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Genetic differentiation can be highly variable across the genome. For example, loci under divergent selection and those tightly linked

to them may exhibit elevated differentiation compared to neutral regions. These represent “outlier loci” whose differentiation

exceeds neutral expectations. Adaptive divergence can also increase genome-wide differentiation by promoting general barriers

to neutral gene flow, thereby facilitating genomic divergence via genetic drift. This latter process can yield a positive correlation

between adaptive phenotypic divergence and neutral genetic differentiation (described here as “isolation-by-adaptation”). Here,

we examine both these processes by combining an AFLP genome scan of two host plant ecotypes of Timema cristinae walking-sticks

with existing data on adaptive phenotypic divergence and ecological speciation in these insects. We found that about 8% of loci

are outliers in multiple population comparisons. Replicated comparisons between population-pairs using the same versus different

host species revealed that 1–2% of loci are subject to host-related selection specifically. Locus-specific analyses revealed that up to

10% of putatively neutral (nonoutlier) AFLP loci exhibit significant isolation-by-adaptation. Our results suggest that selection may

affect differentiation directly, via linkage, or by facilitating genetic drift. They thus illustrate the varied and sometimes nonintuitive

contributions of selection to heterogeneous genomic differentiation.

KEY WORDS: AFLPs, differential gene exchange, ecological speciation, genome scan, natural selection, speciation, Timema stick

insects.

Ecological divergence between populations often generates diver-

gent natural selection, resulting in “ecological speciation” when

divergent selection drives the evolution of reproductive isolation

(Muller 1942; Mayr 1947, 1963; Schluter and Nagel 1995; Funk

1998; Schluter 2000). In recent years, progress in understanding

ecological speciation has derived from analyses showing how eco-

logical divergence and key phenotypic traits under selection affect

reproductive isolation (Feder et al. 1994; Funk 1998; Via 1999;

Rundle et al. 2000; Jiggins et al. 2001; Funk et al. 2002; Brad-

shaw and Schemske 2003; Rundle and Nosil 2005 for review).

Moreover, the taxonomic generality of ecological speciation has

received support (Funk et al. 2006) and specific processes such as
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resource competition and predation are now known to be involved

(Mallet and Barton 1989; Schluter 1994; Rundle et al. 2003;

Vamosi 2005; Nosil and Crespi 2006a). Some outstanding ques-

tions concern the genetic basis of ecological speciation (Coyne

and Orr 2004). For example, how many and what types of genes

are associated with adaptation and reproductive isolation, what are

their linkage relationships, and how does selection affect different

parts of the genome? The most comprehensive understanding of

ecological speciation should derive from a combination of these

phenotypic and genetic approaches.

The genetics of speciation can be addressed using many ap-

proaches, including quantitative trait locus (QTL) mapping, candi-

date genes, and multilocus genome scans (Nielsen 2005; Vasemagi

and Primmer 2005; Hedrick 2006; Noor and Feder 2006;

Stinchcombe and Hoekstra 2007). Candidate gene and mapping

approaches have identified specific genes controlling phenotypic

traits under selection (Bradshaw and Schemske 2003; Colosimo

et al. 2005; Hoekstra et al. 2006), determined whether such genes

exhibit physical linkage (Hawthorne and Via 2001; Noor et al.

2001; Rieseberg 2001; Feder et al. 2003), and tested whether

parallel evolution involves the same or different sets of genes

(Nachman et al. 2003; Joron et al. 2006). These methods are pow-

erful, but require a priori knowledge about the function of a gene

or genetic crosses, combined with information on the traits under

selection.

A different, but complimentary, approach involves screening

many individuals for numerous molecular markers in a “genome

scan.” These scans allow the signature of selection to be detected

at the genetic level through the identification of “outlier loci”

that show unusually high levels of genetic differentiation between

populations. Such loci may be subject to divergent selection, ei-

ther directly or through tight physical linkage with selected genes

(Bowcock et al. 1991; Beaumont and Nichols 1996; Black et al.

2001; Schlötterer 2002; Luikart et al. 2003; Beaumont and Balding

2004; Beaumont 2005; Nielsen 2005; Stinchcombe and Hoekstra

2007). Genome scans do not elucidate the genetic basis of phe-

notypic traits, but have alternative goals. By adopting population-

level genomic approaches, they can quantify the minimal number

of selected gene regions and evaluate evolutionary patterns at se-

lected (i.e., outlier) versus neutral loci. They therefore allow inves-

tigation of how and why divergence varies across the genome. Al-

though still relatively modest in number, empirical genome scans

are accumulating and generally report that several percent of loci

behave as outliers (2–10%, Stinchcombe and Hoekstra 2007 for

review; Wilding et al. 2001; Emelianov et al. 2003; Campbell and

Bernatchez 2004; Scotti-Saintagne et al. 2004; Acheré et al. 2005;

Turner et al. 2005; Vasemagi et al. 2005; Bonin et al. 2006; Murray

and Hare 2006; Savolainen et al. 2006; Yatabe et al. 2007). These

findings imply that divergence during speciation may involve only

a few key genomic regions and are consistent with the concept of

a “porous genome” in which genetic divergence is highly variable

across loci, with regions under selection and those tightly linked to

them exhibiting stronger differentiation than neutral regions (Via

2001; Wu 2001; Vines et al. 2003; Gavrilets and Vose 2005).

Another approach to understanding genetic divergence dur-

ing speciation examines differentiation at putatively neutral loci

in relation to the degree of adaptive phenotypic divergence. Adap-

tive divergence can cause the evolution of reproductive barriers

(i.e., ecological speciation), resulting in a general barrier to even

neutral gene flow (for theory see Barton and Bengtsson 1986;

Charlesworth et al. 1997; Pialek and Barton 1997; Gavrilets and

Cruzan 1998; Gavrilets 2004, p. 147–148 for summary). For ex-

ample, when populations living in different habitats evolve adap-

tive preferences for their native habitat, limited dispersal between

habitats reduces gene flow between them. Likewise, adaptive trait

divergence between populations can result in selection against mi-

grants that disperse into habitats to which they are maladapted,

thus reducing gene flow between divergently adapted populations

(Nosil et al. 2005 for review). We stress that the general barriers

mechanism invokes a role for divergent selection and adaptive di-

vergence in reducing gene flow, but does not require reproductive

barriers to be ecological per se. Adaptive divergence can result in

the incidental evolution of all components of reproductive isola-

tion, including “nonecological” barriers such as intrinsic hybrid

inviability (Muller 1940; Dobzhanksy 1951; Orr 1995; Gavrilets

2004; Dettman et al. 2007).

General barriers reduce the homogenizing effects of gene

flow across the genome, thereby allowing neutral regions to di-

verge via genetic drift. If neutral gene flow decreases as adaptive

divergence increases, the resulting increase in drift may result in

a positive correlation between the degree of adaptive phenotypic

divergence and differentiation at neutral loci (e.g., nonoutliers in a

genome scan). This pattern is analogous to isolation-by-distance

(IBD), but arises from increased opportunity for genetic differ-

entiation as adaptive, rather than geographic, distance increases.

Thus, we hereafter refer to positive correlations between adap-

tive phenotypic and neutral genetic population divergence, inde-

pendent from geographic distance, as “isolation-by-adaptation”

(IBA). IBA should be detectable on the spatial scale at which

gene flow occurs. Several studies have now reported this pattern

(MacCullum et al. 1998; Lu and Bernatchez 1999; Cooper 2000;

Ogden and Thorpe 2002; Rocha et al. 2005; Grahame et al. 2006;

Parchman et al. 2006; Pilot et al. 2006), but others report high gene

flow in the face of adaptive divergence (Hendry and Taylor 2004;

Smith et al. 2005; Crispo et al. 2006; Yatabe et al. 2007). The

causes of these variable outcomes remain unclear. Importantly,

not all neutral loci will necessarily exhibit IBA, because neutral

differentiation at a given locus is dependent on the stochastic na-

ture of genetic drift. Thus the proportion of neutral loci exhibiting

IBA should vary according to factors that affect drift such as levels
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of gene flow, effective population size, and time since divergence.

To date, studies demonstrating IBA have done so using a small

number of loci or by pooling across loci. Thus, the proportion of

the genome exhibiting IBA has not previously been evaluated.

Nonoutlier loci might also become associated with adaptive

divergence if the effects of selection extend beyond selected re-

gions, not only to tightly physically linked regions (which are

likely to be detected as outliers), but also to neutral “weakly

linked” regions that are farther removed on the chromosome

(Charlesworth et al. 1997; Nielsen 2005). Such weakly linked

regions might not be detected as outliers, but are still (more mod-

erately) affected by divergent selection and thus can exhibit IBA.

Under this scenario, IBA is expected only for loci close enough

to selected regions that their evolution is not completely neutral.

Notably, the effects of selection can extend far along a chromo-

some (Charlesworth et al. 1997). Furthermore, the effects of weak

linkage and general barriers might combine to produce IBA. In

such cases, the spatial scale of gene flow can help evaluate the

relative roles of these two mechanisms. For example, when gene

flow is absent due to physical barriers, divergence proceeds en-

tirely by selection and drift and IBA should still be detectable for

loci affected by weak linkage. This contrasts with the general bar-

riers scenario in which IBA is not expected in the absence of gene

flow, because of the equal opportunity for ecologically similar

and ecologically divergent populations to diverge via drift. Under

both mechanisms, divergent selection plays a role in the differ-

entiation of functionally neutral loci that are not tightly linked to

genes under selection.

Questions remain concerning the proportion of loci affected

by each of the processes described above, and how the processes

interact (Nielsen 2005; Vasemagi and Primmer 2005; Hedrick

2006; Noor and Feder 2006; Stinchcombe and Hoekstra 2007),

because past genome scans have almost never tested for IBA (but

see Grahame et al. 2006). A powerful application of the genome

scan approach uses replicated comparisons of different types of

population pairs (e.g., those that differ vs. those that are similar for

a specific ecological variable), but this comparative approach has

rarely been applied. This approach is powerful because parallel

divergence across multiple population pairs is unlikely to arise via

type I error, genetic drift, or mutation rate variation, and because it

allows the selective causes of outlier loci to be inferred (Campbell

and Bernatchez 2004; Bonin et al. 2006, 2007; S. P. Egan, P. Nosil,

and D. J. Funk, unpubl. ms.). To take advantage of the insights pro-

vided by an integrated approach, the present study thus combines

a comparative genome scan with tests for IBA. Specifically, we

examine genome-wide differentiation at hundreds of amplified

fragment length polymorphism (AFLP) loci in host plant eco-

types of Timema cristinae walking-stick insects. Past phenotypic

and experimental data indicate that divergent host adaptation has

driven the evolution of reproductive isolation between these eco-

types (Nosil 2007 for review). By examining genomic divergence

in these insects we exploit the opportunity to combine ecological,

phenotypic, and genetic data to study speciation.

Our design uses replicated comparisons between pairs of

populations adapted to different host plant species (different-host

pairs) versus population pairs using the same host species (same-

host pairs), allowing us to identify loci affected by host-related se-

lection. Thus, this study estimates the specific contribution of host

adaptation to genomic differentiation. Finally, and most novel, we

use the phenotypic data available from these populations to con-

struct quantitative indices of adaptive divergence between popula-

tions pairs. By applying locus-specific analyses of the association

of these indices with genetic divergence of nonoutlier loci, we

estimate the proportion of the neutral genome that exhibits IBA.

Our overall results are consistent with the conclusion that host-

related selection plays multiple roles in generating heterogeneous

differentiation across the genome. This may occur both through

its effect on selected genes and those linked to them, and via re-

ductions in neutral gene flow that facilitate divergence through

drift.

Study System
GENERAL DESCRIPTION

Timema walking-sticks are wingless insects inhabiting the cha-

parral of southwestern North America (Vickery 1993; Crespi and

Sandoval 2000). Individuals feed and mate exclusively on the host

plants upon which they live. We focus here on T. cristinae, which

uses two host plant species (Adenostoma fasciculatum: Rosaceae

and Ceanothus spinosus: Rhamnaceae). Timema cristinae is com-

posed of two ecotypes (the “Ceanothus ecotype” and the “Adenos-

toma ecotype”), which are defined by the host species on which

they are found (Nosil 2007 for details).

We define a “population” as all of the walking-sticks collected

within a homogenous patch of a single host species (Nosil et al.

2002, 2003, Nosil 2007). Patches of the two host species used by

T. cristinae are often distributed in adjacent patches that are in ge-

ographic contact with one another. We refer to insect populations

associated with such patches as “parapatric” (Nosil et al. 2003).

Other host patches are separated from patches of the alternative

host by distances > 50 times the Timema 12 m per-generation mi-

gration distance (Sandoval 1993, 2000). Insect populations in such

geographically separated patches are termed “allopatric.” Pairs of

populations on the same host are considered ecologically similar

and pairs of populations on different hosts are considered ecologi-

cally divergent. Comparisons between these “same-host pairs” and

“different-host pairs” can isolate the role of host-related selection

in population divergence (Funk 1998; Funk et al. 2002; Funk and

Nosil 2007). For example, loci that are outliers in a genome scan

only in different-host pairs are candidates for divergence under
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host-related selection. Conversely, loci that are outliers between

same-host pairs might represent adaptation to host-independent

selection (e.g., variation in climate).

The T. cristinae ecotypes are divergently adapted to their dif-

ferent hosts. For example, they exhibit genetic divergence in a

suite of adaptive morphological traits, and population divergence

in these traits has evolved via host-specific selection for crypsis

from visual predators (Sandoval 1994a, b; Nosil et al. 2002; Nosil

2004; Nosil and Crespi 2004, 2006a). The ecotypes also exhibit the

evolution of reproductive isolation as a consequence of divergent

host adaptation (Nosil 2007 for review). Specifically, multiple

forms of reproductive isolation are stronger between different-

host pairs than between same-host pairs (Nosil et al. 2002, 2003,

2005, 2006a, b, 2007; Nosil 2004; Nosil and Crespi 2006b). In

contrast, different-host pairs exhibit no intrinsic F1 hybrid egg in-

viability (Nosil et al. 2007), no physiological trade-offs in host use

(Sandoval and Nosil 2005), and incomplete reproductive isolation

(Nosil 2007). Thus, these ecotypes represent stages of divergence

prior to the completion of ecological speciation.

SELECTION/GENE FLOW BALANCE AND EXPECTED

LEVELS OF ADAPTIVE DIVERGENCE

Morphological and molecular evidence indicate geographically

associated patterns of gene flow. For example, morphological and

mitochondrial DNA (mtDNA) divergence is consistently and sig-

nificantly greater between allopatric populations on different hosts

than between adjacent, parapatric populations (Sandoval 1994a;

Nosil et al. 2003; Nosil and Crespi 2004). This pattern is a classic

signature of gene flow (Coyne and Orr 2004), and coalescent-

based estimates of mtDNA gene flow (= m, the migration rate)

into parapatric populations range from 0.001 to 0.232 among pop-

ulations (mean = 0.043, Nosil et al. 2003). This pattern of greater

genetic divergence in allopatry does not rule out the possibility

that gene flow into allopatric populations occurs, but indicates

that it occurs to a lesser degree than gene flow into parapatric

populations. Indeed, maladaptive phenotypes are maintained in

allopatric populations, despite strong selection against them, and

such phenotypes can even increase in frequency within and among

generations, arguing for some recurrent gene flow into allopatry

(Bolnick and Nosil, in press).

Past studies have shown that variation in the degree of adap-

tive divergence between pairs of T. cristinae populations (includ-

ing those examined here) can be reliably predicted by a balance

between host-related selection and gene flow (Sandoval 1994a;

Nosil et al. 2003; Nosil 2004; Nosil and Crespi 2004). The great-

est adaptive divergence is observed when two allopatric popula-

tions use different hosts, because divergent selection acts and gene

flow is minimal. The weakest adaptive divergence is observed

when two allopatric populations use the same host, because diver-

gent selection is lacking. Intermediate levels of divergence occur

host
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Figure 1. Map of the study populations and a schematic descrip-

tion of expected levels of adaptive divergence between pairs of

populations, under the assumption of divergence under a balance

between host-associated divergent selection and gene flow. Em-

pirical evidence of such a balance in the T. cristinae system is pre-

sented in the text. The greatest adaptive divergence occurs when

two allopatric populations use different hosts, because divergent

selection occurs and gene flow is low (comparison 5). The weakest

adaptive divergence occurs when two allopatric population use

the same host, because divergent selection is lacking (comparison

1). Intermediate levels of divergence occur in comparisons involv-

ing a parapatric population (comparisons 2–4). Of these, compar-

ison 2 has the weakest divergence because both populations use

Adenostoma. Nonetheless, some genetic divergence is expected

because HVA receives alleles conferring adaptation to Ceanothus

via gene flow from HVC. Comparison 3 is expected to have weaker

divergence than comparison 4 because it involves two populations

that incur gene flow (HVA and HVC), rather than just one (HVC).

in comparisons involving parapatric populations. However, even

among these comparisons variation can be predicted. For example,

a pair comprised of two parapatric populations generally exhibits

weaker divergence than a different-host pair in which one popula-

tion is parapatric and the other is allopatric, because in the former

case the adaptation of both populations (rather than just one) is

diminished by gene flow. Figure 1 depicts the study populations

and expected patterns of adaptive divergence.

Materials and Methods
STUDY POPULATIONS

We studied one parapatric population pair and two allopatric pop-

ulations of each host (Fig. 1). Our six study populations yielded 15

pairwise population comparisons that varied in ecological context

(nine different-host pairs and six same-host pairs), and in geo-

graphic distance. Our selection of populations thus allowed com-

parisons across a range of evolutionary divergence. Specimens
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Table 1. Description of the study populations. The number of individuals genotyped for AFLP markers from each population is given

in parentheses to the right of the population name. C = Ceanothus. A = Adenostoma. % C refers to the percent of the sample site

occupied by the host Ceanothus.% pick C (n) = percent of individuals within a population picking Ceanothus over Adenostoma as a host

in preference experiments (sample size).% striped (n) = percent of individuals within a population exhibiting the presence of the striped

color pattern (sample size). Body Bright. (n) = mean body brightness (sample size). Stripe Bright. = mean stripe brightness (sample size

as for body brightness). Baseline information about population variability is provided in the online Supplementary Material.

Pop. (n) Host Latitude Longitude % C % pick C (n) % striped (n) Body Bright. (n) Stripe Bright.

1. PRC (31) C 34 32.03 119 51.48 100 93 (65) 1 (1091) 44 (62) 48
2. VPC (32) C 34 31.89 119 50.56 100 91 (174) 9 (633) 47 (13) 46
3. HVC (31) C 34 29.42 119 47.16 33 79 (29) 61 (144) 46 (16) 54
4. HVA (34) A 34 29.31 119 47.19 33 78 (98) 85 (1279) 40 (65) 52
5. LA (32) A 34 30.52 119 47.75 0 63 (139) 86 (615) 38 (25) 50
6. R23A (32) A 34 31.60 120 04.34 0 52 (56) 94 (395) 37 (68) 52

were collected near Santa Barbara, California by using sweep nets

to randomly sample throughout host patches. A total of 192 field-

collected individuals (n > 30 in all populations) were selected for

AFLP genotyping (see Table 1 for population-specific information

and Table 2 for population differentiation).

AFLP PROTOCOLS

Whole genomic DNA was extracted using a few legs per spec-

imen, following DNAeasy Animal Extraction Kits (Qiagen, Va-

lencia, CA). To generate AFLP data following Vos et al. (1995),

we used AFLP Core Reagent Kits (Invitrogen, Carlsbad, CA).

After the preselective amplification, eight selective amplification

primer combinations were used to generate PCR products that

Table 2. Divergence between the 15 pairs of populations of Timema cristinae. Provided is the type of host comparison (DH = different-

host pair, SH = same-host pair), the geographic distance between populations (GeoD), percent mtDNA sequence divergence, the number

of outliers at the 95 and 99 quantiles, the number of loci analyzed for each population pair (no. of loci = number of the 534 total loci

that were polymorphic for a particular population pair), FST between populations for each of four classes of loci (Host comp. = Host

comparison; Neut. = Neutral, DH = DH-Specific Outliers), and trimmed FST estimated using different trimming thresholds in Dfdist (30%,

20%, 10%).

Pair Host GeoD % # 95% (99%) No. of FST FST FST FST FST FST FST

comp. (km) mtDNA outliers loci Total Neut. Other DH 30% trim 20% trim 10% trim

1. PRC vs. HVA DH 8.27 2.9 3 (0) 407 0.048 0.042 0.068 0.091 0.029 0.033 0.040
2. PRC vs. LA DH 6.35 3.5 10 (5) 426 0.057 0.030 0.134 0.204 0.033 0.036 0.043
3. PRC vs. R23A DH 19.65 4.5 6 (1) 451 0.183 0.118 0.404 0.205 0.138 0.149 0.163
4. VPC vs. HVA DH 7.02 2.9 11 (5) 418 0.129 0.065 0.300 0.439 0.081 0.092 0.107
5. VPC vs. LA DH 4.99 3.6 7 (2) 426 0.089 0.051 0.186 0.279 0.053 0.060 0.072
6. VPC vs. R23A DH 21.05 4.5 13 (6) 418 0.084 0.037 0.185 0.360 0.043 0.052 0.062
7. HVC vs. HVA DH 0.21 2.5 18 (9) 399 0.063 0.023 0.194 0.234 0.022 0.028 0.043
8. HVC vs. LA DH 2.23 1.7 15 (5) 413 0.024 0.010 0.068 0.098 0.004 0.008 0.014
9. HVC vs. R23A DH 26.55 4.0 17 (6) 436 0.082 0.032 0.223 0.218 0.042 0.050 0.063

10. PRC vs. VPC SH 1.43 1.9 4 (1) 414 0.199 0.132 0.362 0.528 0.148 0.158 0.180
11. PRC vs. HVC SH 8.18 3.6 8 (2) 422 0.119 0.074 0.258 0.330 0.075 0.083 0.096
12. VPC vs. HVC SH 6.92 3.6 15 (7) 405 0.039 0.016 0.089 0.031 0.015 0.019 0.027
13. HVA vs. LA SH 2.40 2.7 21 (5) 413 0.022 0.005 0.075 0.039 0.004 0.009 0.015
14. HVA vs. R23A SH 26.53 4.0 15 (8) 443 0.137 0.072 0.363 0.152 0.091 0.099 0.113
15. LA vs. R23A SH 25.41 3.4 14 (7) 454 0.105 0.057 0.271 0.121 0.065 0.073 0.083

were then purified using Sephadex (GE Healthcare, Uppsala, Swe-

den) (for information on primers see online Supplementary Ma-

terial). Products were run on 6% polyacrylamide gels in the De-

partment of Biological Sciences at Vanderbilt University using an

MJ Base Station Automated Sequencer (MJ Research, Waltham,

MA). Fragment analysis was completed using Cartographer soft-

ware associated with the Base Station. Loci between 65 and 550

bp were identified manually and locus ranges were set within

Cartographer. Presence versus absence of peaks for these loci was

first called automatically within Cartographer according to a noise

threshold set by the program within each lane, with alleles exhibit-

ing fluorescent signal above the threshold called as present. Most

importantly, all loci for all individuals were then visually inspected
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and manually adjusted (hand-called) by PN. While hand-calling,

samples that had a weak or noisy signal were noted and rerun. All

scoring was done blind to population of origin.

REPEATABILITY ESTIMATES

To ensure high repeatability of analyzed AFLP loci, every individ-

ual was genotyped twice for all primer pairs. Each gel included

individuals from both ecotypes and multiple study populations.

Replicate samples of the same individual were run on different

gels. The repeatability of each individual locus was estimated as

one minus the ratio of the total number of differences for that lo-

cus to the total number of individuals genotyped (following Bonin

et al. 2004; Pompanon et al. 2005). Individual loci that were less

than 90% repeatable were excluded from further analysis. The

remaining markers were used to estimate the average “per locus

genotyping error rate,” as the ratio of the total number of differ-

ences across all loci to the total number of comparisons across

loci (Bonin et al. 2004; Pompanon et al. 2005). This value was

<4%.

EMPIRICAL DISTRIBUTION OF FST AND OUTLIER

DETECTION USING SIMULATIONS

Simulations can model expected patterns of population differenti-

ation for neutral loci. Actual loci whose empirically derived levels

of differentiation place them at the upper extreme of simulated dis-

tributions of differentiation are considered “outlier loci” that are

putatively subject to divergent selection (Bowcock et al. 1991;

Black et al. 2001; Luikart et al. 2003; Nielsen 2005; Stinchcombe

and Hoekstra 2007). Theoretical studies have shown that such

divergence-based methods have high power to detect loci subject

to divergent selection (Beaumont and Nichols 1996; Beaumont

and Balding 2004; Beaumont 2005). To identify outlier loci, we

thus adopted the approach of Beaumont and Balding (2004), im-

plemented in the program Dfdist. This comprised three steps, each

of which was applied separately to each of the 15 population pairs.

First, the empirical distribution of FST values among loci was

generated using a Bayesian method in which allele frequencies are

estimated from the proportion of recessive genotypes in the sam-

ple (Zhivotovsky 1999). Second, we estimated the mean FST value

for neutral loci by trimming loci at the extremes of this empirical

distribution. Our “trimmed” mean FST was calculated by remov-

ing the highest 30% and lowest 30% of FST values observed in the

empirical dataset; it represents an estimate of the average “neutral”

FST value, uninfluenced by selection on specific loci (Beaumont

and Balding 2004). This particular (30%) trimming threshold is

recommended by Beaumont and Balding (2004), has been adopted

in other genome scan studies (e.g., Bonin et al. 2005), and is used

for the focal analyses presented in this study. Nonetheless, to eval-

uate the robustness of our results to the trimming procedure, we

also conducted analyses using alternative thresholds of 20% and

10%. These lower thresholds might be expected to lower estimates

of average neutral FST and thus more conservatively identify out-

liers. The 20% and 10% thresholds yielded average FST values that

differed only modestly from those observed for the 30% thresh-

old (see Table 2). Moreover, FST values derived from the different

thresholds were highly correlated across the 15 population pairs

(all r > 0.997, all P < 0.001). Additional findings derived from

the alternative thresholds are discussed below.

Second, a distribution of simulated FST values was gener-

ated, in which the mean simulated FST was targeted to match the

mean trimmed FST calculated from the empirical distribution. A

hierarchical Bayesian approach was used to compute these FST

values conditional on heterozygosity in a subdivided population

under the infinite island model (Wright 1943). We thereby gener-

ated 50,000 simulated loci with a mean FST similar to the trimmed

mean FST (the correlation between mean simulated and mean em-

pirical trimmed FST across the 15 population pairs, was r = 0.999

P < 0.001).

Third, the empirical and simulated distributions were com-

pared to identify outliers. From the simulated loci, an outlier

threshold was calculated at both the upper 95th and 99th quantiles

using a smoothing parameter of 0.04. Loci above these thresh-

olds were considered outliers. Because divergence-based methods

have extremely low power to detect stabilizing selection (Beau-

mont and Nichols 1996; Beaumont and Balding 2004), we did not

specifically test for loci with unusually low FST. These methods

also do not specifically consider relaxed selection, a form of weak

divergent selection, such that some loci under weak selection may

not be detected.

CLASSIFICATION OF OUTLIERS

After outlier detection, loci were categorized according to the

types of comparisons in which they were outliers (see Table 3).

Loci that were not outliers in any comparison were considered

putatively neutral. Host plant use by the study populations, and

the replication of outlier behavior across population pairs, was

used to further categorize loci. Loci that were outliers in only

one pairwise comparison were deemed “nonrepeated outliers.”

These nonrepeated outliers were further classified into whether

they were outliers in a same-host pair and or in a different-host

pair. Loci that were outliers in multiple comparisons were de-

noted “repeated outliers.” These repeated outliers were classi-

fied according to whether they were outliers in same-host pairs

only, “mixed outliers” (i.e., those observed in a mixture of same-

host and different-host pairs) that were identified in at least as

many same-host as different-host comparisons, mixed outliers

that were identified in more different-host than same-host com-

parisons, or outliers only in different-host pairs. We also noted

outliers that were restricted to different-host pairs and observed in

multiple independent comparisons, that is, comparisons that did
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Table 3. Outlier detection for the 534 AFLP loci at the 95% (99%) quantile. DH = different-host pair. SH = same-host pair.

Outlier distribution Type of comparison No. of loci Class of loci Possible inferences

Observed in zero comparisons 456 Neutral Loci -putatively neutral
Observed in one population Same-host 17 (10) - host-independent selection

comparison (“nonrepeated” outliers) Different-host 19 (9) - host-associated selection
Observed in > 1 population

comparison (“repeated” outliers)
Same-host only 1 (0) Other Outliers - host-independent selection

Both, but DH ≤ SH 24 (9)
Both, but DH > SH 12 (4) - host-independent selection or

host-associated selection with
outliers influenced by gene flow

Different-host only 5 (1) DH-Specific - host-associated selection
Outliers

not share a population in common. The categorization scheme was

used to make inferences about possible causes of outlier behavior

(Table 3).

To further compare loci subject to different evolutionary pro-

cesses, the analyses of this article especially focus on datasets

representing different classes of loci that are hereafter referred to

using the following terms: (a) Total Loci = all 534 AFLP loci, (b)

Neutral Loci = loci that were not outliers in any comparison, (c)

Other Outliers = loci that were outliers in multiple comparisons

including same-host pairs, and (d) DH-Specific Outliers = loci

that were outliers in multiple different-host comparisons only.

VERIFICATION OF DH-SPECIFIC OUTLIERS

Because of our particular interest in DH-Specific Outliers, we

used three additional methods to corroborate their outlier status

and host specificity. First, we conducted a “global” Dfdist analy-

sis by pooling individuals across populations using the same host

into a single “host population” and then identifying outlier loci in

a comparison of the two host populations. Second, for each DH-

Specific Outlier we ran a separate logistic regression analysis with

genotype (band present versus absent) as the dependent variable

and host of origin as the independent variable. A likelihood-ratio

(LR) test was used to determine whether host significantly pre-

dicted genotype. Results from these analyses should be interpreted

with some caution as they pool individuals from different neutral

backgrounds. However, they are nonetheless useful for verifying

that particular loci represent strong between-host outliers, and the

regression approach in particular has been advocated for outlier

verification because it does not rely upon a trimming threshold

(Bonin et al. 2006, 2007). For example, Dfdist could yield “false

positives” in the form of loci that barely exceed the 95% threshold

or appear in few comparisons. Such loci might not be identified

as host specific in these additional analyses. In contrast, loci that

were DH-Specific Outliers in only a few different-host pairs, yet

approached the 95% quantile in other such pairs, may have their

host-specific status further verified by these analyses. Third, we

tested whether loci that were DH-specific Outliers using the con-

ventional 30% trimming threshold remained statistical outliers

using the alternative and more conservative 20% and 10% thresh-

olds. These analyses were conducted for all the population pairs

in which at least one DH-Specific Outlier had exceeded the 95%

quantile in the focal analyses using a 30% threshold.

CAVEATS REGARDING OUTLIER LOCI: MUTATION

RATE VARIATION AND TYPE I ERROR

In view of the nature of our study, two issues must be addressed

before outlier behavior can be attributed to the effects of divergent

selection. One issue is that variation among loci in levels of genetic

differentiation could reflect variation in mutation rates, rather than

selection (Balloux and Lugon-Moulin 2002; Hedrick 2005; Noor

and Feder 2006). Two arguments indicate that mutation rate vari-

ation cannot account for our results. First, and most generally,

mutation rate is not predicted to strongly affect genetic differen-

tiation for any class of loci when gene flow between populations

occurs (Beaumont and Nichols 1996; Balloux and Lugon-Moulin

2002; Hedrick 2005), as is likely in T. cristinae. This argument

stems from theory indicating that in an island model of migration

(Wright 1931), FST is a decreasing function of N (m + �), the

product of local population size and the sum of migration and

mutation rates (Hartl and Clark 1997; Balloux and Lugon-Moulin

2002). So when migration is greater than mutation, as is likely with

even very low migration rates, genetic differentiation is dominated

by migration, and is thus unlikely to be explained by mutation.

Thus, the documented gene flow between T. cristinae populations

(Sandoval 1994a, b; Nosil et al. 2003; Nosil and Crespi 2004;

Bolnick and Nosil, in press) argues against an important role for

the effects of mutation rate on FST and outlier detection in our

study. Second, variable mutation rates cannot explain our obser-

vation of loci that are highly differentiated only in comparisons of

ecologically divergent (i.e., different-host) pairs of populations. In

essence, our same-host population pairs act as controls for the po-

tential effects of mutation rate variation on genetic differentiation.
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Similar arguments apply to other potentially confounding factors,

such as sex-linkage, whereby reduced effective population size

of sex-linked loci could increase genetic divergence by drift, re-

sulting in high FST of sex-linked loci that are not affected by

selection. However, as for mutation rate variation, this process is

not expected to result in DH-Specific Outliers.

Another issue for outlier detection, reflecting the large num-

ber of loci screened in a genome scan, is type I error due to multiple

comparisons. For example, within any single pairwise population

comparison the number of loci expected to be outliers by ran-

dom chance (type I error) alone = 0.05 × no. of loci. Fortunately,

the Bayesian methods implemented in our study (Beaumont and

Balding 2004; p. 979 for details) explicitly address this issue, by

using the prior distribution to correct for the potential problem of

multiple testing. Thus, outliers detected in our study are unlikely

to represent type I error (i.e., false positives).

Moreover, our particular study design further minimizes the

chances of detecting outliers that are false positives. It does so

by focusing on the identification of loci detected to be outliers

in each of multiple pairs of populations, and especially on those

detected as outliers in multiple different-host population compar-

isons only. Repeated outliers are very unlikely to arise via type I

error because the probability that type I error can explain a pat-

tern decreases as a function of the repeatability and consistency

of that pattern. We thus provide the following equation for cal-

culating the number of outliers expected by type I error alone.

This equation is conservative because it assumes that Dfdist does

not address type I error (although it does). It also specifically ac-

counts for both the number of loci and the number of pairwise

population comparisons. On this point, given 15 total population

pairs (including nine different-host pairs) and the evaluation of

534 loci, the number of outlier loci expected to be observed in n

different-host comparisons (and no same-host comparisons) is

(0.05n × 534) ×

(
9

n

)
(

15

n

) . (1)

LINKAGE DISEQUILIBRIUM ANALYSES

To make inferences about the genomic distribution of outlier loci,

we quantified levels of linkage disequilibrium among loci within

each of the populations. Separate analyses were conducted for the

Neutral Loci, Other Outliers, and DH-Specific Outliers classes. If

outlier loci are physically linked to each other, their linkage dis-

equilibrium is expected to be elevated relative to neutral loci, for

example, due to the effects of selective sweeps (Kim and Nielsen

2004). This physical linkage is expected to result in similar lev-

els of disequilibrium within allopatric and parapatric populations

(Arnold 1992). In contrast, if linkage disequilibrium is caused by

migration between differentiated populations (Kimura 1956; Nei

and Li 1973; Kirkpatrick et al. 2002), then disequilibrium should

be greater within parapatric populations (Nosil et al. 2006b).

We estimated linkage disequilibrium using two methods,

which examine pairs of loci and overall multilocus disequilibrium,

respectively. The first approach used the program DIS (Dasma-

hapatra et al. 2002) to estimate pairwise linkage disequilibria be-

tween loci for dominant data (R = the gametic correlation coeffi-

cient correcting for variable allele frequencies), using a maximum-

likelihood equivalent to that of Hill (1974). This program is lim-

ited to 40 loci, so we analyzed the five DH-Specific Outliers,

the 37 Other Outliers, and 40 randomly selected Neutral Loci.

We used paired t-tests (with population as the unit of replication)

to examine whether classes of loci differed significantly in lev-

els of linkage disequilibrium. The second method used LIAN 3.1,

which allowed consideration of all loci within a class (Haubold and

Hudson 2000). LIAN tests for independent assortment by com-

puting the number of loci at which pairs of individuals differ.

From the distribution of these mismatch values, a variance (VD) is

calculated. This is compared to the variance expected for linkage

equilibrium (VE), allowing computation of a standardized index

that represents multilocus association (IS
A). Paired t-tests were used

to examine whether classes of loci differed in their association val-

ues across populations.

PHYLOGEOGRAPHIC PATTERNS

AND GENETIC STRUCTURE

For each class of loci, genetic differentiation (FST) among pop-

ulations was calculated using 1000 bootstraps in AFLP-SURV

version 1.0 (Vekemans et al. 2002). Then, for each class of loci,

1000 bootstrapped Nei’s genetic distance matrices generated by

AFLP-SURV were used to construct a neighbor-joining 50% ma-

jority rule consensus tree with the programs NEIGHBOR and

CONSENSE within PHYLIP 3.6 (Felsenstein 2004). A version of

Structure (2.2., Falush et al. 2007) modified for dominant markers

was used to perform the Bayesian assignment analysis of Pritchard

et al. (2000). This method is conventionally used to determine the

number of genetic clusters that best fit the data. However, Structure

has many additional uses (Pritchard et al. 2000), and our focus here

is on potential genetic differentiation according to ecotype, rather

than on determining the number of genetic clusters per se. Thus,

we assumed two clusters (K = 2) and tested whether those iden-

tified by Structure corresponded to the two host plant ecotypes.

Separate analyses were run for each class of loci and three sep-

arate runs for each class yielded essentially identical results. For

each analysis, we implemented a burn-in of 50,000 generations

and a Markov Chain of 500,000 generations using the admixture

model. For each class of loci, a nested ANOVA tested whether

assignment proportions differ between host ecotypes and among

populations within ecotypes.
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ISOLATION-BY-ADAPTATION

We tested for IBA using indices of adaptive divergence that re-

flect the balance between selection and gene flow (see also Fig.

1). Specifically, we constructed three indices representing differ-

ent ecologically adaptive traits: host plant preferences, ecomor-

phology, and host plant composition (Table 1). Host preference

was estimated for each of the six populations using host-choice

experiments, where the host choice of individual walking-sticks

was recorded as described in Nosil et al. (2006a; total n = 561).

Data from five of the populations come directly from Nosil et al.

(2006a), whereas comparable data for population R23A were ob-

tained for the present study using the same procedures in May

2006 (n = 56). Divergence in preference for each population pair

was calculated as the difference between populations in the mean

percentage of individuals choosing Ceanothus over Adenostoma.

Ecomorphological divergence was estimated using three

morphological traits known to differ between ecotypes and to be

under strong host-specific divergent selection for crypsis. These

traits are the presence versus absence of a genetically determined

dorsal stripe (Sandoval 1994a, b), body brightness, and stripe

brightness. The latter two traits are quantitative measures of the

brightness of the exterior and central parts of the body respectively,

irrespective of the presence/absence of the stripe itself (Nosil and

Crespi 2006a for details). Population divergence in stripe fre-

quency was estimated from 4157 individuals sampled across all

current study populations from 2001 to 2006 (Nosil 2004, un-

publ. data). Nosil and Crespi (2006a) examined 249 specimens

from our six populations. From that study, divergence in body

brightness was estimated as the absolute value of the difference

in mean brightness between a pair of populations. The same was

done for divergence in stripe brightness. To reduce redundancy,

we calculated a principal components axis using the three traits.

The first axis (PC1) explained 60% of the variance among popu-

lation pairs, loaded each trait strongly and positively (all loadings

> 0.60), and was used in all subsequent analyses.

The third index represents differences in host plant composi-

tion between sites. Specifically, the percentage of each study site

occupied by Ceanothus was estimated using aerial photos (as in

Sandoval 1994a,b; Nosil et al. 2003). For example, allopatric pop-

ulations of Ceanothus and Adenostoma would be assigned values

of 100 and 0, respectively. A parapatric population at a site in

which each host covered an equal area (i.e., where half the collec-

tive area of the site is Ceanothus) would be assigned a value of 50.

Our index of divergence is the difference between populations in

these values (% Ceanothus hereafter). Such differences in percent

Ceanothus were correlated with host preference and morphology

in past studies (Nosil and Crespi 2004; Nosil et al. 2006a), raising

the issue of redundancy among our three indices. We feel that the

use of all three is warranted because they encompass biologically

different measures of adaptive divergence and because correla-

tions among them are not overly strong (host preference vs. PC1,

r = 0.44, P = 0.11; host preference vs. % Ceanothus, r = 0.62,

P = 0.05; PC1 vs. % Ceanothus, r = 0.79, P < 0.05; Mantel

tests). Although these indices do not provide completely indepen-

dent tests of association between adaptive and genetic divergence,

using all three helps evaluate the robustness of our findings.

We used simple and partial Mantel tests (Manly 1997) to

examine associations among genetic differentiation, adaptive di-

vergence, and geographic distance. Specifically, simple Mantel

tests were used to examine the association between genetic di-

vergence and adaptive divergence and the association between

genetic divergence and geographic distance. Partial Mantel tests

were used to examine the association between genetic diver-

gence and adaptive divergence controlling for geographic distance

( = IBA), and between genetic divergence and geographic distance

controlling for adaptive divergence (= IBD). We first conducted

analyses in which the measure of genetic divergence was overall

FST across loci within each class. All Mantel tests implemented

1000 randomizations and were conducted using the software Iso-

lation by Distance version 1.52 (Bohonak 2002), which reports

one-tailed probabilities. This program calculates r, the correla-

tion between two matrices, which ranges from −1 to +1 (Manly

1997; Bohonak 2002). Analyses were conducted using both raw

and log-transformed distance matrices to ensure the results were

robust to negative estimates of FST (which were set to 0.0001

before log transformation). Although significance testing using

simple Mantel tests is unbiased, the accuracy of partials is a topic

of debate (Raufaste and Rousset 2001; Rousset 2002). However, it

appears that partial Mantel tests perform well in most conditions

(Castellano and Balletto 2002), and particularly when correlations

between independent variables are weak or moderate as observed

here (Mantel tests against geographic distance: Host preference,

r = 0.59, P = 0.03; Ecomorphology, r = −0.02, P = 0.52;%

Ceanothus, r = −0.07, P = 0.60).

Next, we conducted Mantel tests for each individual locus

using locus-specific FST values from Dfdist. These locus-specific

analyses provide two types of additional information: they identify

specific loci exhibiting significant IBA and IBD, and they provide

distributions of locus-specific correlation coefficients. FST could

not be calculated for some loci for specific population pairs be-

cause these loci were monomorphic for that particular pair. Be-

cause these loci result in missing data in the distance matrices they

were excluded from the Mantel analyses, yielding a total of 209

loci for analysis.

Given that we evaluated 209 loci, roughly 20 significant (10

positive and 10 negative) spurious correlations due to multiple

comparisons might be expected at a one-tailed alpha level of 0.05.

We used three lines of evidence to evaluate the possible depen-

dence of our results on this statistical artifact. First, if the as-

sociations are not spurious, we expected more than 10 positive
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significant associations. Second, for correlations due to chance

alone we expected significantly positive and significantly neg-

ative correlations in equal proportion. Binomial tests were thus

used to examine whether more significant positive associations

were observed than expected by chance, as predicted by IBA.

Third, spurious associations should yield correlation coefficient

distributions that do not differ significantly from zero, which we

evaluated using one-sample t-tests. After we had confidently iden-

tified loci exhibiting significant IBA using these approaches, we

examined the degree to which these loci represented outliers in

the genome scan.

We additionally tested for IBA and IBD using mtDNA se-

quence variation. These analyses used 413 bp sequences of the

cytochrome oxidase I (COI) gene from 33 T. cristinae from the

six study populations (n = 5, 5, 3, 5, 6, 9 from populations 1–6, re-

spectively). Sequences from five of the populations are previously

published (Nosil et al. 2002, 2003); sequences for R23A were ob-

tained using the same procedures (Genbank accession numbers

EU251503-EU251511). Population divergence in mtDNA was

estimated in MEGA version 3.1 (Kumar et al. 2004) as mean

pairwise divergence corrected for multiple hits using the Kimura

two-parameter model (Kimura 1980). As for AFLP loci, simple

and partial Mantel tests evaluated IBA and IBD. Notably, the prob-

lem of multiple comparisons does not apply to this single-locus

mtDNA analysis.

Results
OUTLIER DETECTION AND CLASSIFICATION

Outliers were detected in all 15 pairwise comparisons at the 95%

level, and in all but one population comparison at the 99% level

(Fig. 2). In total, 78 of 534 loci were outliers at the 95% level

in at least one comparison. The proportion of loci that were out-

liers within an individual population pair ranged from 0.7% to

5.1%, with a mean of 3.8% (Table 2). Table 3 presents the num-

ber of loci corresponding to their various categories. Forty-two of

78 outlier loci (8% of total analyzed loci) were “repeated.” Five

loci were DH-Specific Outliers (1% of total analyzed loci) and

one of these (D47) was an outlier in two statistically indepen-

dent different-host comparisons. Only one locus was an outlier

in multiple comparisons between same-host pairs but not in any

different-host pairs. The remaining repeated outliers appeared in

a mixture of different-host and same-host pairs.

Further analyses verified the outlier status and host speci-

ficity of DH-Specific Outliers. For example, the global Dfdist

analysis detected 20 outliers at the 95% quantile. Four of the five

DH-Specific Outliers were among these 20 (L80, E10, D47, and

G37). Furthermore, genotype at each of these four loci was highly

significantly predicted by host of origin in the logistic regression

analyses (L80, LR = 12.50, P < 0.001; E10, LR = 7.73, P < 0.01;

D47, LR = 15.96, P < 0.001; G37, LR = 24.45, P < 0.001; I15,

LR = 0.64, P = 0.43; all df = 1). Finally, in analyses using alter-

native trimming thresholds of 20% and 10%, all five DH-Specific

Outliers from the focal analyses using the 30% threshold remained

statistically significant outliers in every population comparison in

which they were originally detected (P < 0.05 in all cases using

the P-value function in Dfdist, with all loci also above the 95%

quantile).

OUTLIERS AND TYPE I ERROR

The efficacy of the method of Beaumont and Balding (2004) in

correcting for multiple comparisons and dealing with type I error is

illustrated by the observation that we examined 534 loci, yet con-

siderably fewer than the random expectation of 27 outliers (0.05 ×
534 = 27) were detected in each of the 15 individual population

comparisons (Table 2; mean number of outliers per comparison

= 11.8, SD = 5.3). In fact, the mean number of outliers detected

per comparison was significantly lower than 27 (t14 = 11.01, P

< 0.001, one-sample t-test). Probability calculations confirm that

more DH-Specific Outliers were detected than expected via type I

error alone, even in the absence of Dfdist’s correction for multiple

comparisons. Following equation (1), we expect less than a single

locus (0.8 loci) to be an outlier in two different-host comparisons,

but no same-host comparisons (i.e., n = 2). In contrast, we de-

tected five loci exhibiting such behavior (i.e., the five DH-specific

Outliers), significantly more than expected (P < 0.001, binomial

probability). Likewise, we expect only 0.0003 loci to be outliers

in four different-host comparisons and no same-host comparisons

(i.e., n = 4). However, we detected such a locus, an observation

highly unlikely to be due to type I error (P < 0.0001, binomial

probability). Thus, even adopting the very conservative stance that

the methods of Beaumont and Balding (2004) do not effectively

deal with multiple comparisons, probability statements demon-

strate a clear excess of DH-Specific Outliers among our assayed

loci, relative to the number expected by type I error alone.

LINKAGE DISEQUILIBRIUM

In the DIS analyses, mean pairwise disequilibrium was low, usu-

ally approximately 0.10 (Fig. 3). Differences between classes of

loci in levels of disequilibrium achieved statistical significance for

Other Outliers versus Neutral Loci, with higher disequilibrium ob-

served for the former (mean difference = 0.047, t5 = 3.022 , P <

0.05). The trend for DH-Specific Outliers versus Neutral Loci was

nonsignificantly in the same direction, with higher linkage dise-

quilibrium for DH-Specific Outliers within five of the six popula-

tions (mean difference = 0.073, t5 = 1.36, P = 0.23). The differ-

ence between DH-Specific and Other Outliers was nonsignificant

and showed no trend (mean difference = 0.027, t5 = 0.574, P =
0.59). Generally congruent results were observed in LIAN analy-

ses, where multilocus disequilibrium was weak and the difference
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Figure 2. Results of Dfdist analyses. Each of the 15 plots illustrates the empirical distribution of FST values for individual AFLP loci in

relation to a simulated 95th quantile for simulated neutrally evolving loci (solid line). The filled symbols depict loci with FST values

exceeding this quantile, which are “outliers” putatively evolving under divergent selection. “Repeated” outliers that are observed in

multiple population comparisons are black, whereas “nonrepeated” outliers are gray. Outliers that also exceed the 99th quantile are

squares rather than circles. Different-host pairs are above the thick black line whereas same-host pairs are below it. Repeated outliers

that are restricted to different-host pairs or to same-host pairs are labeled. See online Supplementary Material for a detailed description

of which loci were outliers within each specific population pair.

between Other Outliers and Neutral Loci was once again signifi-

cant (Other Outliers vs. Neutral Loci: mean difference = 0.015, t5

= 2.755, P = 0.040; DH-Specific Outliers vs. Neutral Loci: mean

difference =−0.002, t5 = 0.221, P = 0.834; DH-Specific Outliers

vs. Other Outliers: mean difference = −0.0178, t5 = 2.092, P =
0.091; paired t-tests). Thus, there was little suggestion of stronger

linkage disequilibrium within parapatric populations. If anything,

outlier loci exhibited stronger linkage disequilibrium than neutral
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Figure 3. Estimates of linkage disequilibrium among loci within

each of the six study populations, for different classes of loci. (A)

DIS results showing mean (± 1 SE) pairwise linkage disequilibria.

The mean gametic correlation coefficient (R) is reported, which

corrects for variation in allele frequencies. (B) LIAN results showing

a standardized index of association (I S
A) which measures multilocus

disequilibrium. Paired t-tests examining differences among classes

of loci are reported in the text.

loci independent of geography. These patterns were evident even

when the specific 18 outlier loci from the parapatric population

pair were considered (linkage disequilibrium was not elevated in

parapatry, but was greater than observed for neutral loci in all six

populations; t5 = 3.55, P = 0.016).

PHYLOGEOGRAPHIC PATTERNS

AND GENETIC STRUCTURE

As expected, FST values were higher for the two outlier classes

than for the Total Loci and Neutral Loci classes (Table 2).

Neighbor-joining trees reconstructed using different classes of loci

exhibited two different topologies (Fig. 4). The Total Loci, Neutral

Loci, and Other Outlier topologies were identical and never pro-

duced topologies consistent with the union of populations using

the same host as sister taxa. The topology based upon DH-Specific

Outliers differed from the others and was not consistent with two

host-associated monophyletic lineages, although it provided one

case highly consistent with the union of two populations using the

same host.

Assignment proportions from Structure differed somewhat

between ecotypes for Other Outliers (ecotypes F1,192 = 8.48,

P < 0.01, populations F4,192 = 100.784, P < 0.001) and for DH-

Specific Outliers (ecotypes F1,192 = 2.58, P = 0.11, populations

F4,192 = 14.79, P < 0.001). In contrast, there was no evidence that

assignment proportions differed between ecotypes for Total Loci

(ecotypes F1,192 = 0.01, P = 0.98, populations F4,192 = 49.59,

P < 0.001) or Neutral Loci (ecotypes F1,192 = 1.96, P = 0.20,

populations F4,192 = 25.74, P < 0.001). Notably, assignment pro-

portions always differed significantly among populations within

ecotypes, indicating that each ecotype does not constitute a single

panmictic group.

ISOLATION-BY-ADAPTATION

Genetic distances estimated by pooling across AFLP loci did not

exhibit significant IBA or IBD for any class of loci or index of

adaptive divergence (Table 4). In contrast, mtDNA often exhibited

both IBA and IBD. However, the locus-specific analyses revealed

that a substantial proportion of individual AFLP loci were indeed

strongly positively correlated with adaptive divergence, thereby

exhibiting the pattern of IBA (results from raw matrices are in

Table 5; results using log-transformed matrices were highly con-

gruent and are presented in the online Supplementary Material).

Our main interest here is the correlation between genetic and adap-

tive divergence, independent of geographic distance (i.e., IBA).

Thus, in the text we detail only the results from such analyses

(i.e., the effects of adaptive divergence in partial Mantel tests).

However, Table 5 provides results for all raw analyses, including

simple Mantel tests and those involving geographic distance. Six

analyses examined IBA, that is, three indices of adaptive diver-

gence, with raw and log distances for each. On average, about 9%

of AFLP loci exhibited significant IBA (for raw and log distances,

respectively: Host preference = 10%, 7%; Ecomorphology = 9%,

9%; % Ceanothus = 8%, 9%). A representative example of the

analyses is depicted in Figure 5.

Several lines of evidence indicate that the number of loci

found to exhibit IBA is not an artifact of multiple comparisons.

First, the proportion of such loci (roughly 10%) is twice that ex-

pected under multiple comparisons, assuming a critical alpha of

0.05. Thus, minimally 5% of loci appear to be affected by adap-

tive divergence. If none of the correlations are spurious, 10%

are affected. Second, across the six analyses there were at least

twice as many significant positive correlations as negative ones in

five of six cases, and significantly more positive associations than
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A  Total Loci

PRC

VPC

HVC

HVA

LA

R23A
99

100

100

B  Neutral Loci

PRC

VPC

HVC

HVA

LA

R23A

57

100

100

C  Other Outliers

PRC

VPC

HVC

HVA

LA

R23A
99

100

100

D  DH-Specific Outliers

PRC

VPC

HVC

HVA
LA

R23A

70

63

89

Figure 4. Unrooted neighbor-joining 50% majority rule consensus trees based on Nei’s genetic distance between populations, calculated

using 1000 bootstrap replicates in AFLP-SURV. Bootstrap values greater than 50% are indicated at nodes. The names of Ceanothus

populations are circled for clarity. Results are depicted from four classes of loci: (A) Total Loci, (B) Neutral Loci, (C) Other Outliers, an (D)

DH-Specific Outliers (see text for details of locus classes).

expected by chance in nine of 18 analyses (binomial tests, Table

5). Third, the distribution of correlation coefficients from signifi-

cant loci had a positive mean in all cases, and a mean significantly

greater than zero in five of six cases (with P = 0.063 for the sixth

case).

Loci exhibiting IBA were not necessarily outlier loci. Across

the six analyses, only 6–29% (mean = 16%) of the IBA associa-

tions were derived from outliers in the Dfdist analyses (Table 5).

Thus, IBA was repeatedly detected for putatively neutral nonout-

lier loci. Indeed, these loci generally exhibited FST values well

below the 95% quantile. Considering only the 155 nonoutlier loci,

about 10% exhibited significant IBA (for raw and log distances, re-

spectively: Host Preference = 10%, 6%; Ecomorphology = 10%,

10%; % Ceanothus = 10%, 10%). Finally, we note that results

from simple Mantel tests of genetic versus adaptive divergence

were congruent with those from partial Mantel tests (Table 5).

Discussion
ECOLOGICAL SPECIATION AND COMPARATIVE

GENOME SCANS

Past genome scans have valuably shown that divergence can be

variable across the genome, with a few percent of loci exhibit-

ing stronger differentiation than the remainder (2–10% of all loci

were detected as outliers in at least one comparison in: Wilding

et al. 2001; Emelianov et al. 2003; Campbell and Bernatchez 2004;

Scotti-Saintagne et al. 2004; Acheré et al. 2005; Turner et al. 2005;

Vasemagi et al. 2005; Bonin et al. 2006; Murray and Hare 2006;

Savolainen et al. 2006; Yatabe et al. 2007; S. P. Egan, P. Nosil, and

D. J. Funk, unpubl. ms.). Our genome scan detected various types

of outliers (Table 3 for summary). Consistent with past work, we

found that a relatively small proportion of loci (8%) were observed

as outliers in multiple population comparisons. These “repeated

outliers” are very likely subject to divergent selection, and un-

likely to represent false positives (Campbell and Bernatchez 2004;

Bonin et al. 2006). We also detected a number of “nonrepeated

outliers” that appeared in only one comparison. These could re-

flect host-independent selection, but could also represent cases in

which different genes/mutations are involved in host-associated

adaptation of different populations. In this case, our estimate of

the proportion of the genome tightly enough linked to selected re-

gions to exhibit outlier behavior rises from 8% to 15%. However,

note that only 0.7–5.1% (mean 3.8%) of loci appeared as outliers

for any individual population pair (0.7–4.5%, mean = 2.6% when

only different-host pairs are considered).

Our use of replicated ecologically divergent (different-host)

and ecologically similar (same-host) population pairs allowed us
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Table 4. Results of simple and partial Mantel tests examining how FST, estimated using all AFLP loci within a class, is related to indices

of adaptive divergence and to geographic distance. Results are also shown for mtDNA divergence, where the only significantly positive

associations were detected (in bold). The simple Mantel test of genetic distance against geographic distance is the same for each index

of adaptive divergence. AD = Adaptive Divergence. GeoD = Geographic Distance. Analogous analyses using log-transformed distance

matrices are presented in online Supplementary Material.

Class of AFLP loci

Total Loci Neutral Loci Other Outlier DH-Specific Outliers mtDNA

r P r P r P r P r P

GeoD simple
All indices 0.30 0.31 0.20 0.32 0.45 0.09 −0.10 0.47 0.73 0.03

GeoD partial
Host Preference 0.30 0.21 0.19 0.30 0.45 0.09 −0.09 0.39 0.59 0.08
Ecomorphology 0.30 0.31 0.20 0.33 0.45 0.11 −0.11 0.48 0.81 0.02
% Ceanothus 0.30 0.33 0.20 0.35 0.46 0.09 −0.11 0.47 0.88 <0.01

AD simple
Host Preference 0.10 0.34 0.07 0.38 0.14 0.29 −0.05 0.47 0.78 <0.01
Ecomorphology −0.05 0.49 −0.03 0.49 −0.13 0.39 0.20 0.21 0.43 0.06
% Ceanothus −0.04 0.49 −0.01 0.53 −0.11 0.39 0.05 0.34 0.59 <0.01

AD partial
Host Preference −0.08 0.47 −0.05 0.49 −0.14 0.33 0.01 0.36 0.66 0.01
Ecomorphology −0.05 0.49 −0.04 0.50 −0.15 0.37 0.20 0.21 0.63 <0.01
% Ceanothus −0.06 0.48 −0.01 0.52 −0.15 0.36 0.05 0.34 0.82 <0.01

GeoD simple = simple Mantel of F ST vs. geographic distance.

GeoD partial = partial Mantel of F ST vs. geographic divergence, controlling for adaptive divergence.

AD simple = simple Mantel of F ST vs. adaptive divergence.

AD partial = partial Mantel of F ST vs. adaptive divergence, controlling for geographic distance.

to isolate the role of a specific ecological variable (host use) in

causing outlier behavior, an approach not yet in widespread use.

Most specifically, the DH-Specific Outliers detected (1% of total

loci) are strong candidates for divergence via host-related selec-

tion (Funk 1998; Funk et al. 2002). A particularly strong candidate

is the locus that was an outlier in two of three possible indepen-

dent comparisons. In general, however, individual DH-Specific

Outliers were not observed in a high proportion of different-host

comparisons (Fig. 2). This moderate level of replication might re-

flect how host-associated populations of T. cristinae originated. If

the use of each host arose only once, one might expect DH-Specific

Outliers to be highly repeated among different-host pairs, because

the single host shift involved divergence in specific mutations fol-

lowed by their spread to multiple localities. In contrast, if associa-

tions with each host arose multiple times, then different mutations

are more likely to have been involved in the divergence of popula-

tions in different geographic regions (Panova et al. 2006). Indeed,

the selected loci (i.e., genes) might be the same under the multiple-

origin scenario, but with divergence involving different mutations

in these genes. In turn, these different mutations could either be

recently derived or reflect the differential sorting of coexisting

alleles from the ancestral gene pool. Evidence for the multiple

origins scenario receives support from the lack of host-associated

monophyly in phylogenies based on DNA sequences (Nosil et al.

2002) or AFLPs (this study, Fig. 4; P. Nosil, N. A. Spiegel, and D. J.

Funk, unpubl. data from an expanded sampling of T. cristinae pop-

ulations). The “mixed” outliers that appear in both different-host

and same-host comparisons provide more of an enigma. These

may be entirely responding to host-independent selection. Alter-

natively, they could have diverged under host-associated selection

and then been transferred to same-host populations via gene flow.

Our analyses of linkage disequilibrium and phylogeographic

structure resulted in some patterns that differed from past stud-

ies. Levels of pairwise disequilibria were generally low (≤ 0.1,

Fig. 3) when compared, for example, to values of R in hybrid zone

studies, which often range up to 0.6 even for unlinked loci (Szy-

mura and Barton 1986; Mallet et al. 1990; Dasmahapatra et al.

2002). This suggests that the outlier loci detected in our study

are not strongly clustered within the genome, for example on sex

chromosomes or within chromosomal inversions. Nonetheless,

our evidence for elevated linkage disequilibrium for Outlier Loci

versus Neutral Loci in both allopatric and parapatric populations

is consistent with some physical linkage among selected loci (Kim

and Nielsen 2004). A pattern of elevated linkage disequilibrium

for outlier loci relative to nonoutliers was reported for ecotypes

of Littorina saxatilis, but only in the center of the contact zone in
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Table 5. Summary of the distribution of Mantel correlation coefficients from analyses of FST at individual loci against adaptive divergence

and geographic distance (n = 209 loci, of which 155 were nonoutliers in the genome scan). Binomial tests examine whether significant

associations were positive more often than expected by chance. One-sample t-tests examine whether the mean of a distribution differs

from zero (df = 1 minus the sample size). Significant results are in bold. The simple Mantel test of genetic distance against geographic

distance is the same for each index of adaptive divergence. AD = Adaptive Divergence. GeoD = Geographic Distance. No. sig. + =

number of loci exhibiting a significant positive relationships at P < 0.05; in parentheses are the number of loci with significant positive

associations that were outliers in the Dfdist analyses. No. sig. − = number of loci exhibiting a significant negative relationship at P <

0.05. Analogous analyses using log-transformed distance matrices are presented in online Supplementary Material.

Significant Loci Only All Loci
No. sig. + No. sig. − Binomial p

Mean t-test P Mean t-test P

GeoD simple
All indices 19 (3) 10 0.136 0.33 3.40 0.002 0.13 4.23 <0.001

GeoD partial
Host Preference 26 (6) 5 <0.001 0.53 6.15 <0.001 0.12 4.18 <0.001
Ecomorphology 19 (4) 8 0.052 0.39 3.88 0.001 0.13 4.24 <0.001
% Ceanothus 18 (3) 11 0.265 0.29 2.97 0.006 0.12 4.04 <0.001

AD simple
Host Preference 18 (2) 7 0.043 0.37 3.62 0.001 0.07 3.31 0.001
Ecomorphology 12 (2) 6 0.238 0.24 2.28 0.036 0.01 0.88 0.378
% Ceanothus 9 (1) 7 0.804 0.13 1.24 0.233 0.03 1.77 0.078

AD partial
Host Preference 20 (4) 7 0.019 0.30 3.26 0.003 0.01 0.68 0.499
Ecomorphology 18 (3) 6 0.023 0.27 3.03 0.006 0.01 0.20 0.841
% Ceanothus 17 (1) 11 0.345 0.17 1.94 0.063 0.02 0.90 0.368

GeoD simple = simple Mantel of F ST vs. geographic distance.

GeoD partial = partial Mantel of F ST vs. geographic divergence, controlling for adaptive divergence.

AD simple = simple Mantel of F ST vs. adaptive divergence.

AD partial = partial Mantel of F ST vs. adaptive divergence, controlling for geographic distance.

which migration between differentiated populations likely gener-

ates the observed linkage disequilibrium (Grahame et al. 2006).

That study thus provided evidence for statistical, rather than phys-

ical, linkage.

With respect to phylogenetic structure, most past studies have

found that putatively Neutral Loci group populations by geogra-

phy, whereas Outlier Loci group populations in a manner con-

sistent with the monophyly of ecologically similar populations

(Wilding et al. 2001; Campbell and Bernatchez 2004; Dopman

et al. 2005; Bonin et al. 2006; S. P. Egan, P. Nosil, and D. J. Funk,

unpubl. ms.). In contrast, we found less evidence for phylogenetic

grouping by host in analyses of selected loci. This result likely

reflects the few (five) DH-Specific Outliers and their distribution

across no more than four of nine different-host comparisons. Thus,

this study presents a case in which the inclusion of selected loci

is unlikely to confound phylogenetic analysis.

EXPLANATIONS FOR ISOLATION BY ADAPTATION

We found that up to 10% of nonoutlier AFLP loci were signifi-

cantly and positively correlated with levels of adaptive divergence,

thereby exhibiting IBA. Two potentially complementary biolog-

ical explanations for these patterns will be considered here. The

first of these is general barriers to neutral gene flow as a function

of the reproductive isolation promoted by adaptive divergence.

The second is the effects of selection on weakly physically linked

neutral regions. Under both these hypotheses, divergent selection

plays a role in the differentiation of functionally neutral loci that

are not tightly linked to genes under selection.

The general barriers hypothesis assumes that gene flow oc-

curs between populations, but that gene flow is nonetheless re-

stricted by divergent adaptation and thus decreases with increasing

adaptive divergence. In T. cristinae, gene flow is known to occur

between adjacent, parapatric populations (Sandoval 1994a; Nosil

et al. 2003; Nosil and Crespi 2000) and could occur on a larger spa-

tial scale because reproductive isolation between populations is

incomplete (Nosil 2007). Evidence for the general barriers hypoth-

esis is provided by our demonstration of a geography-independent

association between adaptive and mtDNA divergence. Because

mtDNA is presumably neutral and is unlinked to the nuclear

genome, this association seems likely to have arisen through

the increasingly restricted gene flow that accompanies increasing

adaptive divergence. However, if such a general adaptive barrier

does exist, why did only 5–10% of AFLP loci exhibit IBA? Re-

call that barrier-induced divergence of neutral loci proceeds via
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Figure 5. Representative results of tests for Isolation-By-Adaptation (see Tables 4 and 5 for full results). Shown are results using host

preference as the index of adaptive divergence, but results were similar for other indices. Both axes in the scatter plots show residual values

where correlations with geographic distance have been accounted for (i.e., representing partial plots). (A) A distribution of correlation

coefficients from partial Mantel tests in which FST at each individual locus was examined against divergence in host preference, controlling

for geographic distance. (B) The 90% of loci that did not exhibit significant IBA. The plot shows FST for these loci against divergence in

host preference. (C) The 10% of loci that exhibited significant IBA. The plot shows mean FST for these loci against divergence in host

preference. (D) Sequence divergence in mtDNA against divergence in host preference. See text for analytical details.

genetic drift. Thus, one explanation is that the barrier has arisen too

recently for a higher proportion of neutral loci to have stochasti-

cally and substantially differentiated, even between the most adap-

tively divergent populations. However, this argument is weakened

by nontrivial FST values (0.02–0.18 across loci, mean = 0.09)

and levels of sequence divergence between allopatric populations

(mean = 3–4%, 1–2% at COI and ITS-2, respectively; Nosil et al.

2002, 2003) consistent with up to two million years of divergence

(based on the arthropod mtDNA clock of Brower 1994). Alterna-

tively the barrier may be permeable and population sizes are too

large to allow more general differentiation in the face of extant

gene flow, episodes of historical gene flow may have eroded di-

vergence at many neutral loci, or stabilizing selection constrains

divergence.

One outstanding question concerning neutral gene flow in the

wild is the degree to which it is reduced by geographic distance

(resulting in IBD) versus adaptive divergence (resulting in IBA)

(Crispo et al. 2006). We found that both factors may be equally

important, with 10% of loci significantly exhibiting each pat-

tern (Table 5). The distributions of correlation coefficients across

all loci in the Mantel analyses were shifted toward being posi-

tive for analyses of geographic versus genetic distance, but not

for adaptive versus genetic divergence. This pattern might reflect

more loci being affected by geography than adaptive divergence.

Other studies have also found that both geographic distance and

adaptive divergence influence gene flow (Wilding et al. 2001;

Grahame et al. 2006; Parchman et al. 2006; Pilot et al. 2006).

However, some studies report a strong role for geographic dis-

tance alone (Smith et al. 2005; Crispo et al. 2006) or for adaptive

divergence alone (Lu and Bernatchez 1999; Cooper 2000; Ogden

and Thorpe 2002; Rocha et al. 2005). Studies aimed at determining

the causes of this variability among systems would be of interest.

We note, however, that geography and selection are complemen-

tary, rather than opposing, causes of divergence. Another topic

of interest is causality—does adaptive divergence reduce gene

flow (as discussed in the current study), or vice-versa? Adaptive

divergence could be constrained by gene flow, similarly resulting

in correlations between adaptive and genetic divergence (Hendry
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and Taylor 2004; Nosil and Crespi 2004). However, the lack of an

association between overall FST across all loci and levels of adap-

tive divergence argues against this interpretation in the current

study. Moreover, our index of adaptive divergence in one of our

assayed ecological traits, host use (based upon the composition of

host plant patches), is not a phenotypic property of T. cristinae,

and thus is unlikely to be constrained by gene flow between insect

populations.

The other major mechanism by which genetic divergence

at nonoutlier loci could become associated with adaptive diver-

gence involves physical linkage. If neutral regions are physically

linked on the chromosome to genes under selection, three out-

comes might be observed in a genome scan. First, if they are

tightly linked, they might differentiate enough to be detected as

outliers themselves. Second, if they are more weakly linked, they

might exhibit somewhat elevated differentiation relative to neutral

expectations, but not so much as to be identified as outliers. In this

case, their degree of differentiation should be associated with the

degree of selection on the loci to which they are linked and on the

physical proximity of their linkage. Third, if loci are very distantly

linked to genes under selection, identifiably elevated differentia-

tion may not occur. Here, we argue that the 10% of neutral loci

exhibiting IBA could represent the second class, of weakly linked

loci. Theory supports this possibility. Charlesworth et al. (1997)

found that with population subdivision, local selection increases

genetic differentiation even at neutral sites relatively distant from

the locus under selection. Although they found that divergence

was most pronounced at sites close to the selected locus, the ef-

fects extended along the chromosome and did not disappear with

high recombination rates.

The roles of general barriers versus weak linkage can po-

tentially be distinguished with information on the spatial scale

of gene flow. If the distribution of our study populations exceeds

the actual scale of gene flow, then genetic divergence must have

occurred in its absence, entirely by selection and drift. In this

case, loci showing associations with adaptive divergence are best

interpreted as having evolved through linkage to genes under se-

lection. One means of addressing this issue is by asking whether

gene flow into allopatric populations occurs. If it does not, then

the general barriers argument is weakened. The maintenance of

maladaptive phenotypes within allopatric T. cristinae populations,

despite strong selection against them, is consistent with gene flow

into allopatry (Nosil 2004; Bolnick and Nosil, in press). The ele-

vated linkage disequilibrium observed for outlier loci in allopatric

populations could also be explained by migration into allopatric

populations. Conversely, quantitative genetic data suggest low or

no gene flow into allopatry. Migration between populations gen-

erates genetic covariance between phenotypic traits that differ

between populations. A lack of genetic covariance between color

pattern and host preference in allopatry, despite strong genetic co-

variance in parapatry, suggests no more than minimal gene flow

into allopatry (Nosil et al. 2006b). In summary, certain observa-

tions favor each scenario. This need not be viewed as problematic

as general barriers and weak linkage might act in conjunction. To

evaluate their relative contributions, future studies could examine

the spatial scale at which gene flow occurs. Studies employing

microsatellites, and coalescent-based approaches that distinguish

between divergence with versus without gene flow (e.g., Nielsen

and Wakeley 2001; Hey and Nielsen 2004), could address the spa-

tial scale of T. cristinae gene flow explicitly. Additionally, QTL

mapping could determine the physical genomic distribution of loci

exhibiting associations with adaptive divergence to evaluate argu-

ments on linkage. No matter the explanation, our findings clearly

show that up to 10% of the neutral genome has been affected by

adaptive divergence.

A final point concerns loci exhibiting IBA that were also out-

liers in the genome scan. In all instances, these represented loci

that appeared as outliers in both different-host and same-host pairs.

Based on this distribution alone, these loci could have been subject

to any combination of host-related and host-independent selection,

and may not have been influence by host-related selection at all.

However, our indices of adaptive divergence are based on aspects

of host-specific ecology. Furthermore, these mixed outliers ex-

hibited ecotype-associated differences in the Structure analyses.

Thus, it is quite likely that outliers exhibiting IBA have specifi-

cally been differentiating under host-related selection, with alleles

transferred between populations via gene flow. If so, our minimum

estimate of loci subject to host-related selection that was based on

the DH-Specific Outliers of (∼1%) can be revised to roughly 2%

by including the outlier loci exhibiting IBA (Table 5).

Conclusions and Future Directions
Our comparative approach allowed us to alleviate concerns that

have recently been raised about identifying loci under selection

using genome scans (e.g., type I error, mutation rate variation).

By assessing loci observed to be outliers in multiple comparisons

and those restricted to different-host comparisons we were able to

confidently identify outlier loci subject to natural selection (8%)

and determine which of these were affected by host-related selec-

tion specifically (1–2%). Importantly, by taking a locus-specific

approach and using available data on phenotypic traits under diver-

gent selection, we were able to quantify the proportion of the neu-

tral genome affected by adaptive divergence (5–10%). This study

demonstrates how the combination of population-level data on

both ecological phenotypes and multilocus genotypes can demon-

strate the specific contributions of divergent host adaptation on ge-

nomic differentiation during ecological speciation. Herbivorous

insects have long been used to study speciation through the analy-

sis of reproductive barriers (Via 1999; Berlocher and Feder 2002;
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Drès and Mallet 2002; Funk et al. 2002; Funk and Nosil 2007).

Our results illustrate how genome scans can be applied to evaluate

the genetics of host adaptation and ecological speciation in these

organisms.

Our results further illustrate how genomic divergence during

speciation can reflect the joint effects of fundamental evolutionary

processes, that is selection, drift, and gene flow. Selection itself

may have played multiple roles in our study populations by acting

on functionally important genes and those tightly linked to them,

by reducing gene flow and thereby facilitating divergence through

drift, and by affecting the differentiation of neutral regions that

are weakly linked to those under selection. Future work should

proceed in two major directions. From a population genomics

perspective it would be informative to determine the factors that

control the proportion of the neutral genome affected by adaptive

divergence, and to further evaluate the mechanisms by which cor-

relations between adaptive and genetic divergence arise. From a

molecular genetics perspective, our robust identification of can-

didate loci involved in divergent host adaptation and speciation

paves the way for mapping and sequencing studies aimed at veri-

fying the specific gene regions subject to selection, and identifying

functionally important genetic variation (Nielsen 2005; Vasemagi

and Primmer 2005; Noor and Feder 2006; Stinchcombe and

Hoekstra 2007).
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