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Abstract A primary goal for evolutionary biology is to

reveal the genetic basis for adaptive evolution and repro-

ductive isolation. Using Z and E pheromone strains the

European corn borer (ECB) moth, I address this problem

through multilocus analyses of DNA polymorphism. I find

that the locus Triose phosphate isomerase (Tpi) is a sta-

tistically significant outlier in coalescent simulations of

demographic histories of population divergence, including

strict allopatric isolation, restricted migration, secondary

contact, and population growth or decline. This result

corroborates a previous QTL study that identified the Tpi

chromosomal region as a repository for gene(s) contribut-

ing to divergence in life history. Patterns of nucleotide

polymorphism at Tpi suggest a recent selective sweep and

genetic hitchhiking associated with colonization of North

America from Europe *200 generations ago. These results

indicate that gene genealogies initially diverge during

speciation because of selective sweeps, but differential

introgression may play a role in the maintenance of dif-

ferentiation for sympatric populations.

Keywords Divergence � Speciation � Selection �
Gene flow � Reproductive isolation � Polymorphism �
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Introduction

Quantitative-trait locus (QTL) mapping and multilocus

analyses of DNA polymorphism across populations are two

complementary approaches for locating genes or chromo-

somal regions contributing to reproductive isolation or

adaptive evolution. Perhaps the most straightforward of the

two approaches is QTL mapping, which has enabled the

characterization of dozens of unexplored genomes, as well

as the genetic architectures of many compelling examples

of phenotypic evolution (reviewed in Erickson et al. 2004).

In contrast to QTL mapping, multilocus analyses do not

require prior knowledge of character differences. In this

framework, loci that are outliers with respect to within-

population polymorphism or between-population diver-

gence represent candidate genome regions that have been

targets of recent adaptive evolution (e.g., Harr et al. 2002;

reviewed in Storz 2005). Because many genes contributing

to reproductive barriers will have been shaped by selection

(reviewed by Coyne and Orr 2004), at least in principle,

scans for outlier loci between diverged populations

are detecting both adaptive evolution and reproductive

isolation.

In recent years, genetic mapping and multilocus poly-

morphism methods have been integrated to find loci for

ecologically-relevant characters (reviewed in Stinchcombe

and Hoekstra 2008). Both were recently used for partially

isolated Z and E pheromone strains of the European corn

borer moth (ECB) (Dopman et al. 2004, 2005). In these

studies, genealogical exclusivity between pheromone

strains was strongest at Triose phosphate isomerase (Tpi), a

gene that was tightly linked to a QTL for life history

differences and temporal isolation. This result suggests

that QTL and ‘‘outlier mapping’’ provide complementary

estimates for the locations of genes contributing to
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diversification. However, there is an interpretational

challenge for multilocus analyses of DNA polymorphism

because neutral demographic changes associated with

population divergence or speciation (e.g., substructure or

bottlenecks) can produce locus-specific outlier patterns,

such as genealogical exclusivity, by random chance

(Przeworski 2002; Thornton and Andolfatto 2006). In

these situations, the potential for false positives can be

high.

By taking advantage of the availability of both QTL

and multilocus data for the ECB, I revisit the data of

Dopman et al. (2004, 2005) and take an explicit popula-

tion genetics perspective to assess whether statistically

supported outlier loci exist among gene regions. I then

incorporate new data from ‘‘ancestral’’ European popula-

tions to obtain an historical context for patterns of descent

at Tpi.

Given population-genetic support for the hypothesis that

selection has shaped the Tpi genome region, a final issue

that is confronted concerns the type of selection that has

operated. Dopman et al. (2005) proposed two hypotheses to

account for locus-specific exclusivity in the ECB. One

scenario involves a selective sweep of a beneficial allele(s)

contributing to adaptive trait divergence between Z and E

populations, followed by genetic hitchhiking in the Tpi

gene region (Maynard Smith and Haigh 1974). A second

possibility is differential introgression, which describes

recurrent introgression of, and negative selection against,

maladaptive alleles (Barton and Hewitt 1981; Charlesworth

et al. 1997).

The distinction between selective sweeps and differ-

ential introgression as explanations for genealogical

divergence is important for at least two reasons. First, it

may help account for variation in the size of differentiated

regions between diverged populations or species (e.g.,

Harr 2006; Emelianov et al. 2004; Via and West 2008).

As noted by Via and West (2008), theoretical simulations

suggest that large genome intervals of differentiation can

result from differential introgression ([1 cM; Charles-

worth et al. 1997), whereas genetic hitchhiking will

typically yield more localized signatures (5–10 kb)

(Charlesworth et al. 1997; Kim and Stephan 2002). Sec-

ond, distinguishing between these models can help predict

whether genome intervals containing phenotypic targets

of selection have been historically important as repro-

ductive barriers (Schluter 2000). For selective sweeps,

reproductive isolation may have only recently evolved as

a by-products of adaptation, depending on whether trait

differences cause pre or postzygotic isolation. In contrast,

during differential introgression, selection has directly

restricted gene flow between sympatric populations at

those chromosome regions containing QTL for trait

differences.

The European corn borer

The ECB is native to Europe, North Africa, and Western

Asia, but its current range includes all corn-producing areas

(Zea mays) of the United States and Canada east of the

Rocky Mountains (Mutuura and Monroe 1970). ECB col-

onized North America at multiple sites by infesting

imported broomcorn (Sorghum vulgare) from Italy and

Hungary early in the 20th century (Smith 1920; Caffrey

and Worthley 1927). ECB larvae feed on both wild and

agricultural plants, but are commonly found on maize

(Caffrey and Worthley 1927). In North America and across

most of its range, the ECB consists of a series of sympatric,

partially interfertile populations (Klun and Cooperators

1975; Anglade et al. 1984). Incomplete prezygotic barriers

prevent gene exchange among ECB populations (Dopman

et al. 2010), but beyond these trait differences, moths are

difficult to distinguish (Liebherr 1974). Indeed, besides

Tpi, pheromone strains share extensive genetic polymor-

phism across their genome (see Dopman et al. 2005 and

Malausa et al. 2007).

The dominant form of isolation in the ECB stems from

the use of different sexual communication systems (Dopman

et al. 2010). In the Z strain, females produce and males

preferentially respond to a 3:97 mixture of (E) and (Z)-11-

tetradecenyl acetate, whereas in the E strain females pro-

duce and males preferentially respond to a 99:1 (E)/(Z)

blend (Roelofs et al. 1987). Behavioral isolation arises

from a single major autosomal gene contributing to pher-

omone blend (Pher) differences (Lassance et al. 2010), and

a second major sex-linked factor contributing to differ-

ences in male response (Resp) (Roelofs et al. 1987;

Dopman et al. 2004). Population surveys reveal that at

many sites in Europe and North America only Z strain

males and females occur, that Z and E strain moths occur

sympatrically at a number of sites, and that the E strain

rarely occurs alone (Klun and Cooperators 1975;

Kochansky et al. 1975; Cardé et al. 1978; Anglade et al.

1984). Both pheromone strains occur in New York, and

sympatric populations feeding primarily on maize have

been documented at a number of localities (Roelofs et al.

1985; Glover et al. 1991). The situation in Europe is more

complicated, because there appear to be two distinct ‘‘host

races’’. The race feeding on Artemisia (mugwort) or

Humulus (hop) uses the E pheromone, whereas the one

feeding primarily on maize uses the Z pheromone

(Bourguet et al. 2000; Thomas et al. 2003).

ECB populations are also characterized by variation in

number of generations per year (voltinism). In Europe and

in the United States, moths are univoltine in the north and

bivoltine in the south, but multivoltine populations occur at

some southern US sites (Showers et al. 1975). Differences

in voltinism patterns were apparent soon after the original
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introductions of ECB to the northeastern United States

(Caffrey and Worthley 1927). Although life cycle differ-

ences can be a consequence of environmental variation,

early studies suggested a genetic component and sex-linked

inheritance (McLeod 1978; Reed et al. 1981). In New

York, ECB larvae diapause over the winter, then pupate

and emerge as adults in the spring and summer. Differences

in post-diapause development time, the time to pupation

under temperature and photoperiod conditions conducive

to breaking diapause, in large part determine number of

generations per year. Postdiapause development (PDD)

time is affected primarily by a major gene (Pdd) or genes

on the sex chromosome (Glover et al. 1992; Dopman et al.

2005). Because the periods of flight of univoltine and

bivoltine moths are displaced in time (Roelofs et al. 1985),

genetic differences affecting voltinism can have important

consequences for the extent of gene flow in natural popu-

lations (Dopman et al. 2010).

Materials and methods

Data collection

Nucleotide sequences were collected for five loci, which

are located in the mitochondrial genome, on the Z sex

chromosome, and on an autosome. All five loci are protein-

coding regions, some of which consist of introns and exons.

The loci include the Z-linked genes Tpi, Kettin (Ket), and

Lactate dehydrogenase (Ldh), the autosomal locus Phero-

mone binding protein (Pbp), and the mitochondrial gene

cytochrome oxidase I (COI). Due to alignment difficulties

with the noncoding region in Ldh, only coding region was

used in analysis. Molecular methods used to collect the

sequence data can be found elsewhere (Dopman et al.

2005).

The sequences of the five loci from a maize-feeding

North American sample (n = 17 bivoltine E-strain moths,

n = 20 bivoltine and univoltine Z-strain moths) and from

an outgroup species (n = 1) (Asian corn borer, Ostrinia

furnacalis) have been previously published (Dopman et al.

2005), as have the sequences for Tpi from E-strain mug-

wort-hop and Z-strain maize host races from France

(n = 28 distinct haplotypes of bivoltine moths; Malausa

et al. 2007). Samples from both geographic regions rep-

resent multiple, wide-spread populations (C5 populations

per region). New Tpi sequences from a second European

sample of maize-feeding moths from Italy and Hungary are

reported here (n = 9 bivoltine E-strain, n = 10 bivoltine

Z-strain), which have been deposited in GenBank under

accession numbers XXX-XXX. Italian moths are from a

population in Piacenza, and Hungarian moths are from a

population in Kety.

Outlier mapping

I assessed the concordance of outlier and QTL mapping for

North American pheromone strains by conducting tests of

neutral-coalescent models. Models were based on known

recent history, current population biology, and plausible

hypothetical scenarios that can generate locus-specific

genetic exclusivity. Table 1 describes the classes of models

that were used. My goal was not to identify the most

probable demographic model, but rather to assess how

realistic historical scenarios and their parameter values

impact inferences of selection (e.g., Haddrill et al. 2005;

Stajich and Hahn 2005). I acknowledge that there may be a

model, perhaps more complex than envisioned here, that is

more appropriate.

To summarize genealogical patterns of exclusivity,

I used FST from Hudson et al. (1992),

FST ¼ pD= pD þ pSð Þ;

where pS = mean within-population diversity, and

pD = absolute between-population diversity (Charlesworth

1998). As FST summarizes only one component of DNA

diversity, Tajima’s D (Tajima 1989) and Fay and Wu’s

H (Fay and Wu 2000) were used to make a more thorough

assessment of model fit, and both statistics were calculated

separately for Z and E strains in DnaSP (v. 4.0) (Rozas

Table 1 General description of neutral models

Model name Abbreviation Description

Standard neutral model SNM A single, randomly mating population of constant size

Isolation I A single population splits into two daughter populations (strict isolation)

Migration M Constant migration between two populations

Secondary contact SC Isolation followed by constant migration between two populations

Bottleneck B Isolation or migration model with an instantaneous population bottleneck

Growth G Migration model with instantaneous population growth

Isolation with migrationa IM Isolation with migration and population size change

a Isolation with migration model of Hey (2005)
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et al. 2003). Multilocus comparisons of polymorphism and

divergence between species compared the ECB to the ACB

(Hudson et al. 1987), using the program HKA (distributed

by Jody Hey).

I follow the approach used in other multilocus studies

in which the null model is conditioned on the average

Watterson’s estimate for the population-mutation parameter

(h) and the sample size (deme 1 = 17 E borers and deme

2 = 20 Z borers; e.g., Haddrill et al. 2005; Stajich and Hahn

2005). I initially evaluated the standard neutral model

(SNM), which assumes a single panmictic population of

constant size. Tests of the SNM were made without recom-

bination to assess whether any loci were outliers under this

assumption, and significance was assessed through 10,000

simulations. Other models were evaluated by generating

simulated data sets (n C 1,000) in MS (Hudson 2002).

MS simulations were carried out with recombination

(average C across genes excluding COI), as the lack of

recombination can make neutrality tests overly conserva-

tive (Przeworski et al. 2001). By convention, population

parameters used in coalescent simulations are relative to

the effective population size for a diploid gene. Since the

effective copy numbers for Z chromosome and mtDNA

are, respectively, 3/4 and 1/4 of that for autosomes, for

each model, parameters and time were scaled accordingly.

Statistics from the simulated data sets were calculated in

MSSTATS (Thornton 2003). Specific details of coalescent

models can be found in the Supplementary Methods.

Outlier loci were conservatively identified if the probability

of observing locus summaries fell below the Bonferroni

corrected value of 0.01.

A ghost of divergence past?

The relative support for a recent or an ancestral origin of

genetic divergence at Tpi was evaluated through compari-

sons of DNA sequences of European ECB. Divergence and

ancestor-descendent evolutionary patterns were measured

by FST and genealogical reconstruction. Tpi genealogy

reconstructions were conducted in MEGA4 (Tamura et al.

2007), using the neighbor-joining method (Saitou and Nei

1987) with Tajima-Nei distances (Tajima and Nei 1984).

Branch support was evaluated using the bootstrap test

(10,000 replicates). All positions containing gaps and

missing data were eliminated from the dataset.

Results

Outlier mapping

For Tpi, FST between strains from North America was high

(0.79) and statistically significantly different (P B 0.01)

from that expected under the SNM (Tables 1, 2). In con-

trast, at COI, Ket, Ldh, and Pbp, FST was low (FST B 0.06)

and within SNM expectations. For Pbp, FST was negative,

indicating a lack of between-strain diversity. In addition to

the unusual levels of nucleotide diversity at Tpi, the locus

shows atypical patterns with respect to the site-frequency

spectrum. With the exception of Tpi, values for D and

H across loci fall within SNM expectations (Table 3). At

Tpi D and H yield strongly negative values in the E strain

(D = -2.2, P B 0.01; H = -11.9, P B 0.01).

Multi-locus HKA tests using noncoding sites revealed

significant heterogeneity among loci (E, P = 0.03; Z,

P = 0.02, nonsyn. and syn. sites were n.s.). Tpi was the

largest contributor to the total v2 statistic, accounting for

[56% of the total deviation (Ket and Pbp were the other

two loci with noncoding sites).

Most of the demographic models from Table 1 per-

formed no better than the SNM in accounting for patterns

of nucleotide variation among loci. For example, in the

strict isolation model (Model I in Table 1), values for

divergence time (T) that could account for high FST at Tpi

(e.g., P [ 0.01 for T = 0.5, 0.75, and 1.87) were not able

to account for low FST at COI, Ket, Ldh, and Pbp

(P \ 0.01). The migration (M) and secondary contact (SC)

models also performed poorly in that the explored param-

eter space for migration (M = 4Nem) and constant effec-

tive population size (Ne) could not account for the data

(P \ 0.01). In these models variance in FST was too narrow

to simultaneously account for Tpi and the other loci. An

example can be seen in Fig. 1, in which observed FST

values for Tpi, Ldh, and COI are plotted against their

expected distributions under equilibrium migration

(M = 3).

In contrast to models in which Ne was constant, the two

models that incorporated changes in population size, bot-

tleneck (B) and growth (G) (Table 1), succeeded in

explaining FST values. An acceptable bottleneck (B) model

Table 2 FST and components of diversity for Z and E pheromone

strains of ECB

Locus FST pS pD pE/pZ

COI 0.05 0.001 0.0001 1.43

Ket 0.03 0.006 0.0002 1.24

Ldh 0.02 0.015 0.0003 1.33

Pbp -0.03a 0.021 -0.0006a 1.04

Tpi 0.79 0.001 0.0050 0.50

Tpi Ancestorb 0.07 0.003 0.0002 2.75

Bold FST indicates significance (P B 0.01) under the standard-neutral

model
a Negative FST indicates a lack of between-strain diversity
b ECB from Italy and Hungary

568 Genetica (2011) 139:565–573

123



was found in which an older, strong bottleneck (Sb = 2.5,

tb1 = 0.075 9 4Ne generations) occurred in the presence

of limited gene flow (M = 1.0). Similarly, a recent

(0.00375 9 4Ne generations) 10-fold population growth

(G) model with restricted gene exchange (M = 1.0)

explained FST for all loci. However, values of D and H at

Tpi in the E strain departed significantly from those

expected under both null models, as did values at other loci

(Table 3). Thus, of the more than 350 strictly neutral

demographic histories that were explored, none were

consistent with the North American multilocus sample.

A ghost of divergence past?

Figure 2 depicts the Tpi genealogy for the sample of ECB

from Europe (France, Italy, and Hungary) and from North

America. According to the genealogy, the extreme pattern

of genetic differentiation between North American strains

did not arise in Europe. A caveat for this and any other

analysis that includes presumptive ancestral populations is

that ancestral diversity has been sampled. I cannot exclude

the possibility that it was not; nevertheless, records indicate

that ECB colonized North American from Italy and

Hungary (Smith 1920; Caffrey and Worthley 1927). FST

values between Z and E moths across European regions

were low (\0.07), a pattern that corroborates a previous

analysis of genetic differentiation in France (Malausa et al.

2007). The genealogy suggests that most North American

E moths are a derived subset of ‘‘ancestral’’ E-strain

diversity at Tpi. Unlike the North American E sample,

which forms a relatively distinct group, E moths from

Europe are widely distributed across the tree. In contrast to

the E strain, North American Z moths more clearly retain

diversity from Europe. Many of these insects share iden-

tical sequences with both Z and E moths from Europe, and

as a group they are widely distributed across the genealogy.

The per locus ratio of within-strain diversity for E and Z

moths, pE/pZ, corrects for differences in mutation rate

and recombination rate among loci, and is useful for

detecting population and locus-specific changes in

Table 3 Summary statistics and results of neutrality tests for E-strain ECB and Z-strain ECB

Locus N Length Sa Kb Cc Hd pe D H

E-strain ECB

COI 17 1,195 8 0.023 – 0.002 0.001 -1.295 -0.125

Ket 17 704 17 0.011 0.001 0.007 0.007 -0.159 3.772*�

Ldh 17 192 10 0.014 0.552 0.015 0.017 0.380 0.904

Pbp 12 474 28 0.030 0.023 0.020 0.021 0.235 0.242

Tpi 17 1,454 11 0.021 0.000 0.002 0.001 22.235*� 211.912*

Z-strain ECB

COI 20 1,195 7 0.023 – 0.002 0.001 -1.543 -2.642�

Ket 20 703 21 0.011 0.006 0.008 0.006 -1.302 2.853*�

Ldh 20 192 8 0.012 0.144 0.012 0.013 0.288 0.158

Pbp 20 469 40 0.031 0.036 0.025 0.020 -0.681 -1.621

Tpi 20 1,444 14 0.019 0.002 0.003 0.002 -1.220 -6.737*

Bold values indicate significance (P B 0.01) under the standard-neutral model. For an growth and bottleneck model that could account for

multilocus patterns of FST in North America (P C 0.01), significance for D and H was estimated. * indicates significance (P B 0.01) under the

growth model and � indicates significance (P B 0.01) under the bottleneck model. See ‘‘Results’’ for details
a Number of polymorphic sites
b Average percent sequence divergence between ECB and ACB
c Per-site recombination rate
d Heterozygosity, 4Neu, using the number of polymorphic sites
e Heterozygosity, 4Neu, using the average number of nucleotide differences per site

Fig. 1 Simulated values of FST (10,000) expected under equilibrium

migration (M = 3) for COI (mtDNA), Tpi (Z sex chromosome), and

Pbp (autosome). Observed FST values from Table 2 are indicated by

arrows
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diversity (e.g., Schlötterer 2002). The pE/pZ ratio is 0.5 at

Tpi in North America, whereas the mean at other loci is

1.26 (Table 2). These comparisons substantiate the gene-

alogical interpretation that the E strain disproportionately

contributes to genetic differentiation at Tpi in North

America (e.g., via a reduction in pS). Indeed, compared

with European moths from Italy and Hungary, pS at Tpi is

reduced by 44% in the North American sample (Table 2).

pD is elevated by a factor of 25 in the same comparison

(Table 2), suggesting that genetic differentiation at Tpi is

explained by both a reduction in E strain diversity and an

increase in absolute between-strain diversity.

Discussion

A test of the outlier method for the functional

characterization of genomes

One of most attractive features of outlier methods for

identifying genome regions contributing to adaptation or

reproductive isolation is that they can be applied to natural

populations of just about any species (reviewed in Storz

2005 and Stinchcombe and Hoekstra 2008). Outlier loci are

detected by various features of nucleotide polymorphism,

such as genetic differentiation between populations, skews

in the site-frequency spectrum, or reductions in nucleotide

diversity. Random genetic drift produces outliers, but in the

case of genetic differentiation, the mitochondrial genome is

commonly expected become an outlier first because its

reduced effective-copy number relative to nuclear loci

(e.g., Hudson and Coyne 2002). In contrast to this outcome,

differentiation between North American pheromone strains

of ECB is 15 times greater at the Z-linked Tpi locus than at

the next most differentiated locus, which is, not surpris-

ingly, the mitochondrion (COI) (Table 2). In fact, simula-

tion results indicate that locus-specific genetic

differentiation at Tpi is too great to be explained by many

neutral demographic changes associated with population

divergence or speciation, including strict isolation, migra-

tion, and secondary contact (I, M, and SC in Table 1; see

Supplementary Methods). When incorporating change in

population size into these models, however, ECB multilo-

cus patterns become more likely.

One consequence of a change in effective population

size is an increase in the variance of coalescence time

among loci. Such a history presents challenges for outlier

mapping because a sample of loci may contain an apparent

outlier(s) by chance (e.g., Haddrill et al. 2005; Thornton

and Andolfatto 2006), rather than because of natural or

sexual selection. Indeed, patterns of DNA polymorphism

following recovery from a bottleneck, or after population

expansion, often mimic those that are expected after the

selective sweep of a beneficial mutation. As North American

ECB have a history of colonization, which commonly

includes periods of population decline and/or growth, the

potential for successfully applying outlier mapping to this

species would seem uncertain. Indeed, Tpi was not detected

as an outlier with respect to genetic differentiation when an

old bottleneck or recent expansion was evaluated (model B

and G in Table 1). However, these same models were

Fig. 2 The evolutionary history was inferred using the Neighbor-

Joining method. The optimal tree with the sum of branch

length = 0.05076268 is shown. The percentage of replicate trees in

which the associated taxa clustered together in the bootstrap test

(10,000 replicates) are shown next to the branches. The tree is drawn

to scale, with branch lengths in the same units as those of the

evolutionary distances used to infer the phylogenetic tree. The

evolutionary distances were computed using the Tamura-Nei method

and are in the units of the number of base substitutions per site. All

positions containing gaps and missing data were eliminated from the

dataset (Complete deletion option). There were a total of 1,132

positions in the final dataset. Phylogenetic analyses were conducted in

MEGA4
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unable to account for extreme departures in the site-fre-

quency spectrum at Tpi (Table 3). Thus, Tpi remained an

outlier, but only when multiple features of nucleotide

polymorphism were considered.

In the large number of realistic demographic scenarios

that were investigated ([350), Tpi is consistently a statis-

tically significant outlier compared to other loci. Patterns of

nucleotide polymorphism from other loci fall within null

expectations under the simplest of demographic models, a

single panmictic population of constant size (SNM,

Table 1), but a significant departure is observed for all

statistics at Tpi (FST, D, and H; Tables 2 and 3). Given the

modeling results, outlier status at Tpi can be attributed to

an unspecified selective component. Signatures of selection

in the region containing Tpi could stem from tight linkage

to a gene(s) contributing to a reproductive barrier or a

target of adaptive evolution. This conclusion agrees with

the independent QTL map for North American ECB strains

(Dopman et al. 2004, 2005), in which a major QTL for

postdiapause development (Pdd) time differences is indis-

tinguishable in map position from Tpi. In contrast, the

major locus for male response (Resp), maps over 20 cM

away from Tpi/Pdd. The concordance of outlier and QTL

mapping argues for the reliability of outlier mapping as a

stand-alone method for the functional characterization of

the ECB genome.

The nature of selection during incipient speciation

One feature that distinguishes the selective sweep and dif-

ferential introgression models is the manner in which

genetic divergence is achieved. Selective sweeps increase

divergence (e.g., FST) at neutral sites between populations

by eliminating within-population diversity (pS) during the

fixation of positively selected alleles (Slatkin and Wiehe

1998). In this process, divergence is expected to be greatest

when different rare alleles reach fixation in different popu-

lations. However, the maximum absolute level of between-

population diversity (pD) should not exceed the equilibrium

level of within-population diversity at neutral loci

(Charlesworth et al. 1997; Charlesworth 1998). In contrast,

the long-term consequences of the selective removal of

maladaptive alleles introduced by introgression can increase

pD at linked sites beyond that expected for pS under neu-

trality (Charlesworth 1998), whereas pS at linked markers is

almost completely preserved (Charlesworth et al. 1997).

Limited support for differential introgression is seen

when evaluating genetic divergence at Tpi in light of the

predictions of two models. First, coalescent simulations of

various demographic histories (Table 1) indicate that the

value of pD at Tpi (0.005) is not greater than pS at neutral

loci (P \ 0.001). Second, as stated above, compared to

other loci and to Tpi in ‘‘ancestral’’ populations, pS at Tpi

in North America is reduced rather than conserved

(Table 2). Finally, results of Charlesworth et al. (1997)

suggest that differential introgression will only have a

quantifiable effect on diversity over evolutionary time (e.g.,

[Ne generations), but genetic differentiation followed

colonization of North America *200 generations ago

(Fig. 2). If differential introgression were to explain mul-

tilocus patterns, signatures of selection would be expected

in both descendent and ancestral populations.

Results presented here provide evidence that gene

genealogies diverge during speciation because of local

adaptation and selective sweeps. However, the mainte-

nance of divergence in sympatry may often require a sep-

arate explanation. In the case of the ECB there is a

possibility that differential introgression has recently been

activated near Tpi because of Pdd, or another a tightly

linked ‘‘speciation gene’’. Hybrid ECB are not uncommon

at sympatric sites. If gene flow was on the order of the

hybrid proportion (5–15%; Roelofs et al. 1985; Klun and

Huettel 1988), then changes in allele frequency would be

expected after only 2–3 generations. Yet, a common

Z-strain Tpi allele has remained absent in NY E-strain

populations for over 40 generations (Glover et al. 1991;

Dopman et al. 2005). Either selection is actively removing

maladapted introgressed alleles in the Tpi region through

differential introgression, or most hybrids do not backcross

and the rate of contemporary gene flow is low at these sites

(e.g., Nem & 1). Efforts to disentangle these hypotheses

will help us to understand the role of selection during the

origin, maintenance, and growth of genetic divergence

during the speciation process, which ultimately results in

daughter populations that form exclusive genetic groups

across genome regions.
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