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Abstract: 

Genomic analysis of many non-model species has uncovered an incredible diversity of sex chromosome 

systems, making it possible to empirically test the rich body of evolutionary theory that describes each 

stage of sex chromosome evolution. Classic theory predicts that sex chromosomes originate from a pair 

of homologous autosomes and recombination between them is suppressed via inversions to resolve 

sexual conflict. The resulting degradation of the Y chromosome gene content creates the need for 

dosage compensation in the heterogametic sex. Sex chromosome theory also implies a linear process, 

starting from sex chromosome origin and progressing to heteromorphism. Despite many convergent 

genomic patterns exhibited by independently evolved sex chromosome systems, and many case studies 

supporting these theoretical predictions, emerging data provide numerous interesting exceptions to 

these long-standing theories, and suggest that the remarkable diversity of sex chromosomes is matched 

by a similar diversity in their evolution. For example, it is clear that sex chromosome pairs are not always 

derived from homologous autosomes. Also, both the cause and mechanism of recombination 

suppression between sex chromosome pairs remain unclear, and it may be that the spread of 

recombination suppression is a more gradual process than previously thought. It is also clear that 

dosage compensation can be achieved in many ways, and displays a range of efficacy in different 

systems. Finally, the remarkable turnover of sex chromosomes in many systems, as well as variation in 

the rate of sex chromosome divergence, suggest that assumptions about the inevitable linearity of sex 

chromosome evolution are not always empirically supported, and the drivers of the birth-death cycle of 

sex chromosome evolution remain to be elucidated. Here, we concentrate on how the diversity in sex 

chromosomes across taxa highlights an equal diversity in each stage of sex chromosome evolution.  

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.  
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(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the 
original work is properly cited. 
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Introduction  

The presence of separate sexes is found throughout the tree of life, and is particularly prevalent in 

metazoans. When present, the development of separate sexes requires a tightly regulated genetic 

cascade, as future reproductive potential relies heavily on the presence of primary sexual 

characteristics. Given the importance and conservation of sexual phenotypes, we might expect the 

genetic basis of sex determination itself to be highly conserved. However, this is not at all the case, with 

a remarkable diversity and turnover of both proximate and ultimate sex determining mechanisms 

observed in many clades (Bachtrog et al. 2014). 

Although sex determination can be environmentally determined by factors such as temperature or 

social cues, sex is often associated with sex chromosomes. Sex chromosomes were discovered by Nettie 

Stevens in 1905, who noted in mealworms that male cells carried one chromosome smaller than the 

rest, whereas female cells carried all equally sized chromosomes (Brush 1978; Stevens 1905; Abbott et 

al. 2017). Others had similar findings around the same time but still invoked environmental influences as 

the primary cause (Wilson 1906; Brush 1978), while Stevens stood firm on the interpretation that sex 

was genetically determined. 

Following “ƚĞǀĞŶƐ͛ ĚŝƐĐŽǀĞƌǇ͕ ƐĞǆ ĐŚƌŽŵŽƐŽŵĞƐ ŚĂǀĞ proved to exhibit remarkable inter-specific and 

intra-specific diversity. It is clear that sex chromosomes have evolved independently numerous times 

and turnover from one system to another frequently (Bachtrog et al. 2014). This diversity has made it 

possible to test empirically the rich body of evolutionary theory that predicts each stage of sex 

chromosome evolution. As a result, numerous studies have identified convergent genomic patterns in 

independently formed sex chromosomes (Bachtrog 2013; Bachtrog et al. 2011), and speculated about 

the causes of the repeated origins of these unique regions of the genome (Wright et al. 2016). However, 

new data emerging from non-model sex chromosome systems provide interesting exceptions to long 

standing theories on how sex chromosomes originate and evolve, and suggests a diversity to the process 

not previously acknowledged. 

Sex chromosome classification 

For organisms that express sex in the diploid phase, there are two main types of sex chromosome 

systems. Stevens͛ original discovery was that of an XX/XY system, where males are heterogametic with a 

Y and X chromosome, and the Y is restricted to males. Others around that time (e.g., Wilson, 1906), 

found a variant on this system, whereby males carry one fewer chromosome than females, called an 
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XX/X0 system. There is also a converse system, female heterogamety, designated as ZW/ZZ, with the W 

chromosome associated with females. Cases in which females have one fewer chromosome than males 

are correspondingly called Z0/ZZ.  XX/X0 and Z0/ZZ systems are often assumed to result from the loss of 

the Y or W chromosome, presumably in systems where sex is ultimately determined by a dosage-based 

gene on the X or Z chromosome (though that is not always the case; Kuroiwa et al., 2010). 

Genetically determined sex can also occur in the haploid phase of life for some organisms, including 

mosses and algae, and the sex chromosomes in these cases are designated U and V (Bachtrog et al. 

2011). In these systems all individuals are heterogametic in the diploid phase, carrying both a U and V 

chromosome. In the haploid phase, individuals have either a U or V chromosome. More complicated 

schemes can also be found for many fungi, where multi-allelic systems operate to define genetically 

distinct mating types and recombination only proceeds when two haploid genomes of different mating 

types meet (Nieuwenhuis & James 2016). As well, there are numerous other modes of genetic sex 

determination, including haplodiploidy (e.g., Hymenoptera, where males are haploid and females are 

diploid), polygenic systems, and others (outlined in Bachtrog et al., 2011). Here, we mostly restrict our 

review to the evolutionary forces affecting ZW and XY systems, but touch on insights that can be gained 

from other systems, like the mating type locus of fungi. 

In addition to the different types, sex chromosomes can be heteromorphic, with some degree of genetic 

divergence, ranging from SNPs, inversions and/or deletions, between the sex chromosomes. 

Alternatively, sex chromosomes can be homomorphic, with relatively little divergence observed 

between the pairs. There is thus far no consensus for the point at which a sex chromosomes pair is 

classified as heteromorphic or homomorphic, although many assessments of heteromorphy are based 

on whether chromosomal karyotypes are visibly different between females and males. The degree of 

divergence is not necessarily associated with sex chromosome age (Wright et al. 2016), with examples of 

young heteromorphic systems (e.g. Darolti et al. 2019) and old homomorphic systems (e.g. Stöck et al. 

2011). 

The origin of sex chromosomes 

For sex to be genetically determined, a genetic variant must gain control over the sex determination 

cascade, often referred to as a master sex determining gene. This can occur through a point mutation in 

a gene knocking out function or creating a new function (Kamiya et al. 2012; Myosho et al. 2012), gene 

duplication followed by neofunctionalization (e.g., Yoshimoto et al. 2008; Harkess et al. 2017), deletion 
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(Smith et al. 2009), regulatory change (Herpin et al. 2010) and perhaps other ways yet undiscovered. 

The master sex determining gene can act in a dominant fashion on the Y or W chromosome, where one 

copy is needed to determine maleness (on a Y chromosome) or femaleness (on a W chromosome). 

Alternatively, the master sex determining locus can act in a dose-dependent manner on the X or Z 

chromosome, where two functional copies are needed for femaleness (on the X chromosome) or 

maleness (on the Z chromosome). 

The classic model (Charlesworth 1991; Bull 1983) assumes that sex chromosomes arise from a pair of 

autosomes following the acquisition of the master sex determining locus. Many sex chromosomes 

follow this model and descend from a pair of once homologous autosomes. This is clearly evident from 

the shared gene content observed as X-Y or Z-W orthologs seen in therian mammals (Lahn & Page 

1999), Silene (Filatov 2005), fish (Natri et al. 2013; Kamiya et al. 2012), snakes (Vicoso et al. 2013), birds 

(Wright et al. 2012, 2014), and many others.  

However, there is increasing evidence that the sex-limited chromosome in some systems arose 

independently and does not share a common ancestry with the X or Z. For example, B chromosomes, 

small, non-essential chromosomes that are often selfish in their transmission, act as the Y chromosome 

in Rhinocola aceris and Cacopsylla peregrina (Nokkala et al. 2000, 2003), (Nokkala et al. 2000, 2003), as 

well as in some Lake Malawi cichlids (Clark & Kocher 2019). There is strong evidence that the W 

chromosome in Lepidoptera arose after the origin of the Z, possibly from a B chromosome (Fraïsse et al. 

2017). In the case of the pillbug, (Armadillium vulgare), the W chromosome arose from a Wolbachia 

feminizer that has been incorporated into the nuclear genome (Leclercq et al. 2016). This raises the 

intriguing possibility that cytoplasmic male sterility factors, common in both insects and plants, could 

present opportunities for the origin of non-homologous W chromosomes when they are transferred to 

the nuclear genome.  

A note about the origin of plant sex chromosomes 

The classic model for sex chromosome evolution in plants is slightly different from that outlined above. 

Instead of a single locus initiating the development of one sex, the plant model requires two linked loci, 

one each for female and male sterility (Charlesworth & Charlesworth 1978; Westergaard 1958). This 

difference results from the fact that most sex chromosomes in plants originate in monoecious or 

hermaphroditic lineages where both sexes (referred to as genders in the botanical literature) are 

present in the same flower, or flowers of each sex are present on the same plant, whereas separate 

sexes predate the origin of most sex chromosome systems in animals. There is some evidence for the 
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two-locus model in plants, including kiwi fruit (Akagi et al. 2019) and asparagus (Harkess et al. 2017). 

However, there is clear evidence that this is not the only route to sex chromosome evolution in plants. 

Mercurialis annua, a system with homomorphic sex chromosomes, individuals sometimes exhibit 

intermediate states, producing some flowers of the opposite gender and suggesting that sterility in at 

least one gender is quantitative (Cossard & Pannell 2019) rather than controlled by a single sterility 

locus. Furthermore, evidence from wild strawberry (Tennessen et al. 2018), persimmon (Akagi et al. 

2014) and the Salicaeceae (willows and poplar, Almeida et al. 2019) suggest sex determination is single-

locus in these species, rather than controlled by two linked sterility loci.   

The prevalence of cytoplasmic male sterility factors in plants presents a particularly interesting possible 

role in sex determination. It is possible that the male-sterility factor could become a W chromosome, as 

in the case of pillbugs described above (Leclerc et al. 2016). Alternatively, the male sterility resistance 

locus could conceivably become a Y chromosome (John Willis, pers. comm.) 

Selection against recombination 

After the acquisition of a master sex determining gene, sex-linked regions may be small and can be 

associated with just a single nucleotide, as in the case of pufferfish, where a single missense SNP in the 

proto-Y chromosome is associated with male development (Kamiya et al. 2012). Though not universal 

(Wright et al. 2016), recombination suppression between the X and Y or Z and W is a recurrent 

phenomenon, leading to sex chromosome divergence and heteromorphy (Bachtrog et al. 2014). Classic 

models of heteromorphic sex chromosome formation suggest that the acquisition of sexually 

antagonistic alleles, which confer a fitness advantage in one sex but a cost in the other, near a sex 

determining locus is a primary driver of recombination suppression (Fisher 1931; Rice 1987). In a male 

heterogametic system, linkage ensures that an allele that confers maleness is always co-inherited with 

nearby alleles that confer benefits to males. This theory was inspired in part by the observation that 

many male colour patterns in guppies are inherited through the patriline, consistent with Y-linkage 

(Winge & Winge 1927). 

Linkage evolves to resolve sexual conflict, as Y-linked male-benefit loci are no longer present in females 

and selected against. The role of sexual conflict in recombination suppression has been particularly 

challenging to test empirically, largely due to the difficulty in identifying the genomic location of sexually 

antagonistic alleles. A recent test of this theoretical step in the evolution of sex chromosomes in guppies 

found that the non-recombining region has expanded independently in multiple populations where 
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female preference for male colour is stronger, presumably producing greater levels of sexual conflict 

(Wright et al. 2017). The Y chromosome in this region shows low levels of divergence from the X (Wright 

et al. 2017; Darolti et al. 2019) despite the fact that recombination suppression is not quite complete 

(Bergero et al. 2019; Winge & Winge 1927, 1922; Yamamoto 1975), suggesting that recombinants are 

selected against in natural populations. Alternatively,  the buildup of mutations on the Y chromosome 

may be faster than what rare recombination events between the X and Y can counter. However, Wright 

et al (2017) did not map sexually antagonistic alleles directly, and this therefore remains an oblique test.  

Importantly, recombination suppression has occurred in systems without sexes, which by definition lack 

sexual conflict (Branco et al. 2017; Sun et al. 2017), suggesting that sexual conflict may not underlie all 

cases of sex chromosome formation (Ironside 2010). Consistent with this, in systems where one sex is 

achiasmate (completely lacking recombination anywhere in the genome), the emergence of a nascent 

sex determining factor leads to instantaneous recombination suppression along the entire length of the 

emergent sex chromosomes independent of linked sexually antagonistic loci (Wright et al. 2016), 

regardless of nearby sex-linked loci. Further review of the evolutionary pressures that drive 

recombination suppression can be found in Charlesworth (2017) and Ponnikas et al. (2018). 

It is important to note that selection against recombination does not necessarily mean that 

recombination never occurs between the X and Y or Z and W, rather that recombinant individuals are at 

a fitness disadvantage. This distinction is particularly important in studying nascent sex chromosome 

systems where recombination suppression is not complete, as X-Y or Z-W divergence may be observed 

even in the presence of occasional recombination if recombinant individuals are less fit. In these cases, 

genetic mapping of the non-recombining region based on observed crossing-over events in a lab 

population will be less effective than population-based sequencing approaches that measure sex 

chromosome divergence. This is because the latter approach measures the net effects of both 

recombination and selection against recombinants. 

Mechanisms of recombination suppression 

Selection against recombinants is expected to ultimately lead to mechanisms that that act to suppressed 

recombination itself, of which several possibilities exist.  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



7 
 

Inversions 

Chromosomal inversions spanning the sex determining locus and other loci are often assumed to be the 

cause of recombination suppression, halting recombination for all the encompassed loci simultaneously 

(Charlesworth et al. 2005). Once recombination has been initially suppressed, additional inversion 

events can, in the same way, progressively extend the non-recombining region of the sex chromosomes 

(Otto et al. 2011), resulting in distinct regions of different ages and different degrees of degeneration 

depending on the age of the inversion, often referred to as strata. Strata are generally defined as 

regions where genomic characteristics cluster into distinct groups. The oldest stratum typically 

represents the initial recombination suppression event and is characterized by a greatest accumulation 

of genetic divergence between the sex chromosomes. Younger evolutionary strata are characterized by 

a lesser degree of divergence. Consistent with this, strata were first observed in comparisons of 

divergence of X-Y orthologs in therian mammals which clustered into several clear categories spatially 

across the chromosome (Lahn & Page 1999). Many other sex chromosome systems have subsequently 

been shown to contain strata (Vicoso et al. 2013; Wright et al. 2014; Bergero et al. 2007; Wang et al. 

2012; Roesti et al. 2013).  

However, there is little direct evidence that inversions actually serve to halt recombination on sex 

chromosomes. A series of recent comparative genomic analyses in fungi have convincingly 

demonstrated that recombination suppression was the ancestral state, and inversions are a 

consequence, rather than the primary cause, of halted recombination (Sun et al. 2017; Carpentier et al. 

2019; Branco et al. 2017; Grognet et al. 2014). Inversions are likely to follow recombination suppression 

by other means, as the loss of recombination leads to the loss of selection to maintain gene order. 

Detailed studies in many of the well characterized sex chromosome systems have also challenged the 

notion of strict strata boundaries induced by inversions in favour of a more gradual and continuously 

evolving process resulting in the expansion of the non-recombining regions (Iwase et al. 2003; Cotter et 

al. 2016; Campos et al. 2017; Wright et al. 2017; Xu et al. 2019; Li et al. 2019).  This suggests that 

although the strata definition, regions with genomic characteristics which cluster spatially, is still useful, 

we might be better served to envision the boundaries between strata as fuzzy, rather than strictly 

discrete.  

Furthermore, nascent sex chromosomes show heterogeneous divergence rates between the sex 

chromosomes (Natri et al. 2013; Almeida et al. 2019; Reichwald et al. 2015; Bergero et al. 2013) and are 

inconsistent with a single inversion event and therefore suggest that recombination suppression evolves 
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by a more progressive mechanism, and may be incomplete initially. Discrete and progressive 

recombination suppression will leave distinct patterns in divergence between the sex chromosomes, but 

it is worth noting that progressive expansion of the non-recombining region with sparse sampling of X-Y 

orthologs could give a false signal of strata (Fig. 1).  

Transposable elements (TEs) 

Transposable elements are selfish genetic sequences capable of replicating and inserting themselves 

throughout the genome. Although often assumed to accumulate following recombination suppression, 

the insertion of TEs near the sex determining locus can also act to suppress recombination by creating 

divergence between sex chromosomes. This would invoke host mechanisms to silence TEs, resulting in 

suppressed recombination at hotspots adjacent to TE insertions (Kent et al. 2017). Once a lack of 

recombination is established, there is less selection against the insertion of more TEs, leading to their 

accumulation. In recently established regions of suppressed recombination in both mammals and birds, 

TEs are found at boundaries of recombining and non-recombining regions, suggestive of their causal role 

(Iwase et al. 2003; Xu et al. 2019). Nascent sex chromosome systems also show accumulation of TEs, 

such as in spinach and papaya (Li et al. 2019; Na et al. 2014). Furthermore, TEs can promote ectopic 

recombination, facilitating genomic rearrangement to further suppress recombination (Bonchev & Willi 

2018). These findings suggest that TEs, and other repetitive sequences (Reichwald et al. 2015), may play 

a critical role in the early stages of recombination suppression. Given the ability of TEs to shuffle genes, 

and alter expression patterns, it is possible that TEs could simultaneously promote turnover of sex 

chromosomes and sex determining genes, while also initiating recombination suppression (Ponnikas et 

al. 2018).  

Recombination modifiers and epigenetic changes 

Sex chromosomes with persistent homomorphy, even in the presence of recombination suppression 

(Brelsford et al. 2016; Furman & Evans 2018; Veltsos et al. 2019) may suggest that some mechanisms of 

recombination suppression are reversible. For many eukaryotes, crossover events are concentrated into 

hotspots (Baker et al. 2017). In some vertebrates, this is driven by PRDM9, a zinc finger gene that binds 

to specific DNA motifs and subsequently recruits the recombination machinery. These binding motifs 

change rapidly and are preferentially extinguished in favour of alleles that recombine less (Myers et al. 

2010), and any selection against their reestablishment on a sex chromosome could promote a 

recombination coldspot.  
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Alternatively, DNA methylation and histone modifications are known to be involved in regulating 

chromatin structure and gene expression, but how these two epigenetic processes interact is complex 

and context dependent (for review see Cedar & Bergman 2009). Although there is no firm rule governing 

the relationship between DNA methylation and histone modifications, hypermethylation of DNA and tri-

methylation of histone H3 at lysine 9 (H3K9Me3) is commonly associated with transcriptionally 

repressed chromatin, and can reduce recombination across large regions of the chromosomes. Although 

direct evidence of linking epigenetics to recombination suppression is lacking, high levels of DNA 

methylation were associated with non-recombining regions of sex chromosomes in sticklebacks and 

papaya (Metzger & Schulte 2018; Zhang et al. 2008), suggesting DNA methylation may play a role in 

recombination suppression.  

Overall, the relationship between epigenetic modifications and sex chromosome evolution is not well 

understood and is often overlooked, but some propose that DNA methylation could play an integral role 

in the formation of heteromorphic sex chromosomes (Gorelick, 2003; see Box 1). As well, for 

homomorphic sex chromosomes, which contain largely the same genetic content, methylation 

differences between the sexes could allow for differential expression of these shared genes  

DNA methylation can also interact with other influencers on sex chromosome recombination rates. This 

could create an environment conducive to further differentiation of the sex chromosomes. As discussed 

above, TEs may play an integral role in the early stages of sex chromosome formation, and their 

repression by DNA methylation changes could set off a cascade of mutation accumulation and reduced 

gene expression for genes on the sex-limited Y or W chromosome (Slotkin & Martienssen 2007; Zamudio 

et al. 2015).  

Intra-specific variation in sex linked regions 

Curiously, there are many reports of intra-specific variation in the non-recombining region in 

vertebrates (Table 1), even when not accounting for fusions that create neo-sex chromosomes. 

Karyotype studies demonstrated substantial variation in sex chromosome differentiation within species 

(Green 1988; Bellafronte et al. 2009; Shibaike et al. 2009), as have some RAD-Seq surveys (Wilson et al. 

2014; Utsunomia et al. 2017). However, whole genome sequencing studies tend to focus on relatively 

few samples, assumed to be representative of the species, although there are notable exceptions (e.g. 

Reichwald et al. 2015). Given the fact that some species show variation in sex chromosome system 

across individuals and populations ʹ notably in various Rana species (Wright & Richards 1983; Sumida & 
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Nishioka 1994) ʹ it seems likely that intra-specific diversity within sex chromosome systems can be high, 

particularly for young sex chromosomes, or the leading front of older sex chromosomes, where fixation 

has not yet had sufficient time to occur.  

In many ways, it makes inherent sense that there might be intra-specific variation in the degree of sex 

chromosome differentiation. Even if sex chromosome differentiation is at least partly explained through 

adaptive processes, e.g. sexual conflict (Fisher 1931; Bull 1983; Rice 1987; Charlesworth 1991), it takes 

time for these variants to fix within a species, leading to periods of polymorphism. Also, it is entirely 

possible that the extent of sexual conflict differs across populations that experience different 

behavioural ecologies, leading to variation in the level of sex chromosome differentiation. For young, 

homomorphic sex chromosomes there may simply not have been enough time for a feature that 

suppresses recombination to fix across a species range. Comparative studies seeking to test various 

theories of sex chromosome formation have tended to focus on inter-specific data (Pennell et al. 2018; 

Pokorná & Kratochvíl 2009), seeking to harness the remarkable diversity observed in many broad clades. 

But it may be that comparing across populations within species is more powerful for testing theories of 

sex chromosome evolution than comparisons across species, as there may be fewer other factors to 

consider given the more recent shared ancestor and ongoing gene flow.  

The variation within taxa can provide compelling evidence as to what may be causing sex chromosome 

recombination suppression. Chromosomal rearrangements like inversions are rare events that take time 

to fix within a species, particularly if sexual conflict is not involved and they are largely neutral in their 

fitness effects (Branco et al. 2017; Ironside 2010). Thus, comparisons among populations could reveal a 

segregating inversion, capable of expanding the boundaries of recombination suppression (Reichwald et 

al. 2015). Alternatively, recombination patterns between populations are known to differ (Kong et al. 

2010), and could lead to variability in the degree of divergence between sex chromosomes without the 

need for inversions (Wright et al. 2016). By assessing whether differences in the recombination 

landscapes among populations align with differences in sequence divergence, it may be possible to 

deduce that shifting recombination coldspots might be responsible for establishing recombination 

suppression. Overall, acknowledging and utilizing this variation, where possible, can help exclude 

seemingly obvious candidates of recombination suppression (e.g. Sun et al. 2017; Reichwald et al. 2015). 
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Re-evaluating the necessity of chromosomal dosage 

compensation 

Once recombination is permanently halted, multiple evolutionary processes act to erode the sex-limited 

chromosome through mutation accumulation and gene loss (reviewed in Bachtrog 2013; Bachtrog et al. 

2019). As a consequence, X- or Z-linked genes become increasingly monoallelic in the heterogametic sex, 

while the homogametic sex retains two functional copies. For many loci, a reduction in gene dose 

correlates with a reduction in gene activity and expression, which can be reflected in the level of protein 

abundance (Malone et al. 2012). Moreover, in complex interconnected networks that integrate both 

sex-linked and autosomal loci, changes in gene dose can disrupt the balanced protein ratios required for 

proper network functioning (Birchler & Veitia 2010). The effects of gene dose differences for sex-linked 

loci can thus resonate across the entire genome and negatively impact fitness in the heterogametic sex. 

The consequences of Y or W chromosome degeneration are often hypothesized to create the need for 

the evolution of dosage compensation mechanisms that would restore expression to the ancestral, 

balanced state found before sex chromosome decay and gene loss (Ohno 1967). Dosage compensation 

was originally thought to occur across the entirety of the X or Z chromosome, evolving primarily in 

response to selection for hyperexpression in the heterogametic sex in order to achieve parity between 

the sex chromosomes and the autosomes (Ohno 1967). Transcription rates, however, can be strongly 

correlated between the two sexes, and thus compensation for dosage imbalance in the heterogametic 

sex may cause a detrimental overexpression of sex-linked loci in the homogametic sex (Wright & Mank 

2012). As a result, a secondary, sex-specific process may evolve to restore optimal, balanced expression 

in the homogametic sex and equalize transcription between males and females (Ohno 1967). In line with 

this model, early studies in model organisms discovered complex, independently evolved strategies of 

regulating chromosome-wide transcriptional rates in order to mitigate the effects of sex chromosome 

differentiation (Mank 2009). 

Gene-by-gene dosage compensation 

Initial findings prompted the expectation that dosage compensation is an indispensable, universal 

process that evolves alongside Y or W chromosome degeneration (Ohno 1967). However, studies across 

a broader range of taxa have refined this view, and suggest that complete dosage compensation is the 

exception rather than the rule. While few other systems exhibit global or near complete sex 

chromosome dosage compensation (Gu et al. 2017; Huylmans et al. 2017; Walters et al. 2015; Darolti et 
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al. 2019; Gopinath et al. 2017; Jiang et al. 2015; Rupp et al. 2017; Smith et al. 2014; Davis et al. 2018; 

Rose et al. 2016; Pal & Vicoso 2015), incomplete dosage compensation, with no associated deleterious 

effects, is present in many species with sex chromosomes at different stages of divergence, including in 

birds (Itoh et al. 2007), snakes (Vicoso et al. 2013), many fish (Chen et al. 2014; Hale et al. 2018; Leder et 

al. 2010), frogs (Malcom et al. 2014) and plants (Hough et al. 2014; Muyle et al. 2012). Regulation of 

gene dose in these species operates locally, on a gene-by-gene basis for haploinsufficient genes, 

however, average expression on the sex chromosomes is significantly reduced compared to that on the 

autosomes in the heterogametic sex or compared to the sex chromosome in the homogametic sex 

(Mank 2009).  

These striking results raise the questions of when and why sex chromosome dosage compensation 

evolves. Interactions between gene dosage and transcriptional output are not always linear and as a 

result not all sex-linked genes are similarly sensitive to dose (Malone et al. 2012). In addition, pre-

existing expression buffering systems can act on single copy genes to mitigate the effects of aneuploidy 

(Stenberg & Larsson 2011). As a result, only a minority of loci are thought to be dosage sensitive.  

Specific gene properties may play a role in the evolution of dosage compensation as well. In particular, 

lowly expressed genes tend to exhibit fewer dosage effects, perhaps due to the fact that the 

transcriptional process is less saturated at lower expression levels (Harrison et al. 2012). Moreover, 

ohnologs, gene duplicates retained for long periods of time after whole genome duplications are 

thought to be particularly sensitive to gene dose. This is because their retention within the genome is 

required in order to maintain dosage balance. Sex-linked ohnologs have been found to be associated 

with dosage-sensitive functions and preferentially compensated (Zimmer et al. 2016). Also, like 

ohnologs, drift could play a role in establishing dosage compensation-like patterns, and take an 

extended period of time to become established (Gout & Lynch 2015), as the sex-shared copy drifts to 

higher expression levels while the sex-specific copy progressively degrades.  

With some exceptions (Gopinath et al. 2017; Smith et al. 2014; Huylmans et al. 2019), global sex 

chromosome dosage compensation has been predominantly observed in XY systems, however this 

tendency is based on relatively few examples and there is a clear need for greater sampling. Thus, rates 

of evolution for dosage compensation mechanisms may vary between male- and female-heterogametic 

systems (Mullon et al. 2015). This variation could be in part driven by the generally higher rates of 

mutation in males (Wilson Sayres & Makova 2011) that would cause Y chromosomes to accumulate 

mutations and degenerate faster than W chromosomes. In theory, a slower rate of genetic decay would 
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weaken selection for chromosome-wide dosage compensation in ZW systems. In addition, reproductive 

variance is often greater in males, reducing the effective population size, and implicitly the rate of 

adaptation, of Z chromosomes relative to X chromosomes (Mank et al. 2010; Wright et al. 2015). As 

such, these forces would lead to accelerated rates of evolution of dosage compensation in XY systems 

compared to ZW systems (Mullon et al. 2015). It is important to point out that the evolution of a 

complete system of sex chromosome dosage compensation would reduce purifying selection on the Y 

chromosome to maintain expression for dosage sensitive genes, thus resulting in a positive feedback 

loop and accelerating Y chromosome regulatory decay. 

The sex chromosome cycle 

The theory of sex chromosome evolution implies a successive expansion and decay of the region 

surrounding the sex determining locus, with an inevitable progression from homomorphic to 

heteromorphic sex chromosomes. For this to happen, the location of the sex chromosome within the 

genome must remain stable for long periods of time. However, broad comparative studies reveal that  

sex chromosomes are often ephemeral (Bachtrog et al. 2014; The Tree of Sex Consortium 2014), 

frequently shifting between chromosomes, and that sex chromosome evolution may be more cyclical 

than linear (Fig. 2).  Comparative genomics surveys in multiple closely related species have revealed that 

some clades are characterized by extensive turnover, including lizards (Gamble et al. 2015), fish 

(Myosho et al. 2015), amphibians (Jeffries et al. 2018; Cauret et al. 2019), insects (Vicoso & Bachtrog 

2015), and plants (Balounova et al. 2019), all of which are characterized by frequent changes in the 

location of the sex chromosomes.  

Sex chromosome turnover can occur when the existing master sex determining gene physically moves 

onto an autosome and retains its control over sex determination. Although this is the most straight-

forward transition theoretically, it is also one of the most difficult to demonstrate, as it requires 

knowledge of the sex determining gene in multiple species. Nevertheless, recent work has shown that 

this has occurred in Northern Pike (Pan et al. 2019), independently across lineages of Atlantic salmon 

(Lubieniecki et al. 2015), and wild strawberry (Tennessen et al. 2018). Interestingly, the process of 

moving genes often takes surrounding sequence with it, which can link the sex determining locus with 

genes that have sex-specific effects (Tennessen et al. 2018).  

Turnover can also occur when a new master sex determining gene arises de novo on an autosome 

(called non-homologous turnover). The emergence of a new locus controlling the sex determination 
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pathway can have very different consequences depending upon how it interacts with the previous sex 

determination system. When the new locus is dominant to the previous sex determining system there is 

an instant turnover in which chromosome is acting as the sex chromosome (e.g. Boas and Pythons 

(Gamble et al. 2017)).  

In some cases, the emergence of a new sex determining locus leads to a transition between XY and ZW 

systems, as has occurred in snakes and amphibians. Although most snakes share the same ancestral ZW 

chromosomes, with varying degrees of W degeneration, multiple pythons were found to have 

transitioned to an XY system (Augstenová et al. 2018; Gamble et al. 2017). Although one of the new XY 

systems shares gene content with the ancestral ZW chromosomes, the other new XY does not, 

suggesting that an autosome is now the sex chromosome (Augstenová et al. 2018). Amphibians also 

exhibit numerous transitions between ZW and XY systems (Jeffries et al. 2018; Cauret et al. 2019; Roco 

et al. 2015). It is worth noting that when turnover occurs between male and female heterogamety, 

there may be a period of transition where both XY and ZW sex chromosomes can co-exist within a 

lineage (Gammerdinger & Kocher 2018; Roco et al. 2015) and even play out in hierarchical fashions (e.g. 

the YWZ of Xenopus tropicalis (Roco et al. 2015) or Astatotilapia burtoni (Roberts et al. 2016)).  

When a new sex determining gene arises on the previously existing sex determining chromosome it is 

called homologous turnover. While this ĚŽĞƐŶ͛ƚ ĂĐƚ ƚŽ ĐŚĂŶŐĞ ǁŚŝĐŚ ĐŚƌŽŵŽƐŽŵĞ ŝƐ ƚŚĞ ƐĞǆ 

chromosome, it has important implications for turnover between XY and ZW determination systems.  

The theory behind how and why these turnovers happen was recently reviewed by Vicoso (2019) and 

Palmer et al. (2019), and assumes sexual conflict as a driver (van Doorn & Kirkpatrick 2007, 2010). 

However, the role of sexual conflict in turnover has been difficult to test empirically, in large part due to 

the difficulty in identifying sexually antagonistic alleles within the genome. Other models incorporate 

genetic drift (Bull & Charnov 1977; Veller et al. 2017), and mutation accumulation (Blaser et al. 2013, 

2014). 

Stability of sex chromosomes 

The stable, heterogametic sex chromosomes in some lineages, notably mammals and birds, were 

recently thought to be the result of an evolutionary trap; the sex-limited Y or W contains many genes 

with sex-specific effects, the loss of which would be detrimental to the heterogametic sex (Bull 1983; 

Bull & Charnov 1977; Pokorná & Kratochvíl 2009). However, recent work has shown that even in the XY 

system of mammals, thought to be one of the most stable, genes can move from the Y chromosome to 
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the autosomes (Hughes et al. 2015), thereby permitting Y chromosome loss without fitness costs to the 

heterogametic sex and resulting in XO sex chromosomes, as observed in the Ryukyu spiny rat (Kuroiwa 

et al. 2010). Alternatively, sex chromosomes can be lost if the sex determining locus no longer 

determines sex, as when genetic sex determination transitions to an entirely environmental sex 

determination system. Such transitions have recently been shown to occur in as little as one generation 

in bearded dragons (Holleley et al. 2015).  

More broadly, comparative tests have shown that although transitions are common in homomorphic 

sex chromosomes (Cauret et al. 2019; Jeffries et al. 2018; Gamble et al. 2015; Muyle et al. 2012; Myosho 

et al. 2015), sex chromosome heteromorphy in general does not act as a brake against transitions 

(Pennell et al. 2018).  There are also specific cases of turnover in highly heteromorphic systems with sex 

chromosomes reverting to autosomes (Vicoso & Bachtrog 2013). It therefore remains unclear why some 

sex chromosome systems persist for extensive periods of evolutionary time while others are ephemeral 

(Vicoso 2019).  

Sex chromosome turnover may ultimately be limited by the number of genes that can act as master sex 

determining loci. A handful of genes with known sex determination functions have been shown 

repeatedly to emerge as master sex determining loci in animals, suggesting that there may be a core set 

of genes that can control sex determination (Herpin & Schartl 2015; Bachtrog et al. 2014; Marshall 

Graves & Peichel 2010). Though there may be some ascertainment bias whereby researchers are looking 

for known genes, resulting in an unfair assessment of the diversity of potential genes involved in sex 

determination, there are a number of cases involving unexpected candidates being found, such as 

growth factors and immune related genes (e.g., Yano et al. 2012; Myosho et al. 2012). However, given 

the prevalence of gene duplication and movement, this does not necessarily limit the genomic location 

of sex chromosomes. Although sex chromosomes in some systems may share synteny  (Böhne et al. 

2019; Furman & Evans 2016), it is clear that synteny is not always a limitation on the genomic regions 

that can become sex chromosomes (Cauret et al. 2019; Gammerdinger & Kocher 2018; Meisel et al. 

2019; Jeffries et al. 2018; Vicoso & Bachtrog 2015). These studies suggest that the genetic architecture 

of sex determination is dispersed throughout the genome.  

Concluding remarks 

Recent progress on sex chromosome evolution has in some cases supported long-standing theory, and 

in many others revealed that there is no single narrative for how these regions form and evolve. It is 
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undisputed that sex chromosomes show convergent genomic signatures, suggesting broader trends in 

their formation. However, the diversity of sex chromosomes reveals a remarkable number of exceptions 

and therefore a parallel diversity of underlying mechanisms. This diversity suggests that the rules of sex 

chromosome evolution are variable, and not applicable to every species. The most informative systems 

moving forward may be those exhibiting the most variation in divergence or turnover, as these allow for 

comparisons to tease apart cause and effect. Furthermore, studies of young sex chromosomes are likely 

to reveal more about the formative processes, though these are also the most difficult to study given 

that divergence between the sex chromosomes is slight. Finally, recent work has shown that sex 

chromosome evolution can occur rapidly, making population-based approaches useful for 

understanding the mechanisms and patterns of early sex chromosome evolution.   

 

Box 1: The role of epigenetics in the evolution of heteromorphic sex 

chromosomes 

EƉŝŐĞŶĞƚŝĐ ŵĞĐŚĂŶŝƐŵƐ ƐƵĐŚ ĂƐ DNA ŵĞƚŚǇůĂƚŝŽŶ͕ ƚŚĞ ĂĚĚŝƚŝŽŶ ŽĨ Ă ŵĞƚŚǇů ŐƌŽƵƉ ;CHϯͿ ƚŽ ƚŚĞ ϱ͛-carbon 

of a cytosine nucleotide (5-methylcytosine), and histone modifications, the post-translational 

ŵŽĚŝĨŝĐĂƚŝŽŶ ŽĨ Ă ŚŝƐƚŽŶĞ ͞ƚĂŝů͕͟ ĂƌĞ ŬŶŽǁŶ ƚŽ ďĞ ŝŶǀŽůǀĞĚ ŝŶ ƌĞŐƵůĂƚŝŶŐ ĐŚƌŽŵĂƚŝŶ ƐƚƌƵĐƚƵƌĞ ĂŶĚ ŐĞŶĞ 

expression activity. However, the relationship between epigenetic modifications and recombination 

suppression and divergence of sex chromosomes is not well established. Gorelick (2003) proposed a 

ĐŽŵƉĞůůŝŶŐ ƚŚĞŽƌǇ ŝŶƚĞƌƚǁŝŶŝŶŐ ĞƉŝŐĞŶĞƚŝĐ ŵŽĚŝĨŝĐĂƚŝŽŶ ĂŶĚ MƺůůĞƌ͛Ɛ ƌĂƚĐŚĞƚ͘ First, a potential sex 

determining locus would be differentially methylated between homologous chromosomes with the 

more highly methylated of the two homologous chromosomes eventually becoming the heteromorphic 

(Y or W) sex chromosome. This differential methylation could then result in the expression and 

development of sex-specific characteristics in the heterogametic sex, and create recombination reducing 

chromatin modifications. Second, methylated cytosines are hypermutable and can deaminate to 

become thymines at a faster rate compared to unmethylated cytosines. Thus, this locally differentiated 

methylation would accelerate MƺůůĞƌ͛Ɛ ratchet by increasing the mutation rate and accelerate the 

divergence of sex chromosomes as methylated CpG sites degrade to TpG sites (Holliday & Grigg 1993; 

Sved & Bird 1990).  

Making predictions about DNA methylation status of the sex determining region at the initiation of sex 

chromosome divergence is not straightforward, as regulation of gene expression by DNA methylation 
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can be complex (Jaenisch & Bird 2003). For example, hypermethylation of promoter regions is 

associated with a transcriptionally repressed state. In contrast hypermethylation within gene bodies is 

associated with active transcription. DNA methylation can also regulate the activity of regulatory 

elements that can be located several megabases away from the genes that they influence, and could 

have conflicting effects on a gene depending on whether these elements are repressors or enhancers 

(Jaenisch & Bird 2003). The requirement of acquired DNA methylation patterns may also be 

problematic. In some organisms, DNA methylation patterns are erased during development (eg. 

mammals), while in others (eg. zebrafish) DNA methylation levels are maintained through fertilization 

and development. It is possible that a potential role of epigenetic processes in the evolution of sex 

chromosomes is more plausible in species that lack DNA methylation reprogramming, however the 

dynamics DNA methylation reprogramming and reestablishment during development are not well 

understood, making a generalization about the effects of DNA methylation reprogramming on the 

heritability of acquired DNA methylation patterns difficult. 

Taken together, these ideas make ƚĞƐƚŝŶŐ GŽƌĞůŝĐŬ͛Ɛ ŚǇƉŽƚŚĞƐŝƐ ĐŚĂůůĞŶŐŝŶŐ͘ HŝŐŚĞƌ ůĞǀĞůƐ ŽĨ ŵĞƚŚǇůĂƚŝŽŶ 

are essential in this theory because of their effects on chromatin structure, recombination, and 

mutation rates. In cases where the sex determining gene is expressed in the heterogametic sex, the 

conventional regulation of gene expression through promoter methylation would not result in necessary 

pattern of sex-biased methylation ƌĞƋƵŝƌĞĚ ŽĨ GŽƌĞůŝĐŬ͛Ɛ ŚǇƉŽƚŚĞƐŝƐ. In this scenario, one might expect 

the hypermethylation of the sex determining region to only occur within gene bodies. Alternatively, in a 

sex determination system in which the effect of the sex determining gene is associated with decreased 

expression in the heterogametic sex (e.g., dmrt1 in birds), hypermethylation of the promoter region in 

ƚŚĞ ŚĞƚĞƌŽŐĂŵĞƚŝĐ ƐĞǆ ǁŽƵůĚ ďĞ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ GŽƌĞůŝĐŬ͛Ɛ ƚŚĞŽƌǇ͘  

As well, the expected DNA methylation pattern of the sex determining locus depends on the amount of 

divergence between the sex chromosomes along with the methodology used to detect DNA 

methylation. Many reference genomes are sequenced and assembled from the DNA of the 

homogametic sex (XX female or ZZ males). Thus, if methylated cytosines in the non-recombining region 

accelerate MƺůůĞƌ͛Ɛ ratchet, then the frequency of CpG sites in the non-recombining region of the 

heteromorphic chromosome would be depleted due to the conversion of methylated cytosines to 

thymines. Consequently, when analysing whole genome bisulfite sequencing (WGBS) data, the non-

recombining region between diverged heteromorphic sex chromosomes would appear to be more 

highly methylated in the homogametic sex compared to the heterogametic sex. While this pattern might 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



18 
 

appear to contrast the initial prediction of hypermethylation in the heterogametic sex, it is instead 

consistent with what might be expected using a bisulfite sequencing approach in a more derived sex 

chromosome system, as has been previously observed (Metzger & Schulte 2018).  

Advances in modern sequencing technologies provide powerful new approaches to begin to address 

some of the more outstanding questions linking epigenetic processes and sex chromosome evolution in 

non-model organisms. The use of techniques providing chromosomal architecture (eg. ATAC-seq, ChIP-

Seq) around a sex determining locus may provide functional support for an epigenetically driven 

mechanism when coupled with DNA methylation or histone modification data.  

 

Acknowledgements 

We thank John Willis for very helpful discussions about cytoplasmic male sterility and sex chromosomes 

in plants. We gratefully acknowledge support from the European Research Council (grant agreement 

80951) and Canada 150 Research Chairs (to JEM), a Banting Fellowship (to BAS), and a NERC 

Independent Research Fellowship (to AEW, NE/N013948/1). 

 

References 

Abbott JK, Nordén AK, Hansson B. 2017. Sex chromosome evolution: historical insights and future 
perspectives. Proc. R. Soc. B Biol. Sci. 284:20162806. 

Akagi T et al. 2019. Two Y chromosome-encoded genes determine sex in kiwifruit. Plant Biology  

Akagi T, Henry IM, Tao R, Comai L. 2014. A Y-chromosome-encoded small RNA acts as a sex determinant 
in persimmons. Science. 346:646ʹ650.  

Almeida P et al. 2019. Single-molecule genome assembly of the Basket Willow, Salix viminalis, reveals 

earliest stages of sex chromosome expansion. Biorxiv  

Augstenová B et al. 2018. ZW, XY, and yet ZW: Sex chromosome evolution in snakes even more 
complicated: BRIEF COMMUNICATION. Evolution. 72:1701ʹ1707.  

Bachtrog D et al. 2011. Are all sex chromosomes created equal? Trends Genet. 27:350ʹ357.  

Bachtrog D et al. 2014. Sex Determination: Why So Many Ways of Doing It? PLoS Biol. 12:e1001899.  

Bachtrog D. 2013. Y-chromosome evolution: emerging insights into processes of Y-chromosome 
degeneration. Nat. Rev. Genet. 14:113ʹ124.  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



19 
 

Bachtrog D, Mahajan S, Bracewell R. 2019. Massive gene amplification on a recently formed Drosophila 
Y chromosome. Nat. Ecol. Evol. 3:1587ʹ1597. 

Baker Z et al. 2017. Repeated losses of PRDM9-directed recombination despite the conservation of 
PRDM9 across vertebrates. 6:e24133. 

Balounova V et al. 2019. Evolution of sex determination and heterogamety changes in section Otites of 
the genus Silene. Sci. Rep. 9:1045.  

Bellafronte E, Vicari M, Artoni R, Margarido V, Moreira-Filho O. 2009. Differentiated ZZ/ZW sex 
chromosomes in Apareiodon ibitiensis (Teleostei, Parodontidae): cytotaxonomy and biogeography. J. 
Fish Biol. 75:2313ʹ2325. 

Bergero R, Forrest A, Kamau E, Charlesworth D. 2007. Evolutionary Strata on the X Chromosomes of the 
Dioecious Plant Silene latifoliaථ: Evidence From New Sex-Linked Genes. Genetics. 175:1945ʹ1954.  

Bergero R, Gardner J, Bader B, Yong L, Charlesworth D. 2019. Exaggerated heterochiasmy in a fish with 
sex-linked male coloration polymorphisms. Proc. Natl. Acad. Sci. 116:6924ʹ6931. 

Bergero R, Qiu S, Forrest A, Borthwick H, Charlesworth D. 2013. Expansion of the Pseudo-autosomal 
Region and Ongoing Recombination Suppression in the Silene latifolia Sex Chromosomes. Genetics. 
194:673ʹ686.  

Birchler JA, Veitia RA. 2010. The gene balance hypothesis: implications for gene regulation, quantitative 
traits and evolution: Research review. New Phytol. 186:54ʹ62.  

Blaser O, Grossen C, Neuenschwander S, Perrin N. 2013. Sex-chromosome turnovers induced by 
deleterious mutation load. Evolution. 67:635ʹ645.  

Blaser O, Neuenschwander S, Perrin N. 2014. Sex-Chromosome Turnovers: The Hot-Potato Model. Am. 
Nat. 183:140ʹ146.  

Böhne A et al. 2019. Repeated Evolution Versus Common Ancestry: Sex Chromosome Evolution in the 
Haplochromine Cichlid Pseudocrenilabrus philander A Katz, L, editor. Genome Biol. Evol. 11:439ʹ458.  

Bonchev G, Willi Y. 2018. Accumulation of transposable elements in selfing populations of Arabidopsis 

lyrata supports the ectopic recombination model of transposon evolution. New Phytol. 219:767ʹ778.  

Branco S et al. 2017. Evolutionary strata on young mating-type chromosomes despite the lack of sexual 
antagonism. Proc. Natl. Acad. Sci. 114:7067ʹ7072.  

Brelsford A, Dufresnes C, Perrin N. 2016. High-density sex-specific linkage maps of a European tree frog 
(Hyla arborea) identify the sex chromosome without information on offspring sex. Heredity. 116:177ʹ
181.  

Brush SG. 1978. Nettie M. Stevens and the Discovery of Sex Determination by Chromosomes. Isis. 
69:163ʹ172. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



20 
 

Bull JJ. 1983. Evolution of sex determining mechanisms. The Benjamin/Cummings Publishing Company, 
Inc. 

Bull JJ, Charnov EL. 1977. Changes in the heterogametic mechanism of sex determination. Heredity. 
39:1ʹ14.  

Campos JL, Qiu S, Guirao-Rico S, Bergero R, Charlesworth D. 2017. Recombination changes at the 
boundaries of fully and partially sex-linked regions between closely related Silene species pairs. 
Heredity. 118:395ʹ403.  

Carpentier F et al. 2019. Convergent recombination cessation between mating-type genes and 
centromeres in selfing anther-smut fungi. Genome Res. 29:944ʹ953.  

Cauret CMS et al. 2019. Developmental systems drift and the drivers of sex chromosome evolution 
Evans, B, editor. Mol. Biol. Evol. msz268.  

Cedar H, Bergman Y. 2009. Linking DNA methylation and histone modification: patterns and paradigms. 
Nat. Rev. Genet. 10:295ʹ304.  

Charlesworth B. 1991. The Evolution of Sex Chromosomes. Science. 251(4997):1030ʹ1033. 

Charlesworth B, Charlesworth D. 1978. A Model for the Evolution of Dioecy and Gynodioecy. Am. Nat. 
112:975ʹ997.  

Charlesworth D. 2017. Evolution of recombination rates between sex chromosomes. Philos. Trans. R. 
Soc. B Biol. Sci. 372:20160456.  

Charlesworth D, Charlesworth B, Marais G. 2005. Steps in the evolution of heteromorphic sex 
chromosomes. Heredity. 95:118ʹ128.  

Chen S et al. 2014. Whole-genome sequence of a flatfish provides insights into ZW sex chromosome 
evolution and adaptation to a benthic lifestyle. Nat Genet. 46:253ʹ60.  

Clark FE, Kocher TD. 2019. Changing sex for selfish gain: B chromosomes of Lake Malawi cichlid fish. Sci. 
Rep. 9:20213. 

Cossard GG, Pannell JR. 2019. Enhanced leaky sex expression is an adaptive plastic response to pollen 

limitation in the dioecious plant Mercurialis annua. Evolutionary Biology  

Cotter DJ, Brotman SM, Wilson Sayres MA. 2016. Genetic Diversity on the Human X Chromosome Does 
Not Support a Strict Pseudoautosomal Boundary. Genetics. 203:485ʹ492.  

Darolti I et al. 2019. Extreme heterogeneity in sex chromosome differentiation and dosage 
compensation in livebearers. Proc. Natl. Acad. Sci. USA. 116:19031ʹ19036. 

Davis RJ, Belikoff EJ, Scholl EH, Li F, Scott MJ. 2018. no blokes Is Essential for Male Viability and X 
Chromosome Gene Expression in the Australian Sheep Blowfly. Curr. Biol. 28:1987-1992.e3.  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



21 
 

van Doorn GS, Kirkpatrick M. 2010. Transitions Between Male and Female Heterogamety Caused by Sex-
Antagonistic Selection. Genetics. 186:629ʹ645. 

van Doorn GS, Kirkpatrick M. 2007. Turnover of sex chromosomes induced by sexual conflict. Nature. 
449:909ʹ912. 

Filatov DA. 2005. Evolutionary history of Silene latifolia sex chromosomes revealed by genetic mapping 
of four genes. Genetics. 170:975ʹ979. 

Fisher RA. 1931. The evolution of dominance. Biol. Rev. 6:345ʹ368. 

Fraïsse C, Picard MA, Vicoso B. 2017. The deep conservation of the Lepidoptera Z chromosome suggests 
a non-canonical origin of the W. Nat. Commun. 8:1486. 

Furman BLS, Evans BJ. 2018. Divergent Evolutionary Trajectories of Two Young, Homomorphic, and 
Closely Related Sex Chromosome Systems. Genome Biol. Evol. 10:742ʹ755.  

Furman BLS, Evans BJ. 2016. Sequential Turnovers of Sex Chromosomes in African Clawed Frogs ( 
Xenopus ) Suggest Some Genomic Regions Are Good at Sex Determination. G3amp58 
GenesGenomesGenetics. 6:3625ʹ3633.  

Gamble T et al. 2015. Restriction Site-Associated DNA Sequencing (RAD-seq) Reveals an Extraordinary 
Number of Transitions among Gecko Sex-Determining Systems. Mol. Biol. Evol. 32:1296ʹ1309.  

Gamble T et al. 2017. The Discovery of XY Sex Chromosomes in a Boa and Python. Curr. Biol. 27:2148-
2153.e4.  

Gammerdinger WJ, Kocher TD. 2018. Unusual Diversity of Sex Chromosomes in African Cichlid Fishes. 
Genes. 9:480.  

Gopinath G, Srikeerthana K, Tomar A, Sekhar SMC, Arunkumar KP. 2017. RNA sequencing reveals a 
complete but an unconventional type of dosage compensation in the domestic silkworm Bombyx mori. 
R. Soc. Open Sci. 4:170261. 

Gorelick R. 2003. Evolution of dioecy and sex chromosomes via metŚǇůĂƚŝŽŶ ĚƌŝǀŝŶŐ MƵůůĞƌ͛Ɛ ƌĂƚĐŚĞƚ͘ 
Biol. J. Linn. Soc. 80:353ʹ368.  

Gout J-F, Lynch M. 2015. Maintenance and Loss of Duplicated Genes by Dosage Subfunctionalization. 
Mol. Biol. Evol. 32:2141ʹ2148.  

Green DM. 1988. Cytogenetics of the endemic New Zealand frog, Leiopelma hochstetteri: extraordinary 
supernumerary chromosome variation and a unique sex-chromosome system. Chromosoma. 97:55ʹ70. 

Grognet P et al. 2014. Maintaining Two Mating Types: Structure of the Mating Type Locus and Its Role in 
Heterokaryosis in Podospora anserina. Genetics. 197:421ʹ432.  

Gu L, Walters JR, Knipple DC. 2017. Conserved patterns of sex chromosome dosage compensation in the 
Lepidoptera (WZ/ZZ): insights from a moth neo-Z chromosome. Genome Biol. Evol. 9:802ʹ816. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



22 
 

Hale MC, McKinney GJ, Thrower FP, Nichols KM. 2018. Evidence of sex-bias in gene expression in the 
brain transcriptome of two populations of rainbow trout (Oncorhynchus mykiss) with divergent life 
histories. PLoS ONE. 13:e0193009. 

Harkess A et al. 2017. The asparagus genome sheds light on the origin and evolution of a young Y 
chromosome. Nat. Commun. 8:1279.  

Harrison PW, Mank JE, Wedell N. 2012. Incomplete sex chromosome dosage compensation in the Indian 
meal moth, Plodia interpunctella, based on de novo transcriptome assembly. Genome Biol. Evol. 
4:1118ʹ1126. 

Herpin A et al. 2010. Transcriptional Rewiring of the Sex Determining dmrt1 Gene Duplicate by 
Transposable Elements Petrov, DA, editor. PLoS Genet. 6:e1000844.  

HĞƌƉŝŶ A͕ “ĐŚĂƌƚů M͘ ϮϬϭϱ͘ PůĂƐƚŝĐŝƚǇ ŽĨ ŐĞŶĞͲƌĞŐƵůĂƚŽƌǇ ŶĞƚǁŽƌŬƐ ĐŽŶƚƌŽůůŝŶŐ ƐĞǆ ĚĞƚĞƌŵŝŶĂƚŝŽŶ͗ ŽĨ 
masters, slaves, usual suspects, newcomers, and usurpators. EMBO Rep. 16:1260ʹ1274.  

Holleley CE et al. 2015. Sex reversal triggers the rapid transition from genetic to temperature-dependent 
sex. Nature. 523:79ʹ82.  

Holliday R, Grigg GW. 1993. DNA methylation and mutation. Mutat. Res. 285:61ʹ67. 

Hough J, Hollister JD, Wang W, Barrett SC, Wright SI. 2014. Genetic degeneration of old and young Y 
chromosomes in the flowering plant Rumex hastatulus. Proc Natl Acad Sci USA. 111:7713ʹ8.  

Hughes JF, Skaletsky H, Koutseva N, Pyntikova T, Page DC. 2015. Sex chromosome-to-autosome 
transposition events counter Y-chromosome gene loss in mammals. Genome Biol. 16:104.  

Huylmans AK, Macon A, Vicoso B. 2017. Global dosage compensation is ubiquitous in Lepidoptera, but 
counteracted by the masculinization of the Z chromosome. Mol. Biol. Evol. 34:2637ʹ2649. 

Huylmans AK, Toups MA, Macon A, Gammerdinger WJ, Vicoso B. 2019. Sex-Biased Gene Expression and 
Dosage Compensation on the Artemia franciscana Z-Chromosome Mank, J, editor. Genome Biol. Evol. 
11:1033ʹ1044.  

Ironside JE. 2010. No amicable divorce? Challenging the notion that sexual antagonism drives sex 
chromosome evolution. BioEssays. 32:718ʹ726.  

Itoh Y et al. 2007. Dosage compensation is less effective in birds than in mammals. J. Biol. 6:2. 

Iwase M et al. 2003. The amelogenin loci span an ancient pseudoautosomal boundary in diverse 
mammalian species. Proc. Natl. Acad. Sci. 100:5258ʹ5263.  

Jaenisch R, Bird A. 2003. Epigenetic regulation of gene expression: how the genome integrates intrinsic 
and environmental signals. Nat. Genet. 33:245ʹ254.  

Jeffries DL et al. 2018. A rapid rate of sex-chromosome turnover and non-random transitions in true 
frogs. Nat. Commun. 9:4088.  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



23 
 

Jiang X, Biedler JK, Qi Y, Hall AB, Tu Z. 2015. Complete dosage compensation in Anopheles stephensi and 
the evolution of sex-biased genes in mosquitoes. Genome Biol. Evol. 7:1914ʹ1924. 

Kamiya T et al. 2012. A Trans-Species Missense SNP in Amhr2 Is Associated with Sex Determination in 
the Tiger Pufferfish, Takifugu rubripes (Fugu) Peichel, CL, editor. PLoS Genet. 8:e1002798.  

KĞŶƚ TV͕ UǌƵŶŽǀŝđ J͕ WƌŝŐŚƚ “I͘ ϮϬϭϳ͘ CŽĞǀŽůƵƚŝŽŶ ďĞƚǁĞĞŶ ƚƌĂŶƐƉŽƐĂďůĞ ĞůĞŵĞŶƚƐ ĂŶĚ ƌĞĐŽŵďŝŶĂƚŝŽŶ͘ 
Philos. Trans. R. Soc. B Biol. Sci. 372:20160458.  

Kong A et al. 2010. Fine-scale recombination rate differences between sexes, populations and 
individuals. Nature. 467:1099. 

Kuroiwa A, Ishiguchi Y, Yamada F, Shintaro A, Matsuda Y. 2010. The process of a Y-loss event in an 
XO/XO mammal, the Ryukyu spiny rat. Chromosoma. 119:519ʹ526.  

Lahn BT, Page DC. 1999. Four Evolutionary Strata on the Human X Chromosome. Science. 286:964ʹ967.  

Leclercq S et al. 2016. Birth of a W sex chromosome by horizontal transfer of Wolbachia bacterial 
symbiont genome. Proc. Natl. Acad. Sci. 113:15036ʹ15041. 

Leder EH et al. 2010. Female-biased expression on the X chromosome as a key step in sex chromosome 
evolution in threespine sticklebacks. Mol Biol Evol. 27:1495ʹ503.  

Li S-F et al. 2019. The landscape of transposable elements and satellite DNAs in the genome of a 
dioecious plant spinach (Spinacia oleracea L.). Mob. DNA. 10:3.  

Lubieniecki KP et al. 2015. Genomic Instability of the Sex-Determining Locus in Atlantic Salmon ( Salmo 

salar ). G3amp58 GenesGenomesGenetics. 5:2513ʹ2522.  

Malcom JW, Kudra RS, Malone JH. 2014. The sex chromosomes of frogs: variability and tolerance offer 
clues to genome evolution and function. J. Genomics. 2:68. 

Malone JH et al. 2012. Mediation of Drosophila autosomal dosage effects and compensation by network 
interactions. Genome Biol. 13:R28.  

Mank JE. 2009. The W, X, Y and Z of sex-chromosome dosage compensation. Trends Genet. 25:226ʹ233.  

Mank JE, Vicoso B, Berlin S, Charlesworth B. 2010. Effective population size and the Faster-X effect: 
empirical results and their interpretation. Evolution. 64:663ʹ74.  

Marshall Graves JA, Peichel CL. 2010. Are homologies in vertebrate sex determination due to shared 
ancestry or to limited options? Genome Biol. 11:205.  

Meisel RP et al. 2019. Sex chromosome evolution in muscid flies. Evolutionary Biology  

Metzger DCH, Schulte PM. 2018. The DNA Methylation Landscape of Stickleback Reveals Patterns of Sex 
Chromosome Evolution and Effects of Environmental Salinity. Genome Biol. Evol. 10:775ʹ785.  

Mullon C, Wright AE, Reuter M, Pomiankowski A, Mank JE. 2015. Evolution of dosage compensation 
under sexual selection differs between X and Z chromosomes. Nat. Commun. 6:7720. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



24 
 

Muyle A et al. 2012. Rapid de novo evolution of X chromosome dosage compensation in Silene latifolia, 
a plant with young sex chromosomes. PLoS Biol. 10:e1001308. 

Myers S et al. 2010. Drive Against Hotspot Motifs in Primates Implicates the PRDM9 Gene in Meiotic 
Recombination. Science. 327:876ʹ879.  

Myosho T et al. 2012. Tracing the Emergence of a Novel Sex-Determining Gene in Medaka, Oryzias 

luzonensis. Genetics. 191:163ʹ170.  

Myosho T, Takehana Y, Hamaguchi S, Sakaizumi M. 2015. Turnover of Sex Chromosomes in Celebensis 
Group Medaka Fishes. G3amp58 GenesGenomesGenetics. 5:2685ʹ2691.  

Na J-K, Wang J, Ming R. 2014. Accumulation of interspersed and sex-specific repeats in the non-
recombining region of papaya sex chromosomes. BMC Genomics. 15:335.  

Natri HM, Shikano T, Merilä J. 2013. Progressive Recombination Suppression and Differentiation in 
Recently Evolved Neo-sex Chromosomes. Mol. Biol. Evol. 30:1131ʹ1144.  

Nielsen SV et al. 2019. Escaping the evolutionary trap? Sex chromosome turnover in basilisks and related 
lizards (Corytophanidae: Squamata). Biol. Lett. 15:20190498.  

Nieuwenhuis BPS, James TY. 2016. The frequency of sex in fungi. Philos. Trans. R. Soc. B Biol. Sci. 
371:20150540.  

Nokkala S, Grozeva S, Kuznetsova V, Maryanska-Nadachowska A. 2003. The origin of the achiasmatic XY 
sex chromosome system in Cacopsylla peregrina (Frst.)(Psylloidea, Homoptera). Genetica. 119:327ʹ332. 

Nokkala S, KuzneƚƐŽǀĂ V͕ MĂƌǇĂŷƐŬĂ-Nadachowska A. 2000. Achiasmate segregation of a B chromosome 
from the X chromosome in two species of psyllids (Psylloidea, Homoptera). Genetica. 108:181ʹ189. 

Ohno S. 1967. Sex chromosomes and sex-linked genes. Springer: New York. 

Otto SP et al. 2011. About PAR: The distinct evolutionary dynamics of the pseudoautosomal region. 
Trends Genet. 27:358ʹ367.  

Pal A, Vicoso B. 2015. The X Chromosome of Hemipteran Insects: Conservation, Dosage Compensation 
and Sex-Biased Expression. Genome Biol. Evol. 7:3259ʹ3268.  

Palmer DH, Rogers TF, Dean R, Wright AE. 2019. How to identify sex chromosomes and their turnover. 
Mol. Ecol. 28:4709ʹ4724.  

Pan Q et al. 2019. Identification of the master sex determining gene in Northern pike (Esox lucius) 
reveals restricted sex chromosome differentiation. PLoS Genet. 15:e1008013. 

Pennell MW, Mank JE, Peichel CL. 2018. Transitions in sex determination and sex chromosomes across 
vertebrate species. Mol. Ecol. 27:3950ʹ3963.  

Pokorná M, Kratochvíl L. 2009. Phylogeny of sex-determining mechanisms in squamate reptiles: are sex 
chromosomes an evolutionary trap? Zool. J. Linn. Soc. 156:168ʹ183.  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



25 
 

Ponnikas S, Sigeman H, Abbott JK, Hansson B. 2018. Why Do Sex Chromosomes Stop Recombining? 
Trends Genet. 34:492ʹ503.  

Reichwald K et al. 2015. Insights into Sex Chromosome Evolution and Aging from the Genome of a Short-
Lived Fish. Cell. 163:1527ʹ1538.  

Rice WR. 1987. The accumulation of sexually antagonistic genes as a selective agent promoting the 
evolution of reduced recombination between primitive sex chromosomes. Evolution. 41:911ʹ914. 

Roberts NB et al. 2016. Polygenic sex determination in the cichlid fish Astatotilapia burtoni. BMC 
Genomics. 17:835.  

Roco ÁS et al. 2015. Coexistence of Y, W, and Z sex chromosomes in Xenopus tropicalis. Proc. Natl. Acad. 
Sci. 112:E4752ʹE4761.  

Roesti M, Moser D, Berner D. 2013. Recombination in the threespine stickleback genome-patterns and 
consequences. Mol. Ecol. 22:3014ʹ3027.  

Rose G et al. 2016. Dosage compensation in the African malaria mosquito Anopheles gambiae. Genome 
Biol. Evol. evw004.  

Rupp SM et al. 2017. Evolution of dosage compensation in Anolis carolinensis, a reptile with XX/XY 
chromosomal sex determination. Genome Biol. Evol. 9:231ʹ240. 

Shibaike Y et al. 2009. Chromosome evolution in the lizard genus Gekko (Gekkonidae, Squamata, 
Reptilia) in the East Asian islands. Cytogenet. Genome Res. 127:182ʹ190. 

Slotkin RK, Martienssen R. 2007. Transposable elements and the epigenetic regulation of the genome. 
Nat. Rev. Genet. 8:272ʹ285.  

Smith CA et al. 2009. The avian Z-linked gene DMRT1 is required for male sex determination in the 
chicken. Nature. 461:267ʹ271.  

Smith G, Chen Y-R, Blissard GW, Briscoe AD. 2014. Complete dosage compensation and sex-biased gene 
expression in the moth Manduca sexta. Genome Biol. Evol. 6:526ʹ537. 

Stenberg P, Larsson J. 2011. Buffering and the evolution of chromosome-wide gene regulation. 
Chromosoma. 120:213ʹ225. 

“ƚĞǀĞŶƐ NM͘ ϭϵϬϱ͘ “ƚƵĚŝĞƐ ŝŶ “ƉĞƌŵĂƚŽŐĞŶĞƐŝƐ ǁŝƚŚ EƐƉĞĐŝĂů ‘ĞĨĞƌĞŶĐĞ ƚŽ ƚŚĞ ͚AĐĐĞƐƐŽƌǇ CŚƌŽŵŽƐŽŵĞ͛͘ 
Carnegie Inst. Wash. 36. 

Stöck M et al. 2011. Ever-Young Sex Chromosomes in European Tree Frogs Rice, WR, editor. PLoS Biol. 
9:e1001062.  

Sumida M, Nishioka M. 1994. Genetic differentiation of the Japanese brown frog, Rana japonica, 
elucidated by electrophoretic analyses of enzymes and blood proteins. Sci. Rep. Lab. Amphib. Biol. 
13:137ʹ171. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



26 
 

Sun Y, Svedberg J, Hiltunen M, Corcoran P, Johannesson H. 2017. Large-scale suppression of 
recombination predates genomic rearrangements in Neurospora tetrasperma. Nat. Commun. 8:1140.  

Sved J, Bird A. 1990. The expected equilibrium of the CpG dinucleotide in vertebrate genomes under a 
mutation model. Proc. Natl. Acad. Sci. 87:4692ʹ4696.  

Tennessen JA et al. 2018. Repeated translocation of a gene cassette drives sex-chromosome turnover in 
strawberries Moyle, L, editor. PLOS Biol. 16:e2006062.  

The Tree of Sex Consortium. 2014. Tree of Sex: A database of sexual systems. Sci. Data. 1:140015.  

Utsunomia R et al. 2017. Evolution and conservation of Characidium sex chromosomes. Heredity. 
119:237. 

Veller C, Muralidhar P, Constable GWA, Nowak MA. 2017. Drift-Induced Selection Between Male and 
Female Heterogamety. Genetics. genetics.300151.2017.  

Veltsos P et al. 2019. Early Sex-Chromosome Evolution in the Diploid Dioecious Plant Mercurialis annua. 
Genetics. 212:815ʹ835.  

Vicoso B. 2019. Molecular and evolutionary dynamics of animal sex-chromosome turnover. Nat. Ecol. 
Evol. 3:1632ʹ1641.  

Vicoso B, Bachtrog D. 2015. Numerous Transitions of Sex Chromosomes in Diptera Malik, HS, editor. 
PLOS Biol. 13:e1002078.  

Vicoso B, Bachtrog D. 2013. Reversal of an ancient sex chromosome to an autosome in Drosophila. 
Nature. 499:332ʹ335.  

Vicoso B, Emerson JJ, Zektser Y, Mahajan S, Bachtrog D. 2013. Comparative sex chromosome genomics 
in snakes: differentiation, evolutionary strata, and lack of global dosage compensation. PLoS Biol. 
11:e1001643.  

Walters JR, Hardcastle TJ, Jiggins CD. 2015. Sex chromosome dosage compensation in Heliconius 
butterflies: global yet still incomplete? Genome Biol. Evol. 7:2545ʹ2559. 

Wang J et al. 2012. Sequencing papaya X and Yh chromosomes reveals molecular basis of incipient sex 
chromosome evolution. Proc. Natl. Acad. Sci. 109:13710ʹ13715.  

Westergaard M. 1958. The mechanism of sex determination in dioecious flowering plants. In: Advances 
in Genetics.Vol. 9 Academic Press pp. 217ʹ281. 

Wilson CA et al. 2014. Wild sex in zebrafish: loss of the natural sex determinant in domesticated strains. 
Genetics. 198:1291ʹ1308. 

Wilson E. 1906. Studies on chromosomes. III. The sexual differences of the chromosomegroups in 
Hemiptera, with some considerations on the determination and inheritance of sex. J. Exp. Zool. 3:1ʹ40. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



27 
 

Wilson Sayres MA, Makova KD. 2011. Genome analyses substantiate male mutation bias in many 
species. Bioessays. 33:938ʹ945. 

Winge Ö, Winge Ö. 1922. One-sided masculine and sex-linked inheritance in Lebistes reticulatus. J. 
Genet. 12. 

Winge Ö, Winge Ö. 1927. The location of eighteen genes in Lebistes reticulatus. J. Genet. 18. 

Wright AE et al. 2017. Convergent recombination suppression suggests role of sexual selection in guppy 
sex chromosome formation. Nat. Commun. 8:14251.  

Wright AE et al. 2015. Variation in promiscuity and sexual selection drives avian rate of Faster-Z 
evolution. Mol. Ecol. 24:1218ʹ1235. 

Wright AE, Dean R, Zimmer F, Mank JE. 2016. How to make a sex chromosome. Nat. Commun. 7:12087.  

Wright AE, Harrison PW, Montgomery SH, Pointer MA, Mank JE. 2014. Independent stratum formation 
on the avian sex chromosomes reveals inter-chromosomal gene conversion and predominance of 
purifying selection on the W chromosome. Evolution. 68:3281ʹ3295. 

Wright AE, Mank JE. 2012. Battle of the sexes: Conflict over dosage-sensitive genes and the origin of X 
chromosome inactivation. Proc. Natl. Acad. Sci. 109:5144ʹ5145.  

Wright AE, Moghadam HK, Mank JE. 2012. Trade-off between selection for dosage compensation and 
masculinization on the avian Z chromosome. Genetics. 192:1433ʹ1445. 

Wright DA, Richards CM. 1983. Two sex-linked loci in the leopard frog, Rana pipiens. Genetics. 103:249ʹ
261. 

Xu L et al. 2019. Dynamic evolutionary history and gene content of sex chromosomes across diverse 
songbirds. Nat. Ecol. Evol. 3:834ʹ844.  

Yamamoto T. 1975. The medaka, Oryzias latipes, and the guppy, Lebistes reticularis. In: Handbook of 
genetics. Springer pp. 133ʹ149. 

Yano A et al. 2012. An Immune-Related Gene Evolved into the Master Sex-Determining Gene in Rainbow 
Trout, Oncorhynchus mykiss. Curr. Biol. 22:1423ʹ1428.  

Yoshimoto S et al. 2008. A W-linked DM-domain gene, DM-W, participates in primary ovary 
development in Xenopus laevis. Proc. Natl. Acad. Sci. 105:2469ʹ2474.  

Zamudio N et al. 2015. DNA methylation restrains transposons from adopting a chromatin signature 
permissive for meiotic recombination. Genes Dev. 29:1256ʹ1270.  

Zhang W, Wang X, Yu Q, Ming R, Jiang J. 2008. DNA methylation and heterochromatinization in the 
male-specific region of the primitive Y chromosome of papaya. Genome Res. 18:1938ʹ1943.  

Zimmer F, Harrison PW, Dessimoz C, Mank JE. 2016. Compensation of dosage-sensitive genes on the 
chicken Z chromosome. Genome Biol. Evol. 8:1233ʹ1242. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/g

b
e
/e

v
a
a
0
8
1
/5

8
2
3
3
0
4
 b

y
 g

u
e
s
t o

n
 3

0
 A

p
ril 2

0
2
0



2
8

 
  

 

Downloaded from https://academic.oup.com/gbe/advance-article-abstract/doi/10.1093/gbe/evaa081/5823304 by guest on 30 April 2020



29 
 

 

 

Figure 1. Expected patterns of sex chromosome divergence following recombination suppression. A) 
Stepwise progression, due to inversions or large shifts in recombination hotspots, results in large spatial 
blocks where the divergence between X-Y or Z-W orthologs are similar B) Progressive expansion (e.g., TE 
accumulation, methylation changes) results in a linear relationship between ortholog divergence across 
the range of the sex chromosome. C) A potential problem of only sampling a few genes is that a 
stepwise pattern may be inferred, when it was truly progressive expansion. A similar pattern could 
happen if inversions, or other discrete changes reinforce pre-existing recombination suppression soon 
after it is established.  
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Figure 2. The cycle of sex chromosome evolution. A new master sex determining locus arises on an 
autosome (gold chromosomes, left side), leading to sex chromosome formation (blue chromosomes, 
starting top left), but sex chromosome evolution is not a simple progression of accumulating divergence. 
After establishment and at any stage of evolution, sex chromosomes can persist at the current stage 
(blue arrows), progress in establishing larger areas of recombination suppression (grey region, top right 
chromosomes) and divergence (red region, right side chromosomes), or turnover (gold arrows) with 
either a new sex determining gene evolving or moving the sex determining gene to a new location in the 
genome. Each stage here is highlighted by a representative taxon that currently possesses that sex 
chromosome state.  
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Table 1. Genomic evidence of intra-specific diversity in the PAR-sex chromosome 

boundary in vertebrates1 

Group Species Type Reference 

Fish Nothobranchius 

furzeri 

 

Within the small non-recombining 

region there is variation across lab 

populations/strains in linkage 

between SNPs and sex 

determining region. Also, there is 

structural variation on the sex 

chromosome across populations. 

Reichwald et al. 

(2015) 

 Poecilia 

reticulata 

Variation across populations in 

physical size of the Y 

chromosome; extent of Y 

differentiation and extent of non-

recombining regions  

Darolti et al. (2019); 

Morris et al. (2018); 

Nanda et al. (2014); 

Wright et al. (2017) 

 Characidium 

Gomesi 

 

Variation across populations in 

W-linked RAD markers. 

Utsunomia et al. 

(2017) 

 Danio rerio Sex chromosome in wild strains 

not present in domestics. 

Anderson et al. 

(2012); Wilson et al. 

(2014) 

 Apareiodon 

ibitiensis 

Variation across populations in 

sex-linked satellite DNA 

accumulation 

Bellfronte et al. 

(2009) 

Amphibians Leiopelma 

hochstetteri  

C-banding patterns on the W 

chromosome vary substantially 

across populations 

Green et al. (1988) 
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 Rana 

temporaria 

 

Northern populations show 

greater X-Y FST than southern 

populations. 

Rodrigues et al. 

(2014); Rodrigues et 

al. (2016) 

 Aneides ferreus 

 

Structural variation in ZW system Kezer and Sessions 

(1979) 

Reptiles Zootoca 

vivipara 

 

Structural and heterochromatin 

variation between viviparous and 

oviparous populations  

Odierna et al. 

(1998) 

 

 Gekko japonicus Variation in degree of sex 

chromosome differentiation 

across populations 

Yoshida and Itoh 

1974; Chen et al. 

1986; Gamble 2010 

 Cyrtodactylus 

pubisulcus 

Variation in degree of sex 

chromosome differentiation 

across populations 

Ota et al. 1992 

Mammals Mus musculus Shifted PAR boundaries between 

subspecies 

White et al. 2012 

1Does not include cases of neo-sex chromosome fusions. 
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