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Abstract

Although the sexual transfer of genetic material between species (i.e. introgression) has

been documented in many groups of plants and animals, genome-wide patterns of

introgression are poorly understood. Is most of the genome permeable to interspecific

gene flow, or is introgression typically restricted to a handful of genomic regions? Here,

we assess the genomic extent and direction of introgression between three sunflowers

from the south-central USA: the common sunflower, Helianthus annuus ssp. annuus; a

near-endemic to Texas, Helianthus debilis ssp. cucumerifolius; and their putative hybrid

derivative, thought to have recently colonized Texas, H. annuus ssp. texanus. Analyses of

variation at 88 genetically mapped microsatellite loci revealed that long-term migration

rates were high, genome-wide and asymmetric, with higher migration rates from H.
annuus texanus into the two parental taxa than vice versa. These results imply a longer

history of intermittent contact between H. debilis and H. annuus than previously

believed, and that H. annuus texanus may serve as a bridge for the transfer of alleles

between its parental taxa. They also contradict recent theory suggesting that introgres-

sion should predominantly be in the direction of the colonizing species. As in previous

studies of hybridizing sunflower species, regions of genetic differentiation appear small,

whether estimated in terms of FST or unidirectional migration rates. Estimates of recent

immigration and admixture were inconsistent, depending on the type of analysis. At the

individual locus level, one marker showed striking asymmetry in migration rates, a

pattern consistent with tight linkage to a Bateson–Dobzhansky–Muller incompatibility.
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Introduction

In his classic monograph on introgressive hybridization,

Anderson (1949, p. 102) argued that ‘The more imper-

ceptible introgression becomes, the greater its biological

importance’. This argument makes sense, at least if bio-
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logical importance is measured in terms of the contribu-

tion of introgression to adaptive evolution. Rampant

introgression is readily documented, but in most cases

it probably reduces the fitnesses of the hybridizing pop-

ulations and may even contribute to their extinction

(Ellstrand 1992; Rieseberg et al. 1995; Levin et al. 1996;

Wolf et al. 2001; Muhlfeld et al. 2009; Takakura et al.

2009). In contrast, the introgression of a smaller number

of advantageous alleles, while difficult to detect, should
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increase population fitness and rates of adaptive evolu-

tion (Anderson 1949; Stebbins 1959; Barton 2001). This

paradox may contribute to an apparent imbalance in

the literature: hybridization is frequently shown to be

of conservation concern (Rieseberg et al. 1989; Levin

et al. 1996; Rhymer & Simberloff 1996; Field et al. 2009;

Genovart 2009; Morgan-Richards et al. 2009; O’Brien

et al. 2009), but examples where it has contributed posi-

tively to adaptive evolution (i.e. adaptive introgression)

are rare. Even when ‘adaptive introgression’ is well

documented (e.g. Grant & Grant 1996, 2008; Emms &

Arnold 1997; Whitney et al. 2006; Castric et al. 2008;

Kim et al. 2008; Rieseberg 2009), we know little about

its genomic extent. Has only one or a handful of genes

or traits introgressed or do we see evidence of intro-

gression across much of the genome? How large are

genomic islands of differentiation? Is introgression

mainly in the direction of colonizing species as sug-

gested by recent theory (Currat et al. 2008) or in the

direction of local endemics, as implied by earlier studies

discussing the possible conservation consequences of

hybridization (Rieseberg 1991; Ellstrand 1992; Levin

et al. 1996; Rhymer & Simberloff 1996)?

A well-studied example of adaptive trait introgression

involves the colonization of Texas by the common sun-

flower, Helianthus annuus (Heiser 1951; Rieseberg et al.

1990; Kim & Rieseberg 1999; Whitney et al. 2006). The

adaptive introgression hypothesis was inspired by

observations that individuals of H. annuus collected

from central and southern Texas were similar to a local

endemic species, Helianthus debilis var. cucumerifolius, in

several morphological traits, including deeply serrated

leaves, purple mottled stems, basal branching, smaller

flowering heads and achenes, fewer ray flowers and

earlier flowering (Heiser 1951, 1954). The two species

hybridize in Texas leading Heiser (1951) to argue that

introgression with H. debilis facilitated the southward

expansion of H. annuus through the provision of locally

adapted alleles. Because populations from H. annuus in

Texas appeared to be exclusive to human-disturbed

habitats, Heiser (1951) further suggested that the coloni-

zation most probably took place during the Holocene.

While populations of H. annuus from southern Texas

are morphologically distinctive, they are fully interfer-

tile with other populations of H. annuus (Heiser 1951,

1954). Hence, Heiser (1954) considered them to be a

subspecies of H. annuus (ssp. texanus hereafter) rather

than a hybrid species per se. Populations of H. annuus,

including those of ssp. texanus, are karyotypically diver-

gent from H. debilis ssp. cucumerifolius, and first genera-

tion hybrids average just 3.6–6.7% viable pollen (Heiser

1951). The two putative parental species also appear to

have different ecological requirements, with H. annuus

(ssp. annuus) found mostly on moister, clay-based soils
whereas H. debilis is restricted to drier, sandy soils.

Transient hybrid swarms, which vary widely in mor-

phology and fertility, can be found in heavily disturbed

sites (Heiser 1951).

Previous molecular analyses are consistent with the

adaptive introgression hypothesis. Populations of ssp.

texanus contain chloroplast and nuclear ribosomal DNA

markers diagnostic for H. debilis (Rieseberg et al. 1990).

Genetic analyses of interspecific hybrids identified just

two quantitative trait loci (QTLs) for pollen sterility,

implying that much of the genome should be permeable

to introgression (Kim & Rieseberg 1999). Interestingly,

QTLs for phenotypic differences were highly clustered,

indicating that the recovery of much of the ssp. texanus

phenotype could be achieved with the introgression of

as few as three small chromosomal segments.

An investigation of amplified fragment length poly-

morphisms (AFLPs) markers associated with QTLs

underlying phenotypic differences between ssp. annuus

and H. debilis (Rieseberg et al. 2007) revealed that 12 of

15 H. debilis markers assayed exhibited low or neutral

levels of introgression. However, three markers were

significantly over-represented in populations of ssp. tex-

anus, and two of these markers were associated with

QTLs underlying morphological traits that varied in the

direction of H. debilis, as predicted by the adaptive

introgression hypothesis.

Finally, analyses of biotic stress response (Whitney

et al. 2006) showed that ssp. texanus had higher fitness,

in terms of seed production, than did parental ssp. an-

nuus, when grown in the environment of central and

southern Texas. For some fitness-related traits, particu-

larly for damage traits because of herbivores common

in Texas, the texanus phenotype was shifted away from

ssp. annuus, towards the locally adapted species H. debi-

lis. A parallel analysis of BC1 hybrids between ssp. an-

nuus and H. debilis showed that the same H. debilis-like

resistance traits were favoured by natural selection.

Taken together, these experiments imply that the intro-

gression of biotic resistance traits facilitated that adapta-

tion of H. annuus to the environment of central and

southern Texas.

In this study, we analyse natural populations of ssp.

annuus, H. debilis and of their putative hybrid, ssp. tex-

anus, with 88 microsatellite markers of known genomic

location. Our main goals are to determine the genomic

extent of introgression between these taxa, as well to

analyse in detail the intensity and direction of interspe-

cific gene flow. In addition, we use these data to test a

new model of introgression, which predicts that intro-

gression between a colonizing species and a local con-

gener will be asymmetric and predominantly in the

direction of the invader (Currat et al. 2008). Finally, we

ask whether any of the 88 markers, many of which are
� 2010 Blackwell Publishing Ltd
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derived from the flanking regions of expressed genes,

shows evidence for selection in one or more of the taxa

analysed.
Fig. 1 Collection localities of the annual sunflowers used in

this study (see Table 1 for details). Note that a population of

Helianthus debilis debilis from Florida was also studied, but is

not shown here.
Materials and methods

Plant collection

Achenes were collected from four or five populations of

each of the three taxa targeted by this study: Helianthus

annuus ssp. annuus, H. annuus ssp. texanus and Helian-

thus debilis (Table 1). The collections cover most of the

native range of H. debilis var. cucumerifolius as well as

that of ssp. texanus (Fig. 1). For ssp. annuus, we sam-

pled one population from Texas as well as three popu-

lations from Kansas, Nebraska and Oklahoma. In

addition, one population of an allopatric variety of H.

debilis (var. debilis) was collected from Florida. Our

rationale for sampling allopatric populations of H. annu-

us and H. debilis was to ensure that we had ‘pure’

parental populations that could provide a baseline for

interpreting patterns of genetic variation in the sympat-

ric, hybridizing populations.

Achenes were germinated at Indiana University, and

DNA was extracted from the young leaves of a total of

378 individuals using the Qiagen DNeasy 96 Plant Kit.
DNA amplification and genotyping

Microsatellite loci were chosen for genotyping based on

two criteria. First, they had to have been previously

mapped in a BC1 mapping population between H. an-

nuus and H. debilis (K. Whitney, R. Randell, & L. Riese-

berg, unpublished). Second, DNA fragment profiles had

to be clear, unambiguous and easily interpretable as a
Table 1 Collection localities for wild annual sunflowers Helianthus an

Species Taxon n State

Helianthus annuus ssp. annuus 16 Nebraska

ssp. annuus 16 Oklahom

ssp. annuus 16 Kansas

ssp. annuus 44 Northern

ssp. texanus 30 Texas

ssp. texanus 30 Texas

ssp. texanus 30 Texas

ssp. texanus 30 Texas

ssp. texanus 30 Texas

Helianthus debilis H. debilis cucumerifolius 30 Texas

H. debilis cucumerifolius 29 Texas

H. debilis cucumerifolius 29 Texas

H. debilis debilis 48 Florida

*Whitney et al. (2006); †Harter et al. (2004).
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single locus with co-dominant allelic inheritance. A total

of 88 loci satisfied these criteria and were employed for

genotyping (Table S1). Loci were either derived from

libraries enriched for dinucleotide repeats (Tang et al.

2002) or from expressed sequence tag libraries gener-

ated for H. annuus by the Compositae Genome Project

(Heesacker et al. 2008). For genotyping in this study,

forward primers were directly labelled with a fluores-

cent dye or indirectly labelled through the addition of a
nuus and Helianthus debilis

Population code

(previous code) Latitude, longitude

Ne (LHR 1238)* 41�07¢30¢¢N, 101�23¢ 24¢¢W
a Ok (11)† 36�45¢36¢¢N 102�09¢30¢¢W

Ka (12)† 39�48¢48¢¢N 99�55¢24¢¢W
Texas NT (RAR 59)* 33�31¢26.4¢¢N, 96�24¢10.8¢¢W

18 (RAR 18)* 29�06¢07.02¢¢N, 98�56¢24¢¢W
51 (RAR 51)* 29�26¢24¢¢N, 98�02¢20.4¢¢W
52 (RAR 52)* 29�31¢40.08¢¢N, 97�54¢32.04¢¢W
54 (RAR 54)* 29�50¢42¢¢N, 97�31¢04.08¢¢W
55 29�43¢09.02¢¢N, 95�24¢20.06¢¢W
46 (RAR 46)* 29�03¢21.06¢¢N, 98�16¢40.08¢¢W
50 (RAR 50)* 29�25¢30¢¢N, 98�05¢60¢¢W
53 (RAR 53)* 29�30¢50.04¢¢N, 97�50¢16.08¢¢W
Fl GRIN collection
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fluorescently labelled M13 adaptor with homology to

the 5¢ tail of the microsatellite-specific primers (Schuelke

2000).

Polymerase chain reactions (PCR) were performed

using a touch-down method (Don et al. 1991). Details

about PCR conditions for primer pairs indirectly

labelled using the M13 adaptor method can be found in

Gross et al. (2007) and Kane & Rieseberg (2007). Similar

conditions were employed for the directly labelled prim-

ers, except that primer concentrations were the same for

forward and reverse primers (0.25 lM) and the final

annealing temperature varied between 51 and 60 �C,

according to the specific primer melting temperature.

Amplified microsatellite fragments were analysed

with ABI 3730 capillary sequencer (Applied Biosystems)

for a subset of individuals from each taxon. Once the

size range of each fragment was determined, markers

that differed in size or fluorescent labelling were pooled

and analysed simultaneously for the rest of the geno-

typing. The indirect labelling of some gene-specific

primers allowed us to vary the fluorescent dye, which

facilitated pooling.

Fragments were scored with Genemapper 3.7

(Applied Biosystems) as described elsewhere (Gross

et al. 2007; Kane & Rieseberg 2007). Allele sizes

obtained for each locus were checked with MSA (Dierin-

ger & Schlötterer 2003) and verified (or corrected) if

potential errors were detected.
Analyses of population structure

The most likely number of discrete populations, as well

as the assignment of individuals to one or more popula-

tions, was inferred according to the degree of admixture

of their multilocus genotype using STRUCTURE 2.2, a

Bayesian clustering method (Pritchard et al. 2000; Fa-

lush et al. 2003). The following parameters ⁄ assumptions

were employed: (i) the number of discrete populations

(K) was allowed to vary between 2 and 13, which is the

number of collections analysed; (ii) 50 000 generations

of ‘burn-in’ and 100 000 Markov chain Monte Carlo

(MCMC) generations were used for each value of K;

and (iii) individuals were assumed to have a mixed

ancestry, with correlated allele frequencies among pop-

ulations. Simulations were repeated three times for each

value of K, and the resulting matrices of estimated clus-

ter membership coefficients were permuted with

CLUMPP (Jakobsson & Rosenberg 2007) to account for

differences between the three runs. The final matrix for

each K value was visualized with DISTRUCT (Rosen-

berg 2004). To assess patterns of introgression at indi-

vidual loci in relation to their genomic location, we

repeated the analyses described above using the ‘Site-

by-Site’ option with a linkage model.
Analyses of long-term migration and effective
population size

There are two general classes of methods for inferring

migration rates (Faubet et al. 2007): (i) coalescent

approaches that employ the genealogical data inherent

in some kinds of molecular markers such as DNA

sequence data or microsatellites, and (ii) multilocus

genotypic methods that are based on patterns of

gametic disequilibrium. Coalescent methods provide

long-term estimates of migration rates and other migra-

tion parameters, whereas multilocus genotypic methods

provide short-term estimates for many of the same

parameters.

To estimate long-term migration rates and effective

population sizes, we employed the computer program

MIGRATE-N 2.4.3 (http://popgen.sc.fsu.edu/Migrate-n.

html). MIGRATE-N uses maximum-likelihood or Bayes-

ian inference to jointly estimate migration parameters

under the coalescent model (Beerli & Felsenstein 1999,

2001; Beerli 2004). Values of M (M = m ⁄ l, where m is

the migration rate and l is mutation rate per site per

generation) describe the impact of immigration relative

to mutation in introducing new variants into a popula-

tion or population group as identified by STRUCTURE.

MIGRATE-N also estimates h (h = 4Nel), the mutation-

scaled effective population size. A Metropolis-Hastings

algorithm was used to explore genealogies and estimate

demographic parameters. This allowed us to account

for shared ancestry and migration in the population’s

history as well as to more accurately quantify the coa-

lescent effective population size (Beerli 2006). The

MIGRATE-N method is more appropriate in this case

than the isolation with migration approach because our

analyses include multiple lineages all experiencing

different levels of gene flow, which violates many of

the isolation with migration model assumptions (Hey &

Nielsen 2007).

Three population groups were compared in these

analyses: all populations of H. annuus ssp. annuus; all

populations of H. debilis cucumerifolius; and all popula-

tions of ssp. texanus except for population ‘55’, which is

considered be to a discrete population by STRUCTURE

with K ‡ 4 (Fig. 2b). Helianthus debilis debilis, which rep-

resented the fifth cluster when K ‡ 5, was also excluded

because of its complete geographic isolation and lack of

admixture with all the other populations analysed

(Fig. 2b). K = 5 was chosen to define groups because it

is the lowest clustering number able to distinguish

between populations of ssp. annuus and ssp. texanus

(see Results for further details).

We conducted two identical maximum-likelihood

analyses with different starting seeds and a subset of 38

markers because of software limitations (Table S2).
� 2010 Blackwell Publishing Ltd
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Fig. 2 Analysis with STRUCTURE for K = 2 (a) and K = 5 (b). Each colour represents a different cluster. Black lines separate popula-

tions. Within each population, individuals are represented by lines partitioned into coloured segments according to their assigned

membership in the two inferred clusters. In this plot, Helianthus debilis is split into the two clusters that coincide with taxonomy and

geography: H. debilis cucumerifolius from Texas and H. debilis debilis from Florida. Within ssp. texanus, population 55, which is a geo-

graphic outlier, also appears to be a genetically distinct.
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Analyses assumed a Brownian motion model, which

represents a continuous approximation to the stepwise

mutation model for microsatellite evolution (Kimura &

Ohta 1978). The Markov Chain settings consisted of 10

short and 3 long chains per run, with an increment of

20, 500 (short chain) and 1000 (long chain) sampled

genealogies, with a burn-in of 1000. In addition, sym-

metric or no migration models were tested with the

likelihood ratio test (Beerli & Felsenstein 1999), as

implemented in MIGRATE-N: all possible combinations

of symmetric or no migration between each population

group were tested and compared with the likelihoods

associated with the null-hypothesis. For each pairwise

comparison (i fi j), the number of immigrants from

population i into population j (Nem(i fi j)) was estimated

as: Nem = hi*M(i fi j) ⁄ 4, where h represents the mutation-

scaled effective population size (h = 4Nel).

To determine whether there were differences in

migration rates among linkage groups, we repeated

these analyses for all markers on each of 17 linkage

groups. As before, we compared migration rates among

the three main population groups: ssp. annuus, ssp. tex-

anus and H. debilis cucumerifolius. However, to reduce

run times, we reduced the number of long chain sam-

pled genealogies to 500 and a burn-in of 500. We com-

pared the results of the reduced sampling strategy in

the linkage group 2 data set to an analysis where the

sampling strategy was identical to the combined

MIGRATE-N analysis. The reduction of sampled gene-

alogies did not substantially change the estimated M

and h for linkage group 2, however, the confidence

intervals were much larger.

These analyses also yielded estimates of M for each

individual marker, which allowed us to test for correla-

tions in migration rates of genetically linked loci. In

hybridizing populations, we expect migration rates

(and genetic distances) of linked markers to be

correlated with the strength of correlation inversely
� 2010 Blackwell Publishing Ltd
proportional to genetic map distance (Scotti-Saintagne

et al. (2004). Spatial autocorrelation was performed

using unidirectional migration rates between ssp. annu-

us and H. debilis cucumerifolius and between ssp. texanus

and H. debilis cucumerifolius as implemented in Gene-

Alex6 (Peakall & Smouse 2006). Distance intervals of 1,

2 and 10 centimorgans (cM) were explored. Observed

correlations for each distance class were compared with

the null distribution constructed from 1000 permuta-

tions. We repeated this analysis for both Nm and FST

values (Weir & Cockerham 1984), calculated by GENE-

POP 4.0 (Raymond & Rousset 1995), using the same

groups and distance interval employed for the analyses

of unidirectional migration rates. Lastly, we employed

orthogonal regression of unidirectional migration rates

(M) at individual loci to test whether values of M in

one direction are correlated (i.e. symmetric) with those

in the other direction. Correlations would be expected if

most loci are neutral in the different genetic back-

grounds or if selection acts symmetrically. Orthogonal

regression fits lines that adjust for variability in X as

well as Y, whereas standard least square fitting assumes

that the X variable is fixed. Orthogonal regression was

implemented in JMP version 5.0.1 (SAS Institute, Cary,

NC, USA) and analysed the same population groupings

used for spatial autocorrelation.
Analyses of recent immigration

To estimate the direction and rate of recent immigra-

tion, we employed BAYESASS1.3, which is a Bayesian

multilocus genotyping procedure implemented with

MCMC methods (Wilson & Rannala 2003). Unlike esti-

mators of long-term gene flow, BAYESASS makes rela-

tively few assumptions about demography and can be

applied to populations that are not in mutation–drift or

Hardy–Weinberg equilibrium. Thus, while complemen-

tary to MIGRATE-N with respect to timescale, analyses
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with BAYESASS can also provide greater confidence

that long-term migration rates result from post-diver-

gence gene flow rather than the sorting of ancestral

polymorphism (Kane et al. 2009). By using a Bayesian

framework and a MCMC sampling scheme, BAYESASS

is able to estimate recent immigration frequencies.

While STRUCTURE uses a Bayesian probabilistic model

to assign individuals to clusters, BAYESASS uses a

Bayesian assignment algorithm to estimate the posterior

probability of the individual’s migration history. Thus,

STRUCTURE and BAYESASS analyses provide comple-

mentary information about recent gene flow (Kane &

King 2009).

The same populations used for the estimation of the

long-term migration rate were included in the BAYE-

SASS analysis. BAYESASS analyses were run for a total

of 3 millions steps with 1 million of those being burn-

in. Runs were carried out in duplicate to assess conver-

gence of the MCMC after 3 millions steps.
Detection of loci under selection

To investigate the possibility of recent positive selection,

we used the lnRV and lnRH test statistics of Schlötterer

(2002) and Schlötterer & Dieringer (2005), which test for

locus-specific reductions in gene diversity and variance,

respectively, among population groups. The rationale

for these tests is that the variability of loci that have

undergone recent selective sweeps should be signifi-

cantly reduced relative to the rest of the genome

(Schlötterer 2002). To minimize false positives, Schlöt-

terer & Dieringer (2005) recommend that candidates for

selection be significant outliers in both statistics. The

mean unbiased estimator of gene diversity (HE) and the

variance in the number of microsatellite repeats (Var-

RN) for each locus were calculated with MSA (Dieringer

& Schlötterer 2003). Comparisons were made between

populations or groups of populations as defined by

STRUCTURE when K = 5 (Fig. 2B).

Evidence of selection can also be obtained by analyses

of patterns of genetic divergence rather than losses of

genetic variation. In this group of methods, searches are

made for ‘outlier loci’: loci that behave differently from

other loci in a given sample, presumably due to selec-

tion (Lewontin & Krakauer 1973). Here, we employed a

simulation-based approach developed by Beaumont &

Nichols (1996), as implemented in LOSITAN (Antao

et al. 2008), to perform a widely used FST-outlier detec-

tion method. The method employs coalescent simula-

tions under a uniform, finite island model and provides

an expected neutral distribution of FST values, control-

ling for the corresponding expected heterozygosity

value (HE). Loci whose distribution lies outside the

expected range are considered candidates of selection.
We performed an initial run with 50 000 simulations

and all loci, using the mean neutral FST as a preliminary

value. A more accurate estimate of the mean neutral

FST was obtained following the first run by excluding

all loci lying outside the 99% confidence interval, since

their distribution could be the result of selection rather

than neutral evolution. This refined estimate was used

for a final set of 50 000 simulations over all loci.

To control for multiple comparisons, we employed a

False Discovery Rate of 5% (Storey & Tibshirani 2003).

This means that 5% of outlier loci detected by our analy-

ses are expected to be false positives. Note that the False

Discovery Rate differs from other approaches to the multi-

ple comparisons problem (such as the Bonferroni

method), which control for the chance of any false posi-

tives. Q values, which correspond to the observed P-value

distribution without the expected false positive results,

were calculated using the Q-value software (http://

genomics.princeton.edu/storeylab/qvalue/) with default

settings.
Results

Population structure

The inferred number of clusters (i.e. the grouping with

the highest posterior probability among all the values

tested, with K ranging from 2 to 13) was coincident

with the number of sampled populations (K = 13). At

K = 2, ‘debilis’ and ‘annuus’ clusters were recovered

(Fig. 2a) with the putative hybrid, Helianthus annuus

ssp. texanus, placed in the ‘annuus’ cluster as predicted

based on morphology and reproductive compatibility

(Heiser 1951).

When higher numbers of clusters were allowed, a

more complicated scenario emerged (Fig. 2b, K = 5).

Within the ‘debilis’ cluster, there was clear separation

between the two varieties sampled (i.e. Helianthus debilis

cucumerifolius from Texas and H. debilis debilis from Flor-

ida), noted also when K = 3 and 4 (data not shown). In

addition, as predicted from their geographic distribu-

tions, there was no evidence of admixture between H.

debilis debilis and either H. debilis cucumerifolius or H. an-

nuus. In contrast, some individuals of H. debilis cucume-

rifolius appeared to contain genetic material of H.

annuus (Fig. 2b).

A similar situation was found within the ‘annuus’ clus-

ter, in which three discrete population groups were

recovered at K = 5: H. annuus ssp. annuus, ssp. texanus,

and population 55 from eastern Texas, which was classi-

fied as ssp. texanus based on morphology. As with H. de-

bilis, the geographically distant ssp. annuus populations

(Ka, Ne, Ok in Fig. 2b) exhibited less admixture than did

the geographically proximal populations from Texas.
� 2010 Blackwell Publishing Ltd
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The pattern of admixture can be seen more clearly in

the site-by-site analysis (K = 2, Fig. 3). Within both spe-

cies, the only individuals with an admixture coefficient

(Q) significantly different from zero derive from Texas

populations. Two of the three populations from H. debi-

lis cucumerifolius (populations 46 and 53, Fig. 1) have

the highest average admixture coefficients with an esti-

mated average membership coefficient to the ‘annuus’

cluster of Qannuus = 5.7% and 12.5%, respectively, while

ssp. annuus from Texas (population NT, Fig. 1) has a

Qdebilis of 2.3%. Although the putative hybrid lineage,

ssp. texanus, was expected to have a predominately H.

annuus-like genetic background, the degree of admix-

ture was much lower than anticipated (Qdebilis = 2%).

Indeed, only 3 of 150 ssp. texanus individuals had an

admixture coefficient significantly greater than zero.

Interestingly, the pattern of admixture was not associ-
� 2010 Blackwell Publishing Ltd
ated with chromosomal position (Fig. 3, which displays

for each marker the difference in the probabilities that

an individual is homozygous for alleles from the ‘annu-

us’ or ‘debilis’ cluster). Instead, introgression appeared

to be scattered across the genome when it did occur.
Long-term estimates of migration and effective
population size

The history of migration between H. annuus ssp. annuus,

H. annuus ssp. texanus and H. debilis cucumerifolius was

reconstructed through maximum-likelihood estimation

of the effective population size and immigration rate

under the coalescent theory. Both symmetric and

absence of migration models were tested to explore the

pattern of gene exchange that probably took place

among these taxa.
Fig. 3 Site-by-Site analysis obtained

with STRUCTURE for K = 2. Genetic

markers are ordered horizontally

according to linkage group. Each indi-

vidual is represented by a horizontal

line partitioned into coloured segments

according to the difference in probabili-

ties that an individual is homozygous

for alleles from the H. annuus or from

the H. debilis cluster (paa–pdd, range: )1

to 1). A scale showing correspondence

between the difference in probabilities

and colours is at the top right. The coef-

ficient of membership in the H. annuus

cluster (Q) for each sample is plotted to

the right of the figure with white rectan-

gles representing samples with an

admixture coefficient (Q) significantly

different from zero.
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The hypothesis of absence of migration was rejected

in all comparisons (P < 0.00001 in all the tests), and val-

ues of M between taxa were surprisingly high, ranging

from 4.1 to 7.3 (Fig. 4). Thus, immigration appears to

make a greater contribution to standing genetic varia-

tion than does mutation.

There was no difference in the direction of migration

between ssp. annuus and H. debilis cucumerifolius

(Fig. 4). However, the model of symmetric migration

was rejected in the two tests involving ssp. texanus

(P < 0.000001 in both tests). In both cases, there was

greater introgression from ssp. texanus into its putative

parental taxa than vice versa. This pattern is inconsistent

with predictions of Currat et al. (2008) that migration

between local congeners and colonizing species should

be predominantly in the direction of the invader.

Estimates of the mutation-scaled effective population

size indicate that ssp. annuus has a larger effective pop-

ulation size than H. debilis cucumerifolius (Q = 2.0 and

1.7, respectively, Fig. 4). This makes sense given the lar-

ger geographic range of the former. The observation

that ssp. texanus has a larger effective population size

(Q = 2.7) than either parental taxon is less easily

accounted for, but might be owing to introgression from

H. debilis, which should increase levels of genetic diver-

sity.
Variation in migration rates within and among
linkage groups

Estimates of M did not vary significantly among linkage

groups for any of the intraspecific (H. annuus ssp. annu-

us vs. ssp. texanus) or interspecific (ssp. annuus or ssp.

texanus vs. H. debilis cucumerifolius) comparisons that

were made (Table S3). However, dramatic differences

in migration were observed among individual loci
Fig. 4 Maximum-likelihood estimates and 95% confidence

intervals (in parentheses) of the long-term migration rate (M)

and the mutation-scaled effective population size (h) from

MIGRATE-N. Thickness of arrows corresponds to migration

rate estimates. M = m ⁄ l, where m is the migration rate and l
is mutation rate per site per generation. h = 4Nel, where Ne is

the effective population size. *Model of symmetric migration

rejected.
(Appendix I; Table S2). This variation was only weakly

correlated with genetic map position and virtually iden-

tical whether using M or Nm, so the weak correlation

cannot be due to variation in the mutation rate among

loci. In only one of four interspecific comparisons were

significant correlations in unidirectional migration rates

observed among markers in the closest distance (0–

1 cM) class (Fig. S1). Oddly, significant correlations

were observed among loci in the next two distance clas-

ses (1.1–2.0 cM and 2.1–3.0 cM) across several compari-

sons (Fig. S1). We do not have a reasonable biological

explanation for this pattern and suspect that it is an

artefact of the small number of the comparisons in these

distance classes (n = 8 for both). No significant autocor-

relations were observed at larger distance intervals or

for FST in any distance category.

No correlations were observed between unidirectional

migration rates at individual loci (r < 0.04 over all com-

parisons). That is, migration in one direction at a given

locus was not correlated with migration in the other

direction at that locus.
Recent immigration

Analyses of recent immigration with BAYESASS (Wil-

son & Rannala 2003) suggest that between 14% and

27% of individuals within each of the populations stud-

ied represent recent immigrants from another taxon

(Fig. 5). Bayesian posterior standard deviations of

immigration frequencies were zero for all populations

and support for the assignment of immigrant alleles

was similarly strong. However, according to a recent

simulation study (Faubet et al. 2007), accurate estimates

of immigration rates with BAYESASS require significant

genetic differentiation among populations (FST > 0.05)
Fig. 5 Percentage of recent immigrants into populations of

ssp. annuus, ssp. texanus and Helianthus debilis cucumerifolius,

as estimated by BAYESASS. Coloured segments indicate the

proportion of individuals within each population derived from

the source populations or from immigration.

� 2010 Blackwell Publishing Ltd
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as well as fairly low migration rates (m < 0.1). FST val-

ues, measured over all loci (Weir & Cockerham 1984)

with GENEPOP 4.0 (Raymond & Rousset 1995), range

from 0.12 to 0.14 for comparisons between H. annuus

and H. debilis cucumerifolius vs. 0.02 to 0.03 for compari-

sons of ssp. annuus with ssp. texanus. Thus, despite the

apparent statistical confidence in all of our estimates of

immigration frequencies, those involving interspecific

comparisons are probably considerably more accurate

than those for intraspecific comparisons (e.g. between

populations of ssp. annuus and ssp. texanus). Another

caveat is that posterior assignment probabilities have

been shown to poorly predict the accuracy of allelic

assignments (Faubet et al. 2007); therefore, interspecific

allelic assignments are likely to be more accurate than

intraspecific assignments.
Detection of loci under selection

A single marker (HT0414) was a significant outlier in

both the lnRV and lnRH analyses (PlnRV < 0.005;

PlnRH < 0.01) (Table 2; Table S4; Fig. S2) because of

reduced variability in populations of ssp. annuus rela-

tive to either ssp. texanus or H. debilis cucumerifolius. The

reduction in variability is restricted to populations of

ssp. annuus from outside Texas. With the exception of a

single heterozygous individual from Oklahoma, all

plants north of Texas are homozygous for a single

allele. HT0414 is located within contig2135 from Com-

positae Genome Project 1 (http://compgenomics.ucda-

vis.edu/compositae_index.php). This contig also

includes a DNAJ heat-shock N-terminal domain-con-

taining protein (Arabidopsis best hit AT4G37750), which

represents the most likely candidate gene for the appar-

ent selective sweep reported here.

The FST simulation approach yielded four outliers

(HT0760, HT0429, HT0326, HT0538; Table S4) in both

interspecific comparisons, but none in the intraspecific

comparison (Table S4). After correction for multiple com-
Table 2 Outlier markers that may have been targeted by selection

H. a. ann. and H. d. cuc. H.

HE FST P(lnRHvslnRV ⁄ ⁄ FDIST2) HE

HT0414 0.80 0.43 * ⁄ ) 0.7

HT0760 0.98 0.52 ) ⁄ * 0.9

HT0429 0.99 0.56 ) ⁄ * 0.9

HT0326 0.76 0.72 ) ⁄ ) 0.7

MarkerHT0414 was a significant outlier in both lnRH and lnRV test, w

FST-based outlier method. Linkage group (LG) and genetic map positi

H. a. ann., Helianthus annuus annuus; H. d. cuc., Helianthus debilis cucum

)P > 0.01 and <0.05; *P < 0.01.
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parisons using an False Discovery Rate 5%, a total of

three outliers remained significant in the comparisons

between ssp. annuus and H. debilis cucumerifolius (HT0429;

HT0760; Table 2; Table S4) or ssp. texanus and H. debilis

cucumerifolius (HT0429; HT0326; Table 2; Table S4). The

three outliers showed species-specific patterns in the dis-

tribution of allelic frequencies: all H. annuus ssp. annuus

and ssp. texanus populations carry the same most repre-

sentative alleles, which can be found at very low frequen-

cies at least in one of the populations of H. debilis

cucumerifolius. An opposite pattern was found for alleles

with high frequencies in H. debilis cucumerifolius, since

they were at low frequencies in all H. annuus populations

(HT0326), or at least in some ssp. texanus populations

(HT0760 and HT0429). HT0760 is weakly similar to an

Arabidopsis thaliana photosystem II 5 kD protein, whereas

HT0429 is similar to an A. thaliana protein with unknown

function; no information about homologous genes with a

good annotation was available for HT0326.
Discussion

Population structure and migration

The two species of annual sunflowers, Helianthus annuus

ssp. annuus and Helianthus debilis, are thought to have

given rise to a distinct and stabilized lineage, H. annuus

ssp. texanus, through introgressive hybridization (Heiser

1951, 1954). However, both the extent of admixture and

its genomic distribution have been unclear. Our analy-

ses of 88 genetically mapped microsatellite loci provide

two seemingly conflicting assessments of the extent of

introgression. Analyses of genomic composition with

STRUCTURE imply that admixture is extremely limited,

with an average admixture coefficient lower than 2%.

Moreover, most of the admixture derives from three

individuals, which may be early generation hybrids.

In contrast, coalescent analyses of long-term migra-

tion rates imply that interspecific migration has been
a. tex. and H. d. cuc.

FST P(lnRHvslnRV ⁄ ⁄ FDIST2) LG cM

9 0.36 ) ⁄ ) 17 124.3

6 0.48 ) ⁄ ) 4 37.8

6 0.54 ) ⁄ * 14 10.3

5 0.69 ) ⁄ * 15 15.3

hereas HT0760, HT0429 and HT0326 were detected using an

ons in cM are also reported.

erifolius; H. a. tex., H. annuus texanus.
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more important than mutation in providing new genetic

variation in ssp. texanus populations. Immigration from

H. debilis cucumerifolius into ssp. texanus (M = 4.05;

Nem = 1.74) is higher than median estimates of intraspe-

cific migration rates in plants (Morjan & Rieseberg

2004) and only slightly lower than immigration from

ssp. annuus into ssp. texanus (M = 5.00). Immigration

rates from ssp. texanus into H. debilis cucumerifolius and

ssp. annuus are still higher (M = 6.30 and 7.29, respec-

tively), implying that the putative hybrid lineage serves

as a bridge for migration between the parental species.

Estimates of recent immigration from BAYESASS are

high as well, with greater than 14% of individuals rep-

resenting recent immigrants from another taxon

(Fig. 5). Consistent with the MIGRATE-N results, there

are more recent immigrants from ssp. texanus into its

putative parental taxa than vice versa, the same pattern

observed for long-term migration rates. One puzzle is

that the estimated immigration rate between the allopat-

ric taxa (H. debilis cucumerifolius and ssp. annuus) is

approximately comparable with that between the sym-

patric taxa (H. debilis cucumerifolius and ssp. texanus ssp.

texanus). This observation may point to the effectiveness

of ssp. texanus as a bridge for the transfer of alleles

between H. debilis and ssp. annuus. An alternative expla-

nation is that the BAYESASS estimates are unreliable

because homoplasy of microsatellite alleles is high in

taxa with large-effective population sizes (Estoup et al.

2002) such as the annual sunflowers studied here.

The seemingly contradictory results from the STRUC-

TURE and MIGRATE-N analyses can be reconciled by

consideration of the timescale over which these analyses

effectively detect immigration. STRUCTURE is powerful

at detecting recent admixture, whereas values of M

reflect persistent migration over hundreds or thousands

of generations. However, this explanation cannot

account for the difference between the BAYESASS

results and those of STRUCTURE since both are mul-

tilocus genotypic approaches designed to detect recent

migration. It might be that BAYESASS has more power,

but greater sensitivity to homoplasy, since it estimates

the probability that an allele is an immigrant, whereas

STRUCTURE estimates the probability that an individ-

ual is an immigrant. As a consequence, BAYESASS may

be over-estimating and STRUCTURE under-estimating

recent immigration rates. This possibility is supported

by reports that BAYESASS consistently over-estimated

immigration rates between laboratory-cultured popula-

tions of nematodes (Mardulyn et al. 2008).

Despite the apparent discrepancy between the results

from STRUCTURE and BAYEASS, several conclusions

can be made. Analyses with STRUCTURE support the

distinctness of ssp. texanus, as well as its clear inclusion

within H. annuus, as initially postulated by Heiser (1951).
Likewise, the STRUCTURE, MIGRATE-N and BAYE-

SASS analyses all confirm previous report of introgres-

sion between H. annuus and H. debilis (Rieseberg et al.

1990, 2007) and suggest that the introgression is genome-

wide when it occurs. Contrary to the Heiser’s scenario of

a recent Holocene origin of ssp. texanus, however, our

results are more consistent with a much longer history of

contact between H. annuus and H. debilis. Otherwise, it is

difficult to account for the presence of significant long-

term migration between currently allopatric populations

of ssp. annuus and H. debilis cucumerifolius. This revised

scenario makes sense in the light of numerous glacial-

interglacial cycles over the past million years (Hewitt

2000), which probably resulted in intermittent contact

between H. annuus and H. debilis, with the last contact

likely occurring during the Wisconsin glaciation,

18 000 BP. The current contact between the species differs

from the previous ones in that it appears to have been

human-aided. Possibly, some of the molecular evidence

of introgression, particularly into allopatric populations,

stems from past periods of contact.
Direction of introgression

A recent simulation study by Currat et al. (2008) pre-

dicted that during invasions, most neutral introgression

should be from the local to the invading species. The

reason for this pattern is that local alleles which intro-

gress when the invading population is at low density

can be amplified as a consequence of logistic growth of

the invader. In contrast, local populations are probably

already at carrying capacity, so introduced alleles can-

not be amplified by population growth. Patterns of

introgression in many invasions do indeed follow this

general prediction (Currat et al. 2008; Petit & Excoffier

2009; Zalapa et al. 2009), although probably not so in

situations where the invading species is diploid and the

native is tetraploid (Stebbins 1971; Kim et al. 2008).

So why do we see the opposite pattern in this study,

with greater introgression into the local (H. debilis cu-

cumerifolius) rather than the invading taxon ssp. texanus?

The ‘Currat’ effect requires that interbreeding events be

frequent when the invading population is still at low

density. This requirement is probably violated in our

system, for two reasons. First, in central Texas, the

microhabitat favoured by ssp. texanus (clay soils) is

much more extensive than that favoured by H. debilis

(sandy soils), with small patches of the latter located in

a matrix of the former (pers. obs.). Thus, if early contact

between the two species was in this region, abundances

of the invading ssp. annuus were probably much higher

than those of the local H. debilis. Second, the reproduc-

tive barrier between ssp. annuus and H. debilis cucume-

rifolius is strong: F1 fertility averages 3.7–6.7% (Heiser
� 2010 Blackwell Publishing Ltd
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1951). As a consequence, the pattern of introgression is

probably influenced more by the current abundance of

the invading vs. local species, which favours ssp. annuus

in this case.

Analyses of the direction of introgression also offers

the opportunity to detect ‘speciation genes’ (Payseur

et al. 2004; Currat et al. 2008; Teeter et al. 2008; Gom-

pert & Buerkle 2009), since Bateson–Dobzhansky–Mul-

ler (BDM) incompatibilities are predicted to generate

asymmetric gene flow (Coyne & Orr 2004). In the

BDM model, diverging populations accumulate hybrid

incompatibilities without loss of fitness. In a simple

two locus case, an ancestral genotype, aabb, can give

rise to a genotype of AAbb in population 1 and aaBB

in population 2. While the AAbb and aaBB genotypes

are viabile and fertile, the A and B alleles are incom-

patible and result in a loss of fitness in hybrid gen-

types (AaBb). However, the incompatibilities are

asymmetric. The ‘a’ allele is compatible in the back-

ground of population 1 and the ‘b’ allele is compatible

in the background of population 2. Thus, we expect

introgression to occur in the direction of population 1

at the ‘a’ locus and in the direction of population 2 at

the ‘b’ locus.

In this study, we detected one locus (ORS0885; LG

16) that may be tightly linked to a BDM incompatibility:

the immigration rate from H. annuus ssp. annuus or ssp.

texanus into H. debilis cucumerifolius is zero, whereas

estimates of M in the opposite direction were very high

(391.1 and 78.2, respectively; Table S2). No such asym-

metry was observed for this locus in the intraspecific

comparison between ssp. annuus and ssp. texanus. Fol-

low-up studies are planned to ask whether this locus is

associated with a loss of fertility as well as to fine map

this region to identify the gene and site responsible for

the asymmetry in gene flow.
The unit of genetic isolation

It is now widely recognized that the genomes of hybrid-

izing species often are permeable to interspecific gene

flow (Barton & Hewitt 1985; Rieseberg et al. 1999; Wu

2001; Payseur et al. 2004; Baack & Rieseberg 2007; Good

et al. 2008; Lexer & Widmer 2008; Schwenk et al. 2008;

Nolte et al. 2009). However, there is less agreement

about how much of the genome is likely to experience

gene flow or about the lengths of chromosomal seg-

ments protected from introgression (Barton & Hewitt

1985; Charlesworth et al. 1997; Coyne & Orr 2004;

Turner et al. 2005; Yatabe et al. 2007; Via & West 2008;

Wood et al. 2008). Theory indicates that the rate of

introgression near a selected site will be inversely pro-

portional to the selection:recombination ratio (Barton

1979). Thus, if only a small number of factors contribute
� 2010 Blackwell Publishing Ltd
to reproductive isolation, then most of the genome

should be permeable to introgression. However, for

most species we know too little about the numbers and

genomic distribution of factors that contribute to repro-

ductive isolation to make realistic predictions about

genomic extent of introgression. The H. annuus ⁄ H. debi-

lis system represents an exception to this general rule

since an earlier QTL study of hybrid sterility involving

these species detected only two QTLs, leading to the

prediction that most of the genome would be permeable

to gene flow (Kim & Rieseberg 1999). This prediction

was confirmed by this study. These results augment

growing evidence that species’ genomes are more por-

ous and interspecific gene flow is more widespread

than previously suspected (Arnold et al. 1990; Lexer

et al. 2005; Yatabe et al. 2007; Städler et al. 2008; Stras-

burg & Rieseberg 2008; Hertwig et al. 2009; Hoban et al.

2009; Kane et al. 2009; Lepais et al. 2009; Nolte et al.

2009).

Even less is known about the lengths of genetically

differentiated chromosomal segments in hybridizing

species. Simulation studies show that with population

subdivision, local selection can extend regions of high

FST for very long distances (on the order of the selection

coefficient) because of a stable hitchhiking effect on

either side of a locus under disruptive natural selection

(Charlesworth et al. 1997). For example, a selection coef-

ficient of 0.1 can result in increased differentiation up to

10 cM from the selected site. Regions of differentiation

should be even larger if multiple, linked loci are under

disruptive selection (Barton & Hewitt 1989) or if the

selected locus occurs in a region of low recombination

(Rieseberg 2001). Unfortunately, comparable predictions

are not available for BDM incompatibilities, or for eco-

logically important loci in which alleles are divergently

selected in one habitat, but neutral or nearly so in the

other. However, first principles suggest that genetic dif-

ferentiation should be weaker and extend over shorter

differences in these situations because unidirectional

gene flow will still be possible.

Empirical data are difficult to interpret. Several gen-

ome scans have reported an association between outlier

AFLPs loci and major QTLs (e.g. Rogers & Bernatchez

2005; Via & West 2008). The genetic distance between

outlier loci and QTLs averages >10 cM in both studies

suggesting that islands of differentiation may be large.

An alternative interpretation is that these are gene-rich

regions that contain multiple, smaller regions of differ-

entiation (Smadja et al. 2008). Regions of differentiation

between house mouse subspecies have been reported to

be large as well, averaging >10 cM in length (Harr

2006a). However, many of the apparently differentiated

regions result from single nucleotide polymorphism

ascertainment bias (Boursot & Belkhir 2006; Harr 2006b)
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and do not show significant differentiation in more

detailed analyses of individual markers (Teeter et al.

2008).

Other studies have found regions of differentiation to

be much smaller, and more on the scale reported here.

A genome-wide analysis of closely related forms of

Anopheles identified three regions of genomic differenti-

ation ranging from 5 to 50 genes (Turner et al. 2005), all

in low recombination regions of the genome (Pombi

et al. 2006). In oaks and another hybridizing pair of

sunflowers (H. annuus · Helianthus petiolaris), differenti-

ated regions are typically <1 cM in length, except in

areas of low recombination (Scotti-Saintagne et al. 2004;

Yatabe et al. 2007).

Via & West (2008) questioned the approach taken in

the sunflower and oak studies because information

from all loci is used to define differentiated regions as

opposed outliers to only, thereby potentially confound-

ing the effects of migration and retention of ancestral

polymorphisms. However, the small scale of genomic

differentiation in H. annuus · H. petiolaris has since been

confirmed by sequence analyses of 77 loci distributed

across the genome of the two species (Strasburg et al.

2009). In this study, we employed a coalescent approach

to minimize the problem of ancestral polymorphism

and considered the direction of introgression to account

for loci with asymmetric effects on fitness (i.e. most

BDM incompatibilities). However, we failed to find cor-

relations between genetically linked loci in either the

unidirectional migration rates or FST, even in the small-

est distance class of 1 cM. Also, we found no evidence

that outlier loci were clustered: all occurred on different

linkage groups. Thus, islands of low migration ⁄ high

differentiation appear to be small in populations of H.

annuus · H. debilis.

Similar results have been reported for different forms

of the marine gastropod, Littorina saxatilis (Wood et al.

2008). Sequence data from outlier loci revealed that

regions of differentiation were highly localized

(<10 Kb). Via & West (2008) suggest that regions of

genetic differentiation that accumulate in allopatry will

be smaller than those in sympatry since the lack of mat-

ing between allopatric populations does not induce

‘divergence hitchhiking’, which would reduce effective

recombination rates near QTLs under divergent selec-

tion. While this explanation may partially explain for

the small scale of genomic differentiation in sunflower,

it cannot account for the Littorina data, since any period

of allopatry must have been short (Smadja et al. 2008).

An alternative explanation is that loci experiencing

strong disruptive selection are rare. If effective popula-

tion sizes are large, such as those reported for sun-

flower (Strasburg & Rieseberg 2008), then even very

weak selection (s > m) can produce significant diver-
gence, leading to very small islands of differentiation

(Smadja et al. 2008).
Selective sweeps

Only four loci (HT0414, HT0760, HT0429 and HT0326)

analysed in this study showed evidence of having expe-

rienced significant selection. Interestingly, all four were

derived from the coding region of expressed sequence

tags, whereas no outliers (even when using relaxed sig-

nificance thresholds) came from the dinucleotide repeat

library, despite the fact that over half of the markers

analysed were derived from the latter. This pattern is

consistent with the hypothesis that the outlier loci differ

from other loci because of selection.

One of the four outlier loci, HT0414, is associated

with a heat-shock protein and was previously shown to

have been the target of selection in H. annuus ssp. annu-

us salt marsh populations from the state of Utah (Kane

& Rieseberg 2007), as well as in weedy sunflower popu-

lations from several different locations across the USA

(Kane & Rieseberg 2008). In this study, populations of

ssp. annuus from Kansas, Nebraska and Oklahoma

monomorphic for a single allele, whereas populations

of H. debilis and other populations of ssp. annuus are

considerably more polymorphic. These results imply

that HT0414 may be involved in adaptation to a range

of different habitats or to conditions shared by several

different habitats (Kane & Rieseberg 2008). For the

remaining three outliers, only HT0760 showed a weak

similarity to an Arabidopsis thaliana known protein,

whereas no function is known for HT0429 and

HT0326).
Conclusions

Our results confirm previous reports of introgression

between the widespread common sunflower (Helianthus

annuus ssp. annuus) and a local congener from Texas,

Helianthus debilis cucumerifolius. However, our analyses

imply that introgression has occurred over a much

longer timescale than suspected by Heiser (1951).

Long-term migration rates are high and appear to be

genome-wide, confirming predictions from previous

mapping studies, which reported a simple genetic

architecture of reproductive isolation between these two

species (Kim & Rieseberg 1999). The extent of recent

immigration ⁄ admixture is less clear because of dis-

agreement between the STRUCTURE and BAYEASS

results.

There is strong asymmetry in migration rates both

genome-wide and at the scale of individual loci. Con-

trary to recent theoretical predictions (Currat et al.

2008), there was more immigration into the local
� 2010 Blackwell Publishing Ltd
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species, H. debilis cucumerifolius, than into the invader

(and putative hybrid lineage), ssp. texanus. This pattern

can be explained by a more restricted microhabitat pref-

erence in the local species, presumably leading to a

population size advantage for the invader even during

early contact between the species, and by the strong

reproductive barrier between H. debilis and H. annuus,

which may have limited interspecific migration during

the initial stages of the invasion. Both factors probably

reduced the potential for population growth to amplify

introgressed alleles to high frequency in the invader.

Unidirectional migration rates were also significantly

higher from ssp. texanus into ssp. annuus than vice versa,

implying that ssp. texanus serves as a conduit for the

movement of genetic material between the putative

parental taxa. At the individual locus scale, one marker

showed no migration from ssp. annuus into H. debilis,

but very high migration rates in the opposite direction,

a pattern consistent with tight linkage to a BDM incom-

patibility.

Finally, we tested whether correlations between uni-

directional migration rates and genetic map distances

would reveal longer regions of genetic isolation than

did similar analyses with FST. However, in agreement

with previous studies of hybridizing sunflower species

(e.g. Yatabe et al. 2007; Strasburg et al. 2009), regions of

differentiation between these species appear to be small,

providing additional support for the porosity of repro-

ductive barriers between hybridizing sunflower species.
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 2.9195
 —
 2.1574
17.5
 ORS1246
 1.8661
 —
 0.3035
H. a. ann.
0
 HT0938
 14.8586
 5.6178
 —
14.8
 HT0520
 10.3697
 2.3549
 —
17.5
 ORS1246
 11.5761
 2.709
 —
H. a. tex.
 0.05
 MLE
 0.95
8
 0
 HT0854
 —
 2.8763
 14.2636
 8
 Q_H. a. tex.
 1.8197
 1.9346
 2.0608
13.3
 ZH2114
 —
 2.2558
 4.1847
 Q_H. d. cuc.
 1.0155
 1.0924
 1.1773
37.6
 ORS0299
 —
 5.0968
 7.1707
 Q_H. a. ann.
 1.2433
 1.3453
 1.4589
H. d. cuc.
0
 HT0854
 2.6254
 —
 3.6447
13.3
 ZH2114
 6.714
 —
 3.9666
37.6
 ORS0299
 17.7835
 —
 9.3113
H. a. ann.
0
 HT0854
 13.1997
 3.4378
 —
13.3
 ZH2114
 17.423
 8.8379
 —
37.6
 ORS0299
 18.0283
 13.3482
 —
H. a. tex.
 0.05
 MLE
 0.95
9
 0
 ORS1034
 —
 4.9094
 7.8078
 9
 Q_H. a. tex.
 1.7559
 1.8589
 1.9712
6.3
 ORS1076
 —
 2.4461
 5.8145
 Q_H. d. cuc.
 1.0487
 1.1204
 1.1988
7.8
 HT0834
 —
 1.7759
 4.034
 Q_H. a. ann.
 1.2413
 1.3244
 1.4151
20.6
 ORS1001
 —
 5.3699
 6.7957
H. d. cuc.
0
 ORS1034
 12.7049
 —
 6.6875
6.3
 ORS1076
 12.5297
 —
 3.5901
7.8
 HT0834
 4.5322
 —
 7.0401
20.6
 ORS1001
 7.1771
 —
 8.7996
H. a. ann.
0
 ORS1034
 23.6782
 6.9731
 —
6.3
 ORS1076
 9.6109
 4.126
 —
7.8
 HT0834
 7.0565
 3.8237
 —
20.6
 ORS1001
 12.6869
 7.5695
 —
H. a. tex.
 0.05
 MLE
 0.95
10a
 0
 HT0297
 —
 3.8251
 10.8353
 10a
 Q_H. a. tex.
 1.6149
 1.7437
 1.886
11.3
 HT0872
 —
 7.8104
 13.3178
 Q_H. d. cuc.
 1.2294
 1.3465
 1.4788
H. d. cuc.
 Q_H. a. ann.
 1.2253
 1.3386
 1.4661
0
 HT0297
 8.0089
 —
 4.682
11.3
 HT0872
 6.0821
 —
 5.0464
H. a. ann.
0
 HT0297
 17.3366
 6.141
 —
11.3
 HT0872
 12.6937
 6.498
 —
10b
 H. a. tex.
 10b
 0.05
 MLE
 0.95
2.7
 HT0419
 —
 7.666
 7.6276
 Q_H. a. tex.
 1.6071
 1.7866
 1.9665
15.4
 HT0692
 —
 5.3011
 8.7093
 Q_H. d. cuc.
 1.2468
 1.3601
 1.488
H. d. cuc.
 Q_H. a. ann.
 1.2244
 1.3432
 1.4779
2.7
 HT0419
 8.401
 —
 5.0497
15.4
 HT0692
 4.729
 —
 5.4495
ng Ltd
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d

H. a. tex.,+
 H. d. cuc.,+
 H. a. ann.,+
H. a. ann.
2.7
 HT0419
 11.0786
 13.9899
 —
15.4
 HT0692
 25.297
 9.7371
 —
H. a. tex.
 0.05
 MLE
 0.95
11a
 0
 HT0544
 —
 6.2762
 6.8639
 11a
 Q_H. a. tex.
 2.122
 2.2915
 2.4752
6
 ORS0457
 —
 3.5419
 7.0267
 Q_H. d. cuc.
 0.7338
 0.8171
 0.9137
H. d. cuc.
 Q_H. a. ann.
 1.3126
 1.4371
 1.5781
0
 HT0544
 17.2287
 —
 11.5849
6
 ORS0457
 11.9092
 —
 9.7905
H. a. ann.
0
 HT0544
 20.5812
 12.0788
 —
6
 ORS0457
 18.2721
 4.278
 —
11b
 H. a. tex.
 11b
 0.05
 MLE
 0.95
0
 HT0732
 —
 7.0627
 8.7897
 Q_H. a. tex.
 1.7436
 1.83759
 1.9384
1
 HT0831
 —
 2.9565
 10.0867
 Q_H. d. cuc.
 1.211
 1.29626
 1.3894
1.3
 ORS0354
 —
 2.9498
 8.6067
 Q_H. a. ann.
 1.1956
 1.27559
 1.3629
17
 ORS0291
 —
 3.1354
 8.0297
H. d. cuc.
HT0732
 7.1694
 —
 3.5769
HT0831
 5.924
 —
 3.6029
ORS0354
 17.82
 —
 9.4837
ORS0291
 7.6569
 —
 3.3253
H. a. ann.
HT0732
 16.0309
 10.28
 —
HT0831
 24.8971
 5.1753
 —
ORS0354
 13.0248
 3.5757
 —
ORS0291
 15.2999
 2.899
 —
H. a. tex.
 0.05
 MLE
 0.95
13
 0
 ORS0215
 —
 0.3681
 10.6382
 13
 Q_H. a. tex.
 1.6949
 1.7772
 1.8649
1.2
 ORS1042
 —
 1.8669
 9.1684
 Q_H. d. cuc.
 1.2341
 1.3278
 1.4311
3.4
 HT0295
 —
 2.2951
 7.3926
 Q_H. a. ann.
 1.3362
 1.4132
 1.4962
30.7
 HT0333
 —
 4.5838
 4.3134
74.4
 HT0382
 —
 8.7129
 11.0122
H. d. cuc.
0
 ORS0215
 6.7192
 —
 5.7593
1.2
 ORS1042
 5.6436
 —
 5.6253
3.4
 HT0295
 4.0805
 —
 4.492
30.7
 HT0333
 9.694
 —
 4.227
74.4
 HT0382
 7.9678
 —
 6.8896
H. a. ann.
0
 ORS0215
 16.2755
 0.3553
 —
1.2
 ORS1042
 7.4681
 0.867
 —
3.4
 HT0295
 13.2537
 2.1278
 —
30.7
 HT0333
 9.6584
 4.8178
 —
74.4
 HT0382
 12.9363
 8.9636
 —
H. a. tex.
 0.05
 MLE
 0.95
14
 5.8
 NO5468
 —
 5.0684
 8.0437
 14
 Q_H. a. tex.
 1.4556
 1.5295
 1.6085
10.7
 ZH0636
 —
 6.2282
 11.9562
 Q_H. d. cuc.
 1.2041
 1.2888
 1.3826
16.1
 HT0429
 —
 2.0829
 18.365
 Q_H. a. ann.
 1.2968
 1.3731
 1.4556
16.4
 ORS1009
 —
 2.2969
 8.0843
19.6
 HT0823
 —
 3.6363
 9.0035



540 M. SCASCITELLI ET AL.
Continued
Locus*
M [+=receiving population]
� 2
010 Blackw
ell Publishi
H. a. tex.,+
 H. d. cuc.,+
 H. a. ann.,+
H. d. cuc.
5.8
 NO5468
 4.5865
 —
 3.944
10.7
 ZH0636
 5.1297
 —
 6.3834
16.1
 HT0429
 1.9881
 —
 0.666
16.4
 ORS1009
 10.662
 —
 20.5307
19.6
 HT0823
 15.9241
 —
 7.5608
H. a. ann.
5.8
 NO5468
 22.5444
 8.0885
 —
10.7
 ZH0636
 8.4032
 4.3867
 —
16.1
 HT0429
 12.4627
 0.1702
 —
16.4
 ORS1009
 8.8201
 2.2124
 —
19.6
 HT0823
 6.6346
 1.7147
 —
H. a. tex.
 0.05
 MLE
 0.95
15
 0
 ORS1215
 —
 0.7883
 9.0305
 15
 Q_H. a. tex.
 1.6055
 1.6726
 1.7433
14.6
 ORS0239
 —
 2.7589
 11.5789
 Q_H. d. cuc.
 1.2134
 1.2785
 1.3484
14.8
 HT0284
 —
 4.1044
 6.5657
 Q_H. a. ann.
 1.1212
 1.1783
 1.2394
15.3
 HT0326
 —
 3.5153
 7.1078
17.5
 HT0290
 —
 5.3774
 8.2675
32.8
 HT0329
 —
 4.5536
 7.0973
49.1
 HT0528
 —
 7.3245
 9.5326
H. d. cuc.
0
 ORS1215
 3.6097
 —
 1.9332
14.6
 ORS0239
 2.9804
 —
 3.8451
14.8
 HT0284
 7.3466
 —
 4.6522
15.3
 HT0326
 3.9819
 —
 2.8801
17.5
 HT0290
 4.563
 —
 1.5754
32.8
 HT0329
 11.345
 —
 5.2688
49.1
 HT0528
 7.8279
 —
 4.3237
H. a. ann.
0
 ORS1215
 19.1806
 1.444
 —
14.6
 ORS0239
 20.0231
 2.5757
 —
14.8
 HT0284
 11.9828
 6.1188
 —
15.3
 HT0326
 22.6116
 6.3358
 —
17.5
 HT0290
 16.7267
 6.6682
 —
32.8
 HT0329
 13.0883
 7.8201
 —
49.1
 HT0528
 20.1168
 10.0289
 —
H. a. tex.
 0.05
 MLE
 0.95
16
 0
 ORS0245
 —
 3.3077
 4.2242
 16
 Q_H. a. tex.
 1.6364
 1.7032
 1.7735
0
 ORS0946
 —
 4.6129
 7.0216
 Q_H. d. cuc.
 1.1957
 1.2618
 1.3328
0.4
 HT0915
 —
 3.6981
 10.8058
 Q_H. a. ann.
 1.1775
 1.2367
 1.3
0.9
 ORS1200
 —
 4.1829
 6.647
5.4
 ORS0788
 —
 3.3694
 6.566
26.9
 ORS0885
 —
 0
 9.3958
36.4
 HT0420
 —
 6.9063
 3.1328
H. d. cuc.
0
 ORS0245
 9.1525
 —
 7.1747
0
 ORS0946
 13.5487
 —
 14.8611
0.4
 HT0915
 3.7186
 —
 1.3805
0.9
 ORS1200
 4.8156
 —
 4.2687
5.4
 ORS0788
 3.4377
 —
 3.7622
26.9
 ORS0885
 391.1038
 —
 78.2208
36.4
 HT0420
 5.4678
 —
 5.0225
ng Ltd
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ng Ltd
M [+=receiving population]
H. a. tex.,+
 H. d. cuc.,+
 H. a. ann.,+
H. a. ann.
0
 ORS0245
 10.5675
 4.9126
 —
0
 ORS0946
 16.2965
 9.3065
 —
0.4
 HT0915
 11.7249
 2.8737
 —
0.9
 ORS1200
 20.4539
 7.668
 —
5.4
 ORS0788
 17.7851
 5.8359
 —
26.9
 ORS0885
 19.005
 0
 —
36.4
 HT0420
 6.4956
 4.454
 —
H. a. tex.
 0.05
 MLE
 0.95
17
 0
 HT0279
 —
 4.6482
 10.6359
 17
 Q_H. a. tex.
 1.6583
 1.7117
 1.767
23.8
 NO2016
 —
 6.0835
 4.4719
 Q_H. d. cuc.
 1.2981
 1.3527
 1.4114
93.4
 ORS0169
 —
 6.9392
 10.1178
 Q_H. a. ann.
 1.0924
 1.1348
 1.1794
114.9
 ORS0386
 —
 1.3149
 7.1678
120.2
 ORS0561
 —
 1.1954
 5.7915
123.6
 HT0536
 —
 5.0984
 7.3907
124.3
 HT0414
 —
 6.8605
 12.9574
124.8
 ORS0495
 —
 5.9735
 8.3954
130
 HT0929
 —
 6.2172
 7.8354
133.6
 ORS0735
 —
 1.2289
 6.9306
151.6
 HT0289
 —
 3.7016
 12.6755
152.9
 HT0538
 —
 3.9135
 6.8822
H. d. cuc.
0
 HT0279
 6.0602
 —
 3.0282
23.8
 NO2016
 8.8598
 —
 4.0411
93.4
 ORS0169
 12.0672
 —
 7.4533
114.9
 ORS0386
 14.9264
 —
 11.4718
120.2
 ORS0561
 17.7953
 —
 12.6383
123.6
 HT0536
 9.7854
 —
 8.57
124.3
 HT0414
 4.1389
 —
 2.133
124.8
 ORS0495
 8.7291
 —
 4.8036
130
 HT0929
 6.1823
 —
 4.048
133.6
 ORS0735
 3.9059
 —
 4.3852
151.6
 HT0289
 2.4204
 —
 2.0923
152.9
 HT0538
 2.1799
 —
 0.595
H. a. ann.
0
 HT0279
 14.3756
 3.4483
 —
23.8
 NO2016
 19.7283
 9.3446
 —
93.4
 ORS0169
 11.0103
 5.8566
 —
114.9
 ORS0386
 20.9214
 0.5391
 —
120.2
 ORS0561
 14.9934
 1.7724
 —
123.6
 HT0536
 15.3444
 9.4069
 —
124.3
 HT0414
 11.7502
 5.7509
 —
124.8
 ORS0495
 25.877
 10.0357
 —
130
 HT0929
 20.2168
 10.3731
 —
133.6
 ORS0735
 11.5361
 1.9353
 —
151.6
 HT0289
 25.4467
 3.5986
 —
152.9
 HT0538
 23.4226
 2.9926
 —
Unlinked
 ORS0297
ORS0826
*ORS loci are derived from libraries enriched for dinucleotide repeats (Tang et al. 2002), whereas HT loci are derived from EST

libraries (Heesacker et al. 2008).

H. a. ann., Helianthus annuus annuus; H. d. cuc., Helianthus debilis cucumerifolius; H. a. tex., H. annuus texanus


