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ABSTRACT

Protein components of the Drosophila male ejaculate, several of which evolve rapidly, are critical
modulators of reproductive success. Recent studies of female reproductive tract proteins indicate they also
are extremely divergent between species, suggesting that reproductive molecules may coevolve between
the sexes. Our current understanding of intersexual coevolution, however, is severely limited by the
paucity of genetic and evolutionary studies on the female molecules involved. Physiological evidence of
ejaculate—female coadaptation, paired with a promiscuous mating system, makes Drosophila mojavensis an
exciting model system in which to study the evolution of reproductive proteins. Here we explore the
evolutionary dynamics of a five-paralog gene family of female reproductive proteases within populations
of D. mojavensis and throughout the repleta species group. We show that the proteins have experienced
ongoing gene duplication and adaptive evolution and further exhibit dynamic patterns of pseudogena-
tion, copy number variation, gene conversion, and selection within geographically isolated populations of
D. mojavensis. The integration of these patterns in a single gene family has never before been documented

in a reproductive protein.

N internally fertilizing organisms, female reproduc-
tive tracts are the arena for a dynamic molecular
interface between the sexes. Ejaculate—female inter-
actions are essential to sperm fate and fertilization,
guiding sperm through the female reproductive tract,
preserving them in this environment, and ultimately
mediating gamete fusion (reviewed in NEUBAUM and
WOLFNER 1999). Reproductive tract interactions also
modulate critical postmating changes in female behav-
ior and physiology, such as upregulating immune re-
sponse, reformatting the female reproductive tract, and
delaying female remating (reviewed in ROBERTSON 2007;
WOLFNER 2007).

Despite the significance of ejaculate—female interac-
tions for overall fitness, the male molecules involved in
these processes exhibit dynamic evolutionary histories.
Seminal proteins and sperm proteins have been ob-
served to evolve rapidly in a broad range of taxa (re-
viewed in SWANSON and VACQUIER 2002; CLARK ef al.
2006; PaNHUIS et al. 2006). Similarly, lineage-specific
gene duplications have been documented in Drosoph-
ila seminal fluid proteins (CIRERA and AGUADE 1998;
WAGSTAFF and BEGUN 2007; ALMEIDA and DESALLE
2008, 2009; FINDLAY et al. 2008), as well as fertilization
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proteins in both Drosophila and abalone (LopPIN ¢t al.
2005; CLARK et al. 2007). Finally, Drosophila male
ejaculates are known to undergo a high frequency of
lineage-specific changes in seminal fluid content, by
functionally coopting existing genes and acquiring
novel genes from noncoding sequence (BEGUN and
Linprors 2005; MUELLER et al. 2005; BEGUN et al. 2006;
FINDLAY et al. 2008).

The rapid evolution of male ejaculates frequently is
postulated to arise from molecular coevolution with
interacting proteins in the female reproductive tract
(PARKER 1979; EBERHARD 1996; SWANSON and VACQUIER
2002). If this is the case, female reproductive molecules
are also expected to evolve rapidly. Recent evidence of
adaptive evolution in Drosophila female reproductive
tract proteins is consistent with this prediction (SwANSON
et al. 2004; PANHUIS and SWANSON 2006; KELLEHER ef al.
2007; LawnNiczaK and BeEGUN 2007; PROKUPEK et al.
2008). Compared to the preponderance of studies of
male ejaculates, however, the dynamics of female pro-
teins remain largely unexplored.

Two, nonmutually exclusive mechanisms are hypoth-
esized to result in reciprocal evolutionary change
between male and female reproductive molecules. First,
cryptic female choice could empower females to bias
fertilization success toward certain males based on
postcopulatory biochemical cues (EBERHARD 1996).
Cryptic female choice may lead to cyclical evolution of
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male trait and female preference, consistent with
traditional models of runaway sexual selection (FISHER
1915; 1930). Alternatively, sexual conflict, or a differ-
ence in the reproductive interests of the two sexes
(PARKER 1979), is predicted to result in an evolutionary
arms race between males and females (Rice 1996;
GAVRILETS 2000).

In this study, we explore the dynamics of a female
reproductive tract protein gene family in the cactophilic
fruit fly Drosophila mojavensis. A promiscuous mating
system (reviewed in MARKOwW 1996), as well as extensive
evidence of ejaculate—female biochemical coadaptation
(KNowLEs and Markow 2001; PrrNick et al. 2003;
KNOWLES ef al. 2005; KELLEHER and MArRkow 2007)
makes D. mojavensis an extraordinary system for the
study of reproductive molecules. Specifically, interpop-
ulation crosses exhibit significant differences from
intrapopulation crosses in egg size (PITNICK et al
2003), a mating-dependent increase in female desicca-
tion resistance (KNOwWLES ef al. 2005), and the size and
duration of the insemination reaction, an opaque mass
that forms in the uterus after copulation (KNOWLES and
Markow 2001). Similarly, interspecific crosses between
D. mojavensis and its sister species D. arizonae [most
recent common ancestor (MRCA) ~0.7 MYA] (REED
et al. 2007; MaTzKRIN 2008), exhibit considerable sperm
mortality, failure in sperm storage, reduced oviposition,
and aberrant insemination reactions, consistent with a
breakdown in coadapted gene complexes (KELLEHER
and Markow 2007).

The gene family examined here is one of five lineage-
specific protease gene families identified from D.
arizonae female reproductive tracts and encodes five
serine-endoprotease paralogs: Dmoj\GLEANR_2575
(GI17776), Dmoj\GLEANR_2574 (GI17775), Dmoj\
GLEANR_896 (GI23802), Dmoj\GLEANR_897 (GI23804),
and Dmoj\GLEANR_898 (GI23805) (Figure 1; KELLEHER
et al. 2007). Although the specific function of these
enzymes remains unknown, they are predicted secreted
proteins expressed only in the lower female reproduc-
tive tract, implying specialized interaction with the male
ejaculate (KELLEHER el al. 2007). Serine-endoprotease
activity in D. arizonae female reproductive tracts, fur-
thermore, is regulated by mating, pointing to a direct
relationship between reproduction and proteolytic
function (E. S. KELLEHER and J. E. PENNINGTON, un-
published results).

If female reproductive tract proteases are coevolving
with the male ejaculate, two predictions follow about
their evolutionary dynamics. First, the coevolutionary
trajectory within each population should exert unique
selective pressures on the proteins involved. To explore
this hypothesis we compare patterns of variation and
deviations from neutrality at these loci between the four
geographically isolated populations of D. mojavensis:
Baja Peninsula, Catalina Island, mainland Sonora, and
Mojave Desert (MACHADO et al. 2007; REED et al. 2007;

Figure 2). Second, ongoing coevolution with interact-
ing proteins predicts a history of adaptive evolution
across the repleta species group. We therefore examine
patterns of divergence at these loci from five repleta
group species and two outgroups. We discuss our results
in terms of our predictions, as well as the emerging role
of gene duplication in reproductive protein evolution.

MATERIALS AND METHODS

Flies: D. mojavensis were collected from Catalina Island
(2001), Mojave Desert (2002), Baja Peninsula (2002), and
mainland Sonora (2007) by J. Bono, L. Reed, and L. Matzkin.
D. arizonae were collected in Tucson, Arizona (2000), by
L. Matzkin. D. navajoa, D. mettleri, and D. mayaguana were
obtained from the Tucson Drosophila Stock Center, now
located at the University of California at San Diego. All flies
used in population analyses were maintained as isofemale
lines. Between 7 and 14 isofemale lines were sampled for each
population and locus (supplemental Table 1).

Sequencing: Genomic DNA was isolated from whole flies
using the DNeasy Kit (QIAGEN) according to manufacturer
instructions. For D. mojavensis and D. arizonae, standard PCR
was performed using internal, paralog-specific primers (Fig-
ure 1). In cases where gene conversion obscured paralog
identity (GLEANR_896 and GLEANR_897), additional flank-
ing primers were used to ensure gene-specific amplification.
For D. navajoa, D. mettleri, and D. mayaguana universal primers
for the entire gene family were used to amplify and clone PCR
products. Cloned PCR products were sequenced using M13F
and M13R primers. All sequencing was performed on an ABI
3700 DNA sequencer with Big Dye Terminator chemistry.
D. grimshawi and D. wvirilis sequences were obtained from
their sequenced genomes (http:/rana.lbl.gov/drosophila/).
Primers and PCR conditions are available from the authors
upon request. Base calling and assembly were performed in
Sequencher 4.8.

Inverse polymerase chain reaction: Genomic DNA from a
single Mojave Desert isofemale line was digested with each of
four restriction enzymes according to manufacturer instruc-
tions (New England Biolabs): Acid, Mbol, Msel, and Tagl.
Digested fragments were then incubated with ~20 units
DNA ligase (Fermentas) at 17° overnight to generate circular-
ized DNA. Circularized DNA was then used for standard PCR
with inverted primers specific to the novel paralog. Primers
and PCR conditions are available from the authors upon
request.

Reverse transcriptase polymerase chain reaction: Total
RNA was extracted from 20 adult males, 20 adult female
reproductive tracts (oviduct, spermathecae, seminal recepta-
cle, parovaria, uterus), and 20 adult female carcasses (no
female reproductive tract) from a Mojave Desert isofemale
line using TRIZOL reagent (Invitrogen), according to manu-
facturer instructions. RNA was treated with Dnase [ (NEB) and
reverse transcribed with the iScript ¢cDNA synthesis Kkit
(Roche). Resultant cDNA was diluted to 5 ng/ul for all three
samples and used as template for standard PCR with ribosomal
protein 32 (control) and paralog-specific (experimental)
primers. Quantity of resultant product was compared on a
1% agarose gel stained with ethidium bromide. Primers and
PCR conditions are available from the authors upon request.

Polymorphism analyses: Haplotypes were phased in Arle-
quin (http:/lgb.unige.ch/arlequin/software/), and subse-
quent polymorphism analyses, estimation of population
parameters, and tests of selection were performed in DNAsp
(Rozas and Rozas 1995) and SITES (http:/lifesci.rutgers.
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edu/~heylab/ProgramsandData/Programs/SITES/SITES).
Sample sizes, sequence lengths, estimates of polymorphism,
site frequency spectra tests, and McDonald—Kreitman tests
(McDonNALD and KrerTmMAN 1991) for all loci are presented in
supplemental Table 1. Significance of site frequency spectra
statistics was assessed by coalescent simulations under the
conservative assumption of no recombination. For tests re-
quiring an outgroup, one or more D. arizonae orthologs were
used.

Gene conversion was detected by GENECONV (http:/
www.math.wustl.edu/~sawyer/geneconv/) within an align-
ment of all unique haplotypes for all paralogs using the
method of SAwYER (1989). Briefly, gene conversion tracts
between pairs of sequences are identified by stretches of
complete identity interspersed between two regions of con-
siderable mismatch or one region of mismatch and the end of
the alignment. Statistical significance of these fragments is
determined by permutation tests. Neighborjoining gene trees
(Sarrou and NEr 1987) were constructed in Paup*4.0b10
(Sworrorp 2000).

HEKA tests: Polymorphism data from all 10 random loci in
MACHADO et al. (2007) were partitioned into the four geo-
graphic populations of D. mojavensis and a single D. arizonae
outgroup sequence. Polymorphism and divergence for these
loci were measured in DNAsp (Rozas and Rozas 1995), and
neutrality was assessed by the method of HuDsON et al. (1987),
implemented in HKA (http:/lifesci.rutgers.edu/~heylab/
heylabsoftware.htm#HKA). For the complete set of 10 loci,
significant deviations from neutrality were detected in all four
populations of D. mojavensis. To identify a neutral sample, loci
with large deviations from expected values were sequentially
removed until the Pvalue of the HKA test was >0.1. The
neutral sample was then compared against experimental loci
using HKA.

Phylogenetic analyses: Consensus sequences were used to
eliminate mutations introduced by cloning or Taq DNA
polymerase. Sequences were additionally screened by eye to
identify PCR recombinants. No such chimeric sequences were
found. Phylogenetic relationships were inferred with Mr. Bayes
(http:/mrbayes.csit.fsu.edu/authors.php).

Codon-based analyses of adaptive evolution: Nested max-
imum-likelihood models of codon evolution were imple-
mented in the codeml program of PAML (YaNG 1997) and
compared using likelihood ratio tests. Two tests of positive
selection were performed. In the first test the neutral model
(M1) is compared with the selection model, in which a class of
sites is permitted to exhibit dy/ds (w) > 1 (M2). In the second
test, a B-distribution of site classes in which the most rapidly
evolving is constrained to = 1 (M7) was compared to a
similar model in which the most rapidly evolving site class is
permitted to exhibit w > 1 (M8). Multiple initial values of w
were used to ensure convergence on the likelihood optima.

Two additional tests were implemented to determine if
specific branches on the phylogeny had experienced adaptive
evolution. First, a free-ratios model, in which each branch is
allowed to have a different dy/ds, was compared to a model
where the dy/ds of the branch of interest was fixed to 1 (YANG
1998). Second, a branch site model, in which the branch of
interest is allowed a rapidly evolving class of sites, w > 1, was
compared to asimilar model in which wis fixed to 1 (YANG et al.
2005).

Three-dimensional modeling: Bayes empirical Bayes posi-
tively selected sites predicted under M8 (YANG 1997; YANG et al.
2005), catalytic sites (reviewed in POLGAR 2005), and protease
inhibitor sites (reviewed in SRINIVASAN el al. 2006) were
mapped to a predicted three-dimensional (3D) model for
GLEANR_898 obtained from Swiss-Model (SCHWEDE et al.
2003).

We tested for an association between positively selected sites
and protease inhibitor sites using a permutation test pre-
viously implemented in CLARK ef al. (2007).

The test statistic was the mean distance from each selected
site to the nearest inhibitor site. Each permutation identified
a random set of selected sites, equal in number to those
observed, and calculated the statistic for that set. Buried, core
sites were not considered for random sets, because they evolve
at a relatively slower rate than surface sites and are rarely
inferred as positively selected. This exclusion makes the
test more conservative. Buried sites were those with =10%
surface exposure per residue as calculated by GETAREA
(Fraczkiewicz and BRAUN 1998). A Pvalue was determined as
the fraction of random permutations with a mean distance
equal to or lower than the observed mean distance between
selected and inhibitor sites. The test for clustering of positively
selected sites was similar except that the test statistic was the
mean pairwise distance between all selected sites as described
in CLARK and SwaNsoN (2005).

RESULTS

A novel gene duplicate in the Mojave Desert
population: Consistent, reproducible heterozygosity in
sequence data for GLEANR_896 in multiple individuals
from seven isofemale lines derived from the Mojave
Desert population suggested the acquisition of a novel
paralog. Flanking sequence upstream of the novel
paralog generated by inverse PCR identified a break-
point with the repetitive element dmoj_2 (http:/
insects.eugenes.org/species/cgi-bin/gbrowse/dmoj/).
Although this repetitive element made subsequent
inverse PCR uninformative, test PCRs pairing a primer
on the breakpoint with multiple primers in the coding
sequences of GLEANR_896 and GLEANR_897 ampli-
fied an ~2-kb fragment between the breakpoint and the
3" end of GLEANR_897. The sequence of this fragment
included an additional breakpoint between dmoj_2
and the 3’ flanking sequence of GLEANR_897. We thus
hypothesize that the new paralog maps to the intergenic
sequence between GLEANR_897 and GLEANR_898
(Figure 1).

Using the breakpoint between the new paralog and
dmoj_2 we were able to design paralog-specific primers
and obtain sequence for 13 of 14 sampled isofemale
lines from the Mojave Desert. We were unable to amplify
the new paralog from any isofemale lines from main-
land Sonora, Catalina Island, or the Baja Peninsula.
Southern blots further confirmed that this paralog is
absent from all sampled isofemale lines from these
three localities (not shown).

To determine if and where the new paralog is ex-
pressed we performed semi-quantitative RT-PCR on
sexually mature adult males, sexually mature lower
female reproductive tracts, and sexually mature female
carcasses lacking their female reproductive tracts (sup-
plemental Figure 1). Similar to the other five paralogs,
the novel paralog was expressed exclusively in females,
with enriched expression in lower female reproductive
tracts (supplemental Figure 1). Resultant cDNA was
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F1GURE 1.—Genomic arrangement of the female reproduc-
tive tract protease gene family examined in this study. The
exon structure of six paralogs (open) and neighboring cod-
ing sequences (shaded) are indicated along an ~50-kb region
of D. mojavensis chromosome 3. The position of novel paralog,
not present in the sequenced strain of D. mojavensis, was de-
termined by PCR. Scale is indicated by 10-kb size marker.

sequenced to verify paralog identity. Collectively, these
data indicate that the Mojave Desert population re-
cently has acquired a novel paralog, whose expression
pattern suggests female-specific reproductive function.

Ectopic recombination: Ectopic recombination,
through both nonallelic homologous recombination
and gene conversion, facilitates exchange of genetic
information between paralogous members of a multi-
gene family. It is critical to describe ectopic recombina-
tion in population data, as this process can significantly
alter patterns of polymorphism in duplicated genes (INNAN
2003; THORNTON 2007). We employed GENECONV
(SAwWYER 1989) to identify pairs of divergent paralogous
haplotypes that share regions of complete identity, in-
dicative of gene conversion (Figure 3). No gene con-
version tracts were detected between the most basal
duplicate, GLEANR_2574, and any other paralog, sug-
gesting this paralog evolves independently (Figure 3).
Significant fragments, however, were detected for at
least one haplotype of all other paralogs in the gene
family (Figure 3).

The highest frequency of significant converted frag-
ments, as well as the longest average fragment length,

were observed between the adjacent, closely related
duplicates GLEANR_896, GLEANR_897, and the new
paralog (Figure 3; also see table of polymorphism, sup-
plemental Table 2). Gene genealogies of GLEANR_896
and GLEANR_897 haplotypes, furthermore, revealed
that these loci are not reciprocally monophyletic, sug-
gesting extensive ectopic recombination between paral-
ogous lineages (Figure 2, supplemental Table 2). In
contrast, no recombination is detected between genet-
ically and physically distant paralogs GLEANR_896 and
GLEANR_2575 (Figure 3). Ectopic recombination,
therefore, is negatively associated with both phyloge-
netic and physical distance.

In many cases, it was impossible to infer the direction-
ality of gene conversion, in terms of a donor and re-
cipient paralog. For GLEANR_896 and GLEANR_897,
however, putatively ancestral haplotypes group with the
D. arizonae ortholog, while converted haplotypes group
with the alternate paralog (Figure 2). Ancestral haplo-
types, furthermore, are found in all four populations,
while converted haplotypes are population specific.
Thus, converted haplotypes of GLEANR_896 have been
recipients of genetic variation from ancestral
GLEANR_897 donors, and reciprocally, converted hap-
lotypes of GLEANR_897 have been recipients of genetic
variation from ancestral GLEANR_896 donors (Figure
2). The approximate gene conversion tract length was
518 bp for GLEANR_896 conversion haplotypes and
443 bp for GLEANR_897 conversion haplotypes (of
~700 aligned bases), on the basis of visual examination
of polymorphic sites (see supplemental Table 2).

Ectopic recombination involving the genetically more
distant paralogs, GLEANR_898 and GLEANR_2575,
was not extensive enough to degrade allelic monophyly.
Gene genealogies of converted and unconverted re-
gions were therefore compared separately to determine
if the evolutionary history of these two portions of the
gene could be confidently inferred (Figure 4). In two
cases, gene conversion tracts from a set of recipient hap-
lotypes grouped with all haplotypes from a donor para-
log with high bootstrap support (Figure 4), indicating
the direction of gene conversion.

To explore the contribution of genetic exchange
between paralogs to genetic variation within popula-
tions, we estimated nucleotide diversity () for both the
complete set of sampled alleles from a given population,
as well as for the sample with all recipient alleles
excluded. In all cases, our estimate of 7 was lower when
recipient alleles were excluded (Table 1). In four cases,
furthermore, the observed decrease was greater than
two standard deviations, indicating that ectopic recom-
bination contributes significantly to standing variation
within populations (Table 1).

Segregating pseudogenes: Functional redundancy
between recent duplicates is predicted to result in
relaxed evolutionary constraint at individual paralogs,
allowing for the acquisition of deleterious mutations or



Duplicated Female Reproductive Protein Evolution 1455

Californig

Baja

California Q9 ]

100

Baja
California
Sur

= | CONVERTED
GLEANR_896

— 0.005 substitutions/site

complete loss of function (OHNO 1970; HUGHES 1994;
FORCE et al. 1999). Consistent with this prediction, we
found evidence of three distinct pseudogene haplotypes
in two different paralogs, GLEANR_2575 and
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Ficure 3.—Ectopic recombination. An alignment of all
unique haplotypes was used to detect significant fragments
of complete identity in GENECONYV, on the basis of the
method of SAWYER (1989). Branching relationships are from
KELLEHER et al. (2007) and this publication. Note that there is
some ambiguity concerning the placement of GLEANR_897.
The percentage of pairwise comparisons between paralogs
that show evidence of gene conversion is indicated by shading
in the boxes above the diagonal. The average length of iden-
tified conversion tracts between paralogs, and the standard
deviation of this estimate, are indicated in the boxes below
the diagonal.
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ANCESTRAL
GLEANR_896
F1GUure 2.—Neighborjoining analysis sampled
GLEANR_896, GLEANR_897, and new paralog
CONVERTED haplotypes. Bar length indicates number of sam-
GLEANR_897

pled individuals corresponding to each haplo-
type, and bar color is indicative of geographic
locality. * denotes a GLEANR_897 ancestral allele
that does not group with the remainder of its
haplogroup. Neighborjoining bootstrap values
are indicated above the relevant branch.

ANCESTRAL
GLEANR_897

GLEANR_898. In the Baja Peninsula population, one
premature stop codon and one frameshift deletion are
found in GLEANR_2575. These mutations occur prior
to the first of three amino acid residues that comprise
the catalytic triad (reviewed in POLGAR 2005), as well as
residues that determine substrate binding affinity (SPRANG
et al. 1988), thus rendering the protease completely
nonfunctional. Both alleles were resequenced to verify
the mutations did not reflect amplification or sequenc-
ing errors. One converted allele of GLEANR_897 sam-
pled from mainland Sonora also contained a frameshift
deletion, although insufficient DNA remained for rese-
quencing of this individual. This frameshift occurs be-
tween the second and third amino acids in the catalytic
triad, but prior to all residues that determine substrate
binding affinity, and likely also renders the protease
nonfunctional.

Pseudogene haplotypes often reflect relaxed purify-
ing selection, but can also be maintained as balanced
polymorphisms (HEXTER 1968; WIESENFELD 1968), or
sweep rapidly through populations in cases of adaptive
gene loss (STEDMAN et al. 2004; WANG et al. 20006).
GLEANR_2575 alleles sampled from the Baja Peninsula
and GLEANR_897 alleles from mainland Sonora do not
exhibit deviations from neutrality in McDonald—Kreitman
tests (McDoNALD and KreErTMAN 1991), nor do they
show a significant skew in the site frequency spectra
(supplemental Table 1). There is no evidence, there-
fore, that pseudogene haplotypes observed here confer
a selective advantage.

Deviations from neutrality at GLEANR_898: Stan-
dard McDonald-Kreitman (McDoNALD and KREITMAN
1991) tests for GLEANR_898 indicate an excess of
nonsynonymous polymorphism, relative to divergence,
in the Baja Peninsula, Catalina Island, and mainland
Sonora populations (Table 2). Intriguingly, both main-
land Sonora and Catalina Island exhibit segregating
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F1GURE 4.—Directional gene conversion in GLEANR_2575,
GLEANR_898, and GLEANR_897. Solid boxes denote indi-
vidual haplotypes of donor paralogs. Shaded boxes indicate
unconverted haplotypes of the recipient paralog. * denotes
converted haplotypes of the recipient paralog. (A) Neighbor-
joining analysis of GLEANR_897 (shaded) and GLEANR_898
(solid) haplotypes, excluding a 52-bp gene conversion tract.
(B) Neighborjoining analysis of GLEANR_897 (shaded) and
GLEANR_898 (solid) haplotypes, including only a 52-bp
gene conversion tract. (C) Neighborjoining analysis of
GLEANR_898 (shaded) and GLEANR_2575 (solid) haplo-
types, excluding a 72-bp gene conversion tract. (D) Neighbor-
joining analysis of GLEANR_898 (shaded) and GLEANR_2575
(solid) haplotypes, including only a 72-bp gene conversion
tract.

conversion alleles at this locus (Table 1). Although
Catalina Island no longer exhibits a deviation from
neutrality when segregating conversion alleles are
excluded from the analysis, the Gtest for mainland
Sonora remains significant (Table 2).

Balancing or diversifying selection is one possible
explanation for an excess of nonsynonymous polymor-
phism in a McDonald—Kreitman framework. In general,
these selective regimes are accompanied by other pat-
terns, such as an excess of intermediate frequency poly-
morphism, the appearance of two well-differentiated
haplogroups that exhibit significant linkage disequilib-

rium, or an excess of polymorphism relative to di-
vergence when compared to other loci (HuDSON et al.
1987). No excess of intermediate frequency polymor-
phism is observed either in mainland Sonora or in the
Baja Peninsula for GLEANR_898, as Tajima’s D (TAjiMA
1989) is slightly negative in both cases (Table 2). Two
well-differentiated haplotype groups, furthermore, are
not apparent in gene genealogies of this locus (not
shown). Z,, a measure of the correlation in allele
frequencies across polymorphic sites (KeLLy 1997),
does not indicate significant linkage disequilibrium at
this locus (not shown). Finally, an HKA test (Hubpson
et al. 1987) detects no excess of polymorphism, relative
to neutral loci (not shown). The data, therefore, pro-
vide little evidence that balancing selection is operating
on the GLEANR_898 locus in mainland Sonora or the
Baja Peninsula.

An alternate explanation for the observed excess of
replacement variation is that these sites represent
weakly deleterious variants that contribute only to poly-
morphism, but not to divergence. If so, the majority of
these variants should be segregating at low frequency
(Kimura 1983; NaAcHMAN 1998). Site frequency spectra
for silent and replacement sites in GLEANR_898 were
therefore compared separately for the mainland Sonora
and Baja California populations (Table 3). In both
populations, Tajima’s D (Tajima 1989) is slightly more
positive for replacement sites than for silent sites, the
opposite of what is expected for mildly deleterious
variants (Table 3). The observed excess of nonsynon-
ymous polymorphism, therefore, does not appear to
arise from weakly deleterious mutations.

A third explanation for the observed deviation from
neutrality is that a recent relaxation in functional
constraint may allow for the acquisition of replacement
mutations that were not tolerated under the previous
selective regime (TAkanaTa 1993). Although this sce-
nario is difficult to verify empirically, it is plausible for a
multigene family that may be undergoing antagonistic
molecular coevolution. The degree of ectopic recombi-
nation, as well as the frequency of segregating pseudo-
genes, suggests that the paralogs sampled here are at
least partially functionally redundant. If coevolving
interactors change their evolutionary “strategy,” paral-
ogs with formerly critical function could experience
relaxed selective constraint.

Evolutionary history of the novel paralog: Neighbor-
joining analysis indicates that the novel paralog found
in the Mojave Desert is most similar to converted alleles
of GLEANR_897 from mainland Sonora and the Baja
Peninsula (Figure 2). Because the new duplicate is a
chimera of GLEANR_896 and GLEANR_897, but is not
nested between these two paralogs (Figure 1), the
conversion haplotype and the gene duplication could
not have resulted from a single event of nonallelic
homologous recombination. The new paralog, there-
fore, likely has arisen via tandem duplication of a
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TABLE 1

Ectopic recombination contributes to genetic variation

Population Donor Recipient N, Nae s SD () T (nc)
Baja Peninsula GLEANR_898 GLEANR_897 7 5 0.0689 0.0127 0.0553
Baja Peninsula GLEANR_896 GLEANR_897 4 8 0.0689 0.0127 0.0110%**
Baja Peninsula GLEANR_897 GLEANR_896 7 6 0.0787 0.0082 0.01378?%:*
Mainland Sonora GLEANR_2575 GLEANR_898 1 6 0.0136 0.0026 0.0108
Mainland Sonora GLEANR_897 GLEANR_898 1 11 0.0564 0.0180 0.0453
Mainland Sonora GLEANR_897 GLEANR_896 9 12 0.0564 0.0180 0.0240
Catalina Island GLEANR_2575 GLEANR_898 1 6 0.0085 0.0039 0.0000*
Catalina Island GLEANR_897 GLEANR_896 ) 2 0.0725 0.0238 0.00673*

For individual paralogs, nucleotide diversity was estimated for the complete data set (), as well as for the data set with con-
version alleles excluded [7 (nc)]. N, the number of sampled recipient conversion alleles; N, the number of sampled alleles that
were not recipients of gene conversions. * denotes greater than two standard deviations below . ** denotes greater than three
standard deviations below . *#* denotes greater than four standard deviations below .

segregating conversion allele of GLEANR_897. Al-
though it is impossible to determine the history of this
gene with confidence, Figure 5 outlines a mechanism
for the creation of the Mojave Desert chromosome with
the fewest mutational steps. First, a gene conversion
event from GLEANR_896 to GLEANR_897 creates a
converted GLEANR_897 allele. Second, unequal cross-
ing over, mediated by homologous or repetitive flanking
sequence, results in a tandem gene duplication event.
Third, this duplicated chromosome rises to high fre-
quency in the Mojave Desert population.

It is intriguing that the duplication event in the
Mojave Desert population unites the converted and
unconverted haplotypes of GLEANR_897 on a single
chromosome. This result is reminiscent of models in
which two alleles are maintained as a balanced poly-
morphism, and a subsequent gene duplication experi-
ences immediate directional selection due to heterosis
(SporrorDp 1969; OuNo 1970; OTTO and YoNG 2002;
WaLsH 2003; ProurLx and PHiLLIPS 2006). If GLEANR_
897 converted and unconverted haplotypes represent a
balanced polymorphism, the GLEANR_897 converted
haplotype should have arisen by a single ancestral gene

conversion event, prior to the divergence of the main-
land Sonora, Baja Peninsula, and Mojave Desert pop-
ulations (0.45-0.68 MYA) (REED et al. 2007; MATZKIN
2008).

Although, all GLEANR_897 haplotypes group to-
gether with high bootstrap support (Figure 2), this is
not necessarily indicative of a single mutational origin
for the converted haplotype. If ectopic recombination
between paralogs is more frequent, or more frequently
tolerated, in certain genetic regions, similar chimeric
haplotypes could be generated continuously by gene
conversion. If so, a considerable number of shared
polymorphisms are expected between GLEANR_897
converted alleles and GLEANR_896 ancestral alleles
within the converted region. The number of private and
shared polymorphisms in converted GLEANR_897
alleles and GLEANR_896 ancestral alleles within the
converted region are presented in Table 4. In the main-
land Sonora population only one polymorphism is
shared between converted and ancestral alleles (Table
4), suggesting that converted alleles are not continu-
ously sampling genetic variation from ancestral haplo-
types. In Baja Peninsula, where eight shared polymorphisms

TABLE 2
Deviations from neutrality in GLEANR_898

Standard MK test Standard MK test (no conversion)

Polymorphic  Fixed Test Polymorphic Fixed Test Tajima’s D
Baja Peninsula Syn. + nc 9 35 G-test —0.69
Nonsyn. 13 12 ok NS
Catalina Island Syn. + nc 14 31 G-test 0 15 NA —1.69
Nonsyn. 13 10 * 0 7 w3
Mojave Desert Syn. + nc 6 35 G-test -1.43
Nonsyn. 4 12 NS *
Mainland Sonora  Syn. + nc 12 31 G-test 3 17 G-test —0.10
Nonsyn. 18 12 ok 13 7 o NS

McDonald-Kreitman tests utilized D. arizonae as an outgroup. Lineage-specific McDonald-Kreitman tests were polarized with
Dmoj\GLEANR_2575. Syn., synonymous; nonsyn., nonsynonymous. *P < 0.05; *#*P < 0.01.
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TABLE 3

Estimates of Tajima’s D for silent and replacement sites
in GLEANR_898

Tajima’s D

Baja Peninsula Mainland Sonora

All —0.69 —0.10
Silent —0.88 0.70
Replacement —0.48 —0.35

are seen, the polymorphisms are associated with only
two ectopic recombination events. Collectively, there-
fore, the data do not suggest a high frequency of gene
conversion from GLEANR_896 ancestral alleles to
GLEANR_897 converted alleles. This result is in stark
contrast to GLEANR_896 converted and GLEANR_897
ancestral alleles, which exhibit a high frequency of
shared polymorphisms indicative of ongoing gene
conversion (Table 4).

If the GLEANR_897 converted haplotype is an old
balanced polymorphism, itis predicted to have acquired
and maintained its own set of genetic variation. Consis-
tent with this hypothesis, this haplogroup exhibits one
silent and two replacement polymorphisms, fixed or at
high frequency (>60%) among these alleles, which are
not present in any other haplotype of GLEANR_896 or
GLEANR_897 in D. mojavensis. A third amino acid
variant, fixed in the GLEANR_897 haplogroup, is pre-
sent in only one sampled haplotype of GLEANR_896
and was entirely absent from unconverted haplotypes of
GLEANR_897. Intriguingly, the three amino acid var-
iants, also found in the new paralog from the Mojave
Desert, are shared with D. arizonae GLEANR_896. Sites
that are shared with an outgroup are inferred to
represent the ancestral state. Thus, the conversion tract
in GLEANR_897 converted haplotypes appears to be
derived from an ancestral allele of GLEANR_896 that is
no longer segregating in any D. mojavensis population.
Ancestral variation is expected if the converted haplo-
type resulted from an ancient gene conversion event
that occurred prior to the radiation of the mainland
Sonora, Baja Peninsula, and Mojave Desert populations.

The confounding nature of gene conversion makes it
problematic to present a compelling argument that the
maintenance of GLEANR_897 converted and ancestral
haplotypes is the result of balancing selection. Extensive
gene conversion generates slightly positive values of
Tajima’s D (TajiMa 1989), and furthermore, makes this
statistic extremely conservative because the variance of
the test statistic is over estimated (INNAN 2003). Simi-
larly, HKA tests are inappropriate assessments of bal-
ancing selection for duplicates undergoing gene
conversion because recombining paralogs are on aver-
age more polymorphic than single-copy loci (INNAN
2003; THORNTON 2007). Nonetheless, our data do
suggest that the two haplotypes are old, have been

GLEANR_897 GLEANR_896

gene
conversion

non-homologous

New Paralog J recombination

J fixation
— . S @ @@
—— I
— s [

Frcure 5.—Hypothesized mechanism for the origin of a
new paralog in the Mojave Desert population. Two tandem
duplicates, GLEANR_897 (solid) and GLEANR_896 (shaded),
are indicated on a chromosome. A gene conversion event re-
sults in a novel allele GLEANR_897. Unequal crossing over be-
tween an ancestral and a converted chromosome then results
in a novel tandem duplicate. The duplicated chromosome is
then fixed in the Mojave Desert.

retained in two of four geographically isolated popula-
tions of D. mojavensis for at least 0.45 MY, and have
duplicated in a third population. The degree of linkage
disequilibrium in both mainland Sonora (Z,; = 0.69,
P=0.01) and the Baja Peninsula (Z,; = 0.82, P=0.00),
furthermore, indicates little recombination has oc-
curred between haplogroups during this time. Deter-
mining the role of natural selection in maintaining the
GLEANR_897 converted and ancestral polymorphism
will present an important challenge for future studies.
Although our data suggest that gene duplication was
preceded by allelic divergence between the GLEANR _
897 ancestral and GLEANR_897 converted haplotypes,
GLEANR_897 converted haplotypes are separated from
the new paralog by an average of 20 nucleotide differ-
ences (~3%). The majority of these differences are
inside the gene conversion tract. To explore if gene
duplication may have been followed by a period of
adaptive evolution, we estimated the corrected ratio of
nonsynonymous to synonymous divergence (dy/ds) for
this branch in the portion of the alignment contiguous
with the conversion tract (YANG 1998). Although the
branch leading to the novel paralog does exhibit dy/ds
of 1.25, consistent with adaptive evolution, this value
does not provide a significantly better fit to the data than
a model where the value is fixed to 1 (P = 1.00). A
branch-site model, in which only a subset of sites on this
branch were hypothesized to experience positive selec-
tion, similarly did not provide a significantly better fit
to the data than a model that does not incorporate
adaptive evolution (P= 1.00; YANG et al. 2005). Although
these analyses provide little evidence for adaptive pro-
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TABLE 4
Private and shared polymorphisms in ancestral and converted haplogroups of GLEANR_896 and GLEANR_897

Length
converted % ancestral % converted
Haplogroup Population region Ancestral § Shared § Converted § shared shared
GLEANR_897 converted Baja Peninsula 443 bp 20 8 3 28.57 72.73
GLEANR_897 converted Mainland Sonora 443 bp 22 1 4 4.30 20.00
GLEANR_896 converted Baja Peninsula 518 bp 3 6 2 66.67 80.00
GLEANR_896 converted Catalina Island 518 bp 1 2 1 66.67 66.67

Ancestral S, private polymorphisms in the ancestral (or donor) haplogroup in the converted region. For GLEANR_897 con-
verted, the ancestral haplogroup is GLEANR_896 ancestral, and for GLEANR_896 the ancestral haplogroup is GLEANR_897 an-
cestral. Shared S, number of shared polymorphisms between ancestral and converted haplogroups. Converted S, private
polymorphisms in the converted (or recipient) haplogroup within the converted region. % ancestral shared, the percentage
of polymorphisms in the ancestral haplogroup that are shared with the converted haplogroup. % converted shared, the percent-

age of polymorphisms in the converted haplogroup that are shared with the ancestral haplogroup.

tein evolution following gene duplication, it is important
to remember that their statistical power is extremely
limited for branches where few changes have occurred.

Directional selection: Although segregation of dele-
terious mutations clearly suggests relaxed purifying
selection at some loci in this multigene family, we also
find evidence for positive directional selection, a fre-
quent observation among reproductive proteins (re-
viewed in SWANSON and VACQUIER 2002; CLARK ef al.
2006; PANHUIS et al. 2006). Catalina Island flies show an
excess of low-frequency polymorphism at GLEANR_898
and GLEANR_897, a possible indicator of recent di-
rectional selection (Table 5). Similarly, Mojave Desert
flies exhibit an excess of low-frequency polymorphism at
GLEANR_898, and no segregating sites at GLEANR_897,
GLEANR_896, or the new paralog (Table 4; supplemen-
tal Table 1). A reanalysis of seven autosomal and three
sex-linked random loci sampled in MACHADO et al.
(2007) does not detect any significant skew toward pos-
itive or negative values in site frequency spectra tests for
either of these populations (supplemental Table 3). The
observed excess of rare polymorphism, therefore, does
not appear to result from demographic processes such as
a recent population expansion. Gene conversion, fur-
thermore, is known to skew Tajima’s D marginally positive
(INNAN 2003; THORNTON 2007), making the observation
of significantly negative values highly unexpected.

To further test the hypothesis of directional selection,
polymorphism and divergence between our experimen-
tal loci and a group of loci that behave neutrally (MACHADO
et al. 2007; see MATERIALS AND METHODS) were com-
pared by the HKA test (HuDpsoN et al. 1987; Table 5).
When including GLEANR_896 and GLEANR_897 in
the data set, no deviations from neutrality were detected
for the Catalina Island population (Table 5). It is im-
portant to note, however, that the HKA test is extremely
conservative for duplicate genes experiencing ectopic
recombination, as the expected level of polymorphism
is higher than for single-copy loci (INNAN 2003; THORNTON
2007). For the Mojave Desert population, GLEANR_897,

aswell as a test thatincluded GLEANR_898, GLEANR_897,
and GLEANR_896, both showed an excess of diver-
gence consistent with directional selection. Although
we cannot infer the causative mutation responsible for
these patterns, it is intriguing that the selective sweep is
associated with a chromosome harboring a novel du-
plicate. The novel duplicate could be adaptive because
of its specific sequence, or alternatively, simply because
it represents an additional gene copy.

Duplication and adaptive evolution in the repleta
species group: To further elucidate the evolutionary
history of this gene family, we sequenced paralogs across
five repleta group species, D. mojavensis, D. arizonae, D.
navajoa, D. mayaguana, and D. meltleri. Sequence data
from the D. grimshawi and D. virilis genomes provided
appropriate outgroups. Bayesian phylogenetic infer-
ence of 22 orthologs and paralogs indicates that the
genes exist as a single copy in D. grimshawiand D. virilis,
whereas three or more copies exist in all repleta group
species (Figure 6). The radiation of the gene family,
therefore, appears lineage specific to the repleta species
group. D. mojavensis, D. navajoa, D. mayaguana, and D.
meltleri, furthermore, all exhibit two paralogs that are
more closely related to each other than to any other
sequence in the alignment. This pattern, common to
multigene families, suggests either ongoing gain and
loss of individual paralogs or concerted evolution by
extensive ectopic recombination (reviewed in NErI and
RoonNEYy 2005). GENECONV detected a significant
fragment in at least one paralog from D. mojavensis, D.
arizonae, D. mettleri, and D. mayaguana, indicating ectopic
recombination contributes to divergence of this multi-
gene family. No significant fragments are found be-
tween lineage-specific paralogs from D. navajoa or D.
mayaguana however, suggesting these are authentic
lineage-specific duplicates. Observation of a mnovel
paralog and segregating pseudogenes in the polymor-
phism data further supports the assertion that lineage-
specific gain and loss is an ongoing process in the
evolution of this gene family.



1460

E. S. Kelleher and T. A. Markow

TABLE 5
HKA and site-frequency spectra analysis of GLEANR_898, GLEANR_897, and GLEANR_896

Intraspecific Interspecific
Population Locus Inheritance length S length D Tajima’s D
Catalina Island 996 Autosomal 856 2 827 38.50 —0.71
5239« Autosomal 870 1 870 13.25 —0.61
5246¢ Autosomal 872 0 849 22.00 NA
A4125¢ Autosomal 880 4 871 49.00 —0.78
X100 Sex linked 875 0 849 46.00 NA
GLEANR_898 Autosomal 710 21 710 54.29 —1.69%*
GLEANR_897 Autosomal 682 34 682 88.28 —1.45%
Neutral x* = 2.77 P=0.54
Neutral + 898 x* = 8.8493 P=0.12
Neutral + 897 x* = 8.3066 P=0.14
Neutral + 898 + 897 x? = 9.23 P=0.16
Mojave Desert 996 Autosomal 856 1 827 40.25 —0.61
1343« Autosomal 886 1 869 9.25 —0.61
5239« Autosomal 870 3 870 14.75 —0.75
5246« Autosomal 870 1 850 16.25 —0.61
A4115" Autosomal 824 2 824 16.50 —0.71
A4125° Autosomal 917 4 908 48.00 0.65
X100 Sex linked 911 3 890 47.50 0.17
GLEANR_898 Autosomal 710 4 710 49.22 —1.43%
GLEANR_897 Autosomal 691 0 691 100.91 NA
GLEANR_896 Autosomal 697 0 697 75.00 NA
Neutral x* = 2.59 P=10.84
Neutral + 898 x* = 3.10 P=0.87
Neutral + 897 x? = 14.06 P=0.05
Neutral + 896 x* = 11.21 P=0.13
Neutral + 898 + 897 x? = 22.40 P = 0.008

S, number of segregating sites; D, divergence from D. arizonae ortholog. x* and Pvalues for multiple HKA tests performed in

HKA (http:/lifesci.rutgers.edu/~heylab/heylabsoftware.htm#HKA) are reported. *P < 0.05; **P < 0.01.

“Sequences from MACHADO et al. (2007).

To determine if the gene family has experienced
positive selection within the repleta species group, we
implemented maximum-likelihood codon based mod-
elsin PAML (YANG 1997). For this analysis, all nodes with
a posterior probability of <90 (Figure 6) were collapsed
to polytomies to prevent spurious results due to in-
accuracy in the tree topology. For two different tests of
positive selection, amodel that allowed for a class of sites
that evolves adaptively (dn/ds > 1) provided a signifi-
cantly better fit to the data than a model that did not
(Table 6). The detected signature of adaptive evolution
is consistent with our previous analysis (KELLEHER et al.
2007).

Two aspects of our data could lead to an incorrect
inference of adaptive evolution in this type of analysis.
First, sequences from D. navajoa, D. mayaguana, and D.
meltler: were obtained from cloned PCR products,
meaning there could be mutations in the aligment that
have been introduced by Taq DNA polymerase. All
cloned sequences in the alignment, however, are a
consensus of three or more colonies except D. mettleri-1
and D. mettleri-2, and should therefore be free of PCR
introduced mutations. A reanalysis of the data with D.
mettleri-1 and D. mettleri-2 excluded still yields highly

significant tests, indicating the inference of adaptive
evolution is not the result of PCR error (Table 6).

The observed gene conversion in our alignment
could also lead to spurious results in codon-based
analysis of adaptive evolution, as recombination is
known to cause false positives for this class of tests
(An1siMova et al. 2003). To avoid this problem, two
subsets of the alignment thatincluded only one of a pair
or group of sequences with evidence for gene conver-
sion were created (Table 6). Analyses of these pruned
alignments were still highly significant, indicating that
the observed adaptive evolution is independent of gene
conversion.

Depending on the data set, likelihood analysis sug-
gests that between 3 and 13% of sites are experiencing
positive selection, with an estimated dy/ds between 1.7
and 3.02 (Table 6). Bayes empirical Bayes selected sites
(YANG et al. 2005), furthermore, are remarkably con-
gruent between different data sets and different models
(Table 6; Figure 7). Selected sites (solid), often are
observed to be closely associated with sites important to
protease inhibitor susceptibility and resistance (Figure
7; reviewed in SRINIVASAN et al. 2006). Indeed, three
selected sites and protease inhibitor interaction sites
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FIGURE 6.—Bayesian phylogeny of 22 orthologs and paral-
ogs from seven Drosophila species. Posterior probabilities are
indicated.

occur at the same residue: a statistically significant
excess (Fisher’s exact test, P = 0.0085).

To further explore if selected sites and protease
inhibitor interaction sites are associated in three-
dimensional space, we compared the average pairwise
distance between each selected site and the closest pro-
tease inhibitor interaction site to 1076 sets of randomly
sampled sites. Selected sites are significantly closer to
protease inhibitor interaction sites than expected by
chance (P = 0.02220), indicating that these two groups
of sites are physically associated within the structure of
the protein. This result does not reflect a spurious
association of a cluster of selected sites with a single
protease inhibitor site, as selected sites are not signifi-
cantly clustered with each other (P= 0.31839).

DISCUSSION

Several aspects of our data suggest that the protease
gene family examined here evolves nonindependently
as a functionally redundant complex. First, we observed
ectopic recombination between five of six paralogs within
this gene family. Although our data do not indicate
whether ectopic recombination is a source of adaptive
genetic variation, in many cases conversion tracts were

segregating at intermediate or high frequency, indicat-
ing that these mutations are not significantly deleteri-
ous. Considerable interchange of divergent sequence
implies functional overlap between the encoded proteins.

Paralogs with partially or completely overlapping
functions are expected to experience relaxed evolution-
ary constraint (OuNo 1970; HucHEs 1994; FORCE et al.
1999). Consistent with this prediction, we find two
indicators of relaxed constraint at three different loci
in this multigene family. First, GLEANR_898 exhibits an
excess of replacement polymorphism but no evidence
for balancing selection or the segregation of weakly
deleterious mutations. This deviation from neutrality,
therefore, may indicate that a recent relaxation in
functional constraint has allowed for the accumulation
of mutations that were not tolerated in the previous
selective regime (TAKAHATA 1993; NACHMAN 1998).
Second, we discovered three distinct pseudogene hap-
lotypes in two different paralogs. In all three cases, the
relevant mutations likely rendered the protein com-
pletely nonfunctional. The prevalence of such haplo-
types in our sample would suggest that purifying
selection is relatively weak.

Although relaxed constraint may imply these pro-
teases have little or no important function, evidence for
adaptive evolution within this gene family would suggest
otherwise. Our analysis of divergence across the repleta
species group asserts that these genes are evolving
rapidly and adaptively, consistent with a critical role in
organismal fitness. The Mojave Desert population,
furthermore, exhibited an elevated ratio of divergence
to polymorphism in GLEANR_897, as well as an excess
of rare variants at the adjacent GLEANR_898, indicative
of recent directional selection in this genomic region.
Although we found no compelling evidence of adaptive
evolution in the remaining three populations, this may
reflect the limited framework for detecting deviations
from neutrality in the complex scenario of multiple
paralogs undergoing gene conversion (INNAN 2003;
THORNTON 2007).

We propose that the observed pattern of relaxed
constraint paired with positive directional selection
reflects an intriguing evolutionary mechanism em-
ployed by repleta group females. By tolerating a larger
array of genetic variation, generated by single base pair
mutations, ectopic recombination, and gene duplica-
tion, females can more rapidly explore adaptive space to
generate novel advantageous variants. This strategy has
long been hypothesized to explain the complex evolu-
tionary histories of vertebrate MHC alleles, and their
role in immune response, although the empirical data
remain controversial (reviewed in MARTINSOHN et al.
1999; Nrr and RoonNey 2005). Interestingly, several
single-copy reproductive proteins exhibit a similar
pattern of elevated polymorphism within populations,
but exhibit rapid, adaptive evolution between species
(SwANSON et al. 2001; GALINDO et al. 2003; TURNER and
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TABLE 6
Maximum-likelihood codon-based analysis of positive selection in the repleta species group
Data set M1 M2 LRT P P(s) ® BEB selected sites
Full alignment —7424.47 —7388.35 7224 1.91E17 0.08 2.80 68,132, 133, 135, 253
Exclude D. mettleri-1, —6642.72 —6619.94 45.55 1.49F11 0.07 2.63 68, 132, 133, 135, 253
D. mettleri-2
Exclude D. mettleri-1, D. meitleri-2, —5726.11 —5703.86 44.49 2.55E11 0.08 2.79 68, 132, 133, 135, 253
Dmoj\GLEANR_897, D. arizonae-4,
D. arizonae-5, Dvir\GLEANR_2181
Exclude D. mettleri-1, D. meitleri-2, —5265.49 —5258.06 14.88 1.15£04 0.03 3.02 253
Dmoj\GLEANR_896,
Dmoj\GLEANR_898,
Dmoj\NEW_PARALOG,
D. arizonae-1, D. arizonae-2,
D. arizonae-5, D. mayaguana-1
Data set M7 M8 LRT P P(s) ® BEB selected sites
Full alignment —7426.01 —7376.89 98.23 3.72E23 0.13 2.11 68, 73, 112, 113, 132, 133,
185, 179, 184, 187, 204,
208, 211, 209, 253
Exclude D. mettleri-1, D. mettleri-2 —6643.22 —6608.53 69.37 8.16E17 0.13 1.92 68, 73, 112, 132, 133, 135,
179, 187, 204, 253
Exclude D. mettleri-1, D. mettleri-2, —5734.58 —5698.60 71.96 2.19E17 0.14 2.08 68, 73, 112, 113, 132, 133,
Dmoj\GLEANR_897, D. arizonae-4, 135, 179, 187, 204, 208,
D. arizonae-5, DVin\GLEANR_2181 209, 253, 257
Exclude D. mettleri-1, D. meitleri-2, —5269.09 —5253.85 30.48 3.38K08 0.11 1.70 68,112, 113, 133, 135,

Dmoj\GLEANR_896, Dmoj\GLEANR_898,
Dmoj\NEW_PARALOG, D. arizonae-1,

D. arizonae-2, D. arizonae-5, D. mayaguana-1

179, 187, 253

M1, M2, M7, and M8 denote codon models implemented in PAML (YANG 1997). LRT, the value of the likelihood ratio test
between nested models. P, the probability of the LRT under a x* distribution. P(s), proportion of sites in the positively selected
site class. w, estimated dy/ds of the positively selected site class. BEB selected sites, Bayes empirical Bayes predicted selected sites

for the given selection model (YANG et al. 2005).

Horkstra 2006, 2008; GaspeEr and SwansoN 2006;
Hamwm et al. 2007; Moy et al. 2008).

Mathematical models of sexual conflict predict that
females can halt the evolutionary chase of a male
interactor by splitting into two divergent haplogroups
(GAVRILETS and WAXMAN 2002; HavAsHI ef al. 2007).
Although our data provide no compelling evidence of
balancing selection, itis easy to envision how a complex
of paralogs that duplicate and recombine could be
adaptive in the context of sexually antagonistic co-
evolution. Determining the relative roles of sexual
conflict and cryptic female choice in shaping the
evolutionary history of the proteases examined here,
however, will require a significantly more detailed un-
derstanding of their biochemical and physiological
functions.

If the gene family examined here is engaged in an
evolutionary dynamic with components of the male
ejaculate, its history within populations is expected to be
a unique reflection of this coevolutionary trajectory.
Consistent with this prediction, the patterns of pseudo-
genation, duplication, gene conversion, and adaptive

evolution exhibited by the female reproductive pro-
teases examined in this study are largely population
specific. Ectopic recombination between GLEANR_896
and GLEANR_897 is biased in opposite directions be-
tween the mainland Sonora and Catalina Island pop-
ulations. Pseudogene haplotypes and acquisition of a
novel paralog were also confined to a single population.
Finally, all deviations from neutrality were population
specific, as predicted if the selective pressure experi-
enced by this gene family is determined by a distinct
intersexual dynamic.

The identities of male interactors for the female
proteases examined here remain obscure; however, it
is intriguing that positively selected sites in this gene
family are significantly associated with residues known
to determine protease inhibitor susceptibility (reviewed
in SRINIVASAN et al. 2006). Protease inhibitors are found
in the male ejaculates of both D. mojavensis (WAGSTAFF
and BEGUN 2005), and D. melanogaster (SWANSON et al.
2001; FINDLAY et al. 2008). Consistent with the hypoth-
esis that male protease inhibitors regulate female pro-
teases, trypsin and elastase-like serine-endoprotease
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F1GURE 7.—Predicted 3D structure of GLEANR_898. Bayes
empirical Bayes selected sites identified under M8 (YANG
1997; YANG et al. 2005) identified with at least two data sets
are solid. Sites that are determinants of protease inhibitor sus-
ceptibility are open (reviewed in SRINIVASAN el al. 2006).
Shaded sites comprise the catalytic triad (reviewed in POLGAR
2005). Selected sites 133, 135, and 253 also are determinants
of inhibitor susceptibility (SRINIVASAN et al. 2006).

activity in D. arizonae female reproductive tracts is ob-
served to decrease after mating (E. S. KELLEHER and
J- E. PENNINGTON, unpublished results). Adaptive evolu-
tion of female proteases, therefore, may reflect molec-
ular coevolution with protease inhibitors in the male
ejaculate, as previously suggested for D. melanogaster re-
productive proteases and inhibitors (WONG et al. 2008).

We previously have hypothesized that the proteases
examined here may play a role in the degradation of the
insemination reaction in mated females (KELLEHER
et al. 2007). This opaque mass that fills the uterus after
mating (PATTERSON 1946) differs in severity between
the four populations of D. mojavensis (KNOWLES and
Markow 2001). Male and female contributions to this
process, furthermore, are thought to coevolve antago-
nistically between the sexes (KNOwLES and MARKOW
2001). It is exciting, therefore, that the evolutionary
history of the novel paralog is correlated with insemi-
nation reaction mass size differences between popula-
tions. Specifically, the Mojave Desert population
exhibits the largest reaction mass in intrapopulation
crosses (KNowLEs and Markow 2001), as well as a gene
duplication event that engendered permanent hetero-
zygosity for the converted and unconverted alleles of
GLEANR_897. This chromosomal region, furthermore,
is associated with a recent selective sweep. Similarly, the
mainland Sonora and Baja Peninsula populations ex-
hibit intermediate reaction mass sizes (KNOwLES and
Markow 2001), and evidence of an old polymorphism
between converted and unconverted GLEANR_897
haplogroups. Finally, the Catalina Island population
exhibits the smallest reaction mass (KNOWLES and
Markow 2001), and evidence for neither an old poly-
morphism nor a novel paralog. Future genetic studies
of these proteins will shed light on their potential role
in intersexual dynamics and determination of reaction
mass size.

Extensive research in a broad range of taxa has
demonstrated that proteins involved in sexual repro-
duction evolve rapidly (SwWANSON and VACQUIER 2002;
CLARK et al. 2006; PANHUIS et al. 2006). The complex

history exhibited by the protease gene family examined
here, however, includes pseudogenation, duplication,
gene conversion, and positive selection. Although many
of these processes previously have been observed in
reproductive proteins (AcUADE 1998; CIrReEra and
AcuaDpE 1998; SwansoN and VAcCQUIER 1998), their
integration in a single gene family represents a novel
and intriguing observation in the study of reproductive
protein evolution. The divergence of these genes
between four well-structured populations of D. mojaven-
sis with evidence of ejaculate—female coadaptation
(KnowrLes and Markow 2001; PrrNick et al. 2003;
KNOwWLES et al. 2005; KELLEHER and Markow 2007),
furthermore, suggests an exciting role for gene family
evolution in the mediation of intersexual dynamics.
Documenting this unique evolutionary history in a
female reproductive protein highlights the underex-
plored “female side” of reproductive tract interactions.

Gene duplication recently has emerged as an integral
aspect of reproductive protein evolution in Drosophila.
Lineage-specific duplicates are common among Dro-
sophila reproductive proteins (CIRERA and AGUADE
1998; LoprPIN et al. 2005; Dorus et al. 2008; FINDLAY
et al. 2008), particularly within the repleta species group
(KELLEHER et al. 2007; WAGsTAFF and BeEGcUN 2007;
ArLMEIDA and DEsALLE 2008, 2009). Genomewide pat-
terns of gene gain and loss across twelve Drosophila
genomes, furthermore, indicates proteins involved in
sexual reproduction turn over more rapidly than other
functional classes (HAHN et al. 2007). Finally, D. mela-
nogaster genes with copy-number polymorphism are
enriched for proteins expressed in the male accessory
gland (DopmAN and HARTL 2007), the primary site for
production of seminal fluid protein in Drosophila
(reviewed in WOLFNER 2002). Elucidating the role of
gene family evolution in determining reproductive
success, mediating intersexual dynamics, or both,
presents an exciting avenue for future research.
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