
Citation: Luo, R.; Dai, X.; Zhang, L.;

Li, G.; Zheng, Z. Genome-Wide DNA

Methylation Patterns of Muscle and

Tail-Fat in DairyMeade Sheep and

Mongolian Sheep. Animals 2022, 12,

1399. https://doi.org/10.3390/

ani12111399

Academic Editor:

Mariasilvia D'Andrea

Received: 31 March 2022

Accepted: 26 May 2022

Published: 29 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Genome-Wide DNA Methylation Patterns of Muscle and
Tail-Fat in DairyMeade Sheep and Mongolian Sheep
Rongsong Luo 1,2,3 , Xuelei Dai 2 , Li Zhang 1, Guangpeng Li 1,* and Zhong Zheng 1,*

1 State Key Laboratory of Reproductive Regulation & Breeding of Grassland Livestock, School of Life Sciences,
Inner Mongolia University, Hohhot 010070, China; lrs0729@163.com (R.L.); zhanglinmg@aliyun.com (L.Z.)

2 Key Laboratory of Animal Genetics, Breeding and Reproduction of Shaanxi Province, College of Animal
Science and Technology, Northwest A&F University, Xianyang 712100, China; daixuelei2014@163.com

3 State Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of
Sciences, Kunming 650223, China

* Correspondence: gpengli@imu.edu.cn (G.L.); zhengzhong@imu.edu.cn (Z.Z.)

Simple Summary: DNA methylation is an important epigenetic modification and plays an important
role in the regulation of gene expression. The study of DNA methylation will help to explore the
effects of epigenetic modifications, other than DNA sequence variation, on biological phenotypes
and physiological functions, promoting the revolution of livestock selection and breeding practices.
DairyMeade sheep (thin-tailed) and Mongolian sheep (fat-tailed) have large differences in their dairy
and meat production performances, as well as their tail phenotype, thus providing us with good
materials for genomic DNA methylation studies. The below results provided a genome-wide DNA
methylation landscape of muscle and tail-fat tissues between DairyMeade sheep and Mongolian
sheep and a series of differentiated methylation regions (DMRs) in which CAMK2D may play a
crucial role in fat metabolism and meat quality traits. These results may help us to understand how
DNA methylation affects the economic traits of domestic animals like sheep.

Abstract: This study aimed to explore the genome-wide DNA methylation differences between
muscle and tail-fat tissues of DairyMeade sheep (thin-tailed, lean carcass) and Mongolian sheep
(fat-tailed, fat-deposited carcass). Whole-genome bisulfite sequencing (WGBS) was conducted and
the global DNA methylation dynamics were mapped. Generally, CGs had a higher DNA methylation
level than CHHs and CHGs, and tail-fat tissues had higher CG methylation levels than muscle
tissues. For DNA repeat elements, SINE had the highest methylation level, while Simple had the
lowest. When dividing the gene promoter region into small bins (200 bp per bin), the bins near the
transcription start site (±200 bp) had the highest CG count per bin but the lowest DNA methylation
levels. A series of DMRs were identified in muscle and tail-fat tissues between the two breeds.
Among them, the introns of gene CAMK2D (calcium/calmodulin-dependent protein kinase II δ)
demonstrated significant DNA methylation level differences between the two breeds in both muscle
and tail-fat tissues, and it may play a crucial role in fat metabolism and meat quality traits. This study
may provide basic datasets and references for further epigenetic modification studies during sheep
genetic improvement.

Keywords: whole-genome bisulfite sequencing; CpG; gene promoter region; fat-tailed sheep; CAMK2D

1. Introduction

Lamb is popular worldwide for its low cholesterol, low fat, and high protein content.
However, in many countries, including China, low growth rates and slaughter rates are
commonly seen in indigenous breeds like Mongolian sheep and affect meat production
efficiency. The improvement of mutton production efficiency on a large scale is an important
issue to be solved urgently. At present, many genetic polymorphisms affecting sheep
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growth and reproduction have been studied by genome resequencing and whole-genome
association analysis [1,2]. However, these widely concerned economic traits still could not
be fully explained by polymorphism or quantitative trait loci.

DNA methylation occurs on cytosine residues and is an important epigenetic regula-
tory mechanism in eukaryotes. It plays a key role in mediating gene expression, genomic
imprinting, cell differentiation, embryogenesis, and other biological processes, and de-
termines the phenotypic plasticity of organisms [3]. Whole-genome DNA methylation
sequencing has been extensively carried out in many mammals [4–7]. In terms of litter size,
the reproductive efficiency of sheep has an important impact on the economic efficiency of
farmers. Reproductive traits usually have low to moderate heritability and do not respond
significantly to phenotypic selection. However, studies have shown that ovarian develop-
ment is affected by DNA methylation [8–10]. DNA methylation affects sexual maturation
and ovarian maturation in pigs [11]. Similarly, DNA methylation also affects a variety of
biological phenotypes. DNA methylation is closely related to changes in gene expression
profiles and affects body size [12,13]. In addition, sheep genome-wide association analysis
revealed that MBD5 (Methyl-CpG-binding domain protein 5) may be closely related to
sheep meat production traits. This gene has a structural domain binding to methylated
DNA, suggesting that DNA methylation may be involved in post-weaning development
and is a candidate gene for weight gain after weaning [1].

Muscle development and growth were closely related to the proliferation, fusion and
differentiation of myoblasts into muscle fibers [14]. These processes are not only affected
by genotype, but also by a series of complex epigenetic regulatory mechanisms, including
DNA methylation [15,16]. A study based on genome-wide DNA methylation in skeletal
muscle of different pig breeds found that differential methylation regions in gene promoters
were associated with known obesity-related genes such as FTO, ATP1B1 and COL8A2 [17].
In normal aging human skeletal muscle tissue, DNA methylation plays a key role in
improving proteolytic reactions related to muscle function [18]. A comparative analysis of
Japanese Wagyu and Chinese Red Steppes cattle by genome-wide DNA methylation has
also indicated that certain DMRs and differentially expressed genes are related to muscle
development [19].

Dairy sheep breeds, including East Friesian and DairyMeade, were introduced into
China in recent years to establish its own sheep dairy industry. DairyMeade, which
originated in New Zealand, is a large-framed sheep breed with good milking performance.
Meanwhile, it also grows fast, has a thin tail, good slaughter performance, and a relatively
lean carcass. As an indigenous sheep breed that is widely distributed in Inner Mongolia,
Mongolian sheep have fat tails, a general slaughter performance, and a fat-deposited carcass.
Crossbreeding of DairyMeade and Mongolian sheep may yield a new dual-purpose sheep
breed that has both milking and growth performance, while the underlying genetic and
epigenetic mechanisms of the trait differences between these two breeds need to be revealed.
To explore how DNA methylation affects the muscle growth and fat deposition of these
sheep, we collected the muscle and tail-fat tissues from these two sheep breeds as well as
their hybrid F1 offspring and conducted WGBS. Then the genome-wide DNA methylation
landscape at a single-base resolution was drawn, and the differences and differentially
methylated genes were identified.

2. Materials and Methods
2.1. Sampling for Whole-Genome DNA Methylation Sequencing

The sheep used in this study were raised under the same conditions and had free
access to feed, water, and access to indoor and outdoor spaces. All animal experiment
procedures were performed in accordance with the guidelines approved by the Ethics
Committee of Inner Mongolia University. Sampling was carried out according to the
“Guidelines on Ethical Treatment of Experimental Animals” established by the Ministry of
Science and Technology, China.
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A total of 12 biceps femoris muscle samples were collected from 12 male sheep,
including 3 three-month-old DairyMeade sheep (DM3M), 3 twelve-month-old DairyMeade
sheep (DM12M), 3 twelve-month-old Mongolian sheep (MG12M), and 3 twelve-month-old
hybrid F1 (F112M, Mongolian sheep x DairyMeade sheep). A total of 10 tail-fat tissues were
collected from 10 male sheep, including 4 twelve-month-old Mongolian sheep, 3 twelve-
month-old DairyMeade sheep (DM), and 3 twelve-month-old hybrid F1 (F1TF). All samples
were stored in liquid nitrogen immediately after collection.

2.2. DNA Extraction, WGBS Library Preparation and Sequencing

Genomic DNA was extracted from tail-fat and muscle tissues using a DNA extraction
kit (Tiangen, Beijing, China). The concentration and quality of DNA were evaluated by
agarose gel electrophoresis and the Nano-Drop spectrophotometer. DNA was fragmented
by ultrasonication, the fragments were end-repaired, 3′-end-adenylated and ligated with
adapters. Agarose gel electrophoresis was used to select fragments of 400–500 bp in
length. Finally, the selected fragments were treated with bisulfite and subjected to PCR
amplification to construct the sequencing library. The qualified library was subsequently
sequenced using an Illumina HiSeq 2500 system with an average genome coverage of
20.78× (Supplementary Table S1).

2.3. Reads Mapping and DNA Methylation Detection

The WGBS data were analyzed according to the flow chart in Supplementary Figure S1.
The raw reads produced by the Illumina HiSeq 2500 system were filtered for subse-
quent analysis to ensure the quality of data analysis, including the removal of reads
that have adapters and filtration of reads with low-quality bases or more than 10% N
content. Then the module bs_seeker2-align.py in BS-Seeker2 software [20] was used to
align the clean reads to the sheep reference genome (Oar_rambouillet_v1) with parameter
setting –aligner = bowtie2 –bt2-p 8, and indexes were created using the module bs_seeker2-
build.py in BS-Seeker2 software with parameter setting –aligner = bowtie2. Finally, the
module bs_seeker2-call_methylation.py in BS-Seeker2 software was used to extract in-
formation about genomic cytosine sites from the results of the comparison of the clean
reads with the reference genome, and thereby acquire the coverage of cytosine site and the
number of different types of methylated cytosine (CG as CpG, CHG and CHH).

2.4. Annotation of Genomic Regions and Methylation Level Calculation

To evaluate the dynamics of DNA methylation in different genomic regions, a region
from 15 kb upstream to 15 kb downstream of each gene (±15 kb) was selected based on the
structure and annotation of RefSeq genes, which was then divided into intragenic (or gene
body) and intergenic regions. The intragenic region is from the transcription start site (TSS)
to the transcription end site (TES) of each gene. The intergenic region is defined as the
complementary region of the intragenic region, which consists of 15 kb upstream and 15 kb
downstream of each gene. The annotated files of repeat elements of the reference genome
were downloaded from NCBI. Four typical types of repeat elements, such as LINE, SINE,
LTR, and Simple, and the annotation information of intragenic regions, intergenic regions,
exon and intron were extracted to calculate their DNA methylation levels, respectively.

Gene promoters are key regions of DNA methylation to regulate gene transcrip-
tion. To further explore the dynamics of DNA methylation in promoter regions, the
TSS ± 10 kb genome region was first extracted and divided into 100 subregions, and the
CG count/amount of each region was calculated to screen the candidate promoter region.
Empirically, the TSS ± 2 kb region was defined as a promoter region based on CG count
and was further divided into 20 consecutive bins (200 bp for each, termed bin−10 . . .
bin10) [21]. The number of CG dinucleotides in each bin was calculated and plotted into a
CG frequency histogram. Based on the number of CGs, gene promoters were divided into
high CG density (HCG), intermediate CG density (ICG) and low CG density (LCG) groups.
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The DNA methylation levels of the gene body and intergenic regions were summed
up to determine the global DNA methylation levels of the RefSeq genes. For each genomic
region, only CG sites with at least threefold read coverage were considered to calculate
the DNA methylation. The average DNA methylation level of all the CGs captured in a
region was interpreted as the average DNA methylation level of the region. The DNA
methylation of single CG was also limited to the CGs with at least a threefold read coverage.
We defined the DNA methylation level of each sample as the arithmetic average of the
DNA methylation levels of all the RefSeq genes, whereas the DNA methylation level of
each reported stage was defined as the arithmetic average of all the biological replicates.
The data was processed with customized Python (3.6.12) scripts. The graphics were drawn
with R (3.5.0).

2.5. Identification of DMR-Containing Genes

A 600 bp sliding window was used to scan the genome with a step length of 300 bp
to calculate the methylation levels in each window to screen the differentially methylated
regions (DMRs). Only those windows containing at least 3 CGs with at least threefold
read coverage were retained to calculate methylation levels. The methylation level of each
window was defined as the arithmetic mean of all CG methylation levels in the window.
When the absolute value of the methylation level difference between two samples was
greater than or equal to 0.15, the sliding window was considered a differential methylation
window. Gene annotation of the reference genome (Oar_rambouillet_v1) was used to
annotate DMR-containing genes. The following criteria were used to annotate the DMR-
containing genes: (1) Gene fragment contained in DMR; (2) Gene fragment overlapped
with DMR; (3) DMR covered by gene fragment. As long as one of these criteria was met.

3. Results
3.1. Global DNA Methylation Patterns

We first compared the global DNA methylation patterns of muscle and tail-fat tissues.
The DNA methylation in different contexts (CG, CHG, and CHH) was calculated. In muscle
tissues, 67.82% of CGs had methylation levels greater than 0.5, and 32.18% of CGs had
methylation levels lower than 0.5 (Figure 1A). However, DNA methylation levels were
relatively lower in both CHGs and CHHs. About 94.37% of CHGs had DNA methylation
levels of less than 0.1, and 5.63% of CHGs greater than 0.1. The DNA methylation of CHHs
was similar to that of CHGs, with 93.53% of CHHs had DNA methylation levels less than
0.1 and 6.47% of CHGs were greater than 0.1 (Figure 1A). The same pattern was observed
in tail-fat tissues (Figure 1B). These results indicate that DNA methylation levels vary in
different cytosine contexts throughout the genome. In both tissues, the DNA methylation
level of CGs was much higher than that of CHGs and CHHs. Moreover, the global CGs
DNA methylation level of tail-fat was slightly higher than muscle.

We then calculated the DNA methylation levels of each sample under different cytosine
contexts. The methylation level of CHGs was slightly lower in tail-fat than in muscle (0.044
vs. 0.047), while the methylation level of CHHs was also slightly lower in fat-tail than in
muscle (0.050 vs. 0.050). Moreover, the methylation levels in CHHs were slightly higher
than in CHGs, both in muscle and tail-fat (Figure 2A).

In the CG context, no significant difference was found in the DNA methylation levels
of muscle tissues at two different growth stages. The DNA methylation levels of three-
month-old DairyMeade sheep, twelve-month-old DairyMeade sheep, twelve-month-old
Mongolian sheep, and F1 sheep were 0.668, 0.675, 0.678, and 0.674, respectively. In tail-fat
tissues, DNA methylation levels of twelve-month-old DairyMeade sheep, twelve-month-
old Mongolian sheep, and F1 were 0.716, 0.699, and 0.725, respectively. In general, the
methylation levels of CGs for muscle and tail-fat tissues did not differ too much among
different groups but the methylation levels of CGs were generally higher in tail-fat tissue
than in muscle tissue (Figure 2B).
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3.2. DNA Methylation Dynamics

DNA methylation in CGs plays an important role in maintaining genomic stability
and regulating gene expression. We then focused on CGs and explored the genome-wide
dynamics of CG methylation in muscle and tail-fat tissues. The DNA methylation in
the gene body and its upstream and downstream 15 kb regions (intergenic region) was
calculated and compared. The results showed that, in muscle tissue, the methylation level
near TSS was the lowest. The methylation level rapidly increased in the gene body, and
reached its peak at TES and then decreased to a relatively stable state at the downstream
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of TES (Figure 3A). The same patterns were observed in tail-fat tissues and they were not
affected by the genetic background of the sheep (Figure 3B).
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3.3. DNA Methylation of Repeat Elements and Other Genomic Regions

The epigenetic modification of repeat elements plays an important role in gene expres-
sion regulation. Based on the genome annotations, we extracted LINE, SINE, LTR, and
Simple sequence repeats, as well as the intergenic regions, intragenic region/gene body,
exons, and introns to compare their DNA methylation levels in CG contexts. In muscle
tissues, the methylation level of SINE was the highest (0.747 on average) and that of Simple
was the lowest (0.567 on average). The methylation level of the intergenic region (0.652)
was slightly lower than that of the intragenic region (0.697). The methylation levels of
exons and introns were quite similar (0.685 and 0.703) (Figure 4A). In tail-fat tissues, the
DNA methylation dynamics were similar to muscle tissues, and the methylation level of
Mongolian sheep was slightly lower than the others (Figure 4B). In general, the levels of
methylation in these repeat elements and genomic regions were slightly higher in tail-fat
tissues than in muscle tissues (Figure 4C).
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3.4. DNA Methylation of Gene Promoter Regions

Gene promoters are commonly defined as the genomic regions flanking TSS that
contain conserved DNA sequences for RNA polymerase to recognize and bind, thus starting
transcription. Promoter regions are usually rich in CGs and susceptible to epigenetic
modifications such as DNA methylation, which affect gene transcription efficiency. To
identify candidate promoter regions, genomic regions from 10 kb upstream to 10 kb
downstream of each RefSeq gene TSS were extracted and divided into 100 consecutive
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subregions or bins (200 bp per bin), then the CG count, which means the CG number for
each bin, was calculated. The results showed that the bins near TSS (±2 kb) had the highest
CG counts while the flank region had a relatively stable low CG count (Supplementary
Figure S2). We then selected the 20 bins in the TSS ± 2 kb region as the promoter region for
further analysis. It was clear that the first bin downstream of TSS had the highest CG count
(16.84 on average, Figure 5B).
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To find out the correlation between CG count and CG methylated level of the promoter
region, the gene promoters were divided into three categories according to their CG count
in these 20 bins, named HCG (>8 CGs per bin), ICG (4–8 CGs per bin) and LCG (<4 CGs
per bin). Then, the dynamic changes of DNA methylation in the gene promoter regions
of muscle and tail-fat tissues were compared. In general, the average methylation level of
tail-fat tissues (0.357) was similar to muscle tissues (0.346) in the promoter region. However,
among these promoters, HCG promoters had the lowest methylation level, and LCG
promoters had the highest methylation level in both tissues (Figure 6A). Moreover, HCG
and ICG promoters had the lowest methylated bin near TSS (bin-1 and bin1) in both tissues,
while the same pattern was not seen in LCG promoters (Figure 6B,C). Since CG counts in
the promoter region gradually decreased from TSS to the flanking region, we may conclude
that DNA methylation level was negatively correlated with CG density in the promoter
region and methylation in the TSS ± 200 bp region may have a core regulatory effect on
gene expression.

3.5. Analysis of Differentially Methylated Regions

We then scanned the whole genome with a sliding window of 600 bp and a step size
of 300 bp and calculated the methylation level for each window for screening DMRs. For
tail-fat tissues, twelve-month-old DairyMeade sheep, Mongolian sheep, and F1 individuals
were compared in pairs to find DMRs. After strict screening, a total of 34 DMRs were identi-
fied among twelve-month-old DairyMeade sheep and Mongolian sheep. Gene annotations
for these regions showed that 6 genes were in the list, which were CAMK2D, LOC114110783,
LOC114110882, TSPAN18, LOC114110875 and ADRA1A. In addition, a total of 20 DMRs
were identified and 3 genes were annotated between DairyMeade sheep and F1 individuals.
Ten DMRs were identified and 2 genes were annotated between Mongolian sheep and F1
individuals (Supplementary Table S2). For muscle tissues, 14, 12, 12 and 15 DMRs were
identified and 4, 4, 1, and 3 genes were annotated in three-month-old vs. twelve-month-old
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DairyMeade sheep, twelve-month-old DairyMeade sheep vs. twelve-month-old Mongolian
sheep, twelve-month-old DairyMeade sheep vs. F1 individuals and twelve-month-old
Mongolian sheep vs. F1 individuals, respectively (Supplementary Table S2).
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Among these genes, TSPAN18 is a regulatory factor released by endothelial cell
Orai1/Ca2+ signal and von Willebrand factor under inflammation stimulation [22]. ADRA1A
encodes alpha-1 adrenergic receptors (alpha-1-ARs), a member of the G protein-coupled
receptor superfamily, play an important role in activating the mitotic response and regu-
lating the growth and proliferation of many cells. GO (Gene Ontology) annotation shows
that this gene is related to G protein-coupled receptor activity and α-adrenergic receptor
activity. In addition, intranuclear ADRA1A-ADRA1B heterooligomers modulate adrenaline
(PE) to stimulate ERK signaling in cardiomyocytes [23]. It is worth noting that the gene
CAMK2D was detected in both muscle tissue and tail-fat tissue, particularly in tail-fat tissue
of twelve-month-old DairyMeade sheep and Mongolian sheep (Figure 7), which encodes
calcium/calmodulin-dependent protein kinase II δ and belongs to the serine/threonine-
protein kinase family. CAMK2D encodes calcium/calmodulin-dependent protein kinase II
δ, which is involved in regulating the transport of Ca2+, Na+ and K+ in the sarcoplasmic
reticulum and mediates a variety of second messenger effects of Ca2+. It may also regulate
the transport of sarcoplasmic reticulum Ca2+ through phosphorylation and participate in
the regulation of skeletal muscle function in response to exercise [24,25].
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4. Discussion

The effect of epigenetic modifications, including DNA methylation, on the economic
traits of domestic animals has not been well studied, especially in grass-feeding livestock.
The significant differences in the tail trait, growth rate, body fat rate, and slaughter perfor-
mance between DairyMeade and Mongolian sheep make them a good model to study the
effect of DNA methylation on the above-mentioned traits.

In this study, genome-wide DNA methylation sequencing was performed on muscle
and tail-fat tissues of DairyMeade sheep and Mongolian sheep. The genome-wide DNA
methylation landscape of muscle and tail-fat tissue of sheep was mapped, and the methyla-
tion variations between DairyMeade sheep and Mongolian sheep were compared. Under
different cytosine contexts, DNA methylation levels were quite different. DNA methylation
was at lower levels in CHH and CHG contexts, which may play an important role in
maintaining genome stability [26]. Cytosine in CG context usually has a high methylation
level and plays an important role in regulating gene expression, and its methylation level
usually differs among different genomic regions [27,28]. The methylation levels of CHH
and CHG were both low in the present study, which was consistent with previous stud-
ies [15]. We also found that in the sheep genome, the methylation level is region-specific,
with a low methylation level near the TSS and a high methylation level near the TES, which
was consistent with the results in humans [21]. Although DNA methylation is distributed
asymmetrically throughout the genome, the methylation dynamics are completely con-
sistent, and this dynamic pattern is common and unchanged at different developmental
stages in mammals, which was also confirmed in our studies that three-month-old and
twelve-month-old sheep had similar patterns [29,30]. Furthermore, there are a huge num-
ber of repeat elements distributed throughout the genome, which are not inactivated in
their natural state and maintain genome configuration and regulate gene expression. DNA
methylation patterns and levels of diverse repeat elements are different to some extent, and
there is also a certain spatio-temporal specificity [29]. Our results indicated that among the
four repeat elements, Simple had the lowest methylation level.

The CG count and DNA methylation level of the promoter region have a greater
impact on chromatin accessibility. Low DNA methylation levels in the promoter region are
more likely to establish chromatin accessibility, while high DNA methylation levels are the
opposite [31]. Combined with our previous results, the GC count and DNA methylation
level at promoter regions showed similar variations and distribution patterns between
sheep and humans, and DNA methylation flanking the TSS (±200 bp) may be closely
related to the regulation of gene expression [21].
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Through strict screening, the region located at 15,111,900–15,112,500 bp on chromo-
some 6 showed significant methylation differences in tail-fat tissue between twelve-month-
old DairyMeade sheep and Mongolian sheep. This region is located in the intron of the
CAMK2D gene (Chr6, 14,727,325–15,282,831 bp). It was reported that alternative splicing of
this gene leads to multiple transcriptional variants encoding different protein isoforms and
participating in multiple physiological activities [24]. In addition, the Ca2+ signaling path-
way is involved in regulating the biological clock, intestinal microbial activity, and neuron
excitability, thus regulating mammalian food intake, energy metabolism, and adipocyte
differentiation [32]. A previous study also suggested that the CAMK2D gene is closely
related to the fat accumulation of Landrace pigs [33]. CAMK2D also contains the gene
LOC114115266 (Chr6, 14,953,544–14,961,128 bp, upstream of the DMR), which encodes
ankyrin for connection and integration. We speculate that the differential methylation
level in tail-fat tissue may play a role in the selective splicing of CAMK2D to produce
multiple transcripts, thereby affecting its transcriptional changes and expression differ-
ences. Moreover, another region of CAMK2D (15,114,600–15,115,200 bp) also showed
differential methylation levels in muscle tissue from twelve-month-old DairyMeade sheep
and Mongolian sheep, and this DMR may also affect the selective splicing to produce
different protein subtypes, thus affecting the muscle development in DairyMeade sheep
and Mongolian sheep.

5. Conclusions

CG plays a major role in sheep’s genome methylation. Tail-fat tissues had a higher
methylation level than muscle tissues. The DNA sequence flanking the TSS (±2 kb)
is the candidate promoter region of the sheep gene, and the DNA methylation level
was negatively correlated with CG density in the promoter region in those genes which
have high CG counts in the candidate promoter region. In those DMRs from tail-fat
and muscle tissues between DairyMeade and Mongolian sheep, CAMK2D is a promising
candidate gene which may regulate the fat and muscle development of sheep through
mRNA alternative splicing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12111399/s1, Table S1: Informations of sampling and sequencing
of whole-genome DNA methylation; Table S2: Informations of DMR and gene annotations; Figure S1:
The flow chart showed the data analysis of Whole-Genome Bisulfite Sequencing; Figure S2: The
distribution of CpG counts of the 100 bins (TSS ± 10 kb) for all the RefSeq genes.

Author Contributions: G.L., R.L. and Z.Z. conceived and designed the experiments; Z.Z. and L.Z.
completed sampling and performed the experiments; R.L. and X.D. completed data analysis and
visualized it; G.L. and Z.Z. supervised the project; R.L., Z.Z. and G.L. wrote the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Science and Technology Major Project of Inner Mongolia
Autonomous Region of China: 2020ZD0007 and Natural Science Foundation of Inner Mongolia
Autonomous Region of China: 2019MS03024.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Inner Mongolia University (protocol code
IMU-sheep-2019-020, 10 March 2019).

Data Availability Statement: The whole-genome bisulfite sequencing datasets generated in this
study were submitted to the National Center for Biotechnology Information (NCBI) Sequence Read
Archive with the accession code PRJNA822017. The additional datasets supporting the conclusions
in this paper can be found in the Supplementary Materials.

Acknowledgments: We would like to thank Gong Zhang and MengTianRan Animal Husbandry
Technical Development Co., Ltd., Uulanqab, Inner Mongilia, China for the help of DairyMeade
sheep sampling.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ani12111399/s1
https://www.mdpi.com/article/10.3390/ani12111399/s1


Animals 2022, 12, 1399 11 of 12

References
1. Walling, G.A.; Visscher, P.M.; Wilson, A.D.; McTeir, B.L.; Simm, G.; Bishop, S.C. Mapping of quantitative trait loci for growth and

carcass traits in commercial sheep populations. J. Anim. Sci. 2004, 82, 2234–2245. [CrossRef] [PubMed]
2. Zhang, L.; Liu, J.; Zhao, F.; Ren, H.; Xu, L.; Lu, J.; Zhang, S.; Zhang, X.; Wei, C.; Lu, G.; et al. Genome-wide association studies for

growth and meat production traits in sheep. PLoS ONE 2013, 8, e66569. [CrossRef] [PubMed]
3. Rosenfeld, C.S. Animal models to study environmental epigenetics. Biol. Reprod. 2010, 82, 473–488. [CrossRef] [PubMed]
4. Gim, J.A.; Hong, C.P.; Kim, D.S.; Moon, J.W.; Choi, Y.; Eo, J.; Kwon, Y.J.; Lee, J.R.; Jung, Y.D.; Bae, J.H.; et al. Genome-wide analysis

of DNA methylation before-and after exercise in the thoroughbred horse with MeDIP-Seq. Mol. Cells 2015, 38, 210–220. [CrossRef]
5. Hu, Y.; Xu, H.; Li, Z.; Zheng, X.; Jia, X.; Nie, Q.; Zhang, X. Comparison of the genome-wide DNA methylation profiles between

fast-growing and slow-growing broilers. PLoS ONE 2013, 8, e56411. [CrossRef]
6. Jin, L.; Jiang, Z.; Xia, Y.; Lou, P.E.; Chen, L.; Wang, H.; Bai, L.; Xie, Y.; Liu, Y.; Li, W.; et al. Genome-wide DNA methylation changes

in skeletal muscle between young and middle-aged pigs. BMC Genom. 2014, 15, 653.
7. Cao, J.; Wei, C.; Liu, D.; Wang, H.; Wu, M.; Xie, Z.; Capellini, T.D.; Zhang, L.; Zhao, F.; Li, L.; et al. DNA methylation Landscape of

body size variation in sheep. Sci. Rep. 2015, 5, 13950. [CrossRef]
8. Lomniczi, A.; Loche, A.; Castellano, J.M.; Ronnekleiv, O.K.; Bosch, M.; Kaidar, G.; Knoll, J.G.; Wright, H.; Pfeifer, G.P.; Ojeda, S.R.

Epigenetic control of female puberty. Nat. Neurosci. 2013, 16, 281–289. [CrossRef]
9. Abdoli, R.; Zamani, P.; Mirhoseini, S.Z.; Ghavi, H.N.; Nadri, S. A review on prolificacy genes in sheep. Reprod. Domest. Anim.

2016, 51, 631–637. [CrossRef]
10. Zhang, Y.; Li, F.; Feng, X.; Yang, H.; Zhu, A.; Pang, J.; Han, L.; Zhang, T.; Yao, X.; Wang, F. Genome-wide analysis of DNA

Methylation profiles on sheep ovaries associated with prolificacy using whole-genome Bisulfite sequencing. BMC Genom. 2017,
18, 759. [CrossRef]

11. Yuan, X.L.; Gao, N.; Xing, Y.; Zhang, H.B.; Zhang, A.L.; Liu, J.; He, J.L.; Xu, Y.; Lin, W.M.; Chen, Z.M.; et al. Profiling the
genome-wide DNA methylation pattern of porcine ovaries using reduced representation bisulfite sequencing. Sci. Rep. 2016,
6, 22138. [CrossRef] [PubMed]

12. Yang, C.; Ye, J.; Li, X.; Gao, X.; Zhang, K.; Luo, L.; Ding, J.; Zhang, Y.; Li, Y.; Cao, H.; et al. DNA Methylation Patterns in the
Hypothalamus of Female Pubertal Goats. PLoS ONE 2016, 11, e0165327. [CrossRef] [PubMed]

13. Relton, C.L.; Groom, A.; St, P.B.; Sayers, A.E.; Swan, D.C.; Embleton, N.D.; Pearce, M.S.; Ring, S.M.; Northstone, K.; Tobias, J.H.;
et al. DNA methylation patterns in cord blood DNA and body size in childhood. PLoS ONE 2012, 7, e31821. [CrossRef] [PubMed]

14. Parker, M.H.; Seale, P.; Rudnicki, M.A. Looking back to the embryo: Defining transcriptional networks in adult myogenesis. Nat.
Rev. Genet. 2003, 4, 497–507. [CrossRef]

15. Wang, Y.; Wu, J.; Ma, X.; Liu, B.; Su, R.; Jiang, Y.; Wang, W.; Dong, Y. Single Base-Resolution Methylome of the Dizygotic Sheep.
PLoS ONE 2015, 10, e0142034. [CrossRef]

16. Fan, Y.; Liang, Y.; Deng, K.; Zhang, Z.; Zhang, G.; Zhang, Y.; Wang, F. Analysis of DNA methylation profiles during sheep skeletal
muscle development using whole-genome bisulfite sequencing. BMC Genom. 2020, 21, 327. [CrossRef]

17. Li, M.; Wu, H.; Luo, Z.; Xia, Y.; Guan, J.; Wang, T.; Gu, Y.; Chen, L.; Zhang, K.; Ma, J.; et al. An atlas of DNA methylomes in
porcine adipose and muscle tissues. Nat. Commun. 2012, 3, 850. [CrossRef]

18. Zykovich, A.; Hubbard, A.; Flynn, J.M.; Tarnopolsky, M.; Fraga, M.F.; Kerksick, C.; Ogborn, D.; MacNeil, L.; Mooney, S.D.;
Melov, S. Genome-wide DNA methylation changes with age in disease-free human skeletal muscle. Aging Cell 2014, 13, 360–366.
[CrossRef]

19. Fang, X.; Zhao, Z.; Yu, H.; Li, G.; Jiang, P.; Yang, Y.; Yang, R.; Yu, X. Comparative genome-wide methylation analysis of longissimus
dorsi muscles between Japanese black (Wagyu) and Chinese Red Steppes cattle. PLoS ONE 2017, 12, e0182492. [CrossRef]

20. Guo, W.; Fiziev, P.; Yan, W.; Cokus, S.; Sun, X.; Zhang, M.Q.; Chen, P.Y.; Pellegrini, M. BS-Seeker2: A versatile aligning pipeline for
bisulfite sequencing data. BMC Genom. 2013, 14, 774. [CrossRef]

21. Luo, R.; Bai, C.; Yang, L.; Zheng, Z.; Su, G.; Gao, G.; Wei, Z.; Zuo, Y.; Li, G. DNA methylation subpatterns at distinct regulatory
regions in human early embryos. Open Biol. 2018, 8, 180131. [CrossRef] [PubMed]

22. Noy, P.J.; Gavin, R.L.; Colombo, D.; Haining, E.J.; Reyat, J.S.; Payne, H.; Thielmann, I.; Lokman, A.B.; Neag, G.; Yang, J.; et al.
Tspan18 is a novel regulator of the Ca2+ channel Orai1 and von Willebrand factor release in endothelial cells. Haematologica 2019,
104, 1892–1905. [CrossRef] [PubMed]

23. Wright, C.D.; Chen, Q.; Baye, N.L.; Huang, Y.; Healy, C.L.; Kasinathan, S.; O’Connell, T.D. Nuclear alpha1-adrenergic receptors
signal activated ERK localization to caveolae in adult cardiac myocytes. Circ. Res. 2008, 103, 992–1000. [CrossRef] [PubMed]

24. Rose, A.J.; Kiens, B.; Richter, E.A. Ca2+-calmodulin-dependent protein kinase expression and signalling in skeletal muscle during
exercise. J. Physiol. 2006, 574 Pt 3, 889–903. [CrossRef]

25. Little, G.H.; Bai, Y.; Williams, T.; Poizat, C. Nuclear calcium/calmodulin-dependent protein kinase IIdelta preferentially transmits
signals to histone deacetylase 4 in cardiac cells. J. Biol. Chem. 2007, 282, 7219–7231. [CrossRef]

26. Guo, J.U.; Su, Y.; Shin, J.H.; Shin, J.; Li, H.; Xie, B.; Zhong, C.; Hu, S.; Le, T.; Fan, G.; et al. Distribution, recognition and regulation
of non-CpG methylation in the adult mammalian brain. Nat. Neurosci. 2014, 17, 215–222. [CrossRef]

27. Suzuki, M.M.; Bird, A. DNA methylation landscapes: Provocative insights from epigenomics. Nat. Rev. Genet. 2008, 9, 465–476.
[CrossRef]

http://doi.org/10.2527/2004.8282234x
http://www.ncbi.nlm.nih.gov/pubmed/15318719
http://doi.org/10.1371/journal.pone.0066569
http://www.ncbi.nlm.nih.gov/pubmed/23825544
http://doi.org/10.1095/biolreprod.109.080952
http://www.ncbi.nlm.nih.gov/pubmed/19828779
http://doi.org/10.14348/molcells.2015.2138
http://doi.org/10.1371/journal.pone.0056411
http://doi.org/10.1038/srep13950
http://doi.org/10.1038/nn.3319
http://doi.org/10.1111/rda.12733
http://doi.org/10.1186/s12864-017-4068-9
http://doi.org/10.1038/srep22138
http://www.ncbi.nlm.nih.gov/pubmed/26912189
http://doi.org/10.1371/journal.pone.0165327
http://www.ncbi.nlm.nih.gov/pubmed/27788248
http://doi.org/10.1371/journal.pone.0031821
http://www.ncbi.nlm.nih.gov/pubmed/22431966
http://doi.org/10.1038/nrg1109
http://doi.org/10.1371/journal.pone.0142034
http://doi.org/10.1186/s12864-020-6751-5
http://doi.org/10.1038/ncomms1854
http://doi.org/10.1111/acel.12180
http://doi.org/10.1371/journal.pone.0182492
http://doi.org/10.1186/1471-2164-14-774
http://doi.org/10.1098/rsob.180131
http://www.ncbi.nlm.nih.gov/pubmed/30381360
http://doi.org/10.3324/haematol.2018.194241
http://www.ncbi.nlm.nih.gov/pubmed/30573509
http://doi.org/10.1161/CIRCRESAHA.108.176024
http://www.ncbi.nlm.nih.gov/pubmed/18802028
http://doi.org/10.1113/jphysiol.2006.111757
http://doi.org/10.1074/jbc.M604281200
http://doi.org/10.1038/nn.3607
http://doi.org/10.1038/nrg2341


Animals 2022, 12, 1399 12 of 12

28. Jones, P.A. Functions of DNA methylation: Islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 2012, 13, 484–492.
[CrossRef]

29. Guo, H.; Zhu, P.; Yan, L.; Li, R.; Hu, B.; Lian, Y.; Yan, J.; Ren, X.; Lin, S.; Li, J.; et al. The DNA methylation landscape of human
early embryos. Nature 2014, 511, 606–610. [CrossRef]

30. Guo, F.; Yan, L.; Guo, H.; Li, L.; Hu, B.; Zhao, Y.; Yong, J.; Hu, Y.; Wang, X.; Wei, Y.; et al. The Transcriptome and DNA Methylome
Landscapes of Human Primordial Germ Cells. Cell 2015, 161, 1437–1452. [CrossRef]

31. Gao, L.; Wu, K.; Liu, Z.; Yao, X.; Yuan, S.; Tao, W.; Yi, L.; Yu, G.; Hou, Z.; Fan, D.; et al. Chromatin Accessibility Landscape in
Human Early Embryos and Its Association with Evolution. Cell 2018, 173, 248–259.e15. [CrossRef] [PubMed]

32. Song, Z.; Wang, Y.; Zhang, F.; Yao, F.; Sun, C. Calcium Signaling Pathways: Key Pathways in the Regulation of Obesity. Int. J. Mol.
Sci. 2019, 20, 2768. [CrossRef] [PubMed]

33. Lee, Y.S.; Shin, D.; Song, K.D. Dominance effects of ion transport and ion transport regulator genes on the final weight and backfat
thickness of Landrace pigs by dominance deviation analysis. Genes Genom. 2018, 40, 1331–1338. [CrossRef] [PubMed]

http://doi.org/10.1038/nrg3230
http://doi.org/10.1038/nature13544
http://doi.org/10.1016/j.cell.2015.05.015
http://doi.org/10.1016/j.cell.2018.02.028
http://www.ncbi.nlm.nih.gov/pubmed/29526463
http://doi.org/10.3390/ijms20112768
http://www.ncbi.nlm.nih.gov/pubmed/31195699
http://doi.org/10.1007/s13258-018-0728-7
http://www.ncbi.nlm.nih.gov/pubmed/30136073

	Introduction 
	Materials and Methods 
	Sampling for Whole-Genome DNA Methylation Sequencing 
	DNA Extraction, WGBS Library Preparation and Sequencing 
	Reads Mapping and DNA Methylation Detection 
	Annotation of Genomic Regions and Methylation Level Calculation 
	Identification of DMR-Containing Genes 

	Results 
	Global DNA Methylation Patterns 
	DNA Methylation Dynamics 
	DNA Methylation of Repeat Elements and Other Genomic Regions 
	DNA Methylation of Gene Promoter Regions 
	Analysis of Differentially Methylated Regions 

	Discussion 
	Conclusions 
	References

