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Chromosomal inversions allow genetic divergence of locally adapted populations by reducing
recombination between chromosomes with different arrangements. Divergence between populations
(or hybridization between species) is expected to leave signatures in the neutral genetic diversity of
the inverted region. Quantitative expectations for these patterns, however, have not been obtained.
Here, we develop coalescent models of neutral sites linked to an inversion polymorphism in two
locally adapted populations. We consider two scenarios of local adaptation: selection on the inver-
sion breakpoints and selection on alleles inside the inversion. We find that ancient inversion
polymorphisms cause genetic diversity to depart dramatically from neutral expectations. Other situ-
ations, however, lead to patterns that may be difficult to detect; important determinants are the age
of the inversion and the rate of gene flux between arrangements. We also study inversions under gen-
etic drift, finding that they produce patterns similar to locally adapted inversions of intermediate age.
Our results are consistent with empirical observations, and provide the foundation for quantitative
analyses of the roles that inversions have played in speciation.
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1. INTRODUCTION
Chromosomal inversions have been important to
evolutionary biology for decades (reviewed in [1,2]).
As genetic markers, inversions have served the study
of balanced polymorphisms [3], geographical clines
[4] and meiotic drive [5]. Perhaps, the most important
property of chromosomal inversions is their potential
to create reproductive isolation. The observation of
polymorphisms within species and fixed differences
between closely related species led to the suggestion
that chromosomal rearrangements play a causative
role in speciation [3,4]. Heterokaryotypic individuals
(chromosomal heterozygotes) of some species have
problems in meiosis that could generate a reproductive
barrier between populations fixed for different
arrangements. Based on this feature, White [6,7] pro-
posed his ‘stasipatric’ mode of speciation in which
inversions drive reproductive isolation. That hypoth-
esis, however, relies on strong assumptions about
population structure, genetic drift and/or alternative
forces (such as meiotic drive) to account for the
spread of underdominant inversions [8,9]. Moreover,
not all inversions are structurally underdominant
[10], rendering them useless as reproductive barriers.
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Alternatively, inversions can facilitate speciation
because they are potent recombination modifiers
[11–13]. Recombination in heterokaryotypes is
severely reduced, causing associations between sets
of alleles inside of the inversion [14,15]. For this
reason, alternative chromosomal arrangements can
play a key role in facilitating speciation. When alterna-
tive arrangements have been established in diverging
populations, they may protect the inverted region
from introgression and allow the accumulation of
alleles that contribute to reproductive isolation
[11,12,16]. Their effects on recombination may also
be key to how inversions become established in
the first place. Dobzhansky [3] suggested that inver-
sions evolve because they reduce recombination
between genes with epistatic interactions. Even
without epistasis, local adaptation can favour reduced
recombination between alleles adapted to the same
habitat or genetic background [17,18]. Migration or
hybridization is essential in this process: inverted
chromosomes gain a fitness advantage because they
keep locally adapted alleles together. By reducing
recombination, inversions preserve the divergence
between populations in the presence of gene flow,
which can set the stage for speciation [19]. The hypoth-
esis that reduced recombination in inversions plays a
role in speciation is consistent with some lines of
empirical evidence [20–23].

Intuition suggests that these different mechanisms
that might drive the evolution of inversions will leave
distinctive signatures in the DNA. For example, if an
inversion spread because it carried favourable alleles,
This journal is q 2011 The Royal Society
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two key patterns might be expected. First, neutral
genetic diversity within chromosomal arrangements
is likely to be low when compared with the divergence
between them. Second, marked peaks of diver-
gence might be found around the breakpoints and at
sites close to the selected loci. Patterns consistent
with these predictions have been found in Drosophila
pseudoobscura [24], Rhagoletis pomonella [25] and
Anopheles gambiae [26]. Evidence for selection on
loci inside the inversion has also been inferred from
strong linkage disequilibria between the inversion
and genetic markers putatively linked to selected
genes (e.g. in Drosophila melanogaster [27]).

Selection could also target inversions directly, rather
than alleles that they carry. The breakpoints of an
inversion alter the DNA sequence and may be targets
of selection by changing reading frames or expression
patterns [28–30]. We expect that direct selection on
the breakpoints will produce divergence between
arrangements but no additional peaks of divergence
inside of the rearranged region. This is the pattern
seen in the inversion polymorphism O3þ4/OST in
Drosophila subobscura, which has strong geographical
clines suggestive of selection and high divergence
between arrangements throughout the length of the
rearrangement [31]. In other cases, however, no
apparent signature of selection has been found (e.g.
in Anopheles funestus [32] and A. gambiae [33]).
These previous observations suggest that patterns
can be found in linked neutral genetic data, but also
highlight the fact that we do not have quantitative pre-
dictions for those patterns that would enable tests of
alternative hypotheses.

When are inversions expected to hold neutral diver-
gence between chromosome arrangements? Reduced
recombination in heterokaryotypes decreases the rate
at which a gene lying within an inversion moves onto
a standard chromosome, and vice versa. This gene
flux between chromosome arrangements (a result of
double recombination events and gene conversion
[34,35]) has genetic consequences that are similar
to migration between populations. Consequently,
inversions are expected to show some of the same pat-
terns of neutral genetic diversity seen in subdivided
populations. Using a coalescent approach, Navarro
et al. [36] found that an inversion maintained by selec-
tion as a balanced polymorphism in one population
will show reduced diversity for a substantial period
(less than N generations) after it becomes established.
Divergence between the two arrangements is also
expected to accumulate with time, especially near the
breakpoints where the gene flux rate is very strongly
reduced. Although this result suggests that inversions
under direct divergent selection would show similar
patterns, no expectations have been obtained for
inversions that carry loci under divergent selection.
We also lack predictions for a basic null model of
neutral inversions.

Motivated by these gaps in the theory, and with the
aim of developing expectations for the patterns
observed in nature, here we develop coalescent
models of chromosomal inversions. We consider two
populations that exchange migrants or hybridize;
these could be diverging populations of a single species
Phil. Trans. R. Soc. B (2012)
or two hybridizing species (in either primary or
secondary contact). We assume that this genetic
exchange has been going on for a long period. Our
results therefore do not apply to cases of recent sec-
ondary contact, although the models could be
adapted to study that situation.

We consider three alternative scenarios. The first we
refer to as locally adapted breakpoints. Here, the chro-
mosomal lesion caused by an inversion is under
selection with opposing direction in two populations
that exchange migrants. Local adaptation might
result from different environmental conditions experi-
enced by the two populations or hybridizing species.
Alternatively, it could result from interactions with
genetic differences between the populations at other
parts of the genome. Our second model is of locally
adapted alleles segregating at loci within an inversion.
Motivated by the model of Kirkpatrick & Barton
[18], this scenario considers an inversion that has
spread in one of two populations because it captures
two alleles that are locally adapted. Both of these
first two models are relevant to discussions about the
roles the inversions play in genetic isolation between
species. Our third model is of a selectively neutral
inversion that has spread by random genetic drift.
This model provides an appropriate null model for
comparison with the first two models. Perhaps surpris-
ingly, we find that drift can generate patterns that
resemble those resulting from the first two models.

Our aim is to provide intuition for the patterns
of neutral diversity around inversions in divergent
populations. We therefore focus on the expected
coalescence time at a selectively neutral site for a pair
of chromosomes; this quantity is proportional to the
expected neutral genetic diversity or divergence [37].
2. MODELS AND RESULTS
We are interested in the coalescent patterns of neutral
sites (e.g. a nucleotide or a microsatellite) in a chromo-
some region that is polymorphic for an inversion.
There are two chromosome arrangements that we
refer to as standard (S) and inverted (I). In homokar-
yotypes, the rate of recombination between the
breakpoints (that is, the map length of the inversion)
is r. Gene flux, denoted f, is defined as probability
that a gene in a heterokaryotype recombines from a
standard chromosome to an inversion or vice versa
(by double recombination or gene conversion).
We consider two populations of equal and constant
size N. Mating within each population is random,
and deviations from Hardy–Weinberg equilibrium
are assumed negligible. Migration (or hybridization)
between the populations occurs at rate m, and we
assume that rate has been constant for much longer
than N generations. Selection favours arrangement S
in population 1 and arrangement I in population 2.
The polymorphism is maintained such that the rare
(disfavoured) arrangement is at frequency q in each
population. We begin by assuming the inversion is
infinitely old, so patterns of neutral genetic variation
reflect a migration–selection–recombination equili-
brium. This assumption gives good approximations
for inversions much older than N generations. In a
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later section, we consider inversions that have invaded
more recently.

We focus on obtaining the expected coalescent time
( �T , in generations) for genes sampled from two
chromosomes (which may or may not have the same
arrangement). Moving backwards in time, three types
of events can occur. First, a gene can move from one
population to the other as the result of migration
(hybridization). Because selection maintains differ-
ences in karyotype frequencies between populations,
migration is not conservative (i.e. the karyotype fre-
quencies of migrants into and out of a population are
not equal [38]). Second, a gene can recombine from
one genetic background to another. Genes move
between standard and inverted chromosomes (in
heterokaryotypes), and also between chromosomes
with the same arrangement but different selected alleles
(in homokaryotypes). Third, coalescence occurs if two
genes shared a common ancestor in the previous gener-
ation. This event can only occur if the genes are present
in the same population and are carried on the same
chromosomal arrangement. In our model of locally
adapted alleles, coalescence further requires that the
genes share the same genetic background of selected
alleles. With the exception of the case of a neutral inver-
sion, our models produce results for arbitrary values
of N. In the cases we present results for specific
values of N, we do so solely for ease of presentation
and comparison to empirical data.

We analysed the models using three approaches.
First, we derived analytical expressions for the expected
coalescence times based on the structured coalescent
(reviewed in [37], ch.5). The calculations are compli-
cated, so we developed programs in MATHEMATICA

[39] that perform the algebra. The details are given in
the electronic supplementary material, appendix A,
and the MATHEMATICA code is available on request
from the authors. Second, we developed an indepen-
dent analytical method for the case of locally adapted
breakpoints. We derived the generating functions for
the distribution of coalescence times (see electronic
supplementary material, appendix A). Last, we devel-
oped stochastic simulations of coalescent processes.
The simulations generate realizations of the coalescent
process for sites linked to an inversion using algorithms
similar to previous studies [40,41]. In addition to veri-
fying results, these simulations allow us to study the
cases in which the inversion appeared recently. Simu-
lations were implemented in Cþþ, and the code is
available on request from the authors.

The rate of gene flux between standard and inverted
chromosomes is lowest near the breakpoints and
increases towards the midpoint of the inversion [34].
To model this effect, we simply assume that f declines
linearly from a maximum at the midpoint of the
inversion to 0 at the breakpoints. More complex
models of gene flux [34] allow for a nonlinear decline
of f. While those alternative assumptions will affect
the quantitative patterns of coalescence times along
the chromosome, our qualitative conclusions are
insensitive to those details (see electronic supple-
mentary material, figure S1). Recombination rates
in regions flanking an inversion are also reduced in
heterokaryotypes [42], but the scale and pattern of
Phil. Trans. R. Soc. B (2012)
this effect are not well characterized. For simplicity,
we assume recombination is unaffected outside of
the rearranged region, and include results for those
regions to offer a contrast to the patterns inside of
the inversion.

We now describe results for three situations. The
first two are for locally adapted breakpoints and
locally adapted alleles for old inversion polymorph-
isms. The third situation is of a selectively neutral
inversion that is drifting through a single population.
Neutral inversions that are still polymorphic will
typically be young. We therefore end by revisiting the
cases of locally adapted breakpoints and alleles when
selection has established the inversion polymorphism
recently, and compare those results with the case of
neutral drift.
(a) Old inversions: locally adapted breakpoints

In our first model, the inversion polymorphism is
maintained as a result of local adaptation of the break-
points. Arrangement S is favoured by selection in
population 1. The viabilities of IS and II are (1 – hs)
and (1 – s) relative to SS (set to unity). In population
2, the I arrangement is favoured with symmetric selec-
tion coefficients. Selection affects the results only
through q, which we calculate numerically. Additional
details are described in the electronic supplementary
material, appendix A. The analytical results are
impractical to show here, so we present numerical
evaluations for specific parameter values.

As a general result, the effect of the inversion on �T
is smaller for larger values of N, q and f. Divergence
between arrangements is particularly high when the
product of Nqf , 1. This result is consistent with pre-
vious analytical approximations for local adaptation by
Nordborg (eqn 47 in [43]). Here, we illustrate scen-
arios and compare our results to existing empirical
observations using a small set of plausible parameter
values. Different results will be obtained using other
parameter values, of course, and our methods can be
adapted to study those situations.

The left half of figure 1 shows results for a large
inversion of size r ¼ 10 cM when each population is
of size N ¼ 105. Gene flux is f ¼ 1025 at the inversion
midpoint, consistent with data from Drosophila melano-
gaster [44,45], but other estimates vary from f ¼ 1022

to 1028 [34]. For the case shown by the black curves,
the migration (hybridization) rate is m ¼ 0.001, and
the selection parameters are s ¼ 0.02 and h ¼ 0.5.
At selection–migration equilibrium, the frequency of
the locally rare arrangement is q ¼ 0.09. We show
expected coalescence times of three types of samples:
both genes are sampled from inverted chromosomes
(�T II), both from standard ( �TSS), and one from
standard and the other from inverted ( �T IS). All
samples are random with respect to population.
The grey line shows �T IS for the case where s ¼ 0.1
leaving other parameters unchanged, so that q ¼
0.02. The results from our approaches are in good
agreement (figure 1).

Basic coalescence theory for structured populations
[37,43,46] shows that, in the absence of the inversion,
�T for genes sampled from the same population is
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Figure 1. Expected coalescent times for neutral sites linked
to an old inversion with locally adapted breakpoints (left)

or alleles (right). Two genes are sampled from the same
arrangement (�T II, �TSS, filled circles), or between arrange-
ments (�T IS, open circles), for the cases where q ¼ 0.09
(black lines) or q ¼ 0.02 (grey line). The breakpoints are
located at 0 and 10 cM, and an arrow indicates the position

of one locally adapted allele. Curves are based on analytical
results, and the circles show simulation results (106 runs
each). Squares show evaluations from the generating function
method (see text). The horizontal dashed line shows the
expectation for a neutral subdivided population. In both

models, the patterns for the opposite half of the inversion
(not shown) are symmetric to the ones presented. Shown
on both sides, patterns for a small portion of the flanking
region with normal recombination patterns.
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4N ¼ 4 � 105 generations for the case shown, and that
between populations �T converges to this value as
the migration increases. When the product Nm is
much greater than 1, little population structure
is expected [47]. In the presence of an inversion,
figure 1 shows that the expected coalescence time for
pairs of genes sampled from the same arrangement
(from either population) is near to the neutral expec-
tation from the structured coalescent [37] in the
absence of an inversion. This is because, although
the migration rate is small (m ¼ 0.001), Nm is large
and the high exchange of migrants prevents the
divergence between populations.

The expected amount of neutral polymorphism
within each arrangement is very similar inside and out-
side of inverted regions when the inversions are old
(figure 1). When one gene is sampled from an inverted
and the other from a standard chromosome, however,
�T IS is substantially longer. The difference grows as
we move closer to the breakpoints. Because of our
simplifying assumption that the inversion is infinitely
old, �T IS becomes infinite at the breakpoints. Stronger
selection also increases �T IS by reducing q, hence
reducing the opportunity for gene flux. At the centre
of the inversion, for these sets of parameters �T IS is
several times larger than the expectation under the
standard neutral model. The implication is that
we expect substantially greater divergence between
arrangements than diversity within arrangements
near the breakpoints, even for very old inversions.

Figure 2 shows the effect of migration rate on
coalescence times within and between chromosomal
arrangements. We quantify these effects using two stat-
istics. The first is related to the amount of neutral
Phil. Trans. R. Soc. B (2012)
diversity we expect between these two populations:
FST ¼ 1 2 ( �TS=�TT), where �TT is the expected coalesc-
ence time for a pair of genes sampled from the total
(combined) population and �TS is for a pair sampled
from the same subpopulation (see eqn 22 in [48]).
A similar statistic relates to the expected divergence
in neutral genetic variation between chromosome
arrangements: FAT ¼ 1 2 ( �TA=�TT), where �TA is the
expected coalescence time for pairs of the same
arrangement sampled randomly from the total popu-
lation. We varied m while leaving other parameters
constant, which alters q. Varying s while leaving the
other parameters unchanged has similar effects.

The fraction of diversity found between populations
(FST) goes down as migration increases. However,
high levels of population structure are obtained
under much stronger migration than the expected in
the absence of the inversion (Nm . 1; see [47]), pro-
vided that the inversion reduces gene flux
considerably (f , 1023). At low migration rates, the
arrangements are close to fixation in the populations
where they are beneficial, reducing the effective gene
flux rate. As migration increases, diversity between
populations declines due to the reduced differences
in the frequencies of the arrangements. The genetic
structure between chromosome arrangements is less
sensitive to migration, remaining essentially unaffected
for f ¼ 1028. This result illustrates the role of reduced
gene flux in the maintenance of differences between
populations and arrangements.
(b) Old inversions: locally adapted alleles

Our second model considers the situation in which
two loci are polymorphic, with alternative alleles
at each locus adapted in the two populations (or
species). Theory shows that this situation can
maintain alternative chromosomal rearrangements
even if the breakpoints of the inversion are themselves
selectively neutral [18].

Denote the two loci as A (with alleles A1 and A2)
and B (with alleles B1 and B2). Alleles A1 and B1 are
favoured in population 1, whereas alleles A2 and B2
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are favoured in population 2. We assume symmetric
selection with no dominance: in population 1, each
copy of alleles A2 and B2 decreases fitness by s/2,
whereas in population 2 alleles A1 and B1 have that
effect. We assume that the polymorphisms at these
loci are infinitely old. The inversion captured alleles
A2 and B2, which caused it to invade population 2.
The positions of the selected loci are assumed sym-
metric so that the distance between the left
breakpoint and locus A is equal to the distance
between locus B and the right breakpoint. Adding
these selected loci to the model substantially increases
its complexity (see electronic supplementary material,
appendix A). Consequently, we again only present
numerical evaluations of our analytic expressions here.

Results for expected coalescence times are shown
on the right-hand side of figure 1. An arrow indica-
tes the position of one selected locus. (The left half
of the inversion, including the second locus, has sym-
metric patterns and is not shown.) Parameter values
are as for the first model of locally adapted break-
points. For pairs of genes sampled from the same
arrangement, we see that coalescence times are
very similar to the first model (on the left in the
figure) and to the neutral expectation from the struc-
tured populations (dashed line).

When one gene is sampled from an inverted and
one from a standard chromosome, however, a dra-
matic difference is apparent. Locally adapted alleles
produce peaks in �T , a pattern consistent with classical
balancing selection [49,50]. Divergence decreases as
we move away from the selected loci. The force
behind this pattern is recombination in homokaryo-
types, which is considerably large (Nr ¼ 104). High
recombination causes the region affected by selection
on loci to be small. The effect of locally adapted
alleles is expected to be wider in inversions when the
product of Nqr is smaller, for example, as a result
of strong selection (figure 1, grey lines) or small popu-
lation size (see electronic supplementary material,
figure S2). The implication of these potentially
narrow peaks is that we may require genetic markers
very tightly linked to a selected locus to detect a
signature particular of this model.
(c) Young inversions: drift

To this point, we have focused on inversion poly-
morphisms that have been maintained by selection
for long periods of time. Results from Drosophila, how-
ever, suggest that some inversions are relatively young
[51]. This raises the question of how the age of the
inversion affects the patterns we are describing.

We begin our study of young inversions with a null
model in which a polymorphic inversion has drifted to
its current frequency in a single population. (Old
inversions that evolved by drift will either be fixed or
lost.) This situation provides a useful null model for
comparison in the following sections in which young
inversions initially spread by selection. We studied
this case by simulation. In a first step, a stochastic
trajectory is simulated to give the frequency of the
inversion from its origin at a (random) time in
the past to its current frequency x0 [52]. In a second
Phil. Trans. R. Soc. B (2012)
step, the backward coalescent process conditional on
this trajectory is simulated [40]. The electronic sup-
plementary material, appendix B describes the
algorithm in detail. We simulated 106 realizations of
the process.

Figure 3a shows �T for a neutral inversion that is
currently at a frequency of x0 ¼ 0.5 in a population
of size N ¼ 2 � 105. The average age of the inversion
is T* ¼ 2.8 � 105 generations, which is consistent
with the expected age of a neutral allele currently at
frequency 0.5 [53]. Inside the inversion, �T within
both arrangement types is reduced with respect to
the Standard Neutral Model (SNM, shown by a
dashed line). This is because only chromosomes with
the same rearrangement can coalesce, and the
number of chromosomes with a given arrangement is
smaller than 2N.

There is also an increase in coalescence times
between S and I arrangements compared with the
SNM, and a marked peak at the breakpoints. Going
backwards in time, if a gene is completely linked to
the breakpoint of an inverted chromosome, it cannot
coalesce with a gene on a standard chromosome until
before the origin of the inversion. At this point, the
single ancestral I chromosome mutates into an S
chromosome, and can coalesce with other S chromo-
somes. Outside of the inversion, coalescent times
converge to the SNM as we move along the chromo-
some away from breakpoint. This contrast between
inside and outside of the rearranged segment illustrates
the effect of reduced recombination.

Qualitatively, these coalescent patterns are similar
to what is seen at sites linked to a weak selective
sweep [54,55]. This point will become relevant
shortly when we compare these results with those for
inversions established by selection.
(d) Young inversions: locally adapted

breakpoints and alleles

We now consider an inversion that appeared at time T*
in the past and was then established by selection. For
this purpose, we obtain the frequency trajectories
from deterministic forward-time models. In the
coalescent simulations, we follow these trajectories
backwards in time to frequency 1/2N. We present the
case of a very young inversion, where T* ¼ 104 gener-
ations and all other parameters are as for the old
inversions described above.

Figure 3b,c shows �T for young inversions under
both models of local adaptation. The inverted arrange-
ment has extremely reduced diversity, product of the
recent selective sweep. On the other hand, there is
little effect of this sweep on �T IS and �TSS, which
remain close to the expectation given by the neutral
structured coalescent. Both models have similar diver-
sity, except again when tightly linked to the selected
sites. Given our assumption of ancient polymorphism
at the selected loci, �T between different selected alleles
is infinite.

These coalescent patterns are qualitatively similar
for inversions of about T* , N generations, an age
after which the values of �T start to increase towards
those expected for old inversions (figure 4). There is
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a period of time (say, N , T* , 4N) during which �T II

is not considerably reduced and �T IS is not dramatically
increased. The coalescent patterns during this period
are qualitatively similar to those for a neutral inversion.
The implication is that inversions of intermediate
ages are expected to present patterns of neutral diver-
sity with little evidence of selection. Nevertheless,
throughout this period, levels of FAT (between 0.4
and 0.5) remain higher than those observed in drifting
inversions (FAT ¼ 0.3). This difference may be a useful
diagnostic for inversions of intermediate age.
3. DISCUSSION
Chromosomal inversions under local selection affect
neutral diversity in two ways. For a period of about
N generations after their origin, inversions cause
decreased diversity within chromosome types. After
this period, the effect of the partial sweep disappears
and a second pattern emerges as the chromosome
types diverge. These predictions are encouraging for
the search of signatures of selection in chromosomal
inversions, and they suggest that inversions may hold
neutral divergence that can be detected under some
conditions. Divergence between arrangements is par-
ticularly strong when m� s and Nqf , 1. However,
high divergence between chromosome types is not
always expected. That is the case for inversions of
intermediate age (when T* is about N generations),
inversions that do not reduce gene flux considerably,
and populations in which selection against migrants
is not strong enough (say, when m/hs . 0.1). The
patterns of divergence predicted by our models
appear consistent with data from some inversion sys-
tems [24,27], and also offer explanations for why
other systems do not show a significant departure
from neutrality [32,56].

Reduced gene flux between chromosome arrange-
ments is the key driver of the patterns observed. The
neutral model shows that young inversions will have
diversity patterns that differ from SNM expectations
Phil. Trans. R. Soc. B (2012)
if they suppress gene flux. Additionally, reduced
levels of f under local adaptation maintain neutral
divergence between arrangements even in situations
where high migration has eliminated any signal of
divergence between populations elsewhere in the
genome. In our models, values of Nf , 10 are necess-
ary to obtain high �T IS, a result consistent with
Navarro et al. [36]. Given the estimated range of f

in nature (1022–1028 [34,35,57]; assuming N values
of about 104–106 and m� s) many inversions—
but not all—have the potential to harbour increased
divergence between arrangements.

When an inversion polymorphism is established by
selection, it is expected to show reduced diversity for
a period of time of the order of N generations. Old
inversions recover diversity and accumulate consider-
able divergence from standard chromosomes. In this
continuum between recent and ancient polymorph-
ism, there is a period during which levels of diversity
within and between arrangements will be very similar
to neutral expectations (between about N and 4N gen-
erations; see figure 4). This is a substantial period that
spans the estimated ages of some inversion poly-
morphisms [51]. For example, some inversions in
A. gambiae (0.4–1.7 N generations old) fall in this
age range, and they show little divergence between
standard and inverted arrangements [33]. Here, the
lack of signal does not imply that the inversions
are neutral or uninvolved in divergence between
populations.

Inversions maintain increased coalescence times
between populations even in high levels of migration.
As migration (or hybridization) increases, genetic
divergence declines in regions of the genome with
normal recombination. The genetic structure between
chromosome arrangements can persist in these situ-
ations, however, particularly at very low values of f.
For gene flux observed around the breakpoints of
some inversions (e.g. f ¼ 1028 [35]), increased �T IS

remains unaffected by migration, even as the popu-
lations begin to resemble a panmictic population.
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Figure 4. Effect of the age inversion, T* (in N generations),
on the expected coalescent time of pairs of genes under the
locally adapted breakpoints model (at f ¼ 1025, N ¼ 105).
The points show simulation results (105 runs each), and
lines are added for clarity purposes only. Two cases are pre-

sented q ¼ 0.09 (black lines), and q ¼ 0.02 (grey lines).
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High levels of migration are frequent in situations of
local adaptation, and studies of polymorphic inver-
sions have observed large values of Nm (2.2–16)
[24,58]. Populations with this amount of gene flow
will show no appreciable differentiation at neutral
sites in genomic regions that are not rearranged. For
this reason, it may be more informative to compare
diversity between arrangements, as it allows us to
detect the elevated diversity still present.

Our models predict different patterns of coalesc-
ence times and therefore neutral genetic diversity.
There are, however, three hurdles that may complicate
the process of distinguishing between evolutionary
processes. First, the reduction of diversity within
chromosome arrangements caused by the initial
sweep is similar to the pattern produced by genetic
drift. Relative measures of divergence (i.e. FAT) may
provide better evidence of inversions under selection,
but ruling out drift may require evidence from other
sources (such as stable geographical clines [1]).
Second, both models of local adaptation predict the
same patterns of divergence near the breakpoints.
Finding additional peaks of divergence within the inver-
sion would suggest the presence of locally adapted
alleles. Third, extremely reduced gene flux will cause
increased divergence throughout the rearrangement,
‘swamping’ potential peaks of divergence around
locally adapted alleles [59,60].

In essence, our models confirm the intuition that
coalescent patterns in inversions behave as special
cases of selective sweeps and local selection in which
a large portion of the chromosome is tightly linked
to the selected sites, thus hitchhiking and diverging
with them. Our results are consistent with several
previous theoretical results. Our model of locally
adapted breakpoints yields results equivalent to
Navarro et al. [36] for the patterns within populations
when migration is zero and frequencies are kept con-
stant by balancing selection (results not shown). The
models are also consistent with theoretical work on bal-
ancing selection [46,49], selective sweeps [40,41], local
selection [43,59,61] and divergence hitchhiking [56].

Multiple interacting parameters determine the role
that chromosomal inversions might play during geno-
mic divergence [19], and our intuition is not enough
to understand the patterns produced by these complex
Phil. Trans. R. Soc. B (2012)
interactions. We present these models to provide quan-
titative expectations for such patterns. Some empirical
studies have reported little differentiation between
inverted and standard arrangements [32,33]. Our
models predict that pattern when the inversion is
very young or when conditions allow for high gene
flux between the arrangements. Other studies have
found high and uniform divergence between inverted
and standard arrangements [31,42,62], which is con-
sistent with our models when there is reduced gene
flux and/or multiple locally adapted loci within the
inversion (as suggested in [56]). Other data show
peaks of divergence within an inverted region
[24,27,35,63,64], a pattern consistent with our locally
adapted alleles model. Fine-scale scans may prove
essential to distinguish between these and other
hypotheses; comparisons of large sections of the
rearranged chromosome [23,65] will typically not be
sufficient. High-resolution data are increasingly avail-
able [33,63,64,66], and they show trends that lend
themselves for further speculation. It is not possible,
however, to justify any conclusions without quantitat-
ive data analyses for which our models are only
the foundation.

How will data ultimately be linked with models to
give quantitative conclusions for how inversions
evolve? Even biologically simple models for inversions
are sufficiently complex to make standard statistical
approaches infeasible. One way forward is by combin-
ing coalescent simulations with analysis techniques
akin to approximate Bayesian computation (reviewed
in [67,68]). Results from models presented here will
be important for identifying which summary statistics
to use in that approach. (For example, FAT is promis-
ing in some situations.) Developing expectations for
other statistics that may be informative (such as link-
age disequilibrium and long distance associations,
e.g. [24,27]), and extending our models to other scen-
arios of interest, will require future theoretical work.

We thank J. Feder, R. Hopkins, C. Machado, P. Nosil,
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comments on the manuscript. This work was supported by
NSF grant DEB- 0819901 to M.K.
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Chromosomal inversion polymorphism leads to extensive
genetic structure: a multilocus survey in Drosophila
subobscura. Genetics 169, 1573–1581. (doi:10.1534/
genetics.104.032748)

32 Cohuet, A., Dia, I., Simard, F., Raymond, M. &
Fontenille, D. 2004 Population structure of the malaria
vector Anopheles funestus in Senegal based on microsatel-
lite and cytogenetic data. Insect Mol. Biol. 13, 251–258.
(doi:10.1111/j.0962-1075.2004.00482.x)

33 White, B. J., Cheng, C., Sangaré, D., Lobo, N. F.,
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