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Abstract

Y chromosomes, with their reduced effective population size, lack of recombination, and male-limited transmission,
present a unique collection of constraints for the operation of natural selection. Male-limited transmission may greatly
increase the efficacy of selection for male-beneficial mutations, but the reduced effective size also inflates the role of
random genetic drift. Together, these defining features of the Y chromosome are expected to influence rates and patterns
of molecular evolution on the Y as compared with X-linked or autosomal loci. Here, we use sequence data from 11 genes
in 9 Drosophila species to gain insight into the efficacy of natural selection on the Drosophila Y relative to the rest of the
genome. Drosophila is an ideal system for assessing the consequences of Y-linkage for molecular evolution in part because
the gene content of Drosophila Y chromosomes is highly dynamic, with orthologous genes being Y-linked in some species
whereas autosomal in others. Our results confirm the expectation that the efficacy of natural selection at weakly selected
sites is reduced on the Y chromosome. In contrast, purifying selection on the Y chromosome for strongly deleterious
mutations does not appear to be compromised. Finally, we find evidence of recurrent positive selection for 4 of the 11
genes studied here. Our results thus highlight the variable nature of the mode and impact of natural selection on the

Drosophila Y chromosome.
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Introduction

Genetically differentiated, heteromorphic sex chromosomes
have evolved independently in numerous taxa (Bull 1983).
One hallmark of this process is the genetic erosion of the Y
chromosome (or W chromosome in systems in which females
are the heterogametic sex; for the sake of simplicity, we will
refer to both of these chromosomes as “Y” chromosomes).
For example, Y chromosomes from diverse species are genet-
ically depauperate, containing only a few genes, and tend to
be enriched for repetitive sequences (e.g, Carvalho et al. 2001;
Skaletsky et al. 2003; Carvalho and Clark 2005). Several evo-
lutionary models have been invoked to explain the apparent
ubiquity of Y chromosome degeneration in sex chromosome
evolution (for review, see Charlesworth B and Charlesworth D
2000). One common feature of these models is that they posit
that this process is a consequence of a loss of recombination
on the Y chromosome and the ensuing reduced efficiency of
natural selection. Among others, these models include
Muller's ratchet (Charlesworth  1978; Gordo and
Charlesworth 2000,  2001), background selection
(Charlesworth 1996), and genetic hitchhiking (Rice 1987;
Bachtrog and Gordo 2004). These models differ primarily
with respect to how the loss of recombination affects the
efficacy of natural selection. In the cases of Muller’s ratchet
and background selection, Y chromosome degeneration is
driven by interference among deleterious mutations, whereas

in the genetic hitchhiking model, this degeneration is driven
by the fixation of beneficial alleles. These models are not
mutually exclusive and the relative contributions of each of
these processes to Y chromosome evolution may in fact
change over the course of the Y chromosome degeneration
(Bachtrog 2008b).

In the early/intermediate stages of sex chromosome differ-
entiation, in which homology has been retained between
gametologs, one sees a clear tendency toward decay in
gene function. This includes gene loss through nonfunctiona-
lizing mutations and/or deletion (Bachtrog 2005; Pala et al.
2012; Zhou and Bachtrog 2012), and an accumulation of del-
eterious mutations in protein-coding sequences (Marais et al.
2008; Zhou et al. 2008). Although theoretical work suggests
that Muller’s ratchet and background selection are likely to be
the dominant forces in the earlier stages of sex chromosome
differentiation (Bachtrog 2008b), hitchhiking in general
(Bachtrog 2004) and sex-specific adaptation in particular
may be key drivers of Y chromosome degeneration for sex
chromosomes in intermediate stages of differentiation (Zhou
and Bachtrog 2012).

However, understanding the forces that principally medi-
ate Y chromosome evolution in later stages of the sex chro-
mosome differentiation is more challenging. This is due in
part to the difficulty in obtaining sequence from degenerated
Y chromosomes, which tend to be largely heterochromatic.
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Theory suggests that hitchhiking may be primarily responsible
for Y chromosome degeneration for old sex chromosomes
(Bachtrog 2008b). Although empirical studies of such systems
are limited, both the Drosophila and mammalian Y chromo-
somes show evidence supporting positive selection
(Zurovcova and Eanes 1999; Gerrard and Filatov 2005;
Larracuente and Clark 2013). The recent identification and
sequencing of Y-linked genes in a dozen Drosophila genomes
(Koerich et al. 2008; Carvalho and Clark 2013) presents an
exciting opportunity to investigate the consequences of Y-
linkage for molecular evolution in a system with old sex
chromosomes.

Y chromosome evolution in Drosophila presents several
unique opportunities that make this system particularly in-
formative about evolutionary processes. First, the Drosophila
Y and X chromosomes largely lack homology (for review, see
Carvalho et al. 2009), which is unexpected under the suppo-
sition that the sex chromosomes derive from a pair of auto-
somes. This lack of homology therefore represents an extreme
of genetic differentiation between the sex chromosomes and
certainly contrasts with other systems such as mammals in
which at least some sequence homology has been retained
between the X and the Y over the length of the chromosomes
(Lahn and Page 1999). Second, gene content of the Y chro-
mosome appears to turn over quite rapidly in Drosophila
(Koerich et al. 2008; Dyer et al. 2011). This dynamic gene
content is perhaps surprising given the largely heterochro-
matic state of the Y and its lack of recombination, and yet
it is clear that genes have moved to and from the Y at an
appreciable rate. This turnover appears to be dominated by
gene gains (Koerich et al. 2008) and as a consequence, most of
the differences in gene content between, for example,
Drosophila virilis and D. melanogaster are due to lineage-spe-
cific gene gains (Carvalho and Clark 2013). This contrasts with
other systems; the human and rhesus macaque have highly
similar gene content, for instance, indicating stability of the Y
chromosome gene complement over 25 My (Hughes et al.
2012), while the divergence of the chimpanzee Y chromo-
some has been due largely to lineage-specific gene loss
(Hughes et al. 2010, 2012). More recent work in a broader
taxonomic range further supports a remarkable stability of
the mammalian Y chromosome (Bellott et al. 2014; Cortez
et al. 2014). Furthermore, there has been at least one instance
of a Y chromosome turnover in Drosophila. Specifically, the D.
pseudoobscura Y chromosome has no homology to the D.
melanogaster Y chromosome (Carvalho and Clark 2005).
Moreover, many of the genes on the ancestral Drosophila Y
chromosome are on the dot chromosome in D. pseudoobs-
cura, suggesting either a Y-dot fusion or a translocation of
most of the content of the ancestral Y to the dot chromo-
some in this species (Larracuente et al. 2010). Other interest-
ing examples of Y chromosome transitions abound in
Drosophila including a possible fusion between a Y and a
neo-Y chromosome in D. albomicans (Yu et al. 1999) and a
Y-autosome fusion in D. miranda (Macknight 1939). Finally,
recent work indicates a reversal of sex chromosomes to au-
tosomes in Drosophila (Vicoso and Bachtrog 2013), which
would be accompanied by either wholesale loss of the
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Fic. 1. Summary of gene movement to and from the Y chromosome
and tests of selection for the genes and species included in this study.
Only one of the three tree topologies used for our analysis is depicted
here (see Materials and Methods). Genes moving onto the Y chromo-
some are listed above the branches on which they were acquired by the
Y chromosome. Genes lost from the Y chromosome are listed below the
branch in which the gene was lost. Although all genes were subject to all
of the described PAML model comparisons, we only summarized the
significant results here: *Significant branch model comparison, Psignifi-
cant M7-M8 comparison, “significant branch-site model comparison.
*Note that the placement of CCY on this branch is somewhat uncertain
(Koerich et al. 2008).

ancestral Y chromosome or a Y-neo-Y fusion in an ancestral
lineage of this group (Vicoso and Bachtrog 2013).

The dynamic nature of the Drosophila Y chromosome
makes it especially useful for investigating the consequences
of Y-linkage for patterns of evolution. This is because many
genes are Y-linked in some species and not Y-linked in others
(Koerich et al. 2008), which provides a unique opportunity to
assess the effect of Y-linkage while controlling for gene func-
tion. Here, we use the sequences of 11 genes from 9
Drosophila species to determine the nature and extent of
natural selection of Y-linked genes. These 11 genes are Y-
linked in the D. melanogaster species group but have variable
patterns of linkage throughout the rest of the sequenced
phylogeny (Koerich et al. 2008) (fig. 1). Our results show
strong support for a reduction in the efficacy of natural
selection at weakly selected sites on the Y chromosome.
Our results also suggest that purifying selection on strongly
deleterious mutations is not compromised on the Y chromo-
some relative to the rest of the genome in spite of the
lack of recombination on and small effective size of this chro-
mosome. Finally, we find evidence of recurrent positive selec-
tion for 4 of the 11 genes studied here. Our results thus
suggest that the Y chromosome is continuing to degenerate
through the accumulation of weakly deleterious mutations,
and may be consistent with hitchhiking driving this
degeneration.
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Results and Discussion

The Y chromosome differs from the X and the autosomes in a
number of regards. Notably, there is no meiotic recombina-
tion on the Y, the effective size of the Y chromosome is one-
fourth that of the autosomes (and one-third the effective size
of the X chromosome, assuming an equal sex ratio and
Poisson distributed family size), and the Y chromosome is
male limited. These differences between the Y and the rest
of the genome are likely to have profound consequences for
the molecular evolution of Y-linked sequences as compared
with the molecular evolution of sequences on the X and
autosomes. In particular, the reduction in effective size of
the Y relative to the X and the autosomes coupled with
the lack of recombination on the Y is likely to compromise
the efficacy of natural selection.

To date, the genes examined here have largely been stud-
ied in D. melanogaster, where all are likely to have male-re-
lated functions. For instance, k-2, ki-3, and kI-5 encode sperm
flagella motor proteins and also each map to a different factor
essential for male fertility on the Y chromosome (for review,
see Carvalho et al. 2009). Although the precise function of the
remaining genes is unknown, genes for which expression has
been surveyed show expression in the testes, and in most
cases these genes show testis-biased or testis-restricted pat-
terns of gene expression (Carvalho et al. 2000, 2007;
Vibranovski et al. 2008). Thus, it seems likely that most if
not all of the genes studied here have male-related functions
in D. melanogaster and other species in which Y-linkage has
been retained. To determine the extent to which these genes
are likely to have male-related functions in species in which
they are not Y-linked, we examined patterns of gene expres-
sion in males and in female using published RNA-seq data
(Graveley et al. 2011). We compared read counts between
males and females for each of the 11 genes studied here in D.
melanogaster, D. ananassae, D. yakuba, D. pseudoobscura, D.
mojavensis, and D. virilis. For all genes surveyed in all species,
patterns of gene expression were extremely and significantly
male biased (P << 10° all comparisons, G-test) (supplemen-
tary tables S3-S8, Supplementary Material online). Although
this is expected in species for which these genes are Y-linked
such as D. melanogaster, D. yakuba, and D. ananassae, that we
see such male-biased expression patterns for these genes in
species where they are autosomal (such as D. pseudoobscura)
is consistent with male-related functions of these genes. We
note that in some cases, reads from females do appear to map
to Y-linked genes (supplementary tables S3-S8,
Supplementary Material online). This is likely due to mapping
error and/or contamination. However, the proportion of
these reads is vanishingly small and would at most make
our analyses more conservative, rather than creating a false
signal.

Codon Bias

Levels of codon usage bias are often used as an indicator of
the efficacy of purifying selection (e.g, Singh et al. 2008). To
determine the nature and extent of purifying selection on
these 11 genes, we estimated levels of codon bias using the
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Fic. 2. Levels of codon bias as measured by FOP for Y-linked (white)
and not Y-linked (black) orthologs of ARY, CCY, Pp1-Y1, Pp1-Y2, and
WDY. Median values are shown in black for Y-linked orthologs and
white for not Y-linked genes.

frequency of optimal codons (FOP) as a metric of codon bias
(see Materials and Methods). We note that optimal codons in
Drosophila tend to be GC biased (Vicario et al. 2007), indicat-
ing that reductions in FOP are likely to correspond to reduc-
tions in GC content. Indeed, overall GC content of Y-linked
genes is reduced relative to autosomal genes (supplementary
fig. S1, Supplementary Material online), which suggests that at
least part of the codon bias patterns observed using FOP may
be driven by GC content shifts (or vice versa). However, av-
erage differences in GC content between Y-linked and auto-
somal orthologs are 6-11%, depending on the gene
(supplementary figure S1, Supplementary Material online),
whereas average differences in FOP between Y-linked and
autosomal orthologs are 11— 18% (fig. 2). Although in the
case of CCY the change in GC content is sufficient to explain
the change in FOP for ARY, PP1Y1, PP1Y2, and WDY the
changes in GC content can explain at most 38-70% of the
change in FOP, indicating that the reduction in FOP for Y-
linked orthologs is not driven entirely by GC content changes.
Perhaps more importantly, estimating codon bias using the
effective number of codons (ENC), which is insensitive to GC
content, vyields similar results (supplementary fig. S2,
Supplementary Material online). This strongly suggests that
the differences in codon bias detected by FOP are not driven
entirely by changes in GC content. Thus, for simplicity and for
ease of comparison with previous work, we only report the
FOP results.

We expect that the efficacy of purifying selection should be
markedly reduced for Y-linked genes relative to genes on
other chromosomes due to the lack of recombination and/
or reduced effective population size. We tested this in two
ways. First, for those genes that are Y-linked in more than one
species and not Y-linked in more than one species (ARY, CCY,
WDY, Pp1-Y1, and Pp1-Y2), we compared levels of codon bias
between the Y-linked and non-Y-linked orthologs. With the
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exception of CCY, codon bias of Y-linked genes was signifi-
cantly lower than codon bias of their non-Y-linked orthologs
(P < 0.03, all comparisons, Mann-Whitney U test [MWU])
(fig. 2). Note that in CCY, codon bias differences are in the
predicted direction (although the comparison lacks statistical
significance; P 0.11, MWU).

Although this comparison controls for gene function, this
comparison fails to control for interspecific differences in pat-
terns of codon usage. Moreover, Y-linked genes and their
autosomal orthologs may differ in patterns of sex-biased ex-
pression, overall level of expression, and breadth of expression,
all of which affect codon bias (Sharp and Li 1986; Akashi 2007;
Urrutia and Hurst 2001; Zhang et al. 2004; Hambuch and
Parsch 2005; Park et al. 2012), and these factors were not
accounted for in this analysis. Therefore, as a second test of
the hypothesis that Y-linked genes show reduced codon bias,
we compared levels of codon bias of Y-linked genes with
codon bias of genes on the remaining chromosomes within
individual species. Consistent with a reduced efficacy of pu-
rifying selection on the Y chromosome, FOP of Y-linked genes
is significantly reduced relative to the major euchromatic
chromosome arms in every species (fig. 3). Codon bias of
Y-linked genes is significantly lower than codon bias of
X-linked genes in all species (P < 0.001, all comparisons,
MWU). This is perhaps unsurprising, given that codon bias
of X-linked genes has been shown to be significantly elevated
in Drosophila relative to the rest of the genome (Singh et al.
2005b, 2008) and moreover, the Drosophila Y chromosome
bears no recognizable homology to the Drosophila X chro-
mosome (Carvalho et al. 2009). In addition, codon bias of
Y-linked genes is also significantly lower than codon bias of
genes on the pooled autosomes in all species (P < 0.001, all
comparisons, MWU), consistent with previous results
(Zurovcova and Eanes 1999; Bachtrog 2005; Bartolome and
Charlesworth 2006). This reduction in codon bias of Y-linked
genes supports the hypothesis that weak purifying selection
against unpreferred codons is compromised on the Y
chromosome.

A particularly relevant comparison is that between the Y
and the dot chromosome. The dot chromosome (Muller el-
ement F) is largely heterochromatic and undergoes very little
recombination (Arguello et al. 2010). Previous work has re-
vealed that levels of codon bias on this chromosome are
extremely low relative to other chromosomes (Singh et al.
2005b, 2008; Arguello et al. 2010), likely as a consequence of
ineffective purifying selection at synonymous sites. Like the
dot chromosome, the Y chromosome lacks recombination.
However, the Y chromosome also has one-fourth the effective
population size of the dot chromosome, which may further
compromise the efficacy of weak selection on codon bias on
the Y relative to the dot. Interestingly, levels of codon bias of
Y-linked genes are not significantly different from levels of
codon bias of genes on the dot chromosome in D. ananassae,
D. erecta, D. melanogaster, and D. yakuba (fig. 3). This may
suggest that the efficacy of weak purifying selection on codon
usage is similar between the Y and the dot chromosome in
these species in spite of the presumed differences in effective
size between the dot and the Y. This is somewhat surprising,

as a 4-fold reduction in effective size is dramatic and one
might have expected to see this reflected in patterns of
codon bias. For instance, the reduction in codon bias in D.
melanogaster relative to sister species D. simulans has often
been attributed to differences in effective population size,
which is only on the order of 1.5 fold (Andolfatto et al.
2011). In D. grimshawi, D. mojavensis, and D. virilis, codon
bias of Y-linked genes is significantly lower than codon bias
of genes on the dot chromosome (fig. 3) (P < 0.001, all com-
parisons, MWU), perhaps suggesting that purifying selection
on codon bias is more compromised on the Y than on the dot
in these species. This could suggest that both effective pop-
ulation size and the lack of recombination measurably con-
tribute to the reduced efficacy of selection on codon bias in
this species. Muller elements E and F have been fused in D.
willistoni, so the Y-F comparison is less meaningful in this
particular case, and we have excluded genes mapping to the
E-F fusion from our analysis.

Drosophila pseudoobscura presents an interesting case be-
cause none of the genes studied here are currently Y-linked.
Six of the studied genes (ARY, PprY, kl-2, kl-3, ORY, and PRY)
were clearly Y-linked in an ancestor of D. pseudoobscura,
whereas four (WDY, kI-5, Pp1-Y1, and Pp1-Y2) were clearly
always non-Y-linked. The history of linkage of CCY is some-
what unclear (see supplementary figure S8 of Koerich et al.
2008), so we do not include CCY in these comparisons. Codon
bias of genes that have some evolutionary history on the Y
chromosome is significantly lower than codon bias of X-
linked genes (P < 0.0001, MWU) and pooled autosomal
genes (P 0.0001, MWU) (fig. 3). Codon bias of these formerly
Y-linked genes is marginally significantly lower than codon
bias of genes on the dot chromosome (P 0.048, MWU). This
may be due to ineffective purifying selection on these genes
while they were on the Y chromosome. The four genes
studied here that are Y-linked in D. melanogaster but clearly
have no history of Y-linkage in D. pseudoobscura (WDY, kI-5,
Pp1-Y1, and Pp1-Y2) show no significant difference in codon
bias relative to autosomal genes or X-linked genes in this
species (P 0.57 and 0.22 for X and autosomes, respectively,
MWU), which is consistent with efficacious purifying selec-
tion over the evolutionary history of these genes in this
lineage. Similarly consistent with this history is the significant
increase in codon bias of these four genes relative to F-linked
genes (P 0.001, MWU), again suggestive of ineffective
purifying selection on the dot chromosome in contrast
to efficacious purifying selection on other (non-Y)
chromosomes.

As noted above, patterns of codon usage are of course
affected by factors other than chromosomal linkage. In par-
ticular, levels of gene expression and the breadth of expression
across tissues both positively correlate with codon bias (e.g,
Sharp and Li 1986; Akashi 2001; Urrutia and Hurst 2001; Park
et al. 2012). Sex-biased expression also contributes to levels of
codon bias, with male-biased genes showing reduced codon
bias relative to female-biased or unbiased genes (Zhang et al.
2004; Hambuch and Parsch 2005). To test whether the pat-
terns of reduced codon bias of Y-linked genes were driven
entirely by male-biased expression, tissue specificity of
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Fic. 3. Distributions of codon bias as measured by FOP of all 1:1 orthologs and Y-linked genes separated by chromosome arm for D. ananassae (ana), D.
erecta (ere), D. grimshawi (gri), D. melanogaster (mel), D. mojavensis (moj), D. pseudoobscura (pse), D. virilis (vir), D. willistoni (wil) and D. yakuba (yak).
Median values are overlaid in red. Note that for D. pseudoobscura, “Y"-linked genes are those genes that have some history of Y-linkage in this species

but are not currently Y-linked (ARY, kl-2, kl-3, ORY, Ppr-Y, and PRY).

expression, and/or low level of expression, we also estimated
codon bias for D. melanogaster genes with 1) male-biased
gene expression patterns (Sturgill et al. 2007), 2) tissue-specific
gene expression patterns (Larracuente et al. 2008), and 3) low
(bottom 10%) gene expression levels (Larracuente et al. 2008).
Patterns of codon bias of Y-linked genes are significantly re-
duced relative to genes in all three classes (P << 0.0001, all
comparisons, MWU) (supplementary fig. S3, Supplementary
Material online). Thus, although patterns of gene expression
of Y-linked genes may contribute to the reduction in codon
bias in these genes, it is clear that these patterns are not
driving the observed pattern and that Y-linkage is likely to
play a major role in the reduction in codon bias of Y-linked
genes in the species surveyed here.
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Rates of Evolution

If purifying selection is less efficacious on the Drosophila Y
chromosome, we might expect that rates of evolution are
higher for Y-linked genes as compared with X-linked or au-
tosomal genes. Indeed, previous work in Drosophila has con-
sistently demonstrated that rates of evolution are significantly
increased in areas of the genome with little to no recombi-
nation, where purifying selection is expected to be compro-
mised (Bachtrog 2005; Bartolome and Charlesworth 2006;
Larracuente et al. 2008; Arguello et al. 2010; Campos et al.
2012). To test whether Y-linked genes show increased rates of
evolution relative to genes elsewhere in the genome, we used
codon substitution models to estimate w (dy/ds) and infer dg
(synonymous substitutions per synonymous site) and dy for
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each of the 11 genes that are Y-linked in D. melanogaster. We
also used codon substitution models to estimate dy and ds in
pairwise comparisons of sequences using a maximum-likeli-
hood framework as well as using an approximation to this
maximum-likelihood approach (Yang and Nielsen 2000).
Estimates of evolutionary rate parameters are highly and sig-
nificantly correlated across analyses (data not shown), indi-
cating that our results are robust to the methods used to
infer/estimate rates of evolution. We thus use the estimates of
ds and dy from the M0 model, as described in the Materials
and Methods section (see below).

It is clear that synonymous sites approach saturation over
the evolutionary distances considered here, thus potentially
compromising the accuracy of these parameter estimates. As
divergences approach saturation, this leads to underestima-
tion of the rate of substitution (Nei and Kumar 2000;
Arbogast et al. 2002), indicating that in our case ds is likely
to be underestimated and w is likely to be overestimated.
However, we suggest that the general inaccuracy of the
point estimates of these rate parameters is less of a concern
given our objective, which is to compare rates of evolution
between Y-linked genes and other genes in the genome.
Although all of our estimates of ds and @ from the MO
model (see Materials and Methods) are likely to be imprecise
owing to saturation at synonymous sites, rendering their
point estimates less meaningful, their values relative to one
another should still be meaningful for biological inference.

Rates of evolution at synonymous sites are generally in-
creased for Y-linked genes (fig. 4). With the exception of
D. virilis where there is no significant difference in the esti-
mates of ds between Y-linked and X-linked or autosomal
genes, estimates of ds for Y-linked genes are significantly
higher than ds estimated for X-linked genes and pooled au-
tosomal genes in all species (P < 0.05, all comparisons,
MWU). Similarly, in D. pseudoobscura, rates of evolution at
synonymous sites in genes that have some evolutionary his-
tory on the Y chromosome are significantly higher than genes
elsewhere in the genome (P < 0.0001, versus both X chromo-
some and pooled autosomes, MWU). This is consistent with
previous work that has shown increased rates of evolution at
synonymous sites on the Y chromosome (Wyckoff et al. 2002;
Bachtrog 2005). Although it is difficult to determine the rel-
ative roles of effective population size versus lack of recom-
bination in driving this pattern, it should be noted that
increased rates of evolution at synonymous sites have also
been seen in nonrecombining areas of the Drosophila genome
(Campos et al. 2012). It is also possible that male-driven evo-
lution contributes to the elevated rate of evolution at synon-
ymous sites in Y-linked genes. Although early work in
Drosophila found no evidence of such an effect (Bauer and
Aquadro 1997; Betancourt et al. 2002), recent work in D.
miranda is consistent with male-biased mutation rates
(Bachtrog 2008a).

As before, the comparison between Y- and F-linked genes
is particularly appropriate, given that both of these chromo-
somes are largely heterochromatic and experience little or no
recombination. In D. ananasse and D. yakuba, there is no
significant difference in rates of evolution at synonymous
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Fic. 4. Median values of ds (blue) and dy, (red) for all 1:1 orthologs and
Y-linked genes separated by chromosome arm for D. ananassae (ana), D.
erecta (ere), D. grimshawi (gri), D. melanogaster (mel), D. mojavensis
(moj), D. pseudoobscura (pse), D. virilis (vir), D. willistoni (wil), and D.
yakuba (yak). Note that for D. pseudoobscura, “Y”-linked genes are those
genes that have some history of Y-linkage in this species but are not
currently Y-linked (ARY, k-2, kI-3, ORY, Ppr-Y, and PRY).

sites between Y- and F-linked genes (P > 0.7, both compar-
isons, MWU). This echoes the lack of a significant difference in
codon usage patterns between the Y and the F (see above)
and further supports the idea that purifying selection on
weakly selected sites is of comparable efficacy on these chro-
mosomes in these species in spite of differences in effective
size. In addition, D. grimshawi, D. mojavensis, and D. virilis all
show both significantly reduced codon bias on the Y relative
to the F and significantly increased ds in Y-linked genes rela-
tive to F-linked genes (P < 0.02, all comparisons, MWU),
which is consistent with a reduced efficacy of purifying selec-
tion on weakly selected mutations on the Y relative to the Fin
these lineages. This may argue for a role of both reduced
recombination and effective size in rates and patterns of mo-
lecular evolution in these species. Both D. melanogaster and D.
erecta show significantly higher ds in Y-linked genes relative to
F-linked genes but no significant difference in codon bias
between the Y and the F, perhaps suggesting that the efficacy
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of purifying selection is reduced on the Y relative to the F for
some classes of weakly selected mutations but not others in
these species

In contrast to rates of evolution at synonymous sites, rates
of evolution at nonsynonymous sites of Y-linked genes are
not significantly different from estimates of dy of X-linked or
autosomal genes in any species (P > 0.16, all comparisons,
MWU) except D. mojavensis and D. grimshawi (fig. 4). In
D. mojavensis, the rates of evolution at nonsynonymous
sites are significantly lower on the Y than on the X chromo-
some and pooled autosomes (P 0.03 and 0.046 for the X and
autosomes, respectively, MWU) and in D. grimshawi, rates of
evolution are significantly higher on the Y than on the X and
pooled autosomes (P 0.0008 and 0.0005 for the X and auto-
somes, respectively, MWU). In addition, genes in D. pseu-
doobscura that have some history of Y-linkage show no
significant difference in dy relative to X-linked or autosomal
genes. Finally, rates of evolution at nonsynonymous sites are
significantly lower for Y-linked genes compared with genes on
the F chromosome in D. ananassae, D. mojavensis, D. virilis,
and D. yakuba (P < 0.01, all comparisons, MWU) (fig. 4).

This general lack of increase in evolutionary rate at non-
synonymous sites in Y-linked genes contrasts with previous
results from mammals and D. miranda (Yi and Charlesworth
2000; Wyckoff et al. 2002; Bachtrog 2005). One possible reason
for this difference is that the protein-coding genes on the
Drosophila Y studied here have a strong tendency toward
involvement in male fertility, whereas this is less the case in
the genes studied previously in mammals and D. miranda. It is
possible that Y-linked genes associated with male fertility are
under particularly strong selective constraint. It may also be
that the Y-linked male-specific genes may be under stronger
(or more effective) purifying selection at nonsynonymous
sites as compared with Y-linked genes that retain homology
with genes on the X chromosome and are expressed (and
presumably function) in both sexes, as is the case on genes
studied previously in Drosophila and mammals (Yi and
Charlesworth 2000; Wyckoff et al. 2002; Bachtrog 2005,
2006). These explanations are speculative, and more work is
needed to identify the ultimate cause of the lack of increase in
evolutionary rate at nonsynonymous sites in the genes stud-
ied here.

Interestingly, rates of evolution at nonsynonymous sites on
the Drosophila Y chromosome also contrast with what is
observed on the dot chromosome, which shows a significant
increase in dy relative to the pooled autosomes in all species
(P < 0.01, all comparisons, MWU) (fig. 4). This difference be-
tween what is seen on the Y and on the dot may in part
reflect the limited sample size of our Y-linked sample, as at
most 11 genes are considered Y-linked in these analyses. To
test the extent to which sample size limits our power to
detect differences in rates of evolution at nonsynonymous
sites, we randomly sampled (with replacement) 11 F-linked
genes in D. melanogaster and tested for differences in the
distribution of dy between the sampled F genes and the
pooled autosomes. We repeated this procedure 100 times.
Only 27 of 100 samples showed a significant difference in dy
between the (sampled) F and the autosomes, suggesting that
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limited sample size likely compromises our ability to detect
differences in rates of evolution between Y-linked genes and
autosomal genes. However, in the cases of D. ananassae,
D. mojavensis, D. virilis, and D. yakuba, rates of evolution at
nonsynonymous sites are significantly elevated on the dot
relative to the Y chromosome (P < 0.01, all comparisons,
MWVU) (fig. 4). Thus, the efficacy of selection on nonsynon-
ymous sites appears to be more compromised on the dot
chromosome than on the Y chromosome at least in some
species in spite of the reduced effective population size of the
Y relative to the dot and the lack of recombination on both
chromosomes. This is consistent with nonsynonymous mu-
tations for the Y-linked genes studied here being under stron-
ger selective constraint than comparable mutations in genes
on the dot chromosome, but other differences between the Y
and the dot, such as gene density, patterns and levels of gene
expression, and effective population size, are likely to contrib-
ute to the observed pattern as well.

In addition, it is important to note that even in our limited
sample of Y-linked genes, we find strong evidence of an in-
crease in rates of evolution at synonymous sites relative to the
rest of the genome in almost all of the species examined here.
This indicates that any effect at nonsynonymous sites is
weaker by comparison. We suggest that the contrast in ob-
served patterns between synonymous and nonsynonymous
sites is likely due to differences between the fitness effects of
mutations at these types of sites. Indeed, weakly selected sites
are most susceptible to Hill-Robertson interference
(Charlesworth et al. 2010), which could explain why rates of
evolution at Y-linked (weakly selected) synonymous sites are
elevated relative to the rest of the genome but rates of evo-
lution at (strongly selected) nonsynonymous sites are not.

Rates of evolution at nonsynonymous sites are negatively
correlated with expression level and expression breadth (Pal
etal. 2007; Drummond et al. 2005; Singh et al. 2005a; Park and
Choi 2010). To account for these effects, we compared rates
of evolution at nonsynonymous sites of Y-linked genes with
rates of evolution in autosomal genes with male-biased pat-
terns of gene expression, low expression levels, and tissue-
specific patterns of gene expression. Rates of evolution at
nonsynonymous sites in Y-linked genes are significantly
lower than male-biased genes and lowly expressed genes
(P 0.03, both comparisons, MWU) but are not significantly
lower than rates of evolution in tissue-specific genes (P 0.6,
MWU) (supplementary fig. S4, Supplementary Material
online). These data indicate that although other genic fea-
tures are likely to contribute to rates of evolution at nonsy-
nonymous sites, the observed pattern of dy in Y-linked genes
compared with dy in genes on the X and nondot autosomes
is not likely to be driven by levels or patterns of gene
expression.

The general increase in rates of evolution at synonymous
sites coupled with no consistent increase in rates of evolution
at nonsynonymous sites is reflected in estimates of w. We
note that, by definition, estimates of dy, and ds are correlated
with those of w. The near saturation at synonymous sites for
some species contrasts also limits our ability to precisely es-
timate these rate parameters (fig. 4). However, although our
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Fic. 5. Violin plots (kernel density plot overlaid on boxplot) of w for all
1:1 orthologs and Y-linked genes separated by chromosome arm. Kernel
density is depicted in the shaded gray polygon. Within the kernel density
plot, the top and bottom edges of the box represent the third and first
quartile, respectively, and the median values are highlighted in white.

estimates of w across the genome are likely to be underesti-
mated because of saturation at synonymous sites, it may be
that the values of w for different groups of genes relative to
one another are still meaningful for biological inference. For
ease of comparison to previous work in which estimates of @
are presented for Y-linked genes, we present the estimates of
w for the genes studied here, although we note that these
results should be interpreted with caution given the two
aforementioned concerns. Our results indicate that @ esti-
mates of Y-linked genes are significantly lower than w esti-
mates of X-linked genes (P 0.04, MWU); the same trend
seems to be present in a comparison with pooled autosomal
genes (P 0.06, MWU) (fig. 5). This contrasts with previous
work in mammals and D. miranda that have consistently
reported higher rates of evolution at nonsynonymous sites
(relative to rates of evolution at synonymous sites) in Y-linked
genes as compared with other genes (Yi and Charlesworth
2000; Bachtrog and Charlesworth 2002; Wyckoff et al. 2002;
Bachtrog 2005; Bartolome and Charlesworth 2006). As sug-
gested above, this may be because the functions of the genes
studied here are potentially male specific, whereas this is not
generally the case for previous studies.

In addition to addressing questions regarding the relative
rate of evolution of Y-linked genes compared with other
genes in the genome using species-specific distributions of
evolutionary rates, we can also address these questions
using model comparisons. Specifically, we can use branch
models (Yang et al. 2005; Zhang et al. 2005) to ask whether,
for a given gene, there is any evidence for heterogeneity in
evolutionary rate across the phylogeny that is associated spe-
cifically with Y- versus non-Y-linkage. Because each of these
11 genes are Y-linked in some species studied here and not

Y-linked in others, we can compare the likelihood of the data
given a model in which there is a single estimate of w on the
tree with the likelihood of the data given a model in which
there are two w ratios on the tree: One for branches in which
the gene is Y-linked and one for branches in which the gene is
not Y-linked. The significance of this comparison can be as-
sessed with a likelihood-ratio test (LRT).

Of the 11 genes tested, three (Pp1-Y1, Pp1-Y2, and WDY)
show significant statistical support for the model with two @
ratios on the tree (P < 0.0001, all three comparisons, LRT)
(fig. 1). In all three cases, estimates of w are higher (2-, 3-
and 6-fold for WDY, Pp1-Y1, and Pp1-Y2, respectively) in
those lineages in which these genes are autosomal than
they are in lineages where the genes are Y-linked. This is
consistent with the general pattern that estimates of w
appear to be depressed for Y-linked genes (fig. 5). It should
be noted that all three of these genes moved onto the Y
chromosome in the ancestor of the melanogaster species
group (Koerich et al. 2008), so this general reduction in w
may reflect a shift in evolutionary rate specifically associated
with this species group rather than Y-linkage per se. However,
the finding that rates of protein-coding evolution are lower
on Y-linked branches is consistent with previous work on kI-5,
which has been implicated in three independent transloca-
tions between the Y and the autosomes (Koerich et al. 2008;
Dyer et al. 2011); previous work using branch models for this
gene in a different group of species also supports two w's
across the tree, with estimates of Y-linked branches 5-fold
lower than w estimates for autosomal branches (Dyer et al.
2011).

We note that in the case of PRY, we find significant sup-
port for a model with two w ratios on the tree for the Clustal-
based alignment (P < 0.0001, LRT), but not for the MUSCLE-
based alignment (P 0.63, LRT). That this result is not robust to
the alignment is suggestive that it is an artifact, underscoring
the sensitivity of model-based inferences of positive selection
to the underlying alignment (Markova-Raina and Petrov
2011). It should also be noted that we find marginal support
for the two w ratios on the tree in the case of ARY, but only if
the branch in which ARY was acquired by the Y (fig. 1) is
considered autosomal (P 0.046, LRT). This suggests that rates
of evolution on this branch are more consistent with the
autosomal portions of the tree rather than the Y-linked por-
tions of the tree, which could indicate that the Y chromo-
some acquired ARY relatively late on this branch. Denser
sampling of ARY, particularly in species with variable patterns
of Y-linkage, will be required to determine the extent of var-
iable w for ARY across the Drosophila phylogeny.

Positive Selection

Although the efficacy of natural selection is generally reduced
on the Y chromosome due to the lack of recombination and
reduced effective size, this does not preclude positive selec-
tion of Y-linked genes. In fact, positive selection has been
implicated as a driver of evolutionary patterns of the Y chro-
mosome (Bachtrog 2004; Gerrard and Filatov 2005;
Larracuente and Clark 2013). We used a suite of evolutionary
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models to test whether patterns of evolution in these 11 genes
were consistent with positive selection. We first used the M7-
M8 model comparison of PAML (see Materials and Methods)
to test for variable @ across sites. These results show significant
support for positive selection in the genes CCY, Ppr-Y, PRY, and
WDY (P < 0.0001, all comparisons, LRT) (fig. 1). Estimates of w
in the positively selected class of codons for each of these genes
are respectively 2.5, 2.3, 3.0, and 2.8. Importantly, these pat-
terns of positive selection are not driven by lineages in which
these genes are autosomal, as repeating the M7-M8 compar-
ison for each of these genes on the subset of species in which
the genes are Y-linked yields significant evidence in support of
positive selection (P < 0.01, all comparisons, LRT). To test for
episodic positive selection, we used the branch-site models
(see Materials and Methods). These models allow for variable
w across lineages and among sites. Of the 11 genes evaluated,
we only find statistical support for positive selection in kI-3
specifically in the D. pseudoobscura lineage (in which it is on
the dot chromosome; Larracuente et al. 2010) (P 0.03, LRT)
(fig. 1). The estimate of w in the positively selected class of
codons in D. pseudoobscura is 2.2. Thus, the limited level of
recombination on the dot chromosome has not precluded
positive selection on this chromosome.

It merits noting that increased estimates of @ may be
driven not only by increases in dy but also by decreases in
ds (Parmley and Hurst 2007). In the cases of positive selection
on Y-linked genes described here, we believe that the in-
creased estimates of w are unlikely to be driven by reductions
in rates of evolution at synonymous sites. This is because rates
of evolution of the Y-linked genes considered here are signif-
icantly higher than rates of evolution at synonymous sites on
other chromosomes (fig. 4). However, in the case of kl-3 in
D. pseudoobscura, it remains possible that the increased w for
some sites on this lineage is driven by increased constraint on
synonymous sites. Recent work has suggested that synony-
mous sites in Drosophila can be subject to strong selective
constraint (Lawrie et al. 2013), which indicates that the kI-3
result presented here should be interpreted with caution.

Although synonymous sites approach saturation over the
evolutionary distances studied here, we do not believe that
this saturation has compromised our inferences of positive
selection. Specifically, previous work has shown that the sites
model comparisons are not prone to false positives in infer-
ring positive selection (see fig.3 in Scheffler and Seoighe 2005).
Moreover, the branch-site models have also been shown to be
remarkably robust to saturation at synonymous sites (Gharib
and Robinson-Rechavi 2013). However, the branch-site
models do lack power with synonymous site saturation
(Gharib and Robinson-Rechavi 2013), suggesting that there
may be more extensive episodic positive selection in these
genes and lineages than we were able to detect.

Finally, we do not believe that these inferences of positive
selection are driven by shifts in GC content. Although GC
content of Y-linked versus non-Y-linked orthologs of the
genes studied here differs by 4-11% (supplementary fig. S1,
Supplementary Material online), these GC content differences
are unlikely to lead to false inferences of positive selection.
Both the site models and the branch-site models appear
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robust to GC content and to shifts in GC content across
the phylogeny (Gharib and Robinson-Rechavi 2013). As is
the case with saturation, GC content shifts across lineages
reduce power (Gharib and Robinson-Rechavi 2013), which
again suggests that positive selection in these genes may be
more extensive than we detected.

Our results thus highlight the variable modes and impacts
of natural selection on the Drosophila Y chromosome. We find
strong evidence in support of a reduced efficiency of selection
on weakly selected mutations. Codon bias is depressed in Y-
linked genes (figs. 2 and 3) and rates of evolution at synony-
mous sites are significantly increased relative to genes else-
where in the genome (fig. 4). The pattern at nonsynonymous
sites is less clear, with no indication that the efficacy of puri-
fying selection against strongly deleterious mutations has been
compromised on the Y chromosome (fig. 4). Our power to
detect an effect is somewhat limited, given the small number
of Y-linked genes in our sample, but our data do suggest that if
purifying selection is less efficacious on the Y chromosome,
this reduction in efficiency is not as great as the reduction in
efficiency at synonymous sites. Finally, our data indicate that in
spite of the lack of recombination on and small effective size of
the Y chromosome, positive selection does indeed contribute
to the molecular evolution of Y-linked genes.

Materials and Methods

Sequences and Alignments

We retrieved sequences of 11 genes (Pp1-Y1, Pp1-Y2, ARY,
ORY, WDY, Ppr-Y, CCY, PRY, ki3, kI5, and kI2) in 9 species (D.
melanogaster, D. yakuba, D. erecta, D. ananassae, D. willistoni,
D. virilis, D. mojavensis, D. grimshawi, and D. pseudoobscura)
from GenBank. Accession numbers are provided in
supplementary tables S1 (protein) and S2 (nucleotide),
Supplementary Material online. Note that Pp1-Y7 is absent
in the D. mojavensis lineage and that Ppr-Y is absent in the D.
grimshawi lineage (Koerich et al. 2008) (fig. 1).

We used RevTrans (Wernersson and Pedersen 2003) to
align the nucleotide sequences of these genes. RevTrans
uses amino acid alignments (de novo or user-provided) as
scaffolds for DNA multiple sequence alignments. We used
MUSCLE (Edgar 2004a, 2004b) to align the amino acid se-
quences of each of the 11 protein-coding genes and used
these alignments to anchor the nucleotide alignments in
RevTrans. To ensure our results were robust to the alignment
method, we also used ClustalW?2 (Larkin et al. 2007) as im-
plemented by RevTrans to align the translated nucleotide
sequences and then used these peptide alignments to
anchor the nucleotide sequence alignment. The resulting
alignments were highly similar between the two methods
and subsequent analyses were done with both to assess
whether the small differences might impact our conclusions.
The lengths of the amino acid alignments made using
MUSCLE (ClustalW2) were 409 (406), 1751 (1801), 4616
(4516), 4643 (4643), 4618 (4613), 915 (915), 320 (320), 326
(326), 572 (597), 1265 (1270) and 1261 (1254) amino acids for
ARY, CCY, kI2, kI3, kI5, ORY, Pp1-Y1, Pp1-Y2, PRY, and WDY,
respectively.
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We also retrieved the masked multiple sequence align-
ments of the 8563 1:1 orthologs across the 12 sequenced
Drosophila species (Clark et al. 2007; Larracuente et al.
2008). These were used to generate the genomic distributions
of each of the metrics estimated for comparison with the 11
genes enumerated above. Gene locations for these 1:1 ortho-
logs in each species were based on previous work (Bhutkar
et al. 2008). Genes mapping to the E—F fusion in D. willistoni
were excluded from the analysis.

Substitution Models

To estimate rates of evolution and test for positive selection,
we used PAML version 4.7a (Yang 1997, 2007) to fit codon
substitution models of molecular evolution. For codon sub-
stitution models, we ran MO, M7, and M8. MO is the null
model, and allows for a single @ (dy/ds) estimate across the
entire phylogeny. The point estimates of ds (synonymous
substitutions per synonymous site), dy, (nonsynonymous sub-
stitutions per nonsynonymous site), and w for each gene in
each lineage are taken from the MO results. We use the esti-
mate of ds and dy on the terminal branches of the tree to
represent the species-specific estimates of each parameter for
each gene. Note that with MO there is a single estimate of @
for each gene.

In contrast to the null model, both M7 and M8 allow for
variable w across sites. This pair of nested models can be used
to test for positive selection usinga LRT (Yang et al. 2000). M7
assumes that w is beta distributed (0,1) across sites but con-
strains w to be <1. M8 adds an additional class of sites to the
beta model; a proportion of sites P, have @ drawn from a §
(0,1) distribution but adds a second class of sites (of propor-
tion P; where P, =1-P,) where w, is free to exceed 1.

Because the genes studied here are Y-linked in some spe-
cies and autosomal in others, we also tested whether w varied
significantly among lineages. Specifically, we ran branch
models (Yang 1998; Yang and Nielsen 1998) for all 11
genes, which accommodate variable @ among branches but
not among sites. These models are thus useful for detecting
positive selection specifically on particular branches of the
phylogeny (foreground branches) and not on the remainder
of the tree (background branches). The null hypothesis is a
single w ratio across the entire phylogeny and the alternative
hypothesis tested here is two w ratios: One for the lineages in
which the gene is Y-linked and one for the lineages in which
the gene is not Y-linked. Note that branches on which
Y-linked genes are acquired can be modeled as Y-linked or
not Y-linked. We use both models and in all cases except ARY
(see Results and Discussion, above), our results are robust to
whether we treat this branch as Y-linked or not Y-linked.

Branch-site models were also used to test for positive se-
lection. These models accommodate variable @ among sites
and among lineages and are thus useful for testing for pat-
terns consistent with positive selection affecting a subset of
sites in particular lineages. As with the branch models, we
separate those branches in which the gene is Y-linked from
those in which it is not and model the branch on which the
gene was acquired as both a Y-linked and not Y-linked

branch. The modified Branch Model A (Yang et al. 2005;
Zhang et al. 2005) assumes four classes of sites: site class 0
has w, < 1 on foreground and background branches, site class
1 includes codons with w; 1 on foreground and background
branches, and the remaining two classes include codons
which are constrained or neutral (w < 1) on the background
branches but positively selected (w, > 1) on the foreground
branches. The appropriate null model is this same model but
with w, =1 fixed (Yang et al. 2005; Zhang et al. 2005).

Because the topology of the melanogaster species group
relative to D. erecta and D. yakuba is uncertain (Pollard et al.
2006), most likely due to incomplete lineage sorting, we ran
every model on all three possible tree topologies for each
gene. We report the results from the tree with the best like-
lihood, and we note that the consistency of our findings
across trees indicates that our results are robust to treespace.

Finally, we ran all the models on both alignments for each
gene (see above). In all cases except the branch model for PRY
(see Results and Discussion), our results are robust to the
alignment method also.

Codon Bias

We estimated codon bias in each gene in each species using
two methods. First, we calculated the FOP (lkemura 1981) of
each gene in each species. With this metric, “optimal” codons
are defined a priori and FOP simply reflects the proportion of
codons in a given gene that are “optimal.” FOP thus ranges
from 0 to 1, with increasing values corresponding to increas-
ingly biased patterns of codon usage. Species-specific defini-
tions of optimal codons were based on previous work (Vicario
et al. 2007) and FOP was calculated using custom Perl scripts.

We also used the ENC (Wright 1990) to estimate codon
bias. This metric measures the deviation from equal synony-
mous codon usage and ranges from 20 (when a single codon
is used for each amino acid) to 61 (where synonymous
codons for a given amino acid are used equally). Increasing
values of ENC thus correspond to decreasing bias in patterns
of codon usage. We estimated ENC using a standalone im-
plementation of CodonW (downloaded from http://codonw.
sourceforge.net, last accessed July 4, 2014).

Gene Expression

To determine sex-biased patterns of expression of these 11
genes, we downloaded the raw RNA-seq data from whole
bodies in male and female species for D. melanogaster,
D. yakuba, D. ananassae, D. virilis, D. mojavensis, and D. pseu-
doobscura. These data were collected as part of the
modENCODE project (Graveley et al. 2011). There were
two biological replicates per sex per species. Following the
original authors’ example, we trimmed all reads to 75bp.
We also only used a single read from each pair for our analysis.
We created species-specific libraries of the 11 genes studied
here, and used Bowtie 2 (Langmead and Salzberg 2012) to
align the RNA-seq reads from each species to our species-
specific libraries. We discounted any alignments with a quality
score <10 and counted the number of reads mapping to each
gene in our library in each replicate. These read counts are
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presented in supplementary tables S3-S8, Supplementary
Material online. To test for sex-biased expression of each
gene, we summed read counts across the two replicates
with each sex, and used a goodness-of-fit test (with Yates’
correction for continuity in the event that at least one cell in
the table had a read count <5) to evaluate significance.

Supplementary Material

Supplementary figures S1-S4 and tables S1-S8 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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