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Abstract

Sex chromosomes are widespread in species with separate sexes. They have evolved many times independently and
display a truly remarkable diversity. New sequencing technologies and methodological developments have allowed
the field of molecular evolution to explore this diversity in a large number of model and nonmodel organisms, broad-
ening our vision on the mechanisms involved in their evolution. Diverse studies have allowed us to better capture the
common evolutionary routes that shape sex chromosomes; however, we still mostly fail to explain why sex chromo-
somes are so diverse. We review over half a century of theoretical and empirical work on sex chromosome evolution
and highlight pending questions on their origins, turnovers, rearrangements, degeneration, dosage compensation,
gene content, and rates of evolution. We also report recent theoretical progress on our understanding of the ultimate
reasons for sex chromosomes’ existence.
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rate, gene content.

Introduction

In many species with separate sexes, whether an organism
becomes male or female is controlled by sex chromo-
somes. These peculiar chromosomes stand out in many
ways, first due to their role in sex determination and also
because they often undergo extensive changes following
their evolution from a normal autosomal pair. Sex chro-
mosomes determine the sex of individuals in various
ways (Fig. 1). Most often, sex is expressed at the diploid
phase with males and females carrying different combina-
tions of sex chromosomes. In some cases, sex is determined
by the presence/absence of a dominant gene, such as the
masculinizing SRY gene carried by the Y chromosome of
placental mammals (Koopman et al. 1991). Sex can also
be determined in a dosage-dependent manner, as, for ex-
ample, in Drosophila, where individuals with a single X
chromosome are males and individuals with two or
more Xs are females (Bridges 1925). Different types of
sex chromosomes exist; females can be the heterogametic
sex (ZW) and males the homogametic sex (ZZ) as in birds
(Bachtrog et al. 2014). However, in some clades, the W
chromosome is absent, leading to a Z0 system, with ZZ
males and Z females that are otherwise diploid for auto-
somes, as in Psychidae moths (Hejnickova et al. 2019).
Most therian mammals and many other species harbor a
male heterogametic system with XY males and XX females.
In the grape phylloxera (insects related to aphids), an X0
sex-determining system is observed with XX females and
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X males that are otherwise diploid for autosomes (Li
et al. 2023). In some species, multiple X and Y chromo-
somes are found and form chains during meiosis, as
seen, for example, in the platypus, where males have five
Xs and five Ys (Veyrunes et al. 2008). Finally, in species
with substantial development of the haploid phase, sex
can be determined at that phase instead of the diploid
phase: females carry a sex chromosome called U and males
carry a sex chromosome called V (Bachtrog et al. 2014). On
top of this variety in sex chromosome types (XY, X0, ZW,
Z0, UV, and chains, Fig. 1), sex chromosomes are also very
diverse in size. Some sex chromosome pairs can be distin-
guished cytologically and are called heteromorphic. Y and
W chromosomes are often smaller than their counterparts,
but it is not always the case. For instance, the plant Silene
latifolia giant Y chromosome is larger than the X and any
autosome in that species (Matsunaga et al. 1994). In many
cases, however, the sex chromosome pair is homomorphic
and distinguishing the X and Y (or Z and W or U and V)
often requires sequencing. In some clades, chromosomal
rearrangements have occurred between sex chromo-
somes and autosomes, leading to the evolution of neo-
sex chromosomes. For example, in the plant Rumex has-
tatulus, an autosome has fused to the X, leading to
XY1Y2 males and XX females, where Y1 is homologous
to the ancestral X and Y2 is derived from the autosome
that fused with the X (Sacchi et al. 2024). Sex chromo-
somes have evolved many times independently and are
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System female
23 ZW AA ZZ AA
e.g. birds
20
e.g. Psychidae ZAA ZZ AA
moths
XY
e.g. placental XX AA XY AA
mammals
X0
e.g. grape X AA
phylloxera
5X/5Y X1Yy XoYs
e.g. platypus X3Y3 X4Y4
XsYs AA
uv
e.g. Marchantia VA

Fig. 1. Sex chromosome types. A stands for an autosome (AA when diploid). Please refer to the introduction for more details and references.

Custom illustrations by Alice Mazel.

therefore not all homologous, sometimes even in closely
related species (Bachtrog et al. 2014).

Sex chromosomes, in spite of their diversity, share some
common features and evolutionary processes (Fig. 2a). The
sex-specific chromosome (the Y, W, U, or V) most often
has a nonrecombining region (hereafter abbreviated NRR).
This absence of recombination triggers divergence at the se-
quence level between the X and the Y (or Z-W or U-V),
meaning that sex-linked homologous X/Y (or Z/W or U/V)
gene pairs (gametologs) accumulate substitutions over

2

time. The size of the NRR varies substantially across spe-
cies, ranging from small regions containing only a few
genes to large regions encompassing almost the entire
sex chromosome, with all possible intermediate situa-
tions (Bachtrog et al. 2014). The recombining region(s)
of sex chromosomes are called pseudoautosomal re-
gion(s) (hereafter PAR). The absence of recombination
of sex-specific chromosomes causes them to degenerate.
In particular, the NRR loses genes and accumulates dele-
terious mutations and repeats (such as transposable
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Fig. 2. Overview of the steps in sex chromosome evolution and how to detect them using sequencing data. Sex chromosomes depicted here are
XY chromosomes, all information shown is also valid for ZW chromosomes. a) The classical pathway of sex chromosome evolution, starting
when a pair of autosomes acquires a sex-determining gene/locus. Recombination suppression around the sex-determining locus forms a first
evolutionary stratum S1, and PARs. Because of a lack of recombination, stratum S1 starts to degenerate on the Y chromosome. Following mul-
tiple successive events of recombination suppression, old sex chromosomes typically show multiple strata (here S1-S3), with different degrees of
X-Y degeneration shown in shades of red. b) Some alternative pathways of sex chromosome evolution. Numbers on the top-left of each diagram
refer to the steps of (a) (1-5) at which each alternative scenario can branch off from the classical model. Sex-autosome fusion can involve the
fusion of either X or Y or both sex chromosomes to autosomes, forming neo-sex chromosomes. In the fountain of youth model, nonrecom-
bining, poorly differentiated X-Y chromosomes undergo a rare recombination event, reducing X-Y differentiation and Y degeneration. A sex
chromosome turnover is the change in the genomic location (and sometimes identity) of the sex-determining gene. Y expansion usually
results from a strong accumulation of repeats on the Y. c¢) Main methods to detect sex-linked regions and identify strata using sequencing
data mapped to the X chromosome. Analyzing male-to-female depth of coverage ratio (M/F coverage) allows detecting old and highly di-
vergent strata. Contrasting genotypes from multiple males and females allows identifying sex-linked SNPs to detect younger strata with less
divergence. Measuring synonymous divergence (dS) between X and Y linked genes is the most commonly used method to identify and de-
limitate strata of different ages.

elements, hereafter TEs). These nonrecombining regions
can therefore become extremely gene poor, repeat rich,
and heterochromatinized.

Here, we review the evolutionary mechanisms that give
rise to sex chromosomes and summarize open questions in
the field. The fantastic diversity observed in sex chromo-
somes, sometimes even among closely related species, is a
direct demonstration of how dynamic sex chromosome evo-
lution can be (Furman and Evans 2018; Furman et al. 2020).

Origins of Sex Chromosomes

Sex chromosomes derive from a simple pair of autosomes fol-
lowing the emergence of one or multiple sex-determining
genes (Fig. 2a). A classical theory for the origin of sex chromo-
somes posits that their emergence coincides with the evolu-
tionary transition from hermaphroditism to separate sexes

(Westergaard 1958; Charlesworth and Charlesworth 1978).
In this model, sex chromosomes carry two closely linked sex-
determining genes: one responsible for female sterility and
the other for male sterility. Crossover events in-between
these two genes lead to sterile individuals, which may select
for initial recombination suppression between young proto-
sex chromosomes. The “two-gene model” therefore accounts
for both the emergence of sex chromosomes and initial re-
combination suppression. This model has been validated in
a number of species, including the plant S. latifolia, where de-
letion mutants revealed the existence of at least two Y regions
involved in sex determination (Moraga et al. 2023). One of the
two S. latifolia sex-determining genes was recently proposed
to be CLAVATA3, a Y-encoded regulator of stem cell main-
tenance (Kazama et al. 2022).

This two-gene model is not universal, as sex chromo-
somes can originate in species with preexisting separate
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sexes or environmental sex determination (rather than
hermaphroditism). This is the case in the majority of ani-
mals. In Daphnia magna, a small freshwater crustacean,
such a transition has occurred recently. Sex determination
is mostly controlled by environmental cues in this species,
but some populations have evolved ZW sex chromosomes,
most likely driven by the spread of a single feminizing mu-
tation (Reisser et al. 2017). Another alternative route to
the evolution of sex chromosomes could come from
cases where the W or Y chromosome evolves from B
chromosomes, as has been hypothesized in various in-
sects, including Drosophila (Carvalho et al. 2009) and
butterflies (Fraisse et al. 2017; Lewis et al. 2021); though
it was also proposed that the butterfly ZW pair origi-
nated from an autosomal pair and that the W evolves
too fast to allow a proper identification of its origin
(Berner et al. 2023). Even in plants, the two-gene model
is likely not universal, because some sex chromosomes
seem to carry only one sex-determining gene (Renner
2016). This raises the question of the other mechanisms
involved in the initial arrest of recombination between
sex chromosomes.

Regardless of their origin, recombination suppression is
a hallmark of sex chromosome evolution. Initial recombin-
ation suppression between proto-sex chromosomes seems
to often start in a small region, as suggested by studies of
evolutionary young sex chromosomes, such as those found
in some houseflies in which X-Y divergence is limited to
only a few genes (Son and Meisel 2021). However, in vari-
ous cases, recombination suppression has spread across a
much larger region, sometimes encompassing the near en-
tirety of the sex chromosome pair (Sacchi et al. 2024). The
analysis of X-Y gene divergence reveals whether recombin-
ation suppression is recent (low X-Y divergence) or old
(high X-Y divergence). Interestingly, divergence is not al-
ways homogeneous across the whole NRR. In S. latifolia,
for instance, some sex-linked genes have higher X-Y diver-
gence than others (Atanassov et al. 2001), and in birds,
various genomic regions of the Z have different Z-W di-
vergence levels (Gu et al. 2023). This phenomenon re-
flects that recombination suppression along sex
chromosomes has happened independently at different
time points in different regions, forming strata. Strata
are genomic regions of homogeneous X-Y (or Z-W or
U-V) divergence, usually measured with the synonymous
divergence rate dS (Fig. 2c). Comparative genomics of re-
lated species allows to identify strata that are specific to
some lineages. For example, in paleognaths (ostrich and
emu), the W only has a small NRR, while other birds
have multiple additional strata (Yazdi and Ellegren
2014, 2018).

The ultimate (why?) and proximate (how?) mechanisms
of recombination suppression have been studied exten-
sively. We have dedicated a separate section below to thor-
oughly discuss the ultimate mechanisms of recombination
suppression. Here we rapidly discuss the proximate me-
chanisms. Inversions and other types of chromosomal re-
arrangements are thought to be major contributors to

4

recombination suppression on sex chromosomes. In hu-
mans, the two most recent strata seem to have arisen fol-
lowing Y inversions (Lemaitre et al. 2009), and inversions
are also likely to have contributed to bird sex chromosome
evolution (Yazdi and Ellegren 2018). However, in many
other organisms, no inversions are found to coincide
with strata boundaries, as observed for one stratum of
the black-spotted stickleback (Sardell et al. 2021).
Therefore, other mechanisms must exist that suppress
X-Y recombination. Given recombination rates are not
homogenous in genomes, and sometimes even vary be-
tween sexes, recombination suppression may occur simply
because the sex-determining gene(s) emerge in a region
with preexisting low recombination levels, such as a peri-
centromeric region (Charlesworth 2023). In the plant
genus Rumex, the comparative study of species with and
without sex chromosomes suggested that sex chromo-
somes had ancestrally low rates of recombination, even be-
fore becoming sex chromosomes (Rifkin et al. 2021). Large
differences in recombination landscapes between males
and females (heterochiasmy) can also trigger recombin-
ation suppression between sex chromosomes. For in-
stance, the emergence of a male sex determiner in a
species with lower rates of recombination in males
can lead to immediate recombination suppression
(Charlesworth 2023). In R. hastatulus as well as in anuran
amphibians, recombination in males is restricted to
chromosomal tips, explaining Y chromosome recombin-
ation suppression in the absence of chromosome inver-
sions (Dufresnes et al. 2021; Rifkin et al. 2022). This
phenomenon likely applies to a variety of groups with
sex chromosomes since heterochiasmy occurs in various
clades (Sardell and Kirkpatrick 2020). An extreme case of
this phenomenon, achiasmy, is found in a few organisms
where recombination is altogether absent in one sex, as
in Drosophila (with male-specific achiasmy) and lepidop-
terans (with female-specific achiasmy). In those taxa,
newly evolved Ys (in Drosophila) or Ws (in lepidopterans)
instantly become nonrecombining on their entire length.
Alternatively, it has also been proposed that recombin-
ation suppression could be a gradual process involving a
progressive expansion of the nonrecombining region out-
wards from the sex-determining region (Natri et al. 2013),
meaning that the PAR boundary is progressively moved
further toward the telomere end. This could be caused
by a gradual reduction of crossover frequencies, which
could theoretically be due to genetic modifiers of recom-
bination rates (Brooks 1988) or the accumulation of TEs
close to the NRR (Kent et al. 2017). Note that a recombin-
ation arrest caused by an ancestral low recombination rate,
or gradual recombination suppression cannot alone ac-
count for the formation of evolutionary strata. Indeed,
stratum formation requires an abrupt event of recombin-
ation suppression over a genomic region. Although, as
time goes by, different strata that originated at slightly dif-
ferent time points can appear as a single stratum, because
the synonymous X-Y divergence (dS) reaches saturation
due to accumulated substitutions.
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Diversity of Sex Chromosomes

The rate at which new sex chromosomes evolve is remark-
ably variable among taxa. In certain lineages, the same sex
chromosomes have persisted for tens to hundreds of mil-
lions of years, while others experience high rates of sex
chromosome turnover, i.e. changes in the identity and/or
location of the sex-determing gene or region (Fig. 2b).
Old and conserved sex-determining systems with sex chro-
mosomes that have evolved over 100 Ma have been de-
scribed in groups as diverse as therian mammals
(Veyrunes et al. 2008), birds (Nam and Ellegren 2008),
some lizards (e.g. Anguinomorpha; Rovatsos et al. 2019),
and stick insects (Stuart et al. 2023). It has even recently
been proposed that the X chromosome of many insects
is shared from a common ancestor and has persisted in
some lineages for more than 450 My (Toups and Vicoso
2023). At the other end of the spectrum are taxa with
highly dynamic sex determination. The recent advances
in sequencing technologies have made it possible to char-
acterize sex chromosomes in an increasing number of non-
model species, revealing an astonishing diversity in
sex-determining mechanisms even across closely related
species in certain lineages. For instance, at least 13 turn-
over events are necessary to account for the diversity of
sex chromosome systems found among 28 species of ranid
frogs (Jeffries et al. 2018). African cichlids also show an
extraordinary rate of turnover, even exhibiting divergence
across populations within single species (Bohne et al. 2019;
Behrens et al. 2024). In plants, high turnover rates have
been shown to occur in Salicaceae and Silene for instance
(Martin et al. 2019; Yang et al. 2021).

From a proximate point of view, sex chromosome turn-
overs can be due to the emergence and spread of a new
sex-determining gene replacing the old one (Fan et al.
2021), the translocation of the existing sex determiner to
a new location in the genome (Yang et al. 2021), or even
through hybridization, as in the nine-spined stickleback,
in which the Y chromosome was acquired through an
introgression event from a sister species (Dixon et al.
2019). Multiple evolutionary mechanisms have been pro-
posed as potential drivers, with support from theoretical
models. In most models, the new sex determiner will
spread to fixation if it provides a fitness advantage to its
bearers. A first model shows that transitions can be driven
by the accumulation of deleterious mutations on the ances-
tral Y or W chromosomes, as the spread of a new sex
chromosome can result in the elimination of the old degen-
erated one (mutation load model, Blaser et al. 2013). In a se-
cond model, an emergent sex-determining gene can benefit
from an indirect fitness advantage if it is tightly linked to a
gene experiencing sexually antagonistic (hereafter SA) selec-
tion. For instance, if a masculinizing allele arises in linkage
with a male-beneficial —female-detrimental allele, it will
have a selective advantage, as the SA allele will be more like-
ly to be inherited by sons than daughters (van Doorn and
Kirkpatrick 2007). In a third type of models, sex chromo-
some turnovers are caused by genetic conflicts over sex

ratio and the transmission of sex chromosomes. For in-
stance, selfish genetic elements that skew the transmission
of sex chromosomes (i.e. through meiotic drive) can draw
the sex ratio away from its optimal value. In response, selec-
tion for a balanced sex ratio will favor mutants that allow
the production of more of the rarer sex, including mutant
sex-determining genes (Kozielska et al. 2010). Finally, a last
type of model shows that transitions in sex determination
systems can occur under the sole action of genetic drift
(Bull and Charnov 1977), and that with certain types of
transitions, the fixation of a new sex determiner occurs at
a much higher rate than regular autosomal neutral muta-
tions (Veller et al. 2017; Saunders et al. 2018). What evolu-
tionary forces are actually responsible for sex chromosome
transitions is very hard to establish empirically. The driving
forces are only detectable during the transition phase and
sex chromosome turnovers are assumed to occur rapidly,
so any clues are rapidly erased (Saunders 2019).

Why certain lineages never experience turnovers is also
puzzling. Early observations that sex chromosomes in
lineages with old and conserved sex determination tend
to be highly differentiated and heteromorphic, while sex
chromosomes in lineages with diverse sex-determining sys-
tems tend to be poorly differentiated and homomorphic
led to the idea that sex chromosomes act as evolutionary
traps, precluding changes in the sex-determining mechan-
ism once enough divergence has accumulated (Pokorna
and Kratochvil 2009). Changing the inheritance of highly
differentiated and specialized sex-linked regions should
be strongly counter-selected, because their specialized fea-
tures would be deleterious in an autosomal context. This
model remains a subject of debate, as transitions have
been described even in groups with very old sex chromo-
somes, such as some Drosophila, therian mammals and
crocodile lizards (Vicoso and Bachtrog 2015; Saunders
and Veyrunes 2021; Pinto et al. 2024). In contrast, some
lineages have retained sex chromosomes over long evolu-
tionary periods despite a lack of substantial differentiation
(e.g. the homomorphic ZW chromosomes of some
Paleognathous birds; Yazdi and Ellegren 2014; Okuno
et al. 2021), which further indicates that the degree of dif-
ferentiation does not necessarily correlate with sex
chromosome lifespan.

Even in the absence of turnovers, sex chromosomes remain
dynamic entities throughout their evolutionary life. The pro-
cess of sex chromosome evolution is far from linear, and sex
chromosomes can assume radically different evolutionary tra-
jectories. This is true for young and poorly differentiated sex
chromosomes for which interspecies or interpopulation diver-
gence has repeatedly been observed (e.g. Furman and Evans
2018; Hill et al. 2018). This is also true for older sex chromo-
somes, which continue evolving even in the most differen-
tiated systems, such as the mammalian XY system. In
placental mammals, the small Y chromosome gene reper-
toire and expression are largely shared across species due
to shared ancestry. Nevertheless, all lineages show specifici-
ties and no two Y chromosomes are identical across species
(Cortez et al. 2014; Martinez-Pacheco et al. 2020). At a smaller
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taxonomic scale, the comparison of Y chromosomes in three
mice species of the genus Mus also revealed significant vari-
ation, including in copy-number variation of multicopy Y
genes (Morgan and Pardo-Manuel de Villena 2017), demon-
strating that old sex chromosomes are far from being static
entities.

Another source of diversity comes from fusions be-
tween sex chromosomes and autosomes, generating so-
called neo-sex chromosomes (Fig. 2b). Such fusions are
not frequent, but have been described in many lineages.
Neo-sex chromosomes, resulting from recent fusion with
otherwise old sex chromosomes, have been recognized
as prime models to study the very first steps of sex
chromosome evolution, and are studied in a great range
of species (e.g. Li et al. 2021; Sardell et al. 2021; Sigeman
et al. 2021; Sacchi et al. 2024). Just as SA selection was pro-
posed to explain sex chromosome turnovers, it has also
been suggested as a driver of sex-autosome fusions
(Charlesworth and Charlesworth 1980), yet this remains
to be confirmed.

Diversity can also arise through chromosomal rearran-
gements inside the sex chromosome pair. Indeed, in
some complex sex-determining systems, inversions on
the X chromosome can cause the evolution of an X*
that does not recombine with the normal X over a portion
of its length. The X* can influence sex determination, with,
for example, X*Y females found in the African pygmy mice
Mus minutoides (Veyrunes et al. 2010) or entirely female
progeny for females carrying the X* in Sciaridae (Baird
et al. 2023). In both cases, the molecular mechanisms
through which the X* impact sex determination remain
unknown, but interestingly, the Sciaridae X* evolutionary
trajectory is similar to a W chromosome, with an NRR
that degenerates due to its lack of recombination.

Evolution of Y Degeneration

Population genetics theory has long predicted that the ab-
sence of recombination would cause the degeneration of
the sex-specific NRRs, due to processes such as Muller’s
ratchet, genetic hitchhiking, and background selection (re-
viewed in Bachtrog 2006). These effects result in increased
fixation of deleterious mutations, decreased rates of adap-
tation, and a lower effective population size of NRRs as de-
monstrated by their observed lower genetic diversity
compared with their recombining homologs (Hellborg
and Ellegren 2004; Morgan and Pardo-Manuel de Villena
2017). The predicted degeneration has been verified on
various characteristics of sex chromosomes: (i) Y allele ex-
pression is usually lower than on the X (Muyle et al. 2012;
Beaudry et al. 2017); (ii) Y genes are more often lost than X
genes (Wilson et al. 2013; Blavet et al. 2015; Charlesworth
et al. 2021); (iii) repeats accumulate on the Y chromosome
(Schield et al. 2022; Wang et al. 2024); (iv) Y proteins de-
generate due to relaxed selection, as shown by their in-
creased dN/dS ratio (Filatov 2005), and (v) the
proportion of optimal codons is reduced on the Y com-
pared with the X (Qiu et al. 2011; Carpentier et al. 2022).
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These hallmarks of NRR degeneration can be observed
even in young sex chromosomes of a few million years of
age or less (Martin et al. 2019; Wang et al. 2024). In the
most extreme cases, it has even been proposed that degen-
eration could ultimately end with the complete loss of the
Y in some species, as observed in the Ryukyu spiny rat (Li
et al. 2024). In this species, males and females are both X0.
Some ancestrally Y-linked genes were translocated to the X
or autosomes, and others were lost, including the male-
determiner SRY. Comparison of male and female genomes
in the Ryukyu spiny rat led to the identification of a male-
specific duplication of a Sox9 enhancer located on an auto-
some, which could act as the new sex-determining gene
(Terao et al. 2022).

Though the sex-limited Y or W sex chromosome is often
smaller than its counterpart due to degeneration, the ac-
cumulation of TEs can lead to the evolution of a larger
Y/W (Fig. 2, Matsunaga et al. 1994). Y/W enlargement
can have another origin, as, for example, in cichlid fish of
the tribe Oreochromini, in which fusion of the Y with a
highly repetitive B chromosome led to a giant Y chromo-
some three times the size of any autosome (Conte et al.
2021). Some TEs accumulate specifically on the Y or the
X, revealing that they are only active in the male or female
germline (Puterova et al. 2017). The epigenetic silencing of
accumulated TEs on NRRs of sex chromosomes can have
dramatic consequences for their evolution (reviewed in
Muyle et al. 2021). TE silencing on the Y even has conse-
quences on the rest of the genome in Drosophila melano-
gaster, causing the Y to sequester silencing epigenetic
marks and depleting them from the rest of the male gen-
ome (Brown et al. 2020). This imbalance of silencing epi-
genetic marks between males and females may
contribute to sex-biased gene expression in that species.

The extent and patterns of degeneration of sex-limited
chromosomes vary substantially across lineages, and even
sometimes among closely related species (Sardell et al.
2021). Multiple factors seem to influence these differences.
First and foremost, the extent of the Y/W degeneration
should reflect the age of the nonrecombining region(s), be-
cause old sex chromosomes have had more time to accu-
mulate deleterious mutations and degenerate (Fig. 2).
Second, sex chromosomes with larger NRRs and/or carry-
ing more genes should be more degenerated because se-
lective interference is stronger when an NRR contains
more genes (Bachtrog 2008). In other words, advantageous
mutations are less likely to fix in larger NRRs because they
carry a higher number of linked deleterious mutations
than small NRRs. In the Silene genus, sex chromosomes
have evolved independently at least twice (Bernasconi
et al. 2009). In the Silene Otites group, sex chromosomes
are about 2.3 My old (Balounova et al. 2019) and NRRs
in the Silene Otites group are smaller and less degenerated
than NRRs in the Silene Melandrium group (Bergero et al.
2015; Martin et al. 2019), where sex chromosomes evolved
around 11 Ma (Krasovec et al. 2018). The age of the sex
chromosomes could be one of the factors explaining the
difference in NRR degeneration level between these two
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Silene groups of species. However, other factors may con-
tribute, such as the size of the NRR.

Other factors are likely to influence the speed of NRR
degeneration, such as variation in TE activity, mutation
rate, and effective population size. The intensity of
Muller’s ratchet is expected to increase with reduced ef-
fective population size, because deleterious mutations ac-
cumulate at a higher rate with increased genetic drift, as
shown by Bachtrog (2008) using simulations of Y chromo-
somes. On the other hand, the rate of degeneration caused
by genetic hitchhiking increases with increasing popula-
tion size, since selection for advantageous Y mutations is
stronger in larger populations (Bachtrog 2008). Indeed, se-
lective sweeps have drastically reduced Y genetic diversity
in mice (Morgan and Pardo-Manuel de Villena 2017). The
multifaceted effects of effective population size on the
speed of sex chromosome degeneration make it difficult
to predict whether species with varying population sizes
will differ in terms of the intensity of degeneration of their
NRRs. More empirical and theoretical work is required to
address this question.

Comparing young sex chromosomes in species that in-
herited them from a common ancestor allows us to con-
trol for the age of the NRR and gene content and test
whether other factors such as population size actually in-
fluence the speed of degeneration. This was recently done
in three closely related stickleback species that share the
same ancestral XY chromosomes but display various de-
grees of X-Y differentiation and Y degeneration (Sardell
et al. 2021). The ancestral stratum common to all three
species shows substantial interspecific differences, suggest-
ing that the speed of Y degeneration is variable, though the
factors responsible could not be identified.

Though degeneration appears to be an inevitable fate of
recombination suppression, some lineages with ancient and
ancestral separation of sexes carry nonrecombining sex
chromosomes displaying extremely low levels of degener-
ation. Two alternative scenarios can explain this observa-
tion. Frequent sex chromosome turnover events (Fig. 2b;
see section “Diversity of Sex Chromosomes” for details)
will act against degeneration as suggested in the
Salicaceae family (Yang et al. 2021). Alternatively, occasional
recombination between the X and the Y (or the Zand W or
the U and the V) can prevent degeneration in the absence
of turnover (Fig. 2b). In some systems, X-Y (or Z-W) recom-
bination events occur in sex-reversed individuals (XY fe-
males or ZW males), a model called “the fountain of
youth” (Perrin 2009). For instance, the frog Rana temporaria
has XY chromosomes with a very low level of differentiation
despite recombination suppression across most of the Y
chromosome. It has been shown that the occasional emer-
gence of fertile XY females allows “rejuvenation” of the Y via
recombination with the X in those individuals (Rodrigues
et al. 2018). These occasional X-Y recombination events in
sex-reversed XY females may contribute to the low levels
of Y degeneration observed in many frogs.

Rare Z-W recombination events have also been sug-
gested to occur on the sex chromosomes of the butterfly

Melanargia ines. In this species, the neo-W chromosome
was expected to show uniform Z-W divergence due to
the absence of crossover in females. However, Decroly
et al. (2024) observed three plateaux of Z-W divergence,
highlighting at least two ancient events of Z-W
recombination.

Occasional recombination between sex chromosomes
can also take the form of gene conversion events, a process
where two alleles undergo recombination without cross-
over and one allele is copy-pasted onto the other. For in-
stance, in humans, occasional events of X-Y gene
conversion have been identified in the youngest stratum
(Trombetta et al. 2014). These examples suggest that
rare recombination events (including gene conversion
events) may be a common feature of young sex chromo-
somes (or strata) and likely contribute to slow down Y/
W degeneration in some cases.

Evolution of Dosage Compensation

Following the degeneration of the sex-specific nonrecom-
bining region, the heterogametic sex should experience de-
creased expression levels of its sex-linked genes compared
with the homogametic sex, if it was not for the evolution of
a phenomenon called dosage compensation (hereafter
DC). DC patterns are very diverse and have been classified
into categories depending on two expression ratios (Gu
and Walters 2017). The first expression ratio is XY male/
XX female (or ZW female/ZZ male). If this ratio is equal
to 1, males and females have equal expression levels and
dosage balance is achieved. Conversely, if this ratio is <1,
Y/W degeneration is not compensated for and the hetero-
gametic sex has lower expression than the homogametic
sex. The second expression ratio is XY male/AA (or ZW
female/AA), where AA stands for autosomal expression le-
vels. If this second expression ratio is equal to 1, ancestral
expression levels have been recovered for sex-linked genes
in the heterogametic sex. This type of DC is called DC sensu
stricto. If Y genes have been lost, to obtain DC sensu stricto,
X expression has to be upregulated to the extent it has
doubled relative to its ancestral state. If the XY male/AA
expression ratio is <1, Y degeneration causes males to
have lower expression levels than ancestrally, before the
evolution of the Y chromosome.

DC patterns are categorized into four broad types that
reflect levels of dosage balance and DC sensu stricto (Gu
and Walters 2017). Type | DC corresponds to perfect DC,
meaning cases where both dosage balance and DC sensu
stricto are achieved (Gu and Walters 2017), as in the guppy
fish Poecilia picta and Poecilia parae, in which X gene ex-
pression is upregulated in males (Metzger et al. 2021).
Similar patterns of equal expression of Z-linked and auto-
somal genes in males and females are observed in the
crustacean Artemia franciscana (Huylmans et al. 2019).
Mosquito XY sex chromosomes also show patterns con-
sistent with complete DC (Jiang et al. 2015).

Type Il DC groups patterns similar to placental mammal
DC, where dosage balance is achieved but not DC sensu
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stricto (Gu and Walters 2017). Indeed, in humans and
other placental mammals, the X/AA expression ratio in
males is close to 0.5 in both transcriptomic and proteomic
data (Chen and Zhang 2015, 2016). These results suggest
that ancestral expression levels have not been recovered
in males. However, it is still debated whether DC sensu
stricto is achieved in placental mammals thanks to a post-
transcriptional upregulation of gene expression (Wang
et al. 2020; Cecalev et al. 2024). Dosage balance is achieved
in placental mammals thanks to the inactivation of one X
chromosome in females (Barr and Bertram 1949).
Interestingly, X chromosome inactivation does not affect
all X genes equally. In particular, about 25% of X genes es-
cape X inactivation in humans and were found to be under
strong selective constraint, suggesting that escaping X
chromosome inactivation is selected for in those genes
(Park et al. 2010; Slavney et al. 2016). Most of these X in-
activation escapees are found in recent strata, where Y de-
generation is less advanced and therefore DC is not as
necessary as in older strata (Carrel and Willard 2005).

Type Il DC stands for absence of DC altogether, i.e. the
absence of dosage balance and absence of DC sensu stricto
(Gu and Walters 2017), as observed, for example, in the
Komodo dragon (Rovatsos et al. 2019).

Finally, type IV DC corresponds to DC sensu stricto but
absence of dosage balance (Gu and Walters 2017). This ra-
ther rare pattern of X upregulation in both males and fe-
males was observed in S. latifolia (Muyle et al. 2018), in
the flour beetle Tribolium castaneum (Prince et al. 2010),
in stratum 2 of the three-spined sticklebacks (Schultheify
et al. 2015) and in schistosome parasites, which have in-
creased Z expression in both sexes (Picard et al. 2018;
Chen et al. 2020). However, follow-up studies led to
contradictory results both in S. latifolia (Krasovec et al.
2019) and beetles (Mahajan and Bachtrog 2015; Whittle
et al. 2020; Bracewell et al. 2023). Type IV DC could corres-
pond to an intermediary stage of DC evolution where ex-
pression levels are corrected in XY males (or ZW females)
but not yet in XX females (or ZZ males).

Even though some species lack global mechanisms of
DC, few species seem to have a complete absence of DC
for all genes, and many species show mixed DC patterns,
with some genes that are dosage compensated (type | or
I1) and others not at all (type Ill). These mixed patterns,
also called “gene-by-gene DC” were observed, for example,
in gila monster (Webster et al. 2024), in the lizard Anolis
carolinensis (Rupp et al. 2017), in various plant species
(Crowson et al. 2017, Martin et al. 2019; reviewed in
Muyle et al. 2022), in chicken (Zimmer et al. 2016), and
in butterflies and moths (Walters and Hardcastle 20171;
Harrison et al. 2012; Walters et al. 2015; Gu et al. 2017;
Catalan et al. 2018). Some butterfly species and specific tis-
sues in certain species indeed seemed to have incomplete
DG, but the removal from analyses of genes with differen-
tial expression between sexes (hereafter sex-biased genes)
led to reevaluate DC as being complete for multiple spe-
cies (Huylmans et al. 2017; Ho6k et al. 2019). Indeed, the
presence of genes with sex-biased expression on sex
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chromosomes can bias the analysis of global DC patterns.
For instance, an excess of female-biased genes on the X will
cause the global XY male/XX female expression ratio to be
<1, suggesting a lack of dosage balance. Disentangling the
effect of sex-biased gene expression from Y/W gene silen-
cing is challenging. Indeed, a loss of Y expression looks like
female-biased expression in the absence of DC. However,
at the gene level, loss of Y expression in the absence of
DC leads to XY male/XX female gene expression ratios of
0.5 at the lowest. Female-biased gene expression at the
gene level can lead to XY male/XX female gene expression
ratios much <0.5. We therefore recommend removing all
sex-biased genes with a >2-fold expression ratio for DC
analyses, to avoid biasing global sex chromosome patterns
of expression ratios. Sex-biased genes likely play roles in
sex-specific functions and are therefore not expected to re-
quire equal dosage between males and females.

Dosage-sensitive genes, unlike sex-biased genes, are
genes whose function is impaired by dosage imbalance,
as, for example, genes involved in protein complexes,
where it is crucial to have stoichiometric quantities of
each partner. Genes forming protein complexes were
shown to be fully dosage compensated in human sex chro-
mosomes (Pessia et al. 2012, 2014). A better characteriza-
tion of dosage-sensitive genes may help us understand why
in some species only a few genes are dosage compensated,
while in others, complete DC is observed.

DC patterns not only vary among gene types but also
among tissues and developmental stages, as observed in
Drosophila (Nozawa et al. 2014; Huylmans and Parsch
2015). DC patterns can even vary between stages of the
life cycle, as in Schistosoma mansoni (Vicoso and
Bachtrog 2011; Picard et al. 2019). The causes behind
this variation of DC patterns among tissues, developmen-
tal stages, and life forms are still poorly understood.
However, different abundances of sex-biased genes in dif-
ferent tissues could bias patterns (Huylmans and Parsch
2015).

Most of the above-mentioned studies were performed
on transcriptomic data. However, RNA sequencing
(RNA-seq) data can only provide an incomplete view on
DG, since regulatory mechanisms can also act at the trans-
lation stage to balance protein quantity between males
and females. In birds, for example, most genes are not dos-
age compensated when looking at RNA-seq data (Uebbing
et al. 2013). However, when measuring protein quantity in
embryos, some genes showed complete DC at the protein
level (Uebbing et al. 2015).

The past years of research have unfolded the diversity of
DC patterns in species with sex chromosomes; however,
the exact molecular actors of DC regulation are only
known in a few species: the MSL complex in Drosophila
(Lucchesi and Kuroda 2015), the long noncoding RNA
XIST in placental mammals (Marahrens et al. 1997), the
convergently evolved long noncoding RNA RSX in marsu-
pials (Grant et al. 2012), the sex-specific factor SOA in
Anopheles mosquitoes (Kalita et al. 2023), and the long
noncoding RNA MAYEX in the green anole lizard
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(Tenorio et al. 2024). These DC regulators modify epigen-
etic marks such as DNA methylation and histone modifica-
tions on sex chromosomes in a sex-specific manner,
allowing to balance expression between sexes and/or sex
chromosomes and autosomes.

In the absence of identified molecular actors for DC
regulation in most species, it remains unclear whether
DC patterns are due to bona fide DC or simple buffering
mechanisms. Buffering occurs when any gene present in
a hemizygous state (only one gene copy in an otherwise
diploid individual) is more highly expressed than the ex-
pected 50% of gene expression in the diploid state.
Buffering was observed in Drosophila (Malone et al.
2012) and yeast (Hose et al. 2015), when one of the two
copies of an autosomal gene was artificially deleted.
Buffering differs from DC bona fide because it can affect
any gene (on autosomes and sex chromosomes), while
DCis a phenomenon limited to sex chromosomes with de-
generated Y/W expression. Because buffering automatical-
ly upregulates gene expression in the hemizygous state, it
might contribute to DC patterns on sex chromosomes,
without the need for a specific mechanism to evolve
(such as the MSL complex in Drosophila). However, buffer-
ing is unlikely to explain full compensation patterns be-
cause, at least in Drosophila autosomal genes, buffering
was shown to be heterogeneous across genes and sexes,
with some genes being fully buffered when hemizygous,
while other genes had a complete absence of buffering
when hemizygous (Malone et al. 2012). In addition, buffer-
ing is expected to affect expression levels only in the het-
erogametic sex (the sex with Y/W degeneration), meaning
that buffering cannot explain DC patterns where the
homogametic sex expression has changed. For instance,
X chromosome imprinting in S. latifolia, with a higher ma-
ternal X expression in both males and females does not fit
well with buffering (Muyle et al. 2018, 2022), nor does low-
er X expression of some sex-linked genes in females of
Rumex rothschildianus (Crowson et al. 2017).

We still have a lot to learn about how DC evolves. The
effects of effective population size, size and age of the NRR
should be further explored empirically and theoretically. In
particular, it is still unclear why some sex chromosomes
have incomplete DC even after hundreds of millions of
years of evolution, while others have evolved complete
DC. It also remains to be discovered how DC can transition
from being local to global. DC evolution on the Drosophila
miranda neo-X gives a partial answer to this question.
Indeed, some D. miranda neo-X genes had their expression
doubled in males, while other neo-X genes still maintain
ancestral expression (Nozawa et al. 2018). The status of
each X gene depends on whether the Y copy is fully degen-
erated or not. This gradual spread of DC on the D. miranda
neo-X was facilitated by the acquisition of cis-regulators
through TE transpositions on the neo-X (Ellison and
Bachtrog 2013). However, the mechanism regulating DC
was already present in the ancestor of D. miranda, before
the evolution of the neo-X, which likely facilitated the
gradual spread of DC onto the neo-X. Different

mechanisms might be at play on young sex chromosomes
evolving global DC for the first time.

Evolution of Sex Chromosome Gene Content
and Evolutionary Rates

On top of changes in expression levels linked to Y degener-
ation and DC evolution, sex chromosomes can also evolve
different proportions of sex-biased genes compared with
the ancestral autosomal pair from which they evolved. For
instance, the X chromosome spends two-thirds of its time
in females, which can drive its enrichment in female-biased
genes, the so-called X feminization effect (Rice 1984;
Bachtrog 2006). In ZW sex chromosomes, a similar process
can lead to Z masculinization, as observed in Lepidoptera
(Huylmans et al. 2017). An opposite phenomenon is called
X masculinization and consists in enrichment of the X in
male-biased genes when the X is mostly hemizygous in
males, as is the case in humans (Lercher et al. 2003).
Indeed, when Y genes are lost, recessive male-beneficial al-
leles are directly visible to selection in X-hemizygous males
and can become fixed. If these male-beneficial X alleles are
deleterious for females, male-biased expression can evolve
to resolve sexual antagonism (Rice 1984; Bachtrog 2006).

The Y chromosome, on the other hand, is expected to be-
come enriched in genes related to male functions, since it is
male specific. For example, in D. miranda, the neo-Y male-
biased genes are retained longer than female-biased genes
and poorly expressed genes, which are more likely to be
lost due to degeneration (Kaiser et al. 2011). Although
most Y genes are involved in spermatogenesis in placental
mammals, slightly different gene sets were retained on the
Y of mice and humans (Subrini and Turner 2021).

The gene content of sex chromosomes can also evolve
through gene translocations, as described in S. latifolia
for the SICyt gene whose movement to the sex chromo-
somes is supposed to have been selected for (Kaiser
et al. 2009). A similar phenomenon occurred in the seed
beetle Callosobruchus maculatus, where males carry an
additional TOR copy on the Y chromosome. TOR is a
regulator of body size and its presence on the Y likely con-
tributes to sexual dimorphism. Duplication and transloca-
tion of the autosomal TOR gene onto the Y chromosome
may have helped resolve sexual conflict over body size in
that species (Kaufmann et al. 2023). On the other hand,
some Y genes escape from the Y by translocating to auto-
somes (Bracewell and Bachtrog 2020). These translocation
events out of the Y are likely favored to avoid gene
degeneration.

In animals, the male germline induces a higher mutation
rate than the female germline due to the higher number of
cell divisions that occur in the testes compared with the
ovaries. Because the Y chromosome is only transmitted
through the male germline, it has a higher mutation rate
than the autosomes. The X chromosome spends
two-thirds of its time in females and is not subject to
this increased mutation rate. Autosomes spend equal
amounts of time in males and females, causing the X
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chromosome to have a lower mutation rate than auto-
somes (Malcom et al. 2003). This has important implications
for the rate of degeneration of Y vs. W chromosomes, be-
cause Ws are female specific and, therefore, expected to de-
generate more slowly than Y chromosomes.

The gene content of the Y chromosome also evolves
through duplication of genes into multiple copies that are
called amplicons, often forming palindromes that can recom-
bine through gene conversion (Geraldes et al. 2010; Oetjens
et al. 2016; Vegesna et al. 2020; Tomaszkiewicz et al. 2023). It
has been proposed that palindromic Y gene conversion
maintains the sequence integrity of Y genes and prevents
Y degeneration in the absence of X-Y recombination
(Marais et al. 2010). Another hypothesis for the origin of Y
ampliconic gene clusters is that they arise because of trans-
mission distorters (genes that favor their own transmission
during meiosis), as observed in mice (Moretti et al. 2020).
Palindromes are also observed on the mouse X and similarly
undergo gene conversion, which may contribute to their ac-
celerated evolutionary rates (Swanepoel et al. 2020).

Following the degeneration of NRRs, sex-linked genes can
become hemizygous (without a Y/W homolog). Hemizygos-
ity reveals recessive alleles to selection, which potentially
triggers higher levels of positive selection. Therefore, hemi-
zygosity may lead to accelerated levels of X/Z protein evo-
lution. On the other hand, the X/Z chromosomes have
three quarters the effective population size of autosomes,
which may lead to relaxed selection and higher rates of
X/Z protein evolution. Therefore, the so-called faster-X
(or faster-Z) evolution may be due to two phenomena:
(i) relaxed selection causing faster-X divergence or
(i) increased adaptation rates resulting in faster-X
adaptation (Meisel and Connallon 2013). In Dr. miranda,
X-hemizygous genes evolve faster than X genes that re-
tained a functional Y homolog, suggesting that higher adap-
tation in X-hemizygous genes is responsible for the faster-X
effect (Zhou and Bachtrog 2012). However, in many species,
the role of adaptation in faster-X evolution is less clear than
in Drosophila. The analysis of two Stegodyphus spider spe-
cies with contrasting life-history traits (inbreeding social
vs. subsocial outcrossing) showed a prominent role for drift
in faster-X evolution, although some patterns were consist-
ent with positive selection acting on the X (Bechsgaard et al.
2019). In birds, faster-Z evolution at the sequence level was
attributed to the reduced effective population size of the Z
compared with autosomes (Mank et al. 2010). Also in birds,
Z-gene expression levels evolve faster than autosomal gene
expression levels (Dean et al. 2015). This faster-Z effect at
the gene expression level was linked to selection acting on
recessive beneficial alleles of Z-hemizygous genes in females.
A similar faster-X effect was observed in Drosophila at the
gene expression level and was linked to a combination of
neutral processes and also natural selection fixing advanta-
geous cis-regulatory changes in male-biased genes on the X
(Coolon et al. 2015).

While faster-X effect is expected in degenerated sex chro-
mosomes that are mostly hemizygous due to degeneration
and gene loss, another effect called the slower-X effect has
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been described on recently evolved sex chromosomes
(Mrnjavac et al. 2023). Because of the smaller effective
population size of the X and its biased transmission through
females, it is predicted that selection is less efficient on dip-
loid X loci than on autosomal and X-hemizygous loci, espe-
cially for genes related to male functions. This slow-X effect
may cause higher rates of nonsynonymous substitutions
and demasculinization of the X in young sex chromosomes.

Therefore, sex chromosomes do not necessarily main-
tain their ancestral gene content over evolutionary time,
can differentially accumulate female- or male-biased genes,
and experience changes in their evolutionary rates.

The Ultimate Causes of Sex Chromosome
Recombination Suppression

Over the past years, the field of sex chromosome evolution
witnessed a burst of theoretical developments related to
the question of why sex chromosomes stop recombining
(reviewed in Kafer 2022; Charlesworth 2023; Jay et al.
2024; Veltsos et al. 2024). Please refer to the above section
on sex chromosome origins for details on the proximate
mechanisms explaining how recombination becomes sup-
pressed. It is important to understand why recombination
suppression occurs, given that it triggers all other evolu-
tionary processes involved in sex chromosome evolution.
At any given time, selection could favor mechanisms rees-
tablishing recombination between sex chromosomes to
reduce the deleterious mutation load of the NRR. There
must, therefore, be one or multiple balancing evolutionary
forces that explain why, in many cases, recombination sup-
pression between sex chromosomes is maintained over
evolutionary time.

Until recently, the literature had been dominated by a
single theory proposing that recombination suppression
of sex chromosomes is driven by SA selection (Rice 1984,
1987). This model posits that SA mutations (advantageous
in one sex and deleterious in the other) are selected if they
are tightly linked to the sex-specific region, providing ad-
vantage to one sex without damaging the other. SA selec-
tion may therefore favor recombination suppression
between the sex-specific NRR and a closely linked SA
loci. So far, no direct evidence of this theory has been ob-
served. It is particularly difficult to prove the SA theory, be-
cause SA genes are also predicted to accumulate on sex
chromosomes after recombination suppression, and iden-
tifying genes under SA selection in the recombining part of
sex chromosomes is challenging (Dagilis et al. 2022).
Nevertheless, SA selection is still a good candidate to ex-
plain why recombination suppression is maintained in
the long run, and likely contributes to prevent reestablish-
ment of recombination on sex chromosomes.

Various patterns indirectly consistent with the expecta-
tions of the SA theory have been described in different spe-
cies. For instance, PAR genes show increased diversity and
increased male-female single nucleotide polymorphism
(SNP) differentiation in S. latifolia (Qiu et al. 2016). This
pattern is consistent with SA alleles being maintained
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polymorphic at partially sex-linked loci. But other scen-
arios could explain the pattern, such as demographic
changes. In another study, it was shown that the NRR of
monkeys and apes is larger than that of lemurs and lorises
(Shearn et al. 2020). It was proposed that SA selection may
have driven further recombination suppression in the for-
mer, given they display stronger sexual dimorphism.

A recent test of the SA theory in guppies was a source of
debate. These fish are particularly interesting when it
comes to SA selection, because they are known to harbor
SA color patterns (Endler 1980). Bright coloration alleles
are advantageous in males due to sexual selection, but dis-
advantageous in females due to predation (Houde and
Endler 1990). In theory, if encoded on the sex chromo-
somes, these SA color patterns could impact recombin-
ation suppression (Charlesworth 2018). Wright et al.
(2017) studied sex chromosomes in various populations
of the guppy Poecilia reticulata experiencing different pre-
dation rates, and presumably different intensity of SA se-
lection. The authors used male over female SNP density
to annotate NRRs and concluded that recombination sup-
pression affected 40% of the sex chromosome pair in po-
pulations with low predation, as opposed to only 12% in
populations with high predation. They concluded that
SA selection triggered further recombination suppression
in populations with low predation where males are more
colorful (Wright et al. 2017). Further studies by the same
research team using other data and closely related guppy
species claimed similar results, i.e. that recombination sup-
pression affects a large part of the Y chromosome and that
the NRR has a common ancestry among multiple guppy
species (Darolti et al. 2019; Wright et al. 2019; Almeida
et al. 2021; Fong et al. 2023). In the meantime, an inde-
pendent research team concluded that recombination is
focused at the tips of all chromosomes in guppy males,
but rare recombination events occur on almost the entire
length of the sex chromosome pair, with only about 4% of
the Y chromosome that is completely nonrecombining
(Bergero et al. 2019; Bergero and Charlesworth 2019;
Charlesworth et al. 2020a, 2020b; Qiu et al. 2022;
Charlesworth et al. 2024). A third research team assembled
a male guppy genome and corroborated that the NRR is
small in P. reticulata (Fraser et al. 2020). Finally, a fourth re-
search team reanalyzed data from the aforementioned
teams and found no Y-specific SNPs in “stratum II” identi-
fied by Wright et al. (2017), suggesting again that this re-
gion recombines from time to time (Kirkpatrick et al.
2022). Genetic mapping in different P. reticulata popula-
tions recently confirmed that recombination patterns
are similar among populations, regardless of whether po-
pulations undergo more or less intense SA selection
(Charlesworth et al. 2024). Therefore, as of today, there
is no consensual evidence that SA selection is involved in
recombination suppression in guppies.

A few years ago, a second theory explaining why recom-
bination becomes suppressed between sex chromosomes
proposed that gradual neutral sequence divergence be-
tween the X and the Y (or Z-W or U-V) may arise in the

PAR near the boundary with the NRR due to partial sex
linkage, until divergence reaches levels that entirely pre-
vent recombination (Jeffries et al. 2021). This model pre-
dicts that the NRR might expand gradually, which
should be reflected by a pattern of gradual increase in
X-Y sequence divergence when moving away from the
PAR-NRR boundary. This model relies on the idea that
X-Y divergence in the partially sex-linked region of PAR
close to the boundary should reduce the rate of recombin-
ation, which remains to be demonstrated. As raised by
Lenormand and Roze (2024), current data on meiotic re-
combination rates in species without sex chromosomes
suggest that higher heterozygosity can actually promote
meiotic crossovers rather than repress them. This model
does not propose a mechanism to explain the long-term
maintenance of recombination suppression once deleteri-
ous mutations start accumulating in the NRR, but it makes
clear predictions which should allow to test whether it is
responsible for recombination suppression in some sex
chromosome systems (gradual increase in X-Y differenti-
ation away from the PAR-NRR boundary and elevated gen-
etic diversity in the PAR in the region adjacent to the
boundary; Jeffries et al. 2021).

A third recent theory relies on regulatory evolution to ex-
plain recombination suppression on sex chromosomes, and
accounts for both the establishment and the long-term
maintenance of recombination suppression (Lenormand
and Roze 2022). This theory starts with a “lucky inversion”
on the Y that carries fewer deleterious mutations than
noninverted haplotypes and can be fixed by chance in a
population thanks to this initial fithess advantage. Once
recombination is suppressed, cis-regulators diverge be-
tween the X and the Y (Lenormand et al. 2020). A stochas-
tic decrease in Y allele expression fires a feedback loop
where Y alleles accumulate mutations in cis-regulators
that lower their expression level, which in turn lowers
the efficacy of selection on Y proteins, causing the accu-
mulation of deleterious mutations, that consequently se-
lect for adaptive silencing of Y alleles, eventually leading to
complete Y gene loss. This phenomenon cannot occur on
the X because deleterious recessive mutations are not
sheltered in a heterozygous state on the X, unlike on
the Y. Importantly, the evolution of Y silencing through
X/Y cis-regulator divergence is independent from Y de-
generation due to selective interference. If X/Y genes are
dosage sensitive, the silencing of Y alleles will quickly be
compensated by the evolution of DC, either through cis
or trans effects. Once DC has evolved, X-Y recombination
reestablishment is counter selected, because it would lead
to unfavorable combinations of upregulating or silencing
cis and trans effects that would cause expression issues for
dosage-sensitive genes. In other words, the evolution of
DC results in SA effects, because the presence of two X al-
leles is only advantageous in a female background, while
the combination of X and Y alleles is only advantageous
in a male background.

The regulatory evolution theory for recombination sup-
pression predicts that Y degeneration and DC will both
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evolve early during sex chromosome evolution. This differs
from the classical theory where Y degeneration increases
progressively due to selective interference. In particular,
the classical theory fails to explain why small nonrecom-
bining regions should degenerate, because selective inter-
ference is limited when only a few genes are trapped in an
NRR. Interestingly, DC has evolved for a few genes in Silene
otites ZW sex chromosomes which are extremely young
(~0.6 My old), even though the NRR is small (Martin
et al. 2019), consistent with predictions made by the regu-
latory evolution theory. In another study, putative enhan-
cers of Y expression exhibited elevated substitution rates
and decreased polymorphism in stickleback and were as-
sociated with lower Y expression compared with the X
(Shaw et al. 2024). These results suggest that cis-regulatory
regions are under positive selection to become silenced on
the Y, consistent with expectations of the model by
Lenormand and Roze (2022).

A fourth theory was published in parallel and coined the
“sheltering of deleterious mutations” model. This theory
focuses on what corresponds to the first step of the regu-
latory evolution theory (the fixation of a lucky inversion),
but no regulatory evolution was included in models. The
sheltering theory proposes that Y inversions that prevent
recombination between the X and the Y have a higher
probability to become fixed in populations compared to
autosomal inversions (Jay et al. 2022). The first step of
the theory is the occurrence of a Y inversion that initially
carries fewer deleterious mutations than other nonin-
verted haplotypes in the population. This initial lower
load advantage can lead to an increase in frequency of
the inversion (at this stage, the sheltering is not happening
yet). The next step is a race against time for the inversion
to become fixed before it accumulates too many nonreces-
sive deleterious mutations due to Y degeneration in the
absence of recombination. The Y inversion’s recessive dele-
terious mutations are sheltered from selection due to the
heterozygous state of the Y chromosome (i.e. mutations
arising on the Y inverted haplotype are never in a homo-
zygous state). This sheltering of recessive deleterious mu-
tations does not occur for autosomal inversions,
explaining why Y inversions have a higher probability to
fix than autosomal inversions (Jay et al. 2022).

The validity and relevance of the sheltering theory is un-
der ongoing debate (Olito and Charlesworth 2023;
Lenormand and Roze 2024; Jay et al 2024; Charlesworth
and Olito 2024). Olito and Charlesworth (2023) initially
criticized Jay et al. (2022) for (i) excluding inversions that
were lost in the first 20 generations of their simulations,
which they claim biased the results towards higher fixation
probabilities for Y inversions, and (ii) not including simula-
tions with neutral inversions (i.e. inversions carrying no
deleterious mutations), which are necessary to establish
whether an inversion carrying deleterious mutations has
a net selective advantage. Olito and Charlesworth (2023)
reran Jay et al. (2022)’s simulations in the light of this miss-
ing data. As expected, including the first 20 generations re-
sulted in a decrease in fixation probabilities across all
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simulations and parameter values. Nevertheless, the quali-
tative results of Jay et al. (2022) remained largely un-
changed: under some conditions, inversions carrying
deleterious mutations are more likely to become fixed
on Y chromosomes than autosomes (as shown by Fig. 2
in Olito and Charlesworth 2023). However, Charlesworth
and Olito (2024) argue that Y inversion fixation probability
should be compared to neutral inversions, to test for any
selective advantage of Y inversions that carry mutations.
When comparing Y inversions to neutral inversions,
Charlesworth and Olito (2024) showed that Y inversions
are selectively favored only under restricted conditions
that the authors judge unrealistic (when mutations are
fully recessive, or when selection is very weak). These con-
clusions were corroborated by Olito et al. (2024), after cor-
recting an error in their retracted paper (Olito el al. 2022).
Jay et al. (2024) argue that comparisons with a neutral
model is not as informative as comparisons to autosomes,
given the sheltering effect is not a standard directional se-
lective force but rather a protection against a detrimental
effect (the expression of recessive mutations). Olito et al.
(2024) highlighted other constraints faced by lucky Y in-
versions which they claim make their probability of fix-
ation negligible: (i) recessive or partially recessive
deleterious mutations captured by Y inversions can also
be segregating on X chromosomes, so they will be ex-
pressed as homozygous in XY individuals at the frequency
with which they occur on the X (ii) the advantage of lucky
inversions will gradually erode as new mutations accumu-
late over time. Both phenomena can occur in simulations
carried by Jay et al. (2022). To summarize the current state
of the controversy, both groups seem to agree that the
sheltering of deleterious mutations can cause Y inversions
to fix at a higher rate than autosomal ones, under some
conditions. A debate remains on how general or specific
the sheltering theory is, and what are the parameter ranges
where it may apply.

Unlike the regulatory evolution theory, the sheltering
theory does not propose an explanation for the long
term maintenance of recombination suppression
(Lenormand and Roze 2024). Indeed, Y inversions accumu-
late deleterious load due to degeneration and any rever-
sion to a recombining state should be selected for
because it increases the fitness of the heterogametic sex.
Experimental data are currently lacking to know how
plausible it is for recombination suppression to be re-
verted. Jay et al. (2022) argue that it is unlikely to revert
a Y inversion to a recombining state because a second in-
version would have to occur at the exact same breakpoints
as the initial inversion. However, in a new simulation study,
Lenormand and Roze (2024) showed that very low rates of
recombination reestablishment are sufficient to prevent
the sheltering theory from acting. The sheltering theory
may still explain initial recombination suppression.
Reversion to a recombining state may be prevented by
the rapid evolution of a complex combination of various
chromosomal rearrangements on the Y (Jay et al. 2022,
2024). However, a sex chromosome turnover leading to
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the loss of the Y chromosome is another plausible solution
to restore recombination, regardless of how rearranged the
Y chromosome is (Lenormand and Roze 2024). Jay et al.
(2024) still argue that the sheltering theory may allow Y in-
versions to fix in the short term and be observed in nature,
regardless of their long-term fate, similar to other evolu-
tionary phenomena such as self-fertilization, which have
short-term advantages but are deleterious in the long-run.

Finally, preexisting low recombination rates have some-
times been listed as a possible cause for recombination
suppression in newly evolved sex chromosomes (Rifkin
et al. 2021; Charlesworth 2023). However, we would like
to highlight that this factor is not directly comparable
with the models mentioned above. Heterochiasmy and
achiasmy can indeed trigger recombination suppression
on sex chromosomes (as explained above in the “Origins
of Sex Chromosomes” section), but we believe those fac-
tors explain how recombination becomes suppressed ra-
ther than addressing the evolutionary mechanisms
causing recombination suppression. In this case, recombin-
ation suppression on sex chromosome is a by-product of a
preexisting genomic feature that evolved independently.
Why heterochiasmy and achiasmy have evolved in some
lineages and not others is a topic that is still open to de-
bate (Lenormand et al. 2016; Sardell and Kirkpatrick
2020). In addition, heterochiasmy and achiasmy cannot ex-
plain the evolution of strata, but only initial recombination
suppression of sex chromosomes.

Identification of Sex Chromosomes and
Sex-Linked Sequences

To study their evolution and diversity, sex chromosomes
and sex-linked sequences first need to be properly identi-
fied. Historically, sex chromosomes used to be detected
cytologically by analyzing karyotypes and identifying
chromosome pairs displaying morphological differences
in one sex. Though efficient for species with heteromorph-
ic chromosomes, this approach does not allow to charac-
terize sex chromosomes in species with homomorphic sex
chromosomes, common in fish and reptiles for instance.
This deficit was recently addressed with the development
of multiple bioinformatic approaches based on sequencing
data. The high TE content and heterozygosity level of sex
chromosomes makes assembling their sequences a chal-
lenge and specific methods had to be developed. These
new methods have played a determinant role in shaping
our current view of sex chromosome diversity. Palmer
et al. (2019) and Muyle et al. (2017) provided comprehen-
sive reviews of these methods; here, we will focus on the
most widely utilized approaches.

The “depth of coverage” approach is suited to detect
sex-linked regions with a substantial level of divergence.
The principle behind this method involves conducting
genomic sequencing on one or more individuals of each
sex from the same species, aligning sequenced reads to a
reference genome, and searching for regions with unba-
lanced male:female coverage ratio along assembled

sequences (Fig. 2¢). If enough divergence has accumulated
between a pair of X and Y (or Z and W), X sequences will
exhibit approximately one half the sequencing depth in
males compared with females (and vice versa for Z se-
quences), while Y or W sequences will exhibit, respectively,
male- or female-limited coverage. This approach has been
successfully applied across a massive range of taxa, includ-
ing insects, trematodes, plants, reptiles and many more
(e.g. Fraisse et al. 2017; Miller et al. 2020; Elkrewi et al.
2021; Kostmann et al. 2021). Its main limitation is that it
does not work well on sex chromosome pairs with poor
differentiation.

A second type of approach, coined the “subtraction ap-
proach” aims specifically at identifying sex-specific se-
quences in species with known sex-determining systems.
In its most classic form, if a reference genome is available
for the homogametic sex, RNA-seq is performed for the
heterogametic sex, raw reads are mapped to the reference,
and unmapped reads are assembled to obtain putative Y-
or W-limited transcripts (Cortez et al. 2014). In the ab-
sence of a reference genome, similar results can be
achieved by sequencing RNA and assembling transcripts
for the heterogametic sex. Mapping genomic reads from
both sexes to those transcripts allows identifying putative
Y or W transcripts, by filtering transcripts with no coverage
from the homogametic sex (Cornejo-Paramo et al. 2020).
Because they require that sex chromosomes are sufficient-
ly diverged for reads from sex chromosomes to not match
to each other, subtraction approaches are also most suited
for species with high sex chromosome divergence.

So-called k-mer-based approaches are quite similar in
essence and yield similar results to subtraction approaches.
One approach consists in mapping k-mers of whole-
genome sequencing reads from an individual of the homo-
gametic sex to an assembled genome of the heterogametic
sex. Assembled sequences with no hits are likely to be part
of the Y/W chromosome (Carvalho and Clark 2013). An
extension of this approach, which does not require a refer-
ence genome, uses DNA/RNA data from both sexes.
Following the identification of k-mers specific to the het-
erogametic sex, reads carrying these k-mers are extracted
and assembled into W- or Y-specific genetic sequences or
transcripts (Tomaszkiewicz et al. 2016; Elkrewi et al. 2021).

The third type of approach relies on SNPs and is suited
to detect sex-linked regions with a low level of divergence.
It is based on population genetics and the comparison of
male and female genotypic polymorphisms, using either
wild-caught or bred specimens. The core principle is to se-
quence short genomic or transcriptomic reads for multiple
males and females, and scan the data to identify genomic
signatures of recombination suppression in one sex, usual-
ly following mapping to a reference genome or transcrip-
tome and performing variant calling. An elevated SNP
density, an enrichment in heterozygous markers or sex-
limited variants are all expected in the heterogametic sex
for regions with low sex chromosomes divergence (i.e. as-
suming that X and Y or Z and W sequenced reads are close
enough to map on the same reference, Fig. 2c). Male vs.
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female Fst (an indicator of genetic differentiation) can also
be used to detect sex-linked regions. Different implemen-
tations of this approach have been used to identify sex
chromosomes and sex-linked sequences in plants, fish,
and reptiles among others (Pucholt et al. 2017; Hill et al.
2018; El Taher et al. 2021; Kéfer et al. 2022). Variations of
this approach allow characterizing the sex-determining
system (XY or ZW) and identifying sex-linked sequences
or genes without using a reference genome, following
the assembly of raw reads (RAD-seq reads assembled
into RADtags, e.g. Brelsford et al. 2017, or RNA-seq reads
assembled into transcripts, e.g. Saunders et al. 2024).
Instead of sampling males and females in natural popula-
tions, it is also possible to analyze segregation patterns of
polymorphic markers in a cross, which involves sequencing
parents and a few offspring of each sex (Michalovova et al.
2015; Muyle et al. 2016). This provides a much higher sen-
sitivity and specificity to analyses, but is only applicable to
species that can be bred in controlled conditions.

A multitude of programs or R packages has been devel-
oped to facilitate and streamline analyses for all types of
approaches (Muyle et al. 2016; Rangavittal et al. 2018;
Feron et al. 2021; Kéfer et al. 2021; Cabrera et al. 2022;
Grayson et al. 2022; Nursyifa et al. 2022; Sigeman et al.
2022; Devloo-Delva et al. 2024). The best program or ap-
proach to use depends on multiple factors. Key elements
to consider are the degree of sex chromosome differenti-
ation, the existence of a reference genome, the type of
data, and the number of samples available (Muyle et al.
2017). Because the degree of sex chromosome differenti-
ation is difficult to ascertain prior to analysis, a good strat-
egy is to combine different approaches to maximize the
chances to detect sex-linked markers (Elkrewi et al. 2021;
Kafer et al. 2021). This also provides the opportunity to de-
tect regions with various degrees of differentiation in the
same genome (i.e. young and old strata). Most approaches
can work with different data types. Whole-genome se-
quencing data provides the best coverage of the genome
and allows detecting small/poorly differentiated sex-linked
regions. Reduced-representation genome sequencing (e.g.
RAD-seq) is a cheap way to sequence many individuals,
but the patchiness of sequenced regions might overlook
small sex-linked regions, and the absence of a reference
genome significantly limits mapping capacities for enrich-
ment or comparative analyses (Hill et al. 2018). This issue
can be mitigated with RNA-seq, via the assembly of tran-
scripts, which size and degree of genetic conservation al-
lows mapping to genomes of distantly related species
(Saunders et al. 2024). Limited sample sizes make some ap-
proaches prone to errors, especially if recombination is re-
duced but not halted (e.g. contrasting male vs. female Fst),
leading to erroneous inference of recombination suppres-
sion. This was partially responsible for the debates regarding
guppy sex chromosome evolution, detailed in the “The
Ultimate Causes of Sex Chromosome Recombination
Suppression” section. The program SDpop (Kifer et al.
2021) includes a probabilistic framework to conduct statis-
tical analyses of sex linkage to minimize these types of errors.
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Conclusions and Perspectives

Sex chromosomes have fascinated researchers for over a cen-
tury because of their involvement in fundamental aspects of
life, namely sex determination and sexual reproduction, and
because they are among the most dynamic and fast-evolving
regions of the genome. The classical model of sex chromo-
some evolution, gradually elaborated since the start of the
20th century mostly based on the study of sex chromosomes
in model species (human, Drosophila, chicken, Caenorhabditis
elegans) is widely regarded as a fundamental paradigm and
one of the great achievements of evolutionary biology. In
the past decade, the field of sex chromosome evolution has
extended to a plethora of new nonmodel species, thanks to
the development and increased accessibility of DNA sequen-
cing. Genomic analyses in these species uncovered a truly un-
expected diversity of sex chromosome systems, revealing that
many species do not follow classical models and highlighted
that important aspects of the biology of sex chromosome
evolution remain unclear. In particular, in the past few years,
the importance of some central aspects of the classical model
was questioned, and novel theoretical models were devel-
oped to account for new empirical observations, notably to
explore the mechanisms responsible for recombination sup-
pression. Despite continual refinement of theoretical models,
and inclusion of novel species in empirical studies bringing
novel insights in our understanding of sex chromosome evo-
lution, many questions remain unanswered. What is the role
of sexually antagonistic selection in their evolution? What are
the proximate and ultimate causes of recombination sup-
pression? What is the pace of genetic divergence and degen-
eration of sex chromosomes? Why do rates of sex
chromosome turnover vary so drastically across taxa? To
summarize, understanding why, how, and when sex chromo-
somes evolve is still a major goal in evolutionary biology.
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