Faster-Z Evolution Is Predominantly Due to Genetic Drift
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Abstract

Genes linked to sex chromosomes may show different levels of functional change than autosomal genes due to different
evolutionary pressures. We used whole-genome data from zebra finch—chicken orthologs to test for Faster-Z evolution,
finding that Z-linked genes evolve up to 50% more rapidly than autosomal genes. We combined these divergence data with
information about sex-specific expression patterns in order to determine whether the Faster-Z Effect that we observe was
predominantly the result of positive selection of recessive beneficial mutations in the heterogametic sex or primarily due to
genetic drift attributable to the lower effective population size of the Z chromosome compared with an autosome. The Faster-
Z Effect was no more prevalent for genes expressed predominantly in females; therefore, our data indicate that the largest
source of Faster-Z Evolution is the increased levels of genetic drift on the Z chromosome. This is likely a product of sexual
selection acting on males, which reduces the effective population size of the Z relative to that of the autosomes. Additionally,
this latter result suggests that the relative evolutionary pressures underlying Faster-Z Evolution are different from those in

analogous Faster-X Evolution.
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Introduction

The X chromosome has several properties that distinguish it
from the autosomes (Vicoso and Charlesworth 2006) and
that have the potential to influence the rate and pattern
of evolution of X-linked genes (Charlesworth et al. 1987).
Recent genomic scans in both Drosophila (Counterman
et al. 2004; Begun et al. 2007; Baines et al. 2008; Vicoso
et al. 2008) and mammals (Khaitovich et al. 2005; Lu and
Wu 2005; Torgerson and Singh 2006; Baines and Harr
2007) have shown that X-linked genes exhibit accelerated
rates of functional change compared with autosomes. These
studies provide a broad consensus for Faster-X Evolution;
however, the underlying evolutionary mechanism remains
a subject of debate. The topic is of some importance, as the
alternative explanations have profoundly different implica-
tions for the nature of mutation and selection, as well as
their role in genomic evolution.

For male-heterogametic lineages such as mammals and
Drosophila, males have only one copy of the X chromo-
some and therefore only one copy of X-linked genes.
Faster-X Evolution may result from the expression of reces-
sive (h <0.5) mutations on the X chromosome in the
heterogametic sex, as X-linked recessive alleles are directly
exposed to selection when present in males (Charlesworth
et al. 1987). By contrast, autosomal recessive alleles are
directly exposed to selection only when homozygous, a rare
event for nascent mutations. Therefore, recessive beneficial
alleles will be more rapidly fixed by positive selection when
on the X chromosome, thereby providing one explanation
for Faster-X Evolution.

Alternatively, Faster-X may result from genetic drift and
the fixation of mildly deleterious mutations. For every

reproductive pair, the effective population size of the
X (Nex) is three-quarters that of an autosome (N.a). This
reduced effective population size can produce higher levels
of genetic drift, increasing the proportion of alleles that act
as neutral, as purifying selection is less powerful at lower
effective population sizes (Caballero 1995; Laporte and
Charlesworth 2002), and leading to the fixation of more
mildly deleterious alleles on the X chromosome than on
the autosomes. This scenario for Faster-X Evolution suggests
that the phenomenon is a neutral, nonadaptive process.

Birds have a female-heterogametic system of sex chromo-
some inheritance, where males have a ZZ karyotype and fe-
males are ZW, and the avian Z chromosome would be
expected to exhibitanalogous Faster-Z Evolution. Previously,
we used expressed sequence tag (EST) data from genes ex-
pressed in the avian brain to show that orthologous
chicken-zebra finch genes on the Z chromosome evolve
roughly 30% more rapidly than autosomal genes (Mank,
Axelsson, and Ellegren 2007; Mank, Hultin-Rosenberg, et al.
2007). There was some evidence, based on available polymor-
phism data, that the Faster-Z Effect was due to positive se-
lection; however, we may have simply lacked the statistical
power to identify the signature of genetic drift from this lim-
ited data set.

Animal mating systems often involve significant levels
of sexual selection (Andersson 1994), typically acting on
males. This increases the variance in male reproductive suc-
cess and in effect reduces the number of males contribut-
ing to each generation. For male-heterogametic systems,
sexual selection on males increases N.x above 3/sN,x, reduc-
ing the influence of genetic drift on Faster-X Evolution and
suggesting that a significant portion of the Faster-X Effect
in mammals and Drosophila is due to positive selection
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acting on recessive beneficial mutations (Vicoso and
Charlesworth 2009; Mank et al. 2010). By contrast, in-
creased variance in male mating success in birds decreases
the effective population size of the Z chromosome (Nz)
below the 3:N.n expected if females and males have
equal variance in reproductive success (Caballero 1995;
Charlesworth 2001; Laporte and Charlesworth 2002;
Ellegren 2009). This is supported by estimates of Nz in
birds significantly below 3:N.a (Sundstrém et al. 2004;
Borge et al. 2005) and suggests that a larger proportion
of the Faster-Z Effect may be due to genetic drift (Vicoso
and Charlesworth 2009; Mank et al. 2010).

It stands to reason that if the majority of Faster-Z Evolu-
tion is due to positive selection acting on recessive muta-
tions, the Faster-Z Effect will be greatest for those genes
predominantly expressed in females, as it is only in females
that Z-linked genes are hemizygously exposed. Additionally,
there would be little to no Faster-Z Effect for genes expressed
primarily in males, as there is no difference in the homoga-
meticsexin the exposure toselection of Zand autosomalloci.
By the same line of argument, genes expressed in both sexes
would show an intermediate Faster-Z Effect, as they are ex-
posed directly in females one-third of the time. Alternatively,
if Faster-Z Evolution is due primarily to genetic drift, female-
biased genes would not be expected to show the greatest
Faster-Z Effect, and the relationship between sex-biased ex-
pression and Faster-Z Evolution would be governed by other
factors such as the strength of purifying selection and the
deleterious effect of dominant mutations.

Here, we perform the first test of Faster-Z evolution us-
ing two complete avian genomes, those of the zebra finch
(Wesley C. Warren, David F. Clayton, Hans Ellegren et al. in
preparation) and chicken (International Chicken Genome
Sequencing Consortium 2004). We combine these data
with transcriptome profiles to test the relative importance
of positive selection and genetic drift in the Faster-Z Effect.

Materials and Methods

Divergence Estimates

We downloaded annotated coding sequence from the
chicken (WASHUC2) and zebra finch genomes (Tea-
Gut3.2.4) from biomart (www.biomart.org),and determined
1:1 orthology between the two species using Inparanoid3.0
(O’Brien et al. 2005) with reciprocal Blast searches and boot-
strapping, employing 90% support cutoffs. For genes with
more than one transcript, we selected the longest transcript
for this analysis. Selected coding sequences were then trans-
lated into protein sequences prior to alignment, and aligned
amino acid sequences were then translated back into DNA
using MUSCLE (Edgar 2004), using custom-made PERL
scripts. Using this method, we obtained 11,176 pairwise
1:1 orthologs and for each 1:1 ortholog we calculated the
number of nonsynonymous and synonymoussites, the num-
ber of nonsynonymous and synonymous substitutions using
codeML in PAML 4.1 (Yang 1997). From these estimates, we
calculated the number of nonsynonymous substitutions per
nonsynonymous site (dy) and the number of synonymous
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substitutions per synonymous site (ds). The ratio of these
two metrics (dy/ds) can be used as a measure of functional
evolutionary change in the protein structure, correcting for
underlying variation in mutation rate.

The above two-species methods measure the functional
divergence that has occurred between chicken and zebra
finch, which last shared a common ancestor roughly 100 Ma
(van Tuinen et al. 2000). As our gene expression information,
described below, is taken from chicken, we were also inter-
ested in the pattern substitution that has occurred on the
chicken lineage alone. In order to do this, we expanded
the dy/ds calculations to include several more taxa: Anolis
(ANOCART1), Human (NCBI36), Mouse (NCBIM37), and
Opossum (MonDom5), downloaded through Biomart.
These genomes, combined with chicken and zebra finch,
yielded 7,789 1:1:1:1:1:1 orthologs, which was reduced
to 7,733 orthologs after the removal of those loci
where gap positions eliminated all informative sites. We per-
formed codon-based alignments and substitution calcula-
tions in the same manner as the pairwise alignments,
identifying only those substitutions that occurred on the
chicken lineage after it diverged from the common ancestor
with zebra finch.

Divergence Data Treatment

In both data sets, we removed all loci <100 bp, as maximum
likelihood estimates of divergence can be problematic for
short transcripts. This resulted in the removal of 23 genes
in the two-species data and 53 in the six-species data. Addi-
tionally, we filtered the data to remove all orthologs where
ds > 2, as it has been previously shown that the transition—
transversion ratio at 4-fold degeneratesitesis linear fords <2,
and is nonlinear for values >2 (Axelsson et al. 2008). This
resulted in the removal of 417 loci from the two-species data
set, and 70 from the six-species data set. We also removed all
loci with premature stop codons.

Genomic location was taken from the current chicken
(GalGal3) and zebra finch (TaeGut3) assemblies (www.
emsembl.org), and orthologs were parsed into autosomal
and Z categories, and all orthologs with other genomic
locations were removed from further analysis. Only orthologs
that were in the same category in both avian species were
used for further analysis, and this was the majority of ortho-
logs as the chicken and zebra finch genomes are highly syn-
tenic (Shetty et al. 1999; Itoh and Arnold 2005; Backstrom
et al. 2006; Itoh et al. 2006).

Mean dy (defined as the number of nonsynonymous sub-
stitutions per nonsynonymous site) and ds (the number of
synonymous substitutions per synonymous site) were calcu-
lated by dividing the sum over all genes in a genomic category
of the number of substitutions by the sum of the number of
sites for the Z chromosome and autosomes separately. This
has the advantages of weighting data by alignment length
and circumventing the problem of infinitely high dy/ds val-
ues arising from genes with no synonymous substitutions.
Ninety-five percent confidence intervals were determined
viabootstrapping (1,000 repetitions),and a permutation test
with 1,000 repetitions was used to assess significant
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differences for each metric (dy, ds, and dy/ds) between chro-
mosomal categories. Significant Faster-Z Evolution was also
computed with Fisher’s Exact Test for each comparison.

The avian karyotype exhibits large variation in chro-
mosome size, with several large chromosomes (designated
macrochromosomes and intermediate chromosomes) and
numerous small (<20 Mb) microchromosomes. Micro-
chromosomes differ from larger chromosomes in many
ways, including gene density, repeat number, recombina-
tion rate, intron length, and GC content (International
Chicken Genome Sequencing Consortium 2004), and some
of these characteristics, particularly recombination, can in-
fluence the nature and efficacy of selection. The Z chromo-
some is most similar to chicken chromosomes 5 and 6 in
size, and a fairer, though less statistically powerful, Faster-Z
comparison is therefore between the Z and similarly sized
chicken autosomes 1-10.

Chicken and zebra finch chromosomes 1-10 are largely
syntenic (Burt et al. 1999; Griffin et al. 2007), with the ex-
ception of the p arm of chromosome 4, which represents
a fusion of a microchromosome to a macrochromosome at
intervening point after passerine and galliform radiation
(International Chicken Genome Sequencing Consortium
2004). Therefore, we removed the genes from this region
in our comparison of the Z chromosome with chicken
chromosomes 1-10.

In order to verify that we had sufficient statistical power
with sufficient observations to avoid undue risk of falsely
accepting the null hypothesis, we performed a power anal-
ysis to determine whether our data were sufficient at o =
5% (5% chance of incorrectly rejecting the null hypothesis
that the categories are equal) using pwr.t2n.test function in
the pwr package (Cohen 1988) with the R platform. For the
analysis of Faster-Z Evolution, we calculated power using
the mean d\/ds for Z and autosomal loci, the standard de-
viation for these values based on bootstrapping (1,000 rep-
licates), and the sample sizes of each category. In all
comparisons, we used a two-tailed power analysis.

Expression Data

Whole-transcriptome profiling was done on adult chicken
gonads to determine sex-specific expression patterns. Adult
gonads were chosen for two reasons. First, the adult gonad
is the only tissue with sufficient numbers of female-biased
genes (Mank and Ellegren 2009b) needed to overcome the
overall lack of Z chromosome dosage compensation in
birds (Ellegren et al. 2007; Itoh et al. 2007). Additionally,
although the Z chromosome is inactivated in females due
to meiotic sex chromosome inactivation (Schoenmakers
et al. 2009), the phenomenon is ephemeral in birds, with
the Z reactivated in adult females. Adult gonads therefore
maximize the number of female-biased Z-linked genes
while minimizing the effects of meiotic sex chromosome
inactivation.

The handling and statistical methods for the expression
data have been previously described (Mank and Ellegren
2009b), and only the most relevant details are presented here
in order to aid comprehension of the experiments. Briefly, an-

imals were purchased from OVA Productions (Morgongava,
Sweden) as newly fertilized eggs and derived from the same
white leghorn genetic background that has been reared under
standardized conditions for several generations. Adults were
collected at 26 weeks posthatching after sexual maturity was
achieved, and the left gonad from each individual extracted,
homogenized, and used for RNA preparation. After RNA sam-
ples passed Agilent 2100 Bioanalyzer quality control, six non-
overlapping pools of RNA were established, three for each sex,
each pool composed of five individuals. Pooled RNA was pre-
pared and hybridized to Affymetrix GeneChip expression ar-
rays, and washed and stained arrays were scanned with the
GeneChip scanner 3000 7G. All arrays passed Affymetrix qual-
ity control criteria.

The resulting CEL files were RMA preprocessed (Irizarry
et al. 2003) and then subjected to a series of normalizations
to adjust for local, global, and experimental variation. Data
were then filtered for significant expression, with those probe
sets without significant expression in three of the six repli-
catesremoved from further analysis. Genomiclocation of sig-
nificantly expressed probes was determined with the
GalGal3 assembly of the chicken genome (www.ensembl.
org), and all probes that mapped either to the Z chromo-
some or autosomes were used in subsequent analysis. Sex-
biased expression was defined as log, (average male expres-
sion)/(average female expression), resulting in positive val-
ues for male-biased genes and negative values for female-
biased genes. The lack of Z chromosome dosage compensa-
tion in birds means that most genes on the Z are by default of
gene dose expressed at higher levels in males (on average 1.5-
fold male biased) (Ellegren et al. 2007; Itoh et al. 2007), and
therefore, we set thresholds to define sex bias above this level.
Male-biased and female-biased genes were defined for this
analysis as significantly greater than 2-fold different between
thesexes, with significance determined with amodified t-test
and corrected for a 0.05% false discovery rate (FDR) with the
Benjamini—Hochberg calculation. This 2-fold difference rep-
resents a balance between the need to correct for the lack of
dosage compensation and the need to maximize the number
of genes defined as sex-biased for statistical power.

Divergence and Expression Analysis
Expression data were combined with divergence data de-
scribed above, and loci were parsed into three categories
for both the Z and the autosomes: significantly female-bi-
ased (log, male/female <—1, 0.05% FDR), significantly
male-biased (log, male/female >1, 0.05% FDR), and unbi-
ased genes. For each expression category, we tested
whether dy, ds, and dy/ds were significantly different be-
tween autosomal and Z chromosome loci with both per-
mutation testing (1,000 repetitions) and Fisher’s Exact test.
The strength of the Faster-Z Effect was calculated for
each expression category, defined as the average Z chromo-
some divergence (dyz/dsz) divided by the average autoso-
mal diveregence (dya/dsa). Where (dnz/dsz)/(dna/dsa) =
1, Z-linked and autosomal loci evolve at similar rates. (dyz/
dsz)/(dna/dsa) =1 indicates Faster-Z evolution, and (dnz/
dsz)/(dya/dsp) <1 indicates Slower-Z Evolution. The
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Table 1. Number of Synonymous and Nonsynonymous Substitution for Autosomal and Z-Linked Orthologs.

Autosomes Autosomes 1-10 Z Chromosome
Chicken-zebra finch comparison
Number of nonsynonymous substitutions 783,650 505,263 45,713
Number of synonymous substitutions 1,913,703 1,118,893 94,558
Chicken lineage-specific
Number of nonsynonymous substitutions 179,299 123,443 15,262
Number of synonymous substitutions 536,895 348,835 31,285

strength of the Faster-Z Effect is proportional to the degree
that (dnz/dsz)/(dya/dsp) exceeds 1. In order to maximize
statistical power, we assessed the strength of the Faster-Z
Effect only for autosomal and Z-linked genes, omitting the
category autosomes 1-10 as it contained too few genes to
be informative.

As in the overall analysis of Faster-Z Evolution, we per-
formed a power analysis in order to verify that we had suf-
ficient power in these comparisons for oo = 5% (5% chance
of incorrectly rejecting the null hypothesis that the catego-
ries are equal) using pwr.t2n.test function in pwr package
(Cohen 1988) with the R platform.

Gene Ontology

In order to investigate whether nonrandom distribution of
functional gene classes influenced our results, we used the
chicken Gene Ontology (Gene Ontology Consortium
2000). Using Ontologizer 2.0 (Robinson et al. 2004; Bauer
et al. 2008), we tested whether female-biased, male-biased
(defined as >2-fold expression difference, 5% FDR), or un-
biased genes showed significant differences in gene func-
tionality from the pool of all expressed genes. We used
parent—child analysis, correcting for multiple comparisons
with the Westfall-Young Single Step method (Grossman
et al. 2007). We also report all Gene Ontology terms that
were significantly different before correction (P < 0.01).

Results

Whole-Genome Assessment of Faster-Z Evolution
After filtering, we had divergence estimates for 10,626 1:1
zebra finch-chicken orthologs, encompassing 16.37 Mb
and covering roughly 63% of the ENSEMBL-modulated
protein-coding genes from the chicken genome. Within these
data, there were 829,363 nonsynonymous substitutions
between zebra finch and chicken lineages and 2,008,588
synonymous differences (table 1). The pattern of synony-
mous and nonsynonymous substitution was significantly
different between the Z chromosome and all autosomal
genes (Fisher’s Exact Test, P < 0.0001).

The avian karyotype is heterogeneous with regards to
chromosome size. In addition to large chromosomes, the
chicken and zebra finch genomes contain many small chro-
mosomes (<20 Mb), and these “microchromosomes” dif-
fer from larger chromosomes in having higher gene density,
higher rates of recombination, greater GC content, as well
as fewer repeats and shorter introns (International Chicken
Genome Sequencing Consortium 2004). These factors in-
fluence the overall divergence pattern for avian genes
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on microchromosomes relative to larger chromosomes
(Axelsson et al. 2005), and so a fairer, though less powerful,
comparison, is between the Z chromosome and chromo-
somes of similar size. As the chicken Z chromosome is in-
termediate in size to chromosomes 5 and 6, we used
a subset of chromosomes, autosomes 1-10, as a comparison
to the Z. This comparison is congruent with that using
the full autosomal complement, as the pattern of substitu-
tion differed between the Z and autosomes 1-10 (Fisher’s
Exact Test, P << 0.0001).

Overall, the dataindicateasignificantly greater dy/ds ratio
for genes linked to the Z chromosome when compared with
all genes linked to autosomes and to genes linked to auto-
somes 1-10 (P = 0.050 and P = 0.018, respectively, based
on permutation testing, 1,000 replicates), as shown in table 2.
In the comparison with loci located on autosomes 1-10,
Faster-Z Evolution was due to an increase in Z chromosome
dn (P = 0.011). For the comparison with the full autosomal
complement of genes, Faster-Z Evolution was due to a drop
in Z chromosome ds (P = 0.015), although there was also
a marginally nonsignificant (P = 0.074) increase in Z chro-
mosome dy that also contributed to Faster-Z Evolution.
Overall, the Z chromosome shows a 15-20% increase in
dn/ds ratio compared with autosomal loci (fig. 1a).

Because our expression data are taken from chicken
(described below), it is useful to examine the divergence
pattern of the chicken lineage alone, and to do this, we used
six-species alignments (chicken, zebra finch, anolis, human,
mouse, and opossum) to identify the divergence pattern on
the chicken lineage since its split from the common ancestor
with zebra finch. These alignments yielded divergence
estimates for 7,548 1:1:1:1:1:1 orthologs after data filtering,
covering 10.43 Mb and roughly 45% of known chicken
protein-coding loci. There were 194,561 nonsynonymous
substitutions on the chicken lineage and 568,180 synony-
mous substitutions on this branch (table 1). There was a sig-
nificant differencein the pattern of substitution between the
Z and both categories of autosome (Fisher’s Exact Test, P <
0.0001 in both cases), with more nonsynonymous substitu-
tions on the Z than expected.

The divergence data for the chicken lineage based on the
six-species data are qualitatively consistent with the two-
species data, with more nonsynonymous substitutions on
the Z than either class of autosomes (Fisher’s Exact Test,
P < 0.0001 in both cases, table 1), and with loci linked
to the Z chromosome showing a significant increase in
overall dy/ds compared with genes linked to all autosomes
or autosomes 1-10 (P = 0.0060 and P = 0.043, respectively,
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Table 2. Divergence for Chromosomal Classes of 1:1 Orthologs
Based on Zebra Finch—Chicken Alignments.

Number of Loci Mb dy ds dy/ds

Autosomes 10,092 15.55 0.0675 0.485* 0.139*
Autosomes 1-10 6,734 10.58 0.0645* 0.433 0.149*
Z chromosome 534 0.82 0.0755 0.442 0.171

Autosomal estimates that are significantly different (P < 0.05, based on 1,000
permutations) from that of the Z chromosome are indicated (*).

permutation testing, 1,000 repetitions), as shown in table 3.
Loci linked to autosomes 1-10 exhibited significantly higher
dy and ds (P = 0.012 and P = 0.0070, respectively). In the
comparison between Z-linked genes and all autosomal loci,
this was due entirely to an increase in Z chromosome dy
(P = 0.0070). For the six-species data, the Z chromosome
shows a 40-50% increase in dy/ds ratio compared with
autosomal loci (fig. 1b).

In both the two-species and six-species data, our analysis
indicates that we had 100% power at o = 5% for the com-
parisons between the Z and all autosomal genes, as well as
the Z and genes on autosomes 1-10. Therefore, it seems
unlikely that the evidence for Faster-Z Evolution that we
observed is due to statistical error.

Strength of the Faster-Z Effect

We had divergence estimates for 9,322 loci from the two-
species data for which we also had expression data. We di-
vided these data into three expression categories, corre-
sponding to those genes expressed more in females or

a) 0.2
‘DU'\ l
S 0.15
©
0.1 T T
all autosomes autosomes 1-10 Z chromosome
b) 021

0.1 T T

all autosomes autosomes 1-10 Z chromosome

FiG. 1. Estimates of dy/ds for loci on autosomes, autosomes 1-10, and
the Z chromosome for zebra finch—chicken alignments (a) and for the
chicken lineage alone based on six-species alignments (b) Autosomal
classes are shown in gray, Z chromosome in white. Whiskers indicate
95% confidence intervals based on bootstrapping (1,000 replicates).

Table 3. Divergence Estimates for the Chicken Lineage for
Chromosomal Classes, Based on Six-Species 1:1:1:1:1:1 Orthologs
Alignments.

Number of Loci Mb dy ds dn/ds
Autosomes 7,150 9.86 0.0244* 0.213 0.114*
Autosomes 1-10 4,874 6.88 0.0242* 0.197* 0.123*
Z chromosome 398 0.57 0.0363 0.212 0.171

Autosomal estimates that are significantly different (P < 0.05, based on 1,000
permutations) from that of the Z chromosome are indicated (*).

males (defined as 2-fold difference in expression between
the females and males, corrected for a 0.05 FDR) and those
genes expressed similarly between the sexes. For female-bi-
ased, male-biased, and unbiased genes, the pattern of sub-
stitution was significantly different between Z-linked and
autosomal genes (Fisher’s Exact Test P < 0.0001 in all cases,
shown in table 4).

There was evidence of Faster-Z Evolution for female-,
male-, and unbiased genes (table 5); however, Faster-Z
was significant only for female- and male-biased genes
(P = 0.050 and P = 0.0040, respectively, based on permuta-
tion testing with 1,000 repetitions). Z-linked unbiased genes
exhibit a significantly lower ds than similarly expressed

Table 4. Number of Synonymous and Non-synonymous Sub-
stitution for Autosomal and Z-Linked 1:1 Zebra Finch—Chicken
Orthologs, Categorized by Expression Class, Where Sex Bias Is
Defined As >2-Fold Difference between Male and Female
Expression (0.05 FDR).

Expression y4
Pattern Autosomes Chromosome

Two-species comparison
Female biased

Nonsynonymous 96,082 3,850
substitutions
Synonymous 257,540 8,649
substitutions
Unbiased
Nonsynonymous 500,401 26,669
substitutions
Synonymous 1,261,990 59,402
substitutions
Male biased
Nonsynonymous 119,654 10,729
substitutions
Synonymous 252,280 17,509

substitutions

Six-species comparison
Female biased

Nonsynonymous 23,313 1,144
substitutions
Synonymous 74,349 2,581
substitutions
Unbiased
Nonsynonymous 117,456 9,706
substitutions
Synonymous 357,849 20,312
substitutions
Male-biased
Nonsynonymous 26,616 3,028
substitutions
Synonymous 69,363 5,285

substitutions
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Table 5. Divergence Estimates for Chromosomal Classes with Different Expression Categories for 1:1 Zebra Finch—Chicken Orthologs.

Expression Pattern Chromosome Class Number of Loci Mb dn ds dy/ds
Female-biased Autosomes 1,592 2.10 0.0616 0.486 0.126*
Z chromosome 57 0.075 0.0692 0.438 0.158
Unbiased Autosomes 5,931 10.29 0.0652 0.483* 0.135
Z chromosome 298 0.52 0.0696 0.437 0.159
Male-biased Autosomes 1,339 2.1 0.0763* 0.463 0.165*
Z chromosome 105 0.16 0.0934 0.437 0.214

Sex-biased expression refers to genes with >2-fold differences between males and females at 0.05 FDR. Autosomal classes that are significantly different (P < 0.05 based on

permutation testing, 1,000 replicates) from Z chromosome are indicated (*).

autosomal genes (P = 0.017); however, this did not result in
a significant overall difference in dy/ds. The overall strength
of the Faster-Z Effect, defined as (dyz/dsz)/(dna/dsa), did not
differ significantly among the expression classes (fig 2a), sug-
gesting that Faster-Z Evolution is primarily driven by genetic
drift in both sexes rather than positive selection in females.

For all significantly expressed genes in the adult gonad, we
had chicken-specific divergence estimates based on the six-
speciesalignmentsfor 6,801 loci. Theresults from thessix-species
data were qualitatively identical to the two-species data,
with Z chromosome substitution patterns (table 4) signifi-
cantly different for all expression classes than that of the au-
tosomes (P << 0.0001 in all cases, Fisher’s Exact Test).
Additionally, Z chromosome dy/ds was greater in all expres-
sion classes than autosomal dy/ds, though significantly so
only for female- (P = 0.0080, permutation testing with

a) 1.75 -
@ 154
hi
N
g [
w
P 1.25 1 - I |
1 T T
female unbiased male
b) 1.75 -
g (
£ 1.5 4
z |
r~
13
£ 1.25
1 T T
female unbiased male

Fic. 2. Strength of Faster-Z Effect for different gene-expression
classes. Shown is the relative Z to autosomal divergence ((dnz/dsz)/
(dna/dsa)) for each expression class of genes. Female-biased (log,
male/female < —1, 0.05% FDR) genes are shown in dark gray, male-
biased genes (log, male/female > 1, 0.05% FDR) are in white, and
unbiased genes in light gray. Whiskers represent 95% confidence
intervals based on bootstrapping (1,000 repetitions). Zebra finch-
chicken data are shown in panel a, chicken-specific based on six-
species alignments in panel b.
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1,000 repetitions) and male-biased genes (P < 0.001), as
shown in table 6. Overall, there was no significant difference
among expression categories in the strength of the Faster-Z
Effect (P < 0.1, fig. 2b).

Our power analysis indicates that we had sufficient statis-
tical power in the majority of the comparisons regarding the
strength of the Faster-Z Effect. Because our comparisons in-
dicate that there was no difference in (dnz/dsz)/(dna/dsp),
the ff parameter is most relevant, as it represents the prob-
ability of incorrectly failing to reject the null hypothesis that
the categories are equal. Our power analysis for the two-
species data indicate that we had 100% power, defined as
1—-p, for all comparisons of the strength of Faster-Z among
expression categories. For the chicken lineage alone based
on the six-species data, the male female—biased, female-
unbiased, and male-unbiased comparisons also had 100%
at o = 5%, suggesting that overall our data set is powerful
enough to accept the null hypothesis, that there is no differ-
ence among expression classes in the strength of Faster-Z
Evolution, without undue risk of type Il error. This points
to an overall strong influence of genetic drift.

Gene Ontology

We investigated whether nonrandom distribution of gene
functionalities across the genome could be influencing our
results. There is some evidence of a nonrandom distribu-
tion of gene function on the Z compared with autosomes,
possibly resulting from unbalanced sex-specific selection
regimes (Mank and Ellegren 2009a) or residual meiotic
sex chromosome inactivation in females (Schoenmakers
et al. 2009). In order to determine whether our measure-
ments of the strength of the Faster-Z effect for different
expression classes was influenced by these processes, we
used the chicken Gene Ontology to determine significant
over or underenrichment of gene classes on the Z for fe-
male-, male-, and unbiased genes (table 7). Only one on-
tology term was significantly overrepresented on the Z
chromosome after multiple testing correction: There were
more male-biased genes on the Z that related to the endo-
membrane system than would be expected of male-biased
genes overall (P,q; = 0.042). Other terminologies were not
significantly different after multiple testing correction.

Discussion

Here, we present the first whole-genome analysis of Faster-Z
Evolution, made possible by the recent draft sequence of
the zebra finch genome (Warren et al. in preparation),
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Table 6. Divergence Estimates for Chromosomal Classes within the Chicken Lineage with Different Expression Categories, Based on Six-

Species Orthologs.

Expression Pattern Chromosome Class Number of Loci Mb dy ds dn/ds
Female-biased Autosomes 1,153 1.34 0.0232 0.217 0.107*
Z chromosome 41 0.050 0.0308 0.201 0.153
Unbiased Autosomes 4,292 6.57 0.0240 0.213 0.113
Z chromosome 236 0.38 0.0349 0.208 0.168
Male-biased Autosomes 1,002 1.36 0.0263* 0.198 0.133*
Z chromosome 77 0.099 0.0414 0.207 0.200

Sex-biased expression refers to genes with >2-fold differences between males and females at 0.05% FDR. Autosomal classes that are significantly different (based on

permutation testing, 1,000 replicates) from Z chromosome are indicated (*).

demonstrating that Z-linked loci exhibit accelerated rates of
functional evolution compared with autosomal genes (fig. 1),
as predicted by theory (Charlesworth et al. 1987), and in
agreement with our previous EST data (Mank et al. 2007).
The majority of our data suggests that this is due to an in-
crease in dy for genes on the Z, rather than a decrease in
Z chromosome ds that could result from codon bias differ-
ences between the sex chromosomes and the autosomes
(McVean and Charlesworth 1999), weak selection at synon-
ymous sites (Lu and Wu 2005), or other violations of the as-
sumptions of synonymous substitution neutrality that may
preferentially influence the Z chromosome (Vicoso et al.
2008). The Z chromosome decrease in ds seen in the com-
parison to all autosomes is not unexpected because the nu-
merous microchromosomes have unusually high neutral
substitution rate (Axelsson et al. 2005).

Faster-Z Evolution may result either from positive selec-
tion of hemizygously exposed beneficial mutations in fe-
males or due to the fixation of mildly deleterious alleles
due to geneticdrift. We tested these alternative explanations
with gene expression data in order to identify which of these
evolutionary factors was the predominant force driving
Faster-Z Evolution. We employed adult gonad tissue for
our transcription measurement assays, as this tissue both
maximizes the number of female-biased Z-linked genes
(Mank and Ellegren 2009b) and minimizes the effect of
meiotic Z chromosome inactivation, as the available evidence
suggests that the Z is transcriptionally reactivated in females
shortly after hatching (Schoenmakers et al. 2009). If Faster-Z
Evolution is due to positive selection in the hemizygous sex,
we would expect genes expressed predominantly in females
(female-biased genes) to show the largest Faster-Z Effect, as
females are heterogametic in birds. These predictions also
suggest that genes expressed predominantly in males would
show the least Faster-Z Effect, as there is no difference in

exposure to selection for genes on the Z and the autosomes
in males. Genes expressed in both sexes equally would show
anintermediate Faster-Z Effect, as theyare presentin females
one-third of the time. Alternatively, if Faster-Z Evolution is
due to genetic drift, the strength of the Faster-Z Effect would
not exhibit the predicted female-biased > unbiased > male-
biased evolutionary pattern and would instead be shaped by
the power of purifying selection and the deleterious effect of
nascent mutations, presumably affecting each expression
class similarly.

Our data suggest that Faster-Z Evolution is primarily due
to genetic drift, as the strength of the Faster-Z Effect is not
significantly different among sex-biased expression classes
(fig. 2). Our data are not suggestive of the female-biased
>unbiased >male-biased predictions for the strength of
Faster-Z, indicating that lack of evidence for positive selec-
tion is not due to a lack of statistical power, but rather the
absence of the pattern itself. Additionally, our power analysis
indicates that this lack of significant difference is not due to
a lack of statistical power. This is incongruent with previous
expression studies of Faster-X Evolution in Drosophila
(Baines et al. 2008) and suggests that Faster-Z Evolution
may not result from the same underlying mechanisms as
Faster-X.

Is Faster-Z Evolution the Same As Faster-X?

Even though the data from Drosophila (Betancourt et al.
2002; Thornton and Long 2005; Begun et al. 2007; Baines
et al. 2008; Vicoso et al. 2008) and mammals (Torgerson
and Singh 2003; Khaitovich et al. 2005; Lu and Wu 2005;
Torgerson and Singh 2006) indicate Faster-X Evolution that
is analogous to Faster-Z, there are several lines of evidence
suggesting that the underlying mechanisms of Faster-X and
Faster-Z are not the same. Specifically, the role of genetic
drift in Faster-X evolution may be less than in Faster-Z.

Table 7. Significantly Enriched Gene Ontology Terms for Sex-Biased Expression Categories on the Z Chromosome Compared with All Genes

in Each Expression Class.

Expression Class GO ID Name Process P P.gj
Female-biased 6508 Proteolysis Biological 0.0090 0.42
Male biased 12505 Endomembrane system Cellular 0.0012 0.042
5643 Nuclear pore Cellular 0.0024 0.11
46930 Pore complex Cellular 0.0033 0.16
31975 Envelope Cellular 0.0058 0.30
31967 Organelle envelope Cellular 0.0058 0.30
Unbiased 5942 Phosphoinositide 3-kinase complex Cellular 0.0061 0.55
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When the variance in reproductive success is equal between
the sexes, the effective population size of the X (Ngx) or Z
(Nez) chromosome is 3/4 that of an autosome (N4). Sexual
selection, acting predominantly on males and increasing
the variance in male mating success, affects this ratio in
opposite directions for male- and female-heterogametic
species (Caballero 1995; Charlesworth 2001; Laporte and
Charlesworth 2002; Vicoso and Charlesworth 2009). For
male-heterogametic species, sexual selection in males
would increase N.x relative to N.p, and this is consistent
with the majority of the data demonstrating that the
Nex is greater than 3/Ngs in mammals (International SNP
Map Working Group 2001; Geraldes et al. 2008; Hammer
et al. 2008; Lau et al. 2009; Mank et al. 2010), approaching
1N, in Drosophila (Andolfatto 2001; Connallon 2007; Singh
et al. 2007). This suggests that much of Faster-X Evolution is
due to positive selection in the hemizygous sex and that
genetic drift is not a major contributor to the phenomenon.

Overall, the proportion of nascent mutations that are re-
cessive and beneficial may berather small, as suggested by the
available data from male-heterogametic lineages where sex-
ual selection narrows the difference between N.x and Ngp
and therefore the role of genetic drift. First, the virtual equal-
ity of Nea and Nex in Drosophila, combined with the overall
low Faster-X Effect in this clade, suggests that the number of
emergent mutations that are recessive and beneficial is lim-
ited. The Faster-X Effect is somewhat higher in eutherian
mammals (Khaitovich etal. 2005; Luand Wu 2005; Torgerson
and Singh 2006; Baines and Harr 2007), and this may be due at
least in part to the fact that random X chromosome inacti-
vation in this clade renders females functionally hemizygous
for cell autonomous genes, and increasing the proportion of
genes subject to positive selection through hemizygous ex-
posure (Charlesworth et al. 1987).

By contrast, sexual selection acting on males in female-
heterogametic lineages reduces N.; below 3/s Nga, consis-
tent with polymorphism data for the Z and autosomes
(Sundstrom et al. 2004; Borge et al. 2005). This suggests that
genetic drift has the potential to play a much greater role in
Faster-Z Evolution than Faster-X Evolution, as our analysis
indicates and that a smaller fraction of Faster-Z Evolution is
due to hemizygous exposure of recessive beneficial alleles.

Drosophila and mammals also differ from birds in that
both male-heterogametic clades exhibit sex chromosome
dosage compensating mechanisms (Fagegaltier and Baker
2004; Payer and Lee 2008). In contrast, birds lack global mech-
anisms of sex chromosome dosage compensation (Ellegren
et al. 2007; Mank 2009). The lack of dosage compensation
for avian sex chromosomes is predicted to strengthen the
Faster-Z Effect for deleterious mutations and weaken it for
beneficial variations in the coding sequence (Charlesworth
et al. 1987). This prediction, which is circumstantially sup-
ported by our data, also suggests that drift is a more im-
portant force in Faster-Z than Faster-X evolution, as the
Faster-X has only been investigated in clades with X chro-
mosome dosage compensation.

The greater role of genetic drift in Faster-Z also provides
a possible explanation for why sex-biased expression data
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of Faster-X Evolution in Drosophila (Baines et al. 2008) are
not convergent with our results from birds. Specifically, this
type of analysis cannot differentiate the precise contribu-
tion of both positive selection and genetic drift to Faster-Z
or Faster-X Evolution, but rather identify which of these
two forces is more powerful overall in shaping the phenom-
enon. As the role of genetic drift in Drosophila Faster-X
Evolution is negligible due to the similarity in N.a and
Nex, positive selection is therefore the most powerful force
shaping Faster-X Evolution in the clade. Our analysis can-
not rule out the possibility that there is some contribution
of positive selection in Faster-Z Evolution; however, the
data indicate that the majority of the phenomenon is
the result of increased levels of genetic drift acting on
the Z chromosome, consistent with what is known about
avian polymorphism patterns (Sundstrom et al. 2004; Borge
et al. 2005) and mating systems (Bennett and Owens 2002).

Nonrandom Distribution of Gene Functionality
The rate of evolution is influenced by gene function, as
some classes of genes evolve more rapidly than others, par-
ticularly genes related to immune defense and reproduction
(Meiklejohn etal. 2003; Cutter and Ward 2005; Proschel et al.
2006; Ellegren and Parsch 2007; Mank et al. 2007). Our use
of the (dnz/dsz)/(dnal/dsa) statistic for different types of
sex-biased genes means that our measure of the Faster-Z
Effect was relative, effectively normalizing across sex-bias ex-
pression categories and eliminating the potential problems
associated with accelerated divergence from some classes of
sex-biased genes. However, differential regulation of the sex
chromosomes compared with the autosomes could influ-
ence our results.

Females experience meiotic sex chromosome inac-
tivation in birds (Schoenmakers et al. 2009), which is anal-
ogous to male meiotic sex chromosome inactivation in
male-heterogametic species (Hense et al. 2007; Turner
2007). This means that genes located on the Z chromo-
some are transcriptionally inactivated in meiotic cells in
females. However, unlike Drosophila and mammals, the in-
activation appears to be ephemeral in birds, with the Z re-
activated in female hatchlings. Therefore, although meiotic
X chromosome inactivation could influence Faster-X
estimates due to demasculization of the X chromosome
(Parisi et al. 2003; Ranz et al. 2003; Emerson et al. 2004;
Vinckenbosch et al. 2006; Sturgill et al. 2007; Potrzebowski
et al. 2008), the expected defeminization of the avian Z is
likely far less, as suggested by the fact that we did not observe
differences in Gene Ontology terms between the Z and au-
tosomes for genes functioning in female gametogenesis.

Sex-biased genes are more tissue specific than unbiased
genes (Mank et al. 2008), and the excess of male-biased genes
on the Z due to both the lack of dosage compensation
(Ellegren et al.2007; Itoh et al. 2007) and unbalanced sexually
antagonistic selection pressure (Rice 1984; Mank and Elleg-
ren 2009a) may mean that expression for Z-linked genes is
narrower on average than that for autosomal genes. Genes
with narrower expression breadth tend to have higher rates
of divergence than more broadly expressed genes (Duret and
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Mouchiroud 2000; Yang et al. 2005), suggesting that some of
the overall Faster-Z Effect is due to this difference in expres-
sion breadth. However, it is not expected that expression
breadth would affect the observed sex-specific Faster-Z
Effect.

In summary, we demonstrate here that Faster-Z Evolution
in birds is primarily due to genetic drift. The relative role of
genetic drift in shaping Faster-Z Evolution compared with
Faster-X may result from the prevalence of sexual selection
pressures acting on males in birds (Kempenaers et al. 1992;
Sheldon and Ellegren 1999; Pizzari and Birkhead 2000;
Rutstein et al. 2004). Unlike male-heterogametic systems,
where sexual selection on males increases N.x above 34
Nea sexual selection on males in female heterogametic sys-
tems decreases N, below /4 N, thereby increasing the po-
tential role of genetic drift.
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