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Intralocus sexual conflict and intragenomic conflict both affect sex chromosome evolution
and can in extreme cases even cause the complete turnover of sex chromosomes.
Additionally, established sex chromosomes often become the focus of heightened conflict.
This creates a tangled relationship between sex chromosomes and conflict with respect to
cause and effect. To further complicate matters, sexual and intragenomic conflict may exac-
erbate one another and thereby further fuel sex chromosome change. Different magnitudes
and foci of conflict offer potential explanations for lineage specific variation in sex chromo-
some evolution and answer long-standing questions as to why some sex chromosomes are
remarkably stable, whereas others show rapid rates of evolutionary change.

ompared to the autosomes, the unique in-

heritance pattern of the sex chromosomes
is often thought to intensify evolutionary con-
flict (Rice 1984; Frank 1991; Jaenike 2001). Sex
chromosomes are therefore hot spots for two
specific types of conflict, intralocus conflict, in
which an allele confers different fitness effects
depending on the sex in which it is found, and
intragenomic conflict, in which selfish genetic
elements (SGEs) promote their own transmis-
sion at the expense of unlinked regions of the
genome. These conflicts act in distinct but com-
plementary ways. Not only do they shape sex
chromosome and genome evolution, but in
some cases they have the power to cause com-
plete turnover of sex chromosomes.

Unlike the autosomes, because the sex chro-
mosomes are unevenly transmitted between
males and females and are also unevenly distrib-
uted between the sexes (Fig. 1), the relative ef-
fect of male- and female-specific selection act-
ing on them is unbalanced. The inherent
differences in sex-specific selection on the sex
chromosomes themselves, and between the sex
chromosomes and the autosomes, form the ba-
sis of a large and often compelling body of evo-
lutionary theory that predicts the ways that in-
tralocus sexual conflict will arise, play out, and
in some cases potentially be resolved. This the-
ory predicts that under some conditions, the sex
chromosomes are hot spots of intralocus sexual
conflict (Rice 1984; Albert and Otto 2005; Con-
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Figure 1. Transmission of the sex chromosomes. Fe-
males are shown in red, males in blue. In male het-
erogamety (A), the Y chromosome is passed through
the patriline and limited to males. The maternal
X chromosome is passed from mother to both sons
and daughters, but the paternal X can only be trans-
mitted to daughters. Additionally, the X is present
two-thirds of the time in females. In female hetero-
gamety (B), the W chromosome is limited to females
and passed solely from mother to daughter. The
paternal Z chromosome can be passed from father
to both daughters and sons; however, the maternal
Z chromosome is only passed to sons. Converse to

the X chromosome, the Z chromosome is resident in
males two-thirds of the time.

nallon and Clark 2010), and in some cases, al-
leles that harm one sex more than they benefit
the other can still reach high frequencies if they
are sex-linked (Rice 1984; Dean et al. 2012). All
this theory predicts that although the sex chro-
mosomes generally represent a small propor-
tion of the genome, they should play a dispro-
portionately large role in sexual conflict, sexual
dimorphism, and sexual selection. There is sub-
stantial empirical evidence supporting at least
some of this theory (Table 1, and references
therein), although there remains something of
a disconnect between molecular genetic and
phenotypic findings (Dean and Mank 2014).
In addition to their role in sexual conflict,
the sex chromosomes also experience high levels
of intragenomic conflict resulting from SGEs
that promote their own transmission at the
expense of the rest of the genome (Burt and
Trivers 2006). Of particular importance are seg-
regation distorters, as these generate strong se-
lection favoring genes that suppress their action.
Theory predicts that intragenomic conflict

should be particularly intense when involving
the sex chromosomes (Hurst and Pomiankow-
ski 1991). This is because sex chromosomes can
generate antagonistic coevolution between sex-
linked segregation distorters and their suppres-
sors (Partridge and Hurst 1998).

In addition to shaping the evolutionary
properties of existing sex chromosomes, in
some situations sexual and intragenomic con-
flict may also actually catalyze the formation of
sex chromosomes (Fisher 1931; Charlesworth
and Charlesworth 1980; Rice 1987; Werren
and Beukeboom 1998). Conflict may also ex-
plain the rate of degradation of the sex-limited
Y and W chromosomes (Bachtrog et al. 2011)
and turnover of sex chromosomes (Hall 2004;
van Doorn and Kirkpatrick 2007, 2010), sug-
gesting that conflict plays a causal role in sex
chromosome evolution.

There is also growing evidence of a direct
relationship between SGEs and sexual conflict
involving the sex chromosomes. Many SGEs in-
crease their transmission advantage by target-
ing sperm, which can reduce male fertility ow-
ing to reduced overall sperm production. Lower
sperm production can in turn result in reduced
siring success during sperm competition (Price
and Wedell 2008) and potentially favor polyan-
dry as a female strategy to bias paternity against
SGE-carrying males (Wedell 2013). As a conse-
quence, SGEs may also influence the potential
for sexual conflict as they can favor increased
female mating rates, which increases the poten-
tial for conflict between the sexes.

Sexual and intragenomic conflict are there-
fore critical for sex chromosome evolution and,
once sex chromosomes are established, can fur-
ther shape their evolutionary and genomic
properties. Disentangling cause and effect is dif-
ficult but crucial to understanding the role of
sex chromosomes in sexual and intragenomic
conflict and vice versa.

CONFLICT AS AN AGENT OF SEX
CHROMOSOME TURNOVER AND
CHANGE

One of the major unanswered questions in sex
chromosome evolution is why some systems
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Table 1. Studies showing a disproportionate role of the sex chromosomes in sexual dimorphism, fitness, or

fertility
Male heterogamety Female eterogamety
X chromosome Y chromosome Z chromosome W chromosome

Associations e Size dimorphism e Male e Female e Female
with sexually in red deer (Foerster coloration in mating benefit
dimorphic et al. 2007) guppies (Winge preference in coloration in
phenotypic e Sexually 1927; Postma et al.  moths (Iyengar cichlids (Roberts
traits antagonistic fitness 2011) et al. 2002) et al. 2009)

variation in e Male mating e Female mate

Drosophila (Gibson behavior in choice in

et al. 2002; Innocenti sticklebacks flycatchers

and Morrow 2010) (Kitano et al. 2009, (Saether et al.

e Variation in stalk-  although see Natri ~ 2007)

eyed fly eye span et al. 2013) e Male

(Wolfenbarger and plumage traits in

Wilkinson 2001) flycatchers
(Saetre et al.
2003)

Associations e Male reproductive o Male fertility e Genesrelated e Genes related
with genesin mice (Mueller ~ genes in mammals  to male to female
reproduction et al. 2008) (Lange et al. 2009)  reproductive fecundity and
and fertility e Male fitnessin  function in silk fertility in

Drosophila (Lemos ~ moth chickens

et al. 2010; (Arunkumar (Moghadam
Sackton et al. et al. 2009) et al. 2012)
2011)

show long periods of relative evolutionary sta-
sis, as exemplified by the conservation of or-
thologous sex chromosomes within the therian
mammal (Potrzebowski et al. 2008), avian
(Mank and Ellegren 2007), and Drosophila (Vi-
coso and Bachtrog 2013) lineages, whereas
many others, described below, show rapid and
repeated turnover. We also do not understand
why some sex chromosome pairs diverge mark-
edly from each other over time, whereas others
exist in a state of arrested decay.

Although homologous sex chromosomes in
different systems share many properties (Bach-
trog et al. 2011), they also show many lineage-
specific patterns, many of which have proved
difficult to explain. Different conflict strengths
and foci offer potential explanations for line-
age-specific variation in sex chromosome evo-
lution, as conflict can affect both rates of sex
chromosome turnover and sex chromosome
divergence.

Intralocus Conflict and Sex Chromosome
Change

The genetic architecture and extent of intralo-
cus sexual conflict may affect the origin of sex
chromosomes in two ways. First, sexual conflict
may affect the rate at which the Wand Y chro-
mosomes degenerate. The primary model for
sex chromosome divergence is based on selec-
tion for suppression of recombination between
the X and Y, or Z and W, attributable to linkage
between the primary sex-determining gene and
any nearby gene(s) with sexually antagonistic
properties (Fisher 1931; Charlesworth and
Charlesworth 1980; Rice 1987). Selection will
act to prevent the breakup of a male-determin-
ing gene on the nascent Y chromosome from
any nearby male-benefit alleles by stopping re-
combination between the X and Y in this region.
Similarly, reduced recombination will be fa-
vored between a female-determining gene on
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an emergent W chromosome and nearby fe-
male-benefit alleles.

The suppression of recombination causes
the Y and W chromosomes to degenerate at
many loci in both gene sequence and expres-
sion, as well as allowing them to accumulate
repetitive elements (Bachtrog 2013), and this
is what causes the cytological and functional
differences between X and Y and between Z
and W chromosomes. The likelihood that a
sex-determining gene will be proximate to a lo-
cus with sexually antagonistic alleles is in many
ways defined by the proportion of loci in the
genome with sexually antagonistic effects. The
degree of conflict, and therefore the proportion
of the genome with sexually antagonistic effects,
may be in turn largely defined by mating system
(Charlesworth and Mank 2010). If the mating
system has a major effect on sex chromosome
degeneration, then we would expect mono-
gamous species with minimal levels of sexual
conflict to show slower rates of sex chromosome
divergence than polyandrous or polygamous
systems. However, this is complicated, and
may depend in part on whether the monogamy
is male- or female-driven (Hosken et al. 2009).

Additionally, although sex chromosomes
are relatively stable and conserved in some lin-
eages, such as Drosophila, the therian mammals,
and birds (Mank and Ellegren 2007; Potrzebow-
ski et al. 2008; Vicoso and Bachtrog 2013), sex
chromosomes in other lineages exhibit rapid
turnover. For example, the sex chromosomes
are not orthologous among closely related spe-
cies of Oryzias rice fish (Matsuda et al. 2002;
Kondo et al. 2003; Miura 2007), populations
of Rana rugosa frogs (Nanda et al. 2002; Ogata
et al. 2008), or in Musca domestica. In the latter
case, the male-determining factor (M) has relo-
cated in some populations from the Y to any of
the five autosomes or even the X (Diibendorfer
et al. 2002).

There are still many unanswered questions
as to why some sex chromosome systems are
highly conserved across long periods of evolu-
tionary time, whereas others change quickly
and even vary across populations of the same
species. However, there are some predictions
suggesting that sex chromosome turnover itself

may in fact be driven by sexual conflict (van
Doorn and Kirkpatrick 2007, 2010), and SGEs
(see below) as the emergence of a new sex chro-
mosome system can resolve conflict over sexu-
ally antagonistic alleles by creating a male-lim-
ited (Y) or a female-limited (W) chromosome
(Postma et al. 2011; Roberts et al. 2009). Sexual
conflict may also cause the formation of neosex
chromosomes, via autosomal fusion to a sex
chromosome. This is because sexual conflict
on the autosome can select for sex-linkage,
which may explain the formation of a neosex
chromosome in the Japan Sea population of
three-spined sticklebacks, Gasterosteus aculeatus
(Kitano et al. 2009, but see Natri et al. 2013).

Population Size, Linkage, and Turnover

Population size is a major determinant in types
and rates of evolution. Low effective population
size (Ng) reduces the efficacy of selection, and
therefore a larger proportion of mutations are
effectively neutral in smaller populations. Re-
combination affects N, and therefore molecu-
lar evolution, as higher rates of recombination
within a specific region result in a local increase
in NE

Rates of evolution of sex chromosomes also
vary because of differences in relative Ng. In
general, and assuming an XY system and an
equal population sex ratio, the census popula-
tion size of the chromosomes is such that there
are four copies of each autosome for every three
X chromosomes and every single Y. This means
that in truly monogamous populations (popu-
lations with limited sexual conflict), in which
male and female reproductive skew are equal,
the relative effective population size of the
autosomes (NgA) is greater than that of the
X chromosome (NgX), which is in turn greater
than that of the Y chromosome (NgY, Fig. 2).

In populations experiencing greater sexual
selection and conflict—typically those with in-
creased reproductive variance in males—rela-
tive N5Y decreases even further, and NyX in-
creases (Bachtrog et al. 2011). This is because
with strong sexual selection the effective male
population size is very small and autosomes
are transmitted more through males than the
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Figure 2. The effect of sexual selection on the relative effective population size. Population size of X (NgX),
Y (NgY), Z (NgZ), and W (NgW) chromosomes are compared to the autosomes. Under strict monogamy
(A,B), NgX/NgA is broadly equal to NgX/NgA. Sexual selection (C,D) increases relative NgX and NgW at the
expense of NgZ and NiY. These differences in effective population size may have profound effects on sex

chromosome evolution and turnover.

X chromosome is. In some cases in which re-
combination rates are higher on the X than the
autosomes because recombination is restricted
to females, as with Drosophila (Andolfatto
2001), NgX can even exceed NgpA.

Sexual selection and its influence on the rel-
ative effective population size of the sex chro-
mosomes is known to affect rates of evolution
for X-linked genes (Charlesworth et al. 1987;
Vicoso and Charlesworth 2010). However, in-
creased sexual selection and conflict can also
affect Y chromosome evolution. Sexual selec-
tion decreases NgY (Fig. 2), and this may lower
the mutational input on Y chromosomes and
reduce the efficacy of selection on Y-linked
genes. However, the population size effects on
Y-mutational input could be compensated for
by male-biased mutation rates in some taxa
(Sayres and Makova 2011), and the Y chromo-
somes’ ability to respond to selection may be
offset by intrachromosome recombination and
gene conversion (Lange et al. 2009; Marais et al.
2010)

Additionally, the rate of evolution of alleles
on the sex chromosomes also depends on the
dominance characteristics of any beneficial mu-

tations as this affects the strength of drift the
mutation is subject to (on the X), and whether
or not newly beneficial alleles are already part of
the standing genetic variation, which is in turn
dependent on population size. For example, Y-
linkage can boost the rate of increase of rare
beneficial alleles, increase the purging of delete-
rious alleles, but can also result in lower stand-
ing variation on which selection can act (Char-
lesworth et al. 1987), notwithstanding possible
higher male mutation rates. Thus it is the bal-
ance of population size, mutation rate, and
dominance that determine allelic fates and sex
chromosome evolution.

Similarly, the outcome of new male-deter-
mining factors depends on linkage associations
between male-benefit alleles and old and neo-Y
chromosomes. Depending on the detail of these
associations, new sex-determining factors can
be lost, retained with the loss of the old Y chro-
mosome, or new and old can both be retained or
lost (van Doorn and Kirkpatrick 2007). For ex-
ample, if genes essential for male sexual fitness
are closely linked to the old Y chromosome,
then the spread of a new sex-determining factor
can be retarded and as sex chromosomes differ-
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entiate and turnover can be even more unlikely.
However, with the advent of sex-limited gene
expression, invasion by new sex-determining
factors is easier because male/female-benefit al-
leles will not be inappropriately expressed. That
is, female-benefit alleles (for example) will not
be expressed in males with a neo-Y if the allele is
already sex-limited in expression, and hence this
potential avenue of selection against the neo-Y
will not exist.

Sex chromosome turnover may also be fa-
cilitated by the fact that nonrecombining re-
gions of the sex chromosomes accumulate del-
eterious mutations (Blaser et al. 2013). The ease
of turnover depends on the magnitude of male
benefits derived from alleles on the old Y chro-
mosome, as this chromosome is typically lost
in turnover events. If the Y chromosome carr-
ies numerous benefit alleles to males or, in the
case of the eutherian Y, carries several genes
essential to male fertility (Lange et al. 2009),
loss of these genes prevents turnover as the re-
sulting males would be sterile. With small cu-
mulative benefits on the Y chromosome, turn-
over events are more likely, and this may suggest
that younger Y chromosomes, which have had
less time to accumulate male-benefit alleles,
are more likely to undergo turnover than older
Y chromosomes.

It could therefore be that small populations
in general, or populations with intense sexual
selection and conflict, are most likely to experi-
ence sex chromosome turnovers. However,
the strong linkage effects and Hill-Robertson
interference that act on Y chromosomes (Bach-
trog 2013) may obscure the role of effective
population size in shaping Y chromosome evo-
lution. To date, there is little empirical data on
the role of relative effective population size in
sex chromosome turnover, but comparison of
island versus mainland populations could be
revealing.

Conflict and Sex Chromosome Dosage
Compensation

Sexual conflict may also explain the curious
pattern that has emerged recently regarding
the difference between X and Z chromosomes

in dosage compensation (Mank 2009, 2013).
Once recombination is halted between the sex
chromosome pair, the sex-limited Y or W de-
generates in gene content and activity (Bachtrog
2013). This creates a gene imbalance between
males and females, with the heterogametic sex
having just one copy of X- or Z-linked genes.
There is selection in the heterogametic sex to
up-regulate this single copy to equilibrate dose
with the two copies in the homogametic sex.
Because gene expression is highly correlated be-
tween males and females (Griffin et al. 2013),
dosage compensation in the heterogametic sex
can cause overexpression in the homogametic
sex leading to conflict between the sexes over
optimal gene expression (Mank et al. 2011).

It is increasingly clear that this conflict plays
out differently for X and Z chromosomes, with
many male heterogametic species showing ef-
fective dosage compensation in males (Hahn
and Lanzaro 2005; Ercan et al. 2007; Straub
and Becker 2007; Gelbart and Kuroda 2009; Ju-
lien et al. 2012; Muyle et al. 2012; Wilkinson
et al. 2013). In stark contrast, complete Z chro-
mosome dosage compensation has yet to be
seen in any female heterogametic species (Itoh
etal. 2007; Vicoso and Bachtrog 2011; Harrison
etal. 2012; Vicoso et al. 2013). This pattern may
be attributed to the fact that sexual selection is
usually stronger on males. This would mean
that selection in XY males to up-regulate dos-
age-sensitive X-linked genes would override the
cost of overexpression in XX females, but selec-
tion in ZW females to hyperexpress similar
genes on the Z chromosome would be retarded
by selection against overexpression in ZZ males
(Mank 2013). If this is true, then sexual conflict
may explain fundamental genomic properties
such as sex chromosome dosage compensation.

SGEs and Sex Chromosome Turnover

SGEs can also influence sex chromosome evo-
lution and turnover, and in many ways the
effects of SGEs on sex chromosome evolution
are similar to those for sexual conflict. However,
the causes can differ quite substantially. For ex-
ample, SGEs can also cause sex chromosome
turnover. Segregation distorters such as meiotic
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drivers, involve two loci—a killer (drive) locus
and a sensitivity (target) locus—being in strong
linkage repulsion to ensure the drive and sensi-
tive alleles do not form a suicidal combina-
tion resulting in the driver killing itself. The
reduced recombination of sex chromosomes
makes them particularly prone to invasion by
segregation distorters as any gene on the X/Z
can drive against the Y/W (and vice versa)
(Hamilton 1967; Frank 1991). Unlike distor-
ters on autosomes, segregation distorters on
sex chromosomes result in biased sex ratios, as
a preponderance of X chromosome-bearing
sperm results in more female offspring, or Y-
bearing sperm more male offspring. This creates
strong selection to rebalance sex ratios, which in
turn may promote the evolution of neosex chro-
mosomes (cf. female meiotic drive in mam-
mals) (Yoshida and Kitano 2012) and even in
the formation of entirely new sex-determina-
tion systems that supplant existing ones (Cor-
daux et al 2011).

Just as selection can favor reduced recombi-
nation between sex-determining genes and sex-
ually antagonistic alleles, segregation distorters
can also catalyze the silencing of sex-linked
genes. However, the mechanisms by which
they do this are somewhat different. One potent
silencing mechanism is meiotic sex chromo-
some inactivation (MSCI), in which most of
the genes are silenced on the sex chromosomes
during meiosis in the heterogametic sex. MSCI
occurs in mammals (Fernandez-Capetill et al.
2003), but remains contentious in Drosophila
(Hense et al. 2007; Meiklejohn et al. 2011)
and birds (Schoenmakers et al. 2009; Guioli
et al. 2012; Livernois et al. 2013). One hypoth-
esis put forward is that a key function of MSCl is
to prevent SGEs from invading sex chromo-
somes, which may be particularly vulnerable
in the heterogametic sex where they are un-
paired. MSCI may therefore act to protect sex
chromosomes from the invasion of sex ratio
distorters (Meiklejohn and Tao 2010), although
this remains to be shown. However, silencing of
meiotic drivers on the sex chromosomes may
also contribute to the degeneration of the Y or
the W. In the fly Drosophila albomicans, for ex-
ample, it is suggested that gene silencing on the

Conflict on the Sex Chromosomes

Y chromosome may initiate the process of de-
generation (Zhou and Bachtrog 2012). Segrega-
tion distorters may therefore have the potential
to fuel the rate of sex chromosome turnover by
invading and subsequently contributing to their
degeneration—and hence being a potent pro-
moter of new sex chromosomes.

SEX CHROMOSOMES AS AGENTS
OF CONFLICT

Once formed, sex chromosomes may become a
flashpoint within the genome for conflict. This
means that conflict not only influences sex
chromosome turnover and divergence but also
acts more powerfully on established sex chro-
mosomes to shape their gene content and evo-
lution.

Sexualization of the X and Z
Chromosomes

Once the X and Y (or Z and W) chromosomes
have ceased recombining with each other, sex-
ually antagonistic forces can shape both the ge-
nomic properties and even the gene content of
the sex chromosomes. In theory, the genes on
each of the sex chromosome types (X, Y, Z, and
W) should be sexualized in unique and specific
ways. Although the sex-limited Y and W chro-
mosome often contain relatively few genes,
those that remain are thought to be crucial for
male (for the Y chromosome) and female (for
the W chromosome) fitness, as strong sex-spe-
cific selection is needed to maintain genes on
these chromosomes once recombination is sup-
pressed (Bachtrog 2013). Evidence consistent
with this is found for the D. melanogaster Y

(Chippindale and Rice 2001) and the chicken Q10

W (Moghadam et al. 2012) chromosomes.
Additionally, gene duplicates with sex-specific
effects may be maintained on Yand W chromo-
somes, as relocation to the sex-limited chro-
mosome instantly resolves sexual conflict for
genes that are dispensable in the homogametic
sex. This may explain the fact that the rate of
gene gain on the Drosophila Y chromosome is
10 times higher than the rate of gene loss (Koer-
ich et al. 2008), although the primate Y chro-
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mosome is more conserved for gene content
(Hughes et al. 2012).

X and Z chromosomes are thought to be
masculinized and feminized in different ways
depending on whether alleles with sex-specific
effects are dominant or recessive. In male het-
erogamety, the hemizygosity experienced by
males may lead to the accumulation of recessive
alleles with male benefits (Rice 1984; Connallon
and Clark 2010; Dean et al. 2012), even if there
is a substantial cost to females, as X-linked
genes are always exposed to selection in males.
Alternatively, the fact that the X chromosome is
more often present in females may give it a larg-
er role in dominant female-beneficial traits be-
cause the X chromosome is selected for female-
benefit effects twice as often as male effects
(Rice 1984; Connallon and Clark 2010). The
converse predictions are expected for Z chro-
mosomes, which should accumulate recessive
female-benefit mutations or dominant male-
benefit mutation.

Chromosome partitioning approaches to
studies of conflict bear up these theoretical pre-
dictions, with the X chromosome in Drosophila
carrying the vast majority of sexually antagonis-
tic variation (e.g., Gibson et al. 2002). Similarly,
quantitative genetic approaches show similar
results, with the X chromosome contributing
more to the variance than expected for sexual
dimorphism in Portuguese water dogs (Chase
etal. 2005) and sexually antagonistic fitness var-
iation in Red Deer (Foerster et al. 2007). How-
ever, the sex chromosomes do not always seem
to carry a disproportional abundance of sexu-
ally antagonistic variation (Poissant et al. 2010;
Husby et al. 2013).

Predictions about the sexualization of sex
chromosomes have also been used to interpret
gene expression data that show nonrandom dis-
tributions of sex-biased genes. Sex-biased ex-
pression is often thought to result from selec-
tion for different transcription optima for
females and males (Innocenti and Morrow
2010; Connallon and Clark 2011a; Pointer et
al. 2013) and represent at least partially resolved
sexual conflict (Connallon and Knowles 2005;
Connallon and Clark 2011b). In this frame-
work, genes expressed at higher levels in females

(female-biased genes) are thought to confer fe-
male benefits, and genes expressed at higher
levels in males (male-biased genes) are thought
to confer benefits to males (Connallon and
Clark 2011b; Wright et al. 2012; Pointer et al.
2013).

Using this framework, the X chromosome
in both mice and Drosophila has been feminized
for expression (Khil et al. 2004; Meisel et al.
2012) and the Z chromosome has been mascu-
linized in birds (Wright et al. 2012). The Dro-
sophila X chromosome shows weaker and less
consistent evidence of demasculinization (Mei-
sel et al. 2012), although this may be owing to
the mechanism of dosage compensation in this
clade (Vicoso and Charlesworth 2009). The lack
of dosage compensation in birds makes it diffi-
cult to assess the degree of defeminization. Even
more interesting, species with alternative repro-
ductive cycles show deviations from the general
pattern of sexualization that are entirely consis-
tent with expectations, as observed with the
masculinization of the pea aphid X chromo-
some, which is caused by its unique inheritance
between males, sexual females, and partheno-
genic females (Jaquiery et al. 2013).

Despite these broadly consistent patterns,
we do not yet know the rate of sexualization of
the sex chromosomes, or how the sexualization
rates might be affected by feminizing or male
killing endosymbionts like Wolbachia, which
could be expected to act as accelerants. Howev-
er, many sex chromosomes have multiple strata,
or regions, that have been effective sex chromo-
somes for different lengths of time (Lahn and
Page 1999; Bergero et al. 2007; Wright et al.
2012; Vicoso et al. 2013). Strata studies in birds
suggest that masculinization of Z chromosome
gene expression is much slower than the rate of
mating system evolution (Wright et al. 2012).

Similarly, the sex chromosomes can become
sexualized via gene duplications, as gene dupli-
cates may either find the sex chromosomes a
more favorable or more hostile environment
depending on their sex-specific effects (Gallach
etal. 2010; Connallon and Clark 2011b; Gallach
and Betran 2011). This may explain the nonran-
dom patterns of gene movement observed from
and to the X chromosome in mammals (Potr-
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zebowski et al. 2008) and Drosophila (Meisel et
al. 2009; Vibranovski et al. 2009). However, no
such pattern has been observed for the Z chro-
mosome in birds or Lepidoptera (Toups et al.
2011). Furthermore, the out of X migration
seen in Drosophila and mammals is a slow pro-
cess (Potrzebowski et al. 2008; Vibranovski et al.
2009), suggesting that significant feminization
of the X chromosome only occurs over a long
period of time.

Sex Chromosomes Are Magnets for SGEs

Sex chromosomes can act as attractors of segre-
gation distorters, and this can result in sex-ratio
biases promoting rapid changes in sex-determi-
nation systems, with a concomitant selective
sweep of the genomic region surrounding the
new sex-determining locus (Charlesworth and
Hartl 1978; Hall 2004). Evidence consistent
with this scenario is that sex ratio distorters
may be responsible for very rapid selective
sweeps (e.g., Nolte et al 2013; EA-Hornett; B
Meoran; LA Reynelds; et al., submitted). Spread
of segregation distorters may also result in the
hitchhiking of tightly linked genes that can po-
tentially have dramatic fitness consequences.
Loci tightly linked to segregation distorters
(e.g., contained within an inversion) will spread
as a consequence of drive, even if they are asso-
ciated with fitness costs, and can remain at high
frequencies even after suppression of the dis-
torter. Conversely, it is possible that such genet-
ic hitchhiking also has the potential to directly
affect the rate of spread of SGEs in general, pro-
viding they are tightly linked to beneficial high
fitness alleles under positive selection (i.e., not
opposed by the parliament of genes).

THE INTERPLAY BETWEEN SGEs AND
SEXUALLY ANTAGONISTIC ALLELES

The selfish nature of SGEs generates conflict
with the rest of the genome that will select for
suppression and silencing. SGEs and their cor-
responding suppressors are therefore locked in
an ongoing antagonistic arms race. For SGEs on
sex chromosomes that cause sex ratio distor-
tion, this arms race is particularly acute owing

Conflict on the Sex Chromosomes

to selection to rebalance sex ratios. Counterse-
lection to restore the sex ratio to unity in re-
sponse to sex-ratio distorters can promote evo-
lution of novel sex-determination pathways
(Cordaux et al. 2011), resulting in new and
different ways to determine sex with direct con-
sequences for sexual conflict. Changes to sex
determination, such as going from male hetero-
gamety to female heterogamety (XY to ZW, or
vice versa) in response to selfish distorters, will
simultaneously alter the opportunity for sexual
conflict (see Rice 1984). Any SGEs that are al-
ready present on a sex chromosome (or on a
former autosome now involved in sex determi-
nation, e.g., Kaiser and Bachtrog 2010) will ex-
perience a shift in the strength of sex-specific
selection. In addition, they may also have dif-
ferent fitness effects when expressed in males
and females, as many SGEs (e.g., segregation
distorters, male killers, feminizers, and parthe-
nogenesis-inducing endosymbionts) are associ-
ated with sex-ratio distortion that clearly favors
one sex at the expense of the other. For example,
a genome that has experienced extensive peri-
ods of feminizing selection (e.g., by feminizing,
male killing, or parthenogenesis-inducing bac-
teria) may have accumulated female-benefit al-
leles that lower male fitness when expressed in
“rescued” males after the evolution of suppres-
sors of sex-ratio distortion. Sex-specific selec-
tion under periods of sex-ratio distortion may
result in the accumulation of female/male-ben-
efit alleles that are now being exposed in the
opposite sex in which they were rarely expressed
before suppression of sex-ratio distortion. Over
time, the cost of expressing such newly exposed
sexually antagonistic alleles in the “rescued” sex
may be ameliorated (Bonduriansky and Cheno-

weth 2009). One might therefore predict the Q12

resurgence of sexually antagonistic alleles to be
more prominent in populations experiencing a
recent spread of a segregation-distorting sup-
pressor allele or experiencing a shift in sex de-
termination.

Ongoing antagonistic arms races between
segregation distorters and their suppressors in-
volving the sex chromosomes can contribute to
population reproductive failure by causing male
sterility and can also potentially contribute to
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reproductive divergence and even speciation
(Meiklejohn and Tao 2010; Pregraves 2010). Re-
duced gene flow between populations can occur
via hybrid sterility, which itself may arise for
different reasons. First, it could be the conse-
quence of a heteropopulation lacking the ap-
propriate suppressor for segregation distorters.
Second, hybrid dysfunction could arise because
of coevolution between the sex ratio distorters
and the MSCI silencing mechanisms. The mo-
lecular basis of MSCI may vary between po-
pulations in response to suppressing newly
emerged distorters or those that have evolved
to escape suppression. As a result of the conflict
over transmission, incompatibilities can evolve
between different components of the MSCI ma-
chinery that can result in male hybrid sterility.
For example, in populations of the house mouse
(Mus musculus), there is conflict between the
sex chromosomes involving the Y-linked multi-
copy Sly gene, and the X-linked Slx and SlxI
gene complex. These genes act antagonistically
during spermatogenesis with Sly promoting the
transmission of the Y chromosome during
MSCI, whereas Slx/SIx1 promote the transmis-
sion of the X (Cocquet et al. 2012). Interestingly,
this antagonism depends on the relative expres-
sion of these genes and not on their total abun-
dance. Nonetheless, there is evidence of a rapid
expansion in copy number of these sex-linked
genes during the past three million years, and it
is suggested this is caused by the antagonistic
conflict that X and the Y chromosomes are
locked into (Good 2012). This is further corrob-
orated by recurrent hybrid male sterility that
is associated with overexpression of Six/Sixl1
and Sly because of copy number variation and
a concomitant biased sex ratio. There are of
course other reasons for sterility such as being
caused by compensatory evolution of other
genes involved in gametogenesis, but it is clear
that conflict involving SGEs is a major sterility
source.

The rapid turnover of sex chromosomes
generated by segregation-distorting SGEs and
their suppressor(s) will simultaneously affect
any existing sex-linked allele by altering their
exposure to selection, and this will also poten-
tially contribute to sexual conflict. There is

therefore likely to be a direct link between
the recurrent intragenomic conflicts generated
by SGEs and their corresponding suppressors
and the resurgence and exposure of sexually
antagonistic alleles on the sex chromosomes.
Seeing the prevalence of SGEs in nature, this
source of sexual conflict is likely to be greatly
overlooked.

CONCLUSIONS

It seems clear that conflict at one level can cause
conflict at other levels, from genes to organelles
and upward, that there can also be feedbacks,
and that all of this interaction has implications
for sex chromosome evolution. For example,
SGEs such as segregation distorters, male kill-
ers, feminizers, and parthenogenesis-inducing
endosymbionts can directly target sex chromo-
somes, thereby generating additional intrage-
nomic and sexual conflict, whereas sexual selec-
tion can generate sexual conflict and also select
against SGEs and impose strong selection on sex
chromosomes. Indeed, the recognition that
SGEs can be crucial for sex chromosome evolu-
tion is a recent insight that has yet to be fully
explored. This is also true of population size and
sex chromosome evolution. However, although
there is still much to understand, the basic
logic of sexual conflict and sex chromosomes
has proved to be remarkably prescient and still
provides a powerful lens through which sex
chromosome evolution can be studied. Equally,
these chromosomes provide a unique window
into the genetic basis of sexual conflict.
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Queries
Judith E. Mank, David J. Hosken, and Nina Wedell

Q1 @/Iikhaylova and Nurminsky (2012) is listed in the references section but not cited in the
text. Please resolve all of these reference discrepancies.

Q2
Q3

§|= urt and Trivers 2006 is cited once in the text but not listed in the references section.

g urst and Pomiankowski 1991 is cited once in the text but not listed in the references
Section.

Q4 g all 2004 is cited twice in the text but not listed in the references section.

Q5 rice and Wedell 2008 is cited once in the text but not listed in the references section.
Q6 edell 2013 is cited once in the text but not listed in the references section.
Q7 Diibendorfer et al. 2002 is cited once in the text but not listed in the references section.

Q8 g n Figure 2, it looks as though the X, Y, A, and W are superscripts to the subscripts
. However, in text and in the figure legend, the X, Y, A, and W are full-sized, like the
N. What should they look like?

Q9 [amilton 1967 is cited once in the text but not listed in the references section.

Q10 hippindale and Rice 2001 cited once in the text but not listed in the references section.

Q11 harlesworth and Hartl 1978 is cited once in the text but not listed in the references section.

Q12 onduriansky and Chenoweth 2009 cited once in the text but not listed in the references
section.

Q13 regraves 2010 is cited once in the text but not listed in the references section.
Ql4 Eo cquet et al 2012 cited once in the text but not listed in the refernces section.
Q15 ood 2012 cited once in the text but not listed in the references section.

Conflict on the Sex Chromosomes: Cause, Effect, and Complexity

Judith E. Mank, David J. Hosken, and Nina Wedell

TOC Blurb: Sex chromosomes are hot spots for intralocus and intragenomic conflicts. These
conflicts shape sex chromosome and genome evolution—and even have the power to cause
the complete turnover of sex chromosomes.
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