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ABSTRACT 

In this thesis, I use transcriptomic and genomic data from multiple bird species to investigate 

the genetic architecture of sexual dimorphism and to understand how sex-specific selection 

shapes genome evolution. I consider two routes to sexual dimorphism. Firstly, due to their 

unequal pattern of inheritance, sex chromosomes are hypothesised to facilitate the evolution 

of sexual dimorphisms by navigating functional constraints that shared regions of the genome 

are subject to. However, the sex chromosomes have differences in mutation rate, effective 

population size and recombination rate relative to the autosomes, which may act to reduce 

the efficacy of selection acting on them. Consistent with this, in Chapter 2, I show that the 

avian Z chromosome is not a hotspot of sexual conflict relative to the autosomes. Additionally, 

in Chapter 3, I reveal that a combination of adaptive and purifying selection are the dominant 

modes of evolution of the avian W chromosome. Secondly, I examine the role of differential 

regulation of the parts of the genome that are shared equally between males and females in 

the evolution of phenotypic dimorphisms. In Chapter 4, I discover an abundance of autosomal 

genes with sex differences in expression level and alterative splicing and suggest that 

differential alternative splicing evolves under sex-specific selection and facilitates sex-specific 

adaptation when differential expression level is limited by pleiotropic constraints. Together, 

my findings shed light on the role of sex-specific selection on the sex chromosomes and the 

autosomes in the evolution of intraspecific genetic diversity. 
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CHAPTER 1. INTRODUCTION 

1.1 Intraspecific biodiversity 

The study of biodiversity presents a way in which we can understand evolutionary processes, 

ontogenetic development and ecosystem function. Biodiversity is generally quantified as the 

variety of species in an environment, however, biodiversity also comprises an intraspecific 

component. Intraspecific variation is typically most pronounced when species express two or 

more distinct phenotypes or morphs within a panmictic population in the same habitat (Ford, 

1965), or between the sexes, where organisms exhibit sexually dimorphic phenotypic traits 

(Andersson, 1994). Sexual dimorphism is ubiquitous across the natural world and includes 

differences far beyond reproductive features, such as differences in size, morphology, 

colouration, physiology and behaviour (Fairbairn, 2013). Therefore, researching sex 

differences provides a window to understand the processes giving rise to biodiversity, which 

has many important applications across the biological sciences and beyond. 

1.2 Constraints posed by a shared genome 

Males and females share the majority of their genomes, yet they often have very different 

evolutionary interests. Therefore, the sexes are frequently subject to different, even 

contradicting, selection pressures, often leading to sexual conflict. Intralocus sexual conflict 

arises when a phenotype that maximises fitness for one sex does not maximise fitness for the 

other sex and the trait has a shared genetic basis between males and females. It is therefore 

classified as conflict in selection pressures experienced by alleles at a single locus, resulting in 

distinct alleles to be favoured in each sex (Bonduriansky & Chenoweth, 2009; Van Doorn, 

2009) (examples of this can be found in section 1.3). Conflict can also manifest itself as 

interlocus sexual conflict, where individuals of one sex interact with the other sex, usually 

during reproduction, but there is conflict over the outcome of the interaction between males 

and females (Chapman et al., 2003). One widely recognised example of interlocus sexual 

conflict is conflict over remating rates in Drosophila melanogaster. The ejaculate of D.  

melanogaster males contains seminal fluid proteins (SFPs) that substantially affect female 

fitness. SFPs can alter processes such as oogenesis, the timing of the onset of ovulation and 

sperm storage. This in turn affects the success of female fertilisation, delays remating, and 
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shortens the female’s life span, all of which act to decrease female fitness whilst increasing 

male reproductive success (Hollis et al., 2019). 

I focus on intralocus sexual conflict throughout this thesis, and hereafter refer to it as sexual 

conflict or sexual antagonism. Sexual conflict is predicted to affect a large proportion of loci 

across the entire genome and has the potential to substantially increase population genetic 

diversity through balancing selection and thereby act as a key force in adaptation 

(Chippindale et al., 2001). First, sexual conflict can give rise to balancing selection at sex-linked 

loci where frequency dependence is generated by the combination of dominance and 

hemizygosity (Rice et al 1984). Second, sexual antagonism can also result in balancing 

selection on the autosomes through heterozygote advantage that is generated either by 

directional selection in both sexes or directional selection in one and heterozygote advantage 

in the other (Connallon & Clark 2014). In the latter scenario, balancing selection is predicted 

to be weak and not particularly robust towards drift but can affect loci across the entire 

genome (Connallon & Clark 2014).  

Conversely, there is also evidence that unresolved sexual conflict hinders sexual coevolution. 

This is because the carrier of any novel sexual characters endures indirect costs that offset its 

advantages (Chippindale et al., 2001; Kirkpatrick, 2009; Pischedda & Chippindale, 2006). For 

example, under sexual conflict, the most successful males have been found to sire low-quality 

daughters, and the benefit of choosing high-fitness males will be diminished even further if 

several male-advantageous loci are X-linked and are accordingly never passed from father to 

son (Pischedda & Chippindale, 2006). These circumstances can even cause the 

counterintuitive evolution of female preference for low-quality males (Albert & Otto, 2005). 

Nevertheless, sexual antagonism has implications for subjects such as genome organization, 

sexual selection, population sex ratios and aging (Van Doorn, 2009), although there are still 

many questions about how it can be resolved and the consequences of this for genome 

evolution. 

1.3 Empirical evidence for intralocus sexual conflict  

Sex-specific selection and sex-specific genetic fitness effects were first revealed many years 

ago (Prout, 1971; Woolf & Church, 1963), however, direct support for sexual conflict is more 

recent. Experimental evidence is founded on estimates of selection in males and females, 
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combined with rmf, which is defined as the genetic correlation in phenotypic traits or fitness 

between the sexes. Trait-based, correlational studies across a range of species have shown 

that many phenotypes share a similar genetic basis in males and females, setting the stage 

for intralocus sexual conflict. For instance, positive estimates of rmf have been calculated for 

locomotory activity in Drosophila (Long & Rice, 2007), body size in collared flycatcher 

(Ficedula albicollis) (Merilä et al., 1997, 1998), and bill colour in the zebra finch (Taeniopygia 

gutta) (Price & Burley, 1993, 1994). However, the sexes have very different reproductive 

strategies that generate divergent, sex-specific selection on many traits with a shared genetic 

basis (Hedrick & Temeles, 1989). For example, shared traits such as tail feathers, colour spots 

or behavioural characteristics are frequently exposed to different selection pressures in males 

and females, and each sex may occupy a distinct ecological niche (Shine, 1989). Consequently, 

selection in one sex can displace the other sex from its phenotypic optimum (Lande, 1980). 

Fitness-based correlational studies have revealed negative rmf for fitness in lab-adapted 

Drosophila melanogaster adults (Chippindale et al., 2001), ground crickets (Allonemobius 

socius) (Fedorka & Mousseau, 2004), natural populations of red deer (Cervus elaphus) 

(Foerster et al., 2007) and the collard flycatcher (Brommer et al., 2007), indicating substantial 

sexual conflict because alleles that are beneficial when expressed in one sex are harmful when 

expressed in the other sex. Fitness-based experimental studies in D. melanogaster also show 

increased fitness in one sex when selection is relaxed or halted in the other sex (Morrow et 

al., 2008; Prasad et al., 2007; Rice, 1996b, 1998), providing further evidence for sexual 

conflict. 

1.4 Resolving sexual conflict 

Because intralocus sexual conflict is the result of shared genetic architecture, it is resolved 

when a locus with sex-specific beneficial effects does not negatively affect fitness in the other 

sex, whereas interlocus sexual conflict is resolved when there is no longer conflict over the 

outcome of the interaction between males and females. Resolution of intralocus conflict is 

predicted to lead to the evolution of sexual dimorphism whereas interlocus conflict is thought 

to generate an evolutionary arms race between the sexes. In theory, it can be resolved in a 

multiplicity of ways, all of which involve limiting or biasing expression of alleles to the sex in 

which their effects are advantageous. For instance, sex chromosomes are predicted to be 

hotspots of sexual conflict resolution as their unequal inheritance pattern facilitates 
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evolutionary divergence between the sexes through the decoupling of male and female 

phenotypes (Rice, 1984; Wright & Mank, 2013). Indeed, it has been suggested that the 

repeated and independent formation of sex chromosomes across the eukaryotes has 

occurred in response to selection to resolve sexual conflict  (Bachtrog et al., 2014; Roberts et 

al., 2009; Van Doorn & Kirkpatrick, 2007). However, sex chromosomes are often very small 

and contain few genes, and some species even lack them altogether (Bachtrog et al., 2011). 

Because of this, in addition to the evolution of the sex chromosomes, autosomal gene 

regulation is widely assumed to resolve conflicting sex-specific selection pressures. A growing 

body of evidence suggests methods of gene regulation, such as chromatin remodelling, DNA 

methylation, gene expression level, alternative splicing and small RNA regulators differ 

substantially between the sexes in many species (Bezler et al., 2019; Garcia-Moreno et al., 

2019; Gibilisco et al., 2016; Jiang et al., 2011; Mank et al., 2008; Mathers et al., 2019; 

McCarthy et al., 2014; Tsai et al, 2009). The study of gene regulation may therefore be key to 

understanding the selection pressures shaping the evolution of complex phenotypes. 

However, while we have a rich body of theoretical work outlining how conflict is predicted to 

be resolved, empirical evidence for some regulatory mechanisms of conflict resolution is 

lacking and many questions remain. For example, do different mechanisms resolve sexual 

antagonism to different extents? Do some mechanisms function as evolutionary unstable, 

temporary resolutions? Are different sex-determination systems responsive to different 

means of conflict resolution (Bonduriansky & Chenoweth, 2009)? Furthermore, it remains 

unclear how quickly and fully sexual conflict is resolved. It is probable that sexual conflict is 

fully resolved at some loci affecting fundamental sexual traits. These loci can experience a 

consistent pattern of sex-specific selection over numerous generations, granting sufficient 

time for sexual conflict resolution mechanisms to evolve. Nevertheless, it is unlikely that 

sexual conflict is ever fully resolved throughout the genome (Fairbairn et al., 2007).  

1.4.1 Sex chromosomes as a route to sex-specific adaptation 

Sex chromosomes genetically determine the sex of many sexually reproducing organisms. 

Male heterogamety is observed in all mammals, some insects, some snakes, some fish and 

some plants. Sex determination is Y-centred in most of these organisms (Fig. 1.1A), i.e. the 

existence of a Y chromosome determines maleness due to the presence of testis-determining 

genes on the Y chromosome, for example the SRY gene in mammals (Capel & Lovell-Badge, 
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1993). However, in other organisms such as Drosophila, sex determination is dosage 

dependent, where the presence of two X chromosomes determines femaleness and the 

presence of one X chromosome determine maleness (Fig. 1.1B). XX/X0 sex chromosome 

systems are found in many other insects, including cockroaches (order Blattodea), 

grasshoppers and crickets (order Orthoptera), and a small number of mammals (several 

rodent species) (Fig. 1.1C). Female heterogamety is found mainly in birds, along with some 

reptiles and some other insects, including Lepidoptera. In this system, females are the 

heterogametic sex (ZW) and males are the homogametic sex (ZZ) (Fig. 1.1D). In all birds, sex 

is determined by DMRT1 (Smith et al., 2009) in a dosage dependent mechanism i.e. sex is 

determined by the number of DMRT1 copies (Hirst et al., 2017; Stiglec et al., 2007).  

 

  

Figure 1.1. Male and female heterogametic sex chromosomes. (A, B) The 
XX/XY sex chromosome system in which males are the heterogametic sex. (C) 
The XX/X0 sex chromosome system, shown here in grasshoppers (Caelifera). 
The 0 denotes the absence of a Y chromosome. (D) The ZW/ZZ sex 
chromosome system, in which females are the heterogametic sex, shown in 
chickens (Gallus gallus domesticus). 
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Due to the different evolutionary environments they inhabit and depending on whether they 

are dominant or recessive, alleles on the X, Y, Z and W chromosomes experience different 

magnitudes of sex-specific selection (Rice, 1984). Male-specific selection is stronger than 

female-specific selection on dominant Z-linked alleles because the Z is present more often in 

males than females. However, Z-linked recessive alleles are more exposed to female-specific 

selection than male-specific selection due to female hemizygosity. Conversely, dominant X-

linked alleles are under stronger female-specific than male-specific selection because the X is 

more often present in females, whereas recessive X-linked alleles experience stronger male-

specific selection due to male hemizygosity. Therefore, studying both XX/XY and ZZ/ZW sex 

chromosome systems presents a way in which we can test predictions of how selection acts 

differently between the sexes. So far, most research has concentrated on XX/XY systems and 

ZZ/ZW sex chromosomes are relatively understudied in comparison. 

The difference between the selection regimes that alleles on the different sex chromosomes 

and the autosomes undergo helps to explain why the sex chromosomes might be able to 

facilitate sex-specific adaption and show unique patterns of gene content and expression. 

Although not consistent across all species, there is ample evidence for sex-specific adaptation 

on the sex chromosomes. Genes expressed in male-specific tissues are underrepresented on 

the X chromosomes of Caenorhabditis elegans (Reinke et al., 2000) and mosquitos 

(Magnusson et al., 2012), well as both the old and neo-X chromosomes in numerous 

Drosophila species (Betrán et al., 2002; Chenoweth et al., 2015; Parisi et al., 2003; Sturgill et 

al., 2007). These studies suggest that the X has become demasculinised, in some cases over 

short evolutionary time periods for the species with newer X chromosomes. As well as finding 

a paucity of male-biased genes, some studies also uncover an overrepresentation of X-linked 

genes expressed in the ovaries in Drosophila (Allen et al., 2013; Zhou & Bachtrog, 2012). 

Genes expressed in the ovary, the placenta or in early spermatogenesis are also enriched on 

the X chromosome in mice, while genes expressed during the later stages of spermatogenesis 

are lacking (Divina et al., 2005; Khil et al., 2004; Wang et al., 2001), most likely as a 

consequence of early X chromosome inactivation during spermatogenesis (Betrán et al., 

2002; Wu & Xu, 2003). These studies indicate that the X chromosome has become both 

demasculinised and feminised. On the other hand, the avian Z chromosome has been 

defeminised (Mank & Ellegren, 2009) and masculinised (Wright et al., 2012). The silkworm Z 
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(Bombyx mori) has also been revealed to be masculinised (Arunkumar et al., 2009). These 

patterns are consistent with sex-specific selection influencing gene content on the X and Z 

chromosomes. Many unanswered questions still remain however, including, what is the 

relative role of selection versus drift in creating the gene content and expression patterns we 

see on the sex chromosomes? Additionally, due to differences in mutation rate, effective 

population size and recombination rate relative to the autosomes (Wright & Mank, 2013), it 

remains unclear if sex chromosomes are actually hotspots of sexual conflict, as these features 

could act to reduce the efficiency of selection operating on the sex chromosomes.  

In contrast, the sex-limited Y and W chromosomes are not subject to sexual conflict and are 

therefore predicted to follow different evolutionary trajectories and act as an important site 

for sex-specific traits to evolve. Y-linked genes are predicted to be selected for male-specific 

traits and W-linked genes for female-specific traits. There is some empirical evidence in 

support of this theory. For instance, the non-recombining part of the human Y chromosome 

contains few genes, all which have roles in spermatogenesis and sex determination (Lahn et 

al., 2001). However, because parts of the Y and W do not recombine, they are inclined to 

accumulate deleterious mutations, ultimately resulting in an almost total degeneration of 

these chromosomes in some species (Charlesworth, 1991). How these sex-limited 

chromosomes resist these degenerative forces is still a source of debate. 

Gene duplication combined with gene conversion between duplicate pairs is thought to give 

rise to sex-specific adaptation (Connallon & Clark, 2010). Consistent with this, most 

remaining, functional, Y-linked genes are members of duplicate gene pairs found within large 

palindromes, and almost all are expressed exclusively in the testes and have male-specific 

functions. Unlike many of the single-copy genes, genes in these Y-linked families are not 

degenerating, but have become fixed and preserved on the Y chromosome over millions of 

years (Skaletsky et al., 2003). Available data suggests that gene duplication is common on the 

mammalian and Drosophila Y chromosome (Geraldes et al., 2010; Krsticevic et al., 2010; 

Rozen et al., 2003), and is thought to be driven by sperm competition. Interestingly, evidence 

for ampliconic gene families on the W chromosome is lacking, with the exception of the 

HINTW gene family on the avian W (Ceplitis & Ellegren, 2004). This may be consistent with 

lack of sperm competition on the W chromosome but the role of sex-specific selection in 

driving gene duplication on the W chromosome is unclear. HINTW is the only known 
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ampliconic gene on the avian W chromosome and therefore hypothesized to play an 

important role in female reproduction and oogenesis in birds (Moghadam et al., 2012). 

However, the extent to which female-specific selection versus other factors such as meiotic 

drive has driven gene amplification is unknown.  

1.4.2. Sex chromosome turnover 

Sex chromosomes evolve once recombination is halted between a homologous pair of 

autosomes. The most widely accepted model of sex chromosome evolution is the sexual 

conflict model (Fisher, 1931; Bull, 1985; Rice, 1996). This predicts that sex chromosomes 

evolve when an autosome acquires a sex determining locus. Physical proximity between the 

sex determining locus and nearby sexually antagonistic alleles selects for recombination 

suppression between the proto sex chromosomes. This might act to resolve sexual conflict by 

creating a supergene in which the sex-determining allele and sexually antagonistic alleles are 

linked. The region over which recombination is supressed is called a stratum. Additional 

evolutionary strata can be formed when the non-recombining region is expanded to 

encompass additional sexually antagonistic alleles.  

Many clades experience frequent sex chromosome turnover, which has significant 

implications for adaptation, sexual dimorphism and speciation. A variety of hypotheses have 

been proposed to explain why transitions to new sex chromosome systems occur (reviewed 

in Vicoso, 2019). These include sexual conflict (Van Doorn & Kirkpatrick, 2007; 2010), 

mutation load on the sex-limited chromosomes (Blaser et al., 2013; Blaser et al., 2014), 

selection on sex ratio (Jaenike, 2001; Werren & Beukeboom, 1998) and genetic drift (Bull & 

Charnov, 1977; Saunders et al., 2018). Direct empirical evidence supports sexually 

antagonistic selection driving the evolution of a novel sex determining locus in cichlids 

(Roberts et al. 2009) as well as a neo sex chromosome in sticklebacks (Kitano et al. 2009) and 

the Y in guppies (Wright et al., 2017) as well as mutation-load selection driving sex 

chromosome turnover in frogs (Jeffries et al., 2018). The relative importance of each of these 

mechanisms remains unclear, however, it will be possible to effectively test these theories as 

more sex chromosomes are identified. 
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1.4.3 Autosomal gene regulation as a route to sex-specific adaptation  

Gene regulation includes a variety of processes that alter the production of gene product, 

namely protein or RNA, by cells. Changes in gene regulation may be permanent or transient 

and each mechanism is commonly used to trigger developmental pathways as well as for 

environmental acclimation. Furthermore, gene regulation can differ between the sexes and 

therefore might be involved in the evolution of sex differences. Almost any step of the gene 

expression pathway can be modified. In this thesis, I focus on the transcriptional mechanism 

differential gene expression level, and the post-transcriptional mechanism alternative 

splicing, and their role in facilitating the evolution of sexually dimorphic phenotypes. 

In theory, sex-biased gene expression can resolve sexual conflict and lead to sex-specific 

adaptation through the breakdown in inter-sexual correlations in expression level (Connallon 

& Knowles, 2005). Sex-specific gene expression level is widespread and well-documented 

across the animal kingdom, appearing in birds (Mank et al., 2008; Naurin et al., 2011), insects 

(Jin et al., 2001; Marinotti et al., 2006; Ometto et al., 2011; Ranz et al., 2003), mice (Yang et 

al., 2006), fish (Wright et al., 2018) and C. elegans (Cutter & Ward, 2005) and occurs at both 

the species (Zhang et al., 2007) and population level (Moghadam et al., 2012; Müller et al., 

2011). Much of this variation in gene expression is presumed to be brought about from 

androgen- or oestrogen-mediated regulation (Zauner et al., 2003). Moreover, some patterns 

of differential gene expression are known to be condition-dependent, which is expected for 

some classes of sexually-selected traits (Wyman et al., 2010).  

Many studies have uncovered faster rates of coding sequence evolution in sex-biased genes 

across an array of species due to positive selection (Ellegren & Parsch, 2007; Good & 

Nachman, 2005; Khaitovich et al., 2005) as well as genetic drift due to relaxed purifying 

selection (Gershoni & Pietrokovski, 2014; Harrison et al., 2015). Furthermore, accelerated 

divergence in gene expression level, possibly due to sex-specific selection, has been found in 

some species (Harrison et al., 2015; Meiklejohn et al., 2003). It should be noted however, that 

sex-biased genes do not necessarily affect sex-specific fitness and encode sex-specific 

phenotypes. It is difficult to tie large amounts of gene expression data to particular 

phenotypes, although a study by Connallon & Clark (2011) does provide direct support for 

this relationship. Furthermore, it is possible for an allele to attain sex-limited expression 

without being located on a sex chromosome, or requiring a breakdown of intersexual 
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correlations in gene regulation, through a process called genomic imprinting. The expression 

of an imprinted allele is contingent on the parent of the origin. Studies have suggested that 

imprinting can resolve intralocus sexual conflict because sex-limited genes are able to avoid 

fitness penalties in the sex where expression is absent (Day & Bonduriansky, 2004; Van Cleve 

& Feldman, 2007).  

Pleiotropy, where a gene influences the development of multiple traits, affects the degree to 

which selection can facilitate sex-specific adaptation (Harano et al., 2010). It has been 

suggested that pleiotropy impedes the breakdown of inter-sexual correlations in gene 

expression, because genes that are more broadly expressed, a proxy for pleiotropy, are less 

often sex-biased and have slower rates of evolutionary divergence relative to genes with 

more tissue-specific expression patterns (Mank et al., 2008; Meisel, 2011). This supports the 

extensively accepted theory that pleiotropy is an evolutionary constraint (Orr, 2000; Snell-

Rood et al., 2010).  

Importantly, change in expression level is only one of many gene regulation mechanisms and 

the role of other processes in sex-specific adaptation and sexual conflict resolution have been 

overlooked. For example, alternative splicing is a mechanism that produces multiple different 

transcripts from the same locus and, through the generation of separate male and female 

isoforms, could be a route to resolve sexual antagonism and lead to sex-specific adaptation. 

So far, only a handful of studies have provided evidence for significant sex differences in 

alternative splicing (Blekhman et al., 2010; Chang et al., 2011; Gibilisco et al., 2016; Mazin et 

al., 2021; Naftaly et al., 2021; Prince et al., 2010; Telonis-Scott et al., 2009). Research on the 

evolution of alternative splicing indicates that splice variants are adaptive, and are 

advantageous because they enable an increase in proteomic complexity without a 

corresponding increase in genome size (Barbosa-Morais et al., 2012; Merkin et al., 2012). Sex-

specific splicing is a key element of sex determination in Drosophila (Telonis-Scott et al., 

2009), but other than this, evidence for the exact role of alternative splicing in sexual 

dimorphic phenotypes is lacking. Moreover, little is known about how sex-specific isoforms 

evolve in response to sex-specific selection, and how alternative splicing and differential gene 

expression work together to facilitate the transcriptional architecture of sexual dimorphism 

is unknown.  
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1.5 Study system 

To test the role of sex-specific selection in genome evolution, I used birds as my study system. 

Avian species are ideal for studies such as this for several reasons. Firstly, they often exhibit 

strong sexual dimorphism, and I chose species that are exposed to different magnitudes of 

sex-specific selection. Secondly, birds can be reared in controlled conditions, which is 

essential for transcriptomics studies. Minimising environmental variation is crucial to limit 

transcriptional noise that could mask sex differences in expression. The RNA-seq samples 

used in this thesis were taken from semi-wild captive populations and all birds were sampled 

at the same age. Thirdly, the avian genome has high genomic stability with sequence 

conservation and synteny across broad evolutionary time periods (Ellegren, 2005). As a result, 

sex-specific selection acts on a relatively static genome which allows for more accurate 

evolutionary contrasts. Additionally, reference genomes are available for all species used. 

1.6 Thesis outline 

The following data chapters will address some of outstanding questions discussed above. In 

Chapter 2 (Wright, Rogers et al., 2019), ‘Contrasting patterns of sexual conflict on the avian Z 

chromosome relative to the autosomes’, I address whether sexual conflict is abundant on the 

Z chromosome, in order to decipher the extent to which this chromosome has the potential 

to lead to sex-specific adaptation relative to the autosomes. In Chapter 3 (Rogers, Pizzari et 

al., 2021), ‘Multi-copy gene family evolution on the avian W chromosome’, I evaluate the 

number and variability of ampliconic gene families on the avian W and attempt to assess 

whether it evolves under sex-specific selection, purifying selection or genetic drift. In Chapter 

4 (Rogers, Palmer et al., 2021), ‘Sex-specific selection drives the evolution of alternative 

splicing in birds’, I quantify sex differences in alternative splicing across three bird species. I 

assess whether alternative splicing plays a role in producing sexually dimorphic phenotypes 

and whether it evolves under sex-specific selection. In addition to this, I uncover whether sex-

biased alternative splicing and sex-biased gene expression level work together or play distinct 

roles in sex-differences. 
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2.2 ABSTRACT 

Due to their unequal pattern of inheritance, sex chromosomes are predicted to be hotspots 

of sexual conflict resolution. Sex-specific selection can act on the sex chromosomes, enabling 

evolutionary divergence between the sexes via the decoupling of male and female 

phenotypes. On the other hand, the sex chromosomes are subject to distinct evolutionary 

environments in comparison to the rest of the genome, resulting in differences in mutation 

rate, effective population size and recombination rate, all of which might act to reduce the 

ability of selection to operate on the sex chromosomes. We aimed to examine the trade-off 

between these two evolutionary scenarios and directly test whether the Z chromosome is a 

hotspot of sexual conflict. Our results indicate that the sex chromosomes may not be hotspots 

of sexual conflict and their adaptability could be diminished by their pattern of inheritance 

and the characteristics associated with this. These findings are consistent across varying levels 

of sexual dimorphism both within the body plan and across species, and are key to 

understanding the role of the sex chromosomes in sex-specific adaption and sexual 

dimorphism, as well as how sexual conflict manifests over broad evolutionary timescales. 

2.3 INTRODUCTION 

Males and females in many species often have divergent evolutionary interests and are 

subject to conflicting selection pressures (Andersson, 1994). However, with the exception of 

the sex chromosomes, the sexes share an identical genome, and this can give rise to intralocus 

sexual conflict, where an allele benefits one sex at the expense of the other (Parker & 

Partridge, 1998). This shared genomic architecture is thought to hamper males and females 

simultaneously evolving towards their respective fitness peaks, and in turn acts as a constraint 

in the evolution of sexual dimorphism (Mank, 2017; Rowe, Chenoweth, & Agrawal, 2018; 

Stewart & Rice, 2018). 

Recently, studies have used population genomic statistics to detect the signature of sexual 

conflict across the genome (Cheng & Kirkpatrick, 2016; Dutoit et al., 2018; Lucotte et al., 2016; 

Mostafavi et al., 2017; Rowe et al., 2018; Wright et al., 2018). Ongoing sexual conflict can 

arise from several different factors and these leave distinct population genomic signatures in 

sequence data (Mank, 2017; Wright et al., 2018). Sexual conflict can result over reproduction, 

where an allele increases the reproductive fitness of one sex at a cost to the other (Barson et 

al., 2015; Lonn et al., 2017). Alternatively, sexual conflict can result when an allele has 
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differential effects on survival between males and females (Czorlich et al., 2018). Both of 

these scenarios are predicted to produce elevated genetic diversity and higher Tajima's D, a 

population genomic statistic that estimates the proportion of polymorphic nucleotide sites in 

a given sequence within a population. Tajima’s D is calculated as the difference between the 

number of segregating sites and the mean number of pairwise nucleotide differences, both 

scaled such that in neutrally evolving populations of a constant size Tajima’s D is equal to 

zero. If there is balancing selection, there is the assumption that intra-specific diversity is 

elevated. 

Population genomic approaches have made it possible to investigate the manifestation of 

different types of intralocus sexual conflict at the genomic level and the mechanisms by which 

they can be resolved. In a ZZ/ZW sex chromosome system, male-specific selection is relatively 

stronger for dominant Z-linked alleles because the Z is present more often in males than 

females. However, female-specific selection is relatively stronger for recessive Z-linked alleles 

as they are more often exposed in females to selection due to female hemizygosity (Rice, 

1984). Due to this unequal pattern of inheritance, sex chromosomes can facilitate the initial 

build-up of sexually antagonistic loci within the gene pool. A gene on the autosomes that 

produces a sexually antagonistic phenotype will only increase in frequency when rare if the 

disadvantage to one sex is smaller than the advantage to the other sex. If a sexually 

antagonistic gene is located on the X or Z chromosome, the conditions for increase are less 

stringent. The Z is therefore predicted to harbour dominant male-benefit, female-detriment 

alleles and recessive female-benefit, male-detriment alleles. The evolution of modifiers to 

restrict the expression of sexually antagonistic genes to the sex in which they are selectively 

favoured is predicted to follow, thereby resolving sexual conflict. (Rice, 1984). 

However, the sex chromosomes experience unique evolutionary environments relative to the 

rest of the genome (Bachtrog et al., 2011), resulting in differences in mutation rate, effective 

population size and recombination rate, all of which might act to reduce the efficiency of 

selection acting on the sex chromosomes (Wright & Mank, 2013). This is particularly 

pronounced for the Z chromosome for several reasons. The effective population size of the Z 

chromosome (NEZ) is ¾ that of the autosomes (NEA) when there is no difference in the variance 

of reproductive success between the sexes, like in strictly monogamous breeding systems. 

Moreover, some types of sexual selection can cause increased variance in male reproductive 
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success (Andersson, 1994), which decreases NEZ/NEA. In extreme cases for instance, when a 

single male dominates the reproductive output of multiple females, NEZ approximates ½ NEA 

(Vicoso & Charlesworth, 2009). This creates a potential for elevated genetic drift to act on the 

homogametic sex chromosome (Charlesworth et al. 1993; Vicoso & Charlesworth, 2009), 

particularly in sexually dimorphic species, in turn reducing the power of selection on the Z. It 

therefore remains unclear whether the Z chromosome is indeed a hotspot of ongoing sexual 

conflict. We conducted a comparative analysis of Tajima’s D across a clade of birds that vary 

in the magnitude of sexual dimorphism and sexual conflict to investigate sexual conflict on 

the Z chromosome.  

2.4 MATERIALS AND METHODS 

2.4.1 Tissue collection 

We previously extracted RNA from the left gonad and spleen of individuals with the RNeasy 

Kit (Qiagen), following the manufacturer's instructions, from the following captive avian 

populations: mallard (Anas platyrynchos), wild turkey (Meleagris gallopavo), common 

pheasant (Phasianus colchicus), helmeted guinea fowl (Numida meleagris), Indian peafowl 

(Pavo cristatus) and swan goose (Anser cynoides) (Harrison et al., 2015)  (Fig. 2.1). These 

captive populations are not maintained under sterile or biosafety conditions. Samples were 

collected during the first breeding season from five males and five females of each species, 

with the exception of the pheasant, where six male gonad and spleen samples were collected, 

and turkey where four male and two female spleens were collected.  

These six species were deliberately chosen to reflect a full range of sexual dimorphism, 

ranging from monogamous and sexually monomorphic species such as the swan goose and 

guineafowl, to polygynous and sexually dimorphic species such as the peafowl and wild 

turkey. We estimated the intensity of sexual conflict in each species using three proxies of 

sperm competition and male promiscuity: sexual dichromatism score, sperm number and 

relative testes size, obtained from Harrison et al. (2015).   
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Figure 2.1 Phylogenetic relationships across the six avian species in this study. These species 
were chosen to reflect the full range of mating system and sexual dimorphism. The intensity 
of sexual conflict in each species was estimated using three proxies: sexual dichromatism 
score, sperm number and relative testes size. 

2.4.2 Transcriptome assembly 

Samples were sequenced on an Illumina HiSeq 2000 device with 100-bp paired-end reads and 

are available in the NCBI SRA (BioProject ID PRJNA271731). We assembled and filtered 

transcriptomes for each species using previously implemented approaches (Harrison et al., 

2015). Briefly, we quality filtered RNA data using Trimmomatic version 0.36 (Bolger et al., 

2014) to filter reads containing adaptor sequences and trim reads if the sliding window 

average Phred score over four bases was < 15 or if the leading/trailing bases had a Phred 

score < 3. Reads were removed after filtering if either read pair was < 36 bases in length. We 

assembled a de novo transcriptome for each species using trinity version 2.4.0 (Grabherr et 

al., 2011) with default parameters. We then filtered each transcriptome to remove spurious 

and low-confidence genes. First, we selected the “best isoform” per gene to avoid 

redundancy. We used the trinity script align_and_estimate_abundance.pl to map RNA-seq 

reads to transcriptomes using BOWTIE 2 and to quantify expression for each sample using 

rsem. We suppressed unpaired and discordant alignments for paired reads. We then picked 

the most highly expressed isoform per gene to obtain a set of “best isoforms” for each 
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species. RNA-seq reads were remapped to the set of “best isoforms” in each species using the 

same approach as above to ensure consistency between expression and sequence data. 

Second, we filtered the transcriptome to remove lowly expressed genes. Specifically, we 

removed genes with expression < 2 FPKM (fragments per kilobase of transcript per million 

mapped reads) in half or more of the individuals in either tissue. We assessed the 

completeness of our transcriptome assembly using eukaryota_odb9 busco version 3.0.2 

(Waterhouse et al., 2018) (Table S6.1.1).  

2.4.3 Identification of orthologues 

We used BLAST (Altschul et al., 1990) to identify orthologous genes across the six species. 

First, we identified pairwise reciprocal orthologues between the chicken reference genome 

(Gallus_gallus-5.0) and the wild turkey, common pheasant, helmeted guineafowl and Indian 

peafowl, and between the duck reference genome (BGI_duck_1.0) and mallard and swan 

goose (Zerbino et al., 2018). We downloaded cDNA sequences from Ensembl (Zerbino et al., 

2018) and selected the longest transcript per gene. We ran reciprocal BLASTN with an e-value 

cut-off of 1 × 10−10 and selected the best hit reciprocal orthologue using a minimum 

percentage identity of 30% and the highest bitscore following previous approaches (Harrison 

et al., 2015; Wright et al., 2018). If two hits shared the same highest bitscore, then the hit 

with the highest percentage identity was chosen. If both hits had the same highest bitscore 

and percentage identity, the gene was discarded.  

For the wild turkey, common pheasant, helmeted guineafowl and Indian peafowl, we 

assigned chromosomal location and gene position from the pairwise reciprocal orthologue in 

the chicken reference genome. Chromosomal positional information is not available in the 

duck reference genome and so we used a synteny-based approach to obtain chromosomal 

location using MCScanX (Wang et al., 2012). Briefly, we downloaded chicken and duck protein 

sequences from Ensembl, selected the longest protein per gene in each species, and then 

conducted a reciprocal BLASTP with an e-value cut-off of 1 × 10−10. We restricted the number 

of BLASTP hits for each gene to the top five, generated gff files, and concatenated the duck 

and chicken results as recommended by MCScanX. We then identified syntenic regions 

between the duck and chicken reference genome using MCScanX run with default 

parameters. For the mallard and swan goose, we assigned chromosomal location and gene 

position from the syntenic information available for the pairwise reciprocal orthologue in the 
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duck reference genome. For all species, we split genes into autosomal or Z-linked based on 

location in the chicken reference genome (Table S6.1.1) as evolutionary forces including 

sexual conflict act differently across these genomic regions (Rice, 1984; Wright & Mank, 

2013).  

Second, we identified reciprocal orthologues using the same approach across all species using 

the chicken and duck reference genomes to assign chromosomal location. This resulted in 

1,457 autosomal reciprocal orthologues, which we used to contrast population genetic 

statistics across species. Finally, potential immune loci were identified from Gene Ontology 

terms in Biomart in the chicken and duck reference genomes (Zerbino et al., 2018). 

Specifically, we removed all loci with the terms “immune” or “MHC” in their Gene Ontology 

annotations from subsequent analyses. This was to reduce any potential confounding effects 

as heterozygote advantage in immunity can produce patterns of balancing selection 

independent of sexual conflict (Ghosh et al., 2012; Stahl et al., 1999).  

2.4.4 Gene expression analyses 

Read counts for autosomal and Z-linked genes were extracted for all gonad and spleen 

samples and normalized using TMM in EDGER (Robinson et al., 2010). We identified gonad-

biased, spleen-biased and non-tissue-biased genes using a standard log2 fold change value of 

2 (Wright et al., 2018) in each species (Table S6.1.2, S6.1.3). The gonad is transcriptionally 

more sexually dimorphic than the spleen and so we identified tissue-biased genes in each sex 

separately instead of combining all samples to avoid biasing our analyses against highly sex-

biased or sex-limited genes. We report results from tissue-biased genes identified in males in 

the main text but results based on tissue-biased genes identified from female expression data 

were qualitatively identical. We identified tissue-biased genes on the Z chromosome 

separately due to the unique expression profile of the avian Z chromosome arising from 

incomplete dosage compensation (Itoh et al., 2007; Mank et al., 2008; Wright et al., 2012). 

2.4.5 Filtering data for population genomic analyses 

Population genomic analyses were conducted on BAM files generated by mapping RNA-seq 

data to the set of “best isoforms” in each species with RSEM. For each individual, we merged 

the spleen and gonad BAM files using SAMTOOLS (Li et al., 2009). The exception was the 



 39 

turkey, where the spleen and gonad were not sequenced for all individuals so we used only 

gonad data for subsequent analyses.  

We used ANGSD (Korneliussen et al., 2014) to estimate population genetic summary 

statistics, following our previous approach (Wright et al., 2018) as ANGSD implements 

methods to account for sequencing uncertainty and is appropriate for uneven sequencing 

depth associated with transcriptome data. We filtered BAM files to discard reads if they did 

not uniquely map, had a flag ≥ 256, had a mate that was not mapped or had a mapping quality 

below 20. Bases were filtered if base quality fell below 13 or there was data in fewer than half 

the individuals. Mapping quality scores were adjusted for excessive mismatches and quality 

scores were adjusted around indels to rule out false single nucleotide polymorphisms (SNPs).  

We identified and removed related individuals (four peacock, two wild turkey and two swan 

goose individuals) from our analyses using NGSRELATE (Korneliussen & Moltke, 2015) to avoid 

violating Hardy–Weinberg assumptions, and calculated inbreeding coefficients using an EM 

algorithm with the NGSF package in NGSTOOLS (Fumagalli et al., 2014) (full details in S6.1.1). 

For all species, inbreeding coefficients were < 0.03 with the exception of the peacock where 

we identified two inbred individuals. We incorporated inbreeding coefficients for the peacock 

in subsequent analyses.  

2.4.6 Calculating Tajima's D 

ANGSD was used for each species to calculate sample allele frequency likelihoods at each site 

from genotype likelihoods calculated with the SAMTOOLS model. We calculated allele 

frequency likelihoods separately for the Z chromosome and the autosomes as they are subject 

to different evolutionary pressures and differ in ploidy. The Z chromosome is diploid in males 

yet haploid in females, and therefore we used only male samples to estimate allele frequency 

to avoid violating Hardy–Weinberg assumptions. Next, we estimated the overall unfolded site 

frequency spectrum (SFS) for each species (Nielsen et al., 2012) (Fig. S6.1.1). Specifically, at 

each site we randomly sampled an allele frequency according to its likelihood, as calculated 

by ANGSD. Finally, we computed genetic diversity indices, including allele frequency posterior 

probability and Tajima's D using the SFS as prior information with ANGSD thetaStat 

(Korneliussen et al., 2014).   
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For each species, we calculated a relative measure of Tajima's D for spleen-biased and gonad-

biased genes. Specifically, we quantified median D relative to non-tissue-biased genes, our 

neutral estimate of D for each species. Calculating a relative measure of Tajima's D makes it 

possible to circumvent problems arising from demographic changes in population size that 

would otherwise bias comparative analyses of population genetic statistics across species. 

2.4.7 Calculating intersexual FST 

Intersexual FST was calculated using the same procedure and filtering criteria as Tajima’s D, 

except that RNA-seq data were instead filtered to remove bases where we had data in less 

than half the individuals in males and females separately. This ensures we do not exclude sex-

limited genes from the analysis. Hudson’s FST, which is less sensitive to small sample sizes 

(Bhatia et al., 2013), was estimated as implemented in ANGSD (Korneliussen et al., 2014). 

Estimates across loci were obtained using weighted averages (see Fumagalli et al., 2014 

equations 4 and 12), where per-gene FST is the ratio between the sum of the between-

populations variance across loci and the sum of the total variance across loci. Given the Z 

chromosome is haploid in females, we do not have the power to analyze patterns of FST across 

the Z chromosome in this study. 

2.5 RESULTS  

2.5.1 Lower levels of ongoing sexual conflict in reproductive versus somatic tissue 

Reproductive tissue, such as the gonad, has many sex-specific functions whereas the function 

of somatic tissue, such as the spleen, is more aligned between male and female fitness. To 

test whether phenotypic sexual dimorphism is associated with resolved sexual conflict at the 

genomic level, we contrasted population genomic statistics between genes expressed in the 

gonad versus the spleen. 

As heterozygote advantage in immunity can produce patterns of balancing selection 

independent of sexual conflict (Ghosh et al., 2012; Hedrick, 2011; Stahl et al., 1999), we 

removed all loci with potential immune function from downstream analyses. We found that 

median Tajima’s D is lower for gonad-biased genes relative to non-tissue-biased genes in all 

species across the autosomes, with the exception of the turkey (Fig. 2.2). The results are 

unchanged if a strict Bonferroni correction for multiple testing is applied. The conclusion of 

this paper hinges on the fact that Tajima's D for autosomal gonad-biased genes and non-
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tissue-biased genes differ for the majority of species at p < 0.001 (*** in Fig. 2.2) and this is 

still significant after the Bonferroni correction when α is 0.002 (0.05/24). This result is 

consistent with lower levels of ongoing sexual antagonism in the gonad. In contrast, we found 

no significant difference in Tajima's D between spleen-biased genes and loci expressed in both 

tissues in most species. It should be noted however that the power to detect statistically 

significant differences is reduced due to limited numbers of tissue-biased Z-linked genes.  

Figure 2.2. Distribution of Tajima’s D for (A) autosomal genes and (B) Z-linked genes that 
are spleen-biased, gonad-biased and non-tissue-biased in each species. Dotted lines show 
median Tajima’s D for each set of genes and *,**,*** denote a difference relative to non-
tissue-biased genes (Wilcoxon test, p < 0.05, p < 0.01, p < 0.001, α after Bonferroni 
correction = 0.002). Numbers of genes in each species and group can be found in Tables S6.1.2 
and S6.1.3. 

It is important to note that multiple factors can influence population genetic statistics for any 

particular locus. Therefore, we tested whether our results could also be attributed to the 

effect of covariates that might vary across tissue-biased genes. We incorporated measures of 

gene length, average expression level, GC content and Watterson's theta for autosomal genes 

into a multiple regression (TD ~ Tissue bias + log(tW) + log(Gene length) + log(GC) + log(Gene 

expression level)). Tissue-bias remains a significant factor in explaining variation in Tajima's D 

once accounting for these covariates (Table S6.1.4). However, the effect size in some species 
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is relatively small, indicating that the pattern we detect is subtle and influenced by multiple 

factors. 

Next, we tested the power of intersexual FST (Lewontin & Krakauer, 1973) to detect sexual 

conflict arising over survival through contrasts between the spleen and gonad. Intersexual FST 

measures divergence in allele frequency between males and females within a generation. As 

allele frequencies are identical between the sexes at conception, different allele frequencies 

in male and female adults are assumed to be the result of sexual conflict over survival. We 

contrasted intersexual FST for gonad- and spleen-biased genes using three approaches. First, 

we found no significant difference in median FST for autosomal unbiased genes expressed 

primarily in the gonad relative to those expressed broadly across both the gonad and the 

spleen (Table S6.1.5). We observed the same pattern in the spleen, with the exception of the 

goose and turkey where FST was elevated marginally. Second, there was no significant 

difference in the number of unbiased genes with elevated intersexual FST that were expressed 

primarily in the gonad compared to those expressed in both tissues (Table 2.1). We observe 

the same result in the spleen, with the exception of the turkey. Most importantly, our results 

are consistent with theoretical work suggesting that intersexual divergence in allele 

frequency may not always be a reliable indicator of ongoing sexual conflict over viability 

(Kasimatis et al., 2017; 2019), particularly in studies with low numbers of samples. Therefore, 

we did not extend this analysis to the Z chromosome.  

Table 2.1. Observed and expected number of genes with intersexual FST > 0 across tissue-
biased genes.  

Only unbiased genes were used in this analysis. Tissue-biased genes were identified from male expression data. 
Only autosomal genes are included in the analyses. The expected number of genes with intersexual FST > 0 was 
calculated from observations of FST in non-tissue-specific genes. p-values were calculated using chi-squared 
tests. a p-values in bold are significant (p < 0.05) 
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2.5.2 In contrast to the autosomes, the Z chromosome is not a hotspot of sexual conflict 

Organisms in polygamous mating systems experience more sex-specific selection and 

therefore are expected to be under a higher degree of sexual conflict. In monogamous 

systems however, sexual conflict is lower because male and female interests are more 

aligned. Therefore, to investigate the target of sexual conflict across the genome, we 

conducted a phylogenetically controlled comparative analysis of Tajima's D across species 

that vary in mating system and sexual dimorphism. Specifically, we used phylogenetic 

generalized least squares (PGLS) from the R package caper (Orme, 2013) to test the 

relationship between Tajima's D and measures of sexual dimorphism, while accounting for 

the observed level of phylogenetic signal in the data. For each species, we quantified median 

Tajima's D for spleen- and gonad-biased genes relative to non-tissue-biased genes. 

Tajima's D cannot be compared directly across species or populations, as demographic history 

has a major influence on genetic diversity, and therefore on Tajima's D estimation. Calculating 

a relative measure of Tajima's D makes it possible to circumvent problems arising from 

demographic changes in population size. There are a number of phenotypic indices of sexual 

conflict, including degree of sexual dichromatism, sperm number and residual testes weight, 

that are widely used indicators of post-copulatory sexual selection and therefore a measure 

of variance in male mating success in birds (Birkhead & Møller, 1998; Møller, 1991; Pitcher et 

al., 2005).  

We recovered a significant and positive relationship between relative Tajima's D in the gonad 

and sexual dichromatism across the autosomes (r2 = 0.890, p = 0.003) after correcting for 

phylogeny, and marginally nonsignificant positive associations with both sperm number 

(r2 = 0.491, p = 0.073) and residual testes weight (r2 = 0.298, p = 0.152). The proportion of 

sex-biased genes varies with mating system across these species (Harrison et al., 2015), which 

together with the fact that sex-biased genes have distinct patterns of Tajima's D  (Cheng & 

Kirkpatrick, 2016; Dutoit et al., 2018; Wright et al., 2018) and are subject to different selective 

pressures relative to unbiased genes (Ellegren & Parsch, 2007; Harrison et al., 2015), may 

confound the pattern we observe. We therefore repeated the analyses using relative median 

Tajima's D calculated using only unbiased genes in each tissue. In doing so, we found that 

relative Tajima's D in the gonad becomes significantly and positively correlated with sexual 

dichromatism (r2 = 0.788, p = 0.011), and sperm number (r2 = 0.679, p = 0.027) after 
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correcting for phylogenetic relationships (Fig. 2.3A), and marginally nonsignificantly 

associated with residual testes weight (r2 = 0.446, p = 0.089). In contrast, there was no 

significant association with Tajima's D in the spleen and measures of sexual dimorphism (Fig. 

S6.1.2).  

Interestingly, we found no significant relationship between Tajima's D and phenotypic sexual 

conflict for Z-linked genes in either tissue (Fig. 2.3B, S6.1.3). Given there are fewer genes on 

the Z chromosome relative to the autosomes, this pattern might simply be a consequence of 

smaller sample sizes and therefore greater uncertainty around the median. To assess the role 

of gene number in our population genetic parameter estimates, we subsampled tissue-biased 

genes on the autosomes to the equivalent number of the Z-linked genes in each species 1,000 

times. The Pearson's correlation coefficients for the relationship between Tajima's D and 

sexual dichromatism, testes weight and sperm number for gonad-biased Z-linked genes are 

smaller relative to the subsampled data set (p = 0.027, p = 0.048, p = 0.168). The slope of the 

regression is also smaller than the subsampled data (p = 0.024, p = 0.058, p = 0.121). This 

indicates that our failure to observe a significant relationship between Tajima's D and sexual 

conflict on the Z chromosome is not a consequence of reduced gene numbers relative to the 

autosomes. This is in stark contrast to the autosomes, where we found a significant and 

positive relationship (Fig. 2.3A). 

2.6 DISCUSSION 

The manifestation, resolution and consequences of intralocus sexual conflict have been the 

subject of considerable recent debate. To address this, we exploited natural variation in the 

magnitude of sexual conflict across the body plan within individuals, and across mating 

systems between species, in a clade of birds that diverged 90 million years ago. 

Whereas identifying the mechanisms responsible for the resolution of genomic sexual conflict 

has received considerable attention, the consequences for phenotypic evolution have been 

comparatively understudied. This is in part due to the difficulties of identifying specific loci 

subject to sexual conflict and establishing their phenotypic effects from genome scans alone. 

Our study adds considerably to this goal by using different levels of dimorphism within the 

body plan and across related species to determine the relationship between population 

genetic and phenotypic measures of sexual conflict. 
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Figure 2.3. Phylogenetically controlled regression between proxies of sperm competition 
and Tajima's D for (A) autosomal genes and (B) Z-linked genes in the gonad. Relative D is 
shown for genes with unbiased expression between males and females in the gonad. Relative 
D is calculated as the difference between median D for tissue-biased genes compared to non-
tissue-biased genes. Tissue-biased genes were identified from male expression data.  

Relative to the spleen, the gonad is more phenotypically sexually dimorphic, has higher levels 

of sex-biased gene expression, and has evolved many sex-specific functions. If sexual 

dimorphism represents resolved sexual conflict, we might expect gonad-biased genes to have 

lower levels of balancing selection than spleen-biased genes and loci expressed similarly in 

both tissues. Consistent with this prediction, we find reduced balancing selection in the gonad 

across both the autosomes and Z chromosome, indicative of lower levels of ongoing sexual 

conflict. This supports the theory that resolved sexual conflict facilitates the evolution of 

phenotypic sex differences. It is plausible that the large numbers of sex-biased genes in the 

gonad relative to somatic tissue act to resolve conflict through regulatory decoupling of male 

and female expression and the evolution of sex-specific architecture. 

While we found that intralocus sexual conflict is resolved in the gonad across both the 

autosomes and Z chromosome, we found a significant and positive correlation between the 

magnitude of sexual conflict, arising from differences in mating system, and balancing 

selection in the gonad but not the spleen for autosomal genes. Whilst this may appear initially 
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contradictory, this relationship is in fact consistent with an ephemeral nature of sexual 

antagonism and rapid turnover of sexual conflict loci. This is in line with previous work 

showing that sex-biased genes exhibit rapid rates of evolution and turnover (Harrison et al., 

2015; Zhang et al., 2007). Our results suggest that autosomal unbiased genes are the locus of 

ongoing sexual conflict due to mating system, and that increasing levels of sexual conflict over 

reproduction result in elevated levels of genetic diversity across a greater proportion of 

genes. In contrast, relative Tajima's D in spleen-biased genes is not associated with any 

phenotypic measure of sexual conflict, suggesting that sexual conflict over reproduction has 

the greatest potential to contribute significantly to variation in the maintenance of genetic 

diversity across species. This has important consequences for understanding the relationship 

between sexual conflict and adaptation, where higher levels of conflict promote genetic 

diversity and provide genetic fuel for adaptive opportunities (Candolin & Heuschele, 2008; 

Chenoweth et al., 2015; Jacomb et al., 2016; Lumley et al., 2015). 

In contrast, we observed no significant relationship between mating system and balancing 

selection on the Z chromosome. These results suggest that the Z chromosome is not a hotspot 

of ongoing sexual conflict relative to the rest of the genome, and that sexual conflict has less 

potential to shape patterns of genetic diversity on the Z. Previously, we showed that the 

adaptive potential of the Z chromosome is compromised by increasing sexual selection, which 

decreases the relative effective population size of the Z chromosome compared to autosomes 

(Wright et al., 2015), leading to increased levels of genetic drift. This means that Z-linked 

genes in sexually dimorphic species are subject to higher levels of genetic drift (Vicoso & 

Charlesworth, 2009; Wright & Mank, 2013). Our results indicate that the potential for 

unresolved sexual conflict to shape patterns of genetic diversity on the Z chromosome might 

be counteracted by the depleting forces of genetic drift, and that sexual conflict may not play 

a disproportionally greater role in Z chromosome evolution compared to the rest of the 

genome. 

It should be noted that negative Tajima's D can be interpreted in the context of positive 

selection, where selective sweeps can result in lower estimates. A greater frequency of 

selective sweeps in sex-biased genes could therefore explain our finding that Tajima's D is 

lower in the gonad than in the spleen. Furthermore, the positive correlation between 

Tajima's D and sexual dimorphism we observe in the gonad could also be due to more intense 
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positive selection in species with less sexual dimorphism. However, elevated positive 

selection is unlikely to explain our results, as previous research on the same data set found 

no significant evidence for positive selection acting on sex-biased genes in the gonad, or any 

evidence for variation in the magnitude of positive selection across species based on mating 

system (Harrison et al., 2015). Therefore, we conclude that lower Tajima's D is indicative of 

lower levels of balancing selection and resolved intralocus conflict, probably mediated by the 

evolution of sex-biased gene expression. 

Population genomic measures of intersexual FST and Tajima's D can be influenced by a 

number of demographic events, not just sexual conflict, including sex-biased migration, sex-

biased predation and changes in population size (Hartl & Clark, 2016). By conducting 

comparisons of population genomic statistics within each species, instead of directly 

comparing across species, we controlled for the effect of population contractions or 

expansions, and our use of captive populations further minimizes the effects of sex-biased 

migration or predation. Furthermore, samples were taken from all individuals during their 

first breeding season, effectively controlling for age differences that can confound measures 

of intersexual FST or lead to high levels of regulatory variation. However, we note that due to 

statistical noise, probably due to low sample sizes, we could not reliably identify specific loci 

subject to sexual conflict, and instead compare large groups of genes to determine broad 

trends across tissues and species. Our analyses of intersexual FST are particularly limited by 

sample size and therefore we urge caution when interpreting these in the light of sexual 

conflict. However, while we do find loci with elevated intersexual FST, which has previously 

been interpreted as evidence for ongoing sexual conflict (Cheng & Kirkpatrick, 2016; Dutoit 

et al., 2018; Lucotte et al., 2016), the number of loci with elevated FST do not appear to differ 

between the gonad and spleen, despite the obvious differences in function and role in survival 

between the two tissues. 

Interestingly, our failure to detect differences in conflict over viability between the tissues 

across the autosomes is consistent with recent theoretical work (Kasimatis et al., 2017) 

suggesting that the magnitude of sexual conflict, and associated mortality load, required to 

generate patterns of intersexual FST across large numbers of loci is implausibly high. This 

suggests that they may be a result of alternative demographic processes or statistical noise 

arising from low sample sizes, instead of ongoing sexual conflict. Instead, our previous work 
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indicates that divergence in allele frequencies between males and females in somatic tissue 

could instead be indicative of the evolution of sex-specific architectures, which would invoke 

weaker genetic loads. 

In conclusion, our findings suggest that sex chromosomes may not be hotspots of ongoing 

sexual conflict and their adaptability might be compromised by their unique inheritance 

pattern. Our results are consistent both across a gradient of sexual dimorphism within the 

body plan and across species, and have important implications regarding the role of sexual 

selection in adaptive potential (Candolin & Heuschele, 2008; Chenoweth et al., 2015; Jacomb 

et al., 2016; Lumley et al., 2015), the persistence of sexual conflict over evolutionary 

timescales, and the role of dimorphism in facilitating sex-specific fitness optima. 
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3.2 ABSTRACT 

The sex chromosomes often follow unusual evolutionary trajectories. In particular, the sex-

limited Y and W chromosomes frequently exhibit a small but unusual gene content in 

numerous species, where many genes have undergone massive gene amplification. The 

reasons for this remain elusive with a number of recent studies implicating meiotic drive, 

sperm competition, genetic drift and gene conversion in the expansion of gene families. 

However, our understanding is primarily based on Y chromosome studies as few studies have 

systematically tested for copy number variation on W chromosomes. Here, we conduct a 

comprehensive investigation into the abundance, variability, and evolution of ampliconic 

genes on the avian W. First, we quantified gene copy number and variability across the duck 

W chromosome. We find a limited number of gene families as well as conservation in W-

linked gene copy number across duck breeds, indicating that gene amplification may not be 

such a general feature of sex chromosome evolution as Y studies would initially suggest. Next, 

we investigate the evolution of HINTW, a prominent ampliconic gene family hypothesized to 

play a role in female reproduction and oogenesis. In particular, we investigate the factors 

driving the expansion of HINTW using contrasts between modern chicken and duck breeds 

selected for different female-specific selection regimes and their wild ancestors. Although we 

find the potential for selection related to fecundity in explaining small-scale gene 

amplification of HINTW in the chicken, purifying selection seems to be the dominant mode of 

evolution in the duck. Together, this challenges the assumption that HINTW is key for female 

fecundity across the avian phylogeny. 

3.3 INTRODUCTION 

Sex chromosomes are subject to unique evolutionary pressures due to their sex-limited 

inheritance and exhibit many unusual characteristics compared to the rest of the genome 

(Furman et al., 2020). They evolve when an autosome acquires a sex determining locus 

followed by halting of recombination between the sex chromosome pairs (Bergero & 

Charlesworth, 2009; Charlesworth, 1991). This recombination suppression triggers a cascade 

of neutral and adaptive processes that cause the once identical chromosomes to diverge from 

each other, often leading to the evolution of heteromorphic sex chromosomes (Bachtrog, 

2013). These effects are most pronounced for the sex-limited Y and W chromosomes, which 

experience a reduction in the efficacy of selection, often resulting in rapid decay of gene 
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content and activity due to processes such as Muller’s ratchet, the Hill-Robertson effect and 

genetic hitchhiking (Bachtrog, 2008; Bachtrog & Charlesworth, 2002; Charlesworth, 1978; 

Charlesworth & Charlesworth, 2000; Rice, 1996). In addition, because the Y and W 

chromosomes are haploid and only present in one sex, their effective population size is a 

fraction of that of the autosomes (Bachtrog & Charlesworth, 2002; Haddrill et al., 2007), 

making them more susceptible to genetic drift. Indeed, many Y chromosomes often consist 

of very few functional genes (Mank, 2012), however, intriguingly many of these genes have 

undergone massive gene amplification and persist as members of multi-copy gene families. 

For instance, the human Y chromosome harbours nine multi-copy ampliconic gene families 

which constitute the majority of protein-coding genes present on the Y (Skaletsky et al., 

2003). Why these ampliconic gene families have evolved on heteromorphic sex chromosomes 

is an open question and their phenotypic consequences remain debated. It is also becoming 

increasingly apparent that copy number of these gene families can vary substantially, not only 

across closely related species but also individuals of the same species (Brashear et al., 2018; 

Lucotte et al., 2018; Poznik et al., 2016; Vegesna et al., 2019; Vegesna et al., 2020; Ye et al., 

2018). Understanding the factors driving this variability can provide insight into the 

adaptability and functional importance of sex chromosomes more broadly. 

It is widely assumed that the expansion of multi-copy ampliconic gene families is an adaptive 

response to lack of recombination between the sex chromosomes, where non-allelic 

homologous gene conversion between copies can escape Muller’s ratchet and the 

accumulation of deleterious mutations (Betrán et al., 2012; Charlesworth & Charlesworth, 

2000; Connallon & Clark, 2010). Indeed, gene conversion appears to be a common feature of 

amplicons on both the Y and W chromosome across multiple species (Backström et al., 2005; 

Davis et al., 2010; Geraldes et al., 2010; Rozen et al., 2003; Skov et al., 2017). Furthermore, 

many Y amplicons are expressed exclusively within the testes (Mueller et al., 2008; Skaletsky 

et al., 2003; Vegesna et al., 2020) and often implicated in spermatogenesis and male fertility 

in humans (Kuroda-Kawaguchi et al., 2001; Lahn & Page, 1997; Vogt et al., 1996), leading to 

the hypothesis that selection on male fertility, often as a consequence of sperm competition, 

drives the expansion of multi-copy gene families. While there appears to be a positive 

relationship between copy number and expression level across some gene families (Vegesna 

et al., 2019), as well as with sperm mobility in humans (Yan et al., 2017), comparative 
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approaches across species have failed to detect a significant correlation between copy 

number and intensity of sperm competition (Vegesna et al., 2020), although this may be due 

to the small number of species examined to date. Intriguingly, in several species there has 

been rapid co-amplification of genes on both sex chromosomes, suggestive of genomic 

conflict during gametogenesis to bias the transmission of the X versus Y (Bachtrog et al., 2019; 

Hughes et al. 2020; Soh et al., 2014). Detailed molecular analysis of the Sly and Slx gene 

families in the mouse provides strong support for antagonistic interactions and segregation 

distortion as a major force in driving gene amplification (Cocquet et al., 2012; Larson et al., 

2018). Similarly, meiotic drive has been implicated in the evolution of gene families on the 

Drosophila Y chromosome (Bachtrog et al., 2019). Finally, many amplicons appear to be 

evolving under relaxed purifying selection, consistent with the reduced efficacy of selection 

on the non-recombining Y (Ghenu et al., 2016; Vegesna et al., 2020). Thus, while a myriad of 

forces have been implicated in the amplification of gene families on the Y and W 

chromosomes, the relative importance of each remains unclear. 

To date, our understanding of multi-copy ampliconic gene families is primarily based on Y 

chromosome studies across mammals and Drosophila, and the W chromosome has been 

largely overlooked. Although the W is in many ways comparable to the Y chromosome, as 

both are sex-limited and do not recombine, the W is only present in females and the Y is only 

present in males. Therefore, the W chromosome, unlike the Y chromosome, does not 

experience sperm competition and might be subject to weaker sexual selection than the Y 

(Bachtrog et al., 2011). Additionally, in polygynous mating systems where a small proportion 

of males in the population mate with multiple females, the effective population size of the Y 

relative to the autosomes is smaller than that of the W (Mank, 2012; Wright & Mank, 2013) 

As a result, the W chromosome may be less susceptible to genetic drift than the Y. Therefore, 

if multi-copy gene families are a consequence of random gene amplification due to genetic 

drift, they should be more pronounced on the Y chromosome rather than represent a general 

feature of heteromorphic sex chromosomes. It remains unclear whether W-linked amplicons 

have followed similar patterns of evolution to ampliconic genes on Y chromosomes, and 

whether gene amplification always occurs in parallel with sex chromosome degeneration.  

A limited number of W-linked multi-copy gene families have been documented in a handful 

of species, primarily avian (Backström et al., 2005; Davis et al., 2010; Moghadam et al., 2012; 
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Smeds et al., 2015; Zhou et al., 2020). The best studied is HINTW, an ampliconic gene family 

present on the avian W chromosome that is hypothesized to play a role in female 

reproduction and oogenesis (Ceplitis & Ellegren, 2004; O’Neill et al., 2000), and was originally 

proposed as the avian sex determining gene (Moriyama et al., 2006; Pace & Brenner, 2003; 

Parks et al., 2005). While an initial study of HINTW indicated that large scale amplification of 

copy number is conserved across avian non-ratites (Hori et al., 2000), a recent study 

suggested that HINTW is single-copy in the Pekin duck (Li et al., 2021). To date, there has been 

no comprehensive investigation into the abundance, variability, and evolution of multi-copy 

ampliconic gene families on the W chromosome both across and within species.  

Here, we conduct a comparative analysis of copy number variation of W-linked genes across 

chicken and duck breeds. Multi-copy gene families are notoriously challenging to study due 

to their highly repetitive nature (Tomaszkiewicz et al., 2016). This problem is confounded on 

the sex-limited Y and W chromosomes where amplicons are often located in repeat-rich 

regions that are poorly annotated in reference genomes. We employ NanoString technology, 

which is based on fluorescent probes, to provide high-throughput fine-scale estimates of gene 

copy number and variability (Ahn et al., 2016; Cui et al., 2014). First, we quantify the 

frequency and variability of multi-copy gene families on the W across duck breeds, and find a 

limited number of amplicons on the duck W as well as conservation in copy number of W-

linked genes. Next, we investigate the role of selection for fecundity in driving the 

amplification of HINTW using contrasts between chicken and duck breeds selected for either 

egg laying, male meat production or male plumage. We find that although large scale 

amplification of HINTW is ancestral to land and waterfowl species, smaller scale gene 

duplications have occurred independently across chicken breeds. Our results support a 

potential role of female-specific selection in driving amplification of the HINTW gene family 

in the chicken but not the duck, challenging the assumption that HINTW is key for female 

fecundity across the avian phylogeny. 

3.4 MATERIALS & METHODS 

3.4.1 Samples and DNA extraction 

Our workflow is summarised in Fig. S6.2.1. We obtained tissue samples from Khaki Campbell, 

Indian Runner, Aylesbury and Cayuga duck breeds and their modern ancestor, the Mallard 

duck (Anas platyrhynchos) (Zhang et al., 2018). In addition, we sampled the White Leghorn, 
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Black Minorca, Oxford Old English and Black Sumatra chicken breeds and their main modern 

ancestor, the Red Junglefowl (Gallus gallus) (Frisby et al., 1979; Fumihito et al., 1996).  

Samples were collected in accordance with national and ethical guidelines. Specifically, we 

obtained feathers from White Leghorn and Black Minorca. We also obtained 50 microlitres of 

Red Junglefowl blood in 1ml of absolute ethanol from a captive population at Oxford 

University (PPL P50402706). We obtained fertilised eggs from the following duck breeds; 

Mallard, Khaki Campbell, Cayuga, Aylesbury, Indian Runner, and the following chicken breeds; 

Oxford Old English and Black Sumatra. All eggs were kept under standard incubation 

conditions at The University of Sheffield. Samples were collected according to national and 

ethical guidelines and the liver was dissected at embryonic day 19 and 24 in chicken and duck 

breeds respectively, then stored in 95% ethanol. 

DNA was extracted from feather and embryonic liver samples using DNeasy blood and tissue 

kit (QIAGEN) using standard protocols. DNA was extracted from blood samples using the 

ammonium acetate precipitation method. In total, DNA was obtained for three female and 

two male samples from each of the domesticated breeds, and two female and two male 

samples from each of the modern ancestor breeds. Embryonic birds were sexed visually and 

feather and blood samples were sexed using published sexing primers (Fridolfsson & Ellegren, 

1999).  

The majority of modern chicken breeds originated at the start of the 20th century (Rubin et 

al., 2010). Most modern chicken breeds are descended from the Red Junglefowl (Frisby et al., 

1979; Fumihito et al., 1996) with some genes introgressed from the Grey Junglefowl and 

possibly other Junglefowl species (Eriksson et al., 2008). The Black Minorca and White 

Leghorn are layer breeds, which have been selected for female reproductive traits (e.g. 

fecundity), and the Oxford Old English and Black Sumatra chickens have been selected for 

male traits such as plumage for ornamentation purposes and aggression for cockfighting. The 

Oxford Old English and Black Sumatra lay fewer eggs than the two layer breeds and 

experience numerous female fecundity problems (Ekarius, 2007; Lewis, 2010). Importantly, 

the chicken breeds used in this study have independent origins (Moghadam et al., 2012) and 

so we can treat them as independent replicates of increased or relaxed female-specific 

selection. Most modern duck breeds are descended from the Mallard duck (Zhang et al., 

2018). The Indian Runner and Khaki Campbell duck breeds have been subject to strong 
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female-specific selection for egg laying, and the Aylesbury and the Cayuga for meat 

production (Ashton et al., 1999). Selection for meat- and egg-purpose breeds occurred at the 

early stages of duck domestication (Zhang et al., 2018) and so it is unclear whether the two 

layer breeds in our study can be considered independent replicates of increased female-

specific selection. 

3.4.2 Identification of W-linked genes 

Previously, we identified 26 W-linked genes in the duck reference genome (Wright et al., 

2014) using a combination of phylogenetic analyses and PCR validation in females. Some of 

these W genes share the same Z-linked ortholog, indicating they are either paralogs of a multi-

copy gene family or fragments of the same gene, which have been assembled into separate 

genic sequences in the reference genome. Genome assemblies of sex chromosomes can be 

unreliable due to their repetitive nature and low sequencing coverage (Tomaszkiewicz et al., 

2017) and so the latter scenario is plausible. To distinguish between these two scenarios, we 

aligned W-linked coding sequences with their Z-linked ortholog using PRANK (Löytynoja, 

2014) and calculated pairwise distances. For the majority of cases, W-linked sequences shared 

no sequence similarity with each other, indicating they are fragments of the same gene that 

have been incorrectly assembled and annotated into separate genes. For subsequent 

analyses, we averaged data across fragments for these genes. Our results are quantitatively 

identical whether fragments are analysed separately or combined (see Supplementary 

tables). The exception was KCMF1 in which the two annotated W sequences in the reference 

align and have a low pairwise distance, where the proportion of nucleotide differences was 

0.091, suggesting these are paralogs of the same multigene family.  

However, HINTW is not annotated in the duck reference genome and a previous study only 

identified a short fragment of sequence (Hori et al., 2000). Therefore, we sequenced a 702 bp 

fragment of HINTW in the Mallard using Sanger sequencing at the Core Genomic Facility, 

University of Sheffield with primers designed for the black oystercatcher (Haematopus 

bachmani) (Guzzetti et al., 2008). Primers are listed in Table S6.2.1. 

For each PCR reaction the following volumes and concentrations of reagents were used: 4 ul 

multiplex PCR Master Mix (QIAGEN), 2 ul forward primer, 2 ul reverse primer (initial conc of 

each 0.2 uM) and 1 ul DNA (initial conc 15 ng/ul). In addition to this, 1 ul of nuclease free H2O 

was added to reach a total volume of 10 ul per reaction. The PCR conditions were: initial 
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denaturing stage of 95oC for 15 minutes, then 35 cycles of the following three steps; 94oC for 

30 seconds, an annealing step at 57oC for 90 seconds, and an extension at 72oC for 90 seconds. 

This was then followed by a final extension at 72oC for 10 minutes.  

3.4.3 Identification of autosomal invariant genes 

The NanoString pipeline relies on the identification of invariant genes, autosomal single copy 

genes in that do not vary in copy number, as internal controls.  We identified invariant genes 

in the duck and chicken separately using a genomic coverage approach. SOLiD DNA-seq data 

from nine chicken breeds were obtained from Rubin et al. (2010) and reads were aligned to 

the chicken reference genome (Gallus_Gallus-5.0, Zerbino et al., 2018) using SHRiMP v. 2.2.2 

(Rumble et al., 2009). Mapped reads with a quality score of 10 or above were retained using 

SAMtools v. 1.8 (Li et al., 2009). Illumina DNA-seq reads from seven duck breeds (Zhang et al. 

2018) were aligned to the duck reference genome (BGI_duck_1.0, Zerbino et al., 2018) using 

BWA v. 0.5.7 (Li & Durbin, 2009) with the ‘mem’ algorithm. Read depth for each gene was 

calculated for both the chicken and the duck using the depth function in SAMtools. For each 

species, we conducted pairwise regressions of read depth per gene across every breed. We 

ranked residuals and identified genes in the lowest 35% quantile across all pairwise 

comparisons, indicative of limited or no copy number variation. We then used SNP data to 

test for nucleotide polymorphism across these genes, and we only called SNPs if the minor 

allele was present in one than one read. We chose genes with an absence of nucleotide 

polymorphism, and therefore an absence of multiple copies, as our invariant genes. 

3.4.4 Quantification of gene copy number using NanoString 

Copy number was quantified using the NanoString nCounter platform at the NERC 

Biomolecular Analysis facility (NBAF), University of Liverpool. NanoString nCounter 

technology uses fluorescent probes to estimate fine scale variation in gene copy number 

across samples (Ahn et al., 2016; Cui et al., 2014). Probes were designed for W-linked genes 

and invariant genes in the Red Jungle Fowl and Mallard duck separately in accordance with 

NanoString protocol (Table S6.2.2). Specifically, two or three probes were designed for 

HINTW in the chicken and 26 W-linked genes in the duck. One or two probes were designed 

for each invariant gene.  
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We implemented a number of controls to ensure copy number was quantified for only W-

linked and not their Z-linked orthologs. Genome assemblies of sex chromosomes are often 

unreliable due to their repetitive nature and low sequencing coverage (Tomaszkiewicz et al., 

2017) and therefore accurately identifying W-specific regions can be problematic. 

Furthermore, given that the Z and W chromosome evolved from the same pair of autosomes, 

certain regions of W-linked genes have high sequence similarity to their Z-linked gametolog 

(Wright et al., 2012). First, we designed probes to W-linked exons with low sequence similarity 

to Z-linked orthologs. Second, we included male samples in the CNV CodeSet analysis, making 

it possible to identify and exclude probes that bind to the Z chromosome. 

The NanoString nCounter assay was performed according to standard protocol. Briefly, at 

least 300ng of DNA per sample was fragmented via AluI digestion and then hybridized to the 

custom CNV CodeSet. Samples included three females and two males from each of the 

selectively bred breeds, and two female and two male samples from each of the modern 

ancestor breeds. Samples were distributed randomly over the CNV CodeSets to avoid batch 

effects. The nCounter Digital Analyzer was used to count and quantify signals of reporter 

probes. Data analysis was performed using the nSolver Analysis Software.  

We implemented a number of sanity checks as recommended by NanoString. First, we 

removed probes with count data above background noise in males and therefore affinity to 

the Z chromosome (Table S6.2.2). Background noise was calculated for each sample according 

to NanoString protocol as the average plus two standard deviations of the count number in 

the negative controls. We also removed one probe with count data below background noise 

in females, indicating low binding affinity. Second, as multiple probes were designed per W-

linked gene, we calculated the coefficient of variation for copy number across probes. A high 

coefficient of variation is indicative of a probe that is not binding as predicted. As 

recommended by NanoString, we removed two probes from two different genes where the 

sum of the coefficient of variation across samples was >= 100 (Table S6.2.2). We averaged 

count data across all remaining probes of each gene in every individual.  

3.4.5 Quantification of gene copy number from SNP data 

We used polymorphism estimates from publicly available DNA-seq data to independently 

verify the results obtained from the NanoString nCounter assay in the Mallard duck. Given 
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that we expect many gene copies to share identical sequences due to gene conversion 

(Backström et al., 2005), we can only use SNPs to estimate a minimum copy number. 

Illumina data from nine unsexed Mallard ducks (Zhang et al., 2018) were quality trimmed to 

a minimum of 34 bp using Trimmomatic v. 0.36 (Bolger et al., 2014). Data were then aligned 

to the duck reference genome (BGI_duck_1.0, Zerbino et al., 2018), with the 702 bp 

sequenced fragment of HINTW added, using BWA v. 0.7.17 (Li & Durbin, 2009) with the ‘aln’ 

algorithm. Alignments were filtered for uniquely mapped reads by keeping only lines of the 

BAM files that matched the flag ‘XT:A:U’. We used read coverage to sex individuals, where Z-

linked genes should show half the number of reads in females relative to males. Read depth 

per gene was calculated using the depth function in SAMtools. To control for differences in 

overall sequencing depth between individuals we divided read depth on the Z chromosome 

by average autosomal read depth in each sample. Six females were identified and used in 

subsequent analyses.  

BCFtools v. 1.9 (Narasimhan et al., 2016) was used to call SNPs at sites with a mapping quality 

> 20. In order to classify a SNP that indicated copy number variation, both the major and 

minor allele had to be supported by at least four reads and be present in more than half the 

individuals. Minor allele read depth was also required to be supported by at least 10% the 

number of reads that supported the major allele.  

3.5 RESULTS 

3.5.1 Copy number of genes on the Mallard W chromosome 

We surveyed copy number of 26 genes on the Mallard duck W chromosome using count data 

obtained from NanoString nCounter. First, count data for W genes were normalised to 

invariant genes, autosomal genes present in a single copy, following NanoString protocol to 

account for any differences across samples in genomic DNA input arising from pipetting error 

or inaccuracies in DNA quantitation. Specifically, in each individual separately, we calculated 

average counts across all 10 invariant genes and bootstrapped with 1000 replicates to obtain 

the 95% confidence intervals. We divided the confidence intervals by two to account for 

comparisons between autosomal genes, which are present in two copies, and W-linked genes, 

which are present at a minimum of one copy. We then divided count number for each W gene 
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by invariant count values to obtain estimates of W copy number in each individual and 95% 

confidence intervals. 

In the Mallard duck, most W genes are present in a single copy. We found that HINTW is 

ampliconic, present in approximately 18 copies. This is in contrast to recent work suggesting 

that HINTW is single-copy in the Pekin duck (Li et al., 2021; Xu & Zhou, 2020). Furthermore, 

we found that KCMF1W is a multi-copy gene family present in 2 to 3 copies (Tables 3.1 & 

S3.3).  

We independently verified copy number estimates using publicly available sequence data 

from Mallard individuals and nucleotide polymorphism analyses. No SNPs were found in any 

of the W genes with the exception of KCMF1W (ENSAPLG00000003106), where a single SNP 

was identified. This supports our finding that the majority of W-linked genes are present in a 

single copy in the Mallard. Although we verified that HINTW is ampliconic using NanoString 

data, we did not identify any nucleotide polymorphism across copies. This instead may 

indicate the occurrence of gene conversion across HINTW in the duck, which acts to 

homogenise gene sequence among variants, and is consistent with previous results in 

galliform birds (Backström et al., 2005).  

3.5.2 Copy number variation across duck breeds 

We used the same approach to estimate copy number of W-linked genes across the four duck 

breeds, with the exception of HINTW which we discuss separately below. Copy number was 

broadly conserved, as the majority of genes are present in a single copy across all breeds 

(Tables 3.1 & S3.3), with the exception of KCMF1W. This multi-copy gene family varies from 

2 to 3 copies in some breeds to 3 to 4 copies in others, suggesting there may have been 

lineage-specific duplications in certain breeds (Tables S3.3 & S3.4). 

In order to verify these results using a separate approach, we next estimated copy number in 

each breed relative to the Mallard duck. For each W-linked gene, normalised count data in 

each individual were divided by the average normalised count data for the Mallard to 

estimate relative copy number. We found that every W gene had a copy number ranging from 

0.88 to 1.21 relative to the Mallard in all individuals, supporting our finding that there is 

limited copy number variation across duck breeds. 
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Table 3.1. Copy number of W-linked genes across duck breeds.  

 
* q-PCR analysis showed variation in copy number of ortholog across chicken breeds (Moghadam et al. 2012)  
+ SNP analysis showed chicken ortholog is multicopy (Moghadam et al. 2012)  
^ Anseriform strata as defined by Wright et al. 2014 Evolution. Strata 1 & 2 are conserved in chicken and duck 
but Stratum 3 evolved independently. 
Note: six zeros have been removed from start of the digits in the Ensembl IDs. 
 

Finally, we estimated variation in copy numbers by calculating the coefficient of variance of 

raw count data across all individuals and breeds for each W-linked gene. Coefficient estimates 

ranged from 0.078 to 0.112 across individuals (Tables S3.5 & S3.6), and importantly no value 

exceeded the maximum coefficient of variation for invariant genes (mean COV = 0.131, max 

COV = 0.416), indicating limited variation in W-linked copy number. We repeated the analysis 

across breeds using average copy number in each breed and found a similar pattern, whereby 

coefficients of variation ranged from 0.043 to 0.106. No W gene exhibited higher variation 

across breeds than that observed across invariant genes (mean COV = 0.111, max COV = 

0.356). 

Gene 
name  

Duck  
Ensembl ID  

Average copy number 
Δ Copy 
number 

Coefficient of 
variation Stratum^  Mallard Caguya Aylesbury 

Indian 
Runner 

Khaki 
Campbell 

HINTW+  NA 18.03  16.35 16.57 17.22 16.83 1.68 0.04 1  

CHD1W*  
ENSAPLG05191 
ENSAPLG02506 0.94  0.97 0.98 0.99 0.98 0.05 0.09 1  

KCMF1W  
ENSAPLG03026 
ENSAPLG03106 2.43  2.59 2.65 2.63 2.63 0.20 0.10 2  

RASA1W 
ENSAPLG05611 
ENSAPLG10611 
ENSAPLG10611 

0.64 0.69 0.70 0.69 0.70 0.06 0.11 2 

ATP5A1W+  ENSAPLG09007 0.82  0.79 0.84 0.85 0.83 0.06 0.07 3  
BTF3W  ENSAPLG04652 0.65  0.60 0.64 0.65 0.65 0.05 0.06 3  

HNRPKW*+  ENSAPLG10986 0.97  1.00 1.09 1.02 1.05 0.12 0.11 3  
MIER3W+  ENSAPLG10850 0.62  0.61 0.65 0.62 0.63 0.04 0.08 3  

NIPBLW 

ENSAPLG02953 
ENSAPLG03022 
ENSAPLG05315 
ENSAPLG10290 
ENSAPLG10560 

0.67 0.69 0.71 0.69 0.70 0.04 0.09 3 

SMAD2W  ENSAPLG04964 0.69  0.72 0.74 0.71 0.71 0.05 0.09 3  
SPIN1W* ENSAPLG02923 0.63  0.61 0.64 0.66 0.64 0.05 0.08 3  

UBAP2W  
ENSAPLG16004 
ENSAPLG16155 0.61 0.58 0.59 0.60 0.60 0.03 0.06 3  

UBE2R2W  ENSAPLG16000 0.76  0.74 0.76 0.78 0.76 0.04 0.07 3  
VCPW+  ENSAPLG05806 0.91  0.84 0.90 0.91 0.90 0.07 0.06 3  
ZFRW*  ENSAPLG15519 0.67  0.68 0.69 0.70 0.68 0.03 0.08 3  

ZSWIM6W  
ENSAPLG13555 
ENSAPLG14338 0.77  0.80 0.80 0.83 0.80 0.06 0.09 3  
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3.5.3 Copy number variation of ampliconic HINTW across duck and chicken breeds 

Next, using contrasts between modern chicken and duck breeds selected for different female-

specific selection regimes and their wild ancestors, we investigated the factors driving the 

expansion of HINTW. First, we estimated the size of the ampliconic HINTW gene family across 

duck breeds and found limited differences, where the number of copies ranged from 15 to 18 

across individuals (Fig. 3.1A, Tables S3.3 & S3.4). In addition, the coefficient of variance of 

HINTW count data across individuals (mean COV = 0.080) and breeds (mean COV = 0.043) was 

not higher than variation across invariant genes (Tables S3.5 & S3.6). Importantly, there is no 

significant difference in average copy number between breeds (ANOVA; p = 0.312). This 

suggests that copy number of HINTW is broadly conserved across duck individuals and breeds 

(Table S6.2.7), consistent with our predictions for purifying selection. 

In contrast, we found notable variation in the size of the HINTW gene family across chicken 

breeds and individuals, ranging from 7 to 17 copies. The coefficient of variance for the chicken 

was 0.213 across individuals and 0.221 across breeds, both of which are higher than mean 

variation exhibited across invariant genes (mean COV = 0.151, max COV = 0.244 across 

individuals and mean COV = 0.116, max COV = 0.166 across breeds). Importantly, we found 

that the average size of HINTW gene family varied significantly between breeds (ANOVA; p = 

0.001). Interestingly, all breeds have higher copy number of HINTW than the Red Junglefowl, 

and this was significant for three breeds (Fig. 3.1B), indicating that the early domestication of 

chicken breeds may have been associated with a period of female-specific selection, 

presumably for egg laying. We find a general trend that breeds which have been selected for 

egg production via artificial female-specific selection (Kerje et al., 2003), had on average 

higher number of copies relative to breeds which have been bred for male fighting and 

plumage and subject to relaxed female-specific selection (Ekarius, 2007; Lewis, 2010) (Fig. 

3.1B). However, this relationship was only significant for the Black Minorca and not the White 

Leghorn (Table S6.2.8). 
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Figure 3.1. Copy number variation of HINTW across (A) duck and (B) chicken breeds. Copy 
number was estimated using the NanoString nCounter platform. Each circle or diamond 
represents the mean HINTW copy number per breed, and bars show the range of HINTW copy 
number across individuals. Blue markers represent breeds subject to relaxed female-specific 
selection, red markers represent female-selected breeds, and grey markers denote the 
modern ancestor for each bird species. Stars indicate pairwise significance values from Tukey 
multiple comparisons of means where * p < 0.05, ** p < 0.01 and *** p < 0.001. 

3.6 DISCUSSION  

The sex-limited Y and W chromosomes exhibit a small but unusual gene content in many 

species compared to the rest of the genome. One striking feature is the existence of 

ampliconic gene families, arising from massive gene amplification of distinct classes of genes. 

Our understanding of how and why these ampliconic regions have evolved is primarily based 

on detailed Y chromosome studies across mammals and Drosophila, which have implicated a 

multitude of factors in the expansion of gene families, including meiotic drive, sperm 

competition, genetic drift and gene conversion (Bachtrog et al., 2019; Cocquet et al., 2012; 

Ellis et al., 2011; Ghenu et al., 2016; Good, 2012; Larson et al., 2018; Skaletsky et al., 2003; 

Soh et al., 2014; Vegesna et al., 2020). However, the evolution of multi-copy gene families on 

the W chromosome has been largely overlooked, with the exception of a handful of studies 

(Backström et al., 2005; Davis et al., 2010; Hori et al., 2000; Moghadam et al., 2012; Zhou et 

al., 2020). As a result, it remains unclear whether ampliconic genes are a fundamental feature 
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of heteromorphic sex chromosome evolution or a peculiar quirk of Y chromosomes. Here, we 

conduct a comparative analysis to examine the abundance, variability, and evolution of 

ampliconic gene families on the avian W chromosome both across and within two avian 

species. 

Our results show little evidence for gene amplification on the duck W chromosome. Of the 26 

W-linked genes we studied, only two are present in multiple copies. One of these is HINTW, 

a large well-known ampliconic gene family, that has previously been characterized across a 

wide range of avian species (Backström et al., 2005; Hori et al., 2000). The fact that HINTW is 

ampliconic in the Mallard and four duck breeds is in contrast to recent work in the Pekin duck 

(Li et al., 2021; Xu & Zhou, 2020). Moreover, our finding that the W chromosome in the 

Mallard and domesticated duck breeds is generally depauperate in multi-copy gene families 

is consistent with a growing body of avian literature, including studies in the chicken 

(Moghadam et al., 2012), flycatcher (Smeds et al., 2015), sparrow (Davis et al., 2010), 

songbirds (Xu et al., 2019) and Pekin duck (Li et al., 2021). Outside of birds, to our knowledge, 

there is only one report of a W-linked ampliconic gene family in the willow Salix purpurea 

(Zhou et al., 2020), though few W chromosomes have been studied in sufficient detail. This 

deficit of gene families on the W is in stark contrast to the Y chromosome in mammals and 

Drosophila, where there has been massive amplification of gene sets. 

This emerging pattern is consistent with theoretical predictions for how we expect the W to 

evolve differently to the Y due to their contrasting inheritance patterns (Bachtrog et al., 2014; 

Mank, 2012). First, as the W chromosome is maternally inherited it is not subject to sperm 

competition, a factor which has been hypothesised, with mixed empirical support, to drive 

the expansion of Y-linked gene families (Hughes et al., 2010; Vegesna et al., 2020). It should 

be noted that the lack of support Vegesna et al. (2020) find for this hypothesis could be due 

to the small number of species examined in their study. Second, genetic drift is predicted to 

be weaker on the W in comparison to the Y chromosome. In polygynous mating systems, 

where a small proportion of males in the population mate with several females, the effective 

population size of the Y relative to the autosomes is smaller than that of the W (Mank, 2012; 

Wright & Mank, 2013). Relaxed purifying selection has been invoked to explain amplification 

of certain gene families on the primate and human Y chromosome, and the large variability 

in copy number across individuals and populations (Ghenu et al., 2016; Vegesna et al., 2020; 
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Ye et al., 2018). Under drift, we expect variance in copy number to be approximately 

proportional to gene family size, where larger gene families will have a greater chance of gene 

duplication. Interestingly, we do not observe this pattern on the duck W chromosome where 

variability in the size of the HINTW gene family, present in ~18 copies, was similar to KFMC1, 

present in ~2 copies, across individuals and breeds. This is consistent with previous work 

showing evidence for purifying selection on the Mallard W (Wright et al., 2014).  

Lastly, Y and W chromosomes are exposed to different types of gametogenesis, where the W 

is subject to oogenesis and the Y to spermatogenesis. Importantly, these contrasting 

environments likely lead to differences in the potential for antagonistic coevolution between 

the sex chromosomes. Antagonistic coevolution is predicted to drive the co-amplification of 

X and Y-linked genes (Bachtrog, 2020), but should be weaker during oogenesis than 

spermatogenesis. This is because the window for intragenomic conflict between 

chromosomes is restricted to the first meiotic division during oogenesis as only a single oocyte 

is produced containing either the Z or W (Bellott et al., 2017). Therefore, antagonistic 

coevolution between the Z and W will be limited to the first meiotic division. In contrast, 

competition between the X and Y can occur during meiosis I and II of spermatogenesis as both 

of these cell divisions produce viable gametes. As a result, we expect meiotic drive to play a 

less prominent role in the evolution of the W compared to the Y, and might explain why 

meiotic drive has been heavily implicated in the amplification of gene families on the mouse 

and Drosophila Y chromosomes (Bachtrog et al., 2019; Cocquet et al., 2012; Ellis et al., 2011; 

Good, 2012; Larson et al., 2018; Soh et al., 2014) 

In addition, expression of the sex chromosomes is repressed during the post meiotic stages 

of spermatogenesis, leading to intragenomic conflict between X- and Y-linked genes over the 

transcriptional machinery and selection for gene amplification to maintain gene expression 

(Moretti et al., 2020). In contrast, no corresponding mechanism of sex chromosome 

repression in oogenesis has been reported thus far, and so we expect less co-amplification 

due to antagonistic coevolution in ZW systems. In support of these predictions, there is no 

evidence for co-amplification of HINTZ or KCMF1 on the avian Z chromosome (Bellott et al., 

2010), indicating that antagonistic coevolution is unlikely to be a major factor influencing 

gene amplification on the W. Together, our results indicate that large scale expansions of 

gene families does not always occur in parallel with sex chromosome degeneration and so 
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may not be such a general feature of sex chromosome evolution as Y studies would initially 

suggest. 

Finally, as the W chromosome is maternally inherited it is not subject to sperm competition, 

a factor which has been hypothesised, with mixed empirical support, to drive the expansion 

of Y-linked gene families (Hughes et al., 2010; Vegesna et al., 2020). However, in theory, sex-

specific selection for increased expression of genes associated with fecundity could drive 

amplification of gene families on the W chromosome, analogous to the hypothesised role of 

sperm competition on the Y chromosome (Hughes et al., 2005). In order to examine the 

factors driving the evolution of multi-copy gene families, we contrasted copy number of 

HINTW across breeds of the duck and chicken. Specifically, we chose breeds that have been 

subject to stronger or relaxed female-specific selection. In theory, sex-specific selection for 

increased expression of genes associated with fecundity could drive amplification of gene 

families. This seems particularly relevant for HINTW, which is expressed in the developing 

ovaries (O’Neill et al., 2000) and hypothesized to play a role in female reproduction (Ceplitis 

& Ellegren, 2004; O’Neill et al., 2000). Furthermore, increased copy number of Y-linked genes 

has been shown to result in greater gene expression level across primates, although this 

pattern is not universal across all gene families (Vegesna et al., 2019; Yan et al., 2017). 

However, in general there is uncertainty over whether the W chromosome is subject to 

female-specific selection, and is enriched for female reproductive functions (Moghadam et 

al., 2012), or subject to purifying selection for dosage effects (Bellott et al., 2017; Smeds et 

al., 2015; Xu et al., 2019; Xu & Zhou, 2020).  

We find that HINTW copy number across duck breeds and individuals is remarkably 

conserved, in contrast to ampliconic gene families of equivalent size on the mammalian and 

Drosophila Y chromosomes (Bachtrog, 2013). We were unable to identify any sequence 

polymorphism across copies of HINTW, indicative of persistent gene conversion. While gene 

conversion is unlikely to explain the origin of multi-copy gene families, because it acts at a 

scale of a few hundreds of bases as opposed to a much larger scale of whole gene duplicates 

(Chen et al., 2007; Connallon & Clark, 2010; Marais et al., 2010), it has been proposed to select 

for the maintenance of ampliconic gene families and has been shown to operate across 

HINTW copies in a number of avian species (Backström et al., 2005). However, it is worth 

noting that the duck HINTW fragment in our study was only 702 bp, lowering the probability 
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of finding a SNP in this gene and increasing our chances of inferring the action of gene 

conversion. Together, our results are inconsistent with the role of female-specific selection in 

driving the evolution of HINTW copy number in the duck. Instead, the conservation in copy 

number we observe across breeds suggests that HINTW copy number is under strong 

purifying selection. This is consistent with a number of recent studies showing that the avian 

W chromosome evolves predominantly under purifying selection to maintain ancestral gene 

dosage (Bellott et al. 2017; Bellott & Page, 2021; Smeds et al., 2015; Wright et al., 2014). 

In contrast, in the chicken, we find notable variation in HINTW copy number across breeds. 

Breeds subject to female-specific selection tend to exhibit a greater number of HINTW copies 

This is consistent with the prediction that the chicken HINTW plays a role in female fecundity 

(Ceplitis & Ellegren, 2004; O’Neill et al., 2000). However, there is considerable variation in this 

trend, potentially indicating that female-limited selection is not the dominant force driving 

the evolution of HINTW. 

The discrepancy between levels of variation in the size of the HINTW gene family in the 

chicken and duck is intriguing, particularly as large-scale gene amplification likely occurred in 

the ancestor of non-ratite birds (Hori et al., 2000). While evidence from the chicken indicates 

that HINTW plays a role in oogenesis (Ceplitis & Ellegren, 2004; O’Neill et al., 2000), evidence 

for functionality of HINTW in the duck is lacking. In fact, HINTW in the duck has been shown 

to lack the C-terminal 14 residues (Hori et al., 2000). HINTW forms a heterodimer with, and 

inhibits HINTZ in the chicken (Hori et al., 2000), and it is possible that the deletion in the duck 

has altered its ancestral functionality. Alternatively, it is possible that HINTW may have 

evolved differential gene expression across duck breeds without a corresponding increase in 

copy number. Consistent with this explanation, many W-linked genes have evolved increased 

expression in the chicken embryonic gonad in response to female-specific selection relative 

to the modern ancestor Red Junglefowl in the absence of copy number variation (Moghadam 

et al., 2012). It is also possible that the chicken has been subjected to stronger or more 

consistent sex-specific selection regimes than the duck, although evidence for this is currently 

lacking. Similarly, it is possible that the timing of domestication differs between the duck and 

chicken breeds in our study, or that there are differences in the extent of interbreeding. 

Although the exact breed history of chicken and ducks is obscure, evidence indicates that 

duck breeds selected for egg laying and meat production form two monophyletic groups that 
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split early in duck domestication approximately 2200 years ago (Zhang et al., 2018). 

Therefore, we think that the lack of inter-breed copy number variation in the duck is unlikely 

to be a consequence of more recent origin or greater levels of interbreeding, although we 

cannot rule out this possibility. 

In addition, we find that gene amplification has proceeded independently on the chicken or 

duck W chromosome (Van Tuinen & Hedges, 2001). When we contrast copy number 

estimates from previous work for the chicken (Moghadam et al., 2012) with our study, we 

find that W genes tend to duplicate independently, albeit at low copy number, in each species 

separately (Table 3.1). This suggests that the W is not an inert genetic wasteland but seems 

to evolve dynamically even after recombination was halted between the sex chromosomes. 

Lastly, it is worth discussing the difficulties and limitations associated with studying copy 

number variation in ampliconic gene families. First, while our NanoString probe-based 

approach offers high-throughput fine-scale estimates of gene copy number and variability, 

we were not able to distinguish between functional and non-functional gene copies. This is 

particularly relevant for our conclusions surrounding the evolution of HINTW in the duck. 

Furthermore, it is not possible to detect gene copies with sequences that are substantially 

divergent from the probe sequences used. However, gene conversion should homogenise the 

sequence of gene copies, limiting the potential for this to confound our results. Finally, there 

is evidence that certain ampliconic genes on the Y are lineage-specific, for instance Sly and 

Slx are specific to the mouse lineage (Moretti et al., 2020). The list of W-linked genes we 

included in our analyses is not exhaustive (Wright et al., 2014) due to the challenges of 

sequencing sex chromosomes. Expanding the scope of this work to test whether lineage-

specific loci are more likely to undergo massive scale amplification would be an interesting 

future avenue. 

3.7 CONCLUDING REMARKS 

Massive gene amplification is a characteristic feature of Y chromosome evolution. However, 

until now, it has remained unclear whether gene duplication is as prevalent on the W 

chromosome. We reveal that on the duck W chromosome, only two out of 26 W-linked genes 

show evidence of gene duplication. We hypothesise that this may be because genetic drift is 

reduced on the W relative to Y chromosomes, and we find limited variation of within-species 

gene copy number consistent with purifying selection. Contrary to this, we find some 
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evidence that expansion of the HINTW gene family has evolved in response to female-specific 

selection for egg laying in the chicken but not the duck, calling into question the broad 

functionality of this prominent gene family. Taken together, our results suggest that in terms 

of gene duplication, the W chromosome follows a different evolutionary trajectory to that of 

the Y. 
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4.2 ABSTRACT 

Males and females of the same species share the majority of their genomes, yet they are 

frequently exposed to conflicting selection pressures. Gene regulation is widely assumed to 

resolve these conflicting sex-specific selection pressures, and although there has been 

considerable focus on elucidating the role of gene expression level in sex-specific adaptation, 

other regulatory mechanisms have been overlooked. Alternative splicing enables different 

transcripts to be generated from the same gene, meaning that exons which have sex-specific 

beneficial effects can in theory be retained in the gene product, while exons with detrimental 

effects can be skipped. However, at present, little is known about how sex-specific selection 

acts on broad patterns of alternative splicing. Here we investigate alternative splicing across 

males and females of multiple bird species. We identify hundreds of genes that have sex-

specific patterns of splicing, and establish that sex differences in splicing are correlated with 

phenotypic sex differences. Additionally, we find that alternatively spliced genes have evolved 

rapidly as a result of sex-specific selection, and suggest that sex differences in splicing offer 

another route to sex-specific adaptation when gene expression level changes are limited by 

functional constraints. Overall, our results shed light on how a diverse transcriptional 

framework can give rise to the evolution of phenotypic sexual dimorphism.  

4.3 INTRODUCTION 

Males and females of many species can have divergent evolutionary optima, and are often 

subject to conflicting selection pressures (Andersson, 1994), yet they share an almost 

identical set of genes. As a result, when contradictory sex-specific selection pressures act on 

traits that have a shared genetic basis, significant amounts of sexual conflict can occur 

(Bonduriansky & Chenoweth, 2009; Parker & Partridge, 1998). Despite this, sex differences 

are common across a broad range of phenotypes, including morphology, physiology, 

behaviour and life history, and it is widely assumed that transcriptional dimorphism encodes 

these sexually dimorphic traits by breaking down intersexual correlations and facilitating sex-

specific adaptation (Connallon & Clark, 2010; Connallon & Knowles, 2005; Innocenti & 

Morrow, 2010; Mank, 2017a). Genes with differences in expression level between males and 

females are pervasive across many species, and exhibit unique evolutionary properties, 

including faster rates of sequence and expression evolution (Ellegren & Parsch, 2007; Harrison 

et al., 2015; Khaitovich et al., 2005; Ranz et al., 2003). Indeed, these genes have been the 
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subject of considerable focus in understanding how selection can navigate the constraints 

imposed by a shared genome, and the consequences for sex-specific adaptation (Mank, 

2017a; 2017b).  

Sex differences in alternative splicing, where different exons are spliced or shuffled in males 

and females to create distinct sex-specific sequences (Blekhman et al., 2010; Nilsen & 

Graveley, 2010), have the potential to play key roles in sex-specific adaptation, yet they have 

been largely overlooked with the exception of a few studies (Blekhman et al., 2010; Brown et 

al., 2014; Gibilisco et al., 2016; Grantham & Brisson, 2018). In particular, alternative splicing 

enables multiple transcripts to be generated from a single gene, increasing sex-specific 

proteome diversity (Matlin et al., 2005; Nilsen & Graveley, 2010). In theory, this could act so 

that certain exons (e.g. those with sex-specific beneficial functions) are retained in one sex, 

and certain other exons (e.g. those that have sex-specific detrimental effects) are excluded in 

the other sex, generating distinct sex-specific isoforms. There is mounting evidence that 

splicing varies substantially across species, sexes, and tissues (Gibilisco et al., 2016; Su et al., 

2008), and has important phenotypic consequences for sex determination, disease, 

physiology and development (Cline & Meyer, 1996; Gerstein et al., 2014; Kalsotra & Cooper, 

2011; McIntyre. et al., 2006; Schütt & Nöthiger, 2000). Despite this, while certain isoforms 

have key cellular roles and mediate important phenotypes, the extent to which global 

patterns of splicing are functionally relevant is an important point of discussion (Blencowe, 

2017; Tress et al., 2017a, 2017b; Wan & Larson, 2018). Many alternative splicing events are 

highly tissue-specific and patterns of splicing shift rapidly across species over evolutionary 

time (Barbosa-Morais et al., 2012; Melé et al., 2015; Merkin et al., 2012; Pan et al., 2005) but 

whether this reflects stochastic transcriptional noise, relaxed selection or lineage-specific 

innovations remains unclear (Blencowe, 2017; Tress et al., 2017a, 2017b; Wan & Larson, 

2018). Importantly, the contribution of sex-specific selection to the rapid turnover of sex 

differences in splicing across species has yet to be tested, as most studies exploring the link 

between transcriptional variation and sexual selection have not accounted for sex-specific 

patterns of alternative splicing. 

Furthermore, the factors constraining the evolution of alternative splicing have yet to be 

investigated. There is growing evidence that pleiotropy, where a gene performs several 

functions and affects multiple traits, hinders the evolution of gene expression level and limits 
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the response to sex-specific selection (Chen & Dokholyan, 2006; Mank et al., 2008; 

Papakostas et al., 2014). Indeed, genes with broad expression patterns, a proxy for pleiotropy, 

are less likely to be differentially expressed between males and females (Mank et al., 2008). 

Alternative splicing could avoid these pleiotropic and functional constraints acting on 

expression level through the generation of distinct male and female isoforms, thereby acting 

as an alternate or complementary route to sex-specific adaptation. 

Here, we characterize patterns of alternative splicing across males and females of three avian 

species in order to test the role of sex-specific selection in the evolution of alternative splicing 

and establish its role in sex-specific adaptation and sexual dimorphism. We identify hundreds 

of genes that exhibit significant sex-biased alternative splicing and show that sex differences 

in splicing are correlated with phenotypic sex differences. We find that patterns of sex-specific 

alternative splicing have evolved rapidly, likely as a product of sex-specific selection, and that 

genes that are differentially spliced exhibit genomic signatures consistent with sex-specific 

fitness effects. Broadly, our results provide insight into how, via a diverse transcriptional 

architecture, the same genome is selected to encode multiple phenotypes, and demonstrates 

the role of alternative splicing in the evolution of phenotypic complexity. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Alternative splicing is widespread and common across birds 

We quantified alternative splicing in males and females across multiple tissues in three avian 

species that diverged around 90 million years ago (Fig. S6.3.1). Splicing was estimated as the 

relative proportion of two alternative isoforms at each splice site, otherwise referred to as 

percent spliced-in (PSI). A PSI value of 1 or 0 indicates that only one of the two alternative 

isoforms is always expressed and a value of 0.5 indicates equal expression of both isoforms. 

Alternative splicing is common and widespread across all individuals, with an average of 21%, 

17%, and 24% autosomal genes undergoing at least one splice event in the duck, turkey and 

guineafowl respectively (Table S6.3.1). We categorized alternative splicing events as one of 

five splice types (Fig. S6.3.2); skipped exons (SE), where an entire exon is either included or 

excluded from the final transcript, mutually exclusive exons (MXE), where one exon is skipped 

and the other is retained or vice versa, alternative 5ʹ and 3ʹ splice sites (A5ʹSS and A3ʹSS), 

which either extend or shorten exons on either the 5ʹ or 3ʹ end of the intron respectively, and 

retained intron (RI) events, where a whole intron is kept, transforming two exons into one 
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larger exon. Each type of alternative splicing event can occur multiple times within the same 

gene, and the same gene can exhibit more than one type. Skipped exon and mutually 

exclusive exon splicing events are the most common type of splicing across the three species, 

with the other types of splicing occurring at very low frequency (Table S6.3.1). Additionally, 

skipped exon and mutually exclusive exon events are also more commonly associated with 

the generation of functional isoforms than other types of splicing (Weatheritt et al., 2016), 

and so we focus solely on these in subsequent analyses. 

4.4.2 Tissues exhibit distinct transcriptional profiles 

Next, we examined patterns of sex differences in splicing across tissues. Males and females 

undergo very similar rates of splicing (Table S6.3.1) in both the spleen and gonad across the 

autosomes in each of the three species, and this finding is consistent across multiple filtering 

thresholds (Table S6.3.2). However, despite similarities in the total proportion of alternatively 

spliced genes, patterns of splicing vary substantially between the sexes (Tables 4.1 & S4.4).  

Table 4.1. Differential alternative splicing between males and females across autosomal 
splice sites and genes. 

1 MXE denotes mutually exclusive exon events. 2 SE denotes skipped exon events. 

Using hierarchical clustering, we found that both gonad and spleen samples cluster first by 

phylogenetic relatedness, where splicing is more similar between turkey and guineafowl, 

which diverged ~30 MYA, than with the duck which diverged ~90 MYA (Fig. S6.3.1). However, 

in each species, ovary and testes tissue cluster separately whereas the spleen shows no 

clustering among males and females (Fig. 4.1A, B). Across all three species, we consistently 

identified far fewer genes with significant differential alternative splicing in the spleen relative 

to the gonad (Tables 4.1 & S4.4), consistent with results from Drosophila (Gibilisco et al., 2016) 

  Sex-biased alternative splicing events Sex-biased alternatively spliced genes 

Species Tissue MXE1 SE2 Total MXE1 SE2 Total 
Proportion 
of genes 

Duck Gonad 181 677 886 148 551 640 7.6% 

Duck Spleen 7 27 31 6 26 34 0.4% 

Turkey Gonad 91 481 579 78 421 475 5.2% 

Turkey Spleen 2 39 41 2 38 40 0.5% 

Guineafowl Gonad 219 720 977 174 596 701 7.4% 

Guineafowl Spleen 1 13 14 1 13 13 0.1% 
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Our finding that ovaries and testes exhibit distinct transcriptional profiles mirrors patterns of 

sex differences in expression level (hereafter termed differential expression) across many 

species (Uebbing et al., 2015), where the gonad often exhibits significant differential 

expression between males and females for more than half of all expressed genes (Mank et 

al., 2010; Zhang et al., 2007) but somatic tissues show less differential expression (Harrison 

et al., 2015; Mank et al., 2007; Yang et al., 2006). This suggests that ovaries and testes are 

regulated by distinct sex-specific gene regulatory networks, and that sex-specific splice 

variants plays a role in the construction of sex-specific genetic architecture (Mank et al., 2017; 

Wright et al., 2018). Interestingly, we observe far fewer genes exhibiting differential 

alternative splicing (3.3%, 1.1%, 2.8% of autosomal genes in the duck, turkey and guineafowl 

gonad respectively; Table S6.3.4) relative to differential expression (45.3%, 45.7%, 44.3% in 

the duck, turkey and guineafowl gonad respectively), calling into question the relative effect 

of splicing versus expression in sex-specific regulatory networks. 

Figure 4.1. Global patterns of alternative splicing across reciprocal orthologs of the three 
species. Panels A and B show heatmaps and hierarchical clustering of alternative splicing level 
in the gonad and spleen respectively. Percent spliced-in values (PSI) refer to the proportion 
of alternative isoforms at a splice site, where a PSI value of 1 or 0 indicates that only one of 
the two alternative isoforms is always expressed and a value of 0.5 indicates equal expression 
of both isoforms. If a gene undergoes multiple splice events, the average PSI is shown. 
Numbers on each branch represent the bootstrap probability values. Panel C shows 
orthologous genes with significant differential splicing in the gonad that are shared among 
the duck (pink), turkey (yellow) and guineafowl (orange). We observe significant overlap (p < 
0.0001, Super Exact Test) of differentially spliced orthologs across the three species.  
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4.4.3 Sex differences in alternative splicing are associated with phenotypic sexual 

dimorphism 

We have shown that patterns of splicing vary substantially between the sexes and across 

tissues (Tables 4.1 & S4.4). To test whether this sex-biased transcriptional variation (hereafter 

termed differential splicing) is associated with phenotypic sex differences, we contrasted 

patterns of splicing across a gradient of sexual dimorphism. Specifically, we employed 

contrasts across wild turkey individuals that represent a gradient in male secondary sexual 

characteristics. The wild turkey exhibits two male phenotypes in the forms of dominant and 

subordinate males. The species is strongly sexually dimorphic, with dominant males showing 

greater body size than females, along with a range of sexually selected traits including distinct 

plumage and mating behaviours (Buchholz, 1995, 1997; Hill, et al., 2005). Subordinate males 

develop fewer and less exaggerated sexually selected traits than dominant males, but are 

clearly male in phenotype, occupying an intermediate position on the continuum of sexual 

dimorphism.  

Hierarchical clustering of autosomal genes showed that in the gonad, subordinate and 

dominant males cluster together with high confidence (Fig. S6.3.3), and are distinct from 

females, as opposed to being intersex. However, there were subtle differences in patterns of 

alternative splicing between dominant and subordinate males (Fig. 4.2). For exons with 

significant differences in splicing between dominant males and females (Table 4.1), we 

classified the alternative isoforms as either male- or female-biased depending on whether 

they were expressed more highly in dominant males or females. We focused our analyses on 

the gonad as it exhibits the greatest magnitude of differential splicing, making it the tissue 

most likely to be influenced by sex-specific selection. Subordinate males express male-biased 

isoforms in the gonad at significantly lower levels than dominant males (paired Wilcoxon 

signed-rank test, p = < 0.001), indicating that patterns of splicing are demasculinized in 

subordinate males (Fig. 4.2A). Subordinate males also express female-biased isoforms at 

significantly higher levels than dominant males (paired Wilcoxon signed-rank test, p < 0.001) 

(Fig. 4.2B), consistent with feminized splicing. Importantly, subordinate males exhibit 

intermediate patterns of splicing for all genes that exhibit differential splicing between 

dominant males and females (Fig. 4.2C). These patterns are consistent with the phenotypic 
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sex differences observed across morphs, where subordinate males occupy an intermediate 

position on the continuum of sexual dimorphism. 

Figure 4.2. Expression of sex-biased isoforms in dominant male turkeys (dark blue), 
subordinate male turkeys (light blue) and female turkeys (red). Panel A and B show average 
expression (read counts) of male- and female-biased isoforms and Panel C is the average 
percent spliced-in value (PSI) of all sex-biased isoforms. Significance values were calculated 
using a paired Wilcoxon’s signed-rank test. 

We tested whether this pattern was a result of regression towards the mean by randomising 

samples 100 times. Each time, we randomly picked three dominant male and three female 

samples, identified genes with differential splicing, and then assessed the remaining 

dominant males, females and subordinate males for the magnitude of splicing (PSI). We found 

that subordinate males had significantly higher PSI than dominant males for all 100 sample 

comparisons, and significantly lower PSI than females for the majority of the 100 sample 

combinations (79 significant comparisons). In contrast, significant differences were observed 

much less frequently between the randomly chosen dominant male samples (34 significant 

comparisons) or between female samples (6 significant comparisons), indicating that 

regression towards the mean is unlikely to explain our results. Gene expression level across 

turkey morphs has previously been shown to exhibit similar patterns of demasculinization 

and feminization (Pointer et al., 2013), consistent with a role of transcriptional dimorphism 

in encoding phenotypic sex differences. Our results suggest a previously overlooked link 

between genomic and phenotypic dimorphism, where differential alternative splicing works 

concurrently with differential expression level to produce the diverse transcriptional 

framework underpinning complex phenotypic sexual dimorphisms. 
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4.4.4 Sex-specific selection acts on isoforms that are differentially expressed between males 

and females 

We find that patterns of alternative splicing cluster strongly by species (Fig. 4.1A, B), 

consistent with rapid rates of regulatory evolution within lineages. This pattern of clustering 

is contrary to that observed for gene expression level, including the ones in this study, which 

clusters first by sex in the gonad, then species (Harrison et al., 2015; Mank, 2017a). Our finding 

that patterns of differentially expression are more conserved than patterns of alternative 

splicing is a broad taxonomic trend (Barbosa-Morais et al., 2012; Gibilisco et al., 2016; Merkin 

et al., 2012), indicative of rapid turnover of alternative splicing across species. However, we 

observe significant overlap (p < 0.001, Super Exact Test) of differentially alternatively spliced 

orthologs across the three species (Fig. 4.1C, Table S6.3.3), indicating that although patterns 

of splicing evolve quickly, significant sex differences in splicing are limited to a core set of 

avian genes. To test whether this conserved set of genes are enriched for specific functions, 

we conducted a Gene Ontology analysis (Mi et al., 2019), but failed to find any significantly 

enriched terms (p < 0.05).  

We implemented an evolutionary framework, using regulatory variation as a proxy for 

selection, to test whether the rapid rate of regulatory evolution we observe is a product of 

sexual selection. Studies of regulatory variation have recently been implemented as a 

powerful approach to infer selection (Brawand et al., 2011; Dean et al., 2015; Moghadam et 

al., 2012; Gallego Romero et al., 2012), where selection on loci increases with expression level 

(Drummond et al., 2006; Duret & Mouchiroud, 1999; Gout et al., 2010; Pál et al., 2001).  

Applying this framework to alternative splicing, if purifying selection is the dominant 

evolutionary force acting on splice variants, we predict highly expressed genes to express 

fewer isoforms than lowly expressed genes, which might be spuriously transcribed and 

subject to weaker constraints. Furthermore, when expression level differs between the sexes, 

purifying selection would be strongest in the sex with the higher expression, resulting in the 

expression of fewer isoforms in that sex. For example, for male-biased genes, we would 

predict that males tend to have fewer isoforms than females. 

However, if there is sexual selection for sex-specific isoforms, we expect the opposite 

relationship between isoform diversity and sex. Here, we predict the evolution of novel 

isoforms to be analogous to gene duplication with neofunctionalization, where the ancestral 
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paralog retains its original function and expression pattern but the newly duplicated paralog 

evolves sex-specific functions and sex-biased expression (Connallon & Clark, 2011). Applying 

this to splicing, we expect the ancestral splice variant to retain its ancestral expression pattern 

and function, but the novel sex-specific isoform to evolve sex-specific functions and 

expression. As a result, we expect a greater diversity of isoforms in the sex with higher 

expression, where selection for sex-specific isoforms is the greatest. Specifically, males should 

express more isoforms than females for male-biased genes, where novel male-specific 

isoforms are free to evolve male-specific functions while isoforms expressed in both sexes are 

retained to perform their original function. We predict the opposite pattern for female-biased 

genes, which under sex-specific selection should exhibit a greater diversity of isoforms 

expressed in females.  

These two scenarios generate opposing predictions for the expected patterns of isoform 

diversity in males and females. To distinguish between these selective regimes, we developed 

an isoform specificity index ($%&) to quantify variation in isoform abundance per gene. This 

metric is adapted from the tissue specificity index (Yanai et al., 2005), where high values show 

that a single isoform is always expressed and low values indicate an even representation of 

multiple isoforms. 

We found a significant relationship between isoform specificity ($%&) and expression level 

across all genes, where highly expressed genes tend to express fewer isoforms than lowly 

expressed genes (Fig S6.3.5, Table S6.3.6). This indicates that purifying selection acts on broad 

patterns of splicing across the genome, suggesting that global patterns of splicing are 

functionally relevant (Blencowe, 2017; Tress et al., 2017a, 2017b; Wan & Larson, 2018). 

However, we also recovered a significant association with sex, where isoform specificity ($%&) 
differs significantly between males and females for genes that are differentially expressed 

between the sexes, but not for those with similar expression levels (Fig. 4.3 & S4.5). 

Importantly, this association is reversed between male-biased and female-biased genes, as 

we predicted. Specifically, males show significantly greater isoform diversity for male-biased 

genes, and females show more isoform diversity for female-biased genes. There are no 

significant differences in isoform diversity between males and females for unbiased genes. 

This is consistent with our predictions of selection for sex-specific splice variants, and 

opposite to what we would expect if purifying selection were the dominant evolutionary force 
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acting on splicing in males and females. These patterns are observed across all three species, 

which diverged 90 million years ago, indicating that the role of sex-specific selection in splicing 

evolution is a broad taxonomic trend across birds. 

Figure 4.3. Average male and female isoform specificity ($%&)	across genes. $%& for genes 
with male-biased expression level, female-biased expression level, and unbiased expression 
between the sexes for the (A) duck, (B) turkey and (C) guineafowl. Significance values were 
calculated using a paired Wilcoxon’s signed-rank test.  

If sex-specific isoforms are indeed under selection for sex-specific functions, then we expect 

these loci to affect fitness differently in males relative to females. To test whether differential 

splicing has sex-specific effects, we used a population genomic approach across the three 

avian species, contrasting patterns of intersexual sequence differentiation and balancing 

selection (Wright et al., 2018). Recent theoretical work has indicated that patterns of elevated 

intersexual differentiation previously observed in the literature that have been attributed to 

ongoing sexual conflict would require implausibly large selective pressures and mortality 

loads (Kasimatis et al., 2017; 2019; 2021; Ruzicka et al., 2020). However, we do not use this 

approach to infer ongoing conflict, rather, sex-specific genetic architecture which invokes 

relatively lower genetic loads. Under sex-specific architecture, where loci exhibit sex 

differences in their phenotypic effects, we predict elevated intersexual differentiation but 

relaxed balancing selection (Mank, 2017b). 

Consistent with this prediction, we found that differentially alternatively spliced genes 

exhibited elevated intersexual FST and low Tajima’s D in the duck gonad and guineafowl gonad 

(Chi-squared test, p = 0.003 and p = 0.059 respectively; Table S6.3.5), consistent with 

differentially spliced genes affecting viability or survival in one sex but having little or no effect 

in the other. This pattern was not significant in the turkey gonad (Chi-squared test, p = 0.266; 
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Table S6.3.5), however, there are much fewer sex-biased genes in turkey (Table 4.1) which 

likely limits our power to test for any relationship in this species. Genes that were significantly 

differentially expressed between males and females were removed from this analysis as they 

have been shown previously to have sex-specific phenotypic effects (Wright et al., 2018). To 

confirm that these sex-specific effects are driven by sex-specifically expressed parts of genes, 

we extracted intersexual FST for sex-biased and unbiased exons. We found that FST was higher 

across sequences from sex-biased exons relative to unbiased exons in both the turkey and 

guineafowl (p = 0.014, p = 0.083, turkey and guineafowl respectively, paired Wilcoxon signed-

rank test) but there was no significant difference in the duck (p = 0.543). This is the first 

statistical evidence, to our knowledge, that sex-specific selection acts on broad patterns of 

alternative splicing and that differentially spliced genes across the genome exhibit genomic 

signatures consistent with sex-specific effects. 

4.4.5 Genes with sex differences in splicing are subject to greater functional constraints 

Pleiotropy is thought to hinder the evolution of differential gene expression level and limit 

the response to sex-specific selection (Mank et al., 2008; Meisel, 2011). Indeed, genes with 

broad expression patterns, a proxy for pleiotropy, are less likely to be differentially expressed 

(Mank et al., 2008). Alternative splicing might avoid pleiotropy and other constraints acting 

on expression level through the generation of distinct male and female isoforms. If so, we 

expect differential alternative splicing to be more common in genes with similar expression 

patterns between males and females. In line with our prediction, we found that whilst non-

significant (duck p = 0.06, turkey p = 0.55, guineafowl p = 0.49, hypergeometric tests with 

Benjamini-Hochberg correction), there is less overlap than expected between differentially 

expressed and differentially spliced genes in the gonad (RF < 1; duck RF = 0.83, turkey RF = 

0.86, guineafowl RF = 0.94, Fig. 4.4A-C, Tables S4.7 & S4.8). These results are consistent across 

multiple filtering thresholds and types of splicing events (Table S6.3.8). 

Next, we explicitly tested whether genes under functional constraints are more predisposed 

to evolve differential splicing. First, we calculated a measure of tissue specificity (τ), a proxy 

for pleiotropy, where lower values indicate even expression distribution across tissues and 

larger values equate to greater levels of tissue specificity (Yanai et al., 2005). Measurements 

of τ were derived from the chicken UniGene database (Mank et al., 2008) and encompass 

expression patterns from nine tissues. Across all three species, we found that differentially 
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spliced genes have significantly broader expression patterns relative to genes that are 

unbiased in expression, consistent with greater functional constraint (Fig. 4.4D-F). This is in 

stark contrast to genes with differential expression level which, as previously observed (Mank 

et al., 2008; Meisel, 2011), have greater tissue specificity than unbiased genes. Second, we 

employed contrasts of coding sequence evolution between genes that are unbiased, are 

exclusively differentially spliced or exclusively differentially expressed. Previously, 

differentially expressed genes have been shown to exhibit elevated rates of coding sequence 

evolution in a wide range of species as a consequence of relaxed evolutionary constraint and 

genetic drift (Gershoni & Pietrokovski, 2014; Harrison et al., 2015). In contrast, we find that 

genes with differential splicing do not exhibit significantly elevated rates of sequence 

evolution in comparison to unbiased genes or genes that are differentially expressed between 

the sexes (Fig. 4.4G-I), consistent with stronger purifying selection acting on coding 

sequences. This pattern is conserved when accounting for gene length and expression level, 

although the pattern then becomes non-significant in the duck (Table S6.3.9). Taken together, 

these results suggest that when genes are subject to functional constraints, the evolution of 

sex-specific isoforms may offer a more viable mechanism than changes in expression level to 

achieve sex-specific functions. 

4.5 CONCLUDING REMARKS  

Our results indicate that sex-specific selection acts on broad patterns of alternative splicing 

across the genome, which in turn may facilitate the evolution of sexually dimorphic 

phenotypes. Sex differences in alternative splicing and gene expression level are restricted to 

distinct sets of genes, where differential alternative splicing is limited to genes subject to 

strong purifying selection and functional constraint, indicating that splicing may function as 

an alternate route to sex-specific adaptation. However, it remains unclear whether 

dimorphism is a consequence of aggregate patterns of sex-biased splicing or large effect loci, 

or how the magnitude of splicing scales with phenotypic differences. Taken as a whole, our 

findings demonstrate how diverse patterns of transcriptional regulation can play an 

important role in phenotypic complexity. 
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Figure 4.4. Overlap, tissue specificity, and evolutionary rates of genes with sex differences 
in splicing and expression level in the duck (A, D, G), turkey (B, E, H) and guineafowl (C, F, I) 

gonad. Panels A, B and C show the overlap between differentially spliced (orange) and 
differentially expressed (blue) genes. Panels D, E and F show the average tissue specificity (τ), 
where 0 denotes genes that are expressed ubiquitously and 1 means genes have tissue-
specific expression. Panels G, H and I show the average ratio of nonsynonymous (dN) to 
synonymous (dS) substitutions for genes that are exclusively differentially spliced (orange), 
exclusively differentially expressed (blue) or unbiased (grey). In D, E, and F, significance values 
were calculated with Wilcoxon’s rank-sum test. In G, H, and I, 95% confidence intervals and 
significance values were obtained from 1,000 bootstrap replicates.  
 
 



 96 

4.6 MATERIALS AND METHODS 

4.6.1 Quality filtering and mapping  

Previously, we obtained tissue samples, extracted and sequenced RNA from semi-captive 

populations of the mallard duck (Anas platyrhynchos), wild turkey (Meleagris gallopavo) and 

helmeted guineafowl (Numida meleagris) (BioProject ID PRJNA271731, Harrison et al., 2015). 

The duck diverged from the guineafowl and turkey approximately 90 million years ago, and 

the turkey and guineafowl diverged 30 million years ago, providing medium- and long-term 

evolutionary comparison points for assessing divergence in splicing (Fig. S6.3.1). This includes 

RNA-seq data from five male and five female birds of each species except for the turkey, 

where five dominant male, two subordinate male, and five female gonad samples were taken 

along with three dominant male and two female spleen samples. RNA data were quality 

filtered using Trimmomatic v0.36 (Bolger et al., 2014). We filtered reads containing adapter 

sequences and trimmed reads if the sliding window average had a Phred score over four bases 

was < 15 or if the leading/trailing bases had a Phred score < 3. The program used to quantify 

alternative splice events, rMATS (Shen et al., 2014), requires all reads to be equal length so 

reads were removed post filtering if either read pair was < 95 bp in length and all remaining 

reads were trimmed to 95 bp. 

RNA-seq reads were mapped to respective reference genomes obtained from Ensembl 

(mallard duck; CAU_duck1.0; GCA_002743455.1, wild turkey; Turkey_2.01; 

GCA_000146605.1, helmeted guineafowl; NumMel1.0; GCA_002078875.2), using HISAT2 

v.2.10 (Kim, et al., 2015). We suppressed discordant and unpaired alignments for paired reads 

and excluded reads from the SAM output that failed to align. Reported alignments were 

tailored for transcript assemblers including StringTie. These alignments were used in 

downstream analyses to quantify both alternative splicing and gene expression level to 

ensure accurate comparisons between patterns of splicing and gene expression level. 

4.6.2 Quantifying alternative splicing 

We quantified alternative splicing in males and females in each species using rMATs v.4.0.3.  

Specifically, rMATs assesses annotated splice junctions in the reference genome for 

alternative splicing and detects differential splicing between two groups of samples. Splicing 

at each splice site is measured as the percent spliced-in (PSI), which indicates the proportion 
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of two alternative isoforms at each splice site. PSI value of 1 or 0 indicates that only one of 

the two alternative isoforms is always expressed and a value of 0.5 indicates equal expression 

of both isoforms. We detected alternative splicing events using 0 < PSI < 1 in more than half 

of the individuals in each sample group. To compare splicing between groups of samples, 

rMATs calculates an inclusion difference (ΔPSI) (average PSI of male samples – average PSI of 

female samples), which ranges from 1 (the one isoform is only expressed in males) to -1 (the 

alternative isoform is only expressed in females). Therefore, ΔPSI of zero means that patterns 

of splicing do not differ between males and females (i.e. the proportion of alternative 

isoforms for that splice site is the same between the sexes). rMATS uses a likelihood-ratio test 

to identify significant differences in ΔPSI between males and females. We identified 

differential splicing events using an FDR p-value < 0.05 and ΔPSI threshold of 0.1 following 

Grantham & Brisson (2018). The only exception was for analyses comparing patterns of 

differential splicing to differential expression where we used an FDR p-value < 0.05 and 

male:female log2 fold change PSI value of 1 to ensure equivalent thresholds were 

implemented. We calculated the significance of the overlap between differentially spliced 

orthologs using the SuperExactTest package (Wang et al., 2015) in R. Patterns of splicing were 

only quantified for autosomal genes as the Z chromosome is subject to unusual patterns of 

sex-specific selection due to its unequal inheritance pattern between males and females 

(Rice, 1984). This workflow is summarised in Fig. S6.3.4. 

It has been suggested that many of the splicing events detected through next-generation 

sequencing approaches reflect stochastic transcriptional noise, however, this has been the 

subject of considerable recent debate (Melamud & Moult, 2009; Tress et al., 2017a, 2017b; 

Wan & Larson, 2018). We implemented a number of stringent filters to remove alternative 

splicing events that are likely non-functional noise. First, we evaluated splicing using only 

reads mapping to exon-exon boundaries that span splicing junctions to quantify splicing. 

Second, following Grantham & Brisson (2018), splicing sites were excluded if the number of 

reads supporting the inclusion and spliced exon junction was < 20 in at least half the samples 

of both sexes in each tissue separately. Finally, while rMATS analyses different types of 

alternative splicing events, skipped exon (SE) and mutually exclusive exons (MXE) events are 

more commonly known to translate into functional isoforms (Weatheritt et al. 2016). These 

types of splicing comprise the majority of splice events we identified (Table S6.3.1) and so 
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subsequent analyses were only performed on skipped exon and mutually exclusive exon 

splicing events.  

4.6.3 Cluster analysis of alternative splicing data 

We assessed transcriptional similarity of splicing across samples, as measured by percent 

spliced-in (PSI), using the R package Pvclust (Suzuki & Shimodaira, 2006). Hierarchical 

clustering with Euclidean distance was performed and the reliability of each of the trees 

produced was tested by bootstrap resampling (1000 replicates). 

4.6.4 Quantifying gene expression level 

SAM files generated from HISAT2 were coordinate sorted using SAMtools v1.9 (Li et al., 2009) 

and converted to BAM format. For each species, StringTie v1.3.5 (Pertea et al., 2015) was 

used to estimate gene expression level only for transcripts in the reference genome, ignoring 

novel transcripts, to ensure that expression was quantified for the same set of loci across all 

samples. We then extracted read count information directly from the StringTie output to 

generate count matrices for genes and transcripts as recommended by the StringTie pipeline. 

To ensure that our estimates of expression level are not biased by differences in alternative 

splicing across samples, we calculated gene expression level using only constitutively 

expressed exons (i.e. removing exons that are alternatively spliced or differentially spliced 

between males and females, fdr < 0.05). 

In each species, a minimum expression level threshold of 1 log CPM in at least half of the 

individuals of both sexes was imposed to remove lowly expressed genes in the gonad and 

spleen separately. Expression level was normalized using TMM (trimmed mean of m-values) 

in EdgeR (Robinson et al., 2010). Genes were excluded from the analysis if they were single-

exon or not located on annotated autosomal chromosomes. Sex-biased genes were identified 

using a standard log2 fold change value of 1 and FDR p-value < 0.05 (Assis et al., 2012; Harrison 

et al., 2015). This workflow is summarised in Fig. S6.3.4. 

4.6.5 Estimating isoform specificity (*+,) 

We developed an isoform specificity index to quantify variation in isoform abundance per 

gene. This is adapted from the tissue specificity index (τ) (Yanai et al., 2005), a commonly used 

metric that calculates whether expression is broadly expressed or localized in one tissue. 

Here, we instead use expression of each isoform to calculate isoform specificity, where a 
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value of 0 indicates an even representation of isoform abundance and a value of 1 shows that 

a single isoform is always expressed. We call this measure $%&. For a given gene, $%&  is defined 

as: 

$%& = 	∑ (01234)5(01634)7
489

:10 ;	<3= = 	 24
>?@9A4A7(24,64)

, C3= = 	 64
>?@9A4A7(24,64)

	,  

where D is the total number of isoforms (assuming each splice site produces two isoforms), 

<=  is the read count supporting the inclusion of the exon in the gene product, and C=  is the 

read count supporting the exclusion of the exon from the gene product. We excluded splice 

sites that did not pass the coverage thresholds described above, and we excluded any exon 

that did not have a minimum read count of 20 in at least half of the individuals (within or 

between sexes) supporting both inclusion and exclusion of the exon. We then calculated male 

and female $%& for each gene. Importantly, power to detect isoform variation is limited by 

expression level so we reduced read counts in the sex with higher expression before 

calculating $%&. Specifically, read counts in the more highly expressed sex were scaled to the 

sex with the lower expression for each gene. This accounts for reduced power to detect splice 

events in samples with lower expression. In addition to this, to check our results are not 

biased by variation in sequencing depth across samples, we normalised $%&, where read 

counts were divided by total library size in each sample. We tested for statistical differences 

between male and female $%& using a paired Wilcoxon’s signed-rank test.  

4.6.6 Estimating population genomic statistics 

For each individual, we merged spleen and gonad BAM files using SAMtools v1.9 (Li et al., 

2009) with the exception of the turkey, where both tissues were not sequenced for all 

individuals so we used only gonad data for subsequent analyses. We used ANGSD 

(Korneliussen et al., 2014) to estimate population genetic summary statistics, following our 

previous approach (Wright et al., 2018; Wright et al., 2019) as ANGSD implements methods 

to account for uneven sequencing depth and is therefore appropriate for transcriptome data. 

We filtered BAM files to discard reads if they did not uniquely map, had a flag ≥ 256, had a 

mate that was not mapped, or had a mapping quality below 20. Bases were filtered if base 

quality fell below 13 or there were data in fewer than half the individuals. Mapping quality 

scores were adjusted for excessive mismatches and quality scores were adjusted around 

indels to rule out false single nucleotide polymorphisms (SNPs). We identified and removed 
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related individuals (two wild turkey samples) from our analyses using NGSRELATE 

(Korneliussen & Moltke, 2015) to avoid violating Hardy Weinberg assumptions. 

We calculated sample allele frequency likelihoods at each site from genotype likelihoods with 

the SAMtools model in ANGSD. Next, we estimated the overall unfolded site frequency 

spectrum (SFS) for each species (Nielsen et al., 2012). Specifically, at each site we randomly 

sampled an allele frequency according to its likelihood, as calculated by ANGSD. Finally, we 

computed genetic diversity indices, including allele frequency posterior probability and 

Tajima's D using the SFS as prior information with ANGSD thetaStat (Korneliussen et al., 2014).  

Intersexual FST was calculated using the same procedure and filtering criteria as above except 

that we filtered out bases where we had data in fewer than half the individuals in males and 

females separately. We quantified Hudson's FST, which is less sensitive to small sample sizes 

(Bhatia et al., 2013, Gammerdinger et al., 2020). Estimates across coding regions of autosomal 

loci were obtained using weighted averages, where per-gene FST is the ratio between the sum 

of the between-populations variance across loci and the sum of the total variance across loci.  

Immune genes can generate patterns of balancing selection via mechanisms such as 

heterozygote advantage, (Hedrick, 2011; Rockman et al., 2010; Stahl et al., 1999) and 

negative-frequency dependent selection (Croze et al., 2016). Therefore, genes with potential 

immune function were excluded from the population genomic analyses. Specifically, we 

removed all loci with the terms “immune” or “MHC” in their Gene Ontology annotations from 

population genomic analyses. Furthermore, we applied a strict minimum expression level 

threshold of 2 log CPM in at least half of the individuals of both sexes to remove lowly 

expressed genes that may bias population genomic analyses. 

4.6.7 Testing the overlap between differentially spliced and expressed genes  

We tested whether differentially spliced genes are also differentially expressed. First, we 

estimated the expected number of genes that are both differentially spliced (DSG) and 

differentially expressed (DEG) as [total no. DSG * total no. DEG]/ total no. expressed genes. 

Next, we calculated the representation factor (RF), which is the observed number of 

overlapping genes divided by the expected number. If RF < 1, there is less overlap between 

differentially spliced and expressed genes than expected and RF > 1, there is more overlap 

than expected. We tested whether the overlap was significantly less than expected using            
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the hypergeometric test with the phyper function in R. We calculated adjusted p-values using 

the Benjamini–Hochberg (FDR) correction. 

4.6.8 Identifying orthologous genes across species 

Coding sequences were downloaded from Ensembl v98 (Zerbino et al., 2018) for the mallard 

duck (Anas platyrhynchos; CAU_duck1.0; GCA_002743455.1), wild turkey (Meleagris 

gallopavo; Turkey_2.01; GCA_000146605.1), helmeted guineafowl (Numida meleagris; 

NumMel1.0; GCA_002078875.2), and zebra finch (Taeniopygia guttata; taeGut3.2.4). The 

longest isoform was retained for each species, and reciprocal orthologs across the four taxa 

were identified using BLASTn v2.9.0+ (Altschul et al., 1990) with an e-value cutoff of 1 × 10−10 

and minimum percentage identity of 30%. Across the duck, turkey, guineafowl and zebra 

finch, 10,622 reciprocal orthologs were identified. We also identified pairwise reciprocal 

orthologs with the chicken (Gallus gallus) for the duck, turkey and guineafowl using the same 

approach. This resulted in 13,425, 12,764 and 13,942 orthologs in the duck, turkey and 

guineafowl respectively. 

4.6.9 Estimating isoform specificity (τ) 

Tissue specificity (Yanai et al., 2005) as calculated from the chicken UniGene database, as 

previously described (Mank et al., 2008), and encompasses expression level patterns from 

nine tissues. Lower values indicate even expression level distribution across tissues and larger 

values equate to greater levels of tissue specificity. For each species, we extracted tissue 

specificity for genes with pairwise reciprocal orthologs in the chicken, resulting in τ values for 

4,747, 5,131 and 5,200 genes in the duck, turkey and guineafowl respectively. 

4.6.10 Estimating rates of coding sequence evolution 

Orthologous sequences were aligned with PRANK v.140603 (Löytynoja & Goldman, 2008), 

using a previously published phylogeny (Harrison et al., 2015). The sequence alignments were 

then checked for gaps, and for poorly aligned regions using SWAMP v.31-03-14 (Harrison et 

al., 2014) with a threshold of 4 in a window size of 5 bases and a minimum sequence length 

of 75 bp. Evolutionary parameters were estimated using the branch model in PAML v.4.8a (Z. 

Yang, 2007) Orthologous genes with dS > 2 were filtered from subsequent analyses as this 

represents the point of mutational saturation in avian sequence data (Axelsson et al., 2008; 

Harrison et al., 2015). We extracted the number of nonsynonymous sites (N), the number of 



 102 

nonsynonymous substitutions (NdN), the number of synonymous sites (S), and the number 

of synonymous substitutions (SdS) for each taxon in order to calculate dN/dS weighted by 

alignment length (Harrison et al., 2015; Mank et al., 2010). We then generated 1,000 

bootstrap replicates to obtain 95% confidence intervals and tested for significant differences 

between gene categories using 1,000 permutations. We tested if the pattern of dN/dS was 

conserved after controlling for gene length and gene expression level using multiple 

regression and an ANOVA test implemented in R. 
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CHAPTER 5. DISCUSSION 

In this thesis, I use transcriptomic and genomic data from multiple bird species to investigate 

the genetic architecture of sexual dimorphism and to understand how sex-specific selection 

shapes genome evolution. I explore two paths to sexual dimorphism. Firstly, due to their 

unequal pattern of inheritance, sex chromosomes are hypothesised to facilitate the evolution 

of sexual dimorphisms by navigating functional constraints that shared portions of the 

genome are subject to. However, the sex chromosomes have differences in mutation rate, 

effective population size and recombination rate relative to the autosomes, which may act to 

reduce the efficacy of selection acting on them. Consistent with this, in Chapter 2 (Wright, 

Rogers et al., 2019), I show that the avian Z chromosome is not a hotspot of ongoing sexual 

conflict relative to the autosomes. Additionally, in Chapter 3 (Rogers, Pizzari et al., 2021), I 

conclude that a combination of adaptive and purifying selection are the dominant modes of 

evolution of the avian W chromosome. Secondly, I examine the role of differential regulation 

of the regions of the genome that are shared equally between males and females in the 

evolution of phenotypic dimorphisms. In Chapter 4 (Rogers, Palmer et al., 2021), I uncover an 

abundance of autosomal genes with sex differences in expression level and alterative splicing 

and suggest that differential alternative splicing evolves under sex-specific selection and 

facilitates sex-specific adaptation when differential expression level is limited by pleiotropic 

constraints. These findings are key to understanding the role that sex-specific selection has in 

establishing sexually dimorphic phenotypes, and the relative importance of the sex 

chromosomes and the autosomes with regards to this. This discussion chapter will examine 

broad questions that remain in the field and future directions of this work. 

5.1 The relative role of the sex chromosomes vs the autosomes in sex-specific adaptation 

A well-recognised population genetics model by Rice (1984) predicts that under a certain set 

of assumptions, sexually antagonistic polymorphisms should accumulate disproportionately 

on the sex chromosomes relative to the autosomes, and this has been demonstrated by a 

series of compelling experiments (Chippindale et al., 2001; Connallon & Jakubowski, 2009; 

Gibson et al., 2002; Pischedda & Chippindale, 2006). However, a review of Rice’s (1984) model 

by Fry (2010) indicates that this may not always be the case. For example, Rice’s (1984) model 

is contingent on the assumption that the dominance of an autosomal allele is the same in 
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both sexes, which Fry (2010) points out is not necessarily true, particularly in natural 

populations. Additionally, Fry (2010) states that it cannot be assumed that genetic variation 

in a sexually dimorphic trait automatically creates a trade-off between the sexes, as in Rice’s 

(1984) model. Empirical studies also dispute Rice’s (1984) model. For instance, Fedorka & 

Mousseau (2004) found that male ground crickets (Allonemobius socius) with the greatest 

mating success transmit alleles associated with reproductive advantage to their sons but sire 

daughters with significantly lower reproductive success. These male-beneficial alleles must 

be autosomally inherited because males do not pass on their X chromosomes to their sons. A 

similar study in lab populations of Drosophila serrata (Delcourt et al., 2009) as well as a study 

of wild populations of side-blotched lizards (Uta stansburiana) (Calsbeek & Sinervo, 2004) 

yielded results consistent with this. 

Interestingly, my results are consistent with this growing evidence suggesting that the role of 

the sex chromosomes in sex-specific adaptation may be overestimated. Firstly, I find that 

while sexual conflict is significantly associated with patterns of genetic diversity across the 

autosomes, there was no such signature on the Z chromosome, indicating that the avian Z 

chromosome is not a hotspot of sexual conflict relative to the autosomes (Wright, Rogers et 

al., 2019). Secondly, I found no enrichment of sex-biased alternatively spliced genes on the Z 

chromosome (Rogers, Palmer et al., 2021), which runs counter to the predictions of Rice 

(1984). This is likely due to the decreased effective population size of the sex chromosomes 

relative to the autosomes, as well as differences in mutation rate and recombination rate, 

leading to increased genetic drift (Wright & Mank, 2013; Wright et al., 2015), reducing the 

efficiency of selection acting on the sex chromosomes. However, my results do suggest that 

purifying and sex-specific selection act on the avian W. Nevertheless, the W chromosome is 

lacking in multi-copy gene families in contrast to the Y chromosome, indicating that the W 

does not play a large role in sex-specific adaptation as Y studies might imply (Rogers, Pizzari 

et al., 2021). 

5.2 Do sex differences in gene regulation have sex-specific functions? 

There is some debate over the extent to which sex-biased genes have sex-specific functions, 

since it is challenging to link gene expression data to particular phenotypes. Sex-biased 

alternative splicing in the sex lethal gene plays a role in regulating sex determination in 

Drosophila (Schütt & Nöthiger, 2000), but studies investigating the broad functional effects 
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of sex-biased alternatively spliced genes are particularly lacking. A handful of studies have 

attempted to investigate the functional importance of sexually dimorphic expression using a 

variety of methods, with mixed results. One notable study by Connallon & Clark (2011) used 

published data on mutations with well-documented phenotypic fitness effects from 

Drosophila melanogaster along with RNA-seq profiles for the associated genes, and 

characterised alleles with sex-limited effects. If genes with sex-biased expression have sex-

specific functions, then mutations in these genes will have sex-specific phenotypic effects. 

They found that genes with sexually dimorphic phenotypic effects tended to exhibit sex-

biased transcription significantly more than those with similar phenotypic effects between 

the sexes. However, some genes with highly dimorphic expression had similar mutational 

effects in males and females, and this was even more common for genes with more moderate 

sex-biased expression. Therefore, they conclude that although there is some link between 

sex-biased transcription and sex-specific phenotypes, sex-biased expression does not always 

equate to sex-specific significance or function.  

In addition to this, Innocenti & Morrow (2010) use microarrays to measure expression and 

found that in Drosophila melanogaster, only 7.8% of differentially expressed transcripts were 

significantly associated with the sex by fitness interaction term, describing putative sexually 

antagonistic loci. This suggests that sex-biased expression represents the footprint of resolved 

conflict. Furthermore, the male-biased gene yellow in some Drosophila species has been 

found to have a role in sex-specific fitness due to its function in male mating behaviour. Male 

mating success is mediated by the effect of the gene on pigmentation of male-specific leg 

structures called sex combs, with loss of yellow expression leading to an increase in 

unsuccessful mating attempts (Massey et al., 2019). Van der Bijl & Mank (2021) also recently 

studied the effect of gene knockout mutations on hundreds of mouse phenotypes to 

investigate how changes in gene regulation affect sexual dimorphism. They revealed that 

both dimorphic and monomorphic traits have a large amount of sex-specific genetic 

architecture, presumably mediated by differential expression, and that the sexes react to 

knockout mutations in a variety of ways.  

Some studies also use proxies to test for sex-specific effects of differential gene regulation. 

Population genomic approaches, such as Tajima’s D and intersexual Fst can be used as proxies 

to detect the signature of ongoing and resolved conflict (Mank et al., 2017). For instance, 
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Wright et al. (2018) and Wright, Rogers et al. (2019) employ population genomic signatures 

to show that differential expression can lead to the evolution of separate male and female 

genomic architectures, thereby resolving sexual conflict. However, it is important to note that 

recent theoretical work suggests that intersexual divergence in allele frequency may not 

always be a reliable estimate of sexual conflict over survival, as very large selective pressures 

and mortality loads are necessary to produce elevated patterns of intersexual FST, and studies 

with a small number of samples are particularly problematic (Kasimatis et al., 2017; Kasimatis 

et al., 2019). Additionally, recently it has been highlighted that elevated Fst for male-biased 

genes could be due to the presence of multi-copy Y-linked genes, rather than representing 

sexually antagonistic selection over survival (Bissegger et al., 2020).  

5.3 What is a sex-biased gene? 

RNA-seq approaches are increasingly used to understand the mechanisms underlying 

complex phenotypes and the selective forces acting on the transcriptome. However, most 

studies, including ours, use bulk sequencing techniques to assess expression and alternative 

splicing across whole tissues or body parts which are made up of multiple distinct cell types. 

Consequently, expression or splicing profiles actually resemble average values across a range 

of different cell types. Importantly, this means that samples that vary in tissue composition 

can produce patterns of differential expression that are often mistaken as evidence of 

regulatory change. Conversely, this approach can also dampen and/or mask known signals of 

regulatory differences (Hunnicutt et al., 2021; Montgomery & Mank, 2016). 

Recent advances in single-cell transcriptomics are providing new insights into tissue 

composition and how this can vary both within and across species. Within species, dramatic 

changes in tissue composition are well documented throughout development (Kim et al., 

2021; Niu & Spradling, 2020; Witt et al., 2019) and between the sexes (Kim et al., 2021). Most 

notably, gonad tissue has many sex-specific cell types (Estermann et al., 2020; Lin & Capel, 

2015) as well as a mix of diploid and haploid cells at various stages of differentiation (Lei et 

al., 2007). For example, testes cells in particular have unique expression patterns (Green et 

al., 2018; Shima et al., 2004) and experience diverse selection pressures (Larson et al., 2018) 

across ontogeny. However thus far, limited research accounts for the cellular complexity of 

this tissue, which is predicted to significantly confound the results of studies on regulatory 

evolution measured from bulk RNA-seq data (Good et al., 2010). Accordingly, differentially 
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expressed or alternatively spliced genes detected from traditional ‘bulk’ RNA-seq methods 

may just be artefacts of disparities in tissue composition as opposed to real regulatory 

divergence. In this thesis, all RNA samples were taken at the same age to limit variation in 

tissue composition associated with ontogeny. Furthermore, we used stringent filtering 

thresholds to partially mitigate the aforementioned problem. Stringent filtering thresholds 

can largely alleviate the false-positive effects of tissue scaling (Montgomery & Mank, 2016). 

Montgomery & Mank (2016) suggest that a log2-fold change of 1 is sufficient, which is the 

parameter has been used throughout this thesis, however, they note that this will likely also 

increase the false-negative rate. Future studies would ideally, if possible, utilise single-cell 

RNA-seq techniques to ensure reliable results without a corresponding increase in false-

negative effects. 

5.4 How does gene regulation vary over development? 

Most research on alternative splicing, including mine, primarily assess transcription in adults, 

but many adult dimorphisms are established during embryogenesis and it is simply not 

appropriate to only study them outside of their developmental context. As a result, very little 

is known about how regulatory variation manifests during development and whether sex-

specific selection varies over ontogeny. The few developmental studies which have been 

performed show that gene expression level (Ingleby et al., 2015; Mank et al., 2010; Perry et 

al., 2014) and splicing (Kalsotra & Cooper, 2011; Mazin et al., 2021) vary substantially over 

this period. Yet, it remains unclear whether adult sex differences are the product of gradual 

increases in the degree of sex-bias over development or temporal shifts in expression across 

independent sets of genes. Moreover, we know even less about how sex-specific selection 

varies through development. Therefore, a logical next step in my research would be to 

conduct a comprehensive analysis of the ontogeny of sex-biased alternative splicing and sex-

specific selection. 

5.5 What are the relative roles of gene regulatory mechanisms in sex-specific adaptation? 

To date, studies of regulatory evolution have primarily focused on differences in gene 

expression level. However, regulatory variation is highly complex and multi-dimensional. My 

research has started to provide insight into the relative roles of splicing and expression in sex-

specific adaptation (Rogers, Palmer et al. 2021) but the importance of other regulatory 
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mechanisms is unclear. Recent advances in sequencing methods can be used to study a range 

of different modes of gene regulation and shed light on this important outstanding question. 

Firstly, studies of alternative splicing, including my own, are hampered by the limitations of 

short-read sequencing technologies in reconstructing isoform sequences and inferring 

combinations of splice-site usage. This leads to an underestimation in levels of splicing and 

increased number of false isoforms. Advances in long-read sequencing now make it possible 

to study splicing with unprecedented precision by directly sequencing full-length isoforms. 

However, high-throughput Illumina RNA-seq data is still necessary to quantify differences in 

isoform abundance. Therefore, future studies should, if feasible, use a cutting-edge hybrid 

sequencing approach to study alternative splicing. Specifically, high-throughput Illumina RNA-

seq data should be combined with long read PacBio Iso-seq data to identify a high confidence 

set of splice events and accurately quantify isoform-specific expression. 

Chromatin profiling methods such as Hi-C and ATAC-seq as well as bisulfite sequencing to 

quantify methylation can now be used to examine how each regulatory process differs 

between males and females. In eukaryotes, DNA is tightly wound into chromatin. Chromatin 

remodelling regulates gene expression by presenting transcription apparatus with dynamic 

access to an otherwise tightly packed genome. DNA methylation is a process by which methyl 

groups are added to a DNA molecule. When positioned in a gene promotor, it usually acts to 

repress gene expression, however, when DNA methylation is located in gene bodies, it is 

known to act to increase transcription (de Mendoza et al., 2020). Recent work suggests that 

chromatin and methylation profiles vary substantially between the sexes and likely play a role 

in sexual differentiation in several species (Garcia-Moreno et al., 2019; Mathers et al., 2019; 

McCarthy et al., 2014; Tsai et al., 2009). However, many outstanding questions remain 

including, what is the relative role of each of these mechanisms in resolving sexual 

antagonism, and do they evolve in response to sex-specific selection? Methods employed in 

this thesis to test for selection on differential gene regulation can be used to answer these 

questions in the future. For instance, the measurement of isoform specificity (τAS ) adapted 

from the tissue specificity index (τ) (Yanai et al., 2005) developed by myself and colleagues 

(Rogers, Palmer et al., 2021), is simply a measurement of variation and therefore can be 

tailored to test for sex-specific selection on chromatin and methylation variation, in turn 

allowing us to test how these mechanisms evolve. Furthermore, there is evidence to suggest 
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that in some cases, various chromatin states can influence patterns of DNA methylation by 

directing DNA methyltransferases to specific DNA sequences, but mechanistically this is not 

yet fully understood (Robertson, 2002). Therefore, it would also be worthwhile to investigate 

the interaction between the two processes, in a similar way to which the interaction between 

differential gene expression level and alternative splicing was examined in this thesis. 

Studying a more diverse range of gene regulation methods will provide a more 

comprehensive understanding of how sex differences evolve. 

5.6 How can we infer selection acting on regulatory variation? 

More generally, the dominant mode by which gene expression evolves remains controversial. 

Current evidence supports the notion that global patterns of gene expression evolve 

predominantly under stabilizing selection but the extent of neutral evolution is heavily 

debated (Fay & Wittkopp, 2008; Khaitovich et al., 2006; Romero et al., 2012; Signor & 

Nuzhdin, 2018). Much of this debate is driven by the lack of a consensus neutral model of 

transcriptome evolution. In contrast to established models of sequence evolution that allow 

us to predict the phenotypic effects of different types of coding mutations and scan coding 

sequence data for regions of adaptive evolution, gene regulation can be complex and non-

additive in its phenotypic effects. This complexity has resulted in a wide range of approaches 

to study regulatory evolution (Bedford & Hartl, 2009; Hill et al., 2021; Whitehead & Crawford, 

2006). Importantly, these approaches make direct assumptions about how expression 

evolves across species, many of which have yet to be robustly validated, and these 

assumptions vary extensively across models. With the exception of a few studies (Catalán et 

al., 2019; Nourmohammad et al., 2017; Rohlfs & Nielsen, 2015; Rohlfs et al., 2013), multiple 

models are rarely incorporated into analyses of gene regulatory evolution. Consequently, it is 

unclear which method is the most reliable and whether discrepancies between studies are 

biologically meaningful or due to differences in model usage. Future work should focus on 

developing a consensus model of gene regulatory evolution to infer selection acting on gene 

expression evolution (Price et al., in revision). 
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CHAPTER 6. SUPPLEMENTARY INFORMATION  

S6.1. CONTRASTING PATTERNS OF SEXUAL CONFLICT ON THE AVIAN Z CHROMOSOME 

RELATIVE TO THE AUTOSOMES 

Wright, A. E., Rogers, T. F., Fumagalli, M., Cooney, C. R., & Mank, J. E. (2019). Phenotypic 

sexual dimorphism is associated with genomic signatures of resolved sexual conflict. 

Molecular Ecology, 28(11), 2860-2781.  

Supplementary Material available online: 

https://onlinelibrary.wiley.com/doi/10.1111/mec.15115 

S6.1.1 Calculating relatedness and inbreeding coefficients  

We identified and removed related individuals from our analyses using ngsRelate 

(Korneliussen & Moltke, 2015) to avoid violating Hardy Weinberg assumptions. First, we 

estimated allele frequencies with ANGSD using the SAMtools genotype likelihood model and 

inferred the major and minor allele from the genotype likelihood. Sites with SNP pvalue > 1e-

6 or with MAF < 0.05 were removed from the analysis. We extracted allele frequencies and 

calculated relatedness estimates for all pairs of individuals in each species using ngsRelate. 

We excluded four peacock, two wild turkey and two swan goose individuals from subsequent 

analyses.  

We used ANGSD to estimate allele frequencies using the SAMtools genotype likelihood model 

and assuming the reference base being one of the two possible alleles. Triallelic sites and sites 

with SNP pvalue > 1e-6 were removed. We estimated pairwise linkage disequilibrium from 

unphased expected genotypes calculated from genotype likelihoods using ngsLD (Fox et al., 

2019). We then pruned linked sites using a threshold on r2 of 0.3 and retrieved unlinked sites 

for further analysis.  

Inbreeding coefficients were calculated using an EM algorithm with the ngsF package in 

ngsTools (Fumagalli et al., 2014). The maximum root-mean-square deviation between 

iterations to assume convergence was 0.001. For all species, inbreeding coefficients were 

<0.03 with the exception of the peacock where we identified two inbred individuals.  
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Table S6.1.1. Statistics of transcriptome assembly. 

 

 

 

Table S6.1.2. Tissue-biased genes identified in males.  
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Table S6.1.3. Tissue-biased genes identified in females.  

 

 

Table S6.1.4. The effect of tissue-bias on Tajima’s D and Fst after controlling for multiple 
factors using multiple regression. 

 

 

 

 

 

 

 

 

 

Tissue-biased genes were identified from male expression data. Only autosomal genes are included in the 
analyses. Multi-predictor model: (TD/FST ~ Tissue bias + log(tW) + log(Gene length) + log(GC) + log (Gene 
expression level)).  
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Table S6.1.5. Intersexual FST across autosomal tissue-biased genes. 

Only unbiased genes were used in this analysis. Tissue-biased genes were identified from male expression 
data. P- values are relative to non-tissue-biased genes and were calculated using Wilcoxon rank tests.  

 

Figure S6.1.1. Site frequency spectrum for the Z chromosome and autosomes. Panels A, C, 
E, G, I, K show the autosomal SFS for the swan goose, mallard duck, wild turkey, helmeted 
guineafowl, peacock, common pheasant. Panels B, D, F, H, J, L show the Z-linked SFS for the 
swan goose, mallard duck, wild turkey, helmeted guineafowl, peacock, common pheasant. 



 127 

Figure S6.1.2. Phylogenetically controlled regression between proxies of sperm competition 
and relative Tajima’s D for autosomal genes with unbiased expression between males and 
females. Relative D is calculated as the difference between median D for tissue-biased genes 
compared to non-tissue-biased genes. Tissue-biased genes were identified from male 
expression data (panel A) and female expression (panel B).  
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Figure S6.1.3. Phylogenetically controlled regression between proxies of sperm competition 

and relative Tajima’s D for Z-linked genes. Relative D is calculated as the difference between 
median D for tissue-biased genes compared to non-tissue-biased genes. Tissue-biased genes 
were identified from female expression data (panels A) or male data (panels B). 
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S6.2 MULTI-COPY GENE FAMILY EVOLUTION ON THE AVIAN W CHROMOSOME 

 

Rogers, T. F., Pizzari, T. & Wright, A. E. (2021). Multi-copy gene family evolution on the avian 

W chromosome.  Journal of Heredity, 112(3), 250-259.  

Supplementary Material available online: 

https://academic.oup.com/jhered/article/112/3/250/6184574#supplementary-data 

 

 

Table S6.2.1. Primers used to sequence HINTW. 

Species Primer Sequence (5'-3') 
Fragment size 
(bp) 

Mallard 
F: 
GGGTTATCCGAAGCAGAAGATTC  702 

  R: GCCCAGGTTAGCAGCACACTT    
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Table S6.2.2. Probes for Nanostring nCounter. 
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Table S6.2.3. Estimated copy number of W-linked genes in duck. 

 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table shows copy number as well as upper and lower estimates in brackets. 
Copy number was estimated relative to invariant gene count data. 
Upper and lower estimates were calculated using bootstrapping of count data across invariant genes.  
Raw count data for all genes was higher than background noise in every individual suggesting minimum single copy. 
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Table S6.2.4. Estimated copy number of W-linked genes in duck where each annotated gene is analysed separately. 

 
 
 
 
 
  

Table shows copy number as well as upper and lower estimates in brackets. 
Copy number was estimated relative to invariant gene count data. 
Upper and lower estimates were calculated using bootstrapping of count data across invariant genes.  
Raw count data for all genes was higher than background noise in every individual suggesting minimum single copy. 
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Table S6.2.5. Coefficient of variation of count data across duck breeds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Ensembl ID Gene name CV across individuals CV across breeds 

ENSAPLG09007 ATP5A1W 0.098 0.073 
ENSAPLG04652 BTF3W 0.096 0.060 
ENSAPLG05191, ENSAPLG02506 CHD1W 0.103 0.091 
ENSAPLG10986 HNRPKW 0.105 0.106 
ENSAPLG03026, ENSAPLG03106 KCMF1W 0.112 0.104 
ENSAPLG10850 MIER3W 0.102 0.083 
ENSAPLG02953, ENSAPLG03022, ENSAPLG05315, 
ENSAPLG10290, ENSAPLG10560 NIPBLW 0.097 0.090 
ENSAPLG05611, ENSAPLG10611, ENSAPLG11371 RASA1W 0.112 0.105 
ENSAPLG04964 SMAD2W 0.100 0.093 
ENSAPLG02923 SPIN1W 0.096 0.075 
ENSAPLG16004, ENSAPLG16155 UBAP2W 0.084 0.064 
ENSAPLG16000 UBE2R2W 0.085 0.071 
ENSAPLG05806 VCPW 0.078 0.060 
ENSAPLG15519 ZFRW 0.096 0.083 
ENSAPLG13555, ENSAPLG14338 ZSWIM6W 0.105 0.088 
- HINTW 0.080 0.043 
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Table S6.2.6. Coefficient of variation of count data across duck breeds where each 
annotated gene is analysed separately. 

Ensembl ID Gene name CV across individuals CV across breeds 
ENSAPLG00000009007 ATP5A1W 0.098 0.073 
ENSAPLG00000004652 BTF3W 0.096 0.060 
ENSAPLG00000005191 CHD1W 0.102 0.084 
ENSAPLG00000002506 CHD1W 0.106 0.102 
ENSAPLG00000010986 HNRPKW 0.105 0.106 
ENSAPLG00000003026 KCMF1W 0.115 0.099 
ENSAPLG00000003106 KCMF1W 0.115 0.107 
ENSAPLG00000010850 MIER3W 0.102 0.083 
ENSAPLG00000002953 NIPBLW 0.102 0.094 
ENSAPLG00000003022 NIPBLW 0.093 0.082 
ENSAPLG00000005315 NIPBLW 0.101 0.097 
ENSAPLG00000010290 NIPBLW 0.093 0.082 
ENSAPLG00000010560 NIPBLW 0.103 0.097 
ENSAPLG00000005611 RASA1W 0.114 0.103 
ENSAPLG00000010611 RASA1W 0.114 0.108 
ENSAPLG00000011371 RASA1W 0.113 0.107 
ENSAPLG00000004964 SMAD2W 0.100 0.093 
ENSAPLG00000002923 SPIN1W 0.096 0.075 
ENSAPLG00000016004 UBAP2W 0.084 0.064 
ENSAPLG00000016155 UBAP2W 0.091 0.067 
ENSAPLG00000016000 UBE2R2W 0.085 0.071 
ENSAPLG00000005806 VCPW 0.078 0.060 
ENSAPLG00000015519 ZFRW 0.096 0.083 
ENSAPLG00000013555 ZSWIM6W 0.113 0.084 
ENSAPLG00000014338 ZSWIM6W 0.103 0.096 
- HINTW 0.080 0.043 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 135 

Table S6.2.7. Tukey multiple comparisons of average copy number of HINTW across duck 
breeds. 
Breed diff lwr upr p adj 
Mallard - Aylesbury 1.46 -1.17 4.10 0.40 
Cayuga - Aylesbury -0.21 -2.57 2.15 1.00 
Indian Runner - Aylesbury 0.66 -1.70 3.02 0.87 
Khaki Campbell - Aylesbury 0.26 -2.09 2.62 0.99 
Cayuga - Mallard -1.68 -4.32 0.96 0.28 
Indian Runner - Mallard -0.81 -3.44 1.83 0.84 
Khaki Campbell - Mallard -1.20 -3.84 1.44 0.57 
Indian Runner - Cayuga 0.87 -1.49 3.23 0.73 
Khaki Campbell - Cayuga 0.48 -1.88 2.84 0.96 
Khaki Campbell - Indian Runner -0.39 -2.75 1.97 0.98 

 
 
 
 
 
 
 
 
 
Table S6.2.8. Tukey multiple comparisons of average copy number of HINTW across 
chicken breeds. 
Breed diff lwr upr p adj 
Black Sumatra -Black Minorca -5.08 -9.37 -0.78 0.02 
Red Jungle Fowl -Black Minorca -9.82 -14.62 -5.02 0.00 
Oxford Old English -Black Minorca -4.50 -8.80 -0.20 0.04 
White Leghorn -Black Minorca -3.26 -7.56 1.03 0.16 
Red Jungle Fowl -Black Sumatra -4.74 -9.55 0.06 0.05 
Oxford Old English -Black Sumatra 0.58 -3.72 4.87 0.99 
White Leghorn -Black Sumatra 1.81 -2.48 6.11 0.63 
Oxford Old English -Red Jungle Fowl 5.32 0.52 10.12 0.03 
White Leghorn -Red Jungle Fowl 6.56 1.75 11.36 0.01 
White Leghorn - Oxford Old English 1.24 -3.06 5.53 0.86 
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Figure S6.2.1. Workflow used in this study to quantify copy number and variability of 26 W-
linked genes across duck breeds and their modern ancestor, and HINTW across chicken 
breeds and their modern ancestor. In the top box, modern ancestor birds are written in grey, 
male-selected breeds in blue, and female-selected breeds in red. 
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S6.3 SEX-SPECIFIC SELECTION DRIVES THE EVOLUTION OF ALTERNATIVE SPLICING IN BIRDS 
 

Rogers, T. F., Palmer, D. H. & Wright, A. E. (2020).  Sex-specific selection drives the evolution 

of alternative splicing in birds. Molecular Biology and Evolution, 38(2), 519-530. 

Supplementary Material available online: 

https://academic.oup.com/mbe/article/38/2/519/5909999#supplementary-data 
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Table S6.3.1. Number of autosomal alternative splicing events and alternatively spliced genes in each species and tissue. Alternative splicing 
events are defined as those with 0 < PSI < 1 and a minimum of 20 reads spanning the splice junction in more than half the individuals in each 
sample. Genes were classified as alternatively spliced if they had at least one alternative splicing event. M and F denote males and females 
respectively. We categorized alternative splicing events as one of five splice types; skipped exons (SE), mutually exclusive exons (MXE), 
alternative 5ʹ and 3ʹ splice sites (A5ʹSS and A3ʹSS), and retained intron (RI) events. 
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Table S6.3.2. The total proportion of alternatively spliced autosomal genes in each species 
and tissue under different filtering parameters. The read count filter column refers to the 
total reads required to support the splice junction in more than half the individuals in each 
sample. 

 
 
 
 
Table S6.3.3. List of zebra finch, chicken, mallard duck, wild turkey and helmeted 
guineafowl orthologs expressed in the gonad of the three species studied, and whether they 
are sex-biased (SB) or unbiased (UB) in splicing. This table can be found online under ‘Table 
S3’ at: 
https://academic.oup.com/mbe/article/38/2/519/5909999#supplementary-data 
 

    
Proportion of autosomal genes 

that are alternatively spliced 
Species Tissue Read count filter PSI filter Males Females 
Duck Gonad 5 0 <  PSI < 1 27% 25% 
Duck Gonad 10 0 <  PSI < 1 25% 24% 
Duck Gonad 15 0 <  PSI < 1 24% 23% 
Duck Gonad 20 0 <  PSI < 1 23% 22% 
Duck Spleen 5 0 <  PSI < 1 23% 24% 
Duck Spleen 10 0 <  PSI < 1 22% 23% 
Duck Spleen 15 0 <  PSI < 1 20% 22% 
Duck Spleen 20 0 <  PSI < 1 19% 21% 
Turkey Gonad 5 0 <  PSI < 1 22% 23% 
Turkey Gonad 10 0 <  PSI < 1 21% 22% 
Turkey Gonad 15 0 <  PSI < 1 21% 21% 
Turkey Gonad 20 0 <  PSI < 1 20% 21% 
Turkey Spleen 5 0 <  PSI < 1 18% 14% 
Turkey Spleen 10 0 <  PSI < 1 17% 14% 
Turkey Spleen 15 0 <  PSI < 1 16% 13% 
Turkey Spleen 20 0 <  PSI < 1 15% 12% 
Guineafowl Gonad 5 0 <  PSI < 1 30% 29% 
Guineafowl Gonad 10 0 <  PSI < 1 29% 28% 
Guineafowl Gonad 15 0 <  PSI < 1 27% 27% 
Guineafowl Gonad 20 0 <  PSI < 1 26% 25% 
Guineafowl Spleen 5 0 <  PSI < 1 26% 28% 
Guineafowl Spleen 10 0 <  PSI < 1 25% 26% 
Guineafowl Spleen 15 0 <  PSI < 1 24% 25% 
Guineafowl Spleen 20 0 <  PSI < 1 22% 24% 
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Table S6.3.4. Number of autosomal alternative splicing events and alternatively spliced genes in each species and tissue under different 
filtering parameters. The read count filter column refers to the total reads required to support the splice junction in more than half the 

individuals in both males and females. We defined sex-biased splicing from significant differences in percent spliced-in (PSI) between males and 

females (FDR p-value <0.05). We then imposed two different filtering thresholds based on the magnitude of sex differences in PSI. We used a Δ 

PSI (average PSI of male samples – average PSI of female samples) threshold of 0.1 following previous approaches (Grantham & Brisson MBE 

2018). We also used a male: female log2 fold change PSI value of 1 for analyses comparing splicing and expression to ensure equivalent thresholds 

were implemented. We categorized alternative splicing events as one of five splice types; skipped exons (SE), mutually exclusive exons (MXE), 

alternative 5ʹ and 3ʹ splice sites (A5ʹSS and A3ʹSS), and retained intron (RI) events. 

 
Table S6.3.5. Distribution of FST and Tajima’s D (TD) for each bird species. Only autosomal genes expressed in the gonad were included in the 
analyses. We split the data into three quantiles to define high FST and low Tajima’s D. 

 
  Number of genes with sex differences in splicing   

Species Measurement Observed Expected Chi squared value p-value 
Duck High FST, Low TD 55 37.14 8.591 0.003 

Turkey High FST, Low TD 29 35.64 1.238 0.266 

Guineafowl High FST, Low TD 73 58.55 3.565 0.059 
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Table S6.3.6. Results of multi-predictor model to test for the relationship between isoform 
diversity, expression level and sex (isoform diversity ~ expression level + sex). 
 

Species Gene category Parameter Estimate Standard Error p-value 
Duck Male-biased Intercept 0.371 0.037 0.000 
    Expression 0.064 0.011 0.000 
    Sex [M] 0 0.025 0.000 
  Female-biased Intercept 0.288 0.088 0.001 
    Expression 0.057 0.02 0.004 
    Sex [M] 0.094 0.038 0.014 
  Unbiased Intercept 0.34 0.035 0.000 
    Expression 0.058 0.009 0.000 
    Sex [M] -0.002 0.016 0.892 
            
Turkey Male-biased Intercept 0.39 0.045 0.000 
    Expression 0.063 0.013 0.000 
    Sex [M] -0.126 0.031 0.000 
  Female-biased Intercept 0.426 0.089 0.000 
    Expression 0.028 0.021 0.171 
    Sex [M] 0.044 0.04 0.267 
  Unbiased Intercept 0.277 0.036 0.000 
    Expression 0.072 0.009 0.000 
    Sex [M] -0.003 0.017 0.843 
            
Guineafowl Male-biased Intercept 0.386 0.034 0.000 
    Expression 0.064 0.011 0.000 
    Sex [M] -0.116 0.025 0.000 
  Female-biased Intercept 0.412 0.072 0.000 
    Expression 0.027 0.017 0.105 
    Sex [M] 0.047 0.035 0.178 
  Unbiased Intercept 0.308 0.03 0.000 
    Expression 0.061 0.008 0.000 
    Sex [M] -0.012 0.014 0.38 
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Table S6.3.7. List of differentially expressed (DE) genes and differentially alternatively spliced (DS) genes in each species. This table can be 
found online under ‘Table S7’ at: 
https://academic.oup.com/mbe/article/38/2/519/5909999#supplementary-data 
 
 
 
 
 
Table S6.3.8. Hypergeometric tests for whether the overlap between differentially spliced and expressed genes was significantly less than 
expected across different splicing events and filtering thresholds. Sex-biased splicing is defined using significant differences in percent spliced-
in (PSI) between males and females (FDR p-value <0.05). We also used a male: female log2 fold change PSI value of 1 or 0 for analyses comparing 
splicing and expression to ensure equivalent thresholds were implemented
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Table S6.3.9. The effect of sex-bias on the ratio of nonsynonymous (dN) to synonymous (dS) 
substitutions (dN/dS) for unbiased (UB), differentially expressed (DE) and differentially 
spliced (DS) genes after controlling for gene length (bp) and gene expression level (logCPM) 
using multiple regression. Estimates and p-values for DE and DS genes relative to UB genes 
are from a multiple linear regression (dN/dS ~ sex bias + gene length + gene expression level). 
The F values are calculated using analysis of variance (ANOVA) along with p-values for the 
categorical variable. 
 

 Estimate   
Species UB DE (p-value) DS (p-value) p-value F value 

Duck 0.155 0.159 (0.355) 0.146 (0.341) 0.126 2.073 

Turkey 0.172 0.188 (0.076) 0.145 (0.239) 0.040 3.228 

Guineafowl 0.147 0.155 (0.021) 0.142 (0.590) 0.035 3.346 
 
 
 
 

Figure S6.3.1. Phylogenetic relationships across the three avian species used in this study. 
The mallard duck, wild turkey and helmeted guineafowl shared a common ancestor 
approximately 90 million years ago. 
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Figure S6.3.2. Schematic diagram of the different types of alternative splicing events. Exons 
are represented by coloured boxes and introns by grey lines. Lines connecting exons 
represent regions that are removed from the final transcript. Red lines indicate the two 
alternative splice events.  
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Figure S6.3.3. Heatmap and hierarchical clustering of alternative splicing in the gonad across 
dominant male, subordinate male and female turkey individuals. Percent spliced-in values 
(PSI) refer to the proportion of long to short isoforms of each splice site expressed per sample. 
Green depicts greater inclusion of the long isoform. If a gene undergoes multiple splice 
events, the average PSI is shown. Numbers on each branch represent the bootstrap 
probability values. Only autosomal genes are included in the analysis. 
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Figure S6.3.4. Workflow to identify alternative splicing events and differences in gene 
expression level in this study. 
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Figure S6.3.5. Linear regressions of !AS over expression level and sex for male-biased (MB), 
female-biased (FB), and unbiased (UB) genes for duck, turkey, and guineafowl. Blue lines 
represent male values and red lines represent female values. Each p value denotes the 
statistical significance of male versus female intercepts.  
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1  | INTRODUC TION

Males and females in many species often have divergent evolu‐
tionary interests and are subject to conflicting selection pressures 
(Andersson, 1994). However, with the exception of the sex chromo‐
somes, the sexes share an identical genome, and this can give rise to 
intralocus sexual conflict, where an allele benefits one sex at the ex‐
pense of the other (Parker & Partridge, 1998). This shared genomic 
architecture is thought to hamper males and females simultaneously 
evolving towards their respective fitness peaks, and in turn acts as a 

constraint in the evolution of sexual dimorphism (Mank, 2017; Rowe, 
Chenoweth, & Agrawal, 2018; Stewart & Rice, 2018).

Recently, studies have used population genomic statistics to 
detect the signature of sexual conflict across the genome (Cheng 
& Kirkpatrick, 2016; Dutoit et al., 2018; Lucotte, Laurent, Heyer, 
Ségurel, & Toupance, 2016; Mank, 2017; Mostafavi et al., 2017; 
Rowe et al., 2018; Wright et al., 2018). Ongoing sexual conflict can 
arise from several different factors and these leave distinct popu‐
lation genomic signatures in sequence data (Mank, 2017; Wright 
et al., 2018). Sexual conflict can result in over‐reproduction, where 

 

Received: 21 November 2018  |  Revised: 8 April 2019  |  Accepted: 22 April 2019

DOI: 10.1111/mec.15115  

O R I G I N A L  A R T I C L E

Phenotypic sexual dimorphism is associated with genomic 
signatures of resolved sexual conflict

Alison E. Wright1 |   Thea F. Rogers1 |   Matteo Fumagalli2 |   Christopher R. Cooney1 |   
Judith E. Mank3,4,5

This is an open access article under the terms of the Creat ive Commo ns Attri bution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2019 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.

1Department of Animal and Plant 
Sciences, University of Sheffield, Sheffield, 
UK
2Department of Life Sciences, Imperial 
College London, London, UK
3Department of Genetics, Evolution and 
Environment, University College London, 
London, UK
4Department of Organismal Biology, Uppsala 
University, Uppsala, Sweden
5Department of Zoology, University of 
British Columbia, Vancouver, British 
Columbia, Canada

Correspondence
Alison E. Wright, Department of Animal 
and Plant Sciences, University of Sheffield, 
Sheffield, UK.
Email: a.e.wright@sheffield.ac.uk

Funding information
Natural Environment Research Council, 
Grant/Award Number: NE/N013948/1; 
H2020 European Research Council, Grant/
Award Number: 260233 and 680951

Abstract
Intralocus sexual conflict, where an allele benefits one sex at the expense of the 
other, has an important role in shaping genetic diversity of populations through bal‐
ancing selection. However, the potential for mating systems to exert balancing selec‐
tion through sexual conflict on the genome remains unclear. Furthermore, the nature 
and potential for resolution of sexual conflict across the genome has been hotly de‐
bated. To address this, we analysed de novo transcriptomes from six avian species, 
chosen to reflect the full range of sexual dimorphism and mating systems. Our analy‐
ses combine expression and population genomic statistics across reproductive and 
somatic tissue, with measures of sperm competition and promiscuity. Our results 
reveal that balancing selection is weakest in the gonad, consistent with the resolution 
of sexual conflict and evolutionary theory that phenotypic sex differences are associ‐
ated with lower levels of ongoing conflict. We also demonstrate a clear link between 
variation in sexual conflict and levels of genetic variation across phylogenetic space in 
a comparative framework. Our observations suggest that this conflict is short‐lived, 
and is resolved via the decoupling of male and female gene expression patterns, with 
important implications for the role of sexual selection in adaptive potential and role 
of dimorphism in facilitating sex‐specific fitness optima.

K E Y W O R D S

molecular evolution, population genetics, sexual conflict, transcriptomics

www.wileyonlinelibrary.com/journal/mec
mailto:
http://creativecommons.org/licenses/by/4.0/
mailto:a.e.wright@sheffield.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.15115&domain=pdf&date_stamp=2019-06-05


     |  2861WRIGHT eT al.

an allele increases the reproductive fitness of one sex at a cost to 
the other (Barson, et al. 2015; Lonn et al., 2017). Alternatively, sexual 
conflict can result when an allele has differential effects on survival 
between males and females (Czorlich, Aykanat, Erkinaro, Orell, & 
Primmer, 2018). Both of these scenarios are predicted to produce 
in elevated genetic diversity and higher Tajima's D, a population ge‐
nomic statistic that estimates the proportion of polymorphic nucle‐
otide sites in a given sequence within a population.

To distinguish between sexual conflict arising over reproduction 
or survival, it is necessary to employ contrasts with intersexual FST 
(Lewontin & Krakauer, 1973), which measures divergence in allele 
frequency between males and females within a generation. As allele 
frequencies are identical between the sexes at conception, different 
allele frequencies in male and female adults are assumed to be the 
result of sexual conflict over survival. Elevated FST can therefore be 
used to identify alleles that have differential effects on survival pa‐
rameters, including viability, mortality or predation. By contrasting 
these two population genomic statistics, it is possible to determine 
the relative importance of conflict over reproduction, which only 
leads to increased Tajima's D, versus conflict over survival, which 
leads to elevated Tajima's D and intersexual FST (Mank, 2017; Wright 
et al., 2018).

Population genomic approaches such as these have made it pos‐
sible to investigate the manifestation of different types of intralocus 
sexual conflict at the genomic level and the mechanisms by which 
they can be resolved. In theory, sexual conflict should be most prev‐
alent in genes with similar expression patterns in males and females, 
where mutational inputs will be manifest in both sexes. Ultimately, 
sexual conflict is thought to be resolved via the evolution of sex‐
biased gene expression (Connallon & Knowles, 2005; Ellegren & 
Parsch, 2007), which, because of primary expression in one sex or 
the other, in principle allows for the emergence of male‐ and female‐
specific fitness optima (Mank, 2017). However, the exact nature of 
the relationship between sex‐biased gene expression and resolved 
sexual conflict has been hotly debated, with some recent studies 
suggesting that sex‐biased genes are subject to ongoing sexual an‐
tagonism (Cheng & Kirkpatrick, 2016; Dutoit et al., 2018). If true, this 
suggests that sexual conflict can persist even after gene expression 
diverges between males and females, and is potentially an unrelent‐
ing constraint on sex‐specific optima. It would also suggest that, 
although expressed primarily in one sex, sex‐biased genes function 
similarly in both males and females, and are therefore not appropri‐
ate for studying molecular signatures of sex‐specific selection, as is 
often done (Ellegren & Parsch, 2007).

Moreover, the signature of balancing selection for sex‐biased 
genes detected by recent studies is discordant with the rapid mo‐
lecular evolutionary rates of directional selection (Meiklejohn, 
Parsch, Ranz, & Hartl, 2003; Pröschel, Zhang, & Parsch, 2006; 
Zhang, Sturgill, Parisi, Kumar, & Oliver, 2007) and relaxed constraint 
(Dapper & Wade, 2016; Gershoni & Pietrokovski, 2014; Harrison et 
al., 2015) observed in this class of genes across a wide variety of 
species. At the same time, and consistent with the molecular sig‐
natures observed, other work has suggested that sex‐biased genes 

represent resolved conflict, and therefore exhibit lower average 
levels of balancing selection than unbiased genes (Connallon & 
Knowles, 2005; Innocenti & Morrow, 2010; Mank, 2009; Wright et 
al., 2018). If broadly true, this suggests that conflict is prevalent in 
genes with similar expression patterns between the sexes, and is pri‐
marily resolved through regulatory decoupling of males and females 
into separate male and female genetic architectures. This conclusion 
is intuitively concordant with the fact that sex‐biased genes are pri‐
marily expressed in either males or females, and also suggests that 
sexual conflict is a short‐lived constraint, given the rapid turnover in 
sex‐biased gene expression across related species (Harrison et al., 
2015; Zhang et al., 2007).

Importantly, recent theoretical work indicates that implausibly 
large selective pressures and mortality loads are required to generate 
the patterns of intersexual FST observed in the literature attributed 
to ongoing sexual antagonism (Kasimatis, Nelson, & Phillips, 2017; 
Kasimatis, Ralph, & Phillips, 2019). This calls into question the appli‐
cation of FST‐based approaches for detecting sexual conflict arising 
from survival differences between the sexes. Consistent with this, a 
recent study found evidence that elevated intersexual FST for sex‐bi‐
ased genes is actually the product not of sexual conflict, but of sex‐
specific genetic architecture (Wright et al., 2018), where an allele only 
affects one sex or the other. Sex‐specific genetic architecture invokes 
relatively lower genetic loads, and there is increasing evidence that 
many loci exhibit profound sex differences in their phenotypic ef‐
fects (Dapper & Wade, 2016; Gilks, Abbott, & Morrow, 2014; Karp et 
al., 2017). Similarly, recent analyses of large genomic data sets identi‐
fied only a very small number of loci subject to antagonistic selection 
on survival (Czorlich et al., 2018; Mostafavi et al., 2017).

Furthermore, a major challenge in evolutionary biology is to 
explain the maintenance and variation in genetic diversity across 
many species. The existence of elevated genetic diversity relative 
to neutral expectations across species is puzzling, as directional 
selection and drift are both expected to erode variation. However, 
there is increasing evidence that intralocus sexual conflict, through 
balancing selection, can significantly increase genome‐wide pat‐
terns of variability (Chippindale, Gibson, & Rice, 2001; Delcourt, 
Blows, & Rundle, 2009; Foerster et al., 2007; Hawkes et al., 2016; 
Lonn et al., 2017; Mokkonen et al., 2011). Therefore, variation in 
sexual conflict across lineages, probably mediated by mating sys‐
tems, could drive variation in genetic diversity across species and 
resolve this apparent paradox. However, the exact nature of the 
relationship between sexual conflict, mating system and genetic 
diversity remains unclear. Sexual conflict also has important im‐
plications for sexual selection, adaptation and evolvability. For 
instance, on the one hand, balancing selection would be expected 
to slow rates of sequence evolution arising from directional selec‐
tion. However, balancing selection can also facilitate rapid adapta‐
tion from standing variation by maintaining multiple alleles within 
the population at high allele frequencies (Charlesworth, 2006; 
Hartl & Clark, 2006).

To assess the degree to which sex‐biased genes exhibit signa‐
tures of unresolved conflict and the potential for mating systems 
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to exert balancing selection through sexual conflict on the ge‐
nome, it is necessary to compare population genomic patterns of 
species and tissues with different levels of sexual dimorphism. We 
therefore estimated population genomic statistics for genes ex‐
pressed in reproductive and somatic tissue across six avian species 
spanning the full range of mating systems and sexual selection in 
birds. Reproductive tissue has multiple sex‐specific functions and 
is phenotypically more sexually dimorphic, whereas the function 
of many somatic tissues is largely similar in males and females. By 
exploiting natural variation in the magnitude of sexual conflict 
across the body plan within individuals, as well as across mating 
systems between species, we were able to study the manifesta‐
tion and resolution of sexual conflict, and subsequent genomic 
and phenotypic consequences. Our results reveal that the resolu‐
tion of genomic sexual conflict is associated with the evolution of 
phenotypic sex differences. We demonstrate a clear link between 
variation in sexual conflict over reproduction and levels of genetic 
variation across phylogenetic space in a comparative framework.

2  | MATERIAL S AND METHODS

2.1 | Tissue collection

We previously extracted RNA from the left gonad and spleen of in‐
dividuals with the RNeasy Kit (Qiagen), following the manufacturer's 

instructions, from the following captive avian populations: mal‐
lard (Anas platyrynchos), wild turkey (Meleagris gallopavo), common 
pheasant (Phasianus colchicus), helmeted guinea fowl (Numida melea-
gris), Indian peafowl (Pavo cristatus) and swan goose (Anser cynoides) 
(Harrison et al., 2015) (Figure 1). These captive populations are not 
maintained under sterile or biosafety conditions. Samples were col‐
lected during the first breeding season from five males and five fe‐
males of each species, with the exception of the pheasant, where six 
male gonad and spleen samples were collected, and turkey where 
four male and two female spleens were collected.

These six species were deliberately chosen to reflect a full range 
of sexual dimorphism, ranging from monogamous and sexually 
monomorphic species such as the swan goose and guinea fowl, to 
polygynous and sexually dimorphic species such as the peafowl and 
wild turkey. We estimated the intensity of sexual conflict in each 
species using three proxies of sperm competition and male promis‐
cuity: sexual dichromatism score, sperm number and relative testes 
size, obtained from Harrison et al., 2015.

2.2 | Transcriptome assembly

Samples were sequenced on an Illumina HiSeq 2000 device 
with 100‐bp paired‐end reads and are available in the NCBI SRA 
(BioProject ID PRJNA271731). We assembled and filtered transcrip‐
tomes for each species using previously implemented approaches 

F I G U R E  1   Phylogenetic relationships across the six avian species in this study. These species were chosen to reflect the full range 
of mating system and sexual dimorphism. The intensity of sexual conflict in each species was estimated using three proxies: sexual 
dichromatism score, sperm number and relative testes size
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(Harrison et al., 2015). Briefly, we quality filtered RNA data using 
trimmomatic version 0.36 (Bolger, Lohse, & Usadel, 2014) to filter 
reads containing adaptor sequences and trim reads if the sliding 
window average Phred score over four bases was < 15 or if the lead‐
ing/trailing bases had a Phred score < 3. Reads were removed after 
filtering if either read pair was < 36 bases in length. We assembled 
a de novo transcriptome for each species using trinity version 2.4.0 
(Grabherr et al., 2011) with default parameters. We then filtered 
each transcriptome to remove spurious and low‐confidence genes. 
First, we selected the “best isoform” per gene to avoid redundancy. 
We used the trinity script align_and_estimate_abundance.pl to map 
RNA‐seq reads to transcriptomes using BOWTIE 2 and to quantify 
expression for each sample using rsem. We suppressed unpaired and 
discordant alignments for paired reads. We then picked the most 
highly expressed isoform per gene to obtain a set of “best isoforms” 
for each species. RNA‐seq reads were remapped to the set of “best 
isoforms” in each species using the same approach as above to en‐
sure consistency between expression and sequence data. Second, 
we filtered the transcriptome to remove lowly expressed genes. 
Specifically, we removed genes with expression < 2 FPKM (frag‐
ments per kilobase of transcript per million mapped reads) in half or 
more of the individuals in either tissue. We assessed the complete‐
ness of our transcriptome assembly using eukaryota_odb9 busco 
version 3.0.2 (Waterhouse et al., 2018) (Table S1).

2.3 | Identification of orthologues

We used blast (Altschul, Gish, Miller, Myers, & Lipman, 1990) to 
identify orthologous genes across the six species. First, we identi‐
fied pairwise reciprocal orthologues between the chicken refer‐
ence genome (Gallus_gallus‐5.0) and the wild turkey, common 
pheasant, helmeted guinea fowl and Indian peafowl, and between 
the duck reference genome (BGI_duck_1.0) and mallard and swan 
goose (Zerbino et al., 2018). We downloaded cDNA sequences from 
Ensembl (Zerbino et al., 2018) and selected the longest transcript per 
gene. We ran reciprocal blastn with an e‐value cut‐off of 1 × 10−10 
and selected the best hit reciprocal orthologue using a minimum 
percentage identity of 30% and the highest bitscore following previ‐
ous approaches (Harrison et al., 2015; Wright et al., 2018). If two 
hits shared the same highest bitscore, then the hit with the highest 
percentage identity was chosen. If both hits had the same highest 
bitscore and percentage identity, the gene was discarded.

For the wild turkey, common pheasant, helmeted guinea fowl 
and Indian peafowl, we assigned chromosomal location and gene 
position from the pairwise reciprocal orthologue in the chicken ref‐
erence genome. Chromosomal positional information is not available 
in the duck reference genome and so we used a synteny‐based ap‐
proach to obtain chromosomal location using mscanx (Wang et al., 
2012). Briefly, we downloaded chicken and duck protein sequences 
from Ensembl, selected the longest protein per gene in each spe‐
cies, and then conducted a reciprocal blastp with an e‐value cut‐off 
of 1 × 10−10. We restricted the number of blastp hits for each gene 
to the top five, generated gff files, and concatenated the duck and 

chicken results as recommended by mscanx. We then identified 
syntenic regions between the duck and chicken reference genome 
using mscanx run with default parameters. For the mallard and swan 
goose, we assigned chromosomal location and gene position from 
the syntenic information available for the pairwise reciprocal ortho‐
logue in the duck reference genome. For all species, we split genes 
into autosomal or Z‐linked based on location in the chicken reference 
genome (Table S1) as evolutionary forces including sexual conflict 
act differently across these genomic regions (Rice, 1984; Wright & 
Mank, 2013).

Second, we identified reciprocal orthologues using the same 
approach across all species using the chicken and duck reference 
genomes to assign chromosomal location. This resulted in 1,457 
autosomal reciprocal orthologues, which we used to contrast 
population genetic statistics across species. Finally, potential im‐
mune loci were identified from Gene Ontology terms in Biomart 
in the chicken and duck reference genomes (Zerbino et al., 
2018). Specifically, we removed all loci with the terms “immune” 
or “MHC” in their Gene Ontology annotations from subsequent 
analyses. This was to reduce any potential confounding effects as 
heterozygote advantage in immunity can produce patterns of bal‐
ancing selection independent of sexual conflict (Ghosh, Andersen, 
Shapiro, Gerke, & Kruglyak, 2012; Hedrick, 2011; Stahl, Dwyer, 
Mauricio, Kreitman, & Bergelson, 1999).

2.4 | Gene expression analyses

Read counts for autosomal and Z‐linked genes were extracted for 
all gonad and spleen samples and normalized using TMM in edger 
(Robinson, McCarthy, & Smyth, 2010). We identified gonad‐biased, 
spleen‐biased and non‐tissue‐biased genes using a standard log2 
fold change value of 2 (Wright et al., 2018) in each species (Tables 
S2 and S3). The gonad is transcriptionally more sexually dimorphic 
than the spleen and so we identified tissue‐biased genes in each 
sex separately instead of combining all samples to avoid biasing our 
analyses against highly sex‐biased or sex‐limited genes. We report 
results from tissue‐biased genes identified in males in the main text 
but results based on tissue‐biased genes identified from female 
expression data are fully detailed in the Supporting Information. 
The results are qualitatively identical unless otherwise indicated. 
Sex‐biased genes were identified in each set of tissue‐biased genes 
using a log2 fold change value of 1. We identified tissue‐biased 
genes on the Z chromosome separately due to the unique expres‐
sion profile of the avian Z chromosome arising from incomplete 
dosage compensation (Itoh et al., 2007; Mank & Ellegren, 2008; 
Wright, Moghadam, & Mank, 2012).

2.5 | Filtering data for population genomic analyses

Population genomic analyses were conducted on BAM files gener‐
ated by mapping RNA‐seq data to the set of “best isoforms” in each 
species with rsem. For each individual, we merged the spleen and 
gonad BAM files using samtools (Li et al., 2009). The exception was 
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the turkey, where the spleen and gonad were not sequenced for all 
individuals so we used only gonad data for subsequent analyses.

We used angsd (Korneliussen, Albrechtsen, & Nielsen, 2014) to 
estimate population genetic summary statistics, following our pre‐
vious approach (Wright et al., 2018) as angsd implements methods 
to account for sequencing uncertainty and is appropriate for un‐
even sequencing depth associated with transcriptome data. We fil‐
tered BAM files to discard reads if they did not uniquely map, had 
a flag ≥ 256, had a mate that was not mapped or had a mapping 
quality below 20. Bases were filtered if base quality fell below 13 or 
there was data in fewer than half the individuals. Mapping quality 
scores were adjusted for excessive mismatches and quality scores 
were adjusted around indels to rule out false single nucleotide poly‐
morphisms (SNPs).

We identified and removed related individuals (four peacock, two 
wild turkey and two swan goose individuals) from our analyses using 
ngsrelate (Korneliussen & Moltke, 2015) to avoid violating Hardy–
Weinberg assumptions, and calculated inbreeding coefficients using 
an EM algorithm with the ngsf package in ngstools (Fumagalli, Vieira, 
Linderoth, & Nielsen, 2014) (full details in Methods S1). For all spe‐
cies, inbreeding coefficients were < 0.03 with the exception of the 
peacock where we identified two inbred individuals. We incorpo‐
rated inbreeding coefficients for the peacock in subsequent analyses.

2.6 | Calculating Tajima's D

angsd was used for each species to calculate sample allele frequency 
likelihoods at each site from genotype likelihoods calculated with 
the samtools model. We calculated allele frequency likelihoods sepa‐
rately for the Z chromosome and the autosomes as they are sub‐
ject to different evolutionary pressures and differ in ploidy. The Z 
chromosome is diploid in males yet haploid in females, and there‐
fore we used only male samples to estimate allele frequency to 
avoid violating Hardy–Weinberg assumptions. Next, we estimated 
the overall unfolded site frequency spectrum (SFS) for each species 
(Nielsen, Korneliussen, Albrechtsen, Li, & Wang, 2012) (Figure S1). 
Specifically, at each site we randomly sampled an allele frequency 
according to its likelihood, as calculated by ansgd. Finally, we com‐
puted genetic diversity indices, including allele frequency posterior 
probability and Tajima's D using the SFS as prior information with 
angsd thetaStat (Korneliussen et al., 2014).

For each species, we calculated a relative measure of Tajima's 
D for spleen‐biased and gonad‐biased genes. Specifically, we quan‐
tified median D relative to non‐tissue‐biased genes, our neutral 
estimate of D for each species. Calculating a relative measure of 
Tajima's D makes it possible to circumvent problems arising from 
demographic changes in population size that would otherwise bias 
comparative analyses of population genetic statistics across species.

2.7 | Calculating intersexual FST

Intersexual FST was calculated using the same procedure and filtering 
criteria as Tajima's D, except that RNA‐seq data were instead filtered 

to remove bases where we had data in fewer than half the individu‐
als in males and females separately. This ensures we do not exclude 
sex‐limited genes from the analysis. Hudson's FST, which is less sensi‐
tive to small sample sizes (Bhatia, Patterson, Sankararaman, & Price, 
2013), was estimated as implemented in angsd (Korneliussen et al., 
2014). Estimates across loci were obtained using weighted averages 
(see Fumagalli et al 2014, Equations 4 and 12), where per‐gene FST 
is the ratio between the sum of the between‐populations variance 
across loci and the sum of the total variance across loci. Given the 
Z chromosome is haploid in females, we do not have the power to 
analyse patterns of FST across the Z chromosome in this study.

3  | RESULTS

3.1 | Lower levels of ongoing sexual conflict in 
reproductive versus somatic tissue

Reproductive tissue, such as the gonad, has many sex‐specific func‐
tions whereas the function of somatic tissue, such as the spleen, 
is more aligned between male and female fitness. To test whether 
phenotypic sexual dimorphism is associated with resolved sexual 
conflict at the genomic level, we contrasted population genomic 
statistics between genes expressed in the gonad versus the spleen.

As heterozygote advantage in immunity can produce patterns of 
balancing selection independent of sexual conflict (Ghosh et al., 2012; 
Hedrick, 2011; Stahl et al., 1999), we removed all loci with potential 
immune function from downstream analyses. We found that median 
Tajima's D is significantly lower for gonad‐biased genes relative to 
genes expressed in both tissues in all species across the autosomes 
(Figure 2a and Figure S2A). This result is consistent with lower levels 
of ongoing sexual antagonism in the gonad. In contrast, we found no 
significant difference in Tajima's D between spleen‐biased genes and 
loci expressed in both tissues in the majority of species. We observed 
consistent patterns on the Z chromosome (Figure S5), although our 
power to detect statistically significant differences is reduced due to 
limited numbers of tissue‐biased Z‐linked genes (Table S1).

The proportion of sex‐biased genes varies across the spleen 
and gonad (Harrison et al., 2015) and sex‐biased genes are subject 
to different selective pressures (Ellegren & Parsch, 2007; Harrison 
et al., 2015) as well as distinct patterns of balancing selection rel‐
ative to unbiased genes (Cheng & Kirkpatrick, 2016; Dutoit et al., 
2018; Wright et al., 2018). To ensure that differences in the number 
of sex‐biased genes between the two tissues are not responsible for 
the lower Tajima's D we observe in gonad‐biased genes, we repeated 
the analyses using Tajima's D calculated only from unbiased genes 
in each tissue. We found a consistent pattern across the majority of 
species, where Tajima's D is significantly lower in gonad‐biased but 
not spleen‐biased genes relative to loci expressed similarly in both 
tissues (Figure S3). However, these species differ in mating system, 
which could explain the variation in the strength of balancing se‐
lection we observe across species, addressed in more detail below.

It is important to note that multiple factors can influence pop‐
ulation genetic statistics for any particular locus. Therefore, we 
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tested whether our results could also be attributed to the effect of 
covariates that might vary across tissue‐biased genes. We incorpo‐
rated measures of gene length, average expression level, GC con‐
tent and Watterson's theta into a multiple regression (TD ~ Tissue 
bias + log(tW) + log(Gene length) + log(GC) + log(Gene expression 
level)). Tissue‐bias remains a significant factor in explaining varia‐
tion in Tajima's D once accounting for these covariates (Table S11). 
However, the effect size in some species is relatively small, indicat‐
ing that the pattern we detect is subtle and influenced by multiple 
factors.

3.2 | Limited power of intersexual FST to detect 
sexual conflict arising over survival

We tested the power of intersexual FST to detect sexual conflict 
arising over survival through contrasts between the spleen and 
gonad. Given its role in the lymphatic system and in filtering blood 

components, we might expect the spleen to be subject to viability 
selection more so than the gonad, whose role is primarily reproduc‐
tive. We removed sex‐biased genes from this analysis to avoid bias‐
ing the results, as the abundance of sex‐biased expression differs 
between reproductive and somatic tissue and previously we have 
shown that intersexual FST is often elevated for sex‐biased genes 
(Cheng & Kirkpatrick, 2016; Dutoit et al., 2018; Wright et al., 2018).

We contrasted intersexual FST for gonad‐ and spleen‐biased genes 
using three approaches. First, we found no significant difference in me‐
dian FST for unbiased genes expressed primarily in the gonad relative to 
those expressed broadly across both the gonad and the spleen (Table 
S4). We observed the same pattern in the spleen, with the exception of 
the goose and turkey where FST was elevated marginally. Second, there 
was no significant difference in the number of unbiased genes with 
elevated intersexual FST that were expressed primarily in the gonad 
compared to those expressed in both tissues (Table 1). We observe the 
same result in the spleen, with the exception of the turkey. However, 

F I G U R E  2   Patterns of Tajima's D for tissue‐biased and sex‐biased genes across species. (a) The distribution of D for autosomal genes 
for spleen‐biased, gonad‐biased and non‐tissue‐biased genes. Dotted lines show median D for each set of genes and asterisks denote a 
significant difference relative to non‐tissue‐biased genes (Wilcoxon test, *p < 0.05, **p < 0.01, **p < 0.001). Tissue‐biased genes were 
identified from male expression data. (b, c) The relationship between D and expression for genes with gonad‐biased expression (b) or spleen‐
biased expression (c). Asterisks denote a significant difference relative to unbiased genes (Wilcoxon test, *p < 0.05, **p < 0.01, **p < 0.001). 
FB, UB, MB refer to female‐biased, unbiased and male‐biased genes, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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all of these differences become nonsignificant when we analyse tis‐
sue‐biased genes identified from female expression data (Table S5 and 
Table S6). Last, we found no significant effect of tissue bias on FST after 
accounting for gene length, average expression level, GC content and 
Watterson's theta in a multiple regression (TD ~ Tissue bias + log(tW) 
+ log(Gene length) + log(GC) + log (Gene expression level)) (Table S11).

Intriguingly, despite the limited potential role of the gonad in 
survival, elevated intersexual FST has been previously detected 
in gonad‐expressed genes in flycatchers (Dutoit et al., 2018). 
Consistent with this, we find a weak relationship between intersex‐
ual FST and sex‐biased gene expression in the gonad, where FST is 
significantly elevated in sex‐biased genes in some species (Figure S7, 
Table S12). However, note that our power to quantify intersexual 
FST is limited by our sample size. Whilst our results are consistent 
with flycatchers, the associated effect sizes are weak (sex‐bias and 
FST for gonad‐biased genes r2 = 0.000–0.042, spleen‐biased genes 
r2 = 0.000–0.008). Most importantly, our results are consistent with 
theoretical work suggesting that intersexual divergence in allele fre‐
quency may not always be a reliable indicator of ongoing sexual con‐
flict over viability (Kasimatis et al., 2017, 2019), particularly in studies 
with low numbers of samples.

3.3 | Regulatory evolution is associated with 
resolved conflict over long evolutionary time frames

We contrasted population genomic statistics across sex‐biased and 
unbiased genes to test the role of regulatory variation in sexual 
conflict resolution. We found that autosomal sex‐biased genes ex‐
pressed in the gonad have significantly lower Tajima's D than unbi‐
ased genes across all six species, consistent with largely resolved 
sexual conflict (Figure 2 and Figure S2). However, male‐ and female‐
biased genes also have significantly elevated intersexual FST in many 
species (Figure S7), even after accounting for potential covariates 
(Table S12). These results are consistent with a potential role of reg‐
ulatory evolution in conflict resolution via the evolution of sex‐spe‐
cific architecture (Wright et al., 2018). We observed a similar pattern 
across spleen‐biased genes (Figure 2 and Figure S2), although the 

differences are nonsignificant, probably because of reduced power 
due to limited numbers of sex‐biased genes in somatic tissue.

Employing discrete thresholds to identify sex‐biased genes 
has been shown to have a major effect on the number of genes 
identified (Ingleby, Flis, & Morrow, 2015). We therefore next in‐
vestigated the relationship between Tajima's D and sex‐bias using 
a polynomial approach (Cheng & Kirkpatrick, 2016). These results 
confirmed our finding that sex‐biased genes have lower Tajima's 
D (Tables S7, S8, S9 and S10). It is important to note that the vari‐
ance in Tajima's D that is accounted for by these associations is 
extremely low (sex‐bias and D for gonad‐biased genes r2 = 0.007–
0.147, spleen‐biased genes r2 = 0.000–0.018), similar to findings 
of previous somatic studies in fish (Wright et al., 2018), probably 
resulting, at least in part, from the inherent noise in Tajima's D 
estimates.

To quantify the pervasiveness of sexual conflict and extent 
to which balancing selection shapes patterns of genetic diversity 
across related species, we identified reciprocal orthologues across 
the six species, which last shared a common ancestor 90 million 
years ago. Across reciprocal orthologues on the autosomes, we 
identified genes with elevated Tajima's D in all species: specifically, 
where Tajima's D was in the top 10% quantile in each species sepa‐
rately. The average range of Tajima's D values for this highest 10% 
class across species was 1.41–3.26. Using ancestral reconstruc‐
tions of gene expression levels (Harrison et al., 2015) (Methods S1), 
we identified gonadal genes that were ancestrally and universally 
either sex‐biased or unbiased across all six species. We found that 
gonadal genes that were ancestrally sex‐biased across the clade 
were significantly less likely to show elevated Tajima's D across all 
six species than expected from random permutations (245 genes, 
χ2 p < 0.001, 1,000 permutations). In contrast, universally unbiased 
genes were significantly enriched in genes with elevated Tajima's 
D across all species (141 genes, χ2 p < 0.001, 1,000 permutations). 
Our results are robust across multiple quantile thresholds used to 
define elevated Tajima's D (Results S1). This indicates that sexual 
conflict can shape patterns of genetic diversity in certain sets of 
sex‐biased genes across evolutionary time frames.

Species

Gonad‐biased Spleen‐biased

E O p‐value E O p‐value

Mallard 116 118 0.875 112 111 0.956

Swan goose 56 65 0.248 56 70 0.056

Wild turkey 166 160 0.644 204 236 0.026a

Common pheasant 165 163 0.520 187 174 0.532

Guinea fowl 112 124 0.269 151 142 0.461

Indian peafowl 200 209 0.520 217 208 0.532

Note: Only unbiased genes were used in this analysis. Tissue‐biased genes were identified from 
male expression data. Only autosomal genes are included in the analyses. The expected number of 
genes with intersexual FST > 0 was calculated from observations of FST in non‐tissue‐specific genes. 
p‐values were calculated using chi‐squared tests.
ap‐values in bold are significant (p < 0.05) 

TA B L E  1   Observed and expected 
number of genes with intersexual FST > 0 
across tissue‐biased genes
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3.4 | Conflict over reproductive potential is greatest 
in sexually dimorphic species

To investigate the relationship between sexual conflict and levels of 
genetic diversity across the genome, we conducted a phylogenetically 
controlled comparative analysis of Tajima's D across species that vary in 
mating system and sexual dimorphism. Specifically, we used phyloge‐
netic generalized least squares (PGLS) from the R package caper (Orme 
et al., 2013) to test the relationship between Tajima's D and measures 
of sexual dimorphism, while accounting for the observed level of phy‐
logenetic signal in the data. For each species, we quantified median 
Tajima's D for spleen‐ and gonad‐biased genes relative to non‐tissue‐
biased genes. Tajima's D cannot be compared directly across species or 
populations, as demographic history has a major influence on genetic 
diversity, and therefore on Tajima's D estimation. Calculating a relative 
measure of Tajima's D makes it possible to circumvent problems arising 
from demographic changes in population size. There are a number of 
phenotypic indices of sexual conflict, including degree of sexual dichro‐
matism, sperm number and residual testes weight, that are widely used 
indicators of post‐copulatory sexual selection and therefore a measure 
of variance in male mating success in birds (Birkhead & Moller, 1998; 
Moller, 1991; Pitcher, Dunn, & Whittingham, 2005). We recovered a 
significant and positive relationship between relative Tajima's D in the 
gonad and sexual dichromatism (r2 = 0.890, p = 0.003) after correcting 
for phylogeny, and marginally nonsignificant positive associations with 
both sperm number (r2 = 0.491, p = 0.073) and residual testes weight 
(r2 = 0.298, p = 0.152).

The proportion of sex‐biased genes varies with mating system 
across these species (Harrison et al., 2015), which together with the 
fact that sex‐biased genes have distinct patterns of Tajima's D (Cheng & 
Kirkpatrick, 2016; Dutoit et al., 2018; Wright et al., 2018) and are sub‐
ject to different selective pressures relative to unbiased genes (Ellegren 
& Parsch, 2007; Harrison et al., 2015), may confound the pattern we 
observe. We therefore repeated the analyses using relative median 
Tajima's D calculated using only unbiased genes in each tissue. In doing 
so, we found that relative Tajima's D in the gonad becomes signifi‐
cantly and positively correlated with sexual dichromatism (r2 = 0.788, 

p = 0.011), and sperm number (r2 = 0.679, p = 0.027) after correcting for 
phylogenetic relationships (Figure 3), and marginally nonsignificantly 
associated with residual testes weight (r2 = 0.446, p = 0.089). In con‐
trast, there was no significant association with Tajima's D in the spleen 
and measures of sexual dimorphism (Figure S4).

Interestingly, we found no significant relationship between 
Tajima's D and phenotypic sexual conflict for Z‐linked genes in either 
tissue (Figure S6). Given there are fewer genes on the Z chromo‐
some relative to the autosomes, this pattern might simply be a con‐
sequence of smaller sample sizes and therefore greater uncertainty 
around the median. To assess the role of gene number in our pop‐
ulation genetic parameter estimates, we subsampled tissue‐biased 
genes on the autosomes to the equivalent number of the Z‐linked 
genes in each species 1,000 times. The Pearson's correlation coef‐
ficients for the relationship between Tajima's D and sexual dichro‐
matism, testes weight and sperm number for gonad‐biased Z‐linked 
genes are smaller relative to the subsampled data set (p = 0.027, 
p = 0.048, p = 0.168). The slope of the regression is also smaller than 
the subsampled data (p = 0.024, p = 0.058, p = 0.121). This indicates 
that our failure to observe a significant relationship between Tajima's 
D and sexual conflict on the Z chromosome is not a consequence of 
reduced gene numbers relative to the autosomes.

4  | DISCUSSION

The manifestation, resolution and consequences of intralocus sexual 
conflict have been the subject to considerable recent debate. To ad‐
dress this, we exploited natural variation in the magnitude of sexual 
conflict across the body plan within individuals, and across mating 
systems between species, in a clade of birds that diverged 90 million 
years ago.

The role of regulatory variation between males and females 
in the resolution of sexual conflict has received substantial at‐
tention in recent literature, with population genomic studies 
suggesting that sex‐biased genes are subject to ongoing sexual 
antagonism (Cheng & Kirkpatrick, 2016; Dutoit et al., 2018) and 

F I G U R E  3   Phylogenetically controlled regression between proxies of sperm competition and Tajima's D in the gonad. Relative D is shown 
for autosomal genes with unbiased expression between males and females in the gonad. Relative D is calculated as the difference between 
median D for tissue‐biased genes compared to non‐tissue‐biased genes. Tissue‐biased genes were identified from male expression data. 
We tested the relationship between Tajima's D and measures of sexual dimorphism, while accounting for the observed level of phylogenetic 
signal in the data [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


2868  |     WRIGHT eT al.

others indicating that they represent resolved conflict (Innocenti 
& Morrow, 2010; Wright et al., 2018). Sex‐biased genes in the 
guppy tail, particularly male‐biased genes, resolve conflict arising 
over reproduction through the evolution of separate sex‐specific 
genetic architectures (Wright et al., 2018). However, as this tissue 
is heavily implicated in female mate choice and therefore primarily 
affects male reproductive fitness, it is possible that the relative 
importance of male versus female expression is unusual in this tis‐
sue and that sex‐biased genes play equal roles in most species. 
Contrary to this, Dutoit et al. (2018) suggest that ongoing sexual 
antagonism is more prevalent in male‐ than female‐biased genes in 
the gonad, potentially hinting at an important role for female‐bi‐
ased expression in conflict resolution. However, without a direct 
comparison between sex‐biased and unbiased genes, the relation‐
ship remains unclear. Finally, both male‐ and female‐biased genes 
in humans show elevated FST measures (Cheng & Kirkpatrick, 
2016), although it is not clear how much of this signal is due to 
somatic versus gonadal expression, or whether this was associated 
with elevated Tajima's D.

Here, we find that balancing selection is weaker in sex‐biased 
genes relative to unbiased genes, consistent with an important 
role for sex‐biased expression in the resolution of sexual conflict. 
Lower Tajima's D in sex‐biased genes is consistent with the rapid 
rates of evolution in this class of genes observed across many spe‐
cies (Ellegren & Parsch, 2007; Mank, 2017; Parsch & Ellegren, 2013; 
Rowe et al., 2018), either through positive selection (Meiklejohn et 
al., 2003; Pröschel et al., 2006; Zhang et al., 2007) or relaxed puri‐
fying selection (Dapper & Wade, 2016; Dutoit et al., 2018; Gershoni 
& Pietrokovski, 2014; Harrison et al., 2015). Balancing selection, 
which slows the fixation of alleles, is inconsistent with accelerated 
rates of sequence evolution observed for sex‐biased genes (Harrison 
et al., 2015; Wright & Mank, 2013). In contrast, resolved conflict, 
which results in sex‐specific selection and separate male and female 
genetic architectures suggested by our data, is expected to lead to 
the higher levels of standing diversity and faster rates of evolution 
observed across sex‐biased genes in a broad array of taxa (Dapper 
& Wade, 2016).

Whereas identifying the mechanisms responsible for the resolu‐
tion of genomic sexual conflict has received considerable attention, 
the consequences for phenotypic evolution have been comparatively 
understudied. This is in part due to the difficulties in identifying spe‐
cific loci subject to sexual conflict and establishing their phenotypic 
effects from genome scans alone. Our study adds considerably to 
this goal by using different levels of dimorphism within the body plan 
and across related species to determine the relationship between 
population genetic and phenotypic measures of sexual conflict.

Relative to the spleen, the gonad is more phenotypically sex‐
ually dimorphic, has higher levels of sex‐biased gene expression, 
and has evolved many sex‐specific functions. If sexual dimorphism 
represents resolved sexual conflict, we might expect gonad‐biased 
genes to have lower levels of balancing selection than spleen‐biased 
genes and loci expressed similarly in both tissues. Consistent with 
this prediction, we find reduced balancing selection in the gonad, 

indicative of lower levels of ongoing sexual conflict. This supports 
the theory that resolved sexual conflict facilitates the evolution of 
phenotypic sex differences. It is plausible that the large numbers 
of sex‐biased genes in the gonad relative to somatic tissue act to 
resolve conflict through regulatory decoupling of male and female 
expression and the evolution of sex‐specific architecture.

While we found that intralocus sexual conflict is resolved in 
the gonad, we found a significant and positive correlation between 
the magnitude of sexual conflict, arising from differences in mating 
system, and balancing selection in the gonad but not the spleen. 
Whilst this may appear initially contradictory, this relationship is in 
fact consistent with an ephemeral nature of sexual antagonism and 
rapid turnover of sexual conflict loci. This is in line with previous 
work showing that sex‐biased genes exhibit rapid rates of evolution 
and turnover (Harrison et al., 2015; Zhang et al., 2007). Our results 
suggest that unbiased genes are the locus of ongoing sexual conflict 
due to mating system, and that increasing levels of sexual conflict 
over reproduction result in elevated levels of genetic diversity across 
a greater proportion of genes. In contrast, relative Tajima's D in 
spleen‐biased genes is not associated with any phenotypic measure 
of sexual conflict, suggesting that sexual conflict over reproduction 
has the greatest potential to contribute significantly to variation in 
the maintenance of genetic diversity across species. This has import‐
ant consequences for understanding the relationship between sex‐
ual conflict and adaptation, where higher levels of conflict promote 
genetic diversity and provide genetic fuel for adaptive opportuni‐
ties (Candolin & Heuschele, 2008; Chenoweth, Appleton, Allen, & 
Rundle, 2015; Jacomb, Marsh, & Holman, 2016; Lumley et al., 2015).

In contrast, we observed no significant relationship between 
mating system and balancing selection on the Z chromosome. 
Previously, we showed that the adaptive potential of the Z chro‐
mosome is compromised by increasing sexual selection, which 
decreases the relative effective population size of the Z chromo‐
some compared to autosomes (Wright et al., 2015), leading to in‐
creased levels of genetic drift. This means that Z‐linked genes in 
sexually dimorphic species are subject to higher levels of genetic 
drift (Wright & Mank, 2013). Our results indicate that the potential 
for sexual conflict to shape patterns of genetic diversity on the 
Z chromosome might be counteracted by the depleting forces of 
genetic drift, and that sexual conflict may not play a disproportion‐
ally greater role in Z chromosome evolution compared to the rest 
of the genome.

Negative Tajima's D can be interpreted in the context of posi‐
tive selection, where selective sweeps can result in lower estimates. 
A greater frequency of selective sweeps in sex‐biased genes could 
therefore explain our finding that Tajima's D is lower in the gonad 
than in the spleen. Furthermore, the positive correlation between 
Tajima's D and sexual dimorphism we observe in the gonad could also 
be due to more intense positive selection in species with less sexual 
dimorphism. However, elevated positive selection is unlikely to ex‐
plain our results, as previous research on the same data set found 
no significant evidence for positive selection acting on sex‐biased 
genes in the gonad, or any evidence for variation in the magnitude of 
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positive selection across species based on mating system (Harrison 
et al., 2015). Therefore, we conclude that lower Tajima's D is indic‐
ative of lower levels of balancing selection and resolved intralocus 
conflict, probably mediated by the evolution of sex‐biased gene 
expression.

Population genomic measures of intersexual FST and Tajima's 
D can be influenced by a number of demographic events, not just 
sexual conflict, including sex‐biased migration, sex‐biased predation 
and changes in population size (Hartl & Clark, 2006). By conduct‐
ing comparisons of population genomic statistics within each spe‐
cies, instead of directly comparing across species, we controlled for 
the effect of population contractions or expansions, and our use 
of captive populations further minimizes the effects of sex‐biased 
migration or predation. Furthermore, samples were taken from all 
individuals during their first breeding season, effectively controlling 
for age differences that can confound measures of intersexual FST or 
lead to high levels of regulatory variation. However, we note that due 
to statistical noise, probably due to low sample sizes, we could not 
reliably identify specific loci subject to sexual conflict, and instead 
compare large groups of genes to determine broad trends across tis‐
sues and species. Our analyses of intersexual FST are particularly lim‐
ited by sample size and therefore we urge caution when interpreting 
these in the light of sexual conflict. However, while we do find loci 
with elevated intersexual FST, which has previously been interpreted 
as evidence for ongoing sexual conflict (Cheng & Kirkpatrick, 2016; 
Dutoit et al., 2018; Lucotte et al., 2016), the number of loci with el‐
evated FST do not appear to differ between the gonad and spleen, 
despite the obvious differences in function and role in survival be‐
tween the two tissues.

Interestingly, our failure to detect differences in conflict over 
viability between the tissues is consistent with recent theoretical 
work (Kasimatis et al., 2017) suggesting that the magnitude of sex‐
ual conflict, and associated mortality load, required to generate 
patterns of intersexual FST across large numbers of loci is implau‐
sibly high. This suggests that they may be a result of alternative 
demographic processes or statistical noise arising from low sam‐
ple sizes, instead of ongoing sexual conflict. Instead, our previ‐
ous work indicates that divergence in allele frequencies between 
males and females in somatic tissue could instead be indicative 
of the evolution of sex‐specific architectures, which would invoke 
weaker genetic loads.

In conclusion, our findings suggest that mating system can sig‐
nificantly increase standing diversity across the genome via sexual 
conflict. More importantly, our results suggest that sexual con‐
flict is short‐lived, and is resolved via the decoupling of male and 
female gene expression patterns. Our results are consistent both 
across a gradient of sexual dimorphism within the body plan and 
across species, and have important implications regarding the role 
of sexual selection in adaptive potential (Candolin & Heuschele, 
2008; Chenoweth et al., 2015; Jacomb et al., 2016; Lumley et al., 
2015), the persistence of sexual conflict over evolutionary times‐
cales, and the role of dimorphism in facilitating sex‐specific fitness 
optima.
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Glossary:	Achiasmy	 Complete	recombination	suppression	in	one	sex.
Coverage	 Number	of	DNA‐seq	reads	that	represent	a	given	nucleotide	in	a	reference	genome.	For	autosomal	regions,	coverage	can	be	calculated	as	N × L/G,	where	N	is	the	number	
of	reads,	L	is	read	length,	and	G	is	the	length	of	the	reference	genome.
Dosage	compensation	 A	mechanism	to	maintain	ancestral	expression	levels	of	the	X	or	Z	chromosome	relative	to	the	autosomes	in	the	heterogametic	sex.	This	is	thought	to	evolve	in	
response	to	degeneration	of	the	sex‐limited	chromosome	and	subsequent	unequal	gene	dose	between	males	and	females.
Heteromorphic	sex	chromosome	 Sex	chromosomes	that	are	karyotypically	highly	distinct	from	each	other.	The	X	and	Y	(or	Z	and	W)	chromosomes	are	diverged	and	show	
differences	in	gene	content	and	size.
Homomorphic	sex	chromosome	 Sex	chromosomes	that	are	nearly	identical	in	gene	content	and	size.	They	are	more	challenging	to	identify	from	cytogenetic	data	alone.
k‐mer	 All	possible	subsequences	of	a	given	length	k	within	a	genome.
Pseudoautosomal	region	(PAR)	 Homologous	region	of	the	sex	chromosomes	that	continues	to	recombine	between	the	X	and	Y	(or	Z	and	W).
Restriction	site‐associated	DNA	(RAD)	sequencing	 A	restriction	site‐associated	DNA	sequencing	technique.	A	restriction	enzyme	is	used	to	digest	genomic	DNA	into	fragments	which	
are	then	ligated	to	adapters	that	will	bind	to	an	Illumina	flow	cell.	Both	ends	of	these	fragments	are	then	sequenced	using	next‐generation	methods.
Stratum	 Region	where	recombination	between	the	sex	chromosomes	has	been	halted.
Synteny	 Conserved	collinear	regions.	Conservation	of	gene	order	across	two	sets	of	chromosomes	that	are	being	compared	to	each	other.
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Abstract
Although	sex	 is	a	fundamental	component	of	eukaryotic	reproduction,	the	genetic	
systems	that	control	 sex	determination	are	highly	variable.	 In	many	organisms	the	
presence	 of	 sex	 chromosomes	 is	 associated	 with	 female	 or	 male	 development.	
Although	 certain	 groups	 possess	 stable	 and	 conserved	 sex	 chromosomes,	 others	
exhibit	rapid	sex	chromosome	evolution,	including	transitions	between	male	and	fe‐
male	heterogamety,	and	turnover	in	the	chromosome	pair	recruited	to	determine	sex.	
These	 turnover	events	have	 important	consequences	 for	multiple	 facets	of	evolu‐
tion,	as	sex	chromosomes	are	predicted	to	play	a	central	role	in	adaptation,	sexual	
dimorphism,	 and	 speciation.	However,	our	understanding	of	 the	processes	driving	
the	formation	and	turnover	of	sex	chromosome	systems	is	limited,	in	part	because	we	
lack	a	complete	understanding	of	interspecific	variation	in	the	mechanisms	by	which	
sex	is	determined.	New	bioinformatic	methods	are	making	it	possible	to	identify	and	
characterize	sex	chromosomes	in	a	diverse	array	of	non‐model	species,	rapidly	filling	
in	the	numerous	gaps	in	our	knowledge	of	sex	chromosome	systems	across	the	tree	
of	life.	In	turn,	this	growing	data	set	is	facilitating	and	fueling	efforts	to	address	many	
of	the	unanswered	questions	in	sex	chromosome	evolution.	Here,	we	synthesize	the	
available	bioinformatic	approaches	to	produce	a	guide	for	characterizing	sex	chromo‐
some	system	and	identity	simultaneously	across	clades	of	organisms.	Furthermore,	
we	survey	our	current	understanding	of	the	processes	driving	sex	chromosome	turn‐
over,	and	highlight	important	avenues	for	future	research.
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1 | INTRODUCTION
Sexual	reproduction	is	a	fundamental	feature	of	eukaryotes,	yet	the	
mechanisms	by	which	sex	is	determined	are	highly	diverse	(Bachtrog	
et	al.,	2014;	Beukeboom	&	Perrin,	2014;	Bull,	1983).	This	variation	is	
apparent	even	among	closely	related	species,	or	populations	of	the	
same	 species	 (Tree	of	 Sex	Consortium,	2014).	 In	many	organisms,	
sex	chromosomes	are	associated	with	male	or	female	development,	
and	 in	many	 groups,	 including	 birds	 (Zhou	 et	 al.,	 2014),	 eutherian	
mammals	 (Cortez	 et	 al.,	 2014)	 and	 certain	 insects	 (Fraïsse,	 Picard,	
&	Vicoso,	2017),	 the	 sex	 chromosome	 system	 is	 stable	 and	highly	
conserved.	 However,	 it	 is	 apparent	 that	 sex	 chromosomes	 often	
evolve	rapidly	in	many	lineages,	and	the	chromosome	pair	that	de‐
termines	sex	can	change	rapidly	over	time	(Pennell,	Mank,	&	Peichel,	
2018).	In	addition	to	turnover	in	the	chromosome	pair	recruited	to	
determine	sex,	transitions	between	different	sex	chromosome	sys‐
tems	(e.g.,	XY	to	ZW,	or	ZW	to	XY)	are	also	well	documented	across	
numerous	 clades.	 This	 diversity	 is	 particularly	 pronounced	 in	 cer‐
tain	groups	of	reptiles	 (Gamble	et	al.,	2015;	Pokorná	&	Kratochvíl,	
2009),	 amphibians	 (Jeffries	 et	 al.,	 2018),	 fish	 (Darolti	 et	 al.,	 2019;	
Kitano	&	Peichel,	 2012;	Mank,	Promislow,	&	Avise,	2006),	 insects	
(Blackmon	&	Demuth,	2014;	Vicoso	&	Bachtrog,	2015)	 and	plants	
(Balounova	et	al.,	2019;	Martin	et	al.,	2019;	Tennessen	et	al.,	2018),	
where	turnover	between	male	(XY)	and	female	(ZW)	heterogamety	
is	common	over	relatively	short	evolutionary	time	periods	(Pennell	
et	al.,	2018).	While	recent	efforts,	including	those	of	the	Tree	of	Sex	
Consortium,	have	focused	on	characterizing	the	tremendous	diver‐
sity	of	sex	chromosomes	across	species,	it	is	clear	that	we	currently	
have	an	incomplete	understanding	of	the	variation	in	sex	determina‐
tion	mechanisms	across	the	tree	of	life	(Bachtrog	et	al.,	2014;	Tree	of	
Sex	Consortium,	2014).

Despite	 the	 growing	 awareness	 that	 sex	 chromosomes	 have	
evolved	 independently	 many	 times	 throughout	 eukaryotes,	 our	
understanding	 of	 the	 processes	 driving	 the	 formation	 and	 turn‐
over	 of	 new	 sex	 chromosome	 systems	 is	 limited	 and	 many	 un‐
answered	 questions	 remain.	 A	 large	 body	 of	 theoretical	 work	
outlines	predictions	for	when	and	why	sex	chromosome	transitions	
occur	 (Beukeboom	 &	 Perrin,	 2014),	 including	 genetic	 drift	 (Bull	
&	 Charnov,	 1977;	 Saunders,	 Neuenschwander,	 &	 Perrin,	 2018),	
mutation	 load	on	 the	sex‐limited	chromosomes	 (Blaser,	Grossen,	
Neuenschwander,	 &	 Perrin,	 2013;	 Blaser,	 Neuenschwander,	 &	
Perrin,	 2014),	 selection	 on	 sex	 ratio	 (Jaenike,	 2001;	 Werren	 &	
Beukeboom,	1998)	and	sexually	antagonistic	selection	(van	Doorn	
&	Kirkpatrick,	2007,	2010),	yet	attempts	to	empirically	test	these	
have	been	restricted	to	a	few	clades	(Blackmon	&	Demuth,	2014;	
Jeffries	et	al.,	2018;	Kitano	&	Peichel,	2012;	Wright	et	al.,	2017).	
Identifying	 the	evolutionary	and	genomic	mechanisms	predicted	
to	drive	sex	chromosome	turnover	is	a	major	priority,	which	in	turn	
will	shed	light	on	why	sex	determination	is	labile	in	some	taxa	and	
not	in	others.	Furthermore,	differences	in	transmission	pattern	be‐
tween	male	and	female	heterogametic	sex	chromosome	systems	
(Beukeboom	&	Perrin,	2014)	are	predicted	to	have	important	con‐
sequences	for	adaptation	(Mank,	Vicoso,	Berlin,	&	Charlesworth,	
2010;	 Wright	 et	 al.,	 2015),	 sexual	 dimorphism	 (van	 Doorn	 &	

Kirkpatrick,	2010;	Mullon,	Wright,	Reuter,	Pomiankowski,	&	Mank,	
2015;	Muralidhar,	 2019),	 and	 ultimately	 speciation	 (Irwin,	 2018;	
Mank	et	al.,	2010).	Efforts	to	rigorously	test	predictions	about	the	
causes	and	consequences	of	sex	chromosome	evolution	have	been	
largely	 hampered	 by	 our	 incomplete	 knowledge	 of	 the	 diversity	
of	sex	chromosomes	across	a	broad	taxonomic	range	and	limited	
power	to	identify	convergent	trends	across	independently	evolved	
sex	chromosomes.	Traditionally,	 cytogenetic	methods	have	been	
used	 to	 identify	 sex	 chromosome	 systems	 and	 turnover	 events	
(Valenzuela,	Adams,	&	Janzen,	2003).	However,	while	there	have	
been	 recent	 improvements	 that	 facilitate	 sex	 chromosome	 iden‐
tification	 using	 these	 approaches	 (Ezaz	 et	 al.,	 2005;	 Iannucci	 et	
al.,	2019;	Kawai	et	al.,	2007),	 identifying	homomorphic	sex	chro‐
mosomes,	where	the	pair	are	nearly	identical	in	gene	content	and	
size,	 is	 still	 challenging.	 This	might	 disproportionately	 affect	 the	
identification	of	ZW	systems	as	W	chromosomes	are	predicted	to	
evolve	more	slowly	 than	Y	chromosomes	 (Bachtrog	et	al.,	2011),	
resulting	 in	 the	 underestimation	 of	 turnover	 events.	 To	 address	
how,	 when,	 and	 why	 sex	 chromosomes	 evolve	 (Wright,	 Dean,	
Zimmer,	&	Mank,	 2016)	we	 require	 far	more	 information	on	 sex	
chromosomes	in	diverse	clades.

Recently,	new	bioinformatic	methods	are	making	 it	possible	 to	
identify	 and	 characterize	 sex	 chromosomes	 in	 a	 diverse	 array	 of	
non‐model	species	using	next	generation	sequencing	data.	In	com‐
bination	with	comparative	phylogenetic	analyses,	it	is	now	possible	
to	 rigorously	 test	 theoretical	predictions	 for	 sex	 chromosome	 for‐
mation	 and	 turnover.	However,	 despite	 the	diversity	of	 newly	de‐
veloped	 methods	 to	 identify	 sex	 chromosomes,	 there	 have	 been	
limited	 attempts	 to	 synthesize	 them	 into	 a	 comprehensive	 guide	
applicable	to	a	wide	range	of	organisms	(but	see	Muyle,	Shearn,	&	
Marais,	 2017).	 This	 is	 key	 because	 the	 effectiveness	 of	 different	
approaches	 is	 influenced	by	a	number	of	 factors.	 In	particular,	 the	
degree	of	sequence	divergence	between	the	sex	chromosomes	is	an	
important	element	to	consider.	Sex	chromosomes	evolve	from	a	pair	
of	identical	autosomes	as	recombination	between	the	X	and	Y	(or	Z	
and	W)	is	suppressed	(Charlesworth,	Charlesworth,	&	Marais,	2005).	
Recombination	 cessation	 catalyzes	 sequence	 divergence	 between	
the	sex	chromosomes,	which	can	ultimately	 lead	to	heterogametic	
chromosomes	that	show	major	differences	in	size	and	gene	content	
with	 severely	degenerated	W	or	Y	chromosomes	 (Charlesworth	&	
Charlesworth,	 2000).	 In	 contrast,	 homogametic	 sex	 chromosomes	
are	almost	identical	and	exhibit	few	differences	from	each	other	in	
gene	content.	It	is	important	to	note	that	homogamety	and	heterog‐
amety	are	not	discrete	states	and	 instead	represent	two	extremes	
on	a	continuum	of	sex	chromosome	divergence	 (Figure	1).	Certain	
bioinformatic	 approaches	 to	 identify	 sex	 chromosomes	 are	 more	
effective	for	species	at	different	points	on	this	continuum.	In	addi‐
tion,	while	sex	chromosomes	across	species	exhibit	variation	in	the	
degree	of	heterogamety,	different	regions	of	the	same	sex	chromo‐
some	can	also	fall	at	different	points	along	this	continuum	(Figure	1).	
This	is	because	recombination	is	often	suppressed	in	a	stepwise	pro‐
cess,	resulting	in	strata	of	different	ages	(Charlesworth	et	al.,	2005;	
Lahn	&	Page,	1999;	Wright,	Moghadam,	&	Mank,	2012).	Therefore,	
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a	 combination	of	 different,	 complementary	methods	 is	 often	nec‐
essary	to	identify	sex	chromosomes,	and	sex‐linked	regions,	among	
species.

Here,	we	 review	 the	 range	of	 available	 approaches	 to	 identify	
sex	chromosomes	and	 fill	 in	gaps	across	 the	 tree	of	 life,	highlight‐
ing	the	strengths	and	weaknesses	of	each.	We	do	not	cover	meth‐
ods	for	high	resolution	sequencing	of	sex‐limited	chromosomes,	as	
these	have	been	discussed	elsewhere	(Tomaszkiewicz,	Medvedev,	&	
Makova,	2017),	but	instead	focus	on	producing	a	guide	for	charac‐
terizing	sex	chromosome	system	and	identity	across	diverse	clades.	
In	turn,	we	discuss	future	priorities	in	sex	chromosome	research	and	
suggest	 how	 to	use	 this	 growing	data	 set	 to	 test,	 highlighting	 the	
strengths	and	weaknesses	of	each,	how	and	why	sex	chromosomes	
evolve.

2  | GUIDE FOR IDENTIF YING SE X 
CHROMOSOMES

2.1 | Genomic coverage approach

A	common	approach	to	 identify	sex	chromosomes	 is	based	on	ge‐
nome	 coverage	 from	 next‐generation	 sequencing	 data.	 This	 ap‐
proach	exploits	the	difference	 in	sex	chromosome	ploidy	between	
males	 and	 females.	 In	 XY	 systems,	 X‐linked	 genes	 show	 half	 the	
number	of	genomic	reads	in	males	relative	to	females,	and	Y‐linked	
reads	are	absent	in	females	(Figure	2a).	This	can	be	easily	applied	to	

ZW	systems,	where	instead	the	W	is	absent	 in	males,	and	females	
have	only	one	 copy	of	 the	Z.	 Since	 this	 approach	 is	 based	on	 sex	
differences	 in	genomic	coverage,	 it	 is	only	effective	when	there	 is	
substantial	 sequence	 divergence	 between	 the	 sex	 chromosomes.	
Therefore,	while	it	can	be	used	to	identify	heteromorphic	sex	chro‐
mosomes	or	old,	diverged	strata,	this	method	will	misclassify	pseu‐
doautosomal	 regions,	 homomorphic	 sex	 chromosomes,	 or	 young	
strata	as	autosomal.

There	are	three	main	methods	that	employ	genome	coverage	to	
distinguish	 sex	chromosomes	 from	autosomes.	 In	 the	 subtraction‐
based	method,	DNA‐seq	data	from	the	homogametic	sex	are	aligned	
to	a	reference	genome	generated	from	a	heterogametic	individual.	As	
male	and	female	genomes	differ	only	by	the	Y	(or	W)	chromosome,	
scaffolds	with	low	coverage	can	be	inferred	as	Y‐linked	(or	W‐linked).	
Whilst	 this	approach	can	effectively	 identify	sex‐limited	scaffolds,	
and	therefore	establish	whether	the	sex	chromosome	system	is	male	
or	female	heterogametic,	it	has	limited	potential	for	identifying	the	
X	or	Z.	This	step	is	key	for	establishing	the	identity	of	the	sex	chro‐
mosome	pair	via	synteny‐based	approaches	with	other	species	(see	
Box	 1),	 as	 sex‐limited	 chromosomes	 are	 often	 highly	 degenerated	
which	hinders	attempts	to	infer	orthology.	Alternatively,	the	ratio	of	
male	to	female	reads	aligned	to	a	reference	genome	can	be	used	to	
directly	distinguish	X	from	autosomal	scaffolds	(Darolti	et	al.,	2019;	
Vicoso	&	Bachtrog,	2011,	2013;	Vicoso,	Emerson,	Zektser,	Mahajan,	
&	Bachtrog,	2013).	For	example,	in	an	XY	system,	the	male	to	female	
coverage	 ratio	 for	 autosomal	 and	X	 scaffolds	 should	be	 roughly	1	

F I G U R E  1   Illustration	of	the	homomorphic‐heteromorphic	sex	chromosome	continuum.	Sex	chromosomes	can	range	from	
heteromorphic,	where	the	X	and	Y	(or	Z	and	W)	chromosomes	are	diverged	and	highly	distinct,	to	homomorphic,	where	pairs	are	nearly	
identical	in	gene	content	and	size.	However,	sex	chromosomes	can	vary	in	their	degree	of	sequence	differentiation	not	just	among	species	
(top	panel)	but	also	among	strata	within	a	species	(bottom	panel).	Strata	are	regions	of	the	chromosome	where	recombination	between	
the	sex	chromosomes	has	been	halted	independently	and	therefore	are	of	different	ages.	Different	methods	for	identifying	sex‐linked	
loci	will	be	appropriate	for	species/strata	at	different	points	on	this	continuum.	Purple	scale	indicates	sequence	differentiation	between	
chromosomes	or	strata,	where	lighter	purple	shows	greater	divergence
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and	0.5	respectively.	A	variant	of	this	method	is	called	the	chromo‐
some	quotient	(CQ)	approach	(Hall	et	al.,	2013).	Due	to	noise	in	map‐
ping	reads	to	a	genome,	the	male	to	female	coverage	ratio	is	typically	
a	continuum,	where	there	are	two	overlapping	normal	distributions	
of	sex	differences	in	coverage,	one	for	the	X	or	Z	chromosome	and	
the	other	for	autosomal	scaffolds	(Figure	2a).	 Identifying	the	equi‐
distant	 point	 between	 the	maximum	of	 these	 two	peaks	 can	help	
minimize	 the	 error	 in	 identifying	 sex‐linked	 regions,	 and	 has	 been	
employed	successfully	across	a	number	of	species	(Huylmans,	Toups,	
Macon,	Gammerdinger,	&	Vicoso,	2019;	Vicoso	&	Bachtrog,	2015).	
Lastly,	 the	 k‐mer	 counting	 approach	 (Akagi,	Henry,	 Tao,	&	Comai,	
2014;	Carvalho	&	Clark,	2013;	Li	et	al.,	2018;	Morris,	Darolti,	Bloch,	
Wright,	&	Mank,	2018;	Pucholt,	Wright,	Conze,	Mank,	&	Berlin,	2017)	
is	based	on	similar	underlying	principles.	Male	and	female	genomes	
are	broken	up	into	k‐mers,	counted	computationally,	and	autosomal,	
Y‐,	and	X‐linked	k‐mers	are	identified	on	the	basis	of	read	coverage.	
This	method	is	unaffected	by	differences	in	filtering	and	read	length	
and	can	be	useful	 for	 identifying	sex	chromosomes	across	species	
where	next‐generation	sequencing	data	sets	are	of	varying	quality	
(Morris	et	al.,	2018).	Additionally,	k‐mer	analyses	have	been	used	to	
provide	 insight	 into	 the	amount	of	 repetitive	elements	 accumulat‐
ing	 on	 recently	 evolved	Y	 chromosomes	 (Carvalho	&	Clark,	 2013;	
Morris	et	al.,	2018;	Pucholt	et	al.,	2017).	Finally,	in	combination	with	
next‐generation	sequencing	data	obtained	from	flow‐sorted	Y	chro‐
mosomes,	k‐mer	 approaches	can	 filter	contaminant	autosomal	and	
X‐linked	sequences,	thus	improving	the	quality	of	the	downstream	Y	
chromosome	assembly	(Rangavittal	et	al.,	2018).

However,	there	are	a	number	of	important	caveats	to	consider.	
Coverage	approaches	are	heavily	sensitive	to	the	algorithms	used	
to	map	reads	to	a	reference	genome.	This	 is	because	heteromor‐
phic	 sex	 chromosomes	 still	 retain	 sequence	 orthology	 between	
the	X	and	Y,	and	incorrectly	mapped	reads	can	mask	coverage	dif‐
ferences	 between	 the	 sexes	 and	 lead	 to	 the	misclassification	 of	
sex‐linked	sequences	as	autosomal.	Stringent	mapping	parameters	
are	 recommended	 to	minimize	 false	 negatives,	 with	 a	maximum	
mismatch	of	0	or	1	(Carvalho	&	Clark,	2013;	Hall	et	al.,	2013;	Smeds	
et	 al.,	 2015;	Vicoso	 et	 al.,	 2013),	 as	well	 as	 the	 filtering	 of	 non‐
uniquely	mapped	reads	 (Vicoso	&	Bachtrog,	2015).	Furthermore,	
repetitive	regions	of	DNA	should	be	masked	prior	to	implementing	

these	 approaches	 to	 remove	 repeats	 shared	 by	 the	 sex‐limited	
chromosome	and	the	autosomes	(Carvalho	&	Clark,	2013;	Hall	et	
al.,	 2013;	 Smeds	 et	 al.,	 2015;	 Vicoso	&	 Bachtrog,	 2015).	 A	 sim‐
ilar	 caveat	 applies	 to	 the	 k‐mer	 approach,	where	 k‐mer	 size	 can	
dramatically	affect	the	number	of	inferred	sex‐linked	scaffolds.	In	
principle,	a	large	k	ensures	that	identical	k‐mers	rarely	result	from	
sequencing	 errors	 and	 increases	 the	 probability	 that	 sequences	
encompass	sex‐limited	sites.	However,	if	k	is	too	large	then	k‐mer 
depth	may	be	too	low	to	detect	statistical	sex	differences.	In	con‐
trast,	 very	 short	 k‐mers	 are	 likely	 to	 be	 overrepresented	 in	 the	
data	set,	 leading	to	low	resolution	to	identify	sex‐limited	regions	
(Kelley,	 Schatz,	 &	 Salzberg,	 2010).	 The	 choice	 of	 optimal	 k‐mer 
size	 can	 range	 from	15–31	bp	depending	on	genome	size	of	 the	
organism	(Carvalho	&	Clark,	2013;	Morris	et	al.,	2018).	Coverage‐
based	 approaches	 have	been	used	 to	 identify	 sex	 chromosomes	
from	DNA‐seq	data	obtained	from	only	one	individual	from	each	
sex	(Vicoso	&	Bachtrog,	2013)	but	read	depth	must	be	reasonably	
high	to	avoid	confounding	effects	of	sequencing	errors	(see	Box	1)	
(>20‐fold;	Carvalho	&	Clark,	2013;	Hall	et	al.,	2013;	Smeds	et	al.,	
2015;	Vicoso	&	Bachtrog,	2015).	 In	practice,	multiple	 individuals	
of	each	sex	are	required	to	avoid	falsely	identifying	rare	SNP	vari‐
ants	as	sex‐linked	contigs,	the	probability	of	which	will	depend	on	
the	genetic	diversity	of	the	population	(see	Box	1).

2.2 | Expression‐based approach

This	approach	leverages	sex	differences	in	gene	expression	to	iden‐
tify	sex‐limited	transcripts	originating	from	the	Y	or	W	chromosome.	
RNA‐seq	reads	from	the	heterogametic	sex	are	mapped	to	a	refer‐
ence	 generated	 from	 the	 homogametic	 sex.	 Successfully	 mapped	
reads	originate	from	regions	of	the	genome	that	are	shared	between	
the	 sexes	whereas	 unmapped	 reads	 represent	 sex‐limited	 regions	
(Cortez	 et	 al.,	 2014;	Moghadam,	 Pointer,	Wright,	 Berlin,	 &	Mank,	
2012).	These	unmapped	reads	can	be	assembled	de	novo	 into	po‐
tential	Y‐	or	W‐linked	contigs.	Mapping	RNA‐seq	reads	from	the	ho‐
mogametic	sex	onto	these	putative	contigs	can	be	used	to	validate	
sex‐limitation	(Cortez	et	al.,	2014)	(Figure	2b).

This	 approach	 is	 similar	 to	 subtraction‐based	 methods	 em‐
ployed	using	DNA‐seq	data	and	is	best	optimized	for	systems	with	

F I G U R E  2  Overview	of	bioinformatic	methods	available	for	sex	chromosome	identification.	This	figure	is	based	on	XY	sex	chromosomes,	
but	all	methods	can	be	inverted	for	ZW	systems.	Top	left	panel	shows	the	key.	Top	right	panel	solid	bars	show	which	methods	are	most	
effective	along	different	points	of	the	sex	chromosome	divergence	continuum.	Dashed	bar	indicates	that	the	method	is	partially	effective.	
(a)	Genomic	coverage	approach:	in	nonrecombining	regions	of	sex	chromosomes,	where	the	Y	has	degenerated,	males	have	only	one	X	
chromosome,	and	thus	show	a	reduced	genomic	coverage	relative	to	females.	(b)	Expression‐based	approach:	male	RNA‐seq	reads	are	
mapped	to	a	female	reference.	Unmapped	reads	are	assembled	into	de	novo	contigs	to	identify	putative	Y‐linked	sequences.	Re‐mapping	
female	transcripts	to	these	contigs	can	be	used	to	verify	male‐limitation.	(c)	Association‐based	approach:	male	and	female	RAD‐tags	are	
compared	to	isolate	male‐specific	RAD	loci.	(d)	SNP	density	approach:	in	younger	regions	of	the	sex	chromosomes,	which	still	retain	high	
sequence	similarity	between	the	X	and	the	Y,	we	expect	an	increase	in	male	SNP	density	compared	to	females,	as	Y	reads,	carrying	Y‐specific	
SNPs,	still	map	to	the	homologous	X	regions.	This	SNP	density	pattern	is	not	expected	in	old	strata	with	substantial	Y	degeneration,	as	the	
X	is	effectively	hemizygous	in	males.	Contrasting	sex	differences	in	coverage	and	SNP	density	is	a	powerful	approach	to	identify	sex‐linked	
regions.	(e)	Segregation	analysis	approach:	SNP	data	obtained	from	parents	and	progeny	are	analyzed	in	a	statistical	framework	to	assess	
the	likelihood	of	autosomal	versus	sex‐linked	segregation	patterns.	(f)	Linkage	mapping	approach:	recombination	patterns	of	parents	and	
offspring	are	compared,	and	regions	with	no	recombination	between	males	and	females	indicate	putative	sex‐linked	regions
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Box 1 Overarching challenges in identifying sex chromosomes

Identifying homomorphic sex chromosomes
Homomorphic	sex	chromosomes,	or	recently	diverged	strata,	are	challenging	to	identify	as	there	is	limited	sequence	divergence	between	
chromosome	pairs.	Crucially,	because	homomorphic	sex	chromosomes	can	be	the	result	of	high	sex	chromosome	turnover	(Wright	et	al.,	
2016),	they	are	precisely	the	systems	needed	to	understand	the	mechanisms	underlying	the	evolution	of	sex	determination	(Bachtrog	et	
al.,	2014;	Beukeboom	&	Perrin,	2014).
A	number	of	approaches	are	more	suited	to	detecting	homomorphic	sex	chromosomes	than	others.	Because	SNP	variation	accumulates	
before	sex	chromosome	decay,	differences	in	heterozygosity	between	males	and	females	can	be	detected	even	when	regions	have	not	di‐
verged	sufficiently	to	show	coverage	differences	(Pucholt	et	al.,	2017).	Similarly,	segregation	analysis	approaches,	such	as	SEX‐DETector	
(Muyle	et	al.,	2016)	perform	optimally	when	X	and	Y	chromosomes	coassemble	in	the	reference	genome	and	are	therefore	best	suited	
to	detecting	homomorphic	sex	chromosomes.	Since	linkage	mapping	directly	measures	recombination,	this	approach	can	also	be	used	to	
identify	intermediately	diverged	sex	chromosomes;	however,	depending	on	the	recombination	frequency,	this	may	have	limited	success	
in	defining	strata	boundaries	(Wright	et	al.,	2019).

Bioinformatic margins of error
It	is	crucial	to	independently	verify	candidate	sex‐linked	regions,	especially	those	identified	using	measures	of	sequence	divergence	or	
other	proxies	for	arrested	recombination.	Although	many	of	the	methods	we	discuss	can	be	implemented	with	small	sample	sizes,	using	
fewer	individuals	increases	the	likelihood	that	candidate	loci	meet	screening	criteria	by	chance	or	due	to	sequencing	artifacts.	PCR	ampli‐
fication	of	candidates	is	a	simple	and	widely	used	method	of	verification,	however,	while	it	is	an	inexpensive	and	straightforward	method	
of	verification,	it	can	be	prohibitively	labour‐intensive	for	large‐scale	studies.	Additionally,	PCR	validation	might	fail	for	some	loci	that	
are	surrounded	by	conserved	sequence	(Fowler	&	Buonaccorsi,	2016;	Gamble,	2016),	thus	requiring	additional	steps	toward	verification.
Estimating	the	false	positive	rate	using	computational	methods	can	be	a	complementary	and	alternative	approach	to	validating	sex‐linked	
loci.	Permutation	tests	 that	shuffle	sex	assignments	among	sampled	 individuals	are	essential	 for	generating	null	distributions	against	
which	to	assess	the	validity	of	candidate	loci	(Huylmans	et	al.,	2019;	Jeffries	et	al.,	2018;	Morris	et	al.,	2018;	Scharmann,	Grafe,	Metali,	&	
Widmer,	2017;	Wright	et	al.,	2017).	For	example,	in	an	XY	system,	identifying	the	number	of	loci	conforming	to	ZW	expectations	is	essen‐
tial	to	estimate	the	false	positive	rate	and	distinguish	true	sex‐linkage	from	stochastic	noise.	Alternatively,	directly	verifying	the	presence	
of	fixed	differences	between	males	and	females	can	be	used	to	validate	sex‐linkage	of	genes	(Hough,	Hollister,	Wang,	Barrett,	&	Wright,	
2014).	Bioinformatic	approaches	to	validation	such	as	these	will	be	of	increasing	importance	as	data	sets	grow.

Depth of next‐generation sequencing
An	important	point	to	consider	when	designing	an	experiment	to	identify	sex	chromosomes	is	the	sequencing	depth.	Clearly	there	is	a	
trade‐off	between	number	of	individuals,	which	improves	the	likelihood	of	identifying	sex‐linked	regions	particularly	if	the	population	
from	which	they	are	sampled	is	genetically	diverse,	and	the	depth	of	sequencing.	Deeper	sequencing	reduces	the	chances	of	sequencing	
errors	leading	to	the	misidentification	of	sex‐linked	regions	(Davey	et	al.,	2013;	Liu	et	al.,	2012;	Mastretta‐Yanes	et	al.,	2015;	Nielsen,	Paul,	
Albrechtsen,	&	Song,	2011).	However,	the	majority	of	approaches	rely	on	sequencing	both	the	homogametic	sex,	where	the	sex	chromo‐
somes	will	have	equal	depth	to	the	autosomes,	and	the	heterogametic	sex,	where	the	X	and	Y	(or	Z	and	W)	chromosomes	will	have	half	the	
sequencing	depth.	For	example,	our	recommendation	of	>20‐fold	sequencing	depth	for	coverage‐	and	heterozygosity‐based	approaches	
(Carvalho	&	Clark,	2013;	Hall	et	al.,	2013;	Smeds	et	al.,	2015;	Vicoso	&	Bachtrog,	2015)	ensures	sex	chromosomes	are	sequenced	10‐fold	
in	the	heterogametic	sex.

Population genetic diversity
Approaches	that	rely	on	 identifying	consistent	genetic	differences	between	males	and	females	 (e.g.,	genomic	coverage,	SNP	density,	
expression	and	RAD‐seq	methods)	to	identify	sex	chromosomes	are	most	accurate	when	inbred	populations	are	used.	This	is	because	
in	outbred	populations,	males	and	females	will	differ	by	chance	at	polymorphic	sites	across	the	genome,	making	it	difficult	to	identify	
sex‐linked	regions,	particularly	when	only	a	few	individuals	are	sampled.	In	contrast,	approaches	that	rely	on	patterns	of	SNP	segregation	
(e.g.,	linkage	mapping)	perform	optimally	on	outbred	populations	where	genetic	diversity	is	maximized.	However,	care	must	be	taken	if	
sampling	across	populations,	as	it	is	possible	that	individuals	from	different	populations	will	have	independently	evolved	sex	chromosome	
systems	which	can	confound	the	results	of	these	approaches	(discussed	in	Jeffries	et	al.,	2018).
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sufficiently	diverged	sex	chromosomes	or	strata	where	there	is	sex‐
specificity	among	RNA‐seq	reads.	Furthermore,	this	approach	may	
underperform	in	systems	where	the	sex	chromosomes	are	starting	
to	decay,	as	the	loss	of	gene	expression	from	genes	on	the	Y	or	W	
chromosome	 has	 been	 shown	 to	 precede	 sequence	 degeneration	
(Bachtrog,	2013).	Autosomal	genes	with	sex‐limited	expression	may	
also	lead	to	erroneous	results.	Therefore,	while	sufficient	data	can	
be	obtained	from	as	little	as	one	male	and	one	female,	prior	knowl‐
edge	 of	 when	 sex‐limited	 genes	 are	 expressed,	 and	 in	 which	 tis‐
sue,	is	essential	to	ensure	detection	of	their	associated	transcripts.	
Typically,	 in	 heteromorphic	 systems,	 W	 and	 Y‐linked	 genes	 tend	
to	be	expressed	primarily	 in	reproductive	tissue	(Moghadam	et	al.,	
2012;	Skaletsky	et	al.,	2003).

2.3 | Association‐based approach

Several	 approaches	 exist	 to	 identify	 sex‐linked	 regions	 using	 sex‐
specific	genetic	association.	While	whole‐genome	sequencing	offers	
the	most	complete	resolution	for	these	analyses,	reduced	represen‐
tation	methods	may	also	be	employed	 if	genotyping	 is	sufficiently	
dense.	Restriction	 site‐associated	DNA	sequencing	 (RAD‐seq)	 is	 a	
powerful	tool	to	identify	sex‐limited	loci	and	has	been	used	to	infer	
sex	 chromosome	 systems	 across	 a	 number	 of	 species	 (Gamble	 et	
al.,	2015;	Jeffries	et	al.,	2018).	RAD‐seq	markers	are	compared	be‐
tween	males	and	females,	and	markers	present	 in	one	sex	and	ab‐
sent	in	the	other	are	kept	as	candidate	loci	(Y‐specific	or	W‐specific;	
Figure	2c).	Recently,	this	approach	has	been	expanded	to	screen	for	
variants	with	sex	differences	in	allele	frequency	and	heterozygosity	
(Brelsford,	Lavanchy,	Sermier,	Rausch,	&	Perrin,	2017;	Jeffries	et	al.,	
2018).	For	example,	a	Y‐linked	allele	should	have	a	frequency	of	0.5	
in	males	versus	0	in	females,	and	should	be	heterozygous	in	males	
yet	 homozygous	 in	 females.	 Therefore,	 this	 approach	 can	 be	 suc‐
cessfully	applied	 to	 identify	sex‐specific	markers	on	homomorphic	
sex	chromosomes	(Gamble	&	Zarkower,	2014).

The	inference	of	ploidy	from	RAD‐seq	data	can	also	be	a	fruitful	
avenue	to	identify	sex‐linked	regions.	DetSex	is	a	Bayesian	method	
that	infers	segregation	type	based	on	ploidy	information	in	males	and	
females,	which	is	derived	from	genotyping	data	(Gautier,	2014).	The	
X	chromosome	 is	diploid	 in	 females	yet	haploid	 in	males,	whereas	

autosomes	 are	 diploid	 in	 both	 sexes.	 However,	 this	 approach	 as‐
sumes	sex	chromosomes	are	old	and	that	Y	reads	do	not	map	onto	
the	X	reference,	and	 is	 therefore	optimized	for	heteromorphic	sex	
chromosomes.	Furthermore,	this	approach	requires	the	sequencing	
of	many	individuals	(20–50	individuals).	Others	have	leveraged	RAD‐
seq	data	to	identify	sex‐linked	regions	using	GWAS,	treating	sex	as	
a	binary	case/control	variable,	and	using	sliding	window	FST analy‐
sis	to	identify	regions	of	genetic	differentiation	between	males	and	
females	(Dixon,	Kitano,	&	Kirkpatrick,	2019;	Franchini	et	al.,	2018).

The	 primary	 advantages	 of	 the	 RAD‐seq	 approach	 are	 that	 it	
relies	on	genomic	DNA,	 is	 relatively	cheap,	and	 is	highly	effective	
for	wild‐caught	samples,	provided	they	are	accurately	sexed.	It	can	
be	 used	 in	 combination	 with	 certain	 bioinformatic	 approaches	 to	
identify	 both	 homomorphic	 and	 heteromorphic	 sex	 chromosome	
systems,	and	the	choice	of	restriction	enzyme	can	be	tailored	to	cut	
more	or	 less	frequently	 if	the	size	of	the	nonrecombining	region	is	
known.	The	main	challenge	faced	when	using	reduced	representa‐
tion	methods	is	the	problem	of	missing	data	(Lowry	et	al.,	2017).	Sex‐
specific	sequences	are	often	detected	 in	both	sexes	and	are	 likely	
to	represent	false	positives.	A	solution	might	be	to	increase	sample	
size;	however,	the	number	of	shared	loci	decreases	with	sample	num‐
bers	in	RAD‐seq	data	(Mastretta‐Yanes	et	al.,	2015).	Several	studies	
have	had	success	by	sampling	~5–20	individuals	per	sex	(Fowler	&	
Buonaccorsi,	2016;	Gamble	et	al.,	2015;	Gamble	&	Zarkower,	2014;	
Jeffries	et	al.,	2018);	however,	false	positives	can	also	be	problematic	
with	very	small	numbers	of	males	and	females,	and	greater	skew	in	
sample	sexes.	Implementing	and	developing	approaches	to	quantify	
the	false	positive	rate	of	identifying	sex‐linked	sequences	is	a	future	
priority	when	using	this	approach	(see	Box	1).

2.4 | SNP density approach

While	sex	differences	 in	genomic	coverage	or	expression	are	 in‐
dicative	 of	 diverged	 sex	 chromosomes	 with	 significant	 Y	 or	 W	
degeneration,	differences	 in	SNP	density	between	males	and	fe‐
males	 are	 expected	 in	 sex	 chromosomes	 at	 the	earlier	 stages	of	
divergence.	 In	 particular,	 elevated	 SNP	 density	 in	 the	 heteroga‐
metic	 sex	 can	be	used	 to	 infer	 sex‐linked	 regions	when	mapped	
to	a	reference	genome	generated	from	the	homogametic	sex.	For	

Box 1 (Continued)

Determining the identity of the sex chromosome pair
Once	sex‐linked	loci	are	found,	it	is	necessary	to	determine	the	identity	of	the	sex	chromosome	pair	in	order	to	identify	potential	turno‐
ver	events.	This	can	be	achieved	by	searching	for	orthologous	sequences	in	an	outgroup	species	with	a	chromosomal‐level	genome	
assembly.	This	 is	often	challenging	and	highly	dependent	on	conservation	of	synteny	across	clades.	However,	a	number	of	different	
methods	are	available	for	this	purpose,	including	the	Reference‐Assisted	Chromosome	Assembly	(RACA)	algorithm	(Kim	et	al.,	2013)	
as	used	in	Darolti	et	al.	(2019),	or	a	custom	approach	developed	by	Jeffries	et	al.	(2018),	involving	the	generation	of	linkage	maps	from	
RAD‐seq	data	to	anchor	scaffolds	to	an	outgroup	reference	genome.	The	importance	of	these	algorithms,	as	well	as	the	importance	of	
generating	chromosomal‐level	genome	assemblies	in	multiple	species,	will	be	a	priority	in	order	to	estimate	the	diversity	of	sex	chromo‐
somes	in	many	undersampled	clades.
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example,	in	nascent	sex	chromosomes	with	limited	Y	chromosome	
degeneration,	Y‐linked	genomic	reads	will	map	to	the	homologous	
region	of	the	X	in	a	female	reference	genome,	resulting	in	elevated	
SNP	 density	 in	males	 relative	 to	 females	 (Figure	 2d).	 Therefore,	
elevated	SNP	density	in	the	heterogametic	sex	can	be	used	to	infer	
sex‐linked	regions	when	mapped	to	a	reference	genome	generated	
from	the	homogametic	sex	(Darolti	et	al.,	2019;	Vicoso	et	al.,	2013;	
Wright	et	al.,	2017).	In	contrast,	in	regions	where	the	Y	has	largely	
degenerated,	we	expect	SNP	density	 to	be	 lower	 in	males	when	
mapped	 to	 a	 female	 genome	 as	 the	 X	 is	 effectively	 hemizygous	
in	 males	 (Rovatsos,	 Farkačová,	 Altmanová,	 Johnson	 Pokorná,	 &	
Kratochvíl,	2019;	Rovatsos,	Rehák,	Velenský,	&	Kratochvíl,	2019;	
Rovatsos,	 Vukić,	 &	 Kratochvíl,	 2016).	 Therefore,	 an	 absence	 of	
SNPs	in	females	can	indicate	X‐linked	sequences.	Finally,	scaffolds	
with	limited	sex	differences	in	polymorphism	are	probably	autoso‐
mal	or	pseudoautosomal.	Together,	this	rationale	can	be	used	not	
only	to	identify	sex	chromosomes	at	the	intermediate	stages	of	di‐
vergence,	but	also	strata	of	different	ages	along	the	chromosome	
(Darolti	et	al.,	2019;	Wright	et	al.,	2017)	 (Figure	2d).	Contrasting	
SNP	density	between	males	and	females	 is	 therefore	a	powerful	
approach	to	identify	sex	chromosomes	or	strata	at	the	intermedi‐
ate	stages	of	X	and	Y	(or	Z	and	W)	divergence.

The	primary	drawback	of	 the	SNP‐based	approach	 is	 the	dif‐
ficulty	in	defining	a	threshold	above	which	SNP	density	between	
males	and	females	can	be	used	to	infer	sex‐linkage.	This	is	because	
the	magnitude	of	sex	differences	in	SNP	density	is	directly	propor‐
tional	to	the	degree	of	divergence	between	the	sex	chromosomes.	
Therefore,	implementing	these	approaches	in	young	sex	chromo‐
some	systems	should	ideally	be	accompanied	by	information	as	to	
the	location	of	the	sex	determining	region.	Often	this	information	
is	not	available	and	therefore	a	permutation	approach	to	estimate	
the	null	distribution	of	sex	differences	in	SNP	density	across	the	
genome	is	essential	to	identify	regions	with	significantly	elevated	
SNP	 density	 in	 the	 heterogametic	 sex	 (see	 Box	 1).	 This	method	
is	 most	 successful	 when	 combined	 with	 the	 coverage	 approach	
(Figure	2d)	so	that	multiple,	independent	lines	of	evidence	can	be	
used	to	identify	sex‐linked	regions	(Darolti	et	al.,	2019;	Shearn	et	
al.,	2019;	Vicoso	et	al.,	2013).

2.5 | Segregation analysis approach

Segregation	analyses	can	be	a	powerful	approach	to	identify	sex‐
linked	 sequences	 (Bergero	 &	 Charlesworth,	 2011;	 Chibalina	 &	
Filatov,	2011;	Muyle	et	al.,	2016).	For	example,	SNPs	 in	X‐linked	
genes	will	 only	be	 transmitted	 from	 the	 father	 to	daughters	but	
not	 sons,	 whereas	 SNPs	 in	 Y‐linked	 genes	 are	 only	 transmitted	
to	 sons.	 Recently,	 a	 probabilistic	 framework	 (SEX‐DETector)	 has	
been	 developed	 to	 infer	 autosomal	 and	 sex‐linked	 genes	 using	
patterns	of	allelic	segregation	(Muyle	et	al.,	2016).	SEX‐DETector	
uses	genotypic	data	from	parents	and	progeny	to	infer	three	seg‐
regation	types:	autosomal,	X‐linked	with	a	Y‐linked	ortholog	(X/Y	
pair)	 and	 those	without	 (X‐hemizygous)	 (Figure	 2e).	 Each	 SNP	 is	
assigned	 a	 likelihood	 of	 these	 three	 states	 and	 the	method	 can	

also	estimate	the	type	of	sex	chromosome	system	through	a	model	
comparison	strategy.	An	important	step	is	the	generation	of	a	de	
novo	reference	assembly	where	X	and	Y	sequences	co‐assemble	
into	 one	 contig	 instead	 of	 separate	 X‐	 and	 Y‐linked	 sequences.	
This	 co‐assembly	makes	 it	 possible	 to	 identify	 X/Y	 SNPs	 and	 is	
essential	 for	 differentiating	 Y‐linked	 sequences	 from	 autosomal	
genes	with	male‐limited	expression	in	the	case	of	RNA‐seq	data.	
Therefore,	the	approach	is	best	optimized	to	systems	with	low	or	
intermediate	level	of	sex	chromosome	divergence	where	X	and	Y	
sequences	are	most	likely	to	coassemble	in	the	reference	assem‐
bly.	However,	SEX‐DETector	can	still	 identify	X‐hemizygous	con‐
tigs	in	old	systems,	but	there	is	a	risk	that	these	are	actually	X/Y	
pairs	whose	sequences	were	so	diverged	that	they	assembled	into	
separate	contigs	(see	Muyle	et	al.,	2018).

This	 method	 has	 been	 used	 to	 identify	 sex‐linked	 regions	 in	
several	plant	species	(Martin	et	al.,	2019;	Muyle	et	al.,	2017,	2018;	
Veltsos	et	al.,	2019;	Zemp	et	al.,	2016),	but	 there	are	a	number	of	
important	 points	 to	 consider.	 This	 approach	 requires	 family	 data	
and	 is	 therefore	 limited	 to	species	 for	which	pedigree	 information	
is	available.	Second,	SEX‐Detector	has	primarily	been	used	to	anal‐
yse	RNA‐seq	derived	genotyping	data	although	it	can	also	be	used	
with	genomic‐based	data	instead,	providing	the	data	set	 is	not	too	
big	 (Muyle	 et	 al.,	 2016).	Whilst	 RNA‐seq	 data	 clearly	 has	 advan‐
tages,	only	genes	that	are	expressed	can	be	identified	as	sex‐linked.	
However,	 using	multiple	 tissues	 or	 tissues	where	many	 genes	 are	
expressed	 can	 circumvent	 this	 problem.	 Finally,	 the	 pipeline	 re‐
quires	polymorphism	data	to	infer	certain	types	of	sex‐linkage	and	
therefore	 is	 not	 optimized	 for	 inbred	 populations.	 Ideally,	 parents	
should	be	sampled	from	different	populations	in	order	to	maximize	
the	genetic	diversity	of	the	progeny	and	increase	statistical	power	
(but	see	Box	1).	However,	this	only	applies	to	X‐hemizygous	genes,	
whose	identification	relies	on	the	presence	of	polymorphisms	on	the	
X	copy.	The	detection	of	X/Y	gene	pairs	 is	 instead	based	on	fixed	
X‐Y	substitutions	and	is	therefore	not	affected	by	population	levels	
of	genetic	diversity	(Muyle	et	al.,	2016,	2018).	As	a	result,	X‐hemi‐
zygous	genes	are	sometimes	more	difficult	to	detect	using	this	ap‐
proach	 (Blavet	 et	 al.,	 2015)	 and	 this	 ascertainment	bias	 should	be	
taken	into	account	when	estimating	gene	loss.

2.6 | Linkage mapping approach

Instead	 of	 using	 a	 proxy	 for	 arrested	 recombination,	 such	 as	 se‐
quence	 divergence	 or	 the	 accumulation	 of	 sex‐specific	 SNPs,	 sex	
chromosomes	 can	 be	 identified	 by	 finding	 regions	 of	 the	 genome	
where	there	is	no	recombination	in	males	or	females.	Linkage	maps	
measure	recombination	frequency	between	genetic	makers	and	are	
a	traditional	method	for	sex	chromosome	discovery	(Al‐Dous	et	al.,	
2011;	Charlesworth,	2018;	Goldberg,	Spigler,	&	Ashman,	2010;	Hou	
et	al.,	2015).	The	first	step	of	this	process	requires	DNA	collection	
from	parents	and	offspring.	Typically,	large	sample	sizes	are	required	
(~100s	 to	 1,000s	 of	 progeny)	 from	multiple	 independent	 families,	
where	 the	 number	 of	 individuals	 will	 determine	 the	 number	 of	
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potential	crossover	events	observed	and	therefore	resolution	to	dis‐
tinguish	autosomal	from	sex‐linked	regions.	Therefore,	when	recom‐
bination	is	rare,	even	larger	families	are	needed	(Bergero,	Gardner,	
Bader,	Yong,	&	Charlesworth,	2019;	Wright	et	al.,	2019).	Next,	 in‐
formative	 genetic	 markers	 need	 to	 be	 identified	 that	 are	 evenly	
spread	across	 the	whole	genome,	or	along	 the	sex	chromosome	 if	
strata	 and	 the	 pseudoautosomal	 region	 are	 being	 identified	 (e.g.,	
Yazdi	&	Ellegren,	2018).	Finally,	linkage	maps	for	males	and	females	
are	constructed,	and	regions	of	the	genome	with	no	recombination	
indicate	 putative	 sex‐linked	 loci	 (Figure	 2f).	 Simultaneously,	 QTL	
analysis	 using	 a	 binary	 trait	 model	 could	 be	 used	 to	 quantify	 the	
number	and	size	of	the	regions	involved.

The	advantage	of	linkage	mapping	is	that	it	directly	measures	
recombination	rates	rather	than	using	a	proxy	for	arrested	recom‐
bination,	 and	 thus	 can	 be	 applied	 to	 species	with	 homomorphic	
sex	chromosomes.	However,	the	necessity	for	samples	from	par‐
ents	 and	offspring	will	 limit	which	 species	 this	 approach	 can	 be	
used	on.	Recombination	 frequency	will	 also	determine	how	suc‐
cessful	 this	approach	 is.	 If	 the	sex‐determining	 locus	arose	 in	an	
area	 of	 the	 genome	which	 already	 had	 low	 recombination,	 as	 is	
believed	to	have	occurred	 in	papaya	 (Wai,	Moore,	Paull,	Ming,	&	
Yu,	 2012),	 then	 sex	 chromosome	 discovery	 using	 linkage	 map‐
ping	will	be	more	challenging.	Furthermore,	when	recombination	
events	are	 rare,	 the	boundary	between	 the	nonrecombining	and	
the	pseudoautosomal	regions	is	more	difficult	to	define	(Bergero	
et	 al.,	 2019;	Wright	et	 al.,	 2019).	This	 is	because	 the	probability	
of	observing	a	recombination	event	near	this	boundary	is	limited	
by	sample	size.	Large	families,	and	correspondingly	many	recom‐
bination	 events,	 are	 necessary	 to	 achieve	 the	 power	 required	
to	 characterize	 nonrecombining	 regions	 on	 sex	 chromosomes.	
This	approach	also	cannot	be	used	in	species	with	sex‐limited	re‐
combination	(e.g.,	several	Diptera	and	Lepidoptera;	see	Satomura,	
Osada,	&	Endo,	2019	for	a	complete	review).

3  | FUTURE DIREC TIONS & PERSPEC TIVES

The	diversity	of	independently	evolved	sex	chromosome	systems	
across	eukaryotes	is	striking	(Bachtrog	et	al.,	2014;	Beukeboom	&	
Perrin,	2014),	yet	our	current	understanding	of	the	ecological	and	
genetic	factors	that	drive	changes	in	sex	determination	system	is	
limited,	despite	a	large	body	of	theoretical	predictions.	The	devel‐
opment	of	new	bioinformatic	methods	to	identify	and	characterize	
sex	chromosomes	across	non‐model	 species	 is	 fueling	efforts	 to	
test	these	predictions.	Indeed,	several	studies	have	recently	pro‐
vided	important	insight	into	the	dynamics	and	drivers	of	turnover	
(Blackmon	&	Demuth,	2014;	Jeffries	et	al.,	2018;	Kitano	&	Peichel,	
2012).	A	 large	 body	 of	 theoretical	work	 outlines	 predictions	 for	
when	 and	 why	 sex	 chromosome	 transitions	 occur	 (Bachtrog	 et	
al.,	 2011;	 Beukeboom	&	 Perrin,	 2014),	 under	 the	 hypotheses	 of	
genetic	drift	 (Bull	&	Charnov,	1977;	Saunders	et	al.,	2018),	accu‐
mulation	of	deleterious	mutation	on	the	sex‐limited	chromosomes	
(Blaser	et	al.,	2013,	2014),	 selection	on	sex	 ratio	 (Jaenike,	2001;	

Werren	&	Beukeboom,	1998)	and	sexually	antagonistic	selection	
(van	Doorn	&	Kirkpatrick,	2007,	2010).	Here,	we	highlight	key	pre‐
dictions	for	each	of	the	hypotheses	to	motivate	future	sex	chro‐
mosome	research.

3.1 | Genetic drift

Genetic	drift	has	been	theorized	to	underlie	sex	chromosome	turno‐
ver	in	the	absence	of	selection	when	a	novel	sex	determining	region	
arises	of	equal	fitness	to	the	established	one	(Bull	&	Charnov,	1977).	
The	emergence	of	a	new	sex	determination	 locus	 is	 thought	to	be	
followed	 by	 a	 period	 of	multifactorial	 sex	 determination	 involving	
multiple	genotypes	for	each	sex.	The	two	resulting	sex	chromosome	
systems	are	connected	by	a	path	of	neutral	equilibria	that	balance	
sex	ratio	at	the	population	level,	enabling	drift	to	drive	a	transition	
to	the	new	system	(Bull	&	Charnov,	1977).	Transitions	that	reverse	
patterns	of	heterogamety	are	characterized	by	a	drift‐induced	selec‐
tive	force	that	favours	the	fixation	of	novel	sex	determining	muta‐
tions	(Veller,	Muralidhar,	Constable,	&	Nowak,	2017).	However,	the	
weakness	 of	 drift‐induced	 selection	 (fixation	 probabilities	 on	 the	
order	of	1/N)	calls	into	question	its	significance	in	mediating	turno‐
ver	given	the	potential	for	other	selective	forces	to	act	on	compet‐
ing	sex	chromosome	systems	(Veller	et	al.,	2017).	Furthermore,	the	
coexistence	of	multiple	sex	determining	loci	in	a	number	of	species	
(e.g.,	cichlids,	housefly,	zebrafish,	seabass)	suggests	that	multifacto‐
rial	sex	determination	need	not	be	unstable,	provided	the	sex	ratio	
is	balanced	(Liew	et	al.,	2012;	Meisel	et	al.,	2016;	Moore	&	Roberts,	
2013;	Roberts	 et	 al.,	 2016;	Vandeputte,	Dupont‐Nivet,	Chavanne,	
&	 Chatain,	 2007;	Wilson	 et	 al.,	 2014).	 Because	 sex	 operates	 as	 a	
threshold	 trait	 in	 which	 female	 or	 male	 development	 is	 triggered	
when	genetic	and/or	environmental	cues	surpass	some	level	(Bulmer	
&	Bull,	1982;	Roff,	1996),	the	presence	of	multiple	sex	determining	
loci	may	not	necessarily	indicate	that	a	system	is	undergoing	a	sex	
chromosome	 turnover	 (Beukeboom	 &	 Perrin,	 2014;	 Perrin,	 2016;	
Rodrigues	et	al.,	2017).

Drift‐induced	 turnover	 has	 been	 studied	 almost	 entirely	 using	
computer	simulations,	and	this	work	has	generated	a	number	of	pre‐
dictions	to	guide	future	research	(Nishioka,	Miura,	&	Saitoh,	1993;	
Saunders	 et	 al.,	 2018;	 Veller	 et	 al.,	 2017).	 First,	 drift‐induced	 sex	
chromosome	 transitions	 that	 maintain	 patterns	 of	 heterogamety	
are	predicted	to	be	2–4	times	more	likely	than	those	which	reverse	
heterogamety	when	the	invading	sex	determining	locus	is	dominant;	
however,	 this	 ratio	 is	 influenced	 by	 effective	 population	 size	 and	
mating	 system.	 This	 is	 because	 transitions	 that	 preserve	 heterog‐
amety	 involve	fixation	of	the	ancestral	X	or	Z	chromosome,	which	
have	a	higher	frequency	in	the	population,	while	transitions	revers‐
ing	heterogamety	require	fixation	of	the	ancestral	Y	or	W	(Saunders	
et	al.,	2018).	Comparative	studies	across	independently	evolved	sex	
chromosomes	offer	the	potential	to	test	this	directly,	provided	that	
the	sampling	resolution	is	sufficient	and	the	identity	of	sex	chromo‐
some	pairs	is	known.	The	preserved	heterogamety	patterns	among	
Salmonid	 fish	 (Phillips,	 2013),	 Varanid	 and	 Lacertid	 lizards	 (Ezaz,	
Sarre,	 O'Meally,	 Graves,	 &	 Georges,	 2009;	 Pokorná	 &	 Kratochvíl,	
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2009),	and	Ranid	frogs	(Jeffries	et	al.,	2018)	are	consistent	with	drift‐
induced	turnover,	but	are	difficult	to	distinguish	from	expectations	
under	alternative	scenarios	such	as	mutation‐load	selection	(Jeffries	
et	al.,	2018).	However,	the	predictions	of	mutation‐load	models	rely	
on	explicitly	accounting	for	mutation	rates,	which	can	be	challeng‐
ing	to	obtain.	Second,	while	transitions	that	maintain	heterogamety	
are	unaffected	by	demographic	parameters,	transitions	that	reverse	
heterogamety	are	more	likely	as	effective	population	size	decreases	
and	reproductive	skew	increases	(Saunders	et	al.,	2018;	Veller	et	al.,	
2017).	Specifically,	transitions	from	an	XY	to	a	ZW	system	become	
more	common	when	the	number	of	breeding	males	is	low	(Saunders	
et	al.,	2018).	Therefore,	experimental	and	comparative	approaches	
in	 species	with	multifactorial	 systems	may	 present	 a	window	 into	
an	 ongoing	 turnover	 event,	 and	 offer	 an	 excellent	 opportunity	 to	
explicitly	test	the	role	of	drift	 in	sex	chromosome	turnover.	Under	
drift,	multifactorial	systems	should	be	found	more	frequently	in	spe‐
cies	with	large	effective	population	sizes	because	the	fixation	of	an	
invading	 sex	 determiner	will	 proceed	more	 slowly	 in	 such	 species	
(Saunders	 et	 al.,	 2018;	 Veller	 et	 al.,	 2017).	 Natural	 or	 experimen‐
tally	 induced	 variation	 in	 demographic	 traits	 and	mating	 systems,	
and	thereby	effective	population	size,	across	species	can	be	used	to	
probe	the	role	of	drift	in	driving	turnovers.	Finally,	directly	identify‐
ing	invading	sex	determiners	makes	it	possible	to	test	the	prediction	
that	 heterogamety‐reversing	 transitions	 should	 involve	 dominant	
mutations	(Nishioka	et	al.,	1993;	Veller	et	al.,	2017).

3.2 | Accumulation of deleterious mutations

As	recombination	is	suppressed	between	sex	chromosomes,	the	sex‐
limited	Y	and	W	start	to	decay	by	a	combination	of	neutral	and	adap‐
tive	processes.	The	accumulation	of	 loss‐of‐function	mutations	on	
the	nonrecombining	sex	chromosomes	is	predicted	to	drive	the	turn‐
over	and	formation	of	a	new	sex	chromosome	system.	This	process	
is	thought	to	be	affected	by	the	number	and	strength	of	deleterious	
mutations,	sexually	antagonistic	selection,	effective	population	size,	
and	the	size	of	the	nonrecombining	region	(Blaser	et	al.,	2013,	2014).

A	number	of	 predictions	 for	 sex	 chromosome	 turnover	 arise	
from	 the	 mutation	 accumulation	 hypothesis.	 First,	 patterns	 of	
heterogamety	should	be	preserved,	because	a	switch	 (e.g.,	 from	
an	XY	to	a	ZW	system)	requires	the	fixation	of	the	ancestral,	de‐
generated	sex‐limited	chromosome	as	an	autosome	(Blaser	et	al.,	
2014;	van	Doorn	&	Kirkpatrick,	2010;	Jeffries	et	al.,	2018;	Scott,	
Osmond,	 &	 Otto,	 2018).	 Second,	 factors	 associated	 with	 high	
loads	 of	 deleterious	 mutations,	 and	 therefore	 sex	 chromosome	
degeneration,	should	also	be	linked	to	high	turnover	rates.	Many	
species	exhibit	heterochiasmy	or	achiasmy,	where	recombination	
is	reduced	or	absent	in	one	sex,	which	would	in	theory	accelerate	
the	accumulation	of	deleterious	mutations	on	the	nonrecombin‐
ing	sex	chromosome	and	therefore	promote	turnover.	This	is	con‐
sistent	with	 transitions	 across	Ranid	 frogs	 (Jeffries	 et	 al.,	 2018)	
but	 not	 with	 the	 stability	 of	 ZW	 chromosomes	 in	 Lepidoptera	
(Lenormand,	2003),	both	of	which	exhibit	 reduced	or	absent	 re‐
combination	 in	 the	heterogametic	 sex.	Various	 life	history	 traits	

can	 also	 be	used	 as	 a	 proxy	of	mutation	 rate	 and	 therefore	 sex	
chromosome	degeneration	 in	 a	 comparative	 framework.	 For	 ex‐
ample,	 species	 that	 are	 warm	 blooded,	 shorter	 lived,	 or	 have	 a	
smaller	 body	 size	 usually	 have	 higher	 metabolic	 rates	 (Galtier,	
Jobson,	Nabholz,	Glémin,	&	Blier,	2009).	However,	current	studies	
find	 that	many	 cold‐blooded	vertebrates	 including	 fish	 (Mank	&	
Avise,	2009;	Mank	et	al.,	2006;	Volff,	Nanda,	Schmid,	&	Schartl,	
2007),	reptile,	and	amphibian	lineages	(Ezaz	et	al.,	2009;	Jeffries	
et	al.,	2018)	have	undergone	far	more	sex	chromosome	turnover	
than	warm‐blooded	mammals.	This	contrast	may	reflect	the	con‐
founding	effects	of	other	factors,	such	as	differences	in	effective	
population	size.	In	addition,	organisms	with	a	longer	haploid	phase	
will	 experience	 purifying	 selection	 to	maintain	 gene	 activity	 on	
the	Y	chromosome	during	meiosis	(Wright	et	al.,	2016).	Therefore,	
we	might	 expect	 less	 frequent	 sex	 chromosome	 turnover	 in	 or‐
ganisms	 where	 haploid	 selection	 is	 more	 persistent.	 However,	
whilst	 it	was	 initially	 shown	 that	 organisms	with	 a	 long	 haploid	
phase	exhibit	lower	levels	of	sex	chromosome	divergence,	includ‐
ing	some	algae	 (Ahmed	et	al.,	2014)	and	plants	 (Bergero,	Qiu,	&	
Charlesworth,	 2015;	 Chibalina	 &	 Filatov,	 2011),	 a	 recent	 study	
using	a	 larger	data	set	of	 sex‐linked	genes	 found	 rapid	degener‐
ation	of	the	Silene latifolia	Y	chromosome	(Papadopulos,	Chester,	
Ridout,	&	Filatov,	2015).	This	 result,	 together	with	 the	observa‐
tion	that	many	plant	clades	exhibit	turnover	of	sex	chromosome	
systems	 (Balounova	 et	 al.,	 2019;	Charlesworth,	 2015;	Martin	 et	
al.,	2019;	Moore,	Harkess,	&	Weingartner,	2016;	Tennessen	et	al.,	
2018),	suggest	that	haploid	selection	might	have	a	minimal	effect	
on	rates	of	Y	degeneration.

Finally,	the	rate	of	turnover	of	XY	versus	ZW	chromosomes	is	
predicted	 to	differ	 in	 light	 of	mutation	 load.	 First,	 the	 evolution	
of	 complete	 dosage	 compensation,	 a	 mechanism	 that	 compen‐
sates	 for	 the	 degeneration	 and	 loss	 of	 expression	 of	 the	W	and	
Y	chromosomes	(Gu	&	Walters,	2017;	Mank,	2013),	 is	thought	to	
reduce	the	power	of	purifying	selection	to	maintain	gene	activity	
on	these	chromosomes	(Engelstädter,	2008;	Wright	et	al.,	2016).	
Dosage	compensation	mechanisms	are	more	frequently	observed	
on	XY	relative	to	ZW	chromosomes	in	the	species	studied	so	far	
(Gu	&	Walters,	2017;	Mullon	et	al.,	2015;	Tables	S1–S3),	potentially	
leading	 to	 faster	 rates	 of	 Y	 chromosome	 decay.	However,	 there	
have	 been	 several	 recent	 counter‐examples	 to	 this	 trend	 (Hale,	
McKinney,	Thrower,	&	Nichols,	2018;	Huylmans	et	al.,	2019),	and	
as	more	sex	chromosomes	are	identified	it	will	be	possible	to	test	
whether	 there	 is	 indeed	 a	 consistent	 relationship	 between	 dos‐
age	 compensation	 status	 and	 sex	 chromosome	 system.	 Second,	
in	several	vertebrate	and	plant	groups	 (Kirkpatrick	&	Hall,	2004;	
Whittle	 &	 Johnston,	 2002),	 males	 have	 a	 higher	 mutation	 rate	
than	 females.	 Therefore,	 deleterious	mutations	 are	 predicted	 to	
accumulate	 more	 quickly	 on	 the	 Y	 chromosome,	 meaning	 that	
XY	 sex	 chromosome	 systems	may	undergo	 turnover	more	often	
than	ZW	systems	(Bachtrog	et	al.,	2011;	Naurin,	Hansson,	Bensch,	
&	 Hasselquist,	 2010).	 Testing	 this	 directly	 will	 require	 detailed	
knowledge	of	the	identity	of	the	sex	chromosome	pair	across	mul‐
tiple	species.
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3.3 | Selection on sex ratio

Selection	on	sex	ratio	is	thought	to	promote	the	invasion	of	a	novel	
sex	determination	locus	in	order	to	restore	Fisherian	sex	ratio	values	
when	they	are	unbalanced	(Beukeboom	&	Perrin,	2014;	Bull,	1983;	
Mank,	Hosken,	&	Wedell,	2014).	This	can	arise	commonly	through	
intragenomic	conflicts	from	selfish	or	meiotic	drive	elements,	either	
autosomal	or	sex‐linked.	Endosymbionts	can	have	a	similar	impact,	
as	illustrated	by	the	Wolbachia	feminizing	element	in	populations	of	
woodlice	(Cordaux,	Bouchon,	&	Grève,	2011).	Increasing	numbers	of	
theoretical	models	outline	the	scenarios	in	which	we	might	expect	
sex	 ratio	selection	 to	drive	 the	evolution	of	new	sex	chromosome	
systems	 (Kozielska,	 Weissing,	 Beukeboom,	 &	 Pen,	 2010;	 Úbeda,	
Patten,	&	Wild,	2015)	and	there	is	growing	support	from	a	few	taxa	
(Badawi,	Moumen,	Giraud,	Grève,	&	Cordaux,	2018;	Becking	et	al.,	
2017;	Chebbi	et	al.,	2019;	Cordaux	et	al.,	2011;	Cordaux	&	Gilbert,	
2017;	Leclercq	et	al.,	2016;	Miura,	2007).	Similarly,	a	 recent	study	
outlined	the	role	of	haploid	selection	via	gametic	competition	and	
meiotic	drive	in	increasing	the	lability	of	sex	determination	systems	
(Scott	et	al.,	2018).

Given	 the	 prevalence	 of	 sex	 ratio	 distorters	 in	 nature	 (Hall,	
2004;	Jaenike,	2001),	in	particular	sex‐linked	meiotic	drivers	(Helleu	
et	 al.,	 2016;	 Tao	 et	 al.,	 2007),	 sex	 ratio	 selection	 is	 likely	 to	 be	 a	
common	driver	 in	 sex	 chromosome	 turnover	 events	 (see	 Scott	 et	
al.,	 2018),	 yet	 is	 probably	 one	of	 the	most	 difficult	 to	 detect	 due	
to	its	transient	nature	(Kozielska	et	al.,	2010).	This	is	because	once	
the	novel	sex	determination	region	is	fixed,	balanced	sex	ratios	are	
restored	and	 the	original	 sex	determining	 locus	 is	often	 lost	 from	
the	population.	As	a	 result,	 comparative	phylogenetic	 approaches	
will	have	limited	power	to	quantify	the	relative	contribution	of	mei‐
otic	drive	to	turnover	events.	However,	one	signature	of	a	recurrent	
arms	race	between	successive	sex	ratio	distorters	and	their	modi‐
fiers	is	an	increase	in	the	length	of	the	sex	determination	pathway,	
as	novel	sex	determination	factors	are	integrated	into	existing	gene	
networks	 (Schartl,	2004;	Wilkins,	1995).	 In	support	of	this,	down‐
stream	components	of	sex	determination	cascades	are	broadly	con‐
served	relative	to	upstream	regulators	(Beukeboom	&	Perrin,	2014).	
Alternatively,	laboratory	crosses	between	pairs	of	sister	species	can	
uncover	 the	potential	 for	 sex	 ratio	 selection	 to	act	by	uncoupling	
drivers	and	modifiers;	however,	such	experiments	are	not	feasible	
in	 many	 groups.	 Instead,	 experimental	 selection	 in	 species	 with	
polyfactorial	 sex	 determination,	 such	 as	 the	 housefly	 (Kozielska,	
Pen,	 Beukeboom,	 &	 Weissing,	 2006;	 Meisel,	 Olafson,	 Guerrero,	
Konganti,	&	Benoit,	2019),	have	the	greatest	scope	to	quantify	the	
role	of	sex	ratio	selection	and	meiotic	drive	in	the	evolution	of	sex	
determination.

3.4 | Sexually antagonistic selection

Sexually	 antagonistic	 selection,	 which	 occurs	 when	 a	 mutation	 is	
harmful	to	one	sex	but	beneficial	to	the	other,	is	predicted	to	drive	
sex	 chromosome	 turnover.	 For	 example,	 an	 autosomal	 gene	 with	
male	benefit	and	female	harm	effects	might	become	linked	to	a	sex	

determining	gene,	either	through	the	evolution	of	a	novel	 locus	or	
translocation	of	the	existing	determiner	or	antagonistic	locus.	If	this	
neo‐sex	chromosome	produces	males	with	higher	 fitness	 than	the	
ancestral	Y	chromosome,	then	it	can	replace	the	ancestral	sex	deter‐
mination	mechanism	(van	Doorn	&	Kirkpatrick,	2007,	2010).

There	is	some	empirical	support	for	this	theory,	including	the	
invasion	of	a	novel	female	sex	determining	locus	in	cichlids	where	
there	 is	 sexual	 conflict	 over	 a	 female‐benefit,	male‐harming	 co‐
lour	 pattern	 (Roberts,	 Ser,	 &	 Kocher,	 2009).	 However,	 since	 we	
can	only	look	at	a	snapshot	in	evolutionary	time,	and	given	that	sex	
determination	is	dynamic	and	polygenic	in	cichlids	(Ser,	Roberts,	&	
Kocher,	2010),	we	do	not	know	whether	the	new	sex	chromosome	
predates,	or	evolved	in	response	to,	the	coloration	patterns.	The	
discovery	of	 a	 neo‐sex	 chromosome	 in	 the	 three‐spined	 stickle‐
back	 also	 supports	models	 of	 sex	 chromosome	 evolution	 driven	
by	sexual	antagonism	(Kitano	et	al.,	2009),	however,	the	absence	
of	 recombination	 suppression	between	 the	 sexually	antagonistic	
locus	 and	 the	 sex	 determining	 gene	 casts	 doubt	 on	 this	 (Natri,	
Shikano,	&	Merilä,	2013).	Finally,	sexually	antagonistic	genes	have	
accumulated	 close	 to	 a	 novel	 sex	 determining	 gene	 (Rice,	 1992)	
and	 on	 a	 neo‐sex	 chromosome	 in	Drosophila	 (Zhou	 &	 Bachtrog,	
2012).	Despite	 these	 studies,	we	 lack	direct	 support	 for	 the	 rel‐
ative	 importance	of	sexual	antagonism	 in	driving	turnovers.	One	
way	around	this	 is	through	experimental	evolution,	and	an	ambi‐
tious	 study,	 involving	 100	 generations	 of	 backcrossing	 between	
two	 species	 of	Xiphophorus,	 directly	 illustrates	 the	 potential	 for	
sexual	conflict	to	drive	sex	chromosome	turnover	(Franchini	et	al.,	
2018).

Much	 of	 the	 current	 work	 in	 this	 area	 involves	 species	 of	
fish,	 and	we	 suggest	 future	work	 should	 continue	 in	 these	 taxa	
due	 to	 the	 repeated	 origins	 of	 homomorphic	 sex	 chromosomes.	
Studying	species	or	populations	where	there	is	variation	in	the	ex‐
tent	of	recombination	suppression	between	sex	chromosomes,	as	
in	Poeciliids	 (Bergero	et	al.,	2019;	Darolti	et	al.,	2019;	Wright	et	
al.,	2017),	promises	to	be	a	fruitful	avenue.	A	powerful	approach	
would	be	targeting	young	sex	chromosomes	within	a	sex‐specific	
evolution	framework	to	test	whether	sexually	antagonistic	muta‐
tions	 accumulate	 prior	 to	 recombination	 suppression	 (Ponnikas,	
Sigeman,	Abbott,	&	Hansson,	2018).	Experimental	evolution	con‐
tinuing	 the	work	 of	 Rice	 (1992),	 investigating	whether	 recombi‐
nation	suppression	spreads	between	a	new	sex	determining	gene	
and	a	sexually	antagonistic	gene	would	be	an	insightful,	although	
challenging,	future	avenue.
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Abstract

The sex chromosomes often follow unusual evolutionary trajectories. In particular, the sex-limited 
chromosomes frequently exhibit a small but unusual gene content in numerous species, where 
many genes have undergone massive gene amplification. The reasons for this remain elusive with 
a number of recent studies implicating meiotic drive, sperm competition, genetic drift, and gene 
conversion in the expansion of gene families. However, our understanding is primarily based on 
Y chromosome studies as few studies have systematically tested for copy number variation on W 
chromosomes. Here, we conduct a comprehensive investigation into the abundance, variability, 
and evolution of ampliconic genes on the avian W. First, we quantified gene copy number and 
variability across the duck W chromosome. We find a limited number of gene families as well as 
conservation in W-linked gene copy number across duck breeds, indicating that gene amplification 
may not be such a general feature of sex chromosome evolution as Y studies would initially 
suggest. Next, we investigated the evolution of HINTW, a prominent ampliconic gene family 
hypothesized to play a role in female reproduction and oogenesis. In particular, we investigated 
the factors driving the expansion of HINTW using contrasts between modern chicken and duck 
breeds selected for different female-specific selection regimes and their wild ancestors. Although 
we find the potential for selection related to fecundity in explaining small-scale gene amplification 
of HINTW in the chicken, purifying selection seems to be the dominant mode of evolution in the 
duck. Together, this challenges the assumption that HINTW is key for female fecundity across the 
avian phylogeny.

Subject Area: Molecular adaptation and selection 
Key words:  sex chromosomes, HINTW, Y chromosome, copy number evolution

Sex chromosomes are subject to unique evolutionary pressures due 
to their sex-limited inheritance and exhibit many unusual charac-
teristics compared to the rest of the genome (Furman et al. 2020). 
They evolve when an autosome acquires a sex-determining locus 
followed by halting of  recombination between the sex chromo-
some pairs (Charlesworth 1991; Bergero and Charlesworth 2009). 
This recombination suppression triggers a cascade of neutral and 

adaptive processes that cause the once identical chromosomes to 
diverge from each other, often leading to the evolution of hetero-
morphic sex chromosomes (Bachtrog 2013). These effects are most 
pronounced for the sex-limited Y and W chromosomes, which ex-
perience a reduction in the efficacy of selection, often resulting in 
rapid decay of gene content and activity due to processes such as 
Muller’s ratchet, the Hill-Robertson effect, and genetic hitchhiking 
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(Charlesworth 1978; Rice 1996; Charlesworth and Charlesworth 
2000; Bachtrog and Charlesworth 2002; Bachtrog 2008). In add-
ition, because the Y and W chromosomes are haploid and only pre-
sent in one sex, their effective population size is a fraction of that 
of the autosomes (Bachtrog and Charlesworth 2002; Haddrill et al. 
2007), making them more susceptible to genetic drift. Indeed, many 
Y chromosomes often consist of very few functional genes (Mank 
2012), however, intriguingly many of these genes have undergone 
massive gene amplification and persist as members of multi-copy 
gene families. For instance, the human Y chromosome harbors nine 
multi-copy ampliconic gene families which constitute the majority 
of protein-coding genes present on the Y (Skaletsky et  al. 2003). 
Why these ampliconic gene families have evolved on heteromorphic 
sex chromosomes is an open question and their phenotypic conse-
quences remain debated. It is also becoming increasingly apparent 
that copy number of these gene families can vary substantially, 
not only across closely related species but also individuals of the 
same species (Poznik et al. 2016; Brashear et al. 2018; Lucotte et al. 
2018; Ye et  al. 2018; Vegesna et  al. 2019; Vegesna et  al. 2020). 
Understanding the factors driving this variability can provide insight 
into the adaptability and functional importance of sex chromosomes 
more broadly.

It is widely assumed that the expansion of multi-copy ampliconic 
gene families is an adaptive response to lack of recombination be-
tween the sex chromosomes, where non-allelic homologous gene 
conversion between copies can escape Muller’s ratchet and the accu-
mulation of deleterious mutations (Charlesworth and Charlesworth 
2000; Connallon and Clark 2010; Betrán et al. 2012). Indeed, gene 
conversion appears to be a common feature of amplicons on both 
the Y and W chromosome across multiple species (Backström et al. 
2005; Davis et al. 2010; Geraldes et al. 2010; Rozen et al. 2003; 
Skov et  al. 2017). Furthermore, many Y amplicons are expressed 
exclusively within the testes (Skaletsky et al. 2003; Mueller et al. 
2008; Vegesna et al. 2020) and often implicated in spermatogenesis 
and male fertility in humans (Vogt et al. 1996; Lahn and Page 1997; 
Kuroda-Kawaguchi et al. 2001), leading to the hypothesis that se-
lection on male fertility, often as a consequence of sperm competi-
tion, drives the expansion of multi-copy gene families. While there 
appears to be a positive relationship between copy number and 
expression level across some gene families (Vegesna et  al. 2019), 
as well as with sperm mobility in humans (Yan et al. 2017), com-
parative approaches across species have failed to detect a significant 
correlation between copy number and intensity of sperm competi-
tion (Vegesna et al. 2020), although this may be due to the small 
number of species examined to date. Intriguingly, in several species, 
there has been rapid co-amplification of genes on both sex chromo-
somes, suggestive of genomic conflict during gametogenesis to bias 
the transmission of the X versus Y (Soh et al. 2014; Bachtrog et al. 
2019; Hughes et al. 2020). Detailed molecular analysis of the Sly 
and Slx gene families in the mouse provides strong support for an-
tagonistic interactions and segregation distortion as a major force 
in driving gene amplification (Larson et  al. 2018; Cocquet et  al. 
2012). Similarly, meiotic drive has been implicated in the evolution 
of gene families on the Drosophila Y chromosome (Bachtrog et al. 
2019). Finally, many amplicons appear to be evolving under relaxed 
purifying selection, consistent with the reduced efficacy of selection 
on the non-recombining Y (Ghenu et al. 2016; Vegesna et al. 2020). 
Thus, while a myriad of forces has been implicated in the amplifi-
cation of gene families on the Y and W chromosomes, the relative 
importance of each remains unclear.

To date, our understanding of multi-copy ampliconic gene 
families is primarily based on Y chromosome studies across mam-
mals and Drosophila, and the W chromosome has been largely 
overlooked. Although the W is in many ways comparable to the Y 
chromosome, as both are sex-limited and do not recombine, the 
W is only present in females and the Y is only present in males. 
Therefore, the W chromosome, unlike the Y chromosome, does 
not experience sperm competition and might be subject to weaker 
sexual selection than the Y (Bachtrog et al. 2011). Additionally, 
in polygynous mating systems where a small proportion of males 
in the population mate with multiple females, the effective popu-
lation size of the Y relative to the autosomes is smaller than that 
of the W (Mank 2012; Wright and Mank 2013) As a result, the 
W chromosome may be less susceptible to genetic drift than the 
Y.  Therefore, if multi-copy gene families are a consequence of 
random gene amplification due to genetic drift, they should be 
more pronounced on the Y chromosome rather than represent a 
general feature of heteromorphic sex chromosomes. It remains un-
clear whether W-linked amplicons have followed similar patterns 
of evolution to ampliconic genes on Y chromosomes, or whether 
gene amplification always occurs in parallel with sex chromosome 
degeneration.

A limited number of W-linked multi-copy gene families 
have been documented in a handful of species, primarily avian 
(Backström et al. 2005; Davis et al. 2010; Moghadam et al. 2012; 
Smeds et al. 2015; Zhou et al. 2020). The best studied is HINTW, 
an ampliconic gene family present on the avian W chromosome 
that is hypothesized to play a role in female reproduction and oo-
genesis (O’Neill et al. 2000; Ceplitis and Ellegren 2004), and was 
originally proposed as the avian sex-determining gene (Pace and 
Brenner 2003; Parks et  al. 2004; Moriyama et  al. 2006). While 
an initial study of HINTW indicated that large-scale amplification 
of copy number is conserved across avian non-ratites (Hori et al. 
2000), a recent study suggested that HINTW is single-copy in the 
Pekin duck (Li et al. 2021). To date, there has been no comprehen-
sive investigation into the abundance, variability, and evolution of 
multi-copy ampliconic gene families on the W chromosome both 
across and within species.

Here, we conduct a comparative analysis of copy number vari-
ation of W-linked genes across chicken and duck breeds. Multi-copy 
gene families are notoriously challenging to study due to their highly 
repetitive nature (Tomaszkiewicz et al. 2016). This problem is con-
founded on the sex-limited Y and W chromosomes where amplicons 
are often located in repeat-rich regions that are poorly annotated 
in reference genomes. We employ NanoString technology, which is 
based on fluorescent probes, to provide high-throughput fine-scale 
estimates of gene copy number and variability (Cui et al. 2014; Ahn 
et al. 2016). First, we quantify the frequency and variability of multi-
copy gene families on the W across duck breeds and find a limited 
number of amplicons on the duck W as well as conservation in copy 
number of W-linked genes. Next, we investigate the role of selection 
for fecundity in driving the amplification of HINTW using contrasts 
between chicken and duck breeds selected for either egg-laying, male 
meat production, or male plumage. We find that although large scale 
amplification of HINTW is ancestral to land and waterfowl species, 
smaller-scale gene duplications have occurred independently across 
chicken breeds. Our results support a potential role of female-specific 
selection in driving amplification of the HINTW gene family in the 
chicken but not the duck, challenging the assumption that HINTW 
is key for female fecundity across the avian phylogeny.
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Materials and Methods

Samples and DNA extraction
Our workflow is summarized in Figure S1. We obtained tissue 
samples from Khaki Campbell, Indian Runner, Aylesbury, and 
Cayuga duck breeds and their modern ancestor, the Mallard duck 
(Anas platyrhynchos) (Zhang et  al. 2018). In addition, we sam-
pled the White Leghorn, Black Minorca, Oxford Old English, and 
Black Sumatra chicken breeds and their main modern ancestor, 
the Red Junglefowl (Gallus gallus) (Frisby et al. 1979; Fumihito 
et al. 1996).

Samples were collected in accordance with national and ethical 
guidelines. Specifically, we obtained feathers from White Leghorn 
and Black Minorca. We also obtained 50  ml of Red Junglefowl 
blood in 1ml of absolute ethanol from a captive population at 
Oxford University (PPL P50402706). We obtained fertilized eggs 
from the following duck breeds; Mallard, Khaki Campbell, Cayuga, 
Aylesbury, Indian Runner, and the following chicken breeds; Oxford 
Old English and Black Sumatra. All eggs were kept under standard 
incubation conditions at The University of Sheffield. Samples were 
collected according to national and ethical guidelines and the liver 
was dissected at embryonic day 19 and 24 in chicken and duck 
breeds, respectively, then stored in 95% ethanol.

DNA was extracted from feather and embryonic liver samples 
using DNeasy blood and tissue kit (QIAGEN) using standard proto-
cols. DNA was extracted from blood samples using the ammonium 
acetate precipitation method. In total, DNA was obtained for three 
female and two male samples from each of the domesticated breeds, 
and two female and two male samples from each of the modern 
ancestor breeds. Embryonic birds were sexed visually and feather 
and blood samples were sexed using published sexing primers 
(Fridolfsson and Ellegren 1999).

The majority of modern chicken breeds originated at the start of 
the 20th century (Rubin et al. 2010). Most modern chicken breeds 
are descended from the Red Junglefowl (Frisby et al. 1979; Fumihito 
et al. 1996) with some genes introgressed from the Grey Junglefowl 
and possibly other Junglefowl species (Eriksson et  al. 2008). The 
Black Minorca and White Leghorn are layer breeds, which have 
been selected for female reproductive traits (e.g., fecundity), and the 
Oxford Old English and Black Sumatra chickens have been selected 
for male traits such as plumage for ornamentation purposes and 
aggression for cockfighting. The Oxford Old English and Black 
Sumatra lay fewer eggs than the two  layer breeds and experience 
numerous female fecundity problems (Ekarius 2007; Lewis 2010). 
Importantly, the chicken breeds used in this study have independent 
origins (Moghadam et al. 2012) and so we can treat them as inde-
pendent replicates of increased or relaxed female-specific selection. 
Most modern duck breeds are descended from the Mallard duck 
(Zhang et al. 2018). The Indian Runner and Khaki Campbell duck 
breeds have been subject to strong female-specific selection for 
egg-laying, and the Aylesbury and the Cayuga for meat production 
(Ashton et al. 1999). Selection for meat- and egg-purpose breeds oc-
curred at the early stages of duck domestication (Zhang et al. 2018) 
and so it is unclear whether the two layer duck breeds in our study 
can be considered independent replicates of increased female-specific 
selection.

Identification of W-Linked Genes
Previously, we identified 26 W-linked genes in the duck reference 
genome (Wright et  al. 2014) using a combination of phylogen-
etic analyses and polymerase chain reaction (PCR) validation in 

females. Some of these W genes share the same Z-linked ortholog, 
indicating they are either paralogs of a multi-copy gene family or 
fragments of the same gene which have been assembled into sep-
arate genic sequences in the reference genome. Genome assemblies 
of sex chromosomes can be unreliable due to their repetitive nature 
and low sequencing coverage (Tomaszkiewicz et  al. 2017) and so 
the latter scenario is plausible. To distinguish between these two 
scenarios, we aligned W-linked coding sequences with their Z-linked 
ortholog using PRANK (Löytynoja 2014) and calculated pairwise 
distances. For the majority of cases, W-linked sequences shared no 
sequence similarity with each other, indicating they are fragments 
of the same gene that have been incorrectly assembled and anno-
tated into separate genes. For subsequent analyses, we averaged data 
across fragments for these genes. Our results are quantitatively iden-
tical whether fragments are analyzed separately or combined (see 
Supplementary Tables). The exception was KCMF1 in which the two 
annotated W sequences in the reference align and have a low pair-
wise distance, where the proportion of nucleotide differences was 
0.091, suggesting these are paralogs of the same multigene family.

However, HINTW is not annotated in the duck reference genome 
and a previous study only identified a short fragment of sequence 
(Hori et  al. 2000). Therefore, we sequenced a 702  bp fragment 
of HINTW in the Mallard using Sanger sequencing at the Core 
Genomic Facility, University of Sheffield with primers designed for 
the black oystercatcher (Haematopus bachmani) (Guzzetti et  al. 
2008). Primers are listed in Table S1.

For each PCR reaction, the following volumes and concentrations 
of reagents were used: 4 µl multiplex PCR Master Mix (QIAGEN), 
2 µl forward primer, 2 µl reverse primer (initial conc of each 0.2 µM) 
and 1 µl DNA (initial conc 15 ng/µl). In addition to this, 1 ul of nu-
clease free H2O was added to reach a total volume of 10 µl per reac-
tion. The PCR conditions were: initial denaturing stage of 95 °C for 
15 min, then 35 cycles of the following three steps; 94 °C for 30 s, an 
annealing step at 57 °C for 90 s, and an extension at 72 °C for 90 s. 
This was then followed by a final extension at 72 °C for 10 min.

Identification of Autosomal Invariant Genes
The NanoString pipeline relies on the identification of invariant 
genes, autosomal single copy genes in that do not vary in copy 
number, as internal controls. We identified invariant genes in the 
duck and chicken separately using a genomic coverage approach. 
SOLiD DNA-seq data from nine chicken breeds were obtained from 
Rubin et al. (2010) and reads were aligned to the chicken reference 
genome (Gallus_Gallus-5.0, Zerbino et  al. 2018) using SHRiMP 
v. 2.2.2 (Rumble et  al. 2009). Mapped reads with a quality score 
of 10 or above were retained using SAMtools v. 1.8 (Li et al. 2009). 
Illumina DNA-seq reads from seven duck breeds (Zhang et al. 2018) 
were aligned to the duck reference genome (BGI_duck_1.0, Zerbino 
et  al. 2018) using BWA v.  0.5.7 (Li and Durbin 2009) with the 
“mem” algorithm. Read depth for each gene was calculated for both 
the chicken and the duck using the depth function in SAMtools. For 
each species, we conducted pairwise regressions of read depth per 
gene across every breed. We ranked residuals and identified genes in 
the lowest 35% quantile across all pairwise comparisons, indicative 
of limited or no copy number variation. We then used single nucleo-
tide polymorphism (SNP) data to test for nucleotide polymorphism 
across these genes, and we only called SNPs if the minor allele was 
present in one than one read. We chose genes with an absence of nu-
cleotide polymorphism, and therefore an absence of multiple copies, 
as our invariant genes.
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Quantification of Gene Copy Number using 
NanoString
Copy number was quantified using the NanoString nCounter 
platform at the NERC Biomolecular Analysis Facility (NBAF), 
University of Liverpool. NanoString nCounter technology 
uses fluorescent probes to estimate fine scale variation in gene 
copy number across samples (Cui et al. 2014; Ahn et al. 2016). 
Probes were designed for W-linked genes and invariant genes in 
the chicken and duck separately in accordance with NanoString 
protocol (Table S2). Specifically, two or three probes were de-
signed for HINTW in the chicken and 26 W-linked genes in the 
duck. One or two probes were designed for each invariant gene.

We implemented a number of controls to ensure copy number 
was quantified for only W-linked  genes and not their Z-linked 
orthologs. Genome assemblies of sex chromosomes are often unre-
liable due to their repetitive nature and low sequencing coverage 
(Tomaszkiewicz et  al. 2017) and therefore accurately identifying 
W-specific regions can be problematic. Furthermore, given that the 
Z and W chromosome evolved from the same pair of autosomes, 
certain regions of W-linked genes have high sequence similarity to 
their Z-linked gametolog (Wright et  al. 2012). First, we designed 
probes to W-linked exons with low sequence similarity to Z-linked 
orthologs. Second, we included male samples in the Copy Number 
Variation (CNV) CodeSet analysis, making it possible to identify and 
exclude probes that bind to the Z chromosome.

The NanoString nCounter assay was performed according to 
standard protocol. Briefly, at least 300 ng of DNA per sample was 
fragmented via AluI digestion and then hybridized to the custom 
CNV CodeSet. Samples included three females and two males from 
each of the selectively bred breeds, and two female and two male 
samples from each of the modern ancestor breeds. Samples were dis-
tributed randomly over the CNV CodeSets to avoid batch effects. 
The nCounter Digital Analyzer was used to count and quantify 
signals of reporter probes. Data analysis was performed using the 
nSolver Analysis Software.

We implemented a number of sanity checks as recommended by 
NanoString. First, we removed probes with count data above back-
ground noise in males and therefore affinity to the Z chromosome 
(Table S2). Background noise was calculated for each sample ac-
cording to NanoString protocol as the average plus two standard 
deviations of the count number in the negative controls. We also 
removed one probe with count data below background noise in fe-
males, indicating low binding affinity. Second, as multiple probes 
were designed per W-linked gene, we calculated the coefficient of 
variation for copy number across probes. A high coefficient of vari-
ation is indicative of a probe that is not binding as predicted. As 
recommended by NanoString, we removed two probes from two 
different genes where the sum of the coefficient of variation across 
samples was >= 100 (Table S2). We averaged count data across all 
remaining probes of each gene in every individual.

Quantification of Gene Copy Number from 
SNP Data
We used polymorphism estimates from publicly available DNA-
seq data to independently verify the results obtained from the 
NanoString nCounter assay in the Mallard duck. Given that we ex-
pect many gene copies to share identical sequences due to gene con-
version (Backström et al. 2005), we can only use SNPs to estimate a 
minimum copy number.

Illumina data from nine unsexed Mallard ducks (Zhang 
et  al. 2018) were quality trimmed to a minimum of 34  bp using 
Trimmomatic v. 0.36 (Bolger et al. 2014). Data were then aligned 
to the duck reference genome (BGI_duck_1.0, Zerbino et al. 2018), 
with the 702 bp sequenced fragment of HINTW added, using BWA 
v. 0.7.17 (Li and Durbin 2009) with the “aln” algorithm. Alignments 
were filtered for uniquely mapped reads by keeping only lines of the 
BAM files that matched the flag “XT:A:U.” We used read coverage to 
sex individuals, where Z-linked genes should show half the number 
of reads in females relative to males. Read depth per gene was cal-
culated using the depth function in SAMtools. To control for differ-
ences in overall sequencing depth between individuals we divided 
read depth on the Z chromosome by average autosomal read depth 
in each sample. Six females were identified and used in subsequent 
analyses.

BCFtools v. 1.9 (Narasimhan et al. 2016) was used to call SNPs 
at sites with a mapping quality >20. In order to classify a SNP that 
indicated copy number variation, both the major and minor allele 
had to be supported by at least four reads and be present in more 
than half the individuals. Minor allele read depth was also required 
to be supported by at least 10% of the number of reads that sup-
ported the major allele.

Results

Copy Number of Genes on the Mallard W 
Chromosome
We surveyed the copy number of 26 genes on the Mallard duck W 
chromosome using count data obtained from NanoString nCounter. 
First, count data for W genes were normalized to invariant genes, 
autosomal genes present in a single copy, following NanoString 
protocol to account for any differences across samples in genomic 
DNA input arising from pipetting error or inaccuracies in DNA 
quantitation. Specifically, in each individual separately, we calculated 
average counts across all 10 invariant genes and bootstrapped with 
1000 replicates to obtain the 95% confidence intervals. We divided 
the confidence intervals by two to account for comparisons between 
autosomal genes, which are present in two copies, and W-linked genes, 
which are present at a minimum of one copy. We then divided count 
number for each W gene by invariant count values to obtain estimates 
of W copy number in each individual and 95% confidence intervals.

In the Mallard duck, most W genes are present in a single copy. 
We found that HINTW is ampliconic, present in approximately 18 
copies. This is in contrast to recent work suggesting that HINTW is 
single-copy in the Pekin duck (Xu and Zhou 2020; Li et al. 2021). 
Furthermore, we found that KCMF1W is a multi-copy gene family 
present in 2–3 copies (Tables 1 and S3).

We independently verified copy number estimates using publicly 
available sequence data from Mallard individuals and nucleotide 
polymorphism analyses. No SNPs were found in any of the W genes 
with the exception of KCMF1W (ENSAPLG00000003106), where 
a single SNP was identified. This supports our finding that the ma-
jority of W-linked genes are present in a single copy in the Mallard. 
Although we verified that HINTW is ampliconic using NanoString 
data, we did not identify any nucleotide polymorphism across 
copies. This instead may indicate the occurrence of gene conversion 
across HINTW in the duck, which acts to homogenize gene sequence 
among variants and is consistent with previous results in galliform 
birds (Backström et al. 2005).
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Copy Number Variation Across Duck Breeds
We used the same approach to estimate the copy number of W-linked 
genes across the four duck breeds, with the exception of HINTW 
which we discuss separately below. Copy number was broadly con-
served, as the majority of genes are present in a single copy across 
all breeds (Tables 1 and S3), with the exception of KCMF1W. This 
multi-copy gene family varies from 2 to 3 copies in some breeds to 3 
to 4 copies in others, suggesting there may have been lineage-specific 
duplications in certain breeds (Tables S3 and S4).

In order to verify these results using a separate approach, we next 
estimated copy number in each breed relative to the Mallard duck. 
For each W-linked gene, normalized count data in each individual 
were divided by the average normalized count data for the Mallard 
to estimate relative copy number. We found that every W gene had a 
copy number ranging from 0.88 to 1.21 relative to the Mallard in all 
individuals, supporting our finding that there is limited copy number 
variation across duck breeds.

Finally, we estimated variation in copy numbers by calculating 
the coefficient of variance of raw count data across all individuals 
and breeds for each W-linked gene. Coefficient estimates ranged from 
0.078 to 0.112 across individuals (Tables S5 and S6), and import-
antly no value exceeded the maximum coefficient of variation for 
invariant genes (mean COV = 0.131, max COV = 0.416), indicating 
limited variation in W-linked copy number. We repeated the analysis 
across breeds using average copy number in each breed and found 

a similar pattern, whereby coefficients of variation ranged from 
0.043 to 0.106. No W gene exhibited higher variation across breeds 
than that observed across invariant genes (mean COV = 0.111, max 
COV = 0.356).

Copy Number Variation of Ampliconic HINTW 
Across Duck and Chicken Breeds
Next, using contrasts between modern chicken and duck breeds 
selected for different female-specific selection regimes and their 
wild ancestors, we investigated the factors driving the expansion 
of HINTW. First, we estimated the size of the ampliconic HINTW 
gene family across duck breeds and found limited differences, where 
the number of copies ranged from 15.49 to 18.49 across individuals 
(Figure 1A, Tables S3, and S4). In addition, the coefficient of variance 
of HINTW count data across individuals (mean COV = 0.080) and 
breeds (mean COV = 0.043) was not higher than variation across 
invariant genes (Tables S5 and S6). Importantly, there is no signifi-
cant difference in average copy number between breeds (ANOVA; 
p = 0.312). This suggests that the copy number of HINTW is broadly 
conserved across duck individuals and breeds (Table S7), consistent 
with our predictions for purifying selection.

In contrast, we found notable variation in the size of the HINTW 
gene family across chicken breeds and individuals, ranging from 
7.54 to 17.36 copies. The coefficient of variance for the chicken was 

Table 1. Copy number of W-linked genes across duck breeds.

Gene name Duck Ensembl ID Average copy number Δ Copy  
number

Coefficient of  
variation

Stratum^

Mallard Caguya Aylesbury Indian  
Runner

Khaki  
Campbell

HINTW+ NA 18.03 16.35 16.57 17.22 16.83 1.68 0.04 1
CHD1W* ENSAPLG05191 

ENSAPLG02506
0.94 0.97 0.98 0.99 0.98 0.05 0.09 1

KCMF1W ENSAPLG03026 
ENSAPLG03106

2.43 2.59 2.65 2.63 2.63 0.20 0.10 2

RASA1W ENSAPLG05611 
ENSAPLG10611 
ENSAPLG11371

0.64 0.69 0.70 0.69 0.70 0.06 0.11 2

ATP5A1W+ ENSAPLG09007 0.82 0.79 0.84 0.85 0.83 0.06 0.07 3
BTF3W ENSAPLG04652 0.65 0.60 0.64 0.65 0.65 0.05 0.06 3
HNRPKW* + ENSAPLG10986 0.97 1.00 1.09 1.02 1.05 0.12 0.11 3
MIER3W+ ENSAPLG10850 0.62 0.61 0.65 0.62 0.63 0.04 0.08 3
NIPBLW ENSAPLG02953 

ENSAPLG03022 
ENSAPLG05315 
ENSAPLG10290 
ENSAPLG10560

0.67 0.69 0.71 0.69 0.70 0.04 0.09 3

SMAD2W ENSAPLG04964 0.69 0.72 0.74 0.71 0.71 0.05 0.09 3
SPIN1W* ENSAPLG02923 0.63 0.61 0.64 0.66 0.64 0.05 0.08 3
UBAP2W ENSAPLG16004 

ENSAPLG16155
0.61 0.58 0.59 0.60 0.60 0.03 0.06 3

UBE2R2W ENSAPLG16000 0.76 0.74 0.76 0.78 0.76 0.04 0.07 3
VCPW+ ENSAPLG05806 0.91 0.84 0.90 0.91 0.90 0.07 0.06 3
ZFRW* ENSAPLG15519 0.67 0.68 0.69 0.70 0.68 0.03 0.08 3
ZSWIM6W ENSAPLG13555 

ENSAPLG14338
0.77 0.80 0.80 0.83 0.80 0.06 0.09 3

* q-PCR analysis showed variation in copy number of ortholog across chicken breeds (Moghadam et al. 2012).
+ SNP analysis showed chicken ortholog is multicopy (Moghadam et al. 2012).
^ Anseriform strata as defined by Wright et al. 2014. Strata 1 & 2 are conserved in chicken and duck but Stratum 3 evolved independently.
Note: six zeros have been removed from start of the digits in the Ensembl IDs.
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0.213 across individuals and 0.221 across breeds, both of which are 
higher than mean variation exhibited across invariant genes (mean 
COV  =  0.151, max COV  =  0.244 across individuals and mean 
COV = 0.116, max COV = 0.166 across breeds). Importantly, we 
found that the average size of HINTW gene family varied signifi-
cantly between breeds (ANOVA; p = 0.001). Interestingly, all breeds 
have a higher copy number of HINTW than the Red Junglefowl, 
and this was significant for three breeds (Figure 1B), indicating that 
the early domestication of chicken breeds may have been associated 
with a period of female-specific selection, presumably for egg-laying. 
We find a general trend that breeds which have been selected for egg 
production via artificial female-specific selection (Kerje et al. 2003), 
had on the average higher number of copies relative to breeds that 
have been bred for male fighting and plumage and subject to re-
laxed female-specific selection (Ekarius 2007; Lewis 2010) (Figure 
1B). However, this relationship was only significant for the Black 
Minorca and not the White Leghorn (Table S8).

Discussion

The sex-limited Y and W chromosomes exhibit a small but unusual 
gene content in many species compared to the rest of the genome. 
One striking feature is the existence of ampliconic gene families, 
arising from massive gene amplification of distinct classes of genes. 
Our understanding of how and why these ampliconic regions have 
evolved is primarily based on detailed Y chromosome studies across 
mammals and Drosophila, which have implicated a multitude of 
factors in the expansion of gene families, including meiotic drive, 
sperm competition, genetic drift, and gene conversion (Skaletsky 
et  al. 2003; Ellis et  al. 2011; Cocquet et  al. 2012; Good 2012; 
Soh et al. 2014; Ghenu et al. 2016; Larson et al. 2018; Bachtrog 
et al. 2019; Vegesna et al. 2020). However, the evolution of multi-
copy gene families on the W chromosome has been largely over-
looked, with the exception of a handful of studies (Hori et al. 2000; 
Backström et al. 2005; Davis et al. 2010; Moghadam et al. 2012; 
Zhou et al. 2020). As a result, it remains unclear whether ampliconic 
genes are a fundamental feature of heteromorphic sex chromosome 
evolution or a peculiar quirk of Y chromosomes. Here, we conduct 

a comparative analysis to examine the abundance, variability, and 
evolution of ampliconic gene families on the avian W chromosome 
both across and within two avian species.

Our results show little evidence for gene amplification on the 
duck W chromosome. Of the 26 W-linked genes we studied, only 
two are present in multiple copies. One of these is HINTW, a large 
well-known ampliconic gene family, that has previously been char-
acterized across a wide range of avian species (Hori et  al. 2000; 
Backström et al. 2005). The fact that HINTW is ampliconic in the 
Mallard and four duck breeds is in contrast to recent work in the 
Pekin duck (Xu and Zhou 2020; Li et  al. 2021). Moreover, our 
finding that W chromosomes in the Mallard and domesticated duck 
breeds are generally depauperate in multi-copy gene families is con-
sistent with a growing body of avian literature, including studies in 
the chicken (Moghadam et al. 2012), flycatcher (Smeds et al. 2015), 
sparrow (Davis et al. 2010), songbirds (Xu et al. 2019), and Pekin 
duck (Li et al. 2021). Outside of birds, to our knowledge, there is 
only one report of a W-linked ampliconic gene family in the willow 
Salix purpurea (Zhou et  al. 2020), though few W chromosomes 
have been studied in sufficient detail. This deficit of gene families 
on the W is in stark contrast to the Y chromosome in mammals and 
Drosophila, where there has been massive amplification of gene sets.

This emerging pattern is consistent with theoretical predictions 
for how we expect the W to evolve differently to the Y due to their 
contrasting inheritance patterns (Mank 2012; Bachtrog et al. 2014). 
First, as the W chromosome is maternally inherited it is not subject 
to sperm competition, a factor which has been hypothesized, with 
mixed empirical support, to drive the expansion of Y-linked gene 
families (Hughes et al. 2010; Vegesna et al. 2020). It should be noted 
that the lack of support Vegesna et al. (2020) find for this hypothesis 
could be due to the small number of species examined in their study. 
Second, genetic drift is predicted to be weaker on the W in com-
parison to the Y chromosome. In polygynous mating systems, where 
a small proportion of males in the population mate with several fe-
males, the effective population size of the Y relative to the auto-
somes is smaller than that of the W (Mank 2012; Wright and Mank 
2013). Relaxed purifying selection has been invoked to explain 
amplification of certain gene families on the primate and human Y 

Figure 1. Copy number variation of HINTW across (A) duck and (B) chicken breeds. Copy number was estimated using the NanoString nCounter platform. Each 
circle or diamond represents the mean HINTW copy number per breed, and bars show the range of HINTW copy number across individuals. Blue markers 
represent breeds subject to relaxed female-specific selection, red markers represent breeds subject to increased female-specific selection, and grey markers 
denote the modern ancestor. Stars indicate pairwise significance values from Tukey multiple comparisons of means where *p < 0.05, **p < 0.01 and ***p < 0.001.
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chromosome, and the large variability in copy number across indi-
viduals and populations (Ghenu et al. 2016; Ye et al. 2018; Vegesna 
et al. 2020). Under drift, we expect variance in copy number to be 
approximately proportional to gene family size, where larger gene 
families will have a greater chance of gene duplication. Interestingly, 
we do not observe this pattern on the duck W chromosome where 
variability in the size of the HINTW gene family, present in ~18 
copies, was similar to KFMC1, present in ~2 copies, across individ-
uals and breeds. This is consistent with previous work showing evi-
dence for purifying selection on the Mallard W (Wright et al. 2014).

Finally, Y and W chromosomes are exposed to different types 
of gametogenesis, where the W is subject to oogenesis and the Y to 
spermatogenesis. Importantly, these contrasting environments likely 
lead to differences in the potential for antagonistic coevolution be-
tween the sex chromosomes. Antagonistic coevolution is predicted to 
drive the co-amplification of X and Y-linked genes (Bachtrog 2020), 
but should be weaker during oogenesis than spermatogenesis. This 
is because the window for intragenomic conflict between chromo-
somes is restricted to the first meiotic division during oogenesis as 
only a single oocyte is produced containing either the Z or W (Bellott 
et al. 2017). Therefore, antagonistic coevolution between the Z and 
W will be limited to the first meiotic division. In contrast, competi-
tion between the X and Y can occur during meiosis I and II of sperm-
atogenesis as both of these cell divisions produce viable gametes. As 
a result, we expect the meiotic drive to play a less prominent role in 
the evolution of the W compared to the Y, and might explain why 
meiotic drive has been heavily implicated in the amplification of gene 
families on the mouse and Drosophila Y chromosomes (Bachtrog 
et al. 2019; Ellis et al. 2011; Cocquet et al. 2012; Good 2012; Soh 
et al. 2014; Larson et al. 2018).

In addition, expression of the sex chromosomes is repressed 
during the post-meiotic stages of spermatogenesis, leading to 
intragenomic conflict between X- and Y-linked genes over transcrip-
tional machinery and selection for gene amplification to maintain 
gene expression (Moretti et al. 2020). In contrast, no corresponding 
mechanism of sex chromosome repression in oogenesis has been re-
ported thus far, and so we expect less co-amplification due to antag-
onistic coevolution in ZW systems. In support of these predictions, 
there is no evidence for co-amplification of HINTZ or KCMF1 on 
the avian Z chromosome (Bellott et al. 2010), indicating that antag-
onistic coevolution is unlikely to be a major factor influencing gene 
amplification on the W. Together, our results indicate that large scale 
expansions of gene families do not always occur in parallel with sex 
chromosome degeneration and so may not be such a general feature 
of sex chromosome evolution as Y studies would initially suggest.

Finally, as the W chromosome is maternally inherited it is not 
subject to sperm competition, a factor which has been hypothesized, 
with mixed empirical support, to drive the expansion of Y-linked 
gene families (Hughes et al. 2010; Vegesna et al. 2020). However, in 
theory, sex-specific selection for increased expression of genes asso-
ciated with fecundity could drive amplification of gene families on 
the W chromosome, analogous to the hypothesized role of sperm 
competition on the Y chromosome (Hughes et al. 2005). In order to 
examine the factors driving the evolution of multi-copy gene fam-
ilies, we contrasted the copy number of HINTW across breeds of the 
duck and chicken. Specifically, we chose breeds that have been sub-
ject to stronger or relaxed female-specific selection. In theory, sex-
specific selection for increased expression of genes associated with 
fecundity could drive amplification of gene families. This seems par-
ticularly relevant for HINTW, which is expressed in the developing 
ovaries (O’Neill et  al. 2000) and hypothesized to play a role in 

female reproduction (O’Neill et  al. 2000; Ceplitis and Ellegren 
2004). Furthermore, the increased copy number of Y-linked genes 
has been shown to result in greater gene expression levels across pri-
mates, although this pattern is not universal across all gene families 
(Yan et al. 2017; Vegesna et al. 2019). However, in general, there is 
uncertainty over whether the W chromosome is subject to female-
specific selection, and is enriched for female reproductive functions 
(Moghadam et al. 2012), or subject to purifying selection for dosage 
effects (Smeds et al. 2015; Bellott et al. 2017; Xu et al. 2019; Xu and 
Zhou 2020).

We find that HINTW copy number across duck breeds and in-
dividuals is remarkably conserved, in contrast to ampliconic gene 
families of equivalent size on the mammalian and Drosophila Y 
chromosomes (Bachtrog 2013). We were unable to identify any se-
quence polymorphism across copies of HINTW, indicative of per-
sistent gene conversion. While gene conversion is unlikely to explain 
the origin of multi-copy gene families, because it acts at a scale of a 
few hundreds of bases as opposed to a much larger scale of whole 
gene duplicates (Chen et  al. 2007; Connallon and Clark 2010; 
Marais et al. 2010), it has been proposed to select for the mainten-
ance of ampliconic gene families and has been shown to operate 
across HINTW copies in a number of avian species (Backström et al. 
2005). However, it is worth noting that the duck HINTW fragment 
in our study was only 702 bp, lowering the probability of finding an 
SNP in this gene and increasing our chances of inferring the action 
of gene conversion. Together, our results are inconsistent with the 
role of female-specific selection in driving the evolution of HINTW 
copy number in the duck. Instead, the conservation in copy number 
we observe across breeds suggests that the HINTW copy number is 
under strong purifying selection. This is consistent with a number 
of recent studies showing that the avian W chromosome evolves 
predominantly under purifying selection to maintain ancestral gene 
dosage (Wright et al. 2014; Smeds et al. 2015; Bellott et al. 2017; 
Bellott and Page 2021).

In contrast, in the chicken, we find notable variation in HINTW 
copy number across breeds. Breeds subject to increased  female-
specific selection tend to exhibit a greater number of HINTW copies. 
This is consistent with the prediction that the chicken HINTW plays 
a role in female fecundity (O’Neill et al. 2000; Ceplitis and Ellegren 
2004). However, there is considerable variation in this trend, po-
tentially indicating that female-limited selection is not the dominant 
force driving the evolution of HINTW.

The discrepancy between levels of variation in the size of the 
HINTW gene family in the chicken and duck is intriguing, particu-
larly as large-scale gene amplification likely occurred in the ancestor 
of non-ratite birds (Hori et al. 2000). While evidence from the chicken 
indicates that HINTW plays a role in oogenesis (O’Neill et al. 2000; 
Ceplitis and Ellegren 2004), evidence for the functionality of HINTW 
in the duck is lacking. In fact, HINTW in the duck has been shown 
to lack the C-terminal 14 residues (Hori et al. 2000). HINTW forms 
a heterodimer with and inhibits HINTZ in the chicken (Hori et al. 
2000), and it is possible that the deletion in the duck has altered its 
ancestral functionality. Alternatively, HINTW may have evolved dif-
ferential gene expression across duck breeds without a corresponding 
increase in copy number. Consistent with this explanation, many 
W-linked genes have evolved increased expression in the chicken em-
bryonic gonad in response to female-specific selection relative to the 
modern ancestor Red Junglefowl in the absence of copy number vari-
ation (Moghadam et al. 2012). It is also possible that the chicken has 
been subjected to stronger or more consistent sex-specific selection 
regimes than the duck, although evidence for this is currently lacking. 
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Similarly, it is possible that the timing of domestication differs be-
tween the duck and chicken breeds in our study, or that there are 
differences in the extent of interbreeding. Although the exact breed 
history of chicken and ducks is obscure, evidence indicates that duck 
breeds selected for egg-laying and meat production form two mono-
phyletic groups that split early in duck domestication approximately 
2000 years ago (Zhang et al. 2018). Therefore, we think that the lack 
of inter-breed copy number variation in the duck is unlikely to be a 
consequence of more recent origin or greater levels of interbreeding, 
although we cannot rule out this possibility.

In addition, we find that gene amplification has proceeded in-
dependently on the chicken or duck W chromosome (Van Tuinen 
and Hedges 2001). When we contrast copy number estimates from 
previous work for the chicken (Moghadam et  al. 2012) with our 
study, we find that W genes tend to duplicate independently, albeit 
at low copy number, in each species separately (Table 1). This sug-
gests that the W is not an inert genetic wasteland but seems to evolve 
dynamically even after recombination was halted between the sex 
chromosomes.

Finally, it is worth discussing the difficulties and limitations as-
sociated with studying copy number variation of ampliconic gene 
families. First, while our NanoString probe-based approach offers 
high-throughput fine-scale estimates of gene copy number and vari-
ability, we were not able to distinguish between functional and 
non-functional gene copies. This is particularly relevant for our 
conclusions surrounding the evolution of HINTW in the duck. 
Furthermore, it is not possible to detect gene copies with sequences 
that are substantially divergent from the probe sequences used. 
However, gene conversion should homogenize the sequence of 
gene copies, limiting the potential for this to confound our results. 
Finally, there is evidence that certain ampliconic genes on the Y are 
lineage-specific, for instance, Sly and Slx are specific to the mouse 
lineage (Moretti et al. 2020). The list of W-linked genes we included 
in our analyses is not exhaustive (Wright et  al. 2014) due to the 
challenges of sequencing sex chromosomes. Expanding the scope 
of this work to test whether lineage-specific loci are more likely to 
undergo massive scale amplification would be an interesting future 
avenue.

Concluding Remarks

Massive gene amplification is a characteristic feature of Y chromo-
some evolution. However, until now, it has remained unclear whether 
gene duplication is as prevalent on the W chromosome. We reveal 
that on the duck W chromosome, only two out of 26 W-linked genes 
show evidence of gene duplication. We hypothesize that this may be 
because genetic drift is reduced on the W relative to Y chromosomes, 
and we find a limited variation of within-species gene copy number 
consistent with purifying selection. Contrary to this, we find some 
evidence that expansion of the HINTW gene family has evolved in 
response to female-specific selection for egg laying in the chicken 
but not the duck, calling into question the broad functionality of 
this prominent gene family. Taken together, our results suggest that 
in terms of gene duplication, the W chromosome follows a different 
evolutionary trajectory to that of the Y.
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Abstract

Males and females of the same species share the majority of their genomes, yet they are frequently exposed to conflicting
selection pressures. Gene regulation is widely assumed to resolve these conflicting sex-specific selection pressures, and
although there has been considerable focus on elucidating the role of gene expression level in sex-specific adaptation,
other regulatory mechanisms have been overlooked. Alternative splicing enables different transcripts to be generated
from the same gene, meaning that exons which have sex-specific beneficial effects can in theory be retained in the gene
product, whereas exons with detrimental effects can be skipped. However, at present, little is known about how sex-
specific selection acts on broad patterns of alternative splicing. Here, we investigate alternative splicing across males and
females of multiple bird species. We identify hundreds of genes that have sex-specific patterns of splicing and establish
that sex differences in splicing are correlated with phenotypic sex differences. Additionally, we find that alternatively
spliced genes have evolved rapidly as a result of sex-specific selection and suggest that sex differences in splicing offer
another route to sex-specific adaptation when gene expression level changes are limited by functional constraints.
Overall, our results shed light on how a diverse transcriptional framework can give rise to the evolution of phenotypic
sexual dimorphism.

Key words: sex-specific selection, alternative splicing, sexual dimorphism, transcriptome, sexual conflict.

Introduction
Males and females of many species can have divergent evolu-
tionary optima, and are often subject to conflicting selection
pressures (Andersson 1994), yet they share an almost identical
set of genes. As a result, when contradictory sex-specific selection
pressures act on traits that have a shared genetic basis, significant
amounts of sexual conflict can occur (Parker and Partridge 1998;
Bonduriansky and Chenoweth 2009). Despite this, sex differences
are common across a broad range of phenotypes, including
morphology, physiology, behavior, and life history, and it is widely
assumed that transcriptional dimorphism encodes these sexually
dimorphic traits by breaking down intersexual correlations and
facilitating sex-specific adaptation (Connallon and Knowles 2005;
Connallon and Clark 2010; Innocenti and Morrow 2010; Mank
2017a). Genes with differences in expression level between males
and females are pervasive across many species, and exhibit
unique evolutionary properties, including faster rates of se-
quence and expression evolution (Ranz et al. 2003; Khaitovich
et al. 2005; Ellegren and Parsch 2007; Harrison et al. 2015). Indeed,
these genes have been the subject of considerable focus in un-
derstanding how selection can navigate the constraints imposed
by a shared genome, and the consequences for sex-specific ad-
aptation (Mank 2017a, 2017b).

Sex differences in alternative splicing, where different exons
are spliced or shuffled in males and females to create distinct

sex-specific sequences (Blekhman et al. 2010; Nilsen and
Graveley 2010), have the potential to play key roles in sex-
specific adaptation, yet they have been largely overlooked
with the exception of a few studies (Blekhman et al. 2010;
Brown et al. 2014; Gibilisco et al. 2016; Grantham and Brisson
2018). In particular, alternative splicing enables multiple tran-
scripts to be generated from a single gene, increasing sex-
specific proteome diversity (Matlin et al. 2005; Nilsen and
Graveley 2010). In theory, this could act so that certain exons
(e.g., those with sex-specific beneficial functions) are retained
in one sex, and certain exons (e.g., those that have sex-specific
detrimental effects) are excluded in the other sex, generating
distinct sex-specific isoforms. There is mounting evidence
that splicing varies substantially across species, sexes, and
tissues (Su et al. 2008; Gibilisco et al. 2016), and has important
phenotypic consequences for sex determination, disease,
physiology, and development (Cline and Meyer 1996;
Schütt and Nöthiger 2000; McIntyre et al. 2006; Kalsotra
and Cooper 2011; Gerstein et al. 2014). Despite this, although
certain isoforms have key cellular roles and mediate impor-
tant phenotypes, the extent to which global patterns of splic-
ing are functionally relevant is an important point of
discussion (Blencowe 2017; Tress et al. 2017a, 2017b; Wan
and Larson 2018). Many alternative splicing events are highly
tissue-specific and patterns of splicing shift rapidly across spe-
cies over evolutionary time (Pan et al. 2005; Barbosa-Morais
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et al. 2012; Merkin et al. 2012; Mel�e et al. 2015) but whether
this reflects stochastic transcriptional noise, relaxed selection,
or lineage-specific innovations remains unclear (Blencowe
2017; Tress et al. 2017a, 2017b; Wan and Larson 2018).
Importantly, the contribution of sex-specific selection to
the rapid turnover of sex differences in splicing across species
has yet to be tested, as most studies exploring the link be-
tween transcriptional variation and sexual selection have not
accounted for sex-specific patterns of alternative splicing.

Furthermore, the factors constraining the evolution of al-
ternative splicing have yet to be investigated. There is growing
evidence that pleiotropy, where a gene performs several func-
tions and affects multiple traits, hinders the evolution of gene
expression level and limits the response to sex-specific selec-
tion (Chen and Dokholyan 2006; Mank et al. 2008; Papakostas
et al. 2014). Indeed, genes with broad expression patterns, a
proxy for pleiotropy, are less likely to be differentially
expressed between males and females (Mank et al. 2008).
Alternative splicing could avoid these pleiotropic and func-
tional constraints acting on expression level through the gen-
eration of distinct male and female isoforms, thereby acting as
an alternate or complementary route to sex-specific
adaptation.

Here, we characterize patterns of alternative splicing across
males and females of three avian species in order to test the
role of sex-specific selection in the evolution of alternative
splicing and establish its role in sex-specific adaptation and
sexual dimorphism. We identify hundreds of genes that ex-
hibit significant sex-biased alternative splicing and show that
sex differences in splicing are correlated with phenotypic sex
differences. We find that patterns of sex-specific alternative
splicing have evolved rapidly, likely as a product of sex-specific
selection, and that genes that are differentially spliced exhibit
genomic signatures consistent with sex-specific fitness effects.
Broadly, our results provide insight into how, via a diverse
transcriptional architecture, the same genome is selected to
encode multiple phenotypes, and demonstrates the role of
alternative splicing in the evolution of phenotypic
complexity.

Results and Discussion

Alternative Splicing Is Widespread and Common
across Birds
We quantified alternative splicing in males and females across
multiple tissues in three avian species that diverged �90 Ma
(supplementary fig. S1, Supplementary Material online).
Splicing was estimated as the relative proportion of two al-
ternative isoforms at each splice site, otherwise referred to as
percent spliced-in (PSI). A PSI value of 1 or 0 indicates that
only one of the two alternative isoforms is always expressed
and a value of 0.5 indicates equal expression of both isoforms.
Alternative splicing is common and widespread across all
individuals, with an average of 21%, 17%, and 24% of autoso-
mal genes undergoing at least one splice event in the duck,
turkey, and guineafowl, respectively (supplementary table S1,
Supplementary Material online). We identified five different
types of alternative splicing events (supplementary fig. S2,

Supplementary Material online); skipped exons (SE), where
an exon is either excluded or included from the mRNA, mu-
tually exclusive exons (MXE), where one exon is skipped and
the other is retained or vice versa, alternative 50 and 30 splice
site events (A50SS and A30SS), where the exon boundary on
either the 50- or 30-end of the intron is extended or shortened,
and retained intron events, where a whole intron is retained
in the final transcript. A gene can exhibit multiple different
types of splicing events. SE and MXE splicing events are the
most common type of splicing across the three species, with
the other types of splicing occurring at very low frequency
(supplementary table S1, Supplementary Material online).
Additionally, SE and MXE events are also more commonly
associated with the generation of functional isoforms than
other types of splicing (Weatheritt et al. 2016), and so we
focus solely on these in subsequent analyses.

Tissues Exhibit Distinct Transcriptional Profiles
Next, we examined patterns of sex differences in splicing
across tissues. Males and females undergo very similar rates
of splicing (supplementary table S1, Supplementary Material
online) in both the spleen and the gonad across the auto-
somes in each of the three species, and this finding is consis-
tent across multiple filtering thresholds (supplementary table
S2, Supplementary Material online). However, despite simi-
larities in the total proportion of alternatively spliced genes,
patterns of splicing vary substantially between the sexes (ta-
ble 1 and supplementary table S4, Supplementary Material
online).

Using hierarchical clustering, we found that both gonad
and spleen samples cluster first by phylogenetic relatedness,
where splicing is more similar between turkey and guineafowl,
which diverged �30 Ma, than with the duck which diverged
�90 Ma (supplementary fig. S1, Supplementary Material on-
line). However, in each species, ovary and testis tissue cluster
separately whereas the spleen shows no clustering among
males and females (fig. 1A and B). Across all three species,
we consistently identified far fewer genes with significant dif-
ferential alternative splicing in the spleen relative to the gonad
(table 1 and supplementary table S4, Supplementary Material
online), consistent with results from Drosophila (Gibilisco
et al. 2016). Our finding that ovaries and testes exhibit distinct
transcriptional profiles mirrors patterns of sex differences in
expression level (hereafter termed differential expression)
across many species (Uebbing et al. 2016), where the gonad
often exhibits significant differential expression between
males and females for more than half of all expressed genes
(Zhang et al. 2007; Mank et al. 2010) but somatic tissues show
less differential expression (Yang et al. 2006; Mank et al. 2007;
Harrison et al. 2015). This suggests that ovaries and testes are
regulated by distinct sex-specific gene regulatory networks,
and that sex-specific splice variants play a role in the con-
struction of sex-specific genetic architecture (Mank et al.
2007; Wright et al. 2018). Interestingly, we observe far fewer
genes exhibiting differential alternative splicing (3.3%, 1.1%,
2.8% of autosomal genes in the duck, turkey, and guineafowl
gonad, respectively; supplementary table S4, Supplementary
Material online) relative to differential expression (45.3%,
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45.7%, 44.3% in the duck, turkey, and guineafowl gonad, re-
spectively), calling into question the relative effect of splicing
versus expression in sex-specific regulatory networks.

Sex Differences in Alternative Splicing Are Associated
with Phenotypic Sexual Dimorphism
We have shown that patterns of splicing vary substantially
between the sexes and across tissues (table 1 and supplemen-
tary table S4, Supplementary Material online). To test
whether this sex-biased transcriptional variation (hereafter
termed differential splicing) is associated with phenotypic
sex differences, we contrasted patterns of splicing across a
gradient of sexual dimorphism. Specifically, we employed con-
trasts across wild turkey individuals that represent a gradient
in male secondary sexual characteristics. The wild turkey
exhibits two male phenotypes in the forms of dominant

and subordinate males. The species is strongly sexually dimor-
phic, with dominant males showing greater body size than
females, along with a range of sexually selected traits including
distinct plumage and mating behaviors (Buchholz 1995, 1997;
Hill et al. 2005). Subordinate males develop fewer and less
exaggerated sexually selected traits than dominant males, but
are clearly male in phenotype, occupying an intermediate
position on the continuum of sexual dimorphism.

Hierarchical clustering of autosomal genes showed that in
the gonad, subordinate and dominant males cluster together
with high confidence (supplementary fig. S3, Supplementary
Material online), and are distinct from females, as opposed to
being intersex. However, there were subtle differences in pat-
terns of alternative splicing between dominant and subordi-
nate males (fig. 2). For exons with significant differences in
splicing between dominant males and females (table 1), we

FIG. 1. Global patterns of alternative splicing. Panels (A) and (B) show heatmaps and hierarchical clustering of alternative splicing level in the gonad
and spleen, respectively. Percent spliced-in values (PSI) refer to the proportion of alternative isoforms at a splice site, where a PSI value of 1 or 0
indicates that only one of the two alternative isoforms is always expressed and a value of 0.5 indicates equal expression of both isoforms. If a gene
undergoes multiple splice events, the average PSI is shown. Numbers on each branch represent the bootstrap probability values. Panel (C) shows
orthologous genes with significant sex differences in splicing in the gonad that are shared among the duck (pink), turkey (yellow), and guineafowl
(orange). We observe significant overlap (P< 0.0001, super exact test) of differentially spliced orthologs across the three species.

Table 1. Differential Alternative Splicing between Males and Females across Autosomal Splice Sites and Genes.

Sex-Biased Alternative Splicing Events Sex-Biased Alternatively Spliced Genes

Species Tissue MXEa SEb Total MXEa SEb Total Proportion of Genes

Duck Gonad 181 677 886 148 551 640 7.6%
Duck Spleen 7 27 31 6 26 34 0.4%
Turkey Gonad 91 481 579 78 421 475 5.2%
Turkey Spleen 2 39 41 2 38 40 0.5%
Guineafowl Gonad 219 720 977 174 596 701 7.4%
Guineafowl Spleen 1 13 14 1 13 13 0.1%

aMXE denotes mutually exclusive exon events.
bSE denotes skipped exon events.
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classified the alternative isoforms as either male- or female-
biased depending on whether they were expressed more
highly in dominant males or females. We focused our analyses
on the gonad as it exhibits the greatest magnitude of differ-
ential splicing, making it the tissue most likely to be influ-
enced by sex-specific selection. Subordinate males express
male-biased isoforms in the gonad at significantly lower levels
than dominant males (paired Wilcoxon signed-rank test,
P �0.001), indicating that patterns of splicing are demasculi-
nized in subordinate males (fig. 2A). Subordinate males also
express female-biased isoforms at significantly higher levels
than dominant males (paired Wilcoxon signed-rank test,
P< 0.001) (fig. 2B), consistent with feminized splicing.
Importantly, subordinate males exhibit intermediate patterns
of splicing for all genes that exhibit differential splicing be-
tween dominant males and females (fig. 2C). These patterns
are consistent with the phenotypic sex differences observed
across morphs, where subordinate males occupy an interme-
diate position on the continuum of sexual dimorphism.

We tested whether this pattern was a result of regression
toward the mean by randomizing samples 100 times. Each
time, we randomly picked three dominant male and three
female samples, identified genes with differential splicing, and
then assessed the remaining dominant males, females, and
subordinate males for the magnitude of splicing (PSI). We
found that subordinate males had significantly higher PSI
than dominant males for all 100 sample comparisons, and
significantly lower PSI than females for the majority of the 100
sample combinations (79 significant comparisons). In con-
trast, significant differences were observed much less fre-
quently between the randomly chosen dominant male
samples (34 significant comparisons) or between female sam-
ples (6 significant comparisons), indicating that regression
toward the mean is unlikely to explain our results. Gene

expression level across turkey morphs has previously been
shown to exhibit similar patterns of demasculinization and
feminization (Pointer et al. 2013), consistent with a role of
transcriptional dimorphism in encoding phenotypic sex dif-
ferences. Our results suggest a previously overlooked link be-
tween genomic and phenotypic dimorphism, where
differential alternative splicing works concurrently with differ-
ential expression level to produce the diverse transcriptional
framework underpinning complex phenotypic sexual
dimorphisms.

Sex-Specific Selection Acts on Isoforms That Are
Differentially Expressed between Males and Females
We find that patterns of alternative splicing cluster strongly
by species (fig. 1A and B), consistent with rapid rates of reg-
ulatory evolution within lineages. This pattern of clustering is
contrary to that observed for gene expression level, including
the ones in this study, which clusters first by sex in the gonad,
then species (Harrison et al. 2015; Mank 2017a). Our finding
that patterns of differential expression are more conserved
than patterns of alternative splicing is a broad taxonomic
trend (Barbosa-Morais et al. 2012; Merkin et al. 2012;
Gibilisco et al. 2016), indicative of rapid turnover of alternative
splicing across species. However, we observe significant over-
lap (P< 0.001, super exact test) of differentially alternatively
spliced orthologs across the three species (fig. 1C and supple-
mentary table S3, Supplementary Material online), indicating
that although patterns of splicing evolve quickly, significant
sex differences in splicing are limited to a core set of avian
genes. To test whether this conserved set of genes is enriched
for specific functions, we conducted a Gene Ontology analysis
(Mi et al. 2019), but failed to find any significantly enriched
terms (P< 0.05).

FIG. 2. Expression of sex-biased isoforms in dominant male turkeys (dark blue), subordinate male turkeys (light blue), and female turkeys (red).
Panel (A) and (B) show average expression (read counts) of male- and female-biased isoforms, respectively and panel (C) is the average percent
spliced-in value (PSI) of all sex-biased isoforms. Significance values were calculated using a paired Wilcoxon’s signed-rank test.
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We implemented an evolutionary framework, using regu-
latory variation as a proxy for selection, to test whether the
rapid rate of regulatory evolution we observe is a product of
sexual selection. Studies of regulatory variation have recently
been implemented as a powerful approach to infer selection
(Brawand et al. 2011; Gallego Romero et al. 2012; Moghadam
et al. 2012; Dean et al. 2015), where selection on loci increases
with expression level (Duret and Mouchiroud 1999; P�al et al.
2001; Drummond et al. 2006; Gout et al. 2010).

Applying this framework to alternative splicing, if purifying
selection is the dominant evolutionary force acting on splice
variants, we predict highly expressed genes to express fewer
isoforms than lowly expressed genes, which might be spuri-
ously transcribed and subject to weaker constraints.
Furthermore, when expression level differs between the sexes,
purifying selection would be strongest in the sex with the
higher expression, resulting in the expression of fewer iso-
forms in that sex. For example, for male-biased genes, we
would predict that males tend to have fewer isoforms than
females.

However, if there is sexual selection for sex-specific iso-
forms, we expect the opposite relationship between isoform
diversity and sex. Here, we predict the evolution of novel
isoforms to be analogous to gene duplication with neofunc-
tionalization, where the ancestral paralog retains its original
function and expression pattern but the newly duplicated
paralog evolves sex-specific functions and sex-biased expres-
sion (Connallon and Clark 2011). Applying this to splicing, we
expect the ancestral splice variant to retain its ancestral ex-
pression pattern and function, but the novel sex-specific iso-
form to evolve sex-specific functions and expression. As a
result, we expect a greater diversity of isoforms in the sex
with higher expression, where selection for sex-specific iso-
forms is the greatest. Specifically, males should express more
isoforms than females for male-biased genes, where novel
male-specific isoforms are free to evolve male-specific func-
tions, whereas isoforms expressed in both sexes are retained
to perform their original function. We predict the opposite
pattern for female-biased genes, which under sex-specific

selection should exhibit a greater diversity of isoforms
expressed in females.

These two scenarios generate opposing predictions for the
expected patterns of isoform diversity in males and females. To
distinguish between these selective regimes, we developed an
isoform specificity index (sASÞ to quantify variation in isoform
abundance per gene. This metric is adapted from the tissue
specificity index (Yanai et al. 2005), where high values show
that a single isoform is always expressed and low values indicate
an even representation of multiple isoforms.

We found a significant relationship between isoform spe-
cificity (sASÞ and expression level across all genes, where
highly expressed genes tend to express fewer isoforms than
lowly expressed genes (supplementary fig. S5 and table S6,
Supplementary Material online). This indicates that purifying
selection acts on broad patterns of splicing across the ge-
nome, suggesting that global patterns of splicing are function-
ally relevant (Blencowe 2017; Tress et al. 2017a, 2017b; Wan
and Larson 2018). However, we also recovered a significant
association with sex, where isoform specificity (sASÞ differs
significantly between males and females for genes that are
differentially expressed between the sexes, but not for those
with similar expression levels (fig. 3 and supplementary fig. S5,
Supplementary Material online). Importantly, this association
is reversed between male- and female-biased genes, as we
predicted. Specifically, males show significantly greater iso-
form diversity for male-biased genes, and females show
greater isoform diversity for female-biased genes. There are
no significant differences in isoform diversity between males
and females for unbiased genes. This is consistent with our
predictions of selection for sex-specific splice variants, and
opposite to what we would expect if purifying selection
were the dominant evolutionary force acting on splicing in
males and females. These patterns are observed across all
three species, which diverged 90 Ma, indicating that the
role of sex-specific selection in splicing evolution is a broad
taxonomic trend across birds.

If sex-specific isoforms are indeed under selection for sex-
specific functions, then we expect these loci to affect fitness

FIG. 3. Average male and female isoform specificity (sAS) across genes. sAS for genes with male-biased expression level, female-biased expression
level, and unbiased expression between the sexes for the (A) duck, (B) turkey, and (C) guineafowl. Significance values were calculated using a paired
Wilcoxon’s signed-rank test.
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differently in males relative to females. To test whether dif-
ferential splicing has sex-specific effects, we used a population
genomic approach across the three avian species, contrasting
patterns of intersexual sequence differentiation and balancing
selection (Wright et al. 2018). Recent theoretical work has
indicated that patterns of elevated intersexual differentiation
previously observed in the literature that have been attrib-
uted to ongoing sexual conflict would require implausibly
large selective pressures and mortality loads (Kasimatis et al.
2017, 2019, 2020; Ruzicka et al. 2020). However, we do not use
this approach to infer ongoing conflict, rather, sex-specific
genetic architecture which invokes relatively lower genetic
loads. Under sex-specific architecture, where loci exhibit sex
differences in their phenotypic effects, we predict elevated
intersexual differentiation but relaxed balancing selection
(Mank 2017b).

Consistent with this prediction, we found that differen-
tially alternatively spliced genes exhibited elevated intersexual
FST and low Tajima’s D in the duck gonad and guineafowl
gonad (v2 test, P¼ 0.003 and P¼ 0.059, respectively; supple-
mentary table S5, Supplementary Material online), consistent
with differentially spliced genes affecting viability or survival in
one sex but having little or no effect in the other. This pattern
was not significant in the turkey gonad (v2 test, P¼ 0.266;
supplementary table S5, Supplementary Material online),
however, there are many fewer differentially spliced genes
in turkey (table 1) which likely limits our power to test for
any relationship in this species. Genes that were significantly
differentially expressed between males and females were re-
moved from this analysis as they have been shown previously
to have sex-specific phenotypic effects (Wright et al. 2018). To
confirm that these sex-specific effects are driven by sex-
specifically expressed parts of genes, we extracted intersexual
FST for sex-biased and unbiased exons. We found that FST was
higher across sequences from sex-biased exons relative to
unbiased exons in both the turkey and the guineafowl
(P¼ 0.014, P¼ 0.083, turkey and guineafowl, respectively,
paired Wilcoxon signed-rank test) but there was no signifi-
cant difference in the duck (P¼ 0.543). This is the first statis-
tical evidence, to our knowledge, that sex-specific selection
acts on broad patterns of alternative splicing and that differ-
entially spliced genes across the genome exhibit genomic
signatures consistent with sex-specific effects.

Genes with Sex Differences in Splicing Are Subject to
Greater Functional Constraints
Pleiotropy is thought to hinder the evolution of differential
gene expression level and limit the response to sex-specific
selection (Mank et al. 2008; Meisel 2011). Indeed, genes with
broad expression patterns, a proxy for pleiotropy, are less
likely to be differentially expressed (Mank et al. 2008).
Alternative splicing might avoid pleiotropy and other con-
straints acting on expression level through the generation of
distinct male and female isoforms. If so, we expect differential
alternative splicing to be more common in genes with similar
expression patterns between males and females. In line with
our prediction, we found that while nonsignificant (duck
P¼ 0.06, turkey P¼ 0.55, guineafowl P¼ 0.49,

hypergeometric tests with Benjamini–Hochberg correction),
there is less overlap than expected between differentially
expressed and differentially spliced genes in the gonad
(RF<1; duck RF¼0.83, turkey RF¼0.86, guineafowl RF¼0.94,
fig. 4A–C, and supplementary tables S7 and S8,
Supplementary Material online). These results are consistent
across multiple filtering thresholds and types of splicing
events (supplementary table S8, Supplementary Material
online).

Next, we explicitly tested whether genes under functional
constraints are more predisposed to evolve differential splic-
ing. First, we calculated a measure of tissue specificity (s), a
proxy for pleiotropy, where lower values indicate even expres-
sion distribution across tissues and larger values equate to
greater levels of tissue specificity (Yanai et al. 2005).
Measurements of s were derived from the chicken
UniGene database (Mank et al. 2008) and encompass expres-
sion patterns from nine tissues. Across all three species, we
found that differentially spliced genes have significantly
broader expression patterns relative to genes that are unbi-
ased in expression, consistent with greater functional con-
straint (fig. 4D–F). This is in stark contrast to genes with
differential expression level which, as previously observed
(Mank et al. 2008; Meisel 2011), have greater tissue specificity
than unbiased genes. Second, we employed contrasts of cod-
ing sequence evolution between genes that are unbiased, are
exclusively differentially spliced or exclusively differentially
expressed. Previously, differentially expressed genes have
been shown to exhibit elevated rates of coding sequence
evolution in a wide range of species as a consequence of
relaxed evolutionary constraint and genetic drift (Gershoni
and Pietrokovski 2014; Harrison et al. 2015). In contrast, we
find that genes with differential splicing do not exhibit signif-
icantly elevated rates of sequence evolution in comparison to
unbiased genes or genes that are differentially expressed be-
tween the sexes (fig. 4G–I), consistent with stronger purifying
selection acting on coding sequences. This pattern is con-
served when accounting for gene length and expression level,
although the pattern then becomes nonsignificant in the
duck (supplementary table S9, Supplementary Material on-
line). Taken together, these results suggest that when genes
are subject to functional constraints, the evolution of sex-
specific isoforms may offer a more viable mechanism than
changes in expression level to achieve sex-specific functions.

Concluding Remarks
Our results indicate that sex-specific selection acts on broad
patterns of alternative splicing across the genome, which in
turn may facilitate the evolution of sexually dimorphic phe-
notypes. Sex differences in alternative splicing and gene ex-
pression level are restricted to distinct sets of genes, where
differential alternative splicing is limited to genes subject to
strong purifying selection and functional constraint, indicat-
ing that splicing may function as an alternate route to sex-
specific adaptation. However, it remains unclear whether di-
morphism is a consequence of aggregate patterns of sex-
biased splicing or large-effect loci, or how the magnitude of
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splicing scales with phenotypic differences. Taken as a whole,
our findings demonstrate how diverse patterns of transcrip-
tional regulation can play an important role in phenotypic
complexity.

Materials and Methods

Quality Filtering and Mapping
Previously, we obtained tissue samples, extracted, and se-
quenced RNA from semicaptive populations of the mallard
duck (Anas platyrhynchos), wild turkey (Meleagris gallopavo),

and helmeted guineafowl (Numida meleagris) (BioProject ID
PRJNA271731, Harrison et al. 2015). The duck diverged from
the guineafowl and turkey �90 Ma, and the turkey and
guineafowl diverged 30 Ma, providing medium- and long-
term evolutionary comparison points for assessing divergence
in splicing (supplementary fig. S1, Supplementary Material
online). This includes RNA-seq data from five male and five
female individuals of each species except for the turkey, where
five dominant male, two subordinate male, and five female
gonad samples were taken along with three dominant male

FIG. 4. Overlap, tissue specificity, and evolutionary rates of genes with sex differences in splicing and expression level in the duck (A, D, G), turkey (B, E, H),
and guineafowl (C, F, I) gonad. Panels (A–C) show the overlap between differentially spliced (orange) and differentially expressed (blue) genes. Panels (D–F)
show average tissue specificity (s), where 0 denotes genes that are expressed ubiquitously and 1 means genes have tissue-specific expression. Panels (G–I)
show the average ratio of nonsynonymous (dN) to synonymous (dS) substitutions for genes that are exclusively differentially spliced (orange), exclusively
differentially expressed (blue), or unbiased (gray). In (D), (E), and (F), significance values were calculated with Wilcoxon’s rank-sum test. In (G), (H), and (I),
95% confidence intervals and significance values were obtained from 1,000 bootstrap replicates.
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and two female spleen samples. RNA data were quality fil-
tered using Trimmomatic v0.36 (Bolger et al. 2014). We fil-
tered reads containing adapter sequences and trimmed reads
if the sliding window average had a Phred score over four
bases that was<15 or if the leading/trailing bases had a Phred
score <3. The program used to quantify alternative splice
events, rMATS (Shen et al. 2014), requires all reads to be equal
length so reads were removed postfiltering if either read pair
was <95 bp in length and all remaining reads were trimmed
to 95 bp.

RNA-seq reads were mapped to respective reference
genomes obtained from Ensembl (mallard duck;
CAU_duck1.0; GCA_002743455.1, wild turkey; Turkey_2.01;
GCA_000146605.1, helmeted guineafowl; NumMel1.0;
GCA_002078875.2), using HISAT2 v.2.10 (Kim et al. 2015).
We suppressed discordant and unpaired alignments for
paired reads and excluded reads from the SAM output that
failed to align. Reported alignments were tailored for tran-
script assemblers including StringTie. These alignments were
used in downstream analyses to quantify both alternative
splicing and gene expression levels to ensure accurate com-
parisons between patterns of splicing and gene expression
levels.

Quantifying Alternative Splicing
We quantified alternative splicing in males and females in
each species using rMATS v.4.0.3. Specifically, rMATS assesses
annotated splice junctions in the reference genome for alter-
native splicing and detects differential splicing between two
groups of samples. Splicing at each splice site is measured as
the PSI, which indicates the proportion of two alternative
isoforms at each splice site. A PSI value of 1 or 0 indicates
that only one of the two alternative isoforms is always
expressed and a value of 0.5 indicates equal expression of
both isoforms. We detected alternative splicing events using
0< PSI<1 in more than half of the individuals in each sample
group. To compare splicing between groups of samples,
rMATS calculates an inclusion difference (DPSI) (average
PSI of male samples�average PSI of female samples), which
ranges from 1 (the one isoform is only expressed in males) to
�1 (the alternative isoform is only expressed in females).
Therefore, DPSI of 0 means that patterns of splicing do not
differ between males and females (i.e., the proportion of al-
ternative isoforms for that splice site is the same between the
sexes). rMATS uses a likelihood-ratio test to identify signifi-
cant differences in DPSI between males and females. We
identified differential splicing events using an FDR P value
<0.05 and DPSI threshold of 0.1 following Grantham and
Brisson (2018). The only exception was for analyses compar-
ing patterns of differential splicing to differential expression
where we used an FDR P value <0.05 and male: female log2-
fold change PSI value of 1 to ensure equivalent thresholds
were implemented. We calculated the significance of the
overlap between differentially spliced orthologs using the
SuperExactTest package (Wang et al. 2015) in R. Patterns of
splicing were only quantified for autosomal genes as the Z
chromosome is subject to unusual patterns of sex-specific
selection due to its unequal inheritance pattern between

males and females (Rice 1984). This workflow is summarized
in supplementary figure S4, Supplementary Material online.

It has been suggested that many of the splicing events
detected through next-generation sequencing approaches re-
flect stochastic transcriptional noise, however, this has been
the subject of considerable recent debate (Melamud and
Moult 2009; Tress et al. 2017a, 2017b; Wan and Larson
2018). We implemented a number of stringent filters to re-
move alternative splicing events that are likely nonfunctional
noise. First, we evaluated splicing using only reads mapping to
exon–exon boundaries that span splicing junctions to quan-
tify splicing. Second, following Grantham and Brisson (2018),
splicing sites were excluded if the number of reads supporting
the inclusion and spliced exon junction was <20 in at least
half the samples of both sexes in each tissue separately. Finally,
although rMATS analyses different types of alternative splic-
ing events, SE and MXE events are more commonly known to
translate into functional isoforms (Weatheritt et al. 2016).
These types of splicing comprise the majority of splice events
we identified (supplementary table S1, Supplementary
Material online) and so subsequent analyses were only per-
formed on SE and MXE splicing events.

Cluster Analysis of Alternative Splicing Data
We assessed transcriptional similarity of splicing across sam-
ples, as measured by PSI, using the R package Pvclust (Suzuki
and Shimodaira 2006). Hierarchical clustering with Euclidean
distance was performed and the reliability of each of the trees
produced was tested by bootstrap resampling (1,000
replicates).

Quantifying Gene Expression Level
SAM files generated from HISAT2 were coordinate sorted
using SAMtools v1.9 (Li et al. 2009) and converted to BAM
format. For each species, StringTie v1.3.5 (Pertea et al. 2015)
was used to estimate gene expression level only for transcripts
in the reference genome, ignoring novel transcripts, to ensure
that expression was quantified for the same set of loci across
all samples. We then extracted read count information di-
rectly from the StringTie output to generate count matrices
for genes and transcripts as recommended by the StringTie
pipeline. To ensure that our estimates of expression level were
not biased by differences in alternative splicing across sam-
ples, we calculated gene expression level using only constitu-
tively expressed exons (i.e., removing exons that are
alternatively spliced or differentially alternatively spliced be-
tween males and females, FDR<0.05).

In each species, a minimum expression level threshold of 1
log CPM in at least half of the individuals of both sexes was
imposed to remove lowly expressed genes in the gonad and
spleen separately. Expression level was normalized using
TMM (trimmed mean of m values) in EdgeR (Robinson
et al. 2010). Genes were excluded from the analysis if they
were single-exon or not located on annotated autosomal
chromosomes. Sex-biased genes were identified using a stan-
dard log2-fold change value of 1 and FDR P value<0.05 (Assis
et al. 2012; Harrison et al. 2015). This workflow is summarized
in supplementary figure S4, Supplementary Material online.
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Estimating Isoform Specificity (sAS)
We developed an isoform specificity index to quantify varia-
tion in isoform abundance per gene. This is adapted from the
tissue specificity index (s) (Yanai et al. 2005), a commonly
used metric that calculates whether expression is broadly
expressed or localized in one tissue. Here, we instead use
expression of each isoform to calculate isoform specificity,
where a value of 0 indicates an even representation of isoform
abundance and a value of 1 shows that a single isoform is
always expressed. We call this measure sAS. For a given gene,
sAS is defined as:

sAS ¼

Pn
i¼1

1�bxið Þ þ ð1�byiÞ

n� 1
;

bxi ¼ xi

max1� i� nðxi;yiÞ ; byi ¼
yi

max1� i� nðxi;yiÞ ;

where n is the total number of isoforms (assuming each splice
site produces two isoforms), xi is the read count supporting
the inclusion of the exon in the gene product, and yi is the
read count supporting the exclusion of the exon from the
gene product. We excluded splice sites that did not pass the
coverage thresholds described above, and we excluded any
exon that did not have a minimum read count of 20 in at
least half of the individuals (within or between sexes) sup-
porting both inclusion and exclusion of the exon. We then
calculated male and female sAS for each gene. Importantly,
power to detect isoform variation is limited by expression
level so we reduced read counts in the sex with higher ex-
pression before calculating sAS. Specifically, read counts in the
more highly expressed sex were scaled to the sex with the
lower expression for each gene. This accounts for reduced
power to detect splice events in samples with lower expres-
sion. In addition to this, to check that our results were not
biased by variation in sequencing depth across samples, we
normalized sAS, where read counts were divided by total
library size in each sample. We tested for statistical differences
between male and female sAS using a paired Wilcoxon’s
signed-rank test.

Estimating Population Genomic Statistics
For each individual, we merged spleen and gonad BAM files
using SAMtools v1.9 (Li et al. 2009) with the exception of the
turkey, where both tissues were not sequenced for all indi-
viduals so we used only gonad data for subsequent analyses.
We used ANGSD (Korneliussen et al. 2014) to estimate pop-
ulation genetic summary statistics, following our previous
approach (Wright et al. 2018, 2019) as ANGSD implements
methods to account for uneven sequencing depth and is
therefore appropriate for transcriptome data. We filtered
BAM files to discard reads if they did not uniquely map,
had a flag �256, had a mate that was not mapped, or had
a mapping quality<20. Bases were filtered if base quality was
<13 or if there were data in fewer than half the individuals.
Mapping quality scores were adjusted for excessive mis-
matches and quality scores were adjusted around indels to
rule out false single-nucleotide polymorphisms. We identified

and removed related individuals (two wild turkey samples)
from our analyses using NGSRELATE (Korneliussen and
Moltke 2015) to avoid violating Hardy–Weinberg
assumptions.

We calculated sample allele frequency likelihoods at each
site from genotype likelihoods with the SAMtools model in
ANGSD. Next, we estimated the overall unfolded site fre-
quency spectrum for each species (Nielsen et al. 2012).
Specifically, at each site we randomly sampled an allele fre-
quency according to its likelihood, as calculated by ANGSD.
Finally, we computed genetic diversity indices, including allele
frequency posterior probability and Tajima’s D using the site
frequency spectrum as prior information with ANGSD
thetaStat (Korneliussen et al. 2014).

Intersexual FST was calculated using the same procedure
and filtering criteria as above except that we filtered out bases
where we had data in fewer than half the individuals in males
and females separately. We quantified Hudson’s FST, which is
less sensitive to small sample sizes (Bhatia et al. 2013;
Gammerdinger et al. 2020). Estimates across coding regions
of autosomal loci were obtained using weighted averages,
where per-gene FST is the ratio between the sum of the be-
tween-populations variance across loci and the sum of the
total variance across loci.

Immunity genes can generate patterns of balancing selec-
tion via mechanisms such as heterozygote advantage (Stahl
et al. 1999; Rockman et al. 2010; Hedrick 2011) and negative-
frequency dependent selection (Croze et al. 2016). Therefore,
genes with potential immune function were excluded from
the population genomic analyses. Specifically, we removed all
loci with the terms “immune” or “MHC” in their Gene
Ontology annotations from population genomic analyses.
Furthermore, we applied a strict minimum expression level
threshold of 2 log CPM in at least half of the individuals of
both sexes to remove lowly expressed genes that may bias
population genomic analyses.

Testing the Overlap between Differentially Spliced and
Expressed Genes
We tested whether differentially spliced genes are also differ-
entially expressed. First, we estimated the expected number
of genes that are both differentially spliced (DSG) and differ-
entially expressed (DEG) as (total no. DSG� total no. DEG)/
total no. expressed genes. Next, we calculated the represen-
tation factor (RF), which is the observed number of overlap-
ping genes divided by the expected number. If RF< 1, there is
less overlap between differentially spliced and expressed
genes than expected and RF> 1, there is more overlap
than expected. We tested whether the overlap was signifi-
cantly less than expected using the hypergeometric test with
the phyper function in R. We calculated adjusted P values
using the Benjamini–Hochberg (FDR) correction.

Identifying Orthologous Genes across Species
Coding sequences were downloaded from Ensembl v98
(Zerbino et al. 2018) for the mallard duck (A. platyrhynchos;
CAU_duck1.0; GCA_002743455.1), wild turkey (M. gallopavo;
Turkey_2.01; GCA_000146605.1), helmeted guineafowl
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(N. meleagris; NumMel1.0; GCA_002078875.2), and zebra
finch (Taeniopygia guttata; taeGut3.2.4). The longest isoform
was retained for each species, and reciprocal orthologs across
the four taxa were identified using BlastN v2.9.0þ (Altschul
et al. 1990) with an e-value cutoff of 1� 10�10 and minimum
percentage identity of 30%. Across the duck, turkey, guinea-
fowl, and zebra finch, 10,622 reciprocal orthologs were iden-
tified. We also identified pairwise reciprocal orthologs with
the chicken (Gallus gallus) for the duck, turkey, and guinea-
fowl using the same approach. This resulted in 13,425, 12,764,
and 13,942 orthologs in the duck, turkey, and guineafowl,
respectively.

Estimating Isoform Specificity (s)
Tissue specificity (Yanai et al. 2005) was calculated from the
chicken UniGene database, as previously described (Mank
et al. 2008), and encompasses expression level patterns
from nine tissues. Lower values indicate even expression level
distribution across tissues and larger values equate to greater
levels of tissue specificity. For each species, we extracted tissue
specificity for genes with pairwise reciprocal orthologs in the
chicken, resulting in s values for 4,747, 5,131, and 5,200 genes
in the duck, turkey, and guineafowl, respectively.

Estimating Rates of Coding Sequence Evolution
Orthologous sequences were aligned with PRANK v.140603
(Löytynoja and Goldman 2008), using a previously published
phylogeny (Harrison et al. 2015). The sequence alignments
were then checked for gaps, and for poorly aligned regions
using SWAMP v.31-03-14 (Harrison et al. 2014) with a thresh-
old of 4 in a window size of 5 bases and a minimum sequence
length of 75 bp. Evolutionary parameters were estimated us-
ing the branch model in PAML v.4.8a (Yang 2007).
Orthologous genes with dS>2 were filtered from subsequent
analyses as this represents the point of mutational saturation
in avian sequence data (Axelsson et al. 2008; Harrison et al.
2015). We extracted the number of nonsynonymous sites (N),
the number of nonsynonymous substitutions (NdN), the
number of synonymous sites (S), and the number of synon-
ymous substitutions (SdS) for each taxon in order to calculate
dN/dS weighted by alignment length (Mank et al. 2010;
Harrison et al. 2015). We then generated 1,000 bootstrap
replicates to obtain 95% confidence intervals and tested for
significant differences between gene categories using 1,000
permutations. We tested if the pattern of dN/dS was con-
served after controlling for gene length and gene expression
level using multiple regression and an ANOVA test imple-
mented in R.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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ABSTRACT 

A substantial amount of phenotypic diversity results from changes in gene regulation. Understanding 

how regulatory diversity evolves is therefore a key priority in identifying mechanisms of adaptive 

change. However, in contrast to powerful models of sequence evolution, we lack a consensus model of 

regulatory evolution. Furthermore, recent work has shown that many of the comparative approaches 

used to study gene regulation are subject to biases that can lead to false signatures of selection. In this 

review, we first outline the main approaches for describing regulatory evolution and their inherent 

biases. Next, we bridge the gap between the fields of comparative phylogenetic methods and 

transcriptomics to reinforce the main pitfalls of inferring regulatory selection and use simulation studies 

to show that shifts in tissue composition can heavily bias inferences of selection. We close by 

highlighting the multi-dimensional nature of regulatory variation and identifying major, unanswered 

questions in disentangling how selection acts on the transcriptome. 
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INTRODUCTION 

A growing body of evidence indicates that changes in gene regulation play a key role in phenotypic 

divergence1. Within species, a single genome can encode multiple distinct phenotypes by varying 

expression levels of the underlying loci2. Similarly, across species, regulatory variation is implicated in 

major phenotypic differences that underlie adaptive change1. Given the importance of gene regulation 

in shaping phenotypic diversity, transcriptome analyses are widely used as a genomic tool to identify 

the genes that underlie phenotypic variation and the selective regimes acting on them3. However, the 

dominant mode of evolution acting on gene expression remains controversial. Current evidence 

supports the notion that global patterns of gene expression evolve predominantly under stabilizing 

selection, but the extent of neutral evolution is heavily debated4–7.   

Much of this debate is driven by the lack of a consensus neutral model of transcriptome evolution. In 

contrast to established models of sequence evolution that allow us to predict the phenotypic effects of 

different types of coding mutations and scan coding sequence data for regions of adaptive evolution, 

gene regulation can be complex and non-additive in its phenotypic effects. This complexity has resulted 

in a wide range of approaches to study regulatory evolution3,8,9. Importantly, these approaches make 

direct assumptions about how expression evolves across species, many of which have yet to be 

robustly validated, and these assumptions vary extensively across models. Over the last decade, 

statistical frameworks developed in the field of phylogenetic comparative methods have been applied 

to transcriptome data to infer selection8,10, and these have provided important insights into patterns of 

regulatory variation. However, in recent years it has become clear that several of these phylogenetic 

comparative approaches suffer from biases that often lead to false inferences of stabilizing selection 

when applied to real phenotypic data11,12. Many of the root causes of these biases are even more 

pronounced in transcriptomic data, but the issues uncovered in the phylogenetic comparative 

literature11,12 are only rarely discussed in the genomics field13,14.  

Finally, most studies make the explicit assumption that when differential gene expression is observed, 

it is the direct result of regulatory change. In reality, this fundamental assumption may often be flawed 

as most studies measure expression in bulk across heterogeneous tissue samples and so cannot 

distinguish changes in gene regulation from differences in tissue composition15,16. Of course, changes 
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in tissue composition, which encompass both changes in cell type abundance within tissues and 

allometric scaling across them, are likely due to regulatory changes in development. However, these 

developmental regulatory differences will not be detected if transcriptomes are measured after 

development is completed and instead the resulting differences in gene abundance will be mistaken as 

causative adaptive changes (Fig. 1). This problem undermines our current understanding of the nature 

and abundance of regulatory variation, and how it contributes to phenotypic divergence. Although the 

implications of varying tissue composition across species for measuring regulatory change have been 

discussed15,16, the consequences of how it affects the inference of expression evolution have received 

little attention and so are not widely appreciated. 

 

Figure 1. Variation in tissue composition can lead to the perception of differential expression.  
Schematic illustrating how variation in tissue composition can bias perception of expression measured from bulk 
RNA-Seq. Here, a single tissue is comprised of two cell types, type 1 (blue) which only expresses gene 1, and 
type 2 (yellow) which only expresses gene 2. During development in Species I (a-d),  cell type 1 and 2 have the 
same rate of cell proliferation (a) and per cell expression is the same for both genes within each cell type (b). 
The resulting tissue is evenly comprised of each cell type (c) and bulk RNA-Seq expression for both gene 1 and 
2 is equal (d). In Species II (e-h), a slight increase in the rate of cellular proliferation for cell type 1 (e) results in 
a greater proportion of cells of type 1 in the resulting adult tissue (g). Even though there has been no change in 
per cell expression of either gene 1 or 2 (f), the relative expression from bulk RNA-Seq of the entire tissue results 
in the perception of higher expression of gene 1 and lower expression of gene 2 compared to expression in 
Species 1 (h). 
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Here, we examine our current understanding of the evolutionary processes generating variation in gene 

regulation. First, we outline the main approaches for describing regulatory evolution, examine their 

inherent biases, and synthesize findings to provide new perspectives to the debate over how selection 

acts on the transcriptome. Second, we attempt to bridge the gap between the fields of comparative 

phylogenetic methods and transcriptomics to reinforce the main pitfalls of inferring regulatory variation. 

Importantly, we identify a previously overlooked challenge to the study of expression evolution 

concerning shifts in tissue composition across taxa, and use simulation studies to show that this issue 

can heavily bias inferences of selection. We close by highlighting the multi-dimensional nature of 

regulatory variation and identifying major, unanswered questions in disentangling how selection acts 

on the transcriptome. 

INFERRING THE MODE OF GENE EXPRESSION EVOLUTION 

Currently, a number of different approaches for describing regulatory evolution have been proposed in 

the absence of a single consensus model. These can be divided into three broad categories; (i) 

contrasts between divergence and variation in expression (Fig 2A), (ii) phylogenetic comparative 

methods (Fig 2B) and (iii) fitness-based approaches (Fig 2C). Importantly, each makes different 

assumptions regarding the mode of expression divergence and are subject to distinct biases. With a 

few exceptions13,14,17,18, studies rarely interrogate multiple approaches and so it remains unclear 

whether discrepancies between studies are biologically meaningful or caused by inherent 

methodological differences. Below we synthesise results from different analytical frameworks to provide 

an overview on the debate concerning the importance of selection versus genetic drift in shaping 

regulatory variation. 

Contrasting divergence and variation in expression 

Many early analyses of regulatory evolution tested for selection by contrasting expression divergence 

between species and expression diversity within species19–23. This method relies on the assumption 

that neutral changes are based solely on the underlying mutation rate24,25 and so divergence between 

species relative to polymorphism within species will be equal at neutral loci25. When applied to 

expression data, mutation leads to polymorphism, which can be inferred through variation in expression 

level amongst individuals. Thus, a neutral model of evolution can be rejected when there are deviations 
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from an equal ratio of within to between species regulatory variation (Fig. 2A). Studies employing this 

approach are dominated by two competing viewpoints. One posits that gene regulation is predominantly 

neutrally evolving9,19,20,26 and the other suggests widespread conservation and purifying selection of 

gene expression levels21,23,27,28 with evidence of positive selection acting on certain loci29–34.  

Analogous approaches using alternative neutral models of expression divergence have also found 

broad support for stabilizing selection3,6. One such approach uses mutation accumulation studies to 

estimate neutral expectations of expression divergence and infer selection through contrasts with 

natural populations35–37. Most recently, the distribution of expression levels of F2 offspring from a 

genetic cross has been used to estimate expected levels of neutral divergence38. Here, under neutrality, 

expression variance of the two parental populations should be equal to the F2 progeny as the F2 

phenotypes result from random combinations of segregating alleles. Following this logic, directional 

selection can be inferred when parental divergence is significantly greater than the neutral expectation 

and stabilizing selection can be inferred when parents are significantly less diverged than expected. 

This study found widespread stabilizing selection across a range of species, the magnitude of which 

was dependent on the species’ effective population size, consistent with population genetic theory. 

Selection has also been inferred through comparisons of additive genetic variance of expression (QST) 

with sequence divergence in neutral molecular markers (FST) across populations39. However, while 

QST:FST approaches have been successfully applied to gene expression variation in a few instances40–

44, accurately estimating the additive genetic basis of gene regulation can be challenging45. There is a 

tendency for dominance variance to bias QST estimates, potentially leading to incorrect inferences of 

neutrality39. 

Nonetheless, the broad approach of contrasting inter- and intra-specific regulatory variation offers a 

tractable method to investigate selective forces shaping expression levels. However, one drawback is 

that these tests assume species or populations are phylogenetically independent and do not account 

for shared and often complex evolutionary histories. Therefore, in cases where more than one pair of 

species are compared, these methods can produce evolutionary patterns that are generated by the 

structure of the underlying phylogeny46,47. Furthermore, the neutral expectation that expression 

divergence equals diversity tends to break down over longer evolutionary time periods. This is because 

gene expression divergence cannot accumulate indefinitely due to upper limits on the rate of 
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transcription. With increasing genetic distance, expression divergence among taxa may become 

nonlinear, leading to instances of genetic drift being mistaken as directional selection9,14. To test for 

selection across multiple species and evolutionary distances, approaches that take a phylogenetic 

perspective are required. 

Phylogenetic comparative methods 

Phylogenetic comparative methods have been widely adopted to infer selection acting on phenotypic 

traits for a number of decades10,47–49. By incorporating phylogenetic information, these methods account 

for shared ancestry and therefore can overcome issues of statistical non-independence. Recently, these 

approaches have been widely applied to transcriptome data to infer selection acting on gene expression 

by fitting a number of discrete evolutionary processes to expression data for a given gene8,50,51 (Fig. 

2B). A commonly used model, Brownian Motion (BM), assumes that expression divergence between 

species will be a function of divergence time and evolutionary rate, and, as such, is often seen as 

analogous to genetic drift. A second model, the Ornstein-Uhlenbeck (OU) model, adds an ‘elastic band’ 

element drawing expression values towards an optimum across the phylogeny, akin to stabilizing 

selection8,52. The OU model can be extended to allow for branch-specific events, such as shifts in 

optimum trait values8,53, analogous to directional selection in particular lineages.  

Comparative transcriptomic analyses based on the OU model have found overwhelming support for 

stabilizing selection on expression levels across a wide range of species, including Drosophila8,54, 

African cichlids55 and mammals56. While this appears consistent with past work21,23,27,28, using OU 

models to infer selection has received repeated criticism within the phylogenetic comparative literature 

(BOX 1). In essence, any factor that leads to a reduction of phylogenetic signal in species’ trait values 

will favour the inference of an OU process over BM, regardless of the underlying evolutionary process 

Importantly, failing to account for biological intraspecific variance or methodological measurement error 

by running these models on a mean species expression value has been shown to erode phylogenetic 

signal and lead to false inferences of stabilizing selection11–13 or branch-specific selection14. These 

issues are particularly relevant to expression data, which can be noisy (i.e. subject to a high degree of 

measurement error), particularly when environmental and developmental variance is not strictly 

controlled for. The OU framework has been adapted to specifically include within-species expression 
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variability as an error term13,53,57, and whilst it has been shown to reduce false inferences of stabilizing 

selection, this approach has only been employed by a handful of studies18,58.  

Recently, Rohlfs et al.14 built on this approach with the Expression Variance and Evolution (EVE) model 

for testing expression evolution. This approach is grounded in the OU framework but incorporates 

contrasts of expression variance within versus between species, analogous to divergence-diversity ratio 

comparisons (Fig. 2A). This is a major advance as it accounts for evolutionary relationships between 

species as well as incorporating a neutral expectation for expression divergence that is dataset-specific. 

Interestingly, the few studies that have employed this approach have typically revealed a higher 

proportion of genes evolving under directional than under stabilizing selection14,18, and evidence for 

elevated rates of expression evolution consistent with adaptive evolution58–61, contrasting with previous 

findings. However, this method also relies on accurately estimating parameters of the OU process, so 

it is still likely subject to similar pitfalls identified by the phylogenetic comparative literature (BOX 1). 

Fitness-based approaches 

Most recently, fitness based approaches have been applied to study contemporary patterns of selection 

acting on gene regulation62,63. One classical approach, which has been used to study a wide range of 

morphological traits, uses regression-based methods to estimate the strength of selection64. In this 

approach, the covariance between fitness and gene expression is calculated to infer selection 

differentials at each locus, which signify the mode of selection62,63 (Fig. 2C). To reduce noise and 

computation time, as well as increase robustness of model prediction, expression data can be 

transformed to reduce dimensionality (i.e., by PCA) and selection gradients can then be obtained to 

estimate direct selection on suites of correlated transcripts. Recent studies have used these principles 

to measure regulatory selection in experimental contexts (e.g. by quantifying flowering success and 

fecundity of rice grown in wet versus drought conditions62) and in natural settings (e.g. by measuring 

parasite load and survivorship of wild trout using mark-recapture63). In contrast to comparative 

approaches, neither of these studies found strong support for stabilizing selection, and in one case, the 

dominant mode of selection was disruptive63. Causes of this discrepancy require further investigation, 

particularly whether or not this reflects methodological biases. However, it is possible that selection 
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pressures vary over short- versus long-term evolutionary time frames, and these approaches are 

capturing different snapshots of the evolutionary process. 

 

Figure 2. Approaches to detect selection on regulatory variation.  
Panel (a) Gene expression evolution has been inferred by contrasting levels of variation within a focal species to 

divergence across species in a pairwise framework. This principle is analogous to the Hudson Kreitman Aguadé 
(HKA) test used to detect selection at the DNA level. The neutral expectation is that divergence covaries linearly 
with intra-specific variance, at least over shorter evolutionary distances. Loci with the highest or lowest levels of 
regulatory variation relative to neutrality are the best candidates for balancing or directional selection respectively. 
Loci under stabilizing selection should exhibit limited biological variance and divergence. Panel (b) Phylogenetic 
comparative analyses enable comparisons across species to distinguish between evolutionary processes. 
Brownian motion models neutral trait evolution via an unconstrained random walk. It assumes that divergence time 
between species will describe the diversity across the phylogeny with only one parameter 𝞼2, the drift rate, and 
that variance at the tips of the phylogeny will equal T𝞼2. The Ornstein-Uhlenbeck (OU) model assumes that gene 
regulation follows a stochastic process that is attracted towards a single optimum value, consistent with stabilizing 
selection. The additional parameters are therefore ɑ, the strength of pull, and θ, the evolutionary optima. This 
framework has been extended to test for branch specific processes by incorporating multiple optima to test for trait 
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divergence in specific lineages (red line). Panel (c) Phenotypic selection analyses have been applied to gene 
expression data to infer the mode and strength of selection. These employ multiple regression of relative fitness 
on multiple traits to calculate selection differentials that estimate total selection (direct and indirect) on gene 
expression. The covariance between fitness and expression is calculated to infer linear (S) and quadratic (C) 
selection differentials at each locus, which signify directional, stabilizing, or disruptive selection. The linear 
selection differential estimates positive versus negative directional selection, while the quadratic selection 
differential estimates disruptive versus stabilizing selection. This panel is adapted from Groen et al (2020)62, which 
used this approach to measure selection on gene expression in rice. Rice was grown under wet (blue) and dry 
(yellow) environmental conditions, and phenotypes and fitness were measured. 

DECOMPOSING TRANSCRIPTIONAL VARIATION 

Importantly, approaches designed to test for selection on regulatory variation all make the explicit 

assumption that when differential gene expression is observed, it is the direct result of regulatory 

change. However, in most cases, it is unclear whether this assumption is valid as processes other than 

regulatory evolution can generate apparent gene expression differences among taxa. For example, to 

date, studies have primarily used bulk sequencing approaches to measure expression across 

aggregate tissues or even entire body regions, which are often composed of many different cell types 

with variable expression profiles1. In doing so, these ‘bulk’ expression values represent an average of 

expression across entire populations of distinct cell types. Importantly, this means that samples that 

vary in tissue composition can produce patterns of differential expression that are often mistaken as 

evidence of regulatory change (Fig. 1). Conversely, this approach can also dampen and/or mask 

genuine regulatory differences15,16. 

Recent advances in single-cell transcriptomics are providing new insights into tissue composition and 

how this can vary both within and across species. Within species, dramatic changes in tissue 

composition are well documented throughout development65–67 and between the sexes65. This is 

exemplified by gonadal tissue, which exhibits sex-specific cell types65 as well as a mix of haploid and 

diploid cells at various stages of differentiation67–70. Similarly, changes in cell type abundance between 

homologous tissues are common across species, particularly in the testes16,71,72, likely as a result of 

varying levels of sperm competition and sexual selection. For instance, species of New World 

Blackbirds under more intense sperm competition exhibit a greater proportion of sperm-producing tissue 

within their testes71 than species subject to weaker sperm competition. In addition to differences in cell 

type abundance within a tissue, inter-specific single-cell analyses are starting to show that allometric 
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shifts might be common in many other tissues, including the brain73–75. Therefore, in many instances, 

differentially expressed genes that are identified from bulk transcriptomic approaches might simply be 

a product of variation in cellular heterogeneity rather than true regulatory change.  

To our knowledge, only a handful of studies have directly addressed the consequences of varying tissue 

allometry for inferring regulatory variation across species15,16,76,77. To provide further insight into this 

issue, here we use existing single-cell expression data (scRNA-seq) for the developing chicken 

hypothalamus66 to investigate this further (Fig. 3). At this stage in development (HH10), the 

hypothalamus is composed of three major cell types, where the FOXA1 cell type represents the greatest 

proportion of cells (Fig. 3A). Importantly, each cell type exhibits a distinct gene expression profile (Fig. 

3B). We condensed the expression of single cells from these three cell types into a composite 

expression value for each loci, analogous to a bulk RNA-seq approach for the whole hypothalamus. We 

find that broad expression patterns across the entire tissue are not reflective of true regulatory variation, 

although the magnitude of this effect varies across genes (Fig. 3B), consistent with recent work in the 

mouse gonad16. This illustrates that changes in tissue composition can have profound implications for 

quantifying gene regulation and we urge future studies to carefully consider the composition of samples.  

 

Figure 3. Deconstructing gene expression measured in bulk from heterogeneous tissue.  
Tissue composition and gene regulation of the chicken hypothalamus at a single developmental stage (HH10). 
Panel (a) Pie chart shows the proportion of cells in each major cell type in the hypothalamus. Panel (b) Heatmap 
shows gene expression measured across individual cells. Highly expressed genes are shown in yellow and lowly 
expressed genes are in pink. The first three columns of the heatmap show average expression for each gene 
across cells in each of the three major cell types. The final column shows average expression estimated across 
the entire tissue. In this case, we ignore cell identity and convert scRNA-seq data to ‘bulk’ data, equivalent to 
generating RNA-seq data from the whole tissue. Data from66. 
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CHALLENGES OF INFERRING SELECTION 

While the implications of varying tissue allometry for measuring regulatory change across species have 

been discussed15,16 (Fig. 1 & 3), the consequences of tissue composition on inferences of expression 

evolution have received very little attention. Nearly all studies that test for regulatory selection use 

transcriptomic data generated from heterogeneous tissue, with the exception of recent work that used 

cell sorting to isolate distinct cell types in the mouse testes61. Given that changes in tissue composition 

across species are likely to be common, this could pose an underappreciated challenge to comparative 

studies of regulatory evolution. As discussed in BOX 1, there is a tendency for phylogenetic comparative 

methods to falsely infer stabilizing selection or more complex adaptive processes if non-evolutionary 

processes (such as measurement error) reduce phylogenetic signal. Changes in expression that are 

driven by variation in tissue composition across species represent a prominent source of non-

evolutionary expression variance and could therefore bias inferences of selection. This possibility has 

yet to be examined and so, using a series of simulated scenarios, we directly explore how compositional 

shifts on a phylogeny can bias the inference of evolutionary processes. 

We simulated three distinct scenarios to explore how asymmetry in tissue composition across a 

phylogeny can drive false model inferences of regulatory selection when applying comparative methods 

(Fig. 4). Specifically, we imagine a simple situation where a tissue is composed of two distinct cell types. 

We estimate bulk expression values as a function of expression in each cell type and their relative 

abundances in the tissue, and fit a set of discrete evolutionary models to this bulk expression.  

First, we describe a scenario of extreme stabilizing selection on gene regulation of a single locus. This 

locus is highly expressed in one cell type and lowly expressed in the other, but importantly, expression 

values are identical (i.e. not evolving) across species. However, the relative abundance of each cell 

type is evolving under genetic drift and so varies across species (Fig. 4A, scenario i). As predicted, the 

composite expression value is not reflective of single-cell expression levels nor consistent with extreme 

stabilizing selection (Fig. 4B, scenario i). Intuitively, a phylogenetic comparative approach consistently 

rejects a ‘static’ model of expression evolution and finds the greatest support for genetic drift as the 

dominant mode of regulatory change (Fig. 4C, scenario i). In this instance, the false positive (i.e. Type 

1 error rate) rate is around ~85% relative to when these models are run on single-cell expression levels. 



12 

This striking result suggests that shifts in tissue composition can lead to false inferences of evolutionary 

processes acting on gene expression in the complete absence of any regulatory change within each 

cell type. 

 

Figure 4. Inferring selection when expression level is measured from a heterogeneous tissue. 
Three scenarios illustrating potential pitfalls of inferring regulatory selection at a single locus using phylogenetic 
approaches when expression is measured from bulk sequencing. Panel (a) The first column shows the 
expression level of a single gene in two different cell types across a phylogeny. High levels of expression are in 
dark pink and low expression in light pink. The relative proportion of each cell type is indicated by the size of the 
rectangle where cell type 1 is on the left and cell type 2 is on the right. Panel (b) This column shows the composite 
expression level of the gene as a function of cell type proportion and gene expression in each species. This would 
be analogous to measuring expression in bulk from a heterogeneous tissue. Panel (c) Results of simulated 
phylogenetic comparative analyses for each scenario with a phylogeny of 25 (blue) or 100 (yellow) tips on 1000 
unique trees. Abbreviations of phylogenetic models are BM (Brownian motion), WN (White noise), OU (Ornstein-
Uhlenbeck model) and BS (OU model with a branch shift). These models were fitted on the simulated bulk 
expression values and the relative support for each model is calculated using Akaike weights. Error bars show 
standard deviation around the mean across simulations. Shown in parenthesis (25 tips, 100 tips) are type 1 error 
rates for each scenario relative to when these models are fit to expression at the single-cell level. Full details:  
(https://github.com/Wright-lab-2021-Transcriptome-Evo/Inferring_expression_evolution_review). In scenario (i), 
expression values are static across the phylogeny for each cell type but cell type abundance is evolving under 
Brownian Motion (BM). However, phylogenetic approaches falsely infer that expression is evolving under BM. For 
(ii), expression in both cell types is evolving under BM, whereas tissue composition is stable across the phylogeny 
with the exception of one tip which has undergone an allometric shift. Here, phylogenetic approaches falsely infer 
an adaptive shift in expression on a single branch. For (iii), gene expression in both cell types, as well as cell-
type abundance, is evolving under BM. However, phylogenetic approaches increasingly falsely infer stabilizing 
selection on expression evolution. 
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Second, we assume that gene expression is evolving under genetic drift. The two cell types are of equal 

abundance in all species with one exception in which a lineage-specific change in cellular composition 

occurs so that one cell type dominates (Fig. 4A, scenario ii). After model fitting, we find that this type of 

composition shift in one lineage leads to false inferences of a shift in gene regulation, consistent with 

adaptive evolution (Fig. 4B & C, scenario ii). The scale of this bias is highly dependent on the size of 

the allometric shift (Fig. 5A). Where the shift leads to a single cell type dominating, the actual mode of 

regulatory evolution (i.e. genetic drift), will be rejected in ~35% of instances. While this extreme situation 

is arguably biologically unrealistic, our simulations show that even marginal shifts in relative proportion 

result in elevated type 1 error rates. For example, across New World Blackbirds, the proportion of 

seminiferous tissue in the testes ranges from 87% to 96%71. This equates to a shift in the proportion of 

~9%. Even though our simulations use different starting conditions, it is clear that shifts of a similar 

magnitude (e.g. 0.50 to 0.60 in Fig. 5A) can result in increased type 1 errors. 

Finally, we simulated a scenario where gene expression and cell type abundance are both evolving 

under genetic drift (Fig. 4, scenario iii). Here, we are able to recover the true signal of genetic drift more 

reliably (Fig. 4C, scenario iii). However, in all instances so far, we have assumed that gene expression 

at a single locus is evolving independently in each cell type. While this is likely a reasonable assumption 

for some loci that have evolved tissue- or cell-specific regulatory machinery78,79, expression changes 

are probably correlated in many instances. Interestingly, we find that this has implications for how 

regulatory evolution is inferred (Fig. 5B). When tissue composition evolves across the phylogeny, the 

type 1 error rate is highly dependent on the level of expression covariance between the cellular 

components of that tissue. In particular, if expression across cell types negatively covaries, where an 

increase in expression in one cell type is associated with a decrease in expression in another cell type 

at a single locus, the type 1 error rate can exceed 40% (Fig. 5B). The extent to which gene regulation 

is decoupled across cell types is, in and of itself, an interesting question. But here we have shown that 

gene expression covariation across cell types can also have profound implications for how we infer 

which selective processes are operating. 

These scenarios demonstrate the potential challenges of inferring regulatory selection using expression 

data from heterogeneous tissues. It is also worth noting that our simulations are conservative as we do 

not model other non-evolutionary sources of variation (such as measurement error and tree topology 



14 

error) that are likely to be common in transcriptome studies. We believe this highlights an urgent need 

to reappraise our current understanding of regulatory evolution in the light of these underlying 

methodological issues. In particular, establishing (i) how often and by what magnitude changes in tissue 

composition occur and (ii) the extent to which regulatory variation is correlated across cell types are 

important prerequisites for studying expression evolution using phylogenetic comparative approaches 

with bulk RNA-seq. Unfortunately, we are not aware of a simple solution for correcting the biases we 

have uncovered, beyond recommending the use of single-cell data to study regulatory evolution where 

possible. However, while single-cell approaches are increasingly available, the technical demands of 

this approach means that they currently remain unfeasible for many species. In the meantime, we urge 

caution when using phylogenetic comparative approaches and recommend some steps to minimise 

other sources of error (BOX 2).  

 

Figure 5. The magnitude of allometric shift and covariance of expression level biases the inference of 
regulatory evolution. Panel (a) The probability that regulatory selection is incorrectly inferred increases 
substantially with the magnitude of an allometric shift. This plot is a more detailed representation of Fig. 4 (scenario 
ii), where one species undergoes a shift in tissue composition, ranging from a scenario where a tissue is composed 
of two cell types at equal proportion to a scenario where only a single cell type is present. All other species have 
a tissue composition of 50:50 and expression is evolving under Brownian motion in each cell type. Panel (b) 
Covariance of expression between cell types biases inferences of selection. This plot is an extension of Fig. 4 
(scenario iii). Expression is evolving under Brownian motion but cell type composition is either static (dotted lines) 
or also evolving under BM (solid lines). We varied the extent to which gene expression is correlated between cell 
types, ranging from negative covariance, where expression levels increase in one cell type at the same time as 
decreasing in the other cell type, to positive covariance, where expression levels decrease or increase in both cell 
types in a correlated manner. The relative type 1 error rate was calculated as the rate at which a BM model was 
not best fit to the composite expression value relative to the equivalent error rate when models are fit to single cell 
simulations.  
Full details: (https://github.com/Wright-lab-2021-Transcriptome-Evo/Inferring_expression_evolution_review).  
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FUTURE DIRECTIONS 

To date, studies of regulatory evolution have primarily focused on differences in gene expression level. 

However, regulatory variation is highly complex and multi-dimensional, and below we identify major, 

unanswered questions in disentangling how selection acts on the entire transcriptome. As we discuss, 

our understanding of gene regulatory evolution will make critical advances as we continue to link 

insights across layers of the genotype-to-phenotype map, developmental contexts, and evolutionary 

timescales, with organismal ecology as our foundation.  

Transcriptional diversity and layers of gene regulation 

Variation in splicing, whereby the same gene can express different RNA variants that produce distinct 

proteins or isoforms, are a common source of regulatory diversity across species28,80–82 with important 

phenotypic effects (recently reviewed83,84). For genes with constraints on expression levels (e.g. 

because of pleiotropic effects) alternative splicing may act as another adaptive mechanism of gene 

regulation85. Long-read sequencing methods have the advantage of producing full-length transcript 

sequences86, which can be a more reliable way to identify alternatively spliced variants in transcriptomic 

datasets. Understanding the evolution of gene regulation will ultimately require an integrated 

understanding of how and when differences in expression level and splicing contribute to phenotypes 

under selection.  

For regulatory variation – whether in terms of expression level or alternative splicing – to be selected 

upon, it must contribute to variation at the protein layer of the genotype to phenotype map. Due to 

difficulties in assaying proteins in comparison to RNA, the links between transcription and translation 

are underexplored, particularly in non-model organisms. Recent methodological advances that 

measure rates of protein synthesis to assay the translatome, report a higher correlation between the 

translatome and proteome than between the transcriptome and proteome 87. However, this effect tends 

to decrease in instances surrounding functionally relevant loci, such as differentially expressed genes88. 

This indicates that in many cases, mRNA abundance does not fully capture regulatory variation, and 

more work is needed to understand the complex relationship between transcription and translation (e.g. 

mechanisms of buffering, feedback, degradation)5,89. 
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Regulatory and co-expression networks 

The intrinsically correlated nature of gene expression means that identifying selection at a single locus 

is hard to disentangle from the expression patterns at loci with shared architectures. To account for this, 

we must either take on network-based approaches and try to account for connectivity or covariance 

between loci, or we must reduce the dimensionality of our data. Furthermore, recent work identifying 

key nodes in gene regulatory networks of health and disease phenotypes between sexes also 

established that genes that appear architecturally central to a phenotype may also not appear 

differentially expressed90. If this is common for evolutionary relevant loci, studying expression on a locus 

by locus basis and not through inter-locus interactions may limit our ability to understand the 

architectures underlying adaptive phenotypes. 

Developmental context  

Phenotypic variation is produced by dynamic developmental changes through space and time. While 

gene regulation is highly context-dependent in terms of tissue identity and developmental stage, studies 

primarily test for regulatory selection in a single snapshot, most often in adult tissues1. Single-cell 

transcriptomic methods offer a promising path to better understanding how these sources of variation 

interface with gene expression through development and inform models of gene expression evolution.  

Genotype to phenotype to adaptation 

If our goal is to uncover how gene regulation underlies adaptation, we must link regulatory variation with 

organismal ecology and natural history. This effort is twofold, as it requires understanding when and 

how selection acts on organisms, and how regulatory variation contributes to phenotypic responses to 

selection. Methods of surveying regulatory variation offer increasing precision and resolution. However, 

our ability to identify the evolutionary processes causing this regulatory variation ultimately depends on 

our understanding of the organisms in question. Model systems like yeast continue to enable high-

throughput analyses that have yielded pivotal insights into regulatory evolution3,91–94, but non-model 

systems also hold promise for studying regulatory evolution under natural settings which may yield 

novel and more ecologically relevant findings63,95. Furthermore, it remains to be seen how results from 

microevolutionary studies within or across a single generation integrate with those from 
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macroevolutionary studies comparing diverged lineages, and the relative roles of stabilizing versus 

directional selection across these scales.  
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BOX 1: Common pitfalls of inferring selection using Ornstein Uhlenbeck models 

Recent work from the phylogenetic comparative methods field has revealed inherent biases in estimating OU 
processes, often leading to false inferences of stabilizing selection. As these have already been discussed 
elsewhere11,12,96, we summarise the main pitfalls in relation to transcriptome studies. 
 
Small phylogenetic samples 
Recent work has shown that the ability to accurately estimate parameters of the OU model is strongly influenced 
by the number of species. Cooper et al11 simulated a range of phylogenies of varying size under Brownian 
motion and compared the fit of BM and OU models to test how often stabilizing selection was falsely inferred. 
They found a high type 1 error rate, especially when the number of sampled taxa was limited. For example, with 
a phylogeny of 25 species, stabilizing selection was falsely inferred ~10% of the time. This is especially 
concerning for transcriptomic studies, which are frequently comprised of far fewer species due to sampling and 
computational costs and employ thousands of model comparisons in order to infer selection at each orthologous 
locus separately. We do anticipate this concern will lessen as expression data becomes available for more 
species. However, even with phylogenies of 100 species, Cooper et al11 still estimate a type 1 error rate > 0.05.  
 
Measurement error 
Error in measuring traits across lineages can erode phylogenetic signal in the data, falsely biasing model 
selection away from BM models and towards OU processes and the inference of stabilizing selection11,12. Recent 
work has shown that even small amounts of measurement error can be problematic, particularly when the 
number of taxa sampled is small. For instance, Cooper et al11 estimate that with a phylogeny of 25 species and 
a 10% trait measurement error, stabilizing selection will be falsely concluded ~50% of the time. This is a 
particular concern for gene expression studies, as the environment can strongly influence regulatory variation. 
Studies should endeavour to control environmental conditions so that regulatory variation across samples 
reflects the heritable, genetic component of expression, as has been discussed previously4,97. Second, it is clear 
that using a single mean expression value for each species can lead to spurious inferences of selection13, 
making multiple replicates essential. Importantly, the OU framework has been extended to parameterise within-
species variance as an error term13,53,57 and appears to be a promising approach. 

Complex patterns of trait evolution 
Many phenotypic traits exhibit complex patterns of evolution and evolve at different rates across lineages98. 
While few studies have directly tested the tempo of expression change across species55, it seems likely that 
gene regulation does not evolve at a constant rate but instead shifts as mutation rate, selective pressures and 
pleiotropic constraints42,99,100 vary. However, many evolutionary models, including BM and OU, assume a 
homogeneous process of trait change across lineages and/or through time. This is analogous to fitting a fixed 
dN/dS across all branches when estimating selection on coding sequences. Recent work has shown that fitting 
single-process models masks complexity and leads to inaccurate inferences about the underlying evolutionary 
process98. Comparative methods that account for rate heterogeneity are available (discussed in98), analogous 
to allowing dN/dS to vary across branches, but to our knowledge have not been widely applied in the context of 
gene expression evolution.  
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BOX 2: Best practises for inferring selection in a comparative framework 

Best practises for inferring selection on traits using comparative approaches have been discussed in length in 
the phylogenetic literature. Briefly, to avoid false inferences of stabilizing selection (BOX 1), studies should (i) 
strive to minimise measurement error, (ii) maximise the number of species sampled and (iii) use comparative 
approaches that parameterise within-species variance as an error term. Below, we discuss additional 
recommendations. 

Validation of model fit 

As discussed, many factors can bias model inference to conclude stabilizing selection over genetic drift. The 
best fitting model is often chosen by comparing the relative fit of different models. However, studies rarely 
examine the absolute model fit98. This simple step, performed using existing methods such as ARBUTUS101 or 
in the probabilistic language RevBayes102, can be used to assess confidence in model selection. This approach 
relies on the process of posterior predictive simulations, in which datasets are simulated on the estimated 
parameters, and then a series of test-statistics are run on the simulated data. Similarly, parametric bootstrapping 
approaches can be applied, resampling the data to generate a bootstrapped sampling distribution from which 
test statistics are calculated. These results can then be compared to the empirical data to assess the adequacy 
of the model. Using such approaches for model estimation has been shown to outperform maximum likelihood 
approaches in specific cases103.   

Consider tissue composition 

By directly comparing regulatory variation across equivalent cell types, comparative single-cell transcriptomics 
(scRNA-seq) can circumvent problems arising when expression is measured from heterogeneous tissue (Fig. 1 
& 3). However, scRNA-seq is not yet feasible for many non-model organisms as it is necessary to isolate and 
process single cells immediately after harvesting tissue. Although tissue dissociation and storage techniques 
are being developed, bulk transcriptomic approaches are currently the only feasible option for many species, 
particularly those sampled from the wild. Accepting these difficulties, we suggest that where possible, studies 
should quantify cellular composition of the tissue in question and how this varies across species. For instance, 
if a single cell type dominates or expression level is dominated by one cell type, then our simulations suggest 
that the potential for bias is reduced. Importantly, if scRNA-seq data is available for the tissue, it is possible to 
use this to directly test for biases in cellular composition in bulk RNA-seq data77,104. Finally, we urge the use of 
sampling techniques to directly isolate specific regions or cells of interest using microdissection or cell sorting 
to greatly reduce cell composition complications, as discussed by Hunnicutt et al16. 
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GLOSSARY 

Alternative splicing: a post-transcriptional modification involving the differential removal of introns, 

resulting in the production of multiple transcripts from a single gene. 

Brownian motion (BM) model: a model of neutral evolution via unconstrained, random fluctuations in 

trait values. 

Gene regulation: all pre and post-transcriptional mechanisms involved in controlling the level of gene 

expression. 

Genome: the complete set of genetic elements encoded by the entire DNA sequence of an organism. 

Ornstein-Uhlenbeck (OU) model: a modified Brownian Motion model of evolution with random 

fluctuations in trait values constrained towards a single optimum value. 

Proteome: the set of proteins produced in a specific tissue or cell type at a particular time. 

Ribo-Seq: a translatome profiling technique that involves sequencing transcripts bound and being 

actively translated by ribosomes. 

Transcriptome: the set of RNA molecules produced by the genome in a specific tissue or cell type at 

a particular time. 

Translatome: the set of mRNA molecules being actively translated in a specific tissue or cell type at a 

particular time. The regulation of the translatome determines the formation of the proteome. 
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