Heredity

REVIEW

Heredity (2012) 108, 159-166
© 2012 Macmillan Publishers Limited All rights reserved 0018-067X/12

www.hature.com/hdy

Hybrid fitness, adaptation and evolutionary diversification:
lessons learned from Louisiana Irises

ML Arnold, ES Ballerini and AN Brothers

Estimates of hybrid fitness have been used as either a platform for testing the potential role of natural hybridization in the
evolution of species and species complexes or, alternatively, as a rationale for dismissing hybridization events as being of any
evolutionary significance. From the time of Darwin’s publication of The Origin, through the neo-Darwinian synthesis, to the
present day, the observation of variability in hybrid fitness has remained a challenge for some models of speciation. Yet, Darwin
and others have reported the elevated fitness of hybrid genotypes under certain environmental conditions. In modern scientific
terminology, this observation reflects the fact that hybrid genotypes can demonstrate genotype xenvironment interactions.

In the current review, we illustrate the development of one plant species complex, namely the Louisiana Irises, into a ‘model
system’ for investigating hybrid fitness and the role of genetic exchange in adaptive evolution and diversification. In particular,
we will argue that a multitude of approaches, involving both experimental and natural environments, and incorporating both
manipulative analyses and surveys of natural populations, are necessary to adequately test for the evolutionary significance of
introgressive hybridization. An appreciation of the variability of hybrid fitness leads to the conclusion that certain genetic
signatures reflect adaptive evolution. Furthermore, tests of the frequency of allopatric versus sympatric/parapatric divergence
(that is, divergence with ongoing gene flow) support hybrid genotypes as a mechanism of evolutionary diversification in

numerous species complexes.
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INTRODUCTION

‘Considering the several rules now given, which govern the fertility of
first crosses and of hybrids, we see that when forms, which must be
considered as good and distinct species, are united, their fertility
graduates from zero to perfect fertility, or even to fertility under
certain conditions to excess. That their fertility, besides being emi-
nently susceptible to favorable and unfavorable conditions, is innately
variable...it is by no means always the same in degree in the first cross
and in the hybrids produced from this cross’ (Darwin, 1859).

The above quote demonstrates that Darwin observed variation in
fertility within and among species and considered its importance for
understanding evolutionary processes. Notwithstanding this clarity,
Darwin indicated throughout The Origin his concept that reticulate
evolution had a relatively unimportant role during descent with
modification (for example, see the only figure included in this
book). Yet, his description of a wide range of hybrid fitness, and the
influence of interactions between individuals in response to a given
environment in determining this range, begs an alternative conclusion.
Thus, relatively fit hybrids, like other ‘more fit' genotypes might be
expected to contribute significantly to adaptation and diversification.

Since Darwin’s time, many researchers have reported on the relative
fitness of hybrids and have found that in many cases, hybrids are as fit,
or fitter than their pure species counterparts (see Arnold and Hodges
(1995); Arnold (2006, 2008) and Arnold and Martin (2010) for
reviews). Many have debated what these estimates might mean with
regard to the impact of genetic exchange on evolutionary pattern and

process (Anderson, 1949; Anderson and Stebbins, 1954; Mayr, 1963;
Lewontin and Birch, 1966; Grant, 1981; Barton and Hewitt, 1985;
Arnold, 1992, 1997, 2006, 2008; Grant and Grant, 1992, 2010;
Dowling and DeMarais, 1993; Rieseberg, 1997; Rieseberg et al.,
2003; Seehausen, 2004; Seechausen et al., 2008; Anderson et al.,
2009). Significantly, there are now numerous studies that have inferred
a causal link between natural hybridization and adaptive evolution
and/or diversification (Grant and Grant, 2002; Salzburger et al.,
2002; Rieseberg et al., 2003; Seehausen, 2004; Schwarz et al., 2005;
Martin et al., 2006; Anderson et al., 2009; Johnson et al., 2010).
Many examples of diversification and adaptation as the result of
reticulate evolution have come to light, leading to the formation of
several related hypotheses. These include: (1) hybrid genotypes with
high relative fitness are produced more often than previously assumed
(Arnold and Hodges, 1995); (2) even hybrids with low relative fitness
may act as a conduit for genetic exchange, given that they have some
level of fertility (Arnold and Hodges, 1995; Arnold, 1997, 2006); and
(3) for many taxonomic groups, allopatric divergence is not as
frequent as divergence accompanied by some level of at least inter-
mittent gene flow (that is, parapatric or sympatric divergence; Pinho
and Hey (2010)). Numerous authors including Darwin himself—see
above quote—contributed to the formulation of the first hypothesis
(relating to the production of relatively fit hybrid genotypes). Since
Darwin, numerous reviews and books have addressed the concept
of hybrid fitness, with some addressing the relative importance or
unimportance of hybrid genotypes in the evolutionary and ecological
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trajectories of plant and animal lineages (Dobzhansky, 1937; Mayr,
1963; Endler, 1977; Moore, 1977; Barton and Hewitt, 1985; Howard,
1993; Arnold and Hodges, 1995; Arnold, 1997, 2006, 2008; Arnold
and Martin, 2010; Grant and Grant, 2010). The data available for
these reviews (particularly those deriving from genomic information)
have multiplied exponentially over the past decade due largely to the
advances in methodologies for collecting and analyzing DNA
sequences (Green et al., 2010) and for deciphering the function of
the underlying genes (Rosas et al., 2010). However, the species
complexes that have provided the most rigorous and detailed descrip-
tions of hybrid fitness have done so because of the availability of both
genetic and ecological information (Grant and Grant, 1992, 2010;
Rieseberg et al., 2003; Martin et al., 2005, 2006; Arnold et al., 2010;
and see Arnold and Martin (2010) for a review). These various
catalogs of hybrid fitness estimates have demonstrated that ‘all hybrids
are not created equal’ in terms of their fitness. As Darwin recognized,
hybrid genotypes can demonstrate lower, equivalent or higher fitness
relative to progenitor and other hybrid genotypes, and this variation
can reflect genotypexenvironment interactions.

The observation of relatively high fitness of some hybrid genotypes
suggests one causal factor by which both parapatric and sympatric
divergence are accompanied by introgression. In particular, as lineages
diverge, some genetic exchange can be the result of selection favoring
the incorporation of foreign alleles, and thus the formation of
admixed genotypes (Grant and Grant, 2002; Rieseberg et al, 2003;
Martin et al., 2006). However, as suggested by hypothesis 2, this
selective incorporation can be accomplished through relatively unfit
hybrid genotypes as well. This is possible because a hybrid with lower
overall fitness (for example, one that has low, but not zero, fertility) by
definition produces gametes that are viable and thus able to contribute
to the next hybrid generation (Arnold and Hodges, 1995). This
subsequent generation may or may not have elevated fitness relative
to the previous, low-fitness genotype, but it too can contribute to
further generations if its fitness is above zero. Examples of the action
of this process, by which hybrids with extremely low fitness have a
significant role in adaptive evolution and lineage formation, include
such diverse clades as sunflowers, Australian grasshoppers and
Drosophila (see Arnold (1997, 2006) for reviews of the studies of
these and additional organisms).

The third hypothesis derives from the recognition that a majority of
plant lineages have allopolyploid ancestry (that is, polyploid lineages
formed through hybridization; Arnold (1997, 2006)), as well as from
the proliferation of studies (mainly involving animal complexes) that
have detected past gene flow during speciation through the applica-
tion of various algorithms (Wakeley and Hey, 1997; Templeton, 2001;
Geneva and Garrigan, 2010; Wang and Hey, 2010) to genomic data
sets (Salzburger et al., 2002; Seehausen, 2004; Won and Hey, 2005;
Anderson et al., 2009; Green et al., 2010; Pinho and Hey, 2010; see also
Arnold (2006, 2008) for a review of additional examples). Less
frequently referred to are the literally thousands of studies document-
ing genetic exchange within groups of organisms as diverse as viruses,
prokaryotes, plants and animals (see Grant and Grant (1992); Arnold
(1997, 2006, 2008); Rieseberg (1997) and Seehausen (2004) for
references to some of these studies). In the case of plants and animals,
this exchange often takes the form of introgressive hybridization (or
introgression—that is, the exchange of genes between lineages through
the formation of an initial F; hybrid generation, followed by back-
crossing of Fy to individuals belonging to one or both of the parental
lineages; Anderson and Hubricht (1938)).

In the current review, we will highlight how each of the above
hypotheses has been tested during our own work on the plant group
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known as the Louisiana Irises. In particular, we wish to emphasize the
development of this plant species complex into a model for identifying
some of the genetic and ecological components that affect hybrid
fitness. This definition of components affecting the fitness of
Louisiana Iris hybrid genotypes has allowed us to make comparisons
with other reticulate complexes and thus to test whether different
hybrid genotypes vary in fitness across environments and whether
hybrid genotypes with either elevated or lowered fitness have con-
tributed to genetic exchange during the diversification of lineages and
species complexes.

HYBRID FITNESS VARIES: TESTING A TRUISM?

One of the hallmarks of research into genetic exchange during
evolutionary diversification has been the assumption of either creative
or destructive consequences. Within the creative paradigm, hybridiza-
tion (or lateral exchange or viral recombination) is ascribed the
potential role of a catalyst for the formation of novel lineages and/
or adaptations. For example, Rieseberg et al. (2003) and Seehausen
(2004) inferred a primary causality for hybridization between diver-
gent lineages of sunflowers and cichlid fish, respectively, to the
origin of novel adaptations and adaptive radiations. Similarly, Grant
and Grant (2008, 2010) have documented the adaptive evolutionary
impact of low levels of gene flow between various Darwin finch
species.

In contrast to the concept of genetic exchange as a novelty-
generating process, is the perception of hybridization and lateral
exchange as disruptive of the natural order of diversification.
Classically, Mayr (1963) stated, ‘The total weight of the available
evidence contradicts the assumption that hybridization plays a major
evolutionary role among higher animals. Similarly, Excoffier et al.
(2009) have posited the overwhelming influence of neutral (that is,
demographic) processes for most introgression events associated with
range expansion. In this regard, they concluded, ‘Hence, when massive
introgression of genes into an invading species is observed, it appears
neither necessary nor parsimonious to invoke mechanisms such as
selection. Thus, they argued for their conceptual framework to be
considered a null model for testing hypotheses regarding other factors
(Petit and Excoffier, 2009). Importantly for the current review, these
authors argued that their approach would allow an estimate of which
(if any) genetic elements were introgressing, or were prevented from
introgressing, because of natural selection (Excoffier et al, 2009;
Petit and Excoffier, 2009).

Louisiana Irises: defining hybrid fitness

If research on Louisiana Irises has revealed anything about hybrid
fitness, it is that fitness varies among genotypes and across habitats
(Figure 1). In particular, some hybrids will suffer from reduced fitness
regardless of the environment (Figure 1a), whereas other individuals
may thrive in one particular habitat but not in another (Figure 1b).
For this reason, it is important to evaluate hybrid fitness in the context
of well-defined hybrid genotypes or genotypic classes. For example,
Cruzan and Arnold (1994) detected differential selection at early
life-history stages (that is, seed viability) that contributed to the
presence/absence of different hybrid genotypes in hybrid zones.
Similarly, Johnston et al. (2001a, 2001b, 2003, 2004) and Burke
et al. (1998a,b) , in a series of greenhouse and field studies, provided
evidence that different environmental components were causal in the
varying fitness of parental and hybrid genotypic classes (for example,
Fy, By, F, and natural hybrids. Similarly, Emms and Arnold (1997)
detected both consistently high F; hybrid fitness and varying fitness of
parental genotypes across natural habitats. Finally, Cornman et al.
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Figure 1 Hybrid fitness varies by genotype and by environment. (a) Individuals (represented by linkage groups; the different colored regions reflect genetic
material from hybridizing species) may suffer from reduced fitness as the result of genetic incompatibilities regardless of the environment. These hybrid

genotypes are then lost from the population (indicated by a red ‘X’). (b)
environmental conditions (such as wet and sunny versus dry and shady).

(2004) detected patterns indicating that natural selection favored the
production of hybrid seeds produced by mating between similar
genotypes.

The studies of fitness described above provided tests of the general
hypothesis that hybrid fitness was uniformly low (Mayr, 1963; Barton
and Hewitt, 1985), but also found that individual fitness varied by
genotype and environment. As with our own earlier reviews (Arnold,
1992; Arnold and Hodges, 1995) and likewise some recent reviews of
the literature (Coyne and Orr, 2004), reported estimates of hybrid
fitness generally reflect mean values across classes rather than for
individual genotypes. Although such data are useful for testing some
hypotheses, for example, the ‘strength’ of certain types of barriers to
reproduction (Sobel ef al., 2009), they are limited in their descriptive
or predictive value for estimates of hybrid fitness or, for that matter,
the extent to which speciation occurs with intermittent gene flow (see
below).

The previous conclusion can be exemplified by comparison with
the method for inferring the fitness of ‘non-hybrids’. In particular, the

The fitness of the remaining individuals can then be tested in different

fitness of the latter is always placed in the context of individual
genotypes rather than classes. The history of estimates of hybrid fitness
being given in the context of pooled genotypes seems to reflect an
underlying assumption that all hybrids are less fit and thus their fitness
can be reflected accurately by a mean value. Therefore, tests of
hypotheses regarding the fitness of hybrid genotypes require both
the definition of specific genotypes and the incorporation of environ-
mental contributions to fitness. Furthermore, for such tests to be most
effective, the genotypes must be defined with sufficient detail to allow
the description of different genomic regions associated with differ-
ential fitness estimates (Figure 1b). This is required if we are to be able
to make and test predictions regarding which genomic elements are
likely to contribute to reproductive isolation, adaptive trait introgres-
sion and/or hybrid speciation (Arnold and Hodges, 1995; Rieseberg,
1997; Rieseberg et al., 2003; Seehausen, 2004; Arnold, 2006). How-
ever, it is important to emphasize that hybrid fitness is almost
certainly affected by genetic interactions. Furthermore, what is
meant by a specific ‘hybrid genotype” will vary at different loci from

Heredity
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a heterozygous condition to homozygosity of introgressed alleles.
Once again, this reflects the need to derive fitness estimates from
well-defined genotypes, rather than from genotypic classes.

With regard to Louisiana Irises, several studies that defined geno-
typic variation have paved the way for inferences regarding hybrid
fitness and its possible relationship with adaptive evolution and
lineage diversification (Bouck et al., 2005, 2007; Martin et al., 2005,
2006, 2008; Taylor et al., 2009; Tang et al., 2010). Each of these studies
involved the application of linkage and/or quantitative trait loci (QTL)
mapping methodologies and thereby allowed inferences regarding the
number and position of genes contributing to the fitness of hybrids.
Bouck et al. (2005, 2007) began these analyses, producing the first
genetic maps for two members of this species complex, namely
Iris fulva and Iris brevicaulis. From these analyses, the genetic
architecture of both segregation distortion (reflecting the permeability
of the two species’ genomes to introgression) and floral phenotypes
was determined. Inferences drawn from these studies suggested that
genetic architecture and selection were likely to allow widespread
introgression of genes between these two species, but at the same time
impede the introgression of some phenotypic traits due to genetic
linkage (Bouck et al., 2005, 2007). For example, in a backcross
population of I fulva and I brevicaulis, alleles from I fulva were
significantly favored in 12 genomic regions compared with just 5 regions
from I brevicaulis (Tang et al., 2010). These findings reflect not only the
detection of reduced fitness for some recombinant genotypes but also
elevated fitness for others. These data were also transformative for
understanding the potential evolutionary significance of natural hybri-
dization for the Louisiana Iris species in that they opened a window
from which to view microevolutionary processes at individual loci and
QTL (Bouck et al., 2005, 2007). The power of such genomic informa-
tion for deciphering the evolutionary role of admixture between
divergent lineages has been well illustrated by studies of organisms as
diverse as mice, influenza, sunflowers and yeast (Payseur et al., 2004;
Yatabe et al., 2007; Novo et al., 2009; Vijaykrishna et al., 2010). Similarly,
linkage and QTL mapping studies of Louisiana Irises provided the
groundwork for making predictions regarding the role of selection and
genetic architecture on introgression, adaptation and diversification.

Introgression and adaptation: transferring genetic material can
provide adaptive benefits to the recipient

A longstanding hypothesis regarding introgression is that some
genetic transfer events can provide the basis for adaptive evolution
in the introgressed lineage. For example, Anderson (1949), in his book
Introgressive Hybridization, reflected this hypothesis in the following
passage: ‘There are some circumstantial data suggesting that intro-
gression may be one of the main sources of that variability which
provides the raw material for evolution. Although there are still
relatively few studies that have rigorously tested the hypothesis of
adaptive trait transfer through introgression, we are past the stage of
having only ‘circumstantial data. In particular, Anderson and
Hubricht (1938) and Anderson (1949) pointed to a lack of discrete
genetic markers required to define specific hybrid genotypes as the
starting point for testing for adaptive trait introgression.

We are no longer faced with a dearth of discrete genetic informa-
tion. For example, the complete genome sequence for domestic dogs
allowed a recent description of adaptive trait introgression involving
genes that control coat color. Alleles from domestic dogs, which
caused darker pelage, have apparently introgressed into North
American wolf populations (Anderson et al., 2009). The pattern of
genetic variation detected in wolf populations falsified the hypothesis
of neutral diffusion of coat color alleles from dogs, and instead,
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supported the hypothesis that the introgression involved positive
selection for the resulting darker coats in the hybrid wolves (Anderson
et al., 2009). Similarly, Fitzpatrick et al. (2009) used single-nucleotide
polymorphisms in a scan of the genomes of hybrid populations
formed between native and introduced species of salamanders in
North America (Ambystoma californiense and Ambystoma mavortium,
respectively). From this survey, they detected the fixation of alleles
from the introduced taxon in the native species at a handful of loci,
but low levels of introgression at the majority of sampled markers.
Like the canid data, this observation was used as the basis for falsifying
a hypothesis that posits neutrality in the transfer of alleles between
hybridizing lineages (Fitzpatrick et al, 2009). A final example of
apparent adaptive trait introgression comes from work on wild species
of annual sunflowers. Whitney et al. (2006, 2010) estimated the affects
from both biotic and abiotic factors on the fitness of Helianthus
annuus annuus, Helianthus debilis and the hybrid subspecies,
Helianthus annuus texanus, formed by introgressive hybridization
between H. a. annuus and H. debilis (Heiser, 1951). By placing both
parental taxa, their natural introgressed hybrid and experimental first-
generation backcross hybrids into natural settings, Whitney et al.
(2006, 2010) demonstrated that introgression from H. debilis into
H. a. annuus had resulted in the transfer of adaptations from the
former into the latter, thus facilitating the spread of H. annuus (in the
form of the new hybrid lineage, H. a. texanus) into novel habitats in
eastern Texas. By combining an experimental ecological approach with
genomic information, it was thus possible to not only test for adaptive
affects from introgression but also to identify specific genoty-
peXenvironment associations that were (at least partially) the foci
of positive selection (Whitney et al., 2006, 2010).

Louisiana Irises and evidence for adaptive trait transfer

A series of recent genomic and ecological analyses of Louisiana
Iris species have also tested the hypothesis that introgression in
nature is due to neutral diffusion. Although often found in sympatry
near bayous and waterways, I. fulva and I brevicaulis nonetheless
exhibit habitat partitioning. I. fulva typically grows at lower elevations
along the bayou edges, where rhizomes are often submerged in
water, whereas 1. brevicaulis generally occurs at slightly higher eleva-
tions in mixed hardwood forest (Figure 2a) (Viosca, 1935; Cruzan and
Arnold, 1993; Johnston et al, 2001b). Martin et al. (2005, 2007)
have tested for QTL underlying survivorship in different habitats.
These analyses involved I. fulvaxI. brevicaulis first-generation back-
cross (that is, BC;) populations. Analyses across years and habitats
were possible because Louisiana Irises are long lived and can
be replicated clonally by subdividing rhizomes of a given genotype.
The first two studies described below were ‘accidental” in that habitats
into which the genotypes were transplanted were revealed subse-
quently to be highly selective, yet still within the range of those
found in nature.

The first experiment examined the genetic architecture associated
with the survivorship of hybrid genotypes in a greenhouse setting
(Figure 2b) (Martin et al, 2005). Although well watered in this
common garden experiment, BC; iris genotypes were not placed in
standing water as is typical for I fulva populations. Inferences from
this long-term survivorship analysis falsified a neutral model of
introgression and strongly supported adaptive trait introgression
between these two iris species. First, the backcross genotypes toward
the dry-adapted I brevicaulis survived at a significantly higher
frequency than did those in the direction of the wet-adapted,
I fulva. Second, as expected from a model of adaptive trait introgres-
sion, introgression of three genomic regions (that is, QTLs) from
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a Distribution of /. brevicaulis and /. fulva in typical natural conditions

elevation

Cruzan and Arnold 1993

|dry

b Backcross common garden experiments
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# 1. brevicaulis ﬁ BC1 to I. brevicaulis, introgressed with /. fulva alleles -~ water level

# 1. fulva

Figure 2 (a) The typical natural distribution of /ris brevicaulis and Iris fulva. I. brevicaulis and I. fulva often occur in sympatry near bayous and waterways in
southern Louisiana. Although plants from each species may grow within a meter of one another, elevational gradients along bayou edges and differences in
microhabitats provide distinct growth environments for each species. /. brevicaulis is generally found in mixed hardwood forest at slightly higher elevations
that do not experience flooding, whereas /. fulva is found at lower elevations in soils that are often submerged in water. (b) Results of experiments on
I. brevicaulis and I. fulva backcross individuals. Genetic clones from two backcross populations, one toward /. brevicaulis and one toward /. fulva, were grown
in both a greenhouse common garden and in a common garden in a natural Louisiana Iris setting. In the drier greenhouse common garden, backcross
genotypes toward /. brevicaulis survived at a higher frequency than did those in the direction of /. fulva. Three QTLs introgressed from /. brevicaulis
increased survivorship of /. fulva backcrosses. Interestingly, some alleles from wet-adapted /. fulva increased the fitness of /. brevicaulis backcross genotypes
even in these dry conditions. The natural common garden experienced higher water levels than usual, resulting in prolonged flooding across the site. A cline
in survivorship was seen with /. fulva parents showing the highest percentage survival (27%), followed by individuals backcrossed to /. fulva (9%), and then
individuals backcrossed to /. brevicaulis (5.5%). . brevicaulis parents had no survivors. Although individuals composed primarily of the dry-adapted
1. brevicaulis alleles were generally less fit in the flooded environment, a QTL from /. brevicaulis was associated with higher survival of certain /. fulva BC;
individuals in the flooded conditions.

greenhouse
Martin et al. 2005

# BC1 to I. fulva, introgressed with . brevicaulis alleles I/W variable water level

L. brevicaulis was significantly associated with survivorship in the
I fulva BC; genotypes.

percentage survivorship reflected a cline among four genotypic classes:
1. brevicaulis=0%, backcrosses toward I. brevicaulis=5.5%, back-

A second analysis involved the same backcross populations, but in
this case, the genotypes were placed into southern Louisiana in regions
occupied by native I. fulva, I. brevicaulis and natural hybrids (Viosca,
1935; Arnold, 1993; Johnston et al., 2001b). The microhabitats selected
for transplants spanned hardwood forests (I. brevicaulis-like habitats;
Viosca, 1935; Cruzan and Arnold, 1993; Johnston et al., 2001b)
and bayous (I. fulva-like habitats; Viosca, 1935; Cruzan and Arnold,
1993; Johnston et al, 2001b). Yet, within 1 month, the entire
transplant area was inundated with >1m of water that remained
for several months (Figure 2b) (Martin et al., 2006). The resulting

crosses toward I fulva=9% and I fulva=27%. Furthermore, the
surviving genotypes of the BC; generation toward I brevicaulis
contained significantly more alleles from I. fulva than those genotypes
from this backcross population that did not survive the flooded
conditions. It was concluded that trait introgression had occurred
that provided some hybrid genotypes with adaptations to this extreme
environment (Martin et al., 2006).

A third analysis by Martin et al., involving pollinator interactions
with these same parental and BC,; genotypes, also uncovered evidence
for adaptive trait introgression. In this instance, Martin et al. (2008)

Heredity
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Table 1 Results of QTL mapping in Louisiana Irises summarizing expected and unexpected findings in terms of patterns of introgression in

different habitats

Expected results

Unexpected results

Drier greenhouse common

garden did Iris fulva BCy individuals.

Introgression of three genomic loci from /. brevicaulis into
I. fulva BCy individuals is associated with increased survival

Flooded natural area
common garden

Iris brevicaulis BCy individuals survived at a higher rate than

1. fulva parents and BC; individuals survived at a significantly
higher rate than did /. brevicaulis parents and BC; individuals.

1. fulva alleles increased fitness of /. brevicaulis BC; individuals.
An [. fulva QTL was associated with higher survival in /. fulva BCy
individuals.

1. fulva alleles introgressed into /. brevicaulis BC; individuals at
a higher frequency than expected under a neutral model

A QTL associated with higher survivorship in /. fulva BC; individuals
is associated with alleles from dry-adapted /. brevicaulis

The [. brevicaulis BCy individuals who survived had significantly

more /. fulva alleles than did those that did not survive

Abbreviation: BCy, first-generation backcross.

defined a complex genetic architecture of QTLs that caused certain
genotypes to be either attractive or unattractive to three pollinator
classes—bumblebees, butterflies and hummingbirds. The patterns
suggesting selective consequences from recombination between the
I fulva and I brevicaulis genomes were similar to those found in
both of the above analyses. In particular, I. brevicaulis genotypes
were avoided completely by butterflies, and almost completely by
hummingbirds (Martin et al., 2008). In contrast, BC; hybrids towards
this species were significantly greater in attractiveness to both of these
pollinator classes. It thus appears that alleles from I. fulva, introgressed
onto the I brevicaulis genomic background, provided a selective
benefit to the resulting hybrid genotypes.

Opverall, the patterns described above reflect apparent signatures of
positive selection for certain introgressed alleles underlying adapta-
tions to particular ecological settings. However, there were also data
reflecting unpredicted complexity (Table 1). Grant and Grant (2002)
reflected this class of inference (in the context of their findings from a
30-year study of Darwin’s finches) in the following manner: ‘Hybri-
dization occurred repeatedly though rarely, resulting in elevated
phenotypic variances in G. scandens and a change in beak shape.
The phenotypic states of both species at the end of the 30-year study
could not have been predicted at the beginning’

Although data collected from Louisiana Irises are a mere fraction of
that for Darwin’s finches, they reflect similar unpredictability. For
example, in the relatively dry greenhouse environment, (1) alleles from
‘wet-adapted’ I fulva increased the fitness of introgressed I. brevicaulis
genotypes (Martin et al., 2005); (2) I fulva alleles marked a QTL
associated with higher survivorship of I. fulva BC; genotypes (Martin
et al., 2005); and (3) although I. fulva BC, genotypes died at twice the
frequency of BC; hybrids toward I. brevicaulis, I. fulva alleles intro-
gressed into I brevicaulis at a significantly greater frequency than
expected under a neutral model (Arnold et al., 2010). In the flooded
environment (Martin et al., 2006), one of the two QTLs associated
with increased survivorship of introgressed I fulva (that is, BC;
genotypes toward I. fulva) was associated with an allele from ‘dry-
adapted’ I brevicaulis. In addition, although varying fitness across
environments has been a common observation in each of the studies
designed to test for such effects, not all of the analyses have detected
genotypeXxenvironment interactions (Taylor et al, 2009). Each of
these findings suggest that, as for other well-studied species complexes,
detecting both predicted and unpredicted phenomena often requires
experimental analyses that span many years and numerous habitats,
and that incorporate a wide array of approaches from many scientific
sub-disciplines.
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DIVERGENCE WITH GENE FLOW: TESTING FOR NON-
ALLOPATRIC DIVERSIFICATION

Darwin (1859) summarized his conclusion that new species formed in
sympatry or parapatry in the following manner: ‘...I believe that
many perfectly defined species have been formed on strictly contin-
uous areas...". In the ensuing 150 years, this developed into a relatively
controversial hypothesis (Mayr, 1963; Via, 2001; Bolnick and Fitzpa-
trick, 2007; de Aguiar et al., 2009; Cristescu et al., 2010). For example,
Coyne and Orr (2004) state that ‘the resurgence of interest in
sympatric speciation has produced a deluge of new information...
these data have not supported the view that sympatric speciation is
frequent in nature, either overall or in specific groups’

Using genomic information, it is now possible to test for the
geographic component of speciation and thus begin to estimate the
frequency distribution of those lineages that diverged in complete
isolation (that is, allopatry) versus those that shared space and time
with related lineages, resulting in gene flow during divergence.
For example, Pinho and Hey (2010) used a meta-analysis to estimate
the frequency of related lineages that experienced introgressive hybri-
dization during their divergence. Their meta-analysis included studies
that used the isolation-with-migration (or IM) models as the basis for
estimating population parameters, including gene flow. Although
many of the 200+ studies inferred a lack of gene flow, over half of
the cases examined detected 2NM estimates of > 0.1 (Pinho and Hey,
2010); this result is not consistent with an hypothesis of purely
allopatric divergence with no introgression.

Studies using genomic data, but applying methodologies other than
IM, have also led to falsification of the allopatric model of divergence
for various species complexes. Kulathinal et al. (2009) detected
autosomal gene introgression between Drosophila pseudoobscura and
Drosophila persimilis. Similarly, both Garrigan et al. (2005) and Green
et al. (2010) examined genomic data sets (the latter study involving a
comparison of the Homo sapiens and Homo neanderthalenis genome
sequences), leading to the inference of introgression between different
Homo species. One final exemplar of the process of divergence with
gene flow comes from the work of Sturmbauer et al. In this case,
genome scans (both nuclear and mitochondrial) and phylogenetic
reconstructions inferred multiple bouts of introgression during the
radiation of Lake Tanganyika cichlids (Sturmbauer ef al., 2010).

Louisiana Irises diversify while introgressing

Two classes of observation reveal the extent to which introgression
accompanied the evolutionary diversification of members of the
Louisiana Iris species complex. The first has been discussed above in



the context of hybrid fitness and adaptive trait introgression. In
particular, natural hybrid populations formed between I fulva,
I brevicaulis and Iris hexagona reflect not only hybridization but
also gene transfer between species.

The second observation indicating the cumulative effects from
introgression+natural selection is reflected by formation of the homo-
ploid hybrid species, Iris nelsonii. On the basis of morphological and
chromosomal characteristics, Randolph (1966) described this species
as a three-way hybrid derivative from natural crosses between I. fulva,
L brevicaulis and I. hexagona. Genetic markers from the nuclear and
chloroplast genomes supported this inference, with alleles from each
of the three species detected in the genome of I nelsonii (Arnold,
1993). Whether the divergent ecological adaptations or distinctive
morphological traits demonstrated by this species, relative to the
progenitor taxa, are consequences of its hybrid origin has not yet
been tested. However, regardless of whether admixture has caused
divergence in the various traits, this new lineage resulted from
hybridization and introgression (Randolph, 1966; Arnold, 1993).
Thus, as with cichlids, Drosophila, Homo and numerous other species
clades, gene flow has continued during, and in the case of I. nelsoni,
contributed to, the diversification and divergence of Louisiana Irises.

CONCLUSIONS

Gene flow during divergence has, and continues to, impact the
Louisiana Iris species complex. Introgression among the various
species has provided the material for further evolution in the form
of adaptive trait transfer and homoploid hybrid speciation. The
foundation of this reticulate evolution rests on hybrid genotypes
with varying fitnesses across different ecological settings. Findings
from evolutionary, genomic and ecological studies of numerous other
species complexes lead to the same conclusions. Thus, it seems that
Darwin’s observation that different hybrid genotypes could vary in
fitness across environments is correct, and that his model of speciation
in the face of gene flow has also been supported by many recent
findings. Such inferences challenge the utility and ubiquity of models
of evolutionary diversification that assume the necessity of hybrid
dysfunction or allopatric distributions. At the same time, they provide
the impetus for evolutionary biologists interested in the process of
speciation to continue to test for the occurrence of, and effects from,
divergence with gene flow.
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