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ARTICLE INFO ABSTRACT

Keywords: Temperature stress disrupts the coral-Symbiodiniaceae symbiosis and contributes to coral bleaching. Symbio-
Coral reefs diniaceae, essential symbionts for reef-building corals, provide over 90 % of the coral holobionts photosynthetic
Symbiodiniaceae

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

Environmental adaptability
Global change
South China Sea

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,
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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
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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 pmol
photons m™2 s71, 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 xg 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 x 10° 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 pL 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 (p) was determined using the
formula p = In(N2/N1)/(t2-t1), where p 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 pmol m~2.s~1).

2.4. Determination of photosynthetic pigment levels

Ten milliliters of algal culture was centrifuged at 5000 xg 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(ug/ml) = 13.6849 x (Asss — A7s0) — 3.4551 x (Agz0 — Azs0)

Carotenoids(ﬂg/ml) =7.6 X (A480 - A750) —1.49 x (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 xg 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 xg 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 xg 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 xg, 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
x 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 pg/pL were dissolved in mass spectrometry loading buffer (2
% acetonitrile, 0.1 % formic acid) for mass spectrometry analysis. The
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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.

(A) (B)
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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.
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Fig. 1. Impact of temperature stress on the growth rate (i) and the Fv/Fm value of Symbiodiniaceae. (A) Impact of temperature stress on the growth rate (p) 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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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.

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
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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
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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 (p < 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 w-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
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plastoquinones and other terpenoid quinones under heat stress (Figs. 5,
6). These pathways are critical for a-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 a-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 p 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
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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
a-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
B-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 °Q), 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.
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