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Abstract
A common pattern observed in molecular evolution is that reproductive genes tend to evolve
rapidly. However, most previous studies documenting this rapid evolution are based on genes
expressed in just a few male reproductive organs. In mammals, sperm become motile and capable
of fertilization only after leaving the testis, during their transit through the epididymis. Thus, genes
expressed in the epididymis are expected to play important roles in male fertility. Here, we
performed evolutionary genetic analyses on the epididymal transcriptome of mice. Overall,
epididymis-expressed genes showed evidence of strong evolutionary constraint, a finding that
contrasts with most previous analyses of genes expressed in other male reproductive organs.
However, a subset of epididymis-specialized, secreted genes showed several signatures of
adaptive evolution, including an increased rate of nonsynonymous evolution. Furthermore, this
subset of genes was overrepresented on the X chromosome. Immunity and protein modification
functions were significantly overrepresented among epididymis-specialized, secreted genes. These
analyses identified a group of genes likely to be important in male reproductive success.
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Introduction
Traits involved in reproduction are directly tied to organismal fitness. Genes that underlie
reproductive traits often evolve rapidly, a pattern that is commonly interpreted as evidence
for continual functional turnover in response to natural and/or sexual selection. Rapid
evolution of reproductive genes has been observed in animals as diverse as Drosophila
(Coulthart and Singh 1988a, 1988b; Aguadé 1999; Begun et al. 2000; Wagstaff and Begun
2005a, 2005b), crickets (Andres et al. 2006), abalone (Lee et al. 1995; Swanson et al. 2001;
Swanson and Vacquier 2002), sea urchins (Metz and Palumbi 1996), and mammals
(Wyckoff et al. 2000; Torgerson et al. 2002; Waterston et al. 2002; Swanson et al. 2003;
Castillo-Davis et al. 2004; Dorus et al. 2004; Gibbs et al. 2004; Clark and Swanson 2005;
Nielsen et al. 2005).

Although the pattern of rapid evolution among reproductive genes appears general, much of
our thinking has been shaped by studies on a subset of reproductive tissues. In Drosophila,
for example, many studies have focused on genes expressed in the male accessory glands

Supplementary Material: Supplementary figure 1 and table 1 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).

NIH Public Access
Author Manuscript
Mol Biol Evol. Author manuscript; available in PMC 2010 August 4.

Published in final edited form as:
Mol Biol Evol. 2008 February ; 25(2): 383–392. doi:10.1093/molbev/msm265.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mbe.oxfordjournals.org/


(Tsaur et al. 1998; e.g., Aguadé 1999; Begun et al. 2000; Wagstaff and Begun 2005a).
Accessory gland proteins are present in an ejaculate and have been associated with many
reproductive phenotypes that are likely involved in coevolutionary interactions (Wolfner
1997; Chapman et al. 2001; Heifetz et al. 2001; Wigby and Chapman 2005). In contrast to
accessory gland proteins, proteins that are in or on mature Drosophila sperm show evidence
of strong evolutionary constraint, suggesting that different compartments of the male
reproductive tract experience different evolutionary dynamics (Dorus et al. 2006). In
mammals, most evolutionary genetic studies have focused on genes expressed in the testis,
finding rapid protein evolution associated with biological function (Swanson et al. 2003;
Nielsen et al. 2005), knockout phenotypes (Torgerson et al. 2005), and developmental
timing of gene expression (Good and Nachman 2005).

Another potential signature of adaptive evolution in reproductive genes is their preferential
location on the X chromosome (Vicoso and Charlesworth 2006). Genes with male-specific
benefits are expected to accumulate on the X chromosome, especially if those same genes
confer a cost in females (Rice 1984). In the mammalian testis, this prediction is complicated
by X inactivation when genes are silenced about midway through spermatogenesis (Khil et
al. 2004). An excess of X linkage has been shown for prostate-specific genes (Lercher et al.
2003), but the generality across mammalian male reproductive tissues remains unknown.

Although the testis is the site of spermatogenesis, other male reproductive organs play
central roles in male fertility, such as the epididymis and several accessory glands including
the seminal vesicles, prostate, coagulating glands, and bulbourethral glands. A recent study
of ejaculated proteins found evidence of extensive positive selection in primates (Clark and
Swanson 2005), but in many cases, the tissue of origin of these proteins was unknown.
Therefore, it remains unclear how frequent adaptive evolution is across mammalian male
reproductive tissues.

There are 2 general functions of the epididymis that may cause genes to be subject to intense
positive selection. First, many epididymal proteins interact directly with maturing sperm and
are necessary for male fertility (reviewed by Yanagimachi 1994; Jones 1998). Sperm
membrane proteins can be added, removed, or modified during a sperm's 9-day transit
through the epididymis (Kohane, Gonzalez Echeverria, et al. 1980; Olson and Orgebin-Crist
1982; Jones et al. 1983; Eddy et al. 1985; Cooper 1986; Bedford and Hoskins 1990; Tulsiani
et al. 1998; Dacheux et al. 2003). Such modifications may proceed in a kind of assembly-
line process, as several features vary across the 10 morphologically distinct epididymal
segments in mice (fig. 1), including patterns of gene expression (Johnston et al. 2005; Zhang
et al. 2006; Jelinsky et al. 2007), protein content (Kohane, Cameo, et al. 1980; Dacheux et
al. 2003, 2005), enzymatic activity (Tulsiani et al. 1993), and lumen morphology (Maneely
1959). Second, the epididymis plays a central role in immune defense (Yenugu et al. 2004).
Multiple pathogen defense genes that are expressed in the epididymis have experienced
positive natural selection (Maxwell et al. 2003), possibly driven by interactions with
pathogenic bacteria. Additionally, epididymal immunity genes may alter the immune
response of the female reproductive tract, either by promoting immune response to potential
incoming infections (Mueller et al. 2007) or by protecting sperm from the female immune
response (Robertson 2007).

Although epididymal function is relatively well characterized, we know virtually nothing
about the evolutionary forces acting on genes expressed in this specialized male
reproductive organ. Here, we reanalyzed mouse epididymal transcriptome data (Johnston et
al. 2005) in an evolutionary genomics context. We report 4 main findings: 1) genes
expressed in the epididymis show unusually strong evolutionary constraint and exhibited
less nonsynonymous evolution compared to other genes in the genome, 2) a subset of
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epididymis-specialized and secreted genes showed signatures of adaptive evolution, 3)
epididymis-specialized and secreted genes were significantly overrepresented on the X
chromosome as predicted by some theory, and 4) these genes were enriched for immunity
and protein modification functions.

Materials and Methods
Expression Data

Johnston et al. (2005) interrogated gene expression patterns from 23 tissues taken from adult
C57BL/6 mice with Affymetrix microarrays. They isolated RNA from the whole
epididymis, from the 10 morphologically distinct segments within the epididymis (fig. 1),
and from 22 non-epididymal tissues. Modifying their definitions slightly, we defined 4
categories: epididymis-expressed genes were detected in the epididymis at a minimum
threshold of 100 units, epididymis-selective genes were mostly expressed in the epididymis
(expression in the epididymis at least 3-fold greater than all 22 nonepididymal tissues
assayed), epididymis-exclusive genes were only expressed in the epididymis (no expression
greater than 50 signal units in any of 22 nonepididymal tissues), and segmentally regulated
genes were differentially expressed across the epididymis (significant variation in gene
expression among segments, with expression in 1 segment at least 4-fold greater than at least
one other segment). These 4 groups of genes were defined solely from the Johnston et al.
(2005) data. We use the term “epididymis-specialized” to refer to epididymis-selective,
epididymis-exclusive, and segmentally regulated genes as a group. These terms summarize
patterns of expression and do not necessarily reflect knowledge of biological function. A
total of 16,312 genes were included.

Due to proprietary restrictions, detailed expression data for nonepididymal tissues were not
available from the Johnston et al. (2005) study. To identify a control set of nonepididymal
tissue–selective genes, we analyzed the data of Su et al. (2002), who assayed >36K
transcripts from 61 tissues in the mouse, including testis. We filtered the Su et al. (2002)
data to mirror the 22 tissues assayed by Johnston et al. (2005); we assumed that the term
“retina” was equivalent to “eye,” “7.5-day embryo” was equivalent to “embryo,” and “large
intestine” was equivalent to “colon.” Furthermore, we averaged expression data across 9
brain tissues (Su et al. 2002) to approximate the term “brain” (Johnston et al. 2005). The
other 18 tissue types were named identically across the 2 data sets.

Gene Annotation and Features
Expression data were linked to gene annotations using the BioMart tool (Ensembl version
39, Mouse Genome Build 36, www.ensembl.org). Any Affymetrix probe sets that hit more
than one gene, or hit a pseudogene, were discarded as the expression patterns may be
spurious. Probes hitting more than one transcript from the same gene were retained.

What Proportion of the Epididymal Transcriptome Codes for Secreted
Proteins?—The presence of a secretory signal was of interest because such proteins may
enter the lumen of the epididymis and interact directly with maturing sperm. Presence of a
secretory signal was determined using SIGNALP version 3.0 (Nielsen et al. 1997; Bendtsen
et al. 2004) and TARGETP version 1.1 (Emanuelsson et al. 2000). A gene was considered
secreted if at least one of its transcripts contained a secretory signal.

Which Sperm Membrane Protein Genes Were Expressed in the Epididymis?—
Proteins on the membranes of mature sperm may be associated with gamete recognition and
fertility success. Stein et al. (2006) identified 114 unique proteins from purified membranes
and acrosome vesicles isolated from mature sperm in the caudal end of the epididymis. We
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were able to associate 98 of these proteins with Ensembl gene annotation and the epididymal
transcriptome data.

Molecular Evolution of the Epididymal Transcriptome
Estimating Rates of Nonsynonymous Change (dN/dS)—To estimate rates of
evolution, we calculated dN/dS (the number of nonsynonymous substitutions per
nonsynonymous site normalized by the number of synonymous substitutions per
synonymous site, Goldman and Yang 1994) for the 12,203 mouse genes that had a one-to-
one ortholog in rat based on the Ensembl annotation. Protein sequences were aligned using
ClustalW version 1.83 (Thompson et al. 1994) and then associated with their coding DNA
sequences using REVTRANS version 1.5 (Wernersson and Pedersen 2003). We estimated
dN/dS using the CODEML package in PAML version 3.15 (Yang 1997). For genes with
multiple transcripts, we estimated dN/dS for all possible pairwise comparisons between
mouse and rat and then chose the pair with the lowest estimated dS to represent that gene.
Under an assumption of selective neutrality of synonymous sites, dS is a rough estimate of
alignment quality. We excluded any genes with fewer than 100 codons, an estimated dN > 1,
or an estimated dS ≥ 0.398 (twice the median dS value across the 12,203 genes). We
constructed 95% confidence intervals (CIs) of the estimated median by sampling 10,000
bootstrap replicates with R (www.r-project.org).

Testing for Recurrent Positive Selection—To test for recurrent positive selection
acting on genes, we used a maximum likelihood framework implemented in CODEML
(Yang 1997). Using the same pair of sequences chosen in the above mouse–rat comparisons,
we retrieved all one-to-one orthologs in human, cow, and dog. A total of 6,110 genes had
one-to-one orthologs across these 5 species. For genes with multiple transcripts in any of
these latter 3 species, we chose the longest transcript. Alignments were made as described
above. Using the unrooted phylogeny ((human, (mouse, rat), cow, dog), we fit the data to 3
alternative models of molecular evolution (the M7, M8a, and M8 models as described by:
Yang et al. 2000; Swanson et al. 2003). In essence, M7 and M8a represent different null
hypotheses, as neither allows for codons within a sequence to experience recurrent positive
selection, whereas model M8 relaxes this constraint.

The 3 CODEML models consider dS to be invariant across codons. However, synonymous
substitution rate may vary across a gene, potentially leading to spurious comparisons of dN
and dS (Kosakovsky Pond and Muse 2005). We used a 2-rate fixed-effects likelihood (FEL)
model developed by Kosakovsky Pond and Frost (2005), as implemented in the program
HYPHY (Kosakovsky Pond et al. 2005) version 0.9920070619beta to compare dN and dS in
a likelihood framework. This model allows dS to vary among codons.

We took a conservative approach and considered a gene to have experienced recurrent
positive selection if all 5 of the following criteria were met: 1) M8 fit the data significantly
better than M7 at P < 0.01, using a likelihood ratio test; 2) M8 fit the data significantly
better than M8a at P < 0.01; 3) the additional class of dN/dS estimated by M8 was greater
than 1.1; 4) at least 1% of the codons belonged to this additional class of dN/dS; and 5) at
least one codon showed significant evidence (P < 0.10) of positive selection (dN/dS > 1.1) in
an FEL framework. As further quality control, we estimated pairwise dS between mouse and
each of the 4 other species using the runmode = −2 option in CODEML. We excluded any
genes that had fewer than 100 codons or produced pairwise dS of mouse–rat ≥ 0.384,
mouse–human ≥ 1.190, mouse–dog ≥ 1.368, or mouse–cow ≥ 1.442 (each representing
greater than twice the median dS estimated from these respective genome pairs).

Because our expression definitions were based on data collected within a single inbred strain
of mice, but evolutionary rates were estimated across a diversity of mammalian species, we
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expected any association between them to be conservative. Nevertheless, we made a more
direct link using a free-ratio model implemented in CODEML (Yang et al. 2000). This
model estimated a separate dN/dS ratio for each branch in the above phylogeny. We then
tested whether evidence of recurrent positive was associated with increased dN/dS along the
lineage leading to Mus, excluding estimates of “infinity” which occur when dS = 0.

Functional Analyses
To better understand the biological processes associated with various gene groups, we
performed analyses of functional overrepresentation. We downloaded Mouse Genome
Informatics (MGI) terms from Ensembl, excluding any transcripts with more than one MGI
term, as well as any MGI terms associated with more than one gene. We tested for
overrepresentation of Gene Ontology terms (Ashburner et al. 2000) using ONTOLOGIZER
version 2.0 (Robinson et al. 2004). We used the “Term-for-Term” calculation method and
considered functional terms with Bonferroni-corrected P < 0.05 to be significantly
overrepresented in gene groups.

Results
Expression Data

Of 16,312 genes, 6,739 were epididymis expressed, 209 were epididymis selective, 59 were
epididymis exclusive, and 1,115 were segmentally regulated (table 1, fig. 2). For the
remainder of the manuscript, we use the term “epididymis-specialized” to refer to
epididymis-selective, epididymis-exclusive, and segmentally regulated genes as a group (N
= 1,137 genes). Statistical statements did not change whether we analyzed epididymis-
specialized genes together or separately for the 3 included groups. It should be noted that the
epididymis-specialized group consists mostly of segmentally regulated genes (fig. 2).

What Proportion of the Epididymal Transcriptome Codes for Secreted
Proteins?—In general, gene products that are secreted into the lumen of the epididymis
might be more likely to interact directly with maturing sperm. We used the entire genome as
our null expectation so that different subsets of genes could be compared with the same null
distribution. Comparing a subset of genes with the whole genome makes our results
conservative. Epididymis-expressed genes showed a general paucity of secreted genes (table
2). Specifically, 1,337 of 6,739 (20%) epididymis-expressed genes were secreted compared
with 3,984 of 16,312 (24%) genes from the whole genome (Fisher's exact test [FET], P <
10−13). Thus, most of the epididymal transcriptome probably does not interact directly with
maturing sperm.

In contrast, epididymis-specialized genes were significantly more likely to encode secreted
proteins. Of the 1,137 epididymis-specialized genes, 396 (35%) were secreted, significantly
more than the whole genome (FET, P < 10−6). For segmentally regulated genes, there was
no difference in the proportion of secreted genes among the 10 morphologically distinct
epididymal segments (fig. 1).

Which Sperm Membrane Protein Genes Were Expressed in the Epididymis?—
Of 98 sperm membrane protein genes (Stein et al. 2006), 56 (57%) were epididymis-
expressed genes (fig. 3), including 25 epididymis-specialized, 12 epididymis-selective, 2
epididymis-exclusive, and 22 segmentally regulated genes (these latter 3 categories are not
mutually exclusive, fig. 2). To compare these findings to those from testis-expressed genes,
we used the data of Su et al. (2002). There were 50 sperm membrane protein genes that were
testis-expressed, including 18 testis-selective genes. Of 98 sperm membrane protein genes,
30 (30.6%) showed transcription in the epididymis and not in the testis. Although additional
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empirical work would be needed to demonstrate the relationship between transcription and
protein acquisition, this pattern suggests that a large fraction of sperm membrane proteins
derives from the epididymis.

Molecular Evolution of the Epididymal Transcriptome
Strong Evolutionary Constraint Acting on Epididymis-Expressed Genes—
Based on nonoverlapping 95% CIs (fig. 4), epididymis-expressed genes exhibited
significantly lower dN/dS (95% CI = 0.090–0.097) compared with the genome (0.114–
0.119). Epididymis-specialized genes showed significantly higher dN/dS (0.097–0.117) than
epididymis-expressed genes, but their dN/dS was still lower than the genome. Within
epididymis-specialized genes, dN/dS was positively correlated with mean expression in the
whole epididymis (P < 10−15, r = 0.27). Secreted genes have undergone significantly more
nonsynonymous evolution than non-secreted counterparts in epididymis-specialized genes
(secreted: 0.133–0.169 vs. nonsecreted: 0.085–0.101), epididymis-expressed genes (0.114–
0.133 vs. 0.085– 0.092), and the whole genome (0.148–0.164 vs. 0.104– 0.110). Secreted
genes have been shown previously to experience elevated rates of nonsynonymous evolution
(Winter et al. 2004;Julenius and Pedersen 2006).

To place estimates of dN/dS in context with other tissues, we identified genes selectively
expressed in nonepididymal tissues using the data of Su et al. (2002). Compared with other
tissues, epididymis-selective genes showed a relatively high degree of evolutionary
constraint, with the third lowest dN/dS among 11 tissues from which at least 20 selectively
expressed genes were identified (fig. 5).

For segmentally regulated genes, there was no significant difference in dN/dS among
segment of upregulation as their CIs overlapped broadly (N = 204, 43, 52, 33, 53, 74, 105,
75, 100, and 168 genes in the 10 epididymal segments, respectively). This result held even
after pooling segmentally regulated genes into the 3 major regions of caput, corpus, and
cauda. Among segmentally regulated genes, there was a very small but statistically
significant positive correlation (P < 0.05, r = 0.07) between dN/dS and the degree of
segmental regulation, defined as the expression in the segment of upregulation divided by
the sum of expression across all 10 segments.

Epididymis-Specialized, Secreted Genes Have Undergone Recurrent Positive
Selection—Inferring patterns of selection based on the above pair-wise estimates is
difficult because high dN/dS may result from relaxed evolutionary constraint or from
increased frequency of positive selection. To distinguish between these alternatives, we
performed codon-based maximum likelihood estimates among several mammalian species.
In the whole genome, 205 of 6,110 genes (3.4%) showed statistically significant evidence of
recurrent positive selection. We would expect approximately 75 false positives in our data
set assuming a binomial distribution (described in Castillo-Davis et al. 2004). Thus, the
majority of these 205 genes are unlikely to be spurious, and our main conclusions should be
robust.

Two interesting patterns emerge from these tests. First, a smaller proportion of epididymis-
expressed genes experienced recurrent positive selection compared with the whole genome
(table 3). Specifically, 77 of 2,786 (2.8%) epididymis-expressed genes showed statistical
evidence of positive selection compared with 205 of the 6,110 (3.8%) genes from the whole
genome. This difference was not statistically significant (FET, P = 0.15). Second,
epididymis-specialized, secreted genes showed a higher incidence of positive selection than
the whole genome (table 3). Specifically, 13 of 164 (7.9%) epididymis-specialized, secreted
genes showed evidence of positive selection compared with the 205 of 6,110 positively
selected in the whole genome (FET, P < 0.01) (table 3). All 13 of these positively selected
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genes were classified as segmentally regulated, and all occurred on autosomes. One was also
classified as epididymis-selective.

We might expect higher rates of evolution among this class of genes simply because
secreted proteins and genes with tissue-selective patterns of expression evolve rapidly
(Winter et al. 2004; Julenius and Pedersen 2006). However, further investigation showed
that molecular evolution among epididymis-specialized, secreted genes is higher than
expected based on these features. Of 437 genes that were selectively expressed in a
nonepididymal tissue, 20 (4.6%) showed evidence of recurrent positive selection. From 137
genes that were both selectively expressed in a nonepididymal tissue and possessed a
secretory signal, 7 (5.1%) showed significant evidence of positive selection. Although not
statistically significant, the frequency of positive selection in epididymis-specialized,
secreted genes is higher than expected.

Given that we defined epididymis-specialized, secreted genes with mouse data, the link to
positive selection, which was inferred across a diverse mammalian phylogeny, should be
taken as highly conservative. Nevertheless, a free-ratio model showed that along the lineage
leading to Mus, epididymis-specialized, secreted genes have significantly elevated dN/dS
(median = 0.13, 95% CI = 0.10–0.16) compared to all genes in the genome (median = 0.09,
0.087–0.093).

Epididymis-Specialized Genes Were Overrepresented on the X Chromosome
—X linkage may reflect adaptive evolution because selection can operate more efficiently in
the hemizygous sex if new mutations are on average recessive (Rice 1984; Charlesworth et
al. 1987). In addition, genes that are favored in one sex but disfavored in the other (i.e.,
sexually antagonistic) are expected to accumulate on the X chromosome under a much
broader array of conditions than on the autosomes (Rice 1984). Of 6,739 epididymis-
expressed genes, 237 (3.5%) were X linked, a nonsignificant difference from the genome,
where 555 of 16,312 (3.4%) were X linked (FET, P = 0.51). In contrast, epididymis-
specialized genes were significantly overrepresented on the X chromosome. Of 1,137
epididymis-specialized genes, 53 (4.7%) were X linked (FET, P = 0.03). Nine of these 53
genes were also secreted.

Functional Analyses
Immunity and Protein Modification Functions Were Overrepresented among
Epididymis-Specialized, Secreted Genes—With their increased frequency of positive
selection, we were most interested in the functions represented in epididymis-specialized,
secreted genes. Within this group, immune response and various modification functions,
including transferase and metabolic activities, were significantly overrepresented (table 4;
for complete hierarchical relationships among overrepresented terms, see supplementary fig.
1, Supplementary Material online).

Discussion
Many reproductive genes show signatures of recurrent positive selection, suggesting that
continual functional turnover is favored due to sperm competition among males or to
conflicting reproductive interests between males and females (e.g., sexual antagonism).
However, our understanding of the evolutionary dynamics of reproductive genes draws
mostly from studies of Drosophila (reviewed by Clark et al. 2006). In mammals,
evolutionary genetic analyses of reproductive genes come mostly from the testis (Torgerson
et al. 2002; Torgerson and Singh 2003, 2006) or seminal fluid proteins (Clark and Swanson
2005). Whether natural selection acts differently on genes expressed in other reproductive
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organs remains an open question. Here, we investigated the evolutionary dynamics of the
epididymal transcriptome.

Strong Evolutionary Constraint Acting on Epididymis-Expressed Genes
Previous studies of genes expressed in male reproductive organs commonly revealed
recurrent positive selection in terms of increased dN/dS, increased frequency of positive
selection, and increased birth/death of genes (reviewed by Clark et al. 2006). In contrast to
previous studies of male reproductive tissues, epididymis-expressed genes exhibited lower
dN/dS and reduced frequency of recurrent positive selection compared with the genome.
Both patterns indicate strong evolutionary constraints suppressing the fixation of
nonsynonymous mutations (fig. 4). However, genes that show expression specialization
within the epididymis and are secreted (an indication their proteins may interact directly
with maturing sperm) may experience more frequent functional turnover.

Epididymis-Specialized, Secreted Genes Have Undergone Recurrent Positive Selection
In contrast to epididymis-expressed genes, epididymis-specialized, secreted genes have been
subject to recurrent positive selection, as evidenced by high pairwise estimates of dN/dS,
high frequency of recurrent positive selection, and elevated rates of dN/dS along the
phylogenetic lineage leading to Mus. The high rates of molecular evolution (fig. 4 and table
3) were not due to the overrepresented class of immunity genes. Although immunity genes
are thought to participate in coevolutionary interactions, none had a one-to-one ortholog in
rat based on the Ensembl annotation and therefore were not included in analyses of
molecular evolution. Furthermore, a greater proportion of epididymis-specialized, secreted
genes showed evidence of recurrent positive selection compared to selective and/or secreted
genes of other tissues. Recurrent positive selection was not concentrated among particular
epididymal segments; rather, targets of selection were distributed across different
developmental stages of sperm maturation.

Epididymis-Specialized, Secreted Genes Were Overrepresented on the X Chromosome
In addition to high rates of nonsynonymous evolution, epididymis-specialized, secreted
genes showed a subtle signature of adaptive evolution in their increased frequency on the X
chromosome. In spite of the theory predicting that male-specific genes will accumulate on
the X (Rice 1984; Charlesworth et al. 1987), this pattern has not been widely observed.
Male-specific genes are virtually absent from the X chromosome in Drosophila (Reinke et
al. 2000) and Caenorhabditis (Reinke et al. 2000). Several hypotheses have been proposed
to explain this paucity (Wu and Xu 2003; Oliver and Parisi 2004). One hypothesis states that
selection disfavors X linkage of male-biased genes because genes on the X become
inactivated during spermatogenesis (Hense et al. 2007). Consistent with this hypothesis,
only genes expressed prior to X inactivation in testis germ cells are overrepresented on the X
chromosome in mammals (Wang et al. 2001; Khil et al. 2004).

If X inactivation explains the dearth of testis-expressed genes on the X, then we might
expect an excess of X linkage in somatic male-specific tissues. This prediction is supported
in mammals, where prostate-specific genes (Lercher et al. 2003) and genes specific to the
somatic cells of the testis (Khil et al. 2004) are overrepresented on the X. However,
Drosophila show a very different pattern: Genes expressed in somatic accessory glands
(Mueller et al. 2005) as well as Drosophila sperm proteome genes (Dorus et al. 2006) were
virtually absent from the X chromosome. The present study supports an emerging generality
that genes expressed in male-specific somatic tissue accumulate on the mammalian X
chromosome, in contrast to Drosophila. Interestingly, we found only a single sperm
membrane protein gene (out of 98) on the X chromosome, and its transcript was detected in
both testis and epididymis. Of the 53 epididymis-specialized, secreted genes that were X
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linked, none overlapped with the 13 that showed signs of recurrent positive selection in the
maximum likelihood analyses.

Immunity and Protein Modification Functions Were Overrepresented among Epididymis-
Specialized, Secreted Genes

Surprisingly, reproduction or gamete development functions were not overrepresented
among epididymis-specialized, secreted genes. This conclusion should be taken cautiously
as functional characterization of most genes is probably incomplete. No biological functions
were significantly overrepresented among the 13 epididymis-specialized, secreted genes that
showed evidence of recurrent positive selection (supplementary table 1, Supplementary
Material online).

Immune response and various protein modification functions were significantly
overrepresented among epididymis-specialized, secreted genes (table 4, supplementary fig.
1, Supplementary Material online). How do these functions fit in the context of epididymal
biology? Several bacteria, including gonorrhea and chlamydia, can cause epididymitis and
lead to male infertility in humans (Schoysman 1981). Innate immunity proteins identified in
the lumen of the epididymis bind to sperm and may protect them during the maturation
process (Dacheux et al. 2003;Yenugu et al. 2003,2004;Zanich et al. 2003;Shayu et al. 2006).
Immunity proteins may also influence the female immune system, perhaps allowing sperm
to escape detection as a foreign body (Robertson 2007). To our knowledge, no studies have
characterized epididymal infections among natural populations of house mice, but some
bacterial infections have been identified from male accessory glands in laboratory strains
(reviewed in Casey and Irving 1982). Given that multiple mating is common in house mice
(Dean et al. 2006), immunity genes may protect against sexually transmitted diseases, as
suggested for primates (Nunn et al. 2000;Anderson et al. 2004). Future studies of naturally
occurring epididymal infections are needed.

There are several protein modification functions that were overrepresented among this group
of genes and these may be related to remodeling of sperm during the maturation process
(reviewed by Yanagimachi 1994). Transferase activity is one such modification function
that is an important process in sperm maturation (Brown et al. 1983; Jones 1989; Tulsiani et
al. 1998). One example is the sperm membrane protein β-1,4-galactosyltransferase, which
must be properly glycosylated to bind to the ZP3 glycoprotein found in egg zona pellucida
and undergo the acrosome reaction (Macek and Shur 1988; Miller et al. 1992; Nixon et al.
2001).

Our understanding of the function of genes will inevitably benefit from evolutionary genetic
studies such as those presented here. We have shown that epididymis-specialized, secreted
genes experience recurrent evolutionary turnover. Such turnover may be indicative of the
actions of natural and/or sexual selection and suggest that these genes play important roles
in male-male as well as male-female interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
An illustration of the epididymis (reprinted with permission from Biology of Reproduction)
showing the 10 morphologically defined segments that were interrogated for patterns of
gene expression.
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Fig. 2.
The distribution of the 16,312 genes included in this study with respect to expression
definition. Epi-expressed: the number of genes expressed in the epididymis. Epi-selective:
the number of genes that were mostly expressed in the epididymis compared with 22 other
tissues. Epi-exclusive: the number of genes that were only expressed in the epididymis
compared with 22 other tissues. Segmentally regulated: the number of genes that were
mostly expressed in one or a few epididymal segments.
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Fig. 3.
The number of sperm membrane protein genes with transcripts detected in the epididymis
and/or testis.
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Fig. 4.
Median pairwise estimates of dN/dS between mouse and rat one-to-one orthologs. Numbers
within bars indicate the number of genes. Error bars represent 95% CI around the median,
constructed from 10,000 bootstrap replicates.
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Fig. 5.
Rank order of dN/dS among tissue-specialized genes. Tissues were included if at least 20
genes were selectively expressed in them.
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Table 1
Number of Probesets, Transcripts, and Genes Analyzed

Group Probe Sets Transcripts Genes

Whole genome 26,147 21,321 16,312

 Epididymis expressed 12,519 9,070 6,739

  Epididymis specialized 1,967 1,480 1,137

   Epididymis selective 317 262 209

   Epididymis exclusive 89 74 59

   Segmentally regulated 1,934 1,451 1,115
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Table 2
Number of Secreted Genes

Group Secreted Not Secreted % Secreted

Whole genome 3,984 12,328 24

 Epididymis expressed 1,337 5,402 20

  Epididymis specialized 396 741 35

   Epididymis selective 98 111 47

   Epididymis exclusive 35 24 59

   Segmentally regulated 390 725 35
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Table 3
Proportion of Genes Subject to Recurrent Positive Selection

Group All Secreted Not Secreted

Whole genome 205/6110 (3.4%)a 73/1446 (5.0%) 132/4664 (2.8%)

 Epididymis expressed 77/2786 (2.8%) 23/567 (4.1%) 54/2219 (2.4%)

  Epididymis specialized 22/461 (4.8%) 13/164 (7.9%) 9/297 (3.0%)

   Epididymis selective 4/77 (5.2%) 1/35 (2.9%) 3/42 (7.1%)

   Epididymis exclusive 1/21 (4.8%) 0/12 (0.0%) 1/9 (11.1%)

   Segmentally regulated 22/451 (4.9%) 13/161 (8.1%) 9/290 (3.1%)

a
This ratio was taken as the null expectation in all statistical comparisons, so that different gene groups could be compared with the same null.
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Table 4
Overrepresented Functions among Epididymis-Specialized, Secreted Genes

Function (GO term) Number of Genes Observeda Number of Genes Expectedb Pc

Biological process

 Defense response (0006952) 26 10.3 <0.03

 Response to bacterium (0009617)d 10 1.4 <0.01

 Lipid metabolism (0006629) 36 14.5 <10−3

 Cell adhesion (0007155) 38 13.7 <10−4

 Signaling (0007167) 22 6.7 <0.01

Molecular function

 Peptidase activity (0008233) 33 15.1 <0.05

 Transferase activity (0016757)d 23 5.4 <10−5

 Structural (0005201) 10 1.9 <0.04

 Phospholipid binding (0005543)d 20 5.5 <0.01

 Enzyme inhibition (0004857)d 17 5.0 <0.03

a
The number of epididymis-specialized, secreted genes that are associated with a function.

b
The number of genes expected to have that function, based on the genome.

c
The Bonferroni-corrected probability of observing this deviation by chance alone.

d
This term has additional daughter terms which are significantly overrepresented (supplementary fig. 1, Supplementary Material online).
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