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Abstract

Sex chromosomes have arisen from autosomes many times over the course of evolution.
This process generates chromosomal heteromorphy between the sexes, which has important
implications for the evolution of coding and noncoding sequences on the sex chromosomes
versus the autosomes. The formation of sex chromosomes from autosomes involves a reduc-
tion in gene dosage, which can modify properties of selection pressure on sex-linked genes.
This transition also generates differences in the effective population size and dominance char-
acteristics of novel mutations on the sex chromosome versus the autosomes. All of these
changes may affect both patterns of in situ gene evolution and the rates of interchromosomal
gene duplication and movement. Here we present a synopsis of the current understanding of
the origin of sex chromosomes, theoretical context for differences in rates and patterns of mol-
ecular evolution on the X chromosome versus the autosomes, as well as a summary of empir-
ical molecular evolutionary data from Drosophila and mammalian genomes.
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Origin of Sex Chromosomes

Sex chromosomes are thought to be derived from an ancient pair of auto-
somes, have arisen independently several times over the course of evolution (for
review see [1]), and are one of the mechanisms by which sex is determined. Sex
chromosomes are generally morphologically and genetically distinct, though in
some cases of recently formed sex chromosomes, the homologous neo-sex chro-
mosomes have not had time to differentiate significantly and are thus quite sim-
ilar. The heterogametic sex can be either male or female; in the case of female
heterogamety the sex chromosomes are denoted Z and W while in the case of
male heterogamety they are referred to as X and Y. Both types of sex chromo-
some evolution have arisen in diverse lineages, though the XX/XY system of



male heterogamety appears to be more common, and is found in plants, mam-
mals, insects, amphibians, reptiles, and several groups of teleost fish, among
others [2, 3]. Birds and butterflies represent the best-studied examples of the
ZZ/ZW system, though this gonosomal system is also found in plants, insects,
amphibians, reptiles, as well as fish [2, 3]. For the sake of simplicity, the remain-
der of this discussion will be in the context of male heterogametic systems.

In spite of the independent origins of these sex chromosomes in diverse
taxa, there are striking similarities among them. Notably, lack of recombination
in the heterogametic sex and the erosion of the Y chromosome appear to be
hallmarks of sex chromosome evolution [1—4]. This degeneration of the Y typi-
cally involves gene loss as well as chromatin state transitions, and as a result, Y
chromosomes are typically smaller than their homologous counterparts and are
largely heterochromatic [2]. That there are common features among evolution-
arily distinct sex chromosomes may be suggestive of a general framework for
sex chromosome evolution.

The current model (for review see [1]) for the evolution of sex chromosomes
presumes that the sex chromosomes originate from a homologous pair of freely
recombining autosomes. The first step in the transition between the autosomal
and sex-linked state is the restriction of recombination between the proto-X and
the proto-Y, though explanations for why such suppression evolves remain elu-
sive [2]. Most likely, if alleles contributing to sex-determination arise, recombina-
tion between these genes will be deleterious, as it would generate maladapted
sexual phenotypes [4]. Following this crucial step, natural selection may continue
to favor tight linkage of the genes involved in sex determination. Selection may
also promote the linkage of these sex-determining loci with sexually antagonistic
genes, which are advantageous in one sex while deleterious in the other, as genes
with sexually antagonistic consequences that cosegregate with the appropriate
sex-determining locus will enjoy a selective advantage over those that segregate
independently. This process will differentiate the sex chromosomes further, which
will in turn generate selective pressure for the suppression of recombination over
an increasingly large window [4]; inversions and rearrangements, which have
been implicated in the evolution of the human sex chromosomes [5, 6], may play
arole at this stage.

Once the X and the Y are differentiated and recombination between them
has reached sufficiently low levels, the Y chromosome begins to erode geneti-
cally. There are five main theories for this degeneration, and it is not yet clear
which process is primarily governing this genetic erosion of the Y chromosome
(for review see [7, 8]). One possibility is that the Y chromosome degenerates
due to the effects of Muller’s Ratchet [9, 10], or the continued and stochastic
loss of the chromosome class containing the fewest deleterious mutations in
non-recombining, finite populations. A background selection model [11] similarly
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predicts a gradual decline in fitness of the Y chromosome; background selec-
tion reduces the effective population size of the non-recombining Y chromo-
some by removing deleterious alleles and neutral variants on this allelic
background from the population, which facilitates the fixation of mildly delete-
rious mutants due to lowered effective population size.

Another hypothesis is ‘weak-selection Hill-Robertson effect’ [12], which
posits that fixation probabilities of alleles are altered by fixation probabilities
of nearby, linked mutations; this general model can contribute to the degenera-
tion of the Y chromosome but the timescales required under this model may be
too great to be of biological significance [8]. Genetic hitchhiking [13] may also
play arole in Y chromosome degeneration [14], because fixation of novel adap-
tive alleles also results in fixation of all linked deleterious mutations. As the Y
chromosome is unable to recombine, repeated bouts of positive selection will
lead to an accumulation of deleterious Y-linked alleles. However, this model as
well requires timescales that are too great to be appropriate for sex chromosome
evolution. Orr’s and Kim’s “ruby in the rubbish” model [15] is also based on the
inability of the non-recombining Y chromosome to evolve adaptively. In this

.model, beneficial Y-linked mutations rarely reach fixation, creating a large fit-
ness difference between the X and Y chromosomes, which generates selective
pressure to decrease the expression of these deleterious Y-linked genes. Thus,
there are several non-mutually exclusive hypotheses for the processes underly-
ing the evolution of the Y chromosome, and further work is needed to elucidate
the relative roles of these forces in Y chromosome evolution.

In this review, we will focus on the implications of the degeneration of the
Y chromosome for the evolution of coding sequences on the X chromosome,
particularly with respect to differences in molecular evolution between the X
and the autosomes. We will present an introduction to the theoretical and con-
ceptual frameworks for understanding the evolution of X-linked sequences, as
well as summaries of available experimental evidence to date.

Theoretical Predictions for Molecular Evolution of
X-linked and Autosomal Genes

Three major differences between the X chromosome and the autosomes
stem from the evolution of sex chromosomes from autosomes, each of which
has important implications for the evolution of coding and noncoding
sequences on these chromosome sets. First, as a consequence of the presence of
only a single copy of the X chromosome in males, the X and the autosomes may
differ with respect to effective population size. Assuming equal numbers
of breeding males and breeding females, the effective population size of the
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X chromosome should be 3/4 that of the autosomes, since there are only three X
chromosomes for every four autosomes segregating in the population.
However, other factors will serve to modulate the effective population size of
the X chromosome relative to that of the autosomes such as sex-specific life
history traits or differences in breeding success between males and females. In
fact, if the effective number of breeding females far exceeds the effective num-
ber of breeding males, the effective population size of the X chromosome can
equal or even exceed that of the autosomes [16, 17]. Effective population size is
an important molecular evolutionary parameter, as increases in effective popu-
lation size can increase the efficacy of natural selection on weakly adaptive or
mildly deleterious mutations.

The effective haploidy of the X chromosome in males also affects the visi-
bility of novel mutations to natural selection. If new mutations are at least par-
tially recessive, the selective effects of novel autosomal variants can be masked
by the homologous allele in heterozygous individuals. In contrast, X-linked
alleles are immediately visible to selection in males, as males are hemizygous
for the X chromosome. Although the X chromosome spends only 1/3 of its evo-
lutionary history in males, the increased exposure of X-linked alleles to selec-
tion in these hemizygous individuals enhances the efficacy of both positive and
negative selection [18], which can categorically alter rates of molecular evolu-
tion between the X and the autosomes.

Finally, that the sex chromosomes are formed from a pair of ancestral auto-
somes generates a dosage problem for X-linked genes. Indeed, the degradation
of the Y chromosome involves gene loss [4, 8], and as a result, X-linked genes
generally lack a functional counterpart on the Y and are thus present at one half
the copy number that they were in the ancestral, autosomal state. Such a reduc-
tion in gene dosage is likely to be deleterious for many genes and a number of
dosage compensation mechanisms have evolved in several lineages to remedi-
ate the effects of this dosage problem. Drosophila and mammals provide the
most well-characterized mechanisms of dosage compensation (for review see
[19, 20]); in Drosophila, dosage compensation is mediated by transcriptional
upregulation of X-linked genes in males, whereas in mammals one copy of the
X chromosome is transcriptionally downregulated in females.

Though much dosage compensation is achieved through transcriptional
regulation, the reduction in gene dosage of X-linked genes may also alter the
strength of selection on other mutations that could also serve to partially reme-
diate the dosage problem. For instance, duplication or transposition events from
the sex chromosome to the autosomes in some cases may be selectively favored
to mitigate the reduction in gene dosage [21-23]. In addition, selection may
favor increased codon bias for X-linked genes, which may increase levels of
active protein [24] and thus partially compensate for the dosage problem. Even
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if dosage equilibration is reached between the sexes, selective pressures may
still affect the X chromosome and the autosomes differently.

The chromosomal heteromorphy which results from the evolution of sex
chromosomes from autosomes can thus modify properties of selection pressure,
effective population size and dominance characteristics of mutations in X-linked
genes. These parameters will interact to affect rates and patterns of evolution on
the X chromosome relative to the autosomes, and the relative rates of evolution
of X-linked versus autosomal genes under various parameter combinations can
be examined. In particular, the relative rates of evolution between the chromo-
some sets will depend on two properties of new mutations: dominance charac-
teristics and sojourn times.

The coefficient of dominance of a new mutation is a key determinant of
the relative rate of spread of that new allele on the X chromosome versus the
autosomes. Assuming equal numbers of breeding males and breeding females,
rates of evolution on the X chromosome will exceed those on the autosomes if
new mutations are on average at least partially recessive [18, 25], for both small
and large coefficients of selection [26]. In contrast, rates of substitution of
mildly deleterious alleles on the autosomes will exceed those on the X [18]. For
codominant mutations, rates of evolution should be comparable between the X
and the autosomes and rates of fixation of at least partially dominant mutations
on the autosomes will exceed those of the X chromosome, for mutations of both
small and large selective effects [18, 26].

Sojourn time of novel mutants differs between the X and the autosomes,
and this may also affect rates of evolution for non-neutral mutations between
the X and the autosomes. In general, the sojourn time for new beneficial muta-
tions will be shorter if the mutations are X-linked rather than autosomal [25,
27}, though the magnitude of the difference in rates of evolution between the X
and the autosomes does depend on both the relative numbers of breeding males
and females as well as the coefficient of selection [25]. This inequality in tran-
sit time holds across all dominance coefficients [25, 26], and results from the
greater variance in fitness in the haploid versus the diploid state. Given that
changes in allele frequency are a function of variance in fitness [28], that the
X chromosome spends 1/3 of its evolutionary history in the haploid state sug-
gests that the change in frequency of a novel beneficial allele will be greater if
it is X-linked.

It should be noted that all of the above theoretical predictions are predi-
cated on selection acting on novel mutational variants. If natural selection
instead predominantly operates on standing variation, with formerly deleterious
mutations becoming advantageous, these predictions no longer hold. Instead,
rates of adaptive evolution are slower for X-linked alleles than for autosomal
alleles [18], regardless of the dominance coefficient of these alleles [29].
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Theoretical predictions are also sensitive to the strength and direction of
selection acting on mutant alleles in the two sexes. If selection is not presup-
posed to be acting equally in the two sexes and rather, if there are opposing
selective pressures in males versus females, as is the case for sexually antago-
nistic genes, then X-linked mutations that benefit males can spread through a
population under a less restrictive range of parameter values than is required for
autosomal invasion [30]. The opposite appears to be true when the mutations
favor females at the cost of males, at least for partially recessive mutations [18].

Patterns of In Situ Evolution of X-linked and Autosomal Genes

The above theoretical considerations suggest that under certain conditions,
X-linked loci will have higher rates of adaptive evolution than autosomal loci.
For this to be the case, selection must be operating on novel allelic variants, and
the selective effects of these mutations must be on average at least partially
recessive and be equal in the two sexes [18]. In addition, fixation of alleles
under positive selection should predominate over fixation of slightly deleteri-
ous alleles. Empirical evidence in support of this ‘faster-X’ hypothesis is thus
taken as confirmation that such assumptions are biologically reasonable.

Early testing for faster-X evolution yielded largely contradictory results. A
recent comparison of rates of protein evolution in 254 coding sequences from
D. melanogaster and D. simulans showed comparable rates of evolution for
X-linked and autosomal genes [31]. In contrast, comparative genomic data
from pairs of orthologous genes from these species as well as D. pseudoobscura
and D. miranda suggest that rates of evolution on the X chromosome exceed
those on the autosomes [32], and that rates of adaptive evolution between pairs
of X-linked gene duplicates appear to be higher than those for duplicate gene
pairs residing on the autosomes [33]. The discrepancy between these two major
findings may be a consequence of experimental design; faster-X evolution pre-
dicts an increased rate of adaptive evolution for an X-linked gene relative to the
rate of evolution that a gene would experience if it were autosomal. As a result,
paired comparisons, either between orthologous sequences from different
species or paralogous sequences within species, may be more appropriate for
testing the faster-X model.

With several Drosophila genomes fully sequenced, investigating faster-X
in this system is now possible at a large scale. Using the full genomes of D.
melanogaster, D. pseudoobscura, D. yakuba as well as large-scale sequence
data from D. miranda, Thornton and colleagues revisited this question at the
genomic scale [34]. Using either only whole genome data from the three
Drosophilids or a smaller dataset of 202 coding sequences from all four species
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did not qualitatively or quantitatively affect the results; rates of protein evolu-
tion are not significantly different between the X and the autosomes. The
authors suggest that this lack of support for faster-X evolution indicates that
either new mutations are not on average partially recessive or that adaptive evo-
lution originates from mutation-selection equilibrium [34].

Results from mammalian genomes are more consistent, with several stud-
ies offering evidence in support of a faster-X model of evolution. A whole
genome comparison of the human and chimpanzee genomes reveals rates of
protein evolution (estimated as Ka/Ks, or the ratio of nonsynonymous substitu-
tions per nonsynonymous site to synonymous substitutions per synonymous
site) of X-linked genes exceeding rates of evolution on the autosomes [35]. In
addition, a scan for positively selected genes in these genomes revealed an
enrichment of X-linked genes, suggesting that X-linked genes have an
increased tendency for adaptive evolution relative to autosomal genes, which is
also consistent with the faster-X model [36]. Similarly, inferring selective
events using linkage disequilibrium among single nucleotide polymorphisms
results in a 2-fold enrichment of putatively selected loci on the X chromosome
in humans [37]. These genomic phenomena are also recapitulated within
smaller functional categories of genes; sex-linked mammalian sperm proteins,
for instance, evolve more rapidly than autosomal sperm proteins [38, 39], and
X-linked testis-expressed genes have higher rates of evolution (normalized to
account for local mutation rate) than those on the autosomes [40], as do
X-linked testis-expressed homeobox genes [41]. While these data do suggest
that X-linked genes may indeed evolve more rapidly than autosomal genes in
mammalian genomes, there is a possibility that ascertainment bias also plays a
role in generating these patterns; an overrepresentation of X-linked genes in
rapidly evolving proteins, for instance, could reflect differences in gene com-
plements between the X and the autosomes rather than higher rates of adaptive
evolution for X-linked genes.

In addition to examining patterns of interspecific divergence of X-linked
versus autosomal genes, patterns of variability within species at sex-linked and
autosomal loci can also shed light on the forces contributing to the evolution of
coding and noncoding sequences on these chromosome sets. Adaptive evolu-
tion and purifying selection will both contribute to levels of intraspecific varia-
tion via the effects of genetic hitchhiking and background selection,
respectively; differences in the relative contributions of these evolutionary
processes in X-linked versus autosomal genes may manifest as differences in
standing levels of variation. Importantly, background selection and hitchhiking
models make distinct predictions regarding the relative levels of diversity of
X-linked and autosomal genes. Background selection models predict higher
levels of neutral variation on the X chromosome [11, 27, 42, 43]. The reduction
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of variation at neutral sites due to the removal of deleterious alleles and linked
neutral variants by purifying selection is most pronounced when deleterious
alleles reach high frequencies. Given that purifying selection is more effective
on the X chromosome due to the hemizygosity of the X chromosome in males,
deleterious mutants are maintained at lower population frequencies if they are
X-linked than they would be if they were autosomal. In essence, the X chromo-
some has a larger effective number of deleterious-mutation free chromosomes,
and as a consequence, increased levels of standing neutral variation, relative to
the autosomes.

In contrast to the background selection model, genetic hitchhiking may
lead to lower levels of polymorphism on the X chromosome versus the auto-
somes. Because the sojourn time of new adaptive mutations is shorter for
X-linked versus autosomal genes [25, 27], there may be fewer recombinational
opportunities during a selective sweep of an X-linked gene than there would be
in an autosomal gene. In addition, if new beneficial mutations are at least par-
tially recessive on average, X-linked genes simply evolve more rapidly from
adaptive evolution, which would result in an increase in the number of selective
sweeps of X-linked alleles over autosomal alleles per unit time. Theoretical
results suggest that such a hitchhiking model will yield lower diversity on the X
chromosome than on the autosomes if new beneficial mutations are partially
recessive in systems such as Drosophila in which there is no recombination in
males, and under a broader range of dominance coefficients if there is recombi-
nation in males, as is the case in humans [26].

As these models make different predictions with respect to expected levels
of neutral sequence variation on the X and the autosomes, comparing X-linked
and autosomal polymorphism can provide insight into the relative roles of
background selection versus hitchhiking models. There are numerous studies of
levels of molecular polymorphism in D. melanogaster and D. simulans (for
review see [44]). Within D. simulans, levels of diversity are consistently lower
at X-linked loci [42, 45-47]. In D. melanogaster, differences in sequence varia-
tion between the X and the autosomes seem heavily dependent on population.
For ancestral African populations, X-linked diversity levels are consistently
higher than expected under the assumption of equal numbers of breeding males
and breeding females, while X-linked diversity appears to be depressed in
derived populations of this species [45, 48, 49].

Studies of variation in other taxa have revealed similar patterns. In humans,
the densities of single nucleotide polymorphisms and microsatellite markers are
considerably lower on the X chromosome relative to the autosomes [50, 51], and
noncoding sequence diversity as well as microsatellite variability also seem to be
reduced on the human X chromosome [51-53]. The density of SSLP markers as
well as polymorphism at these loci in mouse are also depressed for X-linked
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loci relative to autosomal loci [54]; this X-specific deficit in polymorphic mark-
ers is also found in rat [55]. In chicken as well as two flycatcher species, poly-
morphism data from intronic sequences also support a reduction in diversity of
Z-linked alleles relative to autosomal levels [56, 57].

On balance, it appears as though positive selection does play a role in the
evolution of the sex chromosomes. While specifically testing for faster-X in
Drosophila has generated inconsistent results, patterns of X chromosome evo-
lution in mammals appear wholly consistent with the faster-X model. The dis-
crepancies within the Drosophila studies may in fact suggest that positive
selection is comparatively rare in this system (although see [58]), or may result
from the breakdown of one or more of the assumptions in the faster-X model.
Intraspecific patterns of sequence variability are more consistent overall among
taxa, with a general trend towards reduced polymorphism of the X (or Z) chro-
mosomes. Such a reduction is consistent with a model of genetic hitchhiking or
reduced effective population size, and may thus implicate positive selection in
the evolution of the X chromosome.

It should be noted that purifying selection, or selection against deleterious
alleles, may be more efficient on the X chromosome as well, in accordance with
theoretical predictions [18]. Evidence in support of this model stems largely
from studies of the evolution of codon bias on the X chromosome and the auto-
somes. Codon bias refers to the unequal usage of synonymous codons in pro-
tein coding sequences, and is thought to be maintained by the balance among
mutation, random genetic drift, and selection on translational efficiency/accu-
racy [59-62].

Codon bias of X-linked genes appears to be higher than codon bias of genes
on the autosomes in Drosophila [63—65] and C. elegans [65]. This increase in
codon bias on the X chromosome in these two systems is not mediated by other
known correlates of codon bias such as recombination rate, protein length, or
level of gene expression. In addition, the X-specific elevation in codon bias does
not result from the identities or functions of the genes residing on this chromo-
some, as comparisons of codon bias in pairs of X-linked and autosomal dupli-
cate genes in D. melanogaster and C. elegans, as well as pairs of orthologous
genes involved in an X-autosome translocation in D. melanogaster and
D. pseudoobscura also support the increase in codon bias on the X chromosome
[65]. Thus, the increase in codon bias on the X chromosome in Drosophila and
C. elegans appears to be due entirely to X-linkage, and is thus consistent with an
increased efficacy of purifying selection on the X chromosome.

Importantly, while many of the above observations are indeed consistent
with the increased efficacy of both directional and purifying selection on the X
chromosome, which is suggestive of an in situ evolutionary model, it is also
possible that the observed differences between rates and patterns of molecular
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evolution are due to other forces shaping the properties of the resident genes on
these different chromosomes. External forces may be of particular importance
in light of observed differences between the X and the autosomes with respect
to gene content and gene movement, which are the focus of the remainder of
this discussion.

Gene Complements of the X Chromosome Versus the Autosomes

In addition to predicting differences in rates of molecular evolution
between the X and the autosomes, theoretical models further suggest that dif-
ferences in gene content may evolve between the X chromosome and the auto-
somes. In particular, genes with different selective effects in males versus
females may accumulate differently on the X versus the autosomes, thus shap-
ing the complements of the genes residing on these chromosome sets. More
precisely, genes that benefit one sex at the cost of the other, known as sexually
antagonistic genes, can accumulate faster on the X chromosome than on the
autosomes under certain conditions [30]. For both partially dominant and par-
tially recessive alleles, sexually antagonistic alleles that are beneficial in males
though detrimental to females enjoy higher fixation rates if they are X-linked,
though the requisite conditions differ somewhat between these classes of domi-
nance coefficients [30]. Mutations in X-linked genes that benefit females at the
cost of males can also increase in frequency more rapidly than comparable
autosomal mutations, particularly if these mutations are dominant [30]. Thus,
rates of accumulation of sexually antagonistic alleles benefiting females or
males on the X chromosome can exceed those rates on the autosomes under a
variety of conditions, which may play a role in shaping the gene content of the
X versus the autosomes.

In Drosophila, there appears to be a relative dearth of male-biased genes
and an enrichment of female-biased genes on the X chromosome. The genomic
distribution of secreted accessory gland proteins, for example, which are heav-
ily implicated in male reproduction, is shifted significantly away from the X
chromosome [21]. In addition, genes with male-biased patterns of germline and
somatic gene expression are comparatively rare on the Drosophila X [66, 67],
and genes with female-biased germline expression are enriched on the X rela-
tive to expectation [67].

Similar patterns have been documented in C. elegans. In addition to genes
with germline expression, male-biased germline expressed genes are less likely
to be found on the X chromosome [68, 69] though genes with hermaphrodite
somatic-biased expression are enriched on the X [69]. Although seemingly
unrelated to the sexual antagonism model, the gene complements of the X and

Singh/Petrov 110



autosomes in C. elegans also differ in other respects; the X chromosome is also
relatively devoid of genes essential for basic cellular and developmental
processes in the embryo [70].

The distribution of genes with sexually antagonistic consequences in
mammalian systems is less straightforward. While genes with male-specific
expression patterns consistently appear to be less frequent on the X chromo-
some in humans, there does not appear to be an overrepresentation of X-linked
female-specific genes [71]. Genes with sex- and reproduction-related functions
appear to be enriched on the human X as well [72]. In mouse, both a dearth of
male-specific and an overabundance of female-specific genes on the X have
been documented [73], though genes expressed in spermatogonia in this system
are more likely to be X-linked than autosomal [74].

One component of the explanation for the conflicting results from
Drosophila, C. elegans, and mammals in relation to one another as well as to the-
oretical predictions [30] is related to the inactivation of the X chromosome,
which occurs during meiosis in the male germline of mammals and many insect
taxa [75]. Thus, genes required in late spermatogenesis are at a selective disad-
vantage if they are X-linked rather than autosomal, although the same is not the
case for genes expressed in the male germline prior to inactivation. Thus, we
might not expect to find an accumulation of X-linked male-biased genes for
those genes that are expressed after X inactivation (for review see [76]). This is
supported by data from mouse, which indicate that the X has a depletion of male-
biased genes that are expressed late in spermatogenesis and an enrichment of
male-biased genes expressed earlier [73], thus supporting the intersection of the
sexual-antagonism [30] and X-inactivation models. Moreover, of the 26 genes
identified as acting in late spermatogenesis none appears to be X-linked [77].

Patterns of Gene Traffic on the X and the Autosomes

In addition to differing with respect to rates and patterns of molecular evo-
lution as well as gene content, the X and the autosomes also differ with respect
to patterns of gene movement via retrotransposition. While duplicate genes can
arise from several mutational mechanisms such as small-scale duplication or
whole genome duplication, novel genes created through retrotransposition are
somewhat more readily identifiable. The process leading to the formation of
these retroposed gene duplicates involves reverse transcription of the mRNA
from the parental gene and subsequent insertion of this new DNA sequence into
an ectopic location in the genome. As a direct consequence, duplicate genes
generated through this mechanism bear signatures of this process, which
include the lack of introns, poly-A tracts as well as direct flanking repeats.
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These latter two characteristics may erode over evolutionary time due to the
accumulation of single nucleotide, insertion and deletion mutations. Although
there do appear to be cases in which retroposed genes have recruited new
introns [78], the lack of introns is a more stable feature of retrotransposed
genes, and is thus generally used as a criterion for identifying retroposed genes.

Studies of the fate of retrotransposed genes have been carried out exten-
sively in Drosophila and mammals (for review see [79, 801). In Drosophila,
there appears to be a significant excess of retrotransposition of X-linked genes
to autosomal locations [77]. This excess of X-linked retrogene origination is
similarly documented in mammals [78, 81], although in this system the X chro-
mosome also disproportionately recruits duplicate genes arising through retro-
transposition [81]. While the X chromosome also shows increased recruitment
of retropseudogenes relative to expectation, which implicates a mutational bias,
this mutational explanation is not wholly sufficient to explain the patterns of
gene traffic of functional retrogenes in mammals [81].

Interestingly, a large fraction of these retrogenes with X-linked parents
derive testis-specific expression patterns [77, 81]. In Drosophila, five out of six
retrogenes originating from the X chromosome are expressed in testis while
their parental gene is not (see [77]). In mammals, a higher percentage of
X-originating autosomal retrogenes are expressed in testis than autosomal
retrogenes that originate from autosomal genes [81], though, it is not yet clear
whether these testis-biased expression patterns are predominantly derived or
ancestral. More recent analysis of functional retrogenes in the human genome
revealed seven functional duplicate genes arising through retrotransposition,
three of which originated from X-linked genes, and all of which had acquired
novel testis-biased or testis-specific expression patterns [82]. Larger sampling
of retrogenes in humans also supports the hypothesis that retrogenes tend to be
expressed in testis [78].

Beyond gene retrotransposition, rates of interchromosomal gene move-
ment for all mechanisms of genic translocation also vary substantially between
the X chromosome and the autosomes in Drosophila [Davis, Singh and Petrov,
unpublished]. By comparing physical map locations between pairs of ortholo-
gous genes in D. pseudoobscura and D. melanogaster, asymmetries in gene
movement rates between the sex chromosomes and the autosomes can be
explored, with emphasis on the newly formed sex chromosomes in the
D. pseudoobscura lineage. Preliminary analysis of comparative map locations
of orthologous genes in these two species has provided tantalizing evidence that
rates of gene movement differ between the sex chromosomes and the autosomes
[Davis, Singh and Petrov, unpublished]. In particular, the autosome-X translo-
cation has led to a strong bias toward overall gene loss from the neo-X chromo-
some in D. pseudoobscura. Specifically, it was estimated using a maximum
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likelihood framework that while the rate of gene emigration from the neo-X
increased by as much as 8-fold, the rate of gene immigration to the neo-X
declined to undetectable levels. In addition, these preliminary results suggest
that rates of gene movement between the ancestral X and autosomes are higher
than the rates of interautosomal gene movement.

There are several models that have been put forward to explain patterns of
gene movement between the X and the autosomes, none of which can fully
account for all of the described patterns (for review see [79]). The X-inactivation
hypothesis suggests that selection favors autosomal locations for retroposed
genes with functions requiring expression during male meiosis because of the
inactivation of the X chromosome in male germline cells. A related hypothesis,
the SAXT hypothesis [76], predicts the redistribution of genes functioning in
late spermatogenesis from the X chromosome to the autosomes and the gradual
demasculinization of the X chromosome perhaps as a consequence of
interactions among sexually antagonistic alleles. Finally, formal population
genetic models suggest that mutations that are at least partially dominant may
accumulate at higher rates on the autosomes [18], and it seems likely that muta-
tions in genes with sexually antagonistic or sex-limited effects would be pre-
dominantly gain-of-function mutations and therefore be at least partially
dominant [67]. Each of these models can explain certain aspects of the
observed data, but no single model appears to be consistent with all previous
reports. Consequently, further investigation of the relative importance of these
models in generating the observed patterns of gene movement among chromo-
somes is warranted.

Summary

Sex chromosomes have evolved from autosomes independently in diverse
lineages. The prominent feature of the transition between the ancestral, autosomal
state and the sex chromosome state is the reduction in gene dosage of sex-
linked alleles in the heterogametic sex. The effective haploidy of the sex chro-
mosome in heterogametes is thus the foundation for major differences between
the sex chromosomes and the autosomes, which are of tremendous conse-
quence for the evolution of these sets of chromosomes. A great deal of theoret-
ical attention has been devoted to the evolution of sex-linked versus autosomal
alleles [18, 25]. These results suggest that rates of evolution may differ between
the X and the autosomes both with respect to adaptive evolution and purifying
selection, although the magnitude and direction of the difference depends on
parameters such as the coefficient of dominance [18, 25] and on other features
of the model such as, for example, whether evolution primarily acts on novel
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mutational variants or standing variation [29]. In addition, theoretical consider-
ations of genes with different selective effects in the two sexes predict that gene
complements between the X and the autosomes may differ depending on the fit-
ness consequences in each sex and the dominance of mutations affecting these
genes [30].

The bulk of the data on contrasting patterns of X chromosomal and auto-
somal evolution comes from Drosophila and mammals. While the data are
somewhat conflicting, overall there appears to be some evidence in support of a
faster-X model of evolution, suggesting that positive selection plays a role in
the evolution of sex chromosomes, although may not be a prominent feature of
X-linked genes overall. Increased rates of adaptive evolution for X-linked genes
may indeed be restricted to genes that are evolving rapidly under positive selec-
tion. Within species polymorphism data from X-linked and autosomal loci are
also consistent with increased action of positive selection on the X as well [44,
50-53, 56, 57]. Data from codon bias evolution studies also suggest that purify-
ing selection is more effective on the X chromosome than on the autosomes
[63—65]. Together, these data lend support to the recessivity of both beneficial
and deleterious alleles.

Although the gene complements of the X and the autosomes tend to differ,
there do not appear to be any systematic trends across taxa. In Drosophila and
C. elegans, the X chromosome is relatively devoid of male-biased genes while
female or hermaphrodite-biased genes appear to be overrepresented [21, 66—69].
The mammalian X also shows a deficiency of genes expressed late in spermato-
genesis, and shows a putative enrichment of female-biased genes as well as an
overrepresentation of male-biased genes expressed early in the germline [73].

Similarities and differences between mammals and Drosophila are also
found with respect to patterns of gene traffic of X-linked and autosomal genes,
as well as in the functional characteristics of these retrogenes (for review see
[79]). While in both mammals and Drosophila the X chromosome dispropor-
tionately exports new retrogenes, in mammals the X chromosome also recruits
retrogenes in excess of expectation. Retrogenes in both systems tend to be
expressed in testis, although it remains to be seen how much of this effect is due
to acquisition of novel expression pattern in the derived retroposed gene. While
patterns of gene traffic in general appear to differ between the X and the auto-
somes in Drosophila [Davis, Singh and Petrov, unpublished], it remains to be
seen whether this is also the case in mammalian genomes. Although several
models have been proposed to explain these patterns, none can sufficiently
account for all of the observations.

Thus, the sex chromosomes of diverse species share several salient evolu-
tionary features. The similarities among patterns of X-linked and autosomal
evolution in these systems likely result from similar evolutionary forces acting
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on sex-linked genes in spite of their independent origin. However, there are
marked differences between the systems presented here, which may speak to
differences in the relative roles of the evolutionary forces of mutation, random
genetic drift, and natural selection among these organisms. Clearly, the appro-
priate framework for understanding the evolution of coding and noncoding
sequences on sex chromosomes and the autosomes will integrate general fea-
tures of sex chromosome evolution as well as lineage-specific effects.
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