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Abstract Although sex chromosomes have been the
focus of a great deal of scientific scrutiny, most
interest has centred on understanding the evolution
and relative importance of X and Z chromosomes. By
contrast, the sex-limited W and Y chromosomes have
received far less attention, both because of their
generally degenerate nature and the difficulty in
studying non-recombining and often highly hetero-
chromatic genomic regions. However, recent theory
and empirical evidence suggest that the W and Y
chromosomes play a far more important role in sex-
specific fitness traits than would be expected based on
their size alone, and this importance may explain the
persistence of some Y and W chromosomes in the
face of powerful degradative forces. In addition to
their role in fertility and fecundity, the sex-limited
nature of these genomic regions results in unique
evolutionary forces acting on Y and W chromosomes,
implicating them as potentially major contributors to
sexual selection and speciation. Recent empirical
studies have borne out these predictions and revealed
that some W and Y chromosomes play a vital role in
key sex-specific evolutionary processes.
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SRY Sex-determining region Y—the sex deter-
mining gene on the eutherian Y
chromosome

Although they generally represent a restricted propor-
tion of any given genome, sex chromosomes are
fascinating because of their unique evolutionary
properties. The two main diploid varieties of sex
chromosome systems are classed by whether the
female or male is the heterogametic sex, and although
male heterogamety seems to be more common overall
than female heterogamety, both types of sex chromo-
some systems have arisen numerous independent
times in animals as well as plants (Charlesworth and
Mank 2010; Bachtrog et al. 2011), offering numerous
potential clades for the study of sex chromosome
evolution.

Within male and female heterogametic systems,
there are four types of sex chromosomes. In female
heterogamety, the homogametic sex (males) carry two
Z chromosomes, and the heterogametic sex (females)
has one Z and one W. In male heterogamety, females
(the homogametic sex) have two X chromosomes and
males (the heterogametic sex) carry one X and one Y
chromosome. Therefore, X and Z chromosomes are
similar in that they are present in both sexes, albeit in
unequal amounts. By contrast, W and Y chromosomes
are sex-limited, with the Y present solely in males and
the W restricted to females. This sex limitation greatly
reduces their number, and for every reproducing
male–female pair, there is only one W or Y

chromosome for every three Z or X chromosomes
(Fig. 1). I will therefore refer to the W and Y as minor
sex chromosomes, and will use the term major sex
chromosomes in reference to the X and Z. These
terms are based on abundance and do not refer in any
way to size (discussed below) or relative effect. In
fact, the effect of the minor sex chromosomes is, in
many ways, anything but minor.

Although minor sex chromosomes are sometimes
far smaller than their major chromosome partner, this
is not always, or even often, the case. In some recent
sex chromosomes, the minor sex chromosomes are
actually larger than the major chromosome, as is the
case in papaya (Liu et al. 2004). However, major and
minor sex chromosome pairs are more often largely
homomorphic, differing little in overall size and gene
content. This is true for most origins of sex
chromosomes in many fish (Devlin and Nagahama
2002; Mank et al. 2006), plants (Matsunaga and
Kawano 2001; Ming et al. 2007), reptiles (Ezaz et al.
2009; Janes et al. 2010) and amphibians (Nakamura
2009; Stöck et al. 2011a). Even in clades that share a
common and orthologous pair of sex chromosomes,
there can be large variation among species in the
degree of difference between the major and minor sex
chromosomes. For example, snakes share a homolo-
gous set of ZW sex chromosomes, and although the Z
and W are highly differentiated in some species, they
are largely identical in pythons (Matsubara et al.
2006). The avian Z and W chromosomes are similarly
highly differentiated in most birds (Stiglec et al.
2007); however, the ratite Z and W are nearly

Fig. 1 Most sex chromosomes come in either of two primary
types. a Animals such as birds, lepidopterans and plants such as
wild strawberry (Spigler et al. 2008) show a pattern of female
heterogamety, with a major Z chromosome and minor W
chromosome. The W chromosome is limited to females, and
therefore the effective population size of the W (NEW) is less

than NEZ. b In male heterogamety, which is present in animals
such and mammals and salmon (Woram et al. 2003), as well as
plants including Silene (Guttman and Charlesworth 1998), the
X chromosome is present in both sexes while the Y is restricted
to males. NEY is less than NEX
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identical and the tinamou Z and W are only partially
differentiated (Ogawa et al. 1998; Tsuda et al. 2007).
Interestingly, the avian Z and W chromosomes seem
to have differentiated multiple independent times,
rather than once in the ancestor of modern birds, as
the paleognath (ratites and tinamous) and neognath
(all other modern birds) divergence of the Z and W
are convergent but unrelated (Mank and Ellegren
2007; Suh et al. 2011). The fact that degeneration
does not always correlate with age suggests sex
chromosome differentiation is not an inevitable
process. Although the exact reasons for this are not
known, the role of haploid selection may explain
some cases of old but preserved minor sex chromo-
some. In organisms where the haploid phase is
considerable, such as plants, a degenerated Y or W
chromosome would leave half of the gametophytes
lacking significant numbers of genes (Chibalina and
Filatov 2011). Haploid selection does not explain the
persistence of the ratite and python W chromosomes,
however, as the haploid phase does not differ between
these taxa and their relatives with more degenerate
sex chromosomes.

Even though highly differentiated minor sex
chromosomes are relatively rare among plants and
animals, they are particularly interesting due to their
advanced state, and derived minor sex chromosomes
share several key properties with each other. The first
key feature of many minor sex chromosomes is their
reduced gene content compared to the major sex
chromosome. For example, just 27 distinct proteins
are encoded by the male-specific region of the human
Y chromosome (Skaletsky et al. 2003), compared to
>1,000 found on the human X (Ross et al. 2005).
Even large karyotypic minor sex chromosomes often
carry very few genes. Although the Drosophila
melanogaster Y chromosome is karyotypically quite
large, it is completely distinct from the paired X
chromosome and carries just 12 known genes
(Koerich et al. 2008), a difference of two orders of
magnitude from the X chromosome. In addition to the
general reduction in gene content, minor sex chromo-
somes are often littered with repetitive sequence
(Skaletsky et al. 2003; Stiglec et al. 2007), providing
little evidence of functional utility at the same time as
complicating complete sequencing and assembly.
Finally, the minor sex chromosomes are often
transcriptionally inactivated in some fashion (Turner
2007; Royo et al. 2010). The reduced gene content,

heterochromatic nature and transcriptional silencing
have all combined to create a perception that the
minor sex chromosomes have little functional contri-
bution beyond initial sex determination; however, as
discussed below, minor sex chromosomes in many
animals play an important role in functions beyond
sex determination itself.

Although they are in many ways comparable to
each other, W and Y chromosomes differ in one key
regard, namely that the W is female-limited and the Y
is present only in males. This difference makes
contrasts between the evolutionary properties of the
W and Y chromosome particularly revealing, as such
contrasts can be used to confirm general principles.
For example, the sex-limited nature of highly derived
minor sex chromosomes means that any gene content
not directly involved in sex determination should still
function in a sex-specific manner: the Y chromo-
somes should play an important role in males and W
chromosomes should harbour loci important to female
function. This has largely been confirmed in Dro-
sophila and mammals, where the Y chromosomes
encode genes key to male fertility (Carvalho et al.
2000; Lange et al. 2009), as well as birds, where W-
linked genes are expressed in the ovary (Hori et al.
2000). Additionally, sex-specific demographic forces,
including mating system and sexual selection (Bachtrog
et al. 2011), should act differently on W and Y
chromosomes. For example, sexual selection generally
acts more powerfully on males (Andersson 1994),
resulting in a higher variance in male reproductive
success. This means that sex-specific selection pres-
sures in most natural systems should be stronger on Y
than W chromosomes, except for the few cases of
sex-role reversal (Clutton-Brock 2007). At the same
time that sexual selection exerts more powerful
selective forces on Y chromosomes, it also lowers
the effective population size of Y chromosomes (NEY)
compared to W chromosomes (NEW). As shown in
Fig. 2, when the reproductive potential of males
exceeds that of females, NEY is reduced compared to
strictly monogamous mating systems, and NEY <
NEW. This reduction in NEY means that genetic drift is
a more powerful force on the Y than the W in most
cases of sexual selection.

Comparing and contrasting the minor sex chromo-
somes to the remainder of the genome, as well as the
different types of minor sex chromosomes to each
other, can be used to study several important genetic

Y and W chromosomes: Small but mighty 23



and evolutionary processes, including the direction
and power of sex-specific selection, the strength and
consequences of genetic drift and methods to counter
it, and the constraints placed on genes by sexual and
pleiotropic conflicts. Despite this utility, the minor sex
chromosomes have proved to be somewhat more
difficult to study than the remainder of the genome,
and only recently have some of the necessary
resources become available to identify the exact
nature and role of Y and W chromosomes. It is my
intent here to summarise recent developments regard-
ing the evolution of minor sex chromosome with the
aim of highlighting the surprisingly dynamic nature of
these restricted genomic regions.

Are minor sex chromosomes degenerates?

For sex chromosomes that descend from an ancestral
autosome pair (Charlesworth 1991), the suppression of
recombination between the sex determining gene and
nearby sexually antagonistic loci allows the major and
minor sex chromosomes to diverge from one another,
and at the same time initiates several degenerative
processes that act on sex-limited portions of the W
and Y chromosomes (Rice 1987). Recombination
suppression can occur through inversions on the sex
chromosomes which prevent recombination between
the major and minor sex chromosome in a specific
region (Charlesworth and Charlesworth 2000), and
sequential inversions result in distinct evolutionary

strata along the sex chromosomes (Lahn and Page
1999; Bergero et al. 2007; Nam and Ellegren 2008).
Alternatively, sex chromosomes can arise via com-
plete achiasmy in the heterogametic sex (Burt et al.
1991; Berset-Brandli et al. 2008), in which case strata
are not observed. Regardless of the mechanism,
because the sex-limited portions of the minor sex
chromosomes by definition do not recombine with the
homologous portions of the major sex chromosomes,
all the loci in this region are locked into complete
linkage disequilibrium. As a result, minor sex
chromosome haplotypes cannot be broken up and
selection acts on the net effect of the linkage group as
a whole rather than each locus independently. This
process, Hill–Robertson interference, results therefore
in reduced efficacy of selection at any single locus
(Charlesworth and Charlesworth 2000; Berlin et al.
2007; Bachtrog 2008). Additionally, the linkage
disequilibrium of the minor sex chromosome can
result in hitchhiking, a process where selection for
beneficial mutations also fixes deleterious alleles at
linked loci. As an effectively haploid asexual portion
of the genome, the sex-limited portions of the minor
sex chromosome also suffer from Muller’s ratchet
(Bachtrog 2008; Kaiser and Charlesworth 2010),
whereby stochastic variations in inheritance can lead
to the accumulation of genetic load. Finally, the
efficacy of selection acting on sex-limited genes is
further limited by the reduced NE of minor sex
chromosomes (Bachtrog and Charlesworth 2002;
Haddrill et al. 2007), as shown in Figs. 1 and 2.

Fig. 2 Mating system and effective population size of sex
chromosomes. By altering the proportion of males and females
that contribute to the next generation, or by increasing the
variance in reproductive success of one sex compared to the
other, the ratio of minor to major sex chromosomes is altered.

For male heterogamety, increased variance in male mating
success due to sexual selection reduces NEY relative to NEX (a).
For female heterogamety (b) mating system results in increased
NEW relative to NEZ
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The extensive gene loss from the minor sex
chromosomes following the suppression of recombi-
nation is the most striking aspect of minor sex
chromosome degeneration. For those major and minor
sex chromosome pairs that share a common autoso-
mal ancestor, highly derived minor sex chromosomes
often carry a small fraction of the genes observed on
their major sex chromosome partner. Just a handful of
X chromosome orthologues remain on the human Y
(Skaletsky et al. 2003), and the same is true of the
orthologues shared between the chicken Z and W
(Nam and Ellegren 2008). Although this is partly due
to gene traffic off major sex chromosomes to
autosomes (Potrzebowski et al. 2008; Morkovsky et
al. 2010; Zhang et al. 2010a, b), the vast majority of
the pattern is due to gene loss from the minor sex
chromosomes. The rate of gene loss is best illustrated
by neo-Y chromosome in Drosophila miranda, where
up to half of the neo-X chromosome orthologues have
been pseudogenised on the neo-Y (Bachtrog 2008).

Taken together, the seemingly inexorable forces of
Hill–Robertson interference, genetic hitchhiking,
Muller’s ratchet and genetic drift act in concert to
degrade the minor sex chromosome. This often
produces a picture of the W and Y as decrepit and
frail, a perception with substantial support. For
instance, Caenorhabditis elegans lacks a Y chromo-
some entirely, leaving males with an unpaired X
chromosome. Other sex chromosome systems lacking
minor sex chromosomes exist (Lecher et al. 1995;
Hawthorne 2001; Doan and Paliulis 2009; Ross et al.
2010), suggesting that the minor sex chromosomes
can degenerate to the point of disappearance
(Steinemann and Steinemann 2005; Graves 2006).
These cases of sex chromosome systems completely
lacking minor sex chromosomes further supports the
assumption that the Y and W are, in the best cases,
entirely expendable, and in the worst cases, in
terminal decline.

There are however numerous lines of evidence
that, when taken together, reveal a remarkable level of
dynamicism in some minor sex chromosomes that act
to counter degeneration. First of all, minor sex
chromosomes need not degenerate in the first place,
as evidenced by the fact that not all homomorphic sex
chromosomes are evolutionarily young. Recombina-
tion patterns in many disparate animals are defined by
phenotypic rather than genotypic sex (Inoue et al.
1983; Wallace et al. 1997; Lynn et al. 2005; Campos-

Ramos et al. 2009; Matsuba et al. 2010); therefore,
species with a low incidence of sex-reversed individ-
uals will see a rare but steady rate of crossing over
between major and minor sex chromosomes. This acts
to refresh the minor sex chromosome (Perrin 2009)
and can result in ancient yet largely homomorphic sex
chromosomes (Stöck et al. 2011b). This is probably
not the case in the examples of homomorphic sex
chromosomes in ratites or pythons mentioned earlier,
but can explain why most sex chromosomes in fish,
frogs and some other poikilothermic animals are
largely undifferentiated when at least some of them
are ancient (Stöck et al. 2011b).

For heteromorphic sex chromosomes, presumably
in species that lack fertile sex-reversed individuals,
intra-chromosomal recombination can act to counter
further minor sex chromosome degeneration. For
example, there are numerous palindromes present on
the primate Y (Rozen et al. 2003; Lange et al. 2009;
Hughes et al. 2010) and avian W (Davis et al. 2010)
chromosomes. These palindromes foster intra-
chromosomal recombination, as the arms of the Y or
W chromosome recombine with each other, leading to
both gene conversion and copy number variation for
Y- or W-linked genes (Backstrom et al. 2005; Lange
et al. 2009). Gene conversion is a mechanism to
correct mutated copies, although conversion can work
in the other direction as well when a functional copy
of a gene is converted by a mutated copy. In addition,
copy number variations provide the differences in
expression level within populations that selection can
then act on in order to purge less fit individuals
(Lange et al. 2009). Although non-homologous
recombination is usually thought of as a maladaptive,
or at least neutral, process, in the case of the minor
sex chromosomes it seems to be a mechanism by
which the minor sex chromosome can effectively
counter the degenerative forces of Hill–Robertson
interference and Muller’s ratchet (Marais et al. 2010).

In instances where the majority of the minor sex
chromosome is sex specific, gene loss from the minor
sex chromosomes seems to slow considerably over
time and may even halt at a certain point. Rather than
thinking of gene loss from minor sex chromosomes as
a linear process with a natural endpoint of total
extinction, the process appears to be asymptotic, as
gene loss appears to slow down, and even cease, once
the minor sex chromosome coding content has shrunk
to a certain point (Bachtrog 2008; Kaiser and
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Charlesworth 2010). This is partially due to the fact
that fewer active genes present fewer targets for
mutational silencing, and partially because the
remaining genes are likely subject to particularly
strong purifying selection that acts to maintain coding
content.

Minor sex chromosomes also accumulate new
material or even entirely new segments. The Y
chromosomes in the Drosophila clade illustrate this
most clearly. Although the X chromosome is highly
conserved across Drosophila species (Drosophila 12
Genomes Consortium 2007), the coding compliments
of the Y chromosomes of several Drosophilids are
largely non-overlapping, and this seems to be due to
gene gain rather than gene decay, as the acquisition
rate is roughly 10 times higher than the rate of gene
loss (Koerich et al. 2008). Divergence is also the case
for the human and chimpanzee Y chromosomes,
which differ quite remarkably in both gene content
and structure (Hughes et al. 2010). Interestingly, the
difference is primarily due to divergence of the
chimpanzee Y, as the gorilla and human Y chromo-
somes are rather more conserved (Goto et al. 2009),
suggesting that the chimp mating system has caused a
shift in sex-specific selection pressures on chimpan-
zee males, and this may have played a role in altering
Y chromosome divergence rate (Wilson and Makova
2009). Birds also show evidence of rapid turnover of
W chromosome gene content and repetitive elements
(Stiglec et al. 2007), and given the range of avian
mating systems that includes polyandry (Jenni 1974),
strict monogamy (Griffith et al. 2002) and polygyny
(Slagsvold and Lifjeld 1994), this might be an ideal
clade with which to test the role of mating system in
minor chromosome divergence.

From these diverse lines of evidence, it seems that
far from disappearing, some minor sex chromosomes
seem to be thriving in the face of the myriad of
degenerative forces acting against them. This survival
and persistence implies that the minor sex chromo-
somes must play a vital role for selection to have been
strong enough to preserve them.

What sorts of genes remain on and relocate
to minor sex chromosomes?

In speculating about why minor sex chromosomes
persist in the face of strong degradative forces, it can

be useful to change the question of how minor sex
chromosomes degenerate to ask what sorts of genes
escape degeneration, and what sorts of genes relocate
to the minor sex chromosomes and succeed there.
Loci on minor sex chromosomes are subject to
different selection pressures compared to genes in
the remainder of the genome, primarily because the
minor sex chromosomes are present and expressed in
only one sex. This carries with it a host of
evolutionary implications (detailed below), but for
immediate purposes, sex limitation means Y chromo-
somes are selected only in males resulting in male-
specific functions for most Y chromosome loci.
Similarly, genes on W chromosomes are only selected
in females; therefore, they nearly always fulfil female-
specific roles.

In some cases, genes on minor sex chromosomes
have a clear sex-specific function: namely they are
responsible for determining sex. For example, SRYon
the Y chromosome is responsible for initiating the
male-sex determination cascade in most therian
mammals (Sekido and Lovell-Badge 2009), and a
gene called DM-W on the W chromosome of Xenopus
is required for ovary initiation in females (Yoshimoto
et al. 2008). Other examples of sex determination
genes on minor sex chromosomes are common
(Matsuda et al. 2002; Peichel et al. 2004; Graves
2008), and this vital yet restricted role might explain
the persistence of some minor sex chromosomes, as
sex determination presumably results in strong pre-
servative selection. This explanation does not apply to
all minor heteromorphic sex chromosomes, however,
as sex determination in many other taxa is based on
the dose of the major sex chromosome (Smith et al.
2009; Williams and Carroll 2009). For those sex
chromosome systems that are based on X or Z
chromosome gene dose, the minor sex chromosomes
are not required for sex determination. Without some
other vital role to play, these minor sex chromosomes
would be expected to simply disintegrate and disap-
pear, leaving X0 or Z0 species such as C. elegans.
The fact that the minor sex chromosomes persist in
many systems where sex is based on major chromo-
some dose, such as Drosophila and birds, suggests
that they play some additional and vital role other
than simply determining sex.

Therefore, it is not surprising that there are
different classes of genes residing on minor sex
chromosomes aside from primary sex determining
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loci. The most commonly studied class are major and
minor orthologues that originated before the sex
chromosomes diverged. Many sex chromosomes
descend from an ancestral autosome (Charlesworth
1991), and in these cases, there are often X–Yor Z–W
orthologous loci that show clear shared ancestry in
animals (Lahn and Page 1999; Nam and Ellegren
2008) and plants (Bergero et al. 2007). It should be
noted that not all minor sex chromosomes are
orthologous to their respective major chromosome,
as the Drosophila Y is not related to the X, and
instead derives from a supernumery B chromosome
(Carvalho et al. 2009); therefore, X and Y loci in
Drosophila are not expected to show any evidence of
shared ancestry. However, for instances where the
major and minor sex chromosomes share a common
autosomal ancestor, the orthologous genes on minor
sex chromosomes may be maintained in order to
balance gene dose in the heterogametic sex (Mank et
al. 2011), but more commonly, the minor chromo-
some copy takes on a related but sex-specific function
(Skaletsky et al. 2003). HINTW on the W chromo-
some of chicken is one such example. This gene has
an orthologue on the Z chromosome (HINTZ), yet
HINTW has taken on a different role from HINTZ,
and the expression of the gene is key to ovary
development (Hori et al. 2000), yet the W does not
determine sex in birds (Smith et al. 2009).

Other minor sex chromosome loci do not derive from
the ancestral autosome, but rather have transposed onto
the W or Y after it became a sex chromosome. This can
happen for individual loci, or it can happen in a
wholesale manner when large genomic regions fuse to
the minor sex chromosome or start segregating with the
major sex chromosome (neo-sex chromosomes), as
seen in the neo-sex chromosomes of D. miranda
(Bachtrog and Charlesworth 2002), the black muntjac
(Zhou et al. 2008) as well as a large portion of the Y
in placental mammals that fused to the sex chromo-
somes after the split with marsupials (Waters et al.
2001). Duplications and translocations to the minor
chromosome will be favoured and maintained for
certain types of genes, namely genes that confer a
benefit to the heterogametic sex, especially if there is
a cost to the homogametic sex (Connallon and Clark
2010). This selective advantage is due to the fact that
relocating to the minor chromosome maintains the
benefit to the heterogametic sex at the same time as it
eliminates sexual conflict with the homogametic sex.

As there is strong evidence for sexual conflict
currently or previously affecting a substantial propor-
tion of coding regions (Chapman et al. 2003; Mank
and Ellegren 2009; Harano et al. 2010; Innocenti and
Morrow 2010), there are potentially many loci for
which translocation to the minor chromosome would
be selectively favoured. This may explain many of the
cases of gene acquisition by minor sex chromosomes
(Koerich et al. 2008), as well as the presence of entire
regions that are not orthologous to the respective
major chromosome, as is the case for the entire
Drosophila Y (Carvalho et al. 2009). Of course,
sexually antagonistic loci cannot relocate to the minor
sex chromosome with the intention of resolving
conflict; rather, these factors determine whether a
chance event will be selectively favoured and, if so,
maintained.

Regardless of whether they are ancestral genes
with new sex-specific functions, or new additions to
the minor sex chromosomes, the genes on the Y and
W that are not directly associated with determining
sex are typically directly tied to either fertility or other
reproductive traits. For example, the Y chromosome
harbours the majority of the variation for male
attractiveness in guppies (Postma et al. 2011), male
fitness in D. melanogaster (Chippindale and Rice
2001; Lemos et al. 2008) and even a disproportion-
ately large amount of variation for dimorphic traits in
the plant Silene latifolia (Scotti and Delph 2006).
Work in my laboratory indicates that female fertility is
similarly tied to the expression of several W-linked
genes chickens (Mogadam et al. in preparation). In
some of these examples, it is clear that a large part of
the general fitness effects of the minor sex chromo-
some is due to epistatic regulation by the minor sex
chromosome of the other genomic regions (Chippindale
and Rice 2001; Lemos et al. 2008), and other studies
cannot rule this out (Postma et al. 2011). Epistasis is
clearly not the only mechanism connecting the minor
sex chromosome to fitness, however, as specific loci
on the Y have been directly tied to fertility in humans
(Lange et al. 2009) as well as Drosophila (Gepner and
Hays 1993; Carvalho et al. 2000; Ding et al. 2010),
and W-linked genes seem key to female fecundity as
well in birds (Hori et al. 2000). Regardless of the
mechanism by which minor sex chromosomes influ-
ence fertility, it is unlikely that ancestral autosomes
that gave rise to a minor sex chromosome would
harbour such a large fraction of the loci related to sex-
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specific function, so it is reasonable to conclude that
this characteristic is a product of the sex-specific
selection pressures arising from sex chromosome
divergence.

Why do some minor sex chromosomes persist?

The sex-specific nature of the minor sex chromo-
somes gives some clues about why these sex
chromosomes can persist, namely that they do
something vitally important in the sex to which they
are confined. This suggests that purifying selection,
already potentially a powerful force on the minor sex
chromosomes due to their haploid nature, is poten-
tially even stronger still in maintaining genes essential
to fertility. Sex-specific selection pressures are there-
fore expected to be extremely strong on minor sex
chromosomes (Connallon and Clark 2010), possibly
strong enough to maintain heteromorphic minor sex
chromosomes, or at least some portion of them, and
prevent complete degeneration. Put another way,
because Y chromosome genes are essential to male
fitness, the chromosome is subject to extremely strong
male-specific selection pressures which in turn may
help maintain the vital Y chromosome coding content
associated with male fertility against the degenerative
forces acting against the chromosome. Female-
specific selection would similarly be expected to
maintain W-linked genes with key roles in female
fertility.

Interestingly, loci on minor sex chromosomes may
be more able to respond to sex-specific selection
pressures, as they are freed up from other constraints
imposed by the other sex. The vast majority of
autosomal, X-linked and Z-linked genes are expressed
in both females and males (though many of these
genes are expressed at different levels in the sexes),
and selection in one sex may fail to produce a change
due to constraints acting in the other sex (Fig. 3). This
type of intra-locus sexual conflict is common
(Bonduriansky and Chenoweth 2009), and if unre-
solved, it can impose a severe burden on populations
(Connallon et al. 2010). Sexual conflict can be
resolved in some cases via genetic mechanisms such
as sex-biased gene expression (Connallon and
Knowles 2005) or genetic imprinting (Day and
Bonduriansky 2004); however, these opportunistic
regulatory changes take time to evolve and must be in

place before constrained genes can respond to sex-
specific selection pressures.

The sex limitation of the minor sex chromosomes
eliminates the possibility of sexual conflict, potentially
leaving the loci on W and Y chromosomes more
responsive to female- or male-specific selection
pressures as response is not dependent upon a
regulatory mechanism to resolve constraints in the

Fig. 3 Traits encoded by genes on minor sex chromosomes are
not subject to intra-locus sexual conflict, and therefore are more
able to respond to sex-specific selection. Autosomal genes are
expressed in both males and females, and male-specific
selection (blue arrow) may be counter to female-specific
selection (red arrow), resulting in unresolved conflict over
optimal trait values (a). This is resolved for genes on minor sex
chromosomes, as male-specific selection on Y-linked traits (b)
is unconstrained by expression in females, and similarly,
female-specific selection on W-linked traits (c) is unconstrained
by expression in males. In these latter two panels, the trait
responds to sex-specific selection by moving to male (Y
chromosome) or female (W chromosome) optimum
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other sex. This suggests a somewhat circular process
that may act as a feedback loop, as minor sex
chromosomes are subject to stronger sex-specific
selection pressure and the loci encoded on them are
able to respond more quickly to it (Postma et al.
2011). This sex-specific nature also explains why
some gene duplications to the minor are selectively
favoured—for some sexually antagonistic genes,
relocation to the minor sex chromosome resolves
conflict with the other sex.

Sex-specific selection pressures may also help
explain the multitude of examples of sex chromosome
turnover. Existing sex chromosome systems can be
supplanted directly by newly emergent and non-
homologous sex chromosomes, as documented in
salmon (Woram et al. 2003), sticklebacks (Ross et al.
2009) and rice fish (Matsuda et al. 2002), and
emergent but still homomorphic sex chromosomes
can explain the loss of master sex determining genes
in other animals (Just et al. 1995). These turnover
events likely represent changes directly from existing
sex chromosome systems rather than complete losses
of sex chromosomes followed by gains. The former
case is supported by the many examples of popula-
tions polymorphic for sex chromosomes (Orzack et al.
1980; Ogata et al. 2003, 2008); the latter would
presumably cause extinction before new sex chromo-
somes could emerge. Theoretical work suggests that
turnover of sex chromosomes can be driven by sex-
specific selection pressures that are sexually antago-
nistic (van Doorn and Kirkpatrick 2007, 2010), and
there is empirical support for this from cichlids
(Roberts et al. 2009). Therefore, it is possible that
even as sex-specific selection pressures drive minor
sex chromosome evolution, they also cause complete
replacement of sex chromosome systems.

Evolutionary implications of the minor sex
chromosomes

Although there are often genes on minor sex
chromosomes that directly encode fitness traits as
described above, it is also often the case that the
minor sex chromosome interacts epistatically with the
remainder of the genome regarding some fitness traits
(Chippindale and Rice 2001; Lemos et al. 2008; Ding
et al. 2010). This suggests that the limited coding
content of minor sex chromosomes has a long reach.

It is also interesting to speculate whether the role of
minor sex chromosome in fitness and fertility,
combined with the rapid rate of change in minor sex
chromosome coding content and structure (Koerich et
al. 2008; Hughes et al. 2010), means that the minor
sex chromosomes play an important role in Haldane’s
Rule. Haldane’s Rule, which states that ‘when in the
F1 offspring of two different animal races one sex is
absent, rare or sterile, that sex is the heterozygous
sex’ (Haldane 1922), has traditionally been linked to
changes on major sex chromosomes (Masly and
Presgraves 2007; Presgraves 2008). However, given
the clear fertility role of many minor sex chromo-
somes, as well as the evidence suggesting that
epistatic interactions between the minor sex chromo-
some and the remainder of the genome greatly
influence fertility, it seems reasonable that the minor
sex chromosome evolution and turnover could
explain at least the sterility aspects of Haldane’s Rule
(Sackton et al. 2011). This would be more likely
for minor sex chromosomes that are highly differen-
tiated from their major sex chromosome pair
and could be due to epistatic interactions with any
part of the remaining genome. However, given the
faster rate of evolution generally observed on major
sex chromosomes (Mank et al. 2010) and the Large-X
effect (or Large-Z) observed in speciation (Presgraves
2003, 2008; Masly and Presgraves 2007), it is
possible that the main source of epistatic incompati-
bilities may be between the major and minor sex
chromosomes.

Beyond a potential role in Haldane’s Rule, there is
evidence that minor sex chromosomes may play a
direct role in sexual selection and, via this route, in
speciation due to mating preferences. In addition to
the role in sex-specific fertility and fecundity, minor
sex chromosomes have been shown to harbour loci
directly tied to some sexually selected traits involved
in mating preferences, such as courtship behaviour in
Anopheles mosquitoes (Fraccaro et al. 1977) and
sexually selected colouration in guppies (Winge 1922,
1927). Sexual selection due to mating preference is
predicted to drive speciation events (Lande 1981; van
Doorn et al. 2009), and it is reasonable that if minor
sex chromosomes do indeed generally play an
important role in encoding sexually selected traits,
and sexually selected traits contribute to speciation,
then minor sex chromosomes may be important in
speciation by sexual selection.
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Conclusions

Taken together, the recent evidence summarised
above indicates that some minor sex chromosomes
persist despite strong deleterious forces, possibly
because the strong preservative forces result from
the essential role these regions play in sex-specific
fitness. However, the evidence is piecemeal and
tenuous at this point, and it is difficult to know if
the importance and persistence of some minor sex
chromosomes represent a general trend or simply are
anecdotal examples to counter the contradictory
examples of minor sex chromosome loss. A general-
ised understanding will require both comparative
sequence data from a large number of species as well
as evolutionary studies focused on the explicit
functional role of the minor sex chromosome. Neither
of these are easy tasks.

Complete sequences of minor chromosomes
often require arduous laboratory efforts beyond
even that needed for high coverage genome
sequencing efforts (Bachtrog 2008; Koerich et al.
2008; Hughes et al. 2010). However, next-generation
sequencing allows for relatively quick and efficient
identification of minor sex chromosome exomes
(Portela et al. 2010). This methodology could accel-
erate studies of minor sex chromosome coding
content and expression levels across populations
and related species, although without non-coding
sequence, it is difficult to identify cis- versus trans-
regulatory changes. Exome and expression data in
conjunction with pedigrees (Postma et al. 2011) and
fitness assays (Lemos et al. 2008) can also help reveal
the importance of the minor sex chromosomes. All
these tools implemented together may hopefully
reveal general trends in minor sex chromosome
evolution, and either confirm or refute the small but
mighty nature of these regions of the genome.
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