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GRAPHICAL ABSTRACT

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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ABSTRACT

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,
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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, 202.3), 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°64E, 22°27'N), with a
latitudinal span of approximately 5° (see Fig. la 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 cm? 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. 1¢). Owing to resource limitations,
only two tanks were used in this experiment, namely the control (26 °C
treatment, 5 fragments x 2 locations = 10) and the experimental (30 °C
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and 34 °C treatments, 5 fragments x 2 locations x 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, ¢(Ca®") 380-400 ppm, and c(Mg>") 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) x 100%
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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 pm) 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 xg
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~! 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
(pg/mL) was calculated using the published method (Jeffrey and
Humphrey, 1975). Finally, the chlorophyll a content per unit area of
coral (ug/cm?) 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
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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 x 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,c 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 pg, concentration > 35 ng/puL, OD260/280 > 1.8, 0D260/230 > 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
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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 x 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. PRINA994659).

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 Pagjust < 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 Pagjust, and number of genes.
When P,gjust < 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 x temperature (two-
way ANOVA, P < 0.001) (Fig. 2a, b). The severity of coral bleaching
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< 0.001).

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. Engzyme 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 x 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



W. Huang et al.

(a)

l'- o.szso.m.- H_XS3
. 0.89 0.812 0.81 0.798 0.82 0.86: H_DY2
0.89 .0.821 o.swlo.sozo.swo.ms 0.7810.8170.819 H DY3
0.8120.821 .no 8840.9170. eosom.ﬂ H_XSI1
0.81 0817'.0 879 0.91 0.807 .u' H_XS2

0.8840. 379.0 908..... C_XSI1

0.7980.8020.917 0.91 0908. 0.8 @u C_XS2

0.82 0.8690.8060.807. 0.8 0.8050.8420.838 C_DY3

0.8280.8650.875 0.796.5 0.8 0.8060.8890.842 H_DY1

- .ﬂo 8050. sos. 0850829 C_XS3

09 C_DYI

o 8380.8420.829 0.9 . C_DY2
SESIEEESISS

(c)

Science of the Total Environment 962 (2025) 178381

(b)

-0.75

-1.5

plut2.m8.1044
plut2.m8.32209
plut2.m8.6954
plut2.m8.6949
plut2.m8.12689
plut2.m8.14158
plut2.m8.3888
plut2.m8.26954
plut2.m8.13287
- plut2.m8.25232
GSH
plut2.m8.27
plut2.m8.9502
plut2.m8.12079
Caspase-3 plut2.m8.2788
plut2.m8.9629
plut2.m8.18749

0XS

C_DY H_DY

(d) 16007 mup

I down 1454

1400
1215
1200
1000

800

600

Number of DEGs

400

B2 143

200

H XSvs.C_XS  H_DYvs.C_DY
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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
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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 (Pagjust <
0.05) (Fig. 4a). The common downregulated DEGs were only signifi-
cantly enriched in the cytokine-cytokine receptor interaction pathway
during environmental information processing (Pagjust < 0.05) (Fig. 4b).
Notably, XS-specific DEGs were not significantly enriched in any
metabolic pathway (Pagjust > 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 (Pagjust < 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 (Pagjust < 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 (Pygjust < 0.05). Module
(g) was enriched in the chemical carcinogenesis and bile secretion
pathways, albeit not significantly (Pagjust > 0.05). Finally, module (h)
was significantly enriched in the cell cycle (Pagjust < 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.
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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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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.

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
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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 (Hernandez Elizarraga 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 HyO, generated by O; (catalyzed by SOD), and converts it into
H,0 and O3 (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
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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.
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