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Abstract

Hybrid zones are regions where individuals from genetically differentiated popula-

tions meet and mate, resulting in at least some offspring of mixed ancestry. Patterns of

gene flow (introgression) in hybrid zones vary across the genome, allowing assessment

of the role of individual genes or genome regions in reproductive isolation. Here, we

document patterns of introgression between two recently diverged species of field

crickets. We sampled at a very fine spatial scale and genotyped crickets for 110 highly

differentiated single nucleotide polymorphisms (SNPs) identified through transcrip-

tome scans. Using both genomic and geographic cline analysis, we document remark-

ably abrupt transitions (<100 m) in allele frequencies for 50 loci, despite high levels of

gene flow at other loci. These are among the steepest clines documented for any

hybridizing taxa. Furthermore, the cricket hybrid zone provides one of the clearest

examples of the semi-permeability of species boundaries. Comparisons between data

from the fine-scale transect and data (for the same set of markers) from sampling a

much larger area in a different region of the cricket hybrid zone reveal consistent pat-

terns of introgression for individual loci. The consistency in patterns of introgression

between these two distant and distinct regions of the hybrid zone suggests that strong

selection is acting to maintain abrupt discontinuities within the hybrid zone and that

genomic regions with restricted introgression likely include genes that contribute to

nonecological prezygotic barriers.
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Introduction

Species are often viewed as cohesive entities, groups of

populations connected by gene flow and reproductively

isolated from other such groups (Mayr 1963). Alterna-

tively, species can be defined as diagnosably distinct

(Nixon & Wheeler 1990) or exclusive groups (Baum &

Shaw 1995) of individuals. In fact, cohesion, diagnos-

ability and exclusivity are properties of individual

genes or genome regions and not of whole organisms

(or lineages) (Barton & Hewitt 1985; Harrison 1990; Wu

2001; Nosil et al. 2009). Because of independent assort-

ment and recombination, each genome region may have

a unique evolutionary history, and boundaries between

species will be semi-permeable, with permeability

depending on the genome region. In the face of ongoing

gene flow, some regions of the genome can become (or

remain) strongly differentiated, if these regions contain

genes that contribute to reproductive isolation or local

adaptation.

Hybrid zones provide a unique opportunity to

identify the role of individual genes in reproductive iso-

lation. Hybridization and introgression over many gen-

erations result in the shuffling of divergent genomes.

For a given gene, the strength of selection, the role in

reproductive isolation, together with genetic linkage

relationships, will determine the extent of introgression.

Alleles that are advantageous in the genomic back-

ground of either parental species will be easily

exchanged via hybridization, whereas genomic regions

that contribute to barriers between species will have

low gene flow and characteristically steep clines (Barton

& Hewitt 1985; Harrison 1990; Payseur 2010). Allele
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frequencies are most often plotted along a geographic

transect (indeed, a cline is defined as a gradual change

in frequency over space); however, introgression can

also be characterized by plotting allele frequency at a

single locus against a hybrid index that reflects the pro-

portion of ancestry assigned to a designated parental

type (Szymura & Barton 1986; Gompert & Buerkle

2009). These nongeographic clines provide measures of

introgression relative to the average extent of introgres-

sion across all sampled loci, and analysis of cline width

and position allows identification of genome regions for

which introgression is significantly restricted. These

regions presumably harbour genes that contribute to

reproductive isolation or local adaptation.

Hybrid zones often extend across large geographic

areas, but interactions between species can occur at

very fine spatial scales. For example, species associated

with different habitats often have a patchy distribution

in heterogeneous environments; local introgression can

occur across patch boundaries on scales of only tens to

hundreds of metres, even when hybrid zone width and

length are measured in tens or hundreds of kilometres

(Harrison & Rand 1989). In complex or mosaic hybrid

zones, patch boundaries reflect independent contacts

between diverging lineages. Genes or genome regions

that consistently exhibit steep clinal variation (limited

introgression) in different geographic and ecological

contexts are of particular interest, because these genome

regions may be the most important determinants of the

species boundary.

Here, we compare patterns of introgression in different

environmental contexts and at different spatial scales

within a hybrid zone between two recently diverged spe-

cies of field crickets, Gryllus pennsylvanicus and Gryllus

firmus (~ 200 000 ya; Willett et al. 1997; Broughton & Har-

rison 2003; Maroja et al. 2009a). This well-characterized

hybrid zone is maintained by multiple barriers to gene

exchange. Some barriers involve adaptation to different

environments (temporal isolation: Harrison 1985; habitat

association: Rand & Harrison 1989a; Ross & Harrison

2006; Larson et al. 2013b), whereas other barriers reflect

differences in behaviour (mate choice: Maroja et al.

2009b) and sperm–egg interactions (Harrison 1983;

Larson et al. 2012b). There is no evidence for postzygotic

barriers; hybrid offspring between the two species are

viable, fertile and able to produce F2 offspring and back-

cross to the parental species.

We characterize patterns of introgression for 110

highly differentiated single nucleotide polymorphisms

(SNPs) along a single fine-scale transect (500 m) that

samples a transition between loam and sand soils in

Connecticut (see Ross & Harrison 2002). In this region

of the cricket mosaic hybrid zone, G. pennsylvanicus is

associated with loam soils and G. firmus with sand. For

many genes, we find abrupt changes in allele frequencies

across a distance of <60 m, a pattern that can only be

maintained by strong selection. These genes define the

species boundary, which remains intact despite evi-

dence for high levels of gene flow for some genome

regions. We then compare data from the fine-scale tran-

sect with patterns of introgression in Pennsylvania,

where populations were sampled in a different ecologi-

cal context and on a much broader spatial scale (Larson

et al. 2013a). This comparison reveals remarkably con-

sistent patterns of introgression for individual genes.

Genes that exhibit reduced introgression at both locali-

ties are strong candidates to mark genomic regions that

contribute to reproductive barriers between species.

Materials and methods

Reference populations

The Gryllus hybrid zone stretches from Massachusetts

to Virginia along the eastern edge of the Appalachian

Mountains. Gryllus pennsylvanicus occupies the inland/

upland areas to the west and north, and G. firmus occu-

pies the lowland/coastal areas to the east and south

(Harrison & Arnold 1982; Maroja et al. 2009a; Larson

et al. 2013b). We used a previously published data set

of cricket genotypes from three pure allopatric popula-

tions of each species to estimate allele frequencies

within each species (Larson et al. 2013a). The allopatric

populations include G. pennsylvanicus from Ithaca, NY

(N = 12); Scranton, PA (N = 11); and State College, PA

(N = 12) and G. firmus from Guilford, CT (N = 12);

Tom’s River, NJ (N = 12); and Parksley, MD (N = 12).

Connecticut

The hybrid zone in Connecticut is a mosaic of pure and

admixed populations structured by variation in soil

type. The advance and re-treat of glacial ice has left a

patchy distribution of soil types; ridges running perpen-

dicular to the coast are characterized by loam soil

occupied by G. pennsylvanicus, whereas the intervening

river drainages are primarily sandy and inhabited by

G. firmus. Out-pockets of upland habitat and loam soils

stretch to the coast while sandy soils extend out from

the river valleys and species interact at the boundaries

of these patches (Harrison 1986; Harrison & Rand 1989;

Rand & Harrison 1989a; Ross & Harrison 2002). Crick-

ets from the Connecticut hybrid zone were collected in

September of 1996 and 1997 along a 500 m stretch of

River Road (near the Connecticut River southeast of

Middleton, CT) that spans a boundary between loam

(0 m, G. pennsylvanicus) and sand (500 m, G. firmus) soil

patches (N: 41°33′30″; W: 72°35′18″) (Ross & Harrison
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2002). Crickets were collected from adjacent habitat

within a few metres of both sides of the road (N = 146)

and at both ends of the transect from 10 to 30 m2 areas

(loam, N = 68; sand, N = 46).

Pennsylvania

In Pennsylvania, there is also a patchy species distribu-

tion; natural habitat along the mountain ridges is

occupied by G. pennsylvanicus, whereas the primarily

agricultural and suburban lowlands are occupied by

G. firmus. There are corridors of disturbed habitat

through the mountains and out-pockets of natural habitat

in the valleys where the two species come into contact

(Larson et al. 2013b). We reanalysed a previously

published data set of 301 cricket genotypes from the

Pennsylvania hybrid zone described in Larson et al.

(2013a). Crickets were collected in August and September

of 2008 and 2010 from 36 localities (spaced approximately

every 2–5 km) in a 200 km2 area that spanned the transi-

tion from the Appalachian Mountains to the coastal plain.

Gene identification and genotyping

Our panel of markers represents a subset of genes with

elevated divergence between G. pennsylvanicus and G. fir-

mus, identified in a transcriptome scan of the male acces-

sory gland comparing two focal populations (Andr�es

et al. 2013). We genotyped a single SNP per gene in a

panel of 71 crickets from three pure allopatric popula-

tions of each species (see Reference populations), and from

these, we selected 110 highly differentiated SNPs, each of

which has an absolute allele frequency difference

between species >0.80 (Larson et al. 2013a). These SNPs

were used to estimate admixture for 260 crickets sampled

along the 500 m transect in the Connecticut hybrid zone

(Ross & Harrison 2002). We extracted genomic DNA from

crickets using single adult femurs, thoraces or heads

using a DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA,

USA), although for a subset of samples DNA was

extracted using phenol–chloroform (Ross & Harrison

2002). DNA was diluted to 10 ng/ul and SNPs genotyped

using previously designed assays (Larson et al. 2013a) on

the MassARRAY platform (Sequenom Inc., San Diego,

CA, USA) with iPLEX Gold chemistry at the Cornell Life

Sciences Core Laboratories Center for Genomics. We

called SNP genotypes using the Sequenom MassARRAY

Typer v4.0 Analysis software and confirmed genotypes

by eye (Dryad doi:10.5061/dryad.258 h4).

Admixture analyses

We used the R-package introgress (Gompert &

Buerkle 2009, 2010) to quantify genomic admixture. We

quantified admixture for each cricket by calculating a

hybrid index, defined as the proportion of alleles from

all 110 genes that were inherited from G. firmus

(0 = G. pennsylvanicus, 1 = G. firmus). We estimated the

interspecific heterozygosity for each cricket, defined as

the proportion of genes that are heterozygous for the

parental alleles (0 = all homozygous genotypes,

1.0 = all heterozygous genotypes). We compared each

cricket’s interspecific heterozygosity with its hybrid

index to estimate the likely ancestry of each cricket. Fol-

lowing Milne and Abbott (2008), we considered crickets

with intermediate hybrid indices (≥0.25 and ≤0.75) and

high heterozygosity (≥0.30) to be recent-generation

hybrids or highly admixed individuals and crickets

with low hybrid indices (<0.25 or >0.75) and heterozy-

gosity (<0.30) to be backcrosses into G. pennsylvanicus

and G. firmus (respectively). Although individuals with

complex ancestry cannot be easily classified, this

approach provides a rough summary of the distribution

of genomic admixture.

Genomic clines (multinomial logistic regression)

We used a multinomial regression to estimate individ-

ual clines in genotype frequency for each locus along a

gradient of genomic admixture (hybrid index) using

Gompert & Buerkle’s (2009) genomic cline model imple-

mented in the R-package introgress (Gompert & Buerkle

2010, see Lexer et al. 2007). For significance testing, we

compared the likelihood of our regression model to a

null model generated using the parametric procedure

described in Gompert & Buerkle (2009). We generated

an expected distribution of genotypes given the allele

frequencies in each parental population, the hybrid

index and individual heterozygosity. We used this dis-

tribution to construct a simulated admixed population

(2000 simulations) with individual hybrid index and

interclass heterozygosity values equal to observed data

and a large population size (to exclude sampling error).

We adjusted all significance thresholds using the false

discovery rate procedure (Benjamini & Hochberg 1995).

Evidence for an excess (+) or deficiency (�) of either

homozygous or heterozygous genotypes was based on

the proportion of simulations that yield a model with

higher total probability of a given genotype than the

model based on the observed data. We summarized

these deviations as either 1) gradual clines (excess or

deficit of homozygotes and/or excess of heterozygotes)

or 2) abrupt clines (deficit of heterozygotes consistent

with assortative mating, disruptive selection or under-

dominance) using a combination of the introgress output

and visual inspection of cline shape. To test whether a

greater number of SNPs have similar cline shapes in

the two hybrid zones than would be expected by
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chance, we performed a sample label permutation test

(n = 10 000).

Concordance clines (logit-logistic model)

The relationship between mean hybrid index and allele

frequency at each individual locus was calculated using

Fitzpatrick’s (2013) logit-logistic model (see also

Szymura & Barton 1986). The predicted allele frequency

P in deme i is given by

qi ¼
Svj

Svj þ ð1� SÞvjeui

where S is the mean hybrid index over all loci, u gives

the relative difference in cline position and v gives the

relative difference in slope. Perfect concordance

between a focal locus and the mean hybrid index

would result in u = 0 and v = 1. Parameters u and v

were fitted by maximum-likelihood estimation, using

the function ‘mle2′ in the R-package bbmle (Bolker

2012). Two further models were also fitted where either

u or v was constrained to be 0 or 1, respectively, and

these were compared with the unconstrained model

using likelihood ratio tests.

Geographic clines

Allele frequencies for each locus were fit to a tanh

model of cline shape by maximum-likelihood estimation

(Szymura & Barton 1986, 1991). Sample sizes were cor-

rected following Phillips et al. (2004) and Raufaste et al.

(2005) as

Ne ¼ 2N

2N � FST þ FIS þ 1

where N is the number of individuals sampled in a

deme, FIS is the deficit of heterozygotes (zero if not

positive) and FST is the variation in allele frequencies

between loci, after accounting for differences in their

cline shapes. FST is calculated from the residual varia-

tion around the regression line fitted during the concor-

dance analysis.

Results

Admixture analyses reveal few recent-generation
hybrids, but extensive introgression at a fine spatial
scale

For each cricket, we calculated a hybrid index as the pro-

portion of alleles inherited from G. firmus (0 = G. penn-

sylvanicus, 1 = G. firmus) (Fig. S1, Supporting

information) and interspecific heterozygosity as the pro-

portion of loci that are heterozygous for the parental alleles

(0 = all homozygous genotypes, 1.0 = all heterozygous

genotypes). A plot of the hybrid index against interspecific

heterozygosity for each cricket is shown in Figure 1. We

found only one cricket that could be characterized as pure

G. pennsylvanicus and fifteen crickets that were pure G. fir-

mus. The majority of crickets were either backcrosses into

G. pennsylvanicus (N = 156) or G. firmus (N = 81); seven

crickets were identified as recent-generation hybrids.

Two crickets with high interspecific heterozygosity

(≥0.75) and an intermediate hybrid index (~ 0.5) could be

considered F1 hybrids, given the variance associated

with estimating these parameters using markers that are

not completely fixed between species. Crickets were col-

lected along a 500-m transect that spans a transition

between loamy (0 m, G. pennsylvanicus) and sandy

(500 m, G. firmus) soils (Ross & Harrison 2002). On the

loam soil patch (0 m), we found predominately back-

crosses into G. pennsylvanicus, a few backcrosses into

G. firmus and two highly admixed individuals (most

likely recent-generation hybrids), while on the sand

patch (500 m) we found only backcrosses into G. firmus

and a few pure G. firmus (Fig. 2). There is an abrupt

transition between G. pennsylvanicus-like crickets and
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Fig. 1 Interspecific heterozygosity plotted against hybrid index

for 260 crickets from the Connecticut hybrid zone. The hybrid

index is measured as the proportion of alleles with Gryllus

firmus ancestry (0 = Gp, 1 = Gf). Crickets with interspecific het-

erozygosity ≥85% and hybrid index = 0.5 are likely F1 hybrids,

while crickets with hybrid indices ≥0.25 and ≤0.75 are classified

as recent-generation hybrids. Crickets with hybrid indices

<0.25 or >0.75 are considered backcrosses into Gryllus pennsyl-

vanicus and G. firmus (respectively).

© 2013 John Wiley & Sons Ltd

GENE FLOW AND SPECIES BOUNDARIES 1671



G. firmus-like crickets at approximately 300–320 m. This

transition is more abrupt than the change in soil type

along the transect, which changes gradually from lower

sand (70%) and higher organic matter (5%) at the loam

patch (0 m) to higher sand (85%) and lower organic mat-

ter (0%) on the sand patch (500 m) (Ross & Harrison

2002). Recent-generation hybrids are found at the centre

of the transect and on the G. pennsylvanicus side.

Cline analyses reveal steep, concordant clines

The extent of introgression varies dramatically among

markers. For many genes, alleles of one species are

present in crickets with overall hybrid indices character-

istic of the other species; other genes, however, exhib-

ited little evidence of introgression (Fig. 3). For each

gene, we estimated clines using three approaches, geno-

mic clines (Gompert & Buerkle 2009) (Fig. 4A), concor-

dance clines (Fitzpatrick 2013) (Fig. 4B) and geographic

clines (Szymura & Barton 1986) (Fig. 4C, Fig. S2, Sup-

porting information). We found very consistent results

among these methods. The genomic cline approach

identified 50 SNPs with abrupt clines. The concordance

method identified 45 SNPs with steep clines, and all of

these were among the 50 SNPs identified using the

genomic cline method. The two methods also identified

similar numbers of clines as gradual (53 and 46) (Table

S1, Supporting information). There was considerable

variance in the steepness of the geographic clines;

widths ranged from 162.2 to 861.1 m (mean

w = 347.0 � 174.5 m) with centres between 153.9 and

519.3 m (mean c = 318.0 � 52.18 m) (Table S1, Support-

ing information). Yet, SNPs with narrow genomic or con-

cordance clines also had very steep geographic clines

(width = 162.2–309.4 m, mean w = 226.5 � 40.73 m), all

of which were centred between 298.5 and 347.1 m (mean

c = 321.3 � 13.14 m) (Fig. 4C). Abrupt clines indicate

restricted introgression, consistent with markers that are

associated with assortative mating, disruptive selection

or selection against hybrids.

Consistent patterns of introgression across different
regions and scales

We compared the fine-scale transect in Connecticut with

broader sampling of 301 crickets from 36 localities across

a 200-km2 area of the hybrid zone in Pennsylvania (Lar-

son et al. 2013a). The sampling localities in Pennsylvania
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Fig. 2 (A) Map of the eastern United States with the hybrid zone indicated as a dark grey band and the location of the transect in

Connecticut as a small black square. (B) The hybrid index (left axis) for each cricket (N = 260) plotted against the distance along the

500-m transect from the loam soil patch (0 m, Gp) to the sand soil patch (500 m, Gf). Each data point is colour-coded to indicate the

parental and hybrid class for that individual; Gryllus pennsylvanicus (dark orange), Gryllus firmus (dark green), backcrosses into

G. pennsylvanicus (light orange) and G. firmus (light green) and recent-generation hybrids (purple). The dashed grey line represents

the mean ovipositor length (right axis) of female crickets. Note: the transect runs north to south.
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were composed primarily of pure parental types and

backcrosses; only eleven localities contained both paren-

tal types. Thus, the Pennsylvania sample includes more

pure individuals of each species, a result that almost cer-

tainly reflects the larger sampling area and sampling

fewer habitat patch boundaries. Nonetheless, we found

the same proportion of recent-generation hybrids in

Pennsylvania as we did in Connecticut and we found

only one individual in Pennsylvania that could be con-

sidered an F1 hybrid. Patterns of introgression for indi-

vidual SNPs were consistent between geographic

regions and spatial scales. In Connecticut, there were 50

SNPs with significantly restricted introgression (genomic

clines = 50, concordance clines = 45). Thirty-three of

these markers also had restricted introgression in Penn-

sylvania (genomic clines = 33, concordance clines = 31)

(Fig. 5). The differences between the two regions (and

methods) are a result of different significance thresholds.

The majority of markers that are ‘different’ between the

two regions have narrow cline shapes but are not signifi-

cantly different from neutrality (N = 16) or concordance

(N = 16). Only a few loci have patterns inconsistent

between the two regions (genomic clines = 1, concor-

dance clines = 3). Overall, both methods revealed clinal

patterns between the two transects that were remarkably

similar. Patterns were also more similar than expected

for all loci (label permutation test, P < 0.001), as well as

for the subset of markers with abrupt clines (label

permutation test, P < 0.001).

Discussion

Clear species boundaries at a fine spatial scale despite
high gene flow

Species can remain distinct for some portion of their

genome, even when hybridization and introgression

cause allele frequencies in other genome regions to be

homogenized. Loci that remain distinct in allele fre-

quency in the face of hybridization and introgression

constitute the species boundary. In our sample of crick-

ets from Connecticut, we found an abrupt transition

from G. pennsylvanicus-like to G. firmus-like crickets in a

distance of <60 m (Fig. 2). The distinct discontinuity

between G. pennsylvanicus and G. firmus is evident from

morphological comparisons (ovipositor length) (Ross &

Harrison 2002), the bimodal distribution of the hybrid

index (Fig. S1, Supporting information) and from the

steep genomic and geographic clines for 50 of the

markers we surveyed (Fig. 4). This discontinuity is

striking given that nearly all of the crickets, even those

collected from within the habitat patches at each end

of transect, have alleles characteristic of the other spe-

cies (Fig. 3). Because all of the markers surveyed have

large allele frequency differences (≥0.80) between allo-

patric G. pennsylvanicus and G. firmus, shared alleles

are evidence of extensive gene flow (as opposed to

incomplete lineage sorting) between the two species.

Indeed, more than half of the SNPs assayed exhibited

substantial introgression (i.e. gradual clines). This tran-

sect represents one of the clearest examples of the

semi-permeability of species boundaries. There are

clearly two distinct entities that maintain their integrity

despite gene flow, and this occurs at an extraordinarily

fine scale.

The 50 markers that have restricted gene flow (nar-

row clines) are representative of the genomic regions

that maintain species boundaries. These markers have

widths of only a few hundred metres, all centred at

approximately 310 m along the transect. These are

remarkably steep clines, among the steepest clines doc-

umented for any hybridizing taxa (see Singhal & Moritz

2012). For a field cricket, 60 m is easily traversed in a

single generation; mark and recapture studies of flight-

less G. pennsylvanicus suggest that crickets often move

at least 10–20 m within favourable habitat (Harrison &

Rand 1989). Moreover, both species produce occasional

long-winged individuals that can disperse over longer

distances (Harrison 1979). Given the opportunities for
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Fig. 3 Overview of patterns of introgression for 110 genes for

crickets in the Connecticut hybrid zone. Each row represents a

single SNP/gene and each column represents an individual.

Markers are ordered by the width of their concordance clines,

and individuals are ordered on the basis of hybrid index. The

grey scale reflects the genotypes of the individual crickets; dark

grey indicates that the individual is homozygous for the Gryl-

lus pennsylvanicus allele; medium grey means that the cricket is

heterozygous; light grey means that the cricket is homozygous

for the Gryllus firmus allele, and white represents missing data.

Below is a summary plot of the ordered hybrid indices in

Connecticut (0 = G. pennsylvanicus, 1 = G. firmus).
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dispersal over this spatial scale, strong selection is

required to maintain such steep clines (and high linkage

disequilibrium). It is possible that the abrupt clines are

the transitory result of very recent contact (within the

past few generations) and that there simply has not

been enough time for hybridization and introgression to

homogenize allele frequencies. However, the transect

was sampled in two different years, and neighbouring

Connecticut populations have been carefully sampled

for decades (Harrison & Arnold 1982; Harrison 1986;

Harrison et al. 1987; Rand & Harrison 1989b; Harrison

& Bogdanowicz 1997; Ross & Harrison 2002). These

observations suggest that the two cricket species have

been interacting across patch boundaries for many

generations.

It is tempting to attribute the abrupt changes in allele

frequency along this transect to environmental selection

imposed by adaptation to different soil types. Through-

out the region, crickets are associated with different soil

types, but what maintains these soil associations is

unclear. Neither differences in oviposition preference

nor in overwintering egg viability appear to contribute

(Ross & Harrison 2006). In fact, the change in soil type

along the transect is much more gradual than the

change in allele frequencies (Ross & Harrison 2002).

Narrow clines are often maintained by strong selection

against hybrids. Although F1 hybrids are rare within

the hybrid zone, there is no evidence that they are less

fit than parentals (Harrison 1983). In contrast, noneco-

logical prezygotic barriers, such as assortative mating

and fertilization barriers, are well documented

(Harrison 1983; Rand & Harrison 1989a; Maroja et al.
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proportion of G. pennsylvanicus alleles across all loci (0 = Gp, 1 = Gf). Narrow clines, with abrupt changes in genotype frequency, rep-

resent genes with a deficit of heterozygotes. (B) Concordance clines (Fitzpatrick 2013) plotted as the hybrid index at the focal locus

(0 = Gp, 1 = Gf) against the mean hybrid index calculated over all loci (0 = Gp, 1 = Gf). The diagonal represents ‘concordance’ (i.e.

introgression is equal to expectation), and loci may have more or less abrupt change (v) or deviate towards either genomic back-

ground (u). (C) Geographic clines plotted as the frequency of the G. pennsylvanicus allele (0 = Gf, 1 = Gp) against distance along the

transect (0 m = Gp, loam soil, 500 m = Gf, sand soil). Black lines represent genes with significantly restricted introgression (using the

genomic clines method) (N = 50), and grey lines represent genes that have gradual or nonsignificant clines (N = 60).
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Fig. 5 Venn diagram showing the overlap of markers with sig-

nificantly restricted introgression for the four comparisons

between regions (Connecticut, left; Pennsylvania; right) and

cline estimates (genomic, top; concordance, bottom).

There were 50 markers that had restricted introgression in

Connecticut, and 33 of these also had restricted introgression

in Pennsylvania.
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2009b; Larson et al. 2012b) and may be sufficiently

strong to prevent hybridization. Habitat association

may determine the location of boundaries between the

two species, but it is likely the coupling of multiple pre-

zygotic barriers that restricts gene flow and maintain

steep clines (see Bierne et al. 2011).

Nonecological barriers are important in maintaining
species boundaries

Hybrid zones extend over large geographic areas, and

variation in the relative importance of individual barri-

ers is well documented (Harrison 1990). Variation may

be due to intrinsic factors, such as genetic differentia-

tion among conspecific populations, or to extrinsic fac-

tors such as variation in the ecological context (e.g.

Vines et al. 2003). As a result, both the extent of gene

flow between species and patterns of introgression for

individual genes could vary, depending on sampling

locality and spatial scale. Variable patterns of introgres-

sion could provide a link between genetic variation and

environmental variables that contribute to local adapta-

tion (Gompert et al. 2012; Abbott et al. 2013), and there

is evidence for variable introgression in hybrid zones in

house mouse and sculpin (Nolte et al. 2009; Teeter et al.

2010). However, it is not clear whether these examples

reflect differences in the genomic architecture of repro-

ductive isolation; observed variation could result from

genetic drift or from sampling complex hybrid zones at

intermediate spatial scales (Dufkov�a et al. 2011;

Macholan et al. 2011; Janousek et al. 2012). In contrast to

these earlier studies, we document many genes that

have consistent patterns of introgression at all sites/

scales. Patterns of variation for these genes (genome

regions) presumably reflect barriers that define global

species boundaries and may be more likely to have

played a role in the initial isolation of diverging

lineages (Buerkle & Rieseberg 2001).

In the field cricket hybrid zone, the determinants of

ecological isolation and the mosaic structure of the zone

appear to vary among different regions. In Pennsylvania,

G. pennsylvanicus crickets are associated with more pris-

tine habitat (forest edges and natural clearings), while

G. firmus is associated with more disturbed habitats

(agriculture and suburban lawns) (Larson et al. 2013b).

In Connecticut, both species occupy disturbed habitat

but are associated with distinct soil patches (Rand &

Harrison 1989a; Ross & Harrison 2002). Despite variation

in ecological context, patterns of introgression for indi-

vidual genes are consistent between the two geographic

regions. What little variation we see in how introgression

is classified appears to be due to differences in the signif-

icance thresholds (as opposed to cline shape). There

were fewer markers with significantly restricted

introgression in Pennsylvania (using either genomic or

concordance cline estimates), but all of these markers

had restricted introgression in Connecticut. It is likely

that the greater extent of introgression in the fine-scale

sample from Connecticut increases the power to detect

deviations in cline shape (Gompert & Buerkle 2009; Pay-

seur 2010). Consistent locus-specific patterns of intro-

gression between two distant and distinct regions of the

hybrid zone suggest that the genomic regions with

restricted introgression harbour genes that contribute to

prezygotic barriers that serve to isolate the species inde-

pendent of local ecological selection.

A number of SNPs with restricted introgression are

in genes with functional roles that are consistent with

these genes contributing to prezygotic barriers

between the cricket species (Andr�es et al. 2013; Larson

et al. 2013a). For example, five genes encode proteins

that may be associated with sperm function or sperm–

egg interactions and thus might be responsible for the

fertilization barrier between G. firmus females and

G. pennsylvanicus males (Andr�es et al. 2006, 2008;

Maroja et al. 2009a; Larson et al. 2012a,b). However, it

must be remembered that the genome regions marked

by SNPs may be large and that observed patterns

may be driven by linkage relationships and not by

selection acting directly on the gene in which the SNP

occurs.

We identified 29 markers that are likely on the X chro-

mosome. These loci are never observed to be heterozy-

gous in any of the males genotyped. In some cases, males

that have primarily G. pennsylvanicus or heterozygote

genotypes had homozygote G. firmus genotypes at the

presumed X-linked markers (Fig. 3), resulting in higher

than expected hybrid indices relative to the observed het-

erozygosity (Fig. 1). The presumed X-linked markers

contributed to the generally low heterozygosity observed

in males; removing these markers from estimates of

hybrid index and interspecific heterozygosity eliminates

observed differences between males and females.

Twenty-six of the X-linked genes have significantly

restricted introgression in Connecticut (N = 9) or both

regions (N = 17). Sex linked loci have been documented

to have reduced introgression in hybrid zones (e.g. Pay-

seur & Nachman 2005; Carling et al. 2008) and are

hypothesized to play an important role in post-zygotic

barriers in the heterogametic sex (i.e. Haldane’s rule).

But, postzygotic barriers between G. pennsylvanicus and

G. firmus (i.e. either reduced fertility and/or viability) are

at best weak, whereas strong prezygotic barriers have

been well documented. The role of sex-linkage in the evo-

lution of prezygotic barriers is less clear (Qvarnstrom &

Bailey 2008).
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Conclusions

We sampled the field cricket hybrid zone at a fine spa-

tial scale across a single habitat patch boundary and

found abrupt transitions in allele frequencies for 50 loci

over a span of <60 m, despite ongoing gene flow

between species. This is a textbook example of the semi-

permeability of species boundaries; gene flow can occur

throughout some parts of the genome, but in regions

that contribute to reproductive barriers, gene flow is

restricted. The permeability of species boundaries can

also vary across different areas of contact, each with its

own environmental and historical context and poten-

tially unique evolutionary trajectory. Surprisingly, the

50 loci that showed abrupt clines (restricted introgres-

sion) when sampled at a fine spatial scale show the

same pattern when crickets are sampled at a very dif-

ferent scale, in a different geographic region, where dif-

ferent environmental variables contribute to hybrid

zone structure. Given the potential for variation, the

remarkable consistency across different areas of contact

must be due to selection. These observations suggest

that nonecological prezygotic barriers (i.e. mate prefer-

ence, post-mating prezygotic barriers) are most impor-

tant in maintaining species boundaries in the field

cricket hybrid zone. The complex association among

multiple reproductive barriers is not consistent with the

argument that ecological barriers deserve increased

attention (e.g. Schluter 2009). Although ecological fac-

tors are clearly important in determining the spatial dis-

tribution of species, in many taxa nonecological barriers

may be key to the long-term maintenance of species

boundaries.
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