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ABSTRACT OF THE DISSERTATION
Testing Modes of Speciation and the Effects of Demography on Selection in

Closely Related Species

by
Andrea Susan Putnam
Doctor of Philosophy in Biology
University of California, San Diego, 2008

Professor Peter Andolfatto

A fundamental controversy in the study of speciation is whether allopatry is the
dominant mode of speciation. Understanding the genetic architecture of
reproductive isolation between incipient species may be important in resolving
this question. One approach to examining reproductive isolation is to estimate
divergence times at multiple loci to determine if gene flow was restricted
instantaneously among species (allopatry) or whether the divergence is better
explained by stages of reproductive isolation (parapatry). The first two chapters
of my dissertation develop a model to test these modes of speciation in sister
species and to predict which genes were important in the early stages of
speciation. The last chapter of my thesis focuses on genomic scans for these
speciation factors to determine the degree of positive selection acting on genes
with enriched expression in the female reproductive tract. This class of genes is

thought to be the target of early genomic incompatibilities driving reproductive



isolation in many incipient species.

In Chapters 1 and 2, | use two swallowtail butterfly species, Papilio glaucus and
Papilio canadensis, as a system to study the genetic basis of reproductive
isolation. The two species make a compelling system because they differ in
many ecological traits, like mimicry, that are linked to their sex chromosomes.
Yet the species are still capable of forming fertile hybrids. Using markers linked
to the Z chromosome, | ask whether a single divergence time estimate
(allopatry) fits the polymorphism data better than a complex speciation process
(parapatry). | develop an approximate Bayesian coalescent-based method to
estimate the ancestral population size of the species and the per locus and joint
divergence times. Using this framework, one can also identify candidates for
reproductive isolation factors. These loci are expected to have deeper
divergence time estimates than randomly selected loci. | establish that allopatric
speciation is unlikely in P. glaucus and P. canadensis, and identify two genes

that may be linked to speciation factors.

In Chapter 3, | examine the effects of demography on scans for positive
selection. Reproductive isolation between incipient species may arise as a by-
product of divergent selection on a small number of phenotypic traits. If these
traits have a simple genetic basis, then a relatively small number of genes may
be responsible for reproductive isolation. In scans for positive selection,

researchers often focus on genes preferentially expressed in the reproductive

Xi



tract because interactions between male and female proteins may be the earliest
drivers of reproductive isolation. Using a variety of single and multilocus tests for
selection in ancestral African Drosophila melanogaster, | compare polymorphism
in 9 female reproductive genes that are candidates for positive selection to a
control set of 137 randomly chosen genes. Though | find evidence for recent
positive selection at 2 of the 9 candidate loci in D. melanogaster from Zimbabwe,
| find no evidence supporting the notion that the candidate loci are more frequent
targets of adaptive evolution. These results demonstrate that a previous study
identifying elevated rates of positive selection on female reproductive genes as a
group may be incorrect because the study examined a population that recently
underwent a severe bottleneck. This study highlights the importance of
incorporating demographic parameters into scans for positive selection. Taken
together, my dissertation describes a method for systematically evaluating the
prevalence of allopatric speciation and shows the demographic considerations

necessary for identifying candidate genes underlying reproductive isolation.
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Part I.

Testing Modes of Speciation



Chapter 1

Discordant divergence times among Z-chromosome regions
between two ecologically distinct swallowtail butterfly

species



ORIGINAL ARTICLE

doi:10.1111/1.1558-5646.2007.00076.x

DISCORDANT DIVERGENCE TIMES AMONG
Z-CHROMOSOME REGIONS BETWEEN TWO
ECOLOGICALLY DISTINCT SWALLOWTAIL
BUTTERFLY SPECIES

Andrea S. Putnam,'? J. Mark Scriber,® and Peter Andolfatto'
TSection of Ecology, Behavior, and Evolution, Division of Biological Sciences, University of California, San Diego, La Jolla,
California 92093

2E-mail: asputnam@biomail.ucsd.edu

3Department of Entomology, Michigan State University, East Lansing, Michigan 48824
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We investigate multilocus patterns of differentiation between parental populations of two swallowtail butterfly species that differ
at a number of ecologically important sex-linked traits. Using a new coalescent-based approach, we show that there is significant
heterogeneity in estimated divergence times among five Z-linked markers, rejecting a purely allopatric speciation model. We infer
that the Z chromosome is a mosaic of regions that differ in the extent of historical gene flow, potentially due to isolating barriers
that prevent the introgression of species-specific traits that result in hybrid incompatibilities. Surprisingly, a candidate region for a
strong barrier to introgression, Ldh, does not show a significantly deeper divergence time than other markers on the Z chromosome.
Our approach can be used to test alternative models of speciation and can potentially assign chronological order to the appearance
of factors contributing to reproductive isolation between species.

KEY Approxi Bay

The understanding of speciation—the evolution of barriers to
gene flow between taxa—is central to our current understanding
of evolutionary biology (Dobzhansky 1937; Mayr 1942; Coyne
and Orr 2004). Evolutionary geneticists are particularly inter-
ested in understanding the genetic basis of speciation, namely,
how many and which genes are involved, what types of changes
to these genes contribute to reproductive isolation, and what popu-
lation genetic processes led to the fixation of different alleles at
these genes (Orr et al. 2004). Historically, the study of the genetic
basis of speciation has been hampered by the fact that alleles
causing reproductive isolation are not particularly amenable to
genetic analysis.

Despite this formidable obstacle, evolutionary geneticists
have recently made progress in identifying these barriers to gene

1 computation, divergence, hybrid zones, introgression, Lepidoptera, Papilio, speciation.

flow using two types of approaches. The first is a series of clever
genetic mapping experiments designed to pinpoint genomic re-
gions, and in some cases individual genes, causing reproductive
isolation (Wittbrodt et al. 1989; True et al. 1996; Ting et al. 1998;
Barbash et al. 2003; Presgraves 2003; Presgraves et al. 2003; Tao
et al. 2003; Sawamura et al. 2004; Moehring et al. 2006; Turner
etal. 2005). Presgraves (2003) estimated that between Drosophila
melanogaster and its closest known relative, D. simulans, intrin-
sic hybrid inviability alone involves incompatible alleles at almost
200 genes. Hybrid male sterility factors have also been shown to
disproportionately accumulate on the X chromosome (True et al.
1996; Tao et al. 2003), as predicted if the alleles causing them
are partly recessive and positively selected (Charlesworth et al.
1987). In addition, several individual genes causing reproductive

© 2007 The Author(s). Journal compilation © 2007 The Society for the Study of Evolution.
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isolation have been shown to be targets of recurrent adaptive amino
acid substitution (Ting et al. 1998; Barbash et al. 2003; Presgraves
et al. 2003). Interestingly, these latter two observations suggest a
link, if only indirect, between adaptive evolution and the evolution
of reproductive isolation.

A second approach is based on statistical analysis of hybrid
zones between parapatric, incompletely isolated species. The prin-
ciple of this approach is that hybrid zones, in which hybrids are
less fit than parental populations, represent a conflict between se-
lection against unfit hybrids promoting species divergence and
gene flow through dispersal preventing divergence (Slatkin 1973;
Endler 1977; Mallet and Barton 1989; Harrison 1990; Barton
2001). The degree to which a genomic region can introgress
across a hybrid zone can be related to the strength of selection
against it in hybrids relative to dispersal (Barton 2001). In this
way, genomic regions causing incompatibilities in hybrids can be
mapped as those that have higher levels of differentiation between
species (Hagen and Scriber 1989; Rieseberg et al. 1999; Payseur
and Nachman 2005; Grahame et al. 2006). Though indirect, this
approach is amenable to a wide range of species and presumably
has the potential to map a broader range of factors contributing to
reproductive isolation. Similar to more direct genetic mapping ap-
proaches, statistical analyses of hybrid zones suggest that a large
number of loci contribute to reproductive isolation (Barton and
Gale 1993). For example, Rieseberg et al. (1999) showed that of
26 genome segments showing significantly reduced introgression
across a sunflower hybrid zone, 16 were associated with pollen
sterility. These results demonstrate the use of hybrid zones in
elucidating the genetic architecture of reproductive barriers be-
tween species.

Although both approaches above have proven useful, they
suffer from caveats that limit how informative they are about the
genetics of speciation. One concern is that hybrid zones are prob-
ably not stable over long periods of time. Thus, there may be a
large historical component to patterns of differentiation between
species, complicating estimates of the strength of selection across
a cline. The second is that genes currently contributing to repro-
ductive isolation may not have been involved in the initial spe-
ciation process (Coyne and Orr 2004). Whereas the evolution of
reproduction isolation is a gradual process, the number of loci re-
quired to confer almost complete reproductive isolation between
species may be small. One example is Presgraves’ (2003) esti-
mate that about 200 genes contribute to hybrid inviability alone
in D. melanogaster/D. simulans hybrids. This implies that the to-
tal number of loci contribution to reproductive isolation between
species (including, among other things, hybrid sterility, ecological
differences, premating isolation, etc.) is likely to be much larger.
Orr (1995) showed that a rapid accumulation of incompatibility
factors (the “snowball effect”) is expected after reproductive isola-
tion is complete between two populations. These theoretical con-

siderations imply that a randomly chosen gene that is currently
involved in reproductive isolation between completely isolated
species is unlikely to have participated in the speciation process
itself. The problem thus becomes trying to distinguish between
true “speciation” genes from genic incompatibilities that secon-
darily strengthen reproductive isolation.

A third, complementary approach is based on coalescent
theory. A coalescent approach considers the genealogical prop-
erties of samples from parental populations, and can be used
to infer population genetic parameters under explicit models
of speciation. The simplest of these models considers an al-
lopatric speciation model with no gene flow (Hudson et al. 1987).
In the presence of recombination, migration and selection can
produce greater heterogeneity in divergence patterns across the
genome than expected under a purely allopatric speciation model
(Hudson et al. 1987; Palopoli et al. 1996; Wakeley and Hey
1997; Wang et al. 1997; Wu 2001; Machado et al. 2002; Hey
and Nielsen 2004; Hey 2005; Bachtrog et al. 2006; Bull et al.
2006). In particular, those parts of the genome that move more
freely between species (neutral markers) are expected to diverge
more slowly than regions tightly linked to a gene causing re-
productive isolation.

By partitioning the genome based on estimated population
genetic parameters, such as ancestral and current population size,
divergence time and migration rate, we can begin to ask which
regions of the genome began to diverge first and/or have the low-
est historical migration rates. These regions are more likely to
be tightly linked to genes initially causing reproductive isolation
rather than neutral parts of the genome or parts of the genome that
only recently became associated with reproductive isolation. In
addition, we can use estimated population genetic parameters to
test explicit models of speciation. Although allopatry is believed
to be the dominant mechanism of speciation (Mayr 1942), dis-
cordant gene genealogies and divergence time estimates among
closely related Drosophila species (i.e., D. pseudoobscura and
relatives; Wang et al. 1997, Machado et al. 2002) and between
humans and chimps (Osada and Wu 2005) have rejected models
of strict allopatric speciation.

Several Lepidopteran species reveal differential patterns of
introgression at multiple loci among ecologically distinct strains
or closely related species using various approaches (Lushai et al.
2003; Emelianov et al. 2004; Prowell, et al. 2004; Dopman
et al. 2005; Bull et al. 2006; Kronforst et al. 2006). For exam-
ple, a comparison of three Z-chromosome markers in strains of
European corn borer reveals that at one marker haplotypes are
not shared (Dopman et al. 2005). This marker is tightly linked
to a factor that differentially affects postdiapause developmental
time and may contribute to reproductive isolation between strains.
Here we develop a new coalescent-based approach and apply
it to parental populations of two hybridizing, parapatric species

EVOLUTION APRIL 2007
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of Lepidoptera. Papilio glaucus and P. canadensis are partially
reproductively isolated swallowtail butterfly species that form
hybrids in a narrow hybrid zone. These species are differenti-
ated by diapause regulation, female-limited mimicry, host-plant
preferences, morphological characters, and at least two loci con-
tributing to hybrid inviability (Hagen and Scriber 1989; Hagen
et al. 1991; Scriber et al. 1991). Previous surveys of allozymes
and mitochondrial DNA (mtDNA) haplotypes revealed a remark-
able pattern of differentiation between these two species (Ha-
gen and Scriber 1989; Hagen 1990; Sperling 1993; Bossart and
Scriber 1995). In particular, of 21 autosomal allozymes surveyed,
most were polymorphic but showed little differentiation between
species suggesting high levels of gene flow (Hagen and Scriber
1989). In contrast, mtDNA and three allozymes, including two
on the Z chromosome (the Lepidopteran analog of the X in the
XY male/XX female system), exhibit strong patterns of differ-
entiation between species, consistent with selection against these
markers in hybrids. The two Z-linked allozymes (Pgd and Ldh)
are only loosely linked to each other and show distinct patterns of
differentiation across the hybrid zone (Hagen 1990; Fig. 1). These
patterns strongly suggest that the genomes of these species are a
mosaic of regions that experience differential selection pressures
in hybrids, and thus they may also show heterogeneous patterns
of differentiation.

We examine patterns of divergence between samples of the
parental species for five distinct regions of the Z chromosome
and the mtDNA (COI/COII). One of the Z-linked regions, Ldh,
is an allozyme locus that shows particularly strong differentia-
tion between species in transects through the hybrid zone and
is thus a candidate for tight linkage to a gene causing repro-
ductive isolation. MtDNA haplotypes also show strong differ-
entiation in transects through the hybrid zone, which may be a
consequence of its expected linkage to the W chromosome in

0.8 1= ~
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Figure 1. Frequencies of three Z-linked, Ldh, Pgd, and Acp (grey
dashed lines) and eight autosomal (black lines) allozymes across
the P. glaucus/P. canadensis hybrid zone that corresponds to 41-
43°. The y-axis plots the frequency of P. glaucus-like allozyme vari-
ants. Data replotted from Hagen (1990).
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Lepidoptera (Andolfatto et al. 2003). This is interesting because
female-limited mimicry in P. glaucus (a trait that distinguishes
species) is partly determined by a W-linked locus (Clarke and
Sheppard 1962; Scriber et al. 1996). Here we implement a novel
approximate Bayesian approach to estimating speciation time that
extends previous approaches (Hudson et al. 1987; Wakeley and
Hey 1997; Bachtrog et al. 2006). We use these divergence time
estimates to test the strictly allopatric model of speciation, which
predicts that each genomic region began to diverge at the same
time. Under a model of continuing migration, selection against
hybrids, and recombination, we may expect to reject the purely
allopatric model. We also relax the strictly allopatric model and
estimate locus-specific divergence times. In particular, we expect
that our candidate regions, Ldh and the mtDNA, should yield
deeper divergence time estimates than randomly selected mark-
ers. We test this prediction and discuss the implications of our
results for mapping speciation genes.

Materials and Methods

DNA EXTRACTION AND SEQUENCING

Papilio glaucus and P. canadensis were collected from a broad
geographic sample of their ranges (see online Supplementary
Material, Table S1) and identified by hind-wing size and band-
width. Genomic DNA was isolated using a modified Pure-
gene (Gentra Systems, Minneapolis, MN) protocol. Two legs
and the thorax of frozen individuals were ground in 5 pL of
20 mg/mL proteinase K. The homogenate was incubated at 55°C
for 12 h, followed by a 2-min incubation at 95°C. The standard
Purgene protocol for Drosophila DNA purification was followed
from this point onward using three times the suggested solu-
tion volumes.

A NFIXII genomic DNA genomic library of P. glaucus (P.
Andolfatto, unpubl. data) was screened for Lactose Dehydroge-
nase (Ldh) and Kettin (Ket) using D. melanogaster derived probes
and standard library screening protocols (Sambrook and Russell
2001). Positive clones were isolated, sequenced, and intron/exon
boundaries were mapped using rapid amplification of cDNA-PCR
from total RNA extractions. Primers for Per were designed using
degenerate primers reported in Regier et. al. (1998). Degener-
ate primers for Tpi were designed using multispecies protein se-
quence alignments (Logsdon et al. 1995). New primers used in this
study are listed in Supplementary Material, Table S2. Primers for
COI/COII were previously reported in Andolfatto et al. (2003).
PCR conditions in a thermocycler (Bio-Rad, Hercules, CA) in-
cluded an initial denaturing step at 95°C for 2 min followed by 40
cycles of 95°C for 30 sec, 52 °C for 45 sec, 72°C for 2 min with
a final 5 min at 75°C.

The PCR product clean-up was performed using Exo/SAP
reagents (Fermentas, Hanover, MD). Templates were directly
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sequenced on both strands using primers listed in the Supplemen-
tary Materials (Table S2) and the BigDye sequencing kit (ver. 3.1,
Roche, Nutley, NJ). Sequence reactions were run on an ABI 3730
sequencer (Applied Biosystems, Foster City, CA). Sequencing
each gene in a panel of male and female P. glaucus confirmed Z-
linkage, as chromatograms showed heterozygous sites in all males,
and never in females (data not shown). Nucleotide sequences were
edited using Sequencher 4.1 software (Gene Codes, Ann Arbor,
MI), aligned using ClustalX (Thompson et al. 1997) and man-
ually adjusted (GenBank accession EF115340-EF115363, and
EF126370-EF126497).

LEVELS OF POLYMORPHISM, DIVERGENCE, AND
RECOMBINATION

To quantify and characterize polymorphism and divergence at
these Z-linked loci, we considered all silent sites (all synony-
mous and noncoding sites) in exons and introns. Sites overlapping
insertions and/or deletions were excluded. The tRNA separating
COI and COII in the mtDNA was excluded, as were GT/AG splice
sites associated with exon/intron boundaries in the case of nuclear
genes. Synonymous and nonsynonymous sites were characterized
using DnaSP version 3 (Rozas and Rozas 1999).

Levels of intragenic recombination are an important popula-
tion genetic parameter, particularly in the context of testing popu-
lation genetic models (Hudson 1983; Wang et al. 1997; Przeworski
etal. 2001). We thus jointly estimated the population mutation rate
(6 = 4N, ., where N, is the effective population size and  is the
mutation rate per base pair) and levels of intragenic recombina-
tion, p (= 4N,r, where r is the recombination rate per base pair)
in P. glaucus and P. canadensis using an approximate Bayesian
method with rejection sampling (Haddrill et al. 2005; Thornton,
unpubl. data). Posterior distributions are based on 5000 accep-
tances of p and 6 and were estimated for each individual locus
and jointly over all loci. Wide uniform priors were chosen for p (0,
0.9) and 6 (0.003, 0.02). A fixed tolerance (¢) was set to 0.1 for
both parameters to reduce computational demand. The analysis
took three weeks on two G5 processors.

Levels of silent nucleotide variability within species were
summarized using Watterson’s estimator, 6y (Watterson 1975),
and the average pairwise diversity per nucleotide, 7 (Tajima
1983). Divergence (Dyy) between P. glaucus and P. canadensis
was estimated as the average pairwise number of nucleotide sub-
stitutions per site between species (Nei 1987). The linkage rela-
tionships of our Z-linked markers relative to each other are not
known, but throughout this paper we assume that they are suffi-
ciently loosely linked such that they can be treated independently.
We performed an exact test for linkage disequilibrium between
Z-linked loci as implemented in Arlequin version 2.0 (Schnei-
der et al. 2000). No significant levels of linkage disequilibrium

among loci were detected in either P. glaucus or P. canadensis
(P> 0.05).

NEUTRALITY TESTS

We employ a series of common tests of the neutral equilibrium
model in two contexts. First, as the methods employed to esti-
mate divergence times assume neutrality, we used these tests to
assess whether there are signs of direct or linked selection act-
ing on the loci used. In a second context, we ask whether our
candidates for linkage to hybrid incompatibility loci in the hy-
brid zone, Ldh and the mtDNA, show any signs of recent or on-
going selection, and look any different than other loci we sur-
veyed. In particular, we used two summaries of the distribution
of polymorphism frequencies: Tajima’s D (Tajima 1989), a mea-
sure of the standardized difference between 7 and 6y, and Fay
and Wu’s H (Fay and Wu 2000), which measures the difference
between 7 and 64, a summary of 6 that weights derived vari-
ants by the square of their frequencies. For Fay and Wu’s H,
we used sequences from P. rutulus and P. multicaudatus to infer
the ancestral state of each nucleotide using standard parsimony
criteria with a correction for multiple hits. Under the standard
neutral model, both tests are expected to give values close to zero.
We also performed three multilocus tests of neutrality as imple-
mented by Haddrill et al. (2005). These tests compared the average
Tajima’s D and Fay and Wu’s H across loci to simulated distri-
butions, and the Hudson, Kreitman, Aguadé (HKA) test, which
compares levels of polymorphism (6 ) to levels of interspecific
divergence (Dyy) across loci. Analysis of nucleotide variation and
tests of neutrality were implemented using programs available at
www.biology.ucsd.edu/labs/andolfatto/programs.html.

ESTIMATING DIVERGENCE TIMES

Divergence time (7) is estimated using a novel approximate
Bayesian inference developed from previous methods that use
the HKA test (Hudson et al. 1987) as a framework (Wakeley and
Hey 1997; Bachtrog et al. 2006). Here we develop a Bayesian
extension of the likelihood method of Bachtrog et al. (2006), that
incorporates information on the number of shared and fixed poly-
morphisms. We assume a model of simple allopatric speciation
where an ancestral population of size 64 splits into two equal-
sized populations of size 6 with no gene flow (Fig. 2), and 6 and
64 remain constant over time. For each locus, j, 0 is estimated as

n—1 1
0 =5/ ()
i=1
where n is the sample size and S is the number of segregating sites,

Using the same 6 for P. glaucus and P. canadensis is justified be-
cause their estimates of 6 are not significantly different (results
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64

Figure 2. Model of allopatric species divergence. An ancestral
population of size 64 splits into two species of size 6 at time T
with no migration.

not shown); however, our method can be modified to accommo-
date different populations sizes in the two species (see Bachtrog
et al. 2006).

For each locus we perform the following set of steps:

We summarize the observed (obs) data by the sample sizes,
locus length in base pairs (representing the total alignment length),
levels of variability estimated from the number of segregating sites
within a species (8;), the number of shared polymorphisms (S, ),
the number of fixed differences between species (Fj o5), and the
divergence time estimated as

Tjobs = (Dxy,j/0;) — 1, )

where 6; is the average of 6 estimates for P. glaucus and
P. canadensis (Hudson et al. 1987).

Using ms (Hudson 2002), simulate the neutral coalescence
with recombination of samples drawn from two subdivided pop-
ulations with no gene flow that diverged at time, 7 . This coa-
lescence method is based on the standard Fisher-Wright neutral
model, which assumes a large, panmictic population and muta-
tions occurring according to the infinites sites model (Hudson
1983). An infinite sites model is a reasonable assumption in our
case (because levels of variability and divergence are low), but
may not be appropriate for highly diverged species or genomes
with high mutation rates (e.g., some viruses). In these simulations,
we use the point estimate of 6; for 6 and assume p = 33.50, which
represents the joint maximum a posteriori (MAP) estimate of p in
P. glaucus (Fig. 3). The simulated divergence time, 7, is the only
free parameter. We use an uninformative (i.e., uniform) prior for
T that is sampled from the interval 0-16 N, generations.

‘We summarize the simulated data (sim) in the same way we
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summarized the observed data. We accept the simulated value
of Tif Sj sim = Sjobss Fjisim = Fjobss and |Tjgim — Tjops| <9,
where & is a fixed tolerance. A drawback of rejection sampling
is that the tolerance parameter affects the efficiency of inference
and as a result, acceptance rates may be prohibitively low if a very
stringent 8 is used (Beaumont et al. 2002). Owing to computational
constraints, d was set to 0.05, and the average acceptance rate was
~1073 per locus. The simulations took approximately three weeks
on four G5 processors. Using a lower tolerance (0.001) had little
effect on the posterior distribution (results not shown). To calculate
a joint, multilocus estimates of 7', the same priors and tolerance
must be used for each locus.

We repeated steps 2 and 3 until 2000 draws of the posterior
distribution were collected.

The method produces posterior distributions of T for each
locus. We summarized the posterior distributions and obtained
the MAP estimate and 95% confidence interval as implemented
in the “locfit” statistical package (Loader 2006) in the library for
R. To obtain a joint Z-linked MAP estimate of T, posterior dis-
tributions for each locus were binned in increments of 0.2 N,
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and probabilities for each bin were multiplied across loci. Likeli-
hood ratio tests were used to test whether assuming unique diver-
gence times for each of the Z-linked markers fit the data signifi-
cantly better than one (i.e., strictly allopatric) divergence time. We
assume the likelihood ratio statistic is chi-squared distributed with
degrees of freedom equal to the difference in the number of free
parameters. To examine the effect of the assumed ancestral pop-
ulation size (6,) on divergence time estimates, we carried out
simulations with an ancestral population size that was 1, 2, 5, 8,
and 10 times the current population size (). In this implemen-
tation, we assume that the change in population size is instanta-
neous, though this assumption can be relaxed (see the ms program
documentation).

We tested the performance of our method on 100 datasets
simulated under the parameters we estimated from the data (i.e.,
sample size, and our estimates of 6, p and T), and assuming
that 6, = 6. The method works well under parameters that
closely match our data, with a bias of 0.2 N, and root mean
square error of 4.8 N, (Supplementary Material, Fig. SI). A li-
brary of scripts and programs to implement this procedure, called
STE (Speciation Time Estimator), is available from the website
www.biology.ucsd.edu/labs/andolfatto/programs.html.

We compared our divergence time estimates among Z-linked
markers to results from an alternative method (WH) developed
by Wakeley and Hey (1997). This program uses the number of
exclusive and shared polymorphisms, and the number of fixed
differences in the observed data to estimate the population sizes
of P. glaucus and P. canadensis (6 ; and 0, respectively), the size
of the ancestral population (64), and the divergence time esti-
mate (7) for each locus and jointly across all Z-linked loci. Point
estimates of these parameters were then used in neutral coales-
cent simulations with recombination to test the fit of the data
to a strict allopatric speciation model (Wang et al. 1997; Kliman
etal. 2000). Whereas both approaches are multilocus methods that
use coalescence with recombination to test the fit of observed data
to an allopatric speciation model, WH differs from our method in
that it has an additional free parameter (04), estimates 6 differ-
ently, and is a moment-based method.

EVALUATING MODELS USING THE POLYMORPHISM
FREQUENCY SPECTRUM

We used two summaries of the frequency spectrum (Tajima’s D
and Fay and Wu’s H) to evaluate the fit of parameters estimated
both under our method and the WH method to the observed data.
‘We summarized the observed data as the average D and H across
the five Z-linked loci. For each locus, we used ms to simulate
10,000 neutral genealogies with the following parameters: 6;, the
joint Z-linked mode for recombination (p = 3360), and T, drawn
from the posterior distribution of T obtained from our approx-

imate Bayesian analysis and varied 64 to be 1x, 5%, 8x, and
10x the current population size 6. For each simulated replicate,
we recorded the average Tajima’s D and average Fay and Wu’s H
across loci and compared these distributions to the observed aver-
ages. Similarly, we evaluated estimates from the WH approach by
simulating data using point estimates of 0, 0, 04, T and assumed
that p = 336.

Results

LEVELS OF DIVERSITY AND RECOMBINATION

Levels of silent variability in P. glaucus and P. canadensis (~1%,
see Table 1 and Supplementary Material, Fig. S2) are comparable
to Drosophila (Moriyama and Powell 1997) and other Lepidoptera
surveyed so far (Beltran et al. 2002; Dopman et al. 2005). Papilio
canadensis has slightly lower levels of variability (0.9%, 95%
CI 0.7-1.2) on average than P. glaucus (1.1%, 95% CI 0.8-1.7);
however, three of the five Z-linked markers are actually more vari-
able in P. canadensis. Although suggestive of a smaller effective
population size in P. canadensis, the lack of a systematic trend
implies that we cannot reject the hypothesis that the two species
have equal effective population sizes. Levels of diversity on the
Z chromosome and mtDNA are similar, but levels of divergence
are three-fold higher on the mtDNA (average Dyy is 2.3% for Z-
linked and 6.3% for mtDNA). The smaller ratio of polymorphism
to divergence for the mtDNA relative to nuclear genes is expected
in a neutral equilibrium population with equal numbers of males
and females (Kimura 1983; Birky et al. 1989). The higher levels
of silent divergence on the mtDNA relative to nuclear genes is
typical of arthropods (Moriyama and Powell 1997).

The population recombination rate, p, is inversely propor-
tional to levels of intragenic linkage disequilibrium. We estimate
p per site to be lower (but not significantly so) in P. canadensis
(mode 0.15, 95% CI 0.06-1.5) than in P. glaucus (mode 0.35,
95% CI 0.11-1.0). This difference may in part be attributed to a
smaller population size, as reflected by lower levels of diversity on
average in P. canadensis (Fig. 2A). The ratio of the recombination
rate, p, relative to the mutation rate, 6, however, is expected to
be similar in two equilibrium populations of different size (Hud-
son et al. 1987; Andolfatto and Przeworski 2000). Interestingly,
the mode of p/0 in P. glaucus (33.5, 95% CI 9.0-90.7) that is
very close to that for P. canadensis (33.0, 95% CI19.1-110.2; see
Fig. 2B). This estimate is considerably higher than recent esti-
mates from D. melanogaster (p/6 = 10; Thornton and Andolfatto
2006), which is consistent with Papilio having at least a three-
fold longer genetic map (Ashburner 1989; Winter and Porter, pers.
comm.) but roughly only two times more genomic DNA (Celniker
and Rubin 2003; Gregory and Herbert 2003).

Per locus posterior distributions of p/8 are broad (Supple-
mentary Material, Fig. S3) and MAP estimates of p/0 appear to
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Table 1. Polymorphism and divergence statistics for Papilio glaucus and P. canadensis

Gene Species Sample size  Total length ~ Silentsites  S' w2 (%) 6 (%) Dxy*(%) Sh® F° E(ss)

Kettin P. glaucus 12 1206 251 4 4 5 3.8 0 7 .08
P. canadensis 10 5 6 7

Ldh P. glaucus 11 439 317 16 1.9 1.7 29 0 325
P. Canadensis 9 5 7 6

Period P. glaucus 12 212 162 35 6 25 0 3 .56
P. canadensis 7 37 .8

Titin P. glaucus 12 611 410 13 12 1.1 1.7 10 141
P. canadensis 8 13 14 1.2

Tpi P. glaucus 12 296 211 15 24 24 44 3 0 64
P. canadensis 10 9 12 1.3

Z-linked P glaucus 128 2764 1351 5113 1.3 2.8% 13 14 14
P. canadensis 98 36 9 9

colcoll P glaucus 29 2289 494 24 7 1.3 6.3 I 19 49
P. canadensis 13 0 3 .6

Total number of polymorphisms observed.
2Average pairwise diversity per site.

3Estimate of 0 = 3Nep (Nep for mtDNA) per site using the number of polymorphic sites.

4Average pairwise divergence per silent site.
5The number of shared polymorphisms at silent sites.
6The number of fixed differences at silent sites.

TThe expected number of shared mutations from recurrent mutation (Clark 1997; Kliman et al 2000).

8Averages.

vary somewhat among loci. We implemented a likelihood ratio
test to evaluate whether this reflected significant heterogeneity in
recombination rates among loci. In particular, we tested whether
assuming one p/b for all loci is a better fit to the data than assuming
five different p/B (i.e., one for each locus). Using this approach,
we found no significant evidence for recombination rate hetero-
geneity in either species (P. glaucus: P = 0.66, P. canadensis: P =
0.21). Given lack of evidence for heterogeneity in recombination
rates and the worry that per locus MAP estimates may be biased
due to the sample size and number of segregating sites (Andolfatto
and Wall 2003), we prefer to use the joint multilocus estimate of
p/8 in lieu of locus-specific estimates.

PATTERNS OF VARIATION AT CANDIDATE LOCI Ldh
AND mtDNA

Transects through the hybrid zone between P. glaucus and
P. canadensis have revealed that Ldh harbors a single allozyme
variant that shows strong clinal differentiation between species
(Hagen 1990). Because most polymorphic allozymes show little
differentiation, our working hypothesis is that Ldh is tightly linked
to a factor causing reproductive isolation between the species. Our
sequenced Ldh clone is 6.4 kilobases long and contains five ex-
ons, which comprises most of the Ldh protein (we are missing
40 amino acids on the 5" end). We sequenced all exons in both
species and found three nonsynonymous differences in the fourth
exon of our clone (Fig. 4). Two of the mutations are conservative
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amino acid changes. One mutation is from a serine to threonine
substitution that is only polymorphic in one P. canadensis, and
the other is a glycine to valine substitution that is polymorphic
in P. glaucus. The third nonsynonymous mutation is a noncon-
servative change from an uncharged glutamine in P. glaucus to
a negatively charged lysine in P. canadensis that appears to be
fixed between species. This likely represents the electrophoretic
difference underlying the Ldh allozyme variants that distinguish
these species. Using P. rutulus and P. multicaudatus as outgroup
species, the fixed Gln to Lys change appears to be derived in the
P. canadensis lineage. We surveyed a 495 base pair region that
included this exon and 306 base pairs of the upstream intron in
population samples from both species. Surprisingly, despite being
a candidate for selection in the hybrid zone, Ldh does not stand
out as unusual when compared to other loci. Levels of variability,
Tajima’s D, and Fay and Wu’s H for Ldh in both species were
close to the average across Z-linked markers, and did not signif-
icantly differ from neutral expectations (Supplementary Material
Table S3). A possible explanation for this pattern is that if se-
lection is weak compared to levels of recombination in Ldh a
signature of historical divergent selection at linked sites might
be obscured.

The mitochondrion is another candidate target of selection
opposing introgression owing to its expected linkage to the W
chromosome. Interestingly, the mtDNA marker, COI/COII, is the
only marker surveyed in this study that significantly departs from
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neutral expectations (Supplementary Material Table S3). A signif-
icantly negative Tajima’s D (P = 0.02, without correcting for mul-
tiple tests) and somewhat reduced polymorphism in P. canadensis
is suggestive of a possible selective sweep involving the mitochon-
drion or the W chromosome. Additional markers will be necessary
to distinguish between demographic and selective causes for this
departure from the neutral equilibrium model.

MULTILOCUS PATTERNS OF DIFFERENTIATION
Shared polymorphisms can result from the persistence of ancestral
polymorphism, introgression, or recurrent mutation. The distribu-
tion of shared and fixed, and exclusive polymorphisms between
the species varies considerably among loci (Table 1). Three of the
five Z-linked loci exhibited fixed differences between species and
no shared polymorphisms. 7itin has 10 shared polymorphisms (of
16 total) with one fixed difference and Tpi, has three shared poly-
morphisms (of 21 total) and no fixed differences. The mtDNA
marker, COI/COII, contained 19 fixed differences and O shared
polymorphism (of 33 total).

The source of shared polymorphisms of nuclear genes and
the mtDNA marker may have different causes. The probability

of shared polymorphisms by parallel mutation was determined
following the expectation of a hypergeometric distribution in the
two species (Clark 1997). In P. glaucus and P. canadensis 13 of the
74 Z-linked polymorphisms are shared but only 1.4 are expected
to be due to recurrent mutation (P < 0.001, Table 1). This rules
out recurrent mutation as the cause of shared polymorphism and
leaves ancestral polymorphism or introgression as possible causes.
However, recurrent mutation cannot be ruled out as the cause of
the one shared of 33 polymorphisms observed at COI/COII (P =
0.31). This shared difference was excluded from our estimation
of divergence time for COI/COII (see below).

DIVERGENCE TIME ESTIMATES

To estimate the time that P. glaucus and P. canadensis began to di-
verge, T, we implemented a novel approximate Bayesian method
that is an extension of previous approaches (Hudson et al. 1987;
Wakeley and Hey 1997; Bachtrog et al. 2006). These estimates
are based on average pairwise divergence between species, Dyy,
and within species polymorphism, 6, and the number of shared
and fixed differences observed in samples from both species. Pos-
terior distributions of T for each locus, and a joint posterior distri-

EVOLUTION APRIL 2007



ANDREA S. PUTNAM ET AL.

11

All ZAinked Kettin Ldh Period
0.30 - 0.06 - 0.20 - 0.10 4
025 1 04051 0.16 - 0.08
2 0.20 - 0.04 4
E A 0.12 4 0.06 -
8 0.15 | 0.03 4
[=] . .
@ 0.10 0.02 4 008 004
0.05 - 0.01 4 0.04 4 0.02 4
0.00 4 0.00 A 0.00 - 0.00 +
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
T (Ne generations)  T(Ne generations) T (Ne generations) T (Ne generations)
Titin Tpi colcoln
0.25 4 0.20 0.04 -
2 0.20 0.15 4 0.03 4
£ 015 1
g 0.10 4 0.02 -
S 0.10 4
* 0.05 - 0.01
0.05 4 g |
0.00 e——  0.00 —Sep—— 0,00 e
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
T (Ne generations)  T(Ne generations) T (Ne generations)

Figure 5. Posterior distributions of T (in units of N. generations) for Papilio glaucus and P. canadensis, assuming 64 = 6.

bution for all Z-linked loci are shown in Figure 5. The joint max-
imum a posteriori (MAP) estimate for the Z-linked loci is 3.2 N,
generations ago. The mutation rate in Papilio is not known, and
the generation time of P. glaucus and P. canadensis are likely to
differ (Hagen et al. 1991). However, if we crudely assume that the
mutation rate per generation is similar to that of Drosophila (i.e.,
1.5 x 1073 per year; Li 1997) and assume one generation per year,
this implies that these species began to diverge around 0.6 million
years ago.

In this study, we were interested in comparing diver-
gence time estimates for two candidate loci—Ldh and the
mitochondrion—to other Z-linked loci, with the expectation that
these loci should yield deeper divergence times due to their pu-
tative linkage to reproductive isolation factors. Surprisingly, the
divergence time estimate for Ldh is close to the joint estimate based
on all Z-linked loci. The divergence time estimate for the mtDNA
(11.7 N, generations ago) is difficult to compare to nuclear genes
because the appropriate coalescent scaling factor relative to the
Z chromosome is not known. However, if we assume a neutral
equilibrium population with equal numbers of males and females,
the appropriate scaling factor would be 3, suggesting that the
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scaled divergence time for the mtDNA (3.9 N, generations ago)
also agrees well with the joint estimate of 7 for the Z chromosome.
Thus there is no evidence that these candidate loci have unusual
patterns of divergence compared to other Z-linked loci.

TESTING THE ALLOPATRIC SPECIATION MODEL

We address the validity of the purely allopatric speciation model
using only Z-linked genes. MAP estimates of T varied consider-
ably among Z-linked loci ranging from 1.2 (7itin) to 10.5 (Kettin)
N, generations ago. A likelihood ratio test was implemented to
ask whether a model positing unique divergence times for each
locus fit the data significantly better than a single divergence time
equal to the joint MAP estimate. We exclude the mtDNA because
of uncertainty about appropriate scaling factor and possible evi-
dence for selection (Supplementary Material Table S3). Using this
test, we can reject the simple allopatric speciation model depicted
in Figure 2 (P < 0.001 assuming 64 = 6; Table 2). Because 64
is not a free parameter in our approach, we performed our test
of allopatric model assuming 0, is 2x, 5x, 8%, and 10x 6. We
find that allopatry can be rejected when the assumed size of the
ancestral population was 2, 5, and 8 times the current popula-
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Table 2. Divergence time, T, in units of N, estimated under a simple speciation model with no migration. T is estimated from the raw
data (using Dxy/0 — 1) when N4 = 1N, and as the MAP estimate when the ancestral population size is increased 2, 5, 8, and 10 times.

Gene Estimated divergence time (7')

N4 = 1IN, N4 =2N, Ny = 5N, N4 =8N, N4 = 10N,
Kettin 10.5 (5.9-16.0)! 10.4 (5.6-15.2) 5.7 (3.0-8.0) 4.8 (2.0-6.9) 4.0 (1.6-6.6)
Ldh 4.0 (1.8-6.8) 3.6 (1.6-6.4) 2.1(1.4-4.2) 2.0 (1.4-4.1) 1.6 (1.0-3.4)
Period 6.3 (3.4-11.0) 4.5(2.8-8.8) 2.8 (1.2-3.6) 2.8 (1.2-3.6) 2.8(1.2-3.4)
Titin 1.2 (4-3.6) 9 (4-2.4) .8 (.4-2.0) .6 (.2-1.5) 4(.1-1.2)
Tpi 2.8(.7-5.1) 2.4 (.6-4.9) 1.6 (.6-4.2) 1.6 (.5-4.0) 1.6 (.4-4.0)
All Z-linked 3.2(1.8-4.2) 2.8 (1.3-3.6) 24 (1.1-2.2) 2.4(1.0-2.2) 2.4 (1.0-2.0)
mt_COI/COII? 3.9(1.3-5.3) 3.6 (1.24.6) 1.9 (1.1-3.6) 1.6 (1.0-3.5) 1.4 (.6-3.4)

1Confidence interval of T estimated as two log-likelihood units around the maximum.

2Divergence time is scaled to 1/3 N, of Z-linked markers.

tions size (P = 0.001, P = 0.007, P = 0.02, respectively) but not
10 times (P = 0.09). These results suggest that shared ancestral
polymorphism cannot account for the variation in divergence time
estimates across loci unless the ancestral population was 10 times
the size of the current population size.

We compared the results of our approximate Bayesian
method to the WH method of Wakeley and Hey (1997). Estimated
parameter values from the WH analysis were 6; = 6.77, 6, =
5.48, 04 = 49.05, and T = 0.7 N,, and this approach failed to
reject the allopatric speciation model using the WH test statistic
(P =0.5). In the WH method, 6,0, and 6, are free parameters,
and 64 is estimated to be about eight times larger than 6; and 6.
Based on coalescent simulations with recombination, we found
the estimates of 6, and 6, are not significantly different (results
not shown). However, using our approximate Bayesian approach
we reject allopatry with a likelihood ratio test when 64 = 8x6
(see above; P = 0.02). It is unclear whether it is the WH statistic
or the more recent divergence time inferred by the WH method
compared to our approximate Bayesian approach that explains the
discrepancy between the two methods.

A large variance among loci in the number of shared and
fixed polymorphisms (and thus estimates of divergence time in
models with no migration) is expected when the ancestral popula-
tion size is large compared to the current population size (Wakeley
and Hey 1997). Both tests of the allopatric model suggest that the
data can be reconciled with an allopatric model only if that size of
the ancestral population was large relative to the current size (i.e.,
10x by our approach and 8x by the WH approach). However,
drastic changes in population size are expected to leave charac-
teristic signatures in the frequency spectrum of polymorphisms
(Tajima 1989; Fay and Wu 1999; Haddrill et al. 2005). We thus
used information from the frequency spectrum of polymorphisms
(summarized as the averages of Tajima’s D and Fay and Wu’s H
across loci) to evaluate the fit of the data to different assumptions

about 6 4. We compared the average Tajima’s D and Fay and Wu’s
H for our observed data to simulations using point estimates of
parameters from the WH method and the posterior distributions
of parameters from our approximate Bayesian approach (Fig. 6).
The observed average values for Tajima’s D and Fay and Wu’s
H in P. glaucus are significantly different from the distributions
of average D and average H obtained under the WH parameters
(P =0.03). Similarly, the average Fay and Wu’s H is significantly
different from the observed average for P. glaucus using parame-
ters estimated by our approximate Bayesian method assuming that
0,4 is Sx and 10x larger than 6 ; (P = 0.02). In contrast, both the
observed D and H are compatible with the distributions obtained
assuming 6, = 6 (P = 0.34 and P = 0.10). These results suggest
that the ancestral population size is unlikely to be larger than 5x
the current size as suggested by the WH method, and allows us
to reject the allopatric model for this data. Incorporating infor-
mation from the frequency spectrum may be a valuable addition
to methods for estimating current and ancestral population sizes
under speciation models.

Discussion

TESTING ALTERNATIVE MODES OF SPECIATION
Multilocus coalescent methods provide a potentially powerful
means to piece together the history of speciation for recently di-
verged species. The role of continuing gene flow in the speciation
process is much debated (reviewed in Coyne and Orr 2004). Two
types of models have been developed to address different specia-
tion scenarios. The first are simple isolation models with no gene
flow that mimic strictly allopatric speciation (Takahata and Nei
1985; Hudson et al. 1987; Hey 1994; Wakeley and Hey 1997;
Wang et al. 1997; Bachtrog et al. 2006). A second class of mod-
els allow for continuing migration between populations (Nath and
Griffiths 1996; Beerli and Felsenstein 1999; Nielsen and Wakeley
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Figure 6. The polymorphism frequency spectrum under alternative allopatric speciation models. For all figures, Papilio glaucus is repre-
sented in black and P. canadensis is represented in gray. Observed averages are indicated by triangles. Each graph plots 10,000 simulated
replicates of the average D and H for five loci. The distributions of Tajima’s D and Fay and Wu’ s H in (a) and (c) are based on neutral
simulations using parameters estimated under the approximate Bayesian method. Solid lines represent distributions where 64 = 6, and
dashed lines where 6 4 = 50. Distributions shown in (b) and (d) are based on neutral simulations using parameters estimated by the WH
method (Wakeley and Hey 1997). See Methods for simulation parameters.

2001) as expected under parapatric or sympatric speciation. By
assessing the fit of data from multiple unlinked regions of the
genome to these models, we can begin to assess the prevalence
of one mode of speciation relative to another, and the general
importance of continuing gene flow in particular.

Table 3. Goodness-of-fit tests for one versus five divergence times
among Z-linked markers.

N,! Divergence InL Likelihood-ratio P
times? statistic (df = 4)

1x 1 —19.78 18.36 .001
5 —10.60

2x 1 —19.27 18.23 .001
5 —10.16

5x 1 —15.01 14.14 .007
5 -7.93

8x 1 —13.95 12.15 016
5 —7.88

10x 1 —11.74 8.13 .087
5 —7.67

The size of the ancestral population relative to the current population
size of P. glaucus and P. canadensis.

2The two models tested posit one divergence time for all loci versus a
unique divergence time for each of the five Z-linked loci.
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In the absence of recombination and recurrent mutations, ge-
nealogies will show either fixed differences or shared polymor-
phisms, but not both (Wakeley and Hey 1997). The presence of
both shared and fixed polymorphisms among loci on the Z chro-
mosome of P. glaucus and P. canadensis can thus be best explained
by different evolutionary histories for different parts of the Z chro-
mosome. Here we have combined a likelihood ratio test of the
allopatric model with information from the frequency spectrum
to show that a strictly allopatric model can be rejected for these
two Papilio species (Table 3, Fig. 6). The wide range of diver-
gence time estimates among loci strongly suggests that historical
introgression has occurred for some parts of the Z chromosome
but not in others. This pattern is consistent with the observation
of differential introgression of molecular markers through the hy-
brid zone between these two species (Hagen 1990). Given our
inference of continuing gene flow between species, we conclude
that our joint speciation time estimate across loci (3.2 N, gener-
ations ago) is most likely an underestimate of the true time the
species began to diverge (Wakeley and Hey 1997; Osada and Wu
2005).

LOCUS-SPECIFIC DIVERGENCE TIME ESTIMATES AND
IMPLICATIONS

An additional use of the coalescent-based approach is to test hy-
potheses about the evolutionary history of specific genes or regions
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of the genome. In particular, by treating loci separately, we can
assign each with an estimated divergence time. In the case of
two hybridizing incipient species, we expect that regions of the
genome linked to hybrid incompatibility alleles will begin to di-
verge as soon as these incompatibilities arise. It is also possible
that some regions of the genome began to differentiate between
species prior to the evolution of reproductive isolation between
these species. Identifying both types of regions can potentially
yield information about the genetic basis of speciation.

The accumulation of fixed differences and lack of shared
polymorphism at three of five of the Z-linked loci surveyed (Ket-
tin, Ldh, and Period) suggests there has been little introgression
at these markers. Of particular interest is Ldh, for which we had
prior information that alternative allozyme alleles show strong
clinal differentiation between species in transects through the hy-
brid zone, suggesting either selection on Ldh itself or a linked
character such as diapause, Batesian mimicry, or hybrid invia-
bility factors. We have identified a single nonsynonymous fixed
difference between P. glaucus and P. canadensis that results in a
change in amino acid charge (Fig. 4) and may account for the di-
agnostic alleles observed in a previous allozyme study of transects
through the hybrid zone (Hagen 1990). Surprisingly, however, our
divergence time estimate for Ldh (4.0 N, generations ago) is in-
termediate compared to other loci, and very close to the average
for Z-linked genes (3.2 N, generations ago). Kettin and Period,
for which we have no prior hypotheses, have similar patterns of
polymorphism to Ldh but deeper divergence estimates and thus
are more likely to be linked to loci causing reproductive isolation.
Such hypotheses could be confirmed by reciprocally introgressing
these regions from one species into the other and testing for ef-
fects on hybrid inviability, or surveying patterns of introgression
through the hybrid zone at these loci relative to the rest of the
genome. Such regions are predicted to have a larger effect on hy-
brid viability than Titin and Tpi, for example, where many shared
polymorphisms and few fixed differences are observed. Thus, co-
alescent methods may prove to be a useful tool in partitioning the
Z chromosome into candidate regions of species-specific func-
tional and/or ecological importance.

The mtDNA is a second candidate locus for selection
in hybrids due to its expected linkage to the W chromo-
some in Lepidoptera (both are maternally transmitted), which in
P. glaucus and P. canadensis carries alternative alleles for a diag-
nostic mimicry difference between species (Clarke and Sheppard
1962; Scriber et al. 1996). A relatively deep divergence time es-
timate might be expected for the mitochondrion if mimicry con-
tributes to reproductive isolation between these species. At first
glance, the divergence time for the mtDNA does appear to be
deeper than for most Z-linked markers. However, given the lower
expected effective population size for the mtDNA relative to the
Z chromosome, it is probably more appropriate to scale the di-

vergence time by a factor of three. This correction results in a
divergence time estimate for the mtDNA that is similar to joint
estimate for the Z chromosome (3.9 and 3.2 N, generations, re-
spectively). It should be noted that possible recombination be-
tween the mtDNA and the W chromosome in Papilio (Andolfatto
et al. 2003) may uncouple their evolutionary histories to some
extent, weakening the association between the mtDNA and the
W chromosome.

HITCHHIKING EFFECTS AND ESTIMATING T

Inference of speciation times from population genetic data as-
sume that the markers used are neutral and are not closely linked
to other loci experiencing purifying or positive selection. In gen-
eral, because speciation times are estimated in units of the ef-
fective population size, any form of selection that influences the
effective population size (and thus neutral variation) in a genomic
region—such as recurrent selective sweeps (Kaplan et al. 1989),
background selection (Charlesworth et al. 1993), or balancing se-
lection (Kaplan et al. 1988)—can lead to incorrect time estimates.
In particular, selection that reduces variation will lead to overes-
timates of the divergence time whereas selection that enhances
variation will lead to underestimates. In principle, hitchhiking
effects could account for the greater than expected variance in
estimated divergence times among loci under a strictly allopatric
model that has now been described in several species (Wang et al.
1997; Machado et al. 2002; Llopart et al. 2005).

In our study, we can rule out the possibility that recent
species-specific selective sweeps in either species contributes to
deep divergence times estimated at Kettin and Period by consid-
ering intraspecific estimates of 6 (Supplementary Material Fig.
S2). At these two markers, levels of variability are very simi-
lar in the two species, whereas a recent selective sweep in ei-
ther species would be apparent as a species-specific reduction
in levels of variability. More difficult to rule out is the possi-
bility of reduced variability in both species. In Drosophila, re-
gions of reduced crossing-over harbor reduced levels of vari-
ability consistent with the effects of recurrent hitchhiking and/or
background selection (Begun and Aquadro 1992; Andolfatto
2001). Currently, we cannot rule out the possibility that Kettin
and Period are simply located in regions of reduced recombi-
nation on the Z chromosome, and as a result are more prone
to linked variation-reducing selection. Within P. glaucus and
P. canadensis, we did not detect significant variation in the re-
combination rate among loci; however, our test is weak and
clearly more loci will be necessary to determine if there is a nega-
tive correlation between recombination rates and divergence time
estimates. Uncertainty about recombination rates, and the effects
of linked selection, are a general problem for using coalescent-
based approaches to estimate speciation times in organisms that
lack genetic and physical maps. Hey and Nielsen (2004) address
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this issue by adding an inheritance scalar to each locus as an addi-
tional free parameter in their model (noting that they also assume
no recombination within loci). Unfortunately, this approach would
be computationally prohibitive using our method.

FUTURE PROSPECTS

Our coalescent-based approach to divergence time estimation pro-
vides the means to test models of speciation as well as identify
regions of a genome potentially contributing to phenotypic species
differences and factors underlying reproductive isolation between
them. Here we have employed a simple allopatric model with no
migration to show that such a model can be rejected based on
the greater than expected variance in divergence time estimates
among loci under this model. Although computationally intensive,
the framework can be extended to add ancestral and current pop-
ulation sizes and continuing migration as free parameters within
the rejection-sampling method. Here we have also shown the fre-
quency spectrum distribution can yield useful information about
the relative sizes of current and ancestral populations, and thus
may be useful in estimating speciation parameters. A disadvan-
tage of our rejection-sampling method is that it becomes less com-
putationally feasible as the number of free parameters increases.
In contrast, Markov Chain Monte Carlo-based approaches (i.e.,
Nielsen and Wakeley 2001; Hey and Nielsen 2004) do not suf-
fer from this limitation. A clear advantage of our approach over
these methods is the inclusion of intragenic recombination, which
appears to be very strong relative to mutation in Papilio.

Our method can also be used to assign a temporal sequence
to the appearance of reproductive isolation factors. Because re-
productive isolation is not complete between P. glaucus and
P. canadensis, each reproductive isolation factor that is found can
be thought of as actively contributing to the on-going speciation
process. Such is not the case for completely reproductively iso-
lated species that may harbor hundreds of reproductive isolation
factors, most of which were likely not involved in the speciation
process (Coyne and Orr 2004). In principle, our approach could
be used to distinguish between true speciation genes (i.e., those
genes that were actively involved in restricting gene flow between
species during speciation) and secondary reproductive isolation
factors that have accumulated long after the speciation process has
been completed. It will be of considerable interest to determine if
genomic regions underlying locally adapted traits in P. glaucus
and P. canadensis, such as diapause, host-plant preferences,
and mimicry differences, show evidence for reduced gene flow
between species and higher levels of differentiation than the ge-
nomic background.

Our approach, like all methods so far, makes a number of
simplifying assumptions that are necessary given computational
constraints. Although clearly we can look forward to more ad-
vances in coalescent-based methods, these approaches should
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probably at best be used as guides to identify potentially inter-
esting regions of the genome. Coalescent approaches should be
complementary to examining patterns of introgression of candi-
date regions through the hybrid zone or introgressing these regions
from one species to another so we can potentially verify their ef-
fect on phenotypic differences and/or reproductive isolation be-

tween species.
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Supplementary Material

The following supplementary material is available for this article:

Table S1. Sampling locations of P. glaucus and P. canadensis.

Table S2. Primer sequences for Z-linked loci used in this study. Genbank accession numbers are listed.

Table S3. Summary of the frequency distribution of polymorphisms.

Figure S1. Performance of divergence time estimation by our approximate Bayesian approach. Posterior distributions of 100
datasets simulated using parameters estimated from the data (see Materials and Methods) are shown. The vertical line shows the
true divergence time of 3.2 Ne generations.

Figure S2. Approximate Bayesian posterior distributions of 6 for each Z-linked locus for P. glaucus (black) and P. canadensis
(gray).

Figure S3. Approximate Bayesian posterior distributions of p/0 for each Z-linked locus for P. glaucus (black) and P. canadensis
(gray).

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/].1558-5646.2007.00076.x
(This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by
the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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Online Appendix Table S1: Sampling locations of P. glaucus and P. canadensis.

Individual Location Markers sequenced from individuals
PcO1 Oscoda Co., MI mt, Kettin, Ldh
Pc02 Oscoda Co., MI mt, Kettin, Ldh, Per, Tpi, Titin
Pc03 VT mt, Kettin, Ldh, Tpi
Pc04 VT mt, Kettin, Ldh, Tpi, Titin
Pc05 VT mt, Kettin, Ldh, Tpi, Titin
Pc06 VT mt, Kettin, Per, Tpi
Pc07 VT mt, Kettin, Ldh, Per, Tpi, Titin
Pc08 VT mt, Kettin, Ldh, Per, Tpi, Titin
Pc09 Oscoda Co., MI Ldh, Tpi, Titin
Pcl0 Emmet Co., MI mt, Per, Tpi, Titin
Pcll Cheboygan Co., MI mt, Kettin, Ldh, Per, Tpi, Titin
Pcl2 Cheboygan Co., MI mt, Kettin, Per, Tpi, Titin
Pcan_sp Edmonton,Canada mt
PgFB30 Levy Co., FL mt, Kettin, Ldh, Per, Tpi, Titin
PgFB31 Levy Co., FL mt, Kettin, Ldh, Tpi, Titin
PgFB32 Levy Co., FL mt, Kettin, Ldh, Per, Tpi, Titin
PgFB42 Levy Co., FL mt, Ldh
PgFB43 Levy Co., FL mt, Kettin, Per, Tpi, Titin
PgFB66 Levy Co., FL mt, Kettin, Ldh, Per, Tpi, Titin
PgFB69 Levy Co., FL mt
PgFB72 Levy Co., FL mt, Kettin, Tpi
PgFYO01 Levy Co., FL mt, Kettin, Ldh, Per, Tpi
PgFY02 Levy Co., FL mt, Kettin, Ldh, Titin
PgFY03 Levy Co., FL mt, Kettin, Ldh, Per, Titin
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PgFY04
PgFY14

PgFY44
PgFY66
PgFY73
PgFY75
PgGB13197
PgGB13294
PgGB13297
PgGY04
PgMBI11
PgMBI12
PgPY13
PgPY15
Pg sp
PgOBO03
PgGB59
PgGBO1
PgGB02
PgGB03

Levy Co., FL
Levy Co., FL

Levy Co., FL
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Online Appendix Table S2: Primer sequences for Z-linked loci used in this study.

Genbank accession numbers are listed.

. Total B. mori s s

Locus  Primer length position/Accession Sequence (57-3)

Kettin  KetlF 1206 112321/AB090307 CAGCACCCCGAAGGTGAAA
Ket2R 113625/AB090307 CAACATCCCCAAGGCAAGGCA

Ldh Ldh817F 439 36821/AADK01000293 GCGAGCAACCCCGTGGACATC
Ldh2201R 37812/AADK01000293 CCAGTCTCCACCTACATCAAG

Period PerlF 212 984/AY 526605 GCGACTCCATTCTTCTCAGC
Per2R 1150/AY 526605 CTATTCATCATTCGGCATGC

Titin TitinlF 15126/AB079867 AGCTCAATGCCAACCTAACG
Titin2F 611 15341/AB079867 CATTCCAGTTATCAAAGAGAGACCAA
Titin3R 15632/AB079867 GGCTACGTCTCAGCAAGTTGA

Tpi TpilF 296 785 /AY 734490 CAGGACCATCTTTGGTGAAA
TpilR 2063/AY 734490 GAGACCTTGGATGAAAGGGA




Online Appendix Table S3: Summary of the frequency distribution of polymorphisms. P values of
Tajima’s D (Tajima 1989) and Fay & Wu’s H (Fay & Wu 2000) are listed in parentheses. The
asterisk indicates P < 0.05. For the H test, P. rutulus was used as an outgroup and a correction for

multiple hits was implemented (see Fay & Wu 2000).

Gene Species Tajima's D Fay & Wu’s H
Kettin P. glaucus -1.02 (0.11) 0.79 (0.19)
P. canadensis -0.63 (0.23) -0.80 (0.19)
Ldh P. glaucus 0.41 (0.29) 2.70 (0.01)*
P. canadensis 0.84 (0.10) 0.00 (0.43)
Period P. glaucus -0.58 (0.25) 0.55(0.22)
P. canadensis 0.76 (0.22) -0.65 (0.16)
Titin P. glaucus 0.56 (0.19) 1.75 (0.14)
P. canadensis 0.67 (0.12) -0.93 (0.26)
Period P. glaucus 0.05 (0.48) -1.94 (0.13)
P. canadensis -0.45 (0.26) 0.18 (0.50)
Mean Z-linked P. glaucus -0.12 (0.44) 0.77 (0.31)
P. canadensis 0.24 (0.36) -0.44 (0.33)
coi/colr P. glaucus -1.17 (0.13) -6.68 (0.06)

P. canadensis -1.88 (0.02%) -4.14 (0.07)
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Appendix Figure Legend

Appendix Figure 1: Performance of divergence time estimation. Posterior distributions of
100 simulations using parameters obtained from the average of the 5 Z-linked loci used in
the study (6 = 1.1%, p = 33.00, shared polymorphism =0, fixed polymorphism = 3) are
shown. The real divergence time of 3.2 N, generations is shown by the vertical line. The
root mean square error between the maximum likelihood estimate and the real divergence

time is 4.8 N, generations.

Appendix Figure 2: Approximate Bayesian posterior distribution comparing 6 for each Z-

linked locus between P. glaucus (blue) and P. canadensis (green).

Appendix Figure 3: Approximate Bayesian posterior distribution comparing of p/6 for

each Z-linked locus between P. glaucus (blue) and P. canadensis (green).
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Abstract

Estimating divergence times across the genomes of sister species can provide
insight to the commonly accepted predominance of allopatric speciation. We
improve upon an existing approach that uses approximate Bayesian computation
(ABC) methods to test a null model of allopatric speciation (Putnam et al 2007). A
joint ancestral population size is inferred using ABC with regression to speed
computation time. In addition, the joint posterior distribution of ancestral
population size is used as a prior parameter to infer and per locus and joint
divergence times using ABC with rejection. The method is tested using two very
different datasets. In two Papilio butterfly species the joint ancestral population
size is very close to the current population size. A candidate locus for
reproductive isolation TH, does not appear to have an unusual divergence time
estimate compared to other Z chromosome-linked loci. However, allopatric
speciation across the Z chromosome is rejected in favor of a more complex
speciation process. Alternatively, using 14 autosomal markers in populations of
humans and chimpanzees we are not able to reject a model of simple allopatric
speciation. We find a recent joint divergence time estimate (4.5 million years) and
an ancestral population size to be 2.5 times larger than the current population
size. In summary, our method requires very little computation time and can be
used to test modes of speciation and identify candidates for reproductive

isolating factors.
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Introduction

Allopatric speciation, an instantaneous speciation event, has long been
considered the most common mode of speciation (Dobzhansky 1940, Mayr
1963). However, recent empirical studies have provided evidence for a more
complex picture of the speciation process in many organisms (Osada and Wu
2005, Putnam et al 2007, Patterson et al 2006, Becquet and Przeworski 2007).
These studies reveal that parapatric speciation is a better fit to multilocus data
from many closely related species. In parapatric speciation, gene flow continues
across some loci longer than others until genomic incompatibilities accumulate
and eventually there is complete reproductive isolation (reviewed in Coyne and
Orr 2004). Thus developing models that lend empirical support in testing

speciation hypotheses in closely related species is of primary importance.

Here we use the method of approximate Bayesian computation (ABC) as the
framework for estimating divergence times and ancestral population sizes. ABC
has recently proved to be a successful alternative to likelihood methods
(Beaumont et al 2002, Excoffier et al 2005, Hickerson et al 2006, reviewed in
Beaumont and Rannala 2004). Additionally, analyses show that the results of
ABC and likelihood methods are comparable under many evolutionary models

(Beaumont et al. 2002; Marjoram et al. 2003, Tallmon et al 2004). Because it is
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not necessary to calculate full likelihoods, ABC has the benefit of adding
parameters with little computational trade-off (Beaumont and Rannala 2004). A
disadvantage of ABC, however, is its reliance on simulations that use summary
statistics of the observed data instead of using all available haplotype information
as the full likelihood framework does. The key to effectively utilizing ABC thus
becomes using summary statistics that collect the most important information

from the data.

ABC is performed by obtaining summary statistics from the observed
polymorphism data, which are then compared to the same statistics simulated
under a specified model. It is most frequently implemented by either rejection or
regression methods. For rejection sampling, only summary statistics from
simulations that occur within in a tolerance are accepted and used to estimate
the parameter of interest. The regression method differs by taking those
remaining summary statistics that have been accepted and performing a
weighted linear regression on them. Regression is considered to be faster and
just as accurate as the rejection method (Beaumont et al. 2002). However,
marginal likelihoods can be obtained using the rejection method but not
regression. With the rejection method posteriors are binned per locus then
multiplied across loci for a joint estimate of parameters. This enables one to test
alternative speciation hypotheses using likelihood ratio tests (Bachtrog et al

2006, Putnam et al 2007).
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Our aim is to test allopatry between two closely related species and identify
reproductive isolating factors through estimating divergence times at individual
loci and jointly across loci. Previously we developed a speciation time estimator
(STE) to test a null hypothesis of allopatric speciation (Putnam et al 2007). The
STE simulations used point estimates of observed data summary statistics to
estimate the parameter of interest, divergence time, per locus and jointly using a
rejection

method. A likelihood ratio test was then used to test whether one divergence time
(allopatry; depicted in Figure 1) fits the data better than independent divergence
times for each locus (parapatry). There are, however, limitations of this method.
STE did not include estimation of the ancestral population size as a free
parameter. Estimating the ancestral population size is important because it
affects the extent of linkage disequilibrium and patterns of polymorphism and
thus is an important consideration for association studies. In addition, if the
ancestral population size is estimated to be large, gene and species genealogies
will not always match because of greater variability in the coalescence. This can
be seen in human data where gene trees are frequently more similar to gorillas
than chimpanzees (Wall 2003, Chen and Li 2001). In addition, adding free
parameters to STE, although still faster than MCMC methods, can become
computationally prohibitive. Here we improve upon the STE method by 1)
including a weighted linear regression to quicken the computation time and, 2)

the estimation of a joint ancestral population size (6,).
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Using the improved STE, called STEZ2, the method is tested in two datasets. The
first dataset are Z-linked markers in the Papilio glaucus and Papilio canadensis
species pair used in Putnam et al. 2007 with the addition of a new Z-linked
marker, tyrosine hydroxylase (TH). TH is an enzyme in the Papilio pigmentation
pathway (Koch et al 2000) and is a candidate as a reproductive isolating factor.
Melanic females that mimic the unpalatable Battus philenor exist in Papilio
glaucus but not Papilio canadensis females, although gene flow between the two
species occurs through a hybrid zone. If TH is important in maintaining
reproductive isolation between the two species we expect the estimated

divergence time of the locus to be deeper than at the other loci.

The second dataset is a multiliocus Homo sapiens and Pan troglodytes dataset.
This is the first time a coalescent-based approach has been used to estimate
human-chimp divergence times with population-level data. Recent studies using
single species alignments have rejected allopatric speciation in humans and
chimps (Osada and Wu 2005, Patterson et al 2006), suggesting gene flow may
have occurred as recently as 4 MYA (Patterson et al. 2006). Population level
analyses can shed light on this complex speciation process, testing whether a
single or multiple divergence times is more likely among loci.

Methods

Papilio samples and loci

Papilio glaucus and P. canadensis were collected from a broad geographic

sample of their ranges and identified by hind wing size and band width.
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Sequences for all Papilio loci except for tyrosine hydroxylase (TH) have been
previously published (Putnam et al, 2007). Primers for TH were designed from
degenerate primers based on Papilio xuthus mRNA (Futahashi and Fujiwara,
2005). TH primers used in this study are TH_313F: &’
CCAAACAAAGTGTGCTCGAA3 and TH_1093R: 5

CTGGACCTGATGCCCAAGG3'.

PCR conditions in a thermocycler (Bio-Rad, Hercules, CA) to amplify TH included
an initial denaturing step at 95°C for 2 min. followed by 40 cycles of 95°C for 30
sec, 53 °C for 45 sec, 72°C for 2 min with a final 5 min at 75°C. PCR product
clean-up was performed using Exo/SAP reagents (Fermentas, Hanover, MD).
Templates were directly sequenced on both strands and the BigDye sequencing
kit (ver 3.1, Roche). Sequence reactions were run on an ABI 3730 sequencer
(Applied Biosystems, Foster City, CA). TH is known to be Z-linked in Heliconius
(Simon Baxter, personal communication) and was sequenced in a panel of male
and female P. glaucus to confirm Z-linkage. Heterozygous sites were identified in
males and never in females. Nucleotide sequences were edited and aligned
using Sequencher 4.5 software (Gene Codes, Ann Arbor, Ml) and manually

adjusted (GenBank accession ).

Human and Chimpanzee samples and loci
Sequences from a sample size of 10 eastern (Kenyan) chimpanzees were

previously published in Fischer et al (2006). Human sequences from a sample
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size of 15 African (Cameroonian) individuals were previously published in Frisse
et al (2001) and Voight et al (2005). From 26 regions sequenced in both
chimpanzee and human populations (Fischer et al 2006, Voight et al 2005), 15
regions had polymorphisms in both species, could be aligned and phase

determined with confidence and are used in this study.

Polymorphism, divergence and recombination

All human and chimp loci are from unlinked, noncoding, intergenic, autosomal
regions that have recombination rates close to the genome average (Frisse et al
2001, Voight et al 2005). Haplotype phase was determined using the software
Phase 2.1 (Stephens et al 2001, Stephens and Scheet 2005). This software
program uses a Bayesian method to determine the probability of reconstructed
haplotypes. For each locus, homologous gorilla and orangutan sequences were
obtained from Fischer et al (2006). These sequences were used to infer the
ancestral state. Polymorphisms at CpG sites were filtered out and a correction for
recurrent mutation was performed (Jukes and Cantor 1969). Papilio loci are Z-
linked, exon and intron regions sequenced only in females, thus haplotypes

reconstruction was not necessary.

All silent sites (synonymous and non-coding) were considered for both datasets,
while sites with insertions and/or deletions, and more than two variants were
excluded. Watterson’s estimator, 6, (Watterson 1975), and the average pairwise

diversity per nucleotide, 7 (Tajima1983) were used to estimate levels of
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nucleotide diversity. Divergence was estimated using Dxy, the average pairwise

number of nucleotide substitutions per site between species (Nei 1987).

The population mutation rate (6 = 4N.u, where N, is the effective population size
and u is the mutation rate per base pair) and the population recombination rate (o
= 4N.r where r is the recombination rate per base pair) were jointly estimated
using ABC with rejection sampling (Thornton and Andolfatto 2006). This method

jointly estimates p and 6 based on summary statistics of the data.

Papilio glaucus and P. canadensis are known to have high rates of
recombination compared to the most commonly studied invertebrate, Drosophila
melanogaster (Putnam et al. 2007, Thornton and Andolfatto 2006). For Papilio,
recombination parameters were the same as in Putnam et al. (2007) with the TH
locus added to the previously published dataset. Indeed, in P. glaucus the
average joint multilocus mode of pis 336 and is 30.560in P. canadensis. These
estimates are similar to one another and close to the previous Papilio average

recombination estimate (p = 33.56; Putnam et al 2007).

Using a high-resolution recombination map available on the UCSC database, the
average recombination rate in each human region examined in this study varies
from 0.8 — 2.9 cM/Mb (Kong et al, 2002). Variation in recombination rates within
and between species can affect divergence time estimates. Loci in areas of low

recombination may be subject to increased hitchhiking effects that reduce
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nucleotide variability. Thus, as fine-scale recombination rates appear to vary
between humans and chimps (Ptak et al 2005), per locus and joint intraspecific
estimates were obtained for both species using the ABC approach. Uniform
priors for 6 (0.0001, 0.02) and p (0, 1.0) were chosen. For both parameters, the
tolerance for acceptance was set to 0.01. The posterior distribution was based on

1000 acceptances.

The mode of p was similar between humans and chimps (Supplementary Figure
1). This observation of the similarity in recombination rate is in line with previous
studies using larger datasets (Ptak et al 2004b). The joint multilocus mode of p =
0.96in the Hausa human population, and slightly higher, p = 1.26, in the
chimpanzee population. Again, these estimates are quite close to previous
recombination rate estimates (Frisse et al 2001, Ptak et al 2004a, Ptak et al
2004b). For simulations, p = 31.860is used for Papilio and 1.056 in humans and
chimpanzees, which represents the average maximum a posteriori (MAP)

estimate for each species pair.

Tests of neutrality

Patterns of polymorphism that do not deviate from neutrality are an assumption
of the coalescent-based STE approach. The human, chimp loci and Papilio TH
locus were tested for departures from neutrality using two summaries of the
distribution of polymorphism frequencies. Tajima’s D (Tajima 1989) is a measure

of the standardized difference between 7 and 6,. Fay and Wu's H measures the
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difference between & and 6y, an estimator of 6 that weights derived variants by
the square of their frequencies (Fu 1996; Fay and Wu 2000). Deviations from
neutrality in D and H were ascertained by comparing the observed value to a
distribution obtained from simulating 1,000 neutral genealogies with
recombination in ms (Hudson 2002). A correction for multiple tests was
calculated using the Q-value R package (Storey 2002). Simulations were
performed with a point estimate of Watterson’s 8 and Tops. Tops = (Dxy/ 6) — 1

where 6 is the average 6 between the two species (Hudson et al 1987).

Summary statistics of TH in Papilio are presented in Supplementary Table 1. The
level of nucleotide diversity of TH in Papilio canadensis is close to the average
for five previously reported neutral Z-linked markers (P. canadensis &y= 0.9%;
Putnam et al. 2007). However, in P. glaucus diversity of TH is more than twice as
high as the previously reported average (P. glaucus &y = 1.3) Values of Tajima’s
D and Fay and Wu’s H are not significant. Taken together TH does not appear to

deviate from neutral expectations.

Human and chimpanzee polymorphism and divergence per locus are given in
Supplementary Table 2. Human and chimpanzee polymorphism summary
statistics are in line with those previously reported using these datasets (Frisse et
al. 2001, Fischer et al 2006). The average nucleotide diversity is 8y = 0.18%.

Human nucleotide diversity is 6 w = 0.14%, slightly less than in chimpanzees.

Average Tajima’s D and Fay and Wu’s H for chimps (D =-0.34 H = 0.27) and
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humans (D =-0.42, H = -0.74) do not deviate from neutral expectations. Two
human loci (regions 5 and 15) and two chimp loci (regions 8 and 16) have values
of H that significantly deviate from neutral expectations. After correcting for
multiple tests (false discovery rate = 5%), however, only region 15 remains
significant (P =0.05) in humans. Region 15 also shows reduced levels of
polymorphism compared to other human loci surveyed here, a signature of
positive selection or demographic effects. This locus was removed from further

analyses in both the human and chimp dataset.

Joint ancestral population size estimation

Ancestral population size (6,) is estimated using a modification of the STE
program (Putnam et al 2007), which did not estimate 6, in its original
implementation. Here, 6, is estimated jointly because per locus posterior
distributions are broad (data not shown). We chose to use a joint estimate, which
effectively pools information across loci resulting in a narrower posterior
distribution. Additionally, in the original framework of STE acceptances are
conditioned on the observed T and the number of shared and fixed differences
between the two species using a rejection method. This method becomes
computationally intensive when the number of loci is large or if more parameters
(i.e. migration) are added because the number of simulations necessary to get a
posterior is prohibitive. Instead, to estimate a joint 64, simulations performed
where a proportion of the priors are accepted that are closest to the observed

values (Beaumont et al 2002). This modification uses ABC with a weighted linear
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regression instead of rejection sampling to obtain the joint posterior probability
density for the parameter 6 across all loci. A detailed description of the ABC

method is outlined in Beaumont et al 2002.

To overview a generalization of our implementation:

1) For each locus the following summary statistics of the observed data (obs)
are obtained: number of individuals (n), sequence length, (L), segregating sites
(S), nucleotide diversity (6 ), recombination (p), shared polymorphisms (Sh), fixed
differences (Fi) and divergence time (Tops). Topsis estimated as (Dxy/ 6) — 1

where 6 is the average 6 between the two species (Hudson et al 1987).

2) One draw of the hyperparameter 6,/0;, the ancestral population size relative

to the current population size, is chosen from a uniform prior (0.1 — 10).

3) Simulations (sim) of each locus are performed under a model of strict
allopatric divergence (Figure 1) using 64 calculated from 64/6; chosen in the
previous step. Observed per locus point estimates for n, L, 64, 62, p, and Tops are

used as simulation parameters (Table 1).

4) For each draw of 84/6; summaries Sh, Fi, and T of the simulated data (sim) are
recorded for each locus in a matrix. 64/0; is accepted if |obs —sim| < ¢ for Sh, Fi,

and T across all loci, where the tolerance (¢) is a proportion of draws accepted.
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5) A weighted linear regression is performed on the accepted posterior
distribution of 84/6;. This posterior distribution is then used as a prior distribution

for estimation of per locus and joint T.

Table 1 contains the summary statistics of the observed data for both datasets.
For this analysis a total of 1.0 x 10° draws of 64/, are performed and the
tolerance used here is 0.001. Thus, the posterior distribution is made up of 1000

acceptances.

Per locus and joint estimates of divergence time

Once a joint multilocus estimate of 64/0;is obtained, per locus and a joint T are
inferred using ABC with rejection to obtain marginal likelihoods. This estimation
differs from the previous step because there is no hyperparameter. Here, T for
each locus is estimated independently. For each simulation Tis chosen from a
uniform prior (0 — 16 N, generations). However, for each locus we perform
coalescent simulations that draw from the joint posterior 64/0; estimate. Point
estimates of per locus observed summary statistics are used for n, L, 64, 6,, and
p. Tis accepted conditioning on |sim —obs| < ¢ for the parameters Sh, Fi, and
Tsim. Simulations are performed until there is a posterior distribution of 1000
acceptances. The fixed tolerance (g) was set to 0.05, and the average
acceptance rate was ~10° per locus. Using the posterior distribution for each

locus we obtained a MAP estimate and 95% confidence interval for T using the
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‘locfit’ statistical package in R (Loader 2006). Next we obtained a joint estimate
for T. This is done by binning the posterior distribution of per locus estimates in
increments of 0.2 N, (Putnam et al. 2007). Probabilities for each bin are
multiplied across loci. The bin with the largest likelihood is the MAP estimate for

the joint T.

A library of scripts and programs to implement this procedure is available on
request. Simulations were performed using ms (Hudson 2000). P. Andolfatto, D.
Bachtrog, and A. Putnam wrote scripts to calculate summary statistics of the
simulations. K. Thronton wrote the scripts to perform the weighted linear

regression.

Test of allopatry

Once a per locus and joint marginal likelihoods for T is inferred, a likelihood ratio
test (LRT) can be employed to test various hypotheses about species’
divergence. Here we are interested in testing the fit of the data using one
divergence time for all loci (strict allopatry) compared to individual divergence
times for each locus (parapatry). We perform a LRT using the joint MAP
estimate of T and compare it to the MAP estimates from the per locus T

estimates. If the LRT is significant allopatry can be rejected.

Mutation rate variation

The STE method assumes no variation in mutation rate. We tested whether there
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was a significant variation in mutation rate across loci for each dataset. The
distribution of observed and expected divergence for each locus was compared
and a goodness-of-fit was determined using a Pearson % test (Frisse et al 2001,
Becquet and Prezworski 2007). Neither the Papilio (P = 0.59) nor the
human/chimpanzee (P = 0.28) dataset significantly deviated from expectations.
Thus, it is not necessary to account for variation in mutation rates in these

analyses.

Performance

Performance of the modified STE program. We generated 20 simulated datasets
based on the human and chimpanzee dataset studied here, under a model of
strict allopatry. Each dataset had 14 loci and 20 sampled chromosomes from
each population. For simulation parameters of each dataset and locus we used
mean 6; and 6, from the observed dataset, and the point estimate of p = 1.0560
and T = 4.5 MYA. A point estimate of 64/6; =2.31 was used to simulate the

ancestral population size.

Using the weighted linear regression method of ABC as outlined above, the joint
posterior distribution of 64/0; was estimated from a prior uniform distribution (0.1,
10). The tolerance, ¢, was 0.001 where ¢ was a proportion of simulated draws of
64/6; and 1 X 10° simulations were performed. Using the resulting posterior of
64/01 as a prior for G4, we estimated T per locus from a prior uniform distribution

(0,16) N, generations using ABC with rejection for each dataset. We conditioned
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acceptances on |sim — obs| < ¢, for the number of shared and fixed differences
and T, where ¢ = 0.05. Simulations were continued until 1000 acceptances were
obtained. A joint T for each dataset was inferred using the method described

above.

We also compared the performance of STE to the MIMAR method of Becquet
and Przeworski (2007) with same simulated dataset under an allopatric model.
Estimated parameter values for 6;, 8, were chosen from uniform priors (0, 0.01)
per base pair. 64 and T were also chosen from uniform priors, (0, 0.01) per base
pair and (0, 2 X 107) generations, respectively. We ran two independent runs for
each dataset and ran them until the posterior distributions were similar. 5 X 10°
burn-in steps were recorded. For each method, a mutation rate of 2 x 108 is

assumed a generation is 20 years.

Results

Ancestral population size

We used STEZ2 to estimate the joint multilocus ancestral population size, 64, in
the two datasets. A joint 64 has the advantage of more strength than per locus
estimates. The MAP estimate of the 6,4 for P. glaucus and P. canadensis is

1.096, (0.64 — 1.80 95%Cl) using ABC with weighted linear regression (Figure
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2a). Previously, using STE to estimate divergence times under different 64
values, Putnam et al. (2007) found that all estimates of 64 = 5 times greater than
the current 6 were a poor fit to the data. Thus, the method used here allows us

to better approximate 6,.

Using the same method as for the Papilio dataset, the chimpanzee and human
joint 84 was estimated to be 2.31 x greater than 6;(1.14 — 3.53 95%ClI; Figure
2b). This is concordant with previous studies where the ancestral population size
of humans and chimpanzees was estimated to be 2-3 times greater than the

current human population size (Chen and Li 2001, Yang 2002, Wall 2003).

Per locus divergence time estimates

Per locus T was inferred using the rejection-based ABC method in order to
compare them to the joint T and identify outlier loci with deep divergence times
that may be speciation factors. We used the posterior distribution obtained in the
previous step for the ancestral population size (64) parameter. For both datasets,
per locus divergence time estimates and 95% confidence intervals are listed in

Table 2.
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MAP estimates of divergence time varied among the 6 Papilio loci, ranging from
1.6 to 11.4 N, generations (Table 2, Figure 3a). Values of T are reported in units
of N and not absolute time because the mutation rate is unknown in Papilio and
generation time in P. glaucus and P. canadensis may differ (Hagen 1991). The
estimated divergence time of TH is 3.84 N, generations ago (1.25 — 6.22 95%
CI). The divergence time estimate of this locus look intermediate compared to the

other five loci.

Using 14 loci to examine divergence time estimates per locus between humans
and chimpanzees, values of T ranged from approximately 3.8 to 9.74 MYA
(Table 3, Figure 3b). To convert the divergence time from units of N, generations
to the absolute divergence time we assumed a mutation rate, u, of 2 x 10 per
base pair per generation (Nachman and Crowell 2000) and a generation time of
20 years. These estimates span the range of previous divergence time estimates
for the two species that were estimated along different genomic regions (Glazko
and Nei 2003, Kumar et al 2005, Hobolth et al 2007, Patterson et al 2006). Some
studies, however, have used a human/chimpanzee generation time of 25 years
(Eyre-Walker and Keightley 1999, Wall 2003), which would push these per locus

estimates back to 5.2 to 11.15 MYA.

Test of Allopatry
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A purely allopatric model of speciation is tested in each of the datasets using a
likelihood ratio test. We ask whether one divergence time (strict allopatry) fits the
data better than separate divergence times for each locus (parapatry). In Papilio
a joint MAP estimate of divergence time is 3.5 N, generations ago. If we assume
the mutation rate is similar to Drosophila (1.5 X 10® per year, Li 1997) and
assume there is one generation per year then The fit of an allopatric model is
significantly rejected in Papilo glaucus and P. canadensis (x* = 22.43, d.f. 5, P <<
0.001; Table 4). This value is in agreement with the T estimate of 3.2 N,
generations from Putnam et al (2007). Thus, adding the TH candidate locus and
a more precise estimate of 64 did not significantly impact the divergence time

estimate of the two species compared to the previous study of Z-linked markers.

The human and chimpanzee joint MAP divergence time estimate is 4.5 MYA.
This estimate of T is also in agreement with previous multilocus estimates that
range between 4-6 MYA (Wall 2003, Glazko and Nei 2003, Kumar et al 2005,
Hobolth et al 2007, Patterson et al 2006) when 20 years is the estimated
generation time for both species. Our MAP estimate falls on the more recent end
of the range, which is often considered the time when all gene flow stopped.
Despite the range of divergence time estimates, allopatry is not rejected among

these autosomal loci (X2 =4.03,d.f. 14, P =0.96; Table 4).

Performance
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The performance of STEZ2 that incorporates an estimation of the ancestral
population size and weighted linear regression was assessed. We generated 20
simulated datasets based on the human and chimpanzee data, each with 14 loci,
under a model of strict allopatry. STEZ2 estimation with the addition of ancestral
population size, 64, is accurate with parameters similar to our data. Using the
stepwise method to first jointly estimate 64 then T conditioning on shared and
fixed differences and T,ps resulted in low mean bias and a mean square error
(Table 5). Performance of the modified STE under an allopatric model was
compared to MIMAR (Becquet and Przeworski 2007) under the same model. The
mean bias and square error for 64 and T are comparable between methods
(Table 5). In MIMAR 95% confidence levels tend to be broader than STE2. The
comparison, however, is not completely fair because MIMAR had two additional
free parameters that STE did not (6; and 6,). Because MIMAR uses an MCMC
approach, the time to convergence of the posterior distributions of independent
runs took approximately 72 hours, much slower than STE2, which took

approximately 10 hours.

Discussion

Here we used a stepwise ABC method to estimate the ancestral population size

and divergence time of sister species with multiple loci. First, 64 relative to the
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current population size was jointly estimated over all loci. The addition of
weighted linear regression at this step decreases the computation time, which
can be prohibitive with the rejection method when several parameters are
estimated and the tolerance is low. Using the posterior distribution of 6, obtained
from the previous step, per locus divergence time estimates, T, are next
determined with the rejection method. The rejection-based ABC method has the
advantage of producing marginal likelihoods for T estimates at each locus.
Finally, a joint likelihood T was obtained and compared to per locus estimates to

determine if an allopatric model of speciation can be rejected.

The performance of this method works well for datasets similar to the ones used
here. With low bias and error STE is comparable to other methods to estimate
divergence times (Hey and Nielsen 2007, Becquet and Przeworski 2007). The
STEZ2 program can be easily expanded to incorporate migration or test
divergence times under different demographic scenarios like bottlenecks. A
promising alternative method to estimate speciation parameters, including
migration, was recently developed by Becquet and Przeworski (2007). This
program, MIMAR, combines Bayesian and MCMC methods to estimates the
posterior probability of parameters of interest. The advantage of STE over this
method is substantially less computation time. We compared our Papilio results
with STE to results obtained using MIMAR under strict allopatry (Supplementary
Methods). Using MIMAR, the MAP estimates of T and 6, are close to those

reported here (Supplementary Results). Both methods have an upward bias that
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will lead to slightly deeper divergence time estimates and ancestral population

sizes.

TH as a candidate for reproductive isolation in Papilio

The estimate of the ancestral population size for P. glaucus and P. canadensis
was 1.096, (Figure 2a). This 6, is in the range we expected based on testing the
goodness of fit of five Z-linked markers to a range 6, estimates (Putnam et al
2006). P. glaucus and P. canadensis appear to have a history of large
population sizes and little evidence of population structure. The Z-linked locus,
TH, is part of the Papilio pigmentation pathway (Koch et al 1998, Koch et al
2000), and therefore a candidate for being a reproductive isolation factor, as
mimicry is only seen in females of P. glaucus. If TH is important in driving
reproductive isolation between the species, it is expected to have a deeper
divergence time estimate compared to other markers. Although there were three
fixed polymorphisms and no shared polymorphism between the two species, the
divergence time estimate was not unusual compared to the other markers
(Figure 3a). Another gene in the pigmentation pathway, p-alanyldopamine
synthase (BAS), is known to have differential expression in yellow compared to
melanic individuals (Koch et al 2000) and may be a more likely candidate as a

reproductive isolation factor.

Human and chimpanzee divergence
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This is the first report of divergence time between humans and chimpanzees
being estimated with a coalescent-based approach the population level. Only
recently have chimpanzee population data been made available (Fischer et al
2006). We estimate the ancestral population size of human and chimpanzees to
be 2.31 times greater than the current human population size (Figure 2b). This
estimate is within the range of previous estimates, which vary from 2 - 10 times
larger than the current population size of 10,000 (Chen and Li 2001, Takahata
2001, Yang 2002, Rannala and Yang 2003, Wall 2003, Hobolth et al 2007). In
addition to population structure, other factors may be influencing the large
ancestral population size compared to the current size in humans and
chimpanzees. Differences among loci in mutation rate will increase the variation
of T among loci and subsequently increase the joint N, estimate (Wall 2003,
Innan & Watanabe 2006). Using a hidden Markov model, Hobolth et al (2007)
found an N, ~5 x larger than N,. They were unable to discern whether the large
ancestral population size estimate or a lengthy speciation process caused their
large variance in divergence time estimates (Hobolth et al 2007). We do not find
evidence of mutation rate variation in loci examined in this study. Here we show
that the variation in T among loci can still be explained with a 64 that is only 2.5

times larger than 6,.

Our joint divergence time estimate for humans and chimpanzees was 4.5 MYA
(Figure 2b). A joint MCMC coalescent method that used a ~ 2 million base pair

alignment of humans and chimpanzees was 4.1 MYA (Hobolth et al 2007), very
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close to our estimate. We find that the likelihood of a divergence time for each
locus is not significantly different from one speciation time (strict allopatry). Thus,
we are unable to reject allopatry using these loci. Also using noncoding
autosomal markers, but employing a maximume-likelihood method, Innan and
Watanabe (2006) similarly report that allopatry with no significant evidence of
gene flow is a good fit to the human and chimpanzee data. These results are in
contrast to Patterson et al (2007) who reject an allopatric model of speciation.
Their method found a significantly more recent divergence estimates time across
much of the X chromosome than expected when compared to autosomes. X
chromosome markers are not used in this study, but may increase the likelihood
of rejecting allopatry when this data becomes available in a chimpanzee

population.

In conclusion, we have applied the ABC method to estimate divergence times
and ancestral population sizes of closely related species. We were able to reject
TH as a candidate as a reproductive isolation factor in Papilio speciation.
Although its divergence time estimate compared to other markers was
unremarkable, allopatric speciation across the Z chromosome is rejected in favor
of a more complex speciation process. Alternatively, using 14 autosomal markers
in populations of humans and chimpanzees we are not able to reject a model of
simple allopatric speciation. We find this method to be fast and precise, and

extensions of this method should not prove to be computationally prohibitive.
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Table 1: Summary statistics of observed data used in simulations for inference of
joint 6a. 6sand O, represents P. glaucus and P. canadensis, respectively, in the first
dataset and humans and chimpanzees in the second dataset. See Methods for
information on parameters.

L o7 05 o Sh Fi T
P.glaucus/P.canadensis

Kettin | 1206 | 0.005 0.007 39.91 0 7 5.33
Ldh | 439 0.017 0.006 135.69 0 3 1.52
Period | 212 0.006 0.008 47.89 0 3 3.17
TH | 588 0.028 0.011 223.49 0 3 1.21

Titin | 611 0.011 0.012 87.80 10 1 0.48

Tpi | 296 0.024 0.013 191.56 3 0 1.38

Human/Chimpanzee

Region1 | 843 | 0.0012 | 0.0017 1.06 0 4 4.24
Region2 | 795 | 0.0016 | 0.005 1.34 0 4 1.82
Region3 | 1144 | 0.0013 | 0.0022 1.56 0 16 8.37
Region5 | 1555 | 0.0011 | 0.0009 1.80 0 11 12.60
Region6 | 934 | 0.0011 | 0.0033 1.08 0 9 5.00
Region7 | 1183 | 0.0015 | 0.0012 1.86 0 13 9.96
Region8 | 775 | 0.0007 | 0.0011 0.57 0 4 6.89
Region10 | 781 0.0023 | 0.0037 1.89 1 4 1.97
Region11 | 613 | 0.0012 | 0.0005 0.77 0 6 12.41
Region14 | 738 | 0.0014 | 0.0017 1.08 1 2 3.00
Region16 | 786 | 0.0025 | 0.001 1.57 0 11 10.66
Region17 | 598 | 0.0021 | 0.0015 1.33 0 9 8.56
Region21 | 601 0.0021 | 0.0015 1.55 0 11 10.93
Region22 | 705 | 0.0009 | 0.0015 0.54 0 4 6.83

®Estimate of Watterson’s 8 per site (Watterson 1975).
® Recombination rate per gene
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Table 2: P. glaucus and P. canadensis per locus MAP estimates of divergence
time, T, and 95% confidence intervals in N, generations.

Locus T (MAP) 95% Cl
Kettin 11.14 9.81-13.29
Ldh 3.52 2.95-5.51
Period 6.50 4.21-8.68
TH 3.84 1.25-5.22

Titin 1.60 0.27 -3.86
Tpi 2.64 0.95 - 4.11
Joint Z 3.0 1.22-5.69

Table 3: Human and chimpanzee per locus divergence time estimates, T, and 95%
confidence intervals

Locus T (MYA) 95% CI
Region1 4.01 1.33-6.92
Region2 7.67 3.01-15.16
Region3 7.54 2.47 -8.61
Region5 4.92 1.13-5.47
Region6 9.74 3.38-11.13
Region7 4.35 1.62 -8.04
Region8 4.83 0.91-4.46
Region10 4.19 1.24-7.11
Region11 4.02 0.77 - 5.63
Region14 4.21 0.54 —3.50
Region16 5.63 1.49-9.72
Region17 6.26 1.47 - 8.63
Region21 4.91 1.17-8.29
Region22 4.58 1.25-7.96

Table 4: Goodness-of-fit tests for a model of allopatry (one divergence time).

Dataset Divergence Time® | Likelihood | P-value
P. glaucus/P. canadensis L -18.15 0.0004
6 -6.94
Human/Chimpanzee 1 -28.93 0.96
14 -26.91 )

@ The models posit one divergence time for all loci versus a unique divergence time
for each locus.



Table 5: Performance of STE compared to MIMAR using 100 simulated datasets.

See Methods for parameter details.

Method Oa T
Mean bias® Mean squared Mean bias Mean squared
error error
STE 1.04 0.038 1.10 0.031
MIMAR 1.009 0.012 1.02 0.017

?The bias is the parameter estimates divided by the real value.
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Supplementary Table 1: Summary statistics of TH in Papilio glaucus and P.
canadensis.

Length & Dyt
Locus Species (silent S 7 (%) ¥ Shared Fixed TajD® FWH®
: (%) (%)
sites)
P. glaucus 10 25 2.8 43 0.45 1.07
TH 134 ’ 0 3
P. canadensis 5 1.3 1.1 -0.78 1.24

@ Average pair-wise diversity per site

b Estimate of 6= 4N,u per site using the number of polymorphic sites.
¢ Average pairwise divergence per site

4 Tajima’s D (Tajima 1983)

¢ Fay and Wu’s H (Fay and Wu 2000)



Supplementary Table 2: Chimpanzee and Human Summary Statistics

Region Species Length g a® (%) Dx’(%) TajD® FWHY
H. sapiens 5 0.05 0.76 -1.45 -1.54
1 P. troglodytes 843 .
schweinfurthii 5 017 0.06 0.24
H. sapiens 5 0.24 0.93 1.38 0.06
2 P. troglodytes 7% 14 030 ' 145 16
schweinfurthii ) ) |
H. sapiens 8 0.07 1.64 -1.30 0.75
3 P. troglodytes 1144 ’
schweinfurthii ° 0.22 -0.03 1.24
H. sapiens 6 0.13 136 -0.53 -4.82*
5 P. troglodytes 1555 '
schweinfurthii 5 0.08 072 .14
H. sapiens 4 0.1 132 0.10 0.79
6 P. troglodytes 934 '
schweinfurthii " 035 020 -0.92
H. sapiens 8 0.10 1.48 -0.92 -3.63
7 P. troglodytes 1183 '
schweinfurthii 5 0.10 -0.59 0.80
H. sapiens 2 0.07 0.71 0.12 0.38
8 P. troglodytes 775 3 010 ’ 043 -3.76*
schweinfurthii ) ) i
10 H. sapiens 781 7 0.13 0.89 -1.21 0.6
P. troglodytes .
schweinfurthii 10 033 -0.37 0.86
1 H. sapiens 613 3 0.16 114 0.61 -2.13
P. troglodytes .
schweinfurthii ! 0.06 o2 001
14 H. sapiens 738 4 0.22 062 1.55 -2.49
P. troglodytes : N N
schweinfurthii 5 019 0.31 0.05
s H. sapiens 786 1 0.02 158 0.72 -4.09%
P. troglodytes .
schweinfurthii 4 oo 07 144
" H. sapiens 508 6 0.28 204 0.31 0.37
P. troglodytes . "
schweinfurthii 2 o007 -0.68 1.29
1 H. sapiens 601 5 0.12 17 -1.22 -0.26
P. troglodytes :
schweinfurthii 8 015 018 0.63
H. sapiens 6 0.24 0.31 0.37
21 705 1.73
P. troglodytes
schweinfurthii 2 0.0 -0.68 1.29
-~ H. sapiens 566 2 0.09 0.4 -0.02  -0.06
P. troglodytes .
schweinfurthii 3 0.18 055 031
H. sapiens 5.0 0.14 -0.16 -0.49
Average P trogloaytes 84127 55  0.16 1 o4 oar

schweinfurthii
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@ Average pair-wise diversity per site

b Average pairwise divergence per site

¢ Tajima’s D (Tajima 1983)

4 Fay and Wu’s H (Fay and Wu 2000)

Asterisks denote values of H that significantly deviates from neutrality based on
neutral simulations with recombination (see Methods).
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Figure 1: A model of allopatric speciation showing a gene tree (shaded areas)
and a species tree (red and blue lines). An ancestral population of size 6,4 splits
into two species at time, T.
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Figure 2: Posterior distributions of jointly estimated ancestral population (N,) size
relative to current population size (Ne) obtained by regression in a) Papilio
glaucus and P. canadensis, and 2) humans and chimpanzees. For parameter
details, see Methods.
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Density

Figure 3: Marginal posterior distributions of per locus divergence time estimates
(T) obtained by rejection sampling for a) P. glaucus and P. canadensis and b)
human and chimpanzee. For parameter details, see Methods.
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Density

Supplementary Figure 1: Joint posterior distribution of p/6 for humans (black line)
and chimpanzees (grey line).
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Supplementary Methods and Results:

Comparison to MIMAR under allopatry

Methods: We compared our Papilio results to the MIMAR method of Becquet and
Przeworski (2007) under an allopatric model. We set migration to zero. Similar to
the methods for estimating performance we estimated parameter values for 64, 6,
were chosen from priors (0, 0.01) per base pair. 84 and T were also chosen from
uninformative priors, (0, 0.01) per base pair and (0, 2 X 10”) generations,
respectively. A mutation rate per base pair is required for MIMAR. Because a
mutation rate is unknown for Papilio, we assumed a mutation rate per generation
similar to that of Drosophila (1.5 X 10®), and assumed one generation per year.

We recorded 5 X 10° total steps and 5 X 10° burn-in steps.

Results: The mode of the divergence time distribution is 0.29 MYA (95%CI 0.20
—0.42). The estimated joint divergence time using STE is 0.35 MYA, using the
equation Taps = TO/2ul, where u is the mutation rate per silent site per year (1.5
X 10®) and L is the number of silent sites. The estimate of the ancestral
population size, 64, using MIMAR (64/61= 1.23) is close to the estimate using
STE (64/61=1.09). The estimates using both methods are quite similar, and the
discrepancy may arise from differences in the prior distribution, the assumed
mutation rate, or from the MCMC estimation of 8in MIMAR compared to point

estimates used in STE.



Part Il.

The effects of demography on selection

69



Chapter 3.
Influence of demography on detecting positive selection at

Drosophila melanogaster female reproductive genes

70



71

INFLUENCE OF DEMOGRAPHY ON DETECTING POSITIVE SELECTION AT

DROSOPHILA MELANOGASTER FEMALE REPRODUCTIVE GENES

Andrea S. Putnam, Clinton Edwards, Peter Andolfatto

Division of Biological Sciences, University of California San Diego, La Jolla, CA

92093

Corresponding Author:

Andrea Putnam

Division of Biology

UCSD. MC0116

La Jolla, CA 92093

asputnam@biomail.ucsd.edu

Keywords: adaptive evolution, demography, positive selection, site frequency

spectrum, sex-biased genes



72

ABSTRACT

Male and female reproductive proteins have attracted the attention of
evolutionary biologists due to their possible role in reproductive isolation and
speciation. In a recent study of a Californian population of Drosophila
melanogaster, 6 of 9 genes with enriched expression in the female reproductive
tract exhibited non-neutral population genetic patterns suggesting they are
frequent targets of adaptive evolution (Panhuis and Swanson 2006). However,
the Californian population exhibits signatures expected under a recent
bottleneck, including a marked reduction in variability, increased linkage
disequilibrium and a large variance in polymorphism patterns among loci and
bottlenecks are known to produce many false signatures of positive selection We
thus surveyed variation at the same candidate genes in a putatively ancestral
African population and found that 2 of the 9 genes exhibit signatures of recent
positive selection in both populations. In addition, we find that the bottleneck in
the California population actually obscures a signature of ongoing positive
selection on polymorphic amino acid variants at candidate reproductive genes.
These results illustrate that taking demographic history into account can increase

the power and accuracy of scans for genes undergoing adaptive evolution.

INTRODUCTION

It has been suggested that reproductive genes are preferential targets for

positive selection because interactions between male and female proteins may
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be important in driving reproductive isolation (Swanson and Vacugier 2002). An
example of this type of sexual selection is adaptive evolution of genes involved in
sperm and egg recognition or sperm competition. As a result, population genetic
scans for positive selection frequently focus on genes up-regulated in the
reproductive tract, a particularly with male-biased expression, and several
studies that have shown that many are rapidly evolving (Civetta and Singh 1995,
Singh and Kulathinal 2000, Wu et al 2000, Swanson et al. 2001a, 2001b,
Wyckoff et al 2000, Jagadeeshan and Singh 2005, Proschel et al 2006).

For several reasons, Drosophila has been an important model system used to
study selection on reproductive genes. In addition to morphological and
behavioral sexual dimorphism in Drosophila, gene expression is also sexually
dimorphic. Surveys of sex biased gene expression found that approximately half
the expression of D. melanogaster genes is sex-dependent (Ranz et al 2003,
Parisi et al 2004, Zhang et al 2007). For example, accessory gland proteins in
the seminal fluid are known to evolve rapidly in many Drosophila species (Tsaur
and Wu 1997, Begun et al 2000, Swanson 2001, Betran and Long 2003, Schully
and Hellberg 2006). In mated females, these proteins mediate sperm
competition and storage as well as increase the rate of egg laying (Chapman et
al 1995, Clark et al 1995) making them candidates for sexual selection and

reproductive isolation factors.

There are, however, a paucity of studies that examine sexual selection in female

reproductive genes. In search of candidates for positive selection in female
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reproductive proteins, Panhuis and Swanson (2006) recently examined 8 genes
with nonsynonyomous to synonymous substitution ratios (Ka/Ks) > 0.5 identified
from a set of D. simulans genes with enriched expression in the female
reproductive tract (Swanson et al 2004). An additional candidate gene was also
examined based on its high expression in female spermatheca and parovaria
tissue (Arbeitman et al 2004). Together, these genes were surveyed for evidence
of positive selection in Californian isofemale lines and 6 of the 9 suggested
positive selection based on patterns of polymorphism and divergence (Panhuis

and Swanson 2006).

However, Drosophila melanogaster has a Sub-Saharan African origin and is
believed to have only recently colonized temperate habitats (Lachaise et al.
1988). Recent population bottlenecks associated with colonization of these
temperate habitats are apparent in reduced levels of nucleotide variability, a
skew towards high frequency-derived variants and increased linkage
disequilibrium in non-African compared to African populations (Begun et al. 1993;
Andolfatto 2001; Ometto et al. 2005; Haddrill et al. 2005; Thornton and Andolfatto
2006; Li and Stephan 2006). This recent bottleneck is expected to be associated
with many false positives in genome wide scans for recent positive selection
(Thornton and Andolfatto 2006, Thornton and Jensen 2006). To distinguish
effects of demography from true signatures of selection at candidate female
reproductive genes, we compare polymorphism patterns at the 9 candidate loci in

samples from California to the same genes sampled in the putatively ancestral
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Zimbabwe population. We also take advantage of a set of 137 randomly chosen
genes sequenced in a Zimbabwe population as a control. If selection on these
female reproductive genes is not geographically localized, we expect to see

similar evidence for selection on these candidates in both populations.

MATERIALS AND METHODS

Candidate loci. The nine female reproductive loci surveyed here are described in
Swanson et al. (2004) and Panhuis and Swanson (2006) and show enriched
expression in the D. simulans female reproductive tract. With the exception of
CG17012, these genes were predicted to be likely targets of positive selection
because of Ka/Ks values are > 0.5. CG17012 was chosen specifically because it
is highly expressed in the female reproductive tract of D. melanogaster
(Arbeitman et al. 2004). These loci are scattered throughout the genome (Table
1). The 13 Drosophila melanogaster fly lines used in this study come from
Victoria Falls, Zimbabwe, Africa (collected by B. Ballard, 2002). In order to
amplify a single D. melanogaster allele from autosomal loci, ~5 virgin females
from each D. melanogaster line were crossed to ~10 D. simulans males from a
Madagascar population (collected by B. Ballard 2002). Primers were designed to
specifically PCR amplify the D. melanogaster allele in all-female F1 offspring of
these crosses (Ashburner 1989). To examine divergence, we used orthologous
D. simulans sequences from Release 1.0 of the D. simulans genome assembly

(Accession number AAGH01000000). Information on the primers used is listed in
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Supplementary Table 1. Sites within insertion-deletion events or ambiguous
bases (there were a total of 4 ambiguous bases out of 5712 total bases) in

alignments were not considered in analyses.

Genomic DNA was extracted using the Puregene DNA purification kit (Gentra
Systems. PCR products were cleaned using Exonuclease | and Shrimp Alkaline
Phosphatase. Both strands of PCR product were sequenced using Big-Dye
(Version 3, Applied Biosystems) and run on an ABI 3730 capillary sequencer.
Sequences were edited and aligned using Sequencher 4.2 (Gene Codes)
software. Sequences are deposited in Genbank (Accession numbers -
)

Control loci. For comparison to candidate loci, similar polymorphism and
divergence data for a control set of 137 randomly chosen X-linked loci was used
(Andolfatto 2007). This set of control genes was selected randomly from highly
recombining regions of the X-chromosome. Sex biased expression for the
candidate and 137 control genes was determined data obtained from ovaries and
testes (Parisi et al 2004, Gnad and Parsch 2006). For 29 genes there was no

available ovaries or testes expression data (Gnad and Parsch 2006).

Summaries of polymorphism and divergence, and tests of neutrality. Panhuis and
Swanson (2004) considered all surveyed polymorphisms in analyses. Here we
analyzed nonsynonymous and synonymous polymorphism separately except for

Fay and Wu'’s H (Fay and Wu 2000), the composite likelihood ratio test (CLR
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test; Kim and Stephan 2002), and the selective sweep goodness-of-fit (GOF) test
(Jensen et al 2005). There were two discrepancies between our H statistic
results and those obtained by in Panhuis and Swanson (2006). In our analysis
CG 13004 was significant for H, but in Panhuis and Swanson (2006) it was not,
and CG5843 was significant for H in their analysis and in ours it was not. These
discrepancies in H values are due to differences in alignments with the outgroup,
D. simulans. For all other California candidate genes, our values for H are similar
to those reported in Swanson and Panhuis (2006). To make the two studies
comparable, we sub-sampled 12 alleles from the Californian population to match

the average sample size of our study.

Levels of neutral variation were summarized using Watterson’s estimator, 6
(Watterson 1975), and the average pairwise diversity per nucleotide, 7 (Tajima
1983). Synonymous and nonsynonymous sites were counted using the method
of Nei and Gojobori (1986). Divergence between D. melanogaster and D.
simulans was estimated as the average pairwise divergence per site between
species, Dxy (Nei 1987). To compare the degree of variation in diversity levels
among loci for the Zimbabwe and California samples, we used the coefficient of
variation (CV = standard deviation/mean) of 7. The number of divergent sites (D)
was estimated as Dxy - & with a Jukes-Cantor correction for multiple hits (Li
1997). Two summaries of the distribution of polymorphism frequencies were
used. Tajima’s D (Tajima 1989) is a measure of the standardized difference

between w and 6. Fay and Wu’s H measures the difference between 7 and 6y, an
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estimator of 6 that weights derived variants by the square of their frequencies (Fu
1996; Fay and Wu 2000). For each locus, the level of linkage disequilibrium was
assessed using the ZnS statistic (Kelly 1997), which is the average pairwise r?
(Hill and Robertson 1968) among polymorphic sites. The program msstats
(Thornton 2003, http://molpopgen.org/software/msstats/) was used to calculate

ZnS.

Comparing levels of polymorphism and divergence at candidate and control
genes. A multilocus HKA test (Hudson et al. 1987; Haddrill et al 2005) was used
to quantify levels of heterogeneity in levels of polymorphism and divergence at
synonymous sites in candidate and control loci compared to neutral expectations.
In addition, a two-class version of the multilocus HKA test (Andolfatto 2005) was
implemented to compare levels of pooled polymorphism and divergence at
Zimbabwe candidate loci the 137 control genes. Code for the multilocus HKA test
is available by contacting the authors, and code for the two-locus version of the
test (Andolfatto 2005) is available on request to P.A. Empirically the effective
population size of the X and autosomes look close to equal in African populations
(Andolfatto 2001; Hutter et al. 2007), thus we did not scale diversity on the X to
correct for expected differences in chromosome number compared to autosomes
(i.e. 3X:4A in a population with equal numbers of males and females). The site
frequency spectrum (SFS) of polymorphisms was compared among datasets to
examine signatures of selection. Each polymorphism is classified according to its

derived frequency from 1 to n-1, where n is the sample size. The derived
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ancestral state was inferred using D. simulans as an outgroup and standard
parsimony criteria. A test for recent selective sweeps at the candidate loci was
performed using a composite-likelihood ratio test (CLRT, Kim and Stephan
2002). For loci where neutrality is rejected, a goodness of fit (GOF) test is then
performed to determine if the data is consistent with a selective sweep model
(Jensen et al 2005). We attempt to distinguish true sweeps from false positives
due to a population bottleneck by simulating the distribution of the GOF statistic
under a demographic model. To model demography for the California population,
we used “out-of-Africa” bottleneck parameters estimated in Thornton and

Andolfatto (2006).

We also used the SFS, pooled across loci, to compare classes of polymorphisms
(ie. synonymous and nonsynonymous). For each frequency class we performed
a correction for multiple hits to a nucleotide site because multiple hits will lead to
more inferred high frequency derived polymorphisms, a signature of positive
selection. Ignoring higher order terms, the probability of misinferring the ancestral
state k ~ x(Dxy -x), where k = probability of misinference given a back mutation
and (Dxy -x) is the net divergence per site for a locus. We assume k ~3/8, which
is appropriate for four-fold synonymous sites (Fay and Wu 2000). We model the
observed number of polymorphisms in frequency class i (8., ,,) as reflecting an
equilibrium between mutation and back-mutation. Specifically, the observed

polymorphisms at frequency i/ in a sample of n chromosomes is
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S0 = E(8) = E(5)(k)+ E(5,_)(X) (1)

where E(S,) is the expected number of polymorphisms belonging to class i. One
can write an analogous equation for the observed number of polymorphisms in
class (n -i) as,

S, = E(S, )= E(S _NK)+ E(5)(K) (2)
Equation (2) can be substituted into equation (1) and then solved for E(S)),

S .(1=k)-5
(1-2k)

k

E(S,) = it (3)

After the correction for multiple hits, a %? test was then performed to detect
departures from expectations in high and low frequency classes in the California
and Zimbabwe datasets relative to neutral expectations. For the Zimbabwe
dataset, pooled polymorphism frequencies at candidate loci were also compared

to control loci.

To test the fit of various test statistics to the standard neutral model, we carried
out neutral coalescent simulations with recombination using the program, ms
(Hudson 2002). Simulations were generally performed using a point estimate of 6
(Watterson 1975). For the HKA test, we used the expected 0 for each locus and
T calculated using equations in Hudson et al. (1987). P-values for test statistics
are generally based on 10,000 simulated replicates. The distributions of P-values

between candidates and control loci for D, H, were compared among datasets
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using a Kolmogorov-Smirnov test as implemented using the R statistical package

(http://www.r-project.org).

The McDonald-Kreitman (MK; McDonald and Kreitman 1991) test and its
extensions are used to test for recurrent adaptive protein evolution in candidate
and control genes. In single locus and pooled MK tests, a two-tailed Fisher’s
Exact test for independence was used to assess significance. Distributions of P-
values for candidate and control genes were compared using a Kolmogorov-
Smirnov test (as above). For this test, a random subset (n = 12) of California
individuals were surveyed in order to make all datasets comparable. The fraction
of protein divergence driven to fixation by positive selection, o, can be estimated
using an extension of the MK test (Rand and Kahn 1996; Fay et al 2001, Fay et
al 2002, Smith and Eyre-Walker 2002). To estimate o, we used the methods of
Smith and Eyre-Walker (2002) and Bierne and Eyre-Walker (2004) as
implemented in the program DFoE (Eyre-Walker, personal communication).
Since many nonsynonymous polymorphisms that segregate in natural
populations are likely deleterious, these approaches are expected to
underestimate o (Fay et al. 2001; Charlesworth and Eyre-Walker 2006). To
minimize this bias, low frequency polymorphisms (frequency < 0.10) were
excluded from the calculation (Fay et al 2001, Charlesworth and Eyre-Walker

2006).

RESULTS and DISCUSSION
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Evidence for a recent bottleneck in the California population.

Signatures of a recent bottleneck include reduced variation (Maruyama and
Fuerst 1985), increased linkage disequilibrium (McVean 2002, Haddrill et al
2005), and increased variance in summary statistics such as the HKA X2 (Haddrill
et al. 2005), Tajima’s D and Fay and Wu'’s H (Haddrill et al. 2005). Indeed,
candidate loci from the Californian population exhibit many signatures consistent
with a recent bottleneck (see for e.g. Haddrill et al. 2005). In particular,
candidate genes in California have reduced variability and increased levels of
linkage disequilibrium (measured by ZnS), and increased heterogeneity in
diversity (as measured by CV(x) and the HKA %) relative to the same loci in the
Zimbabwe population (Table 1). In addition, the variances of Tajima’s D and Fay
and Wu'’s H are larger for the Californian population (Table 1), as expected after
a recent bottleneck (Haddrill et al. 2005). While these differences between the
Californian samples could be due to geographically localized selection (in
California), we think this explanation is less parsimonious than a simple
bottleneck, which is also apparent at randomly chosen loci in non-African
populations (Baudry et al. 2004; Ometto et al. 2004; Haddrill et al 2005). These
bottleneck signatures will likely lead to false rejections of the neutral model
(Thornton and Andolfatto 2006; Jensen and Thornton 2006) and potentially

obscure true signals of positive selection among the candidate genes.

Assessing evidence for selection at candidate loci
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Which if any of the candidate genes are targets of recent adaptation? We
propose to first address this question by comparing locus-by-locus tests of
neutrality on the candidate loci in the two populations. In our analysis of the
California sample, CG17012 was significantly different from neutral expectations
by a McDonald-Kreitman (MK) test (McDonald and Kreitman 1991), however no
individual loci reject the MK test in the Zimbabwe population. We further found
that 5 of the 9 candidate loci in the Californian population significantly reject
neutrality by either Tajima’s D, Fay and Wu’s H or the CLR test (Table 2). At
individual candidate loci in the Zimbabwe population, values of Tajima’s D do not
significantly deviate from neutral expectations. However, moderately significant
values of H suggest an excess of high-frequency derived polymorphisms at 2 of
the 9 candidate loci (CG5706 and CG17108) in the Zimbabwe population (Table
2). One of these two loci (CG17108) rejects the neutral model by a CLR test (P =
0.01) and appears to be consistent with a recent selective sweep model (P =
0.47, GOF test, Table 2). Intriguingly this same gene is also the only candidate
in the California population to fit a selective sweep model when a bottleneck is
accounted for (P =0.95, GOF test, Table 2),suggesting it may truly be a target of
recent adaptation. There is little information known about the ontology of
CG17108 other than it appears to have acetyl-CoA carboxylase activity

(Ashburner et al 2000), which is important in fat metabolism.

While it appears that at least some are targets of recent selection, is there any

evidence that candidate female reproductive genes are preferential targets for
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adaptation? To address this question, we compared the 9 candidate genes
surveyed in Zimbabwe to the 137 control loci surveyed in the same population
(Andolfatto 2007). Sixteen of these 137 control loci (12%) and 2 of the 9
Zimbabwe candidates (22%) reject neutrality (P = 0.3 by a Fisher's Exact test).
We also failed to find a significant difference in the distribution of P-values for D,
H and the CLR test for the Zimbabwe candidate and control sets (P =0.81, P =
0.46, P= 0.55, respectively, Kolmogorov-Smirnov test, Figure 1). In addition,
comparing the distribution of MK test P-values for the candidate and control loci
failed to detect a difference in their distributions (P =0.96, Kolmogorov-Smirnov
test; Figure 1). Finally, we tested for a difference in levels of the level of
polymorphism relative to divergence in candidates and controls using a two-class
HKA test (x* = 1.73, P = 0.19). These results together suggest that, while we do
detect recent selection at two candidates, candidates overall do not look

particularly unusual relative to the genome background.

To evaluate this further, we investigated the extent of adaptive protein evolution
in candidate versus control loci using o, an index that measures the fraction of
adaptive protein divergence (Rand and Kann 1996; Fay et al 2001, Fay et al.
2002, Smith and Eyre-Walker 2002). Using two methods of calculating o (Table
3), we found that estimates of a (46-62%) were similar in candidates and controls
and to previous estimates of a in D. melanogaster-D. simulans comparisons

(Andolfatto 2007).
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Evidence for ongoing positive selection on female reproductive genes in the site
frequency spectrum.

The tests for selection and estimates of adaptive divergence above suggest that
the Zimbabwe female reproductive candidate genes largely do not look different
than the genomic background. To try a different approach, we examined the
polymorphism site frequency spectrum (SFS), which can be used to tease apart
signatures of negative and positive selection (Nielsen 2005). In particular,
negative selection on nonsynonymous sites will skew the SFS toward low
frequency polymorphisms. Alternatively, positive selection will skew the SFS
toward high frequency derived polymorphisms that are on their way to fixation in
the population. Using the SFS to evaluate evidence for selection, however, can
be misleading because demography (Przeworski 2002, Lazzaro and Clark 2003,
Haddrill et al 2005) and genetic hitchhiking (Fay and Wu 2000, Kim and Stephan
2000, Przeworski 2002) can cause shifts in SFS toward both high and low
frequency polymorphisms. To avoid these problems, we compare two classes of
polymorphic sites, synonymous and nonsynonymous. When evaluating patterns
at nonsynonymous sites, synonymous sites are used as a control since

demography and hitchhiking are expected to affect both classes of sites similarly.

To look for signatures of direct selection on nonsynonymous polymorphisms, we
compared the SFS of nonsynonymous polymorphisms in the Zimbabwe samples
for candidate and control loci to synonymous sites (Figure 2). At nonsynonymous

sites for control loci in the Zimbabwe population, there is a significant excess of
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rare nonsynonymous polymorphisms relative to synonymous sites (P = 37,
Fisher’s Exact test) consistent with the action of purifying selection on amino acid

polymorphisms.

Intriguingly, there is also a significant excess of high frequency derived
nonsynonymous polymorphisms in the Zimbabwe candidate genes relative to
synonymous polymorphisms (P=0.01, Fisher’'s Exact test, Figure 2). Two loci at
which we detected positive selection in locus-by-locus tests, CG5706 and
CG17108, did not contribute disproportionately to the total number of high
frequency derived nonsynonymous polymorphisms (i.e. 38%), and this significant
difference persists when these loci are excluded (P=0.001, Fisher's Exact test,
Figure 2), The same excess of high frequency derived nonsynonymous
polymorphisms is not apparent in control loci (P=0.1, Fisher’s Exact test, Figure
2), and in fact there is a significant difference in the SFS for candidate and
control loci in the Zimbabwe sample (x* =12.2, P=0.002, Figure 2). Together,
these patterns suggest that not only are a significant fraction of amino acid
polymorphisms in candidate loci experiencing positive selection, but candidate

loci also appear to be preferential targets for positive selection by this analysis.

Despite the apparent excess of low frequency nonsynonymous polymorphisms
compared to synonymous polymorphisms in the Californian sample of candidate
genes (Figure 2), this difference is actually not significant (P = 0.14, Fisher’s

Exact test). We also found that there are not more high frequency derived
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nonsynonymous polymorphisms compared to synonymous sites in the
Californian sample (P = 0.48, Fisher's Exact test). We propose that signatures of
selection on candidate genes in the Californian population may be more difficult
to see because there are fewer polymorphisms and polymorphism frequencies
may have been recently perturbed by a recent bottleneck. Thus, surveying the
Zimbabwe population may have afforded us more statistical power to detect

selection.

Analyzing sex bias in the control and candidate genes

Our investigation of candidate female reproductive genes, following the study of
Swanson and Panhuis (2006), has affinities with recent studies investigating
rates of adaptation in the context of sex-differences in gene expression
(Proeschel et al. 2006; Sawyer et al. 2007). In particular, Proeschel et al (2006)
documented higher levels of adaptive divergence in genes with male- and
female-biased expression relative to genes with unbiased expression (but see
Sawyer et al. 2007). Though our set of candidate genes is targeted towards
female reproduction, and one gene (CG17012) was chosen specifically because
it is highly expressed in the female reproductive tract, in fact only 4 of these 9
candidates have female-biased expression according to the SEBIDA database
(Gnad and Parsch 2006). Interestingly, both candidate genes we detected as
targets of recent positive selection in Zimbabwe in locus-by-locus tests (CG5706

and CG17108) actually have male-biased expression.
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Because rates of adaptation seem to correlate with sex-specific expression
pattern, and encouraged by our analysis of the SFS comparing candidates and
controls, we revisited our combined dataset in the context of sex-biased
expression (Gnad and Parsch 2006). We separated the 137 control and 9
candidate genes from Zimbabwe into male biased (N =20), female biased (N =
23) and unbiased (N = 70) expression classes based on data from D.
melanogaster ovaries and testes (Parisi et al 2004, Gnad and Parsch 2006).
Thirty-three surveyed genes did not have available expression data.

In line with previous studies (Proeschel et al 2006), we confirm that the fraction of
positively selected amino acid replacements between species, a, is greater in
male- and female-biased genes compared to unbiased genes (Figure 3).
However, only the maximume-likelihood estimate of a for male-biased genes is
outside of the 95% confidence interval for unbiased genes (P = 0.022, by a
likelihood ratio test). Interestingly, we found that the distributions of P-values for
Fay and Wu’s H are significantly different between male and female biased
classes (P = 0.02, Kolmogorov-Smirnov test, Supplementary Figure 1). This is
likely because the Fay and Wu’s H values were generally more negative overall
in the male-biased (mean H = -0.55) compared to female-biased genes (mean H

=-0.07).

To examine this further, we considered the SFS for each of these three classes
of genes. There is a significant excess of rare nonsynonymous polymorphisms

relative to synonymous sites for male (P = 0.05, Fisher’s Exact test, Figure 4),
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female (P = 0.01) and non- sex biased P = (0.004) genes. This result is
consistent with the action of purifying selection on amino acid polymorphisms. At
high frequency nonsynonymous polymorphisms, only female biased genes were
significantly different from synonymous (P = 0.003). Although high frequency
polymorphisms in male biased genes did not differ significantly between
synonymous and nonsynonymous sites, at synonymous high frequency sites the
male biased genes were significantly different from neutral (P =0.01), female (P =
0.01) and unbiased sites (P = 0.03). This excess of high frequency
polymorphisms is not seen at other expression classes. Together, the SFS
results and the significant male biased Fay and Wu’s H P-values compared to
female biased are consistent with the notion that genes with male-biased

expression may be more frequent targets of adaptation (Proeschel et al. 2006).

Conclusions

We compared polymorphism and divergence patterns at 9 candidate female
reproductive genes surveyed in a putatively ancestral African and recently
derived Californian population. Though we confirmed that the a large fraction of
these candidates depart from neutral expectations in the Californian sample, we
propose that many of these departures from neutrality likely result from a recent
bottleneck based on caparisons between Zimbabwe and Californian samples.
Despite a large impact of demography in the Californian population, we did
detect evidence for recent positive selection at 2 of the 9 candidate loci in the

Zimbabwe sample, one of which showing strong support for a recent selective
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sweep in both populations. Given evidence for recent positive selection at some
candidates, we then asked whether the candidates are preferential targets for
adaptation compared to a control set of 137 loci surveyed in the same Zimbabwe
population. We found that the candidate female reproductive genes indeed
seem to be enriched for positively selected amino acid polymorphisms, and that
this signature of positive selection is most easily seen in the relatively
demographically stable Zimbabwe population. These results, in combination with
results for locus-by-locus tests for selection suggest that taking the demographic
history of populations into account may increase the power and accuracy of tests

for selection.

It is also important to note that our candidate ‘female’ reproductive genes that
appear to be under selection actually have male biased expresion. Tests of
neutrality and the site frequency spectrum of the control and candidate genes
partitioned into sex biased classes revealed that indeed, male biased genes
appear to be under greater positive selection that female and non- sex biased
genes. These results point to genes with male biased expression driving the

signatures for positive selection.
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Figures and Tables

Table 1: Tests of neutrality using the Zimbabwe (Zimb) dataset and a subset of 12 individuals from the California (Calif)
dataset. P-values are in parentheses: average (Ave) and variance (Var) Tajima’s D (1983), Fay and Wu’s H (2000), and

HKA %2 statistic (Hudson et al 1987).Significance was based on simulations under the neutral model with recombination.

See Methods for simulation parameter estimates.

Population Ave D Ave H Var D Var H HKA cv
California Candidate | -0.58 (0.14) | -0.54 (0.09) | 0.35 (0.17) | 1.02 (0.014) | 19.11(0.04) | 0.87
Zimbabwe Candidate | -0.63 (0.06) | -0.34 (0.15) | 0.22 (0.13) | 1.13 (<0.001) | 7.14 (0.75) | 0.70
Control (Zimbabwe) | -0.28 (0.10) | -0.55 (0.08) | 0.45 (0.94) | 3.29 (<0.001) | 22.0 (0.82) | 0.54

Table 2. P-values for tests of neutrality and selective sweeps in California and Zimbabwe candidate genes. Significance

was based on simulations under the neutral model with recombination. See Methods for simulation parameter estimates.

Locus D® H LR® GOF!

Zimb | Calif | Zimb | Calif | Zimb | Calif | Zimb | Calif
CG5273 | 0.13 | 0.01* | 0.38 | 0.76 | 0.52 | 0.44 N/A | N/A
CG13004 | 0.47 | 0.34 | 0.10 | 0.01* | 0.67 | 0.02* | N/A | 0.02*
CG8453 | 0.10 | 0.58 | 0.74 | 0.06 | 043 | 0.55 N/A | N/A
CG9897 | 0.85 | 0.31 | 0.51 | 0.05* | 0.65 | 0.06 N/A | N/A
CG10200 | 0.39 | 0.12 | 0.33 | 0.10 | 0.08 | 0.68 N/A | N/A
CG17012 | 0.40 | 0.72 | 0.19 | 0.07 | 0.50 | 0.42 N/A | N/A
CG17108 | 0.19 | 0.04* | 0.05* | 0.02* | 0.01* | 0.002* | 0.47 | 0.95
CG5106 | 0.72 | 0.04* | 0.04* | 0.004* | 0.74 | 0.20 N/A | N/A
CG5976 | 0.80 | 0.32 | 0.53 | 0.97 | 0.52 | 0.11 N/A | N/A

*Significant after a Bonferroni correction for multiple tests.
3 Tajima’s D (1983). ® Fay and Wu’s H (2000) °Composite likelihood ratio test (Kim and Stephan 2005) ¢ Goodness of fit
test (GOF) for selective sweeps (Jensen et al. 2005) that account for bottleneck (Thornton and Andolfatto 2006).
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Table 3: Estimates of the fraction of adaptive amino acid divergence, «, in candidate genes from Zimbabwe (Zimb) and

and 137 control genes from Zimbabwe. 95% confidence intervals in parentheses.

Polymorphisms SEW® BEW®
Zimb Control Zimb Control
All 0.49 (0.24 - 0.66) 0.54 (0.44 - 0.63) 0.42 (0.10 - 0.63) 0.40 (0.30 - 0.48)
p>0.1 0.48 (0.15 - 0.74) 0.62 (0.49 - 0.72) 0.50 (0.16 - 0.70) 0.52 (0.40 - 0.59)
p>0.2 0.46 (0.18-0.71) 0.43 (0.24 - 0.59) 0.35 (-0.35 - 0.66) 0.40 (0.22- 0.59)

2 (Smith and Eyre-Walker 2002); ° (Bierne and Eyre-Walker 2004).

° A subset of 12 California individuals used for analyses to make all the datasets comparable.
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100

Figure 1a-d: Tests of neutrality. Distribution of P-values for a) Fay and Wu's H
and, b) Tajima’s D, c) CLR test, and d) MK test in Zimbabwe candidate,

California candidate, and Zimbabwe control genes.
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Figure 2a-c: Distribution of polymorphisms. a) synonymous polymorphisms, b) replacement polymorphisms, c) 4-fold synonymous
sites. Synonymous and replacement polymorphisms were divided into three classes: low, common, and high frequency. A correction
for multiple hits was employed for each dataset.
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Figure 3: Estimates of the fraction of adaptive amino acid divergence, a, using the method of Bierne and Eyre-Walker
(2004). Results given for sex-biased and non-sex biased genes, pooled from Zimbabwe candidate and 137 control genes.
Error bars represent 95% confidence intervals.
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Figure 4: Distribution of polymorphisms. a) synonymous polymorphisms, b) replacement polymorphisms. Synonymous and
replacement polymorphisms were divided into three classes: low, common, and high frequency. A correction for multiple hits was
employed for each dataset (see Methods).
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Supplementary Table 1: Cytological positions, sex-biased expression, and recombination rate of candidate loci.

M/F
Candidate | Chromosome | Position | expression® Rec” | Rec®
CG5273 X 1C4 0.85 0.36 0
CG13004 X 15A11 1.13 227 | 210
CG8453 2R 48E7 2.54 1.00 [ 0.99
CG9897 2R 59C1 0.45 1.31 | 0.62
CG10200 2R 51C3-4 1 1.31 | 1.14
CG17012 2L 22D2 0.41 235 | 1.70
CG17108 2L 32A4 1.94 1.87 | 1.89
CG5106 3R 86D8 22.71 0.7 | 0.56
CG5976 3L 77C4 0.74 0.20 | 0.08

Average ratio of male to female expression (Gnad and Parsch 2001), "Recombination rate (cM/Mb) estimated from
Charlesworth (1996), “Recombination rate (cM/Mb) estimated from Comeron and Kreitman (2000)
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Supplementary Table 2: See Excel file.

Supplementary Table 4: Polymorphism and divergence.
L Polymorphism* Divergence P-value®
ocus Synonymous Nonsynonymous Synonymous Nonsynonymous
Candidate Zimbabwe California® Zimbabwe California  Zimbabwe ~California ~ Zimbabwe ~California  Zimbabwe ~California
CG5273 1 1 0 0 17 37 6 16 0.99 0.99
CG13004 5 4 3 0 27 22 34 21 0.27 0.08
CG8453 3 2 1 1 12 56 10 19 0.43 0.43
CG9897 13 1 6 0 15 20 15 17 0.17 0.99
CG10200 3 1 1 0 9 18 14 55 0.22 0.25
CG17012 3 4 9 1 23 27 49 60 0.46 0.03*
CG17108 14 1 3 0 27 41 12 15 0.25 0.99
CG5106 10 2 1 1 24 32 2 4 0.67 0.35
CG5976 1 0 1 0 21 19 5 7 0.39 N/A
Candidate (Total) 53 16 25 3 175 272 147 214 0.009* 0.01*
Candidate® (Total) 51 15 24 3 137 216 126 191 0.003* 0.009*
Control (Total) 1016 242 2285 1672 0.001*

2 Only segregating sites with a frequency >0.1 are reported.
® McDonald-Kreitman test (1991). Probabilities are from a two-tailed Fisher's exact test. Significance (P < 0.05) is indicated with an

asterisk.

° A subset of 12 California individuals are reported here to make the number of individuals comparable among datasets.

¢ Total number of polymorphisms when two loci with the lowest recombination rates (CG5976 and CG5273) are removed.
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Supplementary Figure 1: Distribution of P-values for Fay and Wu’s H in Zimbabwe female, male, and non-biased
expression classes of pooled Zimbabwe candidate and control genes.
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