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high-latitude coral reef of the
South China Sea
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Nengbin Pan1 and Mengling Lan1

1Coral Reef Research Center of China, Guangxi Laboratory on the Study of Coral Reefs in the South
China Sea, School of Marine Sciences, Guangxi University, Nanning, China, 2Southern Marine Science
and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China
Relatively high-latitude coral reefs could be potential “refuges” for corals under

climate change. One of the most important aspects limiting their availability as

refuges is low-temperature stress. However, the mechanisms underlying the

response of coral holobionts to low-temperature stress is unclear. In this study,

we aimed to explore the underlying mechanisms by recording the maximum

quantum yields of photosystem II (Fv/Fm) and transcriptome responses of Porites

lutea under acute (1–2 weeks) and chronic (6–12 weeks) low-temperature stress

at 20°C and 14°C. The P. lutea samples were collected from a relatively high-

latitude coral reef in the South China Sea (109°00′–109°15′E and 21°00′–21°10′
N). The study suggested that: (1) Under acute low-temperature stress, the Fv/Fm

of Symbiodiniaceae dropped by 64%, which was significantly higher than the 49%

observed under chronic stress. Low-temperature stress inhibited photosystem II

(PSII) functioning, with greater inhibition under acute stress. (2) Downregulation

of sugar metabolism-related genes under low-temperature stress implied that

the decrease in energy was due to obstruction of PSII. (3) Under low-temperature

stress, calcification-related genes were downregulated in coral hosts, possibly

because of energy deprivation caused by inhibited photosynthesis,

Symbiodiniaceae expulsion, and oxidative phosphorylation uncoupling in

mitochondria. (4) Acute low-temperature stress induced the upregulation of

genes related to the TNF signaling pathway and endoplasmic reticulum stress,

promoting apoptosis and coral bleaching. However, these phenomena were not

observed during chronic stress, suggesting acclimation to chronic low-

temperature stress and a greater survival pressure of acute low-temperature

stress on coral holobionts. In conclusion, low-temperature stress inhibits

Symbiodiniaceae PSII functioning, reducing energy production and affecting

calcification in coral holobionts. Acute low-temperature stress is more

threatening to coral holobionts than chronic stress.
KEYWORDS

relatively high-latitude coral reef, low-temperature stress, coral holobionts, Fv/
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1 Introduction

Coral reef ecosystems rank among the most important global

ecosystems, with high levels of biodiversity and primary productivity

(Moberg and Folke, 1999). In recent years, climate change and

anthropogenic stressors have precipitated degradation of coral

reefs. Many coral species are on the verge of extinction (Carpenter

et al., 2008; Heron et al., 2016; Hughes et al., 2017). Anomalies in sea

surface temperature (SST) have led to extensive coral bleaching

events, and elevated SST is the main cause of coral bleaching

(McGowan and Theobald, 2017; Karnauskas, 2020). High-latitude

reefs are postulated to serve as thermal refuges for corals (Greenstein

and Pandolfi, 2008; Beger et al., 2014; Camp et al., 2018). However,

modern ecological surveys and geological evidence suggest that low-

temperature stress is an important factor limiting the survival of

corals in high-latitude coral reefs (Yu et al., 2004; Sommer et al., 2018;

Tuckett and Wernberg, 2018).

In high-latitude reefs, coral bleaching may be induced by low

winter temperatures and acute SST declines due to upwelling, tidal

activities, and tropical cyclones (Carrigan and Puotinen, 2014;

Rayson et al., 2015; Schlegel et al., 2017; Rayson et al., 2018; Green

et al., 2019; Riegl et al., 2019). For example, a severe cold spell in

January 1981 caused coral bleaching in Florida (Schlegel et al., 2021).

Under low-temperature stress, the photosystem II (PSII) of

Symbiodiniaceae is damaged, resulting in the accumulation of

reactive oxygen species (ROS) in tissues (Tracey et al., 2003;

Marangoni et al., 2021). Excess ROS causes tissue damage and the

expulsion of Symbiodiniaceae from corals, ultimately leading to the

bleaching and death of coral holobionts (Jones et al., 1998; Tracey

et al., 2003; Thornhill et al., 2008; Marangoni et al., 2021). RNA-seq

analyses revealed that coral hosts modulate immunity, apoptosis, and

autophagy while suppressing metabolic activity under low-

temperature stress (Wuitchik et al., 2021; Huang et al., 2022).

However, the responses of coral holobionts to temp perturbations

seem to vary with changes in the stress intensity, rate, and duration

(Evensen et al., 2021). The density and photosynthetic rate of

Symbiodiniaceae show a lesser decrease under acute low-

temperature stress (5 h) than under chronic stress (2 weeks)

(Marangoni et al., 2021). Furthermore, previous research

demonstrated inhibition of photosynthesis at the onset of low-

temperature stress, and coral holobionts gradually adapted to the

conditions, with chlorophyll a content and Symbiodiniaceae density

gradually restored within 2–3 weeks (Roth et al., 2012).

It’s imperative to study the response of coral holobionts to low

temperatures, though the underlying mechanisms are still unclear.

We aimed to explore these mechanisms by investigating the changes

in maximum quantum yields in photosystem II (Fv/Fm) and

transcriptional responses under acute and chronic low-temperature

stress in Porites lutea. Weizhou Island (WI) located at 109°00′–109°
15′E and 21°00′–21°10′ N, is considered a potential refuge for corals

in the South China Sea during global warming. The annual mean SST

on WI is 24.6°C; the lowest monthly mean SST in winter is 17.3°C,

varying from 14.7°C to 20°C, and the highest monthly mean SST in

summer is 30.4°C, varying from 29.5°C to 31.1°C (Yu and Jiang, 2004;

Chen et al., 2013). WI was subjected to extreme low-temperature

events in 1984, 1985, 1989 and 2008,with lowest monthly mean SST
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as low as 14.7°C, 16°C, 15.5°C and 14.4°C, respectively (Chen et al.,

2009; Chen et al., 2013). The corals of WI might be threatened by low

temperatures (Southward et al., 1995; Yu et al., 2019). P. lutea is a

dominant coral species around WI, and its principal symbiotic

Symbiodiniaceae species is Cladocopium C15 (Chen et al., 2019; Yu

et al., 2019). Exploring the response mechanisms of P. lutea to acute

and chronic low temperatures will further our understanding of the

cold tolerance mechanisms of coral holobionts around WI.
2 Materials and methods

2.1 Coral sampling and
experimental design

Three colonies of P. lutea were collected from the WI reef in

September 2021 at a 3–5 m water depth. Three colonies were

randomly assigned to each treatment. The samples were cultured in

an indoor aquarium for 30 days prior to acute and chronic

temperature stress experiments. Experiments utilized temperature

gradients of 26°C, 20°C, and 14°C, with an initial temperature of

26°C. The lowest temperatures are in reference to the extreme low

temperatures in WI(Chen et al., 2009; Chen et al., 2013). The sample

were taken in the beginning of temperature decrease as the control

treatment. In acute stress treatment, the temperature decreased by

one gradient weekly, while in the chronic stress treatment, the

temperature reduced by 1°C weekly (Figure 1). Three biological

replicates were performed for each temperature gradient.
2.2 Symbiodiniaceae Fv/Fm determination

The Fv/Fm of Symbiodiniaceae was determined in the acute

and chronic stress groups with different temperature gradients.

The Fv/Fm of the Symbiodiniaceae was measured using a portable

pulse amplitude modulation fluorometer (Diving-PAM)
FIGURE 1

Temperature settings for acute and chronic stress groups. The red
line represents the temperature change in the acute stress group,
and the black line represents the temperature change in the chronic
stress group. T1 is the control group, T2 and T3 are timepoints of
the acute stress group, and T4 and T5 are timepoints the chronic
stress group. Circles are the maximum quantum yields of
photosystem II (Fv/Fm) measurement points and squares are
transcriptome sampling points.
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(Ralphet al., 1999). The coral holobionts were dark-adapted for

30 min before the Fv/Fm measurements. The fibreoptic cable was

maintained approximately 1 mm from the coral surface. Kruskal–

Wallis analysis was performed on the Fv/Fm data based on different

temperature gradients for different stress groups.

We computed the hypothermic critical threshold Fv/Fm

measurements (Evensen et al., 2021), which were fitted to log-logistic

dose–response curves using the “drc” package in R (Ritz et al., 2016),

with model selection based on Akaike’s Information Criterion and

individual curves fit for each experiment. From these, an ED50

parameter (effective dose 50) was obtained for each experiment,

representing the x-value at the inflection point of the curve (in this

case the temperature) where Fv/Fm values in the model fit were 50%

lower than the starting values of the model. This provided a

quantitative thermal threshold, designated as the Fv/FmED50, for P.

lutea in each experiment (Evensen et al., 2021). All code used in the

statistical analyses is available in the Supplementary Material.
2.3 RNA-seq analyses

Transcriptomic analyses were performed on control samples

(maintained at 26°C) and those exposed to extreme low-temperature

stress (14°C). Coral samples were washed with sterile water, and

approximately 50 mg of each was excised using forceps, placed into

lyophilization tubes, and promptly snap-frozen in liquid nitrogen.

Library construction was performed using the Illumina TruSeq RNA

Sample Prep Kit.Total RNAwas extracted from the coral samples using

TRIzol® Reagent. Then RNA quality was determined by 5300

Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop

Technologies). mRNAwas isolated from the total RNA using magnetic

bead-labeled oligonucleotides (dT) and was used as a template to

synthesize cDNA strands via reverse transcription using reverse

transcriptase. cDNA was blunt-ended by adding End Repair Mix,

followed by the addition of an “A” base at the 3′ end to prepare the

RNA sequencing library. All mRNAs transcribed from the samples

were sequenced using an Illumina NovaSeq 6000 sequencing platform.

The raw sequences were deposited in the NCBI Sequence Read Archive

(SRA) database (accession number: PRJNA1026091).

The base distribution and quality fluctuations of sequenced

sequences were counted using fastp to meet the criteria of Q30 >

80% for base quality values and a sequencing error rate of < 0.1%

(Chen et al., 2018). After quality control, The remaining high-quality

clean reads were mapped to the reference transcriptomes using

HISAT2(Kim et al., 2015). Coral hosts and Symbiodiniaceae’s

reference transcriptomes derived from http://plut.reefgenomics.org/.

The Symbiodiniaceae were referred to as Cladocopium C15, and the

coral hosts were referred to as P. lutea. The mapped reads of each

sample were assembled by StringTi in a reference-based approach

(Pertea et al., 2015).

To identify DEGs (differential expression genes) between two

different treatment, the expression level of each transcript was

calculated according to the transcripts per million reads (TPM)

method. RSEM was used to quantify gene abundances(Li and

Dewey, 2011). Essentially, differential expression analysis was

performed using the DESeq2(Love et al., 2014). DEGs with |
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log2FC|≧1 and FDR≤ 0.05 were considered to be significantly

different expressed genes. Two pairwise comparisons were

designated in the DEG analyses:CK26 versus A14, CK26versus C14.

KEGG functional-enrichment analysis were performed to identify

which DEGs were significantly enriched in pathways at Bonferroni-

corrected P-value ≤0.05 compared with the whole-transcriptome

background. KEGG pathway analysis were carried out by KOBAS

(Xie et al., 2011). In addition, the expression of genes in the samples

was subjected to principal component analysis (PCA) to explore the

relationship between the samples and the magnitude of variation.
3 Results

3.1 The Fv/Fm variation of P. lutea-
symbiotic Symbiodiniaceae under acute
and chronic low-temperature stress

Acute and chronic low-temperature stress altered the

appearance of corals. At 20°C, the color became lighter without

reaching bleaching. At 14°C, the color was lighter than at 20°C, and

in the acute stress group, there was localized pre-bleaching

(Figure 2A). The Fv/Fm values decreased under acute and chronic

low-temperature stress. At 26°C (CK), the Fv/Fm was 0.61 ± 0.03

(mean ± SD) and 0.60 ± 0.05 (mean ± SD) in the acute and chronic

stress groups, respectively (Figure 2B; Supplementary Table S1). At

20°C, a decline in Fv/Fm was observed, but it was not significant

(Kruskal–Wallis test, chronic: P = 0.077 acute: P = 0.085). At 14°C,

both the acute and chronic stress groups exhibited significant Fv/

Fm reduction compared to control (Kruskal–Wallis test, chronic: P

< 0.001, acute: P< 0.001), registering values of 0.22 ± 0.03

(mean ± SD) and 0.31 ± 0.05 (mean ± SD), equating to 36% and

51% of the control values, respectively (Figure 2B; Supplementary

Table S1). At 14°C, the Fv/Fm of the acute stress group was

significantly lower (Kruskal–Wallis test, P = 0.001) than that of

the chronic stress group (Figure 2B).

The Fv/FmED50 represents the temperature at which 50% of the

photosynthetic efficiency is lost relative to the baseline temperature.

From Fv/FmED50, we found that the cold threshold was 14.99°C for

acute stress and 13.86°C for chronic stress (Figure 2C). This

indicates that PSII functioning in Symbiodiniaceae was inhibited

by low-temperature stress at 14°C, whereby the acute stress group

exhibited greater inhibition than the chronic stress group.
3.2 Transcriptional changes in P. lutea-
symbiotic Symbiodiniaceae under acute
and chronic low-temperature stress

Transcriptome analysis was performed on samples from the 26°C

(CK), acute 14°C (A14), and chronic 14°C (C14) groups. The

percentage of Q30 bases in clean data is above 93.2%.

(Supplementary Table S2). The expression of Symbiodiniaceae genes

was quantitatively analyzed using RSEM to obtain a quantitative index

in terms of transcripts per million (TPM) (Supplementary Table S3).

PCA showed that PC1 and PC2 accounted for 31.00% and 19.29% of
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the total variance, respectively (Figure 3A). Differential expression

analysis between groups was performed using DESeq2. Compared

with expression levels of the control group, the acute 14°C group had

487 DEGs, among which 200 genes were upregulated and 287 were

downregulated; meanwhile, the chronic 14°C group had 2,566 DEGs,

among which 1,041 were upregulated 1,525 were downregulated

(Figures 3C, D; Supplementary Table S4). Of these, 299 DEGs were

common to both groups, 188 were specific to the acute 14°C group, and
Frontiers in Marine Science 04
2,267 were specific to the chronic 14°C group (Figure 3B;

Supplementary Table S4).

In the 14°C chronic stress group, ribosomes, pyrimidine

metabolism, alanine, aspartate and glutamate metabolism, starch

and sucrose metabolism, pyruvate metabolism, and carbon fixation

in photosynthetic organisms comprised pathways that were enriched

among downregulated genes (Figures 4A, B; Supplementary Table

S5). The main DEGs were the ribosomal constitutive protein-related

genes, glutamate dehydrogenase (GDH2), phosphoglycerate kinase

(PGK), glucoamylase (SGA1), and beta-glucosidase (bglX), among

others. Although the glutathionemetabolic pathway was not enriched

among the upregulated genes, glutathione S-transferase (GST)

expression was significantly upregulated (Figure 4C; Supplementary

Table S5).

Based on Padjust < 0.05, there were no enriched pathways in the

acute 14°C stress group. However, the PGK, SGA1, and bglX were

significantly downregulated. Meanwhile, the ribosomal constitutive

protein-related genes, GDH2 and GST were upregulated (Figure 4C;

Supplementary Table S5).
3.3 Transcriptional changes in coral hosts
under acute and chronic low-
temperature stress

The expression of coral host genes was quantitatively analyzed

using RSEM to obtain a quantitative index in terms of TPM

(Supplementary Table S6). The results of PCA showed that PC1 and

PC2 accounted for 43.5% and 23.78% of the total variance, respectively

(Figure 5A). Compared with the control group (CK), the acute 14°C

group (A14) had 5,703 DEGs, among which 1,943 were upregulated

and 3,760 were downregulated (Figure 5C).Meanwhile, the chronic 14°

C group (C14) had 4,637 DEGs, of which 1,565 were upregulated and

3,072 were downregulated (Figure 5D; Supplementary Table S7).

Among these DEGs 1,885 were common to both groups, 3,818 were

specific to the acute 14°C group and 2, 752 were common to the

chronic 14°C group (Figure 5B; Supplementary Table S7).

Based on a threshold of Padjust < 0.05, apoptosis-multiple

species, protein processing in endoplasmic reticulum (ER), TNF

signaling pathway, and oxidative phosphorylation pathway were

significantly enriched among the upregulated genes in the acute

14°C group (Figure 6A; Supplementary Table S7). The major DEGs

were caspase 3 (Casp3), caspase 8 (Casp8), caspase 9 (Casp9),

apoptosis regulator Bcl-X (bcl-xL), heat shock 70kDa protein 1

(HSPA1), ER chaperone BiP (BIP), molecular chaperone HtpG

(HSP90A), ubiquitin-conjugating enzyme E2G1 (UBE2G1), TNF

receptor-associated factor 2 (TNFR2), the gene related to NADH

dehydrogenase, succinate dehydrogenase, cytochrome c reductase,

and cytochrome c oxidase. In addition, the mitochondrial uncoupling

protein (UCP2_3) was significantly upregulated (Figure 6E;

Supplementary Table S7).

The Wnt signaling pathway, Notch signaling pathway, nitrogen

metabolism, and other pathways were enriched among the

downregulated genes (Figure 6B; Supplementary Table S7). The

main DEGs were the wingless-type MMTV integration site family

(WNTs), frizzled 9/10 (FZD9_10), and low density lipoprotein
FIGURE 2

Changes in physiological indicators under acute and chronic low-
temperature stress. (A) Appearance of corals during low-
temperature stress. At 26°C, normal color was observed with
extended tentacles; at 20°C, the color became lighter without
reaching bleaching; at 14°C, the color became lighter than at 20°C,
and in the acute stress group, there was localized pre-bleaching.
(B) Maximum quantum yields of photosystem II (Fv/Fm) of P. lutea
under different temperature conditions and during acute and
chronic stress. ‘A’ and ‘a’ represent the differences between
temperatures in the acute and chronic stress groups, respectively
(Kruskal–Wallis test, P < 0.05). * represents significant differences
(Kruskal–Wallis test, P < 0.05) between acute and chronic stresses at
the same temperature. (C) Fv/Fm fit to log-logistic, dose-response
curves (dashed lines indicate 95% confidence intervals). Curve fitting
was used to determine Fv/FmED50 (effective dose 50).
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A

B

C

FIGURE 4

KEGG enrichment and heatmap of DEGs in Symbiodiniaceae under acute and chronic low-temperature stress. (A) KEGG enrichment results of
significantly downregulated genes under chronic 14°C stress. (B) KEGG enrichment results of significantly upregulated genes under chronic 14°C
stress, where the size of the dots indicates how many genes are in the pathway, and the color of the dots corresponds to different Padjust ranges.
(C) Heatmap of key DEGs in Symbiodiniaceae under acute and chronic low-temperature stress. The color in the graph indicates the expression value
of the gene after normalization treatment. A, acute stress; C, chronic stress; CK, control; 14, 14°C.
A B

DC

FIGURE 3

Differential expression of genes(DEGs) in Symbiodiniaceae under acute and chronic stress. (A) PCA between samples. (B) Venn analysis of
Symbiodiniaceae DEGs, where red circles represent the number of DEGs in the chronic 14 °C group, and blue circles represent the number of
differentially expressed genes in the acute 14 °C group. (C) Volcano plot of Symbiodiniaceae DEGs in the acute 14°C group. (D) Volcano plot of
DEGs in the chronic 14°C group, where red dots indicate significantly upregulated genes, green dots indicate significantly downregulated genes, and
blue dots represent non-significant differentially expressed genes. A, acute stress; C, chronic stress;
CK, control; 14, 14°C.
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receptor-related protein 5/6 (LRP5_6). In addition, carbonic anhydrase

(CA) and bone morphogenetic protein (BMP), associated with

calcification and oxidative stress-associated superoxide dismutase

(SOD1), respectively, were significantly downregulated (Figure 6E;

Supplementary Table S7).

In the chronic 14°C group, retinol metabolism, lysosomes,

oxidative phosphorylation, and other pathways were enriched among

upregulated genes (Figure 6C; Supplementary Table S7). The major

DEGs were those related to NADH dehydrogenase, succinate

dehydrogenase, cytochrome c reductase, and cytochrome c oxidase.

Additionally, mitochondrial uncoupling protein (UCP4) was

significantly upregulated (Figure 6E; Supplementary Table S7).

NF-kappa B, Wnt, and TNF signaling pathways, among others,

were enriched among the downregulated genes (Figure 6D). The

major DEGs were WNTs, LRP5_6, and TNFR2. In addition, the

apoptosis-related genes Casp8, calcification-related CAs, and BMPs

were significantly downregulated (Figure 6E; Table S7).

4 Discussion

4.1 Acute stress inhibits PSII functioning in
P. lutea-symbiotic Symbiodiniaceae more
than chronic low-temperature stress

The Fv/Fm of Symbiodiniaceae was significantly reduced under

acute and chronic stress at 14°C, measuring 0.22 ± 0.03 and 0.31 ±

0.05, respectively. The cold threshold was 14.99°C for acute stress
Frontiers in Marine Science 06
and 13.86°C for chronic stress based on the Fv/FmED50 parameter.

When photosynthesis is working at peak efficiency, Fv/Fm values

for Symbiodiniaceae typically range between 0.50 and 0.70 (Tunala

et al., 2019). Under 14°C, the Fv/Fm values of P. lutea-symbiotic

Symbiodiniaceae were always < 0.5, indicating that photosystem II

functioning was inhibited. In a previous study, Fv/FmED50 was used

to determine the temperature threshold for bleaching (Evensen

et al., 2021). At 14°C, the acute stress group reached the bleaching

threshold and coral holobionts were in a pre-bleaching state, but the

chronic stress group did not reach the bleaching threshold. This

indicates that acute low-temperature stress has a higher propensity

to induce coral bleaching compared to chronic stress. Following an

8-day temperature decrease from 22°C to 12°C, the Fv/Fm values of

coral holobionts remained stable (Büchel and Wilhelm, 1993;

Keshavmurthy et al., 2021). However, coral holobionts exposed

acutely to 10°C showed a significant decrease in Fv/Fm and died

within 48 h of stress (Keshavmurthy et al., 2021). The Fv/Fm of

Montipora digitata decreased after 3, 6, and 12 h of 20°C stress, but

not significantly after 18 h, and recovered within 72 h of stress

(Tracey et al., 2003). These phenomena could be attributed to the

effects of stress rate or duration on the photophysiological response

of Symbiodiniaceae.

Our results show that low-temperature stress has an inhibitory

effect on photosynthesis in P. lutea-symbiotic Symbiodiniaceae.

Notably, acute low-temperature stress inhibits photosystem II

functioning of Symbiodiniaceae to a much greater extent than

chronic stress.
A B

DC

FIGURE 5

DEGs of coral host under acute and chronic low-temperature stress. (A) PCA between samples. (B) Venn analysis of host DEGs, where red circles
represent the number of DEGs in the chronic 14°C group, and blue circles represent the number of differentially expressed genes in the acute 14°C
group. (C) Volcano plot of host DEGs in the acute 14°C group. (D) Volcano plot of host DEGs in the chronic 14°C group, where red dots indicate
upregulated genes, green dots indicate downregulated genes, and blue dots represent non-significant differentially expressed genes. A, acute stress;
C, chronic stress; CK, control; 14, 14°C.
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4.2 Low-temperature stress leads to
energy deprivation in P. lutea-
symbiotic Symbiodiniaceae

Under acute and chronic low-temperature stress, PGK, SGA1,

bglX, GDH2, and ribosomal protein-related genes were significantly

downregulated, while GST was significantly upregulated. The

glycolysis and hydrolysis of cellulose and starch to glucose are
Frontiers in Marine Science 07
interconnected with the energy productivity of organisms.

In glycolysis, PGK catalyzes the acyl phosphate transfer from 1,3-

bisphosphoglycerate to the high-energy phosphate group of ADP,

resulting in the production of ATP (Joshi et al., 2016). Low

expression of PGK could lead to reduced production of pyruvate

and ATP, causing energy deprivation in Symbiodiniaceae (Rosa-

Téllez et al., 2017). Additionally, a correlation was observed between

the reduction in Fv/Fm and the diminished activity of PGK. Low
A B

D

E

C

FIGURE 6

KEGG enrichment and heatmap of DEGs in P. lutea under acute and chronic low-temperature stress. (A) KEGG enrichment results for significantly
upregulated genes in the acute 14 °C group. (B) KEGG enrichment results for significantly downregulated genes in the acute 14 °C group. (C) KEGG
Enrichment results for significantly upregulated genes in the chronic 14 °C group. (D) KEGG enrichment results for significantly downregulated genes
in the chronic 14 °C group, where the size of the dots indicates the number of genes in the pathway, and the color of the dots corresponds to
different P adjust ranges. (E) Heatmap of key DEGs in P. lutea under acute and chronic low-temperature stress. The color indicates the expression
value of the gene after normalization treatment. A, acute stress; C, chronic stress; CK, control; 14 = 14 °C.
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PGK activity impedes the regeneration of essential electron

acceptors for the photosynthetic electron transport chain, thereby

affecting photosynthesis (Rosa-Téllez et al., 2017). The SGA1 gene

related to b-glucosidase and the bglX gene related to glucoamylase

are involved in the hydrolysis of cellulose and starch to glucose,

respectively. The downregulation of SGA1 and bglX during acute

and chronic low-temperature stress further implies energy

deprivation in Symbiodiniaceae.

Energy is important for maintaining physiological functions.

Low-temperature stress inhibited PSII functioning in P. lutea-

symbiotic Symbiodiniaceae, culminating in a decline in glucose

production and, consequently, an energy shortage. Energy

deprivation triggers a series of reactions that threaten the survival

of organisms (Mia et al., 2006). Symbiodiniaceae coordinates the

relationship between resistance to low-temperature stress and basal

metabolism to maintain long-term survival. For example, in P.

lutea-symbiotic Symbiodiniaceae, GST, related to glutathione

metabolism.Glutathione S-transferases (GSTs) have glutathione

peroxidase activity, through which they perform an oxygen-

detoxifying function(Mannervik, 1985). GSTs play a significant

role in decreasing ROS to protecting against oxidative stress (Liu

et al., 2016). GST is upregulated in response to ROS overproduction

stimulated by acute and chronic low-temperature stress (Ravelo

et al., 2022). The downregulation of ribosomal protein-related genes

and GDH2 involved in ammonia assimilation in Symbiodiniaceae.

Photosynthates are important for the tricarboxylic acid (TCA)

cycle, a process that provides energy and substrates for nitrogen

metabolism (Zhang and Fernie, 2018). Protein synthesis and

ammonia assimilation are important processes in nitrogen

metabolism (Zhang and Fernie, 2018). Ribosomes are the main

site of protein synthesis (Cassaignau et al., 2020). Glutamate

dehydrogenase 2 (GDH2) operating at the interface of carbon and

nitrogen metabolism has the potential capacity to assimilate

inorganic N by combining ammonium with 2-Oxoglutarate to

form glutamate (Dubois et al., 2003).It has been observed that

reduction in photosynthetic rate was accompanied by the decrease

in the activities of GDH (Singh et al., 2016).The downregulation of

ribosomal protein-related genes and GDH2 could potentially be

ascribed to substrate scarcity and energy deprivation. In summary,

P. lutea-symbiotic Symbiodiniaceae PSII functioning is inhibited

under low-temperature stress, which affects energy production by

Symbiodiniaceae and leads to an energy shortage.
4.3 Low-temperature stress limits the
calcification of P. lutea

In this study, the genes related to CA, BMP, and the Wnt

signaling pathway were downregulated in coral hosts under acute

and chronic low-temperature stress. The genes related to

uncoupling proteins (UCPs), oxidative phosphorylation-related

NADH dehydrogenase, succinate dehydrogenase, and cytochrome

c oxidase were upregulated. Moreover, the gene related to

superoxide dismutase (SOD) was significantly downregulated

under acute stress and downregulated under chronic stress, but

the differences were not significant (P > 0.05).
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CA is associated with calcification in coral holobionts and

facilitates the reversible hydration of CO2 to bicarbonate, thereby

sustaining the CO2/HCO3
− equilibrium (Furla et al., 2000; Zoccola

et al., 2009; Bertucci et al., 2013; Hemond et al., 2014; Hopkinson

et al., 2015). Extracellular CA plays a role in the uptake of CO2.

Intracellular CA can convert ingested and respired CO2 into HCO3
−

(Bertucci et al., 2013; Hopkinson et al., 2015). CA is pivotal in both

supplying carbon for calcification and facilitating carbon-

concentrating mechanisms during Symbiodiniaceae photosynthesis

(Hopkinson et al., 2015).Where PSII functioning is impaired, and the

ATP and NADPH required for carbon assimilation may be reduced

(Burlacot and Peltier, 2023). Thus, the reduction of inorganic carbon

that can be fixed(Burlacot and Peltier, 2023). This reduction could

lead to a downregulation of CA.The downregulation of CAs could

potentially hinder the assimilation of inorganic carbon from seawater

by coral holobionts, thereby constraining calcification (Tambutté

et al., 2007). Additionally, BMP participate in the formation of

cartilage and bone in animals and constitute an essential

component of the skeletal organic matrix in corals (Mass et al.,

2016). The downregulation of BMPs also indicates that coral

calcification was affected. The Wnt signaling pathway has been

demonstrated to promote osteogenesis in animals and potentially

affect coral calcification (Broun et al., 2005; Guder et al., 2006; Plickert

et al., 2006; Duffy et al., 2010; Hemond et al., 2014). The

downregulation of the genes associated with Wnt signaling

pathway, CAs, and BMPs revealed potential constraints of coral

calcification under low-temperature stress.

Calcification is related to the energy supply. The photosynthesis

of Symbiodiniaceae provides the energy for calcification, thereby

serving as a crucial role for coral calcification (Hatcher, 1988).

Under energy loss, coral hosts regulate various metabolic activities

to maintain the stability of coral holobionts (Rinkevich, 1996;

Sokolova, 2013; Tang et al., 2020; Leinbach et al., 2021). In this

study, photosystem II functioning was inhibited in Symbiodiniaceae

under acute and chronic low-temperature stress, culminating in a

reduction in energy acquisition by the coral host. Furthermore,

previous studies have indicated that low-temperature stress impairs

Symbiodiniaceae’s PSII, elevating ROS levels in tissues (Jones et al.,

1998; Tracey et al., 2003; Thornhill et al., 2008; Marangoni et al.,

2021). Utilizing antioxidant enzymes to scavenge excess ROS is vital

for coral redox homeostasis (Zhang et al., 2022). However, in this

study, the genes related to the antioxidant enzyme SOD in P. lutea

were not upregulated under low-temperature stress. It is possible

that P. lutea scavenges excess ROS by expelling Symbiodiniaceae

with impaired photosynthesis. Therefore, the host would have a

reduced demand for the antioxidant enzyme. Previous studies have

demonstrated that damaged Symbiodiniaceae expulsion diminishes

coral host ROS levels under low-temperature stress (Higuchi et al.,

2015; Marangoni et al., 2021). This also resulted in a reduction in

the energy supply derived from Symbiodiniaceae to the host.

Upregulation of genes related to UCPs may induce energy loss

in the coral host. UCP-mediated oxidative phosphorylation

decoupling in mitochondria potentially reduces mitochondrial

ROS and contributes to antioxidative effects (Mailloux and

Harper, 2011; Slocińska et al., 2016). However, UCP decoupling

decreases oxidative phosphorylation efficiency, limiting the energy
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harnessed from the electron transport chain for ATP synthesis

(Slocinska et al., 2016). Under acute and chronic low-temperature

stress, the genes related to NADH dehydrogenase, succinate

dehydrogenase, cytochrome c reductase, and cytochrome c

oxidase related to oxidative phosphorylation were upregulated in

P. lutea, but the expression of genes related to ATP synthesis did not

change significantly. This also implies oxidative phosphorylation

uncoupling in P. lutea. Under acute and chronic low-temperature

stress, P. lutea may facilitate phosphorylation uncoupling through

UCP-related genes upregulation, partially leading to energy loss.

Low-temperature stress inhibited Symbiodiniaceae PSII

functioning, prompted expulsion from the coral host, and

uncoupled oxidative phosphorylation, leading to energy

deprivation. Under an energy shortage, P. lutea limits calcification

by downregulating CAs and BMPs.
4.4 Under low temperature, acute stress
induces P. lutea apoptosis, whereas
chronic stress facilitates acclimation

Our results showed upregulation of genes associated with

apoptotic processes in coral hosts under acute low-temperature

stress, including Casp3, Casp8, Casp9, bcl-xL, and TNF signaling

pathway-related gene TRAF2, and ER stress-related genes EIF2S1,

NRF2, HSPA1, HSPA5, HSP90, UBE2G1, and UBX1, among others.

However, under chronic low-temperature stress, key genes associated

with apoptotic processes, such as TNFR2, HSP90, and Casp3, among

others, either remained unchanged or were downregulated.

Apoptosis is pivotal in development, morphogenesis, and immunity

(Shao et al., 2016). However, excessive apoptosis leads to coral bleaching

(Desalvo et al., 2008; DeSalvo et al., 2012; Yu et al., 2017). Apoptosis is a

form of programmed cell death that occurs in multicellular organisms

and is triggered by the proteolytic caspase cascade (Shao et al., 2016).

Caspase 8 and caspase 9 are promoters that regulate apoptosis

(Tummers and Green, 2021). Caspase 3 is central to apoptosis

regulation (Yu et al., 2017). Its activation usually indicates that the cell

has undergone apoptosis (Yu et al., 2017). The apoptotic genes Casp3,

Casp8, and Casp9 was upregulated, thereby substantiating the induction

of apoptosis in P. lutea. Anti-apoptotic bcl-xL was upregulated in our

study. This indicates a counterbalance stage between apoptosis and anti-

apoptosis in coral. Previous studies have shown that apoptotic and anti-

apoptotic processes coexist within cells (Kvitt et al., 2016; Majerova et al.,

2021). The balance between anti-apoptotic and pro-apoptotic genes

within the cell dictates the ultimate apoptotic rate(Kvitt et al., 2016;

Majerova et al., 2021; Jiang et al., 2023). This also suggests that P. lutea

under acute stress at 14°C was in a pre-bleaching stage. If low-

temperature stress continues, then P. lutea might become bleached

and die owing to apoptosis. However, if conditions are restored to a

suitable temperature, P. luteamight recover from the pre-bleaching state.

TRAF2, related to the TNF signaling pathway, was upregulated in

response to acute low-temperature stress. The TNF signaling pathway

is pivotal in modulating immunity, inflammation, apoptosis, and cell

proliferation and differentiation (Cho et al., 2003). Previous studies
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have shown that activation of the TNF signaling pathway mediated

by TNF-a can trigger apoptosis and bleaching in corals (Cho et al.,

2003). The TNF receptor ligand family (TNFRSF/TNFSF) is a central

mediator of apoptosis (Quistad et al., 2014). Upon external

stimulation, TNF binds to TNF receptors, initiating downstream

signaling cascades that culminate in apoptosis (Quistad et al., 2014).

This study indicates that under acute low-temperature stress, P. lutea

induces apoptosis through the TNF signaling pathway. This could be

an important mechanism of cold bleaching.

Excessive ER stress can precipitate apoptosis (Haas, 1994;

Springer et al., 1999). Peptides undergo assembly, folding, and

posttranslational modifications in the ER (Haas, 1994; Springer

et al., 1999). Only properly folded proteins enter the Golgi

apparatus from the ER via transport vesicles. ER stress, induced

by the accumulation of misfolded proteins, triggering the unfolded

protein response (Haas, 1994; Springer et al., 1999). Under acute

low-temperature stress, increased EIF2S1 and NRF2 expression

potentially signals unfolded protein response transmission to the

nucleus. The final misfolded proteins are retro-translocated to the

cytoplasm and undergo ubiquitin-mediated proteasomal

degradation via the ER-associated degradation process (Maor-

Landaw et al., 2014). Heat shock proteins and ubiquitin-coupling

enzyme E2 play important roles in this process (Maor-Landaw

et al., 2014). The genes involved in ER-associated degradation and

ubiquitin-mediated hydrolysis are upregulated. This suggests that P.

lutea experiences ER stress and uses these mechanisms to process

the aggregated misfolded proteins in response to acute low-

temperature stress. However, if these stressors are not relieved,

then apoptosis is triggered.

Under chronic low-temperature stress, TNFR2, HSP90, Casp3,

and other genes remained unchanged or downregulated, indicating

that the cells did not enter the apoptosis stage. Therefore, acute low-

temperature stress presents a heightened threat to coral holobionts

compared to chronic low-temperature stress.
5 Conclusion

Low-temperature stress impedes the potential of relatively high-

latitude coral reefs to function as refuges for coral. In this study, the

response mechanisms of coral holobionts to low-temperature stress

was explored. Our study indicates that P. lutea from high-latitude coral

reefs in the South China Sea manifests photophysiological and gene

expression responses to both acute and chronic low-temperature stress.

Low-temperature stress resulted in a significant decrease in the Fv/Fm

of Symbiodiniaceae, indicating the inhibition of PSII functioning,

which might have contributed to energy deprivation in both

Symbiodiniaceae and coral hosts. During low-temperature stress,

calcifications-related genes were downregulated, possibly because of

the reduced investment of energy-scarce coral hosts in calcification.

Additionally, the acute stress group displayed a markedly diminished

Fv/Fm relative to the chronic stress group, potentially catalyzing coral

bleaching and mortality through induced cell apoptosis, thereby

constituting a more severe threat to coral holobionts.
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