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ABSTRACT

Connecting natural selection of phenotypes with molecular evolution is
one of the central goals of evolutionary biology. Using phylogenetic methods, |
tested the hypothesis that reproductive conflicts related to sperm competition
drive the adaptive molecular evolution of primate reproductive proteins. To
control for potential empirical or statistical biases in the data, | compared results
from 22 ‘housekeeping’ proteins to those of 28 reproductive proteins. Average
correlation coefficients between sperm competition and adaptive molecular
evolution were significantly greater for reproductive proteins than for control
group proteins. Reproductive proteins implicated in seminal coagulation and
sperm-egg interactions, including two female-expressed proteins, had particularly
high correlation coefficients. These results suggest that inter- as well as intra-
sexual reproductive conflicts generate adaptive divergence in reproductive
proteins. The nature of molecular interactions may mean that reproductive
conflicts between males and females at this level are particularly likely to lead to

the reproductive isolation of allopatric populations.

Keywords: sexual conflict; sperm competition; reproductive proteins; primates;

molecular evolution; reproductive isolation

Subject Terms: Sexual behaviour in animals; Agonistic behaviour in animals;

Primates — Variation; Molecular evolution
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CHAPTER 1: INTRODUCTION

Evolutionary biology attempts to connect changes at the species level with
change occurring at the level of populations, and the individuals and genes that
compose them. The methods used to undertake this goal are constantly
undergoing development and paradigm shifts. An apt example is the study of the
rapid evolution of reproductive proteins. Early demonstrations of rapid evolution
in reproductive proteins relied on the use of polymorphism data, principally in the
abalone gamete recognition protein, lysin (Lee and Vacquier, 1992), and in the
accessory gland proteins found in Drosophila seminal fluid (Aguade et al., 1992).
The introduction of methods that compare rates of nonsynonymous to
synonymous nucleotide substitutions (ie., dn versus ds) was pivotal in that it
allowed researchers to differentiate between rapid divergence due to neutral
genetic drift, and rapid divergence due to selection (McDonald and Kreitman,
1991). The observation of patterns of sequence divergence in reproductive
proteins that had previously only been observed in coevolved host-parasite
proteins began a wave of research, first in marine invertebrates and Drosophila
(Tsaur and Wu, 1997; Metz and Palumbi, 1996; Lee et al., 1995; Lee and
Vacquier, 1992), then mammals (Swanson et al., 2003; Swanson et al., 2001;
Rooney and Zhang, 1999), then plants, fungi, and prokaryotes (Clark et al., 2006;
Swanson and Vacquier, 2002b).

Although hypotheses explaining this widespread phenomenon are
plentiful, they have been, in general, difficult to test (Swanson and Vacquier,
2002a). The observation that primate seminal proteins semenogelin | and I
appear to have undergone a greater number of selective sweeps in species with
higher expected levels of sperm competition was thus opportune (Jensen-
Seaman and Li, 2003; Kingan et al., 2003). Dorus et al. (2004) recognized that

the development of branch-specific methods of estimating dn/ds ratios (Yang,



1998) allowed directed testing of the hypothesis that sperm competition drives
the adaptive molecular evolution of these proteins. Since their finding that
species-specific dn/ds estimates are positively correlated with female promiscuity
in primates (Dorus et al., 2004), several authors have tested this hypothesis
using other primate reproductive proteins (Hurle et al., 2007; Herlyn and Zischler,
2007; Hamm et al., 2007). My goal in the second chapter of this thesis was to
build upon past work by exploring the generality of a positive correlation between
female promiscuity and the adaptive evolution of reproductive proteins, relative to
non-reproductive proteins. In doing so, | incorporated knowledge of the
phylogenetic relationships between primate species, as well as protein function,
to explain the patterns of evolution observed in these proteins.

Just as early observations of rapid protein evolution lead to hypotheses
regarding the role of sexual selection, sexual conflict and species-recognition in
adaptive molecular evolution, so too did they lead to suggestions of the
importance of these phenomena in the evolution of reproductive isolation (Lee et
al., 1995). If rapid evolution can be caused by reproductive competition and
conflict, what implications might this have for the evolution of species? Thus, my
goal in the third chapter of this thesis was to synthesize theoretical and empirical
data regarding the influence of reproductive conflicts on gene flow between
populations. By placing reproductive conflicts at different levels of biological
organization within a common framework, | hope to encourage cross-fertilization
of theory and methods between disciplines such that we are able to move
together towards our common goal — a better understanding of the biological

diversity that surrounds us.



CHAPTER 2: PHYLOGENETIC-COMPARATIVE
ANALYSES LINKING THE ADAPTIVE MOLECULAR
EVOLUTION OF PRIMATE REPRODUCTIVE PROTEINS
TO SPERM COMPETITION

Abstract

Although many proteins involved in the insemination of females and the
fertilization of their gametes appear to have undergone strong positive selection,
very few studies have linked this adaptive molecular evolution with corresponding
evidence of natural selection at the phenotypic level. In this study, | evaluate the
hypothesis that sperm competition has had a widespread influence on the
adaptive molecular evolution of primate reproductive proteins. To control for
potential empirical or statistical biases in the data, | also analysed a group of
highly-conserved, widely-expressed ‘housekeeping’ proteins. A total of 28
reproductive proteins and 22 control group proteins were included in this study.
Using phylogenetic methods, | compared species-specific dn/ds to two measures
of sperm competition: relative testes mass and female remating rate. After
correcting for multiple comparisons, 9 reproductive proteins showed positive
correlations between dn/ds and sperm competition measures. In contrast, there
were no positive correlations among the control group proteins. Using meta-
analytic methods, | standardized correlation coefficients, and weighted them as a
function of sample size. Transformed correlation coefficients were significantly
higher among reproductive protein comparisons than among control group
comparisons. Reproductive proteins implicated in seminal coagulation and
sperm-egg interactions, including two female-expressed proteins, had particularly

high correlation coefficients. These results suggest that, despite the complexity of



evolutionary pressures acting upon this diverse group of proteins, elevated dn/ds
in reproductive proteins are likely the mark of post-copulatory sexual selection

and sexual conflict.

Introduction

Connecting natural selection of phenotypes with evolution at the molecular
level is one of the central goals of evolutionary biology. An increasingly popular
method for detecting evidence of past selection in protein-coding DNA is to
calculate rates of nonsynonymous (dn) versus synonymous (ds) nucleotide
change between orthologous coding sequences of closely related species. A
dn/ds ratio > 1 indicates an excess of mutations altering the amino acid
sequence, and is interpreted as selection for phenotypic change (i.e., positive
selection). Positive selection has been purported via this method for many
proteins involved in the insemination of females and fertilization of female
gametes, collectively known as reproductive proteins (Swanson and Vacquier,
2002a). However, dN/dS alone is not a fully adequate indicator of positive
selection without supporting evidence regarding selection on protein structure
and or function (MacCullum and Hill, 2006).

Several mechanisms of positive selection have been proposed for
reproductive proteins (Swanson and Vacquier, 2002a). Though none of the
following mechanisms should be considered mutually exclusive, hypotheses can
be divided into those that predict a correlation between female promiscuity and

the adaptive evolution of reproductive proteins, and those that do not.
Mechanisms associated with female promiscuity

Sexual selection (sperm competition, cryptic female choice)

Post-mating, pre-fertilization competition between males over female
gametes, i.e., sperm competition, may create strong selection for functional

optimization of male reproductive proteins. Promiscuous and polyandrous



species are expected to have higher levels of sperm competition than
polygynous and monogamous species, and may therefore have faster rates of
reproductive protein evolution (Herlyn and Zischler, 2007; Dorus et al., 2004a).

Greater female promiscuity also increases female opportunity to exercise
post-mating, i.e., cryptic, female choice. If female choice is constantly evolving,
male phenotypes could undergo continuous positive selection. Addressing how
and why female choice might change will thus strengthen this type of hypothesis.
One possibility is that female-expressed reproductive proteins are more likely to
be under relaxed selection than male-expressed reproductive proteins, especially
under conditions of intense sperm competition (Swanson and Vacquier, 2002a).
If. female preferences are free to evolve in a relatively neutral manner, males may
be subjected to constantly changing positive selection. However, the fact that
many female-expressed proteins appear to have undergone positive selection
themselves suggests that another mechanism is at work in these cases
(Swanson et al., 2001).

Sexual conflict

Intersexual conflict over fertilization could cause selection on female
choice to shift over time, also resulting in continuous female evolution. Sperm
competition will select for traits that are beneficial to males, but potentially costly
to females. Such intergenomic conflict could lead to ongoing antagonistic
coevolution between female- and male-expressed reproductive proteins (Rice
and Holland, 1997). Because increased sperm competition is expected to
intensify postmating sexual conflict, this hypothesis also predicts that
reproductive proteins will evolve more quickly if female promiscuity is high.
However, unlike sperm competition, sexual conflict will influence the evolution of

both male-expressed and female-expressed proteins.



Sexually transmitted pathogens

Pathogens that infect gametes and the reproductive tract could subject
both male- and female-expressed proteins to positive selection. Antipathogenic
adaptations may be particularly favored in female-expressed proteins that
mediate fusion of sperm with the egg and travel along the female reproductive
tract (Swanson and Vacquier, 2002a). Positive selection on these proteins would
lead to corresponding positive selection on male-expressed proteins. More
promiscuous primate species have higher white blood cells counts, perhaps due
to a higher incidence of sexually transmitted infections (Nunn et al., 2000).
Antagonistic coevolution with pathogens could therefore also contribute to a
positive correlation between female promiscuity and reproductive protein

evolution, particularly in reproductive proteins involved in host defense.
Mechanisms not associated with female promiscuity

Reinforcement and gene duplication

Selection for pre-zygotic reproductive isolation due to less fit hybrids, i.e.,
reinforcement, will favor divergence in proteins that mediate mating and
fertilization (Dobzhansky, 1940). Reproductive proteins might thus evolve more
quickly when closely related species are in sympatry than when they are in
allopatry (Swanson and Vacquier, 2002a). However, once reproductive isolation
is complete, selection for divergence will cease. Reinforcement alone may
therefore not be adequate to explain the high frequency of positive selection that
is observed in reproductive proteins. Similarly, duplication and subsequent
specialization of reproductive genes could lead to a burst of adaptive evolution,
but would likely be followed by purifying selection once protein function was

optimized (Swanson and Vacquier, 2002a).

Testing hypotheses



A small number of studies have looked for associations between female
promiscuity and positive selection, with varied results (Table 1). A total of four
reproductive proteins have been analyzed: semenogelins | and Il (SEMG1 and 2;
Kingan et al., 2003; Dorus et al., 2004a, Herlyn and Zischler, 2007; Hurle et al.,
2007), Zonadhesin (ZAN; Herlyn and Zischler, 2007), and PKDREJ (Hamm et al.,
2007). With the exception of Hamm et al. (2007), these studies have relied on
non-comparative methods. Such limitations call into question the robustness and
generality of positive correlations between female promiscuity and adaptive
evolution in reproductive proteins. | reanalyzed the above four proteins using
phylogenetic-comparative method, and extended my analysis to include an
additional 24 primate reproductive proteins, plus a control group of 22 widely-
expressed cellular ‘housekeeping’ proteins. To my knowledge, this study is the
first to address the role of female promiscuity in reproductive protein evolution on
such a broad scale. Most importantly, the inclusion of a control group will
increase the validity of my results by providing a standard against which to

measure the effect of female promiscuity on reproductive protein evolution.
Methods

Reproductive proteins

A thorough search of the literature was made for any mention of seminal
or gamete associated primate proteins. This search was updated regularly until
July 2007 using the I1SI Web of Knowledge — Web of Science online database
(http://portal.isiknowledge.com.proxy.lib.sfu.ca/portal.cgi). Table 2 provides a
complete list of the proteins included in this study, their expression, and known
functions. Proteins were excluded from the analysis if there was evidence of
substantial expression outside of the male or female reproductive tracts. Such
proteins may have important functions unrelated to insemination or fertilization,
and thus would be subject to selection pressures outside of the context of female
remating. An exception to this criterion was diazepam binding inhibitor (DBI), due

to the fact that it has an apparent function relating directly to sperm competition
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(Kolmer et al., 1997). DBI is highly expressed in both late-spermatogenesis
spermatids and mature spermatozoa, where it localizes to the mitochondria-
enriched sperm midpiece. The volume of this midpiece is positively correlated
with relative testes size in mammals, including primates (Anderson et al., 2005),
which suggests that increased mitochondrial loading increases the competitive
ability sperm. DBI fatty acid metabolism, as the primary energy source available
to spermatozoa, may therefore also be an important factor in sperm motility
(Kolmer et al., 1997). Additionally, DBI is an androgen-regulated, prostate-
expressed protein that was highlighted in a recent analysis of proteins found in

primate seminal fluid (Clark and Swanson, 2005).

Control group proteins

In order to test the hypothesis that post-copulatory sexual selection
accelerates the evolution of reproductive proteins, it was important to compare
my results to those from a control group of proteins. It is possible that adaptive
molecular evolution in general is more rapid in promiscuous species for reasons
unrelated to sperm competition. For example, in polygynous species small ratios
of breeding males to breeding females may mean that less promiscuous species
will tend to have lower effective population sizes than more promiscuous species.
Although census adult sex ratios do not necessarily reflect breeding sex ratios,
they do measure the number of reproductively mature individuals of each sex.
Using available primate adult sex ratio data to calculate effective population size
(van Noordwijk and van Schaik, 2004; Plavcan, 2004; van Schaik et al., 1999;
Nunn, 1999; Dixson, 1998), there was a significant positive correlation between
both effective population size and relative female remating rate (linear
regression: r’ = 0.18, p < 0.0001, n = 108) and effective population size and
relative testes mass (linear regression: r’ = 0.078, p = 0.29, n = 61). If effective
population sizes do tend to be larger in more promiscuous species, genetic drift
would occur at a lower rate in these species, allowing selection to operate more

effectively.



Sampling error might also create a positive correlation between protein
dn/ds estimates and sperm competition variables. For many primate proteins,
there is a sequencing bias in favor of macaque and hominoid species commonly
used in lab research. Repeated inclusion of the human-chimpanzee sister pair in
my analyses was of particular concern: the common chimpanzee, Pan
troglodytes, has one of the most promiscuous mating systems documented
among primates (Dixson, 1998), whereas human males are expected to
experience relatively low levels of sperm competition (Shackieford and Goetz,
2006). Because phylogenetic analyses stress the importance of differences
between closely related species pairs, the contrast between rates of human and
chimpanzee molecular evolution could exaggerate the apparent correlation
between female promiscuity and rate of nucleotide substitution across primates
(Harmon and Losos, 2005) — particularly if the number of substitutions in the
chimpanzee coding sequence is inflated by publishing errors (Clark and
Swanson, 2005). A control group comparison should indicate whether an
observed effect is due to mating system-related selection pressures, or to other,
confounding factors. My goal was to gauge the overall support for a correlation
between female promiscuity and reproductive protein evolution, rather than to
draw conclusions regarding mode of evolution for any individual protein.

The control group was drawn from a previously published list of
mammalian housekeeping genes (Dorus et al., 2004b). Following the authors’
criteria, these are widely-expressed genes with basic, conserved functions in
cellular metabolism and protein synthesis. These genes have evolved at similar
rates in both primate and rodent taxa (Dorus et al., 2004b), and there is no
expectation that their evolution would be influenced by postcopulatory selection

pressures.

Sequence analysis

All sequences were accessed online using GenBank at NCBI
(www.ncbi.nlm.nih.gov/) — accession numbers are listed in Appendix 1. Coding

sequences were aligned manually using Se-Al Sequence Alignment Editor
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v2.0a11 (http://tree.bio.ed.ac.uk/; Rambaut, 2007). Any section of the sequence
that appeared to vary due to an insertion or deletion mutation rather than a
substitution mutation was omitted from the analysis. Portions of the sequence
following premature stop codons, and regions for which more than one alignment
was conceivable, were also removed.

Branch-specific dy/ds were estimated by the free-ratio maximum likelihood
method using CODEML from the PAML package, v3.15
(http://abacus.gene.ucl.ac.uk/; Yang, 1998). Portions of the sequence that were
missing for one or more of the species were excluded from the analysis in
question (i.e., cleandata = 1). The equilibrium codon frequencies used in the
codon substitution model were estimated from the average nucleotide
frequencies at the three codon positions (CodonFreq = 2).

In several cases, PAML estimated exaggerated branch-specific dN/dS
(373.7-=) due to extremely low ds estimates (0-0.0001). Sequences may have
simply experienced too little time, and therefore too few mutations along these
branches to allow for reliable dN/dS estimates (Dorus et al., 2004a). Branches
with lower ds estimates (0-0.0001) also had significantly lower dy estimates than
branches with higher ds estimates (0.001-0.4), which suggests these branches
are experiencing lower mutation rates at both nonsynonymous and synonymous
sites (t = -5.03, df = 481.7, p < 0.0001). Rather than combining closely-related
lineages to avoid the unreliable dn/ds estimates associated with short branches
(Dorus et al., 2004a), | instead excluded terminal branches whose orginal ds
estimates had been less than 0.001. This threshold (ds = 0.001) clearly
differentiated the inflated dn/ds estimates from the more conservative dn/ds
estimates (Figure 1). By excluding one of a pair of low ds-sister species, a
reasonable dn/ds could often be achieved for the remaining species. In this way |
maximized the number of species that could be included in the analysis, and
avoided averaging values across species.

| did not compare the likelihoods of branch-specific dn/ds models to single-
ratio models to test for significant differences in dn/ds ratios between branches

(Yang, 1998; Hamm et al., 2007). Demonstrating significant variation in dy/ds

10



estimates between branches could be an overly conservative criterion for linking
protein evolution to specific selection pressures, given that several similar
branches can mask variation between other branches. For example, if the
majority of species included in the analysis have a high degree of female
prorniscuity, one might expect the majority of sequences to show similar high
divergence rates. Although assigning branches to distinct dn/ds classes might
improve this problem, internal branches must also be considered. Making such
designations a priori would be difficult when little is known about ancestral
phenotypes, such as is the case with mating systems. Furthermore, whether or
not dy/ds estimates vary significantly between branches, significant correlations
between dn/ds estimates and sperm competition variables suggests a close

coupling between the two factors.

Comparison with mating system

| compared terminal-branch dy/ds with two indicators of sperm
competition: 1) the number of sexual partners per peri-ovulatory period, i.e.,
female remating rate (Campbell, 2006; Singh et al., 2006; van Schaik et al.,
1999; Dixson, 1998; Boinski, 1987); and 2) testes mass (Dixson and Anderson,
2004; Kappeler, 1997; Harcourt et al., 1995; Harcourt, 1991; Moller, 1988;
Harcourt et al., 1981). In the case of several strepsirhine measurements
(Kappeler, 1997), testis volume was converted to testes mass using the formula
provided by Harcourt et al. (1995). Relative male body mass, a measure of
sexual dimorphism, has been previously used to estimate sperm competition
when data regarding female remating rates and/or testes mass are not available
(Herlyn and Zischler, 2007). More promiscuous species will have reduced sexual
dimorphism; however, so will more monogamous species. Although relative male
body mass does tend to decrease as sperm competition increases in the dataset
in question (Herlyn and Zischler, 2007), across the primate phylogeny there is no
significant correlation between relative male body mass and either relative testes

mass or female remating rate (linear regression: r? = 0.0435, p = 0.0651, n = 79;
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r? =0.0176, p = 0.14, n = 125). For this reason, relative male body mass was not
used as an indicator of sperm competition in any of my analyses.

Both female remating rate and testes mass are positively correlated with
adult male body mass in primates, although the correlation between male body
mass and the former is relatively weak (r* = 0.15, p <0.0001; r* = 0.66, p <
0.0001, respectively; calculated using natural logarithms). Residuals obtained by
regression with male body mass for both variables were thus used in the
following analyses. Testes mass measurements were regressed on paired adult
male body mass measurements when possible (Dixson and Anderson, 2004;
Moller, 1988; Harcourt et al., 1981). Sexual partner counts were regressed on the
species average adult male body mass, using the largest sample size available
(Thoren et al., 2006; Plavcan and van Schaik, 1997; Kappeler, 1991).

In many cases, too little is known about reproductive protein function to
compare sequence variation to relevant phenotypic variation. An exception is
CatSper1 (Cation Sperm Channel 1), which directly influences the motility of
sperm (Carlson et al., 2003). | compared species-specific dn/ds estimates for this
protein to both percentage of motile sperm (Moller, 1988) and sperm midpiece
volume (a likely indicator of individual sperm motility; Anderson et al., 2005).
These were a priori comparisons testing a distinct hypothesis, and therefore were
not pooled with the rest of the comparisons for the purposes of meta-analysis, or
for the Bonferroni a-level corrections for multiple comparisons.

Non-phylogenetic comparative methods, in which species values are
assumed to be statistically independent, can overestimate degrees of freedom
and increase the likelihood of observing false positives in cases of phylogenetic
correlation (Felsenstein, 1985). For this reason, | accounted for the phylogenetic
structure in my data using the Continuous model from BayesTraits
(www.evolution.rdg.ac.uk; Pagel, 1999). Continuous is a generalized least
squares (GLS) model that uses a matrix of expected covariances among species
to control for phylogenetic non-independence (Pagel, 1997). The analysis returns
results equivalent to those of an independent contrasts analysis (Pagel, 1997,

Felsenstein, 1985), and, as with an independent contrasts analysis, requires a
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minimum of four species. Therefore, any protein with fewer than four species-
specific ds > 0.001 was necessarily excluded from the analysis. Twenty-eight of
42 candidate reproductive proteins, and 22 of 95 candidate control group
proteins were ultimately included in this study. BayesTraits-Continuous returns
the variances and covariance of the compared variables, which were used to
calculate correlation coefficients in Microsoft Excel. The In-likelihoods models
assuming a correlation and assuming no correlation were cornpared using the
Likelihood Ratio Test (df = 1) to attribute a p-value to the correlation (Pagel,
1999). All phylogenetic trees used in the above analyses were taken from an
unpublished primate supertree (R. Vos, personal communication).

| also compared my variables using species-level regressions, calculated
using JMP statistical software. Previous studies comparing terminal branch-
specific dN/dS estimates and mating system traits have relied on species-level
analyses; analyzing my data this way thus allows for more direct comparison with
previous studies. Non-phylogenetic comparisons can provide statistically valid
results, insofar as one of three following assumptions is met: 1) the species
belong to a star phylogeny, such that they are all equally unrelated to one
another; 2) the species values are solely the result of adaptive radiation,
uninfluenced by Brownian motion (Harvey and Rambaut, 2000); or 3) rapid
divergence between species erases similarities due to descent. Thus, if the
phylogeny is reasonably diverse, and/or the correlation between the variables in
question is reasonably strong, non-phylogenetic comparisons can provide useful
tests of evolutionary hypotheses (Ricklefs and Stark, 1996).

Continuous also allows one to estimate the extent to which both female
remating rate and testes mass were individually correlated with phylogeny, and
then to compare the likelihood of those estimates to the likelihood of no
phylogenetic correlation (A = 0). Both sperm competition variables showed
significant correlations with phylogeny (residual female remating rate: x* = 18.21,
p = 1.98x107; residual testes mass: ¥ = 21.79, p = 3.03x10®), supporting the

use of phylogenetic-comparative methods.
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Most of my analyses, especially those in the control group, included
multiple hominoid primate species (i.e., Pongo pygmaeus, Gorilla gorilla, Homo
sapiens, Pan troglodytes, and Pan paniscus), as well as two macaque species,
Macaca mulatta and Macaca fascicularis. | retested for phylogenetic correlations
in both sperm competition variables using only those species listed above. In this
subset of primate species, neither female remating rate, nor testes mass were
significantly correlated with phylogeny (residual female remating rate: x* = 1.87,
p = 0.17; residual testes mass: x* = 0.50, p = 0.48). Thus, species-level analyses
that are principally lirnited to hominoids and macaques may estimate correlations

more accurately than those whose datasets extend to the rest of the primate

phylogeny.

Multiple comparisons

Given that the control group proteins should not be affected by variation in
post-copulatory sexual selection, | expected to find no evidence of a correlation
between female promiscuity and dy/ds estimates in that group. However, if the
null hypothesis is true, false positives are expected to occur at a rate
corresponding to the chosen a-level (usually a = 0.05). Resampling from the null
distribution will increase the rate at which these false positives occur. Much
discussion has centered around the best way of managing Type | error in these
cases without becoming vulnerable to Type Il error (Verhoeven et al., 2005).
Although often criticized as unsuitable and overly conservative (Benjamini and
Hochberg, 1995), the classic Bonferroni correction (o’ = 0.05/m, where m =
number of comparisons) was considered an appropriate solution in my case for
several reasons:

1) | was specifically concerned with group-wise (also known as family-

wise) error rates — of the ~20 comparisons in the control group | would

expect to see at least one significant result; | then questioned whether |
would observe similar p-values at a similar frequency among the

reproductive proteins
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2) | was concerned primarily with Type | rather than Type Il error

3) The average absolute effect size for my study, across groups, was |r| =
0.62 (Std dev = 0.30, SEM = 0.042, n = 50) — well above the small to
moderate (r = 0.10-0.30) effect sizes at which loss of power is considered

a concern (Nakagawa, 2004)

The reproductive proteins group and the control group were being
compared to one another as separate populations, so the Bonferonni adjustment
was conducted separately for each group. As relative testes mass and female
remating rate are positively correlated with one another (? = 0.25, p < 0.0001, n
= 67), their comparisons with dy/ds estimates were considered redundant rather
than independent comparisons. Similarly, the natural logarithms and
untransformed dn/ds estimates could not be considered independent from one
another. For this reason, only one comparison per protein was counted towards
m. For the reproductive proteins, o” = 0.0018 (m = 28); for the control group
proteins, a” = 0.0023 (m = 22).

To test for differences in the frequency of positive and negative
correlations between the control group and reproductive proteins, | counted the
number of protein comparisons that fell into the following groups: 1) no significant
correlation; 2) positive correlation, p < 0.05; 3) positive correlation, p < a’; 4)
negative correlation, p < 0.05; 5) negative correlation, p < a’. Each protein was
counted only once: proteins with at least one correlation having a p-value less
than o were counted in categories 4) and 5); proteins with p-values ranging from
0.05-a” were counted in categories 2) and 3). A Pearson’s ChiSquare test was
used to determine whether or not the differences in counts between control group

and reproductive proteins were significant.

Meta-analysis

Correlation coefficients were averaged by first using Fisher's Z-

transformation to normalize the values (Z;), weighting their average by the
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inverse of the corresponding variances (wZ;), and then back-converting to
Pearson’s r to give r, (Corey et al., 1998). The p-value associated with r, can be
calculated from the average effect size and its standard error using a Z-test,
which is on the same order of magnitude as the combined p-value calculated
using the unweighted Z-method. The unweighted Z-method was appropriate for
my data because the true level of replication was the number of proteins in each
category, rather than the number of species in each comparison (Whitlock,
2005).

Average correlation coefficients (r,) were calculated for both the control
group and the reproductive protein group, as well as for each of five functional
sub-groups within the reproductive protein group: sperm-egg interactions,
seminal coagulation, sperm motility, spermatogenesis, and dissolution of seminal
coagulum/host defense. Correlation coefficients in their weighted, standardized
form (wZ,) were compared between reproductive proteins and control group
proteins using independent t-tests. Calculations were performed using a

combination of Microsoft Excel and JMP statistical software.

Results

dn/ds estimates

Overall, dy/ds estimates were significantly higher among the reproductive
proteins than among the control group proteins, as were both dy estimates and
ds estimates individually (Figures 2 a,b,c). Figures 3a-d show the distribution of

dn/ds estimates in relation to sperm competition-related traits.

Species-level analyses

In general, the species-level analyses offer weak, although suggestive,
support in favor of a positive correlation between sperm competition variables
and reproductive protein dy/ds estimates. Tables 3a-b show correlation

coefficients and associated p-values from these analyses. None of the species-
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level comparisons were significant at the Bonferroni-adjusted a-levels
(reproductive proteins: o’ = 0.0018; control group proteins: a’ = 0.0023). At the
0.05 a-level, four reproductive proteins showed at least one positive significant
correlation, whereas there were no significant negative correlations in this group.
Among the control group proteins, there were two significant positive
correlations, and two significant negative correlations. The difference in the
frequency of positive and negative correlations between the two groups was not
significant (x* = 2.67, df = 1, p = 0.10).

Averaged across reproductive protein comparisons, correlations between
dn/ds estimates and female remating rate were positive, and significant (Table 5).
Average correlations (r;) between dn/ds estimates and relative testes mass were
generally weaker, and nonsignificant. None of the averages calculated for control
group comparisons were significant. Standardized, weighted correlation
coefficients (wZ;) were significantly larger among reproductive proteins than
among control group proteins when dn/ds estimates were compared to female
remating rate (Table 7b). The difference was not significant when dn/ds estimates
were compared to relative testes mass.

Average r; and associated significance were particularly high among
proteins involved in sperm-egg interactions, and those involved in seminal
coagulation. In the phylogenetic-comparative analyses detailed below, the
sperm-egg interaction proteins OGP, PKDREJ, ZAN and ZP-4, and the seminal
coagulation proteins SEMG1 and SEMG2 showed particularly strong correlations
between dn/ds estimates and sperm competition variables. For this reason, |
present species-level plots for these proteins in Figures 4 a-g. A species-level
plot is also included for control group protein GSTM4; GSTM4 is of particular
interest because results from the phylogenetic-comparative analyses suggest it

may be a potential outlier.
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Phylogenetic-comparative analyses

Results from my phylogenetic-comparative analyses strongly support a
positive correlation between reproductive protein dn/ds ratios and sperm
competition. Of the 28 reproductive proteins | analyzed, 12 showed positive
correlations between dn/ds and sperm competition estimates, nine of which were
significant at the Bonferroni-corrected a-level (a” = 0.0018). Four reproductive
proteins showed negative correlations between the dN/dS estimates and sperm
competition variables, none of which were significant after the correction for
multiple comparisons. In the case of the 22 control group proteins, four showed
positive correlations and five showed negative correlations, although only two of
the negative correlations were considered significant at the Bonferroni-corrected
a-level (a” = 0.0023) (Table 4a,b). The difference in the frequency of positive and
negative correlations between the two groups was significant (x? = 10.76, df = 4,
p = 0.029).

Standardized, weighted correlation coefficients (wZ,) were significantly
larger among reproductive proteins than among control group proteins in all
cases (Table 7a, Figure 6a). Average correlations (r,) between reproductive
protein dv/ds estimates and sperm competition variables were positive and
significant, whereas r, from the control protein comparisons were weak and
insignificant (Table 6). The average r, of reproductive proteins involved in sperm-
egg interactions, seminal coagulation, or sperm motility were generally
significant, and positive. In contrast, the average r;, of reproductive proteins
involved in spermatogenesis, the dissolution of seminal coagulum, or host
defense were non-significant in all cases (Table 6). Despite this contrast, the wZ,
of the separate functional groups did not differ significantly from one another
(one-way ANOVA, F =0.99, p = 0.45).

| predicted that the reproductive and control protein groups would differ in
the frequency and magnitude of positive correlations, but not in their distributions
of negative correlations. To test this prediction, | compared first positive wZ,, and

then negative wZ, between the two groups. In order to summarize wZ, across all
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four possible comparisons (i.e., dy/ds compared to both sperm competition
variables, and In(dn/ds) compared to both variables), | used results from only one
comparison per protein — the comparison associated with the lowest p-value,
whether or not p < 0.05. When positive wZ, were compared, values were
significantly higher among reproductive protein comparisons than among control
group comparisons (Figure 6b). In contrast, when negative wZ, were compared,
there was no difference between the two groups (Figure 6c).

The null hypothesis for the Likelihood Ratio Test-statistic (LRT-statistic)
follows an approximate Chi-square distribution, with degrees of freedom equal to
the difference in number of parameters between the compared models. Thus, if
results from either the reproductive proteins or the control group were truly
representative of the null hypothesis, the LRT-statistics for that group would be
expected to follow to a Chi-square distribution with df = 1. A Cramer-von Mises W
Test for goodness of fit found that both the control group and reproductive protein
group LRT-statistic distributions were significantly different from the expected null
distribution (W? = 0.53, p = 0.036; W? = 2.13, p = 0.0010).

Outliers are commonly defined as points that lie more than 1.5 times the
interquartile distance beyond either the upper or lower quartiles (Frigge et al.,
1989). The control group distribution had a single point, GSTM4, that lay beyond
this outlier threshold (i.e., >18.17; Figure 3a). Excluding this potential outlier, the
difference between the control group distribution and the null became non-
significant (W? = 0.42, p = 0.066).

False positives

Phylogenetic-comparative analyses can exhibit inflated Type | error rates
if the compared traits vary more within species than between (Harmon and
Losos, 2005). Although relative testes mass and female promiscuity data were
used based on the largest reported sarnple size, in some cases only one
measurement was available. In general, intraspecific variation in primate testes
mass will be lower than interspecific variation (Harcourt, 1997). However, certain

pairs of species could show more within than between-species variation in
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female promiscuity. Mating systems with dissimilar behavioural dynamics are
capable of resulting in similar average female mating rates. For example, the
white-handed gibbon, Hylobates lar, and the hamadryas baboon, Papio
hamadryas, both have average female mating rates of about 1.5 mates per peri-
ovulatory period (van Schaik et al., 1999). Whereas gibbons are generally
considered a monogamous genus, most baboons species are highly
promiscuous. Hamadryas baboons are unique in that larger groups are
composed of many smaller harems, each guarded by a dominant reproductive
male, although sperm competition between dominant and subdominant males is
not uncommon (Zinner et al., 2006). White-handed gibbons live in small groups
of 3-5 individuals. Groups were previously assumed to comprise a heterosexual
pair and their juvenile offspring, but in actuality vary frequently from this structure
(Fuentes, 2000). Sampling error could potentially inflate the difference in female
mating rates between these two species, further exaggerating the phylogenetic
contrast, despite both species having similar levels of sperm competition. The
exaggerated contrast might then generate a correlation where there is none
(Harmon and Loso, 2005). Although measurement error is a concern for some
species measurements, this bias should have affected both reproductive protein
and control group analyses equally.

Loci under positive selection are expected to show higher rates of
sequence variation between species than within; negative selection, on the other
hand, should decrease inter-specific divergence relative to intra-specific
polymorphisms (Bustamante et al., 2005; Sawyer and Hartl, 1992). Inflation of
false positive rates due to sequence sampling error may therefore be more of an
issue in my control group than in the case of my reproductive protein analyses.
This may explain why the control group, despite generally agreeing with the null
hypothesis, generated two significant correlations between sequence evolution
and reproductive traits. Harmon and Losos (2005) simulated the effect of
measurement error on Type | error rates in phylogenetic analyses, under
different ratios of inter:intra-specific variation in traits. Two false positives out of

22 control group comparisons, or a Type | error rate of 9.1%, is comparable to
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the 10% upper average error rate they reported (Harmon and Losos, 2005). Type
| error rates became particularly inflated when pectinate (i.e., highly
asymmetrical) trees, such as the one used for my analysis of GSTM4, were used
in phylogenetic analysis. If interspecific variation is high relative to within species
variation, measurement error has little effect on the results — even if only one
sample is used per species (Harmon and Losos, 2005). In general, reproductive
proteins would be expected to have higher between than within-species variation.
Possible exceptions are BOULE and DAZL, which appear to have undergone
stabilizing selection (Tung et al., 2006).

It is surprising that BOULE, a reproductive protein with no evidence of
positive selection, would show strong positive correlations between dn/ds
estimates and sperm competition variables (Table 4a), especially when DAZL, a
homologous protein with a similar function, does not. Even more surprisingly,
these correlations carry over into the results from the species-level analyses
(Table 3a). It is possible that branch-specific analyses lack the power to detect
inter-specific variation in positive selection when it is restricted to a small number
of nucleotide sites, the locations of which may also vary between species.
Alternatively, the positive relationship between female promiscuity and molecular
divergence in BOULE may indicate stronger purifying selection in less
promiscuous species and relaxed selection in more promiscuous species,

although it not obvious why this would be the case.

False negatives

One could argue that my small sample sizes and resulting low statistical
power have prevented us from detecting existing correlations, positive or
otherwise, among the control group proteins. Larger sample sizes would, of
course, be ideal — unfortunately, my study was limited to existing, publicly
available sequences. Control group sample sizes ranged from 4-6 sequences per
protein (Table 4b). Although low, five of the 9 most significant reproductive
protein comparisons also had sample sizes within this range (Table 4a). | should

be able to detect the same effect size in the control group with sample sizes of 4-
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5 sequences per protein, committing Type |l errors only 5% of the time (Faul et
al., 2007). To test for the influence of sample size on my results, | compared
standardized, weighted correlation coefficients, wZ,, between control group and
reproductive proteins, excluding reproductive proteins for which more than 5
species had been included in the analysis. wZ, continued to be significantly larger
among reproductive proteins, although only marginally so (t = 1.79, df = 18.32,
one-tailed p = 0.045). Nonetheless, this result suggests that it is not discrepancy
in sample sizes driving the differences between the two groups. Sampling from
different sections of the primate phylogeny in the control group analyses versus
the reproductive protein analyses could also have influenced the results of my
analysis. However, although reproductive protein analyses occasionally included
Strepsirrhine primates and New World monkeys, sequences for both protein
groups were drawn principally from Old World monkeys and hominoids, with

substantial overlap.

CatSper1 analyses — sperm midpiece volume and sperm motility

CatSper1 dN/dS estimates were only weakly correlated with female
remating rate using phylogenetic-comparative methods (r* = 0.28, p = 0.032),
and were not significant at the Bonferroni-corrected a-level. However, dn/ds
estimates were positively correlated with both sperm midpiece volume (r* = 0.58,
p = 0.0052) and percentage of motile sperm (r* = 0.56, p = 0.011).

Results from the corresponding species-level analyses also show a lack of
definite correlation between dn/ds estimates and sperm competition variables
(Figures 5a,b), but increasing trends when dy/ds estimates are compared to
variables linked to sperm motility: sperm midpiece volume (* = 0.18, p = 0.22;
Figure 5c) and percent motile sperm (* = 0.63, p = 0.018; Figure 5d).

Discussion

My main objective in this study was to test the prediction that proteins

involved in the insemination of females and fertilization of female gametes will
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show positive correlations between dy/ds estimates and sperm competition-
related traits more often and of a greater magnitude than proteins with basic
cellular functions not relating directly to sperm competition. Using phylogenetic-
comparative methods, | observed significant differences in the frequency of
positive and negative correlations between my sample of reproductive proteins
and my sample of control group proteins. Whereas nine of the 28 reproductive
proteins showed at least one positive correlation between dn/ds estimates and
sperm competition variables (significant at the Bonferroni-corrected a-level),
none of the 22 control group proteins showed positive correlations of equivalent
significance (Table 4a,b).

Furthermore, correlations between dn/ds estimates and sperm competition
variables were significantly stronger among reproductive proteins: standardized,
weighted correlation coefficients (wZ,) were significantly larger (i.e., more
positive) when testes mass and female remating rate were compared to dn/ds
estimates from reproductive proteins, than when they were compared to dn/ds
estimates from control group proteins (Figure 6a). This difference was specifically
due to differences in the magnitude of positive correlations (Figure 6b) — when
ornilly negative correlations were compared, the two groups did not differ (Figure
6c¢). These results clearly imply that sperm competition-correlated selection
pressures are driving the adaptive evolution of many reproductive proteins.

The fact that the results from my species-level analyses were generally
weaker than the results from my phylogenetic-comparative analyses may seem
surprising. Often, phylogenetic dependency is expected to make variables
appear more correlated rather than less correlated (Hurle et al., 2007). However,
this is not always the case. Because accounting for the effects of phylogeny
decreases the standard error of estimated regression coefficients, phylogenetic-
comparative methods will tend to have higher power, and lower Type | error rates
than non-phylogenetic-comparative methods (Rohlf, 2006). This will sometimes
result in higher estimates of regression coefficients, as is the case with my

analysis.
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Given that female remating rate and testes mass are both strongly
correlated with phylogeny, comparisons with these variables using phylogenetic
methods are expected to give more accurate results than non-phylogenetic
methods. The results of the species-level analyses are still informative in that
they indicate the extent of observable, rather than mechanistic, correlations
between variables. For example, although the results of my phylogenetic-
comparative analyses suggest a true correlation between ZAN dn/ds estimates
and sperm competition variables (Table 4a), one should not necessarily expect to
observe a higher dy/ds estimate for this protein along the lineage of a more

promiscuous species (Figure 4c).

dn/ds estimates

The rapid evolution of reproductive proteins is well established (Swanson
and Vacquier, 2002b; Clark et al., 2006). Aithough | actively avoided restricting
my data set to proteins that have shown evidence of positive selection, all but
two of the reproductive proteins | analyzed appear to be rapidly evolving (Table
8). Given that positive selection has been demonstrated for the majority of these
proteins, it is not surprising that branch-specific dn/ds estimates were significantly
higher among the reproductive proteins than among the control group proteins
(Figure 2a). Whereas dn/ds estimates in the control group never exceeded one,
21% of the dn/ds estimates in the reproductive protein group were greater than
one. These higher dn/ds estimates were not due to decreased ds estimates;
rather ds was significantly higher among the reproductive proteins than among

the control group proteins (Figure 2c).

Control group results

The low dn/ds estimates of control group proteins suggest that, whereas
negative correlations among the reproductive proteins would indicate a decrease
in positive selection as female promiscuity increases, the same results in the

control protein group would indicate an increase in negative, or purifying
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selection, with increasing female promiscuity. The control group proteins were
chosen for their highly conserved roles in basic cellular regulation. These
proteins are expressed in a wide variety of cellular tissues, such that selection
acting on a specific tissue type, i.e., reproductive tissues, should not unduly
influence molecular evolution. However, it is possible that if males engage in
intense sperm competition, maintaining proper cellular regulation in reproductive
tissues may be particularly important in order to ensure male fertility. Therefore, if
anything, one might expect to see negative correlations between dn/ds estimates
and sperm competition among these proteins more often than positive
correlations. Such a trend would exaggerate the apparent effect female
promiscuity has on reproductive protein evolution relative to the control.

There was a general trend in the control group toward negative
correlations between the rate of molecular evolution and female promiscuity. Two
proteins in particular, GSTM4 and KNSL6, show strong negative correlations
between dn/ds estimates and mating system variables (Table 4b). For GSTM4,
the strength of the correlation is extreme enough for the protein to be considered
an outlier (Figure 7a). A biological explanation for the observed negative
correlations is more plausible in the case of KNSL6. Kinesin-Like 6 protein
(KNSL6) is a microtubule depolymerase that corrects kinetochore-microtubule
attachment errors (Huang et al., 2007). Although expressed in several tissues
that contain rapidly dividing cells types, KNSL6 is particularly highly-expressed in
the thymus and testes (Kim et al., 1997). It is possible that KNSL6 regulation of
spindle assembly and chromosome segregation during mitosis and meiosis is
under higher stabilizing selection in species with increased sperm production —
such as in species with high levels of sperm competition.

Overall, however, the support for a negative correlation between dy/ds
estimates and mating system in control group proteins is not strong.
Comparisons among control group proteins consistently had weak average r, of
low significance, whose upper confidence intervals were above zero (Tables 5
and 6). Additionally, with the exclusion of GSMT4, the distribution of LRT-
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statistics from this group was not significantly different from the expected null

hypothesis distribution (Figure 7a).

Reproductive protein results - comparing hypotheses

As a group, the reproductive proteins deviated significantly from the
expectations of the null hypothesis (Table 6, Figure 7b). This result was due in
particular to proteins with strong positive correlations (i.e., those with p-values
lower than the Bonferroni-corrected a-level, o.") between dn/ds estimates and
sperm competition variables. Surprisingly, four of the eight putative sperm-egg
interaction proteins | analysed fell into this category: PKDREJ, ZAN, OGP, and
ZP-4 (Table 4a). This pattern was striking; average r, were consistently more
significant for proteins involved in sperm-egg interactions than for any other
functional category (Table 6). The same trend can be observed in the results
from the species-level analyses, although the correlations are generally weaker
(Table 5). Although there is general evidence for a positive relationship between
sperm competition and reproductive protein evolution across functional
categories, the strength of the correlation in the case of sperm-egg interaction
proteins particularly supports intersexual conflict as a mechanism of adaptive
molecular evolution.

Sperm-egg interaction proteins are unique in that male and female
proteins interact directly with one another. Male-expressed and female-
expressed proteins pairs are therefore expected to coevolve with one another.
Sperm competition will make the fitness costs of not coevolving greater for males
than for females (Swanson and Vacquier, 2002a) — that is, unless the male
phenotypes favored by sperm competition are directly costly to females. For
example, sperm competition increases the risk of polyspermy, i.e., ovum
fertilization by multiple sperm. Male gametes will be more competitive if they bore
through the egg matrix as quickly as possible; unfortunately, the race to fertilize
may lead to multiple sperm fusing with the egg before blocks to polyspermy are
implemented, increasing the chances of both pathogen infection and lethal

polyploidy (Rice and Holland, 1997). The risk of polyspermy may be particularly
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important in mammalian species, whose eggs have only slow blocks to
polyspermy (Swanson and Vacquier, 2002a). In this situation, sequence changes
that decrease sperm-egg binding efficiency will be favored in female-expressed
egg-coat proteins, whereas changes that increase sperm-egg binding efficiency
will be favored in the male-expressed counterparts. Because of direct interaction
with one another, such protein pairs are more likely to undergo ongoing
antagonistic coevolution than other male- and female-expressed reproductive
proteins (Swanson and Vacquier, 2002a). The importance of intersexual conflict
in accelerating the adaptive evolution of reproductive proteins may explain why
strong positive correlations between dn/ds estimates and sperm competition were
more rare in proteins from other functional categories (Table 4a).

Although this is not the first study to observe a positive correlation
between sperm competition and molecular evolution in a putative male-
expressed sperm-egg interaction protein (Herlyn and Zischler, 2007), this is the
first to find evidence of such correlations in female-expressed reproductive
proteins (OGP and ZP-4). Despite this evidence being suggestive of intersexual
conflict, it is not conclusive — in the case of OGP, only five species were included
in the analysis, whereas in the analysis of ZP-4 there were only four species
(Table 4a). Furthermore, of the three zona pellucida proteins | analysed, ZP-4
was the only protein to show any evidence of a correlation, in spite of the fact
that both ZP-2 and ZP-3 play roles in the induction of the acrosome reaction
(Gahlay et al., 2002). Rigorous testing of the male-female antagonistic
coevolution hypothesis for reproductive proteins requires including results from
more sperm-egg interaction proteins across more species, as well as comparing
the dn/ds estimates of interacting male- and female- expressed proteins. Other
forces influencing the evolution of female-expressed reproductive proteins, such
as genetic drift or selection for anti-microbial adaptations, might sometimes, but
not always, affect sperm-receptor binding. These forces should thus tend to
decouple the adaptive evolution of interacting male- and female-expressed
proteins, whereas intersexual conflict should lead to positive correlations
between the dn/ds estimates of interacting proteins. Such a comparison is
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theoretically possible for putative zona pellucida-binding proteins PKDREJ and
ZAN (Hamm et al., 2007; Lea et al., 2001). Unfortunately, there was not enough
overlap between datasets to compare either PKDREJ or ZAN dN/dS estimates
with dN/dS estimates from any of the zona pellucida glycoproteins in the current

study.

CatSper1 results

My results are meant to be evaluated in conjunction with one another,
rather than taken individually. Generalized across functional groups, and in
comparison with my control group, | found strong support for the influence of
sperm competition in the evolution of reproductive proteins. However, drawing
conclusions regarding the mechanism of evolution for any particular protein
requires specifying how molecular divergence relates to phenotypic divergence,
and how phenotypic divergence relates to fitness. For example, after using
species-level, linear regression to show a positive correlation between SEMG2
dn/ds estimates and female remating rate, Dorus et al. (2004a) were able to
show an increasing trend between the same dn/ds estimates and seminal
coagulation rankings (Dixson and Anderson, 2002). Unfortunately, for many
reproductive proteins, the relationship between molecular variation and
phenotypic variation is poorly characterized.

The sperm cation channel, CatSper1, is an exception. The protein is
exclusively expressed in the membrane of developing spermatids, where it
localizes to the sperm tail midpiece (Li et al., 2006). CatSper1 is necessary for
proper sperm motility (Carlson et al., 2003), to the point that male mice lacking it
are infertile (Ren et al., 2001). Using phylogenetic-comparative analyses, primate
CatSper1 dy/ds estimates were positively correlated with both the percentage of
sperm in male ejaculate that are motile, and with average sperm midpiece
volume (um?®). Results from species-level analyses showed similar patterns
(Figures 5c,d). Because CatSper1 localizes to the sperm midpiece, this
correlation may be influenced by physical constraints regarding protein

conformation and orientation. However, sperm midpiece volume has also been
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connected to flagellar function, and thus sperm motility. Mitochondria are
confined to the midpiece in sperm, such that larger midpieces can carry more
mitochondria, and result in more competitive sperm (Anderson et al., 2005).
Sperm midpiece volume is positively correlated with both mating system and
relative testes size in mammals (Anderson et al., 2005), suggesting that larger
midpieces are in fact important in sperm competition.

Although both sperm motility and sperm midpiece volume are positively
correlated with expected sperm competition (Moller, 1988; Anderson et al.,
2005), correlations between CatSper1 dn/ds estimates and sperm competition
variables were weaker than correlations between dy/ds estimates and sperm
motility variables (Table 4a, Figures 5a,b). Imperfect correlations between sperm
competition and phenotypic evolution, and phenotypic evolution and sequence
evolution may have also obscured the relationship between dn/ds and sperm

competition variables for other reproductive proteins in my analysis.
Comparison with previous studies

SEMG1, SEMG2 - the seminal coagulation proteins

Dorus et al. (2004a) were the first to show a positive correlation between
terminal branch-specific dy/ds estimates and female promiscuity in their study of
primate SEMG2. More recently, Hurle et al. (2007) extended the data set to
include New World monkeys and strepsirrhines, in addition to hominoids and Old
World monkeys, and failed to find a correlation. When the same authors
analysed SEMG1, they found only a nonsignificant increasing trend between
dN/dS estimates and female remating rate (Hurle et al., 2007).

In my analysis of SEMG2, | was able to include a wider range of Old
World monkeys than Dorus and colleagues (2004a), although only one New
World monkey and no strepsirrhine primates were included. The species-level
analysis found no correlation between SEMG2 dn/ds estimates and sperm
competition variables (Table 3a). However, the phylogenetic-cornparative

analysis found a strong positive correlation with female remating rate, and a
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lesser correlation with relative testes mass (Table 4a). Similarly, | included two
New World monkeys, and three Old World monkeys in my analysis of SEMGH1,
and found only a weak positive correlation with female remating rate using
species-level, linear regressions (Table 3a), but strong correlations with both
female remating rate and testes mass using phylogenetic-comparative methods
(Table 4a). Whereas other branches of the primate phylogeny show a relative
conservation of mating systems, divergence of mating systems between closely-
related species is pronounced in the hominoids (Dixson, 1998). Although both
female remating rate and testes mass are correlated with phylogeny in primates,
the correlations are not significant when limited to hominoid species. Therefore,
in analyses that extend to Old World monkeys, New World monkeys, and
strepsirrhines, phylogenetic-comparative analyses are expected to give more

accurate results (Felsenstein, 1985).

ZAN, PKDREJ - sperm-egg receptor candidate proteins

Herlyn and Zischler (2007) pointed out that analyses of primate
reproductive protein evolution are usually restricted to catarrhines (Old World
monkeys, gibbons, great apes), and that this may limit my ability to generalize
results to other species. Unfortunately, testes mass and female remating data is
less readily available for platyrrhines and strepsirrhine species. In order to
include a wider range of species in their analysis of zbnadhesin (ZAN), the
authors used sexual body mass dimorphism to approximate sperm competition —
species with large male:female body mass ratios should tend to have greater
pre-copulatory male competition, and therefore less sperm competition (Herlyn
and Zischler, 2007). Across the 16 species they included in their analysis, there
was a significant negative correlation between ZAN dn/ds estimates and relative
male body mass (Table 1).

In support of a relationship between ZAN dn/ds estimates and sperm
competition, | found dn/ds estimates were positively correlated with both female
remating rate and testes mass, using phylogenetic analysis (Table 4a). However,

the results using species-level analysis were non-significant in all cases (Table
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3a). Whereas Herlyn and Zischler included 16 species in their correlation, | was
only able to include 13 (Table 3a). This decreased power to detect an effect may
in part explain the contrast between my results and their own (Herlyn and
Zischler, 2007).

Hamm et al. (2007) used maximum likelihood-based analysis to test for a
correlation between mating system and adaptive molecular evolution in PKDREJ,
another sperm-egg receptor candidate. The authors compared a model in which
lineages were assigned to dn/ds classes on the basis of expected sperm
competition to one in which a single dx/ds ratios is estimated for all branches; the
first was not significantly more likely than the second. In contrast, | found strong
evidence of a correlation between PKDREJ dn/ds estimates and female remating
rate (Table 4a). Because of variation within stereotypical mating system classes
(Dixson, 1999), analyses that use discrete categories to measure sperm
competition may have less power to detect correlations than analyses using
continuous variables. A positive correlation between PKDREJ dn/ds estimates
and sperm competition variables agrees with the relatively strong correlations |

observed in sperm-egg interaction proteins in general.

Limitations

Hurle et al. (2007) offer several good reasons why one should not expect
to find significant correlations between lineage-specific dy/ds estimates and
female promiscuity, even if there is such a causal relationship. Firstly, it is
unlikely that mating systems remain fixed throughout time. The longer the
branch, the more likely it is that selection pressures other than the ones observed
today have shaped its evolution. Secondly, assuming that species can be
characterized by one mating system or another is likely an oversimplification of
the facts. There is increasing evidence supporting intra-specific variation in
primate mating behaviour, particularly in species with dispersed or pair-living
social systems (Goossens et al., 2006; Fuentes, 2000). Thus, the mating
behaviour that is thought to be typical of a species may in fact not be. Finally,

estimates of sperm competition are generally based on behavioural observations
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rather than methods that offer more precision and accuracy, such as genetic
analysis (de Ruiter, 2004). Even using relative testes mass as an indication of
sperm competition intensity may be misleading in some cases (Schiilke et al.,
2004).

Potential correlations might also have been masked due to imprecision or
biases in my estimates of molecular evolution. My dn/ds estimates reflected the
rates of molecular evolution averaged across nucleotide sites, such that neutral
or negative selection at some sites may obscure the pattern of evolution at
positively selected sites. Analyzing different regions of the coding sequence
could thus give stronger or weaker correlations between substitution rates and
sperm competition. However, if different sites are the targets of selection in
different species, it may be misleading to focus only on sites that show high
across-species divergence when making comparisons. The site and branch-site
models provided by PAML allow one to test predictions regarding both these
scenarios (Yang and Swanson, 2002; Zhang et al., 2005).

Sequence divergence other than that due to nucleotide point substitutions
should also be considered. Indel (insertion/deletion) substitutions that are three
nucleotides long (and therefore do not disrupt the reading frame) appear to be
positively selected in primates (Podlaha and Zhang, 2003). Longer indels are
particularly favored by selection, perhaps because a longer N-terminus could
cause the ion channel to remain activated for longer. SEMG1 and 2 also show
variation in sequence length between species, which relates directly to variation
in the viscosity of the seminal coagulum (Jensen-Seaman and Li, 2003). If
positive selection often takes the form of changes in sequence length or
organization, dn/ds estimates represent only a portion of reproductive protein
divergence. Furthering our understanding of how changes in reproductive genes
relate to protein structure and function, and how protein function relates to male
and female fitness, is necessary to explain diversity in these proteins.

For all these reasons, my results should be simultaneously treated as
conservative estimates of the strength of the relationship between sperm

competition-related selection and the adaptive divergence of reproductive
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proteins, and as tenuous examples of correlations between sperm competition

variables and dn/ds estimates for any particular protein.

Conclusion

Wyckoff et al. (2000) first suggested a possible correlation between
adaptive molecular evolution and mating system in their analysis of the primate
protamine gene cluster. Although 1 did not find positive correlations between
female promiscuity and sequence divergence in either protamines 1 or 2, | did
find persuasive evidence that female promiscuity is positively correlated with
reproductive protein divergence more often than expected. Despite the
imprecision of comparing sequence-wide dn/ds estimates to proximate measures
of historical sperm competition, my results suggest that such comparisons are
useful in elucidating the causes of molecular divergence. Extending similar
techniques to contexts outside of reproductive protein evolution will improve our
understanding of molecular evolution, and of the relationship between selection

and divergence in general.
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CHAPTER 3: LINKING REPRODUCTIVE CONFLICT TO
ANTAGONISTIC COEVOLUTION, DIVERGENCE, AND
REPRODUCTIVE ISOLATION

Abstract

Conflict-driven coevolution is expected to be characterized by rapid
divergence. It has been proposed that this rapid divergence could lead to
speciation. | suggest that conflicts associated with various stages of
reproduction are particularly likely to result in reproductive isolation (i.e.,
speciation), because 1) they will specifically cause divergence in reproductive
traits characters, and 2) the outcome of reproductive conflicts will often directly
influence the extent of gene flow between two populations. | present a common
conceptual framework within which to discuss the outcomes of intragenomic,
intraspecific, and interspecific conflicts. Furthermore, | make predictions
regarding the influence of conflict-interactions on gene flow between populations.
In contrast to current hypotheses, | suggest that the intensity of reproductive
conflict does not directly influence the evolution of reproductive isolation. Instead,
relative arms level (which is determined by both the level of conflict and the cost
of further counter-adaptation) is an important factor in determining between-
population interactions. | find that speciation will more be likely if 1) counter-
adaptations are qualitative (i.e., arms level is not correlated with the magnitude of
the trait) rather than quantitative (i.e., arms level is correlated with the magnitude
of the trait), 2) the reproductively-parasitized party counter-adapts passively (by
decreasing the specificity of conflict-interactions) rather than actively (by
increasing the specifity of conflict-interactions), and 3) there are substantial
fitness costs to interactions between individuals with very different arms levels. |

present examples of reproductive conflicts that illustrate each of these scenarios.
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Based on these predictions, | suggest that conflicts mediated by signal-receptor
mechanisms, and those in which counter-adaptations by the losing party supply
an ‘antidote’ to the winning party’s ‘toxicity,” are the most likely to lead to the
evolution of reproductive isolation. This conclusion is supported by examples
from the reproductive conflict and speciation literature. Finally, | suggest
possibilities for further research that will help to bridge the gap between our

understanding of conflict and coevolution, and speciation.

Introduction

Evolutionary conflicts

The phrase ‘evolutionary conflict of interest’ has been used to describe a
wide range of biotic interactions, including host-parasite interactions, parent-
offspring conflicts, intersexual conflicts, and intragenomic conflicts. Although
definitions of evolutionary conflict are often context-specific, all share the
following characteristic: selection behaves in an antagonistic manner with respect
to two parties such that adaptive evolution by one party decreases the fithess of
the other, and vice versa (Arnqvist and Rowe, 2005; Hurst and Werren, 2001).
This antagonism has been described as the two parties having mutually
exclusive optima for some shared trait of interest (Rowe and Day, 2006; Lessells,
2006; Hardling et al., 2001). The term ‘shared trait’ is interpreted broadly to mean
any event (either the expression of a trait or an event occurring due to the
expression of a trait) that 1) directly influences the fitness of both parties, and 2)
is determined to some extent by the phenotype of each of the two parties. For
example, a shared trait of interest in parent-offspring conflicts may be the rate of
nutrient transfer between the parent and offspring, or whether or not offspring
cannibalism occurs in a particular situation. '

This definition allows us to specify what sorts of conflict-interactions are
considered evolutionary conflicts of interest, and what sorts are not. In general,
competition between conspecifics acting within the same behavioural or

ecological niche will not be considered evolutionary conflict. When two
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individuals compete with one another within the same niche, although, their
evolutionary interests may be mutually exclusive, they are competing with one
another rather than conflicting with one another. For example, in the context of
male-male competition, males are ‘in conflict’ with one another — each male
would prefer to fertilize as many females as possible, at the expense of his
competitors. However, if males adapt such that they are able to fertilize more
females (i.e., average mating rate goes up), selection will be operating
directionally, rather than antagonistically. In contrast, if an alternative male
reproductive tactic exists, then an evolutionary conflict of interest may develop
between males in each of the alternative roles. For example, males may guard
territories in order to procure copulations when they are large, and alternatively
sneak copulations when they are small. Adaptive evolution that increases the
fertilization rate of males when they are in the role of sneakers would
simultaneously decrease the fitness of males in the role of guarders — sneakers
and guarders would be in conflict over the optimum rate of fertilization by
sneakers.

Recent sexual conflict literature has emphasized the role of direct fithess
costs in the creation of evolutionary conflicts between males and females
(Tregenza et al., 2006; Chapman et al., 2003; Gavrilets et al., 2001).
Evolutionary conflicts over direct benefits, such as nuptial feeding and biparental
care, are also well-established cases of sexual conflict (Kondoh, 2001; Westneat
and Sargent, 1996; Dawkins, 1976). However, it is worth pointing out that the
potential for evolutionary conflicts between the sexes due to indirect (i.e.,
genetic) costs and benefits has long been recognized (Parker, 2006; Gage et al.,
2002; Parker, 1979; Trivers, 1972; Fisher, 1930). One example is the use of
dishonest signals of genetic quality by males (van Dorn and Weissing, 2006; Hill,
1994; Johnstone and Grafen, 1993). Another example is that of asymmetry
between the sexes in the costs of hybrid disadvantage (Parker and Partridge,
1998; Dawkins, 1976). Females generally invest more in and have fewer
offspring than males, such that copulations that result in hybrid offspring with

reduced fitness will be relatively costly. For males, on the other hand, the
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benefits of having many mates, both heterospecific and conspecific, may
overwhelm the costs of occasionally having hybrid offspring with reduced fitness.

Evolutionary conflicts can occur between genes within a genome, as well
as between both conspecific and heterospecific genomes — because sexual
recombination breaks up temporary coalitions of genes, it is possible for genes to
spread through a population independently of one another, even if it is at each
other’s expense (Rice and Holland, 1997; Hurst et al., 1996; Dawkins, 1976). For
the purposes of this paper, | will designate evolutionary conflicts as being either
intragenomic, intraspecific, or interspecific (the last two categories both falling
under intergenomic conflicts). Although in some cases these categories overlap,
they provide a practical hierarchy for discussing examples of evolutionary
conflict. Additionally, theoretical developments in each of these areas have been
largely independent of one another, with few exceptions (Summers et al., 2003,;
Hardling et al., 2001; Higashi and Yamamura, 1994; Slatkin and Maynard Smith,
1979). By drawing parallels between evolutionary conflicts at different levels of
biological organization, | hope to integrate developments from various disciplines
into a common theoretical framework. Among other things, this will allow us to
make general, testable predictions regarding the outcomes of evolutionary

conflicts, and their role in gene flow between species.

Evolutionary conflicts over reproduction, and reproductive isolation

Numerous authors have suggested that the reciprocal, antagonistic
selection that characterizes evolutionary conflicts may lead to the rapid
divergence of allopatric populations, and subsequent reproductive isolation
(Summers et al., 2003; Gavrilets, 2003; Orr and Presgraves, 2000; Hurst and
Schilthuizen, 1998; Haldane, 1992). Evolutionary conflicts of interest may be
important sources of speciation, as they are expected to drive divergence even in
the absence of prominent ecological selection pressures (West-Eberhard, 1983).
| suggest that evolutionary conflicts concerning reproduction, whether they be
over the production, fertilization or development of gametes into embryos and

offspring, will be particularly likely to result in speciation. The reason for this is

37



twofold: Firstly, when reproductive conflicts do result in allopatric divergence, that
divergence will be specifically in traits involved in reproduction. If two populations
are sufficiently divergent, this will lead specifically to reproductive
incompatibilities between individuals from the two populations. Furthermore, if
antagonistic coevolution occurs as a result of antagonistic selection, over time it
will act to increase the complexity and redundancy of reproductive interactions
within populations (Malik and Henikoff, 2002). The more convoluted the
processes leading up to successful reproduction, the greater the potential for
malfunction when the system is perturbed (Summers et al., 2002). If traits
mediating reproduction are counter-adapted to a specific coevolutionary partner,
those traits will likely be maladaptive in the context of a hybrid genome (Haldane,
1949).

Secondly, the outcome of conflict-interactions will often directly determine
the extent of gene flow. This effect is obvious in conflicts of interest over mating
and fertilization — in general, optimal mating rates are higher for males than for
females, such that outcomes in favour of males will tend to increase mating rates
(and therefore gene flow) between populations, whereas outcomes in favour of
females will tend to decrease gene flow between populations (Parker, 2006;
Parker and Partridge, 1998). Although less self-evident, this prediction can also
be generalized to reproductive conflicts at other levels of biotic interaction. Let us
consider the following example of intragenomic conflict:

In a process termed meiotic drive, or segregation distortion, certain gene
sequences (i.e., driving elements) are disproportionately over-represented
among the gametes produced by meiosis (Hurst and Werren, 2001). One method
of accomplishing this is by biasing the outcome of oogenesis in their favor. Unlike
spermatogenesis, oogenesis discards one chromosome of each homologous pair
into the first polar body (Cummings, 1988). Thus, any chromosome that
increases its chances of being included in the final gamete, rather than being
discarded in a polar body, will be favored by selection (Henikoff and Malik, 2002).
Although meiotic drive directly benefits the driving element, it can also

compromise the fitness of other genes in the genome. The driver may be linked
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to a deleterious allele, or centromeric misalignments during spermatogenesis
may lead to male sterility. Selection should therefore favor the evolution of a
suppressor gene that restores chromosomal parity during meiosis (Hurst and
Schilthuizen, 1998).

The antagonistic selection between driving elements and their
suppressors can be described as an evolutionary conflict over the rate at which
drivers are transmitted to gametes during gametogenesis. If drivers ‘win’ the
conflict-interaction, driver transmission will be high, and migrant drivers will
spread quickly through novel populations. If, on the other hand, suppressors ‘win’
the conflict-interaction, they will successfully limit the rate at which migrant
drivers are inherited. In general, the evolutionary interests of the reproductively
exploitative party will tend to promote gene flow between two populations,
whereas the interests of the reproductively exploited party will tend to limit it.
Predicting the outcomes of conflict-interactions will thus be important when

predicting the role of evolutionary conflicts in reproductive isolation.

Conflict dynamics

Discussions of the expected evolutionary outcomes of reproductive
conflicts vary between disciplines. Predictions regarding the outcome of
intragenomic conflicts tend to be made on a case-by-case basis (Kondoh and
Higashi, 2000; Haig, 1993; Hurst et al., 1996), perhaps because the phenotypic
and selective mechanisms associated with the suppression of selfish genetic
elements vary greatly from one system to another. Discussions of intergenomic
(both inter- and intraspecific) conflicts have mostly focused on battleground
models that specify the conditions under which conflicts of interest are likely to
occur, but pay little attention to the outcome of the conflict itself (Kolliker et al.,
2005; Arnqvist, 2004; Gomulkiewicz et al., 2003; Godfray, 1995; Higashi and
Yamamura, 1994).

Outcome-oriented theory is best developed in the field of sexual conflict,
where interests have typically centered around the potential for ongoing sexually

antagonistic coevolution (Chapman et al., 2003; Gavrilets et al., 2001; Hill, 1994).
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Recent discussions, however, suggest that so-called ‘arms races’ may be less
likely than previously thought (Parker et al., 2006; Rowe et al., 2005; Hardling et
al., 2001). The existence of a variety of possible evolutionary outcomes,
dependent upon the specific constraints associated with the conflict, agrees with
suggestions by authors in other disciplines (Summers et al., 2003; Gomulkiewicz
et al., 2003; Hurst et al., 1996; Godfray, 1995). Ongoing antagonistic coevolution
will serve to escalate the conflict between two parties, such that each party will
become increasingly invested in costly counter-adaptations. In many cases,
resolution, de-escalation, or transformation of the conflict by transferring
antagonistic selection to another shared trait may be less costly alternative for
both parties (Rowe et al., 2005; Gomulkiewicz et al., 2003; Hurst, 1996). Table 9
compares findings from theoretical studies regarding the expected outcomes of
evolutionary conflicts over reproduction. Despite differences in terminology, |
argue that these examples may all be interpreted according to a generalized set
of basic outcomes: antagonistic resolution, mutualistic resolution, stalemate, and
arms race (ongoing or cycling).

In the following section, | discuss a verbal model that places reproductive
conflicts within a common conceptual framework, and allows several general
predictions to be made regarding the affect of reproductive conflicts on gene flow
between populations. Evolutionary constraints associated with particular conflicts
will determine the outcome of within-population conflict-interactions, which will in
turn determine the outcome of between-population conflict-interactions. | then
apply these predictions to specific examples of reproductive conflicts. By
identifying the biological mechanisms that characterize various conflicts, |
discuss whether or not some reproductive conflicts may be more likely to result in
certain outcomes, and therefore whether or not some forms of conflict may be

more likely to result in speciation than others.
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Reproductive conflicts: evolutionary outcomes and between-
population gene flow

Existing predictions

Two lines of argument have been used to connect reproductive conflicts
with allopatric speciation: 1) antagonistic coevolution within populations may lead
to rapid divergence between populations (Summers et al., 2003); and 2) in the
context of sexual conflict over mating and/or fertilization, the outcome of the
conflict may influence how likely mating and/or fertilization are to occur between
individuals from different populations (Parker and Partridge, 1998). Parker (2006)
describes the first hypothesis as the “engine of speciation” hypothesis, and the
second as an “outcome moderated” mechanism of sexual conflict-driven
speciation. Whereas the “engine of speciation” hypothesis predicts that
speciation rates will be higher when reproductive conflicts are more intense, the
“outcome moderated” hypothesis predicts that speciation rates will depend on
which party wins the conflict. If males win, then females will be more likely to
mate with males, including males from other populations, and the resulting gene
flow will counteract reproductive isolation between the populations. If females
win, the gene flow between populations will be relatively restricted, and
speciation will be more likely.

It is possible to reconcile these two hypotheses with one another by
recognizing that the predictions they make are about different aspects of gene
flow between populations. Higher mating rates could increase the rate at which
hybridization occurs, but, if divergence between the populations is high enough,
those hybridizations may have a very low success rate. Which of the two
mechanisms has a greater influence on overall gene flow will depend upon the
nature and extent of the divergence between populations, which in turn will be
determined by the outcomes of conflict interactions within populations.

Whereas the “engine of speciation” hypothesis has been used to explain
how conflict-driven diversification in general could lead to speciation (Summers,

et al., 2003), “outcome moderated” speciation would seem to be limited to
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situations in which the probability of mating and fertilization determines the extent
of reproductive isolation. However, | suggest that the outcomes of conflicts over
reproduction will often have implications for gene flow between populations. In
general, conflicts over reproduction occur when one party, designated ‘i’ (for
example, a male), attempts to exploit the reproductive potential of a second
party, designated ‘j’ (for example, a female), in such a way that i increases its
own reproductive fitness at the expense of its ‘partner.” Successful exploitation of
j by i will increase the extent to which descendents of i advance to future
generations in parallel with descendents of j. If i and j are from different
populations (e.g., a male from one population, and a female from a different
population), this reproductive association between individuals from different
populations will serve to increase gene flow between the two populations.

| suggest that the outcome of within-population reproductive conflicts will
often influence gene flow between populations even if i and j represent different
species (i.e., if the reproductive conflict is interspecific). For example, a
reproductive conflict may exist between a pollinator (i) and its host plant (j) over
seed parasitism. If pollinators are able to successfully parasitize host plants from
a population other than their own, this will encourage pollinator migration from
one population to another. All else equal, increased pollinator migration will serve
to increase gene flow between pollinator popuiations. If instead host plants limit
seed parasitism by migrant pollinators, migration and therefore gene flow will be
limited between pollinator populations. Because parasitism by migrants increases
the likelihood of pollination by migrants, by decreasing migration between
pollinator populations the host plants will also be decreasing gene flow between
their own populations. Due to the fact that pollinators and host plants are
reproductively co-dependent (i.e., reproduction by one requires reproduction by
the other, and vice versa), the outcome of between population conflict-
interactions will influence the gene flow of both parties.

If, on the other hand, the reproductive dependency betweeniand j is
asymmetric (i.e., i is dependent upon j, but j is not dependent upon i), the

influence of between-population conflict-interactions on gene flow will also be
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one-sided. For example, pollinator ‘cheaters’ in a pollinator-host plant system
may parasitize seeds without pollinating their hosts. Although successful
parasitism by migrants will still encourage gene flow between parasite
populations, it will not directly influence the extent of gene flow between host
plant populations. In general, the more reproductively co-dependent two parties

are, the greater the potential for outcome moderated speciation.

Out-comes of within-population conflict-interactions

A verbal model

Parker (1979) suggested that the long-term outcome of an arms race
between males (i) and females (j) would be determined by the value to each sex
of winning the conflict (Vi and Vj), versus the cost (¢ and ¢;) to each sex of
achieving and maintaining the arms level (a; and a;) necessary to win the conflict.
The model assumes that any increase in arms level that allows an individual to
win a conflict-interaction with a net fitness benefit will spread through the
population, with the end result that all individuals of the same sex will have the
same arms level. At any point in time, whichever sex has the higher arms level
will always win the conflict interaction. Each sex will continue to increase their
arms level in an alternating fashion until, for one of the two sexes, the current
cost of upgrading an arms level past that of the opponent exceeds the future
payoff of winning the conflict interaction (Parker, 2006). Vi/c; and Vj/c; determining
the maximum allowable arms levels of i and j, respectively. If Vi/c; > Vi/c;, i will
eventually win the conflict; if Vi/c; < Vi/c;, j will be the eventual winner (Parker,
1979).

In order to generalize Parker’'s model to conflicts other than those between
the sexes, | will designate i as the reproductively parasitic party, and j as the
reproductively parasitized party. For i, winning the conflict means successfully
exploiting j's reproductive potential, whereas for j winning the conflict means
avoiding exploitation. Because of this dissimilarity, the value of winning may often
be greater for the parasitic party (i.e., V;>V;; Parker, 2006), although the reverse

is also plausible. If the value of winning is lower for j than for i, V; will determine
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the level of conflict between the two parties — if Vj is close to zero, the cost to j of
losing the conflict is also relatively small, so the overall level of conflict is low; if V;
is very high, the overall level of conflict will be high.

Just as the nature of the conflict will influence the relative value of winning
for each party, the nature of the armaments will influence their relative cost. |
suggest that counter-adaptations that are specific solutions to overcoming the
other party’s armament will usually be more costly than counter-adaptations that
represent general solutions. For example, a counter-adaptation that consists of
blocking the other party with a specific structure will tend to be more costly than a
counter-adaptation that consists of making random changes to a signal in order
to evade the other party’s receptor. The reasons for this are two-fold. Firstly,
general solutions will be easier to find — there are more possible ways of
degrading a signal than improving it. Secondly, because general solutions are
more plentiful, it will be easier to find one with a relatively low cost — specific
solutions, on the other hand, will be restricted to a finite number of potentially
high-cost counter-adaptations. | will call armaments that increase the specificity
of the interaction between i and j ‘active’ counter-adaptations, and armaments
that decrease the specificity of the interaction ‘passive’ counter-adaptations. Both
i and j may employ either active or passive counter-adaptations. An increase in
the length of female water strider abdominal spines in order to avoid costly
mating attempts by males would be an example of active counter-adaptation by
females (Arnqgvist and Rowe, 2002). Random changes in egg coat proteins to
avoid binding with multiple sperm would be an example of passive counter-
adaptation (Swanson and Vacquier, 2002). Because different sorts of counter-
adaptations are associated with different evolutionary trajectories as well as
different costs, considering the nature of a counter-adaptation will influence the

predictions | make regarding both within and between-population outcomes.

Predictions

Table 10 and Figures 8.1-8.5 together summarize possible evolutionary

outcomes of conflict-interactions, based on the verbal model outlined above.
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Populations may reach stable equilibria (i.e., the conflict is resolved — either
antagonisitically, mutualistically, or by stalemate), or alternatively may reach
unstable equilibria (i.e., cycling arms race), or no equilibrium at all (ongoing arms
race). These outcomes correspond to the basic outcomes predicted by
theoretical and empirical work (Table 10).

In considering these predicted outcomes, | was able to generate three
novel predictions relating to the nature of counter-adaptations. Firstly, because
passive counter-adapations potentially allow a party to increase its arms level at
a very low cost, situations in which j employs passive, rather than active counter-
adaptations may be more likely to result in ongoing arms races (Table 10,
Scenario 3; Figure 9.1b). This effect could explain the rapid evolution of sperm-
egg receptors in a variety of taxa — random changes in egg coat proteins may
allow females to easily avoid costly polyspermy by decreasing sperm-egg binding
efficiency (Swanson and Vacquier, 2002).

Additionally, the nature of the counter-adaptations may influence the result
of unstable equilibria. Parker (2006) explains that, once an outcome has been
decided in favor of the winning party, there may be little benefit to the losing party
in maintaining costly arms levels. If this is the case, individuals with lower arms
levels may actually be more fit because they do not pay the costs of their heavily
armed peers. Once the losing party has decreased their arms level, there will be
little benefit to the winning party to maintain a costly arms level, i.e., the conflict
will de-escalate (Table 10, Scenario 3; Parker, 2006). | suggest that two factors
will influence this outcome:

1) It may be difficult to decrease passive counter-adaptations to previous

arms levels, because doing so would require moving from a less
specific to a more specific state; in such a case selection may favor a
mutualistic resolution of the conflict (Table 10, Scenario 5). If costly
passive counter-adaptations are rare, mutualistic resolution may also
be rare.

2) Increasing the disparity in arms levels between i and j may be

inherently costly; for example, if i produces a toxin, and j the costly
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antidote, j may be forced to maintain high levels of the antidote,
despite losing the conflict. This factor may explain why many conflicts
do reach stable equilibria (Hardling and Smith, 2005).

Outcomes of between-population conflict-interactions

Extension of the verbal model

Just as comparison of maximum arms levels allowed us to generate
predictions regarding the evolutionary outcome of within-population conflict-
interactions between i and j, comparisons of current arms levels between i and j
from different populations will allow us to predict the outcomes of between-
population interactions. Because counter-adaptations in general are costly, and
because direct costs may be associated with exceeding an opponents arms level
by too much, the arms level of the winning party should never exceed the arms
level of the losing party by any more than is minimally necessarily to win the
conflict with certainty. Although within-population arms levels are expected to
track one another closely, average arms levels could differ between populations
for a variety of environmental and genetic reasons. | therefore base comparisons
between populations on the assumption that within-population variation in arms
level will generally be lower than between-population variation in arms level.

In addition to varying relative arms level between populations, | also
considered the effect of counter-adaptations being quantitative in nature (arms
level is correlated with a unit of magnitude that can be used to describe the
counter-adaptation) versus qualitative (arms level is not correlated with
magnitude). Summers et al., (2003) suggest that quantitative counter-adaptations
will be associated with low within-population diversity because of directional
selection on armaments, whereas qualitative counter-adaptations will tend to be
associated with higher within-population polymorphism due to negative
frequency-dependent selection on corresponding counter-adaptations. | argue
that quantitative counter-adaptations should also lead to lower between-
population divergence. Immediately after a vicariance event, two sister

populations will share armaments that are similar in cost and function. If the
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armaments are quantitative, arms levels will increase in each population in a
relatively predictable, similar way (i.e., more is better). As a result, counter-
adaptations from one population will continue to be biologically relevant to
conflicts in the second population. In contrast, if armaments are qualitative, even
very low levels of divergence will create counter-adaptations that are population-
specific. If counter-adaptations by j are active, their effectiveness will be
population-specific (i.e., j will be locally adapted), and they will therefore be
maladaptive in conflict-interactions with i from other populations. If instead
counter-adaptations by j are passive, they will effectively disrupt a variety of
counter-adaptations by opponents (i), and their functionality will be able to be
generalized to other populations. In such a situation, i will be more locally
adapted, and the outcome of conflict-interactions between i and j from different
populations will be in j's favor.
| consider three different aspects of gene flow in an attempt to
characterize the influence of conflict-interactions between individuals from
different populations on the evolution of reproductive isolation:
1) Contest outcomes —
If the arms level of i exceeds that of j (i.e., a; > a;,) i will succeed in
reproductively exploiting j. All other things being equal, this will
increase the association between descendents of i and
descendents of j, promoting gene flow between the two
populations. If j successfully prevents reproductive exploitation by i,
descendents of i and j will be less likely to be associated with one
another, and gene flow between the two populations will be
reduced.
2) Migrant versus resident contest success —
If immigrants are able to out-compete their peers in reproductive
conflict-interactions, immigrants will have higher fitness than
residents, and migrant alleles will spread through the population. In
contrast, if immigrants have lower fitness than residents, gene flow

between the two populations will be discouraged. For the purposes
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of these comparisons, | assumed that whereas the costs of
maintaining and using an armament should be at least partially
determined by factors specific to the immigrant’s population of
origin, the value of winning will be determined to a greater extent by
the context within which the conflict is played out — that is, the
population receiving the migrant.
3) Migrant versus resident hybridization success —
If a disparity in arms levels itself entails costs to one or both parties,
hybridization between two highly diverged populations will be
costly. Because reproductive parasitism results in partially
overlapping reproductive interests between the two parties, | will
assume that any such divergence cost (k) that is imposed on i will
also be imposed on j. ki and k; denote divergence costs resulting
from the arms level of i exceeding that of j, versus the arms level
exceeding that of i, respectively.
When predicting the overall extent and direction of gene flow between the two
populations, | assumed that outcomes at each of these three levels would have
an equal impact on gene flow. Although this assumption was made for the sake
of simplicity, in actuality it is unrealistic. Nonetheless, | was able to generate
useful predictions regarding how within-population conflict-interactions are
expected to scale up to between-population conflict-interactions. All other things
being equal, my predictions reflect how the outcomes of specific conflict-

interactions will influence reproductive isolation, if not to what extent (Table 11).

Predictions
Qualitative counter-adaptations

If average arms levels do not vary significantly between the two
populations, the extent of gene flow will be determined by whether i or j is the
winner of conflict-interactions in each population. In this situation, my predictions
correspond to those of the outcome moderated-speciation hypothesis (Parker

and Partridge, 1998) — outcomes in favor of i will tend to increase gene flow
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between populations, whereas outcomes in favor of j will tend to decrease gene
flow, although not necessarily to the point of reproductive isolation (Table 11,
Scenarios 1a,b).

When populations do differ significantly in average arms level, individuals
from the high arms level population will have relatively high fitness in the low
arms level population, and individuals from the low arms level population will
have relatively low fitness in the high arms level population. The result will be that
gene flow is strongly biased — although gene flow from the high arms level to the
low arms level population will increase, gene flow from the low arms level
population to the high arms level population will be blocked, resulting in a slight
net decrease in gene flow (Table 11, Scenarios 2a-d). This will be the case
independent of whether within-population conflicts have been antagonistically
resolved in favor of i or j.

However, if, instead of antagonistic resolution, within-population conflicts
remain unresolved (Table 11, Scenario 3b) or end in a stalemate (Table 11,
Scenario 3c) then gene flow is expected to decrease slightly. In both ongoing
arms races and stalemates, the outcome of interactions between i and j will be
less certain — sometimes i will win, and sometimes j will win. Especially in the
case of stalemates, the balance between the two parties will be so fragile that
any immigrant with a slightly lower arms level will be selected against.

In general, populations that share similar quantitative armaments should
be less likely to evolve complete reproductive isolation than those with
population-specific qualitative armaments. However, slight decreases in gene
flow between populations when coupled with stronger barriers may restrict gene
flow enough to result in speciation. For example, when divergence costs are
factored in, such that interactions between individuals with disparate arms levels
are unsuccessful with respect to hybridization, reproductive isolation becomes

much more likely.

Qualitative counter-adaptations

When counter-adaptations are qualitative, the outcome of between-

population conflict-interactions will be determined by two factors: 1) whether
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counter-adaptations by the two parties are active or passive, and 2) whether or
not divergence costs (k) influence the success of hybridization. If at least one of
the populations has a relatively high arms level (i.e., relatively developed
counter-adaptations), this divergence between the two populations may be
enough to result in postzygotic reproductive isolation (Table 11, Scenarios 5-
7c,d).

Independent of potential divergence costs, the nature of the counter-
adaptations will mediate the influence of within-population outcomes on the
extent of overall gene flow between populations. If both i and j employ active
counter-adaptations, the outcome of encounters between i and j from different
populations will not be easily decided because both parties will be equally
maladapted to one another. In such cases, the party that wins conflict-
interactions in its own population will do relatively poorly in other populations,
resulting in a slight overall decrease in gene flow (Table 11, Scenario 5).

If, on the other hand, counter-adaptations by i are passive, i will succeed
in interactions with foreign j. Because of this, if resident j win conflict-interactions,
migrant j will be relatively less successful, reducing gene flow between
populations (Table 11, Scenario 6b,d). If instead j employs passive counter-
adaptations, the outcomes will be reversed: j will succeed in interactions with
foreign i, and migrant i will have lower fitness than residents when party i wins
within-population conflicts (Table 11, Scenario 7a,c). Overall gene flow between
the populations will tend to be lower when j employs passive counter-adaptations
than when i employs passive counter-adaptations, because between-population
conflict-interactions will be decided in favor of j. Coupled with high divergence
costs, these conflict situations may be the most likely candidates for ‘engines of

speciation.’
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Discussion

Case studies

In this section | will discuss my predictions in relation to known examples
of reproductive conflict. | hope to provide useful illustrations of how various
reproductive conflicts may be interpreted using my conceptual framework, and
also to explore possible generalizations regarding the nature of reproductive
conflicts and the likelihood of certain evolutionary outcomes. Finally, | will

suggest testable predictions that may be used to guide further research.

Intragenomic conflict

Intragenomic conflicts in particular have been linked to reproductive
isolation because of their apparent potential to create genetic incompatibilities in
hybrids. Many selfish genetic elements have been discovered as a direct result of
observed hybrid disadvantage (Hurst and Schilthuizen, 1998). These deleterious
effects include reduced fecundity (Beeman et al., 1992), skewed sex-ratios
(Mercot et al., 1995), malformed gonads (Kidwell and Lisch, 1997), and sterility
(Hurst and Pomiankowski, 1992). The manner of transmission varies greatly
among intragenomic conflicts, in some cases being purely parasitic (i.e., the
genome must reproduce for the selfish genetic element to reproduce, but not vice
versa). In other cases, transmission includes an independent aspect — for
example, the cytoplasmic bacterial symbiont Wolbachia can be horizontally as
well as vertically transmitted between hosts (Werren et al., 1995). In such cases,
because reproductive interdependence is weaker between the two parties, the
link between the outcome of the conflict and gene flow between populations is
also expected to be weaker.

Such variability makes it difficult to find a representative example of
intragenomic conflict. However, there are several reasons why centromeric drive
makes a useful example. Firstly, centromeric drive is an example of an
intragenomic conflict in which the two parties are reproductively co-dependent,

such that reproduction by one party entails reproduction by the other party.
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Centromeric drive is a specialized case of meiotic drive in which centromeres are
able to bias oogenesis in their favor (Henikoff and Malik, 2002). In doing so, they
will also pull all other alleles on the same chromosome along with them, as well
as any centromere-binding histones that happen to be bound to them.

Intragenomic conflicts are often described as an evolutionary conflict of
interest between a selfish genetic element and the genome to which it belongs.
In this case, we can see the conflict of interest as one between the centromeres
and centromere-binding histones in which the evolutionary interests of the
centromeric histones coincide with the interests of the genome. The centromeres
(i) will increase their fitness by increasing the number of histones they bind with,
thereby increasing the number of microtubules pulling them towards the
developing oocyte. Centromeric histones (j), on the other hand, will maximize
their fitness by balancing themselves more evenly between chromosomes (Malik
and Bayes, 2006).

Another reason centromeric drive makes a useful example is because the
phenotypic mechanisms thought to mediate the conflict are relatively well
understood. Centromeric satellites are selected to expand, attracting a greater
number of centromere-binding histones. Selection will then favor centromeric
histones that decrease their binding specificity to restore parity among
chromosomes and centromeres during meiosis (Malik and Henikoff, 2002).
Decreasing DNA-binding specificity is an example of passive counter-adaptation
by centromeric histones, making it relatively easy for histones to counteract the
effect of expanding centromeric satellites. This low cost suggests that conflict
between centromeric satellites and centromeric histones may be likely to lead to
ongoing arms races between the two. In fact, there is widespread evidence that
centromeric DNA along with centromeric histones have undergone rapid
antagonistic coevolution in both plants and animals (Malik and Bayes, 2006). In
contrast, yeast, which have no potential for biases during meiosis, have relatively
simple centromeres (Malik and Henikoff, 2002). Despite evidence of past arms

races, it appears that in most cases centromeric histones have won the conflict
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(Malik and Bayes, 2006), perhaps due to expected asymmetries in the costs of
decreasing binding-specificity versus centromeric expansion.

The expansion of centromeric satellites is an example of a quantitative
counter-adaptation — the longer centromeric satellites are, the more centromeric
histones they will attract, and the higher rate of transmission they will have in
female meiosis. If, then, a population in which centromeric drive is absent is
crossed with a population in which centromeres and centromeric histones have
undergone antagonistic coevolution, should we expect the two to be
reproductively isolated? When a centromeric histone (j) from the first population
is paired with a centromere (i) from the second population, segregation during
female meiosis will be strongly biased in favor of the driving centromere (Table
12, Case Study 1a). This will allow a centromere from the second population to
quickly spread through the first population — at the same time, centromeric
histones from the first population will do relatively poorly in the second popuation.
However, uniess pairings between centromeres and centromeric histones from
different populations have particularly high fitness costs (k), | do not predict any
strong barriers to gene flow (Table 12, Case Study 1b).

These predictions are supported by empirical evidence of centromeric
drive in hybrids of Mimulus nasutus and Mimulus guttatus monkey flowers
(Fishman and Willis, 2005). Because selfing reduces the transmission advantage
of drfving centromeres, we would expect outcrossing M. guttatus to be more
likely to evolve centromeric drive than inbreeding M. nasutus (Malik, 2005; Hurst
and Werren, 2001). When M. nasutus/M. guttatus F1 hybrids are crossed with
one another, the genotypic ratio of F2 hybrids is strongly skewed towards an
allele from the M. guttatus parental population. In backcrosses against either
parental species, a 100% transmission bias occurred, but only when the F1
hybrid was the female parent. Fishman and Willis (2005) concluded that the
transmission bias was due to female meiotic drive, and that the locus in question
was either a centromere itself, or closely linked to a centromere. Despite the
strength of centromeric drive in this system, there were not any observed fitness

disadvantages to either male or female hybrids. Additionally, after multiple
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generations of backcrossing hybrid descendents to the M. nasutus parental line,
the M. guttatus driving allele and other closely linked alleles persisted in the
population. Intragenomic conflict over centromeric drive therefore does not seem

likely to lead to reproductive isolation between these two species of Mimulus.

Intergenomic, intraspecific conflict

Intrasexual conflicts stand out among other intraspecific reproductive
conflicts in receiving a great deal of recent attention (Tregenza et al., 2006).
Evidence that sexual conflict promotes speciation due to the divergence of
reproductive characters has come from experimental, comparative, and
theoretical avenues (Gage et al., 2004; Martin and Hosken, 2003; Arnqvist et al.,
2000; Gavrilets 2000; Parker and Partridge, 1998). However, other sources
suggest there is equal evidence that sexual conflict 1) has no effect on speciation
rates, 2) slows speciation, or even 3) speeds extinction (Bacigalupe et al., 2007,
Morrow et al., 2003; Gage et al., 2002; Parker and Partridge, 1998). | argue that
which one of these outcomes ends up being the case will depend, to a large
extent, upon the nature of the sexual counter-adaptations, as well as the conflict
(Table 11).

In diving beetles (Dytiscidae), there is widespread conflict between the
sexes over mating rate (Miller, 2003). Immediately after male beetles mount,
females attempt to dislodge the would-be mates with erratic swimming behaviour
(Bergsten and Miller, 2007). In order to maintain their grip on females, males
have large, sucker-shaped setae that allow them to attach to the female’s dorsal
surface. In many species, females, as well as males have smooth elytra, an ideal
surface for suction cup-like male setae to attach to. However, in several clades,
females have evolved modified dorsal cuticles that make suction less efficient.
These dorsal modifications are examples of quantitative counter-adaptations —
female dorsal cuticles in these species include an amazing variety of ridged and
stippled surfaces, suggesting that there are a variety of ways in which male
suction may be disrupted (Bergsten and Miller, 2007; Hardling and Bergsten,
2006; Miller, 2003). Male setae show antagonistic coevolution with female dorsal
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surfaces such that the number and positioning of the suction cups correspond to
contours on the female’s dorsal surface (Bergsten and Miller, 2007; Hardling and
Bergsten, 2006). Male (i) and female (j) diving beetles in these species thus
appear to be engaged in a qualitative arms race with one another (Miller, 2003).
Whereas modifications of male setae serve to increase specificity between
males and females, modifications of female dorsal surfaces decrease specificity
between the two sexes. Because males are specifically adapted to females from
their own population, they will do relatively poorly with females from other
populations. Consequently, females will do relatively well with males from
populations other than their own. Although females themselves will have higher
fitness in foreign populations, they will also tend to limit mating rates between the
two populations. Along with the reduced fitness of male migrants, this reduction
in gene flow may guide the two populations towards reproductive isolation (Table
12, Case study 3a). In the case of mating conflict between male and female
diving beetles, there does not seem to be any intrinsic cost to divergence (factor
k). However, wild populations have shown considerably asymmetries in arms
level between recently diverged species (Bergsten and Miller, 2007). Therefore, if
unknown divergence costs do exist (e.g., specialized male setae damage the
dorsal cuticle of non-coevolved females, reducing female, and maybe male
fitness), such fithess costs would make the evolution of reproductive isolation

between populations more likely (Table 12, Case study 3b).

Intergenomic, interspecific conflict

When the reproduction of heterospecifics is closely linked, factors that
influence gene flow in one species may also influence gene flow in the second.
Although cases of such reproductive reciprocity are rare, when such systems do
occur they are likely to involve both mutualistic and antagonistic components,
making them useful opportunities for the study of reproductive conflicts. One
well-known example of interspecific reproductive co-dependence is that of the
obligate fig-fig wasp host-pollinator system. Fig plants are exclusively pollinated

by female fig wasps attempting to oviposit in fig ovules (Kiester et al., 1984).
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Each ovule is capable of producing either a single seed, or a single wasp,
depending on whether or not it received pollen and/or an egg from its pollinator
(Anstett et al., 1996). It is in the fig plant’s best interest to balance male function
(production of pollinators) with female function (production of eggs; Yu et al.,
2004). Analogous to a selfish sex ratio distorter, it's in the fig wasp’s best interest
to bias reproduction in favor of male function.

It appears that monoecious fig plants are able to limit oviposition by
making some flowers more costly to parasitize than others. Shorter-styled flowers
are easier for female wasps to access than longer-styled flowers. Longer-styled
flowers also tend to have larger stigmatic surfaces, allowing them to collect
pollen more easily. Thus, the flowers that are the most likely to be pollinated are
also the least likely to be parasitized (Jousselin et al., 2004). In some wasp
species, females are prevented from ovipositing into longer-styled flowers by the
length of their ovipositor. In other species, female wasps have sufficiently long
ovipositors, but will parasitize any unoccupied shorter-styled flowers first,
perhaps because a shorter handling time makes these flowers less costly. In
these species, both long-styled and short-styled flowers are frequently
parasitized, although long-styled flowers to a lesser extent (Yu et al., 2004).
Considering that competition among foundresses for ovipositioning sites is
typically high (Anstett et al., 1996), selection should favor females with longer
ovipositors that are able to parasitize both longer-styled and shorter-styled
flowers. In the case of the species with shorter ovipositors, it may be that an
unknown evolutionary constraint makes the evolution of longer ovipositors too
costly for female wasps (Yu et al., 2004).

Increases in style and ovipositor length represent quantitative counter-
adaptations that should maintain their functional significance across populations.
When costs prevent female wasps from evolving longer ovipositors, fig plants are
able to successfully limit ovule parasitism to only the shorter-styled flowers
(Population 1, Table 12, Case study 2). If, on the other hand, wasps are free to
evolve longer ovipositors, fig plants will need to evolve even longer styles in

order to keep ovule parasitism in check. However, the fact that some wasps are
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able to evolve ovipositors long enough to parasitize even the longer-styled
flowers suggests that there is an upper limit on style length. Fig wasps (i) and fig
plants (j) thus seem to have reached a stalemate — fig plants cannot make styles
long enough to prevent the parasitism of longer-styled flowers, but the costly
handling time of longer styles prevents fig wasps from parasitizing all ovules. The
result is that some, but not all of the longer-styled flowers will be parasitized each
generation (Population 2, Table 12, Case study 2).

Because the arms race between fig plants and fig wasps is so close in
population 2, both wasp and fig plant phenotypes from population 1 will do
relatively poorly in the second population. Migrant wasps from population 1 will
have shorter ovipositors, limiting parasitism to shorter-styled flowers, and making
the migrants less reproductively competitive compared to residents. Fig plants in
population 2 that originated from population 1 seeds will generally have shorter-
styled flowers than resident fig plants, which will make these migrants more
susceptible to seed parasitism. Despite the fact that female wasps from
population 2 will do relatively well in population 1, | predict that gene flow
between the two populations will tend to be constricted (Table 12, Case study 2).
Part of the reason for this is that, although females with longer ovipositors will, on
average, have a greater number of offspring than residents with shorter
ovipositors, those additional offspring are expected to have relatively lower
fitness — i.e., there is a divergence cost to interactions between the two
populations. When, at maturity, female wasps emerge from their galls, those in
the lower layers (i.e., in the longer-styled flowers) will be less likely to find mates
before leaving the fig. Wasps developing in the lower layer may also be
overcrowded during development relative to those in the upper layers, leading to
a decrease in fitness (Anstett et al., 1996). It thus seems plausible that fig-fig
wasp reproductive conflict will contribute to the reproductive isolation of both fig
plant, and fig wasp populations. In particular, if fig wasps are selected to avoid fig
plants from other populations due to the costs of reproductive conflict, pollen flow
and therefore hybridization between fig plant populations will be unlikely. In

support of this prediction, phylogenetic analyses indicate that fig wasp pollinators
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have co-speciated with their host plants more often than completely parasitic fig

wasp species (Weiblen and Bush, 2002).

Generalizations, and suggestions for future research

Hypotheses regarding the role of reproductive conflicts in speciation have
centered around expectations of rapid divergence due to antagonistic
coevolution, and the generation of hybrid incompatibilities as a by-product
(Hayashi et al, 2007; Hurst and Schilthuizen, 1998; Kiester, 1984). Parker and
Partridge (1998) argue that, in the case of reproductive conflicts between the
sexes, the outcome of conflict-interactions will directly influence gene flow
between populations. In this paper, | suggest that the predictive ability of either of
these models, taken in isolation, is limited. It is reasonable to expect that, if there
are high intrinsic fitness costs to hybridization, these costs will limit gene flow
between populations in spite of other mechanisms influencing gene flow.
However, antagonistic coevolution within populations will not necessarily lead to
rapid divergence between populations. Furthermore, when it does, it will not
necessarily be the sort of divergence to result in hybrid incompatibilities. Instead,
the influence of divergence upon gene flow will be mediated by its influence on
between-population interactions.

One example is the case of what | call quantitative armaments. When the
efficacy of a counter-adaptation is correlated with its magnitude, | predict that
directional selection will be more likely to cause parallel evolution in two sister
populations. For example, in water striders, the speed with which females are
able to dislodge males is positively correlated with the length of female
abdominal spines (Arnqvist and Rowe, 1995). Supporting my prediction, several
water strider species show similar elongation of abdominal spines in females
(Andersen, 1993). Furthermore, phylogenetic-comparative analysis shows strong
convergent coevolution between male and female body shape — which, in
females, is partially determined by spine length (Arnqvist and Rowe, 2002b).
Whether or not my predictions hold true over a wide range of taxa requires

further research, both experimental and comparative. If it is the case that
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quantitative counter-adaptations are more likely to follow similar evolutionary
paths in allopatry, reproductive conflict may cause sister populations to be more
divergent from their ancestral population than they are from one another. In these
situations, | predict that reproductive conflicts will often promote gene flow more
than they impede it. If there is any asymmetry between the two populations in
arms level, individuals (or genetic elements) from the population with the higher
arms level will be competitively superior to individuals from the population with
the lower arms level. Additionally, individuals from the population with the lower
arms level are more likely to be reproductively exploited by individuals from the
population with the higher arms level, than vice versa. | therefore predict that
gene flow will tend to be from the high arms level population to the low arms level
population. Specifically, the alleles that confer the increased armament levels
should be the ones to show the most introgression.

In contrast to quantitative armaments, | predict that qualitative armaments
from different populations are more likely to evolve along orthogonal axes to one
another. Thus, in cases of qualitative counter-adaptation, antagonistic
coevolution should be more likely to result in true divergence between sister
populations. However, the impact of that divergence on gene flow will depend
upon the specificity of counter-adaptations within populations. Both parties may
be counter-adapted to one another in specific ways, or one party may be more
generally counter-adapted to the other party. In particular, if the reproductively
exploited party is counter-adapted more generally, but the reproductively
exploitative party is counter-adapted more specifically (Table 11, Scenario 7), the
first party will tend to win between-population conflict interactions. Thus, when
parties from different populations meet, reproductive exploitation, and therefore
gene flow, will be less likely to occur.

Both quantitative and qualitative armaments are expected to be common
in a variety of reproductive conflicts, across all levels of biological organization
(Gage, 2004; Hosken and Stockley, 2004; Summers et al., 2003). If an armament
shows little within-population variation, experimental and/or comparative studies

may be necessary in order to determine whether or not the armament is
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quantitative or qualitative. Similarly, determining whether a counter-adaptation is

passive or active requires an understanding of the morphological, physiological,

behavioural, or molecular mechanisms by which the two parties interact.

Although | hesitate to make generalizations regarding the evolutionary outcome

of intragenomic conflicts versus intergenomic conflicts, the following predictions

can be made based upon the nature of the counter-adaptations in question:

1)

2)

When conflicts are mediated by qualitative signal-receptor interactions in
which elaboration of the signal represents counter-adaptation by the
reproductively exploitative party (i), and modification of the receptor
represents counter-adaptation by the reproductively exploited party (j),
reproductive isolation between sister populations will be more likely. As
long as the receptor is not under strong natural selection in another
context, the reproductively exploited party will be able to counter-adapt
passively, decreasing gene flow between sister populations. Examples of
reproductive conflicts in which this prediction would apply include: conflict
between males and females over the rate at which sperm penetrate the
edgg coat (Swanson and Vacquier, 2002); conflict between queens and
workers over worker reproduction in eusocial insects (Malka et al., 2007);
and the exploitation of non-adaptive sensory biases in females by males
(Hill, 1994).

When conflicts are mediated by quantitative offense-defense or toxin-
antidote counter-adaptations, such that the greater the difference in
armament levels between the two parties, the greater the mutual cost of
their interaction, reproductive isolation between sister populations will be
more likely. Such counter-adaptations will result in large costs of
divergence (k) between sister populations with different average
armament levels. Examples of reproductive conflicts in which this
prediction would apply include: conflict between maternally- and
paternally-imprinted genes over resource allocation to developing
embryos (Haig, 2004); and conflict between male and female bed bugs

over traumatic insemination (Morrow and Arngvist, 2003).
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The verbal model | have discussed is limited in that it makes few
predictions regarding the relative importance of various barriers to gene flow.
In some reproductive conflicts, the outcome of the contest interaction
between the two parties will have a very definite influence of whether gene
flow occurs between their respective populations — for example, in the case of
conflicts between males and females over hybridization (Parker and
Partridge, 1998). In many other cases, the divergence costs (k) of the
interaction will be more important, leading to reproductive isolation through
hybrid incompatiabilies. Nonetheless, by placing reproductive conflicts within
a common framework in relation to gene flow, | hope to have drawn attention
to the importance of understanding the nature of the mechanisms mediating

the conflict in order to predict that conflict’s evolutionary outcome.

Conclusion

Reproductive conflicts manifest themselves in a wide variety of contexts.
Despite obvious differences, it is possible to draw useful parallels between
conflicts operating at different levels of biological organization. In doing so, |
suggest that the nature of the counter-adaptive mechanisms mediating a conflict
may often give a better indication of how likely the conflict is to lead to speciation,
than whether the conflict is intragenomic, intraspecific, or interspecific.
Additionally, divergence of reproductive characters, on its own, does not imply
reproductive divergence (i.e., reproductive isolation). Instead, such divergence
may permit, or even, paradoxically, promote gene flow. Further exploration of
these ideas will benefit from their development into a more formal model. In
particular, taking account of the manner in which genetic transmission from one
population to another actually occurs will likely have important consequences for

predictions regarding gene flow, and reproductive isolation.
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CHAPTER 4: CONCLUSION

This thesis is largely a synthesis of previous work regarding the causes
and consequences of adaptive evolution in reproductive traits. In bringing this
knowledge together, | hope to have narrowed existing gaps in the discipline, as
well as to have highlighted areas that are priorities for future investigation. In both
Chapter 2 and 3, | stress the importance of better characterizing the way in which
reproductive traits function. In the majority of primate reproductive proteins, we
have a very poor understanding of the relationship between changes at the
molecular level and at the phenotypic level. It may thus be misleading to draw
conclusions regarding the causes of rapid evolution in these proteins based
solely on the presence or absence of correlations with dn/ds estimates. In many
cases, establishing a stronger functional link between sequence variation and
fitness variation will both complement dy/ds-based estimates of positive
selection, and provide a more convincing argument for the role of selection in
molecular evolution (Jensen-Seaman and Li, 2003; Podlaha and Zhang, 2003).
In order to do so, however, the function of known reproductive proteins must be
better characterized.

Developing a more mechanistic understanding is equally important in
relating the evolution of populations to the formation of species. The manner in
which two populations have diverged from one another will be a determining
factor in predicting gene flow between the populations. | argue that, when that
divergence is driven by conflict over reproduction, the nature of the counter-
adaptations mediating the conflict will determine the nature of the resulting
divergence. In order to predict whether or not conflict-driven speciation is likely to
occur, therefore, it is necessary to understand the way in which counter-
adaptations function. The functions of obvious morphological counter-adaptations

are often easily observed (Morrow and Arngvist, 2003; Arnqvist and Rowe,
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2002b), or else are assumed (Anstett et al., 1996). Behavioural and physiological
counter-adaptations, on the other hand, are usually less easily characterized. In
intragenomic conflicts in particular, the mechanisms by which many selfish
genetic elements manipulate their hosts are poorly understood. Better
characterizing the functional significance of polymorphism in these systems will
help to explain their role in the evolution of reproductive isolation (Hurst and
Schilthuizen, 1998).

Are primate reproductive proteins likely to play a role in the evolution of
reproductive isolation? The fact that both male and female sperm-egg interaction
proteins appear to evolve more quickly in species with high sperm competition
suggests that the evolution of these proteins is driven by intersexual conflict.
Male-expressed sperm proteins will be selected to increase binding affinity with
specific female-expressed sperm-receptors, in order to increase their chances of
being the first to fertilize the egg. Female-expressed receptors will be selected to
alter their sequence in order to decrease binding affinity with sperm, and prevent
polyspermy (Swanson and Vacquier, 2002a). | argue that, because alterations in
female-expressed sperm receptors represent passive counter-adaptations, the
cost to females of maintaining the arms race will be relatively low, and ongoing
antagonistic coevolution and divergence will be likely to result. Because males
will have adapted to what are likely to be population-specific sperm-receptors, it
will be difficult for males to successfully fertilize females that are not from their
own population. It is thus likely that pre-zygotic reproductive isolation would occur
as a result of conflict between males and females over fertilization. Sperm-egg
interaction proteins therefore are particularly important, both as examples of
adaptively evolving reproductive proteins, and as potential factors in the evolution

of species.
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Figure 1. Results from a t-test
comparing dy/ds estimates when ds <
0.001 to those when dg > 0.001.

ds < 0.001: n = 207, ds > 0.001: n = 390;
t=-11.12, df = 206; p < 0.0001.
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Figures 2a-c. Results of t-tests comparing terminal branch dn/ds, dy and dg estimates for
control group and reproductive proteins.
Control group: n = 94, reproductive proteins: n = 188. Long lines represent means for
each group (X); short lines mark one standard deviation (o) from the mean in each

direction.

a)t=10.7, df =243.36, p < 0.0001; control group X =0.13, ¢ = 0.19; reproductive
proteins X = 0.68, o = 0.65. Dotted line indicates dn/ds = 1.
b)t=6.05, df = 230.48, p < 0.0001; control group X = 0.003, ¢ = 0.011, reproductive

proteins X = 0.023, o = 0.043.

c)t=2.98, df =280, p = 0.0031; control group X = 0.024, o = 0.027; reproductive

proteins X = 0.039, o = 0.054.
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Figures 3a-d. Distribution of dN/dS estimates in relation to relative female remating rate,

and relative testes mass.

Figures 3a,b: reproductive proteins; figures 3c,d: control group proteins.
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Figures 4a-i. Examples of results from species-level regressions.
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4a) OGP dy/ds estimates compared to i) female remating rate: r* = 0.59, p = 0.13;
ii) testes mass: r* = 0.37, p = 0.27.
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4b) PKDREJ dy/ds estimates compared to i) female remating rate: r* =0.54, p = 0.010;
ii) testes mass: r* = 0.045, p = 0.55.
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4c) ZAN dn/ds estimates compared to i) female remating rate: r* =0.043, p = 0.50;
i) testes mass: r* = 0.23, p = 0.13.

72



T 0.55 -
:_IE“
.45 o
e ¢
3.4 4
v s
© (.35
z . .
S 0.3
0.2
0154 4d)i
':,jl.-’l'f’f‘l'l'l‘l
5 6 g .B 9 1 1.1 1.2
Residual female remating rate

1.3

£
—
—

T T T ¥ T T ¥ T
.6 7 .8 9 1
Residual testes mass

=
W

4d) ZP-4 du/ds estimates compared to i) female remating rate: r* = 0.70, p = 0.17;

ii) testes mass: r? = 5.23 x 10, p = 0.98.

4 4e)i

0.3 T L— U T T T
1 2 3 4 5 6 7 8 9 1

Residual female remating rate

1.1 1.2

-
Wi~
|
o
.

de)ii

I .

1

bt st

dN/dS
co

(o NeNwl
(e SR S N
I I S S S |

.
.
¢ |

=
w B
{

T
2 4 b .8 1 1.2 14 16
Residual restes mass

1.8

[~
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4_f) SEMG2 dy/ds estimates compared to i) female remating rate: r* = 0.34, p = 0.062;

i) testes mass: r* = 0.039, p = 0.56.
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Figures 5a-d. Results of species-level regressions for CatSper1.

4 4
4 L] *
1 5a) 5b)
1
3 3
W w
10 o
52 S2-
= o
‘{ [ ] 2 g L
ie ' . e — »
17 e 17 -«
L] L]
.‘ L3 [ 3 . .
* -
01 —— T T G 5 T T T i T T T
0 1 2 4 6 8 1 1.2 1.4 16 1.8
Residual female remating rate Residual testes mass
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Figures 6a-c. Results of t-tests comparing weighted, standardized correlation
coefficients (wZ,) from control group and reproductive protein phylogenetic-comparative
analyses.

Control group: n = 22, reproductive proteins: n = 28. Long lines represent means for
each group; short lines mark one standard deviation from the mean in each direction.
wZ, were summarized by using the comparison with the lowest p-value from each
protein.
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Figures 7a,b. Frequency distributions of Likelihood Ratio Test (LRT) statistics measuring
the likelihood of a correlation between species-specific dy/ds estimates and female
promiscuity.

Red lines indicate the expected distribution of the test statistic. Dotted lines indicate the
threshold beyond which likelihoods are significant at the Bonferroni-corrected a-level,
according to the number of comparisons in each group: a) Control group proteins, n =
22; the black bar represents potential outlier, GSTM4. b) Reproductive proteins, n = 28.
LRT statistics were summarized by using the statistic with the lowest p-value (i.e., the
statistic with the greatest magnitude) from each protein.

7a)

0 5 10 15 20 25 30

7a) Control group proteins, distribution of LRT statistics (Table 4b).

The distribution is significantly different from the expected null distribution (W? = 0.53, p
= 0.036). However, if GSTM4 is excluded as an outlier, the distribution ceases to be
significantly different from the expected null distribution (W? = 0.42, p = 0.066).
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7b) Reproductive group proteins, distribution of LRT statistics (Table 4a).
The distribution is significantly different from the expected nuil distribution (W?=2.13,p

= 0.0010).
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Figures 81.-8.5. Predicted outcomes of antagonistic coevolution between two parties.
Vi and V; are the values of winning a conflict-interaction for parties i and j respectively.
These values are in the same currency as total armament cost — when the value of
winning exceeds the total cost of maintaining the necessary arms level (represented by
the horizontal dotted lines), winning will no longer be profitable. As the value of winning
decreases, or as the costs of upgrading to a higher arms level (slope ci,;) increase, the
maximum possible arms level (amax) Will be reached more quickly. The party with the
highest arms level (a;,;) at any point in time will win the conflict-interaction. Based on

Parker's arm race model (2006).
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Tables 3a,b. Results from species-level regressions, uncorrected for phylogenetic
dependency.

p-values marked * are significant at the 0.05 «a-level. Negative correlation coefficients are
shaded gray.

Table 3a. Reproductive proteins

Comparison with:
Number of mates/periovulatory period Testes mass
Protein Two-tailed r i’ n Two-tailed r r n
Functional category p-value p-value
Sperm-egg interactions
oGP 0.13 0.77 0.59 5 0.27 0.61 0.37 5
In(OGP) 0.36 0.53 0.28 - 0.24 0.64 0.41 -
PKDREJ 0.010 ~ 0.73 0.54 1 0.55 0.21 0.045 10
In(PKDREJ) 0.011 * 0.73 0.54 - 0.54 0.22 0.048 -
ZAN 0.50 -0.21 0.043 13 0.13 0.48 0.23 Il
In(ZAN) 0.74 0.10 0.011 - 0.13 0.49 0.24 -
ZP-4 0.17 0.84 0.70 4 0.98 0.023  0.00052 4
In(ZP-4) 0.091 0.91 0.83 - 0.77 0.23 0.053 -
fertilin alpha | 0.32 0.57 0.32 5 0.22 0.67 0.45 5
In(fertilin alpha 1) 0.28 0.60 0.36 - 0.15 0.75 0.56 -
ZP-2 0.93 0.052 0.0027 5 0.82 0.14 0.019 5
In(ZP-2) 0.98 -0.016 0.00025 - 0.94 -0.051 0.0026 -
ZP-3 0.58 0.42 0.18 4 0.84 0.16 0.025 4
In(ZP-3) 0.50 0.50 0.25 - 0.75 0.25 0.065 -
fertilin alpha Il 0.58 -0.41 0.17 4 0.45 -0.55 0.30 4
In{fertilin alpha 1) 0.59 -0.41 0.17 - 0.44 -0.57 0.32 -
Sperm motility
DBl 0.21 0.68 0.46 5 0.35 0.66 0.43 4
In(DBI) 0.98 -0.018 0.00032 - 0.067 0.93 0.87 -
CatSper1 0.56 0.17 0.029 14 0.91 -0.033 0.0011 14
In(CatSper1) 0.66 0.13 0.017 - 0.41 0.24 0.056 -
Seminal coagulation
SEMGH1 0.029 * 0.69 047 10 0.76 -0.12 0.014 9
IN(SEMG1) 0.097 0.56 0.31 - 0.58 -0.21 0.045 -
SEMG?2 0.062 0.58 0.34 INl 0.56 -0.20 0.039 11
In(SEMG2) 0.12 0.49 0.24 - 0.34 -0.32 0.10 -
TGM4 0.84 -0.079 0.0063 9 0.31 -0.39 0.15 9
In(TGM4) 0.90 -0.055 0.0030 = 0.30 -0.41 0.17 -
Spermatogenesis
BOULE 0.021 * 0.93 0.87 5 0.034 * 0.91 0.82 5
In(BOULE) 0.043 * 0.89 0.79 - 0019 * 0.94 0.88 -
SPANX-N2 0.78 0.18 0.031 5 0.37 0.62 0.39 4
In(SPANX-N2) 0.79 0.16 0.026 - 0.20 0.80 0.64 -
DAZL 0.55 0.31 0.10 6 0.61 0.26 0.070 6

88



In(DAZL) 0.99 0.0091  0.000083 - 0.79 -0.14 0.020 -
PRM2 0.38 -0.36 0.13 8 0.69 0.19 0.035 7
In(PRM2) 0.49 -0.28 0.081 - 0.72 0.17 0.029 -
SPAM1 0.32 0.35 0.12 10 0.27 -0.44 0.19 8
In(SPAM1) 0.67 0.15 0.024 - 0.23 -0.48 0.23 -
TGIFLX 0.24 -0.36 0.13 12 0.52 -0.20 0.042 12
In(TGIFLX) 0.20 -0.40 0.16 - 0.51 -0.21 0.044 -
TNP2 0.47 -0.37 0.14 6 0.15 -0.66 0.44 6
In(TNP2) 0.45 -0.39 015 - 0.14 -0.68 0.46 -
PRM1 0.0032 * 0.98 0.96 5 0.57 0.44 0.19 5
In(PRM?1) 0.032 * 0.91 0.83 - 0.52 048 0.23 -
TSPY 0.59 0.41 017 4 0.68 -0.25 0.063 5
In(TSPY) 0.68 0.10 0.010 - 0.50 -0.40 0.16 -
Dissolution of seminal coagulum/Host defense
PIP 0.32 0.37 0.14 4 0.20 0.79 0.63 4
In(PIP) 0.46 0.54 0.29 - 0.57 0.44 0.19 -
ACPP 0.15 0.61 0.37 7 0.48 -0.33 0.11 7
In(ACPP) 0.67 0.20 0.039 - 0.18 -0.57 0.32 -
KLK2 0.76 -0.13 0.016 8 0.86 -0.10 0.0092 6
In(KLK2) 0.90 -0.055 0.0030 - 0.51 -0.33 0.11 -
MSMB 0.96 -0.025 0.00060 6 0.50 0.41 0.17 5
In(MSMB) 0.99 0.0045  0.000020 - 0.46 0.44 0.19 -
PSA 0.24 0.76 0.58 4 0.67 0.50 0.25 3
In(PSA) 0.29 0.71 0.51 - 0.67 0.50 0.25 -
Unclassifiable
TMPRSS 0.54 -0.32 0.10 6 0.38 -0.45 0.20 6
In(TMPRSS) 0.78 -0.14 0.021 - 0.27 -0.54 0.29 -
Table 3b. Control group proteins
Comparison with:
Number of mates/periovulatory period Relative testes mass
Protein Two-tailed r r2 n Two-tailed r r2 n
Functional category p-value p-value
ACTB 0.35 -0.47 0.22 6 0.28 0.32 0.10 6
In(ACTB) 0.39 -0.44 0.19 - 0.25 0.56 0.31 -
ALDOA 0.69 -0.31 0.094 4 0.79 0.21 0.044 4
In(ALDOA) 0.73 -0.27 0.072 - 0.72 0.28 0.081 -
APEX1 0.27 -0.73 0.54 4 0.91 0.09 0.008 4
In(APEX) 0.18 -0.82 0.67 - 0.77 -0.23 0.052 -
ATP5A1 0.88 0.12 0.015 4 0.35 0.36 0.13 4
In(ATP5A1) 0.88 -0.12 0.014 - 0.56 0.44 0.19 -
CAPN1 0.20 -0.80 0.64 4 0.1 -0.89 0.79 4
In(CAPN1) 0.041 * -1.00 1.00 3 0.30 -0.89 0.80 3
CBR1 0.83 -0.13 0.018 5 0.76 0.19 0.035 5
In(CBR1) 0.78 -0.22 0.050 4 0.67 0.33 0.11 4
COG7 0.24 0.75 0.57 4 0.51 0.49 0.24 4
In(COG7) 0.39 0.61 0.37 - 0.27 0.73 0.54 -
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G6PD
In(G6PD)
GSTM4
In(GSTM4)
HSPAS
In(HSPAB)
IDH3
In(IDH3)
KCNK1
In(KCNK1)
KNSL6
In(KNSLS)
NOL5A
In(NOL5A)
PCLY
In(PCLY)
PDNAM
In(PDNAM)
POMT1
In(POMT1)
POT1
In(POT1)
PRDX3
In(PRDX3)
PSMD1
In(PSMD1)
RPL10
In(RPL10)
SOAT
In(SOAT)

0.78
0.79
0.024
0.083
0.85
0.90
0.74
0.93
0.53
0.48
0.49

0.59
0.64
0.016
0.10
1.00
0.96
0.78
0.96
0.40
0.33
0.58
0.58
0.16
0.20
0.20
0.20
0.36
0.41

-0.21
-0.21
-0.97
-0.92
0.10
0.075
0.26
0.11
-0.47
-0.52
-0.51
NA'
0.41
0.36
0.98
0.90
0.0049
0.045
-0.21
-0.045
0.49
0.56
-0.42
-0.42
0.84
0.81
0.80
0.80
-0.63
-0.59

0.045
0.045
0.95
0.84
0.010
0.0056
0.067
0.013
0.22
0.27
0.26
0.17
0.13
0.97
0.81
0.000024
0.0020
0.046
0.0020
0.24
0.31
0.18
0.18
0.70
0.65
0.64
0.64
0.40
0.35

-

L R L R ¢ I o R

0.67
0.65
0.075
0.44
0.44
0.37
0.28
0.47
0.83
0.93
0.062

0.71
0.65
0.052
0.015
0.30
0.27
0.35
0.52
0.085
0.039
0.72
0.76
0.23
0.22
0.64
0.62
0.12
0.13

-0.33
-0.35
-0.92
-0.57
0.39
0.52
072
0.74
-0.17
0.07
-0.94

-0.29
-0.35
0.95
0.98
0.70
0.73
-0.65
-0.48
0.82
0.90
0.28
0.24
0.77
0.78
0.36
0.39
-0.88
-0.87

0.11
0.12
0.85
0.32
0.15
0.27
0.52
0.55
0.03
0.00
0.88

0.085
0.12
0.90
0.97
0.49
0.53
0.42
0.23
0.68
0.81

0.078

0.059
0.59
0.61
0.13
0.15
0.77
0.76

I I L S I & I > B

NA': too few datapoints
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Tables 4a,b. Results from phylogenetic-comparative analyses.

p-values marked * are significant and the 0.05 a-level ; p-values marked ** are
significant at the Bonferroni-corrected a-level (reproductive proteins: o' = 0.0018; control

group proteins: o’ = 0.0023). Negative correlation coefficients are shaded gray. Control

group proteins GSTM4 is marked as a potential outlier.

Table 4a. Reproductive proteins

Comparison with:

Number of mates/periovulatory period Testes mass
Protein LRT Two-tailed r r n LRT Two-tailed r S n
Functional category statistic  p-value statistic  p-value
Sperm-egg interactions
OGP 7.92 0.0049 * 0.89 0.79 5 8.82 0003 * 0.91 0.83 5
In(OGP) 8.37 0.0038 - 0.90  0.81 - 10.35 0.0013 ** 0.93 0.87 -
PKDREJ 12.43 0.00042 ** 0.82 0.68 1 8.70 0.0032 * 0.76 0.58 10
in(PKDREJ) 8.046 0.0046  * 0.72 0.52 - 5.99 0.014 * 0.67  0.45 -
ZAN 227 0.13 0.40 0.16 13 7.98 0.0047 * 0.72 0.52 11
In(ZAN) 11.24 0.00080 ** 076  0.58 - 16.34 53x10° ™ 0.88 0.77 -
ZP-4 6.54 0.011 “ 0.90 0.81 4 244 0.12 0.68 0.46 4
in(ZP-4) 10.89 0.00097  ** 097 093 - 4.23 0.040 * 0.81 0.65 -
fertilin alpha | 0.17 0.68 0.08 001 5 0.030 0.86 0.08 0.01 5
In{fertilin alpha 1) 0.70 0.40 0.36 0.13 - 0.39 0.53 0.27 0.08
ZP-2 0.10 0.75 0.14 0.02 5 0.057 0.81 0.1 0.01 5
InfZP-2) 0.082 0.77 0.13 002 - 0.038 0.85 0.086 0.01 -
ZP-3 297 0.085 -0.72 052 4 2.72 0.099 -0.70 0.49 4
In(ZP-3) 2.00 0.16 -0.63  0.39 - 1.79 0.18 -0.60 0.36 -
fertilin alpha t1 2.35 0.13 -0.67 0.44 4 3.66 0.056 -0.77 0.60 4
Inffertifin alpha Il) 2.62 .11 -0.69 0.48 - 4.060 0.044 * -0.80 0.64 -
Sperm motility
DB! 15.16 0.00010 ** 098 095 5 4.74 0.029 * 0.83 0.69 4
In{DB}) 2.36 0.12 0.61 0.38 - 0.22 0.64 0.23 0.05
CatSper1 2.50 0.1 0.40 0.16 14 239 0.12 0.40 0.16 14
In{CatSper1) 4.62 0.032 053 0.28 - 1.75 0.19 0.34 0.12 -
Seminal coagulation
SEMG1 15.67 7.56x10°  ** 0.89 0.79 10 9.47 0.0021 0.81 0.65 9
In(SEMG1) 13.30 0.00027 ** 0.86 0.74 70.40 0.0013 ** 0.83 0.68 -
SEMG2 11.48 0.00070  ** 0.80 0.64 11 4.00 0.046 * 0.55 0.30 11
In(SEMG2) 7.82 00052 * 0.71 0.51 - 377 0.052 0.54 0.29 -
TGM4 591 0015 * -069 048 ) 3.30 0.069 -0.55 0.31 3
In{TGM4} 0.24 0.63 -0.16  0.03 = 0.90 0.34 -0.31 .10 -
Spermatogenesis
BOULE 11.58 0.00067 ** 0.95 0.90 5 7.46 0.0063 -~ 0.88 0.78 5
In(BOULE) 8.91 0.0028 * 0.91 0.83 - 710.026 0.0015 ** 0.93 0.87
SPANX-N2 3.34 0.068 070 0.49 5 213 0.14 0.64 0.41 4
In(SPANX-N2} 563 0.018 0.83  0.68 3.76 0.053 0.78 0.61 -
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DAZL 2.51 0.11 058 034 6 0.0061 0.94 -0.03  0.00 6
In(DAZL) 0.36 0.55 0.24  0.06 0.0070 0.93 0.034 0.00 -
PRM2Z 0.40 0.53 022 0.05 8 0.08 0.78 -0.11 0.01 T
In(PRM2) 0.68 0.41 029 0.08 - 0.0025 0.96 -0.019  0.00 -
SPAM1 0.064 0.80 03% 015 10 0.064 08 052 027 8
In(SPAM?1) 0.92 0.34 0.30  0.09 - 0.064 0.8 0.48  0.23 -
TGIFLX 2.62 0.11 -0.44  0.20 12 | 5.8x10° 0.99 -0.0022  0.00 12
In(TGIFLX) 297 0.088 -046 0.22 - 0.0041 0.95 0.018  0.00 -
TNP2 0.53 0.47 -029 0.08 6 0.0060 0.94 -0.032  0.00 6
In(TNP2) 0.40 0.53 -0.25 0.06 - 0.010 0.92 -0.041 0.00 =
PRM1 3.86 0049 * -0.73 054 5 0.38 0.54 -0.27  0.07 5
In(PRM?1) 3.69 0.055 -0.72 082 - 0.58 0.45 -0.33  0.11 -
TSPY 0.22 0.64 0.23 0.05 4 3.71 0.54 -0.72 0.52 !
In(TSPY) 2.6x10° 1 -0.0025  0.00 - 4.20 0.041 * -0.75  0.57 -
Dissolution of seminal coagulum/Host defense
PIP 8.43 0.0037 * 0.94 0.88 4 11.47 0.00071 b 0.97 0.94 4
In(PIP) 6.10 0.014 * 088 0.78 - 8.15 0.0043 * 093 087 -
ACPP 4.97 0026 * 0.71 0.51 7 4.58 0.032 * 063 048 7
In(ACPP) 1.79 018 * 048 0.23 - 1.37 0.24 042 0.18 -
KLKZ 3.35 0.067 -0.58  0.34 8 3.35 0.067 -0.65 043 6
In(KLK2) 1.44 0.23 -0.41  0.16 - 2.10 0.15 -0.54 030 -
MSMB 0.00 1.00 0.00 0.00 6 0.1 0.74 -0.15  0.02 5
In(MSMB) 0.075 0.78 011 0.01 - 0.018 0.89 -0.060  0.00 -
PSA 1.23 0.27 0.51 0.26 4 NA' - 3
In(PSA) 0.93 0.34 046  0.21 - NA' -
Unclassifiable
TMPRSS 0.76 0.34 034 012 6 0.47 0.49 027 007 6
L In(TMPRSS) 2.15 0.14 055 030 - 1.95 0.16 0.53 0.28 -
NA'": < 4 species; phylogenetic analysis not possible
Table 4b. Control group proteins
Comparison with:
Number of mates/periovulatory period Relative testes mass
Protein LRT Two-tailed r r n | LRT Two-tailed r IS n
Functional category statistic p-value statistic p-value
ACTB 5.51 0019 * -0.78  0.60 6 2.55 0.1 059 035 6
In(ACTB) 5.21 0.022 * -0.76  0.58 - 2.69 0.10 0.60  0.36
ALDOA 0.21 0.65 -022  0.05 4 0.27 0.61 -0.25 006 4
In(ALDOA) 0.34 0.56 -0.29 0.08 - 0.36 0.55 -0.29  0.09 -
APEX1 9.42 0.0022 * -095 0.90 4 4.17 0.041 * -0.80 065 4
In(APEX) 4.98 0.026 * -0.84 071 - 3.13 0.077 -0.74 054 -
ATPSAT 0.018 0.89 0.066  0.00 4 0.071 0.79 0.13  0.02 4
In(ATP5A1) 0.019 0.89 -0.069  0.00 - 0.020 0.89 -0.070  0.00 -
CAPN1 3.78 0.052 -0.79 0.63 4 7.03 0.008 * -0.92 085 4
In(CAPN 1) 2.99 0.084 -0.73  0.53 - 1.42 0.23 -0.55  0.30 -
CBR1 0.059 0.81 0.1 0.01 5 0.011 0.92 0.047 0.00 5
In(CBR1) 0.22 0.64 0.21 0.04 - 0.11 0.74 0.15 002
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COG7 7.37 0.0066 * 092 084 4 5.37 0.020 * 086 074
In(COG7) 5.28 0.022 * 0.86 0.73 4.12 0042 * 080 0.64
G6PD 0.37 0.54 -0.30  0.09 4 0.78 0.38 042 018
In(G6PD). 0.42 0.52 -0.32  0.10 2 0.85 0.36 044 0.19
GSTM4 28.12 TART@l -1.00  1.00 4 [ 1556  7.98x10° ** -0.99 098
In(GSTM4) 11,21 0.00081 ** -0.97  0.94 = 8.22 0.0041 * 093 087
HSPAS 0.13 0.72 0.15  0.02 6 0.093 0.76 012  0.02
In(HSPAS) 0.078 0.78 -0.11  0.01 0.0022 0.96 0.019  0.00
IDH3 0.82 037 043 018 4 0.53 0.47 035 0.12
In(IDH3) 0.63 0.43 038 0.14 - 0.27 0.60 0.26 007
KCNK1 0.39 0.53 031 0.09 4 0.62 0.43 038 014
In(KCNK1) 0.31 0.57 -0.28 0.08 - 0.38 0.54 -0.30  0.09
KNSL6 8.92 0.0028 * 094 089 4 1141 000073 ** -0.97 094
IN(KNSL6) 0.051 0.82 -0.11 0.0 o 0.19 0.66 022 005
NOL5A 0.04 0.83 0.10  0.01 4 0.02 0.88 0.078 001
In(NOLSA) 0.012 0.91 0.055  0.00 - | 6.8x10° 0.99 0.0041  0.00
PCLY 4.01 0.045 * 0.80 063 4 1.93 0.16 062 038
In(PCLY) 4.59 0.032 * 0.83 068 - 2.21 0.14 065 042
PDNAM 1.02 0.31 NA? - - 154 0.24 NA? -
In(PDNAM) 1.60 0.21 057 0.33 - 2.27 0.13 066 043
POMT1 2.99 0.084 073 053 4 238 0.12 067 045
In(POMT1) 1.69 0.19 -0.59 0.34 : 1.27 0.26 -0.52  0.27
POT1 1.20 0.27 046  0.21 5 1.05 0.30 044  0.19
In(POT1) 210 0.15 0.59 0.34 - 1.86 0.17 056 037
PRDX3 0.07 0.79 013 0.02 4 0.043 0.84 0.10 001
In(PRDX3) 0.014 0.91 -0.059  0.00 5 0.018 0.89 -0.068  0.00
PSMD1 7.58 0.0059 * 091 084 4 5.49 0019 * NA? -
In(PSMD1) 7.22 0.0072 * 0.91 0.84 - 5.28 0.022 * 086 073
RPL10 8.70 0.0032 * 094  0.89 4 6.51 0011 * 090 0.80
IN(RPL10) 874 0.0031 * 0.94 089 - 6.48 0.011 * 0.90 080
SOAT 0.26 0.61 025 0.06 4 0.014 0.91 -0.059  0.00
IN(SOAT) 0.12 0.72 -0.17  0.03 - | 00024 0.96 0.024  0.00

NA?: Variance of untransformed dy/ds = 0
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Table 5. Summary of mean correlation coefficients (r;) from species-level regressions.

'dn/ds' versus 'In(dn/ds) indicates whether or not the natural logarithms of the dy/ds
estimates were used in the comparisons. 'M' versus 'T' indicates whether or not the dn/dg
estimates were compared to residual(female remating rate), or residual(testes mass).
'lowest p-value' summarizes results across these four possible comparisons by using the
comparison with the lowest p-value from each protein. Rows in bold script indicate that
the average r; is significant.

two-tailed
Category (no. proteins) meanr, | upper 95% Ci lower 95% ClI e p-value
Reproductive proteins (28)

dnds*M (28) 0.28 0.44 0.11 0.08 0.0011
Sperm-egg interactions 0.36 0.63 -0.0049 0.13 0.027
Seminal coagulation 0.47 0.73 0.083 0.22 0.0095
Sperm motility 0.27 0.67 -0.26 0.071 0.17
Spermatogenesis 0.17 0.47 -0.17 0.028 0.16
Dissolution of seminal 0.25 0.65 -0.27 0.060 0.18
coagulum/Host defense

In{d\ds)*M (28) 0.22 0.39 0.038 0.048 0.0090
Sperm-egg interactions 0.44 0.69 0.094 0.19 0.0070
Seminal coagulation 0.38 0.68 -0.030 0.14 0.034
Sperm motility 0.1 057 -0.41 0.012 0.35
Spermatogenesis 0.028 0.35 -0.30 0.00077 044
Dissolution of seminal 0.14 0.58 -0.36 0.021 0.30
coagulum/Host defense

dnds T (27) 0.021 0.21 -0.17 0.00042 042
Sperm-egg interactions 0.34 0.64 -0.043 0.12 0.040
Seminal coagulation -0.23 0.19 -0.58 0.052 0.86
Sperm motility 0.035 0.54 -0.49 0.0012 0.45
Spermatogenesis -0.028 0.31 -0.36 0.00080 0.56
Dissolution of seminal 0.029 0.57 -0.53 0.00085 0.46
coagulum/Host defense (4)

In(dnds)T (27) 0.0060 0.20 -0.19 0.000036 048
Sperm-egg interactions 0.36 0.65 -0.023 0.13 0.032
Seminal coagulation -0.31 0.10 -0.64 0.10 0.93
Sperm motility 0.35 0.73 -0.20 0.12 0.11
Spermatogenesis -0.065 0.28 -0.39 0.0042 0.64
Dissolution of seminal -0.22 0.38 -0.69 0.047 0.76
coagulum/Host defense (4)

lowest p-value (28) 0.31 0.46 0.13 0.093 0.00048
Sperm-egg interactions 0.60 0.79 0.30 0.36 0.00018
Seminal coagulation 0.039 0.68 -0.019 0.15 0.0310
Sperm motility 0.43 0.76 -0.081 0.19 0.048
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Spermatogenesis
Dissolution of seminal
coagulum/Host defense

Control group proteins (22)
dydsM (22)
with outlier
without outlier

In(dxds)*M (19)
with outlier
without outlier

dndse T (22)
with outlier
without outlier

In{dnds)T (19)
with outlier
without outlier

fowest p-value (21)
with outlier
without outlier

-0.043
0.41

-0.039

0.040

-0.022
0.051

0.13
0.19

0.40
0.44

0.23
0.32

0.28
077

0.32

0.39

0.38
0.45

0.46
0.52

0.68
0.71

0.55
0.62

-0.36
-0.15

-0.39

-0.33

-0.41
-0.36

-0.23
-0.18

0.013
0.052

-0.16
-0.067

0.0018
0.17

0.0015

0.0016

0.00049
0.0026

0.017
0.038

0.16
0.19

0.052
0.10

0.60
0.074

042

0.58

0.46
0.59

0.76
0.85

0.98
0.99

0.88
0.95
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Table 6. Summary of mean correlation coefficients (r,) from phylo-comparative analyses.

'dn/ds' versus 'In(dn/ds)' indicates whether or not the natural logarithms of the dn/ds
estimates were used in the comparisons. 'M' versus 'T' indicates whether or not the dn/ds
estimates were compared to residua(female remating rate), or residual(testes mass).
'lowest p-value' summarizes results across these four possible comparisons by using the
comparison with the lowest p-value from each protein. Rows in bold script indicate that
the average r; is significant.

two-tailed
Category (no. proteins) meanr, | upper 95% Cl | lower 95% CI r p-value
Reproductive proteins (28)

dnds*M (28) 0.40 0.54 0.23 0.16 3.6x10°
Sperm-egg interactions 0.55 0.76 0.23 0.30 0.0007
Seminal coagulation 0.57 0.79 0.22 0.33 0.0015
Sperm motility 0.61 0.85 0.16 0.37 0.006
Spermatogenesis 0.13 0.44 -0.20 0.02 0.22
Dissolution of seminal 0.18 0.61 -0.33 0.03 0.25
coagulum/Host defense

In{dxds)*M (28) 0.43 0.57 0.27 0.18 6.0x107
Sperm-egg interactions 0.67 0.83 0.40 0.44 1.5x10°
Seminal coagulation 0.62 0.82 0.29 0.38 0.00047
Sperm motility 0.54 0.82 0.07 0.30 0.014
Spermatogenesis 0.078 0.39 -0.25 0.0061 0.32
Dissolution of seminal 0.15 0.59 -0.35 0.023 0.28
coagulum/Host defense

dndseT (27) 0.36 0.52 0.18 0.13 6.5x10°
Sperm-egg interactions 0.60 0.80 0.28 0.36 0.00036
Seminal coagulation 0.41 0.70 0.0030 0.16 0.024
Sperm motility 0.45 0.78 -0.081 0.20 0.047
Spermatogenesis 0.1 0.43 -0.24 0012 0.27
Dissolution of seminal 0.28 0.72 -0.32 0.078 0.18
coagulum/Host defense (4)

In(dwds)T (27) 0.40 0.55 0.23 0.16 8.5x10°
Sperm-egg interactions 0.69 0.85 0.41 0.47 2.0x10°*
Seminal coagulation 0.49 0.74 0.10 0.24 0.007
Sperm motility 0.33 0.72 -0.22 0.11 0.11
Spermatogenesis 0.14 0.46 -0.21 0.02 0.21
Dissolution of seminal 0.15 0.65 -0.44 0.023 0.31
coagulum/Host defense (4)

lowest p-value (28) 0.50 0.62 0.34 0.25 5.8x10°
Sperm-egg interactions 0.77 0.88 0.57 0.59 6.0x10*
Seminal coagulation 0.57 0.79 0.22 0.33 0.0015
Sperm motility 0.68 0.88 0.29 0.47 0.0013
Spermatogenesis 0.068 0.38 -0.26 0.0046 0.34
Dissolution of seminal 0.32 0.73 -0.26 0.10 0.14
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coagulum/Host defense

Control group proteins (22)
duds*M (21)
with outlier
without outlier

In{dnds)-M (22)
with outlier
without outlier

dndseT (20)
with outlier
without outlier

In{dnds)*T (22)
with outlier
without outlier

lowest p-value (22)
with outlier
without outlier

-0.22
-0.065

-0.034
0.042

-0.079
0.023

0.15
0.21

-0.20
-0.051

0.16
0.31

0.32
0.40

0.30
0.39

0.48
0.53

0.17
0.31

-0.53
-0.42

-0.38
-0.32

-0.43
-0.35

-0.22
-0.16

-0.52
-0.40

0.047
0.0043

0.00M1
0.0018

0.0062
0.00053

0.021
0.045

0.04
0.0026

0.13
0.37

0.43
0.59

0.34
0.55

0.78
0.87

0.15
0.40
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Table 7. Results of independent t-tests comparing wZ, of control group versus
reproductive proteins.

7 a. Phylo-comparative analysis

Comparison Control group Reproductive proteins t ratio df p-value
mean wZ, (n) mean (n)

dNdS-M -0.28 (21) 1.70 (28) 258 37.92 0.014

In(dNdS)*M -0.043 (22) 1.84 (28) 2.74 3448 0.0098

dNdS-T -0.10 (20) 1.43 (27) 246 3597 0.019

In(dNdS)*T 0.19 (22) 1.60 (27) 227 3116 0.030

lowest p-value -0.13 (22) 2.14(28) 2.58  33.86 0.014

7 b. Species-level, linear regression analysis

Comparison Control group Reproductive proteins t ratio df p-value
mean wZ, (n) mean (n)

dNdS-M 0.050 (22) 1.16 (28) 235 37.57 0.024

In(dNdS)-M -0.026 (19) 0.89 (28) 2.060 38.70 0.046

dNdS-T 0.17 (22) 0.074 (28) -0.25 47.16 0.80

In(dNdS)T 0.51 (19) 0.022 (28) 112 43.85 0.27

lowest p-value 0.20 (22) 1.24 (28) 1.66  39.84 0.11

dy/ds' versus 'In(dy/ds) indicates whether or not the natural logarithms of the dy/ds estimates were used in the
comparisons. ‘M’ versus T' indicates whether or not the d\/ds estimates were compared to residual(female remating
rate), or residual(testes mass). 'lowest p-value' summarizes results across these four possible comparisons by using
the comparison with the lowest p-value from each protein. Rows in bold script indicate that the average r; is significant.
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APPENDIX

Appendix 1. Genbank accession numbers for sequences used in this study.

Category Protein

Species

Accession #

ACTB

ALDOA

APEX1

ATP5A1

CAPN1

CBR1

COG7

Control group proteins

Cercopithecus aethiops

Homo sapiens
Macaca fascicularis
Macaca fuscata
Macaca mulatta
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Pan troglodytes
Pongo pygmaeus
Ateles geoffroyi
Macaca fascicularis
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Pan troglodytes

112

AB004047
NM_001101
AB170391
AF209434
NM_001033084
CR860530
NM_184041
AB066558
XR_023822
CR925940
DQ976593
AB171333
NM_001081485
DQ977483
AK092735
AB170693
XR_023218
CR861028
NM_005186
AF284440
XM_001114172
CR925924
NM_001757
AB059654
XM_001088120
XM_531449
CR858173
NM_153603
AB070114
XM_001161673




G6PD

GSTM4

HSPAS

IDH3

KCNK1

KNSL6

NOL5A

PCLY

PCNA

POMT1

Pongo pygmaeus
Homo sapiens
Macaca fuscata
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Pan troglodytes
Pongo pygmaeus
Cercopithecus aethiops
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Macaca fascicularis
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pan troglodytes
Homo sapiens
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pongo pygmaeus
Homo sapiens
Macaca fascicularis
Macaca mulatta
Pan troglodytes
Homo sapiens
Macaca mulatta
Pan troglodytes
Pongo pygmaeus

113

CR857446
NM_000402
AF208984
XM_001146640
DQ173570
BC108729
AF200709
XM_513625
CR859804
X73685
NM_006597
AB072749
XM_001108049
XM_508830
CR861166
X87172
XM_001106839
XM_001149155
CR860617
NM_002245
XM_001112053
XM_525096
CR858111
AY026505
ABO72747
XM_001093746
XM_001151208
NM_006392
XM_001110561
XM_514472
CR859194
BC051891
AB062961
XM_001098650
CR860270
NM_182649
AF347680
XM_001115756
XM 514499
NM_007171
XM_001118542
XM_528446
CR857448




POT1 Homo sapiens NM_015450
Macaca fascicularis AB066545
Macaca mulatta XM_001087702
Pan troglodytes XM_519345
Pongo pygmaeus CR860078
PRDX3 Homo sapiens BC111397
Macaca mulatta BQ807861
Pan troglodytes XM_001154135
Pongo pygmaeus CR857380
PSMD1 Homo sapiens BC005036
Macaca mulatta BQ807960
Pan troglodytes XM_526057
Pongo pygmaeus CR860782
RPL10 Homo sapiens NM_006013
Macaca mulatta XM_001089131
Pan troglodytes XM_001158531
Pongo pygmaeus CR859565
SOAT Cercopithecus aethiops AF(053336
Goirilla gorilla AF354622
Pan troglodytes XM_514030
Pongo pygmaeus AF354623
Reproductive proteins
ACPP Erythrocebus patas DQ150476
Gorilla gorilla DQ150471
Hylobates syndactylus DQ150473
Macaca mulatta DQ150475
Pan paniscus DQ150470
Papio anubis DQ150474
Pongo pygmaeus DQ150472
BOULE Macaca mulatta XM_001086915
Microcebus murinus AJ746579
Pan paniscus AJ717405
Saguinus oedipus AJ717406
Saimiri sciureus AJ717408
CatSper1 Aotus trivirgatus AAQ95776
Ateles geoffroyif AAQ95774
Cercopithecus aethiops AAQ95780
Colobus guereza AAQ95782
Gorilla gorilla AAQI5786
Homo sapiens AAH32950
Lemur catta AAQ95788
Macaca mulatta AAQ95779
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DAZL

DBI

fertilin alpha |

fertilin alpha Il

KLK2

MSMB

OGP

Miopithecus talapoin
Pan paniscus

Papio hamadryas
Pongo pygmaeus
Saguinus oedipus
Saimiri sciureus
Callithrix jacchus
Cebus apella
Microcebus murinus
Pan paniscus
Saguinus oedipus
Saimiri sciureus
Erythrocebus patas
Hylobates syndactylus
Pan paniscus
Pongo pygmaeus
Saguinus labiatus
Macaca mulatta
Pan troglodytes
Papio hamadryas
Pongo pygmaeus
Saguinus oedipus
Macaca fascicularis
Pan troglodytes
Papio hamadryas
Saguinus oedipus
Cercopithecus cephus
Erythrocebus patas
Lemur catta

Macaca nigra
Pan paniscus
Papio anubis
Pongo pygmaeus
Saguinus labiatus
Hylobates syndactylus
Macaca mulatta
Pan troglodytes
Papio hamadryas
Pongo pygmaeus
Saguinus oedipus

Homo sapiens

115

AAQ95778
AAQ95784
AAQ95781
AAQ95787
AAQY5775
AAQYS5777
AF144131
AF053609
AJ746580
AJ717409
AJ717410
AJ717411
DQ150448
DQ150442
DQ150439
DQ150441
DQ150450
XM_001109414
XM_509380
Y15519
Y 15491
Y15511
X79809
XR 023088
Y 15520
Y15512
DQ150459
DQ150458
N. Clark, personal
communication
DQ150456
DQ150453
DQ150457
DQ150454
DQ150460
DQ150466
DQ150467
DQ150461
49786
DQ150464
AJ010154, AJ010158,
AJ0O10158
NM 002557




PIP

PKDREJ

PRM1

PRM2

PSA

SEMGH1

Macaca mulatta
Macaca radiata

Pan troglodytes

Papio hamadryas
Homo sapiens
Hylobates syndactylus
Macaca mulatta

Pan troglodytes
Ateles geoffroyif
Callithrix jacchus
Erythrocebus patas
Gorilla gorilla

Homo sapiens
Lagothrix lagothricha
Lemur catta

Macaca nigra

Pan paniscus

Pongo pygmaeus
Saguinus labiatus
Ateles seniculus
Gorilla gorilla
Hylobates lar

Pongo pygmaeus
Semnopithecus entellus
Ateles seniculus
Callithrix jacchus
Erythrocebus patas
Homo sapiens
Hylobates lar

Macaca mulatta
Pongo pygmaeus
Semnopithecus entellus
Cercopithecus cephus
Erythrocebus patas
Gorilla gorilla
Hylobates gabriellae
Pan troglodytes
Callithrix jacchus
Cercopithecus aethiops
Colobus guereza
Gorilla gorilla

Homo sapiens
Hylobates klossi

116

AAB70664
AAQ17078
XM_513641
M59903
NM_002652
DQ150514
DQ150516
DQ150509
EF517287
EF517290
EF517286
EF517281
EF517278
EF517288
EF517291
EF517285
EF517280
EF517282
EF517289
L14592
AF215709
L14588
AF215710
AF294851
X71335
X85371
AF195644
AF215713
X71339
X71338
X71337
AH010090
DQ150484
DQ150483
DQ150479
DQ150481
DQ150477
AJ005842
DP000048
DP000038
AY256472
AY256465
AY256474




SEMG2

SPAM1

SPANX-N2

TGIFLX

Pan paniscus

Papio anubis

Pongo pygmaeus
Saguinus oedipus
Ateles geoffroyif
Cercopithecus aethiops
Colobus guereza
Gorilla gorilla

Homo sapiens
Hylobates lar
Macaca fascicularis
Macaca nemestrina
Pan troglodytes
Papio anubis

Pongo pygmaeus
Cercopithecus mitis
Hylobates lar

Lemur catta
Microcebus murinus
Otolemur crassicaudatus
Pan troglodytes
Perodicticus potto
Propithecus verreauxi
Pygathrix nemaeus
Saimiri sciureus
Varecia variegata
Homo sapiens
Macaca mulatta

Pan troglodytes
Pongo pygmaeus
Saguinus labiatus
Aotus trivirgatus
Callithrix jacchus
Cercopithecus aethiops
Gorilla gorilla

Homo sapiens
Hylobates lar
Lagothrix lagothricha
Macaca fascicularis
Miopithecus talapoin
Papio hamadryas
Pongo pygmaeus
Saimiri sciureus
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AY256471
DP000036
AY256473
AJ002153
AY781393
DP000048
DP000038
DP00004 1
NM_003008
AY781389
AY781390
AY781391
DP000037
DP000036
DP000045
DQ437094
DQ437098
DQ437084
DQ437087
DQ437082
XM_527873
DQ437083
DQ437086
DQ437091
DQ437088
DQ437085
DQ336115
XM_001086432
NM_001042629
AY457942
AY457945
AY449639
AY449637
AY449635
AJ345074
NM_139214
AJ345076
AY449641
AJ345079
AJ345077
AJ345080
AJ345075
AY449640




TGM4

TMPRSS

TNP2

TSPY

ZAN

ZP-2

Erythrocebus patas
Homo sapiens
Hylobates syndactylus
Macaca mulatta
Pan paniscus

Pan troglodytes
Pongo pygmaeus
Erythrocebus patas
Gorilla gorilla
Hylobates syndactylus
Macaca mulatta
Pan troglodytes
Pongo pygmaeus
Gorilla gorilla

Homo sapiens
Macaca fascicularis
Macaca mulatta
Pan paniscus
Pongo pygmaeus
Allenopipthecus nigroviridis
Miopithecus talapoin
Pan troglodytes
Theropithecus gelada
Alouatta belzebul
Aotus azarae
Callicebus cupreus
Callithrix jacchus
Cercopithecus mitis
Eulemur fulvus
Homo sapiens
Lemur catta

Macaca mulatta
Microcebus murinus
Pan paniscus

Papio hamadryas
Pygathrix nemaeus
Saguinus fuscicollis
Saimiri sciureus
Varecia variegata
Callithrix jacchus
Homo sapiens
Macaca fascicularis
Macaca mulatta

118

DQ150495
NM_003241
DQ150490
DQ150493
DQ150487
DQ150486
DQ150489
DQ150508
DQ150501
DQ150504
DQ150506
DQ150499
DQ150502
AF215718
NM_005425
AB169384
AF215720
AF215717
AF215719
AY048053
AY048065
AY958082
AF284278
DQ910892
DQ910894
DQ910893
AY428846
DQ910896
DQ910886
AF332975
DQ910887
DQ910898
DQ910889
AY739235
DQ910899
DQ910895
DQ910891
DQ910890
DQ910888
Y10767
M90366
AY222645
XM_001091029




ZP-3

ZP-4

Pan troglodytes
Callithrix jacchus
Homo sapiens
Macaca fascicularis
Pan troglodytes
Homo sapiens
Macaca fascicularis
Pan troglodytes
Papio cynocephalus

XM_510869
S71825
M60504
AY222644
XM_528035
NM_021186
AY222647
XM_525105
AY222646
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