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Abstract

Inversions are structural mutations that reverse the sequence of a chromosome seg-
ment and reduce the effective rate of recombination in the heterozygous state. They
play a major role in adaptation, as well as in other evolutionary processes such as spe-
ciation. Although inversions have been studied since the 1920s, they remain difficult
to investigate because the reduced recombination conferred by them strengthens
the effects of drift and hitchhiking, which in turn can obscure signatures of selection.
Nonetheless, numerous inversions have been found to be under selection. Given re-
cent advances in population genetic theory and empirical study, here we review how
different mechanisms of selection affect the evolution of inversions. A key difference
between inversions and other mutations, such as single nucleotide variants, is that the
fitness of an inversion may be affected by a larger number of frequently interacting
processes. This considerably complicates the analysis of the causes underlying the
evolution of inversions. We discuss the extent to which these mechanisms can be

disentangled, and by which approach.
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1 | INTRODUCTION

Inversions are structural mutations that reverse the sequence of a
chromosomal segment and have been found in numerous organisms
(Griffiths et al., 2020; Hoffmann & Rieseberg, 2008; Kirkpatrick, 2010;
Stefansson et al., 2005; Sturtevant, 1926; Wellenreuther &
Bernatchez, 2018). Their main property is that they reduce the effec-
tive rate of crossing over (but not gene conversion) in heterokaryo-
types (i.e., diploid individuals carrying two different chromosomal
arrangements, an inverted chromosome [I] and a non-inverted, ‘stan-
dard’ chromosome [S]). Because they suppress recombination when
heterozygous, inversions introduce an effective barrier to genetic
exchange between standard and inverted chromosomes at the pop-
ulation level. By contrast, recombination is normal within standard
and within inverted homokaryotypes (Crown et al., 2018; Korunes &
Noor, 2019; Navarro et al., 1997; Rozas & Aguadé, 1994).

The dual role of inversions as mutations and as recombination
modifiers has major implications for evolutionary processes. Like
other mutations, inversions can have direct fitness effects (e.g., at the
chromosomal breakpoints). Moreover, as modifiers of recombination,
they are subject to indirect selection on the rate of recombination.
For example, inversions can promote adaptation by ‘capturing’ bene-
ficial alleles at multiple loci and keeping them together within arrange-
ments in heterokaryotypes (Charlesworth & Charlesworth, 1973;
Dobzhansky, 1948, 1949, 1950; Kirkpatrick & Barton, 2006). They
can also play a role in speciation by enabling the accumulation of mu-
tations that cause reproductive isolation (Dagilis & Kirkpatrick, 2016;
Fuller et al., 2018; Navarro & Barton, 2003a, 2003b; Noor et al., 2001;
Rieseberg, 2001; White, 1978). Moreover, inversions can promote di-
vergence between evolving sex chromosomes (Charlesworth, 1991;
Connallon et al., 2018; Kirkpatrick, 2010).

Here, we provide a comprehensive review of how selection af-
fects the evolution of inversions in light of recent progress in popu-
lation genetic theory, genomic analyses, and empirical studies. Due
to limited space, we do not discuss inversions on sex chromosomes
or sex linkage in detail; similarly, the role of inversions in speciation
is only mentioned in passing.

Section 2 summarizes the theory and gives a systematic over-
view of the sources of selection affecting inversions. We empha-
size that inversions are influenced by many evolutionary processes
and that they are unlikely ever to be selectively neutral. In partic-
ular, the reduced recombination conferred by inversions can have
multiple consequences: decreased effective population size causing
increased genetic drift; the ‘capture’ of beneficial and/or deleterious
alleles at multiple loci when a new inversion arises on a specific hap-
lotype; increased genetic hitchhiking; and an accelerated accumula-
tion of weakly deleterious mutations.

Section 3 reviews the empirical evidence and discusses the ex-
tent to which different processes affecting the evolution of inver-
sions can be disentangled when confronting data with predictions.
Since inversions are affected by a large number of ‘partial causes’ (cf.
Frank, 2022), many of which may co-occur and interact, the analysis
of inversions is challenging.

As a counterpoint to some of these challenges, Section 4 dis-
cusses promising methodological approaches and opportunities -
including state-of-the-art genomic and genetic tools - for identifying
adaptive inversions and dissecting the underlying mechanisms.

We end by offering some cautionary conclusions about our un-
derstanding of the causal mechanisms affecting the evolution of in-

versions and the limits of population genetic inference in Section 5.

2 | HOW SELECTION ACTS ON NEW
INVERSIONS: A SUMMARY OF THE THEORY

2.1 | Overview

Like all other mutations, inversions are subject to both genetic
drift and selection. A long history of theoretical work has devel-
oped scenarios for the establishment, spread and long-term fate
of inversions (reviewed in Charlesworth, 2023; Charlesworth &
Barton, 2018; Charlesworth & Flatt, 2021; Connallon & Olito, 2022;
Durmaz et al., 2020; Faria, Johannesson, et al., 2019; Hoffmann
et al., 2004; Hoffmann & Rieseberg, 2008; Kapun & Flatt, 2019;
Kirkpatrick, 2010; Kirkpatrick & Barton, 2006; Schaal et al., 2022).

The fate of a newly arisen inversion depends on the values of
standard population genetic parameters, especially its net fitness
relative to the population as a whole (Figure 1). Inversions differ
from variants like single nucleotide mutations by the larger variety
of processes that affect their fitness. The long-term fate of an in-
version may be quite different from what is suggested by its initial
characteristics; for example, an initial advantage can be eroded by
other processes, notably by the accumulation of deleterious mu-
tations within an arrangement (Berdan, Blanckaert, et al., 2021;
Connallon & Olito, 2022; Jay, Tezenas, et al., 2022; Lenormand &
Roze, 2022; Nei et al., 1967; Olito et al., 2022).

When a new inversion arises, it will trap a block of the genome,
and the inverted arrangement may have a net fitness that is either
greater or less than that of the population as a whole. An initial ad-
vantage or disadvantage may be due to any of the many processes
that generate genetic variance in fitness (Figure 1). Deleterious mu-
tations tend to lead to an ultimate selective disadvantage in a new
inversion; other processes, such as gene flow between divergent
populations and fluctuating selection, may maintain a higher vari-
ance in fitness, and may therefore be more likely to drive the initial
increase in frequency of new inversions (discussed in detail below).
Note that, given the unavoidable initial association with background
mutations, it is unlikely that a new inversion will be selectively neu-
tral (Connallon & Olito, 2022; Jay, Tezenas, et al., 2022; Lenormand
& Roze, 2022; Nei et al., 1967; Olito et al., 2022; see also below).

The most obvious consequence of an inversion is that it drasti-
cally reduces the effective rate of recombination between the dif-
ferent arrangements. It is therefore influenced by all the processes
that mediate indirect selection on recombination. Simple models
(e.g., equilibria with multiple loci subject to balancing selection
and epistatic fitness interactions) tend to select against modifiers
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FIGURE 1 Anexample is the 'life history’ of a positively selected inversion. (a) Distribution of haplotypes in a population, with variable
numbers of deleterious (blue) and locally adapted (pink) alleles. The fitness variance per unit map length (i.e., per centimorgan) is the key
parameter that determines the chance that an inversion establishes and the speed at which it does so. When this variance is high, there is

a greater chance for an inversion, especially a large one, to capture a haplotype with unusually high fitness (‘large’ inversions are those that
span a relatively ‘large’ segment of a chromosome). There is evidence for a substantial variance in fitness in natural populations (Bonnet

et al., 2019, 2022; Buffalo & Coop, 2019; Charlesworth, 2015; Gardner et al., 2005). (b) If an inversion captures a block of the genome
whose fitness is greater than that of wild-type haplotypes, the new arrangement will increase in frequency under selection (Charlesworth
& Charlesworth, 1973; Charlesworth & Flatt, 2021). With free recombination, an unusually fit set of alleles will be broken up, losing its
advantage. However, the inversion preserves the fit combination, allowing it to continue to increase in frequency. As the new arrangement
becomes common, deleterious recessive mutations or balanced polymorphisms may hold it an at intermediate frequency (Charlesworth

& Charlesworth, 1973; Ohta, 1971; Wright & Dobzhansky, 1946). Alternatively, if the inversion carries locally adapted alleles, it might be
pushed to high frequency or fixation (Charlesworth & Barton, 2018; Kirkpatrick & Barton, 2006; Mackintosh et al., 2022). Thus, after a rapid
initial increase phase, the inversion will equilibrate at a frequency determined by the balance between its initial advantage, the recessive
load that it carries, and its intrinsic effects (e.g., on meiosis; see main text). Over the following generations, the karyotypes continue to
evolve through the accumulation of deleterious mutations and/or adaptive alleles. (c) Hypothetical samples of standard and inverted
chromosomes at three time points. New mutations are shown as squares in the later time point. For details see text (cf. Faria, Johannesson,

et al. (2019) for further discussion of inversion ‘life history’).

that increase recombination and are expected to favour inversions
(Charlesworth & Charlesworth, 1973). Yet most eukaryotes have
significant levels of recombination in most parts of their genomes,
implying that there must be selective processes that favour recom-
bination; these have been widely discussed in the literature (Otto

& Lenormand, 2002; Roze, 2021). Inversions, however, have much
more drastic effects on effective recombination rates than the re-
combination modifier alleles postulated in standard models so that
they are likely to overwhelm any counter-selection for increased
recombination.
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2.2 | Sources of selection on newly
arisen inversions

2.2.1 | Structural problems with meiosis

Selection can act against an inversion due to the production of du-
plication/deletion gametes from crossing over in inversion heter-
okaryotypes, unless female meiosis is ordered in such a way that
these gametes fail to pass into the egg nucleus and there is no cross-
ing over in males, as in ‘higher’ Diptera (Roberts, 1976; Sturtevant
& Beadle, 1936). However, two-strand double crossovers or gene
conversion (Chovnick, 1973) in heterokaryotypes can occur without
generating deleterious products, thereby providing recombinational
exchange among arrangements (i.e., so-called ‘gene flux’). In most
organisms, it remains unclear how the deleterious consequences
of crossing over in heterokaryotypes can be avoided, although di-
rect examination of the fertility of heterokaryotypes shows that
this occurs in some cases (Coyne et al., 1991, 1993; Stathos &
Fishman, 2014; cf. also Koury, 2023 and discussion therein).

2.2.2 | Inversion breakpoint and position effects

The disruption of genes induced by inversion breakpoints, changes
in gene expression caused by changes in gene position, order and
orientation, or expression level differences due to changes in chro-
matin architecture, can also lead to direct selection on inversions. In
most cases, such effects are expected to be deleterious. More rarely,
under the ‘adaptive breakpoints’ scenario (see below; Figure 2), a

Inversion (a) Neutral

Age
Young

D

(b) Locally Adapted

new inversion may induce a beneficial mutation at the breakpoints
or positively affect gene expression by a ‘position effect’ (Corbett-
Detig, 2016; Krimbas & Powell, 1992; Sperlich & Pfriem, 1986;
Villoutreix et al., 2021; Wright & Schaeffer, 2022).

2.2.3 | Interchromosomal effects of inversions on
crossing over

The reduction in the rate of crossing over within the inverted re-
gion in a heterokaryotype is often associated with an increased
rate of crossing over on other chromosomes, and in regions that
are sufficiently distant from the inversion on the same chromosome
(Lucchesi & Suzuki, 1968; Miller, 2020). Despite numerous examples
of this ‘interchromosomal effect’, the underlying molecular mecha-
nisms remain largely unclear (Miller, 2020). Increases in crossing
over associated with heterozygosity for an inversion could create
a selective advantage for the inversion due to reduced linkage dis-
equilibrium (LD) among loci under selection, by various mechanisms
that have been proposed in models of recombination modifiers (Otto
& Lenormand, 2002; Roze, 2021). However, this advantage is likely
to be small, since there is free recombination between the inversion
and any loci involved in the postulated selective processes. The fre-
quency of nondisjunction for a heterokaryotypic chromosome can
also be increased by several percent when another chromosome is
heterokaryotypic, probably as a result of a non-homologous pairing
between chromosomes (Forbes, 1962; Roberts, 1976). Such nondis-
junction leads to aneuploidy and hence to a significant fitness loss
to the inversion.

(c) Locally Adapted
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FIGURE 2 Coalescent predictions for the evolution of inversions. Predictions of coalescence times (T) for genes sampled across a
chromosomal region with an inversion (box on the x-axis) under different evolutionary models (redrawn after Guerrero et al., 2012).
S/S=standard (non-inverted) homokaryotypes; I/l =inverted homokaryotypes; S/|=heterokaryotypes. The models are neutral (a), ‘locally
adapted’ breakpoints (b), and ‘locally adapted’ alleles (Kirkpatrick & Barton, 2006) within inverted regions (c) for young (<4N, generations

old; see top) and old (>4Ne generations old; see bottom) inversions. However, other selective mechanisms, e.g., epistatic balancing selection,
can lead to adaptive central peaks and generate the pattern shown in (c). In fact, the ‘suspension bridge’ pattern can be generated under any
situation where the inversion is present for a sufficiently long time so that recombinational exchange has affected genetic variability differently
in different parts of the inversion. Observing such a pattern can thus not be readily used to distinguish different mechanisms of selection.
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2.2.4 | Capture of a haplotype with a fitness effect

An inversion that arises by chance in a haplotype with higher fit-
ness than the mean fitness of the population is expected to have a
higher probability of establishment than a neutral mutation, even
if the inversion has no direct (positive) effect on fitness (Figure 1).
Conversely, an inversion that arises in a haplotype with a substantial
fitness disadvantage will have a lower probability of establishment
than a neutral mutation and is almost certain to be lost from a large
population (Fisher, 1930; Kimura, 1964).

Because of the effective suppression of recombination in a
heterozygous individual, strong LD with variants included in the
initial inversion haplotype will be maintained over many genera-
tions. Since the reduction of recombination often extends beyond
the inversion breakpoints, the definition of an inversion haplotype
is necessarily somewhat vague, but for population genetic analy-
ses it can be defined as the piece of genome that stays associated
with the inverted arrangement until the arrangement is either lost
from the population or reaches a sufficiently high frequency so
that it behaves deterministically. With random mating, the rele-
vant initial fitness of a new, low-frequency inversion is the mean
fitness of the genotypes generated by combining the inversion
haplotype with the range of haplotypes present in the population,
i.e., its marginal fitness.

An inversion can increase in frequency under selection if the
haplotype that it captures has a marginal fitness advantage; by defi-
nition, this can occur only in genomic regions where there is vari-
ance in the marginal fitnesses of haplotypes (the ‘gametic variance’
of Ewens, 2004; Figure 1). However, in an isolated randomly mating
population at equilibrium for a single locus under balancing selec-
tion alone (heterozygote advantage, frequency-dependent selec-
tion, etc.), or for multiple such loci that are in linkage equilibrium,
the Fundamental Theorem of Natural Selection implies the absence
of any additive genetic variance for fitness, and all haplotypes must
have the same marginal fitness. No selective effect of an inversion
can be generated in this case. Any fitness variance that selects for in-
versions must therefore result from other sources, such as mutation,
gene flow, temporal fluctuations in fitness, or fitness interactions
among loci (epistasis). Large gametic fitness variances that could
generate a significant initial selective advantage to an inversion can
arise from several different processes, described below. These pro-
cesses all involve capture by the inversion of a haplotype with a fit-
ness effect; they may also involve the subsequent gain of new alleles

(Figure 1).

2.3 | Processes generating a selective advantage
2.3.1 | Balancing selection with epistasis

One well-known model of balancing selection, originally due

to Dobzhansky, postulates epistatic fitness interactions among
polymorphic loci (‘epistatic coadaptation’; Charlesworth, 1974;

JournaL of Evolutionary Biology

Charlesworth & Charlesworth, 1973; Dobzhansky, 1948, 1949,
1950, 1951). In its simplest form, this mechanism involves two epi-
statically interacting polymorphic loci, with the double heterozy-
gote having the highest fitness (Charlesworth, 1974; Charlesworth
& Charlesworth, 1973; Charlesworth & Flatt, 2021). While epistatic
selection induces LD between selected loci, recombination breaks
down high-fitness haplotypes, creating gametic fitness variance.
A newly arisen inversion that happens to capture such a high-fit-
ness haplotype experiences an indirect advantage because lower
recombination in the inversion heterozygotes keeps the inverted
arrangement associated with higher fitness. This, in turn, confers
an advantage to the inversion heterokaryotype, preventing fixa-
tion (Charlesworth, 1974; Charlesworth & Flatt, 2021). This is an
instance of the general ‘reduction principle: in a randomly mating
population multi-locus polymorphisms that are held at equilibrium
under any form of balancing selection involving epistatic fitness in-
teractions lead to selection for reduced recombination (Feldman &
Liberman, 1986; Zhivotovsky et al., 1994).

The principle of epistatic selection can be extended to include
gametic as well as organismal fitness: segregation distorter systems
(with their drivers, responders, and drive enhancers or suppressors)
select for recombination suppression (Charlesworth & Hartl, 1978;
Thomson & Feldman, 1974) and are frequently associated with inver-
sions (Charlesworth & Charlesworth, 2010; see Fuller et al., 2020;

Navarro-Dominguez et al., 2022 for recent empirical examples).

2.3.2 | Migration load

Gene flow between populations subject to spatially varying selec-
tion can maintain a substantial variance in fitness, at the cost of
reduced mean fitness, creating a ‘migration load’. By analogy with
mutational load, at migration-selection equilibrium, every locally
deleterious allele that enters the population by migration must be
removed by a selective ‘death’ (i.e., a failure to reproduce). Thus,
mean fitness is reduced by an amount equal to the migration rate.
If selection keeps many loci divergent, and if incoming alleles at dif-
ferent loci are eliminated independently, then the migration load is
multiplied by the number of divergent loci and can become substan-
tial. Inversions gain an advantage because alleles at multiple loci can
be eliminated together (Charlesworth & Barton, 2018; Kirkpatrick &
Barton, 2006).

2.3.3 | Mutational load

Mutational load provides another mechanism by which an inver-
sion can acquire a fitness advantage if it captures a haplotype with
a lower-than-average number of deleterious mutations and hence
a higher-than-average fitness. The effect of mutational load on the
fate of new inversions in randomly mating populations has recently
been re-examined (Berdan, Blanckaert, et al., 2021; Connallon &
Olito, 2022; Jay, Tezenas, et al., 2022; Lenormand & Roze, 2022;
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Olito et al., 2022). As originally suggested by Nei et al. (1967), the
accumulation of new autosomal deleterious mutations by inversions
means that there is little or no increase in net survival probability
over neutrality, and there are usually lower than neutral survival
probabilities for large autosomal inversions, which are likely to carry
several deleterious mutations initially (Connallon & Olito, 2022;
Jay, Tezenas, et al., 2022; Olito et al., 2022). This problem is exac-
erbated by the fact that the suppression of recombination by the
inversion means that carriers of the inversion are subject to Hill-
Robertson interference (i.e., selection at linked sites reducing the
efficacy of selection), thus accelerating the accumulation of slightly
deleterious mutations (Berdan, Blanckaert, et al., 2021; Jay, Tezenas,
et al., 2022). Overall, therefore, mutational variance in fitness is un-
likely to be a significant player favouring the spread of inversions.

A phenomenonrelated to mutational load that may affect the fate
ofinversionsisassociative overdominance (AOD)(Berdan, Blanckaert,
et al., 2021; Berdan et al., 2022; Charlesworth & Jensen, 2021,
Faria, Johannesson, et al., 2019; Gilbert et al., 2020; Kirkpatrick
& Barton, 2006; Ohta, 1971; Ohta & Kimura, 1970; Sturtevant &
Mather, 1938; Waller, 2021; Zhao & Charlesworth, 2016). Under
AOD, a new inversion captures a haplotype carrying weakly delete-
rious, partially recessive or recessive mutations at several loci. The
deleterious effects of recessive mutations that are absent from the
standard arrangement will be masked in the inversion heterokaryo-
types (Sturtevant & Mather, 1938). In a sufficiently small population,
where mutant alleles at loci other than those at which the inversion
is fixed have drifted to high frequencies, a type of ‘pseudo-overdom-
inance’ or multi-locus heterosis could arise (Palsson & Pamilo, 1999).
In addition, if the inversion had a direct positive fitness effect, or
captured beneficial alleles along with the deleterious mutations, and
thus reached high frequency, the deleterious alleles would become
exposed to selection in the inversion homokaryotypes, preventing
the inversion from spreading to fixation (Jay et al., 2021; Kirkpatrick
& Barton, 2006). However, it has not yet been shown that AOD can
confer sufficient heterotic advantage to a newly arisen inversion for
it to establish itself and spread in frequency in a large population.

2.34 | Hitchhiking effects

Inversions arising in association with beneficial alleles spreading in
the population could be favoured. With an additive fitness model at a
single biallelic locus, and selection coefficient of 2s for homozygotes
for the favoured allele, the total additive variance in fitness over the
course of a single gene substitution is 2s (Crow & Kimura, 1970). If a
substitution takes T generations on average, the average variance per
generation is 2s/T. But there are KT substitutions in progress at any
given time, so the total additive genetic variance contributed by sub-
stitutions occurring at rate K per genome per generation is approxi-
mately 2Ks. There is much uncertainty concerning the distribution of
selection coefficients involved in adaptive evolution; however, analy-
ses of population genomic data on Drosophila suggest that these are
mostly very small, of the order of 10~ or less, and that the per genome

rate of adaptive substitutions is likely to be approximately 0.01 per
generation, and certainly less than 0.1 (Campos et al., 2017; Elyashiv
et al., 2016; Sella et al., 2009). If these estimates are approximately
correct, the potential contribution of new, beneficial mutations to ad-
ditive fitness variance is negligible. Of course, there is always a chance
that an inversion could capture an advantageous mutation with a size-
able advantage, which results in the inversion being hitchhiked to a

high frequency and leading to a loss of linked variation.

2.3.5 | Factors leading to balanced inversion
polymorphism

There are many circumstances in which an inversion might be
maintained as a balanced polymorphism within a population,
rather than becoming fixed by drift or selection. For example, as
already discussed, epistatic coadaptation confers a multi-locus
heterozygote advantage to the heterokaryotype. Other forms of
balancing selection that could be involved in maintaining inver-
sion polymorphisms include situations where fitnesses are vari-
able, for example when fitnesses depend on the frequencies of
the different genotypes (negative frequency-dependent selection)
or when they vary in space or time (Faria, Chaube, et al., 2019;
Faria, Johannesson, et al., 2019; Haldane, 1948; Kapun et al., 2023;
Kapun, Fabian, et al., 2016; Kapun & Flatt, 2019; Kirkpatrick &
Barton, 2006; Krimbas & Powell, 1992; Sperlich & Pfriem, 1986;
Westram et al., 2021, 2022). Beyond numerous cases of clinically
varying inversion polymorphisms maintained by spatially varying
selection (references above; cf. Section 3), Dobzhansky famously
observed pervasive temporal fluctuations in the frequencies of
inversion polymorphisms in natural and laboratory cage popula-
tions of Drosophila pseudoobscura that are consistent with fluctu-
ating selection (Dobzhansky, 1943; Dobzhansky, 1948; Wright &
Dobzhansky, 1946; also cf. Kapun, Fabian, et al., 2016; Kapun &
Flatt, 2019; Machado et al., 2021).

Several types of fluctuating selection may maintain inversion poly-
morphism but the conditions for this to occur can be quite stringent. For
instance, genetic variance in fitness is generally greatly increased when
a quantitative trait under stabilizing selection responds to a change in
environment and experiences directional selection towards a new op-
timum or a fluctuating optimum (Charlesworth, 1993; Zhang, 2012).
These situations can be selected either against or for inversions (or
other modifiers that reduce recombination), depending on variables
such as the speed at which selective optima change and the periodicity
of fluctuations in the optima (Barton, 1995; Charlesworth, 1993).

Under certain conditions, temporal fluctuations in the di-
rection of selection at a single locus can maintain genetic vari-
ation (Gillespie, 1973; Haldane & Jayakar, 1963), resulting in
additive genetic variance in fitness in a given generation (Eshel &
Hamilton, 1984). For biallelic loci subject to such selection, the mean
log marginal fitnesses of the two alleles over a long period are the
same, so no long-term advantage or disadvantage is expected to ac-
crue for an inversion arising in association with one of the alleles.
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However, there could be a temporary advantage to the inversion if
the allele in question is currently advantageous and maintains this
advantage over several generations.

Fluctuating selection in multi-locus systems with epistatic selec-
tion will typically generate selection against inversions or modifiers
that reduce recombination, for example, if the sign of linkage disequi-
libria among the loci fluctuates, or the period of the fluctuations is nei-
ther too long nor too short (Barton, 1995; Charlesworth, 1976; Gandon
& Otto, 2007). In other cases, suppression (or reduction) of recombina-

tion by an inversion could be selected for (Charlesworth, 1976).

2.4 | Effects of inversions on neutral variation

Balancing selection acting on inversions should leave distinc-
tive population genetic signatures at neutral variants associ-
ated with the region covered by an inversion, in a similar way to
the increase in diversity and LD around a single locus at equilib-
rium under balancing selection (Hudson & Kaplan, 1988; Kaplan
et al., 1988; Zeng et al., 2021; for a recent theoretical treatment see
Charlesworth, 2023). If there is some gene flux between arrange-
ments in heterokaryotypes, and if this is more strongly suppressed
near the inversion breakpoints (Navarro et al., 1997, 2000), a higher
equilibrium degree of divergence between inverted and standard ar-
rangements is expected near the breakpoints as compared with the
centre of the inversion (Guerrero et al., 2012; Navarro et al., 1997,
2000; the ‘suspension bridge’ pattern in Figure 2a,b).

In such cases, selection against alleles that are deleterious when
transferred between arrangements might lead to additional peaks of
divergence away from the breakpoints, due to reduced flux at linked
neutral sites (i.e., a ‘suspension bridge’ pattern with additional peaks
in the centre; Figure 2c). Such a situation might arise, for example,
because of epistatic fitness interactions that reduce the fitness of
recombinants (Ishii & Charlesworth, 1977), or because of locally
adapted alleles associated with the inversion (Guerrero et al., 2012).
The resulting peaks of divergence are likely to be centred on the
selected loci and maintained despite homogenizing gene flux be-
tween the arrangements (Guerrero et al., 2012). The region around
the target of selection where one might expect a signal of increased
diversity inside the inversion may, however, be very small (Guerrero
et al., 2012; Ishii & Charlesworth, 1977).

Even after it has reached its equilibrium frequency under selec-
tion, there will be a long period of time during which a new inversion
approaches equilibrium with respect to allelic content under muta-
tion, drift and recombination. The initial process of spread eliminates
variation within inversion-carrying haplotypes via a partial selective
sweep (Charlesworth, 2023; Navarro et al., 2000; Zeng et al., 2021),
and the system only slowly approaches the final mutation-drift-gene
flux equilibrium, over a time period on the order of the recipro-
cal of the flux rate. This process is faster for sites that experience
higher rates of recombination, as may be the case for sites further
away from the breakpoints. Among inversion haplotypes, there will
then be much lower variability than among standard haplotypes,
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especially near the breakpoints. This pattern persists at equilibrium
if the inverted arrangement has a lower frequency than the standard
arrangement but is reversed if it attains a frequency greater than
one-half.

Variability in the population as a whole is thus initially reduced
by the spread of the inversion, but gradually increases over time as
the two arrangements diverge. If the rate of gene flux is sufficiently
low, net variability compared with other regions of the genome is
increased as equilibrium is approached, especially at sites where
gene flux is low. (Note that both the initial spread of an inversion
and the subsequent divergence between arrangements caused by
the accumulation of new neutral mutations result in strong LD be-
tween SNPs and karyotype.) However, caution should be exercised
in taking such patterns as evidence for balancing selection (Guerrero
etal.,, 2012). A neutral inversion that has reached a current frequency
as low as 10% has an expected age of approximately N, generations
in a panmictic population with effective population size N, (Kimura
& Ohta, 1973), providing plenty of opportunity for different neutral
mutations to accumulate in the two arrangements when the rate of
gene flux is low.

The models of how inversions affect patterns of neutral variation
discussed above make predictions (cf. Charlesworth, 2023) that are
in principle testable using data on sequence variability and diver-
gence (cf. Kapun et al., 2023). However, a major issue is that these
models only say something about the age of an inversion, not about
the mechanism maintaining it. Moreover, the same patterns can
arise from distinct mechanisms that are not easily distinguishable (cf.
Charlesworth, 2023; Guerrero et al., 2012; Kapun et al., 2023; for a
general discussion see Frank, 2014). Potential clues for distinguish-
ing different processes might come from studies of the distribu-
tions of inversion lengths as the lengths of inversions are correlated
with their fitness effects and their probability of establishment
(Connallon & Olito, 2022; also cf. Cheng & Kirkpatrick, 2019;
Corbett-Detig, 2016; Dagilis, 2022; Santos, 1986; Van Valen &
Levins, 1968).

3 | CONFRONTING THEORETICAL
PREDICTIONS WITH EMPIRICAL
OBSERVATIONS

Here we review five common types of empirical observations of in-
versions and discuss how they match the predictions discussed in

Section 2.

3.1 | Variation in fitness between inversion
genotypes

We first summarize evidence for three sources of fitness variance
between inversion karyotypes: (i) meiotic effects, (ii) breakpoint
or position effects, and (iii) capture of haplotypes with fitness
effects.
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3.1.1 | Meiotic effects

Inversions are expected to disrupt meiosis in heterokaryotypes,
thus reducing reproductive success and generating a barrier to
gene flow between the two arrangements. This was for many
years considered to be their likely contribution to speciation
(Rieseberg, 2001; White, 1978), and several examples of un-
derdominant inversions are known (Avelar et al., 2013; Jeffares
et al.,, 2017; Zanders et al., 2014). Such inversions are more
likely to be pericentric (pericentric inversions include a cen-
tromere; paracentric inversions do not) and, if underdominance is
strong, are unlikely to become established, except in very small
populations (Coyne et al., 1991; Hoffmann & Rieseberg, 2008;
Kirkpatrick, 2010; Kirkpatrick & Barton, 2006). However, if each
inversion is only slightly underdominant, several inversions may
become fixed between species. In this case one expects that a
crossover will occur in at least one of the chromosomes in most
meiosis, generating unbalanced gametes and leading to strong
underdominance. (Note that this does not apply to Drosophila
where meiosis is ordered in females and males lack crossing over;
cf. Coyne et al., 1991.) Despite some evidence for underdominant
inversions, we lack systematic quantification of the frequency of
underdominance and the distribution of underdominant effects.
Clearly, inversions that spread to fixation, or are maintained as bal-
anced polymorphisms, probably represent a biased subset of all
new inversions in which these meiotic effects are weak, but this
is difficult to test (Connallon & Olito, 2022; see also Koury, 2023
and discussion therein).

3.1.2 | Breakpoint effects and position effects

A striking example of a breakpoint effect occurs when the break-
points disrupt genes, essentially knocking them out and leading to a
‘half-lethal’ state where one of the two homokaryotypes is inviable.
Evidence consistent with such a mechanism has been reported in the
ruff (Kiipper et al., 2016; Lamichhaney et al., 2016) and the fire ant
Solenopsis invicta (DeHeer et al., 1999; Yan et al., 2020). However,
demonstrating that gene disruption is causally responsible for le-
thality is not trivial; moreover, breakpoint effects are not always
deleterious. For example, a deletion that co-occurred in association
with an inversion breakpoint in stick insects probably altered their
colour pattern, a phenotype under strong selection in this group
(Villoutreix et al., 2020). Breakpoints occurring within a gene re-
gion can also generate new variants, such as new chimeric genes
in Drosophila mojavensis (Guillén & Ruiz, 2012), or the new IncRNA
gene U3X at the breakpoint of the doublesex mimicry supergene in
Papilio butterflies (Komata et al., 2022). Finally, breakpoints can have
cascading effects by altering patterns of gene expression in adjacent
genes (Fuller et al., 2017), or by changing epigenomic patterns such
as the structure of topologically associating domains (TADs) which
are fundamental units of three-dimensional nuclear organization
(Shanta et al., 2020; Wright & Schaeffer, 2022).

3.1.3 | Capture of haplotypes with fitness effects

Within species, epistatic balancing selection might confer fit-
ness overdominance to an inversion polymorphism (cf. section 2;
Charlesworth & Flatt, 2021; Fuller et al., 2020); similarly, reces-
sive deleterious mutations may generate associative or pseudo-
overdominance (AOD/POD) which confers heterozygote advantage
(cf. Section 2; Sturtevant & Mather, 1938). Increased fitness of the
heterokaryotype as compared to the homokaryotypes (i.e., heter-
okaryotype advantage or heterosis) consistent with such mecha-
nisms has been reported in a wide variety of inversion systems
including Coelopa frigida seaweed flies (Butlin & Day, 1985; Mérot
et al., 2020), Heliconius butterflies (Jay et al., 2021), and Drosophila
(Kapun et al., 2023; Kapun & Flatt, 2019; Krimbas & Powell, 1992).
Heterosis maintaining a balanced inversion polymorphism can also
result from trade-offs between fitness components or from asso-
ciations with loci experiencing true overdominance. Additionally,
heterosis can arise from mutational load when mutations are some-
what recessive and private to each arrangement. Teasing apart such
effects requires detailed experimental assays of fitness compo-
nents, which are challenging and rare (Durmaz et al., 2018; Kapun,
Schmidt, et al., 2016; Lowry & Willis, 2010). These studies often find
that multiple processes are co-occurring. For example, in C.frigida
the a arrangement of Cf-Inv(1) is associated with high reproduc-
tive output later in life but lower egg-to-adult survival, while the f
arrangement causes lower reproductive success but has a higher
egg-to-adult survival rate. Heterokaryotypes seem to balance these
effects, and may make the best of both life-history strategies (Mérot
et al., 2020). However, this trade-off in fitness is modulated by two
additional processes: selection by variable environments and muta-
tional load reducing egg-to-adult survival in homokaryotypes (Butlin
& Day, 1985), but the magnitude of fitness effects caused by muta-
tional load remains to be investigated thoroughly.

Several studies have also sought to quantify segregating load
and to examine whether recessive mutations might be masked in
heterokaryotypes due to AOD/POD. This can be done by comparing
the fitnesses of heterokaryotypes and homokaryotypes, for instance
by using diallel (or similar) crossing schemes (Crow, 1993; Simmons &
Crow, 1977). Experimental crosses are especially informative when
they are performed between isolated populations, as accumulated
mutations tend to be private to each population (Butlin & Day, 1985;
Pegueroles et al., 2010). Theory predicts that rarer arrangements
should carry a greater load; some studies in Drosophila are broadly
consistent with this expectation (Barnes, 1983; Crumpacker &
Salceda, 1969; Dobzhansky, 1947a; Yang et al., 2002). However, the
evidence is mixed. For example, one study by Mukai and colleagues
found an association between inversions and lethal alleles, whereas
another study did not, and differences in non-lethal viability be-
tween inverted and standard arrangements were found to be small
(Mukai & Yamaguchi, 1974; Watanabe et al., 1976). Associations with
lethals may instead reflect recent bottleneck effects; they are un-
likely to occur in large populations, since selection against them will
overcome the effects of drift.
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3.2 | Associations between inversion genotype and
environment

Selection due to environmental factors often modulates the fate,
frequency and distribution of inversion polymorphisms at different
spatial and temporal scales. For instance, a polymorphism can be
structured geographically and maintained at the scale of the meta-
population under spatially varying selection (cf. Haldane, 1948). In
other cases, an inversion polymorphism can be maintained within
populations due to various mechanisms of balancing selection (e.g.,
microhabitat patchiness, seasonal variation, heterozygote advan-
tage), regulating the relative frequency of the different arrangements
(cf. Section 2; Faria, Johannesson, et al., 2019; Westram et al., 2022).

Inversion polymorphisms under spatially varying selection are
typically detected by a cline of arrangement frequency along an envi-
ronmental gradient or by a strong association between arrangement
frequencies and contrasting environments. Clines can occur at both
small and large scales (Dobzhansky, 1944; Kapun et al., 2023; Kapun,
Fabian, et al., 2016; Kapun & Flatt, 2019; Krimbas & Powell, 1992;
Schaeffer et al., 2003; Schaeffer & Miller, 1992). Many examples
focus on the small scale where clines are maintained in the face
of extensive gene flow (Christmas et al., 2019; Huang et al., 2020).
For example, many inversions in the marine snail Littorina saxatilis
show frequency clines across replicated environmental gradients in
the intertidal occupied by two ecotypes (Faria, Chaube, et al., 2019;
Morales et al., 2019; Westram et al., 2021). Clines of inversion fre-
quencies at large scales follow environmental gradients that can
be parallel across continents, such as those observed in Drosophila
(Anderson et al., 2005; Balanya et al., 2003; Kapun et al., 2023;
Kapun, Fabian, et al.,, 2016; Kapun & Flatt, 2019; Krimbas &
Powell, 1992), Coelopa frigida (Mérot et al, 2018), and Atlantic Cod
(Kess et al., 2020).

3.3 | Associations with adaptive traits

A handful of studies have begun to investigate the architecture of
quantitative, complex adaptive traits putatively associated with in-
versions through mapping experiments. A common observation in
these studies is that quantitative trait loci (QTL) for locally adapted
traits map to genomic regions spanned by chromosomal inversions
or regions with strongly suppressed recombination indicative of
the presence of inversions (Koch et al., 2021; Prapas et al., 2022).
Examples include flowering time in the plant Boechera stricta (Lee
et al., 2017), seed and flower production in the monkeyflower
Mimulus guttatus (Lee et al., 2016), and coat colour and tail length
in Peromyscus maniculatus (Hager et al., 2022; Harringmeyer &
Hoekstra, 2022). Notably, a large QTL for body size in Drosophila
melanogaster, a trait showing clinal variation along latitudinal gradi-
ents on multiple continents, coincides with the genomic position of
the In(3R)P inversion polymorphism (Calboli et al., 2003), which has
subsequently been experimentally confirmed to affect size (Durmaz
et al., 2018; Kapun, Schmidt, et al., 2016; Rako et al., 2006).
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We do not yet know if such QTLs are composed of one or a small
number of large-effect loci or many small-effect alleles that behave as
a single large-effect locus (cf. Schaal et al., 2022). However, given that
reduced effective recombination is the defining property of inversions
and represents a key selective advantage when a new inversion cap-
tures a beneficial multi-locus haplotype (cf. Section 2; Charlesworth
& Charlesworth, 1973; Charlesworth & Flatt, 2021), an oligo- or
polygenic architecture seems most plausible. Indeed, evidence from
B.stricta (Lee et al., 2017), M. guttatus (Lee et al., 2016) and Heliconius
numata (Jay, Leroy, et al., 2022) suggests the existence of multiple QTL
within inversions. Similarly, the proportion of phenotypic variance
explained by inversions vs. the collinear genome can be substantial.
A recent study in L.saxatilis that partitioned additive genetic variance
(V,)) for adaptive traits found that approximately half of V, was inside
inversions and half in the collinear genome (Koch et al., 2021, 2022),
consistent with the highly polygenic hypothesis (Schaal et al., 2022).
Studies in C. frigida and D. melanogaster also suggest that inversions
disproportionately explain variation in quantitative traits (Durmaz
et al., 2018; Kapun, Schmidt, et al., 2016; Mérot et al., 2021), which
may be consistent with an oligo- or polygenic architecture. Inversions
can thus make a major contribution to phenotypic variation.

In some cases, inversions have been inferred to have captured
QTLs, whereas in others the inversions might have arisen first and
then gained QTLs over time. A handful of studies have found ten-
tative evidence for both mechanisms: Lee et al. (2017), for example,
examined an evolutionarily young inversion that controls ecologi-
cally important traits in B.stricta. To test if existing linked QTLs were
captured by the inversion, the authors crossed standard collinear
haplotypes from a hybrid zone and found multiple linked QTLs that
mapped to the inverted region. These findings are compatible with
a scenario whereby the QTL associated with adaptive traits were al-
ready segregating in the population before being captured by the in-
verted haplotype (but cf. Charlesworth & Barton, 2018). Additional
evidence for the capture hypothesis comes from a recent detailed
study on the In(3R)P inversion in D. melanogaster (Kapun et al., 2023).

3.4 | Associations with mating patterns

In some situations, selection for non-random mating might favour
reduced recombination and drive the spread of a new inversion. In
particular, heterosis is predicted to favour the evolution of disassor-
tative mating (Jay et al., 2021; Maisonneuve et al., 2021). In line with
this, disassortative mating relative to inversion genotypes has been
observed for the strongly heterotic inversion complex Cf-Inv(1) in
the seaweed fly C.frigida (Day & Butlin, 1987; Enge et al., 2023) and
H.numata (Chouteau et al., 2017). Similarly, the white-crowned spar-
row Zonotrichia albicollis exhibits two reproductive morphs which
are determined by inversion polymorphism whose alternative karyo-
types are subject to nearly complete disassortative mating (Tuttle
et al, 2016).

While assortative mating is generally much more widespread
than disassortative mating (Jiang et al., 2013), there are only a few
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examples where it is associated with inversions and more work is
needed to confirm these connections. In Formica ants, mating in rela-
tion to the Sm/Sp supergene is mostly assortative (Avril et al., 2019)
which seems to be necessary for the maintenance of the monogyne/
polygyne polymorphism (Tafreshi et al., 2022). However, the be-
havioural basis is unclear since mating in the laboratory is random
with respect to karyotype (Avril et al., 2019). Similarly, mating in red-
polls, Acanthis, is assortative by phenotype, and there is a deficiency
of heterokaryotypes, suggesting (but not confirming) assortment by
karyotype (Funk et al., 2021).

Inversions may also link mating traits and one or more other
traits that are likely to be involved in local adaptation. In M. guttatus,
an inversion appears to have suppressed recombination between
loci influencing life-history traits that contribute to both local adap-
tation as well as prezygotic isolation (Coughlan & Willis, 2019; Lowry
& Willis, 2010). A particularly clear example is the European corn
borer, Ostrinia nubilalis, where an inversion spanning about 40% of
the Z chromosome (~10Mb) contains both a pheromone receptor
locus and a locus contributing to seasonal adaptation of different
ecotypes (Kozak et al., 2017; Kunerth et al., 2022).

3.5 | Genomic patterns
3.5.1 | Inversion breakpoints

Inversion breakpoints are often enriched for duplications and re-
petitive elements, including transposable elements (TEs; Catacchio
et al., 2018; Corbett-Detig et al., 2019; Ranz et al., 2007; Richards
et al., 2005), and their distribution across the genome seems far
from random (Corbett-Detig, 2016; Pevzner & Tesler, 2003). TEs,
for example, may accumulate within inversions because of reduced
rates of ectopic exchange, lower effective sizes, or increased Hill-
Robertson interference due to reduced recombination (Sniegowski
& Charlesworth, 1994). (However, note that TEs can cause an in-
version in the first place [Aulard et al., 2004; Céaceres et al., 1999;
Kent et al., 2017], so there are two distinct effects of TEs - inversion
origin and TE accumulation.) Overlapping inversions generally occur
due to breakpoint reuse, usually in genomic regions that are prone
to mutational bias (Calvete et al., 2012; Guillén & Ruiz, 2012) caused
by repetitive sequences and unstable secondary structure or local
chromatin environment. Breakpoint reuse is high between several
Drosophila species (Bhutkar et al., 2008; Fuller et al., 2017; Gonzalez
et al., 2007; Orengo et al., 2019; Puerma et al., 2016), and in mosqui-
toes (Corbett-Detig et al., 2019) but it has also been found in humans
and other great apes (Maggiolini et al., 2020; Porubsky et al., 2021).

3.5.2 | Signatures of mutational load
Mutational load in inversions can be assessed by looking at popu-

lation genetic signatures in protein-coding genes (e.g., ratios of
nonsynonymous to synonymous mutations), or by the frequency

of potentially deleterious elements such as TEs. Although these
signatures cannot distinguish relaxed purifying selection (and thus
increased load) from increased positive selection, an higher ratio
of nonsynonymous to synonymous variance or an increased abun-
dance of TEs may be indicative of higher load. (However, we note
that the accumulation of TEs might often not be a good indicator of
increased load: most insertions are in intergenic regions, and there
is evidence that the main reason for their elimination by selection is
the production of deleterious arrangements by ectopic exchange;
if there is less recombination, there are more TEs Sniegowski &
Charlesworth, 1994).

Increased load has been documented for inversions in Heliconius
(Jay et al., 2021), the fire ant (Stolle et al., 2019), and the white
throated sparrow (Jeong et al., 2022; Tuttle et al., 2016). As muta-
tional load should be tied to rates of recombination and to effec-
tive population size, polymorphic inversions should carry a larger
load than monomorphic ones. More specifically, only rare segre-
gating inversions should accumulate more deleterious mutations.
In agreement with this expectation, Huang et al. (2022) found
evidence that the same inversions in Helianthus sunflowers had a
higher load when they were polymorphic vs. locally fixed. Stenlgkk
et al. (2022), on the other hand, did not find any evidence for accu-
mulation of mutations in Atlantic salmon inversions but attributed
this to their young age.

3.5.3 | Patterns of divergence across inversions

Major central peaks of divergence that may be indicative of balanc-
ing selection (cf. Section 2) have been identified, for instance, for the
clinally varying D. melanogaster inversion In(3R)P (Fabian et al., 2012;
Kapun et al., 2023; Kapun, Fabian, et al., 2016). Similar patterns have
been documented for the 2La and 2Rb inversions of Anopheles gam-
biae (Cheng et al., 2012; Kirkpatrick, 2017; White et al., 2007), with
association mapping revealing several SNPs within these inversions
associated with desiccation resistance (Ayala et al., 2019).

However, a major problem with such patterns is that they
can arise from processes other than selection (see Section 2; cf.
Figure 2). Moreover, if really due to selection, they can be caused
by distinct forms of balancing or divergent selection that cannot
be readily distinguished (see Kapun et al., 2023). Similarly, peaks at
the breakpoints can result from direct selection at the breakpoints
or from neutrality, with these processes being difficult to tell apart
(Charlesworth, 2023; Guerrero et al.,, 2012). Thus, despite being
informative, these cases illustrate the difficulties in distinguishing
different evolutionary processes on the basis of patterns that are
subject to multiple, partial causes.

3.6 | Multiple patterns and processes per system

As several of the case studies above indicate, the various patterns
and processes affecting the evolution of inversions do not act in
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isolation. In particular, since large inversions can contain hundreds of
genes and affect a wide range of phenotypes (cf. Crow et al., 2020;
Durmaz et al., 2018; Kapun, Schmidt, et al., 2016; Wellenreuther &
Bernatchez, 2018), multiple processes influencing the evolution of
inversions are likely to be occurring simultaneously and/or to be in-
teracting (cf. Nosil et al., 2023).

An excellent example of how evolutionary processes interact
in affecting the evolution of inversions comes from Heliconius. In
H.numata, the P locus, made up of three overlapping inversions, har-
bours adaptive QTL for wing colour pattern (Jay et al., 2021; Joron
etal.,2011). As the P locus shows strict dominance between arrange-
ments (Le Poul et al., 2014), we expect that arrangements would
locally fix via positive frequency-dependent selection to mimic the
most common warning pattern. However, the dominant mimetic
haplotypes exhibit a substantial genetic load (Jay et al., 2021). Due to
strongly reduced survival of the homokaryotypes, these haplotypes
show fitness benefits only as heterokaryotypes and have highest
fitness when rare, i.e., they are subject to negative frequency-de-
pendent selection (Jay et al., 2021). Moreover, individuals carrying
inversions at the P locus have disassortative mating preferences
which further contributes to balancing the inversion frequencies
(Chouteau et al., 2017). Thus, only when considering multiple inter-
acting processes does the evolutionary trajectory of this inversion
system become clear.

While the issue of multiple causation clearly complicates the
analysis of inversions, there are now many promising genetic and
genomic approaches that can be used to study how inversions are

affected by selection, as we discuss next.

4 | HOW CAN WE DISENTANGLE THE
SELECTIVE PROCESSES AFFECTING
INVERSIONS?

4.1 | Detection of inversions

The recent switch from unbiased cytogenetic methods to genomic
sequencing approaches has improved the detection of inver-
sions, the characterization of their genomic positions, the map-
ping of their breakpoints, and the determination of breakpoint
sequences in a range of model and non-model species (Box S1).
This has brought important information about the age, gene con-
tent, history, and evolution of specific inversions, mostly large
ones with phenotypic and selective effects (Wellenreuther &
Bernatchez, 2018). However, detecting inversions with clusters of
SNPs in LD will be biased towards the detection of large inversions
that have persisted for >>4N, generations (Guerrero et al., 2012).
It is still not clear how often inversion mutations occur in the ger-
mline and never increase to appreciable frequency. Answering this
question would require high-throughput methods for screening for
new chromosomal rearrangements in the germline. Consequently,
the focus here is on detecting inversions that have increased to
appreciable frequencies in populations.

JournaL of Evolutionary Biology o

4.1.1 | Forward genetics: Phenotypes to genotypes

Forward genetics begins with phenotypes that are known or sus-
pected to be under selection and then maps the genomic location
of quantitative trait loci (QTL) that contribute to variation in those
phenotypes using either controlled crosses between individuals that
differ in the phenotypes of interest (i.e., QTL mapping) or samples
from wild populations that harbour variation in the phenotypes (i.e.,
association mapping). Normally this is done by genotyping large
numbers of individuals, but a cheaper and faster alternative is to use
bulk segregant analysis where pools of individuals with similar (often
extreme) phenotypes from crosses or populations are sequenced
and compared to pools with the alternative (extreme) phenotypes
(Arunkumar et al., 2017; Benowitz et al., 2019; Cheng et al., 2012;
Hu et al., 2015).

Forward genetic mapping provides a relatively unbiased ap-
proach to asking how often inversions are associated with pheno-
typic variation because it does not assume a priori that QTL are
associated with inversions. Furthermore, it provides information on
the amount of variation in a trait that can be explained by association
with an inversion. Several forward genetic studies have now shown
that loci within inversions contribute substantially to variation in
putatively selected phenotypes (cf. Section 3). Directly testing this
hypothesis requires identifying the causal variants that underlie the
QTLs within the inversions, which is quite difficult, precisely be-
cause the rarity of recombinants within inversion heterokaryotypes
prevents fine mapping approaches. Depending on the age of the in-
version polymorphism and sufficient gene flux, causal QTLs may be
in LD with the arrangement while non-causal variants may not. New
technologies like CRISPR/Cas may provide possible ways to test if
inversion-specific QTLs are functionally significant with respect to
selection or just the consequence of the accumulation of neutral

SNP variants (see below and Box S1).

4.1.2 | Reverse genetics: Genotypes to phenotypes

Reverse genetics starts with known polymorphic inversions de-
tected with direct methods and uses data on nucleotide variation of
inverted and non-inverted chromosomes to test loci for signatures of
selection (Fuller etal., 2017; Kapun et al., 2023). The genus Drosophila
is the classic case where inversions were initially discovered as fac-
tors reducing genetic map distances (Sturtevant, 1917) and later
were confirmed with polytene chromosome squashes (Dobzhansky
& Sturtevant, 1938; Painter, 1934; Tan, 1935). Evolutionary genomic
approaches are now being applied to understand which loci may be
important in generating phenotypic variation.

4.1.3 | Inferring the ancestry of arrangements

Some species have multiple inversions segregating on a single chro-
mosome, which raises questions about the evolutionary history of
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the different arrangements (Dobzhansky & Sturtevant, 1938; cf.
table Il in Sperlich & Pfriem, 1986 for a comprehensive list). The
sequence of inversion events may be important for understanding
whether an arrangement is neutral or selected. One can use phylo-
genetic analysis of genes within the inverted segment to infer the
evolutionary history, although selection on some genes and not oth-
ers can obscure the true history of the arrangements. An alterna-
tive and complementary approach is to use the conserved linkage
information at the breakpoints within species compared to that of an
outgroup species to polarize inversion events (Bhutkar et al., 2008;
Fuller et al., 2017; Ma et al., 2006).

4.2 | Identifying locally selected inversions
in clines

Inversion polymorphisms often form geographic clines that could
be due to mutation and random genetic drift in subdivided popula-
tions if the scaled migration parameter Nmis <1, where N is the local
effective population size and m is the migration rate. Alternatively,
a value of Nm >1 is sufficient to substantially homogenize allele
frequencies among geographic populations. Spatially varying se-
lection is implicated when inverted segments of the genome are
differentiated among populations, but gene flow homogenizes allele
frequencies genome-wide (Berry & Kreitman, 1993; Slatkin, 1985).
This approach was used to support selection operating on the in-
versions in D. pseudoobscura (Schaeffer, 2008; Schaeffer et al., 2003;
Schaeffer & Miller, 1992). However, estimates of Nm based on Fg;
are often biased and rarely accurate (Meirmans & Hedrick, 2011;
Nei & Maruyama, 1975; Whitlock & McCauley, 1999; also cf. Hoban
et al,, 2016).

4.3 | Identifying selected loci and testing models of
inversion establishment

Resequencing studies including standard and inverted arrangements
are needed to test whether data on an inversion polymorphism re-
ject a neutral model (note, however, that inversions are unlikely to be
fully neutral; cf. Section 2). The reverse genetics approach identifies
inversions but does not tell us whether any genes within the inverted
regions affect phenotypes or have been targets of selection. The
forward genetics approach identifies QTLs that map within an in-
verted region but does not identify genes associated with the QTL or
whether such genes coincide with signatures of selection.

Tests to identify non-neutral outlier loci have the common
feature that they contrast levels of heterozygosity or divergence
within and between arrangements in genome-wide screens either
in gene regions or in sliding windows. These include test statistics
such as Fqr (White et al., 2007), elevated frequencies of derived
alleles (Fuller et al., 2017), long population-specific branch lengths
(Fuller et al., 2017; Yi et al., 2010), parallel divergence (Westram
et al., 2016, 2018), SNP associations with clines (Cheng et al., 2012;

Kapun et al., 2023; Kapun, Fabian, et al., 2016), Tajima's D/D,,, ratio
(Fuller et al., 2017; Tajima, 1989), or clusters of nucleotides in LD
(Box S1). Outlier loci that are selected would be expected to have
fixed amino acid differences or be differentially expressed among
arrangements. RNA-Seq analyses allow one to test whether loci are
differentially expressed among arrangements (Berdan et al., 2021,
Crow et al., 2020; Fuller et al., 2016; Kapun et al., 2023; Lavington
& Kern, 2017; Said et al., 2018). Differential expression along with
SNP divergence in the region provides evidence that a gene might
be the target of selection. The expression of genes within the in-
verted region may have trans-effects whereby loci within the in-
version chromosome may alter transcript levels of genes on other
non-homologous chromosomes (Berdan, Mérot, et al., 2021; Fuller
et al., 2016; Said et al., 2018). This could occur if a differentiated
transcription factor on an inverted chromosome alters the expres-
sion of a gene on a non-inverted chromosome.

Significant genetic differentiation or LD among the genome se-
quences of an inversion polymorphism is expected. If differentiation
and LD are observed despite gene flux, then this adds support for
selection acting on genes within inversions. Estimates of the recom-
bination parameter 4Nr for genes or windows along the inverted
regions (Chan et al., 2012) are problematic, however, because they
assume complete random mating, which may not be the case. If gene
flux is low uniformly across the inverted region, then one is unlikely
to identify genes associated with selection on the arrangement. On
the other hand, if some genes are differentiated and others are not,
due to a combination of selection and gene flux in the form of gene
conversion, then the differentiated genes may be inferred to repre-
sent candidate-selected genes.

The tests described above can in principle identify candidate-se-
lected loci. Coalescent models (Charlesworth, 2023; Guerrero
et al., 2012; Navarro et al., 1997, 2000) can provide some guidance
for interpreting patterns of divergence within and between inverted
chromosomes depending on the age of the polymorphism (see
Figure 2). The pattern and organization of genetic differentiation
may provide clues that selection may have acted on inversions, but
it does not provide insights into causal mechanisms. In addition, de-
tecting reduced levels of variation within an inverted chromosome
could be interpreted as either a recent sweep or that the inversion

has been maintained at a low effective population size.

4.3.1 | Interpreting data from genome-wide screens

The appropriateness of genome-wide screens for detecting selected
loci within inversions has been evaluated with simulation studies
(Lotterhos, 2019; Schaal et al., 2022). Schaal et al. (2022) used for-
ward simulations to examine conditions for new locally adapted in-
versions to establish. The results of their model show that selected
inversions tended to be old and large, and the associated traits under
selection were polygenic with many genes of small effect contrib-
uting to their establishment. These evaluations showed that com-
monly used methods to detect outliers for genetic differentiation
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were able to discriminate between neutral and adaptive inversions,
as long as the set of SNPs used for neutral parameterization in the
methods was filtered appropriately for LD (Lotterhos, 2019; Schaal
et al., 2022). However, these models did not consider gene flux be-
tween arrangements, so they could not evaluate the power of meth-
ods to uncover selected loci within the inversion.

4.3.2 | The nature of variation in selected genes

The model in Figure 1 suggests that successful inversions capture
a majority of alleles that are selectively favourable and a minority
of alleles that are deleterious. It is tempting to use tests such as the
one of McDonald and Kreitman (1991) or the elevated nonsynony-
mous to synonymous polymorphism ratio approach of Hughes and
Nei (1988). However, the assumptions of these tests are unlikely to
hold for inversions and a new inversion will capture random variants
with a spectrum of fitness effects. The identification of deleterious
alleles is more problematic. There are several approaches that are
designed to predict the functionality of amino acid variants based on
the chemical properties of ancestral versus derived alleles (Adzhubei
et al., 2010; Kircher et al., 2014; Ng & Henikoff, 2001; Pejaver
et al., 2020). These methods assume that drastic changes in amino
acid properties will be deleterious, which may not be valid. The re-

sults of this type of analysis should be interpreted with caution.

4.4 | Mutational analysis of identified candidate
loci within inverted regions

Once candidate loci are identified, gene annotations may provide
clues about the functions of candidate loci, which need to be tested
with functional analyses. Mutational analyses allow one to under-
stand how the genes contribute to phenotypic differences and ena-
ble the study of their fitness effects. CRISPR/Cas technology allows
precise genetic manipulation of identified selective targets. CRISPR/
Cas can alter candidate genes within inverted regions either by
knocking them out, switching alleles between ancestral and derived
arrangements, or reverting derived inversions to the ancestral form.
With all CRISPR/Cas approaches, one must be aware of off-target
effects (Zhang et al., 2015). This approach allows one to understand
the potential phenotypic and fitness effects of the mutated genes
if effect sizes are large enough, but may not help to understand the

ecological forces acting on the inversions.

441 | CRISPR/Cas knockouts

The first application of CRISPR/Cas is to knock out candidate alleles.
This approach only shows what happens if one knocks out a gene's
function, which may or may not be relevant to allelic differences be-
tween inversion types, but is still a good start for finding the pos-
sible function of a gene. The effectiveness of using the knockout

JournaL of Evolutionary Biology o

approach depends on the number of candidate loci. If the number of
putative selected genes is small, this approach is feasible, however,
as the number of loci needed to be tested increases this approach is

untenable.

44.2 | CRISPR/Cas knockins

The goal of a knockin mutation is to swap one functional candidate
allele for another. While the knockout approach generates a non-
functional allele, the knockin approach replaces one functional allele
for another (Auer & Del Bene, 2014). Assume that two putatively
selected loci A and B have alleles A1 and B1 in the ancestral arrange-
ment and A2 and B2 in the derived arrangement. A knockin experi-
ment might be used to generate the A1 B2 haplotype in the ancestral
arrangement and the A2 B1 in the derived arrangement, but this
may be very hard to accomplish. The identity of candidate genes
may provide clues about the mechanism of selection and inform
the kinds of assays used in testing functional significance. For in-
stance, odorant and gustatory receptors are associated with D. pseu-
doobscura inversions (Fuller et al., 2016, 2017) so functional assays
could ask whether replacing odorant receptors from one arrange-
ment background to another alters binding of odorants (Hallem &
Carlson, 2004).

443 | Revertinversions to allow the generation of
recombinants

Often many loci are likely to be involved in the establishment (or
maintenance) of inversions, so that targeting individual loci or
combinations of loci with CRISPR/Cas would be time- and cost-
intensive. For example, 127 putative-selected loci have been
implicated within the 12Mb Pikes Peak arrangement of D. pseu-
doobscura (Fuller et al., 2019). Dissecting the targets of selection
is prohibitive with many genes because of the vast number of
knockouts or knockins one would need to screen. In addition, a
large number of genes suggests that effect sizes of individual loci
are likely to be small making it difficult to detect their effects ex-
perimentally. An alternative strategy of CRISPR/Cas technology is
to introduce elements such as flippase/flippase recognition target
(FLP/FRT) elements that would allow an inversion to be reverted
to its ancestral state (Cox, 1988). Said et al. (2018) used available
D. melanogaster strains with FRT sites near inversion breakpoints
of naturally occurring inversions to create synthetic inversions.
Alternatively, guide RNAs can be designed to cut on both sides of
the inversion so that the repaired chromosome is in the opposite
orientation (Schmidt et al., 2020; Schwartz et al., 2020). A recent
preprint describes new plasmids capable of inverting segments up
to 3Mb (Stern et al., 2023). Although this approach is not yet pos-
sible in many systems, we suggest that this approach offers great
promise for the characterization of genes involved in selection on

inversions.
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In organisms where genetic crosses can be performed, one could
then cross the ancestral form with the reverted derived arrangement
to generate shuffled combinations of candidate loci. This would en-
able the fine mapping of loci within the inversions that contribute
to phenotypes associated with inversions. Ultimately, this approach
would allow one to overlay this fine-mapping data with the origi-
nal genome scan data to see whether the loci within the inversions
that contribute to phenotypic variation are actually the loci under

selection.

4.5 | Phenotype-to-fitness methods to test
functional significance of candidate loci

A major goal in examining neutral versus selective forces acting on
genetic polymorphisms is to link genotypes, phenotypes, and fitness
in the wild (Barrett & Hoekstra, 2011). Such links have been made
in a few rare cases that do not involve inversions; for example, the
genotype-phenotype-fitness map is relatively well understood for
pigmentation in deer mice (Barrett et al., 2019) and armour traits in
sticklebacks (Barrett et al., 2008; Colosimo et al., 2005; Rennison
et al.,, 2019). With inversions, there are two forms of fitness to con-
sider, that of the karyotypes and that of the allelic genotypes within
the arrangements. Two-locus models predict that the establishment
and maintenance of an inversion polymorphism is based on the com-
bined fitness contributions of alleles held in LD with arrangements
(Charlesworth, 1974; Charlesworth & Hartl, 1978). Teasing apart
how the many arrangement-specific alleles interact additively or
epistatically to generate overall karyotypic fitness will depend on
our ability to interconvert arrangements.

With CRISPR/Cas technology, it may be possible in the future
to generate recombinant haplotypes to test whether loci interact
additively or epistatically. Synthetic reversion chromosomes that
convert a derived arrangement back to its ancestral state will allow
the estimation of the fitnesses of recombinant chromosomes similar
to the recombinant analysis of three non-overlapping inversions on
the sex-ratio meiotic drive chromosome of D. pseudoobscura (Fuller
et al,, 2020). Creating several of these mutated inversions (with
small differences) and quantifying phenotypic and fitness changes
in relation to the ancestral and derived alleles would allow us to cre-
ate a map between genotype-phenotype-fitness and directly test
whether additive or epistatic interactions (or both) were involved in
the inversion's impact on fitness. However, this type of setup will be
hard to implement, so an initial step might be to quantify changes
in gene expression within the inversion between homo- and heter-
okaryotypic individuals to test for candidate genes that can be ex-
plored later (Fuller et al., 2016; Said et al., 2018). A similar approach
was used by Crow et al. (2020) in maize, which allowed them to pin-
point changes in the expression of genes involved in photosynthe-
sis and chloroplast physiology between inverted and non-inverted
segments.

Finally, deciding what environmental conditions should be used to
determine the fitness effects of karyotypes and their allelic contents

will also be challenging. Direct measures of selection and/or the fit-
ness effects of inversions have been conducted in the lab in C.frigida
seaweed flies (Butlin, Collins, et al., 1982; Butlin & Day, 1984; Butlin,
Read, etal., 1982; Mérot et al., 2020) and D. pseudoobscura (Beardmore
etal., 1960; Dobzhansky, 1947a, 1947b; Wright & Dobzhansky, 1946),
under semi-natural conditions in H.numata butterflies (Chouteau
et al.,, 2017), and in the wild in M.guttatus (Lowry & Willis, 2010).
Laboratory studies can provide valuable clues about whether and
how selection operates on genic and inversion variation, but under-

standing how selection works in the wild is the ultimate goal.

5 | CONCLUSIONS

... in the explanation of a specific case they [the pop-
ulation geneticists] regard it as a defeat to be able to
say only that “x could not have been the cause of the
observations, y could have been a significant factor,
and z certainly played an important causal role.” Yet
for evolutionary phenomena, with so many weakly
determining and interacting causal pathways and
with a dependence on historical contingency, that is
the best that can be done'.

(Lewontin, 2000, p. 194)

As we have emphasized, the most challenging problem in studying
inversions is that multiple, often interacting processes affect their
evolution (e.g., Nosil et al., 2023). This multiplicity of influences (‘par-
tial causes’; cf. Frank, 2022) makes it difficult to distinguish between
different mechanisms acting on inversions, especially since distinct
processes might lead to similar or identical patterns (Frank, 2014).
Population genomic patterns might in many cases be ‘overdeter-
mined’ in the sense that several processes can generate the same
pattern, for example as may be the case for divergence between
inverted and standard karyotypes (see Figure 2 and discussion in
Kapun et al., 2023; also cf. Cotto & Day, 2023).

Although this phenomenon of multiple causation is common in
evolutionary biology (Frank, 2014, 2022; Lewontin, 2000), it may be
exacerbated for inversions as their fithess is affected by a greater
number of factors as compared to single nucleotide variants, es-
pecially as the suppression of recombination in heterokaryotypes
causes extreme levels of non-random associations among vari-
ants. And while it is in principle possible to fit different models
for the evolution of inversions to genomic data, for instance using
Approximate Bayesian Computation (Guerrero et al., 2012; Peischl
et al,, 2013; Rousset et al., 2014; cf. Nosil et al., 2023 for a recent
example), model fitting has major limitations (Frank, 2007, p.87; also
cf. Dyson, 2004).

Ultimately, therefore, understanding the causes underlying the
evolution of inversions requires careful investigation, ideally com-
bining experiments, field studies, genomics and modelling; even
more importantly, it necessitates cautious interpretation and an un-
derstanding of the limits of evolutionary inference.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



BERDAN ET AL.

15

AUTHOR CONTRIBUTIONS

Emma L. Berdan: Conceptualization; Writing - Original draft-
ing; Writing - reviewing and editing; Management/organization;
Organizing the text; Contributing new ideas or new synthe-
ses; Conceptualizing or drafting figures. Nicholas H. Barton:
Conceptualization; Writing - Original drafting; Conceptualizing or
drafting figures. Roger Butlin: Conceptualization; Writing - Original
drafting; Writing - reviewing and editing. Brian Charlesworth:
Conceptualization; Writing - Original drafting; Writing - re-
viewing and editing; Contributing new ideas or new synthe-
ses. Rui Faria: Conceptualization; Writing - Original drafting;
Writing - reviewing and editing. Inés Fragata: Writing - Original
drafting; Writing - reviewing and editing. Kimberly J. Gilbert:
Conceptualization; Writing - Original drafting; Writing - re-
viewing and editing; Organizing the text. Paul Jay: Writing -
Original drafting; Writing - reviewing and editing. Martin Kapun:
Conceptualization; Writing - Original drafting. Katie E. Lotterhos:
Conceptualization; Writing - Original drafting; Writing - reviewing
and editing. Claire Mérot: Writing - Original drafting; Writing -
reviewing and editing; Conceptualizing or drafting figures. Esra
Durmaz Mitchell: Writing - Original drafting; Writing - reviewing
and editing. Marta Pascual: Conceptualization; Contributing new
ideas or new syntheses. Catherine L. Peichel: Conceptualization;
Writing - reviewing and editing. Marina Rafajlovi¢: Writing - re-
viewing and editing; Contributing new ideas or new syntheses. Anja
M. Westram: Writing - reviewing and editing; Contributing new
ideas or new syntheses. Stephen W. Schaeffer: Conceptualization;
Writing - Original drafting; Writing - reviewing and editing;
Management/organization; Organizing the text; Contributing
new ideas or new syntheses; Conceptualizing or drafting figures.
Kerstin Johannesson: Conceptualization; Writing - reviewing and
editing; Conceptualizing or drafting figures; Management/organi-
zation. Thomas Flatt: Conceptualization; Writing - Original draft-
ing; Writing - reviewing and editing; Management/organization;
Organizing the text; Contributing new ideas or new syntheses.

AFFILIATIONS

Bioinformatics Core, Department of Biostatistics, Harvard T. H. Chan
School of Public Health, Boston, Massachusetts, USA

2Department of Marine Sciences, University of Gothenburg, Gothenburg,
Sweden

3Institute of Science and Technology Austria (ISTA), Klosterneuburg, Austria
“Ecology and Evolutionary Biology, School of Bioscience, The University of
Sheffield, Sheffield, UK

Snstitute of Ecology and Evolution, School of Biological Sciences, University
of Edinburgh, Edinburgh, UK

5CIBIO-InBIO, Centro de Investigacio em Biodiversidade e Recursos
Genéticos, Universidade do Porto, Vairado, Portugal

7BIOPOLIS Program in Genomics, Biodiversity and Land Planning, CIBIO,
Vairao, Portugal

8CHANGE - Global Change and Sustainability Institute/Animal Biology
Department, cE3c - Center for Ecology, Evolution and Environmental
Changes, Faculty of Sciences, University of Lisbon, Lisbon, Portugal
9Department of Biology, University of Fribourg, Fribourg, Switzerland
Center for GeoGenetics, University of Copenhagen, Copenhagen,
Denmark

YCenter for Anatomy and Cell Biology, Medical University of Vienna,

JournaL of Evolutionary Biology

Vienna, Austria

12Central Research Laboratories, Natural History Museum of Vienna,
Vienna, Austria

13Department of Marine and Environmental Sciences, Northeastern
University, Boston, Massachusetts, USA

14UMR 6553 Ecobio, Université de Rennes, OSUR, CNRS, Rennes, France
Functional Genomics & Metabolism Research Unit, Department of
Biochemistry and Molecular Biology, University of Southern Denmark,
Odense M, Denmark

16‘Departament de Genética, Microbiologia i Estadistica, Institut de Recerca
de la Biodiversitat (IRBio), Universitat de Barcelona, Barcelona, Spain
Division of Evolutionary Ecology, Institute of Ecology and Evolution,
University of Bern, Bern, Switzerland

8L innaeus Centre for Marine Evolutionary Biology, University of
Gothenburg, Gothenburg, Sweden

19Faculty of Biosciences and Aquaculture, Nord University, Bodg, Norway
2Department of Biology, Pennsylvania State University, University Park,
Pennsylvania, USA

21Tjia'rn('j Marine Laboratory, Department of Marine Sciences, University of
Gothenburg, Stromstad, Sweden

ACKNOWLEDGEMENTS

We are grateful to two referees and Luke Holman for valuable
comments on a previous version of our manuscript. This paper was
conceived at the ESEB Progress Meeting ‘Disentangling neutral
versus adaptive evolution in chromosomal inversions’, organized
by ELB, KJ and TF and held at Tjarné Marine Laboratory (Sweden)
between 28 February and 3 March 2022. We are indebted to ESEB
for sponsoring our workshop and to the following funding bod-
ies for supporting our research: ERC AdG 101055327 to NHB;
Swedish Research Council (VR) 2018-03695 and Leverhulme Trust
RPG-2021-141 to RKB; Fundacdo para a Ciéncia e a Tecnologia
(FCT) contract 2020.00275.CEECIND and research project PTDC/
BIA-1232 EVL/1614/2021 to RF; Fundacdo para a Ciéncia e a
Tecnologia (FCT)juniorresearcher contract CEECIND/02616/2018
to IF; Swiss National Science Foundation (SNSF) Ambizione
#PZ0O0P3_185952 to KJG; National Science Foundation NSF-OCE
2043905 and NSF-DEB 1655701 to KEL; Swiss National Science
Foundation (SNSF) 310030_204681 to CLP; Swedish Research
Council (VR) 2021-05243 to MR; Norwegian Research Council
grant 315287 to AMW; Swiss National Science Foundation (SNSF)
31003A-182262 and FZEB-0-214654 to TF. We also thank Luca
Ferretti for the discussion and Eliane Zinn (Flatt lab) for help with

reference formatting.

CONFLICT OF INTEREST STATEMENT

None.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/jeb.
14242.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



16

BERDAN ET AL.

JOURNAL OF Evolutionary Bioloqy

ORCID
Emma L. Berdan
Nicholas H. Barton

https://orcid.org/0000-0002-6435-4604
https://orcid.org/0000-0002-8548-5240
https://orcid.org/0000-0003-4736-0954
Brian Charlesworth "= https://orcid.org/0000-0002-2706-355X
https://orcid.org/0000-0001-6635-685X
Inés Fragata "= https://orcid.org/0000-0001-6865-1510
Kimberly J. Gilbert "= https://orcid.org/0000-0002-8507-2294
https://orcid.org/0000-0001-5979-1263
Martin Kapun " https://orcid.org/0000-0002-3810-0504
Katie E. Lotterhos "= https://orcid.org/0000-0001-7529-2771
Claire Mérot "'’ https://orcid.org/0000-0003-2607-7818
Esra Durmaz Mitchell "= https://orcid.org/0000-0002-4345-2264
https://orcid.org/0000-0002-6189-0612
Catherine L. Peichel ") https://orcid.org/0000-0002-7731-8944
Marina Rafajlovi¢ "= https://orcid.org/0000-0003-2177-4622
https://orcid.org/0000-0003-1050-4969
Stephen W. Schaeffer "= https://orcid.org/0000-0003-2070-5342
Kerstin Johannesson " https://orcid.org/0000-0003-0176-7986
Thomas Flatt " https://orcid.org/0000-0002-5990-1503

Roger Butlin

Rui Faria

Paul Jay

Marta Pascual

Anja M. Westram

REFERENCES

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova,
A., Bork, P, Kondrashov, A. S., & Sunyaey, S. R. (2010). A method
and server for predicting damaging missense mutations. Nature
Methods, 7, 248-249.

Anderson, A.R., Hoffmann, A. A., McKechnie, S. W., Umina, P. A., & Weeks,
A. R. (2005). The latitudinal cline in the in(3R)Payne inversion poly-
morphism has shifted in the last 20years in Australian Drosophila
melanogaster populations. Molecular Ecology, 14, 851-858.

Arunkumar, R., Wang, W., Wright, S. I., & Barrett, S. C. (2017). The ge-
netic architecture of tristyly and its breakdown to self-fertilization.
Molecular Ecology, 26, 752-765.

Auer, T. O., & Del Bene, F. (2014). CRISPR/Cas9 and TALEN-mediated
knock-in approaches in zebrafish. Methods, 69, 142-150.

Aulard, S., Vaudin, P., Ladevéze, V., Chaminade, N., Périquet, G., &
Lemeunier, F. (2004). Maintenance of a large pericentric inversion
generated by the hobo transposable element in a transgenic line of
Drosophila melanogaster. Heredity, 92, 151-155.

Avelar, A. T., Perfeito, L., Gordo, I., & Godinho, F. M. (2013). Genome
architecture is a selectable trait that can be maintained by antago-
nistic pleiotropy. Nature Communications, 4, 2235.

Avril, A., Purcell, J., Brelsford, A., & Chapuisat, M. (2019). Asymmetric
assortative mating and queen polyandry are linked to a supergene
controlling ant social organization. Molecular Ecology, 28, 1428-1438.

Ayala, D., Zhang, S., Chateau, M., Fouet, C., Morlais, I., Costantini,
C., Hahn, M. W.,, & Besansky, N. J. (2019). Association mapping
desiccation resistance within chromosomal inversions in the
African malaria vector Anopheles gambiae. Molecular Ecology, 28,
1333-1342.

Balanya, J., Serra, L., Gilchrist, G. W., Huey, R. B., Pascual, M., Mestres, F.,
& Solé, E. (2003). Evolutionary pace of chromosomal polymorphism
in colonizing populations of Drosophila subobscura: An evolutionary
time series. Evolution, 57, 1837-1845.

Barnes, P. T. (1983). Balancing selection, inversion polymorphism and ad-
aptation in DDT-resistant populations of Drosophila melanogaster.
Genetics, 105, 87-104.

Barrett, R. D. H., & Hoekstra, H. E. (2011). Molecular spandrels: Tests
of adaptation at the genetic level. Nature Reviews. Genetics, 12,
767-780.

Barrett, R. D. H., Laurent, S., Mallarino, R., Pfeifer, S. P., Xu, C. C. Y., Foll,
M., Wakamatsu, K., Duke-Cohan, J. S., Jensen, J. D., & Hoekstra, H.
E. (2019). Linking a mutation to survival in wild mice. Science, 363,
499-504.

Barrett, R. D. H., Rogers, S. M., & Schluter, D. (2008). Natural selection
on a major armor gene in Threespine stickleback. Science, 322,
255-257.

Barton, N. H. (1995). A general model for the evolution of recombination.
Genetical Research, 65, 123-144.

Beardmore, J. A., Dobzhansky, T., & Pavlovsky, O. A. (1960). An attempt
to compare the fitness of polymorphic and monomorphic exper-
imental populations of Drosophila pseudoobscura. Heredity, 14,
19-33.

Benowitz, K. M., Coleman, J. M., & Matzkin, L. M. (2019). Assessing the
architecture of Drosophila mojavensis locomotor evolution with bulk
segregant analysis. G3 (Bethesda, Md.), 9, 1767-1775.

Berdan, E. L., Blanckaert, A., Butlin, R. K., & Bank C. (2021). Deleterious
mutation accumulation and the long-term fate of chromosomal in-
versions. PLoS Genetics, 17, e1009411.

Berdan, E. L., Blanckaert, A., Butlin, R. K., Flatt, T., Slotte, T., &
Wielstra, B. (2022). Mutation accumulation opposes poly-
morphism: Supergenes and the curious case of balanced le-
thals. Philosophical Transactions of the Royal Society B: Biological
Sciences, 377,20210199.

Berdan, E. L., Mérot, C., Pavia, H., Johannesson, K., Wellenreuther, M.,
& Butlin, R. K. (2021). A large chromosomal inversion shapes gene
expression in seaweed flies (Coelopa frigida). Evolution Letters, 5(6),
607-624.

Berry, A., & Kreitman, M. (1993). Molecular analysis of an allozyme cline:
Alcohol dehydrogenase in Drosophila melanogaster on the east
coast of North America. Genetics, 134, 869-893.

Bhutkar, A., Schaeffer, S. W., Russo, S. M., Xu, M., Smith, T. F., & Gelbart,
W. M. (2008). Chromosomal rearrangement inferred from compari-
sons of 12 drosophila genomes. Genetics, 179, 1657-1680.

Bonnet, T., Morrissey, M. B., de Villemereuil, P., Alberts, S. C., Arcese,
P, Bailey, L. D., Boutin, S., Brekke, P., Brent, L. J. N., Camenisch,
G., Charmantier, A., Clutton-Brock, T. H., Cockburn, A., Coltman,
D. W., Courtiol, A., Davidian, E., Evans, S. R., Ewen, J. G,, Festa-
Bianchet, M., ... Kruuk, L. E. B. (2022). Genetic variance in fitness
indicates rapid contemporary adaptive evolution in wild animals.
Science, 376, 1012-1016.

Bonnet, T., Morrissey, M. B., & Kruuk, L. E. B. (2019). Estimation of ge-
netic variance in fitness, and inference of adaptation, when fitness
follows a log-Normal distribution. The Journal of Heredity, 110,
383-395.

Buffalo, V., & Coop, G. (2019). The linked selection signature of rapid
adaptation in temporal genomic data. Genetics, 213, 1007-1045.

Butlin, R. K., Collins, P. M., Skevington, S. J., & Day, T. H. (1982). Genetic
variation at the alcohol dehydrogenase locus in natural popula-
tions of the seaweed fly, Coelopa frigida. Heredity, 48, 45-55.

Butlin, R. K., & Day, T. H. (1984). The effect of larval competition on de-
velopment time and adult size in the seaweed fly, Coelopa frigida.
Oecologia, 63, 122-127.

Butlin, R. K., & Day, T. H. (1985). Genic and karyotypic selection on an in-
version polymorphism in the seaweed fly, Coelopa frigida. Heredity,
54,267-274.

Butlin, R. K., Read, I. L., & Day, T. H. (1982). The effects of a chromosomal
inversion on adult size and male mating success in the seaweed fly,
Coelopa frigida. Heredity, 49, 51-62.

Caceres, M., JMa, R., Barbadilla, A., Long, M., & Ruiz, A. (1999).
Generation of a widespread Drosophila inversion by a transposable
element. Science, 285, 415-418.

Calboli, F. C. F., Kennington, W. J., & Partridge, L. (2003). QTL mapping
reveals a striking coincidence in the positions of genomic regions
associated with adaptive variation in body size in parallel clines

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



BERDAN ET AL.

17

of Drosophila melanogaster on different continents. Evolution, 57,
2653-2658.

Calvete, O., Gonzdlez, J., Betran, E., & Ruiz, A. (2012). Segmental du-
plication, microinversion, and gene loss associated with a complex
inversion breakpoint region in Drosophila. Molecular Biology and
Evolution, 29, 1875-1889.

Campos, J. L., Zhao, L., & Charlesworth, B. (2017). Estimating the pa-
rameters of background selection and selective sweeps in
Drosophila in the presence of gene conversion. Proceedings of the
National Academy of Sciences of the United States of America, 114,
E4762-E4771.

Catacchio, C. R., Maggiolini, F. A. M., D'Addabbo, P., Bitonto, M., Capozzi,
O., Signorile, M. L., Miroballo, M., Archidiacono, N., Eichler, E. E.,
Ventura, M., & Antonacci, F. (2018). Inversion variants in human and
primate genomes. Genome Research, 28, 910-920.

Chan, A. H., Jenkins, P. A., & Song, Y. S. (2012). Genome-wide fine-
scale recombination rate variation in Drosophila melanogaster. PLoS
Genetics, 8, e1003090.

Charlesworth, B. (1974). Inversion polymorphism in a two-locus genetic
system. Genetical Research, 23, 259-280.

Charlesworth, B. (1976). Recombination modification in a fluctuating en-
vironment. Genetics, 83, 181-195.

Charlesworth, B. (1991). The evolution of sex chromosomes. Science,
251,1030-1033.

Charlesworth, B. (1993). Directional selection and the evolution of sex
and recombination. Genetical Research, 61, 205-224.

Charlesworth, B. (2015). Causes of natural variation in fitness: Evidence
from studies of Drosophila populations. Proceedings of the National
Academy of Sciences of the United States of America, 112, 1662-1669.

Charlesworth, B. (2023). The effects of inversion polymorphisms on pat-
terns of neutral genetic diversity. Genetics, 224, iyad116.

Charlesworth, B., & Barton, N. H. (2018). The spread of an inversion with
migration and selection. Genetics, 208, 377-382.

Charlesworth, B., & Charlesworth, D. (1973). Selection of new inversions
in multi-locus genetic systems. Genetical Research, 21, 167-183.

Charlesworth, B., & Charlesworth, D. (2010). Elements of evolutionary ge-
netics. Roberts and Company.

Charlesworth, B., & Flatt, T. (2021). On the fixation or nonfixation
of inversions under epistatic selection. Molecular Ecology, 30,
3896-3897.

Charlesworth, B., & Hartl, D. L. (1978). Population dynamics of the segre-
gation distorter polymorphism of Drosophila melanogaster. Genetics,
89, 171-192.

Charlesworth, B., & Jensen, J. D. (2021). Effects of selection at linked
sites on patterns of genetic variability. Annual Review of Ecology,
Evolution, and Systematics, 52, 177-197.

Cheng, C., & Kirkpatrick, M. (2019). Inversions are bigger on the X chro-
mosome. Molecular Ecology, 28, 1238-1245.

Cheng, C., White, B. J., Kamdem, C., Mockaitis, K., Costantini, C., Hahn,
M. W., & Besansky, N. J. (2012). Ecological genomics of Anopheles
gambiae along a latitudinal cline: A population-resequencing ap-
proach. Genetics, 190, 1417-1432.

Chouteau, M., Llaurens, V., Piron-Prunier, F., & Joron, M. (2017).
Polymorphism at a mimicry supergene maintained by opposing fre-
quency-dependent selection pressures. Proceedings of the National
Academy of Sciences of the United States of America, 114,8325-8329.

Chovnick, A. (1973). Gene conversion and transfer of genetic information
within the inverted region of inversion heterozygotes. Genetics, 75,
123-131.

Christmas, M. J., Wallberg, A., Bunikis, ., Olsson, A., Wallerman, O., &
Webster, M. T. (2019). Chromosomal inversions associated with
environmental adaptation in honeybees. Molecular Ecology, 28,
1358-1374.

Colosimo, P. F., Hosemann, K. E., Balabhadra, S., Villarreal, G., Dickson,
M., Grimwood, J., Schmutz, J., Myers, R. M., Schluter, D., & Kingsley,

JournaL of Evolutionary Biology

D. M. (2005). Widespread parallel evolution in sticklebacks by re-
peated fixation of Ectodysplasin alleles. Science, 307, 1928-1933.

Connallon, T., & Olito, C. (2022). Natural selection and the distribution of
chromosomal inversion lengths. Molecular Ecology, 31, 3627-3641.

Connallon, T., Olito, C., Dutoit, L., Papoli, H., Ruzicka, F., & Yong, L. (2018).
Local adaptation and the evolution of inversions on sex chromo-
somes and autosomes. Philosophical Transactions of the Royal Society
B, 373,20170423.

Corbett-Detig, R. B. (2016). Selection on inversion breakpoints favors
proximity to pairing sensitive sites in Drosophila melanogaster.
Genetics, 204, 259-265.

Corbett-Detig, R. B., Said, I., Calzetta, M., Genetti, M., McBroome, J.,
Maurer, N. W,, Petrarca, V., Della Torre, A., & Besansky, N. J. (2019).
Fine-mapping complex inversion breakpoints and investigating so-
matic pairing in the Anopheles gambiae species complex using prox-
imity-ligation sequencing. Genetics, 213, 1495-1511.

Cotto, O., & Day, T. (2023). A null model for the distribution of fitness ef-
fects of mutations. Proceedings of the National Academy of Sciences
of the United States of America, 120, €2218200120.

Coughlan, J. M., & Willis, J. H. (2019). Dissecting the role of a large chro-
mosomalinversionin life history divergence throughout the Mimulus
guttatus species complex. Molecular Ecology, 28, 1343-1357.

Cox, M. M. (1988). FLP site-specific recombination system of saccha-
romyces cervisiae. In R. Kucherlapati & G. R. Smith (Eds.), Genetic
recombination (pp. 429-443). American Society for Microbiology.

Coyne, J. A., Aulard, S., & Berry, A. (1991). Lack of underdominance in a
naturally occurring pericentric inversion in Drosophila melanogas-
ter and its implications for chromosome evolution. Genetics, 129,
791-802.

Coyne, J. A, Meyers, W., Crittenden, A. P., & Sniegowski, P. (1993). The
fertility effects of pericentric inversions in Drosophila melanogaster.
Genetics, 134, 487-496.

Crow, J. F. (1993). Mutation, mean fitness, and genetic load. Oxford
Surveys in Evolutionary Biology, 9, 3-42.

Crow, J. F., & Kimura, M. (1970). An introduction to population genetics
theory. Harper and Row.

Crow, T., Ta, J., Nojoomi, S., Aguilar-Rangel, M. R., Rodriguez, J. V. T.,
Gates, D., Rellan-Alvarez, R., Sawers, R., & Runcie, D. (2020). Gene
regulatory effects of a large chromosomal inversion in highland
maize. PLoS Genetics, 16, e1009213.

Crown, K. N., Miller, D. E., Sekelsky, J., & Hawley, R. S. (2018). Local inver-
sion heterozygosity alters recombination throughout the genome.
Current Biology, 28, 2984.e3-2990.e3.

Crumpacker, D. W., & Salceda, V. M. (1969). Chromosomal polymor-
phism and genetic load in Drosophila pseudoobscura. Genetics, 61,
859-873.

Dagilis, A. J. (2022). What inversion lengths can tell us about their evolu-
tion. Molecular Ecology, 31, 3513-3515.

Dagilis, A. J., & Kirkpatrick, M. (2016). Prezygotic isolation, mating pref-
erences, and the evolution of chromosomal inversions. Evolution,
70, 1465-1472.

Day, T. H., & Butlin, R. K. (1987). Non-random mating in natural popu-
lations of the seaweed fly, Coelopa frigida. Heredity, 58, 213-220.

DeHeer, C. J., Goodisman, M. A. D., & Ross, K. G. (1999). Queen disper-
sal strategies in the multiple-queen form of the fire ant Solenopsis
invicta. The American Naturalist, 153, 660-675.

Dobzhansky, T. (1943). Genetics of natural populations IX. Temporal
changes in the composition of populations of Drosophila pseudoob-
scura. Genetics, 28, 162-186.

Dobzhansky, T. (1944). Chromosomal races in Drosophila pseudoob-
scura and Drosophila persimilis. Carnegie Institution of Washington
Publication, 554, 47-144.

Dobzhansky, T. (1947a). Genetics of natural populations. XIV. A response
of certain gene arrangements in the third chromosome of Drosophila
pseudoobscura to natural selection. Genetics, 32, 142-160.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



18

BERDAN ET AL.

JOURNAL OF Evolutionary Bioloqy

Dobzhansky, T. (1947b). Adaptive changes induced by natural selection
in wild populations of Drosophila. Evolution, 1, 1-16.

Dobzhansky, T. (1948). Genetics of natural populations. Xviii. Experiments
on chromosomes of Drosophila pseudoobscura from different geo-
graphic regions. Genetics, 33, 588-602.

Dobzhansky, T. (1949). Observations and experiments on natural selection
in Drosophila. Proc. 8th Int. Congr. Genet., republished in Hereditas
35:210-224.

Dobzhansky, T. (1950). Genetics of natural populations. XIX. Origin of
heterosis through natural selection in populations of Drosophila
pseudoobscura. Genetics, 35, 288-302.

Dobzhansky, T. (1951). Genetics and the origin of species (3rd ed.).
Columbia University Press.

Dobzhansky, T., & Sturtevant, A. H. (1938). Inversions in the chromo-
somes of Drosophila pseudoobscura. Genetics, 23, 28-64.

Durmaz, E., Benson, C., Kapun, M., Schmidt, P., & Flatt, T. (2018). An in-
version supergene in Drosophila underpins latitudinal clines in sur-
vival traits. Journal of Evolutionary Biology, 31, 1354-1364.

Durmaz, E., Kerdaffrec, E., Katsianis, G., Kapun, M., & Flatt, T. (2020).
How selection acts on chromosomal inversions. Encyclopedia of Life
Sciences, 1, 307-315.

Dyson, F. (2004). A meeting with Enrico Fermi. Nature, 427, 297.

Elyashiv, E., Sattath, S.,Hu, T. T., Strutsovsky, A., McVicker, G., Andolfatto,
P., Coop, G., & Sella, G. (2016). A genomic map of the effects of
linked selection in Drosophila. PLoS Genetics, 12, e1006130.

Enge, S., Mérot, C., Mozdraitis, R., Apsegaité, V., Bernatchez, L., Martens,
G. A, Radziuté, S., Pavia, H., & Berdan, E. L. (2023). A supergene
in seaweed flies modulates male traits and female perception.
Proceedings of the Royal Society. B, 290(2008), 20231494.

Eshel, I., & Hamilton, W. D. (1984). Parent-offspring correlation in fit-
ness under fluctuating selection. Proceedings of the Royal Society of
London. Series B, 222, 1-14.

Ewens, W. J. (2004). Mathematical population genetics. Springer.

Fabian, D. K., Kapun, M., Nolte, V., Kofler, R., Schmidt, P. S., Schlétterer,
C., & Flatt, T. (2012). Genome-wide patterns of latitudinal differen-
tiation among populations of Drosophila melanogaster from North
America. Molecular Ecology, 21, 4748-4769.

Faria, R., Chaube, P., Morales, H. E., Larsson, T., Lemmon, A. R., Lemmon,
E. M., Rafajlovi¢, M., Panova, M., Ravinet, M., Johannesson, K.,
Westram, A. M., & Butlin, R. K. (2019). Multiple chromosomal re-
arrangements in a hybrid zone between Littorina saxatilis ecotypes.
Molecular Ecology, 28, 1375-1393.

Faria, R., Johannesson, K., Butlin, R. K., & Westram, A. M. (2019). Evolving
inversions. Trends in Ecology & Evolution, 34, 239-248.

Feldman, M. W.,, & Liberman, U. (1986). An evolutionary reduction prin-
ciple for genetic modifiers. Proceedings of the National Academy of
Sciences of the United States of America, 83, 4824-4827.

Fisher, R. A. (1930). The Genetical theory of natural selection. The
Clarendon Press (Oxford University Press).

Forbes, C. (1962). The effect of heterozygous inversions on primary non-
disjunction in Drosophila melanogaster. Genetics, 47, 1301-1311.

Frank, S. A. (2007). Dynamics of cancer: Incidence, inheritance, and evolu-
tion. Princeton University Press.

Frank, S. A. (2014). Generative models versus underlying symmetries
to explain biological pattern. Journal of Evolutionary Biology, 27,
1172-1178.

Frank, S. A.(2022). Microbial life history - The fundamental forces of biolog-
ical design. Princeton University Press.

Fuller, Z. L., Haynes, G. D., Richards, S., & Schaeffer, S. W. (2016).
Genomics of natural populations: How differentially expressed
genes shape the evolution of chromosomal inversions in Drosophila
pseudoobscura. Genetics, 204, 287-301.

Fuller, Z. L., Haynes, G. D., Richards, S., & Schaeffer, S. W. (2017).
Genomics of natural populations: Evolutionary forces that estab-
lish and maintain gene arrangements in Drosophila pseudoobscura.
Molecular Ecology, 26, 6539-6562.

Fuller, Z. L., Koury, S. A, Leonard, C. J., Young, R. E., lkegami, K,
Westlake, J., Richards, S., Schaeffer, S. W., & Phadnis, N. (2020).
Extensive recombination suppression and Epistatic selection
causes chromosome-wide differentiation of a selfish sex chromo-
some in Drosophila pseudoobscura. Genetics, 216, 205-226.

Fuller, Z. L., Koury, S. A., Phadnis, N., & Schaeffer, S. W. (2019). How
chromosomal rearrangements shape adaptation and speciation:
Case studies in Drosophila pseudoobscura and its sibling species
Drosophila persimilis. Molecular Ecology, 28, 1283-1301.

Fuller, Z. L., Leonard, C. J., Young, R. E., Schaeffer, S. W., & Phadnis, N.
(2018). Ancestral polymorphisms explain the role of chromosomal
inversions in speciation. PLoS Genetics, 14, e1007526.

Funk, E.R.,Mason, N. A., Palsson, S., Albrecht, T., Johnson, J. A, & Taylor,
S. A. (2021). A supergene underlies linked variation in color and
morphology in a Holarctic songbird. Nature Communications, 12,
6833.

Gandon, S., & Otto, S. P. (2007). The evolution of sex and recombination
in response to abiotic or Coevolutionary fluctuations in epistasis.
Genetics, 175, 1835-1853.

Gardner, M. P,, Fowler, K., Barton, N. H., & Partridge, L. (2005). Genetic
variation for Total fitness in Drosophila melanogaster: Complex yet
replicable patterns. Genetics, 169, 1553-1571.

Gilbert, K. J., Pouyet, F., Excoffier, L., & Peischl, S. (2020). Transition from
background selection to associative overdominance promotes di-
versity in regions of low recombination. Current Biology, 30, 101.
e3-107.e3.

Gillespie, J. (1973). Polymorphism in random environments. Theoretical
Population Biology, 4, 193-195.

Gonzélez, J., Casals, F., & Ruiz, A. (2007). Testing chromosomal phylog-
enies and inversion breakpoint reuse in Drosophila. Genetics, 175,
167-177.

Griffiths, A. J. F., Doebley, J., Peichel, C., & Wassarman, D. A. (2020).
Introduction to genetic analysis (12th ed.). Macmillan.

Guerrero, R. F., Rousset, F., & Kirkpatrick, M. (2012). Coalescent pat-
terns for chromosomal inversions in divergent populations.
Philosophical Transactions of the Royal Society B: Biological Sciences,
367,430-438.

Guillén, Y., & Ruiz, A. (2012). Gene alterations at Drosophila inversion break-
points provide prima facie evidence for natural selection as an expla-
nation for rapid chromosomal evolution. BMC Genomics, 13, 53.

Hager, E. R., Harringmeyer, O. S., Wooldridge, T. B., Theingi, S., Gable,
J. T., McFadden, S., Neugeboren, B., Turner, K. M., Jensen, J. D., &
Hoekstra, H. E. (2022). A chromosomal inversion contributes to di-
vergence in multiple traits between deer mouse ecotypes. Science,
377, 399-405.

Haldane, J. B. S. (1948). The theory of a cline. Journal of Genetics, 48,
277-284.

Haldane, J. B. S., & Jayakar, S. D. (1963). Polymorphism due to selection
of varying direction. Journal of Genetics, 58, 237-242.

Hallem, E. A., & Carlson, J. R. (2004). The odor coding system of
Drosophila. Trends in Genetics, 20, 453-459.

Harringmeyer, O. S., & Hoekstra, H. E. (2022). Chromosomal inversion
polymorphisms shape the genomic landscape of deer mice. Nature
Ecology & Evolution, 6, 1965-1979.

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G.,
Bradburd, G., Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A.,
& Whitlock, M. C. (2016). Finding the genomic basis of local ad-
aptation: Pitfalls, practical solutions, and future directions. The
American Naturalist, 188, 379-397.

Hoffmann, A. A., & Rieseberg, L. H. (2008). Revisiting the impact of in-
versions in evolution: From population genetic markers to drivers of
adaptive shifts and speciation? Annual Review of Ecology, Evolution,
and Systematics, 39, 21-42.

Hoffmann, A. A., Sgro, C. M., & Weeks, A. R. (2004). Chromosomal inver-
sion polymorphisms and adaptation. Trends in Ecology & Evolution,
19,482-488.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



BERDAN ET AL.

19

Hu, W., Suo, F., & Du, L. L. (2015). Bulk Segregant analysis reveals the
genetic basis of a natural trait variation in fission yeast. Genome
Biology and Evolution, 7, 3496-3510.

Huang, K., Andrew, R. L., Owens, G. L., Ostevik, K. L., & Rieseberg, L.
H. (2020). Multiple chromosomal inversions contribute to adaptive
divergence of a dune sunflower ecotype. Molecular Ecology, 29,
2535-2549.

Huang, K., Ostevik, K. L., Elphinstone, C., Todesco, M., Bercovich, N.,
Owens, G. L., & Rieseberg, L. H. (2022). Mutation load in sunflower
inversions is negatively correlated with inversion heterozygosity.
Molecular Biology and Evolution, 39, msac101.

Hudson, R. R., & Kaplan, N. L. (1988). The coalescent process in models
with selection and recombination. Genetics, 120, 831-840.

Hughes, A. L., & Nei, M. (1988). Pattern of nucleotide substitution at
major histocompatibility complex class | loci reveals overdominant
selection. Nature, 335, 167-170.

Ishii, K., & Charlesworth, B. (1977). Associations between allozyme loci
and gene arrangements due to hitch-hiking effects of new inver-
sions. Genetical Research, 30, 93-106.

Jay, P., Chouteau, M., Whibley, A., Bastide, H., Parrinello, H., Llaurens,
V., & Joron, M. (2021). Mutation load at a mimicry supergene sheds
new light on the evolution of inversion polymorphisms. Nature
Genetics, 53, 288-293.

Jay, P, Leroy, M., Le Poul, Y., Whibley, A., Arias, M., Chouteau, M., &
Joron, M. (2022). Association mapping of colour variation in a but-
terfly provides evidence that a supergene locks together a cluster
of adaptive loci. Philosophical Transactions of the Royal Society B:
Biological Sciences, 377, 20210193.

Jay, P, Tezenas, E., Véber, A., & Giraud, T. (2022). Sheltering of delete-
rious mutations explains the stepwise extension of recombination
suppression on sex chromosomes and other supergenes. PLoS
Biology, 20, €3001698.

Jeffares, D. C., Jolly, C., Hoti, M., Speed, D., Shaw, L., Rallis, C., Balloux,
F., Dessimoz, C., Bihler, J., & Sedlazeck, F. J. (2017). Transient struc-
tural variations have strong effects on quantitative traits and repro-
ductive isolation in fission yeast. Nature Communications, 8, 14061.

Jeong, H.,Baran,N. M., Sun, D., Chatterjee, P.,,Layman, T.S., Balakrishnan,
C.N., Maney, D. L., &Yi, S. V. (2022). Dynamic molecular evolution
of a supergene with suppressed recombination in white-throated
sparrows. elife, 11, e79387.

Jiang, Y., Bolnick, D. I., & Kirkpatrick, M. (2013). Assortative mating in
animals. The American Naturalist, 181, E125-E138.

Joron, M., Frezal, L., Jones, R. T., Chamberlain, N. L., Lee, S. F., Haag, C.
R., Whibley, A., Becuwe, M., Baxter, S. W., Ferguson, L., Wilkinson,
P. A., Salazar, C., Davidson, C., Clark, R., Quail, M. A,, Beasley, H.,
Glithero, R., Lloyd, C., Sims, S., ... ffrench-Constant, R. H. (2011).
Chromosomal rearrangements maintain a polymorphic supergene
controlling butterfly mimicry. Nature, 477, 203-206.

Kaplan, N. L., Darden, T., & Hudson, R. R. (1988). The coalescent process
in models with selection. Genetics, 120, 819-829.

Kapun, M., Fabian, D. K., Goudet, J., & Flatt, T. (2016). Genomic evidence
for adaptive inversion clines in Drosophila melanogaster. Molecular
Biology and Evolution, 33, 1317-1336.

Kapun, M., & Flatt, T. (2019). The adaptive significance of chromosomal
inversion polymorphisms in Drosophila melanogaster. Molecular
Ecology, 28, 1263-1282.

Kapun, M., Mitchell Durmaz, E., Kawecki, T. J., Schmidt, P., & Flatt, T.
(2023). An ancestral balanced inversion polymorphism confers
global adaptation. Molecular Biology and Evolution, 40, msad118.

Kapun, M., Schmidt, C., Durmaz, E., Schmidt, P. S., & Flatt, T. (2016).
Parallel effects of the inversion in(3R)Payne on body size across the
North American and Australian clines in Drosophila melanogaster.
Journal of Evolutionary Biology, 29, 1059-1072.

Kent, T. V., Uzunovic, J., & Wright, S.1.(2017). Coevolution between trans-
posable elements and recombination. Philosophical Transactions of
the Royal Society B: Biological Sciences, 372, 20160458.

JournaL of Evolutionary Biology

Kess, T., Bentzen, P., Lehnert, S. J,, Sylvester, E. V. A, Lien, S., Kent, M.
P., Sinclair-Waters, M., Morris, C., Wringe, B., Fairweather, R., &
Bradbury, I. R. (2020). Modular chromosome rearrangements re-
veal parallel and nonparallel adaptation in a marine fish. Ecology and
Evolution, 10, 638-653.

Kimura, M. (1964). Diffusion models in population genetics. Journal of
Applied Probability, 1, 177-232.

Kimura, M., & Ohta, T. (1973). The age of a neutral mutant persisting in a
finite population. Genetics, 75, 199-212.

Kircher, M., Witten, D. M., Jain, P, O'Roak, B. J., Cooper, G. M., &
Shendure, J. (2014). A general framework for estimating the rela-
tive pathogenicity of human genetic variants. Nature Genetics, 46,
310-315.

Kirkpatrick, M. (2010). How and why chromosome inversions evolve.
PLoS Biology, 8, e1000501.

Kirkpatrick, M. (2017). The evolution of genome structure by natural and
sexual selection. The Journal of Heredity, 108, 3-11.

Kirkpatrick, M., & Barton, N. (2006). Chromosome inversions, local adap-
tation and speciation. Genetics, 173, 419-434.

Koch, E. L., Morales, H. E., Larsson, J., Westram, A. M., Faria, R., Lemmon,
A. R., Lemmon, E. M., Johannesson, K., & Butlin, R. K. (2021).
Genetic variation for adaptive traits is associated with polymorphic
inversions in Littorina saxatilis. Evolution Letters, 5, 196-213.

Koch, E. L., Ravinet, M., Westram, A. M., Johannesson, K., & Butlin, R. K.
(2022). Genetic architecture of repeated phenotypic divergence in
Littorina saxatilis ecotype evolution. Evolution, 76, 2332-2346.

Komata, S., Kajitani, R., Itoh, T., & Fujiwara, H. (2022). Genomic archi-
tecture and functional unit of mimicry supergene in female limited
Batesian mimic Papilio butterflies. Philosophical Transactions of the
Royal Society B: Biological Sciences, 377,20210198.

Korunes, K. L., & Noor, M. A. F. (2019). Pervasive gene conversion in
chromosomal inversion heterozygotes. Molecular Ecology, 28,
1302-1315.

Koury, S. A. (2023). Female meiotic drive shapes the distribution of rare
inversion polymorphisms in Drosophila melanogaster. Genetics, 225,
iyad158 in press.

Kozak, G. M., Wadsworth, C. B., Kahne, S. C., Bogdanowicz, S. M.,
Harrison, R. G., Coates, B. S., & Dopman, E. B. (2017). A combina-
tion of sexual and ecological divergence contributes to rearrange-
ment spread during initial stages of speciation. Molecular Ecology,
26,2331-2347.

Krimbas, C. B., & Powell, J. R. (1992). Drosophila inversion polymorphism.
CRC Press.

Kunerth, H. D., Bogdanowicz, S. M., Searle, J. B, Harrison, R. G., Coates,
B. S., Kozak, G. M., & Dopman, E. B. (2022). Consequences of cou-
pled barriers to gene flow for the build-up of genomic differentia-
tion. Evolution, 76, 985-1002.

Kupper, C., Stocks, M., Risse, J. E., dos Remedios, N., Farrell, L. L.,
McRae, S. B., Morgan, T. C., Karlionova, N., Pinchuk, P., Verkuil, Y.
l., Kitaysky, A. S., Wingfield, J. C., Piersma, T., Zeng, K., Slate, J.,
Blaxter, M., Lank, D. B., & Burke, T. (2016). A supergene determines
highly divergent male reproductive morphs in the ruff. Nature
Genetics, 48, 79-83.

Lamichhaney, S., Fan, G., Widemo, F., Gunnarsson, U., Thalmann, D. S.,
Hoeppner, M. P,, Kerje, S., Gustafson, U., Shi, C., Zhang, H., Chen,
W, Liang, X., Huang, L., Wang, J., Liang, E., Wu, Q., Lee, S. M. Y., Xu,
X., Hoéglund, J., ... Andersson, L. (2016). Structural genomic changes
underlie alternative reproductive strategies in the ruff (Philomachus
pugnax). Nature Genetics, 48, 84-88.

Lavington, E., & Kern, A. D. (2017). The effect of common inversion
polymorphisms In(2L)t and In(3R)Mo on patterns of transcrip-
tional variation in Drosophila melanogaster. G3 (Bethesda, Md.), 7,
3659-3668.

Le Poul, Y., Whibley, A., Chouteau, M., Prunier, F., Llaurens, V., & Joron,
M. (2014). Evolution of dominance mechanisms at a butterfly mim-
icry supergene. Nature Communications, 5, 5644.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



20

BERDAN ET AL.

JOURNAL OF Evolutionary Bioloqy

Lee, C.-R., Wang, B., Mojica, J. P, Mandakova, T., Prasad, K. V. S. K.,
Goicoechea, J. L., Perera, N., Hellsten, U., Hundley, H. N., Johnson,
J., & Grimwood, J. (2017). Young inversion with multiple linked
QTLs under selection in a hybrid zone. Nature Ecology & Evolution,
1,1-13.

Lee, Y. W, Fishman, L., Kelly, J. K., & Willis, J. H. (2016). A segregat-
ing inversion generates fitness variation in yellow monkeyflower
(Mimulus guttatus). Genetics, 202, 1473-1484.

Lenormand, T., & Roze, D. (2022). Y recombination arrest and degener-
ation in the absence of sexual dimorphism. Science, 375, 663-666.

Lewontin, R. C. (2000). What do population geneticists know and how
do they know it? In R. Creath & J. Maienschein (Eds.), Biology and
epistemology (pp. 191-214). Cambridge University Press.

Lotterhos, K. E. (2019). The effect of neutral recombination variation on
genome scans for selection, G3 (Bethesda, Md.)(9), 1851-1867.

Lowry, D. B., & Willis, J. H. (2010). A widespread chromosomal inversion
polymorphism contributes to a major life-history transition, local
adaptation, and reproductive isolation. PLoS Biology, 8, e1000500.

Lucchesi, J. C., & Suzuki, D. T. (1968). The Interchromosomal control of
recombination. Annual Review of Genetics, 2, 53-86.

Ma, J., Zhang, L., Suh, B. B., Raney, B. J., Burhans, R. C., Kent, W. J.,
Blanchette, M., Haussler, D., & Miller, W. (2006). Reconstructing
contiguous regions of an ancestral genome. Genome Research, 16,
1557-1565.

Machado, H. E., Bergland, A. O., Taylor, R., Tilk, S., Behrman, E., Dyer,
K., Fabian, D. K., Flatt, T., Gonzalez, J., Karasov, T. L., Kim, B.,
Kozeretska, ., Lazzaro, B. P., Merritt, T. J. S., Pool, J. E., O'Brien, K.,
Rajpurohit, S., Roy, P. R., Schaeffer, S. W., ... Petrov, D. A. (2021).
Broad geographic sampling reveals the shared basis and environ-
mental correlates of seasonal adaptation in Drosophila. elife, 10,
e67577.

Mackintosh, C. J., Scott, M. F., Reuter, M., & Pomiankowski, A. (2022).
The establishment of locally adaptive inversions in structured pop-
ulations. bioRxiv. https://doi.org/10.1101/2022.12.05.519181

Maggiolini, F. A. M., Sanders, A. D., Shew, C. J., Sulovari, A., Mao, Y., Puig,
M., Catacchio, C. R., Dellino, M., Palmisano, D., Mercuri, L., Bitonto,
M., Porubsky, D., Caceres, M., Eichler, E. E., Ventura, M., Dennis, M.
Y., Korbel, J. O., & Antonacci, F. (2020). Single-cell strand sequenc-
ing of a macaque genome reveals multiple nested inversions and
breakpoint reuse during primate evolution. Genome Research, 30,
1680-1693.

Maisonneuve, L., Chouteau, M., Joron, M., & Llaurens, V.(2021). Evolution
and genetic architecture of disassortative mating at a locus under
heterozygote advantage. Evolution, 75, 149-165.

McDonald, J. H., & Kreitman, M. (1991). Adaptive protein evolution at
the Adh locus in Drosophila. Nature, 351, 652-654.

Meirmans, P. G., & Hedrick, P. W. (2011). Assessing population structure:
Fsr and related measures. Molecular Ecology Resources, 11, 5-18.

Mérot, C., Berdan, E. L., Cayuela, H., Djambazian, H., Ferchaud, A.-L.,
Laporte, M., Normandeau, E., Ragoussis, J., Wellenreuther, M., &
Bernatchez, L. (2021). Locally adaptive inversions modulate genetic
variation at different geographic scales in a seaweed Fly. Molecular
Biology and Evolution, 38, 3953-3971.

Mérot, C., Llaurens, V., Normandeau, E., Bernatchez, L., & Wellenreuther,
M. (2020). Balancing selection via life-history trade-offs maintains
aninversion polymorphismin a seaweed fly. Nature Communications,
11, 670.

Miller, D. E. (2020). The Interchromosomal effect: Different meanings for
different organisms. Genetics, 216, 621-631.

Morales, H., Faria, R., Johannesson, K., Larsson, T., Panova, M., Westram,
A. M., & Butlin, R. K. (2019). Genomic architecture of parallel eco-
logical divergence: Beyond a single environmental contrast. Science
Advances, 5, eaav9963.

Mukai, T., & Yamaguchi, O. (1974). The genetic structure of natural pop-
ulations of Drosophila melanogaster. X1. Genetic variability in a local
population. Genetics, 76, 339-366.

Navarro, A., Barbadilla, A., & Ruiz, A. (2000). Effect of inversion polymor-
phism on the neutral nucleotide variability of linked chromosomal
regions in Drosophila. Genetics, 155, 685-698.

Navarro, A., & Barton, N. H. (2003a). Accumulating postzygotic isola-
tion genes in parapatry: A new twist on chromosomal speciation.
Evolution, 57, 447-459.

Navarro, A., & Barton, N. H. (2003b). Chromosomal speciation and mo-
lecular divergence - Accelerated evolution in rearranged chromo-
somes. Science, 300, 321-324.

Navarro, A., Betran, E., Barbadilla, A., & Ruiz, A. (1997). Recombination
and gene flux caused by gene conversion and crossing over in inver-
sion Heterokaryotypes. Genetics, 146, 695-709.

Navarro-Dominguez, B., Chang, C.-H., Brand, C. L., Muirhead, C. A,,
Presgraves, D. C., & Larracuente, A. M. (2022). Epistatic selection
on a selfish segregation distorter supergene - Drive, recombina-
tion, and genetic load. eLife, 11, €78981.

Nei, M., Kojima, K. I., & Schaffer, H. E. (1967). Frequency changes of
new inversions in populations under mutation-selection equilibria.
Genetics, 57, 741-750.

Nei, M., & Maruyama, T. (1975). Lewontin-Krakauer test for neutral
genes. Genetics, 80, 395.

Ng, P. C., & Henikoff, S. (2001). Predicting deleterious amino acid substi-
tutions. Genome Research, 11, 863-874.

Noor, M. A. F.,, Grams, K. L., Bertucci, L. A., & Reiland, J. (2001).
Chromosomal inversions and the reproductive isolation of species.
Proceedings of the National Academy of Sciences of the United States
of America, 98, 12084-12088.

Nosil, P., Soria-Carrasco, V., Villoutreix, R., De-la-Mora, M., de Carvalho,
C.F., Parchman, T, Feder, J. L., & Gompert, Z. (2023). Complex evo-
lutionary processes maintain an ancient chromosomal inversion.
Proceedings of the National Academy of Sciences of the United States
of America, 120, e2300673120.

Ohta, T. (1971). Associative overdominance caused by linked detrimental
mutations. Genetical Research, 18, 277-286.

Ohta, T., & Kimura, M. (1970). Development of associative overdomi-
nance through linkage disequilibrium in finite populations. Genetical
Research, 16, 165-177.

Qlito, C., Ponnikas, S., Hansson, B., & Abbott, J. K. (2022). Consequences
of partially recessive deleterious genetic variation for the evolu-
tion of inversions suppressing recombination between sex chromo-
somes. Evolution, 76, 1320-1330.

Orengo, D. J., Puerma, E., & Aguadé, M. (2019). The molecular character-
ization of fixed inversion breakpoints unveils the ancestral charac-
ter of the Drosophila guanche chromosomal arrangements. Scientific
Reports, 9, 1706.

Otto, S. P,, & Lenormand, T. (2002). Resolving the paradox of sex and
recombination. Nature Reviews. Genetics, 3, 252-261.

Painter, T. S. (1934). A new method for the study of chromosomal aber-
rations and the plotting of chromosomal maps in Drosophila melan-
ogaster. Genetics, 19, 175-188.

Palsson, S., & Pamilo, P. (1999). The effects of deleterious mutations
on linked, neutral variation in small populations. Genetics, 153,
475-483.

Pegueroles, C., Ordénez, V., Mestres, F., & Pascual, M. (2010).
Recombination and selection in the maintenance of the adaptive
value of inversions. Journal of Evolutionary Biology, 23, 2709-2717.

Peischl, S., Koch, E., Guerrero, R. F., & Kirkpatrick, M. (2013). A sequen-
tial coalescent algorithm for chromosomal inversions. Heredity, 111,
200-209.

Pejaver, V., Urresti, J., Lugo-Martinez, J., Pagel, K. A., Lin, G.N., Nam, H. J.,
Mort, M., Cooper, D. N., Sebat, J., lakoucheva, L. M., Mooney, S. D.,
& Radivojac, P. (2020). Inferring the molecular and phenotypic im-
pact of amino acid variants with MutPred2. Nature Communications,
11, 5918.

Pevzner, P., & Tesler, G. (2003). Human and mouse genomic sequences
reveal extensive breakpoint reuse in mammalian evolution.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



BERDAN ET AL.

21

Proceedings of the National Academy of Sciences of the United States
of America, 100, 7672-7677.

Porubsky, D., Héps, W., Ashraf, H., Hsieh, P., Rodriguez-Martin, B.,
Yilmaz, F., Ebler, J., Hallast, P., Maggiolini, F. A. M., Harvey, W. T,,
Henning, B., Audano, P. A., Gordon, D. S., Ebert, P., Hasenfeld,
P., Benito, E., Zhu, Q., Lee, C., Antonacci, F., ... Human Genome
Structural Variation Consortium (HGSVC). (2021). Haplotype-
resolved inversion landscape reveals hotspots of mutational recur-
rence associated with genomic disorders. bioRxiv. https://doi.org/
10.1101/2021.12.20.472354

Prapas, D., Scalone, R., Lee, J., Nurkowski, K. A., Bou-assi, S., Rieseberg,
L., Battlay, P., & Hodgins, K. A. (2022). Quantitative trait loci map-
ping reveals an oligogenic architecture of a rapidly adapting trait
during the European invasion of common ragweed. Evolutionary
Applications, 15, 1249-1263.

Puerma, E., Orengo, D. J., & Aguadé, M. (2016). Multiple and diverse
structural changes affect the breakpoint regions of polymorphic
inversions across the Drosophila genus. Scientific Reports, 6, 36248.

Rako, L., Anderson, A. R., Sgro, C. M., Stocker, A. J., & Hoffmann, A. A.
(2006). The association between inversion in(3R)Payne and clinally
varying traits in Drosophila melanogaster. Genetica, 128, 373-384.

Ranz, J. M., Maurin, D., Chan, Y. S., von Grotthuss, M., Hillier, L. W.,
Roote, J., Ashburner, M., & Bergman, C. M. (2007). Principles of ge-
nome evolution in the Drosophila melanogaster species group. PLoS
Biology, 5, e152.

Rennison, D. J., Rudman, S. M., & Schluter, D. (2019). Genetics of adapta-
tion: Experimental test of a biotic mechanism driving divergence in
traits and genes. Evolution Letters, 3, 513-520.

Richards, S., Liu, Y., Bettencourt, B. R., Hradecky, P., Letovsky, S., Nielsen, R.,
Thornton, K., Hubisz, M. J,, Chen, R., Meisel, R. P., Couronne, O., Hua,
S., Smith, M. A, Zhang, P, Liu, J., Bussemaker, H. J., van Batenburg, M.
F.,Howells, S. L., Scherer, S. E., ... Gibbs, R. A. (2005). Comparative ge-
nome sequencing of Drosophila pseudoobscura: Chromosomal, gene,
and cis-element evolution. Genome Research, 15, 1-18.

Rieseberg, L. H. (2001). Chromosomal rearrangements and speciation.
Trends in Ecology & Evolution, 16, 351-358.

Roberts, P. A. (1976). The genetics of chromosome aberration. In M.
Ashbuner & E. Novitski (Eds.), The genetics and biology of Drosophila.
Volume la (pp. 68-184). Academic Press.

Rousset, F., Kirkpatrick, M., & Guerrero, R. F. (2014). Matrix inversions
for chromosomal inversions: A method to construct summary sta-
tistics in complex coalescent models. Theoretical Population Biology,
97, 1-10.

Rozas, J., & Aguadé, M. (1994). Gene conversion is involved in the trans-
fer of genetic information between naturally occurring inversions
of Drosophila. Proceedings of the National Academy of Sciences of the
United States of America, 91, 11517-11521.

Roze, D. (2021). A simple expression for the strength of selection on
recombination generated by interference among mutations.
Proceedings of the National Academy of Sciences of the United States
of America, 118, 2022805118.

Said, I., Byrne, A., Serrano, V., Cardeno, C., Vollmers, C., & Corbett-
Detig, R. (2018). Linked genetic variation and not genome structure
causes widespread differential expression associated with chromo-
somal inversions. Proceedings of the National Academy of Sciences of
the United States of America, 115, 5492-5497.

Santos, M. (1986). The role of genic selection in the establishment of
inversion polymorphism in Drosophila subobscura. Genetica, 69,
35-45.

Schaal, S. M., Haller, B. C., & Lotterhos, K. E. (2022). Inversion invasions:
When the genetic basis of local adaptation is concentrated within
inversions in the face of gene flow. Philosophical Transactions of the
Royal Society B: Biological Sciences, 377, 20210200.

Schaeffer, S. W. (2008). Selection in heterogeneous environments main-
tains the gene arrangement polymorphism of Drosophila pseudoob-
scura. Evolution, 62, 3082-3099.

JournaL of Evolutionary Biology

Schaeffer, S. W., Goetting-Minesky, M. P., Kovacevic, M., Peoples, J. R.,
Graybill, J. L., Miller, J. M., Kim, K., Nelson, J. G., & Anderson, W. W.
(2003). Evolutionary genomics of inversions in Drosophila pseudoob-
scura: Evidence for epistasis. Proceedings of the National Academy of
Sciences of the United States of America, 100, 8319-8324.

Schaeffer, S. W., & Miller, E. L. (1992). Estimates of gene flow in Drosophila
pseudoobscura determined from nucleotide sequence analysis of
the alcohol dehydrogenase region. Genetics, 132, 471-480.

Schmidt, C., Fransz, P., Ronspies, M., Dreissig, S., Fuchs, J., Heckmann,
S., Houben, A., & Puchta, H. (2020). Changing local recombination
patterns in Arabidopsis by CRISPR/Cas mediated chromosome en-
gineering. Nature Communications, 11, 4418.

Schwartz, C., Lenderts, B., Feigenbutz, L., Barone, P., Llaca, V., Fengler,
K., & Svitashev, S. (2020). CRISPR-Cas9-mediated 75.5-Mb inver-
sion in maize. Nature Plants, 6, 1427-1431.

Sella, G., Petrov, D. A., Przeworski, M., & Andolfatto, P. (2009). Pervasive
natural selection in the Drosophila genome? PLoS Genetics, 5,
€1000495.

Shanta, O., Noor, A., Chaisson, M. J. P., Sanders, A. D., Zhao, X., Malhotra,
A., Porubsky, D., Rausch, T., Gardner, E. J., Rodriguez, O. L., Guo,
L., Collins, R. L., Fan, X., Wen, J., Handsaker, R. E., Fairley, S.,
Kronenberg, Z. N., Kong, X. M., Hormozdiari, F,, ... Lee, C. L. (2020).
The effects of common structural variants on 3D chromatin struc-
ture. BMC Genomics, 21, 95.

Simmons, M. J., & Crow, J. F. (1977). Mutations affecting fitness in
Drosophila populations. Annual Review of Genetics, 11, 49-78.
Slatkin, M. (1985). Gene flow in natural populations. Annual Review of

Ecology, Evolution, and Systematics, 16, 393-430.

Sniegowski, P. D., & Charlesworth, B. (1994). Transposable element
numbers in cosmopolitan inversions from a natural population of
Drosophila melanogaster. Genetics, 137, 815-827.

Sperlich, D., & Pfriem, P. (1986). Chromosomal polymorphism in natural
and experimental populations. In M. Ashburner, H. L. Carson, & J.
N. Thomson (Eds.), The genetics and biology of Drosophila. Volume 3e
(pp. 257-309). Academic Press.

Stathos, A., & Fishman, L. (2014). Chromosomal rearrangements directly
cause underdominant F1 pollen sterility in Mimulus lewisii-Mimulus
cardinalis hybrids. Evolution, 68, 3109-3119.

Stefansson, H., Helgason, A., Thorleifsson, G., Steinthorsdottir, V.,
Masson, G., Barnard, J., Baker, A., Jonasdottir, A., Ingason,
A., Gudnadottir, V. G., Desnica, N., Hicks, A., Gylfason, A.,
Gudbjartsson, D. F., Jonsdottir, G. M., Sainz, J., Agnarsson, K.,
Birgisdottir, B., Ghosh, S., ... Stefansson, K. (2005). A common
inversion under selection in Europeans. Nature Genetics, 37,
129-137.

Stenlgkk, K., Saitou, M., Rud-Johansen, L., Nome, T., Moser, M., Arnyasi,
M.,Kent, M., Barson,N.J.,&Lien, S.(2022). The emergence of super-
genes from inversions in Atlantic salmon. Philosophical Transactions
of the Royal Society B: Biological Sciences, 377, 20210195.

Stern, D. L., Kim, E., & Berhman, E. L. (2023). The Janelia Atalanta plas-
mids provide a simple and efficient CRISPR/Cas9-mediated homol-
ogy directed repair platform for Drosophila. bioRxiv. https://doi.org/
10.1101/2023.06.17.545412

Stolle, E., Pracana, R., Howard, P., Paris, C. I., Brown, S. J., Castillo-
Carrillo, C., Rossiter, S. J., & Wurm, Y. (2019). Degenerative ex-
pansion of a young supergene. Molecular Biology and Evolution,
36, 553-561.

Sturtevant, A. H. (1917). Genetic factors affecting the strength of ge-
netic linkage in Drosophila. Proceedings of the National Academy of
Sciences of the United States of America, 3, 555-558.

Sturtevant, A. H. (1926). A crossover reducer in Drosophila melanogaster
due to inversion of a section of the third chromosome. Biologisches
Zentralblatt, 46, 697-702.

Sturtevant, A. H., & Beadle, G. W. (1936). The relations of inversions in
the X chromosome of Drosophila melanogaster to crossing over and
disjunction. Genetics, 21, 554-604.

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



22

BERDAN ET AL.

JOURNAL OF Evolutionary Bioloqy

Sturtevant, A. H., & Mather, K. (1938). The interrelations of inversions,
heterosis and recombination. The American Naturalist, 72, 447-452.

Tafreshi, A. G., Otto, S. P., & Chapuisat, M. (2022). Unbalanced selec-
tion: The challenge of maintaining a social polymorphism when a
supergene is selfish. Philosophical Transactions of the Royal Society
B: Biological Sciences, 377, 20210197.

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123, 585-595.

Tan, C. C. (1935). Salivary gland chromosomes in the two races of
Drosophila pseudoobscura. Genetics, 20, 392-402.

Thomson, G. J., & Feldman, M. W. (1974). Population genetics of modifi-
ers of meiotic drive. Il linkage modification in the segregation dis-
tortion system. Theoretical Population Biology, 5, 155-162.

Tuttle, E. M., Bergland, A. O., Korody, M. L., Brewer, M. S., Newhouse, D.
J., Minx, P., Stager, M., Betuel, A., Cheviron, Z. A., Warren, W. C,,
Gonser, R. A., & Balakrishnan, C. N. (2016). Divergence and func-
tional degradation of a sex chromosome-like supergene. Current
Biology, 26, 344-350.

Van Valen, L., & Levins, R. (1968). The origins of inversion polymor-
phisms. The American Naturalist, 102, 5-24.

Villoutreix, R., Ayala, D., Joron, M., Gompert, Z., Feder, J. L., & Nosil,
P. (2021). Inversion breakpoints and the evolution of supergenes.
Molecular Ecology, 30, 2738-2755.

Villoutreix, R., de Carvalho, C. F., Soria-Carrasco, V., Lindtke, D., De-la-
Mora, M., Muschick, M., Feder, J. L., Parchman, T. L., Gompert, Z.,
& Nosil, P. (2020). Large-scale mutation in the evolution of a gene
complex for cryptic coloration. Science, 369, 460-466.

Waller, D. M. (2021). Addressing Darwin's dilemma: Can pseudo-over-
dominance explain persistent inbreeding depression and load?
Evolution, 75, 779-793.

Watanabe, T. K., Yamaguchi, O., & Mukai, T. (1976). The genetic variabil-
ity of third chromosomes in a local population of Drosophila melan-
ogaster. Genetics, 82, 63-82.

Wellenreuther, M., & Bernatchez, L. (2018). Eco-evolutionary genom-
ics of chromosomal inversions. Trends in Ecology & Evolution, 33,
427-440.

Westram, A. M., Faria, R., Johannesson, K., & Butlin, R. (2021). Using
replicate hybrid zones to understand the genomic basis of adaptive
divergence. Molecular Ecology, 30, 3797-3814.

Westram, A. M., Faria, R., Johannesson, K., Butlin, R., & Barton,
N. (2022). Inversions and parallel evolution. Philosophical
Transactions of the Royal Society B: Biological Sciences, 377,
202102083.

Westram, A. M., Panova, M., Galindo, J., & Butlin, R. K. (2016). Targeted
resequencing reveals geographical patterns of differentiation
for loci implicated in parallel evolution. Molecular Ecology, 25,
3169-3186.

Westram, A. M., Rafajlovi¢, M., Chaube, P., Faria, R., Larsson, T., Panova,
M., Ravinet, M., Blomberg, A., Mehlig, B., Johannesson, K., & Butlin,
R. (2018). Clines on the seashore: The genomic architecture under-
lying rapid divergence in the face of gene flow. Evolution Letters, 2,
297-309.

White, B. J., Hahn, M. W., Pombi, M., Cassone, B. J., Lobo, N. F,, Simard,
F., & Besansky, N. J. (2007). Localization of candidate regions main-
taining a common polymorphic inversion (2La) in Anopheles gam-
biae. PLoS Genetics, 3, e217.

White, M. J. D. (1978). Modes of speciation. W.H. Freeman.

Whitlock, M. C., & McCauley, D. E. (1999). Indirect measures of gene
flow and migration: Fg;#1/(4Nm+1). Heredity, 82, 117-125.

Wright, D., & Schaeffer, S. W. (2022). The relevance of chromatin ar-
chitecture to genome rearrangements in Drosophila. Philosophical
Transactions of the Royal Society B: Biological Sciences, 377,
20210206.

Wright, S., & Dobzhansky, T. (1946). Genetics of natural populations. Xii.
Experimental reproduction of some of the changes caused by nat-
ural selection in certain populations of Drosophila pseudoobscura.
Genetics, 31, 125-156.

Yan, Z., Martin, S. H., Gotzek, D., Arsenault, S. V., Duchen, P., Helleu,
Q., Riba-Grognuz, O., Hunt, B. G., Salamin, N., Shoemaker, D., Ross,
K. G., & Keller, L. (2020). Evolution of a supergene that regulates
a trans-species social polymorphism. Nature Ecology & Evolution, 4,
240-249.

Yang, Y. Y, Lin, F. J., & Chang, H. Y. (2002). Comparison of recessive le-
thal accumulation in inversion-bearing and inversion-free chromo-
somes in Drosophila. Zoological Studies, 41(3), 271-282.

Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X., Cuo, Z. X. P., Pool, J. E., Xu, X.,
Jiang, H., Vinckenbosch, N., Korneliussen, T. S., Zheng, H., Liu, T.,
He, W,, Li, K., Luo, R., Nie, X., Wu, H., Zhao, M., Cao, H., ... Wang, J.
(2010). Sequencing of 50 human exomes reveals adaptation to high
altitude. Science, 329, 75-78.

Zanders, S. E., Eickbush, M. T., Yu, J. S, Kang, J.-W., Fowler, K. R., Smith,
G. R, & Malik, H. S. (2014). Genome rearrangements and perva-
sive meiotic drive cause hybrid infertility in fission yeast. elife, 3,
e02630.

Zeng, K., Charlesworth, B., & Hobolth, A. (2021). Studying models of bal-
ancing selection using phase-type theory. Genetics, 218, iyab055.

Zhang, X. H., Tee, L. Y., Wang, X. G., Huang, Q. S., & Yang, S. H. (2015).
Off-target effects in CRISPR/Cas9-mediated genome engineering.
Molecular Therapy Nucleic Acids, 4, e264.

Zhang, X. S. (2012). Fisher's geometrical model of fitness landscape and
variance in fitness within a changing environment. Evolution, 66,
2350-2368.

Zhao, L., & Charlesworth, B. (2016). Resolving the Conflict between as-
sociative Overdominance and background selection. Genetics, 203,
1315-1334.

Zhivotovsky, L. A., Feldman, M. W, & Christiansen, F. B. (1994). Evolution
of recombination among multiple selected loci: A generalized re-
duction principle. Proceedings of the National Academy of Sciences of
the United States of America, 91, 1079-1083.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Berdan, E. L., Barton, N. H., Butlin,
R., Charlesworth, B., Faria, R., Fragata, |., Gilbert, K. J., Jay, P.,
Kapun, M., Lotterhos, K. E., Mérot, C., Durmaz Mitchell, E.,
Pascual, M., Peichel, C. L., Rafajlovi¢, M., Westram, A. M,
Schaeffer, S. W., Johannesson, K., & Flatt, T. (2023). How
chromosomal inversions reorient the evolutionary process.
Journal of Evolutionary Biology, 00, 1-22. https://doi.
org/10.1111/jeb.14242

QSUDOIT SUOWIWO)) ANEaI) d[qeatjdde ayy £q PauIdAOS aIe SANIE V) O8N JO SN 10J AIRIQIT SUIUQ AI[IAL UO (SUONIPUOI-PUB-SWLIA}/WOY" K[1M° ATRIqI[UI[UO//:SAIY) SUODIPUOD) PUE SWIAL, Y1 39S “[£707/1 I/t1] U0 Areiqr] auruQ A1 ‘PIOYIRYS JO Astoatun) £q 7oz 1°q9l/1 11 1°01/10p/wod: Ka[im:Areiquaurjuoy/:sdny woiy papeofumod ‘0 ‘10160TH1



	How chromosomal inversions reorient the evolutionary process
	Abstract
	1|INTRODUCTION
	2|HOW SELECTION ACTS ON NEW INVERSIONS: A SUMMARY OF THE THEORY
	2.1|Overview
	2.2|Sources of selection on newly arisen inversions
	2.2.1|Structural problems with meiosis
	2.2.2|Inversion breakpoint and position effects
	2.2.3|Interchromosomal effects of inversions on crossing over
	2.2.4|Capture of a haplotype with a fitness effect

	2.3|Processes generating a selective advantage
	2.3.1|Balancing selection with epistasis
	2.3.2|Migration load
	2.3.3|Mutational load
	2.3.4|Hitchhiking effects
	2.3.5|Factors leading to balanced inversion polymorphism

	2.4|Effects of inversions on neutral variation

	3|CONFRONTING THEORETICAL PREDICTIONS WITH EMPIRICAL OBSERVATIONS
	3.1|Variation in fitness between inversion genotypes
	3.1.1|Meiotic effects
	3.1.2|Breakpoint effects and position effects
	3.1.3|Capture of haplotypes with fitness effects

	3.2|Associations between inversion genotype and environment
	3.3|Associations with adaptive traits
	3.4|Associations with mating patterns
	3.5|Genomic patterns
	3.5.1|Inversion breakpoints
	3.5.2|Signatures of mutational load
	3.5.3|Patterns of divergence across inversions

	3.6|Multiple patterns and processes per system

	4|HOW CAN WE DISENTANGLE THE SELECTIVE PROCESSES AFFECTING INVERSIONS?
	4.1|Detection of inversions
	4.1.1|Forward genetics: Phenotypes to genotypes
	4.1.2|Reverse genetics: Genotypes to phenotypes
	4.1.3|Inferring the ancestry of arrangements

	4.2|Identifying locally selected inversions in clines
	4.3|Identifying selected loci and testing models of inversion establishment
	4.3.1|Interpreting data from genome-wide screens
	4.3.2|The nature of variation in selected genes

	4.4|Mutational analysis of identified candidate loci within inverted regions
	4.4.1|CRISPR/Cas knockouts
	4.4.2|CRISPR/Cas knockins
	4.4.3|Revert inversions to allow the generation of recombinants

	4.5|Phenotype-to-fitness methods to test functional significance of candidate loci

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


