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IS THERE EVIDENCE OF LONG-DISTANCE POLLEN DISPERSAL?
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The genetic structure of a broad hybrid zone involving three hybridizing Aesculus species, Aesculus flava,
Aesculus pavia, and Aesculus sylvatica, was examined. The objectives were to assess genetic variability, to test
previously reported hypotheses on patterns of gene flow, and to infer the genetic structure and evolutionary
processes in the hybrid zone. Samples from 24 populations within parental ranges and the hybrid zone were
analyzed for variation at microsatellite and intersimple sequence repeat loci. The results indicated that genetic
variability was similar among parental and hybrid populations, indicating no evident increased diversity in the
hybrid zone. Most hybrid individuals were genetically more similar to A. sylvatica than to the other two
species, and the overall genetic structure of the hybrid zone is asymmetrically biased toward A. sylvatica. Our
analyses supported occasional recurrent long-distant gene flow from A. pavia and frequent gene flow from A.
sylvatica into the hybrid zone, agreeing with results of a previous allozyme study. Collectively, the data from
our study and previous allozyme and chloroplast DNA studies indicate that both historical localized gene flow
and recurrent long-distant gene flow have contributed to the existence of the hybrid zone, that is, its origin via

historical localized gene flow, while its maintenance involves ongoing long-distance pollen dispersal.
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Introduction

The prevalence and evolutionary significance of natural hy-
bridization has long been debated. In the early to mid-twentieth
century, prominent plant evolutionists accepted it as a signifi-
cant evolutionary process, while those studying animals saw
hybridization as functioning to reinforce reproductive iso-
lation (Arnold 1997, chap. 1). The basic difference in these
two opposing views of hybridization is that botanists (e.g.,
Anderson and Stebbins 1954) thought that it could produce
novelties that would be more fit than their parents in certain
habitats, whereas zoologists (e.g., Mayr 1942) saw hybrids as
less fit. Not all prominent plant evolutionists, however, saw
hybridization as a creative force, some referring to it as “evo-
lutionary noise” (Wagner 1969, 1970). Spurred in part by the
availability of molecular markers for measuring gene flow,
there has been recent renewed interest in natural hybridization
as a dynamic process (Rieseberg and Wendel 1993; Rieseberg
1995, 1997, Barton 2001; Rieseberg et al. 2003). Investiga-
tions of the evolutionary significance of hybridization have
focused on hybrid zones as model systems for studying diver-
sification and speciation (Arnold 1997; Campbell and Waser
2001; Campbell 2003). The dispersal ability of parental spe-
cies and natural selection play significant roles in the origin,
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maintenance, and dynamics of hybrid zones (Barton and Gale
1993; Harrison 1993), and the fitness of hybrid derivatives
and their parental species in hybrid zones are of particular in-
terest (Arnold and Hodges 1995; Rieseberg 1995; Arnold
1997). Studies have demonstrated that hybrid derivatives may
be more fit than their parents in certain environments (e.g.,
Campbell and Waser 2007), that derivatives from a single hy-
bridization event can produce hybrids more or less fit than
their parents (e.g., Johansen-Morris and Latta 2006), and that
long-term studies of hybrid zones provide refined estimates of
hybrid fitness (e.g., Miglia et al. 2005). These and other stud-
ies demonstrate that hybrid zones can generate plants more fit
than their parents and could influence the dynamics of hybrid-
izing lineages by facilitating the movement of novel genotypes
among hybrids and parents, potentially leading to the replace-
ment of parental species or the formation of new species (Ar-
nold 1993; James and Abbott 2005).

The large hybrid zones of the buckeye genus Aesculus L.
represent a good example of hybridization and introgression
in plants (Hardin 1957b, 1957¢; dePamphilis and Wyatt 1989,
1990; Modliszewski et al. 2006). A broad hybrid zone (>200
km) is located in the southeastern United States and involves
three parapatric species of sect. Pavia, Aesculus flava Ait. of
the Appalachian Mountains, Aesculus pavia L. of the southern
Coastal Plain, and Aesculus sylvatica Bartr. of the Piedmont
(fig. 1). The age of the hybrid zone is unknown, although it
has been suggested to have been formed during or after the



648 INTERNATIONAL JOURNAL OF PLANT SCIENCES

= 7 i -
i o lennessee - '
i ;
\ /
\,
N g
PR -
L
1
\ . South Carolina ,
N\ k574 / ~pa
Alabama Ny *ospzatats '
41. : -
PE .. : A= ]
P ;. |
. \. -
. Georgia {

. Florida

100 km Distribution
— = A.flava
""" A. sylvatica
"""""""" A. pavia
— Hybrid zone
ot
Fig. 1

Sample locations

e A pavia
L ¥ A A sylvatica
3 m A flava

+ A. sylvaticaX A. pavia
X A. sylvatica X A. flava

Current geographical ranges of Aesculus flava, Aesculus sylvatica, and Aesculus pavia in the southeast United States as indicated by

Hardin (1957c¢). The location of the hybrid zone in northern Georgia is encircled with a solid line, and approximate locations of sample popu-

lations analyzed in this study are indicated.

Pleistocene (<1.8 Myr ago; Hardin 1957b, 1957¢; see also
Modliszewski et al. 2006). Species in sect. Pavia are clearly
delimited by flower and fruit morphological characters (Hardin
1957a). Hardin (1957b, 1957c¢) studied hybridization among
species within this zone using morphological characters. More
recently, dePamphilis and Wyatt (1989, 1990) employed allo-
zymes, crossing experiments, pollination biology studies, and
pollen viability experiments via in vitro germination of pollen
and stainability tests to gain additional insights into the zone’s
shape and structure; they suggested that this is a zone of sec-
ondary contact. Plants from the hybrid zone have more meiotic
irregularities during microsporogenesis and pollen fertility is
lower than in “pure” taxa, suggesting that these hybrids are
less fit than their parents (Hardin 1957b; dePamphilis and
Wyatt 1989).

The studies of Hardin (1957b, 1957¢) and dePamphilis and
Wyatt (1989, 1990) elucidated several interesting aspects of
the hybrid zone. The distribution of hybrids between A. pavia
and A. sylvatica is highly asymmetrical. Nearly all hybrids oc-
cur beyond the current range of A. pavia, which occurs on flat
flood plains of rivers and streams or at the edge of swamps
and marshes in the Coastal Plain. Hybrids extend up to 145
km into the range of A. sylvatica, which occurs on rocky hill-
sides and more frequently on well-drained slopes of the Pied-

mont. The border between the distributions of A. pavia and
A. sylvatica populations occurs along the Fall Line, a boundary
between the Coastal Plain and the Piedmont physiographic re-
gions.

Hardin (1957c¢) proposed that the geographic distribution
of A. pavia once overlapped that of A. sylvatica, which al-
lowed for localized gene flow between species and the initial
formation of the hybrid zone. In subsequent years, A. pavia
disappeared from the region and is no longer found within
the boundaries of the hybrid zone. This hypothesis is sup-
ported by the leading-edge theory (Hewitt 1993), in which
climatic changes during the Pleistocene restricted survival of
selected species to localized warmer areas or refugia. The sur-
viving populations might have subsequently expanded their
range from the refugia during an interglacial warm period, re-
sulting in the range overlap of species, which could have led
to the formation of hybrid zones. In some cases, the succeed-
ing environmental conditions might have selectively favored
hybrids over parentals, resulting in hybrid zones lacking one
or both parental species (Hewitt 1996). The reduction of A.
pavia from the Piedmont could also have been the result of
climatic cooling during the last glacial maximum (>20,000 yr
ago), which may have restricted its range to warmer regions
to the south and coastal areas (Hewitt 1996).
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DePamphilis and Wyatt (1990) documented that allozyme
alleles from A. flava and A. pavia extend into much of the
range of the hybrid zone and into the range of A. sylvatica in
northern Georgia. They confirmed that the genetic structure
of the zone is also asymmetrical (biased toward A. sylvatica).
To explain the presence of A. pavia genes in the hybrid zone,
they proposed that recurrent long-distance dispersal of pollen
occurs from the coastal A. pavia into A. sylvatica of the Pied-
mont, potentially mediated by ruby-throated hummingbirds
(dePamphilis and Wyatt 1989, 1990).

The two previously proposed hypotheses, historical hybrid
events followed by local extinction of A. pavia (historical sec-
ondary contact [HSC]) and long-distance pollen dispersal of
A. pavia (long-distance gene flow [LDF]) are not necessarily
mutually exclusive and therefore allow for a third hypothesis
that incorporates both of these mechanisms in the origin and
ongoing maintenance of the hybrid zone. These hypotheses
can be further evaluated by analyzing the genetic composition
and gene flow among parental and hybrid populations using
chloroplast and more variable nuclear markers. Modliszewski
et al. (2006) analyzed three chloroplast DNA (cpDNA) re-
gions from populations within and surrounding the Aesculus
hybrid zone and found little gene flow via seeds among popu-
lations, yet they detected the presence of A. pavia cpDNA
haplotypes (confirmed to be maternally inherited in Modli-
szewski et al. 2006) in the hybrid zone, supporting the HSC
hypothesis. These results, in combination with the allozyme
data from dePamphilis and Wyatt (1990), present a scenario
that suggests that the hybrid zone was initially formed through
historical localized gene flow but is maintained by ongoing
long-distance pollen dispersal (Modliszewski et al. 2006).

Although the cpDNA data provide evidence for historical
localized seed-mediated gene flow in the hybrid zone, the evi-
dence supporting LDF from the allozyme study (dePamphilis
and Wyatt 1990) is limited by the low variability of the markers
and the lack of species-specific alleles detected in the parental
taxa. Therefore, additional data from more variable nuclear
markers may provide additional information to further charac-
terize the genetic structure of the hybrid zone and to test the
LDF hypothesis.

If hybridization occurred in situ in the past, followed by lo-
cal extinction of A. pavia sometime during the last glacial
maximum, the proportion of nuclear A. pavia genes should be
extremely low and relatively consistent within hybrid popula-
tions compared to A. sylvatica genes, assuming that A. pavia
has been isolated from the hybrid zone since the last deglacia-
tion (~18,000 yr; Prentice et al. 1991). A conservative esti-
mate of the generation time of Aesculus based on nursery
information is 10 yr; it takes about 3 yr for a seedling to ma-
ture, bloom, and produce seeds. Thus, under a “pure” HSC
scenario, we would expect to detect a very low proportion of
nuclear A. pavia genes in hybrid individuals. A significantly
higher variance in genetic differentiation between parental
and hybrid populations would also be expected if hybridiza-
tion initially occurred historically and was followed by a long
period of restricted gene flow (Latta and Mitton 1999; Cruzan
2005).

In contrast, hybridization occurring exclusively by recur-
rent long-distance pollen dispersal should result in only a few
individuals containing high proportions of nuclear A. pavia

genes in a population, since long-distance dispersal is ex-
pected to be limited and sporadic. Most hybrid individuals
should have a low proportion of A. pavia genes. Furthermore,
high levels of positive disequilibrium in hybrid populations
would also be detected if contemporary LDF occurs from pa-
rental populations (Cruzan 2005). Combined evidence from
previous cpDNA and allozyme studies has suggested that
both processes might have contributed to the current genetic
structure of the Aesculus hybrid zone (dePamphilis and Wyatt
1990; Modliszewski et al. 2006). If both mechanisms were di-
rectly involved, we would expect to see outcomes from both
processes, i.e., hybrid individuals with a low residual propor-
tion of A. pavia alleles yet few hybrid individuals with a high
proportion of A. pavia alleles. Also, a low variance of genetic
differentiation between parental and hybrid populations and
high levels of positive disequilibrium in hybrid populations
would be expected if long-distance gene flow has not been re-
stricted since the initial formation of the hybrid zone. There-
fore, the goals of this study are to estimate the population
genetic composition of the hybrid zone with two additional
sets of more variable nuclear molecular data, microsatellite
and intersimple sequence repeat (ISSR) markers, and to evalu-
ate whether the genetic structure expected under a combina-
tion of the HSC and LDF processes is revealed.

Material and Methods

Sampling

Leaf samples from 391 individuals were collected from 24
Aesculus populations within the hybrid zone, along the bor-
der of the zone, and outside the zone (fig. 1). This sampling
included six populations of Aesculus pavia, five populations
of Aesculus sylvatica, five populations of Aesculus flava, seven
hybrid populations between A. sylvatica and A. pavia (S x P),
and one hybrid population between A. sylvatica and A. flava
(8 x F). Identification of populations was based on morpho-
logical characters of species and hybrid individuals described
by Hardin (1957c¢), in combination with geographic distribu-
tions. Hybrid populations are abbreviated using the first letter
of the specific epithet for each parental species but do not im-
ply direction for the interspecific cross. The number of indi-
viduals per population ranged from 7 to 44, with an average
of 16 individuals per population (table 1).

Total genomic DNA was extracted from fresh or silica-dried
tissue using the CTAB protocol outlined by Cullings (1992).
This protocol was modified by adding 0.5 volumes of 5 M
NaCl before the addition of isopropanol to minimize the co-
precipitation of polysaccharide contaminants with total DNA.
The concentration and purity of DNA samples were measured
using a GeneQuant spectrophotometer (Amersham Pharmacia
Biotech, Cambridge, UK) before they were used for analysis.

Microsatellites

Microsatellite data were collected following methods used
by Oetting et al. (1995) and Vargo (2000). Eight microsatel-
lite loci were amplified using primers designed for Aesculus
turbinata Blume by Minami et al. (1998). Each locus was
amplified in a 10-uL reaction containing 10-20 ng of DNA
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Table 1

Population Number, Collection Location, and Number of Individuals
Included in Microsatellite (MSAT) and Intersimple Sequence
Repeat (ISSR) Analysis from 24 Populations of Aesculus

Number of
Species or hybrid individuals
name, population Location MSAT  ISSR*®
A. pavia:
P1 Lee County, AL 19 7
P2 Lee County, GA 15 30
P3 Twiggs County, GA 8 11
P4 Charleston County, SC 19
PS Liberty County, FL 22
P6 Bibb County, GA 11
A. sylvatica:
S1 Elbert County, GA 12 14
S2 Gaston County, NC 10 12
S3 Jasper County, GA 17 20
S4 Monroe County, GA 15 21
S5 Wake County, NC 26
A. flava:
F1 Rabun County, GA 9 13
F2 Blount County, TN 44
F3 Blount County, TN 18
F4 Sevier County, TN 7
FS Sevier County, TN 10
A. sylvatica x A. pavia:
SP1 Gwinnett County, GA 12 .
Sp2 Butts County, GA 18 20
SP3 Catoosa County, GA 14 18
SP4 Coweta County, GA 19 23
SP§ Dade County, GA 10 22
SP6 Hart County, GA 15 18
SP7 Jasper County, GA 22
A. sylvatica x A. flava:
SF1 Banks County, GA 19 26

2 Populations missing in the ISSR analysis did not have material
available when the ISSR analysis was performed, 2 yr before the MSAT
analysis.

template, 2.5 mM MgCl,, 200 uM of each dNTP, 0.2 ug/ulL
BSA, 32 nM fluorescent-labeled M13F primer (LI-COR, Lin-
coln, NE), and 0.4 U of Tag DNA polymerase (Promega,
Madison, WI), along with 10x PCR reaction buffer and 0.01
uM of each specific flanking primer. Amplification reactions
were temperature cycled in 96-well plates using a Robocycler
thermocycler (Stratagene, La Jolla, CA) with the following
touchdown protocol: initial denaturing at 95°C (3 min); six
cycles of denaturing at 95°C (435 s), annealing at 68°C (45 s,
ramping down 2°C per cycle), and elongation at 72°C (1
min); followed by 30 cycles of denaturing at 95°C (45 s), an-
nealing at 52°C (45 s), and elongation at 72°C (1 min), with
an additional 10 min extension at 72°C.

After amplification, 9 uL of loading buffer (95% deionized
formamide, 20 mM EDTA, 0.8 mg/mL bromophenol blue)
was added to each sample. Samples were denatured at 90°C
for 4 min, cooled on ice, and loaded onto a 6.5% KB Plus
polyacrylamide gel (LI-COR). Samples were electrophoresed
for 2 h (46°C, 1500 V) on a LI-COR 4200L automated DNA

sequencer. Six evenly spaced standards, along with a positive
and a negative control, were included on the gel to minimize
errors. The resulting gel images were scored using the pro-
gram Saga GT (ver. 2.1.2; LI-COR).

ISSRs

Four ISSR primers were selected based on successful and
reliable amplification that produced the maximum number
of bands. Primer names and sequences used included 844:
(CT)s-RC; 814.1: (CT)s-TG; 17899: (CA)6-RG; and oligo7:
(CT)s-RG. Amplification reactions (25 uL) included 30 ng of
DNA template, 4.0 mM MgCl,, 200 uM of each dNTP, and
1 U of Tag DNA polymerase (Promega), along with 10x PCR
reaction buffer and 20 uM of a single primer. Temperature
cycling was done using a Robocycler thermocycler with the
following temperature protocol: 1.5 min at 94°C; 35 cycles
of 94°C (45 s), 45°C (45 s), and 72°C (1.5 min); and a final
cycle of 94°C (45 s), 44°C (45 s), and 72°C (5 min). Amplifi-
cation products were resolved using 1.5% agarose/0.7% syn-
ergel and stained with ethidium bromide. Bands were scored
as present (1) or absent (0). Control lanes were run for each
gel to ensure consistency of bands across gels of the same
primer, and only repeatable bands were scored.

Genetic Variability and Parental Species Specific Alleles

To estimate the current genetic composition of parental and
hybrid populations of Aesculus, we first performed the fol-
lowing analyses for the microsatellite data. The total number
of alleles and genotypes per locus and mean number of alleles
and genotypes per locus for each species or hybrid were cal-
culated using the program POPGENE (Yeh et al. 1999). Alle-
lic richness (R;), which estimates the total number of alleles
standardized for population size variation, was calculated for
each population using the program FSTAT (Goudet 2001).
FSTAT uses a rarefaction index to correct for differences in
sample size, which influences the amount of genetic variabil-
ity detected (Hurlbert 1971; Petit et al. 1998). To estimate ge-
netic diversity from ISSRs, the total number and frequency of
polymorphic bands per population were calculated and a
measure of gene diversity based on mean allele frequencies
(Ht) was estimated using POPGENE. Species-unique alleles
from microsatellites and ISSRs, defined as alleles present at a
frequency of 0.05 or higher in at least one population of a pa-
rental species but absent in all populations of the other paren-
tal species, were identified by visual inspection of the raw
data.

Genetic Structure and Gene Flow

To test the LDF, HSC, and combined LDF + HSC hypothe-
ses, we estimated the overall genetic structure and patterns of
effective gene flow among populations by calculating genetic
differentiation (®gy), estimated effective gene flow (Nmey),
and AMOVA from microsatellite and ISSR data. The genetic
structure of the Aesculus hybrid zone was explored by calcu-
lating pairwise comparisons of ®gr values between each pop-
ulation using the program Arlequin (Schneider et al. 2000).
A nonparametric permutation scheme that tests significance
by permuting individuals between populations as implemented
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in Arlequin was used to test for the significance of each pairwise
comparison, using 5040 permutations at a significance level
of 0.05. Estimates of effective gene flow using Wright’s island
model approximation, Nm = (1/4)[(1/Fsr) — 1] (Wright 1931),
within each parental and hybrid group were calculated based
on ®gy or Gsr values using POPGENE for microsatellite or
ISSR data, respectively. Inferences into effective gene flow
patterns from AMOVA were determined by using estimates
of ®gr in Arlequin. The total genetic variance was partitioned
among individuals within populations, among populations
within groups (within a species), and among groups (between
species). The program Migrate was also used to estimate effective
gene flow from microsatellite data, which uses a Metropolis-
Hastings algorithm to estimate migration rates between mul-
tiple populations based on coalescent theory (Beerli and
Felsenstein 2001). It allows for unequal population sizes and
asymmetric gene flow and estimates gene flow between popu-
lation pairs. A maximum likelihood analysis was run using
default parameters defined for the microsatellite stepwise mu-
tation model in the program.

To determine whether gene flow is restricted by geographic
distance, we assessed isolation by distance using pairwise es-
timates of genetic differentiation (Psr/(1 — Psr)) calculated
using Arlequin and geographical distance. Geographical dis-
tances between all populations were calculated using the soft-
ware ArcView GIS (ver. 3.3). The program IBD (Bohonak
2002) was used to determine the significance of the associa-
tion between genetic differentiation and geographical dis-
tance using a Mantel test with 10,000 randomizations. For
microsatellite data, we estimated within population inbreed-
ing by calculating the fixation index (Fjs) using FSTAT.

Genetic Admixture

To gain additional information about the genetic structure
of the hybrid zone, the program Structure (ver. 2.2; Pritchard
et al. 2000) was used to estimate genetic admixture based on
assignment probabilities of parental and hybrid individuals
to parental populations. Structure uses a model-based Bayes-
ian method that implements a Monte Carlo Markov chain al-
gorithm to assign individual genotypes to each of K clusters.
In this analysis, we set K equal to three clusters representing
the three parental species. The microsatellite data set was run
using the admixture model, which allows for mixed ancestry.
The no-admixture model was used for the dominant ISSR

data set, which allows for the approximation of genetic ad-
mixture proportions when the heterozygous genotype cannot
be determined (Pritchard et al. 2000). Analyses were run for
300,000 iterations after 30,000 iterations allotted for a burn-in
period as determined by multiple runs.

Deviations from Hardy-Weinberg equilibrium (HWE) and
genotypic linkage disequilibrium between all locus pairs were
estimated with Fisher’s exact tests using the program Genepop
on the Web (M. Raymond and E. Rousset, http:/genepop.curtin
.edu.au). A Monte Carlo Markov chain with 1000 iterations
was used to determine significance, in which P < 0.05 indicated
a statistically significant departure from HWE. For ISSRs,
genotypic linkage disequilibrium between all pairs of poly-
morphic loci was estimated using Arlequin. Linkage disequi-
librium (D’), standardized for differences in allele frequencies
(Lewontin 1964), was also calculated in Arlequin for all mi-
crosatellite locus pairs for the entire hybrid zone and parental
species on a population basis.

Results

Microsatellite and ISSR Polymorphism

All eight microsatellite loci were highly polymorphic among
the 24 populations. The 391 individuals produced 187 alleles,
with the number of alleles per locus ranging from 15 (AT6D11)
to 35 (AT3D6). The number of genotypes per locus ranged
from 40 (AT6D2) to 164 (AT7D8). Measures of genetic vari-
ability, including mean number of alleles and genotypes per
locus and allelic richness, were not significantly different be-
tween parental and hybrid Aesculus populations (table 2).
Forty-five species-unique alleles were detected among the pa-
rental populations (data not shown). The majority of these al-
leles (24) were detected in populations of Aesculus pavia, with
nine in Aesculus sylvatica and 12 in Aesculus flava. Eleven
alleles unique to A. pavia were also detected in S x P hybrid
populations located within the hybrid zone. Only three alleles
unique to A. sylvatica and two alleles unique to A. flava were
detected in S x P hybrid populations.

We scored 124 ISSR bands among 14 populations of Aesculus.
Thirty-four species-unique bands were detected from popula-
tions of A. pavia (12) and A. sylvatica (22). The number of
polymorphic loci and level of gene diversity were also similar
among parental and hybrid populations (table 2).

Table 2

Measures of Microsatellite (MSAT) and Intersimple Sequence Repeat (ISSR) Polymorphism
Detected within Parental Species and Hybrids of Aesculus

MSAT ISSR
Mean Mean Allelic No. polymorphic % polymorphic
Taxon alleles/locus  genotypes/locus richness bands bands Hr
A. pavia 8.375 (1.12) 9.646 (2.43)  5.149 (1.54) 90 72.6 143
A. sylvatica  7.850 (1.51) 9.825 (2.26)  5.230 (1.39) 95 76.6 138
A. flava 6.975 (2.05) 9.225 (5.19)  4.822 (1.44) 57 46.0
SxP 8.714 (1.18) 9.732 (2.19)  5.618 (1.36) 108 87.1 152
SxF 9.125 11.750 5.341 69 55.7

Note. Ht = gene diversity. Standard deviations are indicated in parentheses. S x P =A. sylvatica x A.
pavia; S x F = A. sylvatica x A. flava.
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Genetic Structure and Gene Flow

Pairwise ®st values from microsatellite data ranged from
0.020 to 0.240, and most comparisons were significantly dif-
ferent from 0, indicating weak to moderate genetic differenti-
ation between populations. The few exceptions, where more
extensive gene flow is suggested, were not necessarily found
between neighboring populations or populations of the same
taxa (e.g., between P4 and P6, P4 and SP3, or P4 and SP5;
data not shown). This apparent lack of isolation by distance
was further shown by nonsignificant correlations between pair-
wise geographic distance and genetic differentiation among
parental and hybrid populations and by nonsignificant slopes
of their regression (P = 0.24-0.51). Average pairwise Dt
values were highest between populations of different parental
taxa (e.g., between A. pavia and A. sylvatica), while &gt
values among populations of the same taxon or between pa-
rental and hybrid taxa were typically lower and similar to
one another (table 3). However, estimates of effective gene
flow (Nm,,) from microsatellites were similar among popula-
tions of each parental species (Nmeg, = 2.05 in A. pavia, 1.93
in A. sylvatica, and 2.09 in A. flava) and among hybrid popu-
lations (Nmes; = 1.72 in S x P). Overall, these data suggest
that gene flow between parental and hybrid taxa occurs at
rates similar to that within a taxon and that hybrid individ-
uals may act to bridge the genetic gap between parental spe-
cies where lower levels of interpopulation gene flow occur.

Lack of strong genetic differentiation and evidence for sig-
nificant gene flow among parental and hybrid populations are
further suggested by AMOVA from both microsatellite and
ISSR data. AMOVA indicated that most of the genetic vari-
ance is distributed within populations rather than among

Table 3

Average Level of Genetic Differentiation (st) among Parental and
Hybrid Populations of Aesculus from Microsatellite Data, with
Number of Comparisons (N) and SD

Taxon,
parameter A. pavia  A. sylvatica A.flava SxP SxF
A. pavia:
N 15
Dy 086
SD .026
A. sylvatica:
N 30 10
Doy 138 105
SD .050 .044
A. flava:
N 30 25 10
Doy 154 .109 .087
SD .037 .043 .036
S x P:
N 42 35 35 21
Dt .109 .089 .100 .076
SD .050 .039 .032 .040
S x F:
N 6 5 S 7
Dgr .149 .075 .079 .073
SD .037 .036 .040 .024

Note. S x P=A. sylvatica x A. pavia; S x F = A. sylvatica x A. flava.

populations (within a species) or among groups (between spe-
cies). These results show weak to moderate genetic differenti-
ation among populations within each parental or hybrid
taxon but little or no additional differentiation between taxa
(table 4). Estimates of migration inferred from microsatellites
using Migrate revealed a moderate level of effective gene flow
between most population pairs of Aesculus, ranging from
0.07 to 2.82 (data not shown). Long-distance migration of A.
pavia alleles into the hybrid zone was revealed by Migrate,
where Nm > 1, by gene flow from population P1 into hybrid
populations SP1, SP2, and SP5, from P2 into SP4, and from
P6 into SP1.

Estimates of Fig within populations were positive and
ranged from 0.246 (S1) to 0.457 (FS), with an overall mean
of 0.347. Mean Fys values varied slightly among populations
of each taxon but were not significantly different between pa-
rental and hybrid populations. This consistent heterozygote
deficit in all taxa suggests that considerable inbreeding occurs
within each of the 24 populations.

Estimates of effective gene flow from ISSR data were largely
congruent with results from microsatellites. All pairwise com-
parisons of ®g1 were significantly different from 0, ranging
from 0.053 to 0.345, and no significant correlation was de-
tected between geographic distance and genetic differentiation.
Estimates of Nm were highest in S x P populations (3.762) and
>1 in both A. pavia (2.467) and A. sylvatica (1.963).

Genetic Admixture

Results from the genetic admixture analysis with microsat-
ellite data indicated that the majority of S x P hybrid individ-
uals (53%) were assigned to multiple parental clusters (fig. 2;
table 5). A large number of Sx P hybrid individuals (38%)
were assigned with high probability (>90%) to A. sylvatica,
which is probably the result of repeated backcrossing to A.
sylvatica of hybrids from historical gene flow and/or current
gene flow. A small number of the S x P hybrid individuals (10)
from different populations were assigned to A. pavia with
high probability (>90%), which probably resulted from re-
cent hybridization from A. pavia and would require long-
distance pollen dispersal, because any original hybrid with a
high proportion of A. pavia alleles would have become ex-
tinct in the Piedmont since the end of last glacial period (Pren-
tice et al. 1991).

Estimates of genetic admixture from microsatellites also
show that, with a few notable exceptions, most putative pa-
rental individuals of A. pavia and A. flava were correctly as-
signed to their respective populations (table §). Individuals
from one population of A. pavia (P1), which is located near
the hybrid zone, were intermediately assigned to A. pavia and
A. sylvatica and represent virtually a hybrid population, al-
though this relationship is not evident from the morphology.
Likewise, two populations of A. flava (F4, F5) contained indi-
viduals that were assigned to A. flava and A. sylvatica. Puta-
tive A. sylvatica parental individuals were mostly assigned to
the cluster representing A. sylvatica, with a certain proportion
of individuals assigned to the other parental taxa with moder-
ate probabilities (0.161-0.461), suggesting that the hybrid
zone may be expanding. Hybrid individuals from population
SP3, which borders the northern boundary of the hybrid zone
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Table 4

Results from AMOVA from Microsatellite (MSAT) and Intersimple
Sequence Repeat (ISSR) Data Using Arlequin

Variance partition df Variance % of total P
MSAT:
Among groups 4 .079 2.51 .002
Among populations 19 244 7.69 <.0001
Within populations 758 2.851 89.90 <.0001
ISSR:
Among groups 4 .017 15 371
Among populations 9 1.620 13.79 <.0001
Within populations 241 10.101 86.06 <.0001

and represents the collected population most distantly located
from A. pavia, were mostly assigned to A. pavia with moderate
probability (0.684), which also suggests long-distance gene flow
across the hybrid zone (fig. 2, table 5).

Estimates of genetic admixture from ISSRs revealed results
mostly congruent with the microsatellite data. The majority
of the S x P hybrid individuals showed the highest assignment
probabilities to A. sylvatica (table 5). However, examples of
conflicting estimates were detected between microsatellite and
ISSR results. For example, individuals from parental popula-
tions P1, P2, and S4 showed considerable difference in assign-
ments to parental clusters between microsatellite and ISSR
analyses. The discrepancies between markers in this analysis
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~ 0.8
o
ke
Z¢ 0.6
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E G
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=
0.2
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may be due to differences in sampling since the individuals
and sampling size for each population were not always the
same for both markers (table 1).

Statistically significant deviations from HWE were detected
in all populations, although the number of microsatellite loci
that showed significant deviations varied among populations.
Tests for linkage disequilibrium found that 7.6 % of all micro-
satellite locus pairs for all populations significantly deviated
from HWE but were not concentrated in any particular popu-
lation. Standardized values of D’ were strongly negative and
ranged from —0.626 to —0.349. In ISSRs, the proportion of
significant linkage disequilibrium detected among populations
(15.2%) was higher than expected at a 0.05 level of signifi-
cance, although no particular locus pair was in disequilibrium
across all populations.

Discussion

Evidence of Long-Distance Gene Flow and a Combination
of the HSC and LDF Hypotheses

In this study, evidence from several analyses supports long-
distance dispersal of Aesculus pavia alleles into the hybrid
zone. Pairwise ®st data indicate a few cases of extensive gene
flow among distantly located populations. For example, mi-
crosatellite data revealed nonsignificant ®g1 values between
a population of A. pavia (P6) from Bibb County, Georgia,
near the southern border of the hybrid zone, and two hybrid
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Fig. 2 Estimated admixture proportion of individuals assigned to parental taxa from microsatellite data.
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Table 5

Average of Individual Assignment Probabilities for 24 Populations of Aesculus Based on Estimates
from Bayesian Inference from the Program Structure, Using Microsatellite
(MSAT) and Intersimple Sequence Repeat (ISSR) Data

MSAT ISSR
Population A. sylvatica A. pavia A. flava A. sylvatica A. pavia A. flava
P1 518 410 .072 .696 .013 291
P2 .022 907 071 611 245 144
P3 .020 954 .026 .007 725 .268
P4 .020 959 .021
PS .026 951 .023
Pé6 .060 921 019
S1 .604 296 .100 .681 .013 .307
S2 487 .051 461 721 .008 271
S3 776 .161 .063 923 .013 .064
S4 525 .039 437 .089 718 .196
SS 679 232 .089 . . ...
F1 .036 .039 925 274 246 479
F2 .042 .026 932
F3 .095 .019 .886
F4 225 .035 .740
ES .386 .046 568
SP1 .881 .023 .096 374 355 271
SP2 .708 204 .088 .835 .057 .108
SP3 .095 .684 221 .074 .707 220
SP4 479 341 .180 798 .030 172
SPS 771 .074 155
SP6 420 .369 211 474 .280 246
SP7 718 .057 228
SF1 584 .025 391 675 .022 .303

populations of S x P (SP3, 0.050; SP5, 0.050) in northern Georgia
(fig. 1), separated by a distance of more than 200 km. Both the
@1 data and the AMOVA results (table 4) suggest that gene
flow is generally not limited among populations, and the non-
significant ®gt values between several populations are consis-
tent with the LDF hypothesis. Estimates of migration using
microsatellites from MIGRATE revealed long-distance migra-
tion of A. pavia alleles into the hybrid zone (Nm > 1), e.g.,
from P1 into hybrid populations SP1, SP2, and SPS5, from P2
into SP4, and from P6 into SP1.

The genetic admixture data also revealed the existence of
hybrid individuals that were assigned to A. pavia with a high
probability (>90%) (fig. 2; table 5). Since A. pavia is not
found in close proximity to hybrid populations, these hybrid
individuals with strong genotypic assignment to A. pavia
would have to be derived from repeated backcrosses to A. pa-
via via long-distance pollen dispersal and thus provide sup-
port for the LDF hypothesis. The S x P hybrid individuals that
were partially assigned to A. pavia with low to moderate
probabilities could be the result of long-distance gene flow of
A. pavia alleles followed by repeated backcrossing to Aescu-
lus sylvatica, or of historical in situ hybridization followed by
a long history of dilution by A. sylvatica alleles. Microsatellite
data revealed that individuals from four S x P hybrid popula-
tions (SP2, SP3, SP4, and SP6) were partially assigned to A.
pavia with moderate probabilities (0.204-0.684). This was
also detected from ISSR data in SP1 and SP3 (table 5).

Genetic differentiation was not particularly higher among
populations within the Aesculus hybrid zone, as might be ex-

pected if the zone had been formed purely as a result of
historical contact of parental species followed by isolation be-
tween the hybrid zone and parental species and restricted
gene flow within the zone (Latta and Mitton 1999). The low
level of genetic differentiation and low variance (table 4) be-
tween parental and hybrid populations detected suggest that
the parental populations have not been separated for a long
period of time and/or that local and long-distance gene flow
have been sufficient over time to homogenize the gene pool of
hybrid populations.

Strong positive linkage disequilibrium in hybrid popula-
tions detected in diagnostic marker alleles has been used to
reveal recent gene flow from parental species into hybrid pop-
ulations (Barton and Gale 1993). However, our results show
that values of disequilibrium between all pairs of microsatel-
lite loci were strongly negative. There are several possible
explanations. One is the strong inbreeding detected within
populations (Fig = 0.246-0.457), which results in negative
linkage disequilibrium values (Silvela et al. 1999). Second, we
were unable to detect fixed species-specific diagnostic micro-
satellite markers in our data, which limits the power to detect
current gene flow from A. pavia via linkage disequilibrium
(Cruzan 2005). Third, long-distance gene flow from A. pavia
into the hybrid populations is expected to be rare and there-
fore may not be revealed in levels of disequilibrium because
those levels would be reduced by 50% with each succeeding
generation (Cruzan 2005). This suggests that caution should
be taken when using linkage disequilibrium alone to detect
current gene flow from parental species into hybrid zones.



THOMAS ET AL.—GENETIC ANALYSIS OF AESCULUS HYBRID ZONE 655

LDF detected in Aesculus would be limited almost exclu-
sively to the transfer of viable pollen, given the large size and
weight of Aesculus seeds (Hardin 1957a; Schopmeyer 1974),
as also proposed by dePamphilis and Wyatt (1990). This is
consistent with the finding of a cpDNA study (Modliszewski
et al. 2006) that gene flow via seeds is highly restricted among
populations. According to dePamphilis and Wyatt (1989), fre-
quent visitors to flowers of Aesculus species include bees, a
butterfly, and hummingbirds. Most of these potential pollina-
tors lack the capability to transfer pollen over long distances.
However, the ruby-throated hummingbird is capable of flying
long distances during migratory periods, which may allow it
to transfer pollen between flowers of distant populations.

Results of genetic analyses of microsatellite and ISSR loci
from this study agree with the expectation of a combination of
historical hybridization and current gene flow in the Aesculus
hybrid zone. The total evidence from cpDNA (Modliszewski
et al. 2006) and nuclear microsatellite and ISSR analyses to-
gether support that both LDF and HSC have contributed
to the origin, maintenance, and genetic structure of the hy-
brid zone. The zone probably originated from HSC and has
been maintained by current gene flow, including occasional
LDE

It must be noted that our evidence for LDF relies on the ho-
mology of alleles in the hybrid zone and A. pavia. It is possi-
ble that the sharing of alleles between A. pavia and hybrid
individuals is the result not of gene flow or common ancestry
but of convergent evolution of alleles. However, we consider
the impact of convergent evolution of alleles not likely to be
significant here. Convergent evolution would have occurred
at random, but we see distinct patterns where hybrid popula-
tions contain low proportions of A. pavia alleles along with a
few individuals that contain a considerable proportion of A.
pavia alleles. Moreover, comparisons between data from two
randomly distributed nuclear markers (microsatellites and
ISSRs) were mostly congruent, which would not result if there
were a high degree of homoplasy.

In addition to homoplasy, incomplete lineage sorting in re-
cently diverged taxa may also give results that can be misinter-
preted as gene flow. Parsimony analysis of chloroplast matK
DNA sequences did not group multiple samples of the same
species within sect. Pavia together, which may have resulted
from incomplete lineage sorting or ancestral polymorphism of
cpDNA (Xiang et al. 1998; Modliszewski et al. 2006). How-
ever, the effects of incomplete lineage sorting are dependent
on the time since divergence of the species and the rate of mo-
lecular evolution for a specific marker. A calibrated molecular
clock based on ITS data estimated that species of sect. Pavia,
which includes the hybridizing species, diverged 5-10 Myr
ago (Xiang et al. 1998). The effects of incomplete lineage sort-
ing are likely to be negligible in our data, given the estimated
time since divergence and the relatively high rate of mutations
observed in microsatellite markers (5x1073-5x 1075 events
per locus per generation; Estoup et al. 2002).

Gene Flow Undetected by Morphology and a
Stabilized Hybrid Population

In the allozyme work by dePamphilis and Wyatt (1990), a
small proportion of Aesculus flava alleles was detected in

some A. pavia, A. sylvatica, and S x P populations that dis-
played no detectable morphological features characteristic of
A. flava. Such cases were also detected in our study. Genetic
admixture analysis from both microsatellite and ISSR data re-
vealed that S x P hybrid individuals from several populations
(SP3, SP4, SP5, SP6, and SP7) were partially assigned to A.
flava with a moderate probability level (table 5), suggesting
introgression of A. flava genes into the hybrid zone, some-
thing not evident from morphology. Another example where
morphological characters did not reveal hybrid individuals
was found in a population of A. pavia (P1) that borders the
hybrid zone, in which individuals were intermediately as-
signed to both A. pavia and A. sylvatica (fig. 2, table 5).

DePamphilis and Wyatt’s study (1990) found three hybrid
populations that lacked plants of both parental species, and
they proposed that these might have been stabilized hybrid
populations. We included two of the three populations (SP3
and SP4) in our study. Microsatellite and ISSR data revealed
that the majority of individuals in population SP3 were as-
signed to A. pavia (table 5). Microsatellite data also showed a
considerable assignment of individuals from SP4 to A. pavia,
something not seen with ISSR markers. Given that these pop-
ulations are located in the central to northern range of the
hybrid zone, outside of the current range of A. pavia, it is pos-
sible that there has been long-distance dispersal of A. pavia
into these hybrid populations and that selection favors back-
crosses to A. pavia. With the occurrence of ongoing gene
flow, the low genetic divergence of these hybrid populations
and that among other populations may have been largely at-
tributed to inbreeding, given that moderate levels of inbreed-
ing are suggested by relatively high Fs values at all loci. Thus,
individuals may have a greater chance to cross with a closely
related individual in close proximity than to outbreed over
longer distances.

Conclusions

In conclusion, we detected high genetic diversity at micro-
satellite and ISSR loci among the species of Aesculus sect. Pa-
via in the hybrid zone. This variation allowed us to explore
the genetic structure of the hybrid zone and to assess patterns
of gene flow both within the hybrid zone and between paren-
tal and hybrid populations. Our results agree with those of
the allozyme study of dePamphilis and Wyatt (1990) in con-
firming the existence of the hybrid zone, gene introgression
between species that is not evident from morphology, and an
asymmetrical genetic structure of the hybrid zone biased to-
ward A. sylvatica. Our data revealed almost equivalent levels
of genetic variability between parental and hybrid popula-
tions, genetic variation mostly partitioned within populations,
and moderate levels of inbreeding based on Fis estimates. The
lack of isolation by distance, genetic admixture by A. pavia
detected in some hybrid individuals, and lack of population
structure from AMOVA are all in agreement with the ®gr in-
ference that geographic distance is not a limiting factor for
gene flow in these taxa, which is congruent with the LDF sce-
nario. A combination of frequent inbreeding and genetic drift
is probably largely responsible for the level of genetic diver-
gence among populations detected by the low, but significant,
®g7 values. It is plausible that substantial inbreeding balanced
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by gene flow and selection in some hybrid populations could
eventually lead to a stabilized hybrid or new species in this re-
gion (Arnold 1997). Most important, our data support the
idea that LDF occurs between some populations of A. pavia
in the Coastal Plain and populations in the Piedmont (the
LDF hypothesis) and that overall weak genetic differentiation
exists among most populations within and surrounding the
hybrid zone. Our study on the Aesculus hybrid zone using
hypervariable nuclear markers in conjunction with cpDNA
results from Modliszewski et al. (2006) provides an example
of a hybrid zone that involves HSC for the formation of the
zone and recurrent long-distance gene flow for its ongoing
maintenance.
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