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Abstract Although invasive plant species often have
a hybrid ancestry, unambiguous evidence that hybrid-
ization has stimulated the evolution of invasive
behaviors has been difficult to come by. Here, we
briefly review how hybridization might contribute to
the colonization of novel habitats, range expansions,
and invasiveness and then describe work on hybrid
sunflowers that forges a direct link between hybrid-
ization and ecological divergence. We first discuss the
invasion of Texas by the common sunflower and show
that the introgression of chromosomal segments from a
locally adapted species may have facilitated range
expansion. We then present evidence that the coloni-
zation of sand dune, desert floor, and salt marsh hab-
itats by three hybrid sunflower species was made
possible by selection on extreme or ‘‘transgressive”
phenotypes generated by hybridization. This body of
work corroborates earlier claims regarding the role of
hybridization in adaptive evolution and provides an
experimental and conceptual framework for ongoing
studies in this area.
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Introduction

The enormous ecological and financial costs of invasive
species (Pimental et al. 2000) have led to a recent burst
of research interest in invasion dynamics. These
dynamics are typically understood in the context of two
sets of traits: those of the recipient community and
those of the invading species (Sakai et al. 2001). For
example, community species diversity has often been
linked to susceptibility to invasion (Levine and
D’Antonio 1999), and traits such as short generation
time and rapid growth are often associated with inva-
sive behavior of individual species (Baker and Stebbins
1965). Here, we focus on the issue of what makes one
species more invasive than another, given similar
community contexts.

In plants, certain life-history features are more likely
to be found in invasive than in non-invasive species.
They include short generation time, fast growth, gen-
eral habitat requirements, self-compatibility, and small
seeds with efficient dispersal mechanisms (Baker and
Stebbins 1965). The correlation of characteristic life
history traits with weediness is reflected in r versus K
strategies (Pianka 1970) and R-C-S life history
schemes, where Ruderal species maximize allocation
to reproduction, Competitive species maximize allo-
cation to growth, and Stress-tolerant species grow
slowly but have high survival (Grime 1977). In a
noteworthy pair of studies on life history correlates of
invasiveness, four traits were found to be highly cor-
related with invasiveness in the woody genus Pinus:
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short time between large seed crops, small seeds, a
short juvenile period, and high relative growth rate
(Rejmanek and Richardson 1996; Grotkopp et al.
2002). However, many weedy species have alternate
traits (Williamson 1996) and other species with these
traits are not invasive (Erlich 1989).

In addition to identifying the attributes determining
invasive success, it is important to understand how
species acquire these attributes in the first place. Such
knowledge could help predict which species may pose a
threat and suggest strategies for the management of
both demonstrated invasives and potentially invasive
new introductions. While many species may arrive in a
novel habitat preadapted for success, post-arrival pro-
cesses may be equally important in determining inva-
siveness. These processes, including hybridization, in
situ selection, and founder effects, have received
increasing attention in an invasion context (Abbott
et al. 2003; Ellstrand and Schierenbeck 2000; Lee
2002). Our goal is to briefly summarize evidence link-
ing hybridization to the colonization of new habitats
and increased invasive behavior in plants, focusing on
lessons derived from a well-studied system, the annual
sunflowers (Helianthus).

Hybridization and the evolution of invasive plants

Hybridization is a widespread and evolutionarily
important phenomenon in plants (Stace 1975; Riese-
berg and Wendel 1993; Ellstrand et al. 1996; Arnold
1997). When related species or races grow in sympatry
and hybridization occurs, genes from one species or
race may be added to the gene pool of the other by
hybridization and backcrossing or ‘‘introgressive
hybridization.” Alternatively, new hybrid gene com-
binations may become established through allopoly-
ploidy, clonal or asexual reproduction, selfing, or
diploid hybrid speciation (Barton 2001). Regardless of
mechanism, if the hybrid gene combinations enhance
growth and competitive ability in novel environments,
invasive success may be increased (Harlan and De Wet
1963; Lewontin and Birch 1966; Small 1984; Stebbins
1985; Abbott 1992; Galatowitsch et al. 1999; Kim and
Rieseberg 1999; Ellstrand and Schierenbeck 2000;
Blumler 2003). Of course, in many instances hybrid-
ization will have no impact on invasiveness.

While other mechanisms leading to the success of
invasive plants clearly occur, and numerous invasive
species have no history of hybridization, interspecific
gene flow may be an important factor in the success of
many invasive plants, especially in closely related crop-
weed complexes (Langevin et al. 1990). In a recent
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review, Ellstrand (2003) found that 22 of the 25 most
important food crops hybridize with wild relatives in at
least part of their range. One example is hybridization
of maize with teosinte (Zea mexicana), a weed in
agricultural fields in Mexico. Crop-wild gene flow has
resulted in forms of the weed with morphological fea-
tures that are typical of the crop (mimicry) (Wilkes
1977; Barrett 1983), which makes weed control
extremely difficult.

Hybridization of weedy species need not be limited
to crop species and may occur with other related weed
species, non-weedy introduced species, and native
species (Abbott 1992; Stebbins 1985; Rieseberg et al.
1990a; Ellstrand and Schierenbeck 2000; Arnold 2004).
Some of the best examples come from the genus
Helianthus (see below). In Britain, a novel radiate form
of Senecio vulgaris apparently originated by intro-
gressive hybridization with the radiate species
S. squalidus and has become widely distributed
(Abbott et al. 2003). It is unlikely that the radiate
character is directly related to the success of the hybrid
but may serve as a marker for other adaptive traits.
Baker (1972) suggested that weedy radishes (Raphanus
sativus) have arisen through repeated hybridization
with cultivated forms and related weed species.
Rhododendron ponticum tolerates a wider temperature
range in Britain than in its native mainland Europe,
perhaps as a result of hybridization with an introduced
North American species (Abbott 1992; Milne and
Abbott 2000). For all of these cases, however, the link
between hybridization and increased invasive behavior
has not been definitively established, and more work
on mechanisms is clearly needed.

Hybridization may promote the persistence,
aggressiveness and ecological amplitude of invasive
plant populations through three distinct mechanisms.

Heterosis

Hybrid offspring may have increased vigor resulting
from high levels of heterozygosity (Stebbins 1985).
Possible examples are an array of Spartina hybrids
currently invading several continents (Ainouche et al.
2003). In a famous case in Britain, hybridization
between the native S. maritima and introduced
S. alternifolia resulted in an allotetraploid (S. anglica).
While heterosis has not been confirmed, the allotetra-
ploid is a vigorous invader that has displaced the
parental species in certain coastal habitats (Gray et al.
1991) and has colonized entirely new habitats
(Thompson 1991). Likewise, two new Tragopogon
allopolyploids have become invasive and are replacing
their parents in parts of the Pacific Northwest U.S.A
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(Soltis et al. 2004). Other well characterized instances
that involve clonal diploid hybrids include a hybrid
Tamarix genotype that now dominates many riparian
areas in the western U.S. (Gaskin and Schaal 2002) and
a hybrid water milfoil (Myriophyllum), which is an
aggressive aquatic weed in the northeastern U.S. and
upper Midwest (Moody and Les 2002). In the absence
of processes that fix heterozygous genotypes, such as
allopolyploidy, apomixes, and clonal spread, heterosis
will be transitory. However, the high frequency of
these processes in the plant kingdom suggests that
hybridization has been historically important, and that
heterosis can be stabilized.

Increased genetic variation

Hybridization may increase genetic variation in
hybridizing populations, providing a larger pool of raw
material for adaptive evolution (Anderson 1949;
Anderson and Stebbins 1954; Stebbins 1959; Ratten-
bury 1962; Raven 1976; Sun and Corke 1992; Neuffer
et al. 1999; Ainouche et al. 2003). Increased invasive-
ness might be due to augmented levels of genetic var-
iability alone and/or to the fixation of novel
combinations of genes and phenotypes (Stebbins 1969;
Arnold 1997; Rieseberg et al. 1999a; Thompson 1991).

There are several ways in which novel gene combi-
nations or phenotypes may arise and become estab-
lished (Ellstrand and Schierenbeck 2000). For
example, the new hybrid lineages may be fixed for trait
values that are intermediate between the parental
species, as has been reported for Carprobotus hybrids
that are invading coastal habitats of California (Weber
and D’ Antonio 1999) and in the allopolyploid Spartina
anglica (Thompson 1991). Hybrids may also recombine
the traits of their parents. This appears to have
happened in Iris (Burke et al. 2000; Johnston et al.
2001), in which the homoploid hybrid species Iris
nelsonii (adapted to shady, freshwater habitats)
appears to be a novel recombinant for ecological tol-
erances that differentiate its parental species (shade/
saltwater and sun/freshwater). Finally, hybrids may
display extreme or “‘transgressive’’ traits. A review of
171 studies of segregating plant and animal hybrids
indicates that transgression is nearly ubiquitous
(Rieseberg et al. 1999a). Only 15 of the 171 studies
failed to report a transgressive trait, and 44% of 1,229
traits examined were transgressive. Although most
transgressive hybrids will be poorly adapted to local
environmental conditions, some may exhibit greater
adaptation than one or the other parental species. For
example, Clausen and Hiesey (1958) found that a small
number of F, progeny of intra specific hybrids of

Potentilla glandulosa had significantly greater fitness
than either parent over an altitudinal gradient. Patterns
of herbivore resistance may also exhibit a transgressive
pattern, in which some hybrids are more resistant to
natural enemies than the parental species (Strauss
1994; Fritz et al. 1999). This may be a consequence of
novel secondary compounds produced by hybridization
(Orians 2000).

While transgression is typically associated with seg-
regating diploid hybrids, extreme phenotypes often
arise in allopolyploid lineages as a consequence of
changes in genome size, heterosis (Thompson 1991;
Stebbins 1985), and selection on post-polyploid geno-
mic changes (Pires et al. 2004). As a consequence,
polyploids often are able to colonize habitats that are
more extreme than those of their parental species and
allopolyploidy is frequently associated with invasive-
ness (Stebbins 1985).

Reduced genetic load

Ellstrand and Schierenbeck (2000) speculate that
hybridization may provide a mechanism by which
populations may purge accumulated genetic load. The
rationale is that small or isolated natural populations
are unlikely to become fixed for deleterious alleles at
the same loci. Thus, hybridization offers a means to
exchange deleterious alleles for neutral or advanta-
geous counterparts from the alternative population or
species. Possibly, the fitness boost associated with
reduced load might contribute to invasiveness, but this
has not been shown.

Range limits

Invasions and range expansions are qualitatively simi-
lar processes, although there are differences as well.
For example, the average invasion probably has to
bridge a larger change in environmental conditions
than do range expansions, invasions often involve
acute transitions to novel environments while coloni-
zations may be more gradual, and invasions are less
likely to be hampered by gene flow from ancestral
populations than colonizations. Nonetheless, many of
the factors that limit the range of a species are also
likely to limit invasions, so parallels between the two
processes are worth exploring.

Both ecological and genetic factors may serve to
limit the geographical and/or ecological distribution of
a species (Marshall 1968; Silander and Antonovics
1979; Levin and Clay 1984; Hoffmann and Blows 1994).
In some cases, range is limited by dispersal. That is,
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appropriate habitat may exist beyond the normal range
of a species, but the species may fail to occur there
because of insufficient dispersal. In some instances,
there may be a lack of necessary genetic variation to
permit evolutionary changes allowing range expansion.
Alternatively, negative genetic correlations between
adaptive traits at the species margin can prevent
adaptive evolution. A gain in one trait leads to a loss in
another so there is no net gain. Finally, gene flow from
central populations can swamp out genetic differenti-
ation at the margin (Antonovics 1976; Kirkpatrick and
Barton 1997).

In some cases the spread of plant species is related
to environmental changes such as rainfall patterns or
human-caused disturbances (Harper 1977), whereas in
other instances range expansions may take place as a
result of evolutionary changes in populations that
increase adaptation to environmental conditions pre-
viously inhibitory to population persistence and
growth. Hybridization may provide genetic material
necessary for such evolutionary changes in range-lim-
iting traits like competitive ability, cold or drought
tolerance, photoperiodicity, and disease resistance
(Prince et al. 1985; Abbott 1992). For example, hybrid
violets have colonized polluted areas where neither
parental species can persist (Neuffer et al. 1999). Such
changes are not limited to plants. Lewontin and Birch
(1966) suggested that hybridization between two fruit
flies in Australia might have introduced genes
increasing physiological adaptation to extreme
temperatures, allowing one species to greatly increase
its range over the past 120 years.

The objective of the present paper is to discuss the
role of hybridization as an evolutionary mechanism
leading to increased geographical range, ecological
amplitude, and/or the colonization of new habitats in
wild sunflower (Helianthus) species. These species
represent an excellent system for investigating the role
of hybridization in range expansion and adaptation to
novel habitats, in part because they build on more than
half a century of studies, first by Heiser (1947, 1965)
and more recently by Rieseberg et al. (1988, 2003).
Insights from these studies are described below.

Hybridization in sunflowers

The role of hybridization in the diversification of the
North American sunflowers (Helianthus) was initially
explored by Charles Heiser and his students (Heiser
1947, 1949, 1951a, b; Heiser et al. 1969). Heiser docu-
mented the occurrence of natural hybrids between the
widespread, common sunflower, H. annuus and several
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of its congeners, including H. argophyllus (Heiser
1951a), H. bolanderi (Heiser 1949), H. debilis (Heiser
1951b), and H. petiolaris (Heiser 1947). This hybrid-
ization, Heiser argued, allowed H. annuus to acquire
favorable alleles from the locally adapted species,
thereby increasing its ecological amplitude and facili-
tating range expansion. In some instances, hybridiza-
tion was believed to have contributed to the formation
of introgressive races such as H. annuus ssp. texanus in
Texas (Heiser 1951b) and H. bolanderi ssp. bolanderi
in the California (Heiser 1949) or new species such as
H. neglectus (Heiser et al. 1969).

More recently, Rieseberg and colleagues re-exam-
ined these hypotheses using a combination of molecular
marker surveys and molecular phylogenetic analyses
(Dorado et al. 1992; Rieseberg et al. 1988, 1990a, b,
1991a, b; Rieseberg, 1991). These studies verified much
of Heiser’s work, including the occurrence of natural
hybridization between H. annuus and each of the
species listed above, as well as the introgressive origin
of H. a. texanus. On the other hand, the molecular
evidence failed to support a hybrid origin for H. neg-
lectus or H. b. bolanderi (Rieseberg et al. 1988). Thus,
while the morphological criteria employed by Heiser
accurately identified contemporary hybrid swarms or
zones, their utility in the detection of ancient, stabilized
hybrid lineages was limited. This was not unexpected,
as it has long been recognized that morphological
intermediacy may sometimes result from processes
other than hybridization (Gottlieb 1972).

In addition to verifying or refuting putative exam-
ples of hybrid lineage formation, molecular phyloge-
netic analyses detected three previously unsuspected
hybrid species (Fig. 1): H. anomalus, H. deserticola,
and H. paradoxus (Rieseberg et al. 1990b, 1991a;
Rieseberg 1991). The three hybrids appear to be
derived from the same parental species, H. annuus and
H. petiolaris. However, there are subtle differences in
the parental chloroplast and nuclear ribosomal DNA
haplotypes found in each hybrid, suggesting that each
was independently derived.

Over the past decade, these four well-established
examples of hybrid lineage formation (H. a. texanus, H.
anomalus, H. deserticola, and H. paradoxus) have been
employed to investigate the role of hybridization in
range expansion, ecological divergence, the coloniza-
tion of new habits, and the evolution of invasiveness.
Note that the origin of H. annuus ssp. texanus provides
an example of a new geographic race formed through
introgressive hybridization, whereas the remaining
three hybrid lineages represent good biological species
that appear to have originated through recombina-
tional speciation (sensu Grant 1981), where



Genetica (2007) 129:149-165

153

perennial Helianthus

H. niveus subsp. niveus

T H. praecox
L H. debilis

H. niveus subsp. tephrodes

5 6
100 100

H. niveus subsp. canescens

H. neglectus

H. petiolaris%
~H. anomalus (sand dune)
Y 5/H. deserticola (desert floor)
P // H. paradoxus (salt marsh)

5 H. annuus & -
100 l: H. argophyllus
85 1 H. bolanderi
T EH exilis
Fig. 1 Phylogenetic tree for Helianthus section Helianthus based
on combined chloroplast DNA and nuclear ribosomal DNA data
(Rieseberg 1991). The number of mutations are given above and

bootstrap percentages below each branch. Dashed lines indicate
parentage of homoploid hybrid species

chromosomal differences between the parental species
are recombined to form a new homokaryotype. These
two different kinds of hybrid lineage formation will be
discussed separately, since the gene flow from the
parental species is likely to hinder local adaptation and
ecological divergence in introgressive races, but not in
recombinational species that are strongly isolated by
chromosomal sterility barriers (Rieseberg et al. 1995b;
Lai et al. 2005).

Introgressive hybridization and range expansion
of the common sunflower

The common sunflower, H. annuus, is both the pro-
genitor of the domesticated sunflower and a major
weed in corn, soybean, wheat, and sugar beets in the
central U.S.A. (Al-Khatib et al. 1998). As described
above, Heiser (1965) argued that H. annuus has been
able to expand its ecological amplitude and geographic
range by introgression with locally adapted native
species. The best-studied example of this process in-
volves the origin of H. a. texanus in Texas (Heiser
1954). This subspecies is restricted to human-disturbed
areas in Texas, suggesting it was most likely recently
introduced, perhaps by native Americans (Heiser
1951b). It is fully interfertile with other forms of H.
annuus, but morphologically it approaches H. debilis
ssp. cucumerifolius, a sunflower native to southeastern
Texas. Hybridization is common when the two taxa
come into contact, and while first generation hybrids
are mostly sterile, averaging 6.7% viable pollen, pollen

viability increases rapidly in the backcross generations
(BCy: 3-67%; BCy: 20-98%; Heiser 1951b), suggesting
that introgression can occur despite the highly reduced
fertility of the F; plants. Based on these observations,
Heiser (1951b) postulated that H. annuus was able to
colonize Texas by ‘“‘capturing” advantageous alleles
from H. debilis (Fig. 2).

Molecular data are consistent with Heiser’s
hypothesis in that the introgression of presumably
neutral nuclear ribosomal and chloroplast DNA
markers has been documented between the species
(Rieseberg et al. 1990a). However, this does not
prove that the introgression was adaptive or contrib-
uted to the evolution of increased invasiveness. To
address these concerns, we have conducted series of
genetic and ecological studies to (1) locate chromo-
somal segments containing quantitative trait loci
(QTLs) for important phenotypic traits and hybrid
sterility; (2) assess whether any of these segments
have moved from H. debilis into natural populations
of H. a. texanus; and (3) test the fitness effects of
these chromosomal segments in H. a. texanus habitat
in southern Texas. These experiments may not only
provide an answer to a very old question about the
role of introgressive hybridization in the origin of
invasive taxa, but they may also enable us to identify
the particular trait(s) and QTLs that trigger invasions
of weedy plant species following introgression with
native, adapted species.

Historical range of H. annuus (hypothesized)

. Current range of H. annuus texanus
. Current Texas range of H. debilis cucumerifolius

Fig. 2 Geographic distributions of H. debilis ssp. cucumerifolius
(Texas distribution only; Rogers et al. 1982) and H. annuus ssp.
texanus (Heiser 1951b), and the postulated distribution of the
common sunflower, H. annuus, prior to the colonization of North
America by humans

@ Springer



154

Genetica (2007) 129:149-165

Quantitative trait locus studies

To identify QTLs underlying morphological differ-
ences between H. annuus and H. debilis and hybrid
sterility, we generated a first generation backcross
(BC;) mapping population between H. debilis and an
inbred cultivated line of H. annuus (Kim and Riese-
berg 1999). This allowed us to examine the segregation
of H. debilis markers and traits against a homozygous
H. annuus genetic background. Analysis of 226 BC;
progeny detected 56 QTLs for 15 morphological traits
and two QTLs for pollen sterility; the pollen sterility
QTLs presumably correspond to the two major chro-
mosomal translocations that differentiate the species
(Chandler et al. 1986).

Although the QTL data cannot tell us whether the
introgression of adaptively significant genetic material
has occurred, they can tell us whether it is plausible.
For adaptive trait introgression to be successful, alleles
contributing to an adaptation must integrate into a new
genetic background before the chromosomal segment
with which they are associated is eliminated by selec-
tion (Barton and Hewitt 1985). If many factors con-
tribute to reduced hybrid fitness, then much of the
genome may be resistant to introgression due to link-
age. The simple genetic architecture of the sterility
barrier between H. annuus and H. debilis is fully con-
sistent with the adaptive introgression hypothesis: very
few sterility QTLs were detected and only four of the
56 morphological QTLs were closely linked (<10 cM)
to a sterility factor. Thus, much of genome, including
most major morphological QTLs, should be able to
move freely across the sterility barrier.

Introgression of QTLs

To further test the introgressive hybridization
hypothesis, 14 natural populations of H. a. texanus
(N =153 individuals) were assayed for 15 mapped
molecular markers specific to H. debilis (unpublished
data). Our initial focus was on markers that occurred at
high frequency in H. debilis and were associated with
morphological and sterility QTLs (Kim and Rieseberg
1999) so that we could better explain patterns of
introgression and assess whether introgression could
account for the morphological convergence of H. a.
texanus toward H. debilis. After adjustment for marker
frequencies in pure populations of H. debilis, we asked
whether all H. debilis-specific markers had introgressed
into H. a. texanus at roughly the same rate, a pattern
suggestive of neutral introgression, or whether certain
markers were significantly over- or under-represented,
a pattern most consistent with positive or negative
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selection, respectively, on QTLs associated with these
markers (Table 1).

We found that most (12 of 15) H. debilis markers
exhibited neutral patterns of introgression or were
associated with negatively selected chromosomal seg-
ments (Table 1). For example, all three markers on
linkage group 3 showed low or neutral levels of intro-
gression (Fig. 3a). Likewise, markers associated with
the two pollen sterility QTLs were under-represented
in H. a. texanus populations, a pattern consistent with
the strong negative selection predicted for these QTLs
and closely adjacent chromosomal regions (Table 1).
Negative selection associated with sterility QTLs has
not, however, inhibited introgression of other loosely
linked markers on the same linkage group (Fig. 3b
and c).

We also detected three markers that were over-
represented in H. a. texanus and thus likely represent
H. debilis chromosomal segments that have been under
positive selection during the formation of H. a. texanus.
This evidence of positive selection is consistent with
the adaptive trait introgression hypothesis and sup-
ports Heiser’s (1951b) hypothesis regarding the role of
H. debilis alleles in the formation of H. a. texanus.
Moreover, two of the three positively selected markers
were associated with QTLs underlying morphological
traits (e.g., the size of floral parts such as ligules and the
central disc) that vary in the direction of H. debilis
(Table 1). This pattern is expected if the phenotypic
convergence of ssp. texanus toward H. debilis were due
to introgression. There are two caveats associated with
these conclusions, however. First, our statistical anal-
yses are based on comparisons of relative frequencies
among introgressed markers, and it is therefore possi-
ble that we have over-estimated the number of posi-
tively selected markers. Second, introgressed
chromosomal segments likely contain many genes, and
the QTLs and traits we have identified may not be
those actually under selection. However, both concerns
may be mitigated by the selection experiments de-
scribed below.

Selection experiments

Currently, we are investigating whether traits pro-
moting adaptation to the biotic and abiotic environ-
ment of south Texas have been transferred from
H. debilis to H. annuus. Our approach consists of three
steps. First, traits of potential ecological importance
that differ between the parents were identified. Second,
the fitness consequences of debilis-like trait values
were quantified in field populations of hybrid individ-
uals. Finally, QTLs for these traits are being mapped
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Table 1 Frequency of  Linkage  Marker QTL* % PVE  Adjusted Direction
introgressed chromosomal group frequency of selection®
segments of H. debilis in
natural populations of H. 1 cg.ct135 Achene length 8.79 0.01 Negative
annuus ssp. texanus Achene shape 112
Ligule shape 6.9
1 cg.tg308 Achene length 8.79 0.37 Neutral
Achene shape 11.2
ligule shape 6.9
2 ge.ct245 Achene shape 8.1 0.06 Negative
Achene width 75
Sterility 38.2
Tooth height 321
2 gc.gal40 Achene length 5.4 0.14 Negative
Ligule shape 32.7
o . . Ray number 8.7
a titative trait 1 y
(QQTuL"I)nalnz 1;;0’;; 2 ct.c218 Ligule width 12.9 0.57 Positive
explained (% PVE) taken 3 ge.ctS2 Pubescence 10.4 0.03 Negative
from Kim and Rieseberg 3 gc.gcl25 Ifsﬁyiiz;y shz}t)ﬁ 18; 0.17 Neutral
1999). Bold type indicat ylary wi :
( ) Bold type in 1oca e 3 gc.cc209 Speckled internode 6.3 0.34 Neutral
QTL of large effect (% .
PVE > 25%) 7 cg.ct92 No QTL 0.58 Positive
b o 8 gc.ct164 Disk diameter 10.5 0.29 Neutral
The significance of Phyllary shape 74
frequency differences among Pubescence 78
introgressed markers was Speckled internode 27.4
tested by generating a 95% 8 gc.tc83 Achene shape 5.86 0.12 Negative
confidence interval across all Sterility 38.8
markers surveyed using a 8 cg.ggl10 Pubescence 7.8 0.41 Neutral
Wilcoxon sign rank test. Phyllary shape 74
Markers that occurred 8 ct.ct100 Disk diameter 105 1.00 Positive
outside the confidence Pubescence 78
interval were determined to 11 1C9 Speckled internode 36.5 0.02 Negative
be under either positive or 13 ct.ctl33 Ligule shape 6.7 0.30 Neutral

negative selection

and selection coefficients for debilis-derived alleles will
be calculated. We expect that trait values (and QTL
alleles) conferring high fitness under current conditions
would also have been advantageous to the introgressed
ancestors of H. a. texanus during their Holocene col-
onization of south Texas (Heiser 1951b).

Several ecologically relevant traits have been iden-
tified that differ between the parental species in com-
mon gardens (unpublished data). Resistance to the
seed midge Neolasioptera helianthis was significantly
higher in H. debilis than in H. a. annuus. This pest has
substantial fitness effects, destroying up to 90% of the
seed crop of individual H. a. annuus planted in central
Texas. Abiotic tolerance traits also differ; branching
architecture was significantly more indeterminate in
H. debilis than in H. a. annuus. Indeterminate archi-
tecture, which allows plants to add branches and
flowers (and therefore seeds) in response to favorable
environmental conditions that may occur late in the
season, may be a key fitness trait in the unpredictable
summer environment of central & southern Texas.

From field performance tests, it is clear that debilis-
like trait values can be highly adaptive in hybrids. One

thousand H. a. annuus x H. debilis BC; individuals
were synthesized to mimic the hybrid ancestors of H. a.
texanus, and were planted in two locations in south
Texas in 2003. In preliminary analyses of these popu-
lations, hybrid fitness covaried positively with both
seed midge resistance and the degree of indeterminate
branching. While hybrids exhibited a range of variation
in these characters (and mean fitness was low relative
to both parents), certain hybrid individuals were highly
fit, indicating that hybridization may have increased
adaptation to novel conditions and triggered the colo-
nization of south Texas. Ongoing work will test (via
QTL mapping) whether these adaptive trait values in
hybrids actually result from the presence of H. debilis
alleles.

Hybrid speciation and ecological divergence
of annual sunflowers
Three mechanisms have been proposed by which a

homoploid hybrid may become reproductively isolated
from its parental species (Buerkle et al. 2000). First,
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Fig. 3 Frequency of
introgressed H. debilis alleles
plotted against map distance.
Dashed line represents 95%
confidence intervals. Linkage
groups (from Kim and
Rieseberg 1999) are drawn to
scale below each graph.
Markers surveyed are
indicated with black hash
marks on linkage groups.
QTL positions (with one
LOD support limits) and their
magnitudes (indicated by
height) are diagrammed
below linkage groups
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the new hybrid lineage may diverge karyotypically
from its parents through the sorting of chromosomal
rearrangements that differentiate the parental species
(Stebbins 1957; Grant 1981), and/or by the establish-
ment of new chromosomal rearrangements induced by
recombination (Rieseberg et al. 1995b; Lai et al. 2005).
Second, hybrid founder events may facilitate hybrid
speciation by providing initial spatial isolation for a
new hybrid lineage (Charlesworth 1995). Third, a
hybrid lineage may colonize a new habitat or niche and
thus become ecologically isolated from its parental
species (Grant 1981; Gross and Rieseberg 2005). In this
section, we focus on the role of hybridization in the
ecological divergence of three hybrid sunflower spe-
cies: Helianthus anomalus, H. deserticola, and H. par-
adoxus.

The three hybrid species and their parents are self-
incompatible, insect-pollinated annuals, with the same
chromosome number (n = 17). All five species are
native to the continental U.S. The two parental species
have widespread and broadly overlapping distributions
that are centered in the U.S. Great Plains (Fig. 4).
They differ in soil preferences, however, with H. an-
nuus largely restricted to heavy, clay soils, and
H. petiolaris to dry, sandy soils. Nonetheless, these two
habitats are often found in close proximity in the
central and western U.S., resulting in the production of
numerous hybrid swarms and hybrid zones. The hybrid
zones are narrow, often less than 30 m, and little evi-
dence of introgression is found outside of the hybrid
zones, apparently due to the synergistic action of sev-
eral reproductive barriers (Rieseberg et al. 1995a,
1999b; Schwarzbach et al. 2001; Burke et al. 2004).

The hybrid species are much more limited in geo-
graphic distribution than their parents (Fig. 4), with
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W Helianthus anomalus
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B Helianthus paradoxus
Helianthus petiolaris

Fig. 4 Present-day distributions of the two parental species,
H. annuus and H. petiolaris, and their three hybrid derivative
species, H. anomalus, H. deserticola, and H. paradoxus (based on
Rogers et al. 1982)

H. deserticola restricted to the Great Basin Desert in
Nevada, Utah, and northern Arizona, H. anomalus to a
handful of sand dune habitats in Utah and northern
Arizona, and H. paradoxus to saline wetlands in wes-
tern Texas and New Mexico. Despite proximity to
parental populations, no natural hybrids have been
reported between the three ancient hybrid species and
their parents due to a strong chromosomal sterility
barrier (Chandler et al. 1986; Rieseberg et al. 1995b;
Rieseberg 2000; Lai et al. 2005). In contrast, the three
hybrid species are almost completely allopatric to each
other, but we have observed hybrids between
H. anomalus and H. deserticola at the only site where
they co-occur, Little Sahara Recreation Area in
Central Utah.

Phylogeographic evidence implies that H. anomalus
and H. deserticola have multiple independent origins
(Schwarzbach and Rieseberg 2002; Gross et al. 2003),
although it is difficult to rule out the alternative
hypothesis of a single origin followed by local intro-
gression with parental populations after the hybrid
species had expanded its geographic distribution. In
contrast, H. paradoxus clearly arose once (Welch and
Rieseberg 2002). The timing of the hybrid speciation
events appears to be similar between origins and
between species, with estimates ranging from 63,000
and 210,000 generations ago (Schwarzbach and
Rieseberg 2002; Welch and Rieseberg 2002; Gross
et al. 2003).

Given the fairly ancient origin of the three hybrid
species, an important question is whether hybridization
has facilitated the colonization of extreme habitats, or
whether most divergence occurred after speciation and
hybridization was incidental to the process. To address
this question, we have designed a series of selection,
QTL, and comparative mapping studies, which are
described below.

Selection experiments (hybrid speciation)

As discussed above, transgressive segregation is com-
mon in segregating hybrid populations and provides a
potential mechanism for the generation of evolution-
ary novelty in hybrids. Given that H. anomalus,
H. deserticola, and H. paradoxus occur in extreme
habitats (sand dunes, desert floor, and salt marsh,
respectively) relative to those of their parental species,
it is reasonable to ask whether transgressive pheno-
types generated by hybridization may have facilitated
the colonization of these habitats.

There are several requirements that must be fulfilled
to support the supposition that selection on transgres-
sive traits can result in adaptation to a novel habitat.
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First, the natural hybrid lineage or species should
possess traits that are transgressive relative to the
parental species. Second, the trait variation present in
synthetic hybrids should overlap the extreme traits
found in the natural hybrid species. Finally, selection
acting on synthetic hybrids in the field should favor the
traits found in the hybrid species.

We have conducted parallel selection experiments
(sensu Lande and Arnold 1983) in the habitat of all three
of hybrid species to evaluate these requirements. In each
case, H. annuus (parent), H. petiolaris (parent), and
individuals of one of the hybrid species were planted in
that hybrid species’ native habitat along with early
generation hybrids between H. annuus and H. petiolaris
(second generation backcrosses towards both parents;
hereafter BC,Ann and BC,Pet). These early generation
hybrids served as proxies for the ancestral genotypes of
the hybrid species, and the experiments thus roughly
recreated the birth of each hybrid species.

Helianthus anomalus (ancient hybrid), a desert sand
dune endemic, was positively transgressive for leaf
succulence and negatively transgressive for leaf nitro-
gen (Ludwig et al. 2004). The hybrids overlapped
H. anomalus for both traits, although for leaf succu-
lence the overlap was slight and for the BC,Pet pop-
ulation only. Of the selective pressures calculated for
transgressive traits, only selection for increased suc-
culence in the BC;Ann population was in the direction
of the H. anomalus phenotype (Table 2). Nonetheless,
H. anomalus exhibited greater survivorship and
reproductive biomass than either parent in the dune
habitat. Likewise, the synthetic hybrids exceeded their
parents in seed biomass (BC2ann only) or survivorship
(BC2pet only).

Helianthus deserticola (ancient hybrid), found in the
xeric environment of the Great Basin Desert, was

Table 2 Selection differentials (S) and gradients (f) on
transgressive traits in synthetic hybrid populations of H.

negatively transgressive for leaf area, stem diameter,
and flowering date. Both of the BC, populations
overlapped the transgressive traits of the hybrid spe-
cies, although the BC,Pet overlapped the flowering
time of H. deserticola more extensively than did the
BC,Ann. The selection differential for days to flower-
ing and the selection gradient for leaf area were both in
the direction of H. deserticola, although the alternate
measures of selection (the selection gradient for flow-
ering date and the selection differential for leaf area)
were in the opposite direction (Table 2). Selection
favored an increased stem diameter in both the BC,
populations, which contradicts the narrow stems of
H. deserticola (Gross et al. 2004). Unlike H. anomalus,
survivorship and reproductive biomass of H. deserti-
cola did not exceed that of its parents, in part because
the latter species is extremely sensitive to transplan-
tation and has an abbreviated life cycle. However,
BC2pet had substantially greater fitness than either
parent.

Helianthus paradoxus (ancient hybrid) inhabits
highly saline desert marshes, perhaps the most extreme
habitat of any annual sunflower. The hybrid species
was positively transgressive for sulfur and calcium
content, leaf shape and leaf succulence, and negatively
transgressive for boron content. The BC,Pet popula-
tion overlapped the H. paradoxus phenotype for all
five traits (note that the BC,Ann cross was not used in
this experiment). Selection in the field favored higher
leaf succulence and calcium, corresponding to the
H. paradoxus phenotype (Table 2). Sulfur, boron,
magnesium and sodium content were combined into a
single principal component for the selection analysis
due to the high degree of correlation among these
elemental contents. There was strong selection against
uptake of these elements, corresponding to the

annuus X H. petiolaris in the habitat of the natural hybrid
species (Lexer et al. 2003b; Gross et al. 2004; Ludwig et al. 2004)

Habitat type Trait BC2ann BC2pet
S B N B
H. anomalus: Leaf succulence 0.1954% 0.17+%% -0.14 -0.09
Leaf N (mg/g) 0.19* 0.10 0.33%3%:% 0.19*
H. deserticola: Leaf area 0.45%3%:* —0.32:%* 0.30%3%:* —0.10%*
Stem diameter 0.80%** 1.08%%* 0.62%** 0.88%*#*3*
Flowering date —0.16%** 0.23%:* —0.23%k 0.122%:
H. paradoxus: Leaf succulence - - +0.13%%* +0.11*
Ca content - - +0.06 +0.24%%*
Na, S, Mg, or B content - - —0.25%%* —0.29%*

Only traits under significant selection are shown. Bold indicates selection differentials/gradients are in expected direction relative to

the phenotype of the ancient hybrid species
*P < 0.05; **P < 0.01; ***P < 0.001
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decreased boron content in the hybrid species and the
more general expectation of sodium exclusion due to
its deleterious effects (Lexer et al. 2003a). Fitness
differences between the hybrid and parental species
were most pronounced for H. paradoxus. None of the
parental plants or synthetic hybrids survived the
experiment compared to 90% survivorship for
H. paradoxus. The BC2pet progeny were intermediate
in fitness between the two parents.

Overall, these field experiments have shown that
many of the extreme traits found in the hybrid species
could have arisen via habitat-mediated selection acting
on transgressive phenotypes in novel habitats (Table 2).
These include high leaf succulence in H. anomalus, small
leaves and early flowering in H. deserticola, and high leaf
succulence, high calcium content, and low uptake of
toxic elements in H. paradoxus. However, for some
traits we failed to detect significant selection or selection
was not in the predicted direction. Such findings might
indicate that transgressive segregation did not contrib-
ute to the evolution of some traits in the hybrid species.
Alternatively, they may be an artifact of the restricted
spatial and temporal scale of these exploratory experi-
ments. Given that selection fluctuates over both time
and space (Grant and Grant 2002), it is not surprising
that selective pressures measured over a single growing
season are not fully consistent with predictions based on
current phenotypes of the hybrid taxa. Thus, while
informative, these experiments also illustrate the
importance of replicating such trials across multiple
years and multiple sites.

Genetic basis of transgressive segregation

To elucidate the genetic basis of transgressive charac-
ter expression, QTL studies were performed using
progeny from the same interspecific backcross popu-
lations employed above. In the most comprehensive
study completed to date, analyses of close to 400
greenhouse-grown BC,Pet progeny revealed that
QTLs with antagonistic effects (complementary genes)
contributed to the expression of 35 of 40 phenotypic
traits studied (Rieseberg et al. 2003). This genetic
architecture is predicted under the ‘“‘complementary
gene action model”, in which QTLs with effects in
opposing directions within each parent may recombine
in hybrids, resulting in some hybrids having most or all
QTLs with effects in the same direction (deVincente
and Tanksley 1993). These individuals will have
extreme (transgressive) character values, such as those
observed in the phenotypic selection experiments.
Further study indicated that QTL effect sizes,
expressed as a percentage of the interspecific

phenotypic gap between H. annuus and H. petiolaris,
were significantly larger for traits with complementary
genes than for traits lacking them (164 + 46% versus
20 + 2%, respectively; P < 0.01; Lexer et al. 2005).
This makes sense in that complementary genes repre-
sent a kind of “cryptic variation” that is not manifest in
parental populations, but can be released following
recombination in hybrids. Hence QTLs may be large
compared to species differences.

Although the complementary gene action model
assumes that QTL effects are additive, its explanatory
value in sunflower hybrids is high. This is expected
because non-additive gene interactions (epistasis) do
not appear to contribute substantially to phenotypic
differences between these species; epistatic interactions
were detected for 18 of the 40 traits studied, but the sizes
of the interaction effects were small (mean =

1.2 £ 0.4%; Lexer et al. 2005). Similar results have
been reported by Kim and Rieseberg (2001) for another
pair of Helianthus species. The situation in Helianthus,
where epistatic effects tend to be small relative to main
effects, is similar to that reported for most other plant
and animal groups (reviewed in Tanksley 1993; Lynch
and Walsh 1998), although notable exceptions are
known (e.g., Doebley et al. 1995).

A second genetic study of the origin of ecological
divergence in wild sunflower hybrids was conducted
directly in the extreme salt marsh habitat of the hybrid
species H. paradoxus, using the BC,Pet population that
was employed in the phenotypic selection experiment
(above). This study also detected the presence of
complementary genes underlying transgressive pheno-
types and showed that QTLs from both species con-
tribute to increased fitness in the salt marsh
environment (Lexer et al. 2003b). Notably, selection
coefficients for individual salt tolerance QTLs of
+0.126, -0.084, and —0.094, were sufficiently large to
enable divergence of new diploid hybrid species in the
presence of gene flow, assuming N.m estimates typical
for wild annual sunflowers (Lexer et al. 2003b).

Genetic correlations

Transgressive segregation and complementary gene
action provide a means by which extreme phenotypes
may be generated for individual traits. For a hybrid
lineage to successfully colonize a new habitat, how-
ever, all of the trait differences must be combined
into a single individual or genotype, which may be
difficult because of linkage and/or pleiotropy for
QTLs underlying key traits. Thus, genetic correla-
tions may limit ecological divergence through
hybridization.
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To determine the role of genetic correlations in the
ecological divergence of the hybrid sunflower species,
we asked whether closely linked or pleiotropic QTLs in
the BC, populations described above have effects that
are in the same direction with respect to the hybrid
species phenotype (Rieseberg et al. 2003). These po-
sitive correlations would greatly facilitate ecological
divergence and hybrid speciation.

We found that closely linked QTLs were indeed
positively correlated in direction of effect (P < 0.001
for all species) and that the complex, multi-trait phe-
notypes of the three hybrid species were recovered at
low frequency in synthetic BC, hybrids: 0.9% for
H. anomalus, 6.8% for H. deserticola, and 0.2% for
H. paradoxus (Rosenthal et al. 2005). Thus genetic
correlations likely facilitated rather than impeded for
origins of the three species. Indeed, because linkage
and/or pleiotropy is so extensive among the analyzed
traits, the number of ecologically relevant multi-trait
phenotypes may be limited. This might partially ac-
count for why only three new hybrid species have
originated from this cross.

Comparative mapping studies

Although studies of synthetic hybrids demonstrate that
most of the phenotypic differences associated with each
of the hybrid species could have arisen though hybrid-
ization, they fail to prove that this is what actually
happened. It could be, for example, that the differences
arose as a consequence of mutational divergence and
that hybridization was incidental to phenotypic evolu-
tion. To distinguish between these two hypotheses, we
compared the genomic composition of the three ancient
hybrid species with predictions from the QTL analyses
of the BC, population of H. annuus x H. petiolaris
(Rieseberg et al. 2003). That is, we asked whether the
hybrid species had the predicted set of QTL alleles for
producing their phenotypes. If hybridization played a
key role in phenotypic divergence, then a significant
correlation should be found between predicted and
actual genomic composition.

Genomic composition of the ancient hybrid species
did accord closely with predictions from the QTL
analyses (Fig. 5). The QTL data successfully predicted
the parentage of 71.8% of mapped markers in
H. paradoxus, 75.6% in H. anomalus, and 79.3% in
H. deserticola (P << 0.0001 for all comparisons). Thus,
hybridization does appear to be largely responsible for
the phenotypic divergence of the three hybrid species,
and by extension, the colonization of novel habitats.

Earlier studies suggested that fertility selection plays
a major role in shaping hybrid genomic composition
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Fig. 5 The proportion of mapped molecular markers whose
parentage in the ancient hybrid species, H. anomalus, H. deserti-
cola, and H. paradoxus was correctly predicted from a QTL
analyses of 40 morphological traits in synthetic hybrids (Riese-
berg et al. 2003)

(Rieseberg et al. 1996; Rieseberg 2000), whereas the
QTL comparisons described above suggest that phe-
notypic (presumably ecological) selection must be
important as well. What is the relative importance of
these two modes of selection? A preliminary analyses
of the two data sets indicates that the phenotypic QTL
data is a slightly better predictor of the genomic
composition of the ancient hybrid species than are the
products of fertility selection (P = 0.005).

Candidate genes for ecological divergence

Finally, we have assayed sequence polymorphisms for
salt tolerance candidate genes in these same BC,
populations to determine whether any of the candi-
date genes map to QTLs of interest, as well as to
identify additional genomic regions associated with
salt tolerance (Lexer et al. 2004). The salt tolerance
candidates were identified from an expressed
sequence tag (EST) library for H. paradoxus based on
homology to genes with known function. One of the
11 genes, a Ca-dependent protein kinase (CDPK),
maps coincident with a previously identified QTL for
mineral ion uptake. Two additional genes (an ER-
type calcium ATPase and a transcriptional regulator),
also exhibit a significant fitness effect in the wild. Of
course, these studies are correlational only and func-
tion will have to be verified by transgenic comple-
mentation or RNAi. Nonetheless, they indicate that
we soon may be able to examine the role of individual
genes in ecological divergence and speciation in sun-
flowers.
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Conclusions

The sunflower work provides compelling evidence that
hybridization facilitated the colonization of novel
habitats by three sunflower species, H. anomalus,
H. deserticola, and H. paradoxus, and suggests a
mechanism (complementary gene action) by which this
occurred. Our findings also suggest that hybridization
with H. debilis likely facilitated the range expansion of
the common sunflower, H. annuus. These results are
important because they provide perhaps the strongest
link yet between hybridization, adaptive evolution, and
the colonization of new habitats.

Despite the clear role hybridization played in the
phenotypic evolution of the three hybrid species, this
does not necessarily mean that hybridization was
required for ecological divergence. It might be, for
example, that gene flow from the center of parental
species’ ranges, rather than limited genetic variance
(Kirkpatrick and Barton 1997), prevented the parental
species from colonizing novel habitats. If so, perhaps
the hybrid species were able to colonize these habitats
as a result of reproductive isolation from the parental
species (due to karyotypic divergence) rather than the
new gene combinations brought about by hybridiza-
tion. We have recently initiated a long-term selection
experiment to test whether the new hybrid gene com-
binations or reproductive isolation were most critical
to ecological divergence in these species.

Our findings also demonstrate that the ability to
colonize new habitats is not synonymous with range
expansion or the evolution of invasiveness. While the
three hybrid species have managed to colonize extreme
habitats, they cannot be called invasive under any
definition of the term. Rather, they are best described
as rare endemics that seem unlikely to survive outside
of the very restricted habitats in which they currently
occur. Indeed, greenhouse experiments indicate that
they grow more slowly than their parents and are less
fecund (unpublished data), suggesting there may be
fitness trade-offs associated with adaptation to extreme
conditions (Fry 2003). This is in contrast to the com-
mon sunflower, H. annuus, which has successfully col-
onized most temperate regions of the world. However,
with the exception of suggestive data from Texas, we
do not yet know whether hybridization has facilitated
these invasions.

Although much of this article has been devoted to
the discussion of hybrid speciation, introgression is a
more frequent outcome of hybridization and a more
likely contributor to invasiveness (Buerkle et al. 2003).
Hybrid speciation must be initiated in sympatry, and
the development of reproductive barriers in the

presence of gene flow represents a significant evolu-
tionary challenge. In contrast, there are no theoretical
reasons why introgression should not be common and
frequently contribute to invasiveness. Because of
dynamic nature of species ranges, most species are
likely to come into contact with congeners before
reproductive isolation is complete and hybridization
should be common in nature. Theory also predicts that
while recombinant hybrids should be less fit on average,
certain hybrid genotypes should be more fit than the
parents, particularly when new environments are being
explored (Barton 2001). For hybridization to contribute
to adaptation, however, fit hybrid genotypes must
escape from ‘‘the mass of unfit recombinants” present
in a hybrid population (Barton 2001). Introgression
provides the simplest and most frequent means by
which this occurs because the establishment of a new
hybrid gene combination requires only the spread of an
advantageous allele from one species into the other.

Empirical data agree well with theory. Natural
hybridization is a common feature of many organismal
groups (Arnold 1997; Mallet 2005), with the frequency of
hybridizing species averaging 11% for plants (Ellstrand
et al. 1996), 8.5% for freshwater fish (Hubbs 1955), and
9% for birds (Grant and Grant 1992). Many instances of
hybridization are unlikely to be detected, however, par-
ticularly for poorly studied faunas or floras, and species
that have hybridized in the past may no longer do so
today (e.g., Wendel et al. 1991). On the other hand,
human disturbance may have increased contemporary
hybridization rates in some organismal groups (Ander-
son 1948; Hauser et al. 1998; Schemske 2000).

Estimates of past hybridization frequencies can be
inferred from the incidence of allopolyploidy and from
molecular phylogenetic studies. For example, allo-
polyploidy, which must be initiated by hybridization, is
conservatively estimated to account for 2-4% of spe-
ciation events in flowering plants and 7% in ferns, and
many asexual animal species are allopolyploids (Otto
and Whitton 2000). Inferences from molecular phylo-
genetic studies are more difficult because incongruence
between gene trees, which is often used as a diagnostic
for hybridization, may arise through other processes
such as the sorting of gene lineages (Avise 1994;
Wendel and Doyle 1998). Nonetheless, both data sets
suggest that reticulate evolution is widespread (Wang
et al. 1997; Sota and Vogler 2001), particularly in
plants (Rieseberg and Soltis 1991) and bacteria (Och-
man et al. 2000). Thus, while it is difficult to extrapo-
late from contemporary to ancient frequencies of
hybridization, it seems likely that hybridization has
been a common feature in the evolution of many
organismal groups.
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Studies of hybrid fitness in natural populations
(reviewed in Arnold and Hodges 1995; Barton 2001;
Lexer et al. 2003a) are also in agreement with theory
(above) and indicate that while average hybrid fitness
typically is lower than that of both parental species,
some genotypes often are more fit than either parental
species (e.g., Wang et al. 1997) and fitness is frequently
contingent on the environment (e.g., Grant and Grant
2002). Hybridization is less likely to be important in
abundant species, where mutation may not limit
adaptive divergence. As a consequence, allelic variants
introduced by hybridization might be of little value
(Barton 2001). However, this condition probably does
not apply to many plant species, which often have
small populations and/or low rates of gene flow, so that
mutation may indeed limit the evolution of local pop-
ulations.

While the sunflower work shows how evolutionary
novelty generated by hybridization may be employed
for range expansion and the colonization of new hab-
itats, it does not address other possible contributions
such as heterosis and the purging of genetic load.
Heterosis, in particular, is correlated with invasiveness
in many of the world’s most noxious weeds (e.g., Gray
et al. 1991; Gaskin and Schaal 2002; Moody and Les
2002), but its role has not yet been verified. Even less is
known about whether the purging of deleterious alleles
contributes to invasiveness. Thus, much remains to be
done before we can confidently describe the role of
hybridization in range expansions and the evolution of
invasiveness.
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