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Abstract
Background  Coral reefs are being increasingly threatened due to global climate change. However, some coral 
species have shown strong tolerance despite living in marginal environments. The species Pavona decussata from 
Weizhou Island in the South China Sea experiences subaerial exposure in summer and winter due to extreme low 
tides, and their environmental acclimatization to this aerial exposure remains unexplored.

Results  Here we aimed to explore the molecular mechanism of P. decussata under season or subaerial exposure 
background through physiological and multi-omics integrative analyses. Specifically, corals with a history of seasonal 
air exposure underwent comprehensive changes in energy metabolism and defense mechanisms compared to 
permanently submerged corals. In summer, corals experiencing subaerial exposure enhanced antioxidant defense by 
increasing the activities of the enzymes T-SOD and CAT, and the coral-associated bacterial community shifted toward 
the class Alphaproteobacteria that may have provided corals with resistance to environmental stresses. Moreover, the 
decrease in the transcript levels of the TCA cycle and the increase in metabolite content of ornithine suggested an 
alteration in energy metabolic pathways. Corals with an air-exposed background may have enhanced energy reserves 
in winter, as indicated by a higher content of Chl a and a rebound in coral-associated bacterial community toward 
the class Gammaproteobacteria. Furthermore, accumulation of the metabolite leukotriene D4 and activation of the 
TGF-beta signaling pathway suggested higher anti-inflammatory requirements and positive regulation by innate 
immunity.

Conclusions  This study provides insights into the acclimatization of P. decussata to seasonal environmental 
fluctuations and demonstrates that relatively high-latitude corals possess the plasticity and acclimatory capacity to 
adapt to marginal environments.
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Background
The biodiversity of coral reefs provides diverse eco-
system services [1]. Scleractinian corals are the main 
frame-builders of coral reef ecosystems, comprising a 
mutually beneficial symbiosis with microorganisms such 
as zooxanthellae and bacteria [2]. Due to the complex-
ity of coral holobionts, changes in environmental factors 
may lead to imbalances in the symbioses [3, 4], and the 
corals are then bleached or even threatened with death 
[5–7]. Therefore, in the context of coral habitat expan-
sion driven by global warming [3], exploring the adaptive 
mechanisms by which corals survive under abiotic stress 
is critical to predicting their continued viability in chang-
ing environments.

Corals that survive in marginal marine habitats have 
attracted increasing attention as representing an alter-
native developmental state for corals in the face of envi-
ronmental change [8]. In Hong Kong, the massive coral 
Oulastrea crispata is widely distributed along the highly 
urbanized coastline where there are vastly contrasting 
water quality conditions; yet, the coral showed continued 
environmental robustness [9]. Similarly, in the western 
fringing reef at Pulau Satumu, shallow reef communities 
surviving in highly turbid waters recovered quickly from 
acute thermal bleaching [10]. In Honolulu Harbor, the 
massive Porites corals living in shallow waters also exhib-
ited greater bleaching resilience during several thermal 
stress events [11]. Furthermore, corals living in the inter-
tidal and subtidal zones where environmental changes are 
more intense have been the focus of research in recent 
years. As sessile benthic organisms, corals are unable to 
move to seek shelter during tidal changes. Therefore, cor-
als in intertidal and subtidal zones are often exposed at 
extreme low tides that exposes the corals to hypoxia, des-
iccation and UV stress and experience changes in tem-
perature, salinity, and other environmental factors [12]. 
Such natural phenomena are commonly found in lower 
latitudes, for example, on Gorgona Island [13], Madura 
Island [14], Guam [15], Shell Island [16, 17], and the 
Pelorous and Orpheus Islands [18]. Corals in these habi-
tats appear to be uniquely adapted to local environmental 
fluctuations. Similar to thermal bleaching, the branch-
ing coral genus Acropora and the family Pocilloporidae 
are susceptible to air exposure, while massive corals are 
the least affected [18]. An in situ simulation experiment 
on Gorgona Island in the tropical eastern Pacific dem-
onstrated that extreme low tides were not lethal to the 
branching coral Pocillopora damicornis [13]. Thus, in the 
long term, studying how corals acclimate to air exposure 

may be able to provide insights into the future survival of 
corals in a changing climate.

Theoretically, under the effects of climate-induced 
stress, corals may migrate to higher latitudes where the 
range of seasonal temperature fluctuations is greater 
compared to tropical regions [19]. This serves to buf-
fer the stress of abnormal environmental temperatures 
on corals, but also poses a new survival challenge for 
corals—how to cope with low winter temperatures. 
Further, air exposure and low winter temperatures can 
bring a double threat to corals. Hoegh-Guldberg et al. 
[20] reported that Acropora aspera from the Great Bar-
rier Reef were exposed to unusually cold and dry air 
during subaerial exposure and suffered bleaching and 
mortality. This implies that the survival of corals under 
such marginal environmental conditions will depend on 
their ability to tolerate dynamic environments with more 
intense disturbances [21]. Therefore, understanding how 
relatively high-latitude corals acclimate to air exposure in 
wintry weather is essential for predicting the fate of cor-
als. In general, acclimatization is achieved by a combina-
tion of differential gene expression by the coral host and 
the flexible composition of symbiotic microorganisms. 
Differential regulation of innate immunity and energy 
metabolism in coral hosts may reflect the results of accli-
matization to distinct environments [22]. The coral-asso-
ciated bacterial community may likewise be altered by the 
acclimatization process [23, 24]. Moreover, the metabo-
lite profiles of corals after experiencing environmental 
changes could be used as signatures to reveal their adap-
tive history, and this would apply to an extended period 
following stress [25]. Studies that combine these charac-
teristics will help provide insight into the acclimatization 
of corals to seasonal subaerial exposure.

Located in the relatively high latitude of the South 
China Sea, Weizhou Island has abundant coral resources, 
especially in the northern subtidal zone where there are 
large areas of Pavona decussata. Compared to tropi-
cal coral reef areas, Weizhou Island has a greater range 
of temperature variation, with a difference of up to 
13.6  °C throughout the year [26], and the corals may 
thus be more tolerant to large temperature fluctuations 
[26]. Moreover, the subtidal P. decussata is periodically 
exposed to air due to extreme low tides in summer and 
winter. These corals may be acclimated to long-term sea-
sonal environmental fluctuations. It is conceivable that 
the environmentally susceptible coral-associated bacteria 
and coral host gene regulation would allow P. decussata 
to survive under seasonal environmental fluctuations 
and that this would leave an associated metabolic history 
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during long-term survival. Therefore, the research design 
incorporated: (1) quantification of antioxidant capacity 
and Chlorophyll a (Chl a) content; and (2) coral-associ-
ated bacterial diversity assessment, transcriptomic analy-
sis, and metabolomic analysis. Assessing the survivability 
of P. decussata in seasonal environmental fluctuations 
is essential for understanding the plasticity of adaptive 
capacity under global climate change. This research will 
also enhance our understanding of coral stress tolerance 
at relatively high latitudes and provide a theoretical basis 
for future marginal reef conservation.

Results
Analysis of coral physiological indicators
The quantification of antioxidant capacity and Chl a con-
tent between different groups are shown in Fig. 1. In the 
experienced subaerial exposure in summer (SAS) group, 
the total superoxide dismutase (T-SOD) activity was sig-
nificantly higher than that in the permanently submerged 
corals (SMS) group (Fig. 1a; p < 0.01), with an increase of 
155%. Similarly, the activity of the antioxidant enzyme 

catalase (CAT) in the SAS group was significantly 
higher from those in the SMS and SAW groups (Fig. 1b, 
p < 0.01). Compared to the SMS group, the SAS group 
had a significant increase in CAT of about four times. 
The SAW group in winter had a significant 76% decrease 
compared to the SAS group in summer. In relative terms, 
the malondialdehyde (MDA) content of the SAW group 
was significantly lower than SAS group (Fig. 1c, p < 0.05), 
with a decrease of 55%. Conversely, the Chl a content in 
the SAW group was significantly 147% higher than that in 
SAS group (Fig. 1d, p < 0.01).

Dynamics of coral-associated bacterial communities
After 16S rRNA sequencing of 15 samples from the SAS, 
SMS, and SAW groups, 1,045,350 processed bacterial 
sequences were assigned to 12,306 amplicon sequence 
variants (ASVs), and the sequence details are presented 
in Additional file 2: Table S1. The statistics for alpha 
diversity are presented in Table  1. The Ace, Chao, and 
Sobs indices suggested no significant difference in com-
munity richness between the SAS and SMS groups, while 

Table 1  Alpha diversity statistics of coral-associated bacterial community
Estimators SAS-Mean SAS-SD SMS-Mean SMS-SD SAW-Mean SAW-SD p value (SAS vs. SMS) p value (SAW vs. SAS)
Ace 324.1 222.5 194.5 123.3 659.8 201.9 NS **
Chao 319.1 219.6 192.2 121.1 657.1 200.7 NS **
Sobs 316.6 217.7 191.4 120 651.6 199.1 NS **
Shannon 3.64 1.38 1.58 1 4.01 1.04 ** NS
Simpson 0.15 0.12 0.53 0.3 0.14 0.15 ** NS
Note: Mean represented ‘mean value’, and the SD represented ‘standard deviation’. NS represented ‘non-significance’, **p < 0.01

Fig. 1  The quantification of antioxidant capacity and Chl a content. (a) T-SOD, total superoxide dismutase. (b) CAT, catalase. (c) MDA, malondialdehyde. 
(d) Chl a content. Data are expressed as mean ± standard deviation (SD; n = 4). U should be Unit. Significant differences were analyzed between groups 
(*p < 0.05, **p < 0.01)
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the richness of the SAW group was significantly higher 
than that of the SAS group (p < 0.01). In addition, the 
Shannon index reflecting community diversity was signif-
icantly higher for the SAS group than for the SMS group 
but was not significantly different from that of the SAW 
group. The Simpson index is inversely proportional to the 
Shannon index, and this indicated that the lowest diver-
sity of coral-associated bacterial communities was in the 
SMS group. Overall, the SMS group had the lowest alpha 
diversity.

Based on the Bray-Curtis dissimilarity, principal 
coordinate analysis (PCoA) was used for demonstrat-
ing the variable characteristics of the coral-associated 
bacteria, with all samples being clustered and differen-
tiated by groups (Fig.  2a). SMS group could be clearly 

distinguished from SAS and SAW groups on the PC2 
axis. The dominant bacterial taxa in all three groups 
were similar, but their abundances were altered. At the 
phylum level, the main constituents of all three groups 
were Proteobacteria, Firmicutes, and Actinobacteriota 
(Fig.  2b). At the genus level, the top genera in relative 
abundance included BD1-7_clade, Rhodopseudomonas, 
and unclassified_k__norank_d__Bacteria in three groups 
(Fig.  2c). Moreover, linear discriminant analysis effect 
size (LEfSe) analysis identified differential microbial 
communities between groups, with alterations of the 
phylum Proteobacteria being mainly responsible for the 
differences in both SAS vs. SMS and SAW vs. SAS. Spe-
cifically, the SAS group has different compositions of the 
classes Alphaproteobacteria and Gammaproteobacteria 

Fig. 2  The microbial beta diversity and community composition statistics. (a) PCoA analysis. (b) Microbial community composition at the phylum level. 
(c) Microbial community composition at the genus level between groups. (d) Statistics of taxa constituting differences between groups. The pink pen-
tagrams marked taxa belonging to the class Alphaproteobacteria, and the purple triangles marked the counterparts of the class Gammaproteobacteria
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compared to SAW and SMS groups (Fig.  2d). Relative 
to the SMS group, the relative abundance of the genus 
BD1-7 clade was lower in the SAS group, while the rela-
tive abundance of the genera Paracoccus and Sphingomo-
nas was higher. Compared to SAS group, the relative 
abundance of the genus BD1-7 clade was elevated in the 
SAW group.

Different transcriptional responses of coral hosts
To determine the molecular mechanisms underlying the 
acclimatization of coral hosts to annual environmental 

changes, 12 samples from the SAS, SMS, and SAW 
groups were employed for RNA sequencing. In total, 
583,925,222 clean reads were produced based on 
592,968,090 raw reads, which were then assembled into 
267,502 unigenes. The sequencing results are detailed in 
Additional file 3: Table S2. The analysis of molecular vari-
ance (AMOVA) results for single nucleotide polymor-
phism (SNP) loci are presented in Additional file 4: Table 
S3. There was minimal genetic differentiation between 
the groups (FST < 0.05, p < 0.05). Principal component 
analysis (PCA) plots revealed differences in expression 

Fig. 3  Characterization and comparison of the transcriptional profiles. (a) PCA plot. (b) Scatter diagram demonstrating the DEGs for two different com-
parison schemes (SAS vs. SMS and SAW vs. SAS, the latter is considered the reference group). The FDR < 0.01 is indicated in red, while the FDR ≥ 0.01 is in-
dicated in blue. The networks showed the core pathways of (c) SAS vs. SMS and (d) SAW vs. SAS. Each dot represented a pathway, and only the significant 
pathways are shown. The more DEGs enriched within the pathway, the larger the dot. Also, the color of the dot reflected the p-value. Only the names and 
map IDs of critical pathways are shown in the map
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between the SAS and SMS groups, as well as between the 
SAW and SAS groups (Fig.  3a), with replicates showing 
higher correlation within groups and a clear separation 
between groups. Subsequently, unigenes with signifi-
cant differential expression between groups were identi-
fied. There were 8,744 differentially expressed unigenes 
(DEGs) in the SAS group relative to the SMS group. In 
addition, compared to the SAS group, 17,294 DEGs were 
identified in the SAW group (Fig. 3b).

Gene Ontology (GO) annotation analysis indicated 
that these two sets of DEGs had similar functional 
classification. Among these, “cellular process” and 
“metabolic process” were the dominant subcatego-
ries in biological process. The “cell part” had the high-
est proportion in cellular component, while “binding” 
and “catalytic activity” were the most important in 
molecular function (Additional file 1: Fig. S2). The GO 
functions of these DEGs were enriched, and the top 
20 significantly enriched (p < 0.05) GO terms in bio-
logical process reflected certain changes. Compared 
to the SMS group, the SAS group was significantly 
enriched in the subcategories of “cellular process” and 
“metabolic process”, with the upregulation of terms 
belonging to “cellular process” such as “cilium move-
ment (GO: 0003341)” and “cellular component assem-
bly (GO: 0022607)” and the downregulation of terms 
belonging to “metabolic process” such as “respiratory 
electron transport chain (GO: 0022904)” and “peptide 
biosynthetic process (GO: 0043043)” (Additional file 1: 
Fig. S3a). Meanwhile, the SAW group was significantly 
enriched in “biological regulation” and “metabolic pro-
cess” subcategories, and both showed upregulation 
compared to the SAS group; for example, this included 
“proteasomal protein catabolic process (GO: 0010498)”, 
“organonitrogen compound catabolic process (GO: 
1901565)”, and “regulation of biosynthetic process (GO: 
0009889)” (Additional file 1: Fig. S3b).

In the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis, the DEG set 
of SAS vs. SMS was significantly enriched (p < 0.05) 
in 42 pathways, including “citrate cycle (TCA cycle) 
(map00020)” and “steroid biosynthesis (map00100)” 
(Additional file 5: Table S4). Figure  3c shows that four 
pathways, “regulation of actin cytoskeleton (map04810)”, 
“oxidative phosphorylation (map00190)”, “autophagy-
animal (map04140)”, and “proteasome (map03050)”, had 
strong associations with other pathways. In contrast, 
the DEG set of SAW vs. SAS was significantly enriched 
in 27 pathways, including “biosynthesis of unsaturated 
fatty acids (map01040)” (Additional file 5: Table S4), with 
three pathways showing associations with other path-
ways, namely “lysosome (map04142)”, “TGF-beta signal-
ing pathway (map04350)”, and “peroxisome (map04146)” 
(Fig. 3d).

Metabolomic profiling of P. decussata
The changes in the metabolome of P. decussata under 
different environmental conditions were analyzed using 
LC-MS. After forming the data matrix, a total of 1,889 
variables were identified in positive (POS) ionization 
mode and 1,248 in negative (NEG) mode, which were 
preprocessed to obtain metabolite quantities. A total 
of 1,741 metabolites were identified in POS mode and 
1,152 metabolites in NEG for all samples. The num-
ber of metabolites identified accounted for 92.17% and 
92.31% of the number of variables in the POS and NEG 
models, respectively. After data processing, the partial 
least squares discriminant analysis (PLS-DA) score plot 
showed significant differences in metabolites in both 
POS and NEG modes (Fig.  4a and b). Subsequently, an 
orthogonal partial least squares discriminant analysis 
(OPLS-DA) model was used to discriminate the sig-
nificantly different metabolites (DMs). In both POS and 
NEG modes, 54 DMs were obtained for SAS vs. SMS 
(Fig.  4c), and 825 DMs were obtained for SAW vs. SAS 
(Fig. 4d).

Upon analyzing the KEGG metabolic pathway infor-
mation for these DMs (Additional file 6: Table S5), the 
majority in both groups were involved in two categories 
of energy supply pathways, “amino acid metabolism” and 
“lipid metabolism” (Additional file 1: Fig. S4). A topologi-
cal pathway analysis identified two significantly enriched 
pathways in SAS vs. SMS, namely “arginine biosynthe-
sis (map00220)” and “arginine and proline metabolism 
(map00330)” (Fig.  4e). Both pathways contained the 
upregulated metabolite ornithine (Additional file 1: Fig. 
S5a) associated with amino acid metabolism. In SAW vs. 
SAS, five significantly enriched pathways were identified, 
namely “arginine and proline metabolism (map00330)”, 
“glycerophospholipid metabolism (map00564)”, “argi-
nine biosynthesis (map00220)”, “nucleotide metabo-
lism (map01232)”, and “arachidonic acid metabolism 
(map00590)” (Fig.  4f ). In contrast, the abundance of 
metabolite ornithine decreased in SAW group compared 
to SAS group. The metabolite leukotriene D4 of “arachi-
donic acid metabolism (map00590)” associated with lipid 
metabolism was upregulated in SAW vs. SAS (Additional 
file 1: Fig. S5b).

Association analyses of transcriptome and metabolome
The O2PLS model was fitted to the DEGs and DMs of 
SAS vs. SMS and SAW vs. SAS. The contributions of 
each part showed that both SAS vs. SMS and SAW vs. 
SAS had high contributions of their “Joint part”, rang-
ing from 86.55 to 100.00% of “Joint part and Orthogonal 
part” individually (Additional file 7: Table S6), indicating 
that the model could be used to explain the joint varia-
tion in the transcriptome and metabolome. Furthermore, 
the joint loadings plot showed the extent to which each 
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Fig. 4  Characterization and comparison of the metabolite profiles. PLS-DA analysis of individual samples in (a) POS mode and (b) NEG mode. The volcano 
plots showed the DMs of (c) SAS vs. SMS and (d) SAW vs. SAS. The key pathways in (e) SAS vs. SMS and (f) SAW vs. SAS were shown. The key pathways are 
labelled in terms of impact value. The larger the impact value, the more important the pathway. Only the top five pathways in (f) are labelled
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variable in one omics approach was associated with the 
other omics in two dimensions, with larger absolute val-
ues indicating stronger associations. In this study, both 
SAS vs. SMS (Additional file 1: Fig. S6a and Fig. S6b) and 
SAW vs. SAS (Additional file 1: Fig. S6d and Fig. S6e) 
had strong correlations between almost all the variables 
among muti-omics.

To further explore the main mechanisms of tran-
scriptional and metabolic regulation in the corals with 
a seasonal air-exposed background, the pathways con-
cerning energy metabolism and innate immunity were 
selected from the above enrichment results for corre-
lation analysis (Additional file 8: Table S7). The strong 
correlations between gene expression and metabolite 
abundances in these pathways are shown in Additional 
file 1: Fig. S7. In the SAS vs. SMS comparison, ornithine 
was an important metabolite based on the above omics 
analyses, and it was significantly negatively correlated 
with the rate-limiting enzymes citrate synthase (CS) 
and isocitrate dehydrogenase (IDH), which were down-
regulated in “citrate cycle (TCA cycle) (map00020)” 
(Fig.  5a). In the SAW vs. SAS comparison, leukotriene 
D4 was enriched as a key metabolite, and it was signifi-
cantly positively correlated with genes related to “ara-
chidonic acid metabolism (map00590)” and with bone 
morphogenetic protein receptor, type I (BMPRI), bone 
morphogenetic protein (BMP) and SMAD family mem-
ber 4 (SMAD4), which were upregulated in “TGF-beta 
signaling pathway (map04350)” (Fig. 5b).

Discussion
Physiological plasticity of P. decussata in response to 
variable environmental stress
P. decussata has shown strong tolerance to environmental 
stress [7, 26], and this may be reflected at the physiologi-
cal level in the present study. The potential of P. decussata 
to acclimatize to air exposure included stronger activities 
of the antioxidant enzymes T-SOD and CAT (Fig. 1a and 
b), acclimatization that may be beneficial in eliminating 
reactive oxygen species (ROS) generated by dramatic 
environmental changes [27, 28]. Moreover, free radicals 
react with lipids to form MDA [29], and thus the lower 
MDA content may be indicative of a decreased oxidative 
response in P. decussata that experienced air exposure in 
winter. Meanwhile, the higher Chl a content in the SAW 
group (Fig. 1d) could also provide stronger photoprotec-
tion through the xanthophyll cycle of zooxanthellae [30], 
resulting in a reduction of potential existential threats 
during the winter months.

Coral-associated bacterial communities may be involved in 
the acclimatization
Coral-associated bacterial communities play key roles in 
coral health, disease, and evolution due to the fact that 
their habitats are closely linked to host tissue structures 
[31–34]. Thus, coral-associated bacteria are vulnerable to 
environmental variation, and the corresponding changes 
in their composition may in turn affect the coral hosts 
[35]. Previous studies have shown that the alpha diver-
sity of coral-associated bacteria increases to a certain 

Fig. 5  The correlation plot between the expression of key genes and the abundances of core metabolites. The left chart reflected the correlation be-
tween metabolite ornithine and genes associated with the citrate cycle (TCA cycle) in (a) SAS vs. SMS, and the right chart represented the correlation 
between metabolite leukotriene D4 and genes related to the arachidonic acid metabolism and TGF-beta signaling pathway in (b) SAW vs. SAS. The blue 
bars represented negative correlations and red represented positive. The horizontal coordinate showed the correlation coefficient. Significance of dif-
ferences was indicated by *p < 0.05 and **p < 0.01. CS, citrate synthase; OGDH, oxoglutarate dehydrogenase; SDHD, succinate dehydrogenase complex 
subunit D; ACO, aconitate hydratase; IDH, isocitrate dehydrogenase; ALOX5, arachidonate 5-lipoxygenase; GGT1, leukotriene-C4 hydrolase; BMPRI, bone 
morphogenetic protein receptor, type I; BMP, bone morphogenetic protein; SMAD4, SMAD family member 4
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extent under external stresses [36, 37], contributing to 
the symbiont’s resistance to infections and the mainte-
nance of essential functions of the microbiota [26]. In 
our research, both the SAS and SAW groups that expe-
rienced subaerial exposure showed higher alpha diversity 
of coral-associated bacteria than the always-submerged 
SMS group (Table 1). The sensitive changes in coral-asso-
ciated bacterial community diversity may indicate that 
the disturbance from air exposure is a potential stressor 
for P. decussata both in summer and winter. Interestingly, 
the community richness indices Ace, Chao, and Sobs 
were significantly higher in the SAW group compared 
to the SAS group, in contrast to previous findings on P. 
decussata [26]. This indicated that P. decussata may be 
also highly tolerant to air exposure in winter. Addition-
ally, our results showed that the microbial communities 
of the samples that were influenced by extremely low 
tides showed intercolonial variability, and the degree of 
variability varied between samples from different seasons 
(Fig. 2a). This implied that despite having the same coral 
host, there were effects of different environments on the 
microbiomes.

In this study, P. decussata experiencing subaerial expo-
sure showed a decrease in the relative abundance of class 
Gammaproteobacteria and an increase in class Alphap-
roteobacteria in the SAS group relative to the SMS group 
(Fig.  2d). Unsurprisingly, the current study suggested 
that most bacteria that confer benefit to the symbiont 
belonged to the classes Gammaproteobacteria and Alp-
haproteobacteria [38], and the shift in these classes in 
coral-associated bacteria may be based on environmen-
tal acclimatization. The BD1-7 clade that carries out 
carotenoid biosynthesis [39] has been detected in corals 
and other marine organisms [26, 40]. The biosynthetic 
process is crucial for symbiont health [41]. Paracoccus 
sp. was demonstrated to be able to kill harmful bloom-
forming algae [42], showing the potential for application 
in regulating environmentally harmful factors. Moreover, 
it has been shown that P. marcusii can produce ROS-
reactive pigments to help detoxify free radicals and ROS 
[43]. In addition, a metabolic characteristic of the genus 
Sphingomonas is the capacity for xenobiotic degradation, 
an ability that may play an essential role in adaptation to 
oligotrophic marine environments [44]. Therefore, the 
switch from class Gammaproteobacteria (genus BD1-7 
clade), which may favor the maintenance of a stable 
healthy state of the coral host, to class Alphaproteobac-
teria (genera Paracoccus and Sphingomonas) that are 
resistant to exogenous stresses may be microbiological 
evidence that P. decussata was affected by air exposure 
and acclimatized to this stress. In addition, compared 
to SAS group, the relative abundances of some bacteria 
from the class Gammaproteobacteria was elevated after 
air exposure in winter (Fig.  2d). The genus BD1-7 clade 

played a key role in energy utilization [26]. This suggested 
that coral-associated bacterial communities may assist P. 
decussata in acclimatizing to environmental fluctuations 
during winter by shifting to structures that favored sym-
biont energy reserves.

Overall, changes in the diversity of coral-associated 
bacterial communities, along with differences in bacte-
rial taxa, allowed the coral host to cope with stresses in 
different conditions, suggesting that P. decussata may be 
resistant to external pressures due to the presence of the 
symbiont.

Coral hosts responded to environmental stresses through 
flexible gene regulation
Extensive studies on scleractinian corals have shown that 
energy metabolism and homeostasis are closely linked 
under exogenous stresses [4, 45, 46]. The citrate acid 
cycle, also known as the TCA cycle, was a conserved 
primitive metabolic pathway typically serving as the 
organism’s energy engine [47]. We noted that the “citrate 
cycle (TCA cycle) (map00020)” pathway was significantly 
enriched in SAS vs. SMS. In this pathway, CS and IDH 
were both downregulated in the SAS group, suggest-
ing that air exposure limited the TCA cycle and affected 
the efficiency of energy utilization in the coral host. 
The result was consistent with that of previous studies 
on the response of coral hosts to exogenous stresses [4, 
48]. Moreover, the “peroxisome (map04146)” pathway 
was enriched in the SAW vs. SAS comparison (Fig. 3d), 
possibly dominating more abundant amino or fatty acid 
metabolism and regulating the level of ROS [49]. This 
may be a survival advantage for P. decussata in response 
to extremely low tides in winter.

P. decussata has demonstrated remarkable resilience 
to thermal stress, as evidenced by having flexible regu-
lation of the antioxidant response and innate immunity 
[7]. Specifically, proteasomes are protease complexes 
that selectively degrade short-lived regulatory or dam-
aged proteins [50]. To maintain homeostasis during oxi-
dative stress in the organism, ubiquitinated proteins are 
degraded by the proteasome as a general damage signa-
ture [51]. In this study, the “proteasome (map03050)” 
pathway were enriched in the SAS group relative to the 
SMS group (Fig. 3c). Moreover, autophagy is an essential 
component of cellular response to stress [52] as a type of 
programmed cell death pathway [53] and can be activated 
by oxidative stress [54]. In the SAS vs. SMS comparison, 
the “autophagy-animal (map04140)” pathway (Fig.  3c) 
may reveal plasticity in gene expression after stimula-
tion by subaerial exposure. Additionally, in the SAW 
group, the activated “lysosome (map04142)” pathway 
(Fig. 3d) may have been used to control oxidative stress 
[28], similar to the activated “peroxisome (map04146)” 
pathway. Therefore, we hypothesized that P. decussata 
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experiencing seasonal subaerial exposure may respond to 
oxidative stress in different ways. In summer, individuals 
that were consistently submerged may maintain cellular 
homeostasis through ubiquitinated protein degradation 
by proteasomes, whereas their counterparts that expe-
rienced subaerial exposure may protect cells through 
enhanced antioxidant T-SOD and CAT enzyme activi-
ties and activation of autophagy. In winter, P. decussata 
that experienced air exposure maintained high antioxi-
dant enzyme (T-SOD) activity and may further cope with 
oxidative stress through lysosomes. Ultimately, there was 
no significant difference in the extent of oxidative dam-
age between SAS and SMS groups (Fig.  1c), reflecting 
the effectiveness of gene regulation in P. decussata with 
subaerial exposure in summer. In addition, the corals in 
winter may have a significant reduction in the degree of 
oxidative damage (Fig. 1c) due to the combined action of 
their antioxidant enzymes and organelles.

Innate immunity seems to play an essential role in the 
response of P. decussata to air exposure. As a form of 
innate immunity [55], autophagy could be activated when 
the coral host is stressed and challenged, as shown in the 
SAS group. Similar results have been observed in toler-
ant Porites species [56]. In addition, BMPRI, BMP and 
SMAD4 in “TGF-beta signaling pathway (map04350)” 
was upregulated in the SAW group relative to the SAS 
group. It is known that the TGF-beta signaling pathway 
can act as an innate immune pathway as an enforcer of 
immune tolerance and an inhibitor of inflammation [57]. 
In P. decussata, the anti-inflammatory effect of the TGF-
beta signaling pathway may be beneficial for maintaining 
organismal health during air exposure in winter. It fol-
lows that P. decussata defends against threats from sub-
aerial exposure by regulating the innate immune-related 
pathways, both in summer and winter; this may be a clue 
to its resilience.

In summary, the flexible gene regulation capacity of 
P. decussata may be a necessary asset for its survival in 
changing environmental conditions, which either directly 
or indirectly impacted its basic physiological processes.

Altered metabolic profiles may reflect the stress history of 
P. decussata
The metabolome results for both SAS vs. SMS and SAW 
vs. SAS showed that the enriched KEGG pathways con-
tained “arginine biosynthesis (map00220)” and “argi-
nine and proline metabolism (map00330)” on amino 
acid metabolism (Fig.  4e and f ). This implied that the 
changes in amino acid metabolism may be a sensitive 
reflection of coral responses to environmental changes, 
and the same results were also found in the metabolic 
profiles of corals undergoing thermal stress [58]. Sclerac-
tinian corals absorb and utilize nitrogen for growth and 
development under stable conditions, including their 

most representative calcification. Previous studies have 
demonstrated that urea may be an important source 
of nitrogen for corals [59–61] and that the urea cycle is 
also involved in calcification in scleractinian corals [62]. 
In this study, the changes in the above two pathways 
focused on ornithine, an intermediate molecule in the 
urea cycle that is also an essential substrate for proline 
synthesis [63]. Compared to the SMS and SAW groups, 
the upregulation of ornithine in the SAS group (Addi-
tional file 1: Fig. S5) predicted a stronger material basis 
for the urea cycle. Additionally, P. decussata that experi-
enced air exposure may have a stronger capacity for cal-
cification in summer, consistent with the findings from 
other reef-building corals [64–67], suggesting that sub-
aerial exposure may not affect classic seasonal patterns of 
coral calcification.

In the present study, changes in lipid metabolism 
such as “glycerophospholipid metabolism (map00564)” 
and “arachidonic acid metabolism (map00590)” were 
observed in the SAW vs. SAS comparison (Fig. 4f ). Two 
types of metabolites phosphatidylcholine (PC) and phos-
phatidylserine (PS) in “glycerophospholipid metabolism 
(map00564)”, which usually serve as typical cnidarian 
lipids [68], were upregulated in SAW vs. SAS (Additional 
file 1: Fig. S5b). These lipids comprise the major lipid 
structures in eukaryotic cell membranes, suggesting that 
P. decussata with a history of air exposure ultimately 
may acclimat to winter by improving membrane fluidity 
to help maintain cellular function [69]. Similarly, arachi-
donic acid, which can be used as an indicator to evalu-
ate coral health [70], indicated physiological changes in 
P. decussata experiencing subaerial exposure and low 
temperatures during winter. In “arachidonic acid metab-
olism (map00590)” pathway, the downstream catabolic 
product leukotriene acts as an inflammatory mediator to 
trigger or participate in inflammatory responses [71]. In 
our metabolome results, leukotriene D4 was upregulated 
in the SAW group relative to the SAS group (Additional 
file 1: Fig. S5b), suggesting that P. decussata experiencing 
air exposure may have a higher risk of inflammation in 
winter.

Taken together, the changes in amino acid and lipid 
metabolism may be historical signatures of seasonal envi-
ronmental fluctuations experienced by P. decussata and 
may further reveal the variation in biological processes 
in different seasons. These findings were essential for our 
comprehensive assessment of the acclimatization of P. 
decussata.

Integrated evaluation of the acclimatization and survival 
potential of P. decussata to marginal environments
The future of coral reefs depends on the ability of reef-
building corals to respond to rapid environmental 
changes [72]. In this study, in addition to the flexible 
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coral-associated bacterial communities, P. decussata with 
a history of seasonal air exposure had apparent physi-
ological advantages in antioxidant and photosynthetic 
capacity (Fig. 6). Subsequent O2PLS models successfully 
fitted transcriptomic and metabolomic data and revealed 
strong correlations (Additional file 1: Fig. S6), implying a 
link between gene regulation and metabolite abundances. 
Further analyses found that similar to other scleractinian 
corals [4, 54], P. decussata from Weizhou Island located 
in a subtropical marginal coral reef responded to stress 
through alterations in energy metabolism and innate 
immunity. Thus, these changes could be used to assess 
the acclimatization and survival potential of P. decussata 
under varied environmental conditions.

In general, coral-associated microbes have shorter gen-
eration times compared to coral hosts, implying that they 
may acclimatize more rapidly and provide corresponding 
adaptive capacity to the corals [72]. Thus, changes in bac-
terial community structure and diversity under different 
conditions [24, 73] have been evaluated in previous stud-
ies of coral acclimatization and adaptation [72]. Similar 
to our findings, the coral-associated bacterial commu-
nity was altered at the genus level on Madura Island reefs 
where cyclical subaerial exposure also occurred, although 
Proteobacteria was still the dominant phylum [13]. Both 
at low and relatively high latitudes, these results demon-
strated the involvement of coral-associated bacteria in 
the ongoing effects caused by subaerial exposure. Their 
specific alterations may contribute to coral stress resis-
tance and energy reserves (Fig.  6), although the exact 

mechanism of bacteria in the acclimatization of corals to 
seasonal environmental fluctuations remains unclear. For 
coral hosts, the degree of genetic differentiation among 
populations can be assessed to evaluate the impacts of 
environmental fluctuations. In this study, the low yet sta-
tistically significant level of genetic differentiation among 
populations may suggest adaptation of the P. decussata 
coral host to tidal-induced environmental fluctuations at 
Weizhou Island. However, due to the small sample size 
and the limitations of RNA-seq, the interpretation of FST 
value may lack comprehensiveness, necessitating further 
validation.

Additionally, the level of energy metabolism in the 
coral host is closely linked to the stress response process. 
In previous studies, energy allocation by corals was the 
basis for acclimatization [12, 74]. In this research, com-
pared to the SMS group, the TCA cycle pathway in the 
SAS group was downregulated, while the activities of 
antioxidant enzymes T-SOD and CAT, proteins con-
taining a large number of amino acid residues [75], were 
significantly increased (Fig.  6). These phenomena may 
indicate that P. decussata with a subaerial exposure his-
tory may reduce the efficiency of energy utilization and 
allocate energy to the antioxidant system in summer. In 
contrast, the negative correlation between the abundance 
of the metabolite ornithine in the urea cycle and the gene 
expression of CS and IDH in the TCA cycle (Fig. 5a) may 
point to some degree of substance flow between the two 
pathways. Theoretically, the urea cycle and the TCA 
cycle are connected by aspartic acid and fumarate, i.e., 

Fig. 6  Overview of the subtidal P. decussata acclimatization to seasonal subaerial exposure and temperature fluctuations. The left half of it depicted 
changes in corals with an exposure history during the summer relative to those without exposure backgrounds, and the right half detailed the variations 
of corals which experienced subaerial exposure under cold temperature conditions in winter. Characters in italics represented genes, and characters on 
the orange oval and white hexagonal icons represented substances. Red font and arrows indicated up-regulation or increase, while blue font and ar-
rows indicated down-regulation or decrease. The black arrows denoted the direction of the response and the dotted lines signified presumptions. CAT, 
catalase; T-SOD, total superoxide dismutase; CS, citrate synthase; IDH, isocitrate dehydrogenase; BMPRI, bone morphogenetic protein receptor, type I; BMP, 
bone morphogenetic protein; SMAD4, SMAD family member 4
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oxaloacetate from the TCA cycle synthesizes aspartic 
acid and then participates in the urea cycle, while fuma-
rate produced by the urea cycle enters the TCA cycle [76, 
77]. In our metabolome data, the active urea cycle indi-
cated by ornithine may be a surrogate program for the 
TCA cycle due to the reduction of energy utilization effi-
ciency (Fig. 6), although neither aspartic acid nor fuma-
rate was detected, possibly due to detection errors. Thus, 
P. decussata, similar to other corals that experience sub-
aerial exposure [12], has certain energy adjustment strat-
egies to cope with high temperatures and air exposure 
in summer, and such advantages may allow the corals to 
survive.

Higher Chl a content favored coral photosynthesis, 
in turn facilitating resistance to environmental stress 
[78]. In this research, P. decussata with an air-exposed 
background possessed a higher Chl a content in winter, 
indicating the resistance to marginal environments at 
relatively high latitudes and an energy advantage (Fig. 6). 
At low temperatures, innate immunity is thought to ben-
efit corals to adapt to environmental stresses [26, 54], 
and the same result was obtained in our study. P. decus-
sata emerged from the sea surface for hours and then 
became submerged in cold seawater, and this may cause 
abnormalities in lipid metabolism such as an increase in 
leukotriene D4 indicative of the high risk of inflamma-
tion. In addition, the abundance of leukotriene D4 was 
positively correlated with the expression of BMPRI, BMP 
and SMAD4 related to the TGF-beta signaling pathway 
(Fig. 5b), demonstrating that innate immunity functions 
in P. decussata to prevent inflammatory responses and 
maintain homeostasis in winter (Fig. 6).

In general, the adaptive capacity of corals to extreme 
environments has been closely linked to taxa [79], simi-
lar to thermal bleaching events [80, 81]. The leaf coral P. 
decussata, an intermediate between branching and mas-
sive corals, may have innate tolerant and adaptive advan-
tages. Additionally, due to the geographical advantage of 
relatively high latitudes, similar to north-western Aus-
tralia and in Reunion Island [82, 83], most air exposure 
on Weizhou Island occurs at sunrise or sunset, a factor 
that may have protected P. decussata from prolonged 
exposure to the sun and the threat of high temperatures, 
allowing this species to continue to survive after the 
seasonal subaerial exposure. Overall, biotic and abiotic 
factors have allowed P. decussata to successfully acclima-
tize to seasonal environmental fluctuations in Weizhou 
Island.

Conclusions
Scleractinian coral possess the potential to survive in 
marginal environments. Multi-omic analyses highlighted 
that coral-associated bacterial community structure and 
diversity of P. decussata on Weizhou Island changed in a 

direction that favored coral survival under seasonal sub-
aerial exposure and temperature fluctuations. In addi-
tion, dynamic changes in energy metabolism and innate 
immunity were beneficial for maintaining coral homeo-
stasis. To conclude, our analysis has contributed to a 
deeper comprehension of coral persistence in environ-
mental fluctuations and provides a theoretical basis for 
future acclimation of relatively high-latitude corals.

Methods
Sample collection
The study site was located at Weizhou Island on the 
northern edge of the South China Sea (Fig.  7a). Field 
surveys in the northern part of Weizhou Island found 
that P. decussata surviving in the Blue Bridge area 
(21°4.16′N, 109°5.79′E) were exposed to recurrent 
extreme low tides (​h​t​t​p​​:​/​/​​g​l​o​b​​a​l​​-​t​i​​d​e​.​​n​m​d​i​​s​.​​o​r​g​​.​c​n​​
/​d​e​f​​a​u​​l​t​.​h​t​m​l) in ​s​u​m​m​e​r (June–August) and win-
ter (December–February next year), similar to sub-
tidal corals in other areas [16]. Such extreme low tides 
typically occurred around sunrise and lasted almost 
3  h in summer. In winter, such tides occurred around 
sunset and lasted for about 3  h (Additional file 1: Fig. 
S1; Fig.  7b). These events usually occurred in succes-
sion, and at least three consecutive occurrences were 
observed during most of the summer and winter 
months. The sampling began at approximately 2 weeks 
after the end of consecutive extreme low tide events. 
We collected samples from corals that experienced 
subaerial exposure (SAS) by scuba diving on 28 August 
2022. The seawater had a temperature of 30.3 °C and a 
salinity of 34.2 PSU, while the air had a temperature of 
33.8  °C and a relative humidity of 57.6%. At the same 
time, we collected samples of permanently submerged 
corals (SMS) in water depths of approximately 3  m 
located at the same sampling sites. Similarly, we col-
lected coral samples with a subaerial exposure back-
ground in winter (SAW) at the same sampling site on 
3 March 2023. The seawater was recorded with a tem-
perature of 20.4  °C and a salinity of 33.0 PSU, and the 
air conditions were noted as 21.0  °C in temperature 
and 52% in relative humidity. The distance between 
the SAS/SAW and SMS groups is approximately 10 m. 
Samples from eight different colonies were taken as 
2–4 cm patches using hammers and chisels and as far 
away as possible to ensure that more comprehensive 
biological information was obtained. The samples were 
then rinsed with 0.22-µm filtered seawater to prevent 
contamination. Ultimately, all samples were quickly 
frozen in liquid nitrogen and stored at − 80 °C.

Physiological measurements
A total of 12 samples (four samples of each group) 
were used for quantifying the antioxidant capacity and 

http://global-tide.nmdis.org.cn/default.html
http://global-tide.nmdis.org.cn/default.html
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Chl a contents of the corals. As previously described, 
a WaterPik® Ultra Water Jet (Water Pik, USA) filled 
with 0.22-µm filtered seawater was used to remove 
the coral tissue from the skeleton [84]. After obtain-
ing coral tissue homogenates, three subsamples were 
taken from each replication. Then, the coral tis-
sue homogenate supernatant was used to analyze 
the antioxidative indicators. The activities of total 
superoxide dismutase (T-SOD) and catalase (CAT) 
and the content of malondialdehyde (MDA) were 
assayed using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, China). The total protein 
was measured using a quantitative assay kit (Nan-
jing Jiancheng Bioengineering Institute, China), and 
all data for antioxidative indicators were normalized 
to the total protein content. Meanwhile, 100% ace-
tone was used for extracting Chl a in a 24-hour dark 
period at − 20  °C according to the method of Zhang 
et al. [7]. The homogenate was centrifuged using 
Sigma 3-18KS freezing centrifuge (Sigma Laborzen-
trifugen GmbH, Germany) at 4,000  rpm for 10  min; 
the supernatant was collected, and the absorbance 
was measured at OD630 and OD663 using a UV-2700 
spectrophotometer (SHIMADZU, Japan). The chlo-
rophyll content was computed using the equations 
in Jeffrey and Humphrey [85]. The coral antioxidant-
related indices and the Chl a content were analyzed. 
Pairwise group comparisons were performed using 
t-tests, and p-values were adjusted for multiple test-
ing via Bonferroni correction, with p < 0.05 represent-
ing a significant difference and p < 0.01 representing a 
highly significant difference.

DNA extraction, 16S rRNA gene amplicon sequencing, and 
data analysis
Small amounts (2–4 g) of each coral sample were crushed 
with a mortar and pestle, and DNA was extracted using 
the TIANamp Marine Animals DNA Kit (Tiangen, 
China). Finally, the high-quality DNA of 15 samples from 
three groups was extracted. PCR amplification was per-
formed using the primers 338 F (5′-​A​C​T​C​C​T​A​C​G​G​G​A​
G​G​C​A​G​C​A​G-3′) and 806R (5′-GGACTACHVGGGT-
WTCTAAT-3′) for the V3V4 variable region of bacterial 
16S rRNA with an ABI GeneAmp 9700 thermal cycler 
(Thermo Fisher Scientific, USA), followed by detection 
and quantification of the PCR products. A TruSeq™ DNA 
Sample Prep Kit (Illumina, USA) was used to prepare 
Illumina libraries, which were then sequenced on an Illu-
mina MiSeq platform following standard protocols.

The raw data were split according to the samples and 
then quality-filtered and merged using the Trimmo-
matic read trimming tool and FLASH [84]. The result-
ing high-quality reads were denoised using Qiime2 
(Version 2023.5.0) via the DADA2 plugin to obtain 
amplicon sequence variants (ASVs) [86]. All sequences 
annotated as being from chloroplasts and mitochon-
dria were removed to ensure the purity of the data, and 
the remaining sequences were normalized by the lowest 
number of sequences. To quantify fluctuations in bac-
terial species, the values of alpha diversity indices (Ace, 
Chao, Sobs, Shannon, and Simpson) were calculated 
using Mothur (https://mothur.org/), and the data were 
analyzed using the Kruskal-Wallis H test [87]. Sample 
spacing of beta diversity was calculated using princi-
pal coordinate analysis (PCoA) based on the weighted 

Fig. 7  The location map of sampling sites. (a) Weizhou Island in the South China Sea. (b) The image on the left showed that P. decussata in Blue Bridge 
area experienced subaerial exposure during extreme low tide event on 5 January 2022, and the image on the right showed their permanently submerged 
counterparts

 

https://mothur.org/
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Bray-Curtis algorithm in order to visualize the com-
munity structure between samples. Linear discriminant 
analysis effect size (LEfSe; ​h​t​t​p​​:​/​/​​h​u​t​t​​e​n​​h​o​w​​e​r​.​​s​p​h​.​​h​a​​r​v​
a​​r​d​.​​e​d​u​/​​g​a​​l​a​x​​y​/​r​​o​o​t​?​​t​o​​o​l​_​i​d​=​l​e​f​s​e​_​u​p​l​o​a​d) was used to 
profile the species characteristics that explained most of 
the differences between groups with a linear discrimi-
nant analysis (LDA) threshold of 4 and a p-value < 0.05. 
The data were analyzed through the free online platform 
of majorbio cloud platform (http://cloud.majorbio.com) 
[88].

RNA extraction, transcriptome sequencing, and data 
analysis
The coral total RNA was extracted from four samples 
per group using a TRIzol™ Plus RNA Purification Kit 
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. Oligo (dT) magnetic beads were 
used to enrich the mRNA. An Illumina Stranded mRNA 
Prep Ligation Kit (Illumina, USA) was then used to con-
struct a library. Sequencing was performed using an Illu-
mina NovaSeq 6000 according to standard protocols.

Clean reads were obtained after adapter removal, prun-
ing, and filtering of raw reads via Fastp (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​
o​m​/​​O​p​e​n​​G​e​​n​e​/​f​a​s​t​p) [89]. All clean reads were ​a​s​s​e​m​b​
l​e​d de novo by Trinity (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​r​i​n​​i​t​​y​r​n​​a​s​e​​
q​/​t​r​​i​n​​i​t​y​r​n​a​s​e​q​/​w​i​k​i) [26]. BLASTx was used to obtain 
the sequences from the coral hosts, according to Yu et 
al. [6]. The sequences were annotated using non-redun-
dant (Nr; Version 2022.10), Gene Ontology (GO; Ver-
sion 2022.0915), and Kyoto Encyclopedia of Genes and 
Genomes (KEGG; Version 2022.10) databases. To mea-
sure the transcription and gene expression levels, RSEM 
(version 1.3.3) was used and the transcripts per million 
(TPM) was applied. To further determine whether the 
groups had genetic differences, the AMOVA analysis of 
the SNP sites in the transcript data was performed using 
Arlequin (Version 3.5.2.2). The samples were clustered 
based on the expression of unigenes by principal com-
ponent analysis (PCA), followed by the identification of 
differentially expressed unigenes (DEGs) using DESeq2 
(Version 1.24.0) with a false discovery rate (FDR) < 0.01 
and an absolute value of log2FC ≥ 1. To further explore 
the DEGs, information regarding function and pathways 
was obtained by GO and KEGG annotation. The KEGG 
enrichment analyses was carried out using majorbio 
cloud platform [88] with Python package scipy, and used 
Fisher’s exact test and p < 0.05 as the criteria for signifi-
cant judgment. To avoid result narrowing due to over-
correction, no multiple testing correction was applied to 
enrichment analyses, but the FDR values, corrected using 
the Benjamini-Hochberg method, are still provided in 
Additional File 5 for the reader’s reference. Enrichment 
network analysis was performed based on the relation-
ship between significant KEGG pathways to obtain the 

major pathways, and then key DEGs were screened by the 
most dominant and representative pathway mechanism.

Extraction and identification of metabolites
A total of 24 samples (eight samples per group) were 
employed to extract the metabolites. First, a small 
amount of each coral sample (100 ± 5 mg) was added to 
a mortar, and metabolite extraction was performed using 
400 µL of methanol-water extraction solution (4:1, v/v) 
containing 0.02 mg/mL of internal standard (L-2-chloro-
phenylalanine). Samples were ground by the Wonbio-96c 
frozen tissue grinder (Shanghai wanbo biotechnology, 
China) for 6 min at − 10 °C, followed by low-temperature 
ultrasonic extraction for 30  min at 5  °C. The samples 
were then allowed to left at − 20 °C for 30 min, and cen-
trifuged using Centrifuge 5430R (Eppendorf, Germany) 
at 11,500  rpm for 10  min. Finally, the supernatant was 
collected. Equal volumes of all sample supernatant were 
taken and mixed to prepare quality control samples 
(QC), and a QC was included in every eight samples dur-
ing instrumental analysis. All supernatant were analyzed 
by LC-MS using a UHPLC-Q Exactive HF-X system 
(Thermo Fisher Scientific, USA) with the following con-
ditions. An ACQUITY UPLC HSS T3 column (100 mm 
× 2.1 mm i.d., 1.8 μm; Waters, USA) was used for extrac-
tion. Mobile phase A consisted of 95% water and 5% 
acetonitrile (with 0.1% formic acid), and mobile phase B 
consisted of 47.5% acetonitrile, 47.5% isopropanol, and 
5% water (with 0.1% formic acid). The injection volume 
was 3 µL, and the column temperature was 40  °C. The 
samples were ionized by electrospray, the specific param-
eters of the mass spectra were as follows. Sheath gas flow 
rate was set to 50 arb and aux gas flow rate was 13 arb. 
Spray voltage was 3,500 in positive mode and 3,500 in 
negative mode. Normalized collision energy was 20  eV, 
40 eV, 60 eV. Full MS resolution was 60,000, and MS/MS 
resolution was 7500. Scan type was 70–1050  m/z. The 
mass spectral signals were collected in positive (POS) 
and negative (NEG) ion scanning modes. Then, the raw 
data were imported into Progenesis QI (Waters, USA) for 
baseline filtering, peak identification, integration, reten-
tion time correction, and peak alignment. Finally, a data 
matrix of retention time, mass-to-charge ratio, and peak 
intensity was obtained, which was then matched accord-
ing to the HMDB (https://hmdb.ca/) and Metlin ​(​​​h​t​t​p​s​:​/​/​
m​e​t​l​i​n​.​s​c​r​i​p​p​s​.​e​d​u​/​​​​​) databases.

Before analyzing the data, the data matrix was prepro-
cessed by removing and filling in missing values. Spe-
cifically, only those metabolic features with non-zero 
values in at least 80% of the samples in any set were pre-
served. The empty values are then filled using the small-
est value in the original matrix. The mass spectrometry 
peak intensities corresponding to all metabolic features 
were normalized using the sum normalization method. 

http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload
http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload
http://cloud.majorbio.com
https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
https://github.com/trinityrnaseq/trinityrnaseq/wiki
https://github.com/trinityrnaseq/trinityrnaseq/wiki
https://hmdb.ca/
https://metlin.scripps.edu/
https://metlin.scripps.edu/
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Variables with a relative standard deviation > 30% in QC 
were removed, and the remaining variables were log 
transformed. Partial least squares discriminant analysis 
(PLS-DA) was used to examine group differences. The 
Ropls package in R (Version 1.6.2) was used to perform 
the OPLS-DA. Further, metabolites from POS and NEG 
modes were combined for significantly different metabo-
lite (DM) identification and further analysis. DMs were 
identified based on the value of variable importance 
in the projection (VIP) obtained from the orthogonal 
partial least squares discriminant analysis (OPLS-DA) 
model and FDR from Student’s t-test. Metabolites with 
FDR < 0.01 and VIP > 1 were defined as DMs. DMs were 
matched to the KEGG database and analyzed for enrich-
ment using the Python package scipy.stats, and the 
p-values were obtained by Fisher’s exact test. Similar to 
the transcriptomic analysis, to prevent the narrowing 
of results from overcorrection, multiple testing correc-
tion was not applied to the enrichment analyses. KEGG 
pathway analysis was performed based on the relative-
betweenness centrality of the topology. The metabolo-
mics data analysis was performed using the free online 
platform of majorbio cloud platform ​(​​​h​t​t​p​:​/​/​c​l​o​u​d​.​m​a​j​o​r​
b​i​o​.​c​o​m​​​​​) [88].

Association analyses and statistics
To determine whether gene expression levels and metab-
olite abundances were correlated, a credible O2PLS 
model was applied to fit two omics datasets [90, 91] 
according to the description in Bouhaddani et al. [92]. 
The DEGs were designated as the X dataset, and the 
DMs were defined as the Y dataset. For assessing the 
explanatory ability of the two datasets, the contribution 
values (R2X and R2Y) were output separately. Signifi-
cantly enriched KEGG pathways were screened in both 
transcriptomics and metabolomics. First, pathways were 
selected with first category as metabolism. Then, among 
the pathways in the first category of cellular processes, 
the innate immune pathways that have been reported 
in corals [55] were selected. Finally, DEGs from these 
pathways and DM were correlated. Spearman correla-
tion coefficients and the significance of gene expression 
and metabolite abundances were calculated based on the 
overall determination of the correlation between the two 
omics with the O2PLS model. The integrative model dia-
gram was created by BioRender (https://biorender.com) 
and Adobe Illustrator 2020 (Adobe, USA).
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