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Abstract
Epigenetic mechanisms such as DNA methylation have the potential to affect organism acclimatization and adaptation to
environmental changes by influencing their phenotypic plasticity; however, little is known about the role of methylation in
the adaptive phenotypic divergence of marine invertebrates. Therefore, in this study, a typical intertidal species, the Pacific
oyster (Crassostrea gigas), was selected to investigate the epigenetic mechanism of phenotypic plasticity in marine
invertebrates. Intertidal and subtidal oysters subjected to one-generation common garden experiments and exhibited
phenotypic divergence were used. The methylation landscape of both groups of oysters was investigated under temperate
and high temperature. The two tidal oysters exhibited divergent methylation patterns, regardless of the temperature, which
was mainly original environment-induced. Intertidal samples exhibited significant hypomethylation and more plasticity of
methylation in response to heat shock, while subtidal samples showed hypermethylation and less plasticity. Combined with
RNA-seq data, a positive relationship between methylation and expression in gene bodies was detected on a genome-wide
scale. In addition, approximately 11% and 7% of differentially expressed genes showed significant methylation variation
under high temperatures in intertidal and subtidal samples, respectively. Genes related to apoptosis and organism
development may be regulated by methylation in response to high temperature in intertidal oysters, whereas oxidation-
reduction and ion homeostasis-related genes were involved in subtidal oysters. The results also suggest that DNA
methylation mediates phenotypic divergence in oysters adapting to different environments. This study provides new insight
into the epigenetic mechanisms underlying phenotypic plasticity in adaptation to rapid climate change in marine organisms.

Introduction

Phenotypic plasticity is a key adaptive mechanism for
facing the challenges of changing natural conditions and
human disturbances, as it allows a given genotype to pro-
duce different phenotypes (Holloway 2002; Williams et al.
2008). This is thought to be particularly important for
species living in highly variable environments, because it
serves as a buffer and enables the individual to match its
phenotype to a range of stress conditions. The intertidal
zone represents one of the most vulnerable and susceptible
regions in the sea, as it shows dramatic variation on both
spatial and temporal scales in abiotic and biotic conditions.
Temperature is one of the major abiotic factors, and fluc-
tuates widely in the intertidal region during daily and sea-
sonal exposure to air (Southward 1958). These drastic
changes in environmental temperature pose potentially cri-
tical challenges for ectothermic marine invertebrates, as
changes in their body temperatures can directly modulate
their rates of biochemical reactions and biological processes
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(Pörtner et al. 2007; Schulte et al. 2011; Somero 2010;
Sunday et al. 2012).

One mechanism of phenotypic plasticity that can regulate
gene expression and facilitate adaptation is epigenetics,
which refers to processes capable of regulating gene activity
without altering the underlying DNA sequence (Deans and
Maggert 2015). Histone modifications, DNA methylation,
and noncoding RNA activity (e.g., miRNA) are the most
commonly described epigenetic modifications. Among
these, DNA methylation is one of the best-characterized
epigenetic mechanisms due to the ease of study and rapidly
growing amount of literatures, whose capacity to shape
fitness-related phenotypes has attracted the interest of
ecologists and evolutionary biologists. The importance of
DNA methylation in development differentiation has been
highlighted by previous studies in fish, sea turtles, and
oysters (Ellison et al. 2015; Riviere et al. 2013; Venegas
et al. 2016). Environment-induced variation in DNA
methylation has also been investigated in marine inverte-
brates. For example, environmentally susceptible corals
(Putnam et al. 2016), reef-building coral (Liew et al. 2018),
and invasive colonial ascidians (Hawes et al. 2018) can
adjust their DNA methylation status to regulate their phe-
notypic plasticity and thus rapidly adapt to ocean acid-
ification and high temperatures. Changes, such as salinity
stress (Zhang et al. 2017a), air exposure (Zhang et al.
2017b), and diuron exposure (Rondon et al. 2017), can also
induce global DNA methylation variation in oysters. Stu-
dies have demonstrated that temperature stress can induce
significant global DNA methylation changes in ascidians,
Antarctic polychaetes, and the three-spine stickleback
(Hawes et al. 2018; Marsh and Pasqualone 2014; Metzger
and Schulte 2017). Most of these studies focus on direct
environmental effects, but heritable epigenetic modification
in offspring generations deserves further investigation,
because it could make it possible to predict environmental
effects and adaptive potential in the face of environmental
change in marine organisms.

Fine-scale differentiation in nearby habitats can be
mediated by DNA methylation. For example, individuals
of Laguncularia racemosa from salt marsh and riverside
exhibited little genetic but abundant methylation differ-
entiation, implying the important role of epigenetic var-
iation in coping with different environments in natural
populations (Lira-Medeiros et al. 2010). In marine
organisms, differentiation of phenotypic traits in thermal
tolerance (Diederich and Pechenik 2013), flexibility of
physiology (Fernandez-Reiriz et al. 2016), and tran-
scriptome profiles (Place et al. 2012) between intertidal
and subtidal animals have been reported in previous stu-
dies. However, the underlying epigenetic mechanisms
remain unexplored. The sessile oyster, as one of the
dominant species in the intertidal and shallow subtidal

region, provides an ideal model to study adaptive pheno-
typic divergence. In our previous study, differentiation has
been identified between intertidal and subtidal oysters
subjected to one-generation common garden experiments
in multiple traits, including growth, survival, physiologi-
cal, and transcriptomic responses at high temperature
(Li et al. 2018). We propose that DNA methylation may
underlie the adaptive phenotypic plasticity above. In this
study, we attempted to further investigate DNA methyla-
tion as an epigenetic control mechanism underlying
adaptive phenotypic divergence in Crassostrea gigas. By
performing whole-genome bisulfite sequencing (WGBS)
combined with RNA-seq analysis, this study linked epi-
genetic variation to gene expression. This was intended to
enable us not only to explore the epigenetic basis under-
lying the mechanisms of adaptive phenotypic divergence
that may modulate the capacity of organisms to cope with
environmental change, but also to investigate the heritable
epigenetic effects thereby induced. This study aims to
support the understanding of acclimatization, and hence
improve culture mode design for aquaculture (Mondol
et al. 2016).

Materials and methods

Common garden experiments and heat-stress
treatment

The breeding and the heat-stress treatment of the oysters
used in this study were performed in a previous study (Li
et al. 2018). Two wild oyster groups collected from the
intertidal and subtidal zones at Laoting (39°16′N, Tangshan,
Hebei province, China) were translocated to Qingdao for
1 month of acclimatization before spawning. The breeding
was carried out under the condition of seawater at
22.5–23.5 °C temperature and 29 ± 0.5‰ salinity. For each
group, eggs from 30 mature female oysters were mixed and
then divided into 30. Each was fertilized individually with
each of the 30 mature male oysters. The zygotes from each
male individual were incubated in a 70-L plastic container.
At the D-shaped stage, larvae from six containers were
combined to form one group with three culture replicates
(Fig. S1). The rearing of larvae and spat was performed
using standard practices (Guo et al. 2012). Spats were put
into cages and cultured in the sea at a density of ~100
individuals per layer when the shell height reached 3 cm.
Cages were changed four times each year to decrease the
density as the size of the oysters increased. All culture
replicates were well maintained in the sea. The 10-month-
old F1-generation oysters were acclimated in the laboratory
aquarium (temperature: 14.2–18.2 °C; salinity: 31.3 ±
0.5‰) for 15 days with aerated, filtered seawater before the
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experiments. Commercial spirulina powder was added as a
food source, and seawater was changed daily.

Oysters of both groups were randomly selected and
exposed to acute heat shock (35 °C) for 6 h. Seawater was
not changed, and the oysters were not fed during this per-
iod. The gills sampled at 0 and 6 h (n= 15 each sample time
in each group) were immediately frozen in liquid nitrogen,
and then stored at −80 °C for DNA extraction. InC/SubC
and InH/SubH were used to represent control and heat-
shock treatment samples from the intertidal/subtidal area.

Library construction and bisulfite sequencing

Genomic DNA was isolated from gills using a Marine
Animals DNA Kit (TIANGEN, Beijing, China) following
the manufacturer’s recommended protocol. DNA from 15
individuals in each sampling group was equally mixed to
generate three biological replicates of five individuals. A
total amount of 5.2 µg of genomic DNA spiked with 26 ng
of lambda DNA was fragmented by sonication to
200–300 bp with Covaris S220, followed by end repair and
adenylation. Cytosine-methylated barcodes were ligated to
sonicated DNA as per the manufacturer’s instructions.
Thereafter, these DNA fragments were treated twice with
bisulfite using EZ DNA Methylation-GoldTM Kit (Zymo
Research, CA, USA) before the single-strand DNA frag-
ments were amplified by PCR using KAPA HiFi HotStart
Uracil+ReadyMix (2X). Library concentration was quan-
tified by Qubit® 2.0 Fluorometer (Life Technologies, CA,
USA) and quantitative PCR, and the insert size was assayed
on an Agilent Bioanalyzer 2100 system. The library pre-
parations were sequenced on an Illumina Hiseq 2500/4000
platform, and 125-bp/150-bp paired-end reads were gener-
ated. Image analysis and base calling were performed with
an Illumina CASAVA pipeline and, finally, 125-bp/150-bp
paired-end reads were generated.

Quality control and mapping

First, FastQC (fastqc_v0.11.5) (Andrews 2010) was used to
perform basic statistics relevant to the quality of the raw
reads. Thereafter, reads produced by the Illumina pipeline in
FASTQ format were preprocessed through Trimmomatic
(Trimmomatic-0.36) software (Bolger et al. 2014) using
the parameter (SLIDINGWINDOW: 4:15; LEADING: 3,
TRAILING: 3; ILLUMINACLIP: adapter.fa: 2: 30: 10;
MINLEN: 36). The remaining reads that passed all filtering
steps were counted as clean reads and used in all subsequent
analyses. Finally, FastQC was used to perform basic sta-
tistics on the quality of clean data reads.

Bismark software (Felix and Andrews 2011) was used to
perform alignments of bisulfite-treated reads to a reference
genome (Zhang et al. 2012) using the parameter

(–score_min L, 0, −0.2, -X 700 –dovetail). The reference
genome was first transformed into a bisulfite-converted
version (C-to-T and G-to-A converted) and then indexed
using bowtie2 (Langmead and Salzberg 2012). Sequence
reads were also transformed into fully bisulfite-converted
versions (C-to-T and G-to-A converted) before they were
aligned to similarly converted versions of the genome in a
directional manner. Sequence reads that produced a unique
alignment from the two alignment processes (original top
and bottom strand) were then compared with the normal
genomic sequence, and the methylation state of all cytosine
positions in the read was inferred. The same reads that
aligned to the same regions of genome were regarded as
duplicates. The sequencing depth and coverage were sum-
marized using deduplicated reads. The bisulfite non-
conversion rate was calculated as the percentage of cytosine
sequenced at cytosine reference positions in the lambda
genome.

Methylation-level calculation and differentially
methylated region analysis

To calculate the methylation level (ML) of the sequence,
sequences were divided into multiple bins, with a bin size of
10 kb. The sum of methylated and unmethylated read counts
in each window was calculated. ML was defined as

ML Cð Þ ¼ reads mCð Þ
reads mCð Þ þ reads Cð Þ :

Calculated ML was further corrected with the bisulfite
nonconversion rate according to previous studies (Lister
et al. 2013). Given the bisulfite nonconversion rate r, the
corrected ML was estimated as

ML correctedð Þ ¼ ML � r

1 � r
:

Differentially methylated regions (DMRs) were identi-
fied using DSS software (Hao et al. 2014; Hao et al. 2015;
Park and Wu 2016) with parameters (smoothing.span=
200, delta= 0, p.threshold= 1e−05, minlen= 50, minCG=
3, dis.merge= 100, pct.sig= 0.5). According to the dis-
tribution of DMRs through the genome, we defined the dif-
ferentially methylated genes (DMGs) as genes whose gene
body region (from transcription start site to transcription end
site) or promoter region (from 2 kb upstream to the tran-
scription start site) had at least 1-bp overlap with the DMRs.

SNP identification and correlation analysis

SNP calling was conducted using Bis-SNP v.1.0.1 software
(Liu et al. 2012) individually (n= 12) on deduplicated
BAM files produced from the Bismark pipeline, with 5.74
million positions generated. High-quality SNP positions
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were filtered at the coverage of 10–100 in each sample, with
2.32 million positions (40.42%) remaining. Remained SNPs
were used to perform pairwise genotypic correlations.

To evaluate the genetic effect on epigenetic difference
between the two tidal oysters, we used sample groups of
InC and SubC to calculate FST and conduct correlation
analysis with methylation level according to Liew et al.’s
method (Liew et al. 2020). A total of 16,516 genes passed
the filtration with ≥10 SNPs and ≥5 methylated positions.
FST value in per position was calculated using the equation
described in Bhatia et al. (Bhatia et al. 2013)

bF ¼
PM

k¼1
bN ½k�

PM
k¼1

bD½k� ;

where F is the averaged FST value across a particular gene
and markers k= 1, 2, …, M denote individual SNPs within
this gene. N and D are the numerator and denominator of
Hudson’s equation, respectively

N ¼ p1 � p2ð Þ2;
D ¼ p1 1 � p2ð Þ þ p2 1 � p1ð Þ;

where p1 and p2 denote allelic frequencies of the nonreference
base among the intertidal and subtidal samples, respectively.

DAPC analysis

A discriminant analysis of principal components (DAPC)
was conducted using methylation level of genes calculated
on common C sites among 12 samples in order to remove
genetic bias in adegenet R package (Jombart et al. 2010). To
compare plasticity of DNA methylation in response to heat
stress, we used the unstressed oyster (0 h) axis as a mea-
suring scale to quantify the shift in DNA methylation in
oysters following heat stress. The magnitude of this shift
represents a quantitative measure of genome-wide methy-
lation plasticity. We inferred the size of the shift at heat
shock by comparing with that at 0 h (the length of the
arrows in Fig. 1) using Markov Chain Monte Carlo
(MCMC) linear mixed models. We derived the P value for
plasticity difference of intertidal and subtidal samples by
analyzing 2800 MCMC samples of parameter estimates.

Association between DNA methylation and gene
expression

We used the RNA-seq data produced by our previous study
(Li et al. 2018), which are publicly available at the Sequence
Read Archive database with the accession number

PRJNA407831, and matched it with the WGBS data on
identical materials from the present study. To analyze the
correlation between DNA methylation and expression
level, the mean methylation level and fragments per kilo-
base million (FPKM) value for each gene was calculated.
Scatterplot and Pearson correlation coefficients (r) were
performed to display the global correlation between
methylation level in gene body and expression. Genes were
further grouped together according to expression level to
exhibit the corresponding methylation status. Non-
expressed genes (FPKM < 1) and expressed genes were
grouped. The latter were then divided into three groups,
with the first quartile (FPKM < 25%) having the lowest
expression level and the last quartile (FPKM > 75%) hav-
ing the highest.

Enrichment analysis of DMR-related genes

Gene Ontology (GO) enrichment analysis of genes related
to DMRs was implemented by the GOseq R package
(Young et al. 2010), in which gene-length bias was cor-
rected. GO terms with corrected P < 0.05 were considered
significantly enriched by DMR-related genes. To under-
stand the high-level functions and utilities of the biological
system, pathway analysis and statistical testing was con-
ducted using Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment by means of KOBAS software (Mao
et al. 2005).

Data validation by traditional bisulfite-sequencing
PCR

Traditional bisulfite-sequencing PCR (BSP) was used to
validate the WGBS data. The mixed DNA used in the
WGBS was converted with bisulfite and purified according
to EpiTect Fast DNA Bisulfite Kit (QIAGEN, Dusseldorf,
Germany) instructions. PCR was carried out on bisulfite-
treated DNA using primers specific to the converted DNA
sequence (forward primer sequence: TTTTGGATTTTG
GAATAATATATTT; reverse primer sequence: ACA
TATCCACTATTTTAAAAAAACTTAA). The reference
sequence (scaffold1801:18940–19215 at CGI_10004348)
was downloaded from the NCBI GenBank database (Gen-
Bank: JH816177.1). BSP was performed with 2× Vazyme
Lamp Master Mix (Vazyme Biotech, Nanjing, China), with
the program at 94 °C for 3 min, then 35 cycles at 94 °C for
30 s, 43 °C for 30 s, 72 °C for 60 s, and a final extension at
72 °C for an additional 5-min period. The amplicons were
cloned into a pEASY-T1 vector. Twenty clones for each
sample were randomly selected to sequence. Unmethylated
lambda DNA was used to confirm bisulfite-conversion
efficiency.

DNA methylation mediates differentiation in thermal responses of Pacific oyster (Crassostrea gigas). . . 13



Statistical analysis

Data related to methylation level were presented as
mean ± standard error of mean, and were examined for
normality by the Kolmogorov–Smirnov test and for
homogeneity by the Levene test. Significant differences in
methylation level among the four groups were determined
by analysis of variance (ANOVA). Principal component
analysis was performed to explore the pattern of methy-
lation level using the function princomp. Last, hier-
archical cluster analysis was performed using the
pheatmap package in R software.

Results

Global methylation pattern of different tidal oysters

Sequencing of the samples yielded 77 million reads on
average, and 23 million of these reads (30%) from the
library were mapped after quality control and alignment.
Approximately 54% of the total clean reads had >5×
coverage across the genome (Table 1). The details of
coverage in 12 samples were listed in Table S1. In the
control groups, on average, 15.0% and 14.5% of CpGs
were methylated in intertidal and subtidal oysters,

Table 1 Summary of
genome-wide methylation-
sequencing data.

Raw reads Clean reads Mapped
reads

BS conversion
rate (%)

Mapping
rate (%)

5× coverage
(%)

InC 83021662 81275225 23332489 99.89 28.82 54.17

InH 69956461 68499401 21269426 99.89 30.99 53.90

SubC 75452051 73922747 21949575 99.88 29.87 53.59

SubH 79864515 78227942 24996679 99.88 31.99 54.31

InC/InH intertidal control/intertidal heat-shock group, SubC/SubH subtidal control/subtidal heat-
shock group.
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respectively. InH showed significantly lower global
methylation levels (13.4%) than InC (P < 0.05), whereas
SubH exhibited a slightly higher methylation level
(15.4%) than SubC (Fig. 1a). In addition, on average,
0.20% of CHG and 0.16% of CHH were methylated in
control oysters. In this study, methylation in CpG motifs
was only investigated, if not particularly indicated. As
shown in Fig. 1b, samples did not cluster according to the
heat-stress treatment, but rather by their habitat tidal
levels. The methylation profiles obtained from intertidal
and subtidal samples clustered, except two of the subtidal
samples under heat stress, which diverged from the oth-
ers. The divergence between the two tidal-level samples
can be easily recognized from the PC1 cluster (Fig. 1c).
Furthermore, PC2 reflected the differentiation of heat
stress and control conditions, with intertidal and subtidal
samples displayed in an inverted position. DAPC plot
(Fig. 1d) also showed clear differentiation between
intertidal and subtidal oysters in response to heat shock.
The intertidal oysters presented lower methylation under
heat shock, while subtidal oysters showed the opposite.
Significantly, differentiation of the shift response to heat
shock was detected between the two tidal oysters (MCMC
P < 0.05).

Estimation of genotypic effect on methylation
diversity

To access the genetic influence on methylation, we identified
SNPs from WGBS reads, and calculated the correlation
between genotype and epigenotype according to the method
proposed by Liew et al. (2020). Pairwise genotypic corre-
lation analysis showed that oysters from the same tidal
clustered, indicating that they are more genetically similar
(Fig. 2a). In order to investigate the genetic effect on
methylation, the correlation between FST and methylation-
level difference of the two tidal oysters was examined

(Fig. 2b). Our results showed that there was very weak
correlation in gene body (r= 0.02) and exon (r= 0.01)
regions, suggesting that the epigenetic diversity we detected
in the two tidal oysters was mostly independent of genotypic.

Correlation between DNA methylation status and
gene expression levels

Figure 3a shows a positive correlation between methylation
level and gene expression in the four groups. In oysters, the
methylated fraction tends to consist of gene bodies, while
other genomic regions exhibit less methylation (Fig. 3b).
Figure 3b exhibits similar trends, with nonexpressed genes
showing the lowest methylation levels, high- and medium-
expression groups had relatively high methylation levels,
and the low-expression group was intermediate between
them. The four groups (InC, InH, SubC, and SubH) in this
study showed consistent trends. Figure 3b only depicts the
results of one sample (InC), and the others were displayed
in Fig. S2.

DNA methylation differentiation between oysters at
two tidal levels under temperate conditions

To identify evolved divergence in DNA methylation,
DMGs between InC and SubC were identified, and func-
tional enrichment results were exhibited in Fig. S3. Here
while we focus on the potential transcriptional con-
sequences of DNA methylation, we examined the overlap
genes of DMGs and different expression genes (DEGs).
We tested DMGs in all contexts (CG, CHG, and CHH) for
integral results. There were 90 (11.46% of DEGs) genes
that overlapped with DEGs and DMGs of InC vs. SubC
(Fig. 4a). The differentiation of methylation and expres-
sion level of these overlap genes is exhibited in a heatmap
(Fig. 4b). We performed GO analysis on these genes;
significantly enriched terms of biological process were
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displayed. As shown in Fig. 4c, genes involved in cell–cell
adhesion, carbohydrate transport, the apoptotic process,
and cell death were included. Among these, six genes were
identified and annotated as heat-shock protein (HSP)-
related genes, with different methylation and expression
variations (Table S2).

DNA methylation differentiation between intertidal
and subtidal oysters in response to heat stress

We further compared the methylation variation under heat
stress at the whole-genome level, genomic regions, and
DMRs. As shown in Fig. 5a, the methylation level of most

Fig. 3 Relationship between DNA methylation and gene expression. a Correlation analysis of methylation level and expression in genes.
b Distributions of methylation levels partitioned by different expression levels. Genes with FPKM value < 0.1 were considered nonexpressed.

Fig. 4 Analysis of different
genes in two tidal oysters. a
Venn plot of overlapped genes of
DEG and DMG in InC vs. SubC.
b Heatmap of methylation level
and FPKM in overlapped genes
in InC and SubC. c Enriched GO
terms of overlapped genes in
biological process.
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CpG sites in InH was lower than those of InC, denoted by
the blue middle circle for intertidal samples. In contrast, the
methylation level of SubH was higher than that of SubC,
denoted by the red middle circle. Similar patterns of
methylation following heat stress were revealed in the dif-
ferent genomic regions of the promoter, exon, intron, and
repeat (Fig. 5b), and in DMRs (Fig. 5c). The heatmap (Fig.
5c) presented all DMRs among the four groups. Oysters
from the same vertical level (intertidal or subtidal) were
clustered.

There were 491 hypermethylated and 1646 hypomethy-
lated DMGs in InH vs. InC, and 1636 hypermethylated and
823 hypomethylated DMGs in SubH vs. SubC. In total, 788
DMGs were shared between the two groups, whereas 1279
and 1554 DMGs varied uniquely in intertidal and subtidal
samples, respectively, when exposed to high temperatures
(Fig. 6a). The column chart exhibits the different methyla-
tion patterns between intertidal and subtidal samples.
Enrichment results of GO and KEGG pathways were sup-
plemented in Fig. S4.

Combined with the transcriptional data, 67 (10.65% of
DEGs) and 55 (6.88% of DEGs) overlap genes were found
in InH vs. InC and SubH vs. SubC, respectively (Fig. 6b).
The relationship between methylation and expression level
of the specific genes in InH vs. InC and SubH vs. SubC
(Fig. S5) is displayed as a scatterplot. Many of the genes in
the intertidal group showed hypomethylation (77%), and
42% of genes showed downregulated expression. In con-
trast, genes showing hypermethylation combined with
upregulated expression accounted for 62% of the genes in

the subtidal group. Taken together, a positive correlation
was observed between DNA methylation and gene
expression, which is in accordance with the trend at the
whole-genome level (Fig. 3a, b).

Only two genes were common to both groups. One is a
component of the HSP gene (CGI_10004348), which
encodes heat-shock 70-kDa protein 12A (HSPA12A), and
showed upregulated expression in the two groups under
heat shock. However, the methylation varied: intertidal
samples showed a positive relationship with expression,
whereas subtidal samples showed the opposite (Fig. S6). To
validate the WGBS data, a target area containing eight
CpGs (276 bp, scaffold1801:18940–19215) on HSPA12A
was selected according to the results shown in Integrative
Genomics Viewer (Fig. S7a) to carry out BSP. The
bisulfite-conversion rates represented by the percentage of
unmethylated lambda DNA were over 99%. As shown in
Fig. S7b, InC was almost unmethylated within the eight
CpGs, while InH exhibited higher methylation levels.
Similarly, SubH showed higher methylation levels than
SubC. These results indicated that the traditional bisulfite-
sequencing results were in good accordance with the
WGBS data. The function of the other common gene
(CGI_10002343) was not annotated, and both the expres-
sion and methylation level of this gene decreased in the two
groups when faced with high temperatures (Fig. S6).

Specific genes in InH vs. InC were found to participate
in regulation of the apoptotic process, organism develop-
ment, protein modification, and ion transport. As for
subtidal-specific genes, functional categories were enriched
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in the oxidation-reduction process, ion homeostasis, signal
transduction, and proteolysis (Fig. 6b). Details of the rele-
vant genes are listed in Tables S3 and S4. Among the genes
in InH vs. InC, two were found to participate in the apop-
totic process. One (CGI_10006605) is annotated as a
caspase-like protein, the other (CGI_10013106) is a mem-
ber of the inhibitor of apoptosis protein (IAP) family
(Fig. 6c). Caspase activation plays a central role in the
execution of apoptosis, but IAP is an inhibitor of apoptosis.
CGI_10006605 showed hypomethylation and upexpres-
sion, whereas CGI_10013106 showed hypermethylation
and downexpression (Fig. 6d). Both of these changes in
expression contributed to apoptosis, which was negatively
regulated by DNA methylation.

Discussion

A growing number of studies have shown that a dynamic
environment can lead to changes in epigenetic marks, which
may influence phenotypic plasticity, and help explain the
mechanisms of rapid adaptation and acclimatization in a
future of rapidly changing climate (Metzger and Schulte
2017; Putnam et al. 2016; Zhang et al. 2017a). Our previous
study revealed the phenotypic divergence between intertidal
and subtidal oysters (Li et al. 2018). In this study, divergent
methylation patterns were revealed between intertidal and
subtidal oysters, and the genes potentially regulated by
the methylation were identified. This study dissected the
heritable component of environment-induced phenotypic
variation.

The methylation landscape of C. gigas was investigated
in this research. Approximately 15% of CpGs were identi-
fied methylated in this study. This result is in accordance
with previous studies in C. gigas using WGBS (Gavery and
Roberts 2013; Olson and Roberts 2014). Compared with
other invertebrates, this level is lower than that reported in
the sea squirt (Halocynthia roretzi, 29%), but higher than
that in sea anemones (Nematostella vectensis, 11%)
(Zemach et al. 2010). Heat shock can cause significantly
decreased and slightly increased methylation levels in
intertidal and subtidal oysters, respectively, indicating that
DNA methylation can be induced by acute heat shock. This
result is supported by previous studies. For example, high
temperature can induce significant global DNA methylation
changes in Didemnum vexillum (Hawes et al. 2018), and
any change in temperature during development and thermal
acclimation in adults can increase DNA methylation levels
in Gasterosteus aculeatus (Metzger and Schulte 2017).
Consistent with previous research on oysters (Gavery and
Roberts 2013), this study found that DNA methylation
tended to be mainly located in gene bodies, with other
genomic regions exhibiting less methylation.

As for the relationship between methylation and expres-
sion, we found that highly and intermediately expressed genes
exhibited the highest degree of methylation in gene bodies.
This observation is in agreement with previous studies in the
oyster (Gavery and Roberts 2013; Olson and Roberts 2014),
the honeybee (Lyko et al. 2010), eukaryotes (Zemach et al.
2010), and mammals (Aran et al. 2011), indicating that the
association of hypermethylation in gene bodies with higher
expression appears to be a general phenomenon. The occur-
rence of gene body methylation, especially in protein-coding
sequences, was found that can cause deleterious amino acid
substitutions (Dixon et al. 2016); to compensate this risk, it
was reported that gene body methylation can be altered by
environmental factors, and thus balances the expression of
housekeeping and environmentally responsive genes to help
acclimatization (Dixon et al. 2018). The divergence of phe-
notypic plasticity in gene expression in oysters has been
investigated in a previous study, in which intertidal oysters
showed higher plasticity than subtidal oysters (Li et al. 2018).
In accordance with this, our research on DNA methylation
showed that intertidal oysters were more plastic, which
implied that DNA methylation may mediate adaptive phe-
notypic plasticity.

Oysters derived from intertidal and subtidal areas
showed epigenetic divergence. In this study, genotype
showed limited influences on epigenetic differentiation
between the two tidal oysters, suggesting that the methy-
lation variation we detected was mainly induced by envir-
onment. The results of sample clustering showed that the
differentiation of DNA methylation between the two groups
was greater than that induced by acute heat shock, which
emphasized that the mediating role of DNA methylation
was strongly influenced by life history in specific environ-
ments. This phenomenon is not unexpected, considering the
mechanism of DNA methylation building, which allows the
stable reproduction of gene-activity states from a parental
generation of cells to the next. The epigenetic modification
we detected in the oyster could be a quantitative response,
since the environment-induced epigenetic effect depends on
the magnitude of the affecting factor, such as long-term life
history or acute heat shock (Jaenisch and Bird 2003). Pre-
vious studies reported that oysters inhabiting intertidal areas
are considered more heat-tolerant, whereas individuals liv-
ing in subtidal areas are more heat-sensitive (Diederich and
Pechenik 2013; Li et al. 2018). In this study, intertidal
oysters mainly showed genomic hypomethylation, while
subtidal samples displayed hypermethylation, in response to
heat shock. Interestingly, a similar reverse methylation
pattern was also detected in a study of two genotypes of
rapeseed seedlings, which found that more DNA demethy-
lation events occurred in the heat-tolerant genotype, while
more methylation events occurred in the heat-sensitive
genotype (Gao et al. 2014). The reverse methylation pattern
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implies that the epigenetic differentiation between the two
groups of oysters in this study may result from genetic
divergence, which could have resulted from post-settlement
mortality when oyster larvae settled onshore, although there
is a strong gene flow between intertidal and subtidal oysters
at the same geographical location (Sanford and Kelly 2011;
Schmidt and Rand 2001).

The extent of the role of DNA methylation in reg-
ulating gene expression may be demonstrated by 10.65%
and 6.88% DMGs in DEGs in intertidal and subtidal
oysters, respectively. Oysters derived from two tidal areas
modulate totally different genes in response to heat shock,
as intertidal oysters were engaged in apoptosis and
organism development processes, while oxidation-
reduction and ion homeostasis processes occurred in
subtidal oysters. These results indicated that the two
groups of oysters were experiencing varied response
status, as found by Li et al. (2018), who demonstrated
different thermal adaptation in different geographical C.
gigas populations. Two affected genes related to promo-
tion of the apoptotic process can contribute to thermal
response in the intertidal samples, because studies on
corals have demonstrated the involvement of apoptosis in
response to rising seawater temperature, and suggested
that increasing temperatures can activate caspase-
dependent apoptosis in irreparable cells to improve
organismal changes of survival (Kvitt et al. 2016; Pernice
et al. 2011). The expression of both genes was negatively
correlated with DNA methylation, from which can be
inferred that DNA methylation can suppress gene
expression by inhibiting the binding of transcription
factors to DNA, or by recruiting transcriptional repressor
proteins (Moore et al. 2013). In support of this observa-
tion, a negative correlation between DNA methylation
and expression of some homeobox gene orthologs during
early oyster development has also been reported (Riviere
et al. 2013). Overall, apoptotic response may play an
important role in intertidal adaptation, and the DNA
methylation we detected provides a new underlying
mechanism.

Several genes in the HSP family were found in both
intertidal and subtidal groups. A previous study reported
DNA hypomethylation of the Biomphalaria glabrata HSP
70 region in snails under heat shock (Ittiprasert et al. 2015).
However, our data showed that both hyper- and hypo-
methylation occur, combined with both increased and
decreased expression. This result may be explained by the
different habitats and treatments of the organisms.
Remarkably, the gene encoding HSPA12A was the only
annotated gene that showed significant methylation and
expression variation in both intertidal and subtidal oysters.
It has been demonstrated to participate in environmental
stress-response processes by regulating gene expression in a

variety of organisms, such as mussels, mice, and Japanese
black cattle (Han et al. 2003; Masoudi et al. 2008; You et al.
2013; Zhu et al. 2013). However, little is known regarding
how DNA methylation works on HSPA12A when under
environmental stressors. Hence, our results not only com-
plement the existing literature on the role of epigenetics in
this gene in response to thermal stress, but also reveal the
different regulatory patterns in two regional oysters.

In this study, heritable epigenetic variation was investi-
gated by using F1 offspring subjected to common garden
experiment. The divergence between the intertidal and the
subtidal oysters for the multiple traits clearly suggests that
the environment affects phenotypic variation, and that this
adaptive phenotypic divergence may be mediated by DNA
methylation that can be transmitted to the next generation.
Although transgenerational environment-induced epigenetic
variants have been revealed in this study, it remains unclear
to what extent the epigenetic changes can stably persist
across generations, and what mechanism underlies this
DNA methylation erasure and re-establishment.

Conclusion

Understanding the mechanisms regulating the capacity of
organisms to respond to environmental variation is critical
in determining the impacts of environmental change on
populations. In this study, we used WGBS combined with
RNA-seq to investigate DNA methylation features in
oysters derived from different tidal areas. Our data
demonstrated that DNA methylation in C. gigas can be
induced by environmental changes, and differentiation in
methylation was detected between intertidal and subtidal
oysters. In addition, the genes potentially regulated by
methylation were identified. This study revealed that
methylation is a mechanism underlying adaptive pheno-
typic divergence between the intertidal and subtidal
oysters. This will facilitate a better understanding of how
epigenetic mechanisms participate in environmental stress
responses in marine invertebrates, and provides new ave-
nues for resource conservation and management.
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