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ABSTRACT

Plant species may remain morphologically distinct despite gene exchange with congeners, yet little is
known about the genomewide pattern of introgression among species. Here we analyze the effects of
persistent gene flow on genomic differentiation between the sympatric sunflower species Helianthus
annuus and H. petiolaris. While the species are strongly isolated in testcrosses, genetic distances at 108
microsatellite loci and 14 sequenced genes are highly variable and much lower (on average) than for
more closely related but historically allopatric congeners. Our analyses failed to detect a positive as-
sociation between levels of genetic differentiation and chromosomal rearrangements (as reported in a
prior publication) or proximity to QTL for morphological differences or hybrid sterility. However, a
significant increase in differentiation was observed for markers within 5 cM of chromosomal breakpoints.
Together, these results suggest that islands of differentiation between these two species are small, except
in areas of low recombination. Furthermore, only microsatellites associated with ESTs were identified as
outlier loci in tests for selection, which might indicate that the ESTs themselves are the targets of selection
rather than linked genes (or that coding regions are not randomly distributed). In general, these results
indicate that even strong and genetically complex reproductive barriers cannot prevent widespread

introgression.

ATURAL hybridization is frequent in many groups
of plants and animals (ARNOLD 1997), yet in most
instances the hybridizing species remain morphol-
ogically distinct because of selection against hybrids
(CoynE and ORR 2004). Less is known about the main-
tenance or pattern of molecular genetic differences
between hybridizing species, although theory indicates
that neutral or advantageous alleles may move across
species boundaries unless they are tightly linked to loci
that contribute in some way to reproductive isolation
(BArTON 1979; HARRISON 1990). Thus, if reproductive
barriers have a complex genetic basis, it might be that
much of the genome will be protected from gene flow.
Indeed, CoyNE and ORr (2004, p. 41) write that “Our
guess is that morphologically distinct taxa showing
rampant gene exchange at many loci will be rare.” They
go on to argue (p. 42) that studies of hybrid zones have
shown that “much of the genome cannot move be-
tween species because itis linked to divergently selected
alleles.” Alternatively, if few loci contribute to isolation
or hybrids are numerous, then more extensive genetic
exchange is predicted (RIESEBERG and WENDEL 1993;
Wu 2001).
Empirical data on interspecific gene flow are often
difficult to interpret because shared polymorphisms

! Corresponding author: Department of Biology, Indiana University, 1001
E. Third St., Bloomington, IN 47405. E-mail: Iriesebe@indiana.edu

Genetics 175: 1883-1893 (April 2007)

between species may be interpreted to result from intro-
gression and/or from the joint retention of ancestral
alleles (GorrTLIEB 1972; HEISER 1973; RIESEBERG and
WENDEL 1993; HEY ¢t al. 2004; MUIR and SCHLOTTERER
2005; LEXER et al. 2006; PATTERSON et al. 2006). The
introgression hypothesis is favored if (1) the species
hybridize frequently (both now and in the past); (2) as-
sociations are found between linked markers (DOEBLEY
1989; HEY et al. 2004; SCOTTI-SAINTAGNE et al. 2004a);
(3) genetic distances vary across the genome (STUMP
et al. 2005; TURNER ¢t al. 2005) and are highest near loci
that contribute to species differences or reproductive
isolation; and (4) populations or species with sympatric
or parapatric distributions are less divergent on average
than those with a history of allopatry. In contrast, the
retention of ancestral polymorphism is typically viewed
as more parsimonious for pairs of taxa that (1) lack a
history of hybridization, (2) are strongly isolated re-
productively, and (3) show equivalent divergence across
loci and between sympatric and allopatric populations
(MuUIR and SCHLOTTERER 2005). Of course, in species
that are exchanging genes, these hypotheses need not
be mutually exclusive.

When introgression does occur, an important question
concerns the lengths of chromosomal segments that are
protected from interspecific gene flow. Again, theory is
informative: gene flow near an isolation locus should be
inversely proportional to the selection:recombination
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FiGure 1.—The likely prehistoric distribution of three
Helianthus species. Note that recently colonized areas are read-
ily diagnosed because sunflowers are restricted to human-
disturbed sites. Collections of H. annuus are indicated by squares
and H. petiolaris by circles. Collections of H. argophyllus are not
shown because the symbols would obscure its entire range.

ratio (BARTON 1979). Empirical data generally accord
with this prediction in that rates of introgression tend
to be reduced near quantitative trait loci (QTL) for hy-
brid sterility (RIESEBERG et al. 1999) or ecological dif-
ferences (SCOTTI-SAINTAGNE et al. 2004b; ROGERS and
BeErNATCHEZ 2005), as well as in areas of low recombi-
nation such as chromosomal inversions and centro-
meres (RIESEBERG et al. 1999; NOOR et al. 2001; STUMP
et al. 2005; TURNER et al. 2005). However, few studies
have measured the lengths of protected chromosomal
segments (although see SCOTTI-SAINTAGNE et al. 2004a
and TURNER et al. 2005).

The annual sunflower species Helianthus annuus and
H. petiolaris are well suited for comparisons of genomic
patterns of introgression and differentiation. The two
species form numerous hybrid zones across the Great
Plains of central North America. Although many of
the zones have originated recently as a consequence of
human disturbance, phylogenetic data imply that the
species have long engaged in hybridization because they
have given rise to three stabilized hybrid species that
arose between 60,000 and 210,000 generations before
present (SCHWARZBACH and RIESEBERG 2002; WELCH
and RIESEBERG 2002; Gross et al. 2003).

Despite the long history of hybridization, the two spe-
cies remain morphologically (ROSENTHAL et al. 2002,
2005), karyotypically (BURKE et al. 2004; LA1 et al.
2005b), and ecologically distinct (Gross et al. 2004).
H. annuus is the larger and more robust of the two spe-
cies and predominates in the more mesic soils of the
eastern Great Plains, while H. petiolaris is more frequent
in the drier, sandier soils of the western Great Plains
and intermountain regions (Figure 1). Comparative
mapping studies indicate that the species differ by a
minimum of eight translocations and three inversions
(RIESEBERG et al. 1995; BURKE et al. 2004) and that first-
generation hybrids average <1% seed set (UNGERER
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FIGURrRE 2.—Phylogenetic tree for Helianthus section Heli-
anthus based on restriction site analyses of chloroplast DNA
and nuclear ribosomal genes (redrawn from RIESEBERG
1991). Three homoploid hybrid sunflower species are ex-
cluded from this tree so that information on geographical re-
lationships of the focal taxa can be provided.

et al. 1998). Pollen-sterility QTL often map to chromo-
somal breakpoints and are underdominant, observa-
tions that imply that the rearrangements have direct
effects on hybrid sterility (RIESEBERG et al. 1999; LA1 et al.
2005b). However, QTL in these regions are highly epis-
tatic (GARDNER e¢f al. 2000; LA1 et al. 2005b), indicating
that gene incompatibilities may have accumulated near
the chromosomal breakpoints as well, as has been pre-
dicted by theory (NOOR et al. 2001; NAVARRO and BARTON
2003). Regardless of mechanism, analyses of patterns
of molecular marker introgression across four narrow
hybrid zones between the two species (RIESEBERG el al.
1999; BUERKLE and RiesEBERG 2001) indicate that rates
of introgression across the rearranged chromosomes are
approximately half that across collinear chromosomes.
In this article, we analyze patterns of genetic differ-
entiation at 108 microsatellite loci and DNA sequence
variation at 14 nuclear genes across six populations of
H. annuus and H. petiolaris. To better distinguish be-
tween segregating ancestral polymorphisms and the
products of introgression, we also compare levels of
differentiation at many of these loci with a third, his-
torically allopatric sunflower species, H. argophyllus. Phy-
logenetically sister to H. annuus (Figure 2; SCHILLING
and Hriser 1981; CHANDLER et al. 1986; SCHILLING
et al. 1987; RIESEBERG et al. 1991; RiESEBERG 1991), H.
argophyllusis a narrow endemic, found only on the coastal
plain of southern Texas (Figure 1). The species appears
to have been completely isolated geographically until
the mid-20th century, when it came into contact with a
weed form of H. annuus; hybrid swarms between the two
species were first reported in the early 1950s (HEISER
1951). However, no contact or hybridization has been
reported between H. argophyllus and H. petiolaris.
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Specific questions that we address with these data
include:

1. Is there evidence of widespread gene flow between
the sympatric sunflower species, H. annuus and
H. petiolaris, despite the very strong sterility barrier?

2. Are sympatric species less differentiated genetically
than historically allopatric congeners?

3. Do the locations of chromosomal rearrangements
and/or positions of QTL for pollen sterility predict
patterns of genomic differentiation?

4. Do microsatellites associated with genes show greater
differentiation than those from anonymous DNA
regions?

5. Do any of the loci exhibit the footprint of positive
selection?

MATERIALS AND METHODS

Collections and DNA isolations: Although the geographic
distributions of H. annuusand H. petiolaris overlap broadly across
the central and western United States, populations of the two
species often are locally allopatric because of differences in
habitat preferences. For this study, we collected achenes from
three locally allopatric populations of each species (H. petiolaris:
NDM, Minot, ND, 40 km east of Minot near Highway 2; NEO,
O’Neil, NE, 16 km south of O’Neil on Highway 281; KSG, Great
Bend, KS, junction of southeast 100 avenue and southeast
70 road; H. annuus: NDC, Cross Ranch, ND, 1.6 km north of
entrance to Cross Ranch State Park; SDD, Hermosa, SD, 1.6 km
south of Hermosa on Highway 79; NEG, Gothenburg, NE,
4.8 km south of Gothenburg on Highway 701; Figure 1). All of
these populations are distant enough from the alternative
species (>2 km) so that no direct contact is likely (no early
generation hybrids were detected), but near enough to a
contact zone (<35 km) such that isolation by distance is
unlikely. Populations chosen for sampling were large (>1000
plants) and achenes were collected from 60 plants that were
evenly spaced across the populations.

For H. argophyllus, four individuals were sampled from each
of 12 populations: ARG1, Guadaloupe County, Texas, south of
Luling on Highway 10 just west of intersection with Highway
80; ARG2, Gonzales County, Texas, between Nixon and Lees-
ville, on Country Road 131 just north of intersection between
Highway 80 and Highway 97; ARG4, Victoria County, Texas,
between Victoria and Coleto Creek Reservoir under bridge of
Highway 59 and railroad tracks; ARG6, Aransas County, Texas,
between Lamar and Fulton on Highway 35 just south of bridge
over Copano Bay; ARG7, Aransas County, Texas, on Highway 35
just south of Estes; ARG8, Nueces County, Texas, on Mustang
Island near port Aransas; ARG9, Nueces County, Texas, on
beach access Road 6 near Padre Island Balli Park; ARGI1,
Kleberg County, Texas, on Highway 77 at bridge over Los Olmos
Creek; ARG12, Brooks County, Texas, south of Falfurrias on
Highway 297; ARG13, Refugio County, Texas, on Highway 77
north of bridge over Aransas river; ARG14, Goliad County, Texas,
intersection of Highway 183 and Mafahuilla Creek; ARGI15,
Gonzales County, Texas, between Westhoff and Smiley on
Highway 87.

Achenes collected from H. annuus and H. petiolaris pop-
ulations (above) were germinated in the Indiana University
greenhouses, and DNA was isolated from a total of 268 juve-
nile plants (~55 plants/population). For H. argophyllus, field-
collected leaf tissue was employed for DNA isolations: 12

populations X 4 individuals/population = 48 plants total. All
extractions were performed using a QIAGEN (Valencia, CA).
Dneasy 96 plant kit.

Microsatellite analyses: Primer sequences for microsatel-
lites from anonymous genomic regions and from the flanking
regions of expressed sequence tags (ESTs) were obtained from
TANG et al. (2002) and the Compositae Project (CGP) database
(http:/compgenomics.ucdavis.edu/), respectively. In all, 352
anonymous microsatellites and 186 EST-associated microsa-
tellites were screened for clean amplification in both H. annuus
and H. petiolaris. From these initial screens, 44 anonymous and
64 EST-associated microsatellites were chosen for the popula-
tional surveys. All 108 markers have been placed on genetic
linkage maps of H. annuus (GEDIL et al. 2001; BURKE et al. 2002;
TANG et al. 2002; Yu et al. 2003; S. K. KNaPP, unpublished
results) and/or H. petiolaris (BURKE et al. 2004; LAl et al.
2005b), so inferences may be made about patterns of genomic
differentiation. For comparative purposes, 55 of the EST-
associated microsatellites were also analyzed in H. argophyllus.
Primers were synthesized by MWG Biotech (High Point, NC),
Invitrogen (Grand Island, NY), or PE Biosystems (Foster City,
CA). The 5'-end of each forward primer was labeled with one
of three fluorescent dyes (6FAM, HEX, or NED) or “5’ tailed”
with an M13 universal primer (SCHUELKE 2000) that was
labeled with one of four dyes (6FAM, VIC, NED, or PET).

Microsatellites were amplified using a touchdown PCR pro-
tocol designed to reduce nonspecific primer associations and
subsequent arbitrary fragment amplification (DoN et al. 1991).
An initial denaturing cycle of 3 min at 95° was followed by
10 touchdown cycles (the annealing temperature drops 1° each
cycle) of 30 sec at 94°, 30 sec at the annealing temperature,
and 45 sec at 72°. The touchdown cycles were followed by an
additional 29 cycles of 30 sec at 94°, 30 sec at the final an-
nealing temperature, and 45 sec at 72°, which in turn were
followed by a 20-min final elongation period at 72°. The an-
nealing temperature in the first touchdown cycle was 10°
above the final annealing temperature. The final annealing
temperature ranged from 48° to 60° for different microsat-
ellite loci, depending on the best average amplification.

Microsatellite variation was assayed via electrophoresis on
an ABI 3730 capillary sequencer (Applied Biosystems, Foster
City, CA). Amplification products of nonoverlapping size and
color were pooled and diluted 1:60 with ddHyO. One micro-
liter of the diluted PCR product was added to a 9-ul mixture of
0.09 pl of the GenSize (St. James, NY). R500 ROX size stan-
dard. Samples were denatured for 5 min at 95° and cooled on
ice before loading onto the 3730. Chromatographs of geno-
typic data were generated and fragment lengths were scored
using GENEMAPPER 3.0 (Applied Biosystems).

Sequence analyses: Eight genes from rearranged chromo-
somes and six from collinear chromosomes (LAT et al. 2005a)
were chosen for sequencing to assess whether the low dif-
ferentiation between H. annuus and H. petiolaris was the result
of interspecific gene flow rather than allele size convergence
due to stepwise mutation at microsatellite loci. Sequence data
were obtained from six individuals of each species, with two
plants sampled per population.

When feasible, PCR products treated with ExoSAP-IT (USB,
Cleveland) were employed as templates for sequencing. Se-
quencing reactions were carried out in a total volume of 10 p.l
containing 2 ul of water, 3 pl of 5 mm MgClI2, 2 pl of 2 um
primer, 2 pl of PCR product (10-20 ng of DNA), and 1 wl of
ABI Big Dye version 3.1. Sequencing reactions were per-
formed with the following program: 1 min at 96° followed
by 24 cycles of 10 sec at 96°, 5 sec at 50°, and 4 min at 60°.
Reactions were then cooled to 4°, purified with the magnetic
bead CleanSeq kit from Agencourt, and loaded on an ABI
3730 capillary sequencer (Applied Biosystems).
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For individuals that were heterozygous for length muta-
tions, fragments were cloned using the Topo-TA cloning kit
with DH5a-T1® one-shot chemically competent cells (Invitro-
gen, Carlsbad, CA). Sequencing reactions were performed on
purified plasmids (QIAGEN QIAprep Miniprep) using the
same protocol as for PCR products.

Genetic differentiation and diversity measures: For the
microsatellite data, global Fgr across all six populations of
H. annuus and H. petiolaris, and interspecific Fst from pooled
samples of conspecific populations, were calculated for each
locus according to WEIR and COCKERHAM (1984). To assess the
proportion of variance in fgy attributable to genetic differ-
ences between species, among conspecific populations, and
within populations, hierarchical analyses of molecular vari-
ance (AMOVA) (EXCOFFIER et al. 1992) were carried out for
each locus using ARLEQUIN 2.0. The proportion of variance
in each hierarchical class was tested by permuting individual
genotypes.

Interspecific Fst’s and expected heterozygosities were also
calculated for anonymous and EST-associated microsatellites
independently, and differences in means between the two
kinds of microsatellites were tested by #tests and Mann—
Whitney tests, as implemented by SPSS version 13.0 (SPSS,
Chicago). Because the magnitude of Fgr (or Gst) may depend
on the variability of a locus, we also calculated a standard-
ized measure of differentiation, Gsy, which was developed by
Hebprick (2005) to facilitate comparisons among loci that
differ in variability. Confidence intervals for interspecific Fsr’s
and Gsr’s were calculated by resampling (with replacement)
over all loci.

For the sequence data, the average number of nucleotide
substitutions per site (D,,; NEI 1987), interspecific Fsr (HUuDSON
etal. 1992), and Gamma’sy (HEDRICK 2005) were calculated for
each locus using the DnaSP software package (version: 4.10.8;
Rozas et al. 2003). Gammayt is a standardized measure of
Gammagr (NEI 1982), equivalent to Gst for nucleotide data.
Also, hierarchical AMOVA (EXCOFFIER et al. 1992) was carried
out for the sequence data using ARLEQUIN 2.0.

Analyses of factors that might predict patterns of genomic
differentiation: We analyzed five factors that might influence
patterns of genomic differentiation in this hybridizing species
pair. These included (1) the class of microsatellites (anony-
mous vs. EST-associated microsatellites); (2) the kind of
linkage group (rearranged vs. collinear); (3) tight linkage to
pollen-sterility QTL (Lar1 et al. 2005b); (4) tight linkage to
chromosomal breakpoints (BURKE et al. 2004; LA1 et al. 2005b);
and (5) tight linkage to QTL for interspecific phenotypic dif-
ferences (RIESEBERG et al. 2003; LEXER et al. 2005). We defined
tight linkage as being within 5 cM of the most likely QTL
positions or chromosomal breakpoints. Eight microsatellites
were excluded from these and subsequent analyses because of
unstable map positions across different H. annuus maps.
Likewise, the 14 sequenced loci were excluded because of
small sample sizes.

To estimate the effects of these factors on genomic dif-
ferentiation, we first analyzed each factor separately in one-way
ANOVAs with mean interspecific Gsr (after arcsine-square-
root transformation) as the dependent variable (supple-
mental Table S1 at http:/www.genetics.org/supplemental/).
The minimum-effect sizes detectable with the sample sizes
employed were tested using the computer software PASS (http:/
www.ncss.com/index.htm) with power at the standard value
of =0.8 (corresponding to < 0.2) and type I (a) error at
0.05.

Because the comparisons are not strictly independent, we
also performed a multi-way ANOVA with each of the factors
listed above included as main effects. All analyses were per-
formed using SPSS version 13.0 (SPSS).

Autocorrelation of genetic differentiation along linkage
groups: To test for correlations between mean interspecific
Gst’s and genetic map distances, we employed Moran’s index
(SoraL and ODEN 1978) or spatial autocorrelation, following
SCOTTI-SAINTAGNE et al. (2004a). Observed Moran’s indexes
were compared to the null distribution of Ggsr values con-
structed from 1000 permutations. Map distances employed for
this analysis are from the RHA801 X RHAZ280 population
described in TANG et al. (2002), which is the densest map
currently available for H. annuus (supplemental Table S1 at
http:/www.genetics.org/supplemental/).

Detection of loci under selection: We employed a coa-
lescent simulation developed by BEAumMONT and NICHOLS
(1996), which analyzes the distribution of Fgr values and
detects outlier loci—loci that behave differently from most
other loci in a given sample, presumably due to selection.
Briefly, the program FDIST2 (http:/www.rubic.reading.ac.
uk/-mab/software/fdist2.zip) was used to simulate a null dis-
tribution of Fgr values (conditional on heterozygosity) under
an infinite-alleles model and a symmetrical two-island model
of population structure. Simulations employed the mean
observed Fsy and the same sample sizes used in the empirical
study. For comparisons with the simulated distribution, data
from conspecific populations were pooled to avoid violating
the assumption of symmetric migration among islands. Out-
lier loci were detected by comparing the empirical distri-
bution of Fgr’s with a simulated distribution derived from
20,000 paired values of Fsr and heterozygosity. Because we
were searching for candidate loci that would be subject to
additional testing in future studies, we did not apply the ex-
tremely conservative Bonferroni correction for multiple com-
parisons. Instead, we report all loci with an uncorrected
Pvalue of <0.01, with the expectation of at least one spurious
test result. The possible homology of outlier loci was de-
termined by Blast searches against GenBank using Blast on the
NCBI website (http:/www.ncbi.nlm.nih.gov).

RESULTS

Microsatellite variation within and among popula-
tions of H.annuus and H. petiolaris: Genetic diversity is
high within populations of both species, with mean
expected heterozygosities over all microsatellite loci
ranging from 0.59 to 0.71 (Table 1). Diversity is signifi-
cantly greater for anonymous than for EST-associated
microsatellites, as has been reported in previous studies
of Helianthus (PASHLEY et al. 2006) and other organ-
isms (CHO et al. 2000; CHERDSAK et al. 2004; WOODHEAD
et al. 2005). Levels of genetic diversity are significantly
affected by the number of microsatellite repeats (anon-
ymous loci, mean number of repeats = 11.91; EST-
associated loci, mean = 5.83; P < 0.001, one-tailed
ttest), which are known to correlate strongly with mu-
tation rate (PETIT et al. 2005), but not by the length of
repeat motifs. However, EST-associated microsatellites
are seemingly more likely to have experienced signi-
ficant selection in the recent past (see below), which
might also have contributed to the reduced diversity.
Furthermore, selection against frameshift mutations
in microsatellite motifs located in protein-encoding re-
gions may reduce diversity of some EST-associated
microsatellites (METZGAR et al. 2000).
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Comparison of gene diversity and interspecific genetic differentiation between anonymous and EST-associated microsatellites

Anonymous EST-associated Pralue
microsatellites microsatellites Mann-Whitney ttest
Interspecific genetic differentiation
Fsr 0.050 (£0.046) 0.092 (*+0.081) 0.003 0.001
Hedrick’s Gsr 0.470 (*0.338) 0.489 (*+0.323) 0.769 0.819
Genetic diversity
No. of alleles 18.7 (£8.35) 10.5 (*4.32) 0.000 0.000
Expected heterozygosity
H. annuus
NDC 0.776 (*0.156) 0.636 (+0.214) 0.000 0.000
NEG 0.767 (£0.142) 0.595 (+0.223) 0.000 0.000
SDD 0.782 (*£0.153) 0.668 (+0.184) 0.000 0.001
H. petiolaris
KSG 0.767 (*0.171) 0.658 (*£0.177) 0.000 0.002
NDM 0.658 (*+0.240) 0.544 (£0.217) 0.002 0.012
NEO 0.772 (£0.135) 0.682 (£0.172) 0.001 0.004

The numbers in parentheses are standard deviations.

AMOVA (Table 2) indicates that only a small fraction
of gene diversity is attributable to differences among
populations within species (anonymous loci: 2.7% and
EST-associated loci: 3.6%) or among species (anony-
mous loci: 4.3% and EST-associated loci: 8.6%). None-
theless, AMOVA of individual loci indicates that 98 and
91% of loci were significantly differentiated among
all populations and among conspecific populations,
respectively (P < 0.05; 89 and 66% of loci remained
significant after Bonferroni correction, respectively).
Likewise, 38% of loci exhibited significant differentia-
tion among species, all of which remained significant
after Bonferroni correction for multiple comparisons.

Overall, Fst between H. annuus and H. petiolaris aver-
aged 0.08 = 0.01 (supplemental Table S1 at http:/
www.genetics.org/supplemental/), with significantly
greater differentiation observed for EST-associated mi-

crosatellites than for anonymous loci. This difference
is mostly due to the lower average allelic diversity for
EST-associated microsatellites, since no difference in
interspecific genetic differentiation between these two
classes of loci was observed for Hedrick’s Gst, which is
robust to differences in allele numbers among loci. It is
noteworthy that the average Gsr across all loci (0.47 *
0.03) is approximately six times that of Fsr (supplemen-
tal Table S1 at http://www.genetics.org/supplemental/),
indicating that estimates of genetic differentiation based
on the latter should be viewed cautiously when highly
polymorphic loci are studied (HeprICK 2005).
Sequence variation in H. annuus and H. petiolaris:
A much larger fraction of sequence variation is attrib-
utable to differences among species (39%) than is true
for the microsatellite data (see above). However, this
might be due to small sample sizes rather than to a

TABLE 2

AMOVA for anonymous vs. EST-associated microsatellite loci

Source of Sum of
variation d.f. squares

Variance % of Fixation
components variation indexes P

Anonymous microsatellites

Between species 1 262.7 0.76 4.3 Fer = 0.043 0.000
Among populations within species 4 235.3 0.48 2.7 Fsc = 0.029 0.000
Within populations 530 8,645.6 16.31 93.0 Fsr = 0.071 0.000
Total 535 9,143.6 17.55 100.0
EST-associated microsatellites
Between species 0 577.3 1.82 8.6 Fer = 0.086 0.000
Among populations within species 4 347.5 0.77 3.6 Fsc = 0.040 0.000
Within populations 530 9,881.0 18.64 87.8 Fst = 0.122 0.000
Total 535 10,805.8 21.24 100.0
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real difference in how diversity is partitioned. Indeed,
while average interspecific Fsr (0.39 = 0.05) is signif-
icantly higher for sequence than microsatellite data
(supplemental Table S2 at http:/www.genetics.org/
supplemental/), mean Gammasyt (0.30 * 0.04) shows
the opposite pattern (supplemental Table S2 at http://
www.genetics.org/supplemental/).

Comparisons with the historically allopatric species,
H.argophyllus: Genetic distances (both Fyr and Gisr)
among the historically allopatric species (H. annuus vs.
H. argophyllus and H. petiolaris vs. H. argophyllus) were
significantly greater than for the sympatric species pair,
H. annuus vs. H. petiolaris (Table 3; Figure 3). This is
despite the closer phylogenetic relationship and weaker re-
productive barrier between H. annuusand H. argophyllus
(F; fertility ranges from 5 to 50%; HEISER 1951).

Predicting patterns of genomic differentiation: With
the exception of tight linkage to chromosomal break-
points, none of the factors that we thought might
predict patterns of genomic differentiation had a signi-
ficant impact on Gsr (or Fgr), whether analyzed indi-
vidually or in concert with other factors (Table 4).
Markers within 5 ¢cM of chromosomal breakpoints did
exhibit an increase in G, but the effect was modest
(0.68 ws. 0.46; one-way ANOVA, P = 0.032; multi-way
ANOVA, P= 0.053). However, the power of the test was
weak, with the percentage of differences in means de-
tectable with power equaling 0.8 ranging from ~37% for
the factors of microsatellite class, linkage group type, and
proximity to QTL for species differences to 60% for the
factors of proximity to chromosomal breakpoints and
proximity to pollen-sterility QTL. Note that power for
the latter two factors is particularly low because the
sample sizes are unbalanced (12 in one group and 88
in the other).

Sequence data, while limited, also failed to detect a
significant difference between collinear and rearranged
chromosomes (supplemental Table S2 at http:/www.
genetics.org/supplemental/), whether measured in
terms of Gamma'sy (0.34 = 0.03 collinear vs. 0.28 =
0.06 rearranged; P = 0.41; two-tailed #test) or Fgr
(0.45 = 0.04 vs. 0.35 = 0.08; P= 0.31; two-tailed ttest).
Likewise, exactly half of the sequences from both col-
linear and rearranged chromosomes had fixed differ-
ences (supplemental Table S2 at http:/www.genetics.
org/supplemental/).
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F1GURE 3.—The distribution of interspecific Gsr values in
sympatric and allopatric pairs of sunflower species.

Genetic differentiation along linkage groups: No
correlations were observed in levels of genomic differ-
entiation along linkage groups for any distance class,
regardless of whether we used Fsror Gsras an estimator
of differentiation or whether we employed a distance
interval of 1, 2, 4, or 6 cM (Figure 4)

Detection of loci under selection: Using the coa-
lescent simulations of BEAUMONT and NicHOLS (1996),
five loci that behave differently between H. annuus
and H. petiolaris at P < 0.01 were identified (Figure 5;

TABLE 3

Interspecific genetic differentiation and 95% confidence intervals over 55 microsatellite loci analyzed in
all three Helianthus species

Comparison

Mean Fsr (95% C.1.)

Mean G'st (95% C.1.)

H. annuus vs. H. argophyllus
H. annuus vs. H. petiolaris
H. argophyllus vs. H. petiolaris

0.226 (0.196-0.257)
0.094 (0.079-0.109)
0.222 (0.196-0.250)

0.720 (0.629-0.812)
0.505 (0.422-0.587)
0.806 (0.724-0.887)
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TABLE 4

Multi-way ANOVA of factors that affect the genomic
distribution of genetic distance (Gst) values

Factor df. SS F P
Class of microsatellite 1 0.044 0.253 0.616
Kind of linkage group 1 0.480 2.794 0.097
Chromosomal breakpoints 1 0.660 3.849 0.053
Pollen-sterility QTL 1 0.002 0.001 0.925
QTL for interspecific differences 1 0.182 1.057 0.307
Error 96 0.172

Table 5). Note that because 108 tests were employed,
one false positive is expected due to chance alone. All
five outlier loci are EST-associated microsatellites, which
might indicate that the ESTs themselves are the targets
of selection rather than linked factors. However, given
the correlation reported above between Fgr and allelic
variance, it might also mean that the distribution of Fgr
is not robust to demographic history (FLINT et al. 1999;
StoRrz et al. 2004). We therefore compared the distri-
bution of Fgt values with that of G'st, which is unaffected
by genetic diversity levels. The loci detected as outliers
in the Fst tests were also outliers with respect to Gsr
(Figure 6), so the results appear consistent with positive
selection. The steep drop in Gsr seen between candi-
date selected loci and tightly linked markers (mean Gy
for candidate selected loci: 0.92; mean Gt for markers
within 3 ¢cM of candidate selected loci: 0.40; P = 0.001,
two-tailed #test; supplemental Table S1 at http:/
www.genetics.org/supplemental/) also implies that the
size of differentiated islands is small. For example,
there is a decline in Gt of 0.88 between the candidate
selected locus HT758 and a completely linked marker,
ORS798 (supplemental Table S1 at http:/www.genetics.

—@— Observed data
—o— Cl 95%

I d

Autocorrelation (Moran's )

1 | | L | ! !
1 2 3 4 5 6 7

Distance class

FIGURE 4.—Autocorrelation of interspecific Gsr values as
a function of genetic distance along linkage groups (in
centimorgans).
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F1GUre 5.—Distribution of interspecific Fsr values as a func-
tion of heterozygosity (H). The envelope of values corre-
sponding to neutral expectations (with It = 0.078) under
a stepwise mutation model was constructed according to
BraumonT and NicHoLs (1996) (see Table 5).

org/supplemental/). However, BLAST searches revealed
significant hits (evalue <0.01) for only two of the five
candidate selected loci and none had functions that can
be easily related to ecological or phenotypic differences
between H. annuus and H. petiolaris (Table 5).

DISCUSSION

Interspecific gene flow: Several lines of evidence
suggest that the patterns of genomic differentiation
reported here for a pair of sympatric sunflower species
have been shaped by interspecific gene flow. First, the
studied species have been hybridizing for as long as
200,000 generations, the contact zone is large, the
frequency of F; production is high (0-17%; RIESEBERG
et al. 1998), and early generation backcrosses are the
most frequent category of plants in the contact zone

TABLE 5

Candidate loci for adaptive genetic divergence between
populations of H. annuus and H. petiolaris

Linkage

Marker group Fsr P Homology

HT429 14 (R) 0.300  ***  Unknown protein

(Arabidopsis thaliana)

HT541 4 (C) 0.310  ** No hit
HT739 13 (R) 0.231  *%* No hit
HT758 17 (R) 0.409  *#*  Glycine-rich protein

(Nicotiana sylvestris)

HT974 1 (C) 0.234  ** No hit

R and C in parentheses indicate rearranged and collinear
linkage groups, respectively. Fsr, interspecific Fgr with signifi-
cance values calculated according to BEAUMONT and NICHOLS
(1996). *P<0.05, **P<0.01, *#*P<0.001.
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FI1GURE 6.—Distributions of Fgr and Gsr of anonymous mi-
crosatellites (open circles and open bars) and EST-associated
microsatellites (solid diamonds and solid bars). An asterisk in-
dicates loci identified as outliers in the test of BEAUMONT and
NicHOLS (1996) (see Table 5).

(RIESEBERG et al. 1999; BUERKLE and RIESEBERG 2001).
Second, mean Fsr and Ggr values between H. annuus
and H. petiolaris are much lower than values for the
historically allopatric species pairs H. annuus uvs.
H. argophyllus and H. annuus vs. H. petiolaris (Figure 3;
Table 3). Third, genetic distances are remarkably vari-
able across loci between the sympatric species and much
more so than between the pairs of allopatric species
(Figure 3). Finally, genetic distances are greatest near
chromosomal breakpoints (Table 4).

Are there other explanations for these patterns? One
concern is that even in the absence of interspecific gene
flow, the stepwise mutation process of microsatellites
might lead to allele size convergence, which could be
misinterpreted as evidence of introgression. While this
may sometimes occur, it cannot easily explain the pat-
terns of genomic differentiation observed since allele
size convergence should be no more frequent in sym-
patric than in allopatric species.

Another worry relates to our use of Fsr and Gsr for
estimating genetic differentiation. Fgr is known to be
negatively correlated with the number of alleles, and
we see the same effect in our data set (r = —0.33, P <
0.001). However, we also found that Gsr is positively
correlated with heterozygosity (r = 0.56, P < 0.0001),
although not with allele number. Thus, neither metric is
ideal. Fortunately, the two estimates of differentiation
are strongly correlated (r=0.68, P<<0.0001), and we see
the same pattern with both (significantly less differen-
tiation in sympatric than in allopatric pairs of species),
so our results are robust. Nonetheless, we cannot rule

out the possibility that the greater genetic differentia-
tion observed in the allopatric comparisons is due to the
smaller effective population size of the allopatric spe-
cies, H. argophyllus, which harbors less genetic diversity
(H=0.45 = 0.03) than either of the sympatric species
(H. annuus, H= 0.65 * 0.03; H. petiolaris, H= 0.66 *
0.02).

Finally, why are patterns of genomic differentiation
poorly predicted by previous studies of introgres-
sion across hybrid zones between the same species
(RIESEBERG et al. 1999; GARDNER et al. 2000; BUERKLE
and RiESEBERG 2001)? In these studies, the introgres-
sion of RAPD markers was reduced on rearranged uvs.
collinear chromosomes. The main reason for the seem-
ing discordance is experimental design. In the earlier
studies, the behavior of species-specific markers was
analyzed in early generation backcross hybrids within 10
m of the hybrid zone center. As a consequence, linkage
disequilibrium was high, and differential introgression
was observed at greater centimorgan distances from
chromosomal breakpoints than reported here, where
we analyzed locally allopatric populations that lacked
early generation hybrids.

Also, in contrast to this study, the earlier work
analyzed species-specific markers that presumably are
linked to selected sites, so the long-term effects of
hybridization on differentiation at neutral loci could
not be tested. Interestingly, there was no difference in
the fraction of taxon-specific RAPD markers found on
collinear vs. rearranged chromosomes, which in hind-
sight predicts the results reported here.

The unit of genetic isolation: Even given the differ-
ences in experimental design, we still expected to see
greater differentiation in rearranged chromosomes or
near factors that contribute to reproductive isolation.
The weak effect of sterility QTL or chromosomal
breakpoints is likely due to the low power of the ANOVA
(see RESULTS), as well as the imprecision in QTL loca-
tions; patterns of genetic differentiation trend in the
expected direction for sterility QTL and are significant
for chromosomal breakpoints. On the other hand, the
lack of an effect of chromosome type (collinear ws.
rearranged) does not appear to be an artifact of limited
power since the difference in means (while very small)
is opposite that of the predicted direction. Also, no
difference in levels of differentiation was found between
collinear and rearranged chromosomes for sequenced
loci (supplemental Table S2 at http:/www.genetics.
org/supplemental/).

Thus, the most likely explanation for the patterns of
differentiation reported here is that the unit of isolation
between these two sunflower species is smaller than we
had anticipated, perhaps at the level of the individual
gene, except in regions of low recombination such as
near chromosomal breakpoints (NOOR et al. 2001; Wu
2001; TURNER et al. 2005) . This would result in patterns of
genomic differentiation that are mostly unaffected by
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linkage, at least on the scale that we could detect in this
study. It also would explain why no correlations were
observed in levels of genomic differentiation along
linkage groups (Figure 4).

This explanation, however, would require some re-
thinking about the effects of plant chromosomal re-
arrangements on recombination. One of us recently
argued that while plant chromosomal rearrangements
typically do not suppress recombination directly, effec-
tive recombination rates are likely to be reduced because
of selection against recombinant gametes, particularly
for inversions (R1ESEBERG 2001). This would serve to
extend the effects of isolation genes, thereby protecting
larger fractions of the genome from interspecific gene
flow. The results presented here do not necessarily
contradict this hypothesis, but they do suggest that
recombination suppression, which is characteristic of
inversions in many animals, is more effective at limiting
gene flow than is selection against recombinant game-
tes. Also note that the majority of karyotypic differences
between these sunflower species result from large trans-
locations (RIESEBERG el al. 1995; BURKE et al. 2004),
which are not predicted to greatly restrict recombina-
tion rates in regions distal from breakpoints (GRANT
1975).

The hypothesis that the genetic unit of isolation is
small between these two hybridizing sunflowers is fully
consistent with hybrid zone theory (BArTON and
HewrrT 1985). While gene dispersal across species
barriers will initially be affected by linkage, if there is
sufficient opportunity for recombination, then neutral
or advantageous alleles may recombine into the genetic
background of the other species. Once incorporated
into the new genetic background, the movement of
these “alien” alleles will depend largely on their own
fitness effects rather than on those of linked alleles. This
is arealistic scenario for these sunflower species since, as
alluded to above, both are extremely abundant, the
contact zone is long (stretching from Texas to Canada)
and broad (most of the central United States), hybrid-
ization frequencies are high (0-17%; RIESEBERG et al. 1998),
and recombinant genotypes are common (RIESEBERG
et al. 1999).

Little is known about the lengths of chromosomal
segments that are protected from interspecific gene
flow in other taxa, although TING et al. (2001) showed
that regions just 2 kb from a sterility gene in Drosophila
acted independently with respect to the retention of
shared polymorphisms and/or history of introgression.
In Anopheles, closely related forms exhibit differentia-
tion in three genomic regions that range in size from 5
to 50 genes, all in areas of low recombination (TURNER
et al. 2005). However, a more detailed analysis of
the largest of these three regions, which occurs near
the centromere on the X chromosome, implies that the
sizes of the differentiated regions may be underesti-
mated (Stump et al. 2005). A recent study of two oak

species (SCOTTI-SAINTAGNE ¢t al. 2004a) detected strong
correlations among markers that were within 2 cM, with
the sizes of differentiated regions ranging from ~0.5
to 4 cM.

Why does the unit of isolation seem to be smaller in
sunflowers than in Anopheles and oaks? One possibility
is that marker density was not high enough in this study
to detect hitchhiking effects and that, if a larger number
of markers had been employed, we might have detected
islands of differentiation. However, we did have 31 pairs
of markers that were <1 c¢M apart, with no correlations
observed between them, so this cannot be a full ex-
planation. Another possibility is that hybridization rates
in H. annuusand H. petiolaris (RIESEBERG et al. 1999; LA1
et al. 2005b) are much higher than in oaks, which would
lead to greater opportunities for recombination.

Selection: Selection may contribute to genetic differ-
entiation in two ways. First, positive selection (and
hitchhiking) may increase the frequency of intraspecific
variants within one or the other species, thereby “creat-
ing” differentiation. Second, negative selection may
eliminate foreign alleles, thereby “protecting” differ-
ences that have accumulated through either selection
(see above) or genetic drift. While both kinds of selec-
tion are necessary to create and maintain divergence
between populations that are connected by gene flow,
the evolutionary dynamics of hybrid zones are usually
dominated by negative selection (BARTON and HEwITT
1985), while positive selection may be more impor-
tant in allopatric populations (MORJAN and RIESEBERG
2004).

Given these considerations, the outlier analyses con-
ducted in this article may have detected the footprints of
recent positive selection. This is in contrast with pre-
vious studies of contemporary hybrid zones between this
same pair of species that identified negatively selected
genomic regions (RIESEBERG ef al. 1999; BUERKLE and
RieseBERG 2001). Like sunflower, outlier markers were
mostly associated with genes rather than anonymous
genomic regions in 0aks (SCOTTI-SAINTAGNE et al. 2005),
but this pattern was not observed in salmon (VASEMAGI
et al. 2005). It is less clear whether ESTs associated with
outlier markers (Table 5) are the direct targets of se-
lection or whether they contribute to larger genomic
islands of differentiation. However, the former hy-
pothesis is consistent with the observations that only
EST-associated markers were detected by the test for
selection and that tightly linked markers exhibited a
steep decline in interspecific genetic distances. Also, it
should be remembered that these outliers are candidate
loci only and that at least one false positive is expected
by chance alone. Sequence and expression analyses are
currently underway to strengthen the candidate status
of outlier loci.

Conclusions and future directions: Although repro-
ductive isolation is traditionally viewed as a genomewide
phenomenon (reviewed in Wu 2001), the extent of
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introgression between these two sunflower species
appears to be greater and the unit of isolation smaller
than implied by speciation texts (MayYrR 1963; COYNE
and ORR 2004). Indeed, our data imply that as long as a
hybrid zone is ancient, the interface is long, and hy-
bridization is frequent, even an extremely strong and
genetically complex barrier may be porous to gene flow.
This does not mean that reproductive barriers are of
little importance to speciation. To the contrary, the
barrier between H. annuus and H. petiolaris not only has
served to maintain the differences between these spe-
cies for >200,000 generations, but also has reduced
gene migration rates to a sufficiently low level such that
differentiation may occur at even very weakly selected
loci.

Our results also imply that studies of contemporary
hybrid zones may be misleading in two ways. First, the
focus of many studies on taxon-specific markers (e.g.,
RIESEBERG ¢f al. 1999; COART et al. 2002; KELLEHER e al.
2005) may result in greater attention given to the dif-
ferences between species rather than to the similarities.
Second, because linkage disequilibrium is high in hybrid
zones, the importance of linkage to divergently selected
alleles maybe overemphasized relative to the power of
recombination for breaking up these associations.

Future work will determine the size of differentiated
regions between H. annuus and H. petiolaris by sequencing
BACGs that contain genes known to contribute to assor-
tative mating and/or ecological divergence in Helian-
thus. Our plan is to assay SNPs from the sequenced
regions in replicate transects of natural populations of
each species that are located at different distances from
the contact zone. This will lead to a better estimate of
the “unit of isolation” between these species and may
further our understanding of the escape and spread of
alien genes from areas of contact into allopatric popu-
lations of the hybridizing species.
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