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Abstract

Populations that maintain phenotypic divergence in sympatry typically show a mosaic

pattern of genomic divergence, requiring a corresponding mosaic of genomic isolation

(reduced gene flow). However, mechanisms that could produce the genomic isolation

required for divergence-with-gene-flow have barely been explored, apart from the tra-

ditional localized effects of selection and reduced recombination near centromeres or

inversions. By localizing FST outliers from a genome scan of wild pea aphid host races

on a Quantitative Trait Locus (QTL) map of key traits, we test the hypothesis that

between-population recombination and gene exchange are reduced over large ‘diver-

gence hitchhiking’ (DH) regions. As expected under divergence hitchhiking, our map

confirms that QTL and divergent markers cluster together in multiple large genomic

regions. Under divergence hitchhiking, the nonoutlier markers within these regions

should show signs of reduced gene exchange relative to nonoutlier markers in genomic

regions where ongoing gene flow is expected. We use this predicted difference among

nonoutliers to perform a critical test of divergence hitchhiking. Results show that no-

noutlier markers within clusters of FST outliers and QTL resolve the genetic popula-

tion structure of the two host races nearly as well as the outliers themselves, while

nonoutliers outside DH regions reveal no population structure, as expected if they

experience more gene flow. These results provide clear evidence for divergence

hitchhiking, a mechanism that may dramatically facilitate the process of speciation-with-

gene-flow. They also show the power of integrating genome scans with genetic analyses

of the phenotypic traits involved in local adaptation and population divergence.
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Introduction

The physical impossibility of gene flow between allopat-

ric populations causes complete genomic isolation and

allows genetic divergence to accumulate between popu-

lations even under weak selection or drift. Without phys-

ical isolation, the homogenizing effects of gene flow and

between-population recombination have made the

potential for speciation controversial (review in Coyne &

Orr 2004). However, wild populations that utilize differ-

ent resources in sympatry often maintain significant phe-

notypic divergence (Via 1991, 2001), suggesting that the

difficulties suggested by simple models of speciation

(Felsenstein 1981) may not reflect the range of mecha-

nisms operating in nature. Typically, divergent locally

adapted populations or ecotypes in sympatry are geno-

mic mosaics of divergent and nondivergent regions, sug-

gesting that divergence involves an underlying mosaic of

genomic isolation in which gene exchange is reduced at
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sites affecting local adaptation, but is ongoing elsewhere

(Via 2009, 2012; Pinho & Hey 2010). Detailed genome

scans are now revealing such heterogeneous genome-

wide patterns of divergence (Hohenlohe et al. 2010; Law-

niczak et al. 2010; Jones et al. 2012), but little attention

has been paid to the underlying genomic mosaic of isola-

tion beyond invoking the usual suspects: selection that

overcomes migration and restricted recombination in

centromeric or inverted regions of the genome.

Increasingly, genome scans are being used to identify

candidate genes involved in speciation (Begun et al.

2007; Sapir et al. 2007; Yatabe et al. 2007; Turner et al.

2008; Fournier-Level et al. 2011). Such studies follow the

logic of Lewontin & Krakauer (1973) and interpret each

excessively divergent marker (i.e. ‘outlier’ or ‘FST out-

lier’) as tightly linked to a target of divergent selection.

Accordingly, apart from divergence around centromeres

or chromosomal break points, genetically divergent

regions are generally thought to be small and main-

tained by a localized alteration in the migration/selec-

tion balance that extends just a few kb beyond the

selected gene (Ting et al. 2000; Wu 2001; Wood et al.

2008; Feder & Nosil 2010). Via (2012) called this view of

genomic isolation between sympatric populations ‘mul-

tilocus migration/selection balance’ (MM/SB) because

it extends a one-locus population genetic process across

the genome and depicts the pattern of genomic isolation

in sympatry as an exact replica of the heterogeneous

pattern of genomic divergence (Via 2009; Fig. 1b).

We test an alternative view in which gene flow is

restricted over large genomic regions that are expected

to include multiple peaks of genomic divergence.

Theory suggests that early in the process of divergence-

with-gene-flow while population sizes are small, mod-

erately strong divergent selection on gene(s) affecting

one or more key phenotypic traits can reduce the real-

ized frequency of inter-race recombination and gene

exchange over a substantial genomic region (Charles-

worth et al. 1997; Feder & Nosil 2010). Although each

divergence hitchhiking (DH) region may begin around

a single divergently selected gene/QTL, subsequent

divergence of additional loosely linked QTL is expected,

producing clusters of divergent genes/QTL that experi-

ence less gene exchange and extend across a larger

genomic region than expected around a single diver-

gently selected gene (Via 2009). Within these regions of

genomic isolation, which may ultimately extend for

many Mb, loosely linked genes/QTL can diverge coor-

dinately without disruption by between-population

recombination, as if they were far more tightly linked

than their map distance suggests. Because these regions

of coordinated evolution only occur around divergently

selected genes/QTL, Via & West (2008) called this

mechanism of genomic isolation ‘divergence hitchhik-

ing’ (DH) to distinguish it from the transient regions of

traditional hitchhiking that occur within populations

after a selective sweep.

Within divergence hitchhiking regions, reduced gene

exchange permits loosely linked loci uninvolved in spe-

ciation to diverge by either genetic drift or independent

directional selection. Thus, FST outliers may not always

be tightly linked to a ‘speciation gene’ (Via 2009, 2012).

Moreover, clusters of outliers and divergently selected

genes/QTL caused by divergence hitchhiking are not

necessarily limited to regions of structurally reduced

recombination. Indeed, evidence is mounting that clus-

ters of divergent sites outside centromeres and inversion

break points are common (Hohenlohe et al. 2010; Law-

niczak et al. 2010; Neafsey et al. 2010; Jones et al. 2012).

To understand the genetic mosaic of isolation, we

must determine the locations of outlier markers relative

to the divergently selected QTL that cause speciation.

This has rarely been done (Rogers & Bernatchez 2007;

Via & West 2008; Nadeau et al. 2012). Although QTL

maps are generally too imprecise to identify individual

genes (MacKay et al. 2009), genomic regions of a few

cM that are directly involved in local adaptation and

speciation can be identified by mapping phenotypic

traits known to cause ecological specialization and

reproductive isolation (Barrett & Hoekstra 2011). The

proposed regions of divergence hitchhiking that mani-

fest as colocalizing outliers and divergently selected

QTL can then be used to test the common assumption

that each FST outlier tags a gene under divergent selec-

tion (Stapley et al. 2010).

Here, we present a QTL map of traits known to cause

assortative mating and ecologically based reproductive

isolation between sympatric host-associated races of pea

aphids, a model system for incipient speciation-with-

gene-flow (Peccoud & Simon 2010). Using this map, we

show that molecular signatures of divergent selection

from a genome scan colocalize with genomic regions

affecting traits that cause reproductive isolation. This

integrated analysis is one of the first for which ecological,

quantitative genetic and molecular data have been jointly

interpreted to analyse the genomic basis of ecological

speciation (LeCorre & Kremer 2012; Nosil & Feder 2012;

Strasburg et al. 2012; reviews in Via 2012). This work

extends our previous analyses (Hawthorne & Via 2001;

Via & West 2008) in several important ways. First, the

addition of 118 microsatellite markers yields an inte-

grated linkage map on which QTL can be mapped more

precisely than on our AFLP-based map and also

increases the number of mapped markers used in the

genome scans of wild pea aphid populations. In addition,

this second-generation map permits evaluation of how

individual genomic regions contribute to phenotypic

selection against migrants and to the genetic correlations
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that facilitate the evolution of ecological divergence and

assortative mating (Hawthorne & Via 2001).

We use this integrated outlier/QTL map to identify

proposed regions of divergence hitchhiking and to test

whether FST outliers and divergently selected QTL are

significantly clustered. We also introduce a clear test for

the existence of divergence hitchhiking: under MM/SB,

each divergent marker is assumed to be tightly linked

to a target of divergent selection. Because nonoutlier

markers between divergent sites are considered equally

likely to experience gene flow in this view, they should

have similar population genetic properties. In contrast,

if nonoutlier markers within DH regions are protected

from gene exchange as predicted, they could have

accumulated more signal of population divergence than

nonoutlier markers exposed to ongoing gene flow.

Thus, under divergence hitchhiking, we expect two

classes of outlier markers that are distinguished by the

predicted degree of gene exchange to which they are

exposed (Table 1). We test this key prediction of diver-

gence hitchhiking by comparing analyses of population

structure made using nonoutlier markers from within

and outside the proposed DH regions.

The divergent host races of pea aphids on alfalfa and
red clover: a model system for the analysis of
speciation-with-gene-flow

Pea aphids (Acyrthosiphon pisum pisum) were intro-

duced to North America from Europe, probably in the

mid-1800s (Eastop 1971). Although sympatric popula-

tions of pea aphids on alfalfa and red clover in Europe

are genetically divergent and somewhat ecologically

specialized (Ferrari et al. 2006, 2008; Peccoud & Simon

2010), the most specialized populations found on these

crops to date are in the eastern and midwestern USA

(Via 1991, 1999; Via et al. 2000; Hawthorne & Via 2001).

In upstate New York, USA, field sampling of winged

migrants early in the summer revealed that only about

10% of pea aphids colonizing new fields of alfalfa and

clover originated from the other host plant (Via 1999).

Given that reciprocal transplants in both Iowa (Via

1999) and New York showed intense phenotypic selec-

tion against such migrants (Via et al. 2000), realized

migration between hosts is likely to be even < 10%.

Finally, F1 hybrids average only about 50% of the fecun-

dity of the locally adapted parental forms on both hosts

(Via et al. 2000), further reducing the opportunity for

recombination and gene exchange between these spe-

cialized host races. The extensive field and laboratory

work on host plant adaptation in pea aphids make this

one of the few experimental systems in which molecu-

lar signatures of divergence can be interpreted in the

light of both quantitative genetic and ecological analy-

ses of the phenotypic traits that cause reproductive

isolation between sympatric populations.

Materials and methods

Sampling pea aphids for the mapping cross and the
population genetic analyses

In 1991, 10 adult pea aphids were collected at widely

spaced locations within each of two alfalfa and two red

clover fields within a 20 sq. mile area in Tompkins Co,

NY, USA (see Via 1999 for map). Each of these 40 geno-

types (henceforth ‘clones’) was maintained in individual

clonal culture on the collection host under ‘summer’

conditions (16L:8D, 20 °C), using rigorous protocols to

avoid contamination. The specialized parents of the

mapping cross came from this sample. In 2001, we

returned to this study area and collected 100 adult pea

aphids from several alfalfa fields and another 100 adults

from adjacent red clover fields. These aphids were

immediately frozen at �80 °C for DNA extraction and

were used for the genome scan of wild populations.

Using 15 microsatellite markers, we verified that each

aphid in this collection has a unique genotype (Via,

unpublished data), which simplifies the interpretation

of population genetic analyses, given the potential for

clonal replication in this species.

The mapping cross

Based on reciprocal transplants using the 1991 collec-

tions (data not shown), we chose one pea aphid geno-

type that was highly specialized on alfalfa and another

that was a clover specialist as parents for the reciprocal

mapping crosses. Sexual forms of each clone were

induced by manipulating photoperiod over a 3-month

period. Because pea aphids are cyclically parthenoge-

netic, many sexual individuals (both male and female)

can be obtained from a single genotype. Reciprocal mat-

ings between these alfalfa and clover specialists were

set up by pairing a male of one genotype with several

females of the other genotype. Fertilized eggs were sur-

face sterilized with a 10% bleach solution, then placed

into sterile dishes with autoclaved water for a 100-day

incubation period with temperature alternating between

4 and 0 °C during the 12L:12D photoperiod. Egg hatch

was between 75% and 85%.

Because pea aphid eggs hatch into parthenogenetic

individuals, we established a clonal lineage from each

F1 progeny. After phenotype testing 35 F1 genotypes in

a reciprocal transplant (Via et al. 2000), we identified

two F1 genotypes with fecundities close to the midpar-

ent average on each host. We reasoned that these two

clones should each contain approximately equal frac-
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tions of the parental QTL alleles for host specialization.

We then induced multiple males and females from

each of these two F1 genotypes and reciprocally

crossed them as before to obtain 198 F2 progeny. Each

parthenogenetic F2 genotype was maintained in indi-

vidual clonal culture with free choice of both alfalfa

and red clover and was phenotyped for both fecundity

in the first 9 days of adult life and behavioural accep-

tance. Each trial consisted of a single individual of

each clone tested on one of the host plants (mean 3.4

replicates of each F2 genotype for each trait/plant com-

bination, methods in Hawthorne & Via 2001). A large

sample of every genotype was frozen at �80 °C for

genotypic analysis.

Marker development and genotyping the F2 and the
field samples

The microsatellites used in this map were developed

from a set of pea aphid EST sequences (IDs in Table S1,

Supporting information; Sabatir-Munoz et al. 2006).

Each prospective microsatellite was tested for polymor-

phism and phase in the mapping family by genotyping

the parents and F1 using a labelled M13 universal pri-

mer (Boutin-Ganache et al. 2001), resulting in 115 poly-

morphic microsatellites that could be reliably amplified

(primers in Table S1, Supporting information). These

were assembled into multiplex groups with 22 addi-

tional microsatellites obtained by screening genomic

libraries (Caillaud et al. 2004; Caillaud unpublished

data; Table S1, Supporting information). The 198 F2 and

the 200 wild-collected individuals used in the genome

scan were genotyped for these 137 microsatellites. All

allele calls from GeneMapper v3.7 (Applied Biosystems,

Foster City, CA, USA) were manually verified.

Linkage map and QTL map construction

For linkage mapping, we used the software JoinMap4

(van Ooijen 2006). Starting with a map that included

every marker, we progressively eliminated poorly fit-

ting markers until we had an acceptable balance

between coverage and the goodness of fit chi-square

test for each of the four linkage groups. Only 118 micro-

satellites could be placed confidently on the linkage

map, which also includes 66 AFLP, 11 sequence-tagged

codominant markers and three allozyme markers. The

QTL map was constructed with MapQTL6 (van Ooijen

2009), using the multiple QTL model (MQM) method.

We chose these mapping programs because they accept

the variety of segregation patterns typical of outcrossed

populations. Additive and dominance effects of each

QTL were estimated, but we did not pursue epistatic

effects for technical reasons. We identified the sex

chromosome by genotyping XO males for a selection of

mapped markers and noting that LG1 had no

heterozygotes (Via, unpublished data).

In MapQTL6, the additive phenotypic effect of a QTL

is calculated as the expected phenotypic difference

between an individual bearing two alleles at that QTL

from the alfalfa specialist parent (henceforth ‘alfalfa

alleles’) and an individual with two QTL alleles from

the clover specialist parent (henceforth ‘clover alleles’).

Calculations are based on an F1 cross coded as ab 9 cd

(where a, c are the alleles inherited from the alfalfa spe-

cialist, and b, d are inherited from the clover specialist

(MapQTL6 manual, p. 27; van Ooijen 2009). In this

coding scheme, a positive QTL effect means that the

phenotypic value is larger in individuals with two

alfalfa alleles than in those with two clover alleles,

while a negative effect means the reverse.

Estimating QTL for traits expressed in different
environments

Instead of estimating the genotype 9 environment inter-

action (GEI) for each trait, we chose to consider the

expression of a given trait in each of the two host plant

environments as a separate ‘character state’ (Yamada

1962). This approach acknowledges that partially nonov-

erlapping sets of genes/QTL may underlie the phenotype

produced by a given genotype in different environments,

and it allows the evolutionary impact of GEI to be inter-

preted quantitatively using the cross-environment

genetic correlations (Via & Lande 1985). We mapped each

character state separately, that is, fecundity on alfalfa or

fecundity on clover and behavioural acceptance of alfalfa

or acceptance of clover. This immediately distinguishes

genomic regions exhibiting antagonistic pleiotropy (QTL

for both character states colocalize and have opposite

directionality) from regions that contain a QTL for only

one character state (i.e. show conditional neutrality) with-

Table 1 Marker classes defined by outlier status and genomic location

Class 1: Markers shown by coalescent simulation to be significantly more divergent between populations than the average neutral

marker (FST outliers)

Class 2: Nonoutlier markers interspersed among outliers within a proposed region of divergence hitchhiking

Class 3: Nonoutlier markers located at least 3 cM from the boundary of the nearest divergence hitchhiking region (defined as the

outermost outlier or QTL in a cluster)
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out the additional statistical testing required by the GEI

approach (Anderson et al. 2012).

FST estimation and outlier analysis

FST (the standardized allele frequency difference

between populations) can be highly variable among

markers (Holsinger & Weir 2009). Not only are FST val-

ues affected by divergent or balancing selection (Beau-

mont 2005), they also vary due to the stochasticity of

the coalescent process that acts independently at each

locus. Given the appreciable variation among loci in

nominal FST values caused by the randomness inherent

in the coalescent process, it is not meaningful to test

individual FST values for differences either from zero or

from one another (Rosenberg & Nordborg 2002).

Instead, a formal outlier analysis should be used to

identify markers (‘FST outliers’) that are significantly

more (or less) divergent than expected given the noise

from the coalescent process and the average genome-

wide level of divergence (Holsinger & Weir 2009). For

this reason, we analyse FST as a discrete variable (out-

lier or not), rather than attempting to use differences in

nominal FST values to classify markers as suggested by

Nosil et al. (2009).

For the genome scan, we genotyped the collection of

200 aphids from wild populations made in 2001 for

each polymorphic microsatellite and added genotypes

of the same clones for the 40 AFLPs used in Via &

West (2008) and 22 AFLP that were not analysed pre-

viously. We did a joint outlier analysis of these mark-

ers in FDIST2 (Beaumont & Nichols 1996), which
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Fig. 1 Second-generation QTL map of differential performance and host acceptance by pea aphid host races specialized on either

alfalfa or red clover. Each trait was analysed as a separate character state in each environment (i.e. fecundity on alfalfa and fecundity

on clover, colours indicated on key). Bars show the 2-LOD interval for each QTL. Marker location was rounded to the nearest cM to

make the marker names legible. Numbers next to each QTL are the effect size with reference to the alfalfa specialist and are in units

of number of offspring for the QTL affecting fecundity and percentage change in host acceptance for the QTL affecting host choice.

Results of the genome scan between the wild aphid populations on alfalfa and red clover are shown as dots within the bars for each

linkage group (black = nonoutlier, blue = FST outlier at P < 0.01, open = not tested). Brackets with letters A–J mark proposed regions

of divergence hitchhiking; regions R1–R4 are the clumps of microsatellites evaluated in the text.
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employs coalescent simulations to obtain an empirical

distribution against which to test individual FST val-

ues. We used an iterative approach in which each

round of 30 000 simulations involved testing markers

relative to the computed average FST, then removing

markers significant at P < 0.01 and recalculating the

average FST for the next round. This approach is con-

servative relative to using the median FST as a base-

line, because the mean FST values in the first two

rounds (0.153, 0.112) were both higher than the med-

ian FST (0.099), raising the threshold for outlier detec-

tion. To further minimize false positives, only markers

significant at the P < 0.01 level after two rounds were

classified as outliers. After calculating the distance

from each mapped marker to the nearest QTL at the

highest LOD score, we performed a logistic regression

of outlier status on marker distance from the nearest

QTL to test whether outliers cluster around QTL. For

significance testing, we randomized the set of observed

FST values over the observed marker distances 10 000

times using a program written in SAS Stat 9.2 (SAS

Institute, Cary, NC, USA) and used the distribution

of regression coefficients for the randomized data to

determine a P-value for the observed regression

coefficient.

Analysis of population structure using markers
classified by outlier status and map location

Using the QTL map, we assigned mapped markers to

one of three classes based on outlier status and location

within or outside proposed DH regions (Table 1).

Under divergence hitchhiking, markers in these three

classes are predicted to be influenced by different evo-

lutionary forces: Class 1 markers (FST outliers) are

affected by divergent selection either directly or as

divergence hitchhikers that diverge after gene exchange

is reduced, Class 2 markers are nonoutliers that are pro-

tected from gene exchange by their location within DH

regions, and Class 3 markers are nonoutliers that are

assumed to be subject to ongoing gene flow (Via 2009,

2012). We used these marker classes to formulate a clear

test for the existence of divergence hitchhiking. Under

MM/SB, each outlier is thought to be maintained indi-

vidually by selection on a tightly linked gene, so most

nonoutlier markers will be sites of ongoing gene flow;

no distinction is made between nonoutlier markers in

different genomic locations. Under divergence hitchhik-

ing, however, Class 2 nonoutlier markers are thought to

be protected from gene exchange and could therefore

have begun the long process of attaining genealogical

concordance with the outliers. As such, the Class 2 non-

outliers may carry a greater signal of divergence than

expected for Class 3 nonoutlier markers, despite the

similarity of their mean FST values in comparison with

the average FST of outlier markers.

To compare the population structure revealed by the

different marker classes, we analysed four replicate data

sets for each class of mapped markers in STRUCTURE

2.3.3 (Pritchard et al. 2000). Each data set consists of

genotypes for the 200 aphids collected from wild popula-

tions on alfalfa or clover in 2001 at five unlinked markers

(> 10 cM apart) to avoid correlations among linked

markers in admixed populations. Although linkage can

facilitate the detection of population structure in some

cases, Falush et al. (2003) caution that the linkage model

in STRUCTURE should not be used to correct for linkage

disequilibrium between tightly linked markers, which

affects about 22% of Class 2 and 3 markers (Via, unpub-

lished data). Because many of the Class 3 markers map

to dense clusters (Fig. 1), we could identify only five

unlinked markers at a time, and so all data sets were lim-

ited to five markers (see Table S2, Supporting informa-

tion for information on markers used in each analysis).

For each of the 12 data sets (3 marker classes 9 4

replicates), we performed five replicate STRUCTURE

runs (Pritchard et al. 2000). We assumed two genetic

clusters (k = 2) to correspond to the two host races that

we already know are genetically differentiated. We

used the admixture model with 15 000 replicates in the

burnin period and 30 000 after burnin, assuming corre-

lated allele frequencies. Other parameters were set to

the defaults. From the five runs on each data set, we

used the estimated distribution of ancestries (Q values)

and the summary statistics from the run with the great-

est log-likelihood (LnP[D]). We then used analysis of

variance (implemented in PROC GLM, SAS 9.2; SAS

Institute) to test for differences among marker classes in

FST, alpha (an estimate of cluster ‘distinctness’, where

a = 0 corresponds to no admixture; Pritchard et al.

2000) and the per cent of pea aphids with the majority

of their genotype correctly assigned to the cluster corre-

sponding to their ‘home’ host. These tests quantify the

relative ability of each marker class to resolve the

genetic structure of these ecologically divergent and

partially reproductively isolated host races. Although

the residuals of these analyses may not be strictly nor-

mally distributed, nonparametric Kruskal–Wallis tests

produced virtually the same results.

Results

Second-generation linkage and QTL map of traits
causing ecologically based reproductive isolation
between pea aphids on two hosts

The linkage map (Fig. 1) has a total map length of

about 300 cM and consists of the sex chromosome
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(LG1) and three autosomes. This map is a clear advance

from our previous work in which the dominant AFLP

markers required a separate map for each specialized

parent (Hawthorne & Via 2001). Early fecundity and

host acceptance of aphids on each host were mapped as

two separate ‘character states’ (solid symbols for fecun-

dity on each host and hatched symbols for behavioural

acceptance), and character states expressed on the same

host are shown in the same colour. For each of the four

character states, there are QTL on every linkage group.

Although the 2-LOD support intervals are broad, it is

clear that QTL are not scattered randomly across the

genome: 84% (16/19) of the identified QTL colocalize

with at least one other QTL (Fig. 1). Moreover, each

QTL is itself likely to be cluster of several genes, as

commonly found in fine mapping studies (Frary et al.

2000; Turner et al. 2008; MacKay et al. 2009; Counter-

man et al. 2010; Nadeau et al. 2012).

Each group of QTL is associated with a cluster of FST
outliers from the genome scan of the wild populations

(blue dots on Fig. 1). Because FST outliers can only be

maintained in genomic regions where gene exchange is

reduced, the colocalization of FST outliers and QTL sug-

gests large underlying regions of reduced gene flow

around divergently selected QTL. These regions range

from approximately 9–25 cM (noted as A–J on Fig. 1,

although clusters A and B and H and I may each be a

single large cluster). The logistic regression of outlier

status on marker distance from the nearest QTL was

highly significant (P < 0.0019 from the randomization

test). In addition, outlier markers tend to be closer to a

QTL than nonoutliers (mean distance 4.84 and 7.87 cM

respectively, P < 0.0025). Both of these results support

our hypothesis that outliers cluster around divergently

selected QTL.

The additive phenotypic effect of each QTL is

estimated as the expected phenotypic difference

between an individual with both QTL alleles from the

alfalfa race (i.e. ‘alfalfa alleles’) and individuals with

both alleles at that QTL from the red clover race (‘clo-

ver alleles’). Regardless of host, all QTL for fecundity

increase the early fecundity in residents relative to

migrants from the other host (Figs 1 and 2). Similarly,

seven of nine QTL for host acceptance increase the

affinity of residents for their home plant while causing

migrants from the other host to be more likely to reject

it. To show how different genomic regions contribute to

selection against migrants, we plotted the expected

phenotypic values of migrants (i.e. individuals with two

specialized QTL alleles from the alternate host) on a

cartoon of the map (Fig. 2). On this plot, a negative

value means that migrants have lower expected fecun-

Clov Alf Alf Clov Clov Alf Alf Clov Clov Alf Alf Clov

LG1 LG2 LG3 LG4

Clov Alf Alf Clov

A

B

C

D
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–10.8% –0.9%
–3.2

–10.8

–18.2

–1.2%

–7%

–6.4
–7.0

F

G

H

I

–0.8%

–11.6%

–3.2

+ 0.2%

–1.4%
–13.0

–13.6%

J

–3.6

–2.2
+ 0.02%

Fig. 2 Estimated contribution of each proposed divergence hitchhiking region to selection against between-host migrants, plotted on

a cartoon of each linkage group. Bars extending to the left are the expected phenotypic values for migrants from red clover to alfalfa,

while right-facing bars are the expected phenotypic values for migrants from alfalfa to red clover. Negative values mean that

migrants have lower fecundity or acceptance than residents. QTL colours for each character state and the interpretation of the

lettered brackets are as in Fig. 1.
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dity or host acceptance than the residents due to locally

adapted QTL alleles at that genomic location.

The mapped clusters of QTL affect various combina-

tions of the four character states: some groups of QTL

have antagonistic effects on fecundity or host accep-

tance in the two environments (clusters A, E, I and J),

while others affect traits on only one of the two hosts

and add variance to those character states without

affecting the cross-environment covariance (clusters B,

D, G for alfalfa; cluster C for clover). For example, an

individual with both alfalfa alleles at the QTL in cluster

C (Figs 1 and 2) that migrates to red clover would be

expected to accept the host just slightly less than the

clover specialists (�1.2%), but would have on average

18.2 fewer offspring than an individual with both clover

alleles from QTL in cluster C. Because there are no QTL

expressed in alfalfa in cluster C, this genomic region is

expected to have no fitness effects on migrants from

clover to alfalfa. In contrast, QTL in cluster E affect

fecundity antagonistically on the two hosts: a migrant

to clover with two alfalfa alleles at the QTL in cluster E

could expect to have seven fewer progeny than a clover

specialist, while migrants to alfalfa with two clover

alleles at the QTL in cluster E can expect 6.4 fewer off-

spring than the specialized alfalfa residents. Thus, the

negative genetic correlations across environments seen

among the F2 (Hawthorne & Via 2001) are composites

of antagonistic effects from QTL within the same DH

region and uncorrelated variation from DH regions

with QTL that affect the phenotype in only one

environment.

The summed QTL effects on each character state

(from Figs 1 and 2) reveal that individuals with both

alleles from the alfalfa specialist at all mapped QTL are

expected to accept alfalfa 43% more and to have 37

more offspring on alfalfa than will individuals that have

inherited all QTL alleles from the clover specialist. In

contrast, F2 with all QTL alleles from the specialized

clover parent are expected to have 30.6 more offspring

on red clover than are migrants bearing alfalfa alleles,

although residents are expected to accept clover as a

host plant only 4.5% more than will the migrants from

alfalfa. These summed QTL effects explain approxi-

mately half of the phenotypic difference for each char-

acter state observed between the parents in reciprocal

transplants (Via et al. 2000).

We identified four unusually dense clusters of micro-

satellites (noted as blue lines on Fig. 1), three of which

harbour no FST outliers or QTL. To test whether these

might be regions of reduced recombination, we used

the reference pea aphid genome sequence to identify

the scaffolds containing our mapped microsatellites

(NCBI, BioProject Accession #PRJNA13657, Interna-

tional Aphid Genomics Consortium 2010). We then

used the scaffold lengths to calculate the estimated

Mb/cM for 1 cM regions either within or outside one

Alfalfa Clover Alfalfa CloverAlfalfa Clover

Class 1 Class 2 Class 3
Outliers Non-outliers out of DH regionsNon-outliers in DH regions

Source of pea aphids

Replicate #
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4
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0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2

1.0

0.6

0.2
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Fig. 3 Replicated STRUCTURE analyses using three classes of markers defined by outlier status and map location (Table 1). Each col-

umn shows the results of analyses of four replicate data sets that each consists of five unlinked markers chosen from the QTL map

(Fig. 1). Within the column for each marker class, the replicate analyses are shown in no particular order. Individual bars within each

analysis are the proportional contribution of each of the two genomic clusters to the genotypes of 100 pea aphids collected from

alfalfa (on left of each panel) and 100 genotypes collected from red clover (on right). Additional information about the data sets and

the individual analyses in Table S2 (Supporting information).
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of the clumps. Results show means of 4.69 Mb/cM

within clumps and 0.85 Mb/cM outside the clumps,

P < 0.0008 (Table S3, Supporting information). These

preliminary results suggest that the dense clusters of

microsatellites in Fig. 1 correspond to regions of

reduced recombination. They also imply that the pro-

posed DH regions on LG1–LG3 are farther apart on the

genome than they appear on the linkage map and that

the average Class 3 marker is farther from the nearest

QTL than the map data suggest.

The population structure of pea aphid host races in the
wild as revealed by different classes of markers

The replicated STRUCTURE analyses show clear differ-

ences among marker classes in resolution of the known

population structure between the specialized host races

(Fig. 3). As expected (Rosenberg 2002; Via & West

2008), the outliers (Class 1 markers) provide the best

resolution of adaptive genetic differentiation between

the two host races (Fig. 3, left column) and have a

higher mean FST (Fig. 4a) than the other two marker

classes. In addition, the analyses using outliers have a

lower mean alpha value (where a = 0 indicates no

admixture; Fig. 4b) and more accurately assigned each

genotype to the genetic cluster associated with its col-

lection host (mean 93.7%, Fig. 4c) than did analyses

using Class 3 markers.

As expected under divergence hitchhiking, Class 2

and Class 3 markers differ in the resolution of popula-

tion structure much more than expected based on their

mean FST values (Fig. 4a). Class 2 markers reveal the

population structure of the specialized host races almost

as clearly as the outliers (Fig. 3, compare middle and

left columns), despite a significantly lower mean FST
(Fig. 4a). Correspondingly, the alpha values of analyses

using outliers and Class 2 markers were also the same

(Fig. 4b). In contrast, the Class 3 markers reveal little

population structure (Fig. 3 right column), and their

mean alpha was significantly higher than seen in the

Class 2 analyses (Fig. 4b). Finally, Class 2 markers clas-

sified individuals to the genetic cluster representing

their home host plant almost as well as the outliers

(82.5%), while the mean accuracy of genotypic classifi-

cation by the Class 3 markers was barely better than

random (57%, Fig. 4c). The higher resolution of popula-

tion structure by the Class 2 nonoutlier markers sup-

ports our hypothesis that they are protected from gene

exchange relative to the Class 3 nonoutliers and pro-

vides strong evidence for the existence of divergence

hitchhiking in this system.

Discussion

The pea aphid host races on alfalfa and red clover in

the eastern United States maintain pronounced

ecological divergence in sympatry and are considered a

model system for the study of incipient ecological

speciation-with-gene-flow (Peccoud & Simon 2010). We

explored the genomic patterns of divergence and isola-

tion between these incipient species by coupling a QTL

map of fecundity and host plant acceptance with a gen-

ome scan of FST in the same wild populations from

which the mapping cross originated. FST outliers are
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Fig. 4 Comparison of summary statistics from STRUCTURE for the three marker classes. Bars beneath the class numbers connect

marker classes that are not significantly different at P < 0.01. (a) Differences between marker classes in mean FST [*the average FST
for Classes 2 and 3 was significantly different only in the entire set of mapped markers (P < 0.006), not in this subset of markers]. (b)

Differences between marker classes in alpha (an estimate of cluster clarity, where alpha = 0 represents no admixture). (c) Differences

between marker classes in the percentage of each individual’s genotype correctly classified to the genetic cluster associated with the

crop from which it was collected.
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markers that are significantly more divergent than the

genome-wide average, given the noise inherent in the

coalescent process (Beaumont & Nichols 1996). By plot-

ting the genomic locations of these FST outliers on the

QTL map, we could associate molecular signatures of

divergent selection in the wild with divergently selected

QTL for traits known to produce ecologically based

reproductive isolation. Results show colocalizing clus-

ters of FST outliers and QTL affecting fecundity and

host choice on all four linkage groups (Figs 1 and 2).

After putting mapped markers into three classes based

on outlier status and genomic location (Table 1), we

compared the ability of each marker class to resolve the

genetic structure of these divergent populations. Results

of these analyses support a key prediction from diver-

gence hitchhiking that nonoutlier markers within DH

regions experience less gene exchange than do nonout-

liers outside such regions (Figs 3 and 4). These results

provide the clearest evidence to date for the existence

of divergence hitchhiking during speciation-with-gene-

flow.

Integrating a genome scan with a QTL map to
determine the genomic distribution of divergence

Despite the blazing rate of advance in molecular genetics,

a significant gulf remains between population genomic

analyses of selection and the study of adaptive pheno-

typic divergence. Bottom-up population genomic analy-

ses can readily identify markers bearing the signature of

divergent selection, but the relationship between such

markers and adaptive phenotypic divergence is difficult

to determine, particularly for quantitative traits (Dalziel

et al. 2009; Nielsen 2009; Houle et al. 2010; Pritchard &

DiRienzo 2010; Storz & Wheat 2010; Barrett & Hoekstra

2011; LeCorre & Kremer 2012). On the other hand, stan-

dard top-down quantitative genetics provide estimates of

phenotypic plasticity and the genetic (co)variances

among key traits, but say nothing about the nature or

genomic location of these polygenes (MacKay et al. 2009).

A QTL map bridges this chasm by providing a genomic

template on which to associate markers bearing the sig-

nature of divergent selection and QTL for divergently

selected phenotypic traits that cause reproductive isola-

tion. Using this approach, we identified genomic regions

at which divergently selected QTL and FST outliers are

clustered. Because the allele frequency differences that

cause outliers can only be maintained in regions of

reduced gene exchange, we propose that each cluster of

QTL and FST outliers reflects an underlying region of

divergence hitchhiking, across which the realized magni-

tude of gene exchange between these incipient species is

reduced. Because the only information we have about

genomic isolation is the presence of an outlier, we

arbitrarily used the outermost FST outlier in a cluster to

mark the boundaries of each DH region.

These clusters of outliers and divergent QTL cannot

be explained by structural reductions in recombination,

because there is no evidence of chromosomal inversions

in pea aphids and pea aphid chromosomes are holocen-

tric. Moreover, we found no outliers or QTL in three of

four regions that we identified as likely sites of reduced

recombination, contradicting the common assumption

that divergence is concentrated in regions of reduced

recombination (Turner et al. 2008; Neafsey et al. 2010;

Jones et al. 2012; Nosil & Feder 2012). Our findings are

not unusual: recent genome-wide analyses in other sys-

tems provide compelling evidence for regions of geno-

mic divergence that are not associated with centromeres

or chromosomal break points (Anopheles: Lawniczak

et al. 2010; Neafsey et al. 2010; Weetman et al. 2012;

sticklebacks: Jones et al. 2012). In these examples, sites of

genomic divergence appear to be clustered, although

adequate statistical tests for clustering have not been

performed (Via 2012). We expect many additional exam-

ples of genomic divergence outside such regions to be

discovered as more fine-scale genome scans become

available. To our knowledge, divergence hitchhiking

provides the only clear mechanism for the production

and maintenance of clusters of genomic divergence out-

side regions of structurally reduced recombination.

Testing the existence of divergence hitchhiking using
nonoutlier markers in different genomic locations

Under divergence hitchhiking, outliers are predicted to

cluster in genomic regions where strong divergent

selection on one or more QTL has produced a barrier to

gene flow by reducing the realized rate of between-

population recombination. Within these regions, some

outliers may be linked to divergently selected genes,

but other loosely linked markers might diverge by line-

age sorting or within-population selective sweeps in the

increasingly independent incipient species. Given pro-

tection from gene exchange within a DH region, genes/

markers that diverge for any of these reasons will be

maintained as FST outliers. Thus, under divergence

hitchhiking, outliers will not necessarily tag divergently

selected genes. This contrasts with the typical expecta-

tion that each outlier is tightly linked to a target gene

where divergence is maintained by an independent

alteration in the migration/selection balance (Wood

et al. 2008; Stapley et al. 2010). When extended across

the entire genome, this ‘multilocus migration-selection

balance’ [MM-SB] predicts many small regions of geno-

mic divergence punctuating a genome that is otherwise

exposed to gene flow. In this view, the unit of genomic

isolation is thought to be as small as one gene (Ting
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et al. 2000; Wu 2001; Yatabe et al. 2007), and just two

classes of loci are expected during speciation (Wu 2001;

Beaumont 2005): those where gene flow is reduced by

divergent selection, and those that are uninvolved in

speciation and experience ongoing gene flow. Although

Nosil et al. (2009) propose three marker classes based

on nominal FST values, this classification is inappropri-

ate due to the unreliability of individual FST estimates

(Holsinger & Weir 2009).

The three classes of markers identified under diver-

gence hitchhiking (Table 1) include two classes of nonout-

liers: those within DH regions that are predicted to be at

least partially protected from between-race recombination

and gene exchange (Class 2) and those outside DH

regions that are expected to be subject to ongoing gene

flow (Class 3). This clear prediction can be tested with

empirical data: if divergence hitchhiking explains

observed clusters of divergence, Class 2 nonoutlier mark-

ers within clusters should show a signature of reduced

gene exchange relative to Class 3 nonoutliers. In contrast,

if patterns of gene flow around FST outliers are better

explained by MM/SB, Class 2 and Class 3 markers should

yield equivalent results in population genetic analyses.

We performed this test using mapped microsatellite

markers classified by outlier status and genomic location

(Table 1; Table S2, Supporting information). The goal of

the STRUCTURE analysis was to compare the relative

abilities of nonoutlier markers in Class 2 and Class 3 to

resolve the genetic structure already identified both by

reciprocal transplants of the two host races (Via 1991;

Via et al. 2000) and by the STRUCTURE analyses using

the outliers (Fig. 3, left column). The results are clear

and could not have been predicted by the relatively low

FST values of both nonoutlier classes. Although the mean

FST of Class 2 markers is much lower than that of the

Class 1 outliers (FST_Class1 = 0.32, FST_Class2 = 0.096,

P < 0.01, Fig. 4a), the Class 2 markers resolve the adap-

tive population structure of the host races almost as

clearly as do the FST outliers (Fig. 3, centre and left col-

umns, Fig. 4b, c). In contrast, the population structure of

the divergent races was poorly resolved by Class 3

markers (Fig. 3, right column): both the fraction of an

individual’s genotype assigned to each cluster in the

Class 3 analyses (Fig. 3, right column) and the high

mean value of alpha (Fig. 4b) suggest that Class 3 mark-

ers are affected by gene flow. Although the mean FST of

Class 2 and Class 3 markers differ only slightly for the

subset of markers used in these analyses (Fig. 4a), when

the entire set of mapped markers is considered, the

small difference in FST between Class 2 and Class 3

markers is highly significant (mean FST_Class2 = 0.098,

mean FST_Class3 = 0.063, P < 0.006).

These results suggest that divergence hitchhiking

has provided the Class 2 nonoutliers with enough

protection from gene flow for genetic drift and indepen-

dent selective sweeps to initiate movement towards

genealogical concordance with the branching pattern

first defined by the outliers (Rosenberg 2002; Via 2009).

Our results clearly contradict suggestions that the gene

is the unit of isolation (Yatabe et al. 2007), and that the

boundary of a region protected from gene flow under

migration/selection balance should be drawn at the

nearest nonoutlier marker (Ting et al. 2000; Wood et al.

2008).

This empirical test for the existence of divergence

hitchhiking is best applied when outliers can be mapped

relative to key QTL, but data from whole-genome scans

could be used if sites of genomic divergence appear to

be clustered when plotted on a genome assembly (Ho-

henlohe et al. 2010; Jones et al. 2012). With such data, no-

noutlier markers within clusters could be assigned to

Class 2, while nonoutliers in other genomic locations

would be Class 3 markers. Such empirical tests using

data from wild populations are a far more reliable way

to evaluate the probability of divergence hitchhiking

than the application of simplistic genetic models (Feder

& Nosil 2010), which depend crucially on the values of

key demographic parameters. Because almost nothing is

known about the demographic conditions that typify

speciation-with-gene-flow in wild populations, these

models cannot presently reveal the potential for diver-

gence hitchhiking to occur in the wild.

Divergence hitchhiking, genotype x environment
interaction, and the genetic correlations that cause
ecological specialization and assortative mating

In quantitative traits, differential gene expression across

environments can cause a given genotype to exhibit dif-

ferent phenotypes in different environments (pheno-

typic plasticity); genetic variation in this plastic

response is traditionally estimated in animal and plant

breeding as genotype x environment interaction (GEI)

(MacKay et al. 2009). Although the evolutionary effects

of GEI cannot be easily quantified (Via & Lande 1985),

most QTL analyses of evolution in multiple environ-

ments continue to estimate it (Edwards & Weinig 2011;

Pelgas et al. 2011; Anderson et al. 2012). To understand

phenotypic evolution in variable environments, it is far

more useful to consider a character expressed in two

environments as a pair of genetically correlated ‘charac-

ter states’ (Yamada 1962). Any genetic correlation

between these character states less than + 1 corresponds

to significant GEI (Via 1987). Using the character state

approach in QTL mapping, the potential for the evolu-

tion of assortative mating can be readily interpreted in

the context of direct and correlated responses to selec-

tion on environment-specific character states. Similarly,
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evolutionary constraints (antagonistic pleiotropy or

tight linkage of genes with antagonistic effects across

environments) can be easily identified when QTL for

two environmentally associated character states colocal-

ize and have opposite directionality.

Compared to the attention lavished on linkage dis-

equilibrium in population genetic models of speciation

(Felsenstein 1981), the effects of genetic correlations

among quantitative traits on the evolution of assortative

mating have barely been considered in the speciation

literature. Nevertheless, these effects are clear (Haw-

thorne & Via 2001): positive genetic correlations within

environments between traits involved in local adapta-

tion and mate choice accelerate the evolution of assorta-

tive mating, while negative cross-environment genetic

correlations speed population divergence and increase

ecologically based reproductive isolation. Divergence

hitchhiking allows loosely linked QTL to contribute to

genetic correlations as if they were much more tightly

linked than their relative map distances would suggest.

This foils the destructive effects of recombination and

facilitates the evolution of assortative mating, mitigating

the major criticism of speciation-with-gene-flow (Felsen-

stein 1981; Smadja et al. 2008).

By separately mapping each environmentally depen-

dent character state, it becomes apparent that the facili-

tating pattern of genetic correlations seen in pea aphid

populations (Via 1999; Hawthorne & Via 2001) is

caused by mixture of independent variation from sin-

gleton QTL and covariance from pleiotropic, tightly

linked and loosely linked QTL within the same DH

regions (Figs 1 and 2). We identified 10 genomic

regions in which divergently selected QTL colocalize

(Fig. 1) and three regions that harbour only a single

QTL. In all multi-QTL groups except cluster B (Fig. 1),

the directionality of individual QTL effects causes posi-

tive genetic correlations between fecundity and host

acceptance on the same host (clusters A, C, G, I), and/

or negative genetic correlations between character states

on different hosts (clusters A, E, J). In half of these clus-

ters, overlap between the map locations of QTL is large

enough to suggest that they represent either single

genes with pleiotropic effects or tightly linked genes

affecting different character states (clusters A, B, G, I, J).

In clusters C, E and I, however, the 2-LOD support

intervals for some or all of the QTL do not overlap,

suggesting that these QTL are too far apart to evolve

coordinately given nominal rates of recombination

based on map distance. However, because between-race

recombination is likely to be just a fraction of the rate

expected from map distances, these loosely linked QTL

within a DH region contribute to genetic correlations

among divergently selected traits just as they would if

tightly linked physically.

Divergently selected QTL that are loosely linked may

often contribute to genetic correlations. In a recent QTL

analysis of domesticated chicken, genetic correlations

among domestication traits were described as including

covariance attributable to QTL as far away as 15 cM

from a core of pleiotropic and tightly linked QTL

(Wright et al. 2010). These authors suggest no mecha-

nism for how such loosely linked QTL could contribute

to genetic correlations without disruption by recombi-

nation. We suggest that ancient domestication could

have been very similar to speciation-with-gene-flow;

strong selection for domestication was probably accom-

panied by gene flow with the wild ancestor. If so, then

regions of divergence hitchhiking would be expected

around domestication genes, and the loosely linked

clusters of QTL expected in these regions are likely to

persist in domesticated animals and plants. This may

be a general pattern, given that clustered QTL have also

been seen in many recent studies of wild populations

under divergent selection (Heliconius: Kronforst et al.

2006; lake whitefish: Rogers & Bernatchez 2007; stickle-

backs: Albert et al. 2008; white spruce: Pelgas et al.,

2011).

Genomic isolation versus genomic divergence during
speciation-with-gene-flow

The absence of a geographical barrier to gene exchange

causes a heterogeneous pattern of genomic divergence

during speciation-with-gene-flow. In this study, we

have addressed whether the genomic pattern of isola-

tion exactly mirrors this mosaic pattern of divergence,

as expected under the view we call MM/SB (Via 2009;

Fig. 1a). Our results do not support this view. Instead,

we present evidence that large genomic regions around

divergently selected genes/QTL are protected from

gene exchange between locally adapted populations.

These regions of divergence hitchhiking, which may

span many megabases, will be manifest in genome

scans as clusters of divergent sites and visible on QTL

maps as groups of colocalizing outliers and divergently

selected QTL. Although such clusters of divergence

could be associated with inversions or centromeric

regions, reduced recombination is not required; diver-

gence hitchhiking can occur anywhere in the genome.

Until recently, the automatic reduction in between-

population recombination that occurs due to the

disruption of random mating between locally adapted

populations (Charlesworth et al. 1997) has been ignored

in analyses of speciation, although it is well known in

the hybrid zone literature (Barton & Bengtsson 1986).

The mechanisms that produce divergence hitchhiking

are surprisingly simple: as local adaptation evolves,

the frequency of interbreeding between sympatric
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populations declines due to selection against increas-

ingly specialized migrants and their F1 hybrids (Via

et al. 2000), as well as to habitat choice (Via 1999) or

mate choice if present. When fewer F1 than expected

under random mating are produced, the realized fre-

quency of between-population recombination drops

accordingly. In this way, local adaptation monotonically

reduces the opportunity for between-race recombination

across the entire genome and reduces effective migra-

tion rates. At any given time, the magnitude of this gen-

ome-wide effect [called ‘genome hitchhiking’ by Feder

et al. (2012)] is a function of allelic divergence at all

QTL that affect local adaptation (Via 2012).

Overlaid on this genome-wide reduction in realized

between-population recombination, divergent selection

against QTL recombinants with the ‘wrong’ locally

adapted QTL alleles reduces the effectiveness of recombi-

nation and introgression at that genomic region. This

occurs because alleles at neutral loci that flank a recom-

binant QTL allele (now deleterious in the alternate

genetic background) can be eliminated by selection

before they can ‘escape’ by recombining away from the

QTL into the local genetic background. This effect is

disproportionately increased if several loosely linked

genes are under divergent selection (Charlesworth et al.

1997). The persistent reduction in the ability of flanking

regions to recombine away from a divergently selected

gene explains why DH regions remain much larger

than traditional hitchhiking regions after a selective

sweep within populations.

It is unfortunate that genomic divergence and geno-

mic isolation are sometimes equated (Feder & Nosil

2010). Genomic isolation cannot be expected to immedi-

ately result in genomic divergence because it takes an

extremely long time after gene flow is extinguished for

loci not under divergent selection to come into concor-

dance with the branches defined by the outliers, which

will eventually be recognized as the species tree. The

time to complete genealogical concordance is likely to

be measured in millions of generations (Avise 2000; Wu

2001); it may never be reached in species that continue

to hybridize (Sambatti et al. 2012). In the recently

diverged taxa most useful for genetic analysis of specia-

tion-with-gene-flow, we expect that most genomic

divergence will still be concentrated in regions of diver-

gence hitchhiking because these regions harbour the

genes under divergent selection. The highly heteroge-

neous and apparently clustered divergence in recent

genome scans (Begun et al. 2007; Turner et al. 2008;

Counterman et al. 2010; Lawniczak et al. 2010; Neafsey

et al. 2010; Hohenlohe et al. 2010; Jones et al. 2012) sup-

port this hypothesis. In sum, there is little empirical

support for Feder & Nosil’s (2010, p. 1742) prediction

that the entire genome will rapidly diverge once multi-

ple loci are involved in speciation-with-gene-flow.

To our knowledge, divergence hitchhiking is the first

mechanism to be proposed that provides both the geno-

mic isolation required for speciation-with-gene-flow

and a predictable pattern of divergence for genes and

markers in different genomic regions. We eagerly await

data from coupled genome scans and QTL maps in

additional recently diverged systems, and we encourage

other researchers to test for the existence of divergence

hitchhiking by comparing the signatures of gene flow at

the three marker classes we define.
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