Rates of Protein Evolution Are Positively Correlated with Developmental
Timing of Expression During Mouse Spermatogenesis
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Male reproductive genes often evolve very rapidly, and sexual selection is thought to be a primary force driving this
divergence. We investigated the molecular evolution of 987 genes expressed at different times during mouse spermato-
genesis to determine if the rate of evolution and the intensity of positive selection vary across stages of male gamete
development. Using mouse-rat orthologs, we found that rates of protein evolution were positively correlated with the
developmental timing of expression. Genes expressed early in spermatogenesis had rates of divergence similar to the
genome median, while genes expressed after the onset of meiosis were found to evolve much more quickly. Rates of
protein evolution were fastest for genes expressed during the dramatic morphogenesis of round spermatids into sperma-
tozoa. Late-expressed genes were also more likely to be specific to the male germline. To test for evidence of positive
selection, we analyzed the ratio of nonsynonymous to synonymous changes using a maximum likelihood framework in
comparisons among mouse, rat, and human. Many genes showed evidence of positive selection, and most of these genes
were expressed late in spermatogenesis and were testis specific. Overall, these data suggest that the intensity of positive
selection associated with the evolution of male gametes varies considerably across development and acts primarily on

phenotypes that develop late in spermatogenesis.

Introduction

Genes associated with male reproduction often evolve
rapidly (Swanson and Vacquier 2002). For example, sev-
eral mammalian proteins involved in sperm form and func-
tion have greatly accelerated rates of molecular evolution
and appear to be under positive selection (Wyckoff, Wang,
and Wu 2000; Torgerson, Kulathinal, and Singh 2002;
Swanson, Nielsen, and Yang 2003). It is not clear, how-
ever, whether this rapid evolution is associated with
genes expressed during particular developmental stages
or whether it is a general feature of genes expressed
throughout reproduction. There are several reasons why
the developmental timing of expression may be important
for understanding patterns of molecular evolution in male
reproductive genes.

First, sexual selection may be driving the evolution
of male reproductive proteins, either through male-male
competition or through male-female interactions (Swanson
and Vacquier 2002). In mice, spermatogenesis begins at
birth and consists of approximately 11 days of mitotic cell
growth, 10 days of meiosis, followed by 14 days during
which haploid spermatids undergo a dramatic morpholog-
ical transformation into sperm (Eddy 2002). If sexual
selection on male gametes acts predominantly on muta-
tions that influence the form and function of sperm, then
genes expressed late in spermatogenesis might be expected
to evolve more quickly and to show a greater signature of
positive selection. In particular, genes involved in the mor-
phological transformation from spermatids into sperm are
likely targets for sexual selection.

Second, variation in evolutionary rate among repro-
ductive genes might be due to differences in functional
constraint rather than (or in addition to) the action of
positive selection. Genes expressed early in development
(Raff 1996) or in many different tissues (Duret and
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Mouchiroud 2000) are expected to exhibit more
pleiotropic effects. Hence, genes that are expressed late
in development or are tissue specific might be expected
to evolve more rapidly on average. Some studies support
these predictions while others do not. For example, in
mammals, tissue-specific genes evolve more rapidly and
exhibit a larger variance in evolutionary rate compared
to widely expressed genes (Duret and Mouchiroud 2000;
Winter, Goodstadt, and Ponting 2004). On the other
hand, there is little evidence for a simple relationship
between rates of molecular evolution and developmental
timing of expression in Caenorhabditis elegans (Castillo-
Davis and Hartl 2002, 2003; Cutter and Ward 2005).

Thus, hypotheses for the rapid evolution of male
reproductive genes based on sexual selection or reduced
functional constraint both predict that genes expressed late
in spermatogenesis will evolve more quickly than early-
expressed genes. However, sexual selection may lead to
a ratio of nonsynonymous to synonymous nucleotide
changes that is greater than one for some late-expressed
genes. This signature of positive selection is not expected
for genes under relaxed functional constraint.

A third way in which developmental timing of
expression may be important for understanding the molec-
ular evolution of male reproductive proteins relates to the
genomic location of these genes. In mammals, recessive
mutations that benefit males are expected to accumulate
on the X chromosome because selection will be more effec-
tive in the hemizygous sex (Rice 1984; Charlesworth,
Coyne, and Barton 1987). However, the X chromosome
is inactivated in the male germline during meiosis, and this
ought to select against X linkage for genes that are
expressed late in spermatogenesis (Betrdan, Thornton, and
Long 2002; Wu and Xu 2003). Consistent with this,
there appears to be an excess of X-linked genes in the
mouse that are expressed early in spermatogenesis (Wang
et al. 2001), while late-expressed genes are rarely on the X
chromosome (Betran, Thornton, and Long 2002; Khil et al.
2004). The overrepresentation of X-linked genes early in
spermatogenesis might be caused by (1) an evolutionary
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Fic. 1.—Overview of male germ cell development in the mouse testis (modified from Eddy 2002). Spermatogenesis starts shortly after birth and
consists of three major phases: 11 days of mitotic cell growth, 10 days of meiosis, and 14 days postmeiotic spermiogenesis. The major cell type is given for
each phase. Transcription occurs until midway through the postmeiotic phase except on the X chromosome, which is inactivated during the pachytene step
of prophase I (~day 14; McCarrey 1993). Following the postmeiotic phase, spermatozoa are released into the lumen of the seminiferous tubule of the testis
and transported to the epididymis for storage. The nine developmental time points sampled by Schultz, Hamra, and Garbers (2003) are indicated along the

bottom.

shift towards earlier expression of genes that were always
X linked (Wu and Xu 2003) or (2) an evolutionary increase
in the number of X-linked genes with male-specific func-
tion, either through recruitment of genes from the auto-
somes or through the evolution of novel function at
preexisting X-linked genes. The second hypothesis pre-
dicts that early-expressed, X-linked spermatogenic genes
may show a signature of positive selection.

The recent publication of patterns of gene expression
in testes and other tissues in the house mouse, Mus muscu-
lus (Schultz, Hamra, and Garbers 2003), presents an oppor-
tunity to test these predictions and ask whether rates of
evolution depend on when genes are expressed during
development. Here, we investigate the molecular evolution
of genes expressed in the male germline of mice at nine
developmental time points during spermatogenesis
(Schultz, Hamra, and Garbers 2003). We discovered a sig-
nificant positive correlation between developmental timing
of expression and the rate of protein evolution. Moreover,
many late-expressed, rapidly evolving genes were testes
specific in their expression, and many showed evidence
of positive selection in a maximum likelihood analysis.
These observations are consistent with a strong role for
sexual selection in driving the evolution of male reproduc-
tive genes in mice, particularly in later developmental
stages.

Materials and Methods
Expression Data

We used the data of Schultz, Hamra, and Garbers
(2003) to identify genes expressed in the germline of devel-
oping mouse testes. They used the Mouse U74v2 Affyme-
trix array set to generate expression profiles in testes 1, 4, 8,
11, 14, 18, 21, 26, 29, and 60 days after birth (fig. 1). Of the
21,374 transcripts expressed during at least one time point
in this series, 3,794 transcripts changed at least threefold in
expression level relative to day 1 and were not expressed in
testis somatic cells (i.e., Sertoli or interstitial cells). Of this
set, Schultz, Hamra, and Garbers (2003) grouped 2,785
transcripts into eight distinct clusters based on overall sim-
ilarity of expression profiles (see below). To ensure accu-
rate annotation and to remove redundant probes, we
queried the Ensembl database (Build 32; http://www.en-
sembl.org/Mus_musculus/) to link each of the 2,785 affy-
metrix probe IDs to annotated genes. Probe IDs with
unknown or ambiguous genes associations in Ensembl
were excluded, resulting in a set of 1,420 genes.

Previous studies have suggested that genes expressed
early in spermatogenesis are disproportionately X linked
and that genes expressed late in spermatogenesis are under-
represented on the X (Wang et al. 2001; Khil et al. 2004).
To estimate the expected number of genes per chromosome,
we calculated the observed proportion of genes per chromo-
some annotated in Ensembl (Build 32). Because some of
the genes considered in this study correspond to genes
predicted by Ensembl, we included both known and pre-
dicted genes in our null expectation.

Two approaches were used to associate genes with
specific time points or phases of spermatogenesis based
on their expression profiles. First, Schultz, Hamra, and
Garbers (2003) applied a Gaussian clustering algorithm
to their data and identified eight groups of genes based
on overall similarity of expression profiles across all time
points (ARRAYMINER 4.0, Optimal Designs, Brussels,
Belgium). Here, we used these clusters to identify groups
of genes whose expression increased or decreased at partic-
ular times during spermatogenesis. Second, for each gene
we noted the day of highest expression. Expression data
collected at day 60 were not considered here because sper-
matogenesis is cyclic and all stages overlap in adult testis
(Eddy 2002).

Tissue-specific expression profiles were calculated
using data from the Genomics Institute of the Novartis
Research Foundation (GNF) SymAtlas (v0.8; symatlas.gnf.
org/SymAtlas/), an Affymetrix array database gener-
ated by Su et al. (2004). Expression was quantified based
on the average signal difference between match and mis-
match probes. GNF probe numbers were matched to
Ensembl genes using the University of California, Santa
CRUZ (UCSC) Mouse Gene Sorter (genome.ucsc.
edu). For each gene, we measured tissue specificity
(T as the proportion of expression in the most highly
expressed tissue relative to the total level of expression
summed over all tissues (Winter, Goodstadt, and Ponting
2004). Using the same approach, we also calculated the
proportion of expression in the testis (T§**). We define
testis- and tissue-specific genes as those with T¢* > 0.1
and 7¢™ > 0.1, respectively. This definition corresponds
to approximately four times the median 7§ or T
of all the genes in the GNF SymAtlas database (N =
36,118). To control for correlated expression across tissues
we only considered 31 tissues previously reported to not
have significantly similar expression profiles in the mouse
(Winter, Goodstadt, and Ponting 2004). Our measure of
testis specificity should be broadly equivalent to male
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Table 1

Average Fold Change in Expression for Each Cluster Relative to Day 1

Cluster N Day 4 Day 8 Day 11 Day 14 Day 18 Day 21 Day 26 Day 29 Day 60

Expressed early
1 195 0.96 0.77 0.58 0.38 0.36 0.25 0.21 0.24 0.21
2 181 1.17 1.30 1.29 1.00 0.99 0.70 0.56 0.49 0.16
3 162 1.11 1.43 1.51 1.55 0.80 0.62 0.42 0.18 0.72

Expressed late
4 136 1.44 2.44 3.45 7.20 9.32 11.58 12.72 13.04 12.63
5 156 1.89 1.12 1.02 7.34 15.44 41.16 53.31 66.86 69.09
6 267 1.23 1.21 1.17 1.46 2.52 6.91 12.64 17.80 22.86
7 201 1.03 1.02 0.88 0.82 1.07 1.33 18.73 37.55 102.92
8 122 1.14 1.55 1.35 2.08 1.22 1.55 3.11 7.01 28.90

germline specificity because the genes identified by
Schultz, Hamra, and Garbers (2003) were enriched for tran-
scripts expressed in spermatogenic cells and not in the
somatic cells of the testis.

Rates of Molecular Evolution

Protein-coding domains for 987 mouse and rat one-to-
one orthologs were obtained from the Ensembl database.
For all evolutionary analyses we only considered annotated
gene pairs with orthology based on best reciprocal BLAST
hits. We translated each pair into amino acid sequences,
aligned them in-frame using the PileUp routine (Wisconsin
Package v10.2, Genetics Computer Group, Madison, Wis.),
and back translated to nucleotide sequence. We then calcu-
lated the number of nonsynonymous substitutions per
nonsynonymous site (K4) and the number of synonymous
substitutions per synonymous site (Kg) using the method
of Li (1993) as implemented in the Diverge routine
(Wisconsin Package v10.2, Genetics Computer Group).
All pairs with fewer than 100 aligned codons were dis-
carded. For genes with multiple transcripts we aligned
all pairwise combinations and retained those pairs with
the fewest number of ambiguous codons and/or the
lowest K4/Ks values. In all group comparisons we used
R (www.r-project.org/) to construct 95% confidence inter-
vals about group means and medians based on 10,000
bootstrap replicates. All other statistical tests were con-
ducted using JMP (v5.0, SAS Institute Inc., Cary, N.C.)
unless otherwise noted.

To test for positive selection we examined 387 mouse-
rat-human orthologs (also based on Ensembl annotation)
using a maximum likelihood framework. Genes considered
in the mouse-rat pairwise comparisons were excluded
from this analysis if they lacked an annotated human ortho-
log or were represented by more than one transcript in at
least one species. First, orthologous peptide sequences were
aligned with CLUSTALW using default parameters (v1.8;
Thompson, Higgins, and Gibson 1994). Then nucleotide
sequences were aligned in-frame with RevTrans (v1.3,
written by R. Wernersson) using the amino acid alignment
as a guide. Several model-based tests of positive selection
have been proposed (Yang 2002). We chose to conduct a
relatively conservative test using the codeml program in
the PAML package (Yang 1997). For each gene tree, we
fit the data to two models (models M7 and M8; Yang
et al. 2000). M7 assumes that K,/Ks (~dy/ds) values follow

a beta distribution constrained between 0 and 1, while the
second model (M8) allows for an additional category of
sites with K4/Kg > 1. The likelihood of data under each
model can be directly compared using a standard likelihood
ratio test because M7 is a nested subset of M8. Positive
selection is inferred if M8 provides a significantly greater
fit when tested using a chi-square distribution. We chose
a significance threshold of P < 0.01 to be conservative.
M8 has been reported to be sensitive to starting values
of o (~K4/Ks) and tends to get stuck in local optima.
We used an initial ® of 1 to identify genes with a signifi-
cantly better fit to M8. We then further evaluated M7 and
MB8 in this subset using an initial ® value of 0.1 to check
for starting point dependency. Only the highest likelihood
scores are reported here.

Functional Annotation of Genes

We retrieve functional annotation of genes from
Ensembl (Build 32; http://www.ensembl.org/Mus_musculus/)
based onthe Gene Ontology database (Ashburneretal. 2000).
All levels of the annotation hierarchy were retrieved from
each of the three Gene Ontology categories (i.e., biological
process, cellular component, and molecular function).

Results
Developmental Timing of Expression

Of the 2,785 affymetrix probe IDs identified by
Schultz, Hamra, and Garbers (2003), 1,420 provided anno-
tated matches to Ensembl genes. Table 1 gives the average
change in expression relative to day 1 of these genes when
partitioned into the eight expression clusters defined by
Schultz, Hamra, and Garbers (2003). Although expression
profiles were highly dynamic, the numbering of clusters
provides a general temporal order of expression during
spermatogenesis. Our numbering differs from that of
Schultz Hamra, and Garbers (2003), who focused primarily
on the five late-expressed clusters. Genes in clusters 1-3
were expressed early and showed a steady decrease in
expression following early premeiosis (cluster 1) or early
meiotic phases of spermatogenesis (clusters 2 and 3). Genes
in clusters 4-8 showed a dramatic and continual increase in
expression coincident with the onset of meiosis or later
(table 1). Using the day of highest expression provided sim-
ilar results in all analyses below; therefore, we only report
analyses based on expression clusters.
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Table 2
Tissue Specificity and K,/Ks Across Expression Clusters
Ka/Ks
Cluster N T Tg”’“ Testis-specific (%)* Mean Median
1 93 0.133 0.016 0 0.175  0.133
2 74 0.118 0.021 1 0.156  0.118
3 34 0.103 0.038 9 0.185 0.136
4 57 0.143  0.094 26 0.263  0.180
5 82 0.352 0.321 77 0.227  0.215
6 134 0.201 0.149 37 0.192  0.156
7 104 0372 0.337 70 0.325 0.242
8 42 0.183 0.113 38 0.273  0.158
& Tiests > 0.1,

Timing of Expression and K/Ky

We aligned and calculated K4/Kg values for 987
mouse-rat orthologous pairs. Genes expressed late in
spermatogenesis (clusters 4-8) were found to evolve signif-
icantly faster than genes expressed early in spermatogenesis
(clusters 1-3; figs. 2 and 3). Forty-four of the top 50 most
rapidly evolving genes (K4/Ks 0.56—1.95; table S1) were
from late-expressed clusters (expected = 32.3) and 19 of
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Protein Evolution and Spermatogenesis in Mice 1047

these were found in cluster 7 (expected = 7.7). Further-
more, K4/Ks was positively correlated with developmental
timing of expression for these 987 genes (Spearman’s p =
0.201, P < 0.0001). In all comparisons, rates of synony-
mous substitutions (Kg) were not significantly different
among groups. Available functional data for the 50 most
rapidly evolving genes are summarized in table S1.

To examine the role of tissue specificity in influencing
rates of evolution across spermatogenesis we calculated
the degree of tissue- (7¢") and testis-specific (T)
expression for the 620 genes that were also found in the
GNF SymAtlas database. In general, late-expressed genes
had a higher degree of tissue and testis specificity (table 2).
Furthermore, testis-specific genes were expressed almost
exclusively late in spermatogenesis. We compared rates
of evolution across spermatogenesis in three groups of
genes: those expressed widely (T¢** < 0.1), those expressed
primarily in one tissue (7¢'“>0.1), and those expressed
primarily in testis (7¢*" > 0.1). There is considerable over-
lap between these last two groups, with 244 of the 620 genes
showing their highest expression in the testis (i.e.,
T3 = T¥'), In each of these three groups, the mean K,/
K was higher late in spermatogenesis compared to early

B. Widely-expressed
0.30 1

0.25 +
0.20 1
0.15 1
0.10 1

0.05 +

Early Late

D. Testis-specific
0.30 ;

0.25 1
0.20 1
0.15 4
0.10 1

0.05 1

Late

Early

Timing of Expression

Fic. 2.—Evolutionary rates for genes expressed early and late in spermatogenesis. Comparisons are given for the entire data set (A), widely expressed
genes (B), tissue-specific genes (C), and testis-specific genes. Values are based on pairwise comparisons between mouse and rat using the method of Li
(1993). Error bars represent 95% confidence intervals about group medians based on 10,000 bootstrap replicates. The dashed line denotes the genome

median K4/Kg value of 0.11 (Gibbs et al. 2004).



1048 Good and Nachman

0.30

0.25

0.20

Median K,/ K

0.10

Premeiosis

Expression Cluster

FiG. 3.—Rates of protein evolution across spermatogenesis based on
987 pairwise mouse-rat comparisons. Genes are clustered into groups with
similar expression profiles as defined by Schultz, Hamra, and Garbers
(2003). The numbering used here provides a general temporal order of tim-
ing of expression during spermatogenesis (table 1) with the major devel-
opmental phases indicated along the bottom. Error bars represent 95%
confidence intervals, and the dashed line denotes the genome median
Ka/Ks value of 0.11 (Gibbs et al. 2004). Overall rates of protein evolution
were significantly correlated with developmental timing of expression
(Spearman’s p = 0.201, P < 0.0001).

in spermatogenesis, although this difference was greatest for
testis- and tissue-specific genes (fig. 2). Similarly, there was a
positive trend between K 4/K and timing of expression for
genes in each of these three groups (table 3). This pattern
was significant for tissue-specific genes (Spearman’s p =
0.166, P = 0.0012) but not for the other groups (testis-spe-
cific, Spearman’s p = 0.099, P = 0.1433; widely expressed,
Spearman’s p = 0.093, P = 0.1526). However, most testis-
specific genes are expressed late in spermatogenesis, leaving
little power to detect a correlation in this comparison. When
testis-specific genes were excluded from the tissue-specific
set, the positive correlation disappeared (N = 161, Spear-
man’s p = 0.037, P = 0.6397). Thus, the high K4/K values
late in spermatogenesis in the complete data set seemed to be
associated largely, though not exclusively, with genes that
had testis-specific patterns of expression.

Tests of Positive Selection

To determine whether the high rates of evolution late
in spermatogenesis are caused by relaxed constraint or
positive selection, we analyzed a subset of the genes using

Table 3

PAML (Yang 1997). This subset consisted of 387 of the
987 genes and corresponded to those for which human-
rat-mouse one-to-one orthologs could be identified and
are not represented by more than one transcript per species.
Restricting the analysis to this subset is conservative for
detecting selection because some of the excluded genes
are likely to be rapidly evolving. Twenty-nine of the 387
genes we analyzed using a maximum likelihood framework
showed evidence of positive selection (for each of these 29
genes, P < 0.01, x> > 9.21, df = 2; table S2). Only nine of
these remained significant after a sequential Bonferroni cor-
rection for multiple comparisons (for each of these nine
genes, P < 0.000026; X2 > 21.09). This Bonferroni correc-
tion is likely to be conservative. For example, with a P value
of 0.01, only four false positives are expected by chance in a
sample of 387 genes. Thus, many or most of the 29 genes
we have identified may be under selection. Selection was
more common late in spermatogenesis (table 4; Fisher’s
Exact Test, P = 0.025) and among testis-specific genes
(table 5; Fisher’s Exact Test, P = 0.009). The latter com-
parison is based on a smaller sample because only 255 of
the 387 genes considered here were represented in the GNF
database. There was no significant relationship between the
incidence of positive selection and overall tissue specificity
(Fisher’s Exact Test, P = 0.180). Available functional data
for the 29 genes identified to be under positive selection are
summarized in table S2.

Genomic Location and K,/Kg

Others have shown that genes expressed prior to X
inactivation in early meiosis are preferentially located
on the X chromosome, while late-expressed genes are
preferentially located on the autosomes (Betran, Thornton,
and Long 2002; Khil et al. 2004). Overall there were
fewer genes on the X than expected at random (N = 1,420,
Observed = 44 X-linked, Expected = 62; Fisher’s Exact
Test, P = 0.046). However, genes in clusters 1-3 were
slightly but not significantly overrepresented on the X
chromosome (N = 538, Observed = 28 X-linked,
Expected = 24; Fisher’s Exact Test, P = 0.286), while
late-expressed genes were underrepresented on the X
(N = 882, Observed = 16 X-linked, Expected = 39;
Fisher’s Exact Test, P = (0.001).

We tested if early-expressed genes showed higher
rates of evolution when X linked. The median K,/Kg
value for early-expressed X-linked genes (0.142, C.IL
0.069-0.290, N = 21) was found to be slightly but not

K4/Kg in Testis-specific, Tissue-specific, and Widely Expressed Genes

Ka/Ks(Ti >0.1)

Ky /Ks(Tm >0.1) Ky /Ks(Th <0.1)

Cluster N Mean Median N Mean Median N Mean Median
1 0 — — 45 0.218 0.174 48 0.135 0.105
2 1 0.160 0.160 30 0.137 0.100 44 0.169 0.127
3 3 0.231 0.128 12 0.241 0.111 22 0.153 0.149
4 15 0.471 0.309 29 0.331 0.240 28 0.193 0.159
5 63 0.236 0.232 71 0.232 0.231 11 0.197 0.147
6 49 0.200 0.157 79 0.210 0.174 55 0.166 0.122
7 73 0.372 0.264 87 0.349 0.249 17 0.203 0.168
8 16 0.388 0.226 28 0.305 0.171 14 0.210 0.158




Table 4
Number of Genes Under Selection Early and Late in
Spermatogenesis
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Table 5 )
Number of Testis-specific (7¢** >0.1) and Nonspecific
(T§" <0.1) Genes Under Selection

Early Late Total Nonspecific Testis-specific Total

Genes under selection 6 23 29 Genes under selection 6 11 17
(P < 0.01) (P < 0.01)

Genes not under selection 145 213 358 Genes not under selection 161 77 238
(P > 0.01) (P > 0.01)

significantly higher than autosomal genes (0.118, C.L
0.104-0.133, N = 329).

Discussion

Genes involved in sex and reproduction are among
the most rapidly evolving genes known, both in terms of
coding sequence and expression, presumably due to the
action of sexual selection (Begun et al. 2000; Wyckoff,
Wang, and Wu 2000; Torgerson, Kulathinal, and Singh
2002; Swanson, Nielsen, and Yang 2003; Glassey and
Civetta 2004). Here, we examined the molecular evolution
of genes expressed at different developmental time points
during mouse spermatogenesis. We found a significant pos-
itive correlation between developmental timing of expres-
sion and rates of protein evolution (fig. 3). Genes expressed
early in spermatogenesis were found to evolve at rates sim-
ilar to the genome median (K4/Kg = 0.11; Gibbs et al.
2004), while genes expressed after the onset of meiosis
were found to evolve much faster. This pattern might be
consistent with either relaxed constraint due to reduced
pleiotropy, increased positive selection, or both, during
the later stages of spermatogenesis. Below we discuss each
of these in turn.

Pleiotropy and Constraint

There is weak evidence for reduced constraint in some
of the genes examined here. For example, widely expressed
genes showed higher rates of evolution late in spermatogen-
esis compared to early in spermatogenesis, although this
difference was not significant (fig. 2B). In addition, tis-
sue-specific and testis-specific genes showed higher rates
of evolution than widely expressed genes, a pattern that
might reflect differences in level of constraint, but also
likely reflects differences in the strength of positive selec-
tion (see below).

Spermatogenesis in mice appears to be exceptionally
sensitive to genetic disruption. This conclusion stems pri-
marily from the observation that knockout phenotypes
disproportionately involve male sterility (Escalier 2001),
including a number of genetic targets not previously
implicated in male reproduction (Tourtellotte et al. 1999;
Xu et al. 1999). However, there is little evidence that
early events in spermatogenesis are more vulnerable. Par-
ticularly delicate steps have been identified across all
phases of spermatogenesis, including primordial germ cells
and spermatogonia (premeiotic), primary spermatocytes
(meiotic), and elongating spermatids (postmeiotic; Escalier
2001). Consistent with this, we found only a weak trend
relating rates of protein evolution to developmental timing
of expression independent of testis specificity.

In mammals, tissue-specific genes evolve more ra-
pidly than widely expressed genes (Duret and Mouchiroud
2000). However, there is a large variance in rates of evo-
lution across tissues, and tissue-specific biology may play a
larger role than general models of pleiotropic constraint in
explaining this pattern (Winter, Goodstadt, and Ponting
2004). For example, genes specific to the liver evolve more
than three times as fast as those specific to the dorsal
root ganglion in rodents (Winter, Goodstadt, and Ponting
2004). The correspondence between increased rates of pro-
tein evolution and increased testis specificity late in sper-
matogenesis was striking (table 2). Moreover, variation
in rates of protein evolution depended more heavily on var-
iation in testis specificity (7%™) across spermatogenesis
than overall levels of tissue specificity (74*), illustrating
the importance of testis-specific biology versus overall lev-
els of constraint in these data. We found that testis-specific
genes (T > (.1) expressed late in spermatogenesis have
a median K4/K (0.231, N = 216) of more than twice the
genomic rate of 0.11 and over 70% higher than previous
estimates for testis-specific genes (Winter, Goodstadt,
and Ponting 2004).

Positive Selection and Spermatogenesis

The high rate of protein evolution in the later stages
of spermatogenesis appears to be driven also by a higher
prevalence of positive selection. Forty-four of the 50 most
rapidly evolving genes (K4/Kg 1.95-0.56, pairwise mouse-
rat comparisons) were from late-expressed clusters. Like-
wise, a significant proportion of the genes found to be
under positive selection within the subset we analyzed
using maximum likelihood were from late-expressed clus-
ters (table 4).

Why would positive selection be more frequent late in
spermatogenesis? First, development of the male germline
becomes increasingly specialized following the onset of
meiosis, and most testis-specific genes are expressed late
in spermatogenesis (table 2; Hecht 1993; Schultz, Hamra,
and Garbers 2003). In general, there appears to be strong
selection for the evolution of novel reproductive function
in the mouse (Eddy 2002; Waterston et al. 2002). This
increase in testis specificity might facilitate adaptive evolu-
tion if mutations that are beneficial when expressed in the
testis are free from pleiotropic effects in other tissues.

Second, many of the gametic phenotypes that are
likely to be targets of sexual selection, either due to sperm
competition or interaction with the female reproductive
tract, develop during the dramatic postmeiotic morphogen-
esis of round spermatids into spermatozoa. During this
period, the nucleus is reshaped and condensed, the
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acrosome and flagellum are formed, and much of the
cytoplasm is removed (Meistrich 1993). Genes in cluster
7 showed on average an almost 40-fold increase in expres-
sion during this transformation (days 21-29, table 1).
Furthermore, this cluster had one of the highest median
rates of protein evolution (fig. 3), the largest proportion
of very rapidly evolving genes (table S1), and the highest
incidence of positive selection in our maximum likelihood
analysis (table S2).

Some of these genes are thought to be involved in the
formation of the sperm cell surface and are logical candi-
dates for playing a role in fertilization (Schultz, Hamra, and
Garbers 2003). For example, we identified multiple genes
involved in protein binding and sperm-egg interactions that
are rapidly evolving and/or positively selected (e.g., Spam,
Spaca3, Zpr3; tables S1 and S2), consistent with the find-
ings of previous studies (Torgerson, Kulathinal, and Singh
2002; Swanson, Nielsen, and Yang 2003; Castillo-Davis
et al. 2004). Given their direct interaction with the female
gamete, these proteins are logical targets for sexual selec-
tion through sperm competition and/or sexual conflict
(Torgerson, Kulathinal, and Singh 2002). Interestingly,
several of the rapidly evolving genes we identified in
cluster 7 are involved in transcription, nuclear reorganiza-
tion, and condensation (tables S1 and S2). Usually proteins
involved in DNA packaging are highly conserved across
animal taxa (Thatcher and Gorovsky 1994). However,
nuclear reorganization and DNA condensation may play
a key role in sperm competition and ultimately fertilization
ability, and, therefore, genes underlying these phenotypes
could be major targets of selection. Consistent with this,
multiple proteins involved in DNA packaging in sperm
appear to be under positive selection within primates
(Wyckoff, Wang, and Wu 2000). Extensive divergence
in sperm head morphology has been documented within
mammals, even among closely related species (Breed
2004). However, the genotypic basis of this variation
remains poorly known. Given the large number of testis-
specific genes expressed during spermiogenesis, the poten-
tial number of selective targets could be quite large.

Finally, other forces might lead to strong positive
selection on phenotypes that develop during spermato-
genesis, independent of sexual selection. In particular,
natural selection related to immune defense could con-
tribute to divergence in reproductive genes. In mam-
mals, genes involved in immunity often evolve rapidly
(Waterston et al. 2002; Castillo-Davis et al. 2004).
Furthermore, multiple genes involved in mammalian
pathogen defense have been identified that are expressed
in reproductive tissue and appear to be under positive
selection (Maxwell, Morrison, and Dorin 2003; Lynn
et al. 2004). However, it is unclear if testis-specific genes
involved in immune defense are common enough to con-
tribute to the general pattern of increased rates of molecular
evolution across spermatogenesis that we observed.

Adaptive Evolution and the X Chromosome

Previous studies have reported that a disproportion-
ately high number of X-linked genes are expressed in
the mouse testis during early spermatogenesis (Wang

et al. 2001; Khil et al. 2004) and that these genes evolve
more quickly on average than comparable autosomal
genes (Torgerson and Singh 2003). Both patterns are
consistent with some theoretical predictions of the evolu-
tion of sexually selected genes (Rice 1984). In mammals,
this phenomenon is expected to be mostly restricted to
early spermatogenesis because X inactivation during early
meiosis clearly selects against X linkage (Betran, Thornton,
and Long 2002; Wu and Xu 2003). However, we found
little evidence of either rapid evolution or differential accu-
mulation of early-expressed genes on the X chromosome.
There was a weak, nonsignificant trend towards increased
K4/Ks in premeiotic X-linked genes. Moreover, only 3 of
the 50 most rapidly evolving genes and 1 of the 29 genes
identified with maximum likelihood—based tests of selec-
tion were X linked. However, none of the eight X-linked
genes considered by Torgerson and Singh (2003) were
found within our set of 1,420 genes. We also found only
a slight trend towards increased X linkage early in sperma-
togenesis. A recently proposed theoretical model that incor-
porates pleiotropy does not predict increased X linkage of
sexually selected genes involved in male reproduction
(Fitzpatrick 2004). As mentioned above, we found a much
lower degree of testis specificity early in spermatogenesis.
If this lack of testis specificity reduces the efficacy of selec-
tion, it is not surprising that genes expressed early in sper-
matogenesis identified in the current study do not conform
to the classic predictions that do not consider pleiotropy
(Rice 1984). For this and the developmental reasons men-
tioned above, the X chromosome seems a less likely target
of sexual selection on genes expressed in the male germline.

However, our result is in contrast to a stronger bias of
early testis-expressed genes towards the X reported in a
recent analysis of numerous data sets (Wang et al. 2001;
Khil et al. 2004), including some of the data collected
by Schultz, Hamra, and Garbers (2003). A number of differ-
ences exist between our study and the work of Khil et al.
(2004). For example, we required that all genes have at least
a threefold change in expression during spermatogenesis
and be absent in expression profiles from somatic tissues
of the testis. Consequently, there appears to be surprisingly
little overlap between the set of testis-expressed genes con-
sidered by Khil et al. (2004) and those in the current study.
It also remains unclear if the previously described patterns
are driven by sexual selection or adaptive evolution in gen-
eral. Other functional classes presumably not influenced
by sexual selection, such as genes expressed in muscle
and the brain, have also been reported to be overrepresented
on the X (Bortoluzzi et al. 1998; Zechner et al. 2001), and
many aspects of the unusual genetic composition of this
chromosome have yet to be fully explained (Vallender
and Lahn 2004).

Conclusions

Rates of protein evolution and tissue specificity dra-
matically increased with timing of expression in mouse
spermatogenesis. The highest rates of protein evolution
were found in testis-specific genes expressed during
the morphological transformation of round spermatids
into spermatozoa. Conversely, genes expressed early in



spermatogenesis were found to evolve at rates similar to the
genome median. Tests of natural selection using a likeli-
hood framework confirmed that at least part of this pattern
was driven by a higher incidence of positive selection later
in sperm development. Overall, these data suggest that the
strength of positive selection commonly associated with the
evolution of male gametes varies considerably across
development and acts primarily on phenotypes that develop
during the postmeiotic process of spermiogenesis.

Supplementary Materials

Table S1. Fifty most rapidly evolving genes based
on pairwise K,/Kg comparisons between mouse and rat.

Table S2. Twenty-nine genes inferred to be under
positive selection using a maximum likelihood framework.
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