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Many factors can promote speciation, and one which has received much attention is chromosomal inversions. A number of
models propose that the recombination suppressing effects of inversions facilitate the maintenance of differences between
interbreeding populations in genes affecting adaptive divergence and reproductive isolation. These models predict that such
genes will disproportionately reside within inversions, rather than in collinear regions. This hypothesis has received some support,
but exceptions exist. Additionally, the effects of known low levels of recombination within inversions on these models are
uninvestigated. Here, simulations are used to compare the maintenance of genetic differences between populations following
secondary contact and hybridization in different inversion models. We compare regions with no recombination within them to
regions with low recombination and to collinear regions with free recombination. Our most general finding is that the low levels
of recombination within an inversion often result in the loss of accentuated divergence in inverted regions compared to collinear
ones. We conclude that inversions can facilitate the maintenance of species differences under some conditions, but that large
or qualitative differences between inverted and collinear regions need not occur. We also find that strong selection facilitates

maintenance of divergence in a manner analogous to inversions.
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The factors both promoting and constraining the speciation pro-
cess are a central topic in evolutionary biology (Coyne and Orr
2004; Gavrilets 2004; Nosil et al. 2009a). In this context, the
role of chromosomal inversions in promoting speciation has
received much attention (Coyne and Orr 2004; Hoffman and
Rieseberg 2008 for review). For example, it has long been realized
that structural chromosomal changes associated with inversions

can result in reduced hybrid fitness (White 1978; King 1993;
Coyne and Orr 2004, pp. 256-267 for review). The last decade
has also seen the development of a number of “genic” models
that propose a role for inversions in speciation which focuses
on the genes within inversions, rather than structural changes,
as being the causal agents for reproductive isolation (Noor et al.
2001, 2007; Rieseberg 2001; Ortiz-Barrientos et al. 2002; Butlin
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2005; Machado et al. 2007; Hoffman and Rieseberg 2008; Santos
2009).

In these verbal genic models, inversions are initially estab-
lished by either selection or drift, usually in allopatry. Following
secondary contact and gene flow, inversions are predicted to facil-
itate the maintenance of genetic differences between populations
in genes that affect adaptive divergence and reproductive isola-
tion, thereby preventing the populations from being homogenized
by gene flow. The basic premise is that inversions reduce intro-
gression for large regions of the genome and protect favorable
genotypic combinations within these regions from being broken
up by recombination (Butlin 2005; Hoffman and Rieseberg 2008
for review). More specifically, favorable genotypic combinations
at loci affecting adaptation to different environments are main-
tained within inversions, resulting in each gene involved exhibit-
ing a greater composite selective differential between environ-
ments than it would individually (Rieseberg 2001). Additionally,
inversions might tie up genes that confer divergent adaptation to
those which affect assortative mating, thereby doubly promoting
the maintenance of genetic differences between hybridizing pop-
ulations (Butlin 2005). Finally, genotypic combinations within
inversions that contribute to intrinsic genetic incompatibilities in
hybrids, a form of reproductive isolation, can be protected from
invasion by ancestral, compatible genotypic combinations (Noor
et al. 2001). Extensions to these initial models on the mainte-
nance of differences have now examined the role of inversions
in the initial build up of genetic differences between popula-
tions (Navarro and Barton 2003; Gavrilets 2004) and on the
factors driving the actual spread of inversions (Kirkpatrick and
Barton 20006).

The genic inversion models make some explicit predictions.
One is that inversions will be more common in sympatric ver-
sus allopatric taxon pairs. The underlying logic is that allopatric
taxa without inversions can diverge because they need not counter
the homogenizing effects of gene flow, and thus allopatric taxon
pairs lacking inversions will occur. In contrast, secondary contact
in sympatry between populations lacking inversions results in the
fusion and homogenization of the two populations. Thus, distinct
populations that are observed in sympatry will tend to harbor in-
versions. This prediction has been supported in Drosophila (Noor
et al. 2001). Another prediction is that genes affecting adaptive
divergence and reproductive isolation will reside within inver-
sions, but that this tendency will be accentuated in sympatric taxa
(relative to allopatric ones). A number of studies of hybridizing
taxa, for example using quantitative trait locus (QTL) mapping,
have now shown such genes to reside within inversions (Rieseberg
et al. 1999; Noor et al. 2001; Feder et al. 2003a,b; Manoukis et al.
2008; see Hoffman and Rieseberg 2008 for full review). In an ex-
plicit test of this second prediction, Brown et al. (2004) compared
the genetic basis of hybrid male sterility in a sympatric species
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pair of Drosophila (D. pseudoobscura pseudoobscura and D. per-
similis) to that of an allopatric pair (D. pseudoobscura bogotana
and D. persimilis). The two species pairs considered differ from
one another in the same three inversions. Brown et al. (2004)
report that virtually all of the sterility factors in the sympatric
pair are associated with the three inverted regions, whereas steril-
ity factors are present in the collinear regions in the allopatric
pair.

However, recent population genomic studies (i.e., genome
scans) sometimes contradict the importance of inversions. In this
literature, genomic regions harboring genes affecting adaptive
divergence or reproductive isolation are inferred indirectly via
the accentuated genetic differentiation between populations dis-
played by such regions (i.e., greater differentiation than expected
under neutrality, Beaumont 2005; Nielsen 2005; Storz 2005; Noor
and Feder 2006; Stinchcombe and Hoekstra 2008). Studies using
such approaches often report that regions of exceptionally high
differentiation (outlier loci) are widely distributed across the
genome, for example residing on numerous different chromo-
somes (Scotti-Saintagne et al. 2004; Achere et al. 2005; Grahame
et al. 2006; Rogers and Bernatchez 2007; Egan et al. 2008; Nosil
et al. 2008; Wood et al. 2008; Nosil et al. 2009a for review). These
studies suggest that genes affecting adaptation and reproductive
isolation are not always clustered within an inversion, although
it is possible that each of these regions lies within a different
inversion (with such inversions themselves being genomically
dispersed). In other cases, inversions themselves were studied
and no evidence for selection on them was revealed, suggesting
the inversions do not harbor genes affecting adaptive divergence
(Cohuet et al. 2004). In short, inversion models have some, but
not overwhelming, empirical support. As noted by Hoffman and
Rieseberg (2008) in their recent review of the evolutionary signif-
icance of inversions “the relative importance of inversions in the
adaptive evolution of traits has rarely been addressed. It is there-
fore usually not clear if inversions play a critical role in adaptive
shifts or if they only have a minor effect.” (pp. 31).

Although the verbal models are intuitive, the efficacy of dif-
ferent genic inversions models has not been compared within a
standardized theoretical framework. Such undertaking could be
important, because the verbal models differ in whether fitness
trade-offs, selection, and epistasis are involved (Noor et al. 2001;
Rieseberg 2001; Gavrilets 2004), and thus a comparison of differ-
ent scenarios is warranted. Additionally, the verbal models assume
no recombination within inversions. However, some recombina-
tion does occur within inversions (Navarro et al. 1997; Jaarola
et al. 1998; Hoffman and Rieseberg 2008 for review) and this has
known theoretical significance because gene flow near a locus that
contributes to reproductive isolation should be inversely propor-
tional to the selection: recombination ratio (Barton 1979). Thus,
the effectiveness of an inversion in limiting gene flow will depend
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on how much recombination occurs within it, with even moder-
ate levels of recombination potentially limiting the maintenance
of genetic divergence (Felsenstein 1981; Ortiz-Barrientos et al.
2002). Indeed, there are empirical data indicating that recombina-
tion might be important for determining the efficacy of inversion
models: genes exhibited accentuated divergence between species
have been observed to reside near chromosomal breakpoints
(Helianthus sunflowers, Rieseberg et al. 1999; Yatabe et al. 2007)
or near centromeres (e.g., Anopheles mosquitoes, Turner et al.
2005; Oryctolagus cuniculus rabbits, Geraldes et al. 2006), where
recombination is extensively reduced. Other studies showed that
levels of genetic differentiation between the Drosophila species,
D. pseudoobscura, and D. persimilis are somewhat elevated just
outside of inversions, but drop off markedly even just a few
megabases outside the inversion (Machado et al. 2007; Noor et al.
2007). Thus, any recombination might reduce the efficacy of the
inversion models proposed by Noor and Rieseberg, but this has
not been explicitly investigated.

Here, we use computer simulations to address theoretical
issues pertaining to which particular inversion models are most
effective at facilitating the maintenance of genetic differences in
the face of gene flow. We vary selection strength, migration rates,
recombination rates, and the extent of negative epistatic interac-
tions between loci, thereby exploring the general conditions un-
der which each model results in differences in genetic divergence
between collinear versus inverted regions. In turn, these theoreti-
cal results might inform empirical discrepancies—to what extent
might the differences among empirical results be explained by
which model is acting or whether there is some recombination?
Finally, by varying both the strength of selection and genetic ar-
chitecture, we address issues concerning the role of each of these
two factors in the maintenance of genetic divergence (Nosil et al.
2009b).

To formalize the verbal genic inversion models that were first
proposed (e.g., Noor et al. 2001; Rieseberg 2001), we focus on
the maintenance of existing differences between populations upon
secondary contact. This is a useful and clear starting point, and fu-
ture work could examine the initial build up of differences within
inversions and the spread of inversions (cf. Navarro and Barton
2003; Kirkpatrick and Barton 2006, respectively). The genes we
model in the simulations affect adaptive divergence and repro-
ductive isolation, and thus are analogous to “speciation genes”
(Coyne and Orr 2004; Wu and Ting 2004). Our study differs most
explicitly from previous and related work on inversions (e.g., Noor
et al. 2001; Rieseberg 2001) by considering the effects of varia-
tion in recombination rate and our most general finding is that the
low levels of recombination within an inversion often result in the
loss of accentuated divergence in inverted regions compared to
collinear ones. We report on the time course of these patterns and
discuss the findings in light of the expectation that genes affecting

adaptive divergence and reproductive isolation will reside within
(i.e., map to) inversions in natural populations.

Material and Methods

THE FIVE DIFFERENT INVERSION MODELS

We investigated the evolutionary dynamics of five different com-
puter simulation models that could potentially generate disparities
in genetic differentiation between populations in regions of high
(collinear) versus low (inversion) recombination in the genome.
A summary of these models is depicted in Figure 1. Models 1
and 2 examine the verbal argument of Rieseberg (2001) concern-
ing ecological adaptation to different habitats. Model 1 involved
fitness trade-offs in which alternate alleles at two loci (A and
B) conferred higher fitness in one habitat and were disfavored
in the other habitat. In this case, blocks of favored linked loci
held together in inversions may be less prone to swamping by
gene flow, as they would behave collectively as a “supergene”
with a greater composite selective differential between habitats
than each individual gene considered alone. In the second model,
alleles at loci A and B were alternately favored in one of the two
habitats and neutral in the other. In this instance, the equivalent of
a Hill-Robertson effect (Hill and Robertson 1966; Santiago and
Caballero 1998) may impede the homogenization of rearranged
chromosomal regions by restricting the formation of gametes pos-
sessing the favored alleles at both loci. These first two models do
not involve epistasis, but the following three models do.

Model 3 represents the hypothesis of Noor et al. (2001) in-
volving negative epistasis and intrinsic postzygotic incompatibili-
ties in hybrids. In model 3, the derived and neutral substitutions at
loci A and B were assumed to be alternately fixed by genetic drift
in populations 1 and 2. Thus, this model does not involve selec-
tion or adaptation to different ecological environments. However,
hybrids possessing the two derived alleles suffered reduced viabil-
ity due to a Dobzhansky—Muller (D—M) incompatibility (Bateson
1909; Dobzhansky 1937; Muller 1940, 1942; Orr 1995; Coyne and
Orr 2004 for review). When this is the case, free recombination
between the negatively interacting derived mutations could allow
selection to act independently on the genes and eliminate them
from populations. In contrast, low recombination, by restricting
the formation of chromosomes possessing neutral ancestral alle-
les at both loci A and B, could impede the effective removal of
the derived substitutions from the populations.

Models 4 and 5 were variations on the hypothesis of Noor
et al. (2001) in that they involve negative epistasis but also further
involve selection. Model 4 was similar to model 3, but instead
of being neutral, the two derived substitutions were considered
to be universally favored (beneficial) across the two populations.
Model 5 was also based on intrinsic postzygotic isolation in hy-
brids and, to our knowledge, has not been previously proposed in
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A Model 1: Rieseberg ecological trade-offs B Model 2: Rieseberg ecological adaptation

involving favored/neutral alleles

Habitat 1 A(+,-) —— B(+,-) Habitat 1 A(+,0) — B(0,0)
recombination
(r=0,10%0.5)

Habitat 2 a(+,-) —— b(+,-) Habitat 2 a(0,0) — b(+,0)

C Model 3: Noor D-M incompatibilities
between derived neutral alleles

A(0,0) — B(0,0)

D Model 4: D-M incompatibilities
between derived universally favored alleles

A(+,+) — B(0,0)

Pop. 1 Pop. 1

- —¥
negative epistasis

Pop.2  a(0,0)—2b(0,0)

negative epistasis

Pop. 2 a(0,0) — b (+,+)

E Model 5: D-M incompatibilities between an ancestral
and an universally favored derived allele

Pop. 1 A(++) = B(+4)
>. 4

negative epistasis

at0.0) — b(0.0)

Pop. 1

Figure 1. Diagrams of five models predicting that chromosomal rearrangements facilitate the maintenance of genetic differences
between populations for loci involved in adaptive divergence or reproductive isolation. Models 1 and 2 are the ecological models of
Rieseberg (2001) in which either (A) alleles responsible for fitness trade-offs or (B) alleles favored in one habitat and neutral in the
other are disproportionately retained in inverted regions. Models 3 and 4 are the D-M incompatibility model of Noor et al. (2001) and
a variation of it, respectively, in which negative epistasis between (C) derived, neutral alleles alternately fixed between populations or
(D) derived alleles universally favored across taxa underlie intrinsic postzygotic isolation. (E) Model 5 concerns the hypothesis presented
in the current study in which D-M incompatibilities exist between a derived favorable mutation at locus B in one population and the
ancestral allele retained at an alternate locus A in the other taxon. In the diagrams, we show the allele states for the two loci A and B
and, in parentheses, whether they are favored (+), neutral (0), or selected against () in a given habitat/population under each of the
models. The first symbol provides the relative fitness for an allele in its parental habitat/population and the second symbol its relative
fitness in the alternate habitat/population. Upper case allele designations A and B were used for habitat/population 1 and lower case
a and b for habitat/population 2. The arrows in models 3-5 depict negative epistatic interactions between the designated alleles in
individuals of mixed hybrid ancestry. Bold underlined alleles in models 3-5 indicate the derived substitutions in the population. The
computer simulations varied recombination rates between loci A and B in the simulations (r = 0, 108, and 0.5) under differing parameter
values for migration, selection, and negative epistasis. This was done to investigate the potential for differential retention of these genes
in inverted versus collinear regions.

the literature. Instead of derived—derived incompatibilities, model
5 examined the consequences of negative interactions between
derived and ancestral allelic states. In this case, derived and uni-
versally favored substitutions were envisioned to first fix at locus
A, and then at locus B, in population 1. Hybrids of mixed ancestry
would be inviable due to D-M incompatibility between the an-
cestral allele at locus A still present in population 2 and the new
derived allele at locus B in population 1. Introgression would be
hampered for a rearranged region because the universally favored
derived mutation at locus A would have difficulty disentangling
itself from the D-M incompatibility causing derived mutation at
locus B. However, in collinear regions, the derived A substitu-
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tion could freely move and increase in frequency in population 2,
setting the stage for the subsequent introgression of the second
derived allele at locus B.

SIMULATION PROCEDURES

We used the same discrete generation, two-island population com-
puter simulations of introgression following secondary contact to
investigate the dynamics of the five inversion models. We con-
sidered the two populations to initially be geographically isolated
during which time genetic differences and an inversion became
alternately fixed in the two demes. After secondary contact, mi-
gration occurred at a rate m per generation between the two island
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demes. Population densities were assumed to be equal and inde-
pendently regulated in the two demes. Selection, when present
in the model, was assumed to be soft, with both infinitely sized
demes contributing equally to the migrant pool. We considered a
life cycle with selection following migration and preceding mating
(newborns > dispersal > selection > meiosis/recombination >
mating > zygotes). We followed the fate of allelic variation seg-
regating at two loci, designated A and B. We also explored the
consequences of a more polygenic four-locus system for model 2.

Three different linkage relationships were investigated be-
tween loci. In the first case, loci were separated by 50 cM, cor-
responding to free recombination and a collinear arrangement in
the genome. For the other two cases, either no recombination was
allowed or only a very low level of recombination (1 x 10~8) was
permitted between loci. These latter two simulations represented
loci residing in rearrangements.

When recombination was free, we modeled exchange in the
context of a standard two-locus system with a random assortment
occurring between segregating alleles at the two genes A and B
during meiosis. In contrast, exchange in the low recombination
case was modeled from the context of two alternative gene or-
ders (“standard” and “inverted”) segregating in populations. Ex-
change in homokaryotes (individuals with standard/standard or
inverted/inverted chromosomes) occurred in the same manner as
for the free recombination case except that the distance between
loci was set at 10 instead of 50 cM. In contrast, the total genetic
flux (exchange) rate of alleles between alternate rearrangements
in heterokaryotype individuals was set at 1 x 1078, Genetic flux
was apportioned at a ratio of 70:30 between double exchange
and gene conversion events (all successful recombination events
were assumed to involve double exchange in the simulations).
The proportion of double recombination events involving a par-
ticular gene or combination of genes was calculated as the product
of the recombination distances flanking the loci (as estimated in
collinear homokaryotypes) divided by the sum total of recom-
bination products for all possible gene combinations. Distances
from the most proximate genes to the inversion breakpoints were
both set at 10 cM, the same as that between loci. Thus, for the
two-locus model, chromosomal segments containing locus A, loci
AB, and locus B were each involved in one third of the double
recombination events between rearrangements. For gene conver-
sion, loci A and B were considered to be equally likely involved
in a conversion event. We assumed gene conversion to be unbi-
ased such that a conversion event in a heterokaryote resulted in
a transformed (changed) allelic state in the standard and inverted
arrangement two thirds of the time. We observed almost identical
results when inversions were simply modeled as two loci with
1078 recombination between them (not inverted versus collinear
regions per se). Tables of the full results are available from the
authors.

Three different intensities of selection were considered in the
simulations (s = 0.01 [weak], 0.1 [moderate], and 1.0 [strong]).
Three levels of migration were considered (rm = 0.001 [low], 0.01
[moderate], and 0.1 [high]). Four degrees of negative epistasis
were considered (ep = 0.01 [weak], 0.1 [moderate], 0.5 [strong],
and 0.95 [very strong]). Selection was modeled to affect viabil-
ity between juvenile and adult life stages with segregating alleles
interacting in a partially dominant manner such that the relative
fitness of alternate homozygotes and the heterozygote at a locus
were 1, 1 + s and 1 + /2, respectively. Fitness interactions were
multiplicative between loci. Hybrids that possessed alleles caus-
ing D-M incompatibilities were assigned a relative fitness value
of 1 — ep regardless of the number of incompatible alleles they
possessed or their genotype for other loci. Migration occurred
independent of genotype.

We measured genetic differentiation between populations at
different time intervals in regions of no, low, and free recombina-
tion. As a metric, we followed through time the allele frequency
difference at the B locus for the first 20,000 generations after
secondary contact. This time frame is useful for assessing pat-
terns of introgression following relatively recent secondary con-
tact events, such as those involving the end of the last Pleistocene
glaciation 10-15,000 years ago. Additionally, differences between
models were almost always observed within this time frame (see
Results).

Results

The overarching pattern that emerged from the computer simu-
lations was that unless recombination was completely eliminated
and coupled with strong selection or epistasis and low migra-
tion rates, there was no large difference in genetic divergence
maintained between rearranged versus collinear regions of the
genome following secondary contact (Figs. 2—-6 and Supporting
information for graphical results and Table 1 for a summary of the
general results from each model). In essence, low-level recombi-
nation in inverted regions on the order of 1078, likely a modest
rate for inversions (Hoffman and Rieseberg 2008 for review),
was often sufficient to result in similar levels of differentiation
for genes involved in reproductive isolation/ecological adaptation
across the genome. Moreover, observed quantitative differences
between rearranged versus collinear regions were usually time
dependent. Given a little recombination, even when parameter
values were ideal for disproportionately retaining differentiation
for reproductive isolation/ecological adaptation genes in rear-
ranged regions for models 2, 3, and 5 (strong selection/epistasis
and low migration), the difference dissipated or began to dissi-
pate within the 20,000 generations modeled in the simulations
(Figs. 3, 4, and 6). Thus, following recent secondary contact
events there may be a time window when “speciation genes”
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Figure 2. Simulation results from model 1, in which alternate alleles at two loci (A and B) conferred higher fitness in one habitat and
were disfavored in the other habitat (i.e., “fitness trade-offs”). Shown is the difference in allele frequency between populations at locus
B (frequency diff.) as a function of the number of generations since secondary contact between populations, for different selection (s)
and migration (m) regimes. In each panel, allele frequencies differences are contrasted between scenarios in which the two loci reside in
genomic regions with no recombination between loci (r = 0.0 = inversion with no recombination), low recombination between loci (r =
10~8 = inversion with low recombination) and free recombination between loci (r = 0.5 = collinear genomic region). In this model, large
frequency differences between populations were maintained at all genomic regions when selection was strong relative to migration,
and frequency differences between populations were lost at all genomic regions when migration was high relative to selection. Thus,
this model does not predict large differences among genomic regions in levels of genetic differentiation in genes affecting adaptive
divergence. In some cases, the results for two of the three recombination rates were essentially identical, denoted by the small ‘X" in the

relevant panels.

appear to predominantly map to rearrangements, but this phe-
nomenon may not (usually will not) persist indefinitely and is
transitory.

The five models investigated in the study differed quantita-
tively, however, in their potential to maintain divergence between
collinear and rearranged regions. For the ecologically based
models proposed by Rieseberg (2001), inversion polymorphism
had a much greater effect when alleles were favored in one
habitat and neutral in the other (model 2; Fig. 3) compared to
when they constituted true fitness trade-offs (model 1; Fig. 2). For
model 1, fitness trade-offs between habitats generally resulted in
the retention of detectable allele frequency differences between
populations even for collinear regions, except for when selection
was weak (s = 0.01) and migration high (m = 0.1; Fig. 2). For
model 2 in contrast, free recombination allowed favored alleles in
collinear regions to become disassociated from their disfavored
genetic backgrounds in the alternate habitat. As a result, these
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favored/neutral alleles could flow more easily between pop-
ulations when unlinked compared to when tightly linked in
inversions (Fig. 3). But this difference was dependent on the ab-
sence of recombination. When recombination was low in model 2,
differences between collinear regions and inverted regions dis-
appeared relatively quickly. Indeed, unless selection was very
strong (s = 1.0) and migration low (m = 0.001) the differences
disappeared within the 20,000 generation time frame of the simu-
lations. Increasing the number of loci from two to four delayed the
period of decline and accentuated the difference between inverted
and collinear regions, especially when the migration rate was
low (Fig. 7). However, adding two additional loci did not prevent
the ultimate dissipation of genetic differentiation for moderate
migration rates unless selection was strong (Fig. 7). These results
imply that if rearrangements contain large numbers of alternately
interspersed favored/neutral alleles and migration rates are
low following secondary contact, then genetic differentiation
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Figure 3. Simulation results from model 2, in which alleles at loci A and B were alternately favored in one of the two habitats and
neutral in the other. Shown is the difference in allele frequency between populations at locus B (frequency diff.) as a function of the

number of generations since secondary contact between populations, for different selection (s) and migration (m) regimes. In each panel,

allele frequencies differences are contrasted between scenarios in which the two loci reside in genomic regions with no recombination

between loci (r = 0.0 = inversion with no recombination), low recombination between loci (r = 108 = inversion with low recombination),

and free recombination between loci (r = 0.5 = collinear genomic region). In this model, differences between regions with low versus free
recombination were sometimes observed, but were transient. The differences between regions with low versus free recombination tended

to decay sooner as selection was weakened or migration strengthened. See Figure 7 for results considering four, rather than two, loci.

may be more strongly maintained within inverted versus
collinear genomic regions for comparatively long periods of
time.

The D-M incompatibility model 3 of Noor et al. (2001) gen-
erated a persistent difference between collinear and rearranged
regions only when recombination was absent, migration low, and
the alleles selectively neutral in their parental populations (Fig. 4).
Relaxing these conditions resulted in dramatic reductions in the
extent of differentiation seen for the inversions and, as was the
case for ecological model 2, transformed the nature of the diver-
gence from being long term to being ephemeral. As noted above,
although recombination is reduced between alternative rearrange-
ments in the genome, it is usually not eliminated altogether and
rates of gene flux on the order of 1078 that were evaluated in
the simulations are likely modest and not uncommon (Hoffman
and Rieseberg 2008 for review). Therefore, the assumption of no
recombination is unlikely to be met in most instances.

Under the scenario of model 4 in which alleles where ini-
tially fixed by selection and are universally favored, essentially
no difference was observed in the genetic differences maintained

in derived-derived D-M incompatibilities between inverted and
collinear regions. The only exceptions were for certain combina-
tions of parameter values such as for moderate selection (s = 0.1),
when negative epistasis was strong (ep = 0.95) and migration high
(m = 0.1; see Fig. 5 for results with moderate selection and Sup-
porting Information Figs. S1 and S2 for full results with strong
and weak selection). However, even this exception occurred only
in the absence of recombination. Thus, as was often the case for
the other models, high levels of migration coupled with weak
selection/epistasis led to the essential homogenization of allele
frequency differences between populations in all regions of the
genome (Figs. 2-6).

Model 5 proposed in the current article is based on derived-
ancestral D-M incompatibilities. In this model, differences be-
tween rearranged and collinear regions of the genome were even
less common and pronounced than in the other models. Indeed,
model 5 was particularly susceptible to the effects of low-level
recombination (107%) in negating any potential differences in
the number of speciation genes retained between inverted versus

collinear regions (see Fig. 6 for results with moderate selection,
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Figure 4. Simulation results from model 3, in which the derived and neutral substitutions at loci A and B were assumed to be alternately
fixed by genetic drift in populations 1 and 2. Shown is the difference in allele frequency between populations at locus B (frequency diff.)
as a function of the number of generations since secondary contact between populations, for different epistasis (ep) and migration (m)
regimes. In each panel, allele frequencies differences are contrasted between scenarios in which the two loci reside in genomic regions
with no recombination between loci (r = 0.0 = inversion with no recombination), low recombination between loci (r = 108 = inversion
with low recombination), and free recombination between loci (r = 0.5 = collinear genomic region). In this model, transient differences
between regions with low versus free recombination were observed under some conditions, but these differences decayed relatively
rapidly through time secondary contact. In some cases, the results for two of the three recombination rates were essentially identical,

denoted by the small ‘X’ in the relevant panels.

see Supporting Information Figs. S3 and S4 for full results with
strong and weak selection).

Discussion

GENERAL PATTERNS AND DIFFERENCES

AMONG MODELS

We analyzed several simulation models that examined the effect
of chromosomal inversions on the maintenance of genetic differ-
ences between hybridizing populations upon secondary contact.
Our models formalize the verbal arguments of Rieseberg (2001)
and Noor et al. (2001) and differ from several other mathematical
inversion models by examining the maintenance of genetic differ-
ences, rather than their initial build up (e.g., Navarro and Barton
2003; Kirkpatrick and Barton 2006).

The results from our computer simulations imply that we
might not always expect to observe stark, qualitative differences
between the number of “speciation genes” mapping to rearranged
versus collinear regions of the genome following secondary con-
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tact and introgression between populations. Certain models (2,
3, and to a limited extent 4 and 5) could produce windows of
time in which a quantitative difference could potentially be de-
tected between inverted versus collinear regions. But for the D—
M incompatibility models 4 and 5, this difference depends on
the complete absence of recombination for an inversion poly-
morphism, a perhaps unrealistic assumption. Moreover, model 3
will sometimes not apply, because it assumes that derived muta-
tions contributing to D-M incompatibilities are neutral. Several
genes affecting D-M incompatibilities have been shown to ex-
hibit a history of evolving via positive selection, demonstrating
that the assumption of neutrality will not always be met (e.g.,
Hmr, Barbash et al. 2003, 2004; Nup96, Presgraves et al. 2003;
Lhr, Brideau et al. 2007; Nup160, Tang and Presgraves 2009; see
Orr et al. 2004; Noor and Feder 2006 for reviews). Thus, model 2
may provide the most probable scenario for any significant time
window of greater differentiation for rearranged than collinear
regions. This is especially true if a large number of interspersed
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Figure 5. Simulation results from model 4, a model similar to model 3, but in which instead of being neutral, the two derived substitutions
were considered to be universally favored across the two populations (i.e., universally beneficial). Shown is the difference in allele
frequency between populations at locus B (frequency diff.) as a function of the number of generations since secondary contact between
populations, for different epistasis (ep) and migration (m) regimes (here moderate selection is considered, see Supporting Information for
full results with strong and weak selection). In each panel, allele frequencies differences are contrasted between scenarios in which the
two loci reside in genomic regions with no recombination between loci (r = 0.0 = inversion with no recombination), low recombination
between loci (r = 10~8 = inversion with low recombination), and free recombination between loci (r = 0.5 = collinear genomic region). In
this model, differences were maintained in all genomic regions when migration was low or modest and tended to be lost in all genomic
regions when migration was high. Thus, this model does not predict differences between inverted versus collinear regions in the level
of genetic divergence maintained upon secondary contact. In some cases, the results for two of the three recombination rates were
essentially identical, denoted by the small ‘X’ in the relevant panels.

favored/neutral alleles reside in the rearrangements. Although the
difference may not be permanent unless recombination is zero,
a pronounced pattern could be observed if migration rates were
low and/or secondary contact occurred in the not too distant past.
However, as model 2 is based on alleles being favored in one habi-
tat (population) and neutral in the other, the loci do not constitute
genes affecting adaptive divergence or reproductive isolation in
the strict sense of the terms. Consequently, none of the models ap-
pear to predict a dramatic and permanent difference in the number
of loci causing reproductive isolation between rearranged versus
collinear regions, unless certain specific circumstances are met.
We stress that our models do not address the possibility for
inversions to serve as foci on which additional differences can
be built. Instead we focused on the maintenance of divergence
following secondary contact and introgression, a scenario many
would argue is the common situation for many taxa in present-day

sympatry (Coyne and Orr 2004). However, as shown by Navarro
and Barton (2003), the possibility of additional divergence follow-
ing contact (at least for universally favored alleles causing D-M
incompatibilities) is again limited in time and will not necessar-
ily produce an “all or none” qualitative effect. The take-home
message from the simulation models is therefore that observed
instances of dramatic differences between rearranged versus
collinear regions may often reflect specific circumstances, as dis-
cussed below.

CONDITIONS UNDER WHICH ACCENTUATED GENETIC
DIVERGENCE IS EXPECTED WITHIN INVERSIONS:
EXTENSIVELY REDUCED RECOMBINATION, MULTIPLE
LOCI AND RECENT SECONDARY CONTACT

Empirical examples of hybridizing taxa where genes underly-
ing divergent adaptation or reproductive isolation reside within
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Figure 6. Simulation results from model 5, which examined the consequences of negative interactions between derived and ancestral
allelic states. In this case, derived and universally favored substitutions were envisioned to first fix at locus A, and then at locus B, in
population 1. Shown is the difference in allele frequency between populations at locus B (frequency diff.) as a function of the number
of generations since secondary contact between populations, for different epistasis and migration regimes (here moderate selection is
considered, see Supporting Information for full results with strong and weak selection). In each panel, allele frequencies differences are
contrasted between scenarios in which the two loci reside in genomic regions with no recombination between loci (r = 0.0 = inversion
with no recombination), low recombination between loci (r = 10~8 = inversion with low recombination), and free recombination between
loci (r = 0.5 = collinear genomic region). In this model, genetic differences after secondary contact were maintained only in regions of no
recombination, and only when epistasis was strong relative to migration. Thus, differences in the level of genetic divergence maintained

in regions with low versus free recombination are not expected.

inversions do exist (Rieseberg et al. 1999; Noor et al. 2001; Feder
et al. 2003a,b; Manoukis et al. 2008; see Hoffman and Rieseberg
2008 for full review). At least four factors could explain these em-
pirical observations, thereby reconciling our general simulation
results with these empirical findings.

First, inversions may facilitate the maintenance of genetic
differences when recombination within them is extensively re-
duced, for example when loci affecting divergence adaptation or
reproductive isolation lie near a chromosomal breakpoint. Indeed,
there are empirical data indicating that the degree of recombina-
tion might be important for determining the efficacy of inversion
models. For example, a recent study combining QTL mapping
and population genomics reported that accentuated divergence
between hybridizing sunflower species (Helianthus annuus and
H. petiolaris) occurred primarily at chromosomal breakpoints
rather than throughout inversions (Rieseberg et al. 1999; Yatabe
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et al. 2007). Other studies showed that levels of genetic differen-
tiation between Drosophila species drop off markedly even just a
few megabases outside the inversion (Machado et al. 2007; Noor
etal. 2007). Thus, the efficacy of inversion models should increase
as genes underlying species differences reside in regions of in-
creasingly reduced recombination. Notably, this argument extends
beyond inversion models to any factors that reduce recombination.
For example, genetic differences between hybridizing taxa might
most easily persist near centromeres where, as in the case of chro-
mosomal breakpoints, recombination is heavily reduced. Indeed,
accentuated divergence near centromeres has been reported in ge-
netic studies of mosquitoes (Anopheles gambiae, Turner et al.
2005) and the European rabbit (O. cuniculus, Geraldes et al.
2006).

Second, inversions may be more effective at facilitating
the maintenance of genetic divergence when multiple (many)
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Table 1. General summary of the simulation results from the five different inversion models. The three types of genomic regions
considered are inverted regions with no recombination within them, inverted regions with low (10~8) recombination with them, and

collinear regions of free recombination (0.5). See text for details, Figure. 1 for a graphical description of each model and Figures. 2-6 for

detailed results.

Model

General Results

Model 1: Rieseberg ecological
trade-offs

Model 2: Rieseberg ecological
adaptation involving
favored/neutral alleles

Model 3: Noor D-M
incompatibilities between
derived neutral alleles

Model 4: D-M
incompatibilities between
derived universally favored
alleles

Model 5: D-M
incompatibilities between an
ancestral and an universally
favored derived allele

Very similar degree of genetic differentiation maintained across all three types of genomic regions,
dependent on the balance between the strength of divergent selection and rates of migration

Inverted regions with no recombination maintain the greatest degree of genetic differentiation

Inverted regions with low recombination sometimes exhibit greater genetic differentiation than
collinear regions for a time period (e.g., a few thousand generations following secondary
contact), but equilibrium levels of genetic differentiation maintained for such regions are very
similar to those observed for collinear regions (two locus model)

When four, rather than two, loci are considered, inverted regions with low recombination maintain
greater differentiation than collinear regions under some conditions (e.g., when migration is
very low, m=0.001)

Inverted regions with no recombination often maintain the greatest degree of genetic
differentiation

Inverted regions with low recombination exhibit greater genetic differentiation than collinear
regions for a time period, but only when migration is very low (m=0.001)

Equilibrium levels of genetic differentiation for inverted regions with low recombination are very
similar to levels observed for collinear regions

Equilibrium levels of genetic differentiation for inverted regions with low recombination very
similar to levels observed for collinear regions or very similar degree of genetic differentiation
is maintained across all three types of genomic regions

As for model 4

loci affecting divergent adaptation and reproductive isolation are
tightly clustered within them, as exemplified by our inversion
model 2 being more effective when four instead of only two
loci were modeled. Two types of data suggest that such cluster-
ing of genes occurs. Population genomic studies have revealed
some instances in which multiple different outlier loci are clus-
tered within one or a few genomic regions (e.g., A. gambiae
mosquitoes, Turner et al. 2005; Zeiraphera diniana larch bud-
moth, Emelianov et al. 2004; Nosil et al. 2009a for review). Like-
wise, some QTL studies have demonstrated that multiple different
adaptive traits map to a single or similar genomic regions (e.g.,
Acyrthosiphon pea aphids, Hawthorne and Via 2001; Heliconius
mimetic butterflies, Joron et al. 2006; Kronforst et al. 2006; Core-
gonus whitefish ecotypes, Rogers and Bernatchez 2007; Gasteros-
teus sticklebacks, Albert et al. 2007), although pleiotropy could
also contribute to these results. These examples do not necessarily
concern inversions per se, but they nonetheless suggest that ge-
nomic clustering of genes affecting adaptation and reproductive
isolation might occur, with such clustering potentially facilitat-
ing the maintenance of genetic differences between hybridizing

populations.

Third, differentiation is expected to be accentuated within
inversions when secondary contact and gene flow is recent
(Figs. 2-6), as might be the case for many cases of recent post-
glacial secondary contact (e.g., Rhagoletis pomonella flies, Feder
et al. 2003a,b).

The fourth and final point concerns the ability or power to
actually detect genes affecting adaptive divergence and repro-
ductive isolation in collinear versus rearranged genomic regions.
Specifically, there may be a detection bias leading to a perceived,
rather than real, difference in how often such genes reside within
the different types of genomic regions. Genes in rearrangements
could potentially be easier to detect through mapping studies and
population genome scans because (1) they will have a larger effect
size due to the collectively higher selection coefficient favoring
them when tightly physically linked compared to when alone,
and (2) they will generate greater hitchhiking effects for asso-
ciated neutral variation. Consequently, given this consideration
and our results suggesting differences between collinear and rear-
ranged regions will not always be large, any observed difference
in the number of speciation genes in collinear versus rearranged
regions could be due to ascertainment bias.
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Figure 7. Simulation results from model 2 when four, rather than two, loci were considered (see Fig. 3 for the results from the two
locus model). Shown is the difference in allele frequency between populations at locus B (frequency diff.) as a function of the number
of generations since secondary contact between populations, for different selection (s) and migration (m) regimes. In each panel, allele
frequencies differences are contrasted between scenarios in which the loci reside in genomic regions with no recombination between
loci (r = 0.0 = inversion with no recombination), low recombination between loci (r = 108 = inversion with low recombination), and
free recombination between loci (r = 0.5 = collinear genomic region). In this model, inversions with no recombination between loci
are effective at maintaining genetic differences upon secondary contact. For inversions with low recombination between loci, genetic
differences can be maintained for extended periods of time, so long as selection is strong relative to migration. Thus, of all the models
considered here, this one has the greatest potential to generate differences between inverted and collinear regions in the maintenance
of genetic divergence upon secondary contact. In some cases, the results for two of the three recombination rates were essentially

identical, denoted by the small ‘X’ in the relevant panels.

MAGNITUDE OF DIFFERENTIATION: SELECTION
STRENGTH VERSUS GENETIC ARCHITECTURE

As quantitative data on speciation accumulate, it is becoming
more evident that divergence in the speciation process often varies
continuously (even if the end point is the development of a discon-
tinuity) (Funk 1998; Jiggins and Mallet 2000; Funk et al. 2002,
2006; Mallet et al. 2007; Seehausen et al. 2008; Peccoud et al.
2009). For example, the completeness of reproductive isolation
can vary, as can the degree of genotypic clustering in molecular
markers or phenotypic traits, the sharpness of geographic clines
in gene frequencies, and the extent of lineage sorting (reviewed
in Nosil et al. 2009b).

A number of explanations have been proposed for variabil-
ity in the degree of divergence that originates, and is maintained,
during the speciation process (Nosil et al. 2009b). Increased time
since population divergence and a lack of gene flow (i.e., al-
lopatric divergence) are obvious factors promoting divergence.
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Other explanations concern genetic architecture and the nature of
divergent natural selection. For example, speciation is predicted to
be promoted by genetic factors that reduce recombination between
genes under selection and those conferring reproductive isolation
(Coyne and Orr 2004; Gavrilets 2004), by increased strength of
divergent selection on any given gene (trait), and by divergent
selection on a greater number of genes (traits) (i.e., ‘multifarious
selection’ cf. Rice and Hostert 1993).

Our results inform debates about the importance of genetic
versus selective factors in promoting the maintenance of genetic
divergence, as well as providing some information on the inter-
action of the two. In general, we observed that strong selection
facilitates maintenance of divergence in a manner analogous to
reduced recombination. In some cases, strong selection alone was
sufficient for strong genetic divergence to be maintained across all
genomic regions, including collinear ones with free recombination
(e.g., model 1 in Fig. 2, see also model 4 with strong selection
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in Supporting information). In other cases, the only manner in
which to maintain genetic divergence was to involve inversions
with no recombination and large numbers of loci (e.g., model 2
in Fig. 3 and model 3 in Fig. 4). However, the maintenance of ge-
netic divergence was often dependent on an interaction between
selection strength and recombination rate, for example with dif-
ferentiation being maintained in regions with low recombination
when selection was strong. Thus, both selection and recombina-
tion were important factors contributing to the maintenance of
genetic differences, and neither factor should be overlooked.

IMPLICATIONS FOR GENOMIC ISLANDS

OF DIVERGENCE

A final topic concerns the size and distribution of genomic regions
of accentuated divergence in the genome. Such regions have been
referred to as “genomic islands of divergence” (Turner et al. 2005;
Harr 2006) and were recently explicitly defined as “a region of
the genome, of any size, whose divergence exceeds neutral expec-
tations” (Nosil et al. 2009a, pp. 395). The accentuated divergence
of islands often arises due to genes affecting adaptive divergence
and reproductive isolation residing within such islands, with the
hitchhiking effects associated with such genes resulting in ele-
vated differentiation of physically linked loci (even if such loci
are neutral, Charlesworth et al. 1997). In empirical studies, there
appears to be much variability in the size and distribution of ge-
nomic islands. A number of factors, such as geographic mode
of divergence, selection strength, and structural features of the
genome such as chromosomal inversions, might affect this vari-
ability (reviewed in Nosil et al. 2009a, see also Via and West
2008). For example, it has been suggested that factors that reduce
introgression, such as inversions or regions under divergent selec-
tion, will facilitate the “growth” of these islands of differentiation
and might also result in their being clustered within the genome,
rather than genomically dispersed (Gavrilets 2004; Via and West
2008). We observed that even small amounts of recombination
can strongly reduce the role of inversions in maintaining genetic
differences in the face of gene flow, raising questions about the
efficacy of inversions, or even strong selection for that matter, in
generating large genomic islands of divergence. Such questions
represent an interesting avenue for further research.

CONCLUSIONS AND FUTURE DIRECTIONS

Our most general finding is that the low levels of recombina-
tion within an inversion often result in the loss of accentuated
divergence in inverted regions compared to collinear ones. We
conclude that inversions can facilitate the maintenance of species
differences under some conditions, but that large or qualitative
differences between inverted and collinear regions need not al-
ways occur. We also find that strong selection facilitates main-
tenance of divergence in a manner analogous to inversions. We

considered here genes involved in adaptive divergence and those
causing intrinsic genetic incompatibilities. Future work could ex-
amine genes affecting mate or habitat choice, because such genes
can contribute to assortative mating and thus speciation (Coyne
and Orr 2004 for review). It might be particularly relevant to ex-
amine the evolution of loci involved in mate or habitat choice
in the context of their associations with genes involved in adap-
tive divergence or intrinsic genetic incompatibilities, for example
because such associations could drive reinforcement upon sec-
ondary contract (Servedio and Noor 2003; Butlin 2005), as well
as sympatric speciation.

An obvious extension to our study is to examine the factors
studied here (e.g., different models and variation in recombination
rate) but in the context of building up, rather than maintaining,
differences within inversions (as in Navarro and Barton 2003).
Likewise the effects of different models and recombination rates
could be considered in the context of the factors facilitating the
initial spread of an inversion in the first place (Kirkpatrick and
Barton 2006). In all these cases, including for the scenarios ex-
amined in the current study, analytical solutions in the future are
desirable. The collective results of such work will likely increase
our understanding of not only the role of inversions in the origin
and maintenance of genetic divergence, but more generally of
the factors driving versus constraining adaptive divergence and
speciation.
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