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ABSTRACT
DNA methylation in CpGs dinucleotides is associated with high mutability and disappearance of CpG
sites during evolution. Although the high mutability of CpGs is thought to be relevant for vertebrate
evolution, very little is known on the role of CpG-related mutations in the genomic diversification of
vertebrates. Our study analysed genetic differences in chickens, between Red Junglefowl (RJF; the
living closest relative to the ancestor of domesticated chickens) and domesticated breeds, to identify
genomic dynamics that have occurred during the process of their domestication, focusing particularly
on CpG-related mutations. Single nucleotide polymorphisms (SNPs) and copy number variations
(CNVs) between RJF and these domesticated breeds were assessed in a reduced fraction of their
genome. Additionally, DNA methylation in the same fraction of the genome was measured in the
sperm of RJF individuals to identify possible correlations with the mutations found between RJF and
the domesticated breeds. Our study shows that although the vast majority of CpG-related mutations
found relate to CNVs, CpGs disproportionally associate to SNPs in comparison to CNVs, where they are
indeed substantially under-represented. Moreover, CpGs seem to be hotspots of mutations related to
speciation. We suggest that, on the one hand, CpG-related mutations in CNV regions would promote
genomic ‘flexibility’ in evolution, i.e., the ability of the genome to expand its functional possibilities; on
the other hand, CpG-relatedmutations in SNPswould relate to genomic ‘specificity’ in evolution, thus,
representing mutations that would associate with phenotypic traits relevant for speciation.
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Introduction

The emergence of novel genomic conformations is
a fundamental process in evolution that has been the
focus of recent high-profile studies [1–5]. One of the
main challenges in evolution is to understand how
genomes diversify. Domesticated organisms are ideal
to study this process because domestication represents
recent and trackable events of diversification that have
radically changed phenotypes and genotypes over
short time spans [6]. Although domestication has
been used as a proof-of-principle for evolution since
Darwin, it has only recently started to be explored as a
way to disentangle the geneticmechanismsunderlying
evolutionary processes. Particularly, chicken domesti-
cation has led to marked phenotypic differences

between breeds and to the accumulation of mutations
in each of them [5]. Domesticated breeds of chickens
are acknowledged to have originated fromwild popu-
lations of Red Jungle Fowl (RJF) [7,8]. This domesti-
cation process is thought to have started recently,
between 5,400 [9] to 3,000 [8] years ago in Southeast
Asia. Currently, a wild form of RJF still inhabits
Southeast Asia and regions of China and India [8].
RJF is considered as the living variety of chickens that
is the closest relative to the common ancestor of all
known chicken breeds [7,8]. Considering the proxi-
mity of living RJF to the ancestor of all chickens and
the ample variety of existing domesticated types [8],
the process of chicken diversification is a valuable
model to study mechanistic aspects of genomic diver-
sification in vertebrates.
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Until recently it was common in evolutionary
biology to assume genomic changes related to evolu-
tionary novelties were mainly generated by random
(stochastic) mutation events [10,11], which occurred
independently from environmental influences [12].
One line of thought to have challenged this assump-
tion is the ability of epigenetic modifications to
influence genomic variability [13].

The influence of epigenetic state on mutation rate
has, for example, been demonstrated in cytosines of 5ʹ
to 3ʹoriented CG dinucleotides. These so-called CpG
sites are prone to DNA methylation, an enzymatic
reaction in which methyl groups (-CH3) are added
to the carbon 5 of their cytosine ring [14].
Interestingly, a methylated cytosine is one reaction
(hydrolytic deamination) away froma completemuta-
tion to a thymidine, a conversion that can even occur
spontaneously [15]. CpG to TpG transitions occur
with much higher frequency than any other point
mutation and depend on the methylation status.
Estimations show that DNA methylation in CpGs
increase CpG to TpG mutation rates by ~12 fold
[16–19]. The increase is even higher in the male
germ line [20]. In Escherichia coli, experiments have
shown CpGs are hotspots for mutations only when
methylated [15]. The hypermutability of CpGs is sug-
gested to have influenced their deficiency in vertebrate
genomes [21,22] and reported to be important in the
evolution of transcription factor binding sites [23]. In
mammals, CpG-related mutations have influenced
the well-known higher rate of transitions relative to
transversions [24] and contributed to the evolution of
the BRCA1 gene [16]. Additionally, CpGs are known
to influence the mutation rates of neighbouring non-
CpG DNA [25].

CpG mutation rates in natural populations could
be influenced by environmental exposures affecting
their methylation status [26]. Interestingly, since epi-
genetic alterations can be maintained for several gen-
erations (at least eight in plants) [27,28], there are
many opportunities for CpGs with altered methyla-
tion patterns tomutate to TpGs. In addition to biasing
point mutations, DNA methylation in CpGs is also
involved in the generation of larger genomic rearran-
gements. DNA methylation regulates the activity of
transposable elements [29], which in turn impact the
formation of new genomic arrangements such as
insertions, deletions or duplications [30]. Recent evi-
dence shows that transposition of repetitive elements

had a crucial role in the genome diversification result-
ing from the radiation of African cichlid fish [1]. In
spite of the known mechanistic connection between
CpG methylation and genetic mutations, the precise
role that CpG-relatedmutations play in evolution and
genomic diversification is not known.

Studies in Darwin finches [31] and darter fish [32]
show that differentiation between methylomes is
greater than genetic divergence among closely related
populations of animals. These studies, however, have
the limitation of not addressing epigenetic changes
solely in the germ line. Our previous study in
Finches evaluated the methylome of red blood cells
[31], while Smith et al. [32] investigated the methy-
lome in ovaries, which contain both somatic and germ
cells. DNA methylation differences in lungs of chick-
ens from Fayoumi and Leghorn lines suggest the
implication of DNA methylation in differential
immune responses among these lines [33]. Although
it is interesting to find a correlation between somatic
epigenetic marks and evolution, causation between
epigenetic changes and genomic changes can only be
established when the methylome is assessed in the
germ line. Previous research comparing the sperm
methylome obtained from one chicken to a publicly
available human spermmethylome map suggests that
sperm CpG hypermutability has strongly impacted
the evolution of GC content of vertebrates [34].

Using the model of chicken diversification, the
present study addresses the role of CpG sites in
generating genetic diversity in the form of Single
Nucleotide Polymorphisms (SNPs) and Copy
Number Variations (CNVs). We address in a num-
ber of chickens of different breeds the extent the
chicken genome has been affected by CpG-related
mutations. For this, we have analysed the dynamics
of CpG-related mutations between RJF (in its con-
dition of closest related to the ancestor) and four
domesticated breeds, including broiler (BRL) and
three heritage breeds from different regions of
Sweden: Kindahöna (KIN), Hedemorahöna (HED)
and Gotlandshöna (GOT).

Additionally, we investigated correlations between
the germ line methylome of RJF and CpG-related
mutations. Assuming the germ line methylome of
current and past populations of RJF are highly similar,
we evaluated whether the germ line methylome of
current RJF specimens exhibits associations with the
genomic variation observed between RJF and selected
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domesticated breeds. We focused on the germ line
because germ line mutations can have transgenera-
tional consequences, making them suitable to pin-
point the role of DNA methylation in generating
genomic novelty. Both environmental exposures and
DNA methylation changes have been associated with
germ line mutations. For example, germ line muta-
tions in rodents are shown to be influenced by envir-
onmental factors and subsequently carried over
through generations, producing genomic variability
representing evolutionary novelty [35,36]. Also in
rodents, environmentally induced transgenerational
changes in DNA methylation in the germ line asso-
ciated with increased copy number variations (speci-
fically, genomic gains) three generations after the
exposure [37]. In human sperm,Alu insertions exhibit
CpG hypomethylation in their flanking regions [29],
suggesting CpGs are involved in regulating Alu trans-
position, which could induce CNVs.

From a biological and evolutionary perspective, it is
fundamental to understand mutation dynamics in
genomic regions that on one hand are susceptible to
environmental influences, and on the other hand
influence mutation rates, such as CpG sites. Taking
advantage of the recent and well-studied diversifica-
tion process that has originated domesticated chicken
breeds, we evaluated how CpG-related mutations
could have influenced genomic variability between
RJF and four domesticated breeds. Additionally, we
addressed correlations between germ line DNA
methylation in RJF and the emergence of SNPs and
CNVs in the domesticate breeds studied. The present
study is the first to evaluate CpG mutation dynamics
to this depth in the context of vertebrate genomic
diversification.

Results

General sequencing parameters of genotyping

To identify SNPs and CNVs emerging between the
domesticated chicken breeds and RJF we used

Genotype-by-Sequencing, which we have recently
described in chickens [38]. This is an approach that
enzymatically reduces the genome (with PstI) and is
unbiased for CpG density. PstI digestion reduced the
genome to a sequenced fraction of ~2.2%.
Approximately 112 million reads were retained per
library (3 libraries) after quality trimming by
SeqyClean [39]. Approximately 106 million reads
were retained after application of the Tassel filter
(reads >64 bp and properly identified with barcodes).
The number of unique sequence tags that aligned
against the chicken reference genome (Gallus gallus
4.0, NCBI) was ~1.1 million and 91.2% of them could
be mapped (detailed coverage per breed is shown in
Table 1). We identified SNPs and CNVs common to
all breeds (thus, unrelated to divergence), as well as
breed-specific SNPs and CNVs that could be relevant
for the diversification of the chicken breeds studied
here. A total of 150,348 SNPs was identified when
comparing the PstI-reduced genomes of individuals
from the domesticated breeds to the same fraction in
RJF (used as reference). Among these SNPs, 30.29%
were breed specific. Figure 1(a) shows a Venn-
diagram with the number of SNPs detected in each
domesticated breed in relation to RJF. Additionally,
CNVs were identified in the PstI-reduced genomes of
individuals from the domesticated breeds compared
to the same fraction in RJF (used as reference). These
are presented as base pairs covered byCNVs emerging
between RJF and the domesticated breeds, which
allowed us to compare CNV regions toCpG locations.
A total of 161,686,613 bp was identified in regions of
CNVs, with 32.9% of these base pairs being breed
specific. Figure 1(b) shows a Venn-diagram with the
number of base pairs covered by CNVs emerging in
each domesticated breed in relation to RJF.

Relatedness analysis

To determine if RJF indeed locates in a position of
ancestry in relation to the other domesticated breeds

Table 1. Summary of sequencing coverage in the chicken breeds analysed, in relation to the reference genome.
Breeds Depth ± SD Coverage (million) ± SD nucleotide sequenced (million) ± SD % of the GGA 4.0 ± SD

HED 17,1 ± 8,0 461 ± 289,3 24,5 ± 5,5 2,3 ± 0,5
KIN 16,9 ± 7,9 449 ± 283,9 24,3 ± 5,5 2,3 ± 0,5
GOT 17,4 ± 4,9 450 ± 198,7 24,4 ± 5,6 2,3 ± 0,5
BRL 17,2 ± 4,9 444 ± 203,2 24,3 ± 5,8 2,3 ± 0,5
RJF 10,6 ± 2,8 255 ± 108,9 22,8 ± 3,9 2,1 ± 0,4
Average 15,8 ± 2,6 412 ± 78,4 24,1 ± 6,5 2,2 ± 0,1
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analysed, a relatedness cladogramwas generated using
the Japanese quail as the out group. Neighbour-
joining clustering was performed on 34,219 common
SNPs identified between the Japanese quail and the
chicken breeds analysed.

As expected, the results indicate that the current
RJF is the closest relative to quails, in a position of
ancestry in relation to all other domesticated breeds
included (Figure 1(c)). Moreover, also expectedly,
BRL appears as the most derived breed. The analysis
correctly clustered each individual within the corre-
sponding clade, which indicates the appropriateness
of using GBS-generated sequencing data for inferring
phylogenetic correlations. Our analysis also shows
that among the Swedish breeds evaluated, KIN is the
closest related to RJF, while GOT is the most distant
(Figure 1(c)). Inbreeding coefficients, Fst, were esti-
mated in the same subset of SNPs (common between
the chickens and the Japanese quail) to identify genes
that exhibit adaptive divergence in their allelic fre-
quency, which is indicative of natural selection

among sub-structured populations [40]. The Fst coef-
ficients obtained show that almost all SNPs detected
between the derived breeds and RJF emerged under
neutral evolution (97.5%), while only 2% evolved
under balancing selection and 0.6% due to positive
selection (Figure 1(d)).

Relation of CpGs to mutations

We then identified the SNPs and CNVs that occurred
specifically in overlapping positions to CpGs observed
in the sequenced PstI-reduced RJF genome and cre-
ated the subgroups CpG-SNPs and CpG-CNVs,
respectively. A total of 14,298 CpG-SNPs was found,
representing 1.71% of all the CpGs analysed (835,182
CpGs). 9.51% of all SNPs are related to CpGs, which is
52.16% above the expected value (P < 0.001, Chi-
Square; Suppl Table S1). We defined the expected
value (1/16) as the probability that CpG dinucleotides
would contribute the same as other dinucleotides to
SNP formation (i.e., 1 out of all 16 possible
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Figure 1. Categorization of SNPs and CNVs found among domesticated breeds of chickens and RJF. (a) Venn diagram showing SNPs
emerging between the domesticated breeds analysed and RJF. (b) Venn diagram showing base pairs covered by CNVs emerging
between the domesticated breeds analysed and RJF. (c) SNP based phylogenetic tree of the chicken breeds studied here,
constructed with neighbour joining and using the Japanese quail as the outgroup. (d) Schematic representation of the Fst analysis
against heterozygosity performed among the breeds studied here; dots with different colours represent SNPs evolving under
balancing selection (yellow), neutral evolution (light blue), or positive selection (red).
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dinucleotide combinations). Thus, our results show
CG dinucleotides disproportionally influence SNP
formation. Interestingly, the more genetically distant
the breed is from RJF, the more CpG-SNPs are pre-
sent above expectancy. In BRL, CpG-SNPs presence is
as high as 100.7% above expectancy (P < 0.001, Chi-
Square; Figure 2(a)). This suggests CpGs, in addition

to being hotspots of mutations [15–19], are hotspots
of SNPs that are relevant for genomic speciation.
While 31.3% of CpG-SNPs are breed-specific, the
fractions of breed-specific CpG-SNPs in relation to
all CpG-SNPs are 8.05% in KIN, 9.2% in HED, 9.4%
in GOT and 12.54% in BRL (Suppl Table S1).
A Venn-diagram showing the number of CpG-SNPs
detected in each domesticated breed in relation to RJF
is shown in Figure 2(b).

CpG-CNVs were defined as counts of CpGs pre-
sent in base pairs covered by CNVs emerging between
RJF and the domesticated breeds. A Venn-diagram
with the CpG-CNVs detected in each domesticated
breed in relation to RJF is shown in Figure 2(c). A total
of 285,097 CpG-CNVs was identified, with 23.6% of
these being breed-specific (Suppl Table S2). This
represents 34.1% of all the CpGs analysed (835,182
CpGs). Thus,we identifiednearly 20 timesmoreCpG-
CNVs than CpG-SNPs. In contrast to the pattern
observed for CpG-SNPs, CpGs are highly under-
represented in CNVs in relation to expected values
(approximately 98% decrease; Suppl Table S2), and
the percentage of decrease in CpG-CNVs expectancy
per breed is independent of genetic relatedness to RJF
(Suppl Table S2).

Types of mutations emerging in domesticated
breeds

We investigatedwhich pointmutations emerged from
SNPs occurring in C positions in general (C-SNPs) or
inCsneighbouringGs (i.e., CpG sites). In each casewe
considered whether in RJF the C position involved
a reference allele (i.e., when C is exclusive or majority
in a specific position compared to other bases), repre-
sented by C/N, or an alternate allele (i.e., when C is
minority in a specific position compared to other
bases), represented by D/C. The nomenclature D/C
was chosen instead of N to highlight that it represents
a degenerate base with a minority presence Cs.
Choosing N would have included the case when C is
degenerate and majority. The nomenclature C/N, in
turn, includeCs fixed as well as Cs present inmajority.
Remarkably, in all scenarios tested progressive
changes in mutation patterns were observed that are
concordant with the genetic relatedness of each breed
to RJF. Mutation patterns are different depending on
whether the mutation originated from C/N or D/C.
When SNPs originate from C/N only C/T increases
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Figure 2. Categorization of CpG-SNPs and CpG-CNVs found among
domesticated breeds of chickens and RJF. (a) Plot depicting the
incidence of CpG-SNPs in the domesticated breeds in relation to
RJF (* depicts P < 0.001; Chi-Square). (b) Venn diagram showing
CpG-SNPs emerging between the domesticated breeds analysed
and RJF. (c) Venn diagram showing base pairs covered by CpG-
CNVs emerging between the domesticated breeds analysed andRJF.
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progressively with reduced genetic relatedness to RJF,
while T/C, and fixed Cs and Gs decrease progressively
(Figure 3(a)). However, when SNPs originate from
alternate Cs, both C/T and T/C increase progressively
with reduced genetic relatedness to RJF, mainly at the
expense of fixed Cs and Gs (Figure 3(b)). Thus, our
results demonstratemutations in alternateCs generate
a different outcome than mutations in reference Cs.

The same analysis was performed considering
SNPs related to true CpGs (CpG-SNPs) or to D/
CpGs (D/CpG-SNPs). This was based on the
expectation that methylation-prone Cs (i.e., in
CpG sites) would have different mutation patterns
than Cs that are not prone to be methylated.
Marked differences were observed in the mutation
patterns between CpG- and D/CpG-SNPs. In true
CpG-SNPs C/T increases substantially as genetic
relatedness to RJF decreases, which occurs at the
expense of fixed Cs and Ts (Figure 3(c)).
A completely different pattern is observed in D/
CpG-SNPs, which are progressively substituted by
A/G (mainly) and C/T (to a lesser extent) as

genetic relatedness to RJF decreases, which occurs
at the detriment of all the fixed bases (Figure 3(d)).
Our results show it is not only important in geno-
mic dynamics whether Cs are within CpG sites but
also their status as alternate or reference base,
since the mutation patterns differ considerably
between these two statuses.

Functional annotation of mutations

We performed functional genomic annotation of the
SNPs, CpG-SNPs, CNVs and CpG-CNVs found, to
determine which genomic regions are affected in
each case. For this analysis, we created more sub-
groups in order to identify potential differences
between mutations that are (i) common to all breeds
(named breed-common SNPs, CpG-SNPs, CNVs or
CpG-CNVs) or (ii) specific to each breed (named
breed-specific SNPs, CpG-SNPs, CNVs or CpG-
CNVs). A general observation that holds for both
SNPs and CNVs is that the vast majority of them
relate to intergenic regions, followed by intronic
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Figure 3. Types of mutations emerging in domesticated breeds in relation to RJF. (a) SNPs emerging from Cs as reference base (i.e., C/N)
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regions (Figure 4(a and b)). However, the regions
that contribute the most to the Chi-square signifi-
cance differ substantially across groups (Table 2).
Association with coding regions increases for CpG-

SNPs, particularly for breed-specific SNPs, compared
to all SNPs (Figure 4(a); Table 2). As for CNVs,
alterations in coding regions share importance with
alterations in promoters. A large increase in the
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Figure 4. Functional annotation of mutations found among domesticated breeds of chickens and RJF: (a) SNPs; (b) CNVs.

Table 2. Summary of functional annotation of CpG-related mutations observed between domesticated breeds and RJF.
SNPs CNVs

Main contibutors
to the Chi-square

significancy

% of contribution
to the Chi-square

significancy

% of change
regarding
expetancy

Main contibutor
to Chi-square
significancy

% of contribution
to the Chi-square

significancy

% of
change
regarding
expetancy

Breed Common Mutations 3‘ UTR 36.8 11.8 ↓ Promoter 52.8 11.2↓
Promoter 28.0 4.7 ↑ Coding region 40.8 14.1↓
Splicing site 27.7 187.9 ↑

Breed Specific Mutations Coding region 66.8 16.1 ↑ Coding region 59.9 20.2 ↑
Promoter 33.7 10.6 ↑

All CpG related Mutations Coding region 78.4 89.3 ↑ Coding region 54.3 227.2 ↑
Promoter 37.4 132 ↑

Breed Common CpG related Mutations Coding region 62.7 65.7 ↑ Coding region 62.3 275.2 ↑
Promoter 26.2 22.5 ↑ Promoter 28.5 130.4 ↑

Breed Specific CpG related Mutations Coding region 82.2 137.1 ↑ Promoter 47.1 117.2 ↑
Coding region 41.0 156.3 ↑
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association with coding regions is observed for CpG-
CNVs, particularly for breed common CpG-CNVs,
compared to all CNVs (Figure 4(b); Table 2).

Relation of mutations to repetitive elements

We performed Repeat Masker analyses on the
SNPs, CpG-SNPs, CNVs and CpG-CNVs found,
in order to identify overlaps with categories of
repetitive elements. In general, we found
a slightly higher representation of repetitive ele-
ments in relation to CNVs than to SNPs (Figure 5
(a)). In the particular case of breed-common
mutations, this over-representation is nearly two-
fold in CNVs compared to SNPs. In contrast,
when focusing only on CpG-related mutations,
a higher representation of repetitive elements in
breed-specific CpG-SNPs is found compared to
breed-specific CpG-CNVs (Figure 5(a)).

When analysing the detailed composition of
repetitive elements overlapping with the SNPs
obtained, we observed an overall decrease of
LINE/CR1 in CpG-SNPs compared to SNPs.
Also, an increased representation of some LTR
elements (ERV1 and ERVK) is evidenced in
CpG-SNPs compared to all SNPs. An increase
in low complexity repeats is also observed in
breed-specific SNPs compared to all SNPs and
breed-common SNPs. When focusing only on
CpG-SNPs, an increase in simple repeats in
breed-specific CpGs-SNPs is observed compared
to all CpGs and breed-common CpGs (Figure 5
(b)). It is also important to highlight that the
LTR elements ERV1 and ERVK that are present
in SNPs are absent in CNVs. One striking dif-
ference observed is the much higher presence of
breed-specific CpG-SNPs in satellite elements in
the W chromosome, compared to all SNPs and
to CpG-SNPs.

By looking at the detailed composition of repetitive
elements of the CNVs obtained, one noticeable obser-
vation is that LINE/CR1 are generally overrepresented
in CpG-CNVs (particularly in breed-specific), which
occurs at the expense of simple repeats. Also, an
increase of LTR/ERVL in CpG-CNVs (particularly
in breed-specific) is observed compared to all CNVs
(Figure 5(c)).

Relation of CpG-related mutations to DNA
methylation in RJF sperm

Based on the observations that mutation dynamics
differ between Cs in or outside CpGs, we inquired
into potential correlations between DNAmethylation
levels in the sperm of our RJF population (from eja-
culates) and CpG-related mutations. For the DNA
methylation analysis, we used a novel combination
of methods (Genotyping-by-Sequencing and
Methylated DNA immunoprecipitation) that we
developed previously [41]. RJF sperm DNA methyla-
tion was also measured in the PstI-reduced genome,
thus we compared them to mutations in the same
genomic fraction. Although we cannot assert that
DNA methylation in RJF sperm has directly influ-
enced CpGmutation rates in the domesticated breeds
evaluated here, we rationalized that the analysis of
DNA methylation from sperm from our RJF popula-
tion could give a good approximation of ancestral
sperm DNA methylation patterns. We investigated
whether two variables in RJF sperm DNA methyla-
tion, namely i) DNA methylation levels, and ii) asso-
ciated inter-individual variability, correlated to the
SNPs or CNVs observed between RJF and the domes-
ticated breeds. The methylated fraction of the PstI-
reduced sperm RJF genome was captured by
Methylated DNA immunoprecipitation (PstI-
MeDIP), as previously described [41]. Sequencing of
this PstI-MeDIP fraction resulted in an average of
1.4 million thousand reads per individual (N = 20)
aligned against the chicken reference genome
(Gallus_gallus 4.0, NCBI). This corresponds to 80.7%
of the sequenced reads. In average, 227 million bps
were sequenced, spanning 7 million unique genomic
positions covered at 22.3 ± 11.3 X per individual. This
corresponds to 0.6% of the total chicken genome per
individual. To identify CpG sites to be analyzed, we
merged the data from 20 RJF individuals. This mer-
ging resulted in 2.9 billion bps being analyzed, span-
ning 35 million unique genomic positions covered at
81.8X in average. This corresponds to 3.34% of the
total chicken genome. Themerging allowed to identify
835.182 CpGs, which corresponds to 7.8% of all CpGs
within the chicken genome. Of these, 572,066 CpGs
(68.5%) presented some degree of methylation in at
least one individual and were therefore selected for
further analyses.
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The measured sperm DNA methylation was cate-
gorized according to i) the level of DNA methyla-
tion, and ii) the variation in DNAmethylation across

the individuals studied (inter-individual variation).
Figure 6(a) shows the level of DNA methylation
(represented by the normalized number of reads by

a)

0%

2%

4%

6%

8%

10%

All mutations Breed Common

mutations

Breed Specific

mutations

All CpG-related

mutations

Breed Common

CpG-related

mutations

Breed Specific

CpG-related

mutations

d
e

t
c

e
t

e
d

s
t

n
e

m
el

e
t

a
e

p
e

r
f

o
%

SNPs

CNVs

LINE/CR1 Simple repeat LTR/ERVL LTR/ERV1

LTR/ERVK Low complexity DNA/hAT-Charlie Satellite

Satellite/W-chromosome Satellite/macro Other

%All SNPs % Breed Common SNPs %Breed Specific SNPs

%All CpG-SNPs % Breed Common CpG-SNPs %Breed Specific CpG-SNPs

%Breed Specific CpG-CNVs% Breed Common CpG-CNVs% All CpG-CNVs

% Breed Specific CNV%Breed Common CNV%All CNVs

Simple repeat LINE/CR1 Low complexity LTR/ERVL DNA/hAT-Charlie Other

b)

c)

Figure 5. Relation of mutations found among domesticated breeds of chickens and RJF to repetitive elements. (a) summarized
comparison between SNPs and CNVs. (b) relation of SNPs to repetitive elements. (c) relation of CNVs to repetitive elements.
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which each CpG is covered) versus the inter-
individual variation in DNA methylation in these
CpGs.

Nine categories were defined for these CpGs based
on their DNA methylation levels and inter-indivi-
dual variation: Low Methylation-Low Variation
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Figure 6. Association of CpG-related mutations in domesticated breeds with DNA methylation in RJF sperm. (a) Inter-individual DNA
methylation variation plotted against the level of DNA methylation, measured per window, and grid representation of the division of
CpGs in nine DNA methylation categories. (b) Pie representation of the number of CpGs within each DNA methylation category in
sperm RJF. (c) Representation of the subgroups of CpGs that relate to mutations (CpGs or CNVs) in each domesticated breed. (d) Pie
representations of DNA methylation categories of the subgroups of CpGs measured for DNA methylation in sperm RJF that relate to
SNPs (CpG-SNPs) or to CNVs (CpG-CNVs) in the domesticated breeds. (e) Bar plots summarizing how levels and inter-individual
variation of DNA methylation in RJF sperm associate with mutations (SNPs or CNVs) in the domesticated breeds.
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(LM-LV); Low Methylation-Medium Variation
(LM-MV); Low Methylation-High Variation (LM-
HV); Medium Methylation-Low Variation (MM-
LV); Medium Methylation-Medium Variation
(MM-MV); Medium Methylation-High Variation
(MM-HV); High Methylation-Low Variation (HM-
LV); High Methylation-Medium Variation (HM-
MV); High Methylation-High Variation (HM-HV).
The criteria for the definition of the limits of these
categories are described in detail in theMaterials and
Methods section. CpG proportions across DNA
methylation categories in RJF sperm are shown in
Figure 6(b).

The majority of CpGs detected in the methylated
fraction of the PstI-reduced fraction of the sperm
genome are LM-MV (50.12%), followed by MM-
MV (16.03%), and LM-LV (14%). We then investi-
gated if DNA methylation status in the male germ
line of RJF would associate to the mutations (SNPs
and CNVs) observed between RJF and the domes-
ticated breeds. To determine this, we selected CpG
sites that were in the same genomic locations where
SNPs (i.e., CpG-SNPs) or CNVs (i.e., CpG-CNVs)
emerged between RJF and the domesticated breed.
The number of CpGs in which DNA methylation
was evaluated in the sperm of RJF, and the number
of CpG-SNPs and CpG-CNVs obtained in each
breed are shown in Figure 6(c).

We hypothesized that if no correlation between
RJF sperm DNA methylation and SNPs or CNVs
exists, then the distribution of CpGs across the nine
DNA methylation categories in the RJF sperm (all
sperm CpGs measured; reference pattern) is
expected to be the same as in the CpG-SNPs or
CpG-CNVs subgroups (in each domesticated
breed). Interestingly, our results show major differ-
ences in the distribution of CpGs across the nine
DNA methylation categories between the reference
pattern (Figure 6(a); all CpGs measured in RJF
sperm) and the CpG-SNPs subgroups (Figure 6(d),
top panel). For instance, when considering all CpGs
in RJF sperm, the largest category of CpG methyla-
tion is LM-LV, while in the subgroups of CpG-SNPs
in the domesticated breeds the largest category
is MM-HV. Furthermore, the distribution is altered
in relation to the reference value in a consistent
manner in all domesticated breeds, which represent
independent replicates. In contrast, in the CpG-
CNVs subgroups, the distribution of CpGs across

methylation categories in the domesticated breeds
is similar to the reference value (Figure 6(d), lower
panel). Thus, patterns of CpG methylation differ
considerably between the CpG-SNPs and CpG-
CNVs subgroups, with the latter being similar to
the reference value.

We then tested which of the DNA methylation
variables studied (i.e., DNA methylation levels or
inter-individual variation) were altered the most
between all RJF sperm CpGs (reference pattern)
and the subgroups of CpGs related to mutations
(SNPs or CNVS). For this, we compared the amount
of CpGs in each DNA methylation category within
the CpG-SNPs or CpG-CNVs subgroups against the
reference value in RJF sperm (Figure 6(e)).

We found that CpGs in RJF sperm with medium
levels of DNAmethylation together with medium (P
< 0.001) to high levels (P < 0.001) of inter-individual
variation are substantially overrepresented in the
CpG-SNPs subgroups, as well as CpGs with high
levels of DNA methylation and medium variation
(P < 0.001) (Figure 6(e)). Conversely, CpGs in RJF
sperm with high levels of DNAmethylation and low
(P < 0.05) to medium (P < 0.05) variation are over-
represented in the CpG-CNVs subgroups, as well as
CpGs with medium levels of DNA methylation and
low variation (P < 0.005) (Figure 6(e)). Interestingly,
the combination of high methylation with medium
variation is overrepresented in both subgroups. For
both CpG-SNPs and CpG-CNVs the significant
increases in some categories are compensated by
decreases in other categories. In summary, the
majority of CpG-SNPs associate with medium levels
of methylation and medium/high variation in RJF
sperm, while the majority of CpG-CNVs associate
with high levels of methylation and low/medium
variability in RJF sperm.

Based on these associations between DNA methy-
lation features in RJF sperm and mutations emerging
in specific breeds, we inquired about the mutation
probabilities of CpGs within each DNA methylation
category. We implemented Bayesian inference and
calculated posterior distributions of mutation prob-
abilities (separately for SNPs and CNVs) for the RJF
sperm CpGs methylation categories, and observed
substantial differences among them, both in relation
to SNPs (Figure 7(a)) and CNVs (Figure 7(b)).
Additionally, the patterns of these mutation probabil-
ities are different when related to SNPs or CNVs. A
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very interesting finding is that in two of the methyla-
tion categories, MM-HV and MM-MV, the CpG to
SNP mutation rate increases as genetic relatedness to
RJF decreases (Figure 7(a)), while none of the cate-
gories exhibit this pattern in CpGs related to CNVs
(Figure 7(b)).

Discussion

Genomic divergence related to speciation has his-
torically been associated with changes in allele fre-
quencies in response to adaptation [42,43]. New

knowledge in genomics, however, portraits a much
more complex scenario of genomic dynamics that
occur during speciation in whichmany other factors,
including genetic drift and biasedmutations, have an
important role in shaping genetic diversity [44].
Many fundamental questions remain unanswered
in speciation genetics, such as which genetic elements
are relevant? how many loci are involved? where are
the genomic determinants located? or what is the role
of rearrangements, gene conversions and other mole-
cular changes? [43] In the present paper, we studied
genomic dynamics related to CpG sites by focusing
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on the recent process of chicken diversification and
using a reduced genome approach unbiased for CpG
density (GBS). Importantly, CpG sites are on the one
hand susceptible to undergo methylation [45], and
on the other hand relate to biased mutations [16–19]

Our study identified SNPs and CNVs common to
all breeds (thus, unrelated to their divergence), as
well as breed-specific SNPs and CNVs that could be
relevant for the diversification of the chicken breeds
studied here. RJF was confirmed as the most ances-
tral of the breeds analysed, while BLR was found to
be the most derived. Among the Swedish breeds,
KIN was classified as the closest to RJF, while GOT
was the most distant. The fact that the neighbour
joining analysis correctly clustered each individual
within the corresponding clade indicates the appro-
priateness of using GBS-generated sequencing data
for inferring phylogenetic correlations. GBS has been
used previously to infer domestication scenarios in
Lima Bean (Phaseolus lunatus L.) in Mesoamerica
[46]. The vast majority of the SNPs identified
between our chicken breeds and the Japanese quail
are shown to have evolved under neutrality (97.5%),
while only 0.6% evolved due to positive section. This
is concordant with previous estimates in humans
showing that virtually all of the genome has evolved
under neutrality, while the occurrence of positive
selection is rare [47].

We then inquired about the contribution of
CpGs in relation to the SNPs and CNVs iden-
tified. We found that 9.51% of all SNPs are
related to CpGs, which is above the expected
value of 1/16 (i.e., 6.25%). This is the probabil-
ity of occurrence of CG dinucleotides among all
dinucleotides, which is what is expected in case
all dinucleotides would contribute equally to
SNP formation. Thus, CG dinucleotides dispro-
portionally influence SNP formation. Moreover,
the more distant the breed is from RJF, the
more SNPs emerge from CpGs, reaching the
value of 100.7% above expectancy for broilers.
This suggests CpGs, in addition to being hot-
spots of mutations [15–19], are hotspots of
SNPs that are relevant for genomic speciation.
CpGs in CNVs, on the other hand, are highly
under-represented, being present at less than
2% of their expected value, and their presence
is independent of genetic relatedness to RJF.

Next, we investigated if SNPs mutation dynamics
are different depending on whether mutations
emerge from fixed or alternate bases. Overall, as
genetic relatedness to RJF decreases, substitutions
emerging from either C-SNPs or CpG-SNPs tend
to produce a progressive disappearance of fixed Cs
correlated and the appearance of degenerated C/T
bases. This is consistent with the tendency of CpGs
to mutate to TpGs [16–19] and indicates C to
T substitutions are very prone to occur in a context
of diversification, being influenced by other factors
in addition to the hypermutability of CpG sites. The
observed increased C to T mutability related to phy-
logenetic distance could have an important causative
role in species diversification, a possibility that would
need further investigation.

However, our results show it is not only important
in genomic dynamics whether Cs are within CpG sites
or not but also their status as alternate or reference
base. Mutations in alternate Cs generate a different
outcome than mutations in reference Cs. Although
both reference and alternate Cs tend tomutate to T, in
positions where Cs are alternate Gs substantially dis-
appear by mutating to C, which is reflected in the
concomitant raise of degenerate G/C bases. Although
it is expected that C and G mutations trend together
due to being complementary bases, it is somehow
surprising that Gs tend to generate Cs. This substitu-
tion represents a transversion, which are less common
than transitions [48]. Since transitions are known to
be influenced by CpGs [24], it is possible that other
epigenetic mechanisms might induce transversions.

We also observed mutation differences between
true CpGs and D/CpGs. Mutations from true CpGs
expectedly produce degenerated C/T positions, while
mutations from D/CpGs are mainly related to A/G
degenerate bases that progressively increase at the
expense of fixed As and Gs. This confirms previous
observations showing that CpGsmutate significantly
different than other positions, being important for
the over-representation of transitions relative to
transversions in mammalian genomes [24]. Overall,
our mutation analyses reveal a general trend of dis-
appearance of fixed Cs and Gs as genetic diversifica-
tion from RJF increases. It remains to be seen if this
pattern occurs in the genetic diversification of other
vertebrates. This trend is i) concomitant with the
appearance of degenerate bases (i.e., C/T, G/C and
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A/G), ii) dependent on the alternate/reference status
of the base, and iii) dependent on whether mutations
relate to CpG sites. In the particular case of CpGs,
mutations in true CpGs expectedly produce degen-
erated C/T positions, while mutations in D/CpGs are
mainly related to A/G degenerate bases that progres-
sively increase at the expense of fixed As and Gs. The
observed overall increase in degenerate bases due to
the higher mutability of Cs in relation to phyloge-
netic distance could have an important, and maybe
causative, role in genome diversification associated
with speciation. The possibility that this trend would
also occur in the genomic evolution of other organ-
isms needs to be investigated.

Functional annotation of the mutations
observed revealed that SNPs and CNVs are mostly
present in intergenic regions, followed by intronic
regions. Intergenic regions include regulatory ele-
ments such as exons, splice junctions, and proper
genes [49]. Mutations in intergenic regions may
affect so-called ‘Dark Matter’ transcripts, which
are mostly located near genes and associate with
regulatory elements such as alternative cleavage or
polyadenylation sites, promoter- and terminator-
associated transcripts, as well as alternative exons
[50]. Meanwhile, mutations in intronic regions
may affect splicing with consequences for RNA
processing [51]. Mutations in splicing sites are
associated with human diseases such as cancers
[52], and neurological [53,54] and metabolic [55]
disorders. The evolutionary relevance of mutations
in intergenic and intronic regions of the genome
deserves further investigation, since mutations in
these regions might relate with the emergence of
new genes or altered genomic regulation and func-
tion [56].

As for features of CpG-related mutations, speci-
fically, CpG-SNPs are overrepresented in coding
regions, while CpG-CNVs are overrepresented in
coding regions and promoters. This suggests differ-
ent functional consequences depending on whether
CpGs are involved in the appearance of SNPs or
CNVs. Although in both cases most probably inter-
genic regions will be affected, CpG-CNVs will have
more chances of affecting promoters and coding
regions than CNVs, CpG-SNPs or SNPs. CNVs in
promoters can alter protein length and introduce
frameshifts and are strongly associated with protein
binding, followed by morphogenesis [57]. A famous

case of the effect of CNV in a coding region is the
role of CAG repeats in the etiology of Huntington’s
Disease [58]. Interestingly, recent research has
shown that CNVs can be directed by environmental
factors, regulated by histone modifications [59].

Next, we inquired into associations between the
mutations found and repetitive elements. In general,
repetitive elements were found to be marginally more
associated with CNVs than with SNPs. When looking
at specific categories, however, noticeable particulari-
ties emerged. CpG-CNVs are much more associated
with LINE/CR1 elements than CNVs in general,
which occurs at the expense of simple repeats. LINE
elements are well known to be suppressed by DNA
methylation [60] and involved in genomic rearrange-
ments produced due to their ‘cut-and-paste’ and
‘copy-and-paste’ activities [61]. Moreover, LINE ele-
ments are highly active during germ line develop-
ment, which is crucial for the maintenance of the
transgenerationally transmitted genomic integrity
[62]. CR1 stands for ‘Chicken repeat 1ʹ LINE ele-
ments, which were initially discovered in chickens but
have been identified in many bird species [63].
Considering this background, the association found
between LINE/CR1 elements and CNVs suggests that
changes in DNA methylation (particularly in the
germ line) in LINE elements would have a role in
allowing their retro-transposition for the consequent
generation of CNVs that will be inherited.
Interestingly, we have previously reported in rats
that developmental exposure to an environmental
toxicant (vinclozolin) generates DNA methylation
changes and CNVs (particularly duplications [37])
in the male germ line three generations after the
exposure [37,64]. This combined information calls
for further research on the role of germ line methyla-
tion and activity of LINE elements in generating
CNVs.

In parallel, ‘simple’ and ‘low complexity’ repeats
seem to be increased in breed-specific SNPs in com-
parison to all the SNPs, particularly in CpG-SNPs, at
the expense of LINE elements. Interestingly, simple
repeats in flanking regions of introns exhibit high
mutation rates, making introns a rapidly evolving
type of genomic element [65]. Coincidentally, as men-
tioned above, many of the mutations found in the
present study were indeed in intronic regions. Our
results raise questions about the role of simple repeats
in speciation and on their relation to SNPs. Important
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differences were also observed in the composition of
LTR elements between the SNPs and CNVs identi-
fied; ERV1 and ERVK elements are overrepresented
in CpG-SNPs, while ERVL is overrepresented in
CpG-CNVs, in relation to reference values.
Although not many studies exist on the role of LTR
elements in evolution, in plants LTR elements are
generally associated with genomic expansion, and
have recently been found to be a major diversification
force in the speciation of Capsicum spp, where new
proteins were created by their retroduplication [66].
One of the most striking findings, however, was the
much higher presence of breed-specific CpG-SNPs in
satellite elements of the W chromosome, suggesting
that this sex-chromosome could have more relevance
in speciation than previously thought. Although the
Wchromosome has receivedmuch less attention than
the Z in birds’ speciation, recent evidence suggests
that the W chromosome is highly involved in specia-
tion [67].

We then investigated the relation of CpG-
related mutations to DNA methylation in RJF
sperm, the closest living relative to the ancestor.
Although we cannot assert that DNA methyla-
tion in RJF sperm have directly influenced CpG
mutation rates in the domesticated breeds eval-
uated here, the associations found can provide
clues about this connection. We studied two
traits related to DNA methylation in RJF sperm
(levels and variability across individuals) to
build nine categories representing combinations
of these variables. We hypothesized that a non-
association of sperm CpG methylation and
mutations would mean to observe the same dis-
tribution of these categories in all the CpGs in
which DNA methylation was measured in the
sperm, and in subgroups of those CpGs related
to mutations (SNPs or CNVs). Although
a similar pattern of methylation is observed
between all sperm CpGs and CpGs-CNVs, strik-
ing differences are observed with CpGs-SNPs,
suggesting that medium levels of CpG methyla-
tion in sperm combined with medium/high
interindividual variability are important vari-
ables influencing SNP formation. Moreover,
while the majority of CpG-SNPs associate with
medium levels of methylation and medium/high
variation in RJF sperm, the majority of CpG-

CNVs associate with high levels of methylation
and low/medium variability in RJF sperm. This
combined information suggests different DNA
methylation features in the germ line (e.g., levels
and inter-individual variability) can lead to the
emergence of different types of mutations.
Current knowledge points towards an important
role for CpG methylation in biasing mutations,
however, we show that other aspects need to be
taken into consideration such as DNA methyla-
tion variability in a population. Moreover, the
high mutation rates of CpGs are usually consid-
ered in relation to SNPs but not to CNVs.
A recent study observed CNV breakpoints in
nearly half of the genes of great tits (Parus
major) [68]. These CNV breakpoints were pro-
minent at repetitive (segmental duplications)
and regulatory regions, overlapped with tran-
scription start sites, and were CpG rich [68].
These results combined with ours show the
importance of addressing the specific mechan-
isms in which CpG methylation regulate retro-
transposition to promote genomic instability
related to evolution.

Through Bayesian analyses, we showed that the
probability of mutating to SNPs or CNVs varied
substantially among RJF sperm CpG methylation
categories, with each category exhibiting well-
defined and specific ranges of mutation probabilities.
Interestingly, for some of these categories (MM-HV
and MM-MV; Figure 7) the mutation rate increases
as genetic relatedness to RJF decreases. This finding
suggests CpGs with medium levels of methylation
and high/medium inter-individual variability in the
sperm are related to SNPs of relevance for speciation.
Interestingly, this pattern was not observed in CNVs.
Thus, our sperm DNAmethylation analysis suggests
CpG-CNVs are not related to speciation, while
CpGs-SNPs would be relevant for the emergence of
genomic features involved in speciation. However,
the bulk of CpG-related mutations found in our
study are related to CNVs (~20 times more CpG-
CNVs than CpG-SNPs). Based on this combined
information we suggest the majority of CpGs in the
genome, those related to CNVs, provide a source of
genomic ‘flexibility’ in evolution, i.e., the ability of the
genome to expand its functional possibilities.
Meanwhile, a small fraction of CpGs, those related

EPIGENETICS 699



to SNPs, will provide genomic ‘specificity’ in evolu-
tion, thus, representing mutations related to pheno-
typic traits relevant for speciation. The germ line has
previously been proposed as a catalyst for genomic
evolution [56,69], by propitiating the emergence of
novel genes that subsequently adopt functions in
somatic tissues. It will be important in the future to
know the role of CpG methylation in regulating the
activity of repeat elements in the germ line and its
relation to genome integrity and variability in
descendants.

Materials and methods

Animals

The domesticated breeds analysed for SNP and CNV
variability were Broilers (BRL; n = 24), and three
heritage breeds from different regions of Sweden,
namely Kindahöna (KIN; n = 19), Hedemorahöna
(HED; n = 20) and Gotlandshöna (GOT; n = 20).
All three heritage breeds were created before specia-
lized layer breeds, such as White leghorn, entered
Sweden in the later part of the nineteenth century.
They have traditionally been used both for egg and
meat production and exhibit a large variation in plu-
mage colours. KIN originates from the Östergötland
County and exhibits variations in plumage colors, in
the number of toes, and in a comb shape. HED
originates from the Dalarna County and has a dense
plumage suit, which makes individuals well adapted
to a cold climate. GOT originates from the small Fårö
island, which is close to the Gotland island in the
Baltic sea, and is the largest of the three Swedish
heritage breeds included in this study. Ross 308 broi-
ler breeder were obtained from a commercial farm.
RJF individuals (n = 24 for genotyping; n = 20 for
sperm DNA methylation) were from a population
maintained in-house for several generations.

Ethics statement

The experiments reported in this paper were carried
out in accordance with ethical guidelines approved
by the Linköping Animal Ethics Committee, license
no 122-10.

Tissues used for genotyping

For genotyping DNA was obtained from different
sources. In RJF and BRL animals, DNAwas collected
from whole blood. In animals from the HED and
GOT pure line breeds DNA was obtained from
blood. In animals from KIN, however, DNA was
obtained mostly from bulb tips of archived feathers,
and in two samples DNA was obtained from blood.

Separation of sperm for DNA methylation
analyses

The methylation status in the sperm of RJF was
measured in a number of animals (n = 20) in order
to determine DNA methylation levels and inter-
individual variability in CpGs across the genome.
This was further compared to SNPs and CNVs iden-
tified between domesticated breeds and RJF. In order
to measure DNA methylation in the sperm of RJF,
ejaculates were collected from live specimens after
cloacal massaging. Sperm samples were then frozen
at −20°C until further processing. Sperm cells were
then purified. For this, sperm samples were re-
suspended in 100 µL PBS and 100 µl of collagenase
(850u/mL) and incubated at 37°C for 1 h under rota-
tion. After incubation, the samples were added 1 mL
PBS and then sonicated for 5 s at 60% amplitude
(Fisher ultra-sonicator attached to a cooling cham-
ber, cup horn, with capacity for eight microfuge
tubes). Samples were the subjected to three series of
vortexing (30 s), centrifugation (3 min; 4000 g; RT),
discarding of the supernatant, and re-suspension in
1 mL PBS. The last re-suspension, however, was in
820 µL of digestion buffer (prepared by mixing 5 mL
of 1 M Tris–HCl pH 8.0, 2 mL of 0.5 M EDTA, 5 mL
of 10% SDS and 88 mL of DNAse free water). DTT
was then added (80 µL; 0.1 M) and the mixture was
incubated at 65°C for 15.

DNA isolation

Proteinase K was added to each sample (80 mL;
20 mg/mL) and incubation was performed under
rotation for 1 h at 55°C. After incubation, 300 µL
of protein precipitation solution (Promega) was
added and samples were incubated for 15 min on
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ice. Samples were centrifuged at max speed for 30
min at 4°C and then 1 mL of the supernatant was
transferred to a new tube. Isopropanol (1 mL) and
glycogen (3 µL; 5mg/mL) were then added. The
samples were incubated at 4°C under rotation for
30 min and then centrifuged at max speed for 30
min at 4°C. The supernatant was then discarded
and 500 µL of 70% ethanol was added.
Centrifugation was performed again for 10 min
at 4°C. The supernatant was discarded, the sam-
ples were dried at the bench for at least 20 min,
and then re-suspended with 150 µL of DNAse free
water. The DNA concentration was measured with
nanodrop (Thermofisher).

Genotyping

Genotype by Sequencing was used for the assess-
ment of genetic variability observed between RJF
and the domesticated breeds. We have previously
optimized SNP detection through genotype by
sequencing using the PstI enzyme [38]. For this
genotyping, DNA was collected from animals from
different breeds, reduced with PstI digestion, bar-
coded (to individualize the fragmented DNA),
pooled among individuals from the same breeds,
and then sequenced in Illumina platform (SciLife
Lab, Uppsala, Sweden), following our previously
described protocol [38]. Genetic variability in the
form of single nucleotide polymorphisms (SNPs)
and copy number variations (CNVs) were assessed
between the RJF and the domesticated breeds.

DNA methylation

DNA methylation was measured in RJF sperm in the
same fraction of the genome inwhich SNPs andCNVs
were evaluated, i.e., the fraction of the genome
digested with the PstI restriction enzyme. This enzy-
matic digestion is not affected by the methylation
status of CpG sites because PstI cuts the AG dinucleo-
tide in the recognition site 5ʹ CTGCAG 3ʹ [38], as
described by manufacturer information (New
England Biolabs). Another important feature of gen-
ome restriction by PstI is that the resulting digested
genome is already enriched for CpG sites [38], captur-
ing CpG regions in CpG-rich micro-chromosomes
[70]. Genome restriction by PstI allowed to compare
the same fraction of reduced genome across all

individuals tested. Once the RJF sperm genome was
PstI fragmented, the methylated DNA fraction of
sperm cells was captured through methylated DNA
immunoprecipitation (MeDIP) by an anti-methyl-
cytosine antibody (2 µg/µl; catalogue number
C15200006, Diagenode, Denville, NJ, USA), following
a protocol previously optimized for chicken DNA in
our lab [71]. This DNA, which represents a reduced
fraction genome that is enriched for methylation, was
then barcoded in order to individualize the DNA
fragments, and pooled for sequencing in Illumina
platform (SciLife Lab, Uppsala, Sweden). We have
recently used this approach for the determination of
differential DNAmethylation in a reduced fraction of
the chicken genome [41].

Bioinformatic methods

Sequence processing
Quality trimming was performed in short sequences
with SeqyClean tool v. 1.9.10 [39] using a Phred
quality score ≥24 and a fragment size ≥50. The
quality of the reads was checked before and after
the cleaning by FastQC v.0.11.3 [72].

For the SNP assessment, the Tassel v.3.0 pro-
gram was used to process the data [73], while for
CNV and methylation assessments, Stacks v.1.39
was used for de-multiplex the barcodes identifying
individuals. For each sample stored in a FASTQ
file, one identification map key file exists. This key
file has the matching information of the sample,
flow-cell and lane. The reads that begin with one
of the expected barcodes (found in the key map)
are followed by the expected cut site remnant
(CTGCA for PstI). For SNP calling, fragments
were then trimmed to 64 bases and grouped into
a single list called “master” by the TASSEL-GBS
Discovery Pipeline. For methylation analysis and
CNV calling this FASTQ information of each indi-
vidual sample was stored to be further analyzed.

Alignment and coverage
The alignment of quality-trimmed reads was per-
formed using the Bowtie2 tool v.2.2.5 [74] against
the chicken reference sequence (Gallus_gallus 4.0,
NCBI). For coverage analyses, Samtools v.0.1.19
[75] with the ‘depth’ option was used in all the
individuals that were de-multiplexed by the Stacks
v.1.39 [76] pipeline.

EPIGENETICS 701



Identification of genetic variants
The aligned reads were then used as input in the
Tassel v.3.0 default pipeline [73] for SNP identifi-
cation. We aligned the sequences of each indivi-
dual (from each breed) against our sequenced Red
Jungle Fowl (RJF) reference genome. We filtered
the polymorphisms initially identified based on the
sequencing quality criteria and on the genomic
bases identified. After individual SNP calling, we
merged all the SNPs called for each breed to be
filtered together following the parameters: i) mini-
mum taxon call rate (mnTCov) of 20%; ii) mini-
mum site coverage (mnScov) of 70%; iii) mismatch
rate (misMat) of 5%; iv) minimum minor allele
frequency (mnMAF) of 0.01. A more detailed
description of these filters parameters was pro-
vided by Glaubitz et al. [73].

For CNV calling, the aligned sequence files (.bam)
of each individual (from each breed) were merged
into unique files representing CNVs emerging within
each breed (regarding RJF). The “view“ option from
Samtools v.1.3.14 was used to generate a “hit” file
from each unique file containing the coverage infor-
mation for each base pair sequenced from each
breed. This ”hit” file was then used for CNV calling
by the CNV-Seq tool [77] across the chicken genome
(Gallus_gallus 4.0, NCBI) using default parameters.

Determination of relatedness between breeds
Acladogramwas elaborated to determine relatedness
between the domesticated breeds and RJF, using the
Japanese quail (Coturnix japonica) as the outgroup.
The sequencing reads from the Japanese quail were
retrieved from a previous study [78]. The Japanese
quail sequencing reads were processed in a similar
way as for the chicken breeds in regard to the clean-
ing and filtering criteria. The only difference was that
the SNP call was performed using the Samtools
v.0.1.19 [75] program with default parameters.
After this, the SNPs were merged with those from
the chickens. A relatedness cladogram was then gen-
erated using the neighbour joining clusteringmethod
[79] using bootstrap = 100 to determine relatedness
between the domesticated chicken breed and RJF.
The Japanese quail (Coturnix japonica) was used as
the outgroup. The results were then plotted using the
‘ape’ package from the R repository. Additionally, we
performed a Fixed Index (Fst) analysis using the
LOSITAN [80] package (with default parameters)

to identify SNPs evolving either under neutrality or
balancing or positive selection. The Fst analysis was
based on 34,218 SNPs that were common among our
four domesticated breeds, RJF and the Japanese
quail.

Determination of states of methylation in CpG
sites
A combination of R packages from both the
CRAN and the Bioconductor projects was used
to handle the DNA methylation data. A reference
set of CpGs that contained all the CpG sites within
the chicken (Gallus gallus) genome (UCSC version
galGal4) was built to be compared with the CpGs
obtained by our PstI-MeDIP method. Based on
this, the number of CpGs covered by our approach
was defined. For the normalization of CpG cover-
age, we used the ‘calcNormFactors’ function from
the edgeR package [81]. With the normalized data,
we performed a quasi-likelihood pipeline for dif-
ferential methylation using negative binomial gen-
eralized linear models [82] with F-tests instead of
likelihood ratio tests [83]. Dispersion estimates
were then calculated based on the normalized
data to determine the biological coefficient of var-
iation (BCV), which represents inter-individual
variability in DNA methylation. The BCV was
then plotted using the edgeR function against the
level of DNA methylation measured per window,
represented by the average of CpGs coverage
(expressed as the log of counts per million,
logCPM) and termed ‘tags’ [84] (Figure 6(a)).

We then proceeded to calculate tag-wise disper-
sion trends to determine how DNA methylation
levels relate to BCV in general. As DNAmethylation
levels have non-identical and dependent distribution
between windows, we employed an Empirical Bayes
strategy that generated two kinds of trends [85]. One
trend line (red line in Figure 6(a)) assumes a normal
distribution of all the tags (common dispersion),
while the other (green line in Figure 6(a)) corre-
sponds to the distribution of tags assuming non-
identical methylation levels across the genome
(adjusted dispersion) [84]. In addition, we generated
a distribution based on the ‘square root of the
trended dispersion’ (blue line in Figure 6(a)).
Information from these different distributions was
used to establish the limits of our categories of CpG
methylation levels and inter-individual variability in
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the sperm of RJF. The two intersection points
between the ‘common’ and the ‘trended’ dispersions
(coordinates −0.25; 1.35 Y and 2.40; 1.35) were cal-
culated to define the X-axis thresholds dividing three
coverage states, which correspond to levels of DNA
methylation categorized as low (containing 71.1% of
all tags), medium (containing 26.6% of all tags) or
high (containing 2.3% of all tags).

To define the Y-axis thresholds that divide
states of inter-individual variation, we calculated
the lowest and highest values of the ‘square root of
the trended dispersion’, which corresponds,
respectively, to the Y-axis values 0.86 and 1.83.
These thresholds delimited three categories of
inter-individual variation, namely low (containing
15.4% of all tags), medium (containing 67.7% of all
tags) and high (containing 16.9% of all tags).

Comparison of SNPs and CNVs within CpG states
Using R, we made tables with the positions of all
the SNPs by breeds according to our reference or
alternative alleles. We merged the SNPs of each
breed with the CpGs coverage and dispersion
states table. For the CNVs, we took the individual
positions of each CNV range within each breed
and merged these positions with the CpG table.
From these merged files we were able to make all
comparisons described in this manuscript in order
to determine differences between the observations
and expected values.

Bayesian analysis of CpG-related mutation rates
To assess themutation probabilities per CpG category
and breeds, we treated each SNP or CNV as
a Bernoulli trial, where each location is either mutated
or not. Using a Bayesian approach with the prior
distribution for the mutation rate expressed by the
beta distribution, the posterior density of themutation
probability of CpG category i and breed j, denoted pij,

is given by pij,Beta αþ Pnij
k¼1

xijk; βþ nij �
Pnij
k¼1

xijk

� �
,

where xijk ¼ 1 if location k in category i and breed j is
mutated and otherwise xijk ¼ 0, nij the corresponding
total number of locations, and α and β the prior
parameters. We wanted to make inference primarily
based on the data, and used Jeffreys prior to express
a vague prior with α ¼ β ¼ 0:5.

Data access

The dataset supporting the conclusions of this
article is available in the European Nucleotide
Archive (ENA) repository (EMBL-EBI), under
accession PRJEB29249, which can be reached
through the following link: http://www.ebi.ac.uk/
ena/data/view/PRJEB29249.
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