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Abstract

Fast growth is one of the most important breeding goals for all economic species such as the Pacific oyster (Crassostrea
gigas), an aquaculture mollusk with top global production. Although the genetic basis and molecular mechanisms of growth-
related traits have been widely investigated in the oyster, the role of DNA methylation involved in growth regulation remains
largely unexplored. In this study, we performed a comparative DNA methylome analysis of two selectively bred C. gigas
strains with contrasted phenotypes in growth and shell color based on whole-genome bisulfite sequencing (WGBS). Genome-
wide profiling of DNA methylation at the single-base resolution revealed that DNA methylations were widely spread across
the genome with obvious hotspots, coinciding with the distribution of genes and repetitive elements. Higher methylation
levels were observed within genic regions compared with intergenic and promoter regions. Comparative analysis of DNA
methylation allowed the identification of 339,604 differentially methylated CpG sites (DMCs) clustering in 27,600 differen-
tially methylated regions (DMRs). Functional annotation analysis identified 11,033 genes from DMRs which were enriched
in biological processes including cytoskeleton system, cell cycle, signal transduction, and protein biosynthesis. Integrative
analysis of methylome and transcriptome profiles revealed a positive correlation between gene expression and DNA methyla-
tion within gene-body regions. Protein—protein interaction (PPI) analysis of differentially expressed and methylated genes
allowed for the identification of integrin beta-6 (homolog of human ITGB3) as a hub modulator of the PI3K/Akt signaling
pathway that was involved in various growth-related processes. This work provided insights into epigenetic regulation of
growth in oysters and will be valuable resources for studying DNA methylation in invertebrates.
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Introduction

The Pacific oyster (Crassostrea gigas), as an important
aquaculture mollusk, has been widely farmed in many
countries around the world (Guo 2009; Troost 2010).
With the increasing global demand for C. gigas, genetic
improvement of production and performance traits
becomes crucial to ensure the healthy and sustainable
development of the oyster industry. Given its importance,
many genetic breeding programs have been carried out for
decades. The traits for genetic improvement included but
not limited to growth, resistance to pathogens, tolerance to
abiotic stressors, and level of nutrients (Azéma et al. 2017,
de Melo et al. 2016; Evans and Langdon 2006; Gutierrez
et al. 2018; Li et al. 2011), among which growth is one of
the most important production traits for improvement in
most breeding programs.

Molecular markers have been developed and applied to
assist in selective breeding. These included the develop-
ment of gene-associated single nucleotide polymorphism
(SNP) markers that were associated with growth traits (Hu
et al. 2021; Li et al. 2011), and the dissection of structural
variations (SVs) (Jiao et al. 2021) underlying the genetic
basis of growth-related traits in C. gigas. Furthermore,
fine-scale genetic dissection of growth traits can provide
valuable molecular information to guide molecular breed-
ing. Comparative transcriptome analysis of C. gigas with
contrasted growth performance has been performed to
identify a group of genes involved in nucleotide and pro-
tein biosynthesis and microtubule activity which may play
critical roles in the growth regulation of C. gigas (Zhang
et al. 2019). With the identification of genes involved in
signal transduction pathways that regulate growth in oys-
ters (Kim and Choi 2019; Li et al. 2021), a further ques-
tion raised is how the transcription of these growth-related
genes is regulated. Understanding this aspect should be
essential for molecular breeding.

DNA methylation is an important epigenetic modifi-
cation factor in regulating gene transcription. Epigenetic
modification causes heritable changes in gene activity
without altering the DNA sequence (Dupont et al. 2009).
As an essential epigenetic modification factor, DNA
methylation occurs under the catalysis of DNA methyl-
transferase (DNMT) by attaching the methyl group of
S-adenosine methionine (SAM) to the DNA molecule
adenine or cytosine for covalent modification (Moore et al.
2013). DNA methylation and demethylation are usually
in dynamic balance, while the growth and development
will be impaired once the balance is broken. For example,
dysregulation of DNA methylation is a defining feature of
most cancer types (Baylin and Jones 2016). The role of
DNA methylation has been widely demonstrated to have
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an influence on the phenotypic variation of mammals,
especially for the growth trait. The DNA methylation level
of insulin-like growth factor 2 (IGF2) in the fetus was pos-
itively correlated with birth weight (Bouwland-Both et al.
2013). In addition, DNA methylation has also been dem-
onstrated to affect muscle growth in yak, sheep, chicken,
and other species with economic importance (Fan et al.
2020; Hu et al. 2013; Ma et al. 2019). In the study of DNA
methylation in pigs with different body sizes, it was found
that differentially methylated genes (DMGs) were mainly
enriched in lipid metabolism and muscle development,
suggesting that DNA methylation may affect the tendency
of obesity and body size by regulating gene expression in
skeletal muscle (Yang et al. 2017). In invertebrates, previ-
ous studies have shown that their genomes were far less
methylated than those of vertebrates with DNA methyla-
tion predominantly present in gene-body regions (Gavery
and Roberts 2013; Suzuki et al. 2007). These methylation
patterns in invertebrates may be necessary for facilitating
phenotypic variation, contributing to the increased adap-
tive potential (Roberts and Gavery 2012). Recent studies
have revealed that DNA methylation was crucial for early
development), shell formation (Zhang et al. 2020), and
regulation of adaptation to environmental changes (Wang
et al. 2021) in bivalves.

Numerous methods have been developed to profile DNA
methylation at the genome level. One of the most widely
used is whole-genome bisulfite sequencing (WGBS) (Wang
2013). The core of this method is to treat DNA with bisulfite
followed by whole-genome sequencing. The unmethylated
cytosine is converted into uracil, while the methylated cyto-
sine remains, allowing for identifying methylated cytosine
sites after DNA sequencing. The conversion process is criti-
cal for the success of WGBS, which includes three major
steps (Esteller 2005). Cytosine first reacts with NaHSOj; to
form sulfonated cytosine (cytosine-SO;) derivatives. Then
sulfonated cytosine derivatives undergo hydrolysis and
deamination to form sulfonated uracil (uracil-SO;) deriva-
tives. Lastly, the sulfonated uracil derivatives are treated
with alkali to remove the sulfonic acid group to form uracil,
while the 5-methylcytosine in the DNA remains unchanged.
Therefore, bisulfite treatment of genome DNA followed by
high-throughput sequencing allows for genome-wide DNA
methylation profiling at single-base resolution.

In this study, we performed a comparative DNA methyla-
tion analysis of two C. gigas strains with contrasted pheno-
types in growth and shell color using WGBS. We first devel-
oped genome-wide DNA methylation profiles for the two
strains, then compared them to detect differentially methyl-
ated regions for the identification of differentially methyl-
ated genes. Finally, integrative analysis of DNA methylome
and transcriptome was performed to explore the regulatory
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role of DNA methylation in gene expression involved in
the growth of the oyster. This work generated valuable
resources for the study of DNA methylation in invertebrates
and provided insights into epigenetic regulation of growth
in oysters.

Materials and Methods
Experiment Animals and Sample Collection

The animals used for this work were from two full-sib fami-
lies of C. gigas constructed in June 2018. The parents for
one full-sib family were from a fast-growing strain (hereinaf-
ter referred to as HH) which has been selected for growth for
over ten generations, while the parents for the other full-sib
family were from a slow-growing strain (hereinafter referred
to as CC) which was a highly inbred line produced through
generations of inbreeding. The rearing of larvae and spats
was maintained the same for both families. In September
2018, the 3-month-old individuals from the fast-growing
family (HH, average shell height of 18.60+0.21 mm)
and the slow-growing family (CC, average shell height of
14.20 +£0.19 mm) were collected. Three oysters from each
family were randomly selected for dissection of whole soft
tissues, which were used as three biological replicates in
this study. The tissues were flash-frozen in liquid nitrogen
and kept in =80 °C freezer until use. All animal care and use
procedures were approved by the Institutional Animal Care
and Use Committee of Ocean University of China (Permit
Number: 20141201) and were performed according to the
Chinese Guidelines for the Care and Use of Laboratory Ani-
mals (GB/T 35,892-2018).

DNA Extraction, Library Construction,
and Sequencing

The soft tissues of the oyster were thoroughly grounded,
followed by genomic DNA extraction using the improved
phenol—chloroform method (Li et al. 2006). The purity of
genomic DNA was tested using NanoPhotometer® spec-
trophotometer (IMPLEN, CA, USA). The concentration
of genomic DNA was determined using Qubit® DNA
Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies,
CA, USA). For methylation analysis using whole-genome
bisulfite sequencing, 26 ng lambda DNA was added to
the genomic DNA to test bisulfite conversion efficiency.
Genomic DNA was fragmented to 200-300 bp using ultra-
sound, followed by terminal remediation and adenylation,
and then the methylated cytosine barcode was connected to
the DNA fragments. Genomic DNA fragments were treated
twice with bisulfite using EZ DNA Methylation-Gold™ Kit
(Zymo Research) and then amplified by PCR using KAPA

HiFi HotStart Uracil + ReadyMix (2 X). Qubit® 2.0 Fluo-
rometer (Life Technologies, CA, USA) and quantitative
PCR were used to quantify the concentration of the librar-
ies. Agilent Bioanalyzer 2100 system was used to detect
the insert size. A total of six libraries were constructed and
were sequenced using Illumina NovaSeq 6000 for 150-bp
paired-end reads.

Read Quality Control and Mapping

The FastQC program (Brown et al. 2017) was used for qual-
ity control of the raw reads generated from the sequencer.
Then, the Trimmomatic software (Bolger et al. 2014) with
main parameters (SLIDINGWINDOW: 4:15; LEADING:3;
TRAILING:3; ILLUMINACLIP: adapter.fa: 2:30:10; MIN-
LEN:36) was used to filter the adapters and low-quality data.
The clean reads were mapped to C. gigas reference genome
(Assembly: GCA_902806645.1, cgigas_uk_roslin_v1) using
BSMAP software (Xi and Li 2009) with parameters (-R -p 4
-n 1 -r0-S 1). The R package RIdeogram (Hao et al. 2020)
was used to visualize the DMRs density and marked genes
on a genome-wide scale. The clusterSamples and getCorre-
lation commands of the R package methylKit (Akalin et al.
2012) were used to perform Pearson correlation analysis and
sample clustering analysis based on CpG DNA methylation
of CC and HH strains.

Methylation Calling and Identification
of Differentially Methylation Regions

The MCALL module in MOABS (Sun et al. 2014) was used
to call DNA methylation with default parameters. The per-
centage of cytosine sequenced to the reference cytosine of
the lambda genome was used to assess the bisulfite conver-
sion rate. Then, the MCOMP module in MOABS was used
to identify differentially methylated CpG sites (DMCs) and
differentially methylated regions (DMRs). In this study, only
methylated C sites with more than 3 X sequence coverage
were used for differential analysis. The credible methyla-
tion difference (CDIF) value greater than 0.2 was considered
DMC. The DMR was defined as the region containing at
least three DMCs, with the differential methylation more
than 0.2 and the p-value from Fisher’s exact test less than
0.05. The putative promoter regions were defined as 2 kb
upstream of the TSS.

SNP Identification and Correlation Analysis

SNP calling was conducted using CGmapTools software
(Guo et al. 2018). High-quality SNPs were filtered from
positions with coverage of 10 x—100x. The VCF SNP data-
sets were used to calculate p-distance between individuals
using VCF2Dis (https://github.com/BGI-shenzhen/VCF2D
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is). To assess the genetic effect on the epigenetic difference
between CC and HH strains, the F'st for each SNP between
the two strains was calculated (Bhatia et al. 2013), and a
correlation analysis of gene averaged Fst with methylation
levels was performed according to the method previously
reported (Liew et al. 2020). In order to remove the bias
caused by few SNPs or methylation sites, we only analyzed
genes with the number of CpG sites >5 and SNPs > 10.

Functional Annotation of Differentially Methylated
Genes

The differentially methylated genes (DMGs) were anno-
tated from the DMRs based on the genome annotation file.
DMGs were identified as genes whose gene body region or
promoter region had at least 1-bp overlap with the DMRs.
To understand the function of the DMGs, we obtained func-
tional annotations of the C. gigas protein-coding genes by
integrating the blast results from three different databases,
including NCBI non-redundant (nr) protein database, Egg-
NOG, and BlastKOALA. The ClusterProfiler (Yu et al.
2012) R package was used for GO and KEGG enrichment
analysis and the result with a p-adj < 0.05 were considered
significantly enriched.

Integrative Analysis of DNA Methylation with Gene
Expression

To investigate the connection between DNA methylome
and transcriptome, we performed an integrative analysis
of DNA methylation with the transcriptome profiles that
was determined by RNA-seq of the same samples (Shi
et al. 2022). The Pearson correlation coefficient (r) was
performed to assess the correlation between the gene body
DNA methylation and gene expression levels (expres-
sion gene, FPKM > 0.1) on a genome-wide scale. Further,
we divided all protein-coding genes into non-expression
genes (FPKM < 0.1) and expression genes (FPKM >0.1).
The expression genes were then further divided into three
groups, including the first quartile of low-expression genes,

the last quartile of high-expression genes, and the rest of the
medium-expression genes. We also performed an integrated
analysis of LncRNA and DNA methylation.

To systematically identify hub genes from the DEGs
that were significantly associated with the phenotypic dif-
ferences, we first built the protein—protein interaction (PPI)
networks according to the STRING database, followed by
the construction of a gene interaction subnet by mapping
the DEGs onto the PPI network. As the maximal clique cen-
trality (MCC) algorithm has a better performance on the
precision of predicting essential proteins from the PPI net-
work (Chin et al. 2014), we screened the hub genes in the
PPI network according to the MCC scores by cytoHubba
in Cytoscape. Given a node v, the MCC of v is defined as
MCC(v) = Y ces)(ICI=1)!, where S(v) is the collection of
maximal cliques which contain v, and (ICI—1)! is the product
of all positive integers less than ICI. In this study, the genes
with the top 10 MCC scores were considered hub genes.
The levels of both expression and DNA methylation of the
hub genes were visualized by using an integrative genomics
viewer (IGV).

Results
DNA Methylation Pattern of Two Oyster Strains

Whole-genome bisulfite sequencing generated 176.1 mil-
lion reads with 158.49 Gb for the six samples. After trim-
ming, 143.56-Gb clean reads were obtained for downstream
analysis. Mapping of the clean reads against the oyster ref-
erence genome assembly showed an average mapping rate
of 51.72%, ranging from 48.44 to 52.59%. Assessment of
the bisulfite treatment efficiency using the lambda genome
suggested high levels of the bisulfite conversion rate of
over 99.3% for all the samples (Table 1). The global DNA
methylation profiles showed significant differences in the
mean methylation ratio of C (mC) between the two strains
(P <0.05), though the mean DNA methylation ratio of
CpG, CHH, and CHG was not significantly different (CpG:
P=0.204; CHG: P=0.404; CHH: P=0.260). Classification

Table 1 Summary of whole

; . Sample ID Raw reads Cleanreads Clean bases Mapped reads Mapped rate (%) Bisulfite
genome blSUIﬁ.te sequencing (million)  (million) (Gb) (million) conversion rate
ar}d read mapping to the C. (%)
gigas genome

CC1 181.31 178.99 24.71 93.09 52.01 99.48
CcC2 172.82 170.46 23.50 89.60 52.57 99.47
CC3 179.44 177.03 24.41 85.74 48.44 99.36
HH1 150.56 148.46 20.50 77.59 52.27 99.47
HH2 194.84 191.12 26.37 100.25 52.46 99.46
HH3 177.63 174.43 24.07 91.73 52.59 99.47
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Table 2 Mean methylation ratio (mean ratio) of C, CpG, CHG, CHH

Sample ID Context Methylation
level (%)
CC1 C 1.40
CpG 12.62
CHG 0.45
CHH 0.55
cC2 C 1.41
CpG 12.51
CHG 0.46
CHH 0.56
CC3 C 1.43
CpG 12.06
CHG 0.51
CHH 0.62
HH1 C 1.39
CpG 12.10
CHG 0.47
CHH 0.55
HH2 C 1.38
CpG 12.11
CHG 0.48
CHH 0.57
HH3 C 1.37
CpG 12.03
CHG 0.46
CHH 0.56

for each type of mC contexts (i.e., CpG, CHG, or CHH)
showed that the mCpG was the most frequently occurring
methylation, followed by mCHHs and mCHGs (Table 2).
The results suggested that mCpG was the primary type of
DNA methylation in the oyster, which was consistent with
previous reports (Wang et al. 2021). Therefore, we mainly
focused on the methylation within CpG motifs in the down-
stream analysis.

Sample clustering based on DNA methylation profiles
showed that the six samples were clustered into two groups,
CC and HH (Fig. 1a). The Pearson correlation analysis of
CpG DNA methylation suggested a high level of reproduc-
ibility among the samples within the group, while a sig-
nificant difference between the two groups (Fig. 1b). Dis-
tribution of DNA methylation across the genome revealed a
relatively wide distribution but with obvious hotspots within
chromosomes and significant difference among chromo-
somes (Fig. 2a). For instance, within most chromosomes,
higher levels of DNA methylation were observed around the
center of the chromosome (Fig. 2a). Notably, chromosomal
regions with high levels of DNA methylation corresponded
to regions with a high density of repeats (Fig. 2a). Com-
parison of the mean methylation ratio of each chromosome

suggested variations in methylation level across chromo-
somes, with the lowest level in chromosome 2 which had
low gene density (Fig. 2a, b). The DNA methylation levels
in genic and intergenic regions were compared as shown in
Fig. 2c. Apparently, higher methylation levels were present
in genic regions than in intergenic regions (Fig. 2c). The
patterns of DNA methylation within genes were similar in
both strains, but a significant difference in CpG DNA meth-
ylation level was observed in intergenic regions between
CC and HH strain (Fig. 2c), while within genes, the CpG
methylation levels of gene body regions were significantly
different from that of 2-kb upstream and downstream regions
with a significantly higher methylation level being observed
within the gene-body regions (Fig. 2d). In contrast, the pat-
terns of CHG and CHH methylations within gene body and
its up- and downstream were different from that of CpG
methylation with no significant difference being observed
between gene body and 2-kb up- and downstream regions.
Furthermore, we found that levels of DNA methylation were
variable among the four major types of DNA repetitive ele-
ments, with higher levels in DNA transposons and SINE,
while lower levels in LTR and LINE. Notably, a significant
difference in DNA methylation levels between CC and HH
strains was observed in LTRs (Fig. 2e).

Estimation of Genotypic Effect on Methylation
Diversity

We obtained an average of 2,212,518 and 2,326,532 SNPs
from the WGBS data of the CC and HH strains, respec-
tively. Although the number of SNPs in the HH strain was
slightly higher than that in the CC, there was no significant
difference (P =0.30). We also analyzed the distribution of
SNP types, and we found no significant differences in all
types of SNPs between the two strains, especially the C>T
SNPs that could be misidentified as unmethylated CpG after
bisulfite conversion of DNA (Fig. 3a). Therefore, we specu-
late that the SNP data will not affect the analysis of WGBS.

Pairwise p-distance analysis showed that oysters from the
same strains were clustered, indicating that they were more
genetically similar (Fig. 3b). The correlation analysis of Fist
with DNA methylation differences between the CC and HH
strains showed that there was a very weak correlation in the
gene body (r= —0.0081) and exon (R= —0.0041) regions
(Fig. 3c, d). This indicated that the epigenetic diversity we
detected in CC and HH strains was independent of genotype.

Identification of DMCs and DMRs Between Two
Oyster Strains

A total of 9,110,189 CpG sites were identified from

both CC and HH strains. To investigate the difference in
DNA methylation profile, we identified the differentially
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Fig.1 Sample clustering. a Clustering of CpG methylation among samples. b The Pearson correlation coefficients of CpG methylation among

samples

methylated CpG sites (DMCs) and differentially methyl-
ated regions (DMRs) between the two strains, HH and CC.
A total of 159,831 CpG sites were methylated at higher
levels in HH strain than CC strain (hereafter referred to
as hyper DMC), and a total of 179,773 CpG sites were
methylated at lower levels in HH strain than CC strain
(hereafter referred to as hypo DMC) (Table S1). Inter-
estingly, the DMCs were mainly enriched in intronic
regions, followed by exons, intergenic regions, and pro-
moter regions (Fig. 4a). In total, 27,600 DMRs were iden-
tified, including 12,692 hyper and 14,908 hypo DMRs
(Table S2), showing drastic differences in methylation
levels between HH and CC strains (Fig. 4b, c). Together,
the total size of DMRs was 7,647,143 bp, accounting for
1.18% of the whole genome. Besides, a higher density of
DMRs was observed around the center of most chromo-
somes (Fig. 4d). Meanwhile, some of the growth-related
genes reported in previous QTL mapping or GWAS studies
(He et al. 2021; Wang 2018) were located in DMRs, such
as TRMT12 (LOC105332610), P3H2 (LOC105325684),
and CFAP61 (LOC105320109) (Table S2). Furthermore,
several previously reported genes associated with shell
color (Han et al. 2021; Wang 2018), including sucD
(LOC105319941), EXOSC10 (LOC105330593), TUB-
GCP4 (LOC105330131), TRIM45 (LOC117680499), and
TNKS (LOC105342415), were also located DMRs identi-
fied between the two strains (Table S3).

@ Springer

Identification and Functional Enrichment Analysis of DMGs

Based on genome annotation, we identified a total of
11,033 DMGs from the DMRs between CC and HH strains.
Functional analyses of these genes were performed based
on their enrichment in the GO and KEGG databases. GO
enrichment analyses revealed that DMGs were enriched in
a total of 108 GO terms (p-adj < 0.05; Table S3),many of
which were associated with the cytoskeleton system, such
as microtubule-based movement (G0O:0,007,018), micro-
tubule (GO:0,005,874), dynein complex (G0:0,030,286),
microtubule motor activity (G0O:0,003,777), structural
constituent of cytoskeleton (G0O:0,005,200), and kinesin
complex (GO:0,005,871) (Fig. 5a, Table S4). DMGs were
also enriched in GO terms related to cell cycle, including
cell cycle (GO:0,007,049), cell division (GO:0,051,303),
regulation of G2/M transition of the mitotic cell cycle
(G0O:0,010,389), and cyclin-dependent protein serine/thre-
onine kinase activity (G0O:0,004,693) (Fig. 5a, Table S4).
Some of DMGs were enriched in GO terms related to
the signal transduction process such as GTPase activator
activity (G0:0,005,096), protein serine/threonine kinase
activity (G0O:0,004,674), and protein phosphorylation
(G0:0,006,468). Meanwhile, many of the DMGs were
enriched in transcription and translation-related terms,
such as RNA export from the nucleus (GO:0,006,405 and
G0:0,006,406), tRNA binding (GO:0,000,049), ribosome
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biogenesis (GO:0,042,254), transcription corepressor activ-
ity (GO:0,003,714), and snRNA transcription by RNA poly-
merase II (GO:0,042,795) (Fig. 5a, Table S4).

KEGG pathway analysis showed that the DMGs were
significantly enriched in 23 KEGG pathways. Among these
23 pathways, eight pathways were related to transcription
and translation, such as RNA transport (ko03013), ribo-
some biogenesis (ko03009), spliceosome (ko03040 and
ko03041), transfer RNA biogenesis (ko03016), transcription
machinery (ko03021), protein processing in the endoplasmic
reticulum (ko04141), and ribosome biogenesis in eukaryotes
(ko03008) (Fig. 5b and Table S5). DMGs were also enriched
in KEGG pathways related to the signal transduction pro-
cess such as ABC transporters (ko02010), oxidative phos-
phorylation (ko00190), and inositol phosphate metabolism
(ko00562). Meanwhile, many of the DMGs also enriched
in DNA repair and recombination proteins (ko03400), cell

cycle (ko04110 and ko04111), and cytoskeleton proteins
(ko04812) (Fig. 5b and Table S5).

Integrative Analysis of DNA Methylation
and Transcriptome Profiles

To understand the role of DNA methylation in regulating
gene transcription, we integrated the methylation profil-
ing with analysis of RNA-seq data generated from the
same samples to investigate the correlation between DNA
methylation and gene expression at a genome-wide scale.
Overall, the level of methylation within the gene body was
positively correlated with the level of gene expression in
the oyster (Fig. 6a, b). Significantly, the higher the level
of gene expression was, the higher the level of methylation
was observed, especially within gene-body regions (Fig. 6c,
d). Similar patterns of correlation between methylation and
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gene expression were observed in both CC and HH strains
(Fig. 6).

To further determine the relationship of gene expres-
sion with regulation by DNA methylation, we focused on
the differentially expressed genes (DEGs) and differentially
methylated genes (DMGs) between CC and HH strains.
A total of 2133 genes were both DEGs and DMGs iden-
tified from the two strains. Of which, 1820 DEGs were
differentially methylated within the gene-body regions
(gene body-DMGs-DEGs), while 580 DEGs were differ-
entially methylated in the promoter regions (promoter-
DMGs-DEGs) (Table S6). Further analysis of 1,820 gene
body-DMGs-DEGs) showed that 985 genes (54.12%)
showed a positive correlation between methylation and
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gene expression (Fig. 7a). Of the 580 promoter-DMGs-
DEGs, 274 genes showed a negative correlation between
methylation and gene expression (Fig. 7b). The hub genes,
screened from the network using the maximal clique cen-
trality (MCC) method, were mostly related to DNA rep-
lication, cell adhesion, and cellular metabolic process
(Table S7). Further analysis of these genes allowed for the
identification of a critical gene related to growth, integrin
beta-6 (LOC105346726), which was the homolog of human
ITGB3 (Fig. 7c). Significantly, compared to HH strain, the
promoter region of integrin beta-6 gene showed a higher
level of DNA methylation in CC strain (fold change was
2586.20), corresponding to the extremely low level of
expression (fold change was 11.78) (Fig. 7d and Table S7).
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The relationship between LncRNA expression and DNA
methylation was further explored. By integrating the expres-
sion of LncRNA with DNA methylation within the gene
body and promoter, we found that neither gene body DNA
methylation nor promoter DNA methylation showed a signif-
icant correlation with LncRNA expression (CC gene body:
R=0.03; CC promoter: R=0.062; HH gene body:0.021; HH
promoter: 0.026) (Fig. 8). Among the 2,676 differentially
expressed IncRNAs (DELncRNAs), only 655 DELncRNAs
overlapped with DMRs, of which 198 IncRNAs had DMRs
in their promoters, while 568 IncRNAs had DMRs in the
gene body (Table S8).

Discussion

A better understanding of the genetic basis and molecular
mechanisms involved in transcriptional regulation of pro-
duction and performance traits is essential for molecular
breeding. DNA methylation is one of the well-recognized
epigenetic modifications involved in transcriptional regula-
tion to affect phenotypic plasticity in various organisms (Fan

* Orange color

et al. 2020; Hu et al. 2013; Ma et al. 2019). In this work, we
performed a comparative analysis of the DNA methylome of
the two C. gigas strains with contrasted growth performance
to explore the regulatory mechanism of DNA methylation
in the growth of C. gigas. Based on the CpG methylation,
the samples were clustered well into two groups suggesting
the distinct methylation profiles of the two oyster strains.
Firstly, we investigated DNA methylation patterns in C.
gigas by developing genome-wide DNA methylation pro-
file. At the chromosomal level, DNA methylation occurred
mainly around the center of chromosomes. At the gene level,
exonic regions showed the highest DNA methylation levels.
The differentially methylated CpG sites were mainly present
in intronic regions. Furthermore, DMR-related genes were
annotated from DMRs to better understand the potential
mechanism of DNA methylation regulation of growth in C.
gigas. Finally, through integrative analysis of DNA methy-
lome and transcriptome, we found that DNA methylation
was positively correlated with gene expression within gene
body regions. Protein—protein interaction (PPI) analysis of
differentially expressed and methylated genes revealed that
the integrin beta-6 (homolog of human ITGB3), as a hub
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Fig.5 The enriched pathways
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nificantly enriched GO terms.
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modulator of the PI3K/Akt signaling pathway, could be criti-
cal in growth regulation in the C. gigas.

With the high-quality genome assembly and annota-
tion data, we compared the distribution of DNA methyla-
tion with repetitive elements and genes across the C. gigas
genome. As previously reported, the DNA methylation is of
mosaic type in mollusks, with stretches of hypermethylated
DNA alternating with hypomethylated stretches (Ménner
et al. 2021). Notably, we found that for most chromosomes,
a high rate of DNA methylation was always observed in
the center region of chromosomes, where a high density of
repetitive sequences was present. Numerous studies have
proven that (peri)centromeres were characterized by DNA
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hypermethylation and enrichment in repetitive sequences
(Achrem et al. 2020; Scelfo and Fachinetti 2019). Based
on this, our result may suggest the putative location of cen-
tromeres within chromosomes in the oyster.

Repetitive DNA elements (REs), as the most abundant
type of sequence in the genome, account for the majority of
methylated sites in the genome (Pappalardo and Barra 2021).
Recent studies clearly show that methylation processes that
shape repetitive genome compartments of bivalve mollusks
are nonrandom, quite complex, and not necessarily uniform
(gatovic’ Vuksié¢ and Plohl 2021). Consistently, in this work,
we observed different levels of methylation among four basic
transposable elements (TEs) (Wells and Feschotte 2020), of
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which a significantly different level of methylation in the
type of LTR repeats was observed between the two strains.
The LTR repeats contain abundant transcriptional regula-
tory signals such as enhancers and promoters (Cohen et al.
2009). Hypermethylation of LTRs can significantly reduce
the binding affinities of the enhancer motifs to the key tran-
scription factors that suppress transcription (Hu et al. 2017),
which may play important roles in genomic diversity and
phenotypic variations.

The occurrence of DNA methylation is variable across
chromosomes, with the lowest DNA methylation rate being
observed in chromosome 2, which is generally consistent
with the density of genes. DNA methylation in the oyster
tended to occur in genic regions, which was consistent with
observations in previous studies (Wang et al. 2021). Within
genes, exonic regions showed higher levels of DNA meth-
ylation than intronic regions. However, the DMCs identified
between the two oyster strains through comparative methyla-
tion analysis were mainly from intronic regions (60.13%).
The DNA methylation present within gene-body regions
might alter chromatin structure and affect transcription
elongation efficiency (Tunji¢-Cvitani¢ et al. 2021). Studies
have reported that methylated genes have a higher degree of
conservation across species than unmethylated genes, and
genes containing introns were more likely to be methylated
than those lacking introns (Gavery and Roberts 2010; Lyko
et al. 2010). Previous studies have shown that DNA methyla-
tion of the first intron tended to be negatively correlated with

Up_2kb TSS TES Down_2kb

gene expression across various tissues and species (Anasta-
siadi et al. 2018). Combined with the abovementioned obser-
vations, it is speculated that the DMCs enriched in introns
as observed in this work may also have vital functions in
fine-tuning gene expression in the oyster.

Significant differences in DNA methylation profiles
were observed between CC and HH strains. The mean
methylation ratio of C was significantly higher in the CC
strain than that of HH (p <0.05). Studies have shown that
DNA methylation increased in the offspring with inbreed-
ing depression (Vergeer et al. 2012). Therefore, the high
DNA methylation levels in the slow-growing CC strains
observed in the present study could be associated with
inbreeding. Methylations associated with growth and shell
color were inferred from genes with differential methylation
between the two strains showing contrasted phenotypes in
growth and shell color. Growth is a complex trait regulated
by a complicated network of genes and pathways. Enrich-
ment analysis of DMGs allowed for the identification of
biological processes including cytoskeleton system, cell
cycle, signal transduction process, protein transcription,
and translation, which were reported to play critical roles
in growth regulation. The cytoskeleton plays an important
role in maintaining cell shape and the stability of the intra-
cellular structure, which is involved in various biological
activities, including cellular material transport, formation
of the muscle cell power system, and separation of chromo-
somes in cell division (Julicher et al. 2007; Park et al. 2020;
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Wickstead and Gull 2011). The cell cycle, also known as
the cell proliferation phase, is involved in the whole process
of organism growth and development by maintaining tissue
homeostasis (Pucci et al. 2000; Vermeulen et al. 2003). Sig-
nal transduction is the process by which chemical or physi-
cal signaling molecules are transmitted to cells, eventually
leading to cellular reactions, and is the basic mechanism
that controls cell growth, proliferation, and metabolism
(Krauss 2003). Integrative analysis with QTL mapping for
shell color in C. gigas revealed that the genes associated
with the black color (sucD, EXOSC10, TUBGCP4), and
the orange color (TRIM45, and TNKS) (Han et al. 2021;
Wang 2018) showed significant differences in DNA meth-
ylation between the CC and HH strains in this study. This
provided valuable resource for further studies on molecular
mechanism of shell color in C. gigas.
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DNA methylation occurring in different genomic func-
tional regions has different regulatory effects on gene
expression. DNA methylation in promoter regions was
often overlooked due to low levels of DNA methylation
in invertebrates. However, studies have shown that DNA
methylation of the C. gigas promoter has a function similar
to that of vertebrate promoters and can regulate transcrip-
tional activity (Saint-Carlier and Riviere 2015). However,
in Pinctada fucata martensii, promoter DNA methylation
was found to be positively correlated with gene expression
except for the highly expressed genes (Zhang et al. 2020).
In this study, we observed DNA methylation in the promoter
regions but not all negatively regulated in gene expression.
Therefore, we speculate that the repression of gene tran-
scription by promoter DNA methylation may not be a gen-
eral mechanism in mollusks. Further, a study had reported
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that DNA methylation occurring at specific locations in
promoter regions could have an effect on gene expression,
such as core transcription factor binding sites (Medvedeva
et al. 2013). Through integrative analysis of DNA meth-
ylation and transcriptome analysis, we found that the DNA
methylation in the gene body was positively correlated with
gene expression in C. gigas. Genes showing higher levels
of DNA methylation also had higher expression levels.
This phenomenon was not only found in C. gigas, but also
in mollusks such as Biomphalaria glabrata and P. fucata
martensii (Gavery and Roberts 2013; Luviano et al. 2021;
Wang et al. 2021; Zhang et al. 2020). The regulatory mecha-
nism of gene expression by DNA methylation in the gene
body can be variable and very complicated. Some studies
reported that unmethylated exons were significantly shorter
than methylated exons, while highly expressed exons usu-
ally have high levels of DNA methylation (Flores et al.
2012; Li et al. 2018; Song et al. 2017). Studies also sug-
gested that DNA methylation in exons can mark the chro-
matin for modification, thereby reducing the chance of exon

0.75 1.00 0.00 0.25 0.50 0.75 1.00

Promoter DNA methylation level in HH strain

skipping, which may lead to a higher rate of exon inclusion
during transcription (Flores et al. 2012; Li et al. 2018). The
involvement of DNA methylation in regulating alternative
splicing has also been shown using dCas9 fused to enzymes
that methylate or demethylate DNA (Shayevitch et al. 2018).

The relationship between DNA methylation and expres-
sion of genes is complex. In this study, we identified a total of
2133 DEGs that were differentially methylated, accounting for
27.42% of all DEGs. Among these 2133 genes, promoter DNA
methylation or gene body DNA methylation did not show con-
sistent correlation with gene expression. The transcriptional
regulation of genes can be affected by many factors, such as
DNA methylation, histone modifications, and availability of
transcription factors (Gibney and Nolan 2010; van Breda et al.
2015). In addition, DNA methylation needs to occur at specific
sites to have an effect on gene expression (Medvedeva et al.
2013). Therefore, the effects of the complex interaction of
these factors on gene expression are difficult to predict.

We used DEGs to construct protein—protein interac-
tion networks and perform association analysis with DNA
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methylation. Within the network, the extracellular matrix
(ECM) and integrin family genes were identified as the hub
genes by the MCC method. As a major family of cell surface
adhesion receptors, integrins can interact with ECM pro-
teins and form cytoplasmic focal adhesions that are associ-
ated with the actin cytoskeleton (Wozniak et al. 2004). The
ECM-integrin—actin cytoskeleton axis serves as a mechani-
cal signal that can activate various downstream signaling
pathways to regulate cell survival, proliferation, motility,
differentiation, and cytoskeletal organization (Hynes 1992,
2002). FN1 can form a complex with integrin to regulate
cell proliferation and enhance cell adhesion (Wirth et al.
2020). Highly expressed COL6A3 can promote the growth
of mouse embryonic fibroblasts (MEFs) by inhibiting the
Hippo signaling pathway and promoting the Wnt signal-
ing pathway (Wang and Pan 2020). Furthermore, studies
suggested that THBS1 induces cell cycle arrest through
p53-mediated upregulation of p21 expression (Yamauchi
et al. 2007). Interestingly, DNA methylation in promoter
regions and expression of integrin beta-6 (LOC105346726)
differed significantly between the CC and HH strains. The
human homolog of the oyster integrin beta-6 was ITGB3,
which was one of the cell surface receptors that mediate
cell-matrix interactions, playing a variety of roles through
binding to different ligands (De Arcangelis 2000; Moreno-
Layseca et al. 2019; Zhu et al. 2019). It’s reported that
ITGB3 is a hub modulator of the PI3K/Akt signaling path-
way involved in various growth-related processes, such as
cell proliferation, and cell survival (Lei et al. 2011; Wan
et al. 2019). Overexpression of ITGB3 could induce p53
pathway activation and the secretion of TGF-f to regulate
cellular senescence (Rapisarda et al. 2017). Despite the
highly diverse integrin family genes identified in many
mollusk species (Dyachuk et al. 2015; Lv et al. 2020), we
still have not fully understood the function of this versatile
receptor family in invertebrates. We speculate that ECM-
integrin signals might act as the crucial regulators of growth
traits in the oyster. Furthermore, we show that integrin
beta-6 (homolog of human ITGB3) is a hub modulator in
regulating growth-related processes, which deserves future
investigations.

Conclusion

In this work, we developed genome-wide DNA methyla-
tion profiles of two C. gigas strains with contrasted growth
performance. Through comparative analysis, we identi-
fied a total of 339,604 differentially methylated CpG sites
(DMCs) with were clustered into 27,600 differentially meth-
ylated regions (DMRs). Gene annotation identified a total of
11,033 genes from DMRs which were enriched in biological
processes including cytoskeleton system, cell cycle, signal
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transduction process, protein transcription, and translation.
Integrative analysis of DNA methylation and transcriptome
data revealed a positive correlation between gene expression
and DNA methylation within the gene body. Protein—protein
interaction analysis of differentially expressed and meth-
ylated genes allowed for the identification of ITGB3 as a
hub modulator of the PI3K/Akt signaling pathway that was
involved in various growth-related processes. This work pro-
vided insights into epigenetic regulation of growth in oysters
and will be valuable resources for the study of DNA meth-
ylation in invertebrates.
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