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Abstract

Compared with autosomes, the X chromosome shows different patterns of evolution as a result of 

its hemizygosity in males. Additionally, inactivation of the X during spermatogenesis can make 

the X chromosome an unfavorable location for male-specific genes. These factors can help to 

explain why in many species gene content of the X chromosome differs from that of autosomes. 

Indeed, the X chromosome in mouse is enriched for male-specific genes while they are depleted 

on the X in Drosophila but show neither of these trends in mosquito. Here, we will discuss recent 

findings on the ancestral and neo-X chromosomes in Drosophila that support sexual antagonism as 

a force shaping gene content evolution of sex chromosomes and suggest that selection could be 

driving male-biased genes off the X.

Introduction

In many animal species males and females differ genetically by only one chromosome. 

There are several chromosomal sex-determination systems found in nature, with XY 

chromosomes being the most familiar one. The XY sex-determination system is present in 

most mammals, including humans, and in Drosophila. Here, males are the heterogametic 

sex, XY, and females are homogametic, XX. In the ZW sex-determination system, which is 

found in birds, butterflies, and many reptiles, females are the heterogametic sex, ZW, while 

males are homogametic, ZZ.

Sex chromosomes originated from ordinary autosomes, and their evolutionary 

differentiation is driven by the progressive gene loss on the chromosome that is present only 

in the heterogametic sex (Y/W chromosome). The difference in gene content evolution 

between the degrading Y/W chromosome and the autosomes is immediately apparent and 

has been studied extensively [1]. By contrast, X/Z chromosomes have traditionally been 

viewed as similar to autosomes, with little change occurring that would distinguish the X 

from the autosome it was derived from. However, multiple recent studies have found that 

the gene content of X/Z chromosomes can be quite different from that of autosomes 

(reviewed in reference [2]).

What might be driving unusual patterns of gene content evolution on the X? The fact that 

one sex possesses two copies of the X/Z chromosome while the other has only one copy can 

result in different selective pressures in males and females, which could be particularly 
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apparent in the distribution of genes with different fitness consequences in the two sexes. 

Indeed, X chromosome gene content is not stable across animal taxa and can show opposite 

tendencies in different species (reviewed in references [2–4]). For example, genes that 

benefit males are depleted from the X chromosome of Drosophila [5], while in mammals 

such genes are overrepresented on the X [6]. Understanding these differences between 

taxonomic groups and identifying the underlying selective forces that shape the gene content 

of the X chromosome can not only shed light on how and why differences between genders 

are achieved, but also leads to a better understanding of general features driving genome 

evolution.

Several theories can explain different trends in gene content evolution of the X 

chromosome, and empirical progress has been made to uncover the factors that affect the 

genetic makeup of the X. In this review, we will briefly describe these theories and discuss 

the distribution of sex-biased genes on the X chromosome of several well-studied species, 

with a particular focus on recent findings in the genus Drosophila.

Sexual antagonism, hemizygosity, sex-biased transmission, and X 

inactivation

Not all mutations will have the same selective effects in both sexes; instead, some alleles 

may benefit only one sex and either have no fitness consequences in the other sex (sex-

specific mutations), or actually be deleterious to the other sex (sexually antagonistic 

mutations). Theory predicts that X chromosomes might be a hot spot for sexually 

antagonistic fitness variation since the X shows female-biased transmission and is 

hemizygous in males [2,7]. Hemizygosity of the X allows recessive or partially recessive 

mutations to fix more efficiently on the X chromosome relative to autosomes. Since the X is 

hemizygous in males, this effect is particularly pronounced for mutations that are beneficial 

to males [7,8]. Thus, the occurrence of a significant number of recessive male-beneficial 

mutations in the genome can lead to an accumulation of male-specific genes on the X 

chromosomes (i.e. masculinization of the X chromosome). On the contrary, the X 

chromosome is transmitted 2/3 of the time through females and only 1/3 of the time through 

males. As a consequence, selection acts more often on mutations that are beneficial for 

females, which could result in the accumulation of female-beneficial mutations on the X 

chromosome (i.e. feminization of the X chromosome). Thus, depending on the nature of the 

underlying genetic variation, the X chromosome could be either a preferred or unpreferred 

location for male-beneficial and female-beneficial genes [7].

Differential expression of genes present in both sexes (sex-biased genes) is the main cause 

of phenotypic differences between the two sexes [9,10]. Some of these genes have higher 

expression in one sex relative to the other, while others are exclusively expressed in one sex. 

Genes with sex-biased expression constitute a significant fraction of the transcriptome in 

many species. In Drosophila, for example, ~4–16% of genes show female-biased expression 

and ~8–16% of genes are male-biased [11••]. Owing to differential expression in the two 

sexes, sex-biased genes may be subject to different selective pressures relative to genes that 

are expressed similarly in the two sexes (i.e. they might more often be under sexually 
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antagonistic selection). This may be particularly apparent for sex-biased genes located on 

sex chromosomes, owing to the sexual antagonism scenarios described above.

Another property of the X chromosome that can affect its gene content is X-inactivation 

during spermatogenesis [12]. This process is part of a temporary inactivation of both the X 

and Y chromosomes in primary spermatogenesis in heterogametic males of many animal 

species [13–16]. As a result of inactivation, transcription of genes located on sex 

chromosomes is temporarily silenced [17]. Therefore, genes with male-specific function late 

in spermatogenesis are expected to be selectively favored on autosomes, where they can 

avoid inactivation [12].

Gene content evolution of the X chromosome in Drosophila

Multiple studies have found an underrepresentation of male-biased genes on the X 

chromosome in Drosophila [5,3,18,19••]. In Drosophila melanogaster, only 10% of X-linked 

genes were found to exhibit male-biased expression while among autosomal genes 14–17% 

are male-biased [5]. These early studies also detected an excess of female-biased genes on 

the X chromosome in Drosophila [5,20]. A recent, more extensive gene expression study 

confirmed underrepresentation of X-linked male-biased genes in all seven Drosophila 

species that were investigated [19••]. Female-biased genes, however, were found to be 

distributed randomly across the chromosomes in Drosophila [19••].

The mechanisms to achieve an underrepresentation of male-biased genes on the X and its 

causes have been central to many studies [reviewed in references [2,18]. There are several 

events that can lead to X chromosome demasculinization. Male-biased genes can switch 

their expression bias and become female-biased or unbiased; they can be lost from the X; 

fail to arise on the X chromosome; or move from the X chromosome onto autosomes. The 

past mechanism has been observed in several species and shown to be an important 

contributor to the demasculinization of the X chromosome in Drosophila [21–23]).

Genes can change their genomic location by means of retroposition, which is an RNA-based 

gene duplication mechanism. A gene duplication occurs when mRNA is reverse transcribed 

and inserted into the genome. The resulting copy is intronless, contains a polyA tract, and 

can be located anywhere in the genome [24]. After the duplication, the original copy can 

become degraded if the new location is more beneficial. Several studies in Drosophila have 

demonstrated a large flow of genes from the X chromosome onto the autosomes due to 

retroposition, while cases of genes moving onto the X are rare [21,25,26,22,23]). Most of 

the genes that are retroposed off the X chromosome have been shown to be male-specific. 

For example, of 24 young retroposed genes found in Drosophila melanogaster, 12 were 

duplicated from the X chromosome onto an autosome and only three moved in the opposite 

direction [21]. Most of these X-derived genes were found to have a testis-specific expression 

pattern. A recent study taking advantage of the genome sequence of nine Drosophila species 

found a similar excess of genes duplicated off the X onto autosomes in all species examined 

(Meisel et al., unpublished).

The ancestral X chromosome in the genus Drosophila is homologous across all species 

studied. Thus, the observed patterns of gene content evolution could be a property of this 
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specific chromosome rather than a result of selection. However, this possibility is excluded 

by recent findings on the neo-X chromosomes of Drosophila pseudoobscura and Drosophila 

willistoni [[19••], Meisel et al., unpublished]. In both species, a neo-X chromosome evolved 

independently when an autosome fused to the X chromosome, about ~8–12 million years 

ago for the neo-X of D. pseudoobscura and ~20 million years ago for the neo-X of D. 

willistoni [27,28] (Figure 1). After such a fusion, the former autosomes start to segregate and 

behave like true sex chromosomes. Interestingly, the neo-X chromosome of Drosophila 

pseudoobscura is not only similar to the ancestral X in sequence composition [29] but also 

shows a similar depletion of male-biased genes as the ancestral X chromosome of other 

Drosophila species [[19••], Meisel et al., unpublished]. Specifically, 11% of genes with 

male-specific function are lost from the neo-X chromosome in D. pseudoobscura and 3% of 

ancestral male-specific genes are lost from the neo-X owing to relocation onto the 

autosomes, where they continue to maintain their original function [19••]. Moreover, another 

recent study has shown that there was a burst of duplication of genes off the neo-X to 

autosomes following the creation of the neo-X chromosome [Meisel et al., unpublished]. In 

contrast with male-biased genes relocated off the D. melanogaster X, Meisel et al. did not 

find a significant excess of testis-expressed genes duplicated off the X or neo-X 

chromosome in D. pseudoobscura relative to relocations between autosomes. However, they 

did find such a trend on the neo-X in D. willistoni. The fact that the same trend is present on 

both the ancestral X chromosome of several Drosophila lineages and on the neo-X provides 

evidence that relocation of male-biased genes is caused by selective forces rather than a 

property of the ancestral X chromosome.

Less frequent emergence of novel genes with male-biased function is likely to be another 

reason for the observed depletion of male-biased genes on the neo-X chromosomes of 

Drosophila. Genes with male-biased expression in the genus Drosophila show higher 

turnover rates than female-biased or unbiased genes (i.e. higher rates of gene formation and 

extinction [11••]). In Drosophila pseudoobscura, novel male-biased genes become 

established significantly more often on autosomes than on the neo-X chromosome, and 

male-biased genes are more likely to be lost from the genome if they are located on the neo-

X chromosome compared with autosomes [19••]. These findings suggest that there is an 

evolutionary advantage for male-specific genes to be located on autosomes rather than on 

the X chromosome.

Several recent studies have found that novel genes derived from non-coding DNA often 

show male-biased expression in Drosophila [30–32]. Interestingly, they are overrepresented 

on the X chromosome in D. melanogaster and the D. yakuba/D. erecta clade [30,31], but no 

such enrichment of de novo evolved male-biased genes was found on the X chromosome of 

D. pseudoobscura [32]. A possible explanation for this pattern is that novel male-biased 

genes arise and/or fix more readily on the X chromosome but then move to an autosome, 

resulting in a deficiency of male-biased genes on the X [5]. In the three studies mentioned 

above, D. pseudoobscura novel genes may be older than the novel genes identified in D. 

melanogaster [30,32]. It is thus possible that they have already moved off the X in D. 

pseudoobscura, while the novel genes in the other two lineages have not had enough time 

yet to retropose. Alternatively, this difference may also be attributed to sampling effects due 
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to a very small number of genes considered in these studies, and more research is needed to 

resolve this question.

In sum, these recent studies point to two explanations for the observed gene content patterns 

of X chromosomes in Drosophila. First, X inactivation during spermatogenesis clearly plays 

an important role for genes functioning late in spermatogenesis to avoid X-linkage [14]. 

However, recent findings show that not only genes that are expressed in male germ cells are 

depleted from the X but also genes with male-biased expression in somatic cells [19••]. 

Since the X is only inactivated in germ cells but remains fully functional in somatic cells, X 

inactivation cannot be solely responsible for the observed demasculinization of the X 

chromosome [12] and suggests that sexual antagonism also plays an important role in 

shaping the gene content of the X in Drosophila. The observed underrepresentation of male-

biased genes and possible excess of female-biased genes both suggest that mutations on the 

X chromosome are not recessive on average, resulting in the observed demasculinization of 

the X chromosome.

X chromosome gene content in other species

Other than Drosophila, underrepresentation of male-biased genes on the X chromosome has 

also been shown in Caenorhabditis elegans, where only 3% of the expected number of 

spermatogenic genes is located on the X [33] (Figure 2). However, unlike Drosophila, in C. 

elegans only genes expressed in the male germline are underrepresented on the X, but not 

genes with male-biased expression in somatic cells [33]. This is consistent with X 

inactivation playing a major role in the demasculinization of the X chromosome in C. 

elegans. Hermaphroditespecific genes expressed in somatic cells are enriched on the X [33], 

suggesting that sexually antagonistic selection might play a role for the genomic distribution 

of these types of genes. In Anopheles gambiae male-biased genes are evenly distributed 

across the genome [34]. These examples accentuate that the patterns of X chromosome gene 

content are far from being universal, and more research is needed to shed light on these 

differences among taxa.

Studies in mammals found that genes that are preferentially expressed in the male somatic 

tissues are generally enriched on the X chromosome [6]. In humans, brain-expressed genes 

as well as genes related to muscle function, sex, and reproduction are enriched on the X [35–

38]. This implies that sexual antagonism plays a role in gene content evolution of X 

chromosomes in mammals. Interestingly, in mouse a clear relationship between the stages of 

spermatogenesis (and associated stages of X inactivation) and the presence of male-specific 

genes on the X chromosome was observed [39]. Mouse genes expressed in mitotic stages of 

spermatogenesis (before X inactivation takes place) are overrepresented on the X, while 

genes expressed later in spermatogenesis (when the X chromosome becomes 

transcriptionally inactivated) are depleted, and genes expressed in meiotic stages of 

spermatogenesis are completely absent [39]. These findings led to the conclusion that in 

mouse there is a selective advantage of having male-specific genes on the X – as expected 

for recessive male-beneficial mutations – but that inactivation of the X chromosome later in 

spermatogenesis causes a deficiency of late-acting spermatogenesis genes on the X. A recent 

study, however, found that the X chromosome in mouse is also enriched for multicopy testis 
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genes that have postmeiotic expression [40••]. Additionally, this study found that many 

genes that are expressed earlier in spermatogonia undergo a low level of postmeiotic 

reactivation. These findings not only confirm that the X chromosome is a preferential 

location for male-biased genes in mouse, but also suggest that increased copy number of an 

X-linked gene allows it to compensate for repressive chromatin environment in postmeiotic 

stages [40••]. Like in Drosophila, genes on the X chromosome of mammals undergo 

increased rates of retroposition off the X chromosome, with the majority of X-derived 

retrogenes showing testis-specific expression [41–45,46•]. X chromosome inactivation is 

thought to be the driving force underlying this out-of-X gene movement [42].

In chicken, a species with a ZW sex-determination system, ovary-specific genes are 

significantly underrepresented on the Z chromosome but no enrichment for testis-expressed 

genes was found [47•,48]. In addition, for genes that are expressed in the brain an 

enrichment of male-biased genes and an underrepresentation of female-biased genes were 

found on the Z chromosome [47•]. This broadly mimics patterns of gene content evolution 

of species with XY sex determination systems. Sex-chromosome inactivation has not been 

observed in heterogametic female individuals, implying that Z-inactivation is not a likely 

factor affecting gene distribution in chicken. While these findings are compatible with 

sexual antagonism driving gene content evolution on the Z, a lack of dosage compensation 

in chicken can also account for the observed excess of male-biased and deficiency of 

female-biased genes on the Z chromosome [49]. More research is needed to better 

understand patterns of gene content evolution in species where females are the 

heterogametic sex.

Conclusions

The X chromosome evolves differently from autosomes as a result of its sex-biased 

transmission, hemizygosity in males, and X chromosome inactivation during 

spermatogenesis. How exactly these different forces influence patterns of gene content 

evolution of the X chromosome has been extensively studied in the past few years with 

particular focus on genes showing sex-biased expression. In the genus Drosophila, ancestral 

and recently formed neo-X chromosomes show an underrepresentation of male-biased genes 

on the X. Comparative genomics studies have shown that this depletion of male-biased 

genes is caused by higher rates of gene loss and lower rates of establishment of novel male-

biased genes, and some existing genes with male-biased expression escape from the X to 

autosomes through retroposition. While X inactivation certainly plays an important role 

explaining the observed deficiency of male-biased genes on the X, recent research shows 

that selection on a gene-level and sexual antagonism can also be driving male-biased genes 

off the X chromosome. To further address this question, it will be useful to look at patterns 

of gene content evolution in even younger neo-sex chromosomes in Drosophila. Recently 

established neo-sex chromosomes will make it possible to study the initial stages of sex 

chromosome evolution and observe the population genetic forces that shape gene content 

evolution of the X. For example, Drosophila miranda has a neo-X chromosome that was 

formed only about 1 million years ago. Interestingly, rates of adaptive evolution on this neo-

X chromosome have been found to be increased about 10-fold relative to background levels 

of adaptation in the genome [Bachtrog et al., submitted for publication], indicating that 
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genes on this newly formed neo-X chromosome are undergoing rampant evolutionary 

change to adjust to their altered genomic environment. D. miranda may thus be an ideal 

model for comparison of selective forces acting upon recently established X-linked genes 

and their autosomal homologs.
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Figure 1. 
Karyotypes for D. melanogaster, D. pseudoobscura, and D. willistoni (males are shown). 

Chromosomes from which movement of male-biased genes has been observed are in gray 

(ancestral X chromosome or Muller element A) and in purple (the neo-X chromosome in D. 

pseudoobscura and D. willistoni, which evolved when Muller element D fused to the 

ancestral X chromosome).
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Figure 2. 
Trends in sex-biased gene content on the X chromosome in different species. Karyotypes for 

the heterogametic sex are shown for each species. Blue arrows indicate the overall trend for 

male-specific genes; red arrows indicate the overall trend for female-specific genes. In the 

genus Drosophila, male-biased genes are depleted on the X chromosome while female-

biased genes are enriched. C. elegans shows the same overall trend as Drosophila. Chicken 

is a species with ZW sex-determination system where the Z chromosome is enriched for 

male-biased genes and depleted for female-biased genes. A. gambiae has an even 

distribution of male-biased genes among the chromosomes. In the mouse, both male-biased 

and female-biased genes are enriched on the X.
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