production, domestic 
sewage discharge) significantly influenced steroid occurrence and par
titioning. Crucially, sediments were identified as the dominant reser
voir, holding an estimated 19-ton national inventory that constitutes 97 
% of the total steroid mass. Based on this inventory assessment, Jiangsu 
and Guangdong provinces emerged as priority regions for future moni
toring and management. WWTP effluents dominated steroid sources in 
wetland water; domestic sewage and livestock wastewater dominated in 
sediments. Moreover, the natural steroids 4-androstene-3,17-dione and 
progesterone were designated as priority steroids mainly due to their 
high environmental exposure levels. Consequently, these findings 
highlight the necessity to enhance steroid removal efficiency and 
treatment standards in wastewater, with particular focus on 4-andros
tene-3,17-dione and progesterone. This research provides critical 

scientific support for evidence-based policies aimed at protecting 
vulnerable coastal wetlands and mitigating steroid fluxes into the ma
rine environment.
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A B S T R A C T

Semiconductor photocatalysis has been widely applied to address global environmental pollution. CdS has 
garnered significant attention due to its strong visible-light response and capability to form stable hetero
junctions with other catalysts. However, the photocatalytic performance of CdS is still limited by fast recom
bination of photogenerated electron-hole pairs. In this study, various CdS@ZnIn2S4 heterojunctions with core- 
shell structure were successfully synthesized by a hydrothermal method, and the optimal component was 
determined as 5 %-CdS@ZnIn2S4 heterojunction due to the largest specific surface area and the smallest band 
gap (2.27 eV) through various characterizations. In addition, the results of norfloxacin degradation experiments 
demonstrated that the 5 %-CdS@ZnIn2S4 heterojunction showed the highest photocatalytic performance than 
CdS, ZnIn2S4 and other composites. Specifically, the degradation rate of norfloxacin reached 90.8 % within 2 h 
and decreased by only 8.3 % after five recycling experiments. Such S-type heterojunction photocatalyst obviously 
enhanced the light absorption and effectively promoted the spatial separation and transfer of photogenerated 
carriers, thus significantly improving the performance of photocatalytic reactions. Furthermore, the main active 
substances •O2

- and •OH in the degradation process were identified through active species capture experiments, 
and the degradation mechanism was analyzed. This technology is anticipated to provide insights and theoretical 
guidance for developing novel photocatalysts, which is of great significance for promoting the construction of 
ecological civilization and realizing sustainable economic and social development.

1. Introduction

Norfloxacin, a typical broad-spectrum antibiotic, plays a significant 
role in numerous fields, including medicine and agriculture [1–3], but 
has the potential to exhibit ecotoxic effects at certain concentrations in 
the environment due to its limited absorption and utilization in living 
organisms [4–6]. Semiconductor photocatalytic technology, with the 
advantages of non-pollution, high efficiency, low energy consumption, 
etc. [7–9], has been widely used in the fields of photocatalytic water 
decomposition, antimicrobial applications, and pollutant degradation, 

showcasing a wide range of applications prospects since it can conduct 
environmental remediation and energy conversion through directly 
utilizing the solar energy [10–12]. However, despite various methods 
employed to enhance photocatalytic systems, such technology still faces 
challenges in practical applications, such as inefficient visible light uti
lization, rapid recombination of photogenerated charges, and low 
migration efficiency of electrons and holes [13–15]. Therefore, devel
oping highly efficient photocatalysts is urgently needed to address 
antibiotic pollution, thus serving environmental protection and human 
health.
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It is worth noting that even the famous photocatalysts, CdS-based 
materials, are still limited by these inherent defects, including low 
charge separation efficiency or easy recombination of photogenerated 
carriers, poor light absorption, limited surface active sites, and notice
able photo-corrosion phenomena [16,17]. Many efforts have been made 
to overcome these shortcomings, including semiconductor-coupling 
methods such as morphological modifications and elemental doping. 
For example, Keerthana et al. prepared PVP-assisted Mn-CdS nano
particles that enhanced cationic degradation [18], and Liu et al. devel
oped carbon-coated Zn-doped CdS core-shell photocatalysts 
(Zn-CdS@C) that showed good performance in photocatalytic removal 
of antibiotics [19]. In photocatalysis, the method of coupling CdS to 
other semiconductors is of particular interest. This approach has been 
shown to significantly improve the separation of photogenerated elec
trons and holes, reduce carrier complexation, and modulate the band 
gap structure, expanding the light absorption range and improving the 
photocatalytic performance [20]. Notably, the functionalized core-shell 
and hollow structures provide advantages such as large specific surface 
area, improved light utilization efficiency, and reduced charge-carrier 
recombination, leading to significant performance optimization 
[21–23]. In particular, ZnIn2S4 has also been widely used with CdS and 
displayed excellent photocatalytic performances [24,25].

Based on this, x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) hetero
junctions with different ratios were synthesized by a simple hydro
thermal method in this study, which possessed the advantages of mild 
and environment-friendly conditions, high crystallinity of the products, 
and controllable morphology, which significantly shortened the prepa
ration time and lowering the cost, thus could be an ideal choice for the 
preparation of high-performance photocatalytic materials [26]. The 
core-shell hollow micro-nanostructures introduced in CdS@ZnIn2S4 
heterojunctions [27] resulted in a large specific surface area, which 
enhanced the catalyst’s light-absorbing ability and contact area with the 
reactants. The synergistic interaction between core and shell and the 
formation of heterojunction also enabled the CdS@ZnIn2S4 hetero
junction to absorb more photons with lower energy, effectively pro
moting the separation and migration of photogenerated electrons and 
holes and reducing carrier complexation, which provided a strong sup
port for the enhancement of photocatalytic performance [28,29]. This 
study demonstrated the aforementioned phenomenon using character
ization methods such as XPS and EIS. The heterojunction formed be
tween ZnIn2S4 and CdS extended the light absorption range of the 
material, resulting in better photocatalytic activity in visible light. The 
experimental findings demonstrated that the 5 %-CdS@ZnIn2S4 heter
ojunction exhibited the highest catalytic efficiency and the most optimal 
performance under UV-vis irradiation, surpassing the CdS@ZnIn2S4 
heterojunction with a single component or other CdS content. This 
outcome was in agreement with the characterization results. The unique 
preparation method and the constructed core-shell structure resulted in 
high stability in aqueous solution. In addition, active species (•OH and 
•O2

- ) for the photocatalytic degradation of norfloxacin in water were 
identified by active species capture experiments. Furthermore, the roles 
of the active species in the degradation process were investigated, which 
led to the establishment of the corresponding photocatalytic degrada
tion mechanism and the elucidation of possible mechanistic pathways. 
Therefore, the successful combination of CdS and ZnIn2S4 enhances the 
photocatalytic degradation of norfloxacin under visible light irradiation, 
which will promote the development of water treatment technologies 
for the efficient degradation of pollutant antibiotics.

2. Experimental section

2.1. Hydrothermal synthesis CdS@ZnIn2S4

Specifically, various x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) 
heterojunctions were synthesized using a hydrothermal method. The 
detailed processes were listed in S1.1, Supporting Information.

2.2. Characterization

All the characterizations of the photocatalysts were listed in S1.2, 
Supporting Information.

2.3. Photocatalytic degradation experiment

In this study, the photocatalytic degradation experiments of nor
floxacin were carried out using a xenon lamp photocatalytic reactor 
(CEL-PF300-T8E, China) at room temperature (25 ℃), using 300 W 
xenon lamp photocatalytic reactor (CEL-PF300-T8E, China) to simulate 
the sunlight. Then 20 mg of each photocatalyst sample was weighed and 
dispersed in 100 mL of norfloxacin solution (20 mg/L), placed in the 
photocatalytic reactor and stirred under dark conditions for 1 h to reach 
the adsorption-desorption equilibrium. The xenon light source was 
switched on (the average light intensity was about 886 mW/cm2). 
Meanwhile, the cold-water recirculation device of the photocatalytic 
reactor was opened throughout the experiment. Then, 4 mL of the so
lution was drawn from the vessel at a given time interval (15 min) and 
filtered with a 0.22 μm membrane to separate the catalyst from the 
supernatant. Finally, the supernatant was detected by using a UV-vis 
spectrophotometer (SHIMADZU UV-2700, Japan) to determine the 
absorbance at a specific wavelength of 272 nm, which was determined 
after full-wavelength scanning (Fig. S7a). Subsequently, the degradation 
rate of norfloxacin was calculated in conjunction with the plotted 
standard curve of norfloxacin to assess the photocatalytic performance 
of the photocatalysts (Fig. S7b), which was calculated according to the 
following formula: 

η =
C0 − Ct

C0
× 100% 

Where: η is the photocatalytic degradation rate; C0 is the initial con
centration of norfloxacin solution (mg/L); Ct is the concentration of 
norfloxacin solution after the reaction has been carried out for t min 
(mg/L).

The prepared CdS@ZnIn2S4 heterojunction’s photocatalytic cycling 
performance was evaluated by carrying out five consecutive photo
catalytic reactions. After the complete photocatalytic reaction, the 
samples were collected by centrifugation, and the catalysts were washed 
three times with deionized water and ethanol, respectively. They were 
dried in an oven at 60 ◦C, and subsequently used for the next photo
catalytic experiment.

Reactive species capture experiments could identify the prominent 
reactive radicals affecting norfloxacin degradation in the reaction sys
tem, and the present study used TEOA, IPA, and BQ as h+, •OH and •O2

- 

trapping agents. After the adsorption-desorption equilibrium was 
reached at the end of the dark reaction of the photocatalytic experiment, 
the trapping agents were added to the solution for subsequent 
experiments.

3. Results and discussion

3.1. Characterization of photocatalysts

The XRD patterns of CdS hollow nanospheres and x-CdS@ZnIn2S4 
(x = 0, 5 %, 10 % and 15 %) heterojunctions were shown in Fig. 1a. 
Among them, the line I and II corresponded to the hexagonal phase 
ZnIn2S4 standard card (JCPDS No. 72–0773) and hexagonal phase CdS 
standard card (JCPDS No. 01–077–2306), respectively [30–32]. The 
high-intensity peak of line II at 2θ = 26.62◦ (corresponding to the (002) 
crystal plane) indicated that CdS hollow nanospheres tended to grow 
along the c-axis [33]. The peaks found in lines III to V were all in the 
presence of CdS, ZnIn2S4 crystalline phases, including the characteristic 
peaks attributed to CdS (002), (100), (110) and (112) crystal faces and 
the characteristic peaks attributed to (006), (110), (202) and (213) 
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crystal faces, with the different compositional ratios leading to the dif
ferences in the peaks [34]. The above results indicated the successful 
preparation of CdS@ZnIn2S4 heterojunction with a well-maintained 
crystal structure.

The Raman spectra of CdS hollow nanospheres and x-CdS@ZnIn2S4 
(x = 0, 5 %, 10 % and 15 %) heterojunctions were presented in lines I to 
V of Fig. 1b, respectively. As could be seen from line I, the characteristic 
peaks at 241 and 353 cm− 1 were associated with the transverse optical 
mode (TO2) and longitudinal optical mode (LO2) vibrations of ZnIn2S4, 
respectively [35]. The characteristic peaks observed at approximately 
300 and 598 cm⁻¹ in line II were associated with the fundamental optical 
phonon mode (1LO) and the first overtone mode (2LO) vibrations of CdS 
[36]. The Raman spectra of the CdS@ZnIn2S4 heterojunctions showed 
four distinctive peaks at 241, 300, 353 and 598 cm− 1, which exhibited a 
high degree of correlation with the characteristic peaks of the Raman 
spectra of CdS and ZnIn2S4, respectively. Notably, the 1LO and 2LO 
vibrations of CdS increased with increasing CdS content in the com
posite, indicating the successful bonding of ZnIn₂S₄ sheets with CdS. 
Fourier transform infrared spectroscopy (FT-IR) could be employed to 
examine the chemical composition and functional groups of CdS hollow 
nanospheres and x-CdS@ZnIn2S4 (0 %, 5 %, 10 % and 15 %) hetero
junctions (Fig. S1). The characteristic peaks at 1387 and 3440 cm− 1 

could be attributed to the -OH functional group (line I), while the peaks 
around 600–700 cm− 1 represented the Cd-S stretching vibration (line II) 
[37]. This provided further evidence that the preparation of 
CdS@ZnIn2S4 heterojunction material was successful.

Fig. 1c illustrated the UV-vis diffuse reflectance spectra of CdS hollow 
nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) hetero
junctions, together with the corresponding band gap maps calculated by 
the Tauc plot method. The light absorption edges of CdS hollow nano
spheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) hetero
junctions were found to be 549.41, 562.02, 583.48, 566.95 and 
563.78 nm, respectively. The UV-vis diffuse reflectance spectra of CdS 
clearly showed the absorption band edges due to the electronic 

transition from the valence band to the corresponding conduction band. 
The CdS@ZnIn2S4 heterojunctions exhibited a pronounced absorption at 
583.48 nm with a red-shifted maximum wavelength, which could be 
attributed to the formation of a heterojunction between ZnIn2S4 and 
CdS, thereby increasing the absorption range and intensity [38]. 
Furthermore, the corresponding band gaps were calculated by the 
equation (αhv)1/n = A(hν-Eg) [39], as illustrated in Fig. 1d. The band 
gaps of CdS nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 
15 %) heterojunctions were 2.34, 2.38, 2.27, 2.30, and 2.31 eV, 
respectively. It is noteworthy that the band gap of the CdS@ZnIn2S4 
heterojunction diminished from 2.34 to 2.27 eV as the proportion of CdS 
in the composites was reduced, a development that is advantageous for 
enhancing the photocatalytic activity [40]. This phenomenon could be 
attributed to the following reasons: when the particle size decreases to a 
certain extent due to the increase in CdS content, the movement of 
electrons and holes is restricted, leading to the emergence of quantum 
confinement effects, which significantly changes the electronic structure 
of CdS [41]. Additionally, the rise in CdS content may affect the electric 
field and energy band bending at the heterojunction interface, altering 
the electronic density of states at the interface and changing the intrinsic 
band gap properties of CdS, which in turn leads to an increase in the 
band gap [42–44].

The successful synthesis of the heterojunction was verified by XRD, 
Raman and FT-IR characterization of CdS, x-CdS@ZnIn2S4 (x = 0, 5 %, 
10 % and 15 %) heterojunctions. In particular, UV-vis diffuse reflectance 
spectroscopy and corresponding band calculations showed that the 5 %- 
CdS@ZnIn2S4 heterojunction has the lowest band gap value, so the 
optimized 5 %-CdS@ZnIn2S4 heterojunction is a promising candidate 
for further research and application.

Fig. 2a and Fig. S2 showed SEM images of CdS hollow nanospheres 
and pure ZnIn2S4. As can be seen, the CdS structure is hollow, and the 
spherical morphology remains intact throughout the etching process. 
Thus, the multistage CdS@ZnIn2S4 core-shell hollow spheres have been 
successfully prepared by in-situ chemical deposition. While the pure 

Fig. 1. CdS hollow nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) heterojunctions: (a) XRD spectrum, (b) Raman spectrum, (c) UV-vis diffuse 
reflectance spectra, and (d) band gap calculated by Tauc plot method.
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phase ZnIn2S4 presents a petal-like spherical structure composed of 
nanosheets. As illustrated in Fig. 2b and c, the disordered two- 
dimensional ZnIn2S4 flakes exhibited uniform growth on the surface of 
the thin shell layer of CdS. Not only did this effectively increase the 
specific surface area, but it also provided a much larger number of active 
sites for chemical reactions.

Fig. 2d displayed the TEM image of the 5 %-CdS@ZnIn2S4 hetero
junction, which verified the core-shell hollow structure of multilevel 
CdS@ZnIn2S4. The thin-shell structure of CdS reduced the transport 
distance of electrons, reducing energy loss and improving stability. 
Furthermore, the core-shell structure protected the inner core from 
dissolution and exploited the synergistic effect between heterojunctions 
to accelerate electron transport [45]. Correspondingly, the lattice 
fringes of the ZnIn₂S₄ (101) facet at 330 nm and the CdS (002) facet at 
0.334 nm could be observed in the HRTEM image of CdS in Fig. 2e. In 
addition, the SAED results in Fig. 2f showed the presence of a diffraction 
ring that spreads uniformly from the center to the surroundings, sug
gesting a polycrystalline structure for the CdS@ZnIn2S4 sample. Further 
measurements yielded diffraction rings attributed to the CdS (101), 
(110) crystal planes and the ZnIn2S4 (104), (110), and (213) crystal 
planes, which initially demonstrated the successful preparation of the 
heterojunction electrode material. Fig. 2g revealed the elemental dis
tribution of Zn, In, Cd and S in 5 %-CdS@ZnIn2S4 heterojunction. The 
results exhibited that the 5 %-CdS@ZnIn2S4 heterojunction has four 
elements, Cd, S, Zn and In, which are uniformly distributed on the 
surface of the core-shell hollow spheres. The regular circular distribu
tion of the Cd element on the surface was consistent with the regular 
hollow spheres of CdS used in the preparation process. In contrast, the 
elements S, Zn and In were partially dispersed outside the circle with the 
flake structure. It corresponded to the uniform growth of ZnIn2S4 flakes 
on the CdS hollow sphere substrate, further demonstrating the successful 

preparation of CdS@ZnIn2S4 heterojunction.
The samples were analyzed by XPS to determine the chemical state of 

the elements on the surface. The full spectrum of 5 %-CdS@ZnIn2S4 
heterojunction, as illustrated in Fig. S3, demonstrated the presence of 
four elements, namely Cd, Zn, In and S, on the surface of the composite, 
which is in accordance with the EDS results. Fig. 3a showed the XPS 
spectra of Cd 3d attributed to two strong peaks of Cd 3d5/2 and 3d3/2 
shifted to 405.7, 405.3 eV, and 412.7, 412.1 eV, respectively [46,47]. In 
Fig. 3b, the peaks at 451.4, 451.0 eV and 443.8, 443.4 eV were attrib
uted to 3d3/2 and 3d5/2 of In, respectively, indicating the valence state 
+ 3 [48]. It could be seen that the formation of the 5 %-CdS@ZnIn2S4 
heterojunction leads to a change in the binding energy of the In 3d 
orbitals.

Fig. 3c reflected the high-resolution XPS spectra of Zn 2p, with the 
characteristic peaks of Zn 2p1/2 and 2p3/2 shifted to 1045.3, 1043.1 eV 
and 1021.8 and 1020.0 eV compared to ZnIn2S4. This proved the pres
ence of Zn2+ in the 5 %-CdS@ZnIn2S4 heterojunction [49]. The XPS 
spectrum of S2p was shown in Fig. 3d, with two peaks at 162.1 and 
160.2 eV, corresponding to S2p1/2 and S2p3/2, the characteristic peaks 
of S2- [50]. The shifting phenomenon of the binding energies of the XPS 
characteristic peaks suggested that there is a tendency for the electrons 
in the composite CdS to spontaneously diffuse into ZnIn2S4, resulting in 
the formation of an electron-absorbing layer in CdS and an 
electron-accumulating layer in ZnIn2S4 [51]. In addition, the formation 
of heterojunction between CdS and ZnIn2S4 resulted in further splitting 
of Cd 3d3/2 and 3d5/2, and two packet peaks were observed next to the 
Cd 3d3/2 and 3d5/2 peaks. Similarly, this phenomenon was observed on 
the In 3d3/2 and 3d5/2 characteristic peaks of 5 %-CdS@ZnIn2S4 
heterojunction.

In this study, the information regarding the specific surface area, 
pore volume, average pore diameter of all the samples were evaluated 

Fig. 2. SEM images of (a) CdS hollow nanosphere, (b) and (c) 5 %-CdS@ZnIn2S4 heterojunction. (d) TEM, (e) HRTEM, (f) SAED images, (g) TEM image and its 
corresponding EDS mapping images of Cd, S, Zn, In elements of 5 %-CdS@ZnIn2S4 heterojunction.
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Fig. 3. (a)High-resolution XPS spectra of (a) Cd 3d, (b) In 2p, (c) Zn 3d, and (d) S 2p of 5 %-CdS@ZnIn2S4 heterojunction.

Fig. 4. Nitrogen adsorption/desorption isotherms and the corresponding pore size distribution graphs of CdS hollow nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 
10 % and 15 %) heterojunctions from (a) to (e).
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using nitrogen adsorption/desorption isotherms combined with BET, 
BJH and t-plot models, as illustrated in Fig. 4 and Table 1. The isotherms 
of the composites in Fig. 4a-e exhibited the characteristics of a type IV 
isotherm and H3 hysteresis loop, indicating that the material possessed a 
mesoporous structure. The specific surface areas of CdS hollow nano
spheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) hetero
junctions were found to be 39.114, 38.365, 75.256, 71.838 and 
63.223 m²/g, respectively. The composites revealed a considerable 
enhancement in the specific surface area compared to CdS and ZnIn2S4. 
Among the three doping components, 5 %-CdS@ZnIn2S4 heterojunction 
(specific surface area 75.256 m²/g) revealed the largest specific surface 
area and the most active reactive sites. However, the specific surface 
area of the composites decreased as the CdS doping ratio increased. 
Besides, sharp peaks were observed at 6.41, 3.46, 3.22, 22.87, and 
4.40 nm in CdS hollow nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 
10 %, and 15 %) heterojunctions, respectively, indicating that a favor
able distribution of pore sizes for 5 %-CdS@ZnIn2S4 heterojunction 
leads to an enhancement in the specific surface area, thus providing 
more active sites for the photocatalytic degradation of antibiotics. This 
suggested that the growth of the core-shell hollow sphere morphology 
was hindered by an increase in CdS content, leading to a decline in the 
specific surface area and the emergence of CdS-biased properties in the 
composites.

3.2. Photocatalytic activity and stability

The catalytic activity of the photocatalysts was evaluated using 
norfloxacin solution (20 mg/L) under UV-vis light irradiation. Firstly, 
norfloxacin was mixed with CdS hollow nanospheres and x- 
CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) heterojunctions, respec
tively, and left to stand in the dark for 1 h to allow for the completion of 
the adsorption-desorption process. Thereafter, photocatalytic degrada
tion experiments were conducted under UV-vis light. As illustrated in 
Fig. S4a and Table 2, the concentration of norfloxacin demonstrated 
slight fluctuations in the blank control group in the absence of a pho
tocatalyst, indicating that norfloxacin possesses favorable photo
stability. After 2 h, the degradation rates of norfloxacin by CdS hollow 
nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) hetero
junctions were found to be 34.72 %, 43.74 %, 90.82 %, 84.3 % and 
81.2 %, respectively.

Furthermore, combining the degradation efficiency (57.55 %) of 

norfloxacin by a physical mixture of CdS and ZnIn2S4 (1:1) under the 
same conditions (Fig. S4b) demonstrated that the synergistic effect be
tween the two materials after successful compositing has a significant 
and positive role in improving the performance of the photocatalysts 
[52,53]. Among them, the 5 %-CdS@ZnIn2S4 heterojunction exhibited 
the most effective and pronounced photocatalytic degradation perfor
mance, confirming the optimal composition identified through charac
terization. As illustrated in Table 3, a comparative analysis of the 
photocatalysts reported in the literature revealed that the degradation 
efficiencies of g-C3N4/CoFe2O4, N-CQDs/Bi2WO6, and other similar 
photocatalysts are 86.8 % and 88.0 %, respectively. The photocatalysts 
in this study exhibited a marginal enhancement in the degradation ef
ficiency, thereby signifying the superior degradation performance of the 
5 %-CdS@ZnIn2S4 heterojunction for norfloxacin. Additionally, during 
the adsorption-desorption process, the composite photocatalyst 
possessed a greater adsorption capacity for norfloxacin than the pure 
component, attributing to the abundant adsorption sites formed by the 
high specific surface area of the CdS@ZnIn2S4 heterojunctions. In the 
EIS spectra of CdS hollow nanospheres and x-CdS@ZnIn2S4 (x = 5 %, 
10 % and 15 %) heterojunctions (Fig. S5), the semicircle part is typically 
indicative of the charge transfer resistance, with a smaller radius indi
cating a higher electrochemical activity of the material and a more 
efficient charge transfer process. The straight line extending beyond the 
semicircle reflects the stability of the charge transfer and the ion diffu
sion rate at the interface. It is evident that the slope of 5 %-CdS@ZnIn2S4 
heterojunction is greater than others, thus, the diffusion is faster, the 
charge transfer is more stable at the interface, and the electrochemical 
reaction is more favorable [54]. Compared with other composites, 
5 %-CdS@ZnIn2S4 heterojunction had the most minor semicircle diam
eter, indicating the most efficient electron transfer rate and catalytic 
performance, consistent with the degradation experiments. Based on 
these results, 5 %-CdS@ZnIn2S4 heterojunction was selected as the 
photocatalyst for all subsequent degradation experiments.

Fig. 5a and b elucidated the kinetic processes of 5 %-CdS@ZnIn2S4 
heterojunction for degrading norfloxacin under the irradiation of UV- 
visible and visible light, respectively. Firstly, the correlation between 
Ln(C0/Ct) and t was robust and linear, demonstrating that the photo
catalytic reaction conformed to the first-order kinetic model; for the 
visible light, 5 %-CdS@ZnIn2S4 heterojunction was observed to degrade 
norfloxacin by 80 % within 2 h, with a rate constant (K) of 
0.0071 min− 1. The degradation was reduced by 10 %, and the rate 
constant (K) was 0.002 lower than that under UV-visible conditions. 
Nevertheless, the photocatalyst proved effective in degrading nor
floxacin. Furthermore, Fig. 5c displayed the variation curves of the UV- 
visible absorption spectra of norfloxacin solutions undergoing a photo
catalytic degradation reaction. It was observed that the absorbance of 
norfloxacin gradually decreased with the prolongation of the exposure 
time, and no additional peaks appeared, implicating that 5 %- 
CdS@ZnIn2S4 heterojunction exerted a pronounced degradation effect 
on norfloxacin.

Table 1 
Surface area, pore volume, average pore diameter, micro volume, micro area of 
CdS hollow nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 15 %) 
heterojunctions.

Sample Surface 
area (m2/ 
g)

Pore 
Volume 
(cm3/g)

Pore 
Diameter 
(nm)

Micro 
Volume 
(cm3/g)

Micro 
Area 
(m2/g)

ZnIn2S4 38.365 0.087 3.462 0.002 3.885
5 % 75.256 0.218 3.222 0.003 3.926
10 % 71.838 0.317 4.053 - -
15 % 63.223 0.302 4.399 - -
CdS 39.114 0.250 6.412 - -

“-” means no detection.

Table 2 
The degradation efficiency of norfloxacin by CdS hollow 
nanospheres and x-CdS@ZnIn2S4 (x = 0, 5 %, 10 % and 
15 %) heterojunctions under UV-visible light.

Sample Degradation efficiency

CdS 34.72 %
ZnIn2S4 43.74 %
5 % 90.82 %
10 % 84.32 %
15 % 81.23 %

Table 3 
Comparison of degradation efficiency of different photocatalysts in photo
catalytic degradation of norfloxacin.

Photocatalysts Degradation 
time (min)

Degradation 
rate (%)

Kinetic 
constants 
(k/min⁻⁻¹)

References

Fe₂O₃/g-C₃N₄ 120 94.7 0.0111 [55]
Bi₂O₃/CdS 120 86.0 0.012 [56]
xC-TiO2 150 74.0 0.0056 [57]
g-C₃N₄/ 

CoFe₂O₄
120 86.8 0.012 [58]

g-C₃N₄@CaCO₃ 180 76.0 0.0088 [59]
N-CQDs/ 

Bi₂WO₆
180 88.0 0.0088 [60]

CdS@ZnIn2S4 120 90.82 0.0094 This work
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In practical utilization, the stability and repeatability of photo
catalysts represented the critical factors for the remediation of water 
contamination, and they constituted essential reference indicators for 
the assessment of photocatalyst performance. Therefore, to assess the 
reusability of 5 %-CdS@ZnIn2S4 heterojunction, this study performed 
SEM characterization of 5 %-CdS@ZnIn2S4 heterojunctions after a nor
floxacin degradation experiment (Fig. S6). As can be seen from the 
figure, the nanostructure of the reacted 5 %-CdS@ZnIn2S4 hetero
junction remains intact without any obvious agglomeration or structural 
disruption, indicating its good structural stability. In addition, recycling 
experiments under UV-visible light irradiation were carried out in this 
study. As illustrated in Fig. 6a and b, the degradation curve exhibited 
minimal variation after five degradation cycles, and the degradation rate 
decreased by only 8.3 %, signifying excellent photostability.

The identification of the active species generated during the photo
catalytic process is of paramount importance for elucidating the 
degradation mechanism of norfloxacin. To this end, active species cap
ture experiments were conducted in the present study. As shown in 

Fig. 6c, benzoquinone (BQ), isopropanol (IPA) and triethanolamine 
(TEOA) were introduced as scavengers of •O2

- , •OH and h+, respectively. 
The addition of TEOA slightly altered the degradation efficiency, sug
gesting that h+ was not the primary active substance. However, the 
degradation efficiency of norfloxacin decreased significantly from 
90.8 % to 3.9 % and 16.9 % after the addition of BQ and IPA as the 
scavengers of •O2

- and •OH, respectively, suggesting that •O2
- and •OH 

play an essential role in the photocatalytic process. The aforementioned 
results indicated that the photocatalytic degradation of norfloxacin 
resulted in the production of •O2

- , •OH and h+, with the effects of these 
active substances on the degradation of norfloxacin occurring in the 
order of •O2

- > •OH > h+. As shown in Fig. 6d, the TOC was significantly 
reduced after 180 min of irradiation with 5 %-CdS@ZnIn2S4 hetero
junction, indicating a high mineralization efficiency for TC 
photodegradation.

Fig. 5. Degradation and kinetic profiles (inset) of 5 %-CdS@ZnIn2S4 heterojunction: under UV-visible irradiation (a), under visible light (b), and (c) UV-visible 
absorption spectra of degraded norfloxacin.

Fig. 6. (a) Cyclic recycling experiment for the photodegradation of norfloxacin, (b) comparison of the degradation profiles after the first and fifth cycle, (c) active 
species trapping experiment, and (d) TOC concentration of the degraded norfloxacin solution versus irradiation time. 5 %-CdS@ZnIn2S4 heterojunction was utilized 
throughout the above experiments.
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3.3. Photocatalytic degradation mechanism

In this study, CdS hollow nanospheres were coupled with ZnIn2S4 
nanosheets to form CdS@ZnIn2S4 heterojunctions with a core-shell 
structure. This approach has been shown to effectively improve the 
photocatalytic performance of the resulting materials for the following 
principal reasons. Firstly, the hollow structure of the CdS nanospheres 
enabled a larger specific surface area and higher porosity of the cata
lysts, which allowed for greater exposure of the active sites and good 
permeability characteristics. Furthermore, sufficient diffusion channels 
and multiple active surface areas enabled the effective adsorption of 
norfloxacin molecules, thereby enhancing the visible light absorption 
performance of the catalyst [61,62]. Secondly, the core-shell structure of 
the heterojunctions enhanced the light scattering from the hollow 
structure, provided a larger specific surface area and generated suffi
cient active sites, which significantly improved the light utilization rate, 
charge utilization efficiency, and photocatalytic performance of the 
photocatalysts [63,64]. Thirdly, in the S-type heterogeneity, photo
generated electrons were transferred from the conduction band of CdS to 
the conduction band of ZnIn2S4. In contrast, holes were transferred from 
the valence band of ZnIn2S4 to the valence band of CdS. This separated 
photogenerated electrons and holes at the interface and formed two 
built-in electric fields in opposite directions [65,66]. This facilitated the 
separation and migration of photogenerated carriers and improved the 
redox capacity, thereby further enhancing the photocatalytic efficiency.

Fig. 7 displayed the Mott-Schottky curves for 5 %-CdS@ZnIn2S4 
heterojunction, ZnIn2S4, and CdS, with all three samples exhibiting n- 
type semiconductor characteristics. In n-type semiconductors, the flat- 
band potential is typically 0.2 eV higher than the CB potential [67]. 
Based on the intercepts of the MS curves on the X-axis, the flat-band 
potentials of the 5 %-CdS@ZnIn2S4 heterojunction, ZnIn2S4 and CdS 
were estimated to be − 1.59, − 0.92 and − 0.69 eV (vs. NHE), respec
tively; the corresponding CB potentials were − 1.39, − 0.72 and 
− 0.49 eV (vs. NHE). Combined with the band gap data in Fig. 1d, the 
corresponding VB potentials were 0.88, 1.66 and 1.85 eV (vs. NHE).

In light of the aforementioned findings, a potential photocatalytic 
mechanism for the degradation of norfloxacin by CdS@ZnIn2S4 heter
ojunction was put forth in this paper (Fig. 8). The CB potentials of 
ZnIn2S4 and CdS were − 0.92 and − 0.69 eV (vs. NHE). The corre
sponding VB potential values were 1.66 and 1.85 eV (vs. NHE), 
respectively. Among them, the CB values of ZnIn2S4 were more negative 
than those of CdS, whereas the VB values of CdS were more positive than 
those of ZnIn2S4, which agrees with the results of previous studies [67]. 
The successful preparation of the CdS@ZnIn2S4 heterojunction brought 
the two materials into proximity, thereby generating interfacial charge 
and energy band bending at the interface. During the photocatalytic 
degradation process, the CdS@ZnIn2S4 heterojunction generates e- and 
h+ ions under light, with the e- of ZnIn2S4 and CdS entering the con
duction band, while the h+ remains in the valence band. This results in 
the creation of a built-in electric field, energy band bending and 

Coulombic gravity between ZnIn2S4 and CdS, which in turn drives the 
transfer of charge-carrying electrons. Concurrently, the Coulomb force 
of electrons (e-) and holes (h+) propels the electrons in the conduction 
band (CB) of CdS to migrate to the valence band (VB) of ZnIn2S4 and 
re-combine to form an S-type heterojunction in the interfacial region. 
This facilitates the separation of the photo-generated electron-hole pairs 
and the elimination of the superfluous e- and h+ by recombination in the 
photocatalytic process. The light-generated electrons (e-) and holes (h+) 
react with water and dissolved oxygen to form hydroxyl (•OH) and 
oxygen (•O2

- ,) groups. The •OH possesses a highly significant oxidizing 
capacity, which enables a direct attack on the norfloxacin molecule, 
resulting in the cleavage of carbon chains and the oxidation of its 
functional groups. Meanwhile, the •O2

- facilitates the oxidative degra
dation of the norfloxacin molecule through an electron transfer mech
anism [68]. The initial attack on the norfloxacin molecule by •OH and 
•O2

- destroys its molecular structure, leading to the progressive decom
position of the molecule into smaller organic compounds, such as acetic 
acid, oxalic acid, and other intermediates. The final mineralization 
process produces CO2 and H2O [69].

4. Conclusion

In conclusion, this paper presented the successful construction of a 
CdS@ZnIn2S4 heterojunction photocatalyst with a core-shell structure 
for the efficient degradation of norfloxacin. The prepared CdS@ZnIn2S4 
heterojunction exhibited superior photocatalytic performance relative 
to the individual catalysts CdS and ZnIn2S4. Wherein, the 5 %- 
CdS@ZnIn2S4 heterojunction demonstrated the most favorable charac
teristics, including the largest specific surface area, the narrowest band 
gap, and the most negligible impedance. Furthermore, the 5 %- 
CdS@ZnIn2S4 heterojunction photocatalyst achieved a high degree of 
norfloxacin degradation (80 %) and excellent stability (only an 8.3 % 
decrease after five cycles) within 2 h under the irradiation of visible 

Fig. 7. Mott-Schottky curves of (a) 5 %-CdS@ZnIn2S4 heterojunction, (b) ZnIn2S4, (c) CdS.

Fig. 8. Reaction mechanism diagram of CdS@ZnIn2S4 heterojunction.
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light. Therefore, 5 %-CdS@ZnIn2S4 heterojunction was regarded as the 
optimal component photocatalyst in the present study. The excellent 
photocatalytic performances were attributed to the core-shell structure 
and highest light utilization rate of the photocatalysts, the formation of 
the S-type heterojunction to increase the charge transfer rate and reduce 
the recombination rate of the photogenerated carriers. Additionally, the 
study sought to elucidate the degradation mechanism of norfloxacin by 
CdS@ZnIn2S4 heterojunction by investigating the energy band structure 
of the composite catalysts and the generated active substances. Due to 
the multifaceted advantages of the photocatalysts prepared in this study, 
the core-shell CdS@ZnIn2S4 heterojunctions will provide new insights 
into the design and development of green photocatalytic technologies 
that are environmentally friendly, reusable, and effective in removing 
environmental contamination.
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A B S T R A C T

In order to quickly and accurately detect and then evaluate the freshness of fish, trimethylamine is used as a 
landmark gas for detection. In this study, an alternative trimethylamine chemosensor based on Bi2O3-In2O3 
nanofibers (NFs) was synthesized successfully through the electrospinning method. The structure, morphology 
and chemical states of Bi2O3-In2O3 NFs were characterized. The results of gas sensing tests indicated that after 
doping In2O3 with 3 % Bi2O3, the sensor displays better sensitivity to trimethylamine (48.6–100 ppm), which was 
2.9 times higher than pure In2O3 (NTs) gas sensor (16.4) at the optimal operating temperature of 250 ◦C. Under 
low concentrations of trimethylamine (0.5 ppm), the 3 % Bi2O3-In2O3 NFs sensor still has a specific sensitivity 
(1.3). The increased sensitivity of 3 % Bi2O3-In2O3 NFs sensor is attributed to the increase of oxygen vacancy, 
which can be confirmed by XPS and UV-vis methods. The sensor sensitivity decreased as the relative humidity 
increased, but the response remained at approximately 10 even under a high humidity environment of 90 %. The 
excellent performances towards trimethylamine indicate that 3 % Bi2O3-In2O3 NFs are prospective candidates for 
trimethylamine gas sensor fabrication.

1. Introduction

Trimethylamine (TMA) is a typical kind of volatile organic com
pound that is mainly generated in the spoilage of fish [1]. TMA is one of 
the most effective indicators for assessing the freshness of fish and sea
food because the concentration increases with the deterioration degree 
of the fishery products [2,3]. The fish is generally considered fresh if the 
concentration of TMA released from the fish is less than 10 ppm [4–6]. 
Therefore, it is essential to detect ppm levels of TMA in fish during 
storage and transport.

Metal oxide semiconductors (MOS) have been widely applied in gas 
detection due to their low cost, ease of manufacturing, convenient 
operation, rapid response, and portability and have achieved significant 
research results [7–10]. The performance and application effectiveness 
of gas sensors largely depend on the selected gas-sensitive materials [11, 
12]. Previous research reports have indicated that MOS-based nano
materials have great potential for trimethylamine (TMA) detection [9, 
13,14].

Indium (III) oxide (In2O3) is a versatile material exhibiting n-type 

semiconducting properties. Due to its exceptional optical and electrical 
properties and its excellent chemical stability, it has garnered significant 
attention in gas sensing and photocatalysis [15–18]. By exploiting the 
morphology-dependent functional properties of nanomaterials, various 
nanostructures of In2O3 have been successfully synthesized, including 
nanoparticles, nanowires, nanosheets, nanocubes, and hollow spheres 
[19–25]. Fiber-structured materials are highly favored due to their high 
surface area and ultrafine nanocrystallites, which significantly increase 
the number of gas adsorption sites. More importantly, electrospinning 
technology can synthesize nanofibers simply and economically [26]. For 
example, The In2O3 nanofiber gas sensor prepared by electrospinning 
and hydrothermal methods demonstrated a response value of 5.44 at 
160 ◦C to 50 ppm of trimethylamine [27]. In contrast, another sensor 
with a web-like structure of In2O3 nanofibers could detect trimethyl
amine down to 1 ppm at 80 ◦C, with a response value as high as 3.8 [28]. 
However, single-component materials often suffer from low sensitivity 
and poor selectivity. To solve this problem, constructing hetero
structures is considered as an effective method to improve these prop
erties. Due to their unique structural characteristics, heterostructure 
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composites have garnered widespread attention and recognition from 
scholars. For instance, NiO-BiVO4 p-n heterojunction microspheres 
exhibit excellent gas sensing properties, including fast response/r
ecovery times, high humidity resistance, and low detection limit of 3.42 
ppb toward TEA [29]. The TiO2-NiFe2O4 heterojunction sensor synthe
sized by hydrothermal method exhibits better performance to trime
thylamine under white light irradiation [30]. Li et al. used facile 
one-step electrospinning technology to synthesize hierarchical and 
porous SnO2/In2O3 heterostructures, which showed that the optimal 
operating temperature is significantly reduced under UV light irradia
tion [31]. Nevertheless, there is still a need to further enhance TMA 
sensing performance for practical applications, particularly in selectivity 
and sensitivity.

In the present study, we successfully prepared Bi2O3-In2O3 nanofiber 
(NFs) heterojunction sensors. Compared to In2O3 nanotubes, the 3 % 
Bi2O3-In2O3 NFs heterojunction sensor exhibited higher sensitivity and 
selectivity to trimethylamine (TMA) gas. This enhanced gas sensing 
performance can be attributed to the increased number of active sites 
provided by the fiber structure, the spatial separation of charge carriers, 
rapid charge transfer characteristics, and the unique bandgap structure 
of the heterojunction.

2. Experimental

2.1. Chemicals

Analytical grade Polyvinylpyrrolidone (PVP, Mw = 1,300,000), In
dium nitrate hydrate (In(NO3)3⋅5H2O), Bismuth nitrate pentahydrate (Bi 
(NO3)3⋅5H2O), N-N-Dimethylacetamide (DMF), absolute ethanol (EtOH) 
were all obtained from Aladdin (Shanghai, China). All materials were 
used without further purification. DI water was used throughout the 
experiments.

2.2. Fabrication of Bi2O3-In2O3 nanofibers and In2O3 nanotubes

In general, the Bi2O3-In2O3 NFs were prepared through the sol-gel 
electrospinning technique and the subsequent calcination treatment. 
First, DMF and absolute ethanol were mixed in a volume ratio of 8: 2. 
The Bismuth-Indium sol was then produced by adding In(NO3)3⋅5H2O 
and Bi(NO3)3⋅5H2O to the mixed solution. After vigorous stirring, PVP is 
further added and stirred to obtain a homogeneous spinning solution. 
Following this, electrospinning was performed on ET-2535H spinning 
equipment with a high electrostatic voltage of 18 kV and a stable pro
pulsion velocity of 2 mL h− 1. The receiving distance is 20 cm and the 
receiving speed is 500 rpm. During the electrospinning process, the 

ambient temperature was maintained at 20 ± 3 ◦C and the relative 
humidity was kept at 45 ± 3 %. Finally, the as-spun hybrid nanofibers 
were annealed in air at 600 ◦C to obtain the Bi2O3-In2O3 NFs. Based on 
different Bi: In molar ratios, we define these mixtures as 1 % Bi2O3- 
In2O3, 3 % Bi2O3-In2O3, 5 % Bi2O3-In2O3, and 10 % Bi2O3-In2O3. For 
comparison, pure In2O3 NTs without the addition of Bi(NO3)3⋅5H2O 
were prepared using the same procedure. The schematic illustration for 
the preparation of Bi2O3-In2O3 NFs is shown in Fig. S1.

2.3. Gas sensor assembly and sensing test

The detailed assembling process of the sensor was as follows: the 
powder was first ground with several drops of DI water to form a diluted 
paste, which was then spin-coated onto a special alumina ceramic tube 
that had been preinstalled with a pair of gold electrodes and two pairs of 
Pt wires. A Ni-Cr heating wire was inserted through the tube to serve as a 
heater. The alumina tube was subsequently welded onto a pedestal with 
six probes, resulting in the final sensor unit. Before the measurement, all 
sensors underwent aging at 150 ◦C for 48 h. Gas-sensing tests were 
performed on a CGS-8 intelligent static test system (Beijing Elite Tech 
Co. Ltd., China), which can precisely control the gas flow, the gas 
composition, and the measurement of electrical resistance. During the 
whole process, dry air was used as the reference and gas balance. The 
specific testing procedure is as follows: Firstly, a certain amount of water 
vapor, air, and target gas are pre-mixed uniformly through the humidity- 
controlled gas and liquid distribution system. Then, the mixed gas is 
introduced into the test chamber. Inside the test chamber is a ceramic 
tube that can be controlled to heat up to 400 ◦C to overcome adsorption 
energy or reaction barriers. Subsequently, the mixed gas diffuses onto 
the surface of the gas sensor, and the reacted gas is pumped out of the 
system, followed by re-filling with air to restore the sensor’s resistance 
value. Besides, certain water vapor was pre-mixed with ethanol vapor 
and air at room temperature (20 ◦C) to reach tunable R.H. The sensor 
response is defined as S = Ra/Rg for reductive gases, where Ra is the 
sensor resistance in air, and Rg is the sensor resistance in the target gas 
phase. The response time (Tres) is the time required to attain 90 % of the 
steady gas response value, whereas the recovery time (Trec) is when 
10 % of the initial gas response value is attained.

2.4. Characterizations

The crystal structure of the material was characterized by powder X- 
ray diffraction (XRD) analysis (Rigaku Ultima IV, Japan, Cu Kα radia
tion, λ = 1.5418 Å). The morphology and microstructure were charac
terized by field-emission scanning electron microscopy (FESEM) 

Fig. 1. XRD patterns of the prepared In2O3 NTs and 3 % Bi2O3-In2O3 NFs (a, b).
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(Hitachi SU5000, Japan), transmission electron microscopy (TEM) and 
high-resolution TEM (HRTEM) (FEI Tecnai G2 f20 twin, 200 kV). X-ray 
photoelectron spectroscopy (XPS) (Thermo Scientific ESCALAB 250Xi, 
Al Kα X-ray monochromator) was used to analyze the elemental and 
solid surface of the materials. The photo adsorption performance of the 
sample is analyzed by ultraviolet-visible spectroscopy (UV-vis) (Lambda 
1050+, America).

3. Results and discussion

3.1. Material characterizations

The effect of Bi2O3 doping on the crystal structure of In2O3 was 
analyzed by XRD. Fig. 1a shows the XRD patterns of the pure samples 
and Bi2O3-In2O3 samples. All the diffraction peaks of Bi2O3-In2O3 can be 
easily attributed to the cubic structure of standard In2O3 (PDF # 06- 
0416), which proves the successful preparation of pure In2O3. 
Compared with the diffraction peaks of pure In2O3 NTs, there are no 
other phases in the Bi2O3-In2O3 NFs sample, which may be because the 
content of Bi element is too low. However, the (222) and (400) peaks of 

the 3 % Bi2O3-In2O3 NFs sample have a significant left shift, as shown in 
Fig. 1b. This phenomenon can be explained by the difference in the ion 
radius of Bi3+ and In3+. The radius of Bi3+ is 1.03 Å, which is larger than 
that of In3+ (0.81 Å) under the same coordination number [32]. 
Therefore, when In3+ ions are replaced by Bi3+ in the In2O3 lattice, the 
diffraction peak of In2O3 shifts to the low-angle region. With the in
crease of Bi3+, the diffraction peaks shift will increase accordingly. The 
grain sizes calculated for the two materials are shown in Table S1. It can 
be observed from the table that the materials assembled from small 
particles have a size of approximately 20 nm.

SEM and TEM were used to observe the morphologies of 3 % Bi2O3- 
In2O3 NFs and In2O3 NTs. Fig. S2 shows that two precursor materials 
that have not been calcined at high temperatures have no noticeable 
difference in appearance, and they are all slender solid fibers. In2O3 
becomes hollow tubes after high-temperature calcination. However, 3 % 
Bi2O3-In2O3 still maintains a solid structure after high-temperature 
calcination (Fig. 2a and c). Fig. S2c and f show that both 3 % Bi2O3- 
In2O3 NFs and In2O3 NTs have a diameter of 300 nm. Fig. S3 shows 
the SEM images of composites with different doping ratios. As the 
doping amount increases, the morphology of the composites gradually 

Fig. 2. (a, c) SEM of the prepared In2O3 NTs and 3 % Bi2O3-In2O3 NFs, (b, d) TEM images of In2O3 NTs and 3 % Bi2O3-In2O3 NFs, and (e) EDS elemental maps of 3 % 
Bi2O3-In2O3 NFs.
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Fig. 3. XPS pattern of In2O3 NTs and 3 % Bi2O3-In2O3 NFs: (a) survey spectra, (b) In 3d spectra, (c) Bi 4f spectra, (d) O 1s spectra，(e) UV-vis absorption spectra, (f) 
Band gap energy diagram of In2O3 NTs and 3 % Bi2O3-In2O3 NFs.

Fig. 4. (a) Response of the sensors to 100 ppm TMA at 100–300 ◦C, (b) Response of the sensors to 100 ppm TMA at 25 ◦C, (c) The selectivity of In2O3 NTs and 3 % 
Bi2O3-In2O3 NFs sensors toward various fish corruption gases (100 ppm), (d) The repeatability of In2O3 NTs and 3 % Bi2O3-In2O3 NFs sensors to 100 ppm of TMA.
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transitions from In2O3 tubes to nanofibers. As shown in Fig. 2b and d, the 
crystal plane spacing with a lattice stripe width of 0.417 nm, 0.292 nm 
and 0.253 nm corresponds to (232) crystal plane of Bi2O3 and (210) and 
(400) crystal plane of In2O3 respectively can be found. Fig. 2e is the EDS 
element diagram of 3 % Bi2O3-In2O3 NFs, which shows that the material 
is composed of In, O and Bi, and the elements are evenly distributed.

To further investigate the information on chemical states and 
chemical bonds in the materials, XPS spectra were measured. The XPS 
spectrum shown in Fig. 3a confirms the existence of O, In elements in 
In2O3 NTs, and the existence of O, In, and Bi elements in 3 % Bi2O3- 
In2O3 NFs. In the high-resolution XPS spectrum of In 3d (Fig. 3b), it is 
observed that the two binding energies of In 3d in pure In2O3 NTs are 
444.12 eV and 451.61 eV, which belong to In 3d5/2 and 3d3/2, respec
tively. However, the two peaks in 3 % Bi2O3-In2O3 NFs shifted to higher 
energies compared to In2O3 NTs. This may be due to the substitution of 
In3+ by Bi3+, resulting in the formation of higher binding energy for the 
In-O-Bi bond. Fig. 3c shows the high-resolution Bi 4f spectrum of 3 % 
Bi2O3-In2O3 NFs. The peaks of 4f7/2 (159.4 eV) and 4f5/2 (164.8 eV) are 
clearly visible. The measured distance between these two peaks is 
5.4 eV, indicating that Bi is doped into In2O3 as Bi3+. Fig. 3d is the high- 
resolution O 1s spectra of In2O3 NTs and 3 % Bi2O3-In2O3 NFs. These 
two curves can be fitted to three peaks, including lattice oxygen (OL at 
529.8 eV), oxygen vacancy (OV at 531.1 eV) and chemisorption oxygen 
(OC at 532.07 eV). The calculated OV value of 3 % Bi2O3-In2O3 NFs is 
37.15 %, which is higher than 30.79 % of In2O3 NTs. It is generally 
believed that in the process of gas sensing, surface oxygen vacancy de
fects can provide potentially more active sites for gas adsorption, and the 
dissociation chemisorption process provides high local charge density 
and strong electrostatic field to facilitate surface electron transport [33], 
thereby improving the gas sensitivity of the material.

UV-vis DRS was used to study the photo-adsorption properties of 

In2O3 NTs and 3 % Bi2O3-In2O3 NFs samples. As shown in Fig. 3e, both 
materials have obvious light absorption below 450 nm. Due to the 
presence of Bi2O3, the light absorption edge of 3 % Bi2O3-In2O3 NFs has 
a continuous red shift. The band gap energy is calculated according to 
the formula (αhv)1/n = A(hν-Eg), where h, ν, α, A, Eg are Planck’s 
constant, optical frequency, absorption coefficient, constant and band 
gap energy, respectively. Since In2O3 is an indirect band gap semi
conductor, n is defined as 2. Fig. 3f shows that the energy band energies 
(Eg) of In2O3 NTs and 3 % Bi2O3-In2O3 NFs are 2.72 and 2.23 eV, 
respectively. The band gap of 3 % Bi2O3-In2O3 NFs samples is signifi
cantly reduced, and it is used as an electron donor to regulate metal 
oxidation. Electron donors can modulate the electronic structure of 
metal oxides, thus narrowing the band gap [34], which is consistent with 
the XPS test results.

3.2. Gas sensing properties

To explore the optimal doping ratio, we synthesized Bi2O3-In2O3 
materials with various doping ratios as well as Bi2O3 nanoparticles and 
characterized with SEM (Fig. S3, S4), and then investigated their gas- 
sensing performance towards trimethylamine at different testing tem
peratures. Among them, the XRD pattern of the Bi2O3 nanoparticles 
perfectly matched with PDF#71-2274, and its bandgap width was 
2.79 eV (Fig. S4). Through comparative analysis, we found that all 
sensors show a similar response trend of "increasing-maximum- 
decreasing” for 100 ppm TMA as the temperature rose from 100 to 350 
◦C, wherein the highest sensitivity presents at 250 ◦C (Fig. 4a). Generally 
speaking, as the temperature increases, the thermal energy of gas 
gradually increases. It is easier to undergo oxidation-reduction reactions 
after overcoming the surface activation energy barrier of the material. 
However, when the temperature is too high, the penetration depth of gas 

Fig. 5. Gas-sensing performance of In2O3 NTs and 3 % Bi2O3-In2O3 NFs sensors: (a) Response recovery curves of the sensors to 0.5–150 ppm TMA (Inset is the lower 
concentrations from 0.5 to 5 ppm), (b) The fitting curve between concentration and response, (c) TMA response recovery curves (Inset is the corresponding sensitivity 
curves) of the sensors with different R.H., (d) Response recovery curves of the sensors to 100 ppm TMA in dry air.
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molecules decreases, resulting in the response value gradually reducing. 
In the entire test temperature range, the 3 % Bi2O3-In2O3 NFs showed a 
higher gas response than the pure In2O3 NTs sensor and other pro
portions of Bi2O3-In2O3 sensors, indicating that the doping of 3 % Bi2O3 
effectively improved the sensitivity of the In2O3-based gas sensor to 
trimethylamine. For sensor applications, room temperature or near- 
room temperature operation is regarded as an important development 
direction. Therefore, we examined the sensing performance of the ma
terial towards trimethylamine at room temperature and found that the 
response value was relatively low (Fig. 4b), unable to meet the appli
cation requirements. Consequently, we adopted 250 ◦C as the testing 
temperature for subsequent experiments.

Selectivity is another important indicator for detecting the sensor’s 
gas sensitivity. In general, gas sensitivity depends on the number of 
reactant molecules involved in the redox reaction between the chem
isorbed oxygen and the target gas and the number of target gas mole
cules involved in the surface reaction. The higher the number of reactant 
molecules, the easier the gas to be adsorbed and react. To fully under
stand the selectivity of sensors for fish spoilage produced gas trime
thylamine, In2O3 NTs and 3 % Bi2O3-In2O3 NFs gas sensors were 
prepared to detect different gases produced by fish spoilage under 

optimal operation. Selectivity testing of interfering gases is shown in 
Fig. 4c. Under the same conditions, the 3 % Bi2O3-In2O3 NFs sensor 
demonstrated the highest selectivity for trimethylamine among 
reducing gases, achieving a sensitivity of 48.6 at 100 ppm, followed by 
methylamine and triethylamine with responses of 22.3 and 20.8, 
respectively. Other reducing gases, such as ammonia, hydrogen sulfide, 
ethanolamine, etc., have a much lower response than trimethylamine. 
Besides, some typical oxidative gases, such as NO2 and SO2, were 
selected to comprehensively examine the selectivity of heterojunction 
sensors. As shown in Fig. 4c, the sensitivity of the 3 % Bi2O3-In2O3 NFs 
sensor to the oxidative gases NO2 and SO2 is slightly lower than that to 
trimethylamine (TMA). Considering that the volatile gases produced in 
the fish decay process are mainly reducing organic amine gases, this 
sensor exhibits the best selectivity for TMA, thus making it suitable for 
fish freshness detection.

In order to verify whether the gas sensors based on In2O3 NTs and 
3 % Bi2O3-In2O3 NFs have good repeatability, we conducted a gas 
sensitivity test of six consecutive test cycles under the same environ
mental conditions. As shown in Fig. 4d, the gas response of the two 
sensors to 100 ppm trimethylamine does not have a significant drift at 
the test temperature of 250 ◦C, indicating that the two sensors have 

Table 1 
Comparison of gas-sensitive performance of 3 % Bi2O3-In2O3 sensor with other sensors reported in the literature for TMA.

Materials & Morphology Working Temperature (◦C) Concentration (ppm) Response (Ra/Rg) Limited of detection (ppm) Ref.

In2O3 flower-like structures 200 100 ~15 0.5 [35]
Pt/Bi2O3/In2O3 HS 140 100 347 1 [36]
In2O3-SnO2 280 10 7.11 1 [37]
α-Fe2O3/ZnO 260 50 5.9 10 [38]
MIL− 88B-6h@ Fe2O3 200 100 16.73 1 [39]
Flower-like Co3O4/In2O3 200 10 11.67 1 [40]
Mn2O3@In2O3 core shell 180 100 47 5 [41]
3 % Bi2O3-In2O3 NFs 250 100 48.6 0.5 This work

Fig. 6. (a) The TMA-sensing schematic diagram of sensing mechanism of pure In2O3 NTs and Bi2O3-In2O3 NFs, (b)Band diagram for Bi2O3-In2O3 interface in air, (c) 
Band diagram for Bi2O3-In2O3 after interface in TMA gas.
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relatively good stability under continuous operation.
Based on the excellent sensing performance of In2O3 NTs and 3 % 

Bi2O3-In2O3 NFs gas sensors to trimethylamine gas, the response char
acteristics of sensors at different concentrations were further explored. 
As shown in Fig. 5a, the response of the two gas sensors in the range of 
0.5–150 ppm increases with the trimethylamine concentration increased 
at the test temperature of 250 ◦C. Even under the low concentration of 
0.5 ppm, the response value of 3 % Bi2O3-In2O3 NFs sensor is 1.3, 
indicating that the sensor can effectively detect low concentration of 
trimethylamine. It is expected to be applied to the detection of trime
thylamine produced by spoilage of fish at low concentration. Fig. 5b 
shows the response-concentration linear relationship diagram of the 
sensors at 250 ◦C. The correlation coefficient of the In2O3 NTs gas sensor 
is R2= 0.972, and the correlation coefficient of the 3 % Bi2O3-In2O3 NFs 
gas sensor is R2= 0.975, indicating that both sensors have good linearity 
of the fitting curve and the sensitivity increasing sensitivity trend of the 
3 % Bi2O3-In2O3 NFs gas sensor is more obvious.

Table 1 shows TMA sensing performances based on different struc
tures. Obviously, compared to In2O3 flower-like structures [35], 
Pt/Bi2O3/In2O3 HS [36], In2O3-SnO2 [37], α-Fe2O3/ZnO [38], 
MIL-88B-6h@Fe2O3 [39], Flower-like Co3O4/In2O3 [40] and 
Mn2O3@In2O3 core-shell [41], the 3 % Bi2O3-In2O3 NFs synthesized in 
this experiment exhibit significant sensitivity and detection limit ad
vantages. The gas sensing enhancement may be attributed to more 
active centers obtained from the enhanced oxygen vacancy defects on 
Bi2O3-In2O3 NFs as shown in XPS and PL spectra.

It is important to point out that R.H. is an important factor affecting 
the gas sensing properties of a MOS-type sensor. Thus, the above sensor 
was investigated for detecting 100 ppm ethanol under different relative 
R.H. levels. As displayed in Fig. 5c, different R.H. exhibited a large in
fluence on the sensing performance. Overall, the sensor response 
decreased with increasing R.H. from 0 % to 90 %. However, the 
response remained at approximately 10 even under a high humidity 
environment of 90 % and showed that the material had a certain hu
midity resistance. Furthermore, the response/recovery time is an 
important parameter to evaluate gas sensor performance. Fig. 5d shows 
that the response and recovery times of 3 % Bi2O3-In2O3 NFs and pure 
In2O3 NTs sensors in dry air toward 100 ppm trimethylamine were 
320 s/58 s and 180 s/40 s, respectively. The response time of In2O3 NTs 
is about half of the response time after doping Bi2O3. The reason may be 
that In2O3 NTs is a hollow structure, so a larger specific surface area is 
more conducive to gas adsorption and passage. Due to the solid structure 
of the Bi2O3-In2O3 NFs gas sensor and the more active sites formed by its 
heterojunction structure (more gases can be adsorbed), so its adsorption 
time and recovery time are more prolonged than In2O3 NTs.

3.3. Sensing mechanism

In this work, the reason for the superior gas sensitivity of 3 % Bi2O3- 
In2O3 NFs can be attributed to the increase of oxygen vacancies and the 
formation of p-n heterojunctions. First, the XPS analysis spectrum in 
Fig. 3d shows that Bi2O3 doping adapts the lattice at the interface of the 
heterostructure and at the same time causes the content of surface ox
ygen vacancies to increase. The increase of oxygen vacancies increases 
the number of active sites related to gas adsorption on the surface of the 
gas-sensitive material, and a higher number of adsorption sites is 
conducive to enhancing sensing performance [42,43]. In this experi
ment, the presence of more oxygen vacancies in the material will pro
mote the adsorption of oxygen molecules in the air on the surface of the 
material to form oxygen anions, which in turn cause more trimethyl
amine gas molecules undergoing redox reactions on the surface of 
gas-sensitive materials, finally improved the gas-sensitive performance 
of the material. Secondly, the electronic performance of the gas-sensitive 
material significantly impacts the performance of the gas sensor. Bi2O3 is 
a p-type semiconductor with a band gap of 2.79 eV, while the band gap 
of the synthesized In2O3 is 2.73 eV. As shown in Fig. 6c, when two 

different types of semiconductors are in contact, since the carriers of 
p-type semiconductors are holes and those of n-type semiconductors are 
electrons, holes in p-type Bi2O3 and electrons in n-type In2O3 will be 
attracted to each other [44]. The diffusion of these two types of carriers 
further forms a potential barrier at the interface between the two 
semiconductors. In this process, the energy difference will cause the 
energy band in the depletion layer to bend gradually until the Fermi 
level of the entire system reaches equilibrium [45,46]. Consequently, 
barriers for electrons and holes are formed at the p-n heterojunction and 
create an additional depletion layer [47], as is shown in Fig. 6a. When 
Bi2O3-In2O3 nanofibers (NFs) are exposed to air at 250 ◦C, oxygen 
molecules adsorb onto their surface and capture electrons from the 
material [48], transforming into O- ions, as illustrated in the Fig. 6a and 
b. As a result of this transformation, the material’s electron concentra
tion decreases, leading to an increase in resistance. However, once these 
nanofibers are exposed to triethylamine (TEA) vapor, TEA molecules 
react with the O- ions adsorbed on the Bi2O3-In2O3 nanofibers. The 
electrons released during this reaction return to the material’s interior, 
subsequently narrowing the width of the electric double layer (EDL) and 
reducing the resistance, as shown in Fig. 6c. By utilizing this alteration in 
material resistivity, we can attain a sensitive reaction to the gas under 
measurement.

4. Conclusions

In summary, the hollow In2O3 NTs and solid 3 % Bi2O3-In2O3 NFs 
were prepared by combining electrospinning and high-temperature 
calcination. The surface morphology, structure and chemical compo
nents of the gas-sensitive materials were characterized. The character
ization results show that 3 % Bi2O3-In2O3 nanofibers (NFs) exhibit more 
abundant oxygen vacancies. Due to the increased number of oxygen 
vacancies and the formation of p-n heterojunctions, the gas-sensing 
performance of the 3 % Bi2O3-In2O3 NFs sensor is significantly 
enhanced. The optimal operating temperature of the Bi2O3-In2O3 NFs 
gas sensor was determined to be 250 ◦C through a series of systematic 
trimethylamine gas tests. In addition, compared with the In2O3 NTs gas 
sensor, the 3 % Bi2O3-In2O3 NFs gas sensor has a highly sensitive 
response to trimethylamine (48.6/100 ppm and 1.3/0.5 ppm). This 
sensor is capable of effectively detecting low-concentration trimethyl
amine gas produced by fish meat. Humidity test research shows that by 
introducing an appropriate amount of Bi2O3, the sensor can maintain 
good sensitivity (10) in an environment with a relative humidity of 
90 %.
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Abstract
 An electrochemical biosensor was constructed for quantitatively detecting Skeletonema costatum (S. costatum) by combin-
ing the electrode modification material (NC-Au) with a strand displacement reaction (SDR). The SDR process addresses the 
issues of steric hindrance and electrostatic repulsion resulting from the large size of genomic DNA. It enhances the efficiency 
of the interfacial hybridization reaction and endows the biosensor with remarkable sensitivity. The limit of detection (LOD) 
and limit of quantification (LOQ) were 33.43 fg/μL (831 cells/L) and 87.21 fg/μL (2112 cells/L), respectively. Addition-
ally, the biosensor has demonstrated excellent accuracy compared to methods such as microscopy and ddPCR (P > 0.05). 
Subsequent assessment of the adjacent waters of the Beibu Gulf using biosensors indicated a low risk of S. costatum red 
tide outbreaks in the region, which is consistent with the findings of the ecological survey. Therefore, we believe that this 
biosensor can provide a completely new idea for the dynamic monitoring and early warning of S. costatum red tide.

Keywords  Skeletonema costatum · Strand displacement reaction · Electrochemical biosensor · On-site monitoring · Early 
red tide warning

Introduction

With the rapid development of modern industry, a large 
quantity of industrial wastewater is discharged into the 
ocean. Nutrients such as phosphorus, manganese, and iron in 
the wastewater are enriched in the ocean, which leads to the 

eutrophication of sea areas and the frequent occurrence of 
red tides [1–3]. Skeletonema costatum (S. costatum), as one 
of the critical species causing harmful red tides in coastal 
waters [4], usually occupies a dominant ecological niche 
during red tide outbreaks. Although S. costatum does not 
produce toxins, it usually causes seawater discoloration and 
alters its physical and chemical properties during epidem-
ics. Severe S. costatum red tide can block the gills of fish, 
causing them to suffocate, and if it proliferates in economic 
seaweed aquaculture areas, it will also compete for nutrients 
with kelp, nori, etc., causing these seaweeds to discolor and 
rot, losing their edible and commercial value [5, 6]. How-
ever, as a natural phenomenon formed under specific marine 
environmental conditions, red tide cannot be eliminated arti-
ficially due to the complexity of its formation mechanism 
and the combined influence of multiple natural factors, given 
the current level of science and technology as well as the 
ability of humanity to intervene in the marine ecosystem. 
However, identifying and quantifying S. costatum through 
effective means is primary to achieve early warning of red 
tides and take preventive measures to avoid or mitigate the 
harm of red tides [7, 8]. At present, the detection of S. cos-
tatum mainly depends on microscopic examination methods 
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[9], high-performance liquid chromatography [10, 11], and 
some nucleic acid molecule–based detection technologies 
[12, 13] (such as qPCR and ddPCR, etc.). Although these 
technologies can all achieve sensitive detection of S. cos-
tatum, they often require professional operators, relatively 
long detection time, and large-scale instrument equipment. 
This does not apply to early warning of red tides that occur 
suddenly and proliferate. Therefore, developing a portable 
detection device with reliable results is necessary to meet the 
need for early warning of S. costatum red tides.

Electrochemical biosensors, extensively researched and 
developed over the past decades, have become a promis-
ing technology combining biorecognition mechanisms with 
physical transduction. They are characterized by miniaturi-
zation, ease of fabrication, rapid detection, low cost, and 
high efficiency, making them ideal for biological detection 
[14, 15]. Although electrochemical biosensors have demon-
strated some advantages in bio-detection [16], their detection 
of S. costatum is still challenging. This is because the marine 
environment is affected by complex physical factors such 
as tides and ocean currents, and the density of S. costatum 
in the marine water column is often very low before the 
outbreak. In previous reports, most of the electrochemical 
biosensors used for algae detection have adopted a direct 
“sandwich” hybridization form of signal transmission, or the 
target RNA or DNA is fixed between the capture probe and 
the labeled reporter probe [17]. Nevertheless, this approach 
has obvious drawbacks owing to the existence of steric 
potential resistance and electrostatic repulsion of large-sized 
genomic DNA on the electrode surface, thus significantly 
reducing the collision efficiency of the hybridization reac-
tion and leading to the inability of sensitive detection during 
the testing process. Nucleic acid strand detection techniques 
based on strand displacement reaction (SDR) show great 
potential in various fields [18, 19]. SDR primarily relies on 
the Watson–Crick base complementary pairing principle. 
For the response process, a nucleic acid strand (invading 
strand) can partially pair with one strand (template strand) 
of double-stranded nucleic acid by base complementation, 
thereby gradually replacing the other strand (displaced 
strand) from the double-stranded structure. On the one hand, 
since the replacement process strictly follows the principle 
of base complementary pairing, the designed recognition 
element can accurately recognize the target nucleic acid 
sequence, significantly reducing the probability of false posi-
tive results. On the other hand, the replaced DNA molecule 
is often tiny in volume and carries a less negative charge. 
Therefore, it can reach the electrode surface easily and gen-
erate a robust electrochemical signal [20].

Here, we present an electrochemical biosensor for 
quantitatively detecting S. costatum by combining NC-Au 
and SDR. This biosensor exhibits outstanding sensitivity, 
attributed to the sensitive response of NC-Au with excellent 

conductivity to the electrode surface and the enhanced 
hybridization efficiency on the electrode surface brought 
about by the SDR. In addition, the biosensor has been shown 
to have good reliability and accuracy compared to the micro-
scopic examination method and ddPCR. The analysis of 
environmental samples proves that it can realize the rapid 
detection of S. costatum on-site. This work will provide new 
ideas for early warning of S. costatum red tide outbreaks.

Experimental section

Reagents and apparatus

G l u c o s e  ( C 6H 1 2O 6
.H 2O ) ,  1 , 2 - d i a m i n o e t h a n e 

(NH2CH2CH2NH2), HAuCl4, tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP), methylene blue (MB), 
and 6-mercaptoethanol (MCH), K3[Fe(CN)6] and 
K4Fe(CN)6−3H2O were purchased from Aladdin Reagent 
Co. (Shanghai, China). Aluminum oxide powder (ɑ-Al2O3) 
with particle sizes of 1.5, 0.5, and 0.05 μm was purchased 
from Tianjin Ada Hengsheng Technology Co. f/2 Medium 
was purchased from Cellbio (China). Tiangen Biochemical 
Technology Co. supplied the Plant Genomic DNA Extrac-
tion Kit (PGDK) for DNA extraction. MF-Millipore™ 
Mixed Cellulose Esters (MCE, 47-mm diameter, 0.22-
μm pore size). All of the other reagents used in this study 
were of analytical grade. Furthermore, the resistance of the 
ultrapure water used throughout the experiment was 18.2 
MΩ.

For the Chenhua electrochemical workstation (CHI660E), 
the working electrode was a glassy carbon electrode (GCE, 
5 mm diameter), the counting electrode was a platinum 
sheet electrode (10 mm × 10 mm × 0.2 mm), and the refer-
ence electrode was an Ag/AgCl electrode (spec: R0305). 
A portable electrochemical workstation (MECART) with 
commercially available screen-printed carbon electrodes 
(SPCEs, 40 × 12.5 mm) was used as the test system. Other 
instruments include field emission scanning electron micro-
scope (Thermo Fisher), high-resolution transmission elec-
tron microscope (HRTEM), transmission electron micro-
scope (Tecnai G2 F20 S-Twin), powder X-ray diffractometer 
(XRD, Rigaku Ultima IV), X-ray photoelectron spectrom-
eter (XPS, Thermo Science K-Alpha, USA), UV spectro-
photometer (UV-2700), ultra-micro UV spectrophotometer 
(DeNovix DS-11, America), PCR (Eppendorf Mastercycler 
nexus, Germany), ddPCR (MicroDrop-100B, Guangzhou), 
BX53 biomicroscope (OLYMPUS, Japan), electrophoresis 
instrument (JUNYI, Beijing), electrophoretic gel imaging 
analysis system (Clinx Science Instruments), and air–liquid 
diaphragm vacuum pump (manufactured by Huankai Micro-
bial Co., Ltd., Guangzhou, China).
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Preparation of functional materials

Glucose and 1,2-diaminoethane are subjected to a hydro-
thermal reaction. Subsequently, after washing and drying, 
the material is activated in nitrogen to convert amorphous 
carbon into graphite carbon, denoted as NC.

The reduction of Au nanoparticles was achieved 
through the use of NaBH4 and C₁₀H₁₇N₃O₆S, which served 
as reducing agents for this purpose. This process enabled 
the modification of the NC surface to form NC-Au. The 
detailed process of material preparation is described in 
S1.1, and the preparation flow is shown in Fig. S1.

S. costatum culture and DNA extraction

The culture method of S. costatum used in this work is 
detailed in S1.2. The DNA was extracted using a plant 
genomic DNA extraction kit.

Design of the specific primers

First, specific primers were designed using NCBI online 
(https://​www.​ncbi.​nlm.​nih.​gov/). The designed primers 
were synthesized by Shanghai Sangon (Shanghai, China). 
Polymerase chain reaction (PCR) amplification was per-
formed on the extracted DNA with specific primers. The 
PCR system was composed of 18 μL of sterilized water, 5 
μL of premix, 0.5 μL of the upper and lower primers, and 
1 μL of target DNA. The PCR thermal cycling program is 
as follows: pre-denaturation at 95 °C for 10 min, then 31 
cycles are performed, each cycle including denaturation 
at 95 °C for 15 s, annealing at 57 °C for 30 s, extension 
at 72 °C for 35 s and finally extension at 72 °C for 10 
min. Subsequently, agarose gel electrophoresis was per-
formed on the PCR products to verify the specificity of 
the primers. As shown in Fig. S2, only the lane of S. cos-
tatum showed a distinct amplified band, while the other 
algae had no bands except for the dimer at the bottom. 
This indicates that the designed primers have excellent 
specificity. After electrophoresis, the gel strip containing 
S. costatum DNA was subjected to gel recovery treat-
ment and sent to Shanghai Sangon Biotechnology Co. for 
sequencing. According to the sequencing results, target 
sequences were screened, and subsequent probe design 
was carried out. All oligonucleotide sequences used in 
the experiments were synthesized and purified by Shang-
hai Sangon Biotechnology Co. Afterwards, a calibrated 
amount of 1 × TE buffer was added to the lyophilized 
powder to prepare a 100 μM oligonucleotide stock solu-
tion, which was stored at 4 °C. The DNA sequences used 
in this work are shown in Table 1.

Preparation of DNA probes

Process the original solution of the synthetic DNA probe as 
follows. Firstly, dilute the CP to 2 μM using 1 × TE buffer 
(pH = 7.4, 10 mM Tris–HCl, 1 mM EDTA, 1 M NaCl). 
Then, place it in a 95 °C water bath for 5 min and allow 
it to cool naturally to room temperature to form a hairpin 
structure. Subsequently, add 1 μL of TCEP with a concentra-
tion of 20 mM to 200 μL of the CP, mix them thoroughly, 
and conduct a pretreatment without light exposure at room 
temperature for 2 h. This aims to open the disulfide bond at 
the 5ʹ position of CP. Similarly, dilute the RP with TE buffer 
and then add an equal volume of MB solution (4 mM). React 
the mixture at 60 °C for 1 h. Next, mix the processed MB-RP 
and the diluted T1, keep them at 95 °C for 5 min, and then 
allow them to cool naturally to room temperature to form 
T1-RP. Specifically, mix 25 μL of RP (20 μM) with 25 μL 
of MB solution (4 mM) and react the mixture at 60 °C for 1 
h. Subsequently, combine the reaction product with 50 μL of 
T1 (20 μM), maintain the mixture at 95 °C for 5 min, and let 
it cool naturally to room temperature to form T1-RP. When 
detecting DNA samples, mix 20 μL of the pre-prepared 
T1-RP (5 μM) with 20 μL of the T at different concentra-
tions evenly by using 10 μL of 5 × PBS buffer (pH = 7.4, 10 
mM Tris–HCl, 1 mM EDTA, 1 M NaCl) to form a 50-μL 
system. Incubate the mixture at room temperature for 30 min 
and then conduct the test using the biosensor.

DNA gel electrophoresis

The specificity of the selected primers was verified by aga-
rose gel electrophoresis, and the construction process of the 
sensing interface was verified by polyacrylamide gel electro-
phoresis. Detailed information is provided in S1.3.

Preparation of biosensor

The glassy carbon electrodes (GCE) were ultrasonically 
washed with 95% ethanol and deionized water for 30 s, 

Table 1   Sequences of oligonucleotides are used in this work

Name From 5’ to 3’

Forward primer GGT​CCA​TCA​GGG​CAA​CAC​AA
Reverse primer AGC​CTC​GGC​TCG​ATC​ATT​TC
Target DNA (T) TCA​CTG​ACT​CTG​CTT​GAG​GGA​CGT​GCT​

ATT​C
Template strand (T1) GAA​TAG​CAC​GTC​CCT​CAA​GCA​GAG​TCA​

GTG​A
Capture probe (CP) HS-(CH2)6-TCT​TCC​TGG​GAC​GTC​CCT​CAA​

GCA​GGC​GGA​AG
Reporter probe (RP) TCC​GCC​TGC​TTG​AGG​GAC​GTC​CCA​

GGAA​
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respectively. Then, ɑ-Al2O3 powder with particle sizes of 
1.5, 0.5, and 0.05 μm was used to polish the surface of GCE 
sequentially. After thoroughly cleaning the electrode with 
deionized water, the surface of the GCE was wiped clean 
with dust-free paper. The preparation process of the bio-
sensor is shown in Scheme 1. First, 10 μL of NC-Au (40 
mg/mL) solution was dropped and coated on the surface 
of the treated GCE. After the dispersion had dried on the 
electrode surface, 10 μL of the CP was dropped onto the 
surface of NC-Au/GCE and incubated at room temperature 
for 100 min. Then, it was washed in PBS buffer to obtain 
CP/NC-Au/GCE. Subsequently, 10 μL of MCH was added 
dropwise onto the surface of CP/NC-Au/GCE and incubated 
at room temperature for 50 min. This step was taken to block 
the redundant active sites and prevent non-specific adsorp-
tion. Subsequently, the electrode was rinsed thoroughly with 
PBS to obtain MCH/CP/NC-Au/GCE. Finally, the treated 
T1-RP/T was added dropwise onto the electrode surface. 
The RP displaced by T underwent a hybridization reaction 
with CP on the electrode surface, generating an electrochem-
ical signal and obtaining All/MCH/CP/NC-Au/GCE.

Electrochemical measurement

All the electrochemical tests conducted in this work were 
carried out on the three-electrode electrochemical worksta-
tion and the portable electrochemical workstation. Detailed 
information is provided in S1.4.

Information and processing of actual samples

The actual samples used in this study were collected from 
the coastal areas of the northern Beibu Gulf. The specific 
information on the samples and the detailed processing steps 
are provided in S1.5.

Data analysis and statistics

The experimental data processing methods in this paper are 
presented in S1.6.

Results and discussions

Working principle

As shown in Fig. 1, the designed reporter probe (denoted as 
RP; 28 bp) is first labeled by the electrochemical signal mol-
ecule MB through adsorption [21]. Subsequently, RP was 
annealed with the template strand (denoted as T1) to form 
a T1-RP double-stranded structure. In the presence of the 
target DNA (denoted as T), the overhanging region reserved 
in advance by RP in T1-RP guided T to hybridize with T1 
to form a T-T1 duplex structure. At the same time, RP was 
forced to be released from T1-RP under thermodynamic 
driving. Subsequently, the released RP hybridizes with CP 
anchored on the NC-Au to form a DNA double strand. The 
above process mainly utilized the differences in thermody-
namic stability of different DNA configurations (the ΔG of 
T1-RP was calculated as − 31.62 kcal/mol; the ΔG of T-T1 
was calculated as − 61.99 kcal/mol). It was accomplished 
by initiating and driving the SDR through DNA fragments 
with specifically designed sequences. Since the amount of 
RP labeled by MB and finally enriched on the electrode sur-
face was positively correlated with the concentration of the 
target substance, the quantification of the target substance 
could be achieved by measuring the redox current of MB. 
In addition, the effects of MB concentration and different 
addition stages on the electrochemical response were opti-
mized (Fig. S3a and b). The best detection performance 
of the biosensor was achieved when a concentration of 2 

Scheme 1   Schematic diagram 
of sensor interface construction 
process
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mM MB was added directly to the RP (Fig. S4). It is worth 
noting that the above strand substitution process can avoid 
the direct reaction between S. costatum DNA and CP, thus 
reducing the electrostatic repulsion and spatial site resist-
ance for hybridization at the electrode interface to improve 
hybridization efficiency.

Characterization of NC‑Au

The electrode’s sensitive response to its surface perturba-
tions was the basis for realizing signal transduction. NC-Au, 
with excellent electrochemical properties, was prepared by 
NC-doped Au as an electrode modification material. SEM 
was used to characterize the morphology of NC-Au and 

validate its successful synthesis. As shown in Fig. 2a and b, 
the synthesized NC-Au exhibited regular spherical structures 
with uniform sizes. Moreover, obvious Au nanoparticles 
can be observed on the NC surface. Through analysis, the 
average size of the Au nanoparticles was determined to be 
0.126 μm (Fig. S5). The uniformly dispersed Au nanopar-
ticles could serve as active sites for the subsequent connec-
tion of CP, enabling it to form a self-assembled monolayer 
on the surface of the modified electrode via Au–S bonds. 
To further verify the existence of Au nanoparticles, a high-
resolution TEM image was taken, as shown in Fig. 2c; lat-
tice fringes with a peak-to-peak spacing of 0.232 nm for 
Au nanoparticles could be observed, which corresponded to 
the (111) crystal plane of Au [22]. Energy dispersive X-ray 

Fig. 1   Schematic diagram of sensing strategy

Fig. 2   a and b SEM of NC-Au, c TEM of NC-Au, d XRD patterns 
of NC and NC-Au, e CV curves of the NC-Au at different scan rates 
(mV/s) in 5 mM [Fe(CN)6]3−/4− and 0.1M KCl, and f the correspond-

ing linear correlation between redox peak current and the square root 
of scan rates for NC-Au
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spectroscopy (EDS) demonstrated the sample’s presence of 
Au, O, N, and C elements (Fig. S6).

In addition, it could be observed from the X-ray diffrac-
tion (XRD) spectrum in Fig. 2d that there were relatively 
intense characteristic peaks of the graphite phase at θ = 25° 
for both NC and NC-Au [23], suggesting that they exhibited 
the characteristics of the graphite phase. The π electrons 
present in the graphite phase can enhance the electrical con-
ductivity of electrode materials. Moreover, excellent electri-
cal conductivity significantly benefits the electrical signal 
conduction of sensors. In the spectrum of NC-Au, a distinct 
and narrow (111) diffraction peak of face-centered cubic 
Au crystal at θ = 38.1° could be observed [24], which fur-
ther verified that NC had successfully been loaded with Au 
nanoparticles. In addition, the Raman spectrum in Fig. S7a 
shows that NC and NC-Au have characteristic peaks belong-
ing to the D and G bands of carbon materials at around 1352 
cm⁻1 and 1590 cm⁻1, respectively. The ratio of the intensities 
of the two peaks (ID/IG) can be employed to measure the 
degree of graphitization of carbon materials [25, 26]. As can 
be seen from the figure, the ID/IG values of NC and NC-Au 
are comparable, indicating that with the loading of Au, the 
graphitized structure of NC is retained. In addition, the N in 
the sample was observed in the X-ray photoelectron spec-
troscopy (XPS) spectra of NC-Au to be predominantly in the 
form of pyrrole nitrogen [27] (Fig. S7b). Pyrrole nitrogen 
can change the material’s electronic structure, increasing 
the electrode material’s conductivity. In addition, the char-
acteristic peaks of Au 4f5/2 (85.4 eV) and Au 4f7/2 (81.7 eV) 
in Au 4f indicate the presence of Au(0) in the sample [28] 
(Fig. S7c), proving that Au has been successfully modified 
on the surface of NC [29], which provides sites for subse-
quent anchoring of CP.

Subsequently, the kinetics of the modified electrode were 
studied by analyzing the influence of scan rate on redox 
current. Figure 2e shows that the peak current of the redox 

reaction increases linearly with the peak separation as the 
scan rate increases. The excellent linear correlation of the 
fitted curves of the square root of the oxidation and reduc-
tion peak currents versus scan rate (V1/2) suggests that the 
electrochemical signals are generated by interfacial reactions 
controlled by diffusion processes [30] (Fig. 2f). In addition, 
the electrochemically active area (ENCA) of NC-Au was 
calculated to be 0.28 cm2 (S2.4). A larger electrochemical 
active area means more reaction sites are available for the 
target substance to undergo electrochemical reactions, which 
in turn can improve the sensitivity of the biosensor. In con-
clusion, NC-Au has excellent electrical conductivity, a prop-
erty that ensures efficient signal transduction and sensitive 
response to specific perturbations at the modified electrode.

Feasibility evaluation

Polyacrylamide gel electrophoresis was used to verify the 
feasibility of the SDR. As shown in Fig. 3a, the bright bands 
in lanes 1–3 represent the T, the T1, and the RP. Compared 
with lanes 2 and 3, the new band with slower migration 
in lane 4 indicated the successful preparation of double-
stranded T1-RP. Since T has a higher molecular weight than 
RP, mixing the T with the double-stranded T1-RP resulted 
in a new, slower migrating band (T-T1, lane 5). In addition, 
a band similar to that in lane 3 (RP) was present in lane 
5. The above results proved that T successfully displaced 
RP in double-stranded T1-RP and formed a T-T1 duplex 
structure. In addition, DPV further verified this process. As 
shown in Fig. S8, in the absence of T, T1-RP, which main-
tains the original conformation, prevents RP from hybrid-
izing with CP, and only a weak MB redox peak appears in 
the DPV assay. However, a distinct redox peak could be 
observed after incubating the 1 nM T and T1-RP mixture 
on the electrode surface for a while. This indicates that the 
SDR successfully released the RP labeled by MB, while the 

Fig. 3   a Polyacrylamide gel 
electrophoresis analysis of 
SDR process. Lane 1: T, lane 2: 
T1, lane 3: RP, lane 4: T1-RP, 
lane 5: T-T1/RP, M indicates 
the DNA markers for 50–500 
bp. b CV curves, along with 
c Nyquist plots of the various 
stages of biosensor construction
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hybridization of RP with CP allowed the enrichment of more 
signaling molecules on the electrode surface.

Construction of biosensor

Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were used to characterize the 
construction process of the sensing interface. As shown 
in Fig. 3b, NC-Au/GCE presented a pair of redox peaks 
with good reversibility, and its peak current was more sig-
nificant than that of bare GCE. This indicates that NC-Au 
promotes electron transfer at the electrode interface and 
has good conductivity. When the sulfhydryl-modified 
CP was loaded onto the surface of the modified elec-
trode, the transfer of the redox mediator to the electrode 
surface was inhibited due to the electrostatic repulsion 
between [Fe(CN)6]3−/4− and the negatively charged phos-
phate backbone of DNA, so that the peak current of the 
CP/NC-Au/GCE was significantly reduced and the peak 
spacing significantly increased. Since MCH was electro-
chemically inert, when MCH was used to block the excess 
active sites on the electrode surface, the peak current of 
MCH/CP/NC-Au/GCE was further reduced. When the 
mixture of T1-RP/T was dropped on the electrode surface, 
the peak current of All/MCH/CP/NC-Au/GCE increased 
slightly. This may be due to the hybridization of MB-
labelled RP with CP to form a double strand, resulting in 
decreased spatial site resistance of [Fe(CN)6]3−/4−. The 
above results all proved the successful construction of 
the sensing interface. In a typical impedance spectrum, 
the diameter of the semicircle at high frequency is related 
to the electron transfer resistance (Ret), which dominates 
the electron transfer of the redox probe on the sensing 
interface [31]. As shown in Fig. 3c, with the step-by-step 
modification of the electrode, Ret first increased and then 

decreased, which was consistent with the CV result and 
proved the successful construction of the biosensor.

Conditions optimization

CP’s concentration, incubation time, hybridization time, and 
MCH blocking time were optimized to put the constructed 
biosensor in the optimal working state (Fig. S9a–d). After 
a series of experiments, CP with a concentration of 1 μM 
was selected for incubation for 100 min, the hybridization 
time was chosen as 120 min and the MCH blocking time 
was about 50 min. Detailed information can be obtained 
from S2.6.

Selectivity, short‑term stability, and reproducibility 
of biosensor

In complex environmental samples, there are multiple inter-
fering substances. Therefore, five common red tide algae 
(Phaeocystis globosa, Prorocentrum donghaiense, Akashiwo 
sanguinea, Heterosigma akashiwo, Prorocentrum minimum) 
were selected to evaluate the specificity of the biosensor. As 
shown in Fig. 4a, the current response of the interfering algal 
species was equivalent to the background value. In contrast, 
the current responses of the mixed and single S. costatum 
samples were significantly increased compared to the inter-
fering samples (P < 0.001). This proves that the biosensor 
can accurately identify S. costatum. The excellent selectivity 
of the biosensor benefits from the particular gene fragments 
obtained through screening. In addition, the reproducibility 
of the biosensor was evaluated by comparing the measure-
ment data between batches and within batches. As shown in 
Fig. 4b, the RSD within and between batches was calculated 
to be 4.48% and 1.80%, respectively. This indicates that the 
proposed biosensor has good reproducibility. Furthermore, 

Fig. 4   a This sensing system can detect various interfering genomes. 
b The reproducibility of this sensing system (intra-analysis 
RSD = 4.48%, inter-analysis RSD = 1.80%), and c the short-term sta-

bility of this sensing system (RSD = 6.94%); ***: P > 0.05. The error 
bars represented the standard deviations (n = 3)
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to enable the sensor to meet on-site testing requirements and 
provide valuable data for preliminary monitoring and assess-
ment of red tides, we stored the fabricated biosensor at 4 °C 
and tested its stability. As shown in Fig. 4c, the relative stand-
ard deviation of the current signal was 6.94% within 12 days, 
demonstrating the short-term good stability of the biosensor.

Sensitivity of the biosensor

The sensitivity of the biosensor was evaluated by measur-
ing the DPV response at different target DNA concentra-
tions. As shown in Fig. 5a, the electrochemical signals 
gradually increased as the T concentration increased from 
10 fM to 10 nM. This was because as the concentration 
of T increases, more RP is displaced to hybridize with 
CP, which in turn causes more MB to be enriched on the 
electrode surface. As shown in Fig. 5b, there is a lin-
ear relationship between the peak current of the electro-
chemical response and the logarithm of the concentration 
of T. The corresponding linear regression equation was 
△I = 20.301 + 2.287 IgC , and the correlation coefficient 
R2 was 0.987. Among them, ∆I was the peak current after 
deducting the background current of DPV, and lgC was 
the logarithm of the concentration of T. It was calcu-
lated that the LOD of this biosensor was 2.08 fM, and 

the LOQ was 5.97 fM (refer to S2.7 for the calculation 
formula), which indicated that the biosensor possessed 
good sensitivity. Moreover, the relatively high coef-
ficient of determination R2 (R2 = 0.987) suggested that 
the signal response within the concentration range was 
closely related to the linear regression model, which was 
necessary for quantifying the response within this range. 
In addition, the spiked recovery method also proved the 
excellent accuracy of the biosensor (Table S1; recovery: 
95.4–104.4%; RSD ≤ 1.4%).

Although the sensitivity of the biosensor has been 
verified, compared with the synthesized target DNA 
fragments, the detection performance of the biosensor 
for complex genomic samples is more important. Fur-
thermore, the constructed biosensor must be portable to 
meet the requirements of on-site detection during red tide 
warnings. Therefore, a portable biosensor was constructed 
by stepwise modification of screen-printed electrodes, 
and S. costatum genomic DNA evaluated the perfor-
mance of this portable biosensor. As shown in Fig. 6a, the 
peak current intensity of DPV gradually increases with 
the increase in genomic quality. In the range of genomic 
quality from 100 fg/μL to 10 ng/μL, there is an excellent 
linear relationship between the electrochemical response’s 
peak current and the target genomic quality's logarithm. 

Fig. 5   a Representative DPV 
curves upon different concen-
trations of the target DNA. 
From bottom to top: blank (0 
fM), 10 fM, 100 fM, 1 pM, 10 
pM, 100 pM, and 1 nM. b A 
linear relationship between the 
electrochemical signal and con-
centration of the target DNA, 
accompanied by the correspond-
ing regression equation (inset). 
The error bars represented the 
standard deviations (n = 3)

Fig. 6   a The biosensor 
measures the DPV response at 
different target genome masses. 
From bottom to top: blank (0 
pg/μL), 100 fg/μL, 1 pg/μL, 10 
pg/μL,100 pg/μL, 1 ng/μL, and 
10 ng/μL. b A linear relation-
ship between the electrochemi-
cal signal and concentration of 
the target DNA, accompanied 
by the corresponding regression 
equation (inset). The error bars 
represented the standard devia-
tions (n = 3)
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The linear equation was △I = 11.342 + 3.193 IgC , and the 
correlation coefficient R2 was 0.977 (Fig. 6b). The LOD 
and LOQ of this biosensor were calculated to be 33.43 
fg/μL and 87.21 fg/μL (refer to S2.7 for the calculation 
formula), respectively. Compared with various methods 
for detecting algae, the proposed biosensor still has good 
sensitivity in the face of complex genomic samples while 
realizing miniaturization (Table 2).

The accuracy of the portable biosensor

The accuracy of the portable biosensor was evaluated by 
analyzing the culture samples from different life stages of S. 
costatum. As shown in Fig. 7a, we initially plotted the growth 
curve of S. costatum using the microscopic method and sub-
sequently fitted it with OriginPro software (OriginLab Cor-
poration). The growth stage was consistent with the BiHill 
function, and entered a stationary phase approximately the 8th 
day later and then a decline phase after the 11th day. Notably, 
the growth curve has no apparent slow growth period, which 
may be caused by the relatively high initial cell density of 
inoculation and sufficient nutrients in the culture medium. 
In addition, the growth curve obtained by measuring OD680 
with an ultraviolet spectrophotometer was relatively consistent 
with this curve (Fig. S10). Subsequently, the samples men-
tioned above were analyzed using a portable biosensor. As 
illustrated in Fig. 7b, the curves plotted based on the current 
response of the portable biosensor exhibited a comparable 
trend to the growth curves. In addition, the quality of genomic 
DNA obtained by the portable biosensor was consistent with 
the results detected by the ultra-micro spectrophotometer 
(Fig. 7c). Since the individual counting method possesses a 
relatively high level of accuracy, it is frequently employed in 
the quantitative analysis of phytoplankton samples [13]. The 
cell density of S. costatum in 18-day samples was predicted 
by the current-algal density relationship curve (Fig. 7d) and 
compared with the results obtained by microscopic examina-
tion. As shown in Fig. 7e and f, the data obtained by the two 
methods are significantly correlated (P = 0.979). The results 

showed that the portable biosensor demonstrated consistent 
accuracy regardless of the stage of the S. costatum life cycle 
where the samples were taken.

Actual samples detection

The ability to detect S. costatum in a portable and accu-
rate manner is crucial for the early warning of red tide 
outbreaks. This will enable those involved to take appro-
priate preventive measures more timely, thereby mitigat-
ing the damage. Since the growth and reproduction of 
S. costatum are affected by factors such as temperature 
and light, and historical data have shown that July and 
August in the Northern Hemisphere are the months with 
the highest incidence of red tides, these two months are 
thus the most important ones for monitoring. As shown 
in Fig. 8a, the samples were obtained by the research ves-
sel in the adjacent waters of the Beibu Gulf, China, in 
July and August 2023. The information on the sampling 
points was reflected in Fig. 8b. To meet the on-site testing 
requirements, a portable electrochemical workstation was 
employed to measure the current signals of the sensor. Fig-
ure S11 showed the schematic diagram of the portable bio-
sensing device test. The S. costatum DNA concentrations 
obtained using the portable biosensor were illustrated in 
Fig. 8c. The DNA concentrations of the two positive sam-
ples, S1 and S2, were not significantly different from the 
results of the ddPCR (p > 0.05). Furthermore, S. costatum 
was not detected in the remainder of the sea area. In addi-
tion, the calculated algal densities at site S1 and site S2 
were 2.7 × 105 cells/L and 0.38 × 105 cells/L, respectively, 
indicating that the risk of S. costatum red tide was low in 
the current area (the benchmark concentration for red tide 
formation in Chinese inshore and the offshore regions is 
1 × 107 cells/L) (Fig. 8d). Although the number of samples 
subjected to analysis was relatively limited, the results 
demonstrate that the biosensor can quantitatively analyze 
S. costatum without needing a sophisticated instrument or 
the input of professional testing personnel.

Table 2   Comparison of algae detection methods

Target sample Detection method Detection limit Working range References

Alexandrium minutum I-t 2.478 × 104 fM 0.12–1.0 nM [32]
Aphanizomenon flos-aquae CV and EIS DIW: 81.2 fg /μL;

Tap water: 9.99 × 10−3 fg/μL
10−1–103 ng/mL [33]

Alexandrium minutum EIS 3 × 103 cells/L 5 × 103–109 cells/L [34]
Phaeocystis globosa I-t 111.0 fM 150 fM–10 nM [35]
Alexandrium minutum DPV 69.1 fM 1 × 10−15–1 × 10−5 M [36]
Skeletonema costatum DPV 33.43 fg/μL

(831 cells/L; 2.08 fM)
100 fg/μL–10 ng/μL This work
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Fig. 7   a The density of algae was measured by microscopy, and the 
growth curve was drawn and fitted. b The sensor current response 
results draw the curve. c The quality of genomic DNA was measured 
by a portable biosensor and ultra-micro spectrophotometer, respec-
tively. d Current-algal density relation curve. e The cell densities 

obtained by portable biosensors and microscopy, respectively, and f 
the correlation analysis of the results obtained by the two methods is 
performed (P = 0.979). The error bars represented the standard devia-
tions (n = 3)
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Fig. 8   a Schematic diagram of the process of on-site detection of S. 
costatum based on a portable device. b Information on the sampling 
sites. c The portable biosensor measured the current response of each 
site and the genomic DNA concentration of S. costatum, and the cor-

relation analysis between the results and the ddPCR results showed 
no significant difference. d Cell density of S. costatum by portable 
biosensor. ND* means not detected. N.S. represents no significant 
difference. The error bars represented the standard deviations (n = 3)
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Conclusion

In this study, an electrochemical biosensor for the detection 
of S. costatum was constructed to achieve an early warning 
of its red tide by combining NC-Au with excellent conduc-
tivity and the SDR. Benefiting from the sensitive response 
of NC-Au to the electrode response and the improvement 
of the hybridization efficiency on the electrode surface by 
the SDR, this biosensor showed good sensitivity. The LOD 
and LOQ of this biosensor were calculated as 33.43 fg/μL 
(or 831 cells/L) and 87.21 fg/μL (or 2112 cells/L), respec-
tively. The LOQ was at least four thousand times lower than 
the baseline of the red tide outbreak threshold (107 cells/L). 
The high sensitivity of biosensors can shorten sample enrich-
ment time and save the workforce. In addition, the excellent 
accuracy of the portable biosensor was proved by comparing 
the microscopic examination method and ddPCR (p > 0.05). 
More significantly, when analyzing water samples from the 
Beibu Gulf, China, the constructed portable biosensor suc-
cessfully predicted a low risk of red tide outbreaks of S. cos-
tatum, and the results were in accordance with those obtained 
from ecological investigations. In conclusion, this biosensor 
can achieve sensitive and accurate detection of S. costatum. 
In the future, this biosensor is expected to provide a new idea 
for early warning of S. costatum red tide outbreaks.
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A B S T R A C T

The transmission of microorganisms via ballast water poses a potential threat of biological invasion, usually 
neglecting protozoa like Uronema marinum (U. marinum). This study inactivated U. marinum in seawater using UV 
based advanced oxidation processes (UV-AOPs) with 148.32 mJ⋅cm− 2 UV dose and 10 μM oxidant. UV/Perox
ydisulfate (1.29 log), UV/Hydrogen peroxide (1.08 log), and UV/Chlorine (1.05 log) significantly enhanced the 
UV (0.68 log) inactivation of U. marinum. Radical probe methods and radical quenching experiments indicate 
that the diverse radicals generated in UV-AOPs promote inactivation. Changes in extracellular DNA, K+ con
centration, and extracellular organic matter (EOM) fluorescence indicate that radicals act as global oxidants, 
exacerbating membrane damage and promoting DNA and intracellular substances release. Gene expression 
analysis reveals that RNA transcription is affected by UV/PDS and UV/H2O2, while UV/NaClO targets protein 
translation. In cellular metabolism, lipid metabolism is affected by UV/H2O2, whereas amino acid metabolism is 
affected by UV/NaClO and UV/PDS. Compared to UV/NaClO, metabolic pathways related to carbohydrates and 
energy are affected by UV/PDS. Equivalent THMs production of UV-AOPs, but more HAAs are generated in UV/ 
NaClO process, likely linked to RCS concentration. UV/PDS is the most cost-efficient UV-AOPs based on electrical 
energy per order (EE/O).

1. Introduction

Global trade propels ocean transportation, as nearly 90 % of trade 
relying on maritime means [1]. Ballast water plays a crucial role in 
maintaining ship stability during loading and unloading, containing a 
diverse myriad of microorganisms like bacteria, zooplankton, and 
phytoplankton [2]. Tens of thousands of species are transferred through 
ballast water every hour, inadvertently introducing toxic and harmful 
aquatic organisms into new ecosystems, making ballast water as the 
main carrier of invasive species [3]. Addressing this, the International 
Ballast Water Management Convention, established by the International 
Maritime Organization (IMO) in 2004, mandates ballast water treatment 
following D-2 discharge limits (IMO, 2004). Thus, it is imperative to 
develop efficient, economical, and environmentally friendly disinfection 
technologies for ballast waters and harmful marine microorganisms.

Approximately 57 Ballast Water Treatment Systems (BWTS) have 

been approved and/or are commercially available, with methods related 
to UV constituting approximately 48 % of these systems [4]. Its efficacy 
lies in disrupting the genetic material (DNA/RNA) of microorganisms, 
allowing for effective Inactivation [5]. Compare to chemical disinfection 
processes, UV treatment has a lower propensity to generate toxic 
chemical disinfection by-products (DBPs) [6]. However, research has 
showed that specific microorganisms, such as dinoflagellates, diatoms 
and ballast water microbiological indicators Enterococcus faecalis 
(E. faecalis), demonstrate resistance to UV [7,8]. Furthermore, the 
effectiveness of UV disinfection is influenced by factors such as water 
quality turbidity, the presence of reflective or absorptive substances, 
salinity, and the concentration of dissolved organic matter (DOM) con
centration [9].

Advanced oxidation processes (AOPs) are the process in which oxi
dants are activated to produce radicals with potent oxidation capabil
ities, and generate free radical chain reactions. Presently, research on 
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AOPs for ballast water treatment mainly includes electrochemical 
oxidation, photochemical oxidation, ozone oxidation, and ultrasonic 
oxidation [4]. UV-AOPs are easy to operate, and the low COD in 
seawater consumes less radicals. Therefore, UV-AOPs can effectively act 
on microorganisms in seawater [10,11]. This holds significant implica
tions for integrating suitable ballast water technology. UV-AOPs (e.g., 
UV/PDS, UV/H2O2, UV/NaClO) surpass traditional disinfection 
methods in inactivating harmful microorganisms due to the generation 
of potent free radicals, such as sulfate radical (•SO4

− , E0 = 2.80V), hy
droxyl radical (•OH, E0 = 2.90 V), chlorine radicals (RCS, e.g., •Cl, E0 =

2.47 V, •Cl2− , E0 = 2.0 V and •ClO, E0 = 1.5–1.8 V) [12]. Numerous 
studies have assessed UV-AOPs for disinfection. Moreno-Andres et al. 
reported that the D4 parameters of UV and UV/H2O2 (5 mg⋅L− 1 H2O2) 
for inactivating E. faecalis in seawater were 24.64 mJ⋅cm− 2 and 18.72 
mJ⋅cm− 2, respectively, indicating that UV/H2O2 treatment significantly 
reduced UV dose [7]. Wen et al. used a combination of UVC-LED (265, 
280 nm) and chlorine (0.6, 0.8 and 1 mg⋅L− 1) to inactivate Tetraselmis 
sp. in seawater. The results showed that the inactivation effect of the 
combined treatment was significantly greater than that of 400 mJ⋅cm− 2 

UV-LED alone or chlorine alone [13]. Our previous research demon
strated that activating PDS (0.1 mM) with UV-C (254 nm) increases 
E. coli inactivation by 2.28 s log and Streptococcus agalactiae 
(S. agalactiae) inactivation by 2.52 logs in seawater compared to UV 
treatment at 3.6 mJ⋅cm− 2 [14]. Although many studies have evaluated 
the effectiveness and mechanisms of microbial inactivation, most of 
them focus on the inactivation in a single AOP. The comparative studies 
of UV/PDS, UV/H2O2, and UV/NaClO mainly focus on the degradation 
of pollutants such as benzopenone-8, dexamethasone, metronidazole 
[15–17]. To our best knowledge, the detailed comparative study of the 
inactivation effect and mechanism of microorganism in seawater in 
three commonly used UV-AOPs processes has not been investigated yet. 
Comparative research on microbial inactivation under various AOPs can 
help broaden our understanding of AOPs and microbial inactivation 
mechanism, and potentially provide more valuable insights.

In UV-AOPs processes, the process and impact of radical generation 
may be influenced by various factors, including the concentration, 
salinity, and pH of the starting substrates [7]. Several studies have 
indicated that the formation of potentially harmful disinfection by- 
products (DBPs) is influenced by factors such as halides, carbonates, 
NOM (non-biodegradable organic matter), and water pH [18]. For 
instance, chlorine would unexpectedly react with the organic matter in 
the water to produce various DBPs [19]. Notably, trihalomethanes 
(THMs) and haloacetic acids (HAAs) have been consistently detected in 
significant quantities across various ballast water treatment systems, as 
reported by Moreno-Andrés et al. [20]. Therefore, when inactivating 
harmful microorganisms in ballast water, it is important to compare 
diverse aspects, such as process performance and the generation of 
DBPs.

In comparison to harmful bacteria, fungi, algae and other microor
ganisms in seawater, marine protozoa have received limited attention. 
For instance, Uronema marinum (U. marinum), a prevalent marine single- 
celled organism measuring approximately 20–30 × 5–10 μm in size, 
primarily relies on asexual reproductive processes, and serves as a 
pathogenic parasite causing systemic scuticociliatosis in various marine 
fish species. The U. marinum are distributed worldwide and commonly 
found in a variety of habitats (e.g., seawater, sediment), especially in 
polluted waters. As a pathogenic parasite, U. marinum invade the sur
face, skin, fin, and muscle of fishes, as well as their abdominal cavity, 
kidney, pancreas, causing blackening of fish body color, bleeding of 
tissue and organs, ulcers, and other pathological changes, ultimately 
leading to the death of fish [21]. U. marinum causes systemic scutico
ciliatosis in various marine fish species, such as olive flounder (Para
lichthys olivaceus), New Zealand groper (Polyprion oxygeneios), Atlantic 
salmon (Salmo salar), kelp grouper (Epinephelus bruneus), black rockfish 
(Sebastes schlegelii), and turbot (Scophthalmus maximus) [22]. Due to its 
highly infectivity, the outbreak of U. marinum can lead to significant 

mortalities and economic losses in farmed marine fish. Additionally, it 
has been detected in ballast water [22–24]. As stipulated by the D-2 
ballast water discharge standard, the concentration of viable organisms 
with a size of 10–50 μm should be <10 per milliliter (IMO, 2004). And so 
far, the inactivation mechanism of microorganism has predominantly 
focus on the changes at the cellular level such as intracellular substances 
and cellular structures. Further research on the molecular level changes 
such as changes in microbial gene expression through molecular biology 
techniques has gradually received attention [25].

In this study, we investigate the inactivation of U. marinum vegeta
tive cells by different UV-AOPs (UV/PDS, UV/H2O2, and UV/NaClO) in 
seawater, and the contributions of different reactive species to the 
inactivation of U. marinum. We monitor changes in morphology, the 
release of intracellular contents, and expression of differentially 
expressed genes (DEGs) to understand the inactivation process of 
U. marinum by different UV-AOPs. Furthermore, considering the po
tential environmental impact of active substances in ballast water 
treatment, it is essential to assess their potential toxic effects. Ultimately, 
we conducted a preliminary energy consumption analysis on three UV- 
AOPs inactivated U. marinum to compare their economic costs.

2. Materials and methods

2.1. Chemicals

All chemicals used in the experiments were of analytical grade, the 
details of chemical compounds and natural water are available in sup
plementary information (SI) Text S1.

2.2. Microbial surrogates

U. marinum was selected as representative surrogate of ciliate path
ogenic protozoa, which was obtained from Institute of Hydrobiology, 
Chinese Academy of Sciences. A detailed description of U. marinum ‘s 
morphology is available in Text S2. Perform clone culture in a laboratory 
environment. Single individuals were isolated from the original popu
lation by capillary pipette and the clean single cell was reared in a Petrie 
dish with seawater.

U. marinum was cultured and maintained in seawater (temperature 
= 37 ◦C, salinity = 35 ‰; pH = 8.2) containing Escherichia coli (E. coli) 
and wheat grains, because bacteria served as the sustenance for 
U. marinum, and wheat grains provide nutrients for the growth of E. coli 
[26,27]. Synthetic seawater (SW) was prepared by dissolving sea salt, 
with the concentration of anions outlined in Table S1 [7].

2.3. Experimental procedures

A low-pressure mercury lamp (10 W) emitting light predominantly at 
254 nm was designed for quasi-collimated beam in the photo-reactor, as 
shown in Fig. S1. The UV fluence rate (Ep0) was determined as 1.24 
mW⋅cm− 2 by using the KI/KIO3 actinometer, as detailed in Text S3 and 
Fig. S2 [28]. The UV dose (mJ⋅cm− 2) is calculated by Eq. (1). 

UV dose = UV Intensity×Time (1) 

where the intensity is the UV light intensity (mW⋅cm− 2), and time is the 
exposure time (s). The UV lamp was warmed up at least 20 min before 
the photolysis experiment to obtain stable irradiation. Centrifuge the 
U. marinum solution containing culture medium at 3000 rpm for 5 min, 
and discard the supernatant to remove the culture medium. Then sus
pended the cells that remain at the bottom in sterilized seawater with a 
salinity of 35 ‰ and pH of 8 that is representative of typical ballast 
water, aiming for a target concentration of 5000 cells⋅mL− 1. 20 mL 
U. marinum nutrient cells suspension was placed in a quartz reaction 
tube (diameter 2.5 cm, length 18 cm) for the Inactivation experiment. In 
accordance with previous investigations, the application of 10 μM of 
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PDS can significantly enhance the UV inactivation of U. marinum in 
seawater (Fig. S3) [12]. Oxidants (PDS, H2O2, NaClO) were added to 
achieve the same concentration (10 μM) in three systems, thereby 
facilitating uniformity for comparison. Collect the samples (0.1 mL) at 
the same time interval and add 0.1 mL of 0.4 % trypan blue solution to 
the sample, then dilute the sample with sterilized seawater to 1 mL. Live 
cells possess intact cell membranes that exclude the dye, while dead cells 
with compromised membranes take up the dye, appearing blue under a 
microscope. The density of living cell was determined based on the 
motility of live cells and their exclusion of TrypanBlue under a biological 
microscope (BX53F, Olympus) [29]. Inactivation rates of microorgan
isms were calculated by Eq. (2), The disinfection kinetic of U. marinum in 
UV-AOPs system was assessed by a Pseudo-first-order kinetic model. 

S = log
(

N0

Nt

)

= kt (2) 

where N0 and Nt are the cell density (cells⋅mL− 1) before and after the 
inactivation processes, respectively; k is the Pseudo-first-order rate 
constant (s− 1); t is the experimental time (s). And the UV254 of the 
sample was measured with a UV spectrophotometer. To quantify the 
synergistic effect by coupling the oxidation process with the photolysis, 
the synergy factor was measured in Eq. (3) [30]. 

FS =
kuv/oxidant

kuv + koxidant
(3) 

kuv and koxidant represent the Pseudo-first-order rate constants for UV 
and oxidant, respectively. The absorption spectrum of 1 mM oxidants 
solution(PDS, H2O2, NaClO) were measured by using a UV spectro
photometer (7500Fast, Thermo scientific, USA) at wavelengths of 254 
nm.

Evaluate the contribution of free radicals by comparing microbial 
inactivation rates. The steady-state concentration of ROS in UV/PDS, 
UV/H2O2, or UV/NaClO conditions was determined through probe- 
based kinetic experiments. Nitrobenzene (NB), benzoic acid (BA), and 
1, 4-dimethoxybenzene (DMOB) and anisole (AS) (5 μM) for quantifying 
•OH, •SO4

− , •Cl, and •ClO, respectively, the details shown in Text S4 
[16,18]. To evaluate the contribution of reactive species in the UV-AOPs 
system, scavenger methanol (MA: oxidant =10:1) was utilized to scav
enge •OH and •SO4

− , tert-butanol (TBA: oxidant =10:1) was employed as 
•OH and •Cl scavenger, NB (NB: oxidant =10:1) was employed as •OH 
scavenger [31].

2.4. Disinfection mechanisms experiments

Extracellular DNA (eDNA) of U. marinum was measured by spec
trometry. In brief, U. marinum suspensions were centrifuged for 10 min 
at 8000 rpm, then the absorbance of supernatant was measured using a 
micro-spectrophotometer (VL0L00D0, Thermo Scientific, USA) [32]. 10 
mL sample was centrifuged and the supernatant was filtered through 
0.45 μm syringe filter, then the concentration of K+ was measured by an 
Inductively Coupled Plasma Atomic Emitted Spectrometer (ICAP7400, 
Thermo Fisher, USA). Excitation emission matrix spectra (EEM) of 
U. marinum extracellular organic compounds (EOM) were determined 
by a three-dimensional fluorescence spectrometer (F-4700FL, Hitachi, 
Japan) [33].

In transcriptomics analysis, total RNA was extracted from samples 
[34]. Concentration and purity of the extracted RNA using Nano
drop2000. RNA quality was checked using RNase free agarose gel 
electrophoresis and assessed on an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA). After total RNA was extracted, 
eukaryotic mRNA was enriched by Oligo (dT) beads. Then the enriched 
mRNA was fragmented into short fragments using fragmentation buffer 
and reverse transcribed into cDNA with random hexamers. Second- 
strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP 
and buffer. Then the cDNA fragments were purified with QiaQuick PCR 

extraction kit (Qiagen, Venlo, The Netherlands), end repaired, A base 
added, and ligated to Illumina sequencing adapters. The ligation prod
ucts were size selected by agarose gel electrophoresis, PCR amplified, 
and sequenced using Illumina novaseq 6000. To get high quality clean 
reads, reads were further filtered by fastp [35]. Transcriptome denovo 
assembly was carried out with short reads assembling program–Trinity 
[36]. All transcripts obtained from this transcriptome sequencing were 
compared with six databases (NR, Swiss-Prot, Pfam, COG, GO and KEGG 
databases) to obtain annotation information in each database and to 
compile statistics on the annotation status of each database.

2.5. Disinfection by-products experiments

To evaluate the concentration of organic byproducts formed in three 
AOPs, THM and HAA were extracted by liquid/liquid extraction with 
methyl tert-butyl ether (MtBE), and then measured by using a gas 
chromatography–mass spectrometry (GC, 7890B–7000D, Agilent, USA) 
[18].

2.6. Electrical energy efficiency

The Electrical Energy per Order (EE/O) was provided a cost-effective 
evaluation for systems. EE/O (kW⋅h⋅m− 3) is defined as the electrical 
energy required to decompose pollutants in 1 m3 of polluted water, 
which can be calculated by eqs. (4–7) [37]. 

EE/Ototal = EE/OUV +EE/OOxidant (4) 

EE

/

OUV =
P × t × 1000

V × 60 × log
(

N0
Nt

) (5) 

EE

/

OOxidant = EqOxidant ×
[Oxidant] × 1000

log
(

N0
Nt

) (6) 

EqOxidant =
Price × Mass

106 × Puritty × EC
(7) 

where P represents lamp input power (i.e., 0.01 kW); V is the volume of 
the polluted water (i.e., 0.16 L); t is the irradiation time (i.e., 2 min); 
[oxidant] means the dosages of oxidant (i.e.,10− 5 M); log (N0/Nt) are the 
logarithm of the initial and final concentrations of U. marinum; Eqoxidant 
is the equivalent electrical energy consumption created per mole of 
oxidantis (EqNaClO = 0.479 kW⋅h⋅mol− 1, EqH2O2 = 0.074 kW⋅h⋅mol− 1, 
EqPDS = 0.208 kW⋅h⋅mol− 1 [16].

2.7. Statistical analysis

To ensure reproducibility, all experiments were performed at least 
three times, and the standard deviation of the determinations was <5 %. 
Data statistical analysis was performed using SPSS 27.0 and Origin 2022 
software. The inactivation kinetics were fitted by a linear fitting using 
the least-squares method in Origin. Statistically significant differences 
between independent groups were assessed through one-way analysis of 
variance (ANOVA). A significance level of 0.05 (p < 0.05) was consid
ered as the threshold for determining statistical significance.

3. Result and discussion

3.1. Inactivation of U. Marinum with different UV-AOPs

The initial experiments focused on evaluating the effectiveness of 
U. marinum inactivation using various treatments, including UV at an 
intensity of 1.24 mW⋅cm− 2 and three UV-AOPs (UV/H2O2, UV/PDS, and 
UV/NaClO) with same oxidant concentration (10 μM) in artificial 
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seawater. As shown in Fig. 1(a), the inactivation of U. marinum in the 
UV/PDS, UV/H2O2 and UV/NaClO (1.29 log, 1.08 log, and 1.05 log) was 
significantly higher than that in UV alone (0.68 log) with the 148.32 
mJ⋅cm− 2 UV dose. And U. marinum exhibited negligible inactivation 
when exposed to a single oxidant in seawater. UV-AOPs demonstrated 
robust inactivation capabilities attributable to the generation of radicals 
with strong oxidizing ability. •OH, •OH and •SO4

− , •OH and •Cl were 
primarily produced in UV/H2O2, UV/PDS, and UV/NaClO processes, 
respectively, as indicated by eqs. (8–14). 

S2O2−
8 →hv 2 • SO−

4 (8) 

•SO−
4 +OH− → • OH+ SO2−

4 (9) 

H2O2 →hv 2 • OH (10) 

OCl− →hv
•OH+ • Cl (11) 

OCl− + • OH→OH− + • ClO (12) 

•Cl+OCl− →Cl− + • ClO (13) 

•Cl+Cl− → • Cl−2 (14) 

The consumption of oxidants as shown in Fig. S4. Previous research 
has confirmed the effectiveness of UV/PDS for U. marinum inactivation 
due to the generation of •OH and •SO4

− [12]. The inactivation kinetics of 
MS2 bacteriophage under UV/H2O2 treatment indicated an 11–15-fold 
increase in saltwater [38]. Moreover, Wen et al. demonstrated that UV- 
LED/chlorine treatments were more effective in inactivating Tetraselmis 
sp. than UV in seawater, underscoring the significant contributions of 
•OH or RCS [13]. The k for different processes follows the order: UV/ 
PDS (8.47 × 10− 3 s− 1) > UV/H2O2 (7.55 × 10− 3 s− 1) > UV/NaClO (7.04 
× 10− 3 s− 1) > UV (4.68 × 10− 4 s− 1). The variation in inactivation ef
ficacy among these processes under the same conditions, such as UV 
wavelength and water composition, is attributed to the distinct types of 
radicals generated. It is widely accepted that •OH exhibits non-selective 
reactivity, while RCS (•Cl, •Cl2− and •ClO) are selective towards certain 
pollutants compared to •OH, and •SO4

− also has strong oxidation 
selectivity, all of which have been proven to effectively inactivate mi
croorganisms [33]. However, our results show that UV/H2O2 is more 
effective than UV/chlorine in inactivating U. marinum, which may be 
due to the lower selectivity of RCS towards U. marinum. Romero-Mar
tínez et al. reported that the inactivation of Tetraselmis suecica under UV/ 

peroxymonosulfate (UV/PMS) in ballast water was lower than under 
UV/H2O2 with 10 ppm oxidant [39]. However, compared to UV-LED/ 
H2O2 (0.29 mM), UV-LED/PMS (0.008 mM) more effectively damages 
Vibrio alginolyticus under UV-C (λmax = 275 nm, 0.39 ± 0.04 W⋅m− 2) 
conditions [40]. The inactivation efficacy of microbial in different pro
cesses may be attributed to species specific structural differences and the 
radicals generated by oxidation systems under different conditions. 
Therefore, it is important to choose the appropriate inactivation process 
based on the pathogen. Considering the complex composition of real 
marine water matrix, inactivation experiments of U. marinum in real 
marine water were studied. As shown in Fig. S5, the dynamic kinetics of 
U. marinum inactivation in the real marine water showed similar trend in 
the synthetic marine water. The inactivation of U. marinum in real ma
rine water by UV, UV/H2O2, UV/NaClO, and UV/Na2S2O8 treatments at 
120 s were 0.32-log, 0.56-log, 0.50-log, and 1.10-log. The decrease in 
deactivation efficiency may be due to the competitive oxidation of 
organic matter in real seawater, as the TOC of real seawater (649 
mg⋅L− 1) is higher than that of artificial seawater (240 mg⋅L− 1) 
(Table S2). The results indicate that different processes exhibit the same 
trend of inactivation in synthetic seawater and real seawater. Therefore, 
synthetic seawater prepared based on real seawater components can 
simulate real seawater, and the research conducted in the synthetic 
marine water matrix can represent the U. marinum inactivation in the 
real marine water matrix.

Fig. 1(b) shows the quantification of the relationship and synergistic 
effects between UV dose and inactivation. The value of k in UV, UV/ 
H2O2, UV/NaClO, and UV/PDS were 4.74 × 10− 4, 7.55 × 10− 3, 7.23 ×
10− 3, and 8.47 × 10− 3 cm2⋅mJ− 1, respectively. The k for the inactivation 
of Tetraselmis suecica by UV was found to be 0.010 ± 0.001 cm2⋅mJ− 1, 
with an initial concentration of 7.27 × 104 cells⋅mL− 1 [39]. The values 
of k for the inactivation of E. coli by UVC was 1.14 cm2⋅mJ− 1, with an 
average initial concentration of 106 CFU⋅mL− 1 [41]. These results sug
gest that U. marinum is less susceptible to UV inactivation compared to 
Tetraselmis suecica and E. coli. The overall inactivation of U. marinum can 
be attributed to the contributions of reactive radicals (kradicals), UV 
irradiation (kUV) and influence of oxidant (koxidant), respectively. The 
synergistic effect (Fs) of UV/H2O2, UV/NaClO, and UV/PDS are 1.42, 
1.35 and 1.70, indicating a synergistic effect in UV-AOPs and the 
feasibility of the oxidant concentration. In addition, after treatment with 
UV, UV/PDS, UV/H2O2, and UV/NaClO for 120 s, the absorbance at 254 
significantly decreased by 11.36 %, 21.46 %, 17.93 %, and 17.68 %, 
respectively (Fig. S6), indicating that the organic matter in the solution 
has been partially removed. The reduction of organic matter in the so
lution can increase the transmittance of UV, thereby further promoting 

Fig. 1. (a) Comparison of UV alone and UV- AOPs for U. marinum inactivation in seawater, the insert shows the inactivation kinetics of different processes; (b) The 
relationship between the inactivation efficiency of U. marinum and UV dose, and the synergistic factor (inserted figure). (Experimental conditions: [U. marinum]0 =

5000 cell⋅mL− 1, UV intensity = 1.24 mW⋅cm− 2, [H2O2]0 = [PDS]0 = [NaClO]0 = 10 μM, pH = 8.2, T = 25 ± 2 ◦C).
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the inactivation of microorganism. The synergistic inactivation of UV- 
AOPs on U. marinum may be linked to factors such as radical yield, 
steady-state free radical concentration, and the reactivity and selectivity 
of free radicals towards U. marinum [32]. As illustrated in Fig. S7, PDS 
exhibits a higher molar absorption coefficient under UV irradiation, 
making it easier to activate under UV254 compared to NaClO and H2O2. 
To elucidate which radicals are responsible for microbial inactivation, 
further studies were conducted.

3.2. Contribution of reactive species on the inactivation of U. Marinum

To gain insights into the U. marinum inactivation in the three UV- 
AOPs, we measured the concentrations of dominant reactive species, 
as depicted in Fig. 2. In the presence of anions in seawater, primary 
radicals have the potential to undergo transformations into secondary 
radicals through elementary reactions outlined as eqs. (15–31). 

•OH+Cl− → • ClOH− (15) 

•ClOH− +H+→ • Cl+H2O (16) 

•Cl+OH− → • ClOH− (17) 

•OH+OCl− →OH− + • ClO (18) 

•Cl+OCl− →Cl− + • ClO (19) 

•SO−
4 +Cl− → • Cl+ SO2−

4 (20) 

•Cl+Cl− → • Cl−2 (21) 

•SO−
4 +Br− → • Br+ SO2−

4 (22) 

•Cl+Br− → • Br+Cl− (23) 

•OH+Br− → • BrOH− (24) 

•BrOH− +Br− → • Br−2 +OH− (25) 

•Br+Br− → • Br−2 (26) 

•Cl− +Br− → • ClBr− (27) 

•SO−
4 +HCO−

3 → • HCO3 + SO2−
4 (28) 

•SO−
4 +HCO−

3 → • HCO3 + SO2−
4 (29) 

•OH+HCO−
3 → • CO−

3 +H2O (30) 

•Cl+HCO−
3 → • CO−

3 +HCl (31) 

The abundant •ClO in UV/Chlorine has garnered attention due to its 
controversial performance in pollutant degradation [42,43]. In these 
UV-AOPs system, the production of secondary radicals is relatively 
lower, and their oxidative potential is weaker compared to •Cl and •ClO 
[44,45]. Therefore, the focus of the study was placed on the primary 
active species. Based on the probe degradation kinetics process and eqs. 
(S4-S7), the steady-state concentrations of •SO4

− and •OH were calcu
lated to be 1.86 × 10− 14 M and 3.06 × 10− 14 M in UV/PDS systems, as 
shown in Fig. 2(a). The High steady-state concentration and redox po
tential of •SO4

− may explain why this process is more effective in inac
tivating microorganisms than others. In UV/H2O2 and UV/NaClO 
processes, the steady-state concentrations of •Cl are 6.25 × 10− 14 M and 
6.78 × 10− 15 M, while the steady-state concentrations of •ClO are 3.26 
× 10− 15 M and 2.73 × 10− 13 M, respectively. It is evident that the 
steady-state concentrations of •Cl are 1–2 orders of magnitude lower 
than those of •OH and •ClO in these processes. Consequently, the dif
ferences in U. marinum inactivation caused by •Cl are expected to be 
negligible. It is important to highlight that the steady-state concentra
tions of •OH among the three processes remain within one order of 
magnitude. The UV/NaClO process exhibits steady-state concentrations 
of •ClO two orders of magnitude higher than those in the UV/H2O2 
process. However, the inactivation rate constant k of the UV/H2O2 
process is higher by 0.51 × 10− 3 s− 1 than that of the UV/NaClO process. 
This observation suggests the importance of •OH in inactivation, and it 
implies that the selectivity and activity of •ClO towards U. marinum may 
not be particularly [12]. We acknowledge that differences in U. marinum 
inactivation in response to the concentration of primary radicals in the 
three types of AOPs may be subjective. To further elucidate the contri
butions of radicals, we conducted additional analyses by introducing 
radical scavengers.

Fig. 2(b) illustrate the contributions of reactive oxidizing specie of 
inactivation of U. marinum when treated with radical scavengers in UV 
and three UV-AOPs processes within 120 s. Detailed inactivation pro
cesses with different scavengers can be found in Fig. S8. The inactivation 
contribution rate of •SO4

− and •OH accounted for 60 % of all reactive 
oxidizing species in UV/PDS, the inactivation contribution of •Cl and 
•OH were calculated as 52.87 % and 63.87 % in UV/H2O2 and UV/ 
NaClO, respectively, which consistent with the primary radical con
centration results.

3.3. Inactivation mechanisms

The concentration trends of eDNA during various treatment pro
cesses are presented in Fig. 3(a). Interestingly, the eDNA concentration 
exceeded 3 ng⋅μL− 1 in response to UV/PDS, UV/H2O2, and UV/NaClO 

Fig. 2. (a) The steady state concentration of free radicals in the UV-AOPs processes; (b) Contribution of reactive radicals to the inactivation of U. marinum. 
(Experimental conditions: [U. marinum]0 = 5000 cell⋅mL− 1, UV intensity = 1.24 mW⋅cm− 2, [H2O2]0 = [PDS]0 = [NaClO]0 = 10 μM, [NB]0 = [TBA]0 = [MeOH]0 =

0.1 mM, pH = 8.2, T = 25 ± 2 ◦C).
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treatments, with values of 3.79, 3.23, and 3.17 ng⋅μL− 1, respectively, 
while UV treatment alone yielded a comparatively lower eDNA con
centration of 2.73 ng⋅μL− 1. The results can be attributed to the action of 
ROS, which damage the cell wall or membrane, leading to the release of 
intracellular materials such as genetic material DNA into the sur
rounding environment [32]. On the other hand, the exposure of DNA to 
ROS and UV further induces structural and functional damage, 
impacting processes like DNA replication, repair, transcription, and 
translation. Consequently, aberrations in growth and metabolism occur, 
eventually resulting in inactivation. This phenomenon underscores one 
of the reasons why AOPs outperform UV treatment in terms of microbial 
inactivation. Wang et al. have indicated that the attack by •SO4

− is 
associated with upregulation of intracellular ROS including H2O2, •O2

−

and •OH, initiating a chain oxidation reaction within the cell. These 
intracellular ROSs subsequently lead to cytoplasm oxidation and 
genomic DNA destruction, ultimately resulting in irreversible cell death 
[46]. And Wang et al. reported that reactive radicals such as •SO4

− and 
•OH can damage the cell wall or membrane, promoting DNA exposure to 
UV, leading to DNA release into the solution and increased DNA strand 
breakages and fragments [31] It is worth noting that UV irradiation is 
renowned for its ability to inactivate microorganisms through DNA or 
RNA damage without destroying the cell wall. The increase in eDNA 
after UV treatment may be attributed to the elimination of harmful or 
superfluous DNA through cellular metabolism, maintaining cellular 
homeostasis [47]. In addition, we investigated the regrowth of 
U. marinum after different treatments, as illustrated in Fig. S9, the 
regrowth of U. marinum observed after UV inactivation, while there was 
no regrowth after UV-AOPs inactivation, demonstrating that the UV- 
AOPs systems could ensure the persistence and effectiveness of 
U. marinum inactivation. This may be due to the incomplete damage of 
UV to DNA, while UV-AOPs could destroy the structure of cell 
completely. Some studies have suggested that if DNA could not be 
destroyed in inactivation, the pathogen still have the potential to 
recover [48,49]. And it has reported that the ROS produced from AOPs 
can destroy the genetic components and cellular structure such as cell 
wall, cell membrane, resulting the inactivation of microorganisms [49].

The role of potassium ions (K+) in maintaining cell osmotic pressure 
is pivotal, and variations in extracellular K+ concentration can reflect 
changes in cell membrane permeability [50]. The degree of membrane 
damage is intricately linked to the selective permeability of cell mem
branes. As depicted in Fig. 3(b), the extracellular K+ concentration 
exhibited an increasing trend during the U. marinum inactivation pro
cess, and UV-AOPs leads to a higher concentration of extracellular K+

than UV, indicating that the active substance accelerates the damage to 
the cell membrane. The order of concentration increase is observed as 
UV/H2O2 > UV/NaClO > UV/PDS > UV, suggesting that UV/H2O2 in
duces the most substantial damage to membrane functionality. The 

changes in cell membrane permeability may be related to radical re
actions with components on the cell membrane. Sun et al. reported that 
noncharged •OH may be more susceptible to attacking microbial sur
faces than •SO4

− . In addition, the reaction rate between proteins and free 
radical species is higher than that of other biomolecules, such as poly
saccharides and lipids [51]. Although extracellular secretions (proteins 
and polysaccharides) produced by cells are used to resist environmental 
stress, ultimately the cell membrane is damaged, impacting cellular 
metabolism [52]. Chen et al. found that an increase in cell membrane 
permeability could potentially disrupt the Proton Motive Force (PMF) 
that drives processes like ATP synthesis, nutrient transport, and other 
energy-dependent reactions in the cell. As a result, metabolic activity of 
Staphylococcus aureus (S. aureus) effectively reduced [53].

The fluorescence spectra of Extractable Organic Mater (EOM) were 
adopted to analyze releases cellular organic matter in U. marinum so
lutions, as depicted in Fig. 4. There are three main fluorescence peaks 
were discerned, which locate with λex/λem = 240/390nm (peak A), 310/ 
390nm (peak C), 300/355 nm (peak D), corresponding to the fulvic 
acid-like, protein-like, and humic-like substance, respectively. To 
conduct a quantitative analysis, we divided the fluorescence spectra into 
five distinct regions and applied the Fluorescence Regional Integration 
(FRI) method, as described in Text S6. Table S3 provides a compre
hensive list of typical representative substances within these regions. As 
illustrated in Fig. 4(a), the fluorescence spectrum of the solution con
taining normally growing cells exhibited Peak A and Peak C within re
gions III and V, indicating that natural organic matter through their 
metabolic activities in the solution primarily comprised fulvic acid-like 
and humic-like [54]. The treatment of UV, UV/H2O2, and UV/NaClO led 
to a weakening of Peaks A and C, indicating the degradation of fulvic 
acid-like and humic-like substances (Table S4). Notably, in UV/PDS 
processes, peaks in regions I, II, and IV, representing aromatic protei
noids I, aromatic proteinoids II, and dissolved microbial metabolites, 
respectively, displayed a significant enhancement. The Fluorescence 
Regional Integration values (Φi) in regions I, II, and IV increased by 
1.48, 2.21, and 2.23 folds (Fig. 4(f)). This enhancement suggests that the 
inactivation of U. marinum by UV/PDS may result from the intracellular 
microbial organic matter (IMO) leaking into the extracellular space due 
to severe damage to the cell membrane. This observation aligns with a 
study by Peng et al., which explored the mechanism of cell disruption in 
harmful Anabaena flosaquae through ultrasound irradiation [25]. In 
addition, under UV/PDS treatment, the integral of the III and V also 
increased, signifying that protein-like substances can undergo degra
dation into humus-like substances. In comparison to UV treatment 
alone, the EEM spectra volumes of regions I and IV increased by 4.28 % 
and 61.39 % in the UV/NaClO treatment, while the region IV increased 
by 18.66 % in the UV/H2O2 treatment (Table S5). Regions I and IV are 
associated with aromatic proteinoids and dissolved microbial 

Fig. 3. (a) The extracellular DNA concentration of U. marinum in different processes; (b) The extracellular K+ concentration of U. marinum in different processes. 
(Experimental conditions: [U. marinum]0 = 5000 cells⋅mL− 1, UV intensity = 1.24 mW⋅cm− 2, [H2O2]0 = [PDS]0 = [NaClO]0 = 10 μM, pH = 8.2, T = 25 ± 2 ◦C).
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metabolites, respectively. These findings indicate that the IMO leakage 
into the extracellular space due to damaged cell membranes was more 
pronounced under UV/NaClO and UV/H2O2 treatments than UV alone. 
UV/PDS induces the most substantial damage to the cell membrane with 
the primary component of the cell membrane being phospholipids, and 
subsequent inhibition of cellular activity [55,56]. Consequently, it can 
be hypothesized that UV/PDS may exert a more potent damaging effect 
on phospholipids compared to other treatments.

Compared with the control group, the DEGs of U. marinum were 
enriched in the pathways of DNA replication, nucleotide excisions 
repair, mismatch repair, and homologous recombination after UV and 
UV-AOPs treatments, all of which are related to replication and repair in 
genetic information processing (Fig. 5). This observation suggests that 
UV has a disruptive impact on the normal functioning of genetic mate
rial, specifically DNA, aligning with the well-established phenomenon of 
UV-induced DNA damage leading to the formation of pyrimidine dimers 
[5]. Moreover, the damaged to DNA exerts a detrimental influence on 
processes such as gene replication, transcription, and translation, 
consequently affecting the normal function and survival of cells [57].

The DEGs of U. marinum enriched pathways were not only genetic 
information processing but also metabolism and cellular processes 
following UV-AOPs treatment. Under UV/PDS and UV/H2O2 treatments, 
the DEGs were enriched in Spliceosome pathway, as illustrated in Fig. 5
(b-c), the genes (Prp2 and Prp43) of Deah family ATPase/spinase, 
exhibited significant downregulation. Relevant studies have shown that 
Prp2 and Prp43 participate in the catalytic activation of splicosome play 
a pivotal role in mRNA splicing process [58,59]. Consequently, the 
transcription in genetic information processing of U. marinum is mainly 
affected under UV/PDS and UV/H2O2 systems. However, in contrast to 
the UV/PDS, the expression of PEX genes in Peroxisome pathway were 
significantly down-regulated by UV/H2O2 treatment. The PEX genes are 
known to play a central role in regulating peroxisome biogenesis [60]. 
Therefore, downregulation of PEX genes affects transport and 

catabolism in cellular processes may another factor contributing to cell 
inactivation in the UV/ H2O2 system. Fig. 5(d) reveals that under UV/ 
NaClO treatment, DEGs were enriched in the Ribosome pathway, ribo
some protein genes like EF-Tu (RP-L3, RP-L7, RP-L9, RP-L20, RP-S9, and 
RP-S16) displaying significantly down-regulated. Ribosomal protein 
genes are pivotal in constructing ribosomes and facilitating protein 
translation to uphold cell homeostasis and survival [61]. Therefore, the 
down-regulation of ribosomal protein gene expression affects trans
lation in genetic information processing, may be the main cause of 
cellular structural and functional damage under the UV/NaClO system. 
In conclusion, the sensitivity of biological RNA transcription processes 
to radicals produced by UV/PDS and UV/H2O2 differs from the sensi
tivity of biological protein translation processes to UV/NaClO system. 
The life response mechanism of U. marinum during the inactivation 
process appears to be associated with changes in the types and levels of 
free radicals generated in the AOPs system.

We also attempt to delve deeper into the distinct responses of 
U. marinum when exposed to UV-AOPs relative to UV, the result show 
that UV-AOPs primarily exert their influence on cell metabolism (KEGG 
pathway enrichment analysis of U. marinum compare to UV is shown in 
Fig. 6 and Fig. S10). Specifically, the UV/H2O2 system appears to pre
dominantly effect on pathways related to lipid metabolism, particularly 
glycerophospholipid metabolism and glycerolipid metabolism. The gene 
encoding important enzymes such as glyceronephate acyltransferase, 
and phosphatidylaerine synthase in glycerol phospholipid metabolism 
pathway significantly upregulated. Glycerophospholipids constitute a 
major component of cell membranes. The excessive ROS produced by 
UV/H2O2 attack all cell structures. The upregulation of gene expression 
in the phosphoglycerol metabolism pathway suggests that severely 
damaged cell membranes undergo self-repair [55]. In addition, genes 
associated with glycerolipid metabolism, such as DAK, TKFC, ALDH, 
MGLL, TGL2, LPT1, and DPPL, displayed significant upregulation, 
possibly reflecting the activation of cellular defense mechanisms. 

Fig. 4. The fluorescence EEM spectra of extracellular AOM after 2 min in different processes. (a) Control; (b) UV; (c) UV/NaClO; (d) UV/H2O2; (e) UV/PDS; (f) The 
fluorescence region integration of EEM spectra. (Experimental conditions: [U. marinum]0 = 5000 cells⋅mL− 1, UV intensity = 1.24 mW⋅cm− 2, [H2O2]0 = [PDS]0 =

[NaClO]0 = 10 μM, pH = 8.2, T = 25 ± 2 ◦C).
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Research by others has highlighted the role of glyceride metabolism in 
regulating defense gene expression in Arabidopsis through the modu
lation of oleic acid levels [62].

The primary pathways affected by UV/NaClO and UV/PDS treat
ments involve amino acid metabolism, encompassing glutathione 
metabolism and cysteine and methionine metabolism. In the case of 
glutathione metabolism, genes encoding glutathione synthase and 
glutathione S-transferase were upregulated, indicating their likely 
regulation in response to cellular redox changes, as glutathione is crucial 
for maintaining cellular and tissue redox homeostasis, protecting against 
oxidative stress, and participating in redox signaling pathways and 
detoxification reactions [63]. Similarly, in cysteine and methionine 
metabolism, the upregulation of genes such as serine O-acetyltransferase 
and cysteine synthase suggests an acceleration of cysteine and methio
nine metabolism. ROS primarily target proteins causing their oxidation 
to be essentially irreversible, particularly amino acids containing sulfur 
and thiol groups. Cysteine and methionine residues within peptide 

chains are particularly susceptible to ROS attacks [55]. Notably, gluta
thione is directly derived from the sulfur-containing amino acid cysteine 
and indirectly from methionine through the transformation pathway. As 
such, cells regulate the metabolism of glutathione, methionine, and 
cysteine to maintain redox homeostasis [64].

Compared with UV/NaClO, UV/PDS induces changes in gene 
expression within pathways related to carbohydrate metabolism and 
energy metabolism. The DEGs in Glycolysis pathway were down
regulated, like key enzyme (hexokinase and phosphohexose isomerase) 
encoding genes, which suggests that ROS generated by UV/PDS may 
disrupt intracellular carbohydrate circulation. Glycolysis is the main 
metabolic pathway for energy production in highly proliferating cells, 
providing synthetic metabolic substrates to support cell proliferation 
and migration [65]. Consequently, UV/PDS may hinder glycolysis in 
U. marinum, potentially affecting its proliferation. Moreover, down
regulation of glycolytic pathway expression may lead to abnormal gene 
expression on the TCA cycle pathway that downstream of Glycolysis. 

Fig. 5. KEGG pathway enrichment analysis of U. marinum. (a) UV; (b) UV/H2O2; (c) UV/PDS; (d) UV/NaClO.
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DEGs in TCA cycle pathway, such as citrate synthase, isocitrate dehy
drogenase, and 2-oxoglutarate dehydrogenase genes are upregulated. 
The genes involved in oxidative phosphorylation, such as NADH dehy
drogenase genes (Nduf), succinate dehydrogenase/fumarate reductase 
gene SDH, cytochrome reductase genes (Cyt1 and QCR7), cytochrome 
oxidase gene COX, and F-type ATPase gene alpha process gene expres
sion were up-regulated. Oxidative phosphorylation provides most of the 
ATP, which is used by organisms to support life and is responsible for 
setting and maintaining metabolic homeostasis [66]. The results indi
cate that cells attempt to accelerate energy to maintain homeostasis. In 
summary, lipid metabolism is affected by UV/H2O2, whereas amino acid 
metabolism is more susceptible to the effects of UV/NaClO and UV/PDS. 
In comparison, carbohydrate metabolism and energy metabolism are 
affected by UV/PDS as opposed to UV/NaClO.

3.4. DBP formation after different treatments

The generation of disinfection by-products (DBPs) is an inadvertent 
outcome arising from the use of oxidants in the disinfection process. 
Existing studies have elucidated that radicals can induce DBP formation 
through two distinct mechanisms. Firstly, radicals can attack the pre
cursors, exposing more reactive sites for chlorine to react and form 

DBPs. Secondly, halogen radicals themselves have the potential to form 
DBPs through radical addition to precursor molecules [67]. The in
vestigations focused on the formation of classical DBPs within samples 
subjected to various UV-AOPs, and the results are presented in Fig. 7. For 
trihalomethanes (THMs) (Fig. 7(a)), there was no significant difference 
in concentration observed among the UV-AOPs systems after 2 min. The 
total concentration of haloacetic acids (HAAs) exhibited variations ranks 
as UV/NaClO> UV/H2O2 > UV/PDS, and the differing concentrations of 
Dichloroacetic Acid (DBAA) and Trichloroacetic Acid (TCAA) primarily 
contributed to the observed differences in HAAs concentration (Fig. 7
(b)). These discrepancies in DBAA and TCAA yields among the three UV- 
AOPs may stem from variations in radical speciation within these AOPs 
[68]. The selectivity of reactions between different types of free radicals 
and Natural Organic Matter (NOM) differs; for instance, •OH and RCS 
exhibit distinct reactivity patterns. RCS are known to selectively react 
with the electron-rich moieties of NOM [69]. Therefore, different AOPs 
generate distinct DBP precursors from NOM, resulting in varying HAAs 
formation [70]. Sun et al. also reported that under same UV fluence, the 
formation of HAAs using UV/chlorine and NOM was higher than that 
using UV/H2O2, attributing this difference to NOM's exposed to exces
sive free chlorine and RCS [68]. A noteworthy observation is the prev
alence of Brominated-DBPs (Br-DBPs) as the predominant species, 

Fig. 6. Effect of UV-AOPs on the life response mechanism of U. marinum. (①: Lip metabolism; ②: Glutathione metabolism; ③: Cysteine and methionine metabolism; 
④:Glycolysis; ⑤: Tricarboxylic acid cycle (TCA cycle); ⑥: Oxidative phosphorylation).

Fig. 7. The concentrations of classical DBPs during UV-AOPs treatment. (a) the concentrations of THMs; (b) the concentrations of HAAs. (Experimental conditions: 
[U. marinum]0 = 5000 cell⋅mL− 1, UV intensity = 1.24 mW⋅cm− 2, [H2O2]0 = [PDS]0 = [NaClO]0 = 10 μM, pH = 8.2, T = 25 ± 2 ◦C).
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aligning with the influence of salinity as the primary factor favoring Br- 
DBPs over Chlorinated-DBPs (Cl-DBPs) in brackish and seawater con
ditions [7]. There are large number of halide ions in the seawater with a 
salinity of 35 ‰ that we use, the concentrations of chloride ions and 
bromide ions are approximately 19,000 and 65 mg⋅L− 1, respectively. 
Chen et al. have also suggested that in the presence of abundant bromide 
ions (Br− ), the predominant oxidant species shift towards bromine and 
reactive bromine species (RBSs) in LED-UV/Cl2 [71]. Consequently, in 
the context of DBP control, it becomes evident that special attention 
should be directed towards systems characterized by lower concentra
tions of RCS.

3.5. Estimation of energy costs

The significant energy requirements associated with UV-AOPs and 
deemed it crucial to conduct an economic assessment of the various 
AOPs implemented [72]. The estimated cost for U. marinum inactivation 
in different UV-AOPs processes were list in Table 1, focusing on EE/O 
measurements. From the afore mentioned results, it becomes evident 
that employing any of the three UV-AOPs methods can significantly 
reduce the economic costs when compared to using UV alone. Notably, 
the most cost-effective process for U. marinum inactivation was observed 
in the UV/PDS system, boasting an EE/Ototal of 1.655 kW⋅h⋅m− 3. 
Importantly, the required ultraviolet energy (EE/OUV) diminishes as the 
synergistic effect of the combined UV and oxidant energies becomes 
more pronounced. This insight offers the potential for optimizing cost- 
effectiveness by strategically adjusting the ratio of UV energy to 
oxidant energy within the process.

4. Conclusion

This study conducted a comparative analysis of U. marinum inacti
vation in seawater using different UV-AOPs processes (UV/PDS, UV/ 
H2O2 and UV/NaClO). This indicates the potential of UV-AOPs for 
seawater disinfection, with UV/PDS proving to be the most effective in 
U. marinum inactivation. The steady-state concentrations of •OH in the 
three processes are similar, and •OH played a significant role in the 
inactivation process. Despite a significantly higher steady-state con
centration of •OCl in the UV/NaClO process compared to UV/H2O2, its 
inactivation of U. marinum was not substantial. Further investigation 
revealed that these UV-AOPs processes disrupt membrane structure and 
function, resulting in the leakage of DNA and EOM, and then disrupt 
genetic information expression and cellular metabolic processes. Tran
scriptome analysis highlighted the biological RNA transcription pro
cesses affected by radicals generated by UV/PDS and UV/H2O2, while 
protein translation processes responded more to radicals from UV/ 
NaClO. Moreover, gene expression on lipid metabolism pathway was 
influenced by UV/H2O2, while amino acid metabolism pathway was 
affected by UV/NaClO and UV/PDS. Comparatively, gene expression 
related to enzymes involved in carbohydrate cycling and energy meta
bolism were affected by UV/PDS than UV/NaClO. From an economic 
standpoint, our cost analysis indicated that the UV/PDS system stood 
out, with 1.655 kW⋅h⋅m− 3. This research insights into the inactivation 
process of U. marinum and the differences among different UV-AOPs. 
Further research should be based on actual ballast water and its treat
ment devices to verify the stability and effectiveness of UV-AOPs in 
practical applications.
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A B S T R A C T

PFASs are ubiquitous in various environmental and biological media due to their extensive application and 
stability. However, the sorption of PFASs, especially emerging PFASs, on different particle size fractions of 
marine sediments remains unknown. Here, we investigated the sorption kinetics, isotherms, and mechanisms of 
six legacy and emerging PFASs on five different particle size fractions of marine sediments (F1 (69.4–190 μm), F2 
(63.3–163 μm), F3 (5.25–72.6 μm), F4 (3.29–34.7 μm), and F5 (1.69–22.7 μm)). Our results indicated that the 
sorption kinetics and isotherms conformed well to the pseudo-second-order model and the Freundlich model, 
respectively, suggesting the nonlinear sorption of PFASs on marine sediments. The sorption capacities of PFASs 
decreased significantly with increasing sediment particle size from F5 to F1. Meanwhile, PFAS distribution co
efficients (Kd) correlated positively with organic carbon content, specific surface area, and sediment pore vol
ume. Kd values of PFOA and PFOS were 0.40–0.65 and 2.64–6.12 times higher than those of their substitutes, 
GenX and 6:2 FTSA. Hydrophobic interactions dominated PFAS sorption over electrostatic interactions. Overall, 
this study offers a comprehensive understanding of legacy and emerging PFAS distribution and mechanisms in 
marine sediments of varying particle sizes.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are synthetic organic 
compounds in which hydrogen atoms in the carbon chain are partially or 
fully replaced by fluorine (Evich et al., 2022; Greene et al., 2024). Due to 
their carbon-fluorine chains (-CF2) and hydrophilic functional groups (e. 
g., sulfonic and carboxylic acids), they exhibit surfactant properties and 
are widely used in firefighting foams, floor polishes, alkaline cleaners, 
paints, semiconductor production, photographic materials, pesticides, 
and carpets (Bogdan et al., 2024; Gaines, 2022; Pan et al., 2021). The 
high bond dissociation energy (536 kJ/mol) of the C-F bond makes PFAS 
extremely stable (Leung et al., 2022), leading to their occurrence in 
various environmental matrices, including air (Li et al., 2024), water 
(Shen et al., 2024), sediment (Zhu et al., 2024), biota (Marciano et al., 

2024), and even humans (Zhang et al., 2024). Generally, the concen
trations of PFASs ranged from ng/L to a few μg/L in water and ng/g to 
hundreds of ng/g dry weight (dw) in sediment (Yu et al., 2024; Zhang 
et al., 2025). Notably, long-chain PFASs are prone to bioaccumulation 
due to their chemical properties, which facilitates their transfer along 
food chains and results in biomagnification (Pan et al., 2021). Two 
representative PFASs, perfluorooctanoic acid (PFOA) and per
fluorooctane sulfonate (PFOS), readily bind to serum proteins, affecting 
reproductive and developmental systems (Fischer et al., 2024; Yan et al., 
2025). Moreover, PFOS has been characterized as an endocrine dis
ruptor, and can also induce liver steatosis in zebrafish (Wang et al., 
2022). Consequently, PFOA and PFOS, along with several other PFASs 
including perfluorohexanesulfonic acid (PFHxS), have been listed as 
persistent organic contaminants (POPs) under the Stockholm 
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Convention (UNEP, 2009; UNEP, 2023). In response, alternatives to 
PFASs including 6:2 fluorotelomer sulfonic acid (6:2 FTSA) and 
perfluoro-2-methyl-3-oxahexanoic acid (GenX), have been introduced 
into the market. Nevertheless, previous studies have revealed that some 
emerging PFASs not only demonstrate bioaccumulation potential but 
also exhibit significant toxicological effects (Gaballah et al., 2020; Wasel 
et al., 2023), thereby raising substantial concerns about their environ
mental persistence and potential human health implications.

In water-sediment system, pollutants’ migration and bioavailability 
are directly impacted by their sorption behavior (Williams et al., 2017; 
Wu et al., 2015; Xiang et al., 2016). The sorption of PFASs on various 
adsorbents have been extensively explored, such as biochar (Liu et al., 
2024), carbon materials (Dey et al., 2024), soils (Chen et al., 2020), and 
sediments (Fagbayigbo et al., 2022), etc. In fact, sediment has been 
demonstrated to be a crucial reservoir for PFASs, with their levels 
typically ranging from ng/g dw to μg/g dw (Ahmed et al., 2020). 
However, PFASs in sediment can be ingested by benthic organisms, 
potentially impacting aquatic ecosystems and, through consumption of 
these organisms, posing risks to human health.

Sediment consists of various particle size fractions with different 
physicochemical characteristics that collectively influence contaminant 
sorption (Chen et al., 2020; Qi and Zhang, 2016; Xiang et al., 2019). 
Therefore, sorption experiments with different sediment particle-size 
fractions offer a more refined insight into contaminants’ sorption 
behavior than with whole sediment. Correspondingly, numerous studies 
have examined the sorption of emerging contaminants, such as poly
cyclic aromatic hydrocarbons (Tang et al., 2022), pesticides (El-Aswad 
et al., 2019) and antibiotics (Luo et al., 2019). The results demonstrate 
that the sorption of emerging contaminants is primarily governed by 
hydrophobic forces and electrostatic interactions, which are associated 
with the properties of emerging contaminants (e.g., organic 
carbon-water distribution coefficient (Koc)), solution (e.g., pH and ion 
concentrations) and sediment (e.g., organic matter (OM) and ferric ox
ides) (Li et al., 2023). For instance, the adsorbed concentrations of 
emerging contaminants (e.g., phthalic acid esters, PAEs) on different 
size fractions of soils and sediments have been found to usually follow 
the order: clay > fine silt > coarse silt > fine sand > coarse sand (Tan 
et al., 2016). Therefore, sorption of contaminants on various particle 
size fractions of sediments allows for comprehensively exploring 
contaminant sorption mechanisms and identifying the specific fractions 
responsible for the primary sorption on sediments (Chen et al., 2020; Qi 
and Zhang, 2016). To date, only two studies have examined the sorption 
behavior of legacy PFASs, particularly PFOS and PFOA, across various 
soil particle size fractions (Chen et al., 2020; Xiang et al., 2018). How
ever, considering the widespread use of emerging PFASs and their 
different physicochemical properties compared to legacy PFASs, there is 
an urgent need for investigations into the sorption of emerging PFASs on 
different sediment fractions. Furthermore, due to distinct physico
chemical properties (e.g., salinity) between marine sediment and 
freshwater sediments/soil (Sühring et al., 2016), contaminants often 
exhibit significantly different sorption behaviors in these two environ
ments. Moreover, previous studies mainly relied on adsorption kinetics, 
isotherms, and Fourier transform infrared (FTIR) analysis, while paying 
insufficient attention to density functional theory (DFT) calculations for 
deeper insights. Specifically, DFT calculations can provide key param
eters, such as electrostatic potentials, to reveal the fundamental driving 
forces behind sorption interactions (Parker et al., 2022).

In the present study, we aimed to: 1) investigate the sorption 
behavior of six legacy PFASs and emerging alternative PFASs on 
different particle size fractions of marine sediments; 2) clarify the main 
factors influencing PFASs sorption on different particle size fractions of 
marine sediments; and 3) elucidate the main mechanisms of PFASs 
sorption on marine sediments.

2. Materials and methods

2.1. Chemicals and standards

Six PFASs including three legacy PFASs (PFHxS, PFOA and PFOS) 
and three emerging alternative PFASs (perfluorobutanesulfonic acid 
(PFBS), 6:2 FTSA and GenX) were selected in the present study. PFOA 
and PFOS were purchased from AccuStandard (New Haven, Con
necticut, the United States). PFBS, PFHxS, 6:2 FTSA and GenX were 
bought from Sigma-Aldrich (St. Louis, Missouri, the United States), 
Wellington laboratories (Ontario, Canada), International laboratory 
(San Francisco, California, the United States) and Apollo Scientific 
(Manchester, the United Kingdom), respectively. Besides, four mass 
labeled PFASs (MPFOA, MPFDA, MPFHxS and MPFOS) were utilized as 
internal standards, and all of them were provided by Wellington labo
ratories (Ontario, Canada).

2.2. Sediment collection and sieving

Sediment samples were collected from the Beibu Gulf, South China 
Sea, in April 2021. After freeze-drying, they were filtered through a 2 
mm stainless steel screen to remove debris and then fractionated using 
the wet sieving method (Xiang et al., 2018). Briefly, 500 g of dry sedi
ment was dispersed in water (5:1 mass ratio), stirred, and ultrasonically 
treated for 30 min. The suspension was sequentially passed through 180 
μm, 60 μm, and 30 μm sieves to obtain coarse sand (F1, >180 μm), fine 
sand (F2, 60–180 μm), and coarse particles (F3, 30–60 μm). The 
remaining suspension was treated with 0.1 mol/L Na4P2O7, settled for 4 
h to collect fine particles (F4), and centrifuged at 5000 rpm for 10 min to 
obtain clay (F5). All fractions (F1-F5) were freeze-dried, weighed, and 
stored at − 18 ◦C for further experiments.

2.3. Characterization of sediments

The physicochemical properties, including total organic carbon 
(TOC), pH, Brunauer-Emmett-Teller (BET) surface area, pore analysis 
and particle size analysis of different particle size fractions of sediments 
(F1-F5), were measured by elemental analyzer, pH meter, and auto
mated gas sorption analyzer, respectively. Besides, the functional groups 
of these sediment fractions (F1-F5) were determined by FTIR spectros
copy. Detailed information on related analytical methods and physico
chemical properties of F1-F5 are provided in Text S1 and Table S1, 
respectively.

2.4. Kinetics and isotherms of PFASs on different particle size fractions of 
sediments

The experiments were conducted following the OECD 106 standard 
(Lees et al., 2021). For the kinetics experiment, each 50-mL poly
propylene (PP) centrifuge tube was prepared with 1.0 g of sediment. 
Subsequently, 40 mL of a 0.01 mol/L CaCl2 solution and a PFAS solution 
targeting a nominal concentration of 10 μg/L per individual PFAS were 
added. After 1 min of vortex mixing, the tubes were placed in an oscil
lator and agitated at 25 ◦C. Sampling occurred at seven intervals: 0.5, 1, 
2, 4, 8, 24, and 48 h. Following collection, samples were centrifuged at 
5000 rpm for 10 min. Then, the separated water and sediment were 
extracted following our previous study with minor modification (Yin 
et al., 2022). The extraction methods are outlined in Text S2.

For isotherms, the sorption experiments were conducted under the 
same conditions as the kinetics experiment, but with a duration of 48 h 
and six concentrations of PFASs at 5, 10, 30, 50, 100 and 200 μg/L, 
respectively.

2.5. Determination of PFASs

PFASs concentrations were analyzed using an ultrahigh-performance 
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liquid chromatography system coupled to a mass spectrometer (LC-MS/ 
MS, Agilent Technologies, USA). Details on the LC-MS/MS parameters 
are shown in Text S3, Tables S2 and S3.

2.6. Theoretical calculation

The stereostructures of PFASs were obtained using GaussView 5.0. 
Conformational optimization of PFAS were performed in Gaussian 09w 
with the hybrid density functional B3LYP, all-electron basis set 6-31G+
(d, p) and dispersion correction term (D3). Following this, surface 
electrostatic potentials were calculated. All wavefunction analyses were 

performed by Multiwfn 3.8 (Lu and Chen, 2011). Additionally, all iso
surface maps were rendered using the Visual Molecule Dynamics (VMD) 
1.9.3 program. The distribution coefficients (log D) for all target PFASs 
at pH 7 were estimated using the ChemAxon method in MarvinSketch 
(Xiao et al., 2018).

2.7. Quality assurance (QA) and quality control (QC)

Teflon materials were excluded from the experiments. The back
ground concentrations of target PFASs in the whole sediment used for 
the sorption experiment ranged from 25 to 99 pg/g dw, which were 

Fig. 1. The pseudo-first-order models for the sorption of PFASs on different particle size fractions of sediments.
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considered negligible in our sorption experiment compared to the levels 
examined (ng/g dw-μg/g dw). Additionally, solvent blank, procedural 
blank, and recovery experiment were performed. The recovery of indi
vidual PFASs ranged from 69 % to 109 % and 93 %–119 % in water and 
sediment samples, respectively.

2.8. Data analysis

The intraparticle diffusion (Qt) was calculated using the following 
formula: 

Qt= kit0.5 + C i (1) 

where ki represents the rate constant of stage i (ng/g⋅h− 0.5); Ci is a 
constant indicating the intercept of stage i, which describes the resis
tance to mass transfer in the boundary layer effect (Kannan and Sun
daram, 2001).

The isotherm data were fitted using the Freundlich model and 
Langmuir model listed below: 

Cs= KFCn
e (2) 

Cs= CmKLCe / (1+KLCe) (3) 

where Cs represents the equilibrium concentration of PFAS in sediment 

Fig. 2. The pseudo-second-order models for the sorption of PFASs on different particle size fractions of sediments.
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(ng/g dw), Cm is the maximum sorption capacity of PFASs in sediment 
(ng/g dw), Ce indicates the equilibrium concentration of PFASs in 
aqueous solution (ng/mL), KF ((ng/g)/(ng/mL)n) and KL (mL/ng) are the 
sorption capacity constant, and n is an empirical dimensionless param
eter describing the degree of isothermal non-linearity. The sorption 
isotherm is convex and non-linear when n < 1, but concave and linear 
when n > 1 (Milinovic et al., 2015).

Besides, pseudo-first-order and pseudo-second-order models, and the 
calculation method for the sediment-water distribution coefficient (Kd) 
are provided in Text S4.

2.9. Statistical analyses

Data are presented as mean ± standard deviation (SD). The Shapiro- 
Wilk test was used to assess data normality, and Levene’s test evaluated 
variance homogeneity. Pearson correlation analysis was performed to 
investigate the relationships between the log Koc, log D, and electrostatic 
potential (Ep). Statistical analyses were conducted using SPSS (IBM, 
Statistics 26, USA), with significance set at p < 0.05.

Fig. 3. The intraparticle diffusion models for the sorption of PFASs on different particle size fractions of sediments.
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3. Results and discussion

3.1. Characterization and contribution of particles with different sizes

The sediment was fractionated into five particle size categories: F1 
(coarse sand, 69.4–190 μm), F2 (fine sand, 63.3–163 μm), F3 (coarse 
particles, 5.25–72.6 μm), F4 (fine particles, 3.29–34.7 μm), and F5 (clay 
particles, 1.69–22.7 μm) (Table S1). The mass fraction of each fraction 
varied, with F2 contributing the most (52.9 %), followed by F1 (22.3 %), 
and the smaller fractions F3 (6.0 %), F4 (9.1 %), and F5 (5.7 %). In terms 
of surface characteristics, F5 exhibited the highest TOC content (1.58 %) 
and BET surface area (37.98 m2/g), while F1 and F2 had lower TOC 
content (0.14 % and 0.12 %, respectively). F5 also had the smallest pore 

size (3.05–3.83 nm), which is consistent with its higher organic content. 
The TOC content was higher in the finer fractions (F4 and F5) compared 
to the coarser ones (F1 and F2), which likely contributed to their higher 
sorption capacity for PFASs.

The sorption capacity of all PFASs on different fractions generally 
followed the order: F1 ≤ F2 < F3 < F4 < F5, with the maximum values 
ranging from 11.7 ng/g dw for GenX to 136 ng/g dw for PFOS. This can 
be ascribed to the relatively increased TOC content, BET surface area 
and pore volume in F5 than in the remaining fractions (Table S1). 
Likewise, previous studies reported a decrease in PFOS and PFOA 
sorption as soil particle size increased (Chen et al., 2020; Xiang et al., 
2018). The sorption contribution of different fractions followed the 
order: F3 < F1 < F5 < F4 < F2. Although F2 had relatively low sorption 

Fig. 4. The Freundlich models and Langmuir models for the sorption of PFASs on different particle size fractions of sediments.
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capacity, its large mass fraction enabled it to dominate the sorption 
contribution of PFASs (32.9 %–41.2 %, Table S4). In contrast, F3 
contributed the least due to its low organic matter content and small 
mass fraction (8.2 %–9.3 %).

3.2. Sorption kinetic of PFASs on different particle sizes of sediments

Fig. 1 shows the pseudo-first-order curves for the sorption of six 
PFASs on the five particle size fractions of sediments (F1, F2, F3, F4 and 
F5). Similar sorption trends were observed among different sediment 
fractions for all PFASs examined. Specifically, sorption occurred rapidly 

within 0–2 h while slowly during 2–8 h, and reached the dynamic 
equilibrium at approximately the 8th h. At equilibrium, the sorption 
concentrations of the six PFASs in different particle sizes of sediments 
(F1-F5) followed the order: PFOS (17.5–136 ng/g dw) > 6:2 FTSA 
(5.96–31.0 ng/g dw) > PFOA (5.50–28.1 ng/g dw) > PFHxS (4.80–26.9 
ng/g dw) > PFBS (2.79–13.5 ng/g dw) > GenX (3.30–11.7 ng/g dw). 
These results suggest that the equilibrium concentrations of PFASs 
adsorbed onto the sediment increase with increasing length of -CF2. 
Likewise, a higher equilibrium concentration has been found for PFOS as 
compared to PFOA (Chen et al., 2020; Xiang et al., 2018). Notably, the 
functional groups of PFASs also play a significant role in their sorption 

Fig. 5. Relationships between Kd values of PFASs and the physicochemical properties of the sediments.

J.-J. Hu et al.                                                                                                                                                                                                                                    Environmental Research 278 (2025) 121643 

7 
1016



behavior. Specifically, PFOS (pKa = − 3.3) exhibits stronger acidity, 
reactivity and metal affinity compared to PFOA (pKa = − 0.2) (Ali et al., 
2024; Ordonez et al., 2022), which enhances its affinity for sediment 
particles. Similarly, the equilibrium level of 6:2 FTSA (5.50–28.1 ng/g 
dw) was much lower than that of PFOS (17.5–136 ng/g dw), even 
though these two PFASs have the same length of carbon chains. This 
difference can be attributed to the relatively lower hydrophobic 
contribution of -CH2 in 6:2 FTSA (log D = 2.04) than -CF2 in PFOS (log D 
= 3.71), given the smaller atomic size of H than F (Mejia-Avendaño 
et al., 2020).

The sorption of PFASs on sediment followed a pseudo-second-order 
kinetic model (R2 > 0.99) (Fig. 2 and Table S4), with less than 5 % 
difference between the calculated (Qe) and experimentally determined 
equilibrium sorption amount (Qexp). This kinetic behavior suggests that 
sorption may be influenced by surface interactions rather than simple 
diffusion (Ho and McKay, 1999; Wei et al., 2017). Given the role of 
active sites such as organic matter in sediment sorption, further inves
tigation is needed to clarify their contribution to PFASs binding 
mechanisms.

To enhance our understanding of the sorption mechanisms of PFASs 
on various particle size fractions of sediment, we further applied the 
particle diffusion model to interpret the sorption kinetics data (Fig. 3
and Table S5). We observed three stages involving in the sorption pro
cess, together with Ci values greater than 0 in all fitted models because a 
non-zero intercept (Ci) implies the involvement of multiple mechanisms 
in the sorption process according to diffusion theory (Wei et al., 2017; 
Xiang et al., 2018, 2019), this observed three-stage sorption process 
likely involves: i) film or boundary diffusion, with PFAS sorption pri
marily occurring on the surface of sediment particles of varying sizes; ii) 
particle diffusion, where sorption takes place within the pores of these 
particles; and iii) equilibrium sorption, as PFASs reach the inner surfaces 
of sediment fractions. Indeed, the pore size distribution predominantly 
ranged between 3.054 and 3.825 nm in all sediment fractions examined 
here (Table S1), and all examined PFASs had estimated molecular size 
radius ≤1.935 nm, with the largest molecular size being observed for 
PFOS based on the van der Waals radii for H (0.110 nm), C (0.170 nm), F 
(0.135 nm), O (0.140 nm) and S (0.180 nm). Hence, PFASs were able to 
diffuse freely in the pore of the sediment (Gavezzotti, 1983; Wei et al., 
2017; Xiang et al., 2018).

3.3. Sorption isotherm of PFASs on different particle sizes of sediments

The PFAS sorption data fit well with both the Freundlich and 

Langmuir models (R2 ≥ 0.954; Fig. 4 and Tables S6–S7); the former is 
commonly used to characterize PFAS sorption equilibrium when both 
models demonstrate a robust fit (Zhang et al., 2013). Here, none of n 
values were equal to 1 for F1-F5 fractions, suggesting nonlinear sorption 
of PFASs on these fractions. This nonlinear sorption is probably related 
to the heterogeneity of the sorption sites and the interaction between 
adsorbates (PFASs) and the adsorbent including the repulsive electro
static interaction (Cheung et al., 2001; Higgins and Luthy, 2006). 
Moreover, the interaction among adsorbed PFASs may also have 
contributed to the observed non-linear isotherms, such as electrostatic 
repulsion generated by ionized functional groups (Li et al., 2019; 
Mejia-Avendaño et al., 2020). Among all tested fractions, F5 consistently 
exhibited the highest KF values, particularly for long-chain PFASs, with 
values reaching 24.00 for PFOS and 2.27 for PFOA. These results indi
cate that the finer particle-size fraction possesses significantly enhanced 
sorption capacity compared to coarser fractions. This trend aligns with 
the observed log Koc values, where PFOS showed the highest affinity (log 
Koc = 4.15 in F5). The correlation between high KF and log Koc values in 
F5 suggests that sorption was strongly influenced by organic carbon 
content, reinforcing the role of hydrophobic interactions in PFAS 
retention. This can further be facilitated by the hydrophobic interactions 
between PFAS molecules, leading to the concave sorption isotherms for 
PFASs (Wang et al., 2015). Overall, these findings suggest that sorption 
of PFASs in sediments is primarily controlled by organic matter content, 
surface heterogeneity, and electrostatic interactions, rather than simple 
partitioning mechanisms.

3.4. Effect of physicochemical properties of sediment on PFASs sorption

To evaluate the sorption performance of various sediment fractions 
toward PFAS, the Kd values of PFASs sorption (10 μg/L) on these frac
tions (F1-F5) were obtained using the Freundlich model (Table S7). For 
the same sediment fraction, the Kd value increased with the increase in 
carbon-fluorine chain length, by approximately 0.414–5.22 mL/g per 
-CF2 unit, depending on the particle size fractions. On all sediment 
fractions (F1-F5), PFOA and PFOS exhibited greater sorption than their 
respective substitutes, GenX and 6:2 FTSA. Specifically, the Kd values for 
these four PFASs were in the ranges of 0.68–2.42 mL/g for PFOA, 
1.98–22.14 mL/g for PFOS, 0.41–1.25 mL/g for GenX and 0.55–3.11 
mL/g for 6:2 FTSA, respectively. PFOA (log D = 2.27) demonstrated Kd 
values 0.40–0.65 times higher than its substitute GenX (log D = 0.74), 
while PFOS (log D = 3.71) exhibited 2.64–6.12 times greater Kd values 
compared to 6:2 FTSA (log D = 2.04). These results highlight the role of 
hydrophobic interactions in PFAS sorption onto sediment.

The relationships between the Kd values of PFASs and the physical 
properties (TOC, pore volume and BET surface area) of the different 
sediment fractions are shown in Fig. 5 and Table S8. Significant positive 
correlations were found between Kd and TOC for all PFASs examined 
(R2 ≥ 0.795, p < 0.05), suggesting the impact of TOC on PFASs sorption. 
This is not unexpectedly since it has been demonstrated that sediment 
organic matter contained a large amount of sorption active functional 
groups that can facilitate PFASs sorption, such as -SO3

- , -COO-, -C=O and 
-OH (Adeola and Forbes, 2021; Xu et al., 2006; Zhang and He, 2010). 
Sulfonic acid group is a hard base while carboxylic acid group is a soft 
base according to the hard-soft acid-base theory (Wang et al., 2012). 
Correspondingly, here we found that perfluoroalkyl sulfonic acids 
(PFSAs: PFOS and 6:2 FTSA) with the same length of carbon chains (hard 
base) were more easily adsorbed onto oxide surfaces (hard acid) than 
their counterparts, perfluoroalkyl carboxylic acid (PFCA: PFOA) (Du 
et al., 2014). Similarly, certain surface functional groups (such as -C=O, 
-OH and metal-complexed groups) can be regarded as Lewis acid sites 
and thereby facilitate PFASs sorption, according to the Lewis acid and 
base concept (Punyapalakul et al., 2013; Yu et al., 2009). Similar to 
TOC, the pore volume of sediment fractions was also positively corre
lated with Kd values (R2 ≥ 0.554, p ≤ 0.048). Therefore, higher pore 
volume is likely to result in greater sorption capacity of sediment for 

Fig. 6. The Fourier transform infrared (FTIR) spectra of different sediment 
particle size fractions (F1-F5).
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PFASs. In agreement with our results, Du et al. (2014) found that the 
presence of pores enhanced PFASs sorption via providing sufficient 
space to accommodate large PFAS molecules and aggregates. Regarding 
BET surface area of sediment components, it was significantly positively 
correlated with the Kd values of all PFASs except GenX and PFBS (R2 ≥

0.808, p ≤ 0.038). Therefore, smaller sediment particles can present 
stronger sorption for PFASs, as they possess elevated specific surface 
areas and further more sorption sites than large sediment particles 
(Xiang et al., 2019). The lack of correlations between Kd values and 
specific surface area for GenX and PFBS might be related to their weak 
hydrophobicity caused by short chain.

Among the factors (e.g., TOC, BET surface area) that can influence 
the sorption of chemicals on sediment, TOC has been considered the 
main factor impacting the sorption of organic pollutants including 
PFASs (Adeola and Forbes, 2021; Huang et al., 2003; Wang et al., 2006; 
Zhang and He, 2010). Therefore, Koc was calculated to compare the 
sorption potential of PFASs on F1-F5 (Table S7). Log Koc values of PFASs 
ranged from 2.82 to 4.24, with ranges of 3.18–3.68 and 4.00–4.24 being 

found for PFOA and PFOS, respectively. Similar or relatively lower log 
Koc values have been reported for these two PFASs in soil (Milinovic 
et al., 2015; Xiang et al., 2018). This variation may be linked to the 
differing physicochemical properties of sediment and soil. Among 
PFASs, log Koc increased with increasing -CF2 length, revealing the 
important role of hydrophobic interactions in the PFASs sorption 
process.

3.5. Influence of hydrophobic and electrostatic interactions

To further investigate the sorption mechanisms of PFASs on different 
sediment particle size fractions, we characterized these sediment frac
tions using Fourier transform infrared (FTIR) spectroscopy (Fig. 6). 
Multiple peaks were observed in all sediment fractions (F1-F5), 
including those well-known, namely 3699 cm− 1 and 3616 cm− 1 corre
sponding to the -OH stretching vibration, 2920 cm− 1 representing the 
characteristic peak of fatty C-H bonds, and 2355 cm− 1 corresponding to 
the -C=C=O stretching vibration. Peaks were also observed at 

Fig. 7. The electrostatic potential of PFASs (a), Pearson correlation analysis between electrostatic potential and log Koc (b), Pearson correlation analysis between log 
D and log Koc (c). 
Note: The yellow spheres on the electrostatic potential surface represent the Ep,max, while the blue spheres represent the Ep,min. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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wavelengths of 788, 540, and 460 cm− 1, which correspond to the Fe-OH 
and Fe-O vibrations (Wang et al., 2016; Wei et al., 2017; Xiang et al., 
2018). The -OH stretching vibrations, along with Fe-OH and Fe-O vi
brations, suggested that PFAS sorption onto soil components likely 
involved hydrogen bonding and metal-mediated effects. A previous 
study found that the carboxyl group of PFOA could form inner-sphere 
Fe-carboxylate complexes in iron oxides through covalent 
metal-ligand bonding (Gao and Chorover, 2012). Similarly, the carboxyl 
groups on PFASs formed hydrogen bonds with hydroxyl groups in sed
iments (Jing et al., 2022). Notably, the C=C stretching vibration 
attributed to 1639 cm− 1 appeared only in F4 and F5 while the C-O 
stretching vibration attributed to 1018 and 1101 cm− 1 appeared only in 
F5, likely a result of the differences in organic matter content among 
different particle size fractions. These results suggest that F5 had the 
most abundant functional groups that can facilitate PFASs sorption, 
which can partially explain the greatest PFASs sorption capacity 
observed in this fraction (Kd = 1.05–22.14 mL/g). Furthermore, these 
rich functional groups suggest the presence of some cationic and anionic 
charges on sediments. Such positive charges can interact with PFASs 
through electrostatic interaction. Indeed, it has been demonstrated that 
electrostatic interaction was one of the primary mechanisms for PFASs 
sorption onto sediment (Li et al., 2018; Sima and Jaffe, 2021; Zhang 
et al., 2019).

The surface electrostatic potential of PFAS ions revealed that all of 
them were negatively charged (Fig. 7), indicating that they can be 
readily attracted to the positive charges on the sediment OM (Nguyen 
et al., 2020). with increasing -CF2 length of the PFAS, suggesting a 
reduction in effective charge. In contrast, the -CF2 did not significantly 
impact the absolute value of minimum Ep (Ep,min). However, this Ep,min 
was influenced by the functional group (head) of PFASs, leading to 
PFSAs (PFOS, 6:2 FTSA, PFBS and PFHxS) having smaller absolute 
values of Ep,min than PFCAs (PFOA and GenX). Noticeably, the -CH2 
group of 6:2 FTSA can reduce electron withdrawal by the head group 
through elevating the distance between the -CF2 and the -SO3

- (Parker 
et al., 2022); 6:2 FTSA had elevated net charge of the head group but 
lower net charge of the fluorinated tail than PFHxS. Since both tail and 
head groups affect the overall Ep of PFAS, the average Ep (Ep,avg) was 
utilized to represent the overall electrostatic potential. In fact, Ep,avg has 
been shown to increase with an increase in -CF2 length or when the head 
group changes from carboxylate to sulfonate (Parker et al., 2022). 
However, in the present study, Ep,max, Ep,min and Ep,avg were not 
significantly correlated with log Koc (R2 = 0.150–0.651, p > 0.05), which 
differ from the sorption behavior previously found for cationic and 
zwitterionic PFASs in natural soils (Xiao et al., 2019). Therefore, elec
trostatic interaction alone was not able to adequately explain the sorp
tion of anionic PFASs on sediment.

Partition coefficient (log P) is commonly used as a parameter of the 
hydrophobicity of a chemical (Carotti et al., 2023). However, for 
ionizable compounds like PFASs, the distribution of both ionized and 
non-ionized forms in water need to be considered (Win et al., 2023). 
Hence, log D rather than log P is often used to represent the hydro
phobicity of PFASs under different pH conditions. We observed a sig
nificant correlation between log Koc and log D at pH = 7 (R2 = 0.80, p =
0.01), which indicates that hydrophobic interaction played a significant 
role in the sorption of PFASs (Du et al., 2014; Higgins and Luthy, 2006). 
The difference in the sorption behavior observed between anionic PFASs 
and cationic or zwitterionic PFASs highlights that the sorption of anionic 
PFASs in soil and sediment is primarily driven by hydrophobic inter
action (Xiao et al., 2019).

4. Conclusions

The present study found that the sorption kinetics of PFASs on 
different sediment particle size fractions fitted well the pseudo-second 
order model, with the sorption process involving membrane diffusion, 
intraparticle diffusion and boundary layer effects. Moreover, PFASs 

sorption isotherm data conformed well to the Freundlich equation, 
suggesting their nonlinear sorption behavior on the sediment. The Kd 
values of PFASs increased with sediment fractions’ TOC, specific surface 
area and pore volume. In parallel, the sorption capacity of PFASs on 
sediment increased with the length of their -CF2 chain while decreased 
with increasing sediment particle size. Our results further demonstrate 
that hydrophobic interactions can better explain the sorption of anionic 
PFASs on sediments than electrostatic interactions.
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A B S T R A C T

Recurring infestations of crown-of-thorns starfish (COTS) inflict severe harm on coral reef ecosystems. To prevent 
irreversible harm to coral ecosystems, early monitoring of COTS distribution before outbreaks is crucial for 
timely intervention and effective management. However, traditional monitoring methods are time-consuming, 
labor-intensive, and lack the sensitivity required for early warning and proactive control. In this study, a 
ratiometric electrochemical DNA biosensor was constructed for the detection of environmental DNA (eDNA) 
from COTS. This biosensor combines a dual-signal detection mechanism with internal calibration provided by a 
reference probe, along with a target recycling amplification strategy mediated by exonuclease III (Exo III). The 
biosensor exhibited outstanding analytical performance, with a low detection limit (LOD)of 93 fM and a linear 
response range spanning from 300 fM to 10 nM. Moreover, digital droplet PCR (ddPCR) verified the biosensor’s 
accuracy and reliability (P > 0.05). The biosensor was successfully applied to detect COTS eDNA in environ
mental samples collected from the Paracel Islands. Therefore, the electrochemical biosensor is promising for 
detecting low-density COTS individuals or larvae before outbreaks, enabling early warning and facilitating 
timely ecological intervention.

1. Introduction

The coral reef ecosystem, with coral reefs at its core, possesses 
exceptionally high ecological and economic value [1]. The crown-of- 
thorns starfish (COTS), a type of echinoderm known for preying on 
live corals, particularly reef-building species, can trigger population 
surges that significantly disrupt coral reef ecosystems [2,3]. For 
instance, between 2017 and 2021, the rapid increase of COTS pop
ulations near Taiping Island within the Nansha Archipelago resulted in a 
dramatic reduction in coral coverage, dropping from 33 % to just 0.9 %, 
and causing over 97 % mortality of living corals [4]. Conventional ap
proaches to detecting COTS mainly involve manta net tows as well as 
manual underwater surveys using scuba gear [5]. However, these 
methods require substantial human and material resources, and accu
rate quantification is challenging due to the cryptic nature of COTS. In 

light of the limitations of the methods mentioned above, it is crucial to 
develop more accurate and reliable detection strategies to enhance early 
monitoring capabilities. Recently, environmental DNA (eDNA)-based 
methods have gained widespread use in species monitoring, aquatic 
biodiversity assessment, and fish abundance analysis due to their 
simplicity, efficiency, non-invasiveness, and robust species identifica
tion capabilities. Studies have demonstrated a significant positive cor
relation between eDNA concentration and species biomass [6,7]. 
Uthicke et al. [8] showed that the population size and the spatial dis
tribution of COTS across the Great Barrier Reef can be assessed by 
monitoring the dynamics of their eDNA using droplet digital PCR 
(ddPCR). However, ddPCR requires highly stringent reaction conditions, 
including precise thermal control and cycling parameters [9], which 
limits its excellent eDNA detection performance primarily to laboratory 
settings. Moreover, eDNA samples are susceptible to degradation during 
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transport to the laboratory, and prolonged transit times can further in
crease costs [10]. Therefore, there is an urgent need to develop a simple 
and efficient detection method to enable on-site identification and 
application of eDNA.

Electrochemical biosensors offer an auspicious approach for on-site 
eDNA monitoring, thanks to their exceptional sensitivity, rapid 
responsiveness, low cost, portability, and user-friendly operation 
[11–19]. Wang et al. [20] were the first to develop an electrochemical 
DNA biosensor for identifying COTS eDNA, achieving a detection limit 
of 0.147 ng/μL. This pioneering work marked the initial application of 
such technology to enable early field alerts before the COTS outbreak. 
Building on this, Zhang et al. [21] proposed a cascade signal amplifi
cation strategy that combined catalytic hairpin assembly (CHA) and 
hybridization chain reaction (HCR), significantly enhancing detection 
sensitivity and reducing the detection limit to 18.4 fM, thereby offering 
a novel and ultrasensitive approach for detecting COTS eDNA. However, 
biosensors operating in a single-signal mode often struggle to distinguish 
signal variations caused by target binding from those resulting from 
electrode degradation. This uncertainty may compromise the accuracy, 
stability, and reproducibility of the biosensor, thereby limiting its 
practical application. To address this issue, it is necessary to develop 
ratiometric electrochemical biosensors with built-in calibration capa
bilities. By introducing internal reference elements, the concentration of 
the analyte can be determined by analyzing the peak current intensity 
ratio between two electroactive probes with distinct redox potentials, 
thereby enhancing measurement accuracy and reliability [22]. For 
example, Khodadoust et al. [23] constructed a dual-signal ratiometric 
sensing platform that demonstrated enhanced analytical capabilities 
compared to traditional single-signal detection strategies. However, in 
marine biological monitoring, the target DNA concentration in collected 
samples is often low due to dilution by ocean currents. To enhance the 
sensitivity of electrochemical DNA sensors, signal amplification strate
gies are commonly employed. For example, Hu et al. [24] realized ul
trasensitive SARS-CoV-2 electrochemical sensing by utilizing 
exonuclease III (Exo III) for the degradation of double-stranded DNA. 
Exo III is an enzyme that sequentially removes nucleotides from the 3′ to 
5′ end of double-stranded DNA, and it is commonly used in signal 
amplification systems to cyclically release target DNA, thereby gener
ating a large number of detectable signals [25]. Because Exo III- 
mediated signal amplification operates independently of defined 
recognition sites, it represents an optimal and flexible approach for 
improving the performance of DNA biosensors.

This study developed a ratiometric electrochemical DNA biosensor 
for the quantitative detection of COTS eDNA. By integrating Exo III- 
assisted target recycling amplification with a dual-signal detection sys
tem based on internal reference calibration, the biosensor enhances 
detection sensitivity, signal stability, and reproducibility. Experimental 
results showed that Exo III-mediated cyclic amplification allowed for 
femtomolar-level detection, enabling highly sensitive eDNA detection. 
The ratiometric signal output corrected system errors, improving the 
accuracy of quantitative analysis. Compared to conventional methods, 
the biosensor offers advantages such as simplicity, low cost, and suit
ability for on-site applications. Additionally, a quantitative relationship 
between the electrochemical response and eDNA concentration was 
established, providing a reliable approach for early detection of low- 
density or cryptic COTS individuals, and laying the foundation for 
early warning and control of COTS outbreaks in coral reef ecosystems.

2. Materials and methods

2.1. Chemicals and apparatus

Detailed information on the chemicals and apparatus employed in 
this study is provided in Supplementary Information S1.1 and S1.2.

2.2. Primers and probes design

In this study, the mitochondrial COI gene of the COTS was selected as 
the target DNA sequence, with the reference sequence obtained from the 
NCBI database (accession number: AB116377.2). Primers were designed 
using the “Pick Primers” function of Primer-BLAST, with parameters set 
to a length of 15–30 bp and a GC content of 40 %–60 %. Among the 10 
pairs of candidate primers generated, the pair with the lowest Self 3′ 
complementarity coefficient was selected as optimal. It targets the 
template strand from positions 136 to 437 bp, and its amplification 
specificity was verified via a BLAST search. To further confirm primer 
specificity, PCR amplification was performed using DNA templates from 
COTS and three common non-target species in coral reef ecosystems: 
Choriaster granulatus, Pocillopora damicornis, and Chaetodon citrinellus.

During probe design, both the secondary structural features of the 
sequences and the requirements for chemical modification were 
comprehensively considered. First, the DNA folding function of the UNA 
Fold web server was used to predict and optimize probe conformations. 
Its “Hybridization of Two Different Strands” function was then 
employed to analyze hybridization efficiency and thermodynamic pa
rameters, thereby ensuring the structural stability and hybridization 
performance of the probes.

The DNA extraction method was described in Supplementary Infor
mation S1.3. The PCR reaction system and cycling conditions were 
detailed in Supplementary Information S1.4. The amplification products 
were analyzed by 1.25 % agarose gel electrophoresis, with specific 
electrophoresis conditions provided in Supplementary Information S1.5. 
The primer and probe sequences were listed in Table S1.

In the subsequent experiment, we used the same batch of DNA 
samples to systematically evaluate the biosensor’s selectivity, setting the 
concentrations of the interfering DNA samples at 100 nM and the COTS 
at 10 nM.

2.3. eDNA enrichment

The eDNA enrichment process involved seawater collection, filtra
tion, and DNA extraction. In September 2021, seawater samples were 
collected at multiple sites in the Paracel Islands using a plexiglass water 
sampler, with strict precautions to avoid contamination during sam
pling. eDNA extraction was conducted using the MagMAX™ Cell-Free 
DNA Isolation Kit (Applied Biosystems, Thermo Fisher Scientific, USA) 
with modifications to the standard protocol. Detailed experimental 
procedures were provided in Supplementary Information S1.6.

2.4. Fabrication and electrochemical testing of the biosensor

Following the method described in reference [26], the bare gold 
electrode (GE) was polished, ultrasonically cleaned, and electrochemi
cally activated to obtain a uniform and active electrode surface. Sub
sequently, the capture probe (CP) treated with tris(2-carboxyethyl) 
phosphine (TCEP) was immobilized onto the electrode surface, and 6- 
mercaptohexanol (MCH) was then used to block unreacted sites, form
ing a stable DNA recognition interface. During the signal amplification 
process, the signal probe (SP), various concentrations of target DNA 
(TG), and Exo III were used to generate amplified products, which were 
then hybridized with the modified electrode for highly sensitive elec
trochemical detection. Detailed experimental procedures were provided 
in Supplementary Information S1.7.

All electrochemical tests were conducted on an electrochemical 
workstation equipped with a three-electrode system comprising a GE 
working electrode, an Ag/AgCl (3 M KCl) reference electrode, and a Pt 
counter electrode. Details of the electrochemical measurements were 
provided in Supplementary Information S1.8.
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2.5. Blank control experiments

During the collection and processing of actual samples, negative 
controls were included at each step to monitor contamination. Blank 
control procedures were detailed in Supplementary Information S1.10.

2.6. Actual sample information

A field ecological survey was conducted in September 2021 in the 
coral reef habitats of the Paracel Islands, South China Sea. Based on 
previous outbreak records, six representative sampling sites (L1–L6) 
were selected for seawater collection. Detailed information on each site 
was summarized in Table S2.

2.7. Data processing and statistical analysis

All statistical analyses were performed using Excel 2016 and IBM 
SPSS Statistics 26. Experimental results are presented as mean values, 
with error bars representing the standard deviation from three parallel 
replicates. One-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test was conducted to assess significant differences among 
groups. Statistical significance was determined at a 95 % confidence 
level, with the following notations: *P > 0.05; **0.001 < P < 0.01. Bar 
charts and line graphs were generated using Origin 2023.

3. Results and discussion

3.1. Principle of the ratiometric electrochemical DNA sensor

Scheme 1 illustrates the working principle of the biosensor devel
oped in this study. The biosensor integrates an Exo III-assisted target 
recycling amplification method with a dual-signal strategy incorpo
rating an internal reference probe for the detection of COTS eDNA. First, 
the CP was modified at the 3′ end with a thiol group (–SH) and 
immobilized on the gold electrode surface via the formation of Au–S 
bonds. The CP was further modified at the 5′ end with a ferrocene (Fc) 
group, which served as the internal reference signal. The stem structure 
of the CP was stabilized by multiple base pairs, ensuring that the Fc 
electrochemical signal remained stable during measurements. 

Importantly, the loop region of the CP was designed to be complemen
tary to the MB-labeled DNA fragment generated after enzymatic 
cleavage.

In parallel, the SP was modified at the 5′ end with a methylene blue 
(MB) group. The SP also formed a stable stem–loop structure with 
multiple base pairs, leaving a protruding 3′ end that protected it from 
Exo III digestion in the absence of target DNA. Upon hybridization with 
COTS DNA, the SP underwent a conformational change from the closed 
to the open state, allowing Exo III to digest the SP from the 3′ to 5′ di
rection. After cleavage, the target DNA was released and participated in 
subsequent amplification cycles. Through multiple cycles of Exo III- 
assisted cleavage, a large number of MB-labeled DNA fragments were 
generated, which then specifically hybridized with the exposed loop 
region of the CP on the electrode surface via complementary base 
pairing. Notably, this hybridization event occurred without inducing 
any conformational change in the CP structure, as the CP loop remained 
statically accessible for binding.

The Exo III-mediated cleavage process and subsequent hybridization 
were further validated by polyacrylamide gel electrophoresis (PAGE). As 
shown in Fig. S2, after co-incubating the target DNA with SP, a distinct 
band with delayed migration appeared (lane 4), confirming the forma
tion of a dimer complex. In the presence of Exo III (lane 5), the band 
formed by SP and target DNA completely disappeared, indicating that 
the complex was recognized by Exo III and cleaved specifically, with SP 
being degraded and releasing MB-labeled fragments along with the 
target DNA. At the same time, a clear delayed band formed by the MB- 
labeled fragments hybridizing with CP was observed, proving that the 
cleavage products were successfully captured by CP. In the control 
experiment, the co-incubation of SP and Exo III (lane 6) still showed the 
intact band, ruling out the possibility of nonspecific cleavage due to 
structural defects in SP, further validating the specificity and reliability 
of the biosensor design.

Within the appropriate potential window, the electrochemical sig
nals of both Fc and MB were simultaneously recorded. The MB signal 
intensity was proportional to the target DNA concentration. At the same 
time, Fc served as an internal reference to correct for errors arising from 
electrode modification and to monitor potential contamination during 
electrode preparation. This dual-signal approach improved the detection 
accuracy, and the target DNA concentration was quantitatively 

Scheme 1. Diagram of the working principle of the biosensor.
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determined based on the IMB/IFc ratio.

3.2. Characterization of the biosensor

Electrochemical impedance spectroscopy (EIS) is commonly applied 
as a reliable method for tracking the layer-by-layer assembly of bio
sensing interfaces [27,28]. In electrochemical impedance spectroscopy, 
the diameter of the semicircular portion displayed on the Nyquist plot is 
commonly interpreted as the charge transfer resistance (Rct) at the 
electrode-electrolyte interface, which quantifies the resistance encoun
tered during electron exchange processes [29]. As illustrated in Fig. 1A, 
the bare gold electrode displayed a comparatively small semicircular arc 
on the Nyquist plot, which signified a low charge transfer resistance 
(Rct) and confirmed that the electrode surface is clean and possesses 
excellent electrical conductivity (curve a). Upon CP attachment on the 
electrode surface, the Rct showed a marked increase (curve b). This rise 
is mainly attributed to electrostatic repulsion occurring between the 
negatively charged phosphate groups of the CP and the ferricyanide/ 
ferrocyanide redox pair [Fe(CN)6]3− /4− , which hinders efficient electron 
transfer at the interface. Further modification with MCH to block 
nonspecific binding sites resulted in a marked increase in Rct (curve c), 
as MCH was a poor electrical conductor that impeded electron transfer 
at the interface. Finally, after introducing the signal amplification so
lution, hybridization between CP and the residual DNA enhanced the 
local concentration of positively charged MB molecules. This process 
mitigated the repulsion from the phosphate groups and facilitated 
electron transport [30], thereby reducing the Rct value (curve d).

The variations in peak current and peak potential in cyclic 

voltammetry (CV) curves served as indicators to monitor the layered 
modification process of the electrode surface [31]. As illustrated in 
Fig. 1B, the unmodified gold electrode (GE, curve a) displayed distinct 
redox signals attributed to the [Fe(CN)6]3− /4− couple, indicating that 
electron exchange at the electrode surface occurred efficiently. 
Following the self-assembly-mediated immobilization of the CP onto the 
GE surface, a significant reduction in the redox peak current was 
observed (curve b). This reduction is primarily ascribed to electrostatic 
interactions between [Fe(CN)6]3− /4− ions and the negatively charged 
phosphate groups on the CP, which impede interfacial electron ex
change at the electrode. To eliminate nonspecific adsorption, MCH was 
subsequently introduced to occupy the remaining reactive sites on the 
electrode, which further diminished the current response and led to an 
increased spacing between the oxidation and reduction peaks (curve c). 
Upon applying the signal amplification mixture to the MCH/CP/GE 
system, the redox peak current increased compared to the previous step. 
This enhancement was due to MB-tagged residual DNA molecules, 
whose positive charges reduced the electrostatic hindrance with the 
redox probe, thereby promoting electron movement. The results ob
tained from the CV were consistent with the trends revealed by elec
trochemical impedance spectroscopy EIS, further validating the 
successful construction of the biosensor.

3.3. Feasibility verification of the biosensor

The Mfold web server was used to analyze the feasibility of the 
conformations of the CP and SP (see Supplementary Information S1.9 
and Fig. S3 for details).

Fig. 1. (A) EIS and (B) CV of the stepwise modification process of the gold electrode, recorded in an aqueous solution containing 5 mM [Fe(CN)6]3− /4− and 0.1 M 
KCl: (a) bare gold electrode (GE), (b) after capture probe immobilization (CP/GE), (c) after MCH blocking (MCH/CP/GE), and (d) after the addition of the reaction 
solution containing 10 nM target DNA (residual DNA/MCH/CP/GE). Feasibility verification: (C) The differential pulse voltammetric response of the MCH/CP- 
modified electrode (MCH/CP/GE) before adding the reaction solution, and (D) the differential pulse voltammetric responses of the MCH/CP-modified electrode 
(MCH/CP/GE) after adding the reaction solution containing 10 nM target DNA and the reaction solution without target DNA, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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To evaluate the feasibility of the biosensor’s signal response, differ
ential pulse voltammetry (DPV) was employed to monitor the electro
chemical signal changes during the CP and SP modification processes. As 
shown in Fig. 1C, a distinct Fc oxidation peak appeared near 0.39 V after 
the immobilization of CP and MCH, which was attributed to the efficient 
electron transfer facilitated by Fc on the electrode surface. Subse
quently, the addition of residual DNA induced a pronounced MB current 
response around − 0.3 V (Fig. 1D). The experimental results indicated 
that, under conditions where the probe remains uncleaved, the MB- 
labeled hairpin DNA cannot form complementary pairing with the CP 
on the electrode, thus failing to generate significant electrochemical 
signals. This phenomenon can be ascribed to the unique structural 
design of the hairpin CP and hairpin SP: the uncleaved SP probe main
tains a closed hairpin structure, preventing the release of single-stranded 
DNA fragments that could be captured by the CP, and therefore, no 
signal is produced. In contrast, after enzymatic cleavage, the SP probe 
released specific MB-labeled single-stranded DNA fragments, which 
hybridized with the CP probe on the electrode surface, anchoring the MB 
molecules onto the electrode and producing detectable electrochemical 
signals, thereby validating the feasibility of this strategy.

3.4. Optimization of the biosensor

The experimental conditions of the biosensor were optimized to 
achieve optimal detection performance. As illustrated in Fig. 2A, the 
pretreated bare gold electrode showed a prominent broad peak (curve 
GE) with a peak current around 0.3 V. When the Fc-labeled CP was 
added, a more prominent broad peak (curve Fc/GE) appeared. The more 
prominent broad peak was likely the result of the combined oxidation 
peaks of the GE and Fc. The oxidation peak of Fc was not initially 
detected, possibly because numerous unmodified active sites on the gold 
electrode surface caused the oxidation signal of gold to overlap and 

obscure that of Fc. Upon treatment with MCH to block these active sites, 
no oxidation peak was observed (curve MCH/GE), thereby supporting 
this hypothesis. Following the incubation of Fc-labeled CP, the 
remaining exposed sites on the gold surface were again passivated using 
MCH. Under these conditions, an oxidation peak attributed to Fc 
appeared at approximately 0.39 V (curve MCH/Fc/GE), indicating the 
essential role of MCH in passivating the gold electrode to reveal the Fc 
signal. MCH blocking allowed the characteristic peak of Fc to become 
distinguishable from the broad peak of the gold electrode. Then, the 
effect of MCH blocking time on the experiment was investigated. As 
shown in Fig. 2B, with increasing MCH blocking time, the Fc (IFc) current 
initially increased and reached a maximum of 45 min. When the 
blocking duration was prolonged to 60 min, a decline in IFc was 
observed, due to the limited conductivity of MCH, as an overly passiv
ated electrode surface suppressed electron transfer. Consequently, 45 
min was selected as the optimal blocking time for MCH.

Since the surface density of the CP immobilized on the electrode 
significantly influences the efficiency of subsequent hybridization 
events, it was essential to carefully optimize the concentration of the CP. 
This optimization ensures sufficient probe coverage to facilitate effec
tive target binding while minimizing nonspecific interactions, ulti
mately enhancing the overall sensitivity and reliability of the biosensor. 
As shown in Fig. 2C, IFc rose progressively as the CP concentration was 
elevated, peaking at 700 nM. However, under conditions where the SP 
concentration was 1000 nM and the target DNA concentration was 10 
nM, IMB/IFc decreased as the CP concentration increased (Fig. 2D).

At a CP concentration of 400 nM, the ratio remained relatively high 
(approximately 0.7), indicating that the system achieved an optimal 
balance: the electrode surface possessed sufficient CP coverage to pro
vide ample target-binding sites while avoiding excessive electrostatic 
repulsion arising from densely packed negatively charged phosphate 
backbones, thereby maintaining efficient hybridization. Under these 

Fig. 2. Experimental condition optimization: (A) the role of MCH blocking, (B) duration of MCH blocking, (C) concentration of the capture probe, and (D) hy
bridization efficiency. The standard deviation of the mean is represented by the error bars, reflecting the variability observed among three independent replicates (n 
= 3).
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conditions, the synergistic response between IMB and IFc effectively 
amplified subtle signal variations induced by low-abundance targets, 
enabling their clear discrimination through ratiometric readouts. In 
contrast, when the CP concentration exceeded 400 nM, intensified 
electrostatic interference significantly suppressed hybridization effi
ciency. This resulted in a slower increase in IMB relative to IFc, which in 
turn led to a decline in the IMB/IFc ratio and reduced detection capability 
for low-concentration targets. Therefore, a CP concentration of 400 nM 
was selected as the optimal parameter for subsequent experiments.

3.5. Analytical performance of the biosensor

Excellent sensitivity was obtained under optimal conditions, as the 
target DNA could be recycled numerous times due to Exo III-assisted 
cleavage. This procedure generated a substantial amount of leftover 
DNA that was detectable in PBS.

As demonstrated in Fig. 3A, the IMB/IFc signal progressively increased 
as the concentration of the target DNA rose, indicating a clear correla
tion between signal intensity and analyte amount. Conversely, the IFc 
signal stayed nearly unchanged, which contributed to stable perfor
mance and dependable results across various electrode fabrication 
batches. As demonstrated in Fig. 3B, a clear linear relationship was 
observed between the current ratio of IMB to IFc and the logarithm of 
target DNA concentrations ranging from 300 fM to 10 nM. This result 
confirmed that the biosensor maintained reliable quantification per
formance over a broad dynamic concentration window and exhibited 
high sensitivity toward low-abundance DNA targets. The corresponding 
linear regression is expressed in Eq. (1): 

IMB
/
IFc = 0.12704x+ 0.2577,R2 = 0.997 (1) 

where IMB/IFc was the ratio of dual signals, and x was the logarithm of 
the target DNA concentration.

The limit of detection (LOD) for the target DNA was determined to be 
as low as 93 fM. When IMB/IFc equaled Eq. (2): 

IMB/IFc = S0 + 3σ (2) 

where S0 was the mean value of the IMB/IFc of the blank sample, and σ 
was the standard deviation of S0.

The limit of quantification (LOQ) for the target DNA was determined 
to be as low as 245 fM. When IMB/IFc equaled Eq. (3): 

IMB/IFc = S0 +10σ (3) 

where S0 was the mean value of the IMB/IFc Of the blank sample, and σ 
was the standard deviation of S0.

In the absence of Exo Ш-assisted cleavage, the target DNA could not 
be released into the cycling process, and the detected signal was 
reduced. As shown in Fig. 3C and D, a distinct linear correlation was 
successfully obtained between the IMB to IFc signal ratio and the loga
rithmic transformation of the target DNA concentration across a wide 
range from 10 pM to 10 nM, which was quantitatively defined by the 
linear regression Eq. (4): 

IMB
/
IFc = 0.16489x+ 0.08626,R2 = 0.960 (4) 

Without Exo Ш-assisted cleavage, the LOD and LOQ were 1.76 pM 
and 3.70 pM, respectively, reducing the biosensor detection capability 

Fig. 3. (A) DPV signals of the biosensor recorded in response to varying concentrations of target DNA in the presence of Exo Ш. From bottom to top: 300 fM, 1 pM, 
10 pM, 100 pM, 1 nM, and 10 nM. (B) Corresponding calibration plot of the IMB/IFc ratio against the logarithmic values of target DNA concentrations ranging from 
300 fM to 10 nM. (C) DPV profiles of the biosensor exposed to different target DNA concentrations in the absence of Exo Ш. From bottom to top: 10 pM, 50 pM, 100 
pM, 1 nM, and 10 nM. (D) Calibration graph of IMB/IFc versus the log-scale concentrations of target DNA (10 pM to 10 nM). The error bars indicate the standard 
deviation calculated from three separate and independent experimental measurements. (n = 3).
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by more than 15-fold.

3.6. Assessment of selectivity, stability, and repeatability

Its repeatability was evaluated to guarantee that the Ratio Electro
chemical DNA biosensor would be helpful in practice. Five parallel 
electrodes, each tested three times, were used to detect 10 pM target 
DNA under identical experimental conditions. Fig. 4A showed that the 
test results relative standard deviation (RSD) from the five parallel 
electrodes were 2.05 %, demonstrating that the designed biosensor had 
excellent repeatability.

To meet field monitoring requirements, biosensors needed to un
dergo preconditioning to shorten on-site detection time, making stabil
ity essential to ensure reliable performance during storage. In this study, 
the prepared biosensors were stored at 4 ◦C, with signal changes 
monitored every two days. As shown in Fig. 4B, the sensor retained 90.9 
% of its initial signal after nine days, indicating good storage stability. 
The slight decrease in the IMB/IFc ratio could mainly be attributed to slow 
conformational changes of the CP fixed on the electrode surface during 
storage, which reduced its hybridization efficiency with the signal probe 
enzyme cleavage products. Additionally, the SP in the solution might 
have undergone slow degradation, reducing the number of effective 
probes available for signal amplification. Although both the IMB and IFc 
signal channels influenced the ratio, both signals maintained their pri
mary electrochemical activity overall, with no significant imbalance or 
decline in detection accuracy. This level of stability was sufficient to 
cover typical field monitoring cycles (usually several days to a week), 
meeting practical application needs and providing important evidence 

for enhancing long-term stability through optimization of probe fixation 
strategies and storage conditions.

In addition, the actual marine environment contained not only COTS 
DNA but also a substantial amount of interfering DNA; therefore, eval
uating the biosensor’s selectivity was crucial. Herein, the cross- 
reactivity experiment was designed, and typical interfering species, 
such as C. granulatus, P. damicornis, and C. citrinellus, were selected as 
non-target samples (Fig. 4C). As shown in Fig. 4D, the IMB/IFc signal 
ratios generated by these interfering DNA samples were similar to those 
of the blank control group. Notably, although the DNA concentration of 
each interferent was set at 10 times that of COTS, both the COTS samples 
with and without mixed interferents produced similarly enhanced 
response signals, with intensities exceeding three times that of any 
single interferent or the blank control. This result was consistent with 
the validation conclusion presented in Fig. S1, fully demonstrating that 
the primers and target gene regions designed in this study possessed 
high selectivity. This enabled the ratiometric electrochemical DNA 
biosensor to achieve efficient and accurate detection even in complex 
environmental samples.

3.7. Applicability analysis

In this work, six samples, including one negative control (with no 
recorded history of COTS outbreaks), were collected from five islands in 
the Paracel Islands, South China Sea (Fig. 5A–C). The sample informa
tion is listed in Table S2. Strict contamination control procedures were 
followed during sampling and processing (S1.10, Fig. S4). eDNA 
extraction was performed using the MagMAX™ Cell-Free DNA Isolation 

Fig. 4. (A) The repeatability, (B) stability, (C) photos of the interfering species and (D) selectivity of the biosensor: (a) COTS, (b) C. granulatus, (c) P. damicornis, and 
(d) C. citrinellus. The error bars represent the standard deviation of the mean, n = 3. N*: P > 0.05, **: 0.001 < P < 0.01.
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Kit, which effectively separated most of the common contaminants in 
marine samples, such as proteins, polysaccharides, and lipids, thereby 
minimizing their interference with subsequent biosensor detection. 
Additionally, the kit provided high DNA recovery efficiency, ensuring 
high-quality samples for biosensor detection.

As shown in Fig. 5D, samples L1, L2, L3, L4, and L5 exhibited strong 
electrochemical signals, indicating high concentrations of COTS eDNA. 
In contrast, sample L6 showed no detectable COTS in either electro
chemical tests or ecological surveys. The ecological survey confirmed 
the presence of COTS populations in the areas corresponding to samples 
L2, L3, and L5. However, no COTS were observed in the L4 area, which 
was inconsistent with the biosensor results. Additionally, no underwater 
survey was conducted for the L1 site.

Underwater ecological surveys were limited in detecting hidden 
COTS, whereas biosensors functioned by detecting eDNA signals 
released by COTS. Sources of COTS eDNA included active individuals, 
hidden COTS within coral reefs, and microscopic larvae that were not 
visible in traditional surveys. Therefore, biosensors offer broader survey 
coverage and overcome the limitations of visual surveys, which often 
miss hidden and microscopic COTS. Based on the biosensor results, it 
was believed that COTS were present at North Reef and Longdong Is
land, where L1 and L4 were located. This finding was subsequently 
confirmed by an independent study conducted by Yan et al. [32], further 
demonstrating the reliability of the sensor.

Through one-way ANOVA combined with Tukey’s post hoc test, no 
significant difference was found between the results of the biosensor and 
ddPCR (P > 0.05) (Table S3). To further validate the consistency be
tween the two methods, we conducted a Pearson correlation analysis. As 
shown in Fig. S5, the results of the biosensor and ddPCR exhibited a 
strong positive correlation (r = 0.998, p < 0.001), further confirming the 
high consistency between the two methods. These results demonstrated 

that tracing COTS through biosensor detection of eDNA offered broader 
spatial coverage and higher sensitivity. The biosensor was expected to 
detect COTS larvae or low-density populations earlier than traditional 
underwater surveys, which typically relied on the visual detection of 
adult individuals. The early settlement of COTS larvae on coral reefs, 
considered a primary trigger of COTS outbreaks, undoubtedly provided 
critical information for understanding the mechanisms of COTS 
outbreaks.

The ratiometric electrochemical DNA biosensor demonstrated strong 
application potential in conventional coral reef ecological monitoring, 
which supported rapid on-site detection and avoided the degradation 
risk of eDNA during transport with ddPCR, based on a portable and 
lightweight electrochemical platform. It was suitable for shipboard 
surveys and real-time monitoring at island reefs, with the cost per 
sample controlled under $1.0. Compared to ddPCR, this biosensor 
simplified the workflow, with detection steps requiring no specialized 
personnel. In the future, combining the biosensor with microfluidic 
technology could enable automated sample enrichment and DNA 
extraction, further saving labor and time costs. Besides, ddPCR has ad
vantages in high-throughput analysis, while this biosensor can enhance 
field survey efficiency by pre-modifying multiple electrodes. This en
ables rapid early warnings for key areas, making it a strong comple
mentary tool to ddPCR. Integrating multi-channel microfluidic electrode 
arrays in the future could further improve detection throughput and 
automation levels.

4. Conclusion

In this research, a ratiometric electrochemical DNA biosensor was 
successfully constructed. Significantly, combining an exonuclease Ш- 
assisted target recycling amplification method with a dual-signal 

Fig. 5. (A) Paracel Islands. (B) Underwater investigation images. (C) Overview diagram of COTS dynamic distribution monitoring, showing the sampling points and 
the navigation path. (D) Underwater investigation results and Electrochemical detection results.
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strategy using an internal reference probe significantly improved the 
biosensor’s sensitivity, reproducibility, and stability. After thorough 
optimization, the biosensor demonstrated outstanding analytical capa
bilities, featuring a wide linear detection range from 300 fM to 10 nM 
and a detection limit down to 93 fM. The primers and DNA targets were 
explicitly designed for COTS, enabling precise detection of COTS DNA 
even in complex sample environments. Moreover, ddPCR validation 
confirmed the biosensor’s accuracy and reliability, showing no signifi
cant difference (P > 0.05). Ultimately, the biosensor developed here 
effectively detected COTS eDNA in multiple samples collected from the 
Paracel Islands in the South China Sea. It offered broader survey 
coverage and higher sensitivity than traditional ecological survey 
methods, overcoming the shortcomings of visual surveys that tend to 
overlook hidden and non-visible COTS. It is expected to be used to detect 
COTS larvae or low-density COTS, providing early field data and offer
ing critical information for exploring the mechanisms of COTS 
outbreaks.

CRediT authorship contribution statement

Beihua Wen: Writing – original draft, Methodology, Investigation, 
Data curation, Conceptualization. Zhenyu Zhu: Writing – review & 
editing, Data curation, Conceptualization. Junjie Zeng: Writing – re
view & editing. Shiwei Wan: Investigation, Data curation. Chaoxin 
Zhang: Data curation. Yingzhan Chen: Validation, Software. Liwei 
Wang: Validation, Software. Man Zhang: Writing – review & editing. 
Kefu Yu: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work received financial backing from the Guangxi Major Talent 
Project (Bagui Young Elite Talents Project), the Self-Topic Project of 
Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, 
Nanning 530004, China (No. GXLSCRSCS2023102), and the Open Fund 
of Nansha Islands Coral Reef Ecosystem National Observation and 
Research Station, Guangzhou 510300, China (No. NSICR24204). We 
also gratefully acknowledge the valuable assistance provided by the 
Sansha Track Ocean Coral Reef Conservation Research Institute for their 
help in collecting specimens of COTS.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioelechem.2025.109162.

Data availability

Data will be made available on request.

References

[1] S. Hassan, B.S. Bali, A. Yaseen, M. Zaman, W. Muneer, S.A. Ganiee, A.J. Shah, B. 
A. Ganai, Bridging the gaps through environmental DNA: a review of critical 
considerations for interpreting the biodiversity data in coral reef ecosystems, Mar. 
Pollut. Bull. 209 (Pt B) (2024) 117242, https://doi.org/10.1016/j. 
marpolbul.2024.117242.

[2] R.J. Harris, D.A.L. Barnard, G. Paxton, S. Lockie, D.J. Craik, S.F. Cummins, C. 
K. Wang, C.A. Motti, The future of utilising semiochemical pest control methods to 
manage the destructive crown-of-thorns starfish outbreaks on coral reefs, Biol. 
Conserv. 302 (2025) 110984, https://doi.org/10.1016/j.biocon.2025.110984.

[3] K. Jensen, P.C. Doll, M.C.G. Cabrera, G. Diaz-Pulido, M. Logan, S. Uthicke, Feeding 
preferences and growth in herbivorous juvenile crown-of-thorns sea stars 

(Acanthaster cf. solaris), Mar. Biol. 172 (6) (2025) 86, https://doi.org/10.1007/ 
s00227-025-04646-z.

[4] C.Y. Kuo, M.J. Ho, W.K. Heng, Y.Y. Huang, C.Y. Ko, G.C. Jiang, M.S. Jeng, C. 
A. Chen, What is for dessert? Crown-of-thorns starfish feeds on non-scleractinian 
anthozoans at Taiping Island (Itu aba), Spratlys, South China Sea, Mar. Biodivers. 
52 (1) (2022) 2, https://doi.org/10.1007/s12526-021-01240-6.

[5] J. Doyle, S. Uthicke, Sensitive environmental DNA detection via lateral flow assay 
(dipstick)—a case study on corallivorous crown-of-thorns sea star (Acanthaster cf. 
solaris) detection, Environ. DNA 3 (2) (2020) 323–342, https://doi.org/10.1002/ 
edn3.123.

[6] H.C. Rees, B.C. Maddison, D.J. Middleditch, J.R.M. Patmore, K.C. Gough, REVIEW: 
the detection of aquatic animal species using environmental DNA—a review of 
eDNA as a survey tool in ecology, J. Appl. Ecol. 51 (5) (2014) 1450–1459, https:// 
doi.org/10.1111/1365-2664.12306.

[7] J. Zhang, X. Chen, Q. Zhou, C. Diao, H. Jia, W. Xian, H. Zhang, Species 
identification and biomass assessment of Gnathanodon speciosus based on 
environmental DNA technology, Ecol. Indic. 160 (2024) 111821, https://doi.org/ 
10.1016/j.ecolind.2024.111821.

[8] S. Uthicke, B. Robson, J.R. Doyle, M. Logan, M.S. Pratchett, M. Lamare, Developing 
an effective marine eDNA monitoring: eDNA detection at pre-outbreak densities of 
corallivorous seastar (Acanthaster cf. solaris), Sci. Total Environ. 851 (Pt 1) (2022) 
158143, https://doi.org/10.1016/j.scitotenv.2022.158143.

[9] Y. Hou, S. Chen, Y. Zheng, X. Zheng, J.M. Lin, Droplet-based digital PCR (ddPCR) 
and its applications, Trends Anal. Chem. 158 (2023) 116897, https://doi.org/ 
10.1016/j.trac.2022.116897.

[10] T. Jo, M. Arimoto, H. Murakami, R. Masuda, T. Minamoto, Particle size distribution 
of environmental DNA from the nuclei of marine fish, Environ. Sci. Technol. 53 
(16) (2019) 9947–9956, https://doi.org/10.1021/acs.est.9b02833.

[11] Y. Feng, D. Zhou, L. Gao, F. He, Electrochemical biosensor for rapid detection of 
bacteria based on facile synthesis of silver wire across electrodes, Biosens. 
Bioelectron. 168 (2020) 112527, https://doi.org/10.1016/j.bios.2020.112527.

[12] M. Mujeeb-U-Rahman, M.H. Nazari, M. Sencan, A novel semiconductor based 
wireless electrochemical sensing platform for chronic disease management, 
Biosens. Bioelectron. 124 (2019) 66–67, https://doi.org/10.1016/j. 
bios.2018.09.077.

[13] W.B.S. Machini, A.M. Oliveira-Brett, In situ electrochemical investigation of the 
interaction between bacteria Xylella fastidiosa DNA and copper(II) using DNA- 
electrochemical biosensors, Electrochem. Commun. 125 (2021) 106975, https:// 
doi.org/10.1016/j.elecom.2021.106975.

[14] S. Jampasa, B. Jikul, C. Kreangkaiwal, W. Khamcharoen, W. Jesadabundit, 
W. Waiwinya, P. Saelim, T. Phanbunmee, K. Patarakul, O. Chailapakul, Multiple 
signaling probe-based ultrasensitive electrochemical DNA sensor integrated with 
NFC-enabled smartphone to diagnose leptospirosis, Sens. Actuat. B: Chem. 406 
(2024) 135411, https://doi.org/10.1016/j.snb.2024.135411.

[15] P.S. Ganesh, S.E. Elugoke, S.H. Lee, S.Y. Kim, E.E. Ebenso, Smart and emerging 
point of care electrochemical sensors based on nanomaterials for SARS-CoV-2 virus 
detection: towards designing a future rapid diagnostic tool, Chemosphere 352 
(2024) 141269, https://doi.org/10.1016/j.chemosphere.2024.141269.

[16] J. Liu, J. Chen, S. Jia, Y. Wang, D. Wu, Y. Wu, G. Li, CRISPR/Cas12a triggered SERS 
and naked eye dual-mode biosensor for ultrasensitive and on-site detection of 
nucleic acid via cascade signal amplification, Sens. Actuat. B: Chem. 404 (2024) 
135249, https://doi.org/10.1016/j.snb.2023.135249.

[17] V. Chugh, S. Khurana, N. Kumar, P. Ish, S. Bose, R. Nayak, Development of an 
affordable microRNA electrochemical biosensor for identification and monitoring 
of obstructive sleep apnea and its associated comorbidities, Sens. Actuat. B: Chem. 
394 (2023) 134349, https://doi.org/10.1016/j.snb.2023.134349.

[18] Y. Chen, Q. Bin, H. Liu, Y. Xie, S. Wang, J. Lu, W. Ou, M. Zhang, L. Wang, K. Yu, 
A novel biosensing strategy on the dynamic and on-site detection of vibrio 
coralliilyticus eDNA for coral health warnings, Bioelectrochemistry 158 (2024) 
108697, https://doi.org/10.1016/j.bioelechem.2024.108697.

[19] J. Ye, W. Huang, X. Jia, H. Song, Y. Zhou, R. Yuan, W. Xu, Short-stranded DNA 
segment-modulated LAMP/H+ as signal transducer to guide CHA-cooperated 
amplifiable electrochemical biosensing, Anal. Chim. Acta 1295 (2024) 342329, 
https://doi.org/10.1016/j.aca.2024.342329.

[20] L. Wang, J. Xu, H. Liu, S. Wang, W. Ou, M. Zhang, F. Wei, S. Luo, B. Chen, S. Zhang, 
K. Yu, Ultrasensitive and on-site eDNA detection for the monitoring of crown-of- 
thorns starfish densities at the pre-outbreak stage using an electrochemical 
biosensor, Biosens. Bioelectron. 230 (2023) 115265, https://doi.org/10.1016/j. 
bios.2023.115265.

[21] Z. Wei, X. Zhang, Y. Chen, H. Liu, S. Wang, M. Zhang, H. Ma, K. Yu, L. Wang, A new 
strategy based on a cascade amplification strategy biosensor for on-site eDNA 
detection and outbreak warning of crown-of-thorns starfish, Sci. Total Environ. 927 
(2024) 172258, https://doi.org/10.1016/j.scitotenv.2024.172258.

[22] S. Cinti, G. Volpe, S. Piermarini, E. Delibato, G. Palleschi, Electrochemical 
biosensors for rapid detection of foodborne Salmonella: a critical overview, Sensors 
17 (8) (2017) 1910, https://doi.org/10.3390/s17081910.

[23] C. Liu, T. Wu, W. Zeng, J. Liu, B. Hu, L. Wu, Dual-signal electrochemical aptasensor 
involving hybridization chain reaction amplification for aflatoxin B1 detection, 
Sens. Actuat. B: Chem. 371 (2022) 132494, https://doi.org/10.1016/j. 
snb.2022.132494.

[24] Y. Hu, F. Bao, S. Fu, S. Feng, J. Miao, P. Miao, Y. Xu, A facile electrochemical 
biosensor for coronavirus RNA assay with silver deposition, Talanta 266 (Pt 1) 
(2024) 125013, https://doi.org/10.1016/j.talanta.2023.125013.

[25] Y. Sun, X. Cheng, Y. Yi, K. Quan, Q. Chen, K. Zhang, J.J. Xu, The compact 
integration of multiple exonuclease III-assisted cyclic amplification units for high- 

B. Wen et al.                                                                                                                                                                                                                                     

1030

https://doi.org/10.1016/j.bioelechem.2025.109162
https://doi.org/10.1016/j.bioelechem.2025.109162
https://doi.org/10.1016/j.marpolbul.2024.117242
https://doi.org/10.1016/j.marpolbul.2024.117242
https://doi.org/10.1016/j.biocon.2025.110984
https://doi.org/10.1007/s00227-025-04646-z
https://doi.org/10.1007/s00227-025-04646-z
https://doi.org/10.1007/s12526-021-01240-6
https://doi.org/10.1002/edn3.123
https://doi.org/10.1002/edn3.123
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1016/j.ecolind.2024.111821
https://doi.org/10.1016/j.ecolind.2024.111821
https://doi.org/10.1016/j.scitotenv.2022.158143
https://doi.org/10.1016/j.trac.2022.116897
https://doi.org/10.1016/j.trac.2022.116897
https://doi.org/10.1021/acs.est.9b02833
https://doi.org/10.1016/j.bios.2020.112527
https://doi.org/10.1016/j.bios.2018.09.077
https://doi.org/10.1016/j.bios.2018.09.077
https://doi.org/10.1016/j.elecom.2021.106975
https://doi.org/10.1016/j.elecom.2021.106975
https://doi.org/10.1016/j.snb.2024.135411
https://doi.org/10.1016/j.chemosphere.2024.141269
https://doi.org/10.1016/j.snb.2023.135249
https://doi.org/10.1016/j.snb.2023.134349
https://doi.org/10.1016/j.bioelechem.2024.108697
https://doi.org/10.1016/j.aca.2024.342329
https://doi.org/10.1016/j.bios.2023.115265
https://doi.org/10.1016/j.bios.2023.115265
https://doi.org/10.1016/j.scitotenv.2024.172258
https://doi.org/10.3390/s17081910
https://doi.org/10.1016/j.snb.2022.132494
https://doi.org/10.1016/j.snb.2022.132494
https://doi.org/10.1016/j.talanta.2023.125013


Bioelectrochemistry 168 (2026) 109162

10

efficiency Ratiometric electrochemiluminescence detection of MRSA, Anal. Chem. 
96 (2) (2024) 943–948, https://doi.org/10.1021/acs.analchem.3c05410.

[26] N. Khuda, S. Somasundaram, A.B. Urgunde, C.J. Easley, Ionic strength and 
hybridization position near gold electrodes can significantly improve kinetics in 
DNA-based electrochemical sensors, ACS Appl. Mater. Interfaces 15 (4) (2023) 
5019–5027, https://doi.org/10.1021/acsami.2c22741.

[27] X. Zhang, G. Xie, D. Gou, P. Luo, Y. Yao, H. Chen, A novel enzyme-free 
electrochemical biosensor for rapid detection of Pseudomonas aeruginosa based on 
high catalytic cu-ZrMOF and conductive super, P, Biosens. Bioelectron. 142 (2019) 
111486, https://doi.org/10.1016/j.bios.2019.111486.

[28] J. Qin, D.G. Jo, M. Cho, Y.K. Lee, Monitoring of early diagnosis of Alzheimer’s 
disease using the cellular prion protein and poly(pyrrole-2-carboxylic acid) 
modified electrode, Biosens. Bioelectron. 113 (2018) 82–87, https://doi.org/ 
10.1016/j.bios.2018.04.061.

[29] Y. Cao, J. Wang, Y. Xu, G. Li, Combination of enzyme catalysis and electrocatalysis 
for biosensor fabrication: application to assay the activity of indoleamine 2,3- 

dioxygensae, Biosens. Bioelectron. 26 (1) (2010) 87–91, https://doi.org/10.1016/ 
j.bios.2010.05.019.

[30] R. Abedi, J.B. Raoof, M. Mohseni, A. Bagheri Hashkavayi, A signal-off aptasensor 
for the determination of Acinetobacter baumannii by using methylene blue as an 
electrochemical probe, Microchim. Acta 190 (8) (2023) 308, https://doi.org/ 
10.1007/s00604-023-05901-0.
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A year-long synchronized observation of 
AMPs on both land and sea was carried 
out.

• Microplastics are mainly fibers in cities, 
and the pollution level is closely related 
to population density.

• Only 1.8 % of the atmospheric micro
plastic emissions could be transported 
from land to sea.

• Atmospheric transport is not an efficient 
way to transport AMPs from land to sea.

• The treatment of marine MP pollution 
should first reduce riverine input.

A R T I C L E  I N F O

Keywords:
Microplastic pollution
Land-to-sea transport
Atmospheric transport

A B S T R A C T

Microplastics have been recognized as a global marine environmental issue, but their sources, particularly the 
contribution of atmospheric transport, remain obscure. Here, we determine the transport efficiency of atmo
spheric microplastics (AMPs) from land to sea using multimedia observations from both sea and land in the South 
China Sea in conjunction with atmospheric trajectory modelling. Furthermore, we extrapolate AMP inputs to the 
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ocean at a global scale. The results show that only 1.8 % of AMPs are transported and deposited into the sea, with 
most remaining on land. The global mass of AMPs entering the sea is 262.98 t, which is much less than the river 
exports. Therefore, we conclude that the atmospheric transport is not the main pathway for land-sourced 
microplastics to enter the sea, and suggest that the foremost step of curbing the worsening of marine MP 
pollution is to control the inflow of riverine MPs into the sea.

1. Introduction

Misuse and mismanagement of plastic products have caused masses 
of plastic waste to accumulate in the environment and eventually enter 
in the oceans [1]. The potential annual transfer of plastic waste from 
land to the oceans is estimated to be 4.8–12.7 Mt [2], resulting in a 
global concern of plastic pollution. Understanding the sources, transport 
and fate of plastics is a prerequisite for reducing plastic pollution. 
Studies have initially recognized rivers as the main pathway for plastic 
debris to enter the oceans, but a growing number of studies are 
emphasizing the role of atmospheric transport, especially for micro
plastics (MPs, < 5 mm) [3–5]. There have been many reports on the 
presence of atmospheric microplastics (AMPs) in various regions [6–9], 
but the transport and environmental fate of AMPs are unknown.

Observations of AMPs in remote areas, such as the French Pyrenees 
Mountain [10], the Alps [11], the Tibetan Plateau [12] and polar regions 
[13], have demonstrated the long-range transport of AMPs; however, 
their land-to-sea transport and transport efficiency are rarely discussed 
and have not been properly quantified. Several scientists have prelimi
narily estimated the global transport mass of AMPs into the sea, but the 
estimates vary greatly and are not comparable, ranging from 10.02 t/yr 
to 100 kt/yr [4,14–16]. The proposed AMP transport efficiencies in 
these studies are also ambiguous, ranging from 1.8 % to 34 % [14,16]. 
The key to these large gaps seems to be the original dataset used in es
timations. Limitations in monitoring methods make it difficult for a 
single team to conduct large-scale monitoring of AMPs on a national or 
global scale, so existing studies usually utilize literature data to develop 
estimates. On the one hand, the lack of global field data contributes to 
the high level of uncertainty in these estimates. More importantly, it is a 
great challenge to integrate the noncomparable datasets across regions 
and periods, because the monitoring methods for these datasets vary 
widely [17,18]. The absence of standardized monitoring procedures 
would directly lead to a high level of uncertainty in global extrapolation. 
For example, the pore size of sampling filters is critical to AMP abun
dance. A filter with a large pore size used in AMP collection may result in 
an underestimation of AMP abundance. For example, in a previous study 
done in France [10], if only AMPs with a size larger than 100 μm were 
counted, the AMP abundance was 36 ± 18 items/m2/d, but if a wider 
range of AMPs (> 5 μm) were considered, the abundance increased to 
365 ± 69 items/m2/d. However, the pore size of filters used varied 
widely among studies, with a range from 0.45 to 100 μm [19–22], 
making it a challenge to describe the distribution of AMP pollution by 
comparing different studies. Besides, the differences in reported AMP 
abundances caused by inconsistencies in sampling or analytical methods 
can easily be misinterpreted as real differences in the environment, 
thereby reducing the reliability and credibility of the estimates.

Here, almost all our estimates of AMP land-to-sea transport were 
made using simultaneous observations to ensure the reliability of the 
original data and transport efficiency (the framework for this study is 
shown in Fig. S1). We conducted simultaneous observations in the South 
China Sea (SCS) and four Chinese coastal cities, with sampling consist
ing of both deposited and suspended AMPs (see Methods). Notably, our 
sampling project spanned 2021, and the same sampling methods and 
processing procedures were employed among all sampling sites, thereby 
preventing errors across seasons and methods. According to the year- 
round observations from Guangzhou and Xiamen in 2021, we 
confirmed the proportion of MPs entering the atmosphere and estimated 
the AMP emission in four Chinese coastal provinces (Guangxi, 

Guangdong, Fujian and Hainan) further using primary MP emission 
inventory established by Wang, et al. after adjusting the emission 
sources [23]. There are two potential pathways for AMPs to enter the 
sea, both of which were accounted for. The first is long-distance atmo
spheric transport, which was estimated using air trajectories and AMP 
emissions estimation. The second is riverine transport, as they can enter 
the sea after being deposited in rivers. The sum of the two pathways was 
the total mass of land-sourced AMPs entering the SCS, and the transport 
efficiency of AMPs from land to sea was calculated accordingly. These 
findings serve as a foundation for comprehending the fate of MPs in 
terms of their sources and sinks, as well as their global cycling.

2. Materials and methods

2.1. Study sites and sampling methods

Sampling sites on land were set in five representative cities, 
including Beihai (Guangxi Zhuang Autonomous Region), Guangzhou 
(Guangdong Province), Xiamen (Fujian Province), Sanya (Hainan 
Province) and Yongxing Island (belonging to Sansha, Hainan Province), 
as shown in Fig. S2. The sampling methods were consistent with what 
we did in Guangzhou before [24]. In 2021, total atmospheric deposition 
(including dry deposition and wet deposition) was simultaneously 
collected at monthly intervals in all five cities (n = 72) using passive 
samplers. Atmospheric deposition was dropped into a glass collection 
bottle via a stainless-steel funnel and obtained by filtration (Fig. S3). The 
collection bottle was placed inside a stainless-steel box to prevent the 
escape of fallout and contamination from ground dust. In addition, to 
estimate the proportion of MPs entering the atmosphere, suspended 
AMPs were monitored throughout 2021 in Xiamen and Guangzhou. A 
total of 171 samples were collected using middle-flow suspended par
ticulate samplers, which were installed on the roofs of laboratory 
buildings. The samplers were set approximately 1.5 m above the floor, 
effectively avoiding resuspended ground dust. Sampling was generally 
performed every other day, with an intake flow rate of 100 L/min for 
24 h.

Marine AMP samples from the SCS were obtained during a cruise in 
April 2022, with a navigation route map depicted in Fig. S2. A sus
pended particulate sampler was secured on the upwind area of the back 
deck (approximately 2.8 m above sea level) to collect suspended AMPs. 
The suspended particulate sampler and sampling procedures agreed 
with sampling in cities to verify the validity of the samples. A total of 20 
sampling transects were set along the cruise and one sample was 
collected at each section. The detailed geographic information of sam
pling transects was presented in Table S1.

All samples were collected on glass microfiber filters (Whatman GF/ 
A, 1.6 μm), and detailed sampling procedures can be found in our pre
vious study [24]. All filters were kept in aluminum foil for further 
examination.

2.2. MP identification

A total of 263 filters were collected, including deposited AMP sam
ples (n = 191, 171 samples collected on land and 20 samples collected 
above the sea) and suspended AMP samples (n = 72). Each filter was 
evenly divided into two (deposited AMP samples) or four equal parts 
(suspended AMP samples), and one was chosen as a representative 
sample at random. In total, 263 representative samples were randomly 
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selected, all of which were tested for MP identification.
Three steps were necessary for MP identification, including MP 

extraction, observation and identification. Firstly, according to the 
typical features of plastic materials (such as no biological or cellular 
structures, uniform color and shiny) [12,24], all suspected MPs were 
visually screened out under a stereoscopic microscope (Olympus SZX10, 
Japan). The filter should be scanned back and forth under the micro
scope from top to bottom at least four times to ensure that every corner 
of the filter has been examined. But due to the limitation of human 
eyesight (< 20 μm), MPs of extremely small size may be unnoticed. The 
characteristics of all suspected MPs were observed and recorded, 
including shapes, colors and sizes (length and width). The micro-Fourier 
transform infrared spectroscopy (FT-IR) technique was used for quali
tative identification of all collected AMPs. The screened suspected MPs 
were carefully flattened and straightened one by one, and transferred 
subsequently to a clean and dry copper sheet with steel tweezers, 
keeping the MPs to be tested as close as possible to the copper sheet. To 
obtain spectra, the FT-IR spectrometers (Thermo Scientific Nicolet iN10, 
USA) scanned the suspected MP placed on the copper with a resolution 
of 4 cm− 1 for 16 scans each in reflection mode. All obtained spectra were 
compared with the standard spectra library individually, and the poly
mer composition could be confirmed when the match was > 60 %, 
which is a widely accepted and applied ratio [15,20,24]. All suspected 
MPs screened out were tested. Based on the random sampling propor
tion, the final total number of MPs for a sample was determined to be 
double or four times the identified numbers. However, due to the dis
tribution randomness of environmental samples, the final MP data were 
subject to 2–4 times uncertainty.

2.3. Quality assurance and quality control

Quality assurance control measures were taken during sampling and 
identification to minimize contamination and subjective errors. During 
sampling, to minimize potential contamination, all filters and glass 
supplies were baked at 450 ℃ in a muffle for 4 h, and rinsed water was 
filtered by microfiber filters (Whatman GF/A, 47 mm, 1.6 μm) before 
use. In addition, cotton lab coats and nitrile gloves were worn 
throughout the sampling and pretreatment processes to prevent 
contamination. Procedural blanks were made by placing an open, wet 
and pretreated filter during the filtration of atmospheric deposition. A 
total of 72 procedure blanks were obtained and they were taken back to 
the laboratory and analyzed along with the samples. No MPs were 
detected in the procedural blanks, but a few cotton microfibers were 
detected (detected in 2 of 72 blanks). Ropes were used to secure the 
equipment on the board, and observable ropes near the sampler on the 
board were collected and tested, but no comparable materials were 
discovered in marine AMP samples. To avoid subjective errors in 
recognizing MPs, MP identification for all samples was performed by the 
same experimenter in this study, including scanning suspected MPs 
under microscope and FT-IR analysis.

2.4. Total MP emissions

In this study, we estimated the total MP emissions from four coastal 
provinces of the SCS based on the primary MP emission inventory 
established by Wang, et al.[23]. According to the actual observations, 
we adjusted the emission inventory, and the final inventory included 
seven emission sources: clothing, architectural coating, automotive 
paints, road markings, plastic raw materials, artificial turfs and running 
tracks, personal care and cosmetics products, with rubber tires and 
marine coating removed (Text S1). The MP emissions from each source 
can be calculated by the following equation. 

Emission = A × EF (1) 

The calculations of activity (A) and emissions factors (EFs) of each 
source were detained in Text S1. The annual MP emission fluxes of each 

city were determined independently, and most of the socioeconomic 
statistics used in the calculation were obtained from official data pub
lished by the National Bureau of Statistics of China in 2021.

A Monte Carlo simulation was performed to characterize the un
certainty of MP emissions. Uncertainty in related activity data and 
emissions factors are two major causes of the uncertainty in MP emis
sions (Table S2) [24], where EF has been listed directily in the formulas 
mentioned in Text S1, and the remaining factors in the fomulas are 
grouped into A. Twenty-eight parameters (both A and EF) from seven 
MP emission sources were entered into Crystal Ball software (Oracle). 
All inputs were randomly selected and the MP emissions were repeat
edly calculated 10,000 times according to the Eq. (1). The activity (A) 
data and emissions factors (EFs) were listed in Table S2. The model gave 
a prediction range of 12.80–549.00 kt for MP emission, taking the 90 % 
confidence interval as the uncertainty range for MP emissions (Fig. S9).

2.5. The proportion of MPs entering the atmosphere

Although total MP emissions are initially quantified, the fraction of 
MPs that become airborne is highly uncertain, with reported proportions 
ranging from 1 % to 40 % [16]. The proportion of MPs entering the 
atmosphere calculated based on literature data may deviate from the 
actual value due to differences in sampling methods and sampling pe
riods. In this case, we determined the proportion (α) using annual syn
chronic AMP data from Guangzhou and Xiamen, as shown in the 
following formula. 

α =
MAMPs

EMPs
(2) 

where EMPs is the total mass of MP emissions calculated based on the 
emission inventory in Text S1 and MAMPs is the mass of AMPs, which can 
be defined as: 

MAMPs =
A × H

T
(3) 

where A is AMP abundance, H is the height of the atmosphere (assuming 
that AMPs were well mixed over a range of 1000 m), and T is the at
mospheric residence time of AMPs. According to all measured AMPs 
(N = 703), the predominant aerodynamic diameter range of AMPs was 
50–90 μm, and the main polymer type was PET (1.38 g/cm3). Therefore, 
PET with an intermediate diameter of 70 μm was chosen as represen
tative AMP and used to calculate the unit mass of AMPs. Based on the 
size of AMPs, T was estimated to be between 3 and 28 h (detailed cal
culations can be found in Materials and methods 2.7). Here, we denote T 
as 24 h to make calculations easier.

The average annual abundance from Guangzhou was used to deter
mine α, while the dataset from Xiamen was used for verification 
(Table S3). The resulting α was proven to be valid and feasible when the 
estimated mass matched the mass of AMPs calculated from the field 
observations.

2.6. AMP deposition in terrestrial environments

Population density is highly correlated with MP pollution levels [6, 
7], and it has been widely considered in MP emission estimates [2,25]. 
Combining our field data from five cities with data from Dongguan [26], 
we developed a regression model on population density (p) and MP 
deposition flux (Dep), as shown in the following equation (Fig. 1c): 

Dep = 0.004p+12.63 (4) 

The R-squared (R2) of the regression model was 0.86, which implied 
that this model could simulate the variation of MP deposition flux as 
well. As a result, the AMP deposition flux could be inferred from this 
model for each city (Fig. S4), and the total MP deposition could be 
calculated by multiplying it by the city area. However, different land use 
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types where MPs are deposited may affect their fate. For example, AMPs 
deposited on artificial land could be washed into a water body via road 
runoff and then enter the ocean through river transport together with 
AMPs deposited directly into the water body [3,27,28]. Previous studies 
indicate that 6 % of AMPs can reach surface waters through road runoff 
[29,30]. The river transport probabilities of MPs from catchments to 
seas are suggested to be between 1.73–8.70 %, with an average value of 
3.24 % for the top-ten catchments in Asia [31]. Therefore, the AMP 
deposition in each city was calculated separately for four land use types, 
including natural land (cultivated land, forest, grassland and semi
natural land), water bodies, artificial land and marine (Fig. S5). Land use 
data with a spatial resolution of 1 km were provided by the National 
Resources and Environment Database of the Chinese Academy of 

Sciences [32].

2.7. AMP transport trajectory model

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS
PLIT) model was applied to simulate the transport trajectory of air 
masses using Global Data Assimilation System (GDAS) meteorological 
data. Guangzhou was the most polluted site in study area (Fig. 2), so it 
was set as the starting point for the release of AMP pollution. The model 
was run in forward mode with a total run time of 28 h, starting at 100 m 
elevation above ground level (main altitude ranges of human activities). 
The model running time was determined by the maximum atmospheric 
residence time of AMPs, which was related to their aerodynamic 

Fig. 1. AMP abundances in the South China Sea (SCS) region. The spatial distribution of AMP abundance (items/m3), deposition fluxes (items/m2/d) in the SCS 
region (including Beihai (BH) Guangzhou (GZ), Xiamen (XM) and Sanya (SY) and Yongxing Island (YXI)), aerodynamic size distribution (a) and AMP deposition at 
YXI from 2021 to 2022. The sampling on Yongxing Island in July, August and September of 2021 was interrupted due to a global pandemic of coronavirus disease 
2019 and no data were obtained. Correlation between population density and AMP deposition (c), with one data from Huang, et al. and the rest were measured data 
from this work.
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diameter. The atmospheric residence time and aerodynamic diameter 
could be calculated using the equations seen below [33,34]. 

D =
(
dpln2θ

)1/2DP (5) 

where D is the aerodynamic diameter, dp is the density of plastics, θ is the 
aspect ratio of plastics and DP is the cylindrical diameter of plastics. 

Vt =
gD2
(
dp − dm

)

18μ (6) 

where Vt is the terminal velocity, g is the gravitational acceleration, D is 
the aerodynamic diameter, dp is the density of plastics, dm is the density 
of the air, and μ is the viscosity of air. 

T =
H
Vt

(7) 

where T is the atmospheric residence time, and H is the height of air 
(assumed to be 1000 m).

The terminal velocity of AMPs followed a lognormal distribution 
(Fig. S6), and their 90 % confidence interval corresponded to an atmo
spheric residence time of 3–28 h. All trajectories were clustered at one- 
hour time intervals with a trajectory skip of 1 and analyzed for com
parison by month.

Seaward trajectories were selected for further analyses (Fig. 2, 
approximately 15 % of a total of 7134 trajectories), and transport dis
tances were calculated along the trajectory from the starting location to 
the deposition point. To ensure that most AMPs could reach the SCS, the 
transport distance should be at least 200 km, implying a 14 h atmo
spheric residence time. According to our measured size distribution of 
deposited AMPs (Fig. S6), only 11.3 % of AMPs met the conditions for a 
terminal velocity of less than 0.02 m/s and an atmospheric residence 
time over 14 h.

2.8. Data analysis

The Cystal Ball software (Oracle) was used to finish the Monte Carlo 
simulation, and Excel 2019 and SPSS 24.0 software (IBM, U.S.A.) were 
utilized for descriptive and statistical analysis. All analyses were carried 
out at a significance level of 0.05, and the data were reported as mean ±
standard error (SE). A number of programs, including Origin 2022b, 
ArcGIS pro 2.8.6, and MATLAB R 2023a, were used to visualize the data.

3. Results and discussion

3.1. AMP abundance in the SCS region

Microplastics were widely present in all deposited samples, with 
deposition fluxes ranging from 4.11 to 109.34 items/m2/d (Fig. S7a). 
For cities, the mean AMP deposition flux was significantly higher in 
Guangzhou (65.94 ± 7.53 items/m2/d, Kruskal–Wallis test, p < 0.05), 
followed by Sanya (19.89 ± 3.19 items/m2/d), Beihai (16.51 ± 2.88 
items/m2/d) and Xiamen (13.89 ± 1.83 items/m2/d), as shown in 
Fig. 1a. However, there were no discernible differences in size distri
bution and shape between cities (see Supplementary Information for 
more AMP characteristics). The high AMP pollution level in Guangzhou 
may be because there were more AMP sources in densely populated 
cities with a high degree of anthropogenic activity [35,36]. The corre
lation analysis also confirmed a strong correlation between population 
density and AMP pollution (Pearson’s correlation, r = 0.93, p < 0.05, 
Fig. 1c).

The two-year (from January 2021 to December 2022, Fig. 1b) AMP 
observations at Yongxing Island revealed that AMP deposition on islands 
far from land was markedly lower than that in cities, with an average 
deposition flux of 4.94 ± 0.83 items/m2/d. Similarly, the analysis of 
marine air samples shown an average AMP abundance of 1.41 ± 0.23 
items/100 m3 in the SCS, which was obviously lower than our obser
vations in cities, such as 0.17 ± 0.01 items/m3 in Guangzhou and 0.07 
± 0.04 items/m3 in Xiamen (detailed in Tables S1 and S3). As shown in 
Fig. 1a, AMP abundances were higher in the southwestern SCS, which 
may be attributed to emissions from neighboring Southeast Asian 
countries. The cruise occurred in April, and the SCS was in the summer 
wind period, so AMPs emitted from Southeast Asian land could be 
transported to the SCS by southwest winds (Fig. S8a), resulting in an 
increase in AMP abundance. These findings suggested a remarkable 
impact of land-based emissions on marine AMP distribution. The AMP 
abundance at Yongxing Island (1.40 items/100 m3) was comparable to 
the mean (1.41 ± 0.23 items/100 m3) and median values (1.39 items/ 
100 m3), according to our measured data during the cruise. Therefore, 
Yongxing Island was chosen as a representative site to calculate the total 
AMP deposition in the SCS. Based on the average AMP deposition flux at 
Yongxing Island, the total deposition of AMPs in the SCS was estimated 
to be 1.56 kt/yr (0.49–4.55 kt/yr) (Table S4).

Fig. 2. Annual AMP emission for the four provinces adjacent to the South China Sea in 2021 and the distribution of seaward air masses according to forward 
trajectory modeling.
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3.2. Atmospheric MP emission

Our MP emission modelling revealed that a total of 166.61 kt MPs 
were discharged into the environment annually from four provinces 
adjacent to the SCS, with an uncertainty range of 12.80–549.00 kt 
(Fig. S9a). The estimation of primary MP emissions from seven sources 
was conducted by employing a range of socioeconomic data, such as 
population, residential area, and consumption of plastic products. 
Emission estimates were derived from the city level as the most basic 
unit, and 63 cities in Guangdong, Guangxi, Fujian and Hainan provinces 
were estimated. Synthetic fibers and artificial turfs accounted for 
approximately 90 % of MP emissions, which was compatible with our 
field observations that it was virtually all fibers (Text S2, Table S5). 
Synthetic fibers have long been recognized as a significant source of 
AMPs, and artificial turfs with a high nylon and polyethylene content 
have recently been proposed as an important source of AMPs [37,38].

Based on the MP emissions obtained previously and the field AMP 
data from Guangzhou and Xiamen, it has been defined that the fraction 
of MPs entering the atmosphere is 0.6 % (Table S3). Accordingly, a total 
of 1000.00 t AMPs were released annually into the atmosphere from the 
four provinces, with a distinct regional heterogeneity (Fig. 2). The 
Guangdong-Hongkong-Macao Greater Bay Area (GBA) is one of the most 
populous and rapidly developing areas in China, and MP contamination 
tends to be greater in densely urban agglomerations. The nine GBA cities 
in Guangdong Province were responsible for 67.5 % of Guangdong 
Province emissions and 33.2 % of total AMP emissions in the four 
provinces. These results indicated that the GBA is the most polluted area 
in the coastal regions of the SCS (Table S6). The high AMP abundances 
observed in GBA cities such as Guangzhou and Dongguan also demon
strate the high pollution level here [24,26,39]. Consequently, we 
reasonably considered Guangzhou as a center of AMP pollution and 
commenced the air mass projection from here.

3.3. The AMP budget

The direction of air mass flow and the residence time are the two 
most important determinants of whether AMPs can be transported to the 
sea. Due to the impact of monsoons, the seasonality of continental air 

pollution transport in Asia is pronounced [40,41]. Contaminated air 
masses can be only transported from mainland China to the SCS during 
the winter monsoon (northeastern winds) [42,43]. The air mass trajec
tories for each month in 2021 were acquired using the Hysplit forward 
trajectory model. Subsequent cluster analysis revealed that only 15 % of 
the air masses observed during this period exhibited a trajectory 
directed towards the sea (Fig. 2). On the other hand, a sufficiently long 
atmospheric residence time is necessary for AMPs to be effectively 
transported to the sea, which is constrained by their sizes. Only 11.3 % 
of AMPs could be transported over great distances and deposited in the 
SCS, according to the results of the size analysis. Therefore, it is esti
mated that 16.94 t AMPs could be transported through the atmosphere 
and deposited into the sea each year.

Some AMPs are deposited in response to precipitation or gravity [24, 
44]. A total of 560.69 t AMPs were deposited locally. Furthermore, the 
deposition was calculated for each of the four typical land use types, 
including natural land, artificial land, water bodies and marine (Fig. 3). 
The maximum deposition (498.11 t/yr) occurred on natural land due to 
the largest natural land area. The downward mobility of AMPs to 
groundwater is a complicated process, and the upper 25 cm of soil is 
regarded as a transient or persistent sink for MPs [45–47]. The potential 
contribution of groundwater to marine MP was therefore disregarded. 
Even in coastal areas, the area of the sea in the city is still very small and 
therefore the mass of AMPs directly deposited into the sea is negligible, 
weighing only 0.0004 t. Approximately 20.26 t AMPs settled annually 
into water bodies and entered the sea with rivers, which are the major 
pathway for MP transport into the seas [48,49]. On the other hand, 
approximately 42.32 t of AMPs were deposited on artificial land, a 
portion of which could be transported downstream by rivers after being 
washed into the water bodies [50]. As a result, the total mass of AMPs 
entering the sea through rivers was 0.74 t. We emphasize that this flux is 
for only the AMPs, not accounting for the MPs in the other environ
mental compartment. Therefore, this flux could not be directly compa
rable with the total riverine MP fluxes.

The remaining 422.05 t of AMPs were transported inland, with a low 
possibility of their eventual arrival in the ocean. Considering all path
ways of AMPs to the sea, the ultimate input of AMPs from land to sea was 
17.68 t. Our measurements in the SCS indicate that the sea received 

Fig. 3. Transfer fluxes for AMPs in four provinces adjacent to the SCS in China in 2021 (t/yr).
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1.56 kt of AMPs deposition annually (Table S4), which come from all 
sources. It has demonstrated that our estimates of land-to-sea transport 
of AMPs are within an acceptable order of magnitude, since there is no 
question that any one source contributes less than the total deposition. 
This quantity represents a mere 1.8 % of the total AMP emissions, 
indicating that most AMPs tend to be retained on land. Moreover, for 
AMPs, the most of them enter the seas by atmospheric transport, with 
just a minor percentage sinking into the oceans with rivers following 
atmospheric deposition.

3.4. Land-to-sea transport of AMPs

The MP emissions from the four coastal provinces accounted for 
23 % of the total MP emissions in China (737.29 Gg) [23], which could 
be considered the main contributor of MP emissions from mainland 
China to the SCS. However, China coasts may not be the primary source 
of AMPs in the SCS. This conclusion is reasonable and explainable. Our 
field observation in the SCS showed higher AMP abundance close to the 
coast of Southeast Asia, but almost none of the air masses along the coast 
of the SCS moved toward the sea in April (Fig. 2). Two years of AMP 
deposition monitoring in the SCS reveal that the summer months are a 
period of high AMP pollution, and at this time the winds are from the 
southwest. Slower summer winds extend the residence time of AMPs 
emitted from South Asian countries over the SCS and would favor AMP 
deposition. In contrast, winter winds are swift and short-lived, making it 
difficult to transport AMPs from mainland China into the sea (Fig. S8). 
On the other hand, countries bordering the SCS are also greatly affected 
by AMP pollution, especially Vietnam (172–292 items/m2/d) [51], the 
Philippines (0.02 items/m3) [52] and Malaysia (97–775 items/m3) [53]. 
The estimation indicates that only approximately 1.1 % of the total 
deposition might originate from the four Chinese coastal provinces 
(Table S4), and more measured data from Southeast Asian countries are 
needed to completely clarify the source-sink of AMPs in the SCS.

We found a lower transport efficiency of AMPs from land to sea 
(17.68 t/yr, 1.8 % of the atmospheric emissions of MPs) compared to 
previous global studies, e.g., 21 % as proposed by Fu, et al. [4] and 34 % 
proposed by Evangeliou, et al. [16]. There are two possible reasons for 
these differences. First, these differences may be attributed to AMP 
emission estimates. Tire emissions were incorporated in previous 
emission estimates and are the greatest source, accounting for 84 % of 
the total [4,54]. However, the main component of tires is natural rubber, 
which is not listed in the ISO definition for plastics. Furthermore, tire 
wear particles are typically black fragments [55–57], but black did not 
make up a high percentage of observed particles in our observations, 
only roughly 11.7 %. Some black fragments were found only in the road 
dust and their polymer composition is not rubber or other tire additives 
[19,58], so the high 84 % share of tire emission need more supporting 
field data and further confirmation [5,54]. For the observed black par
ticles, we matched their spectra to standard spectra library of rubber, 
resin and other common tire compounds, but the results were negative. 
Therefore, we excluded it from the MP emission inventory for the time 
being. The α of MPs entering the atmosphere is the most crucial factor in 
estimating AMP emissions. Long, et al. [54] suggested the α to be 12.5 % 
based on published AMP data; however, due to the fact that the data 
came from four research teams during 2016 and 2019, the results are 
greatly affected by the uncertainty of data integration across different 
teams and methodologies. On the basis of measured data from 
Guangzhou and Xiamen, we determined the α to be 0.6 % and ensured 
that the sampling method and processing procedures were completely 
consistent so that the resulting α is more reliable and conforms to reality. 
Notably, there is a possibility of overestimation, although our estimated 
α is much lower than the previous values. Our group conducted a ver
tical investigation of AMPs in 2021 and found that AMP abundance at 
500 m was significantly lower than that at ground level [59]. Conse
quently, the assumption of uniform mixing of AMPs within the atmo
spheric boundary layer (set to 1000 m) in estimating the total mass of 

AMPs in Guangzhou and Xiamen may result in an exaggerated mass and 
an increased fraction of AMPs. The overestimated atmospheric transport 
efficiency of MPs is largely influenced by the high proportion of atmo
spheric emissions.

Another reason for the difference is the estimation of AMP deposition 
on land. Most studies estimated AMP deposition in their study areas 
based on published AMP deposition fluxes [14,21], but the compara
bility and availability of these data need to be validated. For instance, 
two research groups examined AMPs in Shanghai in 2018 and 2019, 
while the results differed by a factor of 200, with abundances of 1.42 
± 1.42 items/m3 [60] and 267 ± 227 items/m3 [7] respectively. 
Therefore, different choices of datasets could alter the estimated mass of 
AMPs deposited on land, potentially resulting in inflated atmospheric 
transport. To reduce data-related inaccuracies, we have standardized 
sampling and analytical procedures to ensure the availability of AMP 
data, and we have also used statistics from the same year as much as 
feasible. In addition to data errors, the mass calculation of MP is also a 
nonnegligible reason for differences. In previous studies, MPs were 
viewed as solid heterogeneous objects, and their mass was estimated by 
multiplying their polymer density by volumes [5,21,27,44]. MPs in 
actual environments may suffer density variations due to ageing and 
curling into hollow objects [61], leading to a large variance in overall 
mass. It is not yet known how much AMP mass is lost in the environment 
due to weathering or ageing; however, the conclusion that the atmo
spheric transport of MPs from land to sea is inefficient is unaffected.

The SCS has emerged as a hotspot for MP research [62,63], neces
sitating an urgent need to elucidate their origins. The Pasig River 
(Philippines), the Pearl River (China), and the Mekong River (Vietnam) 
are the major rivers that flow into the SCS and annually discharge 
38.8 kt, 13.6 kt and 22.8 kt MPs into the sea, respectively [48]. The 
riverine input from any given river is considerably greater than the 
annual deposition of AMPs in the SCS (1.56 kt/yr), suggesting that at
mospheric transport may be not the primary source of MPs in the SCS.

3.5. Uncertainty

The estimation of MP emissions is the basis of all further calculation, 
which is one source of uncertainty. Due to the uncertainties related to 
activity levels and emissions factors of MP sources, the estimated range 
of MP emissions is 12.80–549.00 kt (Fig. S9a). One aspect that is missing 
from our estimation is potential resuspension of deposited AMPs. Strong 
winds or turbulence may re-suspend previous deposited AMPs and allow 
them secondary transport [22,64]. However, there is currently no clear 
allocation factor between emission sources and resuspended sources of 
MPs, making it difficult to quantify the uncertainty in this part because 
of limitations imposed by research gaps. Another issue we need to 
mention and concern is the variability in the MP emission inventory. 
Synthetic fibers are the most prominent contributing source in our MP 
emission estimation, and while our field observations have confirmed 
this estimate, it is not set in stone. Urban planning and plastic emissions 
regulations will cause changes in MP emission inventory as well as AMP 
emissions, which need to be considered in further estimation in the 
future.

Another major source of uncertainty is the proportion of MPs 
entering the atmosphere. Values reported in the literature range from 
1 % to 40 %, and some studies have even extended the upper limit to 
83 % [16,54], which may not be conducive to further accurate estima
tion. Assuming that all MPs emitted into the air are deposited, and then 
estimate the corresponding α is 0.1 %–4.4 % using the AMP deposition 
calculated from measured data. Besides, based on the year-round AMP 
observations in Guangzhou, the α varies from 0.03 % to 1.5 % 
(Table S3). Combining these two results, the uncertainty range for α can 
be further narrowed to 0.1 %–1.5 %. It will be more scientific and ac
curate to confirm this ratio using a different dataset. However, we 
insisted on using synchronized measured data for estimation whenever 
possible, so the limitation of field data prevented us from further 
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validating.
We eventually estimate the uncertainty of our simulated AMP land- 

sea transport efficiency to be between 1.7 % and 7.5 %. Efficiency of 
land-sea transport of AMPs in different regions of the world ranged from 
0.5 % to 40 %, with the South China Sea at about 2 % [16]. Our results 
are consistent with previous findings and give a finer range of AMP 
transport efficiency. It should be noted that the data used in our esti
mates are from coastal land, and therefore may be overestimated for 
inland areas far from the sea. More field studies are needed in the future, 
especially to complement the measured data from inland areas, to 
further understand the land-sea transport of AMPs.

3.6. Global Implications

We extrapolated our MP emission model and transport efficiency to 
the global level for a direct comparison between atmospheric transport 
and riverine input (Text S3). The annual global AMP emissions from 
land sources were estimated to be 14.61 kt, of which only 262.98 t 
(uncertainty range of 248.37–1095.76 t) could be deposited into the 
seas. This estimate is significantly lower in magnitude compared to 
earlier global estimates, such as the 13 kt/yr reported by Brahney, et al. 
[5] and 25 kt/yr reported by Fu, et al. [4]. The total annual global 
riverine emissions of plastics from land to sea are generally estimated to 
range from 0.1 to 1270 Mt [2,25,48,65], and the global export of MPs to 
the sea can also reach 47 kt per year [66]. We note that our worldwide 
estimation, which is based solely on field observations from the SCS 
region, is subject to considerable uncertainty. The 1.8 % land-to-sea 
transport efficiency should be used carefully, especially for inland 
areas with climates that differ significantly from the SCS, since AMP 
environmental fate will be directly impacted by variations in the 
weather. AMPs are supposed to have a poorer land-to-sea atmospheric 
transport efficiency than coastal areas due to the greater transport dis
tances for inland locations from land to sea. Therefore, using the MP 
atmospheric transport efficiency from the SCS may lead to an over
estimation of the land-sea transport in inland areas. But on the other 
hand, low precipitation in inland locations may result in less wet 
deposition of AMPs, which will increase the likelihood that the AMPs 
could be driven by the wind and travel long distance. However, there is 
still a lack of field observations to verify the final impact of the two 
effects mentioned above. On a global scale, population and plastic 
emissions tend to be concentrated in coastal regions [1]. From this 
perspective, the SCS region might be able to serve as a representative 
region, and the global extrapolated estimates based on these regional 
observations could be used as a reference value until more accurate 
observations are available. Despite the imperfection of our estimates, 
the huge order of magnitude difference between riverine input and at
mospheric transport suggested that the riverine transport of MPs sur
passes their atmospheric transport. The size of MPs may be the key to 
explaining the immense differences between atmospheric transport and 
riverine transport because larger plastic debris can float with rivers but 
cannot travel through the air. These results indicated that atmospheric 
transport is unlikely to be the primary channel for land-sourced MPs into 
the seas, and their land–sea transport efficiency is much lower than 
previously believed. We suggest that atmospheric transport may be not 
the main culprit for current serious marine MP pollution, and therefore 
the key to mitigating marine MP pollution depends on controlling and 
reducing riverine MP discharges to the seas.

Environmental Implication

Marine microplastic pollution is a serious and rapidly growing global 
problem that requires urgent action to reduce marine microplastics and 
their impacts. Clarifying the source of marine microplastics is a pre
requisite for reducing microplastic pollution. For the first time, this 
study presents synchronized observations of atmospheric microplastics 
in five coastal cities throughout the year and determines the land-to-sea 

atmospheric transport efficiency of microplastics to be 1.8 % based on 
field data, which has been overstated in previous models. The findings 
provide valuable insights and scientific support for clarifying the source- 
sink of marine microplastics, with direct implications for future man
agement strategies.
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A B S T R A C T

Steroids, known for their endocrine-disrupting capabilities, have become a subject of considerable concern in the 
scientific community. This research offers a thorough evaluation of steroid contaminants within the Jiulong 
River Estuary (JRE), examining their spatiotemporal distribution, multimedia distribution, and mass inventory. 
Seven steroids were detected in water samples, while ten steroids were identified in sediments, with concen
trations ranging from 0.2 to 51 ng/L in water and no-detectable (ND) to 12 ng g− 1 in sediments. In both water 
and sediments, natural steroids were the most prevalent throughout both the dry and wet seasons. The distri
bution of these compounds within the aquatic-sediment system was governed by their hydrophobicity and a suite 
of environmental factors, such as temperature, salinity, pH, chlorophyll-a, and total organic carbon content. Mass 
inventory analysis revealed that over 90 % of the total steroid mass inventory was stored in the sediments, 
underscoring their pivotal role as a repository for these substances within the JRE. Furthermore, this research 
represents the first comprehensive screening to identify priority contaminants in this region. Utilizing a multi- 
metric evaluation approach, progesterone and testosterone were identified as high-priority pollutants during 
the dry season, with progesterone alone ranking as a high-priority pollutant in the wet season. This study pro
vides crucial insights for the management of steroid-related pollution and the assessment of environmental risks 
in estuarine ecosystems.

1. Introduction

Steroids, ubiquitously detected in aquatic systems as emerging con
taminants (Runnalls et al., 2010), have attracted considerable concern 
due to their potential carcinogenicity (IARC, 2020) and proven ecolog
ical risks. Even at low concentrations, as minimal as nanograms per liter 
(ng/L), steroids can induce intersex characteristics in fish and disrupt 
aquatic populations (Runnalls et al., 2015; Dang and Kienzler, 2019; 
Kidd et al., 2007; Azizi-Lalabadi and Pirsaheb, 2021). Endogenous ste
roids and their metabolites are naturally excreted by humans, livestock, 
and aquatic species through urine and feces. Additionally, synthetic 
steroids, which are commonly used in both human and veterinary 

medicine, as well as for promoting growth, further contribute to envi
ronmental pollution (Chang et al., 2009; Fent, 2015). Through sewage 
treatment plants and runoff from agricultural activities, these com
pounds make their way into the environment (Zhong et al., 2021; Adeel 
et al., 2017). Additionally, global steroid emissions have been rising at 
an approximate rate of 10 % annually (Zhang et al., 2021). As a result, a 
wide variety of different steroids are present at very low concentrations 
in surface waters across the world (Ojoghoro et al., 2021), highlighting a 
growing concern about their ecological impact.

Estuaries, as intricate and dynamic interfaces between terrestrial and 
marine ecosystems, serve crucial roles in facilitating interactions be
tween land and sea and in channeling terrestrial compounds towards the 
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ocean. However, they also face significant anthropogenic stressors (Zhen 
et al., 2021; Wang et al., 2022; Bianchi et al., 2018). Annually, an 
estimated 2.5 × 1010 tones of terrestrial-derived compounds are 
conveyed to the ocean, with approximately 90 % of this flux passing 
through estuaries (Wu et al., 2017a). Within the diverse mixture of 
contaminants found in estuarine environments, steroids have emerged 
as prevalent pollutants (Korkmaz et al., 2022; Omar et al., 2019; Meador 
et al., 2016), posing a significant threat to both fisheries and human 
health.

The Jiulong River (JR), Fujian Province's second-largest river, drains 
approximately 12 % of the region's land area (Guo et al., 2011). It tra
verses through the cities of Longyan, Zhangzhou, and Xiamen, providing 
essential water resources to these areas (Wu et al., 2019). The river 
eventually flows into the JRE, a shallow estuary in a subtropical region 
that connects Xiamen Bay to the Taiwan Strait. The merging of several 
tributaries, combined with the monsoon-driven coastal currents in the 
Taiwan Strait, makes the dynamics at the interface within the JRE highly 
complex (Guo et al., 2011). The Jiulong River Watershed (JRW) exerts a 
substantial impact on the water quality of the JRE and the Xiamen 

coastline, significantly contributing to the pollutant load within the 
estuary (Chen et al., 2014; Guo et al., 2011). Over recent decades, 
increasing human activities—such as population growth, urban and 
industrial wastewater discharge, expansion of agricultural fertilizer use, 
and livestock farming have intensified environmental pressures on the 
JRE (Zhang et al., 2011; Chen et al., 2015; Cao et al., 2014; Li et al., 
2017). Especially noteworthy is the profound impact of the swift eco
nomic growth in the Xiamen Special Economic Zone, which has led to 
considerable anthropogenic perturbations in the estuarine ecosystems 
and adjacent regions (Yan et al., 2012; Wu et al., 2016). The synergistic 
impacts of these variables have markedly compromised the environ
mental integrity of the JRE. A wide range of research has emphasized the 
detection of different contaminants in the JRE, including perfluoroalkyl 
substances (PFAS) (Cai et al., 2018), pesticides (Lin et al., 2013), anti
biotics (Zheng et al., 2011), and polybrominated diphenyl ethers (Wu 
et al., 2017b). Nevertheless, the prevalence of steroid pollution, 
particularly its metabolites, within this region remains largely under- 
explored. Given that agricultural runoff and household waste are pri
mary sources of steroid contamination, it is essential to evaluate the 

Fig. 1. Locations of the sampling sites in the JRE.
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extent of steroid pollution in the JRE.
Therefore, the aim of this research was: (1) to clarify the spatial and 

temporal distribution of steroids within an estuarine water-sediment 
system, (2) to identify the factors shaping their distribution behaviors, 
(3) to quantify the pollution load via a mass inventory estimation, and 
(4) to prioritize pollutants employing a multi-criteria integrated 
assessment approach. The findings will contribute valuable scientific 
knowledge for the protection of estuarine ecosystems and pollutant 
management, providing a theoretical foundation for policy development 
and the optimization of pollution control strategies.

2. Materials and methods

2.1. Study area and sampling collection

The JRE, situated along the southeast coast of Fujian Province, 
China, is influenced by freshwater inputs from the JR, which has an 
average yearly runoff of 1.49 × 1010 m3 (Chen et al., 2015). The JRE is 
primarily shaped by the confluence of three major streams, with two of 
the principal tributaries contributing significantly to its discharge. The 
North and West streams deliver average annual runoffs of 8.22 × 109 m3 

and 3.68 × 109 m3, respectively (Fig. 1). Notably, the JRE is located in a 
region with high concentrations of sewage, livestock, and aquaculture 
activities, leading to substantial wastewater discharges, including ste
roids, directly into the estuary via river runoff (Zhang et al., 2011; Chen 
et al., 2015).

Samples of surface water and sediment were obtained from 19 lo
cations (S1 − S19) within the JRE during both the dry season (November 
2014) and the wet season (June 2015) (Fig. 1). A comprehensive over
view of the sampling sites is provided in Table S1. At each site, 5 L of 
surface water was gathered using plastic containers, while sediment 
samples (from a 0–5 cm depth) were collected with a stainless-steel grab 
sampler. However, sediment samples could not be retrieved from several 
sites (S1, S3, S4, S7, S11, S15, S17) during the wet season. Following 
collection, the water samples were acidified to a pH of 3 with sulfuric 
acid (Yu et al., 2022) and preserved with a 5 % methanol solution (v/v) 
to prevent microbial activity. All samples were kept at − 20 ◦C until they 
were analyzed further. Additional information about the sampling pro
cedure is available in Text S1.

2.2. Sample extraction and instrumental analysis

Existing studies suggested that estrogens are likely to be very 
important steroids in aquatic environments (Ojoghoro et al., 2021), 
especially 17α-ethynylestradiol (EE2), which has been confirmed to 
have strong ecological toxicity (Runnalls et al., 2015; Caldwell et al., 
2012). However, compared to estrogens, there was a significant 
knowledge gap in the environmental behavior and ecological risks of 
androgens, progestagens, and glucocorticoids, which severely limits the 
comprehensive ecological risk assessment of steroid pollution. Based on 
globally published data, this study selected three different types of ste
roids (androgens, progestagens, glucocorticoids) with high detection 
rates or concentrations in the environment as research targets, aiming to 
systematically analyze the spatiotemporal distribution patterns of 
characteristic pollutants in the JRE.

This research focused on analyzing a total of 22 steroids, including 
three androgens: 4-androstene-3,17-dione (AED), testosterone (T), and 
17β-boldenone (17β-BOL); five glucocorticoids: cortisol (CRL), cortisone 
(CRN), 11-deoxycorticosterone (DOC), tetrahydrocortisol (3α,5β- 
THCRL), and prednisolone (PREL); and fourteen progestagens: proges
terone (P), 17α,20α-dihydroxyprogesterone (17α,20α-DOHP), 17α,20β- 
dihydroxyprogesterone (17α,20β-DOHP), 17α-hydroxyprogesterone 
(17α-OHP), 17α-hydroxyprogesterone acetate (17α-OHPA), 11-ketopro
gesterone (11-KP), 1-dehydroprogesterone (1-DHP), 16-dehydroproges
terone (16-DHP), medroxyprogesterone acetate (MPA), norvinisterone 
(NVT), dydrogesterone (DGT), norgestrel (NGT), cyproterone acetate 

(CPTA), and megestrol acetate (MGTA) (Table S2). A comprehensive list 
of the chemicals employed in this study is available in the Text S1.

The methods used for sample extraction were modified from previ
ous research (Zhou et al., 2012; Liu et al., 2011). Initially, filtered water 
samples (5 L) were followed by processing with Oasis HLB solid-phase 
extraction (SPE) cartridges (6 mL, 500 mg). For sediment samples (2 
g), ultrasonic-assisted extraction was performed using a mixture of 
acetonitrile and citric acid buffer, after which enrichment and cleanup 
were carried out with SAX-HLB cartridges. Steroid analysis was con
ducted using LC-MS/MS, employing an Agilent 1290 Infinity II liquid 
chromatograph in combination with an Agilent 6470 triple quadrupole 
mass spectrometer, operated in multiple-reaction monitoring (MRM) 
mode. Comprehensive details on the extraction and quantification 
methods are available in the Supplementary Information (SI).

2.3. Quality assurance and quality control (QA/QC)

The steroid recovery rates for water samples ranged from 63 % to 
149 %, whereas for sediments, the recovery values fluctuated between 
68 % and 155 % (Table S3). For each steroid analyzed, the detection 
limit (LOD) and quantitation limit (LOQ) for each steroid analyzed were 
calculated based on the signal-to-noise ratio and the corresponding 
value for the target compounds in the extraction process fell within the 
following ranges: for water samples, 0.029–1.4 ng⋅L− 1 and 0.10–4.6 
ng⋅L− 1, and for sediments, 0.033–1.4 ng⋅g− 1 and 0.11–4.8 ng⋅g− 1 for 
sediments (Table S3). To evaluate background contamination and 
ensure the proper performance of the instrument, several blanks 
including field blanks, procedural blanks, solvent blanks and standard 
solutions were included in the analysis. The calibration curves for all the 
target analytes, spanning concentrations from 1.0 to 100 μg⋅L− 1, 
demonstrated excellent linearity with correlation coefficients exceeding 
0.995. The relative standard deviations for standard solutions, both 
intra-day and inter-day, varied between 1.4 % and 12 % and 6.4 % and 
22 %, respectively.

2.4. Priority pollutant screening

In recent years, pinpointing priority pollutants has emerged as a 
critical environmental concern; however, a standardized protocol for 
their identification remains to be developed. Prior studies have focused 
on pinpointing priority contaminants in wastewater treatment plants 
(WWTPs) and surface waters, predominantly utilizing ecological risk 
assessments as a framework (Wang et al., 2023; Lu et al., 2023). How
ever, such methodologies may fall short in capturing the intricacies 
inherent to actual environmental settings. Thus, it is imperative to 
encompass a holistic approach that accounts for the prevalence and 
ecological hazards of contaminants, alongside their propensity for 
persistence and bioaccumulation, especially within the context of estu
arine ecosystems.

To address these concerns, a modified methodology was developed, 
which employs a multi-criteria scoring technique to prioritize contam
inants (Gong et al., 2024; Wei et al., 2024; Zhang et al., 2024). This 
methodology integrates four pivotal criteria: occurrence (O), persistence 
(P), bioaccumulation (B), and ecotoxicity (E), with each criterion being 
accorded equal significance in the assessment. The criterion for occur
rence encompasses the concentration levels and detection frequencies of 
the targeted pollutants within the JRE, with each factor being given 
equal consideration in the evaluation. Persistence is assessed based on 
the biodegradation half-life data available through the CompTox 
Chemicals Dashboard, whereas the bioaccumulation potential is evalu
ated using data from the EPI Suite 4.1 (Table S4). Ecotoxicity is deter
mined by calculating the ecological risk of each compound (Table S4). 
The values assigned to each criterion are categorized into five classes 
using geometric progression, and a two-thirds cumulative rating method 
is applied to derive a conclusive score (Table S5). The total score for 
each compound is calculated by summing the scores across the four 
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criteria. Based on the total scores, the target contaminants are catego
rized into five priority classes (I − V), with Classes I and II representing 
high- and medium-priority pollutants, respectively. Further details on 
the identification process for priority contaminants can be found in 
Supporting Information (Text S2).

2.5. Data analysis

Details on how the distribution coefficients (Kd and Koc) were 
calculated in Text S3. Further information on the mass inventories and 
deposition flux of steroids in the JR can be found in Text S4. The sam
pling map of the JRE was created using ArcGIS Pro v.2022. Mann- 
Whitney U test was carried out with IBM SPSS Statistics® 24, while 
Origin Pro v.2021 was used for generating figures and performing cor
relation analysis. A significance level of p-values <0.05 or < 0.01 was 

applied for all statistical tests.

3. Results and discussion

3.1. Occurrence of steroids in the JRE

3.1.1. Water
A total of seven steroids were identified in water samples collected 

over two seasons, with concentrations varying between 0.27 and 51 
ng⋅L− 1 (Fig. 2A and B, Table S6). The observed levels were found to 
exceed those previously reported in the Malaysia Estuary (Omar et al., 
2019), the Sado River Estuary (Portugal) (Rocha et al., 2013), and Pearl 
River Estuary (Xu et al., 2024).

Among the identified steroids, natural steroids AED and P were 
found to have the highest prevalence, with detection rates reaching 89 % 

Fig. 2. Total concentrations (A), composition profiles (B), and percentages (C) of steroids in the surface water (Dry-W and Wet-W) and sediments (Dry-S and Wet-S) 
in dry and wet seasons.
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and 100 % in the dry and wet seasons, respectively (Table S6). Con
centrations of AED and P peaked at 3.2 ng⋅L− 1 and 1.4 ng⋅L− 1, respec
tively (Table S6). The higher concentration of AED in water relative to P 
is likely due to its lower Log Koc value (2.8), enhancing its mobility in 
water, in contrast to a higher Log Koc (3.5) of P, which favors binding to 
sediments (Table S2). During the dry season, synthetic steroid DGT 
predominated in water, with concentrations peaking at 48 ng⋅L− 1 

(Fig. 2B). Its ubiquity in the dry season may be attributed to DGT's 
extensive application in contraception and for treating menstrual ir
regularities and endometriosis in the human and veterinary sectors 
within the JRW (Rižner et al., 2011). Other steroids such as CRL, 17α- 
OHP, 1-DHP, and NGT were only sporadically detected during the wet 
season. In terms of steroid classification, progestogens and androgens 
were predominant in both seasons, constituting 65 % and 67 % of the 
total steroid levels, respectively, surpassing glucocorticoids (Fig. 2C). 
Natural steroids constituted the majority of detected steroids, repre
senting 76 % and 96 % of the total steroid levels in the dry and wet 
seasons, respectively (Fig. 2C). The higher occurrence of natural steroids 
in water may be attributed to the high human population density and 
extensive farming activities in the JRW.

3.1.2. Sediments
Overall, ten steroids were identified in sediments, with total con

centrations varying from non-detectable (ND) to 12 ng⋅g− 1 (Fig. 2A and 
B, Table S7). These values were similar to those observed in the Pearl 
River Estuary (Xu et al., 2024), but exceeded the levels found in estua
rine sediments in Portuguese Estuaries (Amorim et al., 2024), Markman 
Canal and Swartkops River Estuary (Ohoro et al., 2021), and mariculture 
sediments in Malaysia (Ismail et al., 2020). However, they were lower 
than concentrations reported in the sediments of the Golden Horn Es
tuary (Korkmaz et al., 2022), the fishing ports in China (Liu et al., 2022) 
and river in Canada (Yarahmadi et al., 2018).

Paralleling the aqueous findings, natural steroids AED and P were 
widely identified in sediments. In the dry season, the detection rate for 
these compounds was 100 %, whereas in the wet season, detection rates 
varied from 58 % to 75 % (Table S7). The mean concentration of P (8.6 
ng⋅g− 1) in sediments exceeded that of AED (1.6 ng⋅g− 1), contrasting with 
their aqueous concentrations where AED predominated. This disparity 
may stem from the higher Log Koc value of P, enhancing its affinity for 
sediment sorption relative to AED (Table S2). Interestingly, steroid 
metabolites like CRN were only detected in sediments during the wet 
season, whereas DOC and 17α,20β-DOHP were detected solely in the dry 
season (Table S7). This suggests that steroid metabolite profiles are 
highly influenced by seasonal variations. In terms of steroid classifica
tion, glucocorticoids and progestagens were dominant in the sediments, 
constituting 60 % and 70 % of the total steroids in the dry and wet 
seasons, respectively (Fig. 2C). In both seasons, natural steroids consti
tuted the majority of detected compounds, accounting for 85 % to 92 % 
of the total steroid concentrations (Fig. 2C), consistent with their aquatic 
prevalence.

3.1.3. Potential threats posed by steroids to aquatic organisms
The concentrations of steroids and their metabolites detected in the 

JRE water samples were notably low (0.27–51 ng/L), yet these trace 
levels merit significant concern. Aquatic organisms, especially fish, 
demonstrate remarkable sensitivity to steroids in the water (Ojoghoro 
et al., 2021). While individual steroid concentrations might fall below 
thresholds for observable ecological impacts, the mixture of multiple 
steroids can induce adverse biological responses, a synergistic phe
nomenon termed the “a lot from a little” (Thrupp et al., 2018). Of 
particular note was the detection of 17α-OHP (ND − 0.28 ng/L), a hy
droxylated progesterone metabolite. Unlike mammalian systems where 
parent compounds typically exhibit greater bioactivity, fish physiology 
shows heightened responsiveness to such hydroxylated metabolites, 
which function as biologically active progestagens (Scott et al., 1982). 
These combined findings suggest that multiple steroids and their 

metabolites, even at environmental concentrations of ng/L, require 
significant attention.

3.2. Spatiotemporal variations of steroids in the JRE

3.2.1. Water
No statistical variations in steroid concentrations were observed 

between two seasons (Mann-Whitney U test, p > 0.05) (Fig. 2, Table S6). 
This aligns with previous studies in the Pearl River estuary (Xu et al., 
2024) and Jiaozhou Bay (Lu et al., 2021). In the dry season, three ste
roids (AED, P, and DGT) were detected in water, while seven steroids 
(AED, CRL, P, 17α-OHP, 1-DHP, NGT, and DGT) were detected in the 
wet season. The heightened riverine discharge during the wet season is 
hypothesized to facilitate the transport of a greater volume of steroids 
from the JRW, subsequently enriching steroid levels in the JRE. 
Furthermore, the increased anthropogenic activities, notably shipping 
and sewage discharge, is likely responsible for the elevated steroid 
concentrations observed in the wet season compared to the dry season 
(Wu et al., 2019). The maximum concentration of DGT in water was 
notably higher in the dry season (48 ng⋅L− 1) compared to the wet season 
(7.8 ng⋅L− 1), likely due to the dilution effects of precipitation and 
seawater influx during the wet season.

Spatial gradients in steroid concentrations within the estuary 
exhibited a decline from the riverine confluence towards the marine 
environment (Fig. S1). For instance, total steroid concentrations at 
sampling sites S1 and S7 in the dry season were 3.4 ng⋅L− 1 and 0.68 
ng⋅L− 1, respectively, while in the wet season, the concentrations were 
3.3 ng⋅L− 1 and 1.0 ng⋅L− 1. Similar trends were observed in previous 
studies (Sun et al., 2016; Yan et al., 2013). High steroid concentrations 
proximal to the river mouth likely indicate significant anthropogenic 
contributions to the area, encompassing discharges from sewage treat
ment plants in the downstream region of the western JR and the pres
ence of untreated wastewater (Lv et al., 2014). The decline in steroid 
levels towards the open sea can be attributed to dilution by seawater. In 
the dry season, higher concentrations were observed at sampling sites S2 
(57 ng⋅L− 1), S4 (26 ng⋅L− 1), and S8 (25 ng⋅L− 1), which located at the 
outlets where the North Stream, West Stream, and South Stream, 
respectively, enter the estuary. These regions experience substantial 
pollution from dense human populations, livestock farming, and aqua
culture, which are likely significant contributors to the elevated steroid 
concentrations observed (Xu et al., 2023). Notably, site S4, which is near 
an aquaculture area and the outlet of the South Stream (Li et al., 2017), 
recorded the highest steroid concentration during the wet season (13 
ng⋅L− 1). This is mainly attributed to substantial surface runoff, which 
carries a high volume of pollutants, including steroids, into the estuarine 
environment (Wang et al., 2010; Zhang et al., 2017). Site S14, located 
near the estuarine outlet, recorded the lowest concentration (0.91 
ng⋅L− 1) in the wet season, influenced by the dilution effects of rainfall 
and river runoff (Liu et al., 2022).

3.2.2. Sediments
Based on steroid concentration levels, no notable seasonal variations 

were detected in the sediments when comparing the dry and wet sea
sons. (Mann-Whitney U test, p > 0.05) (Fig. 2a, Table S7), suggesting 
relatively stable steroid levels in the sediments. A similar seasonal trend 
has been reported in the Pearl River Estuary (Xu et al., 2024). The 
greater occurrence rates of natural steroids (such as AED, T, CRL, and P) 
were significantly reported in the dry season (74 %–100 %) (Fig. S2, 
Table S7). The diminished detection frequency of steroids in the wet 
season can be ascribed to heightened precipitation and the intensified 
hydrodynamic forces resulting from the interplay of riverine and marine 
waters in the estuary, potentially facilitating sediment resuspension (Wu 
et al., 2017b).

Spatially, steroid concentrations in the sediments of the lower estu
ary zone (sites S11-S19) were higher than those in the upper zone (sites 
S1-S4, S8-S10) during the dry season. Specifically, the northern bank of 
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the estuary (sites S15-S19) exhibited higher steroid concentrations 
compared to the southern bank (Fig. S1). The observed fluctuations in 
steroid concentrations could be attributed to a multitude of factors, such 
as localized pollution sources, hydrological regimes, and the influence of 
coastal effluents. Notably, the maximum concentration of steroids dur
ing the dry season was recorded at site S19 (12 ng⋅g− 1), located at the 
outlet of the JRE (Fig. S1, Table S7). This high concentration is pre
sumably influenced by coastal effluents, enhanced sedimentation rates, 
and diminished sediment mobility, due to the proximity to adjacent 
islands (Lao et al., 2022). Conversely, the lowest concentration was 
observed at site S7, near the open ocean (0.59 ng⋅g− 1). During the wet 
season, steroid concentrations at individual stations exhibited variable 
patterns of increase and decrease (Fig. S1, Table S7). Specifically, the 
total steroid concentrations gradually declined from sites S8 and S16 to 
S18, suggesting that the upstream areas along the northern bank 
contribute significantly to the steroid load (Fig. S1). Relatively high total 
steroid concentration (11 ng⋅g− 1) was observed at Site S5, likely due to 
sewage discharge from the South Stream, a tributary that receives sub
stantial wastewater inputs. Similarly, the total steroid concentration was 
6.0 ng⋅g− 1 at site S8, situated downstream of the North Stream outlet. 
High steroid concentration was also observed at the JRE outlet (S19, 5.5 
ng⋅g− 1), reinforcing the idea that coastal discharges play a crucial role in 
the distribution of these contaminants. Interestingly, steroid concen
trations were below detectable levels at sites S13 and S14, suggesting 
minimal contamination at these locations. This highlights the complex 
spatial distribution of steroids within the estuary and suggests that local 
hydrological and anthropogenic factors influence the sedimentary load 
of these compounds.

3.3. Partitioning behavior and influencing factors of steroids in the JRE

To better understand the distribution of steroids within the water- 
sediment system of the JRE, Log Kd values for the target steroids were 
determined over two seasons. The Log Kd values varied between 1.7 and 
3.9 in the dry season and between 2.4 and 4.3 during the wet season 
(Fig. S2). A strong positive correlation was found between Log Kd and 
Log Kow for the detected steroids (AED and P) during the wet season (R 
= 0.88, p < 0.05) (Fig. S2), indicating that hydrophobicity is a key factor 
in determining how steroids partition between water and sediments in 
this season. In contrast, the relationship between Log Kd and Log Kow 
was weak (R = 0.39, p > 0.05) (Fig. S2), implying that steroid parti
tioning in the dry season is also influenced by factors other than 
hydrophobicity.

Besides hydrophobicity, various environmental variables influenced 
steroid distribution between water and sediments across both seasons 
(Fig. 3A). Temperature showed a significant positive relationship with 
AED, P, and overall steroid concentrations in water throughout the 
seasons (Fig. 3A). This could be attributed to its effect on enzyme ac
tivities such as arylsulfatase and β-glucuronidase, which aid in the 
deconjugation process of steroid conjugates present in water (Liu et al., 
2015). Moreover, in the dry season, a negative correlation was observed 
between pH and both AED and total steroid concentrations in water 
(Fig. 3A), possibly because the fact that fluctuations in pH can affect 
steroid sorption by modifying the physical and chemical properties of 
organic matter (Neale et al., 2009). Salinity showed a negative corre
lation with AED and the total steroid concentration in water across both 
seasons (Fig. 3A), suggesting that steroid distribution may be influenced 
by salting-out and dilution, which are driven by factors such as rainfall, 
river inflows, and the discharge of domestic wastewater from land-based 
sources (Liu et al., 2022). Furthermore, chlorophyll-a (Chl-a) exhibited a 

Fig. 3. (A) Correlations between detected steroids and environmental parameters for water in the JRE. Sum, total concentrations of steroids; (B) Correlations be
tween detected steroids and TOC in sediments of the JRE during the dry season.
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positive correlation with AED and the total steroid concentration in 
water during both seasons (Fig. 3A). This relationship can be attributed 
to the role of Chl-a as an indicator of phytoplankton biomass, which 
might be influence the bioavailability and distribution of pollutants 
including steroids in aquatic environments (Falkowski, 1994; Davies 
et al., 2018; Boyer et al., 2009). Higher Chl-a concentrations might 
reflect increased biological activity, which could affect the cycling and 
transformation of steroids in the water column.

In sediment samples, a significant positive relationship was observed 
between total organic carbon (TOC) and most of the steroids identified, 
such as AED and P, during the dry season (p < 0.05) (Fig. 3B). This 
suggests that higher TOC concentrations enhance the capacity of sedi
ments to adsorb steroids (Huang et al., 2020; Li et al., 2019). Similar 
trends have been documented in other research on sediments collected 
from fishing ports and estuaries (Liu et al., 2022; Omar et al., 2018). 
However, in the wet season, no significant correlation was found be
tween TOC and the detected steroids (AED, P, and the total steroid 
concentration) in the sediments (Fig. S3, p > 0.05), indicating that other 
factors could have a more prominent influence on the adsorption of 
steroids to sediments in this period.

3.4. Mass inventory and deposition flux

In the study, the mass inventories of steroids in the water of the JRE 
ranged from 0.36 to 0.76 ng cm− 2 (androgens), 0 to 0.14 ng cm− 2 

(glucocorticoids), and 0.34 to 2.8 ng cm− 2 (progestogens), respectively, 
over two seasons. Notably, the greater steroid mass inventory in the 

water was found during the dry season (Table S8). Glucocorticoids and 
progestagens collectively constituted over 75 % of the total mass in
ventories across both seasons (Table S8). Concordantly, the higher 
sedimentary steroid mass inventory was reported in the dry season, with 
natural steroids being the predominant contributors (Table S9). The 
estimated sedimentary steroid mass inventory was 0.11–0.32 mg m− 2, 
which is notably one to two orders of magnitude lower than the con
centrations observed in fishing ports (2.1–16 mg m− 2) (Liu et al., 2022) 
and the Pearl River estuary (17–20 mg m− 2) (Xu et al., 2024). The 
sedimentary steroid mass inventory accounting for 91 % and 90 % of the 
overall mass inventory over two seasons, respectively (Fig. 4, 
Table S10). These results underscore the important role of sediments as a 
major reservoir for steroids in the JRE.

As a key reservoir for steroids, the deposition flux of steroids in the 
sediments warrants further attention. Deposition flux is a widely used 
indicator of contaminant accumulation in marine sediments, as it is not 
influenced by dilution from contaminant input sources or land-based 
runoff (Fang et al., 2015; Wang et al., 2020). The deposition flux of 
steroids in the JRE ranged from 0.28 to 5.4 ng cm− 2 yr− 1 (average: 2.5 
ng cm− 2 yr− 1) in the dry season and from 0 to 5.1 ng cm− 2 yr− 1 (average: 
1.4 ng cm− 2 yr− 1) in the wet season (Fig. 4). Notably, the burial capacity 
of steroids exhibited considerable spatial variability (Fig. 5). In the dry 
season, the highest deposition flux (5.4 ng cm− 2 yr− 1) was observed at 
the outlet of the JRE (S19), likely due to the elevated sedimentation 
rates. In contrast, the highest flux during the wet season (5.1 ng cm− 2 

yr− 1) was recorded at site S5, possibly influenced by high-intensity 
human activities in the surrounding area.

Fig. 4. Distribution pattern of steroids deposition fluxes (ng cm− 2 yr− 1) in dry season and wet season (A) and the percentage of steroids in water and sediment during 
dry and wet season (B).
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Based on our prior research, the riverine flux of steroids from the JR 
to the JRE was estimated at 94 kg per year (Xu et al., 2023). Steroids in 
the estuarine environment originate from both river discharge in the 
Jiulong River watershed and from aquaculture activities, undergoing 
various environmental processes, including degradation, water- 
sediments transformations, burial in deeper sediments, and transport 
to the open ocean (Xu et al., 2024). Despite the relatively low levels of 
steroid mass inventories and deposition fluxes in the JRE, the risk of 
steroid contamination remains significant and should not be overlooked.

3.5. Identification of priority pollutants

A multi-criteria assessment approach was employed to rank steroids 
within the JRE. The target compounds were scored and subsequently 
categorized into five categories (I − V) using a geometric progression 
scale (Table S11). Compounds with scores ranging from 248 to 309 in 
the dry season, and from 305 to 400 in the wet season were designated as 
high-priority pollutants (Class I). Similarly, compounds scoring between 
199 and 248 in the dry season, and between 232 and 305 in the wet 
season, were classified as medium-priority pollutants (Class II). Any 
remaining contaminants with scores below 199 (dry season) or 232 (wet 
season) were designated as low-priority pollutants (Class III − V). 
Notably, P was identified as a high-priority pollutant in both seasons, 
while T was considered high-priority only during the dry season (Fig. 5). 
The elevated scores for P were attributed to its widespread presence 
(with a 100 % detection rate), strong bioaccumulation potential (log 
BAF values of 2.7), its persistence (half-life of 98 days), and its high 
toxicity, as shown by the predicted no-effect concentration (PNEC) of 
0.1 ng/L. Despite relatively low detection rates and concentrations of T 
in the JRE, its high scores could be explained by its significant bio
accumulation potential (log BAF value of 2.2) and notable persistence 
(half-life of 98 days). This suggests that evaluating contaminants based 
solely on their environmental concentrations may not always be 
appropriate. Moreover, considering factors like bioaccumulation po
tential and biodegradability could offer more reliable indicators of 
contamination levels, particularly for steroids. Surprisingly, AED, a 

widely detected contaminant, was classified as a low-priority pollutant 
(Class III) during the dry season and a medium-priority pollutant (Class 
II) in the wet season. This classification was due to AED's rapid degra
dation and minimal ecotoxicity, respectively. In contrast, synthetic 
steroids (such as 1-DHP, DGT, and 17β-BOL) were identified as a me
dium priority (Class II), emphasizing their significance for monitoring 
and management efforts within the JRE. As for compounds like 17α,20β- 
DOHP, CRL, PREL, and CRN, despite their low degradability in the JRE, 
their overall scores were low due to their infrequent detection, limited 
bioaccumulation, and low toxicity, making them less likely to pose 
considerable ecological threats to estuarine ecosystems. Therefore, to 
optimize environmental monitoring and regulation efforts, it is recom
mended to focus on compounds classified as high- and medium-priority.

Although certain parameters within this comprehensive multi- 
criteria assessment rely on predictive modeling, the approach reveals 
that substances with lower scores could substantially affect the out
comes, thereby underscoring the limitations inherent in relying solely on 
a single indicator—such as toxicity—to assess and characterize con
taminants. Incorporating temporal and spatial variability, distribution 
patterns, physicochemical properties, and ecological risks of target 
pollutants, a holistic system for identifying and prioritizing pollutants 
surpasses the efficacy of relying on static priority lists. This framework 
can provide critical technical support to governments in monitoring 
steroid pollutants, facilitating more scientifically grounded and efficient 
pollutant management and environmental safeguarding.

3.6. Environmental implication and limitations

Incorporating prioritized assessment into environmental risk man
agement is crucial for effectively addressing complex environmental 
contaminants like steroids in estuarine environments. A prioritized 
assessment allows for the identification and ranking of risks based on 
their occurrence, persistence, and potential impacts on human health 
and ecosystems. This approach enables environmental managers and 
policymakers to allocate resources more efficiently, targeting the most 
harmful pollutants first and devising specific management strategies for 

Fig. 5. The total scores for priority contaminants were determined using the multi-criteria scoring method (A). High, median, and low represent high-, medium-, and 
low-priority contaminants, respectively. The score for each criterion responsible for prioritization (B).
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each identified risk. For instance, in the case of steroids in the JRE, a 
prioritized assessment can help distinguish between high-priority areas 
with severe contamination and low-priority zones where risk levels are 
manageable. Factors such as the concentration of steroids, their toxicity, 
bioaccumulation potential, and their effects on aquatic life can all be 
considered in the prioritization process.

Our research still has several limitations. Due to the lack of experi
mentally derived aquatic ecotoxicity data for the majority of steroids, we 
had to rely on ECOSAR model predictions for risk assessment. Although 
ECOSAR provides comparable toxicity benchmarks for substances with 
limited data through structure-activity relationships, its predictions 
mainly focus on acute lethal endpoints (e.g., LC50) and functional group 
generalization, which may not accurately reflect the unique low- 
concentration chronic effects of steroids (such as endocrine disruption 
and reproductive suppression). For instance, an experimental study 
demonstrated that the fish reproduction NOEC (100 ng/L) for synthetic 
progestin levonorgestrel was four orders of magnitude lower than 
ECOSAR-predicted chronic values (Runnalls et al., 2013), suggesting 
ECOSAR may significantly underestimate ecological risks of certain 
steroids. Furthermore, ECOSAR does not incorporate receptor-mediated 
toxicity pathways, which represent the core mechanisms through which 
steroids induce ecological effects at ng/L concentrations. This omission 
may result in predictions failing to reflect the most critical toxic effects. 
To address these limitations, we propose two key directions for future 
research: First, prioritizing standardized chronic testing of steroids 
could provide more robust experimental evidence for ecological risk 
assessment. Second, enhancing predictive models by incorporating 
additional environmental factors and biological response variables 
would help improve model predictive capability and accuracy.

4. Conclusions

This research provides an in-depth examination of the spatiotem
poral patterns and behavior of 22 steroids and their metabolites in the 
JRE, marking the first attempt to establish a prioritized list of pollutants 
for management in this region. Among the steroids examined, seven 
steroids were detected in water samples, and ten steroids in sediments, 
with natural steroids being more prevalent. The distribution patterns of 
these compounds varied significantly across different temporal and 
spatial scales. Higher concentrations of steroids in water were pre
dominantly observed near the outflows of the three primary tributaries 
of the JR. In the dry season, elevated steroid levels were mainly found in 
sediments on the northern side of the JRE, whereas during the wet 
season, the southern side exhibited higher concentrations. The variation 
in steroid distribution can be attributed to both their hydrophobic 
characteristics and environmental factors such as temperature, salinity, 
pH, chlorophyll a, and total organic carbon content. Mass inventory 
analyses revealed that over 90 % of the steroid mass was retained in 
sediments during both dry and wet seasons, highlighting a significant 
accumulation of steroids in sedimentary environments. The highest 
deposition flux was recorded at 5.4 ng cm− 2 yr− 1, which, though low, 
suggests a gradual buildup of these compounds. A multi-criteria 
assessment approach identified two steroids (P and T) as the highest- 
priority pollutants in the dry season, while steroid P was singled out 
as the primary concern in the wet season. Notably, AED, a commonly 
detected natural steroid, was classified as a medium-to-low priority 
pollutant. These findings provide crucial insights into steroid pollution 
dynamics and offer valuable information for effective environmental 
management and risk mitigation in estuarine ecosystems.
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A B S T R A C T

In this study, lauric acid (fatty acid), glutamic acid (amino acid), and cellulose (carbohydrate) were employed as 
model compounds of municipal sludge (MSM) to investigate the effects of hydrothermal carbonization (HTC) 
conditions (temperature and time) and aqueous phase recirculation (APR) on the properties of hydrochar and 
process liquid. Increasing temperature and prolonging reaction time promoted the formation and transformation 
of organic acids and nitrogenous compounds, leading to a decrease in hydrochar yield. At 270 ◦C for 60 min, the 
hydrochar exhibited a higher N/C ratio (0.019), indicating enhanced nitrogen retention. This condition was 
selected for four cycles of APR. With increasing recirculation cycles, the hydrochar N/C ratio (0.019–0.050) 
further decreased, while the yield (24.3 %–22.5 %) slightly declined. APR enhanced reactions such as aromati
zation and Maillard reaction, increasing the content of O-containing functional groups in the hydrochar and 
accumulating more N-derived compounds, thereby accelerating the HTC process. Under APR, the N-doped 
hydrochar demonstrates improved potential as a functional carbon-based material, and the HTC liquid rich in 
organic matter shows broad prospects for use as aqueous carbon source.

1. Introduction

Municipal sludge, a solid waste from urban wastewater treatment, is 
rich in organic matter and nutrients such as N, P, and K [1]. It is 
considered a potential source of biomass energy. Conventional disposal 
techniques including landfilling, aerobic composting, anaerobic diges
tion, and incineration exhibit limitations in either treatment efficiency 
or cost [2,3]. Among these technologies, HTC has emerged as a widely 
adopted method for treating municipal sludge. HTC is typically carried 
out in a closed system under temperatures of 180–300 ◦C and pressures 
of 20–30 bar, using water as the reaction medium. The process involves 
a series of reactions including hydrolysis, dehydration, decarboxylation, 
polymerization, condensation, and aromatization [4]. A distinct 
advantage of HTC is its ability to directly process wet feedstocks with 
high moisture content without requiring pre-dewatering or drying [5]. 
Compared to incineration and landfilling, HTC consumes less energy 

and presents a lower risk of secondary pollution.
The primary products from municipal sludge treated via HTC are 

hydrochar, HTC liquid, and a small amount of gas. In-situ doping fa
cilitates the preparation of functional materials from hydrochar, which 
are doped with O and N functional groups [6]. The HTC liquid is an 
organically enriched stream containing organic acids, phenols, aromatic 
hydrocarbons and nutrients [7]. Its high organic content allows it to be 
utilized as the feedstock for biofuels (e.g., biodiesel), an aqueous carbon 
source in wastewater treatment or a substrate for microbial fermenta
tion. This facilitates sludge resource recovery. Strategies promoting the 
conversion of N-containing compounds into carbon sources within the 
aqueous phase may directly impede N retention within hydrochar. 
Conversely, processes designed to maximize N retention within hydro
char may alter the composition and biodegradability of the aqueous 
phase. Consequently, systematic and synchronised research is required 
to establish a green and efficient "solid-liquid dual-product recovery" 
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model, thereby promoting environmental management and energy 
recycling.

After HTC, 40–60 % of carbon and a substantial amount of organic 
compounds remain in the aqueous phase [8]. Direct treatment of the 
HTC liquid with high organic load would significantly increase opera
tional costs and undermine the energy-saving advantages of the process 
[9]. Existing technologies struggle to effectively degrade the soluble 
organic compounds in aqueous phase, making its resource recovery a 
critical bottleneck for industrial application [10]. APR was applied to 
address this issue by reusing the HTC liquid as a solvent in subsequent 
batches [11], thereby reducing freshwater consumption and minimizing 
wastewater treatment demands. Through APR, active substances accu
mulated, leading to optimized reaction conditions and thus enhanced 
the carbonization and polymerization degree of the hydrochar [12]. 
Furthermore, chemical species and nutrients dissolved in HTC liquid can 
be effectively recovered [13]. APR is widely recognized as an optimized 
strategy for HTC, contributing to the sustainable utilization of biomass 
resources [14,15].

Municipal sludge has a complex composition, comprising organic 
matter, inorganic salts, heavy metals, and pathogenic microorganisms, 
with organic substances (such as cellulose, proteins, and lipids) being 
the most abundant components. This intricate composition and the in
teractions among its constituents result in multiple hydrothermal reac
tion pathways, making it difficult to investigate the behavior and 
reaction mechanisms of specific components [16]. Moreover, research 
combining MSM with APR remains relatively scarce. Most previous 
research has focused on optimizing the fuel properties and yield of 
hydrochar, while few studies have simultaneously delved into nitrogen 
retention in hydrochar and the potential utilization of aqueous products 
as a carbon source. To circumvent the complexity of actual sludge sys
tems and precisely elucidate the transformation behaviour of key con
stituents (cellulose, proteins, lipids) during hydrothermal processes 
alongside their response mechanisms to APR, this study employs model 
compounds (cellulose, glutamic acid, lauric acid) to simulate sludge 
components [17].

The specific objectives of this study were to (i) investigate the effects 
of reaction temperature, reaction time, and APR on the HTC of MSM; (ii) 
explore the reaction pathways and mechanisms of MSM during HTC and 
APR. The findings are expected to provide guidance for optimizing the 
HTC process of municipal sludge and facilitating the resource utilization 
of its products.

2. Materials and methods

2.1. Materials

L-glutamic acid (99 %) was purchased by Shandong Keyuan 
Biochemical Co., Ltd. (Shandong, China). Lauric acid (98 %) and cellu
lose powder (d50,90–150 μm) were purchased from Shanghai Macklin 
Biochemical Co., Ltd. (Shanghai, China). All the chemicals used are of 
AR grades. Ultrapure water used throughout the experiments was ob
tained from a Milli-Q millipore system (18.2 MU).

2.2. Experimental procedure

2.2.1. HTC experiments
The mixing ratio of L-glutamic acid, lauric acid and cellulose powder 

was selected as 2:1:1 and the mixture was homogenized. The substances 
obtained after mixing were MSM, and their physicochemical properties 
are shown in Table 1.

MSM and ultrapure water were mixed at 1:9 (m/V) ratio, and hy
drothermally carbonized in a high-pressure stainless steel reaction tube 
(316 L) using a tube furnace. Four temperatures (180 ◦C, 210 ◦C, 240 ◦C, 
270 ◦C) and three residence times (30/60/120 min) were set for 12 
cross-tests (labeled HC-01 to HC-12). The numbers and corresponding 
reaction conditions are shown in Table 1. Samples were heated at 9 ◦C/ 

min to target temperatures in the tube furnace and held isothermally. 
Post-reaction, products were centrifuged (4000 rpm, 15 min): The su
pernatant was filtered as HTC liquid (HC-XX-L) and stored in brown 
glass vials, the solid phase was vacuum-dried (24 h), ground through a 
100-mesh sieve to obtain hydrochar (HC-XX-S), and stored in darkness 
within a desiccator.

2.2.2. Aqueous phase recycling experiments
In APR experiments, the HTC liquid from the prior cycle fully 

replaced ultrapure water. HC-08 (270 ◦C, 60 min) was chosen as the 
initial cycle. The initial cycle (HC-R0) used 9 mL ultrapure water, 
yielding HC-R0-L (liquid) and HC-R0-S (hydrochar). Subsequent cycles 
(HC-R1–HC-R4) employed the preceding HTC liquid (e.g., HC-R0-L for 
HC-R1) as the solvent for HTC, generating corresponding products. Four 
cycles were labeled HC-R0 to HC-R4, with other procedures identical to 
baseline HTC tests.

2.3. Analytical methods

The yield of hydrochar (Yhc) obtained in the HTC process was defined 
as the weight ratio of hydrochar (Mhc) to MSM (Mm) used as feedstock on 
a dry basis (Eq. (1)). 

Yhc (wt, %) =
Mhc

Mm
× 100% (1) 

An elemental analyzer (Vario EL cube, Elementar, Germany) was 
used to detect the elemental compositions (C, H, N, S) of the MSM and 
hydrochar. The O content was calculated by difference (O% = 100% −

(C% + H% + N% + S% + Ash%)). The higher heating value 
(HHV) was calculated based on the elemental composition HHV =

0.3491C + 1.1783H + 0.1005S - 0.1034 O - 0.015N - 0.0211A.
Surface functional groups of hydrochar were characterized by 

Fourier transform infrared spectroscopy (FTIR, IRTrace-100, Japan) 
with a scanning range of 400–4000 cm⁻¹ and 32 cumulative scans. X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific Nexsa, USA) was 
used to analyse the surface elemental composition of hydrochars and 
their existence morphology. Al Kα-rays were selected as the excitation 

Table 1 
Physicochemical properties of and the hydrochar.

Samples
Elemental analysis (wt%)

N/C O/C
HHV 
(MJ/ 
kg)C H O N

MSM 49.68 7.43 38.15 4.76 0.096 0.768 22.08
HC− 01 (180 ℃, 

30 min) 64.02 6.19 28.92 0.87 0.014 0.452 26.64

HC− 02 (210 ℃, 
30 min)

52.98 8.20 38.13 0.69 0.013 0.720 24.20

HC− 03 (240 ℃, 
30 min)

52.09 7.80 39.69 0.42 0.008 0.762 23.27

HC− 04 (270 ℃, 
30 min)

80.53 6.25 12.67 0.55 0.007 0.157 34.16

HC− 05 (180 ℃, 
60 min) 50.10 8.22 40.96 0.72 0.014 0.818 22.93

HC− 06 (210 ℃, 
60 min)

51.71 6.24 41.65 0.40 0.008 0.805 21.09

HC− 07 (240 ℃, 
60 min)

67.33 2.62 29.51 0.54 0.008 0.438 23.53

HC− 08 (270 ℃, 
60 min) 68.28 6.05 24.34 1.33 0.019 0.356 28.43

HC− 09 (180 ℃, 
120 min) 71.95 10.39 16.53 1.13 0.016 0.230 35.63

HC− 10 (210 ℃, 
120 min)

43.66 6.76 48.95 0.63 0.014 1.121 18.14

HC− 11 (240 ℃, 
120 min)

67.59 1.82 30.08 0.51 0.008 0.445 22.62

HC− 12 (270 ℃, 
120 min) 69.14 5.91 23.35 1.6 0.023 0.338 28.66

MSM—Model compounds of municipal sludge.
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source, with the accelerating voltage set at 10 kV and the current at 
50 mA.

The pH of HTC liquid was measured by pH meter (E-201-L). TN was 
determined using Hach persulfate oxidation method reagents (Cat. 
2714100-CN). Ammonia nitrogen (NH₃-N) concentration was measured 
with Hach salicylate method reagents (Cat. 2606945-CN). Total organic 
carbon (TOC) was quantified using a TOC analyzer (ET1020A). Chem
ical oxygen demand (COD) was measured using Hach TNTplus™ 
digestion vials (Cat. 2415915-CN). Untargeted screening of compounds 
in HTC liquid was performed using liquid chromatography-mass spec
trometry (LC-MS; Q-EXACTIVE, Thermo Fisher Scientific) for compre
hensive component characterization.

3. Results and discussions

3.1. Influence of reaction conditions on properties and yield of hydrochar

3.1.1. Hydrochar yields
The hydrochar yields under different reaction conditions are pre

sented in Fig. 1. As the temperature increased, the hydrochar yield 
exhibited an decreasing trend. For instance, from HC-01 (30 min, 
180 ◦C) to HC-04 (30 min, 270 ◦C), the hydrochar yield decreased by 
4.7 %. A similar trend was observed in HC-05 to HC-08 and HC-09 to 
HC-12. This indicates that elevated temperatures promoted the depo
lymerization and decomposition of the feedstock, generating soluble 
low-molecular-weight substances such as organic acids, aldehydes, and 
alcohols. These substances then dissolved and accumulated in the 
aqueous phase [18,19]. Prolonging the reaction time also facilitated the 
degradation of MSM and led to a reduction in hydrochar yield. At 180 ◦C 
and 270 ◦C, extending the reaction time from 30 min to 120 min 
resulted in a decrease in hydrochar yield from 31.5 % and 26.8–22.2 % 
and 19.3 %, respectively. Notably, the yields at 60 min were close to 
those at 120 min (and even slightly lower at certain temperatures), and 
the decline from 60 min to 120 min was less pronounced than that from 
30 min to 60 min. This suggests that the influence of reaction time on 
hydrochar yield is significantly less marked compared to that of 
temperature.

Compared to the hydrochar yields typically observed in real sludge 
(40 %–80 %) [20–22], the yields obtained from MSM in this study 
(19.3–31.5 %) were significantly lower. This observation is consistent 
with findings reported by Liu et al. [23]. The discrepancy can be 
attributed to the fact that the model compounds selected in this study 
were of analytical grade and were used to simulate the major organic 
components of sludge. In contrast, real sludge contains a high ash 

content, including substantial amounts of non-reactive substances such 
as sandy grit. These substances are insoluble in water and remain in the 
solid residue after HTC, thereby increasing the hydrochar yield. 
Furthermore, intermediate products formed during HTC can react with 
radicals generated from cellulose. This inhibited subsequent condensa
tion and polymerization reactions involved in hydrochar formation 
[24], which also contributed to the lower hydrochar yield from MSM. 
When evaluating hydrochar of actual sludge, greater emphasis should be 
placed on carbon recovery rate, changes in content of organic matter 
and HHV. This provides a more accurate reflection of the HTC process’s 
efficiency in converting organic matter.

Compared to other real biomass feedstocks such as food waste, faecal 
sludge, and eucalyptus bark (often >40 %), The hydrochar yield from 
MSM (19.3–31.5 %) was notably lower (Table 2). This discrepancy can 
be primarily attributed to two factors. First, real biomass contains a 
significant proportion of inorganic ash content, which is inert during 
HTC and remains in the solid product. Second, the complex structure of 
natural biomass, particularly the presence of recalcitrant components 
such as lignin, results in higher solid retention. In contrast, the MSM 
used in this study was ash-free and composed of highly reactive pure 
compounds, rendering them more readily susceptible to hydrolysis and 
dissolution. Their yields thus reflects the true conversion efficiency of 
the organic components.

3.1.2. Hydrochar properties
Elemental analysis was performed on the hydrochar derived from 

MSM under various reaction conditions (Table 1). Compared to the 
feedstock, a slight decrease in O and H content was observed. This can be 
attributed to dehydration and decarboxylation reactions occurring 
during the hydrothermal process, which release O-containing functional 
groups such as -OH and -COOH into the HTC liquid [18,30]. Due to the 
absence of ash, the hydrochar had higher C content，higher HHV and 
lower N/C ratio compared with that produced from real sludge. The C 
content generally increased with rising temperature. It is noteworthy 
that in the groups with reaction times of 30 min and 120 min, the C 
content initially decreased and then increased. This behaviour can be 
explained by the temperature at which cellulose hydrolyses, which is 
around 200 ◦C. At a temperature of 180 ◦C, hydrolysis did not proceed 
significantly, whereas substantial hydrolysis took place at 210 ◦C and 
above, generating small-molecule sugars that dissolved into the liquid 
phase, This reduced the C content in the solid product. At 270 ◦C, in
termediates derived from the decomposition of feedstock condensed and 
recombined, forming insoluble polymers and polycyclic aromatic hy
drocarbons [31]. These then re-accumulated in the hydrochar, leading 
to an increase in its C content.

As temperature increased and reaction time extended, the O/C ratio 
initially rised before decreasing. At lower temperatures and shorter re
action times, this increase in the resulted from the combined effects of 
hydrolysis reactions alongside dehydration and decarboxylation pro
cesses. However, as reaction intensity increased, dehydration and 
decarboxylation reactions became markedly enhanced [30]. Nitrogen 
was derived from glutamic acid. As the temperature increased, glutamic 
acid increasingly degraded. Following decarboxylation and deamina
tion, it further decomposed into volatile fatty acids, hydrocarbons, 

Fig. 1. Hydrochar yield of different reaction conditions.

Table 2 
Summary of HTC research with some key parameters and hydrochar yield from 
different biomass.

Samples Temperature (◦C) Time Yield (%) Ref

Food waste 180–260 1 h 35.0–53.8 [25]
Defective coffee beans 150–250 40 min 34.2–64.2 [26]
Apple waste 180–230 2–4 h 53–73 [27]
Lemon peel waste 180–250 1 h 40.9–50.1 [28]
Faecal sludge 250 5 h 70–73 [29]
Petrochemical sludge 210–270 2 h 75.7–79.9 [19]
Eucalyptus bark 220–300 2–10 h 40.0–46.4 [24]
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aldehydes, amines, and ammonia, which dissolved into the HTC liquid 
[32,33]. This led to a gradual decrease in N content in the solid phase. 
Meanwhile, the concurrent increase in C content resulted in a lower N/C 
ratio. In contrast to reaction temperature, varying the reaction time 
showed no significant differences among the groups, indicating that 
temperature is the key factor governing the elemental composition and 
yield of hydrochar.

3.1.3. FTIR analysis of hydrochar
The FTIR results of hydrochar under different conditions were pre

sented in Fig. 2. Except for the 180 ◦C group, the stretching vibrations of 
-OH/N-H (3700–3300 cm− 1) weakened significantly with increasing 
temperature and prolonged reaction time, indicating enhanced dehy
dration of the MSM during HTC [10]. The C–H stretching vibrations of 
aliphatic methylene groups at 2922 cm− 1 and 2855 cm− 1 diminished as 
reaction severity increased, which can be attributed to the oxidation and 
decomposition of aliphatic chains in the MSM. The band near 
1728 cm− 1 is assigned to the C––O stretching vibration. In the 30-min 
and 60-min groups, its intensity initially increased and then 
decreased, whereas in the 120-min group, it declined gradually. This 
behavior can be explained by the degradation of cellulose and lauric 
acid generating intermediates such as carboxylic acids, aldehydes, and 
ketones, while higher temperatures promoted decarboxylation re
actions. The band around 1660 cm− 1 was attributed to the stretching 
vibration of C––N in amides. The band near 1514 cm− 1 represented 
stretching vibrations of C––C and C–N in aromatic compounds. The C–O 
stretching vibration of alcohols and ethers at 1025 cm− 1 weakened with 
increasing reaction severity, suggesting enhanced dehydration and 
decarboxylation.

3.2. Influence of reaction conditions on properties of HTC liquid

3.2.1. pH analysis
The influence of reaction conditions on the pH of the HTC liquid was 

shown in Fig. 3. The HTC liquid was strongly acidic, with pH values 
ranging from 2.4 to 3.6. According to previous studies [30,34,35], this 
mainly came from organic acids produced by hydrolysis of cellulose and 
lauric acid, and decarboxylation of glutamic acid. As the temperature 
increased, the pH value rose significantly. This is because elevated 
temperatures promoted further reactions of the organic acids, 
consuming functional groups such as carboxyl groups [30,34]. Mean
while, the NH₃-N generated from the deamination of glutamic acid 
partially neutralized organic acids [36]. This phenomenon was more 
pronounced in groups with longer reaction times. Specifically, at a re
action time of 120 min, the pH value increased from 2.48 to 3.59 as the 
temperature increased from 180 ◦C to 270 ◦C. This suggests that 
extending the reaction time in conjunction with raising the temperature 
can enhance the aforementioned reactions. However, at a reaction time 
of 30 min, the pH value first decreased and then increased with rising 
temperature. A possible explanation is that the mild conditions at 180 ◦C 
and 30 min limited the hydrolysis of cellulose, resulting in less organic 
acid production. As the temperature increased, more extensive decom
position of cellulose generated additional organic acids, leading to a 
decrease in pH value. Under more severe conditions, however, the 
decomposition of organic acids became the dominant pathway, resulting 
in a rebound of the pH value.

3.2.2. COD and TOC analyses
To further investigate the effect of reaction conditions on the HTC 

liquid, COD and TOC were measured. As shown in Fig. 4a, the COD 
values were generally higher than 30 g/L, confirming its enrichment 
with organic substances. This phenomenon originated from the disso
lution and accumulation of small-molecular-weight organic compounds 
derived from the decomposition of model compounds, namely glutamic 
acid, cellulose, and lauric acid [37]. When the reaction time was 30 min, 
the influence of temperature elevation on COD was negligible. However, 

Fig. 2. FTIR of hydrochar under different reaction conditions. (a) HC-01–HC- 
04; (b) HC-05–HC-08; (c) HC-09–HC-12.

Y. Feng et al.                                                                                                                                                                                                                                     Journal of Environmental Chemical Engineering 13 (2025) 119889 

4 
1056



under severe conditions (e.g., HC-08, HC-11, HC-12), COD decreased 
significantly, and this reduction became more pronounced with pro
longed reaction time. According to previous studies [38], this behavior 
is likely attributed to the re-polymerization of small-molecular-weight 
organic compounds into insoluble polymers that transferred to the 
hydrochar, coupled with the mineralization of some organics into gases 
such as CO₂/CH₄.

The variation of TOC showed a high degree of synchronization with 
COD. As illustrated in Fig. 4b, a sharp decrease in TOC was observed 
under higher temperatures and longer reaction times, except for minor 
fluctuations at 30 min. This confirms that C primarily existed in the form 
of small organic molecules. The COD/TOC ratios for all groups remained 
below 3.0 (Fig. 4c), suggesting high biodegradability of the organic 
compounds. This ratio increased with rising temperature, indicating the 
conversion of small organic molecules into aromatic compounds and 
polymers that migrated to the solid phase [39]. However, extending the 
reaction time did not exhibit a similar effect.

3.2.3. NH3-N and TN analyses
Fig. 5 shows the variations in NH₃-N and TN concentrations in the 

HTC liquid under different reaction conditions. As temperature 
increased, the value of NH₃-N increased significantly, with a particularly 
notable increase beyond 210 ◦C in the 30-min and 60-min groups, while 
the 120-min group exhibited a more gradual increase (Fig. 4a). This is 
attributed to enhanced reaction severity, which intensified the deami
nation of glutamic acid, promoting the generation of organic acids and 
NH₃-N. This finding aligns with the research conducted by Wang et al. 
[40]. It is worth noting that in the 30-min group, the value of NH₃-N 
initially decreased and then increased with rising temperature. This 
trend is consistent with the variation in pH value, indicating that under 
mild conditions (180 ◦C, 30 min), cellulose was not effectively degraded 
into organic acids, resulting in limited consumption of NH₃-N through 
neutralization with organic acids [41]. When the temperature reached 
210 ◦C, accelerated decomposition of cellulose produced more organic 

Fig. 3. pH of hydrothermal carbonization liquid under different reac
tion conditions.

Fig. 4. COD and TOC of hydrothermal carbonization liquid under different reaction conditions. (a) COD; (b) TOC; (c) COD/TOC.
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acids, which neutralized NH₃-N. Subsequently, under more severe re
action conditions, further degradation of organic acids occurred along
side accelerated deamination, leading to a renewed increase in NH₃-N.

As reported by Fakkaew et al. [29], proteins in sludge undergo 
accelerated hydrolysis with increasing temperature, decomposing into 
amino acids, dipeptides, polypeptides, and other nitrogenous sub
stances. This phenomenon was also described by Xu et al. [42], who 
observed that the value of TN in the HTC liquid increased at higher 
temperatures. However, such a trend was not observed in the present 
study. This was due to the progressive hydrolysis of the actual sludge 
limiting the effective migration of N. The conversion of N can be influ
enced through pre-treatment or process optimization [8]. As shown in 
Fig. 5b, the value of TN remained relatively high (3.5–4.5 g/L) at 180 ◦C. 
This can be attributed to the model compounds employed in this study 
bypassing the protein hydrolysis step. Glutamic acid could directly 
participate in reactions, generating amines, amides, and other N-con
taining compounds that dissolved in the HTC liquid. As the temperature 
increased, the TN value decreased. This decline became more pro
nounced with longer reaction times, consistent with the variations in 
COD and TOC. Furthermore, in conjunction with the increasing 
NH₃-N/TN ratio shown in Fig. 5c, these results indicate that NH₃-N 
gradually became the dominant form of nitrogen in the HTC liquid, 
suggesting the conversion of organic-N into inorganic-N.

3.3. Influence of APR on properties and yield of hydrochar

To obtain hydrochar with a higher N/C ratio while considering en
ergy consumption, HC-08 (270 ◦C, 60 min) was selected as the initial 
group for APR during hydrothermal process.

3.3.1. Yields and properties of hydrochar
Table 3 presents the physicochemical properties and yields of 

hydrochar before and after four cycles of APR. There was a slight 
decrease in the hydrochar yield, which declined from 24.3 % to 21.5 %, 
before rebounding to 22.5 %. This initial reduction can be attributed to 
the fact that the recirculated aqueous phase contained a substantial 
amount of intermediate products, such as organic acids, which acted as 
catalysts to promote the hydrolysis of the feedstock into small organic 
molecules that dissolved in aqueous phase [43]. As the HTC liquid 
approached saturation in later cycles, the reaction rate decreased, 
resulting in the subsequent recovery of the hydrochar yield. This is 
consistent with the trend observed by Xu et al. [10]. However, the pri
mary constituents of their aqueous phase were soluble proteins and 
sugar hydrolysates, exhibiting alkalinity. Yield fluctuations are 
frequently attributed to the dissolution and repolymerization of organic 
matter.

With increasing times of APR, the C content of the hydrochar slightly 
increased, while the O content and O/C ratio decreased. This is probably 
because the APR promotes dehydration and decarboxylation reactions, 
resulting in O-containing functional groups being transferred from the 
hydrochar to aqueous phase [10]. This enhanced the degree of 
condensation and aromaticity [30,44]. The notable increase in the N/C 
ratio was primarily due to an increase in N content resulting from 
Maillard reactions between accumulated reducing sugars and glutamic 
acid in the aqueous phase. These reactions caused the substances to 
polymerise and be incorporated into the hydrochar. Previous studies 
have indicated that the Maillard reaction serves as a key mechanism for 
N retention in hydrochar [13,45]. Furthermore, the H content and HHV 
of the hydrochar showed only minor fluctuations.

Fig. 5. The values of NH₃-N and TN of hydrothermal carbonization liquid under different reaction conditions. (a) NH3-N; (b) TN; (c) NH3-N/TN.
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3.3.2. Functional groups
The FTIR results for hydrochar were listed in Fig. 6. The broad 

overlapping band in the range of 3700–3300 cm− 1 was attributed to 
O–H and N–H stretching vibrations [46]. According to Xu et al. [10], the 
recycling number had little influence on the O–H groups. The variation 
in N–H vibration may result from the decomposition of glutamic acid 
and the formation of amides through dehydration and condensation of 
N-containing intermediates. As the number of APR increased, the C–H 
stretching vibrations of aliphatic methylene groups at 2922 cm− 1 and 
2855 cm− 1 weakened. This is due to the oxidative decomposition of 
lauric acid in the feedstock into volatile fatty acids, which transferred 
into the aqueous phase, indicating that APR effectively promotes the 
conversion and decomposition of materials [47,48]. The C––O stretch
ing vibration near 1728 cm− 1 weakened from HC-R0 to HC-R3 due to 
the degradation of feedstock, and then intensified in HC-R4 as com
pounds such as furfurals and ketones re-polymerized. This trend aligns 
with that of the N–H groups, confirming the presence of amides. The 
band around 1660 cm− 1 was assigned to the stretching vibration of 
C––N in amides [10]. The band near 1514 cm− 1 represented stretching 
vibrations of C––C and C–N in aromatic compounds. Its gradual 
enhancement with increasing recycling number indicates that APR 
promotes aromatization reactions of intermediates. The peak at 
1025 cm− 1 corresponded to C–O stretching vibrations in alcohols and 
ethers. Increased recycling numer facilitated the hydrolysis and further 
conversion of cellulose in the feedstock, leading to a reduction in the 
intensity of this peak.

To further investigate the effect of APR on the chemical states and 
speciation of surface functional groups, XPS was used to analyze the 
hydrochar under APR. The C1s spectra of hydrochar, as shown in Fig. 7, 
could be deconvoluted into four component peaks: the peak at a binding 
energy of 284.8 eV corresponded to aliphatic or aromatic carbon groups 
(CHX, C–C/C––C); the peak at 285.6 ± 0.3 eV was assigned to hydroxyl 
or amino groups (-C-OR/-C-NR); the peak at 287.0 ± 0.4 eV represented 
carbonyl or imine groups (-C––O/-C––N); and the peak at 288.6 

± 0.2 eV was attributed to carboxyl, ester, or similar groups (-COOR) 
[23,39]. Visually, the main spectral envelope between 284 eV and 
288 eV gradually evolved from a doublet into a singlet, primarily due to 
changes in the ratio of aromatic carbon groups to hydroxyl/amino 
groups. Concurrently, a new peak emerged between 288 eV and 290 eV. 
Compared to HC-R0 and HC-R1, the content of C–C/C––C groups 
decreased in HC-R2, HC-R3, and HC-R. This corresponds to the weak
ening of aliphatic C-H bonds observed in FTIR, indicating an increase in 
the proportion of O-containing functional groups. This suggests that 
organic acids accumulated in the aqueous phase may have catalyzed the 
hydrolysis and oxidation of the aromatic carbon framework [8]. The 
content of -C-OR and-C-NR groups increased significantly (21.14 %– 
37.00 %), indicating that APR promotes the Maillard reaction between 
glutamic acid and reducing sugars. APR also facilitated condensation 
and polymerization reactions, leading to the formation of N-heterocyclic 
compounds [23]. The content of C––O/C––N groups showed a slight 
increase in HC-R2 but a decreasing trend in subsequent cycles, indi
cating that the chemical structure of the hydrochar was transitioning 
from unstable intermediate states toward more stable terminal products. 
The -COOR content exhibited minor fluctuations, which may result from 
the oxidation of reducing sugars from lauric acid and cellulose, com
bined with intensified decarboxylation reactions during APR.

Fig. 8 showed the O1s spectra, which were composed of four types of 
O-containing functional groups: C––O (furan or carbonyl groups) at a 
binding energy of 531.3 eV, -COOR (carboxyl or ester groups) at 
532.4 eV, -C-O-R (ether groups) at 533.3 eV, and -C-OH (hydroxyl 
groups) at 534.3 eV [23]. The content of -COOR groups exhibited slight 
fluctuations, which was consistent with the observations in the C1s XPS 
spectra. The content of C––O groups increased slightly. In conjunction 
with the C1s analysis, the decrease in C––O/C––N ratio was attributed to 
a reduction in C––N content. The content of -C-O-R first increased and 
then decreased, which can be attributed to hydrolysis and aromatization 
of ether compounds formed by the condensation of alcohols, ultimately 
leading to a more stable structure.

The transformation of N species was further identified via N1s 
spectra (Fig. 9), which consist of four forms: pyridinic-N at a binding 
energy of 398.5 ± 0.3 eV, amide-N at 399.4 ± 0.3 eV, pyrrolic-N at 
400.0 ± 0.3 eV, and quaternary-N at 401.0 ± 0.3 eV. After APR, 
pyrrolic-N and amide-N were converted into more stable forms, namely 
pyridinic-N and quaternary-N, consistent with FTIR findings. This in
dicates that recirculation enhanced polymerization and cyclization re
actions, thereby effectively promoting nitrogen retention [49]. 
According to Wang et al. [45], the Maillard reaction between carbohy
drate derivatives and amino acids serves as the primary mechanism for 
nitrogen fixation. In this study, cellulose and glutamic acid provided 
ideal precursors for the Maillard reaction, which played a key role in the 
efficient and stable incorporation of nitrogen into the carbon framework 
of hydrochar, ultimately enhancing its nitrogen doping level and 
structural stability.

3.4. Influence of APR on properties and components of HTC liquid

3.4.1. Properties of HTC liquid
As shown in Fig. 10, APR led to a progressive darkening of the HTC 

liquid and a reduction in its transparency. After four cycles, the liquid 

Table 3 
Physicochemical properties and yield of hydrochar under aqueous phase recycling.

Samples
Elemental analysis (wt%)

N/C O/C
HHV 
(MJ/kg)

Yield 
(%)C H O N

HC-R0 68.28 6.05 24.34 1.33 0.019 0.356 28.43 24.3
HC-R1 67.40 6.35 24.20 2.05 0.030 0.359 28.48 25.1
HC-R2 67.05 6.17 24.99 1.79 0.027 0.373 28.07 24.8
HC-R3 70.70 6.06 18.82 4.42 0.063 0.266 29.81 21.5
HC-R4 69.22 5.88 21.46 3.44 0.050 0.310 28.83 22.5

Fig. 6. FTIR of hydrochar under aqueous phase recycling.
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appeared black. This darkening is attributed to the polymerization of 
organic matter into aromatic compounds and the formation of mela
noidins via the Maillard reaction as the number of APR increased [50].

APR significantly increased the value of pH, TOC, COD, NH3-N and 
TN of the HTC liquid, indicating the accumulation of intermediate 
products (Fig. 11). This conclusion is consistent with Fig. 10. The pH 

Fig. 7. XPS C1s spectra of hydrochar under aqueous phase recycling: (a) HC-R0; (b) HC-R1; (c) HC-R2; (d) HC-R3; (e) HC-R4.

Fig. 8. XPS O1s spectra of hydrochar under aqueous phase recycling: (a) HC-R0; (b) HC-R1; (c) HC-R2; (d) HC-R3; (e) HC-R4.
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value increased from 2.96 in HC-R0–3.16 in HC-R4, which can be 
attributed to the accumulation of amides derived from glutamic acid and 
their subsequent conversion into amines [8], alongside the decomposi
tion of organic acids in the aqueous phase. This is supported by the re
sults of the XPS C1s. The sources of COD and TOC primarily included 
three aspects: volatile fatty acids from the decarboxylation and 
decomposition of lauric acid; organic acids and amines generated 
through the hydrolysis of glutamic acid; and alcohols, aldehydes, and 
ethers produced by the hydrolysis and further decomposition of cellu
lose. These intermediates also catalyzed and participated in the hydro
thermal carbonation reactions. As the number of APR increased, the rate 
of increase in COD and TOC slowed, suggesting that the organic matter 
in the liquid phase approached saturation. An appropriate number of 
APR can markedly enhance the organic content of the HTC liquid, 
demonstrating considerable potential for producing high-quality 
aqueous carbon sources.

The TN primarily originated from amides and amines formed 

Fig. 9. XPS N1s spectra of hydrochar under aqueous phase recycling: (a) HC-R0; (b) HC-R1; (c) HC-R2; (d) HC-R3; (e) HC-R4.

Fig. 10. Schematic diagram of aqueous phase recycling.

Fig. 11. pH, physical and chemical properties of hydrothermal carbonization liquid under aqueous phase recycling: (a) pH; (b) chemical properties.
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through the hydrolysis of glutamic acid, which were further converted 
into NH3-N and inorganic-N. Although both TN and NH3-N increased 
during APR, their rates of increase slowed, consistent with the trends for 
COD and TOC. It is also noteworthy that the proportion of NH3-N in TN 
decreased during recirculation, indicating a rise in the content of N- 
heterocyclic compounds in the aqueous phase, which became a major 
form of N in HTC liquid. Moreover, N-containing compounds in the 
aqueous phase directly contributed to N enrichment in the hydrochar. 
This was convincingly demonstrated by the significant increase in the N 
content of hydrochar and the transformation of N species towards more 
stable forms, namely pyridinic-N and quaternary-N.

3.4.2. Components of HTC liquid
To investigate the effect of APR on the composition of organic matter 

in HTC liquid, LC-MS characterization of the hydrochar under APR was 
performed, as shown in Fig. 12. The organic compounds detected were 
categorized into organic acids, hydrocarbons, amides, N-heterocyclic 
compounds, esters, ketones, and aromatic compounds. Organic acids 
accounted for a high proportion of the organic components, which ex
plains the acidic nature of the HTC liquid [23]. These acids originated 
from three main sources: first, the hydrolysis of cellulose into 
small-molecular sugars followed by their decomposition and oxidation 
into organic acids; second, the decarboxylation and oxidation of lauric 
acid producing volatile fatty acids; and third, organic acids generated 
via decarboxylation of glutamic acid. With the increasing recirculation, 
organic acids participated in further reactions or were oxidized, leading 
to a rebound in pH [8]. This was consistent with the enhanced degree of 
aromatization observed in hydrochar. The increase in N-heterocyclic 
compounds was attributable to the further dehydration of Maillard re
action products [51]. Owing to the high content of glutamic acid in the 
feedstock, the amount of amides resulting from its hydrolysis also 
gradually increased with recirculation. The relative content of esters 
decreased, likely due to their participation in condensation reactions, 
which generated aromatic clusters and N-heterocyclic compounds, 
resulting in an increase in aromatic content. The decline in the relative 
content of hydrocarbons can be attributed to their participation in the 
Maillard reaction with glutamic acid, as well as their oxidation into 
organic acids and other compounds.

4. Conclusions

This study investigated the effects of reaction temperature, reaction 
time, and APR on properties of hydrochar and HTC liquid during the 
HTC of model compounds of municipal sludge (glutamic acid, lauric 
acid, and cellulose). The following conclusions can be drawn:

1) Increasing severity of reaction conditions significantly promoted 
the formation and transformation of organic acids and nitrogen, 
resulting in decreased COD, TOC and TN in aqueous phase, along with 
elevated pH and NH3-N value. The hydrochar exhibited an overall 
decrease in the N/C ratio and yield. The O/C ratio first increased and 
then decreased.

2) APR increased the abundance of O-containing functional groups 
on the hydrochar surface, promoted the formation of N-heterocyclic and 
aromatic compounds, and facilitated the conversion of nitrogen into 
more stable forms, namely pyridinic-N and quaternary-N. The N/C ratio 
increased while the hydrochar yield and the O/C ratio decreased. The 
results indicate that recirculation enhanced the hydrolysis, decarbox
ylation, and deamination of the feedstock, as well as the repolymeriza
tion of intermediate products, thereby endowing the hydrochar with 
improved potential as a functional carbon-based material.

3) APR exerted an enrichment effect on substances in HTC liquid, 
leading to a gradual increase in pH and elevated levels of NH3-N, TN, 
COD and TOC. The content of organic acids decreased, while the 
amounts of N-heterocyclic compounds and amides increased. These 
changes indicate that recirculation promoted aromatization and Mail
lard reactions among intermediate products, thereby enhancing the 

potential utilization value of the HTC liquid as a carbon source.

CRediT authorship contribution statement

Yiming Feng: Validation, Data curation, Conceptualization. Xuel
ing Hu: Writing – review & editing, Validation. Yuyang Xue: Writing – 
original draft, Methodology, Investigation, Formal analysis. Xingying 
Tang: Writing – review & editing, Validation, Project administration, 
Investigation, Funding acquisition. Donghai Xu: Validation, Supervi
sion. Yingying Zhang: Writing – review & editing, Validation. Yumeng 
Wu: Writing – review & editing, Visualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

The authors gratefully⋅acknowledge the financial support from the 
General Program of Guangxi Natural Science Foundation 
(No.2025GXNSFAA069823). Xing-ying Tang reports financial support 
was provided by the General Program of Guangxi Natural Science 
Foundation (No. 2025GXNSFAA069823) and the Guangxi Science and 
Technology Major Program (No. AA22117014).

Data availability

Data will be made available on request.

References
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mud and sugarcane bagasse by co-hydrothermal carbonization and 
potential evaluation of hydrochar-based slow-release fertilizers
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A B S T R A C T

In this study, we investigated the impact of process parameters, including reaction temperature (180–300 ◦C), 
residence time (30–120 min), and mixing ratios (1:0~5:1), on hydrochar properties of high-sugar biomass waste 
filter mud and sugarcane bagasse in the co-hydrothermal carbonization. The hydrochar is comprehensively 
characterized using Proximate analysis, industrial analysis, scanning electron microscopy, multi-point Brunauer- 
Emmett-Teller, Fourier-transform infrared spectroscopy, Raman spectroscopy, and thermogravimetric analysis. 
The urea release patterns from hydrochar-based slow-release fertilizers were assessed across different hydrochar- 
to-fertilizer ratios, and the reaction path during co-hydrothermal carbonization was analyzed. The findings 
reveal that hydrochar produced 240◦C-60min-5:1 had a notably high specific surface area (45.921 m2/g), 
abundant functional groups, and exceptional adsorption capabilities, which was suitable for preparing slow- 
release fertilizers. The hydrochar-based slow-release fertilizer formulated at a hydrochar-to-fertilizer ratio of 
5:1 had the optimal slow-release performance, and the cumulative release rate of urea in 7d was 49.65 %, which 
was more than 40 % lower than that of pure urea. These results underscore the promising agricultural appli
cations of products derived from the co-hydrothermal carbonization of filter mud and sugarcane bagasse.

1. Introduction

In recognition of environmental sustainability, conversion of 
biomass to bioenergy has increased in importance recently [1]. By 2030, 
biomass will account for 60 % of global energy production, making it the 
most important renewable resource, according to the International 
Renewable Energy Agency’s (IRENA) Global Renewable Energy Road
map [2]. As one of the most valuable commercial crops in the world, 
sugarcane also serves as the primary raw material in the worldwide 
sugar industry, supplying 80 % of the world’s sugar needs [3,4]. One of 
the most challenging biomass by-products to dispose of in the sugar 
industry is filter mud (FM) [5], which is usually fertilized by fields or 
dumped carelessly. In addition to consuming a significant amount of 
land resources, it is also highly susceptible to rotting and stinking, 
breeding bacteria, polluting the air, and causing serious negative 

impacts on the environment due to its high-water content and richness 
in organic matter and sugar, among other things. Given this, there is an 
urgent need for a technology that is environmentally, economically, and 
socially trustworthy, improves biomass utilization, realizes 
product-added value, and incorporates sustainable development and 
climate change mitigation into the circular economy, helping to 
implement current policy requirements and achieve the goals of sus
tainable development [6].

Hydrothermal carbonization (HTC), as one of the thermochemical 
treatment methods, has attracted a lot of attention owing to the effec
tiveness of its process, economic viability, and high product yield of 
products [7]. As opposed to other thermochemical treatment methods 
like pyrolysis, gasification, and incineration, HTC reduces the hydrogen 
and oxygen content of biomass waste through dehydration and decar
boxylation at low operating temperatures, pressures, and energy 
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consumption without pre-drying, producing hydrochars with high car
bon content. This method has been investigated for a variety of practical 
applications, including fuels, precursors for energy storage technologies, 
soil conditioners, and fertilizers [8,9]. For example, activated carbon 
prepared by HTC through sunflower stalk has a unique mesoporous 
layer-stacking structure, which demonstrates that the biomass-derived 
carbon materials have the potential of high electrochemical perfor
mance in the field of energy storage, using different natural waste 
biomass types as raw materials [10]. The sewage sludge is subjected to 
the Fenton reaction after HTC, and the hydrotchar obtained is used as a 
soil amendment, effectively enhancing the adsorption of nutrients, 
promoting plant growth, and reducing environmental impacts [11]. 
However, the degree of biomass dehydration and the gradual formation 
of carbonization products during the reaction process result in the 
production of hydrochars with low carbon content, specific surface area, 
porosity, and poor thermal stability, which restricts the use of hydrochar 
in practical applications [12].

Co-hydrothermal carbonization (co-HTC) technology of high- 
moisture organic waste and low-moisture biomass provides a potential 
avenue to reduce preprocessing energy costs while simultaneously 
enhancing the efficiency of thermal hydrolysis [13]. Low-moisture 
biomass with different compositions of lignocellulosic fibers has a 

crucial influence on the physicochemical properties of the generated 
carbon materials during HTC [14]. On the one hand, lignocellulosic 
biomass contains abundant organic components that assist in the coal
ification of proteinaceous organic waste, providing a framework and 
bridge for small molecules. On the other hand, the organic acids formed 
from lignocellulose after HTC act as catalysts, enhancing the yield of 
hydrochar [15]. Sugarcane bagasse (SCB) is a typical lignocellulosic 
biomass from the juice extraction process in the sugar industry, con
taining significant amounts of volatile matter, cellulose, hemicellulose, 
and lignin. With significant pollutant emissions and little additional 
value, it is mostly utilized for boiler fuel or pulp manufacture [16]. As a 
result, the sugar sector should combine FM and SCB for co-HTC, 
generate high-value products, realize resourceful and safe usage, and 
establish a whole-process utilization system. The latest research findings 
indicate that co-HTC of organic waste with a high moisture content and 
low-moisture biomass has notable favorable synergistic effects [15]. For 
instance, co-HTC of sludge and bagasse can adsorb Pb (II) in water [17], 
co-HTC of sludge and kitchen waste improved combustion performance 
[18], water hyacinth and sludge co-HTC promotes the enhancement of 
Maillard and Mannich reactions, improves the yield of hydrochar, and 
lowers energy consumption [19], hydrochars were fabricated by com
bination of rape straw and industrial sewage sludge to remove NH4+ and 
PO4

3− from hoggery effluent, which can provide extra N and P elements 
when made into fertilizer and also promote to release available K in soil 
[20]. Currently, there is a lack of research investigating the solid-phase 
properties of hydrochar produced from the co-HTC of FM and SCB.

The low nutrient utilization rate of traditional fertilizers and the ir
rational application of traditional fertilizers can cause soil quality 
degradation and environmental pollution, which not only leads to a 
decline in the quality of agricultural products but also poses a threat to 
ecological and environmental safety, so there is an urgent need to 
transform and improve fertilizer products that can meet the nutritional 
needs of crop growth while reducing environmental pollution. 
Currently, researchers and scientists have demonstrated that biochar- 
based slow-release fertilizers can reduce nutrient loss and nitrogen 
leaching, increase crop nutrition in the long term, improve soil prop
erties, and increase crop yields compared to conventional fertilizers 
[21–23]. However, it is not yet clear whether co-HTC for the preparation 
of hydrochar-based slow-release fertilizer (HBSRF) represents a viable 
avenue for further research.

Therefore, this paper focuses on the influence of different process 
parameters (reaction temperature, residence time, and the mixing ratio 
of FM and SCB) on the characteristics of hydrochar. The physical and 
chemical structure features of hydrochar under different process pa
rameters were studied utilizing different analytical techniques such as 

Table 1 
Elemental and ash content of raw materials and hydrochar.

Samples Ultimate analysis (wt.%) C/N value ASH (wt.%) HHVa (MJ/kg) pH EC (ms/cm) Hydrochar Yield (%)

C H O N S

Filter Mud 19.59 3.94 16.52 1.10 3.58 17.8 56.13 8.93 6.82 1.38 –
Sugarcane Bagasse 44.16 5.78 47.96 0.55 0.23 80.8 1.32 17.26 – – –
HC 180◦C-60min-2:1 25.66 4.22 26.88 0.85 1.78 30.3 40.62 10.46 6.79 1.70 74.02
HC 210◦C-60min-2:1 25.90 4.61 18.50 0.72 1.15 36.1 49.12 11.63 5.98 0.67 54.37
HC 240◦C-60min-2:1 25.37 4.24 17.88 0.72 1.41 35.4 50.39 11.07 6.14 1.05 56.98
HC 270◦C-60min-2:1 25.81 3.96 15.06 0.75 1.84 34.4 52.58 11.18 6.21 0.80 53.33
HC 300◦C-60min-2:1 26.91 3.67 7.01 0.90 2.50 29.9 59.01 11.99 6.75 0.49 45.89
HC 240◦C-30min-2:1 25.68 4.28 21.39 0.73 1.03 35.3 46.89 10.90 6.11 0.65 57.08
HC 240◦C-90min-2:1 27.39 4.25 16.94 0.74 1.33 37.2 49.37 11.89 5.96 0.50 54.57
HC 240◦C-120min-2:1 27.43 3.38 14.26 0.74 1.49 37.2 52.70 11.11 5.97 0.60 54.24
HC 240◦C-60min-1:0 15.01 2.62 10.61 0.66 2.25 22.8 68.86 5.99 7.05 1.63 71.23
HC 240◦C-60min-1:1 31.66 5.10 21.11 0.76 1.04 41.8 40.35 14.11 5.83 1.22 58.43
HC 240◦C-60min-3:1 23.11 3.60 14.79 0.72 1.50 32.0 56.28 9.73 6.11 0.98 58.94
HC 240◦C-60min-4:1 23.63 3.68 11.42 0.75 1.73 31.5 58.79 10.32 6.58 1.03 59.56
HC 240◦C-60min-5:1 19.64 3.20 9.89 0.73 1.93 26.9 64.61 8.42 6.35 1.43 62.38

a HHV (Higher heating value) = 0.3491C + 1.1783H + 0.1005S-0.1034O-0.015N-0.0211A, where C, H, O, N, S, and A represent the mass percentages on a dry basis 
of carbon, hydrogen, oxygen, nitrogen, sulfur, and ash contents of samples, respectively.

Fig. 1. Van Krevelen diagram of raw materials and hydrochar.
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elemental analysis, scanning electron microscopy, N2 adsorption/ 
desorption, Fourier-transform infrared spectroscopy, Raman spectros
copy, and thermogravimetric analysis. By preparing HBSRF using urea 
and hydrochar, column leaching experiments are conducted to study the 
urea release patterns of HBSRF, evaluate its potential for soil applica
tion, and explore possible reaction path during co-HTC, which provides 
a theoretical basis for the development of a new type of green fertilizers 
and the improvement of organic waste resource utilization industry 
chain in the sugar industry.

2. Materials and methods

2.1. Raw materials

The FM and SCB in the experiment were provided by the Guangxi 
Agricultural Reclamation Sugar Factory. The water content of the FM 
was about 70 %, the sucrose content was 1.5 %, the protein content was 
13.43 %, the cellulose content was 36.02 %, the hemicellulose content 
was 20.09 % and the lignin content was 14.3 %. The SCB was composed 
of 49.02 % cellulose, 25.79 % hemicellulose, and 17.82 % lignin. Before 
the experiment, using a vacuum oven set at 105 ◦C for 24 h, the samples 
were dried., crushed, and 100 mesh sieved. Finally, all the samples were 
stored in a sealed bag for later use.

2.2. Co-HTC experiment

Experiments on HTC were conducted in a tube furnace (OTF-1200X- 
II, HF-Kejing, China). Considering the substantial volume and elevated 
water content of the FM and SCB in practical applications, the FM and 
SCB were mixed in 1:0, 1:1, 2:1, 3:1, 4:1, and 5:1 mass ratio before the 
experimental procedure. The feedstock and deionization were combined 
and supplied to the reactor in a proportion of 1:9 (w: v) for each 
experiment. Next, the reactor was heated to 180 ◦C, 210 ◦C, 240 ◦C, 
270 ◦C, and 300 ◦C degrees Celsius at a rate of 5 ◦C per minute with 
residence times of 30 min, 60 min, 90 min, and 120 min, repeating the 
experiment several times and taking the average value to calculate After 
the experiment, the reactor was cooled to room temperature, and the 
reaction’s solid and liquid phases were removed and later separated by 
vacuum filtration. The resultant solid phase product, hydrochar, was 
further dried under vacuum for 24 h at 105 ◦C, ground to 100 mesh, and 
stored in a self-sealing bag protected from light. This measurement is 
represented by the formula HC T-t-X, where T is the reaction’s tem
perature, t is its residence time, and X is the mixing ratio. The liquid 
phase product, after filtering, was placed in a brown glass vial and kept 
chilled at 0–4 ◦C. The yield of hydrochar is calculated according to the 
formula: 

Hydrochar Yield(%)=
mhydrochar

msolid
× 100% (1) 

Fig. 2. Scanning electron microscope (SEM) images of raw materials and representative hydrochars: (a) filter mud (FM); (b) sugarcane bagasse (SCB); (c) HC 180◦C- 
60min-2:1; (d) HC 240◦C-60min-2:1; (e) HC 270◦C-60min-2:1; (f) HC 240◦C-120min-2:1; (g) HC 240◦C- 60min-1:0; (h) HC 240◦C-60min-1:1; (i). HC 240◦C- 
60min-5:1.
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In the formula, mhydrochar is the hydrochar’s quality, and msolid is the raw 
material’s quality.

2.3. Analytical methods

2.3.1. Ultimate and proximate analyses
The muffle furnace (YSD-12-12T, Yaoshi Instrument Co. Ltd., China) 

used the Chinese national standard GB/T 212–2008 to calculate the 
Proximate analysis of the raw materials and hydrochar. The elemental 
analyzer (Vario EL Cube, Germany) was used to characterize the content 
of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S), while the 
proportion of oxygen (O) was then computed using differential 
subtraction.

2.3.2. pH and electrical conductivity (EC)
The pH and EC of hydrochar have an impact on the soil environment. 

These measurements were made using a pH meter (E− 201-L, Leici, 
China) and an EC meter (DJS-1-L, Leici Co. Ltd, China), respectively, and 
were done right after mixing the sample and deionized water in a spe
cific ratio (1:20, w/v) for 1 h [24].

2.3.3. Microscopic morphology and surface characteristics
The N2 adsorption-desorption isothermal curves of the feedstock and 

hydrochar were calculated using a fully automated gas adsorption meter 
(Autosorb-IQ-MP, Quantachrome, USA), the specific surface area was 
calculated using the multi-point Brunauer-Emmett-Teller (BET) method, 
and the pore size distribution was calculated via the Barret-Joyner- 

Halenda (BJH) model [25]. Scanning electron microscopy (SEM) 
(Sigma500, Zeiss, Germany) was used to assess the surface morphology 
of raw materials and hydrochar. SEM images were produced by 
magnification to 5000 times.

2.3.4. Fourier-transform infrared spectroscopy analysis (FTIR)
Fourier-transform infrared spectroscopy (FTIR) (IRTrace-100, Shi

madzu, Japan) was used to investigate the sample powder with 32 scans 
covering a scanning range of 400–4000 cm− 1 to track the development 
of surface organic functional groups in the samples.

2.3.5. Micro-Raman spectroscopy analysis (Raman)
The carbonaceous structure of raw materials and hydrochar was 

assessed with a micro-Raman spectrometer (InVia, Renishaw, UK) set up 
with a laser wavelength of 532 nm, an exposure time of 10 s, and three 
scans in the range of 500–2500 cm− 1.

2.3.6. Thermogravimetric analysis (TGA)
The thermal stability of the hydrochar was examined by measuring 

the mass loss using a thermogravimetric analyzer (HCT-3, Henven Co. 
Ltd., China) in an inert atmosphere (N2 = 99.999 %) between 50 ◦C and 
800 ◦C with a heating rate of 20 ◦C/min and a gas flow rate of 80 mL/ 
min.

Fig. 3. N2 adsorption/desorption curves for hydrochar: (a) reaction temperature of 180–300 ◦C; (b) residence time of 30–120 min; (c) mixing ratio of 1:0–5:1.
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2.4. Hydrochar-based slow-release fertilizer

2.4.1. Preparation of hydrochar-based slow-release fertilizer
Hydrochar and urea were mixed in the ratios of 0:1, 1:1, 3:1, and 5:1, 

respectively, with the addition of appropriate amounts of bentonite 
agent and deionized water, stirred homogeneously and then vacuum- 
dried at 50 ◦C, and HBSRFs were prepared by granulation in a granu
lator. The slow-release fertilizers with hydrochar and urea ratios of 1:1, 
3:1, and 5:1 were named HBSRF1, HBSRF3, and HBSRF5, respectively.

2.4.2. Column leaching experiment
Leaching columns were made from used 6 cm diameter by 20 cm 

high mineral water bottles. At the base of every column, place two layers 
of 100-mesh nylon mesh and secure them with ropes secured. The col
umns are coarse quartz sand and fine quartz sand. Place a conical bottle 
at the bottom of each column to collect the leachate. Add 50 mL of 
distilled water to each column every 24h for leaching for 7d, collect the 
leachate, and record its volume. The content of urea nitrogen in the 
leachate is determined using the dimethyl benzaldehyde method (GB/T 
23348-2009).

2.4.3. Urea slow-release kinetics
This work examined the release mechanism of urea by fitting the 

cumulative release data of HBSRF using the zero-order, first-order, 
Higuchi, and Korsmeyer-Peppas models [26]. The model-fitting equa
tions are as follows:

Zero-order model: 

Mt

M∞
= k0t (2) 

First-order model: 

Mt

M∞
= 1-e-k1t (3) 

Higuchi model: 

Mt

M∞
= kHt1/2 (4) 

Korsmeyer-Peppas model: 

Mt

M∞
= kkptn (5) 

Where Mt and Mꝏ stand for the mass of urea at various release periods t 
and release equilibrium, respectively; k0 denotes the diffusion kinetic 
constant of the zero-order model; k1 and kH denote the release constants 
of the first-order model and Higuchi model, respectively. The 
Korsmeyer-Peppas model’s release index is denoted by n, and its rate 
constant is symbol kkp [26].

3. Results and discussion

3.1. Physical and chemical characterization of hydrochar

3.1.1. Elemental composition and ash content
Table 1 displays the findings of the elemental composition (C, H, O, 

N, S) and ash of raw materials and hydrochar. Hydrochar mostly con
tains the elements C (15.01–31.66 wt%) and O (7.01–26.88 wt%), with 
lesser amounts of N, H, and S. With increasing reaction temperature and 
residence time, the content of C and ash gradually increased, while the H 
and O contents showed a decreasing trend. This was mainly due to the 
dehydration reaction, which involved the removal of hydroxyl (-OH), 
and the decarboxylation reaction, which involved the release of 
carboxyl (-COOH) and carbonyl (-C=O), while the HTC procedure was 
underway [27,28]. The H level exhibited a concomitant decline as the 
intensity of the aromatization reaction increased with rising tempera
ture. Comparative analysis revealed that the C content of hydrochar 
with the addition of SCB exhibited an increase of over 30.85 % relative 
to that obtained from the single HTC of FM, reaching a maximum at a 1:1 
ratio. This increase in C content soluble lignin in SCB is converted into 
highly condensed polycyclic aromatic hydrochar through dehydration, 
decarboxylation, and condensation [29]. It has been suggested that 
hydrochars with low N content are more environmentally friendly and 
cleaner than direct combustion of feedstocks. The main reason is that the 
N content of hydrochars is lower than that of feedstocks, which is due to 
the thermal hydrolysis of proteins of raw FM to ammoniated in the range 
of HTC temperature [30–32]. As evidenced in the literature [24,33,34], 
the N content of the feedstock has a significant impact on the C/N ratio 
of the hydrochar, which is higher than that of the other materials 
because of the lignocellulose content of the feedstock. The C/N ratio of 
the hydrochar is also one of the most important factors affecting its 
utilization and microbial activity in soil. The N-fixation and minerali
zation processes are in balance and within the range of ambient mi
crobial activity when the ratio of C/N is 20~30 [33]. Therefore, for soil 
applications, it may be more appropriate to use the hydrochar contains a 
ratio of C/N of 26.9 (HC 240◦C-60min-5:1).

Van Krevelen plots based on the H/C and O/C atomic ratios of the 
feedstock and hydrochars were plotted as shown in Fig. 1 and contrasted 
with four typical coals and biomasses to further assess the degree of 
carbonization of hydrochar [29,35]. After the HTC reaction, the H/C 
and O/C atomic ratios shifted from higher to lower regions, which were 
tightly connected to the operating conditions. The two atomic ratios of 
hydrochar decreased significantly as reaction temperature and residence 
time increased, particularly at high temperatures and lengthy residence 
times. Nevertheless, the H/C ratio increased slightly at 210 ◦C and 
240 ◦C, primarily because the high temperature accelerated the dehy
dration and decarboxylation reaction, which led to more oxygen loss. 
The occurrence further demonstrated that the demethylation reaction 
was negligible and that the decarboxylation and dehydration processes 
had a substantial impact on the hydrochar throughout the HTC pro
cedure [36]. The majority of the hydrochar was identified close to the 
peat and biomass regions, which is consistent with the earlier studies in 
the literature [37,38]. These researches revealed that hydrochar in this 
range is more effective in enhancing soil fertility and improving soil 

Table 2 
Specific surface area, pore volume, and pore size of hydrochar from raw mate
rials and under different conditions.

Samples Surface area 
(m2/g)

Total Pore Volume 
(cm3/g)

Average pore size 
(nm)

HC 180◦C- 
60min-2:1

14.354 0.0696 2.968

HC 210◦C- 
60min-2:1

16.912 0.0100 3.135

HC 240◦C- 
60min-2:1

23.387 0.1356 10.028

HC 270◦C- 
60min-2:1

19.649 0.1206 4.719

HC 300◦C- 
60min-2:1

19.546 0.1316 4.435

HC 240◦C- 
30min-2:1

18.514 0.1059 5.798

HC 240◦C- 
90min-2:1

19.819 0.1271 3.310

HC 240◦C- 
120min-2:1

18.081 0.1139 4.718

HC 240◦C- 
60min-1:0

36.174 0.2075 3.932

HC 240◦C- 
60min-1:1

16.432 0.0754 5.051

HC 240◦C- 
60min-3:1

21.491 0.1111 3.704

HC 240◦C- 
60min-4:1

41.608 0.2109 8.939

HC 240◦C- 
60min-5:1

45.921 0.2061 2.972
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properties and that hydrochars at 300◦C-60min-2:1 are in the lignite 
range, which can be considered as prospective alternatives to coal [39]. 
This demonstrates yet again the pivotal role played by the reaction 
temperature in determining the composition of hydrochar [32]. In 
addition, the range of H/C atomic ratios in this study is slightly wider 
than that of the four common coals due to the large amount of oils and 
fats contained in FM and SCB [37].

3.1.2. pH, EC and HHV
Table 1 reports the pH, EC, and HHV of the hydrochar. The pH of the 

hydrochar remained relatively stable and ranged from neutral to slightly 
acidic. With the temperature increased, the pH of hydrochar started to 
decrease sharply, followed by a gradual increase. This phenomenon is 
likely attributed to the generation of organic acids resulting from the 
decomposition of carbohydrates in the raw material, leading to an initial 
reduction in pH. At elevated temperatures, the ongoing degradation of 
organic acids results in the depletion of acidic functional groups, such as 
carboxyl and hydroxyl, ultimately causing an elevation in the pH of 
hydrochar [27,34,40]. In contrast, the influence of residence time on the 
pH of hydrochar is relatively insignificant. Moreover, the pH of hydro
char produced exclusively through the HTC of FM tended to be neutral. 

This can be ascribed to the marginal presence of CaO and MgO in the raw 
material of FM, which neutralizes with organic acids after the HTC 
process. As the mixing ratio increased from 1:0 to 5:1, the concentra
tions of sucrose, cellulose, and other components in the raw material 
augmented. The hydrolysis process resulted in the generation of addi
tional organic acids, leading to a gradual decrease in the pH of the 
hydrochar. This concurs with the observations of others [41], indicating 
that an increase in biomass content during co-HTC and the generation of 
bio-acids through thermal decomposition are contributing factors to the 
pH reduction.

Electrical conductivity (EC) serves to evaluate the soluble salt con
tent in the sample. The HTC minimally affects soil salinity when used as 
a soil amendment [42,43]. The electrical conductivity of hydrochar 
produced at 180 ◦C is highest (1.70 mS/cm), and at 300 ◦C, it is lowest 
(0.49 mS/cm); both values are consistent with A-type soil salinity 
(<2.00 mS/cm) [44]. Interestingly, the electrical conductivity values for 
HTC produced at 180 ◦C and 300 ◦C were found to be exceptionally high 
similarly [42]. They proposed that the variation in conductivity after 
HTC is attributed to the disproportionate leaching of inorganic minerals 
from biomass. Examination of Table 1 indicates a substantial correlation 
between the HHV and the carbon content (C content) of hydrochar [45]. 

Fig. 4. FTIR of hydrochar generated under different conditions: (a) reaction temperature of 180–300 ◦C; (b) residence time of 30–120 min; (c) mixing ratio 
of 1:0–5:1.
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The HHV of hydrochar increased accordingly to the increase in the 
content of C. Furthermore, the HHV of hydrochar can be enhanced by 
adjusting reaction temperature and residence time. Nevertheless, the 
HHV exhibits significant variation across different mixing ratios 
(5.99–14.11 MJ/kg), and the rise in HHV does not demonstrate a linear 
correlation with the increase in mixing ratio. These outcomes align with 
the conclusions of implying that the non-linear HHV increase during 
co-HTC is mainly a result of the swift aggregation and aromatization 
reactions of hydrochar [28]. These reactions result in agglomeration, 
slag formation, inadequate contact between the two feedstocks, and a 
subsequent reduction in the intensity of the thermal reaction.

3.1.3. Hydrochar yield from different HTC process conditions
Table 1 presents the hydrochar yield under various reaction condi

tions. The hydrochar yield dramatically dropped as the reaction tem
perature rose. On the one hand, elevated temperature supplies energy to 
break intermolecular bonds in biomass, causing the degradation of 
macromolecular organic matter in the feedstock. This leads to the gen
eration of soluble substances such as 5-hydroxymethyl furfural, alde
hydes, furfural, organic acids, alcohols, diols, and polyols, transferring 
to the liquid phase [24,28]. On the other hand, Lignin, cellulose, and 
hemicellulose are the primary constituents of the raw material, 
decompose at 180 ◦C, 200 ◦C, and 220 ◦C, respectively, contributing to 
the reduction in hydrochar yield [46]. The prolonged residence time 
results in a modest decrease in hydrochar yield, dropping from 57.08 % 
to 54.24 % as the residence time extends from 30 to 120 min, which is 
consistent with reported findings by Ref. [43], indicating that longer 
residence times lead to additional decomposition of liquid-phase prod
ucts, generating gaseous byproducts. Additionally, co-HTC yields less 
compared to the exclusive HTC of FM. This can be attributed to the 
reaction of intermediates formed during FM degradation with free 
radicals produced by cellulose. This interaction stabilizes the co-HTC 

process, impeding subsequent condensation and re-polymerization [47].
It is noteworthy that as the mixing ratio increased, the hydrochar 

yield showed a gradual increase. This phenomenon is attributed to the 
increased carbohydrate content of the raw material, which intensifies 
the Maillard reaction, promoting hydrolysis and the production of a 
substantial amount of decreasing amino acids and sugars, which then 
come together to generate Amadori compounds, consequently facili
tating the formation of hydrochar and leading to an increase in hydro
char yield [19,48].

3.2. Physical structure analysis of hydrochar

3.2.1. Surface morphology of hydrochar
The SEM images illustrated in Fig. 2 show significant changes in the 

physical structure and surface morphology of raw materials and 
hydrochars under various conditions. The untreated raw material fea
tures a smooth and intact surface. However, the surface of hydrochar 
became roughly textured, showcasing a loose and porous structure. This 
alteration was ascribed to the elimination of volatile substances from 
biomass during HTC, resulting in the formation of gaseous by-products 
such as CO2 and H2O. The emission of these gases creates the porous 
structure observed on the surface [49,50]. As the reaction temperature 
and residence time increased, there was an augmented generation of 
spherical carbon particles on the surface of hydrochar. Notably, when 
temperatures exceeded 240 ◦C or the residence time was extended to 90 
min, the highly organized fibrous structure was disrupted to varying 
degrees, which hastened the appearance of additional microspheres on 
hydrochar’s surface [48,51]. Furthermore, when FM was hydrother
mally carbonized alone, its surface displayed a relatively loose structure, 
whereas when SCB was added to the mixture at a 1:1 ratio, the pores of 
hydrochar shrank, and the structure became tighter. This observation 
corresponds with the findings of an examination of the co-HTC of 

Fig. 5. Raman spectra of hydrochar produced under different conditions: (a) reaction temperature of 180–300 ◦C; (b) residence time of 30–120 min; (c) mixing ratio 
of 1:0–5:1.
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cellulose and pig manure [47]. They posit that co-HTC disrupts the 
structure of raw materials, resulting in microspheres derived from cel
lulose materials to the solid surface of the raw substance, subsequently 
obstructing or covering pores. Interestingly, the surface cracking of 
hydrochar was more severe, and the pores expanded as the FM ratio 
increased. This observation suggests that the increased FM content may 
facilitate the cleavage of cellulose and hemicellulose, the organic com
ponents of SCB, ultimately contributing to the formation of 

microspheres in hydrochar. Interestingly, as the proportion of FM 
increased, there was a corresponding escalation in the degree of surface 
cracking in hydrochar, resulting in larger pores. It is speculated that the 
higher content of FM intensifies the cleavage of organic components, 
including cellulose and hemicellulose, thereby playing a more signifi
cant role in the formation of hydrochar microspheres [52].

Fig. 6. TG and DTG curves for raw materials and hydrochar: (a) reaction temperatures from 180–300 ◦C; (b) residence times from 30–120 min; (c) mixing ratios 
from 1:0–5:1.
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3.2.2. Pore structure of hydrochar
Fig. 3 presents the N2 isothermal adsorption/desorption curves of 

hydrochar under diverse conditions. The illustration reveals that all 
hydrochars display similar isotherm curves and exhibit a distinctive 
hysteresis loop in the adsorption-desorption process. The classification 
criteria outlined by the International Union of Pure and Applied 
Chemistry (IUPAC) correspond to the features of type IV curves, indi
cating that the hydrochar generated in this study qualifies as a meso
porous material with an average pore diameter ranging between 2.0 and 
50.0 nm [53].

According to Table 2, hydrochar had the greatest pore volume and 
specific surface area at 240◦C-60min-5:1 and 240◦C-60min-4:1. When 
the temperature of HTC reached 240 ◦C, the specific surface area and 
total pore volume of hydrochar increased significantly, whereas the 
average pore size decreased slightly, indicating an increase for particles 
in the hydrochar. Nevertheless, with the further elevation of the 
carbonization temperature, the preceding pores commenced to collapse, 
thereby engendering an augmentation in the mean pore size and a 
diminution in the total pore volume and specific surface area of the 
water and coal [54]. According to Fig. 2(g), (h), and (i), the observed 
surface morphology of hydrochar in SEM analysis corresponds to its 
specific surface area, pore volume, and pore diameter results. As the 
mixing ratio increased, both the pore volume and specific surface area of 
hydrochar increased significantly. This larger specific surface area not 

only enhanced the active adsorption sites of hydrochar but also fostered 
soil microbial activity, contributing to the overall health of the soil 
ecosystem and nutrient cycling [55]. Furthermore, upon comparison, 
the hydrochar produced by FM and SCB co-HTC(14.35–45.92 m2/g) 
exceeded the hydrochar produced by the hydrochar produced by food 
waste and corn stover co-HTC (0.98–2.81 m2/g) and the biochar pro
duced from the co-pyrolysis of sewage sludge and sawdust/rice straw 
(3.9–6.6 m2/g) in terms of specific surface area on comparison [48,53]. 
This finding further underscores the robust adsorption capacity of 
hydrochar produced from the co-HTC of FM and SCB.

3.3. Analysis of functional groups and chemical structure of hydrochar 
surface

3.3.1. FTIR analysis
The transformation of functional groups in FM and hydrochar is 

clarified using FTIR analysis. Fig. 4(a), (b), and (c) depict the impact of 
reaction temperature, residence time, and mixing ratio on the surface 
functional groups of hydrochar. The broad peak at around 3402 cm− 1 

corresponded to the O-H stretching vibration, and its intensity dimin
ished with the heightened severity of HTC, signifying dehydration re
actions taking place throughout the process [51]. The peaks 2922 cm− 1 

and 2855 cm− 1 were associated with C-H stretching vibrations in 
aliphatic compounds [56,57]. The peaks of the lignin aromatic ring, 
lignin aromatic skeleton C=C, and aliphatic molecule C-H were shown at 
1620 cm− 1, 1514 cm− 1, and 1372 cm− 1, respectively. All three 
decreased as the reaction degree increased, further confirming the 
decomposition of lignin and the generation of aromatic compounds [57,
58]. The peak at approximately 1035 cm− 1 was attributed to the 
stretching vibration of C-O-C present in cellulose and hemicellulose. 
This peak exhibited a reduction in intensity with increasing reaction 
temperatures and prolonged residence times. This trend suggests that 
the carbohydrates and lipids are progressively degraded as the reaction 
occurs [59]. However, as observed in Fig. 4(c), an increase in the co-HTC 
ratio slightly enhances the peak intensity compared to the 1:0 condition. 
This enhancement may be ascribed to initial organic components 
remaining in the hydrochar after the condensation reaction in feedstocks 
[60]. Finally, the aromatic compound C-H, which is present at 788 cm− 1, 
demonstrates the high level of aromatization of the product [61]. In 
summary, hydrochar is rich in surface functional groups that make it 
more stable for microbial and chemical degradation, contributing to the 
sustainable retention of nutrients. This characteristic adds value to its 
potential applications in land use and adsorption [62].

3.3.2. Raman analysis
Raman spectroscopy is a potent tool for analyzing the chemical 

structure evolution of biochar, enabling the study of the degree of 
ordering in various hydrochars [49,63]. The Raman spectra shown in 
Fig. 5 pertain to hydrochars produced under different conditions. The 
Raman spectra of carbonaceous materials predominantly feature the D 
band (1350–1325 cm− 1), as well as the G band (1610–1580 cm− 1), 
representing the structural flaws in carbon atoms and the sp2 hybridized 
carbon atoms’ in-plane stretching vibration, respectively [64,65]. These 
two bands’ relative intensity ratio (ID/IG) provides an effective indica
tion of the graphitization degree of carbonaceous materials. A higher 
ID/IG value signifies a greater degree of disorder and a lower degree of 
graphitization [61,66]. These data indicate the existence of minor aro
matic clusters in hydrochar, confirming the aromatization reactions as 
observed in the previously mentioned FTIR analysis [61].

Analysis indicates that, during the HTC process conducted at tem
peratures ranging from 180–240 ◦C, the degree of graphitization in
creases due to processes such as crystallization, gas elimination, and 
graphite formation. However, as the carbonization temperature steadily 
ascended, the ID/IG ratio also increased, signifying an increasing number 
of defective aromatic structures in hydrochar [67]. It has been proposed 
that this phenomenon is a result of the heightened intensity of the 

Fig. 7. Cumulative release rate of urea from different hydrochar fertilizer ra
tios: (a) Urea; (b) HBSRF1; (c) HBSRF3;(d) HBSRF5.

Table 3 
Urea release kinetic modeling parameters for different fertilizers.

Kinetic models Parameter Fertilizers

Urea HBSRF1 HBSRF3 HBSRF5

Zero-order R2 0.31477 0.42706 0.39758 0.52398
K0 0.53598 0.10065 0.09829 0.10574
SSE 0.49825 0.41059 0.43321 0.32364

First-order r2 0.99991 0.99922 0.99807 0.99158
K1 0.99723 0.99585 0.99649 0.97205
SSE 6.47E-05 5.59E-04 0.00139 0.00573

Higuchi r2 0.31477 0.42706 0.39758 0.52398
KH 0.18259 0.2013 0.19658 0.21147
SSE 0.49825 0.41059 0.43321 0.32364

Korsmeyer-Peppas r2 0.99583 0.98896 0.99092 0.99626
Kkp 0.91105 0.81335 0.83951 0.73499
n 0.05747 0.12498 0.10687 0.17155
SSE 0.00303 0.00791 0.00653 0.00254
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aromatic ring condensation reaction within hydrochar at elevated 
temperatures [50]. Simultaneously, the reduction in substituents or 
aliphatic-branched chains occurred, contributing to the augmentation of 
medium and large aromatic ring systems in hydrochar. The extension of 
residence time showed no significant change in the ID/IG value. How
ever, with an increase in the mixing ratio, the ID/IG value gradually 
increases, reaching its maximum at a mixing ratio of 5:1. This also 
confirms the maximum disorderliness of hydrochar under this condition, 
exhibiting more functional groups and active sites, which contribute to 
its strong adsorption capacity [65]. Overall, the ID/IG ratio of hydrochar 
fell within the range of 0.5–0.8, displaying observable amorphous car
bon characteristics. Hydrochar can be applied in adsorption, soil 
improvement, and other related fields because of its faulty crystalline 
structure [66].

3.3.3. Thermal stability analysis
The thermal stability of hydrochar was assessed by thermogravi

metric analysis shown in Fig. 6, which displays the TG and DTG curves of 
hydrochar derived from raw materials such as FM and SCB. There are 
three major phases in the combustion process: the dehydration stage, the 
devolatilization stage, and the combustion stage [48,68]. First of all, the 
evaporation of water caused a slight hydrochar’s weight loss in the re
gion of 100–200 ◦C, thus validating the vibration phenomenon of hy
droxyl O-H stretching bands observed in FTIR analysis [48,56]. In the 
range of 200–400 ◦C, it is primarily associated with the decomposition of 

hemicellulose and cellulose [28]. Previous studies have demonstrated 
that the composition of biomass significantly influences its pyrolysis, 
with higher contents of cellulose and hemicellulose resulting in a faster 
rate of pyrolytic weight loss [69]. The third stage is a sluggish com
bustion phase (500–800 ◦C) of ash melting [70].

Comparing the plots in Fig. 6(a1), (a2), (b1), and (b2), it is evident 
that the increase in the operational parameters expedites the decom
position of volatile components, causing a significant decrease in the 
weight loss of the hydrochar and a gradual decrease in the temperature 
range [68]. It can be observed that FM and the hydrochar are both 
higher than SCB, indicating that the HTC process could remove unstable 
functional groups and small molecular substances in biomass [20]. 
When compared with the HTC with FM only, the hydrochar produced 
with a ratio of 1:1of co-HTC exhibits a new peak of around 450–500 ◦C, 
which can be related to the inclusion of SCB, leading to an elevated 
content of residual lignin in the hydrochar. Additionally, at the ratio of 
5:1, the stability of the hydrochar is notably superior compared to the 
other conditions, which might be attributed to the hydrolysis in
termediates of cellulose and hemicellulose (such as 5-HMF) promoting 
the aromatization reactions and forming more stable aromatic structures 
in hydrochars [20,28].

Fig. 8. Reaction path for the co-HTC process of FM and SCB.
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3.4. Evaluation of slow-release performance of HBSRF

3.4.1. Slow-release behavior
The comprehensive analysis of hydrochar properties mentioned 

above reveals that hydrochar, synthesized at 240◦C-60min-5:1, has 
great potential as a slow-release fertilizer. This is attributed to its surface 
abundant functional groups, expansive specific surface area, and robust 
stability [71]. To explore its application prospects in agriculture, an 
evaluation of the slow-release performance of HBSRF was conducted 
through column leaching experiments involving urea at different 
hydrochar-to-fertilizer ratios.

Fig. 7 depicts the cumulative release rates of urea under different 
ratios of hydrochar to fertilizer. The results reveal that urea was released 
at the fastest rate on the first day, with a cumulative release rate of 
79.37 %. In contrast, the cumulative release for HBSRF1, HBSRF3, and 
HBSRF5 were 53.58 %, 50.07 %, and 35.19 %, respectively. This un
derscores the fact that pure urea dissolves readily after leaching. Thus, 
nutrient release is faster than in HBSRF. A comparative analysis showed 
that nearly all urea dissolved after four days, whereas the hydrochar- 
based fertilizer didn’t reach equilibrium until the seventh day, indi
cating that the addition of hydrochar had an excellent slow-release ef
fect. Additionally, on the seventh day, the cumulative release rates of 
urea for HBSRF1, HBSRF3, and HBSRF5 were 70.31 %, 62.76 %, and 
49.65 %, respectively. As the hydrochar-to-fertilizer ratio increased, the 
cumulative urea release performance of HBSRF gradually diminished, 
which was mainly ascribed to urea adsorption onto the hydrochar sur
face, penetration into the porous structure of hydrochar and chemical 
reactions with functional groups on the surface of hydrochar. These 
interactions effectively amplified the slow-release efficacy [72,73].

3.4.2. The kinetics of urea release
The cumulative release data of urea from slow-release fertilizers with 

varying hydrochar-to-fertilizer ratios were investigated using four 
distinct kinetic model types. The parameters of different kinetic models 
are presented in Table 3. It was found that, except for the HBSRF5, the 
other three models conformed to the first-order kinetic equation for 
fertilizer release mechanisms (R2 > 0.99). This indicates that the urea 
release rate is dependent on urea concentration [72]. For the HBSRF5, 
the Korsmeyer-Peppas model had the highest R2 and the lowest SSE, 
conforming to the Korsmeyer-Peppas model. This implies that urea was 
released slowly by pore diffusion, where n represents the diffusion 
index. The fitted n value was 0.172 (<0.45), suggesting that the fertilizer 
release behavior was determined by Fickian diffusion. This could be 
attributed to the increased content of hydrochar, allowing more nutri
ents to be stored in the pores of hydrochar, promoting the adsorption of 
urea by the pores [26,72,74]. During the entire release process, in 
addition to the predominant role played by the pores, the surface 
characteristics of hydrochar also dictated the urea release rate. The 
neutral to weakly acidic pH and the functional groups, such as aliphatic, 
phenolic hydroxyl, and carbonyl, on the surface of hydrochar effectively 
reduced the hydrolysis rate of urea [75].

3.5. Reaction path for co-HTC processes

Analyzing hydrochar characteristics, we deduce a reaction path for 
the co-HTC of FM and SCB. Fig. 8 illustrates that the primary constitu
ents of both feedstocks, FM and SCB, include cellulose, hemicellulose, 
lignin, and protein. During the HTC process, hemicellulose in FM and 
SCB depolymerizes and breaks down into polysaccharides. Subse
quently, the xylose formed in this process was hydrolyzed to produce 
pentose or hexose sugars by isomerization. Bond breaking in the ligno
cellulose matrix caused the creation of oligomers from cellulose, such as 
cellobiose, whereby glucose and fructose, respectively, were produced 
from polysaccharides (starch) and disaccharides (sucrose) and similarly 
isomerized to pentose and hexose [36,39]. The monosaccharides ob
tained were subjected to dehydration and decarboxylation reactions to 

yield furfural, 5-HMF, and other substances, and ketone compounds via 
reverse aldol condensation reactions [39,48,60]. Simultaneously, a 
sequence of dehydration and decarboxylation reactions was initiated by 
glucose and aldehyde-ketone compounds, resulting in the generation of 
organic acids and the production of H+, which served as catalysts in the 
process [48,60]. Amino acids were produced by hydrolysis of proteins in 
FM. The organic amines obtained after decarboxylation can be con
verted into N-heterocyclic compounds [47].

In the Maillard reaction, glucose and amino acids reacted to produce 
Amadori compounds, which were further dehydrated to form N-het
erocyclic compounds. Lignin was divided into soluble lignin and insol
uble lignin. Soluble lignin was hydrolyzed into phenols, and 
unhydrolyzed lignin could directly carbonize into the hydrochar matrix 
[36,39,48]. During polymerization, furfural, 5-HMF, benzene de
rivatives, phenols, aldehydes, ketones, and N-heterocyclic compounds 
were converted to aromatic clusters, which further polymerized to form 
hydrochars [39,48,60,76]. This also verifies the previously mentioned 
situation that the hydrochar yield and specific surface area increased 
with an increase in mixing ratio during the co-HTC process. This was 
mainly because the higher the mixing ratio, the higher the concentration 
of proteins and carbohydrates, and the more sugars and amino acids 
were produced during hydrolysis. This accelerated the Maillard process, 
which in turn encouraged the creation of hydrochar microspheres [60].

3.6. Economic analysis

The processing of FM and SCB by hydrothermal carbonization 
technology results in the production of approximately 620 kg of 
hydrochar. Based on the yield obtained in the experiments, the addition 
of 60 % hydrochar allows to produce approximately one tone of 
hydrochar-based slow-release fertilizer. The market price of slow- 
release fertilizer is calculated at $415/t, while urea fertilizer is priced 
at $275/t. The financial implications of treating 1 tone of FM and SCB 
with natural gas are determined to be approximately $20. The cost of 
incorporating 30 % of the amount of urea into the production of 1 tone 
of hydrochar-based slow-release fertilizer is calculated to be $124, 
which equates to a total cost of $144. These figures illustrate that the 
economic viability of the process can be enhanced by reducing the initial 
investment costs.

In addition, the release of slow-release fertilizers is slower than that 
of traditional fertilizers, with a longer cycle. Hydrochar-based slow- 
release fertilizers can reduce the number of applications and waste of 
fertilizers, particularly in areas with high rainfall. They extend the 
release cycle, provide nutrients continuously, effectively improve the 
utilization rate of fertilizers, and save farmers time and labor costs.

4. Conclusion

The study proposes the co-HTC of high-sugar organic waste, FM, and 
low-moisture biomass, SCB. The research explores the impact of 
different conditions on the characteristics and structure of hydrochar. 
During co-HTC, the Maillard reaction, occurring among various com
ponents of feedstocks, accelerated dehydration and decarboxylation 
reactions and promoted the formation of hydrochar microspheres. Based 
on physical and chemical property characterization, the obtained 
hydrochar exhibited a maximum carbon content of 31.66 wt%, low ash 
content, conductivity within the range of Class A soils, and a surface rich 
in functional groups. It displayed a loose and porous structure, which 
enhanced soil water retention and aeration when used for land appli
cation. This significantly improved the nutrient uptake and retention 
capacity of the soil. Combined with the characteristics of hydrochar and 
the demands of energy consumption, it was found that hydrochar pro
duced at 240◦C-60min-5:1 provided optimal conditions for land appli
cation. It exhibited a C/N ratio of 26.9, a remarkably high specific 
surface area of 45.921 m2/g, and a pore volume of 0.2061 cm3/g, with a 
strong adsorption capacity. The optimal hydrochar conditions at 240◦C- 
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60min-5:1 was selected as the carrier of HBSRF, and addition of different 
hydrochar-to-fertilizer ratios were added, which reveals that all HBSRF 
variants effectively slowed down urea release. Among them, HBSRF5 
exhibited superior slow-release performance, and its release kinetics 
aligned with the Korsmeyer-Peppas model. This implies that urea ni
trogen was released through pore diffusion, thus validating the potential 
for agricultural application of slow-release fertilizers prepared from co- 
HTC of FM and SCB.

To authenticate its efficacy in agricultural settings, it is crucial to 
conduct soil fertility experiments on HBSRF. Furthermore, in large-scale 
industrial applications, the overall techno-economic assessment requires 
an in-depth analysis of the problems arising from the discharge or re
covery of the liquid phase products of the HTC process to improve the 
sustainability of the process in large-scale facilities. It is imperative to 
carry out additional experiments focusing on the extracted liquid phase 
into the hydrothermal carbonation reaction as a solvent for the co- 
hydrothermal carbonation cycle experiment until the liquid is entirely 
depleted, which approach not only curtails the utilization of fresh water 
but also mitigates the financial burden associated with wastewater 
treatment in hydrothermal carbonation, enhancing the overall efficacy 
of the hydrothermal carbonation system.
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A B S T R A C T

In this study, we developed a synergistic recycling technology based on biomass pyrolysis, roasting, and water 
leaching of biomass single components (cellulose, hemicellulose, and lignin), aiming to address the environ
mental risks posed by spent lithium-ion batteries due to the rapid growth of the new energy battery industry. By 
innovatively utilizing the reducing gases (H2, CO) produced during the biomass pyrolysis process, we have not 
only achieved the structural cracking of ternary cathode materials but also reduced high-valent metal oxides 
(such as nickel, cobalt, and manganese oxides) to metallic states, thereby realizing selective lithium leaching. 
This study systematically explored how biomass type, dosage ratio, roasting temperature, and roasting time 
affect lithium reduction efficiency and leaching behaviour. Experimental results demonstrated that lignin 
exhibited the most potent synergistic effect under pyrolysis at 600 ℃. At a dosage ratio of 1:0.25, the lithium 
leaching rate exceeded 90 %, outperforming cellulose and hemicellulose under equivalent low-temperature and 
low-dosage conditions. A component-property database of biomass could be established to optimize dosing 
strategies for diverse cathode materials. Economic and environmental impact analyses using the Everbatt model 
indicate that biomass reduction leads to reduced energy consumption and greenhouse gas emissions, resulting in 
significant energy and environmental benefits. This study proposes a green and low-carbon lithium recycling 
method that integrates with metal recovery, providing technological innovation and practical significance for 
promoting sustainable development in the new energy sector.

1. Introduction

Under the dual goals of "carbon peaking" and "carbon neutrality", 
sustainable development has become a central focus of modern society 
[1]. The global energy landscape is shifting toward low-carbon 

technologies and renewable energy systems, with lithium-ion batteries 
playing a key role as enablers for electric vehicles (EVs) and grid-scale 
energy storage applications [2,3]. Lithium-ion batteries are valued as 
clean, safe, and efficient energy storage capabilities. Their technological 
advantages - including high energy density, extended lifespan, superior 
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cycling performance, and environmental benefits - have established 
them as essential components in modern electronics and EVs [4,5]. This 
growing utilisation continues to drive sustained demand in the market. 
However, the relatively short lifespan of EVs (typically 3–10 years) has 
led to a significant rise in the disposal of lithium-ion batteries. Pro
jections indicate that by 2030, the global lithium-ion battery decom
missioning wave driven by treatment demand may exceed 11 million 
metric tons. In addition, the recycling industry market size is expected to 
grow to 23.72 billion U.S. dollars [6,7]. Recovering valuable metals 
from spent batteries is essential for conserving resources. Furthermore, 
this process plays an increasingly important role in ensuring the sus
tainable development of the lithium-ion battery industry.

To recycle nickel-cobalt-manganese (NCM) batteries, pre-treatment 
processes such as discharge, disassembly, and electrode stripping are 
applied to spent batteries [8]. Traditional recycling approaches include 
bio-metallurgy, hydrometallurgy, and pyrometallurgy [9,10]. In 
bio-metallurgical recovery, valuable metals are extracted from cathode 
materials using acids produced by microorganisms [11]. Although this 
method offers high leaching efficiency under mild operating conditions, 
it remains underdeveloped. Key challenges include strict microbial 
strain cultivation requirements and difficulties maintaining bacterial 
viability, limiting its industrial adoption [12,13]. Hydrometallurgical 
recovery employs reducing and leaching agents (e.g., inorganic acids 
such as H2SO4, HCl, and HNO3 [14–16] or organic acids like citric acid 
and malic acid) to dissolve transition metals [17–19]. This method 
demonstrates high recovery rates, low energy consumption, and high 
product purity with multi-metal extraction capabilities [20,21]. Never
theless, the large consumption of chemical reagents and the generation 
of toxic gases and high-salinity wastewater raises environmental con
cerns [22]. Regarding pyrometallurgical Recovery, current research 
focuses on reductant selection during the roasting [16,23].

Reduction roasting is an effective method to significantly improve 
the recovery of valuable metals from used batteries [24]. Notably, py
rolysis, a key pretreatment technology for spent cathode powder, is vital 
in biomass energy conversion [25]. Studies indicate that biomass offers 
advantages over traditional reductants in lithium battery recycling due 
to its abundant availability, renewable nature, and low environmental 
footprint [26]. During thermochemical decomposition under 
oxygen-limited conditions (e.g., anaerobic environments), biomass 
mainly produces three valuable products: reducing gases (H2, CO, and 
CH4), bio-oils, and bio-char. This process simultaneously inhibits toxic 
emissions such as fluorinated compounds or sulphur-containing species 
[27]. With near-zero emissions and high energy efficiency, this con
version pathway offers an environmentally sustainable approach to 
lithium-ion recovery. The reducing gases and biochar can react with 
spent cathode powder, a process enhanced by reducing gases from 
decomposed battery organic matter [28]. Additionally, the metals Ni 
and Co can catalyse the cracking of bio-oil into small-molecule gases, 
thereby enhancing the reaction efficiency. Recent studies demonstrate 
successful applications of green biomass materials—including macad
amia nut shells [29], Bidens pilosa [30], Crofton’s weed [31], and wood 
chips [32]—in lithium-ion battery reduction roasting. These materials 
provide a sustainable alternative to conventional reductants, such as 
graphite and coal.

Biomass primarily consists of cellulose, hemicellulose, and lignin. 
However, existing research has not reported the use of individual 
biomass components as reducing agents for the recovery of lithium 
battery materials. Building on previous work, we present a novel 
pyrolysis-driven reduction method using single-component biomass. 
Specifically, cellulose, hemicellulose, and lignin are selected as reducing 
agents. During pyrolysis, the generated gases and biochar minimize 
cathode oxides from spent lithium-ion batteries. This reduction process 
converts metal oxides into metallic Ni, Co, MnO, and Li2CO3. Through 
comprehensive characterization (XRD, TG-DSC, XPS, and SEM) of py
rolysis products, we propose potential chemical reaction pathways 
during the pyrolysis process. In addition, the synergistic effect of gas and 

biochar was experimentally investigated, and the effects of the three 
components on the lithium leaching rate were explored at the various 
roasting temperatures, dosage ratios, and roasting times. The method 
significantly expands the application options of the biomass reduction 
roasting method in lithium battery recycling by optimizing the mixing 
ratio of single biomass components in recycling spent lithium battery 
cathode materials, screening efficient primary biomass based on data, 
and systematically optimizing the recycling strategy.

2. Experimental section

2.1. Material preparation

The spent lithium ternary batteries used in the study were sourced 
from a battery recycling company in Guangxi Province, China. To ensure 
the safe handling of the batteries, they were first immersed in a 20 % 
sodium chloride solution for 24 h to ensure they were fully discharged. 
After discharge, it was manually disassembled and separated under a 
fume hood to obtain the cathode material. The cathode material was 
then cut into 2 × 2 cm pieces, placed in a crucible, and calcined in a 
muffle furnace at 550 ℃ for 2 h. This process effectively removed the 
binder between the cathode powder and the aluminum foil [33]. The 
calcined sample was manually ground and sieved with a 100-mesh 
standard sieve to finally obtain a refined sample of used lithium bat
tery cathode material [34]. An inductively coupled plasma optical 
emission spectroscopy (ICP-OES) technique was used to analyze the 
elemental composition of the NCM materials. The main metal element 
content in the cathode powder is shown in Table S1, and the XRD pattern 
is shown in Figure S1. The three single-component biomass reductants 
(cellulose, hemicellulose, lignin) used in this study were purchased from 
Aladdin Reagents Ltd. Among them, cellulose was a white microcrys
talline powder (CAS#9004–34–6). Basic lignin (CAS#8068–05–1) was 
in brown powder and was chosen as the lignin representative. Due to the 
commercial unavailability of purified hemicellulose, xylan 
(CAS#9014–63–5) is a representative substitute for hemicellulose in this 
study. The xylan sample used in the experiment was in the form of a 
white powder and was used as a source of hemicellulose.

2.2. Procedure

The schematic diagram of the experimental setup is shown in Fig. 1. 
Each of the three reducing agents was homogeneously mixed with 
cathode powder in a crucible and placed in a nitrogen-filled tube furnace 
for roasting. Before the experiment, the furnace chamber was purged 
with nitrogen for 10 min to remove the original air. The samples were 
heated to the desired temperature at a rate of 10 ℃/min and maintained 
at that temperature for a specified time. A valve controlled the gas flow 
rate, introducing the gas into a beaker filled with water. Nitrogen was 
continuously used until the reaction temperature dropped to approxi
mately 60 ℃. After the roasting, the samples were ground for subse
quent characterization and separation. The ICP-OES technique was used 
to determine the concentrations of Li, Ni, Co, and Mn. In this study, the 
effects of roasting temperature, cathode powder-to-reducing agent 
dosage ratio, and roasting time on the lithium leaching rate were 
investigated for each of the three reducing agents.

After calcination, the product was naturally cooled to room tem
perature and leached with deionized water (liquid-to-solid ratio =
30 mL/g, leaching time 40 min). The filter residue and filtrate were 
obtained through filtration and separation. The filter residue was dried 
at 80 ℃ for 6 h and then kept ready for use. The metal content in 
leachate was analyzed by inductively coupled plasma optical emission 
spectrometry to evaluate the leaching efficiency of lithium. The lithium 
leaching rate is calculated according to formula (1): 

η =
n × C × V

m × w
× 100% (1) 
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where η (%) denotes the leaching rate of lithium, C denotes the con
centration of lithium ions in the leach solution, V denotes the volume of 
the leach solution, m denotes the mass of the reduced roasted product, 
and w denotes the mass fraction of lithium in the reduced roasted 
product.

2.3. Characterization

ICP-OES (Agilent, USA) was used to determine the content of 
metallic elements (Li, Ni, Co, Mn) and the concentration of Li. Scanning 
electron microscopy (SEM, Hitachi SU5000, Japan), X-ray diffraction 
(XRD, Bruker D8 Advance A25 ×, Germany), and X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific K-Alpha, USA) were used to 
analyze the surface morphology, crystal structure, and chemical 
composition of the spent cathode materials, roasting samples, and 
leaching slag. The thermochemical behaviour during roasting was sys
tematically investigated using a thermogravimetric analyzer (TG/DSC, 
Mettler Toledo, Switzerland). The mixed samples were heated from 
room temperature to 1000 ℃ at a heating rate of 10 ℃/min in a high- 
purity nitrogen atmosphere. Subsequently, the temperature-dependent 
Gibbs free energy values for relevant chemical reactions were compu
tationally determined using HSC Chemistry 9.0 software.

Fig. 1. Schematic diagram of the reduction process of waste lithium-ion batteries.

Fig. 2. Schematic representation of gibbs free energy as a function of temperature during the reduction roasting process.
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3. Results and discussion

3.1. Thermodynamic analysis

During calcination, the primary pyrolysis products of cellulose, 
hemicellulose, and lignin include reducing gases (CH4, CO, and H2), as 
well as biochar [35]. Figure S2 shows the evolution processes of three 
biomass components at a specific heating rate. The HSC Chemistry 9.0 
software was used to calculate the reaction of LiNixCoyMnzO2 (NCM) 
with the three reducing agents over the temperature range from 0 to 
1000 ℃ to evaluate potential reaction pathways. Fig. 2a shows that Li2O 
obtained from NCM reduction reacts with CO2 from the pyrolysis pro
cess to form Li2CO3 with consistently negative ΔGθ values (ΔGθ＜0), 
indicating a spontaneous reaction behaviour throughout the tempera
ture range studied. Moreover, the lower the temperature, the more 
favourable the formation of Li2CO3. The thermal reduction mechanisms 
of transition metal oxides are illustrated in Fig. 2b-d, respectively: for Co 
(Fig. 2b), CoO and the reducing gas react at about 240 ℃, whereas the 
reaction between C and CoO starts at 500 ℃, and the response of C and 
Co3O4 at 100 ℃ leads to CoO. Because of the lower stability of Ni2O3, the 
thermodynamic data for NiO were calculated (Fig. 2c) [29]. A distinc
tive feature of nickel reduction is that nickel oxides can be reduced to 
nickel metal at relatively low temperatures (about 200 ℃). As the 
temperature increases, the ΔGθ value becomes progressively more 
negative, similar to the reduction of cobalt, but exhibiting a more pro
nounced thermodynamic spontaneity. The oxides of Mn (Fig. 2d), which 
are estimated to pass through the following stages during the reaction, 
MnO2, Mn2O3, Mn3O4, and MnO, are not reduced to monomeric Mn by 
the reducing gas. Therefore, Mn oxide remains the dominant form of 
manganese throughout the reaction. Thermodynamic analyses 
confirmed the feasibility of lowering the NCM cathode material with a 
single-component biomass reductant. The final reduction products 
determined from thermodynamic equilibrium calculations were Li2CO3, 
Ni, Co, and MnO.

3.2. The effect of synergistic reductive roasting of cellulose

Figs. 3a and 3b show the TG-DTG curves of cellulose alone and the 
mixed samples of NCM and cellulose. As shown in Fig. 3a, within the 
range of 50–150 ℃, the TG curve of cellulose decreases slowly due to the 
release of free water and some chemical water by cellulose. The ther
mogravimetric curve decreases within the 200–400 ℃ range, indicating 
cellulose molecules’ β-1, 4-glycosidic bonds are broken [36]. In addition 
to releasing other volatile organic compounds (such as aldehydes, ke
tones, etc.), many volatile gases (such as CO, CO2, and H2) are also 
released. Above 400 ℃, the decomposition rate of cellulose gradually 
slows down, the weight loss rate tends to stabilize, and the remaining 
carbon structure reorganizes to form more stable coke [37]. In Fig. 3b, 
the TG curve of the mixed sample is similar to that of cellulose. In the 
initial stage, the weight loss of the mixture occurred earlier than the 
starting temperature, indicating that NCM might have accelerated the 
decomposition of cellulose. When the temperature is between 600 and 
800 ℃, additional weight loss occurs, corresponding to the decompo
sition of ternary lithium materials. This might be due to the release of 
oxygen by NCM, which reacts with cellulose coke to form CO/CO2, 
resulting in further mass loss. Compared with pure cellulose, the DTG 
peak also shifted to a certain extent, and a new peak appeared at > 600 
℃, corresponding to the decomposition or interaction of NCM. As the 
temperature increases, the octahedral structure collapses, and the metal 
oxides are further reduced by reducing gases (e.g., H2, CO, CH4, etc.) 
from the pyrolysis of cellulose as well as by biochar [28].

The effects of cellulose roasting temperature, dosage ratio, and 
roasting time on lithium leaching rate are systematically presented in 
Fig. 3c. Under fixed experimental conditions (NCM/cellulose = 1:1, 2 h 
roasting), insufficient thermal energy at lower temperatures results in 
suboptimal lithium recovery. This observation aligns with the reaction 
mechanism: Initial-stage cellulose pyrolysis produces reducing gases 
and biochar, whereas most metal oxides remain chemically inert below 
500 ℃. The lithium leaching rate progressively increases when the 
reaching temperature exceeds 500 ℃, with a maximum value of 96.4 % 
at 700 ℃. During the heating process, the collapsed ternary lithium 
structure undergoes carbon-thermal reactions and gas reduction 

Fig. 3. TG/DTG (10 ℃/min) curves of (a) cellulose and (b) mixed NCM and cellulose (dosage ratio 1:1) in nitrogen atmosphere and (c) lithium leaching rate under 
different conditions (temperature, dosage ratio, roasting time) and (d-f) XRD patterns of the roasted products with different roasting temperatures, dosage ratios, and 
roasting times.
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reactions, facilitated by the gas produced from cellulose pyrolysis, 
thereby intensifying the reaction. Moreover, the transition metal oxides 
decrease, and the generated CO2 reacts with Li2O to form Li2CO3. It can 
be seen from the XRD pattern Fig. 3d that peaks corresponding to Ni, Co, 
and MnO are present. However, exceeding 700 ℃ causes lithium loss, 
presumably due to high-temperature volatilization. The dosage ratio 
plays a critical role in determining the lithium leaching rate. As 
demonstrated in Fig. 3c, under standard conditions of 700 ℃ and 2 h 
roasting time, insufficient cellulose content fails to generate adequate 
reducing gases, leading to significantly low leaching efficiency. It can 
also be seen from the XRD pattern in Fig. 3e that when the mixing ratio 
of ternary lithium and cellulose is 1:1, the leaching rate of lithium rea
ches the maximum value of 90.34 %. This means that reducing gases and 
biochar are produced during the cellulose pyrolysis process, which can 
ensure that the reducing agent participates in the lithium reduction 
process. However, if the amount of cellulose used is excessive, although 
it can provide more reducing gas, it may lead to other side reactions and 
even cause the loss of some substances. As can be seen from Fig. 3c, with 
the roasting time extending from 30 min to 150 min, the leaching rate of 
lithium does not change significantly, indicating that the roasting time 
has no significant influence on the leaching rate of lithium. Furthermore, 
it can be seen from the XRD pattern in Fig. 3f that the generated product 
remains unchanged with increasing calcination time, indicating that the 
entire reduction process is instantaneous. The calcination time only af
fects the reaction rate. Therefore, 60-minute roasting achieves dual 
optimization: maximal metal oxide reduction and minimal lithium loss, 
yielding a 93.78 % leaching efficiency.

3.3. The effect of synergistic reductive roasting of hemicellulose

Figs. 4a and 4b show the pyrolysis behaviour studies of hemicellulose 
and hemicellulose mixed with Li-ion ternary battery materials, respec
tively. As shown in Fig. 4a, the pyrolysis process of hemicellulose mainly 
consists of the following stages: from room temperature to 150 ℃, the 
TG curve slightly decreases and becomes flat, during which the physi
cally adsorbed and weakly bound water in hemicellulose escapes. 
150–250 ℃, the acetyl group and some sugar units in the side chain of 

hemicellulose begin to decompose [38], which releases small molecule 
gases such as carbon dioxide. When the temperature exceeds 250 ℃, the 
glycosidic bond in hemicellulose is broken, and the furan ring is opened, 
releasing a large number of volatile substances. Volatile organic com
pounds such as CO, CO2, H2O, and acetic acid are mainly produced [39]. 
Due to the two different structural units of hemicellulose, there are 
double peaks in the DTG curve of hemicellulose. When the temperature 
is higher than 400 ℃, the TG curve tends to stabilize, the unstable 
components (e.g., oxygen-containing functional groups) in the remain
ing coke are further decomposed to form a more stable carbon structure, 
and some oxygen-containing groups ((e.g., hydroxyl and carboxyl) are 
further decomposed, releasing CO2 and H2O, and then finally tend to 
stabilize. The thermogravimetric curve of the mixture of NCM and 
hemicellulose is shown in Fig. 4b. In the low-temperature stage (＜ 200 
℃), the weight loss in this stage is relatively flat. The TG curve decreases 
slowly, which may be due to the evaporation of adsorbed water and the 
volatilization of a small amount of low-molecular-weight organic mat
ter. When the temperature was 200–400 ℃, corresponding to the main 
decomposition stage of hemicellulose, the DTG peak was significant. 
Volatile products such as CO, CO2, and aldehydes are generated in the 
process, accompanied by partial dehydration and carbonization of 
sugars, which is dominated by dehydration and bond breaking under 
anaerobic conditions, and the residual carbon skeleton may be partially 
retained until high temperatures. At temperatures greater than 400 ℃, 
mainly attributed to the decomposition of NCM materials, the ternary 
material LiNixCoyMnzO2) may undergo lamellar collapse at high tem
peratures, releasing oxygen (residual metal oxides such as Li₂O, NiO, 
CoO, and so on), while the residual carbonaceous mass is further 
decomposed. Notably, the reducing gases such as CO released from 
hemicellulose may be adsorbed on the surface of the NCM or react with 
the residual carbon to promote the reduction of the high-valent metal 
oxides in the high-temperature section.

Roasting temperature significantly affects lithium’s leaching rate, as 
shown in Fig. 4c, which investigates the leaching rate of lithium at 
400–800 ℃ (NCM/ hemicellulose = 1:2, 2 h roasting). Similar to cel
lulose, the leaching rate of lithium is not more than 60 % at lower 
temperatures. However, with the increase in temperature, the high 

Fig. 4. TG/DTG (10 ℃/min) curves of (a) hemicellulose and (b) mixed NCM and hemicellulose (dosage ratio 1:2) in nitrogen atmosphere and (c) lithium leaching 
rate under different conditions (temperature, dosage ratio, roasting time) and (d-f) XRD patterns of the roasted products with different roasting temperatures, dosage 
ratios, and roasting times.
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temperature (700 ℃) accelerates the kinetic process of the reduction 
reaction, shortens the reaction time, and promotes the formation of 
lithium salts (Li2CO3). When the temperature is more significant than 
700 ℃, the lithium leaching rate decreases because high temperatures 
lead to the volatilization of lithium or densification of the material 
sintering, which impedes the aqueous leaching process in the lithium 
dissolution during water leaching. In Fig. 4d, Li2CO3, Ni, Co, and MnO 
peaks are observed at 700 ℃, indicating that the metal oxides are 
reduced to low valence metals. At a temperature of 700 ℃, the effect of 
the hemicellulose dosage ratio on the leaching rate of lithium was 
explored in Fig. 4c, where the dosage ratio was 1:2. From the XRD results 
in Fig. 4e, it can be seen that insufficient reducing gas under low dosage 
ratio conditions leads to incomplete reduction. The leaching rate of 
lithium would decrease, whereas the leaching rate of Li reached a 
maximum (94.64 %) when the feed ratio was 1:2, which was attributed 
to the fact that the hemicellulose provides sufficient reducing gas to 
efficiently reduce more metal oxides, especially at high temperatures 
(700 ℃), ensuring that the reaction proceeds adequately. To explore the 
effect of roasting time on the leaching rate of lithium, the roasting 
temperature and dosage ratio were controlled at 700 ℃ and 1:2. As can 
be seen in Fig. 4c, the extension of the roasting time from 30 min to 
150 min, the leaching rate of lithium did not change significantly. 
Corresponding XRD patterns (Fig. 4f) exhibited no significant phase 
structure changes, indicating rapid reaction completion within the 
initial stages. This suggests that roasting time primarily influences re
action rate rather than final conversion. Therefore, 60 min was selected 
as the optimal balance to maximize lithium recovery.

3.4. The effect of synergistic reductive roasting of lignin

Lignin is a three-dimensional polymer consisting mainly of phenyl
propane units interconnected by β-O-4 and C-C bonds, and its pyrolysis 
results from the cleavage of these bonds [40]. Fig. 5a shows the ther
mogravimetric curve of lignin when the temperature is below 200 ℃; a 
trace weight loss occurs, which is mainly attributed to the volatilization 
of adsorbed water or residual solvent. At temperatures in the range of 
200–400 ℃, homocleavage of the β-O-4 bond occurs, giving rise to 

phenoxy (Ph-O-) and carbon-centred radicals. These reactive in
termediates initiate chain cleavage reactions, releasing small molecular 
volatiles (e.g., CO2, CO, methanol) [41], along with the formation of 
phenolic compounds and carbonaceous residues. When the temperature 
is higher than 500 ℃, it mainly involves the breaking of more stable 
bonds (e.g., C-C bonds, aromatic ring side-chain bonds) and rearrange
ment of aromatic structures, leading to secondary cleavage of the tars 
(mainly larger molecular weight phenolic compounds) and generation 
of gases (e.g., CH4, H2, etc.). Compared to the first two single-component 
reductants, lignin, due to its complex cross-linked structure, has a wider 
distribution temperature range and is more inclined to produce more 
coke, which is consistent with literature reports [42]. Fig. 5b shows the 
thermogravimetric curves of the ternary cell powder and lignin mix
tures. The behaviour is similar to lignin alone pyrolysis at temperatures 
below about 200 ℃. When the temperature is in the range of 200–400 
℃, the weight loss in this phase is accelerated, which may involve the 
interaction between the initial products of lignin pyrolysis and the sur
face of the NCM material or the released reactive oxygen species. When 
the temperature is at 400–600 ℃, dramatic weight loss occurs. During 
this process, lattice oxygen (O2-) is released from the lithium ternary cell 
material (NCM), and the reducing gases generated by lignin pyrolysis 
(CO/H2, where CO can be generated by the combination of benzyl 
radicals generated by the cleavage of β-O-4 with oxygen, and H2 can be 
generated by the complexation of hydroxyl radicals) utilize this oxygen 
to react. These reducing gases promote the reduction of high-valent 
metal ions (e.g., Ni3+, Co3+) in the NCM, leading to a decrease in the 
stability of its lattice structure, which enhances the release of lithium 
ions. When the temperature exceeds 600 ℃, a secondary weight loss 
peak occurs, and the process corresponds to the metal oxide (MOX) 
catalyzed residual carbon gasification reaction. As the reaction pro
ceeds, this redox process stabilizes when the residual carbon is 
consumed or the reaction reaches equilibrium.

Compared to cellulose and hemicellulose, lignin demonstrates su
perior performance as a reductant for Li-ion ternary battery materials, 
requiring lower reduction temperatures (Fig. 5c). The maximum lithium 
leaching rate (93.28 %) was achieved at 600 ℃ (NCM/lignin = 1:0.25, 
2 h roasting), significantly higher than values observed for cellulose and 

Fig. 5. TG/DTG (10 ℃/min) curves of (a) lignin and (b) mixed NCM and lignin (dosage ratio 1:0.25) in nitrogen atmosphere and (c) lithium leaching rate under 
different conditions (temperature, dosage ratio, roasting time) and (d-f) XRD patterns of the roasted products with different roasting temperatures, dosage ratios, and 
roasting times.
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hemicellulose under equivalent conditions. At lower temperatures, 
reduced leaching efficiency may originate from insufficient generation 
of reactive gases. Lignin is a complex aromatic polymer. Its pyrolysis 
produces a more graphitized biochar that forms a stable conjugated 
system [36,43]. This enhances electronic conductivity and improves the 
carbon-based reduction process. In contrast, cellulose and hemi
cellulose—composed of linear/branched glucose units—yield disor
dered carbon structures upon pyrolysis. These amorphous carbons 
exhibit lower reactivity, necessitating higher temperatures (~700 ℃) to 
activate their reducing capacity. As shown from the XRD pattern in 
Fig. 5d, the phases at maximum leaching rates indicate that the high 
valent metal oxides are reduced to lower valent states. In exploring the 
effect of the lignin-to-lithium ratio on the lithium leaching rate, it was 
found that the leaching rate was very low at low feed ratios. As the feed 
ratio increased, the lithium leaching rate reached a maximum (93.56 %) 
when the NCM to lignin ratio was 1:0.25 (Fig. 5c). Further studies have 
shown that, compared with the other two reducing agents, less lignin 
mass is required to achieve the same reduction effect, which may be 
attributed to the higher carbon content of lignin. This resulted in more 
fixed carbon being produced during the pyrolysis process, as pyrolysis of 
lignin is more likely to make a carbon-rich residue, thus increasing 
carbon utilization efficiency. Fig. 5c and Fig. 5f discuss the effect of 
roasting time on the lithium leaching rate (roasting temperature of 600 
℃ and NCM/lignin mass ratio of 1:0.25). The effect of roasting time on 
lignin was similar to its impact on cellulose and hemicellulose, sug
gesting that the whole reduction process is rapid during roasting. The 
roasting time mainly affects the reaction rate and has little effect on the 
final.

4. Mechanistic analysis

Scanning electron microscopy (SEM) was employed to characterize 
the morphological evolution of cathode powder through comparative 
analysis of pre-calcination and post-calcination states. As reference 
benchmarks, cellulose, hemicellulose, and lignin microstructures are 
provided in Figure S3. The pristine cathode material (Fig. 6a–b) exhibits 
a well-defined spherical architecture with uniform particle distribution. 
Following cellulose-assisted calcination (Fig. 6c–d), complete structural 
reorganization occurs: Original spheroids are replaced by irregular 
polyhedral particulates showing angular surface features. In stark 
contrast, hemicellulose-NCM composites (Fig. 6e–f) demonstrate 
lamellar structure formation post-calcination, indicating more pro
nounced structural deformation than cellulose counterparts. Lignin- 
derived residues (Fig. 6g–h) present unique morphological differentia
tion, manifesting rod-like aggregates through the tight coalescence of 
submicron particles.

This study employed X-ray photoelectron spectroscopy (XPS) to 
analyze the reduction behaviours of Li, Ni, Co, and Mn in NCM (LiNix

CoyMnzO2) to investigate the valence state evolution of high-valent 
metal ions during the reaction of cellulose, hemicellulose, and lignin 
with waste cathode powder. Figure S4 presents the C 1 s spectra of the 
cathode powder and calcined samples. As shown in Fig. 7a, the Co 2p 
spectrum in NCM exhibits two primary peaks at 780.3 eV (2p3/2) and 
795.4 eV (2p1/2), consistent with the Co3+ state. In addition, satellite 
peaks at 787.8 eV and 798.2 eV indicate the presence of Co4+. After 
roasting, the Co 2p3/2 and 2p1/2 binding energies shifted to 781.1 eV and 
796.5 eV in cellulose, 781.5 eV and 796.3 eV in hemicellulose, and 
780.3 eV and 796.3 eV in lignin, respectively. These shifts indicate the 
reduction of Co3+ to Co2+ during the reaction. The Ni 2p spectrum of 
NCM (Fig. 7b) displays two prominent peaks at 854.9 eV (2p3/2) and 
872.7 eV (2p1/2), with satellite peaks corresponding to Ni2+. Post- 
roasting, the Ni 2p3/2 and 2p1/2 binding energies increased to 
856.7 eV and 874.0 eV in cellulose, 856.8 eV and 874.8 eV in hemi
cellulose, and 855.3 eV and 873.2 eV in lignin. These results suggest that 
metallic Ni0 and Ni2+ species are forming, likely due to oxidation [43]. 
In NCM (Fig. 7c), the Mn 2p3/2 and 2p1/2 peaks at 642.5 eV and 654.1 eV 
confirm the dominance of Mn4+, while a minor peak at 645.4 eV cor
responds to Mn3+. After roasting, the Mn 2p3/2 and 2p1/2 peaks shifted 
to 642.1 eV and 653.6 eV in cellulose, 642.0 eV and 653.8 eV in hemi
cellulose, and 640.8 eV and 652.6 eV in lignin. Despite these shifts, XPS 
analysis revealed that high-valent Mn species (Mn3+/Mn3+) retained 
elevated binding energies during reduction and roasting [44]. The 
combined results demonstrate that the oxygen octahedra in S-NCM is 
disrupted during reduction and roasting. Furthermore, elevated tem
peratures promote the gradual decrease in high-valent metal ions to 
their lower-valent states.

Fig. 8a illustrates the reaction mechanisms of three single- 
component reductants (cellulose, hemicellulose, and lignin) in 
reducing ternary lithium-ion batteries. Cellulose, primarily composed of 
β-1,4-glucose units, undergoes pyrolysis to generate small-molecule 
volatile organic compounds, coke, and gases (CO, CO2, H2) [45]. Dur
ing high-temperature roasting, the reducing gases (e.g., H2 and CO) 
derived from cellulose pyrolysis effectively reduce metal oxides in the 
cathode material, enhancing lithium recovery. Concurrently, due to its 
high carbon content, cellulose-derived coke acts as a solid reductant and 
participates in carbothermal reduction with NCM, further facilitating 
lithium-ion release. The molecular structure of hemicellulose is more 
complex than cellulose, incorporating diverse sugar units (e.g., xylose, 
arabinose). It decomposes at lower temperatures, yielding more pyrol
ysis products such as small-molecule ketones, aldehydes, and organic 
acids. These compounds contribute to gas-phase reduction by generating 
H2 and CO, synergistically enhancing the overall reducing capacity and 

Fig. 6. SEM image: SEM image: (a-b) spent cathode powder (c-d) cellulose and NCM roasting samples (e-f) hemicellulose and NCM roasting samples (g-h) lignin and 
NCM roasting sample.
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supporting NCM reduction. As an aromatic polymer rich in benzene 
rings and methoxy groups, lignin decomposes into phenolic compounds, 
methoxy derivatives, and coke during pyrolysis [40]. Lignin-derived 
coke exhibits strong reducing properties, significantly promoting the 
carbothermal reduction of NCM. However, excessive coke residues may 
destabilize the NCM structure and reduce lithium recovery efficiency.

LiNixCoyMnzO2, as a layered oxide, has a crystal structure containing 
a large number of oxygen octahedral units, as shown in Fig. 8b. The 
central element of the octahedron is usually a transition metal or Li+, 
and Li+ is intercalated between layers through ionic bonds and com
bined with oxygen through a mixture of covalent and ionic bonds. As the 
temperature rises, active lithium ions are released from the lattice. In 
addition, charge compensation of high-valent metals occurs, leading to 
the disorder of cations [46]. At the same time, unstable oxygen atoms 
are released from the lattice. The release of oxygen negatively charges 
the oxygen plane, enhancing the electrostatic repulsion between adja
cent oxygen ion layers, thereby causing the lattice parameters to expand 
first and then contract[46,47]. In particular, Li+ (0.76 Å) and Ni2+

(0.69 Å) with similar ionic radii are more likely to form the Li+/Ni2+

barrier. Nickel ions migrate from the octahedral positions in the tran
sition metal layer to the octahedral positions in the lithium layer [48, 
49]. During the pyrolysis of cellulose, hemicellulose, and lignin, these 
three single-component reducing agents generate small-molecule vola
tile substances. CO and CH4 are mainly produced through deoxidation 
and side chain breakage, while H2 is generated through aryl ring rear
rangement and condensation reactions, generating biochar rich in active 
sites. Reducing gases diffuse to the surface of NCM and react with lattice 
oxygen to form CO2/H2O, promoting the transformation from 
lithium-oxygen octahedra to lithium-oxygen tetrahedra. Therefore, the 
lattice collapse theory can explain the thermochemical reaction mech
anism of biomass pyrolysis on NCM. Research has found that compared 
with metals, the reducing gases (CO, H2, CH4) and biochar generated by 
biomass pyrolysis have a stronger affinity for oxygen in the lattice 
structure. This preferred adsorption effect makes the metal-oxygen bond 
more prone to breakage[28,50]. As the reaction proceeds, oxygen 
gradually escapes from the lattice, and the covalent bonds between the 

metal and oxygen keep breaking. Subsequently, transition metals and 
lithium will continue to be released from the octahedral lattice, even
tually destroying the crystal structure of NCM and providing a possible 
way for further lithium recovery.

5. Economic and environmental analysis

Based on the Everbatt model [51] developed by Argonne National 
Laboratory, pyrometallurgical and hydrometallurgical processes were 
systematically evaluated, and the economics and environmental impacts 
of biomass pyrolysis reduction (GRR) were further analyzed. As hydro
metallurgy is currently the mainstream method for lithium battery 
recycling, this paper analyses hydrometallurgy as a baseline, choosing 
NCM (nickel-cobalt-manganese) materials and pine wood chips as raw 
materials, and conducts an in-depth study of its economics. For more 
information on the Everbatt model, please refer to the main text, please 
refer to Text S1.

Assuming that a solid waste recycling company in China processes 
10,000 tons of used lithium batteries per year, three different recycling 
processes are simulated and compared, as shown in the figure. Energy 
consumption and greenhouse gas (GHG) emissions are key indicators for 
evaluating recycling methods. As shown in Fig. 9a, the material con
sumption and energy use of the biomass reduction method is signifi
cantly lower than those of the pyrometallurgical and hydrometallurgical 
processes throughout the entire battery reduction process, primarily due 
to the method’s lower smelting temperatures and reduced material in
puts. Fig. 9b shows that when pine shavings are used as feedstock, the 
total GHG emissions from biomass reduction recovery are lower than the 
other two processes. This result is primarily attributed to its lower 
melting temperature and the avoidance of significant emissions from 
high-temperature roasting and fuel combustion in the conventional 
process. Since water leaching is required for the recovery and separation 
of Li, the biomass pyrolysis reduction method (GRR) adopted in our 
research process consumes more water than the other two methods, as 
shown in Fig. 9c.

The results of the economic modeling are shown in Fig. 9d, where the 

Fig. 7. XPS images of different metals: (a) Co; (b) Ni; (c) Mn.
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biomass reduction recovery is far superior to the pyrometallurgical and 
hydrometallurgical processes in terms of economics. This is not only 
because the recovery process can directly utilize oxides and lithium salts 
to produce new NCMs, but also because the method significantly reduces 
energy and chemical consumption, resulting in a high-value, high-purity 
product output at a low-cost input. The spider web diagram in Fig. 9e 

further conducts a comprehensive comparison of the three recovery 
methods. It can be seen that biomass reduction recovery is significantly 
superior to pyrometallurgical and wet methods in terms of energy effi
ciency, low emissions, throughput, and process simplicity. This is due to 
the safety of this process. It does not require the use of strong acids, 
strong alkalis, or organic solvents. The GRR method operates at a 

Fig. 8. Fig (a) pyrolysis mechanism process of cellulose, hemicellulose and lignin, (b) carbon-thermal reduction mechanism.
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medium temperature, separating the electrode material from the current 
collector while ensuring the integrity of the current collector. Compared 
with hydrometallurgy and pyrometallurgy (Figures S5 and S6), GRR 
recovers cathode materials through direct calcination of pyrolysis gas, 
generating LiCoO2 without the need for additional chemicals. This 
makes biomass pyrolysis (GRR) for lithium reduction more efficient and 
cost-effective, thereby guiding the possibility of commercial feasibility. 
However, it has not yet been verified in large-scale industrial applica
tions, and further evaluation of more precise commercial economics is 
needed.

6. Conclusions

This study systematically investigates the thermal reduction of NCM 
cathodes using biomass-derived components (cellulose, hemicellulose, 
and lignin) as green reductants combined with a subsequent water- 
leaching process for efficient lithium recovery. The reduction mecha
nism was elucidated by comparative analyses of process parameters 
such as calcination temperature (500–800 ℃), stoichiometric ratio 
(0.25:1–2:1), and roasting time. Mechanistic studies showed that these 
three biopolymers produce reducing gases (CO, CH4, H2) during pyrol
ysis, resulting in an optimal gas-solid reaction environment. These 
reactive species effectively extract lattice oxygen from the NCM struc
ture, leading to structural collapse and reducing high-valent transition 
metal oxides to low-valent states. It is worth noting that when the dosage 
ratio of NCM to biomass is 1:1 and 1:2, respectively, the lithium leaching 
efficiency of cellulose and hemicellulose at 700℃ reaches 90 %. In 
contrast, lignin exhibited superior reduction characteristics under 
milder conditions (600 ℃, 1:0.25 ratio), with comparable performance 
achieved with only 75 % less biomass input than polysaccharide-based 
reductants. This comparative study establishes criteria for biomass se
lection based on reduction efficiency and process economics. We can 
optimize the biomass single-component mixing ratios suitable for 
recycling cathode materials for used lithium-ion batteries, compare the 
biomass component gene pools to find suitable primary biomass, and 
finally, develop an innovative process for recycling used lithium-ion 
batteries by combined biomass pyrolysis reduction roasting-water 
leaching, which combines controlled thermal reduction with water 
leaching in an integrated approach to achieve a lithium recycling 

efficiency of 92–95 % while minimizing secondary pollution. Secondary 
pollution is minimized. In particular, the layered pore structure of 
lignin-derived carbon improves solid-gas contact efficiency, resulting in 
superior performance at low temperatures. The findings advance sus
tainable closed-loop lithium-ion battery recycling by synergizing 
resource recovery (lithium, transition metals) with biomass waste 
valorization. This dual benefit addresses both electronic waste man
agement and circular economy objectives.
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ABSTRACT: Parabens have received significant attention due to
their endocrine-disrupting properties. However, there is little
information on paraben pollution in surface sediments across
estuary, coastal, and marine environments within the same
geographical areas. In this study, we investigated thoroughly the
occurrence, spatial distribution, potential sources, and ecological
risks of parabens and 4-hydroxybenzoic acid (4-HB) in estuarine,
coastal, and marine sediments across the Beibu Gulf, South China
Sea. Methylparaben (MeP) and 4-HB were the predominant target
analytes in sediment samples, with concentrations ranging from 0.19
to 11.5 and from 5.80 to 130 ng/g dry weight, respectively. The
estimated annual mass inventories deposited in the Beibu Gulf
sediments were 3.00 tonnes for MeP and 45.4 tonnes for 4-HB.
There was a distinct decrease in analyte concentrations from estuaries to the sea, suggesting that riverine input and point-source
pollution from Weizhou Island were probably the primary sources of paraben pollution in the Beibu Gulf. All target analytes posed
negligible ecological risks in the study region. This study presents the first comprehensive survey of parabens in sediments in the
Beibu Gulf and contributes to our understanding of their environmental behavior and potential ecological risks.
KEYWORDS: parabens, sediment, spatial distribution, pollution source, Beibu Gulf

1. INTRODUCTION
Parabens are a class of alkyl esters formed by the reaction of p-
hydroxybenzoic acid with alcohols containing various alkyl
groups.1 Their broad-spectrum antimicrobial activity, coupled
with high solubility and stability, has led to their extensive use
as preservatives in food products, pharmaceuticals, and
personal care items.2,3 Among the commonly used parabens,
methylparaben (MeP), ethylparaben (EtP), propylparaben
(PrP), butylparaben (BuP), and benzylparaben (BzP) are the
most prominent and representative paraben compounds.4

Estimates from the European Chemical Substances Informa-
tion System (ECSIS) indicate that the annual production of
MeP ranges from 1,000 to 10,000 tonnes.5 Moreover, the
global cosmetics market value reached €500 billion in 2018.6

Consequently, the occurrence of parabens has been
documented in a wide range of environmental and biota
media, including air, indoor dust, wastewater treatment plants,
seawater, sediments, various marine organisms, and food
products.7−15 Meanwhile, parabens have been detected in
almost all human matrices, including hair, urine, serum, milk,
cord blood, placenta, and amniotic fluid tissue.16−22 Despite
being generally deemed safe, recent studies have demonstrated
the potential adverse effects of parabens on human nervous,
reproductive, and endocrine systems.23−27 Furthermore, para-

bens have even been linked to the development of breast
cancer.28 Likewise, 4-hydroxybenzoic acid (4-HB), the primary
metabolite and hydrolyzate of parabens, has also been
demonstrated to possess endocrine-disrupting properties.29

However, due to the increasing consumer demand for
cosmetics, the use of parabens is expected to rise, leading to
higher paraben production and consumption in the foreseeable
future.30 For example, a compound annual growth rate of
6.70% is projected for the parabens market from 2023 to
2030.31 Consequently, there is growing concern about the
presence of parabens in the environment.

It has been well demonstrated that wastewater treatment
plants (WWTPs) cannot fully eliminate parabens.32 Con-
sequently, effluents from WWTPs along with direct sewage
discharges from residential and industrial origins are significant
sources of paraben release into the environment, with a part of
parabens being subsequently partitioned into the sediment
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phase.33 Further, as parabens trapped in sediment can be
released under biological or physical disturbances, sediment is
generally considered both a sink and a source of parabens in
aquatic ecosystems. In fact, Ge et al. regarded marine surface
sediments as the ultimate reservoir for organic contaminants
including parabens and proposed that they may facilitate the
transfer of these contaminants to benthic organisms.34

Therefore, parabens in sediments may pose risks to benthic
organisms, which underscores the importance of conducting
comprehensive studies on the occurrence and ecological risks
of parabens in sediments. Until now, several studies have
investigated the occurrence of parabens in surface sediments
and have demonstrated the ubiquitous presence of parabens in
sediments worldwide. For instance, average concentrations of
2.40 and 120 ng/g dry weight (dw) have been reported for
parabens and 4-HB in marine surface sediments in Korea,
respectively.35 Similar average levels of MeP and 4-HB (1.97
and 74.9 ng/g dw, respectively) were also found in coastal
sediments in northern China.36 In contrast, relatively higher
mean MeP concentrations have been detected in sediments
from the Turia River in Spain (152 ng/g dw) and urban rivers
in Guangzhou in China (29.2 ng/g dw).37,38 However, most
previous studies have focused solely on either riverine or
marine sediments, with none simultaneously investigating
parabens in river, coastal, and marine surface sediments within
the same geographical areas. This highlights the need for
comprehensive studies to provide clearer and more direct
insights into the sources, distribution, and migration patterns
of parabens.

The Beibu Gulf, covering approximately 128,000 km2, is a
semienclosed bay located in the northwest of the South China
Sea. It is surrounded by Vietnam and southern China such as
Guangxi Province, the Leizhou Peninsula, and Hainan Island
(17−22°N, 105−110°E). Along the coast of the Beibu Gulf,
there are numerous harbors, such as Zhenzhu Port, Fangcheng
Port, Qinzhou Bay, Beihai Port, and Tieshan Port.39,40 The

main rivers flowing into the Beibu Gulf include the Nanliu
River, Qin River, Maoling River, and Fangcheng River. In
recent decades, rapid industrialization and urbanization in the
Beibu Gulf Economic Zone have caused the inevitable
discharge of various pollutants into the surrounding waters,
including emerging organic contaminants (ECs). Among these
ECs, parabens have not received much attention in previous
studies of this region. In fact, currently, it still remains largely
unknown regarding the pollution characteristics and spatial
distribution of parabens in the Beibu Gulf.

The present study aimed to investigate the occurrence,
spatial distribution, potential sources, and ecological risks of
parabens and 4-HB in estuarine, coastal, and marine sediments
across the Beibu Gulf. In addition, we estimated the annual
mass inventory of parabens and 4-HB deposited in sediments
to better understand their environmental behavior and
potential impacts. To achieve these objectives, sediment
samples were collected from 41 locations across the Beibu
Gulf and analyzed for six commonly used parabens (i.e., MeP,
EtP, PrP, BuP, BzP, and heptylparaben (HeP)) and their
metabolite 4-HB. To the best of our knowledge, this is the first
study to comprehensively examine paraben pollution in surface
sediments across estuarine, coastal, and marine environments
within the same geographical area.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Six parabens (i.e., MeP,

EtP, PrP, BuP, BzP, and HeP) and their metabolite, 4-HB,
were selected as target analytes based on their prevalent use in
cosmetic products, pharmaceuticals, and food products, their
analytical feasibility,41 and the results of previous stud-
ies.12,35,42,43 Mass-labeled (13C and 2H) internal standards,
including MeP, PrP, BuP, and 4-HB, were employed for
quantification and qualification. These standards and internal
standards were obtained from Sigma-Aldrich (St. Louis, MO)
and Cambridge Isotope Laboratories (Andover, MA),

Figure 1. Map showing the sampling sites in estuaries, coastal areas, and the sea in the Beibu Gulf, South China Sea.
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separately. Additional details about the standards, reagents, and
chemicals can be found in the Supporting Information,
specifically in Text S1 and Table S1.

2.2. Sample Collection. Forty-one sampling sites were
investigated across the Beibu Gulf (Figure 1 and Table S2),
namely, nine estuarine sites (F1, Q1−Q6 and B1−B2), 18
coastal sites (F2−F6, Q7−Q9, B3−B6, W1−W4, M3-4, and
M4-5), and 14 marine sites (M1-1 to M1-5, M2-1 to M2-2,
M3-1 to M3-3, and M4-1 to M4-4). Moreover, the sampling
sites F1−F6, Q1−Q9, B1−B6, and W1−W4 are located
around Fangchenggang City, Qinzhou City, Beihai City, and
Weizhou Island, respectively, whereas M1-1 to M4-5 represent
the remaining sites not part of the aforementioned regions (i.e.,
miscellaneous). Samples from F1−F6, Q1−Q9, and B1−B6
were collected in 2017, while those from the remaining sites
(W1−W4 and M1-1 to M4-5) were collected in 2019. Surface
sediment samples were collected at each site using a grab
sampler, placed in sealable plastic bags, and stored at −18 °C.
Subsequently, all samples were freeze-dried, homogenized
using an agate mortar and pestle, sieved through an 80-mesh
stainless steel sieve, and stored at −18 °C. The content of total
organic carbon (TOC) in the sediment samples was
determined using an elemental analyzer (Vario Macro Cube,
Elementar Company, Germany).

2.3. Sample Extraction and Instrumental Analysis.
The extraction of parabens and 4-HB was performed following
methods established in previous studies with minor mod-
ification.41,44 Briefly, each sediment sample (dry weight: 5 g)
was spiked with internal standards (20 ng per compound),
equilibrated for 30 min at room temperature, and extracted
with 5 mL of a methanol/water mixture (5:3, v/v) by shaking
in an orbital shaker for 60 min. The resulting extract was
centrifuged at 4500 g for 5 min. This extraction process was
repeated twice. The combined supernatant was first con-
centrated to 3 mL under a gentle stream of nitrogen and then
diluted to 10 mL with ultrapure water containing 0.2% formic
acid (pH = 2.5) for solid-phase extraction (SPE) using Oasis
HLB cartridges (6 mL, 200 mg; Waters, Milford, MA, USA).
Specifically, each SPE cartridge was preconditioned with 6 mL
of methanol and 6 mL of ultrapure water under gravity (∼5
mL/min) in sequence. Following this, the sample was loaded
and passed through the cartridge at a speed of approximately 5
mL/min. Thereafter, the cartridge was dried under vacuum
and eluted with 9 mL of methanol. The eluent was
concentrated to near dryness under a gentle stream of
nitrogen, reconstituted in 1 mL of methanol, filtered through
a 0.22 μm filter into a 2 mL amber glass vial, and stored at −18
°C until instrumental analysis.

The levels of the target analytes were measured using a 1290
ultraperformance liquid chromatography system coupled to a
6460 triple quadrupole mass spectrometer (UPLC−MS/MS,
Agilent Technologies, USA). The system operated in negative
ionization mode and utilized multiple reaction monitoring
(MRM) for detection. Detailed information about the
instrumental method is provided in Text S2, with the
optimized instrumental parameters outlined in Tables S3 and
S4.

2.4. Quality Assurance/Quality Control (QA/QC). A
series of quality control measures were applied during both
sampling and indoor laboratory analysis. Glass containers used
for sampling and pretreatment procedures were thoroughly
cleaned by rinsing with Milli-Q water and methanol, followed
by baking at 450 °C for 4 h. Each sample batch included

procedural blanks, blank spike, and matrix spike experiments.
Quantification of target compounds was performed by using
the internal standard curve method. The limit of detection
(LOD) and limit of quantitation (LOQ) were determined as
three and ten times the signal-to-noise (S/N) ratio,
respectively. No target compounds were detected in any of
the blanks. LOQs and recovery efficiencies for the target
compounds in the sediment samples ranged from 0.03 to 0.20
ng/g dw and from 96.5% to 112.4%, respectively. Additional
details on LODs, LOQs, and recoveries are available in Table
S5.

2.5. Mass Inventory and Ecological Risk Assessment.
The preliminary annual mass inventory (I, tonnes) of parabens
and 4-HB deposited in the sediments in the Beibu Gulf was
estimated using the following equation:45

C A DMass inventory = × × × (1)

where C is the mean concentration (ng/g dw) of individual
parabens in the sediment; ρ represents the bulk density (g/
cm3) of the dry sediments, which was assumed to be 1.5 g/
cm3; A represents the area of the Beibu Gulf (128,000 km2);46

D is the sedimentation rate, which has been reported to vary
from 0.5 to 0.9 cm/yr in the Beibu Gulf,47 and accordingly, a
median value of 0.7 cm/yr was used in the present study.

The potential ecological risks of parabens and 4-HB in the
surface sediments of the Beibu Gulf were evaluated using the
risk quotient (RQ) approach:48

RQ MEC/PNEC= (2)

where MEC represents the measured environmental concen-
tration, and PNEC is the predicted no-effect concentration.
The PNEC values used here were all referenced from previous
studies, where the values were derived from pelagic species due
to the availability of toxicity data.49,50 RQ ≥ 1 indicates high
risk to sensitive aquatic organisms, 0.1 ≤ RQ < 1 means
medium risk, and RQ < 0.1 indicates low risk.51

Due to the lack of toxicity information on parabens and 4-
HB in sediments, the MECs of parabens and 4-HB in the
sediment (MECsediment) were converted into their correspond-
ing pore water concentrations (Cpore water) using the following
equation:52

C
C

K
MEC

%TOCsediment pore water
sediment

oc
= =

× (3)

where Csediment is the measured concentration of parabens and
4-HB in the sediment (ng/g dw), and Koc represents the
organic carbon-normalized sorption coefficient for parabens
and 4-HB in the soil/sediment-water system. The Koc values
were obtained using the KOCWIN model of the EPI Suite
program.53

2.6. Statistical Analysis. All statistical analyses were
performed using the R program (version 4.3.2). Concen-
trations below the LOD were assigned a 1/2 LOD for each
compound. Data normality and homogeneity were checked
using the Shapiro−Wilk test and Levene’s test, respectively.
Accordingly, correlations between pollutant concentrations
and TOC content were determined using the Spearman
correlation coefficient (r). One-way analysis of variance
(ANOVA) and Kruskal−Wallis tests were used, as appropriate,
to examine differences in pollutant concentrations among
geographical groups (estuarine, coastal, and marine groups;
and Fangchenggang, Qinzhou, and Beihai cities). Moreover, a
principal component analysis (PCA) was conducted on log10-
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transformed pollutant concentrations to identify possible
sources and spatial variation of parabens and 4-HB. The
criterion for statistical significance was set at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Concentrations of Parabens and 4-HB in the

Surface Sediments. Tables 1 and S6 summarize the

detection frequencies and concentrations of parabens and 4-
HB. All compounds except HeP were detected in the surface
sediment samples. Specifically, MeP and 4-HB were detected
in 100% of samples, followed by PrP (51.2%), EtP (41.5%),
BzP (29.3%), BuP (17.1%), and HeP (0%). These results
highlight the widespread occurrence and environmental
persistence of MeP and 4-HB. The less frequent detection of
PrP, EtP, BzP, BuP, and HeP may be attributed to their
comparatively lower usage relative to MeP in consumer
products, as documented in previous studies.54,55 As parabens
are known as endocrine disruptors, their presence in the
environment raises concerns about potential impacts on
aquatic organisms. The concentration of MeP ranged from
0.19 to 11.5 ng/g dw, with a mean of 2.32 ng/g dw. On
average, the MeP concentration accounted for 87.0% of the
total paraben concentration. Similarly, a high detection rate
and percentage contribution of MeP have been observed in
sewage sludge across the United States.56 Regarding 4-HB, its
concentration ranged from 5.80 to 130 ng/g dw, with a mean
of 33.8 ng/g dw, which was approximately 10 times higher

than that of MeP. This is not unexpected, given that 4-HB is a
common metabolite of parabens.42 The highest concentrations
of both MeP and 4-HB were detected at site Q5 (Figure S1),
likely due to its proximity to WWTPs and/or industrial
discharge points, given its location within the urban area of
Qinzhou City. To reduce paraben pollution in aquatic
environments, several strategies can be considered: strengthen-
ing regulations on paraben use in consumer products to limit
their environmental release, enhancing wastewater treatment
processes to reduce their input into water bodies, and
increasing public awareness about the environmental risks
associated with parabens. For example, microalgae-based
bioremediation has gained increasing attention as a sustainable
and cost-effective approach for removing ECs, including
parabens, from wastewater.33

In comparison with the concentrations of parabens and 4-
HB reported in the literature (Table S7), the mean MeP
concentration detected in the Beibu Gulf (2.32 ng/g dw; the
present study) was markedly lower than that found in the
Turia River of Spain (152 ng/g dw)37 and 2.79−11.6 times
lower than those detected in other regions of China, including
the Songhua Catchment (8.80 ng/g dw),57 urban rivers in
Guangzhou (29.2 ng/g dw),38 Yellow River (13.0 ng/g dw),58

and Huai River (11.6 ng/g dw).58 These differences are not
unexpected, given that estuarine sampling sites in the present
study were observed to have higher levels of parabens and 4-
HB than coastal and marine sampling sites. In parallel, this
MeP concentration was comparable to those detected in
Northern Chinese coastal areas (1.97 ng/g dw),36 Korean
coastal areas (2.30 ng/g dw)35 and several watersheds in the
United States, Japan, and Korea (4.31−4.69 ng/g dw).59 In
addition, the average concentration of 4-HB (33.8 ng/g dw;
the present study) was one to seven times lower than those
detected in other regions, including Korean coastal regions
(115 ng/g dw),35 Northern Chinese coastal areas (74.9 ng/g
dw),37 Huai River (100 ng/g dw), and Yellow River (273 ng/g
dw).58 These discrepancies can be attributed to several factors,
including differences in regional urbanization and industrializa-
tion, sediment characteristics, hydrodynamic conditions, and
environmental degradation.60−63 For instance, the Beibu Gulf
is less urbanized and industrialized and therefore presents
relatively lower levels of paraben pollution. Overall, the Beibu

Table 1. Concentrations (ng/g dw) of Parabens and 4-HB
in the Sediment Samples Collected from Estuaries, Coastal
Areas, and the Sea in the Beibu Gulf, South China Sea

Compound DF (%) Mean Median Range

MeP 100 2.32 1.18 0.19−11.5
EtP 41.5 0.06 nd nd −0.38
PrP 51.2 0.08 0.03 nd −0.87
BuP 17.1 0.02 nd nd −0.14
BzP 29.3 0.12 nd nd −1.03
HeP 0 nd nd nd
∑6Parabens - 2.59 1.59 0.19−11.7
4-HB 100 33.8 18.5 5.80−130

Figure 2. Spearman correlations between total organic carbon (TOC) content and methylparaben (MeP, left) or 4-hydroxybenzoic acid (4-HB,
right) concentration in the sediment samples collected from estuaries, coastal areas, and the sea in the Beibu Gulf, South China Sea.
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Gulf has relatively low levels of MeP and 4-HB pollution in its
surface sediments on a global scale.

Previous studies have demonstrated that TOC content can
influence the partitioning of organic contaminants in sedi-
ments.64,65 Likewise, here the TOC content was significantly
positively correlated with MeP (r = 0.69; p < 0.001) and 4-HB
(r = 0.56; p < 0.001) concentrations in the sediment (Figure
2). These positive associations are not surprising, given the
moderate hydrophobicity of parabens (e.g., Log Kow of 1.96
and 1.39 for MeP and 4-HB, respectively; Table S1) and the
fact that TOC provides binding sites that facilitate the sorption
of organic contaminants, including parabens, through hydro-
phobic interactions and van der Waals forces.62,66 Moreover,
these results are in agreement with those obtained from studies
on parabens in sediments collected from elsewhere, including
the Huai River in China and watersheds in the United States,
Japan, and Korea.59,67 Besides TOC, various other factors may
affect the partitioning of parabens and 4-HB in sediments,
including their physicochemical properties, concentrations in
the overlying water, degradation rates, sediment characteristics
(e.g., grain size and mineral composition), and local hydro-
dynamic conditions.61−63,66

3.2. Spatial Distribution of Parabens and 4-HB. Based
on the geographic difference, the sampling sites were
categorized into three groups: estuarine, coastal, and marine
sites. In each group, the average concentrations of MeP and 4-
HB were 6.17 and 79.1 ng/g dw, 1.49 and 20.6 ng/g dw, and
0.90 and 21.7 ng/g dw, respectively (Figure S2). The
concentrations of both compounds were significantly higher
in the estuarine sediments than in the coastal and marine
sediments (p < 0.01). Moreover, the overall spatial distribution
pattern of MeP and 4-HB showed a trend of higher
concentrations in estuaries > coast > sea (Figure 3). Such a
distribution pattern has also been observed in previous studies
on other organic pollutants, such as polycyclic aromatic
hydrocarbons, polyhalogenated carbazoles, and p-phenylenedi-
amines.68−70 This pattern suggests that paraben pollution in
the surface sediments of the Beibu Gulf is closely linked to
anthropogenic activities. Corroborating this, W3, located near
Weizhou Island, had relatively higher concentrations of both
MeP and 4-HB (1.94 and 52.6 ng/g dw, respectively) than its

neighboring sites in the sea, such as M3-2, M3-3, M4-3, and
M4-4 (Figure S1). This is not surprising because Weizhou
Island is a tourist hotspot with annual visitor counts over 2
million (https://www.gxnews.com.cn/staticpages/20231226/
newgx658a1a7a-21391066.shtml). This heavy tourism would
have contributed to the paraben pollution observed in the
surrounding sea, as parabens can be released into the water
when washed off the skin during showers or seaside
activities.71,72

We further compared MeP and 4-HB concentrations among
the sampling sites located in Fangchenggang (F1−F6),
Qinzhou (Q1−Q9), and Beihai (B1−B6) cities (Figure S3).
For both compounds, their concentrations followed the order:
Qinzhou (mean: 5.83 and 67.5 ng/g dw, respectively) >
Fangchenggang (mean: 2.30 and 36.5 ng/g dw, respectively) >
Beihai (mean: 1.60 and 21.1 ng/g of dw, respectively), though
these differences did not reach statistical significance. The
relatively lower pollution observed in Beihai could be
attributed to the lower inputs of WWTP effluents and road
runoff into its primary river as compared to Qinzhou and
Fangchenggang, as it has been shown that these sources can
contain certain amounts of parabens and 4-HB.73,74 Indeed,
the primary rivers of both Qinzhou (Qin River) and
Fangchenggang (Fangcheng River) run through their urban
areas, but the one (Nanliu River) of Beihai does not.
Consistent with our findings, in the sediments of the Xiaoqing
River that runs through several megacities in Shandong
Province and ultimately flows into Laizhou Bay (China),
paraben concentrations were much higher than in other nearby
rivers.75

3.3. Potential Sources of Parabens and 4-HB.
Correlation analysis is a valuable tool for inferring potential
sources of organic pollutants.76 Here, we found a significant
positive correlation between MeP and 4-HB concentrations (p
< 0.001; Figure S4), indicating their similar sources and
transport pathways. Results from PCA analysis revealed that
the first and second principal components (PC1 and PC2,
respectively) explained 37.4% and 34.5% of the total variation
in the concentrations of parabens and 4-HB across sampling
sites, respectively (Figure 4). PC1 was characterized by high
loadings of EtP, PrP, BuP, and BzP, representing the variation

Figure 3. Spatial distribution of methylparaben (MeP, left) and 4-hydroxybenzoic acid (4-HB, right) in the sediment samples collected from
estuaries, coastal areas, and the sea in the Beibu Gulf, South China Sea.
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associated with these compounds across sampling sites,
whereas PC2 was highly weighted for MeP and 4-HB,
capturing another major source of variation in the dataset.
The estuarine group (yellow square symbols) was clearly
separated from the coastal and marine groups, with its
sampling sites clustered in the upper-right quadrant of the
PCA ordination diagram. Moreover, although sites F3 and Q7
belonged to the coastal group, they clustered with the estuary
group, which aligns well with their geographic proximity.

Noticeably, some sampling sites (F4−F6, Q8, Q9, and B3−
B6) in the coastal group clustered in the lower right quadrant
of the diagram, exhibiting relatively lower levels of all examined
pollutants. These sites shared a key characteristic that they are
located in coastal bays without input from major rivers,
suggesting that PC2 may represent riverine pollution sources.
Indeed, parabens are commonly used in household personal
care products (e.g., shampoo, body wash, and toothpaste) and
some food packaging,77 which are indirectly (through WWTP
effluents) and/or directly discharged into rivers and can thus
be partitioned into sediments. Meanwhile, the sampling sites
located near Weizhou Island (W1−W4, M3-2, M4-3, and M4-
4) were placed on the left side of the diagram, suggesting that
PC1 may represent point source pollution from the island. At
these sites, relatively higher concentrations of PrP, BuP, and
BzP were detected, reflecting a different profile of paraben
pollution compared to those located in Qinzhou, Fangcheng-
gang, and Beihai cities. This difference is probably related to
differences in the use and usage of products that contain
different types of parabens. For example, the paraben pollution
around Weizhou Island can be attributed mainly to tourists
using sunscreen and skincare products.78 Notably, BzP, a long-
chain paraben, was not detected at the estuarine sampling sites
but was detected at M3-1 with the highest concentration of

1.03 ng/g dw. This sampling site is located near Vietnam and
may therefore be influenced by sources from there as well.
Indeed, surveys in Vietnam have revealed that BzP was
commonly detected at high concentrations in Vietnamese
seawater and marine fish.43,79 Furthermore, there are differ-
ences in the types and frequency of use of medicine and
personal care products between countries or regions. There-
fore, variations in the composition of parabens added to
different products may have contributed to the bias observed
in sampling sites near Weizhou Island toward PC1.80

3.4. Mass Inventory and Ecological Risk of Parabens
and 4-HB. Pollutants trapped in the sediment can be released
under biological disturbance and jet disturbance caused by the
propeller,81,82 thereby leading to sediment becoming a source
of pollutants in addition to being a sink. In fact, sediment has
been demonstrated to be a significant source of paraben
pollution in the adjacent aquatic environment, posing potential
risks to aquatic organisms and human beings.83,84 Further-
more, our recent study found that MeP accumulated in benthic
organisms and even biomagnified in benthic food webs.41

Therefore, it is essential to assess the potential of sediment as a
pollution source to the nearby environment. To do this, annual
mass inventories were estimated for parabens and 4-HB
deposited in the sediments in the Beibu Gulf (Table S8). The
maximum annual mass inventory of individual chemicals
reached 45.4 tonnes, which was found for 4-HB. For parabens,
the annual mass inventories were ranked in the following
order: MeP (3.00 tonnes) > BzP (0.16 tonnes) > PrP (0.11
tonnes) > EtP (0.08 tonnes) > BuP (0.03 tonnes). However, it
should be noted that these estimates were subject to high
uncertainty due to the use of mean concentration values and
the median sedimentation rate, which may not have fully
captured spatial and temporal variability. Despite this
limitation, to our knowledge, this is the first study assessing
the mass inventory of parabens and 4-HB in sediments, which
provides baseline data to interpret results obtained from future
studies. To improve accuracy in future assessments, incorpo-
rating high-resolution sedimentation rate data and flux
modeling approaches would be beneficial.

Negligible risks to aquatic organisms were observed for
parabens and 4-HB in the sediments (RQs ≤ 0.014; Table S9),
which is consistent with findings reported for sediments from
the Persian Gulf and the transboundary river Ganga.85,86

However, the RQ calculation did not account for potential
mixture toxicity, and the toxicity data used were not generated
from benthic or marine organisms. To improve our under-
standing of paraben pollution and its ecological risks in marine
environments, future monitoring studies should consider both
halogenated and nonhalogenated parabens, given their distinct
environmental persistence and toxicity, while toxicological
studies should also focus on the sublethal effects of long-term
paraben exposure on marine organisms, such as reproductive,
developmental, and endocrine disruptions. Noticeably, the
RQs of 4-HB were even relatively higher than those of MeP.
Therefore, future studies should pay attention to paraben
metabolites as well.

3.5. Environmental Implications. Although parabens are
not classified as persistent organic pollutants (POPs), their
continuous production, widespread application, and daily use
have led to their constant release into the environment,
thereby exhibiting pseudopersistence. Therefore, we predicted
their characteristic travel distances (CTDs) and transport
efficiencies (TEs) using the OECD Pov and LRTP Screening

Figure 4. Principal component analysis (PCA) biplot showing sample
scores (symbols) and chemical loadings (arrows). PC1 and PC2
represent the first and second principal components, which explain
37.4% and 34.5% of the total variance, respectively. The direction and
length of each arrow indicate the contribution of each chemical
variable (PrP, EtP, BuP, BzP, MeP, and 4-HB) to the principal
components. Sampling sites located close together share similar
chemical profiles. MeP, methylparaben; EtP, ethylparaben; PrP,
propylparaben; BuP, butylparaben; BzP, benzylparaben; 4-HB, 4-
hydroxybenzoic acid.
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Tool based on the following physicochemical properties
obtained from the EPI Suite 4.1 software: degradation half-
lives in air, water, soil, and sediment, air/water partition
coefficient (log Kaw), and octanol/water partition coefficient
(log Kow).

70 The results are shown in Figure 5 and Table S10.
CTDs ranged from 37.37 km for BzP to 304.7 km for HeP.
Regarding MeP, it had a CTD of 101.2 km, suggesting the
potential for MeP originating from rivers and coastal areas to
migrate across the entire Beibu Gulf and reach remote regions
of the South China Sea (SCS). In contrast, the predicted CTD
for 4-HB was only 37.4 km, which suggests that the occurrence
of 4-HB in the Beibu Gulf is likely due to the degradation of
parabens during the transport process rather than direct
emission of 4-HB. This hypothesis is further confirmed by the
strong correlation observed between MeP and 4-HB (Figure
S4). The transport efficiencies (TE, %) through atmospheric
deposition were very low for all target compounds (<0.5%).
Therefore, both theoretical calculations and data from field
samples indicate that river runoff is the primary pathway for
transporting parabens and 4-HB to the ocean, whereas the
contribution of atmospheric transport is minimal.

4. CONCLUSIONS
We present the first study of paraben pollution in surface
sediments across estuarine, coastal, and marine environments
within the same geographical area. In general, the paraben
pollution in the Beibu Gulf was relatively low on a global scale.
MeP and 4-HB were the predominant analytes detected in the
sediment samples. The overall spatial distribution of MeP and
4-HB showed a trend of higher concentrations in estuaries >
coast > sea. Riverine input and point source pollution from
Weizhou Island are likely to be the primary sources of paraben
pollution in the Beibu Gulf. Despite the widespread occurrence
of MeP and 4-HB in the study region, none of the target
compounds posed significant ecological risks. Future research
should explore sediment cores, halogenated parabens, and
metabolites other than 4-HB, as well as the long-term effects of
paraben exposure on marine organisms to improve our
understanding of paraben pollution and its ecological risks in
marine environments.
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Parabens and their effects on the endocrine system. Mol. Cell.
Endocrinol. 2018, 474, 238−251.
(5) SUBSPORT (Substitution Support Portal) SUBSPORT Specific
Substances Alternatives Assessment-Parabens; SUBSPORT, 2013.
(6) Wei, F.; Mortimer, M.; Cheng, H.; Sang, N.; Guo, L. Parabens as

chemicals of emerging concern in the environment and humans: A
review. Sci. Total Environ. 2021, 778, 146150.
(7) Liao, C.; Chen, L.; Kannan, K. Occurrence of parabens in

foodstuffs from China and its implications for human dietary
exposure. Environ. Int. 2013, 57−58, 68−74.
(8) Xue, J.; Sasaki, N.; Elangovan, M.; Diamond, G.; Kannan, K.

Elevated accumulation of parabens and their metabolites in marine
mammals from the United States coastal waters. Environ. Sci. Technol.
2015, 49 (20), 12071−12079.
(9) Xue, X.; Xue, J.; Liu, W.; Adams, D. H.; Kannan, K. Trophic

magnification of parabens and their metabolites in a subtropical
marine food web. Environ. Sci. Technol. 2017, 51 (2), 780−789.
(10) Emnet, P.; Gaw, S.; Northcott, G.; Storey, B.; Graham, L.

Personal care products and steroid hormones in the Antarctic coastal
environment associated with two Antarctic research stations,
McMurdo Station and Scott Base. Environ. Res. 2015, 136, 331−342.
(11) Kung, T. A.; Lee, S. H.; Yang, T. C.; Wang, W. H. Survey of

selected personal care products in surface water of coral reefs in

Kenting National Park, Taiwan. Sci. Total Environ. 2018, 635, 1302−
1307.
(12) Chen, J.; Meng, X.; Bergman, A.; Halden, R. U. Nationwide

reconnaissance of five parabens, triclosan, triclocarban and its
transformation products in sewage sludge from China. J. Hazard.
Mater. 2019, 365, 502−510.
(13) Zhu, Q.; Wang, M.; Jia, J.; Hu, Y.; Wang, X.; Liao, C.; Jiang, G.

Occurrence, distribution, and human exposure of several endocrine-
disrupting chemicals in indoor dust: a nationwide study. Environ. Sci.
Technol. 2020, 54 (18), 11333−11343.
(14) Hajizadeh, Y.; Pourzamani, H.; Ebrahimpour, K.; Chavoshani,

A.; Rahimi, B. Monitoring of paraben compounds in indoor and
outdoor air of a populated city. Atmos. Pollut. Res. 2021, 12, 43−49.
(15) Fenni, F.; Sunyer-Caldu,́ A.; Ben Mansour, H.; Diaz-Cruz, M. S.

Contaminants of emerging concern in marine areas: First evidence of
UV filters and paraben preservatives in seawater and sediment on the
eastern coast of Tunisia. Environ. Pollut. 2022, 309, 119749.
(16) Dualde, P.; Pardo, O.; Corpas-Burgos, F.; Kuligowski, J.;

Gormaz, M.; Vento, M.; Pastor, A.; Yusa,̀ V. Biomonitoring of
parabens in human milk and estimated daily intake for breastfed
infants. Chemosphere 2020, 240, 124829.
(17) Reimann, B.; Vrijens, K.; Roels, H. A.; Wang, C.; Cosemans, C.;

Van Overmeire, I.; Nawrot, T. S.; Plusquin, M. In utero exposure to
parabens and early childhood BMI z-scores - Associations between
placental ethyl paraben, longitudinal BMI trajectories and cord blood
metabolic biomarkers. Environ. Int. 2021, 157, 106845.
(18) Bräuner, E. V.; Uldbjerg, C. S.; Lim, Y.; Gregersen, L. S.;

Krause, M.; Frederiksen, H.; Andersson, A. Presence of parabens,
phenols and phthalates in paired maternal serum, urine and amniotic
fluid. Environ. Int. 2022, 158, 106987.
(19) Chae, H.; Lee, I.; Jeong, Y.; Kim, S.; Choi, G.; Kim, S.; Park, J.;

Moon, H.; Choi, K. Urinary paraben concentrations of adult women
by fasting status: Comparison between Korea and the United States.
Sci. Total Environ. 2022, 849, 157761.
(20) Li, Y.; Zheng, N.; Sun, S.; Wang, S.; Li, X.; Pan, J.; Li, M.; Lang,

L.; Yue, Z.; Zhou, B. Exposure estimates of parabens from personal
care products compared with biomonitoring data in human hair from
Northeast China. Ecotoxicol. Environ. Saf. 2023, 267, 115635.
(21) Sunyer-Caldu,́ A.; Peiró, A.; Díaz, M.; Ibáñez, L.; Gil-Solsona,
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A B S T R A C T

Black carbon (BC) plays a critical role in climate change and the carbon cycle as a long-term carbon sink. Es
tuaries, as key interfaces between land and ocean, are important not only for BC transport but also for its 
transformation and deposition. This study used the benzene polycarboxylic acid (BPCA) method to quantify BC 
concentrations in the surface waters and sediments of semi-enclosed and open estuaries in the North Beibu Gulf, 
South China Sea, across different seasons. Results showed that hydrological factors, such as urban riverine input, 
particle settling, and sediment resuspension, significantly influence BC dynamics. Dissolved BC (DBC) concen
trations were highest in summer (125.5 ± 67.3 μg/L), driven by riverine input, while particulate BC (PBC) 
concentrations decreased rapidly along the river-estuary-coastal gradient (4.1–187.7 μg/L) due to particle 
settling. In winter, reduced riverine input increased the role of sediment resuspension, elevating PBC concen
trations in the open estuary compared to the semi-enclosed estuary. Seasonal variations in BPCA composition 
showed differences in BC aromatic condensation, influenced by photodegradation, adsorption, and resuspension. 
Sedimentary BC (SBC) levels were stable (0.087 ± 0.048%dw), accounting for 14.0 ± 4.21 % of sedimentary 
organic carbon (SOC), which is a higher proportion compared to the contributions of DBC to dissolved organic 
carbon (DOC) (5.58 ± 2.74 %) and PBC to particulate organic carbon (POC) (6.81 ± 2.94 %). The aggregation of 
PBC and SBC was higher than that of DBC, emphasizing the sequestration potential of sedimentary environments. 
Semi-enclosed bays, less influenced by tides and waves, may provide better long-term BC storage, supporting 
coastal carbon sequestration.

1. Introduction

Black Carbon (BC), as a key participant in the global carbon cycle, is 
derived from the incomplete combustion of biomass and fossil fuels 
(Bird et al., 2015; Coppola et al., 2022). These processes convert rela
tively unstable biomass carbon into environmentally persistent forms of 
BC, creating a long-term carbon sink (Santín et al., 2015). In the context 
of global climate change, the increase in biomass burning events has led 
to a rise in BC production (Jones et al., 2024), further intensifying its 
role in the global carbon cycle (Santín et al., 2015). A substantial portion 

of BC is transported to marine environments via atmospheric deposition 
and river discharge (Bao et al., 2017; Fang et al., 2021). In aquatic 
systems, BC is present in both dissolved and particulate forms (Coppola 
et al., 2022, 2018; Wagner et al., 2018). Estuaries, acting as dynamic 
transition zones, regulate BC transport and transformation between 
terrestrial and marine systems (Raymond and Bauer, 2001). The fluxes 
of DBC (Dissolved BC) and PBC (Particulate BC) from rivers to oceans are 
estimated at 66.3 Tg yr− 1 (Fang et al., 2021) and 17–37 Tg yr− 1 

(Coppola et al., 2018), respectively.
BC consists of a continuum ranging from the less condensed 
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aromatic, partially charred biomass to highly condensed aromatic soot 
(Masiello, 2004). The classification of DBC and PBC is derived from the 
operational experimental methods traditionally used in oceanography to 
distinguish between dissolved and particulate organic carbon (Coppola 
et al., 2022). PBC undergoes dissolution and degradation processes 
within soils, subsequently entering aquatic systems as DBC (Ding et al., 
2013). A portion of the PBC in the water may result from the photo- 
flocculation of existing DBC (Coppola et al., 2014). High concentra
tions of PBC can shift carbon from the dissolved phase to the particulate 
phase by adsorbing and aggregating organic carbon (Fang et al., 2021). 
Therefore, simultaneous analysis of both DBC and PBC is essential to 
comprehensively understand BC cycling, yet consistent analytical ap
proaches are often lacking. Different methods target various compo
nents of BC along the BC continuum (Hammes et al., 2007; Roth et al., 
2012), making it crucial to standardize approaches for better compa
rability. By doing so, we can achieve a clearer understanding of the 
relationship between the PBC and DBC pools, thereby gaining a more 
comprehensive insight into the regional and global BC cycles (Coppola 
et al., 2014; Wagner et al., 2018).

Estuaries, connecting terrestrial and marine systems, exhibit sharp 
gradients in biogeochemical variables such as salinity, turbidity, and 
organic carbon (Bauer et al., 2013). The interaction between riverine 
inputs, internal cycling, and ocean exchange is the primary driver of 
these spatial and temporal variations (Ward et al., 2017). Semi-enclosed 
bays (such as Jiaozhou Bay, Yellow Sea, North China) become key 
hotspots for BC burial through the effective settling and sequestration of 
BC and particulate pollutants (Feng et al., 2021). Resuspension, partic
ularly in shallow systems, can return organic matter from sediments into 
the water column (Osterholz et al., 2021). In winter, strong wave action 
leads to intense resuspension, markedly increasing PBC levels near the 
Yellow River Delta and promoting its long-distance transport in the 
water column (Fang et al., 2021).

Accurately and reliably identifying and quantifying black carbon in 
various complex samples is essential but remains challenging (Coppola 
et al., 2022; Vaezzadeh et al., 2023b). The benzene polycarboxylic acid 
(BPCA) method is applicable to a wide range of environmental matrices, 
including soil (Glaser et al., 1998), water (Dittmar et al., 2008; Wagner 
et al., 2015; Ziolkowski et al., 2011), and sediment (Li et al., 2023; 
Sánchez-García et al., 2013; Vaezzadeh et al., 2021). The BPCA method 
chemically oxidizes the aromatic ring structure of BC, generating BPCAs 
with 3–6 carboxylic acid groups, which indicate BC content (Dittmar, 
2008). The composition of BPCAs reflects the degree of aromatic 
condensation, providing information on the origin of BC (Brodowski 
et al., 2005; Dittmar, 2008; Glaser et al., 1998). However, challenges 
remain, such as the uncertainty of conversion factors between yields of 
BPCAs and BC (Brodowski et al., 2005; Ziolkowski et al., 2011), and 
interference from BPCAs in the environment (Barton et al., 2024).

Given the uncertainties in the behavior and fate of BC in nearshore 
systems, we have selected two estuaries in Qinzhou Bay, Beibu Gulf, 
South China, as our study area. The region's subtropical monsoon 
climate results in significant seasonal variation in river discharge, 
providing an ideal setting for studying the influence of riverine inputs on 
BC dynamics. The two estuaries offer contrasting hydrodynamic condi
tions. The environment of the semi-enclosed estuary is more stable, 
while the open estuary experiences higher resuspension and transport 
due to stronger tidal and wave action.

In this study, we aimed to (1) measure the concentrations of DBC and 
PBC in the waters using the BPCA method, as well as the content of SBC 
in surface sediments, and their respective proportions in the organic 
carbon pool; (2) investigate the seasonal variations and spatial differ
ences in semi-enclosed and open estuaries, along with their underlying 
causes; (3) explore the implications of the molecular information pro
vided by BPCA analysis; and (4) estimate the fluxes of BC entering the 
sea and the burial fluxes within this region.

2. Materials and methods

2.1. Study area and sample collection

Qinzhou Bay has a subtropical climate with characteristics of a ma
rine monsoon climate, transitioning from subtropical to tropical condi
tions. There are significant differences in river runoff in dry and wet 
seasons (Table S1, “S” means Supplementary Materials). Our research 
area includes two parts: Maowei Sea (MWS) and Dafeng Estuary (DFE), 
MWS is a typical semi-enclosed bay, while DFE is an open estuary 
connected to the offshore ocean. In July 2023 (summer/rainy season) 
and December 2023 (winter/dry season), we collected water and sedi
ment from 36 sites (Fig. S1). Physicochemical parameters (salinity, 
temperature, and pH) were measured in situ using a YSI sensor 
(Table S2). Surface water samples were collected using pre-cleaned 
buckets and filtered through nylon sieves to remove large particles, 
then immediately transferred to acid-washed polypropylene bottles. 
Sediment samples were collected from the surface 1–5 cm using a 
stainless steel grab sampler. Water and sediment samples were stored at 
4 ◦C and − 20 ◦C, respectively, until laboratory analysis.

2.2. Preparation

Homogenized water samples were filtered through pre-combusted 
(450 ◦C, 6 h) GF/F filters (Whatman, nominal pore size 0.7 μm, diam
eter 47 mm). The mass concentration of total suspended solids (TSS) was 
determined by dividing the mass of particulates on the filter by the total 
volume of stream water passed through the filter. For the dissolved 
phase, DBC was extracted from the filtrate using solid phase extraction 
(SPE) cartridges (Agilent Bond Elut PPL, 500 mg, 6 mL) (Dittmar et al., 
2008). Briefly, filtered water samples were acidified to pH = 2 with 32 % 
HCl. Samples were loaded onto the PPL cartridges at a flow rate of no 
>5 mL/min. After extraction, the cartridges were desalted with 12 mL 
ultrapure water (pH = 2), dried under an airstream, and stored frozen 
until further analysis.

2.3. Organic carbon and sediment grain size analysis

A portion of the filtrate was used to measure the DOC concentration 
using a total organic carbon (TOC) analyzer (TOC-VCPH Shimadzu). The 
analytical error based on duplicates was <10 % on average (n = 3). Deep 
seawater reference samples from the Sargasso Sea (D.A. Hansell, Uni
versity of Miami, Florida) were used to verify data quality (Bao et al., 
2023). A standard curve with a series of glucose solutions determined 
daily was used for calibration.

The dried filters were acidified with HCl vapor for 24 h to remove 
inorganic carbon before measuring the POC content (Yang et al., 2023a). 
Sediment samples were acidified with HCl to pH = 2, centrifuged, 
adjusted to neutral pH, and then freeze-dried(Li et al., 2023). The filters 
and sediment samples were wrapped in tin foil and analyzed for POC 
and SOC using an elemental analyzer (Elementar vario macro cube). 
Sulfanilamide was used as the standard, and the results were corrected 
for mass with an accuracy of ≤0.01 %.

The sediment grain size was analyzed using a Malvern Mastersizer 
3000 laser particle size analyzer. Sediments were pre-treated with 2 
mol/L HCl and 5 % H2O2 to remove inorganic carbon and organic 
matter, respectively. (NaPO₃)₆ was used as a dispersant (Fang et al., 
2015). The relative standard deviation of the replicate samples was <3 
% (n = 3). The particle sizes were <4 μm for clay, 4–63 μm for silt, and 
larger than 63 μm for sand.

2.4. BC analysis

Quantification of DBC, PBC, and SBC was performed using the BPCA 
method (Li et al., 2023; Wagner et al., 2015; Wiedemeier et al., 2016). 
The quantification procedures for DBC, PBC, and SBC differ only in the 
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pretreatment steps (see Text S1). Briefly, the pretreated samples were 
placed in 5 mL Teflon-lined stainless steel reaction vessels, to which 2 
mL of 65 % nitric acid was added. The vessels were sealed and heated at 
180 ◦C in an oven for 8 h. After digestion, the remaining HNO3 and water 
were evaporated to dryness at 50 ◦C under a stream of high-purity ni
trogen. The samples were redissolved in 1 mL of ultrapure water and 
then transferred into autosampler vials. Subsequently, they were sepa
rated and quantified using high-performance liquid chromatography 
(HPLC) (see Text S2).

2.5. Statistical analysis

The spatial distribution was analyzed using ordinary kriging inter
polation in ArcGIS 10.8. Statistical analysis was performed using IBM 
SPSS Statistics 23, and data visualization was conducted using Origin 
2021.

3. Results and discussion

3.1. General properties of water and sediment

During our sampling, water temperatures remained stable across 
different sites at the same sampling time, but exhibited significant sea
sonal variations (p<0.01). In the summer, temperatures ranged from 
31.1 to 34.7 ◦C, while in the winter, from 21.3 to 25 ◦C (Table S2). 
Seasonal rainfall, river flow fluctuations, and tidal strength significantly 
influence estuarine salinity (Matsoukis et al., 2023). Fig. 1a clearly 
shows the salinity gradients and seasonal differences due to river- 
seawater mixing. In summer, riverine input predominates, with pre
cipitation exceeding evaporation (Guo et al., 2024), salinity ranging 
from 0.24 ‰ to 24.6 ‰ (mean 9.24 ± 7.16 ‰). In winter, reduced river 
runoff and seawater return increase inner bay salinity, ranging from 
2.37 ‰ to 28.9 ‰ (mean 21.1 ± 6.28 ‰). Spatially, the salinities in 
summer and winter are both significantly lower in the semi-close bay 
(MWS) than in the open estuary (DFE) (Fig. 1a), indirectly reflecting the 
varying degrees of influence from the river and ocean on the two regions 
with distinguishing hydrological characteristics.

In MWS, the summer TSS content (18.9 ± 13.6 mg/L) surpassed 

winter levels (12.2 ± 7.3 mg/L), likely due to enhanced riverine input 
during the rainy season. Conversely, in DFE, winter TSS (39.9 ± 21.2 
mg/L) exceeded summer levels (22.7 ± 10.7 mg/L) (Fig. 1b), driven by 
sediment resuspension due to stronger winter tides and waves (Mouyen 
et al., 2018). MWS's semi-enclosed nature and the presence of numerous 
small islands mitigate tides effects in winter. Particle size, a key physical 
property of sediments, is mainly influenced by hydrodynamic conditions 
and sediment sources. Fig. 1c shows the spatial distribution of mean 
particle size (Mz), ranging from 1.58φ to 6.81φ. Fig. S2 displays the 
sediment type ternary diagram. Most sediments in the area are silty sand 
and sandy silt, with coarser sediments concentrated at the estuaries.

3.2. Abundance, seasonal differences and spatial distribution

3.2.1. DOC and DBC
During both summer and winter, DOC concentrations ranged from 

0.55 to 3.16 mg/L (MWS: 1.88 ± 0.57 mg/L; DFE: 1.31 ± 0.45 mg/L) 
and 0.86 to 3.58 mg/L (MWS: 1.61 ± 0.49 mg/L; DFE: 2.18 ± 0.73 mg/ 
L), respectively (Fig. 2a). In summer, DOC levels decreased with dis
tance from urban areas, indicating rivers as the primary source of 
terrestrial organic matter to estuaries (Raymond and Bauer, 2001). Tidal 
mixing in estuaries further modulates DOC distribution through dilu
tion, adsorption, aggregation, and flocculation, removing significant 
amounts of riverine DOC and Colored Dissolved Organic Matter (Zhou 
et al., 2021). In winter, elevated DOC concentrations in the DFE are 
likely due to sediment resuspension (Bauer et al., 2013) and/or higher 
primary production in winter than in summer in this region (Guo et al., 
2017; Pan et al., 2015).

DBC was detected in all water samples, with concentrations varying 
by more than an order of magnitude (20.5–256 μg/L). In the summer, 
DBC concentrations were 158.2 ± 65.8 μg/L in MWS and 78.8 ± 33.3 
μg/L in DFE, decreasing to 74.3 ± 27.8 μg/L in MWS and 55.5 ± 21.7 
μg/L in DFE during winter, showing a clear decreasing trend from 
riverine to nearshore areas (Fig. 2b). Hydrology plays a crucial role in 
determining DBC concentrations and composition in global river outputs 
(Wagner et al., 2015). Due to significant differences in DBC concentra
tions between riverine and coastal waters, high riverine DBC readily 
diffuses into the sea upon entering estuaries (Fang et al., 2021). DBC 

Fig. 1. Spatiotemporal distribution of salinity (a), total suspended solids (TSS) (b), and mean particle size (Mz) (c) plotted using ordinary Kriging spatial inter
polation. The dark gray background indicates summer sampling, while the light gray background indicates winter sampling. The left region represents the Maowei 
Sea (MWS), and the right region represents the Dafeng River Estuary (DFE). In the center of the figure, box plots display five statistical data points: minimum, 25th 
percentile, median, 75th percentile, and maximum. The color of the boxes represents the mean value, corresponding to the color scale used in the spatial inter
polation method (applies to Fig. 2 as well).
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concentrations in the two regions and two seasons all consistently 
showed a significant negative correlation with salinity (r = − 0.85, p <
0.01) (Fig. 3a), indicating that urban runoff is the primary BC source in 
coastal areas. Compared to major rivers worldwide, such as the Amazon 
River (181–802 μg/L) and the Congo River (444–912 μg/L) (Wagner 
et al., 2019), the DBC concentrations in our study area are lower, yet 
significantly higher than those in certain nearshore and open ocean re
gions, like the western South China Sea (5.9–19.2 μg/L) (Fang et al., 
2017), and the surface waters of the Atlantic, Pacific, and Arctic Oceans 
(16.8–31.2 μg/L) (Coppola and Druffel, 2016). Higher DBC 

concentrations in the estuarine area, particularly in MWS, are likely due 
to riverine input from the Qin River, which passes through the densely 
populated city of Qinzhou. Elevated summer levels likely result from 
increased precipitation, enhancing wet deposition of atmospheric BC 
particles and river runoff (Bao et al., 2019; Letourneau et al., 2021).

A linear relationship occurred between DBC and DOC concentra
tions, particularly in the summer with strong correlations (r = 0.72 and 
0.78, p < 0.01) (Fig. 3b). This linear relationship is attributed to similar 
diagenetic processes driving the release of DOC and DBC from soils, or 
molecular associations between DOC and DBC via hydrophobic 

Fig. 2. Spatial distribution and concentrations of dissolved and particulate organic carbon (OC) and black carbon (BC) in Maowei Sea (MWS) and Dafeng River 
Estuary (DFE) during summer and winter. (a) Dissolved organic carbon (DOC), (b) dissolved black carbon (DBC), (c) particulate organic carbon per unit volume 
(POCW), (d) particulate black carbon per unit volume (PBCW), (e) particulate organic carbon per unit dry weight (POCP), (f) particulate black carbon per unit dry 
weight (PBCP), (g) sedimentary organic carbon (SOC), and (h) sedimentary black carbon (SBC).The central box plots show the concentrations of each parameter. At 
the very bottom of the figure, fan-shaped diagrams represent the proportions of DBC, PBC, and SBC within their respective OC pools. Colors indicate sampling 
locations and seasons: dark red for MWS in summer, light red for DFE in summer, dark blue for MWS in winter, and light blue for DFE in winter. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Correlation analysis between dissolved black carbon (DBC) and other parameters. (a) Relationship between DBC and salinity, (b) Relationship between 
dissolved organic carbon (DOC) and DBC in summer, (c) Relationship between DOC and DBC in winter.
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interactions (Jaffé et al., 2013). In winter, the correlation between DBC 
and DOC concentrations in MWS weakened (r = 0.61, p < 0.01), and the 
two were completely decoupled in DFE (p > 0.05) (Fig. 3c), suggesting 
different sources, transport, and transformation mechanisms. Some 
studies suggest that increased DOC may be linked to phytoplankton 
production and microbial transformation (Kragh and Søndergaard, 
2009), with the decoupling of these parameters further supporting a 
terrestrial origin for DBC.

It is estimated that approximately 10 % of the riverine DOC exported 
to the global oceans originates from DBC (Jaffé et al., 2013). The 
average abundances of DBC determined for the samples accounted for 
8.27 ± 2.47 % (MWS-Summer), 6.09 ± 1.69 % (DFE-Summer), 4.74 ±
1.59 % (MWS-Winter) and 2.82 ± 1.34 % (DFE-Winter) of the total DOC 
pool (Fig. 2b). The spatial decrease in DBC/DOC ratios along the river- 
to-nearshore gradient further supports the terrestrial origin of DBC 
(Fig. S3). The seasonal decrease in DBC/DOC ratios from summer to 
winter further indicates that surface runoff in summer is the main source 
of marine DBC.

3.2.2. POC and PBC
In this study, PBCW and POCW are used to express the concentrations 

of PBC and POC in water with unit mg/L, while PBCP and POCP are used 
to express the content of PBC and POC in particles with unit %dw. Both 
water-based (PBCW, POCW) and particle-based (PBCP, POCP) metrics are 
reported to distinguish between bulk water column dynamics and 
particle-specific contributions. POCW and PBCW were in the range of 
0.05–2.39 mg/L and 4.08–188 μg/L, respectively, with the mean values 
of 34.6 ± 36.9 mg/L and 6.81 ± 2.94 μg/L(Table S3). They generally are 
lower than the corresponding DOC and DBC concentrations (Coppola 
et al., 2018; Fang et al., 2021; Osterholz et al., 2021). The average 
contribution of POCW to OCIW (OC in water, ie., POCW + DOC) is 20.7 ±
12.4 % (3.3–56.3 %), and the average contribution of PBCW to BCIW (BC 
in water, ie., PBCW + DBC) is 25.1 ± 14.7 % (4.8–72.1 %), reflecting the 
important contributions of particles to the OC and BC in the aquatic 
environment(Coppola et al., 2018; Wang et al., 2016).

In summer, the PBCW concentration was 48.7 ± 56.7 μg/L, in the 
estuarine inlet region of MWS, where PBCW concentrations peaked, 
followed by a rapid decrease downstream (Fig. 2d). This phenomenon is 
likely associated with the substantial input of particulate organic matter 
from rivers, especially during the rainy summer season, when surface 
runoff carries terrestrial particulates into the river system, eventually 
flowing into the estuarine region (Wagner et al., 2015). Simultaneously, 
the rapid attenuation of PBCW at the estuary during summer suggests 
significant removal of PBC from the water column, leading to its depo
sition in nearshore sediments, which supports the formation of a more 
stable carbon sink (Yang et al., 2023a). In contrast, PBCW (20.6 ± 20.68 
μg/L) in MWS significantly decreased during winter (p < 0.01), indi
cating reduced BC and OC inputs in the winter season because of the 
declining river input.

DFE showed an increase in PBCW (p > 0.05), from 30.9 ± 16.2 μg/L 
in summer to 37.8 ± 25.6 μg/L in winter (Fig. 2d). The shallower waters 
of DFE, influenced by winter wave action, caused sediment resus
pension, leading to higher particulate levels in winter compared to 
summer. In contrast, the semi-enclosed MWS experiences less resus
pension due to weaker hydrodynamic conditions, resulting in lower TSS, 
PBCW, and POCW concentrations in MWS than in DFE during winter 
(Figs.1b, 2c and 2d). The combined effect of strong winter monsoons and 
sediment resuspension significantly regulates the sources and dynamics 
of TSS and associated PBCW and POCW in coastal waters, with resus
pension likely reintroducing BC from stable sedimentary environments 
back into the water column, potentially hindering BC preservation in 
sediments and prompting transport of BC from nearshore to offshore. 
Sediment resuspension, a key driver of organic carbon transport and 
rebalancing in marginal seas (Liu et al., 2024a), greatly impacts carbon 
dynamics of coastal ecosystems.

For POCP and PBCP, they are in the range of 0.88–6.30 % and 

0.035–0.55 %, respectively, with mean values of 2.44 ± 1.34 % and 0.16 
± 0.11 %. For their spatiotemporal distribution, they are both higher in 
the MWS than in the DFE, and higher in the summer than in the winter 
(Fig. 2f), reflecting that particles from surface runoff in summer and 
urban areas own relatively high levels of POCP and PBCP than in winter 
and rural areas. These metrics are essential for understanding the 
intrinsic properties of suspended particles, providing insights into the 
sources and transformations of BC and OC that are not captured by 
water-column concentrations alone.

The correlation between PBCW and POCW (r = 0.89, p < 0.01) is 
stronger than that between PBCP and POCP (r = 0.65, p < 0.01), which is 
also reflected in the correlation between PBCW and PBCP with TSS (r =
0.6, p < 0.01 and p > 0.05, respectively) (Fig. 4).This disparity in cor
relations underscores that PBCW and POCW are directly influenced by 
the total suspended solids, reflecting bulk water column dynamics, 
whereas PBCP and POCP are more indicative of the specific composition 
of the particulate matter, which can vary independently of TSS con
centrations. When quantifying PBC and POC in “per unit volume of 
water” resulting in a consistent fluctuation pattern of PBCW and POCW. 
Moreover, PBCW and POCW better reflect the effects of short-term 
external inputs or disturbances, such as a man-made flood events in 
the Yellow River (Wang et al., 2016; Xu et al., 2016). However, the 
actual relationship between PBC and POC may not be as strong, the use 
of a parameter related to the volume of water (PBCW and POCW) may 
have enhanced the correlation between PBC and POC.TSS and POCW, 
PBCW covary (Coppola et al., 2018), whereas the relationship between 
TSS and PBCP, POCP is less pronounced. For instance, high TSS from 
muddy or sandy sediments can lower PBCP and POCP as these materials 
have lower BC and OC content. Resuspension events further dilute PBCP 
by introducing non-BC materials, even as TSS rises. This complexity is 
crucial in estuarine systems with mixed riverine and resuspended inputs.

The PBC/POC ratio (range 2.03–15.7 %, mean 6.81 ± 2.94 %) 
(Figs. 2f and S3) in the study area is comparable to the average global 
ocean value (6 %) (Coppola and Druffel, 2016), and lower than the 
global riverine range (15.8 ± 0.9 %) (Coppola et al., 2018), as riverine 
particulates typically have higher PBC/POC ratios than marine partic
ulates (Flores-Cervantes et al., 2009). The higher PBC/POC ratios in 
winter compared to summer may result from increased combustion 
sources in winter (Wang et al., 2016) and/or sediment resuspension in 
winter. After all, sedimentary particles own higher BC/OC radio because 
a higher portion of OC is degraded than BC.

3.2.3. SOC and SBC
The SOC content in surface sediments ranged from 0.055%dw to 

1.654%dw (mean 0.71 ± 0.44 %), while SBC varied between 0.012%dw 
and 0.191%dw (0.087 ± 0.048%dw) (Fig. 2g and h). They are both 
lower than the corresponding POCP and PBCP, i.e., average POCP /SOC 
and PBCP /SBC ratios are 6.4 ± 7.3 and 2.7 ± 2.9. This may be caused by 
the different composition and size between suspended particles and 
sedimentary particles. For example, suspended particles are generally 
finer and have lower density with more organic matter than sedimentary 
particles. Therefore, suspended particles themself not only have a higher 
content of OC and BC, but also have a strong ability to adsorb OC and BC.

Spatially, high concentrations of SOC and SBC were predominantly 
found in estuarine regions, particularly where urban rivers discharge 
into MWS and in the upper segment of DFE (Figs.2g and 2h). This spatial 
distribution correlates with sediment type and grain size, as river sys
tems transport substantial particulate matter to estuarine areas, influ
encing the OC and BC content in coastal sediments (Fig. 5a and b). Most 
of this particulate matter is deposited in river deltas and adjacent coastal 
regions (Xue et al., 2017). Grain size is crucial for organic matter pres
ervation in sediments, with finer grains generally hosting more organic 
matter due to their larger surface area and greater adsorption capacity 
(Dahl et al., 2016). SBC exhibits a significant correlation with SOC (r =
0.9, p < 0.01), showing no variation across seasons or watersheds 
(Fig. 5c). As a crucial component of sedimentary SOC, SBC is more 
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resistant to degradation than other forms of SOC due to its recalcitrant 
nature (Sánchez-García et al., 2012; Vaezzadeh et al., 2021) In a depo
sitional environment characterized by fine-grained sediments and weak 
hydrodynamics, higher sedimentation rates favor organic matter burial. 
SBC concentrations are higher in fine-grained muddy areas and lower in 

sandy regions, indicating that hydrodynamic conditions largely dictate 
BC distribution in sediments. Semi-enclosed bays like MWS, where small 
islands naturally attenuate hydrodynamic forces, create favorable con
ditions for organic carbon burial (Feng et al., 2021). Additionally, the 
widespread aquaculture zones in MWS, with weak hydrodynamics, 
further promote fine-grained sediment dominance, enhancing organic 
carbon preservation. Low dissolved oxygen levels in bottom waters 
further reduce organic carbon degradation, increasing preservation 
potential (Raja and Rosell-Melé, 2020; Yang et al., 2023b).

SBC accounted for 6.86–25.33 % of SOC (mean 14.0 ± 4.2 %) 
(Table S3), comparable to levels in the Yellow River estuary (15.4 ± 6.1 
%) and Yangtze River estuary (13.3 ± 4.9 %) (Fu et al., 2023), and 
within the global range for coastal sediments (3–20 %) (Fang et al., 
2015; Ren et al., 2019). This consistency suggests that SBC is a signifi
cant carbon sink across the global sediment. Moreover, the average SBC/ 
SOC ratio is more than twice the corresponding PBC/POC (6.81 ± 2.94 
%) and DBC/DOC (5.58 ± 2.74 %), reflecting the much stronger sta
bility of SBC than SOC during the preservation process of sediment. 
Sediments are well-recognized as the ultimate BC repository, with the 
potential for millennial-scale preservation, as observed in the Amazon 
River delta (Schmidt and Noack, 2000). This underscores SBC's key role 
in estuarine carbon storage and its broader impact on the global carbon 
cycle.

In this study, we observed that, areas with lower SOC content tend to 
have higher SBC/SOC ratios (Fig. 5d). Lower concentrations of SOC and 
SBC are found in coarser, sand-type sediments, likely because the 
chemical stability of BC makes it less susceptible to degradation, 
allowing it to be better preserved compared to other organic matter. In 
regions with low TOC content, other organic matter may have already 
decomposed or been lost, resulting in a relative increase in the propor
tion of BC and consequently a higher SBC/SOC ratio. Other studies have 
suggested that when using the BPCA method, higher clay content may 

Fig. 4. Relationship between total suspended solids (TSS), particulate black carbon (PBC), and particulate organic carbon (POC) in water. (a) Correlation between 
PBC per unit volume (PBCW) and POC per unit volume (POCW), (b) Correlation between PBC per unit dry weight (PBCP) and PBC per unit dry weight (POCP), (c) 
Correlation between PBCW and TSS, (d) Correlation between PBCP and TSS. Note: PBCW (mg/L) and POCW (mg/L) are calculated from measured PBCP (%dw) and 
POCP (%dw) using PBCW = PBCP × TSS × 0.01 and POCW = POCP × TSS × 0.01, where TSS is in mg/L. POCP and PBCP are directly determined from filter-collected 
particles via elemental analysis and BPCA-HPLC, offering particle-specific insights, while PBCW and POCW quantify water column concentrations.

Fig. 5. Correlation analysis between mean particle size and sedimentary 
organic and black carbon. (a) Relationship between mean particle size (Mz) and 
sedimentary organic carbon (SOC), (b) Relationship between Mz and sedi
mentary black carbon (SBC), (c) Relationship between SBC and SOC, (d) 
Relationship between the ratio of SBC/SOC and SOC.
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hinder the oxidation of BC by nitric acid (Sánchez-García et al., 2013), 
potentially leading to an underestimation of SBC in finer-grained areas 
and consequently lower SBC/SOC ratios.

3.3. Influence of estuarine resuspension on BC dynamics

The spatial and temporal distribution patterns of BC components 
highlight the impact of key sources: urban runoff, marine contributions, 
and sediment resuspension. Typically, without significant estuarine 
resuspension, BC levels peak in summer and decline in winter, as rainfall 
and runoff in the rainy season wash residual OC and BC from the land 
surface into coastal zones. Concentrations are higher in MWS (urban 
region, higher human activity) and lower in DFE (rural region, less 
human impact). However, in open estuaries during winter, strong winds 
and tidal action disrupt this pattern, increasing DOC, POCW, and PBCW 
concentrations. DOC rises as OC in sediments decomposes and is 
released into the water, supplemented by nutrient inputs and winter's 
suitable light and temperature conditions (Pan et al., 2015), which 
enhance primary productivity and decouple DOC from DBC.

RDA analysis (Fig. 6a) further elucidates the influence of environ
mental variables on BC components. RDA1 and RDA2 account for 76.91 
% and 23.04 % of the variance, respectively, indicating that these axes 
effectively capture the relationship between environmental factors and 
BC dynamics. TSS shows a strong positive correlation with PBCW, 
aligning along the positive RDA1 axis, which suggests that sediment 
resuspension plays a critical role in elevating PBCW levels. Salinity, 
conversely, is negatively correlated with DBC and PBCP, suggesting that 
freshwater input modulates their distribution in the estuarine 
environment.

In MWS, the output of DBC and PBCW is coupled (r = 0.60 and 0.64, 
p < 0.01) (Fig. 6b and c), with the spatial pattern of PBC abundance 
indicating that most estuarine PBCW settles within short distances, 
supporting a mechanism for the rapid removal of DBC in coastal areas, 
thereby weakening the riverine DBC signal in open seas (Wagner et al., 
2019; Yang et al., 2023a). In contrast, in DFE, DBC and PBCW are 
decoupled (p > 0.05), as sediment resuspension at the estuary increases 

PBC significantly. Although the photochemical oxidation of PBC may 
also be a source of DBC in aquatic systems (Alan Roebuck et al., 2017). 
Winter resuspension significantly increases TSS levels in DFE, elevating 
PBCW and POCW concentrations. However, PBCP and POCP do not in
crease proportionally; rather, higher TSS lowers their content per unit 
mass. Despite this, resuspension remains critical as it reintroduces stable 
sedimentary BC back into the water, potentially enabling further 
offshore transport under wave action. As previously noted, particulate 
BC and OC are major aquatic components and are more condensed than 
sedimentary BC, strengthening their role in aquatic BC dynamics.

Another noteworthy phenomenon is the relationship between TSS 
and DBC. As TSS increases, DBC also appears to rise; however, in areas 
with particularly high TSS levels, DBC concentrations are significantly 
lower (Fig. 6d). The relationship between TSS and DBC exhibits clear 
seasonal and watershed differences, influenced by the sources of DBC 
riverine input. In summer, MWS, which is closer to urban areas, shows 
elevated DBC and TSS concentrations, while in winter, the DFE region 
exhibits high TSS levels but lower DBC concentrations. Although DBC 
concentration is largely influenced by its source input, it may also be 
modulated by TSS. This result may be due to the fact that, although 
photochemical degradation is considered the primary pathway for DBC 
loss and alteration in aquatic environments, it is typically negligible in 
high-turbidity waters with limited light penetration (Medeiros et al., 
2015). Conversely, at higher TSS levels, particle adsorption becomes the 
dominant process for DBC removal (Zhao et al., 2023). Calmer waters 
with minimal TSS and higher light exposure may serve as hotspots for 
DBC transformation and removal, as indicated by the majority of sample 
points located at low TSS and low DBC levels in the Fig. 6d. The reasons 
for the decoupling of PBC and DBC during sediment resuspension 
remain unclear and require further investigation through higher- 
resolution sampling and laboratory simulations.

The significant correlation between DBC, PBCP, and salinity indicates 
that freshwater-seawater mixing plays a dominant role in modulating BC 
concentration in estuarine regions. A simple two-endmember mixing 
model was applied (see Text S4), revealing additional sources of DBC 
and PBC in MWS during summer (Fig. 6e). Atmospheric deposition of 

Fig. 6. Relationships between black carbon fractions and environmental factors in the water phase. (a) Redundancy analysis (RDA) of dissolved black carbon (DBC), 
particulate black carbon per unit volume (PBCW), and particulate black carbon per unit dry weight (PBCP) with environmental factors (TSS, salinity, temperature, pH, 
POC, DOC), (b-c) Correlation analysis between PBCW and DBC in summer and winter, (d)Relationship between DBC and TSS, (e-f) Two-endmember mixing model, 
where ΔDBC and ΔPBC represent the difference between measured values and model estimates.
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BC, recognized as significant on both global and regional scales (Bao 
et al., 2017), is unlikely to cause notable spatial differences in our study 
area due to its limited scope. However, it may contribute to seasonal 
variations. Additionally, emissions from frequent shipping and offshore 
activities may serve as potential BC sources in estuarine regions (Lack 
and Corbett, 2012). In winter, DBC shows a marked reduction, especially 
in the DFE area, likely due to particulate adsorption as previously dis
cussed (Fig. 6f). The presence of additional PBC sources in winter in DFE 
further suggests contributions from sediment resuspension and emis
sions from combustion sources during the winter.

3.4. Molecular information and implications of BPCAs

The relative concentrations of BPCAs indicate the degree of aromatic 
condensation (Hammes et al., 2007; Roth et al., 2012). Overall, this 
study shows significant differences in BPCA composition between DBC 
and PBC or SBC. DBC is primarily composed of B5CA and B4CA (36 % 
and 32 %), consistent with previously reported BPCA profiles for coastal 
waters (Dittmar, 2008). In both PBC and SBC, B6CA is the most 
concentrated among the BPCAs, accounting for approximately 35 % of 
the total BPCAs. (Fig. 7a).

The B6/B5 ratio serves as an aromatic condensation indicator 
(Stubbins et al., 2012), with DBC in this study showing B6/B5 ratios 
from 0.28 to 0.60, aligning with major river DBC globally (Wagner et al., 
2019). Seasonal variations in B6/B5 ratios range from 0.32 to 0.60 in 
summer and 0.28 to 0.39 in winter, decreasing toward offshore areas. 
This spatial and seasonal pattern of B6/B5 aligns with trends in DBC and 
the DBC/DOC ratio (Fig. 7b), reflecting a progressive decrease in aro
matic condensation along the salinity gradient. The removal of DBC 
from the water column is mainly driven by photodegradation and par
ticle adsorption, both of which preferentially eliminate condensed aro
matic structures, resulting in lower B6/B5 ratios (Coppola et al., 2014; 
Stubbins et al., 2012). Furthermore, the influence of river flow on DBC 
density is significant. The low B6/B5 ratios (0.16–0.43) observed in 
Arctic rivers during periods of low runoff underscore the potential 
impact of hydrological factors on the aromatic condensation of DBC 
(Stubbins et al., 2012).

PBC exhibits regional and seasonal variations in BPCAs composition. 
In MWS, B6/B5 ratios are higher in summer, whereas in DFE, ratios peak 
in winter (Fig. 7c). Winter resuspension in DFE, driven by stronger 
winds and waves, remobilizes finer particles into the water column, 
increasing aromatic condensation. Additionally, higher PBC 

condensation in DFE during winter may be attributed to heating emis
sions from rural areas (Wang et al., 2016). Across urban areas in Asia, 
industrial coal combustion and vehicle emissions are major sources of 
carbon emissions, whereas rural biomass burning is the primary PBC 
source in suburban regions (Liu et al., 2024b). The seasonal variation in 
PBC sources across different global watersheds is significant and is 
strongly influenced by regional activities. For example, in the PBC 
transported by the Yellow and Yangtze Rivers in China, approximately 
75 % of the PBC during winter months is derived from anthropogenic 
sources, compared to about 50 % in non-winter months. PBC samples 
collected in winter show significantly older 14C ages than those collected 
in other seasons, indicating a higher contribution of aged PBC from coal 
combustion during winter (Wang et al., 2016).

Compared to DBC and PBC, SBC displays more stable condensation 
levels (B6/B5 ratio: 1.2 ± 0.25) along the salinity gradient, with higher 
values near the estuarine-sea interface (Fig. 7d). SBC shows minimal 
seasonal and spatial variation due to stable deposition environments, 
with most river-transported PBC preserved in coastal sediments. Cop
pola et al. (2014) propose that the photodegradation and/or hydro
phobic properties of highly condensed DBC can lead to the formation of 
aggregated particles, which eventually settle, contributing to the high 
degree of aromatic condensation observed in PBC and SBC. The simi
larity in BPCA composition between SBC and PBC suggests that much of 
the river-transported PBC is deposited and preserved in coastal sedi
ments, where its association with minerals likely plays a key role in its 
preservation. Stable sedimentary environments are particularly condu
cive to the long-term preservation of BC.

The BPCA method is an effective tool for tracing the origins of BC, as 
the relative abundance of different BPCAs provides a distinct signature 
of the combustion conditions, with higher B6/B5 ratios indicating high- 
temperature, fossil fuel-derived BC, while lower ratios point to biomass 
burning (Schneider et al., 2010). However, BC's transition from partic
ulate to dissolved phases and photochemical degradation processes alter 
BPCA profiles, complicating source attribution. For example, BPCAs 
generated from the direct oxidation of urban dust particles are primarily 
composed of B6CA (Roth et al., 2012), whereas DBC leached from urban 
dust produces only trace amounts of B5CA and B6CA (Ding et al., 2014). 
Additionally, photochemical degradation tends to target B6CA over 
B5CA (Stubbins et al., 2012), adding complexity to the use of BPCA 
ratios for constraining BC sources (Wagner et al., 2018). This highlights 
the necessity for complementary tools, such as isotopic analysis and 
additional molecular markers like polycyclic aromatic hydrocarbons, to 
reliably elucidate BC sources (Vaezzadeh et al., 2023a, 2023b).

3.5. The flux of DBC and PBC and the buried flux of SBC

Watershed hydrology is considered one of the primary factors 
influencing the temporal variation of riverine DBC and PBC fluxes (Bao 
et al., 2019; Roebuck et al., 2018; Wagner et al., 2015). Based on the 
runoff data of the region's rivers (Text S5), we estimated the DBC and 
PBC flux in the study area. In this study, the fluxes of DBC and PBC are 
estimated to be 1.06 Gg/year and 0.25 Gg/year, respectively. The lower 
PBC flux is attributed to its source and the tendency to settle in estuarine 
regions. The DBC flux is lower than those observed in larger estuaries 
such as the Yangtze River (47.4 Gg/year; Wang et al., 2016) and the 
Pearl River (11.2–16.3 Gg/year; Zhang et al., 2023), but it is comparable 
to that of the Jiulong River (0.2–0.6 Gg/year; Zhao et al., 2023), which 
has a similar runoff volume. The flux is largely dependent on the river 
runoff.

Based on the SBC content in surface sediments and the sedimentation 
rate (Text S6), we calculated the burial flux of SBC. The burial flux of 
SBC in sediments ranges from 58 to 1848 μg/cm2/yr, which is lower 
than that in the Pearl River Estuary (197–6480 μg/cm2/yr; Liu et al., 
2024b) and comparable to Daya Bay (212 ± 228 μg/cm2/yr; Dan et al., 
2022). However, it is higher than the values reported for other Chinese 
marginal seas, such as the Bohai Sea, Yellow Sea, and East China Sea 

Fig. 7. BPCA composition and B6/B5 ratios of black carbon fractions. (a) BPCA 
composition of dissolved black carbon (DBC), particulate black carbon (PBC), 
and sedimentary black carbon (SBC), with mean acid numbers shown above the 
bars. (b-d) B6/B5 ratios for (b) DBC, (c) PBC, and (d) SBC.
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(67–425 μg/cm2⋅yr; Fang et al., 2015) as well as the Gulf of Cádiz 
(120–245 μg/cm2⋅yr; Sánchez-García et al., 2013). These results, 
although covering data from different time periods over the past decade, 
reflect that the burial flux is primarily influenced by sedimentation rate 
and sediment properties, with a concentration of BC burial in large 
estuarine areas and along continental shelf margins.

Given the lack of precise river runoff and sedimentation rate data, 
our estimates of DBC and PBC fluxes and BC burial fluxes in this region 
may have inherent uncertainties. Research on BC in the Beibu Gulf re
mains limited. However, the substantial contribution of terrestrial in
puts from rivers, particularly those along the Vietnamese coast (Gao 
et al., 2015), underscores their significant role in this semi-enclosed 
shelf sea. Meanwhile, the construction of the Pinglu Canal is expected 
to further enhance the influx of terrestrial materials into the Beibu Gulf. 
This study provides an exploratory basis for future comprehensive 
research on BC in the Beibu Gulf. Future work could focus on monitoring 
BC in the rivers discharging into the gulf and estimating BC stocks across 
the entire Beibu Gulf.

4. Conclusions

This research provides comprehensive data on the spatial distribu
tion and seasonal characteristics of BC in a semi-enclosed bay and an 
open estuarine located in subtropical areas, including detailed analyses 
of DBC and PBC concentrations within the surface water, as well as SBC 
content in sediments. By utilizing the BPCA method, this study repre
sents a holistic attempt to assess BC content across different environ
mental matrices within the same region. The spatial distribution and 
seasonal variation of PBC and DBC suggest that riverine input is the 
primary source of BC in this region. Environmental factors lead to rapid 
deposition and transformation at river estuaries, where the decoupling 
of DBC and PBC seasonally is attributed to their different sources. The 
study highlights the distinct environmental roles of semi-enclosed bays 
and open river estuaries in BC dynamics, emphasizing the impact of 
sediment resuspension processes. It was observed that BC shows an 
increasing trend in aggregation from dissolved to particulate phases, a 
difference driven mainly by their sources, behaviors in the aquatic 
environment, and environmental degradation processes. The research 
further elaborates on the relationship between BC and its proportion 
within organic carbon, alongside other environmental factors, under
scoring the stability of BC in sedimentary environments. Understanding 
these processes is crucial for predicting the impacts of future climate 
change on the global carbon cycle.
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Abstract
Low nitrogen (N) availability is critical to coral health and resilience. Dissimilatory nitrate reduction pro-

cesses, such as denitrification, anammox, and dissimilatory nitrate reduction to ammonium (DNRA), play a vital
role in regulating seawater N content. Thus, quantifying the rates of these processes is essential for assessing the
overall health and recovery potential of N-enriched coral reefs. However, the diversity and complexity of ben-
thic categories in coral reefs severely limit our understanding of the overall nitrate reduction capacity of these
ecosystems. To address this, we utilized the 15N isotope tracing technique to assess denitrification, anammox,
and DNRA for various benthic categories, including live corals, turf algae, sediments, biogenic rock, and coral
rubble in the coral reefs of Weizhou Island. Our findings indicate that, except for sediments, the denitrification
potential (0.1–5.6 mmol N m�2 d�1) significantly exceeded that of DNRA (0.1–1.8 mmol N m�2 d�1), while ana-
mmox (0.01–0.10 mmol N m�2 d�1) was negligible. There was a significant difference in denitrification rate
among benthic categories, with massive corals Galaxea fascicularis and biogenic rock exhibiting the highest rate.
Extrapolated to the respective reef area, both live corals and biogenic rock contributed the most to the inte-
grated rates of denitrification and DNRA (27–41%). However, no significant change in the rate was observed
when the nitrate concentration increased from 10 to 20 μM. Consequently, it is crucial to strictly control N
emissions in N-enriched reefs impacted by human activities, while also prioritizing the protection of benthic
categories that significantly contribute to denitrification.

Coral reefs are among the most biodiverse and resource-
rich ecosystems in the ocean, playing an extremely important
role in resource and ecological functions (Normile 2009).
However, under multiple stressors such as climate warming,
water pollution, and outbreaks of crown-of-thorns starfish,
coral reefs worldwide are experiencing severe degradation
(Eakin et al. 2019; Morrison et al. 2019). Excess nitrogen
(N) emissions from human activities have also become a sig-
nificant driver of coral reef degradation. On one hand, excess

N impairs the photosynthesis of symbiotic dinoflagellates,
directly contributing to coral bleaching (Wiedenmann
et al. 2013; Rosset et al. 2017; Morris et al. 2019). On the other
hand, excess N promotes the growth of benthic macroalgae,
further exacerbating coral reef degradation (McManus and
Polsenberg 2004). Therefore, N cycling processes involving the
removal of N from coral reefs are essential for regulating and
balancing N concentrations and maintaining the health of
coral reef ecosystems in the face of excess N.

The N cycle is the most complex of Earth’s biogeochemical
cycles, characterized by an unusually diverse set of trans-
formations (Thamdrup 2012). First, biological dinitrogen (N2)
fixation, that is, the conversion of atmospheric N2 into bio-
available ammonimu (NH4

+) by prokaryotic microbes
(diazotrophs), can alleviate N limitation for primary producers

*Correspondence: gsong@ouc.edu.cn
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Data Availability Statement: The data related to this article are avail-
able online (https://doi.org/10.6084/m9.figshare.26867287).

11122

https://orcid.org/0000-0003-4245-0651
https://orcid.org/0000-0003-3409-9945
https://orcid.org/0009-0005-0253-967X
https://orcid.org/0000-0002-6901-5169
https://orcid.org/0000-0001-5106-2162
https://orcid.org/0000-0002-9003-8234
mailto:gsong@ouc.edu.cn
https://doi.org/10.6084/m9.figshare.26867287


in coral reefs (Cardini et al. 2016). Then, NH4
+ is oxidized into

nitrite (NO2
�) or nitrate (NO3

�) by nitrifying bacteria and
archaea in aerobic environments through nitrification
(Rädecker et al. 2015). However, in anoxic environments,
NO3

� replaces dissolved oxygen (DO) as the primary electron
acceptor and undergoes microbial dissimilatory reduction
(Fossing et al. 1995; Kamp et al. 2011). The dissimilatory
nitrate reduction primarily involves processes such as anaero-
bic ammonium oxidation (anammox), dissimilatory nitrate
reduction to ammonium (DNRA), and denitrification (Devol
2015). Denitrification is a process in which organic matter
provides energy for the dissimilatory reduction of NO3

� or
NO2

� to N2 or nitrous oxide (N2O). Anammox, on the other
hand, is a process carried out by chemolithoautotrophic bacte-
ria, where NO2

� serves as the electron acceptor and NH4
+ acts

as the electron donor, leading to the production of N2

(Dalsgaard et al. 2005). However, the rates of anammox in
coral reef ecosystems are consistently low (Eyre et al. 2008;
Rädecker et al. 2015), though anammox bacteria are widely
distributed in coral reefs (Zhang et al. 2015). Thus, denitrifica-
tion is the most important pathway for N removal in coral
reefs, which helps mitigate eutrophication in nearshore coral
reef regions but may exacerbate N limitation in offshore coral
reef areas (Eyre et al. 2008). Conversely, the DNRA process
reduces NO3

� to NH4
+ and retains it within the ecosystem,

contributing to the high productivity of oligotrophic reef areas
(Erler et al. 2014).

In coral reef ecosystems, sediments are the most common
anoxic environments where denitrification was first investi-
gated (Miyajima et al. 2001). Additionally, denitrifying bacte-
ria are present in the coral holobiont, within compartments
that anoxic conditions required for denitrification through
respiration (Siboni et al. 2008). However, it was not until
Tilstra et al. (2019) that denitrification in corals was first con-
firmed using the acetylene inhibition method, which has cer-
tain limitations. Specifically, at low NO3

� concentrations,
acetylene may incompletely inhibit nitrous oxide reduction
while also suppressing nitrification, thereby leading to an
underestimation of the denitrification rate (El-Khaled et al.
2020; Table 1). Adding NO3

� can avoid incomplete inhibition
but may result in overestimation of the rate (Joye et al. 1996).
The application of the 15N isotope tracing technique avoids
these drawbacks and quantifies the denitrification of various
coral species, indicating species-specific differences in the
denitrification capabilities of corals (Babbin et al. 2021; Glaze
et al. 2022). Additionally, other benthic categories of coral
reefs such as turf algae and coral rubble also exhibit denitrifi-
cation capabilities, which increase with higher NO3

� levels
(El-Khaled et al. 2021a). However, since these studies used the
acetylene inhibition method, the observed NO3

�-dependent
denitrification might be influenced by methodological limita-
tions, making it uncertain whether the trend reflects an inher-
ent regulatory mechanism. Indeed, as primary producers, turf
algae also assimilate NO3

�, benefiting from increased NO3
�

availability (Hutchins and Capone 2022). With the rise in ter-
restrial N input, this could further degrade coral reef ecosys-
tems, turning them into habitats for macroalgae and turf algae
(McManus and Polsenberg 2004; Ren et al. 2017; Pan
et al. 2021). Nonetheless, it remains unclear how denitrifica-
tion in these benthic categories responds to the increase in
NO3

� in N-enriched coral reefs.
Dissimilatory nitrate reduction to ammonium is an active

N cycling pathway in tropical corals, with a rate reaching
0.46–0.60 mmol N m�2 d�1 (Babbin et al. 2021; Glaze
et al. 2022). Corals can alter the composition of dissolved
inorganic N (DIN) through DNRA to regulate their response to
thermal stress (Marangoni et al. 2020). Due to the same reac-
tive substrates (i.e., NO3

�), the DNRA process competes with
the denitrification process. However, there are many condi-
tions that stimulate DNRA and permit it to outcompete deni-
trification on living coral surfaces, such as hypoxic to anoxic
boundary conditions, limited NO3

� compared with organic
carbon, higher salinity, and temperature (Dunn et al. 2013;
Kraft et al. 2014; Glaze et al. 2022). In addition to the coral
holobiont, significant DNRA activity has been demonstrated
in reef sediments (Erler et al. 2014), but the DNRA processes
in other benthic categories remain unquantified (Table 1).
Quantifying both denitrification and DNRA processes is cru-
cial for evaluating the overall health and recovery potential of
N-enriched coral reef ecosystems.

As a typical coral reef severely degraded by high-intensity
human activities (Yu et al. 2019), the NO3

� concentration in
the seawater around Weizhou Island in the northern South
China Sea is significantly higher than that of the Great Barrier
Reef (Glaze et al. 2022) and the Caribbean reef ecosystem
(Babbin et al. 2021), and continues to rise, exacerbating coral
reef degradation (Yu et al. 2019; Pan et al. 2021; Ning
et al. 2022). However, there has been no research on the
response of denitrification and DNRA processes to elevated N
levels in eutrophic coral reefs. Based on documented signifi-
cant differences in N2 fixation rates and denitrification activi-
ties across benthic categories such as living corals, turf algae,
sands, biogenic rock, and coral rubble (El-Khaled et al. 2021b),
we hypothesized that DNRA and denitrification activities in
eutrophic reefs would exhibit significant differences across
various benthic categories. Hypothetically, denitrification and
DNRA rates in different categories could be influenced by light
conditions, as numerous studies have revealed light-mediated
regulation of these processes in coral holobionts (Babbin
et al. 2021; Glaze et al. 2022; Yang et al. 2024). Additionally,
we hypothesized that, in response to increased NO3

� concen-
trations, the N removal capacity through denitrification does
not improve in eutrophic coral reefs.

To verify the differences in NO3
� reduction across various

benthic categories in eutrophic coral reefs, this study focuses on
the coral reefs of Weizhou Island. Using the 15N isotope tracer
technique, we conducted controlled incubations of live corals,
turf algae, sand sediments, biogenic rock, and coral rubble to
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measure their potential rates of denitrification, DNRA, and ana-
mmox. The study aimed to assess the activity of these pathways
under variable NO3

� concentrations of 10 and 20 μM, as well as
under light and dark conditions. The findings were subsequently
extrapolated to estimate a preliminary N budget for distinct ben-
thic categories within the coral reefs of Weizhou Island. These
results will enhance our understanding of coral reef ecosystems
resilience to eutrophication and provide a scientific basis for opti-
mizing N pollution management strategies.

Materials and methods
Study sites and sampling

Weizhou Island (21�000–21�100N, 109�070–109�150E) is
7 km long, 5 km wide, 26 km2 in area and is 48 km offshore of
the southern Chinese mainland coast. It is a volcanic island
located in the Beibu Gulf, and its comparatively high-latitude
position provides an optimal habitat for coral growth.
However, the mean living coral cover around Weizhou Island
has decreased from � 42% in 1984 to � 10% in 2015 (Yu
et al. 2019). The mean annual air temperature was
22.6 � 5.1�C; the lowest and highest monthly mean tempera-
tures occur in January (15.3 � 2.3�C) and July (28.9 � 2.7�C)
respectively. The concentrations of DIN and dissolved inor-
ganic phosphorus (DIP) in seawater ranged from 2.3 to
11.5 μM, and 0.02 to 0.43 μM, respectively. Thus, Weizhou
Island was an area with relatively excess N, with an N-to-
phosphorus ratio ranging from 12 to 350 (Ning et al. 2020).

Benthic community composition of the coral reefs was deter-
mined in earlier studies using photo quadrats (Liao et al. 2019;
Yu et al. 2019). Coverage of turf algae, coral rubble, biogenic
coral rock, sands, and hard corals was surveyed along transects at
four sites on the reef flat of Weizhou Island. Eight 100 m tran-
sects were established at the site. On each transect, 11 quadrats
(0.5 � 0.5 m) were used at 10 m intervals. Overall, a total of

88 quadrats were used. An OLYMPUS TG-4 Zoom digital water-
proof camera (effective pixel density: 12 million pixels) was used
to photograph each quadrat. Benthic cover and composition
were analyzed using Coral Point Count with Excel extensions
software that used 50 randomly placed points within each frame.
Hard corals were identified to the genus level, and benthic algae
were identified to the species or genus level.

The benthos of Weizhou Island consisted of 37% bio-
genic rock, 18% coral rubble, 16% turf algae, 9% hard coral,
3% sand, and the residual consisted of other algae or non-
biological substrates (Liao et al. 2019). Weizhou Island’s
hard coral was mainly composed of massive corals (8%),
representative of which were Pavona, Porites, Favites, Gal-
axea fascicularis, while cover of the branching corals such as
Acropora muricata was < 1% (Yu et al. 2019).

Representative samples of all benthic categories, including
turf algae (n = 3), sands, hard corals G. fascicularis and
A. muricata (n = 3), biogenic rock (n = 3), and coral rubble
(n = 9) were collected randomly from the coral reefs of
Weizhou Island in July 2022. Sand sediments (0–5 cm) were
collected by pushing Plexiglas tubes (6 cm diameter, 5 cm
depth) into the sediment, then transferred into plastic bags
and thoroughly mixed to ensure uniformity. All samples from
each benthic category were cut into 9 fragments (about 50–
80 cm2, or 150 cm3 sediment) and were then transferred into
a flow-through aquarium where fresh seawater (1.9 � 0.3 μM
of NH4

+ and 3.0 � 0.4 μM of NO3
�) was continuously sup-

plied using a peristaltic pump (BT100-1L, LONGER PUMP)
and allowed to acclimate under natural sunlight (average pho-
ton flux was � 200 μmol photons m�2 s�1; Fig. 1, Step 1).

Incubation for measurement of NO3
� reduction processes

Incubation was conducted in polymeric polyethylene bags
(20 � 30 cm) equipped with a Teflon valve (Fig. 1, Step 2). The

Table 1. Summary of previously reported rates (� 10�2 mmol N m�2 d�1) of denitrification, DNRA, and anammox across benthic cat-
egories under light vs. dark conditions in coral reef ecosystems.*

Locations Categories

Denitrification DNRA Anammox

Methods ReferencesLight Dark Light Dark Light Dark

Caribbean reef Hard corals 0–3.1 0–11 n.d. n.d. n.d. n.d. 15N tracing (Babbin et al. 2021)

Great barrier reef Hard corals 0.05–0.14 0.1–0.4 0–30 46–60 n.d. n.d. 15N tracing (Glaze et al. 2022)

Luhuitou peninsula Hard corals n.d. 1.4–6.7 n.d. n.d. n.d. 0–0.1 15N tracing (Yang et al. 2024)

Red Sea Hard corals n.d. 0.04–0.5** n.d. n.d. n.d. n.d. Acetylene inhibition (Tilstra et al. 2019)

Red Sea Turf algae n.d. 0.12–0.17** n.d. n.d. n.d. n.d. Acetylene inhibition (El-Khaled et al. 2021b)

Red Sea Coral rubble n.d. 0.26–0.33** n.d. n.d. n.d. n.d. Acetylene inhibition (El-Khaled et al. 2021b)

Red Sea Soft coral n.d. 0.67–1.1** n.d. n.d. n.d. n.d. Acetylene inhibition (El-Khaled et al. 2021b)

Red Sea Biogenic rock n.d. 0.29–0.36** n.d. n.d. n.d. n.d. Acetylene inhibition (El-Khaled et al. 2021b)

Red Sea Reef sands n.d. 0.20–0.34** n.d. n.d. n.d. n.d. Acetylene inhibition (El-Khaled et al. 2021b)

Great barrier reef Reef sands n.d. 5.0 n.d. n.d. n.d. 11.7 15N tracing (Erler et al. 2013)

*n.d. = not determined.
**Rates measured under a 12 : 12 h dark/light cycle.

Ning et al. Denitrification in coral reef categories

31124



bag was transparent and gastight. After 1 week of acclimation,
all fragments from the aquarium were each transferred into
separate gastight bags containing 1 L of fresh seawater. At the
same time, fresh seawater without fragments served as con-
trols to correct for planktonic background activity. After sea-
ling the bags, the internal air was expelled through Teflon
valves. In each bag of different experimental groups, 5 μM
15NH4

+, 10 μM 15NO3,
� or 20 μM 15NO3

� were added, respec-
tively. Each experimental group included three parallel sam-
ples. Then, all bags were submerged in a flow-through
aquarium, with incubation conditions consistent with those
described in the previous acclimation procedure. An external
thermostat regulated the temperature of the aquarium to
28 � 0.3�C through water circulation.

All incubations lasted for 21–22 h, depending on probe
(YSI ODO) monitoring of DO concentrations to validate that
neither hypoxic nor hyperoxic conditions that would be detri-
mental to organisms, evoking physiological changes, occurred
during incubations (El-Khaled et al. 2021b). Measurements of
each bag were conducted four times, two during the day and
the other two at night. During each sampling time (Fig. 1,
Step 3), seawater in the bag was collected from the Teflon

valve using 60 mL syringes. An aliquot of seawater for 15N-N2

measurement was sampled and transferred to a 12 mL
Exetainer vial (Labco Ltd.) with 0.2 mL pre-added saturated
mercuric chloride (HgCl2). Another aliquot of seawater for
nutrient measurement was filtered with 0.45 μm pore-size
syringe polyethersulfone filters and then was frozen at �20�C.

Analysis methods
The concentrations of NH4

+ and NO3
� in seawater were

determined using an autoanalyzer (QuAAtro, SEAL Analytical).
The limit of detection for NH4

+ and NO3
� was 0.5 and

0.06 μM, respectively, with a precision of � 5%. The isotopic
ratios of 29N2/

28N2 and 30N2/
28N2 were determined using a

homemade membrane-inlet mass spectrometer (MIMS), with
a precision of 1% (Xu et al. 2022). The concentration of
15NH4

+ was determined using a hypobromite oxidation MIMS
method, converting 15NH4

+ to 29N2 and 30N2, after which
the N2 isotope ratios were measured using the MIMS (Song
et al. 2013; Xu et al. 2022). The production rates of 29N2

and 30N2 were determined from the linear regression slope
of their concentrations over time. The concentration of

Fig. 1. Stepwise schematic of pre-acclimation, 15N amended incubation, and sampling analysis.
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15NH4
+ was derived from the concentrations of 29N2 and

30N2 after conversion.

Calculation and statistical analysis
Equations according to Thamdrup and Dalsgaard (2002)

were used in this study without considering the minor influ-
ence of DNRA on anammox (Song et al. 2016). Thus, the
potential rates of denitrification and DNRA were calculated
from the production of 29N2,

30N2 and 15NH4
+ in 15NO3

�

amended incubation according to Eqs. 1 and 2, and the poten-
tial rate of anammox was calculated from the production of
29N2 in 15NH4

+ amended incubation according to Eq. 3. To
ensure comparability between different categories, volumetric
rates were normalized to surface area of the organisms/
substrates according to Eq. 4.

Denitrification rate¼ P30=FN
2 ð1Þ

DNRA rate¼P15NH4
þ=FN ð2Þ

Anammox rate¼P29=FA ð3Þ

Areal rate¼volumetric rate=S�V ð4Þ

where FN and FA represented the 15NO3
� fraction in 15NO3

�

amended seawater and 15NH4
+ fraction in 15NH4

+ amended
seawater, respectively. P29, P30, and P15NH4

+ were the produc-
tion rates of 29N2,

30N2, and 15NH4
+, respectively. Surface

areas (S) of incubated organisms/substrates were determined
using the aluminum foil method (Marsh 1970). Sand sur-
face areas were calculated using dimensions of Plexiglas
tubes that were utilized for sand core sampling (surface
area = π � radius2). V represented the volume of seawater in
the incubation bag.

The daily rates of different processes (in mmol N m�2 d�1)
represent the average rates under light and dark conditions. In
this study, the reduction rate of NO3

� was indicated by the
rate of decrease of NO3

� in 15NO3
� amended incubation.

Thus, the total reduction rate of NO3
� minus the sum of deni-

trification and DNRA rates represents the rate of other NO3
�

reduction processes such as assimilation. If the total reduction
rate of NO3

� was negative, it indicates net NO3
� production,

in which case the contribution of other NO3
� reduction pro-

cesses was considered to be nonexistent. The integrated rates
of denitrification and DNRA were extrapolated by multiplying
the areal rates by the cover areas of benthic categories and the
corresponding 2D-to-3D conversion factor, as described by El-
Khaled et al. (2021b).

The normality of the data and homogeneity of variances
were tested using Shapiro–Wilk and Levene’s tests, respec-
tively. A 3-way PERMANOVA was used to test for significant
differences in denitrification and DNRA rates between differ-
ent benthic categories, NO3

� dose (10 or 20 μM), or light con-
ditions (light or dark). If significant differences were detected,
pairwise t-tests accompanied by Mann–Whitney-Rank-sum

tests were conducted. Type III (partial) sum of squares was uti-
lized with an unrestricted permutation of raw data (999 permu-
tations). A post-hoc Tukey test was used to identify which
specific benthic groups significantly differed. Integrated
rates of denitrification and DNRA were calculated based on
the sum of means of extrapolated rates of individual ben-
thic categories and the respective standard propagated error,
with Friedman’s aligned rank test checking for significant
differences between 10 and 20 μM of NO3

� amended condi-
tions. The PERMANOVA was performed using Primer v7,
and the remaining statistical analyses were performed using
Statistical Package for the Social Sciences (SPSS) v26. All the
statistical significance was assessed at the criterion of
p = 0.05. SigmaPlot (Version 12.0) was used to create the
figures.

Results
The potential rates of total NO3

� reduction (�1.8–
5.0 mmol N m�2 d�1), denitrification (0.1–5.6 mmol N m�2

d�1), DNRA (0.1–1.8 mmol N m�2 d�1) and anammox (0.01–
0.10 mmol N m�2 d�1) for different benthic categories of the
coral reefs under varying light and NO3

� concentration condi-
tions are listed in Supporting Information Table S1. Compared
with denitrification, anammox contributed only 5% � 3% to
total N removal; therefore, 3-way PERMANOVA tests were
exclusively applied to compare denitrification and DNRA pro-
cesses (Supporting Information Table S2). In contrast to ben-
thic categories, the NO3

� reduction rate in the seawater only,
as control group, was negligible (Supporting Information
Fig. S1). Subsequently, integrating the 3-way PERMANOVA
results with the hypotheses proposed in this study, we reveal:
(1) variations in daily rates (calculated as the average of light
and dark condition rates) across different categories; (2)
responses to varying NO3

� concentrations; (3) light–dark con-
trasts in potential denitrification and DNRA rates; and (4) inte-
grated rates of NO3

� reduction processes across benthic
categories relative to reef areas.

Rates of NO3
� reduction processes varied among different

benthic categories
The results of the 3-way PERMANOVA indicate that the

potential rates of denitrification (3-way PERMANOVA,
F5,48 = 10.3, p < 0.001) and DNRA (3-way PERMANOVA, F5,48
= 5.34, p < 0.001) were statistically significantly different
among different benthic categories (Supporting Information
Table S2; Fig. 2). The daily rates of total NO3

� reduction
ranged from 0.07 to 2.1 mmol N m�2 d�1 (Fig. 2a). Denitrifi-
cation was the predominant reduction process (0.1–3.0
mmol N m�2 d�1), followed by DNRA (0.1–1.1 mmol
N m�2 d�1; Fig. 2). The daily rates of denitrification in turf
algae, G. fascicularis, and biogenic rock were 2–8 times
higher than those in sediments, A. muricata, and coral rub-
ble (Fig. 2b). Although the daily rates of DNRA in sediments
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and G. fascicularis were 5–10 times higher than those in
A. muricata and coral rubble, the high variability in DNRA
between parallel samples resulted in only marginally signifi-
cant differences among benthic categories (Tukey test,
p = 0.055; Fig. 2c). The total DO consumption rate across
different benthic categories ranged from 11 to
27 mmol m�2 d�1, with the rates of G. fascicularis and coral
rubble being the highest and lowest, respectively. At the
end of the incubation, no severe hypoxic conditions were
formed inside the incubation bags, with DO concentrations
ranging from 51 to 110 μM (Supporting Information
Table S3).

Rates of NO3
� reduction processes under varied NO3

�

concentration
The potential rates of denitrification (3-way PERMANOVA,

F1,48 = 0.173, p = 0.869) and DNRA (3-way PERMANOVA, F1,48
= 1.65, p = 0.184) did not significantly differ between 10 and
20 μM of 15NO3

� groups, while the interactive effect of benthic
types and NO3

� dose was significant for denitrification rates
(3-way PERMANOVA, F5,48 = 4.40, p < 0.001; Supporting Infor-
mation Table S2; Fig. 2).

The daily rates of denitrification were 0.21–2.0 and 0.12–
3.0 mmol N m�2 d�1 under 10 and 20 μM NO3

� conditions,
respectively (Fig. 2b). When the NO3

� concentration
increased from 10 to 20 μM, significant changes in denitrifi-
cation were observed only in sediments and coral rubble
(Fig. 2b). The denitrification rate in sediments significantly
increased by 6 times (Mann–Whitney U, p < 0.05), whereas
the rate in coral rubble significantly decreased by 75%
(Mann–Whitney U, p < 0.05). The daily rates of DNRA were
0.10–1.07 mmol N m�2 d�1 under the 10 μM NO3

� condition
and 0.11–0.62 mmol N m�2 d�1 under the 20 μM NO3

� condi-
tion, respectively (Fig. 2c). However, no significant differences
in DNRA rates were observed under different NO3

� concentra-
tions (Mann–Whitney U, p > 0.05).

Under the 10 μM NO3
� condition, denitrification was the

predominant NO3
� reduction process (61%–91%) in all ben-

thic categories of the coral reefs, except in sediments. Denitri-
fication rates were 1.5–9.5 times higher than DNRA rates, but
the DNRA rate in sediments was 5 times higher than the deni-
trification rate (Fig. 3a). When the NO3

� concentrations
increased to 20 μM, denitrification contributions exceeded
DNRA in all categories, with ratios ranging from 1.5 to 6.3.
However, the contribution of other NO3

� reduction processes
significantly increased in turf algae (9%, Mann–Whitney U,
p < 0.05), A. muricata (52%, Mann–Whitney U, p < 0.05), and
coral rubble (60%, Mann–Whitney U, p < 0.05; Fig. 3b).

Rates of NO3
� reduction processes under light and dark

conditions
Light condition had a significant effect on denitrification

(3-way PERMANOVA, F1,48 = 11.2, p < 0.001) and DNRA
(3-way PERMANOVA, F1,48 = 4.41, p = 0.025), and the interac-
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Fig. 2. The daily rates of total NO3
� reduction (a), denitrification (b)

and DNRA (c) of different benthic categories including turf algae, sedi-
ment, Galaxea fascicularis, Acropora muricata, biogenic rock, and coral rub-
ble under NO3

� amended conditions at the level of 10 and 20 μM,
respectively. The error bars show standard deviation (SD). The different
letters above histograms denote statistical differences between benthic
categories (Tukey tests, p < 0.05), and asterisks indicate significant differ-
ences in each category between two NO3

� amended groups (Mann–
Whitney U tests, p < 0.05).
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tive effect of benthic types and light was significant for both
rates, while the interactive effect of light and NO3

� dose was
not significant for both rates (Supporting Information
Table S3).

Under different NO3
� concentration conditions, light

affected the rates of total NO3
� reduction, though some dif-

ferences were not statistically significant due to high vari-
ability between parallel samples. In fact, the rates of total
NO3

� reduction for benthic categories such as sediments,
A. muricata, and coral rubble were negative under light

conditions (Fig. 4a,b), indicating active NO3
� production by

nitrification. The denitrification rates of benthic categories
under light and dark conditions were 0.06–1.9 and 0.2–
5.6 mmol N m�2 d�1, respectively. Regardless of NO3

� con-
centration, the denitrification rate in G. fascicularis was sev-
eral times higher than that in A. muricata (Tukey tests,
p < 0.05). Compared to light conditions, the denitrification
rates in turf algae, sediments, G. fascicularis, and A. muricata
increased 2- to 10-fold under dark conditions (Fig. 4c,d).
Consequently, the contribution of denitrification to the
total reduction of NO3

� slightly increased from 53% � 31%
under light conditions to 67% � 24% under dark conditions
(Supporting Information Fig. S2).

Due to the great variability in DNRA rates under 10 μM con-
ditions, the differences in rates among different categories were
not statistically significant. However, under 20 μM conditions,
the DNRA rate in G. fascicularis was 5 times higher than that in
coral rubble and A. muricata (Mann–Whitney U, p < 0.05). Simi-
lar to denitrification, DNRA rates under dark conditions (0.07–
1.8 mmol N m�2 d�1) were higher than those under light con-
ditions (0.01–1.3 mmol N m�2 d�1; Fig. 4e,f).

Integrated rates of NO3
� reduction processes in different

benthic categories referred to reef areas
The integrated rates of denitrification and DNRA were

extrapolated by multiplying the areal rates by the cover
areas of benthic categories, with the units being
mmol N m�2 benthic area d�1, respectively, at 10 μM of
NO3

� condition, and 5.5 � 1.6 and 1.2 � 0.8 mmol N m�2

benthic area d�1, respectively, at 20 μM of NO3
� condition.

The rates were similar under NO3
� amended conditions at

the level of 10 and 20 μM (Friedman’s aligned rank test,
p > 0.05; Fig. 5). However, the integrated rate of denitrifica-
tion was 3–4 times higher than the DNRA rate at 20 μM
NO3

� condition (Friedman’s aligned rank test, p = 0.083).
Biogenic rock and massive corals (representative species

G. fascicularis) contributed the most to denitrification (27–
40%), followed by turf algae (18–20%) and coral rubble (5–
23%), while other categories contributed less than 5% to deni-
trification (Fig. 6). Similarly, massive corals and biogenic rock
accounted for 34–41% of DNRA activity, followed by turf algae
(13–14%) and coral rubble (6–11%), while other categories
contributed less than 3% to DNRA.

Compared to N-limited coral reefs, the integrated denitri-
fication rate of the eutrophic Weizhou Island was two
orders of magnitude higher (Fig. 7). However, due to the
lack of DNRA data for different categories in N-limited coral
reefs in the literature (Table 1), a direct comparison of inte-
grated DNRA rates between different reefs could not be
made. When NO3

� concentrations increased further from
10 to 20 μM, the integrated rates of denitrification and
DNRA in the coral reefs of Weizhou Island did not change
significantly, suggesting that the additional NO3

� was

Fig. 3. Relative contribution of denitrification and DNRA to total NO3
�

reduction, and denitrification/DNRA ratios of studied benthic categories
including turf algae, sediment, Galaxea fascicularis, Acropora muricata, bio-
genic rock, and coral rubble under 10 μM (a) and 20 μM (b) NO3

�

enriched conditions. Other NO3
� reduction processes represented NO3

�

reduction pathways excluding denitrification and DNRA, such as assimila-
tion, which were determined by subtracting the sum of denitrification
and DNRA rates from the total NO3

� reduction rate.
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primarily assimilated by algae, thereby altering the structure
of benthic categories (Fig. 7).

Discussion
To investigate the differences in denitrification and

DNRA across different benthic categories and their response
to varying NO3

� concentrations, we utilized the 15N isotope
tracer techniques to measure the potential rates of

denitrification and DNRA in different categories under dif-
ferent NO3

� concentrations and light/dark conditions. The
3-way PERMANOVA results indicate that benthic categories,
light conditions, and their interactive effects were key fac-
tors influencing the potential rates of denitrification and
DNRA in benthic categories of the coral reefs. However, no
significant differences were observed in denitrification and
DNRA rates under 10 and 20 μM NO3

� concentration condi-
tions. The daily rates of denitrification and DNRA in

Fig. 4. Total NO3
� reduction (a, b), denitrification (c, d) and DNRA (e, f) rates of different benthic categories, including turf algae, sediment, Galaxea

fascicularis, Acropora muricata, biogenic rock, and coral rubble under light and dark conditions in the 10 μM (left panels) and 20 μM (right panels)
15NO3

� added groups. The error bars show standard deviation (SD). The different letters above histograms denote statistical differences between benthic
categories (Tukey tests, p < 0.05), and asterisks indicate significant differences in each category between light and dark conditions (Mann–Whitney
U tests, p < 0.05).
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G. fascicularis and biogenic rock were several times higher
than those in A. muricata and coral rubble, with rates under
dark conditions generally higher than those under light
conditions. Extrapolating these findings to provide an
approximate N budget for specific categories of the coral
reefs, we found that biogenic rock and G. fascicularis con-
tributed the most to denitrification and DNRA, followed by
turf algae and coral rubble, while other categories contrib-
uted less than 5%.

Differences in dissimilatory NO3
� reduction among

benthic categories of coral reefs
Various benthic categories that make up coral reefs harbor

co-associated microorganisms and can provide anaerobic envi-
ronments and reactive substrates (El-Khaled et al. 2021b),
thereby facilitating comprehensive denitrification and DNRA
processes in the benthic categories of coral reefs. Except for
the sediment, the denitrification rates of all other categories
were higher than the DNRA rates. This is because the free
energy required for reducing NO3

� to NH4
+ in the DNRA pro-

cess is higher than that for reducing NO3
� to N2O or N2 in

the denitrification process, making denitrification more favor-
able. Nevertheless, some factors such as higher salinity, tem-
perature, and carbon-to-N ratios (C : N) can favor the DNRA
process (Dunn et al. 2013; Kraft et al. 2014). These differences
in properties likely result in the DNRA process dominating dis-
similatory NO3

� reduction in the Weizhou Island sediments.
Indeed, in our previous research on Weizhou Island (Ning
et al. 2022), the C : N ratio of sediments (7.3–16) was higher
than that of the coral Acropora millepora (6.2–9.6) and turf
algae (9.0–13) (Entsch et al. 1983).

Interestingly, the contribution of anammox was negligible
across benthic categories in the coral reefs of Weizhou Island,
despite the widespread presence of anammox bacteria in coral
reefs (Zhang et al. 2015). Similar findings have been reported
in other coral reef studies (Eyre et al. 2008; Rädecker
et al. 2015). This could be attributed to the abundance of
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Fig. 5. Integrated rates of denitrification and DNRA (calculated as sum of
means of extrapolated rates of individual benthic categories � standard
propagated error) under NO3

� amended conditions at the level of 10 and
20 μM, respectively. No significant differences were observed by applying
Friedman’s aligned rank test.

Fig. 6. Relative benthic cover and relative contribution of studied benthic categories including turf algae, sediment, Galaxea fascicularis, Acropora
muricata, biogenic rock, and coral rubble to denitrification and DNRA under varied NO3

� conditions.
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active organic matter in coral reefs, which interacts with
microorganisms (Nelson et al. 2023). Such organic matter,
serving as an energy supply and food source, favors heterotro-
phic denitrifying bacteria and DNRA bacteria over autotrophic
anammox bacteria, whose activity is less significant (Nizzoli
et al. 2010; Song et al. 2013). Additionally, high temperatures
are another factor inhibiting anammox bacterial activity
(Canion et al. 2014; Tan et al. 2020), making the anammox
process less prominent in tropical coral reef regions.

The 3-way PERMANOVA results indicated that NO3
� con-

centration was not the primary factor regulating the denitrifi-
cation and DNRA rates of benthic categories of the coral reefs
(Supporting Information Table S2). This suggests that the dif-
ferences in organic matter content are the reason for the
observed differences in the denitrification and DNRA rates of
benthic categories. For instance, the organic matter produced
by the photosynthesis of symbiotic zooxanthellae or captured
through heterotrophic feeding by live corals provides energy
for the coral holobiont (Xu et al. 2020). In contrast, the dis-
similatory NO3

� reduction in coral rubble relies solely on the
organic matter adsorbed on its surface (El-Khaled et al. 2021b).
Consequently, coral rubble exhibited the lowest rates of deni-
trification and DNRA, whereas the rates were higher in other
live categories. Indeed, the rate of total DO consumption, rep-
resenting organic matter activity, was the lowest in coral rub-
ble (Supporting Information Table S3).

The DO consumption processes in benthic categories create
internal anaerobic environments that facilitate anaerobic dis-
similatory NO3

� reduction processes. Simultaneously, chemi-
cal gradients develop between the internal and external
environments of various benthic categories, facilitating effi-
cient material transport (Santos et al. 2012; Babbin et al. 2021;
Engelberts et al. 2021). Consequently, the consumption of dis-
solved oxygen leads to generally higher NO3

� reduction rates
under dark conditions compared to light conditions (Fig. 5).
This is particularly evident in benthic categories with abun-
dant algae, such as turf algae and G. fascicularis, where the
rates differ significantly between light and dark conditions
due to the influence of algal photosynthesis on dissolved oxy-
gen levels.

The dissimilatory NO3
� reduction rates vary significantly

among different coral species, and one potential reason for
this is the density of symbiotic zooxanthellae. The trophic sta-
tus (i.e., autotrophy/heterotrophy) of corals may affect the
activity of associated denitrifying bacteria. For corals with
symbionts, the energy supply for denitrifying bacteria comes
from the photosynthesis of symbiotic zooxanthellae, making
denitrification in autotrophic corals stronger than that in het-
erotrophic corals (Tilstra et al. 2019; El-Khaled et al. 2021b).
Xiang et al. (2022) also indicate that the presence of symbiotic
zooxanthellae increases the abundance and alters the commu-
nity structure of denitrifiers. Previous studies on 117 coral

Fig. 7. Changes in the structure of benthic categories and the integrated rates of denitrification and DNRA in eutrophic (N-enriched) reef ecosystems
(e.g., the coral reefs of Weizhou Island) under different N levels, including comparisons with other N-limited coral reefs (El-Khaled et al. 2021b). Due to
the lack of DNRA rate data for benthic categories other than sediments and corals in N-limited coral reefs in the literature (Table 1), it is not possible to
provide the integrated rate of DNRA for this area.
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samples from the coral reefs of Weizhou Island, including five
genera, found that the zooxanthellae density, contribution of
heterotrophic predation, and photosynthetic activity were
higher in massive corals compared to branching corals
(Xu et al. 2020). Consequently, the rates of denitrification and
DNRA in the massive coral G. fascicularis were significantly
higher than in the branching coral A. muricata. Additionally,
the greater tissue thickness of massive corals compared to
branching coral (Qin et al. 2020) helps form anaerobic envi-
ronments within the corals (Babbin et al. 2021), which is
another important factor contributing to the differences in
NO3

� reduction rates among different coral species. There-
fore, the significant differences in denitrification and DNRA
rates among benthic categories can be attributed to varia-
tions in physiological traits, C : N ratio, as well as symbiont
density. However, future studies should characterize both
the N cycling communities and the functional genes related
to denitrification, anammox, and DNRA using tools such as
16S sequencing and qPCR. This will allow for a compre-
hensive analysis of the differences in denitrification mecha-
nisms among various benthic categories and their
associated microorganisms.

Response of NO3
� reduction processes in coral reefs to

different NO3
� concentrations and its ecological

implications
The total denitrification capacity and DNRA potential of

the coral reefs were simultaneously influenced by the denitrifi-
cation and DNRA rates of individual benthic categories and
their respective coverage areas. The coral reefs of Weizhou
Island, degraded by climate warming and human activities,
have a significant proportion of coral rubble, accounting for
18% of the area (Liao et al. 2019). However, due to the low
activity of associated denitrifying bacteria, coral rubbles con-
tribute minimally to N removal and DNRA. In contrast, mas-
sive corals, which exhibit relatively higher tolerance to
environmental stress, have become the dominant species on
the coral reefs of Weizhou Island, covering 8% of the area
(Yu et al. 2019). Massive corals G. fascicularis, with the highest
individual denitrification rate, make the most substantial con-
tribution to N removal among the six benthic categories. Bio-
genic rocks, which constitute the largest benthic category in
this study, contribute to N removal at a level comparable to
that of massive corals. However, under human influence, turf
algae can rapidly take over bare substrates due to high growth
rates (McManus and Polsenberg 2004; Liao et al. 2021; Roth
et al. 2021), potentially weakening the total N removal capac-
ity of the coral reef area.

Denitrification rates within a single benthic category can
vary by orders of magnitude. For example, sedimentary deni-
trification rates differ by an order of magnitude depending on
the porewater advection rate (Santos et al. 2012). However,
reef sands solely cover a minor fraction of the benthic cover,
so their contribution to N removal in the coral reefs of

Weizhou Island remains limited, consistent with findings
from other coral reef regions (El-Khaled et al. 2021b). Addi-
tionally, the denitrification rate of the same benthic category
differs greatly across regions. For instance, while the coral
cover is not high, denitrification rates of the corals at Weizhou
Island are 1–2 orders of magnitude higher than those of Red
Sea reefs (El-Khaled et al. 2021b), Caribbean reefs (Babbin
et al. 2021), and the southern Great Barrier Reefs (Glaze
et al. 2022). In contrast, the DIN concentrations in these
regions are only 0.1–0.3 μM, whereas the DIN concentrations
in the waters around Weizhou Island are 1–2 orders of magni-
tude higher. Such high DIN levels also inhibit N2 fixation on
the coral reefs of Weizhou Island, as the N2 fixation rates in
other coral reef regions are several times higher than those
in the corals of Weizhou Island (Tilstra et al. 2019; Glaze
et al. 2022; Ning et al. 2022). Therefore, the higher DIN con-
centrations in the coral reefs of Weizhou Island may enhance
the total N removal capacity of this region. El-Khaled et al.
(2021a) also found that the denitrification rates in the Red Sea
reef increased 76-fold when NO3

� concentrations were
increased to 10 μM.

The overall N removal capacity of the coral reefs of
Weizhou Island was two orders of magnitude higher than that
of the Red Sea reefs (El-Khaled et al. 2021b). When NO3

� con-
centrations were increased from 10 to 20 μM, although the
ratio of denitrification to DNRA increased, changes in the inte-
grated rates of denitrification and DNRA in the benthic cate-
gories of the coral reefs were not significant. Instead, the
additional NO3

� was utilized by algae, particularly turf algae,
which used the increased NO3

� for other processes (Fig. 7).
This shift could drive the ecosystem from coral dominance to
algal dominance (Holmes and Johnstone 2010; Karcher
et al. 2020). Therefore, it is crucial to strictly control the dis-
charge of anthropogenic N from land-based sources to reduce
the risk of coral reef degradation due to excess N.

It should be noted that, in addition to the benthic catego-
ries focused on in this study, other common reef communities
such as sponges and soft corals, which are known for their sig-
nificant denitrification capabilities (Pawlik and McMurray
2020; El-Khaled et al. 2021b), were not assessed due to their
scarcity in the study area. Their contributions to denitrifica-
tion in response to increased NO3

� concentrations still need
to be evaluated. One limitation that should be addressed is
that this study includes only one branching and one massive
coral. We recommend that future studies incorporate a greater
variety of coral species, as species-specific differences in deni-
trification rates have been documented in previous research
(Tilstra et al. 2019). Additionally, the dissimilatory NO3

�

reduction rates observed in this study represent the short-term
responses of benthic categories under NO3

� enrichment.
Long-term N enrichment may lead to disruptions in coral–
algal symbiosis, such as coral bleaching, which would weaken
denitrification (Rosset et al. 2017; Xiang et al. 2022). On the
other hand, coral degradation could lead to shifts in benthic
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community composition. A previous study has shown that
denitrification and N2 fixation rates exhibit no significant dif-
ferences between coral-dominated and algae-dominated com-
munities (El-Khaled et al. 2021b). However, it remains
essential to conduct more extensive observations to under-
stand the response dynamics of dissimilatory NO3

� reduction
in benthic categories under long-term N enrichment.

Conclusions
Here, we present evidence of denitrification and DNRA activ-

ities across various benthic categories, including turf algae, sedi-
ment, G. fascicularis, A. muricata, biogenic rock, and coral
rubble in eutrophic coral reefs. Similar to denitrification rates,
DNRA rates varied significantly among different categories.
These differences can be attributed to variations in physiologi-
cal morphology, C : N ratio, and the density of symbiotic algae
among the benthic categories. Light availability influenced
denitrification and DNRA potentials through its effect on algal
photosynthesis and respiration, resulting in higher rates in turf
algae, G. fascicularis, and A. muricata in the dark compared to
light conditions. G. fascicularis exhibited significantly higher
DNRA and denitrification rates than A. muricata due to its
thicker tissue and higher density of symbiotic zooxanthellae.

Through rough estimates, the integrated rate of denitrifica-
tion in the N-enriched coral reefs was two orders of magnitude
higher than that in the N-limited coral reefs. However, contin-
ued anthropogenic N inputs might not enhance the inte-
grated rates of denitrification and DNRA but could instead
accelerate the growth of turf algae or other benthic macro-
algae, exacerbating ecosystem degradation. Biogenic rock and
massive coral species like G. fascicularis exhibited the highest
N removal potential in the coral reefs of Weizhou Island.
While it is crucial to implement strict controls on N emissions,
the protection of these key benthic categories is equally
important. However, it is worth noting that the potential rates
observed in this study were derived from short-term N enrich-
ment experiments. The long-term impacts on category-specific
potential rates and the integrated rates of denitrification and
DNRA in the reef ecosystem warrant further investigation.
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A B S T R A C T

Organic ultraviolet absorbers (OUVs), commonly used in sunscreens and industrial products, have raised growing 
environmental and health concerns due to their pervasive occurrence in aquatic ecosystems. Conventional 
analytical techniques, such as liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-mass 
spectrometry (GC-MS), offer high sensitivity but are constrained by labor-intensive workflows and extensive 
solvent use. Here, we present a rapid and portable screening method for seven priority OUVs by integrating a C18- 
modified wooden-tip solid-phase microextraction (SPME) probe with ambient mass spectrometry (AMS). A 
custom-designed 3D-printed interface was designed to precisely align the ionization source with the mass 
spectrometer, enhancing stability, reproducibility, and operational ease. Detection limits (LODs) ranged from 
0.23 μg/L to 8.17 μg/L, sufficient for high-exposure scenarios such as recreational waters (up to μg/L level) and 
the permitted concentration range in personal care products (typically 2–10 %, w/w). While the sensitivity is 
lower than that of LC-MS or GC-MS, the method achieves comparable extraction recoveries (81.3–119.6 %) in 
ultrapure water and post-cleansing facial rinses. In artificial seawater, recoveries dropped to 50.9–83.0 % due to 
salt and organic matter interfering with ionization. Despite this, the total analysis time was significantly reduced- 
from hours to minutes-without complex sample preparation. Field applications demonstrate the method’s 
practicality: (1) OUVs in commercial sunscreens matched labeled ingredients; (2) surfactant-assisted cleansing 
increased OUV release from the skin by 1.58–2.31 times compared to water rinsing; and (3) benzophenone-1 (BP- 
1), 2-ethylhexyl-4-methoxycinnamate (EHMC), and ethylhexyl dimethyl p-aminobenzoic acid (ODPABA) were 
detected in swimming pool and coral reef waters, with concentrations up to 55.59 μg/L. This study provides an 
efficient, low-cost, and environmentally friendly alternative for rapid OUV screening and environmental risk 
assessment.

1. Introduction

Organic ultraviolet absorbers (OUVs) are synthetic compounds 
widely incorporated into sunscreens, cosmetics, and plastic products to 
shield against harmful ultraviolet (UV) radiation [1]. While they effec
tively prevent UV-induced skin damage and material degradation, their 
extensive use has raised growing environmental and human health 
concerns. OUVs are commonly released into aquatic environments 
through wastewater discharge and recreational activities, eventually 
reaching marine ecosystems [2]. Accumulating evidence suggests that 

these compounds can exert toxic effects on marine life, including coral 
bleaching [3], increased mortality in clownfish [4], and inhibited 
development in sea urchins [5]. Moreover, certain OUVs have been 
identified as potential endocrine disruptors, raising concerns about their 
long-term health impacts in humans [6]. Given their environmental 
persistence, ecological risks, and widespread use, there is an urgent 
demand for fast, high-throughput, and portable analytical platforms to 
support both environmental monitoring and industrial quality control. 
In coral reef ecosystems, where compounds such as benzophenone-3 
(BP-3), 2-ethylhexyl-4-methoxycinnamate (EHMC), and 
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4-methylbenzylidene camphor (4-MBC) are banned in regions like 
Hawaii, Palau, and the U.S. Virgin Islands [7], OUV concentrations as 
high as 200 μg/L have still been reported in nearby waters [8]. This 
underscores the need for rapid, on-site screening of tourist sunscreens at 
entry points to help prevent further reef contamination. Similarly, in the 
personal care industry, fast quantification of OUVs is vital for improving 
analytical throughput, enabling routine product safety assessments, and 
ensuring compliance with regulatory limits that generally cap concen
trations at 10 % (w/w) in cosmetic products [9].

Traditional chromatographic-mass spectrometric techniques, such as 
gas chromatography-mass spectrometry (GC-MS) [10] and liquid 
chromatography-mass spectrometry (LC-MS) [11], offer excellent 
sensitivity for detecting OUVs. Their detection limits (LODs) often reach 
ppt to ppb levels (Table 1) [12]. However, these methods are funda
mentally limited by their reliance on labor-intensive and 
time-consuming workflows. This is primarily due to mandatory sample 
preparation procedures, such as solid-phase extraction (SPE) and 
liquid-liquid extraction (LLE) [13]. Sample preparation and chromato
graphic runs typically require tens of minutes to several hours per 
sample. In addition, large volumes of organic solvents (for LC) or carrier 
gases (for GC) are consumed, which increases environmental burden 
and operational complexity. These factors, along with the high cost of 
consumables like SPE cartridges and chromatographic columns, limit 
their practicality for high-throughput or on-site analysis.

To address these limitations, ambient mass spectrometry (AMS) has 
emerged as a promising alternative [14]. Techniques such as paper 
spray, wooden-tip (WT), and coated blade spray (CBS) enable direct 
analysis of complex samples with minimal or no pretreatment. For 
instance, low-temperature plasma ionization mass spectrometry 
(LTP-MS) has shown promise for the semi-quantitative screening of 
OUVs in personal care products [15]. Among AMS methods, the WT 
approach offers clear advantages for field environmental analysis. Un
like chromatographic paper, which can deform and affect spray stability 
and ionization [16], wooden tips provide greater mechanical strength 
and stability. Compared to CBS with sharp metal blades that pose 
handling risks [17], wooden tips are safer and easier to use on-site. 
Additionally, wood’s hydroxyl-rich surface allows easy chemical modi
fication without the oxide removal steps needed for metal substrates 
[18]. Despite these benefits, AMS is often limited by poor sensitivity, low 
reproducibility, and compromised quantitative accuracy [19] caused by 
matrix effects like ion suppression. Without sample cleanup, salts and 
other interferents compete with analytes during ionization, reducing 
signal strength.

To overcome this, solid-phase microextraction (SPME) is widely in
tegrated with AMS [20]. SPME selectively captures and enriches target 
compounds while removing matrix interferences, offering both pre
concentration and cleanup. This coupling substantially mitigates matrix 
effects, thereby improving ionization efficiency, enhancing sensitivity, 
and increasing quantitative reliability in AMS-based analyses. Recent 
developments such as CBS probes demonstrate the feasibility of 
SPME-AMS for detecting pharmaceuticals in complex biological samples 

[21]. Nevertheless, broader adoption of SPME-AMS is hindered by lack 
of standardized platforms and the need for manual probe alignment, 
which causes variability. Recent advances in 3D printing offer a solution 
by enabling the fabrication of modular, reproducible components 
tailored for AMS application [22]. For example, integration of 
3D-printed interfaces in CBS-MS has enhanced portability and consis
tency in clinical analyses [23]. Therefore, combining 3D-printed mod
ules with wooden-tip ambient mass spectrometry (WT-AMS) has great 
potential to enhance robustness, stability, and usability for OUV 
detection.

In this study, we present the first integration of 3D-printed SPME- 
based WT-AMS for the rapid detection of seven high-priority OUVs in 
complex samples including sunscreen and water matrices. These target 
compounds are benzophenone-1 (BP-1), BP-3, benzophenone-8 (BP-8), 
EHMC, avobenzone (AVO), 4-MBC, and ethylhexyl dimethyl p-amino
benzoic acid (ODPABA). These target compounds were selected based 
on their widespread use in commercial sunscreen formulations [24] and 
their frequent detection in aquatic environments, where they pose po
tential risks to human and ecological health. Our approach combines: 
(1) the simplicity and high-throughput of WT-AMS, (2) the selectivity of 
functionalized SPME coatings, and (3) the precision and reproducibility 
afforded by 3D-printed interfaces. Application to real-world samples 
demonstrates its potential as a portable, efficient tool for environmental 
monitoring and industrial quality control of OUVs.

2. Experimental

2.1. Chemicals and materials

Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride 
(DMOAP, C18 for SPME modification, 60 % in methanol) and anhydrous 
N,N-dimethylformamide (DMF, 99.8 %) were supplied by J&K Scientific 
Ltd. (Beijing, China). OUVs, including BP-1, BP-3, BP-8, AVO (>99 %), 
ODPABA (>98 %), and EHMC (>96 %), were obtained from TCI 
Chemicals (Shanghai, China). Additionally, 4-MBC (>99 %) was sourced 
from AccuStandard (USA). The isotopically labeled internal standard 
(IS), oxybenzone-d5 (BP-3-d5), was purchased from Sigma-Aldrich (St. 
Louis, USA). LC-MS grade methanol and acetonitrile were purchased 
from CNW Technologies (Germany). Ultrapure water (18.2 MΩ⋅cm) was 
produced using a Milli-Q purification system (Millipore, Bedford, USA).

Wooden toothpicks were purchased locally from a supermarket. 
Eight sunscreen products were acquired via Taobao (Alibaba Group, 
China). The 3D-printed SPME assembly including an immobilization 
station (using polylactic acid (PLA) filament from SUNLU, Zhuhai, 
China) and an aluminum alloy probe holder (using AlSi10Mg aluminum 
alloy powder, Dongguan, China), were fabricated with a Bambu Lab A1 
mini 3D printer (Shenzhen, China) and a ZRapid Tech AFS420 metal 3D 
printer (Suzhou, China). Copper sheets for electrical connections were 
sourced locally.

2.2. Pretreatment of toothpick

The wooden toothpick tips were sharpened to a final diameter of 
0.15–0.2 mm and trimmed to ~3 cm in length using a precision cutter. 
The sharpened tips were ultrasonically cleaned in methanol and air- 
dried. Surface modification was performed following Deng’s protocol 
[25]: dried tips were dispersed in 40 mL of anhydrous DMF, followed by 
addition of 2 mL of DMOAP under vigorous stirring. The mixture was 
refluxed at 120 ◦C for 12 h under nitrogen to facilitate silanization. 
Post-reaction, the modified tips were rinsed with methanol and dried. In 
our current protocol, approximately 40 C18-modified probes are pre
pared in parallel per batch. This number can be further increased by 
scaling up the volume of the reaction vessel. Due to their low cost and 
suitability for large-scale production, the SPME probes were designed 
for single use, eliminating the need for reuse and thereby reducing the 
risk of cross-contamination and variability in analytical performance.

Table 1 
Summary of analytical performance of conventional OUV detection methods.

Methods Category Analysis 
time (min)

Solvent- 
free

Cost On-site 
or LOD

Preparation SPE 10–60 × Tens $/col. Limited
LLE 10–60 × (high 

use)
Low- 
medium

Limited

Detection GC-MS 10–30 √ (but 
need 
carrier gas)

Hundreds 
$/col.

ppt-ppb

LC-MS 10–30 × (as 
mobile 
phase)

Hundreds 
$/col.

ppt-ppb

Note: "col." stands for column.
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2.3. Optimization of SPME extraction conditions and application to real 
samples

Stirring time and stirring speed are key parameters affecting SPME 
performance. Preliminary experiments were conducted to define suit
able optimization ranges. Tests at 0, 30, 60, and 90 min showed that the 
signal decreased significantly at 60 min (Fig. S1), likely due to the 
establishment of a dynamic adsorption-desorption equilibrium. There
fore, the extraction time was further optimized within 0–50 min. Simi
larly, stirring speeds above 800 rpm led to bubble formation on the 
probe, forming a gas-film barrier that reduced extraction efficiency [26]. 
Based on this, the stirring speed was optimized within the range of 
0–800 rpm.

Seawater samples were collected from two coral reef sites in Sem
porna, Malaysia: Timba Timba Island (4.548893◦N, 118.929445◦E) and 
Mataking Island (4.597790◦N, 118.949882◦E). A total of 500 mL of 
seawater was collected at each site and immediately filtered onboard 
using 4.5 μm membrane filters. After filtration, the samples were stored 
under refrigerated conditions until further processing in the laboratory. 
Swimming pool water was sampled from an outdoor pool with high 
swimmer activity on a Sunday and promptly transported to the labora
tory for analysis. For extraction, 4 mL aliquots of seawater were 
enriched using C18-modified probes by direct immersion under opti
mized conditions (30 min at 500 rpm with constant stirring). After 
extraction, the probes were rinsed with ultrapure water to eliminate 
residual matrix components prior to mass spectrometry (MS) analysis.

For sunscreen samples, approximately 0.1 g of product was mixed 
with 10 mL of methanol in a 15 mL glass vial and vortexed for 30 s to 
ensure complete homogenization. OUVs were extracted by ultra
sonication, and a 5 mL portion of this extract was then diluted to 50 mL 
with ultrapure water and subjected to the same SPME procedure as 
described for seawater samples.

2.4. Mass spectrometry analysis

The C18-modified probe, containing enriched OUVs, was secured in 
its holder and mounted onto the custom 3D-printed immobilization 
station for MS analysis. For each measurement, 20 μL of solvent was 
applied to the modified tip and allowed to equilibrate for 5 s to promote 
effective desorption of target analytes. Ionization was subsequently 
initiated by introducing an additional 30 μL of solvent under high- 
voltage conditions. To maximize signal intensity, key experimental pa
rameters were systematically optimized. These included the orientation 
of the wooden tip relative to the MS ion transfer inlet, the applied spray 
voltage, the distance between the tip and the MS inlet, and the 
composition of the spray solvent. The tested ranges were selected based 
on previous studies and preliminary tests. Spray voltage (3.5–5 kV) was 
chosen because lower voltages could not sustain stable spray, while 
higher voltages caused discharge [27]. The tip-to-inlet distance (0.1–1 
cm) was selected to optimize ion transmission while preventing elec
trical discharge and contamination of the MS inlet [28]. Spray angles 
(0◦, 45◦, 90◦) represent common geometries in similar ambient ioniza
tion setups [29]. Solvent mixtures (methanol-acetonitrile from 1:0 to 
0:1) were tested to cover different polarities and optimize desorption 
and ionization efficiency.

All experiments were performed using an LTQ mass spectrometer 
(Thermo Scientific, San Jose, USA). Mass spectra were acquired in 
positive ion mode with the inlet temperature set at 275 ◦C. Tandem mass 
spectrometry (MS/MS) was performed using helium as the collision gas, 
with collision-induced dissociation (CID) energy set at 35–50 %, an 
activation time of 30 ms, and an isolation width of m/z 1.0. All other 
instrument parameters were kept at their default settings.

2.5. Quality control

To ensure analytical reliability and minimize contamination risks, a 

comprehensive quality assurance and quality control (QA/QC) protocol 
was implemented throughout the sample collection and analysis pro
cesses. Procedural blanks were analyzed to verify the absence of 
contamination and matrix interference. Artificial seawater was 
employed as the blank matrix for marine samples, while commercial 
sunscreens containing only inorganic UV filters (titanium dioxide and 
zinc oxide) without any OUVs served as cosmetic blanks. None of the 
seven target OUVs were detected in these blanks, confirming negligible 
background contamination from reagents or materials.

To minimize contamination during field sampling, plastic containers 
were generally avoided due to the potential presence of residual OUVs. 
Swimming pool water samples were collected using amber glass bottles. 
For seawater samples, pre-cleaned polypropylene containers were used 
in the field for practical reasons, but potential contamination was 
evaluated by comparison with ultrapure water blanks and confirmed to 
be negligible. Field operators also avoided applying sunscreen or other 
personal care products prior to sampling.

Each matrix was spiked with known concentrations of the target 
OUVs, and recovery was evaluated by comparing the signal responses 
from spiked blank extracts to the corresponding nominal spike levels. 
Notably, glucose was added to the artificial seawater (35 ‰) at a con
centration of 6.25 mg/L to better simulate real-world marine conditions. 
This corresponds to approximately 2.5 mg C/L of DOC, a level 
commonly observed in nearshore coastal waters [30], to mimic natural 
organic matter presence.

LODs and limits of quantitation (LOQs) were calculated using the 
standard deviation of eleven replicate blank measurements and the 
calibration curve slope. Specifically, LODs were defined as three times 
the standard deviation (3σ) divided by the calibration slope, while LOQs 
were defined as ten times the standard deviation (10σ) divided by the 
slope [31].

3. Result and discussion

3.1. 3D-printed assembly for SPME-based WT-AMS ionization

To ensure stable ionization and improve operational reproducibility 
in WT-AMS, we developed a 3D-printed assembly consisting of two 
modular components: a fixed base and a detachable metal holder 
(Fig. 1). This design aims to ensure precise spatial alignment and stable 
electrical contact between the SPME wooden tip and the MS inlet. The 
metal holder features a precision-drilled aperture that securely accom
modates disposable wooden toothpicks used as SPME probes. A copper 
sheet is embedded at the interface between the holder and the base to 
facilitate reliable high-voltage transmission, ensuring consistent spray 
ionization during analysis. This modular configuration offers two key 
advantages. First, it maintains fixed spatial alignment between the probe 
and MS inlet, improving ionization consistency. Second, it ensures 
reliable electrical contact. Importantly, by isolating the replaceable 
holder from the fixed alignment structure, the design eliminates the 
need for realignment during probe replacement, which is a common 
issue in custom AMS systems [32].

The assembly demonstrated excellent mechanical robustness, 
showing no structural deformation after more than one year of repeated 
use. This durability stems from the minimal mechanical load during 
operation since the main function is simply to hold the wooden tip while 
the copper sheet serves as the electrode. Although PLA is known to be 
sensitive to organic solvents [33], this concern is mitigated in our 
design. The spray solvent is applied at the wooden tip, which is physi
cally isolated from the PLA base by the metal holder and copper sheet. 
As a result, solvent-induced dissolution or chemical leaching from the 
PLA is effectively prevented [17]. Recent developments in 3D printing of 
sustainable materials, such as all-natural flame-retardant hydrogels, 
further underscore the relevance of modular, low-cost, and environ
mentally friendly fabrication strategies in analytical instrumentation 
design [34]. Consistent with this trend, our assembly produced 
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negligible background signals and consistent performance across 
repeated use. Overall, this user-friendly, low-cost, and scalable platform 
is well suited for laboratories developing prototype AMS systems 
requiring frequent probe changes.

3.2. Optimization of extraction conditions

To enhance the analytical performance of the SPME-based WT-AMS 
assembly, we first pretreated wooden toothpick probes with methanol 
prior to C18 surface modified. This step effectively removed surface 
contaminants, minimizing background noise and ion suppression during 
analysis [29].

As illustrated in Fig. 2a, the total ion chromatogram (TIC) obtained 
from the WT spray remained stable for the initial 0.6 min before grad
ually declining due to solvent evaporation. To ensure consistent quan
tification, only signal intensities within this 0.6-min window were used. 
For improved sensitivity and selectivity, MS/MS was employed. Char
acteristic fragment ions were selected based on signal strength and 
fragmentation specificity. As shown in Fig. 2b, the selected product ions 
were: m/z 137 for BP-1, 151 for BP-3, 121 for BP-8, 166 for ODPABA, 
157 for 4-MBC, 161 for AVO, and 179 for EHMC. These ions were used 
for all subsequent quantification.

Given the proven efficiency of C18-functionalized silica in conven
tional SPE [18], we evaluated the effect of C18 modification on our 

Fig. 1. Schematic diagram of the 3D-printed SPME-based WT-AMS assembly.

Fig. 2. a) TIC and b) MS/MS data for the seven target OUVs.
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WT-AMS probes. Comparison between unmodified and C18-modified 
wooden tips revealed significant signal enhancement across all seven 
analytes (Fig. 3). Enrichment factors (EFs) ranged from 2.0 for 4-MBC to 
48.9 for BP-1. This variability likely reflects differences in the physico
chemical properties of each compound, such as hydrophobicity, mo
lecular weight, and steric effects [35].

Further optimization focused on extraction parameters. Extraction 
time and agitation speed were systematically tested. Optimal perfor
mance was achieved at 30 min extraction time and 500 rpm agitation 
(Fig. S2), which were applied in all subsequent experiments.

3.3. Optimization of mass spectrometry conditions

Several key parameters affecting ionization efficiency and signal 
quality were optimized, including the spatial orientation and distance 
between the wooden tip and the MS inlet, spray voltage, and spray 
solvent composition.

The spatial orientation of the wooden tip plays a critical role in 
modulating ion flow and minimizing contamination of the mass spec
trometer inlet. To identify the optimal geometry, three orientations (0◦, 
45◦, and 90◦ relative to the MS inlet) were tested (Fig. S3a). At 0◦ and 
45◦, mass spectra exhibited elevated background noise and poor frag
mentation resolution for representative OUVs (BP-1, ODPABA, AVO, 
and EHMC), indicative of substantial spectral interference (Fig. S3b). In 
contrast, the 90◦ orientation yielded cleaner spectra and the highest 
signal intensities for all seven analytes (Fig. 4a). This improvement is 
likely due to the minimized entry of neutral or non-ionized species into 
the MS inlet, a common issue in ambient ionization techniques such as 
WT-AMS [29]. Therefore, the 90◦ configuration was adopted for all 
subsequent experiments.

Tip-to-inlet distance and spray voltage were further evaluated. As 
shown in Fig. 4b and c, optimal signal intensities for all analytes were 
achieved at a tip-inlet distance of 0.25 cm and a spray voltage of 4.5 kV. 
Distances shorter than 0.25 cm or voltages exceeding 4.5 kV led to un
stable ionization due to corona discharge from localized dielectric 
breakdown [36,37]. Conversely, longer distances or lower voltages 
resulted in inefficient ion desolvation and incomplete analyte ionization, 
leading to diminished signal intensity [38]. Accordingly, a tip-inlet 
distance of 0.25 cm and a spray voltage of 4.5 kV were determined to 

be optimal.
Spray solvent composition is critical for promoting analyte desorp

tion from the probe surface and facilitating efficient ionization. 
Methanol-acetonitrile mixtures were tested at varying ratios. A 
methanol-acetonitrile mixture of 3:7 (v/v) provided the highest signal 
intensities for BP-1, BP-3, BP-8, and 4-MBC, and delivered the second 
highest intensities for ODPABA, AVO, and EHMC (Fig. 4d). This ratio 
likely balances solvent polarity for efficient analyte desorption and 
optimal spray conditions.

3.4. Analytical performance evaluation

The analytical performance of the optimized SPME-based WT-AMS 
method was comprehensively evaluated in terms of reproducibility, 
accuracy, matrix recovery, linearity, and sensitivity. This evaluation 
aimed to establish the method’s suitability for detecting OUVs in both 
environmental and cosmetic matrices.

Reproducibility is a critical parameter for AMS applications due to 
their susceptibility to environmental fluctuations and instrumental drift. 
To improve measurement stability and correct for signal variation, 
deuterated ISs were employed for signal normalization [19]. Following 
normalization, the method exhibited acceptable intermediate precision, 
with relative standard deviations (RSDs) ranging from 13.2 % to 23.3 % 
over ten replicate measurements of 0.5 mg/L samples across the seven 
target OUVs (Fig. S4). These values are within the acceptable range for 
semi-quantitative AMS methods (RSD <30 %) [39,40]. To further assess 
batch-to-batch consistency, we prepared three independent batches of 
C18-modified probes, each consisting of six probes. These 18 probes were 
used to analyze the seven OUVs at a concentration of 0.5 mg/L. The 
resulting inter-batch RSDs ranged from 19.5 % to 29.9 %, demonstrating 
good reproducibility and minimal variability between batches 
(Table S1). Further improvements in reproducibility could be achieved 
by standardizing the WT preparation process to replace manual sharp
ening. Additionally, implementing an automated solvent application 
system would ensure more consistent solvent delivery and minimize 
variability caused by manual pipetting.

To evaluate potential operator bias in our SPME-based WT-AMS 
method, a blinded validation experiment was conducted. The operator 
was blinded to the true concentrations of aqueous OUV samples pre
pared at two levels-0 mg/L (blank) and 0.5 mg/L-with three replicates 
per level. As shown in Table S2, no target compounds were detected in 
the blank samples, confirming the absence of false positives. For the 0.5 
mg/L samples, the recovery rates for the seven OUVs ranged from 94.1 
% to 117.6 %, demonstrating acceptable accuracy and reliability under 
blinded conditions.

To assess the robustness, recovery studies were conducted using 
three representative media: ultrapure water, artificial seawater (simu
lating environmental samples) and post-cleansing facial rinse (repre
sentative of cosmetic matrices). The results showed mean recoveries 
ranging from 81.3 % to 119.6 % in ultrapure water and 81.4 % to 119.5 
% in facial rinse (Fig. 5a). As shown in Fig. S5, the recoveries ranged 
from 50.9 % to 83.0 % in artificial seawater. The lower recoveries 
observed in artificial seawater are likely due to two contributing factors 
[41]: (i) the presence of dissolved organic matter, which may bind to 
OUVs and hinder their extraction, and (ii) high salt content, which can 
accumulate within the microstructures of the SPME probe and induce 
ion suppression during MS analysis. In comparison, both ultrapure water 
and facial rinse exhibited higher recoveries, suggesting minimal matrix 
interference and ion suppression effects in these systems. Recoveries 
slightly exceeding 100 % may result from pipetting variability at low 
volumes, matrix-induced signal enhancement [42], or trace-level 
background analyte residues present below the LOD in blank matrices. 
Despite matrix complexity, the recovery performance achieved using the 
WT-AMS method remains comparable to that reported for conventional 
SPE-based workflows [11], confirming the method’s accuracy and 
robustness across diverse sample types.

Fig. 3. EFs of seven OUVs obtained using C18-modified versus unmodified 
SPME probes. EFs were calculated using the formula: EF = (IC18/IIS)/(Iunmod/ 
IIS), IC18/IIS and Iunmod/IIS represent the mean analyte signal intensities (n = 3) 
normalized to the IS for C18-modified and unmodified probes, respectively.
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The method’s quantitative capability was assessed through calibra
tion curves constructed over a three-order-of-magnitude concentration 
range for each OUV (0–50 mg/L). In the 0–1 mg/L range, all analytes 
exhibited excellent linearity, with coefficients of determination (R2) 
consistently exceeding 0.95 (Fig. 5b), indicating reliable quantification 
within this range. At concentrations above 1 mg/L, signal responses 
deviated from linearity and exhibited saturation behavior (Fig. S6), 
likely due to limited adsorption capacity of the SPME sorbent phase. 
Accordingly, the dynamic linear range for accurate quantification using 
this method is defined as 0–1 mg/L. The LODs were calculated to range 
from 0.23 μg/L to 8.17 μg/L, with corresponding LOQs between 0.78 μg/ 
L and 27.22 μg/L. Although these LODs are higher than those typically 
achieved with laboratory-based LC-MS [11] or GC-MS methods [10], the 
trade-off is offset by significant advantages. Conventional LC-MS and 
GC-MS workflows require time-consuming chromatographic separation 
(from a few minutes to over 30 min per sample) and complex pre
treatment steps such as SPE or LLE. In contrast, the SPME-based 
WT-AMS method provides a much simpler and faster workflow. The 
total analysis time is approximately 30 min per sample, primarily for the 
extraction step. Moreover, since extraction can be performed in parallel, 
the effective processing time per sample is further reduced in batch 
operations. By eliminating labor-intensive procedures and avoiding the 
use of chromatographic columns, SPE cartridges, and large volumes of 
organic solvents, the method not only simplifies operation but also 
significantly reduces costs and environmental impact. Furthermore, the 
portable and easy-to-assemble design enables flexible field sampling 
with straightforward transport back to the laboratory for analysis. 
Overall, the SPME-based WT-AMS method offers key advantages of 
speed, low cost, simplicity, and field adaptability, making it especially 
suitable for rapid analysis of OUVs in cosmetic and environmental 
samples.

3.5. Detection of real samples using our 3D-printed SPME-based WT- 
AMS method

To demonstrate the real-world applicability of the developed SPME- 
based WT-AMS method, we conducted case studies involving both 
commercial sunscreen products and environmental samples. These ap
plications aim to validate the method’s performance in practical sce
narios and highlight its relevance for both product quality control and 
environmental monitoring.

Robust analytical methodologies are essential for the quality control 
of sunscreen products, especially given increasing regulatory re
strictions on certain OUVs due to potential health risks. For example, p- 
aminobenzoic acid (PABA), a widely used UVB absorber, has been 
progressively banned due to its association with allergic dermatoses 
[43]. This highlights the need for accurate quantification of OUVs to 
ensure both consumer safety and regulatory compliance. To evaluate the 
applicability of our validated 3D-printed SPME-based WT-AMS plat
form, we analyzed eight commercially available sunscreen products for 
seven priority OUVs. As presented in Fig. 6a, EHMC, the commonly 
regulated UVB filter, was detected in all samples. In contrast, AVO, the 
broad-spectrum UVA/UVB filter, was exclusively found in Product 7. 
These findings aligned well with the active ingredients listed by the 
manufacturers. Importantly, the measured concentrations of all detected 
OUVs complied with current regulatory maximum allowable limits, thus 
confirming the platform’s accuracy and suitability for product quality 
control and regulatory surveillance.

Beyond product composition, understanding the environmental 
pathways and release mechanisms of OUVs is critical, as these com
pounds are frequently introduced into aquatic ecosystems through do
mestic wastewater. A key factor influencing OUV release is consumer 
cleansing behavior, particularly the use of surfactant-based cleansers. 
Sunscreen formulations typically contain water-resistant agents such as 
silicones and waxes. These components make OUV residues difficult to 
remove by water alone [44]. Surfactants, such as sodium lauryl sulfate, 
facilitate the removal of these hydrophobic compounds by emulsifying 

Fig. 4. Optimization of experimental parameters for the SPME-based WT-AMS method. Effect of a) tip-to-inlet orientation, b) tip-to-inlet distance, c) spray voltage, 
and d) spray solvent compositions on the signal intensities of the seven OUVs.
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them. To evaluate this effect, we conducted standardized washing ex
periments using four representative sunscreen brands. Wastewater ef
fluents were collected following two conditions: water-only rinsing and 
surfactant-assisted cleansing. As shown in Fig. 6b, surfactant use 

significantly increased OUV release, with concentrations 1.58 to 2.31 
times higher than those from water-only rinsing (p < 0.05, ANOVA). 
These results clearly demonstrate that surfactant substantially enhance 
the mobilization of OUVs from the skin.

Fig. 5. Analytical performance of the 3D-printed SPME-based WT-AMS method, including: a) recoveries across different matrices and b) linearity and sensitivity as 
determined from calibration curves.

Fig. 6. a) OUV contents in eight commercially available sunscreen brands. b) Comparison of OUV release with water-only rinsing versus surfactant-assisted cleansing 
(**p < 0.01, *p < 0.05, ANOVA). “A” represents water-only rinsing, while “B” represents cleansing with a facial cleanser.
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Following their release from personal care products (PCPs), OUVs 
are readily can be transported into aquatic environments, where they 
pose significant ecological and human health risks due to their potential 
for bioaccumulation and biomagnification [45]. In this study, both 
freshwater (swimming pool water) and seawater samples were analyzed 
to assess the presence of OUVs. In swimming pool water, BP-1 was 
detected at a concentration of 13.63 μg/L. Given that BP-1 is less 
commonly used directly in sunscreen formulations, its presence is likely 
attributable, at least in part, to the environmental transformation of 
BP-3, a widely used OUV that is known to metabolize into BP-1 [46]. 
Furthermore, the longer biological half-life of BP-1 relative to BP-3 in
dicates greater environmental persistence and a higher potential for 
bioaccumulation [46].

While swimming pool water represents a controlled freshwater 
environment with direct human input, marine ecosystems-particularly 
coral reefs-are more complex and vulnerable to a wider range of con
taminants. To evaluate the environmental relevance of OUVs in such 
ecosystems, we extended our investigation to nearshore coral reef wa
ters in Semporna, Malaysia, a region recognized as a marine biodiversity 
hotspot and increasingly impacted by tourism [47]. Previous studies 
have linked OUV contamination to adverse biological effects in corals, 
including bleaching, polyp retraction, impaired larval development, and 
increased mortality [48–50]. Seawater samples were collected from two 
reef sites (S1 and S2) five days after the Chinese National Day holiday 
(October 1–7), a period of heightened tourist activity. Analysis revealed 
that EHMC was present at concentrations of 25.13 μg/L at S1 and 55.59 
μg/L at S2. ODPABA was also detected at 3.15 μg/L at S1 but was below 
the detection limit at S2. These concentrations are two to three orders of 
magnitude higher than typical levels reported in coastal reefs (ng/L 
range) and are comparable to those observed in severely impacted areas 
such as St. John Island, where concentrations up to 213 μg/L have been 
recorded [8]. In addition to OUVs released directly from recreational 
activities, several other sources likely contribute to the observed 
contamination in Semporna. Widespread plastic pollution [51,52], poor 
waste management [51], and weak regulatory enforcement have been 
reported along the coast. Degradation of vessel coatings and fishing gear 
may release additional OUVs, and the lack of effective wastewater 
treatment infrastructure leads to the discharge of untreated sewage from 
both coastal villages and floating settlements [53]. These findings 
collectively indicate a substantial anthropogenic impact on reef water 
quality and underscore the urgent need for coordinated monitoring and 
mitigation strategies to protect vulnerable marine ecosystems.

4. Conclusion

This study demonstrates the successful integration of 3D printing, 
SPME, and WT-AMS into a unified analytical platform for the rapid, low- 
cost, and environmentally friendly detection of OUVs in complex 
matrices. The developed method effectively overcomes key limitations 
of conventional chromatographic techniques-such as GC-MS and LC-MS, 
which typically involve costly instrumentation, labor-intensive sample 
pretreatment, and limited throughput. In contrast, the proposed 
approach offers significant advantages in operational simplicity, porta
bility, and analytical efficiency. The optimized protocol exhibited robust 
analytical performance, with intermediate precision (RSD <23.3 %), 
satisfactory recoveries (50.9–119.6 %), and low LODs (0.23–8.17 μg/L), 
enabling reliable semi-quantitative analysis of seven high-priority 
OUVs. In addition, inter-batch RSDs of 19.5–29.9 % confirmed the 
method’s reproducibility under varied operational conditions, while 
blinded recovery results between 94.1 % and 117.6 % demonstrated its 
accuracy and minimal operator bias. Application of the method to real- 
world samples provided critical insights into both product quality and 
environmental impact: 1) The widespread detection of regulated OUVs 
such as EHMC in commercial sunscreens was consistent with ingredient 
labels, validating the method’s applicability for quality control and 
regulatory compliance. 2) Surfactant-assisted cleansing significantly 

increased OUV release into wastewater, highlighting the influence of 
personal hygiene practices on environmental OUV loads. 3) The detec
tion of OUVs in real-world samples, including swimming pool water and 
nearshore seawater, demonstrates their environmental persistence and 
widespread release from PCPs. These findings underscore their potential 
ecological and human health risks and highlight the need for effective 
control and management strategies.
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luation of positive and negative
LC-MS modes for DOM profiling†

Jiying Pei, a Shiguo Chen,b Jiayu Zhang,a Wenfeng Yu,a Weijie Qina and Kefu Yu*a

Dissolved organic matter (DOM) in marine environments is critical for nutrient cycling and carbon storage,

forming a fundamental part of the ocean's biogeochemical cycles. Traditionally, DOM analysis has utilized

negative electrospray ionization (ESI−) mass spectrometry, yet positive electrospray ionization (ESI+) mode

has recently gained traction. However, few studies have compared ESI+ and ESI− to understand how these

modes impact the overall DOM profiling results. This study investigates DOM profiles from the Sansha

Yongle Blue Hole (SYBH)—the world's deepest blue hole—using HPLC-Orbitrap-MS/MS in both ESI+ and

ESI− modes. Results show that ESI+ detects a broader range of DOM ions, with a significant correlation

in ion counts between the two modes across different depths. ESI+ is more effective for detecting

nitrogen-rich compounds (CHN, CHON, CHONS), while ESI− is better for sulfur-rich compounds

(CHOS), especially in anoxic layers. Both modes identify similar levels of carbohydrates, carboxyl-rich

alicyclic molecules (CRAM), and unsaturated aliphatic compounds (UA), but ESI+ detects more highly

unsaturated compounds (HU), peptides, and polyphenols. Correlations in ion counts for carbohydrates,

CRAM, and UA across depths indicate consistency between modes, while differences for HU, peptides,

and polyphenols suggest lower ionization efficiency in ESI−. Both modes distinguish oxic, chemocline,

and anoxic layers, but molecular parameters like double bond equivalents (DBE), modified aromaticity

index (AImod), and H/C ratios correlate between modes, while O/C ratios do not. These discrepancies

suggest that using only one ionization mode may bias DOM interpretation. Future studies should employ

multi-mode ionization to enhance DOM profiling and understanding across marine environments.
1. Introduction

Dissolved organic matter (DOM) is a vital component of the
marine biogeochemical cycle, serving as a reservoir of organic
carbon and playing a key role in nutrient cycling and energy
transfer within marine ecosystems.1 It is integral to the oceanic
food web, mediating the exchange of elements between inor-
ganic reservoirs and the marine biosphere.2 Additionally, DOM
signicantly inuences microbial interactions, shaping the
dynamics of microbial communities and broader ecological
processes.3 Therefore, a comprehensive understanding of DOM
is essential for unraveling the complexities of oceanic processes
and their connections to the global carbon cycle.

However, characterizing the composition and molecular
properties of DOM presents considerable challenges due to its
high complexity and heterogeneity.4 Recent advancements in
analytical techniques have facilitatedmore in-depth exploration
Reefs in the South China Sea, Coral Reef

e Sciences, Guangxi University, Nanning

aterials, Guangxi University, Nanning

tion (ESI) available. See DOI:

8–6608 114
of DOM's chemical complexity. Among these techniques,
Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS)5 and liquid chromatography-tandem mass spec-
trometry (LC-MS/MS)6 stand out for their high sensitivity,
resolution, and ability to analyze complex mixtures. FT-ICR-MS
is particularly valuable for its accurate mass measurements,
allowing for unambiguous molecular formula assignments and
providing detailed insights into the molecular diversity of
DOM.7 Despite these advantages, elucidating the molecular
structure of DOM remains challenging, especially regarding
isomers, which limits the ability to determine its origins and
cycling pathways in the environment. In contrast, LC-MS/MS
offers signicant advantages for structural analysis. It enables
both level 1 and level 2 structural identication through
molecular annotation, thereby enhancing the understanding of
DOM's composition. When combined with bioinformatics
platforms like GNPS (Global Natural Products Social Molecular
Networking), LC-MS/MS expands the scope of DOM structure
analysis, facilitating more comprehensive proling.8 The
incorporation of liquid chromatography (LC) as a pre-
separation step further improves analysis by reducing sample
complexity and minimizing ion suppression.9 This is essential
for detecting low-abundance compounds and separating
isomers while yielding valuable retention time data for more
This journal is © The Royal Society of Chemistry 20256
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accurate qualitative and quantitative analyses of DOM.10 These
advanced capabilities are critical for comparing compounds
across samples, allowing for deeper insights into the molecular
variability of DOM. By leveraging high-resolution LC-MS/MS,
researchers can generate comprehensive molecular invento-
ries from complex environmental datasets. This is vital for
addressing key questions about the geochemistry of DOM.

In DOM studies, selecting the appropriate ionizationmode is
critical, as it signicantly impacts the types and range of
detectable compounds. Traditionally, the negative electrospray
ionization (ESI−) mode has been preferred for targeting
compounds with acidic functional groups, such as organic acids
and phosphates, due to its high ionization efficiency for these
species.11 However, advancements in mass spectrometry have
highlighted the increasing importance of the positive electro-
spray ionization (ESI+) mode. ESI+ enhances ionization effi-
ciency for nitrogen-containing compounds and achieves higher
match rates in spectral database searches.8 For instance, ESI+
has demonstrated strong capabilities in detecting nitrogen-rich
xenobiotics, including pharmaceuticals and personal care
products, in marine environments.12 In this content, ESI+ has
demonstrated superior performance in compound annotation,
offering broader coverage of DOM chemical space compared to
ESI−. Despite the distinct advantages of both ionization modes,
substantial differences in molecular formula assignments are
frequently observed. Recently, several studies have focused on
comparing ESI+ and ESI−modes for DOM characterization.13–16

For example, a study on DOM in Antarctic snow revealed only 1–
11% formula overlap between the two modes.13 Similarly,
a study of seawater and freshwater from New Zealand demon-
strated that 30% of molecular formulas were shared between
the two sample types in ESI−, while over 90% overlapped in
ESI+, suggesting that ESI+ captures a broader set of molecular
features common across aquatic environments.14 This study
further revealed signicant discrepancies in key bulk parame-
ters, such as double bond equivalents (DBE), the element ratios
(H/C and O/C), between ionization modes. These ndings
underscore that each ionizationmode reveals distinct aspects of
DOM composition, highlighting the importance of careful
mode selection to capture comprehensive molecular
diversity.15,16

However, most existing studies comparing ESI+ and ESI−
have primarily focused on general metrics, including the total
number of assigned molecular formulas, formula overlap,
elemental compositions, and heteroatom distributions.
Comparative evaluations at a ner scale—specically across
molecular categories such as carbohydrates, carboxyl-rich
alicyclic molecules (CRAM), unsaturated aliphatic compounds
(UA), highly unsaturated compounds (HU), peptides, and poly-
phenols—remain limited. Furthermore, these investigations
have largely been conned to standard reference materials,15

surface waters,16 or specic matrices like snow,13 freshwater,14

or lignin degradation products.17 There is a notable lack of
studies considering how dynamic environmental gradients,
especially redox stratication, inuence DOM ionization
behavior across different modes.
This journal is © The Royal Society of Chemistry 2025 114
To address this gap, the present study conducts a systematic
comparison of ESI+ and ESI− for DOM analysis in the Sansha
Yongle Blue Hole (SYBH)—the world's deepest marine blue
hole. The SYBH presents a naturally occurring, vertically strat-
ied water column with distinct oxic, chemocline, and anoxic
layers,18 offering an ideal setting to examine how hydro-
geochemical gradients inuence DOM composition and ioni-
zation behavior. By performing a depth-resolved comparison of
DOM detected in both ionization modes, this study aims to
evaluate the degree of consistency between ESI+ and ESI− in
capturing molecular diversity, chemical space coverage, and
compositional features. The outcomes will provide critical
guidance for future DOM studies in complex marine environ-
ments, informing optimal ionization mode selection for
comprehensive molecular characterization.
2. Materials and methods
2.1. Sample collection

SYBH is the world's deepest oceanic blue hole, reaching a depth
of 300 meters and characterized by its unique vertical struc-
ture.19 The steep walls enclose the central sha, descending to
approximately 50 meters below sea level. Below this depth, the
cave's passage angle shis from nearly vertical (90°) to a steeper
slope exceeding 120°, reaching down to 150 meters. Beyond this
point, the passage angle gradually returns to 90° as it narrows.
This distinct topography limits water exchange between the
surface and deeper layers, resulting in signicant variations in
physical and chemical properties at different depths. Based on
oxygen content, the SYBH can be divided into three layers: the
oxic layer (<50 m), the chemocline (50–150 m), and the anoxic
layer (150–300 m).

In October 2019, 28 seawater samples were collected from
SYBH (111.768°E, 16.525°N) (Fig. S1a and 1b†) at various
depths, encompassing the oxic layer (0 m, 10 m, 20 m), the
chemocline (50 m, 80 m, 85 m, 90 m, 95 m, 100 m, 110 m, 120
m, 150 m), and the anoxic layer (200 m, 250 m) (Fig. S1c†). Each
depth was sampled in duplicate. Sampling techniques differed
based on depth: a conductivity-temperature-depth (CTD) system
with a 12-bottle rosette sampler (General Oceanics, USA) was
employed for the oxic layer and chemocline. However, the
complex terrain of SYBH limited the winch to amaximum depth
of 190 m. To collect samples from the deeper anoxic layer,
a remotely operated vehicle (ROV) equipped with GO-Flo bottles
(General Oceanics, USA) was used. Environmental parameters,
including temperature, salinity, DO, pH, turbidity, and
chlorophyll-a (Chl-a), were measured in situ across the 0 to 300
m depth range using the CTD system. All seawater samples were
ltered on-site using a 0.45 mm pore size membrane lter
(Acropak, Pall) and stored at −20 °C for subsequent DOM
analysis in the laboratory. The experimental workow is out-
lined in Fig. S2.†
2.2. Solid phase extraction

The solid phase extraction (SPE) method followed the protocol
developed by Dittmar et al.20 Filtered seawater samples (1.2 L)
Anal. Methods, 2025, 17, 6598–6608 | 65997
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were acidied to a pH of 2 using hydrochloric acid (HCl) and
concentrated with Agilent Bond Elut PPL cartridges (200 mg, 3
mL). Before loading the samples, the cartridges were condi-
tioned with 8 mL of methanol, followed by 8 mL of acidied
Milli-Q water (pH = 2). The seawater was then passed through
the cartridges at a ow rate of 4 mL min−1, followed by a rinse
with 10 mL of acidied Milli-Q water. Aer drying the cartridges
with nitrogen gas, the DOM was eluted using 8 mL of methanol.
The eluent was concentrated to a nal volume of 0.5 mL under
nitrogen gas and reconstituted with an equal volume (0.5 mL) of
Milli-Q water. The nal extract was stored at −20 °C until
analysis by LC-MS/MS.
2.3. LC-MS/MS data acquisition and pre-processing

The seawater extracts were analyzed using a Thermo Q-Exactive
mass spectrometer coupled with a Dionex UltiMate 3000 HPLC
system. Chromatographic separation was achieved using an
ACQUITY CSH C18 column (2.1 × 100 mm; 1.7 mm particle size;
Waters, MA, USA) at a ow rate of 200 mL min−1 and a temper-
ature of 30 °C. The mobile phase consisted of H2O with 0.1%
formic acid (mobile phase A) and methanol with 0.1% formic
acid (mobile phase B). The gradient prole was as follows: from
0 to 3 minutes, 5% B; from 3 to 20 minutes, a linear increase
from 5% to 95% B. The system was held at 95% B for 5 minutes,
then returned to 5% B over 1 minute, followed by a 4-minute
equilibration before the next injection. A 2 mL injection volume
was used for each sample.

Mass spectrometry data were collected using data-dependent
acquisition (DDA) in both ESI+ and ESI−. The ESI source
parameters were optimized as follows: sheath gas ow, 35
L min−1; auxiliary gas ow, 15 L min−1; auxiliary gas tempera-
ture, 250 °C. The spray voltage was set to 3.5 kV for ESI+ and 3.0
kV for ESI−. The inlet capillary temperature was maintained at
350 °C, with an S-lens RF level of 50 V applied to enhance ion
transmission. The full mass spectra were scanned from m/z 100
to 1000, achieving a resolution of 35 000 atm/z 200 (Rm/z 200). A
maximum ion injection time of 100 ms was set, with automated
gain control (AGC) congured at 3.0 × 106. In MS/MS mode, the
top 10 most intense ions were selected for fragmentation. The
MS/MS scans achieved a resolution of 17 500 at m/z 200 (Rm/z
200), with a maximum ion injection time of 50 ms and AGC set
to 1.0 × 105. The precursor selection window for MS/MS was set
at m/z 1.5, with normalized collision energy gradually
increasing from 15% to 30%.

Chromatographic peaks, including MS1 features and MS/MS
spectra, were extracted from mass spectrometry raw data using
MZmine soware (version 3.4.27), an open-source tool.21 The
LC-MS/MS raw data are accessible through the Mass Spec-
trometry Interactive Virtual Environment (http://
massive.ucsd.edu/) under accession number MSV000080562.
Feature extraction employed an exact mass detector with
signal thresholds of 70 000 for full MS spectra and 10 000 for
MS/MS spectra. The Automated Data Analysis Pipeline (ADAP)
chromatogram building used a minimum height of 70 000 and
an m/z tolerance of 0.001 (or 5 ppm). Chromatograms were
deconvoluted using the local minimum algorithm, with a peak
6600 | Anal. Methods, 2025, 17, 6598–6608 114
duration range between 0.07 and 1.20 minutes and a minimum
absolute height of 70 000. Isotopic peaks were grouped with an
m/z tolerance of 0.003 Da (or 12 ppm) and a retention time
tolerance of 0.05 minutes. Peak alignment was conducted using
the Join Aligner Module, applying an m/z tolerance of 0.02 Da
and a retention time tolerance of 0.02 minutes. The nal peak
list underwent gap lling, utilizing an intensity tolerance of 5%,
an m/z tolerance of 0.001 Da (or 5 ppm), and a retention time
tolerance of 0.15 minutes.

2.4. Molecular formula assignment (SIRIUS, ZODIAC) and
DOM analysis

The tandem mass spectrometry data exported from MZmine
soware were annotated using the SIRIUS computational tool.
De novo molecular formulas were determined using the SIRIUS
module, which involved accurate mass calculation, comparison
of experimental and predicted isotopic patterns, and analysis of
fragmentation trees of the fragment ions.22 To enhance the
accuracy of molecular formula predictions, the ZODIACmodule
was applied to analyze joint fragments and losses across the
fragmentation trees of various compounds in the dataset.23 The
SIRIUS parameters were congured as follows: elements were
restricted to carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
sulfur (S) and phosphorus (P). A maximum of 10 molecular
formula candidates was retained, with the computed maximum
precursor ion m/z set to 600. The instrument type was specied
as Orbitrap, and the maximum allowed m/z deviation was set to
5 ppm. All adducts were considered (auto-charge), and
a ZODIAC threshold lter of 0.98 was applied. DOM classica-
tion was performed based on the following criteria:24 carbohy-
drates, 1.6 < H/C < 2.0, 0.7 < O/C < 1.0, and N = 0; CRAM, 0.3 <
DBE/C < 0.68, 0.2 < DBE/H < 0.95, and 0.77 < DBE/O < 1.75; UA,
1.5 # H/C < 2, O/C < 0.9, and N = 0; HU, AImod < 0.5, H/C < 1.5,
and O/C < 0.9; peptides, 1.5 < H/C < 2.0, O/C # 0.9, and N > 0;
polyphenols, 0.5 < AImod < 0.66. The bulk parameters of DOM,7

including DBE, modied aromaticity index (AImod), H/C, and O/
C, were calculated using the magnitude-weighted average of
normalized peak intensities. The normalized intensity of each
formula was determined by dividing the peak intensity of each
formula by the total intensity of all formulas within each
sample.

2.5. Quality control

To ensure the reliability and accuracy of LC-MS/MS analysis for
seawater samples, a rigorous quality control protocol was
implemented. First, a blank control test was performed to
identify any potential contamination during the sample prep-
aration process. In this test, 1.2 L of ultrapure water was sub-
jected to the same extraction procedure as the seawater
samples. The signal intensities obtained from the blank control
were then subtracted from the corresponding seawater sample
intensities to account for background interference. In addition,
quality control (QC) samples were prepared by combining
50 mL of seawater from different depths of the SYBH. These
pooled samples were processed using SPE, applying the same
procedure used for seawater samples. QC samples were
This journal is © The Royal Society of Chemistry 20258
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analyzed at regular intervals, specically aer every six seawater
samples, to monitor instrument performance and detect any
dri or inconsistencies. The relative standard deviation (RSD)
range for the remaining 9 characteristic peaks, excluding the
9th peak, is 1.8–7.3% across the ve quality control samples
(Fig. S3†), indicating acceptable reproducibility within the
quality control framework. For data processing, chromato-
graphic peaks exhibiting a standard deviation greater than 30%
in the QC samples were excluded to ensure reliability. Prior to
instrumental analysis, three consecutive blank injections were
made to assess the stability of the instrument and identify any
potential background contamination.
Fig. 1 Venn diagrams showing the distribution of DOMwithin the oxic
layer, chemocline, and anoxic layer under (a) ESI+ and (b) ESI−modes.
(c) Variation in DOM counts, and (d) linear correlation analysis of DOM
counts, across different depths of the SYBH under ESI+ and ESI−
modes. Violin plots displaying DOM counts within the oxic layer,
chemocline, and anoxic layer under (e) ESI+ and (f) ESI− modes (*
indicates p < 0.05, ** indicates p < 0.01).
2.6. Statistical analysis

Statistical analyses were conducted using multiple soware
platforms. Principal Component Analysis (PCA) and Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) were
performed with SIMCA soware (version 14.1, Umetrics, Umea,
Sweden). Principal Coordinates Analysis (PCoA) was conducted
using R packages (version 4.2.2). Statistical signicance was
assessed with SPSS soware (version 23, IBM Corporation, New
York, USA). For normally distributed data, Pearson correlation
coefficients were calculated to evaluate inter-group correlations,
while Spearman correlation coefficients were used for non-
normally distributed data. Venn diagrams displaying over-
lapping compounds across different groups was generated with
Venny 2.1, available online at https://bioinfogp.cnb.csic.es/
tools/venny/. Other statistical analyses were conducted using
Origin soware (version 2021, OriginLab Corporation,
Massachusetts, USA) for tasks not explicitly described.
3. Result and discussion
3.1. Comparison of ion features for DOM analysis in ESI+
and ESI− in SYBH

Analysis of DOM in the SYBH using ESI+ and ESI− mass spec-
trometry revealed distinct ion features across these two modes.
The ESI+ mode detected a total of 4568 ions, surpassing the
3146 ions detected in the ESI− mode (Fig. 1a and b). This
broader DOM mass spectrum coverage in the ESI+ can be
attributed to two main factors. First, acidication with hydro-
chloric acid increased proton availability, enhancing proton-
ation of organic molecules and thus improving ionization
efficiency for ESI+ detection.25 Second, to enhance the ioniza-
tion efficiency in the ESI+ mode, low concentrations of acidic
reagents are oen added to the mobile phase. This not only
facilitates protonation reactions but also promotes the forma-
tion of various cation adducts.8 In both ionization modes, most
ions were detected in at least two water layers (oxic layer, che-
mocline, and anoxic layer). In the ESI+, 27.0% of ions were
shared across all three layers, while an additional 32.2%, 1.2%,
and 7.5% were detected in at least two layers. In contrast, in the
ESI−, 37.4% of ions were common across all three layers, with
38.8%, 1.2%, and 8.7% observed in at least two layers. This
pattern suggests that the ESI+ has a lower proportion of ions
detected across multiple layers (67.9% = 27.0% + 32.2% + 1.2%
This journal is © The Royal Society of Chemistry 2025 114
+ 7.5%) than the ESI− (86.1% = 37.4% + 38.8% + 1.2% + 8.7%),
resulting in a higher proportion of layer-specic ions in ESI+.
For instance, in the oxic layer, 6.3% of ions were unique to the
ESI+, compared to only 2.0% in the ESI−. Similarly, in the
chemocline, 20.7% of ions were unique to ESI+ versus 10.7% in
ESI−, and in the anoxic layer, 5.1% were unique to ESI+
compared to 1.2% in ESI−. The more diverse and layer-specic
ions observed in ESI+ likely reects its broader DOM coverage12

and greater sensitivity to certain molecular classes unique to
specic layers, which are less efficiently detected in ESI−.

The distribution of DOM counts across different depths in
the SYBH was analyzed in both ESI+ and ESI− to evaluate
consistency between the two techniques. As shown in Fig. 1c
and d, bothmodes exhibit a similar trend in DOM counts across
depths (p < 0.05), suggesting comparable data quality and
consistency across ionization methods. This consistency
between modes strengthens the reliability of the results. The
average DOM counts at the three layers showed that the oxic
layer and the chemocline had comparable DOM levels in both
ionization modes (Fig. 1e and f). However, both layers exhibited
signicantly higher DOM counts compared to the anoxic layer.
The reduced DOM counts in the anoxic layer can be attributed
to two main factors: microbial degradation of DOM and limited
water mixing between layers. In the surface layer,
Anal. Methods, 2025, 17, 6598–6608 | 66019
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phytoplankton and other organisms produce substantial
organic material. As these organisms die, their remains settle
through the water column,26 where microbial activity induces
oxidative decomposition, progressively reducing DOM levels
with increasing depth.27 However, limited vertical water mixing
prevents the replenishment of DOM in the anoxic layer from the
oxygen-rich surface layers. This restricted mixing, coupled with
microbial degradation, contributes to the signicantly lower
DOM counts observed in the anoxic zone.
3.2. Elemental composition of DOM in ESI+ and ESI− in
SYBH

DOM can be classied into six categories based on elemental
composition: CH, CHO, CHN, CHON, CHOS, and CHONS.28

Analysis of DOM composition in SYBH across ESI+ and ESI−
reveals distinct ionization patterns. Nitrogen-containing
compounds (CHN, CHON and CHONS) are more prevalent in
ESI+, accounting for 36.9% of the detected compounds (2.0%
for CHN, 32.4% for CHON and 2.5% for CHONS), compared to
only 10.2% in ESI− (0.1% for CHN, 9.0% for CHON and 1.1%
Fig. 2 (a) Molecular elemental composition of DOM in the SYBH under E
CH, CHO, CHN, CHON, CHOS and CHONS under ESI+ and ESI−modes
oxic layer, chemocline, and anoxic layer of the SYBH under (c) ESI+, and

6602 | Anal. Methods, 2025, 17, 6598–6608 115
for CHONS) (Fig. 2a). Conversely, CHO and CHOS compounds
are more frequently detected in ESI−, with 85.7% of CHO and
4.0% of CHOS detected, compared to 59.1% of CHO and 1.2% of
CHOS in ESI+ (Fig. 2a). The absolute detection counts of these
six types of DOM in each mode were shown in Fig. 2b. Speci-
cally, CHN compounds (71), CHON compounds (1152) and
CHONS compounds (88) are more abundantly detected in ESI+
than in ESI−, where only 3 CHN, 198 CHON and 25 CHONS
compounds are observed. In contrast, CHOS compounds are
detected more frequently in ESI− (88) than in ESI+ (44). For CH
and CHO classes, CHO compounds show higher detection
counts in ESI+ (2104 in ESI+ vs. 1892 in ESI−), while CH
compounds are rare in both modes (99 in ESI+ vs. 1 in ESI−).
These observations suggest that different ionization modes
preferentially ionize specic types of compounds. Nitrogen-
containing compounds, such as those with CHN, CHON and
CHONS compositions, are more readily protonated in ESI+ due
to the higher basicity of nitrogen atoms, which facilitates
protonation.29 In contrast, sulfur-containing compounds, such
as those with –SO3H, –SO2, and –SH are more likely to form
negative ions in ESI−.30 This is attributed to the electron-
SI+ and ESI−modes. (b) Count of DOM with elemental composition of
. Distribution of DOM with different elemental compositions across the
(d) ESI− modes.

This journal is © The Royal Society of Chemistry 20250
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withdrawing nature of sulfur, which stabilizes negative charges
on adjacent atoms and promotes deprotonation.31 For
compounds with a CHO elemental composition, their complex
structural diversity leads to some being more readily detected in
ESI+, while others are more efficiently ionized in ESI−. Lastly,
CH-only compounds are infrequently detected in either ioni-
zation mode due to the lack of polar or ionizable functional
groups. The slightly higher detection rate in ESI+ may result
from alternative ionization mechanisms, such as adduct
formation with NH4

+ or Na+,32 or from the lower chemical
background noise typically associated with ESI+.

The detection frequencies of six DOM groups (CH, CHO,
CHN, CHON, CHOS, and CHONS) across different water layers
were analyzed under both ESI+ and ESI−modes (Fig. 2c and d).
Across both ionization modes, the chemocline of SYBH
consistently showed the highest relative proportions for CH,
CHO, CHN, CHON compounds. Conversely, sulfur-containing
compounds (CHOS and CHONS) show their highest propor-
tions in the chemocline or anoxic layer under both ionization
modes. The elevated levels of CH, CHO, CHN and CHON
compounds in the chemocline reect their overall greater
abundance in this layer. As discussed above, this enrichment is
probably driven by intense biological activity at the oxic–anoxic
interface, including photosynthesis and diverse microbial
metabolic processes, which contribute to the generation and
transformation of organic metabolites.33 In contrast, the higher
levels of CHOS and CHONS in the chemocline and anoxic layer
suggest specic enrichment mechanisms favoring the accu-
mulation of sulfur-containing DOM in oxygen-deprived condi-
tions.34 These mechanisms likely involve both microbial and
abiotic processes. Under anoxic conditions, sulfur-reducing
bacteria play a signicant role in sulfur transformation,
Fig. 3 The count of (a) carbohydrates, (b) CRAM, (c) UA, (d) HU, (e) pep
variations in abundance at different depths and linear correlation analys

This journal is © The Royal Society of Chemistry 2025 115
generating sulfur-containing DOM as metabolic byproducts.35

For example, Patin et al. observed an abundance of reduced
sulfur compounds produced by sulfur-reducing microorgan-
isms in the oxygen-depleted zones of Amberjack Hole in the
Gulf of Mexico.36 Additionally, abiotic processes further
contribute to sulfur DOM accumulation under anoxic condi-
tions.37 Gomez-Saez et al. demonstrated that abiotic reactions
between reduced sulfur species and DOM are important
contributors to the buildup of sulfur-rich DOM during anoxic
events.38

It is important to note that compound-specic detection
frequencies can be inuenced by ionization efficiency. This
efficiency may, in turn, be modulated by matrix effects such as
salinity and pH gradients with depth.39 However, these factors
are unlikely to signicantly affect the vertical distribution
patterns observed in this study. Pre-analytical acidication to
pH ∼ 2, followed by SPE and LC, substantially attenuates
matrix-induced ion suppression, particularly those arising from
ionic strength and salt composition.40 Moreover, the vertical
salinity gradient in SYBH is relatively narrow, with values
ranging from 33.5& to 34.6&, representing only a 3.3% relative
difference (Fig. S4†), thereby further limiting the extent of
matrix-driven variability in ionization efficiency across depths.
3.3. Classication of DOM in ESI+ and ESI− in SYBH

DOM in seawater consists of a complex blend of organic
compounds. They are generally categorized into six primary
types based on their elemental composition and structural
features: carbohydrates, CRAM, HU, UA, peptides, and poly-
phenols.41,42 Each category exhibits unique chemical charac-
teristics. Carbohydrates are highly oxygenated compounds
tide, and (f) polyphenol in the SYBH under ESI+ and ESI− modes, with
is.
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https://doi.org/10.1039/d5ay00679a


Analytical Methods Paper

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 G

ua
ng

xi
 U

ni
ve

rs
ity

 o
n 

8/
31

/2
02

5 
7:

18
:0

5 
A

M
. 

View Article Online
devoid of nitrogen atoms and are primarily composed of simple
and complex sugars. These compounds typically ionize in ESI+
as [M + alkali]+ and in ESI− as [M − H]−.43,44 However, carbo-
hydrates have low ionization efficiency in both modes. In DOM
samples from SYBH, only 10 carbohydrate ions were detected in
ESI+ and 16 in ESI− (Fig. 3a). CRAM, characterized by
numerous carboxyl groups, easily lose protons in ESI− due to
their acidic nature. They can also gain protons in ESI+ because
of the high electronegativity of oxygen atoms. As a result, CRAM
showed a balanced detection frequency between the two modes,
with 475 ions in ESI+ and 502 ions in ESI− (Fig. 3b). This
balance aligns with ndings from studies near New Zealand's
South Island, where similar counts of CRAM were detected in
both ionization modes.14 UA and HU are both unsaturated
compounds, which displayed comparable ion counts in ESI+
and ESI−. For UA, 1030 ions were detected in ESI+ and 1117
ions in ESI− (Fig. 3c). For HU, 847 ions were detected in ESI+
compared to 627 in ESI− (Fig. 3d). Peptides exhibited much
higher ionization efficiency in ESI+. This is attributed to their
high nitrogen content, particularly amine groups, which readily
accept protons. As a result, 465 peptide ions were detected in
ESI+, compared to only 36 ions in ESI− (Fig. 3e). Polyphenols
also ionized more efficiently in ESI+. This is because their
hydroxyl groups are conjugated to aromatic rings, and the
electron-rich benzene rings act as electron donors, enhancing
the protonation of the hydroxyl oxygen. Consequently, 198
polyphenol ions were detected in ESI+, compared to 78 ions in
ESI− (Fig. 3f).

Correlation analysis between ESI+ and ESI− for the six types
of DOM in the SYBH revealed distinct distribution patterns
across depths. For carbohydrates, CRAM, and UA, their content
trends with depth were consistent between the two ionization
modes (p < 0.05) (Fig. 3a–c). However, no correlation was
observed between ESI+ and ESI− for HU, peptides, and poly-
phenols (p > 0.05) (Fig. 3d–f). The consistent trends for the
former group are likely due to their balanced detection
Fig. 4 (a–d) Variation in DBE, H/C, AImod, and O/C across different dep
analysis of these parameters across different depths of the SYBH betwe

6604 | Anal. Methods, 2025, 17, 6598–6608 115
frequencies across both ionization modes. In contrast, the lack
of correlation for the latter group arises from their preferential
ionization in ESI+, making ESI− detections unreliable. These
ndings highlight the importance of considering ionization
mode biases when interpreting data, as relying solely on one
mode for compounds that predominantly ionize in the other
may lead to distorted conclusions about their environmental
roles and interactions.

ESI+ data reveal that average concentrations of CRAM, UA,
peptides, and polyphenols are lower in the anoxic layer than in
the oxic layer. For CRAM and UA, similar vertical patterns were
also captured in ESI− mode, consistent with their strong cross-
mode correlation. These compounds likely have important
ecological functions in stratied aquatic systems. Specically,
CRAM and UA, which are characterized by their chemical
recalcitrance, may serve as important contributors to carbon
retention in the anoxic zone.24 Peptides, especially small or
cyclic dipeptides, are increasingly recognized for their involve-
ment in microbial signalling.45 This is supported by our inte-
grated metabolomics and metagenomics data, which show
elevated levels of the dipeptide Glu–Phe in the anoxic layer
alongside a higher abundance of anaerobic bacteria.46 More-
over, polyphenols, with their redox activity and microbial reac-
tivity,47,48 likely inuence microbial interactions and nutrient
cycling, particularly in the oxic surface waters. Collectively,
these results highlight the signicant biogeochemical roles of
these compound groups in stratied aquatic environments.
3.4. Bulk parameters and molecular proling for DOM
analysis in ESI+ and ESI− in SYBH

In the analysis of DOM, bulk molecular parameters such as DBE,
H/C, AImod, and O/C are critical for evaluating its complexity,
reactivity, and environmental signicance.49,50 These parameters
offer insight into DOM's molecular structure, particularly
regarding unsaturation, aromaticity, and oxidation. The results
ths of the SYBH under ESI+ and ESI− modes. (e–h) Linear correlation
en ESI+ and ESI− modes.

This journal is © The Royal Society of Chemistry 20252
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Fig. 5 PCA plots illustrating the differentiation of seawater samples from the oxic layer, chemocline, and anoxic layer of the SYBH under (a) ESI+,
and (b) ESI− modes.
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showed consistent correlations for DBE, H/C, and AImod between
ESI+ and ESI− modes (Fig. 4a–c, and Fig. 4e–g). This consistency
likely arises from the interdependence of these parameters, as
they all reect molecular unsaturation: higher DBE values typi-
cally coincide with lower H/C and higher AImod values, as shown
in Fig. S5.† However, the O/C does not display the same consis-
tency across two modes (Fig. 4d and h). It suggests that specic
DOM molecular characteristics, such as O/C, may require mode-
specic analysis for accurate detection and interpretation.

To explore the compositional differences of DOM across
various depths in the SYBH, PCA (Fig. 5), PCoA (Fig. S6†) and
OPLS (Fig. S7†) analyses were conducted. The results revealed
distinct compositional variations among the oxic, chemocline,
and anoxic layers in both ESI+ and ESI− modes. Despite the
inherent selectivity of each ionization mode for specic DOM
components, the broad molecular coverage provided by both
modes enabled effective differentiation of DOM composition
across these environmental layers. The vertical stratication of
DOM in the SYBH appears to be inuenced by the unique
environmental conditions at each depth. In the oxic layer, high
light availability and elevated oxygen concentrations sustain
a diverse community of photosynthetic organisms, such as
algae and cyanobacteria, which actively produce DOM.51 The
DOM in this layer is typically fresh, labile, and undergoes rapid
biological turnover, resulting in a dynamic pool of readily cycled
organic compounds. The chemocline, characterized by steep
gradients in oxygen, salinity, temperature, chlorophyll concen-
tration, turbidity, and pH (Fig. S4†), creates a transitional zone
where aerobic and anaerobic microbial communities coexist.52

This zone facilitates diverse metabolic processes, leading to the
production of a more complex and heterogeneous DOM pool in
the anoxic layer, the absence of oxygen creates a habitat for
anaerobic microbes that utilize alternative electron acceptors
for metabolism.53 This results in a distinct DOM composition
compared to the oxic layer and chemocline.

4. Conclusions

This study provides a comprehensive comparison of ESI+ and
ESI− modes in HPLC-Orbitrap-MS/MS for proling DOM in the
This journal is © The Royal Society of Chemistry 2025 115
SYBH, highlighting how ionization mode selection inuences the
detection and interpretation of DOM characteristics. ESI+
captured a broader range of DOM ions than ESI−, although
a signicant correlation was observed between ion counts detec-
ted by bothmodes across different layers. Elemental composition
analysis revealed that nitrogen-rich compounds (CHN, CHON and
CHONS) were more abundant in ESI+, while sulfur-rich
compounds (CHOS) were preferentially detected in ESI−, partic-
ularly in the anoxic layers of the SYBH. Further classication of
compounds showed similar detection frequencies for CRAM, UA,
and HU across the two ionization modes, while peptides and
polyphenols were detected more frequently in ESI+, and carbo-
hydrates consistently showed low detection counts in both
modes. Correlation analysis indicated that carbohydrates, CRAM,
and UA exhibited signicant consistency between ESI+ and ESI−
across layers, whereas HU, peptides, and polyphenols showed no
correlation. Among bulk molecular parameters, DBE, AImod, and
H/C exhibited consistent correlations between ESI+ and ESI−,
while O/C did not, suggesting that specic DOM molecular
characteristics may require mode-specic analyses for accurate
detection. Despite these discrepancies, both ionization modes
effectively differentiated DOM composition across the oxic, che-
mocline, and anoxic layers of the SYBH. These ndings empha-
size the importance of using the appropriate ionization mode in
DOM analysis. While some parameters yielded consistent results
across both modes, others showed signicant discrepancies,
potentially leading to biased interpretations if only one mode is
used. To ensure a more accurate and comprehensive molecular
proling of DOM, we recommend employing multi-mode ioni-
zation strategies in future research, enabling a more nuanced
analysis of DOM across diverse environmental conditions.
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A B S T R A C T

Dissolved organic matter (DOM) is central to marine biogeochemical cycles, with its composition and dynamics 
closely linked to microbial communities. In oxygen-stratified extreme environments, however, the ecological 
relationships between DOM and microbes remain insufficiently explored. This study explores the dynamics of 
DOM and microbial communities in the Sansha Yongle Blue Hole, the world’s deepest ocean blue hole, using an 
integrated metabolomics and metagenomics approach. Our findings elucidate significant alterations in microbial 
communities and DOM composition in response to variations in oxygen concentrations. Specifically, various 
DOM components, including dissolved organic sulfur (DOS) and dissolved organic nitrogen (DON), along with a 
spectrum of small molecule metabolites, were affected by microbial metabolic activities. Higher concentrations 
of DOS in the anoxic layer were positively correlated with increased sulfur metabolism in microbial communities, 
whereas lower concentrations of DON in the chemocline were associated with the coupling of nitrification and 
denitrification processes. Additionally, metabolites such as lipids, amino acids, isovalerylcarnitine, and peptides, 
associated with microbial physiological functions, energy metabolism, and signal transduction processes, varied 
with oxygen stratification. These findings contribute to a deeper understanding of the intricate relationships 
between microbial communities and DOM dynamics in extreme marine environments.

1. Introduction

Dissolved organic matter (DOM) is one of the largest pools of reduced 
carbon in the ocean, comprising a chemically diverse assemblage of 
molecules. Its complex composition encompasses thousands of distinct 
compounds—including amino acids, lipids, carbohydrates, phenolic 
compounds (Li et al., 2024a), and a wide range of 
heteroatom-containing molecules such as those dissolved organic sulfur 
(DOS) and dissolved organic nitrogen (DON) (Gomez-Saez et al., 2021). 

This molecular heterogeneity imparts diverse chemical reactivities and 
biological availabilities, allowing DOM to serve as a critical mediator in 
marine biogeochemical cycles (Hansell et al., 2009). Within DOM, DOS 
and DON occupy particularly important roles in linking carbon and 
nutrient cycling. DOS serves as both an energy source and a redox-active 
pool for microorganisms capable of sulfur oxidation and reduction 
(Tripp et al., 2008). Similarly, DON represents a key nitrogen source for 
heterotrophic and autotrophic microbes, especially in oligotrophic sys
tems where inorganic nitrogen is limiting (Zehr and Capone, 2020). The 
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bioavailability of DOS and DON depends not only on their molecular 
structure but also on the functional potential of the microbial commu
nities that utilize them.

Microorganisms are the primary biological agents controlling the 
turnover and transformation of DOM. Through biosynthetic pathways, 
heterotrophic degradation, and redox-sensitive transformations, micro
bial activity modulates DOM quantity, composition, and lability 
(Kujawinski, 2011; Osterholz et al., 2016). These transformations are 
not uniform throughout the water column. Instead, they are profoundly 
influenced by physicochemical gradients, particularly redox conditions 
(Suominen et al., 2021). In oxygen-depleted or anoxic environments, 
such as euxinic basins, oxygen minimum zones, and marine blue holes, 
microbial communities adapt by expressing specialized metabolic 
pathways including anaerobic respiration, fermentation, sulfur and ni
trogen dissimilation, and carbon fixation (Jessen et al., 2017; Patin 
et al., 2021). As a result, the DOM composition in these systems may 
reflect a fingerprint of unique microbial metabolisms not observable in 
surface or well-oxygenated waters. Despite advances in DOM charac
terization using high-resolution mass spectrometry (Petras et al., 2017), 
our understanding of the mechanistic links between microbial meta
bolism and DOM composition—especially under varying redox regi
mes—remains limited. DOM studies have traditionally focused on bulk 
measurements (e.g., total dissolved organic carbon (DOC) concentra
tion) or general indicators of lability (e.g., fluorescence indices), which 
fail to capture the nuanced molecular transformations driven by mi
crobial processes (Bachi et al., 2023; Chaichana et al., 2019).

The Sansha Yongle Blue Hole (SYBH), located in the South China Sea, 
represents an exceptional natural laboratory to investigate these in
teractions. As the world’s deepest known marine blue hole (>300 m), 
SYBH exhibits pronounced vertical stratification in oxygen concentra
tion, transitioning from oxygenated surface waters to anoxic and sulfidic 
conditions below ~90 m (Li et al., 2018; Xie et al., 2019). This strong 
redox gradient is accompanied by marked shifts in microbial community 
composition and functional gene abundance with depth (Li et al., 2024b; 
Zhou et al., 2023). The unique hydrogeological isolation and vertical 
redox zonation of SYBH make it an ideal site to examine how microbial 
processes regulate DOM molecular transformations across a natural, 
chemically stratified water column.

In recent years, advanced analytical tools have emerged to charac
terize both the microbial and chemical dimensions of such systems. 
Exometabolomics, the study of extracellular microbial metabolites, al
lows for direct observation of biologically derived or transformed DOM 
molecules (Pei et al., 2022a, 2022b, 2024). These methods can detect 
thousands of mass features, many of which are biologically active or 
traceable to specific microbial functions. In parallel, shotgun meta
genomics provides insight into the taxonomic composition and func
tional gene repertoire of microbial communities, revealing pathways for 
carbon, nitrogen, and sulfur metabolism (New and Brito, 2020). While 
several studies have applied either metagenomics or metabolomics to 
marine systems, few have integrated both approaches to simultaneously 
map microbial metabolic potential and the resulting DOM molecular 
landscape (Pena-Ocana et al., 2022). Such integrative strategies are 
crucial for disentangling the cause-effect relationships between micro
bial community composition, metabolic capacity, and DOM chemistry.

In this study, we investigate the microbial regulation of DOM mo
lecular composition across the redox-stratified water column of the 
SYBH by integrating high-resolution metabolomics and shotgun meta
genomics. Our primary objectives are to: 1) Characterize the molecular 
composition of DOM—including DOS and DON—at multiple depths 
along the oxygen gradient; 2) Profile the microbial community structure 
and functional gene distribution across various depths; 3) Identify cor
relations between microbial metabolic pathways and specific DOM 
compound classes, with particular focus on sulfur and nitrogen cycling. 
We hypothesize that microbial communities exert depth-dependent 
control over DOM composition through selective degradation, trans
formation, and biosynthesis processes that are closely aligned with local 

redox conditions and nutrient availability. Specifically, we propose that 
the dominance of anaerobic pathways in anoxic zones will correlate with 
distinct signatures in DOM composition, particularly in the DOS and 
DON pools. Through this integrative analysis, we aim to bridge the gap 
between microbial ecology and DOM biogeochemistry, offering novel 
insights into the controls on carbon and nutrient cycling in extreme 
marine environments.

2. Materials and methods

2.1. Sample collection

The SYBH is situated within the intertidal reef platform of the eastern 
Yongle atoll in the South China Sea (111.768◦E, 16.525◦N) (Fig. 1a and 
b). In October 2019, a total of 28 seawater samples were systematically 
collected from different depths within the SYBH (0 m, 10 m, 20 m, 50 m, 
80 m, 85 m, 90 m, 95 m, 100 m, 110 m, 120 m, 150 m, 200 m, and 250 
m) (Fig. 1c). Two duplicate samples were obtained at each depth. 
Sampling above 190 m was conducted using a conductivity- 
temperature-depth (CTD) system equipped with rosette samplers, 
while sampling below 190 m was performed with a remotely operated 
vehicle (ROV) equipped with a home-made sampler. Environmental 
parameters, including temperature, salinity, dissolved oxygen (DO), pH, 
turbidity, and chlorophyll-a (Chl-a), were measured in situ across the 
0–300 m depth range using the CTD system mounted on the ROV. 
Additionally, two additional seawater samples were collected at the 
reference point on the outer reef slope of Yongle Atoll (111.799◦E, 
16.534◦N) to compare the DOM composition with that of the SYBH. 
Water samples for DOM analysis and metagenomic analysis were treated 
in situ. Further details of the sampling and in situ treatment methods can 
be found in Text S1.

2.2. Solid phase extraction

The solid-phase extraction (SPE)-DOM method followed the pro
cedure developed by Dittmar (Dittmar et al., 2008). Briefly, the filtered 
seawater samples (1.2 L) were acidified with HCl to pH = 2 and then 
extracted using Agilent Bond Elut PPL cartridges (200 mg, 3 mL). The 
cartridges were pre-conditioned with 8 mL of methanol and 8 mL of 
acidified Milli-Q water (pH = 2) sequentially. Then, seawater was 
loaded onto the cartridges at a flow rate of 4 mL/min, followed by a 
wash with 10 mL of acidified Milli-Q water. The sorbents were dried 
using nitrogen gas, and the adsorbed DOM was eluted with 8 mL of 
methanol. The eluent was dried to a volume of 0.5 mL using nitrogen 
gas, and then reconstituted with 0.5 mL of Milli-Q water (1:1 v/v). The 
extract was stored at − 20 ◦C until liquid chromatography tandem mass 
spectrometry (LC-MS/MS) analysis.

2.3. LC-MS/MS data acquisition and pre-processing

The DOM extracts were analyzed using a Thermo Q-Exactive mass 
spectrometer coupled to a Dionex Ulti-Mate 3000 UHPLC system. The 
chromatographic separation involved methanol and water as mobile 
phases, with a gradient shift from 5 % to 95 % methanol over 20 min, 
followed by a 5-min maintenance period. Mass spectrometry data 
acquisition occurred in positive electrospray ionization (ESI) mode 
using data-dependent acquisition (DDA). Chromatographic peak 
extraction from raw mass spectrometry data was conducted using the 
open-source MZmine software (version 3.4.27) (Heuckeroth et al., 
2024). Detailed LC-MS/MS parameters and MZmine extraction param
eters can be found in Text S2 and Text S3, respectively. To account for 
differences in total ion signal across samples, each feature was 
normalized by dividing its peak intensity by the total ion intensity of all 
features within the same sample.
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2.4. Molecular formula assignment and compound identification

The LC-MS/MS data, exported from MZmine software, underwent 
molecular formula assignment using the SIRIUS computational anno
tation tool (version 5.6.3) (Duhrkop et al., 2019). This annotation pro
cess involved determining molecular formulas, accurate mass 
calculation, matching of experimental and predicted isotopic patterns, 
and analysis of fragmentation trees of the fragment ions, with specific 
parameters detailed in Text S4. Molecules were classified as DON or DOS 
based on their molecular formulas, with compounds containing at least 
one nitrogen or sulfur atom designated as DON or DOS, respectively. 
Molecules containing both nitrogen and sulfur were included in both 
categories, reflecting their dual roles in the DOM pool. The relative 
concentrations of DON and DOS were estimated semi-quantitatively by 
summing the normalized ion intensities of all identified DON or DOS 
molecules within each sample. This approach expresses the abundance 
of each category as a proportion of total detected DOM ion intensity. To 
assess potential biases toward specific ionized DOM molecules, the ion 
feature-standardized score (z-score) was calculated. This approach 
minimized bias arising from variable ionization efficiencies and enabled 
a more accurate comparison of relative DOM concentrations across 
samples (Fig. S1).

Compound identification was conducted using the Feature-based 
Molecular Networking (FBMN) module on the Global Natural Product 
Social Molecular Networking (GNPS) website. Molecular networking 
operates on the principle that compounds with similar structures pro
duce similar fragments in their MS/MS spectra (Chung et al., 2021). The 
structural similarity, quantified by cosine values in the comparison of 
similar MS/MS spectra (Text S5), facilitates effective inference of the 
structures of unknown compounds. FBMN analysis for the SYBH dataset 
was conducted with specific parameters outlined in Text S6. Leveraging 
the annotated compounds identified via the GNPS library search as 

“seeds”, additional unknown compounds were deduced through manual 
interpretation. The resulting annotated compounds underwent valida
tion by cross-checking against spectra observed in various databases, 
including MassBank Europe, MassBank of North America, Metlin, 
HMDB, and mzCloud. To visualize the output files generated from the 
FBMN analysis, Cytoscape was utilized (version 3.8.0) (Shannon et al., 
2003).

2.5. Microbial DNA extraction and metagenomic analysis

Aseptic forceps were utilized to carefully section the filter membrane 
containing microorganisms from the frozen storage tube. Subsequently, 
the FastDNA Spin Kit for Soil was employed to extract total microbial 
DNA from the filter membrane, preparing it for metagenomic 
sequencing analysis. The DNA libraries were sequenced on the illumina 
platform. Subsequently, MEGAHIT software (version 1.1.2) was used for 
metagenome assembly, with a filter applied to contig sequences shorter 
than 300 bp (Li et al., 2015). Assembly results were evaluated using 
QUAST software (version 2.3) (Gurevich et al., 2013). To identify coding 
regions in the genome, MetaGeneMark software (version 3.26) available 
at http://exon.gatech.edu/meta_gmhmmp.cgi was utilized (Zhu et al., 
2010). Redundancy was removed using cd-hit software (version 4.6.6) 
at http://www.bioinformatics.org/cd-hit/with a similarity threshold set 
at 95 % and a coverage threshold at 90 % (Fu et al., 2012). BLAST 
comparisons were conducted between non-redundant protein sequences 
and the protein sequences cataloged in the KEGG database for corre
sponding gene functional annotations. Additionally, sequence compar
isons were performed against the species information in the Nr database 
to obtain insights into sample species composition and relative 
abundance.

Fig. 1. (a) Map depicting the study area. (b) Realistic depiction of the SYBH located within the reef platform of Yongle Atoll, Xisha Islands. (c) Cross-sectional view of 
the SYBH and the sampling depths.
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2.6. Quality control

To ensure the reliability of subsequent analysis, for the LC-MS/MS 
analysis of seawater samples, a comprehensive quality control proto
col was implemented, encompassing sample pretreatment, instrument 
detection, and data analysis. This protocol included a blank control 
experiment conducted for SPE analysis, a quality control sample pre
pared from the 14 seawater samples to monitor the stability of the 
pretreatment and instrument analysis process, a blank experiment to 
assess instrument pollution, and the use of internal standards to cali
brate instrument fluctuations. For a detailed description of the process, 
refer to Text S7. Raw reads obtained from sequencing were filtered to 
remove low-quality sequences. This essential step was performed using 
the software Trimmomatic (version 0.33) (Bolger et al., 2014), which 
generated clean tags with improved sequencing quality. The relative 
standard deviation (RSD) of microbial abundance and peak area of DOM 
in the duplicate samples across various layers ranged from 9.3 % to 17.4 
% and from 7.3 % to 13.5 %, respectively (Fig. S2).

2.7. Statistical analysis

Statistical significance was determined using SPSS software (version 
23) with a significance threshold set at p < 0.05. Normality was assessed 
using the Shapiro-Wilk test, and an independent sample t-test was 
applied for data with a normal distribution. Alternatively, the Mann- 
Whitney U test was employed for non-normally distributed data. A 
Venn plot was generated using Venny 2.1 (https://bioinfogp.cnb.csic. 
es/tools/venny/). Redundancy analysis was conducted using R pack
ages. For multi-omics analysis, Data Integration Analysis for Biomarker 
discovery using Latent cOmponents (DIABLO) was performed with the 
mixOmics package (Singh et al., 2019), diagnostic plots and sample 
plots from multiblock sparse partial least squares discriminant analysis 
(sPLS-DA) were applied to the correlation study. The microbial taxa at 
the order level, comprising the top 28 weighted species selected based 
on model accuracy, were visualized through correlation circles. Other 
statistical analyses, unless specified, were conducted using Origin soft
ware (version 2024).

3. Results

3.1. Physicochemical properties of the SYBH

The aquatic physicochemical parameters within the SYBH exhibited 
a distinct stratified structure (Fig. 2). Notably, temperature, DO and pH 
consistently decreased with increasing depth, while salinity and 
turbidity showed an upward trend. Significant fluctuations of these 
parameters were observed at depths of 30 m, 50 m, 90 m, and 150 m. For 
example, at a depth of 50 m, there was a drastic decrease in temperature, 
DO, and pH, accompanied by a simultaneous increase in salinity. At a 
depth of 90 m, the oxygen concentration dramatically dropped to zero. 
At the depth of 150 m, while temperature, salinity, DO, and pH showed 
minimal change, there was a drastic increase in turbidity. According to 
these physicochemical parameters, the SYBH water column could 
therefore be categorized into three layers: the oxic layer (<50 m), the 
chemocline (50–150 m), and the anoxic layer (150–300 m).

3.2. Chemical diversity and vertical distribution of DOM

A total of 4568 DOM features were extracted from the mass spec
trometry dataset for water samples collected from the 14 layers. Among 
these, 1235 (27.03 %) were present in all three layers, while 289, 946, 
and 232 molecules were unique to the oxic layer, chemocline, and 
anoxic layer, respectively (Fig. 3a). Compared to a reference open-ocean 
site, SYBH exhibited 2048 additional DOM molecules. On average, 
1929, 1934, and 1473 DOM molecules were detected in the oxic, che
mocline, and anoxic layers, respectively, with corresponding Shannon 
indices of 8.59, 8.73, and 8.38 (Fig. 3b). A positive correlation was 
observed between molecular richness and Shannon index (Fig. 3c). 
Statistically significant differences in both metrics were found between 
the chemocline and anoxic layer (p < 0.05), but not between the oxic 
layer and chemocline (p > 0.05) (Fig. S3). Principal coordinates analysis 
(PCoA) and orthogonal partial least squares discriminant analysis 
(OPLS-DA) showed a clear separation of DOM profiles, especially be
tween the anoxic layer and the other two (Fig. 3d, Fig. S4). A total of 
198, 322, and 444 differential molecules were identified between the 
oxic vs. chemocline, oxic vs. anoxic, and chemocline vs. anoxic com
parisons, respectively (Fig. S5).

Out of 4568 DOM molecules, SIRIUS predicted 3574 high-quality 

Fig. 2. Variations in physicochemical properties (temperature, DO, salinity, pH, Chl-a, and turbidity at different depths within the SYBH.
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molecular formulas, including 125 DOS and 1194 DON compounds. 
DOS concentrations were highest in the anoxic layer, with comparable 
concentrations in the oxic layer and chemocline, while DON levels were 
comparable between the oxic and anoxic layers but lower in the che
mocline (Fig. 3e). GNPS-based annotation identified 147 DOM mole
cules, and molecular networking deduced 128 additional structures, 
totaling 275 annotated compounds. The analysis of differential DOM 
molecules among the three layers (p < 0.05) revealed distinct vertical 
distribution patterns. Tyramine, cis-9-hexadecenoic acid, and 1-hexade
canoyl-sn-glycerol were primarily enriched in the oxic layer and che
mocline, whereas lumichrome, Glu-Phe, and isovalerylcarnitine were 
predominant in the anoxic layer (Fig. 3f, Fig. S6). These identifications 
were confidently identified using spectral library matching, with cosine 
similarity scores ranging from 0.70 to 0.99 (Fig. S7).

3.3. Microbial community and functional analysis

Metagenomic data, described in Table S1 revealed high-quality re
sults with Q30 (%) values exceeding 91 % across all samples. The N50 
length ranged from 1006 to 4067, and gene counts varied between 
330,686 and 880,209, indicating that the data were robust and suitable 
for further analysis. To assess microbial diversity, the Shannon index 
was calculated for each layer in the SYBH. The mean Shannon indices 
were 4.27 for the oxic layer, 5.03 for the chemocline, and 4.39 for the 
anoxic layer, with a significant difference observed between the oxic 
layer and chemocline, but no significant difference between the 

chemocline and anoxic layer (Fig. 4a). Multivariate statistical analyses, 
encompassing principal components analysis (PCA) (Fig. 4b) and OPLS- 
DA (Fig. S8), were employed to investigate water stratification across 
the 14 layers of the SYBH based on microbial profiling. The results 
revealed a distinct separation of samples from the oxic layer, chemo
cline, and anoxic layer. Redundancy analysis (RDA) indicated that DO 
significantly influenced microbial communities, comparable to the ef
fects of temperature and salinity (Fig. 4c).

Microbial community composition analysis indicated that orders 
characterized by a higher diversity of anaerobic and microaerophilic 
species, such as Desulfobacterales and Thiotrichales were more abun
dant in the anoxic layer (Fig. 4d, Fig. S9a and b). Conversely, aerobic 
species orders, such as Rhodobacterales and Rhizobiales, associated 
with nitrogen metabolism, were more prevalent in the oxic layer 
(Fig. 4d). Notably, nitrifying bacteria orders and denitrifying bacteria 
orders, including Nitrosopumilales, Nitrosomonadales and Planctomy
cetales, were concentrated in the chemocline (Fig. S9c and d).

Metabolic functions of microbial communities were annotated 
against the KEGG metabolic pathway database, identifying 174 meta
bolic pathways. Statistical analysis revealed 12 pathways with signifi
cant differences between the oxic and anoxic layers (p < 0.05). 
Examination of these pathways across various depths (Fig. 4e) showed 
that energy metabolism and signal transduction were more abundant in 
the anoxic layer. Conversely, pathways related to the metabolism of 
cofactors and vitamins, nucleotide metabolism, amino acid metabolism, 
carbohydrate metabolism, xenobiotics biodegradation, lipid 

Fig. 3. (a) Venn plot illustrating the distribution of DOM within the oxic layer, chemocline, and anoxic layer of the SYBH. (b) Plot displaying the variation of the 
DOM count and Shannon index across different depths. (c) Linear correlation analysis between the DOM count and the Shannon index of DOM across different depths. 
(d) PCoA plot for distinguishing samples from the oxic, chemocline, and the anoxic layer. (e) Variation in the relative abundance of ion peak areas for DOS and DON 
at different depths within the SYBH. (f) Heatmap depicting the distribution of differential metabolites across different depths.
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metabolism, and translation were more prominent in the oxic layer. 
Sulfur metabolism exhibited a higher relative abundance in the anoxic 
layer compared to the oxic layer (Fig. 4f), especially in modules like 
assimilatory sulfate reduction (M00176) (Fig. S10a) and thiosulfate 
oxidation by the SOX complex (M00595) (Fig. S10b). Nitrogen metab
olism’s relative abundance was similar between the oxic and anoxic 
layers but significantly lower in the chemocline (Fig. 4f). Notably, the 
nitrification module, denitrification module (Fig. S11a and b) and ni
trogen fixation-related genes and nifH were most prevalent in the anoxic 
layer (Fig. S11c and d).

3.4. Correlation analysis between DOM and microbial communities

To explore the relationship between DOM and microbial commu
nities across redox gradients in SYBH, multivariate correlation analyses 
were conducted. MixOmics analysis revealed strong correlations be
tween the distribution of DOM and microorganisms (Fig. 5a), with an R- 
value of 0.94. Consistently, sPLS-DA plots showed a consistent distri
bution trend of DOM with microorganisms across the oxic layer, che
mocline, and anoxic layer (Fig. 5b and c). Further analysis showed a 
significant positive correlation (p < 0.05) between DOM molecular di
versity and microbial diversity (Fig. 5d), both of which peaked in the 
chemocline zone (Fig. S12). This pattern indicates that redox transitions 
may shape both chemical and biological complexity. Furthermore, DOM 
elemental composition was closely linked to microbial metabolic po
tential: concentrations of DOS showed a significant positive correlation 
(p < 0.05) with the abundance of genes involved in sulfur metabolism, 
while DON was positively correlated (p < 0.05) with nitrogen 

metabolism-related gene abundance (Fig. 5e and f).
At the taxon-metabolite level, distinct associations were identified 

across redox zones (Fig. 5g). In the oxic layer, aerobic bacteria including 
Puniceicoccales, Oceanospirillales, Pelagibacterales, and Arenicellales 
were associated with metabolites such as 1-hexadecanoyl-sn-glycerol, 
cis-9-hexadecenoic acid, and tyramine. In contrast, anaerobic taxa 
such as Candidatus Altiarchaeares and Thermodesulfobacteriales in the 
anoxic layer were correlated with isovalerylcarnitine, lumichrome, and 
Glu-Phe. Microbial responses to different redox environments may be 
reflected in the activity of key metabolic enzymes. Notably, a significant 
negative correlation (p < 0.05) was observed between the relative 
abundance of isovaleryl-CoA dehydrogenase and the concentration of 
isovalerylcarnitine in the water column (Fig. 5h). This suggests that the 
accumulation of isovalerylcarnitine may be linked to reduced expression 
of its associated catabolic enzyme under anoxic conditions.

4. Discussion

4.1. Environmental influences on microbial diversity

In marine ecosystems, environmental conditions intricately shape 
microbial community composition. In the SYBH, a distinct thermohaline 
gradient forms within the chemocline, limiting upper and lower water 
layer mixing (Fig. 2). This gradient creates significant variations in DO, 
temperature, salinity, pH, Chl-a, and turbidity along the water column, 
creating distinct ecological niches for microbial communities. The RDA 
analysis (Fig. 4c) revealed that microbial community composition was 
significantly influenced by these environmental factors. Samples from 

Fig. 4. (a) Violin plot depicting the Shannon index of microorganisms in the oxic layer, chemocline, and anoxic layer within the SYBH. (b) PCA plot for dis
tinguishing samples from the oxic, chemocline, and the anoxic layer. (c) RDA plot showing the relationship between environmental factors and microbial community 
composition. (d) Relative abundance of microorganisms at the order level across different layers. (e) Heatmap displaying the distribution of metabolic pathways of 
microorganisms across different depths. (f) Variation of the relative abundance of sulfur metabolism and nitrogen metabolism across different depths.
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the oxic layer were positively associated with DO, pH, and Chl-a. High 
DO supports aerobic taxa such as Oceanospirillales, while elevated Chl-a 
indicates increased primary productivity, which provides organic matter 
to fuel heterotrophic microbial activity. In contrast, microbial commu
nities in the anoxic layer were more strongly associated with turbidity. 
Elevated turbidity often reflects higher levels of suspended particles, 
which can serve as attachment surfaces and nutrient sources for anaer
obic microbes such as Desulfobacterales (Ma et al., 2024).These patterns 
are consistent with findings from other marine environments. For 
example, Jessen et al. reported that oxygen gradients in the Black Sea 
significantly shaped microbial community structure and ecosystem 

function (Jessen et al., 2017). Abirami et al. observed that microbial 
communities adapt to various physicochemical factors, including tem
perature and nutrient availability (Abirami et al., 2021). Similarly, 
Zaikova et al. found increased microbial diversity in the hypoxic tran
sition zone of Saanich Inlet compared to deeper anoxic waters (Zaikova 
et al., 2010). Together, these results suggest that the microbial com
munity structure in the SYBH is shaped by environmental gradients and 
the adaptive responses of microbes to changing redox and physico
chemical conditions across the water column.

Fig. 5. (a) Score plot from DIABLO analysis. Multiblock sPLS-DA plots illustrating clear separation of samples from the oxic layer, chemocline, and anoxic layer based 
on (b) metabolomics and (c) metagenomics profiles. (d) Correlation between the Shannon diversity index of DOM and microbial communities, emphasizing 
compositional coupling across depths. Linear correlations between the relative abundance of DOM ion peaks and microbial functional groups, highlighting the 
associations between (e) DOS and sulfur metabolism, and (f) DON and nitrogen metabolism. (g) Correlation circle plot derived from multiblock sPLS-DA analysis 
conducted on DOM and microorganism datasets. (h) Positive correlation between the abundance of isovaleryl-CoA dehydrogenase and isovalerylcarnitine, suggesting 
microbial mediation of energy-related metabolites.
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4.2. Microorganism-regulated metabolism in SYBH

In the ocean, DOM experiences dynamic changes influenced by mi
croorganisms through metabolic pathways such as production (LaBrie 
et al., 2022), degradation (Xiao et al., 2022), and transformation (Xiao 
et al., 2023). This microbial regulation establishes a strong correlation 
between DOM diversity and microbial diversity (Chen et al., 2022; 
Suominen et al., 2021). Moreover, even within a single microorganism, 
specific environmental conditions can induce diverse metabolic path
ways. This adaptability and specialization of microbial species to their 
environmental conditions enhance the repertoire of metabolites they 
produce (Doi, 2018). Consequently, the varied microbial diversity and 
metabolic pathways in the SYBH contribute to the abundance and di
versity of DOM observed in this oxygen-stratified environment.

4.2.1. Microorganism-regulated sulfur metabolism in SYBH
Microbial-regulated sulfur metabolism is integral to the biogeo

chemical cycles of DOS, vital for global climate regulation (Ksionzek 
et al., 2016). In the SYBH, DOS shows a pronounced vertical gradient, 
with notably lower concentrations in the oxic layer and chemocline 
compared to deeper layers. This depletion is likely due to enhanced 
microbial remineralization of DOS in oxygen-rich environments. 
Compared to DOC, DOS is more chemically reactive and thus more 
prone to microbial degradation during its vertical transport from surface 
to depth (Tang and Liu, 2023). This observation is consistent with pat
terns reported in the North Atlantic Deep Water, where aging waters 
exhibit a decline in total organic sulfur while DOC remains relatively 
stable (Longnecker et al., 2020). These findings suggest that microbial 
activity in surface and mid-depth waters accelerates DOS turnover, 
contributing to its reduced presence in the upper water column of SYBH.

In contrast, DOS concentrations increase in the anoxic bottom layers 
of SYBH, likely due to both microbial and abiotic processes. Microbial 
community analysis revealed a higher relative abundance of sulfur- 
reducing microorganisms in the anoxic zone compared to oxic layers, 
including Desulfobacterales, Desulfovibrionales, Thermodesulfobacter
iales, and Desulfuromonadales (Fig. S9a). These taxa are typical sulfate- 
reducing bacteria (SRB), capable of using inorganic sulfate (SO4

2− ) as 
terminal electron acceptors, producing hydrogen sulfide (H2S) as a 
byproduct. The dominance of Desulfobacterales, in particular, reflects 
strong adaptation to the anoxic conditions in SYBH. The accumulation of 
H2S in the anoxic bottom waters (Yao et al., 2020) is consistent with 
both the elevated abundance of sulfate-reduction genes (Fig. S10a) and 
the activity of SRB. Furthermore, H2S can participate in abiotic reactions 
with DOM, promoting the formation of new DOS compounds. This 
mechanism has been observed in other anoxic marine systems, such as 
the Black Sea and shallow hydrothermal vents, where non-biological 
interactions between H2S and organic matter contribute to DOS pro
duction (Gomez-Saez et al., 2021). Together, these findings indicate that 
DOS dynamics in SYBH are shaped by a dual mechanism: microbial 
remineralization dominates in the oxygenated upper layers, while mi
crobial sulfate reduction and H2S-mediated DOS formation drive DOS 
accumulation in the anoxic bottom waters.

4.2.2. Microorganism-regulated nitrogen metabolism in SYBH
The vertical distribution of DON within the SYBH is influenced by 

microbial metabolism. In the oxygen-rich layers of SYBH, prevalent 
nitrogen-fixing bacteria convert atmospheric N2 into bioavailable forms, 
primarily ammonia nitrogen. This ammonia nitrogen is further metab
olized into organic nitrogen, actively contributing to DON cycling in the 
surface marine environment (Letscher et al., 2013; McCarthy et al., 
2004). As depth increases within SYBH, organic matter undergoes 
oxidation and decomposition, converting organic nitrogen into 
ammonia (Chen et al., 2023). The chemocline of SYBH, acting as the 
boundary between the oxic and anoxic regions, provides conditions for 
the simultaneous occurrence of aerobic nitrification and anaerobic 
denitrification processes in its micro-oxic environment. This study 

suggests that the decrease in the relative abundance of DON is closely 
related to the coupled nitrification-denitrification process. In this pro
cess, DON is first decomposed by heterotrophic microorganisms into 
ammonia, which is then converted into nitrate by nitrifying bacteria. 
Subsequently, in local anoxic microenvironments, denitrifying bacteria 
reduce the nitrate to gaseous nitrogen (Ji et al., 2018). This coupled 
process accelerates the mineralization of DON and the removal of ni
trogen through the continuous conversion pathway of “DON → 
ammonia → nitrate → gaseous nitrogen” ultimately causing it to escape 
the system in gaseous form, resulting in a decrease in DON accumulation 
in the chemocline, a higher relative abundance of functional genes 
related to nitrification and denitrification was observed (Fig. S11a and 
b). At the same time, a large number of nitrifying microorganisms 
capable of converting ammonia to nitrite were present (including 
Nitrosopumilales, Nitrosomonadales, Nitrospinales, Nitrospirales, and 
Cenarchaeales), as well as denitrifying microorganisms including 
Planctomycetales, Xanthomonadales, Hydrogenophilales, and Pseudo
monadales (Fig. S9c and d), further confirming the above inference.

Conversely, the increase in DON concentrations in the anoxic layer of 
the SYBH compared to the chemocline is associated with anaerobic 
microbial nitrogen fixation. This is supported by the observed increase 
in nitrogenase content within the anoxic layer, where nitrogenase fa
cilitates nitrogen fixation under low-oxygen conditions (Bauersachs 
et al., 2010; Yin et al., 2023). Additionally, the increased abundance of 
modules related to nitrogen fixation (Fig. S11c), along with a heightened 
presence of the nifH gene (Fig. S11d), associated with various 
nitrogen-fixing bacteria, underscores the significant role of microbial 
nitrogen fixation in augmenting DON concentrations in this anoxic 
environment. The nitrogen in the anoxic layer of the SYBH may origi
nate from microbial denitrification or anammox processes, sustaining 
the availability of nitrogen for nitrogen-fixing bacteria to continue 
contributing to the DON pool.

4.3. Other microorganism-regulated metabolism in SYBH

The microbial community in SYBH produces a diverse array of me
tabolites involved in energy metabolism and signal transduction. 
Elevated levels of 1-hexadecanoyl-sn-glycerol and cis-9-hexadecenoic 
acid in the oxic layer may stem from active microbial lipid meta
bolism (Liu et al., 2020). Similarly, higher concentrations of tyramine in 
the oxic layer may suggest active microbial amino acid metabolism. In 
environments with limited organic carbon, microorganisms may alter 
their metabolic strategies to support survival. The increased concen
trations of isovalerylcarnitine in the anoxic layer of SYBH may enhance 
microbial metabolic energy utilization efficiency. Isovalerylcarnitine, 
essential for fatty acid oxidation, aids in breaking down fatty acids for 
energy production within mitochondria (Rebouche and Seim, 1998). 
This process relies on the enzyme isovaleryl-CoA dehydrogenase, which 
is critical for mitochondrial beta-oxidation. Reduced levels of this 
enzyme in the anoxic layer of SYBH suggest a shift towards optimizing 
energy generation through enhanced mitochondrial beta-oxidation in 
response to oxygen depletion, potentially leading to the accumulation of 
isovalerylcarnitine (Fig. 5e) (Kuhn et al., 2023).

Functional annotation analysis reveals enriched signal transduction 
processes in the anoxic layer of SYBH (Fig. 4e), indicating the involve
ment of signal transduction molecules such as Glu-Phe and lumichrome 
in microbial communication. Previous investigations have shown that 
cyclic dipeptides signal the transport of peptidases in aerobic, gram- 
negative bacteria in deep-sea environments (Sun et al., 2020), while 
lumichrome contributes to biotic signal transduction during biofilm 
formation (van Galen et al., 2020). These findings suggest that the 
elevated concentrations of Glu-Phe and lumichrome in the anoxic layer 
of SYBH are crucial for microbial adaptation in this unique marine 
environment.
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5. Conclusions

Leveraging an integrative approach that intertwines metabolomics 
and metagenomics, this study conducted an in-depth exploration of 
DOM diversity, the functional potential of microbial communities, and 
their ecological roles within the SYBH. A significant correlation between 
DOM distribution and microbial activity, influenced by environmental 
factors, notably oxygen concentrations, was observed. Various compo
nents of DOM, including DOS and DON, as well as an array of metabo
lites, were discernibly impacted by the metabolic activities of 
microorganisms, specifically bacteria associated with sulfur and nitro
gen metabolism. The research provides crucial insights into global car
bon cycling dynamics through detailed profiling of DOM composition. 
This improved understanding significantly enhances our grasp of how 
ecosystems operate in intricate marine environments, particularly those 
marked by notable fluctuations in oxygen concentration.
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Abstract

Inland waters, serving as crucial carbon sinks and pivotal conduits within the global carbon
cycle, are essential targets for carbon assessment under global warming and carbon neutral-
ity initiatives. However, the extensive spatial distribution and inherent sampling challenges
pose fundamental difficulties for monitoring dissolved organic carbon (DOC) in these sys-
tems. Since 2010, remote sensing has catalyzed a technological revolution in inland water
DOC monitoring, leveraging its advantages for rapid, cost-effective long-term observation.
In this critical review, we systematically evaluate research progress over the past two
decades to assess the performance of remote sensing products and existing methodologies
in DOC retrieval. We provide a detailed examination of diverse remote sensing data sources,
outlining their application characteristics and limitations. By tracing uncertainties in re-
trieval outcomes, we identify atmospheric correction, spatial heterogeneity, and model and
data deficiencies as primary sources of uncertainty. Current retrieval approaches—direct,
indirect, and machine learning (ML) methods—are thoroughly scrutinized for their features,
effectiveness, and application contexts. While ML offers novel solutions, its application
remains nascent, constrained by limited waterbody-specific samples and model constraints.
Furthermore, we discuss current challenges and future directions, focusing on data op-
timization, feature engineering, and model refinement. We propose that future research
should (1) employ integrated satellite–air–ground observations and develop tailored at-
mospheric correction for inland waters to reduce data noise; (2) develop deep learning
architectures with branch networks to extract DOC’s intrinsic shortwave absorption and
longwave anti-interference features; and (3) incorporate dynamic biogeochemical processes
within study regions to refine retrieval frameworks using biogeochemical indicators. We
also advocate for multi-algorithm collaborative prediction to overcome the spectral paradox
and unphysical solutions arising from the single data-driven paradigm of traditional ML,
thereby enhancing retrieval reliability and interpretability.

Keywords: carbon neutrality; inland waters; dissolved organic carbon; inversion methods;
machine learning
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1. Introduction
Under the background of global carbon neutrality goals, dissolved organic carbon

(DOC) in inland waters has become an important research subject for carbon assessment and
carbon emissions. DOC in inland waters plays a critical role in global carbon cycling and
global climate change. Approximately 40% of organic carbon is stored annually in inland
reservoirs [1], with concentrations equivalent to 6–13% of marine organic carbon [2]. Inland
rivers transport up to 400 million metric tons of organic carbon each year [3]. Statistical
data indicate [4,5] that 25% to 44% of carbon in inland water bodies dominated by rivers,
lakes, and reservoirs is emitted into the atmosphere as greenhouse gases. Under microbial
and photochemical processes, DOC in water bodies becomes a net source of atmospheric
carbon dioxide [6,7], and high DOC concentrations accelerate global warming. In turn, the
positive feedback cycle of global warming further promotes biological and physicochemical
changes in inland waters [8–11], altering DOC fate pathways and intensifying greenhouse
gas emissions.

The DOC concentrations in inland waters directly affect drinking-water risks and
water resource management difficulty [12–14]. When river water with high DOC concentra-
tions recharges groundwater, oxidation products generated by bacterial oxidative processes
significantly influence groundwater pH levels [15]. Particularly during drinking-water
treatment, high DOC concentrations react with chlorine to produce substantial disinfec-
tion byproducts, increasing cancer risks [16]. Additionally, DOC in inland water bodies
alters lake food web structures, exerting profound impacts on ecosystem functions and
biodiversity [17].

The traditional approach for monitoring DOC in inland waters involves manual fixed-
point sampling of water bodies followed by laboratory analysis. However, the distribution
of inland waters is relatively scattered with extensive coverage, resulting in high sampling
difficulty and prolonged sampling cycles. The dynamic processes of biogeochemical cycles
persistently act upon inland water bodies, inducing spatiotemporally uncertain dynamic
variations in DOC [18,19]. Traditional sampling methods are insufficient to accommodate
the requirements of large-scale and long-term monitoring. Therefore, adopting advanced
technologies to achieve accurate and high-frequency monitoring and assessment of inland
water DOC concentrations constitutes a current imperative demand.

The variations in DOC concentration within water bodies influence the optical charac-
teristics of dissolved organic matter, which provides a technical possibility for retrieving
DOC through the responses of aquatic optical properties. However, the light absorption by
DOC is relatively complex, with absorption spectra lacking characteristic peaks, resulting
in often suboptimal practical application effectiveness. Colored dissolved organic matter
(CDOM), the optically active component of DOC also termed “yellow substance” [20],
exhibits strong absorption in ultraviolet and blue light spectral regions, demonstrating
more sensitive aquatic optical responses. CDOM has emerged as an effective optical charac-
teristic proxy for DOC inversion in specific rivers [21], lakes [22,23], and estuarine/coastal
waters [24].

Remote sensing technology is a crucial method for measuring and analyzing the
optical properties of water bodies. Its ability to rapidly acquire large-scale water quality
data has made it a significant tool for studying DOC in inland waters, overcoming the
limitations inherent in traditional ground-based monitoring methods [25–29]. This review
analyzed the remote sensing literature on DOC in inland waters indexed in SCI-EXPANDED
from 1 January 2005 to January 2025 through Web of Science. After deduplication and
screening, the final dataset comprised 227 articles contributed by 1120 authors affiliated
with 478 organizations across 47 countries. The top three productive nations were the
United States (83 articles, 36.56%), China (70 articles, 30.84%), and Canada (33 articles,
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14.54%). Global-scale research patterns and international collaborations are visualized in
Figure 1, revealing distinct geographical distributions and cooperative networks within
this scientific domain.

Figure 1. Global research overview of inland water DOC.

Among journals publishing more than five articles on the topic (Table 1), Remote
Sensing ranked first in output (25 articles, 11.1% of total publications), followed by Remote
Sensing of Environment (18 articles, 7.9%), both emphasizing satellite-based remote sensing
for biogeochemical studies in inland waters and iterative advancements in DOC retrieval
models. Keyword co-occurrence mapping (Figure 2) further reveals that remote sensing
technology has emerged as a pivotal tool for DOC research in inland aquatic systems over
the past decade, with thematic clusters highlighting its critical role in monitoring carbon
cycling, water quality, and climate feedback mechanisms.

Table 1. Journals with more than 5 articles.

Source Documents Citation Average Citation

Remote sensing 25 730 29.20
Remote Sensing of Environment 18 1332 74

Biogeosciences 11 380 34.54
Water Research 9 326 36.22

Science of the Total Environment 8 246 30.75
Journal of Geophysical Research: Biogeosciences 6 184 30.66

Water 6 114 19
International Journal of Applied Earth Observation and

Geoinformation 5 84 16.8
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Figure 2. Inland water DOC knowledge graph (2005–2025).

Although significant progress has been made in remote sensing technology for DOC
monitoring, multiple technical bottlenecks persist in the accurate inversion of CDOM in
inland waters. Inland water bodies exhibit more complex optical characteristics, where
their radiative transfer processes are strongly influenced by total suspended matter (TSM)
and phytoplankton [30,31]. As an important optically active constituent, the spectral signals
contributed by CDOM are often obscured by the scattering noise from TSM and absorption
signals from phytoplankton, rendering traditional water-color remote sensing methods
constructed for Case I waters inapplicable for direct implementation [32–34]. Furthermore,
regional variations in DOC sources and composition pose additional challenges to the
generalizability of inversion methods [24]. The current remote sensing inversion of inland
water DOC reveals several critical research gaps that urgently need to be addressed:

1. How can the application effectiveness of remote sensing data in DOC inversion for
inland waters be improved?

2. How can robust DOC/CDOM remote sensing inversion methods suitable for inland
waters with complex optical properties be developed?

3. How can the professional efficacy of traditional machine learning in water quality
inversion be specifically enhanced?

Consequently, conducting in-depth discussions to address these challenges and ex-
plore more transferable inversion methods with optimization strategies is crucial. This
review synthesizes recent advances in remote sensing retrieval approaches for DOC in
inland waters, systematically examines persisting technical challenges across methodolog-
ical implementations, and critically discusses limitations and future priorities in current
inversion frameworks. By integrating empirical findings and theoretical refinements, the
analysis aims to offer guidance for next-generation DOC monitoring protocols while con-
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tributing actionable insights to advance evidence-based water resource governance and
ecological conservation strategies.

2. Integration of Multi-Source Data and Uncertainty Provenance Analysis
Early ocean-color satellites prioritized sensors optimized for systematic monitoring

of vast Case 1 waters, employing wide-swath scanning to achieve global coverage. Ow-
ing to lower concentrations of suspended particulates and dissolved organics, marine
optical signals exhibit spectral simplicity, substantially reducing the complexity of water
constituent retrieval and enabling standardized model development. The 1978 launch of
the U.S. coastal zone color scanner (CZCS), the first dedicated ocean-color satellite, enabled
the systematic mapping of global marine chlorophyll concentrations, culminating in the
inaugural global ocean primary productivity atlas. Subsequent missions, including India’s
IRS-P3 (1996), Japan’s ADEOS-1 (1996), and others with enhanced swath-width capabilities,
further advanced observational frameworks (Table 2).

Table 2. The world’s leading water-color remote sensing satellites [35–38].

Source Satellite Sensor Number of
Bands

Band Range
(nm)

Spatial
Resolution (m)

Temporal
Resolution

(Day)

Ocean-Color
Sensors

Nimbus-7 CZCS 6 433–12,500 825 1–2
IRS-P3 MOS 18 408–1600 500 5

ADEOS-I OCTS 12 402–125,00 700 41
Terra (EOS

AMI) MODIS Terra 36 405–14,385 1000 1–2

KOMPSAT-I OSMI 6 400–900 850 28
HY-1A COCTS 10:04 402–12,500 1100:250 3
HY-1A CZI 10:04 420–890 1100:250 3

ENVISAT MERIS 15 412–1050 300/1200 3
Myriade Series PARASOL 9 443–1020 6000 16

Oceansat OCM-II 12 400–900 350/4000 2
Sentinel-3A/B OLCI 16 400–1040 300 2

Himawari-9 AHI 16 450–13,400 500–2000 10 min
NOAA-20 VIIRS 22 412–2250 375, 750 0.5
HY-1C/1D COCTS 10 402–12,500 1100 1

GK-2B GOCI-II 13 380–865 500 1 h
EOS-06 OCM-3 13 400–1010 360 2
PACE OCI 200 340–890 1000 2

Inland/Coastal
Water Sensors

Sentinel-2 MSI 13 443–2190 10, 20, 60 5
HJ-1A/B CCD 4 430–900 30 4

Landsat-8, 9 OLI 11 433–12,510 15, 30, 100 16
Planet PlanetScope-2 8 455–860 3 1

Trra, Aqua MODIS 36 402–965
3660–14,338.5 250, 500, 1000 1–2

SPOT-6/7 HRVIR 5 450–680 10, 20 26
GF-5 AHSI 330 400–2500 30, 60 5–16

The late 20th-century emergence of global warming and carbon cycle research pro-
pelled ocean-color remote sensing into a pivotal role in quantifying marine carbon sinks.
Long-term datasets from platforms such as NASA’s Terra/EOS AM-1 (1999), Korea’s
KOMPSAT-I (1999), China’s HY-1A (2002), Argentina’s SAC-C (2000), ESA’s ENVISAT
(2002), and France’s Myriade Series (2004) became indispensable for modeling marine
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primary productivity and carbon flux dynamics. Post-2000, the global carbon neutrality
imperative shifted scientific attention to inland aquatic carbon sinks. However, kilometer-
scale resolutions of traditional ocean-color satellites prove inherently incompatible with
the fine-grained spatial heterogeneity of inland systems (e.g., rivers) [39,40]. This spatial-
scale discordance—compounded by complex inland optical properties—has prompted the
deployment of land/coastal sensors with enhanced spatial resolution (e.g., 10–30 m) and
spectrally tailored radiometric capabilities for inland water monitoring.

2.1. Satellite–Air–Ground Synergistic Observation

High-resolution land-focused satellites (e.g., Landsat OLI, Sentinel-2 MSI) with
10–30 m spatial resolution enable the spatial differentiation of dissolved organic carbon
(DOC) in medium-sized lakes [41–48]. However, their utility in high-frequency continu-
ous monitoring is constrained by extended revisit cycles (5–16 days) and persistent cloud
interference—for instance, data availability for Sentinel-2 in southern China falls below
20% [49]. High-frequency satellites like Terra/Aqua MODIS (1–2-day revisit) partially
offset temporal resolution limitations, but their coarse spatial resolution and broad spectral
bandwidths necessitate the integration of boundary-bandwidth correction models for ra-
diometric optimization [50,51]. While HJ-1A/B CCD satellites offer high spatiotemporal
resolution suitable for small-lake CDOM monitoring [52], their limited spectral resolution
risks feature loss, requiring ground-truth data for spectral interpretation [53,54]. Com-
mercial platforms (e.g., Planet, 3 m resolution), driven by market forces, prioritize high
spatial and temporal resolution imagery as their core competitive edge. While this endows
them with exceptional spatial identification capabilities for small-scale river monitoring,
the inherent trade-off between spectral and spatial resolution necessitates substantial com-
promise in spectral resolution to maintain adequate image signal-to-noise ratios. As a
result, critical UV absorption peaks (200–400 nm) from aromatic compounds and con-
jugated double-bond organics in DOC remain undetectable due to the limited spectral
resolution of commercial systems, leading to the loss of key spectral fingerprints for DOC
characterization [34].

A comprehensive analysis of inland/coastal-water-satellite-based studies concerning
inland waters CDMO/DOC, spanning records from the inception of the Web of Science
through 2025, was undertaken (articles failing retrieval criteria were manually screened
out), as shown in Figure 3.

Figure 3. Overview of the application of commonly used satellites in different types of inland waters.
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The Landsat 8/9 and Sentinel-2 satellites exhibit the most widespread application,
attributable to their quantitatively superior numbers of spectral bands and broader band
ranges. The Terra and Aqua satellites, constrained by their lower spatial resolutions, are
primarily suitable for large-scale estuarine and extensive lacustrine studies. The very coarse
spatial resolution of Planet satellites significantly increases computational complexity when
applied to large estuaries, though they remain appropriate for river and lake investiga-
tions [55]. Table 3 presents typical application cases of remote sensing data sources in
inland waters.

Table 3. Typical application cases of remote sensing data sources in inland waters.

Case Study Area Overview

[56] River basins and coastal areas from
the Rajang River

Using Landsat-8 data to construct band ratio
combinations, perform regression based on in situ
DOC, validate the model with three verification
methods (simple grouping, K-fold analysis, and
bootstrap), and estimate the DOC flux from April 2013
to December 2018 by using the constructed regression
model (R2 = 0.88, MAPE = 5.71%) and river discharge.

[57] Erhai Lake

A CDOM prediction model was constructed using
empirical methods based on Aqua satellite imagery
and insitu measured data. The model was then used
to invert the CDOM changes across the entire lake
from 2013 to 2019.

[43] Small water surface reservoirs in the
Brazilian semiarid region

Based on Landsat-8 imagery and RapidEye
commercial satellite imagery, a CDOM model was
constructed. The results showed that the green band
of Landsat-8 performed better (R2 = 0.69 vs.
RapidEye: R2 = 0.25), especially for non-perennial
reservoirs with high CDOM concentrations and
without optical interference from phytoplankton.

[41] Ganh Hao River

The MLR model developed from Sentinel-2 data
demonstrated stable performance (comprehensive
error value = 0.66, 0.53) across both water body types
(Class 1: low aCDOM (412), Class 2: medium to high
aCDOM (412)), while the Landsat-8-based MLR
model achieved the highest accuracy (value = 0.15) in
Class 1 but showed significant performance
degradation in Class 2 (value = 0.46).

The spatial, temporal, and spectral configurations of sensors impose significant con-
straints on inland water research. Particularly with the growing demand for high-frequency
dynamic monitoring in turbid, optically complex waters, the limitations of single-platform
systems in terms of observation continuity and data utility have become increasingly appar-
ent, highlighting the urgent need to develop an integrated multi-source data framework.

To overcome single-sensor constraints, satellite–air–ground synergistic frameworks are
emerging as a paradigm [58–60]. Spatially, drone-borne hyperspectral systems (decimeter-
scale resolution) resolve DOC concentration gradients in rivers [61–63], circumventing
the pixel-mixing artifacts endemic to satellite data [64–66]. Temporally, when short-term
extreme rainfall or snowmelt events flush terrestrial organic matter (e.g., litter, livestock
manure, fertilizer residues) into water bodies as dissolved organic carbon (DOC), tradi-
tional single-platform sampling frequencies often fail to capture these event-driven DOC
pulses. Models built without such high-frequency data cannot accurately reflect real condi-
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tions, compromising subsequent analytical results. Therefore, implementing sub-second
sampling with near-surface hyperspectral imagers enables the effective capture of DOC
fluctuations following ultra-short-term events [67]. This provides critical data support for
optimizing sampling frequencies and algorithm design, making monitoring and analytical
methods more adaptable to complex and dynamic environmental conditions. Simulta-
neously, this approach allows for the effective monitoring and management of explosive
“black water “ events to avoid ecological catastrophes [68].

The benefits of this synergistic framework rely on a range of advanced technologies.
For instance, Sentinel-2 MSI’s enhanced radiometric sensitivity (e.g., Band 1 at 443 nm)
successfully retrieves blue-violet signals in high-CDOM waters [69]. Spatiotemporal fusion
algorithms (e.g., STARFM) harmonize multi-resolution datasets to achieve continuous
coverage [70,71], complemented by tri-level validation networks (satellite-UAV-ground
spectrometers) on the Google Earth Engine (GEE) platform for automated data matching
and consistency assessment [60,72].

2.2. Uncertainty Provenance

Uncertainty in DOC remote sensing retrieval arises from coupled errors across the
processing chain [73,74], with atmospheric correction being the dominant factor for in-
land waters [75,76]. The optical complexity of these systems—shaped by anthropogenic
activities (e.g., industrial discharge, agricultural runoff, shipping disturbances) and het-
erogeneous topography (e.g., mountainous closed basins, estuarine deltas)—generates ter-
restrial aerosol-dominated atmospheres (enriched with organic carbon and minerals) [77].
These aerosols, compounded by strong absorption from waterborne CDOM and non-algal
particles (NAP, e.g., sediments, humus) in near-infrared (NIR) bands [78], invalidate core
assumptions of marine-oriented atmospheric correction models (e.g., FLAASH). For in-
stance, post-correction blue-violet band reflectance in highly turbid, CDOM-rich inland
waters often falls ≤ 0 [79,80], highlighting systemic model failures.

Targeted atmospheric correction strategies are, thus, critical for inland aquatic sys-
tems [79,81,82]. While some studies bypass correction by directly modeling raw im-
agery [80], such approaches lack universality due to regional environmental dependencies.
Pioneering work by Fan et al. [83] demonstrated the efficacy of multilayer neural networks
in correcting turbid water atmospheres, offering a scalable framework for inland appli-
cations [75,84]. Hardware advancements, such as Sentinel-2 MSI’s enhanced radiative
sensitivity and signal-to-noise ratio, further mitigate detection challenges for blue-violet
band water-leaving radiance [69].

Spatial heterogeneity exacerbates uncertainty. Low-resolution sensors (e.g., MODIS)
underestimate DOC biogeochemical gradients in inland waters due to scale mismatch [40].
For small-scale features (e.g., river meanders, lake margins), dynamic resolution selection
and linear spectral mixture analysis (LSMA) are essential to disentangle land-water mixed
signals [85].

Data and model structural limitations compound errors [86,87]. SPOT HRVIR’s high
inter-band correlation (R2 = 0.92–0.99) reduces sensitivity to inland reservoir DOC variabil-
ity [88]. GF-5’s hyperspectral capability remains underutilized due to limited historical
data (launched 9 May 2018), restricting its application to pilot studies [89,90]. To enhance
reliability, recent efforts focus on model architecture innovation. This review systematically
categorizes existing models’ developmental trajectories, technical merits, and constraints
(summarized in Table 4), providing a roadmap for next-generation high-fidelity DOC
retrieval frameworks.
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Table 4. Comparison of sources of uncertainty.

Error Source Atmospheric Correction Spatial Heterogeneity Model/Data Deficiencies

Impact Nature Fundamental,
systemic errors

Regional, scale-dependent
errors

Algorithmic or structural
limitations

Correctability Requires ground validation
+ advanced algorithms

High-resolution data +
spectral unmixing

Model optimization + data
fusion

Directness on DOC
Retrieval

Directly determines
spectral fidelity

Indirectly affects pixel
purity

Dependent on input data
quality + model
architecture

3. Optical Principles and Methods of DOC Remote Sensing Retrieval
3.1. Optical Foundations of DOC Remote Sensing Retrieval

The principle of DOC remote sensing inversion is primarily grounded in the cou-
pling relationship between aquatic optical properties and radiative transfer mechanisms
(Figure 4).

Figure 4. DOC inversion principle of remote sensing.

Specifically, the water-leaving radiance formed through solar radiation undergoing
surface reflection, in-water scattering/absorption, and transmission processes penetrates
the atmosphere to be captured by spaceborne sensors. The DOC remote sensing inversion
is achieved through the extraction and processing of remote sensing information. The
complete inversion workflow comprises three core stages: First, radiometric calibration
converts raw digital number values into absolute radiance quantities; subsequently, re-
gionally applicable atmospheric correction algorithms for inland waters are employed
to isolate water-leaving radiance; and ultimately, based on corrected water surface re-
flectance spectra, regression models or bio-optical models incorporating DOC concentration
or absorption characteristics are established to achieve the spatiotemporal inversion of
DOC concentrations.
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3.2. Validation and Evaluation

In model validation and evaluation, methods such as independent sample vali-
dation, K-fold cross-validation, and leave-one-out cross-validation are commonly em-
ployed [43,56,57]. For machine learning models, training and test sets are partitioned
according to industry conventions like 7:3 or 8:2 [91]. Under the premise of ensuring
the training set covers sufficient spectral features, an independent test set is utilized to
quantify the model’s generalization error. During cross-sensor validation, band matching is
accomplished through the spectral response function (SRF): Measured hyperspectral data
are convolved with the target sensor’s SRF, converted into the corresponding satellite band
reflectance characteristics, and then input into the inversion models to verify cross-platform
applicability. The spectral response function (SRF) is given by Equation (1).

Bandi =

∫ λmax
λmin

SRF(λ)Rrsdλ∫ λmax
λmin

SRF(λ)dλ
(1)

Bandi represents the equivalent band of the remote sensing satellite, where λmin and
λmax are the boundary wavelengths of band i, and SRF(λ) is the spectral response of the
i-th band of the sensor at wavelength λ.

The performance evaluation of remote sensing inversion models is typically based
on metrics such as R2, MAE, RMSE, and bias. Here, R2 reflects the model’s explanatory
power for the variance in DOC concentration, MAE quantifies the average deviation of
the retrieved values, RMSE is sensitive to errors from extreme values, and bias reveals
the model’s systematic tendency towards overestimation or underestimation. The com-
monly used performance evaluation metrics for remote sensing inversion models and their
corresponding model explanatory power are presented in the Table 5.

Table 5. Main performance metrics and model explanatory power for remote sensing DOC inversion.

Evaluation Metrics Formula Correlation with Error

R2
1 −

∑n
i=1

(
yi−

∼
yi

)2

∑n
i=1(yi−yi )

2

A higher R2 value indicates a smaller sum of squared
deviations between predicted and measured values
relative to the total variance, reflecting a lower overall
error level of the model.

MAE 1
n

n
∑

i=1

∣∣∣yi −
∼
yi

∣∣∣
The smaller the MAE, the smaller the average absolute
error of the retrieved values, indicating better prediction
stability of the model in regions with gradual water
gradients.

RMSE
√

1
n

n
∑

i=1

(
yi −

∼
yi

)2

A larger RMSE indicates poorer model performance in
handling extreme values or anomalous scenarios, where
retrieved results potentially exhibit greater variability,
and it is effective for identifying extreme scenarios such
as estuaries and algal bloom areas.

Bias 1
n

n
∑

i=1

(
yi −

∼
yi

) A large absolute bias value may result from the model’s
omission of atmospheric correction or radiative transfer
losses, inducing systematic deviations in retrieved results;
this can be addressed by refining the model with physical
priors.

MAPE 100%
n

n
∑

i=1

∣∣∣∣∣yi −
∼
yi

yi

∣∣∣∣∣
A MAPE of 0% indicates a perfect model. The smaller the
MAPE value, the better the accuracy of the prediction
model.

note: yi is the measured value for sample i;
∼
y i is the retrieved value of the model; yi is the mean of mea-

sured samples.
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3.3. Direct Inversion Methods for Remote Sensing of DOC and Physical Drivers of Their Accuracy
3.3.1. Direct Retrieval Method for DOC Remote Sensing: Spectral Matching and
Concentration Quantification

The technical framework of the direct inversion method comprises three core pro-
cedures: (1) collecting spatially representative DOC in situ measurement data; (2) syn-
chronously acquiring remote sensing imagery and extracting spectral characteristics of
target water bodies (e.g., band reflectance, band ratios, or spectral indices); and (3) develop-
ing inversion equations through correlation analysis and regression modeling. As one of
the earliest methodological frameworks in DOC remote sensing, Chen and Shi (2001) [92]
pioneered a multivariate linear model (Equation (2)) leveraging 130 simulated spectral
datasets to invert DOC concentrations from optimal band combinations of reflectance.

log(DOC) = 1.2419log(R670/R412)− 0.2614 (2)

Hirtle and Rencz [80] employed Landsat ETM+ Band 2 to establish a logarithmic model
for DOC (log(DOC)) in Nova Scotia lakes (R2 = 0.72), but it was not applicable to Finnish
lakes with high DOC concentrations (>18.3 mg/L) [93], revealing the regional dependency
limitation of the model. Recently, Chunhock et al. [56], through conducting a comparative
analysis of 24 river DOC inversion models, identified that the exponential function model
utilizing the Landsat-8 OLI B4/B3 band combination (Equation (3)) demonstrated optimal
accuracy, though its applicability remains constrained to low-turbidity river systems.

DOC = 89.86eB4/B3 (3)

3.3.2. Physically Driven Factors Governing the Accuracy of Direct Inversion Methods

While direct methods demonstrate operational simplicity, their inversion accuracy
faces inherent limitations. CDOM, constituting 10–90% of DOC [94–96], dominates
spectral signals through its ultraviolet-visible absorption characteristics. However, non-
chromophoric constituents such as carbohydrates and amino acids remain spectrally unde-
tectable due to optical inertness, resulting in scale decoupling between spectral signatures
and DOC concentrations as remote sensing signals only capture partial DOC components.
This decoupling is partially mitigated in estuarine and coastal waters under single-salinity-
driven mixing regimes, manifesting dual conservative mixing behavior through coupled
“DOC-salinity” and “CDOM-salinity” relationships. As a hydrological tracer of river-
ocean mixing, salinity-mediated dual conservation reflects characteristic conservative
mixing patterns between terrestrial and marine water masses [97–99]. In major Arctic and
subarctic rivers, including the Ob, Yenisei, and Yukon, CDOM and DOC exhibit robust,
high-correlation relationships [99]. This strong covariation arises from their proximity to
polar regions, where runoff and precipitation drive substantial inputs of terrestrial carbon
from organic-rich soils [100], sustaining tightly coupled CDOM–DOC dynamics with mini-
mal influence from biogeochemical alterations [101,102]. Table 6 compiles representative
CDOM–DOC relationships with associated R2 values observed across these river and other
water systems.
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Table 6. Regional robust relationship and R2 between CDOM and DOC.

Number CDOM–DOC R2 Reference

1 CDOM = 0.6054 + 0.4939·DOC 0.86 [103]

2 ln DOC = α+ βln ag(275) + γln ag(295) / [104]

3 DOC = 55 + 357·aCDOM(443) / [105]

4 DOC = 245 + 171·aCDOM(443) / [106]

5 aCDOM(440) = 0.5·DOC − 1.52 0.95 [107]

6
DOC = 32.942·aCDOM(412) + 95.587
DOC = 95.519·aCDOM(412) + 78.795
DOC = 213.34·aCDOM(412) + 38.044

0.78
0.81
0.72

[108]

7 DOC = 2.13 + 1.24 × (CDOM) 0.84 [109]

8 CDOM = 1.593DOC − 2.453 0.88 [46]

9 DOC = 1.268aCDOM(440) + 3.623 0.76 [44]

10 DOC = 2.351 + 92.515cCDOM 0.873 [110]

11 cDOC = α+ β·a250 + γ·a365 / [111]

12 cDOC = 59.1cCDOM 0.74 [112]

13 DOC = 1.89 + 0.78aCDOM(443) 0.73 [113]

However, in the vast majority of rivers and inland water bodies, DOC–CDOM rela-
tionships exhibit diminished conservatism due to complex interactions involving photo-
chemical degradation, heterogeneous terrestrial inputs, and microbial transformations [99].
For instance, subtropical rivers draining intensively managed agricultural watersheds (e.g.,
the Pearl River) display pronounced seasonal DOC–CDOM decoupling driven by accel-
erated microbial processing under high-temperature, high-humidity conditions [114–117],
with variability exceeding that observed in temperate systems like the Yangtze River [118].
The high organic matter load of anthropogenic origin in the Nile River in Africa leads
to the highest DOC concentration in autumn [119]. The Mississippi River demonstrates
disrupted correlations due to autochthonous CDOM production from active phytoplankton
blooms [120,121]. As a lowland river, the Murray is perennially influenced by floods.
Following flood inundation, substantial phytoplankton and carbon are delivered to
the Murray River, resulting in an extremely unstable correlation between CDOM and
DOC [122,123]. Tidal modulation further complicates estuarine DOC dynamics, where
concentrations may exhibit positive or negative correlations with tidal height depending
on upstream terrestrial inputs [124] or hydraulic retention time [125]. While river dis-
charge generally governs DOC dilution/transport, producing discharge–concentration
correlations [126,127], these relationships become statistically insignificant under complex
hydrological regimes [128]. Notably, DOC accumulation in mesohaline zones has been
documented in nutrient-enriched inland waters [129]. Such multifaceted nonlinear behav-
iors collectively undermine CDOM–DOC correlations, representing a pervasive challenge
across inland aquatic systems.

3.4. DOC Remote Sensing Indirect Inversion Method: Cross-Media Inference via Robust
CDOM–DOC Relationships

Indirect DOC retrieval hinges on establishing cross-media predictive relationships
between DOC and CDOM by leveraging the latter’s optical activity, contingent upon their
statistically robust correlation (Table 3). Fichot and Benner (2011) [104] developed a mul-
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tiple linear regression (MLR) model using CDOM absorption coefficients at 275 nm and
295 nm across diverse global water bodies, achieving a minimal DOC retrieval error of
4.2%. However, Asmala et al. [130] identified multicollinearity among predictors (VIF > 10)
in this model during validation in three Finnish rivers, proposing, instead, a simple linear
regression (SLR) model based solely on 355 nm absorption to enhance robustness. Optimiz-
ing regression architecture is critical for cross-media inference accuracy. In Eutrophic Lake
Ebinur (China), comparative analyses of linear, quadratic, exponential, and logarithmic
models revealed the superior performance of linear regression (R2 > 0.74 vs. R2 < 0.72 for
nonlinear models) [112], likely attributable to the salinity-mediated enhancement of linear
CDOM–DOC coupling.

3.4.1. Semi-Empirical Method for CDOM: From Spectra to CDOM

CDOM retrieval from remote sensing reflectance (Rrs) predominantly employs em-
pirical methods supplemented by semi-analytical optical parameterizations. A standard
workflow is as follows: Based on the spectral absorption curve, the combination of sensitive
multispectral satellite bands is selected to establish a statistical model of aCDOM (the absorp-
tion coefficient of CDOM, which is often used to characterize CDOM concentration). For
instance, the Kolyma River study [103] employed Landsat TM/ETM+ band ratios (Band
3 and Band 2/Band 1) to construct a linear regression model, yet the maximum accuracy
reached only R2 = 0.7832, which exposes the insufficient spectral resolution of broadband
sensors in resolving characteristic absorption peaks of CDOM. Lai et al. [94] used Landsat
B1/B3 ratios for CDOM estimation (R2 = 0.82), subsequently deriving DOC concentrations
via CDOM–DOC correlations with RMSE = 0.65 m−1 and MSE = 10.9%. Its performance is
constrained by two critical bottlenecks:

• Model rigidity: Traditional least squares regression relying on static parameters (e.g.,
fixed band weights) struggles to adapt to spatiotemporal heterogeneity of water
inherent optical properties (IOPs) [30,103,131].

• Error propagation: The “two-step” indirect inversion pathway (Rrs → aCDOM → CDOC)
induces nonlinear amplification of errors. In the Kolyma River case [103], DOC inver-
sion standard errors increased from ±0.92 mg L−1 at the CDOM stage to ±1.68 mg L−1,
representing an 82.6% error escalation.

While empirical frameworks partially incorporate IOPs, their reliance on heuristic
band ratios neglects the explicit modeling of IOP component interactions (e.g., phyto-
plankton vs. non-algal particle absorption-scattering coupling), fundamentally limiting
model generalizability.

3.4.2. Analytical Method: From Spectra to CDOM

Analytical methods offer broader applicability compared to empirical frameworks.
Rooted in radiative transfer theory, these methods derive absorption and backscattering
coefficients through rigorous analytical solutions. However, practical implementation
remains challenging due to multiple scattering and optical heterogeneity in natural wa-
ters [132]. Semi-analytical methods bridge this gap by coupling radiative transfer equations
with empirical parameterizations, preserving physical interpretability while ensuring
computational feasibility. These approaches demonstrate superior parameter retrieval
accuracy and generalizability over traditional empirical models [133,134]. Current main-
stream semi-analytical algorithms include the quasi-analytical algorithm (QAA) [135]; the
Garver–Siegel–Maritorena (GSM) algorithm [136,137]; and the generalized inherent optical
Properties (GIOP) algorithm [138,139].

The widely used QAA_v6 [140] and QAA_CDOM [133,141] algorithms excel in ocean-
color applications but exhibit limitations in turbid inland waters. High suspended sediment
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loads induce multiple scattering and terrestrial signal interference, leading to significant
errors in inherent optical property (IOP) retrievals [142]. For instance, Pan et al. [143]
reported an RMSE = 1.39 m−1, when applying QAA to hypereutrophic Lake Taihu. Re-
cent advancements focus on algorithm customization: Wang et al. [144] recalibrated QAA
empirical equations using in situ data, developing the QAA_cj variant for highly turbid es-
tuaries (RMSE < 1.12 m−1). Le et al. [145] proposed a phytoplankton absorption coefficient
separation algorithm for Taihu Lake water bodies, successfully decoupling chlorophyll and
CDOM absorption signals (similarity coefficient S = 0.97 between separated and measured
spectra). However, spectral aliasing effects between CDOM and suspended particulate mat-
ter (SPM) in the blue spectral region (400–500 nm) still lead to residual spectral confounding
errors (RMSE) in inversion. Notably, recent research in China’s Yangtze River Estuary [146]
introduced machine learning techniques, utilizing a backpropagation neural network to
establish a nonlinear mapping model between the backscattering coefficient of suspended
particles (bbp) and the hybrid absorption coefficient ap (sum of phytoplankton absorption
coefficient aph and non-algal particle absorption coefficient adg). This data-driven approach
effectively enhances the physical consistency of CDOM concentration retrieval.

Critical improvements for QAA in inland waters involve (1) the localized calibra-
tion of empirical parameters and sub-equations within QAA architectures [140,147–152],
and (2) reference wavelength optimization [153]. The standard optical assumptions at
default reference wavelengths (e.g., 670 nm) in QAA_v6 and QAA_CDOM algorithms
mismatch actual inland water conditions dominated by elevated CDOM absorption and
SPM scattering. This discrepancy necessitates dynamic wavelength adjustments tailored to
site-specific water composition and constituent gradients. Empirical studies demonstrate
that shifting reference wavelengths from the conventional 670 nm to 740 nm (e.g., turbid
inland waters in Northeast China) [154] or near-infrared bands (e.g., Lake Taihu [155] and
Chinese turbid inland lakes [156]) enhances water column penetration depth and miti-
gates suspended particulate interference, thereby significantly improving QAA’s retrieval
stability in eutrophic waters.

The GSM and GIOP frameworks employ distinct mathematical approaches for deriv-
ing CDOM absorption coefficients: GSM utilizes nonlinear equations, while GIOP relies on
eigen-based matrix inversion techniques. Since GSM uses nonlinear equations to derive
optical parameters such as the absorption coefficients of substances in water bodies, it is
highly dependent on prior spectral libraries. It needs to rely on laboratory and in-situ
measurement differences to construct accurate and comprehensive spectra covering CDOM,
phytoplankton, and suspended particulate matter, so as to enable the GSM model to have
better adaptability in different types of water bodies (such as oceans, lakes, and rivers). In
applied research, Matsuoka et al. [157] successfully applied the GSM model to estimate
CDOM absorption in coastal waters, achieving DOC retrieval through robust CDOM–DOC
correlations (R2 = 0.97). However, its efficacy in inland DOC estimation remains unvali-
dated due to complex optical interference. Salama et al. [158] modified the GSM model
while obtaining the spectral dependence of inland waters, addressing the limitation that
GSM is limited to the ocean. Both GSM and QAA exhibit significant performance degra-
dation at high solar zenith angles [159], necessitating enhanced atmospheric correction
protocols. To mitigate this, Xu et al. [160] developed a spherical-shell atmospheric vector
radiative transfer model using Monte Carlo simulations, explicitly accounting for Earth
curvature effects under extreme illumination conditions.

GIOP offers superior flexibility through a dynamic selection of phytoplankton ab-
sorption models (e.g., Bricaud’s formulation vs. exponential decay) and region-specific
parameter optimization [135,139,161,162]. Despite this adaptability, GIOP generally under-
performs in retrieval accuracy compared to QAA and GSM. A comparative study in eastern
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New Caledonia lagoons revealed GIOP’s inferior precision [142], relegating it to niche
applications despite its theoretical versatility. Table 7 summarizes the core advantages and
application limitations of QAA, GSM, and GIOP.

Table 7. Comparative advantages and constraints of QAA, GSM, and GIOP.

Model Core Advantages Applicable Inland Water Types Operational Constraints

QAA

• Lowest computational
complexity, extremely fast
processing speed

• Fully transparent and
traceable inversion process
(no optimization black box)

• Clean lakes
• Low-to-moderate turbidity

reservoirs
• Low-flow rivers

• Low-to-medium SZA
(sensitive to angle changes)

• Multispectral bands
• Low computational

resource demand

GSM
• Capable of rapid estimation

in highly turbid waters

• Estuarine mixing zones
• High-sediment rivers
• Eutrophic shallow lakes

• Low-to-medium SZA
• Multispectral bands
• Iterative computation

required, high
computational resource
demand

GIOP

• Multi-component IOPs
spectral resolution capability

• Customizable
parameterization schemes
with high flexibility for
complex optical properties

• Urban polluted waters
• Heavily eutrophic lakes
• Algal bloom-dominated

waters

• Medium-to-high SZA
• Hyperspectral data
• High-iteration

computation, high
computational resource
demand

Although analytical methods have explicitly modeled IOPs compared to empirical
frameworks, the generalization capabilities of algorithms such as QAA, GSM, and GIOP
across water bodies are still constrained by drastic fluctuations in substance concentrations
across different water areas. Introducing mass-specific inherent optical properties (MSIOPs)
can mitigate the interference of substance concentration fluctuations on optical signals.
For example, a*CDOM quantifies the CDOM absorption capacity per unit mass of DOC,
while b*bbp uniformly characterizes the specific scattering efficiency of particulate matter.
De Stefano et al. [163] discovered through Gaussian decomposition that there is a strong
nonlinear relationship between the a270:a320 ratio and DOC-specific absorption coefficient
a*355 (a(355)/DOC) and a*440 (a(440)/DOC). The constructed model achieved favorable
results in both deep and shallow lakes (with high R2 and MAPD < 16%).

3.5. Enhanced Strategies for Nonstationary CDOM–DOC Relationships

In aquatic systems, CDOM and chlorophyll-a concentrations typically exhibit a weak
correlation [164,165]. In contrast, DOC (dissolved organic carbon) demonstrates significant
sensitivity to phytoplankton dynamics [166] and increases markedly with algal proliferation
during eutrophication [167]. When chlorophyll-a concentration exceeds 0.8 µg/L, biological
processes—such as algal growth and mortality—dominate DOC gradient variations. The
extracellular products secreted (EPS) during vigorous algal growth and photosynthetic
byproducts are predominantly low-molecular-weight colorless compounds. This causes
an imbalance between the proportion of DOC components released by algae and CDOM,
disrupting the DOC–CDOM correlation typically formed in natural waters from similar
sources (e.g., terrestrial input and microbial metabolism). Conversely, when chlorophyll-a
concentration falls below this threshold, abiotic processes dominate, and the DOC–CDOM
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correlation reemerges. To address this biological decoupling phenomenon, Liu et al. [99]
developed a dual-mode inversion framework. This framework employs a “conservative
mixing” model to describe the linear relationship between DOC and CDOM under low
chlorophyll-a conditions and utilizes a “biological disturbance” model to quantify the
impact of biological processes on DOC variability during algal blooms. This approach
adaptively resolves the challenge of DOC dynamics across different trophic states.

Beyond biological disturbances, photochemical processes additionally impair CDOM’s
capacity as a DOC proxy. Photodegradation (photobleaching), defined as the photochemical
mineralization of dissolved organic matter under solar radiation, intensifies substantially
in highly irradiated shallow inland waters. Within these systems, aromatic conjugated
structures in CDOM experience accelerated cleavage through direct photolysis or indirect
photo-oxidation mechanisms. Simultaneously, macromolecular humic substances decom-
pose into low-molecular-weight organic acids, fundamentally restructuring their optical
characteristics and critically compromising CDOM’s reliability for DOC estimation.

Furthermore, given photodegradation’s minimal influence on visible band absorp-
tion (>380 nm), retrieval models dependent on this spectral range cannot detect pho-
tolytic alterations in CDOM, thereby introducing systematic biases. Conversely, CDOM’s
ultraviolet-band optical properties demonstrate heightened sensitivity to photodegrada-
tion. Specifically, the attenuation rate of aCDOM(380) (indicative of conjugated double-bond
systems) significantly exceeds that of aCDOM(275) (representing phenolic structures). This
differential degradation elevates the spectral slope S275–295, enabling its application as an
optical tracer for monitoring CDOM compositional transformation. The Yangtze River
Estuary model [168] incorporated the spectral slope S275–295 as a characteristic parameter
into the CDOM–DOC derivation methods, resolving non-conservative mixing issues be-
tween CDOM and DOC, with the correlation coefficient increased to R2 = 0.746. Danhiez
et al. [169] achieved enhanced DOC retrieval accuracy by synergistically integrating S275–295

and S320–412 into inversion models. Monsoon-driven observations reveal distinct CDOM
dynamics: elevated high-molecular-weight fractions with lower S280–500 during monsoon
seasons, contrasting sharply with post-monsoon dominance of low-molecular-weight
CDOM and higher S280–500 [170]. In regions where stable statistical correlations between
DOC and CDOM are lacking, integrating biogeochemical process indicators into remote
sensing inversion frameworks offers a promising pathway to enhance model robustness.

3.6. Machine Learning-Driven DOC Retrieval

Recent advances in machine learning (ML) techniques—including neural networks,
support vector machines, random forests, and deep learning—have demonstrated sig-
nificant potential for DOC estimation by leveraging their capacity to model nonlinear
relationships and fuse multisource data. Unlike conventional empirical approaches, ML
models dynamically synthesize multispectral imagery, meteorological parameters, and
environmental variables, autonomously extracting complex feature associations to map spa-
tiotemporal DOC distributions (Figure 5). Key strengths lie in automated data processing,
adaptive model optimization, and the resolution of nonlinear interactions.
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Figure 5. Schematic diagram of artificial intelligence-driven DOC remote sensing inversion in
inland waters (the deep model is constructed based on a multi-level stacked deep feedforward
network architecture, effectively decoupling the absorption characteristics of water quality parameters
through hierarchical deduction to prevent error propagation to the DOC output layer. Internally
embedded recurrent neurons enable output feedback after fixed temporal delays, capturing DOC
concentration dynamics influenced by seasonal hydrological variations and spatial propagation
processes. Incorporated residual structures including Update Gate and Reset Gate synchronously
capture localized waterbody features and global trends, addressing spatial heterogeneity challenges
in inland waterbodies.).

Early applications focused on CDOM estimation, with backpropagation (BP) neu-
ral networks outperforming traditional band-ratio models through multidimensional in-
puts and robust fitting [171]. Random forest (RF) algorithms addressed single-model
biases by aggregating decision trees, achieving reliable CDOM retrievals in Chinese
inland lakes [172]. XGBoost further advanced robustness by integrating regulariza-
tion to mitigate overfitting, demonstrating superior performance in the Songhua River(

R2 = 0.89, testdat R2 = 0.85
)

[113], Lake Chao (spanning 40-year CDOM dynamics,

R2 = 0.955, RF: R2 = 0.924) [91], and Pearl River Estuary (R2 = 0.90) [173]. Figure 6
shows a comparative demonstration of the application performance of new ML technolo-
gies in inland waters for some typical cases, including [174,175]. Particularly for Chaohu
Lake, the study cited empirical models proposed by Xu et al. [176] (2018), Olmanson
et al. [177] (2020), Chen & Zhu [178] (2022), and Siswanto et al. [179] (2011). Evaluation
showed that all four models had determination coefficients (R2) below 0.01, with the MAE
ranging from 0.136 to 1.71, the RMSE ranging from 0.164 to 0.219, and a maximum bias of
1.248, indicating significant estimation deviations. Similarly, when three empirical models
proposed by Sun et al. [180] were validated with data from the Pearl River Estuary, the R2

values only ranged from 0.53 to 0.57, and the MAPE was between 23.27% and 46.87%, signif-
icantly underperforming compared to ML models. These results highlight the application
advantages of ML in retrieving DOC in inland waters. Emerging studies highlight ML’s
unique ability to abstract features and control error propagation, particularly in optically
complex inland waters where empirical models oversimplify biogeochemical processes
and indirect retrievals suffer accuracy loss [18,180–189]. This advantage has been validated
by extensive data: After testing ML, traditional empirical models, and the QAA algo-
rithm using 1097 samples from multiple countries including Australia and New Zealand,
Pahlevan et al. [190] found that ML maintains prediction stability across three orders of
magnitude of aCDOM (from 10−2 to 101 m−1), whereas traditional models and QAA are
only reliable at the 100 absorption coefficient level. Additionally, ML exhibits superior
estimation bias (slope = 0.752, RMSLD = 0.693) and uncertainty compared to empirical
models (slope = 0.586, RMSLD = 1.108) and QAA (slope = 0.607, RMSLD = 1.149).
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Figure 6. Performance comparison of ML algorithms in related studies.

Remote sensing inversion methods for DOC have evolved from empirical–statistical
approaches to physics-informed paradigms and, more recently, artificial intelligence-driven
frameworks. However, critical technical bottlenecks persist (Table 8). Direct retrieval meth-
ods remain constrained by stringent water quality requirements and limited generalizability.
While deep learning architectures show potential to mitigate error propagation in indirect
approaches, current efforts largely repurpose generic machine learning models rather than
developing DOC-specific solutions. Such general-purpose ML approaches are subject to
dual constraints arising from both data limitations and inherent model characteristics.

Table 8. Comparison of various remote sensing inversion methods.

Method/Step Advantages Disadvantages Limitations Applicability

Direct Inversion Methods

Simple model;
Fast

computation;
Low data

requirements.

High
regional

dependency;
Ignores
optical

mechanisms;
Poor general-

ization.

Only suitable for
optically stable

waters;
Low long-term

monitoring
reliability.

Short-term
monitoring

of single
water body
(e.g., clear

rivers).
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Table 8. Cont.

Method/Step Advantages Disadvantages Limitations Applicability

Indirect
Inversion
Method

From
Spectra to

CDOM

Semi-Empirical
Method

Relatively strong
physical

relevance;
Moderate data

needs.

Affected by
CDOM

sources and
seasonal

variations.

Effective for high
CDOM waters;

Large errors in low
CDOM waters.

CDOM
dominated
eutrophic

lakes/rivers.

Semi-
Analytical

Method

QAA

Clear physical
mechanisms;

Compatible with
multi-spectral
satellite data.

Relies on
atmospheric

correction
accuracy;

Large errors
in deep

water/highly
turbid
waters.

Requires accurate
separation of CDOM
from other absorbers

(e.g.,
phytoplankton).

Moderately
turbid

shallow
lakes.

GSM

Low complexity,
strong global
applicability;

Robust for highly
turbid waters.

Requires
prior spectral

library
support.

CDOM absorption
easily confounded

with particulate
matter in turbid

waters.

Large turbid
lakes/estuaries;

High
suspended
sediment
waters.

GIOP

Highly
customizable;

Flexible; Adapts
to complex

optical
properties.

Difficult
parameter

optimization;
High result
uncertainty.

Requires extensive
validation data for

sub-model
integration.

Urban waters
or eutrophic
lakes with
complex
optical

properties.

From
CDOM to

DOC

Robust CDOM–DOC
Relationships

Sensitive to high
CDOM

concentrations,
captures

seasonal DOC
variations;

Simple
implementation.

Demands
extensive

field
sampling for

CDOM
absorption
and DOC

data.

CDOM:DOC ratio
affected by sources

(terrestrial/
autochthonous),
seasonality (e.g.,
snowmelt), and

photodegradation
may cause model

failure.

CDOM-
dominated

waters;
Terrestrial

input regions;
Short-term
monitoring

needs.

ML Method

Strong high-
dimensional data

processing;
Integrates

multi-source
data (spectral +
environmental

factors);
Superior
nonlinear
modeling.

Requires
large labeled

datasets;
Poor model

interpretabil-
ity;

High compu-
tational

resources.

Weak generalization
in data-scarce

regions.

Complex
waters with
hyperspec-

tral data
support;

Long-term
temporal

monitoring.

First, the efficacy of general models is often constrained by the data-driven paradigm:
ML relies on large-scale annotated datasets for end-to-end training. However, acquir-
ing in situ measurements of DOC in aquatic remote sensing is costly, and samples are
often spatially heterogeneous. When sample sizes are insufficient, the data struggle to
comprehensively capture the seasonal variations, estuarine mixing processes, algal bloom
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dynamics, and periodic anthropogenic activities (e.g., fishing, agricultural runoff within
watersheds) within the study area. This data scarcity significantly compromises the ap-
plicability of model inversion results in complex scenarios. Furthermore, the spectral
characteristics of CDOM exhibit nonlinear distributions across diverse water bodies, which
limited samples fail to fully represent within the feature space. For water areas with limited
samples, strategies like transfer learning and domain adaptation can be employed. This
involves initial training using marine models or samples from inland water areas with
abundant data, followed by fine-tuning with a small number of samples from the target
region. Domain adaptation techniques reduce the distribution discrepancy between the
source domain (water areas with large samples) and the target domain (small-sample target
area) through feature alignment or adversarial learning, facilitating rapid model adaptation
to new scenarios. Concurrently, data augmentation techniques can be leveraged, such as
using generative adversarial networks (GANs) to generate more training data from limited
samples, thus enhancing data diversity.

Second, the interaction between small sample sizes and ML models further exacerbates
errors: (1) Models struggle to distinguish effective signals from noise during training,
easily overfitting to random fluctuations in the data, and (2) insufficient samples amplify
parameter estimation errors, leading to substantially degraded generalization capability.
These deficiencies are particularly pronounced in highly heterogeneous waters or lakes
with strong seasonality, potentially causing biases in inversion results to exceed acceptable
thresholds for practical applications. In this regard, a machine learning model can be
trained based on in situ data, and a high signal-to-noise ratio model can be constructed by
using the high accuracy of in situ measurement data [191,192].

Furthermore, the inherent properties of ML models impose fundamental constraints
on DOC inversion accuracy. BP neural networks, optimized via gradient descent, are
prone to converging to local minima within non-convex loss functions. This is especially
problematic when DOC spectral features overlap with those of suspended particulate
matter and chlorophyll-a, potentially causing the model to misattribute spectral signals
from high-chlorophyll regions to DOC, resulting in systematic overestimation errors in
algal bloom-dominated waters. For tree-based models like XGBoost, dependence on tree-
depth parameters increases markedly in waters with complex compositions. Excessive
tree depth induces overfitting, causing significant divergence between training and test set
accuracy, particularly in optically complex zones such as estuarine mixing areas. Regarding
CNNs, while pooling operations confer translational invariance, they inevitably discard
fine-grained spatial location information. This leads to structural errors in inversions
for small water bodies or inland lakes with steep water quality gradients. More criti-
cally, while CNNs automatically extract spectral features, they—like other deep learning
approaches [193,194]—struggle to explicitly incorporate physicochemical priors, such as
radiative transfer theory in water or the fluorescence properties of organic matter. This
results in a lack of interpretability in the translation of spectral features to biogeochemi-
cal parameters.

4. Optimizing DOC Retrieval: From Feature Engineering to
Algorithmic Synergy
4.1. Synergistic Global Exploration of Domain-Specific Hyperparameter Space via Intelligent
Optimization Algorithms

The direct transplantation of generic machine learning models inherently constrains
their efficacy in domain-specific applications, particularly for DOC retrieval in optically
complex aquatic systems. Employing optimization algorithms as “couplers” between ML
methods and domain-specific knowledge can address the limitations of general-purpose
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ML systems. By establishing a parameter optimization framework under multi-objective
constraints, hydrogeographic principles and the Beer–Lambert law can be transformed into
mathematical constraints, thereby directing model architectures toward domain-optimal
and physically reasonable solutions. Concurrently, initializing parameter weights through
prior knowledge (correlation relationships) accelerates convergence while avoiding local
optima and counterintuitive solutions. For instance, Abdollahi et al. [195] effectively
mitigated the defect of gradient descent methods being prone to becoming trapped in local
optima by introducing genetic algorithms (GA) into the parameter optimization process
of backpropagation (BP) neural networks. Furthermore, Chen et al. [196] innovatively
integrated GA’s global exploration capability with XGBoost’s regularization constraints to
construct a GA-XGBoost joint optimization framework, which significantly enhanced the
inversion accuracy of water quality parameters in urban rivers.

4.2. Data Optimization—Feature Engineering

Within theoretical frameworks of model fusion and optimization, advanced feature
engineering is imperative to construct and enhance optical relevance in data inputs. Based
on the exponential decay characteristics of CDOM in the ultraviolet-visible spectral range
(e.g., contributing 50% of the absorption at 443 nm [197]), shortwave band combinations
have been extensively employed for DOC inversion. Based on systematic analyses of the
literature [93,94,103,110,145,172,173,176,189,198–204] (statistical results shown in Figure 7),
in inland waters with high CDOM concentrations, water bodies exhibit larger absorption
coefficients in blue and violet spectral regions [205]. The “red-blue”, “green-blue”, and “red-
violet” bands demonstrate enhanced applicability. This advantage may manifest through
synergistic effects in spectral response mechanisms: The blue-violet bands predominantly
reflect intrinsic CDOM absorption characteristics, while the red bands, being less influ-
enced by components like chlorophyll, effectively decouple mixed spectral signals, thereby
improving the robustness of DOC inversion methods. When CDOM concentrations de-
crease, the red-green spectral proportions in absorption characteristics increase [22]. In such
scenarios, red-green bands exhibit better performance in inland waters with non-extremely
low concentrations, which aligns with the findings reported by Zhu et al. [107].

However, the inherent optical heterogeneity of inland waters [206,207] and spectral
interference from complex water quality parameters [107,208] fundamentally undermine
the applicability of traditional characteristic bands. This interference originates from the
deep coupling of absorption signals among CDOM, NAP, and phytoplankton. By inte-
grating in situ measurements from multiple global regions [208–221] (Argentina, Portugal,
Brazil, Canada, New York State-USA, Southern Finland, Southeastern/Northeastern China,
Scotland-UK, and Southwestern Sweden), a ternary diagram of non-water absorption
(Figure 8e) and typical absorption spectra (Figure 8a–d) of inland waters at the characteris-
tic wavelength of CDOM (~440 nm) were plotted. The figure reveals that the absorption of
the three components forms a “mixed fingerprint” effect.
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Figure 7. Sankey diagram of DOC remote sensing inversion feature (cross-sensor standardized
band combinations with inter-band operation methods including algebraic operations, nonlinear
transformations, and composite operations).

Figure 8. Non-water absorption characteristics (a–d) and ternary diagrams with marginal density
curves (e) of inland waters.

In high-turbidity rivers, NAP dominates (mean absorption contribution: 67.19%),
severely masking CDOM signals; lakes exhibit CDOM predominance (67.12%) with bal-
anced contributions from NAP (19.74%) and Ph (18.13%); whereas reservoirs display the
strongest three-component spectral mixing (CDOM: 42.69%, Ph: 31.33%, NAP: 25.97%).
Scattered data points in ternary diagrams further confirm no absolute dominance of any
single optical component, with spatial heterogeneity in Ph-NAP compositional ratios driv-
ing waterbody-specific CDOM interference mechanisms—exemplified by reservoirs where
CDOM contribution ranges from 6.9% to 93.56% (n = 300), highlighting the challenge in
selecting optical decoupling features for inland waters.
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From the perspective of current research, current methodologies for retrieving DOC
predominantly prioritize the selection of short-wavelength spectral bands (blue and green
regions), while demonstrating limited utilization of long-wavelength bands (yellow and
infrared regions). While this strategy reduces model complexity, it simultaneously sac-
rifices the detailed representation of CDOM characteristics in long-wavelength spectra.
Experimental results from Zhu et al. further substantiate that incorporating spectral
bands exceeding 600 nm can effectively enhance CDOM inversion accuracy, particularly
in complex inland freshwater systems [48,107,205,222,223]. Although the incorporation of
long-wavelength bands can enhance inversion accuracy, traditional band ratio processing
approaches struggle to resolve their nonlinear interactions [18,224,225]. Feature optimiza-
tion methods such as filter-based approaches (PCA [226], the Pearson correlation coeffi-
cient [227], the chi-square test, the distance correlation coefficient [228]), wrapper-based
approaches (recursive feature elimination [229], greedy algorithms [230], and exhaustive
search), and embedded approaches [231] (penalty term-based feature selection and learn-
ing model-based feature ranking) can yield highly expressive model input information.
However, these methods rely on the manual construction of the feature database and fail to
autonomously uncover cross-scale spectral correlations.

In comparison, large-scale deep learning models (e.g., transformer-based architectures
and CNN) generally exhibit superior feature learning capabilities. Future research on
DOC remote sensing inversion could leverage these large models to construct multi-scale
feature fusion deep learning frameworks. A dual-branch network architecture could be
designed: The shortwave branch (400–600 nm) would employ ResNet-18 to extract intrinsic
absorption characteristics of CDOM, with the ResNet-18 architecture having been proven
to excel in monitoring the vertical distribution of algal blooms in inland reservoirs [232],
thanks to its robust feature extraction capabilities and stable training process. The longwave
branch (600–900 nm) would utilize the convolution block attention module (CBAM) to
decouple interference from turbid water bodies, where the CBAM mechanism has verified
its effectiveness in decoupling chlorophyll content in bay waters [233], with its attention
mechanism extendable to spectral signal separation tasks in turbid inland waters. However,
the shortwave and longwave designs require high spatial and temporal resolution data
support [234] for application in complex inland waters, further highlighting the necessity of
the satellite–air–ground synergistic data collaboration discussed in Section 2.1. Ultimately,
a feature pyramid could be implemented to achieve cross-band synergistic interpretation
of spectral information.

5. Conclusions and Prospects
Since 2010, emerging remote sensing paradigms have fundamentally revolutionized

inland water DOC monitoring, transitioning from discrete in situ sampling to remote
sensing-based quantification—a transformation closely aligned with the global carbon
neutrality imperative. While current inversion frameworks exhibit limitations in spatiotem-
poral resolution, atmospheric correction accuracy, and methodological generalizability,
six convergent pathways emerge to advance this field:

• Land-observing satellites (e.g., Landsat-8 and Sentinel-2) have proven to be effective
and advantageous in replacing ocean-color remote sensing for monitoring small-scale
inland water bodies. However, their standalone application remains constrained
by insufficient spectral granularity and temporal coverage, necessitating synergistic
integration with near-surface and UAV-mounted hyperspectral platforms.

• Uncertainty mitigation requires rethinking atmospheric correction paradigms. Legacy
marine-oriented models (FLAASH, 6S) prove inadequate for optically complex inland
waters. While neural networks show potential, bespoke atmospheric correction proto-
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cols tailored to terrestrial sensors and regional biogeochemical variability should be
developed alongside next-generation sensors with enhanced radiometric sensitivity.

• Indirect DOC inversion via CDOM proxies remains viable in systems governed by
salinity gradients or terrestrial carbon export via unidirectional runoff. However, the
decoupling mechanism caused by the complex effects of biogeochemistry needs to be
addressed using a framework of local driver optimization.

• Methodological evolution hinges on transcending the empirical–analytical dichotomy.
Semi-analytical approaches coupling radiative transfer models with bio-optical mech-
anisms exhibit superior generalizability over their empirical counterparts, yet their
inland water adaptations (QAA, GSM, and GIOP) require substantial refinement. Hy-
brid models integrating mechanistic constraints with data-driven calibration represent
a critical frontier.

• Machine learning’s nonlinear mapping capacity offers promise in circumventing error
propagation in traditional methods, but its black-box nature and data dependency
necessitate physics-informed architectures. Future research may employ optimization
algorithms as a coupling mechanism between ML methods and domain knowledge to
resolve the single data-driven paradigm of general ML.

• Advancing spectral feature engineering demands transcending heuristic feature se-
lection. Deep learning architectures with dual-branch networks could disentangle
shortwave-longwave spectral interactions, enabling cross-band synergistic analysis
while suppressing sensor-specific noise.
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The following abbreviations are used in this manuscript:

DOC Dissolved Organic Carbon
CDOM Colored Dissolved Organic Matter
TSM Total Suspended Matter
CZCS Coastal Zone Color Scanner
STARFM Spatial and Temporal Adaptive Reflectance Fusion Model
GEE Google Earth Engine
NAP Non-Algal Particles
NIR Near Infrared
FLAASH Fast Line-of-sight Atmospheric Analysis of Spectral hHypercubes
SRF Spectral Response Function
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R2 Coefficient of Determination
MAE Mean Absolute Error
RMSE Root Mean Square Error
MAPE Mean Absolute Percentage Error
VIF Variance Inflation Factor
LSMA Linear Spectral Mixture Analysis
Rrs Remote Sensing Reflectance
MLR Multiple Linear Regression
SLR Simple Linear Regression
IOPs Inherent Optical Properties
aCDOM Absorption Coefficient of CDOM
QAA Quasi-Analytical Algorithm
GSM Garver–Siegel–Maritorena
GIOP Generalized Inherent Optical Properties
SPM Suspended Particulate Matter
bbp Backscattering Coefficient of Suspended Particles
aph Phytoplankton Absorption Coefficient
adg Non-algal Particle Absorption Coefficient
ap Hybrid Absorption Coefficient: aph+adg
MSIOPs Mass-Specific Inherent Optical Properties
a*CDOM aCDOM/DOC
b*bp bbp/TSM
EPS Extracellular Products Secreted
SZA Solar Zenith Angles
S Spectral Slope Parameters
PRE Pearl River Estuary
ML Machine Learning
RF Random Forest
BP backpropagation Neural Networks
XGBoost Extreme Gradient Boosting
NN Neural Network
SVM Support Vector Machine
KNN K-Nearest Neighbors
MLP Multi-Layer Perceptron
PLS Partial Least Squares
GBDT Gradient Boosting Decision Tree
SVR Support Vector Machine
RMSLD Root Mean Square Logarithmic Deviation
GANs Generative Adversarial Networks
CNN Convolutional Neural Networks
GA Genetic Algorithms
PCA Principal Component Analysis
Ph Phytoplankton
CBAM Convolution Block Attention Module
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Abstract

Mangroves are critical blue carbon ecosystems, yet accurately estimating their aboveground
carbon (AGC) stocks remains challenging due to structural complexity and spectral satura-
tion in dense canopies. This study aims to develop a scalable AGC estimation framework by
integrating high-resolution canopy height (CH) data from UAV-LiDAR with multi-source
satellite features from Sentinel-1, Sentinel-2, and ALOS PALSAR-2. Using the Maowei Sea
mangrove zone in Guangxi, China, as a case study, we extracted structural, spectral, and
textural features and applied Random Forest regression with Recursive Feature Elimination
(RFE) to optimize feature combinations. Results show that incorporating UAV-derived CH
significantly improves model accuracy (R2 = 0.75, RMSE = 14.18 Mg C ha−1), outperforming
satellite-only approaches. CH was identified as the most important predictor, effectively
mitigating saturation effects in high-biomass stands. The estimated total AGC in the study
area was 88,363.73 Mg, with a mean density of 53.01 Mg C ha−1. This study highlights
the advantages of cross-scale UAV–satellite data fusion for accurate, regionally scalable
AGC mapping, offering a practical tool for blue carbon monitoring and coastal ecosystem
management under global change.

Keywords: aboveground carbon estimation; UAV-LiDAR; multi-source data fusion;
mangrove ecosystems; canopy height modeling; Pinglu Canal

1. Introduction
Blue carbon ecosystems, particularly mangroves, play a critical role in global climate

regulation. Despite covering less than 1% of Earth’s terrestrial area, mangroves are among
the most carbon-rich forest types on the planet and possess exceptional capacity for car-
bon sequestration and long-term storage [1,2]. By efficiently absorbing atmospheric CO2

through photosynthesis and storing carbon in biomass and organic-rich soils, mangroves
are increasingly recognized as a nature-based solution to mitigate climate change. Typically
distributed along tropical and subtropical coastlines, mangrove forests are unique intertidal
wetlands characterized by high productivity and ecological value. They deliver diverse
ecosystem services, including coastal protection, shoreline stabilization, and biodiversity
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conservation [3]. Dense root systems dissipate wave energy, reducing storm surge and
tsunami impacts, while also providing critical nursery and breeding habitats for econom-
ically and ecologically important aquatic species. However, mangrove ecosystems have
suffered significant degradation in recent decades. According to the World Mangrove Re-
port 2022, global mangrove area has declined by more than 5200 km2 since 1996, primarily
driven by aquaculture expansion and unsustainable coastal development. This habitat
loss not only undermines ecosystem services but also results in the release of previously
sequestered blue carbon, contributing to increased greenhouse gas emissions. In response,
China’s Ministry of Natural Resources and National Forestry and Grassland Administra-
tion jointly launched the Mangrove Conservation and Restoration Action Plan (2020–2025)
in August 2020. The plan prioritizes mangrove protection, restoration, and carbon sink
research as part of the nation’s strategy to peak carbon emissions before 2030. These policy
initiatives underscore the urgent need for accurate mangrove carbon stock assessment to
support sustainable ecosystem management and climate mitigation.

Despite increased conservation efforts, large-scale coastal engineering projects con-
tinue to pose risks to mangrove carbon stocks and ecological functions. One such case is the
construction of the Pinglu Canal in Guangxi, China—a 140 km waterway whose estuarine
outlet intersects the Maowei Sea mangrove zone. According to the project’s environmental
impact assessment, canal development will result in the permanent loss of approximately
13.87 hectares of mangroves and affect more than 250,000 individual mangrove trees. The
excavation and navigation operations will alter sediment transport and tidal hydrody-
namics, potentially disrupting the sedimentary and hydrological conditions essential for
mangrove survival. This case highlights the need for quantitative assessment of how large
infrastructure projects affect mangrove carbon storage and ecosystem service provision [4].

Accurate estimation of mangrove carbon stocks is fundamental for scientific man-
agement and environmental impact evaluation. Traditional approaches typically rely
on ground plot surveys and empirical biomass models, which are labor-intensive and
difficult to implement in muddy, inaccessible mangrove environments. In contrast, re-
mote sensing offers a more efficient means of large-scale monitoring. Optical remote
sensing, in particular, enables wide-area coverage and high temporal resolution. Early
studies used moderate-resolution imagery (e.g., Landsat and MODIS) to estimate mangrove
biomass [5,6]. However, passive optical sensors are susceptible to atmospheric interfer-
ence and can only capture surface reflectance of the canopy, failing to penetrate dense
vegetation to retrieve structural detail. In high-biomass forests, vegetation indices such as
the NDVI often exhibit saturation—reflectance values plateau beyond a certain biomass
threshold—thus reducing estimation accuracy [7,8]. Similarly, synthetic aperture radar
(SAR) data from systems like Sentinel-1 or ALOS PALSAR are limited by their wavelength
and polarization, resulting in saturation at 50–150 Mg/ha, depending on the band (C or
L) [9,10]. Furthermore, while textural metrics can supplement spectral and SAR data by
capturing spatial heterogeneity, their effectiveness also diminishes in structurally homoge-
neous canopies [11,12]. As such, traditional optical and SAR-based methods face challenges
in accurately assessing biomass in high-carbon-density mangrove stands [13].

To overcome these challenges, structural variables—particularly canopy height
(CH)—have increasingly been employed. Satellite-based LiDAR missions, such as the
Global Ecosystem Dynamics Investigation (GEDI) and the Ice, Cloud, and land Elevation
Satellite-2 (ICESat-2), have improved forest structure retrieval globally by providing verti-
cal vegetation metrics [14,15]. However, these systems generate sparse and discontinuous
samples, struggling with the vertical complexity of coastal mangrove ecosystems due to
limited spatial resolution, sampling density, and tidal influences. Airborne LiDAR sys-
tems offer improved vertical accuracy, but most prior studies—such as Shang et al. [16],
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which utilized a full-waveform UV LiDAR mounted on an ultralight aircraft—focused on
temperate deciduous forests and operated at relatively coarse ground footprints (~2.2 m)
with point spacing of ~1 m. While these systems are capable of capturing general forest
structure, their limited flexibility, lower point density, and coarser spatial detail make them
less suitable for resolving the fine-scale heterogeneity of mangrove canopies.

Conversely, UAV-LiDAR systems generate dense point clouds, enabling detailed
characterization of canopy structure and accurate extraction of vegetation attributes [17].
Recent studies confirm that UAV-derived canopy height models (CHMs) achieve high
accuracy in dense mangroves [18]. UAV-LiDAR serves as a valuable intermediary between
ground surveys and satellite data, providing reliable references for canopy height esti-
mation [19]. However, UAV-LiDAR’s high operational cost and limited spatial coverage
restrict its use for regional AGC mapping. Recently, attempts have been made to integrate
UAV-LiDAR and satellite remote sensing data, supporting canopy height interpolation
at regional scales [20]. The effectiveness of such integration for regional AGC estimation
remains to be thoroughly investigated.

In recent years, machine learning (ML) techniques have become indispensable tools for
estimating aboveground carbon (AGC), owing to their ability to capture complex and non-
linear relationships between vegetation characteristics and biomass. Among various ML
algorithms, the tree-based ensemble model Random Forest (RF) has consistently demon-
strated robust predictive performance across a wide range of ecological applications [21].
Its ensemble structure, which integrates multiple decision trees, enhances generalization
capability and effectively mitigates overfitting [22,23]—an advantage particularly critical
when modeling heterogeneous and high-biomass environments such as mangrove forests.
In the context of remote sensing-based AGC estimation, recent advances have focused on
cross-scale integration of multi-source data and fusion of diverse vegetation features to
improve model performance [24]. However, stacking a large number of input variables
into machine learning models may lead to redundancy, increased computational cost,
and diminished marginal returns in accuracy. Empirical studies have shown that while
multi-feature fusion can initially enhance predictive performance, its effectiveness tends
to plateau once the feature set exceeds a certain threshold [15,25]. Therefore, optimizing
feature selection is critical to constructing parsimonious and interpretable AGC estimation
models. In this study, we employed Recursive Feature Elimination (RFE), a wrapper-based
feature selection method, to systematically identify a subset of the most informative pre-
dictors from the multi-source remote sensing dataset. By iteratively removing the least
important features based on model performance, RFE enables the reduction in dimen-
sionality while retaining key structural and spectral information relevant to AGC. This is
especially important for mangrove ecosystems, where high canopy density and spectral
saturation present additional challenges for remote sensing-based modeling.

The Maowei Sea mangrove ecosystem in Guangxi, China, was selected as the study
area due to its ecological representativeness, high biomass density, and exposure to active
coastal development pressures. It is one of the largest and most biodiverse mangrove
zones in southern China, consisting of both natural and planted stands with varying
canopy structures. Moreover, it is directly affected by large-scale infrastructure projects
such as the Pinglu Canal, making it an ideal site for assessing blue carbon dynamics under
anthropogenic disturbance.

Building on this foundation, the present study targets the Maowei Sea mangrove
ecosystem in Guangxi as a representative high-biomass coastal wetland, aiming to de-
velop a scalable and accurate AGC estimation framework through the integration of
UAV-LiDAR-derived canopy height and multi-source satellite remote sensing features
(Sentinel-1, Sentinel-2, and PALSAR-2). Unlike previous approaches that rely solely on
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sparse spaceborne LiDAR footprints or traditional optical/SAR indices, our method lever-
ages dense structural information acquired from UAV-LiDAR as a foundation for cross-scale
feature interpolation and model training. The central hypothesis of this study is that fus-
ing UAV-derived structural metrics with spectral and radar-based vegetation indices will
enhance AGC prediction performance by mitigating saturation effects and enhancing
structural sensitivity.

Specifically, we investigate two key aspects: (1) how the fusion of UAV-LiDAR and
satellite remote sensing features can enhance AGC model accuracy and generalization
capability at regional scales and (2) how the number and composition of vegetation features
affect model performance, particularly under high-biomass conditions. Through RFE and
comparative modeling, we demonstrate that an optimal subset of features—including
canopy height, spectral features, and textural features—can maximize model efficiency
without sacrificing accuracy. These findings contribute a methodological basis for scalable,
interpretable blue carbon monitoring and provide critical insights for ecosystem impact
assessments in regions undergoing large-scale coastal development.

2. Materials
2.1. Study Area and Field Data Collection

The Maowei Sea is located in the southern part of Guangxi Zhuang Autonomous Re-
gion, along the northern coastline of Qinzhu Bay (Longitude: 108◦28′–108◦37′ E; Latitude:
21◦48′–21◦55′ N), and serves as a critical estuarine outlet for the Pinglu Canal. Situated near
the Beibu Gulf, it lies at the transitional zone between tropical and subtropical climates,
representing a typical coastal wetland ecosystem. The region spans approximately 15 km
from east to west and 17 km from north to south, with a total area of about 135 km2. The
landscape is characterized by extensive shallow tidal flats, estuarine mangrove wetlands,
and nearshore marine environments. Among these, the mangrove-covered area accounts
for approximately 19.97 km2. Figure 1 provides a high-resolution overview of the Maowei
Sea mangrove estuary, including the delineated study area boundary, spatial distribution
of mangroves (in red), and the locations of field plots (yellow). The figure also includes
a regional locator map and field photographs to contextualize sampling activities and
site conditions. The terrain is flat, with an average elevation of less than 5 m above sea
level. The climate is characterized as a South Asian monsoon climate, with an average
annual temperature of about 22 ◦C and annual precipitation of approximately 1800 mm,
mostly concentrated between May and September during the rainy season. Mangroves are
the dominant vegetation type in this region, with species such as Aegiceras corniculatum,
Kandelia candel, and Sonneratia apetala being common [26]. These mangroves play a signifi-
cant ecological role, including carbon sequestration, coastal protection, and maintaining
biodiversity. Additionally, the Maowei Sea area experiences significant sediment depo-
sition and is strongly influenced by tidal actions, which provide abundant nutrients for
mangrove growth [27].

The Maowei Sea mangrove area, located in the northeastern Beibu Gulf of Guangxi,
China, was selected as the study site due to its ecological representativeness, spatial hetero-
geneity, and significance in regional blue carbon assessment. As one of the largest and most
biodiverse estuarine mangrove ecosystems in southern China, Maowei Sea is situated at the
transitional zone between tropical and subtropical climates, where complex hydrological
dynamics, seasonal tidal regimes, and anthropogenic disturbances converge. In recent
years, the Maowei Sea has also become a hotspot for coastal infrastructure expansion,
notably serving as the estuarine outlet of the Pinglu Canal—one of China’s major inland
waterway projects. This has led to increased land-use pressure, habitat fragmentation,
and salinity fluctuations, making it an ideal natural laboratory for testing AGC estimation

1205



Sustainability 2025, 17, 8211 5 of 29

frameworks under real-world environmental stressors. Given its ecological importance, pol-
icy relevance, and representativeness of subtropical Asian mangrove systems, the Maowei
Sea offers valuable insights for scalable blue carbon monitoring and coastal management
in the context of global change [28,29].

Figure 1. Study area location, mangrove distribution, and field sampling in the Maowei Sea region.

Before conducting the field surveys, we meticulously investigated the distribution
ranges of mangrove species, tidal fluctuations, and low-tide timings in the study area. The
research team conducted field investigations in the Maowei Sea region from 30 November
to 4 December 2024. Survey points were chosen in accessible and safe areas according
to the spatial distribution patterns of mangrove species. A total of 40 sample plots were
evenly distributed throughout the study area. The dominant species in the study area are
primarily S. apetala, K. candel, and A. corniculatum, and these sample plots were mainly
located within the communities dominated by these species.

Due to significant variation in mangrove species composition, community succession
stages, and plot accessibility, we tailored the size and shape of each sample plot to the
characteristics of the respective communities [30]. In areas dominated by S. apetala and K.
candel, where the distribution was relatively sparse, sample plots were set at 10 m × 10 m,
aligning with the pixel size of Sentinel-2 imagery. Conversely, in areas with denser distribu-
tions of A. corniculatum, initial plot size was set at 5 m × 5 m and subsequently adjusted
(multiplied by 4) to match the 10 m × 10 m scale of Sentinel data.

Within each sample plot, tree height was measured using a telescopic measuring pole
and a handheld laser rangefinder. Meanwhile, the geographic coordinates (latitude and
longitude) of each tree, along with the tree species, were recorded using RTK (Real-Time
Kinematic) equipment. For S. apetala and K. candel, the diameter at breast height (DBH)
was measured at 1.3 m and 0.5 m, respectively. For A. corniculatum, canopy diameter
(CD), including the long and short radii of the canopy projection, was measured, assuming
the canopy shape to be either circular or elliptical. In the field survey data, S. apetala
exhibited relatively high tree heights, with a maximum of 9.1 m and an average of 4.55 m.
A. corniculatum showed an average tree height of 2.82 m (range: 1.45–5.6 m) and an average
crown width of 1.9 m (range: 0.56–4.36 m). For K. candel, the average tree height was 2.95 m
(range: 1.53–5.7 m), and the average DBH was 7.99 (range: 1.9–19.7 cm). The mean tree
density was 70 trees per 100 m2, with a range of 17–132 trees per 100 m2. The average
AGC density from the field survey was 61.2 Mg C/ha. The maximum AGC density was
200.12 Mg C/ha, and the minimum AGC was 7.74 Mg C/ha.
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2.2. Calculation of Mangrove Aboveground Carbon Stocks

Aboveground biomass (AGB) was estimated using species-specific allometric equa-
tions. Due to variations in the size, shape, and anatomical structure of mangrove species,
as well as differences between the species for which the allometric equations were origi-
nally developed, the AGB of many mangrove species is often estimated using generalized
allometric equations (Supplementary Table S2). To quantify the AGC stock in mangrove
biomass, the AGB was multiplied by a carbon concentration factor. This factor is typically
determined through compositional analysis of individual samples, using the dry combus-
tion method (e.g., elemental analyzer). However, due to strict conservation policies in
many areas, it is not feasible to fell trees for direct analysis. As such, the AGB of mangroves
is commonly converted to carbon by applying a carbon conversion factor, which typically
ranges from 0.46 to 0.50. In this study, the carbon concentration ratio for the AGB of
mangroves was set at 0.48 [31].

2.3. Remote Sensing Data Collection and Processing
2.3.1. UAV-LiDAR Data

UAV-LiDAR point cloud data were acquired over the sampling area using a LiAir
H800 (GreenValley, Beijing, China) laser scanner mounted on a DJI M350 RTK (DJI, Shen-
zhen, China) Unmanned Aerial Vehicle (UAV). The LiAir H800 operates at a wavelength
of 905 nm, features 32 laser channels, and is capable of recording up to 640,000 points per
second. The system supports up to 7 returns per pulse, with an estimated laser footprint
diameter of approximately 5 cm at the flight altitude of 100 m. Data acquisition was con-
ducted at a flight altitude of 100 m and a flight speed of 10 m/s. To ensure data quality and
minimize interference, surveys were performed on 30 November 2024, at 3:00 PM, under
clear weather conditions, avoiding persistent winds, and timed during low to mid-tide pe-
riods. All LiDAR data processing was conducted using LiDAR360 8.0 (GreenValley, Beijing,
China) following a standardized workflow. Initially, noise points were filtered to remove
outliers and erroneous returns. The denoised point cloud was subsequently classified
into ground and non-ground points using an improved progressive Triangulated Irregular
Network (TIN) densification filtering algorithm. Given the relatively flat topography of
the mangrove site, the TIN ground filtering algorithm was configured with conservative
parameters to enhance ground classification accuracy. Specifically, the maximum iteration
angle was set to 6◦ and the maximum iteration distance to 1.2 m, as recommended for
low-relief and vegetated terrain in the LiDAR360 8.0 User Guide. These settings help avoid
over-interpolation across non-ground objects such as exposed roots or low-lying vegetation.
Accurate ground classification is essential for generating a reliable Digital Elevation Model
(DEM), which directly influences the precision of the Canopy Height Model (CHM). By
optimizing the TIN parameters, we minimized topographic distortion and ensured that
CHM values more accurately reflected true vegetation height. To further improve clas-
sification accuracy, ground points were manually reviewed and refined based on visual
inspection of cross-sectional profiles, point cloud elevation consistency, and local terrain
continuity. Misclassified vegetation or structure points (e.g., low shrubs, roots, or elevated
boardwalks) were identified and corrected by referencing intensity values and spatial con-
text. Based on the classified point cloud, a Digital Elevation Model (DEM) was generated
from ground points to represent the bare-earth surface. The non-ground points were then
normalized using the DEM to remove topographic effects. Subsequently, a Digital Surface
Model (DSM) was derived from the normalized non-ground points to capture surface
features, including vegetation canopies. To ensure consistency in height calculations, both
the DEM and DSM were resampled to a spatial resolution of 10 × 10 m, which corresponds
to the CHM grid size and matches the resolution of the satellite imagery. Using consistent
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resolution between DEM and DSM is critical for minimizing spatial misalignment and
ensuring reliable canopy height extraction. The CHM was then calculated using the Raster
Calculator tool within LiDAR360 8.0, based on the equation CHM = DSM − DEM, repre-
senting vegetation height above the ground surface. All processing steps—including noise
filtering, point cloud classification, DEM/DSM generation, and CHM extraction—were
completed within a single software environment to ensure methodological consistency and
analytical accuracy. All data processing procedures—including noise filtering, ground clas-
sification, DEM/DSM generation, and CHM calculation—were conducted in accordance
with standard practices outlined in the LiDAR360 User Guide (https://www.lidar360.com/
gvi/web/us/file/EN-LiDAR360UserGuide-ZH.pdf) (accessed on 9 January 2025), which
provides detailed descriptions of the software tools and parameter settings.

2.3.2. Satellite RS Data

The remote sensing data utilized in this study include Sentinel-2 multispectral imagery,
Sentinel-1 C-band synthetic aperture radar (SAR) data, and L-band PALSAR imagery. Given
that the sample points were collected during 2024, remote sensing imagery from the same
time period in 2024 was selected for analysis to ensure temporal consistency.

Sentinel-2 data were acquired from the Copernicus Open Access Hub (https://
dataspace.copernicus.eu/explore-data) (accessed on 1 January 2025), specifically using
Level-1C products of the Multispectral Instrument (MSI) from 30 November 2024. The data,
provided as Top-of-Atmosphere Reflectance (TOA), were atmospherically corrected using
the Sen2Cor processor (version 2.5.5) to produce Bottom-of-Atmosphere Reflectance (BOA)
products. To maintain consistency in spatial resolution, the Sen2Res 1.1 plugin developed
by the European Space Agency (ESA) was employed to resample all bands to a unified
resolution of 10 m. The Sentinel-2 satellite provides 13 spectral bands, including red-edge
bands that are particularly sensitive to vegetation characteristics such as mangrove species
height, making them ideal for ecosystem monitoring. Moreover, the 5-day revisit cycle
of Sentinel-2 enhances the probability of obtaining cloud-free images, which is particu-
larly advantageous for monitoring tropical mangrove areas, often subject to persistent
cloud cover [32].

In addition, Sentinel-1 C-band SAR data were used, acquired as part of the “Sentinel-1
SAR GRD” dataset. The data underwent several preprocessing steps, including the applica-
tion of orbit files, removal of GRD boundary noise, thermal noise reduction, radiometric
calibration, and terrain correction (orthorectification), yielding backscatter coefficients (σ◦)
in decibels (dB). SAR data are notably less sensitive to cloud cover, providing stable and
complete imagery for the study area. Dual-polarized (VV + VH) data, from 5 December
2024, were selected for this study, with resampling to a 10 m resolution using the nearest
neighbor method to ensure data accuracy.

Finally, PALSAR-2 data were obtained from the Google Earth Engine (GEE) platform.
The PALSAR-2 ScanSAR Level 2.2 data had already undergone orthorectification and terrain
radiometric correction, ensuring geometric accuracy. The geometric correction process
ensured the spatial registration of the PALSAR-2 images, allowing them to align with other
remote sensing datasets (e.g., Sentinel-1 and Sentinel-2) within the same coordinate system.
This facilitated the accurate fusion of multi-source data. The dual-polarized (HH + HV)
data, from 20 November 2024, were selected, and the data were resampled to 10 m using
the nearest neighbor method to ensure consistency and suitability for analysis.

To ensure temporal consistency across multi-source datasets, all remote sensing data
were selected based on the field sampling date, which was conducted on 30 November
2024. UAV-LiDAR and Sentinel-2 data were acquired on the same day, while PALSAR-2
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and Sentinel-1 imagery were selected within a short time window (20 November and
5 December, respectively), thereby minimizing phenological and environmental variations.

For spatial alignment, all datasets—including UAV-LiDAR-derived CHM, Sentinel-
1/2, and PALSAR-2 imagery—were reprojected to a unified coordinate system (WGS
84/UTM Zone 49N). Raster matching and alignment were then performed using the “Snap
Raster” function in ArcGIS Pro 3.0.2 to ensure strict pixel-to-pixel correspondence among
input layers.

To address resolution differences between sensors, all datasets were resampled to
a common spatial resolution of 10 m. Bilinear interpolation was applied to continuous
variables such as Sentinel-2 spectral reflectance and UAV-LiDAR canopy height, ensuring
smooth spatial transitions and reducing pixelation artifacts. For radar backscatter layers
from Sentinel-1 and PALSAR-2, nearest neighbor interpolation was used to preserve the
physical integrity of the original backscatter values, which are sensitive to interpolation
distortion. This tailored resampling strategy, along with consistent temporal and spatial
alignment, ensures data compatibility and integrity for subsequent feature extraction and
AGC model development. The details of all remote sensing datasets used in this study are
summarized in Table 1.
Table 1. Spectral and textural features used for aboveground carbon (AGC) estimation and their definitions.

Feature Type Variables Definition Reference

Spectral
feature

Multispectral Bands B2, B3, B4, B5, B6, B7, B8, B8a,
B11, B12 [33]

Normalized difference vegetation
index (NDVI) (B8 − B4)/(B8 + B4) [34]

Green normalized difference
vegetation index (GNDVI) (B8 − B3)/(B8 + B3) [35]

Enhanced vegetation index (EVI) 2.5 [(B8 − B4)/B8 + 6B4 −
7.5B2 + 1] [36]

Ratio Vegetation Index (RVI) B8/B4 [37]
Normalized Difference Water Index

(NDWI) (B3 − B8)/(B3 + B8) [31]

Modified Normalized Difference Water
Index (MNDWI) (B3 − B11)/(B3 + B11) [38]

Difference Vegetation Index (DVI) B8 − B4 [39]
Forest Discrimination Index (FDI) B8 − B3 − B4 [40]
Canopy leaf greenness index (Clg) B8/B3 − 1 [41]

Canopy Leaf Greenness—Red Edge 1
(Clg-re1) B5/B3 − 1 [41]

Canopy Leaf Greenness—Red Edge 2
(Clg-re2) B6/B3 − 1 [41]

Canopy Leaf Greenness—Red Edge 3
(Clg-re3) B7/B3 − 1 [41]

Inverted Red-Edge Chlorophyll Index
(IRECI) (B7 − B4)/(B5/B6) [42]

Medium Resolution Imaging
Spectrometer (MERIS) terrestrial

chlorophyll index (MTCI)
(B6 − B5)/(B5 − B4) [43]

Red-edge Normalized Difference
Vegetation Index 1 (NDVIre1) (B8 − B5)/(B8 + B5) [44]

Red-edge Normalized Difference
Vegetation Index 2 (NDVIre2) (B8 − B6)/(B8 + B6) [44]

Red-edge Normalized Difference
Vegetation Index 3 (NDVIre3) (B8 − B7)/(B8 + B7) [44]

Pigment Specific Simple Ratio (PSSRa) B7/B4 [45]

VV, VH, VV + VH, VV–VH

Polarization backscatter
coefficients and indices
calculated based on the

dual-polarization SAR data
(VV, VH) from Sentinel-1.

[21]

HH, HV, HH + HV, HH–HV

Polarization backscatter
coefficients and indices
calculated based on the

dual-polarization SAR data
(HH, HV) from ALOS

PALSAR-2.

[21]
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Table 1. Cont.

Feature Type Variables Definition Reference

Textural
feature

Co-occurrence measures mean (CMM)

Haralick textural variables
derived from Sentinel-2 bands
(B2, B3, B4, B5, B6, B7, B8, B8a,
B11, B12), Sentine-1(VH, VV),

and PALSAR-2(HH, HV).

[31]

Co-occurrence measures
variance (CMV)

Co-occurrence measures
homogeneity (CMH)

Co-occurrence measures
contrast (CMC)

Co-occurrence measures
dissimilarity (CMD)

Co-occurrence measures
entropy (CME)

Co-occurrence measures
second moment (CMSM)
Co-occurrence measures

correlation (CMC)

3. Methods
The overall workflow of the AGC estimation framework is illustrated in Figure 2.

Figure 2. Workflow of AGC estimation in mangroves using UAV-LiDAR and multi-source satellite
data fusion.
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3.1. Mangrove Extent Extraction

To delineate the mangrove distribution within the Maowei Sea area, we adopted the
Improved Mangrove Mapping Algorithm (IMMA) proposed by Zhao et al. [46], which
extracts classification rules from trained RF models to produce transparent and reproducible
mangrove maps. This method identifies mangrove extents based on a combination of
Sentinel-2-derived spectral indices (e.g., MVI, NDI4, B8/B2) and elevation constraints.
The rule set used (e.g., B12 < 0.06 and B8/B2 > 3.50 and elevation < 4.70 and MVI > 2.92
and NDI4 < 0.07) was derived from knowledge distillation of high-accuracy black-box
models. The IMMA method achieved an overall accuracy of 82.3% for the coastal region
of China and has demonstrated excellent generalization capability and robustness against
false positives in complex land cover mosaics. Importantly, the IMMA algorithm has also
been shown to mitigate the influence of mixed pixels, particularly in transitional zones such
as mangrove–water or mangrove–mudflat boundaries. By utilizing interpretable rule sets
and carefully selected spectral ratios (e.g., B8/B2 > 3.5), the IMMA reduces misclassification
caused by spectral confusion between mangroves and spectrally similar surrounding land
cover types. This advantage has been explicitly demonstrated in the original study, where
the IMMA exhibited greater robustness than black-box models in ecologically complex
or fragmented coastal areas. Based on this method, we generated a binary mangrove
mask at 10 m resolution and subsequently validated and refined the results through visual
inspection and reference to high-resolution imagery.

3.2. Extraction of Vegetation Feature
3.2.1. Spectral Feature

To characterize the spectral properties of mangrove canopies, a total of 36 features
were extracted, including multispectral reflectance bands and vegetation indices from
Sentinel-2 imagery, as well as backscatter coefficients from Sentinel-1 and PALSAR-2
SAR data. Specifically, visible, red-edge, and near-infrared bands (e.g., B2–B8A), along
with indices such as the normalized difference vegetation index (NDVI) and Modified
Vegetation Index (MVI), were employed to capture information related to chlorophyll
content, canopy density, and water stress. Additionally, VV and VH polarizations from
Sentinel-1, and HH and HV polarizations from PALSAR-2, were used to infer canopy
moisture and structural characteristics [47]. These spectral variables were selected based on
their documented relevance to vegetation structure and biomass in mangrove ecosystems,
thereby supporting species differentiation, canopy condition assessment, and improved
AGC estimation (Table 1).

3.2.2. Textural Feature

To capture spatial heterogeneity within mangrove canopies, textural metrics were
calculated from Sentinel-1, Sentinel-2, and PALSAR-2 imagery using the Gray Level Co-
occurrence Matrix (GLCM) approach, following standard protocols [48]. These features
are particularly valuable in distinguishing structural variation in dense vegetation, where
spectral responses may saturate. By encoding canopy roughness, spatial arrangement,
and internal texture, GLCM metrics provide complementary structural information that
enhances AGC modeling accuracy, especially in mixed-species or structurally diverse
mangrove stands (Table 1).

3.2.3. Canopy Height

CH was derived from UAV-based LiDAR data, which provides high-density point
clouds for precise vegetation structure characterization. The CH was calculated by sub-
tracting the DEM from the DSM. To ensure the reliability of the LiDAR-derived CH, we
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validated it using ground measurements (Figure 3). All of the LiDAR point clouds were
first tessellated into grids with a cell size of 10 × 10 m, maintaining the same original
point as that of the Sentinel-1 and Sentinel-2 imagery. We finally obtained 10,000 candi-
date LiDAR samples with a size of 10 × 10 m. For enhanced regional CH estimation,
we integrated canopy spectral features, dual-polarization synthetic aperture radar (SAR)
data (VV and VH polarizations), and employed an RF regression model. This approach
follows established methodologies to ensure both the robustness and comparability of CH
data for accurate AGC estimation. The performance of the CH model was evaluated with
R2 = 0.71 and RMSE = 1.84 m (Supplementary Figure S2), indicating good predictive
accuracy. Further details are provided in the Supplementary Materials.

Figure 3. Comparison of canopy height (CH) from LiDAR and field measurements. The black dots
represent individual sample plots, and the red line indicates the fitted linear regression between
LiDAR-derived and field-measured canopy height.

3.3. AGC Estimation Model

In this study, AGC estimation was performed using an RF regression model, inte-
grating spectral, textural, and canopy height features derived from Sentinel-1, Sentinel-2,
PALSAR-2, and UAV-LiDAR data. The model was trained and optimized using grid search
and cross-validation to fine-tune key hyperparameters, ensuring robust performance. Fea-
ture importance analysis was conducted to assess the contribution of different variables to
AGC prediction (Figure 2).

3.3.1. Feature Selection and Machine Learning Algorithms

The selection of appropriate variables is essential for constructing accurate AGC
models. Initial variable selection was based on previous research and domain expertise,
with a summary of potentially effective features. However, due to geographical and
vegetation differences across study areas, feature selection within a machine learning
framework can enhance model efficiency and improve predictive accuracy. In this study,
RFE was used for variable selection [49,50]. During the RFE process, an external estimator
assigns weights to the features and trains on the initial feature set to assess their importance.
The least important feature is removed, and the process is repeated on the pruned set until
optimal feature selection is achieved. RF was chosen as the estimator. Feature selection
was optimized through cross-validation, and the optimal subset was determined using the
coefficient of determination (R2) and root mean square error (RMSE) metrics derived from
five-fold cross-validation.
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RFE was selected in this study for several reasons. First, it is capable of handling high-
dimensional input data and is particularly effective at reducing feature redundancy, which
is common in multi-source remote sensing datasets. Second, unlike filter-based or uni-
variate selection methods, RFE considers feature interactions and nonlinear relationships,
which are crucial when modeling AGC using spectral, textural, and structural variables.
Third, RFE is model-agnostic and integrates well with tree-based learning algorithms such
as RF, which provide reliable internal feature importance rankings. These advantages
make RFE particularly well suited for identifying robust and compact feature subsets in
ensemble-based regression models such as RF.

RF was employed to estimate AGC in mangrove ecosystems. As an ensemble learning
method, RF excels in handling high-dimensional datasets and modeling complex relation-
ships between predictor variables [51]. RF has demonstrated strong predictive performance
and stability in biomass modeling tasks. The model works by generating multiple decision
trees through bootstrap resampling and aggregating their results, which enhances the
model’s generalization ability and reduces overfitting. To optimize RF model performance,
grid search was used for hyperparameter tuning. This method explores a predefined range
of hyperparameters and evaluates different combinations using cross-validation, ensuring
that the optimal parameter set is selected. This process improves the model’s predictive
accuracy and its ability to reliably estimate AGC in mangroves.

3.3.2. Accuracy Assessment

In this study, all 40 samples were randomly divided into a training set (80%) and a
testing set (20%) and applied to the RF model. Although the overall sample size is relatively
small, this 80/20 partition strategy is widely adopted in mangrove carbon estimation
studies [24,52,53]. To further mitigate the limitations associated with a small testing set, a
five-fold cross-validation (CV) approach was employed during the training process to opti-
mize the model’s hyperparameters and assess generalization performance. This strategy
ensures that each sample is used for both training and validation across multiple iterations,
thereby enhancing the robustness of model evaluation and minimizing overfitting risk.
As noted by Pedregosa et al. [54], cross-validation is an essential tool in small-sample
scenarios, offering reliable performance estimation by generating multiple train/test splits
from limited data. The Scikit-Learn library was utilized to fine-tune the optimal parameters
of the machine learning model. Model performance was assessed using the coefficient of
determination (R2) and RMSE metrics to compare the effectiveness of different feature com-
binations. The R2 metric evaluates how well the model’s predictions fit the observed values,
while RMSE quantifies the prediction error. The consistent improvements observed across
various feature combinations further support the validity and stability of the evaluation
results despite the relatively small testing set.

R2 = 1 − (yi − ŷi)
2

(yi − y)2 (1)

RMSE =

√
∑n

i=1(yi − ŷi)
2

n
(2)

where yi and yi represent the observed values and the mean of the AGC, respectively,
while ŷi denotes the predicted values. To further analyze the impact of different vegetation
feature combinations and machine learning approaches on the estimation of AGC, we
computed the average R2 values for different feature subsets. All analyses were conducted
using Python software (version 3.9).
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4. Results
4.1. Modeling Results Comparison Between Different Features

In this research, features were screened using RFE, and five-fold cross-validation was
employed to evaluate the accuracy of different data combinations. The features used are
derived from three types of data: spectral features, textural features, and canopy height.
The estimation capabilities of the three types of data and the changes in model accuracy
before and after performing RFE were assessed separately by performing AGC estimation
with single or multiple data combinations. The results are summarized in Table 2 and
illustrated by scatterplots in Figure 4.

Table 2. Test results for various feature combinations and their number of features calculated based
on Recursive Feature Elimination (RFE) feature selection.

Data Combinations

ALL Features Selected Features

R2 RMSE
(Mg/ha) Number R2 RMSE

(Mg/ha) Number

Spectral 0.49 17.16 36 0.50 17.17 35
Textural 0.14 47.23 40 0.15 47.77 35

Spectral + Textural 0.62 17.81 76 0.64 14.59 4
Spectral + CH 0.56 19.16 37 0.63 14.77 11
Textural + CH 0.23 19.03 41 0.24 21.12 22

Spectral + Textural + CH 0.72 17.33 77 0.75 14.18 7

Figure 4. Comparison of AGC prediction models using different combinations of predictor variables.
The black dots represent the testing samples, the red line indicates the fitted regression line between
predicted and observed AGC, and the dotted line represents the 1:1 reference line.
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Among all tested feature combinations, the integration of spectral and textural features
yielded notable improvements in model performance compared to individual sources. For
instance, the spectral + textural model achieved an R2 of 0.64 and an RMSE of 14.59 Mg/ha
after RFE, outperforming the use of spectral features alone (R2 = 0.50, RMSE = 17.17 Mg/ha)
or textural features alone (R2 = 0.15, RMSE = 47.77 Mg/ha). This suggests that incorporating
spatial variability through texture metrics enhances the sensitivity of spectral-based models
to vegetation structure. While the improvement from spectral to spectral + CH in terms
of R2 (from 0.50 to 0.63) might appear moderate, the RMSE significantly decreased from
17.17 to 14.77 Mg/ha, clearly indicating a meaningful enhancement in prediction accuracy.
Moreover, this model required fewer features (11 features) after RFE, improving model
simplicity and generalization. The addition of CH led to further substantial improvements.
The model integrating spectral, textural, and CH features achieved the best performance
(R2 = 0.75, RMSE = 14.18 Mg/ha) with only seven RFE-selected features. This indicates
that CH, as a structural variable directly related to vertical biomass distribution, plays
a dominant role in improving AGC prediction. Notably, even though texture or CH
alone contributed limitedly when used in isolation (e.g., CH + texture yielded R2 = 0.24),
their synergistic effect with spectral data significantly enhanced model accuracy. Figure 4
provides a visual comparison of predicted vs. observed AGC values across different feature
combinations. Models incorporating CH demonstrated a closer alignment with the 1:1
reference line, smaller dispersion, and notably lower prediction errors, further confirming
the robustness and reliability of CH as a critical variable.

In summary, these results underscore the crucial role of structural metrics, especially
canopy height, in addressing signal saturation issues in high-biomass mangrove forests.
The integration of spectral, textural, and structural features provides a more comprehen-
sive depiction of canopy heterogeneity, enabling improved AGC estimation and greater
generalization capability across spatially diverse regions.

4.2. Mangrove AGC Map of Maowei Sea

The total AGC of the Maowei Sea mangroves is estimated at 88,363.73 metric tons,
with a mean AGC density of 53.01 Mg C/ha (Figure 5). Spatial distribution analysis reveals
that higher AGC values are concentrated in the northwestern coastal zones, particularly
in Kangxiling and Tuanhe Island, where mature, planted S. apetala stands with well-
developed canopy structures dominate, contributing significantly to the carbon stock.
In contrast, the S. apetala communities in the northwestern part of Jianxinwei have mainly
been established through natural regeneration from propagules dispersed by tidal currents
from Kangxiling. These younger and more sparsely distributed stands exhibit relatively
lower AGC. Meanwhile, the eastern part of Jianxinwei is primarily occupied by mature
A. corniculatum communities, interspersed with scattered K. candel, resulting in higher
AGC values due to well-structured canopy layers and substantial biomass accumulation.
Compared to existing regional or global AGC datasets derived from moderate-resolution
satellite imagery (e.g., 30 m or coarser), our final AGC map offers improved spatial detail
(10 m resolution) and enhanced structural sensitivity by incorporating UAV-LiDAR-derived
canopy height. This fine-scale mapping allows better identification of intra-patch variability
and supports localized ecosystem management and impact assessment.
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Figure 5. Mangrove AGC map of Maowei Sea.

5. Discussion
5.1. Contribution of Canopy Height from UAV-LiDAR to Multi-Source AGC Modeling
in Mangroves

Optical and SAR remote sensing have been widely applied in forest biomass esti-
mation, but both suffer from signal saturation effects in high-biomass regions due to
their inherent physical limitations. Optical sensors (e.g., Landsat and Sentinel-2) estimate
biomass through empirical relationships between spectral reflectance and vegetation indices
such as the NDVI. However, in dense canopy forests where the crown is fully closed, the
reflectance signal becomes saturated, weakening its responsiveness to variations in canopy
structure [55]. Similarly, SAR sensors (e.g., Sentinel-1 and ALOS PALSAR) use backscatter
intensity to estimate biomass but are constrained by limited penetration capabilities: the
C-band saturates around 50–80 Mg/ha and the L-band around 100–150 Mg/ha, failing
to resolve structural complexity in high-biomass stands [56]. Although texture features
derived from GLCM, such as contrast and entropy, can partially compensate for spectral
and radar limitations—especially in low-to-moderate biomass forests—their sensitivity also
diminishes in highly homogeneous closed canopies [57,58]. As such, biomass estimation
methods that rely solely on spectral or SAR data often encounter accuracy bottlenecks in
mangrove ecosystems with high biomass density.

To address these limitations, recent studies have incorporated structural
parameters—especially canopy height—to enhance model responsiveness to biomass varia-
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tion. Satellite LiDAR systems such as GEDI have made it possible to acquire canopy height
measurements at global scales for AGC estimation. For instance, Zhao et al. integrated
GEDI-derived canopy height with Sentinel-2 spectral features to estimate urban biomass,
achieving an R2 of 0.58 and RMSE of 14.25 Mg/ha [59]; Tian et al. reported improved
accuracy (R2 = 0.75, RMSE = 17.34 Mg/ha) in a similar fusion framework over forested
regions in Fujian, China [60]. However, GEDI’s spatial sampling is limited by its orbital
characteristics: with a footprint diameter of ~25 m and inter-track spacing exceeding 600 m,
GEDI provides discrete observations that are insufficient to capture the structural hetero-
geneity of mangrove forests. In areas with rapid structural variation or mixed-species
assemblages, the performance of GEDI-based estimation can be suboptimal. Furthermore,
in forests with canopy heights exceeding 20 m, multiple scattering effects and attenuated
ground returns can introduce uncertainty in height retrieval [15,61]. In contrast, UAV-based
remote sensing offers centimeter-level spatial resolution and can capture fine-scale canopy
structure and height variation. In the Maowei Sea region, Tian et al. achieved an AGB
estimation accuracy of R2 = 0.83 (RMSE = 22.76 Mg/ha) by integrating UAV-derived spec-
tral, structural, and texture features [24]. Dhakal et al. reported even higher accuracy in
agricultural applications (R2 = 0.93, RMSE% = 15.97%) [62]. UAV-LiDAR generates dense
point clouds capable of accurately delineating both terrain and canopy heights, thereby
complementing the limitations of spectral and SAR data in densely vegetated environments.
Nevertheless, due to limited flight efficiency and coverage, UAV approaches alone are
insufficient for large-scale carbon stock mapping.

To achieve both high estimation accuracy and spatial generalization, this study inte-
grates UAV-LiDAR-derived CH with multi-source satellite data (Sentinel-1, Sentinel-2, and
ALOS PALSAR-2) for regional-scale modeling of AGC in the Maowei Sea mangrove ecosys-
tem. Unlike conventional upscaling frameworks that propagate AGB estimates sequentially
from field plots to UAV data and subsequently to satellite imagery [63,64], this study adopts
a structure-oriented approach. High-resolution CH data obtained from UAV-LiDAR in
representative subregions are fused with spectral features to establish predictive models,
enabling the interpolation of canopy height across the broader mangrove landscape.

Rather than transferring biomass estimates across scales, our framework lever-
ages canopy height—a physiologically meaningful and directly observable structural
variable—as the core modeling input (Figure 6). CH was a key structural parameter
in allometric equations—the model maintains sensitivity to biomass variation even in
high-biomass mangrove stands, thus mitigating the saturation effects commonly observed
in NDVI-based optical methods and polarization backscatter coefficients. By incorporating
CH, the model maintains sensitivity to vertical structural variation, which is often lost in
traditional reflectance- or backscatter-driven approaches. The contribution of UAV-derived
CH is threefold: (1) it remains responsive in optically saturated or SAR-penetration-limited
zones; (2) it bridges the scale gap between ground plots and coarse-resolution satellite data;
and (3) it enhances model robustness across heterogeneous canopy conditions.

Our fusion-based model achieved an R2 of 0.75 and RMSE of 14.18 Mg/ha, outperform-
ing satellite-only approaches, such as the approach of Pham et al., who reported R2 = 0.63
and RMSE = 25.08 Mg/ha. While prior studies integrating UAV and satellite data [63,64]
(Niu et al., 2024: R2 = 0.74; Wang et al., 2019: R2 = 0.67) demonstrated improved accuracy,
they relied on multi-level AGB regression, which may introduce cumulative uncertainty.
In contrast, our approach reduces such error propagation by directly modeling canopy
structure rather than AGB, thus improving generalizability and resilience to ecological
heterogeneity. Table 3 summarizes the performance and scale applicability of three typical
modeling strategies: (1) satellite-only models (R2 = 0.58–0.75), (2) UAV-only approaches
with high local accuracy (R2 up to 0.93) but limited spatial extent, and (3) UAV–satellite fu-
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sion methods, which offer an effective compromise between accuracy and scalability. These
results underscore the advantages of structure-driven, cross-scale modeling for reliable
estimation of AGC in mangrove ecosystems.

Figure 6. Feature importance for AGC estimation in mangroves.

Table 3. Comparison of sensor types in terms of accuracy and spatial scale for estimating aboveground
biomass across vegetation types.

Sensor Type Scale Accuracy Reference

Satellite Regional R2 = 0.58; RMSE = 14.25 Mg/Ha Zhao et al. [59]
R2 = 0.75; RMSE = 17.34 Mg/Ha Tian et al. [60]

UAV Local
R2 = 0.83; RMSE = 22.76 Mg/Ha Tian et al. [24]

R2 = 0.93; RMSE% = 15.97% Dhakal et al. [62]
Satellite + UAV

Fusion
Regional R2 = 0.74; RMSE = 1.84 Mg/Ha Niu et al. [53]

R2 = 0.62; RMSE = 50.36 Mg/Ha Wang et al. [64]

The differences in model accuracy across studies can be attributed to several key
factors. First, satellite-only models often suffer from signal saturation in dense mangrove
canopies due to limited sensitivity of spectral indices and radar backscatter at high biomass
levels, particularly in monospectral NDVI-based approaches or C-band SAR applications.
Second, while UAV-only methods yield high local accuracy, they are constrained by limited
spatial coverage and lack of regional generalizability. Third, many UAV–satellite fusion
studies adopt hierarchical regression frameworks that estimate AGB in stages (e.g., field-
to-UAV and UAV-to-satellite), which can compound uncertainty at each step due to error
propagation and scaling mismatch.

In contrast, our structure-oriented modeling approach directly integrates UAV-derived
CH into satellite-scale models, using canopy height as a physiologically grounded proxy
that is less prone to saturation and more robust to interspecies variation. This allows for
continuous, spatially coherent AGC estimation across structurally heterogeneous man-
grove landscapes. Moreover, the use of RFE for feature selection minimizes collinearity
and redundancy, further enhancing model robustness compared to conventional fusion
frameworks. These methodological distinctions help explain the improved performance of
our model (R2 = 0.75, RMSE = 14.18 Mg/ha) relative to existing approaches.

While the proposed UAV–satellite fusion framework demonstrates strong performance
at the regional scale, its scalability to national or continental levels requires further consider-
ation, particularly in light of the limited spatial coverage of UAV platforms. One promising
pathway is to use UAV-LiDAR as a source of calibration data to support the training and
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validation of large-scale models built upon wall-to-wall satellite observations. In this con-
text, UAV-derived canopy height samples collected from representative ecological zones
can serve as structural references for extrapolating forest metrics across broader extents.
This concept has been increasingly recognized in recent studies, where UAV or airborne
LiDAR data are used to calibrate or guide satellite-based forest structure modeling. For
example, Jian et al. demonstrated that UAV-LiDAR data could effectively calibrate stereo
optical satellite imagery (ZY-3) for accurate canopy height estimation, underscoring the
value of UAV data as local reference sources in large-scale applications [65]. Similarly, Wang
et al. integrated airborne LiDAR and GEDI waveform data to calibrate large-area canopy
height models using Sentinel-2 spectral features [66]. In a national-scale application, Li
et al. utilized airborne LiDAR-derived canopy height data from the Japan Forestry Agency,
in combination with multi-source satellite inputs (Sentinel-2, ALOS-2 PALSAR, and SRTM),
to train RF models and generate a 10 m resolution canopy height map across Japan [67].
These studies collectively highlight how high-resolution structural references, even if spa-
tially sparse, can be effectively leveraged to enable scalable and accurate forest structure
estimation. With the growing availability of high-quality satellite and airborne datasets,
such hybrid frameworks offer a promising foundation for extending AGC monitoring to
national or even continental scales in mangrove and other forest ecosystems.

Nevertheless, the broader application of this UAV–satellite fusion framework is subject
to several spatial, logistical, and economic constraints. First, the spatial applicability of the
current model is primarily limited to coastal mangrove zones with relatively similar species
composition, canopy structures, and tidal regimes as the training region (e.g., Maoweihai
in Guangxi). Extrapolating the model to ecologically distinct mangrove systems—such
as those in tropical Southeast Asia or arid coastal regions—may require re-calibration
or re-training with locally representative data. Second, UAV-LiDAR campaigns, though
cost-effective at small scales, remain logistically demanding and expensive for large-scale
deployment, especially in remote or protected areas where flight permissions are restricted.
The acquisition cost and time investment for UAV-based canopy height mapping may
pose practical barriers to widespread adoption. Furthermore, harmonizing datasets from
different satellite sensors and UAV platforms across seasons introduces additional technical
complexity. Therefore, while the proposed framework is promising in regional applications
and scalable with proper calibration, its broader implementation necessitates careful con-
sideration of ecological representativeness, cost-efficiency, and data integration feasibility.
Future work could explore semi-automated UAV data acquisition pipelines, cross-region
transfer learning, and integration of sensors (e.g., LiDAR-equipped satellites) to further
reduce these bottlenecks and enhance model generalizability.

5.2. Contributions of Multidimensional Features to Mangrove AGC Estimation and Implications of
Feature Selection

While CH plays a dominant role in AGC estimation, spectral and textural features
remain indispensable for capturing complementary information on vegetation composition,
physiological status, and surface structure—particularly under species-specific ecological
conditions. As shown in the feature importance analysis (Figure 6), several spectral indices
and texture metrics make non-negligible contributions to AGC prediction when used in
conjunction with CH, offering a multidimensional representation of mangrove canopy
properties. However, the predictive influence of these features varies with canopy density,
species-specific traits, and structural heterogeneity.

In this study, the B4 band, B2band, and VV band have relatively small direct impacts
on mangrove carbon stock and generally exhibit negative correlations (Figure 7). The B4
primarily reflects vegetation’s photosynthetic activity, and its reflectance is closely related
to chlorophyll content [68]. Healthy vegetation typically absorbs more red light, while
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vegetation in poorer health reflects more red light, resulting in lower carbon stock. There-
fore, this band shows a negative correlation with carbon stock. The B2 band, located in
the blue region of the visible spectrum, is strongly affected by chlorophyll absorption and
atmospheric or surface water scattering, which limits its reliability in vegetated and coastal
environments [69]. In mangrove ecosystems, the combination of intensified specular reflec-
tion from tidal waters and high chlorophyll absorption further attenuates blue reflectance,
limiting the utility of B2 in estimating AGC, contributing less to AGC estimation, and
negatively correlating with AGC (Figure 6). The VV band from SAR data captures canopy
density and surface roughness, offering useful structural insights for AGC estimation. How-
ever, its limited penetration capability in high-biomass forests results in saturation effects,
reducing its standalone predictive power. Despite this, VV-based features remain valuable
when integrated with spectral and canopy height metrics, contributing to improved AGC
modeling under multi-source data frameworks [70]. In low-density mangrove forests, radar
wave reflectance is typically enhanced, thus showing a negative correlation with carbon
stock. However, despite the small contribution of these bands to carbon stock estimation
individually, they still provide supplementary information in the fusion of multi-source
data [71], particularly within different mangrove species’ growth environments (Figure 7).
This indicates that, although spectral and radar bands contribute limitedly in certain en-
vironments, under specific ecological conditions, they remain valuable in enhancing the
reliability of carbon stock estimation.

Figure 7. Correlation between features and mangrove types for AGC.
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As shown in Figure 7, different mangrove species exhibit distinct correlation patterns
with key predictive features, indicating species-specific sensitivities in AGC estimation. For
instance, K. candel shows strong positive correlations with CH (0.87), Clg (0.78), and PSSRa
(0.92), highlighting the effectiveness of canopy height and chlorophyll-related indices for
this species. In contrast, S. apetala demonstrates a weak positive correlation with Clg (0.17)
but a strong negative correlation with VV_Mean (–0.70), suggesting that increased radar
texture variability corresponds to lower AGC in dense, structurally uniform stands. This
may reflect signal saturation and reduced canopy heterogeneity in S. apetala-dominated
areas, limiting the utility of conventional spectral and textural features. In monoculture
zones where a single species dominates, the discriminative capacity of texture-based metrics
(e.g., CMV and CMSM) is likely reduced due to the lack of inter-species structural variability.
Previous studies have shown that texture features are more effective in mixed-species
mangrove stands with varying leaf morphology and branching complexity [72]. Therefore,
species homogeneity may constrain the effectiveness of textural features, underscoring the
importance of integrating structural and physiological indicators in AGC modeling for
such environments.

Previous studies have typically employed extensive sets of multi-source
features—including spectral, textural, and structural parameters—to maximize the predic-
tive potential for estimating mangrove AGC [25,73]. However, these studies consistently
encountered significant redundancy due to high collinearity among selected variables,
limiting the effective utilization of the information embedded within these datasets. Conse-
quently, only a small subset of features genuinely contributed to accurate AGC estimation,
with many others offering minimal incremental value. In contrast, our study systematically
addressed this limitation by employing RFE to rigorously evaluate and reduce redundancy
among multi-source variables. This methodological refinement effectively identified a
concise yet powerful subset of predictors that substantially improved both accuracy and
interpretability of the AGC estimation model. Notably, the inclusion of UAV-derived CH
emerged as a critical structural predictor, markedly enhancing model performance and
demonstrating that carefully selected, structurally representative variables significantly
outperform more extensive but redundant feature sets. Therefore, our findings emphasize
that strategic selection and integration of complementary and structurally meaningful
predictors, particularly canopy height, are essential for constructing robust, reliable, and
parsimonious AGC estimation models in mangrove ecosystems.

Note: CH = canopy height; Clg = canopy leaf greenness index; B4, B2 = Sentinel-2
bands (Red and Blue); VV_Mean = Texture feature (GLCM mean) from Sentinel-1 VV
polarization; PSSRa = Pigment Specific Simple Ratio; VV = Sentinel-1 VV polarization
backscatter; see Table 1 for full definitions and formulas.

5.3. Comparison of Mangrove Height and AGB in Maowei Sea and Other Regions

The comparison of mangrove structural characteristics across different regions reveals
significant spatial variability in canopy height and AGB. In China, mangrove vegetation ex-
hibits a clear latitudinal gradient. For instance, in subtropical zones such as the Zhangjiang
Estuary in Fujian (~24◦ N), mangroves are typically stunted, with an average height of only
~3.1 m and AGB values ranging between 80 and 90 Mg/ha [74,75]. In contrast, warmer
southern areas such as the Maowei Sea in Guangxi and Hainan Island (~18–20◦ N) support
taller mangroves with mean heights of 6–7 m and AGB values exceeding 100 Mg/ha [64].
Specifically, the mangroves in Hainan exhibit an average canopy height of 6.99 m and
an AGB of 128 Mg/ha, significantly higher than those in other Chinese provinces. For
example, the average AGB in the Jiulong River Estuary, Fujian, is ~79 Mg/ha [75] and
~55 Mg/ha in Shenzhen Bay, Guangdong [76], both markedly lower than the values ob-
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served in Hainan. These regional differences demonstrate that, even within a relatively
narrow latitudinal range, varying ecological conditions can lead to significant differences
in mangrove structure and carbon storage capacity.

Regional differences in mangrove canopy height and AGB are driven by multiple
factors, among which latitude and climate are primary determinants. It is well estab-
lished that mangrove height generally decreases with increasing latitude—a global pattern
whereby the tallest mangrove stands are found in equatorial regions, while subtropical
mangroves tend to be shorter [77]. In China, mangroves are primarily located near the
tropical–subtropical transition zone (~18–28◦ N). In regions such as Fujian and Guang-
dong, colder winter temperatures and occasional frost events can inhibit mangrove growth.
In contrast, the tropical climate of Hainan—with year-round warmth and a prolonged
growing season—provides more favorable conditions for mangrove development [78].

Species composition is another critical factor affecting mangrove structure and carbon
storage potential. In tropical southern China, particularly in Hainan and parts of Guangxi,
mangrove communities contain large-canopy species such as Bruguiera sexangula and S.
apetala, which often exceed 8 m in height and exhibit high biomass accumulation potential.
These species are key contributors to the higher canopy height and AGB observed in
Hainan. In the present study area, the Maowei Sea, S. apetala is also a dominant species,
widely distributed in Kangxiling Town and surrounding zones, and exhibits relatively
high canopy structure and biomass. Conversely, in higher-latitude subtropical regions
such as Fujian and Guangdong, mangrove communities are typically dominated by cold-
tolerant, low-stature species, including K candel, Avicennia marina, and A. corniculatum,
with typical heights ranging from 2 to 4 m [79]. This compositional limitation directly
constrains the maximum attainable canopy height and AGB in high-latitude mangrove
ecosystems, thereby contributing to the observed discrepancies in carbon stock estimates
across regions [64].

Beyond biogeography, hydrothermal conditions and geomorphological settings also
play essential roles in mangrove development. River deltas and regions with high rainfall
provide ample freshwater and nutrients, enhancing mangrove productivity [80]. Fresh-
water input effectively mitigates salinity stress and promotes canopy development and is
regarded as a critical factor in vertical structural formation [81]. In contrast, arid or hyper-
saline environments restrict growth and often result in low-stature shrub-like mangrove
communities with reduced productivity. For example, in the semi-arid coastal zone of
northwestern Australia (~22◦ S), the average mangrove height is only ~3 m, with AGB levels
around 70 Mg/ha—conditions largely attributed to the region’s harsh, dry climate [82,83].

To further contextualize China’s mangrove forests at a global scale, we compared
average canopy height and AGB values across representative regions (Table 4). Results
indicate that the Maowei Sea mangroves (mean height ~6.08 m, AGB ~108 Mg/ha) out-
perform higher-latitude counterparts such as Florida, USA (~25◦ N, ~5 m height, AGB
30–40 Mg/ha) [84] and northwestern Australia (~22◦ S, ~3 m height, AGB ~70 Mg/ha) [83].
However, these values remain lower than those of equatorial tropical mangroves, such as
those in coastal Africa (mean height ~7.5 m, AGB ~116 Mg/ha) [85] and Papua, Indonesia,
where average tree height reaches ~21 m and AGB density climbs to 293 Mg/ha [86]. These
exceptionally high-biomass mangrove stands, found in humid tropical estuaries with abun-
dant freshwater and nutrient supply, represent some of the tallest and most carbon-rich
mangroves globally.
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Table 4. Comparison of tree height and aboveground biomass (AGB) of mangroves in different regions.

Region Latitude Range Mean Tree Height (m) AGB (Mg/ha)

Florida, USA 25◦03′ N ~5.0 38.77
Zhanjiang, China 20◦~22◦ N 2.81 89.29

Maowei Sea, China 21◦50′ N 6.08 108.18
Hainan, China 18◦~20◦ N 6.99 128.27

Papua, Indonesia 4◦30′ S ~21 292.72
Africa 19◦ N~10◦ S 7.5 116

Northwestern Australia 21◦58′ S 3.2 70

These findings underscore the necessity of mapping mangrove canopy height and
AGB distributions at large spatial scales. Traditional mangrove maps typically focus only
on spatial extent and fail to capture structural variation. For instance, two mangrove
areas of equal size may differ significantly in ecosystem functioning: one being a tall,
mature forest and the other a low-stature shrubland. Taller mangrove stands generally
store more AGC and provide more complex vertical habitat structures that support greater
biodiversity. Therefore, generating high-resolution maps of mangrove canopy height
and AGB is essential for precise carbon accounting, identifying blue carbon conservation
hotspots, and guiding restoration and sustainable management strategies.

5.4. Method Uncertainty Considerations and Future Perspectives

The estimation of AGC in mangrove ecosystems using multi-source remote sensing
and field data is inherently affected by various sources of uncertainty. These uncertainties
originate primarily from (1) remote sensing data acquisition and processing, (2) field
measurement quality, and (3) statistical modeling procedures. First, multi-source satellite
data—such as Sentinel-1, Sentinel-2, and PALSAR-2—possess intrinsic differences in sensor
characteristics (e.g., spectral bandwidth, polarization, and incidence angle) and spatial
resolutions. Additionally, the preprocessing procedures involved, including radiometric
calibration, geometric registration, and atmospheric correction, may introduce systematic
or random errors. These inconsistencies could affect the comparability and accuracy of
extracted features, thereby propagating error into the AGC estimation model. Second, the
10 m spatial resolution used in this study, though widely adopted in mangrove mapping,
may not sufficiently resolve fine-scale canopy heterogeneity. In particular, at mangrove
fringe zones or tidal creek edges, the presence of mixed pixels containing water, mudflats,
and vegetation complicates spectral signal interpretation. Seasonal changes in vegetation
phenology and water level dynamics further increase the spectral variability, introducing
temporal uncertainty in reflectance-based indicators. Third, field measurements of canopy
height, canopy diameter, and diameter at breast height—used to calibrate and validate AGC
models—are subject to observer bias, instrumental limitations, and ecological constraints.
In dense mangrove stands, difficult terrain and high vegetation density often prevent
accurate and consistent measurements. Errors in DBH and height can be significantly
amplified when propagated through nonlinear allometric equations, resulting in biased
AGC estimations. In addition, species misidentification or geolocation errors during field
surveys may also introduce noise in the ground truth dataset. Finally, the machine learning
algorithm itself (RF, in this case) is another source of uncertainty. Model performance can be
influenced by sample representativeness, overfitting or underfitting due to hyperparameter
settings, and randomness in feature selection during model training. These factors may
limit model generalizability, particularly when applied beyond the original sampling zones.

To address the above-mentioned sources of uncertainty, future research should pursue
targeted strategies to improve model generalizability, robustness, and ecological inter-
pretability. First, to mitigate the impact of sensor inconsistencies and preprocessing errors
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across multi-source satellite data (e.g., Sentinel-1/2, PALSAR-2), future studies could ex-
plore the use of sensor-specific correction models, radiometric normalization techniques,
or cross-sensor feature harmonization frameworks. Additionally, the incorporation of
physics-informed machine learning approaches—such as Physics-Informed Neural Net-
works (PINNs)—can help reduce the reliance on empirically extracted features by em-
bedding ecological principles (e.g., allometric equations) into model structure, thereby
improving consistency across sensors and time periods [87,88]. Second, to compensate for
spatial resolution limitations and mixed-pixel effects, particularly in fringe zones and tidal
interfaces, future work could integrate higher-resolution satellite data sources (e.g., GF-2,
Pléiades Neo, and WorldView) as reference layers for downscaling or super-resolution learn-
ing, particularly when combined with UAV-LiDAR-derived structural features. Time-series
modeling may also help capture phenological dynamics and tidal fluctuations, reducing
temporal uncertainty in reflectance-based indicators. Such spatiotemporal integration
is especially valuable in environments characterized by seasonal or sub-daily variabil-
ity. Third, to reduce field-based measurement error and ecological sampling bias, future
research should adhere strictly to standardized forest inventory protocols and invest in
enhanced training for field personnel. Expanding the number and spatial representative-
ness of ground plots—particularly in structurally complex or difficult-to-access zones—and
increasing their temporal sampling frequency (e.g., seasonal or annual remeasurements)
can improve ground-truth data quality and support the detection of AGC dynamics over
time. In parallel, efforts should be made to minimize species misidentification and ge-
olocation inaccuracies, including the use of GPS post-correction, botanical verification,
and digital field mapping systems. To further enhance the ecological interpretability and
accuracy of AGC estimation, future work will consider incorporating additional biometric
variables. Tree age can serve as an indicator of stand development and long-term growth
dynamics, while wood density is a key factor influencing carbon accumulation, especially
among trees with similar canopy height. Integrating these complementary parameters
may help reduce residual uncertainty and improve model performance across heteroge-
neous mangrove structures. Finally, to address uncertainty stemming from the modeling
process itself, future work should implement formal sensitivity analysis (e.g., Sobol or
variance decomposition methods) to quantify the influence of input variables such as CH,
VV_Mean, or Clg. Such analysis can guide feature selection, reduce redundancy, and im-
prove model parsimony [89–91]. Additionally, incorporating ancillary non-remote sensing
variables—such as soil salinity, elevation, organic matter content, or local climate (e.g.,
rainfall and temperature)—may significantly enhance model performance by capturing
ecological gradients not observable from spectral or structural data alone. These improve-
ments can collectively enhance model applicability across different mangrove types and
biogeographic contexts.

Looking ahead, several additional research avenues warrant further exploration to
enhance the ecological interpretability of AGC estimation in mangrove ecosystems. First,
the coupling between aboveground and belowground carbon pools remains insufficiently
understood. While this study focused on AGC, future field campaigns will incorporate
soil organic carbon (SOC) sampling and spatial analysis to investigate its correlation with
UAV-derived canopy metrics, aiming to uncover structural linkages between aboveground
and belowground carbon stocks.

Second, although CH was employed as the primary structural parameter in this
study due to its stability and transferability, the high-density UAV-LiDAR point clouds
collected provide a valuable opportunity to derive more detailed three-dimensional
canopy metrics—such as porosity, clumping index, and foliage distribution. These struc-
tural attributes are known to modulate light interception and photosynthetic light use
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efficiency (LUE), particularly in complex mangrove canopies. Future localized anal-
yses will explore these metrics to improve the mechanistic understanding of canopy
structure–function interactions.

Finally, the explicit inclusion of photosynthetically active radiation (PAR) in AGC
modeling represents a promising direction. While PAR was not incorporated in the current
study due to the lack of co-temporal in situ observations and the coarse spatial resolution
of existing satellite products, several spectral variables used—such as Sentinel-2 red-edge
bands and the canopy leaf greenness index—are physiologically linked to chlorophyll
content and light absorption and thus may serve as indirect indicators of LUE. Future
efforts will consider integrating modeled or measured PAR datasets (e.g., from GLASS,
MODIS, or ground-based quantum sensors) with UAV-derived structural traits to more
accurately characterize LUE and its influence on AGC variation across heterogeneous
mangrove landscapes.

6. Conclusions
This study demonstrates the effectiveness of integrating UAV-derived LiDAR with

multi-source satellite imagery (Sentinel-1, Sentinel-2, and PALSAR-2) for accurate estima-
tion of mangrove CH and AGC. Canopy height emerged as a key structural feature that
mitigates spectral saturation and significantly improves AGC model performance. The
fusion of spectral, textural, and structural variables yielded optimal results (R2 = 0.75,
RMSE = 14.18 Mg C/ha), confirming the value of multi-dimensional feature integration.
While previous studies have advanced satellite-based carbon mapping through machine
learning or multi-temporal fusion, they are often limited in retrieving fine-scale structural
indicators such as CH. UAV-based LiDAR offers precise vertical structure information
that bridges this resolution gap, making it a critical complement to satellite observations.
The Maowei Sea mangroves exhibited a mean canopy height of 6.08 m and an average
AGC density of 53.01 Mg C/ha, with a total regional AGC stock of 88,363.73 Mg. These
findings underscore the potential of UAV–satellite fusion frameworks for scalable, accurate
blue carbon monitoring in structurally complex ecosystems. The methodology presented
here contributes to improving regional carbon accounting and supports climate mitigation,
coastal ecosystem resilience, and the sustainable management of blue carbon resources in
the context of global environmental change.
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Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Full Term
AGC Aboveground Carbon
AGB Aboveground Biomass
GEE Google Earth Engine
GLCM Gray Level Co-occurrence Matrix
DEM Digital Elevation Model
DSM Digital Surface Model
RF Random Forest
RFE Recursive Feature Elimination
R2 Coefficient of determination
RMSE Root mean square error
CH Canopy Height
UAV Unmanned Aerial Vehicle
LiDAR Light Detection and Ranging
RTK Real-Time Kinematic
TIN Triangulated Irregular Network
SAR Synthetic Aperture Radar
GEDI Global Ecosystem Dynamics Investigation
ICESat-2 Ice, Cloud, and Land Elevation Satellite-2
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al. 2023). Plastic degradation generates microplastics and 
induces surface cracking, which accelerates additive leach-
ing into the environment, thereby amplifying ecotoxicologi-
cal risks (Wang et al. 2024).

Most chemicals used in plastic manufacturing demon-
strate toxicity to both non-human organisms and humans, 
with endocrine disruptors and carcinogenic compounds 
representing the predominant hazards (Rakib et al. 2023b). 
Phthalates (PAEs), common plasticizers that enhance flex-
ibility and durability in plastics, are widely used. Accord-
ing to studies, the global annual consumption of phthalates 
(PAEs) reached 7.5  million tons in 2018 (Pradhan et al. 
2018), accounting for 95% of the entire plasticizer mar-
ket. Phthalates are endocrine disruptors that are terato-
genic, neurotoxic, and reproductively toxic (Poopal et al. 
2020). In addition to phthalates, other plastic additives such 
as organophosphates and UV absorbers also pose signifi-
cant risks. In 2018, organophosphate production reached 
more than 1 million tons (Fernandez-Arribas et al. 2023). 
A growing number of studies have shown that OPEs have 
adverse effects on biological and human health, including 
reproductive developmental toxicity, endocrine disruption 
toxicity, and neurotoxicity (Klose et al. 2022). According to 
data, the annual global production of UV absorbers is up to 
10,000 tons (Carve et al. 2021). Some benzotriazoles have 

Plastic, widely used in packaging, textiles, and construc-
tion due to its durability and affordability (Hahladakis et al. 
2018), saw global production soar from 1.5 million tons in 
1950 to 400 million tons by 2022 (Barlucchi et al. 2024). 
However, less than 20% of plastic waste is recycled, leav-
ing large amounts to enter natural ecosystems (Rakib et al. 
2021, 2022). Annual riverine plastic flux into marine envi-
ronments is estimated at 1.15–2.41 million tons (Rakib et 
al. 2023a), representing 67% of total river-borne plastic 
pollution (Mehta et al. 2025). Though non-biodegradable, 
plastics undergo fragmentation into microplastics due to 
ultraviolet radiation (Liu et al. 2023), temperature fluctua-
tions (Ding et al. 2020), and salinity fluctuations (Wen et 
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Abstract
This study investigated how air, water, light, and salinity influence the release of three additives—phthalic acid esters 
(PAEs), organophosphate esters (OPEs), and organic ultraviolet absorbents (OUVAs)—from expanded polystyrene plastic 
(EPS). GC-MS/MS was used to quantify the concentrations of the three additives. The release kinetics and mechanisms 
under different conditions and the effects of various factors were analyzed. The release of PAEs and OPEs was more 
consistent with the first-order kinetics, while the release fitting of OUVAs was more in line with the second-order kinet-
ics. Among all conditions, air exposure led to the highest release rates of PAEs (∑16PAEs: k = 0.868 ng/g·day) and OPEs 
(∑11OPEs: k = 0.927 ng/g·day). Compared to freshwater, seawater moderately inhibited EPS aging and additive release 
due to ion effects. Light significantly influenced both the rate and amount of additive release. Finally, the global release 
of plastic additives from EPS waste was estimated at 33.5k tons for PAEs, 646 tons for OPEs, and 420 tons for OUVAs.
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been classified as high-yield chemicals by the Organization 
for Economic Cooperation and Development (Wick et al. 
2016).

Expanded polystyrene (EPS), a low-cost and lightweight 
material with thermal insulation properties, was selected for 
this study due to its widespread use in packaging, construc-
tion, and fishing. However, its lightweight property also 
makes it prone to floating on water surfaces, increasing its 
exposure to environmental factors such as sunlight and rain.

Understanding the release behavior of plastic additives 
is essential for controlling co-existing contaminants and 
assessing environmental health risks. This study focuses on 
polystyrene plastics and aims to: (i) analyze the content and 
composition of three plastic additives in polystyrene mate-
rials; (ii) investigate the impact of different simulated envi-
ronments on additive release; and (iii) estimate the mass 
loadings of these additives in polystyrene plastics.

Materials and Methods

Standards and Materials

In this study, 11 OPEs, 16 PAEs, and 13 OUVAs, which 
are widely used in the market, were measured and analyzed. 
Quantitative recovery indicators, D4-DMP, D4-BBP, and 
D4-DEHP (to monitor PAEs), D27-TNBP and D15-TPHP 
(to monitor OPEs), and D5-BP-3 (to monitor OUVAs), 
were added to each sample to monitor the recovery of the 
target compounds. Detailed information on the above 40 
standardized products is provided in the Supplementary 

materials (Tables S1-S3). The EPS plastic used in the simu-
lation experiment was purchased from an online shopping 
platform.

Experimental Setup

Brand-new EPS foam plastics were divided into five groups 
(T1-T5), each consisting of 8 replicates, with each replicate 
weighing 0.3  g. The T1 group was designated as the air-
exposed group, with plastic samples placed uncovered on 
stainless steel screens and exposed to simulated rainfall and 
ultraviolet irradiation generated by the aging device. A bea-
ker was placed at the bottom of group T1 to collect leachate 
produced during aging. For groups T2 and T4, 300 mL of 
ultrapure water was added to each group. For groups T3 and 
T5, 300 mL of artificial seawater (salinity 32‰, prepared 
with sea salt and ultrapure water) was used. The groups T4 
and T5 were wrapped in tin foil, and protected from light. 
All vials were sealed with glass stoppers. The specific 
experimental setup is shown in Fig.  1. All samples were 
placed in the UV-accelerated aging chamber. The samples 
were exposed for 2, 4, 6, 8, 10, 12, 14, and 16 days. We col-
lected EPS samples after aging for subsequent analysis. EPS 
samples were collected after aging for subsequent analysis. 
Simultaneously, the additive content in the brand-new foam 
was measured. The parameters of the UV-accelerated aging 
chamber are provided in Text S2.

Fig. 1  The experimental setup of EPS expose to different environments
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Extraction of Additives from Plastic Samples

Each plastic sample was placed in a 50-mL brown vial with 
30 mL of dichloromethane as the extractant. To each vial, 
60 ng of D4-DMP, D4-BBP, and D4-DEHP, and 20 ng of 
D27-TNBP, D15-TPHP, and D5-BP-3 were added as recovery 
rate indicators. The vials were then subjected to ultrasonic 
extraction in an ultrasonic cleaner (25 ℃, 300 W, 40 kHz) 
for 30 min. The extracts from each sample were combined 
into a 250-mL Florence flask, and the extraction process was 
repeated three times. The combined extracts were concen-
trated to near dryness using a rotary evaporator (1000 rpm, 
40 ℃). Solvent displacement was then performed by adding 
3–4 mL of ethyl acetate in two batches. Finally, the result-
ing solution was transferred into a 1.5-mL brown injection 
vial using ethyl acetate. Identification and quantification 
of all additives were conducted using an Agilent 7890 gas 
chromatography-tandem 7000C triple quadrupole mass 
spectrometry (GC-MS/MS, Agilent Technologies, Palo 
Alto, USA) in Multiple Reaction Monitoring (MRM) mode. 
Detailed information about mass spectral parameters is pro-
vided in Text S1 and Tables S4-S6.

Quality Assurance/Quality Control (QA/QC)

Strict quality control procedures were employed through-
out all experimental operations to minimize the influence 
of external environmental contamination. Metal products 
used in sample processing underwent washing with hexane, 
methylene chloride, and ultrapure water to remove resid-
ual contaminants from their surfaces. During GC-MS/MS 
measurements, the samples were spiked with ethyl acetate 
as a procedural blank. Additionally, one quality control 
(QC) point was included for every 10 samples to monitor 
instrument performance. The final concentrations of target 
compounds in all measured samples were obtained by sub-
tracting the concentrations of target compounds found in the 
blank samples.

Data Analysis

During the experiment, the release of additives from plastics 
into water was determined by subtracting the additive con-
centrations in aged samples from their initial concentrations 
in the plastics. Additives with relatively high concentra-
tions were analyzed using kinetic fitting, and their leaching 
behavior was modeled with both first-order and second-
order kinetic equations, fitted using Origin software.

The first-order kinetic model:

Qt = Qe(1 − e−k1t)� (1)

The second-order kinetic model:

1
(Qe − Qt)

= 1
Qe

+ k2t� (2)

Where Qt is the amount of plastic additive leached at moment 
t. Qe is the amount of additive at the leaching equilibrium; 
k1 is the rate constant of the first-order kinetic model, and k2 
is the rate constant of the second-order kinetic model.

Results and Discussion

Composition of Additives in Virgin EPS Foam

As shown in Fig.  2, the content of the three additives in 
the original EPS plastic decreases sequentially from high to 
low as PAEs (∑16PAEs: 4.64 × 104 ng/g), OPEs (∑11OPEs: 
695 ng/g), and OUVAs (∑13OUVAs: 461 ng/g). The detec-
tion results for 16 PAEs are consistent with previous studies, 
with DEHP (84%) and DPHP (11%) identified as the main 
detected compounds (Fig.  2a). Among the 11 OPEs, the 
chlorinated OPEs, TCIPPs, and TCEP dominate (Fig. 2b). 
Due to the varied physicochemical properties of OPEs, 
their distribution behaviors in aquatic environments differ. 

Fig. 2  Percentage of PAEs, OPEs and OUVAs in unaged EPS. (The figure shows the percentage of compounds detected and does not show the 
detection of 0.)
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initial rapid decline, followed by slow fluctuations (increase 
and/or decrease) over time, indicating a transition from fast 
release to dynamic adsorption-desorption processes. This 
trend may arise from aging-induced changes in EPS particle 
properties (e.g., surface morphology, crystallinity), which 
alter additive migration under environmental stressors (Liu 
et al. 2023).

Air Exposure Conditions

The levels of the three additives in EPS foam pellets 
decreased rapidly under air exposure, with reductions of 
74.3% for PAEs within the first 6 days, 98.1% for OPEs 
within 8 days, and 95.9% for OUVAs within 2 days. 

Generally, chlorinated OPEs exhibit greater hydrophilic-
ity compared to other OPEs (Wang et al. 2023). Among 
the 13 OUVAs, UV-327 (55%) and BP-8 (26%) also have 
relatively high concentrations (Fig. 2c). However, the addi-
tive concentrations vary across plastic types and production 
formulations, leading to observed discrepancies in reported 
values.

Release Characteristics of Additives Under Different 
Environmental Conditions

As shown in Fig. 3, the additive content in the plastic did not 
consistently decrease across the five environmental simula-
tion exposure modes. Instead, additive content showed an 

Fig. 3  Dynamic changes in the content of PAEs, OPEs, and OUVAs additives in the EPS particles after their exposure to different environments
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Compared to water exposure, air exposure exhibited 
more dynamic adsorption and release patterns, likely due to 
increased susceptibility to UV radiation, temperature fluc-
tuations, and rainfall. The first-order kinetic fit plots align 
more closely with the experimental release results, consis-
tent with findings from other studies (Zhong et al. 2023). 
The kinetic analysis supports these observations, with first-
order kinetic models fitting the release of PAEs and OPEs 
better than second-order models (Fig. S4 and S5, Tables 
S7 and S8). The release rates under air exposure were the 
highest across all scenarios (∑16PAEs: k = 0.868 ng/g·day; 

Following this initial decline, all three additives exhibited 
a transient increase, with PAEs, OPEs, and OUVAs rising 
by 20.6%, 34.9%, and 12.8%, respectively (Fig.  3). This 
re-adsorption phase was more pronounced under air expo-
sure than other conditions, which suggests that additives 
released from EPS foam can re-adsorb onto the plastic sur-
face under specific environmental factors. Additive levels 
then declined steadily, reaching their lowest concentrations 
on day 16 (∑16PAEs: 1.88 × 10³ ng/g; ∑11OPEs: 2.86 ng/g; 
∑13OUVAs: undetectable).

Fig. 4  The first-order kinetic model of the release of PAEs, OPEs, and OUVAs in the EPS particles under different environments
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which facilitates the release of OUVAs from EPS foams 
into the environment. Furthermore, the ability of OUVAs to 
absorb UV rays may lead to the cleavage of chemical bonds 
and their degradation into non-UV-active compounds (Vila 
et al. 2017).

Effect of Salinity on the Release of Plastic Additives Under 
Water Exposure

As shown in Fig.  3, additive levels in EPS foam pellets 
decreased rapidly during the initial exposure to ultrapure 

∑11OPEs: k = 0.927 ng/g·day), reinforcing the role of envi-
ronmental factors in accelerating additive release under air 
exposure conditions. The initial rapid release of additives 
under air exposure is driven not only by physical desorption 
but also by photo-oxidation and thermal degradation of the 
EPS matrix. This suggests that environmental factors act as 
‘catalysts’ for aging-induced additive release.

Among the three additives, OUVAs exhibited a distinct 
release pattern under air exposure, with a clear outward 
release trend and complete disappearance by day 16 (Fig. 3). 
This behavior is likely due to prolonged UV exposure, 

Fig. 5  The second-order kinetic model of the release of PAEs, OPEs, and OUVAs in the EPS particles under different environments
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decreasing trend on days 0–6 and 8–16. In contrast, BP-8 
exhibited an increasing trend in the later stages of aging. 
This difference may be related to the inherent properties of 
these compounds. Under seawater exposure, ∑13OUVAs 
in EPS foam particles showed a significant decreasing 
trend on days 0–4 and reached the lowest value on day 4 
(∑13OUVAs: 30.5 ng/g), and also showed a significant 
decreasing trend on days 6–16 and completely disappeared 
on day 16 (∑13OUVAs: 0 ng/g), which was different from 
PAEs and OPEs. Unlike PAEs and OPEs in EPS foam parti-
cles, UV irradiation both promotes additive release through 
EPS fragmentation and photodegrades OUVAs. This aligns 
with the observed OUVAs decline in UV-exposed samples 
(Fig.  3), where aging enhanced additive migration (Xu et 
al. 2025).

Effect of Light on the Release of Plastic Additives Under 
Water Exposure

Under light-avoidance conditions, the release of ∑16PAEs 
and ∑11OPEs from EPS foam particles reached minimum 
levels on day 4 (∑16PAEs: 7.44 × 10³ ng/g; ∑11OPEs: 38.51 
ng/g) and day 2 (∑16PAEs: 7.28 × 10³ ng/g; ∑11OPEs: 42.50 
ng/g), respectively, before gradually equilibrating. A com-
parison between light-avoidance and UV-exposure groups 
revealed that while both conditions exhibited high initial 
release rates, the release levels in light-avoidance groups 
were consistently lower (Tables S7 and S8). As shown in 
Fig.  3, after reaching maximum release levels, no signifi-
cant adsorption or release occurred, with equilibrium levels 
remaining lower than those under UV exposure. This indi-
cates that UV absence significantly slowed both the rate and 
extent of EPS aging. Under light-avoidance conditions in 
seawater, the additive release was more pronounced than in 
ultrapure water under the same conditions, likely due to the 
effects of salinity, which influences solubility and diffusion.

Under light-avoidance conditions, ∑13OUVAs in EPS 
foam particles exhibited similar trends across both ultrapure 
water and seawater. A significant decrease was observed 
on day 2 (ultrapure water: 4.45 ng/g; seawater: 7.59 ng/g), 
followed by a gradual increase from days 2 to 8, reach-
ing maximum values on day 8 (ultrapure water: 67.6 ng/g; 
seawater: 46.5 ng/g). From days 8 to 16, OUVAs levels 
decreased slightly, with final concentrations of 21.3 ng/g 
(ultrapure water) and 16.6 ng/g (seawater) on day 16. These 
levels were significantly higher than those observed in the 
UV-exposure groups on day 16, suggesting that UV irra-
diation accelerates the degradation of OUVAs in EPS foam 
particles. The difference highlights the pivotal role of UV 
exposure in promoting additive degradation, especially for 
OUVAs, compared to light-avoidance conditions.

water. Significant reductions were observed for ∑16PAEs 
and ∑11OPEs from day 0 to day 4, with peak release lev-
els on day 4 (∑16PAEs: 7.38 × 10³ ng/g; ∑11OPEs: 9.74 
ng/g). While both additives displayed strong release prop-
erties initially, their behavior diverged afterward. ∑16PAEs 
showed a slight increase on day 6, stabilized from days 6 
to 12, and then rose significantly. Conversely, ∑11OPEs 
exhibited adsorption after day 4, reaching a maximum con-
centration on day 16 (∑11OPEs: 84.8 ng/g). These trends 
align with prior studies on brominated flame retardants 
(BFRs) and PAEs, which showed rapid release followed 
by gradual equilibrium (Zuo et al. 2023). Plastic additives, 
incorporated into polymers through non-covalent bonding, 
are released upon contact with a liquid matrix. However, 
their hydrophobicity often leads to re-adsorption onto the 
polymer surface (Dhavamani et al. 2022). Over time, the 
EPS plastic adsorption capacity may increase due to envi-
ronmental factors, further facilitating additive uptake. This 
explains why additive levels do not always consistently 
decline during exposure, though aged plastics still release 
additives more readily than unaged ones (Chen et al. 2023).

In seawater, ∑16PAEs and ∑11OPEs exhibited a simi-
lar initial release trend to ultrapure water during days 0 to 
4. However, from days 6 to 16, their concentrations were 
slightly higher than under ultrapure water exposure. The 
presence of inorganic ions in seawater likely inhibited 
additive release by reducing the solubility and diffusion of 
non-ionic compounds (Dhavamani et al. 2022). Addition-
ally, salinity and dissolved organic matter (DOM) enhanced 
the adsorption of additives onto plastics (Chen et al. 2019). 
The aging process in seawater may also be suppressed due 
to the presence of photochemically active ions (e.g., bro-
mide, chloride, nitrate, carbonate). These ions can indirectly 
or directly affect free radical reactions involved in plastic 
aging, thereby limiting additive release. Kinetic simulations 
confirm this: the equilibrium release (Qe) and release rates 
of DEHP and OPEs were significantly lower in seawater 
than in ultrapure water (DEHP: 31315 ng/g < 31990 ng/g; 
OPEs: 684 ng/g < 698 ng/g).

The OUVAs behaved differently from the PAEs and 
OPEs. When exposed to ultrapure water, OUVAs showed 
a decrease followed by an increasing trend from 0 to 8 
days, reaching a maximum on day 8 (∑13OUVAs: 125.76 
ng/g). They then reached a release-adsorption equilibrium 
from days 10 to 14 and achieved a minimum concentra-
tion on day 16 (∑13OUVAs: 10.9 ng/g) (Fig. 3). Analysis of 
individual OUVAs revealed that AVO was almost entirely 
released within the first day and almost a very small amount 
is adsorbed during the subsequent releases. It can also be 
seen in the accompanying table that AVO is the substance 
with the highest release rate (Table S9). UV-327, which 
accounted for the highest proportion, showed a significant 

1 3

Page 7 of 9     57 

1237



Bulletin of Environmental Contamination and Toxicology          (2025) 114:57 

models in future studies. The environmental persistence of 
EPS and the release of additives pose a risk to the ecosys-
tem. In the future, biodegradable alternatives to EPS should 
be developed and bio-based additives should be explored 
to replace traditional toxic plasticizers/flame retardants. At 
the same time, more comprehensive recycling technologies 
should be designed to reduce the generation of EPS waste.
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Estimation of Total Release Quantity of Plastic Additives in 
the Marine EPS Waste

According to previous literature calculations, the cumula-
tive mass of floating microplastics in the ocean ranges from 
0.093 to 23.6 million tons (van Sebille et al. 2015). Poly-
styrene is one of the common polymers found in the marine 
environment, comprising approximately 4% of marine 
microplastics (Erni-Cassola et al. 2019).

It is estimated that the amount of additives that enter the 
ocean each year from EPS plastic is calculated by the fol-
lowing formula:

QTotal = Ci × Mmicroplastics × PEPS × 10−6� (3)

Where QTotal is the total amount of additives released from 
EPS plastics per year; Ci is defined as the equilibrium release 
of the additive from the EPS; Mmicroplastics is the weight of 
microplastics entering the oceans each year. PEPS is the per-
centage of EPS plastics in the total plastics.

Based on calculations, the estimated release of the three 
additives into the ocean is 33.5k tons for PAEs, 646 tons 
for OPEs, and 420 tons for OUVAs. The massive release 
of these additives highlights the urgency of addressing the 
issue of EPS waste management. Understanding the dynam-
ics and pathways of additive release during EPS aging is 
critical to assessing long-term environmental pollution 
risks, particularly in landfills and marine ecosystems. Due 
to their lightweight and buoyant properties, EPS plastics 
tend to float on the ocean surface, where they are exposed 
to complex environmental factors from both water and air. 
This increases the potential for additive release, posing a 
significant threat to the marine environment. However, 
this estimation is simplified, as EPS foam in the ocean is 
also affected by additional natural factors, such as waves. 
More precise calculations require further detailed research. 
Despite this, the environmental risks associated with EPS 
plastics remain undeniable.

Conclusions

The release of plastic additives is primarily driven by their 
migration and diffusion within the plastic matrix. However, 
external environmental conditions, such as air exposure, 
seawater immersion, and light, alter the surface properties 
of EPS plastics, indirectly influencing this process. In this 
study, the additive release characteristics under the interac-
tion of several environmental conditions were investigated. 
However, it is difficult for laboratory simulation to fully 
reproduce complex environmental parameters, and field 
studies should be strengthened to establish dynamic release 
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A B S T R A C T

The presence of fungi and their spores in aquatic environments constitutes an increasingly important environ
mental and public health issue, with potential impacts ranging from alterations in water quality to health risks 
for both humans and animals. This review summarizes the latest advancements in the inactivation of fungi and 
their spores in various types of water bodies, including surface water, drinking water, and seawater. The paper 
provides a systematic review of the distribution characteristics of fungi and spores in aquatic environments, 
commonly used fungal identification methods, and the progress made in inactivation technologies. By critically 
analyzing the limitations of existing research, we offer perspectives on future research directions, aiming to 
provide theoretical guidance and support for the optimization and development of fungal contamination control 
and novel inactivation technologies. Given the strong resistance of fungal spores to conventional disinfection 
methods, this review systematically evaluates the limitations of current approaches and seeks to lay the neces
sary knowledge foundation for improving the effectiveness of fungal control strategies and inactivation 
technologies.

1. Introduction

The rapid development of the social economy has led to corre
sponding environmental problems[1–3]. As one of the most common 
substances on Earth, water is an important resource for all life, including 
human beings. It is one of the most critical components of living things 
and is often the first to be polluted. Water pollution is not only harmful 
to human health, but also directly affects economic development and 
social stability. Ebenstein et al. [4] found that the pollution has signif
icantly impeded health improvement in China over the past two de
cades. One major factor contributing to the country’s high cancer rates is 
the worsening water quality [5]. The deterioration in water quality will 
increase the incidence rate of gastrointestinal cancer by 9.7 % [6]. Ling 
et al. [7] studied the quantitative method of environmental value loss of 
water pollution based on emergy theory. Taking Zhengzhou city as a 
case study, the findings revealed that the average economic loss due to 
water pollution from 2000 to 2015 amounted to 5.948 billion yuan, 
which represented 1.28 % of gross domestic product. It is reported that 
the frequency of sudden biological pollution incidents in public water 
systems is much higher than that of chemical pollution incidents[8]. 

Biological pollution of water refers to the phenomena where various 
organisms, especially parasites, bacteria, viruses, and fungi, contami
nate aquatic environment and drinking water, potentially leading to 
human diseases[9–12]. In recent years, people have been paying more 
and more attention to the potential harm of biological pollutants in 
water to human health and even environmental health[13–15]. How
ever, because waterborne fungi do not typically cause acute toxicity in 
water in the same way that viruses and bacteria do, they have not 
received as much attention in water quality studies and have often been 
overlooked in past research [16]. There is growing evidence that chronic 
exposure to waterborne fungi, particularly those producing mycotoxins, 
can lead to long-term health effects. These include respiratory disorders, 
allergic reactions, and potential systemic toxicity such as liver damage 
or immunosuppression[17–19]. A total of 98,656 articles on the theme 
of “fungi” and “water” and 7722 articles on the theme of “fungal spores” 
and “water” were recorded on the Web of Science. Judging from the 
number of articles, since 2000, the attention of fungi in water has 
increased obviously, as shown in Fig. 1, especially in the last five years. 
Compared with bacteria, fungi have a more complex cell structure and 
exist in forms such as dormancy, germination, aggregation, and biofilm 
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in water. They are difficult to control and disinfect. Water with high 
organic matter and phosphorus content poses a higher risk of fungal 
outbreaks [20]. At present, most research focuses on bacteria and vi
ruses, with less emphasis on fungi [21]. At present, China’s " Standards 
for drinking water quality"（GB 5749–2022） has not clearly stipulated 
the detection standard for fungi. On a global scale, only Sweden has 
formulated relevant laws and regulations on fungal pollution in drinking 
water, and its standard stipulates that the number of fungi should not 
exceed 100 CFU/100 mL [22].

Fungal pollution should not be underestimated. Studies in recent 
decades have shown that fungal pollution in water is a serious issue, 
causing significant harm to both the environment and human health
[20]. On the one hand, fungal pollution affects water quality, mainly 
manifesting in the color, smell, and taste of drinking water [23]; On the 
other hand, fungal pollution can also pose a threat to human health, 
especially for individuals with compromised immune systems, and such 
infections can be fatal [24]. According to previous studies, fungi are 
everywhere in water [25–28]. Because the growth of fungi is influenced 
by various water quality conditions and the specific environmental 
characteristics of each water body, the species and quantity of fungi vary 
significantly across different water bodies and regions [29]. At present, 
many countries and regions usually use fecal pollution indicator bacteria 
(e.g., Escherichia coli) to assess the risk of potentially pathogenic mi
croorganisms in water[30–32].However, some studies show that the 
presence of fecal contamination indicator bacteria in water does not 
necessarily mean the presence of fungal pollution, and there is no direct 
correlation between them [22,33–35]. When evaluating water quality 
safety, the existence and risk of fungi and microorganisms in water 
cannot be fully reflected only by the indicator bacteria index.

Currently, detection methods can be broadly categorized into three 
groups: culture-based methods, biochemical-based methods, and mo
lecular biology-based methods. Each method possesses inherent 
strengths and limitations, necessitating the optimization of current 
methodologies and the integration of various detection techniques. In 
order to effectively control fungal populations in aquatic environments, 
researchers have developed various methods for fungal inactivation 
following qualitative and quantitative assessments. These methods can 
be broadly categorized into biological, chemical, and physical ap
proaches. However, each method has its own limitations in practical 
applications, such as cost, efficacy, and potential environmental im
pacts. Therefore, it is of great significance to explore efficient fungal 
detection methods and environmentally friendly fungal inactivation 
techniques to control biological pollution and develop effective inacti
vation methods.

While several studies have explored individual aspects of fungal 
inactivation or detection, there is a lack of comprehensive reviews that 
integrate recent advancements, evaluate the effectiveness of various 
methods. This review provides a comprehensive analysis of current 
fungal inactivation technologies and, importantly, presents the first 
comparative evaluation of fungal detection methods, highlighting their 
applicability and limitations. The current research deficiencies in this 
field are analyzed, and future prospects are discussed. This paper aims to 
provide a theoretical basis for future research on controlling fungal 
pollution and developing fungal inactivation technology.

2. Investigation and research status of fungi and spores in water

Microbial contamination in water bodies not only affects the quality 
of life but can even lead to disease outbreaks that threaten human 
health, and therefore has received widespread attention. According to 
the survey data of the World Health Organization, about 80 % of human 
diseases are related to water[36]. Water pollution mainly involves bio
logical contamination and chemical contamination, with biological 
contamination being the primary concern[37]. In the past, water quality 
safety research primarily focused on pathogenic microorganisms such as 
viruses and bacteria, which can cause acute diseases or epidemics, while 
research on fungi has been relatively limited.

2.1. Investigation and research status of fungi in water

Fungi, including molds, yeasts, and mushroom, are eukaryotic or
ganisms producing conidia (spores) that are easy to disperse in and 
contaminate the surrounding environments[38]. Fungi can survive in 
various natural, man-made, and extreme environments, and some fungi 
can develop strong physiological adaptability under certain conditions, 
which may change with variations in seawater parameters [39].

Fungal contamination occupies a large portion of urban water supply 
systems[40]. Fungal contamination of water has significant implications 
for hospitals and health institutions, particularly for immunocompro
mised patients[41]. With the sustainable development of China’s social 
economy, the problem of water pollution has become increasingly 
serious, significantly impacting drinking water quality. This issue re
quires urgent attention.

In addition to drinking water sources, aquatic ecosystems, such as 
lakes and ponds, also serve as significant habitats for fungal diversity. 
For example, a large number of fungi in lakes and ponds across north
eastern Germany and Scandinavia have yet to be fully characterized[42, 
43]. Although these microorganisms have not been isolated in culture, 
they may be highly abundant and could play a dominant role in the 
functioning of natural ecosystems[44]. In contrast to research on 
terrestrial and wetland fungi, the exploration and understanding of most 
aquatic fungi and their ecological functions are still limited, with studies 
primarily concentrated on specific habitats within lotic (flowing-water) 
ecosystems[45–47].

Relative to the finite freshwater resources, which constitute 
approximately 2.5 % of the Earth’s total hydrosphere, the Earth’s sur
face is 71 % covered by oceans, encompassing a total area of approxi
mately 360 million square kilometres. It holds about 1.3 billion cubic 
kilometres of water, constituting roughly 97 % of the total water on 
Earth. Recent studies have revealed the presence of a diverse range of 
fungal species in marine environments. Some studies estimate that there 
are 1692 species of fungi in the ocean [48]. Jones et al. [49] show that In 
marine environments, mangrove substrata are dominated by Dothideo
mycetes, while submerged woody substrata in coastal waters host a high 
abundance of halosphaeriaceous species. Fungi in seawater are an 
important and diverse microbial community, which plays a key role in 
marine ecosystems [50–52]. Fungi in seawater grow on a variety of 
substrates, including wood, sediments, mud, soil, sand, algae, corals, 
rotting leaves of mangroves, intertidal weeds, and even on crustaceans 
[53–56].

Fig. 1. Annual publications of fungi in water.
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Many studies show that the potential harm caused by fungi in 
seawater can not be ignored. Sallenave-Namont et al. [57] isolated and 
identified toxic saprophytic fungi from shellfish, sediments and seawater 
samples in marine shellfish culture areas. They identified 456 strains, 
including 12 different genera, with Penicillium, Aspergillus, Trichoderma 
and Cladosporium being obviously dominant. Their research shows that 
filter-feeding shellfish accumulate toxic metabolites from fungi, indi
cating that consuming contaminated shellfish poses a risk of poisoning. 
At the same time, seawater has an important influence on the formation 
and toxicity of fungal metabolites. Song et al. [58] found that seawater 
factors can promote many fungal strains to produce bioactive metabo
lites, including plant pathogens, marine phytoplankton inhibitors and 
toxic substances of marine animals. Kerzaon et al. [59] research shows 
that although the secretion of marine strains seems to be less affected by 
seawater salinity compared to terrestrial strains, seawater salinity in
creases the secretion of Aspergillus fumigatus and the excretion of colloid 
toxins. This may exacerbate the toxicity of Aspergillus fumigatus in the 
marine environment. Reich et al. [60] found that some fungal species 
that dominate the microbial community with low pH value are known 
pathogenic fungi.

Despite the increasing number of fungal species identified in aquatic 
systems, global fungal diversity is estimated to lie between 1.5 and 1.6 
million species [61]. However, the study and detection of marine fungi 
by both domestic and international researchers remain constrained by 
methodological limitations [21,56]. Therefore, the exploration of new 
methodologies and technologies for investigating marine fungi is 
imperative, offering significant scientific and practical value for the 
advancement of marine science and the conservation of marine 
environments.

2.2. Investigation and research status of spores in water

Fungi primarily reproduce through spores, which are typically 
highly resistant to chlorine. Fungal spores are at the end of the repro
ductive development cycle of fungi and possess the ability to develop 
into a new generation, making them crucial in fungal propagation. Most 
studies on the fungi disinfection in water focus on dispersed spores [20].

In potable water systems, fungi are present both as individual, 
dispersed spores and in aggregated forms, where they grow, germinate 
into hyphae, and ultimately create biofilms[62]. Zhang et al. [63] found 
that fungal spores easily form aggregates under neutral or slightly 
alkaline conditions. Furthermore, the resistance of these aggregates to 
disinfectants increases with their degree of aggregation. Cao et al. [64]
found that fungal spores exhibit significant germination potential in 
natural water environments. Most fungi isolated from drinking water by 
Zhao et al. [65] belong to Ascomycota, which are capable of forming 
conidia. Studies have shown that fungal spores with relatively high 
chlorine tolerance can become natural components of microorganisms 
in drinking water distribution systems. This phenomenon may 
contribute to an increased fungal content in tap water or water storage 
tanks.

The cell wall of fungal spores serves as a robust defense mechanism 
against adverse environments until conditions become suitable for 
germination and reproduction. Compared to bacterial cell walls, fungal 
spore walls are structurally more complex and composed of stronger 
materials. Direct exposure to the environment endows fungal spores 
with the ability to tolerate extreme conditions such as oxidative envi
ronments, ultraviolet (UV) radiation, high temperatures, osmotic pres
sure variations, and a wide range of pH levels [66,67]. As a result, fungal 
spores are able to persist in the high osmotic pressure and wide range of 
pH conditions found in the ocean.

Researchers conducted experiments to investigate the survival rates 
of fungal spores from the Dead Sea under various salinity conditions
[68]. Results showed that both mycelia and spores of Dead Sea isolates 
exhibited remarkable tolerance to high salt concentrations, with some 
mycelia surviving for weeks in undiluted Dead Sea water. While spores 

of terrestrial isolates generally showed poor survival in undiluted Dead 
Sea water, those from the Dead Sea demonstrated significantly higher 
viability. These findings suggest the presence of adapted halotolerant or 
halophilic fungi within the Dead Sea ecosystem.

The germination of spores can lead many fungi to cause diseases to 
humans, animals, and plants. Once germinated, fungal spores start 
growing on their host. Due to their high metabolic activity, germinated 
spores produce more toxic factors, and the release of toxins, pathogenic 
factors, or immunostimulating components (such as cell wall compo
nents) can harm to host. Previous studies have shown that fungal conidia 
with a diameter less than 5 µm can enter the alveoli, causing fungal lung 
infections, while conidia with a diameter of 5–50 µm may enter the 
respiratory system and remain in the throat, leading to diseases like 
sinusitis. Historically, research on water disinfection has mainly focused 
on bacteria and viruses, often overlooking fungal and spore contami
nation. However, studies in recent decades have revealed fungal 
contamination in various water sources, posing environmental and 
health risks. Therefore, urgent measures are needed to control fungal 
contamination and ensure water safety.

3. Common fungi and spore detection methods

At present, detection methods are mainly divided into three cate
gories: traditional methods based on culture, microbial detection 
methods based on biochemistry, and molecular biology-based methods. 
Traditional culture methods primarily rely on direct observation of the 
physiological behaviors of cultivated fungi and spores. Biochemistry- 
based methods detect microorganisms through specific biochemical re
actions or biomolecular characteristics, utilizing the structural and 
functional features of different molecules in microorganisms.

Heterotrophic plate count (HPC), categorized by different inocula
tion techniques, include pour plate (PP), spread plate (SP) and mem
brane filter (MF)[69]. The PP method is simple, convenient and 
cost-effective, but has limitations such as difficulty in counting col
onies in agar and a maximum sample volume of 1.0 mL. The SP method, 
while also simple, exposes colonies to aerobic conditions on the agar 
surface, resulting in higher bacterial counts compared to the PP method. 
However, it requires preparation of Petri dishes and sterile glass rods 
beforehand, and a pollution-free environment during handling, with a 
maximum sample size of 1.0 mL and an optimal inoculation amount of 
0.1–0.5 mL. The MF method is the most versatile, capable of processing 
sample volumes ranging from less than 1.0 mL to as much as 10.0 L. 
However, it requires more equipment, is more expensive, and counting 
colonies can be more challenging compared to the other two methods.

Biochemical methods include defined substrate technology (DST), 
flow cytometry (FCM), and adenosine triphosphate (ATP) biolumines
cence. DST is a biochemical method that utilizes the metabolic charac
teristics of microorganisms. By adding indicators or chemical reagents, it 
can rapidly and sensitively detect microorganisms. Nevertheless, the test 
reagents are primarily imported, resulting in higher costs. FCM, which 
employs specific staining for rapid and accurate fungal quantification, is 
widely used in fungal detection. However, it requires pretreatment to 
disrupt the cell wall and cannot differentiate between fungal species, 
demanding certain operational experience. The ATP method labels 
viable cells with luciferase and uses a bioluminescence detector to 
quickly measure fluorescence. It is simple to operate, but the optimal 
conditions for the reaction system are not yet well-defined, and inter
ference from cells and free ATP in natural water bodies is difficult to 
eliminate.

The methods based on molecular biology rely on the continuous 
advancement of DNA and RNA research technologies, including the 
polymerase chain reaction (PCR), fingerprinting and high - throughput 
sequencing (HTS). PCR rapidly amplifies specific DNA fragments 
through enzymatic reactions, demonstrating high specificity and 
reproducibility. It is simple to operate, cost-effective, and widely 
applied. However, the intercalating dyes used are toxic, and it cannot 
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distinguish between live and dead bacteria. qPCR, by extracting total 
DNA and employing specific primers, enables real-time quantitative 
analysis of fungal species and abundance in water bodies. It is particu
larly adept at detecting toxin-producing fungi, but it comes with higher 
costs and a risk of false positive results. dPCR enables absolute quanti
fication of target molecules by directly counting fluorescent signals 
within individual PCR reaction units. This method is less susceptible to 
inhibition, but requires high-quality templates, specialized equipment, 
and highly specific primers. Furthermore, dPCR can be costly and may 
generate false positives. Fingerprint method is a method to obtain 
chemical characteristic map of substance by special analysis method. It 
has high reliability, but it is easy to be affected by sample complexity. It 
is highly specific, highly dependent on standard libraries, and requires 
standardized operating procedures. HTS is a high-throughput experi
mental technique that analyzes microbial populations at the molecular 
and cellular levels. It utilizes automated systems for rapid, large-scale 
sequencing but is limited by relatively short read lengths.

Table 1 offers a detailed comparison of all the aforementioned 
detection methods. [20]. The increasing number of asterisks (※) in the 
table indicates a corresponding increase in the severity of the technical 
limitations or defects.

Each method has its own advantages and disadvantages, so there is 
urgent need to optimize these methods and integrate various detection 
techniques for comparing and referencing research results from different 
regions and countries. Additionally, it is crucial to develop rapid 
detection methods that are easy to implement, thereby enhancing the 
efficiency and accuracy of fungal detection in water.

4. Common fungi and spore inactivation technology

Methods for controlling fungal contamination encompass both 
physical and chemical disinfection techniques. Physical disinfection 
methods include ultraviolet light-emitting diode (UV-LED) and solar 
disinfection, while chemical disinfection methods involve the use of 
agents such as chlorine, chloramine, chlorine dioxide, and ozone
[70–75]. The inactivation mechanisms of physical and chemical disin
fectants differ significantly. Physical methods induce DNA damage, 
primarily through the formation of pyrimidine dimers, whereas chemi
cal agents often target cell membranes, leading to alterations in 
permeability and ultimately cell death[74]. The characteristics of 
chemical and physical disinfection are combined by advanced disin
fection processes (ADPs) (Fig. 2), which not only destroy the integrity of 
the cell membrane but also damage DNA and enhance the levels of 
intracellular Reactive oxygen species (ROS). This ultimately leads to the 
destruction and inactivation of fungi.

Various methods have been employed to inactivate fungi and spores, 
including biological, chemical, and physical approaches such as anti
fungal agents, photodynamic therapy, UV sterilizers, and plasma treat
ment [76,77]. However, each method has its own set of advantages and 
disadvantages. Currently, there is no systematic review on the technical 
efficacy of fungal spore inactivation in water [65]. Additionally, fungi 
may enter a dormant state in low temperatures, limiting their suscep
tibility to bactericidal treatments [78,79],thus posing a challenge to 

complete fungi inactivation.

4.1. UV inactivation technology

UV irradiation is a physical disinfection technology distinct from 
chemical disinfectants. UV irradiation does not produce teratogenic or 
carcinogenic disinfection by-products and generally does not alter the 
physical and chemical properties of water. UV light is categorized into 
four parts based on wavelength: (1) UV-A, ranging from 315 to 400 nm; 
(2) UV-B, ranging from 280 to 315 nm; (3) UV-C, ranging from 200 to 
280 nm; and (4) vacuum UV light, ranging from 100 to 200 nm. UV 
irradiation in the UV-C wavelength range has become the preferred 
method for disinfecting supply water and is commonly employed in 
most recirculating aquaculture systems. This technique is highly regar
ded for its efficacy in inactivating fish pathogenic bacteria and certain 
viruses[80].

Nourmoradi et al. [81] evaluated the efficiency of UV(254 nm) 
irradiation in inactivating Aspergillus in water. The results showed the 
4 log inactivation for A. fumigatus, A. niger and A. flavus at a density of 
1000 CFU/mL was achieved at UV fluences of 12.45 mJ/cm2, 16.6 
mJ/cm2 and 20.75 mJ/cm2, respectively. Sisti et al. [82] investigated 
Aspergillus contamination in tap water, finding that spores at a concen
tration of 10⁶ CFU/mL achieved 1.38–2.67 log inactivation after just 
10 s of UV-C (254 nm) irradiation at a fluence of 32 mJ/cm². Aspergillus 
flavus and Aspergillus Niger, which were the most resistant, achieved 
2.37 log inactivation after 40 s of irradiation at 128 mJ/cm2. Therefore, 
it can be concluded.

Reactivation of pathogenic microorganisms occurs under UV irra
diation, including both light reactivation and dark repair mechanisms. 
Wen et al. [83] found that fungal spores, with a concentration of 106 

CFU/mL and exposed to UV radiation (254 nm) at an average fluence 
rate of 0.112 mW/cm2, exhibit resistance to UV radiation in real 
groundwater, displaying a higher degree of photo-revival compared to 
phosphate buffer solution (PBS). Both light reactivation and dark repair 
mechanisms weaken the effectiveness of UV disinfection, posing po
tential risks to water safety. Furthermore, the UV disinfection method 
exhibits certain limitations. Notably, fungal spores can demonstrate 
varying degrees of resistance to UV radiation. Wen et al. [75] found that 
four fungal spores, with an initial concentration ranging from (2–7) 
× 10⁵ CFU/mL and exposed to UV radiation at 254 nm with a fluence 
rate of 0.109 mW/cm², exhibited varying degrees of resistance to UV 
radiation, in the order: Cladosporium sp.﹥ Penicillium sp.﹥ Acroporium sp.﹥ 
Trichoderma sp. In practical applications, UV lamp have a finite lifespan 
and necessitate significant maintenance. Moreover, the continuous 
disinfection capacity of UV systems is often limited, and their efficacy 
can be adversely affected by variations in water quality parameters such 
as flow rate, turbidity, and the presence of particulate matter.

In addition to using UV alone, studies have explored combinations of 
UV inactivation with other inactivation technologies. Sichel et al. [84]
deactivated the pathogenic fungus Fusarium by combining sunlight 
(UV-A) with H2O2.They found that Fusarium was effectively deactivated 
in both distilled water and actual well water, achieving a great inacti
vation effect compared H2O2 alone in the absence of sunlight.

Table 1 
Common fungi and spore detection methods.

Testing method Quantified but qualitatively uncertain Qualitative but not quantitative Qualitative and quantitative

HPC FCM ATP finger-print DST PCR qPCR dPCR HTS

Testing time ※※※ ※ ※ ※※ ※※ ※ ※ ※ ※
Testing cost ※ ※※ ※※ ※※※ ※※ ※ ※ ※※※ ※
Personnel professionalism ※ ※ ※ ※※※ ※ ※※※ ※※※ ※※※ ※※※
Other factors influence ※※※ ※ ※※ ※※ ※※ ※※ ※※ ※ ※※
Error ※※※ ※ ※※ ※※ ※ ※※ ※※ ※ ※※
Sensitivity ※※※ ※ ※ ※※ ※ ※ ※ ※ ※

Note: “※” - low, “※※” - medium, “※※※” - high
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4.2. Chlorination inactivation technology

The chlorination inactivation method uses chlorine as a disinfectant 
for water supply and sewage. It is known for its low cost, effective 
disinfection, and ease of use, making it widely utilized in water treat
ment. Chlorine exhibits broad-spectrum antimicrobial properties, 
effectively targeting a wide range of microorganisms, including fungi
[85]. Xu et al. [86] confirmed that chlorine-based disinfectants have 
different inactivation mechanisms for fungal spores. Chlorine and 
chlorine dioxide destroy cell walls and cell membranes, inactivate 
spores, and lead to intracellular material leakage and cell death. Wen 
et al. [87] studied the spores of three dominant fungi in underground 
water sources, revealing that these fungi exhibit varying degrees of 
chlorine tolerance: Trichoderma﹥Penicillium﹥Cladosporium. The study also 
observed that larger fungal spores tend to have stronger hydrophilicity, 
which enhances their susceptibility to inactivation.

However, currently, water bodies are severely polluted by organic 
matter. When disinfectants react with dissolved organic matter (DOM) 
in source water, they can form disinfection by-products (DBPs), some of 
which have been shown to exhibit high mutagenic and carcinogenic 
effects in animals[88]. Several epidemiological studies have shown that 
prolonged consumption of chlorinated water may raise the risk of uri
nary bladder cancer[89]. In response to the health risks associated with 
DBPs, numerous countries and organizations have put in place regula
tions and guidelines for DBPs in drinking water, primarily focusing on 
THMs and HAAs (known as regulated-DBPs)[90]. Recent studies on 
seawater disinfection have demonstrated that significant quantities of 
brominated disinfection by-products (Br-DBPs) are formed in chlori
nated seawater, most of which contain aromatic ring structures[91,92]. 
Notably, DBPs with aromatic structures are more lipophilic, exhibiting 
higher log P values (2.40–5.01) compared to their aliphatic halogenated 
counterparts (0.43–1.79) [93,94]. This increased lipophilicity enhances 
their ability to permeate cell membranes and accumulate in marine 
organisms[93,95,96]. For example, elevated levels of polybrominated 
diphenyl ethers and brominated phenolic compounds have been detec
ted in the blood of fish and wildlife from the Baltic Sea [96] as well as in 
seafood[95]. Additionally, some microorganisms that are resistant to 

chlorination disinfection remain difficult to inactivate. Therefore, the 
primary focus now is to identify a more effective disinfection method.

4.3. Chloramine inactivation technology

The chloramine inactivation method involves producing mono
chloramine and dichloramine through the reaction of chlorine and 
ammonia, aiming to achieve oxidation and disinfection. This method is 
widely favored for its prolonged efficacy and minimal impact. Chlora
mine is extensively utilized for the inactivation of bacteria, viruses and 
protozoa. Ma et al. [26] analyzed hot water samples before and after 
using monochloramine as a field disinfectant in a hospital hot water 
system. The results indicated that the use of chloramine for secondary 
disinfection did not alter the structure of fungal community. Subse
quently, Ma et al. [72] further investigated the inactivation effect of 
mono-chloramine on fungal spores of Aspergillus and Penicillium. They 
found that the inactivation data followed the delayed Chick-Watson 
model, and the required Ct value achieve 99.9 % inactivation ranged 
from 90.33 to 531.3 mg min/L. Furthermore, some researchers have 
compared the inactivation of fungal spores by chloramine in 
laboratory-grade water and settled water at the laboratory scale. The 
results indicated that under the same concentration of chloramine, the 
inactivation of several fungal spores was more effective in 
laboratory-grade water. In contrast, the inactivation rate constants were 
lower in settled water. However, for Penicillium species, there was no 
significant difference in the inactivation rate constants between 
laboratory-grade water and settled water[97].

Monochloramine inactivates spores by penetrating cells and 
damaging their DNA. Similarly, Cao et al. [74] discovered that chlora
mines primarily target the cellular DNA of fungal spores rather than the 
cell membrane, in contrast to chlorine and chlorine dioxide.

4.4. Chlorine dioxide inactivation technology

Chlorine dioxide is a potent disinfectant developed in the United 
States in the 1980 s. Wei et al. [98] studied the inactivation of Candida 
albicans by chlorine dioxide, finding that the removal rate could reach 

Fig. 2. The attacking targets of chemical disinfection, physical disinfection and advanced disinfection processes.
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99.12 % when treated with 15 mmol/L chlorine dioxide for 5 min. 
Additionally, Ma et al. [99] discovered that a 20 ppm chlorine dioxide 
treatment for 10 min achieved a removal rate of more than 99.9 % for 
candida, and a removal rate of 98.2 % for Penicillium.

There has been relatively little research on inactivation of fungal 
spores by chlorine dioxide. The use of in-line biocides during ballast 
water uptake is an effective strategy for mitigating the introduction of 
potential invasive species in marine platforms. Chlorine dioxide is a 
highly effective treatment, capable of eliminating a broad range of or
ganisms, including various microbial and fungal species. It can be 
applied at an effective dose under real-world operational conditions and 
degrades rapidly to safe, undetectable levels. This makes it a promising 
approach for controlling bioinvasions while minimizing environmental 
risks[100]. Vandekinderen et al. [101] studied the effect of gaseous 
chlorine dioxide on microorganisms, finding that at a concentration of 
0.08 mg/L and 1 min exposure, it had minimal impact on fungal spores, 
reducing Aspergillus by an average of 0.1 log and Penicillium by 0.4 log. 
Subsequently, Wen et al. [87] investigated the inactivation mechanism 
of fungal spores by chlorine dioxide, revealing that it follows the 
Chick-Watson model due to its strong oxidation capabilities, which 
disrupt the cell walls and membranes of fungal spores, rendering them 
inactive. Further experiments by Wen et al. [34] with chlorine on spores 
from three genera demonstrated that during chlorine disinfection, 
spores lost culturability initially followed by membrane destruction. The 
membrane failure rate was found to be higher with chlorine dioxide﹥ 
chlorine gas﹥chloramine. ROS are critical metabolic indicators and 
signaling molecules in the development and physiological responses of 
fungal organisms[102]. The production of ROS in fungi is enhanced 
under various stress conditions, including nutrient deprivation, expo
sure to light, and interactions with other organisms[102]. Elevated 
intracellular ROS levels can lead to significant cellular damage, 
adversely affecting DNA integrity (promoting protein oxidation, 
double-strand breaks, and damage to other intracellular components), 
and contributing to membrane instability[103]. In another study, Zhang 
et al. [63] observed that chlorine dioxide was more effective than 
monochloramine and chlorine in disinfecting fungi with different levels 
of aggregation. Their findings indicated higher membrane permeability 
and a greater proportion of cells with elevated intracellular ROS levels, 
with the efficacy ranking as chlorine dioxide﹥monochloramine﹥chlorine. 
Chlorine dioxide disinfection is widely favored due to several advan
tages: it reduces chlorinated by-products in water, is unaffected by water 
pH, and prevents secondary pollution effectively. However, challenges 
include safety concerns and high costs associated with storing and 
transporting disinfectant materials.

4.5. Comparison of inactivation efficacy under similar conditions

Nowadays, advanced UV-based disinfection technologies are being 
explored as key alternatives. These methods generate a range of highly 
reactive radicals—such as sulfate radicals (SO4•− ), hydroxyl radicals 
(•OH), chlorine radicals (•Cl), and chlorinated radicals (Cl2•− )—which 
are effective at removing various contaminants and microorganisms.

This paper summarizes the rate constants for the inactivation of 
fungal spores by different oxidants or UV disinfection processes under 
similar conditions, as shown in Fig. 3.

4.6. Other inactivation technologies

Ozone (O3) is a type of sterilization technology widely used in water 
treatment, air purification, food processing, medical treatment, and 
other fields. Its sterilization speed is more than twice that of chlorine. O3 
sterilization leaves no residue and causes no secondary pollution, 
making it a green environmental protection element. Previously, re
searchers utilized O3 to control the growth of fungal spores and reduce 
toxin pollution in the laboratories. Foreign researchers have evaluated 
the antifungal ability of O3 gas against toxic fungal spores (Fusarium, 

Aspergillus, and Penicillium) in laboratory-scale treatment experiments. 
They found that the growth of fungal colonies, particularly Fusarium and 
Penicillium, could be effectively inhibited with varying exposure times 
under 60 mol/mol O3 gas. Moreover, exposure to O3 gas can inhibit 
conidia germination and induce change in hyphal morphology, leading 
to the death of fungal spores and the release of reactive oxygen species. 
The inactivation of fungal spores by ozone occurs in two distinct stages: 
first, the survival rate decreases rapidly, followed by slower inactiva
tion. Studies examining the effects of ozone on juvenile turbot physi
ology highlight the potential for its controlled use in aquaculture. Such 
applications may provide an effective strategy for pathogen manage
ment while minimizing negative impacts on fish health[104]. O3 dem
onstrates an efficient inactivation effect on fungal spores and can 
potentially replace other disinfectants for treating fungi-contaminated 
water [105].

In addition to the traditional sterilization technology, there are 
several new inactivation methods, including photocatalysis, graphite 
adsorbent combined with electrochemistry, curcumin-induced photo
sensitive treatment, gamma radiation, and others. Hussain et al. [106]
studied the inactivation effect of graphite adsorbent combined with 
electrochemical regeneration on various microorganisms in water. Their 
research using mini-SBR (sequential batch reactor) for sequential 
adsorption and electrochemical regeneration experiments demonstrated 
that fungal spores were completely removed from the solution due to 
indirect oxidation, achieving a regeneration efficiency higher than 
96 %. Curcumin exhibits photosensitivity, leading to photochemical 
reactions upon excitation, thereby enhancing its antibacterial effec
tiveness. Al-Asmari et al. [107] investigated curcumin-mediated 
photosensitization effects on spores of Aspergillus Niger, Aspergillus fla
vus, Penicillium griseofulvum, and other fungi using three methods. Their 
findings indicated that expose to a light dose of 360 J/cm2 and 800 μM 
curcumin completely inhibited Aspergillus Niger, inhibited Aspergillus 
flavus by 75 %, and inhibited Penicillium griseofulvum by 80.4 %. The 
peracetic acid (PFA) method is known for its high disinfection efficiency 
and minimal disinfection by-products, widely applied in water disin
fection. Lin et al. [108] observed that the inactivation effectiveness of 
PFA was highest for Escherichia coli, followed by Aspergillus Niger and 
Aspergillus flavus. Moreover, they found significantly enhanced inacti
vation efficiency of PFA under acidic conditions compared to neutral 
pH, with further improvements noted with increased temperature and 
concentration. Their results demonstrated that PFA disrupts cell mem
branes and reduces fungal spore regeneration ability substantially 
post-inactivation, albeit with partial effectiveness in actual water sce
narios. Wen et al. [109] utilized BCDMH (bromine-chlor
ine-dimethylhydantoin) powder disinfectant to inactivate fungal spores 
from two genera. They observed that the inactivation efficiency of 
fungal spores increased with higher BCDMH concentration. Acidic 
conditions and elevated temperature were found to promote BCDMH 
effectiveness against fungal spores; while the addition of halide ions (Br- 
and I-) notably improve its. However, further studies are required to 
explore the formation, persistence, and degradation mechanism of 
BCDMH by-products.

For the inactivation effect of the aforementioned technologies on 
fungi and their spores, current research primarily focuses on assessing 
inactivation efficiency and understanding inactivation mechanics. 
However, there remains a relative scarcity of research on the specific 
inactivation mechanism of fungi and their spores by these techniques.

5. Summary and prospect

In the past few decades, China’s economy has developed rapidly, but 
this growth has also caused significant damage to the ecological envi
ronment, particularly to water bodies. As public awareness of environ
mental protection and concerns about health have increased, there is 
growing attention to water quality safety. Currently, among the com
mon methods for detecting fungi, the plate method is the most widely 
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Fig. 3. Inactivation rate constants for oxidants or UV based disinfection processes on fungal spores under similar conditions.
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used. It is noteworthy that while flow cytometry (FCM) has been 
extensively applied to characterize bacteria in water treatment and 
assess their viability during disinfection processes, its use in detecting 
fungal spores remains relatively uncommon. However, combining FCM 
technology with various fluorescent dyes shows potential as an effective 
approach to evaluate disinfection mechanisms, warranting further 
exploration [74,110,111]. There is a need for other rapid and more 
effective detection methods as well.

Given the evident structural differences between fungi and bacteria, 
understanding the disinfection effects and mechanism of disinfectants 
on fungal spores is crucial. This understanding can establish a theoret
ical foundation and provide scientific guidance for fungal control. In 
recent years, both domestic and international scholars have systemati
cally studied methods for controlling inactivation, as well as the me
chanics and mechanisms of fungal inactivation. However, further 
research is needed on the germination, aggregation, and biofilm for
mation of fungi from spores, along with the disinfection of fungal bio
film and bacterial-fungal composite biofilms. Existing fungal 
inactivation technologies often fail to fully meet modern societal needs. 
Addressing current shortcomings and developing new fungal inactiva
tion technologies could greatly enhance the prospects for fungi and their 
spores in water [64,108,112]. Currently, most research on fungal 
disinfection in water focuses on the inactivation effects and mechanisms 
of dormant fungal spores. However, there remains a significant gap in 
understanding the inactivation laws and mechanisms of germinated 
fungal spores, warranting further investigation [113]. Therefore, to 
safeguard public health comprehensively, it is imperative to deeply 
investigate the growth and reproductive patterns of fungi and their 
spores, identify factors triggering fungal outbreaks, and develop easily 
deployable, rapid, and accurate detection methods alongside effective 
disinfection technologies.
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Effects of dissolved oxygen accelerated P. aeruginosa on the corrosion
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H I G H L I G H T S

• Dissolved oxygen affects corrosion of X70 steel by altering the respiration of P. aeruginosa.
• Accelerated corrosion of X70 steel by P. aeruginosa in aerobic environments.
• P. aeruginosa under the biofilm accelerated localised corrosion of X70 steel causing severe pitting.
• Aerobic P. aeruginosa is more corrosive than anaerobic P. aeruginosa.

A R T I C L E I N F O

Keywords:
MIC
P. aeruginosa
Dissolved oxygen
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Uniform corrosion
Biofilm

A B S T R A C T

Dissolved oxygen exerts a complex influence on microbial corrosion in marine environments. This paper in-
vestigates the effects of dissolved oxygen on the corrosion behavior of X70 steel in seawater, both in the presence
and absence of P. aeruginosa, through electrochemical testing, surface morphology observation, corrosion weight
loss analysis, and elemental analysis of corrosion products. The findings reveal that the uniform corrosion rate in
the anaerobic P. aeruginosa seawater environment was lower than that in sterile seawater; however, localized
corrosion was markedly severe, with pitting pits reaching a maximum width of 578.38 μm and a maximum depth
of 49.938 μm—significantly greater than the maximum depth of 29.606 μm observed under sterile conditions.
P. aeruginosa formed a biofilm on the steel substrate, which promoted localized corrosion. The introduction of
dissolved oxygen accelerated the overall corrosion of X70 steel in the presence of marine P. aeruginosa, yielding a
maximum corrosion rate of 45.62 mpy after 7 days of immersion, approximately two orders of magnitude greater
than the corrosion rate under anaerobic conditions. The presence of dissolved oxygen enhanced the metabolic
activity of P. aeruginosa, facilitated redox reactions in the steel matrix, and resulted in the formation of extensive
metal oxide and microbial films. These metal oxides, primarily consisting of Fe3O4, FeOOH, and Fe2O3, combined
with microbial cinema to create a composite product layer, significantly impacting the overall corrosion of X70
steel and promoting localized corrosion to a considerable extent.

1. Introduction

With the rapid development of the economy, China is confronting a
significant energy shortage, prompting a pressing need to harness the
abundant resources of the ocean to address ongoing developmental
challenges [1]. X70 pipeline steel boasts exceptional properties,
including high strength, toughness, good weldability, excellent forming

characteristics, and resistance to corrosion and cracking, all at a low
production cost. It is widely employed in the oil and gas industry,
particularly for the transport of marine oil and gas [2–4], However, the
extreme complexity of the marine natural environment makes metal
materials particularly vulnerable to various factors, including biological
influences [4], flow scour [5], temperature [6], pressure [7], dissolved
oxygen [5–8], pH, and more. These harsh marine conditions can corrode
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oil and gas transport pipeline steel, leading to potential damage, oil and
gas leaks, and even severe explosions on oil and gas platforms [9].

Global statistics show that microbiologically influenced corrosion
(MIC) leads to significant economic losses each year, accounting for
approximately 20 % of the cost of corrosion of metallic materials [10,
11]. MIC is influenced either directly by microbial activity or indirectly
by microbial metabolites [12–15]. Pseudomonas aeruginosa is a common
Gram-negative, motile, rod-shaped bacterium found abundantly in soils,
marshes, and coastal marine environments [16]. It has been successfully
isolated and characterized in coastal waters at various global locations
and has frequently been implicated in cases of steel material failure in
marine engineering [17–22]. P. aeruginosa is a representative marine
electroactive bacterium that facilitates electron transfer on metal sur-
faces, accelerating the electrochemical corrosion reactions of metals and
triggering localized corrosion phenomena [18,23]. Additionally, the
electroactive properties of P. aeruginosa enable metal surfaces to ex-
change electrons, a mechanism that differs significantly from traditional
chemical corrosion processes. Furthermore, P. aeruginosa can form bio-
films on metal surfaces. On one hand, biofilms can shield corrosive
factors, such as oxygen, from direct contact with the metal surface, thus
slowing down corrosion [24,25]. On the other hand, biofilms alter
corrosion kinetics on metal surfaces, and the metabolism of microor-
ganisms within the biofilm can contribute to microbial corrosion
through indirect effects, such as the secretion of acidic substances [26,
27]. Recent studies [19,28,29] have shown that P. aeruginosa induces
extracellular electron transfer to initiate corrosion by utilizing electrons
generated from the oxidation of elemental iron (an electron donor) to
reduce terminal electron acceptors like oxygen and nitrate [30,31].
These studies highlight the complex and multifaceted role of
P. aeruginosa in marine corrosion, underscoring the need for further
in-depth research into its corrosion behavior in marine environments.

The marine environment is highly complex, with varying dissolved
oxygen (DO) concentrations across different regions [32]. The role of DO
in metal dissolution kinetics is crucial, as it not only influences the
corrosion process but also affects the formation and stability of oxide
films on metal surfaces. High DO concentrations promote the formation
of passivation films on metal surfaces [33], which help inhibit corrosion.
In contrast, low DO concentrations can lead to the breakdown of
passivation films, making metal surfaces more susceptible to localized
corrosion [34,35]. Additionally, DO levels can influence microorgan-
isms’ growth and metabolic properties, thereby impacting surface bio-
films’ structure and physiological activity [33,36].

While significant research has focused on the effect of dissolved
oxygen on metal corrosion, there is still a lack of systematic investiga-
tion into the specific mechanisms by which dissolved oxygen influences
microbial metabolism and corrosion, particularly the corrosion behavior
of P. aeruginosa under varying dissolved oxygen conditions. Therefore,
studying the combined effects of dissolved oxygen and P. aeruginosa on
the corrosion of X70 pipeline steel is crucial for controlling and pre-
venting microbial corrosion in complex marine environments and
assessing equipment safety. This study investigates the corrosion char-
acteristics and mechanisms of X70 steel in the presence and absence of
P. aeruginosa, with varying dissolved oxygen levels. The corrosion pro-
cess of X70 steel induced by P. aeruginosa is analyzed through electro-
chemical testing, surface morphology observation, and other methods.
The findings provide valuable insights into the practical application and
corrosion protection of X70 pipeline steel in marine environments.

2. Methodology

2.1. Material and specimen

The corrosion material utilized in this experiment is X70 pipeline
steel, sourced from Anshan Iron and Steel Works of China. The primary
chemical composition of this steel is detailed in Table 1.

X70 pipeline steel was cut into specimen blocks measuring 10 mm ×

10 mm × 3 mm for electrochemical testing using wire-cutting tech-
niques. A copper wire was soldered to the backside of each specimen to
serve as an electrochemical test electrode, while the non-working sur-
faces were sealed with epoxy resin within a polyethylene sample holder
to prevent crevice corrosion, leaving a 1 cm2 corrosion area exposed.
The working surfaces were polished sequentially with 400#, 800#,
1200#, and 2000# SiC sandpaper, achieving a mirror finish with 1 μm
diamond suspension on a polishing machine. The specimens were then
ultrasonically rinsed, degreased, and dehydrated using sterile distilled
water, acetone, and anhydrous ethanol, followed by nitrogen blow-
drying before being stored in a drying dish for later use. For morpho-
logical analysis, samples were processed to dimensions of 30 mm × 20
mm × 3 mm, with a round hole of 3 mm diameter punched at the top
center for easy fixation in the reactor. The surfaces were ground and
polished step by step using the aforementioned SiC sandpaper until
smooth and even. The specimens underwent ultrasonic rinsing,
degreasing, and dehydration with sterile distilled water, acetone, and
anhydrous ethanol, followed by nitrogen blow-drying and weighing.
The samples were stored in a drying box prior to corrosion testing. Each
specimen was sterilized in a 75 % ethanol solution for 60 min and
subsequently irradiated with UV light for at least 30 min to eliminate
any microbial contamination before the corrosion tests were conducted.

2.2. Bacterial cultures and corrosive environments

The corrosive microorganism used in this study was Pseudomonas
aeruginosa strain 1A05429, isolated from offshore seawater in the South
China Sea and provided by the South China Sea Institute of Oceanog-
raphy, Chinese Academy of Sciences. The bacterium was genomically
characterized through 16S rDNA sequencing, confirmed as P. aeruginosa,
and preserved in the laboratory. The bacteria were cultured in an
enrichment medium consisting of LB broth, which contained 0.5 g/L
K2HPO4, 0.5 g/L NaNO3, 0.2 g/L CaCl2, 0.5 g/L MgSO4⋅7H2O, 0.5 g/L
(NH4)2SO4, and 10 g/L ferric ammonium citrate. To simulate a marine
environment, artificial seawater was prepared as the test solution ac-
cording to the ASTM D 1141-98 standard. The composition of the arti-
ficial seawater included 24.48 g/L NaCl, 3.916 g/L Na2SO4, 1.16 g/L
CaCl2, 0.695 g/L KCl, 5.2 g/L MgCl2, 0.201 g/L NaHCO3, 0.027 g/L
H3BO3, 0.025 g/L SrCl2, 0.101 g/L KBr, and 0.003 g/L NaF. The pH of
the artificial seawater was adjusted to between 7.2 and 7.5 using sodium
hydroxide (1 mol/L) and autoclaved at 121 ◦C for 30 min to prevent
contamination by other microorganisms. After 24 h of incubation, 3000
mL of LB medium containing 10 % P. aeruginosa was added to the
sterilized reactor, resulting in an inoculated experimental medium with
a P. aeruginosa concentration of 105–107 CFU/mL. For the sterile group,
3000 mL of sterile artificial seawater with 10 % sterile LB broth was
utilized, while the constant dissolved oxygen (DO) group consisted of
3000 mL of artificial seawater with 10 % P. aeruginosa LB liquid me-
dium. The dissolved oxygen concentration in the solution was main-
tained at approximately 2 ppm using an air cylinder. All corrosion tests
were conducted under airtight conditions, with the reactor immersed in
a thermostatic water bath at a controlled temperature of 25 ◦C. The

Table 1
Chemical composition of X70 pipeline steel (wt.%).

C Si Mn P S Cr Ti Nb Al Cu Ni Fe

0.06 0.08 1.42 0.012 0.02 0.03 0.102 0.029 0.03 0.02 0.01 Bal
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population of P. aeruginosa was determined via plate counting, and the
bacterial growth curve during the corrosion of X70 steel was plotted
based on changes in bacterial numbers. The pH of the solution was
measured and recorded using a pH meter, and variations in dissolved
oxygen levels over time were monitored with a dissolved oxygen meter.

2.3. Electrochemical tests

Electrochemical tests were conducted using a CHI660D electro-
chemical workstation, employing a three-electrode test system. The
working electrode (WE) was an epoxy-sealed X70 pipeline steel spec-
imen with a 1 cm2 exposed surface area. An Ag/AgCl electrode served as
the reference electrode (RE), while a platinum electrode functioned as
the auxiliary electrode (CE). All electrodes were sterilized with 75 %
alcohol and subsequently exposed to ultraviolet light for over 3 h. The
electrochemical experiments included measurements of open circuit
potential (OCP), electrochemical impedance spectroscopy (EIS), linear
polarization resistance (LPR), and potentiodynamic polarization (PDP)
at various time intervals. The EIS was performed at OCP, with potential
fluctuations not exceeding 5mV over 500 s. The frequencymeasurement
range was set from 105 to 10− 2 Hz, with an AC perturbation amplitude of
5 mV, collecting 10 data points for each order of magnitude. The elec-
trochemical impedance data were analyzed and fitted using ZSimpWin
software. The kinetic polarization curve was tested within a potential
range of − 0.5 V–0.5 V (vs OCP), with the scan progressing from cathodic
to anodic potentials at a rate of 1 mV/s. A scanning range of ±10 mV
relative to the open-circuit potential was selected to closely represent
the true state of the system. The polarization resistance (Rp) was derived
by calculating the slope of the potential versus current plot, while the
corrosion current (Icorr) obtained from the PDP analysis provided in-
sights into the material transport and corrosion mechanisms on the
electrode surface, allowing for the conversion to an intuitive corrosion
rate.

2.4. Surface morphology analysis

The corrosion morphology of the specimens was meticulously
examined using a metallurgical microscope (Nikon Eclipse LV150NL,
Japan) and a scanning electron microscope (SEM, Hitachi SU5000,
Japan). Following the experiments conducted in the bacterial-
containing reactor, the corroded specimens were immersed in a 2.5 %
(v/v) glutaraldehyde solution for 8 h at 4 ◦C to fix the biofilm. They were
then rinsed twice (5 min each) with phosphate-buffered saline (PBS) and
deionized water, followed by rinsing with 25 %, 50 %, 75 %, and 100 %
(v/v) ethanol solutions for 10 min at each concentration. The specimens
were subsequently dried under nitrogen flow [37] and stored in a
desiccator. Corrosion specimens prepared under aseptic conditions un-
derwent similar washing and drying procedures. The scanning electron
microscope was employed to observe the morphology of the bacteria
and biofilm at a beam voltage of 15 kV, while the morphology of the
oxide film was analyzed in the sterile control group. Additionally,
scanning X-ray energy dispersive spectroscopy (EDS, FEI TeN-Cai G2
F20 S-Twin, USA) was utilized to assess the elemental composition,
distribution, and relative content of the corrosion products at an accel-
erating voltage of 200 kV.

2.5. Pit morphology and depth analysis

The contour and depth of the corrosion pits were observed and
measured using a confocal laser scanning microscope (CLSM Model C2
Plus, Nikon, Japan) focusing on the largest corrosion pits. Prior to this
experiment, adhering biofilm and corrosion products were removed
from the specimen surface following ASTM Standard G1-03. The
maximum pit depth was determined by randomly selecting five areas on
the X70 steel specimen and measuring the depth of each pit.

2.6. Weight loss

To determine the corrosion rate, the length, width, and height of the
corrosion loss samples were accurately measured and recorded using
vernier calipers to calculate the effective surface area prior to the
corrosion test. A high-precision electronic analytical balance (model
MCE125P–2CCN–U, with a measurement accuracy of 0.01 mg) was
employed for weighing, with each sample weighed at least four times to
establish its initial weight. After the reaction was completed under the
specified experimental conditions, the samples were removed and rinsed
with deionized water. A descaling agent was then utilized in an ultra-
sonic bath for 30–60 s to eliminate corrosion products from the sample
surfaces. According to GB/T 16545-2015, the descaling agent solution
was prepared by mixing 50 mL of 36 % hydrochloric acid, 50 mL of
deionized water, and 0.346 g of hexamethylenetetramine. The samples
were subsequently rinsed with distilled water and anhydrous alcohol,
dried with nitrogen, and then weighed again using the electronic bal-
ance. The corrosion rate was calculated using the specified formula (1),
with three parallel samples set up in each corrosion system to derive an
average value.

v=(m0 − m1) / St (1)

where v is the corrosion rate in g⋅m− 2⋅h− 1, m0, and m1 are the original
and final weight of the samples in g, respectively, t is the immersion time
in hours, and S is the exposed surface area in m2.

3. Result and discussion

3.1. Parametric analysis of corrosive media

Fig. 1 illustrates the changes in P. aeruginosa concentration, dissolved
oxygen levels, and the pH of the solution after immersing X70 steel in
seawater with or without P. aeruginosa for different durations. In the
absence of exogenous dissolved oxygen, P. aeruginosa proliferates and
consumes oxygen through respiration. The bacterial concentration
peaks after 1 day and then declines as the bacteria die from over-
population. The dissolved oxygen concentration gradually decreases
and almost disappears after 2 days. In sterile seawater, X70 steel slightly
increases the solution’s pH over time due to the redox reactions occur-
ring at the anode (where Fe dissolves) and the cathode (where oxygen is
reduced, producing OH⁻ ions). These hydroxide ions contribute to a
gradual pH increase [38]. However, After immersion in seawater con-
taining P. aeruginosa for different times, the pH first decreased and then
slightly increased with the prolongation of the reaction time because
P. aeruginosa reproduced in large quantities and respiration to produce
CO2 dissolved in the system, which decreased the pH of the solution and
another reason was that P. aeruginosa secreted a large amount of acidic
extracellular substances in anaerobic or low-oxygen conditions [20,39],
which decreased the pH of the system. In P. aeruginosa seawater with
added dissolved oxygen, due to the addition of dissolved oxygen,
P. aeruginosa participates in the redox reaction, which makes the redox
reaction more intense, and the cathode undergoes an oxygen uptake
reaction to produce more OH− , so the system pH increases. On the one
hand, due to the continuous aeration of the corrosion system, the solu-
bility of CO2 produced by bacterial respiration is reduced, on the other
hand, the extracellular substances secreted by P. aeruginosa under aer-
obic conditions are mainly neutral or weakly alkaline [20]. In summary,
the corrosion of X70 steel in P. aeruginosa seawater with added dissolved
oxygen is mainly weakly alkaline.

3.2. Surface morphology analysis

Using metallographic microscopy, the morphology of X70 steel
specimens immersed for varying durations was examined, as depicted in
Fig. 2. Panels (a) to (e) show themetallographic morphology of X70 steel
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in sterile seawater. After one day of immersion, numerous uniformly
distributed pitting pits were evident on the surface. By three days, the
corrosion product film began to cover these pits, although larger pits
remained exposed. After five days, few corrosion pits were observable,
indicating that the corrosion product film had thickened significantly.
This gradual buildup of the passivation film likely hindered seawater
access to the X70 steel, resulting in a reduced corrosion rate.

Panels (f) to (j) illustrate the metallographic morphology of X70 steel
immersed in anaerobic P. aeruginosa seawater over different time in-
tervals. After one day, the specimen surface exhibited fewer corrosion
craters and a flatter profile compared to the sterile seawater sample.
However, with prolonged immersion—particularly after five and seven
days—the surface showed an increase in irregular scratches. This phe-
nomenon was attributed to the presence of dead cells on the substrate
surface, creating voids that resembled ‘bacterial footprints’ [40]. After

fourteen days of immersion, the surface appeared smooth due to biofilm
coverage secreted by P. aeruginosa. Despite a reduction in bacterial
numbers in the seawater, the increasing biofilm thickness rendered the
X70 steel more resistant to corrosive factors, resulting in a higher
corrosion rate in the P. aeruginosa environment compared to sterile
seawater.

Fig. 3 illustrates the metallographic appearance of X70 steel
immersed in P. aeruginosa seawater with 2 ppm dissolved oxygen over
time. The addition of dissolved oxygen led to observable delamination of
the corrosion product film, with increased accumulation of corrosion
products on the surface. Additionally, more irregularly distributed pits
and pronounced irregular scratches were evident, highlighting the
impact of dissolved oxygen on corrosion behavior.

Fig. 4 illustrates the SEMmorphology of X70 steel after immersion in
sterile seawater for varying durations. Panels (a) to (e) depict the

Fig. 1. Parameters of corrosive medium. (a)Sessile cell count and DO, (b)pH.

Fig. 2. Metallographic microscopy of corrosion patterns on X70 steel immersed in sterile seawater and anaerobic P. aeruginosa-contaminated seawater over time.
(a–e) Sterile seawater after 1, 3, 5, 7, and 14 days; (f–j) anaerobic P. aeruginosa seawater at 1, 3, 5, 7, and 14 days.

Fig. 3. Metallographic microscopic morphology of X70 steel immersed in P. aeruginosa seawater containing 2 ppm dissolved oxygen over time. (a) 3 days, (b) 7 days,
(c) 14 days.
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progression of corrosion. After 1 day, numerous granular corrosion
products were evident on the surface, loosely distributed and not fully
covering the observation area, indicating early-stage corrosion. By 3
days, these products had formed a dense membrane characterized by
noticeable crack demarcation. As immersion continued, the accumula-
tion of corrosion products on the membrane surface led to a thickening
of the passivation film, suggesting enhanced corrosion resistance over
time.

Fig. 4 f ~ j shows the SEM morphology of X70 steel in anaerobic
P. aeruginosa seawater after immersion for different days. After 1 day of
immersion in seawater of anaerobic P. aeruginosa, granular corrosion
products were also formed on the surface of X70 steel, but the corrosion
products formed were less than those immersed in sterile seawater, the
granular corrosion products formed were smaller, and rod-shaped mi-
croorganisms could be observed adhering to the surface, and after 3 d of
immersion, the surface of X70 steel was covered with a layer of rod-
shaped microorganisms composed of a biofilm, distributed in clusters
[22], and with the prolongation of the immersion time, the biofilm
covered an increasing area, and the formed biofilm was thicker and
thicker, with a uniform film distribution, and P. aeruginosa formed a
prominent loose multicellular biofilm structure through the accumula-
tion of itself and its extracellular material, in general, microbial mem-
branes in nature have a high degree of mechanical stability and
viscoelasticity [41], and once formed, it can largely resist external
perturbations and play a certain role in isolation [41,42].

Fig. 5 illustrates the SEM morphology of X70 steel immersed in
P. aeruginosa seawater with 2 ppm dissolved oxygen over various pe-
riods. After 3 days, the corrosion products consisted of a composite film
made of both biofilm and oxide film from P. aeruginosa, creating a loose
and porous structure in cluster formations [43]. By 7 days, a significant
accumulation of corrosion products was observed; compared to day
three, the product film appeared flatter with visible surface cracks,
suggesting instability in the film’s formation. By 14 days, the cracks had
vanished, and the corrosion products transitioned to a filamentous dis-
tribution, indicating ongoing changes in the corrosion dynamics influ-
enced by microbial activity and environmental conditions.

3.3. Elemental composition and structure analysis

Fig. 6 presents the EDS (Energy Dispersive X-ray Spectroscopy)
analysis of X70 steel after 14 days of immersion in seawater, both with
and without P. aeruginosa. In the sterile seawater environment, the
highest elemental contents of Fe and O suggest that the primary corro-
sion products are iron oxides or hydroxides. In contrast, the anaerobic
seawater environment containing P. aeruginosa showed lower levels of
Fe and O but higher concentrations of C and N. This indicates the
presence of bacterial activity and the secretion of extracellular polymers
and other biologically active substances, which contribute to the
corrosion process. The reduced iron oxidation products in this envi-
ronment imply that microbial activity significantly influences the
corrosion mechanisms and the nature of the corrosion products formed.

Fig. 7 displays the EDS plots of X70 steel immersed in P. aeruginosa
seawater with 2 ppm dissolved oxygen over different immersion times.
Compared to the results shown in Fig. 6, the corrosion products in this
environment not only consist of bacteria and their secreted extracellular
polymers but also exhibit a significantly higher presence of iron oxida-
tion products. This indicates that the addition of dissolved oxygen in-
fluences the corrosion process by enhancing the formation of iron
oxides, while still allowing for microbial contributions to the corrosion
mechanism. The presence of both biological and inorganic components
in the corrosion products underscores the complex interactions occur-
ring in the marine environment.

To further analyze the elemental composition and distribution on the
surface of X70 steel, high-resolution X-ray photoelectron spectroscopy
(XPS) was performed, as illustrated in Fig. 8. The surface C 1s spectra for
X70 steel after immersion in different environments are presented in
panels (a), (d), and (g), corresponding to sterile seawater, anaerobic
P. aeruginosa seawater, and P. aeruginosa seawater containing 2 ppm
dissolved oxygen, respectively. The fitted peaks include C–C (284.8 eV),
C––O (289.0 ± 0.2 eV), C–O (286.0 ± 0.1 eV), and O–C––O (288.5 ±

0.3 eV). It was observed that the corrosion products of X70 steel in
sterile seawater contained only inorganic carbon and oxygen com-
pounds. In contrast, the corrosion products in P. aeruginosa-containing
seawater also included organic carbon and oxygen compounds. These

Fig. 4. SEM morphology of X70 steel immersed in seawater for varying durations, with and without P. aeruginosa. (a–e) Sterile seawater at 1, 3, 5, 7, and 14 days.
(f–j) Anaerobic P. aeruginosa seawater at 1, 3, 5, 7, and 14 days.

Fig. 5. SEM morphology of X70 steel immersed in P. aeruginosa seawater containing 2 ppm dissolved oxygen over time. (a) 3 days, (b) 7 days, (c) 14 days.
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Fig. 6. Elemental content of X70 steel immersed for 14 days in seawater with and without P. aeruginosa. (a) sterile seawater, (b) anaerobic P. aeruginosa seawater.

Fig. 7. Elemental content of X70 steel immersed in P. aeruginosa seawater containing 2 ppm dissolved oxygen for different time periods. (a) 3days, (b) 14days.
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organic compounds were identified as extracellular polymers, such as
polysaccharides, lipoproteins, and cell-surface proteins, indicating that
extracellular polymers on the specimen’s surface may participate in the
corrosion process. Additionally, the organic content was higher in
seawater with Pseudomonas aeruginosa and 2 ppm of dissolved oxygen,
suggesting that the presence of both the bacteria and dissolved oxygen
enhances the organic matter accumulation, analysis reveals that only
inorganic carbon and oxygen compounds were present in the corrosion
products of X70 steel immersed in sterile seawater. In contrast, both
organic carbon and oxygen compounds were detected in the corrosion
products formed in anaerobic P. aeruginosa seawater, with an increased
presence of organic matter observed in the samples immersed in
seawater containing 2 ppm dissolved oxygen. This highlights that the
corrosion process in anaerobic P. aeruginosa seawater leads to the for-
mation of biofilms, with greater accumulation occurring under
oxygenated conditions. The O 1s spectra (shown in panels (b), (e), and
(h)) corroborate this finding, indicating a higher concentration of hy-
droxyl groups (OH− ) at approximately 531.2 eV ± 0.1 eV following
corrosion [44], suggesting a more complex corrosion environment
influenced by microbial activity. Panels (c), (f), and (i) illustrate the
relative content and distribution of metal oxides on the X70 steel surface
after immersion in various environments. Notably, higher concentra-
tions of Fe3O4 (714.0 ± 0.1 eV) [45] and FeOOH (711.5 ± 0.1 eV)
[46–49]were detected after corrosion in sterile seawater and in
P. aeruginosa seawater containing 2 ppm dissolved oxygen. Both envi-
ronments exhibited the presence of Fe2O3 in the corrosion products
[50], contributing to the reddish-brown appearance of the corrosion

layer. Conversely, no Fe2O3 was detected in the corrosion products from
anaerobic P. aeruginosa seawater, aligning with previous analyses indi-
cating a diminished presence of metal oxides in this environment. The
minimal formation of metal oxides suggests that any oxides detected
resulted from redox reactions involving oxygen present in the water.
Thus, the surface of X70 steel in anaerobic P. aeruginosa seawater is
predominantly covered by biofilms, whereas in sterile seawater, a metal
oxide film forms. In the presence of 2 ppm dissolved oxygen, the
corrosion products represent a composite of both metal oxide films and
microbial films. In all three corrosive environments, the corrosion
products showed a high concentration of FeOOH, which is commonly
attributed to the high Cl− concentration in seawater [51]. The presence
of Cl− significantly increases the tendency for pitting corrosion in the
rust layer, creating numerous attachment sites for P. aeruginosa, thereby
accelerating the material’s corrosion.

3.4. Pit morphology and depth analysis

To assess whether biofilm growth on the surface of X70 steel
contributed to pitting corrosion, the corrosionmorphology following the
removal of biofilm and corrosion products was examined. Fig. 9 illus-
trates the maximum pitting pit metallographies of X70 steel after im-
mersion in seawater environments with and without P. aeruginosa over
varying durations. The morphology of the deepest pit is depicted in
Fig. 11. The results show that the diameter of the maximum pitting pits
on X70 steel increases with immersion time in both seawater conditions.
Notably, the presence of P. aeruginosa significantly exacerbates local

Fig. 8. High-resolution XPS maps of different elements of X70 steel after 14 days of immersion in seawater, with and without P. aeruginosa. (a–c) Sterile seawater,
(d–f) Anaerobic P. aeruginosa seawater, (g–i) DO + P. aeruginosa seawater.
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corrosion, leading to a greater increase in both the size and depth of the
pitting pits. In anaerobic P. aeruginosa seawater, the uneven distribution
of bacterial colonies on the X70 steel surface causes localized metabolic
activity, intensifying electrochemical corrosion in areas where bacteria
aggregate. This bacterial concentration not only accelerates metal
dissolution but also creates more space for pitting to develop, resulting
in more severe localized corrosion. Specifically, the maximum depth of
corrosion pits in the presence of P. aeruginosawas recorded at 49.938 μm
(Fig. 11 d), which is considerably deeper than the maximum depth of
29.606 μm observed under sterile seawater conditions (Fig. 11 b). The
increase in active sites on X70 steel in sterile seawater, due to the
presence of chloride ions (Cl− ), facilitates pitting corrosion [52]. How-
ever, the formation of a dense passivation film diminishes the likelihood
of pitting, leading to predominantly uniform corrosion in that environ-
ment. In contrast, in P. aeruginosa seawater containing 2 ppm dissolved
oxygen (Fig. 10), two primary phenomena were observed first,
P. aeruginosa disrupts the passivation film on the X70 steel surface,
leading to pronounced pitting corrosion; second, the presence of dis-
solved oxygen encourages the formation of a metal oxide film, which
partially covers the pitting craters, thereby reducing the extent of
localized corrosion. The maximum pit depth in this scenario was
measured at 46.572 μm (Fig. 11 f). As a result, both uniform and
localized corrosion coexist in P. aeruginosa seawater with dissolved ox-
ygen, resulting in a more severe overall corrosion effect on the X70 steel.

3.5. Electrochemical tests

3.5.1. EIS spectra
Fig. 13 presents the electrochemical impedance spectroscopy (EIS)

spectra and Bode-phase plots for X70 steel immersed in seawater envi-
ronments with and without P. aeruginosa over various time periods. The
radius of the capacitive arc in the EIS spectrum indicates the resistance
to electrochemical reactions on the electrode surface, with a larger arc
signifying greater resistance. As immersion time increases, the

impedance spectral radius for X70 steel in both sterile seawater and
anaerobic P. aeruginosa environments grows larger, suggesting that the
overall resistance of the system increases and the metal corrosion re-
action becomes more challenging, leading to a reduced corrosion rate.
Specifically, Fig. 13a and (c) show that during the first 3 days of im-
mersion, the impedance spectral radius enlarges, indicating a gradual
decrease in the corrosion rate. However, a notable decrease in this
radius occurs at 7 days, likely due to the detachment of the corrosion
product film, which leads to an increase in the corrosion rate. When X70
steel is immersed in P. aeruginosa seawater containing 2 ppm dissolved
oxygen, two semicircles are observed in both the high-frequency and
low-frequency regions, with their radii displaying opposite trends over
time. Notably, the impedance spectral radius in this oxygenated envi-
ronment is significantly smaller than that in sterile and anaerobic en-
vironments, indicating more aggressive corrosion activity. The Bode
plots further illustrate this behavior, with the impedance modulus in the
low-frequency region (|Z| at 0.01 Hz) reflecting the changes in the
capacitive loop [22]. As depicted in Fig. 13b–(d), and (f), the
low-frequency region’s impedance modulus is highest for X70 steel
samples in anaerobic P. aeruginosa seawater, followed by sterile
seawater, and lowest in the P. aeruginosa seawater with 2 ppm dissolved
oxygen. This pattern indicates that corrosion resistance is greatest in the
anaerobic environment, making the corrosion reaction more difficult,
while the most aggressive corrosion occurs in the presence of dissolved
oxygen.

Based on the results of the Bode-phase diagram, it was observed that
X70 steel, irrespective of the immersion conditions with or without
P. aeruginosa, exhibited a single time constant in the low-frequency re-
gion. Consequently, the equivalent circuit of R(QR) was selected to
simulate the corrosion process [53]. In contrast, the Bode diagram for
X70 steel immersed in P. aeruginosa seawater containing 2 ppm dis-
solved oxygen displayed two-time constants; thus, the equivalent circuit
of R(Q(R(QR))) was employed for simulating the corrosion process.
Fig. 12 shows the equivalent circuits used to fit EIS data. All the EIS data

Fig. 9. Corrosion pit morphology of X70 steel after immersion in seawater, with and without P. aeruginosa, for different durations to remove corrosion products.
(a–e) Sterile seawater: (a) 1 day, (b) 3 days, (c) 5 days, (d) 7 days, (e) 14 days. (f–j) Anaerobic P. aeruginosa seawater: (f) 1 day, (g) 3 days, (h) 5 days, (i) 7 days, (j)
14 days.

Fig. 10. Corrosion pit morphology of X70 steel after immersion in P. aeruginosa seawater containing 2 ppm dissolved oxygen for different times to remove corrosion
products. (a) 3 days, (b) 7 days, (c) 14 days.
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were fitted well (Fig. 13) with a smaller fitted error (<10 %). The
resistance value of the specimen is represented by the following
equation:

Z=RS +
Rf

(jw)n1Qf + 1
Rf+ 1

(jw)n2 Qdl+
1
Rct

(2)

Where Rs is the solution resistance between the reference electrode and

the working electrode, Ω; Rf is the resistance of the corrosion product
layer, Rct is the charge transfer resistance of the oxidation reaction at the
metal/rust layer interface, which represents the resistance to the charge
crossing the double layer; ω is the angular frequency of the potential sine
wave, j is an imaginary unit, and Qf and Qdl are the constant-phase
angular components reflecting the capacitance of the product layer
and the double layer, respectively. Here Q is used instead of the pure
capacitance C because in the actual electrode process, the generated

Fig. 11. CLSM 3-D images of the deepest pits on X70 steel after different immersion durations. (a) Sterile seawater: 7 days, (b) 14 days. (c) Anaerobic P. aeruginosa
seawater: 7 days, (d) 14 days. (e) DO + P. aeruginosa seawater: 7 days, (f) 14 days.
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corrosion products change, as well as the existence of porous, rough
morphology and adsorption phenomena on the electrode surface, which
makes the pure capacitance characteristics deviate from the pure
capacitance characteristics, and therefore the constant phase element Q
is used [54]. It is shown in the following equation [55].

Q=Y− 1
0
/
(j • ω)n (3)

Y0 is a constant that characterizes the magnitude of the capacitance,
while n indicates the roughness of the electrode surface, reflecting the
unevenness of the corrosion current density distribution and the degree
of deviation from ideal capacitance, thus illustrating the strength of the
dispersion effect [56]. Table 2 presents the parameters obtained by
fitting the equivalent circuit using Zsimp-Win software, revealing that
Rct and Rf exhibit significant changes with increased immersion time. By
correlating the concentration of P. aeruginosa with the trend of Y0, it is
evident that the bacterial concentration follows a similar pattern to the
changes in the active sites on the surface of X70 steel. This suggests that
the presence of P. aeruginosa directly influences the electrochemical
corrosion of X70 steel. In all three corrosive environments, the values of
Rct progressively increase as corrosion advances, indicating enhanced
resistance to charge transfer across the bilayer and an overall increase in
corrosion resistance. For equivalent immersion durations, the order is
Rct in anaerobic P. aeruginosa seawater > Rct in sterile seawater > Rct in
P. aeruginosa seawater with 2 ppm dissolved oxygen. Regarding the
immersion roughness of the electrode surface at different time points, n
indicates that the presence of P. aeruginosa promotes localized corrosion
of X70 steel during the first 3 days of immersion. After this period, in the
sterile seawater environment, the surface of X70 steel primarily forms an
oxide passivation film, which densely covers the corrosion pits, leading
to a flat electrode. In the anaerobic P. aeruginosa seawater environment,
the metabolic activities of P. aeruginosa produce extracellular substances
that form a biofilm, with bacteria aggregating in the corrosion pits,
reducing the electrode roughness. In the oxygenated P. aeruginosa
seawater environment, the roughness increases, with a low ‘n’ value of
0.67, indicating a more uneven surface. This may be due to the forma-
tion of both oxide and biofilm layers on the porous electrode. The
presence of dissolved oxygen leads to a loosening of these layers due to
CO₂ produced by bacterial respiration, making the material more
vulnerable to microbial and seawater corrosion. Additionally,
P. aeruginosa accumulates in the pores, further accelerating local
corrosion. The dissolved oxygen not only drives electrochemical corro-
sion but also significantly affects microbial activity [24].

3.5.2. OCP, LPR and potentiodynamic polarization analysis
The polarization curves of X70 steel immersed for varying durations

in seawater environments, both with and without P. aeruginosa, are
depicted in Fig. 14 (a, b, c). The differences between the polarization

curves for X70 steel in sterile seawater and anaerobic P. aeruginosa
seawater are minimal, yet they are lower in magnitude compared to
those observed in P. aeruginosa seawater containing 2 ppm dissolved
oxygen. The shapes of the anodic and cathodic polarization curves
clearly indicate that the polarization process is predominantly governed
by the anodic response, attributed to the formation of biofilms and
passivation films. Immersion in P. aeruginosa seawater with 2 ppm dis-
solved oxygen results in a more negatively skewed open circuit potential
(OCP) due to the substantial CO2 production from aerobic respiration by
P. aeruginosa. Conversely, the electrode surfaces in high dissolved oxy-
gen (DO) conditions are replenished with oxygen, leading to an increase
in the partial pressure of oxygen and a corresponding negative shift in
the corrosion potential, suggesting that biofilm formation concurrently
influences the cathodic process [57]. X70 steel immersed in aseptic
seawater for varying durations exhibits a critical potential at which the
current density experiences a sudden increase, defined as the pitting
potential [58]. This pitting potential is more negative in anaerobic
P. aeruginosa seawater, indicating a heightened likelihood of pitting
corrosion in this environment. The Tafel extrapolation method was
employed to analyze the polarization curves, from which the
self-corrosion potential (Ecorr) and corrosion current density (Icorr) were
measured. The polarization resistance (RP) was then calculated by
integrating the anodic and cathodic polarization Tafel constants, namely
the anodic and cathodic slopes (βa and βc), using the following
equations.

Rp =
βa⋅βc

2.303⋅(βa+ βc)⋅Icorr
(4)

The polarization curve parameters obtained through fitting are
illustrated in Fig. 14 (d, e, f), which serve as indicators of the instanta-
neous corrosion rate of the material, given that the reciprocal of the
polarization resistance (1/RP) is directly proportional to the corrosion
rate [59]. With prolonged immersion time, both Icorr and 1/RP for X70
steel in sterile seawater decreased, signifying a gradual decline in the
electrochemical corrosion rate, which reduced from 7.43 mpy to 1.12
mpy. This reduction is attributed to the accumulation of corrosion
products on X70 steel when exposed to corrosive factors in seawater,
leading to the formation of a passivation film that obstructs the ingress
of corrosive elements, thereby inhibiting uniform corrosion and result-
ing in a lower corrosion rate. In contrast, Icorr and 1/RP for X70 steel in
seawater containing P. aeruginosa initially increased and subsequently
decreased, indicating an initial rise in the electrochemical corrosion
rate, peaking at 2.62 mpy after 3 days of immersion, before dropping to
a minimum of 0.78mpy after 14 days. This trend can be explained by the
rapid proliferation of P. aeruginosa during the first 3 days, which
increased bacterial concentration and facilitated electron loss, thereby
elevating the corrosion rate. As the concentration of P. aeruginosa rose,

Fig. 12. Equivalent circuits used for fitting the impedance spectra of X70 steel: (a) in the Sterile seawater and anaerobic P. aeruginosa seawater, and (b) in the DO +

P. aeruginosa seawater.
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the rates of electron gain and loss accelerated, intensifying the electrode
reactions on the X70 steel surface. Furthermore, the presence of
P. aeruginosa compromised the integrity of the passivation film, dimin-
ishing its protective capabilities and leading to a rise in the corrosion
rate during the initial immersion period. However, with continued im-
mersion, the thickness of the biofilm on the surface of X70 steel
increased, primarily comprising a gel-like biofilm formed by
P. aeruginosa and its secretions [60]. This biofilm effectively obstructed
Cl− in the environment and became densely packed, limiting the
replenishment of P. aeruginosa on the X70 steel surface as bacterial death
occurred, resulting in a reduction in the corrosion rate [22]. For
equivalent immersion durations, the corrosion rate of X70 steel in the
P. aeruginosa-containing seawater was lower than that in sterile
seawater, attributed to the dominance of P. aeruginosa in corroding the

steel, leading to fewer corrosion products on the surface. In contrast, in
P. aeruginosa seawater with 2 ppm dissolved oxygen, the presence of
dissolved oxygen, combined with local variations in oxygen concentra-
tion on the X70 steel surface due to the metabolic activities of
P. aeruginosa and the presence of metal cations from metal dissolution,
resulted in more vigorous redox reactions [61]. Consequently, the
electrode reactions were more intense than those observed under other
conditions, with a maximum corrosion electrochemical rate of 45.62
mpy, significantly exceeding the combined corrosion rates in sterile
seawater and anaerobic P. aeruginosa environments.

3.6. Weight loss

The results of corrosion weight loss for X70 steel specimens

Fig. 13. Nyquist and Bode-phase plots of X70 steel. (a) Nyquist plot in sterile seawater, (b) Bode phase plot in sterile seawater, (c) Nyquist plot in anaerobic
P. aeruginosa seawater, (d) Bode phase plot in anaerobic P. aeruginosa seawater, (e) Nyquist plot in DO + P. aeruginosa seawater, (f) Bode phase plot in DO +

P. aeruginosa seawater.
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immersed in seawater, both with and without P. aeruginosa, over varying
durations are depicted in Fig. 15. In the sterile seawater environment,
the corrosion weight loss rate progressively diminished from 34.58 g
m⁻2 h⁻1–8.30 g m⁻2 h⁻1 as immersion time increased. Conversely, in
anaerobic P. aeruginosa seawater, the corrosion weight loss rate
decreased from 11.67 g m⁻2 h⁻1–2.29 g m⁻2 h⁻1 with extended immer-
sion, revealing an inverse relationship with time; notably, the corrosion
weight loss rate of X70 steel in sterile seawater was approximately three
to five times greater than that in anaerobic P. aeruginosa seawater. This
alteration in corrosion weight loss rate aligns with the trends observed in
corrosion current density and electrochemical corrosion rate during
electrochemical analysis. In P. aeruginosa seawater containing 2 ppm
dissolved oxygen, the combined effects of dissolved oxygen and micro-
bial corrosion resulted in a peak corrosion weight loss rate of 94.88 g
m⁻2 h⁻1 after seven days, surpassing the rates recorded under other
conditions. Thus, the presence of dissolved oxygen significantly accel-
erated the corrosion of X70 steel by P. aeruginosa in the seawater
solution.

3.7. Discussion

Integrating the simulated equivalent circuit of electrochemical
impedance spectroscopy reveals the corrosion mechanism illustrated in
Fig. 16. In a sterile seawater environment, X70 steel primarily forms a
metal oxide film during corrosion. In contrast, in anaerobic P. aeruginosa
seawater, corrosion predominantly results in the formation of a biofilm.
Notably, in P. aeruginosa seawater containing 2 ppm dissolved oxygen,
the corrosion products consist of a combination of both the metal oxide
film and the microbial membrane.

In a sterile seawater environment (Fig. 16a), X70 steel undergoes
corrosion during the pre-corrosion period, and the steel substrate is
exposed to the seawater environment, where O₂ and Cl− contribute to its
corrosion [62]. These factors primarily promote the cathodic reaction in
the corrosion cell, leading to oxygen depletion on the steel surface. The
formation of OH− reacts with anodically dissolved Fe2+ [63,64],
resulting in the generation of a significant amount of oxide that covers
the steel surface. The reddish-brown Fe2O3 particles produced in this
stage are sparsely distributed, forming a loose and porous layer [65],
which offers no protective effect (Formula 8). In contrast, FeOOH and

Table 2
Fitting results of EIS spectra under different conditions.

Time(day) RS(ohm cm2) Q,Y0(S⋅sn⋅cm− 2) n1 Rf(ohm cm2) Q,Y0(S⋅sn⋅cm− 2) n2 Rct(ohm cm2)

sterile seawater
1 10.35 5.52 × 10− 4 0.85 ​ ​ ​ 1087
3 8.08 5.23 × 10− 4 0.84 ​ ​ ​ 1410
5 9.25 3.69 × 10− 4 0.91 ​ ​ ​ 9911
7 8.80 3.82 × 10− 4 0.89 ​ ​ ​ 7760
14 7.32 4.82 × 10− 4 0.89 ​ ​ ​ 13296
anaerobic P. aeruginosa seawater
1 6.99 1.92 × 10− 4 0.83 ​ ​ ​ 5301
3 7.51 5.73 × 10− 4 0.85 ​ ​ ​ 5453
5 10.55 2.46 × 10− 4 0.91 ​ ​ ​ 9165
7 7.12 3.13 × 10− 4 0.91 ​ ​ ​ 8020
14 6.88 2.95 × 10− 4 0.93 ​ ​ ​ 25703
DO + P. aeruginosa seawater
3 7.28 3.15 × 10− 3 0.67 64.1 1.28 × 10− 2 0.50 451.4
7 8.41 4.54 × 10− 3 0.70 128.6 1.70 × 10− 2 0.61 927.7
14 15.22 5.92 × 10− 3 0.72 10.38 1.23 × 10− 2 0.71 1757

Fig. 14. Kinetic potential polarization curves and fitting parameters for X70 steel immersed for different durations in seawater with or without P. aeruginosa. (a)
Sterile seawater, (b) Anaerobic P. aeruginosa, (c) DO + P. aeruginosa, (d) Corrosion potential (Ecorr), (e) Corrosion current (Icorr), (f) Corrosion rate and 1/RP.
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Fe3O4 particles are more densely distributed and serve as the main
components of the passivation film, providing protection to the steel
substrate [66] (Formula 9). As corrosion progresses, the protective oxide
film gradually thickens, reducing the corrosion rate. However, due to
the sparse distribution of reddish-brown Fe2O3 particles and erosion by
Cl− , the surface corrosion film of the steel substrate shows noticeable
cracks [67] (Fig. 6). Cl− significantly enhances the tendency for pitting

corrosion in the rust layer, leading to the formation of numerous pitting
craters, which act as channels for the transport of corrosive media. The
maximum depth of the pitting crater reaches 29.606 μm (Fig. 11b).

The diverse respiratory patterns of P. aeruginosa result in lower
biofilm coverage on the X70 steel surface in anaerobic conditions
compared to P. aeruginosa seawater supplemented with 2 ppm dissolved
oxygen. An analysis of corrosion electrochemistry and pit formation
reveals that the corrosion rate of X70 steel in P. aeruginosa seawater with
2 ppm dissolved oxygen is the highest, while that in anaerobic
P. aeruginosa seawater is the lowest. However, the size and depth of
corrosion pits in anaerobic conditions exceed those in oxygenated
seawater. In sterile seawater, pitting corrosion is not prominent (Figs. 9
and 10), and uniform corrosion predominates. When the dissolved ox-
ygen concentration is low, P. aeruginosa primarily carries out anaerobic
respiration, obtaining electrons through the oxidation of Fe on the ma-
terial surface. These electrons are then transferred intracellularly for
biometabolic activities. P. aeruginosa aggregates in the dissolution pits,
creating a concentration difference that leads to localized corrosion
[68]. The maximum depth of the corrosion pits reaches 49.938 μm
(Fig. 11d). An extracellular biofilm forms over the X70 steel surface,
which has a viscoelastic nature that provides an insulating effect, pre-
venting Cl− in seawater from directly contacting the steel substrate. This
reduces the corrosion rate [41]. Additionally, the formation of FeOOH
and Fe3O4 passivation films on the steel surface (Formula 5) provides
protective effects. As the immersion time increases, the biofilm thickens,
while the concentration of P. aeruginosa decreases, leading to a mini-
mum corrosion rate of 0.78 mpy after 14 days of immersion, although
localized corrosion remains the most severe. In seawater containing 2
ppm constant dissolved oxygen, P. aeruginosa proliferates extensively on
X70 steel. The bacterial colonies compete for oxygen through aerobic
respiration, and the biofilm is unevenly distributed, which easily leads

Fig. 15. Corrosion weight loss rate of X70 steel immersed in seawater under
different conditions.

Fig. 16. Corrosion mechanism of X70 steel in different media. (a) sterile seawater, (b) anaerobic P. aeruginosa, (c) DO + P. aeruginosa 3 days, (d) DO + P. aeruginosa
7 days.
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to the formation of oxygen concentration gradients. In the biofilm re-
gion, the oxygen concentration is low, acting as the cathode in a
corrosion cell, where reduction reactions occur. The steel substrate
functions as the anode, where oxidation reactions take place, acceler-
ating the electrochemical reaction rate [69]. This increases the disso-
lution rate of iron ions and leads to the formation of a significant amount
of metal oxides covering the steel surface. Aerobic respiration by P.
aeruginosa produces gases, making the oxide layer loose and porous
[70], primarily composed of Fe2O3 (Formula 4). This structure provides
pathways for bacterial renewal and substance transport in the seawater.
Fe2O3 exhibits high electrochemical activity. On one hand, organic acids
secreted by P. aeruginosa, such as acetic acid and lactic acid, can react
with Fe2O3, reducing it to Fe2+ or converting it into other oxides,
causing the oxide to peel off. On the other hand, the bacterial metabolic
process induces changes in the surface potential, enhancing electron
transfer reactions and accelerating the reduction of Fe2O3 to Fe2+. These
transformations disrupt the stability of Fe2O3, increasing the surface
reactivity of X70 steel, which in turn intensifies the corrosion process.
Sufficient DO concentration allows microorganisms to adhere to and
grow in the biofilm, forming bioaggregates [71]. Thus, the oxide layer
and biofilm continue to accumulate, forming a composite product film.
The corrosion products on the steel surface are continually renewed, and
iron is progressively dissolved from the substrate, leading to an accel-
erated local and uniform corrosion rate. The maximum corrosion rate
reaches 45.62 mpy, which is approximately two orders of magnitude
higher than the corrosion rate of P. aeruginosa in the absence of added
oxygen. In the first 3 days of immersion (Fig. 16c), the biofilm exhibits
low thickness yet substantial biomass, with a random distribution and
rapid metabolic activity, creating a significant concentration gradient of
the corrosion medium. The corrosion weight loss rate of X70 steel due to
dissolved oxygen and P. aeruginosa is less than the sum of the corrosion
weight loss rates from immersion in sterile seawater and anaerobic
P. aeruginosa, indicating that corrosion is primarily uniform. After 7 days
of immersion, as nutrient levels decline and attachment sites shift,
bacteria predominantly cluster in pitting pits and their vicinity, deep-
ening the degree of pitting corrosion. Consequently, the corrosion
weight loss rate of X70 steel due to dissolved oxygen and P. aeruginosa
surpasses the sum of the corrosion weight loss rates from sterile seawater
and separate anaerobic P. aeruginosa immersion, signifying that corro-
sion is primarily localized and bacteria-induced.

The main corrosion electrochemical and chemical reactions were as
follows [72].

Anodic reaction

Fe→Fe2++2e− (5)

Cathodic reaction

O2+2H2O+4e− →4OH− (6)

Formation of corrosion products

2Fe2++4OH− +1/2O2→2FeOOH + H2O (7)

2FeOOH→Fe2O3+H2O (8)

6FeOOH→2Fe3O4+3H2O+1/2O2 (9)

Cl− + Fe2O3nH2O→[FeCI]+nOH− (10)

4. Conclusions

MIC arises from the metabolic activities of microorganisms and their
interactions with metals. As a facultative aerobic bacterium, the meta-
bolic activity of P. aeruginosa is significantly influenced by the concen-
tration of dissolved oxygen. In this experiment, we investigated the
corrosion of X70 steel in seawater, both with and without P. aeruginosa,

by varying the presence of exogenous dissolved oxygen in the corrosion
environment. The primary conclusions are as follows

(1) The corrosion rate of X70 steel in seawater, regardless of the
presence of P. aeruginosa, diminishes with extended immersion
time. At equivalent immersion durations, the overall corrosion
rate of X70 steel in seawater containing P. aeruginosa is lower
than that observed in sterile seawater; however, localized
corrosion is pronounced, characterized by numerous corrosion
pits, which exhibit greater depth and width. Notably, the
maximum corrosion pit depth reaches 49.938 μm, significantly
exceeding the maximum pitting depth of 29.606 μm recorded
under sterile conditions.

(2) X70 steel primarily experiences uniform corrosion in sterile
seawater, whereas, in anaerobic P. aeruginosa seawater, localized
corrosion predominates, characterized by a high local corrosion
rate and significant pitting. In P. aeruginosa seawater containing
2 ppm of dissolved oxygen, uniform corrosion is observed during
the first 3 days of immersion; however, following this period,
localized corrosion driven by microbial activity becomes the
dominant mechanism.

(3) Dissolved oxygen enhanced the physiological activity of
P. aeruginosa by altering its respiration mode, leading to an
increased corrosion rate. The maximum corrosion rate reached
45.62 mpy, accompanied by a peak corrosion weight loss rate of
94.88 g m⁻2 h⁻1 after 7 d of immersion. Conversely, in the absence
of applied oxygen, the minimum corrosion rate was 0.78 mpy,
with a corrosion weight loss rate of 2.29 g m⁻2 h⁻1. This indicates
that the corrosion rate with dissolved oxygen was approximately
two orders of magnitude greater than that observed under
anaerobic conditions.

(4) The introduction of dissolved oxygen alters the corrosion prod-
ucts on the surface of X70 steel. In aerobic environments with
P. aeruginosa, the corrosion products consist of a composite film
formed by metal oxides and microbial films, primarily including
Fe3O4, FeOOH, and Fe2O3. The presence of loose Fe2O3 renders
X70 steel more vulnerable to corrosion by P. aeruginosa.
Conversely, in the absence of applied oxygen, P. aeruginosa pri-
marily forms biofilms, accompanied by a limited quantity of
metal oxides, predominantly Fe3O4 and FeOOH.
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A dynamic competition exists between 
phosphate ions and oxygen-containing 
ions.

• The existence of metallic phosphate 
passivation layers that inhibit ion 
diffusion.

• The phosphate molten salt is extremely 
corrosive.

• Phosphate molten salt dissolve Cr in 
chromium oxide directly as Cr3+.

A R T I C L E  I N F O

Keywords:
Supercritical water oxidation
Inconel 625
Phosphate
Corrosion

A B S T R A C T

This paper presents a comparative study of the corrosion behavior of Inconel 625 in supercritical water with 
different oxygen contents and phosphate phases. The results showed that the dissolved phosphate phase could 
compete with oxygen and that the addition of oxygen converted Cr2O3 to Cr6 +, resulting in a reduction in the 
thickness of the oxide film. The oxide film formed consisted of three distinct layers. The outer layer consists of 
NiO, Fe2O3, and NiFe2O4, which were formed by the diffusion of metal cations outward. The middle layer was a 
metal phosphate passivation layer which could prevent the diffusion of Fe, Ni, etc. and retard corrosion. The 
inner layer was formed by inward oxidation of oxygen ions with Cr to form Cr2O3. Phosphate molten salt were 
highly corrosive and can directly dissolve Cr2O3 into soluble Cr3+, a process accelerated by oxygen, increasing 
the Cr3+ content from 59.63 % to 77.54 %.

1. Introduction

Supercritical water (SCW, T = 374.1 ℃, P = 22.1 MPa) has excellent 
mass and heat transfer properties due to its low polarity, low dielectric 

constant, and high diffusion coefficients [1]. Supercritical water 
oxidation (SCWO) is an advanced oxidation treatment technology that 
utilizes SCW to treat recalcitrant, high-concentration organic waste
water, organic waste, sludge, and other challenging materials [2–4]. The 
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treatment process generates no secondary pollutants like NOx or SOx. 
But SCWO reactor materials may corrode due to the acidic solution from 
oxidizing heteroatom-containing organic materials. Alkali is usually 
added to neutralize the acid, yet this forms inorganic salts [5]. Inorganic 
salts in SCWO crystallize and deposit on the heat exchanger and reactor 
due to insolubility, thus reduces system pressure, decreases heat transfer 
efficiency, increases the risk of plugging, and may exacerbate corrosion 
[6–11]. Nevertheless, recent studies have found that in SCW treatment 
environments, hydrothermal molten salts (HyMoS) with melting points 
below 400 ℃ can generate solvent-dissolved solid salts in-situ and can 
reduce the salt deposition problem, and this system of HyMoS brings 
more applications as well as possibilities for sustainable manufacturing, 
materials synthesis, and others [12,13].

However, the majority of people fail to recognize that HyMoS can 
induce severe corrosion of alloys, which will be a major problem to 
hinder its development. While Zhang et al. [13] utilised the Na2HPO4 
hydrothermal molten salt generated during the SCW threatment of 
glyphosate wastewater, whereas most of the previous studies have 
focused on the role of phosphate as an additional solvent. Moreover, our 
previous research had confirmed that the corrosion rate was reduced by 
the addition of PO4

3− to SCW environments containing oxygen and Cl− , 
indicating that the addition of phosphate ions can inhibit corrosion [14]. 
Ma et al. [15] studied the corrosion behavior of different alloys in SCWO 
environments containing Na3PO4, Na2SO4, and NaCl. They found that 
the addition of Na2SO4 or NaCl could accelerate the corrosion rate of the 
alloy in SCW with oxygen and phosphate ions. The simultaneous pres
ence of SO4

2− and Cl− disrupted the formation of insoluble metal phos
phates on the oxide film of the alloy. Guo et al. [16] investigated the 
corrosion behavior of Inconel 625 in SCW containing sulfate and phos
phate ions. The corrosion rate decreased after the alloy was passivated 
with sodium phosphate, indicating improved corrosion resistance. Metal 
phosphates could exist stably on the alloy surface and inhibit the 
diffusion of metal cations and oxygen anions near the interface. Xu et al. 
[17] investigated the corrosion behavior of alloy 600 in SCW with Cl− , 
SO4

2− , and PO4
3− . Researchers discovered that phosphates precipitated 

from SCW could exist in a molten state, and that some oxides could be 
soluble in the ionic melt of low-melting-point phosphate salts, to form a 
eutectic melt consisting of FePO4-Ni3(PO4)2-Na3PO4-Na2HPO4.

Much of the research to date has focused on the addition of phos
phates to systems containing one or more aggressive ions, with the aim 
of elucidating the role of phosphates in corrosion inhibition. In SCW, 
phosphates can form HyMoS, which precipitates at a temperature above 
the melting temperature, combines with the deposited salts in the SCWO 
system and carries the deposited salts out of the system by cooling. In 
this way, salt deposition can be handled efficiently and without 
contamination, and the solution can be recycled. However, in recent 
experiments, it was found that the oxide film formed on the alloy surface 
would dissolve and fail in the hydrothermal phosphate molten salt 
environment, while there was no focus on the corrosion behavior and 
mechanism, so the safety of using phosphate molten salt to handle salt 
deposition in the SCWO system needs to be further investigated. 
Therefore, in this paper, the corrosion phenomenon of phosphate molten 
salt on alloys in the field of supercritical water oxidation is of great 
significance to safely solve the salt deposition problem. And in the field 
of HyMoS corrosion, it is of pioneering significance, which will lay an 
important foundation for the subsequent related research and technol
ogy development, and provide new ideas and directions.

Based on the considerations above, in this study, Inconel 625 was 
used as the experimental material, and Na2HPO4, which is abundant in 
glyphosate wastewater, was chosen as the reagent to investigates the 
influence of the presence of different phosphate phases (dissolved/ 
molten salt phase) and oxygen on the corrosion behavior of Inconel 625 
in SCW.

2. Experimental

2.1. Material

The material used in this study was Inconel 625, purchased from 
Dongguan Ruichang Metal Co. Ltd. in China, and its elemental compo
sition by weight percentage is presented in Table 1. The material was cut 
into specimens with dimensions of 5 mm × 5 mm × 2 mm using wire 
cutting. In order to obtain continuous and uniform corrosion samples, 
the specimens were polished sequentially with 240#, 600#, 1200#, and 
2000# water sandpaper and finally with 1 μm diamond suspension. 
Na2HPO4 (melting point 245 ◦C) purchased from Tianjin Komeo 
Chemical Reagent Co. ltd. in China was used as the solution to achieve 
the predetermined corrosion level, with total phosphorus (as PO4

3-) levels 
of 500 mg/L (dissolved phase), 1000 mg/L (near-saturated phase) and 
5000 mg/L (molten salt phase), respectively, as calculated [17,18].

2.2. Apparatus and methodology

The experiments were carried out using a high-temperature inter
mittent reaction tube apparatus made of 316 L stainless steel, with a 
maximum operating temperature of 600 ℃, a pressure resistance of 
30 MPa, and a reactor volume of 20 mL. The apparatus consists of a 
pressurized reaction tube and two lined tubes. As shown in Fig. 1, ultra- 
thin quartz liner tubes and Inconel 625 liner tubes were used in the 
corrosion test environment to mitigate the potential interference of 
hydrothermal salt phase electrochemical corrosion [6,19]. The corro
sion test conditions are summarized in Table 2, the exposure tempera
ture, pressure, and time duration for each test is 400 ℃, 25 MPa, and 
60 h, respectively. To ensure the accuracy of the experimental data, 
three parallel samples were used for each set of tests. A run of blank tests 
was also done, and the weight changes during the temperature rise and 
fall process (SCW exposure for 0 h) were calculated in the blank tests to 
ensure the accuracy of the experimental data. Prior to conducting the 
experiments, a series of pre-corrosion passivation experiments were 
performed on the reaction tubes using phosphate solutions to exclude 
any potential interference with the alloy reaction tube setup. Subse
quently, the temperature was ramped up to 400 ℃ at a rate of 1 ℃/s, 
and the autogenous pressure at this temperature was the experimental 
pressure. In the oxygenation experiments, oxygen was passed at room 
temperature (25 ℃) and the oxygen content was the volume of the 
reactor filled with oxygen at room temperature plus the volume of ox
ygen dissolved in solution, the oxygen concentration to meet the con
ditions of the phosphorus-containing wastewater with a COD 
concentration of 10,000 mg/L. The oxygen concentration was calculated 
to be 1400 mg/L. The reaction was terminated after 60 h. The specimens 
were then cooled to room temperature and cleaned via ultrasonication 
in deionized water and acetone for 20 minutes. Subsequently, the 
specimens were subjected to a vacuum drying process for a duration of 
30 minutes.

The surface morphology of the oxide film on the specimens was 
examined using a scanning electron microscope (SEM, Sigma 500, Carl 
Zeiss. USA), operating at an accelerating voltage of 3 kV. For charac
terizing the cross-sectional morphology and composition of the speci
mens, a focused ion beam scanning electron microscope (FIB-SEM, FEI 
Scios 2 HiVac. USA) was employed, and it operated at 5 kV. EDS line 
scans were conducted at 5 kV to analyze the oxide film’s structure, 
element distribution, and growth patterns. XRD (BRUKER AXS D8 
Discover. DEU) analyses were measured in the 2θ range from − 10◦ to 
160◦ in steps of 0.0001◦. To further investigate the oxide film, a Raman 

Table 1 
Main elemental composition (wt%) of tested Inconel 625.

Alloy Ni Cr Fe Mo Nb Mn C

625 58.3 23.0 5.0 9.0 3.15 0.5 0.08

J. Chen et al.                                                                                                                                                                                                                                     The Journal of Supercritical Fluids 218 (2025) 106495 

2 
1267



spectroscopy system (Renishaw inVia, UK) was employed with a 532 nm 
excitation wavelength. Spectra were collected in the wavenumber range 
of 100–1500 cm− 1, with an exposure time of 10 seconds. During scan
ning, multiple scan points were selected on the specimen’s surface. The 
surface composition and chemical state of the oxide films were analysed 
using an X-ray photoelectron spectrometer (XPS, ESCALAB 250XI. USA) 
with an Al target as the X-ray excitation source. Sampling depths ranged 
from 0.5 nm to 2 nm and information detection depths ranged from 
1.5 nm to 6 nm.

3. Results

3.1. Weight changes

Fig. 2 presents the weight change of Inconel 625 after 60 h of 
exposure to SCW with different oxygen and phosphate concentrations. 
The results show that the corrosion weight gain of Inconel 625 gradually 
increased with increasing phosphate ion concentrations under oxygen- 
free conditions. In Run 5 and Run 6, the introduction of oxygen did 
not increase the weight gain of the alloy. This means that there may be 
competition between phosphate and oxygenated radicals in SCW, which 
weakening the interaction with aggressive anions as the metal cations 
diffuse outward from the alloy. In addition, a reduction in weight gain 
may be attributed to the fact that the oxide film formed on Inconel 625 is 
not compact and is susceptible to shedding.

3.2. Oxidation morphology

Fig. 3 presents the SEM images of Inconel 625 after 60 h exposure to 
SCW with different oxygen and phosphate concentrations. As shown in 
Fig. 3(a-1), a complete oxide film is evident, characterized by relatively 
small oxide particles, primarily composed of needle-like oxides domi
nated by O and Cr [19]. In Fig. 3(b-1), the needle-like oxide changes to a 
plate-like structure and the size of the oxide particles becomes larger, 
resulting in the formation of a denser oxide film. It can be seen that the 
higher concentration of phosphate at saturation solubility leads to the 
formation of a more protective oxide film. In Fig. 3(c-1), the oxide 
particle size further increases due to the higher phosphate 
concentration.

In contrast, under oxygenated conditions, Fig. 3(a-2) shows that the 
size of the oxides is significantly larger than that in Fig. 3(a-1). The 
morphology of the oxide in Fig. 3(b-2) is essentially the same as that in 
Fig. 3(c-1), suggesting that the presence of oxygen accelerates the for
mation of the oxide film. The massive oxides in Fig. 3(c-2) may be so
dium phosphate salt deposits or spinel oxides.

In order to gain further insight into the evolution of the Inconel 625 
oxide film in SCW containing phosphate molten salt, Fig. S1 presents 
SEM images of the film growth of Inconel 625 in SCW under oxygen-free 
conditions, with a phosphate concentration of 5000 mg/L. The inner 
oxide film can be observed in Fig. S1(a-b), where oxygen exhibits a 
certain degree of solubility in the oxide film. The formation of the inner 

Fig. 1. Experimental device diagram.

Table 2 
Test conditions for corrosion.

Run 1 2 3 4 5 6

PO4
3− (mg/L) 500 1000 5000 500 1000 5000

O2 (mg/L) 0 0 0 1400 1400 1400

Fig. 2. Weight change of Inconel 625 after 60 h of exposure to SCW with 
different oxygen and phosphate concentrations.
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oxide was attributed to the diffusion of H2O and O2 into the matrix and 
inward transport of oxygen ions. However, as shown Fig. S1(c-e), there 
is large undulations on the surface, which indicates the presence of oxide 
film dissolution, flaking, and dissolution precipitation of corrosion 
product. Fig. S1(e) shows the existence of pitting, indicating faster 
precipitation of phosphate molten salt droplet. This phosphate molten 
salt caused more severe penetration corrosion of the alloy substrate. The 
growth of lamellar oxides along grain boundaries can be observed in 
Figs. S1(f) and S2, and it is presumed that Mn(Ni) precipitated along the 
grain boundaries to form oxides, and the intergranular oxides continued 
to grow with time. It also indicates that phosphate deposition acceler
ated the dissolution and diffusion rate of metal elements in the alloy 
matrix along the grain boundaries.

Fig. S3 presents SEM images of Inconel 625 in SCW at different 
exposure times under an oxygen concentration of 1400 mg/L and a 

phosphate concentration of 5000 mg/L. As shown in Fig. S3(a) and (b), 
it is evident that the surface of the specimen exhibits noticeable 
scratches, indicating a slight degree of corrosion. Further corrosion 
products were observed on the surface, probably deposited during the 
corrosion process. These products may have been formed as a result of 
the unwashed phosphate depositing on the surface. From Fig. S3(c), it 
can be seen that part of the oxide film has been removed, which may 
have been caused by the corrosion process. The surfaces of Fig. S3 (d-f) 
formed of a lumpy oxide layer, which became flatter and denser with 
time. The surface oxides may be spinel and metal phosphates.

3.3. Cross-section analysis

Fig. 4 shows FIB-SEM images and EDS line scans of Inconel 625 
exposed for 60 h to SCW at three different phosphate concentrations. In 

Fig. 3. SEM images of Inconel 625 after 60 h exposure to SCW with different oxygen and phosphate concentrations, (A) 500 mg/L phosphate (B) 1000 mg/L 
phosphate (C) 5000 mg/L phosphate; 1-oxygen-free, 2-oxygen.

Fig. 4. FIB-SEM images and EDS line scans of Inconel 625 exposed to SCW for 60 h in oxygen/oxygen-free and at three different phosphate concentrations, A-500 
mg/L, B-1000 mg/L, C-5000 mg/L, 1-oxygen-free, 2-oxygen.
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Fig. 4 (A-1,2), the oxide film on the surface of the sample shows a 
continuous smooth cross-section, and it was found from EDS that the Ni 
was continuously diffusing outwards and enriched near the oxide layer, 
resulting in an increase and then a decrease in the nickel content from 
the substrate to the oxide film. Additionally, and it was also found that 
the Phosphorus(P) content showed a peak at the darker inner and outer 
junctions. In Fig. 4(B-1), the shape of corrosion products in the oxide 
film gradually disappears, and the oxide layer is thin. This may be due to 
pitting corrosion leading to localized dissolution and stripping of the 
oxide film. The oxide film is observed to be a phosphate-containing 
corrosion film. In Fig. 4(B-2) also shows the highest P content at the 
junction of the inner and outer layers, which is consistent with Figs. 4(A-
1,2), but P was not found in the oxide film, which may be due to the 
competition between phosphate and oxygen, and the oxygen was 
dominant, giving preference to the formation of the oxide film rather 
than the phosphide film. As shown in Fig. 4(C-1), there is a thick and 
dense phosphorus-containing oxide film on the surface of the displayed 
sample, but there are corrosion pits on the surface. However, in Fig. 4(C- 
2), there are corrosion pits on the surface of the oxide film, and holes in 
the outer oxide film, suggesting that the molten salt may have the effect 
of corrosion penetration. Whereas, the highest chromium content was 
observed at the junction of inner and outer layers in Fig. 4 (A-1) by 
oxygen-free EDS line scanning, which indicated that the phosphate 
passivation film hindered the diffusion of Cr to the outside. However, as 
the concentration of phosphate ions increased, chromium diffused into 
the outer oxide film and may even diffuse into it. This suggests that 
Cr2O3 and other chromium oxides in the inner oxide film may dissolve in 
the molten phosphate during phosphate deposition. However, under 
oxygenated conditions, the inner oxide film thickened significantly. 
Metal cations diffused outward through the metal phosphate layer to 
form the external oxide film. In contrast, O2- anions diffused inwards 
through the metal phosphate layer to form an internal oxide film. The 
dissolution of phosphate into the oxide film under the conditions of 
Fig. 4(B-1), but not under the conditions of Fig. 4(B-2), confirms the 
competitive role of phosphate and O2-. The EDS results in Fig. 5(B-1) and 
Fig. 5(C) show that element P was uniformly distributed throughout the 
oxide layer. This observation suggests that the phosphate molten salt is 
present during the growth of the oxide film. As illustrated in Fig. 4(C-2), 
the metal phosphates were mainly present in the form of stable 
Ni3(PO4)2 and CrPO4. During the initial phase of corrosion, metal cat
ions in the sample formed stable metal phosphate deposits at the original 
interface between the sample and the Na2HPO4 corrosion solution [20, 
21].

Fig. 5 shows the oxide film thickness of Inconel 625 exposed to SCW 

at three phosphate concentrations for 60 h. Fig. 5A shows that the 
thickness of the internal oxide layer became progressively smaller as the 
phosphate concentration increased. The thinnest oxide film was 
observed in Fig. 5B, which may be attributed to the strong competition 
between oxygen and phosphate as well as the dissolution and precipi
tation of the oxide film in this condition, while in the molten salt con
dition, a thicker outer oxide film was formed due to the deposition of 
molten salt. The results obtained in oxygen-free/oxygen conditions are 
almost the same and the thickness of the inner oxide layer was found to 
be significantly smaller, suggesting that the metal phosphate layer 
prevented the internal oxidation process of anions such as O2- and this 
result was confirmed in the EDS line scans.

3.4. Oxide analysis

3.4.1. XRD analysis
Fig. 6 presents the XRD patterns of Inconel 625 after 60 h of exposure 

in SCW with different phosphate concentrations under both oxygen- 
free/oxygen conditions. The ICSD standard card data indicates that 
peaks corresponding to Fe2O3 (33–0664) and Cr2O3 (70–3765) were 
detected on the surface during Run 1. However, due to the presence of 
various substances on the alloy surface and the intrinsic noise of the 

Fig. 5. Oxide film thickness of Inconel 625 exposed to SCW at three phosphate concentrations for 60 h, A-oxygen-free, B-oxygen.

Fig. 6. XRD images of Inconel 625 in SCW with different phosphate concen
trations under oxygen-free/oxygen conditions for an exposure time of 60 h.
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instrument, the XRD spectrum was unable to distinguish weak peaks 
between Fe2O3 and Cr2O3. Further validation results will be analyzed 
through XPS. In Runs 2, 3, and 6, no characteristic peaks were detected 
except for the background. In Runs 4 and 5, peaks corresponding to 
NiCr2O4 and NiFe2O4 were identified on the surface. The solid-phase 
reaction between NiO and oxides, such as Cr2O3 and Fe2O3 was accel
erated by the introduction of oxygen, resulting in more pronounced 
spinel peaks. During the deposition of molten phosphate salts, oxides 
such as NiO dissolve faster in the SCW than towards the substrate side of 
the alloy, causing the spinel peak attenuation to be undetectable in Run 
6. Spinel was mainly present in the outer oxide film facing the interior, 
while the outer oxide film under the dissolved salt phase was thicker, 
rendering the spinel phase cannot be detected at the surface.

3.4.2. Raman analysis
The SEM analysis revealed that the surface morphology of Inconel 

625 was covered in sediment, and the XRD analysis showed character
istic peaks that were limited. To further investigate, Raman spectros
copy was employed as an additional detection method [22]. Fig. 7 shows 
the Raman spectra of Inconel 625 samples after 60 h of exposure in SCW 
with different phosphate concentrations under oxygen-free/oxygen 
conditions. The spectra from the sample surface reveal peaks corre
sponding to Fe2O3, Fe3O4, NiO, and a spinel structure [23–25]. It is 
noteworthy that the characteristic peaks do not show any significant 
shift as the phosphate concentration increases. However, the formation 
of the NiFe2O4 spinel structure from Fe2O3 and oxygen under oxygen
ated conditions indicates that oxygen accelerated solid-phase formation.

3.4.3. XPS analysis
Fig. 8 shows the characteristic XPS spectra of Inconel 625 exposed for 

60 h in SCW with oxygen-free and at three different phosphate con
centrations. Since the content of Ni and Cr in Inconel 625 is more than 
80 %, the spectra of Ni 2p3/2, 2p1/2, and Cr 2p3/2, 2p1/2 energy levels 
were examined. The Ni 2p3/2 peak in the dissolved phase of phosphates 
is attributed to Ni(OH)2 [26] and Ni3(PO4)2 [27]. The three binding 
energies of Ni 2p3/2 in phosphate molten salt correspond to NiO, Ni 
(OH)2 and Ni3(PO4)2 at 854.6 eV, 856.3 eV and 857.5 eV, respectively. 
The Cr 2p3/2 peak in the dissolved phase of phosphates corresponds to 
Cr3+ and Cr2O3 with binding energies of 577.3 ± 0.2 eV and 575.7 
± 0.2 eV, respectively. The peak of the metal Cr0 was detected at 
574.3 eV at a phosphate concentration of 1000 mg/L due to the strip
ping of the surface oxide film, and the ratios of Cr0 to Cr3+ were 
semi-quantitatively calculated to be 38.92 % and 61.09 %, respectively. 

In phosphate molten salt conditions, peaks of Cr3+ and Cr2O3 shift to 
binding energies of 577.9 eV and 576.4 eV. This shift is attributed to the 
chemical displacement of Cr 2p3/2 to higher binding energies with 
increasing phosphate concentration. XPS valence analysis showed that 
the oxidation products were dominated by NiO and Cr2O3. This is in 
general agreement with the XRD results.

Fig. 9 shows the characteristic XPS spectra of Inconel 625 exposed for 
60 h in SCW with an oxygen concentration of 1400 mg/L and at three 
different phosphate concentrations. The Ni 2p3/2 exhibits two peaks in 
the dissolved phase, attributed to Ni(OH)2 and Ni3(PO4)2, with binding 
energies at 855.6 ± 0.2 eV and 856.7 ± 0.2 eV, respectively. In phos
phate molten salt conditions, three binding energies at 854.1 eV, 
856.1 eV, and 857.1 eV are assigned to NiO, Ni(OH)2, and Ni3(PO4)2, 
respectively. The increase in phosphate concentration causeed a chem
ical shift in Ni 2p3/2 peak to undergo a chemical shift toward a lower 
binding energy, indicating the oxidation of Ni. This explains why NiO 
was detected on the surface of samples under phosphate molten salt 
conditions, which coincides the results obtained under oxygen-free 
conditions.

The binding energies of the Cr 2p3/2 peaks corresponding to the Cr0, 
Cr2O3, Cr3+, and Cr6+ peaks at the three concentrations were 574.3 
± 0.2 eV, 576.5 ± 0.2 eV, 578.0 ± 0.2 eV, and 579.5 ± 0.1 eV, respec
tively. Semi-quantitative calculations showed that in (a) the proportions 
of Cr0, Cr3+, and Cr6+ were 6.97 %, 27.85 % and 65.18 % respectively. 
In (b) the proportions of Cr3+ and Cr6+ were 59.63 % and 40.37 % 
respectively. Comparison with (a) showed that the proportion of Cr6+

decreased but the oxygen content remained unchanged, further con
firming the existence of competition between phosphate and oxygen. In 
(c) the proportions of Cr0 and Cr3+ were 22.46 % and 77.54 % respec
tively. Under phosphate conditions, alloys in SCW corroded faster when 
exposed to oxygen in the dissolved phase, causing the oxidation state of 
chromium to change from Cr3+ to Cr6+ [28–30]. However, However, in 
the phosphate molten salt conditions, Cr2O3 can be directly dissolved to 
form Cr3+, limiting the conversion to Cr6+ and resulting in an insignif
icant Cr6+ peak.

4. Discussion

4.1. Formation of oxide films on alloys under dissolved-phase phosphate 
corrosion

In previous studies, the mechanisms of oxide film growth, metal 
dissolution, and metal salt precipitation have been widely accepted by 
researchers as typical mechanisms [31–33]. The corrosion resistance of 
alloyed materials often depends on the stability of surface metal oxides. 
In SCW containing unsaturated phosphates, the formation of oxide films 
can be explained by a similar dissolution-precipitation mechanism [32, 
34,35]. During the initial stages of corrosion, phosphate ions react with 
Cr, Fe, and Ni, resulting in the formation of corresponding metal phos
phates (CrPO4, FePO4, and Ni3(PO4)2) that deposit on the original sur
face of the alloy. This reaction competes with oxygen radicals in SCW, 
which weakens the contact between corrosive anions and metal cations 
that diffused outward in the alloy. This process results in the formation 
of a barrier film on the alloy surface [16,36,37]. Additionally, it has been 
demonstrated that the dissolution of oxide films in SCW is reduced. The 
addition of a phosphate passivation layer between the alloy matrix and 
the solution can impede the transfer of substances in the vicinity of the 
alloy interface [38], inhibit the electrochemical reactions of the alloy 
matrix, and decelerate corrosion [16,39]. In addition, the size of the 
oxide film increases with increasing phosphate concentration, while the 
surface of the oxide film becomes denser.

As the reaction progresses, Fe, Cr, and Ni diffuse outward through 
the phosphate passivation layer to form an outer oxide film. Due to the 
differing diffusion rates of the constituent elements (Fe>Ni>Cr) [40], 
the Fe oxide was located at the outermost layer of the film, where Fe2+

and Fe3+ react with O2 and oxygen ions to form Fe2O3 and Fe3O4, which 

Fig. 7. Raman spectra of Inconel 625 in SCW under oxygen-free/oxygen con
ditions with different phosphate concentrations for 60 h exposure time.
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explains the prominent peaks of iron oxides observed in Raman spec
troscopy. Ni existed in SCW mainly as NiO and Ni(OH)2, and NiO can be 
hydrolyzed to Ni(OH)2 [41]. In addition, solid-phase reactions between 
Ni and Cr oxides and their hydroxides occur near the original alloy 
interface, resulting in the formation of NiCr2O4. This compound is then 
incorporated into Cr2O3, NiO, and Ni(OH)2 [42]. Over time, the outer
most NiO and Ni(OH)2 react with the outermost Fe2O3 through 
solid-phase reactions to form NiFe2O4. As the Cr content accumulates in 
the oxide film, and Fe and Ni gradually diffuse outward, the spinel 
structure of NiFe2O4 is transformed into FeCr2O4.

The inner oxide film is composed of NiO and Cr2O3. Initially, oxygen 
and water molecules adsorb onto the alloy surface and dissolve in the 
inner oxide film, reacting with diffusing metal cations to form oxides. In 

the early stages of corrosion, a mixed oxide of Ni and Cr forms on the 
material surface. Due to the higher growth rate of Ni-containing oxides 
compared to Cr2O3, large amounts of NiO and NiCr2O4 oxides form 
before the continuous formation of Cr2O3 oxide film. Simultaneously, 
phosphate ions reacted with the alloy matrix to form deposited metal 
phosphates on the surface. Furthermore, O2 and H2O adsorb on the outer 
oxide film through the cracks between needlelike and platelike oxides. 
Subsequently, they are dissolved into the oxide film and diffuse into the 
inner oxide film, passing through the original interface barrier layer of 
metal phosphates. The reaction of diffusing Cr and Ni with oxygen re
sults in the formation of oxides. Oxygen ions are transported inward 
through vacancies in the inner layer [43]. As the outer oxide film grows 
towards the substrate, Cr2O3 and NiO in the outer oxide film react 

Fig. 8. XPS spectra of Inconel 625 exposed to three phosphate concentrations of SCW for 60 h, (a) 500 mg/L, (b) 1000 mg/L, (c) 5000 mg/L.
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through solid-phase reactions to form NiCr2O4.
In SCW containing oxygen and phosphate, the higher oxygen partial 

pressure on the SCW side causes a significant amount of oxygen to 
dissolve in the oxide film. The combination of these factors leads to the 
formation of oxides, with the mechanism of oxide film formation being 
mainly dominated by solid-phase growth. As the concentration of 
phosphate increases, competition between phosphate and oxygen takes 
place. The presence of phosphate in the system results in the occupation 
of vacancies left by metal cations diffusing outward, thereby weakening 
the solid-phase growth mechanism of oxides, leading to a thinning of the 
oxide film, especially in the inner layer, and makes it difficult to form a 
thicker Cr2O3 layer. This also results in the absence of a stable oxide 

layer to protect the substrate and also causes the oxide film produced to 
flake off, which can also explain the quality change of the alloy at 
1000 mg/L is reduced. Thus the composition of the oxide layer of the 
alloy under dissolved phase conditions is as follows: the inner layer 
consists of nickel and chromium oxides, the intermediate layer consists 
of metal phosphates, and the outermost layer probably consists of Ni and 
Fe oxides as well as spinel. The structure diagram of the oxide film is 
presented in Fig. 11.

4.2. Corrosion mechanism of alloys under phosphate molten salt

In the conditions of phosphate molten salt, the corrosion of nickel- 

Fig. 9. XPS spectra of Inconel 625 exposed for 60 hours to SCW at an oxygen concentration of 1400 mg/L and three different phosphate concentrations, (a) 500 mg/ 
L, (b)1000 mg/L, (c)5000 mg/L.
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based alloy is mainly completed by dissolving the oxide film through 
molten salt. Phosphate molten salt have a strong ion transfer capability, 
which accelerates the diffusion of metal elements and corrosive ions, as 
well as facilitate the completion of oxidation reactions through a high 
diffusion rate. In the unsaturated phosphate environment, phosphate 
ions can compete with oxygen and impede the diffusion of oxygen into 
the interior of alloy matrix. However, when exposed to phosphate 
molten salts, the presence of H2O alters the redox state of the molten 
salts and can enhance the corrosion of Inconel 625 [44]. Moreover, 
molten salt can also adsorb oxygen and oxides, which act as an accel
erating force for corrosion [45,46]. The corrosion in phosphate molten 
salt is therefore more severe than that of conventional phosphate salt.

In the initial stages of corrosion, water or oxygen acts as an oxygen 
donor and oxygen ions are adsorbed into the matrix to form oxides with 
metal ions [8]. An optimal oxygen concentration can expedite the for
mation of a protective oxide film, while an excessively high oxygen 
concentration can cause severe damage to the oxide layer [47]. Thus, the 
presence of oxygen has a significant impact on the entire molten salt 
passivation mechanism [48]. Under high-temperature molten salt con
ditions, molten salt conducts charges in an ionic manner, separating the 
alloy from the gas phase. In the presence of SCW, molten salt reacts to 
form corresponding acids and hydroxides, which accelerate corrosion 
[49–51]. While phosphate molten salt can undergo hydrolysis, the 
extent of hydrolysis is low in SCW [52], and the resulting oxides are 
soluble in phosphate molten salt [17]. Therefore, in phosphate molten 
salt conditions, the corrosion of the alloy is primarily dominated by the 
metal’s thermal corrosion. In the second stage of corrosion, due to the 
immiscibility of phosphate molten salt and SCW, in the 

microenvironment of the alloy surface and the deposition of phosphate 
molten salt, H2O adsorbed in molten salt transports oxygen ions, form
ing oxides with metal ions that outwardly diffuse from the alloy matrix. 
Additionally, H2O reacts with outwardly diffusing metal cations such as 
Ni2+, forming Ni(OH)2 precipitates [53]. Subsequently, oxides and hy
droxides react with Na2HPO4, producing metal phosphates and H2O. 
The formed metal phosphates re-enter the molten salt, creating a 
eutectic salt of FePO4-Ni3(PO4)2-Na3PO4-Na2HPO4, which further pro
motes corrosion. Furthermore, under molten salt conditions, regardless 
of the presence of oxygen, NaO2 reacts with NiO to form Na2NiO2 [54, 
55]. Taking Ni as an example, 

Ni+H2O(SCW)→NiO+H2 (1) 

NiO→Ni2+ +O2− (2) 

Ni2+ + 2H2O→Ni(OH)2 + 2H+ (3) 

2HPO2−
4 +3Ni2+ +H2O→Ni3(PO4)2 +2OH− (4) 

The corrosion process under molten salt deposition is as follows: 

Ni+PO3−
4 →NiO+Ni3P+O2− (5) 

NiO+Na2O→Na2NiO2 (6) 

NiO+O2− ↔ NiO2−
2 (7) 

2NiO+Na2O+O2− →Na2NiO2 (8) 

The electrochemical reaction arises from the inherent instability of 
the base metal upon contact with phosphate molten salt. Corrosion is 
initiated by the penetration of the protective oxide layer, which leads to 
intergranular corrosion and microcracking. As the protective oxide film 
dissolves, molten salt infiltrates into the matrix through the porous oxide 
layer (as shown in Fig. 4C-2). Intergranular corrosion occurs under 
phosphate molten salt deposition. In the conditions of this study, 
intergranular corrosion of nickel-based alloys may be carbide precipi
tation [56,57]. Additionally, in the SCW environment, the selective 
precipitation of certain metal compounds, such as sigma-phase FeCr, 
may occur along the grain boundaries. Fig. 10 illustrates the presence of 
Mo oxides on the surface oxide layer. As Mo dissolves and diffuses 
slowly, it is predominantly observed in the inner layer, implying that 
Mo’s presence could be attributed to intergranular precipitation 
[58–60].

In SCW, metal ions outwardly diffuse and react with SCW to form 
oxides. Subsequently, phosphate molten salt dissolves the oxide film and 

Fig. 10. XPS spectra of Inconel 625 after 60 h of exposure to SCW with oxygen concentration of 1400 mg/L and three different phosphate concentrations, (a) 
500 mg/L, (b)1000 mg/L, (c)5000 mg/L.

Fig. 11. Schematic diagram of the oxide film structure on the surface of Inconel 
625 in SCW containing phosphates.
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further reacts with it to generate metal phosphides. Under molten salt 
conditions, the composition of the alloy oxide layer mainly comprises 
metal phosphates, nickel oxides, and chromium oxides. The loose metal 
phosphate corrosion products deposited on the surface are unstable and 
can be easily stripped away along with other readily removable oxides, 
thereby exposing the inner oxide layer. However, the Cr2O3 within the 
inner layer is unstable in a highly oxygenated SCW environment. This 
instability arises from the accelerated conversion of Cr3+ to Cr6+ in the 
presence of oxygen and its subsequent dissolution in SCW [21,61–63]. 
Interestingly, in the present study, phosphate was found to inhibit the 
oxygen-mediated conversion of Cr3+ to Cr6+ [64]. As a result, Cr is 
directly dissolved into supercritical water and phosphate molten salts as 
Cr3+. XPS analyses showed the absence of Cr6+ in oxygenated phos
phates. In addition, nickel oxide is less stable than chromium oxide and 
oxides with spinel structure. Under SCW conditions, NiO tends to 
dissolve, flake or form cavities. Hence, the corrosion losses occurring 
under phosphate molten salt conditions are primarily ascribed to the 
dissolution and stripping of nickel oxides and the loss of Cr3+. Fig. 12
illustrates the corrosion mechanism of Inconel 625 in SCW containing 
phosphate.

5. Conclusion

This study investigates the corrosion behavior of Inconel 625 in SCW 
(400℃, 25 MPa) under various conditions: oxygen-free, oxygen con
centration of 1400 mg/L, and different phosphate concentrations 
(500 mg/L, 1000 mg/L, 5000 mg/L). Additionally, the inhibitory effect 
of phosphate passivation layers on oxide film formation is examined. 
The corrosion mechanisms of phosphate in different phases are 
analyzed. The main conclusions are as follows: 

1) In the dissolved phase of phosphate salts under SCW conditions, as 
phosphate concentration increases, the thickness of the inner oxide 
film on the alloy surface decreases. Phosphate ions compete with 

oxygen-containing ions, thereby retarding the extent of oxidation 
corrosion.

2) The inner and outer oxide films are the results of inward oxidation by 
oxygen ions and outward diffusion of metal cations. The presence of 
a metallic phosphate passivation layer at the interface impedes the 
corrosion of Fe, Ni and other metals. The outer oxide film is 
composed of oxides such as Fe3O4, Fe2O3, NiFe2O4, NiO, Ni(OH)2, 
and metal phosphates. The inner layer consists of spinels such as NiO, 
Cr2O3, and NiCr2O4.

3) SCW, oxygen, and phosphate molten salt exhibit strong synergistic 
effects. In the presence of dissolved phosphate, oxygen converts 
insoluble Cr3+ to soluble Cr6+ in the alloy. However, in the presence 
of molten phosphate salt, insoluble Cr3+ directly dissolves in SCW.

4) It was found that the growth of oxide films under dissolved phos
phate conditions consists of dissolved precipitation in the outer 
layer, blocked diffusion in the intermediate passivation layer and 
internal oxidation in the inner layer. Under phosphate molten salt 
conditions, the entire oxide film growth process is accompanied by 
both oxide melting and metal phosphide growth.
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A B S T R A C T

This study investigates a comprehensive assessment of microplastic (MP) pollution in the contrasting estuarine 
systems of Hainan Island, China: the urbanized Nandu River Estuary and the less-developed Wanquan River 
Estuary. Analysis of surface water samples revealed an overall MP abundance ranging from 0.05 to 0.60 parti
cles/m3. A notable finding was the significantly higher concentration in the Wanquan Estuary (0.32 ± 0.13 
particles/m3) compared to the Nandu Estuary (0.17 ± 0.10 particles/m3), suggesting that tourism and agricul
tural activities may be more significant contributors than urbanisation alone in this context. Morphologically, 
MPs were predominantly linear and fibrous, with white and blue being the most common colors, and a size 
distribution concentrated in the 500–2000 μm range. Polymer composition analysis identified Polyolefins, 
polyester, and polyethylene as dominant, with signatures pointing to distinct anthropogenic sources for each 
estuary: packaging, textiles, and fisheries for the Nandu, and agricultural films and tourism-related waste for the 
Wanquan. Statistical correlations indicated that water temperature and pH enhanced MP suspension, while 
turbidity facilitated sedimentation. Source apportionment via Principal Component Analysis and Multiple Linear 
Regression confirmed these links, highlighting tourism (wet wipes, textiles), fisheries (abandoned gear), and 
inadequate waste management as primary pathways. The relatively low abundances, compared to global estu
aries, potentially reflect the positive impact of Hainan’s stringent plastic bans. However, the persistence of 
specific polymers underscores the need for continued, targeted management strategies. This research establishes 
a critical baseline for MP pollution in tropical estuaries and offers valuable insights for policy-making aimed at 
mitigating marine plastic pollution.

1. Introduction

Microplastics (MPs), synthetic polymer particles <5 mm, are a 
pervasive environmental contaminant first formally identified in marine 
ecosystems by Thompson et al. (2004). These particles originate from 
diverse sources, categorized as primary, such as microbeads from 

personal care products and industrial pellets, and secondary, resulting 
from the fragmentation of larger plastic debris (Cole, 2016; Cai et al., 
2018; Cai et al., 2022). The scale of the issue is monumental; global 
plastic production reached approximately 400.3 million metric tons in 
2022 (Plastics Europe, 2023), with a disconcertingly low recycling rate, 
leading to significant environmental accumulation. MPs have been 
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detected in virtually every ecosystem on Earth, from the deepest ocean 
trenches to remote mountain air (Huang et al., 2021; Trainic et al., 
2020), and have even been documented in human tissues, raising sub
stantial public health concerns (Leslie et al., 2022). Their persistence, 
capacity for long-range transport, and ability to adsorb and concentrate 
toxic pollutants have led to comparisons with other persistent organic 
pollutants (Ahmed et al., 2022; Rochman et al., 2013; Wang et al., 
2024).

The environmental and biological impacts of MPs are profound. In 
marine environments, they pose a direct threat to biota through inges
tion and entanglement, leading to physical harm, oxidative stress, and 
potential trophic transfer through food webs (Chen et al., 2025; Wright 
et al., 2013; Pegado et al., 2018). Furthermore, they can alter sediment 
properties and disrupt microbial communities essential for ecosystem 
functioning (Malla-Pradhan et al., 2022). The discovery of airborne MPs 
has expanded concerns to include potential respiratory risks for both 
humans and terrestrial animals (Qi et al., 2022). With estimates sug
gesting that 75 to 199 million tons of plastic are currently in the ocean 
and inputs could nearly triple by 2040 without urgent action (UNEP, 
2021), MPs represent a critical threat to global biodiversity, ecosystem 
services, and food security.

Rivers are recognized as major pathways for transporting land-based 
plastics to the oceans, contributing over 80 % of marine plastic pollution 
(Lebreton et al., 2017). Estuaries, the dynamic transition zones between 
rivers and seas, act as temporary sinks and hotspots for MP accumula
tion. While significant research has focused on large temperate river 
systems like the Yangtze and Pearl River estuaries in China (Zhao et al., 
2014; Mai et al., 2019), tropical estuaries, particularly those surround
ing islands, remain critically understudied (Xia et al., 2021; Wang et al., 
2023). These systems are often characterized by unique hydrological 
regimes, high biodiversity, and economies heavily reliant on tourism 
and fisheries, making them vulnerable to MP pollution.

Hainan Island, China’s largest tropical island, exemplifies this 
research gap. Its two principal river systems, the Nandu River and the 
Wanquan River, drain distinct landscapes and empty into estuaries with 
contrasting anthropogenic pressures. The Nandu River Estuary, located 
on the northern coast near the urban center of Haikou, is influenced by 
urbanization, port activities, and dense population. In contrast, the 
Wanquan River Estuary on the eastern coast is renowned for its scenic 
beauty near Bo’ao, a site of international conferences, but faces growing 
pressures from tourism and agricultural runoff. Understanding MP 
pollution in these contrasting tropical estuaries is essential for devel
oping targeted mitigation strategies.

Therefore, this study aims to investigate the abundance, distribution, 
and characteristics of MPs in the Nandu and Wanquan River Estuaries of 
Hainan Island. The specific objectives are to: (1) quantify and compare 
the spatial distribution of MP abundance between the two estuaries; (2) 
characterize the physical (size, shape, color) and chemical (polymer 
type) properties of the collected MPs; (3) identify potential pollution 
sources through correlation with environmental factors and statistical 
source apportionment; and (4) discuss the findings in the context of local 
plastic waste management policies. The results will provide a crucial 
baseline for MP pollution in tropical island estuaries and inform effec
tive conservation and policy measures for these vulnerable ecosystems.

2. Materials and methods

2.1. Study area

This study analyzed water samples from the two principal river 
systems of Hainan Island: the Nandu River Estuary and the Wanquan 
River Estuary. The Nandu River, the island’s longest, drains a large 
basin, and its estuary on the northern coast discharges into the 
Qiongzhou Strait. This area is characterized by a highly urbanized 
environment surrounding Haikou, the provincial capital. In contrast, the 
Wanquan River Estuary is located on the eastern coast and flows into the 

South China Sea. It is renowned for a scenic, less-developed landscape 
near Bo’ao, where a distinctive sandbar forms a “jade belt.” Sampling 
was conducted across 12 stations in the Nandu River Estuary and 13 in 
the Wanquan River Estuary during April 2023 to compare the 
geophysically influenced water quality of these distinct systems (Fig. 1).

2.2. Sample collection

In this study, Manta trawl nets were used to collect MPs in surface 
water. The network ports were 1m in length and 0.5 m in width. Hollow 
stainless steel structures on both sides enabled the net frame to float on 
the water surface. The mesh length is 4 m, the aperture is 330 μm, and 
the bottom connects to a stainless steel mesh tube. The volume of filtered 
water is calculated using a network port flow meter. Trawl collection 
will be carried out in sea conditions below Level 3, trawling on the left 
side of the ship at a speed of 1.5 knots (2.78 km/h) for 15 min. After 
trawling, the samples were washed from the outside to the bottom tube, 
collected in a 500 mL brown wide-mouth glass bottle, and brought back 
to the laboratory for storage at 4 ◦C for further analysis.

2.3. Sample pretreatment

First, the sample in the brown wide-mouth glass bottle is washed 
onto a 5 mm metal mesh screen for filtration, discarding any large debris 
trapped in the screen. Rinse the filtered sample again to a metal mesh 
screen of 330 μm, rinse the screen with appropriate amount of pure 
water, transfer all the trapped substances on the screen to a 1 L beaker, 
cover the beaker mouth with aluminum foil, leave a small mouth for 
easy drying, and place the beaker in the oven at 65 ◦C to dry. After 
drying, add 30 ml 0.05 mol/L Divalent iron solution and 30 ml 30 % 
hydrogen peroxide solution to the beakers to dissolve organic matter, 
seal the beakers with aluminum foil and leave for about 10 min. If the 
reaction is very violent, immediately place it in a cold bath. If the 
organic matter can still be observed, continue to add an appropriate 
amount of 30 % hydrogen peroxide solution until the organic matter is 
completely dissolved. Then, let the reaction stand for 24 h 7 g sodium 
chloride is added to the above mixed solution every 20 ml, and the so
dium chloride is stirred to completely dissolve in the mixed solution to 
form a saturated sodium chloride solution with a density of 1.2 g/cm3. 
The mixed solution after dissolved sodium chloride is left to stand for 24 
h for flotation to obtain a microplastic suspension. A vacuum pump and 
a sand core device were used to filter the suspension of the flotation 
solution onto a nylon membrane (20 μm; 47 mm), using pure water to 
rinse the beaker and sand core device several times, so that the sample is 
completely transferred to the filter membrane. Remove the filter film 
and place it in a clean glass dish. Dry it in an oven at 50 ◦C for 24 h.

2.4. Visual examination and identification

The nylon membrane (Aperture: 20 μm, diameter 47 mm, Millipore) 
is placed under a microscope(Leica,DM750,Germany), using the Z-shape 
method, a photograph is taken from the top left corner of the membrane 
to record the size, shape and color of all suspicious microplastic particles 
until the entire membrane is completely covered. Samples of MPs are 
identified by Fourier Transform micro infrared spectrometer (Thermo 
Fisher Scientific Nicolet iN10, U.S.A.), using an Auto IMAGE-microscope 
attached to a PerkinElmer Spectrum GX spectrometer equipped with a 
nitrogen-cooled Mercury cadmium telluride detector and processed by 
MONIC™ Picta™ software and compared with the OMNIC polymer 
reference spectra library (Hossain et al., 2023). The spectral detector 
range was 7600–450 cm− 1, with 16 scans at a resolution of 4 cm− 1 

(Detector DTGS). The samples are only identified as MPs if they match 
more than 70 % of the plastic components in the database. Less than 70 
% of the samples are excluded.
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2.5. Quality assurance and quality control

To ensure data accuracy, comprehensive contamination control 
measures were implemented throughout the study. The laboratory was 
maintained under semi-closed conditions with restricted airflow to 
minimize airborne microplastic deposition. All glassware and equip
ment including beakers, filtration units, and sampling tools were 
meticulously rinsed three times with ultrapure water to eliminate re
sidual plastics. During sample processing, containers were sealed with 
acid washed aluminum foil to prevent external particulate 
contamination.

Researchers wore 100 % cotton lab coats and nitrile gloves to avoid 
synthetic fiber shedding. A multi-tiered blank control system was 
employed: (1) field blanks accompanied each sampling campaign, (2) 
laboratory blanks using ultrapure water replicated analytical proced
ures, and (3) process blanks were integrated into every 10-sample batch. 
The average blank contamination (8 ± 3 particles/sample) was sub
tracted from raw data, representing <5 % of the lowest sample con
centrations, ensuring minimal interference.

Additional quality checks included microscopic inspection of blank 

filters and polymer characterization of contaminant particles to trace 
and mitigate contamination sources. These protocols adhered to stan
dardized microplastic research guidelines, ensuring methodological 
consistency and data reliability. By systematically addressing potential 
contamination pathways from airborne fibers to reagent impurities this 
study maintains high confidence in reported microplastic abundances, 
supporting robust environmental assessments. Such rigorous controls 
are critical for accurate microplastic monitoring, particularly in regions 
with low ambient microplastic levels.

2.6. Data analysis

The MPs abundance (C, particles/m3) in surface water is calculated 
as follows: 

C= n/v × t × w × h 

In the formula, C is the abundance of MPs, expressed in (particles/m3); n 
is the quantity of MPs, expressed in (particles); v is the drag speed of 
manta net on the surface of water, expressed in (m/s); t is the drag time 
of manta net on the surface of water, expressed in (s); w indicates the 

Fig. 1. Sampling stations at the Estuaries of Nandu Estuary and Wanquan Estuary (a) The location of Hainan Island in China; (b) The locations of Nandu Estuary and 
Wanquan Estuary on Hainan Island; (c) Sampling station at the estuary of Nandu Estuary; (d) Sampling station at the estuary of Wanquan Estuary.
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width of the manta network port (m), and h indicates the height of the 
manta network port (m). The abundance of MPs was shown in the form 
of “Abundance ± Standard deviation particles/m3”.

Microsoft Excel 2019 was used for data analysis, and SPSS 25.0.0 was 
used for statistical analysis, with p < 0.05 indicating statistical signifi
cance. Origin 2023b and R 4.2.1 were used to draw the diagram, and 
Surfer 20 and ArcMap 10.7 were used to draw the sampling station map.

2.7. Potential sources analysis of microplastics

To investigate the potential sources of microplastics in the Nandu 
and Wanquan Estuaries, separately, Principal Component Analysis 
(PCA) was performed on polymer composition data. The optimal num
ber of principal components (PCs) was determined using two established 
criteria: (1) the Kaiser criterion (retaining PCs with eigenvalues >1) and 
(2) cumulative variance explanation (selecting the minimum number of 
PCs required to explain ≥80 % of total variance). The more conservative 
estimate (higher number of PCs) from these two methods was adopted 
for subsequent analysis (Zhu et al., 2023).

Afterward, multiple linear regression (MLR) was applied to assess the 
relationship between microplastic abundance and the retained PC 
scores. Only PCs demonstrating statistically significant associations (p 
< 0.05) were considered for further interpretation (Zhang et al., 2022). 
To identify the most relevant polymers within these significant PCs, we 
applied a loading threshold of |0.5|, ensuring that only contributing 
polymers were included (Peng et al., 2022).

This integrated analytical approach combining PCA dimensionality 
reduction, MLR-based significance testing, and loading threshold 
filtering revealed key polymer markers, including polyethylene (PE), 
polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), 
and polyvinyl chloride (PVC). Each polymer type was linked to specific 
anthropogenic sources and environmental pathways. All analyses were 
conducted using R version 4.2.1.

3. Results and discussions

3.1. MPs abundance and spatial distribution

3.1.1. Temporal trends of MPs
This study detected a total of 2115.80 MP particles across all sam

ples, with abundances ranging from 0.05 to 0.60 particles/m3 (mean: 
0.24 ± 0.14 particles/m3). The Nandu Estuary showed lower abun
dances (0.05–0.35 particles/m3, mean: 0.17 ± 0.10 particles/m3) 
compared to Wanquan Estuary (0.17–0.60 particles/m3, mean: 0.32 ±
0.13 particles/m3) (Table S2). These findings align with historical data 
from the Hainan Ecological Environment Monitoring Center, which re
ported means of 0.42–0.53 particles/m3 between 2021 and 2022 
(Department of Ecology and Environment of Hainan Province, 2022, 
2023), and according to a previous study the MPs levels in three major 
rivers in Hainan province were 0.42–0.44 particles/m3 (Xie et al., 2023). 
While methodological differences exist, the consistent order of magni
tude suggests stable MP pollution levels in recent years, potentially 
reflecting the efficacy of Hainan’s plastic bans. Notably, our April 2023 
data show lower abundances than previous years, possibly indicating 
seasonal variations or declining trends in MP abundance.

3.1.2. Comparative abundance level of MPs
To assess the Microplastic levels in Nandu Estuary and Wanquan 

Estuary estuaries, the results of other studies using trawl sampling can 
be compared with our data. The abundance of MPs in two estuaries was 
studied lower than the Bohai Sea (0.74 particles/m3), the Yellow Sea 
(0.54 particles/m3) slightly higher than the East China Sea (0.22 parti
cles/m3) and close to the northern South China Sea (0.29 particles/m3) 
(Ministry of Ecology and Environment of the People’s Republic of China, 
2022). Compared with some major bays and estuaries in China, 
Including Laizhou Bay(1.70 ± 1.50 particles/m3)(Teng et al., 2020), 

Hangzhou Bay (0.14 ± 0.12 particles/m3) (Wang et al., 2020), Xiang
shan Bay (8.90 ± 4.70 particles/m3) (Chen et al., 2018), Xiamen Bay 
(514 ± 520 particles/m3) (Tang et al., 2018), Haikou Bay (0.44 ± 0.21 
particles/m3) (Qi et al., 2020), Yangtze Estuary (0.167 ± 0.138 parti
cles/m3) (Zhao et al., 2014), Pearl River Delta (0.005–0.7 particles/m3) 
(Mai et al., 2019), The abundance of MPs in this study was at a low to 
medium level (Table S1).

Compared with other international research, Our abundance data is 
much lower than Offshore Japan (3.74 ± 10.40 particles/m3) (Isobe 
et al., 2015), Nakdong River Estuary in the Southeastern Sea of Korea 
(0.62–57 particles/m3) (Kang et al., 2015), South San Francisco Bay, 
USA (7.25 particles/m3) (Sutton et al., 2016). Due to differences be
tween different research methods (sample collection, processing, and 
analysis), there are significant differences in microplastic abundance 
levels even within the same study area. This study mainly focuses on the 
large particle size microplastic particles obtained by trawl sampling 
method, which has a certain comparability with the above domestic and 
foreign studies. In general, the level of Microplastic in Wanquan Estuary 
and Nandu Estuary is low in both international and domestic estuaries 
and offshore environments.

3.1.3. Spatial distribution patterns
Spatial analysis revealed distinct distribution patterns between es

tuaries (Fig. 2). In the Nandu Estuary, MP abundance generally 
decreased with offshore distance, though peaks occurred at mid-distance 
stations (NDJ-S03, NDJ-S14). This anomaly may stem from tidal dy
namics and estuarine frontal systems that trap MPs offshore (Wang et al., 
2022). Conversely, the Wanquan Estuary exhibited uniform spatial 
distribution, with minimal variation among stations. This homogeneity 
likely reflects the combined influence of the southeast monsoon and 
coastal currents during the April sampling period, which may promote 
broader dispersion of MPs throughout the estuary.

3.1.4. Comparative assessment and implications
When compared with Xie et al. (2023)’s data, our study recorded 

lower maximum abundances at both estuaries, particularly in the Nandu 
Estuary. This discrepancy may arise from: (1) seasonal differences 
(November vs. April sampling), (2) methodological variations in sam
pling/analysis, or (3) actual declines in MP pollution due to policy in
terventions. The consistent finding of higher MP loads in Wanquan 
Estuary across studies suggests persistent pollution sources, possibly 
linked to its tourism-driven economy. These spatial-temporal patterns 
highlight the need for standardized monitoring protocols and targeted 
management strategies based on estuary-specific hydrodynamic and 
anthropogenic factors.

3.2. Morphological characteristics of MPs

3.2.1. Shape and color of MPs
Microplastics (MPs) in the Nandu and Wanquan Estuary estuaries 

exhibited six distinct morphological types: line, fiber, fragment, film, 
pellet, and foam. Linear MPs dominated both estuaries (Nandu: 59.6 %; 
Wanquan: 49.0 %), followed by fibrous forms (Nandu: 19.9 %; Wan
quan: 27.1 %). Fragmentary MPs accounted for 12.8 % and 13.8 % in 
Nandu and Wanquan Estuaries, respectively, displaying characteristic 
surface weathering features that enhance their potential for toxicant 
adsorption (Naqash et al., 2020). The predominance of fibrous/linear 
morphologies aligns with national studies, suggesting origins from 
municipal wastewater, textile degradation, and fisheries operations 
(Wang et al., 2019). Comparative data from Chinese coastal systems 
show similar patterns: Laizhou Bay (96.08 % fibers; Teng et al., 2020), 
Yellow Sea (75.4 % fibers; Sun et al., 2018), and Haikou Bay (83.12 % 
fibers; Qi et al., 2020). Film MPs (Nandu: 5.0 %; Wanquan: 7.0 %) likely 
derived from packaging materials and agricultural mulch (Yang et al., 
2022), while foam particles (1.9–2.4 %) reflected insulation and aqua
culture applications (Zhang et al., 2021). It is noted that ‘line’ and ‘fiber’ 

B. Chen et al.                                                                                                                                                                                                                                    Marine Environmental Research 213 (2026) 107643 

4 
1281



are distinguished as separate categories in this study, where ‘line’ refers 
to rigid, brittle filaments often from fishing gear, and ‘fiber’ denotes 
flexible, thread-like particles typically from textiles (Peng et al., 2022; 
Wu et al., 2021).

Color analysis revealed white as the predominant hue (Nandu: 37.1 
%; Wanquan: 41.6 %), with blue (24.9 %, 21.3 %) and transparent (13.0 
%, 21.3 %) as secondary colors. The chromatic distribution reflects both 
production patterns of consumer plastics (Li et al., 2018) and environ
mental weathering processes (Zhao et al., 2022). Notably, Wanquan 
Estuary showed higher transparent MPs, potentially indicating different 
pollution sources. Blue MPs were associated with marine activities, 
particularly fishing gear degradation (Kasamesiri et al., 2021), while the 
prevalence of light-colored particles corresponds to disposable product 
fragmentation in coastal environments.

3.2.2. Size of MPs
In this study, the particle size range of MPs detected was 330 

μm–5000 μm, and the particle size range of MPs in the Nandu Estuary 
and Wanquan Estuary was mainly 500–1000 μm and 1000–2000 μm 
(Fig. 3). The contribution of MPs in different particle sizes was similar 
between the two estuaries, with 330–500 μm (8.9 %), 500–1000 μm 
(31.6 %), 1000–2000 μm (39.7 %) and 2000–5000 μm (19.8 %) in 
Nandu Estuary. At the mouth of Wanquan Estuary, the detected MPs 
were 330–500 μm (10.2 %), 500–1000 μm (33.4 %), 1000–2000 μm 
(37.2 %), and 2000–5000 μm (19.2 %). Due to the characteristics of the 
sampling method, this study ignored MPs below 330 μm, but within the 
range above 330 μm, large particle size MPs dominated the two estu
aries, which may be due to the proximity of the study area to the source 
of plastic. MPs undergo the breaking process for a short time.

3.2.3. Composition of MPs
Micro-FTIR spectroscopy identified eleven polymer types, with 

PolyOlefins (Olefin/PO: Nandu 40.0 %, Wanquan 27.9 %), polyester 
(PES: 21.7 %, 22.5 %), and polyethylene (PE: Wanquan 22.8 %) as 
dominant components. The Nandu Estuary’s industrial character was 
reflected in higher PP (10.9 %) and Olefin/PO loads, associated with 
packaging and manufacturing sectors (Ramasamy and Subramanian, 

2023). Wanquan’s agricultural influence manifested in elevated PE from 
plastic mulch degradation (Piehl et al., 2018). Textile derived PES rep
resented significant proportions in both systems, underscoring laundry 
wastewater contributions.

Notable secondary components included PET (beverage containers), 
alkyd resins (marine coatings), and cellulose-based fibers. The polymer 
signatures distinguish the estuaries’ anthropogenic profiles: Nandu’s 
urban-industrial inputs versus Wanquan’s agro-tourism sources. This 
compositional analysis provides critical baseline data for source 
apportionment and highlights the need for sector-specific mitigation 
strategies in tropical estuarine systems.

3.3. Correlation analysis between MPs and water physicochemical factors

Pearson correlation analysis revealed significant relationships be
tween microplastic (MP) abundance and key water quality parameters, 
with underlying mechanisms likely driven by the unique hydrodynamics 
of tropical estuaries. The positive correlation with temperature (R =
0.56, p < 0.01) may be attributed to reduced water viscosity in warmer 
conditions, which decreases settling velocity (Luo et al., 2022) and en
hances MP suspension in the water column (Al-Zawaidah et al., 2023). 
Concurrently, the positive correlation with pH (R = 0.66, p < 0.001) 
suggests that more alkaline conditions alter the dissociation state of 
surface functional groups on MPs and natural particles, increasing 
negative surface charges and enhancing electrostatic repulsion 
(Oriekhova and Stoll, 2018). This reduces MP adsorption to suspended 
sediments, counteracting sedimentation (Soler et al., 2025). Conversely, 
the negative correlation with turbidity (R = − 0.44, p < 0.01) indicates 
that high sediment loads provide abundant sites for MP adsorption and 
aggregation, promoting settlement despite the conditions that favor 
suspension (Ding et al., 2025). These findings highlight a complex 
interplay where monsoon-driven hydrological changes in tropical sys
tems like Hainan’s estuaries critically control MP fate by modulating 
these competing mechanisms, with direct implications for seasonal 
monitoring and mitigation (Fig. 4).

Fig. 2. Abundance and distribution of MPs at the Estuaries of (a) Nandu Estuary and (b) Wanquan Estuary.
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3.4. Potential sources of MPs in Nandu and Wanquan Estuary

3.4.1. Source apportionment of MPs
Principal Component Analysis (PCA) was performed on the polymer 

composition data from the Nandu and Wanquan Estuaries to identify the 
key sources of microplastics. Initially, 10 principal components (PCs) 
were extracted for both the Nandu Estuary and the Wanquan Estuary. 
The optimal number of PCs was determined using the Kaiser criterion 
(eigenvalues >1) and cumulative variance explanation (≥80 % of total 
variance). The more conservative estimate yielded 5 PCs for both rivers 
(Table S4).

Then, multiple linear regression (MLR) was conducted to assess the 
relationship between microplastic abundance and the retained PC 

scores. For the Nandu Estuary, PC-1, PC-2, and PC-3 exhibited statisti
cally significant associations (p < 0.05). In the Wanquan Estuary, sig
nificant associations were observed for PC-1 and PC-4 (p < 0.05) 
(Table S5).

3.4.2. Dominant sources of MPs in the Nandu and Wanquan Estuary
The Nandu Estuary has multiple sources of microplastics, according 

to the analysis of polymer loadings (|>0.5|). The high association 
(Table 1) between cellulose (PC-1: 0.515) and textile and paper pollu
tion suggests that laundry discharges, wet wipes used by tourists, and 
agricultural runoff are the main causes. The abundance of cellulose- 
based MPs may be a result of inadvertent waste disposal from hotels, 
resorts, and leisure activities, given Hainan’s reliance on tourism. 

Fig. 3. Characteristics of MPs at the estuaries of the Nandu Estuary and the Wanquan Estuary.
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Likewise, the significance of synthetic textiles is highlighted by the 
significant loading of polyester (PES, PC-2: 0.586), which is probably 
caused by laundry effluents. The significant presence of polypropylene 
(PP, PC-3: 0.598) further implicates packaging debris and industrial 
nurdle spills, abandoned fishing gear, suggesting urban runoff, fishery 
operations and waste management as major pathways (Zhang et al., 
2022; Zhu et al., 2023).

In contrast, the Wanquan Estuary showed a stronger influence from 
polyethylene (PE, PC-1: 0.517), mainly linked to plastic bags and films 
from industrial pellet losses and stormwater runoff. The high loading of 
polyethylene terephthalate (PET, PC-4: 0.505) indicates contributions 
from beverage containers and food packaging, likely exacerbated by 
tourism-related litter (e.g., single-use bottles) and laundry derived syn
thetic fibers (Fig. 5). These findings align with global studies identifying 
urbanization, poor waste management, and tourism as dominant MP 
sources in estuarine systems (Li et al., 2021; Wang et al., 2022).

3.5. Policy implications and comparative assessment of microplastic 
sources

3.5.1. Policy effectiveness and remaining challenges
Hainan’s progressive plastic control measures, initiated with the 

2016 amendment of the “Hainan Provincial Marine Environmental 
Protection Regulations” (Standing Committee of Hainan Provincial 
People’s Congress, 2016) and intensified through the 2019 ban on 
non-degradable plastics, have achieved 78–80 % adoption of alterna
tives by 2023 (General Office of Hainan Provincial Government, 2024), 
completely prohibiting the production, sale, and use of non-degradable 
single-use plastic products. This is more thorough than the “plastic re
striction” policies in most other provinces (such as partial restrictions in 
Guangdong and Shanghai). The 2021–2023 monitoring program across 
key bays in Hainan, including Sanya Bay and Haikou Bay, documented 
dramatic declines in floating litter (83.2 %) and seabed litter (81.7 %). 
These figures strongly validate the effectiveness of Hainan’s compre
hensive plastic ban policy. However, to objectively assess the policy’s 
impact, it is crucial to consider other contributing factors that create a 

Fig. 4. Correlation between microplastic abundance and physical and chemical properties of water bodies.

Table 1 
PCA loading of different polymers grouped by Nandu and Wanquan Estuary.

Nandu Estuary Wanquan Estuary

PC1 PC2 PC3 PC1 PC4

PES 0.004228 0.585942 0.192163 0.168593 − 0.47326
Olefin/PO 0.415845 0.144919 0.133567 0.366414 − 0.25168
PET − 0.20628 − 0.13224 − 0.24244 0.228853 0.504849
Rayon − 0.12753 − 0.35416 0.424414 0.443868 0.124967
PE − 0.13425 0.483897 0.214331 0.516657 − 0.43999
PP 0.149745 − 0.11411 0.598178 − 0.31949 − 0.18863
Alkyd.Resin 0.43542 0.134348 − 0.13171 0.44728 0.101022
Cellulose 0.515782 − 0.12354 − 0.1244 − 0.16995 0.31124
PP.PE 0.315782 − 0.12354 − 0.1244 − 0.35884 − 0.22299
Others − 0.07833 0.123838 − 0.13717 − 0.33843 0.237106
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favorable baseline for pollution control on the island.
Several inherent conditions differentiate Hainan from more densely 

populated and industrialized mainland provinces. Firstly, Hainan’s 
population density is significantly lower than that of major coastal 
economic centers like Shanghai and Guangdong, implying less pressure 
from per capita plastic consumption and waste generation. Secondly, its 
economy is dominated by tourism and agriculture, lacking the large- 
scale manufacturing sectors that are significant sources of primary 
microplastic pollution elsewhere. Geographically, Hainan’s isolation as 
an island and the hydrological barrier of the Qiongzhou Strait, combined 
with strict transport controls, drastically reduce the cross-border influx 
of plastic waste from the mainland. Furthermore, the island’s rivers, 
characterized by fast flow rates and high seasonal runoff, may facilitate 
the transport of pollutants to the open ocean rather than allowing them 
to accumulate in estuaries.

Despite these advantageous pre-existing conditions, the stringency 
and systematic nature of Hainan’s policy itself remain a critical factor. 
The province has established a comprehensive institutional framework, 
including local regulations, negative lists, traceability management 
platforms, and support for alternative industries, creating a closed-loop 
management system across the entire plastic lifecycle. The strictness and 
extensive coverage of this governance system surpass the measures in 
place in many mainland provinces, solidifying its role as a decisive factor 
in achieving the observed significant reduction in marine plastic litter. 
However, persistent detection of PES, PP, and PET reveals three unre
solved pathways (Table S6): 

1. Tourism & Hospitality: Despite the 2022 ″Third Batch Catalog” 
banning non-woven bags containing PE/PP/PET (Hainan Ecology 

and Environment Department, 2022), high-traffic zones such as 
Sanya still need to strengthen the source control of wet wipes and 
beverage containers.

2. Fisheries & Aquaculture: The 2022–2024 Nandu Estuary fishing 
ban enforcement (Hainan Provincial Department of Ecology and 
Environment, 2024; 2024) has not fully addressed abandoned gear 
(PES/PP), highlighting the need for gear-marking systems (as Nor
way implements) and expanded biodegradable alternatives (current 
capacity: 40,400 tons of films/bags).

3. Urban/Industrial: Qionghai’s 2022–2025 marine restoration pro
jects (Qionghai Government, 2025) improved habitats.In this period 
2023 Qiongzhou Strait transport bans enhanced the filtration system 
and strictly prevented the input and leakage of PE/PP particulate 
materials into the island (Hainan Provincial Government, 2023; 
Hainan Government, 2023).

3.5.2. Comparative analysis with global estuarine systems
Hainan’s strict 2019 plastic ban is probably the reason why the 

Nandu-Wanquan system in Hainan has much lower microplastic con
centrations than other heavily polluted estuaries, such as the Pearl River 
Delta (0.005–0.7 particles/m3; Mai et al., 2019) and the Yangtze Estuary 
(0.167 ± 0.138 particles/m3; Zhao et al., 2014). Three key interventions 
emerge from global best practices: 

1. Textile Controls: Adopting the EU’s washing machine filter 
mandate (EU Commission, 2022) could address persistent polyester 
(PES) microfibers, complementing Hainan’s existing 2022 textile 
restrictions (Hainan Provincial Department of Ecology and Envi
ronment, 2022).

Fig. 5. Microplastics sources in Nandu and Wanquan Estuary.
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2. Fisheries Management: Implementing Norway’s Extended Pro
ducer Responsibility schemes (MCEN, 2021) for fishing gear would 
enhance the ecological benefits of Haikou’s 2021 Longtang Dam Hub 
renovations (The People’s Government of Haikou, 2021).

3. Tourism Governance: Integrating Bali’s awareness-penalty system 
(Bali Provincial Government, 2023) aligns with Hainan Provincial 
Department of Ecology and Environment, 2022 tourism-focused 
regulations (Article 6) to reduce single-use plastic litter (Standing 
Committee of Hainan Provincial People’s Congress, 2024).

These strategic comparisons demonstrate that while Hainan’s pol
icies have reduced MP loads below heavily industrialized estuaries, 
targeted adoption of international best practices could further improve 
management outcomes.

3.5.3. Future directions for MPs source control
Hainan’s experience suggests potential pathways for reconciling 

economic development with environmental protection through plastic 
pollution control measures. The temporal correlation between policy 
implementation and improved environmental metrics indicates that 
well-designed regulations may contribute to reducing plastic pollution 
while maintaining economic growth. Microplastic management in 
Hainan remains a long-term challenge that requires comprehensive 
monitoring programs, particularly for persistent polymers like PET and 
PES that continue to appear in coastal environments. In the process of 
economic development, industrial structure upgrading, and population 
growth, Hainan has successfully achieved the coordinated progress of 
environmental benefits and socio-economic development through the 
implementation of scientific and effective microplastic control policies. 
Microplastics in Hainan presents a long-term and complex challenge 

that demands comprehensive monitoring programs, particularly for 
persistent polymers like PET and PES that dominate coastal pollution. As 
shown in Fig. 6, the tourism sector contributes significantly through wet 
wipes (cellulose), beverage containers (PET), and single-use plastics (PE, 
PET), while fisheries generate pollution from abandoned fishing gear 
(PP) and synthetic rope (PP). Urban areas contribute to the problem by 
adding industrial pellets (PE, PP), laundry fibers (PES), and street runoff 
(PE). Current policy measures, including the 2019 plastic ban, have 
achieved 70–80 % alternative adoption and 83 % litter reduction, with 
monitoring programs tracking river and estuary microplastics since 
2021. The General Office of the People’s Government of Hainan Prov
ince (2023) reports that Hainan’s biodegradable materials industry 
produced 40,400 tons of films and bags in 2023, representing a signif
icant resource for replacing conventional plastics in high-risk sectors.

To address remaining gaps in persistent polymer management and 
circular economy implementation, Fig. 6 proposes a multi-pronged 
approach. Technological solutions include washing machine filters, 
stormwater capture systems, and drone monitoring. Policy enhance
ments involve gear marking systems, extended producer responsibility 
(EPR) schemes, and tourism waste penalties. Industrial shifts focus on 
biodegradable alternatives and green packaging incentives. These inte
grated measures aim to reduce microplastic loads and improve coastal 
ecosystem health, while addressing current limitations in stormwater 
filtration and polymer identification. The framework emphasizes coor
dinated action across all pollution sources to strengthen Hainan’s ma
rine protection framework, with the biodegradable materials production 
capacity serving as a key resource for sustainable alternatives.

Fig. 6. Microplastics pollution management framework in coastal and estuarine environments.
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3.6. Limitations of study

This study offers a critical baseline assessment of microplastic 
pollution; however, its primary limitation is the single sampling event 
conducted during the dry season (April). Consequently, the reported 
concentrations are highly likely to represent a lower-bound estimate of 
annual MP loads, as wet-season rainfall and associated riverine runoff 
are known to significantly increase the transport of land-based plastics 
into estuaries. This sampling constraint directly impacts the generaliz
ability of our findings, as we cannot capture seasonal variations in 
polymer composition that may be linked to specific wet-weather activ
ities (e.g., intensified agricultural runoff or tourism peaks). The data 
presented here thus provide a snapshot of dry-season conditions and 
should not be extrapolated to represent annual averages or peak pollu
tion events. Future research must prioritize multi-seasonal sampling, 
particularly during the wet season (August–October), to fully elucidate 
seasonal dynamics and establish a truly representative annual baseline.

A further methodological consideration is the use of a 330 μm mesh, 
which biases the results toward larger MPs. Therefore, the reported 
values are strictly representative of the ≥330 μm fraction and are most 
comparable to studies using similar methodology. Comparisons with 
research employing finer mesh sizes should be made with caution, as 
those methodologies capture a greater abundance of smaller particles. 
To build upon these findings, future work should employ a multi-mesh 
sampling strategy to characterize the full size spectrum of MP pollution.

To build upon these findings, future work should implement multi- 
seasonal sampling at the river mouths. This approach would provide a 
more comprehensive understanding of temporal trends and yield more 
robust baseline data for the region. Additionally, employing a multi- 
mesh sampling strategy would help characterize the full size spectrum 
of MP pollution.

4. Conclusion

This study provides a comprehensive assessment of microplastic 
(MP) pollution in the tropical estuaries of Hainan Island, revealing 
significantly lower MP concentrations in the Nandu (0.17 ± 0.10 par
ticles/m3) and Wanquan Estuaries (0.32 ± 0.13 particles/m3) compared 
to heavily polluted systems like the Yangtze River. The dominance of 
fibrous/linear MPs (49–60 %) and white-colored particles (37–42 %) 
points to textile degradation and urban wastewater as major sources, 
while Olefin/PO (Nandu Estuary) and polyethylene (Wanquan Estuary) 
highlight distinct industrial and agricultural inputs. Spatial patterns 
differed markedly, with Nandu’s offshore-decreasing concentrations 
reflecting tidal dynamics, while Wanquan’s uniform dispersion suggests 
monsoon-driven mixing. Strong correlations with temperature (R =
0.56) and pH (R = 0.66) underscore the influence of environmental 
factors on MP distribution. These findings demonstrate the efficacy of 
Hainan’s 2019 plastic ban, evidenced by declining MP levels, yet 
persistent polymers like PET and PES indicate unresolved pathways 
from tourism, fisheries, and urban runoff.

While the findings demonstrate progress consistent with Hainan’s 
plastic ban, it is crucial to interpret them within the key limitation of 
dry-season sampling. The concentrations reported likely underestimate 
peak wet-season loads, and the identified sources and patterns may not 
fully represent annual cycles. Therefore, the management framework 
proposed, including targeted interventions like stormwater filtration 
and biodegradable gear should be viewed as a foundational step. A 
critical priority for future research is multi-seasonal monitoring to 
validate these findings, accurately quantify annual loads, and refine 
mitigation strategies to account for seasonal variability. By establishing 
this baseline and highlighting the necessity of temporal data, this work 
provides an essential foundation for managing tropical estuaries, 
emphasizing the importance of adaptive, region-specific strategies to 
protect these ecologically sensitive ecosystems.

The study underscores the need for targeted interventions, such as 

enhanced stormwater filtration and biodegradable fishing gear, to 
address lingering pollution sources. Seasonal sampling limitations sug
gest future research should incorporate multi-temporal assessments to 
capture monsoon-driven variability. By establishing baseline data and 
linking MP dynamics to local policies, this work provides a framework 
for managing tropical estuaries, emphasizing the importance of region- 
specific strategies. Continued monitoring and adoption of global best 
practices, like the EU’s washing machine filters, will be critical to sus
taining Hainan’s progress in mitigating MP pollution and protecting 
these ecologically sensitive ecosystems.
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Simple Summary

Antibiotics remain the primary method for controlling Streptococcus agalactiae (GBS) in aqua-
culture environments. However, while antibiotics can eliminate GBS, they may also lead to
the release of virulence factors and the emergence of drug-resistant strains. Additionally,
GBS can breach the blood–brain barrier in fish and damage the nervous system, acceler-
ating fish mortality. Therefore, this study aims to explore green, virulence-neutralizing,
and blood–brain barrier-penetrating strategies for preventing GBS infection. Nanobodies
(Nbs), currently the smallest genetically engineered antibodies, possess potential for rapid
degradation, toxin neutralization, and barrier system penetration, making them a crucial
source for new drug development. Notably, this study utilized phage display technology
to screen and obtain a nanobody Nb30 from a camel-derived nanobody phage library,
which can target surface immunogenic (Sip) protein and inhibit GBS infection in tilapia
(Oreochromis niloticus) tissues, and improve survival rates in infected fish. In summary,
Nb30 is a sustainable, effective neutralizing antibody with promising application potential.

Abstract

Streptococcus agalactiae (GBS) has emerged as one of the most prevalent bacterial pathogens
causing severe economic losses in tilapia aquaculture due to its highly contagious and
lethal nature. Nanobodies (Nbs), characterized by their small molecular size, enhanced
tissue penetration, high tolerance, and exceptional antigen-binding affinity, represent a
promising green alternative to conventional antibiotics. In the present study, the objective
was to explore the potential of specific Nbs in the treatment of tilapia GBS disease. We first
screened specific Nbs targeting the surface immunogenic (Sip) protein of GBS from a naïve
phage display library, and a novel nanobody Nb30 was obtained. Nb30 was expressed in
Escherichia coli and purified using the Ni-NTA Agarose column. Indirect ELISA showed
that Nb30 had a high affinity against Sip and GBS in vitro. Moreover, Nb30 significantly re-
duced GBS colonization in the liver, spleen, and brain of GBS-infected tilapia. The survival
rate in the control groups was 53%, whereas it was increased to 86% after treatment with
100 mg/kg Nb30. Transcriptome profiling revealed that Nb30 could modulate critical bio-
logical processes, including antioxidant defense, immune regulation, amino acid/protein
synthesis, and energy metabolism in the liver tissues of GBS-infection tilapia. Notably, the
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expression levels of antioxidant enzymes (cat and gpx) were significantly up-regulated, and
the TLR/MyD88/NF-κB pathway-related genes (tlr5, myd88, irak4, traf6, Rela, and NF-κB2)
were significantly down-regulated after treatment with Nb30. Collectively, these findings
establish a novel therapeutic strategy for controlling GBS infection in tilapia and provide
evidence supporting the application of nanobodies as sustainable alternatives to antibiotics
in aquaculture disease management.

Keywords: nanobodies; Streptococcus agalactiae; surface immunogenic protein; Oreochromis
niloticus; antibacterial activity

1. Introduction
Tilapia is one of the most important aquaculture species recommended by the Food

and Agriculture Organization of the United Nations (FAO) to the world [1]. However,
in recent years, with the expansion of aquaculture scale and the increase in aquaculture
density, the prevalence of bacterial infections, primarily caused by Streptococcus agalactiae,
has posed a significant threat in major tilapia farming regions globally [2,3]. S. agalactiae,
also referred to as Group B Streptococcus (GBS), can be categorized into 10 serotypes, Ia, Ib,
and II-IX depending on the capsule polysaccharide [4]. The main signs of GBS infection
in tilapia are septicemia and meningitis, resulting in melanosis, exophthalmia and erratic
swimming [5,6]. In the past, broad-spectrum antibiotics have been used commercially for
the treatment of GBS infection in tilapia, but the misuse of antibiotics has resulted in the
widespread occurrence of bacterial resistance, which affects their therapeutic efficacy and
contributes to environmental pollution [7,8]. Therefore, there is an urgent need for the
development of a novel environmentally friendly alternative to antibiotics for GBS infection.

In the 1990s, Hamers and his colleagues identified a naturally occurring monoclonal
antibody in camelid serum that lacked the light chain. The cloning of the variable region
of the heavy chain antibody resulted in the generation of a single-domain antibody, also
referred to as a nanobody (Nb), which was constituted exclusively of heavy chains [9]. Nbs
are the smallest antigen-binding fragments known to exist naturally, and they have the
advantages of small molecular weight, high tissue penetration, high tolerance, high affinity,
and ease of production. The excellent properties of Nbs have promoted their applications
in the fields of neutralizing viruses and pathogenic bacteria [10–12]. For example, Nbs
could target the virulence factor FliC protein against Salmonella enteritidis infection in
chicken [13]. In addition, Nbs could effectively interact with lipopolysaccharides and
neutralize Vibrio cholerae infection in vitro and in vivo [14]. These studies suggest that
the development of Nbs against virulence proteins or surface components of pathogenic
bacteria can prevent and treat pathogen infection. Therefore, Nbs may be a new alternative
to antibiotic treatment.

Adhesins play a key role in the process of bacterial invasion into the host by inter-
acting with corresponding receptors on the host cell to achieve bacterial attachment [15].
Studies have shown the presence of a variety of adhesins on the surface of GBS, including
fibrinogen-binding proteins (Fbs), laminin-binding proteins (Lmb), C5a peptidase (ScpB),
and surface immunogenic protein (Sip) [16]. Sip, as a major adhesin of GBS, exhibits high
homology across different serotypes of GBS and is involved in bacterial adhesion and
host tissue colonization. It has been noted that by knocking out the gene encoding Sip,
the virulence of the obtained GBS strains was significantly reduced [17]. Thus, the Sip
has become a main target for therapeutic development. Sip protein has been shown to a
strong immunogenicity in a variety of animal models for immune experiments. An animal
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model demonstrated that specific antibodies against Sip could cross the placenta to confer
protection to newborns against diseases caused by GBS [18].

In this study, we aimed to screen Sip-targeting nanobodies (Nbs) from a naïve phage-
displayed nanobody library through three rounds of panning-elution-amplification cycles.
The selected Nbs were subsequently expressed and purified. In vitro experiments were
used to demonstrate the binding capability of purified Nbs to Sip and GBS. Furthermore,
the GBS-infected tilapia (O. niloticus) model was utilized to evaluate the in vivo antibacterial
activity of Nbs. The mechanisms underlying their anti-GBS effects and protective roles in
tilapia were systematically investigated. This study would provide a novel strategy for
disease prevention and control of GBS infections in aquaculture.

2. Materials and Methods
2.1. Fish and Bacteria

Healthy tilapia (9 ± 0.5 g) were purchased from a tilapia farm in Nanning, Guangxi,
China. Throughout the study, these fish were kept in 100 L aeration tanks and fed a
commercial diet twice a day. The water was partially changed daily and the temperature
was maintained at 30 ± 1.0 ◦C. The animal use protocol was approved by the Animal Care
and Welfare Committee of Guangxi University (GXU-2023-0134). The Ia-type GBS isolated
from the tilapia fish farm in Nanning, Guangxi was generously donated by Dr. Song Zhu
from Southwest University. The Escherichia coli SS320 strain and the helper phage M13K07
were obtained from Kangti Life (Shenzhen, China).

2.2. Biopanning of Sip-Specific Nbs from Phage Display Libraries

The purified Sip protein of GBS was previously prepared and stored in our laboratory
according to methods described by previous researchers [19]. The selection process of
nanobodies, as previously described [20], can be summarized as follows: the immunotubes
are coated with purified Sip protein (50 µg per tube) at 4 ◦C overnight, and a negative
blank control was established to account for nonspecific binding. Immunization tubes
were washed 3 times with PBS, followed by the addition of 2 mL of blocking solution (5%
skimmed milk powder) and spin blocking for 2 h. Naïve phage-displayed Nb libraries
(1 × 1012 pfu/tube) were added to the immunization tubes and incubated at room tem-
perature with spinning for 1 h. The tubes were washed 20 times by the addition of 2 mL
of PBST (1× PBS, containing 0.05% Tween 20 (Solarbio, Beijing, China)). The remaining
bound phage particles were eluted with 1 mL of 0.25 mg/mL Trypsin (Sangon Biotech,
Shanghai, China) solution for 30 min and terminate the elution by adding 10 µL of 10%
AEBSF (Sangon Biotech, Shanghai, China). E. coli SS320 was infected with the eluted
phage with M13K07 helper phage and subsequently amplified overnight at 37 ◦C. The
amplified phage was finally purified using PEG 4000/2.5 M NaCl (Solarbio, Beijing, China)
precipitation for the next round of selection. The purified phages were identified using
Phage ELISA as previously reported [20]. In brief, the recombinant Sip (approximately
400 ng/well) was coated on a 96-well plate at 4 ◦C. After washing three times with PBST,
the plate was blocked with 1.5% skim milk at 37 ◦C for 1 h. The plate was then washed
and the amplified phage was added to each well, followed by incubation at 37 ◦C for 2 h.
The plate was washed six times with PBST, and then the HRP-conjugated anti-M13 mouse
monoclonal antibody (Santa Cruz, Shanghai, China) was added, incubated at 37 ◦C for 1 h.
Subsequently, 100 µL of TMB two-component color development solution (Solarbio, Beijing,
China) was added, and the reaction was allowed to develop. The reaction was stopped
by adding 50 µL of ELISA stop solution (Solarbio, Beijing, China), and the absorbance
was measured at 450 nm using a microplate reader. The sequencing of clones that yield a
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positive reaction with phiS3/psiR3 primers (Table S1), and the grouping of Nbs based on
differences in the CDR regions.

2.3. Expression and Purification of Nanobody Nb30

A pair of primers Nbs-F/Nbs-R (Table S1) was designed based on the gene sequence
of Nb30, and PCR amplification was performed to amplify the Nb30 gene. The amplified
product was cloned into the EcoRI and HindIII sites of the pET-28a (+) vector. The recombi-
nant plasmid pET28a-Nb30 was then transformed into Escherichia coli BL21(DE3) (Sangon
Biotech, Shanghai, China). Expression of the recombinant protein Nb30 was induced with
0.8 mM IPTG (Sangon Biotech, Shanghai, China) at 37 ◦C for 6 h. Cells were disrupted using
a cell disruptor, and the supernatant and pellet fractions were analyzed by SDS-PAGE. The
inclusion body protein was solubilized in 8 M urea and purified using a Ni-NTA affinity
chromatography column (CWBIO, Taizhou, China). The refolding of the denatured protein
was performed according to the manufacturer’s protocol. Briefly, the inclusion body protein
was dialyzed against 8 M→6 M→4 M→2 M→0 M urea solutions at 4 ◦C for 12 h each
step, with the final dialysis in PBS buffer. The refolded protein was concentrated using
a centrifugal filter and the concentration was determined using a BCA protein assay kit
(CWBIO, Taizhou, China).

2.4. In Vitro Affinity Validation

To detect the binding activity of purified Nb30 to Sip and GBS, an indirect ELISA was
performed as described in a previous report [20]. Briefly, 96-well plates were immobilized
with purified Sip protein (400 ng per well) or inactivated GBS (about 1 × 108 CFU/mL).
Then a series of purified recombinant protein Nb30 (0.05 to 10 mg/L) was added to
the plates and incubated with Sip or GBS. Finally, an anti-His tag monoclonal antibody
(Solarbio, Beijing, China) was used to detect the bound Nb30.

2.5. Anti-GBS Activity of Nb30 in Tilapia

The anti-GBS activity of Nbs was tested by analyzing the bacterial copy number in
tilapia tissues and the survival rate of GBS-infected tilapia. Tilapia were randomly divided
into three groups: control groups, low-dose treatment groups and high-dose treatment
groups. The control groups were injected intraperitoneally with 100 µL of GBS solution
(about 3 × 108 CFU/mL), the low-dose groups were injected with 100 µL of mixtures
containing GBS and 50 mg/kg of Nb, and the high-dose groups were injected with GBS and
100 mg/kg of Nb. Each group was performed in triplicate, and each replicate contained
15 fish. After 24 h of treatment, tilapia were euthanized and the liver, spleen, and brain
tissues were sampled and stored at −80 ◦C for subsequent experiments. The same treatment
was performed to evaluate the protective effects of Nb30 on GBS-infected tilapia.

2.6. Genomic DNA Extraction and Absolute Quantification of GBS Copy Numbers

Using a tissue grinder to perform physical grinding on the tilapia tissue, and total
genomic DNA was extracted using the TIANamp Bacteria DNA Kit (Tiangen, Beijing,
China) according to the manufacturer’s instructions. GBS genomic DNA was quantified
by real-time qPCR (qPCR) as described in a previous study [20]. Briefly, the cfb gene
encoding the CAMP factor was selected as the target gene and cloned into the pMD19-
T vector (Takara, Beijing, China) by using cfb primers (Table S1). The copy number of
the target amplicon was quantified by measuring the concentration using a NanoDrop
spectrophotometer (Analytik Jena, Jena, Germany). The target amplicon was diluted into a
10-fold series and used as a template for qPCR. qPCR was performed in a Rapid Real-Time
Fluorescence Quantitative PCR System (ABI 7500, Thermo Fisher, Waltham, MA, USA)
using UltraSYBR mixtures (CWBIO, Taizhou, China). qPCR cycling conditions were 95 ◦C
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for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, and then annealing
at 60 ◦C for 1 min. To verify the amplification of individual products, melt curves were
analyzed at the end of each PCR thermal profile from 65 ◦C to 95 ◦C in 5 s steps. The
logarithm of the cfb gene copy number and the corresponding cycling threshold (Ct) value
were regressed as a standard curve to determine the copy number of GBS.

2.7. RNA Extraction and Relative Quantification of Tilapia Gene Expression

Total RNA was extracted from the tilapia liver tissues using TRIzon reagent (CWBIO,
Taizhou, China). The mass and concentration of extracted RNA were determined using
1.5% agarose gel electrophoresis and a NanoDrop spectrophotometer. The extracted RNA
was then reverse transcribed into cDNA using HiFiScript cDNA synthesis kit (CWBIO,
Taizhou, China). The expression levels of tlr5, myd88, irak4, traf6, Rela, NF-κb2, cat, gpx and
c-type lysozyme were detected by qPCR. β-actin was chosen as the reference gene in this
study. The primers for qPCR in this study are shown in Table S1. The fold changes of gene
expression levels were performed by the 2−∆∆Ct method.

2.8. Library Construction and Transcriptome Sequencing

From the control group and high-dose treatment groups, 9 fish were randomly selected
from each group. The liver tissue of these fish was isolated, and the liver tissue of 3 fish was
mixed to form one sample. All samples were immediately frozen in liquid nitrogen and
stored at −80 ◦C ultra-low temperature refrigerator. After the collection was completed, the
samples were sent to Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China).
for sample preparation and library construction to ensure the accuracy and reliability of
the data. Total RNA was extracted from the liver tissue of the Nile tilapia using Trizol
reagent and the RNA Purification Kit. First-strand cDNA was synthesized using random
primers and reverse transcriptase, followed by second-strand cDNA synthesis using DNA
polymerase and RNase H. The purified cDNA was end-repaired and A-tailed, and specific
adapters were ligated to construct the sequencing library. The library was amplified and
screened by PCR to verify appropriate fragment size and concentration. After quality
control, high-throughput sequencing was performed on the Illumina NovaSeq X Plus
sequencer (San Diego, CA, USA) [21].

Raw data were processed using Fastp (Version 0.23.4) to obtain high-quality clean
data. The filtered data were aligned to the reference genome (GenBank: GCF_001858045.2)
using appropriate parameters. Differential expression genes (DEGs) were identified us-
ing DESeq2 (Version 1.42.0) with default settings and thresholds of p-adjust < 0.05 and
|log2FC| > 1. GO and KEGG enrichment analysis of DEGs was performed on the Majorbio
Cloud Platform (https://www.majorbio.com/tools, accessed on 9 January 2025).

2.9. Statistical Analysis

Statistical analyses were performed using SPSS 18.0 statistical software (SPSS Inc.,
Chicago, IL, USA). Data were expressed as mean ± standard deviation (SD). The signifi-
cance determined by analyzing the data was using one-way analysis of variance (ANOVA)
and post hoc Tukey test. Significant differences were defined as p < 0.05 (*), p < 0.01 (**).

3. Results
3.1. Biopanning and Identification of Sip-Specific Nbs

The purification of the Sip protein was obtained using a Ni-NTA affinity column
(Figure S1), and used as a target protein for biopanning of Nbs. After three rounds of
panning-elution-amplification, 48 positive clone strains were identified using phage ELISA,
and three Nb clones with different sequences, named Nb12, Nb30, and Nb41, were obtained
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after sequence alignment (Figure 1A). These Nb clones were similar in four framework
regions, and differed significantly only in three CDR regions (Figure 1B). In the study, Nb30
was selected for further investigation based on its in vitro affinity activity.

Figure 1. Identification of nanobodies (Nbs) targeting Sip. (A) Identification of specific Nbs by
indirect phage ELISA; (B) Analysis of the amino acid sequence of positive Nbs.

3.2. Prokaryotic Expression, Purification and In Vitro Affinity Test of Nb30

The results of SDS-PAGE showed that Nb30 was mainly expressed as inclusion bodies
in BL21 cells, and its molecular weight was about 20 kDa (Figure 2A). Recombinant protein
Nb30 was further purified using a Ni-NTA affinity column (Figure 2B). Subsequently, the
binding activity of Nb30 to Sip or GBS was detected using ELISA. The results indicate
that the in vitro-expressed Nb30 maintains binding activity with Sip and GBS, and its
binding capacity increases with increasing concentrations of Nb30, exhibiting a clear dose-
dependent effect (Figure 2C,D).

3.3. Nb30 Improves Survival Rate and Inhibits GBS Infection in Tilapia

As shown in Figure 3A–C, Nb30 significantly inhibited GBS infection in different
tissues of tilapia within 24 h at concentrations of 50 and 100 mg/kg. Compared with the
control groups, the GBS copy numbers in spleen, liver and brain tissues of GBS-infected
tilapia, respectively, decreased by 29.43, 7.62 and 5.84-fold after treatment with 50 mg/kg
Nb30, and decreased by 45.84, 25.78 and 11.52-fold after treatment with 100 mg/kg Nb30.
To investigate the protective effect of Nb30 on GBS-infected tilapia, a 7-day cumulative
survival rate experiment was conducted. As shown in Figure 3D, there was a difference in
the survival rate of GBS-infected tilapia between the control groups and treatment groups.
The survival rate in the control groups was 53%, whereas the survival rate was increased to
73% (p > 0.05) and 86% (p > 0.05) after treatment with 50 mg/kg and 100 mg/kg Nb30.
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Figure 2. Expression and purification of nanobody Nb30. (A) SDS-PAGE analysis of the expression
of Nb30. M: protein marker, lane 1: precipitation of Nb30 expression, lane 2: supernatant of Nb30
expression; (B) SDS-PAGE analysis of the purified Nb30; (C,D) Detection of the binding ability of
Nb30 to (C) Sip and (D) GBS by indirect ELISA.

Figure 3. Antibacterial activity of Nb30 against GBS in tilapia. Copy numbers of GBS in (A) spleen,
(B) liver, and (C) brain tissues of tilapia after 24 hpi; (D) Survival curves of GBS-infected tilapia
treated with different concentrations of Nb30. Mortality in each group was recorded continuously for
7 days. ** p < 0.01, compared to control.
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3.4. Transcriptome Changes in the Liver of GBS-Infected Tilapia Under Nb30 Treatment

To further investigate the protective mechanism of Nb30 against GBS in tilapia, tran-
scriptomic sequencing was performed between the control groups and high-dose groups
(Figure 4). As shown in Figure 4A, a total of 637 significantly differential genes (DEGs)
were identified, of which 161 genes were up-regulated and 476 genes were down-regulated.
To predict the relevant biological functions and corresponding pathways of these important
DEGs, GO and KEGG enrichment analyses were performed. GO functional enrichment
analysis classified DEGs into three functional groups, and the top 20 DEGs that were
significantly enriched in BP (Biological Processes), CC (Cellular components), and MF
(Molecular Function) (Figure 4B). In the context of BP, DEGs were found to be enriched in
“oxygen carrier activity”, “chemokine receptor”, “chemokine activity”, “molecular carrier
activity”, “G protein-coupled receptor binding” and “heme binding”. About CC, DEGs
were predominantly found to belong to the “hemoglobin complex” and “extracellular
region”. In the MF, DEGs were mainly enriched in “immune system processes”, “immune
response” and “cell adhesion”. KEGG analysis showed that the top 20 KEGG pathways
were significantly enriched in “Ascorbate and aldarate metabolism”, “Pentose and glu-
curonate interconversions”, “Histidine metabolism”, “Retinol metabolism”, “beta-Alanine
metabolism”, “Cytokine-cytokine receptor interaction”, “Drug metabolism-cytochrome
P450”, “Metabolism of xenobiotics by cytochrome P450” and “PPAR signaling pathway”,
the majority of which are associated with immune-related functions (Figure 4C).

 
Figure 4. Integration diagram of multidimensional transcriptome analysis of tilapia liver tissue after
treatment with Nb30 for 24 h. (A) Volcano plot of the comparison between the control group and
high-dose treatment groups; (B) GO enrichment analysis of the differentially expressed genes (DEGs)
in comparison of the control group and high-dose treatment groups; (C) KEGG enrichment analysis
of the DEGs in comparison of the control group and high-dose treatment groups.
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3.5. Analysis of the Gene Expression of TLR/NF-κB Pathway, Antioxidant and Immune Levels
in Tilapia

Differences in the gene expressions involved in the TLR/MyD88/NF-κB inflamma-
tory pathway were investigated in the liver tissues of tilapia in this study. As shown
in Figure 5A–F, the transcriptional levels of genes tlr5, myd88, irak4, traf6, Rela, and NF-
kB2 within TLR/NF-κB pathway in high-dose groups were significantly down-regulated
(p < 0.01) compared with those in the control groups. Moreover, the antioxidant genes cat
and gpx, and the immune gene c-type lysozyme were significantly up-regulated (p < 0.01)
after Nb30 treatment (Figure 5G–I).

Figure 5. The effect of Nb30 on the expressions of TLR/MyD88/NF-κB inflammatory pathway,
antioxidant and immune genes (A) tlr5, (B) myd88, (C) irak4, (D) traf6, (E) Nf-kB2, (F) Rela, (G) gpx,
(H) cat, and (I) c-type lysozyme in the liver tissues of GBS-infected tilapia after 24 hpi. ** p < 0.01,
compared to control.

4. Discussion
GBS, a serious pathogen, poses a major threat to the tilapia aquaculture industry.

In the context of diminishing effectiveness of antibiotic treatments, the development of
new prevention and control strategies is particularly urgent. Vaccination has received
much attention as an emerging effective tool [22,23]. However, due to the diversity of
GBS serotypes, designing and preparing vaccines that offer broad protection has become
a major challenge in vaccine development. Sip protein, one of the key adhesion proteins
for the invasion of host cells by GBS, is highly conserved, making the Sip proteins a
popular target for the development of vaccines or drugs against GBS. Currently, delivery of
purified Sip proteins to tilapia in a variety of ways to stimulate the production of specific
antibodies is an effective method against GBS infestation [24,25]. However, the method
has the limitation that inoculation is time-consuming. Nanobodies have great advantages
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in the diagnosis and treatment of bacterial and viral diseases because their elongated
CDR3 loop provides sufficient antigen-binding sites and can extend to hidden epitopes of
antigens [26], making the development of nanobodies targeting Sip proteins a promising
new antibacterial strategy.

Phage display technology is currently the mainstream technique for screening
nanobodies (Nbs) against target antigens, which allows Nbs to be displayed on the phage
surface and maintain their spatial structure and bioactivity, and this approach greatly
improves the efficiency of screening [27,28]. Currently, the main mechanism of Nbs against
pathogens is by blocking the binding of pathogens to host cells [29,30]. For example,
researchers screened four Nbs against Shiga toxin-producing Escherichia coli (STEC) and
enterotoxin-producing E. coli (ETEC) bacterial trichomonas protein F18, which compet-
itively interfered with the binding of F18 to the blood group antigen receptor, thereby
inhibiting the pathogen’s adherent infection in piglets [31]. A high-affinity Nb Abi-Se07
targeted virulence factor FliC of Salmonella was screened from an Nb phage library and was
specific to adhere to the surface of Salmonella and inhibit its invasion into host cells [32]. In
this study, we screened three specific Nbs from a naïve phage library using Sip proteins as
targets. Among these, Nb30 demonstrated excellent Sip-binding activity in in vitro binding
assays and was able to bind to GBS. To further validate the inhibitory activity, we evaluated
the antibacterial activity of Nb30 by employing a GBS-infected tilapia model and quantified
the copy number changes of GBS in spleen, liver and brain tissues of tilapia by qPCR. The
results demonstrated that Nb30 significantly inhibited the proliferation of GBS in various
tissues of tilapia. This inhibition may be attributed to the ability of Nb30 to bind to the
Sip protein on GBS, thereby blocking the interaction between the Sip protein and the host
receptor cells. Consequently, this hinders the adhesion of GBS to the host cells, which
ultimately leads to the differences in survival rates of tilapia [33].

The TLR/MyD88/NF-κB signaling pathway is a key pathway in the inflammatory
response system of fish, and it is widely present in a wide range of fish tissue cells and is
involved in the pathogenesis and regulation of inflammatory and infectious diseases [34,35].
Toll-like receptors (TLRs) are a class of pattern-recognition receptors capable of triggering in-
flammatory immune responses in the body. All TLR proteins activate the MyD88-dependent
pathway and generate a signaling cascade reaction with MyD88, during which the body
will release a series of intermediate factors, such as irak4, traf6, etc., and ultimately activate
the production of NF-κB family proteins involved in inflammatory response and cytotoxic-
ity factors (Rela, NF-κB2, etc.) [36]. It has been shown that the expression of genes related
to the TLR/MyD88/NF-κB signaling pathway is significantly up-regulated in tilapia after
GBS infestation, leading to a severe inflammatory response in the fish [37–39]. Interestingly,
the expression of genes related to the TLR/MyD88/NF-κB signaling pathway was down-
regulated when Nb30 acted. In conclusion, Nb30 may attenuate the inflammatory response
induced by GBS by inhibiting the TLR/MyD88/NF-κB signaling pathway.

It is well known that redox balance in the organism is essential for maintaining
normal cellular activity and is closely related to a variety of physiopathological responses.
However, when tilapia are infected with GBS, the attack of pathogenic bacteria induces
cellular damage and a strong inflammatory response, leading to an imbalance between the
oxidative and antioxidant systems caused by excessive production or insufficient removal
of reactive oxygen species (ROS) [40]. Catalase (cat) and glutathione peroxidase (gpx) are
important components of the antioxidant defense system in fish and play a key role in the
balance between ROS production and antioxidants. When tilapia were infected with GBS,
the gene expression levels of cat and gpx were significantly down-regulated [40]. Our study
showed that Nb30 significantly improved the expression level of cat, gpx in tilapia, which
is similar to the previous findings that specific antibodies could attenuate the oxidative
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damage caused by pathogenic bacterial invasion [41]. Lysozyme activity is an important
marker of innate immunity in fish, and the innate immune response is characterized by its
rapid response to the presence of pathogens, activation of cellular defense mechanisms and
networks of action, including production of antimicrobial substances and proteins, and
activation of nonclassical complement to help fish resist invasion by pathogens [42]. Bacteria
often adhere to host cell receptors through surface structures, transforming into a state that
allows them to form biofilms, thereby resisting antibody and complement penetration and
evading phagocytosis by phagocytes. Therefore, developing drugs that target adhesins is a
crucial measure in preventing and treating bacterial diseases [43]. Nb30 primarily targets
the adhesin Sip of GBS. When Nb30 binds to GBS, it may interfere with GBS adhesion to
tilapia tissues, causing GBS to become a free-floating state. This transformation facilitates
the initiation of the host’s immune defense mechanisms, as free-floating bacteria lack
physical barriers and are more easily phagocytosed by phagocytes such as neutrophils and
macrophages [44,45]. Additionally, antibodies acting on the bacteria can activate the host’s
complement system, enhancing immune clearance through opsonization [46]. Therefore,
we speculate that Nb30 blocks GBS adhesion to host cell receptors, enhances the tilapia’s
ability to capture free-floating bacteria, thereby promoting immune function and increased
the expression of c-type lysozyme in GBS-infected tilapia, which helped tilapia to clear GBS
from the body.

Cytochrome P450, a large superfamily of enzymes with heme as a cofactor, acts as
a multifunctional biocatalyst and plays a key role in the detoxification of xenobiotics,
the metabolism of exogenous and endogenous compounds, and homeostasis in vivo. In
addition, several studies have shown that cytochrome P450 also plays an important role in
immune defense. For instance, Zhang et al. identified a substantial number of cytochrome
P450 genes from spotted catfish subjected to bacterial attack using RNA-seq, suggesting
that these genes may play a significant role in defense against bacteria [47]. Reynaud et al.
demonstrated that the expression of microsomal cytochrome P450 and related enzymes can
be regulated when fish defense mechanisms are activated [48]. In the present study, Nb30
enhanced drug metabolism-cytochrome P450 and cytochrome P450 metabolic pathways to
exogenous drugs in tilapia liver tissues, which may enhance the body’s immune response
against GBS, thus exerting the biotransformation function and detoxification capacity of
liver tissues.

A transcriptome analysis was conducted on the high-concentration treatment groups
and the control groups, which yielded 637 differentially expressed genes (DEGs). Subse-
quent results revealed a series of DEGs implicated in substance metabolism and immune-
related pathways, encompassing A scorbate and aldarate metabolism, Drug metabolism-
cytochrome P450, Metabolism of xenobiotics by cytochrome P450 and chemokine signal-
ing pathways. Ascorbate and aldarate metabolism represent a significant carbohydrate
metabolic pathway in living organisms, with the capacity to protect cells from oxidative
damage caused by aerobic metabolism and a range of pollutants. It has been found that
ascorbate and aldarate metabolism were significantly inhibited when mud crabs were
infected with mud crab diademovirus-1 (MCDV-1), which may facilitate the pathogen’s
ability to infect the host [49]. In the present study, the expression of genes associated
with ascorbic acid and aldaric acid metabolism was found to be significantly enhanced
following the action of Nb30, a finding that aligns with previous studies that observed the
up-regulation of antioxidant genes.

Chemokines are a class of signaling proteins or small cellular factors. In organisms,
chemokines regulate leukocyte migration, influencing T cell secretion and are pivotal
factors between innate and adaptive immunity [50]. A variety of CC-like and CXC-like
factors, including CCL3, CCL19 & CXC14, were identified in our study, and there were
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different degrees of upward or downward trends of these chemokines, suggesting that
the role of Nb30 for promoting immune responses in tilapia is complex. Interestingly,
the present study revealed that GO enrichment analysis of immune response pathways
identified multiple genes associated with antigen presentation and antimicrobial peptide
expression, including mamu class II histocompatibility antigen, proteasome subunit beta
type-9 (PSMB9), transmembrane protein 173 (TMEM173), and moronecidin. Notably,
these genes exhibited significant downregulation in the control group compared to the
treatment group. This phenomenon may be attributable to Nb30’s inhibitory effect on GBS
adhesion to host cells, thereby enhancing the immune system’s capacity to capture free
bacterial antigens. These findings are corroborated by the concomitant upregulation of
c-type lysozyme expression, collectively supporting the critical role of Nb30 in activating
both innate and adaptive immune responses in tilapia. In conclusion, transcriptomic
analysis further demonstrated that Nb30 modulates multiple physiological processes in
Nile tilapia, including antioxidant stress response, immune function, amino acid and
protein synthesis, as well as energy metabolism. These comprehensive molecular changes
collectively contribute to the improved survival and physiological homeostasis of fish
under GBS challenge, highlighting Nbs’ multifaceted regulatory functions in enhancing
fish disease resistance.

5. Conclusions
In this study, we focused on using the highly conserved adhesin Sip of GBS as a specific

protein target, rather than the whole GBS bacterium, which may improve the antibacterial
activity of nanobodies against GBS serum type variations. In a tilapia infection model,
Nb30 effectively reduced GBS colonization in the liver, spleen, and brain of Nile tilapia,
accompanied by a downregulation of TLR/MyD88/NF-κB pathway-related inflammatory
genes and improved survival rates of infected fish. We also used transcriptomics to
analyze the metabolic and immune functions of Nile tilapia, confirming that Nb30 alleviates
oxidative stress, regulates immune responses, enhances amino acid/protein synthesis, and
energy metabolism. In summary, this manuscript advances the study of nanobodies’
antibacterial mechanisms and provides a potential broad-spectrum protective nanobody
against multiple GBS serotypes. Our findings offer a strategy for controlling GBS infection
in tilapia and further validate the use of nanobodies as a sustainable antibiotic alternative
for managing bacterial diseases in aquaculture. However, how to efficiently deliver Nbs
into fish bodies is a problem that needs to be addressed in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani15213207/s1. Figure S1: Plasmid construction and protein
expression of pET28a-Sip; Table S1: Sequences of primers for this study.

Author Contributions: Methodology, Z.W., W.H., S.W., X.W., C.W. and A.H.; software, Z.W., H.W.,
W.H. and S.W.; validation, Z.W., H.W., W.H. and C.W.; data curation, Z.W. and H.W.; writing—original
draft, Z.W. and W.H.; writing—review & editing, H.W., S.W., X.W., Y.W. and A.H.; supervision, Y.W.
and A.H.; project administration, Y.W. and A.H.; funding acquisition, H.W., Y.W. and A.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by Natural Science Foundation of Guangxi (2021GXNSFBA075008),
Guangxi Science and Technology Program (No. AD22080029, AD25069075), National Natural Science
Foundation of China (No. 42106133), and Green and Low Carbon Technology Program of Guangxi
Institute of Industrial Technology (DTS-202305001, DTS-202503001).

Institutional Review Board Statement: The animal use protocol was approved by the Animal Care
and Welfare Committee of Guangxi University (GXU-2023-0134, approved by 5 January 2023).

1301

https://www.mdpi.com/article/10.3390/ani15213207/s1
https://www.mdpi.com/article/10.3390/ani15213207/s1


Animals 2025, 15, 3207 13 of 15

Informed Consent Statement: Written informed consent was obtained from the owner of the animals
involved in this study.

Data Availability Statement: The data supporting the findings of the study are available from the
corresponding author upon reasonable request.

Acknowledgments: We sincerely thank Song Zhu from Southwest University for providing the
GBS strain.

Conflicts of Interest: The authors declare no competing interests in this manuscript.

References
1. Sakyi, M.E.; Cai, J.; Tang, J.; Abarike, E.D.; Xia, L.; Li, P.; Kuebutornye, F.K.A.; Zou, Z.; Liang, Z.; Jian, J. Effects of starvation and

subsequent re-feeding on intestinal microbiota, and metabolic responses in Nile tilapia, Oreochromis niloticus. Aquac. Rep. 2020,
17, 100370. [CrossRef]

2. Mian, G.F.; Godoy, D.T.; Leal, C.A.G.; Yuhara, T.Y.; Costa, G.M.; Figueiredo, H.C.P. Aspects of the natural history and virulence of
S. agalactiae infection in Nile tilapia. Vet. Microbiol. 2009, 136, 180–183. [CrossRef]

3. Sirimanapong, W.; Phuoc, N.N.; Crestani, C.; Chen, S.E.; Zadoks, R.N. Geographical, Temporal and Host-Species Distribution of
Potentially Human-Pathogenic Group B Streptococcus in Aquaculture Species in Southeast Asia. Pathogens 2023, 12, 525. [CrossRef]
[PubMed]

4. Slotved, H.C.; Kong, F.; Lambertsen, L.; Sauer, S.; Gilbert, G.L. Serotype IX, a proposed new Streptococcus agalactiae serotype. J.
Clin. Microbiol. 2007, 45, 2929–2936. [CrossRef] [PubMed]

5. Zhang, Z. Research Advances on Tilapia Streptococcosis. Pathogens 2021, 10, 558. [CrossRef]
6. Osman, K.M.; Al-Maary, K.S.; Mubarak, A.S.; Dawoud, T.M.; Moussa, I.M.I.; Ibrahim, M.D.S.; Hessain, A.M.; Orabi, A.; Fawzy,

N.M. Characterization and susceptibility of streptococci and enterococci isolated from Nile tilapia (Oreochromis niloticus) showing
septicaemia in aquaculture and wild sites in Egypt. BMC Vet. Res. 2017, 13, 357. [CrossRef]

7. Zhang, Y.; Du, X.S.; Deng, S.; Li, C.H.; He, Q.; He, G.P.; Zhou, M.; Wang, H.B.; Deng, R.J. Dual Triple Helix-Aptamer Probes for
Mix-and-Read Detecting Antibiotics in Fish and Milk. J. Agric. Food Chem. 2020, 68, 9524–9529. [CrossRef]

8. Mohammed, E.A.H.; Kovacs, B.; Kuunya, R.; Mustafa, E.O.A.; Abbo, A.S.H.; Pal, K. Antibiotic Resistance in Aquaculture:
Challenges, Trends Analysis, and Alternative Approaches. Antibiotics 2025, 14, 598. [CrossRef]

9. Ghahroudi, M.A.; Desmyter, A.; Wyns, L.; Hamers, R.; Muyldermans, S. Selection and identification of single domain antibody
fragments from camel heavy-chain antibodies. Febs Lett. 1997, 414, 521–526. [CrossRef]

10. Barta, M.L.; Shearer, J.P.; Arizmendi, O.; Tremblay, J.M.; Mehzabeen, N.; Zheng, Q.; Battaile, K.P.; Lovell, S.; Tzipori, S.; Picking,
W.D.; et al. Single-domain antibodies pinpoint potential targets within Shigella invasion plasmid antigen D of the needle tip
complex for inhibition of type III secretion. J. Biol. Chem. 2017, 292, 16677–16687. [CrossRef]

11. Ebrahimizadeh, W.; Gargari, S.M.; Rajabibazl, M.; Ardekani, L.S.; Zare, H.; Bakherad, H. Isolation and characterization of
protective anti-LPS nanobody against V. cholerae O1 recognizing Inaba and Ogawa serotypes. Appl. Microbiol. Biotechnol. 2013, 97,
4457–4466. [CrossRef]

12. Chi, X.; Zhang, X.; Pan, S.; Yu, Y.; Shi, Y.; Lin, T.; Duan, H.; Liu, X.; Chen, W.; Yang, X.; et al. An ultrapotent RBD-targeted
biparatopic nanobody neutralizes broad SARS-CoV-2 variants. Signal Transduct. Target. Ther. 2022, 7, 780–789. [CrossRef]

13. Yang, M.; Gu, K.; Xu, Q.; Wen, R.Q.; Li, J.P.; Zhou, C.Y.; Zhao, Y.; Shi, M.W.; Weng, Y.; Guo, B.Y.; et al. Recombinant Lactococcus lactis
secreting FliC protein nanobodies for resistance against Salmonella enteritidis invasion in the intestinal tract. J. Nanobiotechnology
2024, 22, 629. [CrossRef]

14. Vanmarsenille, C.; del Olmo, I.D.; Elseviers, J.; Ghassabeh, G.H.; Moonens, K.; Vertommen, D.; Martel, A.; Haesebrouck,
F.; Pasmans, F.; Hernalsteens, J.P.; et al. Nanobodies targeting conserved epitopes on the major outer membrane protein of
Campylobacter as potential tools for control of Campylobacter colonization. Vet. Res. 2017, 48, 86. [CrossRef]

15. Jacques, M.; Paradis, S.E. Adhesin-receptor interactions in Pasteurellaceae. Fems Microbiol. Rev. 1998, 22, 45–59. [CrossRef]
16. Shabayek, S.; Spellerberg, B. Group B Streptococcal Colonization, Molecular Characteristics, and Epidemiology. Front. Microbiol.

2018, 9, 437. [CrossRef] [PubMed]
17. Li, L.P.; Liu, Y.; Huang, T.; Liang, W.W.; Chen, M. Development of an attenuated oral vaccine strain of tilapia Group B Streptococci

serotype Ia by gene knockout technology. Fish Shellfish. Immunol. 2019, 93, 924–933. [CrossRef]
18. Martin, D.; Rioux, S.; Gagnon, E.; Boyer, M.; Hamel, J.; Charland, N.; Brodeur, B.R. Protection from group B streptococcal infection

in neonatal mice by maternal immunization with recombinant Sip protein. Infect. Immun. 2002, 70, 4897–4901. [CrossRef]
19. Díaz-Dinamarca, D.A.; Jerias, J.I.; Soto, D.A.; Soto, J.A.; Díaz, N.V.; Leyton, Y.Y.; Villegas, R.A.; Kalergis, A.M.; Vásquez, A.E. The

Optimisation of the Expression of Recombinant Surface Immunogenic Protein of Group B Streptococcus in Escherichia coli by
Response Surface Methodology Improves Humoral Immunity. Mol. Biotechnol. 2018, 60, 215–225. [CrossRef]

1302

https://doi.org/10.1016/j.aqrep.2020.100370
https://doi.org/10.1016/j.vetmic.2008.10.016
https://doi.org/10.3390/pathogens12040525
https://www.ncbi.nlm.nih.gov/pubmed/37111411
https://doi.org/10.1128/JCM.00117-07
https://www.ncbi.nlm.nih.gov/pubmed/17634306
https://doi.org/10.3390/pathogens10050558
https://doi.org/10.1186/s12917-017-1289-8
https://doi.org/10.1021/acs.jafc.0c03801
https://doi.org/10.3390/antibiotics14060598
https://doi.org/10.1016/S0014-5793(97)01062-4
https://doi.org/10.1074/jbc.M117.802231
https://doi.org/10.1007/s00253-012-4518-x
https://doi.org/10.1038/s41392-022-00912-4
https://doi.org/10.1186/s12951-024-02904-8
https://doi.org/10.1186/s13567-017-0491-9
https://doi.org/10.1016/S0168-6445(98)00007-2
https://doi.org/10.3389/fmicb.2018.00437
https://www.ncbi.nlm.nih.gov/pubmed/29593684
https://doi.org/10.1016/j.fsi.2019.07.081
https://doi.org/10.1128/IAI.70.9.4897-4901.2002
https://doi.org/10.1007/s12033-018-0065-8


Animals 2025, 15, 3207 14 of 15

20. Huang, A.-G.; He, W.-H.; Su, L.-J.; Zhang, F.-L.; Wang, Y.-H. Identification of a camelid-derived nanobody as a potential
therapeutic agent against Streptococcus agalactiae infection. Aquaculture 2022, 561, 738725. [CrossRef]

21. Sun, W.; Li, C.; Jiang, L.; Pan, Z.; Qiao, G.; Chen, J. Complete genome sequence of the obligate endosymbiont Buchnera aphidicola
of the poplar bark aphid Pterocomma populeum. Microbiol. Resour. Announc. 2025, 14, e00379-00325. [CrossRef]

22. de Queiróz, G.A.; Silva, T.M.F.E.; Leal, C.A.G. Duration of Protection and Humoral Immune Response in Nile Tilapia (Oreochromis
niloticus L.) Vaccinated against Streptococcus agalactiae. Animals 2024, 14, 1744.

23. Nurani, F.S.; Sukenda, S.; Nuryati, S. Maternal immunity of tilapia broodstock vaccinated with polyvalent vaccine and resistance
of their offspring against Streptococcus agalactiae. Aquac. Res. 2020, 51, 1513–1522. [CrossRef]

24. Liu, J.; Liu, G.Y.; Cao, Y.; Du, H.; Liu, T.Q.; Liu, M.Z.; Li, P.F.; He, Y.; Wang, G.X.; Yu, Q.; et al. BNC-rSS, a bivalent subunit
nanovaccine affords the cross-protection against Streptococcus agalactiae and Streptococcus iniae infection in tilapia. Int. J. Biol.
Macromol. 2023, 253, 126670. [CrossRef]

25. Cai, Y.Z.; Liu, Z.G.; Lu, M.X.; Ke, X.L.; Zhang, D.F.; Gao, F.Y.; Cao, J.M.; Wang, M.; Yi, M.M. Oral immunization with surface
immunogenic protein from Streptococcus agalactiae expressed in Lactococcus lactis induces protective immune responses of tilapia
(Oreochromis niloticus). Aquac. Rep. 2020, 18, 100538. [CrossRef]

26. Muyldermans, S. Nanobodies: Natural Single-Domain Antibodies. Ann. Rev. Biochem. 2013, 82, 775–797. [CrossRef]
27. Reader, R.H.; Workman, R.G.; Maddison, B.; Gough, K.C. Advances in the Production and Batch Reformatting of Phage Antibody

Libraries. Mol. Biotechnol. 2019, 61, 801–815. [CrossRef] [PubMed]
28. Hsu, C.-Y.; Jasim, S.A.; Rodrigues, P.; Rizaev, J.A.; Malathi, H.; Ashraf, A.; Thakur, R.; Arya, R.; Jawad, M.A.; Gabble, B.C. Recent

progress on phage display-based biosensing systems for detection of pathogenic bacteria in food and water. Microchem. J. 2025,
208, 112356. [CrossRef]

29. Sanaei, M.; Setayesh, N.; Sepehrizadeh, Z.; Mahdavi, M.; Yazdi, M.H. Nanobodies in Human Infections: Prevention, Detection,
and Treatment. Immunol. Investig. 2020, 49, 875–896. [CrossRef]

30. Pradhan, S.; Swanson, C.J.; Leff, C.; Tengganu, I.; Bergeman, M.H.; Wisna, G.B.M.; Hogue, I.B.; Hariadi, R.F. Viral Attachment
Blocking Chimera Composed of DNA Origami and Nanobody Inhibits Pseudorabies Virus Infection In Vitro. Acs Nano 2023, 17,
23317–23330. [CrossRef] [PubMed]

31. Moonens, K.; De Kerpel, M.; Coddens, A.; Cox, E.; Pardon, E.; Remaut, H.; De Greve, H. Nanobody Mediated Inhibition of
Attachment of F18 Fimbriae Expressing Escherichia coli. PLoS ONE 2014, 9, e114691. [CrossRef] [PubMed]

32. Huen, J.; Yan, Z.; Iwashkiw, J.; Dubey, S.; Gimenez, M.C.; Ortiz, M.E.; Patel, S.; Jones, M.D.; Riazi, A.; Terebiznik, M.; et al. A
Novel Single Domain Antibody Targeting FliC Flagellin of Salmonella enterica for Effective Inhibition of Host Cell Invasion. Front.
Microbiol. 2019, 10, 2665. [CrossRef]

33. Zhang, L.P.; Hong, Y.C.; Sun, K.H.; Zhao, S.Y.; Bai, Y.H.; Yang, S.Y.; Tao, J.J.; Shi, F.; Zhan, F.B.; Lin, L.; et al. Passive protection of
chicken egg yolk immunoglobulin (IgY) against Streptococcus agalactiae infection in Nile tilapia (Oreochromis niloticus). Fish
Shellfish. Immunol. 2024, 154, 109923. [CrossRef] [PubMed]

34. Guo, S.T.; Gao, W.X.; Zeng, M.S.; Liu, F.L.; Yang, Q.Z.M.; Chen, L.; Wang, Z.S.; Jin, Y.J.; Xiang, P.; Chen, H.X.; et al. Characterization
of TLR1 and expression profiling of TLR signaling pathway related genes in response to Aeromonas hydrophila challenge in hybrid
yellow catfish (Pelteobagrus fulvidraco ♀x P. vachelli ♂>). Front. Immunol. 2023, 14, 1163781. [CrossRef]

35. Zhang, J.; Kong, X.H.; Zhou, C.J.; Li, L.; Nie, G.X.; Li, X.J. Toll-like receptor recognition of bacteria in signal pathways fish: Ligand
specificity and signal pathways. Fish Shellfish. Immunol. 2014, 41, 380–388. [CrossRef]

36. Kumar, H.; Kawai, T.; Akira, S. Toll-like receptors and innate immunity. Biochem. Biophys. Res. Commun. 2009, 388, 621–625.
[CrossRef]

37. Nguyen Bao, T.; Lee, P.-T. Functional characterization of myeloid differentiation factor 88 in Nile tilapia (Oreochromis niloticus).
Comp. Biochem. Physiol. B-Biochem. Mol. Biol. 2020, 250, 110485.

38. Han, X.Q.; Gao, F.Y.; Lu, M.X.; Liu, Z.G.; Wang, M.; Ke, X.L.; Yi, M.M.; Cao, J.M. Molecular characterization, expression and
functional analysis of IRAK1 and, Cheek for IRAK4 in Nile tilapia (Oreochromis niloticus). Fish Shellfish. Immunol. 2020, 97, 135–145.
[CrossRef] [PubMed]

39. Gao, F.Y.; Liu, J.; Lu, M.X.; Liu, Z.G.; Wang, M.; Ke, X.L.; Yi, M.M.; Cao, J.M. Nile tilapia Toll-like receptor 7 subfamily: Intracellular
TLRs that recruit MyD88 as an adaptor and activate the NF-κB pathway in the immune response. Dev. Comp. Immunol. 2021, 125,
104173. [CrossRef] [PubMed]

40. Du, J.L.; Cao, L.P.; Jia, R.; Gu, Z.Y.; He, Q.; Xu, P.; Jeney, G.; Ma, Y.Z.; Yin, G.J. Analysis of Streptococcus agalactiae-induced liver
injury in tilapia (Oreochromis niloticus). Aquac. Res. 2020, 51, 1398–1405. [CrossRef]

41. Li, Y.K.; Huang, B.Z.; Sun, S.J.; Liu, N.Y.; Li, Y.Q.; Lan, M.W.; Wang, X.A.; Zhang, Y.W.; Wu, A.L.; Yang, S.Y.; et al. Immunopro-
tection effects of chicken egg yolk immunoglobulins (IgY) against Aeromonas veronii infection in Sinocyclocheilus grahami.
Aquaculture 2023, 563, 738935. [CrossRef]

1303

https://doi.org/10.1016/j.aquaculture.2022.738725
https://doi.org/10.1128/mra.00379-25
https://doi.org/10.1111/are.14499
https://doi.org/10.1016/j.ijbiomac.2023.126670
https://doi.org/10.1016/j.aqrep.2020.100538
https://doi.org/10.1146/annurev-biochem-063011-092449
https://doi.org/10.1007/s12033-019-00207-0
https://www.ncbi.nlm.nih.gov/pubmed/31468301
https://doi.org/10.1016/j.microc.2024.112356
https://doi.org/10.1080/08820139.2019.1688828
https://doi.org/10.1021/acsnano.3c01408
https://www.ncbi.nlm.nih.gov/pubmed/37982733
https://doi.org/10.1371/journal.pone.0114691
https://www.ncbi.nlm.nih.gov/pubmed/25502211
https://doi.org/10.3389/fmicb.2019.02665
https://doi.org/10.1016/j.fsi.2024.109923
https://www.ncbi.nlm.nih.gov/pubmed/39326687
https://doi.org/10.3389/fimmu.2023.1163781
https://doi.org/10.1016/j.fsi.2014.09.022
https://doi.org/10.1016/j.bbrc.2009.08.062
https://doi.org/10.1016/j.fsi.2019.12.041
https://www.ncbi.nlm.nih.gov/pubmed/31846774
https://doi.org/10.1016/j.dci.2021.104173
https://www.ncbi.nlm.nih.gov/pubmed/34144119
https://doi.org/10.1111/are.14485
https://doi.org/10.1016/j.aquaculture.2022.738935


Animals 2025, 15, 3207 15 of 15

42. Biller, J.D.; Polycarpo, G.D.; Moromizato, B.S.; Sidekerskis, A.P.D.; da Silva, T.D.; dos Reis, I.C.; Fierro-Castro, C. Lysozyme
activity as an indicator of innate immunity of tilapia (Oreochromis niloticus) when challenged with LPS and Streptococcus agalactiae.
Rev. Bras. Zootec.-Braz. J. Anim. Sci. 2021, 50, e20210053. [CrossRef]

43. Klemm, P.; Vejborg, R.M.; Hancock, V. Prevention of bacterial adhesion. Appl. Microbiol. Biotechnol. 2010, 88, 451–459. [CrossRef]
[PubMed]

44. Krachler, A.M.; Orth, K. Targeting the bacteria-host interface: Strategies in anti-adhesion therapy. Virulence 2013, 4, 284–294.
[CrossRef]

45. Ghosh, S.; Chakraborty, K.; Nagaraja, T.; Basak, S.; Koley, H.; Dutta, S.; Mitra, U.; Das, S. An adhesion protein of Salmonella enterica
serovar Typhi is required for pathogenesis and potential target for vaccine development. Proc. Natl. Acad. Sci. USA 2011, 108,
3348–3353. [CrossRef]

46. Dalia, A.B.; Weiser, J.N. Minimization of Bacterial Size Allows for Complement Evasion and Is Overcome by the Agglutinating
Effect of Antibody. Cell Host Microbe 2011, 10, 486–496. [CrossRef]

47. Zhang, J.R.; Yao, J.; Wang, R.J.; Zhang, Y.; Liu, S.K.; Sun, L.Y.; Jiang, Y.L.; Feng, J.B.; Liu, N.N.; Nelson, D.; et al. The cytochrome
P450 genes of channel catfish: Their involvement in disease defense responses as revealed by meta-analysis of RNA-Seq data sets.
Biochim. Biophys. Acta-Gen. Subj. 2014, 1840, 2813–2828. [CrossRef] [PubMed]

48. Reynaud, S.; Marrionet, D.; Taysse, L.; Deschaux, P. Interleukin-1α and tumor necrosis factor α modulate cytochrome P450
activities in carp (Cyprinus carpio). Ecotoxicol. Environ. Saf. 2005, 62, 355–362. [CrossRef] [PubMed]

49. Liao, M.Z.; Cheng, C.H.; Li, G.Y.; Ma, H.L.; Liu, G.X.; Fan, S.G.; Deng, Y.Q.; Jiang, J.J.; Feng, J.; Guo, Z.X. Transcriptome analysis
of Scylla paramamosain hepatopancreas response to mud crab dicistrovirus-1 infection. Fish Shellfish. Immunol. 2024, 154, 109872.
[CrossRef]

50. Wong, M.M.; Fish, E.N. Chemokines: Attractive mediators of the immune response. Semin. Immunol. 2003, 15, 5–14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

1304

https://doi.org/10.37496/rbz5020210053
https://doi.org/10.1007/s00253-010-2805-y
https://www.ncbi.nlm.nih.gov/pubmed/20694794
https://doi.org/10.4161/viru.24606
https://doi.org/10.1073/pnas.1016180108
https://doi.org/10.1016/j.chom.2011.09.009
https://doi.org/10.1016/j.bbagen.2014.04.016
https://www.ncbi.nlm.nih.gov/pubmed/24780645
https://doi.org/10.1016/j.ecoenv.2004.12.013
https://www.ncbi.nlm.nih.gov/pubmed/16216629
https://doi.org/10.1016/j.fsi.2024.109872
https://doi.org/10.1016/S1044-5323(02)00123-9


Academic Editor: Yunjun Yao

Received: 12 June 2025

Revised: 2 July 2025

Accepted: 7 July 2025

Published: 9 July 2025

Citation: Xu, W.; Mai, X.; Deng, S.;

Wang, W.; Wu, W.; Zhang, W.; Wang, Y.

High-Resolution Mapping and Impact

Assessment of Forest Aboveground

Carbon Stock in the Pinglu Canal

Basin: A Multi-Sensor and

Multi-Model Machine Learning

Approach. Forests 2025, 16, 1130.

https://doi.org/10.3390/

f16071130

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

High-Resolution Mapping and Impact Assessment of Forest
Aboveground Carbon Stock in the Pinglu Canal Basin:
A Multi-Sensor and Multi-Model Machine Learning Approach
Weifeng Xu 1, Xuzhi Mai 2, Songwen Deng 2, Wenhuan Wang 2,3, Wenqian Wu 3, Wei Zhang 2,* and Yinghui Wang 2,3

1 School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China;
xwf@st.gxu.edu.cn

2 School of Marine Sciences, Guangxi University, Nanning 530004, China; 2327301019@st.gxu.edu.cn (X.M.);
dsw591603897@gmail.com (S.D.); wwhuan2202@126.com (W.W.); wyh@gxu.edu.cn (Y.W.)

3 Institute of Green and Low Carbon Technology, Guangxi Institute of Industrial Technology,
Nanning 530200, China; wuwq1@foxmail.com

* Correspondence: zhangwei20@gxu.edu.cn

Abstract

Accurate estimation of forest aboveground carbon stock (AGC) is critical for climate change
mitigation and ecological management. This study develops a high-resolution AGC es-
timation workflow for the Pinglu Canal basin, integrating Sentinel-2, Sentinel-1, ALOS
PALSAR, and SRTM data with field survey measurements. Feature selection via Recursive
Feature Elimination and modeling with a Random Forest algorithm—optimized through
hyperparameter tuning—yielded high predictive accuracy under the ALL data combination
(R2 = 0.818, RMSE = 11.126 tC/ha), enabling the generation of a 10 m-resolution AGC
map. The total AGC in 2024 was estimated at 2.26 × 106 tC. To evaluate human-induced
changes, we established a baseline scenario based on historical AGC trends (2002–2021) and
climate data. Comparisons revealed that afforestation and vegetation restoration during
canal construction led to higher AGC values than projected under natural conditions. This
positive deviation highlights the effectiveness of targeted ecological interventions in miti-
gating carbon loss and promoting forest recovery. Our results demonstrate a cost-effective,
scalable method for AGC mapping using freely accessible remote sensing data and ma-
chine learning. The findings also provide insights into balancing large-scale infrastructure
development with ecosystem conservation.

Keywords: multi-source remote sensing data; forest aboveground carbon stock; Recursive
Feature Elimination; machine learning; Pinglu Canal basin; forest ecosystem dynamics

1. Introduction
The current climate and biodiversity crises pose significant risks to ecosystems and

human societies [1]. As highlighted by the IPCC and the Paris Agreement, forests are
vital for maintaining ecosystem stability and mitigating climate change [2]. Forests, the
primary carbon sinks within terrestrial ecosystems, are pivotal to the global carbon cycle
due to their ability to absorb and retain carbon, thereby contributing significantly to cli-
mate regulation [3,4]. Therefore, precise monitoring of forests is crucial for developing
informed climate policies, safeguarding biodiversity, and ensuring sustainable develop-
ment [5,6]. In particular, understanding the spatial dynamics of forest carbon stock and
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evaluating its responses to large-scale anthropogenic disturbances—such as major infras-
tructure development—has become increasingly important in both ecological research and
environmental management.

China, recognizing the urgency of climate change, has set dual carbon goals: peaking
carbon emissions by 2030 and achieving carbon neutrality by 2060. To meet these targets,
China has implemented comprehensive strategies, including the promotion of renewable
energy, emissions reduction, and enhanced carbon sequestration through forest conser-
vation and afforestation programs [7]. China’s forests, covering approximately 23% of
the country’s land area, are fundamental to carbon sequestration and ecosystem stability,
contributing significantly to the nation’s dual carbon goals [8]. In particular, Guangxi
province, with its diverse and abundant forest resources, is a key region in supporting these
national objectives through sustainable forest management and carbon storage efforts [9].
At the same time, the region is undertaking the construction of the Pinglu Canal, a major
infrastructure project designed to enhance water transportation efficiency and stimulate re-
gional economic growth. However, despite the anticipated economic and logistical benefits,
the project is likely to exert considerable pressure on the ecosystems along its route. The
Environmental Impact Assessment results indicate that the canal construction project will
occupy 3276.7 ha of forest, with a permanently occupied area of 987.12 ha. Consequently, it
is essential to carefully evaluate and mitigate the environmental impacts, particularly on
the forests within the canal’s watershed. Integrating conservation efforts into the planning
and implementation phases will be crucial to minimizing the ecological footprint of this
development [10].

Currently, research on the canal basin ecosystems primarily focuses on the Panama
Canal [11–13], which is in operation. Monitoring projects conducted by the Smithsonian
Tropical Research Institute and the Panama Environmental Authority indicate that the
forests in the Panama Canal watershed play a vital role in biodiversity and water resource
protection. However, these ecosystems are facing increasing pressures due to human
activities [14]. Moreover, the forests in the Panama Canal watershed are closely linked
to canal operations, and reforestation affects ecosystem services in complex ways. Under
different conditions, reforestation has both positive impacts and trade-offs concerning
water flow, carbon sequestration, and timber production [15]. Additionally, the Panama
Canal provides valuable reference points for forest ecosystem protection measures during
the construction phase of large-scale infrastructure projects. During the early stages of the
canal’s construction, the United States, for security and water supply reasons, protected
the forests along a 660 km corridor on both sides of the canal. Today, after the Panama
Canal was handed over to Panama, the surrounding forests remain intact and have been
incorporated into national parks and nature reserves [16]. This experience provides valuable
lessons for the development of new canals, demonstrating the potential for achieving a
balance between environmental and social benefits. Despite the valuable insights from
existing studies, research on the ecological impacts during the construction phase of canal
projects remains limited. This gap is particularly evident in understanding how large-
scale infrastructure affects forest ecosystems in both the short and the long term. As such,
targeted research is urgently needed to fill this knowledge gap and support more informed
environmental management in future canal projects.

Reliable quantification of aboveground carbon stock (AGC) in forests is critical for eval-
uating ecosystem functioning and informing strategies for climate change mitigation [17].
Traditional methods based on field inventories and biomass models offer high precision
but are constrained by limited spatial coverage and high labor costs [18]. With advances
in remote sensing, satellite-based AGC estimation has become a practical solution for
large-scale monitoring [19]. Optical and Synthetic Aperture Radar (SAR) data provide
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complementary information: optical sensors capture canopy structure in clear conditions,
while SAR enables observations under clouds and in complex terrain [20–23]. However,
single-source data face limitations. Optical sensors suffer from cloud contamination and
canopy saturation, while SAR is prone to signal saturation and environmental sensitivity to
factors like precipitation and soil moisture [24]. Integrating data from multiple sources has
proven to be an effective approach for addressing these challenges. Integrating spectral,
structural, and topographic features from multiple sensors significantly improves AGC
estimation accuracy and robustness, especially in heterogeneous landscapes [25,26]. This
approach has shown strong applicability in complex ecological settings [27,28]. Modeling
methods have also evolved. Linear regression is widely used but often fails to capture non-
linear relationships between variables and AGC [29,30]. Machine learning models—such
as Support Vector Regression (SVR), Random Forest (RF), and Extreme Gradient Boost-
ing (XGBoost)—offer enhanced performance, particularly when combined with feature
selection and hyperparameter tuning [31–33]. Accurate spatial alignment between remote
sensing pixels and field plots is also critical to reduce uncertainty and improve model relia-
bility [34]. In summary, combining multi-sensor remote sensing data with robust machine
learning models provides a scalable and reliable framework for accurate AGC estimation.
Recent research has confirmed that combining field inventory data with machine learning
algorithms is a feasible approach for estimating AGC across different spatial scales [35–37].

To address the research gap concerning the effects of canal construction on forest
ecosystems during the construction period, this study employs multi-source remote sensing
data combined with machine learning methods to estimate forest AGC in the Pinglu Canal
basin for the year 2024 at a 10 m resolution. Additionally, historical data are utilized to assess
the construction-related impacts on forest dynamics within the basin. The objectives of this
study are (1) to combine tree-level measurements with remote sensing data at a fine scale to
obtain accurate pixel-level AGC datasets; (2) to use Recursive Feature Elimination (RFE) for
feature selection and assess the effectiveness of different data types or combinations of data
in AGC modeling predictions; (3) to optimize the parameters of RF and XGBoost models
through grid search and evaluate their estimation capabilities for AGC in comparison with
Multiple Linear Regression (MLR) and SVR, and then use the best-performing model to
predict AGC and produce a spatial distribution map of AGC at a 10 m resolution for the
Pinglu Canal basin; and (4) to analyze the impact of the canal construction on the forest
ecosystem by examining the interannual variations in forest area and AGC. This study
represents the first attempt to estimate forest AGC in the Pinglu Canal basin using high-
resolution remote sensing data, while also examining the ecological impacts of the canal by
analyzing temporal changes in forest area and AGC. It provides valuable insights into the
relationship between large-scale infrastructure projects and forest ecosystems, contributing
to the understanding of how canal construction affects forest AGC.

2. Materials and Methods
2.1. Study Area

The Pinglu Canal, spanning a total length of 135 km, is located in Guangxi Province,
China (Figure 1). The canal basin experiences an annual average rainfall exceeding 1800 mm
and a mean temperature of 21.7 ◦C, reflecting the characteristics of a subtropical monsoon
climate. The topography is highly diverse, ranging from low-lying plains to high-altitude
mountainous regions, with elevations spanning from −2 m to 371 m above sea level. This
varied terrain supports a range of ecosystems, including forests that play a critical role
in carbon stock and maintaining ecological stability, consisting primarily of evergreen
broadleaf forests and mixed coniferous forests. Notably, plantations are the predominant
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forest type in the basin, featuring key species such as Chinese fir (Cunninghamia lanceolata),
eucalyptus (Eucalyptus spp.), masson pine (Pinus massoniana), and slash pine (Pinus elliottii).

Figure 1. Study area and sample plot distribution.

The Pinglu Canal project, a significant waterway construction initiative in southern
China, has substantially transformed local land use and ecological patterns. This study
aims to assess the potential impacts of canal construction on forest ecosystems, with a
particular focus on the dynamics of forest AGC.

2.2. Data and Methodology

To obtain an accurate spatial distribution of forest carbon stock in the Pinglu Canal
basin for 2024, a systematic workflow was developed, integrating field survey data, remote
sensing data preprocessing, feature selection, and machine learning-based modeling. This
workflow combines multi-source data, including SAR, optical data, and terrain data, to ex-
tract essential variables such as backscatter coefficients, vegetation indices, texture features,
and topographic parameters. The field survey data were transformed into pixel-level AGC
values, which were then combined with remote sensing-derived features for model training.
RFE was employed to select the most relevant predictors, which were subsequently used
in a Random Forest regression framework. The final model was validated against field
survey data to ensure accuracy, leading to the generation of a comprehensive forest AGC
map for the Pinglu Canal basin in 2024. The workflow is illustrated in Figure 2, providing
a detailed representation of the methodological approach adopted in this study.

2.2.1. Field Sampling and Plot Inventory

To obtain field data on forest carbon stock within the study area, we conducted a
plot survey in four regions of the watershed, covering the area from the upstream of the
canal to the estuary, from September to October 2024. Prior to the field survey, we selected
representative vegetation types based on imagery and forestry reports. A survey plan was
then formulated to ensure that the selected sample plots represented the full spectrum of
vegetation diversity across the study area. Ultimately, due to practical considerations such
as road accessibility, we established 37 square sample plots, each measuring 25 m × 25 m.
Trees with a diameter at breast height (DBH) ≥ 5 cm were measured, and the surveyed
characteristics included the DBH, tree height, and species of all trees within the plots. In
addition, the coordinates of each individual tree within the sample plots were recorded
using a handheld Real-Time Kinematic (RTK) device. These high-precision spatial data
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were used to accurately locate each tree, enabling detailed analysis and integration with
remote sensing data for subsequent AGC estimation.

Figure 2. Flowchart showing the overall workflow for data preprocessing, modeling, and forest AGC
mapping in the Pinglu Canal basin in 2024.

Based on the field survey, a total of 4038 trees were recorded across all sample plots.
Among these, the dominant tree species was eucalyptus, with 3069 individuals, followed
by slash pine (Pinus elliottii), with 610 individuals; masson pine (Pinus massoniana), with
149 individuals; and other species, accounting for 210 individuals. This species composition
reflects the diversity of vegetation within the study area and serves as a critical foundation
for constructing accurate AGC models. These data were further processed and integrated
with remote sensing features to derive pixel-level AGC estimates for the study region.

2.2.2. Pixel-Level AGC Dataset Development

Accurately estimating forest AGC at the pixel level requires the precise integration of
field data and remote sensing imagery. To better capture spatial heterogeneity within sam-
ple plots, we adopted and refined a method that integrates high-precision tree-level coordi-
nate data with the Sentinel-2 pixel grid. While similar methods have been applied in forest
structure inversion and individual tree segmentation studies based on UAV data [38,39],
this study advances the approach by incorporating tree-level RTK data, handling missing
pixels, and ensuring alignment with the spatial resolution of Sentinel-2 imagery. These
improvements enhance the application of this method in integrating satellite pixel data
with field plot measurements.

This methodology provides a more accurate and robust framework for generating
pixel-level AGC datasets. The precise tree-level coordinates collected during the field survey
were used to delineate the boundaries of each sample plot, which were then mapped onto
the Sentinel-2 pixel grid (10 m × 10 m). Subsequently, pixels within the boundaries of each
sample plot were extracted, while pixels with missing data were excluded [40] to ensure
the completeness and accuracy of the training dataset (Figure 3).

Building upon this framework, the next step was to calculate the AGC for each selected
pixel. Using species-specific allometric equations, the aboveground biomass (AGB) of each
tree was computed as follows:

AGB = a × (DBH)b × (H)c (1)

where a, b, and c are species-specific parameters derived from allometric models; DBH is
the diameter at breast height (cm); and H is the tree height (m).
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Figure 3. The flowchart illustrates the process of converting field-measured individual tree data into
Sentinel-2 pixel-level carbon storage for subsequent training. Ultimately, only pixels with no missing
data were included in the dataset.

The AGC of each individual tree was then calculated by applying a carbon conversion
factor (CF), which quantifies the proportion of biomass attributable to carbon:

AGC(tree) = AGB × CF (2)

Typically, CF values range between 0.47 and 0.50. In this study, to achieve more
accurate forest AGC distribution estimates, the CF for all sampled tree species was obtained
from national standards. For tree species without specified CF values in the standards, they
were categorized into soft broadleaf and hard broadleaf forest types, and the corresponding
CF values were applied accordingly.

Finally, the total AGC for each pixel was derived by aggregating the AGC of all
individual trees within the corresponding plot boundary:

Total AGC(pixel) =
n

∑
i=1

AGCi (3)

where n is the number of trees within the plot, and AGCi is the AGC of the i-th tree.
This methodological approach enabled the integration of fine-scale, tree-level measure-

ments with remote sensing data, ensuring that the resulting pixel-level AGC estimates were
accurate and compatible with the spatial resolution of multi-source remote sensing data.
However, it should be noted that this approach may still be subject to certain limitations,
such as data loss caused by mixed pixels or imperfect alignment between ground plots and
remote sensing grids, which are further discussed in the Section 4.

2.2.3. Remote Sensing Data Preprocessing

1. Optical Data

Optical data can be used to estimate forest AGC because they capture key spectral
information related to vegetation structure, canopy characteristics, and biochemical prop-
erties, which are closely correlated with biomass. The free accessibility, global coverage,
high temporal and spatial resolution, and long temporal scale of Sentinel-2 data make
them a valuable resource for monitoring forest carbon dynamics over time. The dataset
used in this study is the Sentinel-2 L2A surface reflectance product, which has undergone
atmospheric correction and orthorectification to provide high-quality, geometrically aligned
surface reflectance data. To account for the effects of cloud cover, we used imagery acquired
on 31 October 2024, which closely aligns with the timing of field surveys. In this study,
we utilized bands with a 10 m resolution (blue, green, red, and near-infrared 1) and a
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20 m resolution (red edge 1, red edge 2, red edge 3, near-infrared 2, shortwave infrared
1, and shortwave infrared 2). All bands were resampled to a 10 m resolution using the
Sen2Res processor in SNAP 11.0.0. Furthermore, previous studies have demonstrated that
spectral vegetation indices carry significant information for biomass estimation. Based on
the processed Sentinel-2 imagery, we calculated 18 commonly used vegetation indices for
biomass estimation (Table 1).

Table 1. Bands, indices, and features extracted from Sentinel-2, Sentinel-1, PALSAR, and SRTM data.

Sensor Bands, Indices or Texture Features Description

Sentinel-2 Multispectral bands B2 490 nm, blue
B3 560 nm, green
B4 665 nm, red
B5 705 nm, red edge1
B6 740 nm, red edge2
B7 783 nm, red edge3
B8 842 nm, NIR

B8A 865 nm, red edge4
B11 1610 nm, SWIR
B12 2190 nm, SWIR

Vegetation indices

ARVI, CVI, DVI, EVI, GNDVI, GRVI,
IPVI, LAI, MSAVI, MTCI, NBR,

NBR2, NDI45, NDVI, NDWI, REIP,
SAVI, WDVI

All 18 vegetation indices are calculated
based on multispectral bands.

Sentinel-1 Polarization VV Vertical–vertical polarization
VH Vertical–horizonal polarization

Indices VV + VH
All 5 indices are calculated based on the
dual-polarization backscatter coefficient

(VV and VH).

VV − VH
VV/VH
VH/VV

(VV − VH)/(VV + VH)
Texture feature Mean

Texture features are extracted from
dual-polarization backscatter coefficients

(VV and VH) using GLCM with a
7 × 7 pixel window.

Variance
Homogeneity

Contrast
Dissimilarity

Entropy
Second moment

Correlation

PALSAR Polarization HH Horizontal–horizontal polarization
HV Horizontal–vertical polarization

Indices HH + HV
All 5 indices are calculated based on the
dual-polarization backscatter coefficient

(HH and HV).

HH − HV
HH/HV
HV/HH

(HH − HV)/(HH + HV)

Texture feature Same as Sentinel-1

Texture features are extracted from
dual-polarization backscatter coefficients

(HH and HV) using GLCM with a
7 × 7 pixel window.

SRTM DEM Elevation Height above sea level
Indices Slope

All 5 indices are all calculated using
standard terrain analysis algorithms in

GIS software (ArcGIS Pro, version 3.0.1).

Aspect
Curvature

Plan curvature
Profile curvature
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2. SAR Data

SAR data, renowned for their capability to penetrate vegetation and capture structural
information under all-weather conditions, represent a critical resource for forest AGC
estimation. In this study, SAR datasets from Sentinel-1 and ALOS-2 PALSAR-2 were
employed. To ensure consistency with Sentinel-2 data, the Sentinel-1 and PALSAR data
were resampled to a 10 m spatial resolution. Sentinel-1 data, consisting of two scenes
corresponding to the field sampling period, were acquired through the European Space
Agency data portal. The data underwent preprocessing in SNAP 11.0.0 to derive VV and
VH polarized backscatter coefficients, expressed in decibels (dB). Subsequently, five dual-
polarization indices were computed based on these backscatter coefficients. Additionally,
a suite of texture features, including mean, variance, homogeneity, contrast, dissimilarity,
entropy, second moment, and correlation, was extracted using the gray-level co-occurrence
matrix method with a 7 × 7 pixel window. Due to maintenance on the official platform,
PALSAR data were obtained from Google Earth Engine (GEE). The imagery acquisition
date was selected as the closest available scene covering the Pinglu Canal Basin to the field
sampling period (30 August). The dataset provided HH and HV polarized backscatter
coefficients directly. Utilizing these coefficients, the same five dual-polarization indices
were calculated, and the same set of texture features was extracted. The integration of these
polarization indices and texture features offered detailed insights into vegetation structure
and heterogeneity, significantly enhancing the precision of forest AGC estimation across
the study area.

3. Topographic Data

Topographic factors, including elevation and terrain variability, are essential in forest
AGC estimation due to their impact on vegetation distribution, growth conditions, and
biomass accumulation. In this study, we utilized the Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM), which provides global elevation data at a spatial
resolution of 30 m. The SRTM DEM has been widely validated for its high accuracy and reli-
ability in representing topographic features. To ensure consistency with other datasets, the
SRTM data were resampled to a 10 m resolution. Furthermore, topographic variables such
as slope, aspect, and curvature were derived from the resampled DEM and incorporated
into the analysis to account for the effects of terrain on forest biomass distribution.

4. Forest Mask

The forest mask is a critical element for understanding the spatial distribution and
dynamic changes of forest cover, playing a key role in AGC estimation, biodiversity as-
sessment, and the monitoring of land use changes. In this study, the forest mask was
generated using the deep learning-based Dual-Net framework proposed by Liu et al. [41].
This algorithm integrates dual-date Sentinel-2 imagery, multimodal information fusion
(which combines spatial and temporal features), and low-level attention constraints to
enhance classification accuracy. By effectively capturing spectral, textural, and temporal
characteristics, it enables precise differentiation of land cover types. The classification
results produced by this algorithm outperform those of commonly used land cover prod-
ucts, achieving superior accuracy and enabling the generation of more refined and precise
forest masks.

In this study, land cover classification for the Pinglu Canal basin from 2021 to 2024 was
conducted using the Dual-Net framework. This framework, based on Sentinel-2 imagery,
was implemented on the AI Earth platform developed by Alibaba DAMO Academy [42].
The classification outputs were further processed to extract a forest mask. Additionally,
the mangrove areas within the mask were removed using the mangrove identification
algorithm proposed by Zhao et al. [43] in their study, with the corresponding code made

1312



Forests 2025, 16, 1130 9 of 25

available as open-source on GEE. This approach accurately delineated forested and non-
forested areas, providing a reliable dataset for subsequent analyses of forest carbon stock
and the spatiotemporal dynamics of forest cover.

5. Historical Forest AGC Data

This study utilizes the forest AGC data for China from 2002 to 2021, provided by Chen
et al. [44]. This dataset was generated at a 1 km resolution by integrating multiple remote
sensing observations, such as SAR backscatter, optical data, and passive microwave data,
with extensive field measurements and machine learning models. The dataset includes
both aboveground and belowground carbon pools, offering comprehensive and spatially
explicit information on forest carbon stock changes over the past two decades.

The AGC data were calibrated against field measurements to ensure high accuracy
and extended temporally using regression models incorporating vegetation cover and
other biophysical predictors. This dataset provides a reliable foundation for understand-
ing long-term trends in forest carbon dynamics, including regional differences in forest
biomass allocation and carbon sequestration. It, together with historical temperature and
precipitation data obtained from the ERA5_Land dataset on GEE, was instrumental in
establishing a historical baseline for analyzing the forest AGC in the Pinglu Canal basin.

2.2.4. Feature Selection

Selecting appropriate variables is crucial for constructing AGC models. Most initial
variables are chosen based on previous research findings and relevant academic experience,
followed by a summary of variables that may be effective for modeling. However, due
to differences in geographical and vegetation characteristics, the variables used for AGC
modeling often vary between different study areas. Meanwhile, in the context of machine
learning, the variable selection process is expected to improve the efficiency of the modeling
process and enhance the robustness of prediction accuracy [45]. Feature selection not
only helps reduce the complexity of the model by eliminating irrelevant or redundant
variables but also mitigates the risk of overfitting, particularly when working with high-
dimensional datasets.

In this study, a feature-level data fusion strategy was applied before feature selection
to integrate multi-source remote sensing inputs. Spectral indices (e.g., NDVI, EVI) from
Sentinel-2, radar backscatter metrics (e.g., VV, VH, entropy, second moment) from Sentinel-
1 and ALOS PALSAR-2, and topographic features (e.g., elevation, slope, curvature) from
SRTM were extracted as primary variables.

Prior to fusion, all layers underwent radiometric correction, geometric alignment,
and spatial resampling to a unified 10 m resolution using nearest-neighbor interpolation,
ensuring pixel-level co-registration across data sources. After preprocessing, variables were
min–max normalized to ensure comparability and minimize scaling bias [46]. These stan-
dardized features were then stacked at the pixel level to form a unified multivariate feature
set. This approach allows for the synergistic use of spectral, structural, and topographic
information, capturing the complementary characteristics of each sensor type.

Unlike raw stacking, the fusion process in this study emphasizes cross-source consis-
tency and physical interpretability of features. Similar feature-level fusion strategies have
been widely applied and validated in previous studies for enhancing forest biomass and
carbon estimation accuracy [28,40,47,48].

To achieve these benefits, this study employed the RFE method to perform variable
selection. In the RFE process, an external estimator is provided to assign weights to the
features [49]. The estimator is first trained on the initial feature set to determine the
importance of each feature. Subsequently, the least important feature is removed from
the current feature set. This process is recursively repeated on the pruned feature set
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to perform feature selection. In this study, RF was used as the feature estimator [50].
RF is highly appropriate for this application, given its capacity to model complex non-
linear relationships and variable interactions, along with its resistance to multicollinearity
issues. The number of selected features was determined through automated tuning via
cross-validation. The optimization and comparison of feature subsets were based on the
coefficient of determination (R2) and root mean square error (RMSE) obtained from ten-fold
cross-validation.

By systematically identifying the most important features, this approach ensures
that the final model is not only accurate but also computationally efficient. Additionally,
focusing on the most relevant variables allows for better generalization to unseen data,
further enhancing the applicability and reliability of the AGC estimation model across
different study areas.

2.2.5. Machine Learning Algorithms

To evaluate the suitability and predictive performance of different modeling ap-
proaches for AGC estimation, four representative machine learning algorithms were tested:

MLR is a fundamental statistical technique used to characterize the relationship be-
tween a dependent variable and several independent predictors [51]. It assumes that the
dependent variable is a linear combination of the predictors. MLR is computationally
efficient and interpretable, making it useful for initial analysis when relationships are
expected to be linear. However, it may not capture complex nonlinearities, which limits its
performance in more intricate datasets.

SVR extends the concept of Support Vector Machines to regression tasks [52]. SVR aims
to find a function that fits the data while allowing for some error within a specified margin.
By using kernel functions, such as the radial basis function kernel, SVR can effectively
capture nonlinear relationships. This makes SVR particularly suitable for modeling complex
patterns in high-dimensional data, as is common in remote sensing applications.

RF is an ensemble learning method that constructs multiple decision trees and ag-
gregates their outputs to improve prediction accuracy and reduce overfitting. It handles
high-dimensional and nonlinear data effectively and is robust to noise and multicollinearity.
RF has been widely applied in remote sensing studies due to its interpretability, resistance
to overfitting, and ability to estimate variable importance.

Extreme Gradient Boosting is a powerful ensemble algorithm based on gradient boost-
ing decision trees [53]. It builds models sequentially, with each new tree correcting errors
made by the previous ones. XGBoost is known for its high predictive performance, regular-
ization capabilities, and computational efficiency. It has gained popularity in environmental
modeling tasks for its ability to handle complex feature interactions and large datasets.

These methods represent both linear and nonlinear regression techniques commonly
used in remote sensing and environmental modeling. Each algorithm was selected and
handled based on its characteristics and typical usage in similar tasks [54].

MLR, as a classical linear baseline, does not involve hyperparameters, but RFE was
applied beforehand to address multicollinearity and improve model robustness. SVR was
implemented with a radial basis function kernel, commonly used for capturing nonlinear
patterns [55]. Grid search was performed to select the penalty parameter C ∈ {0.1, 1, 10,
100} and kernel coefficient γ ∈ {0.01, 0.1, 1}, based on prior studies and empirical testing.

For the tree-based ensemble methods, RF and XGBoost, hyperparameter tuning was
essential due to their flexible structure and potential to overfit [36]. For RF, the following
parameters were tuned via grid search: number of trees (n_estimators ∈ {100, 200, 300}),
maximum tree depth (max_depth ∈ {3, 6, 9}), tree depth (max_depth ∈ {10, 20, None}),
minimum samples required at a leaf node (min_samples_leaf ∈ {1, 2, 3, 4, 5}), minimum
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samples to split a node (min_samples_split ∈ {2, 4, 6, 8, 10}), and number of features
considered at each split (max_features ∈ {‘auto’, ‘sqrt’, ‘log2’}). Similarly, XGBoost was
tuned over key parameters: learning rate (eta ∈ {0.01, 0.05, 0.1}), number of boosting
rounds (n_estimators ∈ {100, 200, 300}), tree depth (max_depth ∈ {1, 2, 3, 4, 5, 6, 7, 8,
9}), and subsampling ratio (subsample ∈ {0.6, 0.8, 1.0}). These configurations allowed
for a comprehensive search of the model space, enhancing both prediction accuracy and
generalizability [56].

All models were trained and validated using ten-fold cross-validation, which parti-
tions the dataset into ten equal parts and iteratively uses one for validation and the rest
for training [57]. This approach helps reduce overfitting and ensures a fair and robust
comparison across models. Performance was evaluated using R2 and RMSE.

Among all tested algorithms, the RF model—combined with RFE and hyperparameter
tuning—demonstrated the best predictive performance and was therefore selected for
high-resolution, pixel-level AGC mapping. This selection is supported by the quantitative
comparison presented in Section 3.2, where RF achieved the highest R2 and lowest RMSE
among all models.

2.2.6. Model Evaluation

To evaluate the performance of the selected feature and machine learning models, we
split the dataset into a training set (70%) and a test set (30%). This study employed 10-fold
cross-validation to test model hyperparameters and address issues such as overfitting. The
models were assessed using two primary metrics: RMSE and R2. RMSE provides a measure
of the average prediction error, with lower values indicating better model performance.
The R2 value quantifies the proportion of variance in the target variable explained by the
model, with higher values indicating a better fit. The formulas for RMSE and R2 are defined
as follows:

RMSE =

√√√√ 1
n

n

∑
i=1

(yi − ŷi)
2

(4)

R2 = 1 −

n
∑

i=1
(yi − ŷi)

2

n
∑

i=1
(yi − y)2

(5)

where n is the observed sample size, yi is the observed value for observation i, ŷi is the
predicted value i, and y is the mean of the observed values.

3. Results
3.1. Data Collection Comparison and Feature Selection

This study employed RFE to identify the most relevant input variables and utilized
ten-fold cross-validation to evaluate the prediction performance across different feature
set combinations. The input variables were derived from three main sources: optical data
(Sentinel-2), Synthetic Aperture Radar imagery (Sentinel-1 and PALSAR), and topographic
attributes (SRTM). Random Forest was used as the modeling framework to assess the
effectiveness of individual and fused datasets, both prior to and following feature selection.

For models trained on individual datasets, Sentinel-1 (S1) outperformed the others in
estimation accuracy, followed by Sentinel-2 (S2). PALSAR and SRTM yielded comparatively
lower accuracy, which may be attributed to their coarser spatial resolution and the mismatch
in acquisition time between the remote sensing imagery and field data collection. Among
the pairwise data combinations, the S1 and SRTM duo produced the best results, followed
by the S1 and S2 combination. When three datasets were used, the integration of S2, S1, and
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SRTM showed the most reliable performance. Finally, when all four datasets were combined
(ALL), the accuracy was slightly higher than the S2 + S1 + SRTM configuration, making
it the best-performing combination overall. These findings indicate that incorporating a
greater diversity of data sources generally enhances estimation accuracy.

Table 2 reveals that removing S1 data from any two- or three-source combination
led to a substantial decline in accuracy. This emphasizes the unique contribution of S1,
which offers the ability to penetrate cloud cover and forest canopies, capturing critical
structural details such as canopy density and vegetation type. Such structural insights
are vital for AGC estimation, particularly in ecologically complex or topographically
varied regions. Furthermore, S1 complements other datasets by supplying information
that cannot be obtained through optical or topographic sources alone, thus strengthening
model robustness.

Table 2. Comparison of forest AGC estimation models using different remote sensing data combina-
tions.

Sensor Number R2 RMSE Selected R2 RMSE

S2 28 0.441 19.370 24 0.446 19.281
S1 23 0.577 17.723 22 0.580 17.662

PALSAR 23 0.356 19.113 11 0.360 19.053
SRTM 6 0.342 24.017 4 0.361 21.696

S2 + S1 51 0.601 16.361 42 0.610 16.190
S2 + PALSAR 51 0.494 19.217 28 0.503 19.063

S2 + SRTM 34 0.495 18.160 14 0.506 17.949
S1 + PALSAR 46 0.601 17.482 45 0.608 17.555

S1 + SRTM 29 0.615 16.897 22 0.630 16.569
PALSAR + SRTM 29 0.422 20.130 28 0.431 19.979

S2 + S1 + PALSAR 74 0.621 12.634 50 0.658 11.999
S2 + S1 + SRTM 57 0.640 13.373 37 0.655 13.090

S2 + PALSAR + SRTM 57 0.499 19.298 41 0.520 18.887
S1 + PALSAR + SRTM 52 0.616 14.067 51 0.632 13.613

ALL 80 0.647 12.191 21 0.659 11.980

Post-RFE, the number of retained features differed significantly across data combina-
tions. However, there was no clear linear relationship between the number of features and
the overall model performance. Although feature reduction varied, the relative ranking of
each combination in terms of prediction accuracy remained stable. As detailed in Table 2,
the combinations of S2 + S1 + PALSAR, S2 + S1 + SRTM, and ALL yielded favorable
results, with the ALL set producing the highest accuracy and the fewest features. When
model accuracy was comparable, the dataset with fewer selected features offered greater
computational efficiency in prediction tasks.

3.2. Model Validation

Using the optimized subsets of selected features, we developed models based on
MLR, SVR, and RF and XGBoost algorithms with hyperparameters fine-tuned via grid
search. The generalization performance of each model was then assessed using the reserved
test dataset.

To facilitate comparison, three data combinations were chosen—S2 + S1 + PALSAR,
S2 + S1 + SRTM, and the comprehensive ALL dataset—as they had shown similar potential
during the feature selection stage. Figure 4 illustrates the model accuracies across all four
algorithms for these combinations.
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Figure 4. Comparison of forest AGC estimation using different algorithms and data combinations.

Validation outcomes demonstrate that model performance varied notably depending
on the data inputs, with the ALL dataset (integrating S1, S2, PALSAR, and SRTM) yielding
the highest accuracy overall. Among the modeling approaches, the grid-search-optimized
RF and XGBoost algorithms consistently outperformed the others. In contrast, MLR pro-
duced the poorest results regardless of the input combination, likely due to its inability to
effectively model the complex nonlinear patterns associated with forest AGC. Although
SVR performed better than MLR, it still struggled to accommodate the intricate nature of
the multi-source dataset. Comparatively, RF and XGBoost, with their enhanced nonlin-
ear learning capabilities, achieved superior performance, with RF delivering the highest
accuracy under the ALL configuration (R2 = 0.818, RMSE = 11.126 tC/ha).

These results underscore the advantages of integrating diverse remote sensing datasets
for improved AGC estimation. The RF model in particular emerged as the most effective
method due to its robustness and adaptability to nonlinear relationships. Consequently,
the RF model optimized with grid search under the ALL data configuration was selected as
the final estimation model for forest AGC in the Pinglu Canal basin. This model not only
achieved the best predictive performance but also benefited from using a minimal subset of
features, thus enhancing computational efficiency while maintaining high estimation relia-

1317



Forests 2025, 16, 1130 14 of 25

bility. Its effectiveness makes it particularly well suited for the spatiotemporal assessment
of AGC within the study area.

3.3. Spatial Distribution of Forest AGC in the Pinglu Canal Basin

Based on the optimized Random Forest model under the ALL data combination, the
estimated forest AGC values are shown in Figure 5. The figure reveals significant spatial
variability in the AGC across the Pinglu Canal basin. Overall, high-carbon-stock areas are
primarily distributed in the northern upstream and central regions, particularly in areas
with dense forest coverage, where the AGC values can reach up to 66.85 tC/ha. In contrast,
the downstream regions, especially near river corridors, exhibit noticeably lower carbon
stock, with most values ranging from 6.37 to 25.58 tC/ha, represented by lighter colors. The
trend of decreasing carbon stock from north to south is attributed to the dense vegetation
and extensive forest coverage in the northern and central regions, whereas the downstream
areas have reduced vegetation coverage due to agricultural activities, urban expansion,
or infrastructure development. Statistical analysis of all pixels indicates that the average
aboveground carbon density in the study area is 37.38 tC/ha. The statistical histogram
of the pixel values shows that the majority of aboveground carbon density values in the
study area fall within the range of 28 to 52 tC/ha. Furthermore, based on the forest area
of the study region (6.07 × 104 ha), the total aboveground carbon stock is calculated to be
2.26 × 106 tC.

Figure 5. Spatial distribution and profile statistics of AGC in the Pinglu Canal basin. Panels a–c show
representative high- and low-carbon-density areas corresponding to real land cover conditions.
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4. Discussion
4.1. Addressing Spatial Heterogeneity in AGC Estimation with Advanced Sampling Methods

Accurate estimation of forest AGC largely depends on the precise alignment between
field measurements and remote sensing data. Traditional methods typically rely on match-
ing sample plots to satellite pixels by recording the plot’s central coordinates or corner
coordinates and aggregating plot-level attributes [58,59]. However, these methods assume
uniform distribution of attributes within plots, neglecting spatial heterogeneity, and often
result in misalignment with pixel grids, leading to inaccuracies in AGC estimation.

To address these limitations, we adopted a sampling method inspired by UAV studies,
utilizing handheld RTK devices to record precise coordinates for each tree, enabling accurate
alignment of tree point data with Sentinel-2 pixel grids. Unlike traditional methods, this
approach accurately maps individual tree positions to corresponding pixel grids, capturing
the spatial heterogeneity within sample plots. Pixels with missing or incomplete data were
excluded, ensuring that only fully representative pixels were used for AGC estimation.
This preserves the variability of forest attributes while avoiding the assumption of uniform
distribution. Additionally, the alignment with Sentinel-2 grids minimizes errors caused
by misregistration between field plots and remote sensing data, significantly enhancing
the accuracy of pixel-level AGC estimation [60]. By accounting for within-plot variability,
excluding incomplete pixels, and ensuring precise correspondence between field data and
satellite imagery, our method establishes a more reliable foundation for AGC modeling
and spatial analysis. To further validate this, we conducted a global spatial autocorrelation
analysis using Moran’s I [61]. It would provide further insights into the spatial structure of
carbon storage and could help evaluate the effectiveness of different sampling or modeling
strategies in representing spatial variability [62]. The result yielded a value of 0.77 (p < 0.01),
indicating strong and statistically significant positive spatial autocorrelation. In addition, a
local spatial clustering analysis was conducted to further examine the distribution pattern
of AGC values (Figure 6).

As shown in Figure 6, significant high–high clusters were mainly concentrated in the
central and northern areas of the forested region, where vegetation is denser and more
continuous. In contrast, low–low clusters appeared along the southern and peripheral
zones, which may reflect more fragmented or sparse forest stands. These spatial patterns
emphasize the non-random distribution of forest carbon and further demonstrate the
capacity of our pixel-level modeling framework to capture ecological spatial variability.

An additional advantage of our approach is its ability to significantly increase the
number of modeling-ready AGC pixels derived from field data. Using 37 sample plots, we
were able to obtain 158 forest AGC pixels for modeling, compared to traditional survey
methods, where typically only one AGC pixel can be generated per sample plot [63]. This
substantial increase in pixel-level data density enhances the robustness of AGC modeling by
providing a more comprehensive representation of spatial variability, ultimately improving
model performance and reliability.

A major limitation of our approach is the reduced utilization of field data due to the
exclusion of incomplete pixels. As a result, many individual tree data points were not
incorporated into the current analysis. Specifically, approximately 43% of individual tree
data were excluded from this study. For 10 sample plots, the utilization rate of individual
tree data was even below 45%, highlighting the limitations of the current approach in fully
leveraging available data.
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Figure 6. Local Moran’s I cluster map of forest aboveground carbon stock in the Pinglu Canal basin.

To address this issue in future work, we plan to integrate UAV LiDAR data for
individual tree biomass estimation, allowing for the full utilization of all individual tree
data [64,65]. This integration would enable the generation of additional forest AGC pixels,
further enhancing data density and improving the overall robustness of AGC modeling.

4.2. Relationship Between Multiple Source Factors and AGC

Analyzing the interplay between various data sources and AGC underscores the criti-
cal value of integrating multi-source remote sensing inputs for improving AGC prediction
accuracy [66]. This study offers an in-depth evaluation of feature importance rankings
alongside correlation analyses between selected variables and AGC, highlighting how
inputs from diverse datasets contribute to model performance.

As shown in Figure 7, features derived from S1, S2, PALSAR, and SRTM exhibit
varying degrees of influence in the AGC estimation model. Among them, S1 features—
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particularly VH-based entropy and second moment—emerge as the most influential, pri-
marily due to their effectiveness in capturing vegetation structural complexity and tex-
ture [67]. S2-derived indices, such as the Normalized Burn Ratio (NBR) and Red-Edge
Inflection Point (REIP), also rank highly, underscoring the role of spectral metrics in reflect-
ing canopy condition and health [68]. Although variables from PALSAR and SRTM like
variance (HH) and profile curvature demonstrate lower importance scores, they provide
supplementary information related to terrain and surface structure. These outcomes reveal
the complementary benefits of combining datasets: S1 and S2 serve as the primary contrib-
utors to AGC prediction, while PALSAR and SRTM reinforce model stability by offering
structural and topographic context.

Figure 7. Relative importance ranking of multi-source remote sensing features in the random forest
model optimized by grid search.

Further insights are provided in Figure 8, which displays the relationships between
AGC and selected variables across different forest categories. In the aggregated dataset
(ALL), moderate positive correlations are observed between AGC and S1 variables such
as VH-VV and VH entropy, highlighting the relevance of SAR-derived structural features.
S2 metrics consistently show absolute correlation coefficients exceeding 0.4, reflecting
their importance in representing vegetation properties and spatial carbon distribution,
especially in regions with lower to medium biomass levels. Conversely, terrain attributes
(e.g., SRTM-derived profile curvature) and specific PALSAR variables (e.g., HV contrast
and HH variance) display weaker correlations with AGC.

Distinct forest types exhibit unique patterns in feature relevance. For eucalyptus
stands, S2 variables like NBR and B12 are strongly associated with AGC, indicating spectral
indices’ sensitivity to eucalyptus canopy and biomass dynamics [69]. Slash pine, on the
other hand, responds more to structural inputs from S1 and PALSAR, as reflected by
stronger correlations with VH correlation and HV mean. Masson pine AGC correlates
robustly with all S1-derived metrics, suggesting its structural characteristics are well
captured by radar data. In mixed forests, a notable positive relationship is observed
between AGC and the HV mean from PALSAR, signifying the value of SAR data in
detecting structural heterogeneity. Interestingly, AGC in these mixed stands is negatively
correlated with terrain variables from SRTM, indicating that complex topography, such
as steep slopes, may inhibit forest growth and reduce carbon accumulation [70,71]. A
summary comparison of the key variables from each data source and their relevance to
AGC modeling across forest types is provided in Table 3.
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Figure 8. Correlation heatmap of AGC and modeling features across different tree species.

Table 3. Summary of Key Variables from Multi-Source Datasets and Their Relationship with AGC.

Data Source Key Variables Importance/
Feature Role

Typical Forest
Types

Correlation with
AGC

Notes/
Interpretation

Sentinel-1
Entropy (VH),

VH-VV, second
moment (VH)

High—captures
structure and

texture
Masson pine Moderate to high

Key radar variables for
structure; performs

well in high-biomass
and coniferous areas

Sentinel-2 NBR, REIP, B12
High—spectral

condition
indicators

Eucalyptus Moderate to high

Sensitive to canopy
health and chlorophyll;
good in low–medium

biomass zones

PALSAR Variance (HH),
HH, mean (HV)

Medium—
supplementary

structure
Mixed forests Low to moderate

Adds heterogeneity
info, useful in mixed

stands

SRTM Profile_curvature,
aspect

Low—topographic
background Mixed forests Weak

Reflects terrain
influence; steep areas

may limit carbon
accumulation

Collectively, these results emphasize the significance of fusing multi-source datasets in
AGC modeling. Sentinel-1 plays a crucial role by providing structural and textural details;
Sentinel-2 offers rich spectral indicators of canopy health; and both PALSAR and SRTM
add contextual information related to elevation and landscape complexity. The integration
of these complementary data sources enables comprehensive and accurate carbon stock
estimation across varied forest ecosystems [72].

4.3. Analysis of Interannual Variation of AGC and Area Change in the Pinglu Canal Basin Forest

To better evaluate the impact of canal construction on the forest ecosystem within the
basin, analyses were conducted at two spatial scales [73]: the entire basin and a 1 km buffer
zone around the river channels, which represents the Environmental Impact Assessment
(EIA) area. Figure 9 illustrates the forest area dynamics in the Pinglu Canal basin from
2021 to 2024, based on forest masks generated in this study. The figure reveals significant
interannual variations in forest area, driven by both canal construction activities and
subsequent ecological restoration measures.
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Figure 9. Annual forest area dynamics: increase and decrease.

In the EIA area, where construction activities were most concentrated, the forest
area experienced a significant decline in 2022 due to land clearing for canal construction.
Although reforestation measures improved forest cover in 2023 and 2024, the forest area
in the EIA zone had not yet returned to 2021 levels by 2024. This is primarily due to the
ongoing construction of the Pinglu Canal, as several areas within the 1 km buffer zone
remain occupied by engineering projects, limiting the extent of forest recovery. In contrast,
the entire watershed showed a more balanced trend. The forest area initially decreased from
59,683.73 ha in 2021 to 57,880.31 ha in 2022, reflecting the broader deforestation impact of
construction activities. However, from 2023 onwards, forest recovery efforts led to a steady
increase, culminating in 60,669.97 ha by 2024, demonstrating the effectiveness of large-
scale conservation and reforestation initiatives [74]. These findings indicate that, although
ongoing construction activities within the EIA area continue to hinder the complete recovery
of forests to pre-construction levels, proactive conservation and reforestation measures
have significantly increased forest area across the entire watershed.

Furthermore, a historical baseline scenario for the Pinglu Canal basin was established
using historical AGC data from 2002 to 2021 and precipitation and temperature data ob-
tained from the ERA5_Land dataset on GEE. A linear model was employed for fitting and
prediction, yielding the predicted 2024 forest AGC with R2 = 0.76 and RMSE = 184,137.79 tC
for the entire basin, and R2 = 0.70 and RMSE = 34,188.66 tC for the EIA area. The predicted
values were then compared with the AGC estimates for 2024 derived in this study using
multi-source remote sensing data. For the entire basin, the baseline scenario predicts a
carbon stock of 2,079,631.86 tC, while the estimate based on multi-source remote sens-
ing data is higher, at 2,260,779.61 tC, reflecting the positive impact of reforestation and
conservation measures implemented during the canal construction period. Similarly, in
the EIA area, the baseline scenario predicts 359,349.23 tC, whereas the estimated value
reaches 370,767.55 tC, despite ongoing construction activities. These findings highlight the
effectiveness of targeted vegetation restoration and protection efforts in enhancing carbon
sequestration, even under the constraints of large-scale infrastructure projects [75].

Since the construction of the Pinglu Canal began in July 2022, afforestation efforts
along the canal’s route, as reported by the Guangxi Forestry Bureau, have resulted in
the completion of 19,063 ha of new forest plantations. These efforts have significantly
strengthened ecological restoration in the counties and districts traversed by the canal.
While the construction activities have inevitably impacted the forest ecosystems along
the canal, proactive forest conservation and vegetation restoration measures have sub-
stantially mitigated these effects. The overall forest area in the basin has increased, and
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carbon stock estimates for both the entire basin and the EIA zone in 2024 exceed baseline
scenario predictions. These efforts have not only enhanced carbon sequestration capacity
but also improved the resilience and stability of the forest ecosystems. Such findings
highlight the importance of embedding ecological compensation and vegetation recovery
into infrastructure planning frameworks. Their demonstrated effectiveness suggests that
large-scale projects like the Pinglu Canal can serve as models for integrating development
with environmental goals, including carbon neutrality targets and land-use policy. Addi-
tionally, the use of multi-source remote sensing offers a scalable, cost-effective approach for
tracking ecological impacts and restoration effectiveness, thereby supporting data-driven
environmental governance. This case demonstrates that, with well-planned restoration
initiatives, development and ecological protection are not mutually exclusive, but can be
jointly pursued within a sustainable planning framework [76].

4.4. Method Comparison and Applicability

Recent advances in AGC estimation have focused on multi-source remote sensing
integration and machine learning techniques. Current mainstream approaches can be
broadly categorized as follows:

(1) Spaceborne LiDAR-based modeling using GEDI or ICESat-2

These methods utilize LiDAR observations to extract forest vertical structure features
such as canopy height and layering [77]. They are effective in alleviating spectral saturation
in high-biomass areas and are widely used for global-scale AGC estimation. However, due
to sparse sampling density and discontinuous spatial distribution, they are not suitable
for pixel-level wall-to-wall mapping. This limits their applicability in local-scale ecological
engineering assessments, where a trade-off exists between accuracy and spatial coverage.

(2) High-resolution remote sensing modeling based on deep learning (e.g., CNN, Trans-
former)

Deep learning has been increasingly applied in remote sensing, enabling end-to-
end AGC estimation using high-resolution imagery. These models can achieve excellent
prediction accuracy in regions with abundant training data and stable land cover [78].
However, they require large volumes of high-quality labeled samples, lack interpretability,
and are sensitive to data imbalance or domain shifts. These limitations restrict their
generalizability in ecologically heterogeneous regions.

(3) Empirical regression models based on vegetation indices or topographic variables

Traditional regression models use vegetation indices such as NDVI or EVI to establish
empirical relationships with AGC [79]. These methods are simple to implement and scal-
able, making them suitable for broad regional assessments. However, they are vulnerable
to saturation effects and terrain-induced distortion, and are limited in estimating AGC in
structurally complex or data-sparse environments.

This study proposes a practical alternative that combines open-access data from
Sentinel-2, Sentinel-1, ALOS PALSAR, and SRTM with a Random Forest model optimized
by RFE and hyperparameter tuning. The resulting model achieves 10 m-resolution AGC
mapping with high accuracy. Unlike approaches that rely on LiDAR or complex neural
networks, this method balances accuracy, interpretability, and cost-efficiency, making it
suitable for regions with complex ecosystems and limited ground data.

All remote sensing data used in this study are freely available through the GEE and
Copernicus platforms, enabling scalable applications. Importantly, although the model
requires representative ground samples for training, it does not rely on extensive or updated
forest inventories. Once trained, the model can be applied across larger areas using only
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remote sensing features, offering a practical solution for regions with limited field data but
adequate satellite coverage.

This approach is particularly applicable in developing regions, coastal ecosystems,
and infrastructure corridors, where field surveys are often constrained. To further improve
model automation and accuracy, future work may integrate UAV-based LiDAR data with
remote sensing variables to obtain detailed structural information while reducing the labor
cost of field campaigns.

Nevertheless, three limitations remain. First, the model lacks explicit structural metrics
such as canopy height, which may lead to underestimation in dense forests. Second, the
absence of time-series features limits the capacity to capture seasonal and interannual
dynamics. Third, the model still depends on ground plot data for training, and performance
may decline if plot distribution or quality is insufficient.

To establish a baseline scenario, we used a simple linear regression model based on
AGC trends from 2002 to 2021. While straightforward, this approach may oversimplify
complex ecological processes. Future studies could explore more robust time-series models
such as ARIMA [80] or LSTM [81] to better account for nonlinear drivers of AGC change.

5. Conclusions
The accurate estimation of forest AGC is critical for addressing climate change and

achieving sustainable development. In this study, we integrated high-resolution remote
sensing data with machine learning techniques to explore the application of multi-source
remote sensing data and model optimization in AGC estimation, focusing on evaluating the
impact of the Pinglu Canal construction on the forest ecosystem. The main contributions of
this study are as follows:

• By integrating high-precision tree-level coordinate data obtained from RTK with
Sentinel-2 imagery, this study developed a high-quality, pixel-level AGC dataset for
the Pinglu Canal basin in 2024. This approach effectively addressed key challenges,
including aligning field measurements with satellite data resolution and capturing
spatial heterogeneity, thereby providing a robust foundation for accurate carbon
stock estimation.

• Using RFE, we conducted effective feature selection and compared the estimation
capabilities of different machine learning models. Among all tested data combina-
tions and models, the hyperparameter-optimized RF model demonstrated the best
performance in AGC estimation. Based on this, we generated a 10 m-resolution AGC
spatial distribution map for the Pinglu Canal basin, offering a visual tool for carbon
stock monitoring.

• By comparing the predicted 2024 AGC under a baseline scenario with the estimated
AGC derived from multi-source remote sensing data and field survey data under
actual conditions, we found that active forest conservation and vegetation restora-
tion measures during the Pinglu Canal construction period resulted in better forest
growth than natural growth scenarios. This highlights the potential for large-scale
infrastructure projects to achieve a certain degree of harmony between construction
and forest ecosystem protection.

Our methodology, relying on freely accessible remote sensing data as predictors for
machine learning models, combined with high spatial and temporal resolution satellite
imagery, proved to be cost-effective, scalable, and highly reliable for AGC estimation in
the Pinglu Canal basin. To further enhance data utility and improve AGC estimation
accuracy, future work will integrate UAV-based LiDAR data with multi-source remote
sensing datasets.
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A B S T R A C T

Assessing biodiversity change is crucial for evaluating the ecological impacts of infrastructure development. 
Taking the Pinglu Canal as an example, this study integrates Rao's Q index, remote sensing data, and landscape 
metrics to analyze the ecological pattern changes and restoration benefits before and after canal construction 
from 2015 to 2024. Results indicated that canal construction significantly intensified fragmentation of forests, 
wetlands, and farmlands, resulting in about a 25 % decrease in Rao's Q index during the initial construction 
phase (2022), reflecting notable biodiversity loss. Following ecological restoration measures (such as affores
tation compensation and wetland restoration) implemented in 2023–2024, Rao's Q showed differentiated re
coveries across ecosystems, with forest ecosystems recovering by approximately 20 %, respectively. This research 
confirms that the Rao's Q index is suitable for evaluating biodiversity changes in heterogeneous landscapes but 
may overestimate biodiversity in homogeneous ecosystems like mangroves, thus necessitating correction through 
complementary metrics. The findings provide important theoretical support and practical references for 
ecological restoration planning in infrastructure projects.

1. Introduction

Modern canals, as essential waterway infrastructure, are widely 
utilized in shipping, irrigation, drainage, energy production, and 
ecological management(Lin et al., 2020). Globally, canals play a pivotal 
role in promoting regional economic development and optimizing 
resource allocation, particularly in connecting inland areas with the 
ocean, improving transportation efficiency, and reducing transport 
costs, making them irreplaceable in these domains. Despite their sig
nificant contributions to economic and social development, the con
struction and operation of modern canals pose potential threats to local 
ecosystems and biodiversity(Condit et al., 2001). Canal construction 
often involves large-scale land excavation and modification, leading to 

the destruction or fragmentation of natural ecosystems such as wetlands, 
forests, and grasslands(Han et al., 2024). This fragmentation effect is 
particularly concerning when canals traverse biodiversity-rich areas, as 
it may severely disrupt habitats, thereby affecting species survival and 
reproduction(Tang et al., 2021). For instance, canals can sever migra
tion corridors, resulting in population isolation, reduced genetic di
versity, and an increased risk of species extinction. Such ecological 
disturbances underscore the need for comprehensive environmental 
assessments and mitigation strategies to balance the benefits of canal 
development with biodiversity conservation(Zhao et al., 2025). As a 
flagship project of China's “New Western Land-Sea Corridor”, the Pinglu 
Canal exemplifies the intersection of large-scale artificial construction 
and ecologically sensitive zones, making it a representative case for 
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evaluating the ecological impacts of infrastructure development on 
biodiversity and landscape patterns.

Landscape metrics are scientific indicators used to quantify land
scape spatial patterns, primarily describing the composition, shape, 
spatial distribution, and ecological functions of landscape patches 
(Schindler et al., 2015). The concept of landscape metrics can be traced 
back to the 1980s when ecologists and geographic information science 
researchers began to explore the influence of landscape spatial structure 
on ecosystem functions(Turner, 1989). In recent years, with advance
ments in remote sensing technology and GIS(geographic information 
systems), landscape metrics have played a crucial role in studying the 
relationships between landscape patterns and ecological processes 
(Arekhi et al., 2017; Li and Wu, 2004; Turner, 2014). They have become 
essential tools for analyzing land-use change, ecosystem services, spe
cies habitat patterns, and environmental management. Landscape met
rics are widely applied in ecological conservation, urban planning, 
agricultural landscape management, and ecosystem assessment(Reddy, 
2021; Ricotta et al., 2016).

Biodiversity refers to the diversity of all life forms on Earth, 
encompassing multiple levels from genes to ecosystems(Bullock et al., 
2011; Jorgensen, 2015). Species diversity, a fundamental component of 
biodiversity, specifically denotes species richness, evenness, and inter
species relationships within a given region(Atkinson et al., 2022). It 
serves as a critical indicator of ecosystem health and stability, playing a 
pivotal role in ecosystem productivity, nutrient cycling, soil and water 
conservation, and climate regulation(Hernández-Stefanoni et al., 2012). 
Species diversity not only considers the number of species but also ac
counts for the distribution, population size, and functional roles of 
species within an ecosystem(Benayas et al., 2009; Borges-Matos et al., 
2023). Ecosystems with high species diversity provide diverse habitats, 
facilitate the survival of various organisms, and enhance ecosystem 
resilience and resistance to environmental disturbances(Chen et al., 
2024; Graham et al., 2019; Vihervaara et al., 2017).

Although traditional biodiversity indices like Shannon and Simpson 
indices are commonly utilized to assess ecological impacts of infra
structure development, these approaches often exhibit biases in biodi
versity estimation within homogeneous vegetation systems and fail to 
adequately capture ecosystem structural complexity and heterogeneity 
(Aue et al., 2012; Malavasi et al., 2021). Rao's Q (Rao's Quadratic En
tropy Index) is a landscape metric used to measure species diversity and 
evenness within an ecosystem. Originally proposed by (Rao, 1982), this 
index has been widely applied in ecological studies. Unlike traditional 
species richness or the Shannon-Wiener Diversity Index, Rao's Q not only 
accounts for species richness but also incorporates species similarity, 
reflecting species distribution and relative abundance.(Rocchini et al., 
2017) was the first to use multidimensional remote sensing data to es
timate Rao's Q index, highlighting its advantages over remotely sensed 
Shannon diversity indices. Rao's Q index, capable of simultaneously 
considering species richness and functional dissimilarity, has been 
gradually applied in remote sensing-based biodiversity assessment in 
complex ecosystems, demonstrating potential advantages over tradi
tional indices(Gillespie et al., 2008; Rocchini et al., 2010; Khare et al., 
2021). However, studies focusing on ecosystem heterogeneity changes 
during the construction of large-scale artificial canals are limited, and 
the applicability of Rao's Q in homogeneous ecosystems like wetlands 
has not been systematically validated (Rocchini et al., 2019; Rocchini 
et al., 2024).

This study addresses the following questions: How does large-scale 
canal construction impact regional ecological diversity and landscape 
heterogeneity? Can Rao's Q index reflect these changes more accurately 
than traditional indices? Taking the under-construction Pinglu Canal as 
a case, this research integrates Rao's Q index, remote sensing data, and 
landscape metrics to explore the ecological impact of canal construction, 
validate the effectiveness of Rao's Q in biodiversity assessment, and 
identify ecosystem-specific responses to construction and restoration 
activities. The findings aim to provide a scientific basis and management 

recommendations for future infrastructure development and ecological 
restoration planning.

2. Materials and methods

2.1. Study area

The Pinglu Canal (108◦35′ E-109◦04′ E, 21◦44′ N-22◦38′ N) is an 
under-construction canal located in Guangxi, China (Fig. 1). It has a total 
length of 135 km, a width ranging from 80 to 145 m, and a water depth 
of 6.0–6.5 m, allowing navigation for 5000-ton inland vessels. The canal 
features three cascade ship locks along its course and commenced con
struction in March 2022.Unlike natural rivers, the Pinglu Canal is a 
completely newly constructed artificial waterway, rather than an 
expansion or dredging of an existing river. Consequently, its construc
tion has caused greater disturbances to the original ecosystem, resulting 
in more pronounced fragmentation effects. The project involves large- 
scale deforestation, wetland transformation, and farmland acquisition, 
significantly impacting ecosystem integrity, biodiversity, and ecological 
services within the watershed. In the short term, these changes have led 
to habitat loss, alterations in ecological functions, and a potential 
decline in biodiversity(Cao et al., 2025).

The canal region is characterized by a typical karst landscape, with 
complex terrain, highly heterogeneous ecosystems, and rapid land-use 
transitions(Peel et al., 2007). The biotic communities in this region 
exhibit a high degree of local adaptation. Against this backdrop, tradi
tional biodiversity metrics such as the Shannon index and Simpson index 
may fail to fully capture changes in landscape structural complexity and 
ecological heterogeneity. In contrast, the Rao's Q index, by integrating 
species richness and functional dissimilarity, provides a more precise 
assessment of landscape fragmentation, declines in ecological connec
tivity, and habitat diversity dynamics before and after canal 
construction.

Based on the land use scope of the Pinglu Canal and relevant Chinese 
policies on river ecological protection, this study examines the Pinglu 
Canal Basin at two spatial scales: 

1) Occupied area of the canal project: Defined according to the official 
construction planning boundaries.

2) Canal watershed: Delineated using China's administrative divisions, 
the HydroSHEDS watershed dataset (hybas_as_lev12_v1c), and the 
pour point dataset (hybas_pour_lev12_v1_shp). The watershed 
boundaries were extracted using the Watershed Tool in ArcGIS Pro.

The construction of the Pinglu Canal involves multiple ecological 
restoration projects (Table 1), which are implemented concurrently with 
canal development. As of October 2024, approximately 50 % of the 
ecological restoration projects have been completed, with major 
achievements including ecological slope protection, landscape greening, 
mangrove compensation, and farmland creation projects.

2.2. Field data

In October 2024, a vegetation species diversity survey was con
ducted across 77 sampling plots within the study area, covering most of 
the major natural ecosystems in the Pinglu Canal Basin (natural forests, 
plantations, and mangroves). RTK equipment (spatial error < 2 cm) was 
used to obtain the geographic coordinates of the four corners and the 
center of each plot. All vegetation species and plant parameters within 
the plots were recorded.

Among the sampling plots, 37 were forest plots, with Eucalyptus 
grandis × urophylla as the dominant species, followed by Pinus elliottii, 
Pinus massoniana, and Bambusa chungii. 40 were mangrove plots, pri
marily dominated by Excoecaria agallocha, followed by Sonneratia ape
tala and Kandelia obovata. The species richness across plots varied 
between 3 and 25 species. Plantations and mangrove plots generally 
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exhibited lower species richness (<10 species), with the mangrove 
communities in this region being particularly simplified (<3 species). In 
contrast, natural forests demonstrated higher species diversity (>10 
species).

2.3. Remote sensing data

This study utilized Landsat 8/9 OLI Level-2 imagery from October of 
each year (2015–2024), obtained from the USGS (United States 
Geological Survey). The images underwent radiometric calibration, at
mospheric correction, and geometric correction, with a spatial resolu
tion of 30 m. Radiometric calibration was conducted using the metadata 
provided by the USGS, converting digital number (DN) values to top-of- 
atmosphere (TOA) reflectance. Atmospheric correction was performed 
using the LEDAPS (Landsat Ecosystem Disturbance Adaptive Processing 
System) algorithm, which employs the 6S radiative transfer model to 
remove atmospheric effects and retrieve surface reflectance. Geometric 
correction ensured co-registration accuracy within 0.5 pixels by 

referencing ground control points and terrain data.
Based on the imagery, a 10-year NDVI(Normalized Difference 

Vegetation Index) time series was computed to derive the remotely 
sensed Shannon diversity index and Rao's Q index. NDVI is one of the 
most widely used remote sensing-based vegetation indices. NDVI ex
hibits high compatibility with Rao's Q index in remote sensing-based 
biodiversity assessments. Emphasizing canopy greenness and photo
synthetic activity, NDVI effectively reflects primary productivity and 
spectral heterogeneity. Compared to indices such as EVI and SAVI, NDVI 
is less dependent on algorithmic parameter settings and assumptions 
regarding soil background, making it more suitable for regions charac
terized by complex and diverse surface types.(Madonsela et al., 2017; 
Verbesselt et al., 2010). Previous studies have demonstrated that NDVI 
variations are associated with ecosystem energy exchange and primary 
productivity, making it an effective indicator for assessing regional 
biodiversity(Hauser et al., 2021; Skidmore et al., 2021).

A SVM (Support Vector Machine) classification method was applied 
to the imagery for supervised land cover classification. Training datasets 
were established for six land cover types: forest, farmland, soil, build
ings, waters, and wetland. Using a visual interpretation validation set 
derived from GEE (Google Earth Engine) and a statistical validation set 
collected from official land survey reports in 2022, accuracy assessment 
was conducted through a confusion matrix approach, yielding an overall 
accuracy of 83.61 %. Land-use change maps for the study area from 
2015 to 2024 were generated to facilitate further analysis of landscape 
metrics across different land cover types.

2.4. Biodiversity assessment indicators

The SHDI is a biodiversity metric based on information theory, 
widely applied in ecological studies. This index reflects landscape het
erogeneity and is particularly sensitive to the uneven distribution of 
species, emphasizing the contribution of rare species to overall biodi
versity. Its calculation formula is: 

Fig. 1. A schematic map of the study area and sampling locations based on Landsat 9 true-color composite imagery. (a), (b), and (c) represent forest sampling sites, 
while (d) represents a mangrove sampling site.

Table 1 
The area and spatial distribution of ecological restoration projects in the Pinglu 
Canal.

Ecological Restoration Project Area 
(ha)

Location

Submerged Ecological Bank 
Protection

107.89 Occupied area

Ecological Slope Protection 322.78 Occupied area
Landscape Greening 22.42 Occupied area
Wetland Ecological Conservation 

Zone
333.80 Within the watershed

Farmland Creation 5788.36 Within the watershed
Forest Compensation 2884.66 Within the watershed, off-site 

restoration
Mangrove Compensation 32.86 Within the watershed, off-site 

restoration
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SHDI = −
∑S

i=1
pilnpi 

where S represents the total number of species, and pᵢ denotes the pro
portion of the i-th species in the total population. When a community 
consists of only one species, SHDI reaches its minimum value of 0. As 
SHDI increases, it indicates an increase in species richness or a trend 
toward a more even species distribution within the landscape. When a 
community comprises two or more species with equal abundance, the 
Shannon index reaches its maximum value, ln(S).

The Rao's Q index was originally introduced by (Rao, 1982) and later 
applied to species diversity assessment by (Botta-Dukát, 2005). 
(Rocchini et al., 2017) further developed a remote sensing-based model 
for calculating Rao's Q index, with the following formula: 

Qrs =
∑C− 1

i=1

∑C

j=i1
dij × pi × pj 

where:Qrs = Remote sensing− based Rao's Q diversity index, p = Rela
tive abundance of pixel values in the input image, dij = Spectral distance 
between pixel i and pixel j, i and j = Indexes of pixels i and j.

Using NDVI imagery as the input data source, Rao's Q index was 
computed for each pixel via linear regression and validated against field 
survey data. Additionally, the H′ (Shannon entropy index) was calcu
lated to compare its performance with the Rao's Q diversity index.

2.5. Landscape metrics

Landscape metrics are essential indicators for quantitatively 
describing landscape spatial patterns, widely applied in ecology, land- 
use change analysis, and environmental management. These metrics 
mathematically quantify the shape, size, distribution, and spatial in
teractions of landscape patches, providing insights into how landscape 
patterns influence ecological processes across different spatial scales. 
Based on continuous land-use data from 2015 to 2024, a time series of 
11 landscape metrics was constructed. These metrics were categorized 
into four major groups according to the specific landscape characteris
tics they represent (Table 2).

The selection of landscape metrics in this study was based on their 

ecological relevance to biodiversity and landscape fragmentation pro
cesses. Specifically, PD (Patch Density) was used to quantify the degree 
of fragmentation by measuring the number of patches per unit area, 
which reflects habitat discontinuity and edge proliferation. LSI (Land
scape Shape Index) captures the complexity of patch shapes, often 
associated with human disturbance and ecological edge effects. COHE
SION(Patch Cohesion Index) and AI (Aggregation Index) reflect land
scape connectivity and aggregation, critical for evaluating ecological 
corridors and species movement pathways. SPLIT (Splitting Index) and 
MESH (Effective Mesh Size) describe landscape division and effective 
habitat size, indicating the degree of isolation among habitat patches. 
Together, these indices offer a comprehensive assessment of spatial 
patterns and ecological processes across heterogeneous land-use types, 
which is essential for understanding the biodiversity impacts of large- 
scale infrastructure projects(Fahrig, 2003; Herold et al., 2005; Schin
dler et al., 2008; Sha and Tian, 2010; Walz and Syrbe, 2013).

2.6. Technology path

The technology path of this study is illustrated in Fig. 2 and com
prises six main steps. First, Landsat 8/9 imagery from 2015 to 2024 was 
acquired and preprocessed through radiometric correction, geometric 
correction, cloud removal, and cropping. Second, NDVI was computed, 
and supervised classification was conducted to extract land use infor
mation, resulting in vegetation index and land use classification maps. 
Third, the Rao's Q index and various landscape metrics were calculated 
independently. Next, a joint analytical framework was constructed to 
examine the relationships between Rao's Q and landscape structure, 
assessing the index's responsiveness to fragmentation and heterogeneity. 
Finally, the study evaluated the applicability and effectiveness of Rao's Q 
in characterizing landscape patterns, supporting biodiversity moni
toring using remote sensing techniques.

3. Results

3.1. Trends in biodiversity in the Pinglu Canal Basin from 2015 to 2024

Table 3 presents the R (correlation coefficient) and RMSE (root mean 
square error) between the H′ index calculated from field data and the 

Table 2 
Categories of Landscape Metrics, Calculation Formulas, and Their Implications for Landscape Issues. This table categorizes landscape metrics based on their ecological 
significance, illustrating their mathematical formulations and their relevance to landscape pattern analysis, habitat fragmentation, and ecosystem connectivity.

Category Metric Formula Landscape Issues Represented

Patch Composition and 
Structure

PLAND (Percentage of Landscape)
PLAND =

(∑
Aij

A

)

× 100
Landscape scale, total habitat area

PD (Patch Density) PD =
NP
TA

× 104

TE (Total Edge Length) TE =
∑

Pij

Shape Complexity LSI (Landscape Shape Index) LSI =
0.25E
̅̅̅̅̅̅̅
TA

√
Edge effects, degree of human disturbance

PAFRAC (Perimeter-Area Fractal 
Dimension)

PAFRAC =
2
β

Spatial Distribution and 
Connectivity

CLUMPY (Clumpiness Index) CLUMPY =
Gi − Ei

Gi,max − Ei

Species migration resistance, ecological connectivity, interaction 
between patch types

IJI (Interspersion and Juxtaposition 
Index) IJI = −

∑m
i=1
∑m

k=i1

(eik

E
ln

eik

E

)

ln
(

m(m − 1)
2

) ×

100
AI (Aggregation Index)

AI =

(
gii

maxgii

)

× 100

COHESION (Patch Cohesion Index)
COHESION =

(

1 −

∑n
i=1pi

∑n
i=1pi

̅̅̅̅ai
√

)

×

100
Landscape Fragmentation and 

Isolation
MESH (Effective Mesh Size)

MESH =

∑n
i=1a2

i
TA

Habitat isolation risk, biodiversity maintenance capacity

SPLIT (Splitting Index) SPLIT =
TA

∑n
i=1a2

i
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Rao's Q index and H′ index derived from Landsat 8/9 imagery. When 
validated using all sampling data, the correlation between the two 
indices was relatively weak. To further investigate this, we separately 
analyzed the correlation using field data from forests and wetland. The 
results indicate that Rao's Q index demonstrated a stronger correlation 
(R > 0.64) and a significant relationship (P < 0.001) in evergreen 
broadleaf forests. Moreover, Rao's Q exhibited higher correlation than 
the H′ index in this ecosystem. However, in wetland, both indices 
showed relatively low correlation.

Fig. 3 illustrates the time series of Rao's Q index and H′ index from 
2015 to 2024. The analysis is divided into two periods: pre-construction 
phase (2015–2021) and construction phase (2022–2024).Before con
struction, both Rao's Q index and H′ index exhibited stable and relatively 
low values over large forested and farmland areas. This is primarily due 
to the homogeneous canopy composition of forests and farmlands, 
where a single dominant species results in low spectral heterogeneity 
within their core areas. In contrast, higher index values were observed in 

land-use complex regions, mainly due to the high fragmentation of 
different land-use types, including buildings, soil, farmland, forest, and 
waters, which increases spectral heterogeneity. Along natural river
banks, particularly in the Qinjiang River channel, the indices exhibited 
the highest values. This may be attributed to the narrow width of the 
Qinjiang River, which occupies only 2–3 pixels in Landsat 8/9 imagery, 
leading to high spectral heterogeneity between these water pixels and 
the surrounding land pixels. Conversely, in larger water bodies, such as 
the upstream Xijiang River system and the coastal Maowei Sea, both 
indices effectively distinguished the biodiversity contrast between water 
bodies and shorelines.

During the construction phase of the Pinglu Canal, both Rao's Q 
index and H′ index within the occupied area exhibited a decline-increase 
trend. In early 2022, the initial construction phase involved large-scale 
land occupation of forests and farmlands, leading to a sharp decline in 
vegetation indices. These areas were converted into bare soil landscapes, 
resulting in reduced spectral heterogeneity, which contributed to the 
decrease in both indices. In 2023–2024, although the area of developed 
land and bare soil continued to expand, the simultaneous implementa
tion of ecological restoration projects increased spectral heterogeneity 
within the occupied area. Consequently, the spatial distribution of 
biodiversity within the construction zone followed a high-low-high 
pattern over time.

3.2. The time series of Rao's Q index and the changes in the area of 
different land cover types

Fig. 4 illustrates the time series changes in Rao's Q index from 2015 
to 2024 at both the occupied area of the Pinglu Canal (Fig. 4a) and the 
watershed scale (Fig. 4b). Overall, Rao's Q index remained relatively 
stable at both spatial scales throughout 2015–2024. However, in 2022, 
the range of the index narrowed, indicating a decline in landscape het
erogeneity, which may be attributed to the disappearance or reduction 
of certain landscape types. In 2023–2024, Rao's Q index reached rela
tively high values at both scales, suggesting an increased degree of 
landscape mixing during this period. This trend may reflect the initial 
impact of canal construction, as land-use changes were more pro
nounced in response to large-scale infrastructure development.

In terms of area change trends across different land cover types, we 
first examine the changes within the occupied area of the canal con
struction zone. Forest area remained relatively stable before 2020, but 
declined sharply from 2022 onward, nearing complete disappearance by 
2024, indicating a significant impact of canal construction on forests. 
Built-up land increased rapidly after 2021, particularly peaking between 
2022 and 2023, aligning with urban expansion associated with canal 
development. Soil was relatively sparse before 2022 but increased 
significantly afterward, reflecting large-scale land clearing and devel
opment activities due to canal construction. Farmland and wetland areas 
also declined notably after 2022, suggesting that the canal construction 
negatively impacted agricultural and wetland ecosystems.

At the watershed scale, forest area exhibited a gradual decline after 
2017, indicating that forest landscape changes were influenced by 
broader, long-term factors at a larger spatial scale. Farmland area 
dropped sharply in 2017 but showed gradual recovery after 2018, likely 
reflecting adaptive land-use changes, where some agricultural areas 
were relocated or converted. Built-up land area grew gradually after 
2019, indicating urban expansion within the watershed, though at a 
moderate rate. However, its growth rate increased significantly in 2022, 
mirroring the trends observed at the occupied area scale, further con
firming the impact of large-scale canal construction. Water body area 
exhibited a slight decline after 2022, which may be attributed to tem
porary river closures during canal construction and an increase in sus
pended sediment concentration, reducing the visible water surface area.

Fig. 2. The technology path for joint analysis of Rao's Q index and landscape 
metrics using remote sensing data.

Table 3. 
Validation of Rao's Q and H' against observed Shannon diversity using all sam
pling data, as well as grouped forest and mangrove sampling data. The table 
reports the coefficient of determination (R) and root mean square error (RMSE), 
with significance level: *P < 0.001.

Biodiversity Index R RMSE

All data Rao's Q 0.21 0.56
H′ 0.19 0.55

Forest
Rao's Q 0.64* 0.29
H′ 0.55* 0.32

Wetland
Rao's Q 0.05 0.36
H′ 0.09 0.36
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3.3. The time series of changes in landscape indices

During the construction of the Pinglu Canal, landscape structure 
underwent significant changes, particularly in the dynamic transitions 
between forests, wetlands, and built-up land. To quantify these changes, 
we constructed time series of 11 landscape metrics at two spatial scales 
(Fig. 5, Fig. 6, and supplementary materials). Among these metrics, PD, 
LSI, TE, COHESION, and SPLIT exhibited the most significant changes, 
reflecting the profound impact of canal construction on regional land
scape patterns.

PD index reflects the degree of landscape fragmentation. The study 
found that PD values for forests and wetlands increased significantly 
after 2022, indicating that canal construction had a substantial impact 
on the fragmentation of these ecosystems. Additionally, PD values for 
built-up land and bare soil also increased rapidly, reflecting accelerated 
urbanization along the canal corridor. Correspondingly, the TE index 
increased sharply after 2022, suggesting that landscape patch bound
aries became more complex. This trend was primarily driven by large- 
scale land-use transitions, such as forest fragmentation, wetland 
reduction, and the conversion of farmland to built-up land. The LSI 
measures the complexity of landscape patch shapes. The results indicate 
that LSI values in the canal construction area increased significantly 
after 2022, suggesting that newly formed landscape patches tended to be 
more irregular in shape. This trend is closely related to ecosystem 
fragmentation caused by human intervention, particularly in wetland 
and mangrove areas, where newly fragmented wetland patches exhibi
ted irregular and complex boundaries. The COHESION index, which 
represents overall landscape connectivity, declined markedly for forests 
and wetlands after 2022, indicating that connectivity within these 
ecosystems was disrupted. This decline is directly linked to landscape 
fragmentation and habitat loss caused by canal construction. At the 

same time, the SPLIT, which quantifies the degree of landscape division, 
increased significantly after 2022, particularly in forest areas, indicating 
further ecosystem fragmentation. This suggests that biodiversity and 
ecological functions may have been more severely impacted due to 
habitat isolation and disruption.

In addition to the indices mentioned above, changes were also 
observed in the AI and Interspersion and IJI for farmland, wetlands, and 
bare soil, indicating an increase in spatial interspersion among different 
land-use types. However, these changes were relatively minor compared 
to the significant variations in PD, LSI, and COHESION indices.

Overall, canal construction has intensified the fragmentation of 
forests and wetlands, expanded built-up areas, and increased landscape 
heterogeneity. The variations in landscape metrics suggest that 
ecosystem integrity has been affected, though ecological restoration 
measures implemented in 2023–2024 have provided some mitigation. 
Future research should integrate ecological monitoring data to further 
explore the long-term impacts of landscape changes on biodiversity and 
optimize ecological restoration strategies to minimize the long-term 
negative effects of canal construction on regional ecosystems.

Since the implementation of large-scale ecological restoration pol
icies in 2022, changes in landscape metrics across land cover types 
indicate varying levels of benefit among different ecosystems, with 
forest and wetland ecosystems showing particularly significant recovery 
effects.

At the basin scale, wetlands exhibited positive changes across mul
tiple indicators: TE increased by 20.0 %, PD rose by 28.6 %, and the LSI 
improved by 10.0 %. These changes suggest a more complex spatial 
structure and enhanced ecological connectivity of wetland ecosystems. 
Although the PLAND of forests slightly decreased by 10.5 %, the stability 
in shape and aggregation metrics (LSI decreased by only 3.8 %) indicates 
that restoration measures have effectively curbed further fragmentation.

Fig. 3. Time series of the spatial distribution of Rao's Q and H′ indices in the study area for October of each year from 2015 to 2024. (a) Rao's Q index, (b) H′ 
diversity index.
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Within the occupied area of canal construction, forests and wetlands 
experienced inevitable loss; however, the PD values for bare soil and 
built-up land more than doubled—far exceeding the decline rates of 
forest and wetland areas—indicating that forest boundaries may have 
been subject to redline management or deliberate protection during 
construction, thereby avoiding more severe disturbance. Wetland TE 
decreased by 12.5 %, which is lower than that of farmland (53.6 %) and 
forest (14.3 %), while the CLUMPY index remained stable. This suggests 
that wetlands may have been preserved or artificially reconstructed as 
ecological buffers during the restoration process.

Notably, bare soil and built-up areas experienced the most intense 
landscape disturbances. The PLAND of bare soil increased from 0 to 5 % 
at the basin level and reached 12 % in the occupied area, confirming the 
extensive land exposure caused by construction activities. Nevertheless, 
the relative improvement trends observed in forest and wetland eco
systems after 2022 indicate that these two ecosystems were the primary 
beneficiaries of this round of ecological restoration efforts, particularly 
in terms of spatial continuity and patch aggregation.

4. Discussion

4.1. Advantages of Rao's Q Index in remote sensing-based biodiversity 
monitoring

Current studies on Rao's Q index have been limited to terrestrial 
ecosystems(Khare et al., 2021). This study represents the first attempt to 
apply an NDVI-based Rao's Q index to evaluate species diversity in large- 
scale complex ecosystems(Randin et al., 2020). Overall, the construction 
of the Pinglu Canal has significantly altered landscape composition and 
ecological patterns along its corridor. In the construction zone, forest 
and wetland areas sharply declined, while bare and built-up lands 
expanded, resulting in a notable drop in Rao's Q index in 2022 and 
indicating increased landscape homogenization. With the implementa
tion of ecological restoration projects during 2023–2024, landscape 
heterogeneity and biodiversity showed partial recovery, although re
sponses varied by ecosystem type. At the watershed scale, changes were 
more moderate, but long-term declines in forest cover and urban land 
expansion remain pressing concerns, potentially affecting regional car
bon storage and hydrological regulation functions(Wang et al., 2021).

Although the Rao's Q index proved effective in capturing spectral 
heterogeneity and ecosystem complexity, its application also presents 
limitations that warrant critical reflection. Notably, in homogeneous 

Fig. 4. Time series of the mean Rao's Q index and its spatial distribution within the occupied area and watershed, along with the land cover area change trends for 
different land-use types within these regions.
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ecosystems such as mangroves or monoculture plantations, high edge 
contrast may inflate Rao's Q values despite low species rich
ness—particularly problematic given that remote sensing primarily re
flects canopy structure and fails to capture understory or microhabitat 

diversity. Mangrove communities in the study area exhibit structural 
simplicity and lower observed Shannon diversity values. However, 
based on remote sensing data, the Rao's Q index for mangroves appears 
higher than that for forests, primarily due to the calculation method of 

Fig. 5. Changes in four landscape metrics (PD, LSI, TE, and PLAND) within the occupied area of the Pinglu Canal from 2015 to 2024.

Fig. 6. Changes in four landscape metrics (PD, LSI, TE, and PLAND) in the Pinglu Canal watershed from 2015 to 2024.
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Rao's Q. This index is derived from remote sensing spectral heteroge
neity theory, accounting for pixel values and inter-pixel differences 
(Wang et al., 2022). Furthermore, the index is sensitive to spatial reso
lution and vegetation density, potentially introducing bias in densely 
vegetated or early-successional systems due to pixel saturation or 
limited within-pixel variability(Fig. 7).

During the Pinglu Canal construction, both Rao's Q and H′ indices 
exhibited a decline followed by a rise; however, Rao's Q more effectively 
reflected spectral heterogeneity changes associated with ecological 
restoration. The study results indicate that the Rao's Q index exhibits a 
higher correlation in the study area (R = 0.64, P < 0.001), suggesting 
that it better captures biodiversity characteristics within the ecosystem. 
In contrast, the H′ performs relatively weakly(R = 0.55, P < 0.001), 
likely because H′ primarily emphasizes species evenness and struggles to 
effectively distinguish spectral characteristics of different vegetation 
types. While both indices decreased with the expansion of bare soil, 
Rao's Q showed a more sensitive response during the 2023–2024 
restoration phase, highlighting its suitability for dynamic biodiversity 
monitoring. Restoration measures—such as ecological slope protection, 
landscape greening, and farmland creation—were implemented along
side construction(Watts et al., 2010). As shown in Fig. 8, Rao's Q 
increased along restored riverbanks and newly created soil-filled areas, 
especially in canal lock and diversion zones. In contrast, biodiversity 
declined along original riverbanks during construction but rebounded 
following restoration efforts. By 2024, biodiversity was notably 
enhanced in the excavation areas due to ongoing slope protection, 
afforestation, and land cover transformation. Overall, these trends 

indicate that simultaneous restoration contributed to partial biodiver
sity recovery after the 2022 decline.

To improve the robustness of biodiversity assessment in future 
studies, it is recommended to incorporate complementary indicators 
such as functional diversity indices (e.g., FRic, FEve), β-diversity mea
sures (e.g., Sørensen Index, Bray–Curtis), species-habitat models (e.g., 
MaxEnt), and time-series variability analysis. These additions can help 
construct a multidimensional and ecologically grounded biodiversity 
monitoring framework, addressing the limitations of single-index ap
proaches like Rao's Q, and better guiding future conservation and 
restoration planning in large-scale infrastructure contexts.

4.2. Rao's Q has a higher correlation with landscape indices in areas with 
complex land cover types

The Rao's Q index, as a functional diversity metric for assessing 
biodiversity, is fundamentally designed to account for both species 
richness and functional dissimilarity among species. At the regional 
scale, Rao's Q not only reflects community-level heterogeneity but is also 
indirectly influenced by habitat structure and spatial configuration. 
Landscape metrics such as PD, LSI, and COHESION describe the spatial 
distribution patterns and fragmentation levels of different land-use 
types.From an ecological mechanism perspective, landscapes charac
terized by greater structural complexity and higher connectivity can 
provide more microhabitats and ecological niches for various species, 
thereby enhancing functional diversity and increasing Rao's Q values. In 
contrast, highly fragmented or homogeneous landscapes may restrict 

Fig. 7. Abnormally high Rao's Q index values at the edges of forests and mangroves. The spectral heterogeneity differences between forests/mangroves and their 
surrounding areas result in an overestimation of biodiversity in mangrove regions by the Rao's Q index.
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species movement and resource accessibility, leading to lower Rao's Q 
values. Thus, a potential positive correlation exists between landscape 
complexity and functional diversity, which tends to be more pronounced 
in ecologically sensitive systems such as wetlands and forests.

This section examines the temporal dynamics between Rao's Q and 
key landscape metrics across different land cover types, aiming to 
further elucidate how landscape patterns drive changes in regional 
ecological diversity.

Landscape indices that exhibit strong correlations with Rao's Q can 

reveal the ecological characteristics of landscape structures (Fig. 9). The 
study found that Rao's Q increased with higher PLAND for bare soil and 
built-up land but declined with higher forest PLAND, indicating that 
mixed or heterogeneous landscapes support greater biodiversity than 
those dominated by a single land type (e.g., forests or farmlands). This 
aligns with the ecological principle that habitat homogeneity reduces 
niche availability (Pangtey et al., 2023).

Patch Density (PD) and Total Edge (TE), both indicators of frag
mentation, showed positive correlations with Rao's Q in urban and bare 
soil areas. High patch density and edge complexity suggest diverse mi
crohabitats and ecological transition zones, promoting species richness, 
especially for edge-adapted species. These transition areas can enhance 
species diversity, particularly for edge species, while also facilitating 
ecological processes, such as nutrient flow between different habitats 
(Kumar et al., 2006). The positive correlation between Rao's Q and edge 
indices suggests that this index effectively reflects ecological complexity 
within landscapes. When the interspersion between different ecosystems 
increases, landscape diversity also increases.

Similarly, the Landscape Shape Index (LSI) was positively associated 
with Rao's Q in urban areas, as irregular patch shapes reflect high 
interspersion of land-use types, enhancing ecological complexity. 
However, excessive fragmentation can harm interior species, high
lighting the need for complementary metrics. For instance, CLUMPY and 
AI showed that while compact urban zones reduce diversity, contiguous 
forests—though beneficial to some taxa—also decrease overall hetero
geneity (Schooley & Branch, 2011; Torresani et al., 2019). Conversely, 
forest aggregation was negatively correlated with Rao's Q, suggesting 
that while extensive contiguous forests benefit certain species, they 
reduce overall landscape heterogeneity. Thus, the interpretation of Rao's 
Q should be integrated with landscape connectivity metrics to compre
hensively assess ecological complexity.

Fig. 8. Changes in Rao's Q values within ecological restoration areas. (a) Canal lock; (b) Diversion channel; (c) Diversion channel and soil-filled area; (d) Exca
vated channel.

Fig. 9. Correlation coefficients (R) between landscape indices of different land 
cover types and Rao's Q index at different spatial scales. The upper left value in 
each cell represents the correlation within the occupied area, while the lower 
right value represents the correlation within the watershed.
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In forested areas, the correlation between Rao's Q and landscape 
metrics is generally low or negative, due to the homogeneous structure, 
low fragmentation, and limited edge effects of forests. For instance, 
forest PLAND shows a correlation of − 0.38 with Rao's Q, while PD and 
TE range from − 0.41 to − 0.44, suggesting that extensive, contiguous 
forest cover tends to reduce landscape heterogeneity. However, when 
fragmentation increases or restoration enhances spatial complexity, 
Rao's Q rises, indicating its sensitivity to structural changes. SPLIT is 
positively correlated with Rao's Q (R = 0.43), supporting its effective
ness in capturing diversity in fragmented forest ecosystems(Saura et al., 
2006).

In contrast, built-up and bare land areas typically exhibit high het
erogeneity.(Purdon et al., 2022). Urban areas, with diverse materials 
and spatial layouts, produce complex boundaries and spectral vari
ability, while bare lands—shaped by development or erosion—show 
similar irregularity(Nakamura et al., 2020). A positive correlation is 
observed between urban and bare land landscape indices and Rao's Q. 
The correlation coefficient between built-up land PLAND and Rao's Q is 
approximately 0.43, while built-up land patch density and edge length 
exhibit correlations of around 0.48. Notably, the urban LSI has the 
highest correlation with Rao's Q, at approximately 0.51. Similarly, bare 
land cover and its fragmentation indices also show strong correlations 
(RPLAND = 0.50, RPD = 0.53, RTE = 0.52). These strong correlations 
suggest that the introduction of scattered built-up or bare land patches 
into the landscape significantly increases overall landscape diversity. 
This finding highlights the sensitivity of Rao's Q to heterogeneous 
landscapes, making it a valuable metric for assessing urban expansion, 
land-use changes, and ecological disturbances.

As a second-order entropy metric, Rao's Q reflects both the abun
dance and ecological dissimilarity of landscape types(Rocchini et al., 
2024). Unlike traditional indices, it captures functional differences—e. 
g., between diverse habitats vs. uniform farmlands—yielding higher 
values when distinct land-cover types coexist. It is especially sensitive to 
ecological transition zones, where species richness is often elevated. 
High Rao's Q values indicate a mosaic of habitats, which supports 
biodiversity and ecosystem resilience through services like pollination 
and buffering.

In summary, Rao's Q is elevated in landscapes with fine-scale het
erogeneity and diverse cover types, and lower in uniform land covers. It 
correlates most strongly with patch density, edge length, shape 
complexity, and interspersion—particularly in urban, bare land, and 
wetland contexts. These results affirm Rao's Q as a robust indicator of 
landscape complexity and ecological diversity. Future studies should 
integrate field-based biodiversity data to further validate its ecological 
relevance.

4.3. Ecological protection benefits and management strategies of 
ecological restoration projects during the construction of the Pinglu Canal

Despite progress in remote sensing-based biodiversity assessment, 
several limitations remain in the context of large-scale infrastructure 
projects. Traditional indices like Shannon and Simpson fail to capture 
ecosystem heterogeneity, especially in homogeneous landscapes such as 
mangroves and monoculture plantations. Although Rao's Q offers 
theoretical advantages by integrating species richness and dissimilarity, 
its use in anthropogenically disturbed systems—particularly during 
construction and ecological restoration—is still underexplored. More
over, current approaches often neglect the role of landscape configura
tion, failing to link biodiversity dynamics with patch fragmentation, 
connectivity, or spatial isolation. Additionally, biodiversity assessments 
are frequently cross-sectional, overlooking dynamic shifts over 
construction-restoration periods. These gaps hinder effective monitoring 
and limit the application of biodiversity metrics in supporting ecological 
planning.

Large-scale infrastructure projects inevitably impact regional eco
systems. Forest and wetland fragmentation reduces carbon storage and 

biodiversity, while urbanization and agriculture accelerate wetland loss 
and disrupt hydrological cycles(Doxa et al., 2022). Although built-up 
land may enhance infrastructure connectivity, it increases ecological 
pressure. Urban sprawl and farmland loss can create short-term micro
habitats, yet long-term effects include landscape homogenization and 
wetland degradation(Walz et al., 2016). High urban density (PLAND 
>25 %) threatens habitat-dependent species(Jalkanen et al., 2020), and 
declining wetland aggregation may impair hydrological regulation and 
migratory pathways(Kim and Pauleit, 2007). Therefore, using Rao's Q 
alone may overlook key species loss, calling for field validation and 
indicator species monitoring(Marshall et al., 2020).

During the Pinglu Canal construction, quantifying biodiversity and 
landscape indices helped guide precise conservation strategies(Torras 
et al., 2009). Biodiversity thresholds (e.g., built-up land >5 %/year) can 
define ecological redlines(Turner et al., 2013). Suggested strategies 
include embedding ecological patches into urban zones, protecting 
highly connected ecosystems (COHESION >98), building corridors in 
fragmented areas (high SPLIT), and regulating land expansion. (Li et al., 
2022; Zhao et al., 2021; Kerr and Remmel, 2024; Wu et al., 2016). Long- 
term priorities include wetland/forest restoration and ecological 
compensation mechanisms(Jellinek et al., 2019; Tian et al., 2016).

While the ecological restoration measures implemented during the 
Pinglu Canal construction have demonstrated short-term biodiversity 
benefits, their long-term sustainability remains uncertain under ongoing 
urbanization and land-use pressures. Continuous expansion of built-up 
areas may gradually erode restored habitats, increase edge effects, and 
fragment newly established ecological patches, reducing their ecological 
resilience and connectivity. Additionally, without proper maintenance 
and ecological management, artificial restoration zones—such as 
greening belts and ecological slopes—may degrade due to invasive 
species, soil erosion, or hydrological changes.

To maintain biodiversity under development pressure, adaptive 
strategies should be prioritized. These include establishing buffer zones 
between urban and ecological areas to reduce anthropogenic distur
bances, enhancing connectivity through ecological corridors to facilitate 
species movement, and implementing dynamic monitoring systems 
using time-series remote sensing to detect early signs of ecosystem 
degradation. Moreover, integrating nature-based solutions (NbS) and 
community-based management can increase social acceptance and long- 
term stewardship of restored landscapes. These strategies are critical for 
aligning short-term restoration outcomes with broader goals of ecolog
ical resilience and urban sustainability, especially in rapidly developing 
regions like the Pinglu Canal corridor.

5. Conclusion

This study systematically assessed biodiversity changes before and 
after the construction of the Pinglu Canal (2015–2024) using the Rao's Q 
index, remote sensing data, and landscape metrics. The results revealed 
the following: The Rao's Q index, based on NDVI data, outperformed the 
Shannon diversity index in the study area, with a stronger correlation to 
field-measured biodiversity (R = 0.64, RMSE = 0.29). Rao's Q showed 
strong correlations with fragmentation indices such as PD, ED, LSI, and 
SPLIT, making it an effective tool to assess biodiversity responses to 
large-scale land disturbances. The canal construction phase (2022) 
significantly reduced biodiversity, while ecological restoration from 
2023 to 2024 led to partial recovery, with forests and wetlands showing 
varied effectiveness. The Rao's Q index may overestimate biodiversity in 
homogeneous ecosystems (e.g., mangroves), suggesting the need for 
multi-index integration in such environments. This study is the first to 
quantify the impact of canal construction on landscape fragmentation 
and biodiversity using Rao's Q index and landscape metrics, addressing a 
research gap regarding the effects of large-scale artificial canal con
struction on biodiversity. The findings highlight the effectiveness of 
Rao's Q index in assessing multi-ecosystem fragmentation, while also 
identifying its limitations in homogeneous vegetation systems such as 
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wetlands and mangroves. This provides new theoretical support for 
applying Rao's Q index in ecological conservation and landscape 
planning.

These findings offer valuable insights for ecological planning and 
national policy: The integration of Rao's Q and landscape metrics sup
ports green infrastructure planning, allowing early identification of 
ecologically sensitive zones and embedding ecological restoration in 
project design. The fragmentation and connectivity indices provide a 
scientific basis for delineating and managing ecological redlines, helping 
to maintain landscape integrity amid development. The observed 
restoration effectiveness aligns with the objectives of China's 14th Five- 
Year Plan for Ecological and Environmental Protection and the carbon 
neutrality strategy, especially in enhancing ecosystem carbon sinks and 
biodiversity co-benefits. The approach proposed in this study can serve 
as a monitoring and evaluation tool for future ecological projects, 
contributing to the construction of a long-term national ecological se
curity system. Building on this research, future directions may include 
incorporating multi-source remote sensing to improve the identification 
accuracy of homogeneous ecosystems such as mangroves, establishing 
quantitative linkages between biodiversity and ecosystem services, and 
constructing a cross-scale ecological monitoring and assessment 
framework.
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A B S T R A C T

This study evaluates the integration of hydrothermal carbonization (HTC, 150–250 ◦C) and wet oxidation (WO, 
250 ◦C) for sewage sludge treatment, focusing on hydrochar (HC) properties, phosphorus recovery, and process 
waters (PWs) impacts on biological systems. HTC increased HC’s specific surface area from 17.83 to 61.54 m2/g 
(250 ◦C) and enriched total phosphorus (TP) by 79–96.5 %, while WO further stabilized HC by reducing volatile 
content from ~30 % to <10 % and converting non-apatite inorganic phosphorus (NAIP) to apatite phosphorus 
(AP). Direct addition of HTC PWs to an AAO system reduced COD, NH4

+-N, and TN removal rates by 24.7 %, 36.4 
%, and 34.9 % (5 % dosage), respectively, due to recalcitrant organics (phenols, nitrogenous heterocycles) and 
elevated nitrogen loads (TN > 1200 mg/L). In contrast, WO pretreatment decomposed organics into bioavailable 
small molecules, maintaining COD removal rates at ~86 % (5 % dosage) and mitigating microbial inhibition. 
Microbial analysis revealed HTC PWs suppressed Proteobacteria (42.99 %→31.78 %) and Firmicutes (22.79 %→ 
5.69 %), while enriching stress-tolerant Actinobacteria (>25 % abundance). However, high WO oxidant doses 
(>10 %) reduced HC yield (49.67 %) and phosphorus recovery (69.23 %), highlighting the need for parameter 
optimization. This work demonstrates the HTC-WO synergy as a viable strategy for sludge valorization and PW 
detoxification, balancing resource recovery (e.g., stabilized HC, 45.59 mg/g TP) with biological system 
compatibility, while underscoring the critical role of oxidant dosage in process scalability.

1. Introduction

Biological treatment is one of the simplest and most effective 
methods for municipal wastewater treatment. However, it generates 
large amounts of sewage sludge (SS). In China, approximately 10 tonnes 
of sludge (on a dry basis) are produced for every 10,000 tonnes of 
sewage treated [1]. Sewage sludge has a complex composition, high 
water content, and contains heavy metals and recalcitrant organic pol
lutants [2,3]. Therefore, it is crucial to develop efficient and sustainable 
sludge treatment methods.

Currently, typical sludge treatment and disposal methods in China 
include dry incineration, aerobic composting, or land application 
following anaerobic digestion [4,5]. However, the high moisture 

content of SS can hinder the efficiency of these processes [6]. Hydro
thermal carbonization (HTC) is a highly efficient thermochemical pro
cess for treating wet biomass and is considered a promising method for 
SS treatment. Operating at relatively low temperatures (~130–250 ◦C) 
and autogenous pressures (~1–5 MPa) [7,8], HTC is more effective than 
slow pyrolysis for moisture-containing feeds (e.g., sludge) due to the 
lack of dewatering requirements and better heat transfer from water [9].

The main products of HTC are solid hydrochar (HC), a small amount 
of gas, and HTC process waters (PWs). HC has promising applications as 
a solid fuel and carbonaceous material in various fields, including 
environmental remediation and agriculture [10–12]. In contrast, HTC 
PWs are by-products, especially when treating high-moisture biomass 
feedstocks such as SS. During the HTC process, chemical reactions such 
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as hydrolysis, dehydration, decarboxylation, condensation, and liquid 
isomerization occur [13]. As a result, HTC PWs contain a large number 
of water-soluble organic compounds, including organic acids, furfural, 
5-hydroxymethylfurfural (5-HMF), phenols, nitrogen-containing het
erocyclic compounds, and phenolic derivatives [14,15], resulting in 
high levels of total organic carbon (TOC), chemical oxygen demand 
(COD) and NH4

+-N.
The most straightforward approach for treating HTC PWs is to pro

cess them through the biochemical system of a wastewater treatment 
plant prior to discharge; however, it remains uncertain whether HTC 
PWs will inhibit the biochemical system of the wastewater treatment 
plant. In recent years, several studies have explored suitable treatment 
methods for HTC PWs, including the use of HTC PWs as liquid fertilisers, 
the employment of microorganisms to degrade organic constituents, and 
the application of thermal treatments. For instance, Shan et al. evaluated 
the potential of the liquid phase from the co-hydrothermal carboniza
tion of agricultural waste and SS as a liquid fertilizer [16], concluding 
that co-hydrothermal carbonization wastewater could replace up to 60 
% of chemical fertilizers. Although using HTC PWs as a liquid fertilizer is 
promising, some reports have suggested that the complex organic matter 
in HTC PWs can inhibit seed germination [17,18]. Anaerobic digestion 
(AD) is another effective treatment method for HTC PWs. Langone et al. 
demonstrated that AD could degrade 83 % of the COD in HTC PWs, with 
the resulting products potentially serving as a carbon source for waste
water treatment [19]. The potential methane yields of the HTC-AD 
process were explored by Aragón-Briceño et al. [20], with results 
showing methane yields ranging from 20.3 to 67.5 m3/tonne of sludge, 
depending on process parameters. Despite numerous studies showing 
the effectiveness of AD for sludge treatment, its application is limited by 
feedstock and reaction parameter requirements for HTC [21]. Process 
parameters of HTC directly affect methane yield, and larger reactor sizes 
and slower reaction processes further restrict its application [22].

Wet oxidation (WO) is a thermal process with significant potential 
for organic degradation. WO involves adding oxidants at high temper
atures (120–320 ◦C) and pressures (0.5–20 MPa) to degrade organics in 
water, especially those difficult for microorganisms to handle [23]. 
Compared to AD, WO has a faster reaction process and is more suitable 
for small-scale sludge disposal than anaerobic digestion. The HTC-WO 
combination has good potential for heat generation, with the heat pro
duced by WO sustaining the HTC process [24,25]. HTC thermochemi
cally dewaters sludge to produce a carbonaceous HC and 
PWs—retaining part of the organic carbon in the solid while partitioning 
soluble and more recalcitrant compounds to the liquid. WO then sup
plies oxidation (and recoverable heat) to abate those recalcitrant com
pounds in the liquor. Treating the entire slurry under unified conditions 
simplifies the flowsheet, reduces reagents and footprint, and improves 
downstream biological compatibility compared with liquid-only pol
ishing. Reza et al. applied WO to treat the liquid phase produced after 
HTC of dairy manure and sludge, achieving a COD reduction of 
approximately 70 % at 200 ◦C [13,14]. Despite these advantages, most 
WO-after-HTC studies have treated only the HTC PWs, aiming at COD 
polishing while decoupling detoxification from the fate and value of the 
HC. This leaves key gaps: the solid–liquid trade-offs are not quantified 
under one process envelope; phosphorus speciation and mineral binding 
are seldom mapped beyond bulk TP [26]; and the biological compati
bility of treated waters with downstream reactors remains insufficiently 
addressed.

In this work, we instead apply WO to the entire HTC slurry (HC +
PWs) to maintain a system-level perspective, explicitly linking (i) sol
id–liquid co-evolution relevant to valorization, (ii) mechanistic P path
ways by coupling SMT fractions with XRD phases (e.g., NAIP→AP 
transitions), and (iii) downstream relevance by considering compati
bility with AAO operation. This integrated framing also clarifies an 
oxidant-dosage design space that can guide co-optimization of detoxi
fication and resource recovery, rather than focusing on PWs polishing 
alone.

2. Materials and methods

2.1. Hydrothermal carbonization

SS was collected from the Ximingjiang Wastewater Treatment Plant, 
Nanning, China, which utilizes the AAO fabrication process. The mois
ture content of dewatered sewage sludge was 62.95 %; pH value, 7.31. 
To minimize fermentation, the undried sludge was kept refrigerated at 
4 ◦C in sealed containers and used promptly; immediately before each 
run, DI water was added to re-adjust the moisture content to 90 % (w/ 
w). HTC experiments were performed in an intermittent reactor made of 
304 stainless steel. For each experiment, 10 g raw SS were added to the 
reactor,The reactor was purged with nitrogen gas and sealed. The 
reactor was placed in a tube furnace for heating. The HTC temperatures 
were 150,175,200,225, and 250 ◦C, with a heating rate of 10 ◦C/min− 1, 
and the residence time was 60 min whereas residence times of 30, 60, or 
90 min were tested with an HTC temperature of 250 ◦C. The pressure 
depended predominantly on the saturation vapor pressure of water at 
each reaction temperature. After the reaction,as the reactor reached 
room temperature, the products was removed and vacuum filtered for 
15 min using medium-rate qualitative filter paper to separate the PWs 
and hydrochar. The dewatered HC was dried at 105 ◦C for 24 h prior to 
characterization, HC and PWs were kept refrigerated for chemical 
characterization. Each experiment was conducted in triplicate, and the 
results are shown as mean values.

2.2. Wet oxidation

WO was carried out in the same 304-stainless-steel batch reactor 
used for HTC. Unless otherwise stated, the entire HTC product obtained 
at 250 ◦C for 60 min (i.e., HC plus its corresponding PWs, without 
washing or drying) was used as the WO feed to preserve the original 
solid–liquid composition produced by HTC. Oxidant and dosage. 
Analytical-grade 30 % (w/w) H2O2 was used as the sole oxidant. Four 
dosage levels were tested: 5, 10, 15, and 20 % (v/v), defined as the 
volume of 30 % H2O2 added per 100 mL of HTC slurry at room tem
perature prior to sealing the reactor. The four conditions are hereafter 
denoted WO-5 %, WO-10 %, WO-15 %, and WO-20 %. The pre- 
measured volume of 30 % H2O2 was added dropwise into the HTC 
slurry with gentle manual swirling at ambient temperature. The reactor 
was then purged with N2 for 1 min to remove air, sealed, and placed 
horizontally in a tube furnace. The temperature was ramped at 10 ◦C 
min− 1 to 250 ◦C and held for 60 min. No external gas was supplied 
during WO; the system pressure was autogenous, arising from water 
vapor and the decomposition of H2O2. After the isothermal hold, the 
reactor was rapidly cooled to room temperature in a water bath, slowly 
vented to release internal pressure.

2.3. Characterization of HC

Hydrochar (HC) yield was calculated on a dry-mass basis as: 

HCYield =
mHCDry

mSSDry
× 100% (1) 

where mHCDry is the oven-dry mass of HC after solid–liquid separation 
and drying (105 ◦C, 24 h), and mSSDry is the oven-dry mass of the SS 
charged to the reactor. Unless otherwise stated, all HC-related metrics 
are reported on a dry-weight basis.

Proximate analysis of SS and HC—including ash (Ash), volatile 
matter (VM), and fixed carbon (FC)—was performed following GB/T 
212–2008 using a programmable muffle furnace. Briefly, VM was 
determined by heating the oven-dried sample at 900 ± 10 ◦C for 7 min 
under an inert atmosphere; Ash was determined by oxidizing the residue 
at 750 ± 10 ◦C in air to constant mass; FC was calculated by difference: 
FC (%) = 100 − Ash (%) − VM (%). All measurements were conducted in 
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triplicate and reported as mean ± SD.
Morphological characterization of HC observed by field emission 

scanning electron microscopy (SEM, Hitachi, Regulus 8100). The ther
mal stability of HC was observed by the thermogravimetric analyzer 
(TGA, NETZSCH, STA 499C), The BET specific surface area was deter
mined by nitrogen adsorption (Micrometer, ASAP2020). HC surface 
functional groups were identified using Fourier transform infrared 
spectroscopy (FT-IR, Shimadzu, IRTracer-100), X-ray diffraction (XRD, 
RIGAKU, Ultima IV) instrument identified the oxide crystal structure.

2.4. AAO system simulation

In order to investigate the potential effects of HTC PWs and WO PWs 
on the biochemical system of the WWTP, the AAO process was selected 
in this study to simulate the biochemical system of the WWTP, as shown 
in Fig. 1. The influent was domestic wastewater and domestic waste
water with added HTC PWs and WO PWs, respectively, and the effluent 
NH4

+-N, COD and TN were measured for comparison. Domestic waste
water and sludge were obtained from Ximingjiang Wastewater Treat
ment Plant in Nanning City, China. The effective volumes of the 
anaerobic, anoxic and oxygen tanks were 1 L, 1 L and 3 L, respectively. 
The influent flow rate was set at 0.1 L/h and the temperature was 
maintained at 25 ◦C. The dissolved oxygen (DO) concentration in the 
oxygenated tank was maintained within the range of 3.0 mg/L to 4.0 
mg/L.

2.5. Analytical methods for PWs and phosphorus

The samples were analyzed for TOC, COD, TN and NH3-N. TOC was 
measured in PWs using a total organic carbon analyzer (Shimadzu, TOC- 
L CPN), and NH4

+-N, COD and TN were measured in PWs using a water 
quality analyzer (HACH, DR 3900).

Phosphorus fractions in sludge and HC samples were analyzed using 
the SMT method, as illustrated in Fig. S1., the process is delineated in 
meticulous detail. Phosphorus was categorized into five groups: total 

phosphorus (TP), inorganic phosphorus (IP), organic phosphorus (OP), 
non-apatite state inorganic phosphorus (NAIP), and apatite state inor
ganic phosphorus (AP). The extracted phosphate content was measured 
using molybdenum blue spectrophotometry.

2.6. Microbial sequencing

Microbial genomic DNA was extracted from samples with the E.Z.N. 
A.® DNA Kit (Omega Bio-tek) according to the manufacturer’s in
structions. Quality and concentration were verified by agarose gel 
electrophoresis (1.0 %) and NanoDrop2000 spectrophotometry (Thermo 
Scientific), then stored at − 80 ◦C. The V3-V4 region of the bacterial 16S 
rRNA gene was amplified using primers ACTCCTACGGGAGGCAGCAG 
and GGACTACHVGGGTWTCTAAT in a T100 Thermal Cycler (BIO- 
RAD). The 20 μL PCR reaction comprised: 4 μL 5 × Fast Pfu buffer, 2 μL 
2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL Fast Pfu polymerase, 
10 ng template DNA, and ddH2O. Thermocycling included: 95 ◦C for 3 
min; 27 cycles of 95 ◦C (30 s), 55 ◦C (30 s), 72 ◦C (45 s); 72 ◦C for 10 min; 
hold at 4 ◦C PCR products were purified from 2 % agarose gels (PCR 
Clean-Up Kit, YuHua) and quantified (Qubit 4.0, Thermo Fisher). Puri
fied amplicons were pooled equimolarly and paired-end sequenced 
(Illumina PE300/PE250 platform) by Majorbio Bio-Pharm Technology 
Co. Ltd. under standard protocols. Raw reads were deposited in the NCBI 
SRA database.

3. Results and discussion

3.1. HC characteristics

3.1.1. Yield
The HTC process is mainly influenced by residence time and hy

drothermal process temperature, which determine the reaction intensity 
and the degree of sludge carbonization. Table 1 shows that the HC yield 
(ratio of hydrocar mass to raw sludge dry mass) decreases with 
increasing residence time and hydrothermal process temperature. As the 

Fig. 1. Experimental flowchart.
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hydrothermal process temperature increased from 150 ◦C to 250 ◦C, the 
HC yield (dry basis) decreased from 72.95 % to 59.71 %. Hydrolysis is 
the first step in the HTC process. As this process takes place in the 
subcritical zone, an increase in temperature changes the viscosity of the 
water [28], facilitating its penetration into the porous medium and the 
decomposition of the biomass [29]. Higher temperatures and longer 
residence times enhance HC dissolution, which is the primary cause of 
HC yield variation [9]. Although less significant than the hydrothermal 
process temperature, the residence time also affects the yield; for 
example, the yield decreased from 62.39 % to 57.21 % as the residence 
time increased from 30 to 120 min.

After HTC, the product was subjected to WO. The WO further 
reduced the HC yield. Table 1 shows that the addition of 20 % hydrogen 
peroxide reduced the HC yield to 49.67 %. The WO process maintains a 
high temperature and increases the residence time, which promotes HC 
polymerisation. The presence of an oxidant intensifies the WO reaction, 
causing partial HC oxidation and dissolution, which is the main reason 
for the reduced yield.

3.1.2. Specific surface area
As shown in Tables 1 and In comparison with the original SS, the 

specific surface area of HC exhibited a significant increase following 
HTC, with this increase being gradual and proportionate to the hydro
thermal process temperature. The surface area rose from 17.83 m2/g to 
61.54 m2/g at 250 ◦C for 60 min, indicating enhanced adsorption and 
reactivity [30,31]. This phenomenon is primarily attributed to the 
release of organic components at elevated temperatures, which leads to 
the formation of additional micro-pores. Within the experimental tem
perature range of 150–250 ◦C, a consistent increase in specific surface 
area was observed, suggesting that it is predominantly determined by 
the inherent nature of the raw material. However, an increase in resi
dence time from 90 to 120 min led to a decrease in specific surface area 
from 63.4966 m2/g to 55.3844 m2/g, suggesting that an extended 
residence time hinders the formation of pores, thereby reducing the 
specific surface area. Fig. S2 demonstrates that the SS surface became 
more smooth, with no visible pores or cracks, and the particles became 
larger and more dispersed. Following HTC, the presence of discernible 
pores became evident on the HC surface, and as the temperature 
increased, the surface exhibited increased roughness with a greater 
prevalence of pore cracks, thereby confirming the observed trend in 
specific surface area.

Table 1 demonstrates that the specific surface area of HC diminished 
after WO and exhibited a significant decline with increasing hydrogen 

peroxide addition, suggesting that the WO process induced damage to 
the HC’s surface structure and led to the collapse of pore walls. Scanning 
electron microscopy revealed that 10 % hydrogen peroxide formed 
irregular grooves on the charcoal surface, damaging porosity and frac
ture characteristics; 20 % hydrogen peroxide made the surface smoother 
and further eliminated the porous structure. This demonstrates that the 
WO process first destroys the HC’s surface structure and then re- 
polymerises it, with more added oxidant leading to more severe 
destruction and higher polymerisation degree.

3.1.3. Surface functional groups
As illustrated in Fig. 2(a), the FTIR spectra of HC after HTC and WO 

treatment remained largely unchanged, indicating that WO exerted 
minimal influence on the functional groups of HC. The 3600-3200 cm− 1 

peak intensity was attributed to the -OH telescopic vibration, and it was 
observed that the -OH peak exhibited a significant decrease after HTC 
and WO, suggesting that the performance of sludge dewatering was 
considerably enhanced [32]. The 2800-3000 cm− 1 peak was identified 
as an aliphatic CH group, and it was found that WO exerted minimal 
influence on this peak. The 2800-3000 cm− 1 peak is an aliphatic CH 
group, which is almost unaffected by WO. Following the addition of WO 
[33], there was an observed enhancement in the intensity of vibrational 
absorption peaks attributed to C=O stretching at 1734-1730 cm− 1 [34], 
accompanied by an increase in the intensity of vibrational absorption 
peaks linked to phenolic -OH bending near 1300 cm− 1 [35]. These ob
servations suggest that WO promotes the development of 
oxygen-containing functional groups on the surface of hydrocarbon. The 
830 cm− 1 peaks increased, and the intensity of the -OH bending peaks 
increased, which meant that the performance of sludge dewatering was 
improved.The 830 cm− 1 vibrational absorption peak is enhanced and is 
related to the aromatic C-H bending vibration, suggesting that WO 
promotes the formation of aromatic structures in HC. The peak at 
approximately 1000 cm− 1 is attributed to the Si-O stretching vibration, 
which is predominantly attributable to the presence of silica in SS, a 
component that remains after HTC and WO.

3.1.4. Thermal stability
Thermogravimetric analysis was conducted under an air atmosphere 

(oxidative combustion. Fig. 2(c) and (d) present the TG-DTG curves for 
HC following HTC (250 ◦C, 60 min) and WO (10 % H2O2), respectively. 
The pyrolysis of HC is characterised by three distinct stages: namely, 
dehydration, volatile combustion, and fixed carbon combustion [32]. 
Following HTC, the dehydration stage of HC occurs between 30 ◦C and 
150 ◦C, with mass loss primarily attributable to bound water elimination 
[36]. Aliphatic compounds and other small molecules begin to volatilise 
around 225 ◦C, while larger molecules and heavier volatiles commence 
decomposition around 325 ◦C. The DTG curve indicates a peak in the 
mass loss rate around 350 ◦C, suggesting that HTC retains more heavy 
volatiles in the HC [37]. The fixed carbon combustion stage occurs be
tween 650 ◦C and 750 ◦C, with the TG curve initially flat before steep
ening, indicating the burning of residual volatiles until complete 
combustion when oxygen fully contacts the fixed carbon [38].

Table 1 lists the volatile and fixed carbon contents of SS and HC. A 
comparison of the TG-DTG curves reveals that WO significantly en
hances the thermal stability of HC, reducing its mass loss during the 
dehydration stage, which correlates with the hydrophobicity of HC. 
Unlike HTC, the post-WO HC shows no significant mass loss between 
230 ◦C and 550 ◦C, indicating that WO removes most volatiles from the 
HC. The slight DTG fluctuations between 450 ◦C and 500 ◦C may be 
attributed to the presence of volatiles formed during WO that differ from 
those in the HTC product. The fixed carbon combustion stage also occurs 
at 650 ◦C–750 ◦C, but with higher mass loss, which is consistent with 
industrial analyses showing reduced volatiles and increased fixed car
bon and ash after WO. This decline in volatiles signifies enhanced 
handling, storage, and transport safety for the HC [39], while the 
augmented fixed carbon points to stable sludge carbonization by WO. 

Table 1 
Yield, specific surface area and industrial analysis of hydrochar under different 
HTC and WO conditions.

Sample BET surface area/(m2/g) Yield/ 
%

Ash/ 
%

VM/ 
%

FC/ 
%

SS 17.8255 ± 0.1697 – 46.35 49.98 3.67
HTC-150-60 42.6302 ± 0.2582 72.95 58.73 39.42 1.85
HTC-175-60 45.1692 ± 0.1449 67.63 64.76 33.31 1.93
HTC-200-60 52.7332 ± 0.5603 63.33 66.13 31.25 2.62
HTC-225-60 56.3193 ± 0.2644 61.14 68.02 28.95 3.03
HTC-250-60 61.5408 ± 0.3028 59.71 68.11 28.77 3.12
HTC-250-30 57.0071 ± 0.7545 62.39 66.40 30.62 2.98
HTC-250-90 63.4966 ± 0.4648 58.77 68.33 28.48 3.19
HTC-250- 

120
55.3844 ± 0.3379 57.21 67.46 29.27 3.27

WO-5 % 56.1916 ± 0.2164 58.11 81.18 11.63 7.19
WO-10 % 54.7135 ± 0.3314 57.19 82.33 9.45 8.22
WO-15 % 47.1613 ± 0.3649 51.08 81.92 9.52 8.56
WO-20 % 43.2031 ± 0.4590 49.67 82.53 9.09 8.38

(1) Yield (%) = mHC,dry/mSS,dry × 100.
(2) Ash, volatile matter (VM), and fixed carbon (FC) are reported as mass per
centages on a dry basis determined by proximate analysis.
(3) Process temperature refers to HTC or WO setpoint; residence time is the 
isothermal hold time.
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The increased ash suggests some HC dissolution into the sludge. 3.2. The occurrence pattern and transformation mechanism of 
phosphorus

3.2.1. Distribution and enrichment characteristics of phosphorus forms
As illustrated in Fig. 3., the recovery of phosphorus is presented 

under varying HTC and WO conditions. It is evident that as the 

Fig. 2. (a). FTIR spectral results (b). XRD of SS and hydrochar (c). TG-DTG curves for hydrochar (250 ◦C, 60 min) (d). TG-DTG curves for hydrochar (WO-10 %).

Fig. 3. Content of different forms of phosphorus in hydrochar under different HTC and WO conditions.
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hydrothermal process temperature and residence time increased, the TP 
content in the HC increased from 28.92 mg/L in SS to 31.37–45.59 mg/L 
(150–250 ◦C, 60 min), indicating significant phosphorus enrichment 
and recovery (79.13 %–96.5 %). This observation is consistent with the 
findings of previous studies [27], which demonstrated that phosphorus 
conversion is influenced by temperature, duration, and the nature of the 
feedstock. Following sludge hydrothermal treatment, a significant pro
portion of phosphorus was retained in HC, contrasting with the behav
iour observed in algae, where the majority of phosphorus entered the 
liquid phase. This variation can be attributed to the composition of the 
feedstock, particularly the presence of precipitated phosphate [40].

Following HTC (150 ◦C for 1 h or 250 ◦C for 1 h), TP in HC increased 
to 31.37 mg/g and 45.49 mg/g from SS’s 28.92 mg/g. High tempera
tures hydrolysed organic phosphorus in SS to orthophosphate, thereby 
boosting IP and driving organic-to-inorganic conversion. In addition, 
both NAIP and AP exhibited a gradual increase, with AP’s proportion 
rising, indicating NAIP transformation to more stable AP [41–43]. WO 
treatment slightly boosted phosphorus recovery at low hydrogen 
peroxide doses but reduced it significantly above 10 %, to 69.23 % at 20 
%. It was observed that excess hydrogen peroxide intensifies the WO 
reaction, leading to the dissolution of some HC and the movement of 
phosphorus to the liquid phase. The results also indicate a decrease in TP 
in HC, a near-vanishing of OP, and an increase in AP’s proportion, 
suggesting that WO converted phosphorus to a more stable form.In 
summary, WO markedly affected phosphorus recovery in HC, with low 
doses having minimal effects but high doses causing significant recovery 
drops, and WO promoting NAIP - to - AP conversion.

3.2.2. Phosphorus transformation pathways
XRD analyses were conducted to determine the phosphorus-metal 

binding in HC under different conditions (Fig. 2(b)). The results of the 
XRD analysis of SS with HC generated by HTC and WO reactions are 
presented in Fig. 2(b). All samples contain SiO2, olivine (MgFeSiO4) and 
aluminium phosphate, consistent with previous studies [44]. 
Aluminium phosphate has been identified as the predominant form of P 
bound to metals, thereby corroborating the hypothesis that NAIP in SS is 
predominantly Fe-P and Al-P. In the SMT framework used here, NAIP 
operationally covers Fe–P and Al–P pools, whereas AP represents 
Ca-bound phosphates. Thus, the persistent aluminium phosphate signal 
in XRD is consistent with the NAIP fraction measured by SMT. It has 

been demonstrated that the Ca-P - bound form emerges in conjunction 
with an increase in reaction temperature, and the emergence of novel 
peaks such as vivianite and bobierrite post - HTC serves to indicate that 
HTC converts pyrophosphate to orthophosphate, which exhibits a weak 
binding affinity to Mg2+ and Ca2+ and consequently forms stable P 
compounds [45]. These vivianite-/bobierrite-type phases fall within 
NAIP in SMT, providing a mineralogical counterpart to the NAIP fraction 
at higher HTC temperatures.

Following the occurrence of WO, an increase in AP was observed, as 
evidenced by the presence of additional Ca-related compounds. The 
advent of new peaks, such as calcium hydrogen phosphate (CaH2P2O7) 
and hydrated calcium phosphate (Ca(PO3)2⋅2H2O), was accompanied by 
a gradual intensification of their peak intensities. This strengthening of 
Ca–P signals aligns with the SMT-observed rise in AP, indicating a shift 
from Fe/Al-bound P (NAIP) toward Ca-bound P (AP) during HTC and 
more clearly after WO. The potential P transformation pathways during 
the reaction are illustrated in Fig. 4, Fe-P and Al-P partially transform to 
Ca-P as the temperature rises, and this phenomenon is more pronounced 
after WO, corresponding to the increase in AP. XRD results indicate that 
aluminium phosphate is the predominant P-bearing mineral across all 
HC samples.Raising the temperature promotes the conversion of Fe-P 
and Al-P to Ca-P, a process further catalyzed by WO. We note that 
some phosphorus can remain poorly crystalline or surface-bound (e.g., 
thin Ca/Fe/Al phosphate coatings), which contributes to SMT fractions 
without producing distinct XRD peaks [46]; this explains minor differ
ences between SMT proportions and XRD peak intensities.

3.3. Evolution law of pollutants in PWs

As shown in Fig. 5., the variation in wastewater pollutant indicators 
during HTC and WO treatment is illustrated. Experimentally, the HTC 
process temperature exerted a strong influence on PWs quality: as 
temperature increased from 150 to 250 ◦C, COD rose from 5106 to 
19,189 mg/L, TOC showed the same upward trend, and NH4

+-N mark
edly increased. This phenomenon can be attributed to the EPS, which 
constitutes the primary form of sludge organic matter (50–90 %) [47], 
and which undergoes dissociation of its polymer mesh structure at 
elevated temperatures, resulting in the dissolution of macromolecules 
such as intracellular polysaccharides and proteins [48,49]. The observed 
change in wastewater colour with increasing temperature can be 

Fig. 4. Mechanism of phosphorus transformation.
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elucidated by this process. At 200 ◦C, the solution is slightly yellow and 
transparent; however, it becomes darker at higher temperatures, due to 
an increased maillard reaction product.

The evolution of nitrogenous compounds in sludge exhibited staged 
characteristics, with TN increasing linearly with temperature between 
150 and 200 ◦C (714 - 1651 mg/L), primarily from organic nitrogen 
(Org-N) produced by protein hydrolysis and NH4

+-N formed by its dea
midation (324 - 1047 mg/L) [50]. However, at temperatures above 
200 ◦C, condensation reactions became the predominant process, with 
amino acids and reducing sugars generating pyrrole/pyridine-like het
erocyclic compounds via the maillard reaction and sequestering in the 
HC. High-temperature-induced ring-opening reactions partially released 
NH4

+-N, thereby slowing the TN increase rate [51,52]. The data show 
that temperature had a stronger effect on nitrogen conversion than 
residence time.

In the wet oxidation system, the hydroxyl radical (⋅OH) generated by 
H2O2 thermal catalysis preferentially cleaves macromolecular organics 
through hydrogen extraction and electron transfer. The degradation 
pathway occurs in two stages: initially, complex organics are decom
posed into small molecule intermediates, and subsequently, they are 
ultimately mineralised into CO2 and H2O via decarboxylation/dehy
drogenation [53]. It is noteworthy that the efficiency of WO in removing 
nitrogen-containing pollutants exhibits significant variations. During 
WO (250 ◦C, 60 min), organic-nitrogen compounds are rapidly oxi
dized/deaminated to NH4

+-N, so the NH4
+-N concentration in the PWs 

increases with reaction time. However, the electrophilic nature of ⋅OH 
makes it difficult to attack NH4

+’s inert electronic structure, resulting in a 
near-conserved total nitrogen in the system [54].

Taken together, the results show that oxidant dosage matters a lot. At 
low H2O2 levels (<~5 %), the process waters are not cleaned enough 
and stubborn organics remain. At middle levels (~5–10 %), wet 
oxidation cleans the water well while keeping the downsides for the 
solid small (HC yield, surface area) and keeping phosphorus in more 
stable forms. This range is a practical operating window that balances 
purification and valorization. At high levels (≥~15–20 %), the solid 

starts to dissolve more, extra cleaning of the water brings smaller gains, 
and phosphorus left in the solid drops—so the overall benefits decline. 
From a design point of view, we suggest starting with a mid H2O2 dose 
(~5–10 % v/v of the slurry) and then adjusting on site. Tune it to: (i) 
how clean you need the process water (COD/TOC goals), (ii) how much 
you want to protect the hydrochar (yield, surface area), and (iii) how 
much phosphorus you aim to keep and in what form.

3.4. Impact of PWs recharge on the AAO system

HTC PWs treated with WO reduced COD and TOC concentrations, 
but TN and ammonia levels remained high, which would increase the 
load on the biochemical system when added to the influent. To assess 
this impact, HTC PWs and WO PWs were added to the AAO system 
influent in different proportions. Fig. 6 shows that over 30 days of 
operation, the average removal rates of COD, ammonia, and TN from the 
raw effluent were 85.86 %, 85.78 %, and 82.79 %, respectively. After the 
addition of HTC PWs, the removal rate decreased with the increase of 
the addition ratio. Specifically, 1 % and 5 % additions reduced the COD 
removal rate to 79.23 % and 64.52 %, respectively. Even at the low 
addition rate, the average COD in the effluent was 109.64 mg/L, 
exceeding the Chinese emission standard. This is because HTC PWs 
contain complex, hard - to - degrade and toxic organic matter, increasing 
the influent load. The microbial metabolic load becomes too high, while 
the hydraulic retention time remains unchanged, making it difficult for 
microbes to fully degrade the organic matter. These organics reduce the 
wastewater’s biodegradability and inhibit microbial activity, especially 
at high addition ratios, resulting in a significant decrease in COD 
removal rate. In contrast, the COD removal rate was not affected by the 
addition of WO PWs, remaining at 86.46 % and 86.38 % for 1 % and 5 % 
additions, respectively. WO removed most of the organic matter, 
reducing the influent load and lessening the impact on the biochemical 
system. WO decomposed the macromolecules of organic matter into 
small molecules easily utilised by microorganisms at high temperature 
and pressure, improving the influent’s biodegradability and enhancing 
the degradation efficiency.

Here, we note that the 5 % HTC PWs phase likely did not reach a new 
steady state within the ~30-day window. The high loading introduced a 
strong shock to the AAO system—elevating organic and nitrogen loads 
and introducing inhibitory compounds—so acclimation was incomplete 
and COD removal continued to decline. Accordingly, we interpret the 5 
% HTC PWs results as a transient shock-response rather than steady 
performance, and use them to illustrate the system’s limited short-term 
resilience under high HTC PWs dosing. Longer operation or gradual 
ramping would be required to determine the true steady state at this 
loading.

The effect of 1 % addition of HTC PWs on ammonia and TN removal 
was not significant, with removal rates of 84.21 % and 74.29 %, 
respectively. At small additions, the influent NH4

+-N and TN loads did 
not increase significantly. The NH4

+-N removal rate was higher than that 
of TN because the organic nitrogen in HTC PWs was difficult to remove 
directly by the traditional biochemical system. However, at 5 % dosage, 
the removal rate decreased to 54.53 % and 53.83 %. HTC PWs inhibited 
the nitrification and denitrification process, especially at high concen
trations, by inhibiting key enzyme activities. For example, phenolic 
compounds inhibit AMO activity and block ammonia oxidation; nitro
gen - containing heterocyclic compounds interfere with nitrite oxidation 
[55–57].

After adding WO PWs, the ammonia and TN removal rates were 
stable. The WO products contained easily degradable small molecular 
organic matter, providing a carbon source for denitrifying bacteria and 
promoting nitrate reduction. However, at 5 % addition, the effluent 
NH4

+-N and TN levels increased, sometimes exceeding the discharge 
standard. Although WO reduces the inhibition of key enzymes by toxic 
organic matter, the high proportion of addition makes the concentration 
of NH4

+-N and TN in the influent water too high, exceeding the 

Fig. 5. Concentrations of COD, TOC, NH4+-N, and TN in PWs under different 
HTC and WO conditions.

G. Yang et al.                                                                                                                                                                                                                                    Biomass and Bioenergy 205 (2026) 108536 

7 
1349



processing capacity of nitrifying bacteria. This results in incomplete 
nitrification and denitrification, and the effluent water level rises. In 
summary, a high proportion of HTC PWs and WO PWs will impact the 
biochemical system, but HTC PWs may cause the effluent to exceed the 
standard even in small doses, while WO PWs have a smaller impact and 
can digest more volume in engineering applications, but attention 
should be paid to the addition proportion.

3.5. Impact of microbial communities

The addition of HTC PWs was shown to affect the effluent treatment 
effect of the biochemical system, compared to WO PWs, which produced 

less effect. This suggests that HTC PWs are not suitable for direct entry 
into the biochemical system. The effect of HTC PWs on the biochemical 
system was mainly due to the alteration of the microbial community 
structure in the system. To further test this hypothesis, this study was 
carried out by 16S rRNA high-throughput sequencing to understand the 
changes in microbial community structure in the AAO system. The 
Coverage index was above 0.99 in all six groups of samples (Fig. 7.), 
which indicated that the data provided were sufficient to reflect the 
distribution of microbial communities [58–60]. The sludge samples in 
the anaerobic, anoxic and aerobic tanks exhibited a similar trend 
following the introduction of HTC PWs. The Ace and Chao1 indices of 
the six groups of samples decreased, indicating a decline in the 

Fig. 6. Effects on COD, ammonia and TN removal with addition of HTC PWs and WO PWs.

Fig. 7. Microbial abundance and diversity after addition of HTC PWs.
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abundance of microorganisms. The Simpson and Shannon indices are 
utilised to reflect microbial diversity, and the Simpson index increased 
after the addition of the HTC PWs, reflecting the increased concentration 
of dominant species and decreased diversity of the microbial commu
nity. This phenomenon is further elucidated by the changes in the 
Shannon index, which decreased after the addition of the HTC PWs, 
indicating a decline in the combined diversity. The introduction of HTC 
PWs was associated with enrichment of a few dominant taxa and may 
have reduced functional bacterial activity, which is consistent with the 
observed decreases in COD, ammonia, and TN removal rates.

In order to further investigate the effect of the addition of HTC PWs 
on the AAO system, the microbial community structure was analyzed. 
Fig. 8 shows the microbial community composition at the gate level in 
the AAO system with and without the addition of HTC PWs. To aid 
interpretation, we also present low-abundance phyla (<1–2 % relative 
abundance) in Fig. 8. Although numerically minor, these groups can 
contribute to community resilience and stress response, and may 
modulate key functions under inhibitory loads (e.g., phenolics and N- 
heterocycles from HTC PWs). The predominant bacterial phyla observed 
in the anaerobic tank in the absence of HTC PW addition were Proteo
bacteria, Firmicutes, and Bacteroidetes. In contrast, the dominant bac
terial phyla in the anoxic tank were Proteobacteria, Bacteroidetes, and 
Chloroflexi in the anaerobic pools, and Proteobacteria, Bacteroidetes, 
and Actinobacteria in the aerobic pools. The relative abundance of Prote 
Proteobacteria and Firmicutes in the anaerobic pools was significantly 
reduced by the addition of HTC PWs from 42.99 % to 22.79 %–31.78 % 
and 5.69 %, respectively, while the relative abundance of Actinobacteria 
increased significantly, which was mainly due to the fact that Actino
bacteria were more tolerant to the complex organics in the HTC PWs. 
The decline in the relative abundance of Proteobacteria and Firmicutes 
may indicate that inhibitory compounds in HTC PWs contributed to 
reduced hydrolytic/heterotrophic capacity. The enrichment of tolerant 
flora (Actinobacteria, Armatimonadetes) has been unable to compensate 
for this part of the functionality loss, which is consistent with the phe
nomenon of decreasing the removal efficiency of COD.

In the anoxic tank, the relative abundance of Proteobacteria also 
decreased significantly from 57.74 % to 41.41 % with the addition of 
HTC PWs, while there was a small decrease in the relative abundance of 
Bacteroidetes. Actinobacteria and Chloroflexi became the dominant 
flora in the anoxic tank. Actinobacteria are implicated in denitrification; 
however, their abundance decreased, possibly due to toxicity and/or 
competition for carbon sources. Conversely, the abundance of 

Actinobacteria and Chloroflexi increased due to enhanced tolerance to 
toxic substances.The addition of HTC PWs resulted in an imbalance of 
influent C/N, leading to the inhibition of functional bacteria due to an 
increase in toxic substances, thereby impairing nitrogen removal in the 
system. In the aerobic pool, the relative abundance of Proteobacteria 
also decreased to some extent, from 62.74 % to 47.73 %, and the relative 
magnitude of Actinobacteria increased sharply, from 8.96 % to 25.43 %, 
while the relative abundance of Nitrospirae, the main functional bac
terial phylum in the aerobic pool, also decreased more, from 5.67 % to 
2.83 %. Heterotrophic taxa such as Actinobacteria may compete with 
nitrifiers for dissolved oxygen; such competition could help explain the 
lower ammonia removal observed. In conclusion, the performance of the 
system was found to be inhibited overall following the addition of HTC 
PWs, with the functional flora being suppressed, tolerant bacteria being 
enriched, and the metabolic capacity being inadequate. Consequently, 
the system’s COD and nitrogen removal efficiencies were found to be 
significantly reduced.

4. Conclusion

This study demonstrates that integrating HTC and WO effectively 
addresses the dual challenges of SS valorization and PWs management. 
HTC converted sludge into HC with enhanced specific surface area 
(61.54 m2/g at 250 ◦C) and enriched phosphorus content (TP recovery: 
79–96.5 %), while subsequent WO treatment further stabilized HC by 
reducing volatile matter (from ~30 % to <10 %) and converting NAIP 
into AP, improving its suitability for resource recovery. However, direct 
addition of HTC PWs to the AAO system severely inhibited microbial 
activity, reducing COD, NH4

+-N, and TN removal rates by up to 24.7 %, 
36.4 %, and 34.9 %, respectively, due to recalcitrant organics (e.g., 
phenols, nitrogenous heterocycles) and elevated nitrogen loads. In 
contrast, WO pretreatment decomposed complex organics into 
bioavailable small molecules (e.g., short-chain acids), maintaining COD 
removal rates at ~86 % even at 5 % dosage and mitigating toxicity to 
nitrifying and denitrifying bacteria. Microbial community analysis 
revealed that HTC PWs simplified functional diversity, suppressing 
Proteobacteria and Firmicutes (critical for organic hydrolysis) while 
enriching stress-tolerant Actinobacteria, whereas WO preserved key 
taxa (e.g., Nitrospirae) essential for nitrogen removal. Despite the ben
efits of the HTC-WO tandem process, high oxidant doses (>10 %) 
reduced HC yield (49.67 % at 20 % H2O2) and phosphorus recovery 
(69.23 %), highlighting the need for parameter optimization. These 

Fig. 8. Microbial community compositions at the phylum level.
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findings underscore the potential of HTC-WO integration to reconcile 
sludge-derived resource recovery with environmental safety, though 
future work should prioritize catalytic WO systems for enhanced 
mineralization, cost-effective oxidant utilization, and long-term impacts 
on full-scale bioreactors. This research provides a scientific foundation 
for sustainable sludge management aligned with circular economy 
principles. Future study should (i) evaluate fuel-related properties of HC 
(e.g., HHV and combustion behavior) under representative HTC-WO 
conditions, and (ii) refine the oxidant-dosage strategy to balance 
process-water detoxification with preservation of HC quality and phos
phorus recovery, exploring catalytic or staged dosing could help mini
mize oxidant demand while maintaining co-benefits.
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A B S T R A C T

Vibrio coralliilyticus (V. coralliilyticus) can lead to severe coral diseases and is one of the main causes of coral 
bleaching. However, there is still a lack of convenient, and non-invasive detection methods for V. coralliilyticus, 
which brings inconvenience to coral health management. Here, a portable electrochemical biosensor was 
developed based on environmental DNA (eDNA) and cobalt-iron Prussian Blue Analogue (Co-Fe PBA) electrode 
material for detecting V. coralliilyticus. Notably, this sensor identified and quantified V. coralliilyticus eDNA in 
water through specific DNA probes, overcoming the previously reported complex and destructive pretreatment 
processes. Additionally, thanks to the high specific surface area of Co-Fe PBA, which provided abundant sites for 
probe anchoring, the constructed portable biosensor exhibited excellent detection performances. Specifically, the 
detection limit was as low as 19.0 fM, and the linear range was from 100 fM to 100 nM. In subsequent coral 
infection experiments, the eDNA of V. coralliilyticus increased on the eve of coral bleaching. Based on this change, 
the occurrence of coral bleaching was successfully predicted. Therefore, this portable biosensor is suitable for 
dynamic monitoring of V. coralliilyticus, helping to reveal the potential risks to coral health and providing a 
reference for ecological decision-making for coral reef protection.

1. Introduction

Coral reef ecosystems are highly concerned for their rich biodiversity 
and complex ecological structure, and their ecological, economic, and 
social significance is widely recognized [1,2]. However, coral reefs 
belong to the most fragile ecosystems. Due to human activities and 
environmental changes, nearly half of the world’s reef-building corals 
have been disappearing since the 1950s [3], wherein about 30 % of 
these losses are attributed to diseases [4]. While the global extinction 
risk of most coral species is lower than previously estimated, local de
pletions pose imminent threats that can have ecologically devastating 
impacts on coral reefs [5,6].

Currently, only a few pathogenic bacteria have been confirmed as 
coral pathogens according to Koch’s postulates, with Vibrio coralliilyticus 
(V. coralliilyticus) being one of the primary pathogens responsible for 
coral bleaching syndrome in Pocillopora damicornis (P. damicornis) [7,8]. 
Generally speaking, V. coralliilyticus maintains a symbiotic relationship 
with P. damicornis under normal temperatures. However, rising tem
peratures can induce behavioral switches in V. coralliilyticus due to 
global warming, leading to tissue dissolution, expulsion of symbiotic 
algae, and eventual death of the coral [9–11]. Presently, coral disease 
diagnosis mainly relies on the on-site observation of macroscopic le
sions, which results in the misidentification of diseases in different en
vironments. Moreover, the disease has already affected the corals before 
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the symptoms can be observed, delaying the appropriate treatment [4, 
12]. In addition, there have been several research reports on the 
detection of V. coralliilyticus based on DNA technology, such as poly
merase chain reaction (PCR) [13,14]. Nevertheless, all existing methods 
require cutting down corals and transporting them to the laboratory for 
testing. This operation has significant drawbacks. On one hand, the 
cutting behavior directly causes physical damage to the corals, dis
rupting their ecological structure and integrity. On the other hand, from 
coral collection and long-distance transportation to the final laboratory 
testing, there are numerous uncertainties in the entire process. These 
uncertainties may interfere with the physiological state of the corals, 
and at the same time, affect V. coralliilyticus, leading to deviations in the 
detection results and making it difficult to accurately reflect the true 
condition of corals in the natural environment.

Compared with traditional detection methods, environmental DNA 
(eDNA) technology, with its outstanding advantages of high sensitivity, 
accurate results, and non-invasiveness to organisms, offers a new 
perspective in the field of coral pathogen detection [15,16]. eDNA 
represents the DNA that organisms release into the surrounding envi
ronment through shedding or excretion. It has now been widely applied 
in species diversity analysis, particularly achieving remarkable results in 
the study of aquatic ecological environments [17]. This technology 
eliminates the need to cut down corals, thus avoiding secondary damage 
to them, and meets the demand for efficient detection of coral pathogens 
[18].

However, current eDNA-based detection methods generally rely on 
large-scale instruments, making on-site detection difficult. Additionally, 
since the activity of eDNA samples can be limited by complex environ
ments and transportation and storage conditions, the on-site detection 
method is quite essential [19,20]. Electrochemical DNA biosensors have 
emerged as one of the ideal solutions due to their sensitivity, rapidity, 
and portability [21], which rely on the hybridization of capture probes 
and target sequences to generate electrical signals, allowing for quick 
and effective identification of targets based on the ‘Watson-Crick pairing 
principle’[22], and have been widely used in detecting food-borne 
bacteria, antibodies, viruses, and so on [23–25]. Meanwhile, electro
chemical biosensors do not require large-scale instruments and can be 
operated without the need for professional personnel. Additionally, 
nanomaterials significantly improve biosensors’ performances due to 
their electrochemical properties when used as electrodes [26]. There
into, Prussian Blue Analogue (PBA), with its special tunable structure 
and good conductivity, can enhance the DNA loading and signal trans
mission remarkably [27,28]. Therefore, electrochemical DNA bio
sensors can be used for large-scale monitoring of the abundance changes 
for coral disease pathogens, thus enabling early warnings of coral dis
eases and providing a theoretical basis for the protection work against 
coral diseases.

In this work, Co-Fe PBA nanoframes (Co-Fe PBA NFs) were employed 
as the electrode material, and connected with oligonucleotide probes of 
high-specificity sequences to construct an efficient portable sensor on a 
Screen-Printed Electrode (SPE) for the on-site detection of 
V. coralliilyticus. Additionally, a coral infection experiment on 
P. damicornis verified the correlation between the biosensor detection 
results and the risk of coral disease. It is worth noting that when the 
concentration of V coralliilyticus reached 645 copies/μL, the coral 
exhibited bleaching symptoms. Verification through traditional 
methods and droplet digital PCR (ddPCR) proved that the biosensor is 
accurate and reliable. It can be seen that the electrochemical biosensor 
can play a role in large-scale monitoring of the abundance changes of 
coral disease pathogens, realizing the early-warning function for coral 
diseases, and thus laying a theoretical foundation for the protection 
work of coral diseases.

2. Experiment

2.1. Material and methods

All the Material and methods details can be found in Supporting 
Information S1.1, S1.2, and S1.3.

2.2. Probes design

Specific probes targeting the gene were designed with NCBI online; 
the corresponding ssDNA were synthesized by Shanghai Sangon 
(Shanghai, China). The sequences of ssDNA could be found in Table S1, 
Supporting Information.

2.3. DNA preparation

Conduct bacterial culturing and DNA preparation as required 
(Supporting Information S1.4).

2.4. Construction of biosensor

First, a sensor was constructed using a glassy carbon electrode (GCE) 
to evaluate the feasibility of the construction method. Then, the process 
of the portable biosensor was similar to that on GCE, which was shown 
in Fig. 1. Firstly, drop 10 μL of the Co-Fe PBA NFs solution containing 
1 % chitosan onto the treated surface of the GCE (Supporting Informa
tion S1.5) and then dried for 30 min at room temperature, recorded as 
GCE/PBA. Next, 10 μL glutaraldehyde solution (2.5 %) was incubated on 
the surface of the modified electrode for 30 min at room temperature. 
After that 10 μL of capture probe (noted as CP, 1 μM) was added onto the 
surface of the modified electrode for 1 h at room temperature, recorded 
as GCE/PBA/CP. Afterward, 10 μL of Bovine Serum Albumin (BSA) was 
added onto the surface of the modified electrode to block nonspecific 
active sites. Before commencing the experiment, the modified electrode 
was stored at 4◦C. Finally, 10 μL of the Target DNA with adsorbed 
Methylene Blue (MB) was dropped onto the modified electrode and 
incubated for 1 h at room temperature. MB was intercalated into dsDNA, 
and its signal changes can be detected by electrochemical methods. The 
modified electrode surface was washed with PBS buffer and deionized 
water, dried, and then stored at 4◦C, respectively, recorded as GCE/ 
PBA/CP/Target. Then, the same construction process was conducted on 
Screen-Printed Electrodes (SPE) as a portable chip in building a portable 
biosensor. Subsequently, electrochemical tests were carried out 
(Supporting Information S1.6). After the test is completed, rinse the 
surface of the electrode with water and ethanol, and then conduct 
physical polishing again (More details were provided in Supporting In
formation S1.5).

2.5. Infection experiment of P. damicornis

As shown in Fig. S1, the four experimental groups were named as 
C25 (Fig. S1a), C30 (Fig. S1b), T25 (Fig. S1c), and T30 (Fig. S1d), 
respectively, where C/T represented the absence/presence of 
V. coralliilyticus inoculation (1 mL, 107 CFU/mL), and 25/30 represented 
the coral culture water temperature of 25◦C /30◦C. More coral experi
mental details were provided in Supporting Information S1.7, S1.8, and 
S1.9.

The blank test and data analysis can be found in the Supporting In
formation S1.10 and S1.11.

3. Results and discussion

3.1. Characterization of electrode material

SEM was used to characterize the morphological characteristics of 
Co-Fe PBA NFs, which possessed a hollow, open cubic framework 
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structure with a size of approximately 280 nm (Fig. 2a). The elemental 
composition of Co-Fe PBA NFs was analyzed by XPS (Fig. 2b and 
Fig. S2a, b), proving the existing elements such as Co, Fe, O, N, and C. 
Besides, in the XRD pattern (Fig. 2c), the peaks appearing at 2θ = 17.6, 
24.5, 35.6, 43.9, 51.2, and 57.8 corresponded to the (200), (220), (400), 
(420), (440), and (620) crystal planes respectively. They all originated 
from PBA and were closely related to their structures, which also indi
cated the successful synthesis of Co-Fe PBA NFs [29–31]. In addition, 
Raman spectroscopy (Fig. S2c) also show spectral bands of Fe-Co, Fe-C, 
and C–––N at 228, 565, and 2129 cm− 1. These spectral bands were also 
associated with the specific structural characteristics of reported PBA, 

proving the successful synthesis of Co-Fe PBA NFs [32–34]. This also 
corresponds to the XRD results (Fig. 2c).

Then, the specific surface area was determined by N2 isotherm 
adsorption-desorption (Fig. 2d) to be 71.990 m2/g, and gave the pore 
distribution of Co-Fe PBA NFs (Fig. 2d, inset), obtaining a pore size of 
9.355 nm, which belonged to the mesopores. A larger specific surface 
area could provide more active sites for the hybridization reaction at the 
electrode interface. At the same time, it was conducive to the transfer of 
charges, thereby enhancing the sensitivity and improving the detection 
performance of the biosensor [35].

In order to explore the contribution of the special structure of elec

Fig. 1. Construction and detection process of the biosensor.

Fig. 2. Characterization of Co-Fe PBA NFs: (a) SEM, (b) XPS, (c) XRD, and (d) N2 isotherm adsorption-desorption of Co-Fe PBA NFs; (e) redox behavior of Co-Fe PBA 
NFs electrodes using CV at scan rates between 30 and 300 mV/s; (f) the linear regression plot between the current and square root of scan-rates based on the Co-Fe 
PBA NFs electrode.
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trode materials to electrochemical sensing performances, Co-Fe PBA NFs 
were tested by cyclic voltammetry (CV) at different scan rates (Fig. 2e), 
and then a linear relationship was found between the redox peak current 
and the square root of the scan rate (Fig. 2f). According to the calcula
tion of formulas (1) [36,37], the electrochemically surface areas (ECSA) 
of the bare or PBA modified electrodes were 0.178 and 0.290 cm2, 
respectively, as shown in Fig. S3. Obviously, the ECSA was improved by 
62.9 % for the latter electrode. (Ipa: oxidation current, A: the electro
active surface area, D: the diffusion coefficient of 7.60 ×10− 6 cm2 s− 1, n: 
the electron transfer number of 1, C: the concentration of [Fe(CN)6]3-/4-, 
ν: the scanning rate, respectively.) 

Ipa = 2.69 × 105 × A × D1/2 × n3/2 × C × ν1/2 (1) 

3.2. Construction of portable biosensor

Electrochemical impedance spectroscopy (EIS) was used to charac
terize impedance changes during the construction of electrochemical 
biosensors [37]. The Nyquist plot obtained from the EIS result typically 
formed a semicircular arc, where the diameter reflected the resistive 
properties of the electrochemical system. The feasibility verification 
shown in Fig. 3 corresponded to the previous biosensor construction 
processes. As shown in Fig. 3a, when the surface of the GCE was 
modified by Co-Fe PBA NFs as GCE/PBA, a semicircle with a smaller 
radius (68 Ω) than that of the bare GCE (81 Ω) was observed, indicating 
the successful combination of Co-Fe PBA NFs and the electrode, which 
was beneficial to electron transfer and further improved the detection 
ability of the biosensor. After further adding CP on the surface of 
GCE/PBA, the diameter of the semicircle increased, indicating that the 
amide reaction occurred and amino was successfully introduced at the 
end of the CP on the GCE/PBA/CP electrode [38]. The increase in 
impedance value came from the electrostatic repulsion between the 
negative charge pair of [Fe(CN)6]3-/4- on the electrode surface and the 
probe DNA [39]. Then, the semicircle increased sharply when Bovine 

Serum Albumin (BSA) was introduced on the surface of GCE/PBA/CP. 
Since BSA could block the non-specific active sites on the electrode 
surface and reduce the generation of false positive results, it could also 
hinder the electron transfer efficiency at the electrode interface as a 
macromolecular substance. In the next step, the addition of Target DNA 
greatly reduced the diameter of the semicircle. This was because Target 
DNA and CP formed dsDNA based on the complementary base pairing 
hybridization and the signals were enlarged by the adsorbed MB mole
cules, enhancing the electron transfer rate at the electrode interface [40, 
41].

Correspondingly, in Fig. 3b, CV was also used to test and characterize 
each stage of the biosensor construction process, and the results were 
consistent with the changing trend shown by EIS (Fig. 3a), indicating the 
successful construction of the biosensor. Then, the same construction 
method was applied to SPE (Fig. 3c), and the CA results showed similar 
variation trends as those on GCE, indicating such a method actually 
could be feasible to build a portable platform for the detection of 
V. coralliilyticus. In addition, more detailed experiments were also car
ried out to obtain the optimal detection parameters (shown in Fig. S4), 
and the subsequent testing was executed under the above-optimized 
conditions.

More importantly, chronocoulometry (CC) was used to study the CP 
density. As shown in Fig. 3d, Qtotal and Qdl were 5.053 and 1.495, 
respectively. Quantitative calculation of Γss yielded a CP density of 
8.84 × 1011 molecules cm− 2 by using formulas (2) and (3) [42,43]. (NA: 
Avogadro’s number, n: electrons number, F is the Faraday constant (96, 
487 C equiv− 1), z: charge of the redox molecule (for RuHex, z is 3), A: 
the electrochemically surface areas (0.290 cm2), m: number of nucleo
tides in the DNA (in this study, m is 26).) 

Γss = (Qss NA/nF A)(z/m) (2) 

Qss = Qtotal − Qdl (3) 

As shown in Fig. 1, when the target system containing 

Fig. 3. Feasibility of the construction method. (a) EIS, (b) CV of the biosensor constructed on GCE, and (c) CA of the biosensor constructed on SPE at different 
modification stages. (d) Chronocoulometric curves of SPE/PBA/BSA/CP: (A) in Tris-HCl (10 mM, pH 7.4) and (B) in Tris-HCl (10 mM, pH 7.4) containing 50 μM of 
RuHex. Target concentration is 100 pM.
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V. coralliilyticus eDNA is dropped onto the electrode surface, due to the 
presence of capture probes on the electrode surface that are highly 
specific and complementary to V. coralliilyticus eDNA, base- 
complementary pairing occurs at the electrode interface. A large 
amount of target DNA adsorbed with MB is immobilized on the electrode 
surface. Since MB is an electrochemically active substance, it can 
enhance the electron transfer rate at the electrode interface, leading to 
an increase in the electrochemical signal. Thus, the concentration of 
V. coralliilyticus eDNA can be quantified by the magnitude of the change 
in the electrochemical signal.

3.3. Performance evaluation of the portable biosensor

The electrochemical properties of the portable biosensor were eval
uated as shown in the schematic illustration in Fig. 4a. Specifically, the 
portable biosensor was tested with different concentrations of Target 
DNA by the CA method. As shown in Fig. 4b, the target concentration 
was reflected by measuring the current response of the Target DNA. An 
excellent linear relationship could be fitted between the peak current 
and the logarithm of the Target DNA concentration (Fig. 4c) according 
to formula (4). Besides, the limit of detection (LOD) was calculated as 
19.0 fM using formula (5) and the Limit of Quantitation (LOQ) was 
calculated as 71.25 fM using formula (6), where σ is the standard de
viation of the blank response (n = 8), and S is the slope of the calibration 
curve obtained from three independent devices (n = 3) [44]. Compared 
to the reported technology for detecting bacterium (Table S2), the 
biosensor had a lower detection limit, indicating its superior 
performance. 

y = 3.608x+ 64.589 (4) 

LOD = 3σ/S (5) 

LOQ = 10σ/S (6) 

Moreover, such a wide detection range should be attributed to the 
hollow, open structure of Co-Fe PBA NFs, which brought a larger sensing 
area to the electrode, thus loading more capture probes. The result was 

also reflected in Fig. 2f: the ECSA of the GCE/PBA electrode was 
increased by 62.9 % compared to the bare GCE. The above results 
showed that the biosensor could perform accurate quantification of the 
Target DNA at certain concentrations, thereby indirectly reflecting the 
abundance changes of V. coralliilyticus in the coral-living area and 
providing a basis for coral health assessment.

Besides, a series of tests were conducted to verify the performance of 
the portable biosensor. First, the reproducibility of the portable 
biosensor was tested. As shown in Fig. 5a, it could be observed that all of 
the different batches of biosensors displayed good reproducibility when 
detecting 10, 0.1, and 0.001 nM of V. coralliilyticus DNA. The RSD was 
lower than 3.9 %, indicating that the construction method realized ac
curate and repeated detection [45,46]. In addition, specificity is a 
crucial characteristic of biosensors related to their reliability. In Fig. 5b, 
the portable biosensor presented relatively low current responses in 
other interfering species or blank samples, and the response to 
V. coralliilyticus was the highest and almost equal to the mixed group 
(Mix) of all the above species. The current response displayed a signif
icant difference (P < 0.001). At the same time, the specificity was 
further verified by the target with sequence mismatch. As shown in 
Fig. 5c, the mismatched target also only possessed a low current 
response (P < 0.001) [47]. The results showed that compared with other 
interferences, the portable biosensor exhibited excellent specific recog
nition capability for V. coralliilyticus and also recognized the target in the 
mixture, indicating its excellent anti-interference property in a complex 
environment.

Finally, long-term stability is also an important property of bio
sensors, which has a decisive influence on the practical application ef
fect and reliability. As shown in Fig. 5d, the portable biosensor only lost 
12.2 % of the electrical signal after being placed for one week, which 
met the actual requirements, indicating that the portable biosensor 
possessed good long-term stability. The above test results comprehen
sively proved that the biosensor with good performance could support 
the needs of coral health assessment.

Fig. 4. Electrochemical property evaluation of the portable biosensor: (a) sample detection process including sample collection, eDNA enrichment, and portable 
detection, (b) CA test with Target DNA concentrations ranging from 100 fM to 100 nM, and (c) the linear fitting of the current vs. the concentration of Target DNA. 
Error bars represent the standard deviation (SD) of three parallel experiments.
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3.4. Applicability

Upon the successful accomplishment of the preliminary performance 
assessment of the portable biosensor, subsequent coral infection exper
iments were further executed within the aquarium environment. This 
was achieved by simulating the elevation of seawater temperature 
triggered by global warming phenomena. In this specific experimental 
setup, P. damicornis was deliberately selected as the target coral for the 
study. The particular pathogen, V. coralliilyticus, which had been posi
tively identified on the surface of the chosen coral, was strategically 
utilized to mimic the real-world presence of such pathogens within the 
natural marine ecosystem (Fig. S1). Through this approach, the objec
tive was to meticulously observe the impact of V. coralliilyticus on corals 
within a relatively warmer environment and to rigorously verify the 
applicability of the portable biosensor during the entire process of coral 

infection. After two weeks of incubation and regular sampling, the re
sults were shown in Figs. 6 and 7. Wherein, Fig. 6a reflected the color 
change of such coral during the warming experiment, the main color of 
each group of corals in Fig. 6a was further processed to clarify the 
process of color shift for each coral, shown in Fig. 6b, where the relative 
luminance was the result of the calculation of the Red Green Blue (RGB) 
values of the main color of the corals, with the formula (6) [48]. 

Y = 0.212 R + 0.715 G + 0.072 B (6) 

Relative luminance is used to simulate the human eye’s perception of 
white light: the larger the value is, the more seriously the coral’s main 
body is biased toward white, and the deeper the coral’s bacterial 
bleaching occurs due to infection by pathogenic bacteria. It could be 
clearly observed that before and after the incubation, there was no 
obvious change between the C25 and T25 groups, which might be due to 

Fig. 5. Various performances of the portable biosensor: (a) reproductivity (Num. = 3), (b) selectivity to the DNA (10 nM) of other species, (c) specificity to Target 
DNA (1 nM) with different mismatch types in sequence, and (d) stability after restoring under − 20◦C for seven days. Error bars represent the standard deviation (SD) 
of three parallel experiments. * : P < 0.05, * *: 0.001 < P < 0.01, * ** : P < 0.001.

Fig. 6. Morphological changes of P. damicornis during infection experiment: (a) photographs, and (b) the thermal graphs of corals in four groups (C25, T25, C30, 
T30) with respective relative luminance.
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that V. coralliilyticus is a conditionally pathogenic bacteria affected by 
temperature. Its pathogenicity is very weak at a normal water temper
ature of 25◦C and almost harmless for the coral. Therefore, there was no 
apparent difference in the coral morphology, no matter whether 
V. coralliilyticus was inoculated. In contrast, coral color in the warming 
group T30 significantly changed to lighter and then tended to be white, 
indicating that the group of corals inoculated with V. coralliilyticus was 
indeed attacked by the pathogen, and there was a significant tendency to 
bleaching. But for C30, although the corals were not inoculated with 
V. coralliilyticus, there was still a slight tendency to lighten. The reason 
might be that the experimental seawater sample was obtained from the 
coral aquarium. It was inevitable that a trace amount of V. coralliilyticus 
would be introduced due to the wide distribution of V. coralliilyticus 
when the coral samples were brought back from the field to the aquar
ium, which was also verified in the subsequent experimental data 
(Fig. 7).

Samples obtained periodically during the coral infection experiments 
were analyzed by different methods, as shown in Fig. 7, where Y(II) 
indicated the maximal photosynthetic efficiency of the corals, reflecting 
the ability of the coral to carry out photosynthetic reactions, thus could 
be regarded as a traditional indicator of the coral health status [49]; the 
relative luminance was calculated in the same way as in the previous 
text, reflecting the ability of the human eye to recognize the whitening of 
the coral’s color; signal and ddPCR indicated the test results of Target 
DNA concentration in water samples by portable sensor and Gold stan
dard method (ddPCR), respectively. It could be observed that the rela
tive luminance of the T30 group increased dramatically with the 
increase of incubation time (Fig. 7a), which was accompanied by the 
gradual decrease of Y(II) in the process, indicating that the T30 corals 
showed a tendency to bleach in the warming environment, and the level 
of coral health was decreasing. Eventually, the corals were completely 
bleached, proving the preceding judgment that the virulence of 
V. coralliilyticus in corals was temperature-dependent.

Besides, the concentration of V. coralliilyticus eDNA was tested by the 
portable biosensor during the experiment (Fig. 7a), which increased 
slowly in the first two days after inoculation. The reason might be that 

the pathogen might need time to adapt to the new environment at the 
early stage of infection, hence its virulence was not obvious; then the 
eDNA concentration increased rapidly after D2, which indicated that 
V. coralliilyticus had successfully infected the coral, and proliferated in 
large quantities under the suitable environmental conditions; afterward, 
when the eDNA concentration of V. coralliilyticus reached 645 copies/μL 
(D8), it was found that the coral health level was declining significantly 
including both the obvious shift in coral color and the decrease in 
photosynthetic level. Importantly, the biosensor showed the same trend 
of change as the above traditional methods throughout the infection 
experiment. The results suggested that the electrochemical DNA 
biosensor could also reflect the health level of corals and further di
agnose coral disease pathogens compared to the traditional methods of 
visual observation and photosynthetic indicators.

It was also noted that there was a time lag between the large increase 
in relative luminance, or the large decrease in photosynthetic efficiency 
of the corals, and the increase in eDNA concentration, indicating that the 
attack of V. coralliilyticus on the corals was not apparent until it prolif
erated up to a certain threshold. Therefore, it was not reliable to 
determine whether the corals were infected with V. coralliilyticus just 
based on the coral’s appearance in the early stage of the infection or 
from the traditional methods, such as photosynthesis indicators, or 
when the coral had been infected but could not determine how severe 
the infection was. Therefore, the portable biosensor in this study could 
detect V. coralliilyticus eDNA rapidly and accurately, which had the 
potential to detect the potential risk of coral bleaching before the coral 
presented obvious symptoms, thus taking effective measures to protect 
the coral in advance.

Meanwhile, the accuracy of the biosensor results was verified by 
ddPCR after each portable biosensor detection of eDNA concentration in 
water samples (Fig. 7). After calculation, there was no significant dif
ference between the results of ddPCR and the portable biosensor 
(P > 0.05), which indicated that the biosensor was accurate and reliable 
enough to be practically applied in the field detection of V. coralliilyticus, 
providing new ideas for the on-site diagnosis of coral diseases.

In addition, the curve changes in group C30 (Fig. 7b) were similar to 

Fig. 7. Summary charts of the changes in the coral health index: (a) T30, (b) C30 (c) T25, and (d) C25. Error bars represent the standard deviation (SD) of three 
parallel experiments.
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those of T25 (Fig. 7c) and C25 (Fig. 7d) in the first and middle stages 
before D10, but differences appeared in the later stages after D10, where 
a small increase in the eDNA concentration was observed, and accord
ingly, relative luminance and photosynthetic efficiency were slightly 
increased and reduced, respectively as a result of the infection. The re
sults of Fig. 7b corresponded to the aforementioned trend of changes in 
group C30 (Fig. 6). Moreover, neither of the V. coralliilyticus was active 
in group T25 or C25 (Fig. 7c, d) since the temperature did not reach the 
condition of pathogenicity, so the inoculation did not have a significant 
effect on the corals, and the overall trend of the curves was stable 
without large fluctuations.

It was also noted in Fig. 7 that V. coralliilyticus eDNA was detected in 
D0 through the biosensor in the four experimental groups, and ddPCR 
also proved its existence. The results showed that a trace amount of 
V. coralliilyticus usually existed in naturally fresh seawater and had the 
potential to cause coral disease outbreaks, even in small amounts. 
Therefore, it was concluded that V. coralliilyticus existed in the sea areas, 
and the coral growth therein was accompanied by the potential threat of 
disease. The present study has the potential to predict coral disease 
outbreaks by extensively monitoring V. coralliilyticus eDNA in the event 
of seawater warming, thus providing an on-site and rapid response to 
prevent disease outbreaks and protect coral ecosystems.

In addition, a blank test was conducted in order to prevent the 
introduction of external contamination due to artificial sampling oper
ations in the coral culture experiment, and the results were shown in 
Fig. S5. Significantly, there was almost no signal corresponding in all 
steps of sampling, and it was in contrast with the obtained sample in 
biosensor performances. These results showed that no external 
contamination was introduced during the sampling and testing process 
to interfere with the test results.

4. Conclusion

In conclusion, a novel, highly sensitive and selective portable 
biosensor was developed for detecting V. coralliilyticus eDNA by using 
Co-Fe PBA NFs as electrode material and the ssDNA probe to specifically 
identify V. coralliilyticus. The constructed biosensor possessed a wide 
detection range from 100 fM to 100 nM, and an exceptionally lower 
detection limit of 19.0 fM. In addition, a coral infection experiment by 
simulating seawater warming proved that the coral got to bleach when 
the V. coralliilyticus eDNA increased to 645 copies/μL at the temperature 
of 30◦C. It was further verified that the biosensor could dynamically 
track the changes of eDNA abundance in the seawater and showed the 
potential to evaluate the health status of corals and help the early 
warning of coral pathogens of infection. The results were also compared 
with traditional methods and ddPCR, confirming the portable bio
sensor’s validity and reliability, demonstrating that the constructed 
biosensor is promising for the on-site detection of coral pathogenic 
bacteria. In summary, the electrochemical biosensor has demonstrated 
remarkable performance in detecting V. coralliilyticus, showing high 
efficiency and notable sensitivity. However, a drawback lies in the 
current water sample pretreatment, which is both time-consuming and 
labor-intensive, impeding the sensor’s ability to conduct rapid detec
tion. To surmount this hurdle, our research team is actively delving into 
the application of microfluidic devices. These devices are expected to 
simplify and expedite the extraction process. By integrating micro
fluidics, we anticipate achieving real-time, on-site detection of 
V. coralliilyticus. Such an achievement will lay a solid foundation for 
early warning of coral bleaching. Moreover, it will enhance compre
hensive ecological monitoring in marine environments, providing crit
ical data for conservation efforts and ecological research.
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Abstract: Forests play a key role in carbon sequestration and oxygen production. They 
significantly contribute to carbon peaking and carbon neutrality goals. Accurate estima-
tion of forest carbon stocks is essential for a precise understanding of the carbon seques-
tration capacity of forest ecosystems. Remote sensing technology, with its wide observa-
tional coverage, strong timeliness, and low cost, is essential for carbon stock estimation 
research. However, challenges in data acquisition and processing include data variability, 
signal saturation in dense forests, and environmental limitations. These factors hinder ac-
curate carbon stock estimation. This review summarizes the current state of research on 
forest carbon stock estimation from two aspects, namely remote sensing data and estima-
tion methods, highlighting both the advantages and the limitations of various data 
sources and models. It also explores technological innovations and cutting-edge research 
in the field, focusing on deep learning techniques, optical vegetation thickness estimation 
methods, and the impact of forest–climate interactions on carbon stock estimation. Fi-
nally, the review discusses the current challenges in the field, including issues related to 
remote sensing data quality, model adaptability, forest stand complexity, and uncertain-
ties in the estimation process. Based on these challenges, the paper looks ahead to future 
trends, proposing potential technological breakthroughs and pathways. The aim of this 
study is to provide theoretical support and methodological guidance for researchers in 
related fields. 

Keywords: data source synergy; estimation methods; deep learning; AI-driven  
innovation 
 

1. Introduction 
Since the Industrial Age, the increased use of fossil fuels has led to a significant rise 

in greenhouse gas emissions, particularly carbon dioxide (CO2), a key driver of global 
warming [1]. This disruption to the ecological balance poses a threat to human living con-
ditions. In 2024, global CO2 emissions are projected to reach 41.6 billion tons, exceeding 
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the 40.6 billion tons recorded in 2023, according to the “Global Carbon Project” in their 
Global Carbon Budget report [2]. Achieving the Paris Agreement’s target of limiting the 
global temperature rise to well below 1.5 °C and implementing China’s dual carbon strat-
egy, which aims to peak carbon emissions by 2030 and achieve carbon neutrality by 2060, 
remain major challenges. Addressing global climate change requires not only reducing 
carbon emissions but also enhancing carbon sinks. Strengthening the resilience and sta-
bility of ecosystems is crucial to increasing their carbon sequestration capacity [3]. 

Forests, as the largest and most biologically diverse terrestrial ecosystems, have a 
unique capacity for carbon sequestration and oxygen production [4]. Through photosyn-
thesis, trees absorb atmospheric CO2 and store it in forest biomass, making them one of 
the most effective and economically viable methods to reduce atmospheric CO2 levels [5]. 
However, forest carbon sequestration is influenced by forest dynamics and human activ-
ities. Forest carbon stocks and the carbon cycle are critical to understanding the role of 
terrestrial ecosystems in global carbon cycling and climate change [6]. Monitoring carbon 
stocks and their temporal changes is essential for reducing uncertainties in broader eco-
system carbon cycle models. 

Traditional forest inventory methods, which measure tree height, diameter at breast 
height (DBH), and crown width within sample plots, provide accurate data on forest char-
acteristics. These inventories have been used to develop and validate carbon stock estima-
tion models [7]. For instance, Fang Jingyun et al. [8] utilized fifty years of China’s contin-
uous forest inventory data to assess changes in the country’s forest carbon stocks from 
1949 to 1998. Similarly, Andreas Margerl et al. [9] employed the United States’ national, 
historical, and recent forest inventory data spanning from 1907 to 2012 to evaluate the 
dynamic variations in carbon content within the native forest ecosystems of the United 
States during this period. Despite their high accuracy, these traditional methods are time-
consuming, labor-intensive, and require tree felling, which can damage ecosystems. Thus, 
these methods are not scalable or cost-effective for meeting growing demands for forest 
data. 

With the widespread adoption of satellite remote sensing technology and the com-
mercialization of geospatial data in the 1980s, this field has rapidly advanced [10]. How-
ever, beyond satellites, other platforms, like aircraft and unmanned aerial vehicles 
(UAVs), have also emerged as powerful tools in forest monitoring. Aircraft-based obser-
vational platforms provide higher spatial resolution and more flexible observation sched-
ules compared to satellites, making them particularly useful for monitoring forest dynam-
ics on a regional scale. UAVs, with their ability to fly at low altitudes, enable highly de-
tailed measurements of forest structure and biomass, offering a cost-effective solution for 
local-scale monitoring and dynamic changes in forest carbon stocks. These platforms com-
plement satellite data by filling gaps in spatial and temporal resolution, providing more 
accurate and timely estimates of carbon stocks [11]. Compared to traditional ground-
based inventories, which are labor-intensive, time-consuming, and require tree felling, re-
mote sensing platforms provide a more efficient and less invasive method for assessing 
forest structure and carbon content. Figure 1 illustrates this comparison, highlighting the 
strengths and limitations of both traditional and remote sensing methods in mapping for-
est carbon storage distribution. 
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Figure 1. Comparison of traditional forest survey methods and remote sensing estimation methods 
for forest carbon storage mapping. 

To comprehensively evaluate the estimation methodologies of carbon stocks utilizing 
observational technology, an extensive literature search was conducted on 10 December 
2024 within the Web of Science Core Collection database. The search employed the key-
words “forest carbon stocks” and “remote sensing”. A total of 2191 publications, encom-
passing scientific research articles and other relevant online media literature published 
between 1999 and 2024, were systematically reviewed and analyzed. The findings were 
subsequently synthesized, highlighting the annual publication trends, the geographical 
distribution of research outputs, and the distribution across various academic journals, as 
illustrated in Figure 2. 

Figure 2a illustrates a significant increase in both the number of studies and article 
citations concerning the estimation of forest carbon stocks using remote sensing technol-
ogy from 2000 to 2024. Notably, since 2022, the annual publication count has exceeded 400 
papers for three consecutive years, and the cumulative citation count has surpassed 
15,000. This trend reflects the heightened global research activities related to forest above-
ground biomass (AGB), driven by the emergence of environmental protection initiatives, 
such as the Paris Agreement and China’s commitments to carbon peak and carbon neu-
trality. Figure 2b depicts the distribution of publications based on the country of the first 
author’s institutional affiliation. The United States, China, and Germany are the leading 
contributors, with 1126, 1079, and 269 papers, respectively. Figure 2c presents the top 10 
journals ranked by publication volume in this domain, highlighting highly esteemed jour-
nals in the field of remote sensing, including Remote Sensing (690 papers) and Remote Sens-
ing of Environment (344 papers). These journals are recognized as primary platforms for 
disseminating research on forest carbon stock estimation and related remote sensing ap-
plications. These trends clearly demonstrate the critical role of remote sensing technology 
in advancing forest carbon monitoring. 

With the advent of the era of big geospatial data and the advancement of sensor tech-
nologies, the volume of remote sensing data applicable to the estimation of forest carbon 
stocks is increasing exponentially [12]. Concurrently, developments in computer science 
have introduced novel methodologies for constructing estimation models [13,14]. Remote 
sensing data serve as the foundational observational information, while estimation tech-
niques are employed to analyze and infer carbon stocks based on this data. 
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Figure 2. Trends, geographic distribution of the authors or research institutions, and source titles of 
publications on forest carbon stock estimation using remote sensing. (a) Annual number of publica-
tions and citations from 2000 to 2024, showing a significant increase in both over time. (b) Distribi-
tion of publications by country/region, highlighting major contributing countries such as the USA 
and China. (c) Top publication sources, listing the most frequently appearing journals in this re-
search field, with “Remote Sensing” leading the count. 

This paper aims to fill gaps in the current literature by providing a comprehensive re-
view of remote sensing-based forest carbon storage estimation, focusing on technological 
advances and the limitations inherent in current methodologies. Furthermore, the paper 
will discuss how current methods can be better applied in real-world contexts, such as cli-
mate policy formulation and forest management practices, where precise carbon stock data 
are crucial for informed decision-making. By presenting an in-depth overview of these ar-
eas, this study seeks to supplement existing knowledge and provide insights into future 
research directions. The ultimate goal is to offer a more nuanced understanding of the chal-
lenges in remote sensing-based carbon stock estimation and to propose potential solutions 
that could advance both theoretical and practical applications of this field. 

2. Remote Sensing Data Sources 
Remote sensing data can be categorized into optical, synthetic aperture radar (SAR), 

and light detection and ranging (LiDAR) data based on the sensor type used [15]. These 

1366



Forests 2025, 16, 449 5 of 36 
 

 

datasets, with varying spatial resolutions and spectral bands, support the estimation of 
forest carbon stocks. 

2.1. Optical Data 

Optical remote sensing data are crucial for estimating forest carbon stocks due to 
variations in reflectance spectral curves across plant species in the visible and near-infra-
red (NIR) bands. Even within a single species, reflectance can fluctuate based on environ-
mental conditions and phenological stages [16]. These spectral characteristics enable con-
tinuous monitoring of plant growth and accurate carbon stock estimation, establishing 
optical data as a widely used modality in forest carbon stock research. Common reflec-
tance indices, such as the normalized difference vegetation index (NDVI), are used to as-
sess vegetation health and biomass [17], while the enhanced vegetation index (EVI) im-
proves upon the NDVI by reducing atmospheric and soil noise. The photochemical reflec-
tance index (PRI) offers insights into plant photosynthetic activity, further enhancing car-
bon stock estimation accuracy. Optical data are primarily categorized into multispectral 
and hyperspectral data. 

2.1.1. Multispectral Data 

The use of optical remote sensing for carbon stock estimation began in the 1970s, 
initially with single-band imagery. However, the accuracy of early methods was impacted 
by atmospheric conditions, soil characteristics, and sensor performance. The use of mul-
tispectral data, combining multiple spectral bands, improved accuracy by better correlat-
ing with forest biomass and carbon stocks [18]. Today, multispectral datasets, such as 
Landsat, WorldView, and the GF series, are widely used in forest carbon stock estimation. 
These datasets are commonly processed using regression techniques that model relation-
ships between carbon stocks and spectral, terrain, and texture variables. 

Advancements in sensor technology have led to higher spatial resolution imagery, 
which aids in classification tasks, such as tree species identification, improving carbon 
stock estimations [19]. However, high-resolution imagery often lacks comprehensive 
spectral information, and its higher cost and susceptibility to weather conditions present 
challenges in practical applications [20]. 

2.1.2. Hyperspectral Data 

Hyperspectral data capture biophysical and chemical characteristics more precisely 
than multispectral data, making them valuable for carbon stock estimation. Hyperspectral 
technology originated from the imaging spectrometer research program in the United 
States. It was first proposed by researchers at the Jet Propulsion Laboratory of the Califor-
nia Institute of Technology and has since made significant advancements with the support 
of NASA [21]. Compared to multispectral data, hyperspectral data offer the capability to 
capture biophysical and chemical characteristics across various temporal and spatial 
scales, utilizing finer spectral resolution bands and providing more comprehensive spec-
tral information [22]. Additionally, the utilization of narrow-band vegetation indices de-
rived from hyperspectral data can mitigate the effects of atmospheric and water absorp-
tion, as well as address the saturation issues associated with broadband vegetation indices 
[23]. 

However, the large number of spectral bands in hyperspectral data can lead to re-
dundancy, increasing processing and storage costs. Additionally, hyperspectral sensors 
are more susceptible to atmospheric conditions, requiring rigorous correction techniques 
to ensure accurate data [22]. Despite these challenges, hyperspectral data provide signifi-
cant potential for enhancing carbon stock estimates. 
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2.1.3. Progress in Forest Carbon Stock Estimation Based on Optical Data 

Optical data were first applied to the estimation of biomass and carbon stocks, ex-
tracting vegetation parameters from images, generating values indicative of biomass 
through band calculations, and using this information to estimate aboveground biomass 
of forests (Table 1). This approach is widely used because of its simplicity and high esti-
mation accuracy. 

Table 1. Recent studies on forest carbon stock estimation using optical data. 

Study Study Area Data Source Highlight Accuracy Mothed 

Halme et al. 
[24] 

Hyytialä Station, Finland 
(boreal coniferous forest) 

AISA: 0.7 m; 
Sentinel-2: 10 m 

Hyperspectral data improve LAI esti-
mates, while Sentinel-2 provides simi-
lar accuracy for height, basal area, and 
biomass. 

R2 = 0.63 
RMSE = 21.46 

SVR, GPR,  
120 plots,  
5-fold cv 

Verly et al. 
[25] 

Federal University of 
Viçosa, Brazil (montane 

semi-deciduous forest) 
Sentinel-2: 10 m 

Vegetation indices did not improve 
carbon prediction, but rainy-season 
spectral variables (blue, green, red, 
NIR) enhanced accuracy. 

R = 0.9871 
RMSE = 4.1696 

Artificial neural 
networks selec-

tion, 30 plots 

Li et al. [26] 
Hunan Province, China 

(subtropical evergreen 
broadleaf forest) 

Landsat 8 OLI: 30 m 

Seasonal Landsat 8 imagery yielded 
varied forest AGB estimates and high-
lighted uncertainties in biomass esti-
mation. 

R2 = 0.55 
RMSE = 19.45 

Stepwise regres-
sion,  

5-fold cv,  
303 plots 

Sa et al. [27] 
Saihanba Forest,  

Hebei, China (temperate 
coniferous forest) 

Sentinel-2: 10 m; 
Landsat 8 OLI: 30 m 

The new vegetation and texture ratio 
indices outperform traditional meth-
ods in accurately reflecting forest 
changes and estimating canopy clo-
sure, basal area, and AGB. 

R2 = 0.6991 
RMS = 3.2687 

Linear regres-
sion, 65 plots 

However, there are still certain limitations in the application of optical data in the 
study of forest carbon stock estimation. Firstly, optical images may experience a decline 
in image quality and data loss due to differences in sunlight and cloud interference. Sec-
ondly, optical data mainly acquire spectral information within the ground area covered 
by the image, only providing information on the horizontal distribution of the forest, but 
do not offer vertical distribution information. Finally, in areas with high forest canopy 
density and accumulation, optical data may exhibit oversaturation, resulting in a lower 
estimation of carbon stocks. 

2.2. SAR Data 

SAR data offer advantages over optical data, including a broader wavelength range, 
enhanced penetration, and reduced susceptibility to weather conditions, making them 
valuable for forest carbon stock estimation [28]. SAR data allow for the acquisition of ver-
tical structural information about forests, which is critical for accurate carbon stock calcu-
lations [29]. 

2.2.1. Classification of SAR Data 

SAR data can be classified based on polarization modes, frequency bands, and scat-
tering mechanisms [30], with each offering distinct benefits for carbon stock estimation. 

• Polarization mode: Single polarization provides basic forest coverage and structural 
classification. Dual polarization improves vegetation type differentiation and bio-
mass estimation, while full polarization enables precise biomass and carbon stock 
estimation, particularly in complex forests. Cross-polarization increases sensitivity to 
volume scattering, beneficial for dense forest structures [31]. 
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• Frequency bands: The P-band and L-band are best for estimating biomass and tree 
trunk data due to their strong penetration capabilities [32]. The C-band and X-band 
are used for monitoring forest canopy structures [33], while the Ku-band and Ka-
band, which are more suited for monitoring forest health, are less effective for direct 
carbon stock estimation [34]. 

• Scattering mechanisms: Volume scattering is key for evaluating forest density and 
biomass, while double scattering helps estimate trunk density in densely vegetated 
areas. The backscattering coefficient, influenced by forest structure, aids in inferring 
biomass and forest health [35]. 
By utilizing these different classifications, SAR data provide a comprehensive ap-

proach to estimating forest carbon stocks, offering detailed insights into forest structure 
and biomass. 

2.2.2. Estimation of Forest Carbon Stocks Using Multi-Frequency SAR Data Synergy 

Recent advancements in SAR technology allow for multi-frequency data integration, 
enhancing the accuracy of forest carbon stock estimations. Polarimetric interferometric 
SAR, when combined with interferometric phase data, helps delineate the three-dimen-
sional structure of forests, particularly the vertical distribution of tree heights [36]. These 
3D structural data are essential for precise biomass and carbon stock estimation [37]. 

The use of multi-frequency SAR data also addresses the limitations of optical data, 
which struggles under rainy or cloudy conditions, enhancing the reliability of forest car-
bon estimates. Additionally, the robustness of SAR data against atmospheric disturbances 
allows for continuous, reliable monitoring of forest ecosystems, improving long-term for-
est management and climate mitigation efforts. 

2.2.3. Progress in Forest Carbon Stock Estimation Based on SAR Data 

SAR data can provide high-quality surface cover information under various weather 
conditions and is unaffected by cloud cover and precipitation, making it particularly suit-
able for estimating forest carbon stocks. Through multi-temporal analysis of SAR data, it 
is possible to effectively monitor changes in forest structure, improving the accuracy and 
timeliness of carbon stock estimation. Table 2 summarizes recent studies on forest carbon 
stock estimation using SAR data. 

Table 2. Recent studies on forest carbon stock estimation using SAR data. 

Study Study Area Data Source Accuracy Highlight Parameters Verification 

Li et al. [38] 
Monda test site 
near the equator 

F-SAR R2 = 0.947 

Developed a TomoSAR-based 
approach to estimate tropical 
forest AGB by extracting ver-
tical structural parameters, in-
cluding under-canopy terrain, 
vertical backscatter power, 
canopy height, and total can-
opy backscatter power. 

HH, HV, VV 
Existing in-

ventory data 

Hu et al. [39] 
Saihanba Forest, 

Hebei, China 
GF-3,  

ALOS-PALSAR 
R2 = 0.93 

Combining C- and L-band 
data provides a more compre-
hensive representation of for-
est canopy information, en-
hancing the saturation point 
in biomass estimation. 

HH, HV, VH, VV; 
wavelength = 5.5 cm, 

incidence angle = 21.3°; 
wavelength = 23.6 cm, 
incidence angle = 27.8° 

Field data 
from 50 plots 

Ali et al. [40] 
Hardevan Forest, 

India 
TanDEM-X,  

ALOS-PALSAR 
R2 = 0.704 

Utilized time series L-band 
backscatter data to assess the 
impact of different polariza-
tions on the accuracy of AGB 

HH, HV, VH, VV 
Field data 

from 60 plots 
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and forest height estimates, 
enabling their joint inversion. 

Ramachandran 
et al. [41] 

Palaku Moist 
Tropical Forest, 
French Guiana 

TropiSAR R2 = 0.89 

TomoSAR is promising for 
AGB estimation compared to 
LiDAR; their combination fa-
cilitates regional and global 
AGB mapping. 

HH, HV, VH, VV; 
wavelength = 0.75 cm, 
incidence angle = 24–62° 

Airborne Li-
DAR and in-
ventory data 

Despite the advantages of SAR images in data acquisition and carbon stock estima-
tion, the associated data processing procedures are complex. SAR data also show limited 
sensitivity to vegetation type variations. In areas with complex terrain, such as mountain-
ous regions, radar signals are affected by terrain undulations, leading to terrain-induced 
deviations in radar echo intensity. These effects can hinder the accurate estimation of for-
est structure and biomass, especially in steep regions. Furthermore, the backscattering co-
efficient, commonly used in SAR data applications, can produce inaccurate results due to 
its sensitivity to changes in forest structure and aboveground biomass. While SAR per-
forms well in estimating carbon stocks in low-density forests, its effectiveness diminishes 
in high-density forests, where the correlation between radar backscatter and biomass 
weakens, leading to saturation effects. These challenges highlight the need for advanced 
processing techniques and integrated approaches to improve the accuracy and reliability 
of SAR-based forest carbon stock estimations, especially in dense and topographically 
complex forest ecosystems. 

2.3. LiDAR Data 

LiDAR is an active remote sensing technology that efficiently captures precise three-
dimensional spatial data by emitting laser pulses and detecting their reflected signals [42]. 
It is particularly advantageous for estimating forest carbon stocks due to its ability to ac-
curately capture vertical forest structure and overcome signal saturation issues typical of 
optical and SAR data. These capabilities significantly improve biomass and carbon se-
questration assessments, providing more reliable and detailed information. LiDAR’s high 
spatial resolution aids in developing advanced models for forest structure analysis, mak-
ing it a key tool in forest management and climate change mitigation strategies [43]. 

2.3.1. Airborne LiDAR 

Airborne LiDAR, deployed on aircraft or UAVs, offers high-precision three-dimen-
sional measurements of forest ecosystems [44]. It has become an essential tool for estimat-
ing forest carbon stocks due to its superior spatial resolution and coverage compared to 
traditional methods. Airborne LiDAR efficiently surveys inaccessible areas, capturing de-
tailed structural information, such as canopy height, density, and understory terrain. This 
enables accurate biomass estimation, differentiation of forest types, and analysis of forest 
gaps and edges, which often have significantly different carbon stock values [45]. Further-
more, UAV technology advancements and reduced laser costs have made airborne LiDAR 
more accessible, expanding its application in complex, large-scale terrains [46]. 

2.3.2. Spaceborne LiDAR 

Spaceborne LiDAR, mounted on satellites, provides large-scale, high-precision meas-
urements of the Earth’s surface, including forest vertical structures [47]. Its ability to cover 
vast areas from orbit makes it ideal for regional and global carbon stock monitoring. 
Spaceborne LiDAR can measure parameters, such as canopy height and area, helping to 
distinguish between forest types and estimate biomass [48]. This technology supports 
global carbon stock assessments, especially in remote or difficult-to-reach areas, like trop-
ical rainforests [49]. Notable missions, such as NASA’s GEDI and ICESat-2, are advancing 
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forest structure data acquisition, refining global carbon cycle models, and enhancing our 
understanding of forests’ role in climate regulation. 

2.3.3. Progress in Forest Carbon Stock Estimation Based on LiDAR Data 

LiDAR, as an advanced active remote sensing detection method, operates by inde-
pendently emitting laser pulses toward target ground objects and analyzing the returned 
signals to obtain precise measurements of stand height and vertical forest structure. This 
capability distinguishes LiDAR from other remote sensing technologies, enabling the ac-
quisition of detailed three-dimensional information that is unattainable through alterna-
tive methods. Table 3 presents recent studies on forest carbon stock estimation using Li-
DAR data. 

Table 3. Recent Studies on Forest Carbon Stock Estimation Using LiDAR Data. 

Study Study Area Data Source Accuracy Highlight LiDAR Parameters 
LiDAR-Derived 

Metrics 

Bazezew et 
al. [50] 

Aye Xitan Tropical 
Rainforest Reserve, 

Malaysia 
ALS, TLS R2 = 0.96 

Integrating ALS and TLS data estimates 
tropical forest AGB more accurately 
than traditional field methods, reducing 
underestimation and improving carbon 
stock assessments. 

Pulse rate = 70 kHz and 
240 kHz, scan angle = 60°, 

laser points/m2 = 5 to 6 
points with 808 m to 1155 

swath width 

CHM 

Zhou et al. 
[51] 

Zhejiang A&F Uni-
versity, China 

ULS R2 = 0.85 

Proposed a voxel-coupled convex hull 
slicing algorithm to calculate individual 
tree 3D foliage volume by splitting 
crown point clouds by height and ap-
plying distinct volume calculations, en-
hancing estimation accuracy. 

----------- 

Height-related 
metrics, density-re-
lated metrics, can-

opy-related metrics 

Beyene et al. 
[52] 

Pudu, Selangor, 
Malaysia 

TLS R2 = 0.98 

TLS surpasses optical remote sensing 
and traditional methods in acquiring 
tropical forest parameters by offering 
higher tree detection rates, precise DBH 
and tree height measurements, and reli-
able AGB estimations. 

Laser wavelengths  
(1550 nm) and has a 

measurement ranging 
from 1.5 to 600 m. 

CHM,DBH 

Tian et al. 
[53] 

Ejina Banner, Inner 
Mongolia, China 

ICESat, Geosci-
ence Laser Al-
timeter System 

R2 = 0.741 

Developed the CHL-BEM biomass esti-
mation model, which integrates vertical 
canopy structure and horizontal canopy 
cover information, outperforming tradi-
tional models that use only average or 
maximum tree height. 

Laser wavelengths = 1064 
nm (near-infrared, NIR), 

532 nm (green light); 
pulse repetition rate: 40 Hz 

CTH,CC 

However, LiDAR also presents certain limitations in its application. Typically, Li-
DAR data acquisition is conducted via airborne platforms (such as aircraft and unmanned 
aerial vehicles) or ground-based systems, resulting in relatively limited coverage and pos-
ing challenges for large-scale, rapid monitoring of extensive forested areas. Even with 
spaceborne LiDAR platforms, like NASA’s GEDI, the spatial resolution remains insuffi-
cient for high-precision forest carbon stock estimations. Additionally, LiDAR data are in-
herently high-precision three-dimensional point clouds, which entail substantial data vol-
umes. The processing and analysis of such data are complex and necessitate specialized 
software and significant computational resources for tasks including data preprocessing, 
feature extraction, and modeling. This complexity is particularly pronounced when han-
dling large-scale datasets, making the processing time-consuming and resource-intensive. 
Consequently, while LiDAR offers unparalleled accuracy and detail in forest structure 
measurements, its limitations in coverage, spatial resolution, and data processing com-
plexity must be addressed to fully leverage its potential in forest carbon stock estimation. 
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2.4. Multi-Source Remote Sensing Data 

The application of remote sensing data sources—optical, SAR, and LiDAR—has 
proven effective in forest carbon stock estimation, with each offering distinct advantages. 
However, each approach also has limitations that can impact the accuracy and compre-
hensiveness of carbon stock models. To overcome these challenges, integrating multi-
source remote sensing data has emerged as a promising solution. By combining the com-
plementary strengths of these data types, it provides more robust and reliable carbon 
stock estimates. The following table compares the three data types, highlighting their suit-
ability for different forest types and the technical considerations involved in carbon esti-
mation. A comparative analysis of optical, SAR, and LiDAR data for forest carbon stock 
estimation is presented in Table 4. 

Table 4. Comparison of optical, SAR, and LiDAR data for forest carbon stock estimation. 

Feature Optical Data SAR Data LiDAR Data 

Strengths 
High spatial resolution, suitable for 
capturing spectral information and 
vegetation indices 

Effective in all weather conditions, can 
penetrate clouds, suitable for nighttime 

Provides accurate 3D forest 
structure measurements, includ-
ing canopy height and density 

Limitations 
Limited penetration ability, struggles 
with dense vegetation, affected by at-
mospheric conditions (e.g., clouds) 

Lower spatial resolution, data interpre-
tation is challenging, less effective in 
dense forests 

High data acquisition cost, lim-
ited by scanning angles, requires 
specialized equipment 

Sensitivity to vege-
tation structure 

Sensitive to canopy characteristics 
(e.g., leaf area index, canopy cover-
age, and biomass) 

Sensitive to surface roughness and vege-
tation structure, including biomass 

Sensitive to canopy height, verti-
cal structure, and topography 

Applicable forest 
types 

Suitable for open woodlands, low-
density forests, grasslands, and agri-
cultural areas (e.g., tropical and tem-
perate forests) 

Suitable for dense forests, wetlands, for-
est edges, humid regions, effective in 
subtropical and high-latitude forests 

Suitable for high-density forests, 
tropical rainforests, coniferous 
forests, and regions with com-
plex forest structures 

Technical require-
ments 

Moderate, typically requires image 
processing and atmospheric correction 

High, requires radar signal processing, 
polarization handling, and efficient in-
terpretation techniques 

High, requires LiDAR equip-
ment, point cloud processing, 
and 3D modeling software 

Data acquisition 
cost 

Low, many satellite data available 
for free (e.g., Landsat, Sentinel) 

Moderate, mainly relies on satellite or 
dedicated radar platforms, some data 
available publicly 

High, requires specialized equip-
ment (airborne or satellite Li-
DAR), high data acquisition and 
processing costs 

Data fusion techniques, such as pixel-level fusion, feature-level fusion, and decision-
level fusion, combine multiple remote sensing data sources into a single, integrated 
model. This approach enhances the ability to estimate forest carbon stocks by leveraging 
the unique strengths of each data type simultaneously [54]. Pixel-level fusion merges raw 
image data from different sensors, allowing for the creation of higher-dimensional data 
that captures more detailed information on forest structure and biomass. Feature-level 
fusion, on the other hand, integrates specific features or attributes extracted from each 
dataset, providing a more comprehensive view of forest dynamics. Decision-level fusion 
synthesizes the results from separate models, producing a final estimation of forest carbon 
stocks that incorporates the diverse perspectives offered by each dataset. The integration 
of these data sources allows for a more accurate and robust estimation of carbon stocks by 
incorporating complementary information on forest structure, vegetation cover, and en-
vironmental conditions. For example, while LiDAR data excel at capturing vertical struc-
ture and canopy height, optical data can provide rich spectral information for vegetation 
classification, and SAR data can offer insights into forest moisture and roughness. The 
fusion of these datasets creates a more complete representation of forest ecosystems, ad-
dressing gaps left by individual sensors. This approach not only improves the precision 
of biomass and carbon stock estimates but also enhances the adaptability of models to 
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varying forest types and environmental conditions. By synthesizing the strengths of each 
sensor type, data fusion techniques significantly contribute to more reliable and scalable 
remote sensing-based assessments of forest carbon stocks. 

To systematically investigate the utilization of multi-source remote sensing data in 
forest carbon stock estimation, an online scientific literature search was conducted in the 
Web of Science Core Collection using the keywords “forest carbon stocks”, “remote sens-
ing”, and “multi-source data”. These search terms were specifically chosen to identify 
studies that employed combinations of different remote sensing data sources for mapping 
forest carbon stocks or biomass. From this search, 31 papers published between 2019 and 
2024 were selected [55–85], focusing on the data sources utilized in multi-source remote 
sensing-based forest carbon stock estimations. The distribution and usage patterns of var-
ious remote sensing data types in these studies are illustrated in Figure 3. 

 

Figure 3. Frequency of remote sensing data sources used in forest carbon stock estimation studies. 

According to the statistical analysis of the reviewed literature, among the 31 selected 
studies, Landsat 8, Sentinel-1, Sentinel-2, airborne laser scanning (ALS), Shuttle Radar To-
pography Mission (SRTM) and ALOS-PALSAR data sources exhibit high occurrence fre-
quencies. Notably, Landsat series satellite data (such as Landsat 8), Sentinel series satellite 
data (Sentinel-1 and Sentinel-2), advanced land observing satellite phased-array-type L-
band synthetic aperture radar (ALOS-PALSAR), and SRTM data are primarily provided 
by governmental agencies or related institutions, allowing free access to users and thereby 
reducing research costs. The maturity of the data processing methods and the availability 
of supporting software further facilitate widespread utilization among researchers. Addi-
tionally, these data sources offer extensive coverage suitable for global or large-area forest 
carbon stock estimation studies across various scales. 

ALS is extensively employed in numerous studies due to its ability to directly acquire 
three-dimensional spatial information of forests, including tree height, canopy height, and 
canopy volume. These detailed structural parameters are essential for accurately estimat-
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ing forest biomass. With the ongoing advancements in remote sensing technology, an in-
creasing number of sensors and data sources have become available. For instance, China’s 
Gaofen series satellites, which encompass multiple satellite types with high spatial, tem-
poral, and spectral resolutions, such as GF-1, GF-2, and GF-3, have been utilized in many 
studies [86,87]. Additionally, terrestrial laser scanning (TLS), unmanned laser scanning 
(ULS), and ALS are employed to collect LiDAR data, thereby enhancing the acquisition of 
comprehensive forest parameters. TLS provides detailed information on lower forest 
structures, while ALS or ULS offers large-scale forest canopy data [88]. The integration of 
these three LiDAR technologies enables a more comprehensive description of forest struc-
tures and mitigates the limitations associated with lower canopy point cloud deficiencies. 
This comprehensive approach is suitable for forest areas of varying scales and complexi-
ties, meeting the requirements for high-precision estimations in localized regions as well 
as large-scale forest monitoring. Despite their unique advantages, these new data sources 
may present challenges related to data acquisition difficulty, higher costs, processing com-
plexity, and lower application maturity, resulting in limited widespread usage. In con-
trast, the aforementioned commonly used data sources strike an optimal balance between 
technical feasibility, data quality, and accessibility, thereby dominating current research 
endeavors. 

Among the collected studies on forest carbon stock estimation based on multi-source 
remote sensing data, the studies summarized in Table 5 have achieved commendable re-
sults. 

Table 5. Recent studies on forest carbon stock estimation using multi-source remote sensing data. 

Study Study Area Data Source Accuracy Highlight Fusion Method Verification 

Han et al. 
[56] 

Dabie Mountain 
Region, China 

GF-1,  
Sentinel-1,  

SRTM 
R2 = 0.70 

GF1’s NDVI, blue band, and red band 
texture were significantly correlated 
with AGB, and elevation was signifi-
cantly positively correlated with AGB. 

Feature-level 
integration 

10-fold cv 

Mohite et al. 
[69] 

Forest of India 

GEDI,  
Sentinel-2,  
Sentinel-1,  

SRTM 

R2 = 0.74 

Combined GEDI LiDAR with multi-
source satellite and forest soil data to 
achieve large-scale spatial mapping of 
forest AGB in India, enhancing forest 
carbon stock monitoring. 

Feature-level 
integration 

5-fold cv 

Li et al. [72] 
Daxinganling  
Region, China 

Sentinel-1, 
Sentinel-2, 

ALOS-PALSAR, 
SRTM 

R2 = 0.67 

Compared four data types and their 
combinations. Found that combining op-
tical and microwave remote sensing 
with terrain data were most effective for 
AGB estimation. 

Feature-level 
integration 

10-fold cv 

Ayushi et 
al. [73] 

Tropical forests 
of the BRT Tiger 
Reserve, Indian 

Sentinel-1,  
Sentinel-2,  

SRTM 
R2 = 0.82 

Emphasized integrating multi-source 
auxiliary datasets, providing new ap-
proaches for biomass mapping in heter-
ogeneous landscapes. 

Feature-level 
integration 

10-fold cv 

It is evident that the fusion of multi-source remote sensing data positively enhances 
the accuracy of forest carbon stock estimations. However, the integration of diverse data 
types poses several challenges. One of the primary issues is the disparity in spatial and 
temporal resolution across different data sources, which can lead to misalignment and 
inconsistencies during fusion [89]. Additionally, the varying data processing techniques 
and calibration requirements for each data type further complicate the fusion process, 
leading to potential errors in the final carbon stock estimations. To address these chal-
lenges, advanced data preprocessing and normalization methods can align datasets, while 
machine learning techniques can automate the fusion process. Calibration with ground-
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truth data and the use of robust fusion algorithms further improve accuracy and reliability 
in forest carbon stock estimations. 

3. Estimation Methods of Forest Carbon Stocks Based on Remote  
Sensing Technology 

The choice of estimation methodology is critical for forest carbon stock estimation, 
impacting both the accuracy and applicability of models. Estimation methods can be 
broadly categorized into two types: empirical models and process-based models [90]. Em-
pirical models use statistical relationships between remote sensing data and measured 
carbon stocks [91], while process-based models simulate biological and physical carbon 
dynamics within forest ecosystems [92]. 

3.1. Empirical Models 

Empirical models offer an efficient approach for estimating forest carbon stocks, lev-
eraging remote sensing data to establish statistical correlations with biomass and carbon 
stock measurements [93]. These models are particularly useful for large-scale carbon stock 
assessments, providing a broad overview of carbon distribution. The key variables used 
for estimation vary depending on the type of remote sensing data: 

• Optical data: Vegetation indices (e.g., NDVI, EVI) and band reflectance are com-
monly used to estimate biomass [94]. Band combinations and spectral texture fea-
tures help identify relationships between spectral properties and forest biomass [95]. 

• SAR data: The backscattering coefficient is a critical variable, providing insights into 
forest structure and biomass. Polarization modes (e.g., HH, HV, and VV) offer infor-
mation about different canopy layers and forest density. 

• LiDAR data: Key variables, such as canopy height, density, and three-dimensional 
structural metrics (from LiDAR point clouds) are used to estimate forest biomass and 
carbon stocks [96]. LiDAR data’s ability to capture detailed vertical and horizontal 
forest structure enhances the accuracy of these estimates [97]. 
Traditional empirical regression models and machine learning models are two prom-

inent methods used for these estimations. Regression models, including linear, polyno-
mial, and stepwise regressions, assume fixed relationships between variables and are easy 
to implement, but they may struggle with complex, nonlinear forest dynamics. Machine 
learning approaches, such as decision trees and neural networks, capture more complex 
relationships and offer higher accuracy but require large datasets and careful tuning. 

3.1.1. Traditional Empirical Regression Model Methods 

Traditional empirical regression models—such as linear regression, polynomial re-
gression, ridge regression, LASSO regression, stepwise regression, and geographically 
weighted regression (GWR)—are widely used for forest carbon stock estimation. These 
models offer simplicity and efficiency, particularly in environments with extensive 
ground-truth data. 

• Linear regression establishes a direct relationship between dependent and independ-
ent variables, but struggles with nonlinear relationships [98]. 

• Polynomial regression extends linear models to capture nonlinear patterns but may 
overfit with higher polynomial degrees [99]. 

• Ridge and LASSO regression introduce regularization to improve model robustness 
by preventing overfitting [100,101]. 

• Stepwise regression automates variable selection, improving simplicity and explan-
atory power [102]. 
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• GWR accounts for spatial heterogeneity by allowing local variations in regression 
coefficients, enhancing model accuracy in spatially diverse environments [103]. 
While traditional empirical regression models offer efficiency, they have limitations. 

They generally assume fixed relationships between variables, which are insufficient for 
capturing the complex, nonlinear dynamics in forest ecosystems. Additionally, they are 
sensitive to data quality and outliers, reducing model reliability. The generalizability of 
these models is also limited, requiring recalibration for different regions or forest types. 

3.1.2. Machine Learning Methods 

The advancement of computer science has facilitated the emergence of novel meth-
odologies for establishing carbon stock estimation models, with machine learning (ML) 
standing out as a prominent branch of artificial intelligence dedicated to developing algo-
rithms that autonomously learn and improve from data [104]. To better understand the 
key differences between traditional empirical regression models and machine learning-
based approaches, a comparison of their main features is presented in Table 6. 

Table 6. Comparison of traditional empirical regression models and machine learning models for 
forest carbon stock estimation. 

Feature Traditional Empirical Regression Models Machine Learning Models 

Model assumptions 
Assumes fixed relationships between independ-
ent and dependent variables, usually linear or 
simple nonlinear 

Does not require explicit assumptions about the
relationship between variables, capable of cap-
turing complex nonlinearities 

Flexibility and 
adaptability 

Less flexible, inadequate for capturing complex, 
nonlinear dynamics in forest ecosystems 

Highly flexible, adaptable to complex, dynamic 
data, capable of modeling nonlinear and time-
varying patterns 

Data requirements High-quality data required, sensitive to outliers Lower data quality requirements, can handle 
missing values and outliers 

Computational com-
plexity 

Relatively low, simple computation, suitable for 
small datasets 

High computational complexity, especially 
when dealing with large datasets, may require 
more computational resources 

Applicability 
Typically suited for smaller datasets or simpler 
scenarios, often used for standard forest carbon 
stock estimation 

More suitable for large datasets and complex 
problems, such as multi-source remote sensing 
data and varying forest types 

Among the various ML algorithms, random forest regression and extreme gradient 
boosting (XGBoost) are particularly prominent in forest carbon stock estimation. 

Random forest regression is an ensemble method that constructs multiple decision 
trees and aggregates their predictions [105]. This algorithm excels at handling complex, 
nonlinear relationships and is robust to data noise, missing values, and high-dimensional 
feature spaces. It is highly generalizable, making it suitable for diverse forest carbon stock 
estimation scenarios. Recent advancements, such as geographically weighted random for-
est regression [106] and Bayesian kriging integrations [107], have further improved its ac-
curacy in carbon stock estimation. 

XGBoost, another powerful ML algorithm, is based on ensemble learning and gradi-
ent boosting principles [108]. It builds multiple decision trees and combines them through 
weighted summation, while regularization techniques control model complexity. 
XGBoost is particularly effective at managing nonlinear relationships between carbon 
stocks and forest structural features, offering high estimation accuracy and strong poten-
tial for forest carbon stock applications [109]. 
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Additionally, other machine learning algorithms have been successfully applied to 
forest carbon stock estimation, achieving commendable results alongside the previously 
mentioned random forest and XGBoost algorithms, as summarized in Table 7. 

Table 7. Recent studies on forest carbon stock estimation using machine learning methods. 

Study Study Area Algorithm Accuracy Highlight Verification 

Singh et al. 
[110] 

Dhanbad Region, 
Jharkhand, India 

GAMM, K-NN, 
SVM, ANN, RF 

RF: adjusted  
R2 = 0.91 

Integrated machine learning and field 
surveys enable finer-scale AGB estima-
tion, highlighting new spectral bands’ 
benefits and the importance of uncer-
tainty mapping for enhanced predic-
tion accuracy. 

Field data from 106 plots,  
5-fold CV 

Fararoda et 
al. [111] 

Forests of India RF R2 = 0.89 

First use of multi-source data and ma-
chine learning to estimate above-
ground biomass in Indian forests, 
overcoming single-sensor saturation in 
high biomass areas and improving ac-
curacy. 

Inventory data,  
10-fold CV 

Qadeer et 
al. [112] 

Diamir District, 
Gilgit-Baltistan, 

Pakistan 

RF, GTB,  
CatBoost, 

LightGBM, 
XGBoost 

LightGBM: 
R2 = 0.734 

Assessed ML algorithms for AGB pre-
diction in complex terrains. LightGBM 
and XGBoost performed best with spe-
cific datasets, handling nonlinearities 
and improving accuracy. 

Field data from 171 plots 

Li et al. 
[113] 

Chenzhou, Hu-
nan, China 

LR, RF, 
XGBoost 

XGBoost: 
R2 = 0.75 

Examined the importance of parameter 
optimization in machine learning algo-
rithms. 

Inventory data,  
10-fold CV 

Despite the proven potential of ML methods in forest carbon stock estimation, their 
application is often limited to specific regions and forest types [114]. A major challenge is 
the lack of calibrated data across different environmental conditions, which hinders the 
transferability of models. This makes it difficult to apply models trained in one region to 
others with different ecological contexts. Additionally, ML models face issues, such as 
overfitting, where models become overly complex and fit data noise rather than underly-
ing trends. Data bias, arising from limited or unrepresentative training datasets, can fur-
ther degrade model performance in diverse ecological settings. Moreover, the high com-
putational costs of training sophisticated ML models, especially with large-scale, high-
resolution datasets, can pose barriers. To improve model generalization, future research 
should focus on developing more versatile ML models that can better adapt to varying 
environmental conditions, address data calibration challenges, and mitigate overfitting 
and bias [115]. These improvements would enhance the scalability and applicability of 
ML models for global forest carbon stock estimation. 

3.1.3. Limitations of Empirical Models 

Empirical models, including traditional regression models and machine learning ap-
proaches, are effective in directly estimating forest carbon stocks by capturing statistical 
relationships between explanatory variables and observed carbon stocks from sample 
plots. These models can be used to estimate carbon stocks in unmeasured areas, often 
providing satisfactory fitting accuracy. However, their performance is limited by the in-
herent challenges of remote sensing data, such as climatic conditions, sensor calibration, 
and viewing angles. Issues, like cloud cover, atmospheric disturbances, and image noise, 
can degrade data quality, affecting the precision of model inversions. Additionally, direct 
inversion models, which rely on statistical correlations, lack a mechanistic understanding 
of the biophysical processes driving carbon cycling. This limits their ability to explain the 
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factors influencing carbon stock changes or predict future trends accurately. The applica-
bility of these models is also constrained by the availability of observational data, making 
them less effective in regions or time periods outside the scope of the training datasets. 
Consequently, the extrapolation performance of these models decreases when applied to 
different forest types or regions with varying climatic conditions, limiting their generali-
zability and predictive accuracy. 

3.2. Estimation of Forest Carbon Stocks Using Process Models 

While direct estimation methods, such as field-based measurements of DBH, height, 
and stand density, are straightforward, they are often limited by spatial heterogeneity and 
measurement errors. Furthermore, these methods struggle to capture the dynamic ecolog-
ical processes that govern forest ecosystems. 

To address these limitations, process-based models have emerged. Unlike empirical 
models, process-based models simulate carbon cycling within forest ecosystems, consid-
ering interactions between climate, soil, and forest management practices [116]. These 
models offer more detailed and long-term estimates of carbon stocks, making them par-
ticularly useful for large-scale regions or areas with sparse field data. 

3.2.1. Principles of Process Models 

As understanding of biophysical and chemical processes evolves, studies increas-
ingly focus on key factors, such as solar radiation, photosynthesis, respiration, and nutri-
ent cycling [117]. Parameters, like leaf area index, canopy coverage, photosynthetically 
active radiation, and chlorophyll content, are integrated into mechanistic models to sim-
ulate carbon dynamics [118]. Radiation transfer models, which simulate how solar radia-
tion is absorbed by the canopy, are crucial for predicting carbon fluxes. These models pro-
vide critical insights into forest productivity and carbon sequestration, though they rep-
resent only one aspect of broader process-based models, which incorporate various eco-
logical and environmental factors. 

3.2.2. Common Process Models Applied in Forest Carbon Stock Estimation 

Several widely used process-based models are employed in forest carbon stock esti-
mation, including the Biome-BGC (biogeochemical cycles), CASA (Carnegie–Ames–Stan-
ford approach), DGVM (dynamic global vegetation model), and CLM (community land 
model). Each model has its strengths, limitations, and unique features suited for different 
research scenarios, as follows: 

• Biome-BGC: Simulates carbon, nitrogen, and water cycles, providing a detailed 
model for carbon storage in forest ecosystems [119]. It is especially useful for model-
ing carbon dynamics under extreme environmental conditions, like drought or ex-
cess moisture [120]. 

• CASA: Focuses on vegetation photosynthesis and estimates net primary productivity 
from remote sensing data [121]. It has shown good performance in large-scale carbon 
stock estimation, incorporating biomass density and carbon stock calculations [122]. 

• DGVM: Models dynamic interactions between vegetation and the environment, sim-
ulating processes, like photosynthesis, respiration, and carbon transfer [123]. It is par-
ticularly effective for predicting forest carbon stock changes due to climate change 
[124]. 

• CLM: A terrestrial ecosystem model that simulates energy, carbon, and water cycling 
[125]. It provides essential insights for climate change studies and forest carbon mod-
eling at regional and global scales, supporting forest management and policy deci-
sions [126]. 
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In addition to these models, various other process-based models have been applied 
to forest carbon stock estimation. A summary of recent research using process models for 
forest carbon stock estimation is presented in Table 8. 

Table 8. Recent studies on forest carbon stock estimation using process models. 

Study Study Area Model Highlight Input Parameters Scale of 
Study Area 

Gao et al. 
[127] 

Global vegetation IAP-DVGM 

Simulated global vegetation and carbon flux 
responses to warming. Analysis indicates that 
carbon flux is influenced by leaf area index, 
temperature, and precipitation. 

Meteorological data, vege-
tation data 

Global 

Srinet et al. 
[128] 

Himalayan Foothills, 
India 

Biome-BGC 
Studied climate impacts on carbon flux and 
showed forest carbon sink potential. 

Meteorological data, site 
characteristics, ecophysio-

logical parameters 
Regional 

Bai et al. 
[129] 

Mengjiagang Forest 
Farm, Heilongjiang 

Province, China 
3-PG 

Used a 3-PG model and remote sensing to 
predict larch DBH and biomass, generating 
carbon storage maps for artificial plantations. 

Meteorological data, soil 
data, vegetation data 

Regional 

Wang et al. 
[130] 

Shenzhen, China CASA 

CASA outperforms InVEST spatially. From 
2008–2022, Shenzhen’s construction land in-
creased, green and other land uses decreased, 
and green carbon storage declined. 

Meteorological data, 
NDVI, SR, vegetation data 

Regional 

3.2.3. Limitations of Process Models 

Estimating forest carbon stocks with process-based models offers a dynamic method 
to simulate carbon changes, incorporating factors, such as climate, environmental condi-
tions, and management practices. These models can adapt to different spatial and tem-
poral scales, providing valuable insights for decision-making and scenario prediction. 
However, they require large datasets, including meteorological variables, soil properties, 
and vegetation parameters, which may be difficult to obtain or lack accuracy. Data quality 
issues can significantly impact model reliability. 

Additionally, the complex ecological processes these models simulate, such as soil 
carbon release and root carbon input, are challenging to measure directly, complicating 
model validation. While process models are useful for predicting the impacts of climate 
and land-use changes on carbon stocks, they are subject to high uncertainty, especially 
when forecasting future scenarios. Uncertainties in climate projections, vegetation re-
sponses, and other variables can significantly increase error margins in predictions. 

3.3. Advancing Empirical and Process Models: Comparison, Uncertainty, and the Role of  
Artificial Intelligence 

To fully appreciate the strengths and limitations of empirical and process-based 
models, it is important to consider their sensitivity to different forest types, the uncertain-
ties inherent in each approach, and how artificial intelligence is increasingly shaping their 
development. 

3.3.1. Comparison of Empirical and Process Models 

The suitability of forest carbon stock estimation models varies depending on the for-
est type, as each model’s strengths and limitations align differently with forest structure 
and environmental conditions. Both empirical and process models have their advantages 
and challenges when applied to different forest ecosystems, making the choice of model 
crucial for accurate carbon stock estimation. Table 9 summarizes the sensitivity of each 
model type to different forest types, as well as their respective strengths, limitations, and 
the data required for each approach. 
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Table 9. Comparison of empirical and process-based models for forest carbon stock estimation. 

Model Type Required Data Strengths Limitations Forest Type Sensitivity 

Empirical models 

- Remote sensing data (e.g., 
optical, SAR, LiDAR); 
- Ground-truth data (e.g., bio-
mass samples, field surveys). 

High efficiency and sim-
plicity in biomass and car-
bon stock estimations. 

Limited adaptability 
to complex and het-
erogeneous forest 
ecosystems. 

- Sensitive to forest structure and 
spectral characteristics; 
- Performance may vary across 
different forest types due to spec-
tral homogeneity. 

Process models 

- Remote sensing data;  
- Meteorological data (e.g., 
temperature, precipitation);  
- Soil and vegetation data 
(e.g., nutrient content, leaf 
area index). 

Provide a more holistic, 
dynamic understanding of 
carbon cycling. 

Require more de-
tailed input data and 
complex simulations, 
which may not al-
ways be available. 

- Better suited for forests with di-
verse ecological conditions (e.g., 
tropical, boreal); 
- More sensitive to environmen-
tal variables (e.g., climate, soil, 
nutrient cycles) compared to em-
pirical models. 

Empirical models tend to perform well in relatively homogeneous forest types, such 
as temperate forests or plantation forests, where spectral characteristics remain consistent 
and can be easily linked to carbon stocks [131]. These models are advantageous in terms 
of speed and efficiency, especially in regions with extensive ground-truth data. However, 
their applicability may be limited in forests with high ecological complexity, where spec-
tral signals are more variable. 

Conversely, process-based models are particularly effective in forests with diverse 
ecological conditions, such as tropical rainforests or boreal forests, where there are signif-
icant variations in species composition, canopy structure, and environmental factors [132]. 
These models take into account various biophysical processes and climate interactions, 
making them better suited for capturing the dynamic nature of carbon cycling in complex 
forest environments. However, their reliance on extensive data and complex simulations 
can make them more resource-intensive compared to empirical models. 

In summary, while empirical models offer simplicity and efficiency, they may fall 
short in complex forest ecosystems, where process-based models excel. The choice be-
tween these two approaches should be guided by the forest type, data availability, and 
the level of detail required for the study. 

3.3.2. Model Validation in Empirical and Process Models 

Model validation is essential for ensuring the accuracy and reliability of forest carbon 
stock estimations [133]. In empirical models, validation typically involves comparing pre-
dictions with ground-truth data, such as biomass samples or field surveys. Cross-valida-
tion techniques are often used to assess the model’s generalizability by splitting the da-
taset into training and validation subsets, helping to avoid overfitting. For process-based 
models, validation requires long-term field data to assess the accuracy of carbon dynamics 
simulations, ensuring they reflect real-world processes, like photosynthesis and nutrient 
cycling. 

However, validation faces challenges, particularly in regions with limited ground-
truth data. In areas with complex ecological conditions, such as tropical or boreal forests, 
the scarcity of detailed data on forest structure and climate factors can hinder validation 
efforts. Furthermore, models trained in one region may perform poorly when transferred 
to another, underscoring the need for careful calibration to specific regions. 

To improve model validation, future research should focus on obtaining more re-
gion-specific ground-truth data, particularly in understudied areas. Advanced technolo-
gies, like UAVs and high-resolution satellite imagery, can assist in overcoming data gaps. 
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Additionally, employing multi-source data and integrating uncertainty analysis will en-
hance validation, improving the accuracy and applicability of forest carbon stock estima-
tions across diverse ecosystems. 

3.3.3. Uncertainty in Empirical and Process Models 

Uncertainty is a key challenge in forest carbon stock estimation, impacting both em-
pirical and process-based models. 

In empirical models, uncertainty mainly arises from the quality and availability of 
ground-truth data [134]. The accuracy of these models depends on how well the calibra-
tion data represent the studied area. In regions with limited field data, carbon stock esti-
mates may be less reliable, as empirical models often assume fixed relationships between 
input variables, which may not apply across different forest types or environmental con-
ditions. 

Process models also face uncertainty, particularly due to their reliance on numerous 
input variables, such as climate data, soil characteristics, and vegetation parameters [135]. 
The accuracy of these models depends on the precision and availability of these factors, 
and gaps in data, such as unreliable or missing meteorological information, can lead to 
errors. The complexity of these models and their numerous interacting processes also in-
troduce additional uncertainties, especially when simulating long-term carbon dynamics 
under varying environmental conditions. 

Both model types are affected by uncertainty, but the nature of these uncertainties 
differs. While empirical models struggle with data representativeness, process-based 
models face challenges in the availability and precision of ecological data. To reduce these 
uncertainties, improvements in data quality and advancements in modeling techniques 
are essential. Integrating multiple data sources and refining parameterization can enhance 
the reliability of carbon stock estimations. Overall, empirical models are limited by gaps 
in ground-truth data, while process models rely on complex, often incomplete ecological 
data. Overcoming these challenges requires enhanced data collection and improved mod-
eling methods. 

3.3.4. The Growing Importance of Artificial Intelligence in Both Model Types 

Artificial intelligence (AI) is playing an increasingly important role in enhancing for-
est carbon stock estimation methods [136], particularly in empirical and process-based 
models. In empirical models, machine learning techniques, like random forest approaches 
and deep learning, are improving predictive accuracy by capturing complex, nonlinear 
relationships in large datasets. AI allows these models to adapt better to diverse forest 
types and environmental conditions, boosting reliability and precision. 

For process-based models, AI can optimize parameterization and simulate ecological 
processes with higher accuracy [137]. AI algorithms can help refine complex models by 
learning from observed data, reducing computational costs, and improving simulations 
of carbon dynamics under varying environmental conditions. 

AI’s integration into both model types significantly enhances scalability, adaptabil-
ity, and accuracy, offering new opportunities for better forest carbon stock estimations. As 
AI advances, it will continue to improve the precision and efficiency of these models, sup-
porting forest management and climate change mitigation strategies. In conclusion, AI is 
revolutionizing both empirical and process-based models by improving their predictive 
capabilities, reducing uncertainty, and making them more applicable across different for-
est types and conditions. 
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4. Technological Innovation and the Latest Research Progress 
Technological advancements are revolutionizing the use of remote sensing for forest 

carbon stock estimation. The integration of deep learning techniques has significantly im-
proved both the efficiency and accuracy of carbon stock estimations, particularly in pro-
cessing large-scale datasets and enhancing pattern recognition capabilities [138]. Research 
on vegetation optical depth (VOD) has also introduced new ways to capture forest struc-
tural characteristics, refining the carbon stock estimation process [139]. Moreover, grow-
ing recognition of the bidirectional relationship between forests and climate change is en-
hancing methods for forecasting future carbon dynamics and informing climate change 
mitigation strategies [140]. Collectively, these innovations are broadening the applications 
of remote sensing in forest carbon stock estimation. 

4.1. Deep Learning 

Deep learning, a subset of machine learning based on artificial neural networks, has 
shown promise for forest carbon stock estimation, especially in processing complex data, 
like remote sensing images and time-series data [141]. It excels at capturing intricate pat-
terns in large datasets [142], offering a solution where traditional methods may fall short. 

4.1.1. Introduction of Related Algorithms 

Deep learning encompasses various classic neural network architectures, each with 
distinct structures and functions tailored to different types of data and tasks [143]. Among 
these, two deep learning architectures are particularly well-suited for estimating forest 
carbon stocks due to their ability to handle complex and high-dimensional data, such as 
remote sensing imagery and time-series observations. 

• Convolutional Neural Networks (CNNs) 
• CNNs are particularly effective for processing high-resolution optical images [144]. 

By automatically extracting features, like tree edges and crown shapes, CNNs en-
hance the accuracy of carbon stock estimations across various forest types[145]. Their 
ability to process large-scale, high-resolution images makes them adaptable for di-
verse environmental conditions and vital for forest management and carbon cycle 
research [146]. 

• Recurrent Neural Networks (RNNs) and Long Short-Term Memory Networks 
(LSTMs). 
RNNs and LSTMs excel at handling time-series data, such as monitoring tree growth 

and climate variations [147]. These models help predict dynamic changes in forest carbon 
stocks over time by capturing temporal dependencies [148]. LSTMs address issues in tra-
ditional RNNs, like the vanishing gradient problem, by improving memory retention 
[149], which is crucial for modeling long-term climate influences on carbon stocks. 

4.1.2. Applications and Limitations of Deep Learning in the Field of Forest  
Carbon Stocks 

Deep learning has become a powerful tool for estimating forest carbon stocks, 
providing innovative approaches to process large and complex datasets, such as remote 
sensing imagery and time-series data [150]. By leveraging its ability to automatically learn 
intricate features, deep learning models can address the complexities of forest carbon es-
timation that traditional methods struggle with. 

In terms of applications, deep learning techniques, like CNNs and RNNs, are partic-
ularly effective in specific scenarios. For instance, in tropical reforestation projects, a deep 
learning-based end-to-end model utilizing individual tree detection from low-cost RGB-
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only drone imagery has been shown to accurately estimate forest carbon stock within of-
ficial carbon offsetting certification standards [151]. Additionally, deep learning models 
have been applied to estimate forest biomass from airborne LiDAR point clouds, provid-
ing more accurate estimates compared to traditional methods [152]. These models are also 
well-suited for large-scale forest carbon monitoring, where they can efficiently process 
vast datasets, providing timely and accurate carbon stock estimates that traditional meth-
ods cannot easily achieve. 

However, deep learning models come with several limitations. One major challenge 
is the high demand for large, high-quality labeled datasets, which are often difficult and 
expensive to obtain, especially in remote regions. Additionally, these models are highly 
dependent on the quality and representativeness of training data, and poor generalization 
to new or diverse forest types can lead to unreliable estimates. Another limitation is the 
lack of interpretability—deep learning models are often seen as “black boxes”, making it 
difficult to understand how predictions are made, which poses challenges for validation 
and practical application in forest management. Lastly, deep learning models require sig-
nificant computational resources, making them less accessible in areas with limited access 
to high-performance computing infrastructure [153]. 

In conclusion, while deep learning offers considerable potential to enhance forest car-
bon stock estimation, addressing the challenges of data availability, model transparency, 
and computational demands is crucial for fully realizing its benefits. Continued research 
into improving model generalization and reducing data dependency will help unlock the 
full potential of deep learning in forest carbon monitoring. 

4.2. VOD 

VOD is a critical remote sensing indicator used in forest carbon stock estimation, 
providing valuable insights into vegetation biomass, water content, and structural char-
acteristics [154]. VOD captures the interaction between vegetation and microwave radia-
tion, making it a crucial tool for forest carbon monitoring and climate change assess men. 
It enhances the accuracy of carbon stock estimates by offering a clearer understanding of 
forest biomass and moisture content [155], both of which are tightly linked to carbon se-
questration processes. 

4.2.1. Acquisition Methods 

VOD is derived from microwave sensors operating at various frequencies, such as 
the SMOS satellite in the L-band and AMSR-E in the C-band and X-band. These sensors 
enable large-area VOD estimation, which is vital for monitoring forest ecosystems. The 
inversion process typically utilizes the 0-order Tau-Omega radiative transfer model, 
which simulates the brightness temperature of the vegetation layer. To improve accuracy, 
environmental parameters, like soil temperature, surface roughness, and effective scatter-
ing albedo are considered, as they significantly impact the VOD estimation process. 

4.2.2. Applications of VOD in Forest Monitoring 

VOD has proven to be especially useful in the following specific forest environments, 
where its unique advantages become evident: 

• Tropical forests: VOD correlates strongly with forest biomass, particularly in high-
biomass areas, offering a more reliable estimate than optical indices. In some regions, 
like the Amazon and African tropical forests, L-band VOD has been validated as a 
key tool for biomass estimation. 

• Boreal forests: In snow-covered areas where optical data are often compromised, 
VOD provides consistent measures of forest moisture, enabling year-round monitor-
ing of forest health. 
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• Dryland ecosystems: VOD also serves as an indicator of drought stress and recovery, 
tracking changes in vegetation moisture to assess the impacts of water scarcity on 
forest ecosystems. 
Key advancements include the following: 

• Relationship with forest biomass: VOD, particularly at L-band, shows a strong linear 
relationship with AGB, making it an effective tool for biomass estimation in regions 
with high forest density [156]. 

• Monitoring forest ecosystem functions: VOD is closely related to ecological pro-
cesses, like photosynthesis and water-use efficiency [157]. Studies have demonstrated 
that VOD can be linked with metrics, such as primary productivity and light-use ef-
ficiency, enhancing the understanding of forest ecosystems’ response to climate 
change. 

• Forest disturbance and restoration: VOD enables the detection of forest disturbances 
(e.g., fires, droughts) and the tracking of restoration efforts [158]. It provides real-
time updates on vegetation recovery, making it invaluable for ecological restoration 
practices and forest management. 

• Despite its promise, challenges remain with VOD usage. The complexity of inversion 
algorithms and varying results from different methods highlight the need for opti-
mization and standardization. Additionally, VOD is influenced by various factors, 
like soil moisture, vegetation type, and topography, complicating its interpretation. 
To improve the reliability of VOD, future research should focus on refining algo-
rithms, integrating multi-source data, and incorporating machine learning tech-
niques to enhance its utility in forest carbon stock monitoring. 

4.3. Bidirectional Influences Between Climate and Forest Carbon Stocks 

The relationship between forest carbon stocks and climate is a dynamic feedback loop 
[159], where forests regulate atmospheric CO2 concentrations through carbon sequestra-
tion, while climate change influences forest health, structure, and carbon storage capacity. 
Understanding these intricate interactions is crucial for developing effective strategies to 
mitigate climate change and enhance forest-based carbon sequestration. 

4.3.1. The Impact of Climate on Changes in Forest Carbon Stocks 

Climate factors, especially temperature and precipitation [160], are key drivers of for-
est carbon dynamics. Favorable conditions, such as warm and moist climates, enhance 
photosynthesis and forest productivity, enabling forests to absorb more CO2 and increase 
carbon storage. 

Conversely, extreme climate events—such as drought, wildfires, and storms—can 
drastically reduce forest carbon stocks by causing tree mortality, disrupting photosynthe-
sis, and damaging forest structure [161]. Over time, climate change is leading to shifts in 
species distribution, further impacting carbon sequestration potential [162]. These 
changes highlight the need for models that account for both current and future climate 
impacts on forest carbon stocks. 

4.3.2. The Impact of Forest Carbon Stocks on Changes in Climate 

Forests are essential for regulating the climate through carbon sequestration. By ab-
sorbing CO2 and storing it in vegetation and soil, forests help mitigate global warming 
[163]. This “climate regulation” role is vital for reducing atmospheric CO2 concentrations, 
thereby stabilizing climate systems. Forests also provide vital ecosystem services, includ-
ing water conservation and soil protection, contributing to ecological balance and climate 
stability [164]. Their ability to influence surface properties (e.g., albedo and roughness) 
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and the water cycle further supports regional climate regulation, affecting water availa-
bility and precipitation patterns. 

Forest vegetation plays a critical role in regulating the climate through its structure 
and function [165]. Vegetation structure influences surface properties, like albedo and 
roughness. Dense forests increase surface roughness, reduce solar radiation reflection, 
and raise surface temperatures, while sparse forests have the opposite effect, enhancing 
radiation reflection and lowering temperatures. This temperature regulation is crucial in 
regional climate models. In addition, forests influence the water cycle by releasing water 
into the atmosphere through transpiration, increasing atmospheric water vapor. This not 
only promotes precipitation but also helps regulate its distribution and intensity. Forests 
play a key role in redistributing precipitation, which impacts river runoff, groundwater 
reserves, and regional climate patterns [166]. 

In conclusion, the relationship between forest carbon stocks and climate is bidirec-
tional, with each influencing the other. Understanding and preserving forest ecosystems 
is essential for accurate carbon stock estimation and effective climate change mitigation. 

5. Discussion 
5.1. Challenges 

The estimation of forest carbon stocks encounters a range of challenges in both scien-
tific research and practical applications. These challenges are primarily related to data ac-
quisition, model development, forest stand characteristics, and the uncertainties inherent 
in the estimation process. 

5.1.1. Data and Models 

Accurately estimating forest carbon stocks using remote sensing data presents sev-
eral challenges, stemming from both the characteristics of the data and the methods used 
for analysis. One primary issue is signal saturation, particularly in dense vegetation areas, 
which can lead to underestimations of carbon stock. For optical data, atmospheric disturb-
ances, such as cloud cover and varying sunlight, can degrade image quality. Radar data 
are less affected by weather but can still suffer from signal degradation due to rain or 
surface interference, reducing reliability. 

To address these challenges, data fusion techniques that combine optical, radar, and 
LiDAR data have proven effective. These approaches compensate for the limitations of 
each data source—radar provides structural data unaffected by weather, optical data offer 
spectral information, and LiDAR captures vertical structure with high precision. Combin-
ing these data types enhances the overall accuracy of carbon stock estimates. Moreover, 
atmospheric correction and time-series analysis can further improve data reliability across 
varying conditions. 

Another significant challenge is the temporal and spatial resolution of remote sensing 
data. In complex ecosystems, fine-scale variations in forest structure can greatly influence 
carbon storage, yet satellite data may not have the spatial resolution needed to capture 
these changes. High-resolution LiDAR and UAV imagery can help address this challenge 
by providing detailed structural data. Time-series analysis of multi-temporal satellite data 
can also track carbon stock changes over time. 

Despite advances in data fusion and high-resolution technologies, data gaps and a 
lack of field validation data remain obstacles. These gaps can be filled using gap-filling 
algorithms and global datasets that complement local observations. Additionally, ma-
chine learning techniques can enhance data continuity and optimize the gap-filling pro-
cess. 
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Regarding estimation methods, empirical models, including traditional regression 
and machine learning approaches, have been widely used to establish statistical relation-
ships between remote sensing data and measured carbon stocks. While these models are 
efficient, they are limited by data resolution, processing techniques, and the availability 
of reliable ground data. Moreover, they may lack ecological interpretability, reducing 
their generalizability to other forest types or environmental conditions. 

In contrast, process-based models, which simulate carbon dynamics through ecolog-
ical parameters, such as photosynthesis, respiration, and nutrient cycling, provide a more 
comprehensive understanding of carbon sequestration. However, these models require 
large amounts of high-quality data and significant computational resources. Their accu-
racy is compromised if input data are insufficient or inaccurate. 

Ultimately, the choice between empirical and process-based models depends on the 
research objectives and data availability. Hybrid models, combining the efficiency of em-
pirical methods with the ecological depth of process-based models, offer a more reliable 
framework for forest carbon stock estimation across different ecosystems. 

In conclusion, while challenges in data and modeling exist, they can be overcome 
through the integration of multiple data sources, advanced processing techniques, and 
hybrid models, enhancing the precision and applicability of forest carbon stock estima-
tions. 

5.1.2. Forest Stand 

The intricate structure of global forest stands presents numerous formidable chal-
lenges to the accurate estimation of forest carbon stocks, primarily manifested in the fol-
lowing aspects. 

Firstly, the diversity in stand structures results in a wide variety of forest types. Dis-
tinct forest ecosystems, such as tropical rainforests, temperate broadleaf forests, and bo-
real coniferous forests, exhibit significant variations in tree species composition, age dis-
tribution, and stand architecture [167]. These differences cause variations in signal reflec-
tion, such as differences in how various tree species or forest layers reflect light, making 
it difficult to develop universal carbon stock estimation models. For instance, certain tree 
species may have different spectral signatures due to leaf structure or canopy density, 
which complicates the use of remote sensing data for biomass estimation. This heteroge-
neity not only complicates model development but also reduces the accuracy and gener-
alizability of the estimations. 

Secondly, significant intraspecific variability exists among individual trees within the 
same stand [168]. Trees within a given stand vary in their morphological characteristics, 
such as height, diameter at breast height (DBH), and crown width, as well as in their 
growth rates. This variability increases the complexity of assessing forest biomass and 
carbon stocks. In particular, some methods, like averaging or using simple statistical mod-
els, may not accurately represent the diversity in tree structures. Machine learning ap-
proaches, such as random forest or neural networks, may improve this by capturing com-
plex relationships between tree characteristics and carbon storage, but their sensitivity to 
tree crown closure and vertical stratification changes must be carefully validated. 

Moreover, the vertical stratification of stands is complex, comprising multiple layers, 
such as the canopy, shrub, and herb layers. The interactions among these layers and their 
respective contributions to carbon storage are difficult to quantify precisely [169]. For ex-
ample, estimating the contribution of understory vegetation or shrubs to the overall car-
bon stock is challenging due to their small size and limited biomass relative to the over-
story. Multi-source data fusion, combining optical, radar, and LiDAR data, can help esti-
mate biomass across these different layers more effectively. However, integrating these 
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data sources requires advanced algorithms and robust calibration methods to ensure ac-
curate and consistent results. 

Additionally, the spatial distribution of forests is often heterogeneous, with such fea-
tures as forest gaps and edges [170]. Carbon stocks and ecological processes in these re-
gions can differ markedly from those within the interior of the stand. Accurately capturing 
this spatial heterogeneity, particularly in large-scale estimations, requires scaling models 
that can account for micro-environments within forest stands. Process-based models and 
data assimilation techniques have shown promise in capturing this spatial variability, yet 
their scalability and applicability to large, heterogeneous forest complexes remain a key 
challenge. 

Finally, forest ecosystems are subject to various natural and anthropogenic disturb-
ances, including fires, pests, diseases, and logging activities [171]. These disturbances alter 
stand structure, impede forest growth, and disrupt carbon cycling processes, adding an-
other layer of complexity to carbon stock estimation. Addressing these challenges requires 
dynamic models that account for disturbance impacts, such as the effect of pest infesta-
tions on carbon dynamics or the recovery of carbon stocks after forest fires. The integra-
tion of disturbance models with remote sensing data and long-term field observation can 
enhance the accuracy of carbon estimates, but the lack of widely accepted scalable proce-
dures for these dynamic adjustments remains a significant gap. 

In conclusion, the complex structure of global stands imposes numerous severe chal-
lenges on the estimation of forest carbon stocks. However, solutions to overcome these 
challenges are emerging. Advanced methods, such as machine learning algorithms, multi-
source data fusion, and process-based models, offer promising pathways for improving 
the accuracy and reliability of estimations. By combining long-term field observation data 
with these innovative modeling techniques, future efforts can address the complexities of 
forest heterogeneity, ultimately enhancing the precision of carbon stock estimates. Further 
research into scaling and applying these models to larger, more heterogeneous forest com-
plexes is critical for advancing forest carbon monitoring and management. 

5.1.3. Uncertainty 

The estimation of forest carbon stocks is pivotal for elucidating the role of forest eco-
systems within the global carbon cycle; however, numerous uncertainties inherent in the 
estimation process significantly challenge the accuracy of these assessments. 

One primary source of uncertainty arises from the characteristics of remote sensing 
data [172]. For instance, utilizing remote sensing imagery of varying resolutions—such as 
National Agriculture Imagery Program images and LiDAR point clouds—introduces var-
iability in resolution and point cloud density, which can substantially influence estimation 
outcomes. The variability in these datasets necessitates careful consideration of calibration 
and validation techniques, particularly in multi-source datasets. Calibration procedures, 
such as adjusting for sensor differences, are essential to mitigate inconsistencies across 
different sensors, like Landsat OLI and Landsat ETM+, while validation processes, partic-
ularly cross-validation, can help assess model performance under diverse conditions, im-
proving reliability. Additionally, the preprocessing of data from disparate sensors, includ-
ing radiometric calibration, atmospheric correction, and topographic correction, intro-
duces potential sources of error. Identifying and standardizing preprocessing methods 
are crucial to minimizing uncertainties across datasets and ensuring harmonization. 

Furthermore, the selection of sample plots is often subject to subjective biases, and 
the measurement of tree parameters—such as tree height and DBH—is prone to errors 
stemming from measurement tools and methodologies [173]. These errors can be reduced 
by applying robust statistical validation methods, such as bootstrapping or Bayesian ap-
proaches, to quantify and correct for biases in field measurements and sample selection. 
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Human-induced disturbances, including logging, grazing, and tourism, vary across re-
gions and forest types, adding layers of complexity and uncertainty. Quantifying these 
disturbances, particularly their temporal variability, can be improved through uncertainty 
propagation methods, such as Monte Carlo simulations, which incorporate disturbance 
effects into uncertainty models. This will enable more accurate predictions of their impact 
on forest structure and carbon stocks. 

Spatial scale conversion also introduces uncertainty; transitioning from local to re-
gional or global scales alters the relationship between forest structure and carbon stocks, 
resulting in discrepancies in estimation accuracy as pixel size increases [174]. This scale 
effect complicates the direct comparison and integration of estimation results across dif-
ferent studies and applications. To reduce scale-related uncertainty, multi-scale modeling 
approaches and hierarchical Bayesian models can be employed to account for scale effects 
and provide more accurate results when aggregating data at various spatial resolutions. 
These methods allow for the incorporation of varying levels of uncertainty depending on 
the spatial scale of analysis, improving both the consistency and applicability of carbon 
stock estimates. 

Collectively, these intertwined uncertainty factors impede the determination of opti-
mal remote sensing data resolutions and preprocessing techniques, hinder the develop-
ment of unified estimation models, and elevate the complexity and difficulty of carbon 
stock estimations. However, addressing these uncertainties through statistical methods, 
model calibration, and rigorous validation procedures is critical for improving the accu-
racy and reliability of carbon stock estimates. In the context of climate policy or forest 
resource management, where accurate data are essential for decision-making, quantifying 
and controlling uncertainty is indispensable. The application of comprehensive uncer-
tainty analysis and robust statistical frameworks will enhance the practical utility of these 
estimates and facilitate their integration into policy and management strategies. 

5.2. Future Prospects 

The future of forest carbon stock estimation via remote sensing will be driven by ad-
vancements in artificial intelligence, multi-source data integration, and methodological 
standardization. This section outlines both short-term implementable solutions and long-
term research directions, emphasizing practical adoption and scalability. 

5.2.1. Short-Term Implementable Solutions 

AI-driven automation for carbon stock estimation: AI enhances efficiency and accu-
racy by automating feature extraction and classification [175]. Deep learning models, such 
as convolutional neural networks and transformers, improve high-resolution image pro-
cessing. Future efforts should focus on transfer learning for model adaptation across forest 
types and self-supervised learning to reduce reliance on labeled training data [176]. 

Improved multi-source data fusion and calibration: Integrating optical, SAR, LiDAR, 
and microwave-based data improves estimation accuracy but requires addressing dis-
crepancies in spatial resolution, acquisition timing, and sensor characteristics [177]. Stand-
ardized correction algorithms, refined data assimilation techniques, and advancements in 
VOD-based biomass estimation will help overcome these challenges. 

Pilot projects for AI-driven multi-source remote sensing: Pilot projects should target 
data-rich forest regions, combining multi-source remote sensing with machine learning to 
develop tailored carbon stock estimation models. Once validated, these models can be 
scaled to diverse forest ecosystems, providing a structured roadmap for AI-driven forest 
carbon assessments [175]. 
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Standardization and open data policies for carbon accounting: A lack of standardized 
methodologies and open-access datasets hinders practical implementation. Immediate ef-
forts should focus on benchmark datasets integrating field inventory and remote sensing 
data, metadata standardization for seamless integration into carbon reporting systems, 
and expanding open-access platforms with preprocessed biomass layers [178]. 

5.2.2. Long-Term Research Directions 

AI-augmented process-based models for dynamic carbon accounting: Hybrid AI-
process models integrating machine learning with ecosystem simulations will refine car-
bon flux estimation and improve climate-adaptive assessments [175,179]. Incorporating 
real-time environmental data will enhance predictive capabilities, enabling better forest 
response modeling under changing climate conditions. 

High-frequency, high-resolution carbon monitoring: Next-generation satellites will 
provide near-continuous monitoring at unprecedented scales [180]. Expanding LiDAR-
based global carbon mapping, leveraging geostationary satellites for sub-daily productiv-
ity measurements, and integrating CubeSat and UAV-based monitoring will enable local-
ized, high-resolution assessments. 

Climate-responsive carbon stock estimation and policy integration: Long-term car-
bon stock estimation must account for climate-forest feedback mechanisms. Refining 
models to assess forest resilience under extreme climate events and aligning remote sens-
ing with policy frameworks will enhance decision-making relevance [181]. Standardized 
carbon offset indicators will ensure integration into international climate agreements. 

The future of remote sensing-based forest carbon stock estimation hinges on AI-
driven automation, multi-source data integration, and methodological standardization. 
Short-term efforts should prioritize data harmonization and algorithm improvements, 
while long-term research must address climate adaptation, dynamic modeling, and policy 
integration. Collaboration between researchers, policymakers, and space agencies is es-
sential to bridge theory and practical implementation, ensuring that remote sensing plays 
a central role in sustainable forest management and carbon mitigation. 

6. Conclusions 
Accurate forest carbon stock estimation is crucial for understanding carbon cycles 

and supporting climate policies. This review emphasizes key advancements in remote 
sensing-based carbon assessment, particularly in deep learning models, multi-source data 
integration, and AI-driven large-scale monitoring. Deep learning models, such as CNNs 
and transformers, enhance estimation accuracy by capturing complex patterns in spatial 
and spectral data. Multi-source data fusion, integrating optical, SAR, and LiDAR data, 
improves precision, especially in high-biomass forests. Despite these advancements, fur-
ther work is needed to refine model adaptability and address sensor harmonization chal-
lenges. 

Improved forest carbon estimation has significant policy implications, enhancing car-
bon inventory accuracy and supporting international frameworks, like the Paris Agree-
ment and REDD+. AI-driven monitoring facilitates real-time tracking of forest changes, 
enabling more responsive management. Expanding AI-assisted databases will increase 
transparency and scalability in global carbon monitoring efforts. Future research should 
focus on bridging the gap between high-resolution research and practical implementation. 
Collaboration among researchers, policymakers, and global organizations is essential to 
develop robust and actionable carbon estimation frameworks. Through the integration of 
AI, remote sensing, and standardized protocols, remote sensing will play a pivotal role in 
advancing climate action. 
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The following abbreviations are used in this manuscript: 

GCP Global Carbon Project 
AGB Aboveground biomass 
DBH Tree diameter at breast height 
SAR Synthetic aperture radar 
LiDAR Light laser detection and ranging 
NIR Near-infrared 
GF China’s Gaofen series satellites 
NASA National Aeronautics and Space Administration 
GEDI Global Ecosystem Dynamics Investigation 
ICESat-2 Ice, Cloud, and Land Elevation Satellite-2 
SRTM Shuttle Radar Topography Mission 
TLS Terrestrial LiDAR system 
ULS Unmanned Lidar system 
ALS Airborne LiDAR system 
NDVI Normalized difference vegetation index 
EVI Enhanced vegetation index 
LASSO Least absolute shrinkage and selection operator 
GWR Geographically weighted regression 
ML Machine learning 
XGBoost Extreme gradient boosting 
PAR Photosynthetically active radiation 
Biome-BGC Biogeochemical cycles 
CASA Carnegie–Ames–Stanford approach 
NPP Net primary productivity 
DGVM Dynamic global vegetation model 
CLM Community land model 
NCAR National Center for Atmospheric Research 
CNN Convolutional neural network 
RNN Recurrent neural network 
LSTM Long short-term memory network 
VOD Vegetation optical depth 
AI Artificial intelligence 
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基于单细胞质谱组学研究珊瑚共生虫黄藻的化学多样性 

张佳宇 1，陈仕国 1，余克服 1，梁甲元 1，侯壮豪 2，裴继影 1 

（1. 广西大学，广西南海珊瑚礁研究重点实验室，广西大学珊瑚礁研究中心，广西大学海洋学院，广西 南宁 530004； 

2. 中国科学技术大学化学与材料科学学院，安徽 合肥 230000） 

 

摘要：虫黄藻（Symbiodiniaceae）作为珊瑚共生体的重要组成部分，其生态特征在决定珊瑚对环境胁迫的响

应中发挥着关键作用。然而，目前尚不清楚不同生态类型虫黄藻的代谢多样性是否与其环境适应能力密切

相关。为揭示二者之间的关联，本研究基于单细胞质谱组学技术，系统解析了耐光照的 Symbiodinium 属（A

型）、广泛分布的 Cladocopium 属（C 型）及耐热的 Durusdinium 属（D 型）3 种不同生态类型的虫黄藻代

谢特征。结果表明，A 型虫黄藻的亮氨酸含量显著低于 C 型和 D 型，C 型虫黄藻富集缬氨酸，而 D 型虫黄

藻特异性积累二甲基巯基丙酸内盐（dimethylsulfoniopropionate, DMSP）。高分辨串联质谱（HRMS/MS）碎

片离子匹配进一步验证了代谢物鉴定的可靠性。因此，推测 A 型虫黄藻可能通过调控还原型辅酶Ⅰ（reduced 

nicotinamide adenine dinucleotide, NADH）再生途径增强光保护能力，C 型虫黄藻通过调节宿主氨基酸代谢

维持共生稳态，而 D 型虫黄藻依赖抗氧化防御系统提升对环境胁迫的耐受性。本研究为珊瑚共生虫黄藻的

适应机制提供了新的分子视角，有助于深入理解珊瑚-虫黄藻共生体系在全球气候变化背景下的响应机制。 

关键词：单细胞；质谱；虫黄藻；代谢组学 
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Study on Chemical Diversity of Coral-Symbiotic Symbiodiniaceae 

Based on Single-Cell Mass Spectrometry 
ZHANG Jia-yu1, CHEN Shi-guo1, YU Ke-fu1, LIANG Jia-yuan1, HOU Zhuang-hao2, PEI Ji-ying1 
(1. School of Marine Sciences, Coral Reef Research Center of China, Guangxi Laboratory on the Study of Coral Reefs in the South China 

Sea, Guangxi University, Nanning 530004, China; 

2. School of Chemistry and Materials Science, University of Technology and Science of China, Hefei 230000, China) 

 

Abstract: Coral reefs, often referred to as the ‘tropical rainforests of the sea’, are among the most ecologically 

diverse and productive marine ecosystems on Earth. However, climate change—especially global ocean warming—

has triggered widespread coral bleaching events, posing a severe threat to reef biodiversity, structure, and their 

function. Central to coral resilience is the symbiotic relationship with Symbiodiniaceae, a family of photosynthetic 

dinoflagellates that provide essential nutrients to the coral host. The environmental adaptability of this symbiosis is 

strongly influenced by the physiological and metabolic traits of the symbionts. While extensive research has 

characterized Symbiodiniaceae diversity and abundance at the population level, relatively little is known about the 

metabolic and functional heterogeneity that exists at the level of individual cells—particularly across 

phylogenetically distinct clades. To address this gap, a custom-built induced nano-electrospray ionization (Induced 

nanoESI) single-cell mass spectrometry platform was developed and applied. This platform enables high-sensitivity, 

label-free profiling of intracellular metabolites from individual Symbiodiniaceae cells, facilitating a more detailed 
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understanding of their functional and metabolic diversity. This platform was applied to characterize the metabolic 

profiles of three ecologically divergent Symbiodiniaceae clades, including the light-tolerant Symbiodinium (Clade 

A), the broadly distributed Cladocopium (Clade C), and the thermotolerant Durusdinium (Clade D). The method 

demonstrated good reproducibililty and sensitivity in single-cell metabolomics. Using multivariate statistical 

analyses—including principal coordinate analysis (PCoA) and orthogonal partial least squares discriminant analysis 

(OPLS-DA)—we observed clear metabolic differentiation among the three clades. Clear metabolic differentiation 

among the three clades was observed using multivariate statistical analyses, including principal coordinate analysis 

(PCoA) and orthogonal partial least squares discriminant analysis (OPLS-DA). A total of 14 differential metabolites 

were identified through high-resolution mass spectrometry (HRMS) and further confirmed by liquid chromatography 

coupled to hybrid high-resolution mass spectrometry (LC-HRMS/MS) spectral matching. Among these, leucine was 

found to be significantly depleted in Clade A relative to Clades C and D; valine was highly enriched in Clade C; and 

dimethylsulfoniopropionate (DMSP), a well-known osmoprotectant and antioxidant, was specifically accumulated 

in Clade D. These results suggest distinct clade-specific metabolic strategies. It is proposed that leucine biosynthesis 

is downregulated by Clade A to reduce acetyl-CoA accumulation, thereby promoting reduced nicotinamide adenine 

dinucleotide (NADH) regeneration and enhancing cyclic electron flow under high-light stress. Clade C's elevated 

valine levels may aid in host nutritional support and symbiotic stability. Clade D's high DMSP production likely 

contributes to oxidative stress resistance and thermal tolerance. In conclusion, this study highlights the power of 

single-cell metabolomics in uncovering functional diversity within symbiodiniaceae. New molecular insights into 

coral-symbiont interactions are provided by our findings, and a foundation is established for understanding how 

clade-specific metabolic adaptations contribute to coral reef resilience in a changing climate. 

Key words: single-cell; mass spectrometry; symbiodiniaceae; metabolomics 

 

珊瑚礁作为海洋生态系统的重要组成部分，凭借其丰富的生物多样性和较高的初级生产

力，被誉为“海洋中的热带雨林”[1]。除提供渔业资源和天然药物原料外，珊瑚礁还在旅游

服务、海岸防护等方面发挥着不可替代的生态与经济功能[2-4]。然而，近年来全球气候变化

导致珊瑚礁大规模白化，例如 1997~1998 年、2009~2010 年以及 2015~2017 年发生的 3 次全

球性“珊瑚白化”事件，波及了全球 70%以上的珊瑚礁区[5-7]。珊瑚白化是指珊瑚宿主通过

胞吐作用主动排出共生虫黄藻（Symbiodiniaceae），导致光合色素丧失、骨骼显现白色的现

象，其中海表温度异常升高被认为是主要的诱因[8]。高温引发的珊瑚白化威胁着珊瑚礁的存

活，并影响其生长、繁殖和生态功能。 
近年来，适应性白化假说提出，珊瑚能够通过调节体内共生虫黄藻的群落结构，来提升

对环境胁迫的耐受性。研究表明，珊瑚在经历热胁迫后，可通过改变优势虫黄藻类型以增强

热耐受性。例如，Berkelmans 等[9]通过将鹿角珊瑚（Acropora millepora）移植至高温海域发

现，其体内主要共生藻型由热敏感的 Cladocopium 属转变为耐热性更强的 Durusdinium 属，

珊瑚的热耐受阈值提高了 1~1.5 ℃。同样，Baker 等[10]在 1997~1998 年 ENSO 事件前后对巴

拿马海域 Pocillopora 属珊瑚的跟踪研究发现，含 Durusdinium 属虫黄藻的珊瑚比例由 43%
升至 63%，且几乎未发生白化，而以 Cladocopium 属共生的珊瑚则出现严重白化。系统发育

分析显示，虫黄藻科已被鉴定出 11 个属，其中与珊瑚形成稳定共生关系的主要包括

Symbiodinium（A 型）、Breviolum（B 型）、Cladocopium（C 型）和 Durusdinium（D 型）

等[11-14]。不同属虫黄藻在生理生态特性上存在显著差异：A 型耐高光环境，C 型物种丰富且

生态位广泛，D 型则在高温波动及高浊度环境中表现出更强的耐受性[11]。可见，珊瑚对环境

胁迫的耐受性在很大程度上取决于其共生虫黄藻群落的组成与结构。然而，目前多数研究主

要集中在群体水平，对珊瑚组织中虫黄藻的整体种类和丰度进行分析，忽略了单细胞层面上

虫黄藻细胞间潜在的功能和代谢异质性[15]。细胞间代谢差异可能在珊瑚应对环境变化、帮助
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珊瑚白化恢复等过程中发挥关键作用。因此，为深入揭示不同属虫黄藻在珊瑚-虫黄藻共生

关系中的功能异质性，有必要引入具备单细胞分辨率的代谢组学等高通量分析技术，以解析

不同虫黄藻个体间的代谢差异及其在环境适应中的潜在作用。 
单细胞分析技术以单个细胞为研究单位，能够独立、精准地解析珊瑚共生虫黄藻的代谢

特征，揭示被群体平均效应掩盖的细胞特异性机制。目前，单细胞分析常用的方法包括荧光

检测、超微电极电化学检测、色谱分析与质谱分析等，其中，质谱技术凭借高灵敏度和高分

辨率的优点，已成为单细胞代谢组学研究的核心手段 [16]。纳升电喷雾离子化（nano-
electrospray ionization, nano-ESI）作为广泛应用的单细胞质谱离子化方式，在单细胞分子分

析中发挥着重要作用[17]。传统 nano-ESI 技术通过将金属丝插入毛细管并施加高电压实现样

品离子化，但其操作复杂，且金属电极直接接触样品溶液易引发电化学干扰，导致代谢物氧

化或其他变化。为此，感应电喷雾离子化（Induced nano-electrospray ionization, Induced nanoESI）
技术应运而生。该方法避免了电极与样品溶液的直接接触，不仅简化了电压施加流程，还显

著降低了电化学副反应对代谢物信号的干扰[18]。Induced nanoESI 技术已成功应用于神经元、

肿瘤细胞及溶酶体等多种单细胞或细胞器的代谢组学研究，展现出优异的灵敏度和良好的重

复性[19-22]。 
本研究基于 Induced nanoESI 质谱技术，针对 A、C、D 三属珊瑚共生虫黄藻进行单细胞

代谢组学分析。通过多元统计分析系统地比较三属虫黄藻在单细胞水平的代谢指纹特征，筛

选具有属特异性的标志性代谢物，并结合液相色谱-高分辨质谱串联（liquid chromatography 
coupled to hybrid high-resolution mass spectrometry, LC-HRMS/MS）技术进行验证。进一步探

讨关键代谢物在珊瑚-虫黄藻共生体系中参与化学生态适应机制的潜在作用，旨在为揭示珊

瑚礁生态系统应对环境变化的代谢调控策略提供新的单细胞代谢学证据与理论支撑。 

 

1  实验部分 
1.1  主要仪器与装置 

Exactive Plus Orbitrap 质谱仪、UPLC-Q-Exactive Orbitrap 质谱仪：美国 Thermo Fisher 
Scientific 公司产品；Olympus CK2 倒置显微镜：日本 Olympus 公司产品；Burleigh 显微操作

平台、Sutter Instruments P-2000 激光微移液器：美国 Novato 公司产品；Sigma 3-18K 高速冷

冻离心机：德国 SIGMA 公司产品。 
1.2  主要材料与试剂 

Reef Crystals 人工海盐：美国 Instant Ocean 公司产品；硼硅玻璃毛细管（外径 1.2 mm，

内径 0.9 mm）：美国 SUTTER INSTRUMENT 公司产品；L1 培养基：上海光语生物科技有

限公司产品；甲醇：德国 Merck 公司产品；卡那霉素、氨苄青霉素、链霉素、两性霉素 B：
德国 BIOFROX 公司产品。 
1.3  虫黄藻的培养 

使用人工海盐配制盐度为 35‰的人工海水，初始 pH 值调至 8.2。海水经 0.22 μm 孔径

微孔滤膜，通过真空抽滤系统预过滤后，置于高压蒸汽灭菌器中，在 121 ℃下灭菌 15 min，
冷却至室温，备用。以灭菌后的人工海水为基质，配制含抗生素的 L1 培养基，抗生素添加

浓度为 50  mg/L 卡那霉素、100  mg/L 氨苄青霉素、50  mg/L 链霉素、2.5  mg/L 两性霉素 B。
A、C 和 D 型虫黄藻在盐度 35‰、温度（25±1）℃、光照强度 90  μmol/(m²·s)、明暗周期为

14 h 光照/10 h 黑暗的培养条件下生长。 
1.4  单细胞质谱分析 

1.4.1  样品制备    取 2 μL 初始浓度为 6.1×10⁵  cells/mL 的虫黄藻细胞悬液，均匀滴加在载

玻片表面。为便于在显微镜下快速定位目标细胞，先使用马克笔在载玻片上划定 1 个圆形区

1402



4 
 

域，然后将细胞悬液滴加在该区域内。随后在 25 ℃恒温条件下静置 5 min，以使细胞沉底。

使用拉制仪制备尖端孔径约为 1.0 μm 的硼硅玻璃毛细管，其拉制参数设定如下：加热强度

（heat）=550，加热线圈类型（filament）=4，拉伸速度（velocity）=23，延迟时间（delay）
=130，拉力强度（pull）=50。毛细管内预先注入超纯水作为电极内液。将装载溶剂的毛细管

连接至气压控制装置，随后固定在显微操作平台上。实验中，将毛细管尖端接触目标单细胞

膜表面，并将针尖插入细胞，通过气压系统实现对单细胞内容物的抽取。取样平台的构建及

操作示意图示于图 1a~1c。 
 

 
注：a, b. 单细胞取样实验装置实物图；c. 单细胞取样示意图；d. 单细胞质谱分析平台 

图 1  实验装置图  

Fig.1  Experimental setup 

 
1.4.2  质谱分析    单细胞质谱分析平台示于图 1d，将装载有样品的毛细管尖端对准质谱

锥口，并保持约 5 mm 的距离。在感应电极上施加幅值 10  kV、频率 1 000  Hz 的交流电压，

在感应电场作用下，实现毛细管内液体的电喷雾与离子化，从而获得单细胞的质谱信号。质

谱采集采用正离子模式，因其具有较高的离子化效率和信噪比，可实现灵敏且稳定的检测效

果，因此广泛应用于单细胞质谱分析中[21, 23-26]。相比之下，负离子模式在 Induced nanoESI
过程中更易发生放电，降低喷雾稳定性，进而影响信号质量。在相同条件下，分别采集 A、

C、D 三属虫黄藻各 24 个单细胞数据。质谱参数设置如下：S 型离子透镜的 s-lens 设为 50%
（正离子模式），毛细管温度 275  ℃，质量分辨率 140 000，微扫描数量设置为 1，最大离

子注入时间 10  ms。 
1.4.3  数据分析    原始质谱数据通过 Thermo Fisher Xcalibur 软件导出，并在 MATLAB 
2016b 平台上进行处理，包括峰位对齐与峰强度提取。为减少因盐基质抑制、仪器敏感度变

化及喷雾效率波动所带来的系统误差，本实验采用总离子流归一化方法。具体而言，将每个

代谢物峰面积标准化到其所属样本的总离子流强度上[27]。归一化后的数据用于后续的多维

统计分析和差异筛选，以此提高数据的稳定性、可比性与分析的可靠性。 

1.4.4  代谢物鉴定    单细胞质谱分析得到的数据基于 PlantCy 代谢物库，通过精确的质量

数进行代谢物鉴定。检索的物质以质子化形式（[M+H]+），钠、钾、NH3 加合物的形式（[M+Na]+、 
[M+K]+、[M+NH4]+），脱水形式（[M+H—H2O]+、[M+H—2H2O]+）的理论分子质量为基准，

当质量数的误差小于 10-5 时，即认为其为同一代谢物。 
1.5  LC-HRMS/MS 分析 
1.5.1  样品制备    取 50 mL 虫黄藻细胞悬液，在 4 ℃下以 2 500×g 离心 5 min，弃除上清

液，保留细胞沉淀。向细胞沉淀中加入 1 mL 体积分数为 70%的甲醇水溶液，摇晃均匀。将

混合液超声处理 20 min 后，再次在 4 ℃下以 2 500×g 离心 5 min，收集上清液。随后，使用

孔径为 0.22 μm 的有机系针式过滤器对上清液进行过滤，并转移至色谱小瓶中。A、C、D 属
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虫黄藻每种样品均制备 4 个生物学重复，最后对提取物进行 LC-HRMS/MS 分析。 
1.5.2  仪器分析    使用 ACQUITY CSH C18 色谱柱（2.1 mm×100 mm，1.7 μm）进行色谱

分离，流速 200 μL/min，温度 30 ℃。流动相为含 0.1%甲酸的水溶液（A 相）和含 0.1%甲酸

的甲醇溶液（B 相）；梯度为 0~3 min（5%B），3~20 min（5%~95%B），系统随后在 95%B
下维持 5 min，然后在 1 min 内切换到 5%B，并在下次进样前进行 4 min 平衡，每个样品的

进样体积为 2 µL。采用数据依赖采集模式，鞘气流速 35 L/min，辅助气体流速 15 L/min，扫

气流速 0 L/min，辅助气体温度 250 ℃。喷雾电压设置为 3.5 kV，进样毛细管温度 350 ℃，

S-lens 射频电压设置为 50 V。在全扫描模式下，质量扫描范围 m/z 100~1 000，分辨率 35 000
（Rm/z 200）。最大离子注入时间设为 100 ms，自动增益控制（automatic gain control, AGC）
目标值为 3.0×10⁶。在 MS/MS 模式下，每次采集选择最强的前 10 个母离子进行碎片化。碎

片扫描分辨率设为 17 500（Rm/z 200），最大离子注入时间 50  ms，AGC 目标值设为 1.0×10⁵。
母离子隔离窗口宽度为 m/z 1.5，归一化碰撞能量按 15%~30%逐步递增。 
1.5.3  质谱数据预处理    使用 MZmine 4.3.0 软件对原始质谱数据进行预处理，以提取代

谢物特征信息。预处理流程包括以下 9 个步骤：1）进行质谱峰检测，提取 m/z 特征信号；

2）采用自动化数据分析工作流算法进行色谱峰构建；3）通过局部最小特征解析进行解卷积；

4）使用 13C 同位素过滤以去除同位素干扰；5）通过峰对齐匹配不同样本中的特征峰；6）
进行峰识别；7）应用重复特征过滤去除冗余信号；8）利用特征筛选剔除低质量峰；9）最

后进行线性归一化以校正样本间的信号偏差。 
1.5.4  代谢物鉴定    将 MZmine 软件导出的 mgf 格式文件与特征量化表上传至 GNPS 平

台，用于代谢物鉴定分析。参数设置中，母离子质量容差和碎片离子质量容差均设置为 0.02 
u，其余参数保持默认值。 
1.6  统计学分析 

鉴于单细胞质谱数据的稀疏性、强非正态分布及复杂非线性结构，本文采用主坐标分析

（principal coordinate analysis, PCoA）对单细胞数据进行无监督统计学分析。PCoA 在 RStudio
（R for Windows 4.4.3）中进行，基于 vegan 包的 vegdist（）函数计算 Bray-Curtis 距离矩阵，

随后使用 adonis（）函数（置换次数设为 999）进行置换多元方差分析（permutational multivariate 
analysis of variance, PERMANOVA）检验，以评估组间差异。为进一步识别潜在差异代谢物，

在 SIMCA-P v14.1 软件中进行正交偏最小二乘判别分析（orthogonal partial least squares 
discriminant analysis, OPLS-DA），并计算变量投影重要性（variable importance in projection, 
VIP）值。VIP 值大于 1.0 的代谢物被认为是具有显著区分贡献的候选差异标志物。数据正

态性通过 Shapiro-Wilk 检验评估，符合正态分布时采用独立样本 t 检验，非正态分布时采用

非参数检验。p<0.05 被认为具有统计学差异，p<0.01 表示具有高度统计学差异。 
 

2  结果与讨论 
2.1  虫黄藻单细胞质谱分析的性能表征 
 本研究基于自建的单细胞质谱分析平台，对虫黄藻细胞进行系统的分析性能评估。在连

续 5 次测试中，单个虫黄藻细胞的信号持续时间稳定在 0.15~0.42 min 之间，表明该方法在

重复性方面表现良好，示于图 2a。以 m/z 135.046 9 的代谢物为代表，其信号在 0.20 min 内

迅速达到峰值并迅速衰减至基线，提示细胞内代谢物在极短时间内完成释放与电离过程，示

于图 2b。这一特征可归因于虫黄藻细胞体积较小（细胞直径为 8~11 μm，体积估算约为 512~1 
331 μm³），导致其胞内代谢物总量有限。当施加电压引发电喷雾过程后，代谢物立即释放

至电喷雾区域，在毛细管末端形成瞬时强信号。随着胞内物质耗尽，后续信号主要来源于毛

细管中残余溶剂和背景离子。 
质谱分析结果表明，该平台对低分子质量代谢物（m/z<300）具有良好的检测灵敏度，
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而高分子质量代谢物的检出率较低，示于图 2c。可能原因是单细胞样本基质复杂，抑制了大

分子代谢物的电离效率与挥发能力，限制其被质谱捕获。值得注意的是，m/z 135.046 9 的代

谢物在所有检测信号中表现出最强的相对丰度，推测其可能为虫黄藻中一种重要的胞内代谢

物，在后续的结构鉴定和功能解析中需给予重点关注。为评估不同属虫黄藻代谢组组成的一

致性，本实验对三属虫黄藻样品（A、C、D 型）进行代谢物的韦恩图分析，示于图 2d。结

果显示，共检出的代谢物中有 361 种为三者共有，所占比例显著，说明这三属虫黄藻在基础

代谢组成上高度一致。同时，仅在 A 型和 D 型中各检出 1 种特异性代谢物，而在 C 型中未

检出特异性成分，表明其核心代谢物组成差异极小，仅存在有限的种属特异性表达。进一步

基于 PlantCyc 代谢物数据库和 LC-HRMS/MS 二级质谱图，对所有检测到的代谢物进行比对

鉴定，最终确认了 14 种代谢物，具体信息列于表 1。 
 

 

注：a. 连续 5 次单细胞分析的总离子流图；b. 最强信号代谢物（m/z 135.046 9）的提取离子流图；c. 三属虫黄藻（A、C、

D）典型的单细胞分析质谱图；d. 三属虫黄藻（A、C、D）代谢产物的韦恩图 

图 2  虫黄藻单细胞的质谱分析  

Fig.2  Single-cell mass spectrometry analysis of Symbiodiniaceae 

 

 

 

 

 

 

 

 

 

表 1  虫黄藻代谢物鉴定结果 

Table 1  Identification results of Symbiodiniaceae metabolites  
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中文名 

Chinese name 

英文名 

English name 

实测 m/z 

Experimental m/z 

加合离子类型 

Adduct type 

理论 m/z 

Theoretical m/z 

误差/10-6 

Error/10-6 

3-氨基丙醛 3-Aminopropionaldehyde 74.0603 [M+H]+ 74.0606 -4.05 

戊内酯 Valerolactone 101.0595 [M+H]+ 101.0603 -7.92 

阿拉伯糖醇 Arabitol 117.0545 [M+H-2H2O]+ 117.0552 -5.98 

缬氨酸 Valine 118.0866 [M+H]+ 118.0868 -1.69 

烟酰胺 Nicotinamide 123.0551 [M+H]+ 123.0558 -5.69 

焦谷氨酸 Pyroglutamic acid 130.0495 [M+H]+ 130.0504 -6.92 

亮氨酸 Leucine 132.1021 [M+H]+ 132.1025 -3.03 

二甲基巯基丙酸内

盐（DMSP） 
Dimethylsulfoniopropionate 

(DMSP) 
135.0469 [M+H]+ 135.0480 -8.15 

2-氨基苯甲酸 2-Aminobenzoic acid 138.0546 [M+H]+ 138.0555 -6.52 

甜菜碱 Betaine 140.0676 [M+Na]+ 140.0687 -7.85 

三羟基丁烷 Trihydroxybutane 145.0254 [M+K]+ 145.0267 -8.96 

谷氨酰胺 Glutamine 147.0760 [M+H]+ 147.0770 -6.80 

N-氨甲酰腐胺 N-Carbamoylputrescine 170.0681 [M+K]+ 170.0696 -8.82 

精氨酸 Arginine 175.1183 [M+H]+ 175.1195 -6.85 

 

2.2  差异代谢物筛选 

为深入解析不同虫黄藻种属间的代谢组差异，本实验结合无监督的 PCoA 与有监督的

OPLS-DA 方法，对三属虫黄藻样品的代谢轮廓进行系统分析。PCoA 结果显示，三类样品在

二维空间中显著分离，第一主坐标（principal coordinate 1, PCo1）和第二主坐标（principal 
coordinate 2, PCo2）分别解释了 41.5%和 14.2%的变异，总体累计解释变异达 55.7%，示于

图 3a。PERMANOVA 检验进一步证实了组间差异具有统计学显著性（R²=0.17，p=0.001），

说明 3 种虫黄藻在代谢层面存在显著差异。OPLS-DA 模型进一步验证了该分离趋势，模型

的拟合优度和预测能力分别为 R2X=0.624、R2Y=0.754 和 Q²=0.594，显示出良好的分类性能，

示于图 3b。200 次置换检验结果（p<0.01）排除了模型过拟合的可能性，表明 OPLS-DA 模

型稳定可靠，可用于筛选虫黄藻间的差异代谢物。 
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图 3  三属虫黄藻单细胞代谢物的 PCoA（a）和 OPLS-DA（b）得分图 

Fig.3  PCoA (a) and OPLS-DA (b) score plots of single-cell metabolites of three clades of Symbiodiniaceae 

 
基于三属虫黄藻单细胞代谢物 OPLS-DA 的结果，以变量重要性投影值（VIP>1.0）和显

著性检验（p<0.05）为标准，筛选出具有显著差异的特征代谢物。从图 4a~4c 可见，在不同

虫黄藻属间的比较中，A 型与 C 型：缬氨酸（VIP=8.660，p<0.001）和亮氨酸（VIP=4.405，
p<0.001）在 C 型中含量显著高于 A 型；A 型与 D 型：DMSP（VIP=10.844，p=0.004）和亮

氨酸（VIP=4.863，p<0.001）在 D 型中含量更高；C 型与 D 型：DMSP（VIP=10.544，p=0.011）
在 D 型中富集，而缬氨酸（VIP=8.668，p<0.001）在 C 型中显著富集。综上，亮氨酸在所有

比较组中以 A 型虫黄藻含量最低，缬氨酸在 C 型中最为富集，而 DMSP 在 D 型中含量最

高。各差异代谢物在 3 种虫黄藻中的丰度分布情况示于图 5。同时，这些代谢物的 HRMS/MS
二级谱图与标准谱图的余弦相似度（cosine）相似度在 0.88~0.99 之间，表明匹配良好，示于

图 6。此外，2 种平台下差异代谢物的丰度变化趋势一致，显著性水平相符，进一步证明了

单细胞质谱方法在代谢物定性和定量分析中的稳定性和可靠性，示于图 4d~4f。 
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注：a、d 为 A、C 两属虫黄藻；b、e 为 A、D 两属虫黄藻；c、f 为 C、D 两属虫黄藻 

图 4  三属虫黄藻单细胞质谱分析（a、b、c）和 LC-HRMS/MS 分析（d、e、f）的 VIP 图 

Fig.4  VIP figures of single-cell mass spectrometry (a, b, c) and LC-HRMS/MS (d, e, f) of three clades of 

Symbiodiniaceae 

 

 

图 5  三属虫黄藻单细胞质谱中差异代谢物的丰度热图 

Fig.5  Heatmap of differential metabolite abundances in single-cell mass spectrometry of three 

Symbiodiniaceae clades 

 

 
图 6  3 种差异代谢物的二级质谱图 

Fig.6  LC-HRMS/MS spectra of three differential metabolites 
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2.3  差异代谢物功能分析 

本实验进一步探讨了基于上述筛选获得的缬氨酸、亮氨酸和 DMSP 等 3 种关键差异代

谢物在不同虫黄藻种属中的潜在生理功能，这些代谢物的差异分布模式与各虫黄藻的生态适

应特征表现出一致性，提示它们可能在虫黄藻的环境适应和共生关系中发挥重要作用。 
A 型虫黄藻表现出独特的亮氨酸代谢特征，其细胞内亮氨酸含量显著低于 C 型和 D 型

虫黄藻，这一现象可能与其典型的高光环境适应性相关。A 型虫黄藻主要分布于浅海高光强

的环境中，表现出显著的循环电子传递（cyclic electron flow, CEF）活性，以缓解高光胁迫下

叶绿体内腺嘌呤核苷三磷酸/还原型辅酶Ⅱ（adenosine triphosphate/reduced nicotinamide 
adenine dinucleotide phosphate, ATP/NADPH）的代谢失衡[28]。根据现有研究并结合系统进化

特征推测：A 型虫黄藻极可能依赖 II 型 NADH 脱氢酶（type II NADH dehydrogenase, NDH-
2）介导的还原型辅酶Ⅰ（reduced nicotinamide adenine dinucleotide, NADH）代谢途径来调节

CEF[29-30]。在代谢层面，亮氨酸首先降解形成 3-羟基-3-甲基戊二酰辅酶 A，然后在酶的作用

下生成乙酰辅酶 A 和乙酰乙酸[31]。已有研究表明，乙酰辅酶 A 能通过反馈机制抑制 NADH
的再生[32]。因此，推测 A 型虫黄藻通过降低亮氨酸含量来减少乙酰辅酶 A 的生成，缓解其

对 NADH 再生的抑制作用。这一代谢调控策略可能促进 NADH 的积累，进而增强依赖 NDH-
2 的 CEF 活性，最终提高其对高光环境的适应能力。 

作为目前分布最广泛的虫黄藻类型之一，C 型虫黄藻表现出显著的缬氨酸代谢特征，其

细胞内缬氨酸含量显著高于 A 型和 D 型虫黄藻。这一代谢特征可能与其共生适应性密切相

关。缬氨酸作为一种必需氨基酸，多数后生动物宿主无法自行合成，需通过外源性补充。相

关研究表明，在刺胞动物中（如海葵和有孔虫），携带共生虫黄藻的个体体内缬氨酸水平显

著高于无共生或去除共生体的对照组，表明共生虫黄藻可能在一定程度上弥补宿主在缬氨酸

合成方面的不足[33-34]。因此，C 型虫黄藻中缬氨酸的富集可能增强其为宿主提供必需氨基酸

的能力，从而提高共生的稳定性，促进其在多种宿主中的广泛分布和持久共生关系。这一代

谢补偿机制可能是 C 型虫黄藻适应广泛生态环境的重要基础之一。 
D 型虫黄藻表现出显著的环境适应特性，其细胞内 DMSP 含量显著高于其他 2 种虫黄

藻。这一特征可能与其在温度和浊度波动较大环境中的生存策略直接相关。DMSP 及其裂解

产物二甲基硫醚（dimethylsulphide, DMS）和丙烯酸酯在极端环境条件下发挥重要的抗氧化

防御功能。它们能够与羟基自由基（·OH）等反应活性氧（reactive oxygen species, ROS）迅

速反应，从而有效清除细胞内的自由基，特别是 DMS 和丙烯酸酯的反应活性可达到 DMSP
的 20~60 倍[35]。此外，DMSP 也参与浮游植物和大型海藻细胞内多种保护性生理机制，包括

渗透压调节和低温适应[36-37]。基于这些发现，我们认为 D 型虫黄藻可能通过维持高水平的

DMSP，构建了 1 个包含抗氧化防御、渗透调节和温度适应在内的多层次保护系统，这为其

在环境波动剧烈的生境中生存提供了重要的代谢保障。 
 

3  结论 

本研究通过自建的单细胞质谱分析平台，对不同属的虫黄藻进行了系统的代谢组学分析，

并评估了该方法的重复性和灵敏度。结果表明，该平台在低分子质量代谢物检测中表现出良

好的灵敏度，且具有较高的重复性，适用于虫黄藻细胞的代谢组学研究。基于 PCoA 和 OPLS-
DA 的结果，发现不同属虫黄藻在整体代谢轮廓上存在显著差异，提示其在长期进化中可能

形成了独特的代谢适应策略：A 型虫黄藻在高光强环境中可能通过调控亮氨酸代谢来缓解叶

绿体内 ATP/NADPH 的代谢失衡；C 型虫黄藻可能通过为宿主提供缬氨酸来维持其与宿主

的稳定共生关系；而 D 型虫黄藻则通过合成 DMSP 构建高效的抗氧化防御体系，从而提升

其对极端环境的耐受能力。总体而言，本研究以单细胞代谢组学为手段，从分子水平揭示了

不同属虫黄藻的代谢适应机制。该研究不仅为理解虫黄藻的环境响应和宿主共生策略提供了
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思路，也为进一步探索珊瑚共生体的功能协同及其生态意义奠定了理论基础。 
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摘要：本研究以糖厂滤泥和甘蔗渣为原料,在 240℃-60min-质量比 5:1 条件下共水热碳化,研究液相循环对共水热碳化固液相产物影响,并探究其反应

路径.结果表明,液相循环促进了共水热碳化的反应进程,水热炭性质明显改善.随着液相循环进行,水热炭产率和高热值(HHV)大幅提高,灰分含量显著

降低,其表面微球结构数量增多,第二次循环后水热炭获得最大比表面积 31.2m2/g,基团 CHX,C-C/C=C 和-C-OR/-C-NR 含量呈上升趋势,而 C=O/C=N

和-COOR 含量明显减少;液相产物中有机酸和酮类含量增多,芳香族化合物从 0.31%增加到 13.75%,碳氢化合物、酰胺类和酯类减少.液相循环下,有机

酸积累形成的酸性环境催化了水解等反应的发生,并促进美拉德反应的进行,有效提高水热炭的芳构化程度,有利于强化水热炭表面的含氧官能团,使其

提供更多的化学位点,赋予了水热炭更优异的吸附性能,提高其土地利用潜力. 

关键词：液相循环；共水热碳化；水热炭；糖厂滤泥；甘蔗渣 

中图分类号：X705      文献标识码：A      文章编号：1000-6923(2025)03-1364-11 

 

Study on the mechanism of liquid-phase cycling on the co-hydrothermal carbonation of sugar solid waste. CHEN Si-si1, XUE 

Yu-yang1, TANG Xing-ying2*, WANG Zhi-jie1, ZHANG Ying-ying2, QIAN Li-li3, LI Shang-ze1, WANG Ying-hui2,4 (1.School of 

Resources, Environment and Materials, Guangxi University, Nanning 530004, China；2.Guangxi Laboratory on the Study of Coral 

Reefs in the South China Sea/Coral Reef Research Center of China, School of Marine Sciences, Guangxi University, Nanning 

530004, China；3.School of Energy and Power Engineering, Jiangsu University, Zhenjiang 212000, China；4.Guangxi Institute of 

Green and Low Carbon Technology Co, Ltd, Nanning 530022, China). China Environmental Science, 2025,45(3)：1364~1374 

Abstract：The study utilized filter mud and bagasse as raw materials for the co-hydrothermal carbonization process at 

240℃-60min-5:1. The primary objective of this study was to investigate the impact of liquid-phase cycling on the solid-liquid phase 

products of the co-hydrothermal carbonization process and to elucidate the reaction pathways. The experimental findings 

demonstrated that liquid-phase cycling significantly enhanced the reaction process of co-hydrothermal carbonization, resulting in 

substantial improvements in the hydrochar properties. In the liquid-phase cycling process, there was a substantial increase in the 

hydrochar yield and higher heating value (HHV), accompanied by a significant decrease in ash content and an increase in 

microsphere structures on the surface. Following the second cycling, the hydrochar obtained a maximum specific surface area of 

31.2m2/g, and the contents of the groups CHX, C-C/C=C, and -C/OR/-C-NR exhibited a tendency to increase, while the contents of 

C=O/C=N and -COOR decreased significantly; In the liquid-phase products, the contents of organic acids and ketones increased. 

Concurrently, the proportion of aromatic compounds remarkably rose from 0.31% to 13.75%, and hydrocarbons, amides, and esters 

decreased. Within the liquid-phase cycle, the acidic environment generated by the accumulation of organic acids served as a catalyst 

for hydrolysis and other reactions, and simultaneously facilitated the Maillard reaction, which effectively enhanced the degree of 

aromatization of the hydrochar. Moreover, it was beneficial for fortifying the oxygen-containing functional groups on the surface of 

the hydrothermal carbon, thereby creating more chemically active sites. Consequently, the hydrochar was bestowed with enhanced 

adsorption capabilities and its potential for land application was elevated. 

Key words：liquid phase recycling；co-hydrothermal carbonization；hydrochar；filter mud；bagasse 

 

广西是我国甘蔗的主产地,其蔗糖产量约占全

国总产量的三分之二.制糖工艺的副产物主要为滤

泥、蔗渣、蔗梢叶和糖蜜,其中蔗梢叶是良好的饲料

资源,直接或经简单处理后作为粗饲料喂养畜禽动 
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物;糖蜜主要可用于制作酒精和酵母,均可满足产业

化要求;而糖厂滤泥通常施肥于肥沃田地或随意置

放,除占用大面积土地资源外,还因其含水率高、富

含有机物和糖类等,极易导致腐烂发臭、滋生细菌、

污染空气,对环境造成严重影响
[1]

;甘蔗渣经加工后

可以作为糖厂燃料或用于制作动物饲料,但存在利

用率和附加值低等问题,难以高效资源化利用.因此,

开发新型处置方法,对糖厂滤泥及甘蔗渣进行有效

的无害化处理和资源化利用势在必行. 

共热碳化技术作为一种绿色、低碳、高效的热

化学技术,是指在水热碳化过程中两种或者多种原

料进行热化学转化,降低预处理能耗成本的同时,有

效改善水热碳化反应的效率和产物的性质,并且获

得的水热炭具有灰分低、热值高、比表面积大,含有

丰富的官能团和发达的孔隙结构,应用于能源、土壤

改良、吸附基质等领域
[2-6]

.然而,水热碳化过程会产

生大量的液相副产品,主要由有机酸、糖类、酚类等

有机物组成,直接排放到环境中可能对生态系统的

健康构成严重威胁,浪费工业化学资源;同时,液相处

理成本占水热处置废物总成本的 90%,影响经济可

行性,亟需一种对环境、经济友好的方法处理水热碳

化液相产物
[7-9]

. 

液相循环作为一种高效的处理策略,是将水热过

程中获得的液相物质回收并与原料混合,重新进行水

热碳化的处理方法,不仅能显著降低淡水消耗,还有

效削减了废液处理成本,提高水热碳化系统的整体效

率.Sharma 等
[10]
将食品和庭院垃圾共水热碳化,经过

5 次液相循环发现再循环液中高有机物和离子物质

的存在促进了整个碳化过程,增加了水热炭的能量产

率 (86%~92%)、碳含量 (68%~71%)和 HHV (20~ 

27MJ/kg),并且还增强了水热炭的整体燃烧特性,促

进了共水热碳化反应.Li等
[11]
利用聚氯乙烯和玉米芯

共水热碳化并循环 4 次,观察到液相循环逐步增强原

料的水解,并产生具有更丰富的活性表面官能团、更

多孔结构和更高产率的水热炭.针对糖业副产物所产

生的环境影响和资源化利用水平低等问题,考虑利用

共水热碳化及液相循环技术对糖厂滤泥和甘蔗渣进

行处理,减少环境污染,得到更加优质的资源化产物.

但是糖厂滤泥和甘蔗渣的共水热碳化及液相循环的

反应机制尚不明确,仍需进行更为深入的研究,为水

热炭产品增值提供新的思路. 

本文以糖厂滤泥和甘蔗渣作为原料进行共水

热碳化,研究 4 次液相再循环对水热炭的理化性质、

产率、微观形貌、比表面积和含 C官能团含量的影

响,分析循环下液相产物的性质和组分变化情况,揭

示其中的反应机理,解析液相循环下糖厂滤泥和甘

蔗渣共水热碳化的反应路径.本研究开拓了糖厂滤

泥和甘蔗渣高效利用的新方向,可为糖业副产物开

发高附加值产品提供理论依据和数据支撑. 

1  材料与方法 

1.1  实验原料 

本实验所用糖厂滤泥和甘蔗渣均取自广西农

垦糖厂,所采用的工艺为磷酸亚硫酸法;其中,甘蔗

渣为甘蔗压榨提汁后的固体残渣,滤泥取自糖汁硫

熏中和后二次加热沉降的污泥,糖厂滤泥和甘蔗渣

的主要理化性质如表 1 所示.将滤泥与甘蔗渣置于

真空干燥箱中 105℃干燥 24h,使用粉碎机对其粉碎

并过 100 目筛,粉碎后的样品用密封袋封装后避光

储存. 

表 1  糖厂滤泥和甘蔗渣的主要理化性质 

Table 1  The main physicochemical properties of filter mud and sugarcane bagasse 

元素分析(wt. %) 
样品名称 

C H O N S 
C/N 

ASH 

(%) 

HHV 

(MJ/kg) 
pH值 

EC 

(mS/cm)

糖厂滤泥 19.59 3.94 16.52 1.10 3.58 17.80 56.13 8.93 6.82 1.38 

甘蔗渣 44.16 5.78 47.96 0.55 0.23 80.79 1.32 17.26 4.67 — 

 

1.2  实验设计及运行 

采用高温间歇式反应管装置进行共水热及液

相循环实验,管式炉作为反应的温控装置.如图 1 所

示,高温间歇式反应管采用 316L不锈钢材质,容积为

20mL,最高反应温度 600℃,压力耐受 30MPa. 

本实验前期所做的研究根据水热炭吸附性能

和土地适用等因素,已确定糖厂滤泥与甘蔗渣共水

热的最优反应条件为:反应温度 240℃,停留时间
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60min,滤泥蔗渣质量比 5:1;因此,以此最佳条件为本 次实验的基础条件,进行液相循环实验. 

 

图 1  水热碳化反应装置管式炉及间歇式反应管 

Fig.1  Hydrothermal carbonization batch reactor tube 

将破碎后的滤泥和甘蔗渣按照 5:1 的质量比混

合后均质处理,均质后的混合粉末作为反应原料.将

原料和去离子水按 1:9 (W:V)的比例加入反应管中

混合,设置以 5 /min℃ 的速率升温至 240 ,℃ 停留时间

60min.反应结束后,待反应管冷却至室温,取出水热

碳化固液混合产物,采用真空泵抽滤进行固液分离.

将获得的固相产物在 105℃下真空干燥 24h,研磨后

过 100 目筛,所得固相产物即为水热炭,称量后放密

封袋避光储存;抽滤后得到的液相产物即为水热碳

化液,置于棕色玻璃瓶中,于 0~4℃冰箱中冷藏储存. 

考虑到水热炭中保留的水分和分析中所需要

的水分,每次进行液相循环时,将 90%的水热碳化液

再次循环利用,并补充 10%的去离子水,替代下一次

反应的去离子水,剩余步骤与共水热碳化实验相同.

第一次共水热碳化后获得的固相产物和液相产物

分别命名为HC-R0和HL-R0,后续根据液相循环次

数将固相产物分别命名为 HC-R1、HC-R2、HC-R3、

HC-R4;液相产物分别命名为 HL-R1、HL-R2、

HL-R3、HL-R4. 

1.3  分析测试方法 

水热炭的产率为水热炭质量与原料质量之

比;pH 值和 EC 值采用雷磁 E-201-L 型 pH 计和

DJS-1-L型 EC 计测量. 

原料和水热炭的 C、H、N、S 元素质量百分比

使用元素分析仪(Vario EL cube, Elementar, Germany)

测定,元素 O含量通过差减法公式(式(1))计算. 

 O%=100%-(C%+H%+N%+S%+Ash%) (1) 

灰分含量根据《煤的工业分析方法测定》(GB/T 

212-2008)
[12]
进行测定;高热值含量与元素组成含量

相关,根据式 2 计算水热炭的 HHV. 

HHV=0.3491C+1.1783H+0.1005S-0.1034O- 

 0.015N-0.0211A (2) 

水热炭的表面形貌表征采用扫描电子显微镜

(Sigma500, Zeiss, Germany)观察,加速电压 5.0kV;采

用比表面积及孔径分析仪 (AUTOSORB-IQ-MP, 

Quantachrome, USA)进行水热炭比表面积、孔容积

及孔径分布的测定. 

水热炭的N2吸附-脱附等温曲线由全自动气体

吸附仪在-196℃(77K)下测定吸附剂对高纯液氮的

吸附作用,并且样品在测定前,先在 100℃温度条件

下真空脱气处理 12h.通过多点 Brunauer-Emmett- 

Teller(BET)法计算比表面积,孔径分布采用 Barret- 

Joyner-Halenda(BJH)模型计算
[13]

. 

水热炭的表面官能团由傅里叶红外光谱仪

(IRTrace-100, Shimadzu, Japan)分析 ,扫描范围在

400~4000cm
-1
范围内,共扫描 32 次,根据光谱中的吸

收峰位置和形状判断水热炭的结构. 

通过 X 射线光电子能谱仪(K-Alpha, Thermo, 
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USA)分析水热炭表面元素的存在形态,使用 Al Kα 

X 射线辐射源 (hv=1486.6eV)对水热炭表面 C、N、

O 元素组分进行研究,结合能使用 284.6eV的C1s 峰

值校准测定,含 C 官能团相对百分比含量分布采用

归一化法进行统计,且含量低于 1%含量的官能团不

列入统计范围. 

液相产物成分由气相色谱质谱 联用仪

(8860/5977b, Aglient, USA) 通过HP-5MS色谱柱测

定,初始温度为 40℃,保持 3min,以 5℃/min 升温至

200℃,然后以 10℃/min 升温至 280℃,停留 3min.进

样量为 0.6μL,使用 He 气作为载气气体 ,流量为

1.2mL/min,进样器和检测器均保持在 325℃. 

液相产物的 COD 值由哈希标准 COD 试剂

(2125915-CN)通过消解比色法测定, NH3-N 浓度由

哈希氨氮试剂(2606945-CN),通过水杨酸法测定.pH

和 EC 值使用 pH 计和 EC 计测量,重复测量结果 3

次取平均值,通过 Excel 记录整理实验数据,Origin 

2023分析数据、作图和拟合曲线. 

2  结果与讨论 

2.1  水热炭特性分析 

2.1.1  理化性质与产率  表 2 为液相循环后水热

炭的理化性质和产率.液相循环后,水热炭的 C 元素

和 N 元素含量均显著增加, C 元素含量由 19.64wt. 

%(HC-R0)提升至 22.82wt.%(HC-R4),N元素含量由

0.73wt.%(HC-R0)提升至 0.95wt.%(HC-R4).水热炭

C元素与N元素含量增加是由于液相循环中一定量

的可溶性蛋白质由液相转移至水热炭中
[14]

,表明共

水热碳化和再循环加剧了美拉德反应和曼尼希反

应的发生
[10]

. 

表 2  水热炭的理化性质和产率 

Table 2  Physicochemical properties and yield of hydrochar 

元素分析(wt.%) 
样品 

C H O N S 
C/N 

ASH 

(wt.%)

HHV 

(MJ/kg) 
pH值 

EC 

(mS/cm) 
产率(%) 

HC-R0 19.64 3.20 9.89 0.73 1.93 26.85 64.61 8.42 6.35 1.43 62.38 

HC-R1 21.66 2.69 14.22 0.84 3.56 25.79 57.03 8.40 6.35 0.31 64.10 

HC-R2 22.19 2.64 18.02 0.89 3.44 24.93 52.82 8.21 6.43 0.35 63.75 

HC-R3 22.31 3.12 15.53 0.88 3.22 25.35 54.94 9.01 6.48 0.39 68.00 

HC-R4 22.82 3.41 13.65 0.95 2.82 24.02 56.35 9.65 6.55 0.44 66.41 

 

由于可溶性盐的流失,无机离子向液相中转移,

水热炭的灰分含量由 64.61wt.%(HC-R0)下降至

52.82wt.%(HC-R2),随后上升到 56.35wt.%(HC-R4),

相较于 HC-R0,液相循环后的水热炭(HC-R1~HC- 

R4)灰分含量显著降低;而水热炭灰分先降低后升高

则可能是由于液相中溶解的灰分被水热炭重新吸

收,导致水热炭中无机物浓度增加
[15]

,从而灰分含量

上升. 

随着液相循环的进行,水热炭 HHV由未进行循

环时(HC-R0)的 8.42MJ/kg 增大到了 4 次循环后

(HC-R4)的 9.65MJ/kg,水热炭 HHV提高了 1.23MJ/ 

kg.据 Sharma等
[10]
的研究,水热炭 HHV的提高是由

于原料中的纤维素和半纤维素降解,产生的中间产

物溶解到液相中 ,例如糠醛和 HMF(HHV 约为

22MJ/kg),部分中间产物随着反应的进行被转化为

有机酸并在液相中不断累积,液相循环中这部分有

机酸催化并加速了整个水热碳化进程,从而增大了

水热炭 HHV;此外,液相中的有机酸加速了原料的转

化速率,尤其是半纤维素和纤维素的水解,形成了水

溶性中间体,这些物质聚合并形成具有高能量密度

的固体微粒,导致水热炭中的 C 含量增加,从而增加

了其能量含量
[16]

.液相循环后的水热炭 pH值略有上

升,可能是有机酸等酸性物质向液相中转移,导致水

热炭 pH值总体有小幅度升高. 

经过多次液相循环后,水热炭的产率有了显著

的提高,由最初的 62.38%(HC-R0)提高到 68.00% 

(HC-R3),在第 3次液相循环后(HC-R3)水热炭产率

达到最大值,随后降低至 66.41%.水热炭产率的整

体提高主要是因为在整个共水热碳化过程中,纤维

素、半纤维素和木质素的水解,生成的化合物发生

一系列脱水、脱羧反应后形成的有机酸和中间产物

(如糠醛、5-HMF 和呋喃等)在液相中不断累积,形

成了有机酸环境,这促进了生物质聚合物的进一步

水解和分解,导致可溶性物质的浓度增加,加快了缩
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合和聚合反应的进行,生成更多的芳香族化合物,更

有利于水热炭的形成
[7,9,17]

;而水热炭产率第 3 次液

相循环后(HC-R3)达到最大值,而第 4 次液相循环

后(HC-R4)相比 HC-R3略有降低,表明液相循环对

共水热碳化中水热炭的产生具有促进作用,但这种

促进作用会随着液相循环次数的增加而趋于平稳,

这可能是液相中积累的有效组分达到饱和状态所

致
[18]

. 

2.1.2  微观形貌与比表面积  利用扫描电子显微

镜对液相循环前后的水热炭进行观察,其微观结构

如图 2 所示.对比未进行液相循环(HC-R0)的水热炭

较为平整的表面结构 ,液相循环后的水热炭

(HC-R1~HC-R4)表面更加粗糙,产生了密集堆积的

微球结构,尤其是 HC-R2,微球结构的数量与密度明

显增多.这些微球是在有机酸的催化下,由纤维素、

半纤维素和木质素分解后的中间体重新缩合和聚

合而成,附着在水热炭的表面,源自单糖和含氮基团

的水热炭也会出现类似的现象
[15]

.证明了液相循环

过程对水热炭产生有着促进作用
[10, 19]

,可以促进水

热炭表面微球结构的形成. 

 

图 2  水热炭的扫描电子显微镜(SEM)图像 

Fig.2  Scanning electron microscope (SEM) images of hydrochars 

 

图 3  液相循环下水热炭的 N2吸附/脱附曲线 

Fig.3  N2 adsorption/desorption curves for hydrochar under 

liquid phase cycling 

图 3为液相循环下水热炭的 N2吸附/脱附曲线.

依据 IUPAC(International Union of Pure and Applied 

Chemistry)分类,水热炭的吸附/脱附等温曲线均符

合Ⅳ型等温线,且呈现出一定的 H4 型滞后环.表明

液相循环会促进水热炭内部形成介孔,使得水热炭

具有更加丰富的介孔结构. 

由表 3 可知,随着液相循环进一步的进行,水热炭

的比表面积有所降低,从最初的 45.92m
2
/g 下降至

20.2m
2
/g;孔体积也由 0.205cm

3
/g 降低至 0.085cm

3
/g.

结合 SEM 图像分析,这种现象是因为液相循环促进了

微球结构的增加,产生的微球吸附在水热炭表面,从而

堵塞水热炭表面孔隙,导致水热炭比表面积减小
[11]

. 

尽管液相循环后水热炭比表面积有所下降,但经

过实际对比发现,在液相循环过程中,糖厂滤泥和甘

蔗渣共水热炭的比表面积仍明显优于聚氯乙烯和玉

米芯共水热炭 (1.17~1.75m
2
/g)

[11]
以及稻草水热炭

(8.21~12.18m
2
/g)

[14]
等水热炭.因此,糖厂滤泥和甘蔗

渣在液相循环下的共水热炭具有较强的吸附能力. 
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表 3  液相循环下水热炭的比表面积、孔体积和孔径 

Table 3  Specific surface area, pore volume, and pore size of 

hydrochar under liquid phase cycling 

样品 比表面积(m2/g) 孔体积(cm3/g) 平均孔径(nm) 

HC-R0 45.9 0.205 2.972 

HC-R1 22.9 0.123 7.684 

HC-R2 31.2 0.117 3.396 

HC-R3 18.5 0.104 12.236 

HC-R4 20.2 0.085 7.734 

 

2.1.3  表面官能团  液相循环下水热炭的傅里叶

变换红外光谱如图 4所示,可以观察到有 5组明显的

吸收峰,分别代表 5种典型的基团. 

在 3402cm
-1
处的吸收峰为 O-H 拉伸振动引

起,随着循环次数的增加,该峰显著增强,证明在液

相循环下,水热炭表面 O-H 基团数量逐渐提升.这

可能是由于原料中存在大量的纤维素和半纤维素,

共水热过程中分解形成有机化合物 ,随着液相循

环的进行 ,液相中的有机物增加了水热炭表面的

O-H基团
[20]

. 

2922cm
-1
和2855cm

-1
的吸收峰则是脂肪族亚甲

基的对称和不对称 C-H 拉伸引起,相比HC-R0,HC- 

R1、HC-R2 和 HC-R3 的特征峰略有降低,但在

HC-R4 时有着明显提升.特征峰初始略有降低是由

于液相中的糖类和脂肪族化合物在液相循环下进

一步分解,并参与了芳构化反应,从而降低了水热炭

C-H 含量;随后纤维素和木质素在水热碳化循环过

程中生成许多糖类和脂肪族化合物,产生了更多的

甲基或亚甲基,C-H 含量提升.这也表明重复循环液

相能够促进生物质原料的分解
[15,21]

. 

 

图 4  液相循环下水热炭的傅里叶变换红外光谱 

Fig.4  FT-IR of hydrochar generated under liquid phase 

cycling 

 

图 5  水热炭的 XPS C1s光谱图:((a)HC-R0;(b)HC-R1;(c)HC-R2;(d)HC-R3;(e)HC-R4) 

Fig.5  XPS C1s spectra of hydrochars: ((a) HC-R0; (b) HC-R1; (c) HC-R2; (d) HC-R3; (e) HC-R4) 

位于 1728cm
-1
为羰基 C=O 的拉伸振动引起的

吸收峰.在前两次液相循环中,该峰值强度表现的并

不明显,但随循环次数的增加,该处特征峰在第四次

循环时略有波动,这是由于共水热过程中单糖脱水

脱羧生成糠醛、呋喃并进一步反应生成酮类化合物,

这些物质在液相中的浓度增加,吸附在水热炭表面,
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导致其吸收峰略有增加. 

以 1620cm
-1
和 1514cm

-1
为中心的是芳香族

C=C 拉伸振动的吸收峰.随着液相循环的进行,这两

处吸收峰逐渐增强,表明液相中的有机化合物在水

热碳化过程中的发生了脱水反应和芳构化反应,并

在液相循环下促进了反应的进行. 

位于 1035cm
-1
的吸收峰为糖类化合物中 C—O

拉伸振动引起的,随液相循环的增加该峰显著减弱,

主要是原料中纤维素和半纤维素分解所致
[14,22]

,液

相循环有效促进了这一进程. 

X 射线光电子能谱(XPS)是一种可以提供表面

材料元素化合价和化学键信息的分析工具 ,通过

XPS表征以及 XPS Peak分峰拟合软件揭示水热炭

结构和含量演变规律
[23]

.水热炭的 XPS C1s 谱图如

图 5 所示,主要包括脂肪族/芳香族炭基团(CHx,C—

C/C=C),结合能为 284.6eV;羟基/氨基(—C—OR/—C

—NR),结合能为(285.6±0.3)eV;羰基/亚胺基(C=O/ 

C=N),结合能为(287.0±0.4)eV;羧基、酯或内酯(—

COOR),结合能为(288.6±0.2)eV
[18,24]

. 

图 6比较了 4组含 C官能团相对百分比含量分

布.与 HC-R0相比,液相循环下 HC-R1~HC-R4水热

炭的 CHx、C-C/C=C基团减少,但随着液相循环次数

的增加,有机酸的催化作用,加速了水热炭的芳构化

程度,使得水热炭的 CHx,C-C/C=C 含量增加,这一现

象也验证了 FT-IR 分析中脂肪族 C-H 的变化情况. 

-C-OR/-C-NR 含量从 24.19%(HC-R0)显著增加至

37.83%(HC-R4),说明液相循环下,水热炭表面聚集了

大量含氧官能团
[23,25]

,同时糖类和蛋白质之间发生了

美拉德反应,形成了N-杂环化合物.C=O/C=N的含量

先呈现上升趋势,但在 HC-R4时相比 HC-R0有着明

显的下降,-COOR 则一直呈下降趋势,这是由于液相

循环促进了共水热碳化过程中的脱水和脱羧反应,导

致 C=O/C=N和-COOR含量明显减少. 

 

图 6  水热炭的含 C官能团分布 

Fig.6  Distribution of C-containing functional groups in 

hydrochars 

 

图 7  水热炭的 XPS O1s光谱 

Fig.7  XPS O1s spectra of hydrochars 

(a) HC-R0; (b) HC-R1; (c) HC-R2; (d) HC-R3; (e) HC-R4 

图7为液相循环下水热炭的O1s光谱,主要分为4 种:C=O 呋喃或酮基团(结合能为 531.3eV)、—COOR
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羧基或酯基团(532.4eV)、—C—O—R醚基团(533.3eV)

和—C—OH羟基(534.3eV)
[18]

.其中 HC- R0、HC-R1

和HC-R2的C=O变化不明显,在第3次循环时有所下

降,而后随着液相循环次数的增加,峰面积增大,这与

FT-IR 分析结果相符合,表明液相中积累的有机酸参

与水热炭形成.值得注意的是,在HC-R2中—COOR基

团含量最少,这是脱水、脱羧反应发生剧烈的表现,并

且此时—C—O—R 基团含量较多,可能是由于第二次

循环加速了水解反应的发生 ,促使生成更多的醚

键 

[26-27]
.总体来看,随着液相循环反应的进行,各含氧基

团的含量均有所增加,水热炭表面官能团的种类及数

量得到提高. 

通过上述 FT-IR和 XPS的分析结果表明,液相

循环下水热炭表面仍具有丰富的官能团,这一特点

有助于其在环境修复和土壤调节上的应用,尤其是

含氧官能团的存在起到了关键作用,相比单一组分

的水热炭,本研究的糖厂滤泥和甘蔗渣共水热炭提

供更多的化学位点,赋予了水热炭更优异的吸附性

能,增加了水热炭的土地应用的潜力. 

2.2  液相产物特性分析 

2.2.1  理化性质  液相循环下共水热碳化液相产

物的 pH 值、EC、NH3-N 和 COD 值如表 4 所示.

在整个循环期间,液相的 pH 值在酸性范围内略有

变化(3.99~4.54),液相产物 pH值随循环次数的增加

呈下降趋势,原料中的纤维素和半纤维素分解产生

的有机酸在液相中富集是水热转化过程中循环液

呈酸性的主要原因,循环液的酸性环境在共水热碳

化过程中起到了催化剂的作用,促进糖厂滤泥和甘

蔗渣的热水解,提高水热炭产量和质量.然而,对于

原料含有丰富的蛋白质生物质(如污泥、家禽肥料

等)来说,液相产物的 pH值变化与之相反,呈上升趋

势,因为在循环期间有机酰胺转化为胺,促使 pH 值

呈碱性  

[7]
.在第 4 次循环后 ,HL-R4 的 pH 值比

HL-R3的略微增大,可能是因为糖厂滤泥中含有的

少量蛋白质在反应过程中脱氨,从而使得其 pH 值

增加.另外,随着循环次数的增加,液相产物的电导

率也逐渐增大,表明金属盐离子和羧酸根离子在液

相中聚集
[14]

. 

液相产物的 NH3-N 含量随着循环次数的增加

先减少后增加,COD 浓度从 5.48g/L(HL-R0)增加至

10.56g/L(HL-R4),主要是因为糖厂滤泥和甘蔗渣中

部分有机物分解转化形成水热炭,而蛋白质这类难

转化的物质先被水解为可溶性蛋白和氨基酸,进一

步转化为不饱和脂肪酸、胺类或其他难降解的有机

物,不断向液相中转移并聚集,从而使COD浓度在循

环过程中逐渐升高
[28]

.Sharma 等
[10]

研究了食品和庭

院垃圾共水热碳化,发现了与本研究相同的现象,经

过 5 次液相循环过程后,液相中的 COD从首次运行

时的58.30g/L增加到96.40g/L,并随着再循环周期的

增加而增大.Zhang 等
[29]

研究水葫芦与污泥共水热

碳化经过 4 次液相循环后,循环液 COD 在 30.58~ 

49.39g/L 范围内变化.对比发现,液相循环下糖厂滤

泥和甘蔗渣共水热碳化的液相 COD 浓度显著低于

其它木质纤维素生物质为原料共水热碳化液相产

物的 COD 浓度,可以考虑将再循环工艺作为水热碳

化液相产物的潜在处理方法,是实现有机废弃生物

质更清洁、更具成本效益的双赢策略. 

表 4  液相产物的 pH值、EC、NH3-N和 COD 

Table 4  pH、EC、NH3-N and COD of liquid phase products 

样品 pH值 EC(mS/cm) NH3-N(g/L) COD(g/L)

HL-R0 4.54 12.8 180.03 5.48 

HL-R1 4.15 24.9 150.67 7.13 

HL-R2 4.03 32.9 190.41 9.10 

HL-R3 3.99 36.2 270.74 10.68 

HL-R4 4.06 38.9 340.98 10.56 

 

2.2.2  有机物组分  共水热碳化是一系列复杂的

反应,包括了水解、脱水、脱羧、脱氨、聚合和再缩

合等.为进一步分析液相的性质,采用 GC-MS 检测

共水热后液相中的有机物组成成分.图 8 为液相循

环过程部分有机组分的变化趋势,主要分为碳氢化

合物、酰胺类、酯类、环二肽类、N-杂环化合物、

酚类、酮类、芳香族化合物和有机酸. 

经过对比HL-R0和HL-R1发现,液相中的碳氢

化合物含量显著降低,液相循环中碳氢化合物和氨

基酸发生美拉德反应生成环状二肽(氨基酸衍生物),

环状二肽含量有所增加.这证明了液相循环工艺加

速了美拉德反应的发生,使其产生更多的环状二肽,

并主要以环二肽(D-亮氨酸-L-脯氨酸)的形式存

在 

[30-31]
. 

对比发现,共水热碳化过程中,有机酸含量有着

较为明显的提升,在 HL-R2达到最高含量.液相中的

有机酸主要是由木质纤维组分的降解产生的,并导
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致液相 pH 值呈酸性.经过再循环,木质纤维降解产

生的有机酸在液相中富集,提供了酸性介质环境,进

一步催化了水热碳化反应,促进了脱水、脱羧等反应

的进行.此外,Li等
[11]

认为,部分碳链骨架的裂解形成

碳氢化合物,并反应形成有机酸,这部分有机酸会与

醇类化合物发生酯化反应,这可能是 HL-R3 有机酸

含量降低的原因. 

 

图 8  液相产物的有机物组成成分 

Fig.8  Organic composition of the liquid phase products 

液相中的 N-杂环化合物主要来源于蛋白质的

不完全水解以及木质纤维素和蛋白质之间交互作

用发生美拉德和曼尼希反应
[29]

,并在 HL-R2 时达到

最小值.另外,由于脱氨反应,蛋白质水解产生的氨基

酸会转化为氨,并进一步形成酰胺;但根据 GC-MS

分析,HL-R0~HL-R4产物中酰胺类含量随着液相循

环次数的增多而明显下降,证明液相循环下更多酰

胺类物质再次参与了水热碳化反应,从而使其含量

减少
[32]

. 

与 HL-R0 对比,经过循环后的液相中酮类化合

物含量增长明显,这些酮类化合物主要是由 5-HMF

和木糖水解生成,而液相成分中并未发现 5-HMF 等

呋喃类和糠醛类化合物,这些化合物在该水热碳化条

件下不稳定,被反应消耗并转化为芳香族物质
[11,33]

.

芳香族化合物不仅来源于呋喃类和糠醛类化合物的

反应,还有可溶性木质素等有机物的形成
[34]

.GC-MS

分析证明了上述结论,液相循环显著增加了芳香族化

合物的含量,从 0.31%(HL-R0)增加到 13.75%(HL- 

R1),并在 HL-R2 时达到最大值(19.68%),这一现象也

验证了前文SEM水热炭在液相循环后表面出现密集

堆积的微球结构的分析结 果. 

2.3  液相循环下共水热碳化反应路径 

 

图 9  液相循环下糖厂滤泥和甘蔗渣共水热碳化反应路径 

Fig.9  Reaction pathway for the co-hydrothermal carbonization process of filter mud and bagasse under liquid phase cycling 

图 9为液相循环下主要中间产物及其共水热碳 化反应路径.糖厂滤泥和甘蔗渣两种原料成分主要
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为纤维素、半纤维素、木质素和蛋白质.在水热碳化

期间,糖厂滤泥和甘蔗渣中的半纤维素先发生解聚,

分解为多糖,然后水解生成木聚糖,并在异构化作用

下产生戊糖或己糖.木质纤维素基质的键断裂导致

纤维素形成纤维二糖等低聚物,多糖(淀粉)和二糖

(蔗糖)分别转化为葡萄糖和果糖,同样异构化为戊糖

和己糖
[18,24]

.获得的单糖通过脱水、脱羧反应生成糠

醛、5-HMF 等物质,并经过逆羟醛缩合反应产生醛

酮类化合物;同时,葡萄糖和醛酮类化合物还发生了

一系列脱水、脱羧反应生成有机酸.糖厂滤泥中的蛋

白质水解后产生氨基酸,脱羧后得到的有机胺可以

转化为 N-杂环化合物
[35]

.在美拉德反应中,葡萄糖

和氨基酸结合生成 Amadori 化合物,经过脱水反应

形成 N-杂环化合物,并进一步转化为芳香族化合物.

木质素中的可溶性木质素先水解为芳香族低聚物,

后进一步水解得到酚、醛等化合物,而未分解的木质

素可直接碳化成水热炭基体
[36]

. 

在液相循环期间,有机酸的积累对水热炭的形

成起到重要作用,使整体反应处于酸性环境中,催化

水解、脱水、重排等反应的发生
[16]

.液相中的氨基

酸在酰化作用下会被不断累积的有机酸转化为 N-

杂环化合物和胺等有机相;在液相循环过程中,氨

基酸、N-杂环化合物、胺等物质可以直接促进水

热炭的形成
[7,16]

,糠醛、5-HMF、苯衍生物、酚类、

醛类、酮类化合物和 N-杂环化合物通过聚合转化

为芳香族团簇,并进一步聚合形成水热炭
[37]

.此外,

作为水热炭生成的主要反应之一,有机酸的积累可

以促进美拉德反应的进行,从而形成更多的芳香族

化合物,进而转化为水热炭,这也是水热炭产率增加

的主要原因. 

3  结论 

3.1  液相循环显著提高了水热炭的性能.液相循环

下,水热炭产率大幅增高,HHV 增大了 1.23MJ/kg,表

面微球结构数量增加.液相循环还促进了生物质的

分解与脱水、脱羧等反应的进行,丰富了水热炭表面

的含氧官能团,提供更多的化学位点,赋予了水热炭

更优异的吸附性能,提高其土地利用潜力. 

3.2  液相循环对液相产物的理化性质和有机质含

量产生了影响.EC、NH3-N和 COD值均随循环次数

增多而大幅增加,pH值则呈相反趋势;对比液相循环

前后,碳氢化合物、酰胺类和酯类物质含量减少,而

有机酸、芳香族化合物和酮类含量明显增多;尤其是

芳香族化合物 ,从 0.31%(HL-R0)增大到 19.68% 

(HL-R2). 

3.3  在液相循环中,生物大分子先通过解聚、水解、

脱水脱羧等反应转化为小分子有机相,由积累的有

机酸催化加速了有机质的转化,促进了美拉德反应

的进行,促使更多的中间产物经过芳构化作用聚合

成芳香族化合物,并最终转化成水热炭. 
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氮磷限制条件下球形棕囊藻生理生化响应及转录组学研究* 
 
邢  政 1，王佳乐 1，赖俊翔 2,3**，王英辉 1,4**，李  杰 2,3 
（1.广西大学海洋学院，广西南宁  530004；2.广西科学院广西海洋科学院，广西近海海洋环境科学重点

实验室，广西南宁  530007；3.北部湾海洋产业研究院，广西防城港  538000；4.广西产研院绿色低碳技

术研究所，广西南宁  530001） 

 
摘要：氮磷营养限制对球形棕囊藻（Phaeocystis globosa）生长能够产生显著的抑制作用，但

其内在作用机理仍不清晰。为从细胞生理生化及转录组层面全面解析球形棕囊藻在氮磷限制

下的响应机制，本研究分别设置氮限制组（N:P=4:1）、磷限制组（N:P=64:1）与对照组

（N:P=16:1），测定其生理生化指标并结合转录组学分析，通过比对得到差异表达 unigene 14 
272 个，其中氮限制组上调基因 4 397 个，下调基因 3 679 个；磷限制组上调基因 4 963 个，

下调基因 5 079 个。研究表明氮限制对球形棕囊藻光合作用抑制效果最显著，细胞由结构型

多糖合成向储能代谢型糖类物质合成转变；磷限制条件下，部分光反应蛋白合成基因上调，

细胞增殖被显著抑制，囊体更薄，细胞内糖胺聚糖及脂肪酸合成相关基因均上调表达。此外，

氮磷限制均会提高细胞转运蛋白的表达，抑制蛋白酶体合成。结果认为球形棕囊藻代谢活动

受氮限制影响较大，生长增殖及囊体强度受磷限制影响更大。本研究从表观及分子层面初步

阐释了球形棕囊藻在氮磷限制下的响应机制，为进一步揭示其生理代谢及成囊过程的内在机

理提供参考，同时为相关部门制定有害藻华防治策略提供依据。 
关键词：球形棕囊藻；氮磷限制；生理生化；转录组 
中图分类号：Q494; X55  

 
球形棕囊藻隶属于定鞭藻纲（Haptophyceae/Prymnesiophyceae）棕囊藻属，其异型生活

史存在游离单细胞和多细胞囊体两种形态[1]。近十几年来随着广西北部湾近岸海域经济快速

发展，水体富营养化加剧[2]，2011 年以来几乎每年都会暴发球形棕囊藻藻华[3]，其囊体甚至

导致滨海核电站冷却水系统堵塞[4]。正因为球形棕囊藻囊体大量暴发并聚集会对生态环境及

工业设施造成危害，所以对其藻华的防治也一直是海洋环境保护领域的研究重点。 
水体中的营养物质是调节海洋赤潮发生的关键环境因素[5]，其中氮磷元素对海洋微藻的

生长至关重要[6]。氮元素是构成藻细胞蛋白质、叶绿素、酶等物质的重要组分，是影响微藻

生长的重要营养元素[7]。磷元素是藻细胞内核酸和磷脂的主要成分，同时参与能量传递、信

号传导和细胞膜构建等各项代谢活动[8]。研究表明，硝酸盐和磷酸盐均为球形棕囊藻生长的

主要限制因子[9]，两种营养盐的缺乏会抑制其生长及生活史转化[10]。在寡硝酸盐水体中，仅

单细胞存在而没有棕囊藻囊体[11]；磷限制条件下，球形棕囊藻生长速率、囊体的数量、形态

以及成囊持续时间都会受到明显抑制[9]。以广西北部湾为例，近海水体氮磷比值长期大于 
Redfield 比值（16：1）[2]，为磷限制状态[12]，而磷限制缓解常伴随球形棕囊藻赤潮暴发[2]。

由此可见，氮磷限制是控制球形棕囊藻藻华暴发的重要因素。因此，从控制氮磷的角度出发，

全面而深入地解析氮磷限制对其藻华发展的影响及内在作用机制，对于制定更全面、更科学、 
—————————————————————— 
收稿日期：2024-02-04   修回日期：2024-03-16 
* 国家自然科学基金项目（42266007），中央引导地方科技发展资金项目（桂科 ZY21195027）和广西科技
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更合理的藻华防治决策具有重要指导意义。然而，目前有关氮磷限制对球形棕囊藻生理生化

的影响多集中于表观生理指标的测定，其内在作用机理尚不清晰，因而迫切需要从分子层面

对其进行研究。 
随着高通量测序技术快速发展，如今该技术已成为获取物种关键功能基因，预测其代谢

通路并表征生物学过程的重要手段之一[13]。目前转录组学在棕囊藻上已取得了一些成功的

应用，例如，Zhang 等[14]揭示了球形棕囊藻成囊的内在机制；Mars Brisbin 等[15]发现球形棕

囊藻囊体形成过程中细胞内资源得到再分配；通过比较两种球形棕囊藻株系，Liang 等[16]发

现其囊体形成过程的代谢差异；针对环境胁迫，Issak[17]发现铁富加有助于南极棕囊藻

（Phaeocystis antarctica）囊体形成并促进其叶绿素 a 含量、光合效能以及颗粒有机碳和氮含

量的恢复； Ren 等[18]发现聚合氯化铝改性粘土（PAC-MC）在球形棕囊藻细胞中诱导氧化应

激、光合抑制和 DNA 损伤。 
为从分子层面揭示氮磷限制对球形棕囊藻生理生化的影响机制，本研究对不同氮磷限制

条件下囊体细胞进行转录组测序分析，通过获得的差异表达基因对其参与的代谢通路进行研

究，分析结果为研究氮磷限制条件下球形棕囊藻生长成囊调控机制以及相关代谢途径奠定基

础，并为采用营养盐控制调控其囊体生长及赤潮暴发提供理论依据。 

1 材料与方法 
1.1 培养条件 

本研究中球形棕囊藻分离自广西北部湾近海海域，由广西北部湾海洋研究中心藻种室提

供。采用盐度为（30±1） psu的人工海水，添加 f/10培养基进行预培养，培养温度为（20±1）℃，

光照强度设定为 50 µmol photons·m-2·s-1，光照周期为 12 h:12 h。接种前将囊体摇碎，经 10 
μm 筛绢过滤 2 次得到游离单细胞，初始密度为 0.5×104 cells·ml-1，培养体积为 800 mL。设

置氮限制组（4:1），对照组（16:1），磷限制组（64:1），如表 1 所示，每组设置 3 个平行，

按比例定量加入氮、磷，其余按 f/10 培养基添加微量元素和维生素。实验条件与预培养条件

保持一致，无菌培养周期 25 d。为防止细胞沉底贴壁死亡，每天定时摇匀 3 次，间隔 3 d 并

固定时间取样测定其生理生化指标。 
表 1  实验组营养盐设置浓度 

Table 1  Design of nutrition concentration in each experimental group 

组别 

Group 
NO3-/(μmol·L-1) PO43-/(μmol·L-1) N/P ratio 

初始密度/ (cells·mL-1) 

Initial density/ (cells·mL-1) 

N-limited group 44.10 11.00 4:1 0.5×104 

Control group 176.40 11.00 16:1 0.5×104 

P-limited group  176.40 2.75 64:1 0.5×104 

1.2 生理生化指标的测定及方法 
1.2.1 营养盐浓度及叶绿素 a 含量 

采用 Whatman GF/F 滤膜过滤采集的藻液（25 mL），并将滤液保存在-20℃直至分析。

按照 Hansen 和 Koroleff 的方法[19]，使用营养盐自动分析仪测定营养盐的浓度。 
将所得滤膜浸泡在 6 mL 90%丙酮中，放置 4℃下黑暗萃取 24 h。离心 15 min 后，取 3 

mL 上清液，用紫外分光光度计（Agilent, Cary 100）测定在波长为 630、647、664、750 nm
下的吸光值，计算叶绿素 a 含量[20]。 
1.2.2 细胞丰度及囊体直径 

采集 1 mL 藻液，用 10 μm 筛绢自然过滤收集游离单细胞，运用流式细胞仪（BD Accuri 
C6, BD, 美国）在荧光检测波长为（675±25）nm 的 FL 4 通道对单细胞丰度进行计数。同时

取 1 mL 藻液于 24 孔板，运用倒置显微镜（Nikon, Eclipse Ti）对囊体数量、囊体内细胞数
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进行计数并测量囊体直径，每个样本随机选择 30 个囊体进行测定，少于 30 个则全部计数。 
1.2.3 PSII 最大量子产量（Fv/Fm） 

采集藻液 5 mL，以浮游植物荧光仪（Phyto-PAM，Walz，德国）测定叶绿素荧光诱导动

力学参数初始荧光（F0）和最大荧光产量（Fm），PSII 最大量子产量（Fv /Fm）由（Fm - F0）

/Fm计算。测定前，样品先经 10 min 暗处理，测定方法参照仪器使用说明书进行。 
1.3 无参转录组分析 
1.3.1 总 RNA 提取、cDNA 文库构建及测序 

培养第 12 d 进行取样，每份样本取藻液 400 mL，每个处理条件取 3 份平行，4 ℃低温

离心后用液氮速冻并快速研磨，按 TRIzol 试剂盒提取总 RNA，利用 Nanodrop 2000 对所提

RNA的浓度和纯度进行检测，琼脂糖凝胶电泳检测RNA完整性，Agilent 5300测定RQN(RNA 
Quality Number)值。质量检测合格（OD260/ OD280比值在 1.8-2.2，RQN 值≥6.7）的 RNA 样

本用反转录试剂盒进行反转录，将合格样本送至上海美吉生物医药科技有限公司进行 cDNA
文库构建并在 Illumina NovaSeq 6000 测序平台进行转录组测序。 
1.3.2 测序数据分析及片段组装 

使用 fastp 软件过滤低质量 reads，具体操作为：去除 reads 中的接头序列，将序列末端

（3′端）低质量（质量值小于 20）的碱基修剪掉，去除含 N（模块碱基）的 reads 即测序片

段 5'和 3'端含接头，舍弃去 adapter 及质量修剪后长度小于 30 bp 的序列。将筛选获得的 clean 
reads 利用 Trinity 软件对进行 de novo 从头组装。运用 TransRate 和 CD-HIT 软件对组装结

果进行优化过滤，再利用 BUSCO 软件评估组装质量。 
1.3.3 转录组数据注释 

将转录测序获得的 Unigene 与 GO (Gene Ontology)、NR (Non-Redundant Protein Sequence 
Database)、Swiss-Port、Pfam、KEGG (Kyoto Encyclopedia of Genes and Genomes) 及 eggNOG 
(Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups) 数据库分别进行比对，

获得在各数据库的注释信息，使用 Diamond 与 HMMER 软件对各数据库注释情况进行统计

及预测。 
1.3.4 表达量分析 

使用软件 RSEM 分别对基因和转录本的表达水平进行定量分析，利用 DEseq2 软件构建

DEGs 分布火山图（Fold change≥|2.00|，Q 值≤0.05），显著差异基因采用 Fold change≥|25|，Q
值≤0.01 的标准进行筛选。使用 Limma 软件比较分析两者共有 DEGs 筛选结果及其基因表

达相关性，利用层次聚类法构建不同处理组间的 DEGs 聚类热图。 
1.3.5 GO 与 KEGG 通路富集分析 

使用软件 Goatools 对功能基因进行 GO 富集分析（FDR≤0.05），使用 KOBAS 进行 KEGG 
通路富集分析（FDR≤0.05）。 
1.4 数据处理 

运用 SPSS 26.0 软件对生理生化指标的数据进行单因素方差（one-way ANOVA）分析与

最小差异（LSD）检验，显著性水平设置为 0.05。 

2 结果与分析 
2.1 培养液中营养盐浓度变化 

球形棕囊藻培养液中氮磷营养盐浓度变化如图 1 所示。氮限制组中，氮磷营养盐均在第

8 天下降至最低值（氮消耗 98.43%，磷消耗 26.63%）。对照组硝酸盐浓度和磷酸盐均在第 12
天达到最低值（氮消耗 95.86%，磷消耗 87.73%），其中磷酸盐浓度有小幅度上升。磷限制组

中硝酸盐浓度在第 4-8 d 下降幅度最为显著，随后下降速度放缓，实验结束时达最低（氮消

耗 86.03%）；磷酸盐浓度在 0-8 d 下降速率稳定，第 8 天达最低值（磷消耗 93.10%）。 
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图 1  氮、磷限制条件下球形棕囊藻培养实验中溶解性无机盐的浓度变化 

Fig.1  Variation in dissolved inorganic nutrients in culture of Phaeocystis globosa under N-limited and P-limited 

conditions 

2.2 细胞生长曲线及囊体平均直径 
细胞生长曲线如图 2（a）所示，在 0-8 d，对照组细胞生长速度最高，其次为磷限制组，

氮限制组最低。对照组细胞密度在第 12 天达到峰值，随后开始缓慢下降；氮限制组细胞密

度缓慢上升，在第 20 天达到峰值；磷限制组细胞密度在第 8 天达到峰值，随后趋于平稳。

3 个实验组细胞密度都从第 20 天开始加速凋亡。 

(a)                                 (b)                               (c) 

Different lowercase letters indicate significant differences (P＜0.05) among the different nutrient limitation groups at the same time, 

and the same lowercase letters indicate no significant differences (P＞0.05) . 

图 2  氮、磷限制条件下球形棕囊藻细胞增殖及囊体生长 

Fig.2  Cell proliferation and colonies growth of Phaeocystis globosa under N-limited and P-limited conditions 

细胞囊体平均直径如图 2（b）所示，在第 4-10 d，其组间囊体平均直径差异不显著（P
＞0.05）。在第 12 天，对照组与氮磷限制组之间差异显著（P＜0.05），而营养盐限制组之间

差异不显著（P＞0.05）。第 16 天，对照组与氮限制组之间差异显著（P＜0.05）。第 18 天，

3 个实验组间差异最为显著（P＜0.05），其中对照组囊体平均直径最大，为（228.29±2.10）
μm；磷限制组次之，为（175.78±10.15）μm；氮限制组平均囊体直径最低，为（150.49±2.74）
μm。随后对照组和磷限制组间差异开始减小，但对照组和氮限制组间差异显著（P＜0.05），
表明氮限制条件下囊体平均直径最小。 

图 2（c）为氮、磷限制条件下囊体大小（log）与每个囊体内细胞数（log）之间的关系，

各限制条件下囊体大小（log）与囊体细胞数量（log）呈显著的线性相关（P＜0.01）。其中

磷限制组回归线斜率显著低于另外两组（P＜0.05），表明磷限制条件下囊体内细胞密度最低。 
2.3 叶绿素 a 含量及 Fv/Fm 

球形棕囊藻叶绿素 a 含量受氮磷营养盐限制影响较大，图 3（a）显示叶绿素 a 含量组
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间差异在第 8 天和第 12 天最为显著（P＜0.05），对照组叶绿素 a 含量始终保持最高。除了

第 0 天和第 24 天，氮限制组叶绿素 a 含量略高于磷限制组外，其余时间都显著低于其他组。

结果表明氮限制对球形棕囊藻叶绿素 a 含量抑制效果显著。 
在不同营养盐限制条件下，球形棕囊藻 PSII 的最大量子产量（Fv/Fm）的变化如图 3（b）

所示。在第 10 天之前，3 个组别的 Fv/Fm 差异并不显著（P＞0.05）。从第 10 天开始，氮磷

限制组 Fv/Fm值开始显著低于对照组（P＜0.05）。在第 16 天，组别间差异性最为显著（P＜
0.05），其中氮限制组 Fv/Fm 最低。随后氮磷限制组间差异开始缩小，但都显著低于对照组。

表明在无机氮消耗殆尽后，球形棕囊藻光电子传输效率受到显著抑制。 

(a)                                            (b) 

Different lowercase letters indicate significant differences (P＜0.05) among the different nutrient limitation groups at the same time, 

and the same lowercase letters indicate no significant differences (P＞0.05) . 

图 3  氮、磷限制条件下球形棕囊藻叶绿素 a 含量及 PSII 最大量子产量（Fv /Fm）的变化 

Fig.3  Variation in chlorophyll a content and the maximum PSII quantum yield (Fv /Fm) of P. globosa under N-

limited and P-limited conditions 
2.4 RNA 测序及 De novo 组装分析  

球形棕囊藻 RNA 平均浓度为 214 ng/μL，OD260/OD280 比值在 2.0-2.2（平均值为 2.11），
RQN 平均值为 7.9，符合转录组测序标准。3 个实验处理组共 9 个生物学样本的原始测序数

据 62.8 Gb，各样本原始数据均达到 6.25 Gb。通过组装并去除冗余后在测序文库共鉴定

Unigene 43 793 个，总长度为 42 407 013 bp，平均长度为 968 bp，N50 长度为 1 408 bp，GC
含量 67.08%。采用 TransDecoder 识别转录本序列中候选的编码区域（即 CDS 区）得到 CDS 
36 629 个，并且检测得到 19 625 条 SSR 分布于 13 567 个 Unigene 中。测序结果中 Q20 和

Q30 百分比平均值结果分别为 97.94%与 94.15%，样本测序质量可用于后续注释分析。 
2.5 基因注释与功能预测 

3 个实验组转录组测序获得的 Unigene 与 6 大生物信息数据库进行比对和功能注释，其

中有 18 993 个 Unigene 得到注释，占比为 43.37%，具体功能注释数见表 2。NR 数据库注释

物种分布如图 4 所示，其中 57.11%的 Unigene 注释到藻类物种（Klebsormidium nitens、
Micromonas commoda、Pycnococcus provasolii、Chara braunii、Micromonas pusilla、Chloropicon 
primus、Ostreococcus tauri、Chlorella sorokiniana、Ostreococcus sp. 'lucimarinus'、Raphidocelis 
subcapitata、Coccomyxa subellipsoidea、Micractinium conductrix、Ostreobium quekettii），剩余

42.89%数据未能在已知藻类物种基因信息库中得到相应注释。EggNOG 功能注释结果如表 3
所示，其中 Unigene 注释数目最多的功能分类是“翻译后修饰、蛋白折叠、伴侣”（1 316 条），

其次为“信号转导机制”（785 条），然后是“复制、重组和修复”（659 条）和“糖类转运和代

谢”（609 条）。注释到“细胞运动”（5 条）和“核结构”（2 条）功能分类的基因最少，此外，

5 799 条 Unigene 未被注释其功能未知。 
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表 2  球形棕囊藻 Unigene 注释信息 

Table 2  Unigene annotation of P. globosa 

数值 

Values 

总数 

Total 
GO KEGG eggNOG NR SwissProt Pfam 

交集 

Intersection 

并集 

Union 

Number 43 793 11 351 8 996 12 412 12 783 10 324 16 539 6 388 18 993 

Percentage 100% 25.92% 20.54% 28.34% 29.19% 23.57% 37.77% 33.63% 43.37% 

图 4  球形棕囊藻 Unigene 物种分布注释 

Fig.4  Unigene annotation of P. globosa in species distribution 

表 3  EggNOG 功能注释 

Table 3  EggNOG functional annotation 

类型 功能分类 数目 

Type Functional Categories Number 

Metabolism 

Energy production and conversion 326 

Amino acid transport and metabolism 470 

Nucleotide transport and metabolism 104 

Carbohydrate transport and metabolism 609 

Coenzyme transport and metabolism 175 

Lipid transport and metabolism 281 

Inorganic ion transport and metabolism 352 

Secondary metabolites biosynthesis, transport and 

catabolism 
256 

Cellular processes and 

signaling 

Cell cycle control, cell division, chromosome partitioning 248 

Cell wall/membrane/envelope biogenesis 202 

Cell motility 5 

Posttranslational modification, protein turnover, chaperones 1 316 

Signal transduction mechanisms 785 

Intracellular trafficking, secretion, and vesicular transport 554 

Defense mechanisms 124 

Nuclear structure 2 

Cytoskeleton 379 
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Information storage 

and processing 

RNA processing and modification 108 

Chromatin structure and dynamics 116 

Translation, ribosomal structure and biogenesis 527 

Transcription 384 

Replication, recombination and repair 659 

Others Function unknown 5 799 

2.6 基因差异表达分析 
基于 FPKM 值，利用软件 RSEM 构建球形棕囊藻 3 个处理组 Unigene 表达聚类热图，

如图 5（a）所示。红色表示基因表达量较高，蓝色表示表达量较低，左侧为 Unigene 聚类树

状图，其分支距离越近表示基因表达量越接近；上方为样本聚类树状图，分支距离越近表明

样本表达模式越接近。球形棕囊藻中磷限制组（P）与对照组（CK）的基因集聚为一类表明

两者基因具备相似的表达模式，氮限制组（N）单独为一簇说明其与两组基因表达趋势差异

较大，左侧树状图显全部基因集可划分为两大簇。 
以 CK 作为对照，总共检测出差异表达基因 14 272 条，图 5（b）所示，其中磷限制（P）

差异表达基因 10 042 条，氮限制组（N）差异表达基因 8 076 条，共同差异表达基因 3 846
条。图 5（c）、（d）显示，磷限制组（P）相比对照（CK）上调表达基因 4 963 条，下调基

因 5 079 条；氮限制组（N）上调基因 4 397 条，下调基因 3 679 条。 

(a) Gene cluster expression heatmap; (b) Venn diagram of differentially expressed genes; (c) Differential gene expression volcano plot 

(P-limited group vs. Control group); (d) Differential gene expression volcano plot (N-limited group vs. Control group). 

图 5  球形棕囊藻不同组别之间差异表达基因分析 

Fig.5  Analysis of differentially expressed genes among different P. globosa comparison groups  

(a) 

(b) (d) 

(c) 
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2.7 GO 与 KEGG 分类富集分析 
2.7.1 GO分类富集分析 

由图 6（a）和（b）可知，在分子功能（Molecular function）类别中，催化活性（Catalytic 
activity）所包含的 GO 条目最多（氮限制组与对照组间差异基因数是 2 098，磷限制组与对

照组间差异基因数是 2 262），其次为结合（Binding）（氮限制组与对照组间差异基因数是 1 
904 个，磷限制组与对照组间差异基因数是 1 985）；在细胞组分（Cellular component）类别 
中，GO 条目最多的是细胞组分（Cell part）（氮限制组与对照组间差异基因数是 1 503，磷限

制组与对照组间差异基因数是 1 609），其次为膜组分（Membrane part）（氮限制组与对照组

间差异基因数是 1 163，磷限制组与对照组间差异基因数是 1 353）；在生物学过程（Biological 
process）类别中，氮限制组与对照组比较中 GO 条目最多的是代谢过程（Metabolic process）
（基因数为 1 722）其次为细胞过程（Cellular process）（基因数为 1 699），磷限制组与对照

组比较中条目最多的是细胞过程（Cellular process）（基因数为 1 815）其次为代谢过程

（Metabolic process）（基因数为 1 797）。图 6（c）和（d）为两个比较组差异基因 GO 富集

top 20 的结果，在氮限制组和对照组的比较中，富集程度较高的条目有核糖体大亚基的组装

（基因数 11，富集比为 1）、细胞核条目（基因数 85，富集比 0.67）、核糖核蛋白复合体生物

发生条目（基因数 34，富集比 0.63）。在磷限制组和对照组的比较中，富集程度较高的条目

有 3-羟基癸醇[酰基载体蛋白]脱水酶活性（基因数 29，富集比 0.74）、S-乙酰转移酶活性（基

因数 30，富集比 0.68）、脂肪酸合成酶活性（基因数 48，富集比 0.57）。 
 
 

(a) 

(b) 
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(c) 

(d) 
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(a) GO classification (N-limited group vs. Control group); (b) GO classification (P-limited group vs. Control group); (c) GO enrichment 

(N-limited group vs. Control group); (d) GO enrichment (P-limited group vs. Control group). 

图 6  球形棕囊藻不同比较组间的差异基因 GO 分类与富集 

Fig.6  GO classification and enrichment of differentially expressed genes among different P. globosa 

comparison groups 

2.7.2 KEGG分类富集分析 
KEGG 代谢通路可分为 5 大类：代谢（Metabolism），遗传信息处理（Genetic Information 

Processing），环境信息处理（Environmental Information Processing），细胞过程（Cellular 
Processes），生物体系统（Organismal Systems）。图 7（a）和（b）显示，在氮限制组与对照

组间差异基因比较中，翻译（Translation）通路所包含基因条目最多，为 219 条；在磷限制

组与对照组间差异基因比较中，在通路折叠、分类和降解（Folding, sorting and degradation） 
中包含的基因条目最多，有 192 条。在两对比较组的差异基因 KEGG 通路富集分析中，如

图 7（c）（d）所示，以 P-value＜0.05 作为筛选条件，top 20 结果显示，在氮限制组与对照

组间差异基因比较中，富集程度最高的通路是蛋白酶体（Proteasome）通路（基因数 33，富

集率 0.72），其次为真核生物中的核糖体生物发生（Ribosome biogenesis in eukaryotes）通路

（基因数 70，富集率 0.64），氨酰 tRNA 生物合成（Aminoacyl-tRNA biosynthesis）通路（基

因数 36，富集率 0.62）；在磷限制与对照组的比较中，富集程度最高的是类胡萝卜素生物合

成（Carotenoid biosynthesis）通路（基因数 13，富集率 0.68），其次为苯丙氨酸、酪氨酸和

色氨酸的生物合成（Phenylalanine, tyrosine and tryptophan biosynthesis）通路（基因数 17，富

集率 0.63），然后是光合作用-天线蛋白（Photosynthesis - antenna proteins）通路（基因数 25，
富集率 0.53）。 

 
 
 
 
 

(a) 
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(b) 

(c) 
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(a) KEGG pathway classification (N-limited group vs. Control group); (b) KEGG pathway classification (P-limited group vs. Control 

group); (c) KEGG pathway enrichment (N-limited group vs. Control group); (d) KEGG pathway enrichment (P-limited group vs. Control 

group). 

图 7  球形棕囊藻不同比较组间的差异基因 KEGG 通路分类与富集 

Fig.7  KEGG pathway classification and enrichment of differentially expressed genes among different 

P. globosa comparison groups 

2.8 光合作用及光合天线蛋白相关差异表达基因 
通过对 KEGG 通路进行分析，发现氮磷限制对球形棕囊藻光合作用及合成光合天线蛋

白的相关基因表达具有显著影响。在氮限制处理组中，PSII 光合作用复合物编码基因 psbM、

psbO、psbQ、psbS、psbU、psbZ、psb27、psb28 以及 PSI 蛋白复合物编码基因 psaE、psaK
的表达都显著下调，此外光电子传输编码基因 petH、petJ 也下调表达，编码 ATP 合成酶 α、
γ 亚基的基因上调表达。在光合天线蛋白通路中编码光捕获复合物叶绿素的基因 lhca1、lhca3
和 lhcb3 表达显著下调。这些基因对于光合作用中电子传递以及 ATP 合成都起到非常重要

的作用，结果表明氮限制会显著抑制球形棕囊藻光合作用效能，编码 ATP 合成酶 α、γ 亚基

的基因上调表达是对整体光合作用复合物合成抑制影响下的一种补偿机制。在磷限制组中，

PSⅡ光合作用复合物编码基因 psbS、psbU 和 PSⅠ蛋白复合物编码基因 psaK 的表达都显著

上调，此外编码细胞色素 b6/f 复合物亚基基因 petC 以及编码 petH、petF 的基因表达也上

调，编码 ATP 合成酶 γ 亚基的基因同样上调表达，说明磷限制在很一定程度上可能会促进

细胞的光合蛋白的合成，补偿磷缺乏对光合反应的限制作用。 
2.9 糖酵解和糖异生、N 连接葡萄糖的生物合成以及脂肪酸合成相关差异表达基因 

在糖酵解和糖异生代谢通路中，氮限制组和磷限制在一定程度会促进糖类的合成，葡萄

糖 6 磷酸异构酶（GPI）、葡萄糖激酶（GCK）、醛糖 1-差向异构酶（galM）、二磷酸依赖型

磷酸果糖激酶（PFP）以及 PGK、gpmI、PK、aceE、DLAT 等相关基因均显著上调。 
N 连接葡萄糖的生物合成通路中，氮限制条件下，多萜醇磷酸甘露糖基转移酶（DMP1）

(d) 
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下调表达；磷限制条件下，糖胺聚糖链的聚合中鉴定到糖基转移酶（GTases）α-1,3-葡萄糖

基转移酶（ALG6、ALG8）显著上调，α-1,6-甘露糖基转移酶（ALG12）下调。 
磷限制条件下，细胞内脂肪酸合成及脂肪链延长的代谢通路中相关作用酶 FabD、FabH、

FabF、FabG、FabZ、FabI、MECR 编码基因均显著上调，而在氮限制条件下，FabD 与 FabZ
显著下调，仅有 FabF 和 MECR 上调表达。 
2.10 离子转运蛋白及蛋白酶体相关差异表达基因 

离子转运通路中，氮限制条件会使细胞内 ABCA 超家族中 ABCA3，ABCC 超家族中

ABCC1、ABCC2、ABCC3、ABCC4、ABCC5、ABCC10，以及其他 ABC 转运体 YddA 基

因表达上调。磷限制组，除了细胞内调控 ABCB 超家族 ABCB1 以及 ABCC 超家族 CydD 的

基因下调，ABCC 超家族中多个基因 ABCC2、ABCC4、ABCC5、ABCC10 表达上调。氮磷

限制在一定程度会促进细胞对磷元素的转运吸收，特别是氮限制对其影响最为显著。 
在氮限制组中蛋白酶体 19s 调控组分顶部结构中亚基 Rpn5、Rpn6、Rpn7、Rpn8、Rpn9、

Rpn10、Rpn11、Rpn12，基部结果中亚基 Rpn1、Rpn2、Rpn13、Rpt2、Rpt3、Rpt4、Rpt5，
以及 20s 核心组分中亚基 α1、α2、α3、α4、α5、α6、α7 和 β1、β2、β3、β4、β5、β6、β7 相

关基因表达都显著下调，在磷限制组中部分亚基的基因如 Rpn4、Rpn5、Rpn6、Rpn8 也下调

表达。表明氮磷限制均会显著抑制细胞蛋白酶体的合成，从而影响细胞对废弃或者受损蛋白

的降解利用，进一步影响细胞生长代谢。 

3 讨论 
3.1 营养盐限制对球形棕囊藻光合作用的影响 

氮元素是藻类合成叶绿素的基本元素，氮缺乏会造成细胞光合色素合成减少，限制 PSI
和 PSII 反应中心蛋白合成，从而影响藻细胞对光能的吸收和转换效率[21]。氮限制条件下，

随着硝酸氮迅速消耗，细胞叶绿素 a 含量（图 3（a））迅速下降；磷限制组叶绿素 a 含量下

降相对缓慢。说明营养盐限制会抑制球形棕囊藻叶绿素 a 的合成，其中氮限制的影响最大，

细胞叶绿素 a 合成对氮元素的需求要大于对磷的需求。同时 PSII 的最大量子产量（Fv /Fm）

结果（图 3（b））显示，氮限制组 Fv /Fm显著低于其他组（P＜0.05），同样表明氮限制对球

形棕囊藻光合效能的抑制效果大于磷限制。Loebl 等[22]研究发现，在氮限制条件下培养的海

洋硅藻与颗石藻其叶绿素 a 含量以及 PSII 活性均显著降低。本研究也发现在氮限制条件下，

PSI、PSII 蛋白复合物编码基因、光电子传输编码基因以及光合天线蛋白通路中编码光捕获

复合物叶绿素的基因均显著下调，表明缺氮会导致球形棕囊藻光合作用相关蛋白的合成减

少，从而降低其光合作用效能。此外发现氮限制条件下编码 ATP 合成酶 α、γ 亚基的基因上

调表达，这可能是细胞为应对光捕获蛋白减少而产生的一种补偿机制。 
磷限制组细胞叶绿素 a 含量以及 Fv /Fm值也低于对照组，但转录组结果显示，多个 PSII

光合作用复合物编码基因上调表达，此外编码细胞色素 b6/f 复合物亚基基因以及 ATP 合成

酶亚基基因也上调表达，这表明磷缺乏对细胞光合反应的抑制效果可能主要涉及光合磷酸化

以及碳同化等光合反应相关的下属通路，而并非仅针对光合反应本身，这一点将是我们下一

步的研究方向。由于整体光合反应及能量代谢效率低下，细胞为补偿这部分损失提高了细胞

光合反应相关蛋白、色素和酶的合成，虽然相比于对照组其光反应效率仍较低，但明显高于

氮限制组。   
3.2 营养盐限制对球形棕囊藻生长调亡以及囊体形成的影响 

营养盐限制条件下，球形棕囊藻细胞密度峰值显著低于对照组（P＜0.05），且细胞存活

期更短，调亡期更早。据转录组分析发现，氮磷限制条件下，球形棕囊藻合成蛋白酶体的多

个亚基的相关基因均明显下调。蛋白酶体的主要功能是降解细胞不需要或受到损伤的蛋白质
[23]，细胞对胞内废弃蛋白的降解效率下降，一方面会减弱细胞对氨基酸类物质的循环利用，
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减少新蛋白的合成；另一方面也会使细胞积累大量废弃无用的蛋白，对其本身产生一定危害。

这些影响会加速细胞衰亡，限制细胞自我修复能力，进而抑制细胞正常生长增殖以及代谢活

动。 
在球形棕囊藻囊体形成时期，细胞会分泌大量糖胺聚糖组成囊体基质[24]，在这个过程中

葡萄糖基和甘露糖基转移酶至关重要，会将合成的 UDP-糖连接到多糖链中，形成聚糖[25]。

氮限制条件下细胞平均囊体直径最小，这是由于在 N 连接葡萄糖的生物合成通路中，细胞

多萜醇磷酸甘露糖基转移酶（DPM1）下调表达，致使糖胺聚糖合成减少，加上细胞丰度较

低，因此细胞囊体直径最小。 
磷限制组细胞密度峰值最低且显著低于对照组（P＜0.05），说明磷是其生长增殖的首要

限制因子[26]，磷缺乏会抑制藻细胞的正常增殖[27]。此外其囊体直径接近对照组，但由于磷限

制抑制了细胞增殖，其囊体内细胞密度最低[图 2（c）]，囊体基质多而细胞少，从而更易破

裂。通过转录组分析发现，在磷限制条件下，α-1,3-葡萄糖基转移酶（ALG6、ALG8）均显

著上调，说明细胞会合成更多糖胺聚糖以稳定囊体结构，避免细胞密度过低引起囊体破裂。

球形棕囊藻囊体扩大的过程是先通过胞吐作用释放糖胺聚糖以构建囊体结构，随后细胞生长

增殖并不断进行填充[28]。此外发现 α-1,6-甘露糖基转移酶（ALG12）下调，这可能是由于磷

限制导致细胞内葡萄糖和甘露糖两种糖的合成量存在差异从而影响其表达，这点仍需要进一

步研究。 
3.3 营养盐限制下球形棕囊藻糖类及脂肪酸合成表达 

有研究表明，在氮限制条件下铜绿微囊藻（Microcystis aeruginosa）主要存储碳水化合

物[29]，而绿藻（Heterochlorella luteoviridis）则主要合成油脂并存储[30]。在糖酵解和糖异生

代谢通路中，发现氮缺乏会使球形棕囊藻中多个与糖类合成相关的酶基因上调表达，而脂肪

酸合成的相关基因表达变化并不显著，结合上述中其糖胺聚糖合成降低，表明球形棕囊藻在

应对氮胁迫时会从结构型多糖的生物合成转向对储能糖类物质的合成。 
在磷限制条件下，球形棕囊藻脂肪酸合成及脂肪链延长的代谢通路中相关作用酶的基因

表达显著上调，说明细胞会提高脂肪酸储量以应对磷缺乏。据相关研究表明，磷限制条件会

提高缺刻缘绿藻（Parietochloris incisa）细胞中总脂的含量[31]，而钝顶螺旋藻（Spirulina 
Platensis）则会显著提高胞内总糖产量[32]。可见在低氮磷条件下，微藻细胞内总碳水化合物

以及总脂含量的提高，是一种应对不良环境胁迫的适应机制。 
本研究中球形棕囊藻通过降低生长增殖效率以及相关代谢耗能，将更多能量存储到糖类

和脂质中，从而帮助细胞更好应对营养盐胁迫。 
3.4 营养盐限制对球形棕囊藻氮磷吸收及转运蛋白的影响 

研究表明，一些微藻细胞例如小定鞭金藻（Prymnesium parvum）在缺磷条件下，会增强

对磷的吸收来满足其正常的生长和代谢活动，细胞内磷转运系统相关基因上调表达，磷酸盐

转运蛋白大量合成[33]。本研究发现氮限制组中细胞 ABC 转运蛋白中多个基因同样上调表达

甚至较磷限制更多，但对无机磷酸盐的吸收率却最低（图 1），由于氮缺乏会严重抑制细胞

光合反应效能并影响蛋白以及酶的合成[7]，细胞一方面对离子转运蛋白的供能减少，另一方

面缺乏对磷利用和转化过程中所需的重要酶，从而使整体转运效率下降。由于氮缺乏减少了

细胞对无机磷酸盐的吸收率，细胞通过反馈机制继续提高转运蛋白的合成以补偿这种低吸收

利用效率。相比于氮限制对磷酸盐吸收的影响，磷限制对细胞硝酸氮吸收率的影响较小，这

说明球形棕囊藻对氮的需求量较高[34]。 

4 结论 
营养盐限制会显著影响球形棕囊藻光合反应、细胞生长以及囊体形成。其中氮限制对细

胞代谢活动影响较大，对光合作用抑制效果突出，细胞由结构型多糖合成向储能代谢型糖类
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物质合成转变。磷限制条件下，球形棕囊藻部分光反应蛋白合成基因上调表达以补偿光反应

不足，此外细胞生长增殖被显著抑制，囊体内细胞丰度最低，囊体更薄，细胞内糖胺聚糖及

脂肪酸合成相关基因均上调表达。另外，氮磷限制均会促进细胞转运蛋白的表达，并抑制细

胞内蛋白酶体的合成。本研究发现在控氮和控磷的条件下，球形棕囊藻生理代谢及成囊过程

的响应机制不同，因此对于控制其藻华暴发可依据不同海域实际氮磷限制的情况来考量。以

广西北部湾海域为例，因其长期处于磷限制状态[2]，加上海洋中磷主要来源于人类活动[35]，

其自然补充十分缓慢[36]，因此该海域我们认为加强磷营养盐的排放控制将有助于防控球形

棕囊藻藻华的暴发。 
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Abstract: Nitrogen or phosphorus nutrient limitation can significantly inhibit the growth of 
Phaeocystis globosa, but its internal mechanism is still unclear. In order to comprehensively analyze 
the response mechanism of P.globosa under N- or P-limitation from the aspects of cell physiology, 
biochemistry and transcriptome, we set up N-limitation group (N:P=4:1), P-limitation group (N:P= 
64:1) and control group (N:P=16:1) in this experiment. The physiological and biochemical indexes 
were determined and combined with transcriptome analysis. Through comparison, 14 272 
differentially expressed unigenes were obtained, including 4 397 up-regulated genes and 3 679 
down-regulated genes in the N-limitation group. In the P-limitation group, 4 963 genes were up-
regulated and 5 079 genes were down-regulated. The study showed that N-limitation had the most 
significant inhibitory effect on photosynthesis of P.globosa, and the cells changed from structural 
polysaccharide synthesis to energy storage metabolic carbohydrate synthesis. Under the condition 
of P-limitation, some genes related to photosynthesis protein synthesis were up-regulated, cell 
proliferation was significantly inhibited, colonies were more fragile, and genes related to 
glycosaminoglycan and fatty acid synthesis in cells were up-regulated. In addition, N- or P-
limitation can increase the expression of cell transporters and inhibit the synthesis of proteasome. 
The results showed that the metabolic activity of P.globosa was greatly affected by N-limitation, 
and the growth, proliferation and colony strength of P.globosa were more affected by P-limitation. 
In this study, the response mechanism of P.globosa under N- or P-limitation was preliminarily 
explained from the apparent and molecular levels, which provided a reference for further revealing 
the internal mechanism of its physiological metabolism and colony formation process, and provided 
a basis for relevant departments to formulate prevention and treatment strategies for algal bloom. 
Key words: Phaeocystis globosa; N- or P-limitation; physiology and biochemistry; transcriptome 
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摘要: 随着城市化进程的加快,道路地表径流所引发的面源污染问题日益严重。 城市河涌作为道路径流的主要受纳水体,正
面临着显著的污染输入压力,对其生态系统构成了潜在威胁。 大型底栖动物因对环境变化的高敏感性,常被作为水体生态健

康状况的指示生物,能够有效反映城市河涌的生态扰动水平。 本研究以广州市 3 类典型道路类型(城中村道路、高速公路、普
通道路)所对应的受纳河涌为研究对象,分别于 2022 年 9 月(平水期)、2023 年 2 月(枯水期)、2023 年 7 月(丰水期)和 2023 年 10
月(平水期)开展了大型底栖动物的调查。 通过分析不同道路类型受纳河涌中底栖动物的物种组成、群落结构与多样性的时空

变化特征,进一步探讨了其与水环境因子的关系。 调查共鉴定出大型底栖动物 22 种,隶属于 3 门 6 纲 10 目 15 科,其中节肢

动物门占据优势地位,其次为环节动物和软体动物。 摇蚊科与颤蚓科等典型耐污种在样点中广泛分布,说明研究区域河涌普

遍受到一定程度的污染胁迫。 从季节变化来看,底栖动物的物种数和平均丰度在平水期相对较高,而在丰水期和枯水期则明

显下降,这一趋势可能与水动力条件及摇蚊属季节性丰度变化相关,平均生物量则受软体动物门的影响,在丰水期达到最高

值。 在空间分布上,城中村道路受纳河涌的物种数、平均丰度和生物量均高于高速公路和普通道路所对应的河涌,这可能

与其周边土地利用方式和污水处理措施较为合理有关。 多样性评价结果显示,Shannon-Wiener 指数(H' )、Margalef 丰富度

� 指数(dM)和 Pielou 均匀度指数(J' )在 2022 年平水期表现出较好生态状况,但随后呈下降趋势,反映出河涌生态系统可能正

� 面临持续退化。 不同河涌间的比较显示,城中村受纳河涌的多样性相对较高。 生物完整性指数(BI)与 Goodnight-Whitley 修

正指数(GBI)均表明研究区域的总体水质状况不佳,表明污染问题依然严重。 冗余分析(RDA)表明,溶解氧(DO)、pH 和总磷

(TP)是影响底栖动物丰度的主要水环境因子,其中 DO 的解释贡献率最高(36.9% ),表明其在调控底栖动物群落结构中具有

核心作用。 相比之下,水环境因子对生物量的解释并不显著,说明生物量变化可能更多受到种间关系、栖息地结构或其他

未监测因素的共同作用。 本研究揭示了不同道路类型所驱动的城市地表径流对受纳河涌生态系统结构与功能的显著影

响,强调了土地利用方式与污染控制措施在河涌生态保护中的关键作用,为城市水体生态修复与管理策略提供了科学依据

与数据支持。
关键词: 受纳河涌;底栖生物;群落结构多样性;道路类型
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Abstract: With the rapid acceleration of urbanization, nonpoint source pollution originating from road surface run-
off has emerged as an increasingly pressing environmental issue. Urban receiving streams, which function as the
primary recipients of road runoff, are under substantial pollution pressure, thereby posing a potential threat to their
ecosystems. Macroinvertebrates, which are highly sensitive to environmental changes, are extensively employed as
bioindicators of aquatic ecosystem health and can effectively reflect the extent of ecological disturbance in urban
streams. This study investigated macroinvertebrate communities in receiving streams associated with three distinct
types of roads (village-in-city roads, highways, and regular roads) in Guangzhou, China, across four sampling
periods: September 2022 (normal season), February 2023 (dry season), July 2023 (wet season), and October 2023
(normal season). The study analyzed the composition of species, community structure, and spatiotemporal variations
in macroinvertebrate diversity and further explored their intricate relationships with water environmental factors. A
total of 22 macroinvertebrate species were identified, encompassing 3 phyla, 6 classes, 10 orders, and 15 families,
with Arthropoda emerging as the dominant phylum, followed by Annelids and Mollusca. Typical pollution-tolerant
species, such as Chironomidae and Tubificidae, were ubiquitously distributed across sample sites, thereby indicating
that the study streams were subjected to a certain degree of pollution stress. Seasonal variation revealed higher spe-
cies richness and average abundance during the normal season, while these metrics experienced a significant decline
during the wet and dry seasons, likely influenced by hydrodynamic conditions and seasonal fluctuations in Chi-
ronomus abundance. The average biomass, which was influenced by Mollusca, peaked during the wet season. Spa-

� tially, receiving streams near village-in-city roads exhibited higher species richness, average abundance, and bio-
mass compared to those near highways and regular roads. This phenomenon may be attributed to more rational
land-use patterns and wastewater treatment measures in their surrounding areas. Diversity indices, including the
Shannon-Wiener index (H' ), Margalef richness index (dM), and Pielou evenness index (J' ), exhibited relatively bet-

� ter ecological conditions during the normal season in 2022 but subsequently exhibited a downward trend, thereby
reflecting that the stream ecosystems may be undergoing continuous degradation. Among the streams, those near
village-in-city roads demonstrated relatively higher diversity. Both the Biotic Integrity Index (BI) and Goodnight-
Whitley Modified Index (GBI) unveiled poor overall water quality in the study area, thereby highlighting the
severity of pollution. Redundancy analysis (RDA) demonstrated that dissolved oxygen (DO), pH, and total phos-
phorus (TP) were the primary water environment factors influencing macroinvertebrate abundance, with DO having
the highest explained contribution (36.9% ), thereby underscoring its pivotal role in shaping community structure. In
contrast, the explanatory power of water environmental factors on biomass was not significant, suggesting that bio-
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mass changes may be more influenced by a complex interplay of interspecific relationships, habitat structure, or
other unmonitored factors. This study elucidates the significant effects of urban surface runoff, driven by different
road types, on the structure and function of the ecosystems of the receiving streams, emphasizes the crucial roles of
land-use patterns and pollution control measures in the ecological protection of streams, and provides robust scien-
tific evidence and data support for the ecological restoration and management strategies of urban water bodies.
Keywords: receiving streams; macroinvertebrates; community structure diversity; road types

0　 引言

随着城市化进程的加速,地表径流已成为城市

水体重要面源污染源之一[1-2]。 地表径流中的污染

物主要来源于大气干湿沉降和道路交通污染等[3-4],
其中道路交通污染贡献最为显著。 汽车尾气排放、
轮胎与路面磨损、机油泄漏以及道路材料老化等过

程会释放大量悬浮颗粒、重金属和多环芳烃等污染

物,这些污染物在降雨期间被径流冲刷或淋溶直接

或间接排入受纳水体,导致水质恶化进而对水生生

态系统造成负面影响[5-9]。 城市河涌通常指城市水

系中连通主要河流的小型支流,一般是构成城市水

体的重要组成部分。 其不仅具有提供水源、防洪排

涝、调节气候和净化环境的功能,还在维持城市生态

平衡方面发挥着重要作用[10-12]。 然而,地表径流直

接排放或经雨水管道排入河涌,会不同程度影响河

涌生态系统。 尽管已有研究表明地表径流对河涌水

质和生态系统具有显著影响,但不同道路类型所驱

动地表径流对受纳河涌的影响是否存在差异,及其

季节动态如何变化仍需进一步探究。 因此,研究不

同道路地表径流对受纳河涌的影响机制,对于城市

水环境治理和生态修复具有重要意义。
广州作为中国南方快速发展的超大城市,河网

发达,道路纵横,其城市化进程对水环境的影响尤为

显著[13]。 研究表明,城市河涌的污染主要表现为水

质恶化、底泥污染及生物多样性损失等方面[14]。 例

如,重金属和有机污染物在河涌底泥中的积累对水

生生物群落结构产生了显著影响[15-16]。 大型底栖动

物作为淡水生态系统中的重要类群,因其分布广泛、
环境耐受性强以及对水质变化敏感,常被用作评估

水生态系统健康状况的生物指标[17-18]。 这类生物通

过长期暴露于水体污染物中,其群落结构和组成能

够直观反映水体的环境压力和水质状况[19-20]。 因

此,研究大型底栖动物群落的结构特征及其与水环

境因子的关系,对于揭示城市地表径流对河涌生态

系统的具体影响具有重要意义。
本研究以广州典型道路(包括普通道路、高速公

路及城中村道路)周边受纳河涌为研究对象,系统分

析了大型底栖动物群落的时空变化特征、多样性差

异及其与水环境因子的关联性,深入探讨地表径流

对河涌生态系统的具体影响机制。 该研究有助于揭

示城市道路地表径流对河涌生态系统的潜在风险,
为城市水体生态修复与污染防控提供科学依据。

1　 材料与方法

1. 1　 研究区域与采样点选取

广州市位于珠江三角洲北缘(112°57′ ~ 114°03′
E,22°26′ ~ 23°56′N),是西江,北江和东江 3 条主要

河流的流经地。 全市河流纵横,水道密布,水域面积

744 km2,约占全市土地面积的 10% 。 广州市气候

类型属于亚热带季风气候,年平均气温在 21.7 ~
23.1 ℃之间,年降水量丰富,2023 年年平均降水量

为 1 923 mm,年降水日数约为 149 d[21]。 作为经济

高速发展的南方特大城市,2023 年广州市城镇化率

高达 86.8% ,道路总面积为 225.08 km2,约占全市土

地面积的 3% [22]。 随着城市化进程的不断推进,道
路面积持续扩张,路面携带的污染物种类和浓度也

日趋复杂。 降雨通常会冲刷道路表面形成径流,携
带污染物进入受纳河涌,对水质和生态系统健康造

成显著影响。
本研究聚焦于不同道路类型地表径流对受纳河

涌大型底栖动物的贡献机制,在广州市市区,依据道

路类型差异,选取了 3 种典型道路地表径流的受纳

河涌作为研究对象,分别对应普通道路、高速公路以

及城中村道路周边的受纳河涌,各采样点具体位置

详见图 1 所示。 各采样点选址依据及土地利用类型

特征如下:S1 采样点为普通道路受纳河涌,位于广

州大学城主要道路(外环西路)旁,代表普通道路的

污染模式,周围以高校和科研机构为主,土地利用类

型主要为校园居住用地,下垫面硬化程度较高,路面

主要以小型汽车为主,车流量和人流量适中,该受纳

河涌的最大污染源可能来自普通道路地表径流,同
时伴随一些校园污水。 S2 采样点为高速公路受纳

河涌,代表高速公路高强度的交通污染特征。 该河
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图 1　 研究区域及采样站位

Fig. 1　 Study area and sampling sites

涌贯穿于一个湿地公园,土地利用类型主要以绿地

为主,其下垫面硬化面积较低,河涌上方为南沙快速

港高速公路,车流量较高,主要以小型汽车和大型货

车为主。 高速公路的排污口直接排入该受纳河涌,
形成集中排放,主要反应高速公路地表径流的污染

特征。 S3 采样点为城中村道路受纳河涌,位于一个

城中村外围,代表城中村道路的污染模式。 土地利

用类型以居住区和商业区为主,人类活动频繁,下垫

面的硬化程度较高,车流量适中。 该区域受纳河涌

除了道路地表径流的输入,同时伴随着周围的生活

污水,餐饮废水的排放。 这 3 个采样点均能代表广

州市不同类型道路受纳河涌的一般情况,具有一定

的代表性。
1. 2　 样品采集与分析

本研究于 2022 年 9 月(平水期)、2023 年 2 月(枯
水期)、2023 年 7 月(丰水期)和 2023 年 10 月(平水

期)进行了为期 1 年的底栖生物样品采集。 采样期

间,采用多功能水质检测仪(YSI 556MPS,美国 YSI)
现场测定水温(T)、pH 和溶解氧(DO)。 同时,采集

500 mL 水样至聚乙烯瓶中,24 h 内带回实验室,依
据国家标准 《地表水环境质量标准》 (GB 3838—

2002)测定水样中的硝氮(NO3 -N)、氨氮(NH3 -N)和总

磷(TP)等化学指标。
根据《生物多样性观测技术导则 淡水底栖大型

无脊椎动物》 [23]指导准则,大型底栖动物的采集则

根据采样站点的水深条件,采用不同的采样方法:普
通道路受纳河涌(S1)和高速公路受纳河涌(S2)由于

水深超过 3 m,属于不可涉水河段,使用彼得森采泥

器(采样面积 1/32 m2 )在河涌中间进行底泥采集,具
体操作为将采泥器匀速放下,触底后静置 30 s 后快

速提拉绳子,保证底泥采样的完整性,重复采集 4 次

后将上述样品合并成一个样品。 城中村道路受纳河

涌(S3)水深小于 3 m,属于可涉水河段,使用 D 型网

(采样面积 0.25 m×0.25 m)在河岸随机进行拖网,具
体操作为将 D 型网放置于准备采样的河底,抄网的

直边紧贴河流底部,逆水流方向拖动 D 型网 1 m,并
搅动网口进行样品收集,重复采集 3 次后将上述样

品合并成一个样品[24-25]。 现场将采集到的样品经过

40 目尼龙网筛选后,置于白磁盘中进行底栖生物的

初步挑选。 将挑选到的大型底栖动物置于 75% 乙

醇中保存,当天带回实验室保存于低温条件下,以便

进一步分析,所有采样过程、样品的挑选和保存过程
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均为同一批次人员,以减少人为因素的不确定性。
大型底栖动物的实验室鉴定主要通过体视显微镜

(ZEISS Stemi 508,德国)进行形态学鉴定,而小型生

物则需将关键鉴定部位制片,并在光学显微镜(奥林

巴斯 CX-23,日本)下进行鉴定。 所有底栖生物均鉴

定至最低分类阶元,物种鉴定参考《中国经济动物

志》《中国北方摇蚊幼虫》《中国小蚓类研究》和《大
型底栖无脊椎动物水质生物评价研究》 [26-29]。
1. 3　 数据分析

大型底栖动物的优势种采用相对重要性指数

(IRI)进行分析,计算公式如下:
IRI =(W+N)×F×104

式中:W 为每种底栖动物的生物量占总生物量的百

� 分比,N 为每种底栖动物的丰度占总丰度的百分比,
� F 为每种底栖动物的出现频率占总频率的百分比。
� 其中,IRI 值大于 1 000 为优势种,IRI 在 100 ~ 1 000

范围为重要种,IRI 在 10 ~ 100 为常见种,小于 10 为

少见种。
大型底栖动物的多样性采用 Shannon-Wiener

指数(H' )、均匀度(Pielou)指数(J' )、物种丰富度 Mar-
� galef 指数 (dM )、生物指数 (BI)和 Goodnight-Whitley
� 修正指数(GBI)进行分析,计算公式如下:

H ' =-∑
s

i=1
(ni /N)ln(ni /N)

dM =(S-1)/ln(N)
J ' =H '/log2(S)

BI=∑
S

i=1

ni

N
ti

GBI=(N-Noil)/N
式中:S 为样品的种类总数,ni 为第 i 种的个体数,N
为总个体数,ti 为物种 i 的耐污值,Noil 为样品中寡

� 毛类个体总数。
采用 Kruskal-Wallis 非参数检验方法检验不同

类型受纳河涌生物丰度和生物量差异的显著性。 采

用冗余分析(RDA),利用方差膨胀因子过滤存在共

线性的水环境因子(VIF>10),利用蒙特卡洛方法对

水环境因子进行检验分析。

2　 结果

2. 1　 大型底栖动物种类及优势物种

本研究对广州市 3 种类型道路地表径流的受纳

河涌进行了为期 1 年的调查,共鉴定出大型底栖动

物 22 种,隶属于 3 门、6 纲、10 目和 15 科。 如图 2
所示, 节肢动物门为优势类群, 占总物种数的

50.00% ,其次为环节动物门(27.27% )和软体动物门

(22.73% )。 就纲水平而言,昆虫纲物种最为丰富,占
总物种数的 40.91% ,而蛭纲和双壳纲物种较少,仅
出现一次,占总物种数的 4.55% 。 2022 年平水期,
2023 年枯水期、丰水期和平水期分别共检测到 15
种,5 种、7 种和 7 种底栖动物 (表 1)。 具体而言,
2022 年平水期的物种数最大,而 2023 年枯水期的

物种数最少,2023 年丰水期和平水期所检测到的物

种数相等。 对于不同道路类型受纳河涌,普通道路

河涌中检出的物种数最少,仅鉴定出霍甫水丝蚓

(Limnodrilus hoffmeisteri)和苏氏尾鳃蚓 (Branchiura
sowerbyi)2 种,特别是在 2023 年平水期,普通道路

� 河涌未采集到任何底栖动物,表明其生境条件可能

极度恶化。 城中村道路受纳河涌中检出的物种数量

高于其他河涌,共鉴定出 20 种大型底栖动物。 在所

有采样时期,城中村河涌的物种数均高于普通道路

和高速公路河涌。 城中村道路受纳河涌在 2022 年

平水期表现出较高的物种丰富度,共采集到 14 种

大型底栖动物,约为其他 3 个时期的 2 倍。 而在

2023 年枯水期、丰水期和平水期,城中村河涌的物

种数分别为 5 种、6 种和 5 种,物种数变化相对稳

定,表明其生态系统可能具有相对较强的恢复力

和稳定性。
在 2022—2023 年研究期间,对受纳河涌中大型

底栖动物的优势种和重要种及其组成进行研究调查

共鉴定出 3 科 5 属 5 种。 如表 2 所示,2022 年平水

期的优势种为德永雕翅摇蚊 (Glyptotendipes toku-
nagai)和霍甫水丝蚓(Limnodrilus hoffmeisteri),2023

� 年丰水期则以黄色羽摇蚊(Chironomus flaviplumus)
� 和苏氏尾鳃蚓 (Branchiura sowerbyi)为主。 至 2023
� 年平水期,黄色羽摇蚊(Chironomus flaviplumus)成为

� 单一优势种。 然而,2022 年枯水期的优势种组成与

其他时期略有不同,主要以霍甫水丝蚓(Limnodrilus
hoffmeisteri)和一种未鉴定的双翅目昆虫(Diptera sp.)
为主。 结果表明,4 个采样时期的优势种主要为摇

蚊科(Chironomidae)和颤蚓科(Tubificidae)物种,其组

成相对单一且均为典型的耐污种。 此外,除 2023 年

枯水期外,凸旋螺(Gyraulus convexiusculus)在其他 3
� 个采样时期均表现为重要种。 值得注意的是,每个

采样时期均存在独有的重要种。 例如,2022 年平水

期未鉴定的钩虾科一种(Gammaridae sp.),2023 年枯

� 水期的卷甲虫属一种,2023 年丰水期的福寿螺

(Pomacea canaliculata)和泉膀胱螺(Physa fontinalis),
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� 以及 2023 年平水期的舌蛭科一种 (Glossiphoniidae
sp.)和闪蚬(Corbicula nitens)。
2. 2　 大型底栖动物生物量和生物丰度

本次调查结果显示,所有站点的总生物量为

67.71 g·m-2,平均生物量为 0.71 g·m-2。 其中,软体

动物门的平均生物量最高(2.41 g·m-2 ),占总生物量

的 85.66% 。 环节动物门和节肢动物门的平均生物

量分别为 0.21 g·m-2和 0.20 g·m-2,分别占总生物量

的 7.65%和 6.98% 。 从不同采样时期来看,2023 年

丰水期的平均生物量最高(1.52 g·m-2),其次是 2022

图 2　 大型底栖动物门水平(a)和纲水平(b)种类百分比

Fig. 2　 Composition of species at the macrobenthic phylum level (a) and order level (b)

表 1　 不同采样时期平均物种数、生物量、生物丰度的组成

Table 1　 Composition of average species number, biomass, and abundance in different sampling periods
采样时期 物种数(种) 平均生物量/(g·m-2 ) 平均生物丰度/(ind·m-2 )

2022 年平水期 15 0.67 132

2023 年枯水期 5 0.04 22.4

2023 年丰水期 7 1.52 14.5

2023 年平水期 7 0.35 50.3

表 2　 不同采样时期优势种和重要种的组成

Table 2　 Composition of dominant and important species in different sampling periods

采样时期
优势种 重要种

种名 拉丁学名 种名 拉丁学名

2022 年平水期 德永雕翅揺蚊 Glyptotendipes tokunagai 黄色羽揺蚊 Chironomus flaviplumus

霍甫水丝蚓 Limnodrilus hoffmeisteri 钩虾科一种 Gammaridae sp.

凸旋螺 Gyraulus convexiusculus

2023 年枯水期 霍甫水丝蚓 Limnodrilus hoffmeisteri 黄色羽揺蚊 Chironomus flaviplumus

昆虫纲一种 Insecta sp. 德永雕翅揺蚊 Glyptotendipes tokunagai

卷甲虫属一种 Armadillidium sp.

2023 年丰水期 黄色羽揺蚊 Chironomus flaviplumus 霍甫水丝蚓 Limnodrilus hoffmeisteri

苏氏尾鳃蚓 Branchiura sowerbyi 颤蚓 Tubifex sp.

福寿螺 Pomacea canaliculata

泉膀胱螺 Physa foncinalis

凸旋螺 Gyraulus convexiusculus

2023 年平水期 黄色羽揺蚊 Chironomus flaviplumus 水丝蚓 Limnodrilus sp.

舌蛭科一种 Glossiphoniidae sp.

凸旋螺 Gyraulus convexiusculus

闪蚬 Corbicula nitens
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年平水期(0.67 g·m-2 )、2023 年平水期(0.35 g·m-2 )
和 2023 年枯水期(0.04 g·m-2 )(表 1)。 2023 年丰水

期的高生物量主要得益于福寿螺(Pomacea canalicu-
lata)其个体较大的显著贡献。 从受纳河涌的类型来

� 看,城中村道路受纳河涌的平均生物量最高(1.86 g·
m-2),而高速公路受纳河涌和普通道路受纳河涌的

平均生物量较低,分别为 0.10 g·m-2和 0.05 g·m-2。
基于 Kruskal-Wallis 非参数检验的结果分析表明,普
通道路受纳河涌与高速公路受纳河涌的生物量无

统计学显著差异(P>0.05)。 然而,两者与城中村受

� 纳河涌的生物量存在显著性差异(P<0.001),该结

� 果表明,道路类型对受纳河涌生态系统的影响存

在空间异质性。
本次调查所有站点的总丰度为 7 618 ind·m-2,

平均丰度为 80.19 ind·m-2,其中节肢动物门平均丰

度最高(107 ind·m-2 ),占总丰度 50.47% ,且几乎在

所有站点中均有分布。 环节动物门和软体动物门的

平均丰度分别为 82.4 ind·m-2和 22.6 ind·m-2,分别

占总丰度的 38.89%和 10.64% 。 底栖生物的平均丰

度按采样时期的不同顺序排列:2022 年平水期(132
ind·m-2)> 2023 年平水期(50.3 ind·m-2 )> 2023 年枯

水期(22.4 ind·m-2 )> 2023 年丰水期(14.5 ind·m-2 )
(表 1)。 这一变化趋势主要由于平水期存在较多的

摇蚊属(Chironomus sp.)生物的影响。 从受纳河涌的

� 类型来看,大型底栖动物的平均丰度依次为:城中村

道路受纳河涌 (161 ind·m-2 ) >高速公路受纳河涌

(38.2 ind·m-2)>普通道路受纳河涌(35.5 ind·m-2 )(图
3)。 城中村道路受纳河涌的高丰度主要归因于软体

动物门的显著贡献,软体动物在城中村道路受纳河

涌中普遍分布,而在高速公路受纳河涌中仅于 2023
年平 水 期 检 出 一 种 软 体 动 物 (闪 蚬, Corbicula
nitens),普通道路受纳河涌则未检出任何软体动物。

� 另外采用 Kruskal-Wallis 非参数检验分析不同类型

的河涌的生物丰度是否存在显著性差异,结果表明,
普通道路受纳河涌与高速公路受纳河涌的丰度差异

性较小(P>0.05),普通道路、高速公路受纳河涌与城

� 中村受纳河涌的丰度存在显著性差异(P<0.001)。 底

栖生物平均丰度在 2022 年平水期的城中村道路受

纳河涌达到最大值,为 258 ind·m-2。 然而,普通道

路受纳河涌的平均丰度随时间推移呈递减趋势,至
2023 年丰水期甚至未采集到底栖生物样品,表明其

环境可能受到持续干扰,自净能力较差。 相比之下,
高速公路和城中村道路受纳河涌的平均丰度变化相

对稳定,依次为2022 年平水期(分别为80.0 ind·m-2和

258 ind·m-2)>2023 年平水期(分别为 6.86 ind·m-2和

144 ind·m-2)>2023 年枯水期(分别为 3.20 ind·m-2和

41.6 ind·m-2 )>2023 年丰水期(分别为 2.29 ind·m-2

和 34.3 ind·m-2)。 与底栖生物的平均生物量变化趋

势相似,普通道路受纳河涌的平均丰度也随采样时

间呈现递减趋势,表明其环境可能受到持续干扰。
高速公路受纳河涌和城中村道路受纳河涌的最高平

均丰度分别出现在 2023 年平水期和 2023 年丰水期,
而两者的最低平均生物量均出现在 2023 年枯水期。
2. 3　 大型底栖动物的多样性指数

所有站点的 H' 指数范围为 0 ~ 1.53,平均值为

� 0.52;dM 指数范围为 0 ~ 1.57,平均值为 0.36;J' 指数

� 范围为 0 ~ 0.69,平均值为 0.23。 如表 3 所示,从不

同时期来看,H' 指数和 dM 指数的平均值均呈现以下
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图 3　 不同类型道路受纳河涌的平均生物量(a)和平均生物丰度(b)
Fig. 3　 Average biomass (a) and average abundance (b) of receiving streams adjacent to different road types
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趋势:2022 年平水期(H' :0.83,dM:0.62)>2023 年平

� 水期(H' :0.74,dM:0.55)>2023 年丰水期(H' :0.50,
� dM:0.30)>2023 年枯水期(H' :0.28,dM:0.25)。 J' 指
� 数平均值的变化趋势略有不同,其在 2023 年平水期

达到最高值,为 0.43。 值得注意的是,2023 年枯水

期的 3 种多样性指数均为最低值,表明该时期受纳

河涌的生态系统稳定性较差,可能受到环境压力或

水文条件的影响。 而平均 BI 和 GBI 指数均在 2023
年平水期最高,BI 在 2022 年平水期和 GBI 在 2023
年枯水期分别表现出最低值,意味着在 2023 年平水

期受纳河涌环境受损严重。
从受纳河涌的类型来看,城中村道路受纳河涌

的多样性指数显著高于其他类型,其 H' 指数、dM 指

� 数和 J' 指数平均值分别为 1.06、0.84 和 0.38(图 4)。
� 相比之下,普通道路受纳河涌的 3 种多样性指数均

为 0,表明其生态环境极差,可能受到严重污染或生

境退化的影响。 3 种指数均表现出相同的趋势,即
普通道路受纳河涌生物多样性最低,城中村受纳河

涌的生态系统稳定性相对较高。 在单个时期的站点

中,2022 年平水期的城中村道路受纳河涌表现出最

高的 H' 指数(1.53)和 dM 指数(1.57),而 2023 年平水

� 期的高速公路受纳河涌则表现出最高的 J ' 指数

� (0.69)。 而 BI 和 GBI 指数所表示的结果略微不同,
BI 指数是通过大型的底栖动物耐污值的不同来进

行表征,其数值在城中村道路受纳河涌最高,却在高

速公路受纳河涌表现出最低值。 GBI 指数根据寡毛

类密度来反映水体污染程度,结果在城中村受纳河

涌表现出最大值,而在普通道路受纳河涌表现出最

低值。 从 BI 和 GBI 指数分析,城中村受纳河涌似

乎是受污染程度最严重的。
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图 4　 不同类型道路受纳河涌的平均 Shannon-Wiener 指数(H' )、均匀度(Pielou)指数(J' )、
物种丰富度 Margalef指数(dM)、Goodnight-Whitley修正指数(GBI) (a)和生物指数(BI) (b)

Fig. 4　 Composition of average Shannon-Wiener Index (H' ), Pielou Evenness Index (J' ), Margalef Richness Index (dM),

Goodnight-Whitley Index (GBI) (a), and Biological Index (BI) (b), in receiving streams adjacent to different road types

表 3　 不同采样时期的平均 Shannon-Wiener 指数(H' )、均匀度(Pielou)指数(J' )、物种丰富度

Margalef指数(dM)、生物指数(BI)和 Goodnight-Whitley修正指数(GBI)组成

Table 3　 Composition of average Shannon-Wiener Index (H' ), Pielou Evenness Index (J' ), Margalef
Richness Index (dM), Biological Index (BI), and Goodnight-Whitley Index (GBI) in different sampling periods

采样时期 H' dM J' BI GBI

2022 年平水期 0.83 0.62 0.33 7.38 0.66

2023 年枯水期 0.28 0.25 0.12 7.55 0.60

2023 年丰水期 0.50 0.30 0.19 8.27 0.63

2023 年平水期 0.74 0.55 0.43 9.65 0.94
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2. 4　 群落组成与水环境因子的关系

基于底栖动物群落结构、生物多样性及水环境

因子的空间分布特征,本研究在科的水平上对底栖

生物的生物量和生物丰度与水环境因子进行冗余

(RDA)分析(图 5),基于蒙特卡洛置换(Monte Carlo)
检验筛选出对底栖动物群落组成影响较强的水环境

因子。 结果表明,DO(P = 0.014)、pH(P = 0.036)和
� TP(P = 0.024)与底栖动物群落生物丰度显著相关,
� 是主要影响的水环境因子。 其中,DO 的解释贡献

率最高,达到了 36.9% ,表明其对底栖动物群落的影

响是显著的。 其次,pH 和 TP 的解释贡献率分别为

23.8%和 15.5% 。 相比之下,NH3 -N,NO3 -N 和 T 对

底栖动物丰富的影响较小(P>0.05),说明它们对底栖

动物的分布影响不显著。 此外,NH3 -N 和 NO3 -N 与

一些底栖动物(如颤蚓科等)呈正相关,而 DO、pH 和

TP 则与其他种类的底栖动物(如摇蚊科和膀胱螺科

等)呈正相关关系。 而底栖生物的平均生物量与水

环境因子的 RDA 分析显示,水环境因子与平均生

物量未存在显著相关性(P>0.05)。

3　 讨论

3. 1　 大型底栖动物结构与种类组成

本研究发现,节肢动物门在所有河涌中均为优

势类群,尤其是摇蚊科 (Chironomidae)和颤蚓科

(Tubificidae)物种广泛分布并占据主导地位,群落结

构呈现出物种组成单一、耐污种占优的典型特征。
这一格局与在东莞、西安和北京城市河流的调查结

果相一致,可能是因为城市化进程使得河涌生境单

一化和碎片化[24, 30-32]。 城市河流似乎都是以耐污种

为优势种群,这可能是由其特殊生境所决定的,高度

渠化的河道结构导致水体流动性降低,污染物持续

累积难以稀释,形成高污染负荷的胁迫环境。 在此

条件下,具备较强环境耐受力的摇蚊科和颤蚓科显

示出竞争优势[31]。 先前研究表明相比于自然河流来

说,城市河涌底栖生物群落主要是由无明显季节性

变化的耐污种所决定的,所以其季节性变化较弱,因
此探究城市河流大型底栖动物群落季节性变化应当

更加注意物种丰度上的变化[33]。 就其季节变化排列

而言,底栖生物的平均丰度按以下顺序排列:2022
年平水期(132 ind·m-2 )> 2023 年平水期(50.3 ind·
m-2 )> 2023 年枯水期(22.4 ind·m-2)> 2023 年丰水期

(14.5 ind·m-2),这一变化趋势可能是由于平水期适

中的水流量所决定的,水体扰动较小,有利于底栖生

物的栖息和觅食,从而表现出较高的丰度。 而在枯

水期,水位下降,水流量较弱及河床裸露导致底栖动

物栖息地缩减,同时污染物浓度因河涌流量降低而

增加,对群落形成明显胁迫[34]。 在丰水期,由于大量

降雨导致水流量剧增,这种强水动力条件对底栖生

物群落的稳定性造成了显著冲击,导致底栖生物的

平均丰度相对较低。 但我们的研究结果与王强等[35]

提出的以摇蚊为优势类群的城市河流大型底栖动物

群落一般在冬春季达到密度峰值并不一致,这可能

是区域特异性和采样时间的单一性造成的。 而就平

均生物量而言,2023 年丰水期达最高值 (1.52 g·
m-2),而 2023 年枯水期最低(0.04 g·m-2 ),主要是由

于软体动物(如福寿螺)的季节性出现:丰水期大量

检出,而在枯水期完全未见,显著拉高了群体生物

量。 此类差异进一步强调了降雨强度、水流扰动及

水位变动在底栖动物季节性变化中的核心作用。 尽

图 5　 底栖动物生物丰度(a)和生物量(b)与水环境因子 RDA 分析

Fig. 5　 Redundancy analysis (RDA) of benthic macroinvertebrate abundance (a) and biomass (b) with water environmental factors
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管本研究采样阶段覆盖了广州市底栖生物不同的活

动时期,但仍存在一些不确定性,如台风、强降雨等

极端水文事件的干扰,未来研究需通过多季节连续

监测验证群落结构的动态响应机制。
就不同类型道路受纳河涌而言,我们研究发现

普通道路受纳河涌的物种数、生物量和丰度均最低,
而城中村道路最高,高速公路居中。 造成这种差异

的原因可能与周围的土地利用类型和污染特征有

关,普通道路受纳河涌周边土地利用类型主要以科

研单位和校园为主,下垫面硬化程度高,存在生活污

水和实验废水等高风险点源污染,且部分河涌缺乏

完善治理设施,污染物(如重金属、多环芳烃等)易富

集,直接威胁底栖生物生存[5-9]。 高速公路受纳河涌

周围土地利用类型主要以绿地为主,其下垫面硬化

面积较低,河岸植被覆盖度高,但主要污染源为高速

公路地表径流排水管的直接排入,对受纳河涌大型

底栖动物还是会造成一定的影响。 相比之下,城中

村道路受纳河涌表现出较高的生物多样性与丰度,
可能得益于适度的污染输入与部分初级污水治理措

施的叠加效应:首先,受纳河涌食物链偏短,食物的

丰富度几乎直接影响群落的多样性,城中村生活污

水中含有较高的有机质,这些有机质可作为底栖生

物的重要食物来源,缓解了食物竞争压力,促进了底

栖动物的生长和繁殖[35-37]。 其次就污水处理系统而

言,城中村区域可能配备了初步的污水处理系统,地
表径流经过管道处理后排放,减少了污染物直接进

入河涌的量,从而改善了水质[34];而与大多数河涌采

用合流制的污水处理方式不同,城中村则采用分流

制的处理方式,通过雨污分流实现污染物高效截留,
使其污水处理处理效率更高[38],此外,广州市河涌整

治行动的推进和当地居民环保意识的提高也可能对

改善底栖生境起到积极作用[39-41]。
群落主导物种的结构可以反映了河涌的生态稳

定性。 其中霍甫水丝蚓(Limnodrilus hoffmeisteri)和
� 黄色羽摇蚊(Chironomus flaviplumus)在所有时期均

� 为主导物种,均属典型耐污类群。 优势种密度与群

落总密度呈高度一致性,验证了底栖群落结构受核

心物种主导的特性[42]。 所有样点生态状况评估均表

明水体处于中度及以上污染水平,体现出城市受纳

水体典型的生态胁迫特征。
3. 2　 大型底栖动物群落变化特征

本研究通过 Shannon-Wiener 多样性指数(H' )、
� Margalef 丰富度指数(dM)和 Pielou 均匀度指数(J' )对

广州市不同类型受纳河涌大型底栖动物群落多样性

进行了评估。 结果表明,所有采样点的 H' 、dM 和 J'
值分别在 0 ~ 1.53、0 ~ 1.57 和 0 ~ 0.69 之间,整体反

� 映出受纳河涌生态系统普遍存在中度至重度污染。
其中 H' 指数在 2022 年平水期,2023 年丰水期的城

� 中村道路受纳河涌和 2023 年平水期高速公路受纳

河涌表现中度污染,dM 指数在 2022 年平水期城中

� 村道路受纳河涌表现出最大值为 1.57,表示水质重

度污染,而其他时期不同采样点的 dM 指数均小于

� 1,意味着水质严重污染。 相比之下,J' 指数对部分

� 站点表现出中度至轻度污染,提示群落分布存在一

定程度的均匀性。 结合生物完整性指数 (BI)和
Goodnight-Whitley 指数(GBI)进一步分析水质状况,
结果表明,2022 年平水期至 2023 年平水期 4 个时

段的 BI 值依次为 7.38、7.55、8.27 和 9.65,GBI 值分

别为 0.66、0.60、0.63 和 0.94,呈逐年升高趋势。 根据

生物评估分级标准,前 3 个时期的水体环境均属较

差水平,而 2023 年平水期进一步恶化,反映出研究

区域水生态质量在近 2 年间持续下降的趋势。
值得注意的是,由于多样性指数本身的算法机

制与敏感性不同,在部分站点对水质评价结果存在

一定差异,因此只用一种或几种多样性指数表征某

一个站点水体质量可能存在一些不确定性[43]。 如,
H' 、dM 与 J' 三者在不同道路类型河涌中均表现为

� 城中村道路受纳河涌>高速公路受纳河涌>普通道

路受纳河涌,说明城中村河涌生境条件相对较优,群
落结构多样性较高,而普通道路河涌水体质量最差。
相较而言,BI 指数呈现出高速公路受纳河涌>普通

道路受纳河涌>城中村受纳河涌的趋势,而 GBI 指
数则为普通道路受纳河涌>高速公路受纳河涌>城
中村受纳河涌,这是由于算法不同导致的,BI 指数

不仅考虑生物种类和数量,还考虑物种对水体环境

的耐受程度,普通道路受纳河涌中鉴定到的物种较

少,算计出来的 BI 值较低,但不表示该站点耐污程

度高。 而 GBI 主要以寡毛类生物作为主要指标,先
前在湖南大通湖的研究表明,当耐污类群为主要底

栖生物类群时,应当谨慎使用 GBI 指标,这意味着

在面对城市受纳河涌中底栖生物多样性评价时,需
要更加谨慎且全面的选择参数[44]。
3. 3　 大型底栖动物群落特征变化与水环境因子的

关系

水环境因子在调控大型底栖动物群落结构的组

成和变化具有重要影响。 已有研究广泛认为溶解氧
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(DO)是影响底栖动物群落构建的关键环境变量之

一。 DO 不仅反映河流水质的变化,还通过满足底

栖动物的新陈代谢活动,间接或直接影响大型底栖

动物群落。 由于不同生物类群对 DO 的需求不一

样,DO 含量的变化往往引起物种组成的选择性筛

选,从而影响群落多样性和功能特征[37,45]。 在本研

究中,与 DO 呈正相关的物种主要为瓶螺科和钩虾

科,这些物种的生长和繁殖通常依赖于较高的氧气,
而耐污性较强的颤蚓科则表现出与 DO 的负相关

性,这类物种更适应低氧或缺氧环境,在有机污染较

重、底泥还原性强的水体中仍能保持一定数量的种

群分布。 先前在河西内陆河流也观察到相似的现

象[46]。 其次,pH 和 TP 也被认为是显著影响底栖动

物群落的水环境因子,分别对底栖动物群落结构的

解释贡献率为 23.8%和 15.5% 。 pH 值作为水体酸

碱环境的直接反映,影响着底栖动物的生理代谢和

繁殖行为,而在本研究中,pH 与一些底栖动物如颤

蚓科和卷甲虫科呈正相关,表明这些物种在中性或

稍偏碱性的水体中更为适宜。 TP 作为表征水体富

营养化程度的重要指标,其升高常伴随着浮游植物

的大量繁殖,进而影响底栖动物食物结构与栖息环

境。 张莹等[47]对山东半岛南部海湾的大型底栖动物

进行调查研究,结果表明水体营养盐物质的增加会

导致大型底栖动物多样性降低。
尽管水环境因子对底栖动物群落多样性和分布

具有显著影响,但在生物量变化方面,本研究 RDA
结果显示相关性不显著(P>0.05)。 这一现象提示,底
栖动物生物量可能受多种综合因子共同驱动,如栖息

地结构复杂性、底质类型、种间竞争关系、人为干扰强

度等,单一水质因子难以充分解释其变化模式。 但本

研究所检测的水质参数较为有限,城市河涌中存在复

杂的污染效应,这些可能导致在解释水环境因子对大

型底栖动物的群落多样性时出现一定的偏差。

4　 结束语

本研究通过对广州市不同类型道路受纳河涌的

大型底栖动物进行采样分析,揭示了其物种组成、群
落结构和多样性特征。 结果显示,研究区域河涌的

底栖动物以耐污种为主,表明河涌受到显著的环境

压力。 底栖动物的丰度在平水期较高,而丰水期和

枯水期较低,且城中村道路受纳河涌的底栖动物平

均丰度和生物量最高,普通道路河涌最低。 多样性

指数和生物完整性指数均表明河涌受到严重污染。
冗余分析(RDA)显示,溶解氧(DO)、pH 和总磷(TP)

是影响底栖动物平均丰度的主要水环境因子,其中

DO 的解释贡献率最高。 本研究明确了道路类型对

城市受纳河涌生态系统的显著影响,为城市水环境

治理和生态修复提供了科学依据。
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摘要 对南宁市6 a内采集的75个气溶胶样品进行观测，其中 7Be和 210Pb活度浓度分别为0.27~11.95 mBq·m−3、

（3.68±0.51）mBq·m−3和 0.23~4.33 mBq·m−3、（1.51±0.13） mBq·m−3，7Be和 210Pb呈现“冬春高、夏秋低”季节特征，
7Be最高值出现在春季，210Pb最高值则在冬季。7Be、210Pb与PM2.5、PM10的同相位季节特征和较强正相关说明颗

粒物载带 7Be和 210Pb在大气中传输；7Be与O3的强相关性证实“春季泄漏”引起 7Be自上而下从平流层进入对流

层并导致 7Be春季最高值；大气逆轨迹聚类分析指示东亚季风导致 210Pb冬季最高值。整合全国17个不同地区

大量数据发现，210Pb存在纬度效应，即40°N以北 210Pb活度均值约为40°N以南的2.2倍；7Be存在纬度效应和高度

效应，即 35°N以北 7Be浓度均值约为以南的 1.9倍，7Be自上而下从平流层输入对流层过程导致高海拔地区的

高 7Be效应。7Be和 210Pb时空分布差异导致二者冬春季有效剂量约为夏秋季的1.4倍，40°N以北地区有效剂量

约为35°N以南的2.0倍。

关键词 气溶胶， 7Be， 210Pb， 放射性核素， 辐射剂量， 东亚季风

中图分类号 X831

DOI: 10.11889/j.0253-3219.2025.hjs.48.240348

CSTR: 32193.14.hjs.CN31-1342/TL.2025.48.240348

Spatiotemporal characteristics and mechanisms of 7Be and 210Pb in the atmosphere

HUANG Siyu1 LIN Wuhui2 HE Xianwen3 LIN Xiaodong4

1(School of Marine Sciences, Guangxi University, Nanning 530004, China)

2(College of Harbour and Coastal Engineering, Jimei University, Xiamen 361021, China)

3(South China Nuclear and Radiation Safety Supervision Station, Ministry of Ecology and Environment, Shenzhen 518026, China)

4(Fujian Radiation Environment Supervision Station, Fuzhou 350013, China)

国家自然科学基金(No.42276044)、广西自然科学基金(No.2021GXNSFBA196001, No.2024GXNSFAA010449)、福建省环保科技计划项目(No.

2025R004)、中国辐射防护研究院平台开放基金 (No. ZFYHHJMN-2024003)、广西南海珊瑚礁研究重点实验室开放基金 (No.

GXLSCRSCS2023003)资助

第一作者：黄思宇，男，1999年出生，2022年毕业于成都理工大学，现为硕士研究生，研究领域为大气放射性观测与评价

通信作者：林武辉，E-mail：linwuhui8@163.com；何贤文，E-mail：2571066576@qq.com

收稿日期：2024-08-26，修回日期：2024-10-23

Supported by National Natural Science Foundation of China (No.42276044), the Guangxi Natural Science Foundation (No.2021GXNSFBA196001, 

No.2024GXNSFAA010449), Fujian Environmental Protection Plan Project (No.2025R004), CIRP Open Fund of Radiation Protection Laboratories 

(No. ZFYHHJMN-2024003), and the Open Fund of Guangxi Key Laboratory for Coral Reef Research in the South China Sea (No.

GXLSCRSCS2023003)

First author: HUANG Siyu, male, born in 1999, graduated from Chengdu University of Technology in 2022, master student, focusing on observation 

and evaluation of atmospheric radioactivity

Corresponding author: LIN Wuhui, E-mail: linwuhui8@163.com; HE Xianwen, E-mail: 2571066576@qq.com 

Received date: 2024-08-26, revised date: 2024-10-23

1455



黄思宇等： 大气中 7Be和 210Pb时空分布特征差异和机制解析

030301-2

Abstract  [Background] 7Be and 210Pb are the main radionuclides for monitoring the quality of the radiation 

environment of atmospheric aerosols, and the internal irradiation caused by their adsorption into aerosols and entry 

into the human body will be harmful to the human body, so it is of great significance to explore the characteristics 

and mechanisms of their spatial and temporal distribution and dose contribution. [Purpose] This study aims to 

investigate the differences in the spatial and temporal distributions of atmospheric 7Be and 210Pb and the mechanisms 

of these differences. [Methods] In this paper, 75 aerosol samples were collected from Nanning city, from January 

2015 to December 2017 and from January 2019 to May 2022 using an ultra-high-flow air aerosol sampler, and the 

activity concentrations of 7Be and 210Pb in the aerosol were measured and analyzed using a high-purity germanium 

(HPGe) γ-spectrometer. The activity concentration data of 7Be and 210Pb were systematically collected in 17 areas of 

our country, as well as PM2.5, PM10 and O3 air concentration data from January 2014 to November 2023 in Nanning 

city. Finally, the Lagrangian inverse trajectory analysis technique based on the Hybrid Single-Particle Lagrangian 

Integrated Trajectory (HYSPLIT) model, combined with the clustering analysis method based on MeteoInfo software, 

was employed to analyze the seasonal characteristic control mechanism of 7Be and 210Pb. [Results] The activity 

concentrations of 7Be in 41 aerosol samples from January 2019 to May 2022 ranges from 0.27 mBq·m−3 to 

11.95 mBq·m−3, with a mean value of (3.68±0.51) mBq·m−3; the activity concentrations of 210Pb in 60 aerosol samples 

from January 2015 to December 2017 and from January 2019 to February 2021 ranges from 0.23 mBq·m−3 to 

4.33 mBq·m−3, with a mean value of (1.51±0.13) mBq·m−3. Combining the 7Be and 210Pb activity concentration data in 

17 areas of China, the seasonal distribution of 7Be and 210Pb activity concentrations in the atmosphere of China is 

characterized by an overall high in winter and spring, and a low in summer and autumn, but 7Be reaches its maximum 

value in spring while 210Pb in winter. The correlation analysis shows that 7Be has a significant positive correlation 

with PM2.5, PM10, O3, and has the best correlation with PM10. 
210Pb has a significant positive correlation with PM2.5 and 

PM10 and has the best correlation with PM2.5, while it is not correlated with O3. The traceability analysis of air masses 

in Nanning city of the 2021 shows that the summer air masses mainly come from the oceanic air masses in the south 

with lower particle concentration, and the winter air masses mainly come from the continental air masses in the north 

with higher particle concentration. Combining the 7Be and 210Pb activity concentration data in 17 areas of China, there 

are effects in the spatial distribution of 7Be and 210Pb activity concentrations. The latitudinal effects: the mean 210Pb 

activity concentration in the area north of about 40°N (3.20±0.24) mBq·m−3 is about 2.2 times higher than that in the 

area south of about 40° N (1.48±0.06) mBq·m−3; the mean value of 7Be activity concentration in the area north of 

about 35°N (7.44±0.26) mBq·m−3 is about 1.9 times of that in the area south of about 35°N (3.92±0.19) mBq·m−3. The 

altitudinal effect: the 7Be activity concentration is greater at high altitude than at low altitude. Based on the average of 

winter-spring and summer-autumn activity concentrations of 7Be and 210Pb in 17 regions of the country, it can be 

estimated that the radiation dose due to 7Be and 210Pb in winter-spring (42.08 μSv·a−1) is about 1.4 times higher than 

that in summer-autumn (31.00 μSv·a−1). Integration of monitoring data on activity concentrations of 7Be and 210Pb in 

17 regions of the country reveals that the annual effective dose due to 7Be and 210Pb in the area north of 40° N 

(65.48 μSv·a−1) is about 2.0 times higher than that in the area south of 35° N (32.75 μSv·a−1). The mean annual 

pending effective doses due to 7Be and 210Pb are 2.47×10−3 μSv·a−1 and 33.57 μSv·a−1, respectively. [Conclusions] 7Be 

and 210Pb are adsorbed on the particulate matter and transported in the atmosphere, and the PM2.5 and PM10 

concentrations are low in summer and autumn while high in winter and spring due to the monsoon regulation, so the 
7Be and 210Pb show the seasonal distribution characteristics of low in summer and autumn and high in winter and 

spring. The highest 7Be activity concentration in spring is related to the "spring leakage", while the highest 210Pb 

activity concentration in winter is mainly influenced by the Eurasian land-based air masses in the north. The 

latitudinal effect of 210Pb is probably related to the large amount of particulate matter brought by the northwest land-

source winds in winter and the combustion process in winter heating system. The latitudinal effect of 7Be may be 

attributed to the "spring leakage" of 7Be that occurs in mid-latitudes in the spring. The altitudinal effect of 7Be is 

controlled by the top-down transport of 7Be from the stratosphere to the troposphere.

Key words Aerosol, 7Be, 210Pb, Radionuclide, Radiation dose, Asian monsoon

1456



核 技 术  2025, 48: 030301

030301-3

大气气溶胶颗粒物可吸附多种放射性核素，这

些核素通过呼吸道进入人体后产生内照射，对人体

健康造成潜在危害［1-4］。7Be是宇宙射线同平流层中

的氮和氧原子相互作用的产物；210Pb主要是由土壤

释放到大气中的 222Rn经过衰变产生。7Be和 210Pb一

旦形成后很快被吸附在亚微米尺度气溶胶表面，并

随大气过程发生迁移［5-6］。大气中含有多种放射性

物质，包括原生放射性核素、宇生放射性核素和人工

放射性核素。现如今，大气中人工放射性核素因长

时间衰变含量甚微，对人体的影响几乎可忽略不计，

因此，原生和宇生来源放射性对人体剂量的贡献情

况长期以来受到人们的关注，特别是气溶胶中关键

的宇生放射性核素 7Be和原生放射性核素 210Pb对人

体的剂量贡献情况。

在我国，7Be和 210Pb是大气气溶胶辐射环境质量

监测的主要核素，观测其长期变化具有重要意义。

我国大多数城市地区气溶胶样品中 7Be和 210Pb活度

浓度季节分布特征一致，呈现出冬春高、夏秋低的特

点，前人研究多将这种季节分布的原因归结于降雨

的影响，鲜有研究报道造成 7Be和 210Pb冬春高、夏秋

低的季节分布特点的其他影响因素以及两者在季节

尺度时间分布上是否存在差异。从北半球纬度向上

看，7Be和 210Pb的活度浓度在中纬度地区达到峰值，

往赤道和北极方向活度浓度不断降低［7］。对比国

外，我国 7Be和 210Pb的数据较为匮乏，前人研究大多

局限于某个地区，鲜有研究讨论 7Be和 210Pb在我国

的空间分布上是否存在差异。

基于上述现状，本研究在观测了南宁市75个月

近地面气溶胶样品中 7Be和 210Pb的活度浓度的基础

上，整合全国 17个地区数据，分析在时间分布上大

气中 7Be 和 210Pb 活度浓度存在的季节特征，通过

将 7Be和 210Pb活度浓度与PM2.5、PM10以及O3浓度进

行相关性分析，结合基于混合单粒子拉格朗日积分

轨 迹（Hybrid Single-Particle Lagrangian Integrated 

Trajectory Model，HYSPLIT）模型的拉格朗日逆轨

迹分析技术以及基于MeteoInfo软件的聚类分析方

法，解析了 7Be和 210Pb的季节特征调控机制。研究

在空间分布上，指出了 7Be和 210Pb活度浓度存在纬

度和高度效应并解析了产生效应的机制。此外，本

研究系统评估了全国17个地区的 7Be和 210Pb吸入内

照射所致年待积有效剂量，指出 7Be和 210Pb所致辐

射剂量在时空分布上存在的差异。

1  样品采集与研究方法 

1.1　 样品采集与制备　

采样地点位于南宁市广西壮族自治区辐射环境

监督管理站（108.45°E，22.80°N），采样设备为华瑞

核安超大流量空气气溶胶采样器（HRHA01-

SFS1000/A），采样流量为 600 m3·h−1，每个样品采集

一天左右，平均一个月采集一个样品，样品采样日期

为 2015年 1月~2017年 12月以及 2019年 1月~2022

年5月，除去法定节假日，共采集并分析75个气溶胶

样 品 。 采 样 滤 膜 为 聚 丙 烯 滤 膜 ，尺 寸 为

47 cm×57 cm。采样方法如下：取一张干净的滤膜，

将滤膜受尘面朝向进气方向，平放在滤膜支持网上，

连续采样 1~2 d，保证采样体积在标准状态下大于

10 000 m³，后将采集的滤膜放入干燥设备中进行氡

子体衰变，在采样结束 5 d后取出滤膜，立即用天平

称量，在用酒精棉清洁压片机模具和工作台之后打

开滤膜，将受尘面向上平放在工作台上折叠，折叠后

的滤膜塞入压片机模具底部，使用压片机将其压制

成⌀75 mm圆形薄片，在压片后的样品表面标识滤

膜编号，装入干净的样品袋中等待上机测量。

1.2　 样品测量　

测量仪器设备为美国ORTEC公司生产的高纯

锗 γ能谱仪（GEM-C94100-LB-C和GEM-C7080-LB-

C），相对探测效率分别为175%和66%，设备由上海

市计量测试技术研究院/华东国家计量测试中心检

定并合格。使用中国计量研究院生产的滤膜监测效

率校准源对高纯锗 γ能谱分析系统进行能量刻度和

效率刻度。样品产生的 γ射线会与高纯锗晶体产生

电子-空穴对，在高压电场作用下，电子-空穴对被收

集经并放大器放大形成脉冲信号，其峰值和计数率

与 γ射线强度呈正相关，经脉冲幅度分析器（Multi-

Channel Analyzer，MCA）及模数转换器（Analoge-

Digital Converter，ADC）数据前处理后送入计算机，

经软件处理后形成 γ 能谱。利用 γ 能谱，通过识

别 7Be、210Pb仅有的特征峰并进行记录，以得到其放

射性活度浓度数据。

1.3　 年待积有效剂量估算方法　

人体吸入的大气放射性核素所致年待积有效剂

量估算方法参考《电离辐射防护与辐射源安全基本

标准》［8］，计算公式如式（1）：

Ej,inh=Iinh×DCFinh=Cair×V×DCFinh (1)

式中：Ej，inh为放射性核素 j 所致人体年待积有效剂

量，Sv·a−1；Iinh为吸入途径的放射性核素年摄入量，

Bq；Cair为大气中放射性核素活度浓度，Bq·m−3；V为
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人体年呼吸总量，m3，取自国家标准《核事故应急情

况下公众受照剂量估算的模式和参数》［9］中成人

（男）呼吸率典型值22.2 m3·d−1；DCFinh为摄入单位活

度放射性核素所致待积有效剂量的转化系数，

Sv·Bq−1，取自《电离辐射防护与辐射源安全基本标

准》［8］，具体为：对于成人（男，>17岁）来说，7Be在M

类（中速）吸收情况下转化系数为5.0×10−11 Sv·Bq−1，

在 S类（慢速）情况下为 5.5×10−11 Sv·Bq−1；210Pb在 F

类（快速）吸收情况下转化系数为 9.0×10−7 Sv·Bq−1，

在M类（中速）情况下为1.1×10−6 Sv·Bq−1，在S类（慢

速）情况下为5.6×10−6 Sv·Bq−1。

1.4　 PM10、PM2.5和O3数据来源和气团逆轨迹聚类

分析方法　

南宁市的PM10、PM2.5以及O3数据引用自中国空

气质量在线监测分析平台（网址：https：//www.

aqistudy.cn/historydata/）；逆轨迹溯源分析方法采用

美国国家大气与海洋管理局（National Oceanic and 

Atmospheric Administration，NOAA）的混合单粒子

拉格朗日集合轨迹模型（Hybrid Single-Particle 

Lagrangian Integrated Trajectory Model，

HYSPLIT）［10］；逆轨迹的聚类分析采用MeteoInfo软

件中的角度聚类分析方法。本文选取南宁市地面高

度 100 m 位置作为逆轨迹终点，使用自 NOAA 的

GDAS（Global Data Assimilation System）气象学资

料进行模拟，逆轨迹的反演起始时间选取北京时间

0点、6点、12点以及 18点整，反演用时 168 h，每 6 h

进行一次逆轨迹计算，故一天可以得到4条逆轨迹，

最后得到2021年冬夏季（冬季为2021年12月~2022

年1月，夏季为2021年6~8月）共计728条逆轨迹，之

后利用MeteoInfo软件对所有轨迹进行整合后再使

用角度聚类的方法进行聚类分析，最后得到2021年

南宁市冬夏季气团来源逆轨迹聚类图［11］。

2  结果与讨论 

2.1　 7Be和 210Pb季节特征　

南宁市 2019年 1月~2022年 5月采集的 41份气

溶 胶 样 品 中 7Be 的 活 度 浓 度 范 围 为

0.27~11.95 mBq·m−3，均值为（3.68±0.51） mBq·m−3。

2015年 1月~2017年 12月，2019年 1月~2021年 2月

采集的 60份气溶胶样品中 210Pb的活度浓度范围为

0.23~4.33 mBq·m−3，均值（1.51±0.13） mBq·m−3。南

宁市大气气溶胶样品中 7Be和 210Pb活度浓度季节变

化趋势如图 1所示，可以明显看出，7Be和 210Pb冬春

季活度浓度大于夏秋季（2018年 12月~2019年 5月

期间由于缺少12月份数据不纳入统计）。南宁市6 a

内 7Be冬春季活度浓度均值（4.61±0.72） mBq·m−3约

为夏秋季（2.22±0.60） mBq·m−3的 2.1倍。210Pb冬春

季活度浓度均值（1.84±0.17） mBq·m−3，约为夏秋季

（1.13±0.19） mBq·m−3的 1.6 倍。南宁市 7Be 和 210Pb

活度浓度季节时间分布呈现出冬春高、夏秋低的

特点。

南宁市气溶胶样品中 7Be和 210Pb活度浓度季节

变化箱型图如图2所示，7Be活度浓度季度均值由高

到 低 为 春 季 、冬 季 、秋 季 、夏 季 ，分 别 为

（4.99±1.11） mBq·m−3、（4.20±0.93） mBq·m−3、（3.30±

1.02） mBq·m−3、（1.02±0.11） mBq·m−3；210Pb 活度浓

度季度均值由高到低为冬季、秋季、春季、夏季，分别

为（2.29±0.23） mBq · m−3、（1.67±0.28） mBq · m−3、

（1.33±0.17） mBq·m−3、（0.51±0.06） mBq·m−3。南宁

市 7Be 在春季达到最大值，而 210Pb 在冬季达到最

大值。

全国 17个 7Be和 210Pb采样地点分布情况如图 3

所示，整合这 17个地区的 7Be和 210Pb活度浓度得到

的季节变化箱型图如图4所示，7Be活度浓度季度均

值由高到低为春季、冬季、秋季、夏季，分别为（6.60±

1.04） mBq · m−3、（6.23±0.87） mBq · m−3、（5.65±

0.88） mBq·m−3、（4.36±1.00） mBq·m−3；210Pb 活度浓

度季度均值由高到低为冬季、秋季、春季、夏季，分别

为（2.59±0.25） mBq · m−3、（1.98±0.19） mBq · m−3、

（1.50±0.16） mBq·m−3、（1.04±0.16） mBq·m−3。7Be冬

春季活度浓度均值（6.41±0.66） mBq·m−3，约为夏秋

季（5.01±0.66） mBq·m−3的 1.3倍。210Pb冬春季活度

浓度均值（2.05±0.19） mBq·m−3，约为夏秋季（1.51±

0.16） mBq·m−3的 1.4倍。大气中 7Be和 210Pb的整体

季节时间分布呈现出冬春高、夏秋低的特点，但 7Be

在春季达到最大值，而 210Pb在冬季达到最大值。前

人研究表明，春季中纬度平流层变低，对流层变窄，

平流层中 7Be更容易向对流层泄漏［11］（以下简称“春

季泄漏”），这是 7Be在春季达到最大值的可能原因。

冬季来源于欧亚大陆气团中的 210Pb母体 222Rn含量

较高［11］，这是 210Pb在冬季达到最大值的可能原因。

2.2　 7Be和 210Pb季节特征调控机制　

南宁市2014年2月~2023年11月，PM2.5、PM10每

月的活度浓度变化如图 5所示，南宁市PM2.5冬季均

值为（45.93±2.56） μg · m−3，春季均值为（30.53±

1.39） μg·m−3，夏季均值为（19.43±0.91） μg·m−3，秋季

均值为（32.97±2.11） μg · m−3；PM10 冬季均值为

（69.48±4.13） μg·m−3，春季均值为（53.57±2.30） μg·m−3，

夏季均值为（38.23±1.88） μg · m−3，秋季均值为

（57.77±3.60） μg·m−3。PM2.5冬春季均值为（40.00±
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1.60） μg·m−3，约为夏秋季均值（24.33±1.26） μg·m−3

的 1.6倍。PM10冬春季均值（64.10±2.38） μg·m−3，约

为夏秋季均值（45.28±2.15） μg·m−3的 1.4倍。南宁

市PM2.5和PM10浓度整体呈现出冬春高、夏秋低的特

点，这一特点与 7Be和 210Pb活度浓度整体季节特征

相同。

南宁市 7Be、210Pb活度浓度分别与PM2.5、PM10浓

度的相关性分析如图 6所示。7Be与PM2.5和PM10回

归性整体较好，且与 PM10相关性最好，在不确定范

围内差距也不是很明显，说明 7Be相对可能主要吸

附到较粗颗粒物上随大气进行传输，这一点与部分

前人的研究有些许差别［28-30］。210Pb 与 PM2.5和 PM10

回归性整体较好，在不确定范围内差距不明显且与

PM2.5的相关性最好，说明相较于粒径较大的粗颗

粒，210Pb主要吸附在相对细颗粒物表面并随大气进

行迁移传输，这一点与前人研究结果相符［29-31］。总

之，相关性分析结果表明，7Be和 210Pb都会吸附在颗

粒物上随大气进行长距离输运，而PM2.5和PM10受东

亚季风调控具有冬春高、夏秋低的特点，所以 7Be

和 210Pb 整体上也具有冬春高、夏秋低的时间分布

特征。

图 7展示了 7Be和 210Pb的活度浓度与O3浓度之

间的相关性分析，回归分析结果显示，7Be和O3浓度

之间相关系数为 0.65，p值小于 0.01，表明 7Be与O3

浓度之间有显著的正相关。210Pb与O3浓度之间的

相关性较弱，相关系数为0.22，p值为0.09，表明 210Pb

图1　(a) 南宁市 7Be活度浓度季节变化趋势图；(b) 南宁市 210Pb活度浓度季节变化趋势图（黄色区域：冬春季，12~5月；绿色区
域：夏秋季，6~11月；红色实线：冬春季均值；蓝色实线：夏秋季均值）（彩图见网络版）

Fig.1　Seasonal variation trends of 7Be activity concentration (a) and 210Pb activity concentration (b) in Nanning city (yellow area: 
winter-spring, December-May; green area: summer-autumn, June-November; red solid line: winter-spring average; blue solid line: 

summer-autumn average) (color online)

图2　南宁市 7Be (a)和 210Pb (b)活度浓度的季节变化箱型图（7Be和 210Pb的最高值分别在春季和冬季）
Fig.2　Box plots of seasonal variations in activity concentrations of 7Be (a) and 210Pb (b) in Nanning city (The highest values of 7Be 

and 210Pb are in spring and winter, respectively)
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活度浓度与O3浓度之间没有显著的线性关系，两者

之间没有相关性。 7Be 活度浓度与 O3呈显著正相

关，而 210Pb与O3不相关，说明 7Be的来源与O3相同，

与春季平流层气团向对流层气团自上而下的垂直输

送，即“春季泄漏”有关，而 210Pb主要来源于地表土壤

中释放的 222Rn在大气中的衰变，是一个自下而上的

过程，与O3来源的不同造成相关性极差。所以，7Be

在春季达到最高值主要是受自上而下的“春季泄漏”

的影响。

2021年南宁市冬夏季的气团来源逆轨迹聚类

结果如图8所示，冬季气团主要是北方的陆源气团，

其中，30.95%的气团来源于西北方向的中亚地区，

69.05%来源于华中地区。夏季气团主要是南方的

海源气团，其中，63.89%来自印度洋，36.11%来自太

图3　中国17个地区 7Be和 210Pb采样位置分布示意图[审图号GS(2016)1609]
Fig.3　Distribution of 7Be and 210Pb sampling sites in 17 areas of China [Revision Number: GS(2016)1609]

图4　中国17个地区 7Be (a)和 210Pb (b)活度浓度季节均值箱型图（7Be均值来源地区包括瓦里关山[12]、观凤山[13]、绵阳[14]、北京[15]、
青岛[16]、兰州[17]、西安[18]、合肥[19]、武汉[20]、昆明[21]、广州[22]、深圳[23]、南宁；210Pb均值来源地区包括瓦里关山[24]、观凤山[13]、北京[15]、合

肥[19]、绵阳[14]、上海[25]、武汉[20]、杭州[26]、昆明[21]、广州[22]、深圳[27]、南宁；7Be和 210Pb的最高值分别在春季和冬季）
Fig.4　Box plots of seasonal averages of 7Be (a) and 210Pb (b) activity concentrations in 17 areas of China (source areas for the 7Be 

mean include Mt. Waliguan[12], Mt. Guanfeng[13], Mianyang[14], Beijing[15], Qingdao[16], Lanzhou[17], Xi'an[18], Hefei[19], Wuhan[20], 
Kunming[21], Guangzhou[22], Shenzhen[23], Nanning; source areas for the 210Pb mean include Mt. Waliguan[24], Mt. Guanfeng[13], 

Beijing[15], Hefei[19], Mianyang[14], Shanghai[25], Wuhan[20], Hangzhou[26], Kunming[21], Guangzhou[22], Shenzhen[27], Nanning; the highest 
values of 7Be and 210Pb are in spring and winter, respectively)
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平洋。210Pb来源于自下而上从土壤中释放到大气中

的 222Rn衰变，而大陆气团相比于海洋气团拥有更高

的 222Rn含量［11］，且 210Pb形成后会吸附在 PM2.5、PM10

气溶胶上随大气进行长距离输运，而南宁市 PM2.5、

PM10浓度冬季最高、夏季最低。因此，冬季陆地来源

气团中的 222Rn含量和颗粒物浓度都高于夏季的海

源气团，这导致 210Pb活度浓度呈现冬季最高、夏季最

低的特征。所以，210Pb冬季最高、夏季最低，与东亚

季风调控下的气溶胶长距离输运有关，210Pb冬季的

最高值主要是受北方的欧亚大陆陆源气团影响。

大气气溶胶中的 7Be接近 70%在平流层形成，

30%在对流层上部形成，大气气溶胶中 7Be的活度浓

度主要受“春季泄漏”、水平方向的大气输送以及降

雨的影响［32-33］；210Pb活度浓度主要受温度、降雨和气

流运动等因素影响［32］。过去大量文献表明，降雨的

淋洗作用，使得大气中 7Be和 210Pb的活度浓度在多

雨的季节比在少雨的季节低［22-23，34-35］。广西的汛期

大概是在每年的4~9月，占全年降水量的73%［36］，而

南宁市大气气溶胶中放射性核素 7Be和 210Pb活度浓

度低值却可以出现在每年的6、7、8、11和12月，显然

小时尺度的降雨不能充分解释 7Be和 210Pb的浓度的

季节分布特点，降雨不是最终的影响因素。据林武

图5　南宁市2014年2月~2023年11月PM2.5、PM10月均活度浓度变化情况（蓝色区域：冬季，12~2月；绿色区域：春季，3~5月；红
色区域：夏季，6~8月；黄色区域：秋季，9~11月）（彩图见网络版）

Fig.5　Changes of monthly mean activity concentrations of PM2.5 and PM10 in Nanning city from February 2014 to November 2023
(blue area: winter, December-February; green area: spring, March-May; red area: summer, June-August; yellow area: autumn, 

September-November) (color online)

图6　7Be与PM2.5 (a)，7Be与PM10 (b)，210Pb与PM2.5 (c)，210Pb与PM10 (d)的相关性分析（彩图见网络版）
Fig.6　Correlation analyses between 7Be and PM2.5 (a),  7Be and PM10 (b), 210Pb and PM2.5 (c), 210Pb and PM10 (d) (color online)
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辉等［37］提出的影响 γ辐射空气吸收剂量出现“夏低

冬高”的季节特征的主要因素是东亚季风影响下的

海洋气团和大陆气团不同来源转换，本研究认为 7Be

和 210Pb出现冬春高、夏秋低的季节特征可能主要受

季风的调控。

引起南宁市 7Be活度浓度出现季节性分布差异

的因素主要包括“春季泄漏”，季风调控下的陆、海源

气团转换，而 210Pb的机制主要是季风调控下的陆、海

源气团转换。7Be和 210Pb都会吸附在颗粒物上随大

气进行传输，而大气颗粒物浓度受控于季风调控下

的陆源和海源气团转换。夏季气团来源于南方的海

源气团，这导致 7Be 和 210Pb 活度浓度在夏季最低。

冬季气团来源于北方的陆源气团，这导致 210Pb活度

浓度在冬季最高，7Be虽然也受气团来源的影响，但

由于“春季泄漏”，其浓度会在春季达到最高值。季

风调控下的颗粒物浓度的季节变化特征导致 7Be

和 210Pb整体表现出夏秋低，冬春高的季节分布特征。
7Be与O3的良好相关性佐证了 7Be在春季达到最大

值的原因可能是春季发生在中纬度地区的“春季泄

漏”，而造成 210Pb在冬季达到最大值的原因可能是冬

季来源于北方大陆气团中的 210Pb 母体 222Rn 含量

较高。

2.3　 7Be和 210Pb纬度和高度效应　

从北半球纬向上看，前人研究表明，7Be和 210Pb

活度浓度在中纬度地区达到峰值（7Be 在 40° N~

60°N［38-39］达到峰值），往赤道和北极地区浓度不断降

低［7］。本研究在测量南宁市 7Be和 210Pb活度浓度的

基础上，整合全国 17个地区的 7Be和 210Pb活度浓度

数据对比发现，210Pb在我国空间分布上存在纬度效

应，7Be在我国空间分布上存在纬度和高度效应。

如图 9所示，受纬度效应影响，地处 40°N左右

图7　7Be与O3 (a)，210Pb与O3 (b)相关性分析（彩图见网络版）
Fig.7　Correlation analyses between 7Be and O3 (a), 210Pb and O3 (b) (color online)

图8　2021年南宁市冬夏季气团来源7天逆轨迹聚类图（虚线为逆轨迹；实线为聚类分析结果；红色为2021年12月~2022年1
月冬季；蓝色为2021年6~8月夏季）（彩图见网络版）

Fig.8　7-day inverse trajectory clustering map of winter and summer air mass sources in Nanning City in 2021 (dashed line is the 
inverse trajectory; solid line is the result of clustering analysis; red is the winter from December 2021 to January 2022; blue is the 

summer from June to August 2021) (color online)
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以 北 的 北 京 地 区 210Pb 活 度 浓 度 均 值

（3.20±0.24） mBq·m−3，为40°N左右以南地区（青岛、

瓦里关山、合肥、绵阳、上海、武汉、杭州、观凤山、昆

明 、厦门 、广州 、深圳以及南宁）均值（1.48±

0.06） mBq·m−3的 2.2倍，这是由于 210Pb主要来源于

土壤析出的 222Rn在大气中的衰变，其吸附在颗粒物

上随近地表大气进行水平迁移，这是一个自下而上

的过程。故大气中颗粒物浓度是大气中 210Pb活度浓

度的一个主要影响因素，受东亚季风的影响，冬季气

团裹挟的颗粒物会从高纬度地区扩散到低纬度地

区，高纬度地区受到欧亚大陆气团的影响会比低纬

度地区更加显著，高纬度地区颗粒物的浓度相对于

低纬度地区也会更高，此外，高纬度地区由于气候寒

冷，冬季供暖系统燃烧产生的颗粒物也会相比于低

纬度地区更多。所以，高纬度地区相较于低纬度地

区会更多地受到冬季西北陆源风带来的大量颗粒物

以及冬季供暖系统的燃烧产生的大量颗粒物的影

响［39］，40°N左右以北地区 210Pb活度浓度会显著高于

40°N左右以南地区。观凤山地区土壤中U-Ra系含

量较高［13］，210Pb的母体 222Rn释放量大，这可能导致

观凤山地区 210Pb活度浓度较其他 40°N左右以南地

区更高。

如图10（a）所示，受纬度效应的影响，35°N左右

以北地区（北京、青岛和西安）近地表空气中 7Be活

度浓度均值（7.44±0.26） mBq·m−3，为35°N左右以南

地区（合肥、武汉、昆明、厦门、广州、深圳以及南宁）

均值（3.92±0.19） mBq·m−3的 1.9 倍，这是因为春季

中高纬度地区大气环流变化，平流层和对流层之间

的交换加剧，使得更多的 7Be从平流层进入对流层。

这种发生在中高纬度地区的“春季泄漏”现象导致

了 7Be在 40°N~60°N［38−39］达到最高值，所以 35°N左

右以北地区近地表空气中 7Be活度浓度会显著高于

35°N左右以南地区。如图 10（b）所示，受高度效应

的 影 响 ，7Be 活 度 浓 度 ：瓦 里 关 山（（14.65±

0.67） mBq·m−3，海拔 3 810 m）>兰州地区（（8.52±

0.32） mBq·m−3，海拔 1 572 m）>观凤山地区（（4.83±

0.26） mBq·m−3，海拔 1 080 m）>绵阳地区（（1.90±

0.32） mBq·m−3，海拔 511 m），这是因为高海拔地区

大气中的宇宙射线更强，而 7Be主要来源于平流层

中经宇宙射线照射后高能粒子的裂解，形成的 7Be

通过“春季泄漏”从平流层进入对流层，随后通过干

湿沉降迁移至地表。这是一个自上而下的迁移过

程，所以高海拔地区 7Be 活度浓度较低海拔地区

更高。

图9　中国14个地区（北京[15]、青岛[40]、瓦里关山[24]、合肥[19]、绵阳[14]、上海[25]、武汉[20]、杭州[26]、观凤山[13]、昆明[21]、厦门[35]、广州[22]、深
圳[27]、南宁）210Pb活度浓度水平箱型图（红色区域：40°N左右以北地区；绿色区域：40°N左右以南地区）（彩图见网络版）

Fig.9　Box plots of 210Pb activity levels in 14 areas (Beijing[15], Qingdao[40], Mt. Waliguan[24], Hefei[19], Mianyang[14], Shanghai[25], 
Wuhan[20], Hangzhou[26], Mt. Guanfeng[13], Kunming[21], Xiamen[35], Guangzhou[22], Shenzhen[27], Nanning) of China (red area: area north 

of about 40°N; green area: areas south of about 40°N) (color online)
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2.4　 7Be和 210Pb辐射剂量时空分布差异评估　

通过呼吸进入到人体的放射性核素会在人体内

部发生内照射，产生辐射剂量。根据全国17个地区

的 7Be和 210Pb冬春季和夏秋季活度浓度均值可估算

出冬春季 7Be和 210Pb所致年待积有效剂量均值分别

为 2.73×10−3 μSv·a−1、42.08 μSv·a−1，夏秋季7Be和 210Pb

所致年待积有效剂量均值分别为2.37×10−3 μSv·a−1、

31.00 μSv·a−1，冬春季 7Be和 210Pb所致的辐射剂量约

为夏秋季的 1.4 倍。整合全国 17 个地区的 7Be

和 210Pb的活度浓度监测数据对暴露于这两种放射性

核素的年待积有效剂量进行估算，结果如表1和表2

所示。40°N左右以北地区 7Be和 210Pb所致年待积有

效剂量均值分别为3.57×10−3 μSv·a−1、65.48 μSv·a−1，

35° N 左右以南地区分别为 1.78×10−3 μSv · a−1、

32.75 μSv·a−1，北部地区 7Be和 210Pb的剂量约为南部

地区的2.0倍。

据 2020年中华人民共和国生态环境部全国辐

射环境质量报告给出的 7Be和 210Pb活度浓度范围［43］

可大致估算出全国 7Be所致年待积有效剂量范围为

（1.62×10−5~9.36×10−3） μSv·a−1，210Pb所致年待积有效

剂量范围为 0.80~381.17 μSv·a−1。据表 1可计算出

17个地区的 7Be和 210Pb平均活度浓度分别为（5.81±

0.17） mBq·m−3、（1.64±0.04） mBq·m−3，两者所致年

待积有效剂量均值分别为 2.47×10−3 μSv · a−1、

33.57 μSv·a−1。7Be 的活度浓度约为 210Pb 的 3.5 倍，

但 210Pb所致年待积有效剂量比 7Be大4个数量级。

3  结语 

1） 时间分布上 7Be 和 210Pb 活度浓度整体冬春

高、夏秋低，但 7Be最高值出现在春季，而 210Pb出现

在冬季。7Be和 210Pb会吸附在颗粒物上随大气进行

传输，季风调控下的颗粒物浓度的季节性变化导

致 7Be和 210Pb整体呈现出冬春高、夏秋低的季节分

布特征。宇生放射性核素 7Be与O3的具有良好相关

性，佐证了自上而下的“春季泄漏”现象是造成 7Be

在春季达到最高值的主要原因，而 210Pb主要来源于

自下而上从土壤中释放的 222Rn在大气中的衰变过

程，与地表气团的水平输送有关，其在冬季的最高值

受北方的欧亚大陆陆源气团影响。

2） 7Be 和 210Pb 活度浓度在空间分布上存在差

异：纬向上，40°N左右以北地区的 210Pb活度浓度均

值（3.20±0.24） mBq · m−3，为 40° N 左右以南地区

（1.48±0.06） mBq·m−3的 2.2 倍，可能与冬季西北陆

源气团带来的大量颗粒物和冬季供暖系统的燃烧过

程释放 222Rn并载带子体 210Pb有关；35°N左右以北地

区 7Be活度浓度均值（7.44±0.26） mBq·m−3，为 35°N

左右以南地区均值（3.92±0.19） mBq·m−3的 1.9 倍，

这是由于春季发生在中纬度地区 7Be 的“春季泄

图10　中国14个地区（瓦里关山[41]、观凤山[13]、绵阳[14]、北京[42]、青岛[16]、兰州[17]、西安[18]、合肥[19]、武汉[20]、昆明[21]、厦门[35]、广州[22]、
深圳[23]、南宁）7Be活度浓度水平箱型图：(a) 受纬度效应影响地区的 7Be活度浓度水平箱型图；(b) 受高度效应影响地区的 7Be活
度浓度水平箱型图（红色区域：35°N左右以北地区；绿色区域：35°N左右以南地区；蓝色区域：高度效应影响地区）（彩图见网络

版）
Fig.10　Box plots of 7Be activity levels in 14 areas (Mt. Waliguan[41], Mt. Guanfeng[13], Mianyang[14], Beijing[42], Qingdao[16], 

Lanzhou[17], Xi'an[18], Hefei[19], Wuhan[20], Kunming[21], Xiamen[35], Guangzhou[22], Shenzhen[23], Nanning) of China: (a) Box plot of 7Be 
activity levels in areas subject to latitudinal effects; (b) Box plot of 7Be activity levels in areas subject to altitudinal effects (red areas: 

areas north of about 35°N; green areas: areas south of about 35°N; blue areas: areas subject to altitudinal effects) (color online)
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漏”。高度上，高海拔地区 7Be活度浓度大于低海拔

地区，这是因为 7Be自上而下从平流层到对流层的

迁移过程使得高海拔地区浓度较低海拔地区更高。

3） 冬 春 季 7Be 和 210Pb 所 致 的 辐 射 剂 量

（42.08 μSv·a−1）约为夏秋季（31.00 μSv·a−1）的 1.4

倍。40°N左右以北地区 7Be和 210Pb所致年待积有效

剂 量（65.48 μSv · a−1）为 35° N 左 右 以 南 地 区

（32.75 μSv·a−1）的 2.0倍。7Be和 210Pb所致年待积有

表1 中国17个地区 7Be对人体产生的年待积有效剂量
Table 1　Annual cumulative effective doses of 7Be to 

humans in 17 areas of China

城市 
City

瓦里关山Mt. 
Waliguan[41]

北京

Beijing[42]

天津

Tianjin[33]

青岛

Qingdao[16]

兰州

Lanzhou[17]

西安

Xi'an[18]

观凤山Mt. 
Guanfeng[13]

合肥

Hefei[19]

绵阳

Mianyang[14]

武汉

Wuhan[20]

昆明

Kunming[21]

厦门

Xiamen[35]

广州

Guangzhou[22]

深圳

Shenzhen[23]

南宁

Nanning

呼吸类型

Respiration type

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

M

S

7Be年待积有效剂量
7Be annual cumulative ef‐
fective doses / μSv·a−1

5.96×10-3

6.55×10-3

3.40×10-3

3.74×10-3

2.73×10-3

3.00×10-3

2.77×10-3

3.04×10-3

3.46×10-3

3.81×10-3

2.71×10-3

2.98×10-3

1.94×10-3

2.14×10-3

2.16×10-3

2.38×10-3

7.70×10-4

8.47×10-4

1.59×10-3

1.75×10-3

1.75×10-3

1.92×10-3

1.71×10-3

1.88×10-3

1.17×10-3

1.29×10-3

1.70×10-3

1.87×10-3

1.49×10-3

1.64×10-3

注：新呼吸道模型中给出的缺省肺呼吸类型，可分为中速

（moderate[M]）和慢速（slow[S]）
Notes: The default lung respiration types given in the new 
respiratory model, which can be categorised as moderate[M] 
and slow[S]

表2 中国17个地区 210Pb对人体产生的年待积有效剂量
Table 2　Annual cumulative effective doses of 210Pb to 

humans in 17 areas of China

城市

City

瓦里关山 Mt. 
Waliguan[24]

北京 
Beijing[15]

天津 
Tianjin[33]

青岛 
Qingdao[40]

观凤山 Mt. 
Guanfeng[13]

合肥 
Hefei[19]

绵阳 
Mianyang[14]

上海 
Shanghai[25]

武汉 
Wuhan[20]

杭州 
Hangzhou[26]

昆明 
Kunming[21]

厦门 
Xiamen[35]

广州 
Guangzhou[22]

深圳 
Shenzhen[27]

南宁 
Nanning

呼吸类型

Respiration type

F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S
F
M
S

210Pb年待积有效剂量
210Pb annual cumulative 
effective doses / μSv·a−1

13.13
16.04
81.68
23.26
28.43
144.75
7.73
9.45
48.10
6.78
8.29
42.20
20.42
24.96
127.06
12.11
14.80
75.33
12.03
14.71
74.87
14.51
17.74
90.30
10.87
13.28
67.61
9.55
11.68
59.44
6.86
8.38
42.65
6.20
7.58
38.57
12.91
15.78
80.32
11.52
14.08
71.70
11.01
13.46
68.52

注：新呼吸道模型中给出的缺省肺呼吸类型，可分为快速

（fast[F]）、中速（moderate[M]）和慢速（slow[S]）
Notes: The default lung respiration types given in the new respi‐
ratory model, which can be categorised as fast[F],moderate[M], 
and slow[S]
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效剂量均值分别为2.47×10−3 μSv·a−1、33.57 μSv·a−1。

作者贡献声明 黄思宇负责数据分析、数据处理和

稿件撰写；林武辉负责提供数据的分析指导和论文

的理论指导与撰写；何贤文负责实验样品的采集制

备，数据收集整理；林晓东负责提供数据的分析

指导。
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涠洲岛珊瑚礁区有机氯农药的污染水平、来源和生物富集特征研究
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摘　要： 为探究广西涠洲岛珊瑚礁区有机氯农药 （Organochlorine pesticides，OCPs） 的暴露情况，使用气相色

谱串联三重四极杆质谱（GC-MS/MS）对涠洲岛周围西北、西南和东面 3个方位的珊瑚礁区海水、沉积物、珊瑚

宿主（珊瑚虫）组织和共生虫黄藻中7种OCPs的污染水平、来源和生物富集特征进行了研究。结果显示，涠洲

岛珊瑚礁区海水普遍存在 OCPs，滴滴涕（DDTs）是 OCPs 中的主要成分，其中海水∑7OCPs 的含量为（119±

118） pg/L，∑6DDTs 的含量为（84.1±82.3） pg/L，沉积物、珊瑚宿主组织和虫黄藻中∑7OCPs 的含量分别为

（0.27±0.22） ng/g dw、（1.90±2.04） ng/g dw和（17.70±7.29） ng/g dw。珊瑚宿主组织和共生虫黄藻中 7种目标

OCPs的 lgBAFs的平均值为 2.04~3.44和 2.25~4.06，表明共生虫黄藻比珊瑚宿主对 OCPs具有更强的富集能

力，这种更高的富集能力是否会带来更高的生态风险值得深入研究。生态风险评价结果显示，当前涠洲岛珊

瑚礁区沉积物和海水中 7种目标OCPs的生态风险都处于较低水平。来源解析结果显示，历史残留物质是涠

洲岛珊瑚礁区DDTs的主要来源，其中以三氯杀螨醇产品为主。

关键词： 珊瑚； 有机氯农药； 来源解析； 生态风险评价； 生物富集

中图分类号： X 592   文献标志码： A

珊瑚礁生态系统被誉为“海底热带雨林”和

“海底花园”，其面积仅占整个海洋的不到 0.2%，

却为超过 25%的海洋生物提供了生存空间，是海

洋中最具生物生产力和多样性的生态系统。

但同时珊瑚礁生态系统也是敏感脆弱的［1］，

人为对珊瑚礁的压力已经超过了珊瑚的再生能

力，造成物种组成的急剧变化和严重的生态及经

济损失［2］。在南海，由于过度捕捞、污染、疾病和

气候变化等，活珊瑚覆盖率出现了急剧下降的问

题［3-4］。由有毒物质（如农用化学品、工业毒素和

生活垃圾等）引起的水质退化往往对近岸珊瑚造

成更大程度的影响［4-5］。

化学污染物可以通过各种途径进入珊瑚礁

系统，被认为是导致珊瑚礁系统衰退的重要因素

之一。持久性有机污染物（Persistent organic 

pollutants， POPs）具有长距离运输、持久性、生物

蓄积性和生物毒性等特点而备受关注。有机氯

农药（Organochlorine pesticides， OCPs）是一种典

型的 POPs，可通过长距离大气输送、洋流和动物

迁移等各种途径在局部和全球范围内传播，导致

其在空气、海水、湖泊、沉积物和生物体内普遍存

在［6-8］。现有数据表明，近年来由于与生产和使用

有关的OCPs主要来源的减少，大多数OCPs的环

境水平都有所下降。然而，由于二次排放，如旧

库存（沉积物、土壤和水等）中的释放、少数含有

OCPs的旧类型设备仍在使用，OCPs污染仍然值

得进一步关注［9］。

涠洲岛位于北部湾东北部，是广西沿岸最大

的岛屿，拥有典型的滨海珊瑚礁生态系统。在珊

瑚生存严重受全球变暖影响的大背景下，涠洲岛

拥有较高纬度的地理位置，是中国最高纬度的大

面积珊瑚礁生长区域，可以为珊瑚生存提供一个
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拥有较低温度海水的“避难所”，研究涠洲岛珊瑚

生境对未来珊瑚向高纬度扩散生长的适应性有

重要意义。然而有机污染物也在威胁着涠洲岛

珊瑚的生存，已有研究揭露了 2015、2016、2018年

涠洲岛珊瑚礁区海水、鱼类、浮游生物、珊瑚宿主

组织和黏液中的OCPs的污染水平［9-11］，但对于为

珊瑚宿主生存提供大部分能量的珊瑚共生虫黄

藻体内的 OCPs 含量水平以及富集特征尚不明

确。本研究的结果将有助于了解涠洲岛珊瑚礁

区代表性OCPs的污染水平、来源与生态风险，为

涠洲岛珊瑚礁生态系统的保护与修复提供科学

依据与理论基础。

1　材料与方法

1.1　样品采集

本研究于 2021 年 9 月根据《海洋监测规范》

（GB17378—2007）在北部湾涠洲岛珊瑚礁区西

北、西南和东边 3个区域（图 1）采集了 3个海水样

品、6 个沉积物样品和 10 个珊瑚样品。3 个采样

区域都是涠洲岛珊瑚覆盖率较高区域，与涠洲岛

陆地的最短距离几乎一致。其中，位于西南的S1

区域靠近种植大量甘蔗和香蕉的村庄，农业活动

可能是 OCPs 的排放源之一。位于西北的 S2 区

域位于港口附近，频繁活动的船只可能是DDT的

重要来源。位于东边的 S3区域靠近多个旅游景

区。除污染源外，水文特征和生物地球化学转化

过程也会在污染物的空间分布中发挥重要作用。

由于采样区域水深不足 10 m，本研究仅采集表层

水样，每个样品采集 25 L海水，用玻璃纤维滤膜

（Whatman， GF/F， 0.7 μm）过滤，滤液以 1 L/min

速度透过净化后的聚氨酯泡沫（PUF）对溶解态

OCPs进行现场富集。珊瑚及沉积物样品通过水

肺潜水采集，采集的样品用铝箔样品袋封口进行

低温保存。全部样品密封冷藏后运回实验室，在

-20 °C的冰箱保存等待后续分析 。

1.2　目标物标准品、化学试剂与药品

选取六氯苯（HCB）和 6种 DDTs为主要目标

化合物，2，4，5，6-四氯-间二甲苯（TCMX）、2，4，

6-三氯联苯（PCB30）、2，2'，3，4，4'，5，6，6'-八氯联

苯（PCB204）为 3种回收率指示剂，13C标记 2，2'，

3，4，4'，5'-六氯联苯（13C12-PCB138）为内标化合

物，它们均购自美国 Accustandard公司。二氯甲

烷（色谱纯）、正己烷（色谱纯）和丙酮（色谱纯）均

购自上海安谱公司。70~230目中性氧化铝购自

德国Merck公司，在烤箱 250 ℃烘烤 12 h，马弗炉

450 ℃灼烧 6 h，冷却后按质量加入 3% 蒸馏水活

化。无水硫酸钠购自上海安谱公司，于马弗炉

450 ℃灼烧 6 h。80~200 目硅胶购自德国 Merck

公司，烤箱 180 ℃烘烤 12 h，马弗炉 450 ℃灼烧

6 h，冷却后加入占总质量一半的硫酸进行酸化。

1.3　样品预处理

采用 CAROSELLI 等［12］的方法，使用高压水

枪将珊瑚宿主组织与骨骼冲洗分离。冲洗液使

用电动匀浆器以 10 s/次机械破坏珊瑚宿主组织 3

次。匀浆液于 4 ℃ 条件下 5 000 r/min 离心

5 min，将共生虫黄藻从珊瑚宿主组织中分离，并

收集离心管底部的共生虫黄藻，使用光学显微镜

对收集到的虫黄藻进行形态学鉴定，确认收集到

的是虫黄藻。上清液重复离心 3次后，收集离心

后的所有上清液和共生虫黄藻，其中上清液包含

珊瑚宿主组织。将上清液和共生虫黄藻冷冻干

燥以待OCPs的萃取。采用DING等［9］的方法，冷

冻干燥后的珊瑚宿主组织和共生虫黄藻，在加入

20 ng 回收率指示剂（TCMX、PCB204、PCB30）

后，使用体积比为 1∶1的正己烷和丙酮混合溶剂

在恒温水浴条件下索氏提取 48 h。移取 2 mL虫

黄藻抽提液于 4 mL 规格的棕色瓶中，用温和的

氮气吹扫浓缩提取液至刚刚盖住瓶底，加入丙酮

以置换原混合溶剂（重复 3 次），使用 Arnon 法测

定虫黄藻中叶绿素 a（Chlorophyll a， Chl.a）的含

量［13］。剩余抽提液使用旋转蒸发仪浓缩至约

1 mL，加入 3 mL正己烷继续浓缩以置换原溶剂，

图 1　涠洲岛珊瑚礁区采样点站位信息
Fig. 1　Station information of sampling points in the 

coral reef area of Weizhou Island
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重复 3次。将提取液转移到 4 mL棕色样品瓶中，

使用温和的氮气将浓缩液吹扫至约 1 mL。将浓

缩液移入由上至下依次装有 1 cm 无水硫酸钠、

3 cm酸性硅胶和 3 cm中性氧化铝的玻璃层析柱

进行分离和纯化。利用体积比为 1∶1的正己烷和

二氯甲烷混合溶剂洗脱玻璃层析柱，洗脱液装入

15 mL规格的棕色样品瓶中。用温和的氮气将浓

缩液吹扫至 200 μL，加入 100 ng 13C12-PCB138 作

为内标，待仪器分析。

沉积物样品冷冻干燥，充分研磨过筛后混

匀。准确称量 10.00 g沉积物干样品，并用滤纸包

裹置于抽提筒中以待OCPs的索氏抽提。另外再

取2 g沉积物干样品于离心管中，加入1 mL 1 mol/

L的盐酸溶液超声1.5 h，重复多次，直至去除全部

无机碳。使用超纯水调节 pH至中性后于烘箱中

低温烘干，取 100 mg干样品于元素分析仪上测定

总有机碳百分数（TOC）。

富集海水样品的 PUF 冷冻干燥后放入抽提

筒中等待抽提。沉积物和 PUF，在加入 20 ng 回

收率指示剂（TCMX、PCB204、PCB30）后，使用二

氯甲烷在恒温水浴条件下索氏提取 48 h。抽提

液使用旋转蒸发仪浓缩至 1 mL 左右，加入约 

3 mL 正己烷继续浓缩以置换原溶剂，重复 3 次后

转移至 4 mL 棕色样品瓶中。后续处理方法与珊

瑚和虫黄藻样品的处理方法一致。

1.4　仪器分析

使用安捷伦 7890B 气相色谱串联 7000C 三

重四极杆质谱仪（GC-MS/MS）对样品进行分析。

使用安捷伦公司生产的 HP-5MS 石英弹性毛细

管柱（30 m×250 μm，0.25 μm）对OCPs进行分离。

MS 电离采用电子冲击（EI）源，在多反应监测

（MRM）模式下进行数据采集［9］。7种目标OCPs、

3 种回收率指示剂和内标（ISTD）的 GC-MS/MS

参数见表1。

1.5　质量控制

整个实验过程严格按照相关标准，设置了实

验室流程空白、野外空白、回收率指示剂、平行样

和分析仪器检出限来进行质量控制。采用内标

法定量分析目标OCPs含量。每批10个样品中加

入实验室流程空白和对照样品来评估实验过程

可能造成的污染，同时检测仪器的稳定性。回收

率指示剂 TCMX、PCB30 和 PCB204 的回收率分

别为（74±15）%、（85±13）%和（102±9）%。OCPs

含量未经回收率指示剂校正。仪器的检出限

（IDLs）定义为信噪比为3时的含量。

1.6　统计分析

采用 Shapiro-Wilk 检验数据的正态性。当

数据服从正态分布时，分组数据之间的差异和相

关性分别采用独立样本 t检验和皮尔逊相关性检

验（IBM SPSS Statistics 26.0），否则采用非参数检

验和非参数秩相关性检验。P<0.05 时为差异性

或相关性显著，P<0.01 为差异性或相关性极显

著。

1.7　生态风险评估

使用生物的半数效应浓度（EC50，ng/L）或半

数致死浓度（LC50，ng/L）计算海水或沉积物中

OCPs的风险熵（RQ），由公式（1）和（2）计算：

表 1　目标 OCPs、回收率指示剂及内标物的 GC-MS/MS 参数
Tab. 1　GC-MS/MS parameters of target OCPs， recovery indicators and internal standards

污染物
Contaminants

ISTD

HCB

o,p'-DDT

p,p'-DDT

o,p'-DDD

p,p'-DDD

o,p'-DDE

p,p'-DDE

TCMX

PCB204

PCB30

保留时间
Retention time/min

23.4

10.6

21.6

23.3

21.1

22.6

18.0

21.1

9.2

25.9

11.3

定量离子对
Quantitative ion pairs/（m/z）

371.9→301.9

283.8→213.9

235.0→165.0

235.0→165.0

235.0→165.0

235.0→165.0

246.0→176.0

246.0→176.0

244.0→208.8

429.8→359.8

256.0→186.0

定性离子对
Qualitative ion pairs/（m/z）

299.9→229.9

283.8→248.8

237.0→165.0

237.0→165.0

237.0→165.0

237.0→165.0

248.0→176.0

316.0→246.0

244.0→173.7

427.8→357.8

258.0→186.0

电离模式
Ionization mode

+

+

+

+

+

+

+

+

+

+

+

889

1472



34 卷 

http://www.shhydxxb.com

上 海 海 洋 大 学 学 报

PNEC = EC50  AF  或 PNEC =  LC50 AF （1）

RQ = MEC
PNEC （2）

式中：MEC为海水或沉积物中OCPs的环境浓度

或含量， ng/L或ng/g，如果未检出则使用1/2 MDLs

代替计算；PNEC 为 OPEs 的预测无效应浓度或

含量， ng/L 或 ng/g；AF 为评价因子，取 1 000。

当 RQ≥1.0表示高风险，0.1≤RQ<1.0表示中风险，

0.01≤RQ<0.1表示低风险［14］。

2　结果与讨论

2.1　涠洲岛珊瑚礁区海水和沉积物中有机氯农

药的含量水平和组成特征

如表 2的研究结果所示，OCPs在涠洲岛珊瑚

礁区普遍存在，海水中7种目标OCPs检出率均达

到 100%，其含量之和（∑7OCPs）平均为 （119±

118） pg/L，其中 ∑6DDTs 的含量为（84.1±82.3） 

pg/L，与 2018 年涠洲岛海水［∑6DDTs （55.9 ± 

12.0） pg/L］相比［11］，含量显著增加（P<0.01）。

∑6DDTs浓度［（84.1±82.3） pg/L］低于中国海水水质

标准 （GB3097—1997）的最严格限值（<50 ng/L），

满足一类水体要求。沉积物中 7种目标OCPs的

检出率相对海水较低，为 17%~83%，∑7OCPs 平

均含量为（0.27±0.22） ng/g dw（干质量），与中国

14 个 典 型 潮 间 带 的 OCPs 平 均 含 量（0.655~

211.109 ng/g）相比［15］，处于较低水平。沉积物以

珊瑚砂为主，珊瑚和贝壳碎片较多，无机碳酸盐

在沉积物中的质量占比为 69%~94%。因此，沉积

物中 TOC 使用无机碳酸盐的质量进行了校准。

沉积物中TOC范围为 0.30%~2.59%，校准后TOC

范围为 0.09%~0.48%。沉积物中∑7OCPs与校准

后的 TOC 具有显著相关性（P<0.05），表明 TOC

是影响该区域沉积物中OCPs水平的主要因素之

一。如图 2所示，不同的DDT在海水和沉积物中

有不同的组成，在海水中 p，p'-DDE 占比最高，

达到 90%；沉积物中 o，p'-DDD、p，p'-DDE 和

p，p'-DDD 为主要成分，分别占 38%、31% 和

18%。如图 3所示，不同采样区域相比，位于港口

附近的 S2区域水体中∑7OCPs含量最高，并远远

高于S1和S3区域，这可能与船舶防污漆中DDTs

的释放相关。S1站点并没有预想中较高的OCPs

含量，说明相比于港口，农业源残留的OCPs较低。

结果表明，在涠洲岛珊瑚礁区 DDTs 占检出

OCPs 中的较大部分，这与过去几十年中国大量

生产和使用 DDT有关。KANG等［11］对涠洲岛珊

瑚礁区、DING 等［9］对南海鱼类以及 LYU 等［15］对

中国潮间带沉积物的研究结果也得出了类似的

结论。在 1983年禁止DDT在农业生产的使用之

前，中国商业用途的 DDTs生产总量超过 43万 t。

直接使用技术性DDT和含DDT的三氯杀螨醇都

可能使 DDT进入环境。从 1950年到 2005年，中

国平均每年利用 250 t DDT 来生产防污涂料［16］，

研究表明，防污涂料是中国渔港 DDT 的重要来

源。尽管在 1983年斯德哥尔摩公约和 2014年实

施的相关政策已经禁止了技术性DDT和防污涂

料中加入 DDT，但是我国目前仍然存在 4 个

图 2　涠洲岛珊瑚礁区海水、沉积物、珊瑚宿主组织和共生虫黄藻中 DDTs 的组成特征
Fig. 2　Composition of DDTs in seawater， sediment， coral tissues and Symbiodinium in 

the coral reef area of Weizhou Island
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DDTs的来源，包括历史上使用DDTs造成过污染

的土壤和海洋等、直接用于进行疾病防控（如疟

疾等）的DDTs和含有DDTs的防污涂料以及三氯

杀螨醇［15］。

2.2　珊瑚宿主组织和共生虫黄藻中有机氯农药

的含量水平和组成特征

珊瑚共生虫黄藻中∑7OCPs 含量［（17.70±

7.29） ng/g dw］显著高于珊瑚宿主组织中∑7OCPs

含量［（1.90±2.04） ng/g dw］（P<0.01），其中珊瑚共

生虫黄藻中DDTs的含量显著高于珊瑚宿主组织中

DDTs的含量（P<0.01），但HCB含量两者之间并无

显著差异（P>0.05）。珊瑚宿主组织中∑6DDTs含

量与南海沿岸珊瑚宿主组织中∑6DDTs 含量

［（22.00±15.10） ng/g dw］和南海近海珊瑚宿主组

织中∑6DDTs含量［（3.23±5.06） ng/g dw］［10］相比

处于较低水平。与 2018 年涠洲岛珊瑚礁区珊瑚

宿主组织中∑6DDTs含量［（1.05±1.02） ng/g dw］

相比略微增大（图4）。

珊瑚共生虫黄藻富集OCPs的能力比珊瑚宿

主组织更强，这可能会严重阻碍共生虫黄藻为珊

瑚宿主提供能量的效率，进一步影响珊瑚的生长

状态，破坏整个珊瑚礁生态系统的稳定。

2.3　涠洲岛珊瑚宿主组织和共生虫黄藻中有机

氯农药的生物富集特征

图 5 展示了 7 种目标 OCPs 在涠洲岛珊瑚宿

主组织和共生虫黄藻中的 lgBAFs，珊瑚宿主组织

表 2　涠洲岛珊瑚礁区海水和沉积物中 OCPs 检出率及含量水平
Tab. 2　Detection rates and concentrations of OCPs in seawater and sediments in 

the coral reef area of Weizhou Island

污染物
Contaminants

HCB

o，p'-DDE

o，p'-DDT

o，p'-DDD

p，p'-DDE

p，p'-DDT

p，p'-DDD

∑DDTs

∑7OCPs

海水
Seawater/（pg/L）

检出率
Detection rate

100%

100%

100%

100%

100%

100%

100%

范围
Range

6.93~85.18

0.04~0.20

0.09~9.83

0.43~8.02

19.90~180.75

0.21~0.85

0.38~0.88

23.96~200.40

34.79~285.57

平均值±标准差
Mean±SD

34.82±35.57

0.10±0.07

3.98±4.21

3.15±3.45

75.59±74.27

0.49±0.27

0.57±0.02

84.07±82.27

118.89±117.86

沉积物
Sediment/（ng/g）

检出率
Detection rate

83%

50%

33%

50%

83%

17%

67%

范围
Range

nd~0.10

nd~0.01

nd~0.09

nd~0.22

nd~0.15

nd~0.02

nd~0.12

nd~0.59

nd~0.69

平均值±标准差
Mean±SD

0.04±0.03

nd

0.02±0.03

0.09±0.09

0.07±0.05

nd

0.04±0.04

0.22±0.19

0.27±0.22

注：nd表示无检出。

Notes： nd means no detected.

图 3　涠洲岛 3 个不同站位的海水和沉积物中 OCPs 的含量
Fig. 3　Concentrations of OCPs in seawater and sediments at three different stations near Weizhou Island
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和共生虫黄藻中 7种目标OCPs的 lgBAFs的平均

值为 2.04~3.44 和 2.25~4.06，表明总体上虫黄藻

比珊瑚宿主表现出更强的对 OCPs 的富集能力。

化合物的辛醇-水分配系数（Kow）通常被认为是

揭示化合物亲脂性能大小的指标。涠洲岛珊瑚

礁区中 7种目标OCPs的 lgBAFs和 lgKow在珊瑚

宿主组织和共生虫黄藻中相关性均不显著（P=

0.544>0.05、P>0.05）。这可能是因为样本数量较

少，削弱了 lgBAFs和 lgKow之间的相关性，抑或

是珊瑚表层黏液的存在影响了组织和虫黄藻对

污染物的吸收。除此之外，在涠洲岛珊瑚礁区内

7种目标 OCPs在海水与珊瑚之间的平衡应当还

存在其他不确定的影响因素，例如 OCPs 在海洋

生物体内被吸收的速率可能较慢，并且经历了降

解等过程。环境因素（如温度、溶解有机碳等）也

可能潜在影响着OCPs的生物富集能力［9］。REN

等［17］认为，摄食模式也是生物群落中 OCPs生物

富集潜力的重要因素。因此，影响珊瑚富集污染

物的因素需要通过室内实验进一步探索和分析。

除此之外，珊瑚宿主组织和共生虫黄藻对 OCPs

的富集也可能反过来影响 OCPs 在环境中的分

布，使得珊瑚礁区作为OCPs的汇集，让生活在珊

瑚礁生态系统中的生物富集更多的 OCPs，这一

点也需要进一步开展实验探究。

2.4　 涠 洲 岛 珊 瑚 礁 区 海 水 、沉 积 物 与 珊 瑚 中

DDTs 的来源解析

根据DDTs中DDT及其代谢产物DDE、DDD

之间的不同组合比例可以指示 DDTs 的可能来

源。根据图 2可知海水中对DDTs贡献最大的是

p，p' -DDE（90.1%），其次是 o，p'-DDT（4.7%）、o，

p'-DDD （3.7%）、p，p'-DDD（0.7%）、p，p'-DDT

（0.6%）和o，p'-DDE（0.1%）；沉积物中贡献最大的

是 o，p'-DDD（40.9%）和 p，p' -DDE（31.8%），其次

是 p，p'-DDD（18.2%）和 o，p'-DDT（9.1%）。通常，

DDT可以在好氧条件下生物降解为DDE，在厌氧

条件下生物降解为 DDD。表达式（DDE+DDD）/

DDTs>0.5 表明 DDTs 来自历史残留，而（DDE+

DDD）/DDTs＜0.5 表示 DDTs 存在新的输入［18］。

在本研究中，该比值为 0.81~1.00，表明历史残留

是涠洲岛珊瑚礁区DDTs的主要来源。o，p'-DDT

与 p，p'- DDT的比值可用于区分技术性DDT与三

氯杀螨醇造成的DDT污染［19］。ZHOU等［21］的研究表

明，技术性DDT的主要成分是p，p'-DDT （75%）， o，

p'-DDT（15%）和 p，p'-DDE（5%），其他代谢产物

的贡献<5%。o，p'-DDT /p，p'-DDT的值在技术性

图 4　涠洲岛珊瑚礁区珊瑚宿主组织和共生虫黄藻中
OCPs 的含量

Fig. 4　Concentrations of OCPs in coral tissues and 
Symbiodinium in the coral reef area of Weizhou Island

图 5　涠洲岛珊瑚宿主组织和共生虫黄藻中 OCPs 的
lgBAFs

Fig. 5　The lgBAFs of OCPs in the coral tissues and 
Symbiodinium of Weizhou Island
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DDT中为 0.2至 0.3，在三氯杀螨醇中为 1.3至 9.3

或更高。本研究中 o，p'-DDT /p，p'-DDT 的数值

为 0.44~15.67，表明该区域DDTs主要来源于三氯

杀螨醇。

珊瑚宿主组织中存在多种DDTs低于检出限

（o，p'-DDE、o，p'-DDT、p，p'-DDT），DDT 含量低

于检测限可能是由于生物代谢转化过程的结

果［20］，DDT 转化为 DDE、DDD、DDMS 和 DDMU

等高阶代谢产物。

2.5　涠洲岛珊瑚礁区海水、沉积物与珊瑚共生体

中有机氯农药的生态风险评估

对比表 3和表 4的数据，根据公式 1和 2计算

结果可知，涠洲岛珊瑚礁区沉积物和海水中 7种

目标OCPs的生态风险都处于较低水平。

当前关于OCPs对珊瑚礁无脊椎动物毒性的

信息较少，无法评估 OCPs 对珊瑚礁共生体的慢

性潜在影响。先前的一项实验室研究表明，千孔

珊瑚（Acropora millepora）暴露在含低浓度（0.3~

1.0 μg/L）硫丹的水环境中，会导致其沉降和变形

减少 50%~100%［23］。结合 DING 等［24］之前的研

究，涠洲岛珊瑚礁区生物体内多氯联苯（PCBs）和

有机氯农药（OCPs）的部分化合物出现了随鱼类

食物链持续积累的现象，结合食物链和食物网对

有机氯农药的毒性研究是很有必要的。

3　结论

2021年 9月涠洲岛周边珊瑚礁区海水中 7种

目标OCPs普遍存在，总含量为 （119±118） pg/L，其

中∑6DDTs 达 （84.1±82.3） pg/L，较2018年显著上

升（P<0.01），表明海水OCPs污染加重，尤其是港口

的人类活动会增加涠洲岛OCPs污染。沉积物中7

种目标OCPs检出率为17%~83%，∑7OCPs含量为 

（0.27±0.22） ng/g dw，低于中国 14个典型潮间带。

共生虫黄藻中∑7OCPs含量［（17.7±7.29） ng/g dw］

显著高于珊瑚宿主组织［（1.90±2.04） ng/g dw］（P<

0.01），主要由DDTs贡献， HCB 在二者之间的差异

不显著（P>0.05）。珊瑚宿主组织中∑6DDTs含量

较2018年略增。珊瑚宿主组织与共生虫黄藻7种

目标 OCPs 的 lgBAFs 均值分别为 2.04~3.44 和

2.25~4.06，虫黄藻比珊瑚宿主组织表现出更高的

OPCs富集能力。来源解析表明，三氯杀螨醇相关

产品是DDTs主要来源，且以历史残留为主。生态

风险评估显示，当前该区域沉积物与水体中7种目

标OCPs的生态风险均较低。

作者声明本文无利益冲突。

表 3　涠洲岛珊瑚礁区表层沉积物中 OCPs 生态风险
Tab. 3　Ecological risks of OCPs in the surface sediments of the coral reef area of Weizhou Island

污染物名称
Name of pollutant

HCB

o,p'-DDD

p,p'-DDD

o,p'-DDT

p,p'-DDT

o,p'-DDE

p,p'-DDE

PNEC

3

37.9

9

30

9

15

53.5

WZ-01

3.47×10-2

5.69×10-4

2.59×10-3

3.33×10-4

1.11×10-3

5.69×10-4

2.33×10-3

WZ-02

3.32×10-2

6.50×10-4

1.34×10-2

3.07×10-3

2.64×10-3

5.69×10-4

2.34×10-3

WZ-03

1.89×10-2

5.74×10-4

1.03×10-2

9.61×10-4

1.11×10-3

5.69×10-4

3.14×10-3

注：PNEC数据来源于文献［21］。
Notes： The data are sourced from the literature ［21］.

表 4　涠洲岛珊瑚礁区海水中 OCPs 生态风险
Tab. 4　Ecological risks of OCPs in the seawater of the coral reef area of Weizhou Island

污染物名称
Name of pollutant

DDTs

PNEC

130

WZ-01

2.14×10-4

WZ-02

1.5×10-3

WZ-03

1.84×10-4

注：PNEC数据来源于文献，DDTs表示o，p'-DDD、p，p'-DDD、o，p'-DDT、p，p'-DDT、o，p'-DDE和p，p'-DDE的总和［22］。
Notes： Data from the literature， DDTs represents the sum of o， p'-DDD， p， p'-DDD， o， p'-DDT， p， p'-DDT， o， p'-DDE and p， p'-DDE.
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Occurrence， sources and bioaccumulation of organochlorine pesticides in 
the Weizhou Island coral reef area

QIN Guibang1，2，3， ZHANG Ruijie1，2，3， WANG Yuxuan1，2，3， KANG Yaru1，2，3， SHI Jingwen1，2，3， WANG 

Chenyan1，2，3， HAN Minwei1，2，3， YU Kefu1，2，3，4

（1. School of Marine Sciences， Guangxi University， Nanning 530004， Guangxi， China；2. Guangxi Laboratory on the Study 

of Coral Reefs in the South China Sea， Nanning 530004， Guangxi， China；3. Coral Reef Research Center of China， Guangxi 

Uhiversity， Nanning 530004， Guangxi， China；4. Southern Marine Science and Engineering Guangdong Laboratory

（Guangzhou），Guangzhou 511458， Guangdong， China）

Abstract: To explore the exposure situation of organochlorine pesticides （OCPs） in the coral reef area of 

Weizhou Island， Guangxi， gas chromatography-tandem triple quadrupole mass spectrometry （GC-MS/

MS） was used to study the pollution levels， sources， and bioaccumulation characteristics of seven kinds of 

OCPs in seawater， sediments， coral host （i.e.， coral polyp hosts） tissues， and Symbiodinium in the coral 

reef areas in the northwest， southwest， and east directions around Weizhou Island. The results showed that 

OCPs were commonly present in the seawater of the coral reef area of Weizhou Island. DDTs were the main 

components among OCPs. The concentration of ∑7OCPs in seawater was（119±118） pg/L， and the 

concentration of ∑6DDTs was（84.1±82.3） pg/L. The concentrations of ∑7OCPs in sediments， coral host 

tissues， and zooxanthellae were（0.27±0.22） ng/g dry weight， （1.90 ± 2.04） ng/g dry weight， and（17.7±

7.29） ng/g dry weight， respectively. The average values of lg BAFs of the seven target OCPs in coral host 

tissues and Symbiodinium were 2.04-3.44 and 2.25-4.06， indicating that Symbiodinium had a stronger 

enrichment ability for OCPs than coral hosts. Whether this higher enrichment ability will bring higher 

ecological risks is worthy of in-depth study. The results of ecological risk assessment showed that the 

ecological risks of the seven target OCPs in the sediments and seawater of the coral reef area of Weizhou 

Island were currently at a relatively low level. The results of source apportionment showed that historical 

residues were the main sources of DDTs in the coral reef area of Weizhou Island， mainly dominated by 

dicofol products.

Key words: coral reef； organochlorine pesticides； source analysis； ecological risk assessment； 

bioaccumulation
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基于科教融合人才培养模式的
“化学海洋学”教学改革与实践

裴继影１∗ 　 张樱元２ 　 余克服１ 　 余文峰１ 　 张瑞杰１ 　 王 瑞１

１．广西大学海洋学院　 广西南宁　 ５３０００４；２．广西大学资源环境与材料学院　 广西南宁　 ５３０００４

摘　 要：“化学海洋学”课程作为海洋类专业的重要基础课之一，在培养创新型海洋人才中扮演着重要角色。 本文以

科教融合为主题，通过对“化学海洋学”课程教学现状的深入分析，提出了一系列新的教学改革思路。 这些思路包括结合

多种教学手段将科研融入课堂教学，以及优化教师与学生的评价体系。 在实践中，科教融合的人才培养模式不仅取得了

令人满意的成果，而且为提升海洋科学专业课程教学效果、强化科研育人功能提供了有益参考。
关键词：科教融合；化学海洋学；创新人才

一、概述

“化学海洋学”是海洋科学领域的一个重要分支，是海

洋科学专业的核心课程之一［１］ 。 它专注于研究海洋各部

分的化学成分、物质分布和化学过程。 在构建海洋强国的

进程中，“化学海洋学”发挥着重要作用，为海洋资源的开

发利用、环境保护、气候变化研究、能源开发以及药物研发

等提供科学依据和技术支持［２］ 。 作为理论与应用并重的

基础课程，“化学海洋学”旨在培养学生掌握海水的基本性

质，了解研究热点和发展方向，并提升学生对海洋化学重

要性的认识。 同时，它也致力于培养学生具备综合素质和

扎实的海洋化学理论基础，使他们成为从事海洋化学研究

与应用的高水平专业人才。 这就要求教师在教学过程中

不仅要引导学生学习基本理论知识，还应注重培养学生科

学思维和解决问题的能力，运用科教融合的教学模式，鼓
励学生运用所学知识来探索海洋科学领域的挑战和机遇。

科教融合是新时代高等院校落实现代化人才培养、提
高一流人才培养质量的必然选择，目的是构建教学与科研

协同发展、相互促进的人才培养体系，提高人才培养质

量［３］ 。 它将科研与教学深度结合，鼓励学生积极参与科研

活动，并将最新科研成果引入教学过程。 特别是在交叉学

科如海洋化学中，科教融合为提供全面视角和方法、促进

学科深度互动、培养学生跨学科思维和综合运用知识的能

力发挥了积极作用。 “化学海洋学”课程的科教融合，核心

理念是促进学生跨学科思维，培养实践能力和环境保护意

识，以解决海洋环境问题，推动可持续发展［４］ 。
本文在对“化学海洋学”课程教学中存在的问题进行

分析的基础上，探讨了基于科教融合人才培养模式对该课

程的目的与意义，并提出了相应的教学改革举措。 为此，
教师可以通过引入科研案例与成果、加强科研实践、优化

评价体系等方式，在课程教学中培养学生的科学思维与科

研创新意识，从而促进创新型海洋人才的培养。
二、高校“化学海洋学”教学中存在的问题

随着高校对科教融合人才培养模式的重视，化学海洋

学作为一门重要的学科，在教学中面临着一系列挑战。 首

先，理论知识与科学研究之间存在脱节现象。 在课程教学

中，教师的科研内容与教学内容相对孤立，未能有效地将

理论知识与实际海洋学问题相结合，导致学生难以理解和

应用最新科研成果。 同时，教材滞后且未能覆盖新兴科研

技术，这限制了学生的学习深度和广度。 其次，传统教学

模式偏重理论而轻实践，无法激发学生的学习积极性和创

新能力。 由于海洋化学主要关注海水和海洋环境中化学

物质的分布和运移，具有显著的地区性特征，实践教学的

不完善导致学生科研思维受到限制，难以应用所学知识解

决实际问题。 尽管海洋院校积极通过专业实习来补充实

践课程［５］ ，但是海洋科学专业实习涉及海洋地质、海洋物

理、海洋化学、海洋生物等各个方向，有限的实习经费使得

化学海洋学方向实习质量难以达到预期目标。 此外，传统

的科教评价体系过于单一，主要侧重于对理论知识的考

核［６］ ，而忽视了学生的分析和应用能力，以及教师在科研

与教学融合方面所做的贡献。 缺乏对学生平时表现和综

合能力的考核，以及对教师教学效果的全面评估，也会对

教学质量和人才培养造成影响［７］ 。
三、基于科教融合人才培养模式的教学改革实践

在新时代教育理念的指导下，高等海洋院校专注于培

养具备创新精神和实践能力的海洋人才。 为解决海洋人

才培养中传统教学模式所面临的课程内容与科学研究脱

节的问题，我们在“化学海洋学”的教学中引入了科教融合

的教学模式（图 １）。 这一融合模式旨在提升学生的科学

思维和实践创新能力，进而显著提升教学质量，实现教学

相长［８］ 。

８３１
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图 １ “化学海洋学”科教融合教学改革模式设计

（一）科研融合教学，培养创新思维

在科教融合新模式下，教师通过将科研融入课堂教

学，采用多种教学手段来帮助学生深入理解知识点。 在课

程设计中，设置与当前海洋化学研究前沿相关的内容，引
导学生主动探索。 同时，通过文献速递的方式介绍学科前

沿问题，旨在唤起学生对科学研究的浓厚兴趣。 以海水化

学组成的恒定比为例，教师特别强调锶钙比在地球气候反

演中的应用，从而引发学生对于实践应用的关注与思考。
在教学过程中，积极引导学生思考科学研究与社会责任之

间的紧密联系，激发学生对科研及社会责任的深刻思考。
以海洋环境资源与利用为例，教师着重向学生介绍海洋环

境保护、生态和平发展、可持续发展等理念，强调科学思维

的重要性，鼓励学生从科学角度思考和解决现实世界中的

挑战。 此外，结合导师制培养模式，积极引导学生参与教

师的科研项目［９］ 。 学生根据兴趣选择科研课题，通过参与

科研实践，不仅可以深化对课本知识的理解，而且能够运

用所学知识解决科学问题。 这一过程有助于提高学生的

理论水平和科研能力，同时也能够激发学生的主动性，培
养其创新思维，从而有效促进创新型人才的培养［１０］ 。

（二）问题导向学习，激发学习兴趣

教师引导学生通过研究或实践等方式对特定问题或

知识点进行探究，以增强学生的学习主动性并深化对知识

的理解。 这一方法强调课堂上的讨论，取代了传统的单向

知识灌输，从而激发学生对学科内涵的深入思考。 以海水

和淡水结冰现象为例，教师通过实验、分析和讨论引导学

生积极探索两者的差异，旨在加深他们对盐度、冰点、最大

密度等概念的理解和应用。 此外，将科学问题融入课后作

业，通过资料查阅和实践，进一步激发学生对特定科学问

题的深思。

采用多元化的教学方法有助于促进师生之间的积极

互动。 例如，结合线上与线下课程，引入学习通、雨课堂等

多种信息化教学手段，及时了解学生对知识点的掌握情

况。 另外，通过课堂分组讨论和翻转课堂的策略，鼓励学

生积极参与问题的解答和提出反向问题，从而提升对知识

点的理解水平。 这些方法能够激发学生的主动学习意识，
使他们更深入地理解化学海洋学知识，培养其解决问题的

能力和批判性思维。
（三）优化评价体系，推动人才培养

实现“化学海洋学”的科教融合人才培养模式的进一

步优化，需要加强教师与学生的评价体系。 针对教师评价

体系的优化，可采取以下措施。 首先，建立多维度评价体

系，全面考察教师的科研成果、教学设计和学生指导能力，
以实现对教师科教融合表现的全面客观评价。 其次，定期

对教师进行评价，并在评价结果反馈中协助教师改进实

践。 最后，引入学生参与评价，设立匿名评价专栏，鼓励学

生评价教师的表现，以建立更加全面、科学的评价体系。
同时，对学生的学习效果评价体系也应进行优化。 除

了传统的考试外，应引入多元评价方式，如项目作业和口

头报告，以全面评估学生在科教融合方面的学习成果。 在

评价过程中，需要结合校内外实践，着重评估学生的创新

思维和问题解决能力。 通过同时强调科研和教学的考核，
推动学生评价体系的真正实施，促进“化学海洋学”科教融

合人才培养模式的进一步发展。
四、科教融合教学模式的实施成效

（一）学生学习主动性与学习成绩稳步提升

经过 ３ 年多的“化学海洋学”课程教学改革，通过实施

科教融合的教学模式，共有 ２３１ 名学生积极参与了课程学

习。 教学课堂的氛围逐年升温，学生的参与度不断攀升。
为了深入了解学生对科研融合教学模式的接受情况，我们

进行了问卷调查，结果显示，高达 ８０％的学生积极肯定这

种教学模式（图 ２），认为它不仅拓宽了知识面，还深化了

对知识点的理解。

图 ２ 学生对科教融合教学模式的认可程度问卷调查结果

９３１
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对近 ３ 年学生的学习成绩进行综合分析，发现其呈现

逐年增长的趋势。 这一趋势清晰地证明了科教融合人才

培养模式对教学水平的积极影响。 这种增长不仅反映了

学生对课程的更深入参与，同时也凸显了科研融合教学模

式在激发学生学习兴趣、拓展认知层面的显著作用。
（二）科研创新成果持续涌现

在参与“化学海洋学”学习的本科生中，许多学生受到

科教融合模式的影响，积极参与导师的科研项目。 ２０２１
级、２０２２ 级和 ２０２３ 级本科生参与大创项目的覆盖率分别

达到 １００％、１００％和 ９５％，并且有 ３５％、４０％和 ４２％的学生

参与并发表了学术论文。 以裴继影教师和张瑞杰教师指

导的本科生为例，他们将科教融合理念贯穿于实际操作

中，积极参与导师指导的项目，在科研方面取得了显著的

成绩。 例如，他们先后共申请到 １５ 项大创项目，其中包括

１ 项国家级、６ 项省级和 ６ 项校级大创。 此外，在大学生

“挑战杯”比赛中，他们获得了 １ 项省级二等奖、１ 项校级

一等奖和 １ 项校级二等奖，并在科研过程中发表了多篇论

文（图 ３），这一系列数据明确表明了科教融合模式对本科

生科研参与和人才培养的积极影响。

图 ３ ２０２１—２０２３ 年大三学生发表论文情况

五、结论

“化学海洋学”课程的设立旨在培养研究型海洋化学

领域的创新人才。 经过对传统教学模式的分析，我们发现

科教融合是突破教学瓶颈的有效途径。 因此，我们通过多

种教学手段的实施，强化科学研究在“化学海洋学”课程教

学中的渗透，并通过优化教师与学生的评价体系等方式，
探索基于科教融合人才培养模式的“化学海洋学”课程教

学新模式。 这一举措不仅推动了课程质量的提升，助力了

课程目标的实现，还明显提升了教师的教学和科研能力。
同时，这种基于科教融合的人才培养模式为海洋科学专业

的教学提供了宝贵的经验和参考，为学院未来的教学改革

与发展提供了指导方向。
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广西北部湾典型水产品中有机磷酸酯的生

物富集特征和食用风险评估

康亚茹 1, 2, 3，张瑞杰 1, 2, 3*，余克服 1, 2, 3, 4，曾维斌 1, 2, 3，王瑞轩 1, 2, 3 

（1. 广西南海珊瑚礁研究重点实验室，广西 南宁 530004；2. 广西大学珊瑚礁研究中心，

广西 南宁 530004；3. 广西大学海洋学院，广西 南宁 530004；4. 南方海洋科学与工程广

东省实验室（广州），广东 广州 511458） 

摘 要：为探究北部湾自然环境水产品中有机磷酸酯（OPEs）的富集特征和食用风险。本研

究在夏季和冬季北部湾近岸和河口区共采集了 6 种 65 个典型水产品，采用气相色谱质谱联

用仪测定了水产品中的 11 种常见 OPEs 的含量和组成特征。结果显示，11 种 OPEs 在冬季

和夏季水产品中全部被检出，且在冬季水产品中的浓度[（127 ± 101）ng/g dw]显著高于夏季

[（38.5 ± 28.6）ng/g dw]。不同季节鱼类中∑11OPEs 的污染水平低于底栖动物。水产品中 OPEs

的组成特征一致，其中磷酸三(2-氯丙基)酯（TCIPPs）和磷酸三(2-氯乙基)酯（TCEP）是其

中主要检出物质。生物富集系数结果表明，整体上，北部湾水产品对氯代 OPEs（Cl-OPEs）

的富集潜力高于烷基 OPEs（Alkyl-OPEs），且磷酸三(1,3-二氯异丙基)酯（TDCIPP）和磷酸

三己酯（THP）在夏季和冬季部分水产品中具有明显富集性，其中生物的代谢能力、食性和

栖息环境是其中的重要影响因素。食用风险评估显示，不同年龄和不同性别人群通过食用北

部湾自然环境水产品而暴露于 OPEs 的健康风险熵值（Qh）均低于阈值 1，表明食用风险较

低。本研究不仅丰富了北部湾自然环境水产品中 OPEs 的污染现状，也为该区域的生态环境

保护和食品安全管理提供了重要的科学依据。 

关键词：有机磷酸酯；水产品；北部湾；生物富集；食用风险评估 
1新污染物是指在环境中新近被发现，尚未有相关管理规定和检测排放标准，但是其进

入环境后对人体健康和生态环境存在较大风险隐患的污染物 [1] 。有机磷酸三酯 

(Organophosphate esters, OPEs)是近些年人们关注的新污染物之一，因其持久性、生物累积性

和毒性也被称为持久且可传输的有机污染物（PMOCs）[2, 3]。OPEs 是一类有机磷阻燃剂

（Organophosphate flame retardants, OPFRs）和增塑剂，作为溴系阻燃剂（Brominated flame 
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retardants, BFRs）的主要替代品，广泛应用于塑料、纺织品、电子设备和建筑材料等领域[4]。 

近年来，OPEs 的产量和使用率快速增加[5]。据统计，2016 年至 2022 年间，全球 OPEs 生产

工厂数量增加了 5.2%，反映出其市场需求和工业应用的快速扩展[6]。在中国，OPEs 的产量

从 2007 年的 7 万 t 增加至 2020 年的 36.3 万 t[7]。OPEs 已被报道在大气、海水、河水、湖水、

沉积物、雨水和水生生物等各种环境介质中广泛分布[8-16]。 

海岸带是陆地与海洋交汇区域，蕴含着丰富的自然资源，具备重要的经济和生态价值，

被誉为“黄金地带”。海岸带丰富的生物资源，包括鱼类、贝类、甲壳类和藻类等水产品是

海岸带生态系统食物供给服务的重要组成部分[17]。据统计，鱼类、甲壳类和贝类是近岸海

域水产品主要捕捞水产品，占比在 91%[18]。然而，随着人类对海岸带资源的不断开发和利

用加剧，海洋污染和生态破坏等问题日益突出。近年来，水产品中 OPEs 污染及其健康风险

评估受到国内外学者的普遍关注。研究表明，不同地区水产品中 OPEs 污染水平存在明显差

异。例如，华南沿海地区软体动物中 8 种 OPEs 的平均污染水平为[295 ng/g 干重质量（dw）]，

但三个年龄组（2 – 5 岁、6 – 18 岁和> 18 岁）男性和女性通过食用水产品暴露的非致癌和致

癌风险均较低[19]。在渤海莱州湾，11 种 OPEs 在 39 种甲壳类、鱼类和软体动物中的总浓度

为 2.04 – 28.6 ng/g dw，且八个年龄组人群（2 – 3 岁、3 – 4 岁、4 – 5 岁、5 – 6 岁、6 – 9 岁、

9 – 12 岁、12 – 15 岁、15 – 18 岁和成年人）通过食用这些水产品的健康风险较低[15]。另外，

在瑞典海岸蓝贻贝（Mytilus edulis）[16.23 ng/g 湿重质量（ww）][20]、西班牙北部海岸贻贝

（Mytilus edulis 和 Mytilus galloprovincialis）（16.30 ng/g ww）[21]和美国旧金山湾的双壳类

（Mytilus californianus）（0.80 ng/g ww）[22]等水产品中均发现 OPEs 广泛存在。然而，目前

对于海岸带水产品中OPEs的研究仍然相对有限，一方面，研究区域和水产品种类覆盖有限；

另一方面，针对摄食水产品而暴露于 OPEs 的食用风险评估研究较为匮乏。 

北部湾位于南海西北部，是中国著名的半封闭海湾，被广东雷州半岛、海南岛、广西壮

族自治区及越南三面环绕，面积为 1.3 × 105 km2，接近于渤海面积的两倍，平均水深 38 m，

海岸线长 2200 km。这里属于南亚热带海洋气候，适于各种生物繁殖生长，且陆上河流携带

大量有机物及营养盐入海，使北部湾成为中国高生物量海区之一，也是我国著名四大渔场之

一。周边居民主要从事海水养殖和海洋捕捞，金鲳鱼、鲈鱼、黄锡鲷、青蟹、对虾、牡蛎和

带子螺等是重要的食用和经济水产品。然而，自 2008 年国家批准《广西北部湾经济区发展

规划》后，工业化和城镇化的快速推进对北部湾海域带来了巨大的环境压力，海洋生态环境

质量不容乐观[23]，水产品食用安全面临威胁。我们团队对北部湾近岸河流、海水、沉积物

和养殖场对虾、螃蟹和牡蛎中 OPEs 的污染特征和环境行为等生物地球化学过程展开了调查

和研究，结果表明 OPEs 在北部湾入海河流、近岸海域和养殖塘海水和沉积物中广泛分布，

且养殖塘中虾、蟹和贝类体内 OPEs 的浓度与水体和沉积物相似，受人为活动干扰较大[11, 24, 

25]。相较于养殖区，自然水域生物多样性丰富，在生物富集和生物放大的作用下，自然环境
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水产品中的暴露浓度和风险可能增加[26]。然而，目前关于北部湾海岸带自然环境典型水产

品中 OPEs 的富集特征研究较少，且对于食用这些典型水产品的风险未有相关报道。因此，

本研究对北部湾近岸海域及河口典型水产品罗非鱼、青蟹、花蟹、对虾和牡蛎中的 OPEs 的

富集特征进行了分析，并评估其食用风险。罗非鱼、青蟹、花蟹、对虾和牡蛎在北部湾近岸

海域广泛分布，并且是主要的经济种类，资源丰富，人类食用量较高，是分析北部湾海岸带

自然环境典型水产品中 OPEs 的富集特征以及食用风险的典型代表[27]。本研究为人体健康和

生态环境保护提供科学依据，同时为海岸带生态环境保护和新污染物防控提供重要的指导意

义。 

1 材料与方法 

1.1 样品采集 

本研究于 2017 年 8 月（夏季）和 2017 年 12 月（冬季）在茅尾海和钦州湾近岸海域及

河口区域共采集了 65 个样品，采样区域见图 1。夏季共采集了 5 种 43 个样品，包括罗非鱼、

金鲳鱼、青蟹、对虾和牡蛎；冬季采集了 5 种 22 个样品，包括罗非鱼、青蟹、花蟹、对虾

和牡蛎。采集后，对样品进行长度、宽度和重量等生物参数进行测定和记录，并进行物种鉴

定。水产品样品详细信息见表 1。样品用锡箔纸包裹后密封于聚乙烯袋中，并置于–20℃冰

柜中保存直至分析。 
表 1 北部湾典型水产品的基本信息 

Tab.1 Basic information of typical aquatic products from the Beibu Gulf 

物种名称  
Species name 

数量  
Number 

长度 
Lengths (cm) 

宽度 
Width (cm)  

含水率 
Moisture content (%) 

食性  
Feeding habits 

夏季 Summer      

鱼类 
Fish 

尼罗罗非鱼 Oreochromis niloticus 5 26.5±4.65 11.0±1.47 74.8±7.39 杂食性，主要以浮游动

物和草食性动物为主 

金鲳鱼 Trachinotus ovatus 5 26.8±1.3 11.4±0.82 71.3±1.52 
肉食性，主要以小鱼、

小虾和其他小型海洋生

物为食 

底栖生物 
Benthic 
organisms 

青蟹 Portunus trituberculatus 16 12.0±1.9 4.81±2.68 81.6±4.09 杂食性，以贝类、小鱼、

虾蟹等为食 对虾 Penaeus vannamei 6 10.2±2.72 3.86±0.74 81.5±4.58 

牡蛎 Crassostrea gigas 11 14.5±1.88 5.45±0.92 83.0±2.43 滤食性，以浮游植物、

浮游动物为食 
冬季 Winter      

鱼类 
Fish 尼罗罗非鱼 Oreochromis niloticus 3 23.8±7.15 9.67±2.52 76.9±5.98 杂食性，主要以浮游动

物和草食性动物为主 

底栖生物 
Benthic 
organisms 

青蟹 Portunus trituberculatus 4 9.63±0.75 7.38±0.48 81.1±4.83 杂食性，以浮游生物、

底栖生物为食，也会摄

取一些植物性食物 
花蟹 Portunus pelagicus 6 12.1±1.46 6.60±0.94 75.5±5.71 
对虾 Penaeus vannamei 4 10.2±2.32 1.45±0.44 80.5±8.11 

牡蛎 Crassostrea gigas 5 11.8±5.40 7.49±3.89 82.8±10.3 滤食性，主要以浮游植

物、浮游动物为食 

1485



 

4 

 

 
图 1 北部湾典型水产品的采样区域 

Fig.1 The sampling area of aquatic products in the Beibu Gulf 
1.2 目标物标准品、化学试剂与药品 

11 种目标 OPEs 根据其取代基的不同，主要分为 3 类。第一种为氯代有机磷酸酯

（Cl-OPEs）,包括包括磷酸三（2-氯乙基）酯（TCEP）、磷酸三（2-氯异丙基）酯（TCIPPs，

三种异构体的混合物）和磷酸三（1,3-二氯-2-异丙基）酯（TDCIPP）。第二种为烷基有机磷

酸酯（Alkyl-OPEs），包括磷酸三异丁基（TiBP）、磷酸三正丁基（TnBP）、磷酸三（2-丁氧

乙基）酯（TBOEP）、磷酸三戊酯（TPTP）、磷酸三己基酯（THP）、磷酸三异辛酯（TEHP）。

第三种为芳香基有机磷酸酯（Aryl-OPEs），包括磷酸三苯酯（TPHP）和磷酸三甲苯酯（TMPPs，

三种异构体的混合物）。各化合物的理化性质见表 2。回收率指示剂标样 TnBP-d27 和

TPHP-d15 以及内标六甲基苯（HMB，Hexamethylbenzene）购自 Accustandards (USA)公司。 
表 2 11 种 OPEs 的理化性质 

Tab.2 Physicochemical properties of 11 OPEs 

化合物 Compounds 英文全称(简称) 
Full title in English (abbreviation) CAS 号 

分子式 
Molecular  
formula 

分子量 a 

Molecular 
weight/ 
(g/mol) 

水溶性 a 

Water 
solubility/ 

(g/L) 

Log 
KOW 

a 

磷酸三(2-氯乙基)酯 Tris(2-chloroethyl) Phosphate (TCEP) 115-96-8 C6H12Cll3O4P 285.49 7 1.44 

磷酸三(2-氯丙基)酯 Tris(2-chloroisopropyl) Phosphate 
(TCIPPs) 13674-84-5 C9H18Cll3O4P 327.57 1.2 2.59 

磷酸三(1,3-二氯异丙基)酯 Tri(1,3-dichloro-2-isopropyl) Phosphate 
(TDCIPP) 13674-87-8 C9H15Cll6O4P 430.91 7 ×10−3 3.65 

磷酸三异丁酯 Tri-iso-butyl phosphate (TiBP) 126-71-6 C12H27O4P 266.31 6 ×10−4 3.60 

磷酸三正丁酯 Tri-n-butyl phosphate (TnBP) 126-73-8 C12H27O4P 266.31 0.28 4.00 

磷酸三戊酯 Tripentyl phosphate (TPTP) 2528-38-3 C15H33O4 308.40 3.3 ×10−4 5.29 

磷酸三己酯 Trihexyl phosphate (THP) 2528-39-4 C18H39O4P 350.48 1 ×10−5 6.76 

磷酸三(丁氧基乙基)酯 Tris(2-butoxyethyl) phosphate (TBOEP) 78-51-3 C18H39O7P 398.48 1.1 3.75 

磷酸三异辛酯 Tris(2-ethylhexyl) phosphate (TEHP) 78-42-2 C24H51O4P 434.65 6 ×10−4 9.49 

磷酸三苯酯 Triphenyl phosphate (TPHP) 115-86-6 C18H15O4P 285.49 1.9 ×10−3 4.59 

磷酸三甲苯酯 Tris(methylphenyl) phosphate (TMPPs) 1330-78-5 C21H21O4P 368.36 3.6 ×10−4 5.11 

注：a 数据来自 US. EPA[28], KOW代表辛醇-水分配系数。 
Notes: Data from US. EPA[29], KOW means octanol-water partition coefficient. 

本研究使用的有机溶剂均为色谱级（HPLC），包括甲醇、二氯甲烷、正己烷、乙酸乙酯

和丙酮，均购自上海安谱实验室技术有限公司（CNW）。超纯水由 Milli-Q 水净化系统
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（Millipore, Bedford, Massachusetts, USA）制备。固相萃取柱[Envi-Florisil 柱（500 mg，3 mL）]

购自 SUPELCO。 

1.3 样品预处理 

所有生物样品在处理前先进行解冻，解冻后用超纯水冲洗样品表面以去除肉眼可见的杂

质。利用解剖工具去除鱼类和底栖生物的皮和壳，获取肌肉样品。整个解剖过程在干净的锡

箔纸上进行，以避免引入污染。所得肌肉样品冷冻干燥后研磨成粉末，并用锡箔纸包裹，储

存于–20 ℃冰箱直至进一步处理和分析。 

目标化合物的提取参考课题组既有方法[29]。具体步骤如下：每份生物组织样品精确称

取 1.00 g，用滤纸包裹后放入索氏提取器中。取 120 mL [V(正己烷):V(丙酮)=1:1]的混合提取

液，置于 150 mL 圆底烧瓶中，加入回收率指示剂 TnBP-d27 和 TPHP-d15 各 20 ng，在 65 ℃

恒温水浴中抽提 48 h。萃取液经过旋转蒸发浓缩至近干，加入正己烷置换原溶剂，重复 3

次后浓缩并转移到 4 mL 棕色玻璃瓶中，氮吹浓缩至 1 mL。随后使用 Envi-Florisil 柱子（500 

mg, 3 mL, SUPELCO）进一步纯化目标化合物。柱子在使用前分别用 6 mL 乙酸乙酯，6 mL 

[V(二氯甲烷):V(正己烷)=1:1]混合溶液和 6 mL 正己烷活化。为了分离其他持久性有机污染物

（POPs）和目标 OPEs，先用约 15 mL [V(二氯甲烷):V(正己烷) =8:2]的混合溶液洗脱 SPE 柱，

得到 POPs 组分，再用相同体积的乙酸乙酯进行洗脱，得到 OPEs 组分。将含有 OPEs 的第

二组分液氮吹浓缩至 0.5 mL，最后加入 200 ng 六甲基苯（HMB）标准品，进行后续仪器分

析。 

1.4 仪器分析 

采用电离离子源模式（Electron impact，EI）的安捷伦 7890B 气相色谱串联 7000C 三重

四极杆质谱仪（GC-MS/MS）对样品中 OPEs 的含量进行测定和分析[30]。色谱柱为 HP-5MS

石英弹性毛细管柱（30 m × 250 μm，0.25 μm，Agilent Technologies Inc）。载气为氦气，流速

为 1.5 mL/min。进样口温度设为 250 ℃，离子源温度为 230 ℃，进样体积为 1 μL，采用不

分流进样模式。色谱升温程序如下：初始温度设定为 90 ℃并保持 1 min，以 16 ℃/min 的速

度增加至 170 ℃；随后以 5 ℃/min 的速度升温至 200 ℃，再以 10 ℃/min 的速度升温至 250 ℃

并保持 2 min；最后以 10 ℃/min 的速度升温至 300 ℃并保持 9 min。质谱采用多反应监测

（MRM）模式进行数据采集。 

1.5 质量控制与质量保证（QA/QC） 

整个实验过程严格遵循 QA/QC 程序，设置了实验室流程空白、回收率指示剂、平行样

和分析仪器检出限来进行质量控制。采用内标法定量分析目标 OPEs 浓度。标准曲线由七个

点（1 – 200 ng/mL）构建，相关系数均大于 0.99。检测过程中，每 10 个样品中加入实验室

流程空白和 20 ng/mL 标准溶液来检测本底干扰，确保仪器稳定性。回收率指示剂 TnBP-d27

和 TPHP-d15 的回收率分别为 89.5% ± 9.5%和 83.4% ± 8.1%。OPEs 的浓度未经回收率
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指示剂校正，扣除空白平均浓度后作为样品最终浓度。方法检出限（MDL）和定量限（MQL）

分别定义为 3 倍和 10 倍信噪比所对应的浓度。11 种 OPEs 的 MDL 和 MQL 浓度见表 3。此

外，为去除背景污染，实验过程中使用到的玻璃器皿，如平底烧瓶、烧杯、索氏抽提器上的

提取管、棕色样品瓶和滴管等，均提前用 RBS 洗液 20 ℃超声清洗，随后用自来水和超纯水

依次冲洗、烘干，并在经 450 ℃下锻烧 6 h。所有样品和玻璃器皿使用前均用铝箔覆盖，以

避免室内灰尘污染。另外，解剖工具（如解剖刀、刀片、镊子和剪刀等）均为不锈钢材质，

使用前分别用丙酮、甲醇和正己烷依次超声萃取 5 min。用于包裹粉末状生物样品的滤纸，

在使用前分别用甲醇和二氯甲烷索氏抽提 48 h，并在干燥器中干燥后恒温保存。 

1.6 生物富集分析 

生物富集因子（bioaccumulation factors（BAFs，L/Kg））用于分析 OPEs 在水生生物中

的生物富集潜力，其计算公式如下[31]： 

FB = 
𝐶𝑇

𝐶𝑊
× 1000 （1） 

式中：FB 代表生物富集因子 BAFs；CT 代表生物中 OPEs 的浓度，单位 ng/g 湿重（ww）；

CW 代表海水中 OPEs 的浓度，单位 ng/L。本研究中，海水中 OPEs 的浓度取自本团队同时

期在生物样本采样周围海域和河流中的数据[24]。OPEs 生物组织中 OPEs 的湿重浓度根据不

同物种组织含水率转换而来（表 1）。根据欧洲化学品管理局的生物富集评估标准，FB ≥ 5000 

L/kg（Log FB ≥ 3.7）表明化合物具有“生物富集性”，3.3< FB < 5000 L/kg（3.3 ≤ Log FB < 3.7）

表示化合物具有“潜在生物富集性”[32]。 

1.7 食用风险评估 

本研究首先估算了 3 个不同年龄组（2 – 5、6 – 17 岁和> 18 岁）人群通过水产品摄入

OPEs 的每日摄入量（Id）（ng/kg bw/day）[25, 33]，计算公式如下： 

𝐼𝑑 = ∑ 𝐶𝑖

𝑛

𝑖=1

× 𝐷𝑖/𝑊𝑏 （2） 

式中：Ci 是生物中 OPEs 的浓度，单位 ng/g ww，取夏季和冬季所有生物中 OPEs 的 95%水

平浓度代表高风险浓度。Di 是水产品的每日摄入量，单位 g/day，参考自华南沿海地区的膳

食调查研究[34]。Wb 表示人体质量，单位 kg，成年男性和女性分别为 65.6 kg 和 56.5 kg，青

年男性和女性分别为 41.7 kg 和 39.0 kg，男性儿童和女性儿童分别为 16.8 kg 和 16.0 kg[35]。 

本研究根据美国环境保护署的评价标准[92]，采用风险熵值（Qh）来评估水产品中 OPEs

的食用风险，计算公式如下： 

𝑄ℎ = 𝐼𝑑/𝐷𝑟 （3） 

其中：Dr 为 OPEs 的口服参考计量单位 ng/kg bw/d，参考自其它文献[36-40]。当 Qh ≥ 1 时，表

示食用北部湾水产品暴露于 OPEs 的健康风险较高，反之，则表示不存在健康风险。将每种

OPEs 的 Qh 相加即为 OPEs 的累积危险指数（Ih）[41]： 
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𝐼ℎ = ∑ 𝑄ℎ （4） 

1.8 统计分析与图表绘制 

首先采用 Shapiro-Wilk 检验数据的正态性。当数据服从正态分布时，分组数据之间的差

异和相关性分别采用独立样本 T 检验和皮尔逊相关性检验，否则采用非参数检验和斯皮尔

曼相关性检验。P < 0.05 表示差异性或相关性显著，P < 0.01 表示差异性或相关性极显著。

数据分析和图表绘制主要在 Microsoft Office 2016（Washington, USA）、Origin 2024b（Origin 

Lab Corporation, Massachusetts, USA）和 Arcgis 10.2（Environmental Systems Research Institute, 

Inc）等软件进行处理。 

2 结果与讨论 

2.1 浓度水平 

OPEs 在北部湾典型水产品中的浓度水平和组成特征详见表 3 和图 2。11 种 OPEs 在所

有水产品中均有检出，检出率为 26% – 100%，表明 OPEs 在北部湾水产品中普遍存在。水

产品中 11 种 OPEs 的总浓度（Σ11OPEs）范围为 7.28 – 363 ng/g dw，平均值为 68.9 ± 74.9 ng/g 

dw，在全球范围内处于较低水平（表 4）。 

表 3 北部湾典型水产品中 OPEs 的含量和检出限 

Tab.3 Concentrations and detection limits of OPEs in typical aquatic products from the Beibu Gulf 

OPEs 

夏季 Summer 冬季 Winter 所有水产品 
All aquatic products 

MDLa MQLa 

检出率 
DFs 
(%) 

范围 
Range 

平均值±标准差 
Mean±SD 

检出率 
DFs 
(%) 

范围 
Range 

平均值±标准差 
Mean±SD 

检出率 
DFs 
(%) 

平均值±标准差 
Mean±SD 

ng/g dw 

TCEP 100 1.21-38.2 8.86±9.30 100 0.95-156 24.9±36.2 100 14.2±23.3 1.12 3.73 
TCIPPs 100 5.61-67.6 22.3±14.7 100 2.92-172 51.9±43.6 100 32.5±31.0 0.63 2.11 
TDCIPP 98 nd b-13.0 1.74±2.74 100 0.08-301 27.6±65.2 99 10.7±39.4 0.61 2.03 
TEHP 19 nd-3.25 0.22±0.65 100 0.19-3.45 1.44±0.83 49 0.69±0.96 0.10 0.35 
TiBP 7 nd-0.78 0.02±0.12 87 nd-2.60 0.94±0.83 37 0.34±0.65 0.05 0.17 
TnBP 63 nd-18.9 0.70±2.88 52 nd-2.88 0.57±0.86 59 0.64±2.34 0.24 0.81 
TPTP 33 nd-17.0 1.22±3.58 17 nd-2.93 0.28±0.75 26 0.87±2.90 0.34 1.15 
THP 100 0.02-13.9 0.82±2.07 100 0.05-180 8.03±37.39 100 3.24±21.8 0.11 0.37 
TBOEP 63 nd-2.84 0.94±1.01 100 5.33-6.44 5.56±0.30 76 2.64±2.38 3.06 10.2 
TPHP 7 nd-30.1 1.35±6.09 100 0.17-19.5 2.02±4.13 41 1.56±5.38 0.19 0.64 
TMPPs 16 nd-5.31 0.27±1.11 100 0.05-33.6 4.00±6.88 47 1.57±4.41 2.42 8.06 
Cl-OPEs  6.97-104 32.9±22.0  7.9-344 104±92.4  57.4±65.3   
Alkyl-OPEs  0.02-39.3 3.93±6.84  5.65-188 16.8±37.3  8.41±22.9   
Aryl-OPEs  nd-30.3 1.62±6.20  0.30-53.2 6.02±10.8  3.13±8.18   
∑11OPEs  7.28-149 38.5±28.6  13.9-363 127±101  68.9±74.9   

注：a MDL 和 MQL 分别代表方法检出限和方法定量限；b 代表无检出，即低于方法检出限。  
Notes: MDL and MQL represent the Method Detection Limit and Method Quantification Limit, respectively; b represents no detection, 
i.e., below the MDL. 

OPEs 在夏季水产品中的检出率（7% – 100%）普遍低于冬季（17% – 100%）。冬季水产

品中 Σ11OPEs（127 ± 101 ng/g dw）显著高于夏季（38.5 ± 28.6 ng/g dw）（T 检验，P < 0.05），

除了 TnBP 和 TPTP 外，其他 OPEs 的平均含量在冬季水产品中均高于夏季（表 3）。为排除

物种组成差异的影响，对不同季节中相同物种进行了比较，结果同样发现∑11OPEs 在冬季高

于夏季，如罗非鱼（冬季 50.7 ng/g dw >夏季 34.0 ng/g dw），青蟹（冬季 102 ng/g dw >夏季
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39.9 ng/g dw），对虾（冬季 86.6 ng/g dw >夏季 47.9 ng/g dw），牡蛎（冬季 182 ng/g dw >夏

季 40.8 ng/g dw）。这一季节分布特征与 Liu 等人在北部湾海岸带入海河流和海水中发现的规

律不一致，但是与沉积物一致[11, 24]，可能是因为影响 OPEs 在生物介质和非生物介质中分布

的因素不同所致[30]。 

表 4 全球近岸海域水产品中 OPEs 污染水平比较 

Tab.4 Global comparison of OPEs concentrations in aquatic products in nearshore aquatic products 

研究区域 
Research area 

水产品(数量) 
Aquatic products (numbers) 

OPEs 总浓度 
ΣOPEs (ng/g) 

主要检出化合物 
Main detected compounds 

参考文献 
References 

北部湾 Beibu Gulf 

鱼 Fish (n=17) 34.4a, 8.62b 

TCIPPs、TCEP 和 TDCIPP 本研究 
This study 

虾 Shrimp (n=12) 64.5a, 35.0b 
蟹 Crab (n=27) 81.3a, 34.5b 
牡蛎 Oyster (n=13) 
 86.2a, 34.2b 

涠洲岛 Weizhou Island 
牡蛎 Oyster (n=3) 309 a 

TCIPPs 和 TBOEP [42] 蟹 Crab (n=2) 225 a 
鱼 Fish (n=34)  58.2 a 

莱州湾 Laizhou Bay 鱼 Fish (n=6) 
 26.9 a TEHP、TBOEP 和 TPHP [43] 

北部湾(海产养殖区) 
Beibu Gulf (Aquaculture area) 

牡蛎 Oyster (n=4) 8.9 b 

TCIPPs 和 TCEP [25] 蟹 Crab (n=7) 20.4 b 
虾 Shrimp (n=8) 
 12.5 b 

红海湾 Red Bay 鱼 Fish (n=12) 55.8 a 
TCEP、TBOEP、TCIPPs、
TPHP 和 TnBP 

[44] 

越南沿海 
Coastal areas of Vietnam 

银鲳鱼 Pampus argenteus 
(n=172) 
 

16.4 a TEHP、TBOEP、TCEP 和

TDCIPP 
[45] 

朝鲜沿海 
Coastal areas of North Korea 

双壳贝类 
Bivalve mollusks (n=50) 

40.9 a TCIPPs 和 TBOEP [46] 

注：a OPEs 浓度以单位干重质量表示，单位 ng/g dw；b OPEs 浓度以单位湿重质量表示，单位 ng/g ww。 
Notes: a OPEs concentration is expressed in units of dry weight mass, ng/g dw; b OPEs concentration is expressed in units of wet weight 
mass, ng/g ww. 

对于同一季节的不同物种，本研究鱼类中∑11OPEs 的污染水平通常低于底栖大型无脊椎

动物（图 2）。在夏季鱼类中，∑11OPEs 的平均浓度依次为罗非鱼（34.0 ± 31.0 ng/g dw）> 金

鲳鱼（22.0 ± 19.5 ng/g dw）（非参数检验，P > 0.05）。对于大型无脊椎动物，夏季样品中∑11OPEs

的浓度相近（39.4 – 47.9 ng/g dw），而冬季牡蛎中的浓度（182 ng/g dw）则明显高于对虾、

青蟹、花蟹（86.6、102 和 159 ng/g dw）（ANOVA，P > 0.05）（图 2）。  

 
O.N、T.O、P.T、P.V 和 C.G 分别代表罗非鱼、金鲳鱼、青蟹、对虾和牡蛎。 
O.N, T.O, P.T, P.V, and C.G represent Oreochromis niloticus, Trachinotus ovatus, Portunus trituberculatus, Penaeus vannamei, and 
Crassostrea gigas, respectively. 

图 2 北部湾夏季（a）和冬季（b）典型水产品中 OPEs 的组成特征及 Σ11OPEs 的含量 

Fig.2 Composition profiles of OPEs and concentration of Σ11OPEs in aquatic products from the Beibu Gulf during summer (a) 

and winter (b)  
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2.2 组成特征 

OPEs 的同系物组成模式显示，Cl-OPEs 是北部湾水产品中的主要检出同系物，其次为

Alkyl-OPEs 和 Aryl-OPEs，对 Σ11OPEs 的贡献分别为 83.3%、12.2%和 4.54%（图 2）。对于

单体 OPEs，Cl-OPEs 包括 TCIPPs（47.1%）、TCEP（20.7%）和 TDCIPP（15.5%）亦是水

产品中的主要组成物质。北部湾自然环境水产品中 OPEs 组成特征与北部湾海水养殖区虾、

蟹和牡蛎中的组成特征一致[25]。Cl-OPEs 在水产品中占主导地位的现象与其较高的生产量、

历史使用量、较强的抗光解能力和降解能力密切相关[47]。Fu 等人指出，极地地区生物中

Cl-OPEs 在生物体内浓度较高，原因包括（1）周围环境中 Cl-OPEs 的高丰度；（2）Cl-OPEs

相比非氯代 OPEs 的生物转化率较低[47]。由于其较高的水溶性，Cl-OPEs 已被认为对水生生

物构成长期威胁[4]。 

尽管不同季节和物种 OPEs 总含量存在差异，但其组成特征整体相似。在夏季，TCIPPs

在所有水产品中的含量均明显高于其它 OPEs，且对∑11OPEs 的贡献为 24.8% – 85.8%（平均

值：64.0% ± 18.5%）。在冬季，TCIPPs 在罗非鱼和对虾中的含量最高，其对∑11OPEs 的贡献

达到 49.0% – 70.5%，平均为 59.9% ± 6.1%。然而，青蟹中 THP 的含量最高，其次为 TCIPPs，

分别对∑11OPEs 的贡献为 44.1%和 27.5%。对虾中 TCEP 的含量则明显高于 TCIPPs，而牡蛎

中 TCEP 略高于 TCIPPs。 

2.3 生物富集特征 

探究 OPEs 在生物中的富集特征是评估其潜在生态风险的基础。本研究基于生物富集因

子（FB）来评估夏季和冬季检出率均超过 50%的 6 种 OPEs（TCEP、TCIPPs、TDCIPP、TnBP、

THP、TBOEP）在北部湾典型水产品中的生物富集潜力，计算公式详见章节 1.6[31]。 

如图 3 所示，单体 OPEs 在夏季和冬季水产品中的 Log FB值分别为 0.05 – 5.83 和 0.10 – 

6.11。在夏季，33.2%的水产品中的 Log FB 值大于 3.3，而在冬季，约 15.2%的水产品中的

Log FB值大于 3.3，表明北部湾大多数水产品对 OPEs 不具备生物富集性。如图 3a 所示，夏

季TDCIPP和THP在水产品中的平均Log FB值分别为3.93 ± 0.66和3.86 ± 0.52，在58.1%

的样品中的 Log FB值大于 3.7，表现出明显的生物富集性。在冬季，仅有 THP 的平均 Log FB

值大于 3.3，且 17.4%的水产品中 Log FB值大于 3.7，表明北部湾水产品在冬季对 THP 表现

出明显的生物富集潜力。如图 3b 和 c 所示，同一季节，不同种类水产品对 Cl-OPEs 和

Alkyl-OPEs 表现出一致的富集趋势，且水产品对 Cl-OPEs 的富集潜力显著高于 Alkyl-OPEs

（T 检验，P < 0.01）。 

化合物的正辛醇-水分配系数（KOW）是衡量有机污染物在水相和有机相（如生物组织和

土壤有机质等）之间分配能力的关键参数。研究表明，KOW介于 1 – 7 之间的 OPEs 具有生

物富集潜力[25, 48, 49]，而在珠江三角洲、五大湖、廉州湾和北部湾鱼类中，KOW与 FB 之间并

不存在显著相关性[26, 50, 51]，这表明生物代谢转化、食性、栖息地、生物参数（如含水率）
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和生长状态等因素均可能在 OPEs 的生物积累过程中发挥重要作用[30, 52]。 

 
O.N、T.O、P.T、P.V 和 C.G 分别代表罗非鱼、金鲳鱼、青蟹、对虾和牡蛎。 
O.N, T.O, P.T, P.V, and C.G represent Oreochromis niloticus, Trachinotus ovatus, Portunus trituberculatus, Penaeus vannamei, and 
Crassostrea gigas, respectively. 

图 3 OPEs 单体和同系物在北部湾夏季和冬季典型水产品中的生物富集因子（Log FB） 

Fig.3 The Log FB of OPEs in the typical auqtic products from the Beibu Gulf 

将各 OPEs 的 Log KOW值和 Log FB值进行相关性分析，显示夏季和冬季水产品中 OPEs

的 Log FB值与 Log KOW均呈不显著正相关关系（P > 0.05），说明 KOW值不是影响 OPEs 在

北部湾水产品中富集的主要因素。值得注意的是，TnBP 在夏季水产品和冬季水产品中的 Log 

FB均较低（图 4），这可能与生物对化合物的降解代谢能力的差异性有关。研究指出，Cl-OPEs

在水产品中通常比 Alkyl-OPEs 更难转化[53, 54]，且 TnBP 在鱼肝微粒体中温育 140 min 后可

被快速耗竭，内在清除率达到 3.1 μL/min/mg 蛋白质[55]，因此 TnBP 在生物中的快速降解可

能是阻碍其在北部湾水产品中显著富集的重要因素。此外，本研究发现，底栖生物（虾、蟹

和牡蛎）中 Σ11OPEs 的 Log FB值在夏季和冬季均高于鱼类中的 Log FB值，且夏季呈显著差

异（T 检验，P < 0.05），这可能与生物的食性和栖息环境有关[56, 57]。鱼类主要为肉食性，食

性单一，而底栖动物食性则为杂食性，食物来源多样，可能在一定程度上增加其对 OPEs 的

暴露。此外，鱼类主要栖息于中上层，而底栖生物栖息于底层，除暴露于水体中 OPEs 的风

险外，还可能会增加其暴露于沉积物中 OPEs 的风险。  

  
图 4 北部湾典型水产品中 OPEs 的 Log KOW与 Log FB 之间的相关性 

Fig.4 The relationships between Log KOW and Log FB of individual OPEs in typical aquatic products from the Beibu Gulf 

2.4 食用风险评估 

基于前述公式（章节 1.7），本研究对三个年龄组（2 – 5 岁，6 – 18 岁和>18 岁）男性和
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女性因摄食北部湾水产品而暴露于 OPEs 的每日摄入量（Id）进行了评估。三个年龄组的

∑11OPEs 的 Id 值汇总于表 5，范围为 17.8 – 23.5 ng/g bw/day。其中，青年（6 – 18 岁）的 EDI

值最高，其次是儿童（2 – 5 岁）和成人（>18 岁）。在性别差异方面，男儿童和男青年的 Id

值均高于女性，而成年男性的 Id 值则略低于女性（表 5）。对于单体 OPEs，不同人群通过摄

食水产品而摄入 OPEs 总量贡献无差异，总体上 TCIPPs 和 TCEP的摄入量相对较高（图 5a），

占 OPEs 总摄入量的 73.8%。对于不同种类水产品，鱼类和牡蛎对不同人群 Id 值的贡献最高，

二者之和占男性儿童、女性儿童、男性青年、女性青年、成年男子和成年女子 OPEs 总摄入

量的比例分别为 80.1%、82.4%、78.7%、80.9%、84.2%和 83.7%（图 5b），总体而言，儿童

和成年人群因摄食鱼类和牡蛎而对 OPEs 的 Id 值高于青年。 

 
图 5 单体 OPEs（a）和不同种类生物（b）对不同年龄人群通过食用北部湾典型水产品对 OPEs 的每日摄入量的贡献率 

Fig.5 Contribution rates of individual OPEs (a), and different species of aquatic products (b) to Estimated daily intake (Id) by 

various age groups in different populations of the Beibu Gulf 

 

表 5 北部湾不同年龄人群通过食用水产品对 OPEs 的每日摄入量（Id）和口服参考计量（Dr）（ng/kg bw/d） 

Tab.5 Estimated daily intake (ng/kg bw/day) (Id) and oral reference dose (Dr) of OPEs from aquatic products across different age 

groups in the Beibu Gulf（ng/kg bw/d） 

OPEs 
儿童 Children (2~5 岁) 青年 Youth (6~18 岁) 成人 Adults (>18 岁) 参考计量 

Reference dose [36-40] 男 Male 女 Female 男 Male 女 Female 男 Male 女 Female 
TCEP 6.75  5.50  7.61  6.18  5.11  5.30  22000 
TCIPPs 10.57  8.62  11.93  9.68  8.01  8.31  80000 
TDCIPP 2.66  2.17  3.00  2.43  2.01  2.09  15000 
TEHP 0.35  0.29  0.40  0.32  0.27  0.28  35000 
TiBP 0.24  0.19  0.27  0.22  0.18  0.19  na 
TnBP 0.18  0.14  0.20  0.16  0.13  0.14  24000 
TPTP 0.55  0.44  0.62  0.50  0.41  0.43  na 
THP 0.12  0.10  0.14  0.11  0.09  0.10  na 
TBOEP 0.75  0.62  0.85  0.69  0.57  0.59  15000 
TPHP 0.57  0.47  0.65  0.53  0.43  0.45  70000 
TMPPs 0.71  0.58  0.81  0.65  0.54  0.56  13000 
∑11OPEs 23.5  19.1  26.5  21.5  17.8  18.4   
注：na 表示没有查询到参考计量。 
Notes: na indicates that no reference dose was found. 

OPEs 的暴露风险指数如图 6 所示。因缺乏 Dr 值，TiBP、TPTP 和 THP 的风险熵值（Qh）

未作计算。北部湾水产品中 OPEs 对所有人群的 Qh 值的范围为 5.60E-06 – 8.43E-04，其中 3

种 Cl-OPEs 的风险相对高于非氯代 OPEs，表明 Cl-OPEs 的食用风险较高。总体上，单体
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OPEs 的 Qh 值和 8 种 OPEs 的 Ih 值远远低于安全阈值 1.0，表明所有年龄段人群当前通过食

用北部湾水产品而暴露于 OPEs 的风险很低。然而，随着 OPEs 使用量的持续增加，其在环

境介质和水产品体残留水平可能呈现上升趋势。由于大多数 OPEs 具有较高的水溶性，且易

于与蛋白质结合[58]，而北部湾水产品通常富含高蛋白，因此，未来需持续关注该区域水产

品尤其是经济种类中 OPEs 的残留水平和其潜在的膳食暴露风险。 

 
TCEP. 磷酸三(2-氯乙基)酯；TCIPPs. 磷酸三(2-氯丙基)酯；TDCIPP. 磷酸三(1,3-二氯异丙基)酯；TEHP. 磷酸三异辛酯；TnBP. 磷
酸三正丁酯；TBOEP. 磷酸三(丁氧基乙基)酯；TPHP. 磷酸三苯酯；TMPPs. 磷酸三甲苯酯； Ih. 累积危险指数。 
TCEP. Tris(2-chloroethyl)Phosphate; TCIPPs. Tris(2-chloroisopropyl)Phosphate; TDCIPP. Tri(1,3-dichloro-2-isopropyl)Phosphate 
(TDCIPP); TEHP. Tris(2-ethylhexyl) phosphate; TnBP. Tri-n-butyl phosphate; TBOEP. Tris(2-butoxyethyl) phosphate; TPHP. Triphenyl 
phosphate; TMPPs. Tris(methylphenyl) phosphate; Ih. Hazard index. 

图 6 不同人群通过摄食北部湾典型水产品而暴露于 OPEs 的风险熵值（Qh） 

Fig.6 Hazard quotients (Qh) for different populations exposed to OPEs through the ingestion of typical aquatic products from the 

Beibu Gulf 

3 结论 

（1）OPEs 在北部湾自然环境水产品中普遍存在，浓度处于全球较低水平。整体上，OPEs

在冬季水产品中的浓度显著高于夏季。在不同季节，两种鱼类中 OPEs 的浓度均普遍低于底

栖水产品。Cl-OPEs 是水产品中的主要组成物质。 

（2）Cl-OPEs 在水产品中的富集潜力普遍高于 Alkyl-OPEs。对于单体 OPEs，除了 TDCIPP

和 THP 之外，大部分 OPEs 在水产品中不具有生物富集性。水产品对 OPEs 的代谢能力、食

性和栖息环境是影响 OPEs 在北部湾水产品中生物富集的重要因素。 

（3）本研究调查时期，不同年龄和性别的人群通过食用北部湾典型水产品而暴露于 OPEs

的健康风险值较低，但随着 OPEs 污染的增加，未来仍需对北部湾水产品中 OPEs 的残留水

平和食用风险进行持续关注。 

（4）为保障水产品安全，建议政府等相关部门将 OPEs 纳入北部湾重点监测污染物清单，

定期对不同水产品进行抽检。同时，通过可通过公众科普等方式引导消费者优化膳食结构，

以预防潜在风险。 
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Accumulation and dietary risk assessment of 

organophosphate esters in typical aquatic 

products of the Beibu Gulf 
KANG Yaru 1, 2, 3, ZHANG Ruijie 1, 2, 3*, YU Kefu1, 2, 3, 4, ZENG Weibin 1, 2, 3,  

WANG Ruixuan 1, 2, 3 

(1. Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Guangxi Nanning 

530004, China; 2. Coral Reef Research Center of China, Guangxi Nanning 530004, China; 3. 

School of Marine Sciences, Guangxi University, Guangxi Nanning 530004, China; 4. 

Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangdong 

Guangzhou 511458, China ) 

Abstract: This study aims to investigate the bioaccumulation characteristics and dietary risks of 

organophosphate esters (OPEs) in aquatic products from the natural environment of the Beibu 

Gulf. A total of 65 samples from six species were collected from nearshore and estuarine areas 

during summer and winter. The concentrations of OPEs were quantified using gas 

chromatography-tandem triple quadrupole mass spectrometry (GC-MS/MS). The results revealed 

the presence of 11 OPEs in aquatic products, with concentrations significantly higher in winter 

[(127 ± 101) ng/g dw] compared to summer [(38.5 ± 28.6) ng/g dw]. Fish exhibited lower 

concentration of OPEs than benthic organisms across both seasons. Seasonal compositional 

patterns were consistent, dominated by tris(2-chloroisopropyl) phosphates (TCIPPs) and 

tris(2-chloroethyl) phosphate (TCEP). Chlorinated OPEs (Cl-OPEs) exhibited higher 

bioaccumulation potential than Alkyl-OPEs, with tris(1,3-dichloroisopropyl) phosphate (TDCIPP) 

and trihexyl phosphate (THP) obviously bioaccumulated in all aquatic products. Key factors 

influencing bioaccumulation included metabolic capacity, feeding habits, and habitat conditions. 

Dietary risk assessment showed hazard quotients (Qh) below 1 for all age and gender groups, 

indicating low dietary risk. This study advances the understanding of OPEs contamination in the 

Beibu Gulf aquatic products and provides a scientific basis for ecological protection and food 

safety management. 

Keywords: organophosphate esters; aquatic products; Beibu Gulf; bioaccumulation; dietary risk 

assessment 
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Abstract

Extreme sea surface temperature (SST) events, such as marine heatwaves (MHWs) and
marine cold spells (MCSs), severely affect warm water coral reefs. However, further
study is required on their historical and future spatiotemporal patterns, driving mecha-
nisms, and impacts in coral reef regions. This study analyzed the spatiotemporal patterns
in MHWs/MCSs for the periods 1982–2022 and 2023–2070 using ten indices based on
OISSTv2.1 and CMIP6 data, respectively, identified key MHW drivers via four machine
learning methods (Random Forest, Extreme Gradient Boosting, Light Gradient Boosting
Machine, and categorical boosting) and SHAP values (Shapley Additive Explanations),
and then examined their relationship with coral coverage across ten global marine regions.
Our results revealed that (1) MHWs are not only increasing in their average intensity but
also becoming more extreme, while MCSs have declined. More MHW days are observed
in regions like the Red Sea, the Persian Gulf, and the South Pacific Islands, with increases
of up to 28 days per decade. (2) Higher-latitude coral reefs are experiencing more severe
MHWs than equatorial regions, with up to 1.24 times more MHW days, emphasizing the
urgent need to protect coral refuges. (3) MHWs are projected to occur nearly year-round by
2070 under scenario SSP5–8.5. The area ratio of MHWs to MCSs is expected to rise sharply
from 2040 onward, reaching approximately 100-fold under the SSP2–4.5 scenario and
196-fold under the SSP5–8.5 scenario, particularly in the Marshall Islands and Caribbean
Sea regions. (4) The coefficient of variation (CV) of annual temperature, annual ocean
heat content, and monthly temperature were the top three factors driving MHW intensity.
We emphasize that future MHW predictions should focus more on the CV of forecasting
indicators rather than just the climate means. (5) Coral coverage exhibited post-mortality
processes following MHWs, showing a strong negative correlation (r = −0.54, p < 0.01)
with MHWs while demonstrating a significant positive correlation (r = 0.6, p < 0.01) with
MCSs. Our research underscores the sustained efforts to protect and restore coral reefs
amid escalating climate-induced stressors.

Keywords: marine heatwaves; marine cold spells; coral reef; machine learning

1. Introduction
A marine heatwave (MHW) or marine cold spell (MCS) is typically defined as a

discrete and prolonged event characterized by high and low sea surface temperatures (SSTs),
respectively [1]. They can have devastating impacts on marine ecosystems, particularly
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coral reef ecosystems, which are among the most thoroughly documented [2–4]. Coral
reef ecosystems are characterized by high primary productivity and rapid biogeochemical
cycling, serving as critical habitats for a vast diversity of marine species [5]. Although
coral reefs cover less than 2.5‰ of the global ocean area, they provide over 10% of the
world’s economically valuable fishery resources. However, due to their high sensitivity and
vulnerability to climate change, coral reefs are predicted to be one of the first ecosystems
to collapse under global warming [6,7]. For example, live coral cover in Australia’s Great
Barrier Reef declined from about 50% in 1960 to 20% in 2003, while coral cover in the
Caribbean fell from 50% in 1977 to 10% by 2001 [8–10].

The effects of high temperatures on coral reef ecosystems are attracting increasing
attention. Most research has mainly focused on low-latitude areas, such as the Great Barrier
Reef [11,12], or isolated local sites, such as Weizhou Island in the Beibu Gulf [13]. As early
as 1931, Yonge and Nicholls began investigating the impacts of thermal stress on coral reef
ecosystems. The distinct spatial distribution of bleaching events on the Great Barrier Reef
was closely related to the corresponding SST patterns [4]. MHWs in marginal seas are more
pronounced than those in open oceans and exceed the global average in magnitude [14].
However, coral reefs are predominantly distributed in tropical marginal seas. As global
warming continues, the interval between successive bleaching events may become too short
for coral reefs to recover [4]. Given the uneven increase in the global SST and the scarcity
of large-scale studies on MHWs in coral reef regions, accurately identifying MHW events,
quantifying their trends (particularly the decadal and long-term trends), and investigating
their primary regions and formation mechanisms require further efforts. Therefore, a more
thorough quantification of the spatiotemporal patterns in MHWs in global coral reef regions
over past and future decades is essential.

The formation mechanisms of MHWs are primarily driven by air–sea heat exchange
and oceanic dynamic processes, including atmospheric circulation, advective transport,
horizontal and vertical mixing, and entrainment at the bottom of the mixed layer [15–18].
Most current research focuses on low-frequency variability on seasonal or longer time
scales. In general, these mechanisms can be categorized as detailed below.

Firstly, on a seasonal scale, MHWs are more frequent during summer and least frequent
during winter. Moreover, the intensity of summer MHWs is typically higher than in winter,
mainly due to a shallower mixed layer during summer [19,20]. Studies have shown that
in the Beibu Gulf coral reef regions, lower sea level pressure in spring and autumn and
stronger meridional (V component) winds in autumn and winter are associated with
stronger average MHW intensity [21]. The temporal variation in MHWs also exhibits
spatial heterogeneity, which is mainly attributed to local atmospheric forcing and oceanic
dynamics [22]. Long-duration and higher-intensity MHWs occurred more frequently in
tropical eastern waters and along western boundary currents [23].

Secondly, on an interannual scale, MHWs are primarily regulated by climate modes
like the El Niño–Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) [24,25].
ENSO exerts global impacts through both atmospheric and oceanic teleconnections. For
example, ENSO can intensify the descending Walker circulation over the tropical western
Indian Ocean, reduce cloud cover, enhance solar radiation, and weaken wind speed, thereby
reducing latent heat flux cooling and promoting MHW development [26]. A positive IOD
phase can induce thermocline shoaling and enhance the upwelling of cold water off of
Sumatra and Java, thereby suppressing MHW formation [27,28].

Although The China Blue Book on Climate Change serves as an important scientific
basis for China’s marine economic development and policy decisions, it only began re-
porting MHW-related information in 2024 [21] and still only provides limited coverage on
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MHWs in coral reef regions. MHWs have largely been overlooked, with MCSs receiving
even less attention.

It is important to note that extreme low temperatures can also lead to coral bleaching,
a phenomenon referred to as “cold bleaching” [29–32]. In July 2003, severe bleaching and
even mortality were observed in Acropora species in the intertidal zone of Heron Island,
Australia, due to extreme low temperatures (below 12 ◦C) [2]. Rich et al. [33] also observed
cold-stress-induced coral bleaching on a reef flat in the central Red Sea, highlighting the
necessity of long-term monitoring programs. Similarly, Yu et al. [34] reported widespread
coral bleaching linked to significant cooling during the mid-Holocene. Therefore, while
studying MHWs in coral reef regions is essential, MCSs should not be overlooked.

To address these research gaps, several key objectives were established to advance our
understanding of MHWs/MCSs in relation to several critical aspects. (i) We utilized satellite
observation data spanning from 1982 to 2022, along with ten indicators, to comparatively
assess the spatial distribution and temporal variability of both MHWs and MCSs. This
aspect, which has often been overlooked in prior studies, was a central focus of our
investigation. (ii) Four machine learning models were applied to examine the influence
of atmospheric, oceanic, and other environmental factors on the spatial heterogeneity
of MHWs, with particular emphasis on coral reefs. (iii) We explored the relationship
between MHWs/MCSs and coral coverage across ten global coral reef regions, as defined
by the Marine Ecoregions of the World (MEOW). This study provides a crucial scientific
foundation for coral reef conservation and ecological sustainability.

2. Materials and Methods
2.1. Data Sources
2.1.1. OISST V2.1 Dataset

The data used in the statistical analysis of MHW and MCS characteristics in coral reef
regions can be derived from the OISST V2.1 dataset (https://psl.noaa.gov/data/gridded/
data.noaa.oisst.v2.highres.html, accessed on 27 November 2023). The OISST V2 dataset is a
sea surface temperature dataset obtained through optimal interpolation by the National
Oceanic and Atmospheric Administration (NOAA). It has a daily temporal resolution,
spanning from January 1982 to December 2022, with a spatial resolution of 0.25◦ × 0.25◦.

2.1.2. CMIP6 Dataset

The future climate projections from the CMIP6 ocean model (2024–2070) were adopted
to predict changes in MHWs and MCSs. The metrics were calculated separately for each
model, and their multi-model ensemble mean was analyzed to assess the spatial pat-
terns under the SSP2–4.5 and SSP5–8.5 scenarios. Because the areas of the coral reefs are
scattered and small, high resolution enables a more accurate representation of SST and
MHWs/MCSs in coral reef regions. Referring to previous studies [31,35,36], we selected
the most recently released high-horizontal-resolution models (CMIP6), including AWI-CM-
1-1-MR, GFDL-CM4, and MPI-ESM1-2-HR, under the “r1i1p1f1” scenario (extracted from
https://cds.climate.copernicus.eu/datasets/projections-cmip6?tab=download (accessed
on 27 November 2023), to predict future changes in MHWs and MCSs.

2.1.3. Climate Dataset

For the potential factors affecting MHWs, we selected six atmospheric, oceanic, and
climatic variables, as they directly influence the onset, intensity, and persistence of MHWs
(Table A1). Additionally, all independent variables were expanded into three indices, each
incorporating the following components: “Mean” (multi-year average), “_a_cv” (multi-year
coefficient of variation), “_m_cv” (monthly coefficient of variation), and “slp” (multi-year
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trend). As a result, a total of 24 predictor features (independent variables) were obtained.
Specifically, the data utilized in this study, including air temperature at 2 m in height (t2m),
total cloud cover (tcc), 10 m wind field (si10m), surface latent heat net flux, surface sensible
heat net flux, surface net long-wave radiation flux, surface net short-wave radiation flux,
and 500 hPa geopotential height, were sourced from the ERA5 (ECMWF Reanalysis v5)
dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF).
This dataset is accessible via the Climate Data Store at https://cds.climate.copernicus.eu
(accessed on 27 November 2023). ERA5 integrates a wealth of historical observational data,
including buoy and satellite observations. The dataset provides a temporal resolution of
1 h and a spatial resolution of 2.5◦ × 2.5◦.

Wind speed (10 m) was derived as the square root of the sum of the squared u and v
wind components. Net radiation (Q_net) was calculated by summing the four radiation
components: surface net short-wave radiation flux, surface net long-wave radiation flux,
surface latent heat net flux, and surface sensible heat net flux.

For the analysis, we processed these data by computing multi-year averages (mean),
the coefficient of variation (a_CV), long-term trends (slp) (estimated using Theil–Sen’s
slope), and the coefficient of variation (m_CV) at a monthly scale. These metrics provide a
robust foundation for assessing temporal variability and trends in the dataset.

2.1.4. The Hard Coral Coverage Dataset

The global coral reef regions were divided into 10 subregions, as shown in Figure 1.
The hard coral coverage data came from the Global Coral Reef Monitoring Network
(https://gcrmn.net, accessed on 27 November 2023), spanning from 1980 to 2019. We
used data based on the 10 Marine Ecoregions of the World (MEOW) framework, rather
than pixel-level data [37,38]. The data were collected at individual sites and assigned to
10 km × 10 km grid tiles by using a nearest-neighbor approach and Voronoi polygons for
estimating the coral reef area. They were then aggregated hierarchically from the site level to
MEOW Ecoregions, GCRMN subregions, and, ultimately, the global scale, with weighting
based on coral reef area proportions. A pseudo-spatial hierarchy was applied, where the
influence of neighboring data decreased incrementally, allowing data-poor areas to leverage
patterns from data-rich areas within the same MEOW Ecoregion. Potential biases included
sampling bias, spatial distribution bias, and unequal sample sizes. However, the above
processing method effectively minimizes these biases. This is a widely used dataset for
global coral cover.

Figure 1. Overview of the global coral reef regions defined according to the Marine Ecoregions of the
World (MEOW) framework. Notes: ETP refers to the Eastern Tropical Pacific, EAS refers to East Asia,
ROPME refers to the Regional Organization for the Protection of the Marine Environment, PERSGA
refers to the Persian Gulf and the Gulf of Oman, and WIO refers to the Western Indian Ocean.
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2.2. Definition of MHWs and MCSs

Based on previous research, an MHW is defined as a discrete warm water event
exceeding 5 days in duration, whereas an MCS is defined as an extremely cold water
event [1]. The baseline climatology criteria for quantifying MHWs and MCSs are calculated
using the OISST data for 1982–2022. There are two types of baseline calculations: those
with a fixed baseline and those with a sliding baseline. A fixed baseline period was adopted
for corals due to their slow thermal acclimation, as they are long-lived organisms. In
contrast, sliding baselines are used for species that undergo rapid biological adaptation,
such as phytoplankton and zooplankton, which have strong migratory abilities and shorter
lifecycles [1,39,40]. In order to compare the spatiotemporal patterns of the past and the
future, this baseline was used consistently for both historical analysis and future projections.
Furthermore, 31-day smoothing was applied to previously calculated values to produce the
final climatological mean SST (blue curve) and the 90th percentile threshold (green curve),
shown in Figure 2. The use of a 31-day smoothing window is primarily to reduce short-term
fluctuations in the data, preventing them from being influenced by occasional localized
extreme short-term changes, while also filtering out noise caused by natural fluctuations
or seasonal changes. This makes the baseline climate data smoother and more reliable, as
demonstrated in previous studies [41–43]. The 90th percentile value serves as the threshold
for an MHW, while the 10th percentile value serves as the threshold for an MCS [1,29,30].

Figure 2. MHW and MCS cases from 1998 to 1999. (a) A case of an MHW occurring at an arbitrary
point within the Great Barrier Reef, Australia. (b) A case of an MCS occurring at an arbitrary point in
the vicinity of Mozambique. The blue line represents the climatological mean for the fixed climate
baseline, the green line corresponds to the climatological 90th percentile for (a) and the 10th percentile
for (b), the black line represents the observed SST, and the red shading highlights the occurrence of
an MHW or an MCS.
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To gain a comprehensive understanding of the spatiotemporal patterns in MHWs/MCSs,
we used several indicators, including total days (the sum of all days of MHW/MCS events
per year), average duration (the average duration of MHW/MCS events per year), frequency
(the total counts of MHW/MCS events per year), average intensity (the average intensity of
SST anomalies during MHW/MCS events per year), and maximum intensity (the maximum
intensity of SST anomalies during MHW/MCS events per year) (Table 1).

Table 1. Definitions and calculation of MHWs/MCSs.

Definition Formula Unit

Equation (1) Yearly total count of MHW/MCS events No = N counts
Equation (2) Yearly total days of MHW/MCS events TD =

n
∑
i

Di days

Equation (3) Yearly average duration of all MHWs/MCSs DU =
n
∑
i
(Di)/N days/counts

Equation (4) Yearly average intensity of SST anomalies during all
MHWs/MCSs AI =

n
∑
i

Di
∑
j
(mean(Tij)− T̃ij)

◦C/counts

Equation (5) Yearly maximum intensity of SST anomalies during all
MHWs/MCSs MI =

n
∑
i

Di
∑
j
(max(Tij)− T̃ij)

◦C/counts

Notes: No, yearly total counts of MHW/MCS events. N, the number of MHW/MCS events counted during the
year. TD, yearly total days of MHW/MCS events. Di, the number of days associated with each MHW/MCS
event. DU, yearly average duration of all MHWs/MCSs. AI, yearly average intensity of SST anomalies during
all MHWs/MCSs. Tij, the sea surface temperature of the i-th day of the j-th MHW/MCS event. T̃ij, mean SST
anomalies for the corresponding MHW/MCS event. MI, yearly maximum intensity of SST anomalies during all
MHWs/MCSs. n represents the total number of MHW/MCS events in all of the equations.

2.3. Analysis Methods

Random Forest (RF) is based on the Bagging framework. RF generates multiple
decision trees through bootstrap sampling and incorporates random feature selection
to reduce model variance. By constructing independent decision trees in parallel and
aggregating results via voting or averaging, RF inherently adapts well to high-dimensional
data. XGBoost (Extreme Gradient Boosting) is an optimized version of Gradient Boosting
Decision Trees (GBDT) [44]. Innovations include block-structured feature storage for
parallel computing and column subsampling to reduce computational overhead. Compared
to traditional GBDT, XGBoost significantly improves both accuracy and efficiency, making
it a mainstream algorithm in machine learning competitions. LightGbm (Light Gradient
Boosting Machine) further optimizes XGBoost, with the following key improvements.
It discretizes continuous features into histograms, reducing computation and memory
usage; it prioritizes splitting leaf nodes with the highest gain, enhancing the model’s
efficiency; and it retains high-gradient samples while randomly sampling low-gradient
ones, balancing data distribution and computational load. These optimizations make
LightGbm significantly faster than XGBoost for large-scale datasets. CatBoost (categorical
boosting) is renowned for handling categorical variables; it also optimizes the processing of
continuous variables. Unlike traditional algorithms (e.g., decision trees requiring manual
binning thresholds), CatBoost automatically optimizes split points for continuous features.
While LightGBM generally achieves faster training speeds, CatBoost’s key advantage
lies in its automated feature processing (for continuous, categorical, and missing values),
minimizing manual intervention while maintaining high predictive performance.

Recursive Feature Elimination (RFE) can efficiently control overfitting. It was imple-
mented to select the most important predictors from the high-dimensional environmental
variables. The algorithm iteratively removed the least important features, as determined
by the feature importance scores, while optimizing the model’s predictive performance
through 10-fold cross-validation.
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Regarding parameter optimization, we implemented diverse strategies to control
overfitting. Table A2 lists the set of parameters for four machine learning models. Random
Forest is configured with n_estimators = 500 and max_depth = 6, leveraging its inherent
bootstrap sampling and leaf node constraint mechanisms to control overfitting. XGBoost
comprehensively applies early stopping, feature subsampling (colsample_bytree = 0.8),
and instance subsampling (subsample = 0.8) techniques to mitigate overfitting. CatBoost
adopts an early stopping strategy (halting after 50 rounds without improvement) and L2
regularization (l2_leaf_reg = 3) to control model complexity. The LightGBM model utilizes
RandomizedSearchCV for parameter tuning, with search ranges including n_estimators
(200) and learning_rate (0.1), combined with 10-fold cross-validation to enhance generaliza-
tion capability. All models employ an 80%/20% training/testing split strategy, ensuring
reliability and effectiveness in model evaluation.

To interpret the four models’ results, SHAP values (Shapley Additive Explana-
tions) [45] were adopted to analyze the sensitivity of abrupt change probabilities to environ-
mental factors. Based on game theory, SHAP values evaluate the impact of each predictor
by assessing all possible combinations of predictors. For example, for the OHC feature,
the approach evaluates model accuracy using all combinations of predictors, excluding
OHC, and then tests how adding OHC improves the accuracy of each combination. SHAP
values provide a consistent framework for quantifying the independent contribution of
each environmental factor (i.e., feature) to MHWs while keeping other features constant,
thus enhancing the model’s transparency.

In addition, a combination of Theil–Sen and Mann–Kendall [46] trend analysis was
adopted to identify the trend of spatiotemporal dynamics in MHWs/MCSs.

3. Results
3.1. Global Patterns in Mean MHW and MCS Metrics in Coral Reef Zones from 1982 to 2022

As illustrated in Figures 3 and 4, the spatiotemporal distribution patterns in MHWs
and MCSs show significant spatial heterogeneity. In general, MHWs in higher-latitude
coral reef zones are characterized by longer durations and higher intensity, with up to
1.24 times more MHW days than equatorial regions (Tables A3 and A4 and Figure A1).
The spatial distribution of MCS frequency is similar to that of MHWs but features shorter
durations and contrasting trends in average intensity.

Specifically, the total days of both MHWs and MCSs (the sum of all days of
MHWs/MCSs per year) vary significantly across regions (Figures 3a and 4a). High figures
for total days are observed in regions like the Red Sea, the Persian Gulf, the Hawaiian
Islands, the Galapagos Islands, the South Pacific Islands, coastal Australia, and the south-
western coast of Sumatra, with MHWs reaching up to 32 days and MCSs reaching up to
31 days. In contrast, lower numbers of total days are observed in regions like eastern Africa,
northern Madagascar, equatorial areas, and the Caribbean Sea.

The average duration of MHWs and MCSs (the average duration of MHW/MCS events
per year) also varies across coral reef zones (Figures 3b and 4b). Most regions experience
MHWs lasting fewer than 20 days/count and MCSs lasting fewer than 10 days/count.
However, in some regions, the longest average duration of MHWs can extend up to
31 days/count, while MCSs can reach up to 20 days/count.

Regarding the frequency of MHWs and MCSs (the total counts of MHW/MCS events
per year, Figures 3c and 4c), high-frequency MHWs primarily occur in East Asia, northern
Australia, southern Madagascar, and the southern peninsula of Florida, where events occur
several times per year on average. These regions, located near continents or at higher
latitudes, experience multiple events per year on average. Similarly, high-frequency MCSs
occur in western Madagascar, East Asia, northern Australia, and the Galapagos Islands,
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with frequencies approaching three times per year. Conversely, low-frequency regions of
both MHWs and MCSs are identified in the Pacific Ocean, the Red Sea, the Persian Gulf,
and the Caribbean Sea.

 
Figure 3. Spatial distribution of MHW metric means across global coral regions during the 41-year
period (1982–2022). (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.

Regions with a high maximum intensity of MHWs (the maximum intensity of SST
anomalies during MHW/MCS events per year, Figures 3d and 4d) are typically located in
high-latitude coral reef zones, whereas low-intensity areas are found in equatorial oceans.
For MCS, most coral reef zones exhibit a high maximum intensity, with low-intensity areas
mainly found in the Galapagos Islands, the South Pacific Islands, southwestern Sumatra,
and northwestern Australia. The spatial distribution patterns of average intensity for both
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MHWs and MCSs (the average intensity of SST anomalies during MHW/MCS events per
year, Figures 3e and 4e) closely follow those of maximum intensity.

 
Figure 4. Spatial distribution of MCS metric means across global coral regions during the 41-year
period (1982–2022). (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.

3.2. Global Trends in Mean MHW and MCS Metrics in Coral Reef Zones from 1982 to 2022

From 1982 to 2022, MHW events have increased, while MCS events have decreased,
exhibiting significant spatial heterogeneity across the entire coral reef regions, particularly
in East Asia, the South Pacific, and the Caribbean (Figures 5 and 6). MHW total days have
increased substantially in most regions, particularly in the Red Sea, the northern Persian
Gulf, and the South Pacific islands, with rates of up to 28 days/decade. Additionally, the
average duration of MHW events has increased by 1–2 days/event/decade, while the

1509



Remote Sens. 2025, 17, 2881 10 of 31

frequency has increased by 1–1.9 events/decade, especially in the Red Sea, the Persian
Gulf, eastern East Asia, and the South Pacific islands.

 
Figure 5. Spatial distribution of MHW metric trends across global coral regions during the 41-year
period (1982–2022). (a) Trend of total days, (b) trend of average duration, (c) trend of frequency,
(d) trend of maximum intensity, and (e) trend of average intensity. Note that red represents an
increasing trend, while green indicates a decreasing trend.

MHW events in global coral reef regions have become more extreme over time
(Figure 7g,i). Specifically, the average intensity of MHWs has decreased by 0.1 ◦C/count/
decade, while the maximum intensity has increased by 0.1 ◦C/count/decade. Additionally,
the average intensity tends to be higher during strong El Niño years.
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Figure 6. Spatial distribution of MCS metric trends across global coral regions during the 41-year
period (1982–2022). (a) Trend of total days, (b) trend of average duration, (c) trend of frequency,
(d) trend of maximum intensity, and (e) trend of average intensity. Note that red represents a
decreasing trend, while green/blue indicates an increasing trend.

Conversely, as shown in Figure 7, the MCS total days have decreased by approximately
10.5 days/decade, with a similar reduction in average duration by 0–5 days/count/decade
across most coral reef areas. The frequency of MCS events has also decreased by
0.9–2.4 counts/decade. However, the maximum intensity of MCSs has increased in coral
reef regions between 15◦ and 30◦ latitude north and south at a rate of 0–0.1 ◦C/count/decade.
Despite this overall decline, the maximum intensity of MCSs continues to show variability, as
illustrated by the quadratic trend fitted to the MCS mean intensity variable (Figure 7j).
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Figure 7. The temporal evolution from 1982 to 2022 of MHWs (left panels) and MCSs (right panels).
Metrics displayed include annual occurrence days (a,b), event duration (c,d), annual frequency (e,f),
and thermal intensity measures ((g,h) for maximum; (i,j) for mean). Highlighted bands mark major
El Niño events (1983, 1988, 1998, 2010, 2015, 2020). The confidence intervals represent the spatial
standard deviation across global coral reef areas. To avoid obscuring temporal trends, the confidence
intervals were divided by 5 for visualization.

1512



Remote Sens. 2025, 17, 2881 13 of 31

3.3. Global Trends in Mean MHW and MCS Metrics in Coral Reef Zones from 2023 to 2070

The projections suggest a significant increase in MHW duration, frequency, and inten-
sity in the future, particularly under the SSP5–8.5 scenario in the Marshall Islands and the
Caribbean Sea regions, while MCS events are expected to decrease in both frequency and
intensity across most coral reef regions, particular in the South Pacific.

Under the SSP2–4.5 scenario, the results for MHWs showed that the total days of
MHWs exceeded 150 days in most coral reef regions, with the eastern part of Indonesia,
the Marshall Islands, and the Caribbean Sea approaching 300 days (Figure 8). The average
annual duration of MHWs ranged from 14 to 170 days/count, with the aforementioned
regions experiencing durations exceeding 120 days. The frequency of MHWs was particu-
larly high in the Indo-Pacific and Caribbean regions, approaching eight counts per year.
The average warming intensity of MHWs varied between 1 ◦C and 3 ◦C/count, with the
maximum intensity reaching up to 8 ◦C, primarily observed in the Persian Gulf.

 
Figure 8. Spatial distribution of MHW metric means across global coral regions from 2023 to 2070
under SSP2–4.5. (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.
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When comparing the SSP5–8.5 scenario to the SSP2–4.5 scenario, all five MHW metrics
showed an increasing trend under the SSP5–8.5 scenario (Figure 9). The main hotspot
regions for MHWs under this scenario were the central–western Pacific and the Caribbean
Sea, where both the total duration and intensity of MHW events were projected to intensify
further. Furthermore, a summary of the total MHW days under the SSP5–8.5 scenario
revealed that regions experiencing more than 200 MHW days per year would encompass
over 70% of the area by 2070. As a result, MHWs are projected to become nearly year-round
by 2070 under scenario SSP5–8.5.

 

Figure 9. Spatial distribution of MHW metric means across global coral regions from 2023 to 2070
under SSP5–8.5. (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.

Regarding MCS, under the SSP2–4.5 scenario, the total number of days of MCSs in
most coral reef areas was less than 4 days, and the average duration of MCSs was typically
less than 10 days/count. The frequency of MCS events was low, with the maximum
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intensity of MCSs being weak, ranging from −3 ◦C to −1 ◦C/count, especially in the South
Pacific region (Figure 10).

 
Figure 10. Spatial distribution of MCS metric means across global coral regions from 2023 to 2070
under SSP2–4.5. (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.

Under the SSP5–8.5 scenario (Figure 11), the total number of days of MCS events was
projected to decrease further, with even shorter average durations and lower frequencies.
The intensity of MCS events also weakened under this scenario, particularly in the South
Pacific, where the maximum intensity was significantly lower compared to other regions.

1515



Remote Sens. 2025, 17, 2881 16 of 31

 
Figure 11. Spatial distribution of MCS metric means across global coral regions from 2023 to 2070
under SSP5–8.5. (a) Total days, (b) average duration, (c) frequency, (d) maximum intensity, and
(e) average intensity.

Between 1982 and 2022, the area affected by MHWs was less than 20 times the size of
the area impacted by MCSs. However, under future global warming scenarios, SSTs in coral
reef zones are expected to increase at a rate of 0.2–0.3 ◦C per decade. In addition, the area
ratio between MHWs and MCSs is projected to continue increasing significantly. By 2070,
under the SSP2–4.5 scenario, this ratio is expected to reach a maximum of approximately
100 times, and under the more extreme SSP5–8.5 scenario, it could rise by as many as
196 times, especially after 2040 (Figure 12). As a result, MHWs are projected to dominate
coral reef zones in the future, particularly under the SSP5–8.5 scenario.
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Figure 12. Temporal evolution of MHW/MCS ratio and corresponding SST trends through historical
periods (1982–2022) to the future (2023–2070). Notes: The gray solid line with dots represents
historical increases in the SST. The green solid line with squares represents SSP2–4.5 warming, and
the green shading indicates the uncertainty range. The red solid line with triangles represents
SSP5–8.5 warming, and the red shading indicates the uncertainty range. The gray dashed line with
circles represents the historical ratio of MHW/MCS. The green dashed line with squares represents
the SSP2–4.5 ratio of MHW/MCS. The red dashed line with triangles represents the SSP5–8.5 ratio
of MHW/MCS.

3.4. The Underlying Factors Shaping the Spatial Heterogeneity of MHWs

Figure 13 shows that only 13 features were retained, effectively mitigating the risk
of overfitting. The models performed well, with all R2 values around 0.9 (Figure A2).
While the importance ranking of features varied across the four models, a consistent trend
emerged. In all models, t2m_a_cv (annual coefficient of variation of 2 m air temperature)
was consistently ranked as the most important feature. The second and third most impor-
tant features differed slightly across models. For the sake of simplicity and consistency,
these features have been consolidated into the top three most influential factors, which are
t2m_a_cv, OHC_a_cv (annual coefficient of variation in ocean heat content), and t2m_m_cv
(monthly coefficient of variation of 2 m air temperature). As these factors increased, the
number of MHW total days correspondingly rose. Furthermore, the coefficient of variation
(CV) exerted a stronger influence than mean values, encompassing both interannual and
intra-annual (month-to-month) CVs of temperature.

1517



Remote Sens. 2025, 17, 2881 18 of 31

 

Figure 13. SHAP values of multiple models and the importance ranking plot of features. (a) SHAP
values for Random Forest, (b) SHAP values for XGBoost, (c) SHAP values for CatBoost, (d) SHAP
values for LightGbm. The higher feature eigenvalues are indicated by red dots, and lower eigenvalues
are indicated by blue dots at the right of the plot. The importance ranking plot of features is indicated
by bar plots. t2m refers to air temperature at 2 m height, si10 refers to wind speed at 10 m height,
OHC stands for ocean heat content, z_500 represents geopotential height at 200 hPa, tcc denotes
total cloud cover, and Q indicates net radiation. The suffix _a_cv refers to the multi-year coefficient
of variation (CV), _m_cv refers to the monthly coefficient of variation (CV), “mean” denotes the
multi-year average, and “slp” indicates the multi-year trend.
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3.5. Relationship Between MHWs/MCSs and Coral Coverage

Figure 14 demonstrates an inverse relationship between coral coverage and MHWs
(c = −0.54, p < 0.01) while showing a significant positive correlation with MCSs (c = 0.6,
p < 0.01). Specifically, around 1998, 2010, and 2016, high MHW values corresponded to
declining coral coverage. Despite a rapid decline in MHWs after 1998, coral coverage
continued to decline, reaching 30% by 2001 and demonstrating post-mortality processes.
Coral coverage continued to increase from 2001, until severe MHWs began in 2008. Due
to the increasing frequency, intensity, and duration of MHWs, coral cover has exhibited a
downward trend, with only a slight recovery observed in 2018.

 

Figure 14. Changes in hard coral cover and the days of MHWs/MCSs from 1982 to 2019. Note: The
blue line represents coral coverage. The red line represents MHW days. The green line represents
MCS days.

From the perspective of different coral reef regions (Figure A3), the Pacific region
shows the strongest negative correlation (c = −0.87, p < 0.001), followed by PERSGA
(c = −0.59, p < 0.001), ROPME (c = −0.54, p < 0.001), and WIO (c = −0.52, p < 0.001). In
contrast, MCSs and coral reef cover both exhibits decreasing trends, resulting in a positive
correlation (Figure A4).

4. Discussion
4.1. Higher-Latitude Coral Reefs Are Experiencing More Severe MHWs than Equatorial Regions

Our findings reveal that MHW intensity is higher in lower-temperature regions. This
implies that coral reefs at higher latitudes endure more intense MHWs compared to their
equatorial counterparts (Tables A3 and A4 and Figure A1). Multiple factors may account
for this warming asymmetry, as follows. (i) Greater seasonal SST variability (Figure 15a)
and warming trends (Figure 15b) at higher latitudes may result in anomalies that more
frequently exceed a fixed threshold. (ii) In higher-latitude coral reef areas, atmospheric
conditions, such as high-pressure systems, may reduce cloud cover, thereby increasing solar
radiation. This, in turn, enhances surface water temperature and stratification differences,
promoting the development of MHWs [47]. (iii) Some physical oceanographic mechanisms
could shape this pattern. For example, a study in the Northwestern South China Sea
suggests that wind weakening and enhanced stratification can inhibit upwelling, which in
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turn favors the development of MHWs [48]. (iv) The subtropical regions generally exhibit
lower baseline temperatures relative to equatorial zones. This temperature gradient enables
subtropical regions to absorb heat more efficiently. Coupled with elevated solar radiation,
these conditions render subtropical regions especially vulnerable to MHW events [49].

 

Figure 15. Seasonal SST variability (a) and warming trends (b) in global coral regions for different
latitudinal bands. Note: White dots represent the position of the median, with the numerical labels
above indicating the specific value.

Intense MHWs in higher-latitude regions threaten their potential as coral refuges—areas
theorized to shelter coral species during global warming due to their naturally cooler temper-
atures [50]. What is worse, these regions are frequently subject to intense human activities,
which may reduce live coral cover and degrade reef communities, thereby heightening the
susceptibility of corals in higher-latitude waters to extreme climatic events [51].

4.2. Upper-Ocean Warming Is One of the Most Important Drivers of the Trends in
MHWs and MCSs

Four machine learning approaches demonstrate that ocean heat content (OHC) is one
of the primary drivers of MHWs. To elucidate spatial variations in OHC, we compared
the multi-year linear trend of OHC at depths of 0–300 m with the spatial distribution of
MHWs (Figure 16). The increase in OHC and SST corresponds to the areas where MHW
days have increased. Specifically, SST shows an upward trend across the entire coral reef
region, especially in the northern Indian Ocean, eastern East Asia, South Pacific islands,
and the North Atlantic. In these regions, OHC is also increasing. This pattern aligns with
the distribution of coral reefs, which are primarily located in regions with rising OHC.

Higher ocean heat content (0–300 m) can indicate a larger subsurface heat reservoir
and increased stratification, which make the surface more susceptible to extremes [52,53].
Prior research has similarly established that SST warming predominantly drives increases
in the duration and frequency of MHWs [16]. Additionally, high interannual variability
suggests a greater likelihood of extreme deviations [54,55].

We also observed that strong El Niño years are associated with MHWs. The impact of
ENSO is primarily evident in the tropical Pacific, the tropical Indian Ocean, and regions like
the Great Barrier Reef in Australia [23]. SST anomalies in the tropical eastern Pacific can
strengthen the downward branch of the tropical Walker circulation in the western Indian
Ocean, leading to more frequent MHWs in areas where coral reefs are concentrated [56].
Furthermore, ENSO can increase the frequency and intensity of MHWs by stimulating
warm atmospheric Rossby waves [26]. The influence of the Indian Ocean Dipole (IOD)
on the interannual variation in MHWs is mainly observed in the tropical Indian Ocean
and the tropical Pacific [23]. For example, negative IOD events cause the thermocline to
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deepen, weakening the upwelling of cold waters along the coast and thereby promoting
the occurrence of MHWs [57].

Figure 16. The spatial patterns of the trend in the multi-year average (a) sea temperature and (b) ocean
heat content (OHC) changes at 0–300 m depth during the period from 1982 to 2022.

4.3. MHWs Are Projected to Continue Increasing in the Future

Under future warming, events are measured against present-day thresholds, resulting
in the projection of nearly year-round MHWs by 2070. Oliver et al. [58] similarly noted
that the frequency and duration of MHWs have risen, driving a 54% increase in global
annual MHW days, with the most pronounced increases observed in the high-latitude
North Atlantic. Under the SSP5–8.5 scenario, intensified global warming is projected to
markedly increase the MHW-to-MCS area ratio, underscoring the pivotal role of warming
magnitude in shaping future MHW and MCS dynamics. According to Hughes et al. [4], the
extensive 2016 damage coupled with continuing temperature increases make the recovery
of the northern Great Barrier Reef to its original status unlikely, with projections indicating
that a fourth mass bleaching episode is probable within the next 10–20 years.

Forecasting MHWs is increasingly vital for safeguarding coral reef ecosystems. Our
findings reveal that the coefficient of variation (CV), rather than the mean, exerts the
strongest influence on MHW intensity. This stems primarily from MHW intensity reflecting
the extent of SST deviation from its historical mean, with the CV of 2 m air temperature
similarly capturing such variability. Consequently, the CV of air temperature and OHC has
emerged as the most critical determinant. Accordingly, we underscore that future MHW
predictions should prioritize the CV of predictive indicators over reliance on mean values
alone. However, numerous studies have overlooked these factors [59–62].

4.4. Relationship Between MHWs/MCSs and Coral Coverage

MHWs have both direct and indirect effects that may lead to post-mortality processes
in coral reefs. (i) Coral bleaching caused by symbiotic algae expulsion leads to coral
mortality [63]. (ii) Phototrophic microbes lead to the rapid microbial bioerosion of coral
skeletons, and this process is exacerbated by the nitrogen released from dead corals and
high temperatures [64,65]. (iii) Competitive algae occupy the habitat, attracting excavating
fish herbivores, further promoting bioerosion, and leading to coral larval recruitment fail-
ure [66,67], as well as suppressing algal competition [68]. Therefore, the destruction caused
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by MHWs to both the biological community and physical structure reduces the ecosystem’s
structural complexity [69]. Coral death can still occur after severe MHW events.

The observed lag effects of recovery can be attributed to several interacting factors,
including a limited larval supply [67,70,71], thermally tolerant symbionts reducing the
growth of their coral hosts [66], shifts toward coral–algal dominance [72], and the cumula-
tive impact of sequential disturbances, such as disease and ocean acidification [73,74].

We found that the decrease in MCS days and the reduction in coral coverage showed
a significant positive relationship, which can be explained as follows. (i) The increase in
MHWs is often accompanied by a decrease in MCSs, and the reduction in coral coverage
is dominated by the positive correlation with MHW [20,75]. However, MCSs may still
provide a window for coral to recover from heat stress [76]. (ii) Decreased cold spells may
lead to reduced upwelling, thereby reducing nutrient supply and affecting coral health and
recovery capacity [77]. Therefore, we emphasize that future research should focus not only
on heatwaves but also on developing the study of cold spells.

4.5. Implications

In response to increasingly severe global warming, previous research has proposed
various potential responses in coral reefs, including migration to refuges in high-latitude
regions [78–80]. Our research asserts that high-latitude coral reefs are experiencing more
intense MHWs and MCSs compared to equatorial regions, underscoring the need to pri-
oritize the protection of coral refuges. Additionally, the coral reefs in the Pacific and
Caribbean regions, where the intensity of MHWs is gradually increasing, should be given
more attention.

Coral reef recovery exhibits a lag effect, meaning that even after a reduction in MHWs,
recovery remains slow, showing a post-mortality process. This has emphasized the need for
long-term protection and restoration efforts rather than reactive measures during extreme
weather events. Integrating the establishment of protected areas and long-term strategies,
such as ecological restoration, into climate change mitigation efforts is crucial for ensuring
the sustained health of coral reef ecosystems.

4.6. Limitations and Prospects

Firstly, the selection of projection models primarily considers spatial resolution. Given
that three models represent a relatively small ensemble, it is important to acknowledge
that while they may provide an initial projection, they may not capture the full uncertainty
range of CMIP6 outcomes. Further studies should utilize a larger ensemble of regionally
downscaled data to reduce model uncertainty. Secondly, the baseline assumptions in the
study are static, meaning that the research does not account for the adaptability of coral
reefs. Corals are likely to experience conditions far outside of their historical norms in
the next 50 years. The next step should involve considering multiple baseline scenarios
to compare and analyze the spatial and temporal patterns of future marine heatwaves in
coral reef areas, which could provide more robust results [81]. Thirdly, although the corre-
lations between MHWs/MCSs and coral cover offer valuable insights into the relationship
between these factors and coral dynamics, such relationships may not be easily captured
through simple linear assumptions. Future studies should incorporate these indicators
into lagged regression models or structural equation modeling to more effectively identify
the key drivers of coral bleaching and mortality [82]. In addition, determining the top
three factors in the four machine learning models, treated as equally important, should
be further investigated. For example, Ensemble Learning techniques, such as Bagging,
Boosting, or Stacking, could combine multiple learners (such as the four models we used)
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to reduce variance and bias while improving prediction accuracy, ultimately yielding a
unified result [83].

5. Conclusions
In this study, we utilized daily SST data from 1982 to 2070 to explicitly depict the

spatiotemporal patterns and trends of MHWs and MCSs. Additionally, we applied four
machine learning models to investigate the driving mechanisms of MHW intensity. At last,
we explored the relationship between coral coverage and MHWs/MCSs. The conclusions
and implications are as follows:

(1) Over the last four decades, MHWs have not only been increasing in average intensity
but also becoming more extreme, while MCSs have declined. The Red Sea, the Persian
Gulf, the Hawaiian Islands, the Galapagos Islands, the South Pacific Islands, coastal
Australia, and southwestern Sumatra experience high numbers of total days of MHWs,
reaching up to 32 days, and MCSs for up to 31 days. The average total days of MHWs
are increasing at a rate of up to 28 days/decade.

(2) Higher-latitude coral reefs face more severe MHWs than their equatorial counter-
parts, with up to 1.24 times more MHW days, highlighting the need to prioritize the
protection of coral refuges in these vulnerable regions.

(3) The coefficient of variation (CV) of annual temperature, the annual ocean heat content,
and the monthly temperature were important factors driving MHW intensity. We
emphasize the critical role of climate variability (CV) over mean climate as a major
driver of MHW and further highlight that future MHW predictions should focus more
on the CV of forecasting indicators rather than just the climate means to provide new
insights for future projections.

(4) From 2023 to 2070, the SST in coral reef zones is projected to rise by 0.2–0.3 ◦C per
decade. We highlight that MHWs are expected to occur nearly year-round under
scenario SSP5–8.5, while MCSs are anticipated to decline sharply. The MHW-to-MCS
area ratio is forecasted to surge after 2040, reaching approximately 100 times under
SSP2–4.5 and 196 times under SSP5–8.5 by 2070, particularly in the Marshall Islands
and the Caribbean Sea.

(5) Coral coverage shows a strong negative correlation with MHW intensity (r = −0.54,
p < 0.01) and a significant positive correlation with MCSs (r = 0.6, p < 0.01). Coral
coverage in the Pacific region demonstrates the highest sensitivity to MHWs. Globally,
it shows a recovery lag and post-mortality processes following MHWs.
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Appendix A

 

Figure A1. Spatial patterns of MHW metrics across different latitude bands. Note: White dots
represent the position of the median, with the numerical labels above indicating the specific value.
For example, for MHW days, the median at 22.5–30N is 24.12, while at 0–7.5N, it is 19.38, which is
nearly 1.24 times higher, indicating that higher-latitude coral reefs face more severe MHWs than their
equatorial counterparts.
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Figure A2. Validations for four machine learning models. Note: Dark blue indicates values with
higher point density. The red solid line represents the fitted line, and the black dashed line represents
the 1:1 line.

Figure A3. Interannual variation in marine heatwave days and annual changes in coral coverage.
Shaded areas show strong El Niño years in 1983, 1988, 1998, 2010, 2016, and 2020.
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Figure A4. Interannual variation in MCS days and annual changes in coral coverage. Shaded areas
show strong La Niña years in 1984, 1988, 1992, 1996, 1999, 2007, and 2010.

Table A1. Variables used in the four machine learning models.

Variable Description Unit Reference

Dependent variable.

The total days of MHWs The sum of all days of MHWs per year, which can directly
reflect the severity of MHWs. days /

Independent variables (features).

Air temperature at 2 m (t2m) Directly influences the surface ocean temperature, which is a
key factor in the development of MHWs.

◦C [84]

Wind speed at 10 m (si10)
Influences ocean currents and mixing, affecting heat exchange
between the ocean’s surface and deeper layers. It impacts the

distribution of heat in the ocean.
m/s [58]

Ocean heat content (OHC)
Measures heat stored in the upper layers of the ocean. Higher

OHC increases the likelihood of MHWs by providing more heat
for surface transfer.

J/m2 [85]
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Table A1. Cont.

Variable Description Unit Reference

Geopotential height at
200 hPa (z_500)

A key indicator of atmospheric circulation patterns that
influence MHWs. High-pressure systems are associated

with prolonged periods of warm temperatures.
m [15]

Total cloud cover (tcc)
Affects the amount of solar radiation reaching the ocean’s

surface. Less cloud cover allows for more heat
penetration, contributing to MHWs.

% [86]

Net radiation (Q)
Governs the heat flux at the ocean’s surface, impacting

ocean temperature changes. Positive net radiation
increases ocean heating and can lead to MHWs.

W/m2 [1]

Notes: All of the independent variables were expanded into three indices, each incorporating the following
components: “Mean” (multi-year average), “_a_cv” (multi-year coefficient of variation), “_m_cv” (monthly
coefficient of variation), and “slp” (multi-year trend). “Mean” (multi-year average): This gives a baseline,
providing context on how the features typically behave over the long term, which is important in understanding
whether current conditions are anomalous. “_a_cv” (multi-year coefficient of variation) and “_m_cv” (monthly
coefficient of variation): These suffixes represent the variability of the features over different time scales. MHWs
are highly sensitive to variability in oceanic and atmospheric conditions. The multi-year CV captures long-term
shifts in climate, while the monthly CV helps in identifying more transient, month-to-month changes that could
indicate the onset of MHWs. “slp” (multi-year trend): This trend (slp) indicates the long-term direction of change
in the variables, showing whether conditions are becoming more or less conducive to MHWs over time.

Table A2. The set of parameters for four machine learning models.

Random Forest XGBoost CatBoost LightGBM

n_estimators: 500 objective: reg:squarederror iterations: 500 n_estimators: 200
max_depth: 6 max_depth: 6 learning_rate: 0.05 learning_rate: 0.1
min_samples_split: 5 eta: 0.05 depth: 6 num_leaves: 123
min_samples_leaf: 2 subsample: 0.8 l2_leaf_reg: 3 objective: regression
random_state: 42 colsample_bytree: 0.8 random_seed: 42

gamma: 0.1 early_stopping_rounds: 50

Table A3. Trend and significance of MHW indicators within latitude bands.

Total Days 30◦ N–15◦ N 15◦ N–0◦ 0◦ N–15◦ S 15◦ S–30◦ S

trend 1.309 1.051 1.135 1.241
p-value 0.000 0.000 0.000 0.000

Average Duration

trend 0.196 0.148 0.193 0.213
p-value 0.000 0.000 0.000 0.000

Frequency

trend 0.080 0.069 0.056 0.057
p-value 0.000 0.000 0.000 0.000

Max Intensity

trend 0.006 −0.002 −0.002 0.006
p-value 0.000 0.444 0.347 0.002

Table A4. Trend and significance of MCS indicators within latitude bands.

Total Days 30◦ N–15◦ N 15◦ N–0◦ 0◦ N–15◦ S 15◦ S–30◦ S

trend −0.929 −0.951 −1.038 −1.005
p-value 0.000 0.000 0.000 0.000

Average Duration
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Table A4. Cont.

Total Days 30◦ N–15◦ N 15◦ N–0◦ 0◦ N–15◦ S 15◦ S–30◦ S

trend −0.031 −0.034 −0.012 −0.043
p-value 0.280 0.022 0.579 0.175

Frequency

trend −0.081 −0.096 −0.102 −0.077
p-value 0.000 0.000 0.000 0.000

Max Intensity

trend −0.009 −0.007 −0.006 −0.004
p-value 0.000 0.000 0.000 0.000
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ABSTRACT  
Disasters caused by winter wheat mildew affect the quality and safety of grain. The 
purpose of this study was to construct a winter wheat mildew index based on 
multispectral remote sensing data combined with an automatic threshold 
segmentation algorithm to quickly extract the area affected by winter wheat mildew. 
Research has shown that the spectrum of winter wheat strongly absorbs after mildew. 
On the basis of this spectral feature difference, the ‘area method’ is used to construct 
the wheat mildew index to enhance the separability between normal wheat and 
mildewed wheat. Five threshold segmentation algorithms are used to automatically 
extract the mildewed wheat region, and the Otsu threshold segmentation algorithm 
and iterative threshold segmentation algorithm achieve the best performance. The 
results show that the overall accuracy of the wheat mildew index combined with the 
automatic threshold segmentation algorithm is similar to that of the random forest 
and support vector machine (SVM) classification methods, but the extraction process 
is greatly simplified. In addition, the extraction of mildewed wheat combined with an 
automatic threshold segmentation algorithm can effectively avoid the problem of 
unstable extraction accuracy caused by specific threshold segmentations.
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1. Introduction

At present, remote sensing disaster monitoring and recognition methods based on imaging technology 
include threshold segmentation, machine learning, and deep learning. These methods realize remote sen
sing monitoring and mapping of crop diseases by identifying features. The threshold segmentation method 
is simple and efficient. Using the normalized difference vegetation index (NDVI) to set the threshold to 
extract green vegetation is the simplest application of threshold segmentation. Some researchers have 
used the threshold segmentation method of the hue saturation intensity (HSI) color model to segment 
and extract the severity of soybean rust (Di Cui et al. 2010). The machine learning classification method 
realizes the classification prediction of the new dataset by learning the relationship between the character
istics and categories of the sample dataset. Scholars have estimated the severity of rice blast disease through 
a variety of machine learning methods, such as support vector machines and random forests (Mandal et al. 
2023). Compared with the machine learning classification model, the deep learning model has stronger fea
ture learning ability. Scholars have used deep convolutional neural networks (DCNNs) combined with 
image space and spectral information to monitor wheat yellow rust (X. Zhang et al. 2019) and classify 
wheat leaf diseases by integrating a variety of deep learning algorithms (Xu et al. 2023). Although the 
threshold segmentation method is simple to use, the selection of the segmentation threshold directly 
affects the final segmentation accuracy. In addition, the construction of segmented data and the selection 
of thresholds also have an impact on the segmentation results. Machine learning classification methods 
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such as support vector machines (SVMs) and random forests (RFs) are widely used in remote sensing 
classification. However, with the complexity and diversity of remote sensing data, machine learning classifi
cation algorithms face new challenges in high-dimensional small samples, high-dimensional data imbalance 
and feature engineering. The deep learning classification method has powerful deep feature learning ability, 
but with the deepening of the deep learning network, the selection of the classification neural network struc
ture and parameters has become a problem that cannot be ignored. In addition, the interpretability of the 
neural network hidden layer is poor, which is not conducive to the interpretation of remote sensing classifi
cation physical features (Zhu et al. 2018).

The characteristics and spectral attributes of crop damage caused by disease stress constitute the basis of 
crop disease monitoring via remote sensing (Sindhuja Sankaran et al. 2010). When crops are stressed by 
diseases, pests or external environmental factors, external morphological changes are manifested mainly 
as pigment reduction, color changes in plant leaves, wilting and decay (Liu, Liu, Sun, et al. 2024). At the 
same time, the cells in the plant are damaged, leading to the inhibition of photosynthesis and respiration. 
The difference in the absorption and reflection of the electromagnetic spectrum in the leaves or canopy 
of crops under disease stress is called the spectral response characteristic. When crops are stressed by disease, 
the spectral and texture characteristics of remote sensing images change significantly (Liu, Liu, Liu, et al. 
2024). The spectral response characteristics are affected by the external structure and internal physical 
and chemical properties of crops. Owing to differences in crop species, growth status and disease types, 
the spectral absorption and reflection characteristics of crops change under disease stress, and the spectral 
response characteristics of crops are diverse (Onisimo Mutanga and Andrew K. Skidmore 2007). When 
crops are stressed by external factors such as diseases, their absorption and reflection of sunlight change 
in the visible and near-infrared bands. The leaves of healthy vegetation have greater absorption and 
lower reflectivity in the visible light band, but the opposite is true in the near-infrared band (Knipling 
1970). In addition, the near-infrared band and the near-infrared band are also spectral features related to 
plant growth, which are often used to characterize vegetation information, such as constructing the veg
etation index formed by the red edge and near-infrared band for crop growth monitoring and yield esti
mation (Liu et al. 2025). Vegetation monitoring and agricultural research using remote sensing 
technology usually use a limited number of bands for vegetation monitoring (H. Zhang et al. 2025). 
When crops are subjected to stress, significant changes occur in the absorption and reflection characteristics 
of their leaves in the visible and near-infrared bands. Specifically, these changes are manifested as an increase 
in reflectance in the visible band, and a ‘blue shift’ phenomenon in which the position of the red edge shifts 
toward the shortwave direction between the near-infrared and shortwave infrared bands (Daniel A. Sims 
and John A. Gamon 2002). Satellite remote sensing technology utilizes such changes in spectral character
istics to extract ground object information, which also serves as the direct basis for remote sensing-based 
disease monitoring. When crops are exposed to external stress, the corresponding gray values in remote sen
sing images will exhibit corresponding variation characteristics (Daniel A. Sims and John A. Gamon 2002). 
Through remote sensing interpretation based on the variation characteristics of gray values in remote sen
sing images, it is further possible to realize remote sensing monitoring and assessment of crop diseases.

Currently, in the field of remote sensing monitoring for crop diseases and pests, various technical 
methods not only demonstrate unique advantages but also face their respective challenges. Threshold seg
mentation algorithm is simple and efficient, yet it is limited by the subjectivity in threshold selection. 
Machine learning plays a role in classification and prediction by virtue of its sample learning ability, 
but high-dimensional and complex data has emerged as a new challenge that it must confront. Although 
deep learning possesses powerful feature learning capabilities, its lack of interpretability and issues related 
to parameter selection still await breakthroughs. Furthermore, the application of these technologies is 
deeply dependent on the morphological and spectral changes exhibited by crops after being subjected 
to disease stress. Therefore, how to enhance the accuracy and universality of technical methods across 
diverse crop species, disease types, and growth environments remains a persistent problem that research
ers need to continuously address. In this study, a remote sensing vegetation index capable of extracting 
the affected area of mildewed wheat is constructed based on multispectral remote sensing images. By 
exploring the mechanism of spectral changes in mildewed wheat, mathematical algebraic methods are 
employed to enhance the differences in spectral characteristics between normal wheat and mildewed 
wheat. Furthermore, combined with an automatic threshold segmentation algorithm, normal wheat 
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and mildewed wheat can be rapidly separated. This research provides a new solution for extracting the 
affected area of mildewed wheat.

2. Definition of the mildew index

2.1 Analysis of remote sensing spectral characteristics

Healthy crops have relatively stable remote sensing spectral reflectances. When crops suffer from diseases, 
their physical and chemical properties change, which is ultimately reflected in the abnormal absorption and 
reflection of a specific spectrum. Therefore, the reflectance of crops can be used as a comprehensive reflec
tion of the physiological chemistry, structure and morphology of crops. This feature is closely related to the 
health status and growth environment of crops, which is also an important basis for remote sensing moni
toring of crops.

The appearance of wheat mildew is characterized mainly by black mildew spots on leaves and stems. The 
main physiological change in wheat is the death of plant cells, and life processes such as water absorption, 
transportation and transformation are forced to change or stop. Regardless of whether the external shape or 
internal structure of the plant changes, it affects the absorption and reflection of the crop to the spectrum, 
thus affecting the spectral information in the remote sensing image. It can be clearly seen from the reflec
tance violin diagram of normal wheat and mildewed wheat in the multispectral image band (Figure 1) that 
the absorption and reflection of the spectrum of wheat changed after mildew. Taking the multispectral 
image as an example, the difference in reflectance between normal wheat and mildewed wheat in the 
four bands gradually increased with increasing wavelength from the blue band to the near-infrared 
band. In the blue wave band, the average reflectivity of normal wheat is between 0.06 and 0.08, whereas 
the average reflectivity of mildewed wheat is between 0.02 and 0.04. In the near-infrared band, the average 
reflectivity of normal wheat is between 0.15 and 0.20, whereas the average reflectivity of mildewed wheat is 
between 0.05 and 0.10. The spectral reflectance of normal wheat and mildewed wheat increases with 
increasing wavelength in the visible and near-infrared bands, and the difference in reflectance between 
them also increases. As shown in Figure 2, this change feature is also reflected in the scatter plot of the 
reflectances of normal wheat and mildewed wheat, and the influence of mildewed wheat on spectral absorp
tion and reflection is more intuitively reflected in the scatter plot.

The scatter plot of the pixel reflectances of normal wheat and mildewed wheat (Figure 2) reveals that the 
spectral reflectances of normal wheat and mildewed wheat have different distribution characteristics in the 
visible and near-infrared bands. After wheat matures, the chlorophyll content decreases, and the absorption 

Figure 1. Violin diagram of the pixel reflectances of normal wheat and mildewed wheat.
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of blue and red light decreases. There are no obvious absorption valleys in the blue or red bands (Figure 2), 
and mature wheat plants are golden yellow. However, the physiological and chemical processes of wheat 
plants are affected by the occurrence of mildew. The growth of mold on the plant surface presented 
black spots. At the same time, the leaves of the wheat plants gradually withered, the spectral energy reflec
tion of each band decreased, and the absorption increased, which are the main characteristics of the spectral 
reflectance of mildew-susceptible wheat. Figure 2 clearly shows that with the large amount of growth and 
reproduction of mold on wheat plants, spectral differences between normal wheat and mildewed wheat 
appear, and relatively stable spectral characteristics appear. Compared with mildewed wheat, normal 
mature wheat has greater reflectance in all bands, and the difference in reflectance between the near-infrared 
band and blue band is large. In contrast, mildewed wheat has strong absorption in all bands due to the influ
ence of mold, and even the near-infrared band with strong reflection from healthy vegetation is no excep
tion, resulting in lower spectral reflectance and a smoother spectral reflection curve.

2.2 Wheat mildew index

The strong absorption effect of winter wheat after mildew on the spectra of various bands led to a great 
difference between the remote sensing reflectance spectra of mildewed wheat and normal wheat. As 
shown in Figure 2, the pixel values of normal wheat in each band are greater than those of mildewed 
wheat. Therefore, the area enclosed by the reflectance curve and abscissa axis of normal wheat should be 
larger than that enclosed by the reflectance curve and abscissa axis of mildewed wheat. The normalized 
wheat mildew index was constructed by selecting the area of the rectangle formed by the maximum reflec
tivity and the abscissa axis as the denominator. As shown in Figure 2, the wheat mildew index molecule is 
the area enclosed by the reflectivity curve of the pixel and the abscissa axis. The calculation of the area of the 
red rectangular box needs to find the maximum reflectivity of the pixel and the difference between the cen
tral wavelengths of the near-infrared band and the blue band. The molecule of the wheat mildew index is the 
area enclosed by the pixel reflectivity and the abscissa axis, which can be regarded as the sum of the areas of 
three right-angled trapezoids. The multiband image WMI constructed in this study is as follows:

WMI =
Rblue + Rgreen∗lgreen − lblue + Rgreen + Rred∗lred − lgreen + Rred + Rnir∗lnir − lred

2∗Rmax∗(lnir − lblue)

where Rblue, Rgreen, Rred, and Rnir represent the image bands, lblue, lgreen, lred, and lnir represent the cen
tral wavelength of the band, and Rmax represents the maximum reflectivity of the image pixels.

Figure 2. Scatter plot of the pixel reflectances of normal wheat and mildewed wheat.
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According to the principle of constructing a normalized wheat mildew index, the theoretical maximum 
value of the wheat mildew index is 1, and the minimum value is 0. Because the reflectivity of mildewed 
wheat in each band is lower than that of normal wheat, the mildewed wheat is closer to 0 for the wheat 
mildew index, whereas the normal wheat has a stronger reflection on the spectrum and is closer to 1 for 
the wheat mildew index. Therefore, the closer the wheat mildew index is to 1, the lower the possibility 
of wheat mildew. In contrast, the closer the wheat mildew index is to 0, the greater the possibility of 
wheat mildew. This is characteristic of the wheat mildew index.

3. Experimental design

3.1 Research area and data

Henan Province is the largest granary in China and one of the main wheat-producing areas in China. The 
wheat planting area and yield rank first in China. In late May 2023, Henan Province experienced two rounds 
of continuous and obvious rainfall. From May 20–21, the recent rainfall event caused heavy rain or even 
torrential rain in some areas. In addition, from May 25 to 30, continuous rainy and scant sunshine weather, 
including rainstorms and local heavy rainstorms in the eastern, central and southern regions, occurred 
again in most areas of Henan Province. As shown in Figure 3, owing to the continuous cloudy and rainy 
weather, the winter wheat in the harvest period in Henan Province experienced local germination, mildew, 
lodging and other disasters. Wheat mildew is caused by the invasion of mold on the surface of wheat. Many 
molds grow and propagate on mature wheat plants, resulting in many black mold spots on the surface of the 
wheat plants. At this time, Henan winter wheat experienced typical rainy weather, which not only affected 
the harvest of wheat but also led to mildew and germination of some wheat.

The time at which the field survey data were obtained was approximately June 2, 2023. At this time, the 
winter wheat in Henan Province experienced continuous rainy weather, and wheat mildew disasters are 
very serious. The field survey data include the longitude and latitude information of the survey points. A 
total of 624 valid data points were obtained for the mildew of winter wheat at the survey points, including 
306 mildew wheat data points and 318 normal wheat data points. At the same time, combined with the win
ter wheat planting distribution data in the experimental area, some sample points were selected to expand 
the sample dataset. As shown in Figure 4, a total of 230 normal wheat spots and 230 mildewed wheat spots 
were selected from the data as the wheat characteristic sample dataset and the validation dataset of the mil
dewed wheat extraction results.

3.2 Remote sensing image data and preprocessing

In this experiment, scenes of Gaofen-2 multispectral remote sensing image data on June 1st, 2023, and 
scenes of Gaofen-6 remote sensing image data on April 18th, 2023, were used. The multispectral remote 
sensing images of Gaofen-2 and Gaofen-6 are preprocessed via radiometric calibration, atmospheric correc
tion and image registration. In Figure 5, the distribution information of wheat was extracted from the 
remote sensing images of Gaofen-2 and Gaofen-6 based on the normalized difference vegetation index 
(NDVI), which was used to extract mildewed wheat from cultivated land. The remote sensing images of 

Figure 3. Mildewed wheat and normal wheat (mildewed wheat on the left and normal wheat on the right).
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Sentinel-2 and landsat-9 on June 1st, 2023 were used in the wheat mildew index migration experiment. Sen
tinel 2 and landsat-9 multispectral remote sensing image data are derived from Google Earth engine (GEE), 
and the data has undergone radiometric calibration, image registration, atmospheric correction and other 
preprocessing operations.

Figure 4. Study area and field survey data.

Figure 5. Cultivated land in the study area (a is the Gaofen-6 image; b is the wheat-cultivated land image; c is the scope of 
the wheat in the study area).

6 H. LI ET AL.

1538



3.3 Automatic threshold setting method

According to the construction principle of the wheat mildew index, the pixel value range of the wheat mil
dew index is 0–1, and the spectral reflectance of normal wheat is greater than that of mildewed wheat. In 
theory, two peaks are formed in the gray histogram of the WMI. The ‘peak’ close to 1 represents a normal 
wheat pixel, and the ‘peak’ close to 0 represents mildewed wheat. Therefore, finding a suitable threshold can 
separate normal wheat from mildewed wheat, and the automatic threshold segmentation algorithm meets 
the requirements of image segmentation. Image segmentation is an important part of pattern recognition 
and computer vision recognition. The automatic threshold segmentation method is widely used because of 
its simple algorithm and efficient segmentation efficiency (Dora et al. 2017; Mohamed H. Merzban and 
Mahmoud Elbayoumi 2018).

The difference between normal wheat and mildewed wheat was increased by the wheat mildew 
index, which further improved the distinguishability among different types of wheat. To avoid the 
influence of subjective factors on threshold selection, five segmentation algorithms, Otsu threshold 
segmentation, K-means clustering segmentation, iterative threshold segmentation, maximum entropy 
segmentation and triangle segmentation, were used in this study to perform automatic threshold seg
mentation of the wheat mildew index to obtain the range of mildewed wheat and explore the optimal 
threshold segmentation algorithm. The Otsu threshold segmentation method was first proposed by 
Japanese scholar Otsu (Otsu 1979). The algorithm is simple to calculate and is not affected by 
image brightness or contrast. Its principle is to find the corresponding gray level when the maximum 
variance between classes is the largest. This gray level makes the difference between the image fore
ground and background the largest, and the effect of distinguishing the foreground and background 
is the best. For the grayscale image f(x, y), the image is divided into a target and background when 
the threshold is T0. At this time, the probability of occurrence of the foreground is P0, and the average 
gray value of the foreground is R0. The probability of occurrence of the background is P1, the average 
gray value of the foreground is R1, and the average gray value of the gray image f(x, y) is RT ; then, the 
interclass variance is:

s2 = P0∗(R0 − RT)
2 + P1∗(R1 − RT)

2 

when s2 reaches the maximum value, the optimal segmentation threshold is obtained.
The K-means clustering segmentation algorithm (Likas, Vlassis, and J. Verbeek 2003; Sulaiman and 

Isa 2010; Tapas Kanungo et al. 2002) classifies the close data points into one class on the basis of the 
Euclidean distance, uses the distance mean as a new seed point, and repeatedly iterates to modify the 
clustering center until the objective function reaches the minimum value to obtain the optimal segmen
tation threshold. The K-means clustering segmentation algorithm needs to calculate the objective func
tion E, which is the sum of the squares of the distances from the sample point to the cluster center of the 
category. When the objective function E is the smallest, the clustering segmentation of the image is com
pleted.

E =
􏽘k

i=1

􏽘Ni

j=1
(Xij − Ci)

2 

Ci =
1

Ni

􏽘Ni

j=1
Xij(i = 1, 2, 3, . . . , k)

where k is the number of clusters; Ni is the number of samples of class i; Xij is the j sample of class i; and 
Ci is the clustering center of i.

The basic principle of iterative threshold segmentation (Perez and Gonzalez 1987) is to obtain the seg
mentation threshold by iterating continuously and judging whether the average gray value of the fore
ground and background is equal to the threshold before iteration or iterating when the threshold change 
of the last two iterations is less than the set value. The iterative threshold segmentation method has high 
practicability and robustness and can effectively address image segmentation problems with complex and 
diverse backgrounds. The steps of the iterative threshold segmentation algorithm are as follows: 
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(1) Calculate the initial threshold T0 =
Rmin+Rmax

2 . Rmin and Rmax are the minimum gray value and the maxi
mum gray value of the image, respectively.

(2) The image is divided into two parts according to the T0 threshold: the target and the background. The 
average gray value of the two parts is as follows:

Ttarget =

􏽐
R(i,j),Tk

R(i, j)∗N(i, j)
􏽐

R(i,j),Tk
N(i, j)

Tbackground =

􏽐
R(i,j).Tk

R(i, j)∗N(i, j)
􏽐

R(i,j).Tk
N(i, j)

In the formula, R(i, j) is the gray value of (i, j) points on the gray image, N(i, j) is the weight coefficient of 
(i, j) points, generally N(i, j) is the number of R(i, j) points, and t Tk is the threshold. 

(1) After step 2), a new threshold Tk+1 =
Ttarget+Tbackground

2 is obtained.
(2) The cycle is performed from step 2) to step 4), and the optimal threshold is obtained when Tk = Tk+1 to 

end the cycle.

The maximum entropy segmentation algorithm (Kapur, Sahoo, and Wong 1980; Sahoo, Wilkins, and 
Yeager 1997) is similar to the Otsu threshold segmentation method. Otsu threshold segmentation is 
based on the maximum interclass variance of the image, whereas maximum entropy segmentation uses 
the information entropy of the image. When the information entropy of the foreground and background 
images is at a maximum, the gray value is used as the threshold of image segmentation. Suppose that the 
gray level t 0 ≤ t ≤ 255 of the image divides the image into two parts: the target and the background. At 
this time, the information entropy of the target area is Htarget , the information entropy of the background 
area is Hblackground, and the total information entropy of the image H is:

H = Htarget +Hblackground 

Htarget = −
􏽘

0≤i≤t
(Pi/Pt) log2(Pi/Pt)

Hblackground = −
􏽘

t,i≤255
[Pi/(1 − Pt)] log2[Pi/(1 − Pt)]

where Pi is the corresponding probability when the gray level is i and where Pt is the sum of the gray-level 
probabilities of the image target area. The optimal segmentation threshold is obtained when the total infor
mation entropy H0 reaches the maximum.

The triangle segmentation algorithm (Zack, Rogers, and Latt 1977) uses the image gray histogram data to 
find the image segmentation threshold on the basis of geometry. Assuming that the image gray histogram 
has only one peak (single-peak histogram), at this time, it is only necessary to find the maximum vertical 
distance from the line where the highest point of the gray histogram and the leftmost point or rightmost 
point are located to each point on the histogram with respect to the line, and the gray value of this point 
is the segmentation threshold. The triangle threshold segmentation algorithm has a good segmentation 
effect on image types with obvious single peaks in the image gray histogram.

3.4 Accuracy evaluation method

The classification accuracy of the experimental results is verified through the confusion matrix, and the 
evaluation indices are the overall accuracy and kappa coefficient (Giles M. Foody 2002). Overall accuracy 
is the ratio of the number of all categories of classification results and classification samples to the number of 
all samples, which can directly reflect the overall accuracy of the classification results. The kappa coefficient 
is a classification accuracy evaluation index obtained via mutual operation between confusion matrices. It 
calculates the consistency between the classification prediction results and the real results by comparing the 
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actual value and the predicted value in the confusion matrix of the classification results. The closer the 
kappa coefficient is to 1, the better the consistency is (Ute Bradter et al. 2020). Compared with the overall 
accuracy, the kappa coefficient also considers the accuracy generated by random classification and removes 
the influence of this part from the overall accuracy.

P(OA) =

􏽐n
i=1 Xi

N 

Kappa =
P(OA) −

􏽐n
i=1 ai∗bi

N2

1 −
􏽐n

i=1 ai∗bi

N2 

where P(OA) is the overall classification accuracy; Xi is the sum of correctly classified pixels in class n; ai is the 
number of real sample pixels of class n; bi is the number of pixels in the sample that are classified as class n; n 
is the total number of categories of classification results; and N is the total number of sample pixels. The 
dataset measured in this study includes 230 mildewed wheat spots and 230 normal wheat spots, 70% of 
which are used as the wheat characteristic sample dataset and 30% as the validation dataset of mildewed 
wheat extraction results.

In addition, to further study the difference between the threshold segmentation methods for the wheat 
mildew index and other methods, McNemar’s test (McNEMAR 1947) was used for statistical testing. McNe
mar’s test can be used to test the prediction accuracy and significance of two binary classification models(
Khan, Das, and Liu 2024). When McNemar’s test is used, the results obtained by the two methods are sorted 
into the following 2*2 list:

Method2

Method1 TRUE FALSE

TRUE A B
FALSE C D

In the list, A and D are the numbers of consistent results obtained by the two methods, and B and C are 
the numbers of inconsistent results obtained by the two methods. The test statistic of McNemar’s test is as 
follows:

x2 =
(B − C)2

(B+ C)
(B+ C) ≥ 40 

x2 =
(|B − C| − 1)2

(B+ C)
(B+ C),40 

The original hypothesis of McNemar’s test is H0, and the alternative hypothesis is H1. The original hypoth
esis H0 shows that there is no significant difference in the prediction accuracy between the two methods, 
whereas the alternative hypothesis H1 shows that there is a significant difference in the prediction accuracy 
between the two methods. In the experiment, the results of 1000 sample points in cultivated land were 
selected for McNemar’s test, and the significance level was set as α = 0.05.

4. Experimental results

4.1 Extraction results of the wheat mildew index based on different threshold segmentation 
algorithms

The wheat mildew index is a function of the spectral reflectance of pixels. Section 2.1 shows that the average 
reflectance of mildew wheat in each band of the multispectral image is lower than that of normal wheat. The 
numerator of the wheat mildew index is the area of the polygon surrounded by the reflectivity and the hori
zontal axis wavelength, and the denominator of the wheat mildew index is the rectangular area surrounded 
by the maximum reflectivity and the horizontal axis wavelength. The normal wheat has a relatively high 
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reflectance, and the mildew index value of wheat is relatively high, whereas the mildew wheat has a relatively 
high absorption spectrum, so the mildew index value of mildewed wheat is relatively low. In Figure 6, there 
are two peaks in the gray histogram of the WMI. The pixels near 1 on the right are normal wheat, whereas 
the pixels near 0 on the left are mildewed wheat. The index value of mildewed wheat was mainly concen
trated in the range of 0.1–0.35, whereas the index value of normal wheat was mainly concentrated in the 
range of 0.35–0.8. After treatment, mildewed wheat and normal wheat had good separability. The pixel dis
tribution of mildewed wheat (0.1–0.35) was more concentrated than that of normal wheat (0.35–0.8), indi
cating that the strong absorption of the spectrum after the wheat mildewed was an important remote 
sensing response feature after wheat mildew occurs. The normal wheat had a large peak range, indicating 
that the reflection and absorption of the spectrum of normal wheat were controlled by a variety of life activi
ties of the wheat plants, showing diversification. Figure 6 shows that the pixel distributions of the wheat 
mildew indices of normal wheat and mildewed wheat were bimodal, which was consistent with the expected 
results. The pixels with a bimodal distribution had good separation. Normal wheat and mildewed wheat can 
be separated via the automatic threshold segmentation algorithm while avoiding the influence of human 
subjective factors in the selection of the threshold.

As shown in Figure 7, the Otsu, K-means, and Iterative Threshold segmentation algorithms have 
achieved good results in extracting mildewed wheat. This indicates that the wheat mildew index can 
enhance the distinction between normal and mildewed wheat in cultivated land by utilizing multispectral 
reflectance information. The pixel value of normal wheat tends to be 1, whereas the pixel value of mildewed 
wheat tends to be 0. Finally, normal wheat and mildewed wheat can be separated and extracted by selecting 
the optimal segmentation threshold through an automatic threshold segmentation algorithm. Table 1 shows 
that the selection of thresholds directly affects the extraction accuracy of the affected area of mildewed 
wheat. Too large a threshold setting (maximum entropy segmentation) or too small a threshold setting (tri
angular segmentation) will lead to poor extraction. The thresholds of the three segmentation methods with 
the best segmentation results are all approximately 0.35, which is very close to the best segmentation 
threshold in the pixel gray histogram of normal wheat and mildewed wheat in Figure 6. According to 
the segmentation results, the following experiments implemented the Otsu threshold segmentation method 
and the iterative threshold segmentation method with the best segmentation results.

As shown in Figure 8, to further analyze the performance differences among various algorithms, pixel- 
wise statistics were conducted on the results of different segmentation algorithms, thereby more accurately 
quantifying the performance gaps between these algorithms in distinguishing normal wheat from mildewed 
wheat. The results show that the segmentation results of normal wheat and mildewed wheat are different, 
but the difference is not obvious among the three algorithms with good segmentation effect, namely Otsu 

Figure 6. Histogram of the wheat mildew indices of normal wheat and mildewed wheat.
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threshold segmentation, K-means segmentation and iterative threshold segmentation. The specific data are 
as follows: in Otsu threshold segmentation, mildewed wheat accounted for 60.20%, and normal wheat 
accounted for 39.80%; In K-means segmentation, mildewed wheat accounted for 62.49%, and normal 
wheat accounted for 37.51%; In iterative threshold segmentation, mildewed wheat accounted for 61.32%, 
and normal wheat accounted for 38.68%. Taking the segmentation result of Otsu threshold with the best 
segmentation accuracy as a reference, the difference of K-means segmentation and iterative threshold seg
mentation for mildewed wheat was 3.80% and 1.87%, respectively, while the difference of segmentation 
results for normal wheat was −5.76% and −2.82%, respectively. The results of the other two segmentation 
algorithms are not ideal, so they are not used as the main segmentation algorithm of wheat mildew index, 
nor are they analyzed in depth. The main reason for the difference of segmentation results between normal 
wheat and mildewed wheat by different segmentation algorithms is that there are subtle differences in the 
selection of segmentation threshold by different algorithms. A threshold often corresponds to a different 
number of pixels. Whether these pixels are classified as normal wheat or mildewed wheat will affect the 

Figure 7. Automatic segmentation results of the wheat mildew index (a is the wheat mildew index in the study area; b is 
the Otsu threshold segmentation result; c is the K-means clustering segmentation result; d is the iterative threshold seg
mentation result; e is the maximum entropy segmentation result; and f is the triangle segmentation result).

Table 1. Accuracy evaluation of the automatic threshold segmentation results.
Otsu K-means Iterative Threshold Maximum Entropy Triangle

Overall Accuracy 93.62% 93.05% 93.37% 66.53% 34.84%
Kappa 0.8570 0.8430 0.8509 0.0506 0.0
Threshold 0.3529 0.3608 0.3569 0.5686 0.0353

Figure 8. Percentage of normal wheat and mildewed wheat pixels in different segmentation algorithms.
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segmentation accuracy of another category. In addition, in the process of image gray processing before seg
mentation, the number of different gray divisions of the image will also affect the selection of segmentation 
threshold. From the actual segmentation results, Otsu threshold segmentation, K-means segmentation and 
iterative threshold segmentation can find a better segmentation threshold.

4.2 Comparison with traditional machine learning results

In this study, two classical machine learning classification methods, random forest and support vector 
machine, were used to extract mildewed wheat from the study area, and the performance of mildewed 
wheat extraction was compared and analyzed with the proposed wheat mildew index. In the experiment, 
four original remote sensing image bands, 27 default index features in ENVI, and six remote sensing indices 
commonly used in wheat disease extraction in other references, including the greenness index (GI), triangu
lar vegetation index (TVI), normalized chlorophyll ratio index (NPCI), structural insensitive vegetation 
index (SIPI), nitrogen reflectance index (NRI) and green chlorophyll index (GCI), were selected. There 
are 37 kinds of characteristics. To solve the redundancy of high-dimensional features and improve the cor
relation between classification features and categories. In the experiment, the relief F algorithm and mRMR 
algorithm (Hanchuan Peng, Fuhui Long, and Ding 2005; H. Zhang et al. 2024; Y. Zhang, Ding, and Li 2008) 
were combined to reduce the dimensions of 37 features and screen the optimal feature subset for the classifi
cation of mildewed wheat. After being processed by the relief F algorithm and mRMR algorithm, the first 
five features with the largest feature weights (Figure 9) are finally selected for random forest and support 
vector machine classification.

According to the results in Figure 10 and Table 2, the optimal feature subset based on the relief F and 
mRMR algorithms combined with random forest and support vector machine classification and extraction 
of mildewed wheat can achieve good classification results, with an overall accuracy of more than 92% and a 
kappa coefficient of more than 0.83. The range of mildewed wheat obtained by the machine learning 
method is very close to that extracted by the wheat mildew index combined with the automatic threshold 
segmentation method proposed in this study, which can extract the mildewed wheat in the study area well, 
but the result obtained by the index method is slightly better. The experimental results show that the wheat 
mildew index has reached a unified level with the traditional machine learning classification method in the 
extraction of mildewed wheat, but the wheat mildew index method does not involve the selection of fea
tures, the marking of training samples, or the parameter adjustment of the classification algorithm. 
Under the same conditions, the wheat mildew index is simpler and more efficient than the machine learning 

Figure 9. Relief F + m RMR feature selection results.
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classification method in practical applications. Notably, the Relief F + m RMR algorithm is used to screen 
out three original image band features among the five features used for machine learning classification. The 
spectral reflectance of wheat is very useful for distinguishing normal wheat from mildewed wheat. The 
wheat mildew index is constructed on the basis of the original spectral reflectance information of the 
image. The results show that the wheat mildew index constructed from spectral reflectance information 
is very effective in extracting the disaster area of wheat mildew. In addition, as shown in Table 3, although 
the p value of McNemar’s test of the iterative threshold segmentation method and random forest 

Figure 10.  Classification results of machine learning (a is the mildew index of wheat in the study area; b is the result of 
random forest classification; and c is the result of the support vector machine classification).

Table 2. Accuracy evaluation of machine learning classification results with different quantitative characteristics.
RF Classification SVM Classification

Overall Accuracy 92.33% 92.78%
Kappa 0.8338 0.8430

Table 3. McNemar’s test results of the wheat mildew index threshold segmentation method and machine learning method.
Model p-value McNemar’s Test (α = 0.05)

Otsu – RF >0.05 no significant differences
Otsu – SVM >0.05 no significant differences
Iterative Threshold – RF <0.05 significant differences
Iterative Threshold – SVM >0.05 no significant differences
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classification method is less than the significance level of 0.05, the p value of the other methods is greater 
than the significance level of 0.05. In terms of statistics, this shows that the prediction accuracy of the itera
tive threshold segmentation method is better than that of the random forest classification method, whereas 
the prediction accuracy of the Otsu threshold segmentation method is not statistically significantly different 
from that of the random forest and SVM methods.

5. Discussion

5.1 Applicability of the wheat mildew index to different remote sensing data

To verify the effectiveness of the WMI proposed in this study in the application of different remote sensing 
sensor data sources, the same regional Sentinel-2 image and Landsat-9 image data from the same period 
were used to extract mildewed wheat. The Sentinel-2 and Landsat-9 multispectral images have resolutions 
of 10 and 30 meters, respectively, and have a high revisit period. They are ideal data sources for multitem
poral and large-scale remote sensing monitoring (Sergii Skakun et al. 2019).

First, the wheat mildew index was calculated on the basis of Sentinel-2 images and Landsat-9 images, and 
then the mildewed wheat pixels were extracted via a threshold segmentation algorithm. In accordance with 
the experimental results of the Gaofen-2 image in Section 4.1, Otsu threshold segmentation and an iterative 
threshold segmentation algorithm are selected to segment and extract the range of mildewed wheat.

The experiment used Sentinel-2 and Landsat-9 remote sensing images to extract mildewed wheat via the 
WMI in the Gaofen-2 remote sensing image area. According to the results in Figure 11 and Table 4, when 
Sentinel-2 remote sensing images are used to extract mildewed wheat, the two threshold segmentation 
methods yield good results, and the overall accuracy is greater than 92%. The results of the Otsu threshold 
segmentation method are slightly better than those of iterative threshold segmentation. In this experiment, 
the extraction result of Sentinel-2 remote sensing images with a resolution of 10 m is slightly better than that 
of Landsat-9 remote sensing images with a resolution of 30 m, which may be due to the impact of pixel 
mixing caused by the resolution of remote sensing images on the extraction result of the wheat mildew 
index. The overall accuracy of the 10-meter resolution Sentinel-2 remote sensing image is similar to that 
of the 4-meter resolution Gaofen-2 image in Section 4.1. The Otsu threshold segmentation result based 
on the Sentinel-2 image is better than that of the Gaofen-2 image and iterative threshold segmentation, 
whereas the iterative threshold segmentation result based on the Sentinel-2 image is the opposite. The 

Figure 11.  Segmentation results of the wheat mildew indices of different remote sensing datasets (a is the wheat mildew 
index of the Sentinel-2 image; b is the Otsu threshold segmentation result of the wheat mildew index of the Sentinel-2 
image; c is the iterative threshold segmentation result of the wheat mildew index of the Sentinel-2 image; d is the 
wheat mildew index of the Landsat-9 remote sensing image; e is the Otsu threshold segmentation result of the wheat mil
dew index of the Landsat-9 remote sensing image; and f is the iterative threshold segmentation result of the wheat mildew 
index of the Landsat-9 remote sensing image).
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extraction results of the Sentinel-2 image and Gaofen-2 image show that the wheat mildew index can obtain 
good results in remote sensing images with better spatial resolutions than 10 meters can achieve, and the 
results of higher-resolution images obtained via different threshold segmentation methods are more stable. 
The use of Sentinel-2 images and Landsat-9 images to extract the results of mildewed wheat based on the 
wheat mildew index also revealed that the difference in reflectivity between normal wheat and mildewed 
wheat is still well preserved in Sentinel-2 and Landsat-9 images and other medium- and high-resolution 
remote sensing images. The difference in spectral reflectance between normal wheat and mildewed 
wheat is not sensitive to remote sensing platforms or remote sensing sensors. The wheat mildew index con
structed in this study still has good adaptability and generalizability in the face of different remote sensing 
image data sources, which greatly expands the application scenario of the wheat mildew index and can be 
used to monitor wheat mildew more frequently through the use of multiple-resolution remote sensing 
images.

5.2 Application analysis of the wheat mildew index in different regions

To explore the applicability of the extraction effect of the wheat mildew index in different regions, Gaofen-2 
remote sensing images of different regions from the same period were used to monitor wheat mildew. This 
area is approximately 20 kilometers away from the experimental area discussed in Section 4.1, and wheat has 
a large range of mildew phenomena under the influence of continuous rainfall. The image acquisition time 
of the study area is June 1st, 2023, and the validation dataset is based on actual field data and supplemented 
appropriately. The wheat-cultivated land data were extracted from Gaofen-6 remote sensing images of the 
winter wheat growth period in April and from Gaofen-2 remote sensing images of the winter wheat harvest 
period in June on the basis of the NDVI vegetation index. In accordance with the extraction results of the 
different segmentation methods in Section 4.1, Otsu threshold segmentation and iterative threshold seg
mentation algorithms are used to extract mildewed wheat. This experiment aims to verify the applicability 
of the wheat mildew index proposed in this study and explore the extraction effect of the wheat mildew 
index in different regions. The experimental results are shown in Figure 12.

From the segmentation extraction results in Table 5, the extraction results of the wheat mildew index in 
different regions are better, the overall accuracy is greater than 91%, and the kappa coefficient is greater than 
0.82, which is close to the extraction results in the experiment in Section 4.1. The results revealed that the 
difference in spectral reflectance between mildewed wheat and normal wheat was universal, and the differ
ence could be captured by remote sensing sensors, which are less affected by regional factors. The wheat 
mildew index, which is based on spectral reflectance differences, has good applicability in different regions.

5.3 Simplified wheat mildew index

The wheat mildew index needs spectral reflectance and the central wavelength information of each band of 
the image, whereas the wheat mildew index is only a function of spectral reflectance. The wheat mildew 
index is constructed via the area method according to the difference in spectral reflectance between normal 
wheat and mildewed wheat (Figure 2). Its numerator is the area enclosed by the wheat pixel reflectance and 
the horizontal axis of the wavelength. The denominator uses the rectangular area enclosed by the maximum 
reflectivity of the wheat pixel and the horizontal axis of the wavelength, and the ratio of the two is used as the 
wheat mildew index. Since the wheat mildew index uses the central wavelength information of each band 
and the central wavelength is used as a scalar in the wheat mildew index, its function is to calculate the area 

Table 4. Accuracy evaluation of threshold segmentation results of the wheat mildew index from different remote sensing 
datasets.
Sentinel-2 Otsu Iterative Threshold

Overall Accuracy 94.41% 92.94%
Kappa 0.8763 0.8461
Landsat-9
Overall Accuracy 91.40% 91.14%
Kappa 0.8151 0.8102
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enclosed by the crop reflectivity and the abscissa axis. The physical quantity that actually reflects whether 
wheat mildew occurs is still the spectral reflectance of wheat. In the actual use of the index, the actual use 
cost of the wheat mildew index is increased because of the difference in the central wavelength of each band 
of different remote sensing sensors. Therefore, the wheat mildew index can be simplified. Assuming that the 
interval between the central wavelengths of each band is equal, the central wavelength variable in the wheat 
mildew index can be eliminated. The simplified wheat mildew index does not require the central wavelength 
information of each band of the image, which is beneficial to the actual use of the index. The simplification 
of the wheat mildew index can also be explained as follows: each band of the multispectral remote sensing 
image has a specific wavelength range. When the wheat mildew index is constructed, a wavelength within 
the wavelength range of each band is selected to ensure that the frequency differences between adjacent 
bands are equal. The simplified wheat mildew index is as follows:

WMI =
Rblue + 2∗Rgreen + 2∗Rred + Rnir

6∗Rmax 

Figure 12.  Segmentation results of the wheat mildew index in different regions (a is the wheat mildew index in the study 
area; b is the Otsu threshold segmentation result; and c is the iterative threshold segmentation result).

Table 5. Accuracy evaluation of threshold segmentation results of the wheat mildew index in different regions.
Otsu Threshold Segmentation Iterative Threshold Segmentation

Overall Accuracy 91.76% 91.91%
Kappa 0.8285 0.8320
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where Rblue, Rgreen, Rred, and Rnir are image bands and where Rmax. is the maximum pixel value of the 
image.

According to the results in Figure 13 and Table 6, the extraction accuracy of the simplified wheat mdew 
index shows little change, and the results of Otsu threshold segmentation and the iterative threshold seg
mentation algorithm are better. The overall extraction accuracy is approximately 1% different from the 
results without simplification, and the kappa coefficient is approximately 2%. The source of the difference 
can be attributed to two aspects. First, when the wheat mildew index is simplified, the difference between the 
central wavelengths of each band is approximately equal. Its essence is to approximate the original wheat 
mildew index, and the result has a certain degree of error. The second aspect is that the segmentation algor
ithm needs to stretch the threshold value to the range of 0–255 when segmenting the simplified image. The 
stretching process also involves approximating the wheat mildew index, which has a certain effect on the 
results. The experimental results show that the simplified wheat mildew index combined with the threshold 
segmentation algorithm can still yield good extraction results, and the accuracy of the extraction results is 

Figure 13. Automatic threshold segmentation results of the simplified wheat mildew index (a is the simplified wheat mil
dew index in the study area; b is the Otsu threshold segmentation result; and c is the iterative threshold segmentation 
result).

Table 6. Accuracy evaluation of simplified wheat mildew index segmentation results.
Otsu Iterative Threshold

Overall Accuracy 92.96% (0.66% ↓) 92.52% (0.86% ↓)
Kappa 0.841 (0.0160 ↓) 0.830 (0.0208 ↓)
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only slightly different from that of the original wheat mildew extraction results. The reason for this differ
ence may be that the simplified wheat mildew index is similar to the original wheat mildew index, but the 
practicability and ease of use of the simplified wheat mildew index have improved. Moreover, as shown in 
Table 7, the p value of the simplified wheat mildew index using the same threshold segmentation method is 
greater than the significance level of 0.05, which shows that when the significance level is 0.05, the prediction 
performance of the simplified wheat mildew index based on the Otsu threshold and iterative threshold seg
mentation methods is not significantly different from that of the original threshold segmentation method. 
That is, the performance of the simplified wheat mildew index in extracting mildewed wheat is consistent 
with that of the original wheat mildew index. If high sensitivity exists to the minor errors caused by sim
plifying the wheat mildew index in practical applications, priority may be given to the use of remote sensing 
image data with equal or similar intervals between the central wavelengths of bands, or the issue can be 
mitigated by increasing the number of grayscale levels in grayscale images.

6. Conclusion

The wheat mildew index can capture the difference in spectral reflectance between normal wheat and mil
dewed wheat and enhance the difference in spectral reflectance characteristics via mathematical algebra so 
that normal wheat and mildewed wheat can be extracted quickly via an automatic threshold segmentation 
algorithm. The wheat mildew index combined with the Otsu threshold segmentation algorithm or iterative 
threshold segmentation algorithm can effectively extract the scope of mildewed wheat in the study area. 
Otsu threshold segmentation and iterative threshold segmentation are both full threshold segmentation 
algorithms, and their segmentation results are similar in accuracy, but the iterative threshold segmentation 
algorithm needs to obtain the final segmentation threshold through continuous iteration. When extracting 
large-scale mildewed wheat, this method requires a long iterative calculation time. The results of the wheat 
mildew index extraction method proposed in this study are similar to those of the machine learning 
method, but the process of wheat mildew index extraction is simpler without the feature selection and 
sample marking process of the machine learning classification process. In addition, the wheat mildew 
index is insensitive to different types of remote sensing sensor data. In the migration experiment presented 
in Section 5.1, multispectral remote sensing data from Sentinel-2 and Landsat-9 images were used. The 
findings show that the results of using Sentinel-2 and Landsat-9 remote sensing images as data sources 
to extract mildewed wheat based on the wheat mildew index are very close to those of the Gaofen-2 remote 
sensing image. Therefore, a variety of remote sensing data can be selected according to the actual situation 
when the wheat mildew index is used to monitor mildewed wheat. Finally, the simplified wheat mildew 
index approximates the original wheat mildew index. The physical meaning of the wheat mildew index indi
cates that the wheat mildew index is a function of spectral reflectance, and the extraction result of the sim
plified wheat mildew index is similar to that of the original wheat mildew index, which is proven by 
McNemar’s test. The simplified wheat mildew index does not consider the central wavelength information 
of each band of remote sensing image data, which is simpler and more efficient in practical applications.

Wheat mildew index has excellent performance in the extraction of mildewed wheat, but it also has some 
limitations in practical use, such as the difficulty in obtaining optical remote sensing images during the 
wheat disaster period, and the lack of a large number of experimental verification on the universality of 
regions with different climate and soil conditions. The problem of remote sensing image data can be solved 
by combining multi-source remote sensing image data and UAV remote sensing image data, while the uni
versality of wheat mildew index for different regions needs more data and experimental verification in the 
future. The method proposed in this paper based on wheat mildew index combined with automatic 
threshold segmentation algorithm to extract the affected area of mildewed wheat has great application 
value in the field of agriculture, and can be widely used in many aspects, such as wheat disaster loss 

Table 7. McNemar’s test of different threshold segmentation methods before and after simplification of the wheat mildew 
index.
Model p-value McNemar’s Test (α = 0.05)

WMIOtsu − Simplified WMIOtsu >0.05 no significant differences
WMIIterative Threshold − Simplified WMIIterative Threshold >0.05 no significant differences
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assessment, efficient dynamic monitoring of the affected area of wheat mildew, wheat mildew mechanism 
research, agricultural insurance and risk assessment. For example, in the wheat disaster loss assessment, by 
analyzing the scope and extent of the disaster, combined with historical data and crop growth models, we 
can accurately estimate the wheat yield loss caused by mildew, and provide a reliable basis for agricultural 
production planning and policy making; In terms of efficient dynamic monitoring of mildew affected areas, 
this method relies on the wheat mildew index, which can quickly and widely identify the location and range 
of mildewed wheat, without relying on time-consuming and labor-intensive manual field investigation, and 
can dynamically track the development status of mildew affected areas according to the re visit cycle of 
remote sensing images, so as to grasp the evolution trend of disasters in time.
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Abstract

This study numerically investigates wave transformation and setup processes across fring-
ing reefs, focusing on artificial reef configuration effects under varying tidal conditions
and incident wave parameters. The OpenFOAM-based waves2Foam model simulates
hydrodynamic processes along reef profiles containing a fore-reef slope and reef flat. Fol-
lowing validation against laboratory data, the model simulates cross-shore wave height
attenuation and setup within fringing reef systems. The results demonstrate that reef
flat water depth substantially modulates wave dynamics: during low tide, intensified
wave breaking elevates the maximum wave height and setup by up to 45.7% and 78.5%,
respectively, compared to high-tide conditions. Furthermore, this water depth critically
governs the reef configuration’s influence on wave energy dissipation efficiency. Under
high tide, additional reef rows increase the peak wave height by 5.2% while reducing wave
setup by 10.5%. In contrast, expanded reef spacing reduces the peak wave height by 2.1%
and decreases the peak wave setup by 2.4%. The temporal evolution of wave reflection
(KR) and transmission (KT) coefficients reveals that shallow-water conditions amplify wave
reflection while diminishing transmission capacity, as tidal variations directly regulate
wave propagation mechanisms through water depth modulation. At the outer reef flat
boundary, KR and KT values for existing artificial reefs exhibit variations below 5% across
all tidal phases, row configurations, and spacing combinations. Consequently, current
reef structures provide limited control over wave transmission in fringing reef terrains,
indicating that structural modifications such as increasing reef elevation or deploying reefs
on the fore-reef slope could enhance attenuation performance.

Keywords: fringing reef; wave dissipation; wave-induced setup; artificial reef; OpenFOAM

1. Introduction
Coral reefs represent highly complex underwater ecosystems that support more than

25% of all known marine species, and their morphological characteristics exhibit substantial
variation depending on the geological setting. Fringing reefs function as effective natural
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barriers that significantly dissipate wave energy, reducing nearshore hydrodynamic dis-
turbance and protecting adjacent beaches [1]. Furthermore, waves breaking over complex
reef topography generate flows that regulate sediment dynamics, nutrient fluxes, and
benthic habitats on reef flats [2]. Consequently, site-specific hydrodynamic assessments are
required to assess ecosystem stability.

Research on reef hydrodynamics has evolved since the late 20th century, employing
diverse methodologies that include field observations, experimental studies, and numer-
ical modeling. Early investigations extensively characterized wave and wave–current
interactions through field campaigns [3–5] and wave flume experiments [6–10]. Later,
numerical simulations of hydrodynamic processes in reef environments became established
research approaches [11–16]. More recently, Yao et al. [17] examined the influences of
tidal currents on the vertical structure of surf zone currents within coral reefs, including
wave height, wave setup, turbulent kinetic energy, and Reynolds shear stress intensity.
In contrast, Watanabe et al. [18] demonstrated that the structures of the reef slope at the
micrometer scale enhance turbulence and the transport of nutrients driven by waves, yet
they minimally affect wave energy density across reef flats or overall storm wave dissi-
pation; these processes remain dominated by the slope, crest, and flat morphology of the
macrometer scale of the reef. Wang et al. [19] further examined realistic topographical
effects, quantifying how the height, position, and seaward slope gradient of a reef ledge
affect secondary wave breaking and reflection during tsunami propagation.

Artificial coral reefs provide dual ecological restoration and coastal protection benefits
by offering alternative habitats for degraded coral ecosystems. Fadli et al. [20] evalu-
ated artificial reef modules’ potential for habitat rehabilitation in degraded areas of Aceh,
Indonesia, demonstrating effectiveness despite limited resilience to large-scale climatic dis-
turbances such as anomalous warming. Corroborating this, Blakeway et al. [21] confirmed
successful coral settlement and community development in nearshore artificial structures
in high-turbidity environments of Dampier Harbour, Western Australia, through long-term
monitoring. Further supporting evidence emerges from Tanaya et al. [22], whose 29-year
observational dataset revealed significantly higher coral cover (predominantly Acropora
spp.) on breakwaters versus adjacent natural reefs, establishing artificial structures as
viable restoration tools. Knoester et al. [23] subsequently examined how the structural
characteristics (e.g., material, orientation) of artificial reefs in southern Kenya influence
the survival, recruitment, and recovery of coral fragments of associated fish and inverte-
brate communities. In addition, Reguero et al. [24] identified coral reef degradation as a
primary driver of coastal erosion in Grenville Bay, proposing that engineered reef struc-
tures simultaneously attenuate wave energy, modify wave direction, and provide marine
habitats. In summary, these investigations demonstrate that scientifically designed artificial
reefs enhance biodiversity conservation and coastal resilience through the construction of
three-dimensional habitats.

The hydrodynamic processes surrounding artificial reefs (ARs) exhibit strong dependen-
cies on site selection, structural configuration, and ecological results. Webb and Allen [25]
identified a significant negative correlation between the wave transmission coefficient and
relative height for non-rock ARs, indicating limited attenuation capacity; conventional
rubble mound formulae were shown to overestimate attenuation by neglecting poros-
ity. Srineash and Murali [26] subsequently demonstrated that reef-induced wave breaking
(RIB) constitutes the primary dissipation mechanism in modular porous ARs under varying
crest widths, depths of submergence, and wave conditions. Consequently, the controlled
adjustment of the relative depth of submergence can actively induce RIB for design opti-
mization. In contrast, van Gent et al. [27] established that vertical impermeable screens in
submerged ARs significantly reduce transmission by impeding orbital velocities, yielding a
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unified hyperbolic tangent-based empirical formula for transmission coefficient (KT) pre-
dictions across submerged and emergent structures. Complementarily, Ghiasian et al. [28]
quantified the performance of a trapezoidal AR model, achieving larger than 35% incident
wave height reduction and 63% energy dissipation; the incorporation of Acropora cervicornis
skeletons further enhanced frictional resistance, providing additional reductions of 10%
in wave height and 14% in energy. Huang et al. [29] differentiated dissipation mecha-
nisms: solid ARs predominantly rely on wave breaking, while permeable designs utilize
continuous internal drag forces, leading to a novel predictive formula based on effective
water depth. Based on this, Huang et al. [30] developed a parameterized phase-averaged
model that separately quantifies the dissipation of breaking, the dissipation of the reef drag,
and the reflection processes. Their analysis revealed that reduced porosity or increased
crest length substantially enhances drag-dominated attenuation efficiency, whereas wave
reflection contributes minimally.

In summary, current artificial reef applications focus predominantly on fishery resource
enhancement, while the hydrodynamic evaluation of wave attenuation efficacy for reefs in
coral habitats remains critically insufficient. The new scientific contributions of the present
work are outlined here:

1. The novel integration of in situ bathymetric measurements with submerged ar-
tificial reef data, thereby enabling the systematic quantification of morphology–
hydrodynamic interactions.

2. A comprehensive analysis of wave hydrodynamics at fringing reef sites using field
hydrological data, which evaluates the wave attenuation efficacy of deployed artificial
reef configurations under diverse wave regimes.

In this study, a comprehensive numerical investigation of hydrodynamics at coral
reef sites on Weizhou Island is conducted, focusing on wave transformation, breaking,
and setup processes. The OpenFOAM-based waves2Foam model [31] is adopted in this
study, which solves Reynolds-averaged Navier–Stokes equations to simulate complex flow
dynamics over fringing reefs characterized by fore-reef slope and reef flat geometry. Before
application, the model undergoes rigorous validation against laboratory experiments to
ensure an accurate simulation of wave profiles at the reef front. Using the validated model,
the cross-shore characteristics of the wave-induced setup and wave height attenuation
under varying deep-water conditions are subsequently examined.

2. Field Investigation
Weizhou Island (21◦00′–21◦10′ N, 109◦00′–109◦15′ E; Figure 1a) hosts a relatively high-

latitude coral reef system in the South China Sea. This system potentially functions as a
thermal refuge under global warming [32], with well-developed reefs primarily distributed
in shallow northern, southeastern, and southwestern coastal waters. These reefs are
dominated by massive coral species, including Porites sp., Favites abdita, and Goniopora
stutchburyi [33]. However, significant degradation has reduced average live coral cover to
approximately 10.7% [34].

Hydrodynamic investigations focus on a 1.3 km fringing reef section along the south-
western coast of Weizhou Island (Figure 1b). During spring tides, underwater topography
surveys employ an ultrasonic depth sounder (RISEN-SFCC; maximum range: 50 m; mini-
mum detection depth: 0.8 m; sampling rate: 1 Hz), covering areas from nearshore shallows
(depth ≥ 0.8 m) to deeper offshore zones. Simultaneously, beach profile measurements
utilize a high-precision differential GNSS (Leica GS15; horizontal accuracy: 8 mm ± 1 ppm;
vertical accuracy: 15 mm ± 1 ppm), extending from the vegetation line to water depths of
≥1 m. These integrated surveys produce the composite cross-sectional bathymetric profile
shown in Figure 1c. The specific submerged artificial reef structures adopted in this study,
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which are deployed in coral restoration initiatives on northern Weizhou Island, appear in
Figure 1d.

Figure 1. (a) Map showing location of study area. (b) Delineation of Weizhou Island’s scope. (c) Cross-
sectional profile of southwestern fringing reef. (d) Schematic of deployed submerged artificial reef.

There is a regular diurnal tidal regime with an annual mean range of 2.35 m in
Weizhou Island [35]. An analysis of historical wave data (1973–1995) from the Weizhou
Ocean Monitoring Station further identifies south–southwest (SSW) as the predominant
wave direction [36]. Following the Code of Hydrology for Harbours and Waterways
(JTS 145-2015) [37], wave heights and periods (H1/3 and T1/3) for 5-, 10-, 25-, and 50-year
return periods are calculated, yielding respective values of 2.76 m and 7.82 s, 3.15 m and
8.4 s, 3.55 m and 8.97 s, and 3.86 m and 9.43 s. These offshore incident wave parameters,
implemented as regular waves in the model simulations, are detailed in Table 1.
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Table 1. Parameters for the present model.

Characteristics Value Unit

Wave and tide characteristics
Wave height (H0) 2.76, 3.15, 3.55, 3.86 [m]
Wave period (T0) 7.82, 8.4, 8.97, 9.43 [s]
Deep water depth (d0) 16 [m]
Tidal range (∆d) 0, 1.2, 2.35 [m]

Fringing reef characteristics
Slope1 (S1) 1:23 [-]
Slope2 (S2) 1:23 [-]
Slope3 (S3) 1:378 [-]
Length1 (L1) 67.62 [m]
Length2 (L2) 190.26 [m]
Length3 (L3) 891.83 [m]
Reef flat water depth (hr) 2.53, 3.68, 4.88 [m]

Artificial reef characteristics
Porosity (nAR) 0.867 [-]
Reef top width (wt) 0.614 [m]
Reef bottom width (wb) 2 [m]
Reef height (hAR) 0.716 [m]
Submerged crest depth (hc) 1.814, 2.964, 4.164 [m]
Effective crest depth (hc,e) 2.435, 3.585, 4.785 [m]
Spacing (SAR) 0, 2, 5 [m]
Row (RAR) 1, 2, 3, 4 [-]

3. Numerical Model
3.1. Governing Equations

For an incompressible viscous fluid, the wave domain is governed by the Reynolds-
averaged Navier–Stokes equations [31], which encompass both the continuity and momen-
tum equations:

∇ · U = 0 , (1)

∂ρU
∂t

+∇ · (ρUUT) = −∇p∗ − g · X∇ρ +∇ · (µ∇U + ρτ) + σTκα1∇α1 , (2)

in which U = the velocity vector; ρ = the density of the fluid; p∗ = the pseudodynamic
pressure; µ = the dynamic molecular viscosity; X = the position vector; τ = the specific
Reynolds stress tensor; σT = the surface tension coefficient; and κα1 = the curvature of the
interface. The volume fraction index (α1) is introduced to track the fluid surface (that is, α1

is 0 for air and 1 for water); thus the distribution of α1 is modeled by an advection equation.

∂α1

∂t
+∇ · [Uα1] +∇ · [Urα1(1 − α1)] = 0 , (3)

where Ur = the relative velocity, and the properties of the mixture are calculated as follows:

Φ = α1Φw + (1 − α1)Φa, (4)

in which Φw and Φa are any water and air properties, respectively. In addition, the k − ϵ

model [38] is adopted to simulate the turbulence effect of breaking waves near the front
reef slope.
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3.2. Numerical Setup and Mesh Scheme

Specifically, Figure 2a illustrates the computational domain with a total length of
900 m, coinciding with the fore-reef slope toe. From this point, two onshore slopes (gra-
dient 1:23) extend landward for 67.62 m and 190.26 m, respectively, transitioning to an
approximately horizontal reef flat spanning 891.83 m (see Table 1). The boundary conditions
consist of the following: (1) atmospheric pressure at the top boundary; (2) zero-gradient
conditions at lateral boundaries; and (3) no-slip conditions at both the seabed and reef
surfaces. It is noted that this study employs a two-dimensional approach. Wave generation
employs second-order Stokes theory to produce monochromatic waves at the offshore (left)
boundary. To suppress wave reflections, explicit relaxation absorption with weighting
function wR ∈ [0, 1] adjusts the solution variables (Φ) within 100 m absorption zones at
both domain ends, as indicated by the red lines. The artificial reef geometry, illustrated in
Figure 2b,c, is imported as an STL file. Subsequently, the background mesh is generated
using OpenFOAM’s surfaceFeatureExtract and snappyHexMesh utilities, incorporating
local refinement near the reef surface to resolve its geometric features accurately.

To balance computational accuracy and efficiency, the domain along the wave prop-
agation direction is divided into three regions: a wave generation zone (0–150 m), a reef
zone (150–800 m), and a wave absorption zone (800–900 m), with non-uniform gridding.
Grid sizes in the X-direction are 0.8, 0.4, and 0.8 m, while the corresponding Z-direction
dimensions are 0.1, 0.05, and 0.1 m. Finer resolution is employed near the free surface
within the reef zone where significant wave deformation occurs.

Figure 2. A schematic diagram of the model setup: (a) the computational domain, (b) the side view
of the artificial reef structure, and (c) the corresponding front view.

3.3. Model Validation

To validate the numerical model, this study replicates three physical experiments
simulating hydrodynamic processes induced by regular and solitary waves over varying
coral reef topographies [10,19,39]. The key experimental parameters corresponding to the
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validation cases are tabulated in Table 2. To quantitatively assess model performance, the
skill value [40] is adopted, defined as follows:

skill = 1 − ∑
∣∣Xmodel − Xobs

∣∣2
∑
(∣∣Xmodel − Xobs

∣∣+ ∣∣Xobs − Xobs
∣∣)2 (5)

where Xmodel is the predicted value, Xobs is the measured value, and the overbar represents
the average value. Then a skill value of 1 is assigned to a perfect model result and 0 to an
obvious predictive error.

Table 2. Parameters for the validation cases (the data was from [10,19,39]).

Validation Case/Flow Characteristics H T h0 hr Uc
[m] [s] [m] [m] [m/s]

Yao et al. [10] 0.095 1.25 0.45 0.1 0
Wang et al. [19] 0.06 - 0.605/0.655 0/0.05 0
Chen et al. [39] 0.08 1 0.6 - ±0.2

3.3.1. Validation 1

The experiments of Yao et al. [10] are conducted in a custom flume (36.0 m long ×
0.55 m wide × 0.6 m deep; see Figure 3a). A piston-type wave maker is installed at one
end of the flume to generate the designed waves. Furthermore, two simplified fringing
reef configurations are investigated: a steep reef slope with a 1:6 gradient and a 7 m flat
section and a reef edge ridge represented by a rectangular box measuring 55 × 50 × 5 cm.
Twelve wave gauges (G1–G12) are strategically positioned to quantify wave transformation
across the reef topography. For model validation, the monochromatic wave scenario
(T = 1.25 s, H = 0.095 m, and hr = 0.1 m) is reproduced and compared with laboratory
measurements. The temporal variation in free-surface elevation (see Figure 4) is strongly
affected by the reef crest, which leads to reduced skill values at the reef flat (G9 and G11).
However, the overall skill values remain above 0.7.

3.3.2. Validation 2

The experimental study of Wang et al. [19] is conducted in a wave flume measuring
45 m in length, 0.8 m in width, and 1 m in depth, which contains a geometrically scaled
(1 : 40) reef model (see Figure 3b). A flap-type wave maker generates solitary waves for
this study. The model topography comprises a fore-reef slope, a reef step, and a lagoon,
interconnected by a 1 : 2.32 slope that links the outer and inner reef flats. The investigation
considers four distinct water depths over the inner reef flat (hr = 0, 0.025, 0.05, and 0.075 m)
and five incident wave heights (H0 = 0.02 to 0.1 m in 0.02 m increments). The temporal
evolution of the free-surface elevation is measured by fifteen strategically placed wave
gauges (G1–G15). For validation, experimental cases with H0 = 0.06 m and water depths
of hr = 0 m and 0.05 m are reproduced. A comparison between simulated water levels and
experimental data in Figure 5 demonstrates close agreement, with a minimum skill number
exceeding 0.94.
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Figure 3. The experimental setup of previous wave flume tests [10,19,39] for the validation of
the OpenFOAM-based model. (a) Yao et al. [10]’s experiment for wave-induced set-up over the
horizontal reef with idealized ridge. (b) Wang et al. [19]’s experiment for tsunami-like wave over the
uneven coral reef. (c) Chen et al. [39]’s experiment for the wave-current interaction with submerged
rectangular breakwater.

3.3.3. Validation 3

The experimental setup of Chen et al. [39] utilizes a wave flume that measures 69 m
in length, 2 m in width, and 1.8 m in height (see Figure 3c). Nonlinear regular waves
are produced by a hydraulic piston-type wave generator, with uniform currents supplied
through a bidirectional centrifugal pump. Wave propagation over a rectangular submerged
breakwater (0.8 m long × 0.5 m wide × 0.4 m high) is investigated under the following
and opposing current conditions. Free-surface elevations are recorded at multiple locations
surrounding the structure. Figure 6 presents the time histories of free-surface elevations at
wave gauges G1–G5 for the wave parameters of T = 2 s and H = 0.108 m. Experimental
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measurements and numerical predictions are compared for co-current and counter-current
scenarios at Uc = 0.2 m/s. These results demonstrate robust agreement in wave–current
interaction dynamics, where all skill scores exceed 0.9.

Figure 4. Time series of free-surface elevations at six gauge locations (G2, G3, G5, G7, G9, and G11).
Note that laboratory measurements are indicated by circles and model predictions by solid lines. The
respective skill scores for these gauges are 0.966, 0.967, 0.933, 0.84, 0.765, and 0.736.

3.4. Data Analysis

As mentioned previously, the numerical wave flume originates at the leftmost point
(Point O, located at X = 0 m). The reef front slope spans from 172 m to 430 m, followed
by a nearly horizontal reef flat section. Artificial reef units are deployed starting from the
beginning of the reef flat at 430 m, where the first row is positioned; subsequent rows are
arranged shoreward at fixed intervals. Additionally, a local coordinate system originates at
430 m (O′), where the negative X-direction extends seaward from the reef slope and the
positive X-direction extends landward across the reef flat, thus facilitating a comparative
analysis of the simulation results. Thereafter, each case is simulated for 400 s, and the data
from the final 200 s of stable operation are extracted for post-processing analysis.
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Figure 5. Time series of free-surface elevations at gauges G1, G4, G6, G7, and G8 under two
submergence water depths (hr). Circles: laboratory measurements; solid lines: predictions by the
present model. The corresponding skill values for the gauges are 0.9823, 0.9552, 0.9489, 0.9546, and
0.9468 (hr = 0 m, left column) and 0.9382, 0.917, 0.9587, 0.9457, and 0.9459 (hr = 0.05 m, right column).

In all considered cases, the actual wavelength (Lw = 88–118 m) significantly exceeds
the Bragg resonance wavelength corresponding to the artificial reef spacing (SAR = 2–8 m).
This substantial mismatch leads to an exceptionally weak Bragg reflection effect, which
is considered negligible. Specifically, the ratio of 2SAR/Lw remains much smaller than 1
across all scenarios. In short, this study employs a two-dimensional numerical model to
quantitatively analyze the wave dissipation performance of existing artificial reefs under
regular wave conditions.
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Figure 6. Time series of free-surface elevations at five gauge locations (G1 to G5). Circles: laboratory
measurements; solid lines: predictions by the present model. The corresponding skill values for the
gauges are 0.979, 0.9725, 0.9614, 0.9416, and 0.9749 (Uc = 0.2 m/s, left column) and 0.9582, 0.9744,
0.918, 0.955, and 0.9483 (Uc = −0.2 m/s, right column).
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4. Results and Discussion
This section presents numerical examples demonstrating the engineering applications

of the proposed model. Specifically, the variations in wave height (Hw) and setup (η) around
both natural and artificial reef structures are analyzed to systematically investigate the
effects of incident wave conditions (H0 and T0), reef flat water depth (hr), tidal range (∆d),
and structural parameters (RAR and SAR) on wave transformation processes. Furthermore,
the wave dissipation capacity of artificial reefs within fringing reef systems is quantified
using two metrics: the reflection coefficient (KR) measured seaward of the reef front slope
and the transmission coefficient (KT) across the reef flat.

4.1. Spatial Variation in Wave Height and Setup Across the Reef Profile
4.1.1. Effect of Wave Conditions for Various Return Periods

This subsection simulates four wave conditions representing 5-, 10-, 25-, and 50-year re-
turn periods, characterized by offshore wave heights of 2.76 m, 3.15 m, 3.55 m, and 3.86 m with
corresponding wave periods of 7.82 s, 8.4 s, 8.97 s, and 9.43 s, respectively. Figure 7a,b demon-
strate that under high-tide conditions, the wave height amplification of onshore-propagating
incident waves intensifies, with the maximum amplification consistently occurring on the
fore-reef slope rather than the reef flat. For an incident wave height of 2.76 m and wave
period of 7.82 s, a peak wave height of approximately 3.06 m emerges on the rear section of
the fore-reef slope. The wave setup/set-down effects progressively strengthen shoreward,
transitioning from set-down to setup near the reef edge (X′ = 0 m), followed by the maximum
setup developing on the outer reef flat, located within 250 m of the reef edge (O′). Quantitative
analysis reveals that as the offshore wave height increases from 2.76 m to 3.86 m and the wave
period extends from 7.82 s to 9.43 s, the maximum wave height on the fore-reef slope rises
from 3.06 m to 4.29 m, while the peak setup increases from 0.09 m to 0.2 m, representing
respective increases of approximately 40.3% and 123%.

Figure 7c,d demonstrate that enhanced wave shoaling and breaking under low-tide
conditions generate pronounced cross-shore gradients in both wave height and setup/set-
down distributions while inducing a seaward shift in the corresponding wave transforma-
tion zone relative to high-tide scenarios. The maximum wave height persistently concen-
trates on the fore-reef slope, with the setup/set-down transition point migrating shoreward
to this region accompanied by significantly increased variation rates, where the extreme
values occur within 100 m of the reef edge. Quantitative analysis reveals that as the offshore
wave height increases from 2.76 m to 3.86 m and the wave period extends from 7.82 s to
9.43 s, the peak wave height on the fore-reef slope rises from 3.03 m to 4.42 m, whereas
the maximum setup elevates from 0.19 m to 0.33 m, representing increases of 45.7% and
78.8%, respectively. The systematically amplified wave heights and setup magnitudes
along the reef under low-tide conditions compared to high-tide conditions confirm the
critical regulatory mechanism of the reef flat water level on wave transformation processes,
where lower tidal stages enhance shoaling effects to augment wave heights and intensify
breaking processes that subsequently steepen setup gradients.

4.1.2. The Effect of the Number of Rows

Figure 8a,b compare wave height distributions and setup characteristics for artificial reefs
in single-row, double-row, and triple-row configurations (RAR = 1, 2, 3) with constant spacing
(SAR = 2 m) under wave conditions corresponding to a 5-year return period. During high tide,
wave heights demonstrate initial attenuation followed by local amplification along the fore-
reef slope (X = −130 to 0 m) due to combined shoaling effects and reef interactions. The peak
wave height for the single-row configuration occurs at X = −30 m on the landward portion
of the fore-reef slope, reaching 3.07 m. This peak shifts shoreward to X = −28 m (3.10 m) for
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double-row reefs and further to X = −24 m (3.26 m) for triple-row reefs. The maximum setup
consistently develops within 250 m shoreward of the reef edge (X > 250 m), measuring 0.10 m
for single-row structures but decreasing marginally to 0.09 m for multi-row configurations.
Under low-tide conditions (Figure 8c,d), enhanced topographic forcing intensifies wave
shoaling along the fore-reef slope, concentrating peak wave heights at X = −74 m where all
configurations yield identical values of 3.15 m. The maximum setup emerges at X = 125 m
on the reef flat, registering 0.21 m for single-row arrangements versus 0.22 m for multi-row
systems with marginal differences. This reveals that increasing reef rows elevates peak wave
heights by 5.2% during high tide, whereas this effect becomes negligible during low tide.
Concurrently, additional reef rows reduce setup values by 10.5% under high-tidal conditions
but merely 0.5% under low-tidal conditions, confirming that reef layouts significantly enhance
wave energy dissipation efficiency during periods of high water levels.

(a) (b)

(c) (d)

Figure 7. The variations in wave height (left) and wave-induced setup (right) across the reef profile
are examined under different incident wave conditions (H0 = 2.76, 3.15, 3.55, 3.86 m; T0 = 7.82, 8.4,
8.97, 9.43 s) and reef flat water depths (hr = 2.53, 4.88 m). Subfigures (a,b) and (c,d) illustrate the
corresponding results for high-tide (hr = 4.88 m, ∆d = 0 m) and low-tide (hr = 2.53 m, ∆d = 2.35 m)
scenarios, respectively.
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(a) (b)

(c) (d)

Figure 8. The variations in wave height (left) and wave-induced setup (right) across the reef profile are
presented for configurations with different numbers of artificial reef rows (RAR = 1, 2, 3), maintained
at a constant spacing (SAR = 2 m). These results are obtained under fixed incident wave conditions
(H0 = 2.76 m and T0 = 7.82 s) and two reef flat water depths (hr = 2.53, 4.88 m). Subfigures (a,b) and
(c,d) correspond to the high-tide (hr = 4.88 m, ∆d = 0 m) and low-tide (hr = 2.53 m, ∆d = 2.35 m)
conditions, respectively.

4.1.3. The Effect of the Spacing of Rows

Figure 9a,b illustrate the influence of artificial reef spacing (SAR = 0 m, 2 m, 5 m) with
fixed row (RAR = 4) on wave height and setup distribution under high-tidal conditions
using wave scenarios with a 5-year return period. Wave height peaks consistently occur
at the fore-reef slope (X = −26 m), with the maximum value of approximately 3.12 m
observed at the 0 m spacing, followed by 3.09 m at the 2 m spacing and 3.05 m at the 5 m
spacing, indicating that the maximum wave height progressively decreases with increasing
spacing. The peak setup emerges within the inner reef flat region (X > 250 m), reaching
its highest magnitude of 0.09 m at the 2 m spacing, while both the 0 m and 5 m spacing
configurations yield values around 0.10 m. Under low-tidal conditions (Figure 9c,d), wave
height maxima concentrate along the fore-reef slope between X = −74 m and X = −70 m.
The 0 m spacing configuration produces the highest peak of 3.20 m, whereas the 2 m and
5 m spacings generate peaks of 3.13 m and 3.18 m, respectively. The peak setup values
manifest shoreward of the reef edge beyond X = 100 m, measuring approximately 0.23 m
for both the 0 m and 5 m spacings, compared to 0.22 m for the 2 m spacing. Comprehensive
analysis reveals that increasing reef spacing reduces the peak wave height across the reef
profile under identical tidal stages, corresponding to reductions of 2.1% during high tide
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and 0.8% during low tide. Concurrently, the peak setup decreases by 2.4% under high-tidal
conditions but exhibits no significant variation during low tide. This trend parallels the
influence of reef row arrangements, confirming that modifications in reef layout under high
tidal levels substantially regulate wave energy dissipation efficiency.

(a) (b)

(c) (d)

Figure 9. The variations in wave height (left) and wave-induced setup (right) across the reef profile
are shown for different artificial reef spacings (SAR = 0, 2, 5 m) with a constant number of reef
rows (RAR = 4). These results are obtained under fixed incident wave conditions (H0 = 2.76 m
and T0 = 7.82 s) and two reef flat water depths (hr = 2.53, 4.88 m). Subfigures (a,b) and (c,d)
present the results for high-tide (hr = 4.88 m, ∆d = 0 m) and low-tide (hr = 2.53 m, ∆d = 2.35 m)
conditions, respectively.

4.2. Characteristics of Wave Reflection and Transmission

Based on the variations in wave reflection and transmission coefficients, the following
analysis examines how different reef configurations and hydrodynamic conditions influence
wave dissipation, while the relationships among these factors are further elucidated to
clarify their combined effects. For this purpose, the incident wave components are separated
using the three-gauge method proposed by Mansard and Funke [41], applied immediately
seaward of the reef slope. Subsequently, the reflection coefficient KR for the fringing
reef—either with or without an artificial reef—is defined as the ratio of the reflected wave
height HR to the incident wave height HI , expressed as follows:

KR =
HR
HI

(6)
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The transmission coefficient KT for waves propagating across a coral reef flat is defined
based on the ratio of transmitted to incident wave energy fluxes [42]. This definition
accounts for two key factors: (i) the transmitted wave spectrum contains significantly
higher-harmonic components in addition to the primary frequency, and (ii) water depths
(and thus wave celerities) differ between the offshore and reef flat regions. Accordingly, KT

is expressed as follows:

KT =

√√√√∑5
i=1 Ei

TCi
g,T

EICg,I
(7)

where Ei
T and EI denote the energy densities of the i-th transmitted harmonic component

(up to fifth order) over the reef flat and the incident wave in deep water, respectively, while
Ci

g,T and Cg,I represent the corresponding wave group velocities. Specifically, the incident
wave energy flux EICg,I can be converted from the deep-water wave energy flux E0Cg,0

using energy conservation principles. According to linear wave theory, the deep-water
wave energy density is E0 = ρgH2

0 /8, where H0 is derived from the incident wave height
HI . The deep-water group velocity is given by Cg,0 = gT/(4π). The total transmitted
energy flux is obtained by analyzing the free-surface elevation time series recorded at a
fixed location on the reef flat using Fast Fourier Transform (FFT). The energy spectrum
derived from this analysis is used to compute the summation of Ei

TCi
g,T for each harmonic

component (i = 1 to 5). The wave group velocity Ci
g,T for each harmonic is determined by

solving the dispersion relation.
Figure 10a,b first illustrate the influence of varying incident wave parameters and reef

flat water depths on the wave reflection and transmission coefficients in the absence of an
artificial reef. Under high-tide conditions (hr = 4.88 m), the reflection coefficient KR increases
from approximately 0.005 to 0.009 as the wave height increases from 2.76 m to 3.86 m and
the wave period increases from 7.82 s to 9.43 s. Meanwhile, the transmission coefficient
KT decreases from 0.373 to 0.248. This trend suggests that higher wave energy conditions
enhance wave breaking and energy dissipation, leading to a reduction in transmission
capacity, while the reflection coefficient exhibits only minor variations. Under low-tide
conditions (hr = 2.53 m), KR values are significantly higher than those at high tide. For
instance, under a specific wave condition with a height of 3.15 m and a period of 8.4 s,
KR reaches 0.013 during low tide compared to 0.007 during high tide, while under the
same condition, KT values are 0.082 and 0.344, respectively. These results indicate that
shallow water conditions promote wave reflection and suppress wave transmission. Further
comparison under identical wave parameters shows that KR is markedly higher and KT

is significantly lower during low tide. Moreover, smaller incident wave heights generally
lead to a decrease in KR and an increase in KT . It can thus be concluded that tidal variations
directly modulate wave propagation mechanisms by altering the water depth over the
reef flat.

Figure 11a,b analyze the influence of different tidal levels (∆d) and artificial reef rows
(RAR) on the wave reflection coefficient KR and transmission coefficient KT under fixed
incident wave conditions and a reef spacing of 2 m. Under high-tide conditions (hr = 4.88 m)
with an incident wave height of 2.76 m and a period of 7.82 s, KR exhibits an initial slight
increase followed by a minor decrease as the number of reef rows increases, rising from
approximately 0.011 for a single row to about 0.022 for three rows and then decreasing
marginally to 0.016 for four rows. Meanwhile, KT fluctuates within a narrow range of 0.366
to 0.395, showing no clear monotonic trend. The weak correlation between KR and the reef
row parameter SAR indicates that the influence of reef rows on wave reflection behavior is
inconsistent during high tide. Under low-tide conditions (hr = 2.53 m) with the same wave
parameters, KR also displays a slight increasing trend with additional rows, with average

1569



J. Mar. Sci. Eng. 2025, 13, 2031 17 of 21

values across multiple-row configurations ranging between 0.002 and 0.006, whereas KT

remains relatively stable around 0.101. Altogether, significant differences are observed
between high and low tidal levels across one to four rows of artificial reefs, with KR and KT

varying by factors of up to 4.47 and 3.66, respectively.
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Figure 10. The variations in the reflection coefficient (KR) and transmission coefficient (KT) with three
reef flat water depths under various incoming wave conditions. Note that three reef flat water depths
hr are set to 4.88 m, 3.68 m, and 2.53 m, represented by circles with fill levels of 100%, 50%, and 0%,
respectively. Four wave conditions, characterized by wave height H0 and wave period T0 pairs of
2.76 m and 7.82 s, 3.15 m and 8.4 s, 3.55 m and 8.97 s, and 3.86 m and 9.43 s, are applied and denoted
by the colors red, blue, magenta, and black, accordingly.

Figure 11c,d illustrate the influence of tidal level (∆d) and artificial reef spacing (SAR)
on the wave reflection coefficient KR and transmission coefficient KT under fixed incident
wave conditions. Under high-tide conditions (hr = 4.88 m) with an incident wave height of
2.76 m, a period of 7.82 s, and a reef configuration of four rows, KR decreases significantly
with increasing reef spacing, declining from approximately 0.021 at zero spacing to 0.016
at 2 m spacing and 0.005 at 5 m spacing, corresponding to reductions of 26.1% and 76.3%,
respectively. In contrast, KT shows only minor variations, with values of 0.362, 0.366, and
0.355, indicating that reef spacing has limited influence on wave transmission. Under
low-tide conditions (hr = 2.53 m) with identical wave parameters, KR similarly decreases
with greater spacing, falling from 0.009 at zero spacing to 0.004 at 2 m and 0.003 at 5 m,
representing reductions of 55.9% and 72%, which demonstrates that reduced spacing
consistently enhances wave reflection across tidal levels. Meanwhile, KT remains stable
around 0.1 under low-tide conditions regardless of spacing. Overall, substantial differences
in KR and KT are observed between high and low tidal levels across reef spacings from 0 to
5 m, with corresponding factors of 2.61 and 3.87, respectively.

To enhance the wave attenuation performance of coral reefs in fringing reef environ-
ments, a systematic analysis of wave propagation characteristics with and without artificial
reef units is essential. Figure 12a,b compare the ratios of reflection and transmission co-
efficients under high- and low-tidal conditions for existing artificial reef configurations
deployed at the outer reef flat edge, incorporating varying row numbers and spacings, so
as to evaluate their wave dissipation effectiveness. Here, K0

R and K0
T denote the wave re-

flection and transmission coefficients, respectively, in the absence of artificial reefs, whereas
Kn

R and Kn
T represent the corresponding coefficients under identical incident wave and

water depth conditions with artificial reefs present. Data points (Kn
R, K0

R) and (Kn
T , K0

T)
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located below the red polyline in the figure indicate that the artificial reefs influence wave
propagation. Points falling within the region bounded by two black dashed lines suggest
that the differences in reflection and transmission coefficients induced by the reefs do not
exceed 5%. The results show that under low-water-level conditions, the values of (Kn

R, K0
R)

remain below 0.01, indicating that the reefs enhance wave breaking, thereby reducing
reflected wave energy to a very small fraction of the incident waves. In contrast, under
high-water-level conditions, the distribution of (Kn

R, K0
R) shifts rightward with different reef

row numbers and spacing configurations, demonstrating the modulating effect of artificial
reefs on wave reflection. By comparison, the distribution of (Kn

T , K0
T) is relatively clustered,

and reef-induced variations in transmission coefficients remain within 5% under both high
and low water levels, indicating that the current reef structures provide limited control
over wave transmission across the fringing reef profile. Therefore, modifications such as
increasing reef height or deploying reefs on the fore-reef slope are required to improve
overall wave attenuation capacity.
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Figure 11. The variations in the wave reflection coefficient (KR) and transmission coefficient (KT)
across different artificial reef configurations, including (a,b) various rows (RAR) and (c,d) varying
spacings (SAR), under constant wave conditions with H0 = 2.76 m, T0 = 7.82 s, and d0 = 16 m. Solid
and hollow symbols correspond to high tide (hr = 4.88 m; ∆d = 0 m) and low tide (hr = 2.53 m;
∆d = 2.35 m), respectively.
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Figure 12. A comparison of the wave reflection coefficient (KR) and transmission coefficient (KT)
under constant wave conditions (H0 = 2.76 m; T0 = 7.82 s; d0 = 16 m). Note that R0

AR and S0
AR denote

scenarios without artificial reefs, while Rn
AR and Sn

AR represent configurations with artificial reefs
applied. Circle and square symbols correspond to variations in RAR and SAR, respectively, with
solid and hollow markers indicating high-tide (hr = 4.88 m; ∆d = 0 m) and low-tide (hr = 2.53 m;
∆d = 2.35 m) conditions.

5. Conclusions
This study employs the OpenFOAM-based model to investigate hydrodynamic pro-

cesses along the fringing reef of Weizhou Island under various conditions. Numerical
analyses reveal key mechanisms governing wave transformation, with the following con-
clusions drawn:

(1) The transformation of wave energy across coral reef systems is modulated by reef flat
water depth, where wave dissipation is enhanced on the gentle fore-reef slope. Under
constant incident wave conditions, transmission coefficients (KT) increase significantly
as reflection coefficients (KR) decrease with greater reef flat water depth, which demon-
strates the critical control of depth-limited breaking on wave energy redistribution.

(2) Tidal conditions modulate how reef configuration influences wave transformation
processes. The spacing of the reef significantly affects the reflection of the waves
during low tide, while the number of rows of reefs exhibits limited influence. In
contrast, the transmission coefficients show substantial variation during high tide,
indicating that the tidal stage determines the relative importance of different structural
parameters in the dissipation of wave energy.

(3) Existing reef design configurations markedly affect wave reflection, particularly during
high-tide conditions. However, their impact on wave transmission remains minimal,
with values of KT varying less than 5% compared to scenarios without artificial reefs
under identical hydrodynamic conditions. This limited effect suggests that structural
modifications, such as increasing reef height or implementing fore-reef deployment,
are necessary to achieve improved wave attenuation performance.

(4) This study quantitatively analyzes the wave dissipation performance of existing
artificial reefs under regular wave conditions; however, certain limitations persist.
Subsequent investigations will incorporate irregular wave regimes to examine distinct
reef configurations, such as those transplanted with varying-sized Acropora coral
canopies, thereby elucidating the impact mechanisms of reef structures on wave
energy components, including short-crested waves and infragravity waves.
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Metabolism of wildfire-derived methoxyphenol in Acropora formosa: 
Metabolite identification, toxicity prediction, and impact on coral health
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A comprehensive inventory of wildfire 
pollutant metabolites in corals.

• Syringol metabolites show enhanced 
toxicity and bind multiple macromolec
ular targets.

• Metabolites deplete glutamine and GSH, 
causing oxidative stress and energy 
imbalance.

• CYP450-catalyzed syringol metabolism 
causes coral bleaching instead of 
detoxification.

A R T I C L E  I N F O
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A B S T R A C T

The increasing frequency of extreme wildfires driven by climate warming threatens marine ecosystems. How
ever, the mechanisms underlying coral responses to wildfire-derived organic pollutants remain poorly under
stood. This study analyzed the metabolism of syringol, a tracer of forest fires, in the coral Acropora formosa and 
identified its major transformation products. These metabolites are primarily produced through methylation, 
acetylation, amino acid conjugation, aromatic ring cleavage, and methylenedioxy bridge cyclization. The 
involvement of coral-associated microbial communities may further complicate the detoxification processes. In- 
silico analysis suggests that, except for amino acid conjugation, most syringol-derived metabolites exhibit 
enhanced toxicity compared to the parent compound. These metabolites may target multiple cellular macro
molecules, disrupting coral photosynthesis and calcification. Cytochrome P450 family 3 subfamily A (CYP3A) 
enzymes catalyze the formation of bioactive metabolites through O-demethylation and hydroxylation, followed 
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by amino acid conjugation as part of the detoxification process. However, this conjugation process depletes 
intracellular glutamine and glutathione (GSH), triggering oxidative stress, apoptosis and coral bleaching within 
24 h. Glutamine and GSH were identified as potential biomarkers of wildfire-induced stress in corals. This study 
improves our understanding of coral vulnerability to wildfire pollutants and offers novel insights for ecological 
risk assessment and coral reef conservation in wildfire-prone regions.

1. Introduction

Extreme wildfire events, intensified by climate warming [28], pose a 
substantial threat to coral reefs and their biodiversity. Although wildfire 
particles can enhance ocean primary productivity by delivering essential 
nutrients [47,63], they may concurrently harm corals and reef ecosys
tems, as evidenced by the 2023 Maui and 1997 Indonesian fires [1,67]. 
Recent studies indicate that wildfire particles inhibit heterotrophic 
plasticity and calcification [51], and cause tissue damage, likely due to 
the associated organic pollutants [39]. However, the mechanisms un
derlying coral responses to wildfire-derived organic pollutants remain 
unclear.

Metabolism is a primary defense mechanism against xenobiotics and 
play a crucial role in modulating chemical toxicity [21,29]. This process 
primarily involves Phase I reactions, mainly catalyzed by cytochrome 
P450 (CYP450) enzymes, followed by Phase II conjugation reactions 
that usually detoxify compounds to facilitate eventual excretion [19,6]. 
However, atypical metabolic pathways can generate metabolites that 
are more toxic than their parent chemicals. Recent studies have high
lighted the role of CYP450 in converting phenolic compounds into more 
harmful conjugates [40,71,75]. Phase II metabolism, mediated by 
conjugating enzymes, leads to glucuronide-, GSH-, and 
sulfate-conjugated metabolites [25,6,71,75]. For example, 
CYP3A4-mediated reactions between phenolic pollutants and endoge
nous metabolites, such as vitamin E (VE) and estradiol, produce new 
lipophilic ether products [40]. Methylation can enhance the acute 
toxicity of diclofenac in aquatic invertebrates [21], while glucur
onidation increases the phototoxicity of oxybenzone, a sunscreen 
chemical, to corals and sea anemones [69]. Further, xenobiotic meta
bolism can disrupt metabolic homeostasis, impairing biological func
tions [29,40,75]. Although conjugation of GSH with electrophilic 
compounds for detoxification [26], excessive GSH consumption can 
cause tissue damage [25,75]. For instance, bisphenol A binding to VE 
reduces VE levels and increases reactive oxygen species (ROS) produc
tion [40]. Hydroxylation and quinone metabolites derived from butyl
ated hydroxyanisole and butylated hydroxytoluene can attack DNA, 
induce carcinogenicity, deplete GSH and adenine nucleoside triphos
phate (ATP), and induce oxidative stress and apoptosis [71]. These dual 
detoxifying and toxification effects highlight the importance to explore 
coral metabolism of wildfire-derived chemicals and their resultant 
toxicities.

Globally, forest fires account for ~60 % of wildfire events [70], with 
methoxyphenols (MPs) recognized as reliable tracers of wood smoke 
emission [57]. Recent research on the metabolism and toxicological 
effects of specific phenols in humans and rats, emphasizes their potential 
adverse health impacts [40,6,75]. Syringol, a predominant MP in 
wildfire emissions, has been shown to cause cytotoxicity, embryotox
icity, and oxidative stress-related apoptosis in zebrafish models [49,7]. 
However, the metabolic pathways and toxicological profiles of syringol 
metabolites in organisms remain poorly understood. Wildfire aerosols 
can deposit into the ocean, posing threatens to ocean ecosystems [20]. 
Reef-building corals, especially branching species such as Acropora spp., 
are highly susceptible to environmental stressors, including eutrophi
cation and certain organic pollutants [27,69]. Given their ecological 
importance in reef framework construction and documented sensitivity 
to wildfire particles [39,51], the potential impact of syringol on these 
corals raises serious concern. The capacity of corals to metabolize 
syringol may underlie their vulnerability to wildfire emissions, a 

hypothesis that requires experimental validation.
This study aimed to characterize the Phase I and Phase II metabolites 

of syringol in Acropora formosa, elucidate the associated metabolic 
pathways, and assess the toxicological implications of these trans
formations. Molecular docking and quantitative real-time polymerase 
chain reaction (RT-qPCR) analysis were explored to investigate the 
enzymatic mechanisms involved in syringol metabolism. In-silico 
modeling combined with protein-protein interaction (PPI) network 
analysis was used to predict the toxicity and biological effects of the 
metabolites. Meanwhile, assessments of coral physiological responses, 
including phenotypic changes, antioxidant status, and cellular energy 
allocation (CEA), provided an integrated understanding of the toxic ef
fects during biotransformation.

2. Materials and methods

2.1. Syringol and coral collection

Weizhou Island (20◦54′-21◦10′N, 109◦00′-109◦15′E), located in the 
Beibu Gulf of China, lies downwind of several major wildfire hotspots, 
including the Indochinese Peninsula, East Asia, and Equatorial Asia 
(Fig. 1). The regional burning season typically occurs from March to 
April. To avoid potential contamination from wildfire pollutants, coral 
samples (A. formosa) were collected during the non-burning season 
(November 2023). Samples were collected by divers from a depth of 
2–3 m around Weizhou Island. After collection, the corals were main
tained in a 300 L aquarium with a recirculating natural seawater system 
for a 15-day acclimation. The coral colonies were then subdivided into 6 
cm-long twigs and affixed to custom-made ceramic bases. These frag
ments underwent an additional 15-day acclimation under controlled 
laboratory conditions (26 ± 1℃; light intensity: 200 ± 20 µmol m− 2 s− 1; 
12 h dark: 12 h light cycle) prior to experimentation. The physico
chemical parameters of the natural seawater, including nutrient con
centrations, dissolved oxygen, and pH were measured and are provided 
in Supporting Information Table S1 to confirm the absence of wildfire- 
related contamination. Syringol (2,6-Dimethoxyphenol; purity ≥

98 %) was purchased from Shanghai Aladdin Reagent Co., Ltd. (China).
In Fig. 1, fire point data were sourced from NASA’s Fire Information 

for Resource Management System (https://firms.modaps.eosdis.nasa. 
gov/map/. Black Carbon Optical Depth (BCAOD) for 2023, serving as 
an indicator of fire aerosol loading, was derived from the CAMS Global 
Atmospheric Composition Forecasts and (https://ads.atmosphere.coper 
nicus.eu/). Original aerosol data at 0.75◦ × 0.75◦ resolution were 
interpolated to 0.25◦ × 0.25◦ for regional visualization. Global coral reef 
distribution data were sourced from the UN Environment Programme 
World Conservation Monitoring Centre (https://resources.unepwcmc.or 
g/products/0613604367334836863f5c0c10e452bf).

2.2. Experimental design

This experiment included four treatment groups, in which coral 
fragments were exposed to syringol at concentrations of 0 mg/L (con
trol), 4 mg/L, 6 mg/L, and 8 mg/L, respectively. Each group comprised 
five biological replicates (n = 5), with coral twigs placed in individual 
tank (29 cm × 19 cm × 26 cm; 10 L natural seawater). The exposure 
concentrations were selected based on estimates of syringol input via 
wildfire particle deposition. During wildfire events, atmospheric con
centrations of particulate matters with a diameters ≤ 2.5 µm (PM2.5) 

Y. Wu et al.                                                                                                                                                                                                                                      Journal of Hazardous Materials 496 (2025) 139433 

2 
1576

https://firms.modaps.eosdis.nasa.gov/map/
https://firms.modaps.eosdis.nasa.gov/map/
https://ads.atmosphere.copernicus.eu/
https://ads.atmosphere.copernicus.eu/
https://resources.unepwcmc.org/products/0613604367334836863f5c0c10e452bf
https://resources.unepwcmc.org/products/0613604367334836863f5c0c10e452bf


range from 1937 to 8357 µg/m³ [23,52], accounting for 80 %–90 % of 
smoke particles [23]. MPs, including syringol, serve as tracers for forest 
fires, have been associated with adverse effects on human and ecological 
health (Supporting Information Text S1). Although ~75.1 % of syringol 
exist in the gas phase (Table S2) [55], particle-bound fractions still 
comprise 14.5–20.1 % of wildfire aerosols in coastal areas [56]. Given 
that wildfire plumes can reach the upper troposphere (17–20 km) and 
persist over extended periods [34], atmospheric deposition into the 
ocean may result in prolonged exposure [20]. Based on an 8-day cu
mulative deposition for a 2 m-depth coral reef region, the estimated 
syringol concentrations in seawater range from 1.4 to 8.2 mg/L, which 
justified the selected exposure levels in this study. Detailed calculations 
are provided in Supporting Information Text S2.

To prepare the exposure solutions, syringol was dissolved in ultra
pure water, stored in amber glass bottles to avoid photodegradation, and 
added to the respective tanks to achieve the target concentrations. The 
control group received no syringol addition. The endpoint of the 
experiment was defined as the onset of visible coral decline, which was 
observed at 24 h post-exposure and manifested as bleaching. At this time 
point, all five coral twigs from each group were sampled for subsequent 
physiological and metabolites analyses. The determination of physio
logical parameters, including antioxidant capacity and cellular energy 
allocation, is detailed in Supporting Information Text S2.

2.3. Identification of syringol metabolites in coral tissues

Syringol metabolites were screened using a Thermo Scientific UPLC 
system coupled with a Q Exactive Orbitrap mass spectrometer (UPLC- 
QE, Thermo Fisher Company, USA) under both positive and negative 
electrospray ionization modes. Based on the significantly elevated 

superoxide dismutase (SOD), and catalase (CAT) activities observed in 
response to moderate injury and bleaching, a dose of 6 mg/L was 
selected for metabolite identification in coral tissues. A 4 cm coral twig 
was immersed in a methanol/acetonitrile solution (1:1, v/v) and 
extracted at 4 ℃ for 24 h. After extraction, the sample was sonicated for 
20 min and then centrifuged at 5000 rpm for 10 min. The extraction 
procedure was repeated once, and the two extracts were combined. The 
combined extract was subjected to solid-phase extraction (SPE) using a 
C18 cartridge equilibrated with methanol. The solid phase was rinsed 
with methanol, and the eluent was evaporated to dryness and then 
stored at − 80 ℃ until analysis.

To assess potential methylation of syringol during chemical analysis, 
a stock solution of syringol in methanol/acetonitrile mixture (1:1, v/v) 
was analyzed using ultra high performance liquid chromatography high 
resolution mass spectrometry (UPLC-HRMS). The chemical identities of 
potential metabolites were determined based on the m/z values and the 
patterns of MS2 or MS fragments, with only those signals exceeding an 
intensity threshold of 1 × 105 being considered. Metabolites were 
identified through precursor ions scanning with a mass error threshold 
of less than 5 ppm. The relative intensity of each identified metabolite 
was determined by semi-quantitative analysis of peak area in the 
extracted ion chromatogram acquired under full scan ddMS2 mode. Peak 
areas were normalized to the total ion intensity of syringol and its me
tabolites, which was set to 100 %. The operating parameters of the 
UPLC-HRMS are detailed in Supporting Information Text S2 and 
Table S3.

2.4. In-silico toxicity and functional target prediction

The Ecological Structure Activity Relationships (ECOSAR) program 

Fig. 1. Spatial distribution of global coral reefs, fire points, and black carbon aerosol optical depth (BCAOD) in 2023. The left inset shows BCAOD over the Weizhou 
Island region during the sampling period in the non-burning season (November 2023). The right inset illustrates monthly BCAOD variations over the same region 
during 2023.
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was performed to predict the toxicity of syringol and its metabolites 
toward three non-target aquatic organisms: daphnia, fish, and green 
algae. Toxicity was evaluated based on lg LC50/EC50 values and classi
fied into four categories: very toxic (<0 mg/L), toxic (0–1 mg/L), 
harmful (1–2 mg/L), and not harmful (>2 mg/L) [10]. Acute and 
chronic toxicity values were predicted using the ECOSAR Class Program 
(version 2.2). The bioaccumulation factor, developmental toxicity and 
mutagenicity were further estimated using the Toxicity Estimation 
Software Tool.

The top 15 potential human macromolecular targets for each metab
olite were identified using Swiss Target Prediction (http://www.swisst 
argetprediction.ch/) [12], and their disease associations were inferred 
from the GeneCards database (https://www.genecards.org). To investi
gate the biological processes and pathways regulated by these targets, 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis were conducted. Gene annotation 
was performed using the org.Hs.eg.db R package from Bioconductor (http 
s://bioco nductor.org/packages/release/data/annotation/html/org.Hs. 
eg.db. Html). To assess the functional connectivity among macromolec
ular targets, a PPI network analysis was constructed using STRING v11.5 
database (https://string-db.org/) with a high-confidence interaction 
threshold (score > 0.7). The protein networks were visualized in Cyto
scape (http://www.cytoscape.org/) and analyzed using the inbuilt 
MCODE package, with a maximum depth of 5 and a score cutoff of 0.2 to 
identify key functional modules.

2.5. Identification, expression validation, and molecular docking of Phase 
I/II enzymes

To identify candidate proteins involved in Phase I and II metabolism 
of syringol, we analyzed transcriptomic data from A. formosa, available 
in the NCBI Bioproject database (accession No. PRJNA992273; [39]). 
Key enzymes were identified through gene functional annotation using 
the NR databases and by assessing transcript abundance based on 
fragments per kilobase million (FPKM) values. The enzymes identified 
included cytochrome P450 3A24-like (CYP3A24-like), cytochrome P450 
3A21-like (CYP3A21-like), UDP-glucuronosyltransferase 2B13-like 
(UGT2B13-like), glutathione S-transferase-like (GST-like) and N-ace
tyltransferase CML1 (NAT8).

The expression levels of genes encoding these five enzymes were 
further validated by RT-qPCR in A. formosa exposed to syringol. This 
validation was extended to compare with those exposed to wildfire- 
derived PM2.5 [39], given that MPs serve as tracers of forest fires [57]. 
Genes showing a fold change (FC) > 1.5-fold and p < 0.05 were 
considered significantly differentially expressed. Statistical significance 
was indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. RT-qPCR and 
FPKM data were visualized as Log2

FC(Treated/Control). Detailed methodol
ogies for the identification and expression analysis of Phase I and II 
enzymes are provided in Supporting Information Text S2.

The potential for syringol and 2,6-Dimethoxyhydroquinone (DBQH2) 
to be metabolized by the identified enzymes was further evaluated by 
molecular docking analysis. Three dimensional (3D) structures of the 
target proteins were predicted using the Alphafold3 server (https://golg 
i.sandbox.google.com/about) [2]. Molecular docking was performed 
using AutoDock Vina (version 1.5.6, Scripps Research Institute, La Jolla, 
CA, USA) to assess interactions between ligands (syringol, DBQH2) with 
the proteins (CYP3A21-like, CYP3A24-like, UGT2B13-like, NAT8 and 
GST-like). Docking results, including 3D binding poses and the 
two-dimensional (2D) interaction maps, were visualized using Pymol 
and LigPlus, respectively. Hydrogen bonds and Vander Waals in
teractions were annealed at distances of 4.0 Å and 2.5 Å, respectively. 
Each docking simulation was run 50 times with default parameters.

2.6. Bacterial community structure analysis

Bacterial community structure was analyzed using coral samples 

exposed to 6 mg/L syringol (n = 5 per group). Total microbial genomic 
DNA was extracted using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, 
Norcross, GA, U.S.) following the manufacturer’s instructions. The hy
pervariable region V3-V4 of the bacterial 16S rRNA gene were amplified 
with primer pairs 338 F and 806 R (Table S10) [38]. Amplicon 
sequencing was performed on an Illumina Nextseq2000 platform (Illu
mina, San Diego, USA) according to the standard protocols of Majorbio 
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Raw sequencing data 
have been deposited in the NCBI Sequence Read Archive (SRA) database 
(Accession Number: PRJNA1290515). Details of sequence processing 
and downstream analysis, including intergroup differences of ɑ-di
versity, β-diversity, genus level and functional annotation of prokaryotic 
taxa (FAPROTAX), are provided in Supporting Information Text S2.

2.7. Statistical analyses

Differences in physiological parameters and RT-qPCR data between 
treatment and control groups were analyzed using Student’s T-test, with 
significance levels indicated as *p < 0.05, **p < 0.01, and 
***p < 0.001. Pearson correlation analysis was used to test the re
lationships between syringol concentrations and coral physiological 
parameters. Principal component analysis (PCA) based on physiological 
parameters was conducted to identify the primary factors contributing 
to oxidative damage and energy metabolism in corals. Linear regression 
analysis was conducted to examine the relationships between variables. 
PCA and linear regression analysis performed using origin 2022 with 
default settings.

3. Results and discussion

3.1. Syringol metabolism and microbial involvement in corals

3.1.1. Identification and semi-quantification of syringol metabolites
The specific mass spectral information for the metabolites is pre

sented in Supporting Information Table S4 and illustrated in Figure S1. A 
total of 25 syringol metabolites were identified in the coral A. formosa, 
including 11 Phase I metabolites and 14 Phase II metabolites. Based on 
their structures and established transformation rules, a proposed meta
bolic pathway for syringol is presented in Fig. 2a. The 11 Phase I me
tabolites consist of aromatic ring cleavage metabolites (A1–3, B6), 
mono-hydroxylated metabolites [B1 (DBHQ2)], quinone metabolites 
(B2, C1), O-demethylated metabolites (C2–4), and a methylenedioxy 
bridged cyclization metabolite (D1). The 14 Phase II metabolites include 
glucuronidation metabolite (E2), GSH conjugates (C8 and E3), methyl
ation products (B3, B4 and D2), acetylation product (B5), and amino 
acid conjugates (B7–9, C5–7 and E1). Hydroxylation, O-demethylation, 
quinonation, methylation, glucuronidation, and GSH conjugation are 
common transformations observed in phenolic compounds [60,71,75]. 
In addition, this study reported acetylation, amino acid conjugation, and 
methylenedioxy bridged cyclization metabolites, which are rarely 
documented in phenolic metabolism.

To estimate the relative contribution of each metabolite in corals, 
semiquantitative analysis based on signal intensities was conducted, 
revealing an overall syringol metabolic rate of 97.7 %. Major pathways, 
labeled A, B, and C, accounted for 10.3 %, 26.8 %, and 56.6 % of the 
total metabolism, respectively (Fig. 2b). Among these, glutamine 
conjugation (B9, C7, and E1) predominated at 56.4 %, followed by 
acetylation (B5) at 20.9 %, aromatic ring cleavage (A3) at 9.6 %, orni
thine conjugation (C5) at 3.7 %, quinone formation (B2 and C1) at 2 %, 
GSH conjugation (C8 and E3) at 1.3 %, methylation (B2, B3, and D2) at 
1.1 %, and glucuronidation at 0.9 % (Fig. 2c). Although 3-methoxycate
chol was not directly detected, the presence of secondary conversion 
products (C1-C8) suggests active O-demethylation. Phase I metabolism 
was predominantly characterized by hydroxylation and O-demethyla
tion, while Phase II mainly involved acetylation and amino acid conju
gation. Similar metabolic transformations have been reported for 
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phenolic compounds like butylated hydroxyanisole and butylated 
hydroxytoluene [71], syringol underwent hydroxylation and O-deme
thylation. Amino acid conjugates, being more hydrophilic, are typically 
excreted more readily than their parent compounds [31]. In contrast, 
acetylated metabolites tend to be more lipophilic, potentially increase 
their bioaccumulation and toxicity risks [46]. However, aromatic ring 
cleavage and methylenedioxy bridged cyclization are distinctive Phase I 
reactions for syringol and are rarely observed in animal phenolic 
metabolism [40,71,75].

3.1.2. Microbial mediation of syringol metabolism in corals
Methylenedioxy bridged cyclization primarily occurs in plants dur

ing natural product synthesis [41] and in microbes during antibiotic 
biosynthesis [59]. The π-conjugated structure of aromatic rings confers 
high chemical stability, making their cleavage energetically challenging 
[24]. Animals generally possess limited metabolic capacity for aromatic 
substances, relying largely on microbial processes [22]. The presence of 
aromatic compound degradation genes in the genomes of 
coral-associated bacteria [68] may facilitate aromatic ring cleavage.

To investigate the potential involvement of coral-associated bacteria 
in syringol metabolism, we analyzed changes in microbial community. A 
total of 60 bacterial genera were shared, while 86 and 31 genera were 
unique to the control and syringol groups, respectively (Fig. 3b). The 
syringol-treated microbiome exhibited a lower Chao index (Fig. 3c), 

indicating reduced species richness and ɑ-diversity. Additionally, sig
nificant differences in β-diversity were observed between groups 
(p < 0.01; Fig. 3d), reflecting shifts in microbial community composi
tion. Importantly, Acinetobacter and Acidovorax remained abundant in 
both the control (6.5 %, 2.6 %) and syringol (5.0 %, 2.7 %) groups 
(Fig. 3a). They are keystone taxa in activated-sludge systems and pivotal 
for the catabolism of phenolic and aromatic pollutants [3]. The sus
tained presence of these aromatic-degrading bacteria, together with the 
detection of aromatic-ring cleavage metabolites (e.g., A1-A3 and B6; 
Fig. 2 and Figure S1) suggests their potential involvement in syringol 
ring degradation. Unfortunately, such cleavage processes may generate 
reactive electrophilic byproducts (e.g., aldehydes, carboxylic acids), 
which can covalently modify cellular macromolecules and cause dam
age [71]. These atypical metabolic pathways mediated by 
coral-associated microbes may complicate detoxification of wildfire 
emissions in corals and hinder their ability to mitigate toxic effects.

Predicted analysis through FAPROTAX revealed significant enrich
ment of microbial functions associated with methanol oxidation, 
methylotrophy and intracellular parasitism (all p < 0.05; Fig. 3e). 
Correspondingly, the relative abundances of methylotrophs (Methyl
ophaga), dimethylsulfoniopropionate lyase bacteria (Shimia), and 
intracellular parasites (norank Legionellaceae, Coxiella, norank Simka
niaceae) significantly increased (all p < 0.05; Fig. 3f). In contrast, 
Sphingomonadaceae (putative aromatic degraders), Tritoniibacter (a 

Fig. 2. Syringol metabolism in corals. (a) Metabolites of syringol identified by in vivo metabolism assay, and the proposed metabolic pathways. All the metabolites 
are displayed in the neutral forms. Relative intensity of the metabolic pathways (b) and syringol and its metabolites (c).
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producer of the antibacterial compound tropodithietic acid), and Nau
tella (an algal-bleaching pathogen) exhibited significant reductions (all 
p < 0.05; Fig. 3f). Syringol and its metabolites (e.g, 3-methoxycatechol, 
C1-C4; Figs. 2, 4 and 5) can undergo CYP-mediated O-demethylation, 
generating reactive one-carbon intermediates such as methanol or 
formaldehyde, which are cytotoxic to corals [15]. Methylotrophs may 
help mitigate these cytotoxic effects by rapidly oxidizing one-carbon 
compounds [43], thereby lowering their local concentrations and alle
viating oxidative stress on the coral host. Moreover, the enrichment of 
Simkaniaceae under syringol exposure, along with their encoded cate
chol degradation genes [14], suggests a potential role for this taxon in 
the degradation of aromatic compound. Recently, Simkaniaceae were 
reported for the first time to infect dinoflagellate symbionts of cnidar
ians [42], raising concerns about their potential pathogenicity. But the 

impact of Simkaniaceae, Coxiella, and Legionellaceae on coral health re
mains largely unexplored. Together, these microbial shifts indicate a 
functional reorganization of the coral-associated microbiome under 
syringol stress, suggesting a trade-off between detoxification processes 
and susceptibility to infection.

3.2. Metabolic interactions between syringol and coral Phase I/II enzymes

3.2.1. Identification and evolutionary conservation of candidate enzymes
The biotransformation of syringol and its metabolites is likely 

mediated by multiple enzyme classes, including CYP3As, N-acetyl
transferases (NATs), UDP-glucuronosyltransferases (UGTs), and gluta
thione S-transferases (GSTs). This inference is supported by prior studies 
indicating that CYP3A4 catalyzes the O-demethylation and 

Fig. 3. Alterations in bacterial community composition structure under syringol exposure. (a) Genus-level differences in bacterial community composition. (b) Venn 
diagram showing shared core genera among the control and syringol groups. (c) Comparison of different ɑ-diversity indicators Chao for control and syringol groups. 
(d) Principal coordinate analysis (PCoA), Non-metric multidimensional scaling (NMDS) and Bray-curtis analysis. (e) Functional bacterial community categories 
inferred by FAPROTAX function prediction. (f) Highlights differences in bacteria at the genus level.

Y. Wu et al.                                                                                                                                                                                                                                      Journal of Hazardous Materials 496 (2025) 139433 

6 
1580



hydroxylation of phenolic compounds, such as vanillin and butylated 
hydroxyanisole in mammals [71,75], and that CYP3A facilitates the 
hydroxylation of gramine [25]. NATs employs acetyl-coenzyme A 
(acetyl-CoA) as a cofactor to mediate N-acetylation (typically inactive) 
or O-acetylation (generally active) of aromatic and heterocyclic amines 
[17]. UGT and GST are also widely recognized for their essential roles in 
the conjugation and clearance of phenolic xenobiotics [25,6,71,75].

To identify candidate enzymes involved in syringol metabolism in 
corals, we performed phylogenetic and structural analyses of 78 proteins 
from both vertebrates (e.g., human, mice, rat) and invertebrate (marine 
anthozoans). These included 26 CYP3As, 19 UGTs, 14 N-acetyl
transferase 8 proteins (NAT8s) and 19 GSTs (Table S5). Despite origi
nating from divergent evolutionary lineages (Fig. 4a and c; Figure S2a 
and c), coral enzymes shared highly conserved domain structures and 
ligand-binding residues with their vertebrate homologs (Fig. 4b and d; 
Figure S2b and d; Figures S3–6). All of these are characteristics of 
intracellular proteins and are predicted to possess corresponding 
enzyme activities (Tables S6 and 7). For instance, the heme-binding 
domain of CYP3A is evolutionarily conserved across taxa (Fig. 4b; 
Figure S3). Proteins with homologous domain structures and conserved 
ligand-binding sites often retain analogous biological functions [37]. For 
example, the HSF1 protein from coral and its human homolog both 

facilitates thermal tolerance [11]. Likewise, the enzymatic activity of 
CYP3A-like proteins has been experimentally verified in crayfish [65], 
further supporting the functional conservation of this enzyme family 
across animal phyla. Nevertheless, functional data on CYP3A-like en
zymes in corals and other invertebrates remains scarce.

3.2.2. Structural mechanisms of syringol biotransformation by coral 
enzymes

Enzyme-catalyzed reactions occur within biological microenviron
ments, where protein conformation and amino acid residue interactions 
can influence reaction kinetics [50]. To elucidate the molecular mech
anisms underlying syringol metabolism in corals, we conducted ho
mology modeling and molecular docking targeting key Phase I and II 
enzymes. Docking simulations revealed strong binding affinities be
tween syringol and its metabolite DBHQ2 and candidate enzymes 
(Fig. 5a, b and c; Figure S7a and b). These interactions were stabilized by 
multiple hydrogen bonds and hydrophobic interactions Fig. 5a, b and c; 
Figure S7a and b), indicative of energetically favorable and specific 
binding. In CYP450 enzymes, catalytic efficiency depends on the dis
tance between the substrate’ reactive site and the heme-bound Fe (IV) 
= O center [61]. Our models showed syringol was located centrally in 
the active pocket (Fig. 5a-I and b-I), with its C4 and C6 atoms located 

Fig. 4. (a) Phylogenetic tree of cytochrome P450 3A from invertebrates (marine anthozoans) and vertebrates. (b) Conservative domains in cytochrome P450 3A 
proteins. (c) Phylogenetic tree of N-acetyltransferase 8 proteins from invertebrates (coral) and vertebrates. (d) Conservative domains in N-acetyltransferase 8 
proteins. Phylogenetic trees were constructed with full-length sequences with MEGA 11 software; protein lengths are indicated by the scale. Invertebrates are 
represented in yellow shade and vertebrates in yellow-green shade. (e) Gene expression pattern in A. formosa exposed to syringol or wildfire-derived PM2.5. Syringol 
groups were assessed at 24 h post-treatment using RT-qPCR; wildfire -derived PM2.5 group was analyzed at 9 days using transcript abundance analysis (FPKM) [39]. 
The statistical significance for RT-qPCR were determined by Student’s T-test and FPKM were determined by DESeq2. * p < 0.05, ** p < 0.01, *** p < 0.001 and fold 
change (FC) > 1.5-fold.
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3.8 Å and 3.9 Å from the heme iron, respectively, suggesting accessi
bility for hydroxylation. Additionally, the methoxy group (-OCH3) of 
syringol was situated 4.5 Å from the heme center in the CYP3A21-like 
enzyme, suggesting a favorable orientation for O-demethylation.

Among the Phase II enzymes, the UGT2B13-like and GST-like pro
teins exhibited relatively long distances between catalytic residues and 
the ligand’s reactive centers (Figure S7a-I and b-I). Nonetheless, the 
formation of E2 and E3 metabolites suggests that these enzymes can 
undergo tautomeric acid-base catalysis or electrophilic substitutions 

reactions (Figure S1 and Figure S7a and b). In contrast, the NAT8- 
DBQH2 complex displayed close spatial alignment, with the O4 atom 
of DBQH2 located only 2.9 Å from the acetyl donor (acetyl-CoA oxygen) 
(Fig. 5c–I), supporting the structurally feasibility of acetylation. 
Collectively, these structural findings indicate that CYP3A21-like, 
CYP3A24-like, NAT8, GST-like, and UGT2B13-like enzymes in corals 
possess the catalytic capacity to mediate syringol biotransformation, 
contributing to detoxification or the generation of potentially toxic 
metabolites.

Fig. 5. Molecular docking simulation of CYP3A24-like, CYP3A21-like and NAT8 with their ligands (syringol or DBQH2). The active pockets of CYP3A24-like, 
CYP3A21-like and NAT8 are showed according to the spatial properties of the reaction centers and ligands, yellow dashes lines measure the distance between 
syringol and heme Fe, between DBQH2 and acetyl-CoA S, and analyzing hydrogen bonds (green dashes lines) (number in the parentheses, unit Å) (a-I, b-I and c-I). 2D 
structure showing the hydrophobic interaction and H-bonding between the ligands and the active site pockets of CYP3A24-like, CYP3A21-like and NAT8 (a-II, b-II 
and c-II). H-bonding and hydrophobic interaction are illustrated in olive green and cyan lines, respectively; atomic distances are expressed in angstroms and binding 
affinities in kcal/mol.
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3.2.3. Transcriptional response of coral detoxification enzymes to syringol 
and wildfire PM2.5

To validate the vivo functional relevance of the identified metabolic 
enzymes, we examined their transcriptional response in A. formosa 
following exposure to syringol and wildfire PM2.5. RT-qPCR analysis 

revealed a dose-dependent upregulation of CYP3A24-like, CYP3A21-like, 
UGT2B13-like, NAT8 and GST-like genes in response to increasing 
syringol concentrations (Fig. 4e). A similar expression pattern was 
observed under wildfire PM2.5 exposure (Fig. 4e). This suggests that 
comparable enzymatic pathways may be activated by MPs, which 

Fig. 6. Predicted toxicity and molecular targets of syringol and its metabolites in corals. (a) Estimated acute and chronic toxicity of syringol and its metabolites based 
on ECOSAR modeling. (b) Predicted interaction network between macromolecular targets and syringol/metabolites. (c-d) Gene Ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) enrichment analysis of the 146 macromolecular targets (BP: biological process; CC: cellular component; MF: molecular 
function); (e) Protein-protein interaction (PPI) network of the predicted targets. (f-g) Major PPI submodules identified using MCODE clustering.
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account for 17~44 % of the carbonaceous fraction in wildfire aerosols 
[55,57]. Interestingly, the mRNA levels of GST-like decreased at the high 
syringol concentration (8 mg/L). This suppression may reflect a feed
back inhibition mechanism, likely due to electrophilic conjugation of 
syringol and its metabolite guaiacol (C2) with GSH to form GSH 
S-conjugates. Such reactions can deplete intracellular GSH and modu
late GST gene expression [71,75].

The catalytic efficiency and transcriptional activity of detoxification 
enzymes may be influenced by environmental conditions. For instance, 
hypo-salinity has been shown to suppress CYP3A expression while 
upregulating GST in Stylophora pistillata [18]. In Galaxea fascicularis, 
GST activity increases at 30℃ and remains elevated under prolonged 
thermal stress, whereas Acropora tenuis fails to activate GST under 
comparable conditions, resulting in bleaching and eventual mortality 
[16]. These species-specific responses suggest the potential for envi
ronmental stressors, such as thermal anomalies, to interact with wildfire 
pollutants and disrupt detoxification pathways in stress-sensitive coral 
species.

3.3. Ecotoxicity and macromolecular target prediction of syringol and its 
metabolites

3.3.1. Ecotoxicological risks of syringol metabolites in corals
To assess the ecotoxicity of syringol and its metabolites, we 

employed in-silico models using ECOSAR program. The analysis included 
the parent compound and its major Phase I transformation products, as 
well as methylated, and acetylated metabolites (Table S8). Compared to 
syringol, several metabolites (B1, B3, B4, C2, D1 and D2) have higher 
bioaccumulation factors (Figure S8a), suggesting an increased potential 
for trophic transfer. Syringol itself has a developmental toxicity index of 
0.64, classifying it as a developmental toxicant. Importantly, all tested 
metabolites except for C1 also displayed developmental toxicity 
(Figure S8b), raising concerns about their potential to impair coral 
growth, reproductive success, and disease resistance [49,7]. Moreover, 
all metabolites expect for syringol and C3 were predicted to enhance 
mutagenic potential (Figure S8c). The predicted acute toxicity values for 
syringol were LC50 (fish) = 716 mg/L, LC50 (daphnia) = 376 mg/L, and 
EC50 (green algae) = 203 mg/L, indicating ecological risks at environ
mentally relevant concentrations [49].

Compared to the parent compound, six metabolites (A3, B4, C2, C4, 
D1, and D2) showed higher acute and chronic toxicity across the three 
non-targeted aquatic taxa. B5 was specifically more toxic to fish 
(Fig. 6a). This is concerning, because A3 and B5 are among the major 
metabolites, comprising 9.6 % and 20.9 % of the total metabolite yield, 
respectively (Fig. 2c). The potential high bioaccumulation of B5 me
tabolites may further raises concerns about its magnification in the 
marine food web [46]. Structurally, the aldehyde groups of metabolites 
such as A3 and C4 exhibited electrophilic reactivity toward nucleic acids 
and thiol endogenous antioxidants, potentially inducing oxidative stress 
and cellular damage [71]. Although some of these metabolites occur at 
relatively low concentrations, their toxicological effects may be sub
stantial. For instance, the methylated metabolite of diclofenac has been 
shown to exhibit a 430-fold increase in acute toxicity toward aquatic 
invertebrates compared to its parent compound [21]. These findings 
suggest that syringol metabolites, particularly those arising from 
methylation, acetylation, methylenedioxy-bridging, O-demethylation, 
and aromatic ring cleavage, exhibit greater ecotoxicity than the parent 
compound. This heightened toxicity, especially to corals, represent a 
significant ecological risk, given that coral reefs provide habitat for 
nearly one-quarter of all marine species [48].

Syringol and its hydroxylated metabolites (e.g., B1 and 3-methoxyca
techol) underwent conjugation with amino acids and related molecules, 
including glutamine, ornithine, and GSH (Fig. 2; Figure S1). The relative 
abundance of these conjugates was 56.4 % for glutamine, 3.7 % for 
ornithine, and 1.28 % for GSH (Fig. 2c). While amino acid conjugation 
generally facilities detoxification by increasing hydrophilicity and 

promoting excretion [31], it also imposes a metabolic cost. Glutamine 
not only supports oxidative phosphorylation and ATP generation [66], 
but also serves as a precursor for GSH synthesis via the 
glutamate-glutamine cycle [73], which is essential for GST-mediated 
detoxification. Excessive depletion of glutamine and GSH for conjuga
tion may compromise antioxidant defenses, elevate ROS levels, and 
compromise cellular homeostasis. Thus, glutamine and GSH levels may 
serve as sensitive biomarkers of syringol exposure, reflecting the coral’s 
capacity to maintain redox balance and detoxification responses.

Several metabolites, particularly hydroxylated, quinone, and alde
hyde derivatives, have electrophilic properties that allow them to form 
covalent adducts with nucleophilic sites on DNA, RNA and proteins. 
These adducts can initiate mutagenic or carcinogenic processes [71]. 
Metabolites such as A3, B1, B2, C2 and C4 are especially prone to such 
genotoxic effects. Collectively, these findings suggest that the trans
formation of syringol, primarily catalyzed by CYP3A21-like and 
CYP3A24-like enzymes, followed by Phase II reactions including 
methylation, acetylation, and amino acid conjugation, may generate 
toxic metabolites that impair coral physiology and amplify ecological 
risks.

3.3.2. Predicted biological effects of syringol mediated by macromolecular 
target interactions

To predict the potential biological macromolecular targets of syrin
gol and its metabolites, we identified a total of 146 target proteins. These 
include multiple carbonic anhydrase (CA) isoforms (CA1, CA2, CA7, 
CA9, CA12, CA13, CA14), nitric-oxide synthase (NOS1, NOS2, NOS3), 
oxidoreductases (aldose reductase; AKR1B1), monoamine oxidases 
(MAOA, MAOB), and D-amino-acid oxidase (DAO), adenosine receptors 
(ADORA1, ADORA2A, ADORA2B), and signaling enzymes (cyclo
oxygenase-2; PTGS2), leukotriene A4 hydrolase (LTA4H), and poly 
[ADP-ribose] polymerase-1 (PARP1) (Fig. 6b; Table S9). These pro
teins are implicated in diverse physiological and pathological processes.

Phenolic compounds typically bind to zinc-bound water molecule at 
the active site of CA via their hydroxyl moieties, while their phenyl 
groups occupy the hydrophobic pocket, thereby hindering CO2 access to 
the catalytic site and acting as CA inhibitors [44,7]. CA is essential for 
acid-base homeostasis and calcification process [9]. Inhibition of CA in 
cnidarian symbionts has been shown to reduce photosynthetic carbon 
assimilation by 56–85 % [13]. Under ocean warming, wildfire particles 
may serve as a heterotrophic nutrient source for corals, especially when 
autotrophic nutrient acquisition is compromised. However, despite 
temporarily promoting tissue biomass via the delivery of biogenic ele
ments (e.g., N, P), wildfire particles can simultaneously inhibit coral 
calcification [51]. Our results suggest that syringol-containing particles 
tend to inhibit CA activity, thereby disrupting coral calcification and 
associated physiological processes.

The targeting of NOS suggests a potential modulation of NO 
signaling. Phenolic compounds have been shown to elevate NO pro
duction in endothelial cells via upregulation of endothelial NOS 
expression [5]. In addition, inhibition of AKR1B1 by phenolic com
pounds [64], may impair cellular redox homeostasis, thereby affecting 
GSH synthesis and antioxidant defenses [74]. Syringol metabolites may 
also modulate adenosine receptor signaling (ADORA1, ADORA2A, 
ADORA2B), potentially disrupting cyclic adenosine monophosphate 
(cAMP) pathways critical for coral energy metabolism, immune func
tion, and calcification [35]. Moreover, pro-inflammatory pathways 
could be influenced through interactions with PTGS2 and LTA4H [33, 
58,62,72], with LTA4H activation previously reported in response to 
cigarette smoke [58]. The inhibition of monoamine oxidases (MAOA, 
MAOB) and DAO by phenolic compounds may disturb neurotransmitter 
metabolism and elevate oxidative stress [45,8] The suppression of 
PARP1, a DNA repair enzyme [54], by methoxyphenols may exacerbate 
DNA damage and promote apoptosis [30].

GO analysis of 146 predicted targets revealed enrichment in path
ways related to response to xenobiotic stimulus, regulation of tube size, 
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Fig. 7. Coral health status under syringol exposure. (a) Phenotypic changes in A. formosa. (b) Correlations between syringol concentration and physiological pa
rameters. * p < 0.05, ** p < 0.01 and ***p < 0.001, as determined by Pearson correlation analysis. (c) Changes in the levels of glutamine, GSH, T-AOC, ROS, MDA, 
and caspase 3 activity. * p < 0.05, ** p < 0.01 and ***p < 0.001, as determined by Student’s T-test. (d) Principal component analysis (PCA) of measured physio
logical parameters with 95 % confidence ellipse. (e) Regression analysis between glutamine and GSH, and between GSH and ROS with 95 % confidence intervals. The 
delicate blue shaded area is the confidence band, pale blue shaded area is the prediction band.
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cell membrane components and oxidoreductase activity (Fig. 6c). KEGG 
pathway analysis identified the neuroactive ligand-receptor interaction 
and calcium signaling pathway as key enriched pathways (Fig. 6d). PPI 
network highlighted several hub genes based on the betweenness cen
trality metric, including PTGS2, CA1, CA9, EGFR, BACE1, GSK3B, 
NOS3, ANPEP, CTNNB1, FYN, and MME (Fig. 6e). Further modular 
clustering using MCODE identified two PPI submodules. Submodules 1 
(score = 3.64) contains hub genes such as PTGS2, BACE1, ERBB2, CDK2, 
PARP1, BCHE, MAOA, MAOB, FYN, and ITGB1, which are mainly 
involved in oxidative stress response, energy metabolism, cell cycle 
regulation, DNA repair, and cell adhesion (Fig. 6f). Submodule 2 (score 
= 3.25) predominantly consists of seven CA isoforms (Fig. 6g), further 
emphasizing the potential for syringol metabolites to impair carbon 
transport and acid-base regulation, which are essential for coral calci
fication. In summary, syringol and its metabolites disrupt multiple key 
physiological processes in corals, particularly energy metabolism, redox 
homeostasis, signaling transduction pathways, and calcification.

3.4. Coral bleaching and physiological stress induced by syringol exposure

Exposure to syringol induced rapid tissue damage and visible 
bleaching in corals within 24 h (Fig. 7a), likely due to excessive oxida
tive stress. Significant positive correlations were observed between 
syringol levels and oxidative stress biomarkers, including ROS 
(p < 0.05) and nitric oxide (NO) (p < 0.01) (Fig. 7b and c; Figure S9). 
The concurrent increase in malondialdehyde (MDA) levels (p < 0.01) 
confirms enhanced lipid peroxidation. Caspase 3 activity also signifi
cantly increased (p < 0.01; Fig. 7b and c), suggesting activation of 
apoptotic pathways. Although antioxidant defenses were activated, as 
evidenced by the increased total antioxidant capacity (T-AOC) 
(p < 0.05), SOD (p < 0.01), and CAT (p < 0.01) (Fig. 7b and c; 
Figure S9), these responses were insufficient to restore redox balance 
under syringol exposure.

The failure to maintain redox homeostasis may be linked to energy 
metabolic disruption. Energy consumption (Ec) increased significantly 
with rising syringol levels (p < 0.05; Figure S10a), reflecting enhanced 
metabolic activity, likely associated with increased demands for anti
oxidant defenses and cellular repair [53]. Conversely, host energy 
available (Ea) declined significantly under increasing syringol exposure 
(p < 0.05; Figure S10b), indicating that energy demand exceeded sup
ply. This energy deficit was compounded by the inhibition of photo
synthetic energy input. Syringol exposure caused dose-dependent 
declines in maximum PSII quantum yield (Fv/Fm), symbiodiniaceae 
density, and chla+c2 content (Figure S10d, e and f). This photo
physiological impairment may also result from the inhibition of CA, a 
key enzyme essential for photosynthetic function and calcification [13, 
9]. CA has been identified as a molecular target of MPs in other or
ganisms [44,7] and is also may targeted by syringol and its metabolites 
in corals.

Healthy corals primarily depend on photosynthetic products to meet 
their energy demands [13], whereas bleached corals rely on catabolizing 
stored lipids, proteins and carbohydrates for survival and recovery [36]. 
Among these reserves, lipid content is widely recognized as a key indi
cator of coral stress resilience [4], as it supports metabolic activity, cell 
repair, and intracellular homeostasis [32]. However, exposure to 
increasing levels of syringol led to reductions in protein and lipid con
tent (Figure S10g and h). PCA analysis identified lipid content as the 
primary factor influencing Ea (Fig. 7d). Consequently, the CEA ratio 
(Ea/Ec), a composite indicator of energy balance, decreased with 
syringol exposure, reflecting a shift toward energy deficiency 
(Figure S10c). Further PCA analysis illustrated 72.7 % variability of the 
factors influencing oxidative damage and energy metabolism (Fig. 7d). 
Specifically, glutamine had the primary impact on protein and GSH 
levels, while GSH was the primary regulator of ROS levels, which in turn 
affected MDA accumulation and caspase 3 activity. Linear regression 
analysis supported these associations, showing that glutamine 

accounted for 32 % of the variation in GSH levels (R2=0.32; Fig. 7e), and 
GSH explained 24 % of the variation in ROS levels (R2=0.24; Fig. 7e). 
These results suggest a close link between syringol metabolism and coral 
responses to oxidative and energy stress.

The depletion of glutamine and GSH with rising syringol concen
trations (Fig. 7c) is likely driven by electrophilic conjugation between 
syringol (and its hydroxylated metabolites, such as B1 and 3-methoxyca
techol) and intracellular nucleophiles, consistent with previously re
ported metabolic pathways [25,71,75]. As glutamine declines, corals 
appear to compensate by enhancing carbohydrate uptake and utilization 
(Fig. 7c; Figure S10i), presumably to maintain energy production. 
However, this compensatory mechanism may be insufficient, given that 
glutamine is crucial for mitochondrial function and ATP supply [66], 
while GSH plays a central role in ROS detoxification [73]. Additionally, 
syringol-derived hydroxylated metabolites (B1, B3 and C2), quinone 
metabolites (B2 and C1), and aldehyde metabolites (A3 and C4) may 
further contribute to ROS generation and DNA damage, consistent with 
similar findings in other biological systems [71]. Collectively, these 
findings suggest that syringol metabolism disrupts coral energy balance 
and induces rapid bleaching in branching A. Formosa, with no signs of 
recovery observed, by triggering oxidative stress and apoptotic path
ways through depletion of glutamine and GSH. However, the resistance, 
tolerance and recovery of various coral species to syringol exposure 
remain largely unexplored, and further investigation into their resilience 
and adaptability under chronic, prolonged, or recurrent exposures 
across taxa is urgently needed.

Environmental implication

This study provides a comprehensive analysis of coral metabolic 
response to wildfire emissions, offering a detailed characterization of 
Phase I and Phase II metabolites of syringol, a marker compound 
indicative of forest fire exposure. Key metabolic transformations were 
identified, including methylation, acetylation, aromatic ring cleavage, 
and methylenedioxy bridge cyclization. Syringol is enzymatically con
verted into bioactive derivatives such as DBQH2 and 3-Methoxycatechol 
through host CYP3A21-like and CYP3A24-like enzymes. Coral- 
associated bacteria may facilitate atypical metabolic pathways that 
complicate detoxification processes. In particular, the genera Acineto
bacter, Acidovorax and methylotrophs may serve as key taxa contributing 
to the aromatic degradation of syringol. The proliferation of intracel
lular parasites may exacerbate coral susceptibility to disease and 
bleaching. Further, the conjugation of syringol metabolites with intra
cellular amino acids and antioxidant molecules (e.g., GSH) intensifies 
oxidative stress and disrupts essential metabolic pathways in corals, 
ultimately leading to cellular dysfunction and apoptosis. Glutamine and 
GSH were identified as potential biomarkers for assessing coral health 
under syringol exposure. Importantly, many identified metabolites 
exhibit greater toxicity compared to the parent compound and demon
strate affinity for macromolecular targets involved in coral calcification 
and other critical physiological processes. These findings highlight se
rous ecological risks to the reef-building corals and the broader coral 
reef ecosystem. Overall, this study elucidates the biochemical mecha
nisms underlying coral biotransformation of methoxyphenols derived 
from wildfire emissions, providing essential information for under
standing the detoxification capacity of corals to process environmental 
toxicants.
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城市黑臭水体遥感监测的研究现状与展望
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摘要：黑臭水体是一种极端的水污染现象，是许多城市普遍存在的问题，严重影响人居生活的幸福

感、获得感。因此，解决城市黑臭水体问题迫在眉睫。科学监测水体黑臭情况是城市黑臭水体整

治工作的第一步，为后续治理评估提供准确的整治对象。相对于传统的地面监测手段，遥感是一

种更有效发现黑臭水体的方式，能更大范围、更快速连续地识别出水体黑臭区域并及时全面地展

示黑臭水体时空演变过程。系统回顾了城市黑臭水体遥感监测的主要研究进展，首先，简要介绍

了黑臭水体概况，总结了城市黑臭水体的遥感特征以及常用数据源。其次，详细探讨了城市黑臭

水体遥感识别和分级的方法，并对比分析了各方法的适用性和优缺点。最后，总结了当前城市黑

臭水体遥感研究现状以及不足之处，并展望了未来的发展方向。旨在为相关研究提供借鉴与思

考，为黑臭水体长效治理提供更好的决策支持。

关 键 词：黑臭水体；遥感监测；识别分级；遥感特征；数据源

中图分类号：X832；TP79  文献标志码：A  文章编号：1004⁃0323（2025）04-0909-14

1 引  言   
黑臭水体整治是水污染防治的重要方向，《水

污染防治行动计划》明确提出“到 2030 年，城市建成

区黑臭水体总体得到消除”的工作目标［1］。为了实

现这个目标，全国各个城市纷纷开展了黑臭水体整

治环境保护专项行动。黑臭水体可以按监管区域

类型分为城市黑臭水体和农村黑臭水体。城市黑

臭水体的概念是在 2015 年 9 月住房城乡建设部颁

布的《城市黑臭水体整治工作指南》（以下简称《指

南》）中首次明确提出：它是指城市建成区内，呈现

令人不悦的颜色和（或）散发令人不适气味的水体。

这是从地理空间范围、颜色和气味三方面定性给出

的定义，《指南》还从透明度（SD）、溶解氧（DO， Dis⁃
solved Oxygen）、氧化还原电位（ORP， Oxidation-

reduction Potential）和氨氮（NH3-N）4 项水质指标上

定量将黑臭水体细分为“轻度黑臭”和“重度黑臭”

两个级别，具体如表 1 所示［2］。在城市黑臭水体概

念提出之前，早期比较类似的研究主要是针对近岸

海洋、内陆湖泊、河口中的“黑水团”或“湖泛”现象

的遥感监测［3-6］。在此之前，我国对黑臭水体的监管

与研究几乎处于空白状态，很多黑臭水体无历史监

表 1　黑臭水体污染程度分级标准［2］

Table 1　Black and odorous water pollution degree classi⁃
fication standard

特征指标（单位）

透明度/cm
溶解氧/（mg/L）

氧化还原电位/mV
氨氮/（mg/L）

轻度黑臭

25~10*
0.2~2.0

-200~50
8.0~15

重度黑臭

<10*
<0.2
<-200

>15

收稿日期：2024⁃11⁃16；修订日期：2025⁃03⁃28
基金项目：国家重点研发计划（2021YFB3900505）资助。
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测资料。自此之后，研究界开始广泛关注黑臭水

体，并对黑臭水体和“黑水团”进行区分，国内学者

开始在各城市展开黑臭水体的实地调查，系统性研

究黑臭水体的形成机理［7-8］、光学特性［9-11］、遥感识别

算法［12-17］、遥感分级模型［18-19］等内容。随着城市黑

臭水体的整治不断取得成效，生态环境部于 2019 年

开始进一步推动农村黑臭水体治理工作，并在《农

村黑臭水体治理工作指南（试行）》中定义了农村黑

臭水体的概念。由于农村黑臭水体遥感监测刚刚

起步［20-21］，已有研究多是以城市黑臭水体为对象来

开展，因此本文主要是综述城市黑臭水体遥感监测

相关研究。

黑臭水体成因复杂、影响因素众多，大多为细

小沟渠，面积小且分布散的特点使其监测较为困

难。传统的黑臭水体监测方式主要通过现场调查

或问卷调查，识别定级方式通常是采取现场原位测

定水质或实验室分析水样，传统方法的局限性和工

作量大，往往需要耗费大量的人力、物力、财力和时

间，还极易受到气候和水文条件的限制，且只能以

点代面对部分河段的水质参数进行监测。遥感技

术作为地面监测手段的重要补充，具有低成本、高

效率、大范围、多时相、长时序、大面积同步观测的

优点。因此，遥感技术在黑臭水体监测研究中极具

优势，可以从宏观层面客观把握黑臭水体空间分

布、污染状况、治理成效等，有利于快速全面地掌握

黑 臭 水 体 时 空 演 变 过 程 、揭 示 污 染 源 的 迁 移

规律［22-23］。

目前，关于城市黑臭水体遥感监测的系统性综

述还不够全面，已有综述只是单一总结了城市黑臭

水体遥感监测急需解决的问题、关键技术或识别算

法，而缺少对遥感特征、适用数据源的归纳分析，以

及缺少对不同识别分级模型的优缺点和适用性的

对比总结。因此，本研究在 IEEE Xplore、Science 
Direct、Google Scholar、Web of Science、中国知网等

数据库中，使用“黑臭水体”“遥感”“black and odor⁃
ous water”“remote sensing”等关键词筛选了 2017 年

以来的多篇文章形成本综述。从城市黑臭水体概

念被提出后，各年文章发表情况总体呈增加趋势

（图 1），研究的关键词主要为“黑臭水体”、“遥感识

别”和“高分二号”等（图 2）。

2 城市黑臭水体遥感特征   
城市黑臭水体可以通过水体颜色、次生环境、

河道淤塞、岸边垃圾堆放等解译标志结合光谱指数

来共同识别［24］。其中，城市黑臭水体的水体颜色和

遥感光谱是遥感解译黑臭水体的主要特征标志［12］。

2.1　颜色特征　

水体颜色是最直观最有效的水体特征［25］，可通

过目视初步解译。在真彩色影像中，正常水体多呈

绿色、深绿色，而黑臭水体则呈黑色、灰黑色、灰绿

色、褐色。图 3 为 2016 年 10 月和 2020 年 4 月南宁市

水塘江与邕江交汇处的 GF-2 号影像，目视可清晰

看出图 3（a）中 2016 年水塘江水体颜色为浑浊暗淡

的灰黑色，而邕江水体为绿色。经修整河道综合治

理后，2020 年水塘江水体有所改善呈淡绿色。水体

色调差异可辅助在影像上定性识别出疑似黑臭水

体，通过观察真彩色影像可以人工目视解译出颜色

明显异常的黑臭水体［25］。

2.2　光谱特征　

与颜色特征不同，水体的光学特性可以定量地

表达和测算，包括表观光学特性和固有光学特性，

图 1　相关研究文章发表情况

Fig.1　Publication of relevant research articles

图 2　主要关键词共现图

Fig.2　Main keyword co-occurrence map

910

1590



第  4 期 陈正华等：城市黑臭水体遥感监测的研究现状与展望

两种光学特性是光学遥感反演水质参数的研究基

础［26］，不同水体因其物质组分浓度的变化而呈现不

同的光谱特征。水体固有光学量（包括吸收系数和

后向散射系数）需要通过实验室分析获得，其特性

不随入射光场的分布与强度的变化而变化［26-27］。水

体表观光学量（包括遥感反射率）可以通过现场测

量或者遥感手段获得，其特性随着外界光场的变化

而变化［28-29］。固有光学量与叶绿素 a（Chl-a）、总悬

浮物（TSM， Total Suspended Matter）和有色可溶

性有机物（CDOM， Chromophoric Dissolved Organ⁃
ic Matter）等水质参数存在半解析关系，而表观光学

量与水质参数之间存在经验或半经验关系，因而固

有光学量在表观光学量与水质参数之间起到关键

变量作用［27-30］。城市黑臭水体的总颗粒物吸收系

数、非色素颗粒物吸收系数和 CDOM 吸收系数总体

上都高于正常水体［9，31］。例如，在特征波长 440 nm 
处，黑臭水体的 CDOM 吸收系数的平均值比正常

水体的高出 1.7 倍左右［9］。在一定条件下，可用以上

几项水体指标来区分黑臭水体和正常水体，指标浓

度高出特征值的被认为是黑臭水体。但该结论具

有局限性，有研究发现有些叶绿素 a 浓度较低，但是

水体悬浮泥沙含量很高的河段并不属于黑臭水

体［32-33］。因此，针对在近红外波段同样具有高反射

率但不属于黑臭水体的浑浊水体，这些指标能否正

确反映黑臭水体特征有待商榷。

城市黑臭水体遥感识别可以通过分析黑臭水

体与正常水体的实测遥感反射率或卫星遥感反射

率的差异来构建模型，如图 4 为黑臭水体与正常水

体的实测遥感反射率，将其经过归一化处理和波段

拟合后可转换为等效的卫星遥感反射率［34-35］，如图 5
所示。由卫星遥感反射率可知，大部分黑臭水体在

蓝光波段到红光波段范围内的遥感反射率比正常

水体更为平缓，在蓝光波段范围的黑臭水体反射率

一般略低于正常水体，在绿光波段 550 nm 处正常水

体反射率略高于大部分黑臭水体，且反射峰比黑臭

水体的明显；红光波段和近红外波段范围的黑臭水

（a） 黑臭水体                                                                               （b） 正常水体

图 4　实测遥感反射率［35］

Fig.4　Remote sensing reflectance of black and odorous water and normal water［35］

（a） 2016 年黑臭水体                                                                               （b） 2020 年正常水体

图 3　GF-2影像的颜色特征

Fig.3　Color characteristics of GF-2 images of black and odorous water in 2016 and normal water in 2020
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体的反射率上升且明显高于正常水体。总体来看，

不论是实测遥感反射率还是卫星遥感反射率，黑臭

水体在可见光波段范围内的光谱曲线与正常水体

均存在一定的差异，根据上述这些光谱特征可以有

效识别出城市黑臭水体。但是由于影响黑臭水体

光谱特征变化的总颗粒物、非色素颗粒物和 CDOM
浓度的不同，不同类别的黑臭水体呈现出的光谱特

征也会有所差异，在进行黑臭水体遥感精细化监测

时，不能将所有黑臭水体一概而论，需要进一步分

类研究以及注意区分高浑浊水体。

3 城市黑臭水体遥感识别常用的数据源

高空间分辨率影像是研究黑臭水体最重要的

数据源，为城市黑臭水体遥感监测提供了重要的数

据支撑。国产 GF 系列和其他小型低轨卫星（如高

景一号、吉林一号等）的快速发展为使用高分辨率

影像监测黑臭水体提供了可能［36］。目前，城市黑臭

水体遥感识别分级使用的数据源主要有 GF-PMS
系列、Planet Scope 等，各卫星参数详见表 2。其中，

使用频率最高的是国产 GF-2 数据，其亚米级的空

间分辨率能够更精细识别城市黑臭水体。 Wei
等［37-38］的研究证明了利用 GF 系列影像监测城市黑

臭水体非常有效。王茹等［39］的研究中，基于GeoEye-1、
WorldView-2、SuperView-1、GF-1、GF-2、GF-6、
BJ-2（DMC3）影 像 识 别 黑 臭 水 体 的 正 确 率 均 在

89.5% 以上，证明了多源高分辨率影像监测黑臭水

（a） 黑臭水体                                                                                        （b） 正常水体

图 5　等效卫星遥感反射率［35］

Fig.5　Equivalent satellite remote sensing reflectance of black and odorous water and normal water［35］

表 2　多源卫星影像参数对比表

Table 2　Multi-source satellite image parameter comparison table

序号

1

2
3
4
5
6
7
8
9

10
11

卫星类型

GF-2 PMS

GF-1 PMS
GF-6 PMS
BJ-2 DMC3

ZY-3
SuperView-1

GeoEye-1
WorldView-2
Planet Scope

Sentinel-2
Landsat-8

分辨率/m
全色

1

2
2

0.8
2.1
0.2

0.41
0.46

/
/

15

多光谱

4

8
8

3.2
5.8
2

1.65
1.8
3

10
30

幅宽

/km

45

60
≥90

24
50
12

15.2
16.4

24×16
290
185

重访周

期/天

5

4
4
1
5
2

≤3
1.1

1~2
5

16

识别像元

尺度/个

≥5

≥5
≥5
≥5
≥5
≥5
≥5
≥5
≥5
≥5
≥5

光谱范围/μm
蓝波段

0.45~0.52

0.45~0.52
0.45~0.52
0.44~0.51
0.45~0.52
0.45~0.52
0.45~0.51
0.45~0.51

0.455~0.515
0.458~0.523

0.45~0.515

绿波段

0.52~0.59

0.52~0.59
0.52~0.6
0.51~0.59
0.52~0.59
0.52~0.59
0.51~0.58
0.51~0.58

0.5~0.59
0.543~0.578
0.525~0.6

红波段

0.63~0.69

0.63~0.69
0.63~0.69

0.6~0.67
0.63~0.69
0.63~0.69

0.655~0.69
0.63~0.69
0.59~0.67
0.65~0.68
0.63~0.68

近红外

0.77~0.89

0.77~0.89
0.76~0.89
0.79~0.91
0.77~0.89
0.77~0.89
0.78~0.92
0.77~0.895
0.78~0.86

0.785~0.90
0.845~0.885

全色

0.45~0.9

0.45~0.9
0.45~0.9
0.45~0.65
0.45~0.8
0.45~0.89
0.45~0.8
0.45~1.04

/
/

0.5~0.68

参考文献

[13,15,19,
32,43-44]
[12,45-46]
[37,47-48]

[39,49]
[49]

[39,49]
[39]
[39]

[14,18]
[50-51]

[52]

注：识别像元尺度是指不同数据源可识别黑臭水体的宽度范围。WorldView-2、Sentinel-2、Landsat-8 只列出了可见光

蓝绿红和近红外波段，完整波段请查询官网。WorldView-2（https：∥resources.maxar.com/data-sheets/worldview-2/）；

Sentinel-2（https：∥scihub.copernicus.eu/）；Landsat-8（https：∥earthexplorer.usgs.gov/）
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体有较好的适用性。随着无人机技术的发展，利用

无人机影像来分析城市黑臭水体的研究逐渐增多，

无人机影像也成为研究黑臭水体的重要数据源。

买日阿巴等［40-42］通过无人机搭载多光谱或高光谱传

感器获取高分辨率影像来识别城市黑臭水体，实现

了无人机对城市黑臭水体的实时监管。

无论是来自卫星平台还是无人机载的影像，在

城市黑臭水体遥感监测应用方面都取得了较好效

果。目前，城市黑臭水体监测应用的影像多为光学

多光谱或高光谱影像，极少应用雷达影像识别城市

黑臭水体的研究，这与黑臭水体细小、纹理特征不

明显，以及雷达影像分辨率不高、不能穿透水面，一

般是获取水表粗糙度信息的特点相关。

4 城市黑臭水体遥感识别方法   
目前，基于遥感的城市黑臭水体研究主要是利

用城市黑臭水体的光谱特性和图像特征，大多研究

集中于 400~700 nm 的可见光波段。经总结分析，

可以归纳为光谱指数法、水体色度法、水质参数法

3 种典型方法以及决策树、深度学习等综合方法。

4.1　基于特征波段的光谱指数法　

基于特征波段的光谱指数法是利用城市黑臭

水体不同组分的吸收特性或水体表观反射率的差

异构建识别模型，即将黑臭水体和正常水体的反射

率最强波段和最弱波段根据光谱值的特征规律进

行线性组合，增强两者之间的区分度，在影像上使

两者的亮度值有明显区别［45］。基于特征波段的光

谱指数法是目前最常用的城市黑臭水体遥感识别

方法，不少研究者提出了不同的算法模型。如温爽

等［13］基于 GF-2 号影像构建的绿波段单波段阈值

法 、蓝 绿 波 段 差 值 指 数 DBWI（Difference Black-
odorous Water Index）以及红绿波段比值的归一化

黑 臭 水 体 指 数 NDBWI（Normalized Difference 
Black-odorous Water Index）有效识别了南京市主城

区黑臭水体的空间分布，其中 DBWI 和 NDBWI 受
到更多研究者的认可。经对比不同的算法模型，Yu
等［53-54］认为 NDBWI 识别正确率更高更稳定，而胡

国庆等［43，46］的研究则发现 DBWI 对深圳、芜湖的黑

臭水体识别精度最高。在 NDBWI 的基础上，姚月

等［15］引入了蓝波段的反射率构建 BOI（Black and 
Odorous water Index）来识别沈阳市黑臭水体，同样

取得较好的识别效果。韩文聪等［32］的研究也证明

了 BOI、NDBWI 两种算法的识别结果均可靠。除

了上述模型之外，纪纲［45］提出的 HCI1 和 HCI2 模型

对城市黑臭水体的分类精度均达 90% 以上，黄祺宇

等［48］经对比多种识别算法也发现 HCI1 在杭州市的

适用性最好。姚焕玫等［14］基于 Planet Scope 影像提

出的近红外单波段阈值法、HI、EHI、NDBWI 在钦

州市主城区黑臭水体识别中，NDBWI 的正确率最

高。李佳琦等［12］提出的水体清洁指数 WCI（Water 
Cleanliness Index）在太原市黑臭水体的识别精度也

高达 92.86%。更多的研究模型详见表 3，该表总结

了当前研究中常见的城市黑臭水体光谱指数判别

模型。若要将这些模型应用到其他城市，还需要根

据不同研究区的环境情况对模型阈值进行修正，例

如，蒋宇雯等［44］将 NDBWI 应用到南宁、高黎等［47］将

BOI应用到广州时，均对阈值进行了重新验证，并取

得了较好的结果，这也进一步验证了这两种指数的

可靠性和适用性。

高分影像的分类极易受到阴影干扰，对于城市

环境中黑臭水体也是如此。为了减少阴影对水体

提取的影响，许佳峰等［55］利用无人机高光谱信息构

建了城市黑臭水体的河面阴影指数（RSSI， River 
Surface Shadow Index），该阴影指数能突出显示阴

影与水体的差异。黑臭水体相对正常水体而言更

容易受阴影影响，对此，Wu 等［56］提出了一种从复杂

的城市环境中消除阴影效应提取城市黑臭水体的

BOW 检测模型，有效区分了黑臭水体、正常水体和

阴影，这对城市黑臭水体监测的准确性提供了有力

帮助。关于利用特征波段对城市黑臭水体识别的

研究，不同地方的研究方法和效果不一，还没有一

个 绝 对 普 适 的 方 法 ，但 是 综 合 来 看 ，DBWI、
NDBWI、BOI 3 种方法的使用频率最高、效果最好，

对这些指数的阈值稳定性、结果正确性以及地区适

用性，还需要进一步验证，以求获得一个更高效稳

定的城市黑臭水体判别模型。

4.2　基于水体色度识别法　

色度法是根据水体组分的差异而显示出不同

颜色的特点，参照国际照明委员会（CIE， Interna⁃
tional Commission on Illumination）规定的 CIE-XYZ
标准颜色系统，分析城市黑臭水体颜色的主波长来

定量表征城市黑臭水体。黑臭水体与正常水体的

纯度具有一定的差异，通常黑臭水体的纯度小于正

常水体，因此纯度可以作为识别黑臭水体的一项指

标［36，60］。曹红业［27］是较早通过色度来识别城市黑臭

水体的学者之一，其根据颜色指数与水质参数共变
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规律，提出了一种基于实测遥感反射率的颜色饱和

度算法 ，有效识别出了北京的黑臭水体和正常

水体。

由于水体中物质组分的不同，水体呈现丰富的

颜色，若没有对城市黑臭水体的水色进行细分，可

能会导致色度法的分类效果不佳，例如温爽等［13-14］

通过色度法来识别城市黑臭水体时分类精度不如

基于特征波段的识别方法。为了准确区分黑臭水

体与非黑臭水体的颜色，李玲玲等［18，61］构建了水体

的色系图谱，将黑臭与非黑臭水体大致归为灰色

系、绿色系和黄色系 3 类，并参照国际标准劳拉比色

卡建立了水体色度分级表（图 6），其中黑色系代表

黑臭水体、绿色系和黄色系代表非黑臭水体。Shen
等［36］根据水体颜色和遥感反射率的差异将采集到

的黑臭水体样本分为灰白色和灰黑色两组，基于

GF-2 影像计算水体颜色纯度和色度角，经对比基

线高度法、红绿波段比值法发现色度法对此类黑臭

水体识别效果最好。水体色度法对于颜色明显异

表 3　黑臭水体光谱指数判别模型

Table 3　Discrimination model for spectral indices of black and odorous water

序号

1
2
3
4
5

6

7

8

9

10

11

12

13

14

15

16

17

指数

Green
NIR

DBWI
HCI1
HCI2

BOW

NDBWI

BOI

UBOW

HI

NDBWI

BOWI

HCI3

HCI4

WCI

BOCI

BOIM

判别模型公式

N1 ≤  Rrs ( Green ) ≤  N 2

N1 ≤  Rrs ( NIR )

N1 ≤  Rrs ( Green ) - Rrs ( Blue ) ≤  N2

N1 ≤  Rrs ( Red ) +  Rrs ( NIR ) - Rrs ( Blue )

N1 ≤   Rrs ( Red ) +  Rrs ( NIR ) - Rrs ( Green )

(Rrs ( Green ) - Rrs ( Blue )) × (Rrs ( Green ) - Rrs ( NIR )) ≤  N1

N1 ≤  
Rrs ( Green ) - Rrs ( Red )

Rrs ( Green ) +  Rrs ( Red )
 ≤  N 2

N1 ≤  
Rrs( )Green  - Rrs( )Red

Rrs( )Blue  +  Rrs( )Green  + Rrs( )Red
 ≤  N 2

N1 ≤  
Rrs( )Green  - Rrs( )Red

Rrs( )Blue  +  Rrs( )Green  + Rrs( )Red
 ≤  N 2

Rrs ( Green ) - Rrs ( Blue )

Rrs ( Green ) +  Rrs ( Blue )
 ≤  N1

Rrs ( Blue ) +  Rrs ( Green ) +  Rrs ( Red ) - Rrs ( NIR )

Rrs ( Blue ) +  Rrs ( Green ) +  Rrs ( Red ) +  Rrs ( NIR )
 ≤  N1

Rrs ( Green )

Rrs ( Blue ) +  Rrs ( Red )
 ≤  N 1

N1 ≤  
Rrs ( Red ) +  Rrs ( NIR ) - Rrs ( Blue )

Rrs ( Red ) +  Rrs ( NIR ) +  Rrs ( Blue )

N1 ≤  
Rrs ( Red ) +  Rrs( )NIR  - Rrs ( Green )

Rrs ( Red ) +  Rrs( )NIR  + Rrs ( Green )

N 1 ≤  

|

|

|
||
|
|
||

|

|
||
|
|
| ( )Rrs ( Green ) - Rrs ( Blue )

( )λG - λB

|

|

|
||
|
|
||

|

|
||
|
|
| ( )Rrs ( Red ) - Rrs ( Green )

( )λR - λG

 ≤  N2

N1 ≤  
Rrs ( Green ) - R 'rs ( Green )

Rrs ( Red ) 
 ≤  N 2

R 'rs ( Green ) =  Rrs ( Blue ) +  
( )Rrs ( Red ) - Rrs ( Blue )  × ( )λG - λB

λR - λB

N1 ≤  
Rrs ( Red ) - R 'rs ( Green )

Rrs ( Red ) +  R 'rs ( Green )
 ≤  N2

R 'rs ( Green ) = Rrs ( Blue ) +  
( )Rrs ( Red ) - Rrs ( Blue )  × ( )λG - λB

λR - λB

阈值

N1=0; N2=0.019
N1=0.12

N1=0; N2=0.003 6
N1=0.85
N1=0.87

N1=0.1

N1=0.06;N2=0.115

N1=0; N2=0.065

N1=0.04; N2=0.07

N1=0.065

N1=0.45

N1=0.65

N1=0.4

N1=0.45

N1=0; N2=1

N1=0.12; 
N2=0.26

N1=0.014; 
N2=0.122

正确率

50%
35.71%

75%
95.37%
93.80%

85.7%

100%

100%

81%

57.14%

92.86%

100%

89.05%

85.42%

92.86%

87.18%

87.88%

实验影像

GF-2
Planet Scope

GF-2
GF-2/GF-1
GF-2/GF-1

GF-2

GF-2

GF-2

GF-2

Planet Scope

Planet Scope

Sentinel-2

GF-2/GF-1

GF-2/GF-1

GF-1

GF-2/ZY-3
/BJ-2/SV-1

GF-2

实验

地点

南京

钦州

南京

北京

北京

南京

南京

沈阳

北京

钦州

钦州

广州

北京

北京

太原

沈阳

哈尔滨

参考

文献

[13]
[14]
[13]
[45]
[45]

[56]

[13]

[15]

[57]

[14]

[14]

[58]

[45]

[45]

[12]

[19]

[59]

注：Rrs（Blue）、Rrs （Green）、Rrs （Red）、Rrs （NIR）分别表示蓝、绿、红和近红外波段的光谱反射率；N1、N2为阈值常数；λ 为中心波段，λB = 
485 nm，λG = 555 nm，λR = 660 nm
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常的黑臭水体具有较好的识别效果，但是无法将一

些呈现墨绿色或灰黄色的黑臭水体从正常水体中

区分出来［60］。单靠色度一项指标难以应用到不同

的研究场景中，需要结合其他指标来提高色度法的

适用性和分类精度。有研究发现采用色度与透明

度相结合的方法比仅根据色度或透明度来识别城

市黑臭水体的效果更理想［31，60］；还有研究证明了色

度法结合饱和度法、角度法也可以提高城市黑臭水

体的识别精度［34］。

4.3　基于典型水质参数识别法　

基于典型水质参数识别法是通过分析水体的

光学特性以及水体组分的反射和吸收光谱特性建

立模型反演水质参数，探究典型水质参数或遥感影

像波段组合与城市黑臭水体评价指标间的关系，进而

构建城市黑臭水体识别模型。Zhou 等［62］根据《指南》

的评估指标采用偏最小二乘法（PLS， Partial Least 
Squares）提出了一种连续黑臭水体指数 CBOWI
（Continuous Black and Odorous Water Index）分 类

黑臭水体以及定量污染程度并在保定的应用中取

得了较好效果。由于 DO、ORP、和 NH3-N 属于不

能直接作用于水体的吸收散射特性的化学水质指

标，其与遥感影像的反演关系很难直接建立，因此

除了《指南》中的 4 项指标以外，一些研究会增加其

他水质指标辅助分析，例如叶绿素 a（Chl-a）［32，63］、总

悬浮物（TSM， Total Suspended Matter）［32， 63］、化学

需氧量（COD， Chemical Oxygen Demand）［64， 65］、总氮

（TN，Total Nitrogen）、总磷（TP，Total Nitrogen）［65］、

水温［41］、酸碱度（pH）、表观污染指数（SPI， Surface 
Pollution Index）［2］等，部分典型水质参数遥感反演

模型如表 4 所示。

其中，城市黑臭水体研究中使用较多的典型水

质参数是 Chl-a、TSM 和透明度（SD）等能够改变水

体吸收、散射特征的光学水质指标。遥感定量反演

出的悬浮物浓度、透明度和营养状态指数能够有效

反映水体的黑臭程度［63］。韩文聪等［32］基于 GF-2 影

像建立的 Chl-a 浓度、TSM 和透明度水体指标反演

模型，有效提取了研究区的黑臭水体，但在透明度

和 Chl-a 浓度低、悬浮泥沙含量高的河段容易被误

判为黑臭水体，若是根据两种水质指标都高的结果

来综合判断黑臭水体会更为合理。对于 DO、COD、

和 NH3-N 等化学水质指标，一般需要先将其与光学

水质参数建立联系，再间接与水体遥感反射率建立

联系，或者直接利用回归方程模拟生化性参数与遥

感反射率建立联系［35］。例如，顾佳艳等［64］经分析多

种水质指标与遥感反射率的相关性，发现 Chl-a 和

COD 可作为上海市黑臭水体反演的最佳特征指标。

赵倩［65］基于水质实测数据与 GF-2 影像反演的 DO、

图 6　黑臭程度与水色的对应关系图［18，61］

Fig.6　The corresponding relationship between black odor degree and water color［18，61］

表 4　典型水质参数遥感反演模型

Table 4　Remote sensing inversion model of typical water 
quality parameters

水质参数

Chl-a

Chl-a

TSS

SD

CODcr

COD

DO

NH3-N

反演模型公式

4.089 × (b4 /b3) 2
- 0.746 × (b4 /b3) + 29.733

208.39 × ( b4 - b3

b4 + b3
) 2

+ 256.99 × ( b4 - b3

b4 + b3
) + 95.477

119.62 × (b3 /b2) 6.0823

CSD = 284.15 × C -0.67
TSS

34.038 × ( b3 - b4

b3 + b4
) 2

- 64.448 × ( b3 - b4

b3 + b4
) + 43.441

(b3 /b2 - 0.5777) /0.007

15.73229 - 30.80257 × (b2 + b3)
(b3 /b2 - 0.661) /0.07

参考文献

[63,66]

[35]

[63,66]

[63,66]

[35]

[65]

[65]

[65]

注：b2、b3、b4分别为 GF-2号影像的绿波段、红波段、近红外波段
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NH3-N、TP、COD 等水质指标提出的一种城市黑臭

水体评价模型 B-OWQI（Black and Odorous Water 
Quality Index）在广州取得了较好结果。由此可见，

SD、DO、ORP、NH3-N、Chl-a、TSM、TP、水温等指

标均可应用在城市黑臭水体监测的实际研究中。

利用水质参数来识别城市黑臭水体是一种重要手

段，且水质参数数值可以准确定量黑臭水体污染程

度，这对城市黑臭水体分级具有重要意义。

4.4　决策树法　

上述 3 种传统遥感方法操作容易、计算量小、实

现简单，但是这些方法也存在不足。一方面，这些

方法大多都需要实地采样并依赖于经验阈值做分

类，极易受到人为主观因素的影响。因此，这些算

法模型不能直接迁移到其他区域使用，往往需要结

合实际重新判定阈值。另一方面，大部分方法只是

利用影像的单一特征识别城市黑臭水体，尽管城市

黑臭水体可以根据其光谱特征进行分类，但有些黑

臭水体样本点的光谱特征与普通水体相似，阈值容

易存在模糊区间，很难使用单一特征对其进行区

分。针对上述问题，有研究融合多种特征指标来识

别黑臭水体。例如，曹云等［67］基于 GF-2 影像分别

计算影像的 BOI 和 NDBWI 值，采用面向对象的最

优特征选择搜索算法确定黑臭水体与正常水体的 4
个分离特征，利用 K-mean 算法进行多特征聚类分

析有效识别出城市黑臭水体。

除此之外，更多的研究是通过构建决策树模型

融合多种特征来提取出城市黑臭水体。例如，Zhao
等［50，68］基于 Sentinel-2 影像和 CART（Classification 
and Regression Tree）模糊决策树算法来改进城市

黑臭水体的遥感识别模型，利用多个典型黑臭水体

指标（如 BD、WCI、BOI 和 HI）构建多特征模糊决策

树分类算法来识别廊坊市黑臭水体总体分布和局

部聚集特征，实现了较高的准确率。此外，王晨［68］

还对该决策树分类模型进行了迁移验证，在通州区

获得了 80% 的识别准确率。除了 CART 决策树，

ID3 决策树也可以为建立多特征分类器提供可靠的

方法。董旭鑫等［51，69］以蓝、绿、红波段之间的差和作

为特征组合建立了 ID3 决策树，并通过计算模糊隶

属度来确定分类结果，分类精度达 84.78%。由于这

些研究使用的 Sentinel-2 影像最高精度只有 10 m，

对于一些更为细小的黑臭水体难以区分，在未来应

使用精度更高的影像进一步研究。不过这些研究

仍然充分证明了决策树方法在城市黑臭水体的遥

感识别方面具有较好的表现，其融合多特征的特性

能够使城市黑臭水体识别更具科学性，但是如何选择

稳定的识别特征也是决策树方法需要重点考虑的。

4.5　深度学习法　

深度学习是近年新兴的研究领域，其目标是通

过构建多层网络模型，利用复杂的网络参数将浅层

特征转化为深层特征，从而实现对样本数据的自动

学习和内在规律的解析［70］。在城市黑臭水体的遥

感识别中，传统遥感识别方法在实际应用中流程繁

琐、适用范围小、泛化性差。深度学习方法，特别是

卷积神经网络，提供了一种可能解决这些问题的途

径，它能够更好地利用原始数据本身的特征，挖掘

出城市黑臭水体分类所需的条件。除了传统算法

所用到的光谱特征，深度学习方法还能利用到城市

黑臭水体的河道宽度、形态差异等特征［71］。胡国

庆［71］基于 GF-2 影像分析了芜湖市黑臭水体的年际

动态变化特征，在构建迁移模型中得到了最佳网络

结构“Inception-V3_7a”，且在特征融合实验中，发

现 DBWI 的加入对于帮助网络模型识别城市黑臭

水体效果最佳 ，并得到了最佳特征融合数据集

“RGB+DBWI”，其准确率和召回率分别是 0.914 3、
0.932 4。 邵 琥 翔 等［72］基 于 GF-2 影 像 构 建 了

PSPNet 和 U-Net 深度学习模型来提取廊坊市的黑

臭水体，其研究结果表明，选择“RGB+NIR+ND⁃
VI+NDBWI”的融合指标作为输入组合可以提供

最丰富的特征信息并减少数据冗余，引入注意力机

制的 U-Net 网络模型在城市黑臭水体提取方面表

现最佳。此外，还有 Huang 等［73］基于 U-Net 构建的

BDNet、Zheng 等［74］基于 FCN 构建的 FANet 均对城

市黑臭水体图像分割表现出优异性能。

深度学习方法虽然在城市黑臭水体遥感监测

方面取得一定成效，但仍然有许多值得进一步探索

和发展的领域，例如特征选择、网络构建等。通过

不断优化和创新深度学习模型，结合多源数据和综

合分析方法，引入更多的样本数据和丰富的特征表

示，以使深度学习模型可以更好地捕捉到城市黑臭

水体的复杂特征和变化模式，从而提高识别精度和

可靠性。

4.6　城市黑臭水体遥感识别方法对比分析　

上述 5 种类型的方法在城市黑臭水体监测中各

有其适用的场景和优缺点，本研究从水体复杂情

况、操作难易程度、效率高低、准确度等方面来进行

对比分析（表 5）。综合来看，光谱指数法和水体色
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度法适合快速初步判断，水质参数识别法可以提供

定量的水质信息，决策树和深度学习则在更复杂情

况下能够提供较高的分类精度。

5 城市黑臭水体遥感分级方法   
《指南》上给出了判定城市黑臭水体级别的方

法，判断某检测点的黑臭程度可以通过分析该点的

4 项水质指标（SD、DO、ORP 和 NH3-N）来确定，其

中 1 项指标有 60% 以上的检测数据或不少于 2 项指

标有 30% 以上的检测数据达到“重度黑臭”级别的，

该检测点认定为“重度黑臭”，否则可认定为“轻度

黑臭”。连续 3 个以上检测点被认定为“重度黑臭”

的，检测点之间的区域认定为“重度黑臭”；水体

60% 以上的检测点被认定为“重度黑臭”的，整个水

体认定为“重度黑臭”［2］。《指南》定级城市黑臭水体

的方法虽然较为精准，但是需要花费大量时间和人

力。目前关于利用遥感直接对城市黑臭水体进行

强度分级的研究较少，大多研究只停留在黑臭水体

的识别层面，未能进一步对识别出的城市黑臭水体

进行强度分级。

在已有的城市黑臭水体遥感分级研究中，七珂

珂等［19， 49］基于提出的黑臭水体遥感分级指数 BOCI
（Black and Odorous water Classification Index）具有

更高的黑臭水体分级精度，何红术［75］将该模型分别

应用到青岛的黑臭水体识别中时，识别结果与真实

结果之间吻合程度均获得了较高的一致性。虽然

BOCI 模型在以上研究中取得了较好的识别效果，

但由于引起水体黑臭的原因复杂多样，不同地区的

黑臭水体类型存在差异性，因此该模型在其他城市

应用的适用性、阈值稳定性以及识别精度有待进一

步验证［19］。除了 BOCI 之外，还有 Zhang 等［57］提出

的 UBOW（Urban Black-Odor Water）模型，以及李

玲玲等［18， 61］基于水体色度构建的决策树模型均有效

识别出了研究区的重度黑臭水体、轻度黑臭水体和

非黑臭水体。

由于当前分级研究中采用的分级指标单一，且

分级方法同识别方法一样，均存在需要人为确定阈

值、同谱异物、自动化程度低、利用的遥感特征单一

等问题。因此，分级时容易存在误判情况，将重度

黑臭错分为轻度黑臭。为了更好地分级黑臭水体，

未来的研究还需要同识别方法一起不断探索和引

入新的模型和算法，不断改进以提高准确性和适

用性。

6 结  语  
城市黑臭水体已经成为许多城市普遍存在的

环境污染问题，严重影响和损害群众健康和切身利

益。因此，消除城市黑臭水体对提升人居环境质量

具有重要意义。遥感技术凭其独特的优势，提供了

一种更有效发现黑臭水体的方式，在城市黑臭水体

的监测和治理中发挥着重要作用。针对城市黑臭

水体遥感监测这一问题，本研究分析总结了当前城

市黑臭水体遥感监测的识别特征、适用数据源、识

别与分级方法及其优缺点和适用性等内容，旨在帮

助相关研究者对该领域有更全面的了解。

总的来看，由于城市黑臭水体细小的特点，国

产高分系列数据，特别是具有亚米级分辨率的 GF-

2 数据是城市黑臭水体遥感监测研究中最适用的数

表 5　城市黑臭水体识别方法优缺点

Table 5　The advantages and disadvantages of urban black and odorous water identification methods

方法

光谱指数法

水体色度法

水质参数法

决策树

深度学习

适用性

适用于简单的水体类

型分类

适用于颜色变化较为

显著的情况

适用于需要定量水体

污染程度的情况

可融合多种特征，适

用于实现复杂水体的

分类

适用于复杂情况下的

黑臭水体分割和分类

优点

简单易行、计算量小；易于理解和应用；可以

快速获取黑臭水体的大致位置和分布；成本

较低。

颜色直观，可以快速判断色彩异常的水体，初

步评估的水质情况。

能够提供定量的水质信息和较准确的水质参

数估计；更精确地全面评估水体污染程度。

适应能力强，可以处理多个特征之间的复杂

关系；人为因素和噪声影响小，具有一定的自

动化和可解释性。

可以从大量数据中学习复杂的特征表示；具

有较高的自动化和预测准确性。

缺点

依赖经验阈值，主观因素影响大；对于复杂的水体环境、

混杂的光谱信息，识别精度较低。

受光照条件影响，难以处理光照变化较大的情况；只能对

颜色明显变化的水体有效；不能准确判断黑臭程度和污

染源。

部分水质参数的反演模型构建困难；需要实地采样和分

析，耗时耗力；对数据要求较高。

需要事先建立训练数据集，对于复杂情况可能需要更多

的训练样本；模型的构建依赖选择特征的质量，否则容易

出现过拟合问题。

需要大量的标注数据进行训练，对计算资源要求较高。
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据源。在识别特征方面，城市黑臭水体在可见光波

段具有特征光谱，在 550~700 nm 范围内的光谱曲

线与正常水体存在明显差异，据此可以区分出大部

分呈现灰黑色的黑臭水体，但是在近红外波段的光

谱差异，黑臭水体易与悬浮泥沙含量高但不属于黑

臭水体的浑浊水体混淆。由于水体的表观光学特

性受到水体组分以及入射光场的影响，可能会使部

分轻度黑臭水体与重度黑臭水体的光谱差异较小，

从而影响到遥感识别分级的精度。

当前的城市黑臭水体遥感监测方法均具有一

定的可行性，研究使用最多的是基于特征波段的光

谱指数法，该方法简单有效，可以快速初步判断出

黑臭水体区域。其中 DBWI、NDBWI、BOI、BOCI
等指数使用频率最高，并被验证在多个区域均具有

良好的识别效果，决策树与深度学习方法也多基于

这些较稳定的特征来进一步构建模型。光谱指数

法、水体色度法和水质参数法这 3 种典型方法均涉

及到阈值判定，深受人为主观影响，若将其迁移到

其他地区或其他卫星影像应用时还需要进一步重

新验证阈值，决策树与深度学习方法因其能融合多

种特征实现对城市黑臭水体细微特征的自动学习

和解析，可以更高效率识别分级复杂情况下的城市

黑臭水体。

7　展　望　

尽管城市黑臭水体遥感监测的研究已经取得

不少成果，但是仍存在一些不足之处有待改进，本

文从以下 5 个方面进行展望：

（1）精准分类及定义。黑臭水体种类多，成因

复杂。从形成的时间尺度上看，既有短期突发性的

水污染导致的，也有长期水体富营养化导致的。根

据《指南》的定义，呈现令人不悦的颜色和（或）散发

令人不适气味的水体都被视为黑臭水体。在遥感

研究中，不同类型的水体呈现的不同颜色和光谱会

对研究造成较大影响，甚至有些黑臭水体表面存在

的浮萍、水华等覆盖物也会改变研究结果。因此，

集合不同研究区更多类型的水体，建立黑臭水体样

本数据库，精准细分黑臭水体种类，丰富黑臭水体

光谱数据库，有利于研究更具针对性。

（2）多尺度挖掘遥感特征。目前关于城市黑臭

水体遥感监测的研究主要使用光谱特征构建模型，

缺少其他尺度的特征研究。未来研究需要解析基

于变化检测的遥感敏感性特征与黑臭水体周边环

境的相互关系，例如水体形态、次生环境等，融合多

尺度像元级、结构级、对象级、场景级等敏感性特征

指标进行黑臭水体遥感监测。

（3）光学/雷达协同监测。目前对城市黑臭水

体的遥感研究主要为光学遥感，雷达遥感在该领域

的应用还较为有限。雷达可以提供关于地表特征

和物质构成的微观信息，对于监测水体表面存在垃

圾、浮萍等辅助标志的黑臭水体具有一定潜力。随

着对黑臭水体认识的深入和技术的发展，黑臭水体

的研究除了使用多光谱影像和高光谱影像，还可以

进一步探索雷达影像等其他数据源对具有不同表

面特征的黑臭水体的监测潜力。

（4）多源光学卫星协同监测。由于黑臭水体细

小的特点，在选择影像时往往采用高空间分辨率影

像，而高空间分辨率卫星的幅宽一般很小，且容易

受云雨和轨道回访周期的影响，单颗卫星的短时段

内覆盖能力有限。因此，单一高空间分辨率卫星常

常无法满足一定时段内的黑臭水体监测需求，需要

多源光学卫星协同监测黑臭水体。

（5）天空地联合监测。黑臭水体监测的地面、

无人机和卫星遥感方法各有其优缺点。现场原位

测定方法能够获得更精确的结果，但其操作复杂且

耗费时间和资源。相比之下，遥感方法更为高效，

可以覆盖广阔的区域并提供大量数据，但卫星遥感

的准确性和时效性可能受到天气等因素限制，可以

将无人机遥感数据作为补充。因此，为了更精准高

效地监测黑臭水体，更好地推进黑臭水体整治，需

要充分将现场测定方法的精确性和无人机及卫星

遥感方法的高效性结合起来，以获得更全面、准确

和高效的数据，为黑臭水体环境整治提供更可靠的

依据和决策支持。
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Reviews of Remote Sensing Monitoring of Urban Black and 
Odorous Water

CHEN Zhenghua1，LAN Sixiang1，ZHANG Jinshui2，ZHANG Wei1，
LI Huade1，ZHAO Lifang3
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Abstract：Black and odorous water is an extreme water pollution phenomenon that is a common problem in 
many cities， seriously affecting the well-being and satisfaction of residents. Therefore， addressing the issue of 
urban black and odorous water is urgent. Scientifically monitoring the urban black and odorous condition of wa⁃
ter is the first step in the remediation of black and odorous water， providing accurate targets for subsequent as⁃
sessment. Compared to traditional ground-based monitoring methods， remote sensing is a more effective way to 
discover black and odorous water， allowing for a wider and more rapid identification of black and odorous water 
areas and timely comprehensive representation of the spatiotemporal evolution of black and odorous water. This 
paper reviews the main research advances in remote sensing monitoring of urban black and odorous water. First， 
it briefly introduces the overview of black and odorous water， summarizes the remote sensing feature， and com⁃
mon data sources for urban black and odorous water. Second， it discusses in detail the methods for remote sens⁃
ing identification and classification of urban black and odorous water and compares the applicability and advan⁃
tages and disadvantages of each method. Finally， it summarizes the current status of remote sensing research on 
urban black and odorous water and its shortcomings and looks forward to future development directions. The 
aim is to provide reference and thinking for related research and better decision support for the long-term man⁃
agement of black and odorous water.
Key words： Black and odorous water；Remote sensing monitoring；Identification and classification；Remote 
sensing feature；Data sources
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摘要 珊瑚礁结构复杂度在维持生物多样性、海岸保护、渔业和旅游业等生态服务中发挥着重要作用。然而，由于 

缺乏结构复杂度的长期数据，珊瑚礁应对气候变化和人类干扰的弹性仍缺乏深入理解。基于2019–2024年在南海北部 

涠洲岛获取的实地调查数据，本研究首次探究了相对高纬度珊瑚礁中珊瑚群落与结构复杂度的响应轨迹及关键驱动因 

子。在2020年的珊瑚白化事件、2023年的两次气旋干扰后，活珊瑚覆盖度（LCC）先下降后恢复，珊瑚耐热性呈现增强 

的趋势。海洋保护区（MPA）内的珊瑚受影响程度低于非海洋保护区。然而，珊瑚礁结构复杂度却持续下降，从1.200 
降至1.076，并伴随珊瑚形态组成的简化。尽管持续下降，结构复杂度在MPA中仍与鱼密度显著正相关（R 2=0.91，p 
<0.05）。贝叶斯模型与广义线性模型分析结果表明，热胁迫、气旋及人类活动是导致结构复杂度下降的主要驱动因 

素。通过LCC与结构复杂度之间相反的变化轨迹，研究揭示了相对高纬度珊瑚礁在气候变化下的有限弹性，并进一步 

表明MPA在提升生态系统弹性方面发挥着关键作用。我们建议将结构复杂度纳入珊瑚礁长期监测与管理体系，以增 

强珊瑚礁生态系统应对气候变化的弹性。 

关键词 活珊瑚覆盖度，结构复杂度，生态系统弹性，气候变化，海洋保护区   

1 引言 

全球气候变化下，热带珊瑚礁正面临前所未有的挑 

战。海洋热浪已引发大规模珊瑚白化和死亡，显著改变 

了珊瑚礁生态系统的群落组成（Hughes等，2017b， 

2018）。此外，热带气旋破坏了珊瑚礁生境的物理结构， 

摧毁了礁栖生物的生存地与庇护所（Cheal等，2017）。局 

部人为干扰（如破坏性捕捞、海洋污染及旅游等）也进一 

步加速了珊瑚礁的退化（Zaneveld等，2016；Spalding等， 

2017；Gove等，2023；Pinheiro等，2023）。以上因素不 

仅影响了珊瑚礁的物种多样性，而且削弱了珊瑚礁的关 

键生态服务功能。尽管海洋保护区（MPA）可以在一定程 

度上减轻局部压力，但随着海洋热浪发生频率以及热带 

气旋强度的增加，珊瑚礁面临着严峻的全球性威胁（van 
Hooidonk等, 2014；Cheal等，2017）。因此，深入理解珊 

瑚礁应对多重干扰的弹性，对于评估其适应未来气候变 

化的能力至关重要。 

珊瑚礁应对干扰的弹性具有多层含义，主要包括两 

方面。一方面是恢复力，即生态系统在干扰后恢复至原 

有结构和功能的能力（Knudby等，2013）。栖息地的结构 

复杂度在恢复过程中至关重要，可为珊瑚幼体提供附着 

基质，为礁栖生物提供庇护所，并维持生物多样性（Gra
ham等，2015；González-Rivero等，2017；Yanovski和 

Abelson，2019）。即使活珊瑚覆盖度（LCC）因珊瑚白化 
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或疾病下降，未破坏的礁体复杂结构仍可维持多年的生 

物多样性（Lindahl等，2001；Wilson等，2009；Graham 
等，2015）。然而，随着人类活动的加剧和极端气候事件 

的频发，全球珊瑚礁的结构复杂度正迅速下降（Alvarez- 
Filip等，2011b；Couch等，2017；Eakin等，2019）。另 

一方面是抵抗力，指生态系统面对干扰时仍能维持其结 

构和功能的能力（Knudby等，2013）。通过群落重组、遗 

传适应或生理驯化等机制，反复暴露于胁迫环境中的珊 

瑚可增强抵抗力（Lachs等，2023）。多项研究表明，温度 

频繁波动环境中的珊瑚群落在热胁迫中具有更强的抵抗 

力（Thompson和van Woesik，2009；Pratchett等，2013； 

McClanahan，2017；Hughes等，2019）。此外，由于区 

域环境差异，珊瑚礁的抵抗力具有显著的空间差异（Pa
lumbi等，2014；Bay等，2017；Quigley等，2020）。例 

如，迎风区珊瑚的抗气旋破坏能力比背风区的珊瑚更强 

（Hansen等，2025）。温度频繁波动环境中的珊瑚白化严 

重性也通常低于温度稳定环境中的珊瑚（Guest等，2012； 

Safaie等，2018；Sully等，2019；Koester等，2020）。 

相对高纬度珊瑚礁由热带、亚热带及温带物种组成， 

具有明显的季节性环境波动特点（Beger等，2014）。该区 

域的温度、光照及文石饱和度等比热带珊瑚礁波动更剧 

烈，珊瑚群落中小型且脆弱的物种被筛除，转而由更耐 

压的团块状珊瑚成为优势种（Guinotte等，2003；Beger 
等，2014；Comeau等，2014；Chong等，2023；Gonza
lez等，2024）。由于热带珊瑚礁主要以敏感的分枝状珊 

瑚为主，理论上相对高纬度珊瑚礁对环境变化应具有更 

强的弹性（Mongin等，2016；Safaie等，2018）。耐压物 

种的选择过程还可能使珊瑚礁结构在面对干扰时更易维 

持，从而促进生态系统恢复。全球变暖背景下，相对高 

纬度珊瑚礁亦被视为热带珊瑚群落的气候避难所（Riegl 
和Piller，2003；Beger等，2014）。然而，尽管存在潜在 

优势，但前人基于群落的研究表明，相对高纬度珊瑚礁 

在经历气候干扰时具有较低的弹性，主要原因是珊瑚生 

长速率较慢、珊瑚幼体供应不足以及人类活动干扰等 

（Hoey等，2011；Jones等，2020；Ross等，2021）。因 

此，需要结合群落组成与结构复杂度的动态变化轨迹， 

在生态系统尺度上评估珊瑚礁应对气候变化的弹性，这 

对于综合验证“避难所假说”至关重要（Graham和Nash， 

2013；Burt等，2025）。 

目前关于相对高纬度珊瑚礁的研究大多集中于群落 

尺度的分析（Polidoro和Carpenter，2013；MacNeil等， 

2019；Gove等，2023）或结构复杂度的定性研究（Robin
son等，2019；Graham等，2020；Burt等，2025），在珊 

瑚礁弹性评估方面仍不够完善。例如，即使LCC呈现恢 

复趋势，但珊瑚形态组成的简化，导致维持关键生态系 

统服务功能的结构复杂度在持续退化，这一现象通过视 

觉观测已被明确证实（Zawada等，2019；Bauman等， 

2022；Emslie等，2024）。由于结构复杂度在维持生态系 

统服务中具有重要作用（Alvarez-Filip等, 2011a；Graham 
等，2011，2015；Guest等，2016；Darling等，2017； 

Magel等，2019），定量分析其动态变化是评估生态系统 

弹性不可或缺的环节。然而，在具有潜在气候避难所功 

能的相对高纬度珊瑚礁中，相关研究仍显不足（Burns等， 

2019；Chen和Dai，2021；Wang Y等，2024；Wu等， 

2025），从而凸显了开展长期、定量监测结构复杂度的迫 

切需求。 

涠洲岛珊瑚礁位于中国南海北部的北部湾，是分布 

在相对高纬度区域的边缘珊瑚礁，被认为是未来全球变 

暖情景下可能的珊瑚避难所（Yu等，2019）。然而，过去 

十年海水表面温度（SST）快速升高，并在2020年引发了 

涠洲岛迄今最严重的大规模珊瑚白化事件，造成超过 

60%的珊瑚白化（Lyu等，2022；Zuo等，2023）。此外， 

涠洲岛珊瑚礁还受到热带气旋和局部人类活动的强烈干 

扰，进一步挑战了其作为未来气候避难所的能力（李邢凡 

等，2019；Yu等，2019）。 

基于2019–2024年涠洲岛MPA和非海洋保护区（NPA） 

的珊瑚礁生态调查数据，本研究聚焦相对高纬度珊瑚礁 

生态系统的弹性机制，目的为：（1）探究相对高纬度珊瑚 

礁群落及结构复杂度在应对气候变化与人类干扰下的生 

态变化轨迹；（2）探究影响珊瑚礁恢复的主要因素；（3） 

综合评估珊瑚礁生态系统应对干扰的弹性。通过长期且 

定量的珊瑚群落与结构复杂度综合监测，本研究提出了 

相对高纬度珊瑚礁响应多重压力的新视角。研究结果不 

仅可加深人类世背景下对相对高纬度珊瑚礁生态弹性的 

理解，也可为未来珊瑚礁生态保护与管理提供重要参考。 

2 方法 

2.1 技术路线概述 

本研究的技术路线如图1所示。首先，获取2019– 
2024年涠洲岛珊瑚礁实地调查的结构复杂度和生物数据 

（包括LCC、壳状珊瑚藻（CCA）、大型海藻、幼年珊瑚及 

海绵/海葵等），并获取2024年鱼密度调查数据。其次， 

环境指标获取自公开数据集，如周热度（DHW）、490 nm 
波长下的光散射衰减系数（Kd490）、叶绿素a浓度（Chl a） 

及气旋频次。人类活动指标（如离岸距离、渔业产量及管 

理状态）则通过地理计算和政府记录获取。随后，基于实 

地生态调查数据开展时空变化分析，以探究生态变化轨 
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迹、群落组成及生态系统服务。在此基础上，将生物、 

环境及人类活动指标纳入贝叶斯分层模型和广义线性模 

型（GLM），探究LCC和结构复杂度的主要驱动因子。最 

后，基于分析结果，综合评估相对高纬度的涠洲岛珊瑚 

礁在气候变化和人类干扰下的生态系统弹性。 

2.2 研究区 

涠洲岛（21°00′–21°10′N，109°00′–109°15′E）位于南海 

北部的北部湾，总面积为26 km2（图2A、2B），具有明显 

的季节性环境波动特征。SST为15.3–28.9 ℃，pH为8.0– 
8.23，Chl a为1.58–3.08 mg/m3（Yu等，2019；Zhang等， 

2024）。涠洲岛珊瑚礁属于岸礁，珊瑚沿着海岸不均匀分 

布。由于人类活动和气候变化的双重压力，涠洲岛LCC 
从1991年的70%锐减至2018年的17.6%，群落组成也由结 

构复杂的分枝、叶片状珊瑚转向以简单的团块状珊瑚为 

主（Yu等，2019；黄晖，2021）。2013年在涠洲岛东北部 

设立了MPA，面积为12.78 km2（图2B）。MPA内禁止捕鱼 

及其他开发活动（Wang Y等，2024）。珊瑚群落及非生物 

基质方面，MPA主要为牡丹珊瑚（Pavona sp.）及碎枝； 

NPA主要为滨珊瑚（Porites sp.）及礁石（Wang Y等，2024）。 

2020年涠洲岛珊瑚礁遭受了迄今最严重的热胁迫， 

月最大SST达到31.88 ℃，DHW高达18.27 ℃ 周，热胁迫 

持续时间超过90天。2021–2024年热胁迫时间仍每年高于 

50天（图2C）。此外，2023年涠洲岛还受到气旋“Sanba” 

和“Saola”的影响（图2A）。 

2.3 实地调查和数据来源 

2.3.1 实地生态调查 

我们在2020、2022、2023和2024年共调查了41个站 

位，获取了涠洲岛MPA和NPA的底栖群落及结构复杂度 

数据。由于COVID-19疫情影响，2021年未能开展调查。 

2019年共22个站位数据，其中16个站位的LCC和结构复 

杂度数据获取自Wang Y等（2024），6个站位的其他底栖 

群落数据获取自Lyu等（2022）。MPA数据来自涠洲岛政 

府（图2B）。由于MPA的生态影响可能大于其范围（Hal
pern，2003），本研究将MPA外200 m缓冲区的站位也划 

分 为 M PA 站 位 ， 其 余 则 划 分 为 N PA 站 位 （ 网 络 版 附  

表S1）。 

底栖调查中，潜水员在各站位平行海岸线铺设一条 

50 m长的样带，以10–20 cm的高度、5 m/min的恒定速度 

连续录制样带底栖视频。随后样带视频被转化为连续不 

重叠的图像，每个视频平均247张，所有站位共计10115 
张图像。使用珊瑚点计数Excel扩展软件（Coral Point 
Count with Excel Extensions）在每张图像上生成10个随机 

点，通过随机点计数法计算底栖覆盖度（Kohler和Gill， 

2006）。依据涠洲岛的底质特征及法国国家珊瑚观测服务 

（Service National d’Observation CORAIL）的莫雷阿岛 

（Moorea Island）MPA调查方案（https://observatoire.criobe.pf/）， 

珊瑚礁底质共划分为六大类：活珊瑚、死珊瑚、大型海 

藻、海绵/海葵、CCA及非生物底质。活珊瑚进一步分为 

图 1 技术路线图  

中国科学：地球科学  
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成年珊瑚、幼年珊瑚及白化珊瑚三类，并区分到团块状、 

叶状、板状及分枝状四种形态类型（网络版附表S2）。幼 

年珊瑚覆盖度为珊瑚补充的评价指标。珊瑚白化/死亡率 

为白化/死亡珊瑚占总珊瑚覆盖面积的比例。 

2024年底栖调查中同步进行了鱼类调查。潜水员使 

用GoPro摄像机沿50 m长样带（两侧各2.5 m）拍摄鱼类视 

频，覆盖面积为5 m×50 m。由于其中一个站位水下能见 

度较差（<50 cm）而被剔除，最终获得了11个有效的鱼类 

数据。室内分析中，通过视频内观察到的鱼类个体数计 

算鱼密度（ind/m 2）。 

2.3.2 结构复杂度的测量 

珊瑚礁结构复杂度指栖息地物理三维结构的复杂程 

度，主要由造礁珊瑚及其他底质构成。底栖群落调查中， 

同步使用链条法沿50 m样带测量结构复杂度。参考Risk 
（1972），结构复杂度（SC）为珊瑚礁表面轮廓长度（L）与 

样带水平距离（D）的比值。水平距离D固定为50 m。测量 

L时，将一条带刻度的金属链条（链宽0 .8  cm，节长 

1.4 cm）沿珊瑚礁表面仔细铺设以贴合其轮廓，并在样带 

末端记录轮廓长度L（图3）。前人使用链条法测得的实地 

结构复杂度通常介于1.0–2.0之间（Alvarez-Filip等, 2011a； 

Graham和Nash，2013；Wang Y等，2024），本研究将结 

构复杂度划分为低（1.0–1.2）、中（1.2–1.5）和高（>1.5）三 

个等级。 

2.4 环境和人类活动数据 

2.4.1 遥感数据 

当SST超过多年平均最热温度1 ℃时，珊瑚会遭受热 

胁迫，12周内累积的热胁迫以DHW（℃ 周）进行量化 

（Zuo等，2023）。本研究将DHW作为珊瑚的热胁迫指标， 

数据来自美国国家海洋和大气管理局（NOAA）的珊瑚礁 

观察计划（Coral Reef Watch， www.coralreefwatch.noaa. 
gov/）。Chl a（mg/m3）作为富营养化的指标（Guo等， 

图 2 涠洲岛研究区与气候背景。（A） 地理位置与气候：地图展示了2020年9月的月最大周热度（DHW），并叠加了气旋“Sanba”和“Saola”的路径； 

该图基于自然资源部标准地图服务网站GS（2016）1666号的标准地图制作，底图边界无修改；（B） Sentinel-2多光谱影像：为涠洲岛的真彩色影像， 

三角形和圆形分别为海洋保护区（MPA）与非海洋保护区（NPA）的调查站位，不同颜色表示不同调查年份；（C） 长期热胁迫趋势：1985–2024年的月 

最大海表温度（SST，虚线）和DHW（实线）时间序列数据；珊瑚严重白化或死亡的DHW预测阈值为8 °C 周  
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2019），Kd490（m − 1 ）为水体浑浊度指标（Lucas等， 

2023），均来自欧洲航天局的OceanColour-CCI项目 

（https://www.oceancolour.org/）。DHW、Chl a和Kd490数 

据的空间分辨率分别为5、4和4 km。 

2.4.2 气旋频次 

为了评估气旋对珊瑚礁的干扰程度，基于NOAA海 

岸服务中心（http://www.csc.noaa.gov）提供的气旋路径数 

据统计气旋频次。参考Gardner等（2005），采用气旋等级 

和影响半径评估气旋是否对调查站位造成影响：1–2级气 

旋的影响半径为35 km，3级气旋为60 km，4–5级气旋为 

100 km。基于该标准获取了调查站位的气旋干扰频次。 

2.4.3 离岸距离 

靠近海岸的珊瑚礁更容易受到人类活动的干扰，因 

此 将 离 岸 距 离 作 为 人 类 干 扰 强 度 的 指 标 （ A s n e r 等 ，  

2021）。本研究从欧洲航天局下载了2021-12-03的Sentinel- 
2 Level-2A影像（https://browser.dataspace.copernicus.eu）。 

由于近红外波段在水体中具有强烈的吸收特性，因此使 

用其0.03的反射率阈值在ArcMap 10.8软件中提取海岸线 

（Sun等，2012）。最后，根据各调查站位到海岸线的直 

线距离计算离岸距离。 

2.4.4 渔业产量 

破坏性捕捞活动会直接破坏珊瑚礁结构，如抛锚、 

拖网和炸鱼等，其通过减少食草性鱼类导致藻类过度生 

长并抑制珊瑚恢复，加剧了珊瑚礁生态退化（White等， 

2000；Zaneveld等，2016）。为量化涠洲岛捕捞活动相关 

的人为干扰，本研究从广西壮族自治区统计局（http://tjj. 
gxzf.gov.cn）下载了渔业产量数据。 

2.5 统计分析 

为了量化底栖覆盖度和结构复杂度的变化，使用以 

下公式计算其变化率：  

C
C C

C=
( )

× 100% (1)r
f i

i

SC
SC SC

SC=
( )

( 1) × 100% (2)r
f i

i

其中, Cr和SCr分别表示底栖覆盖度和结构复杂度的相对 

变化率，Cf 和SCf 表示终值，Ci和SCi表示初始值。 

为评估MPA与NPA的底栖覆盖度和结构复杂度差异， 

使用rstatix包进行Kruskal-Wallis检验（Kassambara， 

2023）。检验统计量H越大，组间基于秩的差异证据越 

强。通过vegan包中的PERMANOVA方法，评估MPA与 

NPA之间或不同年份之间的形态组成差异（Oksanen等， 

2025）。伪F统计量（F）越大，多变量空间中的组间分离 

程度就越大。通过决定系数（R 2）探究LCC和结构复杂度 

与鱼密度之间的关系，其值越接近1，表明协变量对鱼密 

度的解释力越强。在所有统计分析中，仅当假设概率（p） 

小于0.05时才认为结果具有统计显著性。 

为了识别涠洲岛LCC和结构复杂度变化的驱动因子， 

本研究基于前人的发现选择了关键的生物、环境和人为 

因素的协变量（Hughes等，2017a；Yu等，2019；Gove 
等，2023），并应用两种互补的统计方法——贝叶斯分层 

模型和GLM模型。贝叶斯模型具有分层结构并可纳入随 

机效应（例如调查年份），能够灵活、稳健地分析基于站 

位的变化及复杂的生态交互关系（Clark，2005）。GLM模 

型不依赖先验知识，适用于小样本数据和估计年份尺度 

的固定效应（Knudby和Richardson，2023）。在站位尺度 

上，LCC/结构复杂度的贝叶斯模型固定协变量包括5个 

生物指标（CCA、大型海藻、海绵/海葵、幼年珊瑚、结 

图 3 实地调查结构复杂度测量示意图  

中国科学：地球科学  
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构复杂度/LCC）、2个环境指标（Chl a、Kd490）、离岸距 

离和管理状态（[MPA, 1]或[NPA, 0]）。调查年份作为随机 

效应，用于考虑时间变化（公式(S1)和(S2)）。由于涠洲岛 

面积较小（约26 km2），调查站位间的气旋频次、渔业产 

量和DHW空间变化不明显，本研究将这些因子进行年平 

均，以探究其对LCC/结构复杂度的影响。因此，以气旋 

频次、渔业产量和DHW作为固定效应，构建了LCC/结 

构复杂度年份尺度的GLM模型（公式(S3)和(S4)）。 

参考Graham等（2020），采用后验预测检验（Posterior 
Predictive Checks）、有效样本量（Effective Sample Size）、 

Gelman-Rubin收敛统计量（R-hat）以及赤池信息量准则 

（AIC）四项诊断指标对模型性能进行评估（网络版附表 

S3–S5）。所有协变量均被标准化为正态分布N(0,1)，以 

直接比较各协变量的效应。通过系数的95%置信区间判 

断驱动因子的统计显著性：若95%置信区间不包含零， 

则对应协变量被认为是显著驱动因子。贝叶斯模型通过 

brms包（Bürkner，2021）结合Stan（Stan Development 
Team，2020）运行。GLM模型则通过glmmTMB运行 

（McGillycuddy等，2025）。所有统计分析均在R 4.5.1软 

件中进行（R Core Team，2025）。 

3 结果 

3.1 活珊瑚覆盖度和结构复杂度的时间变化轨迹 

涠洲岛LCC在2019–2024年间呈现出下降与恢复交替 

的波动趋势（图4A）。2019–2020年，平均LCC由14.84% 
下降至10.56%，下降率为28.84%。2020年大规模白化事 

件后，LCC出现一定程度的恢复，但又从2022年的 

12.78%下降至2023年的7.40%，下降率为42.10%。MPA 
的LCC在2024年恢复至13.31%，较2023年增长175%，几 

乎恢复至白化前水平。相比之下，NPA的LCC的增长率 

仅为4.40%。LCC在MPA与NPA之间的差异在所有年份 

均不显著（H=0.15–2.45，p>0.05）。 

与LCC不同，结构复杂度在2019–2024年整体呈下降 

趋势（图4B）。平均结构复杂度由2019年的1.200下降至 

2020年的1.138，下降率为31.00%。随后又从2022年的 

1.147下降至2023年的1.079，下降率达46.26%。2024年， 

结构复杂度达到最低值1.076。除2019年（H=4.25，p 
<0.05），其他年份MPA与NPA之间的结构复杂度差异均 

不显著（H=0.05–3.75，p>0.05）。调查期间（2019–2024 
年），43个站位为低结构复杂度，其平均LCC为10.76%； 

14个站位为中等结构复杂度，平均LCC为15.47%；未发 

现高结构复杂度的站位。2024年，所有站位均为低结构 

复杂度。 

3.2 其他底栖群落的时间变化轨迹 

2020年11月，涠洲岛珊瑚白化率平均为6.39%（图 

5A），其中MPA珊瑚白化率（0 .66%）显著低于NPA 
（7.82%）（H=3.75，p<0.05）。2023年，MPA的珊瑚死亡率 

和大型海藻覆盖度（4.11%和2.97%）均显著低于NPA 
（18.01%和12.82%）（H=6.75，p<0.01；H=4.5，p<0.05；图 

5B、5D）。2023–2024年，MPA的幼年珊瑚覆盖度由 

0.13%上升至0.24%，而NPA则由0.35%下降至0.13%（图 

5C）。2020–2024年，MPA的海绵/海葵覆盖度从4.11%快 

速增加至31.95%，而NPA未见显著变化（图5F）。除2020 
年外（H=3.32，p<0.05），调查期间MPA与NPA之间的 

CCA覆盖度差异均不显著（H=0.12–0.86，p>0.05；图5E）。 

2020–2024年间，MPA（F=0.69，p>0.05；图6A）和 

NPA（F=1.10，p>0.05；图6B）珊瑚形态组成的年际变化 

均不显著。然而，块状珊瑚比例均有所增加，其他形态 

珊瑚则呈下降趋势，尤其是叶状和板状珊瑚。2020–2024 
年的平均数据表明，MPA与NPA的珊瑚形态组成存在显 

著差异（F=3.15，p<0.05；图6C），其中MPA的叶状珊瑚 

比例更高，而块状珊瑚比例较低。 

图 4 2019–2024年涠洲岛（A）活珊瑚覆盖度（LCC）与（B）结构复杂度的时间变化轨迹。灰色阴影表示大规模白化事件，特殊符号表示气旋；实线与 

虚线分别代表海洋保护区（MPA）与非海洋保护区（NPA）的数据；2019年的数据来源于Wang Y等（2024）  
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3.3 活珊瑚覆盖度和结构复杂度的驱动因素 

基于涠洲岛MPA和NPA的数据，发现协变量与珊瑚 

健康指标之间存在显著关系。结构复杂度和CCA是LCC 
的显著正影响因子，而离岸距离对LCC的影响较弱（图 

7A）。渔业产量、DHW、气旋频次、Chl a以及海绵/海葵 

则是LCC的显著负影响因子。LCC是结构复杂度的显著 

正影响因子，而气旋频次、DHW和渔业产量则对结构复 

杂度有显著负影响（图7B）。MPA/NPA管理状态对LCC和 

结构复杂度均未产生显著影响。 

3.4 活珊瑚覆盖度和结构复杂度与鱼密度的关系 

研究分析了2024年LCC/结构复杂度与鱼密度之间的 

关系。MPA的鱼密度与结构复杂度呈显著正相关（图 

8B），但与LCC之间的关系不显著（图8A）。NPA的鱼密 

度与LCC（图8C）或结构复杂度（图8D）的关系均不显著。 

4 讨论 

4.1 活珊瑚覆盖度的关键驱动因素 

与热带珊瑚礁的研究一致（Emslie等，2024；Ander
son，2025），本研究在涠洲岛也发现热胁迫、气旋与 

LCC显著负相关（图7A）。2020年的白化事件是关键转折 

点：2020年9月，LCC下降至8.70%，同时珊瑚白化率升 

高至60%（Lyu等，2022）。然而，珊瑚可以快速恢复：同 

年11月LCC恢复至10.56%（图4A），珊瑚白化率和死亡率 

分别下降至6.39%和4.93%（图5A、5B）；2022年LCC恢复 

至12.78%，接近2019年白化前的14.84%。其恢复速度与 

其他相对高纬度珊瑚礁相近，如澳大利亚东南部的豪勋 

图 5 2019–2024年其他底栖群落的时间变化轨迹。（A） 珊瑚白化率；（B） 珊瑚死亡率；（C） 幼年珊瑚覆盖度；（D） 大型海藻覆盖度；（E） 壳状珊瑚 

藻（CCA）覆盖度；（F） 海绵/海葵覆盖度；灰色阴影表示大规模白化事件，特殊符号表示气旋；实线与虚线分别代表海洋保护区（MPA）与非海洋保 

护区（NPA）的数据；2019年的数据来源于Lyu等（2022）  

图 6 珊瑚形态比例。（A） 2020–2024年海洋保护区（MPA）的时间序列数据；（B） 2020–2024年非海洋保护区（NPA）的时间序列数据；（C） MPA与 

NPA在2020–2024年的平均数据  

中国科学：地球科学  
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爵岛（Lord Howe Island）LCC在干扰后3年恢复（Dalton等， 

2020），日本西表岛（Iriomote Island）需要4年恢复（Naka
mura等，2022）。恢复速度具有区域差异的影响因素包 

括珊瑚群落组成、初始覆盖度、干扰频率以及地方管理 

状态的差异等（Robinson等，2019）。 

基因组模型、室内模拟实验和实地调查相结合的研 

究表明，珊瑚具有适应热胁迫的能力（Palumbi等，2014； 

Bay等，2017；Quigley等，2020），其适应性受多种因素 

影响。首先，相对高纬度地区的SST存在季节性波动 

（Beger等，2014），有助于增强珊瑚的耐热性（Wang X 
等，2024）。其次，涠洲岛的优势珊瑚为耐热性较强的团 

块状珊瑚（图6）。室内模拟实验表明，该区域团块状澄黄 

滨珊瑚（Porites lutea）优势种在热胁迫后的耐热性会增强 

（蒙林庆等，2022）。DHW记录显示2021–2024年涠洲岛 

珊瑚每年均受到严重热胁迫（图1C），然而本研究实地调 

查与Lyu等（2022）的调查中，均未观察到大规模白化事 

件。这些分析综合表明，2020年的白化事件增强了涠洲 

岛珊瑚的耐热性，凸显了其在气候持续变化背景下的潜 

在弹性。 

4.2 结构复杂度的驱动因素 

气旋频次是结构复杂度的负影响因素（图7B），会对 

珊瑚礁造成快速且严重的物理破坏（Alvarez-Filip等， 

2011b；Cheal等，2017）。2023年的两次气旋干扰造成涠 

洲岛珊瑚礁快速退化，其中LCC下降了42 .10%（从 

12.78%降至7.40%），结构复杂度下降了46.26%（从1.147 
降至1.079；图4），珊瑚死亡率达到11.06%（图5B）。与此 

相类似，加勒比海频繁的气旋活动也导致结构复杂度持 

续下降（Alvarez-Filip等，2011b）。 

除物理破坏外，热胁迫还通过生物机制间接加剧结 

构复杂度下降。虽然珊瑚热白化事件主要损伤珊瑚组织 

而非骨骼框架，但其会长期侵蚀珊瑚礁结构。例如，干 

扰后大型海藻和海绵/海葵的增加（图5D、5F）会抑制珊 

瑚生长且破坏珊瑚骨骼（Neumann，1966；Donovan等， 

2021）。此外，白化后未能恢复的珊瑚骨骼会被多种微生 

图 7 预测因子对（A）活珊瑚覆盖度（LCC）和（B）结构复杂度的效应。渔业产量、气旋频次和周热度（DHW）的效应通过广义线性模型评估，其余协 

变量通过贝叶斯分层模型评估；细线和粗线分别表示95%和50%的置信区间；仅当95%置信区间不与零重叠时，才认为预测因子具有统计显著性  

图 8 鱼密度与活珊瑚覆盖度（LCC）及结构复杂度的关系。（A） 海洋保 

护区（MPA）的鱼密度vs. LCC；（B）MPA的鱼密度vs.结构复杂度；（C） 

非海洋保护区（NPA）的鱼密度vs. LCC；（D） NPA的鱼密度vs.结构复杂 

度；阴影区域表示95%置信区间  
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物侵蚀，最终导致结构坍塌（Braz等，2022）。其他研究 

也表明热白化事件可引起结构复杂度的长期下降（Couch 
等，2017；Eakin等，2019；Bauman等，2022）。渔业产 

量、离岸距离与结构复杂度呈负相关关系（图7B），表明 

人类活动进一步加剧了气候引起的结构复杂度下降。破 

坏性捕捞及陆源输入会通过降低生态系统弹性和破坏生 

态平衡加剧珊瑚礁退化。综上所述，本研究表明，气旋、 

热胁迫及人类活动的协同作用会持续侵蚀珊瑚礁结构， 

造成了涠洲岛的结构复杂度下降。 

4.3 海洋保护区效应 

研究发现，珊瑚白化率和死亡率在MPA显著低于 

NPA（图5A、5B），且MPA的珊瑚恢复速度更快（图4A）。 

MPA比NPA的珊瑚表现出更强的抗干扰能力，可能与人 

为干扰有关。涠洲岛长期受到强烈的人为干扰，包括破 

坏性捕捞、陆源污染和旅游活动（Yu等，2019）。前人研 

究表明，水体富营养化和人类活动引起的海水污染会加 

剧海洋热浪后的珊瑚白化和死亡（Gove等，2023）。本研 

究也证明了富营养化（Chl a）及人类活动对珊瑚群落具有 

显著负面影响（图7A）。生长速度较快的叶片状珊瑚比例 

在MPA高于NPA（图6C），可能是MPA珊瑚恢复较快的原 

因。然而，管理状态的影响相比其他因素较弱（图7），原 

因在于气候因素的影响超过了管理效应。MPA管理可以 

有效减轻局部的人为干扰，但无法应对气候变化或大尺 

度环境变化（Johnson等，2022；Wang X等，2024）。尽 

管如此，本研究结果仍显示珊瑚礁的弹性在MPA强于 

NPA，表明减少局部的人为干扰对于提升生态系统弹性 

仍具有重要意义。 

相对高纬度珊瑚礁的LCC与结构复杂度呈相反的变 

化趋势。虽然LCC在干扰后可快速恢复，但结构复杂度 

在MPA和NPA中均持续下降，未显示恢复迹象（图4）。这 

种相反的变化轨迹与珊瑚形态组成的简化相关，即复杂 

形态的珊瑚（如板状、叶片状和分枝状）向简单的团块状 

珊瑚转变（图6A、6B）。其他研究也认为，珊瑚礁的形态 

简化是珊瑚礁退化的主要表现（Couch等，2017；Bauman 
等，2022）。在涠洲岛，真叶珊瑚（Echinophyllia sp.）、牡 

丹珊瑚（Pavona sp.）和鹿角珊瑚（Acropora sp.）分别是板 

状、叶片状和分枝状珊瑚中覆盖度最高的属（网络版附表 

S2）。虽然这类珊瑚的热敏感性较低（Marshall和Baird， 

2000），但其结构脆弱容易受到物理破坏。此外，幼年珊 

瑚覆盖度的增加可在一定程度上促进LCC的恢复，但由 

于体型较小（<5 cm），对结构复杂度的贡献有限（图7B）。 

最主要的是，2020年大规模白化事件产生的滞后生物效 

应导致了结构复杂度的长期、持续下降，与前人研究一 

致（Neumann，1966；Graham等，2007；Donovan等， 

2021；Braz等，2022）。由于相对高纬度珊瑚的钙化速率 

比热带珊瑚慢（Howe和Marshall，2002），且当前极端气 

候事件频繁出现，未来相对高纬度珊瑚结构复杂度的下 

降会比热带地区更加严重。 

结构复杂度与生物多样性关系更强（Graham和Nash， 

2013；Darling等，2017），是比LCC更稳健的珊瑚礁弹性 

指标。例如，MPA的鱼密度与结构复杂度呈显著正相关 

（图8B），而与LCC的关系不显著（图8A）。NPA的鱼密度 

与结构复杂度之间没有显著关系（图8D），可能是由于人 

为活动的干扰（Rees等，2018；Ford等，2020）。这些结 

果强调了结构复杂度在支持生态系统服务中的关键作用， 

并验证了其作为生态系统弹性指标的有效性。尽管MPA 
能够通过减轻局部人为干扰来增加生态系统弹性，但在 

气候压力与人类活动的双重干扰下，结构复杂度的持续 

下降总体上已降低了珊瑚礁的弹性。因此，虽然LCC在 

干扰后能快速恢复，我们仍亟需采取综合管理策略，以 

同时应对局部压力和全球气候变化下的结构复杂度持续 

下降。 

4.4 结构复杂度的尺度效应 

2020年我们测量的珊瑚礁结构复杂度明显低于2019 
年Wang Y等（2024）的数据（图4B）。虽然热胁迫会引起珊 

瑚白化和死亡，但短时间内不会破坏珊瑚礁结构（Lin
dahl等，2001；Wilson等，2009；Alvarez-Filip等， 

2011b），因此2019–2020年结构复杂度的下降可能是测量 

方法差异引起的。Wang Y等（2024）在50 m的样带上每隔 

10 m测量1 m样线段的结构复杂度，实际上仅获得5 m的 

测量数据。本研究是沿整个50 m样带进行了连续测量， 

获取了完整断面的结构复杂度（图3）。由于结构复杂度值 

通常会随着测量尺度的增大而下降（Storlazzi等，2016）， 

Wang Y等（2024）测量的结构复杂度可能因采样尺度较小 

而偏高。因此，2019–2020年间结构复杂度的变化主要归 

因于测量方法差异，而非真实的生态变化。为进一步证 

实该推论，未来研究应关注不同测量方法引起的结构复 

杂度尺度效应。基于统一的调查方法将有助于提高研究 

结果之间的可比性，并使珊瑚礁结构复杂度的长期动态 

评估更加准确。 

实际上，正是由于上述测量方法效率低，且不同方 

法的结果缺乏可比性，结构复杂度在珊瑚礁调查中常被 

忽视。因此，按生活史分类的珊瑚功能组通常作为珊瑚 

礁恢复的指标（Darling等，2012；Bierwagen等，2018； 

Chong等，2023）。近年来，技术的进步提供了高效且可 

广泛应用的多尺度结构复杂度调查方法，如水下摄影测 

中国科学：地球科学  
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量、航空遥感以及卫星遥感（Storlazzi等，2016；Bachtiar 
等，2019；Asner等，2021），不仅可提升不同结构复杂 

度结果的对比性，也可加深对生态弹性的理解。我们建 

议未来将结构复杂度与其他指标（如珊瑚功能组、幼年珊 

瑚）相结合，共同纳入珊瑚礁生态系统的弹性评估，以改 

进珊瑚礁弹性评估的长期监测体系。 

4.5 局限性 

由于数据的局限性，鱼密度与LCC、结构复杂度的 

关系仅开展了单年（2024年）的分析，可能会影响研究推 

论的稳健性。未来需要进一步开展长期的生态监测，以 

增强该部分研究结论的可信度，并进一步深入理解鱼类 

群落与栖息地特征的动态关系。 

5 结论 

长期以来，LCC一直是评估珊瑚礁健康状况的主要 

指标，但人们忽略了结构复杂度这一关键指标，无法全 

面理解珊瑚礁生态系统弹性。本研究对气候变化和人类 

活动双重干扰下的相对高纬度涠洲岛珊瑚礁开展研究， 

定量分析了2019–2024年珊瑚群落及结构复杂度的动态轨 

迹。结果表明，尽管LCC在干扰后两年内恢复，但结构 

复杂度的持续下降削弱了珊瑚礁的关键生态服务功能。 

MPA的珊瑚白化率和死亡率低于NPA，且恢复速度快于 

NPA。尽管持续下降，MPA的结构复杂度仍具有维持鱼 

类多样性的重要生态功能。将生物、环境及人为干扰指 

标纳入贝叶斯模型和GLM模型，研究结果表明气旋频 

次、DHW和渔业产量为结构复杂度下降的主要驱动因 

子。本研究揭示了相对高纬度珊瑚礁在气候变化和人类 

活动影响下的有限弹性，而构建MPA以减轻人为压力可 

作为增强生态系统弹性的重要措施，为珊瑚礁生态系统 

应对气候变化的综合弹性评估提供重要参考。鉴于结构 

复杂度的生态重要性及持续下降的趋势，我们建议将结 

构复杂度指标纳入珊瑚礁长期监测与管理体系。  

补充材料 补充材料为作者提供的原始数据，作者对其学术 

质量和内容负责，详见网络版（http://earthcn.scichina.com）。 
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珊瑚骨骼荧光记录环境变化的研究进展

江蕾蕾
1
，黄达华

1
，赵佰玲

1
，余克服

1, 2*

(1. 广西大学 广西南海珊瑚礁研究重点实验室，珊瑚礁研究中心，海洋学院，广西 南宁 530004；2. 南方海洋科学与工程广

东省实验室（广州），广东 广州 511458)

摘要：广泛分布于热带海域的块状滨珊瑚作为高分辨率环境变化记录的理想载体，在古气候和古环境

重建领域受到广泛关注。珊瑚骨骼在长波紫外线照射下发出的荧光因对陆地径流、污染物和气候事

件的敏感性，成为揭示与降雨和径流量等相关的多种环境变化信息的又一手段。本文综述了珊瑚骨

骼荧光物质的形成机制、测量方法、在环境重建中的应用以及当前挑战和未来发展方向。总体而言，

珊瑚骨骼中的荧光信号主要来源于以富啡酸为主的陆源输入腐殖酸类物质，以及共生藻类代谢产生

的类腐殖质物质。珊瑚骨骼结构和矿物特性，以及降雨、径流等环境因子的交互作用也会影响珊瑚骨

骼荧光。通过高精度微取样技术与荧光分析方法的结合，科学家们已成功重建了不同时间尺度的陆

地径流、降雨、人类活动等环境变化历史。基于目前国际上的研究进展，本文建议未来研究应探索新

型分析技术，结合多源数据建立更精确的荧光−水文定量模型，并且加强与其他代用指标的交叉验证

以建立高精度、高分辨率的全球珊瑚荧光数据库。

关键词：珊瑚骨骼；荧光条带；陆源富啡酸；陆地径流量；降雨量

中图分类号：                文献标志码：A                文章编号：0253−4193(2025)x−0001−12

 

1　引言

在热带浅海广泛分布的造礁珊瑚（主要是石珊瑚

目）通过与虫黄藻共生构建碳酸钙骨骼。这一生物矿

化过程使其成为记录环境变化的独特载体。块状滨

珊瑚（Porites）因其清晰的年生长纹层（图 1a）、数百年

连续生长能力、优异的物理稳定性以及文石骨骼的

精确年代学特征，被公认为重建热带海洋气候与环境

历史的高分辨率档案
[1−2]

。其骨骼的多种地球化学指

标和生长参数已广泛用于气候环境重建：例如，生长

率
[3]
、 Sr/Ca

[4]
、 U/Ca

[5]
、 Li/Mg

[6]
反映海表温度变化 ；

Ba/Ca 是记录陆地径流的有效指标
[7]
；Cd/Ca 和稀土元

素揭示季风变化
[8−9]

；Sr/Ca 与 δ
18

O 结合得出的海水氧

同位素（δ
18

Oseawater）记录着海水表层盐度信息
[10]

；

δ
13

C 有助于示踪季风和野火变化
[11−12]

；δ
11

B 则是重建

古海水 pH 的有力工具
[13]

。这些指标不仅能够以月–

年尺度记录环境变化，更弥补了传统古气候重建方法

在时间分辨率和空间覆盖上的不足
[14−15]

。

1984 年 ， Isdale
[16]

在澳大利亚大堡礁的块状滨

珊瑚研究中首次发现，骨骼切片在长波紫外线（320–

400 nm）照射下会产生黄–绿荧光带（图 1b），与背景蓝

色荧光形成鲜明对比，且荧光强度与河流径流量显著

相关（图 1c）。后续研究证实，这种由荧光（80%）和磷

光（20%）组成的发光信号
[17]

，特别是黄白色、黄色、
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黄绿色或灰白色荧光带以及蓝色非荧光带，能够非破

坏性地记录降雨、径流等环境信息，分辨率可达季节-
年际尺度

[18−19]
，这为理解历史气候变异提供了独特视

角。作为又一环境代用指标，珊瑚骨骼荧光在记录与

降雨、径流相关的古环境变化方面展现出显著优势：

（1）相较于传统地球化学分析通常所需的复杂前处

理、高成本精密仪器测试以及对样品的损耗，荧光

分析操作简便、成本低廉、耗时短且可以做到无损

分析，允许对同一样本重复测量或进行其他分析。

（2）通过紫外光下目视判读或成像分析荧光，可快速

筛查珊瑚样品，初步获取陆源输入等环境信息
[19]

，操

作便捷性堪比测量生长率。（3）荧光信号主要反映珊

瑚骨骼生长期间摄入并结合的陆源有机物质，是一种

可见的表面光学现象，受珊瑚生长生理过程造成的骨

骼结构扭曲影响远小于线性生长率、钙化率或密度

等参数
[18−19]

，使其能更直接地反映环境驱动因子。

（4）荧光信号对化石珊瑚中常见的、可能导致生长轴

偏移或模糊的成岩作用相对不敏感，使其在评估保存

状况欠佳或生长轴难以精确定位的化石样品时具有

独特价值。即使在整体方解石化程度高达 70% 的情

况下，其荧光信号仍能有效用于古环境重建
[20]

。这种

稳定性主要源于珊瑚骨骼中腐殖酸异常的热稳定性

（分解温度达 200℃），使其经历数十万年成岩作用仍

能保持现代珊瑚种 60%–80% 的含量
[21]

。

因此，凭借其高效无损、操作便捷、抗生长变形

干扰以及对化石样本适应性强等核心优势，珊瑚骨骼

荧光分析已成为古气候与古环境重建领域，尤其是高

分辨率水文气候研究中，获取古降雨、径流信息的一

种快速、可靠且不可替代的强有力工具。本文旨在

系统阐述珊瑚荧光的形成机制、分析技术、环境指示

意义及当前挑战，以期推动珊瑚骨骼高分辨率环境记

录研究，并为全球变化研究提供新思路。 

2　珊瑚骨骼荧光的形成机制

珊瑚骨骼荧光现象的形成机制涉及复杂的生物

地球化学过程与多因素相互作用。珊瑚骨骼中的荧

光信号主要来源于两类有机组分：以富啡酸为主的陆

源输入腐殖酸类物质，以及共生藻类代谢产生的类腐

殖质物质
[22−23]

。这些物质在紫外光或蓝光激发下会

产生特征性荧光（440–480 nm），其强度变化直接反映

了环境中有机物输入的动态变化。此外，海洋细菌产

生的溶解有机物
[24]

、构成珊瑚骨骼碳酸盐矿物中的
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图 1    珊瑚骨骼荧光示意图

Fig. 1    Schematic diagram of coral skeleton fluorescence
(a) 可见光（上半部分）和紫外光（下半部分）扫描下的珊瑚岩芯剖面的数字图像示例。红色横截线代表测量绿色荧光强度的区域，1991 年至

2006 年的峰值为原始数据的年周期。黑框显示的是 1996 年和 1997 年相对荧光强度的放大部分（右图）。在放大图像（红色）上创建了一个较

小的单独横断面，以确定强度的细微波动
[22]

。(b) 紫外光下珊瑚切片的数字增强照片表明荧光线的匹配模式
[20]

。(c) 伯德金河的月流量与对应

的珊瑚骨骼的荧光强度
[16]

(a) Example of digital images of a coral core section under visible light (upper panel) and UV light (lower panel). The red transect lines indicate the regions

where green fluorescence intensity was measured, with peaks from 1991 to 2006 representing annual cycles in the raw data. The black box highlights a magni-

fied view (right panel) of the relative luminescence intensity for 1996 and 1997. A smaller independent transect (red) was created on the zoomed-in image to re-

solve fine-scale intensity fluctuations
[22]

. (b) Digitally enhanced photograph of a coral slab under UV light, demonstrating the matching patterns of luminescent

bands
[20]

. (c) Monthly discharge of the Burdekin River plotted against corresponding coral skeletal fluorescence intensity
[16]
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微量元素、有机物质以及骨骼结构中的孔隙
[25]

均可

能导致珊瑚骨骼发光（图 2）。本节将从荧光有机组

分的来源、骨骼结构和矿物特性的调控，以及环境因

子与生物作用的交互影响三个层面系统阐述珊瑚骨

骼荧光的形成机制。
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图 2    珊瑚荧光形成机制示意图

Fig. 2    Schematic diagram of the formation mechanism of
coral fluorescence

滨珊瑚、X 光片和荧光带素材分别根据 http://heinzkrimmer.com 和

Lough
[26]

改绘

Porites, positive print of X-ray of slice and bright luminescent lines are

from http://heinzkrimmer.com and Lough
[26]

  

2.1    荧光有机组分的来源

腐殖质是生物残体经微生物分解和化学作用形

成的一类结构复杂、无特定化学组成的有机混合物

统称，外观呈黄色至棕色
[27]

。其分子量范围广（几百

至数百万），包含具有荧光特性的不饱和脂肪族和芳

香族化合物等
[28−29]

，广泛存在于陆地和海洋生态系

统。根据溶解性，腐殖物质可分为三类：不溶于碱但

溶于乙酰溴的胡敏素、碱抽提液中可被无机酸沉淀

的胡敏酸、以及酸处理后仍保留在溶液中的富啡

酸。其中，水溶性良好的胡敏酸和富啡酸合称腐殖

酸，是腐殖物质的主要成分。

早期研究明确了珊瑚荧光带的物质基础。Boto
和 Isdale

[30]
发现珊瑚经稀盐酸或热碱（0.1M NaOH）处

理后均呈现腐殖酸特有的宽荧光光谱，并伴有 Fe
3+
诱

导的荧光淬灭和红移现象；结合离子交换实验，证实

其中 90% 的荧光物质为富啡酸。这些陆源腐殖酸主

要经河流径流和地表侵蚀输入海洋，并在迁移过程中

呈现显著浓度梯度：土壤含量（1 310–5 070 μg/g）比河

水高 2–3 个数量级，而河水又比海水高 2–10 倍
[31]

。

珊瑚选择性吸收陆源腐殖酸
[32]

，导致骨骼中形成荧光

带
[24, 31, 33]

，在紫外光激发下产生宽谱荧光并呈现黄绿

色偏移
[22, 23]

。其中，黄–绿色荧光带部位的腐殖酸含

量比蓝色非荧光带部位高 1–3 倍，直接导致了荧光特

征的分异。因此，这类荧光带强度随离岸距离呈指数

衰减
[34]

，至大陆架外缘完全消失
[30]

，并与径流量变化

同步消长
[21, 35]

。沿岸水体腐殖酸含量仅在河海混合

界面显著增加，结合富啡酸在水体中短半衰期（2–
5 天）及随距离指数衰减的特性

[30]
，解释了黄–绿荧光

带严格限于近岸珊瑚的现象。例如，台湾南部珊瑚骨

骼富啡酸的年分辨率荧光光谱分析明确证实了其陆

源属性
[36]

。同样，大堡礁大量珊瑚样本的系统研究也

表明，荧光强度能有效表征大陆物质输入对珊瑚礁的

影响程度
[37]

。因此，珊瑚荧光带可作为量化陆源物质

输入及其对珊瑚礁生态系统潜在胁迫的关键指标。

然而，传统上以陆源腐殖酸为主导的珊瑚荧光带

形成理论面临挑战：Jones 等
[38]

在没有重大河流事件

的情况下观测到异常荧光峰值；同时，远离陆源影响

的珊瑚中也普遍记录着清晰的荧光条带
[21, 31, 39−41]

。

这些现象推动了对荧光带形成机制的重新审视。研

究表明，珊瑚骨骼的蓝色荧光主要源于海洋内源性富

啡酸
[30−31, 42−43]

，尤其在远洋或寡营养海域，其荧光特

性依赖于海洋内源有机物，如共生藻类的代谢产物和

海洋细菌分泌的溶解性有机物
[24, 39]

。尽管虫黄藻光

合作用产生的类腐殖质物质的荧光光谱与陆源富啡

酸相似 （发射峰 420–450  nm），但其更高的碳氮比

（> 15）可通过三维荧光光谱区分
[24]

。此外，内生蓝藻

分泌的黄素类物质以及浮游植物降解产生的类蛋白

成分也被认为可能贡献蓝色荧光
[44]

。Matthews 等
[24]

在泰国普吉岛的研究通过三维荧光光谱技术系统对

比了珊瑚骨骼荧光带、非荧光带组分及周边海水溶

解有机物，发现三者荧光特征高度一致，且均呈现典

型的海洋溶解有机物光谱特征，而非陆源腐殖酸信

号。这表明珊瑚荧光带颜色的差异更可能源于腐殖

酸浓度梯度、pH 波动以及色氨酸等小分子物质的能

量转移-淬灭效应，而非荧光物质种类的根本变化。 

2.2    骨骼结构和矿物特性

珊瑚骨骼的物理结构特性对荧光现象的影响日

益受到关注。研究表明，在远离陆源的远洋环境中，

骨骼密度和孔隙结构的周期性变化可导致显著荧光

差异
[38, 41]

。Barnes 和 Taylor
[25]

发现低密度带（孔隙率

>  30%）的荧光强度比高密度带 （孔隙率 <  15%）高

40%–60%，这主要归因于大孔隙的多重反射效应和特

定波长的优先吸收。基于此，研究者提出了“荧光带”
与“荧光线”的分类体系：前者指与年生长周期相关的

宽带弱荧光，主要受骨骼孔隙结构调控；后者则是与

陆源径流密切相关的窄带强荧光，可作为环境变化的

精确指标。
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珊瑚骨骼的晶体特性同样影响荧光表现。文石

晶体的择优取向形成“光学波导”效应，可使光子传输

效率提高 2–3 倍
[45]

。Prouty 等
[46]

在关岛的研究证实，

晶体排列整齐区域的荧光强度比杂乱区域高出

50%。此外，晶体缺陷为荧光物质提供了高效吸附位

点，导致荧光带内文石晶体表面的富啡酸覆盖率可达

非荧光带的 3–4 倍
[47]

。然而，关于珊瑚微观结构主导

荧光强度变化的观点仍存在争议：Ramseyer 等
[48]

认

为 珊 瑚 荧 光 与 高 孔 隙 度 和 低 碳 酸 钙 密 度 相 关 ；

Lough
[26]

发现滨珊瑚骨骼密度与荧光强度呈正相关；

而 Tanzil 等
[33]

则指出荧光变化与盐度而非骨骼密度

相关。Barnes 和 Taylor
[47]

通过粉末化实验进一步证

明，除孔隙度外，碳酸盐矿物的粒度分布、固结程度

和化学成分同样显著影响荧光特征。这些研究共同

揭示了珊瑚荧光机制的复杂性，强调需要从物理-化
学协同作用的角度进行更深入的理解。 

2.3    环境因子与生物作用的交互影响

近海珊瑚骨骼荧光带作为量化陆源物质输入的

关键指标，其形成受控于影响陆源输入的环境因子。

一方面，强降雨事件通过增加陆源有机物输送显著增

强荧光信号，导致珊瑚荧光强度与河流径流量高度正

相关
[16]

。另一方面，强降雨引发的淡水输入通过改变

盐度影响珊瑚荧光。Lough 等
[37]

研究表明，海水盐度

仅需降低 1–2‰即可触发荧光响应，且荧光强度与盐

度下降程度存在定量关系。然而，盐度对荧光强度的

调控呈现非线性特征：大堡礁近岸珊瑚在盐度 25‰
时，荧光强度较正常盐度（35 ‰）高出 80%

[37]
，而红

海珊瑚在高盐（40‰）环境下的荧光强度则降至背景

值的 50%
[21]

，这与富啡酸溶解−凝聚平衡的转变密切

相关。

此外，大尺度气候模态通过遥相关作用调控珊瑚

荧光特征。厄尔尼诺-南方涛动（El Niño-Southern Os-
cillation, ENSO）通过改变季风强度影响径流输入，导

致大堡礁珊瑚荧光强度在拉尼娜年升高 25%，在厄尔

尼诺年降低 18%
[49−50]

。太平洋年代际震荡 （ Pacific
Decadal Oscillation, PDO）负相位期间（1947—1976 年），

澳大利亚东北部珊瑚荧光呈现每 10 年上升 5% 的长

期趋势
[51]

。需要注意的是，部分珊瑚荧光与河流径流

量无显著关联
[34]

，且季节性洪水未必导致预期荧光带

形成
[46]

。

珊瑚共生生物群落对荧光信号产生显著干扰。

虫黄藻光合作用消耗溶解有机碳，减少富啡酸可利用

量，导致虫黄藻密度与荧光强度呈负相关（r = −0.65）
[52]

。

例如，虫黄藻密度较低的块状珊瑚（1×10
6
 cells/cm

2
）其

荧光强度比密度较高的枝状珊瑚（2×10
5
 cells/cm

2
）高

30%–40%
[1]
。内生蓝藻分泌的类腐殖酸物质会产生

光谱干扰，加勒比海珊瑚经抗生素处理后荧光强度下

降 15%–20%
[44]

。这些生物效应随环境条件动态变

化：水温从 25℃ 升至 30℃ 时，珊瑚对富啡酸的吸收

率从 10 ng/（cm
2
.d）提升至 20 ng/（cm

2
.d），表明高温期

富啡酸积累效率提高 50%
[17]

。

综上，珊瑚骨骼荧光的形成是“有机组分供给-结
构物理调控 -环境生物驱动 ”多过程耦合作用的结

果。值得注意的是，不同海域珊瑚荧光信号的区域差

异主要取决于当地主导的环境压力类型，这种特异性

在利用荧光指标进行环境重建时需要特别关注。 

3　荧光测量方法的技术演进

珊瑚骨骼荧光分析技术的发展历程展现了从单

一到多元的技术演进路径。

早期研究阶段（1980s），Isdale
[16]

开创性地采用长

波紫外灯（365 nm）照射珊瑚切片，通过分光荧光仪检

测特征性宽谱荧光（激发峰 320–340 nm，发射峰 410–
440 nm），首次建立了黄绿荧光带强度与伯德金河径

流量的定量关系（图 1c）。Boto 和 Isdale
[30]

随后改进

光源系统，采用 360 nm 带通滤波汞灯将空间分辨率

提升至毫米级，这一技术突破使 Smith 等
[53]

成功重建

了 1881—1986 年沙克河湾径流量变化，验证了早期

紫外激发技术在水文重建中的可靠性。

技术革新阶段（1990s—2000s）见证了激光诱导

荧光与色谱联用技术的突破性发展。Milne 和 Swart
[43]

开发的氮激光诱导系统（337 nm）实现了半月时间分

辨率和 0.5 mm 空间分辨率，首次捕捉到腐殖酸脉冲

与雨季的滞后响应关系。Nyberg
[54]

进一步开发三波

长多通道检测系统，揭示了降雨驱动的陆源输入与风

力对珊瑚荧光的双重调控机制。Peng 等
[55]

采用 266 nm
固态激光系统，建立了荧光强度与琼海年降雨量的定

量关系模型，并成功重建了与 El Niño 事件相关的降

雨序列。与此同时，色谱分析技术取得重要进展，

Susic 和 Boto
[56]

建立的高效液相色谱 -荧光检测法实

现了纳克级腐殖酸检测。Barnes 等
[57]

的激光诱导击

穿光谱-质谱联用技术实现了微区元素与分子同步成

像。此外，Lough
[58]

采用四级强度分类法，基于主观

视觉评估重建了 17 世纪以来的淡水流量和降雨量变

化，并在此基础上提出采用年度荧光范围（夏季峰值

与冬季最小值之差）作为降雨指标的新方法，显著提

高了降雨重建的精确度。

现代技术整合阶段（2010s 至今）以三维荧光光谱
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和多技术融合为特征。Grove 等
[22]

开发的快速光谱

扫描技术通过蓝绿比（G/B）分离腐殖酸与背景信号，

成功重建了 300 年径流序列
[59]

。Wagner 等
[29]

创新性

地整合尺寸排阻色谱与多检测器联用，为分子量−荧

光关联研究提供新思路。Kaushal 等
[32]

发展的溶液荧

光法实现低于 4 mg 样品的精准定量，其建立的腐殖

酸定量模型将技术应用拓展至陆地碳输入历史研

究
[60−61]

。当前技术体系已形成“三波长校准协议”标
准方法（激发波长 360 nm，发射波长 430 nm、490 nm
和 530 nm）

[62]
，但仍需解决参数定义和数据处理的标

准化问题以提升跨区域研究可比性。这一技术发展

脉络不仅深化了对气候-水文机制的认识，也为环境

变化研究提供了日益精确的分析工具。 

4　珊瑚骨骼荧光在环境重建中的应用
 

4.1    珊瑚骨骼荧光在水文重建中的时空响应机制

珊瑚骨骼荧光作为重建古环境变化的重要指标，

其形成机制与陆源有机质输入密切相关。当洪水发

生时，河流携带大量泥沙和腐殖酸等有机物质进入海

洋，被珊瑚吸收后能显著增强其荧光强度
[16, 42]

；同时，

洪水引发的盐度变化亦会改变荧光特征
[53]

。深入研

究表明，洪水期河流携带的高浓度腐殖酸是珊瑚荧光

信号的核心来源：珊瑚通过摄食和骨骼生长过程将荧

光物质富集于骨骼孔隙结构中，而洪水期间 15%–20%
的骨骼孔隙率增幅进一步强化此过程

[47]
。这种机制

使珊瑚荧光强度峰值与洪水规模、径流脉冲频率及

陆源物质输入量呈显著正相关，成为重建历史洪水事

件的可靠指标。例如，澳大利亚大堡礁 Pandora 礁的

研究显示，1974 年的强洪水事件使珊瑚荧光强度骤

升至年均值的 3 倍，荧光带厚度增加了 53%，直接记

录了陆源有机质的脉冲式输入
[16, 63]

。中国海南岛的

研究也证实，珊瑚荧光强度与降雨量（r = 0.78）、河流

流量（r = 0.74）高度相关，据此重建的水文序列与实测

数据的误差小于 8%
[55]

。这些共同验证了珊瑚骨骼荧

光对极端水文事件的记录能力。

值得注意的是，珊瑚骨骼荧光的空间分布呈现出

清晰的陆源影响梯度。巴布亚新几内亚 Motupore 地

区的研究表明，距河口 2 km 范围内的滨珊瑚显示出

典型的黄-绿荧光带，其强度与月降雨同步变化
[40]

；大

堡礁区域建立的荧光强度（FI, cps）与离岸距离（D,
km）的指数模型（FI = 1 020 × e

−0.04D
）进一步量化了陆

源影响的衰减规律
[37]

。这种空间特征同时受流域环

境调制：热带雨林流域因植被覆盖度高，其对应的珊

瑚荧光带通常呈现连续均匀的特征；而干旱半干旱流

域因悬浮泥沙含量高，则导致珊瑚荧光强度波动更为

显著
[31, 37]

。环境关联分析证实，荧光强度与河流排水

量呈显著正相关、与盐度呈负相关
[64]

，且水深因素影

响有限
[44]

，凸显其作为水文代用指标的系统性。

在时间维度上，珊瑚荧光不仅能记录瞬时洪水

（如 1981—1982 年双峰降雨在台湾南部及海南岛珊

瑚骨骼中均表现为双荧光带
[36, 55, 65]

），还可延伸至世

纪尺度水文重建。澳大利亚大堡礁的荧光强度序列

成功重建了长达 300 年的河流流量
[66−67]

，揭示 20 世

纪澳大利亚东北部降雨变率增强与全球变暖有

关
[50, 58]

。中国南海北部的研究则证实了该方法在区

域水文重建中的普适性
[55, 65]

。时空特征的统一性表

现为：近岸强信号精确记录洪水脉冲事件，远岸弱信

号则反映背景径流变化，二者共同构成完整的水文过

程解码体系。

目前，珊瑚骨骼荧光强度已成功重建大堡礁伯德

金河
[16, 37, 51, 58, 68]

、佛罗里达湾
[53]

和马达加斯加
[23]

等

区域数十年至数百年尺度的历史降雨量和河流流量

（图 3）。此外，由于陆源腐殖酸（陆源溶解有机碳的

关键组分）比海洋来源的荧光有机物更容易结合到珊

瑚文石骨骼中，使得珊瑚荧光成为陆源溶解有机碳的

直接代用指标
[32]

。鉴于陆架海区的陆源溶解有机碳

通常与盐度密切相关
[69]

，珊瑚荧光强度进而具备间接

指示盐度变化的能力
[60]

。这些研究通过时空耦合分

析，不仅奠定了珊瑚荧光在古洪水重建中的科学基

础，更持续推动其在气候-水文相互作用解析，历史水

文重建和未来气候预测中的应用深化。 

4.2    珊瑚骨骼荧光对区域降雨模式与全球气候模态

的响应

珊瑚骨骼荧光特征为重建历史气候提供了独特

视角，能有效反映降雨量在季节性、年际和年代际等

多尺度上的变化
[16, 37, 53, 58, 66−67]

。季风环流的季节性切

换直接控制着陆源有机碳输入，形成特征性珊瑚荧光

信号。在海南岛近岸，夏季风期的珊瑚荧光强度较冬

季显著提高 15%–20%
[55]

，这与万泉河径流量 3–5 倍的

季节性变化直接相关
[47]

。东南亚地区则呈现更复杂

的季节性模式：马来西亚近岸珊瑚荧光 G/B 值在东北

季风期升至 0.9；而 2019 年西南季风减弱导致苏门答

腊泥炭地径流输入滞后 2—3 个月，同期 G/B 值较常

年低 0.3，陆源腐殖酸占比下降
[32, 60]

，反映了季风环流

路径对陆源物质输送的决定性影响
[61]

。此外，加勒比

海 Mona 岛的研究利用三维荧光光谱技术，建立了定

量重建历史降雨量和风速的创新方法
[54]

，成功揭示了

1760—1990 年间飓风活动频率的下降趋势
[71]

。这些
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研究为理解季风−气候−珊瑚系统的相互作用提供了

重要依据。

作为全球年际气候变率的主导因子，ENSO 通过

改变降雨格局和陆源物质输运显著影响珊瑚荧光特

征。这一影响在澳大利亚伯德金河流域得到明确印

证：1931 年强 El Niño 事件导致降雨减少 30%，伴随珊

瑚荧光强度下降 18%；而 1974 年强 La Niña 事件则使

降雨增加 40%，荧光强度骤升至年均值的 3 倍
[16]

。同

样，Keppel 群岛珊瑚 G/B 比值揭示的河流流量峰值记

录中，75% 集中在 La Niña 事件期间
[51]

（图 4）。重要

的是，这种荧光强度的变化与 ENSO 指数及实测河流

流量严格同步，有力证实了珊瑚荧光作为 ENSO 活动

可靠指标的潜力
[49, 63]

。其灵敏度的优越性进一步在

Reed 等
[72]

的研究中得到凸显，他们对大堡礁珊瑚进

行月分辨率分析显示，在捕捉区域水文信号对 EN-
SO 事件的响应方面，珊瑚荧光比海表温度指标更灵

敏，这强化了其在重建气候模态方面的独特优势。

然而，全球不同海域的珊瑚荧光对 ENSO 的响应

存在显著的区域差异。1982—1997 年强 El Niño 事

件期间，海南岛东部降雨显著增加，伴随珊瑚骨骼荧

光强度升高
[55]

。然而在 2015—2016 年强 El Niño 事

件期间，澳大利亚大堡礁南部珊瑚骨骼荧光强度显著

降低 25%，这可能与增强的植被缓冲作用有关
[50]

。这

些鲜明的对比揭示出区域环境特征对珊瑚荧光响应
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图 3    珊瑚骨骼荧光研究的主要区域

Fig. 3    Major coral sampling sites for paleoenvironmental studies using luminescent bands and their luminescent factors
(a) 大堡礁

[19, 37, 51, 70]
；(b) 海南岛

[55]
；(c) 台湾岛

[36]
；(d) 爪哇岛

[40]
，马来半岛

[32−33, 61]
和马来西亚 Sarawak

[60]
；(e) 新几内亚岛

[40]
；(f) 西奈半岛

[21]
；

(g) 阿拉伯半岛
[39]

；(h) 莫纳岛
[54, 57]

；(i) 佛罗里达半岛
[40]

。红色的圆点表示珊瑚样品采集地

(a) Great Barrier Reef
[19, 37, 51, 70]

; (b) Hainan Island
[55]

; (c) Taiwan Island
[36]

; (d) Java Island
[40]

, Malay Peninsula
[32−33, 61]

, Sarawak in Malaysia
[60]

; (e) New Guinea

Island
[40]

; (f) Sinai Peninsula
[21]

; (g) Arabian Peninsula
[39]

; (h) Mona Island
[54, 57]

; (i) Florida Peninsula
[40]

. The red dots indicate the collection sites of corals
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模式的调制作用。这种对区域差异的理解甚至延伸

至更长时间尺度，对大堡礁多个珊瑚荧光序列的综合

分析揭示出，6.0 ka BP 澳大利亚夏季风减弱可能与

ENSO 变率降低有关，而 5.2–4.3 ka BP 期间 ENSO 变

率呈现波动减弱趋势
[19, 73]

。

除年际变率外，年代际气候模态如 PDO 和印度

洋偶极子（Indian Ocean Dipole, IOD）也通过调控水汽

输送对珊瑚荧光产生长期影响。大堡礁南部珊瑚荧

光序列显示，在 PDO 负相位期间（1970 —1990 年），

荧光带厚度增至 1.8 mm，与降雨量增加 12% 完全吻

合
[51]

。交叉小波相干性分析证实了马达加斯加的珊

瑚荧光记录与 PDO 代用记录之间存在关联
[59]

。印度

洋 -太平洋海域的研究表明，当 1988 年 La Niña 事件

与 IOD 正相位叠加时，肯尼亚沿岸珊瑚荧光强度与

降雨异常的相关系数达 0.62；1996 年 IOD 正相位期

间，该区域珊瑚荧光强度较常年高 22%
[74]

。在东南

亚，2010 年 IOD 正相位与 La Niña 事件叠加期间，马

来西亚近岸珊瑚荧光 G/B 值达到 0.95 （近 30 年峰

值 ），直接对应于苏门答腊泥炭地径流输入激增

40%
[32, 60]

。这些发现证实珊瑚荧光是解析跨洋盆年代

际气候联动的有效指标。

古环境重建的应用更延伸至地质历史时期。红

海埃拉特海湾的研究表明，距今 25—10 万年前的珊

瑚荧光带指示当时西奈半岛气候远比现今湿润，为晚

第四纪古环境重建提供了关键证据
[21]

。综合来看，

珊瑚荧光带蕴含着丰富的气候环境信息，能够有效揭

示与入海径流量密切相关的多种古环境变化过程，为

理解区域乃至全球尺度的气候系统演变提供了独特

视角。 

4.3    人类活动在珊瑚骨骼荧光中的响应特征

珊瑚骨骼荧光特征不仅忠实地记录了自然气候

变化，还清晰地反映了人类活动对沿岸生态系统的深

刻干扰。澳大利亚大堡礁地区的农业开发导致珊瑚

骨骼磷含量增加 22%
[68]

，同时伴随荧光强度标准差

从 80 cps 增长至 120 cps 及极端值频率上升 30%，共

同揭示了陆源物质输入的不稳定性加剧的态势
[50]

。

这种人类活动对流域环境的影响具有历史延续性：

1648—2011 年伯德金河流量重建结果显示，高流量

事件频率的阶段性增加与 1851—1900 年欧洲殖民引

发的土地利用方式转型的时间高度吻合
[70, 75]

（图 5）。

工业化以来，工程活动显著改变了流域侵蚀模式

和水文节律，在珊瑚荧光序列中留下了独特印记。例

如，中国台湾南湾 1975 年核电站建设导致土壤侵蚀

模数激增 4 倍，使珊瑚荧光强度与降雨量的相关性从

0.72 提升至 0.93，同时信号地高频波动增加了 35%，

充分体现了流域土地利用变化对径流有机物组成的

显著影响
[36]

。类似地，佛罗里达海湾 1932 年人工排

水工程则使珊瑚荧光年际波动幅度从 ±40% 收窄
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[51]

Fig. 4    Time series of G/B anomalies for the period 1921–2011 at Kappel Islands, southern Great Barrier Reef
[51]

(a) 6 个珊瑚岩芯的月分辨率 G/B 异常。(b) 用于构建复合记录的岩芯数量。(c) 复合 G/B 记录和器测记录的重大洪水事件。彩色虚线代表在

距离河口最近的水文站 Rockhampton 记录到的单次最高洪水事件。不同颜色对应水位高度 (单位：米)。阴影区域对应 La Niña 时期

(a) Monthly G/B anomalies for all six cores. (b) Number of cores used to construct the composite record. (c) Long term G/B composite record, with major flood

events registered by instrumental records. Color dashed lines under the profile denote the highest individual flood events registered at Rockhampton, the nearest

gauging station to the river mouth. Colors refer to gauge height in m. Shaded areas correspond to La Niña periods
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至±15%，导致自然径流周期特征完全消失
[53]

，有力证

明了人类活动对水文系统的重塑作用。马来西亚近

岸珊瑚的研究则发现，受泥炭地火灾影响的站点，其

荧光 G/B 比值与陆源腐殖酸浓度显著相关（R
2
 > 0.40），

为定量追溯工业活动影响提供了新途径
[32]

。此外，新

加坡和澳大利亚的研究表明，协同分析珊瑚 Ba/Ca 比

值与荧光强度可有效区分自然与人为因素对径流的

影响，凸显“荧光-元素”多指标模型在复杂环境下解

耦环境信号的价值
[7, 76−77]

。 

5　珊瑚骨骼荧光研究的挑战与未来
方向

当前珊瑚骨骼荧光研究面临的核心挑战在于分

析方法标准化不足，严重制约了数据可比性。不同研

究团队在紫外波长选择、荧光强度定量等关键环节

存在显著差异，导致跨研究数据难以直接对比。荧光

带颜色表征缺乏统一标准，同一荧光带在不同文献中

被描述为 “黄绿色 ”
[16]

，“黄白色 ”
[53]

或 “灰白色 ”
[24]

等。这种命名混乱源于观测者主观差异、光源类型

变化以及样品保存状态不同等因素。更复杂的是非

陆源荧光物质与陆源富啡酸的光谱重叠问题，如泰国

普吉岛珊瑚研究中发现的“灰白色带”与“黄绿色带”

虽均显示陆源富啡酸特征峰，但腐殖酸浓度差异显

著
[24]

。此外，海洋浮游植物产生的类蛋白荧光也易与

珊瑚荧光带混淆
[32, 39]

。这一发现凸显了荧光源区分

的必要性。

在年代测定方法上，荧光带与密度带的关系仍存

在争议。传统密度带定年法存在 3—8 年的误差
[26]

，

而荧光带能更精确捕捉季节性径流脉冲
[25]

。值得注

意的是，1982 年 El Niño 事件中珊瑚出现“双荧光带”
但仅记录 1 个密度带周期，揭示了两者的本质差异。

荧光带与密度带的空间对应关系也存在不同认识
[16, 21, 40]

。

这种差异源于信息维度的不同：荧光带提供表面二维

信息，密度带反映三维平均信息。为建立可靠年代学

框架，亟需开发能量化骨骼表面孔隙率的专用设备。

样品制备方法的不统一也制约着研究进展。珊

瑚骨骼内的内生藻类等有机物可显著影响荧光特

征
[78−79]

，而不同预处理方法（如次氯酸钠漂白、氨水

处理等）对荧光信号的保留程度差异显著
[31, 34, 44, 80]

。

非破坏性分析技术如激光诱导击穿光谱为研究开辟

了新途径
[57]

，但当前预处理方法的差异性严重影响了

结果的可比性。

关于荧光物质来源的机制研究仍存在关键矛

盾。珊瑚骨骼荧光光谱特征与海水化学常规认知不

符
[28, 81]

，暗示可能存在选择性浓缩腐植酸的独特机

制。虽然大量研究证实河流输入的陆源有机物对荧

光光谱的重要影响
[58, 64]

，但非径流来源的腐殖酸类物

质同样可能产生显著影响。例如，关岛近岸珊瑚的荧

光带与褐藻代谢产物的光谱匹配度高达 89%，表明富

啡酸可通过“藻类→浮游动物→珊瑚”的食物链途径

进行传递
[46]

；而在东太平洋珊瑚荧光带中检测到的甲

基菲等热解有机质，其荧光特征与典型陆源信号存在

明显差异，这些物质很可能源自海底热液活动
[39]

。这

些发现表明当前对海洋有机物融入珊瑚骨骼的具体机

制、存在形式及其对荧光强度影响的认识仍不够全面。

未来研究需在以下方面取得突破：建立标准化的

荧光分析流程和颜色表征体系；开发新型定年方法以

协调荧光带和密度带的关系；制定统一的样品预处理

规范；深入探究荧光物质的本体形成机制。这些工作

的推进将显著提升珊瑚骨骼荧光在古环境重建中的

应用价值，为理解气候变化提供更可靠的科学依据。 

6　总结与展望

在全球气候变化背景下，珊瑚骨骼荧光研究为理

解降雨变率提供了独特视角。作为高分辨率古气候

记录载体，珊瑚荧光带不仅能重建年平均降雨量，还

能捕捉极端水文事件，弥补了传统观测数据在时空覆
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图 5    珊瑚骨骼荧光记录伯德金河流量变化
[75]

Fig. 5    Coral skeletal luminescence records variations in
Burdekin River discharge

[75]

(a) 1648—2011 年重建的伯德金河流量，以 1648–2011 年平均值

为基准的距平值。深蓝色线为 10 年高斯滤波曲线。灰色水平线

分别代表相对于全记录期的第 90 百分位、中位数和第 10 百分

位。（b）不同流量范围及连续子时段内重建的伯德金河流量的频

率分布百分比

(a) Reconstructed Burdekin River flow as anomalies from 1648 to 2011

average, 1648–2011. Dark blue line is 10-year Gaussian filter. Horizontal

grey lines are 90th percentile, median and 10th percentile relative to

whole record length. (b) Percentage frequency distributions of

reconstructed Burdekin. River flows for different flow ranges and

successive subperiods
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盖上的不足。研究表明，珊瑚荧光强度与降雨量、径

流量存在显著相关性，其空间分布特征受离岸距离、

水体交换速率等因素影响，呈现出规律性梯度变化。

例如，马来西亚苏门答腊泥炭地研究显示，当流速超

过 0.5 m/s 时荧光信号衰减达 20%
[60]

，而台湾小琉球

岛不同珊瑚种类对富啡酸的吸附能力差异可达

30%
[36]

，这些发现为采样策略优化提供了重要依据。

未来研究应重点关注三个方向：首先，需结合多

源数据建立更精确的荧光-水文定量模型，特别是针

对不同珊瑚种类和环境条件的校正方法；其次，应加

强珊瑚荧光与其他气候代用指标（如树轮、冰芯等）

的交叉验证，提升重建结果的可靠性；最后，需探索新

型分析技术（如三维荧光光谱）在长时间尺度气候重

建中的应用潜力。随着技术进步和方法完善，珊瑚骨

骼荧光研究将为预测全球变暖背景下的降雨变化、

理解气候系统演变规律提供关键科学支撑。

参考文献：  

 Yu Kefu. Coral reefs in the South China Sea: their response to and records on past environmental changes[J]. Science China Earth Sci-
ences, 2012, 55(8): 1217−1229.

[1]

 余克服. 珊瑚礁科学概论[M]. 北京: 科学出版社, 2018.
Yu Kefu. Introduction to the Science of Coral Reefs[M]. Beijing: Science Press, 2018.

[2]

 陶士臣, 张会领, 余克服, 等. 近 500 年西沙群岛海面温度年际变化的珊瑚记录及其环境意义[J]. 第四纪研究, 2021, 41(2): 411−423.
Tao  Shichen,  Zhang  Huiling,  Yu  Kefu,  et  al. Annual  resolution  sea  surface  temperature  reconstructed  quantitatively  by Porites coral
growth rate in the Xishaqundao Islands during the past five centuries and their environmental significance[J]. Quaternary Sciences, 2021,
41(2): 411−423.

[3]

 Jiang Leilei, Yu Kefu, Tao Shichen, et al. ENSO variability during the Medieval Climate Anomaly as recorded by Porites corals from the
northern South China Sea[J]. Paleoceanography and Paleoclimatology, 2021, 36(4): e2020PA004173.

[4]

 Felis  T,  Suzuki  A,  Kuhnert  H,  et  al. Subtropical  coral  reveals  abrupt  early-twentieth-century  freshening  in  the  western  North  Pacific
Ocean[J]. Geology, 2009, 37(6): 527−530.

[5]

 Chen Xuefei, D'Olivo J P, Wei Gangjian, et al. Anthropogenic ocean warming and acidification recorded by Sr/Ca, Li/Mg, δ
11

B and B/Ca
in Porites coral from the Kimberley region of northwestern Australia[J]. Palaeogeography, Palaeoclimatology, Palaeoecology, 2019, 528:
50−59.

[6]

 Tanzil J T I, Goodkin N F, Sin T M, et al. Multi-colony coral skeletal Ba/Ca from Singapore’s turbid urban reefs: relationship with con-
temporaneous in-situ seawater parameters[J]. Geochimica et Cosmochimica Acta, 2019, 250: 191−208.

[7]

 Sun Yinan,  Jiang Wei,  Yu Kefu,  et  al. High‐resolution coral  records of Cadmium in surface seawater:  biogeochemical  cycling and a
novel proxy for winter monsoon[J]. Geochemistry, Geophysics, Geosystems, 2022, 23(11): e2022GC010600.

[8]

 Jiang Wei, Yu Kefu, Song Yinxian, et al. Annual REE signal of East Asian Winter monsoon in surface seawater in the northern South
China Sea: evidence from a century‐long Porites coral record[J]. Paleoceanography and Paleoclimatology, 2018, 33(2): 168−178.

[9]

 Jiang Leilei,  Yu Kefu,  Tao Shichen,  et  al. Modulation  of  East  Asian  monsoon strength  by  ENSO during  the  warm periods  of  the  late
Holocene: evidence from Porites corals in the northern South China Sea[J]. Global and Planetary Change, 2023, 225: 104136.

[10]

 Han Tao, Yu Kefu, Yan Hongqiang, et al. Links between the coral δ
13

C record of primary productivity variations in the northern South
China Sea and the East Asian Winter monsoon[J]. Geophysical Research Letters, 2019, 46(24): 14586−14594.

[11]

 Li Xiaohua, Wang Xiaowei, Liu Chuanyu, et al. Traces of the 1997 Indonesian wildfires in the marine environment from a network of
coral δ

13
C records[J]. Geophysical Research Letters, 2020, 47(22): e2020GL090383.

[12]

 Chen Xuefei,  Deng Wenfeng, Kang Huiling, et al. A replication study on coral δ
11

B and B/Ca and their variation in modern and fossil
Porites: implications for coral calcifying fluid chemistry and seawater pH changes over the last millennium[J]. Paleoceanography and Pa-
leoclimatology, 2021, 36(10): e2021PA004319.

[13]

 Cole J E, Fairbanks R G, Shen G T. Recent variability in the southern oscillation: isotopic results from a Tarawa Atoll coral[J]. Science,
1993, 260(5115): 1790−1793.

[14]

 Felis T, Pätzold J. Corals as climate archive[M]//Fischer H, Kumke T, Lohmann G, et al. The Climate in Historical Times. Berlin, Heidel-
berg: Springer, 2004: 91−108.

[15]

 Isdale P. Fluorescent bands in massive corals record centuries of coastal rainfall[J]. Nature, 1984, 310(5978): 578−579.[16]
 Wild F J, Jones A C, Tudhope A W. Investigation of luminescent banding in solid coral: the contribution of phosphorescence[J]. Coral
Reefs, 2000, 19(2): 132−140.

[17]

 Lough J M, Barnes D J. Intra-annual timing of density band formation of Porites coral from the central Great Barrier Reef[J]. Journal of
Experimental Marine Biology and Ecology, 1990, 135(1): 35−57.

[18]

 Leonard N D, Welsh K J, Lough J M, et al. Evidence of reduced mid-Holocene ENSO variance on the Great Barrier Reef, Australia[J].
Paleoceanography, 2016, 31(9): 1248−1260.

[19]

 Lough J M, Llewellyn L E, Lewis S E, et al. Evidence for suppressed mid-Holocene northeastern Australian monsoon variability from
coral luminescence[J]. Paleoceanography, 2014, 29(6): 581−594.

[20]

x 期    江蕾蕾等：珊瑚骨骼荧光记录环境变化的研究进展 9

 

预
出
版

1623

https://doi.org/10.1007/s11430-012-4449-5
https://doi.org/10.1007/s11430-012-4449-5
https://doi.org/10.1007/s11430-012-4449-5
https://doi.org/10.11928/j.issn.1001-7410.2021.02.10
https://doi.org/10.11928/j.issn.1001-7410.2021.02.10
https://doi.org/10.1029/2020PA004173
https://doi.org/10.1130/G25581A.1
https://doi.org/10.1016/j.palaeo.2019.04.033
https://doi.org/10.1016/j.gca.2019.01.034
https://doi.org/10.1029/2022GC010600
https://doi.org/10.1002/2017PA003267
https://doi.org/10.1016/j.gloplacha.2023.104136
https://doi.org/10.1029/2019GL085030
https://doi.org/10.1029/2020GL090383
https://doi.org/10.1029/2021PA004319
https://doi.org/10.1029/2021PA004319
https://doi.org/10.1029/2021PA004319
https://doi.org/10.1126/science.260.5115.1790
https://doi.org/10.1038/310578a0
https://doi.org/10.1007/s003380000084
https://doi.org/10.1007/s003380000084
https://doi.org/10.1016/0022-0981(90)90197-K
https://doi.org/10.1016/0022-0981(90)90197-K
https://doi.org/10.1002/2016PA002967
https://doi.org/10.1002/2014PA002630


 Klein R, Loya Y, Gvirtzman G, et al. Seasonal rainfall in the Sinai Desert during the late Quaternary inferred from fluorescent bands in
fossil corals[J]. Nature, 1990, 345(6271): 145−147.

[21]

 Grove C A, Nagtegaal R, Zinke J, et al. River runoff reconstructions from novel spectral luminescence scanning of massive coral skelet-
ons[J]. Coral Reefs, 2010, 29(3): 579−591.

[22]

 Grove C A, Zinke J, Scheufen T, et al. Spatial linkages between coral proxies of terrestrial runoff across a large embayment in Madagas-
car[J]. Biogeosciences, 2012, 9(8): 3063−3081.

[23]

 Matthews B J H, Jones A C, Theodorou N K, et al. Excitation-emission-matrix fluorescence spectroscopy applied to humic acid bands in
coral reefs[J]. Marine Chemistry, 1996, 55(3/4): 317−332.

[24]

 Barnes  D  J,  Taylor  R  B. On  the  nature  and  causes  of  luminescent  lines  and  bands  in  coral  skeletons[J]. Coral  Reefs, 2001, 19(3):
221−230.

[25]

 Lough J M. Climate records from corals[J]. WIREs Climate Change, 2010, 1(3): 318−331.[26]
 Sharma A, Anthal R. Humic substances in aquatic ecosystems: a review[J]. International Journal of Innovative Research in Science, En-
gineering and Technology, 2016, 5(10): 18462−18470.

[27]

 Nagao S, Matsunaga T, Suzuki Y, et al. Characteristics of humic substances in the Kuji River waters as determined by high-performance
size exclusion chromatography with fluorescence detection[J]. Water Research, 2003, 37(17): 4159−4170.

[28]

 Wagner M, Schmidt W, Imhof L, et al. Characterization and quantification of humic substances 2D-Fluorescence by usage of extended
size exclusion chromatography[J]. Water Research, 2016, 93: 98−109.

[29]

 Boto  K,  Isdale  P. Fluorescent  bands  in  massive  corals  result  from  terrestrial  fulvic  acid  inputs  to  nearshore  zone[J]. Nature, 1985,
315(6018): 396−397.

[30]

 Susic M, Boto K, Isdale P. Fluorescent humic acid bands in coral skeletons originate from terrestrial runoff[J]. Marine Chemistry, 1991,
33(1/2): 91−104.

[31]

 Kaushal N, Yang Liudongqing, Tanzil J T I, et al. Sub-annual fluorescence measurements of coral skeleton: relationship between skeletal
luminescence and terrestrial humic-like substances[J]. Coral Reefs, 2020, 39(5): 1257−1272.

[32]

 Tanzil  J  T I,  Lee J N, Brown B E, et  al. Luminescence and density banding patterns in massive Porites corals around the Thai-Malay
Peninsula, Southeast Asia[J]. Limnology and Oceanography, 2016, 61(6): 2003−2026.

[33]

 彭子成, 谢端, 何学贤, 等. 海南岛滨珊瑚的荧光强度与降雨量和径流量的相关性研究[J]. 自然科学进展, 2001, 11(8): 840−844.
Peng Zicheng, Xie Rui, He Xuexian, et al. A study on the correlation between fluorescence intensity of coastal corals in Hainan Island
and rainfall and runoff[J]. Progress in Natural Science, 2001, 11(8): 840−844. (查阅网上资料, 未找到对应的英文翻译, 请确认)

[34]

 Llewellyn L E, Everingham Y L, Lough J M. Pharmacokinetic modelling of multi-decadal luminescence time series in coral skeletons[J].
Geochimica et Cosmochimica Acta, 2012, 83: 263−271.

[35]

 Fang L S,  Chou Y C. Concentration of  fulvic acid in the growth bands of  hermatypic corals  in relation to local  precipitation[J]. Coral
Reefs, 1992, 11(4): 187−191.

[36]

 Lough J, Barnes D, McAllister F. Luminescent lines in corals from the Great Barrier Reef provide spatial and temporal records of reefs
affected by land runoff[J]. Coral Reefs, 2002, 21(4): 333−343.

[37]

 Jones P D, Briffa K R, Osborn T J, et al. High-resolution palaeoclimatology of the last millennium: a review of current status and future
prospects[J]. The Holocene, 2009, 19(1): 3−49.

[38]

 Tudhope A W, Lea D W, Shimmield G B, et al. Monsoon climate and Arabian Sea coastal upwelling recorded in massive corals from
southern Oman[J]. Palaios, 1996, 11(4): 347−361.

[39]

 Scoffin  T  P,  Tudhope  A  W,  Brown  B  E. Fluorescent  and  skeletal  density  banding  in Porites  lutea from  Papua  New  Guinea  and
Indonesia[J]. Coral Reefs, 1989, 7(4): 169−178.

[40]

 Smithers S G, Woodroffe C D. Coral microatolls and 20th century sea level in the eastern Indian Ocean[J]. Earth and Planetary Science
Letters, 2001, 191(1/2): 173−184.

[41]

 Willey  J  D. The  effect  of  seawater  magnesium  on  natural  fluorescence  during  estuarine  mixing,  and  implications  for  tracer
applications[J]. Marine Chemistry, 1984, 15(1): 19−45.

[42]

 Milne P J, Swart P K. Fiber-optic-based sensing of banded luminescence in corals[J]. Applied Spectroscopy, 1994, 48(10): 1282−1284.[43]
 Carricart-Ganivet  J  P,  Lough J  M,  Barnes  D J. Growth and luminescence  characteristics  in  skeletons  of  massive Porites from a  depth
gradient in the central Great Barrier Reef[J]. Journal of Experimental Marine Biology and Ecology, 2007, 351(1/2): 27−36.

[44]

 MacRae C M, Wilson N C. Luminescence database I-Minerals and materials[J]. Microscopy and Microanalysis, 2008, 14(2): 184−204.[45]
 Prouty N G, Storlazzi C D, McCutcheon A L, et al. Historic impact of watershed change and sedimentation to reefs along west-central
Guam[J]. Coral Reefs, 2014, 33(3): 733−749.

[46]

 Barnes  D  J,  Taylor  R  B. On  the  nature  and  causes  of  luminescent  lines  and  bands  in  coral  skeletons:  II.  Contribution  of  skeletal
crystals[J]. Journal of Experimental Marine Biology and Ecology, 2005, 322(2): 135−142.

[47]

 Ramseyer K, Miano T M, D’Orazio V, et al. Nature and origin of organic matter in carbonates from speleothems, marine cements and
coral skeletons[J]. Organic Geochemistry, 1997, 26(5/6): 361−378.

[48]

 Hendy E J, Gagan M K, Lough J M. Chronological control of coral records using luminescent lines and evidence for non-stationary EN-[49]

10 海洋学报    47 卷

 

预
出
版

1624

https://doi.org/10.1038/345145a0
https://doi.org/10.1007/s00338-010-0629-y
https://doi.org/10.5194/bg-9-3063-2012
https://doi.org/10.1007/PL00006958
https://doi.org/10.1002/wcc.39
https://doi.org/10.1016/S0043-1354(03)00377-4
https://doi.org/10.1016/j.watres.2016.01.050
https://doi.org/10.1038/315396a0
https://doi.org/10.1007/s00338-020-01959-x
https://doi.org/10.1002/lno.10350
https://doi.org/10.1016/j.gca.2011.12.028
https://doi.org/10.1007/BF00301991
https://doi.org/10.1007/BF00301991
https://doi.org/10.1007/s00338-002-0253-6
https://doi.org/10.1177/0959683608098952
https://doi.org/10.2307/3515245
https://doi.org/10.1007/BF00301595
https://doi.org/10.1016/0304-4203(84)90036-7
https://doi.org/10.1366/0003702944027453
https://doi.org/10.1017/S143192760808029X
https://doi.org/10.1007/s00338-014-1166-x
https://doi.org/10.1016/j.jembe.2005.02.008


SO teleconnections in northeast Australia[J]. The Holocene, 2003, 13(2): 187−199.
 Lough J M. Great Barrier Reef coral luminescence reveals rainfall variability over northeastern Australia since the 17th century[J]. Pa-
leoceanography, 2011, 26(2): PA2201.

[50]

 Rodriguez-Ramirez A,  Grove C A,  Zinke J,  et  al. Coral  luminescence identifies  the Pacific  Decadal  Oscillation as  a  primary driver  of
river runoff variability impacting the southern Great Barrier Reef[J]. PLoS One, 2014, 9(1): e84305.

[51]

 李淑, 余克服, 施祺, 等. 南海北部珊瑚共生虫黄藻密度的种间与空间差异及其对珊瑚礁白化的影响[J]. 科学通报, 2007, 52(22):
2655−2662.
Li  Shu,  Yu Kefu,  Shi  Qi,  et  al.  Interspecies  and spatial  diversity  in  the  symbiotic  zooxanthellae  density  in  corals  from northern South
China Sea and its relationship to coral reef bleaching[J]. Chinese Science Bulletin, 2008, 53(2): 295−303.

[52]

 Smith III T J, Hudson H J, Robblee M B, et al. Freshwater flow from the Everglades to Florida Bay: a historical reconstruction based on
fluorescent banding in the coral Solenastrea bournoni[J]. Bulletin of Marine Science, 1989, 44(1): 274−282.

[53]

 Nyberg  J. Luminescence  intensity  in  coral  skeletons  from  Mona  Island  in  the  Caribbean  Sea  and  its  Link  to  precipitation  and  wind
speed[J]. Philosophical  Transactions  of  the  Royal  Society  A:  Mathematical,  Physical  and  Engineering  Sciences, 2002, 360(1793):
749−766.

[54]

 Peng Zicheng, He Xuexian, Zhang Zhaofeng, et al. Correlation of coral fluorescence with nearshore rainfall and runoff in Hainan Island,
South China Sea[J]. Progress in Natural Science, 2002, 12(1): 41−44.

[55]

 Susic M, Boto K G. High-performance liquid chromatographic determination of humic acid in environmental samples at the nanogram
level using fluorescence detection[J]. Journal of Chromatography A, 1989, 482(1): 175−187.

[56]

 Barnes D J, Taylor R B, Lough J M. Measurement of luminescence in coral skeletons[J]. Journal of Experimental Marine Biology and
Ecology, 2003, 295(1): 91−106.

[57]

 Lough J M. Tropical river flow and rainfall reconstructions from coral luminescence: Great Barrier Reef, Australia[J]. Paleoceanography,
2007, 22(2): PA2218.

[58]

 Grove C A, Zinke J, Peeters F, et al. Madagascar corals reveal a multidecadal signature of rainfall and river runoff since 1708[J]. Climate
of the Past, 2013, 9(2): 641−656.

[59]

 Kaushal  N,  Sanwlani  N,  Tanzil  J  T I,  et  al. Coral  skeletal  luminescence records  changes  in  terrestrial  chromophoric  dissolved organic
matter in tropical coastal waters[J]. Geophysical Research Letters, 2021, 48(8): e2020GL092130.

[60]

 Kaushal N, Tanzil J T I, Zhou Yongli, et al. Environmental calibration of coral luminescence as a proxy for terrigenous dissolved organic
carbon concentration in tropical coastal oceans[J]. Geochemistry, Geophysics, Geosystems, 2022, 23(10): e2022GC010529.

[61]

 Coble P G.  Marine bacteria  as  a  source of  dissolved fluorescence in the ocean[D].  Cambridge:  Massachusetts  Institute  of  Technology,
1989.

[62]

 Sinclair D J, McCulloch M T. Corals record low mobile barium concentrations in the Burdekin River during the 1974 flood: evidence for
limited Ba supply to rivers?[J] Palaeogeography, Palaeoclimatology, Palaeoecology, 2004, 214(1/2): 155−174.

[63]

 Jupiter S, Roff G, Marion G, et al. Linkages between coral assemblages and coral proxies of terrestrial exposure along a cross-shelf gradi-
ent on the southern Great Barrier Reef[J]. Coral Reefs, 2008, 27(4): 887−903.

[64]

 贺剑峰, 彭子成, 何学贤, 等. 珊瑚荧光的古降水记录[J]. 海洋地质与第四纪地质, 2001, 21(2): 63−68.
He Jianfeng, Peng Zicheng, He Xuexian, et al. Paleo-precipitation records of fluorescent bands of coral[J]. Marine Geology & Quatern-
ary Geology, 2001, 21(2): 63−68.

[65]

 Isdale P, Kotwicki V. Lake Eyre and the Great Barrier Reef: a paleohydrological ENSO (El Nino/ Southern Oscillation) connection[J].
South Australian Geographical Journal, 1987, 87: 44−55.

[66]

 Kotwicki  V,  Isdale  P. Hydrology  of  lake  Eyre,  Australia:  El  Niño  link[J]. Palaeogeography,  Palaeoclimatology,  Palaeoecology, 1991,
84(1/4): 87−98.

[67]

 Isdale P J,  Stewart B J,  Tickle K S, et al. Palaeohydrological variation in a tropical river catchment: a reconstruction using fluorescent
bands in corals of the Great Barrier Reef, Australia[J]. The Holocene, 1998, 8(1): 1−8.

[68]

 Carr N, Davis C E, Blackbird S, et al. Seasonal and spatial variability in the optical characteristics of DOM in a temperate shelf sea[J].
Progress in Oceanography, 2019, 177: 101929.

[69]

 D'Olivo J P, McCulloch M. Impact of European settlement and land use changes on Great Barrier Reef river catchments reconstructed
from long-term coral Ba/Ca records[J]. Science of the Total Environment, 2022, 830: 154461.

[70]

 Nyberg J,  Malmgren B A, Winter  A,  et  al. Low Atlantic  hurricane activity in the 1970s and 1980s compared to the past  270 years[J].
Nature, 2007, 447(7145): 698−701.

[71]

 Reed E V, Cole J E, Lough J M, et al. Linking climate variability and growth in coral skeletal records from the Great Barrier Reef[J]. Cor-
al Reefs, 2019, 38(1): 29−43.

[72]

 D’Arrigo R, Baker P, Palmer J, et al. Experimental reconstruction of monsoon drought variability for Australasia using tree rings and cor-
als[J]. Geophysical Research Letters, 2008, 35(12): L12709.

[73]

 Kayanne H, Iijima H, Nakamura N, et al. Indian Ocean Dipole index recorded in Kenyan coral annual density bands[J]. Geophysical Re-
search Letters, 2006, 33(19): L19709.

[74]

x 期    江蕾蕾等：珊瑚骨骼荧光记录环境变化的研究进展 11

 

预
出
版

1625

https://doi.org/10.1191/0959683603hl606rp
https://doi.org/10.1371/journal.pone.0084305
https://doi.org/10.1098/rsta.2001.0963
https://doi.org/10.1016/S0021-9673(01)93218-2
https://doi.org/10.1016/S0022-0981(03)00274-0
https://doi.org/10.1016/S0022-0981(03)00274-0
https://doi.org/10.5194/cp-9-641-2013
https://doi.org/10.5194/cp-9-641-2013
https://doi.org/10.1029/2020GL092130
https://doi.org/10.1029/2022GC010529
https://doi.org/10.1007/s00338-008-0422-3
https://doi.org/10.1191/095968398670905088
https://doi.org/10.1016/j.pocean.2018.02.025
https://doi.org/10.1016/j.scitotenv.2022.154461
https://doi.org/10.1038/nature05895
https://doi.org/10.1007/s00338-018-01755-8
https://doi.org/10.1007/s00338-018-01755-8


 Lough  J  M,  Lewis  S  E,  Cantin  N  E. Freshwater  impacts  in  the  central  Great  Barrier  Reef:  1648-2011[J]. Coral  Reefs, 2015, 34(3):
739−751.

[75]

 Tanzil J T I, Goodkin N F, Sin T M, et al. Multi-colony coral skeletal Ba/Ca from Singapore's turbid urban reefs: relationship with con-
temporaneous in-situ seawater parameters[J]. Geochimica et Cosmochimica Acta, 2019, 250: 191−208. (查阅网上资料, 本条文献与第

7 条文献重复, 请确认)

[76]

 Lewis S E, Lough J M, Cantin N E, et al. A critical evaluation of coral Ba/Ca, Mn/Ca and Y/Ca ratios as indicators of terrestrial input:
new data from the Great Barrier Reef, Australia[J]. Geochimica et Cosmochimica Acta, 2018, 237: 131−154.

[77]

 DiSalvo L H. Isolation of  bacteria  from the  corallum of Porites  lobata (Vaughn)  and its  possible  significance[J]. American Zoologist,
1969, 9(3): 735−740.

[78]

 Bak R P M, Lanne R W P M. Annual black bands in skeletons of reef corals (Scleractinia)[J]. Marine Ecology Progress Series, 1987, 38:
169−175.

[79]

 Nagtegaal R, Grove C A, Kasper S, et al. Spectral luminescence and geochemistry of coral aragonite: effects of whole-core treatment[J].
Chemical Geology, 2012, 318-319: 6-15.

[80]

 Hudson N,  Baker  A,  Reynolds D. Fluorescence analysis  of  dissolved organic  matter  in  natural,  waste  and polluted waters-a  review[J].
River Research and Applications, 2007, 23(6): 631−649.

[81]

Research progress on coral skeleton fluorescence as an indicator of
environmental changes

Jiang Leilei
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(1. Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Coral Reef Research Center of China, School of Marine Sci-
ences, Guangxi  University, Nanning 530004, China; 2. Southern  Marine  Science  and  Engineering  Guangdong  Laboratory, Guangzhou
511458, China)

Abstract: Massive Porites corals, widely inhabiting in tropical oceans, are considered ideal archives for high-resol-
ution environmental records and have garnered significant attention in the fields of paleoclimate and paleoenviron-
mental reconstruction. The fluorescence emitted by coral skeletons under long-wave ultraviolet (UV) light, due to
its sensitivity to terrestrial runoff, pollutants, and climatic events, has emerged as an another tool for revealing vari-
ous environmental changes related to rainfall, river discharge, and other factors. This review synthesizes the forma-
tion mechanisms of fluorescent substances in coral skeletons, measurement techniques, applications in environment-
al  reconstruction,  as  well  as  current  challenges  and  future  research  directions.  Overall,  the  fluorescent  signals  in
coral skeletons primarily originate from terrestrially derived organic matter dominated by fulvic acids and humic-
like substances produced by symbiotic algal metabolism. Additionally, coral skeletal structure, mineral properties,
and  interactions  with  environmental  factors  such  as  rainfall  and  runoff  influence  fluorescence  characteristics.  By
combining high-precision micro-sampling techniques with fluorescence analysis, scientists have successfully recon-
structed environmental histories of terrestrial runoff, precipitation, and human activities across different timescales.
Based on current international research progress, this paper suggests that future studies should explore novel analyt-
ical  techniques,  develop more accurate  fluorescence-hydrological  quantitative  models  by integrating multi-source
data, and strengthen cross-validation with other proxy indicators to establish a high-precision, high-resolution glob-
al coral fluorescence database.

Key words: coral skeleton；fluorescent bands；terrestrial fulvic acid；runoff；precipitation
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引言

研究生教育肩负着高层次人才培养和创新创造

的重要使命，是推动国家重点领域和紧缺人才培养、

提升经济社会发展能力的关键环节。珊瑚礁是地球

上生物多样性最丰富、资源最富集的生态系统之一。

我国南海分布着 200 多座珊瑚礁，它们既是南海最

重要的地质、地貌和生态特征之一，也是我国南海

唯一的陆地国土类型。随着国家对珊瑚礁的重视程

度的不断提升，依托广西南海珊瑚礁研究重点实验

室，广西大学海洋学院于 2017 年在全国率先开设

了具有“珊瑚礁”特色的研究生课程。该课程由长

江学者特聘教授余克服领衔建设，是海洋科学专业

研究生的一门专业必修课程，广西大学海洋学院则

是目前国内唯一开设该类课程的学院，形成了独特

的培养优势。

教学团队初期从科学研究的角度出发，着重构

珊瑚礁领域研究生课程教学模式创新探索
左秀玲，梁甲元，余克服 *，苏宏飞，梁作栋

（广西大学 海洋学院，广西　南宁　530004）

【摘要】该文旨在培养拥有深厚专业知识、独立研究能力、创新精神和爱国主义情怀综合素质的珊瑚礁

领域高素质人才，率先在全国开设珊瑚礁领域研究生课程。通过探索交叉学科引领、深化前沿、科教融合、

研究性教学模式等系列举措，深化研究生对珊瑚礁领域知识体系的理解，提升其分析及解决问题的能力。

通过构建珊瑚礁理论与实践融合教学方法，弥补了课堂教学缺乏真实性与体验感的缺陷，培养其科学思

维和思辨能力。通过实施爱国主义课程思政，牢筑研究生家国情怀，达到专业知识与爱国主义教育共同

传授的育人效果。

【关键词】珊瑚礁；交叉学科；科教融合；研究性教学；爱国主义课程思政

中图分类号：G642　　　　　　文献标识码：A

Innovative Exploration of Teaching Mode 
for Postgraduate Courses in the Field of Coral Reefs

Zuo Xiuling, Liang Jiayuan, Yu Kefu*, Su Hongfei, Liang Zuodong
(School of Marine Sciences, Guangxi University, Guangxi Nanning 530004, China)

【Abstract】This article aims to cultivate high-quality talents in the field of coral reefs who possess profound 
professional knowledge, independent research capabilities, innovative spirit, and a sense of patriotism. It has 
been the first program in the nation to offer graduate-level courses in the coral reef field. By implementing a 
series of measures such as interdisciplinary guidance, in-depth exploration of frontiers, integration of science and 
education, and research-based teaching models, it has deepened graduate students’ understanding of the knowledge 
system in the coral reef field and enhanced their ability to analyze and solve problems. Through the construction 
of integrated teaching methods that combine coral reef theory with practice, it has compensated for the lack of 
reality and experientiality in classroom teaching, fostering students’ scientific thinking and critical reasoning 
abilities. Through the implementation of patriotic ideological and political education in courses, it strengthens 
postgraduates’ sense of national and family commitment, achieving the educational goal of concurrently imparting 
professional knowledge and patriotic education.
【Keywords】coral reefs; interdisciplinarity; integration of science and education; research-oriented teaching; 
patriotic ideological and political education in courses
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建了系统的教学课件，以为国家开发、利用南海岛

礁培养专业人才为核心目标。然而，单一科学研究

角度构建的教学课件面临以下问题：一方面，课程

内容存在前沿性和交叉性不足、科研与教学的融合

不够紧密的问题，导致研究生难以灵活运用所学知

识分析和解决珊瑚礁学科问题；另一方面，课程在

思想政治教育方面关注不足，未能充分融入意识形

态教育与引导，致使学生的家国情怀、生态环境保

护意识以及南海主权意识融入不足，难以全面满足

珊瑚礁领域高层次人才对思政素养的要求。因此，

积极改革珊瑚礁领域研究生课程教学模式，提升学

生探索解决珊瑚礁学科的科学思维、研究能力和创

新能力等问题，培养研究生爱国情怀，以适应南海

岛礁开发、利用的国家需求，对促进我国珊瑚礁领

域紧缺高层次人才的培养具有重要意义。

针对当前珊瑚礁领域研究生培养中存在的“课

程内容前沿性、交叉性不足”“科研与教学融合不

够紧密”及“生态环境保护意识和南海主权意识及

家国情怀薄弱”等问题，拟通过创新课程教学模式，

系统推进以下改革措施。首先，通过构建交叉学科

引领机制、系统引入前沿知识、深化科研与教学融

合、创新研究性教学、强化理论与实践结合，全面

提升研究生科学思维、研究能力和创新能力。其次，

坚持把爱国主义精神贯穿于研究生课程教学全过

程，通过强化生态环境保护意识、南海主权意识，

培养学生的家国情怀和责任感。通过以上系统性改

革措施，致力于培养既能满足科研与实际发展需求，

又具有强烈家国情怀和社会责任感的高层次珊瑚礁

领域人才。课程创新改革的具体内容包括交叉学科

引领、深化前沿、科教融合、研究性教学模式、理

论与实践融合、爱国主义课程思政六个方面（图1）。

图 1　珊瑚礁领域研究生课程教学改革模式

一、多学科交叉与科教协同驱动的珊瑚礁课程

体系重构

传统海洋科学知识传授中，普遍缺乏岛礁系统

科学知识传授与研究，学生不具备探索解决珊瑚礁

学科的科学思维、研究能力和创新能力。同时，珊

瑚礁领域研究生课程内容存在前沿性和交叉性不

足、教学方法单一的问题，也极大地阻碍了学生科

研能力的培养与提升。基于当前现状，首先，需要

积极开展珊瑚礁课程培养模式的改革与创新。其次，

需要创新课程教学模式，提升课堂兴趣，激发研究

生学习热情。再次，通过将科研案例库引入教学内

容，实现基础理论和科研实践的相互衔接。最后，

通过师生双主体教学模式，促进教研融合，实现“教

学相长”的良性循环。

（一）交叉学科引领

本课程使用的教材是团队主编的《珊瑚礁科学

概论》。该书汇集了珊瑚礁领域最新的科学研究成

果，并系统融入了长江学者特聘教授余克服团队教

师的科研成果，是我国迄今唯一的一部关于珊瑚礁

的综合性教材。依据教材与学时安排，教学内容整

合为 10 个专题：包括南海珊瑚礁对全球变化的响

应与适应、珊瑚礁概述、珊瑚礁形成演化与地貌、

珊瑚礁生态系统及其生物多样性、珊瑚礁保护管理、

珊瑚礁区碳氮循环与海洋环境、珊瑚礁对海洋环境

变化的记录、微环礁与全新世珊瑚礁环境记录、冷

水珊瑚礁、珊瑚礁地下水、珊瑚礁监测技术。通过

系统介绍珊瑚礁的基本科学原理与交叉学科最新研

究成果，为研究生提供深入了解珊瑚礁生态系统及

其变化的科学框架。

（二）深化前沿、科教融合

团队成员教学科研能力突出。近五年内，共主

持科研项目 ( 含 2 项国家自然科学基金重点项目 )

和省部级科研项目 17 项，累计科研经费 6370 万

元；发表有关珊瑚礁的学术论文 197 篇，其中 SCI
论文 149 篇。依托上述项目成果，团队将取得的最

新科研成果构建论文研究型和工程型教学案例库 23

个，并以理论和实践相结合的方式将相关案例贯穿

于课程教学中，从而为探索更优化的珊瑚礁领域高

层次人才教学模式提供有力支撑。比如，在“珊瑚

的繁殖”一节，引入团队最新揭示的丛生盔形珊瑚

Galaxea fascicularis 从排卵、受精到形成幼体的全

过程生活史；在“珊瑚礁白化”内容中，讲述团队

基于遥感海水温度数据分析得到南海珊瑚热白化年

及 El Niño 等驱动事件。在“珊瑚礁生态修复”内

容中，融合南海不同纬度滨珊瑚对高温响应的差异

性及其机制的研究成果，以及团队在广西涠洲岛珊

瑚礁的生态修复效果，为珊瑚礁生态修复实践提供
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启示性指导。

（三）创新课程教学模式

综合运用讨论式、案例式、项目式等多种研究

性教学方法，将教师的科研思维、方法、过程和成

果有机融入授课内容，全面提升学生的科学思维和

研究、创新能力。以讨论式教学为例，教师在课前

精心设计问题，并在课堂上通过师生共同研讨和分

析这些问题，科学地引导学生进行深入思考。比如，

以小组形式在珊瑚礁生态系统课程上讨论珊瑚白化

的成因与解决方案，每组围绕气候变化、人类活动、

现有保护措施、创新性解决方案中的一个讨论问题

进行深入探讨，每组选出代表向全班汇报讨论结果。

基于讨论式教学方法，学生不仅能够深入理解珊瑚

礁白化这一复杂问题，还能在讨论中培养科学思维

和实践能力，为未来的科研和社会贡献打下坚实基

础。该课程还鼓励学生组成跨学科的小组，来自环

境科学、海洋科学、遥感等不同学科背景的研究生

将互相合作，从多维度、多角度方面共同探讨和解

决珊瑚礁领域问题。

二、做好实践教学

广西大学海洋学院已建成 5 个集教学、科研与

社会服务于一体的校内人才培养平台：广西南海珊

瑚礁研究重点实验室（省部级重点实验室）、广西

大学海洋科教馆（广西海洋科普与意识教育基地）、

涠洲岛珊瑚馆（首批广西海洋科普与意识教育基

地）、海洋学院岛礁生态修复实验室、广西大学

SSI- 潜水中心。

依托这些平台和基地开展与课程内容相符合的

实践活动，将理论与实践相结合，使学生能够在课

内了解珊瑚礁科学考察实践与特色的实验，弥补课

堂教学缺乏真实性与体验感的缺陷，培养学生的科

学思维和思辨能力。比如，海洋学院岛礁生态修复

实验室为 100 多平方米，建设 28 套珊瑚室内养殖

系统，培育珊瑚 800 余株，并有 18 套珊瑚礁生态

模拟实验缸，正在开展珊瑚对温度适应、营养盐、

环境污染物胁迫的响应机制等方面的研究。在教学

过程中安排学生至实验室考察，认识不同类别的珊

瑚，掌握其肉眼鉴定特征，培养学生对于珊瑚的鉴

定识别能力。同时，向研究生介绍珊瑚养殖实验室

的研究性工作，激发学生的求知欲、探索欲和珊瑚

礁保护意识。此外，基于课程实践教学，引导学生

积极参与导师课题，研究实施方案，并参加潜水与

珊瑚礁科学考察，做好学用并重、教研融合创新能

力培养的教学改革。

三、推行爱国主义课程思政

南海星罗棋布的珊瑚礁事关我国海洋领土完

整、主权行使与资源安全，故珊瑚礁课程思政尤为

关键。深度挖掘我国开发南海珊瑚礁开发史、南海

岛礁保卫史、南海岛礁建设史等典型案例，并融入

相匹配的课程教学内容中，把价值理念贯穿在教育

教学的全过程，以引领学生胸怀远大理想，厚植家

国情怀，激发学习热情。具体实施方法如下。

（一）强化课程思政育人理念

在教学设计中，充分挖掘我国开发南海珊瑚礁

的历史、南海岛礁保卫史、南海岛礁建设史等典型

事件，形成课程思政教学案例库，以激发学生的爱

国主义情怀。例如，珊瑚礁的自然地理证据表明，

我国自汉代以来就对南海诸岛进行了不同程度的探

测，这是我国拥有南海诸岛主权的重要证据。自 20

世纪 70 年代以来，为捍卫南海珊瑚岛礁主权，我

国军民在南海进行了一系列艰苦卓绝的斗争，涌现

出许多可歌可泣的英雄事迹，如 1974 年西沙群岛

保卫战、1988 年南沙群岛赤瓜礁保卫战、2012 年

的黄岩岛事件等。近年来，南海岛礁建设成效显著，

英雄礁赤瓜礁已从曾经的海上高脚屋变成如今的战

略岛礁，渚碧礁堡也变为小岛。这些课程思政案例

不仅提升了课堂兴趣，而且有助于学生深入认识课

程价值，并激发了学生投身于珊瑚礁事业的爱国

情感。

（二）发挥课堂与实践的思政引领作用

授课教师通过明确任务目标，将教学内容划分

为不同的任务点，然后根据不同任务点的特点，在

线上和线下课堂中融入多项思想政治元素，实现专

业知识与思想政治教育同向同行育。课后思政延伸

部分以学生自主学习以及交流为主，教师引导为辅

的原则，使学生在自主学习与交流过程中，自觉加

强思想道德建设。实验室实践思政部分将思政蕴含

在教学实践中，通过实验室的实践部分进一步提升

研究生教学质量和培养学生爱国精神及勇于开拓创

新的科研理想。

四、课程考核教学改革

本课程采用全过程、开放式、多样化的评价考

核方式，注重学生综合素质的培养与能力的全面评

估。成绩评定的核心在于知识与能力的综合评价，

特别强调平时学习考核、小组讨论表现、课后思考

题的独立思考和逻辑分析能力、自主学习能力等方
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面。此外，课程期末采用撰写学位论文方式进行考

核，要求基于各自的科研方向对教师给定主题进行

深入探讨。学生需要综合运用所学的研究方法，从

多角度分析研究问题，并基于分析得出合理观点。

此外，课程鼓励学生将他们的研究成果投稿到国际

期刊或者学术会议。通过这一形式，引导学生综合

运用理论知识，提升其分析问题、解决问题的科研

能力，培养其独立思考与学术研究的综合能力。

结语

针对珊瑚礁领域研究生课程教学存在“课程内

容前沿性、交叉性不足”“科研与教学融合不够紧密”

以及“生态环境保护意识、南海主权意识薄弱、家

国情怀欠缺”等问题，本研究从创新研究生课程教

学方式方法入手，打破理论与实践教学壁垒，开展

系统性教学改革与创新。通过构建交叉学科引领机

制、系统引入前沿知识、深化科研与教学融合、创

新研究性教学模式等系列举措，深化研究生对珊瑚

礁领域知识体系的理解，提升其分析及解决问题的

能力。依托多平台实践教学，弥补课堂教学缺乏真

实性与体验感的缺陷，进一步培养学生的科学思维

和思辨能力。同时，将我国开发南海珊瑚礁的保卫

与建设史等典型事件融入研究生课程理论与实践教

学中，通过爱国主义课程思政，强化理想信念教育

核心地位，牢筑研究生家国情怀与艰苦奋斗的精神。

通过以上系统性改革举措，培养出了既能满足科研

与实际发展需求，又具有强烈家国情怀和社会责任

感的高层次珊瑚礁领域人才。
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