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ABSTRACT
Genetic analyses of reproductive barriers represent one of the few methods by which theories of speciation

can be tested. However, genetic study is often restricted to model organisms that have short generation
times and are easily propagated in the laboratory. Replicate hybrid zones with a diversity of recombinant
genotypes of varying age offer increased resolution for genetic mapping experiments and expand the
pool of organisms amenable to genetic study. Using 88 markers distributed across 17 chromosomes, we
analyze the introgression of chromosomal segments of Helianthus petiolaris into H. annuus in three natural
hybrid zones. Introgression was significantly reduced relative to neutral expectations for 26 chromosomal
segments, suggesting that each segment contains one or more factors that contribute to isolation. Pollen
sterility is significantly associated with 16 of these 26 segments, providing a straightforward explanation
of why this subset of blocks is disadvantageous in hybrids. In addition, comparison of rates of introgression
across colinear vs. rearranged chromosomes indicates that close to 50% of the barrier to introgression is
due to chromosomal rearrangements. These results demonstrate the utility of hybrid zones for identifying
factors contributing to isolation and verify the prediction of increased resolution relative to controlled
crosses.

STUDENTS of speciation have long been interested hybrid genotypes is tested under natural conditions, all
components of the barrier to interspecific gene flow orin the architecture of barriers to interspecific gene

flow. Genetic architecture provides a means for testing introgression are represented. Finally, hybrid zones may
provide an opportunity for genetic study of long-livedtheories of speciation (reviewed in Coyne and Orr

1998), offers the opportunity to reconstruct the se- or difficult to propagate organisms.
Several different approaches can be used to describequence of genetic changes that accompany or facilitate

genetic architecture in natural hybrid zones. One ofspeciation (Bradshaw et al. 1995, 1998), and provides
these is based on cline theory and uses estimates of thea predictive framework for interpreting patterns of in-
width of the region of reduced viability, dispersal rate,trogression across hybrid zones (Barton and Hewitt
patterns of linkage disequilibria, and strength of selec-1985). Additionally, it is hoped that different modes and
tion against hybrids to determine gene number (Bar-tempos of speciation will be characterized by different
ton and Hewitt 1981, 1985; Szymura and Bartongenetic architectures, perhaps providing insights into
1991). Although this approach may provide better esti-the frequencies of different speciational processes in
mates of gene numbers and overall selection than cannature and the speed with which they occur (e.g.,
typically be obtained from laboratory experiments, itUngerer et al. 1998).
necessarily represents a coarse tool for the study of ge-Hybrid zones provide a unique opportunity for investi-
netic architecture. It is ill suited, for example, for identi-gating genetic architecture (Barton and Hewitt 1985;
fying individual loci that contribute to reduced hybridHarrison 1990). Unlike controlled hybridization ex-
fitness, the effects of each locus, and their interactionsperiments that necessarily are limited to one or a few
and chromosomal locations.generations of recombination, hybrid zones contain a

A second approach that has been suggested by severalwide variety of genotypes that result from hundreds or
authors relies on differential patterns of introgressioneven thousands of generations of recombination. Thus,
across hybrid zones (Hunt and Selander 1973; Dow-it becomes theoretically possible to distinguish between
ling et al. 1989; Harrison 1990). Introgression of locithe effects of very closely linked genes even in areas of
(and linked markers) contributing to isolation is ex-low recombination. In addition, because the fitness of
pected to be retarded, whereas neutral or positively
selected chromosomal blocks (and linked markers)
should introgress at higher frequencies (Barton and
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also make it possible to locate chromosomal blocks con- geographic distributions, but H. annuus prefers heavier
clay-based soils, whereas H. petiolaris is restricted to drier,tributing to isolation. This approach should allow even

small fitness effects to be detected, because block fre- sandy soils (Heiser 1947). When these habitats are adja-
cent, mosaic hybrid zones form, with hybridization fre-quencies in natural hybrid zones will be based on the

cumulative effects of many generations of selection. quencies ranging from 4 to 15% (Rieseberg et al. 1998).
Although pollen viability in the F1 hybrids averages 5.6%Finally, with the availability of mapped molecular

markers, it should also be possible to map specific traits (Ungerer et al. 1998), some backcross and F2 progeny
are invariably produced, and hybrid zones include athat contribute to isolation in natural hybrid zones such

as reduced hybrid fertility or habitat preference (Har- wide diversity of genotypes, ranging from nearly sterile
early generation hybrids to fertile plants resembling onerison 1990). In contrast to the previous approach,

which relies on introgressed marker frequencies to infer of the parental species (Rieseberg et al. 1998).
Comparative genetic linkage mapping indicates thatthe location of loci under selection, this method

searches for correlations between the mapped markers the two species are divergent chromosomally, differing
by a minimum of seven interchromosomal transloca-and the trait of interest. This approach can therefore

be viewed as a kind of marker-based quantitative trait tions and three inversions (Rieseberg et al. 1995c). The
three inversions are nested within translocated chromo-locus (QTL) analysis, but in natural hybrid zones rather

than experimental populations. some blocks. In all, 10 chromosomes differ in structure
between the two species, whereas the remaining 7 chro-The purpose of this article is to study the genetic

architecture of the barrier to introgression in three nat- mosomes appear to be collinear. Multivalent configura-
tions predicted by the translocations include two triva-ural hybrid zones between two wild sunflower species,

Helianthus annuus and H. petiolaris. The effects of intro- lents, two quadrivalents, and one hexavalent. Likewise,
bridge and fragment formation is predicted in hybridgressed blocks on hybrid fitness will be inferred from

their frequencies. Moreover, by analyzing three inde- meiosis as the result of the inversion polymorphisms.
Meiotic observations of interspecific hybrids betweenpendent hybrid zones between the same two species,

we hope to more reliably discriminate between patterns H. annuus and H. petiolaris (Heiser 1947; Whelan 1979;
Ferriera 1980; Chandler et al. 1986) are largely consis-of genomic introgression resulting from drift and those

due to deterministic forces (i.e., selection). In addition tent with predicted configurations based on the compar-
ative mapping studies. All of the studies report multiva-to analyses of the frequency of introgressed blocks, we

also have searched for correlations between introgressed lent configurations in meiosis, including trivalents,
quadrivalents, and hexavalents. In addition, the latterblocks and hybrid pollen sterility, perhaps the most im-

portant isolating mechanism between these species. three studies report the presence of one or more chro-
mosome bridges and acentric fragments, a finding con-Because the reproductive barrier between H. annuus

and H. petiolaris comprises both chromosomal and genic sistent with the presence of paracentric inversions.
factors (Rieseberg et al. 1995b), genomic patterns of
introgression can also be used to address a long-standing

MATERIALS AND METHODS
controversy concerning the role of chromosomal re-
arrangements in reproductive isolation and speciation. Plants: Plants from three mosaic hybrid zones between H.

annuus and H. petiolaris were analyzed. All three hybrid zonesSome authors have advocated a primary role for chro-
occur in Keith County (Co.), Nebraska (Figure 1) and weremosomal rearrangments in speciation (e.g., White
the subject of a previous allozyme investigation of mating

1978; King 1993), whereas others have noted that chro- patterns (Rieseberg et al. 1998). Rieseberg et al. (1998) also
mosomal differences often have little effect on meiosis provide detailed locality information. Isozyme and morpho-

logical data indicate that the three hybrid zones are very nar-or fertility, suggestive of a minimal role in reproductive
row, typically ,50 m in width. Genotypes are distributed ac-isolation (John 1981; Sites and Moritz 1987; Coyne
cording to habitat within each hybrid zone, with H. petiolaris-et al. 1993). Analyses of patterns of introgression in
like individuals found in higher, drier microhabitats, and H.

experimental hybrids between H. annuus and H. petio- annuus-like individuals in lower, wetter microhabitats. All
laris are consistent with the view that chromosomal re- three zones occur on sites created by human disturbance and

probably originated when the county was homesteaded in thearrangements are a significant impediment to gene flow
early 1900s.between these two species (Rieseberg et al. 1995b, 1996a).

For each hybrid zone, we collected achenes from 10 mater-However, this result has not been replicated in natural
nal plants that resembled H. annuus morphologically and thus

hybrid zones. Here we compare rates of introgression probably represented later generation backcrosses toward H.
across linkage groups that carry rearrangements with annuus. This sampling strategy facilitates comparisons with

data from experimental introgression lines that involve back-those that are completely colinear. Reduced introgres-
crosses in the same direction (Rieseberg et al. 1995b, 1996a).sion in rearranged linkage groups would imply an im-

Maternal plants were selected at 1- to 2-m intervals alongportant role for chromosomal rearrangements as repro-
a transect from the center of the hybrid zone, where early

ductive barriers, at least in this species pair. generation hybrid plants predominate, to the edge of the
Study species: Helianthus annuus and H. petiolaris are hybrid zone, where only parental-like individuals were found.

Four to five achenes from each maternal plant were propa-self-incompatible diploid (n 5 17) annuals with similar
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gated in Indiana University greenhouses. Leaf tissue was col-
lected from a total of 139 juvenile individuals and used for
DNA isolations.

To estimate allele frequencies in the parental species, mo-
lecular data were also gathered from three “pure” populations
of each species (Figure 1). For H. annuus, 15 individuals were
sampled from a population in Keith Co., NE (annuus-1; N 5
15; locality data in Rieseberg et al. 1998), z3 km from the
three hybrid zones. Given the possibility that this population
might have been exposed to interspecific gene flow with
H. petiolaris, the remaining samples (10 from each population)
came from more distant, allopatric locations: annuus-2 (4.8
km east of Weed, Hwy. 97, Siskiyou Co., CA; Rieseberg 102)
and annuus-3 (40 km east of Fort Stockton, Hwy. 18, Pecos Co., Figure 1.—Collection localities of H. annuus, H. petiolaris,TX; Rieseberg 1095). A similar strategy was taken for H. petiolaris. and hybrid zones.Fourteen individuals were sampled from a population in Ar-
thur Co., NE (petiolaris-1; locality data in Rieseberg et al. 1998),
z30 km from the three hybrid zones. The remaining samples were based on a map of H. annuus (Rieseberg et al. 1995b,
(10 from each population) came from more distant locations: 1996a,b). However, several linkage groups had very small map
petiolaris-2 (1.7 km south of Jct. Hwy. 264 and Hwy. 6, Navaho distances (i.e., low recombination rates) in H. annuus, creating
Co., AZ; Rieseberg 1106) and petiolaris-3 (0.4 km north of Cana- the illusion of tight linkage between markers that were more
dian River, I-44, Cleveland Co., OK; Rieseberg 1224). widely spaced in linkage maps of H. anomalus and H. petiolaris.

Laboratory methods: DNAs were isolated and purified as For this reason, the map distances employed for graphical
described by Rieseberg et al. (1995b). Briefly, fresh leaf tissue purposes in the present study (Figures 4 and 5) represent
was ground in a CTAB extraction buffer (Whitkus et al. 1992), averages over all three maps. However, the order of markers
filtered through a layer of miracloth (Calbiochem, San Diego), is that of H. annuus because most of the plants from the
and extracted following the method of Doyle and Doyle hybrid zones belong to the same fertility group as H. annuus
(1987). Pelleted DNAs were dissolved in TE, further purified (Rieseberg et al. 1998) and thus seem likely to share its chro-
using the ELU-QUICK DNA purification kit (Schleicher and mosome structure.
Schuell, Keene, NH), and then quantified on a fluorometer. Expected frequencies of introgressed markers: To deter-

Eighty-eight randomly amplified polymorphic DNA (RAPD) mine whether individual markers or chromosomal fragments
markers specific to H. petiolaris were chosen from the genetic are under significant positive or negative selection, we must
linkage maps of H. petiolaris and H. anomalus (Rieseberg et estimate expected frequencies of marker introgression under
al. 1995c; Ungerer et al. 1998); H. anomalus is a stabilized neutral conditions. Because of our imprecise knowledge of
hybrid derivative of H. annuus and H. petiolaris (Rieseberg et the genealogical history of each individual, we cannot use
al. 1995c). The markers represent all 17 sunflower linkage pedigree information to calculate expected marker propor-
groups and cover 57.8% of the sunflower genome as mapped tions in natural hybrid zones. However, in previous studies of
by our group (Rieseberg et al. 1995c; Ungerer et al. 1998). an experimental introgression line between H. annuus and H.
Previous mapping studies indicate that these markers are heri- petiolaris (58 individuals tested), it was shown that for linkage
table and reproducible (Rieseberg et al. 1995c; Ungerer et groups that were colinear between the two species, propor-
al. 1998). To verify that the bands scored in individuals from tions of introgressed markers per individual did not differ
the hybrid zone were indeed homologous to those previously significantly from neutral expectations (Rieseberg et al. 1995b).
mapped, homology relationships for each RAPD marker were If we assume this is the case for natural hybrid zones, we can
tested following the methodology of Rieseberg (1996). Puta- use marker introgression frequencies from collinear linkages
tively homologous RAPD fragments from the three hybrid to provide an estimate of expected rates of introgression under
zones, two adjacent parental populations, and one of the origi- neutral conditions. Combining this with the known parental
nal mapping populations (one individual/band per popula- allele frequencies for each locus (from the adjacent parental
tion) were gel isolated and individually restricted with HaeIII populations), we can generate a measure of what overall intro-
and HinFI. Identical restriction profiles were taken as evidence gression would be for each individual under neutral condi-
of fragment homology. Observations of linkage disequilibrium tions. This measure is a maximum likelihood estimate of the
between linked markers in the three hybrid zones provide proportion of alleles from colinear linkages in an individual
further confirmation of marker homologies. that are derived from H. petiolaris, based on that individual’s

RAPD amplifications followed the general procedure of allelic makeup and the known frequencies of the alleles at
Williams et al. (1990). The amplifications were carried out each locus in the parental reference populations. Because
in a total volume of 25 ml starting with 1 ml (10 ng) of purified ecological selection is likely in the wild, but not under green-
template DNA, 10 pmol of primer, and a final concentration house conditions, the frequency of H. petiolaris-derived alleles
of 2 mm MgCl2, 30 mm Tricine, 50 mm KCl, 5% acetamide, is likely to be lower in wild hybrid zones than in the experimen-
100 mm each dNTP, and 1 unit of Taq DNA polymerase. The tal hybrids. This approach may lead to an underestimate of
reactions were overlaid with mineral oil and placed in an MJ the number of underrepresented (negatively selected) loci
Research (Watertown, MA) Thermal Cycler programmed for and an overestimate of overrepresented (positively selected)
an initial denaturization step of 1 min at 948, 45 cycles of 1 loci. Thus, estimates provided here of the number and magni-
min at 948, 1 min at 368 (528 for RAPD primers UBC801-900), tude of chromosomal segments contributing to isolation are
and 2 min at 728, and a final extension at 728 for 7 min. conservative.
Amplification products were separated by electrophoresis in Let the observed frequency of the dominant allele at a
1.5% TBE agarose gels and detected by staining with ethidium locus in the H. petiolaris population be denoted by r and the
bromide. frequency of the dominant allele at that locus in the H. annuus

Map distances and marker orders: In previous studies of population by s, and let h represent the overall proportion of
colinear alleles in a hybrid individual inferred to be derivedhybrids between H. annuus and H. petiolaris, map distances
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Figure 2.—Probability distribution for number of intro-
gressed markers at locus D4-1.6 (linkage B). Figure 3.—Probability distribution for number of permuta-

tions against magnitude of marker effect on fertility for locus
D4-1.6 (linkage B).

from H. petiolaris. Because RAPD loci are dominant, for a
given individual the probability of observing the “petiolaris”
(dominant) allele at a locus is Linkage among markers on the same linkage group should

lead to correlated states and deviations, and we corrected forPr(dominant) 5 [hr 1 (1 2 h)s]2

these associations so as to estimate the actual effects of each
1 2[((1 2 h)(1 2 s) locus. We were unable to estimate the exact effects physical

linkage should have on associations because we do not know
1 h(1 2 r))(hr 1 (1 2 h)s)]; the number of generations of recombination that created

the genotypes analyzed. Thus, we have simply used overallthe probability of observing the null (recessive) allele at that
associations among markers on the same linkage group tolocus is
account for physical linkage, even though this must necessarily

Pr(recessive) 5 [(1 2 h)(1 2 s) 1 h(1 2 r)]2. include the effects of epistatic selection within linkage groups.
For this conservative estimate of linkage effects, we calculatedTherefore, the likelihood function for h (for h 5 0–1) of an
r, the Pearson correlation coefficient for discrete variablesindividual is calculated over all colinear loci as
(Bishop et al. 1975), between all pairwise combinations of
linked loci (JMP 3.1.5, SAS Institute Inc.). This provides a
statistical measure of the extent to which any two loci covary
in this population. The deviation of introgressed marker countL(h) 5 o

n

l51 5
Log[[(1 2 h)(1 2 s) 1 h(1 2 r)]2] if recessive,

Log[[hr 1 (1 2 h)s]2

1 2[((1 2 h)(1 2 s)

1 h(1 2 r))(hr 1 (1 2 h)s)]] if dominant,
from expectation at a locus could then be scaled by the magni-
tude of the effect of neighboring loci (e.g., a r value of 0.5
would change a deviation of 16 to 13) and the likelihood ratio(1)
test was recalculated. Individual loci that retained significant

where l 5 number of locus 1, 2, . . . , n. We can then use the deviations after all pairwise effects of linked loci were taken
maximum likelihood value of h, hm, to calculate the expected into account were considered to represent a single factor. In
probability of observing the “petiolaris” band allele at any one addition, other loci that remained significant in the presence
locus in any one individual: of these previously inferred loci, but which had significant

(reciprocal) effects on each other were considered a singlePr(band present) 5 hmr 1 (1 2 hm)s. (2)
factor.

Fertility analysis: Pollen viabilities in parental individualsUsing the values of Pr(band present) across all individuals for
a locus, it is straightforward to generate a probability distribu- ranged from 0.92 to 1.00, and repeated analyses of pollen

from selected plants revealed substantial variance around esti-tion for the expected number of introgressed markers at a
locus, given our null hypothesis of neutral conditions (Equa- mates for individual plants (SE 5 2.3/100 grains counted).

As a result, hybrids with pollen viabilities between 0.9 and 1.0tion 1). For example, at locus D4-1.6 (linkage B), the probabil-
ity of observing an H. petiolaris marker under neutral condi- were treated as fully fertile. For consistency, the remaining

hybrid viability scores were pooled into categories of equaltions ranges from 0 (for an individual that is effectively “pure”
H. annuus) to 0.79 (for an individual with a high fraction of size (0.8–0.9, 0.7–0.8, etc.).

We could not perform a standard marker-based QTL analy-introgressed markers). Multiplying the probabilities of observ-
ing and not observing a marker at each locus, we obtain the sis because our sample populations resulted from an unknown

number of overlapping hybrid generations. However, we couldprobability distribution in Figure 2. A likelihood ratio test was
used to determine significant deviations from expectations, test marker-trait associations for significance using a permuta-

tion test (Good 1994). Given the distribution of pollen viabili-with a significance level of two log-likelihood units, corrected
for multiple tests on a chromosome with the Bonferroni ties among individuals and introgressed marker frequencies,

we generated a probability distribution of mean pollen viabili-method. All analyses were carried out with Mathematica 3.0
(Wolfram Research 1996). ties for each marker, assuming random associations among
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markers and pollen viability scores (see Figure 3 for an exam- observations, suggesting that most plants represent ad-
ple of an observed probability curve). The relatively small vanced generation backcrosses toward H. annuus.
number of possible fertility scores enabled us to compute all A broad comparison of the frequency of marker intro-the possible permutations of fertility scores against markers

gression in the 7 colinear linkages vs. the 10 rearrangedfor the introgression frequencies of interest. We then com-
linkages shows that the average frequency of intro-pared the observed mean pollen viability score for each locus

to the expected mean using a likelihood ratio test, with two log- gressed markers in the rearranged linkages is approxi-
likelihood units with Bonferroni correction as the significance mately half that of colinear linkages for all three hybrid
cutoff (Sokal and Rohlf 1995). To account for the effects zones (hybrid zone 1: 0.102 colinear vs. 0.063 rear-
of physical linkage on fertility associations, we again used ranged, t 5 3.30, P 5 0.0018; hybrid zone 2: 0.178estimates of the correlation coefficient, r, between all pairwise

colinear vs. 0.102 rearranged, t 5 5.04, P , 0.0001;combinations of linked loci, to scale the observed fertility
hybrid zone 3: 0.116 colinear vs. 0.059 rearranged, t 5reduction at a locus by the effects of neighboring loci. Because

low fertility appears to be associated with early generation 3.64, P 5 0.0007; all zones: 0.131 colinear vs. 0.074
hybrids, we were concerned that the significant effects of some rearranged, t 5 6.89, P , 0.0001). This indicates that
loci might be spurious due to associations with other unlinked chromosomal rearrangements represent a substantial
loci (i.e., genome-wide linkage disequilibria). Thus, we also impediment to introgression. Because the three inver-repeated the above test for pairwise interactions between all

sions are nested within translocated chromosomeunlinked loci in the genome.
blocks, it was difficult to distinguish between the effects
of translocations and inversions on introgression. Rates
of introgression across inverted chromosomal blocks

RESULTS were lower than rates across chromosomal blocks with
translocation breakpoints only, but the difference wasMarker frequencies in parental populations: The 88
not significant. Likewise, no significant correlations wereRAPD markers employed in this experiment occurred
observed between the complexity of predicted multiva-at high frequencies in the three presumably pure popu-
lent configurations in meiosis (trivalents vs. quadriva-lations of H. petiolaris (mean frequencies were 0.82, 0.82,
lents vs. hexavalents) and rates of introgression.and 0.83 in petiolaris-1, petiolaris-2, and petiolaris-3, respec-

In addition to differences in the degree of introgres-tively) and were completely absent in the two allopatric
sion between colinear and rearranged linkage groups,populations of H. annuus (annuus-2 and annuus-3).
our analysis revealed substantial heterogeneity in theHowever, 17 of the 88 markers occurred at low frequen-
introgression rates of markers within each of these geno-cies (mean introgression 5 0.017) in the parapatric H.
mic regions (Figure 4). Nonetheless, patterns of markerannuus population, suggestive of limited introgression
introgression were strikingly consistent across the threeinto this population.
hybrid zones (Figure 4). In no instance did the sameLinkage disequilibrium and marker orders along link-
marker introgress at significantly higher than expectedage groups: Patterns of linkage disequilibrium along
frequencies in one hybrid zone and at significantly lowerlinkage groups were largely consistent with previously
than expected frequencies in a second hybrid zone.

determined marker orders (Rieseberg et al. 1995c;
Furthermore, of the 88 markers, 55 (63%) introgressed

Ungerer et al. 1998). That is, marker associations were at frequencies that deviated from expectations in the
highest between adjacent markers and declined with same direction in all three hybrid zones (the average
map distance as would be predicted. In several instances, pairwise correlation between the deviation scores in the
however, markers spanning translocation breakpoints three hybrid zones is 0.68; P , 0.0001 for all compari-
showed little disequilibria (a predicted result since these sons). The consistency of introgression across the three
markers are not linked in H. petiolaris). Another excep- zones indicates that much of the genome is under selec-
tion was observed for linkage group U, in which markers, tion and that drift has had a minor effect on the frequen-
although clearly linked, exhibited patterns of associa- cies of most markers.
tions that were not consistent with marker orders. This In all three hybrid zones, almost all overrepresented
may be due to an inversion polymorphism within one markers were in the colinear part of the genome,
of the parental species. Alternatively, marker orders for whereas most underrepresented markers mapped to re-
linkage group U may have been incorrect in the original arranged linkages (Table 1; Figure 4). Pooled data for
mapping populations for some unknown reason. the three hybrid zones (Figure 4) revealed that 42 mark-

Introgression: All but four of the tested individuals ers introgressed at significantly lower than expected fre-
from the three hybrid zones had a hybrid ancestry, with quencies (11 from colinear and 31 from rearranged
the frequency of introgressed markers per individual linkages). A total of 8 markers from the pooled data
ranging from 0 to 0.65. Taking into account allele fre- set introgressed at significantly higher than expected
quencies of the parental populations, this translates into frequencies and map to colinear linkages.
hybrid index scores of 0–0.59, with a mean hybrid index Because markers that deviate significantly from neu-

trality are sometimes on the same linkage group, theof 0.063. These data are consistent with morphological
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Figure 4.
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Figure 4.—(continued).
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Figure 4.—(continued).
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effects of linkage must be considered before chromosomal reduction in pollen viability observed in early genera-
tion hybrids (Heiser 1947). Searches of the pooled datasegments contributing to isolation can be counted. Thus,

we calculated a maximum likelihood estimate of the set for correlations between pollen viability and the 88
molecular markers revealed that 60 markers represent-pairwise associations (r) between all markers on each

linkage group as described in materials and methods. ing 21 independent chromosomal blocks were signifi-
cantly associated with reduced pollen fertility (FigureMarker deviations that remained significant after the

effects of linkage were removed were considered to rep- 5). Ten of the fertility blocks were found on colinear
linkage groups, suggesting that at least part of the reduc-resent independent chromosomal blocks.

For the colinear linkages, the 11 markers that intro- tion observed in hybrid male fertility results from genic
factors. The remaining 11 blocks are from rearrangedgressed at significantly lower than expected frequencies

represent a minimum of eight negatively selected chro- linkages. However, fertility blocks are so large within
the rearranged linkage groups that it was not possible tomosomal blocks. Presumably, each block contains one

or more genes that are disadvantageous in hybrids, but distinguish between the contributions of chromosomal
and genic factors for these blocks.the possibility they contain small or “cryptic” chromo-

somal rearrangements cannot be ruled out. An addi- Of the 21 fertility blocks, 14 were associated with one
or more significantly underrepresented blocks identi-tional two blocks are tightly linked to positively selected

loci (linkages B and C; Figure 4) and appear to be fied in the introgression analysis, while only 3 were asso-
ciated with significantly overrepresented blocks. Of thesedisadvantageous when the effects of linkage are consid-

ered. 3, only 1 was associated solely with a positively selected
block. Most likely, the discovery of 7 fertility segmentsFor the 10 rearranged linkage groups, 16 negatively

selected chromosomal blocks are required to explain not associated with negatively selected chromosomal
blocks indicates that our analytical methods are under-patterns of introgression. Of these, 2 occur within inver-

sions (linkage blocks W and O; Figure 4), suggesting that estimating negative selection in the hybrid zone. Alter-
natively, these blocks may have small effects on fertilitythey may result from inversion polymorphisms. Several

other negatively selected blocks include markers that or are linked to loci that are advantageous in hybrids.
In addition, several blocks that appear to be stronglyare closely adjacent (,25 cM) to translocation break-

points. However, in only 3 such blocks (on linkages T, negatively selected in the hybrid zones were not signifi-
cantly correlated with reduced hybrid fertility. This mayRQ , and U; Figure 5) are the markers closest to the

translocation breakpoint most strongly negatively se- be due to the lack of power associated with the low
frequency of some of these blocks in the hybrid zoneslected. Presumably, these 3 blocks are negatively se-

lected due to translocations. The remaining 11 nega- (i.e., they may have already been purged from the popu-
lation). For example, markers on linkages R (tr1-0.6)tively selected blocks within the rearranged linkage

groups most likely carry genes that reduce hybrid fitness and T (C20-1.4 and C2-0.6) are absent in all introgressed
plants, making a measure of correlation with pollen(although their low frequency in the hybrid zones may

result from both genic and chromosomal factors). Sum- viability impossible. Alternatively, some of the negatively
selected blocks identified by the introgression analysismarizing across the entire genome, 21 genic and at least

5 chromosomal factors were detected that isolate these may contain genes that affect isolating mechanisms that
were not studied here, such as pollen competition (Riese-species (Figure 4; Table 1).

Although the genetic basis of isolation was the focus berg et al. 1995a) and habitat selection (Heiser 1947).
The analysis discussed above takes into account link-of this study, 11 chromosomal segments appeared to be

advantageous in hybrids (Figure 4; Table 1). However, age disequilibria among markers on the same linkage
group. However, significant linkage disequilibrium wasthis result should be viewed with caution because our

analytical methods may overestimate positive selection. sometimes observed among unlinked loci as well, partic-
ularly for those loci most highly correlated with reducedAnalyses of pollen fertility: The most obvious isolating

mechanism between H. annuus and H. petiolaris is the fertility. This might be a result of epistatic interactions

Figure 4.—Direct count deviations from the expected numbers of introgressed markers in three natural hybrid zones between
H. annuus and H. petiolaris, as well as from a pooled data set. For the pooled data set, independently selected chromosomal
blocks (after consideration of linkage effects) are indicated by 11 or 21, depending on the direction of selection. Parentheses
indicate additional segments that appear to be affected by selection after consideration of linkage effects. The sizes of the
independently selected chromosomal segments are indicated by a line above the data bars.

Map distances are given below each linkage group and represent averages across three genetic maps for wild sunflowers
(Rieseberg et al. 1995c; Ungerer et al. 1998). Markers are given above each linkage group and are shown in the same order
as found in H. annuus. Marker nomenclature includes, from bottom to top, the primer designation and the size in base
pairs of the segregating fragment scored (primers A1–A20, B1–B20, C1–C20, D1–D20, E1–E20, and F1–F20 are from Operon
Technologies; primers 100–900 are from the University of British Columbia Biotechnology Center). (a) Colinear linkage groups.
(b and c) Rearranged linkage groups.
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TABLE 1

Frequency of over- and underrepresented markers in the
colinear and rearranged parts of the genome

Colinear (30 markers) Rearranged (58) Total (88)

Markers Blocks Markers Blocks Markers Blocks

Zone 1
. expected 5 3 1 1 6 4
, expected 5 5 12 8 17 13

Zone 2
. expected 6 6 1 1 7 7
, expected 6 4 18 12 24 16

Zone 3
. expected 6 6 0 0 6 6
, expected 3 3 9 8 12 11

Pooled
. expected 8 (1 2)a 7 (1 2) 0 (1 2) 0 (1 2) 8 (1 4) 7 (1 4)
, expected 11 (1 2) 8 (1 2) 31 16 42 (1 2) 24 (1 2)

a Numbers in parentheses represent additional markers or blocks that became significant after linkage was
taken into consideration.

among these loci. However, low fertility is also associated of segments that have been shown to affect hybrid fitness
in a plant species pair, confirming the predicted resolv-with early generation hybrids, possibly resulting in ge-

nome-wide disequilibria. If this latter explanation is ing power of this approach. Third, by searching for
correlations between reduced pollen viability and intro-true, it implies that the significant effects of some blocks

might be spurious. Because we could not distinguish gressed markers, we were able to demonstrate that pol-
len sterility is significantly associated with 16 of thesebetween the two possible explanations, we have also

analyzed the data using the conservative approach of 26 segments (Figure 5). This result not only provides a
straightforward explanation for why this subset of blocksremoving all linkage disequilibrium effects from the

analysis in the same manner as for linked loci. After is disadvantageous in hybrids, but also demonstrates the
feasibility of using hybrid zones for marker-assisted QTLthis, 14 of the 21 chromosomal blocks associated with

reduced pollen viability remain significant (Figure 5). analyses. Finally, comparison of rates of introgression
across colinear and rearranged chromosomes provides
a simple but direct method for estimating the relative

DISCUSSION contributions of chromosomal rearrangements and
genic factors to genetic isolation.Hybrid zones are often viewed as natural experiments

Although our data demonstrate the potential utility ofthat serve as windows on evolutionary processes such as
hybrid zones for studies of genetic architecture, severalspeciation (Barton and Hewitt 1985; Harrison 1990;
drawbacks to this method are identified as well. FromArnold 1997). In particular, the highly recombinant
a practical standpoint, it can be difficult to find enoughgenotypes found in hybrid zones offer a unique oppor-
taxon-specific markers to conduct such a study, particu-tunity to dissect the architecture of barriers between
larly for closely related taxa. Experimental crosses re-species. However, only recently have genetic mapping
quire markers that differentiate only the individuals be-tools become available that allow the genotypic diversity
ing crossed, not most or all individuals from each taxon,in hybrid zones to be fully exploited. In fact, as far as
so the marker requirements are much less formidable.we know, the present study represents the first detailed
Although markers need not be diagnostic for hybridapplication of these tools to the investigation of genetic
zone studies (Rieseberg et al. 1998), accurate estimatesarchitecture in natural hybrid zones.
of linkage disequilibrium between markers and traits ofOur results verify the predicted utility of hybrid zones
interest do require substantial interspecific differentia-for analyzing genetic architecture. First, patterns of in-
tion for the markers in question.trogression across the three hybrid zones were largely

A second problem concerns estimates of expectedconcordant (Figure 4), indicating not only that most
rates of introgression under neutral conditions in hy-chromosomal blocks are under similar selective regimes
brid zones. In experimental crosses, Mendelian rules ofin all three hybrid zones, but that this approach is robust
inheritance can be used to calculate expectations, butand repeatable. Second, we were able to identify 26
this is not possible in natural hybrid zones. This is achromosomal segments that appear to be negatively

selected in hybrids (Figure 4). This is the largest number serious problem, because overestimates of rates of neu-



723Introgression in Hybrid Zones

tral introgression will lead to overestimates of the num- enhanced recombination led to somewhat higher rates
of introgression across the rearranged linkages gener-ber of negatively selected chromosomal segments. Bi-

ases in the opposite direction will occur if rates of ally, although overall patterns were essentially identical.
The other important difference is that several mark-neutral introgression are underestimated. However, it

would seem that the latter bias is preferable to the for- ers that were significantly overrepresented in the experi-
mental hybrids are underrepresented in the naturalmer because we prefer a conservative estimate of gene

numbers. The analyses employed in this article use data hybrid zones: linkage C (marker 181-0.79), linkage F
(markers 476-0.55 and 220-1.4), and linkage S (226-0.7).from experimental hybridization studies to estimate ex-

pected rates of neutral introgression (see materials A possible explanation for this discrepancy is that these
markers are linked to ecological differences betweenand methods). Most likely, these analyses underesti-

mate rates of neutral introgression and, as a result, prob- the parental species that would not be selected against
in the greenhouse, but do represent a significant disad-ably underestimate the number and magnitude of nega-

tively selected chromosomal segments in these hybrid vantage in the wild. For all other blocks, the experimen-
tal and hybrid populations largely agree.zones.

A third problem concerns the detection of QTL that Patterns of introgression in both studies suggest a
complex basis for reproductive isolation, involving bothcontribute to isolation in hybrid zones. Because these

QTL are likely to be negatively selected, chromosomal individual genes and chromosomal rearrangements.
The prior study identified 14 negatively selected chro-segments that carry them will occur at low frequencies

in hybrid zones, reducing the power of QTL detection. mosomal segments within the colinear linkage (Riese-
berg et al. 1996a), compared to 10 in the present study.This problem was fairly severe in this study. In fact,

several H. petiolaris chromosomal segments were com- This difference is primarily due to reduced genomic
coverage in the present study (58 vs. 80% of the ge-pletely absent in all individuals sampled, and several

additional blocks occurred in such low frequencies that nome). For colinear regions assayed in both studies, 7
negatively selected blocks were detected in the experi-detection of significant effects on pollen viability was

not possible. mental hybrids vs. 10 in the present study (once again
emphasizing the increased power obtainable with in-A related problem is that the few negatively selected

chromosomal blocks that remain in the hybrid zone will creased recombination).
Inferences about numbers of negatively selectedbe found predominantly in early generation hybrids.

Thus, the advantage of highly recombinant genotypes blocks differ more dramatically for the rearranged link-
age groups. In the previous study, little recombinationwill be largely lost for QTL analyses of reproductive

barriers such as fertility. This problem is evident in the or introgression was observed in the rearranged link-
ages, and individual blocks under negative selectionpresent study, in which the effects of linkage were much

greater in the QTL analysis of pollen viability than in could not be identified. By contrast, the highly recombi-
nant genotypes from the three hybrid zones allowed usthe analysis of block frequencies (Figures 4 and 5).

Nonetheless, even with these problems, it is clear that to resolve fairly small chromosomal blocks, to identify
the subset of these (16 total) that were negatively se-hybrid zones provide unique opportunities for genetic

analyses of wild plant and animal species. Although we lected, and to differentiate between chromosomal and
genic effects. Nonetheless, even in the natural hybridemployed markers that had been previously mapped

in experimental populations, linkage between markers zones there was little recombination across three large
linkage blocks (G, K, and V). Perhaps there is strongcould also be inferred from analyses of pairwise associa-

tions. Thus, marker-assisted quantitative genetic studies epistatic selection to retain these blocks. Alternatively,
recombination may be disrupted in these genomic re-should be feasible in natural hybrid zones even in the

absence of preexisting linkage maps. gions in interspecific hybrids. If the latter hypothesis is
correct, studies of more ancient hybrid zones may en-Comparisons with experimental introgression lines:

Overall, patterns of introgression in natural hybrid able these blocks to be dissected.
Inferences about the nature of species and specieszones are similar to those previously reported for three

experimental introgression lines (Rieseberg et al. barriers: Patterns of introgression observed in these wild
sunflower hybrid zones allow us to make several infer-1995b, 1996a,b), but several differences were observed

as well. The biggest difference was expected: genotypes ences or generalizations about the nature of species and
species barriers. Although many of these can be derivedin the natural hybrid zone were more highly recombi-

nant than in the experimental hybrids, particularly from the hybrid zone literature generally (Harrison
1990), they may be most clearly demonstrated by thewhen rearranged linkage groups are compared. Greater

recombination enabled detection of negatively selected current data set.
First, our data illustrate the distinction between ge-blocks that were missed in the experimental hybrids

(e.g., linkage B, C18-1.1), as well as the subdivision of netic and reproductive isolation. H. annuus and H. petio-
laris are not fully reproductively isolated (i.e., hybridslarge negatively selected blocks into smaller ones in

the rearranged linkage groups. Also, it appears that are common in nature), yet introgression is limited out-
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side the immediate area of contact. In fact, all markers nuus and H. petiolaris appears to result from inversions
and translocations. This corroborates earlier studies ofin this study exhibited a substantial decrease in fre-

quency just 10–20 m from the center of the hybrid zone. artificial crosses that indicate an important role for chro-
mosomal rearrangements as barriers between these twoThus, genetic isolation may be a more reliable criterion

for species status than reproductive isolation. species (Rieseberg et al. 1995b).
Fourth, the identification of 26 negatively selectedSecond, our data demonstrate the semipermeable na-

ture of hybrid zones. Although much of the H. annuus chromosomal blocks (Figure 4; Table 1) is consistent
with other studies that report a complex genetic basisgenome is protected by selection from interspecific

gene flow, several genomic regions do appear to accept for traits that contribute to reproductive isolation (re-
viewed in Coyne and Orr 1998). Because the 26 blocksforeign alleles or chromosomal segments (Figure 4).

These observations are consistent with theory, which identified undoubtedly contribute to several different
components of isolation, this number is best comparedsuggests that reduced hybrid fitness serves as a barrier

to negatively selected loci and linked alleles, but not to indirect estimates of the numbers of factors reducing
hybrid fitness in hybrid zones of grasshopper (50–500;necessarily to neutral or advantageous alleles (Barton

and Hewitt 1985). Thus, as argued by Harrison Barton and Hewitt 1981) and toads (26–88; Szymura
and Barton 1991). Our estimates of factor numbers(1990), genetic isolation should be viewed as a property

of individual genes or chromosomal segments, not as a from these three sunflower hybrid zones probably
should not be viewed as substantially different from thatcharacteristic of entire genomes.

Third, our ability to assess the relative contributions of either animal hybrid zone, considering that (1) less
than 60% of the sunflower genome was sampled, (2)of genic and chromosomal factors to the genetic barrier

between these species contributes to the ongoing debate some blocks showed little recombination, (3) the fitness
effects of blocks from only one species (H. petiolaris)regarding the role of chromosomal rearrangements in

genetic isolation and speciation. Because the majority were tested, and (4) our analytical methods are likely to
have understimated the number of negatively selectedof plant and animal species that have been analyzed

karyotypically appear to differ in terms of chromosome blocks.
Our analyses of pollen fertility allow more direct com-structure (White 1978; Jackson 1985), some authors

have argued that chromosomal rearrangements play a parisons with the large body of experimental genetic
studies reviewed by Coyne and Orr (1998). Specifically,primary role in reproductive isolation and speciation

(Stebbins 1950; White 1978; King 1993). However, the identification of 21 chromosomal segments that con-
tribute to reduced pollen viability is consistent withthere are increasing numbers of reports in which re-

arrangements have been shown to have little or no effect other studies that have identified a large number of
factors that affect male sterility (e.g., True et al. 1996;on meiotic pairing or fertility (Shaw 1981; Sites and

Moritz 1987; Coyne et al. 1993), leading Coyne et al. Wu et al. 1996) and accords well with theoretical expec-
tations that the genetics of hybrid sterility will grow(1993) to conclude that “it can no longer be assumed

without proof that fixed or polymorphic chromosomal quickly in complexity as species diverge (i.e., the snow-
ball effect; Orr 1995). Linkage disequilibria among fer-rearrangements are underdominant in nature” (p. 495).

Unfortunately, it is difficult to prove that chromosomal tility loci from different linkage groups (not shown)
also suggest the existence of complex higher order inter-rearrangements themselves are responsible for meiotic

abnormalities or reduced fertility because it is difficult actions among chromosomal segments that contribute
to reduced male fertility as has been reported in Dro-to rule out genic effects (although see Darlington

1932; Tadmor et al. 1987; Quillet et al. 1995). Even sophila (Palopoli and Wu 1994; Davis and Wu 1996),
but a full exploration of these interactions is beyondwhen the rearrangements are shown to contribute to

reduced fertility, their overall contribution to genetic the scope of the present study.
Polymorphism levels for isolating factors: The con-isolation in nature has rarely been assessed (although

see Shaw et al. 1986). Map-based studies of introgression gruent patterns of introgression in the three sunflower
hybrid zones might be viewed as evidence for low levelsin natural hybrid zones such as this one provide a means

by which the contributions of chromosomal rear- of intraspecific polymorphism for factors that contrib-
ute to isolation. However, the fact that all three hybridrangements and genic incompatibilities to isolation can

be teased apart. Here we demonstrate that approxi- zones, although apparently independent, occur in the
same large county in western Nebraska, reduces themately half the barrier to introgression between H. an-

Figure 5.—Magnitude of individual marker effects on mean fertility reduction for pooled data from three natural hybrid
zones between H. annuus and H. petiolaris. Independent chromosomal blocks (after consideration of linkage effects) that
significantly affect pollen viability are indicated by the letter F. The sizes of these segments are indicated by a line above the
data bars. Asterisks indicate blocks that no longer have a significant effect on fertility after genome-wide linkage disequilibrium
is taken into account. Map distances and marker nomenclature are as in Figure 4.
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