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With Spermatogenesis and Embryonic
Development
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Key Laboratory of Animal Genetics, Breeding and Reproduction, Ministry of Agriculture and National Engineering Laboratory for
Animal Breeding, College of Animal Science and Technology, China Agricultural University, Bejjing, China

Identifying epigenetic changes is essential for an in-depth understanding of phenotypic
diversity and pigs as the human medical model for anatomizing complex diseases.
Abnormal sperm DNA methylation can lead to male infertility, fetal development failure,
and affect the phenotypic traits of offspring. However, the whole genome epigenome map
in pig sperm is lacking to date. In this study, we profiled methylation levels of cytosine in
three commercial pig breeds, Landrace, Duroc, and Large White using whole-genome
bisulfite sequencing (WGBS). The results showed that the correlation of methylation levels
between Landrace and Large White pigs was higher. We found that 1,040-1,666 breed-
specific hypomethylated regions (HMRs) were associated with embryonic developmental
and economically complex traits for each breed. By integrating reduced representation
bisulfite sequencing (RRBS) public data of pig testis, 1743 conservated HMRs between
sperm and testis were defined, which may play a role in spermatogenesis. In addition, we
found that the DNA methylation patterns of human and pig sperm showed high similarity by
integrating public data from WGBS and chromatin immunoprecipitation sequencing (ChIP-
seq) in other mammals, such as human and mouse. We identified 2,733 conserved HMRs
between human and pig involved in organ development and brain-related traits, such as
NLGNT1 (neuroligin 1) containing a conserved-HMR between human and pig. Our results
revealed the similarities and diversity of sperm methylation patterns among three
commercial pig breeds and between human and pig. These findings are beneficial for
elucidating the mechanism of male fertility, and the changes in commercial traits that
undergo strong selection.
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INTRODUCTION

Pigs are an important source of fats, proteins, and human
biomedical models (Swindle et al., 2012). After a long artificial
and natural selection period, considerable phenotypic differences
have emerged between pig and human in morphology,
physiological structure, and behavior. Identifying epigenetic
markers subject to evolution in different pig breeds will
contribute to elucidating the epigenetic mechanism of
important economic trait changes and supporting pigs as
human biomedical models.

DNA methylation is the most stable and commonly studied
epigenetic marker (Curradi et al., 2002), which participates in
genome imprinting, silencing of the transposon element, and
transcription inhibition (Barlow, 1993; Zamudio et al., 2015).
Previous studies have shown that DNA methylation plays an
important role in the growth, fertility, and health of pigs (Wang
et al,, 2017). In addition, by comparing epigenome-wide skeletal
muscle DNA methylation profiles in distinct metabolic types of
pig breeds, Ponsuksili et al. (2019) demonstrated that breed-
specific methylated genes are linked to muscle metabolism and
trigger extensive compensatory processes.

Sperm is an important heritable lineage. The comparison of
sperm DNA methylomes in the whole genome across different
pig breeds is unknown. Thus, to fill this gap, we conducted WGBS
of sperm DNA samples from different pig breeds to explore the
potential genetic mechanisms of phenotypic diversity and male
fertility. Duroc, Landrace, and Large White are three common
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commercial pig breeds known for their excellent production
performance under long-term artificial selection. Comparing
breed-specific epigenomic markers in three commercial pig
breeds helps us to understand how epigenetic regulation leads
to phenotypic changes during evolution.

This study aimed to: 1. Investigate the sperm DNA
methylomes using WGBS and analyze DNA methylation
variation in three pig breeds—Landrace, Duroc, and Yorkshire;
2. Excavate breed-specific hypomethylated regions and identify
genes that are enriched by lineage-specific hypomethylated
regions around promoters; 3. Further identify the epigenetic
biomarkers by integrating public reduced representation
bisulfite sequencing (RRBS) data in pig testis; 4. Combine
public data from WGBS and chromatin immunoprecipitation
sequencing (ChIP-seq) in other mammals, the changes in sperm
DNA methylation across mammalian evolution, and the
epigenetic mechanism of pigs as human medical models
(Figure 1).

MATERIALS AND METHODS

Sample Collection and Sequence Library

Preparation

Six sperm samples were collected from three pig breeds in
Landrace, Duroc, and Large White (3 breeds x 2 individuals).
The pigs were raised using the same feed type on the same farm.
Semen samples were collected by professional artificial
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FIGURE 1| Schematic overview of this study. We identified breed-specific/breeds-conserved HMRs of pigs using whole-genome bisulfite sequencing of six sperm
samples from three pig breeds in Landrace, Duroc, and Yorkshire. Thereafter, we annotated them by integrating GO/KEGG, traditional quantitative trait loci (QTL) and
transcriptional factor binding sites. Finally, we analyzed changes of HMRs in mammalian evolution by integrating WGBS public data on humans and mice.
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insemination personnel according to a standardized procedure
with artificial vaginas. Genomic DNA was extracted using a salt-
fractionation protocol. DNA quality was assessed using a 2,100
Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States) and a spectrophotometer (NanoDrop
Technologies, Rockland, DE). The qualified genomic DNA
were spiked with unmethylated lambda DNA and fragmented
into 200-300 bp, followed by terminal repair, the addition of 3' A
and adapter ligation. The DNA fragments were treated twice with
bisulfite using an EZ DNA Methylation-Gold™ kit (Zymo
Research, Irvine, CA, United States), under the manufacturer’s
instructions. Then the DNA fragments were amplified by PCR to
screen the qualified library and sequenced using a paired-end
150 bp flow cell on an Illumina HiSeq X Ten machine (PE-150bp
FC; llumina, San Diego, CA, United States).

WGBS Data Processing and

Hypomethylated Region Identification

The public WGBS data used in this study included human sperm
(GSE30340 and GSE57097) (Hammoud et al., 2014; Molaro et al.,
2011) and mouse sperm (GSE49623) (Molaro et al.,, 2011). Three
RRBS data of Landrace testis tissues from the NCBI GEO database
(GSE129385) (Wang and Kadarmideen, 2019). FastQC v 0.11.2
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
Trim Galore v 0.4.0 (https://www.bioinformatics. babraham. ac.
uk/projects/trim _galore/) was used to assess the quality of the
sequence data and filter low-quality reads (g < 30), respectively. The
cleaned data were then mapped to the respective reference genomes:
sscrofall.l (pig), hg38 (human), and mm10 (mouse), using bowtie2
under the Bismark software (0.14.5) with default parameters
(Langmead et al, 2009; Krueger and Andrews, 2011).
Furthermore, bismark methylation_extractor was employed to
obtain methyl CpG site information.

CpG sites with coverage greater than five were used for the
HMR analysis. We used tools from the MethPipe package to
identify HMRs, as described previously (Song et al., 2013). HMRs
were inferred according to the methylation level and coverage at
individual cytosines, using the HMM algorithm, which is trained
using the Baum-Welch algorithm and posterior decoding
(Rabiner, 1989). We only kept HMRs with an average regional
methylation level of less than 20% and at least five CpG sites for
further analysis.

Identification of Conserved/Specific HMRs
The conservation and variability of HMR was analyzed using
BEDTools (version 2.26.0) (Quinlan and Hall, 2010). This study
required conserved HMRs overlapping more than 25% of the base
pair unless otherwise stated. Specific and conserved HMRs were
identified according to the number of overlapping HMRs across
breeds, tissues, or species.

RNA-Seq Data and Gene Expression

Quantification
The transcriptomes of pig testes (PRJEB33381) and human sperm
(PRJNA573604) were collected from a public database.

Sperm DNA Methylomes in Pigs

Thereafter, the RNA-seq reads were mapped to the respective
reference genomes of pigs (sscrofall.l) and human (Hg38) using
the HISAT?2 software (Kim et al, 2015). Finally, we obtained
FPKM using StringTie software to quantify gene expression levels
for downstream analyses (Pertea et al., 2015).

DNA Motif Enrichment

DNA motif enrichment analysis of breed-specific HMRs was
conducted in three pig breeds. Moreover, we identified
overrepresented DNA sequences using MEME suite 5.0.5 with
the following parameters:’ -dna -minw 8 -maxw 20 -mod zoops
-objfun de -nmotifs 10’ (Bailey et al., 2009). In addition, 2000 HMRs
were randomly selected as the control region. We compared motifs
against known motifs using the Tomtom of MEME suit software to
identify enriched motifs. The databases of known motifs consist of
jolma2013 motifs (Jolma et al, 2013), HOCOMOCOv11 full
HUMAN mono meme format motifs (Kulakovskiy et al., 2018)
and JASPAR2018 CORE vertebrate non-redundant motifs (Khan
et al, 2018). Significant motifs were identified at p < 0.05.

ChiIP-Seq Data and Epigenetic Features
Analysis

Histone data were downloaded from the SRA dataset, including
five histone modifications: H3K27me3, H3K4mel, H3K4me3,
H3K36me3, and H3K27ac (PRJNA173071 and PRJNA281061).
First, we obtained clean reads using the Trim Galore software.
The clean reads were mapped to hg38 (human) using the Bowtie2
software. Then, the Picard tool (http://broadinstitute.github.io/
picard/) was used to remove duplicated reads with parameters
‘REMOVE_DUPLICATES = true’. Histone peaks were obtained
using the MACS2 software. The overlap between the HMR
datasets and five histone modifications was identified using
BEDTools, as previously described.

Other Downstream Bioinformatics Analysis
The proportion of breed-specific HMRs that fell completely
within the QTLs were calculated. The QTLs were downloaded
from the Pig QTL database (https://www.animalgenome.org/cgi-
bin/QTLdb/SS/index). Genes with promoter HMRs were
annotated using the online software DAVID (http://metascape.
org/). Significant GO terms and pathways were identified based
on p < 0.05. GO terms were visualized using the R package
GOplot (version 1.0.2) (Walter et al., 2015). Thereafter, the
protein-protein interaction network (PPI) encoded by
important genes was investigated using the STRING Genomics
database (https://www.string-db.org/) and identified hub genes
with a higher degree of connectivity using CytoHubba under the
Cytoscape software (Shannon et al., 2003).

RESULTS

General Characteristics of Sperm DNA

Methylome
In this study, we conducted WGBS of individual sperm DNA
samples from three commercial pig breeds—Landrace, Duroc,
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FIGURE 2 | Porcine sperm DNA methylome characteristics. (A) Distribution of methylation levels of CpG sites (only CpG sites covered by at least five reads were
included). (B) Correlation analysis between each sample using common CpG sites. (C) PCA of methylation levels in six samples using common CpG sites. (D)
Hierarchical clustering of three pig breeds based on the methylation level of promoter regions.
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and Large White. We obtained 204 to 307 million unique mapped
reads with an average coverage from 12.21 to 18.43x
(Supplementary Table S1). An overall methylation level of
86.20-87.80% was observed for all CpG sites in the three pig
breeds, and non-CpG methylation levels (CHG and CHH) of
Landrace (5.90%) were higher than those of Duroc (1.40%) and
Large White (1.55%). Moreover, the bisulfite conversion rates of
all samples were greater than 99%; therefore, we faithfully
captured the patterns of porcine sperm genomic DNA
methylation.

In general, we observed that approximately 86% of the
analyzed CpG sites were extremely hypermethylated
(methylation level >80%) for all samples (Figure 2A), which
was consistent with the pattern of sperm methylation in other
mammals (Molaro et al., 2011; Song et al., 2013; Fang et al., 2019;
Liu et al,, 2019). Then, we compared the global methylation levels
between pairs of samples at the common CpG sites within and
among breeds, with a minimum coverage of five sequencing
reads. As expected, DNA methylation varied more across
breeds than within breeds (Figure 2B). The correlations were
higher within breeds, ranging from 0.74 to 0.83. The correlations
of DNA methylation among the three pig breeds were lower, with
the correlations between Duroc and Large White being the lowest

(r = 0.64). Principal component analysis (PCA) also
demonstrated this phenomenon (Figure 2C). PC1 successfully
divided samples into three clusters (Landrace, Duroc, and Large
White) according to the variations among the three breeds, which
explained 74.28% of the variance.

To study the evolution of DNA methylation among the three
porcine breeds, we further investigated the promoter methylation
levels of different breeds. A promoter region was defined as the
segment 1.5 kb upstream and 0.5 kb downstream of transcription
start sites (TSSs) (de Vooght et al., 2009; Shen et al., 2012; Zhou
etal, 2021). The hierarchy in the sperm DNA methylation cluster
(Figure 2D) was consistent with the known genetic relationship
between the three porcine breeds (Cai et al., 2020). Figure 2D
shows that, compared with Duroc, the similarity between Large
White and Landrace was higher.

Inter-Breed Variation and Conservation in
Sperm DNA Methylome

Hypomethylated regions (HMRs) are associated with gene activation
and coincided with gene regulatory elements, including gene
promoters and enhancers (Jones, 2012; Wagner et al, 2014);
therefore, we identified HMRs (methylation level <20%) using
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the 2-state hidden Markov model with beta-binomial emission
distributions as previously described (Song et al, 2013). The
algorithm detected 15,233 to 16,656 HMRs with an average size
range of 1,109-1,146 bp. Although HMRs were distributed
throughout the genome, they were significantly enriched in the 5’
UTR, promoters, CpG islands, and CpG shores (p < 0.001;
1,000 times of permutation test) (Figure 3A). The distribution of
HMRSs in these genomic regions further indicated that HMRs play
an important role in regulating transcriptional initiation and gene
expression.

To analyze the difference in DNA methylation across pig
breeds, we defined two categories of regions from HMRs: 1)
breeds-conserved HMRs, containing a region that is
hypomethylated in all breeds, and 2) breed-specific HMRs,

which are regions that are hypomethylated in one breed
compared to the other two breeds. As expected, most HMRs
were conserved in the three porcine breeds, with an average of
76.3% in each breed (Figure 3B). Moreover, the genomic
distribution of breeds-conserved HMRs and breed-specific
HMRs was obviously different. A total of 49.62% of breed-
specific HMRs were located in the distal regions (more than
10 kb away from TSS), contrary to 22.08% of breeds-conserved
HMRs (Figure 3C). These results were consistent with high
conservation at promoters, as reported in previous studies (Qu
et al,, 2018; Villar et al,, 2015). In addition, this result also
indicates that we need to pay attention to the HMRs located
at the distal genome in future studies of breeds divergence. These
breeds-specific regions may be located at distal regulatory
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element regions, thus affecting gene expression differences in
breeds. Functional enrichment analysis revealed that the genes
(n = 1800) with breeds-conserved HMRs in the promoters were
engaged in basic cell function and fertilization, including energy
homeostasis, cell proliferation, multicellular organism growth,
and binding of sperm to the zona pellucida (Figure 3D,
Supplementary Table S2). In the binding of sperm to the
zona pellucida GO term, we found several genes associated
with spermatogenesis and fertilization, namely, HSPAIL (heat
shock protein family A member 1 like), SPA17 (sperm
autoantigenic protein 17), ZPBP (zona pellucida binding
protein), and ZPBP2 (zona pellucida binding protein 2).
HSPAIL has also been shown to be related to spermiogenesis
in cattle, human, and mouse (Liu et al., 2019; Wang et al., 2020).
This implies that DNA methylation patterns of key genes
associated with spermatogenesis are highly conserved across
species (Figure 3D, Supplementary Table S2).

We identified 1,580 Duroc-specific, 1,666 Landrace-specific,
and 1,040 Large White-specific HMRs (Figure 3B). The genes
with breed-specific hypomethylation in the gene promoter
revealed a strong enrichment for transcription and
development (Supplementary Table S3), such as post-
embryonic development, kidney development, and regulation
of transcription from RNA polymerase II promoter. Genes
were also enriched in GO terms related to complex traits, such
as high-density lipoprotein particle remodeling and prostate
gland growth. Moreover, we discovered significant DNA
motifs in breed-specific HMRs (Figure 3E, Supplementary
Table S4). Landrace and large white HMRs were enriched for
embryonic development and cholesterol synthesis. In the Duroc-
specific HMRs, we identified significant motifs associated with
skeletal muscle regeneration and male meiosis, such as FOXJ3 and
MYBLI.

To further investigate the relationship between breed-specific
HMRs and complex traits, we examined the QTL regions of five
categories (meat and carcass, health, exterior, production, and
reproduction) of traits (n = 691) from the Pig QTL database
(https://www.animalgenome.org/cgi-bin/QTLdb/SS/index). We
observed that Duroc-specific HMR had higher overlapping
QTL signals of production traits, meat, carcass traits such as
body weight (birth) QTL, and backfat above muscle dorsi QTL. In
addition, Duroc and Landrace had specific HMRs overlapping
with muscle protein percentage QTL and backfat weight QTL
(Figure 3F). These results were consistent with their varietal
characteristics.

Comparison of HMRs Between Porcine

Sperm and Testis

Testis is the organ which produces sperm, the male reproductive
cell, and androgens, the male hormones (Schumacher, 2012).
Moreover, spermatogenic activity co-varies with testis mass and
sperm quality across (Pintus et al., 2015). To better understand
the epigenetic mechanism that regulates male fertility and semen
quality, we investigated the conservation and divergence of
breeds-conserved HMRs in sperm and HMRs in Landrace
testis. We found that 14.23% of HMRs (n = 1743) in sperm

Sperm DNA Methylomes in Pigs

were common to the testis (Figure 4A). This result may imply
that HMRs have higher tissue specificity. Functional annotation
revealed that for genes with conserved HMRs at the promoters
between sperm and testis, GO terms of mRNA splicing, cell
proliferation, regulation of double-strand break repair via
homologous recombination, and regulation of cell cycle during
spermatogenesis (Supplementary Table S5).

To further investigate the important genes associated with the
spermatogenesis process, we conducted PPI analyses and
identified hub genes from genes with conserved HMRs at the
promoter between sperm and testis. We found that among 1743
conserved HMRs, 30 genes with a higher degree of connectivity
were hub genes (lower panel, Figure 4A). Several genes with
hypomethylated promoter regions were highly expressed in the
testis (Figure 4B). In particular, EXOSC10 (exosome component
10) and HSPAY (heat shock protein family member 9) have been
suggested to play important roles in male germ cell development
(Jamin et al., 2017; Jeong et al., 2017).

The Conservation of Breeds-Conserved
HMRs Across Species

HMRs around promoters can reflect the evolution of the
mammalian epigenome (Qu et al, 2018); therefore, we
compared HMRs in the sperms of three species, ie., pig,
human and mouse, to explore the evolution of germline DNA
methylation and epigenetic mechanisms underlying remarkable
changes. Consequently, our results suggested that the proportion
of conserved HMRs in three species only constituted
31.66-32.96% (Figure 5A), implying that the epigenome
exhibits evolutionary changes and strong lineage-specific
aspects across millions of years of evolution in the three
mammals. Functional enrichment analysis showed that genes
associated with three species-conserved HMRs in the promoters
were enriched in transcription processing and embryonic
development, such as transcription from RNA polymerase II
promoter, nervous system development, and embryonic digit
morphogenesis (Figure 5B, Supplementary Table S6). This
suggests that genes involved in basic physiological functions
and development processes tend to have conserved DNA
methylation levels during mammalian evolution.

Pairwise comparison between human with pig and mouse
revealed that an average of 61.14% (n = 8,553) of HMRs were
conserved between humans and the other two species
(Figure 5A). Interestingly, the percentage of conserved HMRs
between pig and human (56.24%) was higher than that between
mouse and human (55.61%); therefore, the use of pigs as an
animal model for human diseases research is reasonable.

To investigate the similarities between human and pig sperm
DNA methylation patterns and identify stable epigenetic
markers, we compared the conservation of HMRs across the
three pig breeds and humans. A total of 32.08% (n = 2,733) of the
conserved HMRs across the three pig breeds were conserved in
human (Figure 5C). Then, we obtained hub genes (top 40) from
genes with conserved HMRs between pig and human at the
promoters using Cytoscape (Figure 5C). We identified several
important genes with hypomethylated regions at promoters
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FIGURE 4 | DNA methylation conservation and divergences between sperm and testis in pig. (A) Overlap of HMRs and hub genes identification. (B) DNA
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highly expressed in human sperm (Figure 5D). These findings
further suggest that these genes are related to mitosis progression
and regulation of neurotransmitter release.

Coordinated Epigenetic Marks at

Conserved HMRs Between Human and Pig
In addition to DNA methylation, chromatin states also play an
important role in spermiogenesis, fertilization, and development.
Then, we analyzed the chromatin states of the conserved HMRs
between human and pigs using five histone marks (H3K27me3,
H3K4mel, H3K4me3, H3K36me3, and H3K27ac, downloaded
from the SAR database). We found that 75.01% (n = 2050) of
conserved HMRs between human and pigs overlapped with
H3K4me3 marks, which is in accordance with the antagonistic
relationship between DNA methylation and H3K4me3. In
contrast, less conserved HMRs were enriched for H3K4mel
(n = 90) and H3K36me3 (n = 17) (Figure 6A). In addition,
no conserved HMRs were enriched with H3K27ac (n = 0).

In addition, we found that some conserved HMRs (24.48%,
n = 669) were simultaneously marked by H3K4me3 and
H3K27me3 (Figure 6B), which are termed bivalent domains.
Mounting evidence suggests that genes with bivalent domains are
found in embryonic stem cells and germ cells and play an
important role in initiating sexual differentiation, embryonic
development, and completion of meiosis (Sin et al, 2015;
Vastenhouw and Schier, 2012). We further found that genes
containing HMRs and bivalent domains at promoters were
significantly enriched in development and behavior terms,

such as nervous system development and locomotory behavior
(Figure 6C, Supplementary Table S7), as previously described
(Vastenhouw and Schier, 2012). It implies that genes associated
with organ specification are poised in germ cells, and that DNA
methylation levels are highly conserved between species. Among
them, NLGNI1 plays an important role in synaptic signal transmission
and in neuropsychiatric disorders (Nakanishi et al., 2017). NLGNI
was further found to have a conserved-HMR between human and
pig, and contain a bivalent domain at the promoter in human sperm
(Figure 6D). This result further suggested that NLGNI was regulated
by the conserved epigenomic markers and may play an important
role in brain-related traits between human and pig. Overall, These
findings further support pig as an ideal animal model for human
complex traits, particularly for brain-related diseases.

DISCUSSION

This study analyzed DNA methylation patterns in three
commercial pig breeds (Durocs-Duroc, Landrace, and Large
White) at a high resolution and investigated the relationship
between pig and human with DNA methylation and histone
modifications. In addition, the evolutionary properties of HMR in
three commercial pig breeds, which may play an important role in
embryonic developmental traits and adaptive traits, were
analyzed. Our results also showed that most genes with
conserved HMRs at promoters between human and pig are in
the poised chromatin state (H3K4me3 and H3K27me3 bivalent),
which are involved in brain-related traits.
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Based on the comparison of sperm DNA methylome variation
across three commercial pigs, our results showed that the
divergence of sperm DNA methylomes fully recapitulates
phylogenetic relationships, as previously reported for DNA
sequences (Cai et al., 2020). Principal component analyses and
hierarchical clustering demonstrated that breeds explain the
largest amount of variation in sperm DNA methylomes, which
PC1 could explained most (74.28%) of the variances. Taken
together, these results suggested the importance of DNA
methylation during breeds divergencies. Interestingly, we also
noted that there were some differences in DNA methylation levels
within breeds. Through comparing the intra-breed difference and
conservatism of HMRs in three commercial pigs, we found that
only the small proportion of HMRs are variable in intra-breed,
which constituted 10.96-14.43% (Supplementary Figure S1).

The methylation variations within breeds need to be analyzed
through expanding the sample size for subsequent research.

In primate, the majority of species-specific DMRs locate outside
promoters and have similar transcriptional potential as promoter
DMRs (Mendizabal et al., 2016). In this study, we also found that
many of the breed-specific HMRs were located in distal regions of
genes. This was consistent with more rapid evolution of enhancers
and slower changes at promoters in mammals (Villar et al., 2015).
Moreover, we also observed that the important QTLs for carcass and
production traits were obviously overlapped with breed-specific
HMRs. For example, we found that 9 Duroc-specific HMRs were
located with an important muscle protein percentage QTL for
carcass and meat traits on chromosome 15 (BTA15, roughly
located between 127.9 and 1359Mb) by comparing crossing
porcine from the Pietrain and Duroc breeds (Choi et al., 2011).
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Six Duroc-specific HMRs were also located at the body weight
(birth) QTL for production traits on chromosome 15 (BTA12,
roughly located between 54.4 and 58.5Mb) (Rothammer et al,
2014). These results imply that complex traits may be regulated
by genetics and epigenetics, and breed-specific HMRs may be the
candidate epigenetic markers that influence production and
reproductive traits.

Through pig breeds-conserved HMRs in sperms compared with
testis, we observed several conserved HMRs between pig sperm and
testis close to or located in the promoter regions of important genes
involved in spermatogenesis, such as EXOSCIO0 and HSPA9.
EXOSC10 is a well-known target of autoantibodies in patients
with systemic sclerosis (scleroderma) (Staals and Pruijn, 2010).
Recent studies have also reported that EXOSCIO is essential for
normal growth-to-maturation transition in mouse oocytes and male
germ cell proliferation and development (Jamin et al., 2017; Wu and
Dean, 2020). This study also found that EXOSCIO exhibited
hypomethylated levels at the promoters of sperm and testis and
high expression in the testis. Consistently, a previous study reported
that the loss of EXOSCI0 in spermatogonia could lead to abnormal
testicular development and a strongly decreased size (Jamin et al,,
2017). HSPA9 has also shown low methylation levels at the promoter
and is expressed at a high level in the testis, which plays an important
role in prophase I of spermatogenesis by binding to testis-specific
MAGEG2 (Melanoma Antigen Family G2) (Jeong et al, 2017).
These results show that these conserved HMRs between the testis

and sperm could be important candidate regions for the study of
spermatogenesis and male infertility.

By analyzing the divergence of sperm DNA methylomes in three
mammalian species: human, mouse and pig, we found that DNA
methylomes were more highly conserved in pig and human than in
human and mouse. Moreover, conserved HMRs between human
and pig are also associated with GO terms related to development
functions, particularly brain-related traits. This may be explained by
brain-associated genes under strong selective constraints during the
evolution of species (Cardoso-Moreira et al., 2019; Sarropoulos et al.,
2019). For instance, SNAP25 (synaptosome-associated protein 25) is
the core component of the soluble N-ethylmaleimide fusion protein
attachment protein receptor (SNARE) and is associated with brain-
related diseases, such as autism and schizophrenia (Braida et al,
2015; Ramos-Miguel et al, 2019; Washbourne et al, 2002).
Moreover, we found that the conserved HMRs between human
and pig were highly co-located with bivalent domains and were
significantly enriched for GO terms of nervous system development
and locomotor behavior. This was consistent with previous studies
showing that developmental genes remain poised for later activation
and are simultaneously marked by H3K4me3 and H3K27me3 in the
male germline, such as the homeobox family of genes and the SRY-
related HMG-box family of genes (Sin et al., 2015). In summary,
these observations indicate that brain-associated genes may have
highly conserved DNA methylation patterns across species evolution
and are poised for activation at specific developmental stages.
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CONCLUSION

This study is the first to report a genome-wide comparative DNA
methylation map of adult pig sperm in three commercial pig breeds
using WGBS technology. Our results showed that sperm HMRs were
highly conserved in the three commercial pig breeds. Moreover, our
results indicated that breed-specific HMRs are related to phenotypic
changes and economically complex traits for each breed. The
conserved HMRs between pig sperm and testis close to or located
in the promoter regions of important genes are mainly involved in
DNA repair and spermatogenesis. Additionally, we found
considerable similarities in DNA methylomes between pig and
human sperms. The conserved HMRs between human and pig
are related to brain-associated genes. In summary, our study of
sperm methylomes in three commercial pig breeds contributes to
understanding the mechanism of complex traits (particularly male
fertility and brain-related traits) undergoing selection, further
supporting pigs as human medical models from an epigenetic
standpoint.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ncbinlm.nih.
gov/geo/, GSE180099.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
handling and sample collection were conducted according
to protocols approved by the Institutional Animal Care

REFERENCES

Bailey, T. L., Boden, M., Buske, F. A, Frith, M., Grant, C. E., Clementi, L., et al.
(2009). MEME SUITE: Tools for Motif Discovery and Searching. Nucleic Acids
Res. 37, W202-W208. doi:10.1093/nar/gkp335

Barlow, D. (1993). Methylation and Imprinting: from Host Defense to Gene
Regulation?. Science 260, 309-310. doi:10.1126/science.8469984

Braida, D., Guerini, F. R., Ponzoni, L., Corradini, I, De Astis, S., Pattini, L., et al.
(2015). Association Between SNAP-25 Gene Polymorphisms and Cognition in
Autism: Functional Consequences and Potential Therapeutic Strategies. Transl.
Psychiatry 5 (1), €500. doi:10.1038/tp.2014.136

Cai, Z., Sarup, P., Ostersen, T., Nielsen, B., Fredholm, M., Karlskov-Mortensen, P.,
et al. (2020). Genomic Diversity Revealed by Whole-Genome Sequencing in
Three Danish Commercial Pig Breeds. J. Anim. Sci. 98. doi:10.1093/jas/skaa229

Cardoso-Moreira, M., Halbert, J., Valloton, D., Velten, B., Chen, C., Shao, Y., et al.
(2019). Gene Expression across Mammalian Organ Development. Nature 571,
505-509. doi:10.1038/s41586-019-1338-5

Cho, C,, Jeong, J., Jin, S., Choi, H., Kwon, J., Kim, J., et al. (2017). Characterization
of MAGEG2 with Testis-specific Expression in Mice. Asian J. Androl. 19,
659-665. d0i:10.4103/1008-682X.192033

Choi, I, Steibel, ]. P., Bates, R. O., Raney, N. E.,, Rumph, J. M., and Ernst, C. W.
(2011). Identification of Carcass and Meat Quality QTL in an F2 Duroc x
Pietrain Pig Resource Population Using Different Least-Squares Analysis
Models. Front. Gene. 2, 18. doi:10.3389/fgene.2011.00018

Sperm DNA Methylomes in Pigs

and Use Committee (IACUC)
University.

at China Agricultural

AUTHOR CONTRIBUTIONS

SC analyzed the data and wrote manuscript. SL participated in
samples collection and WGBS data analyses. SM and ML
performed RRBS data analyses. YY and SZ participated in the
result interpretation and paper revision. YY and XD conceived
and designed the study and revised the manuscript. Both authors
read and approved the final manuscript.

FUNDING

This research was financially supported by the National
Natural Science Foundation of China (32072718), the
National Key Research and Development Project
(2019YFE0106800) and China Agriculture Research System
of MOF and MARA (CARS-35).

ACKNOWLEDGMENTS

We thank all co-authors for their contributions and Qinglei Xu
for assistance in the collection and processing of samples.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.740036/
full#supplementary-material

Curradi, M., Izzo, A., Badaracco, G., and Landsberger, N. (2002). Molecular
Mechanisms of Gene Silencing Mediated by DNA Methylation. Mol. Cel.
Biol. 22, 3157-3173. doi:10.1128/MCB.22.9.3157-3173.2002

de Vooght, K. M. K., van Wijk, R, and van Solinge, W. W. (2009). Management of
Gene Promoter Mutations in Molecular Diagnostics. Clin. Chem. 55 (4),
698-708. doi:10.1373/clinchem.2008.120931

Fang, L., Zhou, Y., Liu, S, Jiang, J., Bickhart, D. M., Null, D. J,, et al. (2019).
Comparative Analyses of Sperm DNA Methylomes Among Human, Mouse
and Cattle Provide Insights into Epigenomic Evolution and Complex Traits.
Epigenetics 14, 260-276. doi:10.1080/15592294.2019.1582217

Hammoud, S. S., Low, D. H. P., Yi, C,, Carrell, D. T., Guccione, E., and Cairns, B. R.
(2014). Chromatin and Transcription Transitions of Mammalian Adult
Germline Stem Cells and Spermatogenesis. Cell Stem Cell 15, 239-253.
doi:10.1016/j.stem.2014.04.006

Jamin, S. P., Petit, F. G., Kervarrec, C., Smagulova, F., Illner, D., Scherthan, H., et al.
(2017). EXOSC10/Rrp6 Is post-translationally Regulated in Male Germ Cells
and Controls the Onset of Spermatogenesis. Sci. Rep. 7, 15065. doi:10.1038/
541598-017-14643-y

Jolma, A., Yan, J., Whitington, T., Toivonen, J., Nitta, K. R, Rastas, P., et al. (2013).
DNA-binding Specificities of Human Transcription Factors. Cell 152, 327-339.
doi:10.1016/j.cell.2012.12.009

Jones, P. A. (2012). Functions of DNA Methylation: Islands, Start Sites, Gene
Bodies and beyond. Nat. Rev. Genet. 13, 484-492. doi:10.1038/nrg3230

Khan, A., Fornes, O., Stigliani, A., Gheorghe, M., Castro-Mondragon, J. A,
van der Lee, R,, et al. (2018). JASPAR 2018: Update of the Open-Access

Frontiers in Genetics | www.frontiersin.org

October 2021 | Volume 12 | Article 740036


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fgene.2021.740036/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.740036/full#supplementary-material
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1126/science.8469984
https://doi.org/10.1038/tp.2014.136
https://doi.org/10.1093/jas/skaa229
https://doi.org/10.1038/s41586-019-1338-5
https://doi.org/10.4103/1008-682X.192033
https://doi.org/10.3389/fgene.2011.00018
https://doi.org/10.1128/MCB.22.9.3157-3173.2002
https://doi.org/10.1373/clinchem.2008.120931
https://doi.org/10.1080/15592294.2019.1582217
https://doi.org/10.1016/j.stem.2014.04.006
https://doi.org/10.1038/s41598-017-14643-y
https://doi.org/10.1038/s41598-017-14643-y
https://doi.org/10.1016/j.cell.2012.12.009
https://doi.org/10.1038/nrg3230
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Chen et al.

Database of Transcription Factor Binding Profiles and its Web Framework.
Nucleic Acids Res. 46, D260-D266. doi:10.1093/nar/gkx1126

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a Fast Spliced Aligner
with Low Memory Requirements. Nat. Methods 12, 357-360. doi:10.1038/
nmeth.3317

Krueger, F., and Andrews, S. R. (2011). Bismark: a Flexible Aligner and
Methylation Caller for Bisulfite-Seq Applications. Bioinformatics 27,
1571-1572. doi:10.1093/bioinformatics/btr167

Kulakovskiy, I. V., Vorontsov, I. E., Yevshin, L. S., Sharipov, R. N., Fedorova,
A. D., Rumynskiy, E. I, et al. (2018). HOCOMOCO: towards a Complete
Collection of Transcription Factor Binding Models for Human and Mouse
via Large-Scale ChIP-Seq Analysis. Nucleic Acids Res. 46, D252-D259.
doi:10.1093/nar/gkx1106

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. L. (2009). Ultrafast and
Memory-Efficient Alignment of Short DNA Sequences to the Human Genome.
Genome Biol. 10, R25. doi:10.1186/gb-2009-10-3-r25

Liu, S., Chen, S., Cai, W, Yin, H,, Liu, A,, Li, Y., et al. (2019). Divergence Analyses
of Sperm DNA Methylomes between Monozygotic Twin Al Bulls. Epigenomes
3, 21. doi:10.3390/epigenomes3040021

Mendizabal, I, Shi, L., Keller, T. E., Konopka, G., Preuss, T. M., Hsieh, T.-F., et al.
(2016). Comparative Methylome Analyses Identify Epigenetic Regulatory Loci
of Human Brain Evolution. Mol. Biol. Evol. 33 (11), 2947-2959. d0i:10.1093/
molbev/msw176

Molaro, A., Hodges, E., Fang, F., Song, Q., McCombie, W. R., Hannon, G. J.,
et al. (2011). Sperm Methylation Profiles Reveal Features of Epigenetic
Inheritance and Evolution in Primates. Cell 146, 1029-1041. doi:10.1016/
j.cell.2011.08.016

Nakanishi, M., Nomura, J., Ji, X., Tamada, K., Arai, T., Takahashi, E., et al. (2017).
Functional Significance of Rare Neuroligin 1 Variants Found in Autism. PLOS
Genet. 13, €1006940. doi:10.1371/journal.pgen.1006940

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., and
Salzberg, S. L. (2015). StringTie Enables Improved Reconstruction of a
Transcriptome from RNA-Seq Reads. Nat. Biotechnol. 33, 290-295.
doi:10.1038/nbt.3122

Pintus, E., Ros-Santaella, J. L., and Garde, J. J. (2015). Beyond Testis Size: Links
between Spermatogenesis and Sperm Traits in a Seasonal Breeding Mammal.
PLoS One 10 (10), €0139240. doi:10.1371/journal.pone.0139240

Ponsuksili, S., Trakooljul, N., Basavaraj, S., Hadlich, F., Murani, E., and Wimmers,
K. (2019). Epigenome-wide Skeletal Muscle DNA Methylation Profiles at the
Background of Distinct Metabolic Types and Ryanodine Receptor Variation in
Pigs. BMC Genom. 20, 492. doi:10.1186/s12864-019-5880-1

Qu, J., Hodges, E., Molaro, A., Gagneux, P., Dean, M. D., Hannon, G. ], et al.
(2018). Evolutionary Expansion of DNA Hypomethylation in the
Mammalian Germline Genome. Genome Res. 28, 145-158. doi:10.1101/
gr.225896.117

Quinlan, A. R,, and Hall, I. M. (2010). BEDTools: a Flexible Suite of Utilities for
Comparing Genomic Features. Bioinformatics 26, 841-842. doi:10.1093/
bioinformatics/btq033

Rabiner, L. R. (1989). A Tutorial on Hidden Markov Models and Selected
Applications in Speech Recognition. Proc. IEEE 77, 257-286. d0i:10.1109/
5.18626

Ramos-Miguel, A., Barakauskas, V., Alamri, J., Miyauchi, M., Barr, A. M., Beasley,
C. L, et al. (2019). The SNAP25 Interactome in Ventromedial Caudate in
Schizophrenia Includes the Mitochondrial Protein ARF1. Neuroscience 420,
97-111. doi:10.1016/j.neuroscience.2018.12.045

Rothammer, S., Kremer, P. V., Bernau, M., Fernandez-Figares, L, Pfister-Schir, J.,
Medugorac, I, et al. (2014). Genome-wide QTL Mapping of Nine Body
Composition and Bone mineral Density Traits in Pigs. Genet. Sel. Evol. 46,
68. doi:10.1186/512711-014-0068-2

Sarropoulos, I., Marin, R., Cardoso-Moreira, M., and Kaessmann, H. (2019).
Developmental Dynamics of IncRNAs across Mammalian Organs and
Species. Nature 571, 510-514. doi:10.1038/s41586-019-1341-x

Schumacher, J. (2012). “Testis,” in Equine Surgery. Editors J. A. Auer and J. A. Stick.
Fourth Edition (Saint Louis: W.B. Saunders), 804-840. doi:10.1016/b978-1-
4377-0867-7.00059-4

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003).
Cytoscape: A Software Environment for Integrated Models of Biomolecular
Interaction Networks. Genome Res. 13 (11), 2498-2504. doi:10.1101/gr.1239303

Sperm DNA Methylomes in Pigs

Shen, Y., Yue, F., McCleary, D. F,, Ye, Z., Edsall, L., Kuan, S., et al. (2012). A Map of
the Cis-Regulatory Sequences in the Mouse Genome. Nature 488 (7409),
116-120. doi:10.1038/nature11243

Sin, H.-S., Kartashov, A. V., Hasegawa, K., Barski, A., and Namekawa, S. H. (2015). Poised
Chromatin and Bivalent Domains Facilitate the Mitosis-To-Meiosis Transition in the
Male Germline. BMC Biol. 13, 53. doi:10.1186/s12915-015-0159-8

Song, Q,, Decato, B, Hong, E. E,, Zhou, M., Fang, F,, Qu, ], et al. (2013). A Reference
Methylome Database and Analysis Pipeline to Facilitate Integrative and Comparative
Epigenomics. PLOS ONE 8, e81148. doi:10.1371/journal.pone.0081148

Staals, R. H. ], and Pruijn, G. J. M. (2010). “The Human Exosome and Disease,” in RNA
Exosome. Editor T. H. Jensen (New York, NY: Springer US), 132-142. doi:10.1007/
978-1-4419-7841-7_11

Swindle, M. M., Makin, A., Herron, A. J., Clubb, F. J., and Frazier, K. S. (2012).
Swine as Models in Biomedical Research and Toxicology Testing. Vet. Pathol.
49, 344-356. doi:10.1177/0300985811402846

Vastenhouw, N. L., and Schier, A. F. (2012). Bivalent Histone Modifications in Early
Embryogenesis. Curr. Opin. Cel Biol. 24, 374-386. doi:10.1016/j.ceb.2012.03.009

Villar, D., Berthelot, C., Aldridge, S., Rayner, T. F., Lukk, M., Pignatelli, M., et al.
(2015). Enhancer Evolution across 20 Mammalian Species. Cell 160, 554-566.
doi:10.1016/j.cell.2015.01.006

Wagner, J. R., Busche, S., Ge, B., Kwan, T., Pastinen, T., and Blanchette, M. (2014).
The Relationship between DNA Methylation, Genetic and Expression Inter-
individual Variation in Untransformed Human Fibroblasts. Genome Biol. 15,
R37. doi:10.1186/gb-2014-15-2-r37

Wang, H., Wang, J., Ning, C., Zheng, X, Fu, ], Wang, A, et al. (2017). Genome-
wide DNA Methylation and Transcriptome Analyses Reveal Genes Involved in
Immune Responses of Pig Peripheral Blood Mononuclear Cells to Poly I:C. Sci.
Rep. 7, 9709. doi:10.1038/s41598-017-10648-9

Wang, X., and Kadarmideen, H. N. (2019). An Epigenome-wide DNA Methylation
Map of Testis in Pigs for Study of Complex Traits. Front. Genet. 10, 405.
doi:10.3389/fgene.2019.00405

Walter, W., Sanchez-Cabo, F., and Ricote, M. (2015). GOplot: An R Package for
Visually Combining Expression Data with Functional Analysis. Bioinformatics
31 (17), 2912-2914. doi:10.1093/bioinformatics/btv300

Wang, X, Xie, W., Yao, Y., Zhu, Y., Zhou, J., Cui, Y., et al. (2020). The Heat Shock
Protein Family Gene Hspall in Male Mice Is Dispensable for Fertility. Peer/ 8,
€8702. doi:10.7717/peerj.8702

Washbourne, P., Thompson, P. M., Carta, M., Costa, E. T., Mathews, J. R, Lopez-Bendito,
G, et al (2002). Genetic Ablation of the t-SNARE SNAP-25 Distinguishes
Mechanisms of Neuroexocytosis. Nat. Neurosci. 5 (1), 19-26. doi:10.1038/nn783

Wu, D., and Dean, J. (2020). EXOSCI10 Sculpts the Transcriptome during the
Growth-To-Maturation Transition in Mouse Oocytes. Nucleic Acids Res. 48,
5349-5365. doi:10.1093/nar/gkaa249

Zamudio, N., Barau, J., Teissandier, A., Walter, M., Borsos, M., Servant, N,, et al. (2015).
DNA Methylation Restrains Transposons from Adopting a Chromatin Signature
Permissive for Meiotic Recombination. Genes Dev. 29, 1256-1270. doi:10.1101/
gad.257840.114

Zhou, Z., Zhu, Y., Zhang, Z., Jiang, T., Ling, Z, Yang, B, et al. (2021). Comparative
Analysis of Promoters and Enhancers in the Pituitary Glands of the Bama Xiang and
Large White Pigs. Front. Genet. 12, 697994. doi:10.3389/fgene.2021.697994

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Liu, Mi, Li, Zhang, Ding and Yu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Genetics | www.frontiersin.org

11

October 2021 | Volume 12 | Article 740036


https://doi.org/10.1093/nar/gkx1126
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1093/nar/gkx1106
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.3390/epigenomes3040021
https://doi.org/10.1093/molbev/msw176
https://doi.org/10.1093/molbev/msw176
https://doi.org/10.1016/j.cell.2011.08.016
https://doi.org/10.1016/j.cell.2011.08.016
https://doi.org/10.1371/journal.pgen.1006940
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1371/journal.pone.0139240
https://doi.org/10.1186/s12864-019-5880-1
https://doi.org/10.1101/gr.225896.117
https://doi.org/10.1101/gr.225896.117
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1109/5.18626
https://doi.org/10.1109/5.18626
https://doi.org/10.1016/j.neuroscience.2018.12.045
https://doi.org/10.1186/s12711-014-0068-2
https://doi.org/10.1038/s41586-019-1341-x
https://doi.org/10.1016/b978-1-4377-0867-7.00059-4
https://doi.org/10.1016/b978-1-4377-0867-7.00059-4
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/nature11243
https://doi.org/10.1186/s12915-015-0159-8
https://doi.org/10.1371/journal.pone.0081148
https://doi.org/10.1007/978-1-4419-7841-7_11
https://doi.org/10.1007/978-1-4419-7841-7_11
https://doi.org/10.1177/0300985811402846
https://doi.org/10.1016/j.ceb.2012.03.009
https://doi.org/10.1016/j.cell.2015.01.006
https://doi.org/10.1186/gb-2014-15-2-r37
https://doi.org/10.1038/s41598-017-10648-9
https://doi.org/10.3389/fgene.2019.00405
https://doi.org/10.1093/bioinformatics/btv300
https://doi.org/10.7717/peerj.8702
https://doi.org/10.1038/nn783
https://doi.org/10.1093/nar/gkaa249
https://doi.org/10.1101/gad.257840.114
https://doi.org/10.1101/gad.257840.114
https://doi.org/10.3389/fgene.2021.697994
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Comparative Analyses of Sperm DNA Methylomes Among Three Commercial Pig Breeds Reveal Vital Hypomethylated Regions Associat ...
	Introduction
	Materials and Methods
	Sample Collection and Sequence Library Preparation
	WGBS Data Processing and Hypomethylated Region Identification
	Identification of Conserved/Specific HMRs
	RNA-Seq Data and Gene Expression Quantification
	DNA Motif Enrichment
	ChIP-Seq Data and Epigenetic Features Analysis
	Other Downstream Bioinformatics Analysis

	Results
	General Characteristics of Sperm DNA Methylome
	Inter-Breed Variation and Conservation in Sperm DNA Methylome
	Comparison of HMRs Between Porcine Sperm and Testis
	The Conservation of Breeds-Conserved HMRs Across Species
	Coordinated Epigenetic Marks at Conserved HMRs Between Human and Pig

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


