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Abstract

As most genes are shared between females and males, DNA methylation is assumed to play a crucial role in sex-biased gene
expression. DNA methylation exclusively occurs at CpG dinucleotides, and therefore, we would expect that CpG density around
transcription start sites (TSSs) relate to sex-biased gene expression. Here we investigated the relationship between CpG densities
around TSSs and the ratio of gene expression levels between sexes in the guppy (Poecilia reticulata), which displays remarkable sexual
dimorphisms. We found that genes with sex-biased gene expression had different CpG densities downstream of TSSs compared with
genes lacking sex-biased gene expression. Intriguingly, male-biased expression genes with intermediate CpG density downstream of
TSSs exhibited greater differences in gene expression between sexes in the gonad and tail. Our findings suggested the possibility that
CpGs around TSSs, especially in the downstream regions, play a crucial role in sex-biased gene expression through DNA methylation.
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Introduction

Sexually reproducing organisms exhibit morphological and be-
havioral dimorphisms. For example, male peacocks and male
lions have spectacular, colorful tail feathers and shaggy manes,
respectively, that are not present in their female counterparts
(West and Packer 2002; Zi et al. 2003; Williams and Carroll
2009). Sequential hermaphrodites, such as the bluehead
wrasse, also exhibit extensive sexual dimorphisms regarding
morphology and behavior (Godwin 2009), although they pos-
sess identical genomic content. These sexual dimorphisms are
mostly formed through differential gene expression between
genders, and hence, many researchers have investigated a
number of sex-biased genes and rates of gene expression be-
tween sexes (Yang et al. 2006; Tao et al. 2013; Sharma et al.
2014). Although males and females majorly share genomic
content, sex-biased genes are located not only on sex chromo-
somes but also on autosomal chromosomes. For example,
Kang et al. (2011) identified 159 sex-biased genes located on
the Y (13 genes), X (9 genes), and autosomal (137 genes) chro-
mosomes by analyzing gene expression in the human brain.
Epigenetic modifications, such as DNA methylation, play a
crucial role in sex-biased gene expression (Wijchers and
Festenstein 2011; Piferrer 2013). Previous studies found sig-
nificant correlation between DNA methylation and sex-biased
gene expression via transcriptome and methylome analyses

(Shao et al. 2014; Xu et al. 2014). In particular, variable levels
of DNA methylation at promoter regions influence sex-biased
gene expression and sex differentiation in vertebrates
(Navarro-Martin et al. 2011; Matsumoto et al. 2013) by di-
rectly (blocking transcription factors from binding to promoter
regions) or indirectly (recruiting proteins related to chromatin
formation) suppressing gene expression (Jones and Takai
2001; Bird 2002; Klose and Bird 2006).

In vertebrates, DNA methylation primarily occurs at
cytosine-guanine dinucleotides (CpG) (Razin and Riggs 1980;
Shao et al. 2014). CpGs are largely depleted in vertebrate ge-
nome and are primarily enriched around transcription start sites
(TSSs) (Saxonov et al. 2006; Deaton and Bird 2011). Based on
CpG density around TSSs, the promoter regions in vertebrates
are assigned to two distinct classes: low CpG (low-CpG class)
and high CpG content (high-CpG class) (Saxonov et al. 2006;
Elango and Soojin 2008). These two classes may be distinct due
to the evolutionary loss of CpGs in promoters with high DNA
methylation owing to the high mutation rate of methylated
cytosine (Antequera 2003; Weber et al. 2007). Promoters
with suppressed gene expression in germline cells appear to
be highly methylated, and thus, CpG density in the promoter
regions might be depleted. Conversely, promoters without
methylation in the germline cells may play a role in maintaining
the CpG density (Saxonov et al. 2006). Furthermore, there is a
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difference in function between low-CpG and high-CpG genes.
Low-CpG genes tend to be expressed in a tissue-specific man-
ner, and high-CpG genes tend to be broadly expressed
(Vinogradov 2005; Saxonov et al. 2006). Therefore, the requ-
latory roles of DNA methylation may be gleaned from dissect-
ing CpG density in promoters.

We hypothesized that CpG density around a TSS affects
sex-biased gene expression since sex-biased gene expression
and DNA methylation as well as DNA methylation and CpG
distribution are linked. To identify the genomic regions
around TSSs and the degree of CpG density that together
influence sex-biased gene expression, we examined the rela-
tionship between CpG distribution around TSSs and sex-
biased gene expression. In this study, we used the guppy,
Poecilia reticulata, which displays remarkable sexual dimor-
phisms, such as color pattern, body size, and behavior
(Griffiths and Magurran 1998; Brooks 2000; Brooks and
Endler 2001; Hendry et al. 2006; Postma et al. 2011). Male-
specific body ornamentations, especially body and tail color
patterns, are important visual signals for the females’ mating
choice (Houde 1997). By examining the relationship between
CpG density around promoter regions and sex-biased gene
expression, we aimed to determine if low or high CpG regions
are important for transcriptional regulation of sex-biased
genes. Our results suggested that DNA methylation around
TSSs may play a crucial role in sex-biased expression of genes
with low-CpG rather than high-CpG promoters.

Materials and Methods

Genomic Sequences and Sex Ratio Gene Expression
Data Sets

Whole genome sequences of P. reticulata (Guppy_female_
1.0 4+ MT; BioProjects PRINA232869, PRINA238429) were
obtained from RefSeq (Kunstner et al. 2016). Data sets that
detailed sexual dimorphism with regards to the gene expres-
sion in the brain (including eyes), tail (including the post-anal
tissue up to the beginning of the tail fin and containing adult
skin, skeletal muscle, dorsal cord, bone, and cartilage), and
gonadal tissue were taken from Sharma et al. (2014). By com-
paring the different tissues, we checked whether there are
underlying mechanisms that regulate the varying sex-biased
gene expression across the tissue types.

Sharma et al. (2014) performed transcriptomic analysis us-
ing gonadal tissue and two types of somatic tissues (brain and
tail) for elucidating the role of sex-biased gene expression in
sexual dimorphism, particularly in the development of male
ornamentations and the females’ mating choice. A brief sum-
mary of the methods for identification of sex-biased gene
expression in Sharma et al. (2014) is described as follows.
Sample fish were selected from laboratory-reared fish derived
from a wild population in the Quare River. Adults (12-14
individuals) between 5 and 6 months of age were killed and

their brain, eye, liver, spleen, skin, tail, and gonadal tissues
were harvested; further, the best RNA samples obtained were
used for library preparation. In some cases, the brain, tail, and
gonadal tissue belonging to the same individuals was used,
and for others, different individuals were used for quantitative
analysis. To prevent mating, male and female fish were sep-
arated at the age of 3-4weeks. Constructed nonbarcoded
cDNA libraries were sequenced on HiSeq™ 2000 (lllumina,
101bp paired-end). Genome-guided and genome-
independent assemblies were compiled using TOPHAT-
CUFFLINKS-CUFFMERGE and TRINITY, respectively. These as-
semblies were then merged into a reference transcriptome
data set. For quantitative analysis, barcoded cDNA libraries
of the brain, tail, and gonadal tissues were constructed and
sequenced in the same manner as nonbarcoded libraries.
Differential expression analyses were performed using six bi-
ological replicates of each tissue and sex. Each library was
mapped to the reference transcriptome data set using
BOWTIE2 v2.0.04, and mapping reads were counted using
eXpress v1.3.1. Read counts were normalized using TMM
normalization, and differential gene expression between the
sexes was detected with edgeR. Genes showing significantly
different expression between the sexes (FDR < 0.1) were as-
signed as “sex-biased”, and those without a significant dif-
ference were designated as “nonbiased”. Furthermore, sex-
biased genes with higher expression in females and those
with higher expression in males were classified as “female-
biased” genes and “male-biased” genes, respectively.

In the present study, we used the reference transcriptome
data set and the list of sex-biased genes published by Sharma
et al. (2014). Reciprocal BLAST analysis was performed to
identify homology (e-value <1e—4) between the reference
transcriptome and the RNA data set from RefSeq. We used
only genes which are top-hit each other and obtained gene
annotations, which resulted in 1,875 female-biased and 833
male-biased genes in the brain, 7,139 female-biased and
5,180 male-biased genes in the gonads, and 1,136 female-
biased and 1,064 male-biased genes in the tail.

Calculation of CpGgje, GpCoy, and GC Skew

CpGobserved/Expected (CPGose) is the index of the density of CpG
dinucleotide normalized by the densities of G and C nucleo-
tides. CpGoze was calculated as Pepc/(Ps*Pc), where Peyg is
the proportion of CG fractions, Pg is the proportion of G
fractions, and Pc is the proportion of C fractions, respectively.
GpCopserved/xpected (GPCo) Was also calculated as Pgpc/
(Pc*Pc), where Pgyc is the proportion of GC fractions, since
GC dinucleotides are hardly targeted by DNA methylation
(Razin and Riggs 1980; Shao et al. 2014) but depend on
G+ C contents as well as CpG sites. We used CpGg and
GpCop to assess the effect of nucleotide-composition bias on
sex-biased gene expression. In addition, GC skew was calcu-
lated as the ratio of (Pc — Pg) to (Pc + Pg). We used the GC
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skew for an index of strand asymmetry in the distribution of G
fractions and C fractions, along with assessing the effect of
CpG islands on sex-biased gene expression. Nonmethylated
CpG islands in promoter regions were suggestive of signifi-
cant GC skew (Ginno et al. 2012; Chen et al. 2014).

Tests for Bimodality

In vertebrates, the distribution of CpGge shows a bimodal
pattern (Saxonov et al. 2006; Elango and Soojin 2008).
CpGo, GpCok, and GC skew were calculated for 300,
500, 1,000, and 5,000 bp of sequences upstream and down-
stream of the TSSs of 24,641 annotated genes. The bimodal
pattern was found to be more evident for the 500bp se-
guence than the rest; therefore, we used a 500 bp window
for the following analysis (see “Results”). The NOCOM pro-
gram was used to test the bimodality of CpGgj distribution
(Ott 1992). NOCOM estimates whether the distribution is
unimodal or bimodal by comparing the likelihood of fitting
the data to either model. Regarding our observed bimodal
model, the intersection of the two distinct distributions esti-
mated by NOCOM was determined by R v3. 2. 2 (“uniroot”
function). The Chi-square test was used for testing the devi-
ation of density of sex-biased genes in each tissue.

Sliding Window Analysis around TSSs

CpGos, GpCos, and GC skew were calculated by sliding win-
dow analysis (200 bp window and 100 bp sliding) for 5,000 bp
upstream and downstream sequences from TSSs. Number of
genes used in the analysis are highlighted in table 1. The dif-
ferences in CpGeog, GpCos, and GC skew between sex-
biased and nonbiased genes in each window were compared
by using ANOVA. P-value was adjusted by false discovery rate
with Benjamini-Hochberg method.

GAM Analyses

Generalized additive model (GAM) analyses were conducted
to examine the effect of CpGg, around TSSs on sex-biased
gene expression. Number of genes used are presented in
table 1. Genes containing ambiguous nucleic acid bases
(i.e., “N") were removed from the analyses since this would
result in incorrect calculation of CpGgg. For each gene,
CpGo Was determined using 1,000 bp sequences upstream
and downstream of TSSs. For GAM analysis, CpGose was an
independent variable, and an absolute value of fold change
[log, (gene expression in males/gene expression in females)]
was used as a dependent variable.

Results

CpGgse Bimodality Suggests Two Classes of Promoters

The density distribution of CpGge was calculated for 300,
500, 1,000, and 5,000bp sequences upstream and

Table 1
Number of Genes in the Sliding Window and GAM Analyses
Analysis Tissue  Sex-Bias Region No. of Genes
Sliding window  Brain Female — 1,875
analysis Male 833
Non 21,933
Gonad  Female — 7,139
Male 5,180
Non 12,322
Tail Female — 1,136
Male 1,064
Non 22,441
GAM analysis Brain Female Upstream 1,637
Downstream 1,792
Male Upstream 714
Downstream 796
Gonad Female Upstream 6,314
Downstream 6,888
Male Upstream 4,609
Downstream 4,984
Tail Female Upstream 992
Downstream 1,084
Male Upstream 935
Downstream 1,020

downstream from the TSSs, and we found that the bimodal
pattern CpGeoe was more evident for the 500 bp sequence
than the rest (fig. 1A and supplementary fig. ST,
Supplementary Material online). Therefore, we used the den-
sity distribution of a 500 bp window for the following analyses.
The bimodal pattern was observed neither for the distribution
of GpCos nor for the GC skews (fig. 1B and C). The mean
values of the higher and lower modes were 0.78 and 0.42,
respectively. The intersection between the two modes was es-
timated as CpGoye = 0.57. Thus, we assigned a gene into the
low-CpG class when CpGg <0.57 or into the high-CpG class
when CpGg >0.57. Furthermore, we found that the propor-
tion of sex-biased genes assigned to the low-CpG and high-
CpG classes was different from that of all the genes (table 2). In
the brain, the proportion of female-biased genes in the low-
CpG class was significantly larger than that of all genes, and
conversely, the proportion of male-biased genes in the low-
CpG class was significantly smaller than that of all the genes.
In the gonads, both the proportions of female-biased and
male-biased genes in the high-CpG class were significantly
larger than those were of all the genes. In the tail, the propor-
tion of male-biased genes in the high-CpG class was signifi-
cantly larger than that of all the genes, whereas that of the
female-biased genesin the low-CpG and high-CpG classes was
not significantly different from those of all the genes.

CpGoye Patterns around TSSs

We analyzed the difference between sex-biased and nonbi-
ased genes in distribution of CpGeg calculated for 200 bp
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FIG. 1—Density distributions of (A) CpGoy, (B) GpCos, and (C) GC skew calculated in 500 bp upstream and downstream regions from TSSs using

24,641 genes. Distribution curves in CpGoye were estimated by NOCOM.

Table 2

The Number and Proportion of Genes in Each Tissue, with Sex-Bias and Low-CpG and High-CpG Classes Indicated

Tissue No. of Genes Sex-Bias Gene Number Low-CpG (%) High-CpG(%) Chi-squared Values

All genes 24,641 — — 8,853 (36) 15,788 (64) -

Brain 2,708 Female-biased 1,875 826 (44) 1,049 (56) 49.282 (<0.01)
Male-biased 833 235 (28) 598 (72) 20.573 (<0.01)

Gonad 12,319 Female-biased 7,139 1,657 (23) 5,482 (77) 403.89 (<0.01)
Male-biased 5,180 1,298 (25) 3,882 (75) 224.76 (<0.01)

Tail 2,200 Female-biased 1,136 424 (37) 712 (63) 0.85907 (0.354)
Male-biased 1,064 259 (24) 805 (76) 59.327 (<0.01)

Note.—Differences in the proportion of low/high-CpG class genes were assessed using the chi-squared test. The proportions significantly higher than those of all genes are

shown in boldface.

sliding window sequences in 5,000 bp upstream and down-
stream regions from TSSs. In all tissues and all biased genes
examined, CpGoye was largest near TSSs as previously found
in other vertebrates (fig. 2). In the downstream region of TSSs,
CpGope of sex-biased genes were either larger or smaller than
those of nonbiased genes, depending on the tissue. In the
brain, female-biased genes had lower CpGgy values in the
downstream regions of TSSs. In contrast, male-biased genes
had larger CpGgye values than nonbiased genes (fig. 2A). In
the gonads, both female-biased and male-biased genes had
extremely larger CpGoy values in the downstream regions of
TSSs than nonbiased genes (fig. 2B). In the tail, only male-
biased genes had larger CpGgy values in the downstream
regions of TSSs than nonbiased genes (fig. 20Q).
Furthermore, in the brain and tail, there were no significant
differences in GpCoe and GC skew between sex-biased and
nonbiased genes in almost all windows 1,000 bp downstream
and upstream regions from TSSs (fig. 2D, F, G, and /). In con-
trast, in the gonads, GpCo and GC skew differed between
sex-biased genes and nonbiased genes in wide regions
around TSSs (fig. 2E and H).

The Effect of CpGez on Sex-Biased Gene Expression

GAM analysis was conducted to examine the effect of CpG
distribution on sex-biased gene expression. In this analysis, the
effects in the upstream and downstream regions of TSSs were
analyzed separately. In several GAM regressions, a negative
relationship between CpGg. and log fold change of gene
expression ratio was found (table 3 and fig. 3). The effect
of CpGpye on sex-biased gene expression differed depending
on the tissues and biased gene types. In addition, the negative
effects were more prominent in the downstream regions than
upstream regions. In male-biased genes of the gonads and
tail, when CpGgg in the downstream regions of TSSs were
around 0.2-0.5, male-biased gene expression was more
prominent (fig. 3D and F).

Discussion

Herein, we demonstrated that the distribution of CpGgy in
promoter regions of the P. reticulata genome exhibited a bi-
modal pattern categorized into the low-CpG and high-CpG
classes (fig. 1A). This observed pattern of CpGgye distribution

Genome Biol. Evol. 9(5):1204-1211.
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FIG. 2—Distribution patterns of CpGoy (A, B, and C), GpCops (D, E, and F), and GC skew (G, H, and /) in 1,000 bp upstream and downstream regions
from TSSs of brain (left), gonad (middle), and tail tissues (right). Red, blue, and gray lines indicate female-biased genes, male-biased genes, and nonbiased
genes, respectively. ANOVA was conducted in each window to determine whether CpGeye, GPCose, and GC skew values in a window differed between sex-
biased and nonbiased genes. Significance is indicated for odd number windows: *P< 0.01; **P< 0.001; ***P < 0.0001.

was similar to that found in zebrafish as highlighted in the
work of Elango and Soojin (2008). As mentioned above, bi-
modal distribution of CpGge may be due to evolutionary loss
of CpG, owing to the high mutation rate of methylated cy-
tosines (Antequera 2003; Weber et al. 2007). In the present
study, since the distribution of GpCq and GC skew exhibited
unimodal distribution patterns, observed bimodality of CpGe,
£ might also be due to the variable degree of DNA methylation
in different promoters in germline cells. Elango and Soojin
(2008) suggested that the bimodal pattern of CpGgye distri-
bution, which is characteristic of vertebrate promoters, was

obtained gradually through the evolution of the vertebrate
genome.

Our results showed that the proportions of sex-biased
genes in the low-CpG and high-CpG classes differed sig-
nificantly from those of all the genes, with the exception of
the female-biased genes in the tail (table 2). The sliding
window analysis showed that CpGg calculated in the re-
gions of around TSSs of sex-biased genes was different
from those of nonbiased gene (fig. 2). Both female-
biased and male-biased genes showed extremely high
CpGoy, especially in the gonads. In addition, GpCg/ and
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Table 3

Summary of GAM Analysis Fitted to Absolute Value of logx(Gene
Expression in Males/Gene Expression in Females) Variation by CpGos
Calculated in 1,000 bp Upstream and Downstream Regions of TSSs

Tissue Sex-Bias Region edf F Statistics P Value
Brain Female Upstream 2.367 8.904 <0.01
Downstream  2.737 41.990 <0.01
Male Upstream 1.000 0.448 0.503
Downstream 1.936 1.295 0.319
Gonad  Female Upstream 1.626 27.040 <0.01
Downstream  4.475 25.290 <0.01
Male Upstream 1.000 3.370 0.0665
Downstream 5.241 35.360 <0.01
Tail Female Upstream 1.080 0.129 0.708
Downstream  2.876 4711 <0.01
Male Upstream 1.000 9.148 <0.01

Downstream 6.734 12.600 <0.01

GC skews around the TSSs were also high (fig. 2B, E, and
H). High GpCqsk values observed in the promoter se-
guences indicated that the sequences contain many G
and C nucleotides (or CpG island). It has been shown
that GC skew could be found in sequences with CpG is-
lands, and sequences with high GC skew induced histone
3-lysine 4 trimethylation (H3K4 me3) and promote an open
chromatin state (Ginno et al. 2012; Chen et al. 2014).
Moreover, Sharma et al. (2014) found that the sex-biased
genes in gonadal tissues showed a considerably nonran-
dom distribution among the chromosomes. This nonran-
dom distribution could be related to transcriptional
regulation through the modification of chromatin state,
similar to the X chromosome inactivation in mammals
(Wutz 2011; Cotton et al. 2015). The present study utilized
the data sets of sex differences in gene expression from
Sharma et al. (2014), which had used mature gonads con-
taining numerous germline cells. Thus, the observed pat-
terns in this study might be related to the regulation
mechanisms expressing genes homeostatically for gameto-
genesis in germline cells. In the brain and tail, CpGge dis-
tribution around the TSSs of male-biased genes was
different from that of nonbiased genes, but neither
GpCos distribution nor GC skew differed between the
male-biased and nonbiased genes. Furthermore, the
CpGey distribution around the TSSs of female-biased
genes in the brain was lower than that of the nonbiased
genes. In addition, sex-biased genes of the brain and tail
distributed randomly among the chromosomes in contrast
to the gonads (Sharma et al. 2014). These results sug-
gested that the transcriptional regulation through CpGs
around the TSSs is different for different tissue types.
GAM analysis showed that genes with lower CpGoge
around TSSs showed highly sex-biased gene expression than
those with higher CpGge. We speculate that the promoters
with a low CpG density produce a highly differential gene

expression between the two sexes, while those with a high
CpG density do not. Especially in the gonads and tail, male-
biased genes with intermediate CpGg (from 0.2 to 0.5) in
the downstream regions of TSSs showed greater differences
in gene expression between sexes than the other male-biased
genes. Although the effects of CpG islands on transcriptional
control has been well-studied (Han and Zhao 2008; Deaton
and Bird 2011; Jones 2012), DNA methylation states in pro-
moters without CpG islands and the effects of DNA methyl-
ation status on the transcriptional regulation in different tissue
types remains unclear. Weber et al. (2007) suggested that,
except for some genes, DNA methylation states in promoters
without CpG islands could not be associated with gene reg-
ulation. However, recent studies (Han et al. 2011; @ster et al.
2013) found that DNA methylation in promoters without
CpG islands could silence or weaken gene expression in hu-
man cells. These studies support the possibility that promoters
maintaining low CpG density are associated with transcrip-
tional control for differential gene expression between sexes
in fish.

Our results also showed that the difference in CpGos be-
tween sex-biased and nonbiased genes was larger in the
downstream regions of TSSs than those in upstream regions
(fig. 2). Furthermore, the results of GAM analysis showed that
the negative correlation between CpGg of downstream re-
gions of TSSs and sex-biased gene expression was more
prominent than that of upstream regions (fig. 3). These results
suggest that transcriptional control, such as DNA methylation,
along the downstream regions of the TSSs regulates sex-
biased gene expression. In a temperature-dependent sex re-
versal fish, Cynoglossus semilaevis, found sex-biased methyl-
ation in downstream as well as upstream regions of TSSs
(Shao et al. 2014). Brenet et al. (2011) showed that DNA
methylation in not only regulatory sites of the gene but also
sites in the gene body, particularly the first exon, affected
transcriptional regulation. In addition, genes with higher
CpG densities in the downstream regions of TSSs were ex-
pressed more (Krinner et al. 2014). These results support the
hypothesis that CpGs and their methylated status along the
downstream regions of TSSs affect transcriptional regulation.

The construction and maintenance of sex differences could
be affected by not only genomic differences but also epige-
netic modification, such as DNA methylation. In vertebrates,
genomic regions may be methylated in accordance with CpG
densities and distributions, and thus, CpG densities could be
used as an index of the transcriptional control mediated via
DNA methylation. The present study indicates that transcrip-
tional regulation, such as DNA methylation, along the down-
stream regions of TSSs in low-CpG class genes plays a crucial
role in large sex-biased gene expressions. These tendencies
are supposed to differ according to the tissue type and devel-
opmental stages; therefore, gene expression under more var-
ied conditions should be examined in the future. Further
studies are needed to examine the genetic regulations
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FIG. 3—GAM estimates for the effects of CpGo calculated in 1,000 bp upstream (green line) or downstream (orange line) regions from TSSs on the
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(P< 0.05) and nonsignificant, respectively.
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through DNA methylation in promoters without CpG islands
and downstream of TSSs in order to clarify the mechanism
governing sex-biased gene expression.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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