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Sex chromosome drivers are selfish elements that subvert Mendel’s first law of segregation
and therefore are overrepresented among the products of meiosis. The sex-biased progeny
produced then fuels an extended genetic conflict between the driver and the rest of the
genome. Many examples of sex chromosome drive are known, but the occurrence of this
phenomenon is probably largely underestimated because of the difficulty to detect it.
Remarkably, nearly all sex chromosome drivers are found in two clades, Rodentia and
Diptera. Although very little is known about the molecular and cellular mechanisms
of drive, epigenetic processes such as chromatin regulation could be involved in many
instances. Yet, its evolutionary consequences are far-reaching, from the evolution of
mating systems and sex determination to the emergence of new species.

eiotic drivers are selfish genetic elements
that subvert Mendelian segregation dur-
ing gametogenesis for their own benefit. They
are passed on to most, if not all, of the function-
al gametes produced by heterozygotes. There-
fore, drivers can increase in frequency and in-
vade populations even if they reduce individual
fitness, which is usually the case. The drivers are
typically expressed in one sex, of which fertility
is impaired. This also has deleterious conse-
quences for the opposite sex and is expected
to promote adaptations to counteract drive
through sexual selection and sexual conflict.
Furthermore, sex-linked meiotic drivers ex-
pressed in the heterogametic sex typically lead
to biased offspring sex ratios, which represents
an additional cost and can exacerbate the sexual
conflict.
Morgan et al. (1925) were the first to ob-
serve sex-biased offspring, which turned out

to be caused by a sex-linked meiotic driver. Un-
fortunately, the Drosophila affinis strain was lost
before any conclusive study could be per-
formed. Later, Gershenson (1928) found that
the offspring of some Drosophila obscura males
were female biased. He showed that these males
carried an X-linked genetic element (hereafter
“sex ratio” or SR) responsible for the sex-ratio
distortion, and showed that the SR did not affect
the viability of the male offspring but acted as a
gametic killer of Y-bearing sperm. Gamete kill-
ing or disabling is observed in males; in females,
meiotic drive is usually a result of centromere
competition for access to the egg.

In its original definition (from Gershen-
son’s work and others), the term meiotic drive
applies to the consequences of the mechanics
of the meiotic divisions (Sandler and Novitski
1957). Here, under the term “sex chromosome
drive,” we will include more broadly any case of
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preferential transmission that results directly or
indirectly from an event that took place before,
during, or after meiosis. Sex chromosome drive
is different from sex-ratio adjustment, in which
the favored chromosome is not the actor of its
drive (West and Sheldon 2002). As emphasized
by Sandler and Novitski (1957), it is also differ-
ent from selection in the haploid phase as a
consequence of the gamete’s intrinsic fitness.

Only a few dozen cases of sex chromosome
drive have been described, mainly in Drosophila
and other Diptera (reviewed in Jaenike 2001;
Burt and Trivers 2006). One possible explana-
tion for the rarity of reported cases is that a
biased sex ratio is not evolutionarily stable.
Fisher (1930) predicted that natural selection
will favor a 1:1 sex ratio, and that any deviation
will be counterselected. This means that vari-
ants with counteracting effects can be selected at
unlinked loci. Consistent with this prediction,
autosomal drive suppressors and resistant Y
chromosomes have been found in several Dro-
sophila species (De Carvalho and Klaczko, 1994;
Carvalho et al. 1997; Cazemajor et al. 1997).
Three different cryptic X-linked SR systems
have been described in the same species (Dro-
sophila simulans: Paris, Winters, and Durham
systems), showing that they can evolve repeat-
edly and be completely neutralized in the wild,
remaining undetectable unless appropriate ge-
netic crosses are performed (Mergot et al. 1995;
Tao et al. 2001, 2007a). D. simulans also teaches
us that the time window leading up to neutral-
ization can be very narrow (Bastide et al. 2013).
However, variants that enhance distortion can
be selected if they are linked to the distorter.
Inversions should prevent recombination with
nondriving X chromosomes and keep together
the loci that interact to induce drive, as found in
D. pseudoobscura (Wu and Beckenbach 1983).
These examples illustrate the extended genetic
conflict that can result from the evolution of sex
chromosome drive.

Among the known cases of sex chromosome
drive, X chromosome drive is much more com-
mon than Y chromosome drive. This may be
because Y-linked drivers are always expressed,
at each generation, unlike X-linked drivers. All
else being equal, Y chromosome drive spreads

faster and leads to a higher risk of extinction
owing to the lack of females (Hamilton 1967).
Furthermore, when the sex chromosomes are
well differentiated, the Y chromosome usually
has many fewer genes, which may provide fewer
opportunities for a driver to evolve. On the oth-
er hand, heteromorphic sex chromosomes are
expected to facilitate the evolution of meiotic
drive. Indeed, the more divergent the sex chro-
mosomes are, the less they recombine, reducing
the risk of producing a suicide chromosome
that carries both the driver and a sensitive allele
at the target locus (Charlesworth and Hartl
1978; Frank 1991; Hurst and Pomiankowski
1991).

OCCURRENCE AND MECHANISMS
OF SEX CHROMOSOME DRIVE

Nearly all of the well-established cases of sex
chromosome drive occur in the distant Diptera
and Rodentia taxa (reviewed in Jaenike 2001;
Burt and Trivers 2006). Naturally occurring
X-linked drivers have been reported in 13 Dro-
sophila species with sporadic taxonomic distri-
bution across the genus. A similar phenotype
has been described in four species of stalk-
eyed flies and in the tsetse fly. Y drive is much
less common, but is known in two mosquito
species: Aedes aegyptii and Culex pipiens.

Whereas the dipteran drivers usually oper-
ate during meiosis (Fig. 1), the sex chromosome
drivers known in rodents first change the sex of
their carriers (but see Cocquet et al. 2012). XY
females have been described in lemmings, in
voles, and in the African pygmy mouse—all as-
sociated with the presence of feminizing X chro-
mosomes that lead to female-biased population
sex ratios (Fredga et al. 1976; Gileva 1987; Bian-
chi 2002; Veyrunes et al. 2010).

Unbalanced sex ratios are common in an-
giosperms with separate sexes. However, this is
probably more often because of pollen compe-
tition between lower quality Y-bearing pollen
and higher-quality X-bearing pollen (but see
Taylor and Ingvarsson 2003). Adaptive adjust-
ment of offspring sex ratio occurs in some birds,
and some placental and marsupial mammals,
but there is no definite evidence so far of a causal
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Figure 1. Spermatogenesis stages at which cellular phenotypes of sex chromosome drive are observed.

mechanism during gametogenesis (West and
Sheldon 2002; Rutkowska and Badyaev 2008;
Navara 2013). In contrast, strong female-biased
progeny produced by males of the nematode
Rhabditis sp. SB347 has recently been ascribed
to differential transmission of X-bearing sperm.
In this species with X0 males, the trait seems
related to premature splitting of the X chromo-
some into sister chromatids during meiosis
I. The cellular components that are essential
for sperm motility are then partitioned almost
exclusively to the X-bearing sperm (Shakes et al.
2011). Below, we summarize what is currently
known about the mechanism of sex chromo-
some drive in rodents, Drosophila, and other
dipterans. In Drosophila, we also focus on recent
data and hypotheses about the molecular basis
of drive.

Rodentia

Several species of rodents show X chromosome
variants (usually referred to as X*) that cause
XY individuals to develop into females. The
most extreme case of X chromosome drive op-
erating by feminization of XY individuals is
known in the wood lemming Myopus schisti-
color: X*Y females produce only X* eggs, owing
to the nondisjunction of the sister chromatids
of both sex chromosomes during some mitotic
divisions in the germline. The X*X* cells enter
meiosis, but the YY cells are unviable. As a re-
sult, the X* chromosome is transmitted to 100%
of the progeny—all are therefore female. In the
lemming Dicrostonyx torquatus, X*Y females

produce both X*- and Y-bearing gametes. The
primary drive strength is lower in this case, as
the preferential transmission of the X* chromo-
some does not occur at the gamete stage. The
sex bias occurs after fertilization; YY zygotes die,
allowing the X* chromosome to be passed on
to two-thirds of the progeny (X*X and X*Y fe-
males). XY females have also been found, some-
times at high frequencies, in the African pygmy
mouse Mus minutoides (Veyrunes et al. 2010;
Saunders et al. 2014) and in eight different spe-
cies of Akodon (reviewed in Bianchi 2002). In all
four of these genera, the driving X also benefits
from better reproductive performance of XY
females compared with XX females. For exam-
ple, in Akodon azarae, XY females have a longer
reproductive life span than XX females, and
they have the same litter size even though the
YYembryos are not viable (Hoekstra and Hoek-
stra 2001). The XY female embryos also have an
accelerated rate of preimplantation develop-
ment (Espinosa and Vitullo 2001).

The genetic bases of these sex-reversal
mechanisms are unknown. Their recurrent evo-
lution is likely related to the peculiar structure
of the Sry gene in Muroidea. It contains an un-
stable microsatellite encoding a glutamine-rich
domain of variable length. This domain func-
tions as a genetic capacitor that could foster the
accumulation of intragenic cryptic variation
and promote the evolution of male sex deter-
mination systems that are not Sry dependent
(Chen et al. 2013). The association with an X-
linked deletion has been proven in Myopus, and
X linkage is strongly suspected in Dycrostonyx
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and Akodon species where driving X chromo-
somes show specific rearrangements (Fredga
and Bulmer 1988; Ortiz et al. 2009).

Besides these cases associated with sex rever-
sal, experimental studies on the mouse revealed
that sex chromosome drive in rodents can also
occur in a very different way. Males with a dele-
tion that removes two-thirds of the Y chromo-
some long arm produce female-biased progeny.
This is because of an impaired fertilizing ability
of Y-bearing sperm (Ward and Burgoyne 2006).
The deletion causes imbalance in copy num-
ber of antagonistic X-linked (Slx/SIx1) and Y-
linked (Sly) genes involved in the epigenetic
control of postmeiotic sex chromatin (PMSC)
expression (Cocquet et al. 2012). There is evi-
dence to support the idea that a long-lasting
conflict exists between these antagonistic genes
in rodents (see the section Evolutionary Conse-
quences).

Drosophila

In Drosophila, X drive can be very strong, some-
times leading to 100% female progeny, or close
to it. X drive in Drosophila is often associated
with abnormal behavior of the Y chromosome
during meiosis II, which can lead to segrega-
tion failure of the Y chromosome’s sister chro-
matids (direct observation in D. simulans Paris,
D. pseudoobscura, and D. athabasca; inference in
Drosophila subobscura and Drosophila parame-
lanica [Fig. 1]; reviewed in Cazemajor et al.
2000; Jaenike 2001). All of the cytological stud-
ies in Drosophila and stalk-eyed flies show evi-
dence of spermiogenesis failure, which is
thought to affect the spermatids containing
the target chromosome, as shown in D. simu-
lans Paris (Cazemajor et al. 2000).

Although X drive has been known for a long
time, only one driver gene, Dox (Distorter on
the X) has been identified molecularly. Its func-
tion is unknown. Found in D. simulans, Dox
is suppressed and cryptic in its natural context.
It was revealed by interspecific crosses that
lifted the suppression. Dox is a recent gene
that arose from another recent gene, Mother of
Dox (MDox) (Tao et al. 2007a,b). Dox and
MDox appear to be transcribed as RNAs that

are noncoding or that have a very limited coding
potential. Dox does not seem to cause meiotic
defects, but rather postmeiotic failure of nuclear
condensation in the Y-bearing sperm (Tao et
al. 2007b; Yasuno et al. 2013). Remarkably,
Dox gave rise through retrotransposition to an
autosomal suppressor, Not much yang (Nmy).
An RNA interference mechanism seems to be
involved in the suppression of Dox by Nmy.

The Paris sex-ratio drive, also found in
D. simulans, has the best-described cellular phe-
notype, but the driver elements and the sup-
pressors are still unknown. Nevertheless, two
drive loci have been mapped on the X chro-
mosome, about 150 kb away from each other,
both required to generate the distortion (Mont-
champ-Moreau et al. 2006). The first locus cor-
responds to a segmental duplication contain-
ing six genes, all expressed in the testes (Fouvry
etal.2011). The second locus is the HP1D2 gene
(GD16106), a member of the heterochromatin
protein 1 (HP1) gene family (Q Helleu et al,,
unpubl.).

Mosquitoes

In A. aegypti and C. pipiens, Y drive can also
result in high sex-ratio biases (Wood and New-
ton 1991). In both species, Y drive is associated
with breakage of the X chromosome (and of
the Y and autosomes to a much lesser extent)
at some stage before anaphase I. This breakage
may be caused by failed crossover (Newton
et al. 1976). A high proportion of sperm heads
in A. aegypti driving males contains a remark-
able large amount of DNA, which likely results
from incomplete anaphase during the first and
second meiotic divisions (Newton et al. 1978).

In both species, the sex chromosome driver
is tightly linked to the sex-determining locus on
the nondegenerated Y chromosome. The sex
chromosome driver in A. aegypti has been better
studied, and several modifiers have been genet-
ically mapped—two suppressors and an en-
hancer (Wood and Ouda 1987; Wood and New-
ton 1991). Shin et al. (2011) used comparative
transcriptomics to characterize the sex chromo-
some drive testes transcription profile, and
identified genes associated with signal trans-
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duction and cell cycle. Among these they found
some Ras-related genes.

Heterochromatin, Small RNAs,
and Genetic Conflict

Most of the cellular phenotypes described
above—at least, those described in Drosophila
species—suggest a failure in the chromatin state
regulation. In yeast and Drosophila, defects in
heterochromatin formation can lead to chro-
mosome missegregation (Allshire et al. 1995;
Kellum and Alberts 1995). Moreover, the inter-
action between the heterochromatin and the
proteins involved in its regulation is one of the
key steps that led to the centromere drive hy-
pothesis, as argued by Malik and Henikoff
(2009). The interesting feature about SR in Dro-
sophila is that nearly all the Y chromosomes in
this genus are ancient and highly heterochro-
matic (Bachtrog 2013). We suggest that for mei-
otic drive, the X chromosome—via DNA-bind-
ing proteins or other proteins involved in the
regulation of the chromatin state—can take ad-
vantage of the singular heterochromatin state
of the Y chromosome and lead to its missegre-
gation.

The HP1 gene family is involved in hetero-
chromatin regulation and formation (Cheutin
et al. 2003; Olszak et al. 2011). The phyloge-
nomic analysis in Drosophila, performed by
Levine et al. (2012), has revealed a great poten-
tial for many members of this family to be in-
volved in episodic genetic conflicts, like the
germline-restricted Oxpecker. Some HP1s genes
could suppress the selfish activity of genomic
parasites, including meiotic drivers. Once sup-
pressed, the selfish element can degenerate, then
its suppressor. That could explain HP1 turnover
and neofunctionalization, shown, for instance,
for Umbrea (Levine and Malik 2013; Ross et al.
2013). The discovery that HP1D2 in D. simulans
is one of the distorters in the Paris system is
highly significant in this respect. This is the first
evidence of an HP1 protein directly involved in
an ongoing genetic conflict.

Another potential actor of drive is the small
RNA library that guides the DNA-binding pro-
teins. Small RNAs are involved in the regulation

Sex Chromosome Drive

of the chromatin state, in interaction with HP1s
(Pal-Bhadra et al. 2004; Brower-Toland et al.
2007; Gu and Elgin 2013). Produced by satellite
DNA, transposable elements, and genomic tan-
dem repeats, small RNAs can induce hetero-
chromatin perturbation, altering DNA conden-
sation or segregation (Allshire etal. 1995; Grewal
et al. 1998; Aravin et al. 2001; Lippman et al.
2004). Recent data support the view that small
RNA can be involved in regulation of meiotic
drivers. Indeed, piRNA pathway mutants en-
hance the drive caused by segregation distorter
in Drosophila melanogaster (Gell and Reenan
2013). In addition, the SR driver Winters in
D. simulans is thought to be suppressed through
small RNA-based silencing (Tao et al. 2007b).
Thisisalso true for Stellate repeated genes, which
lead to male sterility in the absence of a suppres-
sor (Livak 1990). This shows that the emergence
of homologous repeated sequences can resolve a
conflict (Aravin et al. 2001; Stapleton et al.
2001).

POPULATION DYNAMICS OF SEX
CHROMOSOME DRIVE: THE
Drosophila MODEL

The fate of a sex-linked driver that emerges in a
population can be diverse, causing population
extinction, staying at a stable polymorphism,
or triggering the evolution of (and possibly cy-
cling with) suppressors of drive. Many docu-
mented examples come from the genus Dro-
sophila (Fig. 2).

Population Extinction

In theory, even a low transmission advantage
should allow a driver to quickly invade a pop-
ulation. Without any countervailing effect, the
presence of a strong driver on a sex chromosome
can lead to unisexual populations that will col-
lapse (Sturtevant and Dobzhansky 1936; Ham-
ilton 1967). If extinction can be observed (al-
though rarely) in the laboratory (Lyttle 1977;
Price et al. 2010a), it should strongly depend
on life-history parameters and stochastic effects
such as demographic ones (Jaenike 1996; Hat-
cher et al. 1999; Taylor and Jaenike 2002, 2003).
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Figure 2. Model for the evolution of X-chromosome drive, with examples from Drosophila. The evolution can
cease by population extinction or the system can stay at a stable polymorphism (without suppressors [e.g., in
D. pseudoobscura] or with suppressors [e.g., in Drosophila mediopunctata]). The only driver found to cycle in
natural populations is the young Paris system of D. simulans: the driver is currently disappearing in the Indian
Ocean (Madagascar, Mayotte) where complete suppression has evolved (Bastide et al. 2011) but is increasing in
frequency along with suppressors in the Middle East (e.g., in Egypt) (Bastide et al. 2013).

In fact, extinction driven by sex chromosome
drive has never been observed in natural popu-
lations. Only recently, a population crash may
have been related to a high SR frequency in Dro-
sophila neotestacea (Pinzone and Dyer 2013).
The absence of examples might be because, at
least in part, of the short period of time during
which the phenomenon can be observed. The
frequency of extinctions induced by SR drive
is probably not negligible (Carvalho and Vaz
1999; Jaenike 2001). There are few known cases
of sex chromosome drive systems that are still
evolving (such as the Paris system of D. simu-
lans), and the vast majority of drivers that have
been described so far are either cryptic (i.e.,
fixed and suppressed in the populations, such
as the Winters system of D. simulans) or in a
stable polymorphism (such as D. pseudoobscu-
ra’s SR). Now that we can more precisely date

the origin of such elements using molecular
population genetics tools, it appears that most
of them are old (see below).

If the extinction effect is strong enough, it
should be possible to use such selfish elements
for pest management through population re-
placement (Hastings 1994; Sinkins and Gould
2006). For example, it might be feasible to use
a killer Y for this purpose in the mosquito A.
aegypti (Craig et al. 1960). A driving Y would
be more efficient than a driving X, because
it would drive in every individual carrying
it, whereas the X would not drive in females
(Hamilton 1967; Burt and Trivers 2006). How-
ever, naturally occurring drivers will not work
if there are resistances in target populations
(Wood and Newton 1991). Alternatively, it is
theoretically plausible to invade a pest popula-
tion with engineered sex chromosome drivers
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(e.g., Deredec et al. 2011) as it has been per-
formed in experimental populations of D. mel-
anogaster (e.g., Akbari et al. 2013).

Maintenance of Polymorphism

Several SR drivers that have been detected in
natural populations show stable polymorphism.
The ancient SR from D. pseudoobscura—one
of the first to be discovered (Sturtevant and
Dobzhansky 1936)—might be approximately
one million years old (Babcock and Anderson
1996; Kovacevic and Schaeffer 2000). It has re-
mained at the same frequencies for more than
50 years in Arizona (Beckenbach 1996). Much
theoretical and empirical work has been devot-
ed to explaining how the SR polymorphism
is maintained in this species, given that there
is no evidence of either resistance or suppres-
sion (Policansky and Ellison 1970; Beckenbach
et al. 1982). Following the experimental work
by Wallace (1948), a model was developed in
which the selection coefficient associated with
each genotype is constant, and the transmis-
sion advantage of SR is compensated by de-
leterious effects in females (Edwards 1961;
Curtsinger and Feldman 1980). But considering
that the driver is acting during male gameto-
genesis, it is unlikely that it lowers female fit-
ness by itself. This would instead be a result of
other loci that are tightly linked to SR or that
reside within chromosome rearrangements;
several drivers, including D. pseudoobscura SR,
are associated with inversions (Jaenike 2001). In
Drosophila recens, the driver seems to be disap-
pearing because of the accumulation of delete-
rious mutations within large X chromosome
inversions associated with the driver (Dyer
et al. 2007).

Alternatively, polymorphism can be main-
tained through frequency-dependent processes;
SR males usually suffer from reduced sperm
production to at least half of that of standard
males (e.g., in Drosophila, Cyrtodiopsis, or Ae-
des) (Hickey and Craig 1966; Policansky and
Ellison 1970; Hauschteck-Jungen and Maurer
1976; Wu 1983b; Montchamp-Moreau and
Joly 1997; Presgraves et al. 1997). If the realized
fecundity (i.e., number of offspring sired) is a

Sex Chromosome Drive

sigmoidal function of the number of gametes
produced, then SR polymorphism can be main-
tained by frequency-dependent selection (Hartl
1972; Jaenike 1996). When the proportion of
females increases in the population because
of the driver, the male mating rate increases
and standard males are favored because they
sire proportionally more offspring relative to
their transferred sperm. Variation in population
density can influence the male mating rate and
contribute to the differences in SR abundance
(Beckenbach 1978; Atlan et al. 2004 ). This could
explain the seasonal fluctuations of SR as do the
seasonal fluctuations of SR that are observed in
D. pseudoobscura (Bryant et al. 1982). The neg-
ative effect of multiple mating on the fertility
of SR males has been well documented in labo-
ratory conditions (e.g., Hickey and Craig 1966;
Wu 1983c; Jaenike 1996; Atlan et al. 2004; Wil-
kinson et al. 2006), and the effect of density on
SR frequency has been observed in experimental
populations of D. pseudoobscura (Beckenbach
1983). In addition, as for many other selfish
genetic elements (Price and Wedell 2008), SR
males are usually poor sperm (or pollen) com-
petitors against standard males (e.g., Wu 1983b;
Taylor et al. 1999; Wilkinson and Sanchez 2001;
Wilkinson et al. 2006; Angelard et al. 2008; Price
et al. 2008b). Therefore, a high female mating
rate may help stabilize the SR polymorphism.
Reduced sperm production in SR males could
increase the female propensity to remate (Beck-
enbach 1981; Atlan et al. 2004), and standard
males could suppress female remating in the
presence of even a low number of SR males
(Price et al. 2010b). However, when the driver
increases in frequency in the population and the
sex ratio becomes highly female biased, the fe-
male mating rate will tend to decrease, reducing
sperm competition and therefore the SR disad-
vantage. Taylor and Jaenike (2002) modeled the
dynamics of an X-linked driver under sperm
competition and showed that opposing effects
of male and female mating rates can lead to a
stable equilibrium in certain conditions. When
the SR male disadvantage is not too high, the
driver frequency can even stabilize at ~0.5.
Population structure could influence driver
distribution at the metapopulation level (Price
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et al. 2010a). For example, local populations
that would be more sensitive to SR invasion
would go extinct more rapidly but send out
fewer migrants, increasing the probability of
the driver persisting (Van Boven and Weissing
1999). Moderate gene flow between demes can
greatly favor the stability of the polymorphism
(Taylor and Jaenike 2003). When a stable poly-
morphism is observed at the metapopulation
level, there are likely local dynamics behind
it (Hatcher 2000). Environmental factors such
as climate have long been invoked as a determi-
nant of SR distribution (e.g., in D. pseudo-
obscura) because several drivers show latitudinal
clines in frequency (Sturtevant and Dobzhansky
1936). Temperature-related fertility differences
do not seem to impact the distribution of D.
pseudoobscura SR (Price et al. 2012), although
this could explain the high correlation between
climate variables and SR frequency in D. neo-
testacea (Dyer 2012). Moreover, the mechanisms
by which ecological variables could influence
the maintenance of polymorphism is difficult
to determine and may be indirect.

Evolution of Suppressors

Sex chromosome drivers are thought to trigger
the evolution of resistant Y chromosomes (for
X-linked drivers) and/or autosomal suppres-
sors. When a population becomes highly female
biased, any variant that produces more males
will be favored through a frequency-dependent
selective process to rebalance the sex ratio (Fish-
er 1930; Bull and Charnov 1988). Y-linked re-
sistance should rapidly spread to fixation, espe-
cially if it is not associated with deleterious
fitness effects (Thomson and Feldman 1975;
Clark 1987), or it should cycle with the driving
X (Hall 2004). Alternatively, it can reach a stable
equilibrium that depends on frequency-depen-
dent interactions between the driving X and the
resistant Y (Carvalho et al. 1997). Autosomal
suppressors of drive are also predicted to be
favored and increase in frequency (Hamilton
1967), except when the driver is very strongly
deleterious (Wu 1983a; Vaz and Carvalho
2004). Driver-suppressor frequencies can attain
equilibrium when there is overdominance in

females (Wu 1983a) or when the driver is par-
tially deleterious (Vaz and Carvalho 2004). In
the latter model, autosomal suppressors go
to fixation only if the driver has no effect on
fitness (Vaz and Carvalho 2004). The same qual-
itative prediction can be made for a resistant Y
chromosome, but its fixation probability is
higher, even with a deleterious SR (Carvalho
and Vaz 1999). Indeed, Y-linked resistance
should be more strongly selected than auto-
somal suppression (Jaenike 2001; Atlan et al.
2003). In addition to the fitness cost associated
with drive and suppression in males and fe-
males (heterozygous or homozygous for SR),
the fate of the driver and suppressor can also
depend on the population structure or the
time at which the suppressor arises during the
spread of the driver (Carvalho and Vaz 1999;
Hall 2004; Vaz and Carvalho 2004).

After the suppressor has fixed (or nearly
fixed) in a population, the driver can either
evolve neutrally or, if it is deleterious, decline
in frequency (Burt and Trivers 2006). Neutral
evolution would produce cryptic drive systems
that may be revealed by chance, like the D. sim-
ulans Winters (Tao et al. 2007a,b; Kingan et al.
2010), whereas selection against a deleterious
driver can generate evolutionary cycles of drive
and suppression (Hall 2004). Resistant Y and
autosomal suppression have been detected in
many Drosophila species that show SR drive
(e.g., Stalker 1961; Voelker 1972; De Carvalho
and Klaczko 1993; Carvalho et al. 1997; Caze-
major et al. 1997; Jaenike 1999; Montchamp-
Moreau et al. 2001), making the evolution of
suppression more the rule than the exception
in this genus. Nevertheless, the dynamics of
drive and suppression has rarely been assessed
in natural populations, given the paucity of
known young and still-evolving systems. In D.
mediopunctata, SR frequency has not changed
over 10 years, suggesting that the driver has been
balanced at an equilibrium frequency by partial
suppression and natural selection (Carvalho
and Vaz 1999). The only known example of
coevolution between drive and suppression in
natural populations has been observed with the
D. simulans Paris SR system. The driver has been
declining in East African populations (Mayotte,

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a017616


http://cshperspectives.cshlp.org/

Downloaded from http://cshperspectives.cshlp.org/ at CANTONALE ET UNIV on April 7, 2022 - Published by Cold Spring Harbor

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

Laboratory Press

Madagascar, Kenya) in which there is complete
suppression (Bastide et al. 2011), but it has risen
along with suppression in the Middle East with-
in a few years, especially in Egypt (Bastide et al.
2013). In the Middle Eastern populations, sup-
pression seems to be increasing much more
quickly in one population than in the other,
possibly reflecting Y-linked resistance as op-
posed to autosomal suppression dynamics. In
both species, the increase in suppression in
response to SR fixation had been shown in ex-
perimental populations (Carvalho et al. 1998;
Capillon and Atlan 1999).

EVOLUTIONARY CONSEQUENCES
Mating System Evolution

Sex chromosome drive can have a number of
consequences on the evolution of sexual repro-
duction processes, usually resulting from adap-
tations to counteract drive (Presgraves 2008)
through sexual selection and sexual conflicts.
In D. pseudoobscura, for example, SR promotes
polyandry in experimental populations and
may have evolved to prevent population extinc-
tion (Price et al. 2008a, 2010a). Accordingly, SR
prevalence is negatively correlated with polyan-
dry in natural populations of this species (Price
et al. 2014). Selfish genetic elements in general
can be common drivers of the evolution of poly-
andry (reviewed in Wedell 2013), and this has
been suggested in other SR systems (e.g., Wil-
kinson et al. 2003; Angelard et al. 2008; but see
discussion in Pinzone and Dyer 2013). In ad-
dition, if polyandry may evolve through sexual
selection in females, sperm competition theory
predicts that males should benefit from a reduc-
tion in female mating rate to increase their mat-
ing success (Parker 2006). Results from experi-
mental populations of D. pseudoobscura tend
to support this prediction for non-SR males
(Price et al. 2010b). Driving sex chromosomes
can also trigger the evolution of mate choice. In
the stalk-eyed fly Cyrtodiopsis dalmanni, males
show a dimorphism in eye-stalk span that is
genetically linked with drive and suppression,
and females have evolved preferences for long
eye stalks in the presence of SR (Wilkinson et al.

Sex Chromosome Drive

1998; Cotton et al. 2014). This process appears
to be rare (Price et al. 2012) and requires the
suppression of recombination between meiotic
drive and the male sexual character loci (Lande
and Wilkinson 1999).

Sex Determination, Sex Chromosome,
and Genome Evolution

Sex chromosome drivers can have consequences
on the linked polymorphism, usually reducing
it through (recurrent) selective sweeps (e.g.,
Chevin et al. 2009; Kingan et al. 2010; Dyer
et al. 2013), and especially when they tend to
recruit inversions (e.g., Dyer et al. 2007). How-
ever, the functional consequences of this phe-
nomenon is not well known.

There is a great deal of speculation about the
role that sex chromosome drive plays in the evo-
lution of sex-determining mechanisms. As seen
in rodents, mutations that change the sex-deter-
mining system must be costly—in particular,
in species with heteromorphic chromosomes.
Segregation distortion can very efficiently pro-
mote a disadvantageous mutation. For example,
Charlesworth and Dempsey (2001) proposed
that the X0/XY system of Microtus oregoni has
evolved in such a way. They assumed that a sin-
gle X-linked mutation causes the observed mi-
totic nondisjunction of X chromosomes in the
male germline (which produces only 0 and Y
sperm). They showed that the mutant X can
spread only if it benefits from complete trans-
mission advantage in females, as this counter-
balances the transmission failure in the males.
However, as far as we know, there is still no
definite evidence of species with a fixed switch
caused by the spread of a driving chromosome.

Alternatively, there may be changes in the
sex-determining mechanism through the evo-
lution of new feminizing or masculinizing genes
to suppress the sex-ratio bias induced by a sex-
linked driver. Kozielska et al. (2009) have mod-
eled these scenarios in the case of XY sex deter-
mination. In particular, they may account for
the evolution of masculinizer genes in Diptera
(reviewed in Burt and Trivers 2006). Interest-
ingly, Kozielska et al. (2009) point out that the
driver element, which is assumed to reduce in-
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dividual fitness, is often lost and no longer de-
tectable once the new sex-determining system
has become established.

The phenomenon of centromere drive that
can occur in females (i.e., the preferential trans-
mission in eggs) is thought to drive karyotype
evolution (de Villena and Sapienza 2001). This
specific conflict may also contribute to fixation
of neo-sex chromosomes that arise from the
fusion between an autosome and a sex chro-
mosome. This was postulated by Yoshida and
Kitano (2012), who found that neo-X chromo-
somes were more prevalent among mammalian
species that have a higher percentage of meta-
centric chromosomes.

In a wide range of taxa (mammals, nema-
todes, birds), the sex chromosomes are tran-
scriptionally silenced by epigenetic marks dur-
ing meiosis (Turner 2007; Namekawa and Lee
2009). This meiotic sex chromosome inactiva-
tion (MSCI) is thought to have first evolved as a
defense mechanism against selfish elements, in-
cluding meiotic drivers (Meiklejohn and Tao
2010). Recent advances in the understanding
of epigenetic control of postmeiotic sex chro-
matin (PMSC) expression in Mus musculus
provides strong support for the idea that the
protagonists of the genetic conflict over sex
chromosome transmission can more broadly
drive the evolution of gene expression, genome
structure, and ultimately lead to speciation. In
the male germline of M. musculus, many sex-
chromosome-linked genes important for sperm
differentiation and function are reactivated after
meiosis (Mueller et al. 2008), but their expres-
sion remains tightly regulated by repressive
epigenetic marks inherited from MSCI, via the
action of Sly, an essential Y-linked multicopy
gene. Males deficient in Sly show up-regulation
of these genes, suffer fertility defects, and pro-
duce offspring with a sex ratio that is moderate-
ly biased toward females, because of different
fertilizing ability of X- and Y-bearing sperm
(Ward and Burgoyne 2006). Interestingly, the
X-linked multicopy genes Six/Six1, related to
Sly, are among the up-regulated genes. Cocquet
et al. (2012) have showed that the products of
Sly and Slx/SIx1 genes have antagonistic effects
on the epigenetic marks associated with PMSC,

on the expression of sex-chromosome-linked
genes, and consistently on offspring sex ratio.
Imbalance of Sly and Slx/SlxI copy numbers
causes sex-ratio distortion, sperm differentia-
tion defects, and male infertility, but Slx/slxI
deficiency rescues the defects caused by Sly de-
ficiency and vice versa. The authors thus pro-
pose that the conflict between Sly and Slx/SIx1
genes led to their massive amplification on the
Y and X chromosomes, respectively, during ro-
dent evolution (Fig. 3A) and also to the ampli-
fication of spermiogenic genes throughout the
genome to escape the repressive effect of Sly.
Finally, they argue that copy number imbalance
may be one contributor to the evolution of hy-
brid sterility in mice (Fig. 3B).

Speciation

The hypothesis that meiotic drivers play a role
in speciation has long been controversial. Frank
(1991) and Hurst and Pomiankowski (1991)
independently claimed that Haldane’s rule
(the preferential sterility or inviability of the
heterogametic F; hybrid) could be explained
by the divergent evolution of sex chromosome
drivers and their suppressors. Coyne et al.
(1991) and Charlesworth et al. (1993) contested
this hypothesis, mostly because of the lack of
empirical evidence (Johnson and Wu 1992;
Coyne et al. 1993). At the time, the support
came from observations in D. subobscura, where
an X chromosome causing drive in the local
genetic background caused male sterility when
it was combined with autosomes from another
population (Hauschteck-Jungen 1990). Since
then, examples of a link between sex chromo-
some drive and hybrid male sterility have accu-
mulated.

Tao et al. (2001) found an X-linked cryptic
meiotic driver in D. simulans that was unleashed
by the introgression of Drosophila mauritiana
alleles at the autosomal locus Too much yin
(Tmy). The introgression causes both sex chro-
mosome drive and male sterility in D. simulans
males. Both traits localize to a DNA fragment of
80 kb or smaller and may be pleiotropic effects
from a single gene. Similarly, Yang et al. (2004)
characterized a cryptic X-linked meiotic driver
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Figure 3. (A) Evolution of Slx/Sly copy number in some lineages of the genus Mus. (Reprinted from Good 2012
under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium.) (B) Deficiency in the number of Sly copies compared to Slx copies could
contribute to F; male hybrid sterility in crosses between M.m. musculus females and M.m. domesticus males

(Published courtesy of Julie Cocquet.)

on the neo-X chromosome of Drosophila albo-
micans expressed in F; male hybrids between
D. albomicans and Drosophila nasuta.

Later, Phadnis and Orr (2009) identified
an X-linked gene, Overdrive (Ovd), that causes
both segregation distortion and sterility in hy-
brid males between the two subspecies Drosoph-
ila pseudoobscura pseudoobscura and Drosophila
pseudoobscura bogotana. Ovd is predicted to
encode a polypeptide with a DNA-binding do-
main that targets trinucleotide repeats. The hy-
brids become weakly fertile when they are old,
and the Owvd allele from D.p. bogotana in the
hybrid F; males leads to a sex-ratio bias, as the
F; males sire more than 90% daughters.

Because the spread of a strong X-linked
driver can lead to the evolution of Y-resistant
chromosome, Hurst and Pomiankowski (1991)
also proposed that the newly selected Y could be
incompatible with some recently derived ge-
nomes. The Y chromosome can contribute to
hybrid sterility, sometimes through an interac-
tion with the rest of the genome (Johnson et al.
1993; Lamnissou et al. 1996; Campbell et al.
2012). Recent studies have started to shed light
on the nature of these interactions (Chippindale
and Rice 2001; Lemos et al. 2008; Sackton et al.

2011; Zhou et al. 2012; Branco et al. 2013). De-
spite the fact that there is no evidence of a re-
sistant Y chromosome involved in a postzygotic
barrier, the hypothesis remains relevant (Mc-
Dermott and Noor 2010).

Sex chromosome drive can likely also lead to
speciation through a change in sex-determining
mechanism. This could be the case for rodents’
feminizing X chromosomes and the insects
Sciara coprophila, Musca domestica, and Neo-
coccoidea (Haig 1993a,b; Kozielska et al. 2009).

CONCLUDING REMARKS

Like other selfish genetic elements, sex-linked
meiotic drivers usually trigger genome adapta-
tions to resolve the conflict that they induce.
This can be achieved through neofunctionaliza-
tion or subfunctionalization of duplicated
genes (Gallach and Betran 2011; Ross et al.
2013). For example, each cluster of the above-
mentioned repeated genes SxI/SxII and Sly is
needed when the other is present. But when
both are removed, fertility is restored, suggest-
ing that they have been amplified and conserved
only because of the genetic conflict that they
initiated and/or resolved. By such processes,
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genetic conflicts should contribute to increased
genome size and complexity and be a major
driver of genome evolution. Recent work on
emblematic cases of genetic incompatibilities
pinpoint a twofold challenge: identifying mul-
tiple genes with complex epistatic interactions
and understanding the role of heterochromatic
noncoding DNA repeats in sex-chromosome-
associated genetic conflicts.
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