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Abstract. The semen of many primate species co-
agulates into a mating plug believed to prevent the
sperm of subsequent mating events from accessing
the ova. The texture of the coagulum varies among
species: from a semisoft mass in humans to a firm
plug in chimpanzees. In humans, a component of the
coagulum, semenogelin I, also inhibits sperm motility.
We tested the hypothesis that polymorphism and
divergence at semenogelin I differ among hominoid
species with different mating systems. Sequence data
for the semenogelin I locus were obtained from 12
humans, 10 chimpanzees, 7 gorillas, and 1 bonobo.
Mitochondrial D-loop data were collected from a
subset of individuals to assess levels of variation at an
unlinked locus. HKA tests using D-loop sequence
data revealed a significant reduction of polymor-
phism at semenogelin I in chimpanzees, consistent
with predictions of a selective sweep at this locus.
This result was supported by independent HKA tests
using polymorphism data from a putatively neutral
locus from the literature. Humans show a similar
trend toward reduced polymorphism, although HKA
tests were only marginally significant. Gorilla se-
quence data show evidence of functional loss at the
semenogelin I locus, indicated by stop codons within
the putative open reading frame as well as high levels
of polymorphism. Elevated K,/K ratios within the
Pan—Homo clade suggest a history of positive selec-
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tion at semenogelin I. Our results suggest that there is
a positive relationship between the intensity of sperm
competition in a species and the strength of positive
Darwinian selection on the seminal protein seme-
nogelin I.
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Introduction

Sperm competition is a potent evolutionary force
mediating male—male competition (Parker 1970;
Smith 1984; Birkhead and Moller 1998). This com-
ponent of sexual selection has been studied in many
taxa and is found to be ‘“‘nearly ubiquitous™ in the
animal kingdom (Smith 1998). Data collected over
the past 20 years indicate a role for sperm competi-
tion in polyandrous primate taxa. Harcourt et al.
(1981) found an association between mating system
and relative testis size, where primate genera with
multimale mating systems have significantly heavier
testes relative to their body weight than do polygy-
nous or monogamous genera. More recently, An-
derson and Dixson (2002) found that at both the
genus and the species level, primates with multimale
mating systems have significantly larger spermatozoa
midpiece volumes than do primates with single-male
mating systems. This relationship may indicate se-
lection for increased mitochondrial loading and
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greater sperm motility in species with sperm compe-
tition (Anderson and Dixson 2002).

Many reproductive traits such as genital mor-
phology (Eberhard 1985) and proteins involved in
sperm competition and gamete recognition (Swanson
and Vacquier 2002) can evolve rapidly through po-
sitive Darwinian selection. Notable among these
rapidly evolving reproductive proteins are several
Drosophila accessory gland proteins (review by
Chapman 2001; see also Tsaur et al. 1998, 2001;
Tsaur and Wu 1997; Aguadé 1999; Begun et al. 2000).
Among marine invertebrates, the abalone sperm
protein lysin (Hellberg and Vacquier 1999; Yang et
al. 2000) and sea urchin sperm protein bindin (Metz
and Palumbi 1996; Biermann 1998) evolve through
positive selection. Swanson et al. (2001b) demon-
strated positive selection on mammalian zona pellu-
cida egg coat proteins as well as oviductal
glycoprotein. More recently, Torgerson et al. (2002)
demonstrated that sperm-specific proteins have
higher rates of nonsynonymous divergence between
humans and mice than do proteins expressed in other
tissues. In primates, genes affecting sperm morphol-
ogy, protamine 1 and 2, appear to evolve under po-
sitive selection (Wyckoff et al. 2000).

The semen of many primate species coagulates into
a mating plug upon ejaculation (Roussel and Austin
1967). The human plug is gelatinous in texture, but a
more firm plug forms in chimpanzees (Dixson and
Mundy 1994) and rhesus monkeys (van Pelt and
Keyser 1970). The human coagulum derives from the
seminal vesicles and is inseminated after the liquid
portion, which contains prostate and Cowper’s gland
secretions as well as concentrated spermatozoa
(Marson et al. 1989; Tauber et al. 1975; van Pelt and
Keyser 1970). The human semen coagulum is com-
posed of semenogelin I and II (Sgl and SglI) [Peter
et al. 1998], which are encoded by neighboring genes in
the q12—q13.2 region of chromosome 20 (NCBI Locus
Link). In addition to its coagulating properties, hu-
man Sgl inhibits sperm motility (Robert and Gagnon
1999) as well as sperm capacitation (de Lamirande et
al. 2001). Following ejaculation in vitro, both human
semenogelins are degraded by prostate-specific anti-
gen (PSA), a protease that is synthesized in the pros-
tate and present in the liquid portion of the ejaculate
(Lilja 1985). As PSA cleaves Sgl, the coagulum lig-
uefies and any spermatozoa trapped in the plug are
released and become motile (Robert et al. 1997).

Figure 1 schematically models the spatial distri-
bution within the vagina of ejaculates from sequential
matings by two males. Temporal separation of the
liquid and coagulating components may stratify the
respective ejaculates of the primary and secondary
mating and prevent their mixing except at the inter-
face. In this model, the semenogelin coagulum of the
first male forms a physical barrier to the sperm of the
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Fig. 1. Schematic of vagina containing ejaculates from two se-

quential matings. The liquid portion (containing concentrated
spermatozoa and PSA) is inseminated first and appears above the
semenogelin plug in both ejaculates. The plug of male 1 may block
the sperm of male 2 from accessing the ovum, while the PSA of
male 2 may degrade the first male’s plug.

second male as well as inhibiting sperm capacitation
and movement when spermatozoa of the second male
come into contact with the coagulum. PSA in part
protects the self-sperm of a male from his own se-
menogelin plug and, when in a second position
mating, degrades the plug of the previous male.

Both semenogelin genes are members of the REST
family (rapidly evolving substrates for transgluta-
minase), which encode the coagulating proteins of
rats, SVS-II, and guinea pigs, SVP-1 (Lundwall and
Lazure 1995). Members of the REST gene family are
characterized by three exons encoding the signal
peptide, secreted protein, and 3’ untranslated region,
respectively. While the first and third exons are highly
conserved, the second exon is rapidly evolving among
mammalian taxa. Consequently, among rats and
guinea pigs, the mature proteins encoded by members
of the REST family bear little resemblance to one
another (Lundwall and Lazure 1995).

In this report, we test hypotheses of neutral evo-
lution at the seminal vesicle protein semenogelin I in
four hominoid species. A primary question is whether
the degree of polyandry in the mating systems of each
species determines the strength of positive selection
on this seminal protein presumed to directly mediate
sperm competition. We aim to determine whether
evidence for positive selection is strong in species with
highly polyandrous behavior. Signatures of positive



selection include elevated K,/K, ratios resulting from
adaptive evolution, elevated divergence between
species, and, in the case of a selective sweep, reduced
polymorphism.

To contrast primate mating systems, we evaluated
sequence patterns in semenogelin I across chimpan-
zees, gorillas, bonobos and humans. Sperm compe-
tition is expected to be intense in both common and
pygmy chimpanzees, where females routinely mate
with several males during a single reproductive cycle
(Dixson 1998). Gorilla females in contrast, live in
harems with several other females and nearly exclu-
sively mate with the single alpha male (Dixson 1998);
for gorillas we expect little to no sperm competition.
Human mating practices range from monogamy, to
polygyny, to polyandry (Levinson and Ember 1996)
and levels of sperm competition are likely to be
intermediary.

We found reduced levels of polymorphism in the
common chimpanzee semenogelin I gene, consistent
with a selective sweep model of molecular evolution.
Human polymorphism at semenogelin 1 also was
reduced, although our data yielded only marginal
significance. Gorilla sequences exhibited high levels
of polymorphism, including a stop codon at inter-
mediate frequency, suggestive of functional loss. Our
analyses of nonsynonymous and synonymous varia-
tion suggest a history of adaptive evolution in the
Pan—-Homo clade compared with Gorilla. In sum,
among hominoids the degree of polyandry appears to
be associated with measures of positive selection on
the seminal coagulating protein semenogelin 1.

Materials and Methods
DNA Samples

Twelve human samples, including five of African decent, were
collected at Brown University as buccal swabs. Informed consent
was received in writing and all procedures were approved by the
Brown University Internal Review Board. Ten unrelated chim-
panzee (Pan troglodytes) DNA samples were donated by the
Southwest National Primate Research Center. Accurate subspecies
information is not available for these individuals, although pedi-
gree records and our own D-loop sequence data indicate that the
sample was composed of P. t. troglodytes and P. t. verus individuals
as well as several hybrids. Seven unrelated western lowland gorilla
DNA samples (Gorilla gorilla gorilla) and 1 bonobo (Pan paniscus)
sample were provided by the Zoological Society of San Diego.

PCR Amplification

DNA amplifications were performed in 25-pL PCR reactions
containing 0.5 units of Taq polymerase in storage buffer B with 1x
magnesium-free buffer (Promega), 200 mM of each dNTP, 10-20
ng of DNA, and 1-3 mM MgCl, (see Table 1 for primer sequences
and MgCl, concentrations). The MJ Research Programmable
Thermal Controller and PTC-100 were used, with the generic
conditions of 95°C for 5 min, 30-40 cycles at 95°C for 30 s, X°C

Primer sequences and PCR conditions for amplification of Sgl and the mitochondrial D-loop

Table 1.

Anneal. temp. (°C)

MgCl, (mM)

2.0

Species

Sequence (5'-3)

Lower primer

Sequence (5'-3)

Upper primer

54
54
52
50
50
48

Human
Chimp

L1282 CTCTGCCTTCTTGTTTATTATG

CTTTGTACTTTCCCTGCTCCTC

U734

Sel®

1.0
3.0

2.0

Gorilla

Human
Chimp

GTTGAAGTTTGTCTTGG

L1686

GGCAGTTTTTCTATTCA

Ul141

2.0

1.5
2.5

Gorilla

56
57
57
55

Human
Human
Chimp

CGAATGGTAGGTTTATGT

L2344
L3055

ATGTGGTTGAAGTGAGAG
TAACAACGACCGAAACC

uUl1625
U2319

L.5
1.5

2.3

CAAAGAGGCAGGGAAGC

Sequencing primers

2.5
2.5

2.0

Gorilla
GAGAGGGAGGACTGATAG

L30551

GACTTTTGTGGGATTGA

U23191

56
56
62

CCTGAAGTAGGAACCAGATG Human
Gorilla
Chimp

H16498"

TCAAAGCTTACACCAGTCTTGTAAA

L15926!

D-Loopb

CTCTGTTCTTTCATGGGGAAGC D-4412 CGGGATATTGATTTCACGGAGG

D-88>

# Numbers for Sgl primers refer to bases in published human semenogelin I gene: GenBank accession number M81650 (Lilja et al. 1989).

® D-loop primer sequences and conditions previously published: 'Di Rienzo and Wilson (1991); *Morin et al. (1994).
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(see Table 1) for 30 s, and 72°C for 1.5 min, followed by 72°C for 5
min. Reactions were visualized on an agarose gel. Most primer sets
amplified all four species, with the exception of U1625-12344,
which only amplified humans. For some gorilla samples a specific
version of primer L1282 was used, which had Y degenerate sites (C
+ T) at positions 17 and 20.

A second locus, the mitochondrial control region, or D-loop,
was sequenced in a subset of the four species (eight humans, eight
chimps, six gorillas, and one bonobo) to provide polymorphism
data from an unlinked locus. Human and gorilla primers and
conditions were published previously (Di Rienzo and Wilson 1991).
Chimpanzee primers are from Morin et al. (1994). PCR conditions
follow the same generic program as for semenogelin I reactions. See
Table 1 for primer sequences, MgCl, concentrations, and annealing
temperatures.

Cloning

Forward and reverse sequence reads of diploid PCR product were
obtained from each individual. Heterozygous polymorphisms were
confirmed by cloning individual alleles to obtain haploid se-
quences. We cloned PCR products using the TOPO TA Cloning
Kit from Invitrogen. From positive bacterial colonies, we per-
formed a boil prep and then a PCR using M13 primers per the
manufacturer’s instructions. Both alleles were inferred based on the
forward and reverse sequence of one clone. The presence in the
population of both alleles was confirmed for most polymorphism
by individuals homozygous for each allele or a second heterozy-
gous individual. Only two gorilla polymorphisms were inferred
based on the diploid sequence of a single heterozygous individual.
We constructed “artificial” full-length haplotypes based on free
recombination of the four cloned haplotype sequences. The full-
length gametic phase would not alter the interpretation of our
results, as our analysis was based on the number of variable sites
rather than linkage.

Sequencing

PCR products were cleaned using Qiagen’s QIAquick PCR Puri-
fication kit. Twenty-microliter cycle sequencing reactions were run
using ABI’s Big Dye Terminator Cycle Sequencing Ready Reaction
Kit with 10-20 ng of PCR product and 64 nmol of primer. Samples
were run on an ABI 377 sequencer. Forward and reverse reads were
obtained for all sequences except three human and six gorilla D-
loop samples, where a string of Cs prohibited sequencing the entire
amplicon. For these samples, two forward and two reverse reads
were obtained for the regions flanking the poly(C) string.

Sequence Editing and Analysis

Sequencher for Macintosh v. 3.0 (Gene Codes Corporation 1995)
and Bioedit (Hall 1999) were used to edit and align our data against
a published human sequence (GenBank accession number M81650
[Lilja et al. 1989]). Levels of polymorphism and divergence were
quantified using DnaSP (Rozas and Rozas 1999). The poly(C) re-
gion of the D-loop was excluded from our analysis. We calculated
Tajima’s D (TD), an analysis of the allele frequency spectrum, using
DnaSP (Rozas and Rozas 1999). This statistic compares the two
neutral estimators of nucleotide diversity, 7 (the average pairwise
difference) and 0,, (diversity based on the number of segregating
sites). A neutral locus in a panmictic, infinitely large population
should have a TD of zero. A positive TD indicates balancing se-
lection, population structure, or population contraction, whereas a
negative value indicates positive directional selection or population
expansion. Two neutrality tests were performed. The McDonald—
Kreitman (1991) test (MK test) compares the ratios of synonymous

to nonsynonymous differences within and between species, testing
the neutral assumption of equal ratios. These tests were performed
by hand using a 2 x 2 G test for heterogeneity. The Hudson—Kre-
itman—Aguadé (1987) test (HKA test) compares polymorphism and
divergence at two or more loci, testing the assumption that the ratio
of polymorphism to divergence should be equal across all neutral
loci. We used semenogelin I and mitochondrial D-loop sequences
from the same individuals to compare patterns of DNA variation at
two unlinked loci. The model was run using the freeware HKA (Hey
2001). Due to concerns over mutational saturation and interspecific
sequence alignment at the D-loop, additional HKA tests were run
using Sgl and HOXB6 (Deinard and Kidd 1999). HOXB6 is a pu-
tatively neutral locus in a region of moderate recombination
(Nachman 2001) for which polymorphism data from all four species
were available and similar population sampling strategies were
employed. We used the maximum likelihood software, PAML
(Yang 1997) to analyze our data for lineage-specific elevation of K,/
K ratios as well as selection on particular nucleotide positions with
the program Codeml. For the lineage-specific analysis we used the
model M2, which allows different K, /K ratios for each branch, with
the NSsites parameter set to 0 (one K, /K for all sequence sites). We
compared the likelihood of this model to the null: MO (one K,/K; for
the entire tree) with NSsites = 0. For the site-specific analysis we ran
MO with NSsites = 2 (variable K,/K; across sequence sites, allowing
for selection), compared to the null model of M0 with NSsites equal
to 0 (one K,/K for all sites) and 1 (variable K,/K; across sites,
neutral evolution).

Results
Region Sequenced

In nine humans 2190 bases were sequenced; in the
remaining three humans, 1561 bases were sequenced.
In all 10 chimpanzees 1585 bases were sequenced. In
one bonobo, 958 bases were sequenced. In three
gorillas 1629 bases were sequenced, in three other
gorillas 912 bases were sequenced, and in the re-
maining gorilla 563 bases were sequenced. See Fig. 2
for data in regions sampled. The repetitive nature of
Sgl (Robert and Gagnon 1999) made sequencing
regions of the second exon difficult in several samples,
and a region of exon 2 comprising 629 bases was not
successfully amplified or sequenced in chimps,
bonobos, gorillas, or three humans. Sequences have
been submitted to GenBank under the accession
numbers AY174423-AY 174458.

Polymorphism and Divergence

Polymorphism in gorillas was substantially higher
than in either chimpanzees or humans (see Table 2).
Gorillas had a total of 20 polymorphic sites: 10 re-
placement, 5 synonymous, and 5 intronic. The human
sample contained five polymorphisms: one replace-
ment and four intronic. Chimps had one polymorphic
site: an intronic singleton. Additionally, the gorilla
sample contained one polymorphic insertion—deletion
in intron 2 at a frequency of 0.33 (based on diploid
sequence) and a second insertion—deletion in intron 2
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Table 2. Polymorphism at semenogelin I*
Number of sites
Total Rep. Syn. Intron 0 TD AA poly. K, /K
Human 5 1 0 4 0.00096 0.00086 0.349 0.234 NA
Chimp 1 0 0 1 0.00006 0.00018 —-1.164 0 NA
Gorilla 20 10 5 5 0.00781 0.00617 0.865 1.610 0.72

# Rep., replacement; syn., synonymous. 7 is the average number of
nucleotide differences per site between two sequences (Nei 1987); 6
is based on the member of segregating sites in the sample
(Nei 1987). TD, Tajima’s D; AA poly., percentage amino acid

polymorphism. K, /K is the ratio of the number of nonsynonymous
changes per site to the number of synonymous changes per site.
Data for AA poly. and K,/K, are the average for all pairwise
intraspecific comparisons.

Table 3. Divergence at semenogelin I
Number of sites
Total Rep. Syn. Intron K, (ave.) K; (ave.) K./K; (ave.) AA div. (ave.)

Human—chimp 12.09 3.63 1.00 7.46 0.71 (0.80) 0.70 (1.11) 1.01 (0.84) 1.65 (1.34)
Human-bonobo 7.75 4.63 1.00 2.12 0.90 0.70 1.28 2.10
Human-gorilla 19.70 7.70 3.33 8.67 1.59 (0.93) 2.52 (1.48) 0.66 (0.82) 3.70 (1.58)
Chimp-bonobo 1.00 1.00 0 0 0.19 0 NA 0.45
Chimp—gorilla 18.50 6.00 3.33 9.17 1.29 (0.90) 2.53 (1.64) 0.56 (0.69) 2.74 (1.65)
Gorilla-bonobo 14.16 7.33 3.33 3.50 1.46 2.36 0.68 3.11

# Number of sites is the average of all pairwise comparisons; rep.,
replacement; syn., synonymous. K, the number of nonsynonymous
changes per site; K is the number of synonymous changes per site;
AA div., average amino acid divergence for all pairwise compar-

fixed relative to the other species. Many gorilla
polymorphisms occurred at a high frequency (see Fig.
2): Only 2 of the 20 polymorphic sites had allele
frequencies lower than 0.10, and 6 of the 20 sites had
allele frequencies lower than 0.20. Surprisingly, we
found a high-frequency (0.50) stop codon 15 bases
into exon 2 in gorillas. Two individuals were homo-
zygous for the stop codon, and two were heterozy-
gous. This stop codon was observed in an
independent study (Jensen-Seaman, personal com-
munication).

We measured divergence as the average of all
pairwise K, and K; values, the number of nonsyn-
onymous and synonymous differences per site, re-
spectively (see Table 3). Gorillas were the most
divergent species and were similarly divergent from
humans, chimpanzees, and bonobos. K, values ran-
ged from 1.29% for chimp—gorilla to 1.59% for hu-
man—gorilla. K, values ranged from 2.36% for
bonobo—gorilla to 2.53% for chimp-gorilla. At syn-
onymous sites, humans were equally divergent from
both Pan species (K; = 0.70%) but were more di-
vergent from bonobos than chimps at nonsynony-
mous sites (K, 0.90% and K, = 0.71%,
respectively). Divergence between the two chimpan-
zee species was slight: only a single replacement site
(K, = 0.19%, K = 0).

isons. K,, K, and AA div. are reported as percentages. Values in
parentheses are the averages across many genes from Chen and Li
(2001); not all comparisons were available.

In terms of percentage amino acid divergence,
gorillas were again the most divergent hominoid. The
highest amino acid divergence in our data set was
between humans and gorillas (3.70%). Amino acid
divergence between gorillas and bonobos was higher
than between gorillas and chimps (3.11% and 2.74%,
respectively). Humans were more divergent from
bonobos than chimps (2.10 and 1.65%, respectively)
and chimp-bonobo divergence was the lowest
(0.45%).

Synonymous and Nonsynonymous Variation

Neither intraspecific nor interspecific K,/K ratios
showed a significant departure from the neutral pre-
diction of 1.0 (Kumar et al. 1993; see Tables 2 and 3).
Intraspecific K,/K; ratios could not be calculated for
humans or chimpanzees because humans had no
synonymous polymorphism and chimps had no
polymorphism in coding regions. The intraspecific
gorilla K,/K; was 0.72, slightly higher than the in-
terspecific values comparing gorillas with humans
(0.66), chimps (0.56), and bonobos (0.68). Interest-
ingly, human—chimp (1.01) and human—bonobo
(1.28) K,/K, values were higher than the values ob-
tained when either species was compared with goril-
las, although these values did not show significant



165

Table 4. Data for HKA tests®
Sal Saz Shi Sz Da Dy P
Sgl-D-loop
H-C 5(5.38) 1.(9.54) 26 (25.62) 74 (65.46) 12.09 (3.17) 59.61 (68.53) <0.0005"
HG 5 (14.18) 20 (14.14) 26 (16.82) 18 (23.86) 19.70 (16.39) 88.46 (91.77) NS
H-B 5(9.62) NA 26 (21.38) NA 7.75 (3.13) 67.50 (72.12) <0.05
CG 1(18.62) 20 (9.53) 74 (56.38) 18 (28.47) 18.60 (11.44) 91.79 (98.95) <0.005"
C-B 1 (1.68) NA 74 (73.32) NA 1.00 (0.32) 47.38 (48.06) NS
G-B 20 (19.37) NA 18 (18.63) NA 14.16 (14.79) 105.17 (104.54) NS
Sgl-HOXB6
HC 5 (6.03) 1 (4.48) 4(2.97) 8 (4.52) 12.09 (7.58) 6.13 (10.64) <0.05
H-G 5(7.30) 20 (17.80) 4 (1.70) 6 (8.20) 19.70 (19.60) 13.00 (13.1) NS
H B 5(6.78) NA 4(2.22) NA 7.75 (5.97) 7.80 (9.58) NS
C-G 1(5.59) 20 (16.38) 8 (3.41) 6 (9.62) 18.50 (17.53) 13.88 (14.84) <0.05
CB 1 (1.63) NA 8 (7.37) NA 1.00 (0.37) 3.38 (4.00) NS
G-B 20 (18.67) NA 6 (7.33) NA 14.16 (15.49) 15.67 (14.34) NS

% Two sets of HKA tests were performed comparing data at se-
menogelin I (Sgl) to the mitochondrial D-loop and to the HOXB6
intergenic region. The two loci for each set of tests are referred to as
A and B; the two species, as 1 and 2. S is the number of segregating
sites; D is the number of divergent sites. Sa; is the number of
segregating sites at locus A for species 1. For example, the first
entry in the table shows the number of segregating sites at Sgl in

departures from neutrality. Chimp-bonobo K,/K;
ratios could not be calculated due to a lack of syn-
onymous divergence.

Neutrality Tests

HKA tests comparing nucleotide variation of the
same samples at Sgl and the mitochondrial D-loop
consistently showed reduced chimp polymorphism at
semenogelin I (see Table 4). When chimps were
compared with humans and gorillas significant de-
partures from neutrality at semenogelin I were ob-
served. These tests remained significant after
correcting for multiple tests. For both tests, chimp
polymorphism was lower than expected. Human—
chimp and chimp-gorilla divergence at Sgl were
higher than expected. Also, gorilla polymorphism
was higher than expected compared with that of
chimps. Chimp-bonobo tests did not show a signifi-
cant departure from neutrality. This was likely due to
the low number of segregating sites in chimpanzees,
lack of polymorphism data in bonobos, and slight
divergence between the two species. The human—
bonobo test at these two loci was individually sig-
nificant, although it was not significant after cor-
recting for multiple tests. The test showed higher than
expected divergence between humans and bonobos at
Sgl and reduced human polymorphism at Sgl. For all
significant tests, deviation at the D-loop was slight
compared to deviation at the semenogelin I locus.

A second set of tests was performed comparing
patterns of variation at semenogelin I in our popu-
lation sample to data from the HOXB6 locus (Dei-

humans. Observed data are followed by expected values in par-
entheses. p is the p value for each test. NS, nonsignificant at the p <
0.05 level. Tests that remain significant after correcting for multiple
tests are indicated by an asterisk, after the p value. Data that show
significant deviations from expectations are in bold face. H, hu-
man; C, chimp; G, gorilla; B, bonobo.

nard and Kidd 1999; see Table 4). Similar patterns
were observed in both sets of tests: Lower than ex-
pected chimp polymorphism and elevated divergence
between chimp and human at Sgl were consistently
found across both sets of tests. However, neither el-
evated gorilla polymorphism nor elevated chimp-—
gorilla divergence at Sgl was observed when the locus
was compared to HOXB6. While the two tests com-
paring chimps to humans and gorillas were individ-
ually significant, after correcting for multiple tests
they were not significant.

Neither MK tests (McDonald and Kreitman 1991)
nor Tajima’s D (TD) showed any significant departure
from neutrality within any species at SgI (MK results
not shown; see Table 2 for TD values). The chim-
panzee TD value was negative (—1.164), whereas both
the human and the gorilla TDs were slightly positive
(0.349 and 0.865, respectively). Lineage-specific ele-
vation of K,/ K, ratios and positively selected sites were
evaluated by maximum likelihood with PAML (Yang
1997). All tests were nonsignificant relative to models
with one K,/Kj ratio for the entire tree or all sites. The
power of this test, however, was low due to the limited
number of variable sites.

Discussion

Our survey of polymorphism and divergence at se-
menogelin [ in several hominoids revealed a reduction
of polymorphism in chimpanzees consistent with a
selective sweep model of molecular evolution. There
was a nonsignificant reduction of variation in humans,
while gorilla sequences appeared to be evolving neu-
trally. This pattern is consistent with stronger selection
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on semenogelin [ in species with higher degrees of poly-
andry, however, data from more species would pro-
vide further support for this intriguing relationship.

Our first set of HKA tests (see Table 4) compared
polymorphism to divergence at Sgl and the mito-
chondrial D-loop in the same individuals. Tests re-
vealed significantly reduced chimp polymorphism,
elevated chimp—human divergence, elevated chimp—
gorilla divergence, and elevated gorilla polymorphism
at Sgl. Chimp-human and chimp-gorilla tests
remained significant after correcting for multiple
tests. Our findings of reduced chimpanzee polymor-
phism and elevated human—chimp divergence at Sgl
were supported by the results of additional HKA
tests which used previously published data from
HOXB6 (Deinard and Kidd 1999) rather than the D-
loop. We used this data set because HOXB6 is an
autosomal locus in a region of moderate recombi-
nation and the chimpanzee sampling strategy of the
authors was similar to ours, comprising different
subspecies (Deinard, personal communication). We
sought to avoid comparing our results to a locus in a
low recombinational regime to avoid the effects of
background selection and hitchhiking on patterns of
nucleotide variation (Nachman 2001). Because both
data sets pooled across chimp subspecies, we could
minimize the biasing effects of population structure
on the HKA tests.

We chose to confirm the results of our first set of
HKA tests with a second putatively neutral locus for
two reasons. First, deviations from neutrality have
been observed in mitochondrial loci (Hey 1997,
Nachman et al. 1996) indicating that the D-loop is
not an ideal neutral locus for comparison in selection
studies. In addition, mutational saturation and diffi-
culties with alignment of gorilla sequences to those of
the other three species called into question the di-
vergence values we found for D-loop. All HKA tests
that compared chimps to humans and gorillas
showed significant departures from neutral expecta-
tion in the direction of reduced chimp polymorphism
at Sgl. (However, the only tests that remained sig-
nificant after correcting for multiple tests were
the chimp—human and chimp-gorilla HKA tests
comparing Sgl to the D-loop.) Therefore, our result
of reduced chimp polymorphism and elevated chimp-
human divergence at Sgl is robust across two puta-
tively neutral loci. In addition, when levels of poly-
morphism at semenogelin I are compared to those at
two other putatively neutral loci (Xql3.3 and 16s
rRNA [Kaessmann et al. 1999; Noda et al. 2001]), in
regimes of low or no recombination where nucleotide
variability could be reduced by selection on linked
sites, the reduction of chimpanzee polymorphism at
Sgl is still apparent. The consistent rejection of neu-
trality for tests with chimp as well as the high number
of individually significant tests (42%) suggests that

the occurrence of significant HKA tests is not due to
the number of tests conducted.

The D-loop sequence data we collected allowed us
to reject pedigree or sampling effects as the cause of
reduced chimp polymorphism at Sgl. The chimp
sample showed the highest levels of polymorphism in
the D-loop of the three species surveyed (74 sites
among 354 bases, 7 = 0.077, 6 = 0.084). Our sample
of chimps comprises purebred and hybrid individuals
from at least two subspecies (Pan troglodytes troglo-
dytes and P. t. verus) as determined by information
provided by the Southwest National Primate Re-
search Center and analysis of the D-loop sequence
(data not shown). In light of the high diversity at the
mitochondrial D-loop, the presence of only one seg-
regating site at semenogelin I in the chimpanzee
sample is all the more remarkable.

Analyses of nonsynonymous and synonymous
nucleotide variation suggest that divergent evolu-
tionary forces may be acting across the Gorilla and
Pan—Homo clades. K,/K; ratios across the sample of
alleles in the Pan—Homo clade are higher than intra-
specific and interspecific values for gorilla. In addi-
tion, we find that both human—chimp and human-—
bonobo K,/K; estimates for Sgl are higher than esti-
mates based on surveys of primate nuclear genes
(Chen and Li 2001; Chen et al. 2001; Ohta 1995).
Chen et al. (2001) described chimp—human divergence
and reported an average K, and K across 88 genes
which give a ratio of 0.48. For the subset of 15 du-
plicate genes, such as Sgl and Sgll, Chen et al. (2001)
estimate a K, and K that give a ratio of 0.56. We
estimate the human—chimp K, /K at Sgl to be 1.01 +
0.14 (mean = SD), which is higher than 97.5% of the
values for all the genes reported by Chen et al. (2001).
The relatively high values of Sgl K,/K; in the Pan—
Homo clade, rather than their absolute magnitude,
suggest that this locus has differentially evolved
among taxa of this clade. The substitution patterns
are consistent with positive selection in a background
of purifying selection, as seen in several mammalian
reproductive proteins (Swanson et al. 2001b). How-
ever, the power to test this hypothesis formally based
on K,/K; is limited because of the low number of
variable sites among our samples. Sequence data from
more divergent species are needed.

Though not significant, the trend observed in TD
values also indicates divergent evolutionary forces in
each taxon. The chimpanzee TD is negative (—1.164),
whereas both the human and the gorilla TD are
slightly positive (0.349 and 0.865, respectively). The
negative chimp TD is consistent with recovery from
selective sweep, although the power of the test, based
on only one singleton, is very low. The human TD is
close to zero so does not indicate either strong de-
mographic or selective effects on the locus and is
rather inconclusive. The gorilla TD, the largest value



in our data set, reflects the high levels of intermediate-
frequency variants and could be suggestive of popu-
lation contraction of the Western lowland gorilla
subspecies (Gorilla gorilla gorilla). However, this
scenario is not consistent with the TD value for the
D-loop, which is nearly zero (TD = —0.013).

Amino acid and nucleotide divergence (K, and Kj)
between human and chimp at semenogelin I show no
clear trend compared to the averages across many
genes reported by Chen and Li (2001) for several
hominoid species. Amino acid percentage divergence
is slightly higher at Sgl, while both synonymous (Kj)
and nonsynonymous divergence (K,) at Sgl are lower.
To understand better the amino acid variation pres-
ent in humans and chimpanzees, we categorized the
nature of the amino acid substitutions in the Pan—
Homo clade according to the classification developed
by Li et al. (1984). (We did not perform this analysis
for gorillas because of the questionable function of
the gene in this species.) Based on Grantham’s (1974)
physiochemical distance between amino acid pairs, Li
et al. classified amino acid substitutions as conser-
vative, moderately conservative, moderately radical,
and radical. In the human lineage, the fixed mutation
at site 554 (Glu—Gln) was conservative, the poly-
morphism at site 500 (Thr—Ser) was moderately
conservative, and the fixed mutation at site 372
(Ser—Phe) was radical. (The mutation at site 388 was
synonymous.) Bonobos differ from all species at site
537 (His—Pro), a moderately conservative change. A
radical change occurred in the lineage leading to both
chimpanzees at site 677 (Gly—>Trp). The amino acid
changes observed in the human and chimp lineages
are not biased toward conservative changes as ex-
pected under neutral evolution and the presence of
two radical changes is consistent with selection for
new forms of semenogelin I in this clade.

Gorillas present a distinctly different pattern of
nucleotide variation at semenogelin I relative to
chimps and humans. In fact, many segregating alleles
of gorilla Sgl appear to be nonfunctional as evi-
denced by a stop codon in the second exon. The locus
shows high polymorphism (20 sites in all, including
the stop codon at 50% frequency), high amino acid
and nucleotide divergence from other species, and no
departure from neutrality based on the HKA tests.
All measures of divergence from both chimp and
human (K,, K;, and percentage amino acid diver-
gence) are higher than 97.5% of the values reported
by Chen and Li (2001) for 37 nuclear genes. However,
while loss of function is often signified by elevated
K, /K, ratios characteristic of relaxation of selection,
both intraspecific and interspecific K,/K ratios for
gorillas are consistent with the average values re-
ported by Chen and Li (2001). Potentially, poly-
morphism in the remaining functional alleles is
limited in gorillas due to a structural constraint on
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the protein, as may occur in the Pan—Homo clade
where the absolute magnitude of K,/K is modest
despite elevation relative to gorilla.

The polymorphic stop codon in gorillas appears to
be relatively young. If we assume that the stop codon
is neutral and is halfway to fixation by drift (which
would take 4N, generations, where N, is the effective
population size), we estimate the allele to be only
(1/2)(4)(20,000)(15) = 600,000 years old, assuming a
generation time of 15 years (Chen and Li 2001) and
an effective population size of 20,000 (Jensen-Seaman
et al. 2001). The loss of function is probably an allele
effect that arose after the gorilla lineage split from
that leading to humans and chimpanzees 6.3 to 8.5
million years ago (Chen and Li 2001). If selection was
relaxed early on in the lineage leading to gorillas, we
would expect to see a much higher level of nucleotide
diversity, similar to the level of a pseudogene. The
average Jukes—Cantor distance for Sgl between hu-
mans and gorillas is 1.31% and that between chimps
and gorillas is 1.19%; both estimates are lower than
all the values reported by Chen and Li (2001) for
seven pseudogenes, which range from 1.49 to 3.62%
between humans and gorillas and 1.84 to 4.27% be-
tween chimps and gorillas. This result implies a rel-
atively recent loss of function or the retention of some
function despite the stop codon. It is possible that
polyandrous mating behavior was prevalent in the
common ancestor of humans, chimpanzees, and go-
rillas and that polygyny recently arose in the lineage
leading to gorillas.

We have demonstrated that chimpanzees, the most
polyandrous hominoid, show a significant departure
from neutral evolution at a protein believed to play
an important role in sperm competition, semenogelin
I. In gorillas, a harem polygynous ape presumed to
have little or no sperm competition, the gene appears
to be subjected to less functional constraint, indicat-
ing that it may play a limited role in sperm compe-
tition. Predicting the expected intensity of sperm
competition in ancestral Homo is controversial.
Based on regression of testis weight to mating system,
Harcourt et al. (1981) estimated the intensity of
sperm competition in humans to be intermediate to
that of chimps and gorillas. Here we find patterns of
nucleotide variability at Sgl in humans to resemble
more closely the patterns seen in chimps than in go-
rillas. Overall, across these hominoid species we de-
tect a trend between the degree of polyandry and the
strength of positive selection on the seminal coagu-
lating protein, semenogelin I. Further sequencing of
the Sgl locus, in addition to semenogelin II, which
encodes the other coagulating protein of semen, as
well as the protease of the semenogelins, prostate
specific antigen (PSA), may help elucidate the effects
of sperm competition on the evolution of reproduc-
tive proteins in primates. Sequence data from more
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divergent taxa, including the socially monogamous
gibbon (Hylobates spp.), as well as a polygynous and
polyandrous baboon species (Papio spp.), would
further increase our statistical power to test patterns
of selection based on polymorphism and divergence.
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