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Integrative sperm DNA
methylation and miRomics
analysis highlights interaction
of two epigenetic patterns
of pseudomale inheritance
in teleost
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Institute, Tianjin, China, 4College of Life Science and Technology, Lingnan Normal University,
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Proper DNA methylation in spermatozoa is essential for the normal

development of fertilized embryos through gene expression regulation.

Abnormal sperm DNA methylation is associated with male fertility

impairment, offspring quality decline, and disease susceptibility. Compared

with other epigenetic regulatory mechanisms (e.g., histone modification), DNA

methylation is a stable regulator for the long-term transcriptional activity of

genes. Sperm DNA methylation is crucial to offspring’s survival, development,

and reproduction. However, it has not been well studied in teleost to a large

extent, especially in some species with sex deviation or congenital sex

abnormality in offspring. In the present study, DNA methylation profiles of

pseudomale (ZW) and male (ZZ) tongue sole (Cynoglossus semilaevis)

spermatozoa were characterized for differential methylation regions (DMRs)

screening. The global methylation levels of the two sperm groups were highly

methylated with no significant differences. For all kinds of genomic elements,

the mean methylation level of the ZW group was higher than that of the ZZ

group. The total numbers of Covered C annotated on the W chromosome of

both groups were extremely small, suggesting that W-type sperm did not exist

in pseudomales. A comparison of methylation levels on 20 sex-related genes

between sperm and gonad showed that the heterogeneity between tissue

resources was greater than that between sexes, and the methylation level of

most genes in gonads was lower than that in sperm. For integrative analysis of

DNAmethylation andmiRomic profiles, 11 sex-related DMRs associated with 15

differentials micro RNAs (miRNAs) in spermatozoa were identified to present
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targeting relationships and regulatory trends of the two distinct epigenetic

patterns. This study provides valuable and potential targets of coordination

between two epigenetic mechanisms in the process of C. semilaevis sex

congenital bias.
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Introduction

Gametes, as an important vector for the transmission of

genetic materials, have a high level of methylation (Murphy

et al., 2018). The methylation pattern of the embryo is reshaped

after fertilization. The basic mode of intergenerational inheritance

of epigenetic information is to transfer DNAmethylation profiling

in gametes to offspring in vertebrates (Woods et al., 2018;

Iwanami et al., 2020). DNA methylation patterns in gametes of

various species have different imprinting characteristics, especially

in the process of zygotic genome activation. Within the same

species, there are significant differences in DNA methylation

patterns between male and female gametes (Potok et al., 2013).

It was found in zebrafish (Danio rerio) that the DNA methylation

pattern of sperm was more conservative than that of the egg. The

paternal DNA methylation pattern was maintained throughout

the early embryonic development, while the maternal methylation

pattern was reprogrammed to match the paternal pattern (Jiang

et al., 2013; Murphy et al., 2018), which was not applicable to

medaka (Oryzias latipes). Current studies have shown that

medaka embryos reset their DNA methylation patterns through

active demethylation and gradual re-methylation, similar to

mammals (Wang and Bhandari, 2020). The sperm genome of

medaka was highly methylated, and the oocyte genome was hypo-

methylated before fertilization.

As an important pattern of epigenetic regulation in gamete

inheritance, DNA methylation is influenced by environmental

factors (Yuan et al., 2019; Depince et al., 2020). Sperm DNA

methylation profile altered when striped bass (Morone saxatilis)

was reared for aquaculture rather than in wild since differential

methylated related genes of wdr3/utp12 and GPCR families might

be involved (Shao et al., 2018; Woods et al., 2018). Similar studies

on Atlantic salmon (Salmo salar) and steelhead (Oncorhynchus

mykiss) have revealed that one generation of captive breeding is

enough to produce transgenerational epigenetic modification.

Sperm methylation regions of wild and captive males are

different, which is consistent with the epigenetic marks of

domestication, phenotypic, and gene expression changes among

fish offspring (Gavery et al., 2018; Rodriguez Barreto et al., 2019).

Under different conditions of sperm cryopreservation, the changes
02
in sperm DNA methylation profiling have been confirmed in a

variety of fish, such as goldfish (Carassius auratus), zebrafish

(Depincé et al., 2020) and tambaqui (Colossoma macropomum)

(de Mello et al., 2017; Wang and Bhandari, 2020).

Half smooth tongue sole (Cynoglossus semilaevis), an economic

mariculture species with sex size dimorphism, is popular in female-

biased breeding in coastal areas of China (Zhang et al., 2020a;

Zhang et al., 2020b; Zhao et al. 2021a). A high proportion of

pseudomales without growth advantage occupy resources with no

considerable return, which makes it difficult to break the circle of

production capacity ofC. semilaevis (Zhang et al., 2011; Zhang et al.,

2019; Zhao et al., 2021b). C. semilaevis holds ZZ/ZW sex

chromosome type, and the heredity of pseudomale is highly

conservative (Chen et al., 2007; Chen et al., 2009; Zhang et al.,

2019). Besides, the natural predisposition of pseudomales prompts

epigenetics, an important breakthrough point to reveal the

occurrence of pseudomales in C. semilaevis. DNA methylomes of

gonads from different sexes’ C. semilaevis in a recent study have

revealed that the methylation modification of pseudomales is

inherited in pseudomale offspring, and sex-related genes have

possessed lots of methylation inherited in the process of sex

reversal of C. semilaevis (Shao et al., 2014). Furthermore, micro

RNAs (miRNAs) in sperm of C. semilaevis showed obvious sex bias

between male and pseudomale, and some of them were inherited in

pseudomale offspring (Zhang et al., 2019; Zhao et al., 2022).

However, our knowledge of the DNA methylome of gametes is

limited in C. semilaevis, which is an important link between the

gonad methylomic map and the sperm miRomic map.

In the present study, we characterized the global DNAmethylation

profiles in sperm of themale and pseudomaleC. semilaevis. TheDMRs

were correlated with the differential miRNAs of sperm to reveal the

potential interaction between two epigenetic regulation modes.
Materials and methods

Sampling

Tangshan Weizhuo aquaculture Ltd. (Hebei province,

China) provided male and pseudomale C. semilaevis
frontiersin.org

https://doi.org/10.3389/fmars.2022.1022091
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhao et al. 10.3389/fmars.2022.1022091
individuals as semen donors. A total of 30 living male fish

obtained for semen production were artificially induced to

sexual maturation. Semen (0.5 mL) was collected from each

fish, and 15 mL (in total) of semen was mixed in ZZ males. The

same procedure was applied to pseudomale fish (ZW group).

Both males and pseudomales were kept in the same situation.

Semen separated from both male and pseudomale sperm

mixtures went through centrifugation at 5000 rpm for 10 min,

and then the supernatant was removed. The sperm pellet was

cryopreserved for whole genome bisulfite sequencing (WGBS).

The mixed male sperm was labeled as the ZZ group, while the

pseudomale sperm was labeled as the ZW group (Figure 1).
Construction of DNA library and Whole
Genome Bisulfite Sequencing (WGBS) of
sperm from ZW and ZZ C. semilaevi
groups

Genomic DNA (gDNA) was extracted from the sperm

samples, and the DNA libraries were established after

electrophoresis. The gDNA was randomly interrupted to 200-

300 bp, and DNA fragments were repaired with a poly-A tail and

connected with sequencing splices in which all cytosines were

methylated. Then, bisulfite treatment (EZ DNA methylation
Frontiers in Marine Science 03
gold kit, Zymo Research) was performed. The unmethylated C

became U (T after PCR amplification), while the methylated C

(mC) remained unchanged. PCR amplification was performed

to obtain the final DNA library. The raw sequencing data were

filtered to remove the low-quality data, and clean reads were

obtained. Then, clean reads were compared with the reference

genome, and the methylation sites were detected and annotated.

Bismark software (Krueger and Andrews, 2011) was used for

comparative analysis of reference genomes of methylation data,

which adopts in silico bisulfite conversion algorithm to solve the

bisulfite transformation difficulties. Before comparing the reads

with a reference genome, all C bases in the reads were converted

into T bases. After converting all T bases, the sequence

correspondence between the reads and the reference genome

was equivalent to that before the bisulfite conversion so that the

correct positioning of reads could be realized. The reference

genome download link is as follows: ftp://ftp.ncbi.nlm.nih.gov/

genomes/all/GCF/000/523/025/GCF_000523025.1_Cse_v1.0.
Methylation site detection and DNA
methylation profiling of sperm

To ensure the accuracy of the methylation site, the sites

covering the number of reads > =5 were taken as the detected C
FIGURE 1

Schematic diagram of sex type grouping and sampling of Cynoglossus semilaevis. ZW (♀) represented females, ZZ (♂) represented normal males,
and ZW (♂) represented pseudomales, all donors were about 2- year-old.
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sites (Covered C). In addition, methylated and unmethylated

reads were detected at each site, and the probability of

methylated reads obeyed binomial distribution. A binomial

distribution test was conducted for the number of methylated

and unmethylated C reads at each site. Assuming that the

number of methylated C at a site is x, the coverage of the site

is n, and the BS conversion rate is p, it is necessary to verify

whether the occurrence of X mC is reliable. After False

Discovery Rate (FDR) correction, the sites with a Q-value less

than 0.05 were regarded as the methylation sites. Autosomes

were windowed at 50 kb, and the number and methylation level

of mC, mCG, mCHG, and mCHH in each window were

counted. To explore the distribution of methylation levels in

the gene region (genebody) and its upstream (2KB, promoter)

and downstream (2KB, downstream) segments, a profiling

analysis of methylation levels was conducted. Each segment

was divided into 20 bins on average, and the methylation level

in each bin reflected the trend of methylation level changes.
DMR and DMP screening

DMR is a specific region in the genome and can reflect the

methylated regulation of transcription. DMP is a specific DMR

located in the promoter region and may change the level of gene

transcription expression, which is closely related to transcription

regulation. DMR detection was analyzed using methylkit

software. The Fisher’s exact test was done to analyze the DMR

between groups. DMR was screened out according to the

difference in mean methylation level in each window; methyl

differs. =methyl case- methyl control (|methyl differs |. > 0.8 & p-

value < 0.05) DMP, following similar rules: 2KB upstream of

transcription start site (TSS) of the gene was used as promoter

region, and the mean methylation level in this region was

counted and compared between ZZ and ZW groups. DMP

with a significant difference was screened out on | methyl diff |

>0.6 and p-value<0.05 level. We drew volcano and heat maps for

DMR and DMP, respectively. Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analyses were conducted for DMR and DMP-

related genes to determine biological functions and pathways,

which were significantly associated with DMR/DMP-related

genes. Top 30 GO terms and KEGG pathways were presented

in DMR and DMP on sex chromosomes

DMP and DMR located on W and Z chromosomes of C.

semilaevis were extracted and counted, respectively (methyl diff

± 0.1, P<0.05). Among the four groups, the top 8 DMR/DMP-

related genes with the most significant methylation differences

for each group were selected to draw a chord diagram (ranging

from large to small according to the absolute value of methyl

diff). The interval distribution of DMP/DMR on Z and W

chromosomes was statistically analyzed, and a line diagram of

DMPs/DMRs on sex chromosomes was drawn for counting the
Frontiers in Marine Science 04
proportion of DMPs/DMRs in each interval among the total

number of DMPs/DMRs.
Comparison of sex related DMR and
DMP between sperm and gonads

The genome-wide methylation profiles of the gonads of C.

semilaevis were well characterized in a previous study (Shao

et al., 2014). We selected 20 sex-related genes with methylation

data identified in that study and compared the mean

methylation levels of these genes with our results. Datasets of

gonads were obtained from the ovary and testis of female and

male C. semilaevis, respectively. The degree of methylation was

shown by a heatmap.
Integrative analysis of DNA methylation
and miRomics of sperm

We obtained the miRomics profile datasets from sperm of the

same samples in a recent study (Zhao et al., 2021b) for integrative

analysis with global gDNA methylation profiling. Differential

expressed miRNAs (DEM) and DMR/DMP were extracted and

analyzed to reveal the interaction of these two epigenetic patterns

as the following criteria: 1) Construction of the relationship

between miRNAs and methylation-related target genes, such as

DNA me thy l t r an s f e r a s e s (Dnmt s ) : ma in t en anc e

methyltransferase (Dnmt1) and de novo methyltransferases

(Dnmt3a, Dnmt3b, and Dnmt3L) as well as dnmt2 with weak

DNA methyltransferase catalytic activity and demethylase related

genes. 2) According to the distribution of miRNA in the genome,

miRNA can be divided into two types: intergenic and intragenic

miRNAs. For intergenic miRNA, the 2KB sequence upstream of

the miRNA precursor was considered the promoter sequence; for

intronic miRNA, the promoter sequence of the gene containing

miRNAwas considered the promoter of miRNA. The methylation

level of the promoter region of both types of DEMs was analyzed.

For the two types of DEMs, the DEMs with expression differences

and the corresponding DEMs’ promotor methylation regions

were identified and presented with heatmaps, respectively. Also,

the linear graph of the methylation level of DEMs’ promoter and

the expression level of DEMs were drawn to show the trend

of coordination.
Results

Characteristics of genome-wide DNA
methylation and mC site detection

Raw bases (16.61G and 21.79G) were obtained from original

data files of sperm of ZW and ZZ groups, respectively, by
frontiersin.org
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Illumina Hiseq Xten. After quality control, we captured 15.80G

and 21.01G clean bases, which occupied about 95.11% and

96.43% of the raw bases, respectively. The GC contents of the

ZW and ZZ groups were 22.36% and 22.0%, respectively. The

bisulfite conversion rates of ZW and ZZ samples were 99.39%

and 99.60%, respectively. The proportion of mC in all detected C

sites (Covered C) reached 87.78% and 84.73% in ZW and ZZ

groups, respectively. In addition, there were three contexts (CG,

CHH, and CHG) of the mC site. The three contexts together

constituted mC. Of these, the CG context contributed the most

of the mC methylation, occupying more than 98% of mC

methylation in both ZW and ZZ groups (Figures 2A and 2a).

The global methylation levels of ZW and ZZ were 92.92% and

92.95%, respectively, indicating no significant difference between

ZW and ZZ groups on the genome-wide methylation level

(Table 1). The total numbers of detected C sites (Covered C)

counted on each chromosome of the ZW and ZZ groups showed

that the numbers of Covered C in the ZZ group were higher than

those in the ZW group. The numbers of Covered C annotated on

the W chromosome of both groups were extremely small

compared to other chromosomes, suggesting that the W

chromosome did not exist (Figure 2B). For the mC site on

chromosomes, the CG context in the mC site on each

chromosome distributed relatively even, and there was no

special enrichment or sparse distribution of CG context on

any chromosome (Figures 2C and 2c).
DNA methylation profiling of different
genomic structural elements in ZW and
ZZ sperm

Three contexts of mC sites (CG, CHG, and CHH) in the

genomic elements, including gene, repeats, and TE, were

presented as methylation profiling between the ZW and ZZ

groups. No matter what type of mC site, or no matter where

the elements were located in the genome, the mean methylated

level in the ZW group was higher than that in the ZZ group

(Figure 3). CG-type methylation sites accounted for the vast

majority of C-site methylation types in each kind of genomic

element. The mean methylation levels both exceeded 50%

(Figure 3B), and the methylation level of TE exceeded 80%

(Figure 3C). However, the methylation level of CG sites in the

gene element changed greatly, especially in the promoter and

downstream regions outside the genebody region. Promoter and

downstream regions in both ZW and ZZ groups had sharp

undulations. The promoter region showed a sharp downward

trend, while the downstream region showed a sharp upward trend.

Besides, the methylation level of ZW was always greater than that

of ZZ for both DMRs and DMPs. In the promoter area, this

difference decreased with the proximity to genebody, while this

difference increased with the distance away from genebody in the
Frontiers in Marine Science 05
downstream area (Figure 3A). For the 3 different genomic

elements, the mean methylation levels of CHG and CHH sites

were very low in both ZW and ZZ groups (less than 0.2%)

(Figures 3D–F), but the difference of mean methylation levels

between ZW and ZZ groups was highly significant (Figures 3G–I).
Detection of DMRs and DMPs, related
genes annotation, and enrichment
analyses

There were 1045 DMRs detected between ZW and ZZ groups

with 1037 hyper DMRs (methyl differs. > 0.8) and 398 hypo

DMRs (methyl differs. <- 0.8) (Figures 4A, 4B). For DMPs

screening, the methyl differs bar was set to 0.6, and there were

still 505 DMPs remaining. Of these, methylated levels of 407

DMPs in ZW were higher than those in ZZ, while methylated

levels of 98 DMPs were lower than those in ZZ (Figures 4E, 4F).

DMRs and DMPs related genes were annotated for GO and

KEGG pathway enrichments. Top 30 GO terms of DMRs between

ZW and ZZ groups were most significantly enriched into the

regulation of transmembrane ion transport and related receptor

binding in biological process categories (Figure 4C). In KEGG

pathway enrichment, P values of most enrichment pathways were

greater than 0.05, indicating that the relevant enrichment was not

significant. Only 5 pathways were significantly enriched, involving

the metabolism and synthesis of amino acids and fatty acids

(Figure 4D). The related terms and pathways were completely

different from DMRs in GO and KEGG enrichment analyses. The

top GO terms of DMPs were mainly involved in the nucleolus,

RNA metabolic process, and Golgi network in cellular

components. Molecular function categories, histone, and tRNA

methyl transferase terms were significantly enriched (Figure 4G).

Similar to DMRs, most of the top 30 KEGG pathways of DMPs

enrichment in ZW and ZZ groups were not significant, and only

the P values of three pathways (ribosome, protein export, and

VEGF signaling pathway) were less than 0.05 (Figure 4H).
DMRs/DMPs in sex chromosomes of C.
semilaevis sperm

We screened out DMPs and DMRs annotated on the Z andW

chromosomes of C. semilaevis. The number of DMRs was greater

than that of DMP. There was no exception on the sex

chromosomes. Besides, the number of DMRs or DMPs on the Z

chromosome was significantly greater than that on the W

chromosome (Figure 5A). Top 8 DMPs and DMRs with the

most significant methyl differences on W and Z chromosomes

were screened out and presented by a Chord diagram. A total of

29 related genes were mapped into DMP-W, DMP-Z, DMR-W,

and DMR-Z groups, with 21 hyper-methyl genes and eight hypo-
frontiersin.org
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A

B

a

cC

FIGURE 2

Genome-wide DNA methylation and methylated C site detection on chromosomes. (A) Contexts of methylation C site (CG, CHH, CHG) of DNA
methylome in ZW group. (a) Contexts of methylation C site (CG, CHH, CHG) of DNA methylome in ZZ group. (B) Number of covered C
annotated on W chromosome of both ZW and ZZ groups. (C) Percentage of Methylated C site distributed on each chromosome in ZW group.
(c) Percentage of Methylated C site distributed on each chromosome in ZZ group.
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methyl genes. Three of 29 related genes were shared by both

DMPs and DMRs, where loc103396997 was mapped to both

DMR-W and DMP-W. In contrast, golga3 and ccdc158 were

mapped to both DMR-Z and DMP-Z (Figure 5B). The interval

distribution line diagram of the DMPs and DMRs on sex

chromosomes indicated that the intervals with the highest
Frontiers in Marine Science 07
proportion of DMPs/DMRs were -0.1 to +0.3 in the 4 groups,

which were mostly concentrated between interregional -0.1 and

+0.3, which means that most DMPs and DMRs on Z and W

chromosomes were concentrated in these three adjacent

methylated level intervals. The line diagram was similar to a

normal distribution-like curve and shifted to the right a little,
TABLE 1 Statistical results of methylation site test..

Sample Context Covered C mC mC percent (%) Covered C methyl Level (%) mC methyl Level (%) mC Rate (%)

ZW CG 2359212 2071087 87.7872 81.9797 92.9221 98.4558

CHG 6187085 7275 0.1175 0.7190 58.7960 0.3458

CHH 18004113 25207 0.1400 0.9394 54.0177 1.1983

C 26550410 2103569 7.9229 8.0891 92.3379 100

ZZ CG 7451465 6313582 84.7294 79.0975 92.9518 98.7084

CHG 19726709 20003 0.1014 0.5095 58.8301 0.3127

CHH 54576272 62608 0.1147 0.5704 57.7432 0.9788

C 81754446 6396193 7.8236 7.7130 92.5005 100
(1) Sample; (2) Context: type of methylated C site; (3) Covered C: Number of C sites detected; (4) mC: Number of methylated C sites; (5) mC percent (%): Proportion of methylated C sites
(mC/Covered C); (6) Covered C methyl Level(%): mean methylation level at the covered C site; (7) mC methyl Level(%): mean methylation level of methylated C site; (8) mC Rate(%):
Proportion of each context mC site to all mC sites.
A

B

D

E

F

G

H

IC

FIGURE 3

Genomic elements of three contexts of mC sites (CG, CHG, CHH) methylation profiling in ZW and ZZ groups. (A) CpG gene elements profiling
of both ZW and ZZ groups. (B) CpG repeat elements profiling of both ZW and ZZ groups. (C) CpG TE elements profiling of both ZW and ZZ
groups. (D) CHG gene elements profiling of both ZW and ZZ groups. (E) CHG repeat elements profiling of both ZW and ZZ groups. (F) CHG TE
elements profiling of both ZW and ZZ groups. (G) CHH TE elements profiling of both ZW and ZZ groups. (H) CHH TE elements profiling of both
ZW and ZZ groups. (I) CHH TE elements profiling of both ZW and ZZ groups. The red line represents ZW group and the blue line represents
ZZ group.
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A B

D

E F

C

H

G

FIGURE 4

DMRs/DMPs feature and functional annotation analysis. (A) Heatmap of DMRs (on level of |methyl differs| > 0.8 & p value < 0.05) between ZW
and ZZ groups showed the degree of differential methylation. (B) Volcano map of DMRs (on level of |methyl differs |. > 0.8 & p value < 0.05)
between ZW and ZZ groups. Red dots represent hypermethylation and green dots represent hypomethylation (C) GO enrichment of Top 30 GO
term of DMRs between ZW and ZZ groups (D) KEGG pathways enrichment of Top 30 KEGG pathways of DMRs between ZW and ZZ groups (E)
Heatmap of DMPs (on level of |methyl differs |. > 0.6 & p value < 0.05) between ZW and ZZ groups showed the degree of differential
methylation. (F) Volcano map of DMPs (on level of |methyl differs |. > 0.6 & p value < 0.05) between ZW and ZZ groups. Red dots represent
hypermethylation and green dots represent hypomethylation (G) GO enrichment of Top 30 GO term of DMPs between ZW and ZZ groups (H)
KEGG pathways enrichment of Top 30 KEGG pathways of DMPs between ZW and ZZ groups.
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although there was a deviated small sub-peak in DMP-W within

the -0.3 interval. There were only 5 DMPs on W chromosome,

and the proportion of DMPs in each interval was prone to

statistical deviation (Figure 5C).
Comparison of methylation levels on
sex-related genes between sperm
and gonads

Twenty sex-related genes were used to compare the

mean methylation level between sperm and gonads of C.

semilaevis (Figure 6). The different methylation levels of
Frontiers in Marine Science 09
sex-related genes from different sources (sperm vs. gonad)

reflected significant heterogeneity between the two media.

The heterogeneity between media was greater than that

between sexes. Among the 20 genes, the methylation level

of most genes in gonads was lower than that in sperm.

Ctnnb1, fst, and lhx9 genes had high methylation levels in

the testis of males, which was so different from their

methylated performance of the ovary, but closer to sperm

groups. Furthermore, amh and lgr8, only in testis, had

higher methylation levels, while in ovary and sperm, they

all had relatively lower methylation levels compared with

testis (Figure 6).
A B

C

FIGURE 5

Distribution of DMRs/DMPs on sex chromosomes of ZW and ZZ groups. (A) Number of DMPs/DMRs annotated on W and Z chromosomes of
C.semilaevis of both ZW and ZZ groups (methyl diff ± 0.1, P value less than 0.05). (B) Chord diagram of top eight DMR/DMP related genes with
the most significant methylation differences of DMP-W, DMP-Z, DMR-W, and DMR-Z groups (Ranged from large to small according to absolute
value of methyl diff). (C) Line diagram of the interval distribution of DMP/DMR on Z and W chromosomes. Red line represents DMP-W; Blue line
represents DMP-Z; Green line represents DMR-W; Dark blue represents DMR-Z.
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Interaction patterns of DMR/DMP and
differential expressed miRNAs (DEMs)

We conducted integrative analysis between DMR/DMP and

DEMs of sperm to uncover interaction patterns between DMP/

DMR and DEMs. We found seven methyltransferases and

demethylase-related target genes from DMPs corresponding to

eight DEMs, as well as six methyltransferases and demethylase-

related targets from DMRs corresponding to five DEMs

(Figure 7A). Among 13 DEMs, only two DEMs belonging to

the mir-140 family targeted both DMRs and DMPs, while the

remaining 11 DEMs targeted either DMRs or DMPs, separately.

We further investigated the methylation level of the promoter of

DEMs and showed the expression level of DEMs and their

promoter’methylation level with a heat map. A total of 15 DEMs

were presented in the heatmap. Except for four DEMs, the

expression levels of the other 11 were relatively lower

(Figure 7B). Corresponding to the 15 DEMs. There were 11

promoters of DMR/DMPs since some miRNAs had the same

precursors or promoters in the same DMRs. The methylation

level of the promoter of DEMs varied greatly from 2.27% to

97.14% (Figure 7C). The upward and downward trends of DEMs

between ZW and ZZ groups were consistent with or negatively

correlated with the hyper-methylated or hypo-methylated trend

of DMR/DMPs, which was illustrated by the dot line diagram

(Figures 7D and 7E). Compared with ZZ groups, most

expressions of DEMs in ZW groups were up-regulated, and

only two of 15 DEMs were downregulated. While considering

the methylated levels of promoters of DMRs, 11 DMRs were
Frontiers in Marine Science 10
hyper-methylated in the ZW group compared with the ZZ

group. The expression trend of six DEMs, such as dre-miR-

499-5p, ssa-miR-9a-1-3p, dre-miR-146a, dre-miR-182-3p, ssa-

miR-210-3p, and hhi-miR-301, were consistent with the trend of

their corresponding promoter methylation levels, while the

remaining 10 DEMs showed an opposite trend.
Discussion

Conservation of hypermethylation levels
in sperm of teleost

DNAs of gametes are considered to be highly methylated in

organisms from gametogenesis to fertilization. Until zygote

genome activation, a new round of DNA methylation

reprogramming leads the embryonic development to a

totipotent state with an in-depth and complex process (Schulz

and Harrison, 2019). Parental epigenome reset occurs

throughout development, which may affect the balance

between reprogramming and inheritance. For gametes carrying

important genetic information, this orderly conservative design

is a valuable accumulation deposited in the long evolution

process of organisms (Dura et al., 2022). There were

significant differences in DNA methylation levels between

oocytes and spermatozoa in mice and humans (Smith and

Meissner, 2013). The average methylation level of mouse

spermatozoa was 80%, and that of oocytes was 50% (Ci and

Liu, 2015). The average methylation level in human spermatozoa
FIGURE 6

Heatmap of mean methylation levels on 20 sex related genes between sperm and gonad from C. semilaevis.
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was about 54%, while that in oocytes was 48% (Guo et al., 2014).

In teleost, the genome-wide methylation map of gametes in

model fish bore the brunt of disclosure. Zebrafish oocytes

showed a slightly lower level of methylation (75%-80% CpG

methylation) than sperm hypermethylation (91%-95%), which is

similar to mice (Jiang et al., 2013; Potok et al., 2013). For gametes

of medaka, the paternal genome was highly methylated

(83.03%), whereas the maternal genome possessed ultra-low

methylation (26.59%) (Wang and Bhandari, 2020). This huge
Frontiers in Marine Science 11
difference in the methylation level of male and female gametes is

rare in fish. The spermatic mean methylation levels of both

pseudomale and male C. semibreves reached 92% in this study.

However, there were no significant differences between the two

groups. As a non-model teleost, hypermethylation of sperm was

also common. The level of methylated cytosine climbed to 89%

in Atlantic salmon (Wellband et al., 2021), like in steelhead. The

average methylation of a large part of CG sites exceeded 90%,

which was consistent with the reports in other salmon species
A

B C

D E

FIGURE 7

Interaction patterns of DMR/DMP and DEMs (A) Cytoscape of DEMs and their corresponding methyltransferases and demethylase related target
DMR/DMP. Yellow represents DMR, red represents DMP, Green represents DEMs. (B) Heatmap of expression level of 15 DEMs between ZW and
ZZ sperm groups. (C) Heatmap of the methylation level on promoters of a total 15 DEMs. (D) Dot line diagram illustrated trend of up-regulated
and downregulated of 15 DEMs between ZW and ZZ groups. (E) Dot line diagram illustrated trend of hyper-methylated and hoper–methylated
trend of DMR/DMPs of 15 DEMs between ZW and ZZ groups.
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(Gavery et al., 2018). The total methylation rate of common carp

(Cyprinus carpio) sperm was about 78.6% - 80.8% (Cheng et al.,

2021). In contrast, the methylation rate of fresh semen in

Gamitana (Colossoma macropomum) was 35.3%. Considering

the high methylation level of other fish, the overall low

methylation level in Gamitana was lower, which is mainly due

to the limitation of the method with MspI and Hpall restriction

enzymes digestion for methylome (de Mello et al., 2017). Based

on the previous study, methylation difference among tissues of

the same species was very small, at least less than that among

species (Jabbari et al., 1997), It was found that the methylation

level of tropical fish was lower than that of temperate fish

species, and the methylation level of temperate fish was lower

than that of polar fish (Varriale and Bernardi, 2006). In the same

study, liver, testes, or muscle tissue represented the mean level of

global methylation and reached the above conclusion, which is

highly debatable. From the irregular changes in data of gamete

methylation levels in the teleost, the hypothesis is too early

to make.
Missing of W-type sperm in pseudomale
C. semilaevis

Although we named the sperm group of pseudomale fish as

the ZW group in this study, this did not mean that there were

W-type sperm in the sperm of pseudomales. The nomenclature

here was only derived from tracing the origin of the parent. W-

type sperm was absent in semen contents of pseudomale C.

semilaevis, resulting in the sex bias of offspring (Cui et al., 2018),

whereas pseudomales can’t produce W-type sperm, which

should be further explored. In our study, compared with other

chromosomes, only a very small number of detected cover C

sites of both ZW and ZZ sperms were aligned with the W

chromosome of the reference genome, indicating that W-type

sperm could hardly exist in the sperm of pseudomales. The few

cover C sites in the alignment might come from homologous

sequences on other chromosomes rather than the W

chromosome. Few DMRs were annotated on the W

chromosome, whereas major DMRs were more concentrated

on other chromosomes. The difference between pseudomale

sperm and male sperm was between the Z-type sperm of the

two groups, and there was no W-type sperm involved.
Functional DMRs related genes
potentially interacted with DEMs

Although no significant differences in spermatic methylation

level were observed between ZW and ZZ groups, specific to

differential methylation regions (e.g., various types of genomic
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structural elements), the hypermethylated ZW-biased DMRs

were widespread in methylomes of the two groups. The

number of up-methylated DMRs was more than three times

that of down-methylated DMRs (ZW vs. ZZ). This trend also

existed in DMRs on different chromosomes, especially on the sex

chromosome. Corresponding to the distribution of DMRs on sex

chromosomes in testes of tongue sole between pseudomale and

male, ZW up-regulated methylation was also significantly higher

than that in the ZZ group (Shao et al., 2014). DNA methylation

can play a regulatory role in miRNA transcription by

modification of the CPG region of miRNA promoter, like

coding genes. Some miRNAs can target various enzymes

related to DNA methylation modification, thereby affecting the

methylation pattern of the whole genome (Chhabra, 2015). We

captured methyltransferases and demethylase targets from

DMPs corresponding to DEMs, and the expression trends

(ZW vs. ZZ) of 6 miRNAs were consistent with those of their

corresponding promoter methylation levels, while the

expression trends of the remaining 10 DEMs were opposite.

Protein arginine methylation is catalyzed by members of the

protein arginine methyltransferase (PRMT) family (Wang and Li,

2012). Prmt2, a type I arginine methyltransferase, attenuates

tumor necrosis factor receptor-associated factor 6 (traf6)-

mediated antiviral response. Prmt2 binds to the C terminus of

traf6 to catalyze asymmetric arginine dimethylation of TRAF6

and exercise virus-related immune function (Zhu et al., 2021).

Before establishing asymmetric dimethylarginine, PRMT3 can be

used as an intermediate to form stable monomethyl arginine (Zhu

et al., 2020). In the study, miR-140 and miR-222a as DEMs

targeted the prmt2 and prmt3, respectively, to exert the function of

arginine methylation. Another DMR, methionine synthase (mtr)

gene, a DEM-miR-210’s target, with hypermethylated CpG sites in

promoter, is associated with the preterm placenta in humans. It

was demonstrated that the methylated level of the CpG site was

negatively correlated with the vitamin B12 level in maternal

plasma (Khot et al., 2017). Dimethyladenosine transferase 1

(dimt1), a conserved RNA methyltransferase (m26,6a), is crucial

in ribosome biogenesis, cell viability, and protein synthesis. Dimt1

can also interact with miR-7132a, reflecting the possible

connection and potential interaction between them (Shen et al.,

2021). Besides, euchromatic histone lysine methyltransferase 2

(Ehmt2/G9a) (Ryu et al., 2022), and Lysine-specific demethylase

2A (KDM2A), (Xu et al., 2019), play important roles in a variety of

cancers through regulation in multiple immune-related pathways.
Conclusion

We characterized and analyzed genome-wide DNA

methylation profiles in sperm from male and pseudomale C.

semilaevis in this study. The differential methylation genes were
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identified and correlated with the differential miRNAs to reveal

the potential interaction between two epigenetic regulation

modes. This study helps understand the potential role of sex-

related genes modified with methylation and regulated by

miRNAs. The future work will focus on the verification of the

interaction between DEM and DMRs to reveal the targeting

mechanism between them.
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