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Abstract

A chromosome inversion can spread when it captures locally adapted alleles or when it is

introduced into a species by hybridization with adapted alleles that were previously

absent. We present a model that shows how both processes can cause a species range to

expand. Introgression of an inversion that carries novel, locally adapted alleles is a partic-

ularly powerful mechanism for range expansion. The model supports the earlier proposal

that introgression of an inversion triggered a large range expansion of a malaria mosquito.
These results suggest a role for inversions as cassettes of genes that can accelerate adapta-

tion by crossing species boundaries, rather than protecting genomes from introgression.
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Introduction

Why does not everything live everywhere? A mantra of

Neo-Darwinism is that genetic variation is ubiquitous

and there is heritability for virtually all phenotypes. If

true, one would expect a species to adapt to the local

conditions at the edge of its range and expand outward,

ultimately spreading across the planet. But so far as we

know, our own species is the only one in the history of

the Earth to have ever done so.

Insects illustrate one explanation for range limits. This

group comprises about one million described species,

making up about two-thirds of all animal biodiversity

(Zhang 2011). Despite this, they have not been able to col-

onize the world’s open oceans, which make up two-thirds

of its surface. The only arguable exceptions are five spe-

cies in the genus Halobates (Cheng 1985). But these are

water striders that live on the surface, and not even they

are able to live an aquatic life in the marine environment.

Insects originated some 479 million years ago (Misof et al.

2014), so it seems they have had enough time to adapt to

salt water were they able. In short, an evolutionary con-

straint makes two-thirds of the Earth’s surface a no-fly (or

rather, no-swim) zone for two-thirds of all animal species.

A second explanation for range limits is that gene

flow stymies adaptation at the limits of species’ ranges.

Haldane (1956) and Mayr (1963) suggested verbally that

gene flow carries alleles from high-density populations

at the core of the range out to its low-density periphery.

Those alleles are adapted to ecological conditions at the

core, but have low fitness in the conditions at the

periphery, which suppresses population growth there

and prevents range expansion. Since Haldane and

Mayr, models have been developed that show that the

tension between local adaptation and gene flow can

indeed limit range expansion under some conditions

(e.g. Kirkpatrick & Barton (1997); see the reviews of

Gaston (2003), Sexton et al. (2009) and the Discussion).

Mosquitoes in the genus Anopheles present examples

in which both genetic constraints and gene flow are

thought to have played roles in first limiting the spe-

cies’ ranges and then enabling dramatic range expan-

sions. These species are of particular interest as they

include the most important vectors of malaria in the

world – a disease responsible for one-sixth of childhood

mortality in Africa each year (White et al. 2011). These

mosquitoes segregate for several chromosome inver-

sions (reviewed by Ayala et al. (2014)). The inversion

2La is strongly implicated in adaptation to arid habitats

(Fouet et al. 2012). Remarkably, this inversion has been

passed between two sibling species, Anopheles gambiae
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and Anopheles arabiensis, following a hybridization event

between 3000 and 11 000 years ago (Besansky et al.

2003; Sharakhov et al. 2006; White et al. 2007, 2009).

While the direction of introgression is still uncertain, it

seems clear that this event allowed one of the species to

expand its range into new habitats. This scenario sug-

gests the species’ range was limited by a genetic con-

straint that was broken by introduction of new genetic

variation via hybridization (Ayala & Coluzzi 2005).

How did the 2La inversion first become established in

Anopheles mosquitoes? One hypothesis for how inver-

sions evolve is consistent with the data on this inversion.

When an inversion captures locally adapted alleles at

two or more loci, it can spread because it prevents recom-

bination from breaking them apart (Kirkpatrick & Barton

(2006); see also the reviews by Hoffmann & Rieseberg

(2008) and Kirkpatrick (2010)). Spread of the inversion is

caused by the tension between local adaptation and gene

flow. This suggests a plausible scenario for what trig-

gered one of the most important biological invasions in

human history. Inversion 2La adapted to arid conditions,

appeared and became established in either A. arabiensis

or A. gambiae, perhaps through an interplay between

local adaptation and gene flow. The inversion was then

introduced into its sibling species by hybridization. That

hybridization event enabled the recipient species to

expand its ecological and geographical ranges, with dev-

astating consequences for human health.

While examples such as Anopheles mosquitoes make a

plausible case for the idea that inversions could be

important to range expansions, there is as yet no popula-

tion genetic theory showing the conditions in which that

can happen or the possible outcomes. The most relevant

theory that is available concerns local adaptation in pop-

ulations that have fixed density. Gene swamping

imposes a fundamental limit to the spatial resolution of

adaptation. When a species range ends in a patch of habi-

tat that is ecologically different, alleles that are favoured

there cannot establish if the strength of selection is below

a threshold set by the average dispersal distance relative

to the size of the patch (Slatkin 1973). With two or more

linked loci that segregate for locally adapted alleles,

selection has reinforcing effects across the loci, making it

easier for the alleles to establish at each locus (Yeaman &

Whitlock 2011). We would like to understand how these

basic principles apply when there is feedback between

local adaptation and population densities.

Here, we develop a very simple model that captures

some key features of demography and evolution to learn

how inversions can affect a species range. There are sev-

eral questions we want to answer. When will locally

favoured alleles be able to establish in the peripheral

environment? When they do establish, what is the effect

on population densities at the periphery? If an inversion

captures locally adapted alleles that are already present,

how will the species range evolve? How does that situa-

tion compare with the case in which an inversion carries

novel, locally adapted alleles when it first appears?

We find that when an inversion establishes by capturing

locally adapted alleles that are already present, the effect

on population density and range size is often modest. But

when an inversion appears carrying novel alleles, a dra-

matic biological invasion can result. We consider the con-

sequences of direct selection against a new inversion, as

when it reduces fertility in heterozygotes. This type of

selection can easily prevent an inversion from establishing

by capturing locally adapted alleles. An inversion can

spread despite deleterious direct selection, however, if it

carries novel alleles that are sufficiently beneficial.

The model

We consider the situation in which the periphery of a

species range is ecologically distinct from its core.

Alleles that are favoured in the core are locally mal-

adapted to the peripheral habitat. Selection against

those alleles can decrease population density in the

periphery and limit the species range. We ask how the

population responds to the introduction of alleles or an

inversion that increases fitness in the peripheral habitat.

The species inhabits a spatially continuous one-

dimensional habitat (Fig. 1). The species range is

unbounded to the left, but has a hard limit (a reflecting

boundary) at point xmax on the right, for example

caused by a geographical barrier. The habitat limit xmax

can be made arbitrarily large, so this model includes

the case in which the habitat extends indefinitely both

to the left and to the right. Time is continuous. Individ-

uals disperse at random, and the dispersal variance is

denoted as r2 . We assume that densities are suffi-

ciently high that random genetic drift can be neglected.

The maximum intrinsic rate of increase is R. The

actual rate of increase in a local population is less than

R because of two factors. The first is density depen-

dence: local populations have a carrying capacity, K.

We assume the carrying capacity is constant every-
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where so that the only factor constraining range expan-

sion into empty habitat is the species’ intrinsic lack of

ability to adapt to a new environment. The second fac-

tor is additional mortality caused by selection against

alleles that are not locally adapted. Our model therefore

assumes hard selection (Wallace 1975): maladaptation

of a population suppresses its growth.

Two loci, A and B, are carried on the same chromo-

some. The probability that they recombine is r. Alleles

A0 and B0 are adapted to the range core, and alleles A1

and B1 are adapted to the periphery. For the sake of

simplicity, we assume that selection acts in the haploid

phase of the life cycle. The model also applies to dip-

loids if fitness effects are multiplicative (that is, no

dominance or epistasis). The mortality rate of genotype

AiBj at location x is written as lij (x). Mating is random.

We begin by assuming that the fitness of an inversion

is determined entirely by the alleles it carries at loci A

and B. We return later to consider what happens when

an inversion has direct fitness effects, for example when

inversion heterozygotes suffer reduced fertility.

As we are interested in population dynamics, we fol-

low the density rather than the frequency of the differ-

ent types of chromosomes. We begin by considering

chromosomes with the ancestral arrangement (that is,

without the inversion). The density of chromosomes

with genotype AiBj at point x is denoted as nij (x) . The

rate of change in time of that density is

otnijðxÞ ¼r2

2
o2xnijðxÞþR 1�n�ðxÞ

K

� �
½nijðxÞþ dijr cðxÞ�

�lijðxÞnijðxÞ:
ðeqn 1Þ

Here, n* is the total density of all genotypes, dij¼def � 1

if i = j, and dij¼def1 if i 6¼ j . The quantity

cðxÞ ¼def 1
2
½n00ðxÞp11ðxÞ�n01ðxÞp10ðxÞ�n10ðxÞp01ðxÞ
þn11ðxÞp00ðxÞ�

ðeqn 2Þ
is related to the association (linkage disequilibrium)

between alleles at the two loci; each genotype’s density

is weighted by the probability that mating produces

recombinant genotypes. The derivation of eqn (1) is

given in the Data S1 (Supporting information).

On the right side of eqn (1), the first of the three

terms represents the effects of migration, which aver-

ages out differences in local densities. The second term

corresponds to selection-independent birth and death.

Inside the first set of square brackets is a term that rep-

resents density-dependent population regulation. Inside

the second pair of square brackets, the term involving c

reflects how recombination alters the densities of geno-

types. The last of the three terms on the right side of (1)

is the additional mortality incurred when a genotype is

not adapted to the local habitat.

The dynamics of the inversion also follow eqn (1)

with minor changes. We replace nij (x) by nI (x), which

is the density of inverted chromosomes at point x. We

assume that genetic exchange between inverted and un-

inverted chromosomes (which can result either by dou-

ble recombination events or gene conversion) is

negligible, and so the term [dij r c(x)] that appears in

eqn (1) is dropped. We replace lij (x) in eqn (1) by the

mortality rate that corresponds to the alleles at loci A

and B that the inversion captured.

The model simplifies substantially if we change the

variables to nondimensional units. We measure densi-

ties relative to the carrying capacity so that Nij¼defnij=K,
rescale time by the maximum growth rate so that

T ¼defR t and rescale space in terms of dispersal and the

growth rate so that X ¼defx ffiffiffiffiffiffiffi
2R

p
=r (Kirkpatrick & Barton

1997). Equation (1) then becomes

oTNij ¼ o2XNij þ ð1�N�ÞðNij þ dijr CÞ �mij Nij; ðeqn 3Þ
where Nij, N

*, C and mij¼deflij=R are implicitly functions of

X. C(X) is defined by eqn 2, but with Nij replacing nij and

X replacing x. This change of variables reduces the num-

ber of parameters by eliminating of r2, R and K. We can

make a further simplification by assuming that loci A

and B have identical effects. That allows us further to

assume that A0B1 and A1B0 chromosomes have equal

densities at equilibrium, reducing the number of

dynamic variables from five to four: N00, N01, N11 and NI.

We now make specific assumptions about how selec-

tion varies in space (see Fig. 1). The species range

crosses an ecotone that lies at X = 0. Alleles A0 and B0

are favoured to the left of this point, and alleles A1 and

B1 are favoured to the right. Xmax measures the size of

the peripheral habitat to which the 1 allele is adapted.

Each allele carried by an individual that is not locally

adapted increases its mortality rate by M/2. We assume

that there is no epistasis, so the fitness effects of alleles

are multiplicative. The mortality rate of chromosomes

with genotype Ai Bj is then

m00ðXÞ ¼
�
0 ifX\0

M ifX� 0;

m11ðXÞ ¼
�
M ifX\0

0 ifX� 0;

m01ðXÞ ¼ m10ðXÞ ¼ M=2:

ðeqn 4Þ

We will focus on cases where the inversion carries

the alleles adapted to the peripheral habitat, so we

© 2015 John Wiley & Sons Ltd
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assume that the inversion’s mortality rate is m1

(X) = m11 (X).

This final model has just three parameters: M, r and

Xmax. We analysed the model numerically by integrating

the differential equations using Mathematica (Wolfram

Research 2014). While it is possible to obtain analytic

results, we hope that the qualitative patterns described

below apply generally.

Results

We begin by considering how establishment of alleles

adapted to the periphery can affect population densi-

ties. Next, we study the effects of an inversion that

spreads in the periphery because it captures those

locally adapted alleles. We then contrast those results

with the scenario in which an inversion first appears

carrying locally adapted alleles that are not already

present, as can happen by hybridization. Last, we

extend the model to include cases in which the inver-

sion itself has direct effects on fitness, as when inver-

sion heterozygotes have reduced fertility.

Establishing locally adapted alleles at the periphery

In our model, if alleles adapted to the peripheral habitat

are able to establish, they cause population densities

there to increase. Figure 2 shows that the outcome

depends strongly on the size of the peripheral habitat.

If it is large, then before the locally adapted alleles

arrive, the population density will decline to very low

densities at large distances from the ecotone boundary

(Fig. 2, top panel). Introducing locally adapted alleles in

this case can trigger a dramatic range expansion. When

the peripheral region to the right of the ecotone is smal-

ler, before the locally adapted alleles appear, spillover

from the core population maintains moderate densities

in the periphery even though it is a demographic sink

(Fig. 2, bottom left panel). If alleles that are adapted to

the periphery establish in this case, the density increase

is more modest. The last case is when the peripheral

habitat is smaller than a threshold size needed for the

locally adapted alleles to establish (Fig. 2, bottom right

panel). In our model, the minimum size of the periph-

eral habitat required to establish locally adapted alleles

decreases with increasing selection against maladapted

alleles (M) and decreasing recombination rates (r).

The inversion captures locally adapted alleles

Imagine that local selection is sufficiently strong, the

peripheral habitat sufficiently large, and the recombina-

tion rate sufficiently low that locally adapted alleles are

able to establish. We now ask what happens if an inver-

sion arises in the peripheral habitat and captures those

alleles. For brevity, we refer to this situation as the

‘capture’ scenario.

An example of an inversion that establishes by the

capture scenario is shown in Fig. 3. The inversion

drives to extinction the uninverted chromosomes that

carry alleles adapted to the periphery (the A0B1, A1B0

and A1B1 genotypes). At equilibrium, all that remains
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are the uninverted chromosomes with the A0B0 geno-

type at the core of the range and the inversion with

A1B1 genotype at the periphery. Mixing of the two

genotypes happens around the ecotone boundary at

X = 0.

While the inversion causes large changes in genotype

frequencies, it has relatively little effect on the total

population density. Examples are shown in Fig. 4. The

total densities of all four genotypes before the inversion

appears are shown by the curves labelled N�
all , and the

total densities after the inversion establishes are labelled

N�
I . The difference between the curves is small and

decreases as the size of the peripheral habitat grows.

We note that quite different outcomes are possible

under alternative assumptions about selection (eqn 4).

In particular, we have found cases in which an inver-

sion that establishes by the capture scenario can cause

large increases in density and range size.

Adaptive cassettes: the inversion carries new adaptive
alleles

Recall that our model was inspired by the history of

Anopheles mosquitoes, in which the introgression of a

chromosomal inversion between sibling species may

have triggered a major range expansion. We now ask

how the model behaves when an inversion that is intro-

duced to a peripheral population carries locally adapted

alleles that did not previously occur in the species.

These results are easy to anticipate in the light of the

earlier discussion. The inversion is a nonrecombining

unit, and so it evolves exactly as a single allele that has

the fitness of both allele A1 and B1 combined. If that

advantage is sufficiently strong to avoid swamping from

the A0 B0 genotype, then the inversion establishes and

can cause a large range expansion. The inversion enjoys

two benefits: it introduces the locally adapted alleles, and

it suppresses recombination with the ancestral alleles.

Figure 4 shows examples. The only genotype present

before the inversion appears is A0B0, and its densities

are shown by the curves labelled N�
00 . After the inver-

sion establishes, the densities reach the same equilib-

rium as in the capture scenario (the curves labelled

N�
I ). The increases in density can be very large and are

particularly dramatic when the peripheral habitat is big.

This scenario corresponds to the history hypothesized

for inversion 2La in Anopheles. Following its introduc-

tion to a species by hybridization, the inversion intro-
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duced new alleles for aridity tolerance that allowed that

mosquito to vastly expand its range. We can think of an

inversion in this situation as an ‘adaptive cassette’ of

genes: it replaces a piece of chromosome with an alter-

nate form that might carry several, or even many,

alleles adapted to a new environment.

Because the inversion in our model carries two

locally adapted alleles, it has greater immunity to

swamping than those alleles do in the ancestral popula-

tion. That means there are situations in which locally

adapted alleles will not spread when introduced by

mutation, but can invade when they are carried by an

inversion. An example of parameters that lead to this

situation is M = 3, r = 0.25, Xmax = 2.

Direct fitness effects of an inversion

To this point, we have assumed that the only effects

that an inversion has on fitness result from the alleles it

carries at loci A and B. Inversions can, however, have

direct fitness effects in several ways. The break points

where the chromosome is inverted can disrupt a gene

or alter gene expression. Alternatively, inversion hetero-

zygotes can suffer reduced fertility because recombina-

tion inside the inverted region generates aneuploid

gametes. While some taxa of animals have mechanisms

that partly or entirely suppress this cost, inversion het-

erozygotes have reduce fitness in other animals and

most plants (Lande 1979, 1985). Because our model

assumes there is no dominance, it is not suited to a full

analysis of this situation.

We can, however, modify our model to understand

when underdominant fitness effects will prevent inver-

sions from spreading when they first appear. To do

that, we simply add a term to the equation for the

dynamics of the inversion that reflects direct selection

on the inversion (that is, beyond the fitness effects of

the alleles it carries):

oTNI ¼ o2XNI þ ð1�N�ÞNI �m11NI � sINI ðeqn 5Þ

(where NI, N* and m11 are functions of X and T). Here,

sI is the additional fitness cost that the inversion incurs

from direct selection. This can represent simple forms

of direct selection (e.g. deleterious effects of the break-

points). It can approximate the effects of selection

against heterozygotes when the inversion first arises:

although the model assumes selection in the haploid

phase, its dynamics are very similar to selection in dip-

loids when the inversion is rare. That allows us to

study when direct selection against the inversion will

prevent it from spreading when rare. (Note that our

model is in continuous time, and so sI can take values

<1, unlike a selection coefficient in discrete time.)

We used this modified model to determine numeri-

cally the minimum direct fitness cost that will prevent

an inversion from establishing, which we denote as s*.
There are again two cases to consider: the capture sce-

nario and the adaptive cassette scenario.

Figure 5 shows results for how s* depends on the

allelic mortality rate (M) and the size of the peripheral

habitat (Xmax). Even weak direct selection against the

inversion will generally prevent it from establishing

under the capture scenario. The size of s* can be two or

more orders of magnitude smaller than the strength of

selection acting on the locally adapted alleles. That

result can be understood intuitively. The inversion

invades because its fitness is higher than the mean fit-

ness of the resident population, which in turn results

from the presence of chromosomes that have either one

or two alleles that are locally maladapted. But those

genotypes are typically rare. Consequently, the fitness

advantage that drives the inversion to invade is typi-

cally weak.

There are two situations in which an underdominant

inversion might establish by the capture scenario. One

is when the inbreeding rate is high. Then, the inversion

will occur frequently as a homozygote and so evade the

fitness cost suffered by heterozygotes. A second situa-

tion is when drift is strong relative to selection against

heterozygotes. In that case, the inversion can drift to a

frequency high enough that selection can cause it to

increase further (Charlesworth et al. 1987).

The adaptive cassette scenario leads to quite different

results (Fig. 5). If the peripheral habitat is sufficiently

large that the ancestral A0B0 is essentially absent far

from the ecotone boundary, the inversion will invade so

long as the deleterious effects of direct selection do not

depress its growth rate below 0 (which happens in our
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model when sI > 1.) In sum, an inversion can establish

under much broader conditions under the adaptive cas-

sette scenario than under the capture scenario.

Discussion

When an inversion arises in a peripheral population, it

can capture locally adapted alleles at two or more loci

that are already present (the ‘capture’ scenario). The

inversion can then spread because it suppresses recom-

bination between the loci, binding together the favour-

able alleles. In some cases, the inversion can avoid

swamping and become established even when the

alleles that contribute towards its fitness advantage are

unable to avoid swamping individually. We find, how-

ever, that spread of the inversion in these situations

typically leads to only modest increases in the density

of peripheral populations and expansion of the range.

An inversion can have much greater impact when it

arrives carrying locally adapted alleles that were not

previously found in the species. This seems most likely

to occur via hybridization, as apparently happened in

Anopheles. Here, the inversion acts as an ‘adaptive cas-

sette’ that swamps out several (or perhaps many) alleles

that have low fitness in the peripheral habitat for

adapted alleles. This basic idea has been long appreci-

ated in microbial genetics, where there are many exam-

ples of horizontal gene transfer that have enabled large

expansions of species’ niches (Ochman et al. 2000; Dar-

mon & Leach 2014). If it introduces new adaptive

genetic variation, an inversion can trigger a large range

expansion.

An inversion introduced by hybridization may have

had a substantial prior evolutionary history in the

donor species. That history could provide opportunities

for it to accumulate additional mutations on its genetic

background, perhaps amplifying benefits of local adap-

tation with positive epistatic effects.

In some animals and in many plants, inversion het-

erozygotes suffer reduced fertility because recombina-

tion inside the inversion generates aneuploid gametes

(reviewed in Lande (1979, 1985)). Under the adaptive

cassette scenario, the inversion can establish if the novel

alleles it carries have a sufficiently large advantage in

the peripheral habitat. Under the capture scenario, how-

ever, even weak direct selection against the inversion

can prevent it from establishing. Two caveats apply to

that conclusion: strong inbreeding and strong drift

might allow an underdominant inversion to establish

by the capture mechanism. Both factors could be impor-

tant in the establishment of inversions and transloca-

tions in some taxa (such as plants).

Our model was built to be simple, and we sacrificed

both realism and generality in hopes of capturing

simple conclusions about the role that inversions might

have for mediating range evolution. In many situations,

however, the outcomes might be mitigated by factors

that the model does not consider. For example, we

assume that there is vacant habitat with the same carry-

ing capacity as the species has in the range core. That

would not be the case if a competitor (for example, the

species from which a new inversion is introduced by

hybridization) occupies the habitat beyond the current

edge of the range.

Our findings build on earlier theory that shows how

three factors can limit a species’ range. First, ranges

can be constrained by lack of genetic variation to more

extreme conditions. Genetic drift can play an important

role by eliminating adaptive genetic variation in small

peripheral populations (Alleaume-Benharira et al. 2006;

Bridle et al. 2010). Theory suggests that when range

expansion is triggered by new mutations, they may

typically have intermediate phenotypic effects and

originate in the range periphery (Turner & Wong 2010;

Behrman & Kirkpatrick 2011; Kirkpatrick & Peischl

2013). Second, range expansion can be prevented by

the flow into peripheral populations of genes that are

not adapted to the local ecological conditions (Kirkpa-

trick & Barton 1997; Gomulkiewicz et al. 1999; Ronce &

Kirkpatrick 2001; Garcia-Ramos & Rodriguez 2002).

That effect can be magnified by biotic interactions

including competition, predation, parasitism and

hybridization (Case & Taper 2000; Nuismer & Kirkpatrick

2003; Goldberg & Lande 2006, 2007; Holt et al. 2011).

The outcome is sensitive to details about the underly-

ing genetics (Barton 2001) and demography (Filin et al.

2008). A third way in which range expansion can be

thwarted is when the environment changes in time as

well as space. Species can lag behind a shifting envi-

ronmental gradient, and the resulting maladaptation

can limit range size (Pease et al. 1989; Duputie et al.

2012). This effect can be exacerbated by drift in small

populations (Atkins & Travis 2010; Bourne et al. 2014).

Environmental change also makes it more difficult for

new beneficial mutations to establish (Kirkpatrick &

Peischl 2013).

An interesting perspective is that our model includes

roles for both the genetic constraint and the gene flow

mechanisms of range limits. When an inversion triggers

a range expansion by introducing new alleles to a spe-

cies, it is breaking a genetic constraint. An inversion

can also cause density to increase in peripheral popula-

tions by capturing locally adapted alleles that are

already present. In this case, the spread of the inversion

is driven by its fitness advantage over maladapted

genotypes that are present because of gene flow.

Do locally adapted inversions often play a role in

range expansions? There is strong evidence for local

© 2015 John Wiley & Sons Ltd
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adaption of some inversions, notably in Diptera (Hoff-

mann & Rieseberg 2008). The most direct evidence

comes from estimates of how the fitness of an inver-

sion in Anopheles funestus varies spatially (Ayala et al.

2012). Those studies, however, do not tell us whether

the inversions contributed to range expansions. More

direct evidence on that point comes from other sys-

tems. In threespine stickleback (Gasterosteus aculeatus),

three inversions have evolved to high frequency in

many independent invasions of freshwater from mar-

ine populations (Jones et al. 2012). In the yellow mon-

keyflower (Mimulus guttatus), an inversion that has

major effects on growth and life history has been

repeatedly involved in the colonization of a novel hab-

itat (Lowry & Willis 2010). In the butterfly Heliconius

numata, an inversion controls a polymorphism in wing

colour that allows the species to mimic several unre-

lated species of toxic model butterflies (Joron et al.

2011). H. numata is widespread in the Amazon Basin,

and it is plausible that the inversion allowed it to

expand into new regions where it mimics a new

model. In the red imported fire ant (Solenopsis invicta),

a large inversion that alters behaviour, morphology

and life history has been a key to its invasion of the

southern United States (Tsutsui & Suarez 2003; Wang

et al. 2013). In Drummond’s rockcress (Boechera stricta),

a new inversion that carries at least two locally

adapted loci appears to have spread recently as the

species colonized new habitat (C.-R. Lee and T. Mitch-

ell-Olds, personal communication).

Some of these examples share another interesting

feature. We noted earlier that a major range expan-

sion of an Anopheles mosquito seems to have been

enabled by inversions that introgressed by hybridiza-

tion. Recent unpublished results suggest that the

locally adapted inversions in Heliconius numata may

also have appeared by hybridization (M. Joron, per-

sonal communication). The history of the locally

adapted inversion in Mimulus guttatus is ambiguous:

it seems to be present in congeners, but it is unclear

whether that is the result of introgression or an

ancestral polymorphism that predates divergence of

those species (Oneal et al. 2014).

If confirmed, these systems would highlight the

potential for inversions to play the role of adaptive cas-

settes. This is an example of a more general but under-

appreciated point that hybridization can provide alleles

that have already survived the test of natural selection

(Lewontin & Birch 1966). In closing, we note that the

adaptive cassette scenario inverts the evolutionary role

of inversions relative to the more common view in

which they protect the genome from introgression

(Noor et al. 2001; Rieseberg 2001; Navarro & Barton

2003; Fishman et al. 2013; Nosil & Feder 2013). Given

the genetic diversity of inversion systems and the eco-

logical diversity of the species in which they are found,

it seems likely that inversions play both of these roles

in different evolutionary contexts.
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