N

N

The interplay of local adaptation and gene flow may lead to
the formation of supergenes
Paul Jay, Thomas G Aubier, Mathieu Joron

» To cite this version:

Paul Jay, Thomas G Aubier, Mathieu Joron. The interplay of local adaptation and gene flow may lead to the
formation of supergenes. Molecular Ecology, 2024, 33 (24), pp.e17297. {10.1111/mec.17297). <hal-04792556)

HAL Id: hal-04792556
https://hal.science/hal-04792556v1

Submitted on 20 Nov 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-04792556v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

The interplay of local adaptation and gene flow

may lead to the formation of supergenes

Jay?® | Thomas G. Aubier>*>® | Mathieu Joron’

Molecular Ecology (2024). e17297. https://www.doi.org/10.1111/mec.17297

Paul Jay and Thomas G. Aubier contributed equally to this work.

Centre d'Ecologie Fonctionnelle
et Evolutive (CEFE), Université de
Montpellier, CNRS, EPHE, IRD,
Montpellier, France

2Center for GeoGenetics, University of
Copenhagen, Copenhagen, Denmark

3Department of Evolutionary Biology
and Environmental Studies, University of
Zurich, Zurich, Switzerland

4Department of Biology, University
of North Carolina, Chapel Hill, North
Carolina, USA

SCentre de Recherche sur la Biodiversité
et I'Environnement (CRBE), Université
de Toulouse, CNRS, IRD, Toulouse INP,
Université Toulouse 3 - Paul Sabatier
(UT3), Toulouse, France

Correspondence

Paul Jay, Center for GeoGenetics,
University of Copenhagen, Copenhagen,
Denmark.

Email: paul.yann.jay@gmail.com

Funding information

Agence Nationale de la Recherche, Grant/
Award Number: ANR-18-CE02- 0019-

01; Human Frontier Science Program,;
Schweizerischer Nationalfonds zur
Foérderung der Wissenschaftlichen
Forschung

Handling Editor: Cristina Arias-Sarda

1 | INTRODUCTION

Abstract

Supergenes are genetic architectures resulting in the segregation of alternative com-
binations of alleles underlying complex phenotypes. The co-segregation of alleles
at linked loci is often facilitated by polymorphic chromosomal rearrangements sup-
pressing recombination locally. Supergenes are involved in many complex polymor-
phisms, including sexual, colour or behavioural polymorphisms in numerous plants,
fungi, mammals, fish, and insects. Despite a long history of empirical and theoreti-
cal research, the formation of supergenes remains poorly understood. Here, using a
two-island population genetic model, we explore how gene flow and the evolution
of overdominant chromosomal inversions may jointly lead to the formation of super-
genes. We show that the evolution of inversions in differentiated populations, both
under disruptive selection, leads to an increase in frequency of poorly adapted, immi-
grant haplotypes. Indeed, rare allelic combinations, such as immigrant haplotypes, are
more frequently reshuffled by recombination than common allelic combinations, and
therefore benefit from the recombination suppression generated by inversions. When
an inversion capturing a locally adapted haplotype spreads but is associated with a
fitness cost hampering its fixation (e.g. a recessive mutation load), the maintenance
of a non-inverted haplotype in the population is enhanced; under certain conditions,
the immigrant haplotype persists alongside the inverted local haplotype, while the
standard local haplotype disappears. This establishes a stable, local polymorphism
with two non-recombining haplotypes encoding alternative adaptive strategies, that
is, a supergene. These results bring new light to the importance of local adaptation,
overdominance, and gene flow in the formation of supergenes and inversion polymor-

phisms in general.

KEYWORDS
chromosomal inversion, evolutionary theory, hybridization, introgression, population genetics,
supergene

polymorphisms which combine variation in colour and behaviour
in birds (Kipper et al., 2016; Lamichhaney et al., 2016; Tuttle

Discrete polymorphisms of traits composed of multiple pheno- et al.,, 2016), insects (Jay et al., 2021; Kunte et al., 2014), snails

typic features are widespread in nature. Classic examples include (Gonzalez et al., 2019; Murray & Clarke, 1976), and lizards (Sinervo
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& Lively, 1996). Sexual and mating types in animals, plants, and
fungi (Abbott et al., 2017; Bachtrog et al., 2014; Billiard et al., 2012;
Hartmann et al., 2021; Kappel et al., 2017), and immune sys-
tems in vertebrates (Kaufman et al., 1999; The MHC Sequencing
Consortium, 1999; Trowsdale & Knight, 2013), are other examples of
polymorphisms involving the coordination of many phenotypic mo-
dalities. These particular polymorphisms have often been considered
to be controlled by genetic architectures called supergenes, which
are groups of multiple, linked functional genetic elements segregat-
ing together as single Mendelian loci (Thompson & Jiggins, 2014).
While other genetic mechanisms, such as gene pleiotropy, may
lead to such multi-dimensional polymorphism in some cases, sev-
eral studies have shown that supergenes exist in nature (Hartmann
et al., 2021; Jay, Leroy, et al., 2022; Takayama & Isogai, 2005). The
genes participating in supergenes are often in linkage disequilib-
rium because they are captured by polymorphic chromosomal rear-
rangements, notably chromosomal inversions (Jay et al., 2018; Knief
et al.,, 2017; Mérot, Oomen, et al., 2020; Tuttle et al., 2016; Wang
et al., 2013). The coexistence of segments in alternative orientation
which do not recombine with each other allows the maintenance
of distinct combinations of phenotypic traits within populations.
These alternative combinations of phenotype elements—sometimes
called ‘syndromes’ or ‘morphs’—are often seen as alternative adap-
tive strategies; suppressed recombination prevents the formation of
intermediate maladapted phenotypes and favours the maintenance
of discrete phenotypic variation (Kirkpatrick, 2010; Schwander
et al,, 2014; Wellenreuther & Bernatchez, 2018).

The evolution of supergenes poses a longstanding puzzle in evo-
lutionary biology (Charlesworth & Charlesworth, 1975; Llaurens
etal., 2017; Schwander et al., 2014; Turner, 1967), primarily rooted in
the conflicting impact of recombination on the evolution and main-
tenance of differentiated haplotypes. While suppressed recombina-
tion might seem to facilitate the evolution of distinct combinations
of alleles when selection favours alternative evolutionary strategies
(Thompson & Jiggins, 2014), it also prevents beneficial mutations
that have arisen independently to be brought together on the same
haplotype. This makes the formation of haplotypes with multiple
beneficial alleles more challenging than when recombination occurs
(Weinreich & Chao, 2005; Weissman et al., 2010). Seen from the
opposite angle, recombination not only promotes the emergence of
new adaptive allele combinations but also hinders their maintenance
in a polymorphism due to its homogenizing effect. Further compli-
cating the issue, the long-term coexistence of alternative evolution-
ary strategies in the same population requires specific mechanisms
that balance their frequencies (Curtsinger et al., 1994; Johnston
et al., 2013; Mérot, Oomen, et al., 2020; Roff & Fairbairn, 2007).
Indeed, while many processes may lead to the emergence of new
adaptive strategies in populations, even with epistasis [e.g. via
genetic drift (Kopp & Hermisson, 2006; Weissman et al., 2010;
Wright, 1932), varying selective conditions (Whitlock, 1997), major
effect mutations (Charlesworth & Charlesworth, 1975), high muta-
tion rate, and population size (Weinreich & Chao, 2005)], these pro-
cesses are not expected to result in the maintenance of ancestral

and derived adaptive strategies in a polymorphism. To understand
the evolution of supergenes, it is therefore crucial to elucidate jointly
the processes by which non-recombining differentiated haplotypes
arise and persist within a single population.

Recently, the evolution of differentiated non-recombining su-
pergene haplotypes in different populations followed by gene flow
was proposed as a viable scenario to account for the puzzle of su-
pergene formation (Jay et al., 2018; Llaurens et al., 2017). Such a
scenario would involve four main steps: (i) divergence of haplotypes
in separate populations; (ii) accumulation of structural differences
suppressing recombination (e.g. inversions) between these haplo-
types; (i) gene flow between these populations bringing structural
variants carrying divergent haplotypes together in the same popu-
lation; and (iv) maintenance of the different haplotypes by balancing
selection within this population. This scenario is appealing because
it involves a combination of mechanisms that occur frequently in
natural populations and are each thoroughly studied theoretically.
The first step, divergence in isolated populations, largely simplifies
the problem of the formation of alternative supergene haplotypes,
because divergence occurs much more readily if populations are
at least partially isolated than under panmixia (Pinho & Hey, 2010;
Raeymaekers et al., 2017). The second step involves structural vari-
ations (such as inversions) occurring in one or another population,
whose evolution could be facilitated by selection, for instance, be-
cause it reduces the load induced by migration between differen-
tially adapted populations (Connallon & Olito, 2021; Kirkpatrick &
Barton, 2006; Yeaman, 2013). Once populations are characterized
by ecologically and structurally differentiated haplotypes, gene flow
may bring the haplotypes together (Dasmahapatra et al., 2012; Leroy
et al., 2017; Roux et al., 2016). The last step is the stabilization of
this haplotype polymorphism, for instance, via disassortative mate
choice (Chouteau et al., 2017; Tuttle et al., 2016) or heterozygote ad-
vantage (Jay et al., 2021; Mérot, Llaurens, et al., 2020; Wellenreuther
& Bernatchez, 2018), thereby resulting in the formation of a su-
pergene. Such balancing selection often seems to result from an
association between chromosomal inversions and a recessive mu-
tation load in supergenes, an observation we will discuss below (Jay
et al., 2021; Kupper et al., 2016; Mérot, Llaurens, et al., 2020; Tuttle
et al., 2016; Wang et al., 2013).

Gene flow has recently been shown to be involved in the for-
mation of a mimicry supergene in the butterfly Heliconius humata
(Jay et al., 2018), in the formation of a new sex chromosome in
the ninespine stickleback, Pungitius pungitius (Dixon et al., 2019),
and is suspected in several other cases (e.g. Helleu et al., 2022;
Stolle et al., 2022; Tuttle et al., 2016). Moreover, a similar process
has been shown to be responsible for the diversification of mating
types in Arabidopsis species (Castric et al., 2008) and in several fungi
(Corcoran et al., 2016; Hessenauer et al., 2020; Sun et al., 2012).

The independent processes denoted as i, ii, iii, and iv, which
could potentially jointly contribute to supergene formation, have
been subject to thorough investigation (e.g. Berdan et al., 2021,
2023; Connallon & Olito, 2021; Kirkpatrick & Barton, 2006;
Lenormand & Otto, 2000; Nei, 1967; Nei et al., 1967; Santos, 1986;
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Tafreshi et al., 2022). For instance, Lenormand and Otto (2000) il-
lustrated that modifiers reducing recombination between two loci
with or without epistasis may be selectively advantageous in popula-
tions connected by migration. Kirkpatrick and Barton (2006) demon-
strated that inversions capturing locally adapted alleles are likely to
spread when two populations are exchanging migrants because it
reduces the recombination-migration load. Yeaman (2013) further
showed that chromosomal rearrangements, such as transpositions
leading to a closer physical proximity between co-adapted loci, could
be favoured for similar reasons. Kirkpatrick and Barton (2006) also
posited that inversions could be stabilized at intermediate frequency
if they capture one or several recessive deleterious mutations, cre-
ating a homozygous disadvantage and thereby preventing inversion
fixation. Connallon and Olito (2021), Berdan et al. (2021) and Jay,
Tezenas, et al. (2022) demonstrated theoretically that such homo-
zygous disadvantage of inversions, resulting from the capture of re-
cessive deleterious mutations, is likely to be a common phenomenon
contributing to the maintenance of polymorphism.

However, while these models predict the spread (1) and, under
certain conditions, the maintenance at intermediate frequency (2)
of inversions, they do not provide insights into the formation of
supergenes. Indeed, they do not account for the formation of a
polymorphism involving two or more alternative haplotypes con-
trolling alternative ‘morphs’, each characterized by different ge-
nome arrangements, within a single population. They only predict
that populations exchanging migrants can exhibit different genome
arrangements at specific genome locations, thereby maintaining
alternative haplotypes controlling alternative morphs in different
populations (1), and that the same haplotype can exist in two differ-
ent genome arrangements (e.g. inverted and non-inverted) within a
single population due to the presence of recessive deleterious mu-
tations hindering fixation of the most beneficial arrangement (2). To
date, models have therefore studied the condition governing the
evolution of inversions, but not how it may lead to the evolution of a
supergene, which are two different features. An inversion is indeed
a genetic variant consisting of a switch of gene order and orientation
at a genome location, while a supergene is a genetic architecture in-
volving the segregation in a population of two or more haplotypes
underlying alternative evolutionary strategies.

One can consider that if two connected populations are each
associated with a given genome arrangement and haplotype, migra-
tion between these populations is likely to result in the formation
of a polymorphism involving alternative haplotypes and arrange-
ments within each population. This phenomenon aligns with ob-
served instances in nature, such as in monkeyflower (Twyford
& Friedman, 2015) or deer mice (Hager et al., 2022), but within-
population processes do not strongly contribute to the maintenance
of polymorphism in these cases. By contrast, other documented su-
pergenes, exemplified by those controlling social polymorphism in
the fire ant (Wang et al., 2013) and mating tactics in the ruff (Kiipper
et al., 2016), do not seem to be maintained polymorphic via a mi-
gration-selection balance. In other words, the maintenance of poly-
morphism does not seem to involve an exchange of migrants with

other populations fixed or polymorphic for alternative haplotypes in
these cases. Consequently, existing models do not predict that such
supergenes could form and be maintained.

Therefore, the formation of divergent functional inversion hap-
lotypes needs to be investigated jointly with their maintenance in
a stable polymorphism segregating within populations [supergenes,
sensu (Thompson & Jiggins, 2014)]. We hypothesized that, under
specific conditions, the interplay between migration, recombina-
tion suppression, local adaptation, and a recessive mutation load
acting against the fixation of inversions, may lead to the formation
of supergenes that persist even when migration ceases, that is, not
caused by an influx of maladapted haplotypes due to migration.
However, whether this may occur and under which condition re-
mains unknown.

Here, we present a population genetic model to fill this gap and
shed new light to the formation of supergenes owing to local adap-
tation and gene flow. We investigated the conditions under which
an inversion polymorphism encoding a discrete polymorphism (i.e.
a supergene) can evolve when adjacent populations experience
different selection regimes. To this end, we constructed a diploid
three-locus, two-island population genetic model. Among these
three loci, we implemented a recombination modifier locus acting
on heterokaryotypes (mimicking chromosomal inversions) and asso-
ciated with a fitness cost when homozygous, which generates over-
dominance and balancing selection. Here, we are not only interested
in understanding the evolution of inversions, which has been exten-
sively studied (Berdan et al., 2023), but also the conditions under
which a supergene forms (Thompson & Jiggins, 2014). Therefore, we
tracked the frequencies not only of inverted segments but also of
all allelic combinations in the two populations, allowing us to pre-
cisely pinpoint how inverted and non-inverted haplotypes are dis-
tributed across space [unlike in previous models such as (Kirkpatrick
& Barton, 2006)]. Using stochastic simulations under a wide diver-
sity of fitness landscapes, we show that the interplay between local
adaptation and gene flow is likely to lead to the formation of su-
pergenes. More generally, our study provides new insights into the

consequences of the spread of inversions.

2 | METHOD

We investigate the conditions under which a supergene underlying
the maintenance of a discrete polymorphism evolves when chromo-
somal inversions spread in neighbouring populations under divergent
and disruptive selection. We define supergenes as genetic architec-
tures maintaining, within a population, multiple non-recombining
haplotypes (comprising multiple loci) encoding alternative strategies
associated with different fitness optima. Polymorphisms at super-
genes are therefore maintained in the long term by evolutionary
forces balancing haplotype frequencies.

In a standard diploid population genetic model with drift, we im-
plement chromosomal inversions as modifier alleles that control the

recombination rate between two ecological loci. The expression of
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these modifier alleles at homozygous state may also be associated
with a fitness cost that reflects recessive deleterious effects associ-
ated with chromosomal inversions, as observed in many cases (Jay
et al., 2021; Lamichhaney et al., 2016; Mérot, Llaurens, et al., 2020;
Tuttle et al., 2016; Wang et al., 2013). Simulations are divided into
two phases. First, populations evolve under migration-selection-
mutation-drift balance (migratory phase) in order to implement the
role of local adaptation and gene flow in the formation of alterna-
tive haplotypes and their exchange between populations. Second,
in order to isolate the influence of migration in the polymorphisms
observed, we suppress migration and let populations evolve under
a selection-mutation-drift balance only (non-migratory phase).
With such simulation experiments, we aim at describing in detail
the forces maintaining polymorphisms in populations and the condi-
tions under which a supergene underlying a discrete polymorphism
is formed and stably maintained even when gene flow is reduced
or stops. While being a modelling ploy used to distinguish the in-
fluence of spatial and non-spatial processes on polymorphism, this
two-phase scenario also corresponds to common situations in na-
ture (Johannesson et al., 2020; Leroy et al., 2017; Roux et al., 2016).
Indeed, the alternation of periods of gene flow and no gene flow
between taxa is a fundamental process of generating and maintain-
ing genetic diversity. Here, the two genetic compartments modelled
may be taxa at any level of divergence and initially exchanging mi-

grants until this exchange stops.

2.1 | Spatial structure and genotypes

We model a system of two diploid populations exchanging migrants
(two-island model). This population genetic model postulates three
autosomal diploid loci with alternative alleles represented by small
versus capital letters. Two ecological loci, A and B, are subject to
disruptive selection and can recombine. The third locus, C, is a re-
combination modifier. Locus C is physically linked to locus A (no
recombination) and can impede recombination among loci A and B.
More specifically, in heterozygotes with genotype Cc at the C locus,
there is no recombination between loci A and B. The invasion of al-
lele C at the modifier locus reflects the invasion of a chromosomal
inversion, and we therefore denote the presence of the recombina-
tion modifier in a genotype by inverting the order of loci. For in-
stance, the haplotype c-A-B is referred to as AB, and the haplotype
C-A-B is referred to as BA. We refer to haplotypes with the C allele
as ‘inverted’ haplotypes and haplotypes with the c allele as ‘stand-
ard’ haplotypes. There are thus 28=8 possible combinations of al-
leles that can be found on any chromosome (i.e. haplotypes): cAB,
cAb, caB, cab, CAB, CAb, CaB, and Cab. In each populationp € {1, 2},
the frequency of each haplotypei e {1, ...,8} of alleles is referred
toas x,;.

Each individual carries two copies of the chromosome. As a re-
sult, our system is characterized by 8x8=64 genotypes. In each
populationp € {1, 2}, the frequency of each genotypei € {1, ..., 64}
is referred to as y,;. Assuming discrete generations, we follow the

evolution of genotype frequencies y(t) within a finite population
over time.y = {ym-} is a vector consisting of 128 elements referring
to the frequencies of the 64 genotypes present in newborn off-
spring in the two populations. Haplotype frequencies x,; are easily
calculated from y(t).

2.2 | Recursion equations

We run numerical simulations involving migration, selection, repro-
duction (including stochastic sampling and mutation), and census,
in that order. To verify that the life cycle has no strong effects on
the results, we also run simulations with different life cycles involv-
ing these processes in different orders in supplementary analyses
(Figures S2 and S3).

2.2.1 | Migration

The life cycle begins with symmetric migration between populations
at rate m, which describes the proportion of each population that
consists of migrants right after the migration event. Thus, the fre-
quency of genotype j in population p is

Ypj = (L =myy,; +my,;

where k=2 when p=1, and k=1 when p=2.

2.2.2 | Selection

Migration is followed by natural selection in each population.
The relative fitness associated with genotype j in population p is
w,; € [O, 1]. After natural selection, genotypic frequencies in popula-

tion p are therefore:

W,y
y** _ p,}ym

PL Ep Wy y;J,

The nature of the fitness landscape in each population (parame-

ter values Wp,j) is detailed in Section 2.3.

2.2.3 | Recombination, mating, and
zygote formation

At this point, gametes are produced. Depending on the genotype
at the modifier locus C, recombination between loci A and B may
occur during gamete production. The recombination rate between
loci A and B is equal to O for a genotype Cc at the C locus, and is
equal to r for genotypes CC and cc. Many supergenes are formed
by very large inversions spanning regions of several centimorgans
(e.g. dozens of megabases in many animals). We were thus inter-
ested in the distance between A and B being of the scale of Mb or
tens of Mb. In each population, r € [0,0.5] and mating is random.
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As the allele C represents a chromosomal inversion capturing loci
A and B, we assume that there is no recombination among loci
C and A. Overall, the assumption of total physical linkage involv-
ing the recombination modifier and one of the other loci, as well
as the assumption of recombination suppression induced by het-
erozygotes at the recombination modifier, makes that our model
captures the main properties of an inversion and leads to the same
recombination landscape as in Kirkpatrick and Barton (2006).
Therefore, our model captures the main properties of an inver-
sion, which are different from that of more classic recombination
modifiers found in the literature (Barton, 1995; Nei, 1967; Otto
& Barton, 1997). In the new generation, expected genotype fre-
quencies y;;."’
appropriate mating frequencies, assuming Mendelian segregation

of zygotes are therefore calculated by summing the

and accounting for recombination between loci A and B. As part
of the reproduction step, we account for stochastic sampling and
mutations, as described below.

2.2.4 | Stochastic sampling and mutations

It is necessary to account for the effect of genetic drift, because in
deterministic models without drift, the disfavored haplotypes may
reach frequencies closer and closer to zero, without actually reach-
ing it (such as in Kirkpatrick & Barton, 2006). A new vector y(t + 1)
is therefore obtained by randomly sampling N offspring individuals
from the expected genotype frequencies y;’].‘p of zygotes following
a multinomial probability distribution. N therefore represents the
population size. Stochasticity allows alleles to be totally lost (or con-
versely, fixed) in the population instead of remaining at extremely
low but non-zero frequency even when they are disfavored, which
is unrealistic when population sizes are finite. As we will see later,
this feature proves crucial for the formation of supergenes. In each
offspring individual, we assume that mutation occurs at a rate p at
loci A and B involved in local adaptation. We also assume that at
locus C (the recombination modifier with the same key properties
as those of inversions), allele ¢ can mutate to allele C at a rate y;p,.
This reflects the rate of inversion occurrence. We assume unidirec-
tional mutation at locus C (no reversion possible) since inversions

are unlikely to affect the exact same portion of the genome twice.

fitness, w;;
FIGURE 1 Genotype-to-fitness map A
in the two populations. In this example, 1t
we assume partial dominance at all loci
(h=0.5), and no recombination modifier

1-(1-h)Say
(i.e. without allele C). We thus represent 1-(1-h)Sae
the fitness of genotypes at the A and 1.5,
B loci. Arrows highlight the partial 1 - hSge - (1-h)Sg,

B . . 1-Sge
dominance of genotypes involving at least ol

one locus at heterozygous state (for a
given genotype, the lengths of the two
arrows are the same because we assume
partial dominance with h=0.5).

AB/AB

ABfab AB/Ab Ab/Ab abjaB abjab
ab/AB
aB/Ab

Inversions that partially overlap a previously established inversion
but that do not have the same breakpoints are unlikely to restore
recombination since it would result in a complex reshuffling of gene
order (as discussed in Jay, Tezenas, et al., 2022). However, we con-
sidered that both ab and AB haplotypes can be inverted (i.e. C-A-B
and C-a-b can co-occur), and that these haplotypes recombine nor-

mally (i.e. at arater).

2.3 | Simulation experiments

2.3.1 | Fitness landscape

In each population p, each genotype j is associated with its fitness
w,; due to selection imposed by the environment (leading to local
adaptation involving the evolution at the A and B loci) and intrin-
sic cost associated with chromosomal rearrangements. Let us first
focus on the case where allele C is absent and when fitness is only
determined by genotypes at the A and B loci due to selection im-
posed by the environment. In that case, the fitness landscape is
characterized in both environments by two peaks of fitness reached
by genotype AB/AB and ab/ab. The main peak is reached by geno-
type AB/AB in population 1 and by genotype ab/ab in population 2,
and the second peak is reached by genotype ab/ab in population 1
and by genotype AB/AB in population 2 (Figure 1). Therefore, there
is divergent selection between the two populations (leading to local
adaptation at the A and B loci). We consider a symmetric fitness
landscape, such as

W1ag/a8 = Woabap = 1

and

W1 ab/ab = Woas/a8 = 1 — Saiv

where Wy xg/ap (resp. W, g qp) cOrresponds to the fitness associated
with the genotype AB/AB (resp. ab/ab) in population p, and where
Sqiy reflects the fitness difference between the two local peaks
(Figure 1). We refer to the best haplotype in a population as the
‘local’ haplotype (AB in population 1 and ab in population 2), and
the haplotype associated with the second fitness peak as the ‘im-

migrant’ haplotype, that is, the haplotype that is favoured in the

Population 1 Population 2

fitness, w,;

AB/AB AB/Ab AbfAb ab/aB AB/ab ab/ab

Ab/AB aB/aB aBfab Ab/AB aBfaB aBl/ab ab/AB

aB/AB Abjab aB/AB Abjab aB/Ab

AB/aB ab/Ab AB/aB abjAb AbfaB
Genotype
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neighbouring population, even if this haplotype can eventually be
maintained in the local population without gene flow. For instance,
ab is considered as the ‘immigrant’ haplotype in population 1. We
referred to Ab and aB haplotypes as ‘recombinant’ haplotypes, and
we assume that they are associated with a fitness ‘valley’, so that
there is fitness epistasis. Indeed, we assume that the genotypes re-
sulting from the association of two copies of these haplotypes are

associated with a low fitness, so that

Wpas/a = Wpab/ab = 1 — Sqel

where Sy, reflects the reduction in fitness within the fitness ‘valley.’
We implement fitness landscapes suchthat0 < 1 — Sy <1 -S4, <1
and, for simplicity, we consider that the fitness valley is the same in
both populations (Figure 1).

For heterozygous genotypes, we assume that dominant alleles
(alleles A and B, i.e. represented by capital letters) are expressed pro-
portionally to a dominance factorh e [0‘5, 1] (see Figure 1in the case
of partial dominance, i.e. h=0.5). For instance, the fitness associated

with genotype Ab/AB in environment p is equal to
Wy ab/a8 = Woan/ab + P (Wpa8/a8 = Wy ab/0)

We refer to the AB haplotype as ‘dominant’ haplotype (the locally
adapted haplotype in population 1), and to the ab haplotype as ‘re-
cessive’ haplotype (the locally adapted in population 2).

2.3.2 | Fitness cost associated to CC homozygotes

The allele C at the C locus may correspond to rearrangements like
chromosomal inversions that may be associated with recessive fit-
ness costs, as often observed, notably at supergenes. Inversions
may be associated with such a recessive fitness cost because they
carry recessive deleterious mutations, which generate associative
overdominance (Faria et al., 2019; Jay et al., 2021; Jay, Tezenas,
et al.,, 2022; Kirkpatrick, 2010), or because their breakpoints dis-
rupt important genes (Kipper et al., 2016; Villoutreix et al., 2021).
Therefore, we assume that the fitness of homozygotes CC is multi-

plied by a factor 1 — y;,,. For instance,
WpBa/BA = WpaB/AB X (1 -y inv)

Parameter y;,, € [0, 1] reflects the fitness cost in homozygotes at
the C locus. For y;,, = 0, CC homozygotes do not incur a fitness cost.
For y;,, = 1, CC homozygotes incur a strong fitness cost; they all die
during the selection process. Since it affects only homozygotes, this
fitness cost generates overdominance: at the C locus, heterozygotes
perform better overall than homozygotes. We refer hereafter to
this inversion fitness cost as inversion recessive load. Although we
have not modelled explicitly deleterious mutations, this parameter

Yinv Captures the effects of the expression of recessive deleterious

mutations on the fitness associated with the inversions (Berdan
et al.,2021; Jay, Tezenas, et al., 2022). We acknowledge here that
some inversions do seem to be underdominant in nature, notably
because rare recombination events occurring between differentially
oriented segments seem to cause unbalanced gene dosage (Faria
et al., 2019; Wellenreuther & Bernatchez, 2018). Nevertheless,
such a type of inversion is unexpected to be associated with local
polymorphism and consequently is out of the scope of this study
(Wellenreuther & Bernatchez, 2018).

2.3.3 | Initialization

Simulations start with only AB and ab homozygotes carrying alleles c at
the Clocus in the two populations, that is, chromosomal inversions are
absent initially. The simulation rapidly reaches an equilibrium (typically,
in fewer than 10 generations), so that the starting frequency has no ef-
fect on simulation outcome. We therefore started all simulations with
the frequency of ab and AB being each 50%.

2.34 | Simulations

Each simulation is divided into two phases, each lasting 5000 gen-
erations. During the first phase, migration occurs at a rate m. Then,
during the second phase, there is no migration between the two
populations, that is, m=0. Those phases are referred to as ‘migra-
tory phase’ and ‘non-migratory phase,’ respectively. The objective
of the non-migratory phase is to estimate to what extent the main-
tenance of inversion polymorphism formed during the migratory
phase relies on gene flow. Thereby, we aimed to study inversion
polymorphisms not only maintained by migration-selection bal-
ance but also by balancing selection in isolated populations, thereby
forming supergenes.

Table 1 sums up parameters notations and provides the list of val-
ues implemented for each parameter in our simulations. We performed
100 simulations for each of the 54.432 combinations of parameter val-
ues tested (Table 1). We also tested different mutation and inversion
rates (1078, 107, 1076, 107°, 107 and found that they have little influ-
ence on the simulations, as long as mutations and inversions occur sev-
eral times during the simulation times. We therefore show the results
with a mutation rate at the A and B loci equal to 107¢ (‘mutation rate’ in
Table 1) and a mutation rate at the C locus equal to 107¢ (called ‘inver-
sion rate,’ as the recombination modifier locus C has the same proper-
ties as an inversion). This means that a recombination modifier allele
(i.e. a chromosomal inversion) is expected to arise around 50 times in a
population of size N=10,000 during 5000 generations. In addition, we
implemented different population sizes (10°, 104, 10°) and also found
that it had little influence on the results, provided it was not infinite.
We therefore set the population size to N=10,000. All simulations are

performed using Julia (version 1.9.4).
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TABLE 1 Summary of parameters

. L . Parameter Definition Values
implemented in simulations.
m Migration between populations during the {0.05, 0.10, 0.15}
migratory phase
r Recombination rate between loci A and B {0.0,0.1,0.2,0.3,0.4, 0.5}
Yinv Inversion recessive load {0.00, 0.05,...,0.95, 1.00}
Sdiv Difference in fitness between local and immigrant {0.2,0.3,...,0.8,0.9}
genotypes
Seel Difference in fitness between local and {0.0,0.1,0.2,0.3,0.4,0.5}
recombinant genotypes
h Dominance level {0.50, 0.75, 1.00}
Hiny Inversion rate (i.e. one-way mutation rate from 107
allele c to C)
N Population size 10,000
u Mutation rate at ecological loci (A and B) 107
3 | RESULTS 3.2 | Condition for the fixation of an inversion

Conducting simulations under a wide range of parameter values,
we observed seven distinct scenarios regarding the fate of newly
evolved chromosomal inversions (Figure 2; Figures S1-S3; the 7th
scenario is shown only in Figure S1). Inversions may not spread at
all (Figure 2b). When an inversion spreads during the migratory
phase and carries either the dominant or the recessive haplotype,
it can reach fixation (Figure 2c,d) or be maintained at intermediate
frequency (Figure 2e-g). If migration is stopped, this polymorphism
can either be lost (Figure 2e,f) or be maintained stably (Figure 2g).
In this latter case, the polymorphism involves an inverted local hap-
lotype and a standard (i.e. non-inverted) immigrant haplotype and is
thus controlled by a supergene. Simulations conducted using differ-
ent life cycles resulted in the same scenarios in similar proportions
(Figures S2 and S3).

3.1 | Conditions for the spread of an inversion

In simulations where loci A and B never recombine, inversions
do not associate with any benefit, and therefore rarely spread
(Figure 2a,b). When recombination is low and the recessive load
carried by inversions is high, the low benefit of reducing recombi-
nation is offset by the cost brought by the recessive load, and in-
versions do not spread (Figure 2a). Finally, a low fitness difference
between local and immigrant haplotypes leads the same alleles
to fixate in both populations (‘gene swamping, Figure S4), sup-
pressing the benefit associated with reduced recombination be-
tween loci and thus inhibiting the spread of inversions. Overall, as
expected (Kirkpatrick & Barton, 2006; Yeaman, 2013), inversions
reducing the recombination between epistatic alleles can easily
spread in the population when the benefit associated with sup-
pressed recombination among captured loci is higher than the cost
brought by the recessive load (all scenarios that are not coloured

in grey in Figure 2a).

Natural selection can indirectly favour the spread of inversions.
Inversions suppress recombination and thereby reduce the fraction
of recombinant genotypes with low fitness (Figure 3b). This effect is
observed in the two populations, irrespective of the haplotype cap-
tured by the inversions (Figures S5 and S6). When inversions capture
two epistatic alleles at recombining loci, inverted haplotypes rise in
frequency and tend to replace standard (i.e. non-inverted) haplo-
types (Figures 2 and 3). Nevertheless, standard local and immigrant
haplotypes are not affected in the same way by the spread of in-
versions (Figure 3a-c). Indeed, before inversion spread, immigrant
haplotypes segregate at lower frequency than local haplotypes in
populations, and consequently they recombine more (they are more
often paired with alternative haplotypes). Therefore, and perhaps
surprisingly, the rise in frequency of inversions carrying locally
adapted haplotypes (e.g. BA) leads to an increase in frequency of
immigrant, maladapted haplotypes (e.g. ab) because it decreases the
frequency of haplotypes they recombine with (notably the standard
local haplotypes, e.g. AB). In other words, the inverted haplotype
BA outcompetes the non-inverted haplotype AB because it does not
recombine with haplotype ab, and the decreased frequency of the
non-inverted haplotype AB indirectly benefits the immigrant haplo-
type ab by lowering the frequency of haplotypes it can recombine
with. The frequency of standard immigrant haplotypes therefore
increases when inversions spread (Figures 2c-g and 3c), and this oc-
curs irrespective of immigrant fitness (as long as there is no gene
swamping, Figure S7). Conversely, standard local haplotypes (e.g.
AB) do not benefit from this effect and are not constantly brought
by migration, and thus tend to disappear when the inversion reaches
a high frequency (Figures 2c-g and 3a).

Overall, when inversions are associated with an absence of re-
cessive load (y;,,), they tend to replace their standard counterparts
and segregate with standard immigrant haplotypes at migration-
selection balance during the migratory phase (Figure 2c,d). When

migration stops, immigrant haplotypes are rapidly eliminated by
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FIGURE 2 The evolution of chromosomal inversions and consequences for the formation of supergenes. Simulations lead to six possible
scenarios, depending on migration rate, recombination rate, and the strength of the inversion recessive load. (a) Effect of inversion recessive
load, recombination rate, and migration rate on the frequency of occurrence of each scenario. Bar height represents the frequency of each

scenario among 100 simulations for each combination of parameter values implemented. Other parameter values used h=1.0, S;,,=0.5,
S4e=0.8. White dots indicate parameters used for each scenario plot (b-g). The results of 19,800 simulations are displayed in total. For
clarity, we plot the effect of inversion recessive load by intervals of 0.1. (b) Inversions do not spread. (c) Inversions fix, associated with
recessive haplotypes (in population 2). (d) Inversions fix, associated with dominant haplotypes (in population 1). (e) Inversions evolve in
association with recessive haplotypes, segregate at intermediate frequency with standard dominant and recessive haplotypes during the
migratory phase, but disappear during the non-migratory phase. (f) Inversions evolve in association with dominant haplotypes, segregate
at intermediate frequency with both standard haplotypes during the migratory phase, but disappear during the non-migratory phase.

(g) Inversions evolve in association with dominant haplotypes and segregate at intermediate frequency with only the standard recessive
haplotypes in both migratory and non-migratory phases. The evolutionary dynamics shown in panels b-g are characterized by abrupt
changes in equilibrium states. This is because the inversion rate is low, and when an inversion occurs, it changes the equilibrium state.

selection and inversions reach fixation (Figure 2c,d). The situation
is rather different if the inversion associates with an intermediate

recessive load, as detailed below.

3.3 | The fate of overdominant inversions

When inversions associate with an intermediate recessive load (y;,,),
they behave as overdominant and cannot fix in the populations.
Recessive deleterious effects expressed by homozygous inversion
genotypes indeed generate a homozygous disadvantage, which
translates into negative frequency-dependent selection acting on
inversions. A recessive load generates a cost that is low when inver-
sions are rare but that becomes high when inversions reach higher
frequencies. Therefore, increasing the inversion load y;,, does not
strongly affect the probability of spread of inversions (Figure S8)
but determines their frequency at equilibrium (Figure S10; Nei &
Roychoudhury, 1973). As a consequence, the inversion load y;,,
strongly determines whether inverted haplotypes replace their non-
inverted counterparts and form supergenes or disappear when the
migration ceases (Figure 2a; Figure S11).

The overdominant behaviour of inversions makes them prone
to form a polymorphism with standard haplotypes and under cer-
tain conditions, this polymorphism persists in non-migratory phase
and can be considered as forming a supergene. Two major types of
behaviours can indeed be described when overdominant inversions

evolve:

3.3.1 | When overdominant inversions do not
replace their standard counterparts

As described above, the rise of inverted haplotypes leads to a de-
crease in the frequency of their standard counterpart and anincrease
in the frequency of the immigrant haplotypes (Figures 2c-g and 3).
When inversions remain at low frequency, they do not replace their
standard counterparts and this leads to a coexistence of inverted
local, standard local, and standard immigrant haplotypes during
the migratory phase (Figures 2e,f and 3). During the non-migratory
phase, immigrant haplotypes are rapidly lost, so inversions no longer

bring a fitness advantage and are impaired by their recessive fitness
loads. Consequently, when inverted (e.g. BA) and standard (e.g. AB)
haplotypes segregate at end of the migratory phase, the standard
form always fixes in the population as soon as migration is stopped
and inversions are lost (Figures 2e,f and 3; Figure S9). Notably, this
outcome prevails in all deterministic simulations without genetic
drift (i.e. without stochastic sampling; not shown), as long as in-
verted haplotypes can spread initially. This is because in the absence
of drift, a haplotype cannot be lost; they just remain at extremely
low frequency (and therefore can spread back if the migration or
selection regime changes).

3.3.2 | When overdominant inversions replace their
standard counterparts

The rise of inversions (e.g. BA) at high frequency may lead to the
crash of their standard equivalent (e.g. AB) but not of the standard
immigrant haplotypes (e.g. ab). When inversions are overdomi-
nant, however, they are extremely unlikely to fix in the population
during the non-migratory phase because of homozygote disad-
vantage (Figure S10). Therefore, when overdominant inversions
have replaced their standard counterpart and segregate only with
standard immigrant haplotypes at the end of the migratory phase,
this polymorphism is stably maintained during the non-migratory
phase (Figures 2g and 3; Figure S9). Since this polymorphism
is maintained by balancing selection and is composed of non-
recombining haplotypes coding for alternative phenotypes, the
genetic architecture underlying this polymorphism can be consid-
ered a supergene.

Overall, the fate of an overdominant inverted haplotype when
migration is stopped is therefore determined by whether its stan-

dard equivalent was lost or not during the migratory phase.
3.4 | The determinants of overdominant inversion
equilibrium frequency

Our simulations account for a wide diversity of demographic
scenarios, dominance hierarchies, and selective landscapes. We
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FIGURE 3 Consequences of the evolution of inversions on the frequencies of standard haplotypes. Plots show how the spread

of inversions capturing the dominant haplotype (BA) in population 1 affects the frequency of other haplotypes for parameter values:
m=0.1,5,,=0.8,5,,=0.5 h=1.0. Each dot represents the average state of simulations for a given combination of parameter values (126
combinations in total, 100 simulations per combination) at the end of the migratory phase (a-c) and non-migratory phase (d-f), enough time
for the equilibrium state to be reached. Only simulations where inversions spread in population 1 are shown (12,389 simulations among
12,600 for the combinations of parameters displayed). (a) Effect of the spread of inverted haplotypes on the frequency of standard local
haplotypes at the end of the migratory phase. (b) Effect of the spread of inverted haplotypes on the frequency of recombinant haplotypes
at the end of the migratory phase. (c) Effect of the spread of inverted haplotypes on the frequency of standard immigrant haplotype at

the end of the migratory phase. (d) Effect of the spread of inverted haplotypes on the frequency of standard local haplotypes at the end

of the non-migratory phase. (e) Effect of the spread of inverted haplotypes on the frequency of recombinant haplotypes at the end of the
non-migratory phase. (f) Effect of the spread of inverted haplotypes on the frequency of standard immigrant haplotype at the end of the
non-migratory phase. It shows that the more frequent is the inverted haplotype (BA) at the end of the migratory phase, the less frequent
are its non-inverted counterpart (AB) and the recombinant haplotypes, as expected. It also shows that, in most cases, the more frequent is
the inverted haplotype, the more frequent is the immigrant haplotype, that is that the spread of the inversion is usually associated with an
increase of the immigrant haplotype frequency. This can also be observed in Figure 2c-g and Figure S7. The relationship between haplotype
frequencies is non-linear because each haplotype frequency cannot decrease below 0, thereby affecting other haplotype frequencies.
Supergenes are formed and stably maintained during the non-migratory phase (simulations where the frequencies of BA and ab are not equal
to zero on panel f) only when the local standard haplotype (AB) disappears during the migratory phase. Conditions for this to happen are
shown in panel a (low-to-moderate inversion load and non-null initial recombination rate between loci A and B).
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highlight here the factors determining the frequency of overdom-
inant inversions in a migration-selection equilibrium and there-
fore the persistence of polymorphisms during the non-migratory
phase.

First, the frequency reached by an inversion during the migra-
tory phase strongly depends on the dominance of the haplotype
captured by the inversion. Since heterozygotes have a higher fit-
ness when dominance is strong (with a fitness closer to the domi-
nant fitness peak), inversions reach higher frequencies when they
capture dominant haplotypes (Figure S11). Recessive inversions are
less likely to reach fixation than dominant inversions (for y;,, =0,
Figure 2a), and overdominant inversions never reach high frequency
or form a protected polymorphism when capturing recessive hap-
lotypes (Figure 2a; Figures S2 and S11). The spread of an inversion
capturing one haplotype also inhibits the spread of an inversion cap-
turing another haplotype (Figure S12). Therefore, the dynamics of a
simulation depend on which inversion spreads first, and this explains
why, when the fitness load is low (e.g. y;,, = 0.1), the formation of
supergenes appears slightly less likely (Figure 2a): by chance, an in-
version capturing the recessive haplotype arises and spreads first,
hampering the spread of other inversions capturing the dominant
haplotype (Figure 2e).

The major determinants of inversion frequency are the strength
of their associated recessive load (y;,,), the migration rate (m), and
the recombination rate (r) (Figure 2a; Figures S1 and S10). Inversions
are under indirect selection because they decrease the frequency
of recombinant haplotypes between local and immigrant haplotypes
and therefore inversions spread at higher frequency under high
migration and recombination rates (Figure S6). The recessive load
generating a fitness cost on inversions is expressed more often as
they increase in frequency (because of the increasing frequency of
homozygotes) and therefore determines their equilibrium frequency
(Figure S10). This leads to a dramatic change in the frequency of stan-
dard and inverted haplotypes when this load increases (Figures 2 and
3; Figure S10). The interaction between recombination rate, migra-
tion rate, and recessive load thus ultimately determines whether an
overdominant inversion is maintained in a protected polymorphism
or disappears during the non-migratory phase.

When the recessive load is low relative to the recombination rate,
inversions can spread easily (Figure 2a; Figures S1 and S2). When the
recessive load is high relative to the recombination rate, the inverted
haplotype never reaches a sufficient frequency to replace standard
haplotypes, and thus the inversion is lost during the non-migratory
phase (i.e. it is only maintained by migration; Figure 1f). By contrast,
for intermediate recessive load, inversions can spread and drift can
lead to the loss of the standard haplotype, and to the formation of a
supergene (as depicted in Figures 2a and 3).

Interestingly, the fitness costs associated with the recombinant
or immigrant genotypes appear as poor determinants of the fre-
quency of inversions and the formation of supergenes (Figures 513
and S14). This suggests that supergenes can be formed by haplo-
types with large variations in fitness components and under a wide
diversity of fitness landscapes.

4 | DISCUSSION

Using a two-island population genetic model, we explored how a
recessive fitness load associated with a chromosomal inversion in-
fluences the fate of the inversion and the formation of a protected
polymorphism, maintaining multiple loci in full linkage and the co-
variation of multiple phenotypic differences. We show that recom-
bination and the recessive fitness load have opposing effects on the
frequency of inversion, which leads to the formation of a supergene
when these forces are balanced. Our results, showing the effect of
migration and recombination rates on the invasion of a chromosomal
inversion, are consistent with Kirkpatrick and Barton's (2006) ana-
lytical derivations, but by tracking the frequencies of all haplotypes
in two diploid populations under different levels of (over)Jdominance,
epistasis, and recombination, we were also able to determine how
the invasion of inversions affects the frequencies of standard (i.e.
non-inverted) haplotypes. Perhaps surprisingly, the spread of inver-
sions does not only decrease the frequencies of local standard and
recombinant haplotypes but also increase the frequency of immi-
grant haplotypes irrespective of their local fitness and dominance
levels. When the initial recombination rate between epistatic loci
is high and the recessive fitness cost of inversions is moderate, the
spread of inversions is associated with not only the loss of local
standard haplotypes but also the maintenance of locally maladapted,
immigrant haplotypes. This leads to the formation of a supergene
characterized by the maintenance of a polymorphism with a locally
adapted inverted haplotype and a locally maladapted standard hap-
lotype, even though these haplotypes display large differences in
their degree of adaptation to the focal environment.

Here, we restricted our definition of supergenes to those cases
of discrete polymorphisms that can be maintained in the absence of
gene flow. This strict definition allowed us to untangle the forces
contributing to the emergence of inversion polymorphisms within
populations. In natural populations, however, it is difficult to pre-
cisely assess the effect of gene flow among other factors. Yet we
believe it is useful to recognize the differences between polymor-
phisms resulting from an influx of migrants from those owing to
frequency-dependent processes within populations. As shown in
Figures 2 and 3, a continuum of situations can be observed, char-
acterized by variations in the importance of migration in the main-
tenance of polymorphism. We consider the term supergene is
most useful to describe the genetic architectures which facilitate
the maintenance of polymorphism and the segregation of discrete
forms within a population (Thompson & Jiggins, 2014), as in most
of the classic cases on distyly, mimicry, shell morphologies, or be-
havioural syndromes (Gonzalez et al.,, 2019; lijima et al., 2018;
Joron et al,, 2011; Kunte et al., 2014; Lamichhaney et al., 2016; Li
et al.,, 2016; Tuttle et al., 2016). Those tend to be cases with known
or suspected epistasis among linked loci as well as some level of
overdominance and represent one end of the spectrum predicted
by our model (case represented in Figure 2f). Other well-described
cases of inversion polymorphisms such as those distributed along
clines or ecotones (Ayala et al., 2014; Durmaz et al., 2018; Twyford
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& Friedman, 2015) might represent cases at the other end of the
spectrum, where gene flow plays a large role in the maintenance
of a high level of polymorphism (cases represented in Figure 2c,d).
Whether these inversions controlling ecotypes distributed along
environmental gradients also tend to harbour recessive fitness cost
that may contribute to their maintenance in the face of varying mi-
gration levels still remains to be elucidated. The major point made
here is, however, that the evolution of supergenes maintained by
local balancing selection owing to overdominant inversions may be
facilitated by spatial segregation of selection.

Our model explicitly includes overdominant inversions, as it
seems to be widespread in nature, and notably stands as a general
explanation for supergene inheritance. For instance, in the social
chromosome of the fire ant Solenopsis invicta (Wang et al., 2013)
or in the supergene controlling plumage colour and mating be-
haviour in the white-throated sparrow Zonotrichia albicollis (Tuttle
et al., 2016), inversion homozygotes are rarely found among repro-
ductive adults in nature. Likewise, in the butterfly Heliconius nu-
mata, inversion homozygotes at the supergene controlling mimicry
polymorphism display a very low larval survival (Jay et al., 2021)
and are rare in nature (Chouteau et al., 2017). Overdominance of
inversions may have two major causes. First, inversion breakpoints
may directly generate deleterious effects, for instance, when they
disrupt a gene (Klpper et al., 2016; Villoutreix et al., 2021). Second,
chromosomal inversions may harbour recessive deleterious muta-
tions (Berdan et al., 2021; Connallon & Olito, 2021; Jay et al., 2021;
Kirkpatrick & Barton, 2006). This recessive mutation load causes
homozygous disadvantage (Frydenberg, 1963; Kirkpatrick, 2010),
which is silent when inversions are rare but becomes expressed as
they reach higher frequencies and are more likely to form homozy-
gotes, therefore promoting polymorphism (Berdan et al., 2021; Jay
et al., 2021; Jay, Tezenas, et al., 2022; Kirkpatrick & Barton, 2006;
Mérot, Llaurens, et al., 2020; Wellenreuther & Bernatchez, 2018).
Such a load may result from the fact that inversions capture unique
haplotypes, which by chance may include several deleterious re-
cessive mutations that segregate in the population at mutation-se-
lection-drift equilibrium (Jay, Tezenas, et al., 2022). Despite having
on average the same number of deleterious mutations upon forma-
tion, standard haplotypes all carry distinct deleterious mutations,
whereas inverted haplotypes all harbour the same set of deleteri-
ous mutations. Consequently, in contrast to standard haplotypes,
when inverted haplotypes rise in frequency and form homozygous,
they express all of their deleterious mutations simultaneously (Jay,
Tezenas, et al., 2022). Since recombination is strongly reduced be-
tween differentially oriented segments, captured deleterious vari-
ants in inversions can hardly be purged.

In addition, since inverted segments do not recombine with stan-
dard segments, genomic regions with inversion polymorphism dis-
play reduced effective population size, which lowers the efficiency
of selection and may favour the accumulation of further deleterious
variants by drift (Berdan et al., 2021; Glémin, 2003; Jay, Tezenas,
et al.,, 2022). Furthermore, inversions at low frequency are rarely
homozygous (i.e. they have low opportunity of recombination) and

therefore tend to behave as asexual populations and accumulate del-
eterious variants by drift in a Muller's ratchet-like process (Berdan
etal., 2021; Jay, Tezenas, et al., 2022). Taken together, these mecha-
nisms probably explain why many inversions, notably those forming
supergenes, behave as overdominant (Jay et al., 2021; Jay, Tezenas,
et al., 2022; Wellenreuther & Bernatchez, 2018). It may be noted
that because suppression of recombination leads to an accumula-
tion of deleterious mutations, the fitness of alternative haplotypes
at the supergene is expected to decrease with time, which might
eventually lead to the loss of one of them (Berdan et al., 2021;
Charlesworth, 2023; Jay, Tezenas, et al., 2022). The long-term main-
tenance of supergene therefore probably involves the evolution of
further mechanisms maintaining the polymorphism in face of muta-
tion accumulation. This could, for instance, implicate the evolution
of disassortative mating (Maisonneuve et al., 2021), as in the case of
the colour-pattern supergene in H. numata. The long-term mainte-
nance of a supergene in the face of reversion (reverse inversion) and
the accumulation of deleterious mutations merit further theoretical
studies accounting for these additional mechanisms.

Our model shows that balancing selection due to inversion
overdominance can favour the spread and the maintenance of su-
pergene alleles with strong differences in fitness components.
More specifically, an allele that is not locally favoured can be main-
tained alongside a locally adapted allele if the latter associates with
a strong homozygous disadvantage. This may reflect the observa-
tion that many supergenes are characterized by the maintenance
of several phenotypes associated with strong fitness differences.
For instance, multiple-queen fire ant colonies seem to outcompete
single-queen colonies in many aspects of their ecology but both
strategies are maintained in nature (Ross & Keller, 1995). Likewise,
mimetic and non-mimetic butterfly morphs coexist in several Papilio
species while only mimetic morphs seem to benefit from reduced
predation (Palmer et al., 2018). Supergenes are often assumed to
be maintained because environmental factors generate alternative
adaptive optima that are associated with equal fitness consequences
(Schwander et al., 2014; Thompson & Jiggins, 2014). Our results sug-
gest that supergenes could instead evolve because balancing selec-
tion caused by intrinsic features of chromosomal inversions leads to
the maintenance of alternative haplotypes even if they bring highly
unequal benefits in terms of local adaptation. We modelled the in-
version overdominance as a parameter, and it is therefore not an
emerging property due to the expression of deleterious recessive
mutations. Implementing explicitly deleterious recessive mutations
and investigating how they determine the inversion overdominance,
and therefore the emergence of supergene architectures, could be
an interesting avenue for future theoretical research.

Our model may apply in a wide diversity of demographic con-
ditions and, as such, it may offer a parsimonious explanation to the
puzzle posed by the formation of supergene involving highly differ-
entiated alternative haplotypes. Considering separate taxa evolving
in different conditions, as observed everywhere in nature, differen-
tiated haplotypes could easily evolve and be affected by chromo-
somal rearrangements. We show that gene flow between these taxa
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could result in the formation of supergenes and indeed, several su-
pergenes are found in species that show evidence of gene flow with
other species (e.g. Castric et al., 2008; Dixon et al., 2019; Dudek
et al., 2019; Jay et al,, 2018; Sun et al., 2012; Zhang et al., 2017),
such as in the white-throated sparrow (Tuttle et al., 2016) and the
fire ants (Helleu et al., 2022). However, this scenario does not imply
that these taxa are categorized as distinct species and the mecha-
nism proposed here can readily apply to differentiated populations
from the same species. During the past decade, progress in sequenc-
ing technologies has revealed that gene flow between populations
showing local adaptation is common in nature, including between
species (Mallet et al., 2016). This could explain why structural poly-
morphisms are widespread across the tree of life (Mérot, Oomen,
et al., 2020; Wellenreuther & Bernatchez, 2018) and indeed, sev-
eral known supergenes display genomic signals suggesting that gene
flow may have played a role in their formation (Dixon et al., 2019;
Huang et al., 2020; Jay et al., 2018; Tuttle et al., 2016).

In summary, the recombination load resulting from migra-
tion between differentiated populations is expected to foster the
spread of recombination modifiers such as chromosomal inversions
(Kirkpatrick & Barton, 2006). Nevertheless, these recombination
modifiers are prone to be associated with recessive fitness loads,
which may translate into balancing selection hampering their fix-
ation (Jay, Tezenas, et al., 2022). As shown by others, this fosters
the maintenance of polymorphism (Berdan et al., 2021; Connallon
et al., 2018; Connallon & Olito, 2021; Jay, Tezenas, et al., 2022). We
show here that when the recombination load due to gene flow bal-
ances the inversion fitness load, the spread of an inversion may lead
to the loss of the locally adapted standard haplotype (associated
with a high recombination load) but not of the immigrant haplotype.
Therefore, it results in the maintenance of differentially adapted,
non-recombining haplotypes within a population, that is, to the
formation of a supergene, even when gene flow ceases. Taken to-
gether, our results provide a realistic scenario for the evolution of
supergenes and inversion polymorphisms in general and bring new
light to the importance of gene flow in the formation of new genetic
architectures.
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