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Received: 25 September 2009 / Accepted: 15 December 2009 / Published online: 27 December 2009

� Springer Science+Business Media, LLC 2009

Abstract Theory predicts that sexually antagonistic

mutations will be over- or under-represented on the X and

Z chromosomes, depending on their average dominance

coefficients. However, as little is known about the domi-

nance coefficients for new mutations, the effect of sexually

antagonistic selection is difficult to predict. To elucidate

the role of sexually antagonistic selection in the evolution

of Z chromosome gene content in chicken, we analyzed

publicly available microarray data from several somatic

tissues as well as somatic and germ cells of the ovary. We

found that the Z chromosome is enriched for genes

showing preferential expression in ovarian somatic cells,

but not for genes with preferential expression in primary

oocytes or non-sex-specific somatic tissues. Our results

suggest that sexual antagonism leads to a higher abundance

of female-benefit alleles on the Z chromosome. No bias

toward Z-linkage for oocyte-enriched genes can be

explained by lower intensity of sexually antagonistic

selection in ovarian germ cells compared to ovarian

somatic cells. An alternative explanation would be that

meiotic Z chromosome inactivation hinders accumulation

of oocyte-expressed genes on the Z chromosome. Our

results are consistent with findings in mammals and indi-

cate that recessive rather than dominant sexually antago-

nistic mutations shape the gene content of the X and Z

chromosomes.
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Introduction

Homogametic sex chromosomes, X and Z, are character-

ized by nonrandom content of genes with preferential or

specific expression in one sex (hereafter sex-biased genes).

This phenomenon has been described in various organisms,

including human (Hurst and Randerson 1999; Lercher et al.

2003; Saifi and Chandra 1999), mouse (Divina et al. 2005;

Khil et al. 2004; Mueller et al. 2008; Wang et al. 2001),

Drosophila (Parisi et al. 2003; Ranz et al. 2003; Sturgill

et al. 2007), C. elegans (Reinke et al. 2004), chicken

(Kaiser and Ellegren 2006; Storchova and Divina 2006)

and silkworm (Arunkumar et al. 2009). Interestingly, the

proportion of sex-biased genes on the sex chromosomes is

not consistent across various tissues and/or taxa (reviewed

in Gurbich and Bachtrog 2008; Vicoso and Charlesworth

2006). For instance, the mammalian X chromosome is

enriched for male-biased genes expressed in somatic tis-

sues, while genes expressed in spermatogenic cells during

meiosis are less abundant on this chromosome (Khil et al.

2004). In contrast, the Drosophila X chromosome is
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depleted of male-biased genes regardless of their tissue

expression patterns (Parisi et al. 2003; Sturgill et al. 2007).

In chicken, the Z chromosome is depleted of female-biased

genes in somatic as well as germinal tissues (Kaiser and

Ellegren 2006; Storchova and Divina 2006).

The observed inconsistencies indicate that the sex

chromosomes are shaped by several evolutionary forces

whose impact differs among tissues and/or taxa. One of

these forces is sexually antagonistic selection that leads to

nonrandom genomic distribution of mutations with sex-

biased fitness effects (Rice 1984). The accumulation of

sexually antagonistic mutations in a gene will eventually

lead to selection for modifier mutations that alter expres-

sion in a sex-specific manner, thus leading to genes with

sex-biased expression (Connallon and Knowles 2005;

Mank 2009). Sexually antagonistic selection can lead either

to over-representation or under-representation of sex-

biased genes on the X/Z chromosome, depending on the

average dominance of sexually antagonistic mutations

(Ellegren and Parsch 2007). The other factors that can

affect the genomic distribution of sex-biased genes include

meiotic sex chromosome inactivation in the heterogametic

sex (Khil et al. 2004; Mueller et al. 2008), epigenetic

modifications of the X chromosome associated with dosage

compensation (Rogers et al. 2003; Vicoso and Charles-

worth 2009) and incomplete dosage compensation in ZW

species (Arnold et al. 2008; Ellegren et al. 2007; Itoh et al.

2007; Zha et al. 2008).

Disentangling the relative importance of various selec-

tive forces shaping the X/Z chromosome gene content

might be a difficult task. Recently, Mank and Ellegren

(2009b) introduced the first attempt to decouple the effect

of incomplete dosage compensation and sexually antago-

nistic selection on the Z chromosome gene content in

chicken. They studied genomic distribution of genes with

differential expression between adult and embryonic

gonads, which are expected to differ in the intensity of

sexually antagonistic selection. Their results revealed that

genes that are up-regulated in the adult ovary (i.e., female-

benefit genes) are less abundant on the Z chromosome,

while genes down-regulated in the adult ovary (i.e., female-

detriment genes) are enriched on Z (Mank and Ellegren

2009b). These results are consistent with a dominant mode

of inheritance for sexually antagonistic mutations. Under

such scenario, female-benefit genes are expected to be

under-represented on the Z chromosome, since this chro-

mosome spends less time in females than in males. How-

ever, there is an alternative explanation that meiotic Z

chromosome inactivation, i.e. transcriptional silencing of

the Z chromosome during oogenesis (Schoenmakers et al.

2009), results in paucity of genes expressed in adult ovary

on the Z chromosome. Meiotic Z inactivation begins in

pachytene that occurs just after hatching and lasts a few

days until early diplotene (Schoenmakers et al. 2009).

Although reactivation of the Z chromosome has been

demonstrated in the later stages of oogenesis, it is possible

that some epigenetic modifications persist and influence

gene expression also in adult ovaries (Schoenmakers et al.

2009).

In this study, we analyzed publicly available micro-

array data from several somatic tissues as well as somatic

and germ cells of the adult ovary. These data allowed us

to distinguish between the effects of sexually antagonistic

selection and meiotic sex chromosome inactivation on the

Z chromosome gene content. We assumed that sexually

antagonistic selection will result in nonrandom genomic

distribution of genes with preferential expression in

somatic as well as germ cells of the ovary, as both groups

of genes are expected to have female-benefit effect. These

genes can be either less or more abundant on the Z

chromosome depending on the average dominance of

sexually antagonistic mutations. On the other hand, mei-

otic Z chromosome inactivation is expected to result in

lower abundance of genes expressed in ovarian germ cells

but should not affect genomic distribution of genes

expressed in ovarian somatic cells or other somatic

tissues.

Methods

Chicken Microarray Data

We used chicken microarray data publicly available in

Gene Expression Omnibus repository (http://www.ncbi.

nlm.nih.gov/GEO/—Affymetrix Chicken Genome Array

platform GPL3213) from several somatic tissues including

brain, heart, and liver (Ellegren et al. 2007; Itoh et al. 2007)

and sorted populations of primary oocytes and granulosa

cells (Elis et al. 2008). All somatic tissues were obtained

from 14 or 18 days old embryos. Granulosa cells were

collected from mature preovulatory (F1) follicles of adult

hens. Primary oocytes came from F1 follicles and just

ovulated oocytes. Since populations of F1 oocytes were

contaminated with granulosa cells (Elis et al. 2008), we

used only data from ovulated primary oocytes that were

contamination-free in our analysis. Only microarray data

from female individuals were included in the analysis to

eliminate the effect of differential expression of Z-linked

genes in males and females due to incomplete dosage

compensation. The extent of local gene-specific dosage

compensation on the Z chromosome is similar across the

somatic tissues and gonads (Mank and Ellegren 2009a;

Melamed and Arnold 2007) and should not influence the

selection of tissue-enriched genes. The GEO samples used

in this study are listed in Table 1.
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Normalization and Annotation of Microarray Data

Data analysis was performed using the software Biocon-

ductor 2.1 (http://www.bioconductor.org/) (Gentleman et al.

2004) and R project for statistical computing (version 2.6.0,

http://www.r-project.org/). The probes were annotated to

Ensembl gene identifiers (Ensembl release 46) using the

custom chip description file (cdf) ‘‘ggchickenggensg’’

version 10.0.0 (Dai et al. 2005) from the Bioconductor

repository. This file contains 11,998 probe sets assigned to

Ensembl genes with known chromosomal location. Expres-

sion levels were calculated using GC robust multi-array

average (gcRMA) with the help of the probe sequence

(Irizarry et al. 2003). For the comparison of microarray data

from different experiments, the gcRMA preprocessing step

was performed for all the data in one batch.

Statistical Analysis

We used Linear Models for Microarray Data Package,

‘‘limma’’ version 2.12.0 (Smyth 2005), for statistical

evaluations of expression differences. A linear model was

fitted for each gene in a given series of arrays using the

lmFit function. To rank the differential expression of

genes, we applied the eBayes function of the empirical

Bayes method. A correction for multiple testing was per-

formed using the Benjamini and Hochberg false-discovery-

rate (FDR) method. Adjustment for multiple testing

between tissues was done by the nested F-test approach

(decideTests parameter method set to ‘‘nestedF’’ in limma).

Tissue-enriched genes (also referred to as genes with

preferential/predominant expression in a given tissue)

were defined as genes fulfilling the following criteria:

(1) Significantly higher expression in a given tissue com-

pared to any other tissue in the analysis, (2) fold-change

value higher than three or five in a given tissue than in any

other tissue in the analysis, and (3) average expression level

higher than 100. This level is often used to discriminate

between true expression and signal noise in microarray

data. Because of a limited number of tissues used in our

analysis and embryonic origin of non-sex-specific tissues,

our selection of tissue-enriched genes should be considered

as approximate. The observed and expected numbers of

tissue-enriched genes on individual chromosomes were

compared using the v2 test. Expected gene counts were

calculated using total numbers of annotated genes on

GPL3213 GeneChips using ‘‘ggchickenggensg’’ annotation.

The MicroArray Quality Control (MAQC) project has

demonstrated high consistency among data from Affyme-

trix GeneChips prepared in different laboratories, which

justifies intraplatform comparisons (MAQC Consortium

2006). Nevertheless, to independently asses whether dif-

ferences among microarray data prepared in different lab-

oratories had not introduced any bias into the analysis, we

performed normalization and selection of tissue-enriched

genes in two analyses, each time using microarray data

partially prepared in different laboratories. In the first

analysis, we included expression data from brain and heart

prepared in the laboratory of A. P. Arnold (Itoh et al.

2007). In the second analysis, we included the data from

brain and heart prepared in the laboratory of H. Ellegren

(Ellegren et al. 2007). The data from liver, oocytes and

granulosa cells were the same in both analyses (Itoh et al.

2007; Elis et al. 2008). Our results show that 52–82% of

tissue-enriched genes were identical in both analyses

(Supplementary Fig. 1). We then performed the third

analysis with the combined data set. All statistical analyses

were performed separately for all three data sets. Because

we obtained the same results in terms of genomic distri-

bution of tissue-enriched genes for all three data sets, only

results from the combined data set are presented. Results

for the data set 1 and data set 2 are shown in Supple-

mentary material. Consistent results across analyses sug-

gest that the observed patterns in genomic distribution of

tissue-enriched genes are unlikely to be caused by differ-

ences in microarray data prepared in different laboratories.

Results

To clarify the effects of sexually antagonistic selection

and meiotic Z chromosome inactivation on the Z

Table 1 A list of chicken microarray data used in the analysis

Tissue GEO Sample IDs Publication

Brain GSM157823, GSM157824, GSM157825, GSM157826, GSM157827 Itoh et al. (2007)

Liver GSM157879, GSM157881, GSM157882, GSM157884, GSM157886 Itoh et al. (2007)

Heart GSM157809, GSM157811, GSM157813, GSM157815, GSM157817 Itoh et al. (2007)

Brain GSM215459, GSM215460, GSM215461, GSM215462 Ellegren et al. (2007)

Heart GSM215473, GSM215474, GSM215475, GSM215476 Ellegren et al. (2007)

Primary oocytes GSM189423, GSM189424 Elis et al. (2008)

Granulosa cells GSM189428, GSM189427 Elis et al. (2008)
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chromosome gene content, we analyzed genomic distri-

bution of genes with preferential expression in several

non-sex-specific tissues as well as somatic and germ cells

of the ovary (hereafter tissue-enriched genes). Tissue-

enriched genes were selected using two different fold-

change thresholds (fold-change 3 and fold-change 5)

(see Methods). Our results show that genes with prefer-

ential expression in granulosa cells, which represent

ovarian somatic cells, are 3.4 times (for fold-change 3) or

4.1 times (for fold-change 5) more common on the Z

chromosome than expected assuming random genomic

distribution. This represents significant enrichment (v2

test, p \ 0.001, Table 2). Interestingly, such enrichment

was not found for genes with preferential expression in

primary oocytes (v2 test, p [ 0.05, Table 2). Genes with

predominant expression in non-sex-specific tissues,

including brain, heart and liver, also did not show any

significant deviations from expected distribution (v2 test,

p [ 0.05, Table 2). Enrichment of the Z chromosome for

genes with preferential expression in granulosa cells was

also significant after applying Bonferroni correction for

multiple comparisons (p \ 0.01; in total 20 tests were

performed).

To explore whether the nonrandom genomic distribution

of genes with preferential expression in granulosa cells is

specific for the Z chromosome, we compared proportions

of tissue-enriched genes on individual chromosomes

(Fig. 1). Only chromosomes with more than 350 annotated

genes were included into the analysis. These chromosomes

involved the Z chromosome and autosomes 1–9. v2 test

was then used to compare the observed and expected

numbers of tissue-enriched genes on individual chromo-

somes. The only tissue that showed significant deviations

from random genomic expectations when Bonferroni

correction for multiple comparisons was applied were

granulosa cells (v2 test, df = 9, p \ 0.00001). The signif-

icant deviation from expected gene counts was mostly due

to over-representation of genes with preferential expression

in granulosa cells on the Z chromosome (Fig. 1 and

Table 3). When the Z chromosome was excluded from the

analysis, no significant deviations from expected gene

counts were observed (v2 test, df = 8, p [ 0.05). Our

results thus suggest that nonrandom distribution of genes

with predominant expression in granulosa cells is specifi-

cally related to the Z chromosome.

The observed enrichment of the Z chromosome for

genes with preferential expression in granulosa cells could

in principle be caused by a higher duplication rate of these

genes on the Z chromosome rather than more frequent

fixation of new female-benefit mutations on this chromo-

some. To exclude this possibility, we analyzed chromo-

somal location and homology of 41 Z-linked genes

showing preferential expression in granulosa cells (fold-

change 3) (Supplementary Table 3). Using Ensembl gen-

ome browser, we found that only two of these genes,

ENSGALG00000012575 and ENSGALG00000015184,

were paralogous. Both genes are located next to each other

on the chromosome, suggesting that they might have

originated by tandem duplication. Nevertheless, the pres-

ence of these two paralogues cannot explain the marked

over-representation of granulosa cell-enriched genes on the

Z chromosome.

Discussion

To elucidate the selective forces that shape the Z chro-

mosome gene content in chicken, we analyzed genomic

distribution of genes with preferential expression in

several non-sex-specific tissues as well as somatic and

germ cells of the ovary. We found that the Z chromo-

some is enriched for genes with preferential expression in

granulosa cells—the ovarian somatic cells—but not for

genes with predominant expression in non-sex-specific

tissues or genes with preferential expression in primary

oocytes. The observed enrichment of the Z chromosome

for genes with preferential expression in granulosa cells

cannot be attributed to recent duplications of these genes

on the Z chromosome. Instead, we suggest that sexually

antagonistic selection resulting in higher abundance of

female-benefit alleles on the Z chromosome is responsi-

ble for the observed pattern. Below, we compare our

results with previous studies on the X and Z chromosome

gene content and discuss our findings in the light of

theories on the evolution of sex chromosome gene

content.

Table 2 Observed and expected numbers of tissue-enriched genes on

the autosomes (A) and the Z chromosome (Z)

Tissue Fold-change Observed Expected p*

A Z %Z A Z

Brain 3 423 19 4.30 421 21 0.8714

5 324 14 4.14 322 16 0.8518

Heart 3 205 6 2.84 201 10 0.4445

5 141 5 3.42 139 7 0.7681

Liver 3 455 23 4.81 455 23 0.8799

5 364 11 2.93 357 18 0.2558

Granulosa cells 3 212 41 16.21 241 12 0.0000

5 125 29 18.83 147 7 0.0002

Primary oocytes 3 316 14 4.24 314 16 0.8518

5 158 8 4.82 158 8 0.7978

* v2 test, df = 1, significant values are indicated in bold
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Fig. 1 The proportions of

tissue-enriched genes on

individual chromosomes. Only

chromosomes with more than

350 annotated genes are shown.

Black and gray bars represent

genes with fold-change three

and five, respectively.

Granulosa cells were the only

tissue showing significant

deviations from random

genomic expectations when

Bonferroni correction for

multiple testing was applied (v2

test, df = 9, p \ 0.00001). This

deviation was mostly due to a

higher abundance of tissue-

enriched genes on the Z

chromosome

J Mol Evol (2010) 70:129–136 133

123



Sexually Antagonistic Selection and the Dominance of

Sexually Antagonistic Mutations

Theoretical models predict that sexually antagonistic

selection should result in a higher abundance of male-

advantageous alleles on the X chromosome if new bene-

ficial mutations are on average recessive (Rice 1984). The

reason is that male-advantageous recessive mutations are

more likely to become fixed on the X chromosome than on

autosomes, because they are immediately exposed to

selection in hemizygous males. On the other hand, if

mutations are on average dominant, the X chromosome is

expected to become enriched for female-advantageous

alleles and depleted of male-advantageous alleles because

this chromosome spends two-thirds of its time in males, but

only one-third in females (Rice 1984). By analogy, the Z

chromosome should become enriched for female-benefit

alleles if new mutations are mostly recessive, but depleted

of female-benefit alleles if new mutations are mostly

dominant. Since the level of dominance of new sexually

antagonistic mutations is not known, the effect of sexually

antagonistic selection is difficult to predict (van Doorn

2009; Vicoso and Charlesworth 2006).

Empirical results provide mixed evidence on the role of

sexually antagonistic selection in the evolution of sex

chromosome gene content. Consistently with a dominant

mode of inheritance for sexually antagonistic genes, Mank

and Ellegren (2009b) found that genes that are up-regulated

in the adult ovary relative to the embryonic ovary (i.e.,

female-benefit genes) are under-represented on the avian Z

chromosome, while genes down-regulated in the adult

ovary compared to the embryonic ovary (i.e., female-

detriment genes) are over-represented on the Z chromo-

some. The paucity of male-biased genes on the Drosophila

X chromosome is also consistent with the dominant nature

of sexually antagonistic mutations (Parisi et al. 2003; Ranz

et al. 2003; Sturgill et al. 2007). The data from mammals,

however, show just the opposite pattern. Male-biased genes

expressed in somatic tissues or pre-meiotic germ cells are

more common on the X chromosome, indicating that sex-

ually antagonistic mutations are on average recessive

(Divina et al. 2005; Khil et al. 2004; Lercher et al. 2003;

Wang et al. 2001).

The inconsistency of these results could be explained

by various epigenetic effect that shape the X/Z chromo-

some gene content alongside with sexually antagonistic

selection. Thus, under-representation of male-biased genes

on the Drosophila X chromosome might be caused by up-

regulation of the single X chromosome in males owing to

dosage compensation (Baker et al. 1994). This up-regu-

lation might limit further increase in X-linked gene

expression in males, resulting in the paucity of male-

biased genes on the X chromosome (Rogers et al. 2003;

Vicoso and Charlesworth 2009). In chicken, the paucity of

genes up-regulated in the adult ovary relative to the

embryonic ovary as well as enrichment of genes down-

regulated in the adult ovary compared to the embryonic

ovary on the Z chromosome could be related to meiotic

inactivation of the Z chromosome (Schoenmakers et al.

2009) rather than sexually antagonistic selection. Indeed,

the observation that genes with differential expression

between embryonic and adult gonads show nonrandom

genomic distribution only in females but not in males

(Mank and Ellegren 2009b) is more compatible with the

action of meiotic Z chromosome inactivation than with

sexually antagonistic selection that is expected to affect

both female-effect and male-effect genes (Ellegren and

Parsch 2007).

In this study, we show that genes with preferential

expression in granulosa cells, that are expected to have

female-benefit effect, are more abundant on the Z chro-

mosome. This is consistent with results from mammals

(Divina et al. 2005; Khil et al. 2004; Lercher et al. 2003;

Wang et al. 2001) and indicates that recessive rather than

dominant sexually antagonistic mutations drive the evolu-

tion of the X and Z chromosomes. The question still

remains why the Z chromosome is not enriched also for

genes with preferential expression in primary oocytes.

Because primary oocytes and granulosa cells together form

one functional unit, the ovary follicle, the level of sexual

antagonism in both cell types is expected to be similar. We

thus suggest that meiotic sex chromosome inactivation

might hinder accumulation of oocyte-expressed genes on

the Z chromosome.

Table 3 Observed (O) and expected (E) numbers of genes with

preferential expression in granulosa cells on individual chromosomes

Chr Fold-change 3 Fold-change 5

O E (O - E)2/E O E (O - E)2/E

1 38 36 0.15 25 22 0.50

2 16 24 2.41 7 14 3.75

3 15 22 2.16 8 13 2.12

4 17 19 0.30 8 12 1.24

5 21 17 1.21 10 10 0.00

6 7 10 0.68 4 6 0.57

7 7 9 0.42 6 5 0.06

8 8 9 0.11 6 5 0.05

9 6 8 0.40 5 5 0.02

Z 41 12 67.68 29 7 62.41

Sum 176 164 75.52 108 100 70.70

* v2 test, df = 9, p \ 0.000001

Only chromosomes with more than 350 annotated genes are shown
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Meiotic Sex Chromosome Inactivation and

Defeminization of the Z Chromosome

In organisms with heterogametic males, the X chromosome

is subject to meiotic sex chromosome inactivation in the

male germline (McKee and Handel 1993; Turner 2007).

In mammals, meiotic X inactivation begins at pachytene

and although partial reactivation occurs after the prophase

I, about 87% of X-linked genes remain suppressed post-

meiotically (Namekawa et al. 2006). Transcriptional

silencing of the X chromosome during male meiosis has

also been observed in Drosophila (Hense et al. 2007) and

C. elegans (Kelly et al. 2002). It has been suggested that

meiotic X chromosome inactivation is the most likely

explanation for the paucity of spermatocyte- and sperma-

tid-expressed genes on the mammalian X chromosome

(Emerson et al. 2004; Khil et al. 2004; Mueller et al. 2008;

Potrzebowski et al. 2008) and might contribute to under-

representation of male-biased genes on the X in Drosophila

(Betran et al. 2002; Parisi et al. 2003; Ranz et al. 2003;

Sturgill et al. 2007; Vibranovski et al. 2009) and C. elegans

(Reinke et al. 2004).

In birds, the Z chromosome becomes transcriptionally

silenced during pachytene and remains inactive until early

diplotene (Schoenmakers et al. 2009). This period occurs

just after hatching and lasts approximately 5–6 days. It has

been suggested that reactivation of the Z chromosome at

early diplotene may be necessary to allow expression of

genes that are required for further maintenance and growth

of the large and long-living oocytes (Namekawa and Lee

2009). However, it is possible that, similarly as in mam-

mals, the Z chromosome is not reactivated completely and

that some Z-linked genes might be transcriptionally sup-

pressed even in later stages of oogenesis. This could result

in the relative paucity of genes with preferential expression

in adult oocytes on the Z chromosome. Alternatively, even

a short period of Z chromosome inactivation might create

selective pressure against Z-linkage of genes expressed in

the female germline.

Our results thus suggest that genes expressed in primary

oocytes can be exposed to two evolutionary forces with

opposite effects: Sexual antagonism that increases Z-link-

age and meiotic Z inactivation that decreases it. Balance

between these two forces might explain why we did not

observe any bias in Z-linkage for oocyte-expressed genes.

Further studies on gene expression changes during the

course of oogenesis should shed more light on the evolu-

tionary forces shaping the Z chromosome gene content.
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