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It is well-known that environment influences DNA methylation, however, the extent of heritable DNA
methylation variation following animal domestication remains largely unknown. Using meDIP-chip we
mapped the promoter methylomes for 23,316 genes in muscle tissues of ancestral and domestic chickens.
We systematically examined the variation of promoter DNA methylation in terms of different breeds,
differentially expressed genes, SNPs and genes undergo genetic selection sweeps. While considerable
changes in DNA sequence and gene expression programs were prevalent, we found that the inter-strain
DNA methylation patterns were highly conserved in promoter region between the wild and domestic
chicken breeds. Our data suggests a global preservation of DNA methylation between the wild and domestic
chicken breeds in either a genome-wide or locus-specific scale in chick muscle tissues.

E
pigenetic information, which exists as different kinds of modifications in DNA and histone proteins, is
considered as a heritable genetic code in addition to the sequence of DNA1,2. The mechanisms of how
epigenetic modifications and their interactions generate regulatory signals to modulate diverse biological

processes have been intensively studied in recent years3–7. We have gained knowledge on the distribution of
epigenetic modifications across the genome, however, little information is available regarding the dynamics of
epigenetic modifications during development and disease, the contribution of epigenetic modifications to gene
expression, and the stability of the epigenetic code under long-term environmental changes and selections.

Environmental factors affect phenotypes via both genetic and epigenetic mechanisms8,9. In mice, the epigenetic
state of an intracisternal A-particle (IAP) retrotransposon inserted upstream of the Agouti coding region, and
subsequently, the expression of the Agouti gene are influenced by the S-adenosylmethionine (SAM) content of
maternal food intake10,11. Low degree of IAP methylation leads to overexpression of the Agouti gene and conse-
quently ectopic phenotypes such as obesity, diabetes and increased susceptibility to tumors10,11. Furthermore,
adaptive traits induced by the environment can be transmitted to the following generations through epigenetic
inheritance mechanisms12. For example, the exposure of female rats to the antiandrogenic fungicide vinclozolin
induces a female-specific mate preference after three generations13.

Above findings suggest that environmental factors could induce heritable epigenetic changes to influence
phenotypes. An interesting question is whether epigenetic mechanism is involved in shaping traits of farm
animals following domestication. Chicken was first domesticated from the red jungle fowl (Gallus gallus, RJF)
in southeast Asia about 8,000 years ago14. Chahua chicken (CH) is a native breed in southwest China that displays
many phenotypes and behaviors similar to RJF15. Avian broiler (AA) is a well-known breed used for meat
production worldwide, and white leghorn (WL) has good performance in egg production. Both AA and WL
have been subject to intensive human selection and have become accustomed to a man-made environment.
Recently, extensive analyses have been done towards determining the genetic mechanisms underlying phenotypic
diversity of farm animals16. Millions of DNA mutations have been identified in different chicken breeds17,18.
However, the epigenetic variations in the process of animal domestication have been rarely studied.
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In this study, we focused on the promoter DNA methylation and
systematically analyzed the changes of DNA methylome following
chicken domestication. With the development of DNA microarray
and next-generation sequencing technologies, high-throughput
methods such as the methylated DNA immunoprecipitation
(meDIP) approach and bisulfite sequencing (bis-seq) assay can be
combined to perform unbiased genome-wide analysis of DNA
methylation profile1,6,19. MeDIP can specifically pull down the
DNA stretches with methylated cytosines and quantify the methyla-
tion level by hybridizing DNA to a whole-genome promoter array.
We applied the meDIP to quantify relative methylation level of the
promoters for four chicken breeds using the MEDME routine (mod-
eling experimental data with meDIP enrichment)4,20. Our results
reveal a surprising conservation of DNA methylation between the
wild (RJF) and domestic chicken breeds (CH, AA and WL) in either a
genome-wide or locus-specific scale in chick muscle tissues. These
findings shed novel insights into the influence of domestication on
DNA methylation variation.

Results
Genome-wide mapping and characterization of promoter
methylation in chickens. The MeDIP hybridization data was
processed using MEDME to determine the relative methylation
scores (RMS)4,20. RMS is an estimate of the relative probe-level
methylation (mCpG/CpG) and is reported to be linearly correlated
with that obtained using bis-seq20. We found the MeDIP results
showed a high consistency to that of bis-seq method suggesting a
high quality of DNA methylation data (Supplementary Fig. S1 and
S2).

We first analyzed the distribution of DNA methylation around the
TSS. We found the DNA methylation level decreased gradually
towards the TSS and increased towards the gene body region, form-
ing a valley at about 200 bp upstream of transcription start site (TSS)
(Figure 1A). The depletion of DNA methylation immediately
upstream of the TSS might be beneficial for the binding of transcrip-
tion factors.

We then investigated the relative methylation level of promoters
for different gene categories. We found that genes encoding miRNAs
(P 5 6.30 3 e210), pseudogenes (P 5 0.019), snoRNAs (P 5 2.39 3
e211) and tRNAs (P 5 2.25 3 e27) showed relatively high levels of
promoter methylation compared to the protein-encoding genes. The
promoters of the miscRNA (P 5 0.94) genes and snRNA (P 5 0.79)
genes showed similar methylation levels with the protein-encoding
genes, while the rRNA gene promoters had a relatively lower methy-
lation level (P 5 0.0053) (Figure 1B). These results are consistent
with previous studies on Arabidopsis and silkworms21,22. These stud-
ies reported that the promoters of miRNA genes were usually highly
methylated, suggesting a conserved phenomenon among species.

One pair of chromosomes distinguishes the sex in birds, ZZ for
males and ZW for females23. Although the avian ZW chromosomes
have been suggested to be evolved from autosomes, recent studies
have shown that Z chromosome is different from the autosomes in
terms of gene content and expression24. Z chromosome is less gene-
dense and contains more interspersed repeats compared to auto-
somes23,24. We compared the promoter methylation of sex chromo-
somal and autosomal genes and detected no significant difference in
the average promoter methylation level between the Z chromosome
and autosomes. However, the promoters on the W chromosome
were significantly less methylated compared to Z chromosome and
autosomes (P 5 8.63 3 e215 between W and Z, P 5 3.07 3 e216

between W and autosomes, Figure 1C).
Furthermore, we analyzed the enrichment of methylated and

unmethylated genes in the chicken genome. We defined promoters
with an RMS of .1.5 as highly methylated, an RMS of 0.8,1.5 as
intermediately methylated, and an RMS of ,0.8 as lowly methylated
(the thresholds were defined empirically according to our bis-seq

Figure 1 | Characteristics of promoter DNA methylation in the chicken
genome. (A) Distribution of DNA methylation around the TSS in the

chicken genome. (B) Average relative methylation level of different gene

categories in the chicken genome. Box plots showing the methylation level

distribution of each gene category. Gene methylation levels of 25–75%

were selectively used and the middle line represents the average

methylation level. (C) Relative DNA methylation levels of autosomes, and

Z and W chromosomes.
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results, data not shown). Genes that were consistently methylated or
lowly methylated in all four breeds were termed as conserved highly
methylated genes (CHMGs) or lowly methylated genes (CLMGs),
respectively. In total, we identified 299 CHMGs and 2,429 CLMGs
(Supplementary Table 1). Four CHMGs and four CLMGs were ran-
domly selected for bis-seq analysis. The results showed that four
CHMGs were all highly methylated and four CLMGs were all spar-
sely methylated (Supplementary Fig. S3 and S4). Gene ontology
(GO) analysis showed that CHMGs were enriched for genes involved
in regulation of apoptosis, catecholamine metabolic, and lipid meta-
bolic processes. In contrast, CLMGs were enriched for genes required
for many basic biological processes, such as DNA-dependent regu-
lation of transcription and the G-protein coupled receptor protein
signaling pathway (Table 1).

Global conservation of promoter DNA methylomes in chicken
breeds. We compared the whole genome promoter methylomes bet-
ween different chicken breed pairs. First, we analyzed the correlation
between RJF and three domestic chicken breeds based on the signal
density of all probes. The methylation of each chicken breed was
represented by the average relative methylation level of all analyzed
individuals. Scatter plots comparing the average DNA methylation
level between RJF and CH, RJF and AA, or RJF and WL revealed
strong correlations of promoter DNA methylation between the wild
and domestic chicken breeds (Pearson’s r: RJF and CH, r2 5 0.88; RJF
and AA, r2 5 0.81; RJF and WL, r2 5 0.92. Figure 2A, 2B and 2C).
Next, we compared the methylation profiles of three domestic chicken
breeds and found that all the three breeds showed indistinguishable
promoter methylation patterns and there was no obvious methylation
difference between CH and AA, CH and WL, or AA and WL
(Pearson’s r: CH and AA, r2 5 0.85; CH and WL, r2 5 0.86; AA
and WL, r2 5 0.79. Figure 2D, 2E and 2F). Finally, hierarchical clu-
stering of the methylation level of all samples from the four breeds
failed to distinguish samples from different breeds indicating a lack of
breed-specific promoter methylation (Supplementary Fig. S5).

The above correlation analysis was based on the log2 ratio of all
probes. To eliminate the variation potentially caused by the analysis
method, we analyzed differentially methylated genes (DMGs) using
the data generated by MEDME. Based on our criteria for DMGs in
method section, we did not identify any DMG between RJF and CH,
CH and AA, or CH and WL. There were 4 DMGs between RJF and
AA, 1 gene between RJF and WL, and 35 DMGs between AA and WL
(Supplementary Table 2). Seven of these genes (two between RJF and
AA, five between AA and WL) were selected for bis-seq validation, and
bis-seq results showed that they were all false positive (Supplementary
Fig. S6). In addition, we randomly selected 795 CpG sites for bis-seq
and quantified the methylation level in all CpG sites of the four sam-
ples. Again, no significant inter-breed differences were detected in
these sites (Supplementary Fig. S7). Our results thus suggest that at
least in the 23,316 promoter regions of the muscle tissues included in
our array, there are no dramatic changes in promoter DNA methyla-

tion between the wild and domestic chicken breeds, or between the
domestic chicken breeds.

Changes in gene expression level between chicken breeds do not
globally correlate with promoter methylation variations. Thousands
of genes show differential expression levels between the wild and
domestic chicken breeds25. Promoter DNA methylation is a well-
studied suppressor of gene transcription1,4,21. Hence, we investigated
whether DNA methylation contributes to the gene expression diffe-
rence between chicken breeds.

First, we obtained gene expression profiles of RJF, CH, AA and WL
using the RNA-seq assay, and defined differentially expressed genes
(DEGs) using the criteria of .2-fold change, P , 0.05, and FDR ,
0.05. In total, we identified 740, 1148, 2457, 168, 3791, and 4094
DEGs (Supplementary Table 3) between RJF and CH, RJF and AA,
RJF and WL, CH and AA, CH and WL, and AA and WL, respectively.

Next, we analyzed the correlation between the changes in pro-
moter methylation level and the changes in gene expression level
in all chicken breeds. We found that the changes in promoter methy-
lation correlated poorly with the changes in gene expression in a
global level (Figure 3). Although genes in the second and fourth
quadrants showed a mild negative correlation, none of them was
DMG between the wild and domestic chicken breeds. In contrast,
we observed a significant negative correlation between promoter me-
thylation and gene expression level in all samples (Figure 4). Our
results suggest that changes in gene expression during domestication
could not be explained by the changes in promoter DNA methylation
in a global scale.

DNA mutations between chicken breeds show little influence on
DNA methylation variations. Millions of single nucleotide polymor-
phisms (SNPs) have been identified between different chicken breeds
at a frequency of five SNPs per kilobase between RJF and the domestic
chicken lines17,18. We downloaded the SNP data of AA and WL, and
analyzed the relationship between DNA mutations and DNA methy-
lation. We did not perform pairwise comparison between RJF and CH
due to the lack of re-sequencing data of CH.

By analyzing the RMS of probes which contained loss and gain of
CG motif mutations, respectively, we found that the methylation
levels of these probes were still highly correlated between RJF and
AA, and between RJF and WL. This observation suggests that the
genetic mutations which altered the potential methylation sites do
not result in DNA methylation changes (Figure 5A, 5B, 5C and 5D).
These SNPs did not result in changes in DNA methylation level of the
corresponding probe region in the genome. One possible explanation
is the loss or gain of a single methylated CG site is not sufficient to
alter the affinity of the methylation antibody to DNA fragments.

Next, we asked whether a mass of SNPs would be able to affect
DNA methylation. To this end, we examined the influence of SNP
density on DNA methylation variation. All the SNPs that caused a
gain or a loss of the CG motif in the 1.6 kb regions probed in the

Table 1 | GO enrichment of CHMGs and CLMGs

Gene group GO terms
Number of genes in the gene

group/all genes in the GO group
P-value for
enrichment

Conserved highly methylated genes regulation of apoptosis 5/14 0.0078
catecholamine metabolic process 2/2 0.013
lipid metabolic process 7/30 0.019

Conserved lowly methylated genes regulation of transcription, DNA-dependent 182/248 4.59E-05
G-protein coupled receptor protein signaling pathway 64/142 0.00017
ubiquitin-dependent protein catabolic process 30/36 0.0067
protein folding 29/35 0.0093
vesicle-mediated transport 29/36 0.020
protein amino acid phosphorylation 135/197 0.032
post-translational protein modification 17/20 0.039
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Figure 2 | Correlation of global DNA methylation levels between chicken breeds. Scatter plots showing the correlation of DNA methylation level

of all the 390,000 probes in the microarray between different breeds. The numbers in both axes represent the log2 ratio of probes. (A) RJF and CH. (B) RJF

and AA. (C) RJF and WL. (D) CH and AA. (E) CH and WL. (F) AA and WL.
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Figure 3 | Correlation between differential gene expression and promoter DNA methylation. The X axis represents the fold change of gene expression

between samples, and the y axis represents the fold change of methylation level. For each promoter, the average change in cytosine methylation is

compared to the change in mRNA. (A) RJF and CH. (B) RJF and AA. (C) RJF and WL. (D) CH and AA. (E) CH and WL. (F) AA and WL.
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microarray were taken into consideration. SNP density was pre-
sented by the ratio of SNP number to the length of the proximal
promoter. The methylation state of a promoter was calculated as the
average methylation level of all the probes in promoter region. By
comparing the correlation of SNP density to methylation level
changes between RJF and AA, and between RJF and WL, we found
that DNA methylation variations did not show a significant positive
correlation with SNP density (Figure 5E and 5F. r2 5 0.001 between
RJF and AA, r2 5 6.6 3 e25 between RJF and WL).

Genes that undergo genetic selection stress show no variations in
promoter methylation between the wild and domestic chicken
breeds. A number of genes have been reported to suffer from
intensively artificial selection stress during chicken domestication,
such as thyroid stimulating hormone receptor (TSHR), V-set and
transmembrane domain containing 2A (VSTM2A), semaphorin
(SEM3A), insulin-like growth factor I (IGF I), and growth hormone
receptor (GHR)18. Genetic selective sweeps have been detected in gene
body or upstream region of these genes18. We asked if these genes
underwent epigenetic selection stress. TSHR, VSTM2A and GHR
were selected for bis-seq analysis, and both the meDIP-chip and
bis-seq results showed no DNA methylation variations in their
proximal promoter regions between the wild and domestic chicken
breeds (Figure 6A, 6B, 6C and Supplementary Fig. S8). In addition,
the meDIP-chip results showed that there was no obvious DNA
methylation variation in promoter regions of genetically selected

genes including SEM3A, IGF I, TBC1 domain family, member 1
(TBC1D1), SH3 Domain-Containing RING Finger (SH3RF2) and
pro-melanin-concentrating hormone (PMCH) (Figure 6D).

Discussion
In this study we report genome-wide promoter methylation patterns
in the muscle tissue of the wild and domestic chicken breeds. We
systematically analyzed the methylation characteristics of the chicken
promoter regions. Importantly, we analyzed the DNA methylation
variations between the wild and domestic chicken breeds, the influ-
ence of DNA methylation on gene expression changes and the impacts
of SNPs on DNA methylation between these breeds. In our study we
used meDIP for DNA methylation analysis. MeDIP is widely used
in mapping of DNA methylation1,6,19, although it does not give en-
ough resolution as that of single base bisulfite sequencing analysis, it
can basically reflect the changes of DNA methylation. MeDIP has
many disadvantages, including bias towards high CG content region,
requirement of methylated CpG number in limited region, problems
in evaluation of methylation level. The greatest concern is on if there is
linear relationship between the meDIP value and DNA methylation
level. Pelizzola revealed the nonlinear relationship between the meDIP
value and DNA methylation level and proposed an analytical meth-
odology called MEDMD20, which could improve the evaluation of
DNA methylation level based on meDIP data and worked well in
real-life data analysis. In our study we adopted this method for our

Figure 4 | Relationship between promoter DNA methylation and expression levels of genes in chicken. Genes were classified into deciles based on the

expression level, the 1st decile is the lowest and the 10th is the highest. Promoter regions of each gene probed by our array were divided into 100-bp

fragments. Plots show the methylation level of each fragment.
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Figure 5 | Effect of SNPs on DNA methylation level. Scatter plots showing the correlation of the DNA methylation level of probes to SNP. Each

plot represents an SNP site, x and y axis represent RMS of domestic and RJF of corresponding probe. Loss of CG motif: (A) RJF and AA; (B) RJF and WL.

Gain of CG motif: (C) RJF and AA; (D) RJF and WL. SNP density and DNA methylation changes. (E) RJF and AA; (F) RJF and WL.
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Figure 6 | Methylation state of genes that have undergone genetic selection sweeps in four chicken breeds. (A) Bis-seq results of TSHR promoter.

(B) Bis-seq results of VSTM2A promoter. (C) Bis-seq results of GHR promoter. (D) MeDIP-chip results of SEM3A, IGF I, TBC1D1, SH3RF2 and PMCH.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8748 | DOI: 10.1038/srep08748 8



meDIP data analysis and took stringent criteria for differential methy-
lation analysis to avoid false positive results.

Domestication is an evolutionary process during which animals
become accustomed to an artificial environment with the intention
of selection for human-preferred traits26. When animals are moved
from a natural to a man-made environment, many traits are under-
going changes including sources and components of feed, and general
living conditions25. The cumulative influence of the environmental
changes accompanying artificial human selection directly resulted in
morphological and psychological changes in domestic animals com-
pared with their wild ancestor, such as accelerated growth and deve-
lopment, plumage color variety, and reduced fearfulness towards
humans27. For example, AA and WL both show higher levels of devel-
opmental and reproductive activities compared with RJF. While it is
difficult to quantify the extent, the changes between the living envir-
onment of the wild and domestic chickens are very dramatic. An
interesting question is whether such dramatic environmental changes
affect the DNA methylomes of the domestic chickens? Our results
reveal that the promoter methylomes are highly conserved between
the wild and domestic chicken breeds, and between the domestic
chicken breeds themselves.

As the basis of phenotypic variations, many genes are differentially
expressed between diverse chicken breeds. Promoter DNA methyla-
tion is a well-characterized epigenetic modification that can suppress
gene transcription28,29, raising the question as to whether the changes
in DNA methylation contribute to differential gene expression. By
analyzing all the DMGs in RJF, CH, AA and WL, we found that there
was no obvious negative correlation, suggesting that DNA methyla-
tion plays a limited role in shaping the differential gene expression
patterns.

DNA methylation occurs mainly in the CpG dinucleotides in
animal genomes28. Alterations in DNA sequences especially those
at CpG motifs may affect the number of methylated cytosines.
Seven million SNPs were found in various domestic chicken breeds
compared with RJF18, many of which are in the CG motifs. First, we
found that neither loss nor gain of CG motifs could alter DNA
methylation of the corresponding genome regions of the domestic
chicken breeds. Second, DNA methylation remained unaltered with
the increment of the SNP density in the promoter region. Finally,
important growth and development traits related genes that have
undergone genetic selection sweeps did not show DNA methylation
changes in promoter regions of the studied chicken breeds.

Many reports showed the variations of epigenetic modifications in
higher eukaryotes can be stably inherited by offspring, and envir-
onmental stimuli may induce epigenetic changes and subsequently
have a long-term impact on gene expression12,29–31. We found only
small differences in promoter DNA methylation between the wild
and domestic chicken breeds that have been maintained in distinct
environments for thousands of years. Furthermore, we showed the
conservation of promoter DNA methylome among chicken breeds in
several aspects. In our study, only the proximal promoter regions
were probed in the microarray. Hence, it is difficult for us to draw
a conclusion on the absence of DNA methylation changes on a
genome-wide scale. However, methylation of the promoter regions,
which are of great importance for gene expression regulation, re-
mained unchanged. We speculate that there were no stable DNA
methylation changes during the process of chicken domestication,
at least in promoter regions of the muscle genome. Animals exposed
to environmental factors may show alteration in the stability of their
epigenomes throughout their lifetimes8. Previous studies suggested
that environmental factors such as nutritional supplements11, beha-
vioral cues32, reproductive method33 and radiation34 can induce
epigenetic variations. Hence, it is possible that the environmental
differences between the wild and domestic chicken breeds were
not intense enough to alter the stability of the DNA methylome,
or that the initial DNA methylation changes could not be stably

inherited. In a broader context, promoter DNA methylation is
only one type of the many epigenetic modifications that can regu-
late the gene expression level35–37. Further studies will be needed to
elucidate the involvement of epigenetic mechanisms in animal
domestication.

Methods
Ethics statement. All experiments of this study were carried out under the guidelines
of animal welfare committee of China Agricultural University with approval number
XK293.

Animals. Five 7-day-old female chickens were used for each chicken breed in this
study. Gastrocnemius taken from each animal was flash frozen in liquid nitrogen and
then stored at 280uC.

We performed DNA methylation profiling of proximal promoter regions in the
skeletal muscle tissue of chickens using the meDIP-chip assay. Four chicken breeds
were profiled: RJF was used to represent the wild chicken breed, whereas CH, AA and
WL were selected as representative domestic chicken breeds. Five individuals were
analyzed for each breed, except that one individual of the WL was discarded due to the
poor data quality.

MeDIP assay. Genomic DNA was extracted using a DNeasy Blood & Tissue Kit
(QIAGEN), and DNA was sheared into 400–1000 bp fragments by sonication
(Bioruptor, Diagenode). The MeDIP assay was performed as described previously.
Briefly, 2 mg sonicated DNA was denatured and incubated with 5 mg mouse
monoclonal anti-5-methyl cytidine antibody (Diagenode) in 500 ml IP buffer (0.5%
NP40; 1.1% Triton X-100; 1.5 mM EDTA; 50 mM Tris-HCl, 150 mM NaCl) at 4uC
for 4 h on a rotating wheel. Then the mixture was incubated with 50 ml of magnetic
beads coupled anti-mouse IgG (Bangs laboratories Inc) at 4uC for 2 h by end-over-
end rotation, and washed three times with 700 ml IP buffer. Methylated DNA was
recovered using proteinase K digestion at 50uC for 3 h, and purified using the phenol-
chloroform extraction method followed by ethanol precipitation.

Array design, data processing, and probe annotation of the arrays for detection of
genome-wide promoter methylation. ArrayStar Custom Chicken promoter tiling
arrays (Nimblegen) were designed based on the galGal3 genome release which
including about 23000 transcripts. The array contains about 390,000 probes with an
average length of 60 bp tiled in 62-bp steps along all the Ensemble promoter regions
(from about 1.1 kb upstream to 500 bp downstream of the TSS). The MeDIP DNA
was labeled by Cy5 and the input DNA was labeled by Cy3. The probe-level log ratio
was determined as the log2 of the Cy5/Cy3 channels and used as a measure of MeDIP
enrichment. We applied the standard normalization methods, median-centering and
quantile normalization by Bioconductor packages Ringo and limma, for two-channel
microarrays38. After normalization, the normalized log2-ratio data was created for
each sample.

Estimation of the absolute and relative DNA methylation levels, and
identification of differentially methylated genes. The absolute and relative
methylation score (AMS and RMS) were used to describe the relative methylation
level of the proximal promoter regions, which was generated based on the log2 ratio of
the probes. The detailed MEDME method for data processing was previously
described by Pelizzola et al20.

The criteria for differentially methylated genes were as follows: 1) the promoter
should be located in the high CpG density promoter (HCP) or intermediate CpG
density promoter (ICP) (the definitions of HCP, ICP and low CpG density promoter
(LCP) are provided in Ref. 1 there must be at least three continuous probes in the
promoter region, with more than 2-fold RMS change between breeds, P , 0.05, and
FDR , 0.05; 3) the average RMS should be .1.5 in one breed and ,0.8 in the other
breed, according to our definitions of the methylated genes and unmethylated genes.

GO enrichment analysis. Gene information was downloaded from the public FTP
site of Ensembl (ftp.ensembl.org/pub). The information about GO terms was
downloaded from the UniProtKB-GOA database. We randomly selected samples of
Nf different genes at each iteration, and calculated the P values for over-
representation of the selected genes in all GO biological categories using Fisher’s exact
test. GO terms with P , 0.05 were considered significantly enriched.

Bisulfite-sequencing. Bisulfite-converted DNA was obtained using the EZ DNA
Methylation-Gold KitTM (Zymo Research) according to the manufacturer’s
instructions. Semi-nested PCR was carried out for the amplification of specified
genomic regions. Primers for bis-seq analysis are available upon request.

Total RNA isolation and RNA-Seq. A tissue block was ground in liquid nitrogen,
and total RNA was extracted with TRIzolH Reagent (Invitrogen) according to the
manufacturer’s instructions. At least 4 individuals used for the meDIP-chip assay
were used for RNA-seq analysis. mRNA was isolated from the total RNA using
oligo(dT) magnetic beads. mRNA was interrupted to about 200 bp fragments in a
fragmentation buffer. The first strand of cDNA was synthesized using the random
hexamer-primer, and the second strand was subsequently synthesized based on the
first strand. The double strand cDNA was purified with the QiaQuick PCR extraction
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kit (Qiagen) and washed with EB buffer for end repair and adenine addition. Finally,
sequencing adaptors were ligated to the fragments. The required fragments were
obtained using agarose gel electrophoresis and amplified using PCR. The library
products were ready for sequencing analysis by Illumina HiSeqTM 2000.

SNP data used in this study and SNP grouping. The SNP data of the AA and WL
were downloaded from: http://www.ensembl.org/biomart/martview/
aef928205e592369f2e599bfd31f23f8/aef928205e592369f2e599bfd31f23f8. SNPs
were divided into two categories: SNPs which cause loss of CG dinucleotides and gain
of CG dinucleotides. The SNPs that resulted in the loss or gain of CG dinucleotides
referred to genomic sites that were immediately followed by a G and contained
mutations of C to N or N to C (N5A, T, or G).

1. Weber, M. et al. Distribution, silencing potential and evolutionary impact of
promoter DNA methylation in the human genome. Nat Genet 39, 457–466,
doi:10.1038/ng1990 (2007).

2. Reik, W. & Walter, J. Genomic imprinting: parental influence on the genome. Nat
Rev Genet 2, 21–32, doi:10.1038/35047554 (2001).

3. Cokus, S. J. et al. Shotgun bisulphite sequencing of the Arabidopsis genome reveals
DNA methylation patterning. Nature 452, 215–219, doi:10.1038/nature06745
(2008).

4. Koga, Y. et al. Genome-wide screen of promoter methylation identifies novel
markers in melanoma. Genome Res 19, 1462–1470, doi:10.1101/gr.091447.109
(2009).

5. Li, Q. et al. Genome-wide mapping of DNA methylation in chicken. PLoS One 6,
e19428, doi:10.1371/journal.pone.0019428 (2011).

6. Yuan, W. et al. An integrated epigenomic analysis for type 2 diabetes susceptibility
loci in monozygotic twins. Nature communications 5, 5719, doi:10.1038/
ncomms6719 (2014).

7. Lee, D. S. et al. An epigenomic roadmap to induced pluripotency reveals DNA
methylation as a reprogramming modulator. Nature communications 5, 5619,
doi:10.1038/ncomms6619 (2014).

8. Daxinger, L. & Whitelaw, E. Transgenerational epigenetic inheritance: more
questions than answers. Genome Res 20, 1623–1628, doi:10.1101/gr.106138.110
(2010).

9. Chen, Z. J. Genetic and epigenetic mechanisms for gene expression and
phenotypic variation in plant polyploids. Annu Rev Plant Biol 58, 377–406,
doi:10.1146/annurev.arplant.58.032806.103835 (2007).

10. Michaud, E. J. et al. Differential expression of a new dominant agouti allele (Aiapy)
is correlated with methylation state and is influenced by parental lineage. Genes
Dev 8, 1463–1472 (1994).

11. Wolff, G. L., Kodell, R. L., Moore, S. R. & Cooney, C. A. Maternal epigenetics and
methyl supplements affect agouti gene expression in Avy/a mice. FASEB J 12,
949–957 (1998).

12. Johannes, F. et al. Assessing the impact of transgenerational epigenetic variation
on complex traits. PLoS Genet 5, e1000530, doi:10.1371/journal.pgen.1000530
(2009).

13. Crews, D. et al. Transgenerational epigenetic imprints on mate preference. Proc
Natl Acad Sci U S A 104, 5942–5946, doi:10.1073/pnas.0610410104 (2007).

14. Fumihito, A. et al. One subspecies of the red junglefowl (Gallus gallus gallus)
suffices as the matriarchic ancestor of all domestic breeds. Proc Natl Acad Sci U S
A 91, 12505–12509 (1994).

15. Bao, W. et al. Analysis of genetic diversity and phylogenetic relationships among
red jungle fowls and Chinese domestic fowls. Sci China C Life Sci 51, 560–568,
doi:10.1007/s11427-008-0076-y (2008).

16. Javierre, B. M. et al. Changes in the pattern of DNA methylation associate with
twin discordance in systemic lupus erythematosus. Genome Res 20, 170–179,
doi:10.1101/gr.100289.109 (2010).

17. Wong, G. K. et al. A genetic variation map for chicken with 2.8 million single-
nucleotide polymorphisms. Nature 432, 717–722, doi:10.1038/nature03156
(2004).

18. Rubin, C. J. et al. Whole-genome resequencing reveals loci under selection during
chicken domestication. Nature 464, 587–591, doi:10.1038/nature08832 (2010).

19. Huang, Y. Z. et al. Genome-wide DNA methylation profiles and their
relationships with mRNA and the microRNA transcriptome in bovine muscle
tissue (Bos taurine). Sci Rep 4, 6546, doi:10.1038/srep06546 (2014).

20. Pelizzola, M. et al. MEDME: an experimental and analytical methodology for the
estimation of DNA methylation levels based on microarray derived MeDIP-
enrichment. Genome Res 18, 1652–1659, doi:10.1101/gr.080721.108 (2008).

21. Zhang, X. et al. Genome-wide high-resolution mapping and functional analysis of
DNA methylation in arabidopsis. Cell 126, 1189–1201, doi:10.1016/
j.cell.2006.08.003 (2006).

22. Xiang, H. et al. Single base-resolution methylome of the silkworm reveals a sparse
epigenomic map. Nat Biotechnol 28, 516–520, doi:10.1038/nbt.1626 (2010).

23. Bellott, D. W. et al. Convergent evolution of chicken Z and human X
chromosomes by expansion and gene acquisition. Nature 466, 612–616,
doi:10.1038/nature09172 (2010).

24. Ellegren, H. Sex-chromosome evolution: recent progress and the influence of male
and female heterogamety. Nat Rev Genet 12, 157–166, doi:10.1038/nrg2948
(2011).

25. Rubin, C. J. et al. Differential gene expression in femoral bone from red junglefowl
and domestic chicken, differing for bone phenotypic traits. BMC Genomics 8, 208,
doi:10.1186/1471-2164-8-208 (2007).

26. Wiren, A., Gunnarsson, U., Andersson, L. & Jensen, P. Domestication-related
genetic effects on social behavior in chickens - effects of genotype at a major
growth quantitative trait locus. Poult Sci 88, 1162–1166, doi:10.3382/ps.2008-
00492 (2009).

27. Jensen, P. Behavior genetics and the domestication of animals. Annual review of
animal biosciences 2, 85–104, doi:10.1146/annurev-animal-022513-114135
(2014).

28. Attwood, J. T., Yung, R. L. & Richardson, B. C. DNA methylation and the
regulation of gene transcription. Cell Mol Life Sci 59, 241–257 (2002).

29. Jaenisch, R. & Bird, A. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet 33 Suppl, 245–254,
doi:10.1038/ng1089 (2003).

30. Sheldon, C. C. et al. The control of flowering by vernalization. Curr Opin Plant
Biol 3, 418–422 (2000).

31. Reinders, J. et al. Compromised stability of DNA methylation and transposon
immobilization in mosaic Arabidopsis epigenomes. Genes Dev 23, 939–950,
doi:10.1101/gad.524609 (2009).

32. Weaver, I. C. et al. Epigenetic programming by maternal behavior. Nat Neurosci 7,
847–854, doi:10.1038/nn1276 (2004).

33. Niemitz, E. L. & Feinberg, A. P. Epigenetics and assisted reproductive technology:
a call for investigation. Am J Hum Genet 74, 599–609, doi:10.1086/382897 (2004).

34. Koturbash, I. et al. Epigenetic dysregulation underlies radiation-induced
transgenerational genome instability in vivo. Int J Radiat Oncol Biol Phys 66,
327–330, doi:10.1016/j.ijrobp.2006.06.012 (2006).

35. Pai, A. A., Bell, J. T., Marioni, J. C., Pritchard, J. K. & Gilad, Y. A genome-wide
study of DNA methylation patterns and gene expression levels in multiple human
and chimpanzee tissues. PLoS Genet 7, e1001316, doi:10.1371/
journal.pgen.1001316 (2011).

36. Ha, M., Ng, D. W., Li, W. H. & Chen, Z. J. Coordinated histone modifications are
associated with gene expression variation within and between species. Genome Res
21, 590–598, doi:10.1101/gr.116467.110 (2011).

37. Maunakea, A. K. et al. Conserved role of intragenic DNA methylation in
regulating alternative promoters. Nature 466, 253–257, doi:10.1038/nature09165
(2010).

38. Gentleman, R. C. et al. Bioconductor: open software development for
computational biology and bioinformatics. Genome Biol 5, R80, doi:10.1186/gb-
2004-5-10-r80 (2004).

Acknowledgments
This work was supported by the National High-Technology Research and Development
Program of China (2013AA102501), the National Science & Technology Pillar Program
(2011BAD28B03), the Key Technology R&D Program of Strategic Emerging Industry of
Guangdong Province (2012A020800005), the Special Project on the Integration of Industry,
Education and Research of Guangdong Province (2012B091000158) and the Funds for
Distinguished Young Scholar of Anhui Province. We thank Zhuo Du from Sloan-Kettering
Institute for constructive advice, Hongyan Zhao from University of Birmingham for data
analysis assistant, Huifang Li from Poultry Institute of China Academy of Agricultural
Sciences, Limin Sun and Runsheng Li from Bureau of Animal Husbandry of Yunnan
Province for providing the red jungle fowls.

Author contributions
Q.L., Y.Z., X.H. and N.L. conceived and designed the experiments. Q.L. performed the
experiments and prepared figures 1–6. Q.L. and Y.W. analyzed the data. Q.L. wrote the
paper. All authors reviewed the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, Q., Wang, Y., Hu, X., Zhao, Y. & Li, N. Genome-wide Mapping
Reveals Conservation of Promoter DNA Methylation Following Chicken Domestication.
Sci. Rep. 5, 8748; DOI:10.1038/srep08748 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8748 | DOI: 10.1038/srep08748 10

http://www.ensembl.org/biomart/martview/aef928205e592369f2e599bfd31f23f8/aef928205e592369f2e599bfd31f23f8
http://www.ensembl.org/biomart/martview/aef928205e592369f2e599bfd31f23f8/aef928205e592369f2e599bfd31f23f8
http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Genome-wide Mapping Reveals Conservation of Promoter DNA Methylation Following Chicken Domestication
	Introduction
	Results
	Genome-wide mapping and characterization of promoter methylation in chickens
	Global conservation of promoter DNA methylomes in chicken breeds
	Changes in gene expression level between chicken breeds do not globally correlate with promoter methylation variations
	DNA mutations between chicken breeds show little influence on DNA methylation variations
	Genes that undergo genetic selection stress show no variations in promoter methylation between the wild and domestic chicken breeds

	Discussion
	Methods
	Ethics statement
	Animals
	MeDIP assay
	Array design, data processing, and probe annotation of the arrays for detection of genome-wide promoter methylation
	Estimation of the absolute and relative DNA methylation levels, and identification of differentially methylated genes
	GO enrichment analysis
	Bisulfite-sequencing
	Total RNA isolation and RNA-Seq
	SNP data used in this study and SNP grouping

	Acknowledgements
	References


