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dynamics in the gills of

large yellow croaker
(Larimichthys crocea) during
low-salinity adaption
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DNA methylation is a critical epigenetic modification that dynamically regulates
gene expression in organisms facing abiotic stress. However, few studies have
comprehensively examined the role of DNA methylation in marine fish during
environmental adaptation. Therefore, this study explored the methylome dynamics
and DNA methylation regulation mechanisms in large yellow croaker (Larimichthys
crocea) during low-salinity adaption. The methylation level in the gills was notably
raised in the S-group (5%. salinity) compared to C-group (25%. salinity). A total of
109 differentially methylated promoter target genes and 581 differentially
expressed genes were identified via whole-genome bisulfite sequencing (WGBS)
and RNA-seq of gills in the two salinity groups, respectively. Moreover, 23 hypo-
methylated/up-regulated differentially methylated genes (DMGs) and 28 hyper-
methylated/down-regulated DMGs were identified through integrative analysis,
which were mainly enriched in signal transduction, ion exchange, energy
metabolism, and cytoskeleton system and other biological processes.
Collectively, our findings suggested that low-salinity stress can induce adaptive
genome-wide DNA methylation changes, which can in turn affect the transcription
of genes in large yellow croaker during low-salinity adaptation. Therefore, our
findings provide new insights into the regulatory mechanisms of marine fish in
response to rapid environmental changes.

KEYWORDS

low salinity stress, large yellow croaker, methylome, transcriptome, epigenetic
regulation mechanism

Background

Epigenetic modifications can regulate gene transcription without altering DNA
sequences, thus enabling organisms to adapt to environmental challenges (Busconi et al.,
2015; Li et al., 2018). Among these epigenetic modifications, DNA methylation is currently
among the most well-documented epigenetic modifications, which is critical in the regulation
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of normal physiological activities and environmental adaption
(Richards et al., 2010; Bossdorf and Zhang, 2011). Previous studies
have indicated that genome-wide DNA methylation can be highly
flexible in animals and plants facing complex and changeable
environmental stressors (Weyrich et al, 2016; Artem et al., 2017;
Huang et al,, 2021).

Changes in environmental salinity can directly influence the
distribution, size, growth, development, and reproduction of marine
organisms (Macdonald et al., 2010). Due to global warming, extreme
precipitation events are becoming increasingly frequent worldwide
(Peter et al.,, 2019), which increases surface runoff. Sudden climate
changes can thus severely and abruptly change the salinity of inshore
aquaculture areas. Large yellow croaker (Larimichthys crocea) is the
most productive cultured marine fish species in China, and coastal
cage culture is the most widely implemented aquaculture model for
this species. Recently, low-salinity conditions caused by extreme
precipitation have resulted in serious economic losses to the inshore
aquaculture industry. Therefore, elucidating the regulatory
mechanisms of low-salinity adaptation in large yellow croaker and
selecting new varieties with better adaptability to these conditions
have garnered increasing attention. Previous studies on the salinity
acclimation of large yellow croaker have mainly focused on osmotic
regulation, energy metabolism, and immune responses (Zeng et al.,
2017; Lu et al., 2020; Teng et al., 2020). However, few studies have
assessed the role of DNA methylation in marine organisms facing
low-salinity stress.

Whole genome bisulfite sequencing (WGBS) and high-
throughput sequencing technologies provide a powerful means to
investigate genome-wide DNA methylation dynamics at a near-base-
pair-level resolution (Adusumalli et al., 2015). Here, we performed an
integrative analysis of WGBS and RNA-seq to clarify the association
between the transcriptome and methylome dynamics in the gills of
large yellow croaker under low-salinity stress. Importantly, our study
not only sought to explore the underlying epigenetic regulation
mechanisms of DNA methylation during the acclimation of marine
fishes, but also to establish a theoretical basis for the selection of new
varieties with better environmental adaptability to minimize losses to
the aquaculture sector.

Materials and methods
Animal experiments and sample collection

Experimental fish were collected from aquaculture facilities
located in Xiangshan Bay, Zhejiang Province, China. Before
initiating the experiments, 120 individuals were randomly selected
and allowed to acclimate in a tank (3 m diameter) with 25%o salinity
seawater for 30 days. Next, 60 similarly-sized healthy fish (body
weight 69.49 + 1520 g, body length 168.82 + 12.99 mm) were
randomly selected and transferred to six tanks (1 m diameter; 10
individuals per tank with 500 L 25%o seawater) to adapt to the
experimental conditions for 7 days. During this period, the fish
were fed daily with commercial mixed feed and the water was
exchanged once per day to eliminate residual feed and excrement.
After this secondary adaptation period, all of the fish from each tank
were randomly assigned to two salinity treatments [5%o (S-group)

Frontiers in Marine Science

10.3389/fmars.2023.1082655

and 25%o (C-group)] in triplicate. During the experiment, the
temperature and DO were 21-23°C and 8.3-8.9 mg L7/,
respectively. The fish were fed once per day with commercial feed
and 1/3 of the water was exchanged daily. After 7 days of exposure, 5
individuals from each tank were randomly selected and anesthetized
with 50 mg/L MS-222, after which the gill tissues were dissected and
immediately flash-frozen in liquid nitrogen. The samples were
divided into five sections (technical triplicates were obtained for
each section) to conduct gene expression, methylation sensitive
amplification polymorphism (MSAP) analysis, RNA-seq, WGBS,
and Mass Array analysis.

MSAP analysis

Genomic DNA from gill tissues was isolated using the TTANamp
Marine Animals DNA Kit (TTANGEN, Beijing, China) according to
the manufacturer’s instructions. DNA concentration and integrity
were examined using a NanoDrop 8000 spectrophotometer and 1.5%
agarose gel electrophoresis, respectively.

MSAP experiments were conducted as described by Xiong et al.
(1999). Gill DNA samples were double digested by (EcoRI + HpalI) or
(EcoRI + Mspl). Each reaction was conducted using the following
components: genomic DNA, 400 ng; 10x T4 Buffer, 2 ul; 20 uM EcoRI,
0.4 wl; Hpall (or Mspl), 0.4 pl; 0.1% BSA, 0.2 pl; sterile water was
added to a final volume of 20 pl. The mixture was incubated at 16°C
for 12 h. Afterward, the ligated DNA was pre-amplified in a 20 pl
reaction system as follows: digested product, 2 ul; 10 mM dNTPs, 0.4
uL; 10x Buffer, 2 uL; 5 U/uL Taq polymerase, 0.2 uL; 10 pM pre-
amplification E-A primer, 0.5 pL; 10 pM pre-amplification HM-T
primer, 0.5 pL; sterile water, 14.6 uL. PCR was conducted under the
following thermal profile: 94°C denaturation for 5 min; 26 cycles of
94°C for 30 s, 56°C for 1 min, and 72°C for 1 min; 72°C extension for
10 min. The pre-amplification products were 20-fold diluted with
sterile water and used as the template for the selective amplification
reactions. The selective amplification reactions system had the
following components: 20-fold diluted pre-amplification product, 2
UL; 10 mM dNTPs, 0.4 uL; 10x Buffer, 2 uL; 5 U/UL Taq Polymerase,
0.2 uL; 10 uM E-primer, 0.5 uL; 10 uM M-primer, 0.5 pL; sterile water
was added to reach a 20 uL volume. The reactions were conducted
using the program described by Li et al. (2017). The sequences of the
adaptors and pre-amplification primers are summarized in Table 1.
The selective amplification products were separated and examined
using capillary electrophoresis. The GeneMarker software (version 2.2)
was used to analyze and visualize gill MSAP data. Data analyses were
performed as described by Li et al. (2017).

Expression of DNA methylation and
demethylation genes

The expression of genes related to DNA methylation (dnmtl,
dnmt3bb, tet] and tet2) was analyzed through qRT-PCR. The primers
were designed using the Primer3 program (Table 1). qRT-PCR was
performed using the TB Green Premix Ex Taq II Kit (TaKaRa, Dalian,
China). The amplification program was set as indicated by the
manufacturers. The 185 rRNA gene was used as a reference.
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qRT-PCR

NCBI accession
number

TABLE 1 Primers used in this work.

Primer sequences

10.3389/fmars.2023.1082655

Primer sequences

NM_131189.2 dnmtl FE:5 Adapter EcoR I F: 5' CTCGTAGACTGCGTACC 3'
AAGCCACCACCACTAAACTG 3 adaptor
R: 5 R: 5" AATTGGTACGCAGTC 3'
CCACTGCCTCCAAACTTGAT 3’
NM_001025450.1 dnmt3bb E: 5 HM adaptor F: 5 GACGATGAGTCTAGAA 3'
CATCACTGTAGGCATCGTCC 3’
R: 5 R: 5' CGTTCTAGACTCATC 3'
AGATCGTTGCATGGACTTCC 3’
XM_019275269.2 tet] E: 5 Pre-amplication = EO 5' GACTGCGTACCAATTC 3'
TCGTGGGTAACTGTGAGGGA 3
R: 5 HMO 5' GATGAGTCTAGAACGG 3'
AGAGTGAGGTGGATTTGGAGG
3
XM_010740935.3 tet2 E: 5 Slective El 5' GACTGCGTACCAATTCAAT 3'
ACAAGCCAGACATGAGACGG 3’ amplication
R: 5 E2 5' GACTGCGTACCAATTCACG 3'
GGTTCCAGTTCGTATCCCCA 3’
E3 5' GACTGCGTACCAATTCCTA 3'
E4 5' GACTGCGTACCAATTCGTT 3'
XM_005173157.3 arhgef37 F: 5' E5 5' GACTGCGTACCAATTCTCT 3'
CCTGTGGATGGAGATGGTCA 3'
R: 5 HM1 5' GATGAGTCTAGAACGGAGG 3'
TAACGGGCGATTCTCTGGAC 3'
XM_010747046.3 gnb4 E: 5 HM2 5' GATGAGTCTAGAACGGAGT 3'
GCAGCATCTACACTCACAGC 3'
R: 5' TTGGGCTCTGTCCGTCTTTC HM3 5 GATGAGTCTAGAACGGCAT 3'
3
XM_010732131.3 gripl F: 5' HM4 5' GATGAGTCTAGAACGGCTA 3'
GAGGGTGGGGAAAGCAAGAA 3'
R: 5 HM5 5' GATGAGTCTAGAACGGCTC 3'
GGAAGCCACAACTGACCCAA 3'
XM_019269554.2 LOC104918888  F:5' MassARRAY Gene Primer sequences
TCAGTTCACAGTTACCCCCG 3'
R: 5 gnb4 5 TGTTAGTTGTTTAATTGTAGTTTGGTT
TGAAGGAGGTGACGATGGTG 3' 3
XM_019254673.2 LOC104928056 = F:5' 3
TTAGAGACGGTATGCGGGGA 3' CAAAAACCTACATAACTATTTCTTACCC
5
R: 5 LOC104929349 | 5 TTTGTTGAGTGTTTTTAATAGATGATT
TGATGGAAGATGGCGGTGAA 3' 3
XM_019256985.2 LOC104929349 = E:5' 3' AACTAAACAAAACTCCCACCAATTA 5'
ACCGACCTCCCAGATGTAGA 3'
R: 5' CTTCGGTTCCTCCTTCGTCA LOC104928056 = 5'
3 GGTTTGTTTATGGTGTTAGATTGTAGA
3
XM_027289085.1 LOC104935555 | F:5' 3
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TAATGAGGCGGTGGTTTGGA 3'

03

AACCCTTTATTTACTCTCTTATCCCTTT
5

(Continued)
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TABLE 1 Continued

qRT-PCR

NCBI accession
number

Primer sequences

R: 5
TGATGGGAACTGGGGCAATG 3'

XM_019268275.2 pdhb E:5'

TCACCATTCCCATCGGCAAA 3'
R: 5
TGGTCTTCATCACGCTGGTC 3'

slc2a4 F: 5
ACCGATGTATGTGGGGGAGA 3'

XM_027287927.1

R: 5
TTCCCAGTAACGCCTCCAGA 3'

10.3389/fmars.2023.1082655

Primer sequences

slc2a4 5' TTGGAGTTATATTTTTGGGTTTTTT 3'
3' ACTAATCAACAAAAACCCTCCTACC 5'
slc9a3 5' GATGTTTTTAGATGGGTTTTTTGAA 3'

3
CAAAAAAACTAAATCCAACACACTACA
5

slc9a3 F: 5
GCAGTATCTCCTCTTCGGCA 3'

XM_010742286.3

E: 5

CAGCGACTCTCCAAACACCA 3'

NW_020861186.1 18s F:5'
CATTGGAGGGCAAGTCTGGT3'

R: 5
CCCGAGATCCAACTACGAGC3'

RNA-seq library construction, sequencing,
and data analysis

The total RNA of gill tissues was extracted from six large yellow
croaker individuals from the S-group and C-group in triplicate (i.e.,
three fish per group). The concentration and integrity of the total
RNA samples were measured using Qubit® RNA Assay Kit in a
Qubit® 2.0 Fluorometer and 1.5% agarose gel electrophoresis,
respectively. Afterward, a strand-specific RNA library was
constructed using the NEB Next Ultra"™ RNA Library Prep Kit
(NEB, MA, USA), and the obtained library reads were purified
using the AMPure XP system (Beckman Coulter, CA, USA). After
library preparation, 150 bp paired-end sequencing was performed on
a NovaSeq 6000 sequencer. Differential expression analysis was
performed using DESeq2 (Love et al., 2014), with a false discovery
rate (FDR) < 0.05, and [log,(fold change)| > 1. GO and KEGG
pathway enrichment analyses of DEGs were performed using
‘GOseq’ R package (Ashburner et al., 2000) and KOBAS software
(Xie et al,, 2011), respectively.

DNA methylation library construction,
sequencing, and data analysis

Genomic DNA of six gill tissues from the S-group and C-group
were extracted using the TIANamp Marine Animals DNA Kit
(TTANGEN, Beijing, China). The concentration and integrity of
genomic DNA was examined using a Nanodrop ND2000
spectrophotometer (Thermo Scientific, MA, USA) and 1% agarose
gel electrophoresis, respectively. Genomic DNA samples were
fragmented to 200-300 bp using a Covaris S220 sonicator (Covaris,
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MA, USA). Afterward, the DNA samples were bisulfite-treated
according to the EZ DNA Methylation-Gold kit (Zymo Research,
CA, USA) instructions. After bisulfite treatment, un-methylated
cytosine became uracil, and methylated cytosine remained
unchanged. After end repair and adenylation reaction, the bisulfite
DNA fragments were subjected to PCR amplification to construct the
sequencing library. After quantifying the library and examining the
inserted DNA fragments using a Qubit 2.0 fluorometer and an Agilent
2100 Bioanalyzer, qRT-PCR was conducted to determine the final
concentration of the library (library concentration >2n M). The
qualified DNA libraries were then sequenced using an Illumina
HiSeq 2500 sequencer.

The raw reads were quality checked and filtered to obtain clean
reads. Then, the sequencing reads were compared to the reference
genome of large yellow croaker (https://ftp.ncbinlm.nih.gov/
genomes/all/GCF/000/972/) using the Bismark software (version
0.12.5) (Krueger and Andrews, 2011). After bisulfite treatment, the
unmethylated cytosine (C) converted into thymine (T), and the
methylated C remain unchanged; thus, the reads cannot be located
accurately, and the methylated sites cannot be identified in the
reference genome. However, using in silico bisulfite conversion
algorithm of the Bismark software, we can comparatively analyze
the mapping result of the bisulfite treated reads and no bisulfite
treated reads to definite the methylated C sites by changing the entire
C base in the reference genome into T base. Next, the methylated sites
and differentially methylated regions (DMRs) identified using the
MethylKit software (version 0.99.2) (Akalin et al, 2012) were
compared with the results obtained with the Bismark software. In
order to analyze the methylation status of different gene elements, we
carried out a profiling analysis. The analytical procedure is dividing
the gene elements into 20 bins first, and then comparing the
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methylation level of each bin to reflect the methylation difference of
each gene elements of each gill samples of S-group and C-group.
Moreover, the number of methylated and demethylated DMRs in
different gene elements and chromosomes were statistically analyzed
to reflect the methylation dynamics in gill under low-salinity stress.
Upon characterizing the distribution of DMRs, differentially
methylated genes (DMGs) were identified by detecting which genes
overlapped with the DMRs. GO and KEGG analyses of the identified
DMGs were performed using the ‘cluster Profiler’ R package (Yu et al.,
2012). Significant differences were identified via Student’s t-test
(p < 0.05).

Integrative analysis of DNA methylation and
gene expression

To evaluate the correlation between DNA methylation and gene
expression in the gills of large yellow croaker submitted to low-
salinity stress, Pearson correlation analyses were conducted to screen
the transcriptome data and WGBS data, and identify the mutual
DMGs among the DEGs in RNA-seq and the DMR target genes in
WGBS. Afterward, GO and KEGG enrichment analyses of the
obtained DMGs were conducted using the ‘GOseq’ R package and
the KOBAS software, respectively.

Validation of the DMGs overlapped from
WGBS and RNA-seq

10 DEGs (arhgef37, gnb4, grtpl, LOC104929349, LOC104928056,
LOCI104918888, LOCI104935555, pdhb, slc2a4, and slc9a3) and 5
DMGs (gnb4, LOC104929349, LOC104928056, slc2a4, and slc9a3)
were selected to verify the reliability of the RNA-seq and WGBS
data, respectively. The validation of the DEGs and DMRs (which were
significantly enriched in ion channels, energy metabolism,
cytoskeleton, and other key gene pathways) was conducted using
qRT-PCR and Mass Array methylation analysis. qRT-PCR was
carried out as described above. For the Mass Array procedure,
genomic DNA was isolated using the QIAamp DNA Mini Kit
(QIAGEN, Dusseldorf, Germany), and bisulfite modification of the

M C-group M S-group

6.0 60

Fd
in

40

Expression level
w
>
Methylation level (%)

in

dnmt3bb tet] tet2

0 C-group M S-group

10.3389/fmars.2023.1082655

genomic DNA was carried out using an EpiTect Bisulfite Kit
(QIAGEN, Dusseldorf, Germany). Quantitative methylation
analyses of the 5 promoter of the DMGs were performed using the
Sequenom Mass Array platform (Oebiotech, Shanghai, China)
according to the manufacturer’s instructions. The primers used for
qRT-PCR and Mass Array methylation analysis are summarized
in Table 1.

Statistical analyses

Gene expression differences between the S-group and C-group
were identified via two-way ANOVA followed by Bonferroni’s post
hoc test. The differences in the methylation levels between the S-
group and C-group were identified via one-way ANOVA with
Duncan’s multiple range tests. A p-value <0.05 was considered
statistically significant.

Results

Methylation status in the gills of large yellow
croaker under low-salinity stress

To clarify the DNA methylation status in the gills of large yellow
croaker under low-salinity stress, we first detected the expression of
DNA transmethylase genes (dnmtl and dnmt3bb) and
demethyltransferase genes (tetl and tet2). The expression levels of
the four genes were significantly increased in the S-group compared
to the C-group (Figure 1A). Moreover, we examined the methylation
status in gill tissues using the MSAP technique. The hemi-
methylation, full-methylation, and total methylation levels of gill
genomic DNA in the C-group were 26.92%, 23.68%, and 50.60%,
whereas the levels of the S-group were 29.19%, 27.41%, and 56.60%,
respectively (Figure 1B). All three methylation indices were
significantly different between the S-group and C-group. The
analyses of the genomic DNA CpG methylated sites indicated that
33.36% CpG sites remained unchanged, whereas 32.83% CpG sites
were methylated and 33.81% were demethylated in the S-group
compared to the C-group (Figure 1C).

S-group vs C-group

» w
- -

Methylation level (%)

2

dnmtl

Full

ion rate

FIGURE 1

Expression of methyltransferase genes and genomic DNA methylation status in gills of large yellow croaker under low-salinity stress. (A) relative
expression of DNA transmethylase genes (dnmtl and dnmt3bb) and demethyltransferase genes (tetl and tet2); (B) methylation level of gill in the S-group
and C-group; (C) genomic DNA CpG site methylation status. *, represent the difference is significant (p<0.05); ***, represent the difference is extremely

significant (p<0.01).
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Comparative transcriptome analysis in gill
tissues of large yellow croaker under
low-salinity stress

After filtering low quality reads, a total of 263 million clean reads
were generated, and at least 88.75% clean reads were uniquely
mapped to the reference genome (Table 2). To clarify the effects of
low-salinity stress on gene expression in the gills, principal
component analysis (PCA) was conducted between the S-group and
C-group individuals. As expected, the results showed a high similarity
in gene expression among individuals under the same salinity
treatment, and significant differences between the S-group and C-
group (Figure 2A). Moreover, comparative analysis of FPKM
(Fragments Per Kilobase of transcript per Million mapped reads)
values indicated that the level of gene expression in the S-group
individuals was significantly lower than that of the C-group
individuals (p < 0.05) (Figure 2B). Furthermore, the gene
expression levels in each of the gill samples were analyzed based on
the range of the FPKM value (Figure 2C), and the results showed that
gene expression was higher in the S-group compared to the C-group.
Overall, these results demonstrated that low salinity stress
significantly affected the gene expression patterns of gills.

10.3389/fmars.2023.1082655

To determine the transcriptome dynamics in gill under low-
salinity stress, a total of 581 differential expressed genes (DEGs)
were identified based on a [log,(Fold Change)|> 1.5 and q-value < 0.05
threshold. Among the identified DEGs, 330 were down-regulated and
281 were up-regulated in the S-group compared to the C-group
(Figure 3A). Functional enrichment analysis of the DEGs showed
that these DEGs were significantly enriched in GO terms involved in
“metabolic process,” “stress response related biological regulation,”
among other pathways (Figure 3B, Table 3). KEGG pathway analysis
indicated that the up- and down-regulated DEGs were significantly
enriched in the “cell adhesion molecules (CAMs),”
cellular process,” and “tight

cytokine-

cytokine receptor interaction,
junction” gene pathways, among others (Figure 3C, Table 4).

Validation of the DEGs in the
transcriptome analysis

A total of 10 DEGs in the gill transcriptome were selected for
expression validation using qQRT-PCR. Our results confirmed that the
expression of arhgef37, gnb4, LOC104929349, LOC104928056, and
LOC104918888 were significantly decreased, whereas the expression

TABLE 2 Summary of gill RNA-seq data of large yellow croaker under low-salinity stress.

Groups Sample Name Clean Reads Clean Bases (G) Q30 (%) GC (%) Total Uniquely mapped reads
mapped reads
C-group cg-1 38787580 5.73 94.60 48.58 35931916 34423349
(92.64%) (88.75%)
cg-2 44790154 6.63 94.62 47.87 41474139 39880703
(92.60%) (89.04%)
cg-3 46744668 6.92 94.63 48.40 43489527 41796421
(93.04%) (89.41%)
S-group sg-1 44615680 6.60 94.63 48.24 41245679 39666474
(92.45%) (88.91%)
sg-2 43875594 6.49 94.51 48.51 40734527 39244281
(92.84%) (89.44%)
sg-3 45137936 6.69 94.47 48.99 41825315 40221397
(92.66%) (89.11%)
A PCA Plot B ol Cc Gene expression in each sample
Cegroup S-group 5578 5658 5696 5445 5530 5689
4
10 : ! H . ! 1 20000
. ' el
. ®C-group
° ®S-group 3
- . _ 15000
g ° £, H Brraios:
b 4 BEC-group 2 10000 I FPKM 1-10
3 ® BS-group 2 FPKM >=10
go &
L]
1 5000
20
"20 PO 492% vari 1 ! 0
A varkanee Cg1 Cg2 Cg3 Sg1 Sez Sg3 Cg-l Cg2 Cg3 Sg-1 Sg-2 Sg-3
FIGURE 2

Assessment of low-salinity stress on gene expression. (A) PCA of gene expression levels among different salinity treatment; (B) Box plots showing the
differences in gene expression levels between two salinity treatments; (C) Distribution of the expressed gene number based on the differences in FPKM
value between the two salinity treatments. ***, represent the difference is extremely significant (p<0.01).
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FIGURE 3
Functional enrichment analysis of DEGs. (A) Volcano plot showing the DEGs between different salinity treatments; (B) KEGG pathway enrichment analysis
of the up- and down-regulated DEGs; (C) GO enrichment analysis of up- and down-regulated DEGs.

TABLE 3 Summary of the gills WGBS data of large yellow croaker under low-salinity stress.

Samples Clean > Q20 Mapping Convert 10xcoverage mCHG mCHH

Reads (CH)] Rate Rate (CH)] (CH)] (CH)]

C- cg-1 151548046 96.61 70.73 99.14 100 6.69 76.50 9.57 9.74
group

cg-2 166550602 96.87 68.5 99.38 100 6.90 75.68 10.40 10.72

cg-3 154062480 96.80 70.39 99.53 100 6.67 74.99 10.64 10.87

S-group sg-1 169609316 96.79 67.04 99.36 100 6.94 76.27 10.10 10.37

sg-2 159704402 96.71 71.59 99.34 100 6.62 76.84 9.96 10.11

sg-3 161559222 96.59 70.46 99.38 100 6.67 73.34 10.03 10.31
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TABLE 4 GO analysis of DMRs target DMGs in gills of large yellow croaker under low-salinity stress.

GO ID Description category Enrichment Score p-value
GO: 0030036 actin cytoskeleton organization biological process 1.41 7.49E-15
GO: 0007411 axon guidance biological process 1.36 3.66E-12
GO: 0007165 signal transduction biological process 1.20 2.56E-11
GO: 0035556 intracellular signal transduction biological process 1.21 9.61E-11
GO: 0035023 regulation of Rho protein signal transduction biological process 1.40 1.27E-09
GO: 0016477 cell migration biological process 1.29 5.65E-09
GO: 0030335 positive regulation of cell migration biological process 1.27 1.21E-07
GO: 0007010 cytoskeleton organization biological process 1.33 2.73E-07
GO: 0007015 actin filament organization biological process 1.34 4.68E-07
GO: 0034220 ion transmembrane transport biological process 1.33 4.82E-07
GO: 0030054 cell junction cellular component 1.25 1.84E-22
GO: 0005886 plasma membrane cellular component 1.10 1.36E-20
GO: 0098978 glutamatergic synapse cellular component 1.26 7.47E-17
GO: 0043005 neuron projection cellular component 1.23 1.54E-12
GO: 0015629 actin cytoskeleton cellular component 1.32 2.35E-11
GO: 0045211 postsynaptic membrane cellular component 1.26 6.38E-11
GO: 0005938 cell cortex cellular component 1.34 2.14E-10
GO: 0030027 lamellipodium cellular component 1.31 2.84E-10
GO: 0014069 postsynaptic density cellular component 1.24 3.23E-10
GO: 0005856 cytoskeleton cellular component 1.21 7.77E-10
GO: 0005096 GTPase activator activity molecular function 1.28 1.38E-11
GO: 0005524 ATP binding molecular function 1.10 5.93E-10
GO: 0003779 actin binding molecular function 1.23 2.2E-09

GO: 0005089 Rho guanyl-nucleotide exchange factor activity molecular function 1.41 1.28E-08
GO: 0004888 transmembrane signaling receptor activity molecular function 1.29 3.07E-07
GO: 0045296 cadherin binding molecular function 1.29 8.71E-07
GO: 0051015 actin filament binding molecular function 1.22 8.73E-07
GO: 0017124 SH3 domain binding molecular function 1.30 1.01E-06
GO: 0030165 PDZ domain binding molecular function 1.33 1.16E-06
GO: 0004714 transmembrane receptor protein tyrosine kinase activity molecular function 1.43 1.26E-06

of grtpl, LOC104935555, pdhb, slc2a4, and slc9a3 were significantly
increased. These findings were consistent with our RNA-seq results,
thus confirming the reliability of the transcriptome sequencing
data (Figure 4).

DNA methylation dynamics in the
gills of large yellow croaker under
low-salinity stress

To reveal the effects of low-salinity stress on the gill tissues of large
yellow croaker, bisulfite-treated genomic DNA libraries were
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constructed using samples from the gill tissues of three individuals
each from the S-group and the C-group. After quality control, 490.87
million and 472.16 million clean reads were obtained for the C-group
and the S-group, respectively, and at least 67.04% of the clean reads
were uniquely mapped to the reference genome. Therefore, the
sequencing depth and density were deemed sufficient to conduct
genome-wide methylation analysis. Furthermore, the bisulfite
conversion rate of each sample exceeded 99%, thus ensuring
reliable results for the WGBS analysis (Table 5). The genome-wide
cytosine methylation levels of three sequence contexts (CG, CHG, and
CHH; where “H” represents either A, T, or C) were also calculated.
The average methylation levels of CG, CHG, and CHH in the C-group
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Expression level in gill

FIGURE 4

gRT-PCR validation of DEGs in the gills of large yellow croaker under low-salinity stress.

were 75.72 + 0.76%, 10.20 + 0.56%, and 10.44 + 0.61%, respectively,
whereas the levels for the S-group were 75.48 + 1.88%, 10.03 + 0.07%,
and 10.26 + 0.14%.

To identify the genomic DNA methylation dynamics between the
S-group and the C-group, we next analyzed the genome-wide gill
methylation. Our findings indicated that exon and intron regions
showed higher methylation levels than promoter and downstream
regions. Furthermore, the S-group exhibited higher methylation levels
than the C-group among different genomic elements (Figures 5A, B),
and similar CG-type methylation patterns were observed at the
chromosome level (Figure 5C). Moreover, differential methylation
analysis showed that there were fewer hyper-methylated regions than
hypo-methylated regions among different gene regions (Figure 5D).

According to previous studies, the CG context accounts for the
largest proportion of genome-wide DNA methylation (Dodge et al.,
2002; Lister et al., 2009; Lister et al., 2013), which was consistent with
our findings. Therefore, downstream analyses of the relationship
between DNA methylation and gene expression were conducted
based on the CG context methylation. WGBS analyses elucidated a
total of 16,027 DMRs and 3,858 DMPs (differentially methylated
promoters). The GO and KEGG analysis results of the DMR target
genes are summarized in Table 6 and Table 7, respectively. Functional
analysis indicated that low salinity induced changes in DNA
methylation were primarily involved in ion exchange, energy
material transport, energy metabolism, cytoskeleton system,
nervous system, signal transduction, and other biological processes
in the gills of large yellow croaker.
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Correlation analysis between DNA
methylation and gene expression

The integrative analysis of RNA-seq with WGBS indicated that
there were 422 and 109 DMGs among the identified DMRs and DMPs,
respectively (Figure 6A). The expression/methylation correlations of
the DMR and DMP target DMGs are illustrated in Figures 6B, C,
respectively. Furthermore, the differences in the expression level of the
DEGs and the methylation status of the entire DMRs in gill between
the S-group and C-group are illustrated in Figure 6D.

Functional analysis indicated that the 422 target DMGs of the
DMRs were significantly enriched in 228 sub-categories of three
major GO categories, including 128 biological process (BP) sub-
categories, 23 cellular component (CC) sub-categories, and 77
molecular function (MF) sub-categories with a p-value < 0.01. The
top 30 enriched GO terms were mainly involved in osmotic
regulation, energy metabolism, gene transcription, and signal
transduction and are summarized in Table 8. Additionally, the top
20 enriched KEGG pathways were consistent with those elucidated
through GO analysis and are summarized in Table 9.

Previous studies reported that promoter methylation has a
negative correlation with gene transcription and expression (Law
and Jacobsen, 2010). Therefore, we also analyzed the target DMGs of
DMPs. GO analysis indicated that 23 hypo-methylated and up-
regulated DMGs were mainly enriched in plasma membrane (GO:
0005886), GTPase activator activity (GO: 0005096), signal
transduction (GO: 0007165), and 22 other GO categories with a p-
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TABLE 5 KEGG analysis of DMRs target DMGs in gills of large yellow croaker under low-salinity stress.

KEGG ID Description KEGG Classify Enrichment Score p-value
ko04360 Axon guidance Development and regeneration 1.37 2.55E-21
ko04015 Rapl signaling pathway Signal transduction 1.24 1.28E-10
ko04510 Focal adhesion Cellular community - eukaryotes 1.25 2.9E-10
ko04810 Regulation of actin cytoskeleton Cell motility 1.24 1.56E-09
ko04072 Phospholipase D signaling pathway Signal transduction 1.27 1.81E-09
ko04921 Oxytocin signaling pathway Endocrine system 1.23 1.86E-07
ko04723 Retrograde endocannabinoid signaling Nervous system 1.28 3.49E-07
ko04020 Calcium signaling pathway Signal transduction 1.20 9.77E-07
ko04666 Fc gamma R-mediated phagocytosis Immune system 1.27 2.05E-06
ko04724 Glutamatergic synapse Nervous system 1.24 2.66E-06
ko04010 MAPK signaling pathway Signal transduction 1.16 3.64E-06
ko04611 Platelet activation Immune system 1.22 1.17E-05
ko04071 Sphingolipid signaling pathway Signal transduction 1.21 2.97E-05
ko04520 Adherens junction Cellular community - eukaryotes 1.25 3.88E-05
ko04540 Gap junction Cellular community - eukaryotes 1.25 3.88E-05
ko04012 ErbB signaling pathway Signal transduction 1.25 4.41E-05
ko04722 Neurotrophin signaling pathway Nervous system 1.21 6.49E-05
ko04024 cAMP signaling pathway Signal transduction 1.15 7.41E-05
k004022 c¢GMP-PKG signaling pathway Signal transduction 1.17 7.92E-05
ko04062 Chemokine signaling pathway Immune system 1.18 8.26E-05
ko04144 Endocytosis Transport and catabolism 1.14 9.87E-05
ko04961 Endocrine and other factor-regulated calcium reabsorption Excretory system 1.33 0.0001
ko04014 Ras signaling pathway Signal transduction 1.15 0.0001
ko04720 Long-term potentiation Nervous system 1.26 0.0002
ko04971 Gastric acid secretion Digestive system 1.25 0.0002
ko04261 Adrenergic signaling in cardiomyocytes Circulatory system 1.17 0.0002
ko04727 GABAergic synapse Nervous system 1.22 0.0002
ko04512 ECM-receptor interaction Signaling molecules and interaction 1.24 0.0002
ko04919 Thyroid hormone signaling pathway Endocrine system 1.20 0.0002
ko04750 Inflammatory mediator regulation of TRP channels Sensory system 1.21 0.0002

value < 0.01 (Figure 7A). Moreover, these DMGs were also enriched
in the cAMP signaling pathway and other 6 KEGG pathways (p-value
< 0.01) (Figure 7B). Additionally, 28 hyper-methylated and down-
regulated DMGs were enriched in cell junction (GO: 0030054),
plasma membrane (GO: 0005886), actin cytoskeleton organization
(GO: 0030036), and 29 other sub-categories (p-value < 0.01)
(Figure 7C), and were also enriched in axon guidance and 21 other
KEGG pathways (p-value < 0.01) (Figure 7D). The functional analysis
of these 51 DMGs (23 hypo-methylated + 28 hyper-methylated)
indicated that DNA methylation might play a critical role in the
regulation of ion exchange, energy metabolism, adaptive changes in
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cytoskeleton and nervous system, and other biological processes in
gills during low-salinity adaption.

This work selected 10 DMGs from the integrative analysis to
verify the correlation between promoter methylation status and gene
expression in gills. The result indicated that the hyper-methylated
status in the promoters of arhgef37, gnb4, LOC104929349,
LOCI104928056, and LOCI104918888 significantly decreased the
expression of these genes in gill under low salinity stress. In
contrast, the hypo-methylation of the promoters in grtpl,
LOC104935555, pdhb, slc2a4, and slc9a3 notably increased the
expression of these genes (Figure 8).

10 frontiersin.org


https://doi.org/10.3389/fmars.2023.1082655
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al.

S-group vs C-group

—Cg-1
—Cg2
—Cg3
— sg1
— sg2
— sg3

Methyaltion fevel

Upstream 2K

Downstream 2K

Genebody
1G24 e
3 0 5 & =581
\GPos /—'—-—-\\
oA & Vd
\,e'z.'bp' / “

9

S-group vs C-group (CG)

DNA methylation level (%)
© Sz @Cg
DNA methylation difference (%)

<-1.81961 0 >1.88812

FIGURE 5

functional genomic elements.

Validation of the DMGs in the WGBS
analysis of the gill tissues

We selected 5 DMGs (gnb4, LOCI104929349, LOCI104928056,
slc2a4, and slc9a3) for validation of the methylation level. One
DMP region of each DMG was selected to comparatively validate
the methylation levels in gill tissues among S-group and C-group
individuals. As shown in Figure 9, gnb4 and LOCI104928056 promoter
regions exhibited higher methylation levels in the S-group than in the
C-group; conversely, the LOC104929349, slc2a4, and slc9a3 promoter
regions exhibited lower methylation levels in the S-group. These
results confirmed that the methylation status in the Mass Array test
was consistent with the WGBS data.

Discussion

Living organisms have evolved complex and flexible regulation
mechanisms to adapt to environmental changes. Environmental
epigenetics studies have reported that epigenetic modifications (e.g.,
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Comparative methylome analysis in the gills of large yellow croaker under low-salinity stress. (A) Density plot of methylation levels in different regions of
up-stream, gene body, and down-stream regions. (B) Density plot of methylation levels on different functional genomic elements. (C) Circos plot of CG-
type methylation levels between S-group and C-group, the outer circle represents the S-group, the inner circle represents the C-group, and the middle
circle is the differential methylation levels between the two groups; LG1 — 24 indicated large yellow croaker chromosome (NC_040011.1, NC_040012.1,
NC_040013.1, NC_040014.1, NC_040015.1, NC_040016.1, NC_040017.1, NC_040018.1, NC_040019.1, NC_040020.1, NC_040021.1, NC_040022.1,
NC_040023.1, NC_040024.1, NC_040025.1, NC_040026.1, NC_040027.1, NC_040028.1, NC_040029.1, NC_040030.1, NC_040031.1, NC_040032.1,
NC_040033.1, NC_040034.1) (D) Distribution of hypo-methylated and hyper-methylated DMR numbers between the S-group and C-group in different
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DNA methylation, histone modification, and non-coding RNA) could
regulate the expression of related genes and result in adaptive
phenotype mutations under environmental stress (Mirouze and
Paszkowski, 2011). Among these modifications, DNA methylation is
one of the most widely documented epigenetic modifications, which
commonly occurs in eukaryotic genomes (Bird, 2002; Yara et al., 2015).
In general, genome DNA methylation level is dynamically regulated by
DNA methylation and demethylation enzymes, thus enabling
organisms to cope with abiotic stresses (Schulte, 2014; Yoo et al,
2017). The process of DNA methylation is mainly mediated by DNA
methyltransferase (DNMT). Among these enzymes, dnmtl is
responsible for the maintenance of existing DNA methylation,
whereas dnmt3bb plays a critical role in the formation of new DNA
methylations (Chen and Li, 2006; Moore et al.,, 2013; Cui and Xu, 2018).
In contrast, the demethylation process is mainly mediated by the Tet
protein family, which can oxidize 5-methylcystein (5mC) into 5-
hydroxymethylcytosine (5ShmC), 5-formyl cytosine (5-fC), and finally
5-carboxyl cytosine (5caC). Furthermore, ftetl is critical in the
distinction of methylated and unmethylated DNA, and both tetI and
tet2 can oxidize 5mC into 5hmC (Tahiliani et al., 2009; Ito et al., 2010).
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TABLE 6 GO analysis of the overlapped DMRs target DMGs in gills of large yellow croaker under low-salinity stress.

Category p- Enrichment
score

GO: ATP synthesis biological 1.54E- 30.73 LOC104924437; LOC104926397; LOC104927157; LOC104931038; LOC109138921; atp5fld
0015986 | coupled proton process 10

transport
GO: fatty acid biological 2.96E- 6.63 LOC104920470; LOC104923077; LOC104927227; LOC104928230; cpt1b; fa2h
0006631 | metabolic process 05

process
GO: signal biological 0.0003 3.01 LOCI104921548; LOC104923111; LOC104929349; arhgap40; fam13a; gnb4; hras; rasa3; rasdl;
0007165 | transduction process rasl11b; tagap
GO: regulation of biological 0.00033 8.89 LOCI104936179; LOC104937362; tagap
0060237 = fungal-type cell process

wall

organization
GO: tricarboxylic biological 0.0004 6.44 LOC104918888; mdh1; sucla2; suclgl
0006099 | acid cycle process
GO: division septum biological 0.0004 3.61 LOC104923954; LOC104924948; LOC104929349; LOC104931525; arhgap40; arhgef37; foxil;
0000917 assembly process foxi2
GO: carbohydrate biological 0.0009 4.40 LOC104917948; LOC104920468; LOC104927636; LOC104937959; mdhl
0005975 | metabolic process

process
GO: ATP hydrolysis biological 0.0011 6.50 LOC104924437; LOC104927157; LOC109138921
0015991  coupled proton process

transport
GO: potassium ion biological 0.0012 6.26 LOC104925780; kcnk1; slc9a3
0071805 | transmembrane process

transport
GO: regulation of cell | biological 0.0012 6.26 LOC104925807; LOC104926589; LOC104939931
0042127 | proliferation process
GO: proton- cellular 9.61E- 42.25 LOC104924437; LOC104927157; LOC109138921
0045263 | transporting component 08

ATP synthase

complex,

coupling factor

F(o)
GO: mitochondrial cellular 0.0003 8.89 ndufal2; ndufs4; ndufvl
0005747 | respiratory chain = component

complex I
GO: M/G1 phase- cellular 0.0011 6.50 LOCI104931525; foxil; foxi2

0097221 | specific MADS component
box-forkhead
transcription
factor complex

GO: integral cellular 0.0013 3.02 LOCI104923466; LOC104925807; LOC104930389; LOC104939931; clcn2; kenkl; slc20a2; slc2a4
0005887 = component of component
plasma
membrane
GO: membrane cellular 0.0036 1.99 LOC104920743; LOC104923823; LOC104925222; LOC104927160; LOC104928230;
0016020 component LOC104934492; LOC104940221; LOC109136817; LOC109139247; fa2h; mdhl; mknkl; slc25a3;
snx18; ulk2
GO: site of polarized cellular 0.0053 4.22 LOC104924948; LOC104925240; tagap
0030427 | growth component
GO: cell septum cellular 0.0068 2.96 LOC104919667; LOC104923954; LOC104925240; LOC104929349; arhgap40
0030428 component
GO: integral cellular 0.0073 1.41 LOC104918391; LOC104918940; LOC104920255; LOC104920878; LOC104921639;
0016021 | component of component LOC104922650; LOC104923466; LOC104923826; LOC104924437; LOC104924543;
membrane LOC104924690; LOC104925780; LOC104927157; LOC104927227; LOC104927355;
(Continued)
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TABLE 6 Continued

10.3389/fmars.2023.1082655

GO ID GO Term Category p- Enrichment
score
LOC104928005; LOC104928331; LOC104928370; LOC104928835; LOC104930104;
LOC104931825; LOC104934542; LOC104935027; LOC104935378; LOC104935494;
LOC104936986; LOC104940175; LOC109136817; LOC109138921; LOC109139247; esyt2; fa2h;
nosl; paqrs; 1gl3; slcl5a4; slc22al7; slc9a3; srebf2; timm50; tmem62
GO: mitochondrial cellular 0.0095 3.60 LOC104924437; LOC104927157; LOC109138921
0031966 | membrane component
GO: cellular bud cellular 0.0140 2.54 LOC104921548; LOC104936179; grtpl; rasa3; tagap
0005935 | neck component
GO: proton molecular 1.40E- 28.17 LOC104924437; LOC104927157; LOC109138921
0015078 | transmembrane function 06
transporter
activity
GO: proton- molecular 1.40E- 28.17 LOC104926397; LOC104931038; atp5f1d
0046933 | transporting function 06
ATP synthase
activity,
rotational
mechanism
GO: carnitine O- molecular 4.25E- 14.08 LOC104920470; LOC104923077; cptlb
0004092 | acetyltransferase function 05
activity
GO: NADH molecular 8.36E- 12.07 ndufal2; ndufs4; ndufvl
0008137 = dehydrogenase function 05
(ubiquinone)
activity
GO: lipid binding molecular 0.0005 3.83 LOC104918391; LOC104918940; LOC104924437; LOC104927157; LOC104927160;
0008289 function LOC109138921; esyt2
GO: transcription molecular 0.0017 4.60 LOC104931525; foxil; foxi2; srebf2
0000982 | factor activity, function
RNA polymerase
1I proximal
promoter
sequence-
specific DNA
binding
GO: protein serine/ molecular 0.0034 2.49 LOC104920494; LOC104921819; LOC104925240; LOC104936804; itk; Ick; met; mstlr; tesk2
0004712 | threonine/ function
tyrosine kinase
activity
GO: protein serine/ molecular 0.0049 1.85 LOC104917948; LOC104920494; LOC104921819; LOC104923111; LOC104925240;
0004674 | threonine kinase function LOC104936179; LOC104936804; LOC104936986; LOC104937362; itk; Ick; met; mst1r; plk3;
activity prkaal; tesk2; ulk2
GO: RNA polymerase = molecular 0.0052 3.13 LOC104931525; LOC104940561; foxil; foxi2; srebf2
0000978 | 1II proximal function
promoter
sequence-
specific DNA
binding
GO: phosphoprotein molecular 0.0062 3.41 LOCI104937111; daam1l; ppp2ca; timm50
0004721 | phosphatase function
activity

In this study, the expression of dnmtl, dnmt3bb, tetl, and tet2 was
notably increased in gills under low-salinity stress, indicating that these
conditions triggered adaptive methylation and demethylation events in
the gills of large yellow croaker. The MSAP test indicated that 32.83%
and 33.81% of the CpG sites in gill were significantly methylated and
demethylated under low-salinity stress, respectively. Both our gene
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expression and MSAP analyses demonstrated that low salinity stress
induced adaptive changes in whole-genome methylation. However,
MSAP can only provide insights into the methylation status of the CG
context, and therefore this approach cannot comprehensively and
accurately reflect the methylation status of the whole genome.
Therefore, we conducted an integrative analysis of WGBS and RNA-
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TABLE 7 KEGG enrichment of the overlapped DMRs target DMGs in gills of large yellow croaker under low-salinity stress.

p- Enrichment
value score
1co00190 | Oxidative 1.01E- 3.68 ndufv3; LOC104924437; LOC109141004; LOC104927157; LOC104931038; ndufabl; LOCI104923123;
phosphorylation 05 ndufal2; ndufvl; ndufsd; atpsfld; LOC109138921; LOC104926397
1c004068 | FoxO signaling pathway = 7.58E- 2.94 prkaal; LOC104937959; plk3; bcl6; sod2; hras; LOC109138540; LOC104937362; slc2a4; LOC104936179;
05 LOC104926969; LOC104939189; LOC104922465; irs2
1c000020 | Citrate cycle (TCA 0.0003 5.30 suclgl; sucla2; LOC104918888; mdhl; pdhb
cycle)
1co04920 | Adipocytokine signaling  0.0007 327 cpt1b; prkaal; LOC104937959; LOC104920470; slc2a4; LOC104931204; LOC104928230; irs2
pathway
1c000270 | Cysteine and 0.0009 3.81 LOC104937478; gclm; gcle; LOC104927636; mdhl; LOC104930034
methionine metabolism
1co00640 | Propanoate metabolism 0.0012 4.86 suclgl; sucla2; LOC104927636; acss1
1co00630  Glyoxylate and 0.0026 4.13 LOC104918888; mdhl; LOC104930883; acssl
dicarboxylate
metabolism
1co04530 | Tight junction 0.0028 2.09 LOC109138324; prkaal; LOC104937959; LOC104929514; LOC104934618; LOC104934884;
LOC104934885; LOC104934886; ppp2ca; bves; LOC104936698; LOC104932134; arhgef2; LOC104922688
1c000220 = Arginine biosynthesis 0.0043 4.43 nosl; LOC104930883; LOC104930034
1co03320 = PPAR signaling 0.0043 292 pparg; cpt1b; LOC104928370; LOC104920470; LOC104920963; LOC104928230
pathway
1c000620 = Pyruvate metabolism 0.0048 3.59 LOC104927636; mdhl; acss1; pdhb
1co00480 | Glutathione metabolism 0.0136 2.80 gclm; gele; odcl; gstol
lco04371 Apelin signaling 0.0183 1.93 prkaal; LOC104937959; LOC104935066; hras; LOC104928835; LOC104928056; ccn2; nosl; gnb4
pathway
lco04514 | Cell adhesion molecules 0.0236 1.85 LOC104934884; LOC104934885; LOC104934886; LOC104937829; LOC104933395; LOC104931475;
(CAMs) LOC104928930; LOC104922688; LOC104928102
1co00071 Fatty acid degradation 0.0301 2.53 cptlb; LOC104920470; LOC104928230
1c004910 | Insulin signaling 0.0301 1.84 prkaal; LOC104937959; hras; LOC104928056; slc2a4; irs2; LOC104919667; mknkl
pathway
1c000250 | Alanine, aspartate and 0.0364 2.38 LOC104937478; LOC104930883; LOC104930034
glutamate metabolism
1co04210 | Apoptosis 0.0416 1.73 LOC104939559; LOC109138324; LOC104934618; hras; LOC104934542; LOC104931204; LOC104939189;
LOC104922902
1co04216 = Ferroptosis 0.0459 221 gclm; gele; LOC104928230
1co04060  Cytokine-cytokine 0.0505 1.62 LOCI104935365; LOC104939559; LOC104918008; LOC104940378; prlr; LOC104939189; LOC104928757;
receptor interaction LOC104932659; LOC104926341

seq to characterize the dynamics of genome-wide DNA methylation
and the potential epigenetic regulation mechanisms in gills under low-
salinity stress.

By conducting a comparative transcriptome analysis of the S-
group and C-group individuals, our study elucidated 581 DEGs in the
gill tissues. GO enrichment showed that these DEGs were mainly
enriched in gene pathways associated with ATP synthesis coupled
proton transport, fatty acid metabolic process, carbohydrate
metabolic process, tricarboxylic acid cycle, signal transduction, and
regulation of meristem structural organization, indicating that low-
salinity stress induced adaptive changes in energy metabolism and
allocation, osmotic regulation, adaptive structure changes, and signal
transduction between cells or tissues. In line with the GO analysis
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results, KEEG enrichment analysis indicated that the DEGs were
enriched in the FoxO signaling pathway, glutathione metabolism, cell
adhesion molecules (CAMs), cytokine-cytokine receptor interaction
and other energy metabolism, and ion exchange. Moreover, the DEGs
were also significantly enriched in immune-related pathways such as
necroptosis, herpes simplex infection, C-type lectin receptor signaling
pathway, and Toll-like receptor signaling pathway. Among these, the
C-type lectin family can recognize the polysaccharide structure on the
surface of microorganisms and cause agglutination, thereby inducing
phagotrophy, alexin activation, and other biological processes (van
Vliet et al., 2008; Osorio and Reis e Sousa, 2011). Toll-like receptors
are conserved pattern recognition receptors that can initiate innate
immune response and eradicate pathogens (Kawai and Akira, 2010).
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Integrative analysis of RNA-seq and WGBS data of gill tissue of large yellow croaker under low-salinity stress. (A) Venn diagram of overlapped genes of
DMGs and DEGs in gill tissue of large yellow croaker between the S-group and C-group; (B) Venn diagram of overlapped genes of DEG expression and
DMR target DMGs in gills between the S-group and C-group; (C) Venn diagram of overlapped genes of DEG expression and DMP target DMGs in gills
between the S-group and C-group; (D) Heatmap showing the patterns between the DEG expression and methylation of the DMR target DMGs in the

gills of large yellow croaker under low-salinity stress.
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The enrichment of immune-related pathways suggest that low-
salinity stress might weaken immunity and increase the likelihood
of bacterial, viral, and parasitic infection.

To examine DNA methylation dynamics and potential epigenetic
mechanisms involved in low-salinity adaption, this work performed
comparative WGBS analysis of S-group and C-group large yellow

Frontiers in Marine Science

croaker individuals. The methylation rates of CG, CHG, and CHH in
the gills of large yellow croaker were 75.60 + 1.29%, 10.35 + 0.41%,
and 10.12 + 0.37%, respectively. Furthermore, our findings confirmed
that the CG context accounted for the highest DNA methylation rate,
which is consistent with previous studies (Chan et al., 2005; He et al.,
2011). Given that CG context methylation exhibited the highest
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TABLE 8 TOP 30 GO terms in gills of large yellow croaker under low-salinity stress.

Category b- Enrichment
score
GO: ATP synthesis coupled biological 4.76E- 24.53 atp5fld; LOC104924437; LOC104926397; LOC104927157; LOC104931038; LOC109138921
0015986 | proton transport process 08
GO: fatty acid metabolic biological 1.47E- 7.053 abhdl1; acotl3; cptlb; fa2h; LOC104920470; LOC104923077; LOC104927227;
0006631 | process process 05 LOC104928230
GO: mitochondrial cellular 4.69E- 11.83 ndufal2; ndufal3; ndufb9; ndufs4; ndufvl
0005747 | respiratory chain component 05
complex I
GO: proton transmembrane molecular 0.0002 22.48 LOC104924437; LOC104927157; LOC109138921
0015078 | transporter activity function
GO: proton-transporting molecular 0.0002 2248 atp5f1d; LOC104926397; LOC104931038
0046933 | ATP synthase activity, function
rotational mechanism
GO: carbohydrate metabolic biological 0.0005 4.92 LOC104917948; LOC104920468; LOC104927636; LOC104937959; mdh1; mdh2; ndufb9
0005975 | process process
GO: tricarboxylic acid cycle biological 0.0010 6.42 LOC104918888; mdh1; mdh2; sucla2; suclgl
0006099 process
GO: integral component of cellular 0.0018 3.02 clen2; kenkl1; LOC104923466; LOC104925807; LOCI104930389; LOC104934897;
0005887 | plasma membrane component LOC104939931; slc20a2; slc2al2; slc2a4
GO: carnitine O- molecular 0.0021 11.24 cpt1b; LOC104920470; LOC104923077
0004092 | acetyltransferase activity | function
GO: fatty acid biosynthetic biological 0.0028 6.66 fa2h; hacd2; LOC104937959; ndufabl
0006633 | process process
GO: regulation of cell biological 0.0028 6.66 LOC104925807; LOC104926589; LOC104934897; LOC104939931
0042127 | proliferation process
GO: NADH dehydrogenase molecular 0.0033 9.64 ndufal2; ndufs4; ndufvl
0008137 | (ubiquinone) activity function
GO: mitochondrial cellular 0.0037 4.78 LOC104924437; LOC104927157; LOC109138921; ndufal3; ndufb9
0031966 | membrane component
GO: biosynthetic process biological 0.0041 8.99 aadat; got2; LOC104930034
0009058 process
GO: cell septum cellular 0.0052 331 arhgapd0; LOC104919667; LOC104923954; LOC104925240; LOC104929349;
0030428 component LOC109141109; LOC113746860
GO: signal transduction biological 0.0063 2.40 arhgap40; fam13a; gnb4; hras; LOC104921548; LOC104923111; LOC104929349; rasa3;
0007165 process rasdl; rasl11b; tagap
GO: membrane cellular 0.0066 1.90 fazh; LOC104920743; LOC104923823; LOC104925222; LOC104927160; LOC104927375;
0016020 component LOC104928230; LOC104934492; LOC104935483; LOC104940221; LOCI109136817;
LOC109139247; LOC109141109 mdh1; mknkI; slc25a3; snx18; ulk2
GO: division septum biological 0.0067 2.88 arhgap40; arhgef37; foxil; foxi2; LOC104923954; LOC104924948; LOC104929349;
0000917  assembly process LOC104931525
GO: glutathione transferase molecular 0.0069 7.49 clic2; gstol; LOC104920430
0004364 | activity function
GO: mitotic spindle biological 0.0070 14.99 LOC104919667; LOC113746860
0000022 | elongation process
GO: acetyl-CoA biosynthetic biological 0.0070 14.99 dlat; pdhb
0006086 | process from pyruvate process
GO: eisosome assembly biological 0.0070 14.99 LOC104936179; LOC104937362
0070941 process
GO: regulation of meristem biological 0.0073 5.14 LOC104925807; LOC104934897; LOC104936199; LOC104939931
0009934 structural organization process
GO: lipid binding molecular 0.0080 3.06 esyt2; LOC104918391; LOC104918940; LOC104924437; LOC104927157; LOC104927160;
0008289 function LOC109138921
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Category Enrichment
score
GO: regulation of cell growth | biological 0.0080 4.99 LOC104925807; LOC104934897; LOC104939931; LOC109141109
0001558 process
GO: regulation of fungal-type | biological 0.0081 7.10 LOC104936179; LOC104937362; tagap
0060237 cell wall organization process
GO: plant epidermal cell fate | biological 0.0094 6.74 LOC104925807; LOC104934897; LOC104939931
0090628 specification process
GO: self-proteolysis biological 0.0094 6.74 LOC104925807; LOC104934897; LOC104939931
0097264 process
GO: regulation of endosperm | biological 0.0094 6.74 LOC104925807; LOC104934897; LOC104939931
2000014 | development process
GO: flavonoid biosynthetic biological 0.0096 12.85 LOC104926346; LOC113748150
0009813 | process process
TABLE 9 TOP 20 KEGG pathways in gills of large yellow croaker under low-salinity stress.

Classification

p_

Enrichment

Score

Frontiers in Marine Science

path: Cell adhesion Environmental 0.0023 3.10 cd226; LOC104922687; LOC104922688; LOC104928930; LOC104928931;
Ico04514 | molecules (CAMs) Information LOC104934884; LOC104934885; LOC104934886; LOC109141249
Processing
path: Cytokine-cytokine Environmental 0.0173 242 LOCI104917755; LOC104928552; LOC104928757; LOC104935365;
1co04060 | receptor interaction Information LOC104939189; LOC104939559; LOC104940378; prlr
Processing
path: Tight junction Cellular Processes 0.0182 225 bves; jun; LOC104922687; LOC104922688; LOC104929514; LOC104934618;
1c004530 LOC104934884; LOC104934885; LOC104934886
path: PPAR signaling Organismal Systems 0.0342 3.25 cpt1b; LOC104920963; LOC104928230; LOC104928370
1c003320 | pathway
path: Ferroptosis Cellular Processes 0.0468 3.71 gclm; LOC104928230; LOC104930544
lco04216
path: FoxO signaling Environmental 0.0651 2.11 LOC104922465; LOC104926969; LOC104937362; LOC104939189;
1co04068 = pathway Information LOC109138540; slc2a4
Processing
path: Cardiac muscle Organismal Systems 0.0953 2.31 LOC104923235; LOC104928331; LOC104935494; LOC104936446
1co04260 = contraction
path: Necroptosis Cellular Processes 0.0955 2.06- LOC104930544; LOC104930883; LOC104936986; LOC104939189; LOC104939559
lco04217
path: Glycolysis / Metabolism 0.1213 2.47 acss1; LOC104932890; LOC104935008
1c000010 | Gluconeogenesis
path: Calcium signaling Environmental 0.1272 1.66 LOC104928835; LOC104930544; LOC104933049; LOC104934529;
1c004020 | pathway Information LOC104935494; nosl; ntsrl
Processing
path: Neuroactive ligand- Environmental 0.1512 1.45 LOCI104918333; LOC104919156; LOC104922432; LOC104926092;
1co04080 | receptor interaction Information LOC104926609; LOC104933049; LOC104934331; LOC104934529; ntsr1; prir
Processing
path: Adipocytokine Organismal Systems 0.1792 2.05 cpt1b; LOC104928230; slc2a4
1c004920 | signaling pathway
path: Phagosome Cellular Processes 0.2066 1.71 LOC104920415; LOC104934618; LOC109141249; nosl
lco04145
path: NOD-like receptor Organismal Systems 0.2280 1.64 Jjun; LOC104927489; LOC104930544; LOC104936986
1co04621 | signaling pathway

17
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TABLE 9 Continued

Classification Enrichment
Score

path: Adrenergic signaling Organismal Systems 0.2282 1.53 LOC104928331; LOC104933049; LOC104935494; LOC104936446; LOC104940561
1co04261 | in cardiomyocytes
path: ErbB signaling Environmental 0.2354 1.79 jun; LOC104924202; nrg4
lco04012 = pathway Information

Processing
path: Apoptosis Cellular Processes 0.2983 1.45 Jjun; LOC104934618; LOC104939189; LOC104939559
1c004210
path: GnRH signaling Organismal Systems 0.3140 1.53 Jjun; LOC104924202; LOC104935494
1c004912 | pathway
path: Herpes simplex Human Diseases 0.3180 1.40 Jjun; LOC104918281; LOC104922642; LOC109141249
1co05168 | infection
path: MAPK signaling Environmental 0.3840 1.18 duspl; dusp8; fgf7; jun; LOC104920494; LOC104920973; LOC104935494
1c004010 | pathway Information

Processing

distribution rate, our study especially focused on its distribution  Additionally, a total of 7,025 methylated and 8,042 demethylated
characteristics and function. Our findings indicated that CG context ~ CG sites among the gene elements in gill were identified under low-
methylation was mainly distributed in the gene bodies, CDS regions,  salinity stress. As mentioned above, the demethylated CG sites
and introns in the gills of large yellow croaker, which was consistent ~ outnumbered the methylated sites, which was consistent with the
with previous studies (Cokus et al., 2008; Lister et al,, 2009).  MSAP data.
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FIGURE 7

GO and KEGG analysis of DMR target genes in the gills of large yellow croaker under low-salinity stress. (A) GO enrichment of up-regulated, hypo-
methylated DMGs; (B) KEGG pathway enrichment of up-regulated, hypo-methylated DMGs; (C) GO enrichment of down-regulated, hyper-methylated
DMGs; (D) KEGG pathway enrichment of down-regulated, hyper-methylated DMGs.
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FIGURE 8

Genome browser tracks showing the correlation between promoter methylation status and gene expression.

Previous studies have reported that DNA methylation can
regulate gene transcription and expression. For example, promoter
DNA methylation can negatively regulate gene expression (Gal-Yam
et al., 2008; Jones, 2012). However, the regulating pattern of DNA
methylation in other gene regions is still unclear (Ball et al., 2009).
Therefore, our study also focused on characterizing the function of
DMPs. The integrative analysis of WGBS and RNA-seq showed that
there were 51 DMGs (23 hypo-methylated/up-regulated DMGs, 28
hyper-methylated/down-regulated DMGs) whose expression was
negatively related to their promoter methylation status. GO analysis
indicated that the hypo-methylated/up-regulated DMGs and hyper-
methylated/down-regulated DMGs were simultaneously enriched in
six GO terms: signal transduction, plasma membrane, integral
component of plasma membrane, GTPase activator activity, ATP
binding, and calcium ion binding. Among these enriched pathways,
the first three play critical roles in signal transduction and ion
transmembrane transport. GTPase activator participates in cell
migration, cell proliferation, vesicular transport, and cytoskeletal
2012; Jin et al,
binding plays critical roles in cell volume maintenance and GTP

dynamics (Lee et al, 2016), whereas calcium ion
binding protein can regulate cell calcium concentrations (Yuge et al.,
2003). The common enriched GO terms among hypo-methylated/up-
regulated DMGs and hyper-methylated/down-regulated DMGs
indicated that different methylation and gene expression patterns
contributed to common key processes, including signal transduction,
ion transport, cell migration, and other process, which warrants
further exploration. Moreover, the 23 hypo-methylated and up-
regulated DMGs were also enriched in GO terms involved in
osmotic regulation, cell shape maintenance, and signal
transduction. For example, the up-regulation of DMGs related to
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ion transmembrane transport, membrane, and extracellular matrix
likely improved the osmotic regulation capability of the gills under
low-salinity stress. Furthermore, the up-regulation of cell adhesion
molecules (CAMs) is known to enhance the regulation of cell shape
maintenance and signal transduction (Axler et al., 2008). The PDZ
domain is a common protein interaction domain that is vital in the
transmembrane transport of receptors and ions (Kim and Sheng,
2004). Phosphatidylinositol-4, 5-bisphosphate (PIP2) plays a critical
role in the regulation of actin cytoskeleton reorganization, ion
transporter activity, and apoptosis (Loo et al., 2015; Patra and Choi,
2018). Low-salinity stress induced the expression of related DMGs
and enhanced the osmotic regulation capability and collaboration
among cells. Rab proteins can regulate cell migration and neural
synaptic plasticity (Stenmark, 2009; Szodorai et al., 2009), which was
consistent with the up-regulation of cytoskeletal protein binding and
extracellular exosome. However, the 28 hyper-methylated and down-
regulated DMGs were notably enriched in the cytoskeleton system
and nervous system gene pathways including actin cytoskeleton
organization, cell migration, regulation of cell shape, lamellipodium,
stress fiber, actin binding, and other processes. The enrichment data
suggested that seven days of adaption to low-salinity stress were
enough to induce substantial physiological changes in the gills of large
yellow croaker. Rho belongs to the Ras superfamily and plays an
important role in cell migration, adhesion, proliferation, and
2014). The decrease of related DMGs
might have resulted from the adaptation of gill tissues to the low-

apoptosis (Stanley et al,

salinity environment, thus restricting cell migration (e.g., chloride
cells) and injured cells apoptosis. Protein phosphorylation is critical
in ion exchange, cell morphology maintenance, and cell proliferation
under environmental stress (Zhou et al, 2018; Millar et al., 2019). In
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FIGURE 9
Validation of DMGs in gills of large yellow croaker under low-salinity stress. (A, C, E, G, 1) WGBS and Mass Array analyzes of the five DMGs (gnb4,
LOC104929349, LOC104928056, slc2a4, and slc9a3) in gills of S-group and C-group, respectively; grey color represents the CG site is undetected; (B,
D, F, H, J) the average methylation level of the CG sties in promoter region of the five DMGs (gnb4, LOC104929349, LOC104928056, slc2a4, and
slc9a3), respectively.

this study, we speculate that the decrease of DMGs associated with
protein autophosphorylation and protein serine/threonine kinase
activity is also associated with the acclimation of the gills to the
low-salinity environment. Consistent with GO analysis, KEGG
pathway analysis of these DMGs confirmed that they were enriched
in axon guidance, cCAMP signaling pathway, aldosterone-regulated
sodium reabsorption, and the HIF-1 signaling pathway. Additionally,
the hyper-methylated and down-regulated DMGs were also enriched
in immune response related pathways such as the chemokine
signaling pathway, T-cell receptor signaling pathway, and
cholinergic synapse. Among these, the chemokine signaling
pathway can induce nearby cells into directional chemotaxis
(Baggiolini, 1998). T cells are important immune cells that play
critical roles in directly eradicating target cells or assist other
immune cells to eliminate abnormal cells and pathogens
(Robertsen, 2006; Forlenza et al., 2008). Therefore, we speculated
that low-salinity stress weakened the immune system, which rendered
the host more vulnerable to pathogen invasion. In turn, immune-
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related gene expression was activated to neutralize these pathogens.
After 7 days of acclimation, the internal environment and
homeostasis were recovered, and the expression of immune-related
DMGs decreased gradually.

Furthermore, 10 DMGs were selected based on GO and KEGG
enrichment information, and the validation test indicated that the
expression pattern and the methylation status of these genes were
consistent with the RNA-seq and WGBS results. The promoter
regions of arhgef37, gnb4, LOCI104929349 (dicl), LOC104928056
(lipea), and LOCI104918888 (aco2) were significantly hyper-
methylated and their expressions were significantly down-regulated.
Among these, arhgef37 has guanine nucleotide exchange factor
activity, which can influence cell migration and proliferation by
regulating the activity of Rho GTPases (Viplav et al., 2019).
LOC104929349 possesses GTP-Rho negative regulatory activity,
which is essential in cytoskeletal composition and cell migration
(Kawai et al,, 2010). gnb4 is an important component of the
heterotrimer G protein, which participates in signal transduction
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mediated by G protein-coupled receptors (Wang et al.,, 2018),
LOC104928056 is a neutral lipase secreted by adipose tissue
catalyzing triglyceride hydrolysis (Kraemer and Shen, 2006).
Aconitase 2 is a key enzyme that maintains the homeostasis of
white fat cell metabolism and regulates fatty acid synthesis
(Devisser et al., 2011). The down-regulation of the five DMGs
indicated that adaptive cell migration, signal transduction strength,
and lipid metabolism decreased in the gills after the 7-day adaption
period. Furthermore, the promoter regions of grtpl, LOC104935555,
pdhb, slc2a4, and slc9a3 were significantly demethylated and their
expressions were notably up-regulated. Among these genes, grtpl
possesses GTPase-activating activity and participates in intracellular
protein transport (Lu et al., 2001). LOC104935555 possesses carbonic
anhydrase 4 activity, which plays a critical role in intracellular pH
homeostasis maintenance (Waheed and Sly, 2014). pdhb possesses
lanine dehydrogenase activity and regulates cell migration and
proliferation (Tang et al., 2016). slc2a4 is a facilitated glucose
transporter that can regulate intracellular glucose homeostasis
maintenance (Abel et al, 2001). slc9a3 is also known as NH3,
which is a sodium/hydrogen exchanger participating in Na*/H"
transmembrane transport to maintain intracellular acid-base
balance and promotes the absorption of water and ions
(Subramanya et al,, 2007). The up-regulation of these five DMGs
can enhance the ion/glucose transmembrane transport capability to
maintain internal homeostasis and energy supply in gills under low-
salinity stress.

Conclusions

Based on the above analysis, adaptive methylation and
demethylation events generally occurred in gill under low-salinity
stress. The differential methylation events enable large yellow croaker
to adapt to low-salinity stress by improving osmotic regulation,
energy metabolism, cell shape maintenance, signal transduction,
and other biological process by regulating the transcription and
expression of related genes. Collectively, our findings provide new
insights into the molecular mechanisms through which marine

animals respond and adapt to various environmental stressors.
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