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Epigenetic modifications based on DNA methylation can rapidly improve the potential of corals to adapt to
environmental pressures by increasing their phenotypic plasticity, a factor important for scleractinian corals to
adapt to future global warming. However, the extent to which corals develop similar adaptive mechanisms and
their specific adaptation processes remain unclear. Here, to reveal the regulatory mechanism by which DNA
methylation improves thermal tolerance in Pocillopora damicornis under fluctuating environments, we analyzed
genome-wide DNA methylation signatures in P. damicornis and compared the differences in the methylation and
transcriptional responses of P. damicornis from fluctuating and stable environments using whole-genome bisulfite
sequencing and nanopore-based RNA sequencingtranscriptome sequencing. We discovered low methylation
levels in P. damicornis (average methylation 4.14%), with CpG accounting for 74.88%, CHH for 13.27%, and
CHG for 11.85% of this methylation. However, methylation levels did not change between coral samples from
the fluctuating and stable environments. The varied methylation levels in different regions of the gene revealed
that the overall methylation level of the gene body was relatively high and showed a bimodal methylation
pattern. Methylation occurs primarily in exons rather than introns within the gene body In P. damicornis, there
was only a weak correlation between methylation and transcriptional changes at the individual gene level, and
the methylation and gene expression levels generally exhibited a bell-shaped relationship, which we speculate
may be due to the specificity of cnidarian species. Correlation analysis between methylation levels and the
transcriptome revealed that the highest proportion of the top 20 enriched KEGG pathways was related to im-
munity. Additionally, P. damicornis collected from a high-temperature pool had a lower metabolic rate than those
collected from a low-temperature pool. We hypothesize that the dynamic balance of energy-expenditure costs
between immunity and metabolism is an important strategy for increasing P. damicornis tolerance. The fluctu-
ating environment of high-temperature pools may increase the heat tolerance in corals by increasing their im-
munity and thus lowering their metabolism.

1. Introduction

In the past half century, coral reef ecosystems have been under se-
vere threat owing to the combined influence of climate change and
human activities (Hughes et al., 2003; Hughes et al., 2018; Hughes et al.,
2017a,b). Specifically, in the El Nino climate cycle, the global seawater
temperature is expected to rise over the next 50 years, due to the large
amount of greenhouse gas emissions. Previous field ecological studies
have shown that high-frequency temperature variability reduces the risk
of coral bleaching (Ainsworth et al., 2016; Barshis et al., 2013; Bay et al.,

2017; Grottoli et al., 2014; Oliver and Palumbi, 2011; Rogers et al.,
2016; Safaie et al., 2018; Schoepf et al., 2015, 2020; Swain et al., 2016;
Yu et al., 2021), which may improve the outlook for coral reefs in the
future (van Oppen et al., 2015; Yu et al., 2020a,b). Studies have sug-
gested that corals also possess an adaptive-like immunological reper-
toire, which may play a critical role in the corals’ ability to combat
future external interference. The extent to which corals have developed
such an adaptive-like immune repertoire will determine whether corals
will survive climate change and other anthropogenic disturbances.
However, despite increasing efforts to study the mechanisms underlying
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this interesting ecological phenomenon (Kenkel et al., 2013; Kenkel and
Matz, 2016; Kirk et al., 2018; Matz et al., 2019; Yu et al., 2020a,b; Zhou
et al., 2017), we still lack knowledge regarding the basic molecular
processes involved. Specifically, the role of epigenetic mechanisms in
the regulation of this phenomenon and their potential to contribute to
increased resilience in response to environmental stress—as reported in
other organisms (Mirouze and Paszkowski, 2011; Sahu et al., 2013)—
remains unstudied. Under changing environmental conditions, it is
predicted that acquiring phenotypic plasticity through epigenetic
mechanisms may mitigate the loss of fitness (Chevin et al., 2013) and
facilitate evolutionary adaptation (Price et al., 2003; Yeh and Price,
2004). For sessile organisms, such as plants and corals, plasticity
through epigenetic mechanisms is predicted to be of particular impor-
tance as these organisms cannot migrate from suboptimal environments
(Barshis et al., 2013; Nicotra et al., 2010).

DNA methylation is a crucial epigenetic modification of the genome
(Robertson, 2005); previous studies are increasingly highlighting the
continued role of DNA methylation across an organisms’ lifespan
(Baker-Andresen et al., 2013; Dimond, 2019). As DNA methylation is
affected by the environment, it may contribute to the ability of basal
metazoans to adapt to environmental changes (Dimond and Roberts,
2016; Dixon et al., 2018; Liew et al., 2020). In a previous study, DNA
methylation was established as a key link between the environment and
phenotype (Dimond and Roberts, 2016). Previous findings have shown
that DNA methylation is involved in mediating stress-induced trans-
generational responses of Arabidopsis within and between generations
(Boyko et al., 2010; Dubin et al., 2015). Epigenetic changes are involved
in the adaptation of eukaryotic Scots pine (Pinus silvestris) to chronic
radiation exposure. Meanwhile, DNA methylation-mediated stress
memory in plants growing under stress conditions has been reported
(Feng et al., 2012; Hauser et al., 2011). This inherent epigenetic plas-
ticity plays an important role in the immediate response of organisms
and the establishment of long-term adaptation under conditions of stress
(Mirouze and Paszkowski, 2011). This interesting phenomenon has also
been observed in aquatic organisms along with enhanced epigenetic
plasticity in freshwater sticklebacks, this may serve as a regulatory
mechanism that compensates for the lack of genetic variation in fresh-
water populations (Artemov et al., 2017). To date, only a few studies
have evaluated the effects of DNA methylation in corals under condi-
tions of environmental stress. DNA methylation is involved in symbiotic
homeostasis and induces a response to thermal stress, ocean acidifica-
tion, and nutrient stress in cnidarians (Dimond et al., 2017; Dimond and
Roberts, 2016; Dixon et al., 2014; Li et al., 2018; Liew et al., 2018, 2020;
Marsh et al., 2016; Putnam et al., 2016; Rodriguez Casariego et al.,
2018). A field transplant experiment revealed that DNA methylation in
the scleractinian coral Porites astreoides is responsive to environmental
changes and isa part of the potential transgenerational acclimatization
responses (Dimond and Roberts, 2020). Thus, deciphering the mecha-
nism by which the methylation-based epigenetic machinery responds to
different tolerances to environmental stresses in scleractinian corals is
important. However, there is a lack of research with respect to the role of
methylation in mediating the adaptive response of scleractinian corals in
thermally variable reef environments.

Pocillopora damicornis, one of the most well-studied and widely
distributed scleractinian corals, is a branching coral; however, it has a
high tolerance similar to that of a massive coral, which makes it an
excellent model species for studying the mechanisms (e.g., epigenetic
regulation) underlying stress adaptation (Tang et al., 2018). A
high-quality P. damicornis genome sequence has been published
(Cunning et al., 2018), which provides the basis for whole-genome
bisulfite sequencing (WGBS) and transcriptome sequencing. In this
study, to reveal whether epigenetic mechanisms are involved in regu-
lating the thermal acclimation of scleractinian corals in response to
fluctuating reef habitats, we used P. damicornis to perform WGBS and
evaluate DNA methylation. Understanding the exposure-response re-
lationships of these molecular mechanisms could potentially allow the
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quantification of the effects of the environment on phenotypic variation,
thereby increasing our capacity to predict population responses after
environmental changes.

2. Materials and methods
2.1. Coral sampling and study site

Our study was conducted in the Luhuitou fringing reef in Sanya Bay,
Hainan, China (18° 12.7' N, 109° 28.5' E). It is a typical fringing reef,
which is host to the highest level of research on Hainan Island. As
described in our previous study (Yu et al., 2021), with the influence of
tides and coastal topography, there are two different growth environ-
ments in this sea area: a high-temperature pool (HP) and a
low-temperature pool (LP), HP has shallower depth, higher thermal
variability, and higher water flow than LP, which has a more stable
environment (Fig. 1). It offers a natural laboratory model that is suitable
for studying the impact of a fluctuating environment on the tolerance of
reef-building corals and for assessing the adaptive potential of
reef-building corals under future global warming scenarios. Ten
P. damicornis colonies in good condition were collected from HPs and
LPs. In the HP and LP groups, any two samples were selected from ten
samples and mixed them in equal molar amounts to form a new mixed
sample, so that each group had five biological replicates for subsequent
analysis. All samples were stored in liquid nitrogen for subsequent
bisulfite sequencing (WGBS) and transcriptome sequencing.

2.2. DNA extraction and bisulfite sequencing

The experiment was performed as per the standard protocol provided
by Hlumina (Smith et al., 2009). The DNA of each coral sample was
extracted using a Universal Genomic DNA Extraction Kit (DV811A;
TaKaRa, Kusatsu, Japan). After the genomic DNA of the sample was
tested for qualification, the DNA was fragmented using the Covaris
ultrasonicator method (He et al., 2017). The fragments were purified
using AMPure XP beads and end-repaired, and a single “A” nucleotide
was added to the 3’ ends of the blunt fragments followed by ligation to
the methylated adapter with a T overhang. Agarose gel electrophoresis
was performed for fragment size selection, followed by bisulfite treat-
ment using a ZYMO EZ DNA Methylation-Gold™ Kit (ZYMO, Irvine, CA,
USA). Subsequently, PCR amplification was performed to generate a
sequencing library; the constructed library was inspected using a 2100
Bioanalyzer (Agilent Technology, Santa Clara, CA, USA) and quantified
using qPCR (Agilent qPCR NGS Library quantification kit; Agilent
Technology). The qualified library was used for WGBS using the Illu-
mina platform at the Biomarker Technology Company (Beijing, China).

To ensure quality analysis, raw reads were filtered to obtain clean
reads for subsequent information analysis. First, the reads with adapters
were removed. Next, reads with a N content exceeding 10% and reads
with a base mass value below 10 exceeding 50% were filtered. The
sequenced reads obtained from whole-genome methylation sequencing
were relocated to the reference genome using Bowtie 2 for subsequent
methylation analysis (Langmead and Salzberg, 2012). Bismark software
was used to compare short methylated sequences obtained from
second-generation high-throughput sequencing with the reference
genome (Krueger and Andrews, 2011). Bowtie 2 was employed on the
Bismark platform. For the results obtained from the Bowtie comparison,
the best unique comparison result is selected for subsequent analysis.
The 5-methylcytosine (5 mC) modifications were divided into CpG,
CHG, and CHH, based on different bases. CpG O/E is an indicator used to
measure the ratio between the observed and expected values of the CpG
dinucleotide symmetry in a DNA sequence, where O represents the
observed value and E represents the expected value. CpG dinucleotide
symmetry is the presence of an inorganic phosphodiester bond between
adjacent C and G bases in the DNA sequence. During the evolution of
DNA, the CpG dinucleotide symmetry changes due to factors such as
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Fig. 1. Study area and schematic diagram of environmental characteristics of sampling locations.

methylation. CpG islands are regions showing enriched CpG di-
nucleotides in DNA sequences, often associated with the promoters of
genes. CpG O/E can assess the effects of methylation levels and evolu-
tionary pressure on DNA sequences by comparing the difference be-
tween the observed CpG dinucleotide symmetry and the desired CpG
dinucleotide symmetry. If the value of CpG O/E is greater than 1, the
observed CpG dinucleotide symmetry is more than the expected value,
which may indicate that excessive methylation exists in this region,
while if the value of CpG O/E is less than 1, the observed CpG dinu-
cleotide symmetry is less than the expected value, which may indicate
that there is less methylation present in this region. After comparison,
the position of unique reads on the reference genome was located, the
sequencing depth and genome coverage of each sample were counted,
and the methylation sites were detected. Based on the location of the
methylation sites and the gene location information in the reference
genome, we obtained the region or regions where the site occurs in the
genome (upstream, gene body, downstream, etc.). Each region was
divided into 20 bins to calculate the methylation levels of different re-
gions of the whole genome (Schultz et al., 2012). The area methylation
levels were calculated using the weight methylation level method
(Schultz et al., 2012).

2.3. Transcriptome analysis

To understand the molecular basis of natural acclimation within
P. damicornis in fluctuating environments, we performed transcriptome
sequencing (Oxford Nanopore Technologies, Oxford, UK) on the Prom-
ethION platform. The total RNA (1 pg) of frozen coral samples was used
to prepare cDNA libraries. The raw reads of transcriptome sequencing in
this study have been submitted to the NCBI under the accession number:
RJINA647655 (Yu et al., 2021). The sequencing and analysis methods
have been described in our previous study (Yu et al., 2021). The raw
reads of transcriptome sequencing were first filtered according to the
standard, with a minimum read length of 500 bp and a minimum
average read quality score of 7 (Chen et al., 2020). Ribosomal RNA was
discarded after mapping it to the rRNA database. Full-length non--
chimeric (FLNC) transcripts were determined by searching for primers at
both ends of the reads. For each sample, clusters of FLNC transcripts
were obtained after the reads were aligned to the P. damicornis genome
using minimap2 (Cunning et al., 2018; Li, 2018). Pinfish was used to
obtain consensus isoforms after polishing each cluster (Chen et al.,
2020). To remove redundant sequences, minimap2 was used to map the
obtained sequences onto the reference genome (Cunning et al., 2018; Li,

2018). Sequence alignments and subsequent analyses were performed
using the full-length sequencing transcriptomes and known genome
transcripts as references, and sequence alignment was performed be-
tween clean reads and the reference transcriptome using minimap2 to
obtain corresponding information regarding the transcriptome and
reference transcriptome.

2.4. Correlation analysis between methylation and transcriptome

To analyze the association between gene expression and methylation
levels, we examined the association between differentially expressed
genes (DEGs) and differentially methylated genes (DMGs). The counts
per million (CPM) values were used as a measure of transcripts or gene
expression (Zhou et al., 2014). DESeq was used for analyzing the DEGs
among sample groups (Anders and Huber, 2010). Fold change >2 and
false discovery rate (FDR) < 0.05 were used as the screening criteria.
DMGs were detected between samples based on the cytosine mapping
results of the unique mapped reads of the samples on the reference
genome. MOABS (Sun et al., 2014) was used to screen the differentially
methylated regions, which required a coverage depth of no less than 10
% , the presence of at least three differentially methylated sites, and a
minimum difference in methylation level of 0.2 (0.3 for CG type), using
Fisher’s exact test with a p-value <0.05. As distinct C types (CG, CHG,
and CHH) are methylated by different methods in different species and
even within the same species, we investigated DMRs of different types of
MCS separately. The assembled unigenes were annotated against the
KEGG metabolic pathway database (Kanehisa and Goto, 2000). To
annotate the different methylated regions (DMR) and obtain the asso-
ciated methylation differential genes (DMG), use the following methods:
Gene annotation: associate the DMR with known genes to determine
which DMR is located in the promoter, intron, or exonic regions of the
gene. This can be done by using the gene annotation database (such as
Ensembl, UCSC Genome Browser) and the corresponding genome
annotation files (such as GTF files). Functional annotation: For genes
located near the DMR, further functional annotation can be performed
to determine the biological processes or functions in which these genes
may be involved. Gene functional annotation databases (e. g., Gene
Ontology, KEGG Pathway) can be used to perform functional enrich-
ment analysis of genes to identify biological processes, molecular
functions and pathways associated with DMR. Co-expression network
analysis: Genes near the DMR are compared to known co-expression
networks to determine whether there are genes with correlated
expression patterns. Gene co-expression databases (e. g. STRING,
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CoExpedia) can be used to build and analyze co-expression networks.
Transcription factor binding site prediction: Regions found in the DMR
may contain transcription factor binding sites, and these sites may be
potential mechanisms of gene regulation. Transcription factor binding
site prediction tools (e. g., JASPAR, MEME Suite) can be used to predict
potential transcription factor binding sites in DMR and further analyze
whether these sites are related to related transcription factors and
regulation of gene expression. These methods can help annotate DMR
and provide DMG related to DMR. Comprehensive use of gene annota-
tion, functional annotation, co-expression network analysis and tran-
scription factor binding site prediction provides a thorough
understanding of the biological functions and regulatory mechanisms of
DMR. Overrepresentation analysis using Fisher’s exact test (Benjami-
ni-Hochberg adjusted p-value <0.05) was used for KEGG enrichment
analysis (Backes et al., 2007; Désert et al., 2008). The obtained p-value
was corrected using the Benjamini-Hochberg method for multiple test
correction to control the probability or frequency of errors in the overall
inference results (Benjamini and Hochberg, 1995; Désert et al., 2008).

3. Result
3.1. Differential transcriptional response between different groups

We generated high-quality sequencing reads via third-generation
sequencing using the ONT. Each sample was sequenced to produce
2.70 GB of clean data. In total, 10,634,905 and 11,167,173 raw reads
were generated from the HP and LP groups, with average read lengths of
1380 and 1352 bp and N50 of 1653 and 1624 bp, respectively. After
filtering the short- and low-quality reads, 10,595,305 and 11,124,365
clean reads were obtained, of which 80.87% and 79.29% were identified
as being full-length, respectively.

3.2. Changes in genomic methylation patterns

To further understand the role of DNA methylation in mediating the
adaptive response of P. damicornis in fluctuating environments, we
performed WGBS with an average coverage of 30 x per individual on ten
colonies, with five biological replicates per group. In total, 344,340,043
clean reads were obtained for each group. The Q30 ranged from 92.11%
to 96.12%. The GC% ranged from 18.95% to 19.30%, Q30 refers to the
base error rate; GC% refers to the percentage of base GC content (Sup-
plementary table 1). The conversion ratio of these groups of mapped
reads was 99.52% (Supplementary table 2), with 44.71-52.03% of clean
reads uniquely mapped (Supplementary table 3). Conversion rate in
methylation usually refers to the conversion efficiency during DNA
methylation. DNA methylation is an important biologically modifying
process in which methyl groups on DNA molecules are added to the
bases of DNA. Such a modification can affect the gene expression and
cellular function.

The coverage of bases on the reference genome was counted after the
reads were mapped to the reference genome. The mean depth of
coverage for each sample and the corresponding genome coverage ratios
at each depth are listed in Supplementary table 4. The distribution of
methylated C bases across the genome consisted of three forms (CG,
CHG, and CHH, where H represents A, T, or C bases). The coverage of the
C bases of the three different distribution types was determined, and the
statistics are presented in Supplementary table 5.

Based on the best comparison result of clean reads in the reference
genome, the base information of the whole-genome cytosine (C) site was
extracted (Supplementary table 6). The P. damicornis genome was
sparsely methylated, with an average of 4.14% of all CpGs, of which CpG
accounted for 74.88%, CHH for 13.27%, and CHG for 11.85%, and there
was no difference between the two groups (p > 0.05) (Supplementary
table 6; Supplementary table 7). We used the binomial distribution test
principle to detect the 5 mC of each C site. The screening conditions
were coverage > 4x and FDR <0.05. There was no difference in
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methylation levels between P. damicornis samples from the HP and LP
groups (p < 0.05), which were 4.08% and 4.2%, respectively.

On each chromosome, the methylation level of each window was
calculated by considering 100 k as a window, describing the distribution
of methylated C bases from the chromosomal level, and drawing the
whole-genome chromosome level methylation map (Supplementary
figure 1). Based on the location of the methylation sites in the reference
genome and the gene location information in the reference genome, we
can obtain the region or the region where the site occurs in the genome
(upstream, gene body, downstream, etc.). Each region is divided into 20
bins to calculate the methylation level of different regions of the whole
genome (Fig. 2). To characterize the genome-wide methylation model of
P. damicornis, we analyzed the methylation levels in different regions of
the gene (Fig. 3). Collectively, the methylation levels in the gene body
were relatively high.

3.3. Correlation analysis between expression and methylation

To further analyze the relationship between gene expression and
methylation, we analyzed the methylation rates of genes with different
expression levels (Fig. 4). The results showed limited correlation be-
tween differentially expressed and differentially methylated genes
(Fig. 5).

3.4. DMGs and DEGs are involved in mediating the adaptive response in
the scleractinian coral P. damicornis

The regulatory mechanism by which DNA methylation is involved in
enhancing thermal tolerance in P. damicornis in fluctuating environ-
ments was investigated. Upon performing an association analysis of the
DEGs and DMGs between the two groups (Supplementary table 8). We
performed KEGG functional enrichment analysis on the filtered target
genes (comprehensively considered the targeted genes of DMGs and
overlapping ones between DEGs and DMGs) (Fig. 6), and the top 20
enriched pathways were as follows: focal adhesion, endocytosis, NOD
receptor signaling pathway, p53 signaling pathway, RIG—I-like recep-
tor signaling pathway, toll-like receptor signaling pathway, tight junc-
tion, herpes simplex infection, apoptosis, nitrogen metabolism, vascular
smooth muscle contraction, homologous recombination, beta-alanine
metabolism, regulation of actin cytoskeleton, RNA transport, meta-
bolism of xenobiotics by cytochrome P450, base excision repair,
AGE—RAGE signaling pathway in diabetic complications, amino sugar
and nucleotide sugar metabolism, and Fanconi anemia pathway. The
DE-IncRNA-targeted mRNAs were significantly enriched in ko00531
glycosaminoglycan degradation, ko00603 glycosphingolipid biosyn-
thesis - globo series, ko00511 other glycan degradation, ko04142 lyso-
some, ko00604 glycosphingolipid biosynthesis - ganglio series, ko03013
RNA transport, and ko00520 amino sugar and nucleotide sugar
metabolism.

4. Discussion

To assess the role of DNA methylation in the adaptability of scler-
actinian corals, we analyzed changes in the DNA methylomes and
transcriptomes of P. damicornis in fluctuating and stable environments.

4.1. Low methylation levels in P. damicornis

Interestingly, we found low methylation levels in P. damicornis.
However, similar to our findings, other studies have found that some
cnidarians, such as Acropora hyacinthus, A. millepora, A. palmata, Porites
astreoides, and Stylophora pistillata have relatively low methylation levels
(Dimond and Roberts, 2016). As with most other invertebrate taxa
surveyed, a bimodal distribution was observed in coral transcriptomes.
All the distributions were dominated by relatively high CpG O/E scores,
suggesting relatively low methylation levels for most genes in the reefs.
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Fig. 2. The methylation level of each sample was mapped to the distribution of each functional element in the gene region.

A similar pattern was observed in the whole-genome analysis of the sea
anemone Nematostella vectensis (Sarda et al., 2012; Zemach et al., 2010)
and analysis of exons in A. millepora (Dixon et al., 2014). In contrast,
CpG O/E curves of other invertebrates, such as the oyster Crassostrea
gigas and ascidian Ciona intestinalis, indicate low CpG O/E fractions
(Dixon et al., 2014; Gavery and Roberts, 2010). DNA methylation levels
broadly reflect evolutionary relationships (Tweedie et al., 1997; Zemach
et al., 2010), and coral methylation is similar to that of N. vectensis
(Dimond and Roberts, 2016). Previous studies have also reported that
methylation of genomic cytosines occurs in humans at a rate of
approximately 4-6%, whereas in insects, the methylation rate is only
0.1-0.2% (Bonasio et al., 2012; Li et al., 2010; Lister et al., 2009; Lyko
et al., 2010; Wang et al., 2014; Xiang et al., 2010).

In contrast to the almost ubiquitous methylation in mammalian ge-
nomes, genomic methylation in numerous invertebrates occurs at CpG
dinucleotides within the gene bodies (Chapman et al., 2010; Suzuki
et al., 2007; Zemach et al., 2010). Within gene bodies, methylation oc-
curs predominantly in exons rather than in introns (Falckenhayn et al.,
2013; Wang et al., 2013). The density of gene body methylation was not
equal across genes. Studies on multiple invertebrate taxa have reported
bimodal patterns of gene body methylation, with genes classified into
two categories: hyper- and hypomethylation (Falckenhayn et al., 2013;
Sarda et al., 2012). Bimodal methylation was consistent in different
invertebrate taxa, including Hymenoptera (Park et al., 2011), Hemiptera
(Hunt et al., 2010), Lepidoptera (Xiang et al., 2010), Orthoptera
(Falckenhayn et al., 2013), mollusks (Gavery and Roberts, 2010), and
cnidarians (Sarda et al., 2012). Evidence for bimodal methylation in
Cnidaria, as well as in other diverse taxa, suggests that this ancient
mechanism has been conserved for over 500 million years of evolution
(Chapman et al., 2010). Thus, gene body methylation may promote the
consistent expression of genes that perform essential functions, for
which aberrations can be lethal (Roberts and Gavery, 2012). Studies
have argued that vertebrate genomes have much higher levels of
methylation than invertebrate genomes and that methylation may have
evolved as an essential function to reduce transcriptional noise (i.e.,
pseudotranscription) in more complex vertebrates with a higher number
of genes (Bird, 1995). There is experimental evidence for this hypoth-
esis; for example, Huh’s study demonstrated a negative correlation

between gene body methylation and transcriptional noise (Huh et al.,
2013), and a study showed that methylation protects gene bodies from
spurious entry by RNA polymerase II (Neri et al., 2017). Invertebrates
may benefit to some extent from transcriptional noise, owing to their
greater potential for transcriptional (phenotypic) plasticity compared to
that of vertebrates, which may have greater benefits for less complex
organisms owing to the lower buffering capacity of these organisms
(Roberts and Gavery, 2012). There is substantial evidence that gene
body methylation plays a role in alternative splicing in both vertebrates
and invertebrates (Flores et al., 2012; Maunakea et al., 2013). Not all
exons are included during the transcription of a specific gene. Alterna-
tive splicing is a phenomenon in which transcript variants are generated
through exon splicing. For example, Flores et al. (2012) found that the
DNA methylation level of exons included in transcripts was higher than
that of the excluded exons in honeybees, and the incidence of alternative
splicing was higher in methylated genes than in unmethylated genes.
Another hypothesis for the role of gene body methylation is that it may
facilitate the consistent expression of ubiquitously expressed core genes
required for basic biological functions (Roberts and Gavery, 2012).

4.2. Limited correlations between DEGs and DMGs in P. damicornis

The analysis of gene expression-methylation relationships revealed
limited correlations between the differentially expressed and DMGs. In
KEGG enrichment analysis, we found that the number of genes in
numerous pathways is very small, which may be attributed to the fewer
target genes screened. A similar phenomenon was discovered in two
recent cnidarian studies: Li et al. discovered several differentially
methylated DEGs in their study on E. pallida symbiosis, but little overlap
between the two sets of genes (Dixon et al., 2018; Li et al., 2018);
similarly, Dixon and Li found only a weak correlation between
methylation and transcriptional changes at the gene level in the model
system Aiptasia, and Acropora millepora (Dixon et al., 2018; Li et al.,
2018). This finding supports the hypothesis that hypomethylation is
associated with transcriptional plasticity (Roberts and Gavery, 2012).
However, it is interesting to note that both studies discovered an asso-
ciation between methylation and transcriptional changes when gene
functional groupings or pathways were considered rather than
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individual genes. Both studies concluded that there is some comple-
mentarity between methylation and transcription at a wide range of
functional levels, but the precise mechanisms remain the subject of
speculation (Dixon et al., 2018; Li et al., 2018). Jjingo et al. observed
that methylation and gene expression levels often exhibit a bell-shaped
relationship (Jjingo, 2012). Both the highest and lowest levels of gene
body methylation were correlated with the lowest levels of expression,
whereas high levels of expression were correlated with moderate levels
of methylation. Based on this phenomenon, Jjingo et al. proposed a
model in which methylation levels are influenced by expression levels,
as opposed to the more general notion that methylation affects expres-
sion (Jjingo, 2012). Their model suggests that low levels of expression
limit the access of DNA methyltransferases to DNA because of dense
nucleosome packing, whereas high levels of expression limit the access

of methyltransferases to DNA because of intense RNA polymerase traf-
ficking. Moderate levels of expression allow sufficient access to DNA to
allow methylation to occur (Jjingo, 2012). An issue with this hypothesis
may arise when such a relationship between methylation and expression
levels does not exist (Lokk et al., 2014). All the hypotheses proposed
above are likely to have some validity, and none are mutually exclusive.
Indeed, all hypotheses can be applied to a conceptual model in which the
overall effect of gene body methylation provides direction for various
aspects of transcription. In other words, gene body methylation appears
to help determine where transcription should start, how quickly it
should proceed, which exons should be included, and which parts of the
genome this should be accomplished in. The part of the genome in which
this direction seems to be the most prevalent is precisely where we
expect them to be, highly conserved genes that perform essential
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processes, leaving little room for error (Dimond, 2019). Thus, when
considered more comprehensively, the function of gene body methyl-
ation may not be as ambiguous as it appears (Dimond, 2019). However,
some studies have demonstrated a positive linear correlation between
intragenic DNA methylation and gene expression in N. vectensis and the
silkworm Bombyx mori (Xiang et al., 2010; Zemach et al., 2010). In other
eukaryotes, including honeybees, a parabolic relationship has been re-
ported in which most moderately transcribed genes are more hyper-
methylated than lowly or highly expressed genes, implying a lack of
positive correlation between DNA methylation and transcription at the
gene level in these species (Zemach et al., 2010). It has been suggested
that intragenic DNA methylation—more precisely exonic DNA methyl-
ation—may be associated with alternative splicing events (Lyko et al.,
2010; Park et al., 2011). However, whether this relationship can be
observed on a genome-wide scale remains to be determined. In addition,
it has been reported that gene body methylation in Arabidopsis and
honeybees is positively correlated with gene length and gene conser-
vation (Takuno and Gaut, 2011; Zeng and Yi, 2010) and that gene length
is highly correlated between honeybees and Drosophila (Takuno and
Gaut, 2011; Zeng and Yi, 2010). Moreover, Mendoza found that Sym-
biodinium have evolved cytosine methylation patterns unlike any other
eukaryote, with most of the genome methylated at CG dinucleotides (de
Mendoza et al., 2018). The retrotransposons could self-methylate ret-
rotranscribed DNA (de Mendoza et al., 2018). This is an example of how
retrotransposons incorporate host-derived genes involved in DNA
methylation. In some cases, this event could have implications for the
composition and regulation of the host epigenomic environment.

4.3. Resource reallocation between immunity and metabolism is the
strategy of P. damicornis thermal acclimation

The highest proportion of the top 20 enriched KEGG pathways were
associated with organismal immunity. For example, the NOD receptor,
p53, RIG-I-like receptor, toll-like receptor, apoptosis, and AGE-RAGE
signaling pathways are involved in diabetic complications. The
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immune system is the provider of balance in coral holobionts and is also
the coordinator of the relationship between the hosts and the symbiotic
microbiome (Palmer, 2018). The immune system provides health and
balance to coral holobionts and maintains symbiosis upon receipt of
external biotic and abiotic disturbances (Palmer, 2018). Different
manifestations of immunity and support for resistance are driven by
physiological trade-offs under evolutionary constraints (Palmer, 2018).
Therefore, changes in immunity may have a significant impact on coral
survival under climate change (Palmer, 2018). The hypothesis of sus-
ceptibility damage threshold for coral holobionts suggests that hol-
obionts with higher immune components and greater tolerance may be
better able to maintain homeostasis by perturbation than holobionts
using resistance strategies, which may be more susceptible to submer-
sion (Palmer et al., 2010). Life history theory argues that, at any given
moment, an organism’s immune strategy occurs within predetermined
limits of evolutionary trade-offs, dependent on the environment,
phenotypic plasticity, and physiological trade-offs (Sheldon and Ver-
hulst, 1996). Physiological costs (determining plasticity) may arise
during the maintenance and implementation of immunity, including
energy expenditure and potential self-harm (autoimmunity) (Schmid--
Hempel, 2003). For numerous organisms, including corals, this physi-
ological cost may manifest as a temporary reduction in fecundity or
growth owing to the reallocation of resources and/or destruction by
immune responses (Schmid-Hempel, 2003; Sheridan et al., 2014).
Therefore, the body balance of the whole organism of corals maintained
by immunity may be directly related to the availability of energy and the
ability to compensate for costs, such as through increased heterotrophy
and reduced metabolism (Palmer, 2018; Yu et al., 2020a,b). Our pre-
vious results of transcriptomics results found that P. damicornis from the
HP had a lower metabolic rate than that from the LP (Yu et al., 2021).
Therefore, we speculate that the dynamic balance of ener-
gy—expenditure costs between immunity and metabolism is an impor-
tant strategy for increasing P. damicornis tolerance. The fluctuating
environment of high-temperature pools may increase the heat tolerance
of corals by increasing their immunity and lowing their metabolism.

Data statement

Sequencing raw reads in this study were deposited into the NCBI
sequence reads archive (SRA) database: RJNA647655 and
PRINA841961.

Funding sources

This work was supported by the National Natural Science Foundation
of China (Nos. 42090041 and 42030502), the Autonomous Project of
Guangxi Laboratory on the Study of Coral Reefs in the South China Sea
(No. GXLSCRSCS2022101).

CRediT authorship contribution statement

Xiaopeng Yu: Conceptualization, Data curation, Formal analysis,
Methodology, Writing — original draft, Writing — review & editing, Re-
sources, Validation, Visualization. Kefu Yu: Conceptualization, Funding
acquisition, Methodology, Resources, Validation. Biao Chen: Formal
analysis, Software, Visualization. Zhiheng Liao: Investigation, Re-
sources, Writing — review & editing. Jiayuan Liang: Formal analysis,
Project administration, Writing — review & editing. Zhenjun Qin: Data
curation, Formal analysis, Validation, Writing — review & editing. Xu
Gao: Data curation, Methodology.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



X. Yuetal

Marine Environmental Research 193 (2024) 106284

Statistics of Pathway Enrichment

Fanconi anemia pathway -

Amino sugar and nucleotide sugar metabolism pvalue
AGE—-RAGE signaling pathway in diabetic complications - 1.00
Base excision repair - - 0.75

Metabolism of xenobiotics by cytochrome P450 0.50

RNA transport - 005

Regulation of actin cytoskeleton
beta—Alanine metabolism -
Homologous recombination
Vascular smooth muscle contraction

Nitrogen metabolism -

1
o
=
S

gene number

Apoptosis 4 - 1

Herpes simplex infection - . « 2
Tight junction - o3

e 4

Toll-like receptor signaling pathway
RIG—I-like receptor signaling pathway
p53 signaling pathway

NOD-like receptor signaling pathway

Endocytosis e
Focal adhesion - .
T T T T
10 20 30 40
Rich factor

Fig. 6. KEGG pathway enrichment analysis of targeted genes. The size of the point indicates the number of DEGs enriched in the pathway, and the color indicates the

significance of enrichment, FDR<0.05.
Data availability
Data will be made available on request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.marenvres.2023.106284.

References

Ainsworth, T.D., Heron, S.F., Ortiz, J.C., et al., 2016. Climate change disables coral
bleaching protection on the great barrier reef. Science 352 (6283), 338-342. https://
doi.org/10.1126/science.aac7125.

Anders, S., Huber, W., 2010. Differential expression analysis for sequence count data.
Nature Precedings. https://doi.org/10.1038/npre.2010.4282.2.

Artemov, A.V., Mugue, N.S., Rastorguev, S.M., et al., 2017. Genome-wide dna
methylation profiling reveals epigenetic adaptation of stickleback to marine and
freshwater conditions. Mol. Biol. Evol. 34 (9), 2203-2213. https://doi.org/10.1093/
molbev/msx156.

Baker-Andresen, D., Ratnu, V.S., Bredy, T.W., 2013. Dynamic dna methylation: a prime
candidate for genomic metaplasticity and behavioral adaptation. Trends Neurosci.
36 (1), 3-13. https://doi.org/10.1016/j.tins.2012.09.003.

Barshis, D.J., Ladner, J.T., Oliver, T.A., et al., 2013. Genomic basis for coral resilience to
climate change. Proc. Natl. Acad. Sci. USA 110 (4), 1387. https://doi.org/10.1073/
pnas.1210224110.

Bay, R.A., Rose, N.H., Logan, C.A., et al., 2017. Genomic models predict successful coral
adaptation if future ocean warming rates are reduced. Sci. Adv. 3 (11), e1701413
https://doi.org/10.1126/sciadv.1701413.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. Roy. Stat. Soc. B 57 (1), 289-300. https://
doi.org/10.1111/§.2517-6161.1995.tb02031.x.

Bird, A.P., 1995. Gene number, noise reduction and biological complexity. Trends Genet.
11 (3), 94-100. https://doi.org/10.1016/50168-9525(00)89009-5.

Bonasio, R., Li, Q., Lian, J., et al., 2012. Genome-wide and caste-specific dna methylomes
of the ants camponotus floridanus and harpegnathos saltator. Curr. Biol. 22 (19),
1755-1764. https://doi.org/10.1016/j.cub.2012.07.042.

Boyko, A., Blevins, T., Yao, Y., et al., 2010. Transgenerational adaptation of arabidopsis
to stress requires dna methylation and the function of dicer-like proteins. PLoS One 5
(3).

Chapman, J.A., Kirkness, E.F., Simakov, O., et al., 2010. The dynamic genome of hydra.
Nature 464 (7288), 592-596. https://doi.org/10.1038/nature08830.

Chen, H., Du, Y., Fan, Y., et al., 2020. Long-read transcriptome data of bee fungal
parasite, nosema ceranae. bioRxiv, 987271. https://doi.org/10.1101/
2020.03.11.987271.

Chevin, L., Collins, S., Lefevre, F., 2013. Phenotypic plasticity and evolutionary
demographic responses to climate change: taking theory out to the field. Funct. Ecol.
27 (4), 967-979. https://doi.org/10.1111/j.1365-2435.2012.02043.x.

Cunning, R., Bay, R.A., Gillette, P., et al., 2018. Comparative analysis of the pocillopora
damicornis genome highlights role of immune system in coral evolution. Sci. Rep. 8
(1), 16134 https://doi.org/10.1038/541598-018-34459-8.

de Mendoza, A., Bonnet, A., Vargas-Landin, D.B., et al., 2018. Recurrent acquisition of
cytosine methyltransferases into eukaryotic retrotransposons. Nat. Commun. 9,
1341. https://doi.org/10.1038/5s41467-018-03724-9.

Désert, C., Duclos, M.J., Blavy, P., et al., 2008. Transcriptome profiling of the feeding-to-
fasting transition in chicken liver. BMC Genom. 9 (1), 611. https://doi.org/10.1186/
1471-2164-9-611.

Dimond, J.L., 2019. Patterns, Dynamics, and Potential Roles of Dna Methylation in Reef
Corals and Their Allies. ProQuest Dissertations Publishing.

Dimond, J.L., Roberts, S.B., 2016. Germline dna methylation in reef corals: patterns and
potential roles in response to environmental change. Mol. Ecol. 25 (8), 1895-1904.
https://doi.org/10.1111/mec.13414.

Dimond, J.L., Roberts, S.B., 2020. Convergence of dna methylation profiles of the reef
coral porites astreoides in a novel environment. Front. Mar. Sci. 6, 792. https://doi.
org/10.3389/fmars.2019.00792.

Dimond, J.L., Gamblewood, S.K., Roberts, S.B., 2017. Genetic and epigenetic insight into
morphospecies in a reef coral. Mol. Ecol. 26 (19), 5031-5042. https://doi.org/
10.1111/mec.14252.

Dixon, G.B., Bay, L.K., Matz, M.V., 2014. Bimodal signatures of germline methylation are
linked with gene expression plasticity in the coral acropora millepora. BMC Genom.
15 (1), 1109. https://doi.org/10.1186/1471-2164-15-1109.


https://doi.org/10.1016/j.marenvres.2023.106284
https://doi.org/10.1016/j.marenvres.2023.106284
https://doi.org/10.1126/science.aac7125
https://doi.org/10.1126/science.aac7125
https://doi.org/10.1038/npre.2010.4282.2
https://doi.org/10.1093/molbev/msx156
https://doi.org/10.1093/molbev/msx156
https://doi.org/10.1016/j.tins.2012.09.003
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1126/sciadv.1701413
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/S0168-9525(00)89009-5
https://doi.org/10.1016/j.cub.2012.07.042
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref10
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref10
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref10
https://doi.org/10.1038/nature08830
https://doi.org/10.1101/2020.03.11.987271
https://doi.org/10.1101/2020.03.11.987271
https://doi.org/10.1111/j.1365-2435.2012.02043.x
https://doi.org/10.1038/s41598-018-34459-8
https://doi.org/10.1038/s41467-018-03724-9
https://doi.org/10.1186/1471-2164-9-611
https://doi.org/10.1186/1471-2164-9-611
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref17
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref17
https://doi.org/10.1111/mec.13414
https://doi.org/10.3389/fmars.2019.00792
https://doi.org/10.3389/fmars.2019.00792
https://doi.org/10.1111/mec.14252
https://doi.org/10.1111/mec.14252
https://doi.org/10.1186/1471-2164-15-1109

X. Yuet al

Dixon, G., Liao, Y., Bay, L.K,, et al., 2018. Role of gene body methylation in
acclimatization and adaptation in a basal metazoan. Proc. Natl. Acad. Sci. USA 115
(52), 13342-13346. https://doi.org/10.1073/pnas.1813749115.

Dubin, M.J., Zhang, P., Meng, D., et al., 2015. Dna methylation in arabidopsis has a
genetic basis and shows evidence of local adaptation. Elife 4, e5255. https://doi.org/
10.7554/¢eLife.05255.

Falckenhayn, C., Boerjan, B., Raddatz, G., et al., 2013. Characterization of genome
methylation patterns in the desert locustschistocerca gregaria. J. Exp. Biol. 216 (Pt
8), 1423-1429. https://doi.org/10.1242/jeb.080754.

Feng, Z., Yang, C., Lin, X., et al., 2012. Salt and alkaline stress induced transgenerational
alteration in dna methylation of rice ('oryza sativa’). Aust. J. Crop. Sci. 6 (5),
877-883. https://doi.org/10.3316/informit.733029331036937.

Flores, K., Wolschin, F., Corneveaux, J.J., et al., 2012. Genome-wide association between
dna methylation and alternative splicing in an invertebrate. BMIC Genom. 13 (1),
480. https://doi.org/10.1186/1471-2164-13-480.

Gavery, M.R., Roberts, S.B., 2010. Dna methylation patterns provide insight into
epigenetic regulation in the pacific oyster (crassostrea gigas). BMC Genom. 11 (1),
483. https://doi.org/10.1186/1471-2164-11-483.

Grottoli, A.G., Warner, M.E., Levas, S.J., et al., 2014. The cumulative impact of annual
coral bleaching can turn some coral species winners into losers. Global Change Biol.
20 (12), 3823-3833. https://doi.org/10.1111/gcb.12658.

Hauser, M., Aufsatz, W., Jonak, C., et al., 2011. Transgenerational epigenetic inheritance
in plants. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1809
(8), 459-468. https://doi.org/10.1016/j.bbagrm.2011.03.007.

He, X.J., Zhou, L.B., Pan, Q.Z., et al., 2017. Making a queen: an epigenetic analysis of the
robustness of the honeybee (apis mellifera) queen developmental pathway. Mol.
Ecol. 26 (6), 1598-1607. https://doi.org/10.1111/mec.13990.

Hughes, T.P., Baird, A.H., Bellwood, D.R., et al., 2003. Climate change, human impacts,
and the resilience of coral reefs. Science 301 (5635), 929-933. https://doi.org/
10.1126/science.1085046.

Hughes, T.P., Barnes, M.L., Bellwood, D.R., et al., 2017a. Coral reefs in the anthropocene.
Nature 546, 82-90. https://doi.org/10.1038/nature22901.

Hughes, T.P., Kerry, J.T., alvarez-Noriega, M., et al., 2017b. Global warming and
recurrent mass bleaching of corals. Nature 543, 373-377. https://doi.org/10.1038/
nature21707.

Hughes, T.P., Anderson, K.D., Connolly, S.R., et al., 2018. Spatial and temporal patterns
of mass bleaching of corals in the anthropocene. Science 359 (6371), 80-83. https://
doi.org/10.1126/science.aan8048.

Huh, L, Zeng, J., Park, T., et al., 2013. Dna methylation and transcriptional noise.
Epigenet. Chromatin 6 (1), 9. https://doi.org/10.1186/1756-8935-6-9.

Hunt, B.G., Brisson, J.A., Yi, S.V., et al., 2010. Functional conservation of dna
methylation in the pea aphid and the honeybee. Genome Biol. Evol. 2, 719-728.
https://doi.org/10.1093/gbe/evq057.

Jjingo, D., 2012. On the presence and role of human gene-body dna methylation.
Oncotarget 3 (4).

Kenkel, C.D., Matz, M.V., 2016. Gene expression plasticity as a mechanism of coral
adaptation to a variable environment. Nat. Ecol. Evol. 1 (1), 14. https://doi.org/
10.1038/541559-016-0014.

Kenkel, C.D., Meyer, E., Matz, M.V., 2013. Gene expression under chronic heat stress in
populations of the mustard hill coral (porites astreoides) from different thermal
environments. Mol. Ecol. 22 (16), 4322-4334. https://doi.org/10.1111/mec.12390.

Kirk, N.L., Howells, E.J., Abrego, D., et al., 2018. Genomic and transcriptomic signals of
thermal tolerance in heat-tolerant corals (platygyra daedalea) of the arabian/Persian
gulf. Mol. Ecol. 27 (24), 5180-5194. https://doi.org/10.1111/mec.14934.

Krueger, F., Andrews, S.R., 2011. Bismark: a flexible aligner and methylation caller for
bisulfite-seq applications. Bioinformatics 27 (11), 1571-1572. https://doi.org/
10.1093/bioinformatics/btr167.

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with bowtie 2. Nat.
Methods 9 (4), 357-359. https://doi.org/10.1038/nmeth.1923.

Li, H., 2018. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34
(18), 3094-3100. https://doi.org/10.1093/bioinformatics/bty191.

Li, Y., Zhu, J., Tian, G., et al., 2010. The dna methylome of human peripheral blood
mononuclear cells. PLoS Biol. 8 (11), e1000533 https://doi.org/10.1371/journal.
pbio.1000533.

Li, Y., Liew, Y.J., Cui, G., et al., 2018. Dna methylation regulates transcriptional
homeostasis of algal endosymbiosis in the coral model aiptasia. Sci. Adv. 4 (8),
t2142. https://doi.org/10.1126/sciadv.aat2142.

Liew, Y.J., Zoccola, D., Li, Y., et al., 2018. Epigenome-associated phenotypic
acclimatization to ocean acidification in a reef-building coral. Sci. Adv. 4 (6), r8028.
https://doi.org/10.1126/sciadv.aar8028.

Liew, Y.J., Howells, E.J., Wang, X., et al., 2020. Intergenerational epigenetic inheritance
in reef-building corals. Nat. Clim. Change 10 (3), 254-259. https://doi.org/
10.1038/541558-019-0687-2.

Lister, R., Pelizzola, M., Dowen, R.H., et al., 2009. Human dna methylomes at base
resolution show widespread epigenomic differences. Nature 462 (7271), 315-322.
https://doi.org/10.1038/nature08514.

Lokk, K., Modhukur, V., Rajashekar, B., et al., 2014. Dna methylome profiling of human
tissues identifies global and tissue-specific methylation patterns. Genome Biol. 15
(4), R54.

Lyko, F., Foret, S., Kucharski, R., et al., 2010. The honey bee epigenomes: differential
methylation of brain dna in queens and workers. PLoS Biol. 8 (11), e1000506
https://doi.org/10.1371/journal.pbio.1000506.

Marsh, A.G., Hoadley, K.D., Warner, M.E., 2016. Distribution of cpg motifs in upstream
gene domains in a reef coral and sea anemone: implications for epigenetics in
cnidarians. PLoS One 11 (3), €e150840.

10

Marine Environmental Research 193 (2024) 106284

Matz, M.V., Treml, E., Haller, B.C., 2019. Predicting coral adaptation to global warming
in the indo-west-pacific. bioRxiv, 722314. https://doi.org/10.1101/722314.

Maunakea, A.K., Chepelev, L., Cui, K., et al., 2013. Intragenic dna methylation modulates
alternative splicing by recruiting mecp2 to promote exon recognition. Cell Res. 23
(11), 1256-1269. https://doi.org/10.1038/cr.2013.110.

Mirouze, M., Paszkowski, J., 2011. Epigenetic contribution to stress adaptation in plants.
Curr. Opin. Plant Biol. 14 (3), 267-274. https://doi.org/10.1016/j.pbi.2011.03.004.

Neri, F., Rapelli, S., Krepelova, A., et al., 2017. Intragenic dna methylation prevents
spurious transcription initiation. Nature 543 (7643), 72-77. https://doi.org/
10.1038/nature21373.

Nicotra, A.B., Atkin, O.K., Bonser, S.P., et al., 2010. Plant phenotypic plasticity in a
changing climate. Trends Plant Sci. 15 (12), 684-692. https://doi.org/10.1016/j.
tplants.2010.09.008.

Oliver, T.A., Palumbi, S.R., 2011. Do fluctuating temperature environments elevate coral
thermal tolerance? Coral Reefs 30 (2), 429-440. https://doi.org/10.1007/s00338-
011-0721-y.

Palmer, C.V., 2018. Immunity and the coral crisis. Commun. Biol. 1 (1), 91. https://doi.
org/10.1038/542003-018-0097-4.

Palmer, C.V., Bythell, J.C., Willis, B.L., 2010. Levels of immunity parameters underpin
bleaching and disease susceptibility of reef corals. Faseb. J. 24 (6), 1935-1946.
https://doi.org/10.1096/1j.09-152447.

Park, J., Peng, Z., Zeng, J., et al., 2011. Comparative analyses of dna methylation and
sequence evolution using nasonia genomes. Mol. Biol. Evol. 28 (12), 3345-3354.
https://doi.org/10.1093/molbev/msr168.

Price, T.D., Qvarnstrom, A., Irwin, D.E., 2003. The role of phenotypic plasticity in driving
genetic evolution. Proc. R. Soc. Lond. Ser. B Biol. Sci. 270 (1523), 1433-1440.
https://doi.org/10.1098/rspb.2003.2372.

Putnam, H.M., Davidson, J.M., Gates, R.D., 2016. Ocean acidification influences hostdna
methylation and phenotypic plasticity in environmentally susceptible corals. Evol.
Appl. 9 (9), 1165-1178. https://doi.org/10.1111/eva.12408,

Roberts, S.B., Gavery, M.R., 2012. Is there a relationship between dna methylation and
phenotypic plasticity in invertebrates? Front. Physiol. 2, 116. https://doi.org/
10.3389/fphys.2011.00116.

Robertson, K.D., 2005. Dna methylation and human disease. Nat. Rev. Genet. 6 (8),
597-610. https://doi.org/10.1038/nrgl655.

Rodriguez Casariego, J.A., Ladd, M.C., Shantz, A.A,, et al., 2018. Coral epigenetic
responses to nutrient stress: histone h2a.x phosphorylation dynamics and dna
methylation in the staghorn coralacropora cervicornis. Ecol. Evol. 8 (23),
12193-12207. https://doi.org/10.1002/ece3.4678.

Rogers, J.S., Monismith, S.G., Koweek, D.A., et al., 2016. Thermodynamics and
hydrodynamics in an atoll reef system and their influence on coral cover. Limnol.
Oceanogr. 61 (6), 2191-2206. https://doi.org/10.1002/1n0.10365.

Safaie, A., Silbiger, N.J., Mcclanahan, T.R., et al., 2018. High frequency temperature
variability reduces the risk of coral bleaching. Nat. Commun. 9 (1), 1671. https://
doi.org/10.1038/s41467-018-04074-2.

Sahu, P.P., Pandey, G., Sharma, N., et al., 2013. Epigenetic mechanisms of plant stress
responses and adaptation. Plant Cell Rep. 32 (8), 1151-1159. https://doi.org/
10.1007/500299-013-1462-x.

Sarda, S., Zeng, J., Hunt, B.G., et al., 2012. The evolution of invertebrate gene body
methylation. Mol. Biol. Evol. 29 (8), 1907-1916. https://doi.org/10.1093/molbev/
mss062.

Schmid-Hempel, P., 2003. Variation in immune defence as a question of evolutionary
ecology. Proc. R. Soc. Lond. Ser. B Biol. Sci. 270 (1513), 357-366. https://doi.org/
10.1098/rspb.2002.2265.

Schoepf, V., Stat, M., Falter, J.L., et al., 2015. Limits to the thermal tolerance of corals
adapted to a highly fluctuating, naturally extreme temperature environment. Sci.
Rep. 5 (1), 17639 https://doi.org/10.1038/srep17639.

Schoepf, V., Jung, M.U., Mcculloch, M.T., et al., 2020. Corrigendum: thermally variable,
macrotidal reef habitats promote rapid recovery from mass coral bleaching. Front.
Mar. Sci. 7, 245. https://doi.org/10.3389/fmars.2020.00702.

Schultz, M.D., Schmitz, R.J., Ecker, J.R., 2012. ’leveling’ the playing field for analyses of
single-base resolution dna methylomes. Trends Genet. 28 (12), 583-585. https://doi.
org/10.1016/j.tig.2012.10.012.

Sheldon, B.C., Verhulst, S., 1996. Ecological immunology: costly parasite defences and
trade-offs in evolutionary ecology. Trends Ecol. Evol. 11 (8), 317-321. https://doi.
org/10.1016/0169-5347(96)10039-2.

Sheridan, C., Grosjean, P., Leblud, J., et al., 2014. Sedimentation rapidly induces an
immune response and depletes energy stores in a hard coral. Coral Reefs 33 (4),
1067-1076. https://doi.org/10.1007/s00338-014-1202-x.

Smith, Z.D., Gu, H., Bock, C., et al., 2009. High-throughput bisulfite sequencing in
mammalian genomes. Methods 48 (3), 226-232. https://doi.org/10.1016/j.
ymeth.2009.05.003.

Sun, D., Xi, Y., Rodriguez, B., et al., 2014. Moabs: model based analysis of bisulfite
sequencing data. Genome Biol. 15 (2), R38. https://doi.org/10.1186/gb-2014-15-2-
r38.

Suzuki, M.M., Kerr, A.R.W., De Sousa, D., et al., 2007. Cpg methylation is targeted to
transcription units in an invertebrate genome. Genome Res. 17 (5), 625-631.
https://doi.org/10.1101/gr.6163007.

Swain, T.D., Vega-Perkins, J.B., Oestreich, W.K., et al., 2016. Coral bleaching response
index: a new tool to standardize and compare susceptibility to thermal bleaching.
Global Change Biol. 22 (7), 2475-2488. https://doi.org/10.1111/gcb.13276.

Takuno, S., Gaut, B.S., 2011. Body-methylated genes in arabidopsis thaliana are
functionally important and evolve slowly. Mol. Biol. Evol. 29 (1), 219-227. https://
doi.org/10.1093/molbev/msr188.

Tang, J., Ni, X., Zhou, Z., et al., 2018. Acute microplastic exposure raises stress response
and suppresses detoxification and immune capacities in the scleractinian coral


https://doi.org/10.1073/pnas.1813749115
https://doi.org/10.7554/eLife.05255
https://doi.org/10.7554/eLife.05255
https://doi.org/10.1242/jeb.080754
https://doi.org/10.3316/informit.733029331036937
https://doi.org/10.1186/1471-2164-13-480
https://doi.org/10.1186/1471-2164-11-483
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1016/j.bbagrm.2011.03.007
https://doi.org/10.1111/mec.13990
https://doi.org/10.1126/science.1085046
https://doi.org/10.1126/science.1085046
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1186/1756-8935-6-9
https://doi.org/10.1093/gbe/evq057
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref37
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref37
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1111/mec.12390
https://doi.org/10.1111/mec.14934
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1371/journal.pbio.1000533
https://doi.org/10.1371/journal.pbio.1000533
https://doi.org/10.1126/sciadv.aat2142
https://doi.org/10.1126/sciadv.aar8028
https://doi.org/10.1038/s41558-019-0687-2
https://doi.org/10.1038/s41558-019-0687-2
https://doi.org/10.1038/nature08514
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref49
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref49
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref49
https://doi.org/10.1371/journal.pbio.1000506
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref51
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref51
http://refhub.elsevier.com/S0141-1136(23)00412-9/sref51
https://doi.org/10.1101/722314
https://doi.org/10.1038/cr.2013.110
https://doi.org/10.1016/j.pbi.2011.03.004
https://doi.org/10.1038/nature21373
https://doi.org/10.1038/nature21373
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1007/s00338-011-0721-y
https://doi.org/10.1007/s00338-011-0721-y
https://doi.org/10.1038/s42003-018-0097-4
https://doi.org/10.1038/s42003-018-0097-4
https://doi.org/10.1096/fj.09-152447
https://doi.org/10.1093/molbev/msr168
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.1111/eva.12408
https://doi.org/10.3389/fphys.2011.00116
https://doi.org/10.3389/fphys.2011.00116
https://doi.org/10.1038/nrg1655
https://doi.org/10.1002/ece3.4678
https://doi.org/10.1002/lno.10365
https://doi.org/10.1038/s41467-018-04074-2
https://doi.org/10.1038/s41467-018-04074-2
https://doi.org/10.1007/s00299-013-1462-x
https://doi.org/10.1007/s00299-013-1462-x
https://doi.org/10.1093/molbev/mss062
https://doi.org/10.1093/molbev/mss062
https://doi.org/10.1098/rspb.2002.2265
https://doi.org/10.1098/rspb.2002.2265
https://doi.org/10.1038/srep17639
https://doi.org/10.3389/fmars.2020.00702
https://doi.org/10.1016/j.tig.2012.10.012
https://doi.org/10.1016/j.tig.2012.10.012
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1007/s00338-014-1202-x
https://doi.org/10.1016/j.ymeth.2009.05.003
https://doi.org/10.1016/j.ymeth.2009.05.003
https://doi.org/10.1186/gb-2014-15-2-r38
https://doi.org/10.1186/gb-2014-15-2-r38
https://doi.org/10.1101/gr.6163007
https://doi.org/10.1111/gcb.13276
https://doi.org/10.1093/molbev/msr188
https://doi.org/10.1093/molbev/msr188

X. Yuetal

pocillopora damicornis. Environ. Pollut. 243, 66-74. https://doi.org/10.1016/].
envpol.2018.08.045.

Tweedie, S., Charlton, J., Clark, V., et al., 1997. Methylation of genomes and genes at the
invertebrate-vertebrate boundary. Mol. Cell Biol. 17 (3), 1469-1475. https://doi.
org/10.1128/MCB.17.3.1469.

van Oppen, M.J.H., Oliver, J.K., Putnam, H.M., et al., 2015. Building coral reef resilience
through assisted evolution. Proc. Natl. Acad. Sci. USA 112 (8), 2307-2313. https://
doi.org/10.1073/pnas.1422301112.

Wang, X., Wheeler, D., Avery, A., et al., 2013. Function and evolution of dna methylation
in nasonia vitripennis. PLoS Genet. 9 (10), e1003872 https://doi.org/10.1371/
journal.pgen.1003872.

Wang, X., Li, Q., Lian, J., et al., 2014. Genome-wide and single-base resolution dna
methylomes of the pacific oyster crassostrea gigas provide insight into the evolution
of invertebrate cpg methylation. BMC Genom. 15 (1), 1119. https://doi.org/
10.1186/1471-2164-15-1119.

Xiang, H., Zhu, J., Chen, Q., et al., 2010. Single base-resolution methylome of the
silkworm reveals a sparse epigenomic map. Nat. Biotechnol. 28 (5), 516-520.
https://doi.org/10.1038/nbt.1626.

Yeh, P.J., Price, T.D., 2004. Adaptive phenotypic plasticity and the successful
colonization of a novel environment. Am. Nat. 164 (4), 531-542. https://doi.org/
10.1086/423825.

Yu, X., Yu, K., Huang, W., et al., 2020a. Thermal acclimation increases heat tolerance of
the scleractinian coral acropora pruinosa. Sci. Total Environ. 733, 139319 https://
doi.org/10.1016/j.scitotenv.2020.139319.

11

Marine Environmental Research 193 (2024) 106284

Yu, X., Yu, K., Liao, Z., et al., 2020b. Potential molecular traits underlying environmental
tolerance of pavona decussata and acropora pruinosa in weizhou island, northern
south China sea. Mar. Pollut. Bull. 156, 111199 https://doi.org/10.1016/j.
marpolbul.2020.111199.

Yu, X., Yu, K., Chen, B., et al., 2021. Nanopore long-read rnaseq reveals regulatory
mechanisms of thermally variable reef environments promoting heat tolerance of
scleractinian coral pocillopora damicornis. Environ. Res. 195, 110782 https://doi.
org/10.1016/j.envres.2021.110782.

Zemach, A., Mcdaniel, LE., Silva, P., et al., 2010. Genome-wide evolutionary analysis of
eukaryotic dna methylation. Science 328 (5980), 916-919. https://doi.org/
10.1126/science.1186366.

Zeng, J., Yi, S.V., 2010. Dna methylation and genome evolution in honeybee: gene
length, expression, functional enrichment covary with the evolutionary signature of
dna methylation. Genome Biol. Evol. 2, 770-780. https://doi.org/10.1093/gbe/
evq060.

Zhou, X., Lindsay, H., Robinson, M.D., 2014. Robustly detecting differential expression in
rna sequencing data using observation weights. Nucleic Acids Res. 42 (11), e91.
https://doi.org/10.1093/nar/gku310.

Zhou, Z., Zhang, G., Chen, G., et al., 2017. Elevated ammonium reduces the negative
effect of heat stress on the stony coral pocillopora damicornis. Mar. Pollut. Bull. 118
(1), 319-327. https://doi.org/10.1016/j.marpolbul.2017.03.018.


https://doi.org/10.1016/j.envpol.2018.08.045
https://doi.org/10.1016/j.envpol.2018.08.045
https://doi.org/10.1128/MCB.17.3.1469
https://doi.org/10.1128/MCB.17.3.1469
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1371/journal.pgen.1003872
https://doi.org/10.1371/journal.pgen.1003872
https://doi.org/10.1186/1471-2164-15-1119
https://doi.org/10.1186/1471-2164-15-1119
https://doi.org/10.1038/nbt.1626
https://doi.org/10.1086/423825
https://doi.org/10.1086/423825
https://doi.org/10.1016/j.scitotenv.2020.139319
https://doi.org/10.1016/j.scitotenv.2020.139319
https://doi.org/10.1016/j.marpolbul.2020.111199
https://doi.org/10.1016/j.marpolbul.2020.111199
https://doi.org/10.1016/j.envres.2021.110782
https://doi.org/10.1016/j.envres.2021.110782
https://doi.org/10.1126/science.1186366
https://doi.org/10.1126/science.1186366
https://doi.org/10.1093/gbe/evq060
https://doi.org/10.1093/gbe/evq060
https://doi.org/10.1093/nar/gku310
https://doi.org/10.1016/j.marpolbul.2017.03.018

	Metabolic and immune costs balance during natural acclimation of corals in fluctuating environments
	1 Introduction
	2 Materials and methods
	2.1 Coral sampling and study site
	2.2 DNA extraction and bisulfite sequencing
	2.3 Transcriptome analysis
	2.4 Correlation analysis between methylation and transcriptome

	3 Result
	3.1 Differential transcriptional response between different groups
	3.2 Changes in genomic methylation patterns
	3.3 Correlation analysis between expression and methylation
	3.4 DMGs and DEGs are involved in mediating the adaptive response in the scleractinian coral P. damicornis

	4 Discussion
	4.1 Low methylation levels in P. damicornis
	4.2 Limited correlations between DEGs and DMGs in P. damicornis
	4.3 Resource reallocation between immunity and metabolism is the strategy of P. damicornis thermal acclimation

	Data statement
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


