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Abstract
Sheep is an important livestock in the world for meat, dairy and wool production. The third

version of sheep reference genome has been recently assembled, but sheep DNA methy-

lome has not been profiled yet. In this study, we report the comprehensive sheep methy-

lome with 94.38% cytosine coverage at single base resolution by sequencing DNA samples

from Longissimus dorsi of dizygotic Sunit sheep, which were bred in different habitats. We

also compared methylomes between the twin sheep. DNA methylation status at genome-

scale differentially methylated regions (DMRs), functional genomic regions and 248 DMR-

containing genes were identified between the twin sheep. Gene ontology (GO) and KEGG

annotations of these genes were performed to discover computationally predicted function.

Lipid metabolism, sexual maturity and tumor-associated categories were observed to signif-

icantly enrich DMR-containing genes. These findings could be used to illustrate the relation-

ship between phenotypic variations and gene methylation patterns.

Introduction
DNAmethylation at the 5 position of cytosine is common in genomes of fungi, plants and ani-
mals [1, 2]. This epigenetic phenomenon is known to silence exogenous transposons, imprint
genes and regulate gene expression [3]. In animals, DNA methylation has been implicated in
memory formation [4, 5] and carcinogenesis [6–9], which demonstrates its critical contribu-
tions to development, physiology and phenotypic variation [10].

Studies in Arabidopsis and zebrafish showed that DNAmethylation patterns could be inher-
itable from parents to offspring [11, 12]. However, the methylation patterns may be different
between offspring and their parents, possibly due to the demethylation process in gametes
before fertilization and the methylation reestablishment after fertilization [13–15]. This
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mechanism may produce divergent phenotypes capable of responding to changing environ-
ment through regulation of gene expression [16].

Sheep (Ovis aries) is one of the first domesticated mammals for meat, dairy and wool pro-
duction. Genomic studies on this important livestock have been trying to facilitate the raising
and breeding process for desirable traits. So far, sheep reference genome has been assembled
[17], and comprehensive maps of functional elements of sheep are also being profiled [18].
However, limited sheep DNAmethylation analysis at specific sequences was reported [19].
Therefore, single base resolution DNA methylome with whole genome coverage in sheep is
warranted for the investigation of complex epigenetic regulation.

Whole genome bisulfite sequencing (BS-seq) was first used in Arabidopsis thaliana DNA
methylome studies [20, 21], and was proved to be effective to profile accurate, unbiased and
high-coverage DNA methylation landscapes in model animals like human, mice and rat [3, 22,
23]. However, such powerful tool could hardly be seen in livestock DNAmethylation studies.
Here, we described the comprehensive sheep Longissimus dorsi (LD)muscle DNAmethylome
with 94.38% cytosine coverage at single base resolution using BS-seq. This high coverage sheep
LDmethylome provides resource to profile widespread genomic CG and non-CG methylation
(CHG and CHH contexts (H = A, T or C)) patterns. This resource not only provides insight
into the development of animal husbandry, but also helps understand the process of species
evolution and differentiation during domestication.

Materials and Methods

Ethics statement
The feeding and the care of lambs, the euthanasia and other research process were strictly per-
formed in accordance with international guidelines and ethical standards. The protocol of this
research has been reviewed and approved by the Ethics and Experimental Animal Committee
of Kunming Institute of Zoology, Chinese Academy of Science.

DNA samples preparation and BS-seq sequencing
Dizygotic 6-month-old female twin sheep were chosen as DNA sample donors. These twin
sheep were parted immediately after birth and raised in different environments. One free-
range sheep grazed with a flock in a desert grassland environment, which enjoyed natural pas-
ture and is defined as Sheep A. The twin sister (Sheep B) was house-raised; ate corn, cornstalk
and wheat bran. Both sheep were euthanized (performed by skilled veterinarian via intrave-
nous injection of sodium pentobarbital (100mg/kg)) at the age of six months for muscle sam-
ples from Longissimus dorsi. After DNA sample extracted, a bioruptor (Covaris S220) was used
to fragment sheep genomic DNA to a mean size of approximately 500 bp. After fragmentation,
DNA fragments were blunt-ended, added dA at the 3’-ends, and then added adapters. The pro-
cedure was carried out in strict accordance with the Illumina manufacturer instructions.
Adapters-added DNA were given a bisulfite conversion step, described in a previous study
[24]. Bisulfite-treated DNA was PCR amplified and then pair-end sequenced with 90 read
length of each end using Illumina high throughput sequencing system (Hiseq 2500).

BS-seq reads mapping and methyl-cytosines analysis
Reads yielded from BS-seq were mapped to the well assembled sheep reference genome (Ver-
sion 3.1) from Livestock Genomics (http://www.livestockgenomics.csiro.au/sheep/oarv3/
Oarv3.1.alldna.lowercase.masked.fasta.gz) using Bismark (v0.10.0) [25]. Only one mismatch is
permitted in the “seed” (the high quality end of the read, default is 28 bases) while aligning.
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Other parameters were set as default. The supplementary script “bismark_methylation_extrac-
tor” packaged in Bismark was used to extract methylation calls. Every reported cytosine site,
with four or more covered reads was used to produce cytosine report. Further studies were all
based on this report.

In addition, all reads were also mapped to the sheep mitochondrial genome (from NCBI,
Accession NC_001941) to calculate the sum of non-conversion rate (non-conversion cases
most produced in bisulfite treating process, others are T-C sequencing errors and single nucle-
otide polymorphisms (SNPs)).

Identification of DMR-containing Genes
swDMR [26], a software based on sliding window approach, was used to identify DMRs. 100
bp steps, 1kb sliding windows [3] were used to go throughout two sheep LDmethylomes. Only
windows containing at least 10 CG sites were kept to calculate the mean methylation level.
Between two samples, those windows have at least 2-fold and 0.1 mean methylation level differ-
ences were used to perform T-test (P< 0.01, FDR< 0.05) to identify differentially methylated
windows. After that, each two of these differentially methylated windows were considered as
one if their distance was less than 100 bp (include overlaps) to demarcation DMRs. Other
parameters were set as default. Gene annotation of sheep reference genome v3.1 was down-
loaded from Livestock Genomics (http://www.livestockgenomics.csiro.au/sheep/oarv3/Oarv3.
1.protein.gene.gff3), and used to annotate DMR-containing genes.

GO and KEGG analyses of DMR-containing genes
Gene ontology analysis of DMR-containing genes was performed using InterProScan 5 [27].
DNA sequences of sheep annotated genes were computationally converted into polypeptide
sequences, and then aligned to InterProScan protein database. GO terms with P value less than
0.05 were considered to be statistically significant. Enrichment analysis for DMR-containing
genes in each region was performed using Ontologizer 2.0 [28] with their GO terms. All GO
annotated sheep genes were listed as a background list. GO core annotation files (go.obo and
go.owl) were downloaded from http://geneontology.org/page/download-ontology. Ontologizer
was run using the Fisher’s exact test with P value< 0.05. KOBAS 2.0 is available at: http://
kobas.cbi.pku.edu.cn/home.do. All options were default.

Results

Sheep DNAmethylation whole-genome bisulfite sequencing and quality
control
To study the general methylation pattern of sheep as well as the DNA methylation divergence
induced by different habitat, we chose a pair of 6-month-old female twin sheep as DNA sam-
ple donors. These twin sheep were intentionally defined as sheep A and sheep B according to
the different growing environments, and had large phenotype variant in weight at the age 6
months. Sheep B weighed up to 38.7 kg, about 15.2 kg heavier than Sheep A (23.5 kg). For
these twin sheep, DNA sample was extracted from Longissimus dorsi of each sheep to generate
whole-genome size DNA methylome maps using BS-seq method [29]. 786 million BS-seq raw
reads were generated from Sheep A, and 805 million from Sheep B. Quality control process
was performed to remove low quality reads (including those within Ns>10%, low quality
sites> 40%, adaptor contamination, and duplication pairs). 452 million clean reads were
obtained for Sheep A and 407 million for Sheep B. These reads were subsequently mapped to
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the Ovis aries reference genome (Oar v3.1) [17] using methyl-data alignment software Bis-
mark [25].

Sheep DNAmethylome landscape profiling
Clean reads from the twin sheep were first mapped to the reference sheep genome separately.
268 million clean reads were uniquely mapped for producing Sheep A methylome and 234 mil-
lion clean reads for Sheep B methylome. These two methylomes were stored and prepared for
further comparison. By pooling together clean reads from both sheep, a total of 502 million
clean reads were uniquely mapped to cover 94.38% cytosine of the reference genome with aver-
age 17.2 × high depths per strand (Table 1). This mapping result reached anticipated and
desired completeness of the sheep LDmethylome. In accordance with a recent study that
reported mitochondrial genome in vertebrates lacking methylation [30], sheep mitochondrial
genome from NCBI (NC_001941) was used to calculate the sum of non-conversion rate (non-
conversion cases/total cases) at 0.33%. Non-conversion cases are mostly produced in bisulfite
treating process, and others caused by T-C sequencing error and SNPs.

All 96.8 million mC constituted about 9.79% of all cytosine in the sheep reference genome.
About 45.3 million mC occurred in CG dinucleotide, 14.7million in CHG context, and 36.9
million in CHH context. They respectively accounted for 92.01% of total CG sites, 5.13% of
total CHG sites and 6.64% of total CHH sites (Table 2).

The proportion of CG methylation is comparable to that of previously reported mouse and
human methylomes [3, 23]. Strikingly, substantial proportion of non-CG methylation was
observed in sheep LDmethylome (Fig 1A). CG methylation occupied 44.73% of all methylated
cytosine, while CHG and CHH contexts occupied 16.07% and 39.19% respectively. This result,
together with previous findings of non-CG methylation in the mouse frontal cortex [23],
human embryo stem cells [3] and several mammalian cell lines [31, 32], challenges the prevail-
ing notion that non-CG methylation is rare or non-existent in mammals [33, 34].

The frequency of DNAmethylation level of three contexts (CG, CHG and CHH) was pro-
filed. Proportion of reads that supported methylation of covering depth at a specific site was
generally defined as the methylcytosine (mC) methylation level. In this study, CG methylation
level showed a bimodal distribution. About 74.71% methylated CG with level higher than 50%
and a low peak appeared at level lower than 10% (Fig 1B). Despite a substantial amount of
non-CG methylation, the methylation levels were very low, with more than 98% cytosines

Table 1. Data description of BS-Seq reads for the twin sheep.

Sheep A Sheep B Merged data

Raw reads number 785,849,911 804,900,159 1,590,750,070

Raw data production (Gb) 141.45 144.88 286.33

Cleaned and uniquely mapped reads number 268,396,277 233,607,387 502,003,664

Clean data production (Gb) 48.31 42.05 90.36

Average reads depth per strand 9.2× 8.0× 17.2×

Reference genome/size (Gb) Ovis aries (v3.1) / 2.62

doi:10.1371/journal.pone.0142034.t001

Table 2. DNAmethylation patterns in three contexts.

Cytosine contexts CG CHG CHH Total

Methylated cytosine number 45,260,666 14,661,439 36,864,132 96,786,237

Methylation density (mC/C) 92.01% 6.65% 5.13% 9.79%

doi:10.1371/journal.pone.0142034.t002
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(CHG 98.84% and CHH 98.48%) with methylation level lower than 10% both in CHG and
CHH contexts (Fig 1C and 1D).

Compared with Couldrey’s work, our result showed higher CG methylation density (92%
vs. 50%-55%) in sheep LDmethylome [19]. A possible explanation was that their approach was
only focus on CG-riched genomic regions (covered ~1% of sheep genome), which were known
to be frequently hypomethylated in mammals. Our observation that CG methylation level
showed bimodal distribution is in accordance with that observed in [19], well supported the
hypothesis that each CG methylation site is classified as methylated or unmethylated [19].

Multilayer global scale views of sheep LDmethylome
Multilayer global scale maps of sheep LDmethylome were profiled. Perspectives from genome
scale, chromosome scale and base resolution provided comprehensive and deep understanding
of sheep LDmethylome.

Genome scale map of sheep LDmethylome. Genome scale map of mC density (mC/C)
and repeats density of sheep LDmuscle were drawn with Circos [35]. We described repeats
density distribution lines (Fig 2A), mC density of sheep LDmethylome in three sequence con-
texts (CG, CHG and CHH) (Fig 2B, 2C and 2D), and gene locus (Fig 2E) were highlighted on
each chromosome bar throughout the whole genome. Non-CG methylation density showed
similar distribution with CG methylation. Especially at the edges of some chromosomes, all of
three contexts methylation shared same rising trend. Interestingly, mC density in sheep LD

Fig 1. Sheep LDmuscle DNAmethylation patterns. (A) Three contexts of methylated cytosines relative
proportions. (B) Distribution of CGmethylated level. The y-axis demonstrates the proportion of mC level
calculated within bins of 10%. The x-axis indicates methylation level at each reference cytosine, which
defined as reads that support methylation divide depths. And only cytosine covered at least 4 reads were
calculated. (C) Distribution of CHHmethylated level, notice that the first bar with a black arrow symbol is not
completely shown, the value of this bar is 98.48%. (D) Distribution of CHGmethylated level. The value of the
first bar with a black arrow is 98.84%.

doi:10.1371/journal.pone.0142034.g001
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methylome showed negative correspond distribution with repeats density in gene-rich districts
and edges of chromosomes. At this genome scale layer, methylomes of twin sheep were also
profiled separately (S1 Fig). As expected, mC density of two sheep in all three contexts
appeared highly consistent, even at the differentially methylated regions (DMRs, highlighted as
red on chromosome bars). This high consistency not only supported the reliability of the
methylomes from twin sheep, but also confirmed the validity of the non-CG methylation in
sheep.

Chromosome scale map of sheep LDmethylome. At the second layer, we profiled chro-
mosome scale sheep LDmethylation map (Fig 3A and S2 Fig). Both mC density in 10 kb win-
dows (blue plots) fromWatson and Crick strands shared the same distribution. Repeats
density in 10 kb windows (grey plots) showed a very disordered distribution. However, a hand-
ful of regions (especially at edges) of chromosome showed relative high distribution of mC
density and opposite peaks for repeats density. This observation is also obtained in genome
scale methylome in Fig 2. Additionally, CG methylation (red line, 100 kb window) distribution
was different from non-CG methylation at several regions (pointed by black triangles), while

Fig 2. Whole-genome scale view of sheep LDmuscle methylome. (A) Broken line chart of repeats
density in 100 kb windows. (B) Red broken lines indicate normalized methylated cytosine density in CG
context in 100 kb windows. (C) Orange broken lines indicate normalized mCHG density. (D) Green broken
lines indicate normalized mCHH density. (E) Oar v3.1 chromosome bars. Highlighted gray bands refer to
normal annotated genes.

doi:10.1371/journal.pone.0142034.g002
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CHG (yellow line) and CHHmethylation (green line) distributions were highly consistent.
Such observations were in accord with that of human methylomes [3].

Base resolution scale view of sheep LDmethylome. Full browsing of sheep LDmethy-
lome at base resolution could be performed within genome browser tools such like UCSC
genome browser or IGV genome browser. Here we exhibit an instance using IGV genome
browser [36].

The Dlk1-Dio3 domain known as representative imprinting control region (ICR) has highly
conserved gene order and imprinting status in mammalian [37]. In sheep, a single mutation
from A to G somewhere between Delta-like 1 homologue (Dlk1) andMaternal Expressed Gene
3 (MEG3) gene led to the famous callipyge mutation, which causes a postnatal muscle hyper-
trophy [38]. Study on such ICR is essential for breeding and helps to accelerate understanding
of meat development in sheep. However, base resolution DNAmethylation status of Dlk1-Dio3

Fig 3. Global DNAmethylation trend and distribution. (A) Global DNAmethylation trend and repeats
density distribution at chromosome scale. X-axis presents length of sheep chromosome 12. Three contexts
of mC density at 100 kb windows were profiled in normalized smoothed lines (red line stands for CG context
methylation density, yellow line stands for CHG and green line stands for CHH). All mC density at 10 kb
windows of both strands was profiled with blue scatter plots and repeats density at 10 kb windows was
profiled with gray scatter plots. Black triangles indicate the variant regions that CGmethylation shows
different with non-CGmethylation. Regions highlighted within semitransparent red boxes showed the
negative correspond distribution of mC density and repeats density. (B) Logo chart shows the preference of
the sequences that proximal to sites with mCHH and mCHG in sheep LDmuscle methylome. (C) Relative CG
methylation level (red bars) of sheep LDmethylomes in functional genomic regions include upstream 2 kb of
gene, 5’UTR, coding sequence (CDS), intron, 3’UTR, downstream 2 kb of gene, repeat sequence, gene
body, intergenic region that contains repeats and up & downstream of gene, and all means the whole
genome scale. Relative methylation level is calculated as total methylation level divides all considered mC
numbers in target region. (D) Relative non-CGmethylation levels (green bars for CHG, yellow bars for CHH)
of sheep LDmethylomes in different functional genomic regions.

doi:10.1371/journal.pone.0142034.g003
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in sheep is not studied yet. In this study, we found a similar CG methylation distribution at
Dlk1-Dio3 region of sheep with that reported in human and mouse (Fig 4) [39]. Three protein
coding genes Dlk1, Retrotransposon-like 1 (Rtl1) and Type 3 Deiodinase (DIO3), which are
found to be normally paternal expressed, showed CG methylation level notches. Small nucleo-
lar RNA (snoRNA) cluster whose functions remained largely unknown was distinctly low level
CG methylated; and themiRNA-containing gene (MIRG) downstream of snoRNA cluster,
showed high CG methylation level as other intergenic regions. In general, our data provides
base resolution perspective on particular genomic regions of sheep, which is valuable for genet-
icist study imprinting cases. This full browsing data set was stored as wiggle (WIG) format,
contains all three contexts (CG, CHG and CHH) of DNA methylation status throughout whole
sheep genome, and has been uploaded to the Caprinae Genome Database (http://caprinae.kiz.
ac.cn/index.htm) and formatted as first single base-resolution sheep LDmethylome database.

Similar to the observations in human and mouse methylomes [19, 40], no nucleotide prefer-
ence was observed around mCG sites, while A was preferred immediately downstream of
mCHG and mCHH sites. Besides, no TA sequence preference was observed at upstream of
mCHG and mCHH sites in sheep LDmethylome (Fig 3B).

DNAmethylation distribution at functional genomic regions
DNAmethylation level showed diverse distributions in different functional genomic regions.
CG relative methylation level (total methylation level of mC divided by total number of cyto-
sine sites in a region) was overall high, especially in repeat regions, but not in the upstream 2
kb and 5’UTR regions of annotated genes (Fig 3C). CHG and CHH relative methylation levels
showed consistent distribution. Different from CG methylation, non-CG methylation showed
high levels in coding sequences and relatively low levels at repeat regions (Fig 3D).

Comparison of twin sheep methylation patterns revealed high similarity in every functional
genomic region. Additionally, CG relative methylation level from Sheep A was a little bit higher
than that of sheep B in all categories. Such disparity was not found in non-CG methylation.
Since CG methylation was thought to be involved in expression process, a sliding window
approach was carried out to profile variations of CG relative methylation level around gene
locus (Fig 5A). In gene body, CG relative methylation level is obviously higher than flanking

Fig 4. DNAmethylation distribution atDlk1-Dio3 (Callipyge) region on sheep genome 18 chromosome.Red bar stands for an about 900 kb length
genome sequence known as Dlk1-Dio3 (Callipyge) region. Colorful bands indicate the relative physical location of different genes. Blue bands: Dlk1; yellow
bands: miRNA; dark gray:MEG3; dark blue: Rlt; black:MEG8; red: snoRNA; green: Dio3. At the bottom of figure is CGmethylation level histogram chart at
base resolution. Blue histogram refers to sheep A, and pink refers to sheep B.

doi:10.1371/journal.pone.0142034.g004
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regions. 5’ upstream regions showed lower relative methylation level than 3’downstream
region. All of these distributions were observed similar with recent studies in horse and silk-
worm methylomes [41, 42]. Besides, relative methylation levels in several categories of repeats
were also described (Fig 5B and 5C). CG relative methylation level showed high level in almost
all repeats categories, implying the important role (of what) in repressing transposable ele-
ments and maintaining genome structure stability [43]. Interestingly, the highest methylation
level was observed in small cytoplasmic RNA (scRNA), which is the component of signal rec-
ognition particle, in targeting presecretory proteins to the endoplasmic reticulum membrane
[44]. The low relative methylation level in satellite DNA could be partially due to the special
base composition of satellite DNA, since satellite DNA is known as having extreme preference
of bases. The relationship between DNA methylation and all kinds of repeats sequence in
mammalian needs more studies.

DMR identification between two sheep LDmethylomes
DNAmethylation contributes to various phenotypes via regulating gene expression [45]. Since
CG methylation was broadly considered to be involved in some gene regulation processes in
mammals, we focused on those CG context DMRs that locate in, or besides the gene locus. All
annotated genes from sheep reference genome were involved in study and were parted into 6

Fig 5. Genes and repeats locus DNAmethylation status. (A) Gray line chart indicates relative CGmethylation level distribution throughout all annotated
genes and their upstream 2 kb and downstream 2 kb regions. A sliding windowmethod was used. 200 bp window size and 100 bp step size were used for
flanking DNA sequence. 5% sequence length window size and 2.5% step size were used for gene body regions. (B) Red histogram showed CGmethylation
status in several categories of repeats. (C) Green and yellow histogram showed CHG and CHH relative methylation level in several categories of repeats
respectively.

doi:10.1371/journal.pone.0142034.g005
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categories include gene upstream 2 kb, 5’-UTR, intron, coding exon, 3’-UTR, gene downstream
2 kb. DMRs locate in such regions were supposed to impact gene expression. Software swDMR
was used to identify DMRs throughout the whole sheep genome. Strict parameters were set to
run swDMR in a conservative environment. 948 DMRs belonging to 248 genes were identified
and listed in S1 Table.

Analyses of DMR-containing genes
For indicating potential roles of these DMR-containing genes, InterProScan 5 software was
used to perform Gene ontology annotation. 14250 of all 22881 sheep annotated genes have at
least one GO annotation. A gene over representative tool called Ontologizer was used to per-
form statistical enrichment analysis of gene set [28]. A total of 129 GO terms were significantly
enriched (p< 0.05), and listed in S2 Table. In addition, KEGG annotation and enrichment
analysis of such DMR-containing genes were also profiled using KOBAS 2.0 [46]. KEGG anno-
tation analysis showed significantly (P< 0.05) enriched DMR-containing genes in four path-
ways (Table 3). Interestingly, six DMR-containing genes in the progesterone-mediated oocyte
maturation and estrogen signaling pathways were enriched in KEGG analysis, suggesting a link
to the time of sexual maturity. Considering sexual maturity time of female Sunit sheep is at the
age of 6 to 7 months and is deeply impacted by growth environments. We speculated that 6
DMR-containing genes clustered to such pathways might be because one of twin sheep had
earlier sexual maturity than the other, due to different habitats. Four DMR-containing genes
were KEGG enriched in term “transcriptional misregulation in cancer”. Besides, RAS signaling
pathway and “transcriptional misregulation in cancer” term were also observed to enrich 10
DMR-containing genes, while the consensus finding is that 2 DMR-containing genes in “pro-
tein-arginine deiminase activity” were GO enriched (very significantly enriched with
P< 0.0015). Since protein-arginine deiminase is known as the tumor repression production,
such observations suggested a tumor-related difference within LDmuscles between twin indi-
viduals. Checking GO enrichment results, we found that DMR-containing genes related to
lipid and fatty acid oxidation were significantly GO enriched (P< 0.047). Considering DNA
methylation has a role in gene expression regulation, these observations could be molecular
clues or witnesses of phenotypic variant that twin sheep had big different in weight.

Discussion
In this study, we presented the sheep LDmethylome at single base resolution with high cover-
age from the muscle tissues of dizygotic twin Sunit sheep, which helps elaborate DNA methyla-
tion pattern of major economic mammals. We observed DNA methylation predominantly
occurred at CG dinucleotide sites. However, we also found non-CG methylation in sheep LD

Table 3. KEGG annotation and significantly enrichment terms of DMR-containing genes.

Terms DMR-containing genes
number

Background genes
number

P
value

Gene name

cAMP signaling pathway 5 216 0.029 CCG022955.0, CCG003638.0, CCG013269.0,
CCG000672.0, CCG002906.0

Transcriptional misregulation in
cancer

4 168 0.045 CCG017984.0, CCG014717.0, CCG014844.0,
CCG001521.0

Progesterone-mediated oocyte
maturation

3 93 0.039 CCG003834.0, CCG004983.0, CCG003638.0

Estrogen signaling pathway 3 102 0.048 CCG014871.0, CCG004983.0, CCG003638.0

doi:10.1371/journal.pone.0142034.t003
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methylome occupied more than half of methylated cytosines. Non-CG methylation level was
very low, which might result from the diverse cell types from sheep muscles. Importantly,
whole genome distribution of non-CG methylation density was observed to be consistent with
CG methylation. In addition, sequence preference around mCHH or mCHG also showed simi-
lar result with hESC methylome and mouse frontal cortex methylome [3, 23]. These observa-
tions well support the existence of non-CG methylation in sheep LDmethylome.

We described both CG and non-CG methylation status in functional genomic regions like
annotated genes or repeats sequences and compared these results with that observed in differ-
ent mammalian cell types and tissues [3, 40, 41, 47]. Along with those early studied mamma-
lian methylomes, our data provided potential opportunity to deeply reveal function of DNA
methylation in variety species.

The methylomes of the twin sheep were very much similar, suggesting high stability of
DNAmethylation during the 6 months. Additional analyses on specific functional genomic
regions showed supporting evidence.

948 DMRs within 248 genes was identified between two sheep samples, which constituted
only 1% of whole sheep annotated gene set. We observed from GO and KEGG enrichment
analyses that DMR-containing genes were significantly enriched in the lipid metabolism path-
way. This finding corresponds to the weight and stature of the twin Sunit sheep. Besides, sev-
eral genes were enriched in the reproduction related pathways. Time of sexual maturity is
important for animal breeding, which can also be impacted by the environment of growth.
However, it is not clear whether DMRs are a cause or effect of specific gene transcription regu-
lation. Regardless of the potential influence of methylome inheritance from parents, we con-
clude that DNA methylation is relatively stable between twin individuals, and variations may
be derived from different environmental factors.
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S1 Fig. Three contexts of mC density from twin sheep maps at genome scale. (A) Line chart
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malized methylated cytosine density in CG context in 100 kb windows. Red line refers to sheep
A while blue line refers to sheep B). (C) Normalized mCHG density. (D) Normalized mCHH
density. (E) Oar v3.1 chromosome bars. Highlighted gray bands refer to normal annotated
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S2 Fig. The density of mC and the density of repeats maps profiled throughout whole sheep
genome. X-axis presents length of sheep chromosomes. Three contexts of mC density at 100
kb windows were profiled in normalized smoothed lines (red line stands for CG context meth-
ylation density, yellow line stands for CHG and green line stands for CHH). All mC density at
10 kb windows of both strands was profiled with blue scatter plots and repeats density at 10 kb
windows was profiled with gray scatter plots.
(PDF)

S1 Table. DMR-containing genes list.
(XLS)

S2 Table. Significantly enriched GO terms.
(XLS)

Sheep Methylome

PLOSONE | DOI:10.1371/journal.pone.0142034 November 4, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142034.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142034.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142034.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142034.s004


Acknowledgments
We thank Dr. Wei Chen and Dr. Moses Okpeku for language modification on the manuscript.
We thank Dr. Hui Xiang, Dr. Xin Li and Dr. Jun Lyu for their valuable comments and
suggestions.

Author Contributions
Conceived and designed the experiments: DYWW. Performed the experiments: JW BL RS.
Analyzed the data: YW YJ JW. Contributed reagents/materials/analysis tools: JW XM RS YJ
BL. Wrote the paper: YW YD XM JWWW.

References
1. Klose RJ, Bird AP. Genomic DNAmethylation: the mark and its mediators. Trends Biochem Sci. 2006;

31(2):89–97. PMID: 16403636

2. Suzuki MM, Bird A. DNAmethylation landscapes: provocative insights from epigenomics. Nat Rev
Genet. 2008; 9(6):465–76. doi: 10.1038/nrg2341 PMID: 18463664

3. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, et al. Human DNAmethylomes
at base resolution show widespread epigenomic differences. Nature. 2009; 462(7271):315–22. doi: 10.
1038/nature08514 PMID: 19829295

4. Lockett GA, Wilkes F, Maleszka R. Brain plasticity, memory and neurological disorders: an epigenetic
perspective. Neuroreport. 2010; 21(14):909–13. PMID: 20717061

5. Miller CA, Sweatt JD. Covalent modification of DNA regulates memory formation. Neuron. 2007; 53
(6):857–69. PMID: 17359920

6. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP. Alterations in DNAmethylation: a fundamental
aspect of neoplasia. Advances in cancer research. 1998; 72:141–96. PMID: 9338076

7. Jair KW, Bachman KE, Suzuki H, Ting AH, Rhee I, Yen RW, et al. De novo CpG island methylation in
human cancer cells. Cancer Res. 2006; 66(2):682–92. PMID: 16423997

8. Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet. 2002; 3
(6):415–28. PMID: 12042769

9. Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger PC, et al. 5' CpG island methylation is asso-
ciated with transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1 in human cancers.
Nat Med. 1995; 1(7):686–92. PMID: 7585152

10. Glastad KM, Hunt BG, Yi SV, Goodisman MA. DNAmethylation in insects: on the brink of the epige-
nomic era. Insect Mol Biol. 2011; 20(5):553–65. doi: 10.1111/j.1365-2583.2011.01092.x PMID:
21699596

11. Becker C, Hagmann J, Muller J, Koenig D, Stegle O, Borgwardt K, et al. Spontaneous epigenetic varia-
tion in the Arabidopsis thaliana methylome. Nature. 2011; 480(7376):245–9. doi: 10.1038/nature10555
PMID: 22057020

12. Jiang L, Zhang J, Wang JJ, Wang L, Zhang L, Li G, et al. Sperm, but not oocyte, DNAmethylome is
inherited by zebrafish early embryos. Cell. 2013; 153(4):773–84. doi: 10.1016/j.cell.2013.04.041 PMID:
23663777

13. Daxinger L, Whitelaw E. Transgenerational epigenetic inheritance: more questions than answers.
Genome Res. 2010; 20(12):1623–8. doi: 10.1101/gr.106138.110 PMID: 21041414

14. Daxinger L, Whitelaw E. Understanding transgenerational epigenetic inheritance via the gametes in
mammals. Nat Rev Genet. 2012; 13(3):153–62. doi: 10.1038/nrg3188 PMID: 22290458

15. Wu SC, Zhang Y. Active DNA demethylation: many roads lead to Rome. Nat Rev Mol Cell Biol. 2010;
11(9):607–20. doi: 10.1038/nrm2950 PMID: 20683471

16. Kaminen-Ahola N, Ahola A, Maga M, Mallitt KA, Fahey P, Cox TC, et al. Maternal ethanol consumption
alters the epigenotype and the phenotype of offspring in a mouse model. PLoS Genet. 2010; 6(1):
e1000811. doi: 10.1371/journal.pgen.1000811 PMID: 20084100

17. Jiang Y, Xie M, ChenW, Talbot R, Maddox JF, Faraut T, et al. The sheep genome illuminates biology of
the rumen and lipid metabolism. Science. 2014; 344(6188):1168–73. doi: 10.1126/science.1252806
PMID: 24904168

18. Andersson L, Archibald AL, Bottema CD, Brauning R, Burgess SC, Burt DW, et al. Coordinated interna-
tional action to accelerate genome-to-phenome with FAANG, the Functional Annotation of Animal
Genomes project. Genome Biology. 2015; 16.

Sheep Methylome

PLOSONE | DOI:10.1371/journal.pone.0142034 November 4, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/16403636
http://dx.doi.org/10.1038/nrg2341
http://www.ncbi.nlm.nih.gov/pubmed/18463664
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1038/nature08514
http://www.ncbi.nlm.nih.gov/pubmed/19829295
http://www.ncbi.nlm.nih.gov/pubmed/20717061
http://www.ncbi.nlm.nih.gov/pubmed/17359920
http://www.ncbi.nlm.nih.gov/pubmed/9338076
http://www.ncbi.nlm.nih.gov/pubmed/16423997
http://www.ncbi.nlm.nih.gov/pubmed/12042769
http://www.ncbi.nlm.nih.gov/pubmed/7585152
http://dx.doi.org/10.1111/j.1365-2583.2011.01092.x
http://www.ncbi.nlm.nih.gov/pubmed/21699596
http://dx.doi.org/10.1038/nature10555
http://www.ncbi.nlm.nih.gov/pubmed/22057020
http://dx.doi.org/10.1016/j.cell.2013.04.041
http://www.ncbi.nlm.nih.gov/pubmed/23663777
http://dx.doi.org/10.1101/gr.106138.110
http://www.ncbi.nlm.nih.gov/pubmed/21041414
http://dx.doi.org/10.1038/nrg3188
http://www.ncbi.nlm.nih.gov/pubmed/22290458
http://dx.doi.org/10.1038/nrm2950
http://www.ncbi.nlm.nih.gov/pubmed/20683471
http://dx.doi.org/10.1371/journal.pgen.1000811
http://www.ncbi.nlm.nih.gov/pubmed/20084100
http://dx.doi.org/10.1126/science.1252806
http://www.ncbi.nlm.nih.gov/pubmed/24904168


19. Couldrey C, Brauning R, Bracegirdle J, Maclean P, Henderson HV, McEwan JC. Genome-wide DNA
methylation patterns and transcription analysis in sheep muscle. PLoS One. 2014; 9(7):e101853. doi:
10.1371/journal.pone.0101853 PMID: 25010796

20. Cokus SJ, Feng S, Zhang X, Chen Z, Merriman B, Haudenschild CD, et al. Shotgun bisulphite sequenc-
ing of the Arabidopsis genome reveals DNAmethylation patterning. Nature. 2008; 452(7184):215–9.
doi: 10.1038/nature06745 PMID: 18278030

21. Lister R, O'Malley RC, Tonti-Filippini J, Gregory BD, Berry CC, Millar AH, et al. Highly integrated single-
base resolution maps of the epigenome in Arabidopsis. Cell. 2008; 133(3):523–36. PMID: 18423832

22. Johnson MD, Mueller M, Adamowicz-Brice M, Collins MJ, Gellert P, Maratou K, et al. Genetic Analysis
of the Cardiac Methylome at Single Nucleotide Resolution in a Model of Human Cardiovascular Dis-
ease. Plos Genetics. 2014; 10(12).

23. XieW, Barr CL, Kim A, Yue F, Lee AY, Eubanks J, et al. Base-resolution analyses of sequence and par-
ent-of-origin dependent DNAmethylation in the mouse genome. Cell. 2012; 148(4):816–31. doi: 10.
1016/j.cell.2011.12.035 PMID: 22341451

24. Hayatsu H, Tsuji K, Negishi K. Does urea promote the bisulfite-mediated deamination of cytosine in
DNA? Investigation aiming at speeding-up the procedure for DNAmethylation analysis. Nucleic Acids
Symp Ser (Oxf). 2006(50: ):69–70.

25. Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications.
Bioinformatics. 2011; 27(11):1571–2. doi: 10.1093/bioinformatics/btr167 PMID: 21493656

26. Wang Z, Li X, Jiang Y, Shao Q, Liu Q, Chen B, et al. swDMR: A Sliding Window Approach to Identify
Differentially Methylated Regions Based onWhole Genome Bisulfite Sequencing. PLoS One. 2015; 10
(7):e0132866. doi: 10.1371/journal.pone.0132866 PMID: 26176536

27. Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterProScan 5: genome-scale protein
function classification. Bioinformatics. 2014; 30(9):1236–40. doi: 10.1093/bioinformatics/btu031 PMID:
24451626

28. Bauer S, Grossmann S, Vingron M, Robinson PN. Ontologizer 2.0—a multifunctional tool for GO term
enrichment analysis and data exploration. Bioinformatics. 2008; 24(14):1650–1. doi: 10.1093/
bioinformatics/btn250 PMID: 18511468

29. Laird PW. Principles and challenges of genomewide DNAmethylation analysis. Nat Rev Genet. 2010;
11(3):191–203. doi: 10.1038/nrg2732 PMID: 20125086

30. Hong EE, Okitsu CY, Smith AD, Hsieh CL. Regionally specific and genome-wide analyses conclusively
demonstrate the absence of CpGmethylation in humanmitochondrial DNA. Mol Cell Biol. 2013; 33
(14):2683–90. doi: 10.1128/MCB.00220-13 PMID: 23671186

31. Tomizawa S, Kobayashi H, Watanabe T, Andrews S, Hata K, Kelsey G, et al. Dynamic stage-specific
changes in imprinted differentially methylated regions during early mammalian development and preva-
lence of non-CpGmethylation in oocytes. Development. 2011; 138(5):811–20. doi: 10.1242/dev.
061416 PMID: 21247965

32. Ziller MJ, Muller F, Liao J, Zhang Y, Gu H, Bock C, et al. Genomic distribution and inter-sample variation
of non-CpGmethylation across human cell types. PLoS Genet. 2011; 7(12):e1002389. doi: 10.1371/
journal.pgen.1002389 PMID: 22174693

33. Aoki A, Suetake I, Miyagawa J, Fujio T, Chijiwa T, Sasaki H, et al. Enzymatic properties of de novo-type
mouse DNA (cytosine-5) methyltransferases. Nucleic Acids Res. 2001; 29(17):3506–12. PMID:
11522819

34. Woodcock DM, Crowther PJ, Diver WP. The majority of methylated deoxycytidines in human DNA are
not in the CpG dinucleotide. Biochem Biophys Res Commun. 1987; 145(2):888–94. PMID: 3593377

35. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al. Circos: an information aes-
thetic for comparative genomics. Genome Res. 2009; 19(9):1639–45. doi: 10.1101/gr.092759.109
PMID: 19541911

36. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-
mics viewer. Nat Biotechnol. 2011; 29(1):24–6. doi: 10.1038/nbt.1754 PMID: 21221095

37. Edwards CA, Mungall AJ, Matthews L, Ryder E, Gray DJ, Pask AJ, et al. The evolution of the DLK1-
DIO3 imprinted domain in mammals. PLoS Biol. 2008; 6(6):e135. doi: 10.1371/journal.pbio.0060135
PMID: 18532878

38. Khatib H. Livestock epigenetics. Chichester: Wiley-Blackwell; 2012.

39. da Rocha ST, Edwards CA, Ito M, Ogata T, Ferguson-Smith AC. Genomic imprinting at the mammalian
Dlk1-Dio3 domain. Trends Genet. 2008; 24(6):306–16. doi: 10.1016/j.tig.2008.03.011 PMID: 18471925

40. Stadler MB, Murr R, Burger L, Ivanek R, Lienert F, Scholer A, et al. DNA-binding factors shape the
mouse methylome at distal regulatory regions. Nature. 2011; 480(7378):490–5. doi: 10.1038/
nature10716 PMID: 22170606

Sheep Methylome

PLOSONE | DOI:10.1371/journal.pone.0142034 November 4, 2015 13 / 14

http://dx.doi.org/10.1371/journal.pone.0101853
http://www.ncbi.nlm.nih.gov/pubmed/25010796
http://dx.doi.org/10.1038/nature06745
http://www.ncbi.nlm.nih.gov/pubmed/18278030
http://www.ncbi.nlm.nih.gov/pubmed/18423832
http://dx.doi.org/10.1016/j.cell.2011.12.035
http://dx.doi.org/10.1016/j.cell.2011.12.035
http://www.ncbi.nlm.nih.gov/pubmed/22341451
http://dx.doi.org/10.1093/bioinformatics/btr167
http://www.ncbi.nlm.nih.gov/pubmed/21493656
http://dx.doi.org/10.1371/journal.pone.0132866
http://www.ncbi.nlm.nih.gov/pubmed/26176536
http://dx.doi.org/10.1093/bioinformatics/btu031
http://www.ncbi.nlm.nih.gov/pubmed/24451626
http://dx.doi.org/10.1093/bioinformatics/btn250
http://dx.doi.org/10.1093/bioinformatics/btn250
http://www.ncbi.nlm.nih.gov/pubmed/18511468
http://dx.doi.org/10.1038/nrg2732
http://www.ncbi.nlm.nih.gov/pubmed/20125086
http://dx.doi.org/10.1128/MCB.00220-13
http://www.ncbi.nlm.nih.gov/pubmed/23671186
http://dx.doi.org/10.1242/dev.061416
http://dx.doi.org/10.1242/dev.061416
http://www.ncbi.nlm.nih.gov/pubmed/21247965
http://dx.doi.org/10.1371/journal.pgen.1002389
http://dx.doi.org/10.1371/journal.pgen.1002389
http://www.ncbi.nlm.nih.gov/pubmed/22174693
http://www.ncbi.nlm.nih.gov/pubmed/11522819
http://www.ncbi.nlm.nih.gov/pubmed/3593377
http://dx.doi.org/10.1101/gr.092759.109
http://www.ncbi.nlm.nih.gov/pubmed/19541911
http://dx.doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
http://dx.doi.org/10.1371/journal.pbio.0060135
http://www.ncbi.nlm.nih.gov/pubmed/18532878
http://dx.doi.org/10.1016/j.tig.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18471925
http://dx.doi.org/10.1038/nature10716
http://dx.doi.org/10.1038/nature10716
http://www.ncbi.nlm.nih.gov/pubmed/22170606


41. Lee JR, Hong CP, Moon JW, Jung YD, Kim DS, Kim TH, et al. Genome-wide analysis of DNAmethyla-
tion patterns in horse. BMCGenomics. 2014; 15:598. doi: 10.1186/1471-2164-15-598 PMID:
25027854

42. Xiang H, Zhu J, Chen Q, Dai F, Li X, Li M, et al. Single base-resolution methylome of the silkworm
reveals a sparse epigenomic map. Nat Biotechnol. 2010; 28(5):516–20. doi: 10.1038/nbt.1626 PMID:
20436463

43. Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SW, Chen H, et al. Genome-wide high-resolution
mapping and functional analysis of DNAmethylation in arabidopsis. Cell. 2006; 126(6):1189–201.
PMID: 16949657

44. Nakamura K, Hashizume E, Shibata T, Nakamura Y, Mala S, Yamane K. Small cytoplasmic RNA
(scRNA) gene from Clostridium perfringens can replace the gene for the Bacillus subtilis scRNA in both
growth and sporulation. Microbiology. 1995; 141 (Pt 11):2965–75. PMID: 8535524

45. Wang L, Zhang J, Duan J, Gao X, ZhuW, Lu X, et al. Programming and inheritance of parental DNA
methylomes in mammals. Cell. 2014; 157(4):979–91. doi: 10.1016/j.cell.2014.04.017 PMID: 24813617

46. Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server for annotation and identi-
fication of enriched pathways and diseases. Nucleic Acids Res. 2011; 39(Web Server issue):W316–22.
doi: 10.1093/nar/gkr483 PMID: 21715386

47. Li Y, Zhu J, Tian G, Li N, Li Q, Ye M, et al. The DNAmethylome of human peripheral blood mononuclear
cells. PLoS Biol. 2010; 8(11):e1000533. doi: 10.1371/journal.pbio.1000533 PMID: 21085693

Sheep Methylome

PLOSONE | DOI:10.1371/journal.pone.0142034 November 4, 2015 14 / 14

http://dx.doi.org/10.1186/1471-2164-15-598
http://www.ncbi.nlm.nih.gov/pubmed/25027854
http://dx.doi.org/10.1038/nbt.1626
http://www.ncbi.nlm.nih.gov/pubmed/20436463
http://www.ncbi.nlm.nih.gov/pubmed/16949657
http://www.ncbi.nlm.nih.gov/pubmed/8535524
http://dx.doi.org/10.1016/j.cell.2014.04.017
http://www.ncbi.nlm.nih.gov/pubmed/24813617
http://dx.doi.org/10.1093/nar/gkr483
http://www.ncbi.nlm.nih.gov/pubmed/21715386
http://dx.doi.org/10.1371/journal.pbio.1000533
http://www.ncbi.nlm.nih.gov/pubmed/21085693

