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DNA methylation regulates growth traits
by influencing metabolic pathways in Pacific
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Xin Zhang', Chaoqun Hu', Ting Chen', Pengying Li%, YehuiTan', Chunhua Ren', Yanhong Wang', Xiao Jiang',
Bo Ma'?, Jiayue Yin'3, Yunyi Huang'?, Liyan Liu*, Huo Li® and Peng Luo""

Abstract

Background DNA methylation is a critical epigenetic modification that dynamically regulates gene expression
associated with economic traits. Pacific white shrimp (Litopenaeus vannamei) is one of the most important aquatic
species for culturing, and growth trait is one of the most important economic traits for its production. However,
research on DNA methylation regulation of growth traits is still at an early stage. This study explored DNA methylome
dynamics and their associations with the regulatory mechanism behind growth traits using full-subfamily individuals
with discrepant growth performance.

Results The DNA methylation-related genes in L. vannamei were identified, and the expression of DNA methylation
genes showed significantly higher levels in the slow growth (SG) group compared to the fast-growing (FG)
individuals. The Whole Genome Bisulfite Sequencing (WGBS) analysis revealed that the methylation levels in the
muscles of shrimp were notably decreased in SG individuals compared to FG individuals. A total of 532 differentially
methylated promoters and 2,067 differentially methylated regions were identified. Through integrative analysis of
DNA methylation and transcriptomic data from SG and FG group shrimp, a total of 47 genes were screened out with
differential methylation levels (DMGs) and expression levels (DEGs). Functional enrichment analysis revealed that the
overlapping DEGs/DMGs were enriched mainly in metabolic pathways, starch and sucrose metabolism, linoleic acid
metabolism, ascorbate and aldarate metabolism, pentose and glucuronate interconversions.

Conclusions DNA methylation plays a role in the regulation of growth traits in L. vannamei. The level of DNA
methylation was found to be negatively correlated with growth traits. Through comprehensive analysis, it was
discovered that DNA methylation predominantly affects growth performance by up-regulating the expression of
genes involved in metabolic pathways, such as glucose metabolism and amino acid metabolism in L. vannamei.
This suggests a higher metabolism activity in SG individuals derived DNA methylation to cope with some unknown
internal stress or environmental stress rather than being allocated for growth.
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Introduction

Epigenetics encompasses the regulation of gene expres-
sion without changes to the DNA sequence [1]. Key
mechanisms include DNA methylation, histone modi-
fications, genomic imprinting, non-coding RNAs, gene
silencing, nucleolar dominance, maternal effects, trans-
poson activation, and RNA editing [2, 3]. DNA meth-
ylation, a prevalent and critical epigenetic modification,
involves the attachment of a methyl group to the cytosine
base in CpG dinucleotides. This typically occurs in pro-
moter regions, regulating gene transcription [4]. DNA
methylation variations were observed across a wide array
of organisms, including viruses, prokaryotes, and eukary-
otes [5, 6]. This modification not only influences gene
expression, growth, and development but also enhances
protection against environmental stresses and sustains
genomic integrity [7, 8]. Typically DNA methylation
inhibits the binding of specific proteins to DNA, thereby
impeding the transcription process [9].

Fish genomes generally show DNA methylation levels
comparable to those in vertebrates, primarily in the form
of CpG methylation [10]. In multiple studied fish species,
approximately 70-80% of CpG sites were methylated,
similar to the levels observed in the mouse genome [11—
13]. In contrast, the CpG methylation levels in mollusks
and crustaceans were significantly lower. For example,
only approximately 15% of CpG sites were methylated in
the Pacific oyster genome [14], whereas in Procambarus
virginalis, only 2-3% of CpG sites were methylated [15].
In Daphnia, CpG methylation levels were less than 1%
or slightly above 1% [16, 17]. Additionally, research has
shown that gene body methylation plays a role in regulat-
ing gene family expansion and functional diversification,
thereby influencing phenotypic variation [18].

DNA methylation plays a crucial role in regulating
various aspects of aquatic animals, including growth,
disease resistance, sex differentiation, and environmen-
tal adaptation [19]. Research has demonstrated that het-
erosis, a phenomenon of hybrid vigor, is associated with
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the downregulation of DNA methylation [20, 21]. Con-
versely, the upregulation of DNA methylation levels in
growth-related genes can result in slower growth rates
[22]. In grass carp, high methylation of the upstream GC
island of the RIG-I gene has been found to reduce RIG-I
gene expression, thereby increasing susceptibility to grass
carp hemorrhagic necrosis virus [23]. Additionally, the
methylation and demethylation of specific genes, such
as ¢ypl9a, can influence sex reversal and alter sex ratios
[24]. Environmental stressors, including hypoxia and
heat stimulation, have been shown to impact DNA meth-
ylation levels, increasing the adaptability of organisms to
their environment [25, 26]. Overall, DNA methylation
serves as a fundamental mechanism in the regulation and
adaptation of aquatic animals to various biological and
environmental conditions.

Litopenaeus vannamei, known for its wide salinity tol-
erance, rapid growth, and robust disease resistance, is
the predominant shrimp species in aquaculture. Growth
trait is critical criteria for the success of the animal farm-
ing industry. Numerous studies have identified genes and
single-nucleotide polymorphisms (SNPs) associated with
growth performance in L. vannamei [27-30]; however,
the underlying growth regulatory mechanisms mediated
by DNA methylation remain elusive. To address this gap,
we conducted a systematic analysis of the genome-wide
methylome and transcriptome variations in the muscle
of L. vannamei via whole-genome bisulfite sequencing
(WGBS) and RNA sequencing (RNA-seq). This compre-
hensive approach aims to elucidate the intricate regu-
latory mechanisms governing growth traits in marine
shrimp and to improve strategies for the genetic breeding
of L. vannamei.

Results

Discrepant growth performance and DNA methylation
levels in the FG and SG

The size of the shrimps in the full-subfamily significantly
differed (Fig. 1A), and different weight differences were
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Fig. 1 Differential growth performance of L. vannamei shrimp from a full-subfamily. A, Differential body sizes. B: Significant difference in body weight
between 6 randomly selected FG individuals and 6 SG individuals. C: Genomic DNA methylation levels in the muscles of FG and SG shrimp individuals
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observed among the 30 selected shrimp individuals, with
the maximum weight of the shrimp being 9.22 g and the
minimum weight being 2.53 g, with an average weight of
5.17 g. Six individuals in the FG and the SG groups were
further selected for subsequent analysis, which revealed
significant discrepancies in body weight (p<0.05)
(Fig. 1B). Furthermore, the genomic DNA methyla-
tion levels (5-mC) in the FG individuals (2.00%) were
lower than those in the SG individuals (2.42%) (p <0.05)
(Fig. 1C).

Identification of methylation genes in L. vannamei

A total of 21 methylation-related genes were identi-
fied from the genomic database (CIBNOR_Pvan_1v2),
and all the sequences were used to establish a phyloge-
netic tree from the six crustacean species (Fig. 2A(a)).
Sequence analysis revealed that the methylation-related
genes could be divided into four subgroups. There were
five members in subgroup I; containing motifs 2, 3, 4
and 5. Similarly, six members were included in sub-
group II, which contains motifs 3, 4 and 5; four mem-
bers were included in subgroup III, which contains motif
3(Fig. 2A(b)) indicating that DCM superfamily, which is
evolutionarily conserved among DNA methyltransfer-
ases. Six members were included in subgroup IV, which
contains motifs 1-10. According to the domain informa-
tion, the Dcm domain (or Dcm superfamily domain) is
present in methyltransferases, except for the COG2263
domain (or COG2263 superfamily domain) presented in
subgroup III (Fig. 2A(c)).

The expression profiles of two DNA methyltransfer-
ase (DNMT), dmnmtl (XP_027222128.1) and dnmt3a
(XP_027231607.1) were quantified in the individu-
als from the FG and the SG groups via qRT-PCR. The
results indicated that the expression of dnmt3a in the SG
group was significantly greater than that in the FG group
(p<0.001) (Fig. 2B), the expression of dnmtl in the SG
group was significantly greater than that in the FG group
(p<0.05) (Fig. 2C). Using previously published RNA-seq
data [31], two DNA methylation-related genes (dnmt3a,
dnmtl), represented by counts per million (CPM) val-
ues in different tissues, were identified (Fig. 2D, E). These
genes were mainly expressed in the tissues of brain, tes-
tes, ovaries, and hepatopancreas.

Transcriptome dynamics in the muscles of shrimp with
different growth traits

To investigate the transcriptomic dynamics of muscles
exhibiting distinct growth traits, comparative transcrip-
tomic analysis was conducted using three individuals
each from the fast growth (FG) and slow growth (SG)
groups. Following the filtration of low-quality reads, a
total of 40.26 Gb of clean reads were obtained, charac-
terized by a relatively high Q30 quality score, with a
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minimum of 94.44%. The mapping rates across all sam-
ples varied between 77.74% and 85.62%; detailed map-
ping data were presented in Table 1 (Supplementary
Table S2). After transcript assembly, a total of 13,288
expressed genes were identified in each sample (Supple-
mentary Table S3).

To elucidate the transcriptomic differences in mus-
cles between the two groups, a total of 726 differentially
expressed genes (DEGs) were identified. Among these
genes, 645 were downregulated, and 210 were upregu-
lated (Fig. 3A, B). GO enrichment analysis revealed
that the up-regulated DEGs were significantly enriched
in structural molecular activity, structural constituent
of cuticle, extracellular region items (Fig. 3C, Supple-
mentary Table S4), and the down-regulated DEGs were
significantly enriched in adenyl nucleotide binding,
adenyl ribonucleotide binding and ATP binding items
(Fig. 3D, Supplementary Table S4). KEGG pathway
analysis showed that the up-regulated DEGs were sig-
nificantly enriched in starch and sucrose metabolism,
MAPK signaling pathway, and carbon metabolism path-
ways (Fig. 3E, Supplementary Table S5); while the down-
regulated DEGs were significantly enriched in Motor
proteins, cell cycle and galactose metabolism pathways
(Fig. 3F, Supplementary Table S5).

Methylome dynamics in the muscles of shrimp with
different growth traits

For the methylome analysis, detailed information regard-
ing the raw data quality control statistics is presented
in Table 2. The FG group presented average methyla-
tion levels of 97.48% for CG, 0.5% for CHG, and 2.03%
for CHH, whereas the SG group presented average
methylation levels of 97.49% for CG, 0.49% for CHG,
and 2.01% for CHH. Notably, the CG context presented
the highest methylation levels compared with those of
CHG and CHH (Fig. 4A, B, C). A comprehensive map-
ping analysis of methylation within functional genomic
regions was conducted, examining C loci across various
regions, including promoters, exons, introns, repeats,
CGls, CGI shores, CGI shelves, and open seas. Specifi-
cally, the genome-wide methylation landscape for the
three sequence contexts (CG, CHG, CHH) is presented
in Fig. 4D (double coordinate display), and their dis-
tributions on gene functional elements were depicted
in Fig. 4E. Methylation levels within 2 kb upstream and
downstream of genes were illustrated in Fig. 4F. The data
indicated that CG context methylation levels were gener-
ally lower in the FG group than in the SG group. In total,
20432 CG differentially methylated regions (DMRs),
161 CHG DMRs, and 1655 CHH DMRs were identified
in the DNA methylation dynamics between the FG and
SG groups (Fig. 4G). The corresponding differentially
methylated genes (DMGs) covering these DMRs were
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Fig. 2 The gene structures and domain compositions of methylation-related genes. A: (a) Phylogenetic analysis of methylation-related genes in L. van-

namei and other five arthropod species (Procambarus clarkii, Penaeus monodon, L

itopenaeus chinensis, Portunus trituberculatus, Eriocheir sinensis). (b) The

gene structures of methylation-related genes. The different boxes represented different motifs, respectively. (c) The domain compositions of methylation-

related genes encoded proteins. The different boxes represented different motifs,
legend, the reader is referred to the web version of this article). B: mRNA expressi

respectively. (For interpretation of the references to color in this figure
on levels of two DNA methylation-related genes (dnmtT and dnmt3a)

mRNA in the FG and the SG shrimp individuals (n=3). C: tissues distribution of two DNA methylation-related genes (dnmt1, dnmt3a) (n=3). Br: brine, Es:

eyestalk, Gi: gill, He: hemocyte, Hp: hepatopancreas, Ht: heart, In: intestine, Ms: mus

cle, Ov: ovary, St: stomach, Tn, thoracic nerve, Ts: testy, Vn: ventral nerve.

Figure C and D were the expression of dnmt3a, and dnmt1; and the Fig. E and F were the tissue distribution of dnmt3a, and dnmt1
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Table 1 Raw data quality control statistics for transcriptome sequencing
Sample Raw reads Clean reads Q30 GC pct Total map Unique map Multi map
FG1 7.3G 7.08G 96.3 50.34 79.65% 72.49% 7.16%
FG2 6.6G 6.37G 94.44 50.23 85.62% 77.91% 7.71%
FG3 6.98G 6.74G 96.2 50.88 77.74% 70.36% 7.38%
SG1 6.48G 6.26G 96.09 50.81 82.57% 75.27% 7.31%
SG2 6.94G 6.69G 95.96 495 79.67% 74.82% 4.85%
SG3 7.34G 7.12G 96.2 50.61 79.2% 73.23% 5.97%
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Fig. 3 Functional enrichment analysis of DEGs in muscles of the FG and the SG. A, Volcano plot showing DEGs; B, heatmap of DEG hierarchical cluster
analysis; C, GO enrichment of DEGs; D, KEGG pathway enrichment of DEGs. E, GO enrichment of upregulated genes between the two groups. F, KEGG

enrichment of upregulated genes between the two groups

identified, resulting in the discovery of 1823 CG_DMR
genes, 334 CHH_DMR genes, and 57 CHG_DMR genes
across the three methylated environments (Fig. 4H). Sub-
sequent DNA methylation analysis of the muscles from
the two groups focused primarily on the CG context.
Furthermore, hypomethylated DMRs (hypo) were more
prevalent than hypermethylated (hyper) DMRs in regions
such as CGIs, CGI shores, introns, and others, except for

the 3’ UTR regions (Fig. 4I). To elucidate the functions
of the DM@Gs associated with the 20,432 CG DMRs, GO
and KEGG enrichment analyses were performed. The top
10 GO categories were enriched primarily in metabolic
processes, cellular macromolecule metabolic processes,
organic substance metabolic processes, and primary
metabolic processes (Fig. 4]), with detailed information
provided in Supplementary Table S6. KEGG pathway
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Table 2 Raw data quality control statistics for whole-genome bisulfite sequencing

Sample Raw Bases (G) Clean Bases (G) Clean ratio Q20 Q30 GC Content BS Conversion Rate (%)
(%) (%) (%) (%)
FG1 77.02 67.91 88.17 97.37 93.07 21.23 99.645
FG2 7714 68.09 88.27 97.56 93.61 21.08 99.639
FG3 76.55 67.45 88.11 97.55 936 20.96 99.642
SG1 76.44 67.38 88.15 9743 93.24 21.05 99.639
SG2 76.2 67.22 88.22 97.36 93.02 20.61 99.639
SG3 7727 68.39 88.51 97.58 93.66 21.25 99.657

analysis revealed that CG DMRs were significantly
enriched in metabolic pathways, amino sugar and nucle-
otide sugar metabolism, fatty acid metabolism, and other
pathways, which aligns with the GO enrichment results
(Fig. 4K). Detailed information is presented in Supple-
mentary Table S7.

Integrative analysis of DNA methylation and
transcriptomics

We integrated WGBS and RNA-seq data to study the
correlation between DNA methylation and gene expres-
sion in muscle tissues. Figure 5A shows patterns of dif-
ferentially expressed genes (DEGs) and differentially
methylated regions (DMRs). We identified 532 differen-
tially methylated promoters, 2067 DMRs, and 726 DEGs
in the FG and SG groups. Notably, 47 genes were both
DEGs and differentially methylated genes (DMGs) with
DMRs, including 4 DMGs with differentially methyl-
ated positions (DMPs) (Fig. 5B). Gene body methylation
positively correlated with gene expression, but pro-
moter methylation negatively impacted gene expression
(Fig. 5C). DMR analysis revealed 8 hypomethylated/
upregulated DMGs, 19 hypermethylated/downregulated
DMGs, 6 hypermethylated/upregulated DMGs, and 19
hypomethylated/downregulated DMGs (Fig. 5D). DMP
analysis revealed 1 hypomethylated/upregulated DMG,
1 hypermethylated/downregulated DMG, 1 hyper-
methylated/upregulated DMG, and 3 hypomethylated/
downregulated DMGs (Fig. 5E). Figure 6A shows that
CG-type DMR-targeted DMGs were enriched in 15 GO
subcategories (p <0.05) and 13 KEGG pathways (p <0.05)
(Fig. 6B). Functional analysis revealed that these DMGs
regulate metabolic pathways. Genes such as AASS, 4CL-
like 1, UP1, RNR, UGDH, and PGM2 were upregulated
in the SG group and enriched in pathways such as starch
and sucrose metabolism, suggesting increased energy
consumption in the SG group.

Discussion

As mentioned, methylation levels were generally lower
in crustaceans than in fish and terrestrial animals such
as mice. In our study, the CpG methylation level in the
whole genome of L. vannamei ranged from 2.67-2.89%,
which is consistent with the levels reported in P, virginalis

and Daphnia [32]. CG DMRs predominated, accounting
for 97.49% of the methylation context, similar to findings
in the large yellow croaker [27]. Overall, WGBS analy-
sis revealed that the DNA methylation levels in the FG
shrimp were lower compared to those in the SG shrimp.
Additionally, RNA-seq identified numerous DEGs
between the two groups. It is well-established that DNA
methylation generally acts as a negative regulator of gene
expression [33-35]. However, genebody methylation is
more widespread and shows a positive correlation with
gene expression [36]. In the current study, a large number
of DEGs were upregulated in the SG group. Moreover,
the DNA methylation levels in the gene body regions
(including 3’-UTR, 5-UTR, exons, and introns) of the
SG shrimp were higher than those in the FG shrimp.
We hypothesize that the relatively high genebody meth-
ylation levels in SG shrimp can regulate the expression
of related genes, such as UDP-a-D-glucose 6-dehydroge-
nase (UGDH) and Phosphoglucomutase 2 (PGM?2), UDP-
glucose 6-dehydrogenase (UGDH) and cytochrome P450
(Cyp6al3). Subsequently, this enhanced gene expression
impacts the growth performance of L. vannamei.

DNA methyltransferase (DNMT) enzymes act as cru-
cial regulators in the DNA methylation process. Specifi-
cally, Dnmtl is responsible for maintaining the existing
DNA methylation patterns during DNA replication,
while Dnmt3a initiates de-novo DNA methylation [27,
37]. In this study, Dnmtl and Dnmt3a were identified
from the shrimp genome, and these genes exhibit evolu-
tionary conservation. Tissue distribution analysis dem-
onstrated distinct expression patterns of Dmmitl and
Dnmt3a in shrimp tissues. High expression levels of these
genes were detected in the ovary and testis, where they
play vital roles in germ cell development and species-
specific epigenetic reprogramming [38]. Moreover, rela-
tively high expression levels of Dnmtl and Dunmt3a were
observed in the intestine and hepatopancreas of shrimp.
To date, there has been relatively limited research on
DNA methylation in aquatic animals. However, studies
in human diseases have shown that DNA methyltrans-
ferase regulates intestinal epithelial barrier function and
regeneration [39, 40]. The intestine and hepatopancreas
of shrimp are rich in epithelial cells, which are involved
in digestion and nutrient absorption. These two tissues
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the DMR genes; |, distribution of hypomethylated and hypermethylated DMR numbers between the FG and the SG group in different functional gene
elements; J, GO analysis of DMR target DMGs; K, KEGG analysis of DMR target DMGs. Note: DNA methylation is found in three different sequence contexts:
CG (or CpG), CHG or CHH (where H correspond to A, T or C). The mCG, mCGH, and mCHH means the methylated CG (or CpG), CHG or CHH
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are also of great significance for shrimp growth [41]. Col-
lectively, it is hypothesized that DNA methylation may
regulate shrimp growth by influencing gene expression
in the hepatopancreas and intestine tissues. Although
the expression levels of Dnmtl and Dnmt3a were the
lowest in the muscle tissue of shrimp, a significant differ-
ence in the expression of methylation-related genes were
observed in the muscles of L. vannamei between two
groups with extreme growth performance. This finding
suggests the existence of a DNA methylation mechanism
involved in regulating shrimp growth.

Growth is a critical trait in aquaculture production [42].
Discrepant growth traits in farmed animals pose signifi-
cant challenges, potentially extending farming cycles and
reducing commercial value due to size variations [43].
Numerous studies have highlighted the crucial role of
epigenetic modifications in regulating growth traits [21,
44, 45]. Global DNA methylation (5-mC) assays further
revealed that the DNA methylation levels in fast-grow-
ing (FG) shrimp were lower than those in slow-growing
(SG) shrimp. These findings suggest a strong correlation
between growth trait performance and DNA methyla-
tion in shrimp. On the basis of our results and previous
studies demonstrating the impact of DNA methylation
on growth traits in various animals(e.g., allotriploid fish
[20], Pacific oyster [45], and half-smooth tongue sole
[46]), we hypothesize that DNA methylation likely plays
a regulatory role in shrimp growth traits. Generally, DNA
methylation negatively regulates gene expression [47]. To
identify methylation events genome-wide and explore
the regulatory mechanisms underlying the discrepant
growth traits of L. vannamei, we conducted an integra-
tive analysis involving WGBS and transcriptomics. We
hypothesize that DNA methylation downregulates the
expression of growth-related genes, thereby influencing
phenotype development.

In L. vannamei shrimp, the analysis of genes shared
by DEGs and DMGs showed that promoter methylation
levels were negatively associated with DEG expression,
whereas genebody methylation levels were positively
associated with DEG expression, which were similar to
previous findings in other aquatic animals [27, 48, 49],
which supporting the idea that the impact of DNA meth-
ylation on gene expression levels can be altered at methyl-
ated sites in entire gene regions [4]. Metabolic pathways,
which were catalyzed by enzymes, sustain cell growth
and proliferation through the generation of metabolites
[50, 51]. The overlapped DEGs were primarily enriched
in metabolic pathways, endoplasmic reticulum protein
processing, ascorbate and aldarate metabolism, starch
and sucrose metabolism, and the degradation of valine,
leucine, and isoleucine. Additionally, they were involved
in amino sugar and nucleotide sugar metabolism. Nota-
bly, UGDH and UP1, which were pivotal in various bio-
logical processes, were more highly expressed and have
lower methylation in FG shrimp than in SG shrimp, sug-
gesting a regulatory role in carbohydrate metabolism
[52, 53]. Previous study revealed that as the growth rate
of L. vannamei increased, the gene expression of UGDH
involved in the starch and sucrose metabolic pathway
was up-regulated for the degradation of the carbohy-
drate intake for body growth [54], indicating that DNA
methylation could regulate the shrimp growth by regu-
lating the expression of UGDH for enhancing the car-
bohydrate metabolism pathway. The expression of UPI
was positively correlated with the metabolic activity of
uridine [55]. Research revealed that uridine can promote
the glycogen synthesis in Nile tilapia [56]. In addition, it
has been found that dietary nucleotide supplementation
could improve the growth performance [57, 58]. Taken
together, the UP1I is upregulated in FG shrimp acceler-
ate the carbohydrate metabolism for enhance the growth
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performance in a DNA methylation manner. Addi-
tionally, PGM2 and Cyp6al3, which were more highly
expressed in SG individuals, indicate increased glycoge-
nolysis and fatty acid oxidation for energy. This finding
appears contradictory to previous research on Macrobra-
chium rosenbergii, which reported significantly reduced
PGM?2 expression in growth-retarded groups [59]. Sub-
sequent studies have revealed that PGM2 is primarily
involved in stress response mechanisms in L. vannamei.
Specifically, the expression of PGM2 is up-regulated
in response to Vibrio invasion [60] and cold stress [61],
with similar patterns observed for Cyp6al3 [62] which
indicating that the energy of metabolism were likely used
to cope with environment stress rather than growth in a
DNA methylation regulation manner [63-65].

Conclusions

The methylation levels in muscles were notably lower in
the FG group than in the SG group. Integrative of WGBS
and transcriptomics revealed that the overlapping DEGs/
DMGs were enriched mainly in metabolic pathways,
including ascorbate and aldarate metabolism, as well as
starch and sucrose metabolism. It may be advisable to
select appropriate feed additives (by supplementing rel-
evant cofactors) to balance these metabolic pathways
to enhance the growth of shrimp. Moreover, this study
offers novel perspectives for the development of DNA
methylation markers in the genetic breeding of the
Pacific white shrimp, L. vannamei.

Materials and methods

Animal experiments and sample collection

All the shrimp used in this study were obtained from
Guangdong Jinyang Biotechnology Co., Ltd., Maom-
ing, Guangdong, China (N21°39'57.81", E110°55'14.62).
A full-sib shrimp family was produced by crossing an
inner species. The full-sib progenies were first nursed
in the tank for 15 days, and the full-sib shrimp were
then moved to an indoor culture pond for further rear-
ing (30 parts per thousand (ppt) and pH 8.2) at 28 C
under a 12-h dark: 12-h light photoperiod. After being
reared in the culture pond for 90 days, 30 shrimp indi-
viduals were firstly selected by quick observation of their
body size and then divided into two groups according
to their body weight: the fast growth (FG) group and
the slow growth (SG) group. Each group contained 15
FG shrimp and 15 SG shrimp. The shrimp were anes-
thetized on ice and killed by decapitation. Six individu-
als in each group were randomly selected for subsequent
muscle sampling, and the muscle samples were imme-
diately frozen in liquid nitrogen. The DNA and RNA of
the 12 shrimp were extracted separately. Subsequently,
the DNA and RNA from every two shrimp in each group
were pooled to form a single sample for sequencing
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and analysis. Furthermore, the DNA methylation level
in shrimps with discrepant growth trait were detected
by using the Global DNA Methylation (5-mC) ELISA
Easy Kit (Catalog#P-1030, EpigenTek). All experiments
should be performed according to the corresponding kit
instructions.

Identification and expression analysis of DNA methylation
genes

PF00145 (C-5 cytosine methyltransferase conserved
domain) was used as a query to search for DNA meth-
ylation genes against genomic resources to acquire can-
didate genes via HMMER (https://www.ebi.ac.uk/Tools/
HMMER/) and Pfam (http://pfam.xfam.org/) [66]. Then,
the putative DNA methylation genes sequences were
further blasted against the NCBI nonredundant protein
database via the BLASTP (https://blast.ncbi.nlm.nih.gov
/) method [66]. The conserved motifs of the amino acid
sequences were predicted via MEME software [67]. The
NCBI Conserved Domain Database was used to search
the conserved domains of the amino acid sequences with
an E value threshold of 0.01. The phylogenetic trees of
DNA methylation genes from six crustacean species (L.
vannamei, Penaeus monodon, Procambarus clarkii, Por-
tunus trituberculatus, Penaeus chinensis and Eriocheir
sinensis) were constructed on the phyloSuite platform.
The divergent tree was obtained from Timetree5 (http:
//timetree.org/) [66]. Furthermore, a phylogenetic tree
of DNA methylation enzymes from six crustaceans was
constructed via the TBtools platform [68].

The expression levels of DNA methylation enzyme
related genes (dnmtl, dnmt3a) in the muscles of shrimp
from the two groups were assessed by RT-qPCR. Briefly,
the total RNA was extracted with TRIzol reagent and
reverse transcribed with PrimeScriptTM RT reagent
Kit containing gDNA eraser (Takara). The cDNA sam-
ples obtained were then subjected to a Thermal Cycler
Dice®R Real Time System III (Takara) for quantitative
analysis with the TB GreenTM Premix EX TaqTM II
Kit (Takara). The PCR primers used were listed in Tab.
S1. Gene expression was normalized to that of GAPDH,
which was used as a reference [69]. The relative expres-
sion levels of DNA methylation enzyme related genes
were calculated using the comparative Ct method with
the formula 2744¢,

The expression profiles of DNA methylation genes in
different healthy L. vannamei tissues, including eyestalk
(Es), brain (Br), abdominal nerve (AN), thoracic nerve
(TN), gill (Gi), heart (Ht), hepatopancreas (Hp), hemo-
lymph (He), muscle (Ms), stomach (St), intestine (In),
were analyzed according to RNA-seq data [31].
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RNA-seq and data analysis

The Agilent 2100 bioanalyzer were employed to evaluate
the integrity and total quantity of RNA. The RNA with an
0OD260/0D280 ratio ranging from 1.8 to 2.4, along with
an RNA integrity number (RIN) that satisfies the condi-
tion 7<RIN <10, is considered suitable for RNA-seq. Fol-
lowing successful quality assessment, the sequencing
library were constructed and quality control processes
were employed. Oligo dT magnetic beads were utilized
to enrich mRNA from total RNA. The mRNA was sub-
sequently subjected to end repair, A-tailing, adapter
ligation, size selection, amplification, and purification,
culminating in the preparation of the library. Upon pass-
ing quality control, Illumina sequencing was conducted
to obtain paired-end reads of 150 bp. The raw sequenc-
ing data (raw reads) underwent processing through fastp
software to eliminate reads containing adapters, poly-N
reads, and low-quality reads, resulting in clean reads. The
clean reads were aligned to the reference genome (CIB-
NOR_Pvan_1v2) by using the HISAT2 v2.0.5, and the
count reads for each gene were calculated via Feature-
Counts (version 1.5.0-p3), and the FPKM value for each
gene were calculated. DESeq2 software (version 1.20.0)
were employed to analysis the differential expression
genes between the two groups. The DEGs were selected
for Gene ontology (GO) enrichment analysis via the clus-
terProfiler (version 3.8.1) software. Additionally, cluster-
Profiler (version 3.8.1) software was used to analyze the
statistical enrichment of DEGs in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway [27].

WGBS analyses

The DNA samples underwent bisulfite conversion fol-
lowing the EZ DNA Methylation-Gold Kit protocol.
The converted DNA was then fragmented into random
lengths of 200-400 bp using an ultrasonic processor.
Single-stranded DNA (ssDNA) segments, after bisulfite
treatment, were converted by using the EZ DNA Methyl-
ation-GoldTM Kit (zymo Research). Next, a methylation
sequencing adapter was ligated to the DNA fragment,
which was then subjected to size selection and PCR
amplification. Library preparation was performed using
the Accel-NGS MethylSEQ DNA Library Kit (Swift,
USA, catalog number: 30096). The resulting libraries
were evaluated for quality on the Agilent 5400 system
(Agilent, USA) and quantified via QPCR. Double-ended
sequencing of the samples was carried out on the Illu-
mina platform (Illumina, USA). Following quality control
and data filtering using FastQC software, the bisulfite-
treated reads were aligned to a reference genome set to
-X 700 -dovetail using Bismark software (version 0.24.0).
Differential methylation regions (DMRs) and differential
methylation promoters (DMPs) were identified using
DSS software (version 2.12.0). Based on the distribution
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of DMRs across the genome, genes were defined as those
overlapping with DMRs within the genebody region
(from the transcription start site (TSS) to the transcrip-
tion end site (TES)) or promoter region (2 kb upstream
of the TSS). The DMRs associated genes were identified
for the GO enrichment analysis and KEGG enrichment
via the GOseq R package and KOBAS software (version
3.0) [27].

Integrative analysis of WGBS and RNA-seq data

To investigate the relationship between DNA methylation
and gene expression in the muscles of the two groups,
we conducted a correlation analysis to identify mutually
DMGs, including DMRs and DMPs, from WGBS data
and DEGs from RNA-seq data. The correlation between
DMR methylation levels and corresponding differential
gene expression levels in the transcriptome was visual-
ized via a combination of scatter plots [70] and boxplots
[71], as previously described. The MethExpress software
were used for integrated analysis of methylation and
transcriptome data. The threshold for differential meth-
ylation level is set to 0.2, and the threshold for differen-
tial expression log2(Fold change) is set to 1. Visualization
of the results is performed using the plotting tools in R
(ggplot2). The GO and KEGG pathway enrichment anal-
yses of the overlapping DMGs were further conducted by
using the clusterProfiler (default parameter) as described
previously [27].

Statistical analysis

The data were presented as means + standard deviations
(n=3). For the statistical analysis, parametric tests were
chosen and carried out. Specifically, unpaired t-tests
were employed to analyze the data. Statistical analysis
and the diagram display were conducted via GraphPad
Software. Statistical significance is indicated by a p value
of less than 0.05.

Abbreviations

WGBS Whole-genome bisulfite sequencing
DMP Differentially methylated promoters
DMRs Differentially methylated regions

DMGs Differential methylated genes
TSS Transcription start site

TES Transcription end site
CpGislands  CGls

RNA-seq RNA sequencing

DEGs Differential expression genes
CPM Counts per million

sSDNA Single-stranded DNA

AASS Aminoadipate-Semialdehyde Synthase
4CL-like 1 4-Coumarate: CoA ligase 4

UP1 Uridine Phosphorylase 1

RNR Ribonucleotide reductase
UGDH UDP-Glucose 6-Dehydrogenase
PGM2 Phosphoglucomutase 2

UTR Untranslated Regions
Cyp6al3 Cytochrome P450 family 6 subfamily A member 13
cyp19a Cytochrome P450 family 19 subfamily A
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RIG-l gene Retinoic acid inducible gene-|

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
DNMT DNA methyltransferase

Trmt TRNA Methyltransferase

gRT-PCR Real-Time Quantitative Reverse Transcription PCR
SNPs Single-nucleotide polymorphisms
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