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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 (F,/F,,), 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.
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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
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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 CO, 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) F/F,, as a biomarker for photosystem
impairment; (2) transmission electron microscopy (TEM)
revealing ultrastructural changes; and (3) transcriptomics
identifying DEGs in energy metabolism, protein folding,
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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%0, 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 x 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-CO,) under controlled conditions (50 umol
photons-m2-s™!, 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 x 10> 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 x 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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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

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 pmol photons-m2-s~",
the humidity was adjusted to 60% RH, and the CO, concen-
tration was adjusted to 500 ppm.

Maximum Quantum Yield (F /F) and Transmission
Electron Microscopy (TEM)

In this study, the F\/F,, 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. F,, was the maximum chloro-
phyll fluorescence of dark-adapted cells in the presence of
a saturating blue light pulse (3000 pmol photons m=2 s~/
1 s). Fy was the minimum fluorescence in the presence of a
weakly modulated measured light. F,/F,,, [30] was calculated
as follows:

F )4 F m—F 0

F F

m m

Samples of C. goreaui were post-fixed in 1% Os04/0.1 M
phosphate buffer (pH 7.4) for 2 h at RT (dark), rinsed

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 X 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, CO,-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 X 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.
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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-

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 pg 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 [llumina 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,
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30

pling points for maximum quantum yield of Photosystem II (F/F,,).
Squares indicate transcriptomic sampling and transmission electron
microscopy (TEM) analyses timepoints

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 HISAT?2 [32] (http://ccb.jhu.edu/software/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.
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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.reefgenomi
cs.org/download/) [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 DESeq?2 (http://bioconduct
or.org/packages/stats/bioc/DESeq2/). DEGs with llog2FCI>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
F,/F,, indicating intact photosystem II (PSII) function. In
contrast, the low-temperature groups (at 20 °C and 14 °C)
showed a significant reduction in F,/F,, (P=0.000), sug-
gesting direct structural damage to PSII. Notably, the high
temperature group at 29 °C maintained an F,/F,, level
comparable to that of the ambient temperature (26 °C)
(P=0.146), while the groups at 32 °C presented marked
declines in F,/F,, (P=0.002). F,/F,, became undetectable
when the temperature reached 34 °C. The raw F/F, 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 um) exhibited intact ultras-
tructure with pyrenoid-containing chloroplasts surrounded
by starch granules. C. goreaui in the low temperature group

[]Control
CILow T
[IHigh T
0.67
| 1
0.5
W] T b
£ 0.4 T LT
= ] L
0.2- i
0.11
0.0 T T 1 1 1 T
26 20 14 29 32 34

Temperature (°C)

Fig.3 F,/F,, 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. F,/F, values could not be detected due to severe dis-
ruption of thylakoid membranes within chloroplasts at 34 °C
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Control

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

(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
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to 14 °C for 7 days). “n,” nucleus; “Ch,” chloroplast; “m,” mitochon-

[T3Et] Gy,

drion; “s,” starch; “a,” accumulation body; “w,” cell wall; “Py,” pyr-
enoid; “v,” chromosome

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 R?>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, llog,FCI> 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
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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-

Table 1 Different expression gene numbers among groups of C. gore-
aui under extreme high/low-temperature stress

Group Significantly Upregu- Downregu-
differentially lated DEGs lated DEGs
expressed genes

High_T_vs_Control 2831 2364 467

Low_T_vs_Control 2747 1498 1249

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.

Correlation between samples

A1

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)

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 F /F
and ultimately impairing photosynthetic efficiency [42]. As
shown in Fig. 3A, F /F,, at 29 °C showed no significant dif-
ference from the control group (26 °C). After 32 °C, F/F,,
decreased sharply, identifying 32 °C as the critical threshold
for PSII heat damage, and at 34 °C, F,/F,, was undetect-
able. Howells et al. (2011) demonstrated that Symbiodin-
ium C1 shows no stress at 32 °C after 11 days, with F/F,,
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 F /F, of C. gore-
aui remains stable at 29 °C, likely reflecting its short-term
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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

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 F/F,, 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
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structural collapse likely explains the undetectable F /F
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
O, and H,0, 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
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O, and H,0,, 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
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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 F,/F, 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 F,/F,, [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].
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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 F,/F,,, thereby impairing photosyn-
thetic efficiency. At 29 °C, F/F,, 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.
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