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Abstract

In a variety of animal taxa, proteins involved in reproduction evolve more rapidly than non-
reproductive proteins. Most studies of reproductive protein evolution, however, focus on
divergence between species, and little is known about differentiation among populations
within a species. Here we investigate the molecular population genetics of the protein ZP3
within two Peromyscus species. ZP3 is an egg coat protein involved in primary binding of
egg and sperm and is essential for fertilization. We find that amino acid polymorphism in
the sperm-combining region of ZP3 is high relative to silent polymorphism in both species
of Peromyscus. In addition, while there is geographical structure at a mitochondrial gene
(Cytb), anuclear gene (Lcat) and eight microsatellite loci, we find no evidence for geographical
structure at Zp3 in Peromyscus truei. These patterns are consistent with the maintenance of
ZP3 alleles by balancing selection, possibly due to sexual conflict or pathogen resistance.
However, we do not find evidence that reinforcement promotes ZP3 diversification; allelic
variation in P. truei is similar among populations, including populations allopatric and
sympatric with sibling species. In fact, most alleles are present in all populations sampled
across P. truei’s range. While additional data are needed to identify the precise evolutionary
forces responsible for sequence variation in ZP3, our results suggest that in Peromyscus,
selection to maintain divergent alleles within species contributes to the pattern of rapid
amino acid substitution observed among species.
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Introduction

One of the most striking genetic patterns seen in animals is
that proteins involved in reproduction often evolve much
more rapidly than do nonreproductive proteins (Singh &
Kulathinal 2000; Swanson & Vacquier 2002b; Clark et al.
2006). In mammals, evidence for rapid reproductive protein
evolution comes from comparing widely divergent species
(Queralt et al. 1995; Swanson et al. 2001, 2003; Torgerson et al.
2002; Glassey & Civetta 2004) or comparing diverse species
within orders (Retief et al. 1993; Wyckoff et al. 2000; Kingan
et al. 2003; Dorus et al. 2004; Clark & Swanson 2005; Podlaha
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et al. 2005). Only a few studies have focused on comparisons
of closely related species (Jansa et al. 2003; Turner & Hoekstra
2006) or on populations within a single species.

In fact, intraspecific studies of reproductive protein var-
iation have been limited to invertebrates. In these studies,
patterns of genetic variation differ among proteins and among
taxa. In some cases (e.g. sea urchin bindin, Metz & Palumbi
1996; Drosophila accessory gland proteins, Begun et al. 2000;
Wagstaff & Begun 2005), amino acid variation is extensive,
while in others (e.g. abalone lysin, Lee et al. 1995), variation
is limited or absent. In some species, population-genetic
data support a role for natural selection in driving the
evolution of fertilization proteins, with directional selection
operating in some instances and balancing selection in
others. For example, there is evidence for recent positive
selection on seminal proteins (accessory gland proteins, Acps)
in several species of Drosophila (Begun et al. 2000; Wagstaff
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& Begun 2005) and on female reproductive-tract proteins
in D. melanogaster (Panhuis & Swanson 2006).

We know much less, however, about the patterns of
reproductive protein variation within mammalian species
or about the evolutionary forces affecting these patterns
(reviewed in Turner & Hoekstra in press). At present, surveys
of intraspecific variation are limited to two sperm proteins,
zonadhesin and PKDRE]J, in humans. In both cases, sliding
window analyses of nucleotide variation suggest some
protein regions may be subject to balancing selection, whereas
other regions may be subject to directional selection (Gasper
& Swanson 2006; Hamm et al. 2007).

Proteins directly involved in gamete interaction are
likely targets of natural and sexual selection. In mammals,
the initial binding of sperm to the zona pellucida, or egg coat,
is thought to be the critical step of sperm-egg recognition.
The sperm protein(s) involved in this interaction have
not yet been identified, but the egg protein ZP3 (zona
pellucida 3) is essential in sperm binding (Wassarman
et al. 2001). In vitro binding assays indicate that interaction with
sperm occurs in a small region of ZP3 known as the ‘sperm-
combining’ region (Kinloch et al. 1995). In the laboratory
mouse, amino acid substitutions at critical sites in the sperm-
combining region (Chen et al. 1998) or replacement of the
region with hamster sequence (Williams et al. 2006) reduces
the strength of sperm binding. ZP3 was long thought to be
the single primary sperm-receptor protein, but a recent model
of egg—sperm interaction, based on evidence from transgenic
studies, suggests that binding specificity is based on the
three-dimensional structure of the zona pellucida, a matrix
composed of ZP3 plus two additional proteins, ZP1 and ZP2
(Rankin et al. 2003; Dean 2004).

Comparative sequence analysis of mammalian ZP3
shows evidence for positive selection on amino acid changes.
Moreover, a cluster of positively selected amino acid sites
was identified in the sperm-combining region (Swanson
et al. 2001). In previous work, we analysed patterns of genetic
variation of ZP3 in 15 species of deer mice (genus Peromyscus,
Turner & Hoekstra 2006). We found evidence that ZP3
experienced positive selection during diversification of the
genus. Further, despite small sample sizes, we observed
substantial amino acid variation within some species.

Here, we expand our previous results by characterizing
intraspecific patterns of ZP3 sequence variation in two
Peromyscus species. First, we sequenced regions of ZP3
(including the sperm-combining region) and a nonrepro-
ductive nuclear gene in Peromyscus truei (the pinyon mouse)
and one population of its sister species, P. gratus (Osgood’s
mouse). To compare patterns of population structure, we
also sequenced a mitochondrial DNA (mtDNA) gene and
genotyped eight microsatellite markers in a large and
geographically diverse sample of P. truei. Together, these
data provide evidence for natural selection maintaining
divergent ZP3 alleles in both species.
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Materials and methods

Extraction, amplification and sequencing

Tissues samples (liver, kidney, or tail) from 46 Peromyscus
truei individuals from 14 localities and 10 P. gratus indi-
viduals from a single locale were obtained from natural
history museums or from our field collections (Table 1,
Fig. 1a). We extracted DNA from tissue using a DNeasy kit
(QIAGEN).

To make a preliminary assessment of intraspecific Zp3
variation in P. truei, we sequenced a region containing
exons 3-8 in 10 individuals from Williams Butte, California
(population CA-N, Fig. 1a). The ~4910 bp fragment was
amplified using a nested polymerase chain reaction (PCR)
with primers Z33FD (5-GTAACCCYGACCCCACACAAA
C-3")and Z38RA (5-TCAGGGACAGGCACTAAACCAC-3)
followed by Z33FF (5-GATGGAGTTATATGGAAGCAGC-3))
and Z38RC (5-WGGWGTGACACTTCCTGGTGAC-3).
Based on the exons 3-8 sequences (see Results), we chose
to sequence a variable region of Zp3 containing exons 6-7
(358 bp), which includes the region essential for sperm
binding (Wassarman et al. 2001), for all individuals using
previously published primers and conditions (Turner &
Hoekstra 2006).

For comparison to variation in Zp3, we sequenced the
nonreproductive nuclear gene lecithin cholesterol acyltran-
sferase (Lcat). Lcat is an enzyme involved in glyceropho-
spholipid metabolism (Kuivenhoven et al. 1997) located on
Mus chromosome 8 and thus not likely to be linked to Zp3
(Mus chromosome 5). Like Zp3, Lcat is an autosomal locus,
and thus the effects of demographic events on genetic
variation in Lcat are expected to be comparable to Zp3. We
sequenced two regions of Lcat: fragment one, containing
exons 2-5 (664 bp), was amplified using conserved primers
LCAT2FA (5'-ACAGAGGACTTCTTCACCATC-3’) and
LCAT5RA (5-AATAGAGCACATGTAGGCAGC-3"), and
fragment two, containing most of Lcat exon 6 (487 bp), was
amplified as described previously (Turner & Hoekstra 2006)
using published primers (Robinson et al. 1997).

In addition, to control for demographic effects, we
sequenced the mitochondrial gene Cytb in all 56 individuals.
Cytb should be more sensitive to population structure than
a nuclear locus because of its lower N,. J.L. Patton gener-
ously provided partial Cytb sequences for 20 individuals.
For the remaining samples, we amplified a 1055-bp fragment
using primers tCytbF1 (5-CGACCTCCCAACTCCATCCA
AC-3) and tCytbR1 (5-TGCCTGCCATAGGTATTAGGAC-3).

To further characterize genetic structure at autosomal
loci in P. truei, we genotyped individuals at eight micro-
satellite loci. Microsatellites, like mtDNA, have higher
mutation rates than nuclear genes and thus may be more
sensitive to population structure. However, unlike mtDNA,
microsatellites have biparental inheritance and thus genetic
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Fig.1 (a) Ranges of Peromyscus truei (light grey) and P. gratus (dark
grey); overlapping region is cross-hatched (following Durish et al.
2004). Sample locations are indicated with squares and colour
indicates grouping: red, northern California (CA-N); yellow, southern
California (CA-S); purple, Arizona, western Cytb clade (AZ-W);
pink, Arizona, eastern Cytb clade (AZ-E); green, Utah (UT); orange,
Texas (TX); turquoise, Durango, Mexico (P. gratus). Haplotype

structure will be affected by gene flow mediated by both
sexes. Microsatellite loci (PO-9, PO3-68, PO3-85, Pm103,
Pm108, Pm109, PLGT62, PMBW0514) were amplified suc-
cessfully for 89-100% of P. truei individuals using pub-
lished primers (Schmidt 1999; Chirhart et al. 2000; Prince
et al. 2002; Steiner et al. 2007).

We purified PCR products using a MinElute Gel Extraction
Kit (QIAGEN), a PerfectPrep PCR cleanup 96 kit (Eppendorf)
or treatment with exonuclease I and shrimp alkaline pho-
sphatase (Fermentas). PCR products of Zp3 exons 3-8 were
cloned (TOPO-XL, Invitrogen) and plasmid DNA was
purified using a Qiaprep Spin Miniprep kit (QIAGEN). We
performed cycle sequencing using BigDye 3.1 chemistry
(Applied Biosystems) and ran those products on an ABI
3100 genetic analyser (Applied Biosystems). We aligned
sequences using SEQUENCHER (version 4.2, Gene Codes). If
more than one heterozygous site was detected for nuclear
genes, we determined phase by sequencing cloned products
(TOPO-TA, Invitrogen) or inferred phase computationally
using PHASE (version 2.1.1, Stephens et al. 2001; Stephens
& Donnelly 2003). We scored microsatellite alleles on an
ABI 3130 or 3730 sequencer and assigned genotypes using
PEAK SCANNER (version 1.0, Applied Biosystems).

Sequence data have been deposited with the GenBank
Data Libraries under Accession nos EU568373-EU568800.

Statistical analysis

To compare levels of nucleotide diversity within and
among populations and species, we estimated summary
statistics of sequence polymorphism data using ANALYSERHKA
(version 7, Haddrill et al. 2005). We calculated nucleotide
diversity for silent sites, replacement sites and all sites,
separately. Diversity measures include &, which is based on
the average pairwise difference between sequences (Tajima
1983) and 8, which is based on the number of segregating
sites (Watterson 1975). We excluded sites with alignment
gaps or more than two variants within a species from further
analysis. For microsatellite loci, we calculated observed
(Hp) and expected (Hp) heterozygosities using GENEALEX
(version 6.1, Peakall & Smouse 2006).

To test for deviations from neutral evolution, we applied
two statistical tests based on population parameters esti-
mated from polymorphism data; both analyses test for a
skew in the frequency distribution of polymorphisms,
which indicates deviation from neutrality. Tajima’s D test

networks for (b) Cytb and (c) Zp3. Each circle represents a unique
haplotype; the size of the circle is proportional to the number of
alleles, with the exception of the most common Zp3 allele, which
is reduced to one-fourth. Colours indicate geographical origins of
sampled alleles (following a). Each tick mark represents a nucleotide
difference: black marks indicate synonymous differences and red
marks indicate nonsynonymous differences.
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Table 1 Samples of Peromyscus included in this study
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Subspecies Sampling location

n Specimen numbers*

P. t. montipinoris Walker Pass, Kern County, CA

P t. truei Williams Butte, Mono County, CA

P.t. truei Yavapai County, AZ

P. t. truei Ryan, Coconino County, AZ

P t. truei Kaibab Plateau, Coconino County, AZ

P. t. truei Tanner Tank, Coconino County, AZ

P. t. truei Woodhouse Mesa, Coconino County, AZ

P. t. truei Toroweap Valley, Mohave County, AZ

P.t. truei Hack Canyon, Mohave County, AZ

P.t. truei Little Colorado River, Coconino County, AZ
P. t. truei Onion Creek, Grand County, UT

P t. truei Rock Canyon Corral, Grand County, UT

P. t. truei 0.5 mi E Rock Canyon Corral, Grand County, UT

P. t. comanche
P. gratus gentilis

Armstrong County, TX
Durango, Mexico

3 LMT 010 -012
13 LMT 007 - 009, INW007, 009, 011 - 012,
MVZ 208477 — 208481
TK113804
MVZ 197284 -5
MVZ 197293 - 4
MVZ 197295 -6
12 MVZ 199469 - 80
MVZ 199467
MVZ 199468
MVZ 199481
MVZ 199482
MVZ 199483 - 5
MVZ 199486 - 8
TK40209
10 TK48798, TK48826, TK48834, TK48839, TK48854,
TK48856, TK48892 — 3, TK48899, TK48911

N NN~

—_ W W R =R e

*LMT, JNW = Hoekstra laboratory; MVZ = Museum of vertebrate zoology (Univ. California, Berkeley); TK = Museum of Texas Tech

University.

§Samples from this population were identified as P. truei in previous work (see Supplementary methods; Turner & Hoekstra 2006).

measures the difference between nt and 6,y; negative values
indicate an excess of rare mutations, a pattern consistent
with a selective sweep, and positive values indicate an excess
of high frequency mutations, consistent with balancing
selection (Tajima 1989). Fay and Wu’s H test measures
the difference between m and 8y, a measure of nucleotide
diversity that gives greater weight to high frequency poly-
morphisms (Fay & Wu 2000). Negative values of H indicate
an excess of high frequency derived mutations, consistent
with hitchhiking. We determined significance by comparing
observed values to the results of 10 000 coalescent sim-
ulations performed in Ms (Hudson 2002) under neutral
conditions given the observed 8,,. For nuclear genes, we
estimated the population recombination parameter (p,
Hudson 2001), and ran simulations with this empirical
estimate of p and four additional p values such that p/8y
equalled 0, 1, 10, and 50. The additional values were
included to determine the sensitivity of the results of D
and H to variation in recombination rate; they represent a
large range of recombination, from p = 0 up to values that
are greater than values in Drosophila (p = 50), which has
much higher levels of recombination than mammals. We
report p values based on simulations run with empirically
estimated p values; the significant D and H values reported
remained significant when simulations were run with
P=0.

We used the McDonald-Kreitman (MK) test to look for
evidence of balancing or directional selection on Zp3 in
P. truei and P. gratus. The MK test is based on the expectation

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

under neutrality that the ratio of replacement to silent
polymorphism should equal the ratio of replacement to
silent divergence. A statistically significant excess of replace-
ment divergent sites is interpreted as evidence for direc-
tional selection while excess replacement polymorphism
is expected if a gene is subject to balancing selection
(McDonald & Kreitman 1991).

To assess genetic structure among populations for each
of the three genes and the microsatellite loci, we used the
program STRUCTURE, which clusters individuals based on
their genotypes (version 2.2, Pritchard et al. 2000). We ran
the analyses with values of K (number of genotypic clusters)
ranging from 1 to the number of populations sampled plus
3 (4 for P. gratus, 9 for P. truei). For each value of K, we ran
10 analyses for 130 000 cycles and discarded the first 30 000
cycles as burn-in. We used the AK statistic to determine the
appropriate K value for each data set (Evanno et al. 2005).
AKisnot defined for K = 1; thus, if the difference in likelihood
values between K=1 and K =2 was < 5%, we used K = 1.
In addition, we estimated genetic distance between popu-
lations (Y, Nei 1982) using DNASP (version 4.20.2, Rozas
et al. 2003) and constructed haplotype networks for each
gene using Tcs (version 1.21, Clement et al. 2000) to visually
represent the extent and type (i.e. nonsynonymous vs.
synonymous) of variation between alleles. For microsatel-
lites, we tested for linkage disequilibrium among loci using
GENEPOP (version 3.4, Raymond & Rousset 1995) and esti-
mated genetic distance between populations (Fgp) using
ARLEQUIN (version 2.000, Schneider et al. 2000).
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ZP3 divergence in mammals

To compare rates of evolution among regions of ZP3, we
obtained coding sequences for 18 mammalian species from
GenBank (see Table S1, Supplementary material for accession
numbers). We aligned nucleotide sequences using MUSCLE
(version 3.6, Edgar 2004), and adjusted gaps based on an
alignment of amino acid sequences. Four species with
deletions in exons 6 or 7 were excluded from further analysis
(indicated in Table S1). We performed a sliding window
analysis of the nonsynonymous divergence rate (dy, window
22 sites, step size 8 sites) and the ratio of nonsynonymous
to synonymous divergence rates (dy;/dg, window 30 sites,
step size 10 sites) using DNASP.

Results

Polymorphism and divergence

To determine which regions of Zp3 may be most variable in
an intraspecific analysis, we sequenced exons 3-8 in 10
Peromyscus truei individuals from the CA-N population.
We found five polymorphic sites in this large coding region,
three of which were nonsynonymous changes. Two of the
three variable amino acid sites were in exon 7; the third site
was the last aa encoded by exon 5, and thus is directly
adjacent to the region sequenced previously (Turner &
Hoekstra 2006). Therefore, we focused our sequencing efforts
on exons 67, as this region likely would capture most of
the intraspecific amino acid variation in ZP3.

Measures of genetic diversity for the three genes
sequenced are shown in Table 2. Each gene shows a unique
pattern of genetic variation. Within species, Cytb has the
most genetic diversity, as expected based on high mtDNA
mutation rate, and levels of variability are similar in P. truei
and P. gratus. When all sites are considered, diversity
estimates are similar for Lcat in both species and for Zp3 in
P. truei, but Zp3 diversity in the single P. gratus population
is much higher. Importantly, both Lcat and Cytb have fixed
nucleotide differences between P. truei and P. gratus, while
Zp3 has neither silent nor replacement fixed differences.

When just replacement sites are considered, levels of
polymorphism are much higher in Zp3 than in Lcat and
even in Cytb, when samples from the highly divergent
eastern and western clades of P. truei are separated. If
diversity were high at both replacement and silent sites, we
might infer that Zp3 has a higher mutation rate than the
other genes. Thus, we determined the ratio of replacement
to silent diversity to correct for mutation rate when com-
paring amino acid polymorphism between genes. In P. gratus,
measures of nucleotide diversity for both replacement
and silent sites are higher for Zp3 than for the nuclear gene
Lcat; however, ratios of replacement to silent diversity (8 /
05 = 0.302, Ty /mg = 0.312; Table 2) are at least an order of

Table 2 DNA polymorphism and divergence
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Table 3 Population-genetic tests of neutrality. Significant P values
(< 0.05) are in bold

Locus Species Tajima’s D (P) Fay & Wu's H (P)
Cytb P. truei (all) 1.51 (0.952) 0.16 (0.342)
P. truei (W) -1.17 (0.112) 0.087 (0.328)
P. truei (E) —0.36 (0.390) —0.93 (0.189)
P. gratus 0.37 (0.680) 3.56 (0.893)
Lcat P. truei -1.28 (0.076) -7.97 (0.012)
P. gratus 0.17 (0.600) 1.45 (0.856)
Zp3 P. truei —0.96 (0.173) —1.88 (0.066)
P. gratus 0.85 (0.843) 3.44 (0.976)

magnitude higher than the ratios in nonreproductive genes
(Cytb — 8/65=0.033, my/mg = 0.024; Leat — 8/65=0, my/
nig = 0; Table 2). In P. truei, ratios of replacement to silent
diversity observed for Zp3 are six to 40 times greater (8/
05 = 0.754, my /mg = 1.360) than for the control genes.

In addition, all microsatellite loci genotyped in P. truei
have substantial variation (Table S2, Supplementary
material): the total number of alleles per locus ranged from
12 to 37 (mean 22.2), overall H, ranged from 0.095 to 0.905
(mean = 0.572) and overall Hy ranged from 0.754 to 0.960
(mean = 0.884). No significant linkage disequilibrium was
detected among loci.

Tests of neutrality

To test for deviations from neutral evolution, we applied
two statistical tests based on population parameters estim-
ated from polymorphism data (Tajima 1989; Fay & Wu
2000). Neither the Tajima’s D nor Fay and Wu'’s H statistic
was significant in the positive or negative direction for Cytb
or Zp3 for either P. truei or P. gratus, based on comparison
of observed values to neutral coalescent simulations
(Table 3). For Lcat, neither D or H values were significant in
P. gratus; however, in P. truei, D was not significant but
H was negative (H =-7.97, P = 0.012). The mixed results of
the two tests suggest that evidence for directional selection
acting on Lcat in P. truei is weak at best. Because there are
neither high frequency replacement polymorphisms within
P. truei nor fixed replacement differences between P. truei
and P. gratus in the sequenced region of Lcat, any selection
has been on a linked site(s).

We also used the McDonald-Kreitman (MK) test to dis-
tinguish between two alternative explanations for high
levels of amino acid polymorphism in Zp3 — balancing
selection that maintains divergent alleles or relaxed levels
of purifying selection. MK tests do not indicate significant
excess of replacement polymorphism or of replacement
divergence for either P. truei or P. gratus vs. an outgroup
sequence from P. boylii (Turner & Hoekstra 2006).
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Population structure

We found that the spatial distribution of alleles in P. truei
varied among loci. There is striking geographical structure
in Cytb (Figs 1b and 2); the species comprises two highly
diverged clades (ny =0.049, ygr = 0.807), representing
eastern and western populations. These mitochondrial clades
meet in northern Arizona, where individuals representing
both Cytb groups are found in close proximity (Fig. 1a). The
location of the transition between clades does not coincide
with any reported boundary between subspecies or other
previously described geographical patterns of variation in
P. truei (Hoffmeister 1951). Similar geographical structure
is also apparent in Lcat (Fig. 2). STRUCTURE identified
two genotypic clusters (K = 2), one of which is found pre-
dominantly in the eastern clade, and the other predominantly
in the western clade. Thus, there is a distinct transition
between eastern and western groups (ny =0.004, ygr = 0.162).
This geographical structure appears to be genome-wide
as evidenced by patterns of microsatellite variation: there
is statistically significant genetic structure between eastern
and western groups (Fgp = 0.049), although the geographical
transition is less distinct. (Pairwise population Fg estimates
are provided in Table S3, Supplementary material). In
contrast to the structure observed at all other loci, nucleotide
variation in Zp3 has little or no geographical structure. The
two genotypic clusters identified by STRUCTURE analysis
are represented in each P. truei population sampled and
are relatively evenly distributed among the western and
eastern clades (Fig. 2). Moreover, genetic distance between
the western and eastern groups is an order of magnitude
lower than in Leat (ny =0.003, ygp = 0.014).

Geographic distribution of allelic diversity in Zp3

To test for geographical variation in Zp3 allelic diversity,
we compared allele frequencies among populations of
P. truei distributed across the species’ range (Fig. 1a). (We
do not describe geographical variation in Zp3 in P. gratus
because we sampled only a single population). Levels of
allelic variation are remarkably similar across the species’
range (0 = 0.002-0.004; Table 4). With the exception of
the locale where only a single individual was sampled
(TX), at least two haplotypes, differing by at least one
amino acid site, were represented at each locale. In addition,
there is haplotype-sharing between populations across
large geographical distances (Fig. 1c). Although no alleles
are shared between P. truei and P. gratus, some alleles of
P. gratus are more closely related to P. truei alleles than to
other P. gratus alleles (Fig. 1c).

The sampled populations include localities both where
P. truei is sympatric with other members of the truei species
group (AZ-W, AZ-E, TX, Fig. 1a) and also localities where
P. truei is the only species group member present (allopatric
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P, gratus P, truei W | P truei E
1 1 1
Cytb
K=2
P, gratus CA-S AZ-W
Lcat
K=1
P, gratus CA-S AZ-W

Microsatellites

E .

CA-N CA-S AZ-W

Zp3
K=2

=

P, gratus CA-N CA-S AZ-W

Table 4 Diversity in sympatric versus allopatric populations

Locale N 0 O aa alleles
Sympatric

AZ-W 10 0.003 0.002 2

AZ-E 34 0.006 0.003 3
Allopatric

CA-N 26 0.003 0.003 3

CA-S 6 0.001 0.002 2

uT 12 0.004 0.004 3

N, number of alleles sampled. 8, Watterson’s 0 (per site).
Oy, replacement sites. aa alleles, number of alleles with unique
amino acid sequences.

populations: CA-N, CA-S, UT; Durish et al. 2004). Allelic
composition and levels of amino acid variation are similar
between sympatric and allopatric populations (Table 4), pro-
viding no evidence of increased divergence of Zp3 between
P. truei and sibling species in sympatric populations.

Discussion

Our study of intraspecific variation of the female fertilization
protein ZP3 reveals several intriguing patterns. While we
do not find evidence of directional selection in either
Peromyscus truei or P. gratus, we do find more than a 10-fold
increase in the ratio of replacement to silent polymorphism
in Zp3 relative to the ratios seen for two nonreproductive

Fig. 2 Genotypic clustering within species
for Cytb, Lcat, microsatellites, and Zp3
determined using STRUCTURE (Pritchard et al.
2000); K = estimated number of subpopula-
tions (P. gratus estimates are shown on the
Left and P. truei on the right). Each vertical
bar represents a single individual and each
shade represents a genotype cluster. Thin
black lines separate geographical regions of
sampling sites. Estimates of ys; for genes),
Fg; (for microsatellites) and Dy, (for genes)
between eastern and western mtDNA clades
of P. truei are given.
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genes. In addition, while there is geographical structure
at both autosomal and mtDNA loci, we do not detect any
structure at Zp3. In fact, most Zp3 alleles are found in
all P. truei populations. These results are consistent with
the maintenance of divergent alleles due to sexual conflict
(Gavrilets & Waxman 2002) or to pathogen resistance
(Roy & Kirchner 2000). However, populations of P. truei
sympatric with other members of the truei species group
do not show reduced levels of polymorphism, derived
substitutions, or unique haplotypes compared to allopatric
populations; thus, reinforcement does not seem to promote
ZP3 diversification. This work represents one of the few
studies in mammals that examine intraspecific variability
and the evolutionary forces responsible for the striking
patterns of reproductive protein diversification at the
interspecific level.

No evidence of strong directional selection in Zp3

There are several population-level scenarios that could
explain the diversification of reproductive proteins among
species. In abalone, for example, rapid diversification of
the sperm protein lysin due to strong directional selection
is observed among species, and there is almost no variation
within species (Lee ef al. 1995). By contrast, in Peromyscus
we found relatively high levels of ZP3 variation within
both P. truei and P. gratus. In addition, most of the variation
in ZP3 occurs within populations rather than between
populations. When we conducted population-genetic
tests of neutrality in Zp3, we did not find evidence for
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directional selection or recent selective sweeps, although
these tests are weak if selection occurred in the distant past
(Simonsen et al. 1995; Przeworski 2002) or from standing
genetic variation (Hermisson & Pennings 2005). Thus, it is
unlikely that strong and recent directional selection has
acted on Zp3 within these Peromyscus species.

Diversifying selection acting on ZP3

In some other species, intraspecific variation in reproductive
proteins is high and has been attributed to diversifying
selection. In urchins, for example, both reinforcement (Geyer
& Palumbi 2003) and complex frequency-dependent selection
(Levitan & Ferrell 2006) are thought to drive the rapid
evolution of a fertilization protein. In Peromyscus, several
lines of evidence suggest that diversifying selection maintains
amino acid polymorphisms in ZP3.

First, in both P. truei and P. gratus, we observe high levels
of Zp3 diversity. In P. gratus, in which only a single popu-
lation was sampled, we find five distinct haplotypes (each
differing by at least one amino acid) among just 20 sampled
alleles. In P. truei, average pairwise differentiation (r) at
replacement sites among Zp3 alleles is 30 times higher than
Lcat (and has three times the number of segregating sites
when corrected for sequence length), a pattern not mirrored
in silent sites. In fact, the ratio of replacement to silent
polymorphism is more than 10-fold higher for Zp3 than
for either Cytb or Lcat. Moreover, we find high ratios of
replacement to silent diversity for both 8 and &, and /g
is greater than 6 /6 for both P. truei and P. gratus, indicating
that the replacement polymorphisms are not likely to be
newly arisen slightly deleterious mutations.

Such high levels of amino acid polymorphism can result
from balancing selection that maintains divergent alleles
or from relaxed levels of purifying selection. The MK test,
which is commonly used to distinguish between these
alternatives, is not significant for Zp3 for either P. truei or
P. gratus. However, the MK test is conservative and lacks
power to detect selection maintaining divergent alleles
within species when both divergence and polymorphism
are elevated at replacement sites relative to silent sites.
Further, the importance of ZP3’s role in fertilization leads
us to believe that relaxed purifying selection is an unlikely
explanation for the high amino acid diversity we observe.
ZP3 has sperm-binding activity in all mammals that have
been tested, including hamster, human, pig and laboratory
mouse (Fig. 3a; reviewed in McLeskey et al. 1997). Levels of
amino acid variation in ZP3 are generally low, consistent
with purifying selection, with the exception of the sperm-
combining region (Fig. 3c, d). Perhaps most importantly, in
the laboratory mouse, amino acid mutations in the sperm-
combining region (encompassed in the region sequenced
here) inactivate ZP3 as a sperm receptor (Chen et al. 1998),
thus having obvious effects on fitness. Therefore, it is unlikely
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that selection would be relaxed in a region of such functional
importance.

Second, there is evidence that the sperm-combining
region of ZP3 has been a common target of positive selection
inmammals. A sliding window analysis of nonsynonymous
divergence (dy) in Zp3 in 14 species shows that the rate of
amino acid evolution is high and the ratio of nonsynony-
mous relative to synonymous variation (dy;/dg) is highest
in the sperm-combining region (Fig. 3c). Positively selected
sites have been identified in the sperm-combining region
of ZP3 within Peromyscus (Turner & Hoekstra 2006), within
other rodents (Jansa et al. 2003; Swann et al. 2007), and in a
phylogenetically diverse sample of mammals (Swanson
et al. 2001). In fact, two of the variable amino acid sites in
P. truei are positively selected in Australasian murine rodents,
and the amino acid substitution at one of these sites is
convergent between these distantly related taxa. This
observation also supports the hypothesis that amino acid
variation in P. truei and P. gratus is adaptive.

Finally, the geographical distribution of Zp3 variation
in P. truei suggests a role for selection. Whereas all other
genetic markers we surveyed showed genetic structure
between eastern and western populations, by contrast, Zp3
shows extensive allele-sharing among populations and
among these divergent geographical clades. If proportions
assigned to the two genetic clusters in Zp3 differed sub-
stantially between the eastern and western groups, we
might infer that the alleles of the two Zp3 clusters evolved
in isolated populations and that variation within clades
resulted from recent neutral introgression after secondary
contact. The relatively uniform distribution of genetic
clusters between clades (Fig. 2) and across great geogra-
phical distances (Fig. 1c) indicates that either amino acid
variation predates the divergence of the eastern and western
clades or that alleles spread rapidly in both directions due
to selection following secondary contact. In either case,
selection is necessary to explain the spatial distribution of
Zp3 alleles.

The detection of balancing selection within populations,
especially within mammals that generally have small popu-
lation sizes (N,) compared to other species like marine
invertebrates or Drosophila, is challenging (Garrigan &
Hedrick 2003; Hughes 2007). Even with strong evidence for
selection based on patterns of nucleotide variation, addi-
tional data showing functional differences between alleles
is an important next step (Turner & Hoekstra in press). For
example, evidence that variation in polymorphic sites of
ZP3 affects female fertility in captive crosses or in vitro
fertilization assays would support the hypothesis that
polymorphism contributes to fitness differences in nature.
Further, ZP3 is a glycoprotein and it has been shown that
oligosaccharides attached in the sperm-combining region
are essential for sperm binding in the laboratory mouse
(Chen et al. 1998). We have documented variation in the
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Fig. 3 (a) Schematic representation of sperm binding to the egg zona pellucida. ZP2-ZP3 dimers are shown, cross-linked by ZP1. Egg layers
are indicated to the right: CL, cumulus layer; ZP, zona pellucida; PVS, perivitelline space; EC, egg cytoplasm. (b) ZP3 protein structure with
predicted functional domains drawn to scale, based on alignment with Mus (Akatsuka ef al. 1998; Jovine et al. 2004). Abbreviations for
domains are: SP, signal peptide; ZD, zona domain; SC, sperm-combining region; FC, furin cleavage site; and TM, transmembrane domain.
(c) A sliding window analysis of nonsynonymous divergence (dy;, in black) and the ratio of nonsynonymous to synonymous divergence
(dy/dg, in grey) for an alignment of Zp3 coding sequences from 14 mammals. (dy, — 22 sites, step size 8 sites, dy;/dg — 30 sites, step size 10
sites). Black bar highlights the sperm-combining region. (d) Protein structure for aa 145-418 of ZP3 with variable amino acid sites [in 10 P.
truei individuals from Williams Butte, CA (CA-N site, Fig. 1a)] indicated with asterisks. (e) Genomic structure for exons 6-7 of Zp3. Boxes
indicate exons, black bar highlights SC, symbols show the spatial distribution of synonymous (grey circles) and nonsynonymous (black
asterisks) polymorphisms in both Peromyscus truei and P. gratus samples. Specific polymorphic sites in Zp3 exons 67 for P. truei and P. gratus
are shown below. Nucleotide site numbers refer to inferred position in the genomic sequence based on alignment of exons 6-7 with
Peromyscus polionotus genomic sequence (Turner & Hoekstra 2006). All unique alleles found within each sampling location are shown
(location names follow Fig. 1a) and the number of alleles sampled with each haplotype is given in parentheses. Consensus sequences are
provided. Ancestral sequences were inferred using parsimony through comparison to an outgroup sequence (P. boylii). Below each position,
we indicate the site class (S, synonymous; N, nonsynonymous; I, intron). Black box indicates sites in or near the SC.
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amino acid sequence of ZP3 but additional variation at the
carbohydrate level is possible and fertilization assays may
reveal differences in sperm-binding activity even among
alleles that are identical in amino acid sequence.

Allelic diversity in Zp3 among populations of P. truei

Reinforcement to prevent or reduce hybridization in areas
of sympatry between closely related species can also con-
tribute to the rapid evolution of reproductive proteins.
Consistent with this hypothesis, in urchins of the genus
Echinometra, there is more allelic variation in areas of
sympatry than in allopatry (Geyer & Palumbi 2003). For
reinforcement to occur, diverging populations must hybridize
in nature and experience incomplete postzygotic isolation
(Coyne & Orr 2004). Hybridization of P. truei with sibling
species has not been reported in nature (Dice 1968); however,
laboratory crosses provide evidence of some postzygotic
isolation between P. truei and sympatric populations of
P. difficilis (sometimes referred to as P. nasutus). Crosses
follow Haldane’s rule: that is, hybrid female offspring are
fertile and hybrid male offspring are partially or completely
sterile (Haldane 1922; Dice 1968). Thus, although there may
be opportunity for reinforcement in natural populations of
P. truei, the geographical distribution of allelic variation in
Zp3 in P. truei is inconsistent with reinforcement. We find
similar levels of nucleotide and haplotype diversity among
populations (Table 4). It should be noted, however, that the
lack of a signature of reinforcement in Zp3 is not evidence
against reinforcement contributing to the evolution of rep-
roductive isolation between P. truei and its sibling species.
Reinforcing selection may have acted on another male-
female reproductive protein interaction or may have acted
on premating isolation (such as assortative mating), so
that there may be no opportunity for selection to cause
increased protein divergence at the gametic level (Lorch
& Servedio 2005).

Conclusions

In both Peromyscus truei and P. gratus, we observe high
levels of replacement polymorphism, a pattern that can
result from selection acting to maintain divergent alleles.
This type of selection is consistent with theories involving
sexual conflict (Frank 2000; Gavrilets & Waxman 2002;
Haygood 2004) as well as defence against pathogens (Roy
& Kirchner 2000), two hypotheses that have been proposed
to explain rapid rates of reproductive protein evolution
(Swanson & Vacquier 2002a). However, additional data
measuring differences between alleles in function or fitness
are needed to rule out the formal possibility of relaxed
purifying selection, identify the specific amino acid sites
that are targets of selection, and determine the precise
selective agent promoting ZP3 diversification.
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Understanding the molecular interactions between ZP3
and sperm protein(s) may also help determine whether
the observed patterns of polymorphism reflect fitness
differences among genotypes in nature. There has been
recent progress in functionally characterizing two promising
candidate proteins that interact with ZP3: zonadhesin
(Bi et al. 2003) and PKDRE] (Sutton et al. 2006). Further,
evolutionary analysis of both proteins within and between
species of primates has identified promising regions of
the proteins that may interact and co-evolve with ZP3.
Interestingly, there is evidence that balancing selection
promotes amino acid variation in both of these putative
ZP3-binding loci (Gasper & Swanson 2006; Hamm et al. 2007).

Results of our intraspecific analysis provide insight into
the pattern of repeated amino acid substitution in ZP3 first
identified in an interspecific analysis (Turner & Hoekstra
2006). The lack of evidence for directional selection in both
P. truei and P. gratus suggests that the interspecific pattern
is not likely to be the result of repeated selective sweeps,
causing rapid turnover in alleles. Instead, selection may
favour two or more alleles simultaneously; consequently,
newly arising alleles may increase in frequency but not
replace older alleles. An extreme example of this type of
selection is self-incompatibility alleles in several families of
plants; positive selection promotes amino acid divergence,
yet high levels of allelic variation are maintained through
frequency-dependent selection resulting in shared poly-
morphism between species of different genera (Vekemans
& Slatkin 1994; Ishimizu et al. 1998; Takebayashi et al. 2003).
While we did not identify any alleles shared between P. truei
and P. gratus, some alleles from P. gratus are more closely
related to P. truei alleles than to other P. gratus alleles. Similar
lack of monophyly at Zp3 was found for several other
Peromyscus species (Turner & Hoekstra 2006). Additional
data about the extent and distribution of amino acid poly-
morphism across species of Peromyscus are necessary to
evaluate whether there are trans-specific polymorphisms
and whether selection maintaining diversity in ZP3 is
widespread.

The lack of geographically structured variation at ZP3 in
P. truei, suggests that this protein likely does not contribute
to any current barriers to gene flow between populations.
However, measuring sequence variation in additional
sibling species and assessing functional differences between
alleles will be an exciting next step in evaluating whether
ZP3 may have contributed to the evolution or maintenance
of isolating barriers between species.
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