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In male heterogametic systems, the X Chromosome is epigenetically differentiated between males and females, to facilitate

dosage compensation. For example, the X Chromosome in female mammals is largely inactivated. Relative to well-studied

male heterogametic systems, the extent of epigenetic differentiation between male and female Z Chromosomes in female

heterogametic species, which often lack complete dosage compensation, is poorly understood. Here, we examined the chro-

mosomal DNA methylation landscapes of male and female Z Chromosomes in two distantly related avian species, namely

chicken and white-throated sparrow.We show that, in contrast to the pattern inmammals, male and female Z Chromosomes

in these species exhibit highly similar patterns of DNA methylation, which is consistent with weak or absent dosage com-

pensation. We further demonstrate that the epigenetic differences between male and female chicken Z Chromosomes are

localized to a few regions, including a previously identified male hypermethylated region 1 (MHM1; CGNC: 80601). We dis-

covered a novel region with elevated male-to-female methylation ratios on the chicken Z Chromosome (male hypermeth-

ylated region 2 [MHM2]; CGNC: 80602). TheMHM1 andMHM2, despite little sequence similarity between them, bear similar

molecular features that are likely associated with their functions. We present evidence consistent with female hypometh-

ylation of MHMs and up-regulation of nearby genes. Therefore, despite little methylation differentiation between sexes, ex-

tremely localized DNA methylation differences between male and female chicken Z Chromosomes have evolved and affect

expression of nearby regions. Our findings offer new insights into epigenetic regulation of gene expression between sexes in

female heterogametic systems.

[Supplemental material is available for this article.]

Chromosomal sex determination is widespread in animals, having
originated multiple times in different lineages (for reviews, see
Bachtrog et al. 2014; Graves 2016). For example, birds have a fe-
male-heterogametic sex chromosome system in which males are
homozygous for the Z Chromosomes and females are heterozy-
gous for the Z and W Chromosomes. In comparison, eutherian
mammals have evolved a male heterogametic system in which
females are homozygous for the X Chromosomes and males are
heterozygous for the X and the Y Chromosome.

Notwithstanding diversity, several common characteristics
are shared among sex chromosome systems, indicating similar un-
derlying evolutionary principles. A critical step during sex chro-
mosome evolution is the cessation of recombination between
the proto-sex chromosomes (Charlesworth 1978; Lahn and Page
1999), which can occur in a step-wise fashion, leading to the dis-
tinct evolutionary strata of the nonrecombining chromosome
(Lahn and Page 1999; Nam and Ellegren 2008; Zhou et al. 2014).
As recombination diminishes between the sex chromosomes, the
effective population size of the nonrecombining chromosome de-
clines, leading to its genetic degeneration (Charlesworth and
Charlesworth 2000; Yi and Charlesworth 2000; Bachtrog 2013).
In addition to the degeneration of the nonrecombining chromo-
some, dosage compensation between homogametic and heteroga-

metic individuals is often observed in sex chromosome systems. In
thewell-studiedmale heterogametic system, dosage compensation
tends to be achieved in a chromosomal-wide fashion. In fruit flies,
transcription of the single male X Chromosome is up-regulated
(Vicoso and Bachtrog 2009; Conrad and Akhtar 2012). In mam-
mals, the X Chromosome is largely inactivated in females. For
instance, in humans, only ∼15%–25% of genes escape the inacti-
vation and another 10% exhibit levels of inactivation that vary
among individuals (Carrel and Willard 2005; Cotton et al. 2015;
Graves 2016; Tukiainen et al. 2017). Inactivation is generally
achieved via epigenetic mechanisms such as DNA methylation
and histone modifications (Hellman and Chess 2007; Sharp
et al. 2011; Brockdorff and Turner 2015; Lucchesi and Kuroda
2015; Marin et al. 2017).

Analyses of female heterogametic systems show a picture very
different from the XY systems (Mank 2009; Vicoso and Bachtrog
2011; Vicoso et al. 2013). For example, dosage compensation is in-
complete in birds (Ellegren et al. 2007; Itoh et al. 2007; Adolfsson
and Ellegren 2013; Wang et al. 2014; Mullon et al. 2015; Graves
2016; Marin et al. 2017). Z-linked genes are generally more highly
expressed in males (with two Z Chromosomes) than in females
(with one Z Chromosome), and only a subset of genes exhibit
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expression doses that are similar between sexes (Itoh et al. 2007,
2010; Uebbing et al. 2013, 2015). Some female heterogametic spe-
cies, on the other hand, exhibit global dosage compensation
(Smith et al. 2014; Huylmans et al. 2017), indicating greater diver-
sity in the level of dosage compensation in female heterogamety
compared to male heterogamety. Consequently, epigenetic differ-
entiation of the Z Chromosomes between sexes in female hetero-
gametic systems is likely regulated by mechanisms different from
that of the X Chromosomes in male heterogametic systems.
However, data on epigenetic differences between males and fe-
males of female heterogametic taxa are scarce.

Nevertheless, several previous studies have suggested a poten-
tial role for DNA methylation in avian sex chromosome regula-
tion. For example, the distribution of CpG islands has been
shown to have a significant impact on Z-linked gene dosage com-
pensation in chickens (Melamed and Arnold 2009). In addition,
earlier targeted studies have identified a region of the chicken
Z Chromosome that is differentially methylated between males
and females. DNA methylation in this region, previously referred
to as the “male hypermethylated region (MHM),” is higher in
males than in females (Teranishi et al. 2001). Genes near the
MHM locus display pronounced reduction in male-to-female ex-
pression ratios in Galloanserae (landfowl and waterfowl)
(Melamed and Arnold 2007; Mank and Ellegren 2009; Melamed
et al. 2009; Wright et al. 2015). However, in the absence of chro-
mosome-wide epigenetic profiling, it was unknown whether this
region represents the only epigenetic locus of differentiation be-
tween the sexes or whether it originated by male hypermethyla-
tion (as assumed) or female hypomethylation.

To fill this gap of knowledge, here, we analyzed whole-
genomemethylationandchromatinaccessibilitymaps fromchick-
ens (Gallus gallus) andwhite-throated sparrows (Zonotrichia albicol-
lis), two avian species that have diverged approximately 90million
years ago (Jarvis et al. 2014; Zhou et al. 2014). We also investigated
the evolutionary origins of epigenetic divergence between sexes

and its potential impacts on gene expression, by examining tran-
scriptome data from 130 chicken samples and 16 samples of out-
group species. The results from these analyses provide novel
insights into how gene dosage on the Z andWChromosomes of fe-
male heterogametic systems are epigenetically regulated.

Results

DNA methylation and transcription in the chicken genome

Studies in mammalian systems have contributed to a model of
DNA methylation in which methylation of cis-regulatory regions
(promoters and enhancers) reduces transcription of associated
genes (Schübeler 2015). This model predicts a negative correlation
between promoter methylation and gene expression. This predic-
tion has been supported by research in mammals (Schübeler
2015), but it has yet to be fully explored in avian systems. To test
the relationship between DNA methylation and expression in
birds, we compared brain whole-genome DNA methylation maps
with transcriptome data from the same developmental stage in
chicken (embryonic day 18 [E18]) (Uebbing et al. 2015; Lee et al.
2017); we also compared methylation with expression in an adult
great tit (Laine et al. 2016). CpGmethylation and gene expression
were negatively correlated not only at promoters but also at gene
bodies (Fig. 1A; Supplemental Fig. S1). This observation is consis-
tent with the model of transcriptional silencing by DNAmethyla-
tion (Schübeler 2015), which can be applied to most loci in the
chicken genome.

We found that differential DNA methylation of the Z and W
Chromosomes was associated with differential expression of the
Z and W gametologs (homologous genes on the sex chromo-
somes). In the 26 pairs of Z/Wgametologs (seeMethods), both pro-
moters and gene bodies of the W Chromosome were significantly
hypermethylated relative to the Z Chromosome, concordant with
lower expression of W relative to Z gametologs (Supplemental Fig.

BA

Figure 1. DNA methylation and transcription in avian genomes. (A) Density of data points as a function of CpG methylation (5mC [%]) and gene ex-
pression (log2 [TPM]) in female chickens and amale great tit (for male chickens, see Supplemental Fig. S1). The relationship betweenmethylation and gene
expression was smoothed with cubic splines (black lines). Number of genes with CpGmethylation data: chicken:N=11,662 for promoters andN=11,723
for gene bodies; great tit:N=14,694 for promoters andN=14,721 for gene bodies. (B) Comparison of DNAmethylation between aligned CpGs of Z andW
gametologs. N depicts the number of Z-W-aligned CpGs with at least three mapped reads in each sample. Statistical significance was evaluated using
paired Mann–Whitney U tests. For A and B, the promoter of a gene was defined as upstream 1.5 kb to downstream 500bp of its transcription start site.
(∗∗∗) P<0.001, (∗∗) P<0.01, (∗) P<0.05, (NS) not significant.
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S2). This pattern was consistent across tissue types and develop-
mental stages (Fig. 1B), although the differences in methylation
between the W and Z gametologs were not significant in some
samples (brain and retina E18), likely due to low sequencing
depths. This result indicates that DNAmethylation may epigenet-
ically regulate expression of Z and W gametologs.

Novel Z Chromosome locus with significant sex differences

in DNA methylation and chromatin accessibility

We investigated how sex differences in DNA methylation vary
across avian Z Chromosomes using whole-genome bisulfite se-
quencing (WGBS) data from chicken (Galloanserae) and white-
throated sparrow (Neoaves). The human X Chromosome exhibits
substantial differences in DNA methylation between the sexes
(Fig. 2A). The male X Chromosome is more hypermethylated
over the majority of the chromosome compared to the female
X Chromosome, which is consistent with the finding that the ac-
tive X Chromosome is hypermethylated in gene bodies (Hellman
and Chess 2007) and intergenic regions (Keown et al. 2017).

In contrast to the pattern observed for the humanXChromo-
some (Fig. 2A), methylation of the Z Chromosome in two diver-
gent avian species is overall highly similar between males and
females (Fig. 2B,C; Supplemental Fig. S3). In chicken, but not in
white-throated sparrow, we found two regions on the Z Chromo-
some within which DNA methylation is extremely male-biased.
This bias was consistent across tissues (Fig. 2C,D; Methods). The
first region localized to 27.140–27.398 Mb of the chicken Z Chro-
mosome (Fig. 2C,D). This region, which was previously identified
using cDNA clones andmethylation-sensitive restriction digest as-
says, has been referred to as the “male hypermethylated region
(MHM)” (Teranishi et al. 2001; Itoh et al. 2010). Here, we report an-
other region on the Z Chromosomewith substantial sex differenc-
es inDNAmethylation across all tissue types examined (Fig. 2C,D).
This novel region is located at 73.160–73.173Mbof the ZChromo-
some. The Chicken Gene Nomenclature Consortium (CGNC) has
assigned male hypermethylated region 1 (MHM1; CGNC: 80601)
to this previously identified region, and male hypermethylated re-
gion 2 (MHM2; CGNC: 80602) to this newly identified region. In
contrast, autosomes show highly similar DNA methylation pat-
terns between males and females in both species, supporting
that extreme regional methylation differences are restricted to
the chicken Z Chromosome (Supplemental Fig. S4; Methods).

Additionally,weexamined recentATAC-seqdata (Foissac et al.
2019; Sackton et al. 2019) and found that chromatin accessibility is
elevated in females, relative to males, at both MHM1 and MHM2
(Fig. 2E; Supplemental Fig. S5). Another region (5,974,978–
5,975,264 base pairs [bp]), composed of tandem repeats (repeat
unit:CCTTT)on theZChromosome,also exhibited increased chro-
matin accessibility in females across tissues/cell types (Supplemen-
tal Fig. S6). However, this region was much shorter than the other
two regions (∼300 bp compared to∼250 and∼10 kb forMHM1 and
MHM2, respectively) and does not harbor any CpGs. Due to these
features, we could not examine the correspondence with DNA
methylation. As genes within 100 kb of the female-biased peak at
∼5.9 Mb have undetectable or very low expression, in the remain-
der of the manuscript we present in-depth analyses of the two
MHM loci.

Unusual molecular characteristics of MHM2 that parallel MHM1

The alignment between the MHM1 and MHM2 loci revealed that
the two regions do not share any homology, implying that these

two loci originated independently. Nevertheless, MHM2 exhibits
distinct characteristics that parallel those of theMHM1. First, sim-
ilar to theMHM1 locus, the novel MHM2 locus is highly repetitive
(Methods). Specifically, theMHM2 locus comprises four repetitive
blocks of tandem repeats, with three to four iterations of a 542-bp
repeat unit per block (Fig. 3A). Second, by annotating transcripts
using RNA-seq data from 130 chicken samples across tissues and
developmental stages (see Methods), we found that, like MHM1,
MHM2 encodes long noncoding RNAs (lncRNAs) (Supplemental
Fig. S7). Specifically, three poly(A)-transcripts are located within
the second repetitive block of MHM2. As expected from the pat-
terns of epigenetic differences, the expression of MHM1 and
MHM2 lncRNAs are both female-biased (Fig. 3B).

Although MHM1 is located on the oldest stratum (S0) shared
by all three avian lineages,MHM2 is located on a younger stratum
(S1), which is shared only by the Galloanserae andNeoaves (Wang
et al. 2014; Zhou et al. 2014). The repetitive units of MHM1 and
MHM2 exhibit distinct phylogenetic distributions.Whereas the re-
peat units of MHM1 are observed only in Galloanserae, the repeat
unit of MHM2 exists as a single copy in some Neoaves species
(Supplemental Table S1; Supplemental Fig. S8). The absence of
theMHM2 repeat unit in Palaeognathae or other Neoaves lineages
(e.g., passerines) (Supplemental Fig. S8) suggests that this sequence
may have originated in the ancestor of Neognathae birds but was
subsequently lost in some Neoaves.

Genes near MHM1 and MHM2 show similarly reduced

male-to-female expression ratios

Male-to-female expression ratios across the avian Z Chromosomes
are generally greater than 1, as dosage compensation is incomplete
(Ellegren et al. 2007; Itoh et al. 2007; Graves 2016). However, mi-
croarray data has shown that genes located near MHM1 display
pronounced reduction in male-to-female expression ratios in the
chicken (Melamed and Arnold 2007; Mank and Ellegren 2009).
Using RNA-seq data, we investigated whether genes adjacent to
MHM1 displayed reduced male-to-female ratio consistent with
the previous microarray studies. In addition, we looked for similar
patterns near the novel MHM2 locus. We found that genes neigh-
boring MHM1 or MHM2 exhibited reduced male-to-female ratios
compared to the rest of the Z Chromosome inmost somatic tissues
across developmental stages in chicken (Fig. 4; Supplemental Figs.
S9, S10). By performing a changepoint analysis to detect abrupt
changes in ratios across the Z Chromosome (see Methods), we
found that the boundary for MHM1-affected genes is 25–32 Mb,
which is narrower than previously reported (25–35 Mb)
(Melamed and Arnold 2007). The boundary for MHM2-affected
genes was 72.5–73.5 Mb.

How did the sex difference in DNA methylation and expression

of genes at and near MHMs originate?

The difference in DNA methylation between male and female
Z Chromosomes could have been caused by an increase of DNA
methylation in themale Z Chromosome (male hypermethylation)
or reduction of DNA methylation in the female Z Chromosome
(female hypomethylation). Likewise, the reduced male-to-female
ratio of gene expression could have arisen via down-regulation of
the Z-linked genes in males or their up-regulation in females
(Wright et al. 2015). We investigated available data on DNA
methylation and gene expression from chickens and other avian
species to gain insight into the evolutionary origin of these sex
differences.

Female heterogametic sex chromosome epigenetics
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Figure 2. Sex differences in DNA methylation on sex chromosomes and chromatin accessibility patterns of MHMs. (A) Differences in DNA methylation
between male and female X Chromosomes in human brains (5mC [%] [M-F]). (B) Differences in DNA methylation between male and female
Z Chromosomes in the white-throated sparrow. (C) Differences in DNA methylation between male and female Z Chromosomes in chicken. Two regions
with extreme sex differences in DNAmethylation (MHM1 andMHM2) are highlighted. For A–C, methylation values were plotted using a 10-kb window size
with a 2-kb step size. (D) A zoomed-in view of theMHM loci. Methylation levels (5mC [%]) for males (blue) and females (red) are shown in the upper lines.
Lower lines (orange) depict sex differences in DNA methylation. (E) Both MHMs (shaded areas) display increased chromatin accessibility in females com-
pared with males. ATAC-seq reads were merged per sex and normalized to fragment pileup per million reads for direct comparison between sexes. For
either CD4+ T cells (Foissac et al. 2019) or forelimb (E4.5) (Sackton et al. 2019), the two loci contained significantly female-biased peaks, tested using
bdgdiff from the MACS2 program (Zhang et al. 2008). The vast majority of tissue/cell types with available data show similar patterns (Supplemental
Fig. S5).
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Comparison of expression levels of MHM-neighboring genes
with the rest of the Z-linked genes yielded inconclusive results
(Supplemental Fig. S11). An important assumption in this analysis
is that the expression levels observed for genes on the current Z
Chromosome are similar to the ancestral expression levels, which
may not necessarily be the case. Taking an alternative approach
similar to the methods used in previous studies (Brawand et al.
2011; Julien et al. 2012; Mank 2013; Cortez et al. 2014; Marin
et al. 2017), we used data from outgroups to infer ancestral expres-
sion of MHM-neighboring genes. Specifically, we used available
brain RNA-seq data from two divergent outgroups—blue tit (a
passerine in Neoaves) and ostrich (in Palaeognathae) (Adolfsson
and Ellegren 2013; Mueller et al. 2015), both lacking MHM loci
(Fig. 5A,B). Comparing the expression of MHM1-neighboring
genes among the three species—chicken, blue tit, and ostrich—
we show that their expression is higher in female chicken than
in female ostrich or blue tit. In contrast, there were no differences
among the species for themale samples (Fig. 5C). This result is con-
sistent with the scenario that sex differences in expression of these
genes originated due to up-regulation in females (Fig. 5A). On the
other hand, MHM2 is located in a younger stratum (S1) which is
shared only by chicken and blue tit (in ostrich, this region is locat-
ed in the pseudoautosomal region) (Wang et al. 2014; Zhou et al.

2014), and the comparison between
chicken and blue tit was inconclusive
(Supplemental Fig. S12). Therefore, we
do not have enough evidence to fully
support either scenario (up-regulation
in females or down-regulation in males)
for the evolution of MHM2.

Next, we compared the DNA meth-
ylation levels of MHM1 and MHM2 with
the rest of the Z Chromosome. Since
both MHM loci are highly repetitive, we
also compared methylation of MHM
with that of other repetitive sequences
on the Z Chromosome. Both MHM loci
were significantly hypomethylated rela-
tive to either the entire Z Chromosome
or repetitive sequences on the Z
Chromosome in females, and this pat-
tern was consistent across all tissues ex-
amined (Fig. 6). In males, although the
MHM loci generally exhibited hyperme-
thylation relative to the background, sev-
eral comparisons are not significant.
Thus, we found robust female-hypome-
thylation, and potentially weak male-
hypermethylation of the MHM loci.
Female-hypomethylation of MHM loci is
consistent with the up-regulation of
nearby genes (Fig. 5A).

Discussion

Much of our current knowledge about
the epigenetic regulation of gene expres-
sion and dosage compensation comes
from studies of male heterogametic
mammalian systems. By comparison, in-
formation about these processes in fe-
male heterogametic systems is scarce.

With the increasing wealth of genomic data, birds are emerging
as a rich source of models in which to investigate the evolution
of sex chromosomes. The extent of genetic degeneration of the
nonrecombining W Chromosome is highly variable across birds
(Zhou et al. 2014). Avian systems also offer new perspectives on
the evolution of dosage compensation. In mammals, the nonre-
combining Y Chromosomes are nearly completely degenerated,
and dosage compensation is achieved by global inactivation of
one of the X Chromosomes in females. In contrast, birds exhibit
incomplete dosage compensation even in the chicken, in which
the nonrecombining W Chromosome is largely degenerated. In
addition, data on a recently recombination-suppressed avian chro-
mosome indicate that partial dosage compensation can evolve pri-
or to substantial genetic degeneration (Sun et al. 2018). Thus,
avian systems offer an excellent opportunity to investigate the
evolution of sex chromosomes and the genomic impact of reduced
recombination in general.

We integrated recently generated nucleotide-resolution DNA
methylation maps with comprehensive transcriptome data in the
chicken. Similar to the genomes of other vertebrates, the chicken
genome is heavily methylated (Elango and Yi 2008; Suzuki and
Bird 2008). Genic DNA methylation is negatively correlated with
gene expression, as expected when considering the currently

B

A

Figure 3. Molecular characteristics of MHM1 and MHM2 loci. (A) Both loci are highly repetitive. Each
rectangular area filled with matches in dot plots depicts a block of tandem repeats. (B) Expression differ-
ences between males and females for lncRNAs transcribed from MHMs. For each locus, one example
lncRNA gene with the highest average expression is shown. Significant expression differences between
males and females were detected using DESeq2 with raw counts generated from StringTie. (∗∗∗) Q<
0.001, (∗∗) Q<0.01, (∗) Q<0.05, (NS) not significant.
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accepted model of transcriptional suppression by DNA methyla-
tion (Schübeler 2015). A recently published study of the great tit
also led to a similar conclusion (Laine et al. 2016). At the chromo-
somal level, male and female Z Chromosomes show little differ-
ence in DNA methylation (Fig. 2C), which is consistent with the
lack of global dosage compensation.

Despite this global similarity, there are two regions within
which DNAmethylation of the chicken Z Chromosomes is highly
differentiated between males and females. The first region corre-
sponds to a previously described locus identified via a targeted
approach (Teranishi et al. 2001). Since its discovery nearly two
decades ago, this region (referred to as MHM1 in our study) has
been considered the only region exhibiting differentialDNAmeth-
ylation between the male and female chicken Z Chromosomes.
Here, we identified an additional novel region on the chicken
Z Chromosome with highly differentiated DNA methylation,
which we refer to as MHM2. There is little sequence similarity be-
tween the twoMHM loci, suggesting independent evolutionary or-
igins.MHM1 sequences arepresent inGalloanseraebut absent from
the other two avian lineageswe examined, whileMHM2 sequences
are present in Galloanserae and several Neoaves lineages

(Supplemental Table S1; Supplemental Fig. S8). There are several
similarities between MHM1 and MHM2: (1) MHMs exhibit higher
chromatin accessibility in females than males as confirmed by re-
cently generated ATAC-seq data (Fig. 2E; Supplemental Fig. S5),
which is consistent with previous studies ofMHM1 that identified
the enrichment of H4K16ac (Bisoni et al. 2005; Itoh et al. 2010,
2011); (2)MHM-derived lncRNAs are transcribed in a female-biased
manner for both loci in the tissues examined so far (Fig. 3B);
(3) MHM-neighboring genes display reduced male-to-female ex-
pression ratios (Fig. 4); and (4) both loci are highly repetitive (Fig.
3A). These convergent features between the two MHMs indicate
that epigenetic regulation of these regions may have evolved via
similar molecular mechanisms.

The reduced male-to-female expression ratios of genes near
bothMHM1 andMHM2 (Fig. 4) suggest that these regions may in-
fluence the expression of these genes. According to current mod-
els in chicken, long noncoding RNAs from the MHM1 bind to
neighboring genes and increase their expression in females
(Melamed and Arnold 2007; Mank and Ellegren 2009; Wright
et al. 2015). Indeed, the repetitive structure of both MHMs paral-
lels the tandem repeat blocks in the placental XIST and marsupial

Figure 4. Sex differences in gene expression across the Z Chromosome. The log2 (Male/Female) values are plotted using a 10-gene window. Genes with
average log2(TPM) lower than 1 in either males or females were filtered out. The dashed lines depict the borders of potential MHM1- or MHM2-affected
protein-coding genes identified by a changepoint analysis (Methods). For MHM1, the border is 25–32 Mb; and for MHM2, the border is 72.5–73.5 Mb.
One-tailed Mann–Whitney U tests were used to test whether the MHM1- or MHM2-neighboring regions consist of genes with lower Male/Female ratios
than the Z background. (∗∗∗) P<0.001, (∗∗) P<0.01, (∗) P<0.05, (NS) not significant.
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Rsx lncRNAs, which are independently evolved master regulators
of X inactivation (Grant et al. 2012; Brockdorff 2018). For exam-
ple, tandem repeat blocks within XIST can bind RNA-binding pro-
teins and mediate XIST localization (Chu et al. 2015; Ridings-
Figueroa et al. 2017). MHM2 has fewer repeat units compared to
the MHM1 (Fig. 3A), and correspondingly, the region exhibiting
reduced male-to-female expression ratios near MHM2 (∼1 Mb) is
narrower than the one near MHM1 (∼7 Mb) (Fig. 4). These obser-
vations are consistent with the significance of repetitive structures

of MHMs and their lncRNAs affecting
the expression of nearby genes.

We tested whether the reduced
male-to-female expression ratios of
MHM-nearby genes are due to a reduction
of expression in males or to an increase
of expression in females. Wright et al.
(2015) compared the expression of
MHM1-nearby genes to the Z chromo-
somal average and reported that four out
ofsixspeciesdisplayedsignificantly lower
expression of MHM1-nearby genes in
males compared to females. Using RNA-
seq data from a larger number of samples,
we did not find consistent differences
between male and female expression
of MHM-nearby genes using a similar
approach (Supplemental Fig. S11).
However, thedisparitybetweentheresults
of Wright et al. (2015) and current results
may be due to different developmental
stages of samples used in the two studies.
For example, Wright et al. (2015) used
adult spleen,whereasweused spleen sam-
ples from embryonic stages.

We took an alternative approach to
compare expression of current Z-linked
genes with expression of these genes on
proto-sex chromosomes (Brawand et al.
2011; Julien et al. 2012; Mank 2013;

Cortez et al. 2014; Marin et al. 2017). The results were consistent
with up-regulation of MHM1-nearby genes in females (Fig. 5) but
inconclusive for MHM2-nearby genes (Supplemental Fig. S12).
Comparing DNA methylation inside MHMs versus the entire Z
Chromosome (with or without repetitive sequences) indicated sig-
nificant hypomethylation of MHMs in females for all tissues and
hypermethylation in males for some tissues (Fig. 6). Female-hypo-
methylation is also consistent with the ATAC-seq peaks, which
show highly accessible chromatin in theMHM loci only in females

B

A C

Figure 5. Alternative models for the evolution of MHM1 region in chicken. Reduced male-to-female
expression ratios near MHM1 in chicken could be due to female up-regulation (A) or male down-regula-
tion (B). In scenario A, low expression in females is the ancestral state, and up-regulation in females has
evolved recently in chicken. An expression pattern similar to that shown in A, in other words, higher ex-
pression in female chickens than in female tit and ostrich, would suggest that the reducedmale-to-female
expression ratios seen in chicken evolveddue to up-regulation in females. In scenario B, high expression in
males is ancestral and the depicted pattern of expression would suggest recently evolved down-regula-
tion in males. For A and B, the time for the split of avian lineages is from Jarvis et al. (2014) and Zhou et al.
(2014). (C) Pairwise species differences in expression of the MHM1-neighboring genes (adult brain).
Expression was averaged across samples per species, and the pairwise expression difference (the ratio
of expression of species 1 to the expression of species 2) was log2-scaled. Only orthologs present in all
species were used (numbers of genes compared are in parentheses). The statistical significance was eval-
uated using paired Mann–Whitney U tests. (∗∗) P<0.01, (∗) P<0.05, (NS) not significant.

Figure 6. Hypomethylation of MHM loci relative to the entire Z Chromosome or repeats on the Z Chromosome in females. In the graphs, DNA meth-
ylation ofMHM1 andMHM2 is comparedwith that of the ZChromosome or repeats on the Z Chromosome formales and females. Coordinates of repetitive
sequences were obtained from RepeatMasker track (last update: 2016-04-14) of the UCSC Table Browser. Statistical significance was evaluated using
Mann–Whitney U tests. (∗∗∗) P<0.001, (NS) not significant.

Female heterogametic sex chromosome epigenetics

Genome Research 1679
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.248641.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.248641.119/-/DC1


(Fig. 2E; Supplemental Fig. S5). In conclusion, we find evidence
supporting female-hypomethylation of MHM1 and up-regulation
of MHM1-neighboring genes, while MHM2 regions require more
data and further analysis. In globally heavily methylated genomes
such as mammals and birds (Elango and Yi 2008; Suzuki and Bird
2008), hypomethylated genomic regions often harbor regulatory
signals and are used as promoters or enhancers (Roadmap
Epigenomics Consortium et al. 2015; Mendizabal and Yi 2016).
Therefore, we hypothesize that MHM1 hypomethylation in fe-
males is associated with female-specific regulatory function.

One hypothesized function of MHM1 is that it might drive
sexual differentiation by silencing the candidate avian sex-deter-
mining gene DMRT1 in females (Teranishi et al. 2001). However,
similar to other genes near MHM1, DMRT1 is expressed at similar
levels between sexes in the majority of somatic tissues and is
even significantly female-biased in samples from brain (E18) (Sup-
plemental Fig. S13). This result indicates limited effects of MHM1
on DMRT1 transcription in the majority of samples analyzed.
Indeed, a previous study found thatmisexpression ofMHM1 in go-
nad affected DMRT1 not at the mRNA level but at the posttran-
scriptional level (Roeszler et al. 2012). The role of DMRT1 in sex
determination in chicken, which may depend on developmental
stage and tissue, needs to be further evaluated. To this end, we ex-
amined a sample from chicken blastoderm at 12 h, which repre-
sents the earliest developmental stage at which chicken embryos
are accessible postlaying (Ayers et al. 2013), much earlier than
the embryonic stage examined by Teranishi et al. (2001). Com-
pared to other tissues and developmental stages, the blastoderm
shows relatively weak effects of sex on expression of genes near
MHM1 (Fig. 4). The male-to-female expression ratio of MHM2-
nearby genes, on the other hand, was strongly reduced in the blas-
toderm stage (Fig. 4).

Other researchers have hypothesized that in chicken, epige-
netic differentiation between male and female Z Chromosomes is
implicated in the regulation of genes with functions critical for fe-
males (Mank and Ellegren 2009; Wright et al. 2015). We and oth-
ers (e.g., Wright et al. 2015) have not identified such functional
enrichment. However, at least one of the genes near MHM1 is
known to play a vital role in female reproduction. The gene
VLDLR encodes a very low-density lipoprotein receptor, which
is expressed in the cell surfaces of oocytes and regulates vitello-
genesis (yolk deposition). In chickens with a naturally occurring
mutation in this gene, vitellogenesis is disrupted and the hens
do not lay eggs (Ho et al. 1974; Nimpf et al. 1989). Males hetero-
zygous for the mutation are phenotypically normal carriers with
unaffected fertility (Ho et al. 1974). Thus, the role of VLDLR is
profoundly female-specific. Two other genes, RLN3 near MHM1
and CARTPT near MHM2 (encoding relaxin 3 and CART prepro-
peptide, respectively) show female-biased expression. Both genes
encode neuropeptides that are thought to regulate food intake in
chickens (Tachibana et al. 2003; Higgins et al. 2010). In rodents,
the effects of these peptides on food intake have been found to
be somewhat larger in females than males (Asnicar et al. 2001;
Lenglos et al. 2015); however, such differences have not been re-
ported for birds. The exact functions of MHM loci in chickens
need experimental validation, for example, via knockout or
knockdown of MHMs in females. Our study offers a picture,
with chromosome-wide resolution, of epigenetic differentiation
between male and female sex chromosomes in chicken. In addi-
tion, the work provides new candidate regions for future studies
of how gene expression doses are regulated and evolve in a female
heterogametic system.

Methods

Enhanced chicken genome assembly

We used an enhanced Gallus_gallus-5.0 (GCA_000002315.3)
assembly for our analyses. Specifically, the W Chromosome was
replaced by the one from the latest GRCg6a (GCA_000002315.5)
assembly (Bellott et al. 2017) because of its improved quality
(Gallus_gallus-5.0: 5.16 Mb vs. GRCg6a: 6.81 Mb).

Whole-genome bisulfite sequencing data and DNA

methylation calling

To compare DNA methylation between Z and W gametologs and
to compare DNAmethylation between males and females, we col-
lected previously published chickenWGBS data sets across four tis-
sues (brain, retina, lung, and muscle) (Supplemental Table S2; Li
et al. 2015; Lee et al. 2017; Zhang et al. 2017), which comprised ei-
ther samples from both sexes (brain, retina, and lung) or from fe-
males alone (muscle). We also collected brain WGBS data from
an adult male great tit to determine the relationship between
gene expression and DNA methylation (Laine et al. 2016).

To compare the sex differences in DNAmethylation between
chicken and the white-throated sparrow, we performed brain
WGBS of the white-throated sparrow (tan morph) for a male adult
and a female adult. WGBS libraries were prepared using a custom
protocol. First, DNA was extracted from the brain (hypothalamus
region) using a QIAGEN DNeasy Blood and Tissue DNA kit. The
DNA samples were then sheared on a Covaris ultrasonicator to
200–600 bp. The DNA fragment ends were repaired, and A-over-
hangswere added before bisulfite compatible adaptorswere ligated
to the DNA fragments overnight. Then, the DNA fragments were
bisulfite-converted and PCR-amplified to increase concentration
and enrich for adaptor-ligated DNA fragments. WGBS libraries
were then sequenced using Illumina HiSeq X Ten or HiSeq 2500
at Macrogen Clinical Laboratory. Additionally, to compare sex dif-
ferences in DNA methylation between birds and humans, we ob-
tained fractional methylation data of the human brain from
Zeng et al. (2012) (accession number in Supplemental Table S2).

WGBS reads were trimmed with Trim Galore! (version 0.4.5)
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
using a quality cutoff of 30 and then aligned to the enhanced as-
sembly for chicken samples (or to the “Parus_major1.1” assembly
for the great tit sample) using Bismark v0.18.1 in Bowtie 2 mode
(Krueger and Andrews 2011). Subsequently, mapped reads
were deduplicated using deduplicate_bismark, non-bisulfite-con-
verted reads were filtered using filter_non_conversion (with the
‐‐percentage_cutoff 20 option), and fractionalmethylationwas ex-
tracted using bismark_methylation_extractor. Methylation data
were then merged across samples for each sex. Only CpGs with
at least three mapped reads were retained for further analysis.

Comparison of DNA methylation between Z and W

gametologs

In total, 26 Z-Wpairs were annotated inNCBI (theWsequencewas
from the latest GRCg6a version) (Supplemental Table S3). Since
the transcription start site (TSS) of W gametologs may be poorly
annotated, promoters of Z gametologs (defined as upstream 1.5
kb to downstream 500 bp of TSS) were blasted against the W se-
quence to identify homologous promoters on W in BLASTN
2.7.1+ (-task blastn). Gene bodies or promoters of Z-W pairs were
then aligned using MAFFT v7.407 (Katoh and Standley 2013).
Only aligned CpGs with more than three reads covered for both
Z and W gametologs were retained for further analysis.
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Identification of regions with extreme sex differences in DNA

methylation

To identify regions harboring extreme sex differences in DNA
methylation, we computed DNA methylation levels averaged
across CpGs, across the whole chicken genome, using a 10-kb win-
dow size and a 1-kb step size (a threshold required that at least 20
CpGs with methylation data be present in a window). The differ-
ences in methylation between males and females were then calcu-
lated. We identified regions with extreme sex differences in DNA
methylation, defined as those outside the range of the first quartile
minus three times the interquartile range and the third quartile
plus three times the interquartile range (i.e., <Q1 –3× IQR or >Q3

+ 3 × IQR). To identify potentially non-tissue-specific outlier re-
gions, we retained outlier windows common to the brain, retina,
and lung (Supplemental Code). Except for MHM1 and MHM2 on
the chicken Z Chromosome, we did not detect extreme sex differ-
ences in DNAmethylation anywhere in the genome, including on
any autosomes (macrochromosomes are shown as examples in
Supplemental Fig. S4).

ATAC-seq data, signal normalization, and differential peak

identification

We collected recently published ATAC-seq data from liver, CD4+ T
cells (Foissac et al. 2019), and flight muscles/bones (Supplemental
Table S2; Sackton et al. 2019) in chicken. ATAC-seq reads were
trimmed with Trim Galore! (version 0.4.5) using a quality cutoff
of 30, and the processed reads were aligned to the enhanced chick-
en genome using Bowtie 2 2.3.4.2 (Langmead and Salzberg 2012)
with -X2000 ‐‐no-mixed ‐‐no-discordantparameters.Aligned reads
were then merged across samples for each sex. Normalized ATAC-
seq signals were obtained by running callpeak from the MACS2
2.1.1.20160309 program (Zhang et al. 2008) with the -p 0.01 -B
‐‐nomodel ‐‐SPMR ‐‐shift -100 ‐‐extsize 200 options. The signals
(fragments pileup per million reads) for each sex at the two MHM
loci were plottedwith ggbio 1.28.5 (Yin et al. 2012). To find statisti-
cally significant ATAC-seqpeaks,we reran callpeakwithout ‐‐SPMR
and identified differential peaks using bdgdiff.

RNA-seq data, transcriptome assembly, and lncRNA

identification

RNA-seq data from 130 chicken samples across multiple somatic
tissues (blastoma, brain, bursa of Fabricius, heart, kidney, liver,
lung, muscle, spleen) and developmental stages (12 h, E18, E19,
and adults) were collected from multiple sources (Supplemental
Table S2; Brawand et al. 2011; Julien et al. 2012; Ayers et al.
2013; Uebbing et al. 2015; Zimmer et al. 2016; Marin et al. 2017;
Chickspress: http://geneatlas.arl.arizona.edu/). Raw reads were
trimmed with Trim Galore! (version 0.4.5) and then aligned to
the enhanced chicken genome using HISAT2 (Kim et al. 2015).
We filtered out secondary alignments using SAMtools 1.7 (Li
et al. 2009) to ensure that only primary alignments were retained
for further estimation of gene expression.

To identify lncRNA genes within MHM loci and quantify the
transcripts, we used StringTie 1.3.4d (Pertea et al. 2015) to assem-
ble aligned reads into transcripts. The GTF annotation of tran-
scripts is available at Figshare (http://dx.doi.org/10.6084/m9
.figshare.8066612) and as Supplemental Material. Then, the cod-
ing potential of these transcripts was predicted using FEELnc
v.0.1.1 (Wucher et al. 2017) under the shuffle mode, and tran-
scripts with the coding potential score smaller than 0.4214 (a cut-
off chosen by the program) were defined as lncRNAs. It should be
noted that since our collected RNA-seq data sets are poly(A)-select-
ed, we could capture only polyadenylated lncRNAs.

Quantification of gene expression and detection of differential

expression

We measured the expression of lncRNAs by rerunning StringTie
against the annotation of the new transcript assembly with the
-e -b –A<gene_abund.tab> options.Meanwhile, we quantified pro-
tein-coding genes on the Z Chromosome by running StringTie
against the chicken Ensembl annotation (Gallus_gallus-5.0.92 re-
lease) with the same options. The transcripts per kilobase million
(TPM) values were extracted to represent gene expression levels
for further analysis (Supplemental Code) and were log2-scaled
(specifically, log2[TPM+1]).

We averaged expression across samples within each sex, and
genes with average expression above 1 in either sex were retained.
The running average (window size of 10 genes with a slide size of
one gene) of the male-to-female ratios on the Z Chromosome was
computed with gtools 3.8.1 (Supplemental Code; https://cran
.r-project.org/package=gtools). Expression valleys (dips inmale/fe-
male ratios) nearMHM1 andMHM2 were tested using a one-tailed
Mann–Whitney U test.

Additionally, we tested for differential expression between
males and females using DESeq2 1.18.1 (Supplemental Code;
Love et al. 2014), using raw counts generated with prepDE.py
from the StringTie package.

Identification of repeat units in MHM loci

We detected tandem repeat units of MHM1 and MHM2 using
XSTREAM (Newman and Cooper 2007). We identified five differ-
ent repeat units ofMHM1: 2.7-kb, 1.8-kb, 2.7-kb (rev) (reverse com-
plement of the 2.7-kb unit), 3-kb, and 2.2-kb (Fig. 3A). Among
them, the 2.7-kb (rev) (JF692775) and 1.8-kb units (JF692776,
named “sMHM-BamHI”) were previously identified by Itoh et al.
(2011), and the 2.2-kb unit was discovered by Teranishi et al.
(2001) (AB046698). As described by Itoh et al. (2011), the five
repeat units share a core sequence (JF692776: 957–1219) which
is potentially important for their function. For MHM2, a 543-bp
unit is iterated 3–4 times per repeat block (Fig. 3A). All repeat
units of MHM loci are relatively GC-rich (GC content: 55%–

60%), while the GC content for the chicken Z Chromosome
(theGallus_gallus-5.0 assembly) is 40.74%. The sequences of all re-
peat units are available at Figshare (http://dx.doi.org/10.6084/m9
.figshare.8066621) and as Supplemental Material.

Detection of the boundaries of MHM-affected genes

To obtain accurate boundaries ofMHM-affected genes (dosage val-
leys), we performed a changepoint analysis using the R package
“changepoint.np” (Supplemental Code; https://cran.r-project
.org/package=changepoint.np). This package identifies multiple
changepoints in timeseries-like data, without any assumptions re-
garding the distribution. The detected changepoints are reported
in Supplemental Table S4. The changepoints across tissues/devel-
opmental stages were merged to obtain all potentially affected
genes near MHM1 or MHM2.

Cross-species expression comparison

We obtained RNA-seq data from brain samples of great tit (Laine
et al. 2016), blue tit (Mueller et al. 2015), and ostrich
(Supplemental Table S2; Adolfsson and Ellegren 2013). The reads
were preprocessed, and expression levels (in log2[TPM+1]) were
measured using the same pipeline as for chicken, except that reads
were aligned to the “Parus_major1.1” assembly for the great tit
sample, to the “cyaCae2” assembly for blue tit samples, and to
the “ASM69896v1” assembly for ostrich samples.
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To identify cross-species orthologs (chicken - blue tit - os-
trich), we ran Proteinortho V5.16b (Lechner et al. 2011) on the
protein sequences of three species (NCBI annotations for the
blue tit and ostrich and Ensembl annotation for the chicken),
with -synteny -identity = 50 -cov=50 -selfblast options. Using
this method, we identified 9991 orthologs present in chicken,
blue tit, and ostrich.

To ensure comparability of expression across samples from
different species, we used a median scaling method (Brawand
et al. 2011; Julien et al. 2012; Marin et al. 2017). For genes with ex-
pression that was consistently within the inner quartile range
(2111 genes across all 23 samples), themedian expression per sam-
plewas computed.We then scaled themedians to a commonvalue
(mean of all medians) by scaling factors, and the scaling factor was
used to calculate expression values for all genes in each sample
(Supplemental Code).

Sample sexing

Since the sexes of several WGBS (brain and retina) and ATAC-seq
(flight muscles/bones) samples were unknown, we sexed the sam-
ples based on the percentage of reads that could be mapped to the
WChromosome out of all aligned reads (W%). The distribution of
percent W reads revealed two clear groups corresponding to the
two sexes (Supplemental Fig. S14), and we determined the sex
based on this stratification (Supplemental Table S5).

Identification of MHM repeat units in other avian species

We blasted all MHM repeat units against all representative ge-
nomes of birds (taxid: 8782) in NCBI (last access: 4/28/2019) using
BLASTN in “blastn” mode. This mode is optimized for cross-spe-
cies searches. We set the threshold of E-value to 10−5. To confirm
the presence or absence of MHM2 in other avian species, we
aligned the Z Chromosome of these species to the chicken
Z Chromosome using LASTZ 1.04.00 (Harris 2007) with the
‐‐notransition ‐‐nogapped ‐‐step=20 ‐‐rdotplot options. The output
dot plots were zoomed in toMHM2-neighboring regions and visu-
alized in R (R Core Team 2019).

Self-alignment of MHM loci

We self-aligned each MHM loci to test for repetitive sequences.
Specifically, NUCmer from the MUMmer 4.0.0beta2 (Marçais
et al. 2018) was run to align each MHM locus with itself with
‐‐maxmatch ‐‐nosimplify options. We then used mummerplot to
draw dot plots for these self-alignments. The two MHM loci were
also aligned against each other using the same approach, but no
alignment was generated.

Gene Ontology (GO) analysis

The PANTHER Overrepresentation Test (Released 20171205) from
the PANTHERClassification System version 11 (Mi et al. 2017) was
used to test for enrichment of GO terms inMHM- orMHM2-neigh-
boring genes. Ensembl gene IDs were used for these genes, and the
reference list used was the Gallus gallus annotation (PANTHER an-
notation version 13.1). We found that no GO terms from the bio-
logical process ormolecular functionwere enriched in these sets of
genes.

Data access

The WGBS data from two white-throated sparrows generated
in this study have been submitted to the NCBI BioProject data-
base (https://www.ncbi.nlm.nih.gov/bioproject/) under accession

number PRJNA540850. The GTF annotation of transcripts us-
ing 130 RNA-seq chicken samples have been submitted to
Figshare (DOI: http://dx.doi.org/10.6084/m9.figshare.8066612)
and is available as Supplemental Material. The Chicken Gene
Nomenclature Consortium (CGNC) has assigned records to the
male hypermethylated region 1 (MHM1; CGNC: 80601) and
male hypermethylated region 2 (MHM2; CGNC: 80602). The
National Center for Biotechnology Information (NCBI) will
make the corresponding Entrez Gene IDs upon the next update,
and when the Entrez Gene IDs are available, the two identifiers
will be linked at both NCBI and CGNC. The sequences of
all MHM repeat units have been submitted to Figshare (DOI: http://
dx.doi.org/10.6084/m9.figshare.8066621) and are available as
Supplemental Material. Custom scripts generated in this study
are available as Supplemental Code.
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