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Proteins present in the seminal fluid of Drosophila melanogaster (accessory gland proteins Acps) contribute to female
postmating behavioral changes, sperm storage, sperm competition, and immunity. Consequently, male—female
coevolution and host—pathogen interactions are thought to underlie the rapid, adaptive evolution that characterizes
several Acp-encoding genes. We propose that seminal fluid proteases are likely targets of selection due to their
demonstrated or potential roles in between-sex interactions and immune processes. We use within- and between-species
sequence data for 5 predicted protease-encoding Acp loci to test this hypothesis. Our polymorphism-based analyses find
evidence for positive selection at 2 genes, both of which encode predicted serine protease homologs. One of these genes,
CG6069, also shows evidence for consistent selection on a subset of codons over a deeper evolutionary time scale. The
second gene, CG9997, was previously shown to be essential for normal sperm usage, suggesting that sexual selection

may underlie its history of adaptation.

Introduction

Evolutionary biologists have long noted that morpho-
logical and behavioral traits involved in mating and repro-
duction diverge rapidly between species (e.g., Darwin
1871; Eberhard 1996). Recently, such observations have
been extended to the molecular level, where studies in di-
verse taxa have found evidence for positive selection on
numerous genes involved in reproduction (reviewed in
Clark et al. 2006; Panhuis et al. 2006). Among reproductive
molecules of animals with internal reproduction, proteins
present in the male seminal fluid are of particular interest
due to their influences on postmating behavior and physi-
ology (reviewed in Wolfner 2002; Gillott 2003; Chapman
and Davies 2004; Wolfner et al. 2005; Clark et al. 2006;
Poiani 2006) and hence their importance to reproductive
success.

In Drosophila melanogaster, seminal fluid includes
over 100 proteins produced by the male’s accessory glands
(hereafter Acps for accessory gland proteins) as well as pro-
teins expressed in the ejaculatory bulb and the ejaculatory
duct (reviewed in Wolfner 2002; Chapman and Davies
2004; Wolfner et al. 2005; Ravi Ram and Wolfner
2007a). Studies using males that lack specific Acps, or that
make no Acps at all, have demonstrated roles for these pro-
teins in diverse postmating processes, for example, sperm
storage, egg production and egg laying, increased female
mortality, decreased female receptivity, and increased
feeding (Kalb et al. 1993; Chapman et al. 1995; Tram and
Wolfner 1998; Heifetz et al. 2000; Xue and Noll 2000;
Chapman et al. 2003; Kubli 2003; Liu and Kubli 2003;
Carvalho et al. 2006; Adams and Wolfner 2007). Moreover,
mutational and knockdown analyses have ascribed specific
roles to ~8 individual Acps (Aigaki et al. 1991; Herndon
and Wolfner 1995; Neubaum and Wolfner 1999; Heifetz
et al. 2000; Liu and Kubli 2003; Wigby and Chapman
2005; Ravi Ram et al. 2006; Ravi Ram and Wolfner,
2007b). Males lacking the prohormone ovulin (Acp26Aa),
for example, induce less ovulation in their mates during the
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first 24 h postmating than do wild-type males (Herndon and
Wolfner 1995; Heifetz et al. 2000), and the large glycopro-
tein Acp36DE is necessary for normal levels of sperm stor-
age (Neubaum and Wolfner 1999; Bloch Qazi and Wolfner
2003). In addition to such knockout and knockdown ap-
proaches, association studies have suggested roles for sev-
eral Acps (e.g., Acp29AB) in sperm competition (Clark
et al. 1995; Fiumera et al. 2005, 2007).

Several studies have shown that genes encoding Dro-
sophila Acps evolve differently on average than do other
classes of genes. Acp genes show an elevated average level
of amino acid divergence (dy) compared with nonreproduc-
tive genes in comparisons between the closely related spe-
cies D. melanogaster and Drosophila simulans, despite
similar synonymous site divergence (ds) (Swanson et al.
2001; Mueller et al. 2005). This observation holds true
across a broader phylogenetic range as well: across the
genomes of 6 fully sequenced species in the melanogaster
species group, Haerty et al. (2007) found that mean dn/ds
for 25 genes encoding seminal fluid proteins (including sev-
eral Acps) is significantly higher than that of ~8,500 genes
not encoding seminal fluid proteins. Acp genes also tend to
have lower levels of codon bias than do non-Acps (Begun
et al. 2000; Mueller et al. 2005) and show an overdispersal
of amino acid substitutions within the D. simulans species
complex (Kern et al. 2004).

Positive selection appears to account for at least some
of the unusual patterns of Acp molecular evolution. For sev-
eral Acp genes, patterns of polymorphism and divergence
are consistent with positive selection in comparisons be-
tween D. melanogaster and D. simulans (Aguadé et al.
1992; Tsaur and Wu 1997; Tsaur et al. 1998; Aguadé
1999; Begun et al. 2000; Holloway and Begun 2004).
Moreover, reduced variation at the Acp loci Acp36DE
(Begun et al. 2000) and Lectin29Ca (Holloway and Begun
2004) in non-African populations of D. melanogaster has
been interpreted as evidence for recent selective sweeps at
these loci. Moreover, recent divergence analyses find evi-
dence for positive selection on a subset of codons for each
of 9 additional Acp loci within the melanogaster species
group (Haerty et al. 2007). Finally, polymorphism and di-
vergence analyses on several putative Acp-encoding loci
also provide substantial evidence for positive selection in
Drosophila  pseudoobscura (Stevison et al. 2004;
Wagstaff and Begun 2005a; Schully and Hellberg 2006)
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and in 2 cactophilic species of Drosophila (Wagstaff and
Begun 2005b). Nonetheless, a relatively small proportion
of Acp loci have been examined in most previous studies,
making generalizations about selective regimes difficult.

Several hypotheses have been forwarded to explain
the rapid amino acid evolution of, and increased incidence
of positive selection among, Drosophila Acps and seminal
fluid proteins more generally (reviewed in Swanson and
Vacquier 2002; Clark et al. 2006; Panhuis et al. 2006). First,
male—female and male-male interactions may underlie
rapid Acp evolution. Sexual conflict, sperm competition,
cryptic female choice, and other forms of sexual selection
may exert strong selective pressures on some Acps, given
the roles of these proteins in clearly relevant physiological
processes (e.g., sperm storage, postmating life span reduc-
tion). Second, host—pathogen interactions may account for
some rapid Acp evolution. Drosophila seminal fluid
contains several components with antibacterial activity
(Samakovlis et al. 1991; Lung et al. 2001; Mueller et al.
2007), which may help to prevent infection during mating.
Thus, Acps with roles in immunity may evolve rapidly as
a consequence of a host—pathogen arms race.

In this study, we focus on the molecular evolution and
molecular population genetics of 5 predicted proteases and
protease homologs (i.e., proteins resembling proteases in
sequence and structure but with one or more catalytic site mu-
tations; Ross et al. 2003) expressed in the D. melanogaster
male accessory gland. Three lines of evidence suggest that
reproductive tract proteases and protease homologs may be
subject to strong selection. First, proteolysis regulators
(used here to refer to proteases and their inhibitors as well
as protease homologs) are likely to mediate male—female
interactions during mating. Previous work has suggested
roles for both male- and female-derived factors in the pro-
cessing of at least one Acp prohormone (ovulin; Park and
Wolfner 1995; Ravi Ram et al. 2006), and numerous pro-
teolysis regulators are present in both male seminal fluid
and in the female reproductive tract (Swanson et al.
2001, 2004; Mueller et al. 2004; Mack et al. 2006; Kelleher
et al. 2007; Lawniczak and Begun 2007). As such, interac-
tions between male- and female-derived proteolysis regula-
tors may be the foci for sexual selection. Consistent with
this hypothesis, several proteases expressed in the Drosoph-
ila female reproductive tract show evidence of positive se-
lection (Swanson et al. 2004; Panhuis and Swanson 2006;
Kelleher et al. 2007; Lawniczak and Begun 2007), and 1
Acp protease inhibitor (Acp76A) out of 2 that have been
examined shows evidence for positive selection along the
D. simulans lineage (Begun et al. 2000; Kern et al. 2004).

Second, proteases, protease homologs, and protease
inhibitors are associated with fertility effects in several spe-
cies, including Drosophila (Ravi Ram and Wolfner 2007b)
and mice (Mbikay et al. 1997; Murer et al. 2001; Carpentier
et al. 2004; Nie et al. 2005; Uhrin et al. 2007), again raising
the possibility that proteolysis regulators are subject to sex-
ual selection. Moreover, several predicted protease inhibi-
tors present in male seminal fluid are toxic upon ectopic
expression and may therefore contribute to the cost of mat-
ing (Lung et al. 2002; Mueller et al. 2007). Third, proteo-
lytic cascades play important roles in immunity and defense
in many organisms (Ligoxygakis, Pelte, Hoffmann, et al. 2002;

Table 1
Genes Used in This Study

Gene Codons Gene Ontology
CG6069 283 SPH
CG6168 314 Metalloprotease
CG9997 330 SPH
CG11664 209 SPH
CG11864 251 Metalloprotease

Note.—An SPH resembles a catalytically active serine protease but bears one
or more active site mutations, suggesting that catalytic function is likely absent.
Such molecules have been proposed to regulate proteolytic cascades (Kwon et al.
2000; Lee et al. 2002; Asgari et al. 2003; Jiang, Wang, Yu, Kanost, 2003; Jiang,
Wang, Yu, Zhu, et al. 2003; Yu et al. 2003; Gupta et al. 2005).

Ligoxygakis, Pelte, Ji, et al. 2002; Sim and Tsiftsoglou
2004) and thus may experience selection pressure from
pathogens.

In this study, we report results from molecular popu-
lation genetic surveys and divergence analyses of 5 Acp
genes encoding predicted proteases or protease homologs
(see table 1 for gene symbols, gene ontologies, and coding
sequence lengths). These genes encode 5 of the 6 protease/
protease homologs reported in an expressed sequence tag
(EST) screen of the male accessory gland (Swanson
et al. 2001), although more genes encoding predicted pro-
teases or protease homologs with accessory gland—biased
expression have since been identified (Chintapalli et al.
2007; Ravi Ram and Wolfner 2007a). Two of these 5 genes,
CG11864 and CG6168, are each predicted to encode a met-
alloprotease (Mueller et al. 2004), that is, a protease with
a metal ion at its active site. Previous studies have assigned
potential physiological roles to both metalloproteases:
CG11864 is essential for cleavage of at least 2 other Acps,
Ovulin/Acp26Aa and Acp36DE (Ravi Ram et al. 2006),
and ectopic expression of CG6168 in a virgin female in-
creases her ability to clear a bacterial infection (Mueller
et al. 2007).

The other 3 genes examined here, CG6069, CG9997,
and CG11664, are predicted to encode serine protease ho-
molog (SPHs)—although they are predicted to resemble
serine proteases in overall structure, mutations at one or
more of the 3 canonical active site residues likely render
them noncatalytic (Mueller et al. 2004). Of these 3 genes,
a function has thus far only been assigned to 1: RNA in-
terference (RNAi) knockdown of CG9997 suggests that
it is essential for normal sperm usage (Ravi Ram and
Wolfner, 2007b). We note that the biochemical and phys-
iological roles of protease homologs are currently not well
understood. Although these proteins likely lack catalytic ac-
tivity, several studies suggest roles for protease homologs
in regulating the activity of catalytically active proteases,
either as cofactors or as competitive inhibitors (Kwon et al.
2000; Lee et al. 2002; Asgari et al. 2003; Jiang, Wang, Yu,
Kanost, 2003; Jiang, Wang, Yu, Zhu, et al. 2003; Gupta et al.
2005). Such roles would make proteases and protease homologs
alike subject to the evolutionary pressures just described.

Using molecular population genetic surveys of African
population samples of D. melanogaster (Pool and Aquadro
2006), we find evidence for strong directional selection at
2 loci out of the 5 examined, CG6069 and CG9997. At
a deeper evolutionary time scale, we also find evidence
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Table 2

Summary Statistics

Gene n Length (bp) S 0 ot TSyn TiNon ds dy D H
CG6069 20 945 8 0.0025 0.0018 0.0060 0.0002 0.136 0.0161 -0.971 0.853
CG6168 18 905 80 0.0275 0.0228 0.0579 0.0128 0.178 0.0360 —0.560 0.732
CG9997 12 912 17 0.0062 0.0066 0.0228 0.0017 0.099 0.0251 0.262 2.242
CG11664 12 641 12 0.0041 0.0038 0.0136 0.0007 0.194 0.0247 —0.293 0.545
CG11864 12 694 11 0.0053 0.0053 0.0099 0.0029 0.119 0.033 —0.526 —-2.27

Note.—Population summary statistics are for African populations of Drosophila melanogaster. n: alleles sequenced and S: number of segregating sites. dy and dg were
calculated using D. melanogaster and Drosophila simulans. D: Tajima’s D statistic (Tajima 1989). H: Fay and Wu’s H statistic (Fay and Wu 2000). No locus rejects

neutrality using D or H.

for recurrent positive selection on a subset of codons in
CG6069. These findings, along with previous studies on
reproductive tract proteolysis regulators in male (Kern
et al. 2004) and female Drosophila (Swanson et al. 2004;
Panhuis and Swanson 2006; Kelleher et al. 2007; Lawniczak
and Begun 2007), support the hypothesis that interactions
between males and females drive the rapid evolution of
some reproductive genes.

Materials and Methods
Drosophila Strains, DNA Sequences, and Sequence
Alignment

For polymorphism-based analyses, we used chromo-
some extraction lines derived from African populations
of D. melanogaster (Uganda for chromosomes 2 and 3,
Zimbabwe for the X Chromesome; population samples
are described in Pool and Aquadro 2006), with D. simulans
as an outgroup (D. simulans sequences reported in Mueller
et al. 2005). Sample sizes for each gene are given in table 2.
For divergence analyses, we used 6 species in the D. mel-
anogaster subgroup. Sequences from D. melanogaster,
D. simulans, and Drosophila yakuba are from Mueller
et al. (2005). Additional sequences were collected from
Drosophila teissieri (Tucson Drosophila stock center
D. teissieri 257.0), Drosophila erecta (S-18, kindly donated
by Andrew Clark; originally from the Ashburner labora-
tory), and Drosophila santomea (strain CAR1566-8, kindly
donated by Peter Andolfatto).

DNA extractions were performed using the Puregene
DNA purification kit (Gentra Systems, Minneapolis, MN),
and genes were amplified by polymerase chain reaction;
primer sequences and conditions are available upon re-
quest. Sequencing was carried out on an ABI 3730 auto-
mated sequencer using BigDye chemistry (Applied
Biosystems, Foster City, CA). Sequence alignments were
carried out using the ClustalW algorithm as implemented
in MegAlign (DNASTAR, Inc., Madison, WI) on protein
sequences. Sequences have been deposited in GenBank un-
der accession numbers EU328540-EU328631. Introns in
CG11864 were identified in other species using the D.
melanogaster annotation as a guide; the other genes contain
no introns in their coding regions. Consensus sites for intron
start (AG) and stop (GT) were conserved across all species.

Analysis of Polymorphism

Summary statistics (0, T, and divergence) for each gene
were calculated using DnaSP4.1 (Rozas et al. 2003).

McDonald—Kreitman tests (McDonald and Kreitman
1991), as well as Tajima’s D test (Tajima 1989) and Fay
and Wu’s H test (Fay and Wu 2000), were also performed
using DnaSP. D. simulans was used for all analyses
requiring an outgroup. In order to calculate statistical signif-
icance for Tajima’s D and Fay and Wu’s H test, we used
the coalescent simulator with recombination implemented
in DnaSP. The population recombination rate R = 4N.m
was estimated using N, = 1 X 10° (Kreitman 1983),
where m is the size in base pairs of the gene under consid-
eration (table 4), and with per base pair recombination rate
estimates r obtained from Hey and Kliman (2002). Esti-
mated values of R were 100.65 for CG6069, 138.82 for
CGo6168, 108.84 for CG9997, 9.83 for CG11664, and
12.29 for CG11864.

Hudson—Kreitman—Aguadé (HKA) tests were per-
formed using the maximum likelihood method of Wright
and Charlesworth (2004) (Hudson et al. 1987; Wright
and Charlesworth 2004). This method uses loci specified
a priori to generate a null model of sequence evolution
and assesses the fit of one or more loci of interest to that
null model. The parameter k measures the decrease or in-
crease of polymorphism relative to divergence, with the
neutral expectation that £k = 1. We used 4 X-linked non-
coding loci reported in Pool and Aquadro (2006) as repre-
sentative “neutral” loci and tested each protease- or
protease homolog—encoding gene individually.

Divergence-Based Analyses

Inferences of positive selection using comparisons be-
tween the number or rates of nonsynonymous and synon-
ymous substitutions can be mislead if the latter varies across
a sequence. If, for example, some sites have a particularly
low rate of synonymous substitution, then ® > 1 may be
inferred even in the absence of positive selection, under the
assumption of a single synonymous rate. As such, we used
maximum likelihood methods implemented in HyPhy
(Pond et al. 2005) to test for heterogeneity in the rate of
synonymous substitution (ds) at different codons in each
multiple sequence alignment. The null model assumes no
variation in dg but allows variation in the rate of nonsynon-
ymous substitution (dy) in the form of 3 discrete rate classes
(Pond and Muse 2005). The alternative model allows var-
iation in dg, with 2 discrete rate classes. The 2 models can
be compared using either a likelihood ratio test (LRT), with
twice the difference in —InL between models following a
X?; distribution, or Akaike information criterion scores.
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Rejection of the null model provides evidence for variation
in dg at different codons.

Sequence alignments were analyzed for evidence of
positive selection in the form of an elevated rate of nonsy-
nonymous substitution compared with the rate of synony-
mous substitution (®) using phylegenetic analysis by
maximum likehood (PAML) (Yang 1997; Yang et al.
2000). Two model comparisons were performed. In the first
comparison, the null model Mla allows for 2 classes of
sites: one with 0 < ® < 1 and one with ® = 1. The alter-
native model M2a adds a third site class with ® > 1. In the
second comparison, the null model M8A uses a beta distri-
bution to describe sites with 0 < ®» < 1, with an extra cat-
egory of sites with ® = 1. The alternative model M8 allows
the extra category to undergo positive selection, that is, has
® > 1. For both comparisons, the null and alternative mod-
els can be compared via LRT, with the difference in log
likelihoods (3) following a y3 distribution (Mla vs.
M2a) or a y2 distribution (M8A vs. M8).

In order to evaluate the fit of 8 to the appropriate >
distribution, and as an independent estimate of the P value
for each model comparison, we also implemented a para-
metric bootstrap. Parameter estimates from M1a were used
to generate 250 simulated data sets using evolverNSsites
(Anisimova et al. 2001), which were then analyzed under
Mla, M2a, M8A, and M8. Values of & from the simulated
neutral data sets were then calculated and used to obtain the
probability of obtaining the observed value of & under the
null hypothesis.

For both HyPhy and PAML analyses, a single tree —
((D. melanogaster, D. simulans), (D. teissieri, (D. yakuba,
D. santomea)), D. erecta) — was assumed, following current
understanding (e.g., LaChaise et al. 2000; Ko et al. 2003;
Pollard et al. 2006; Wong et al. 2007). We note that several
authors have suggested that lineage sorting has occurred in
the common ancestor of the melanogaster subgroup and
that this may introduce inferential problems (Pollard
et al. 2006; Wong et al. 2007). Here, however, all analyses
were conducted on an unrooted tree, with no species basal
to the melanogaster subgroup; as such, our analyses should
not be affected by lineage sorting.

Results

Various modes of adaptation can leave different sig-
natures in sequence data, such that different kinds of sample
are suitable for their detection. For example, repeated
episodes of positive selection on a few codons of a coding
sequence can be inferred using multispecies divergence
data, while polymorphism data from a single population
are suited to the detection of a recent selective sweep or
ongoing balancing selection. We have collected both diver-
gence and polymorphism data in order to gain a comprehen-
sive view of the patterns of molecular evolution at 5
putative protease-or protease homdog-encoding Acp genes.

Polymorphism Analyses

We collected polymorphism data for each gene from
African populations of D. melanogaster. We used an
African population rather than a North American, European,

or Asian population in order to avoid, as best as possible,
inferential problems stemming from nonequilibrium demo-
graphic histories (e.g., Jensen et al. 2005; Thornton et al.
2007). In all 12-20 alleles were sequenced for each gene;
sample sizes and summary statistics are given in table 2.
Neither Tajima’s D (Tajima 1989) nor Fay and Wu’s H test
(Fay and Wu 2000) deviates from the neutral expectation for
any gene (table 2).

We used 2 additional tests of neutrality to assess the fit
of the polymorphism data to the standard neutral model.
The first, the McDonald—Kreitman (MK) test (McDonald
and Kreitman 1991), tests the neutral prediction that the
ratio of nonsynonymous to synonymous substitutions
between species should equal the ratio of nonsynonymous
to synonymous polymorphisms within species (table 3). For
4 genes, CG6069, CG6168, CG11664, and CG11864, we
fail to find any deviation from the null hypothesis. How-
ever, for CG9997, the null hypothesis of equal ratios of
nonsynonymous to synonymous changes within and be-
tween species is rejected (P = 0.008). Rejection of the null
hypotheses could in theory result from deviations from the
neutral expectation in any cell of the MK table; we suggest
that an excess of nonsynonymous fixations is the most
likely explanation. Nonsynonymous divergence is high at
CG9997 (dn = 0.025 for the melanogaster/simulans com-
parison; table 2), relative to an average dy of 0.0124 (95%
confidence interval [CI]: 0.0121-0.0128) compiled from
~8500 genes (data from Larracuente et al (forthcoming)).
This does not appear to be the result of a high mutation rate
at CG9997 because synonymous divergence (d, = 0.099)
is slightly lower than average (0.128; 95% CL: 0.126—
0.129). In addition, levels of polymorphism at CG9997
do not appear to differ substantially from average. Thus,
it is likely that an excess of nonsynonymous substitution
due to positive selection in the lineages leading to
D. melanogaster and/or D. simulans accounts for this result.

We also used the HKA test (Hudson et al. 1987) to
assess the neutral prediction that the ratio of polymorphism
to divergence should be the same for different loci (table 4).
This test is particularly useful for detecting a deficit or an
excess of polymorphism due to recent directional selection
or balancing selection, respectively. We used 4 X-linked
noncoding loci (named after their cytological locations:
4F2, 8A4, 11AS5, and 12F1) reported in Pool and Aquadro
(2006) as representative neutral loci and tested each
protease- or protease homolog—encoding gene against the
neutral prediction, using the maximum likelihood HKA test
of Wright and Charlesworth (2004). We found that 4 pro-
tease/protease homolog genes conformed to the neutral pre-
diction, with 1 protease homolog gene, CG6069, rejecting
neutrality (P = 0.016). The latter rejection of neutrality
could be the result of either elevated silent site divergence
or a deficit of silent polymorphism. Given that dg is about
average for CG6069 (0.139 for CG6069 vs. 0.128 genome
wide), although very few polymorphisms were observed
(Bs = 0.00694), we suggest that CG6069 is depauperate
for variation, consistent with the action of recent selection
at or near this locus. The rate of recombination in this region
of the genome is moderate (r = 2.6 x 10~® cm/m; Hey and
Kliman 2002), consistent with CG6069 (rather than a linked
locus) being the target of selection. Tests of the frequency
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Table 3
McDonald-Kreitman Tests

Polymorphic Fixed
Gene Population n Silent Replacement Silent Replacement Probability
CG6069 Uganda 20 5 1 25 10 0.665
CG6168 Uganda 18 45 36 25 16 0.699
CGY997 Uganda 12 14 3 16 23 0.008*
CG11664 Zimbabwe 12 6 2 18 12 0.684
CG11864 Uganda 12 5 5 15 11 0.722

Note.—P values were obtained using a 2-tailed Fisher’s exact test. *p<<0.05.

spectrum (Tajima’s D and Fay and Wu’s H) do not reject
neutrality; we suspect that low variation (perhaps due to
very recent selection) reduces the power of these tests.
CG6168 presents an interesting case. Polymorphism at
this gene is extremely high (table 2), with 80 segregating
sites in the coding region and mgy, = 0.0579 (vs. an aver-
age of ~0.029 genome wide; Andolfatto 2005), yet the
HKA test does not reject neutrality. Similarly, tests of neu-
trality based on site frequency spectra do not find deviations
from the neutral expectation, either using all polymor-
phisms (table 2) or synonymous and nonsynonymous poly-
morphisms separately (table 5). Polymorphism is also very
high in a population sample collected from Pennsylvania,
despite a recent bottleneck for non-African populations of
D. melanogaster (Fiumera A, personal communication).
High silent site divergence at CG6168 (ds = 0.178; table
2) may account for the failure to reject neutrality using the
HKA test. There is no evidence that selection drives high
synonymous site divergence as patterns of unpreferred and
preferred differences within and between species are not
significantly different using the frequency distribution di-
vergence Mann-Whitney U (fddMWU) test (Akashi 1999).
We suspect that balancing selection may operate to main-
tain high levels of polymorphism at this locus, but more
data will be required to rigorously evaluate this hypothesis.

Divergence Analyses

Variation in dg within a gene can mislead commonly
used individual locus divergence-based tests for positive se-
lection (Pond and Muse 2005). Using model comparisons
implemented in HyPhy (Pond et al. 2005), we fail to find
evidence of variation in dg at any gene examined in this
study. For all 5 genes, the data do not fit a model incorpo-
rating variation in dg significantly better than they fit a null
model with no such variation (table 6). Although failure to
reject the null hypothesis does not warrant its acceptance,

this result suggests that use of models that assume a single
synonymous substitution rate to infer positive selection
should not be misled by variation in ds.

We therefore used PAML, which assumes a single
value of dg for each gene, to infer the action of recurrent
positive selection on individual codons (table 7). We find
strong evidence for positive selection on 1 gene, CG6069.
Using both the M2a versus M1a and the M8 versus M8A
comparisons, the data for CG6069 fit the alternative (selec-
tion) model significantly better than they do the null model.
About 4-5% of codons are estimated to belong to the se-
lected class, with ® = 3.44 under M8 (® = 3.98 under
M2a). Because the predicted 3-dimensional structure of
the protein encoded by CG6069 was previously modeled
(Mueller et al. 2004), we could locate the putative posi-
tively selected residues on its predicted structure (fig. 1).
The sites whose mean o *+ 1 standard error is greater than
1 (corresponding to posterior probabilities >0.774 of be-
longing to the selected class) that fell within the modeled
domain (5 out of 6 total) are predicted to be on the protein’s
surface, although none lies within the predicted substrate
binding cleft. For a second gene, CG11664, the M8 versus
M8A comparison is marginally significant using a 3 test
(P = 0.048), with other tests being marginally nonsignificant.

Use of a parametric bootstrap to evaluate the signifi-
cance of model comparisons was consistent with the results
obtained from LRT (table 7). In most cases, the LRT and the
bootstrap resulted in rejections, or failures to reject, for the
same comparisons. The one exception is for the M8A ver-
sus M8 comparison for CG11664, where the LRT result is
marginally significant (P = 0.048) and the bootstrap result
is nonsignificant (P = 0.071).

Because neutrality was rejected for CG6069 using both
divergence and polymorphism-based tests (tables 4 and 7),
we were interested in determining whether recent selection
on this gene has targeted the same residues as those iden-
tified as under positive selection by PAML. Of the 6 codons

Table 4

Maximum Likelihood HKA-Tests

Gene Silent S Silent Divergence 2 x AlnL P k
CG6069 5 27 5.83 0.016* 0.22
CG6168 45 35 0.83 0.36 1.57
CG9997 14 24 0.04 0.85 0.8
CG11664 8 20 0.26 0.61 0.71
CG11864 5 18.5 1.79 0.17 0.41

Note.—Silent S: synonymous segregating sites, Silent Divergence: synonymous divergence between Drosophila
melanogaster and Drosophila simulans, 2 x AlnL: twice the difference in log likelihood between the null and selection
models, P: P value obtained from a xz test (degrees of freedom [df] = 1), and k: estimated ratio of variation at the given locus to

the neutral expectation. *p<<0.05.

2T0Z ‘2z snbny uo 1senb Ag /Bio'sfeuinolploxoaqu//:dny wouy papeojumoq


http://mbe.oxfordjournals.org/

502 Wong et al.

Table 5
Comparisons of Frequency Spectra for Synonymous and
Nonsynonymous Polymorphisms at CG6168

Tajima’s D Fu and Li’s D Fay and Wu’s H
Synonymous —0.500 —0.851 —1.935
Nonsynonymous —0.756 —1.044 —0.418

identified by PAML as having o > 1, 2 —'’Ile and
268Ser—appear to have changed along the melanogaster
species lineage, although the high variability of both codons
makes polarization of changes uncertain. These 2 codons
are particularly good candidates for having been recent tar-
gets of selection in D. melanogaster. An additional 5 sites,
24Ile, 15 2Ser, 208Ile, 23 OGly, and 2% Thr, appear to have fixed
along the melanogaster lineage but do not have high pos-
terior probabilities of @ > 1.

Discussion

A number of genes encoding seminal fluid proteins
show evidence for positive selection in diverse taxa, for ex-
ample, Drosophila (reviewed in Clark et al. 2006; Panhuis
et al. 2006), crickets (Andres et al. 2006), and primates
(Clark and Swanson 2005). Several explanations have been
proposed for the rapid, adaptive evolution of genes encod-
ing seminal fluid proteins, including postmating male—
female or male-male interactions and immune pressures.
We hypothesized that some Acp proteases would be the tar-
gets of adaptive evolution in D. melanogaster and its close
relatives, given the potential role of proteolysis regulators in
mediating male—female interactions, and known or sus-
pected roles for several such proteins in immunity, sperm
usage, and proteolytic processing of other rapidly evolving
Acps. Using polymorphism-based tests, we find evidence
for positive selection on 2 protease homolog genes out
of 5 genes examined: CG9997 appears to have undergone
an excess of amino acid substitutions between D. mela-
nogaster and D. simulans, whereas patterns of polymor-
phism at CG6069 are consistent with a recent selective
sweep. Furthermore, between-species analyses suggest that
CG6069 has experienced pervasive positive selection on
a subset of codons in the melanogaster subgroup.

RNAI knockdown studies on CG9997 suggest a role
for this gene’s product in regulating the release of sperm
from storage in females (Ravi Ram and Wolfner, 2007b).
Because sperm storage is potentially involved in cryptic
female choice and sperm competition (Eberhard 1996;
Simmons 2001), it is likely that sexual selection of some
variety underlies the molecular evolution of this gene.
However, it should be noted that CG9997’s role in other
systems potentially subject to strong selection, for example,
the immune response, has not been fully investigated. Ec-
topic expression of CG9997 in females does not affect sys-
temic clearance of the gram-negative bacterium Serratia
marcescens (Mueller et al. 2007), but its activity against
gram-positive bacteria or fungi, or any localized activity
in the reproductive tract, has not been examined.

Knockdown and ectopic expression studies have not
yet uncovered any potential role for CG6069, the second
positively selected gene identified here, in the regulation
of postmating responses (Ravi Ram and Wolfner 2007b),
seminal fluid toxicity (Mueller et al. 2007), or in immunity
(Mueller et al. 2007). Moreover, no data currently exist with
respect to the localization of CG6069’s protein product in
the female reproductive tract. As such, it is not currently
possible to ascribe this gene’s rapid molecular evolution
to a particular physiological process.

CG9997 and CG6069, the 2 genes inferred in this
study to have experienced positive selection, are predicted
to encode SPHs, that is, their protein products are predicted
to resemble serine proteases but bear mutations in one or
more of the 3 canonical active site residues (Ross et al.
2003; Mueller et al. 2004). As such, these proteins are prob-
ably not proteolytically active. However, noncatalytic roles
have been assigned to, or suggested for, SPHs in several
systems. For example, studies on the cleavage of prophe-
noloxidase (proPO) to phenoloxidase, which is involved
in the melanization of pathogens, have suggested a role
for SPHs in modulating the activity of proPO-activating
proteases (PAPs). In tobacco hornworm (Jiang, Wang,
Yu, Kanost, et al. 2003; Jiang, Wang, Yu, Zhu, et al.
2003; Yu et al. 2003; Gupta et al. 2005) and several beetles
(Kwon et al. 2000; Lee et al. 2002), SPHs are required for
full proteolytic activity of PAPs. Conversely, an SPH pres-
ent in the venom of a parasitic wasp is capable of interfering

Table 6
Tests for Variation between Sites in the Rate of Synonymous Substitution Using HyPhy
logLL
MGY%4 x REV MGY%4 x REV

Gene Nonsynonymous GDD 3 Dual GDD 2 x 3 P value AAIC
CG6069 —2479.46 —2475.53 0.097 —0.16
CG6168 —2582.97 —2580.94 0.398 —3.93
CG9997 —2588.96 —2588.14 0.803 —6.37
CG11664 —1626.42 —1626.29 0.992 =7.74
CG11864 —1943.62 —1943.43 0.989 —7.62

Note—MG94 x REV Nonsynonymous GDD 3 is a model incorporating variation in the rate of nonsynonymous
substitution (3 rate classes) but not in the rate of synonymous substitution. The dual model incorporates variation in both the rate
of nonsynonymous substitution (3 rate classes) and the rate of synonymous substitution (2 rate classes). The indicated P value is
for the LRT between the nonsynonymous and dual models, using the asymptotic distribution of 3. No tests were significant with
o = 0.05, indicating no evidence for variation in the rate of synonymous substitution. AAIC: difference in Akaike information
criterion (AIC) scores between the nonsynonymous and dual models; negative AAIC values indicate that the dual GDD 2 x 3
model does not outperform the GDD 3 model, given the extra parameters used by GDD 2 x 3.
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Table 7
Tests for Positive Selection Using PAML
—InL P value
Gene Mla M2a MSA M8 M2a versus Mla M8 versus M8A ® M2a (proportion) ® M8 (proportion)
CG6069 2424771 2420.67 242472 2420.42 0.018%*; 0.004* 0.003*; 0.004* 3.98 (0.038) 3.44 (0.055)
CG6168 2328.43 232843 232832  2328.32 1;1 151 1 1
CG9997 2348.63 234832  2348.64  2348.33 0.738; 0.280 0.432; 0.308 29 1.60
CGl11664  1574.68  1573.33 1574.69  1573.06 0.06; 0.259 0.048*; 0.071 3.15 341
CG11864  1690.86  1690.86  1690.86  1690.86 1;1 ;1 1 1

Note.—InL: negative log likelihood for the indicated model. P values: the first P value reported is for the LRT between the selection (M2a or M8) and neutral (M1a or
MB8A) models, using the asymptotic distribution of y3(M2a vs. M1a) or y3(M8 vs. M8A). The second P value was obtained by parametric bootstrapping under the maximum
likelihood parameter estimates from model M1a. In all 250 bootstrap replicates were generated using evolverNSsites. The last 2 columns give estimated values of ® under
the indicated model. Numbers in parentheses indicate the proportion of codons estimated to belong to the selected class, for comparisons where positive selection was

inferred. *p<<0.05.

with proPO cleavage, perhaps by competing with host
SPHs for binding to PAP and/or proPO (Asgari et al.
2003). If positively selected Drosophila SPHs present in
the seminal fluid function either as agonists or antagonists
of catalytically active proteases, then coevolution with
proteases, protease substrates, inhibitors, or other binding
partners may underlie their adaptive evolution. Other docu-
mented molecular functions for SPHs include glycoprotein
binding (Watorek 2003) and cell adhesion (Huang et al.
2000; Lin et al. 2006); Drosophila seminal fluid SPHs
could also be involved in any of these functions as a number
of other Acps are glycosylated (Monsma and Wolfner 1988;
Bertram et al. 1996; Saudan et al. 2002), and cell adhesion
may be important for sperm storage and/or fertilization.
We found no evidence for positive selection on 3 other
protease-encoding Acp genes, 2 of which, CG/1864 and
CG6168, have been ascribed functions using genetic meth-
ods. Knockdown of CG11864 shows that this putative met-
alloprotease is necessary for the proteolytic cleavage of 2
Acps, the egg-laying prohormone ovulin and the sperm

Fic. 1.—Structural model of the predicted protease homolog
encoded by CG6069. Sites whose inferred @ *= 1 standard error is
greater than 1 are shown in white. All 5 selected residues that fall within
the modeled domain are predicted to lie on the protein’s surface, although
none lies in the predicted substrate-binding cleft. The model was
generated by Mueller et al. (2004).

storage protein Acp36DE (Ravi Ram et al. 2006). Although
both ovulin and Acp36DE appear to have experienced pos-
itive selection (Aguadé et al. 1992; Begun et al. 2000; Fay
and Wu 2000), we found no evidence of a similar history for
CG11864. This is not, we suggest, a surprising result: If
proteolytic cleavage of ovulin and/or Acp36DE is neces-
sary for some aspect of their functions (although this is,
as y unknown), then both the cleavage sites and the respon-
sible proteases should be well conserved. We note that other
regions of ovulin thought to be structurally important are
highly conserved between species (Wong et al. 2006)
and suspect that the same will be true of cleavage sites.

Ectopic expression of the predicted metalloprotease
CG6168 in females aids in the clearance of systemic S. mar-
cescens infection (Mueller et al. 2007), suggesting that this
protein may participate in immune regulatory cascades.
Polymorphism at CG6168 is high, although several tests
find no deviations from the neutral expectation. Classic
studies attribute extremely high levels of polymorphism
at major histocompatibility complex (MHC) genes to bal-
ancing selection arising from host—pathogen interactions
(e.g., Hughes and Nei 1988; McConnell et al. 1988). It
is possible that a similar explanation underlies high poly-
morphism at CG6168, but further statistical and functional
analyses are required.

Conclusions

An understanding of the rapid evolution of an elevated
proportion of Drosophila Acps and reproduction-related
genes more generally requires both extensive sequence data
and functional characterization. Full genome sequences
from multiple species of Drosophila have allowed a com-
prehensive examination of sex- and reproduction-related
genes on a deep phylogenetic scale (Haerty et al. 2007).
Population genetic analyses, however, have been narrower
in scope, with most studies focusing on a limited set of
genes. We conducted divergence and polymorphism anal-
yses at 5 male Acp-encoding loci that have not been pre-
viously examined at the population level and found
evidence for positive selection at 2 predicted protease
homolog—encoding genes. Adaptive evolution of protease,
protease homolog, or protease inhibitor genes has now been
documented in genes expressed in either the male accessory
gland (this study; Kern et al. 2004) or the female reproduc-
tive tract (Swanson et al. 2004; Panhuis and Swanson 2006;

2T0Z ‘2z snbny uo 1senb Ag /Bio'sfeuinolploxoaqu//:dny wouy papeojumoq


http://mbe.oxfordjournals.org/

504 Wong et al.

Kelleher et al. 2007; Lawniczak and Begun 2007). Al-
though definitive interpretation of these results must await
functional characterization of positively selected genes
(data from females are particularly lacking), the finding
of positive selection on both male and female reproductive
tract genes suggests that between-sex interactions, rather
than simply male—male competition, drive the rapid evolu-
tion of some reproductive genes.
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