
The Genomic Architecture and Evolutionary Fates of

Supergenes

Juanita Guti�errez-Valencia † P. William Hughes † Emma L. Berdan and Tanja Slotte *

Department of Ecology, Environment and Plant Sciences, Science for Life Laboratory, Stockholm University, Sweden

*Corresponding author: E-mail: tanja.slotte@su.se.

Accepted: 14 March 2021

†These authors contributed equally to this work.

Abstract

Supergenes are genomic regions containing sets of tightly linked loci that control multi-trait phenotypic polymorphisms under

balancing selection. Recent advances in genomics have uncovered significant variation in both the genomic architecture as well as

the mode of origin of supergenes across diverse organismal systems. Although the role of genomic architecture for the origin of

supergenes has been much discussed, differences in the genomic architecture also subsequently affect the evolutionary trajectory of

supergenes and the rate of degeneration of supergene haplotypes. In this review, we synthesize recent genomic work and historical

models of supergene evolution, highlighting how the genomic architecture of supergenes affects their evolutionary fate. We discuss

how recent findings on classic supergenes involved in governing ant colony social form, mimicry in butterflies, and heterostyly in

flowering plants relate to theoretical expectations. Furthermore, we use forward simulations to demonstrate that differences in

genomic architecture affect the degeneration of supergenes. Finally, we discuss implications of the evolution of supergene hap-

lotypes for the long-term fate of balanced polymorphisms governed by supergenes.
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Introduction

The maintenance of favorable combinations of traits is essen-

tial for the evolution of sex determination, mating systems,

local adaptation, and speciation (reviewed by Thompson and

Jiggins 2014), but maintenance of these combinations in the

face of recombination is problematic. Supergenes present one

solution to this problem; they are tightly linked sets of loci,

which control complex (i.e., multi-trait) adaptive phenotypic

polymorphisms under balancing selection (Thompson and

Jiggins 2014). The genomic architecture of a supergene refers

to the size of the non-recombining region, the gene content

or density of selected sites, and type (if any) of structural var-

iation that it harbors. Although the supergene concept has

been prevalent in the literature since the Modern Synthesis,

recent advances in genomics have brought the field into a

new era (reviewed by Schwander et al. 2014). In particular,

Significance

Supergenes are sets of tightly linked loci that together control complex (i.e., multi-trait) balanced polymorphisms.

Many iconic polymorphisms, such as the pin and thrum floral morphs in plants, and polymorphic warning coloration in

butterflies, are controlled by supergenes. Although the evolution of supergenes has long interested evolutionary

biologists, little was known about their genomic architecture, but this is fast changing following the genomic revo-

lution. Here, we review recent genomic studies on classic supergenes and discuss how different genomic architectures

shape the evolutionary trajectories of supergene haplotypes. Additionally, we use simulations to explore how the

maintenance of balanced polymorphisms might affect the evolution of supergene haplotypes.
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genomic methods have allowed us to elucidate the genomic

architecture of mimicry in insects, plant self-incompatibility

(SI), and colony organization in social organisms (reviewed

by Schwander et al. 2014; Charlesworth 2016b) (box 1).

These studies have found that the genomic architecture un-

derlying complex balanced polymorphisms sometimes differs

markedly from expectations under classic supergene models

(reviewed by Booker et al. 2015; Charlesworth 2016b). They

have also documented substantial variation among systems in

the genomic architecture and mode of origin of supergenes

(table 1). Although the role of genomic architecture in the

origin of supergenes has been much discussed (reviewed in

Schwander et al. 2014; Charlesworth B and Charlesworth D

2010; Thompson and Jiggins 2014; Charlesworth 2016b),

recent genomic studies have highlighted its impact on the

continued evolution of supergenes and their evolutionary

fate (table 1). These results allow us to begin to connect ge-

nomic architecture to long-term consequences for supergene

evolution and maintenance.

In this review, we first provide a brief overview of the

history of the supergene concept and models of supergene

origins. We compare and contrast different genomic architec-

tures and discuss theoretical predictions for their impact on

the evolutionary fate of supergenes. We then discuss recent

findings on classic supergenes that govern balanced polymor-

phisms, highlighting the genomic architecture and its conse-

quences for supergenes that control ant social colony

form, mimicry in butterflies, and heterostyly in plants. We

compare these results with new forward simulations explicitly

examining the role of genomic architecture in the degenera-

tion of supergenes. Finally, we discuss implications of super-

gene genomic architecture for the evolution of supergene

haplotypes and the long-term maintenance of balanced

polymorphisms.

Supergenes—History and Definitions

The supergene concept arose early during the Modern

Synthesis to explain the apparent conundrum of complex bal-

anced polymorphisms that were inherited as if they were

governed by a single Mendelian factor. Fisher (1930), looking

to explain the genomic architecture of Batesian mimicry in

butterflies (fig. 1), suggested that the basis of this complex

polymorphism could be a set of genes kept in linkage disequi-

librium by suppressed recombination. Likewise, Ernst (1936),

who studied the genetic basis of heterostyly in primroses

(fig. 1), argued that a system of three closely coupled yet

distinct genes determined the discrete pin (L-morph) and

thrum (S-morph) floral types in heterostylous Primula species.

The discovery of widespread inversion polymorphism in

Drosophila subsequently provided a plausible mechanism for

recombination suppression (Sturtevant and Beadle 1936;

Dobzhansky and Sturtevant 1938; Wright and Dobzhansky

1946; Dobzhansky and Epling 1948). The term supergene

Box 2. Forward Simulations Elucidate the Impact of Supergene Architecture on
Patterns of Molecular Evolution.

To illustrate how genomic architecture affects patterns of molecular evolution in supergenes we used SLiM v3.3.2

(Haller and Messer 2019), a forward simulation program, to model a hypothetical S-locus system harboring either an

inversion or an indel (a region hemizygous in thrums). Both types of structural variation have been documented at S-

loci (Li et al. 2016; Shore et al. 2019).

We modeled a population of 50,000 diploid individuals using parameter estimates from Arabidopsis to calibrate our

model (see supplementary text, Supplementary Material online, for additional details on mutation and recombination

rates and the distribution of selection coefficients). To recapitulate disassortative mating patterns and S-genotype

distributions in distylous species, we only allowed matings between heterozygotes and homozygotes at the S-locus

and considered S/S homozygotes lethal. We modeled the S-allele as an insertion (hemizygous case) or an inversion. For

the hemizygous case, we examined how size affected fixation of mutations by varying the size of the region (0.625%,

1.25%, or 2.5% of the genome, corresponding to 31.25, 62.5, or 125 kb). The proportion of sites under selection was

kept constant at 20% both at the S-locus and in the remaining genome simulated (total length 5 Mb). The vast

majority of mutations (99.9%) were deleterious and recessive with magnitudes of fitness effects (jsj) drawn from a

Gamma distribution C (a¼ 0.5, mean¼ 0.0025). Beneficial mutations (0.1% of mutations) were codominant and

drawn from an exponential distribution with a mean of 0.001.

Accumulation of Mutations under Selection
An equal-sized 62.5-kb inversion accumulated >6� more deleterious mutations than a hemizygous region (figure

box 2, panels A and B). Furthermore, these mutations had lower (i.e., more negative) selection coefficients (figure

box 2, panels C–F). This is likely due to the fact that mutations in the S-haplotype insertion, but not in the S-haplotype

with an inversion, affect fitness in the heterozygous state. Larger insertions accumulated slightly more mutations

(figure box 2, panel A) that were slightly more deleterious, but this effect was very subtle. There was no effect of

either size or supergene type on accumulation of beneficial mutations under our simulation parameters (results not

shown).

Genomic Architecture and Evolutionary Fates of Supergenes GBE
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In our simulations, the supergene haplotype with suppressed recombination was held at a constant intermediate

frequency (0.25) and always accumulated deleterious mutations. This accumulation varied little across runs as well as

over the majority of the investigated parameter space. The largest factor affecting patterns of molecular evolution was

whether the supergene harbored a hemizygous region or an inversion. Thus, supergenes where all deleterious

mutations are exposed to selection in the heterozygous state may have a different evolutionary trajectory compared

with supergenes where deleterious mutations are recessive or only partially dominant.
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FIGURE BOX 2.—Dynamics of deleterious mutation accumulation in supergenes. (A) Deleterious mutation ac-
cumulation over time is accelerated in the hemizygous S-haplotype (blue) compared with the collinear re-
gion (black). Shape indicates the size of the indel (circle �0.625%, triangle 1.25%, square 2.5%). (B)
Deleterious mutation accumulation over time is accelerated in the inverted S-haplotype (blue) compared
with the collinear region (black) and the standard arrangement s-haplotype (pink). Histogram showing
selection coefficients of fixed mutations at the end of the simulation (600 k generations) in the (C) collinear
region of the indel simulations, (D) hemizygous S-haplotype, (E) inversion S-haplotype, and (F) inversion
standard arrangement s-haplotype. Error bars indicate 6standard error.
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was coined by Darlington and Mather (1949), although the

concept originated earlier. In modern terms, the classic multi-

gene supergene model posits that a supergene is a genomic

region that contains closely linked loci protected from recom-

bination, and therefore sets of alleles at these loci (i.e., hap-

lotypes) are consistently inherited together (reviewed by

Schwander et al. 2014; Charlesworth 2016b).

Recent genomic studies have shown that some polymor-

phisms thought to be governed by classic multi-gene super-

genes involve divergent alleles of major effect at single genes

(Kunte et al. 2014; Nishikawa et al. 2015). However, even in

cases where a single gene is implicated, changes at multiple

cis-regulatory elements may have been involved (Thompson

and Jiggins 2014). To include both classic supergenes involv-

ing multiple closely linked genes and cases that involve

changes at multiple tightly linked sites within a single gene,

Thompson and Jiggins (2014) proposed an updated definition

of supergenes as “a genetic architecture involving multiple

linked functional genetic elements that allows switching be-

tween discrete, complex phenotypes maintained in a stable

local polymorphism.”

A benefit of this broader definition is that it allows a variety

of potential genomic architectures of supergenes to be con-

sidered. As such, we use the definition of Thompson and

Jiggins (2014) to discuss how different genomic architectures

responsible for distinct polymorphisms may modify expecta-

tions regarding evolutionary genetic patterns. We will refrain

from discussing empirical studies of sex chromosomes in

depth as there are several recent reviews on this topic

1.07 Mb 0.84 Mb 9.48 Mb

SB

Sb

S
s

278 kb

dsx

H

h

130 kb

Hn0

Hn1

Hn123

A

B

C

D

400 kb 1150 kb200 kb
P1 P2 P3

FIG. 2.—Differences in size and structure of four classic supergenes.

(A) The social supergene of Solenopsis invicta. The Sb haplotype harbors at

least three large inversions relative to the SB haplotype and is longer than

the SB haplotype due to repeat expansion (length of SB and Sb haplotypes

not drawn to scale here). (B) The female-limited mimicry supergene of

Papilio polytes. The mimetic haplotype (H) harbors an approximately 130-

kb inversion that flanks the gene dsx relative to the non-mimetic haplo-

type (h). (C) The Heliconius numata P supergene. The haplotype with the

ancestral arrangement (Hn0) differs from the derived and more dominant

haplotypes (Hn1 and Hn123) with respect to a 400-kb inversion (P1) in-

troduced by introgression from Heliconius pardalinus. Haplotype Hn123

harbors two additional derived inversions (P2 and P3) relative to both Hn0

and Hn1. (D) The Primula vulgaris S-locus contains a 278-kb region present

only on the dominant S-haplotype and not on the recessive s-haplotype.

A B C

FIG. 1.—Balanced polymorphisms governed by supergenes. (A) Colony social form (monogynous vs. polygynous) in Solenopsis invicta. Monogynous

colonies have a single queen (top image, courtesy of Alex Wild), whereas polygynous colonies have multiple queens (bottom image, courtesy of SD Porter,

USDA-ARS). (B) Polymorphic female-limited Batesian mimicry in Papilio polytes. The non-mimetic female form cyrus and male P. polytes (top), the mimetic

female form polytes and its model Pachliopta aristolochiae (male form), and the mimetic female form romulus and its model Pachliopta hector (male form)

(image courtesy of Krushnamegh Kunte). (C) Heterostyly in Primula veris. The pin morph (left) has the stigma in a high position (blue arrow) and anthers in a

low position (white arrow) in the floral tube, whereas the thrum morph (right) has anthers in a high position (white arrow) and the stigma in a low position

(blue arrow) (image courtesy of Tanja Slotte).
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(Charlesworth 2016a; Wright et al. 2016; Palmer et al. 2019;

Vicoso 2019; Furman et al. 2020), although sex chromosomes

have long been viewed as one form of supergene (see, e.g.,

recent review by Charlesworth 2016b). Finally, we will as far

as possible restrict our discussion to supergenes involved in

governing balanced polymorphisms within local populations,

although there are interesting parallels with genomic archi-

tectures of local adaptation (Kirkpatrick and Barton 2006).

How Do Supergenes Form? Classic Models
and Recent Extensions

One of the most challenging questions in supergene evolution

is that of their origin. Supergene formation requires the

establishment of mutations at a minimum of two loci that

together result in co-segregation of beneficial trait combina-

tions. Our current understanding of how such tightly linked

multi-locus polymorphisms might be established is mostly

based on theoretical models of the evolution of sex chromo-

somes and supergenes that govern Batesian mimicry

(Charlesworth D and Charlesworth B 1975; Charlesworth B

and Charlesworth D 1978). A common feature of these mod-

els is that they involve sequential establishment of “modifier”

mutations that are beneficial only in genotypes carrying alleles

at specific other loci that are already polymorphic due to bal-

ancing selection (reviewed by Charlesworth 2016b). The se-

quential establishment of linked mutations to form a region

harboring a multi-locus, multi-allele polymorphism under bal-

ancing selection is thus central to classic models of supergene

and sex chromosome evolution (see figure 9.4 in

Charlesworth B and Charlesworth D 2010, and figures 1

and 2 in Charlesworth 2016b). Additional modifier mutations

with antagonistic effects in different morphs or sexes (e.g.,

sexually antagonistic alleles) are more likely to invade the pop-

ulation if they are in linkage disequilibrium with the initial

polymorphism. Such antagonistic polymorphisms can lead

to further selection for suppressed recombination (Rice

1987; Jordan and Charlesworth 2012). Stepwise cessation

of recombination, consistent with this model, has indeed

been observed in independently derived sex chromosome sys-

tems (Lahn and Page 1999). Nijhout (1994) proposed a fur-

ther refinement of the molecular underpinnings of the classic

supergene model. He suggested that genetic changes in a

limited number of linked regulatory loci could, through their

effects on structural genes, produce major-effect changes.

Accordingly, stepwise changes at just a few already linked

regulatory loci could be sufficient to form a supergene, with-

out a requirement for subsequent changes in gene order or

selection for closer linkage (Nijhout 1994).

Alternative models for the origin of supergenes have also

been considered. For instance, structural rearrangements in-

creasing linkage disequilibrium between previously unlinked

loci could contribute to supergene formation (Turner 1967).

However, in scenarios with strong balancing selection for

specific trait combinations in a local population, very strong

selection would be required for such rearrangements to be

favored (e.g., the case of Batesian mimicry supergenes;

Charlesworth D and Charlesworth B 1975). There may be

exceptions, in the case of local adaptation, where migration

leads to the introduction of immigrant alleles into the popu-

lation, an inversion that captures locally adapted alleles

is expected to spread (Kirkpatrick and Barton 2006;

Charlesworth and Barton 2018). This process can lead to fix-

ation of alternative inversions in different populations, but it

can also lead to a stable polymorphism within a local popula-

tion, for instance if the inversion captures recessive deleterious

mutations as well as locally adaptive ones (Kirkpatrick and

Barton 2006). A second alternative model for supergene for-

mation was proposed by Yeaman (2013) who used simula-

tions to show that under some conditions clustered gene

architectures can arise through gene transposition, under sim-

ilar scenarios of local adaptation and migration (Yeaman

2013). Finally, recent findings in Heliconius numata and

Anopheles suggest that there might be another important

yet poorly characterized mechanism by which supergenes

form, namely through the introgression of an inverted ar-

rangement from another species (Fontaine et al. 2015; Jay

et al. 2018). The idea here is that the introgression of an

inverted arrangement from a separate lineage, that has al-

ready accumulated adaptive differences relative to the stan-

dard arrangement, might facilitate establishment of a

supergene polymorphism (Jay et al. 2018). As we learn

more about the diverse genomic architectures and evolution-

ary histories of supergenes, it is likely that further theoretical

and simulation-based studies will be needed to investigate a

broader range of possible scenarios of supergene origins.

Molecular Mechanisms of Recombination
Suppression at Supergenes

The mechanism of recombination suppression in a supergene

is critical both for its origin and for its evolutionary fate. In

order for supergenes to evolve, associations of beneficial or

coadapted alleles need to be protected from being shuffled

by recombination. We might therefore expect supergene for-

mation to occur more readily when there is already tight link-

age among loci, for instance in genomic regions with low

recombination rates, such as centromeric or pericentromeric

regions, or when nearby genes are involved in supergene

formation (reviewed in Schwander et al. 2014).

Alternatively, suppression of recombination may be mediated

by structural variation. There has long been a focus on inver-

sions as a likely mechanism for reduced recombination at

supergenes, but it is now becoming increasingly clear that

other types of structural variants also contribute to supergene

formation (see table 1). For instance, large hemizygous

regions, genomic fragments that are only present in one of

the supergene haplotypes, have been implicated as the
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genomic architecture of supergenes. Examples of hemizygous

supergenes are found in both plants (heterostyly in Primula; Li

et al. 2016; see Genomic Architectures of Supergenes:

Implications for Evolutionary Trajectories) and animals (pea

aphid male wing dimorphism; Li et al. 2020; cryptic coloration

morphs in Timema stick insects; Villoutreix et al. 2020) (ta-

ble 1). Such hemizygous supergenes may arise as a result of

either duplication of genomic regions, deletion of a segment

from one haplotype, or introgression. In addition to large

structural variants, smaller-scale structural variation as well

as epigenetic effects can also contribute to suppressed recom-

bination (reviewed by Schwander et al. 2014).

Structural variation at supergenes strongly influences re-

combination. In inversions, single crossovers in heterokaryo-

types lead to unbalanced gametes and thus only gene

conversion and double crossovers contribute to recombina-

tion between arrangements (Crown et al. 2018). However,

recombination in inversion homokaryotypes proceeds nor-

mally. In contrast, indel heterokaryotypes will form unpaired

DNA loops preventing crossovers between arrangements

(Poorman et al. 1981). Furthermore, recombination will only

occur in one of the two homokaryotypes. Thus, assuming a

similar frequency of heterozygotes, an indel will experience a

greater drop in recombination than an inversion. These differ-

ences will affect accumulation of mutations at the supergene

(see Degeneration of Supergene Haplotypes—Theory and

Expectations and box 2).

One complication when inferring mechanisms of recombi-

nation suppression is that structural differences between non-

recombining haplotypes can be either a cause or a conse-

quence of supergene formation, as low recombination limits

the impact of purifying selection, which might allow further

accumulation of insertions and deletions in the region. To

distinguish between these possibilities, analyses of alternative

haplotypes in a comparative framework can be helpful. For

instance, a comparative study showed that in Neurospora

tetrasperma large inversions present in the mat chromosome

are a consequence instead of a cause of suppressed recom-

bination (Sun et al. 2017; and see additional examples in

Vicoso et al. 2013 and Yan et al. 2020). Likewise,

population-level studies of young supergenes (table 1) can

contribute to a more refined characterization of the early

stages of supergene evolution, as has been the case for young

sex chromosomes (for instance, in guppies: Bergero et al.

2019; Fraser et al. 2020, see also reviews by Charlesworth

2019 and Furman et al. 2020).

Degeneration of Supergene Haplotypes—
Theory and Expectations

The low recombination necessary for the evolution of super-

genes also causes them to degenerate over time by accumulat-

ing deleterious mutations, repetitive elements, and deletions

(table 1, Signs of degeneration). But why and when do we

expect this to occur and how does this impact the evolutionary

trajectory of a supergene? The evolution of non-recombining

regions has attracted considerable attention from evolutionary

geneticists (Barton 1995; Kaiser and Charlesworth 2009; Good

et al. 2014). Much of this work has centered on understanding

the processes involved in the repeated decay of independently

derived non-recombining Y and W sex chromosomes (reviewed

in Charlesworth B and Charlesworth D 2000; Bachtrog 2013),

and these insights can guide our expectations regarding the

evolution of supergenes. Three key factors govern the extent

of mutation accumulation in supergenes: 1) recombination in

the supergene region and specifically recombination between

arrangements (e.g., through double crossovers or gene conver-

sion in the case of inversions; Navarro et al. 1997), 2) the fre-

quency of supergene haplotypes, and 3) the degree of

dominance of mutations in the supergene.

Reduced recombination is a double-edged sword: It can not

only facilitate adaptive evolutionary processes but may also

speed up the accumulation of deleterious alleles. This is because

suppression of recombination reduces the efficacy of selection

leading to the degeneration of non-recombining haplotypes via

several processes, including Muller’s ratchet, genetic hitchhik-

ing, and Hill–Robertson interference (reviewed by Charlesworth

B and Charlesworth D 2000). Below, we will briefly outline how

evolutionary parameters related to the genomic architecture of

supergenes (e.g., number of selected sites, and strength of se-

lection on them) and to the study system in general (e.g., mu-

tation rate) affect the rate of degeneration.

Muller’s ratchet (Muller 1964) describes the stochastic loss

of the least-loaded class of chromosomes (those with the

fewest deleterious mutations) in a finite population of non-

recombining chromosomes. Successive losses of the least-

loaded haplotypes are irreversible in the absence of recombi-

nation, and the process results in gradual accumulation of

deleterious mutations. This process should be especially im-

portant in small populations and for nonrecombining regions

with many sites under selection, especially with high mutation

rates (Bachtrog 2008).

Although Muller’s ratchet only operates in nonrecombin-

ing regions, several other processes also contribute to degra-

dation in regions of low recombination. For example, several

forms of selection at linked sites are also thought to be key.

Under background selection, purifying selection against dele-

terious mutations also removes linked neutral polymorphisms

(Charlesworth et al. 1993). The resulting local reduction of

Ne may further lead to an elevated rate of fixation of mildly

deleterious mutations as well as a reduction in the rate of

fixation of weakly advantageous mutations (reviewed by

Charlesworth B and Charlesworth D 2000). Under genetic

hitchhiking, positively selected mutations increase in fre-

quency in the population alongside with “swept” neutral

or nearly neutral mutations (Smith and Haigh 1974).

Additionally, deleterious mutations will be dragged along

with the advantageous ones, if beneficial fitness effects
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outweigh the harmful consequences. Genetic hitchhiking also

results in a reduced level of polymorphism at neutral sites

adjacent to variants targeted by selection. Background selec-

tion and the ratchet are only expected to be effective when

there are many sites under selection. In contrast, genetic

hitchhiking can contribute to decay when there are fewer

sites under selection, provided there is strong and frequent

positive selection (Bachtrog 2008). The relative importance of

these processes and the rate of decay are therefore expected

to depend on the genomic architecture and the age of the

non-recombining region. For instance, genetic hitchhiking

should be more important for degeneration of older super-

genes that already experienced gene loss, whereas Muller’s

ratchet and background selection have a greater impact on

younger supergenes with more intact genes (Bachtrog 2008).

Furthermore, for all of these processes, the extent of recom-

bination or gene conversion between alternative haplotypes

of the supergene is expected to have an impact on evolution-

ary trajectories, reducing divergence and decay.

Although theoretical models on background selection can

give valuable insights into expected patterns of degeneration

in non-recombining regions, these models can break down

when there are many sites under selection (McVean and

Charlesworth 2000). Specifically, levels of polymorphism in

non-recombining regions can then be higher than predicted

under background selection (Kaiser and Charlesworth 2009).

In this scenario, termed the interference selection limit, for-

ward simulations or more complex models are necessary to

develop reliable intuition about the effects of selection on

linked variants (Good et al. 2014). This could often be the

case in low-recombining regions, such as at supergenes. In

box 2, we show an example of how forward simulations of

supergenes can be used to contrast expected patterns of ac-

cumulation of deleterious alleles at supergenes of different

sizes and harboring two different types of structural variation

(hemizygous region/insertion vs. inversion).

Suppression of recombination can also directly alter the ef-

fective population size (Ne) of a supergene. A reduction in re-

combination generates a pseudopopulation substructure

causing supergene haplotypes to behave like separate popula-

tions that exchange migrants. Frequency differences between

recombining and nonrecombining chromosomes or supergene

haplotypes can further magnify the reduction in Ne. For every

three copies of the X chromosome in the population, there is

only one Y chromosome, such that the impact of genetic drift

over selection is enhanced at the Y chromosome relative to X

chromosomes and autosomes (reviewed by Charlesworth B

and Charlesworth D 2000). Likewise, at the Primula S-locus

that governs heterostyly, the Ne of the dominant S-haplotype

which experiences restricted recombination is reduced (to one-

fourth of other autosomal loci under equal morph frequencies).

It would thus be expected to be subject to evolutionary forces

similar to a non-recombining Y or W region of similar size (and

density of selected sites, as explained above). This reasoning can

be extended to other supergenes that determine mating type,

which should also undergo accumulation of deleterious muta-

tions (reviewed by Uyenoyama 2005). In this case, the extent of

Ne reduction for each haplotype will depend on its equilibrium

frequency (reviewed by Uyenoyama 2005).

However, frequencies of different mating types are typi-

cally stable, and accumulation of deleterious mutations should

not strongly affect the frequency of alternative haplotypes of

mating system supergenes. In situations where the frequency

of alternative arrangements can vary, the accumulation of

deleterious mutations lowers the marginal fitness leading to

a reduction in frequency. This reduction in frequency further

strengthens drift and weakens selection leading to a subse-

quent increase in the rate of deleterious mutation accumula-

tion (Berdan et al. 2021). This feedback loop is broken in

supergenes whose frequency is tightly regulated by other

factors, for example, negative frequency-dependent selection

in the case of mating system supergenes. Thus, we may ex-

pect a difference in degradation between supergenes where

mutation accumulation impacts frequency and supergenes

whose frequency is determined by other factors.

The dominance of deleterious mutations at the supergene

will play a major role for the level of degradation. In nascent

sex chromosomes in animals, masking of recessive deleterious

mutations by permanent heterozygosity may reduce the ca-

pacity of purifying selection to remove them (reviewed in

Vicoso 2019). Conversely, in supergenes that are hemizygous

or undergo haploid expression, masking of recessive muta-

tions will be less important. This consideration could affect

plant sex chromosome evolution, given that many genes are

expressed in haploid gametophytic cells in plants (Hough et al.

2017), supergenes in social insects where males are haploid

(Stolle et al. 2019), and supergenes containing hemizygous

regions, such as the Primula S-locus (Li et al. 2016).

Regulatory changes that affect genes in non-recombining

regions could also play an important part in genetic degener-

ation. For instance, if silencing of genes happens at an early

stage (Sun et al. 2018), then further degeneration may result

from genetic drift rather than interference among selected

sites. Selective downregulation of Y-linked genes that harbor

deleterious alleles could also trigger a haploidization feedback

loop that leads to degeneration (Lenormand et al. 2020;

reviewed by Charlesworth B and Charlesworth D 2020). This

process can be accelerated by selective interference when

there are many sites under selection. Finally, intragenomic con-

flict could be an important driver of the evolution of Y chro-

mosomes (Cocquet et al. 2012; reviewed by Bachtrog 2020).

Genomic Architectures of Supergenes:
Implications for Evolutionary Trajectories

A detailed characterization of supergene genomic architec-

ture is critical for better understanding the origin of complex

adaptations governed by supergenes, and how this
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architecture shapes subsequent evolutionary trajectories. As

discussed above, the expected evolutionary trajectories of

non-recombining haplotypes depend on the number of se-

lected sites (Bachtrog 2008), as well as on the type of struc-

tural variation present. The genomic revolution has finally

enabled the study of supergene architecture (box 1) and re-

cent studies have shown that the underlying genomic archi-

tecture of complex balanced polymorphisms can vary greatly,

and so do evolutionary genetic patterns (table 1). Here, we

illustrate variation in supergene genomic architectures and

evolution based on a set of genomic studies that used

cutting-edge tools to comprehensively characterize super-

genes governing ant colony social form, mimicry in butterflies,

and heterostyly in flowering plants. We chose these particular

supergenes as examples, because they provide examples of

the diversity of supergene architectures, molecular evolution-

ary patterns, and modes of origin. The showcased supergenes

thus include a social supergene with similarities to sex chro-

mosomes in Solenopsis, a multisite regulatory supergene in

Papilio, a supergene with structural variation introduced by

introgression in Heliconius, and finally a hemizygous super-

gene that governs heterostyly in Primula. For each supergene

example, we review what is known about its origin, genomic

architecture, and evolution.

Chromosome-Scale Suppression of Recombination,
Multiple Sequential Inversions, and Degenerative
Expansion at Social Supergenes in Solenopsis Ants

Red fire ants, Solenopsis invicta, harbor a social supergene

which exhibits evolutionary patterns strikingly similar to those

of nascent sex chromosomes. This supergene governs colony

social organization into either multiple-queen (polygyne) or

single-queen (monogyne) colonies, both of which are present

in S. invicta (fig. 1A). The social polymorphism is inherited as a

single Mendelian factor, which governs a large set of dispa-

rate morphological and behavioral traits associated with social

form (Linksvayer et al. 2013). The first gene to be associated

with social form was the odorant-binding protein gene Gp-9

(Keller and Ross 1998). Gp-9 was later found to be located

within a “social supergene,” consisting of a large approxi-

mately 13-Mb genomic region harboring two haplotypes

termed Sb and SB, which do not recombine freely with

each other (Wang et al. 2013).

The genotype at the social supergene determines whether

workers will accept multiple fertile queens in the colony or not

(Keller and Ross 1998; Linksvayer et al. 2013; Wang et al.

2013). In monogyne colonies, both queens and workers are

SB/SB and do not accept multiple fertile queens. In polygyne

colonies, queens that harbor the Sb allele are accepted, but

those that are homozygous for the SB allele are killed upon

reproductive maturity (Keller and Ross 1998). Although work-

ers can be either homozygous SB/SB or heterozygous SB/Sb,

reproductive Sb/Sb queens are not found in this species

(Wang et al. 2013), and all queens in polygynous colonies

are heterozygous SB/Sb. Because Sb and SB do not recombine

freely (Wang et al. 2013), and Sb/Sb genotypes do not repro-

duce, recombination can only occur between SB haplotypes,

but not between Sb haplotypes.

The Solenopsis social supergene is expected to exhibit

evolutionary genetic similarities to young sex chromosome

systems. Because, like Y-chromosomes, Sb haplotypes expe-

rience reduced recombination and effective population size,

they should degenerate (Wang et al. 2013; Pracana et al.

2017; Stolle et al. 2019). In contrast, the SB haplotype should

only exhibit a moderate reduction in diversity relative to au-

tosomal levels, with the extent of the reduction depending on

the frequency of monogyne and polygyne colonies and gene

flow between them (Pracana et al. 2017).

The Sb Haplotype Resembles a Young Sex Chromosome

A set of recent studies have characterized the origin, genomic

architecture, and evolution of the social supergene in detail

(Wang et al. 2013; Pracana et al. 2017; Huang et al. 2018;

Stolle et al. 2019; Yan et al. 2020). Phylogenomic analyses of

six socially polymorphic Solenopsis species indicate that the

social supergene likely arose once, approximately 500 kyr

(Wang et al. 2013; Stolle et al. 2019; Yan et al. 2020), around

the divergence time of these six species (Yan et al. 2020).

The supergene is characterized by a large approximately

10-Mb inversion that includes Gp-9 and more than 400 other

protein-coding genes, and there are also two smaller inver-

sions (Yan et al. 2020) (fig. 2A). At least two of these inver-

sions disrupt protein-coding genes and affect gene

expression, suggesting that the inversions may have had di-

rect and immediate functional consequences (Wang et al.

2013, Huang et al. 2018, Yan et al. 2020). Analyses of diver-

gence among the SB and Sb haplotypes, which is related to

the time since recombination stopped, suggest that the three

inversions were likely incorporated sequentially, with the larg-

est fixing first, and the last inversion connecting the super-

gene to the centromeric region (Yan et al. 2020). Even though

synonymous divergence between the SB and Sb haplotypes

was generally low (<1%) and variable, the suggested relative

timing of these inversions was supported by concordant pat-

terns of divergence among the SB and Sb haplotypes at the

three inversions in six socially polymorphic Solenopsis species.

A sequential increase in the extent of the region of restricted

recombination is similar to the evolutionary strata of some sex

chromosomes and suggests that there could have been selec-

tion for further suppression of recombination during the evo-

lution of the social supergene.

Regarding patterns of molecular evolution, the social super-

gene does exhibit some evolutionary genetic similarities to sex

chromosomes. For instance, the Sb haplotype harbors signifi-

cantly reduced polymorphism (Yan et al. 2020), with massive

reductions of polymorphism seen in some populations (Pracana
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et al. 2017). The Sb haplotype further seems to be accumulating

repetitive elements in a process that has been termed

“degenerative expansion” (Stolle et al. 2019), and previously

documented for sex chromosomes (e.g., papaya: Wang et al.

2012; Na et al. 2014 and the neo-Y chromosome of Drosophila

miranda: Mahajan et al. 2018). Although there is some evi-

dence for elevated dN/dS ratios on the Sb haplotype relative

to levels outside of the social supergene (Yan et al. 2020), ten-

tatively suggesting a lower efficacy of purifying selection, the

lack of major loss-of-function mutations or gene expression loss

suggests that there has not yet been rampant genic degenera-

tion or silencing of genes on the Sb haplotype (Wang et al.

2013; Stolle et al. 2019). However, careful analyses have now

begun to detect evidence of reduced expression of Sb-linked

alleles and corresponding dosage compensation at SB alleles

(Martinez-Ruiz et al. 2020).

There are several factors that might have attenuated the

degeneration of the Sb haplotype. First, efficient purifying

selection in haploid males could slow down decay (Stolle

et al. 2019) if recessive mutations are important for degener-

ation. Second, it is possible that the social supergene in

Solenopsis has not yet had time to fix many deleterious muta-

tions, due to its relatively recent origin. Third, there is evidence

for low levels of recombination (crossovers or gene conver-

sion) between SB and Sb, which could also slow down decay

(Yan et al. 2020). Finally, reproductive Sb/Sb queens occur

in Solenopsis richteri. Even rare occurrence of such queens

in other species could slow down degeneration overall,

because recombination could occur at Sb in such individuals.

Thus, although further forward simulations may be needed

to fully quantify the relative contribution of recombination

and/or gene conversion, reproductive Sb/Sb queens and

haploid selection to limited degeneration, overall the evolu-

tionary patterns at the social supergene in red fire ants

adhere to expectations under classic models of supergene

evolution.

A Multi-site Supergene Governs Female-Limited Batesian
Mimicry in Papilio polytes

Batesian mimics are species with no natural defenses that are

instead protected against predation due to their resemblance

of defended, toxic “model” species. Many species of swal-

lowtail butterflies in the Papilio genus are polymorphic for

female-limited Batesian mimicry. Females of these species ex-

hibit either a mimetic or a non-mimetic pattern, whereas

males are non-mimetic (fig. 1B). The mimetic resemblance

is based on a combination of wing patterns, wing and

body color, and sometimes even the presence or absence of

hindwing tails, yet early crossing experiments showed

that color patterns in polymorphic female-limited Batesian

mimics were inherited as a single Mendelian locus (Clarke

and Sheppard 1960). Because developmentally disparate

traits are involved, a supergene architecture consisting of

several tightly linked genes was promptly hypothesized to

underlie this phenomenon (Fisher 1930; Clarke and

Sheppard 1960).

The P. polytes Mimicry Supergene Resembles a Molecular
Switch

Recent genomic studies have shown that a single, large gene

rather than several tightly linked genes controls the female mi-

metic morphs in several Papilio species (Kunte et al. 2014;

Nishikawa et al. 2015; Iijima et al. 2018, 2019; Palmer and

Kronforst 2020). In P. polytes, two early studies mapped the

genetic basis of female-limited mimicry to an approximately

130-kb autosomal region harboring the doublesex (dsx) gene

(Kunte et al. 2014; Nishikawa et al. 2015) (fig. 2B). This region

contains two highly differentiated haplotypes, termed H and h,

which are associated with the mimetic and non-mimetic forms,

respectively, and of which H is dominant and likely derived

(Kunte et al. 2014; Nishikawa et al. 2015). Linkage disequilib-

rium is high within the dsx gene relative to adjacent genomic

regions (Kunte et al. 2014), suggesting restricted recombination

in dsx. The two haplotypes also differ with respect to an inver-

sion, the breakpoints of which flank dsx, potentially contribut-

ing to recombination suppression (Kunte et al. 2014; Nishikawa

et al. 2015).

Through a series of elegant knockdown experiments,

Nishikawa et al. (2015) showed that the H variant of dsx

(termed dsx(H)) acts as a molecular switch that turns on a

pre-determined mimetic wing color pattern and suppresses

the non-mimetic color pattern. Indeed, in P. polytes, expres-

sion of dsx(H) is specifically upregulated at early stages in

wings of mimetic females, and the expression of dsx(H) is in

turn associated with up- and downregulation of a suite of

genes (Iijima et al. 2019). The upregulated genes include

Wnt1 and Wnt6, whereas abdominal-A is repressed (Iijima

et al. 2019). Functional work supports a role for the first

two genes in determining the red and white pigments that

create the mimetic pattern, whereas abdominal-A likely inhib-

its the production of such coloration (Iijima et al. 2019). The

size of the mimetic pattern elements in mimetic females fur-

ther depends on their genotype at the supergene, suggesting

that there is a dosage effect of dsx(H), and expression analyses

suggest that this could be mediated by its effects on the gene

network that it regulates (Iijima et al. 2019).

It thus seems clear that dsx is a major switch that underlies

female-limited mimicry in P. polytes. As dsx encodes a highly

conserved transcription factor with an important role in sex

determination, its role in controlling mimicry was initially surpris-

ing. However, modularity of the Dsx protein and expression of

different isoforms in different tissues, developmental stages,

and sexes could facilitate the evolution of these dual roles

(Kunte et al. 2014; Nishikawa et al. 2015; Iijima et al. 2019).

The exact mechanism by which dsx(H) controls mimetic color

patterning is not known, but could involve protein-coding
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changes or a suite of cis-regulatory changes that increased ex-

pression of dsx(H) specifically in females (Iijima et al. 2019).

The key involvement of a regulatory gene in Papilio mimicry

is in line with Nijhout’s (1994) proposal that butterfly mimicry

supergenes may often involve regulatory genes with quanti-

tative effects on the expression of downstream structural

genes. The genomic architecture of female-limited mimicry

in P. polytes further illustrates what Booker et al. (2015)

termed the “multi-site supergene model.” Despite the resem-

blance to a molecular switch, this supergene may have

evolved in multiple small steps similar to sex chromosomes,

rather than by a single large-effect mutation. This would be in

line with Clarke and Sheppard’s (1960) suggestion that “it is

probable that the switch mechanism itself evolved by a series

of small steps” (Clarke and Sheppard 1960). In addition,

morph-specific modifiers improving mimetic resemblance

could also have been important (reviewed by Booker et al.

2015; Charlesworth 2016b).

Although these studies have greatly contributed to an im-

proved mechanistic understanding of how dsx governs mimicry,

we know less about patterns of degeneration at this supergene.

It is not clear that rapid decay would be expected, as the limited

size of the supergene limits the efficacy of several processes

contributing to decay, and the functional importance of dsx

potentially poses strong constraints for accumulation of muta-

tions. Further simulation-based work such as those shown in

box 2 would be valuable to explore expected patterns of mu-

tation accumulation in this supergene.

Distinct dsx Alleles Contribute to Female-Limited Mimicry
in Different Papilio Species

Although the first in-depth studies of the genetic basis of

female-limited Batesian mimicry in P. polytes suggested that

recombination suppression might be due to the presence of

the inversion flanking dsx, subsequent studies suggest that

this may not generally be the case in other Papilio species.

For instance, in Papilio memnon, a close relative of P. polytes,

polymorphic female-limited mimicry also maps to a region

that contains dsx (Komata et al. 2016). This region also exhib-

its elevated nucleotide polymorphism and repeat content as

well as strong linkage disequilibrium, suggestive of recombi-

nation suppression. Yet, there is no evidence for an inversion

in P. memnon (Iijima et al. 2018). These results suggest that

recombination suppression could have predated the establish-

ment of the inversion polymorphism in P. polytes.

Comparative genomic studies have further elucidated the

role of dsx for female-limited mimicry across the Papilio genus.

Although dsx has been implicated in at least four cases of

female-limited mimicry in Papilio, different species show inde-

pendently derived mimicry alleles at dsx, and patterns of mo-

lecular differentiation (FST) between morphs and linkage

disequilibrium in the region vary greatly (Komata et al.

2016; Palmer and Kronforst 2020). This complex pattern of

variation at the mimicry supergene could be a result of re-

peated selection on variation at dsx and turnover of dsx alleles

in different Papilio lineages (Palmer and Kronforst 2020).

These surprising findings on the evolution of female-limited

Batesian mimicry in swallowtail butterflies highlight the im-

portance of studying supergene origins and evolution in a

comparative framework.

Introgression and Chromosomal Rearrangements Underlie
Multiple Mimetic Morphs in Heliconius numata

Many Heliconius species exhibit Müllerian mimicry, a form of

mimicry where well-defended species resemble each other’s

coloration patterns to achieve improved protection against

predators. Studies on the genetic basis of Müllerian mimicry

within this lineage show that the introgression of genetic

structural variants has been associated with major adaptive

novelties throughout its evolutionary history (Jay et al. 2018;

Edelman et al. 2019). Some of the most in-depth insights on

this phenomenon derive from studies on the supergene that

governs alternative warning coloration patterns in Heliconius

numata, which presents up to seven different sympatric

morphs in populations distributed throughout the

Amazonian basin and the Andean foothills (Joron et al. 2006).

Introgression of an Inverted Haplotype Contributed to the
Origin of the H. numata Mimicry Supergene

Initial genetic work determined that the complex mimicry

polymorphism in H. numata is governed by the P locus, a

genomic region that harbors a set of genomic rearrange-

ments that guarantee the joint inheritance of loci involved

in color patterning due to the presence of a 400-kb inversion

(P1) containing 21 genes (Joron et al. 2006, 2011; Jay et al.

2021). The P1 inversion includes cortex, a gene involved in

pigmentation patterning in many butterfly lineages (Nadeau

et al. 2016). Individuals homozygous for the ancestral reces-

sive allele (Hn0) display the silvana morph, whereas two dif-

ferent dominance relationships between derived alleles

determine the phenotype in the other genotypes. Although

all derived haplotypes show complete dominance over the

ancestral haplotype, for any combination of derived haplo-

types the phenotype of wing patterning depends of the hier-

archy in color expression within alleles of the derived class (Le

Poul et al. 2014). Experiments suggest that polymorphism in

H. numata is maintained by antagonistic frequency-

dependent selection (Chouteau et al. 2017). Specifically, pos-

itive frequency-dependent selection imposed by predators

increases the frequency of more common and better pro-

tected morphs, whereas disassortative mating counteracts

the fixation of the underlying alleles (Chouteau et al. 2017).

Recent genomic studies have elucidated the complex ori-

gin, genomic architecture, and selective forces behind the

evolution of the H. numata P locus. Whole-genome analyses
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of species in the Silvaniform clade, to which this species

belongs, showed that the inversion that contributed to the

origin of the P1 allele is fixed in the distantly related and sym-

patric Heliconius pardalinus but is absent in other closely re-

lated species. There is also an excess of shared derived

mutations between H. numata and H. pardalinus within this

region, and these two species diverged long before the P1

alleles they carry. Together, these findings indicate that the

P1 allele was introgressed into the H. numata population from

H. pardalinus (Jay et al. 2018). This result suggests that intro-

gression of the inverted haplotype contributed to the initial

establishment of the supergene, without the evolution of

close linkage in response to interactions among loci. Once

established in H. numata, the P1-carrying allele not only

spread but also diversified through the occurrence of two

sequential chromosomal rearrangements known as P2 (200

kb, 15 genes) and P3 (1,150 kb, 71 genes) (Jay et al. 2018,

2021) (fig. 2C).

Inverted Regions of the P Locus Supergene Exhibit
Signatures of Degeneration

Several lines of evidence suggest that purifying selection may

be weaker in the inverted arrangement compared with the

standard arrangement of the P locus. For instance, the

inverted regions have experienced a recent accumulation of

transposable elements (TEs), which contributed to an approx-

imately 9% size increase compared with the noninverted

regions on the ancestral Hn0 arrangement (Jay et al. 2021).

Furthermore, Jay et al. (2021) found that the inversions P1, P2,

and P3 show an elevated proportion of nonsynonymous rela-

tive to synonymous polymorphism (pN/pS) in comparison to

genome-wide estimates and estimates for noninverted ho-

mologous regions. Interestingly, experiments have shown

strongly reduced larval survivorship of individuals homozygous

for the same derived inverted arrangement at the supergene

(Jay et al. 2021). Thus, the accumulation of mutations in

H. numata may also contribute to maintenance of the super-

gene polymorphism, as heterozygotes for alternative recessive

deleterious mutations are fitter than homozygotes. This pat-

tern could constitute an example of associative overdomi-

nance resulting from linkage disequilibrium between derived

structural variants and recessive deleterious alleles. This would

be in line with Ohta’s prediction that associative overdomi-

nance would be especially likely to be responsible for hetero-

zygote superiority in the case of chromosomal inversions

(Ohta 1971). The role of associative overdominance in the

maintenance of supergene polymorphisms remains a major

outstanding question.

It is still unclear whether the P2 and P3 rearrangements are

a cause or a consequence of suppressed recombination. If

selection against additional structural variants becomes less

efficient in non-recombining haplotypes, such rearrange-

ments could accumulate neutrally. As for the origin of P1,

evidence indicates that the inversion occurred in

H. pardalinus and was subsequently introgressed into

H. numata (Jay et al. 2018), suggesting that this inversion is

not a consequence of suppressed recombination. The H.

numata P supergene, therefore, constitutes an interesting ex-

ample where the introgression of an inverted haplotype con-

tributed to the evolution of a supergene.

A Supergene with a Large Hemizygous Region Governs
Heterostyly in Primula

Heterostyly is a floral adaptation to promote outcrossing that

has fascinated many generations of evolutionary biologists,

including Darwin (1862, 1877). It is found in 28 flowering

plant families (Barrett 2002a), having evolved independently

at least 23 times (Lloyd and Webb 1992), and constitutes a

compelling example of convergent evolution in plants

(Ganders 1979). Herkogamy, the spatial separation of male

and female reproductive organs (anthers and stigma), is com-

mon in flowering plants. Heterostylous species are special in

that individuals present one of two or three types of flowers

that differ reciprocally in the positioning of male and female

reproductive organs within the flower, they exhibit reciprocal

herkogamy. Among heterostylous species, those having two

different types of flowers are known as distylous: The so-

called L-morph (often referred to as “pin”) has long styles

and anthers positioned at the base of the floral tube, whereas

S-morph (or “thrum”) individuals present flowers with short

styles and anthers at a high position in the flower (fig. 1C).

Additional differences between morphs, for example, in the

size of pollen grains and the surface structure of the stigma,

can also occur (Dulberger 1992) and may have functional

significance (Costa et al. 2017). This floral polymorphism

has frequently evolved in association with a heteromorphic

SI system that prevents successful self- and intramorph polli-

nation, such that L-morph individuals can only fertilize S-

morph individuals and vice versa. In heterostylous plants, re-

ciprocal herkogamy is thought to be beneficial because it

promotes efficient pollen transfer and reduces sexual interfer-

ence (Barrett 2002b), whereas SI allows for inbreeding avoid-

ance (reviewed in Barrett 2019).

Bateson and Gregory (1905) showed early on that distyly is

inherited as a single diallelic Mendelian locus, with the short-

style allele being dominant over the long-style allele. The clas-

sic model for the distyly supergene, termed the S-locus, was

conceived by Ernst (1936), who proposed that distyly was

governed by a set of tightly linked loci with separable effects

on different aspects of floral morph type and incompatibility.

He suggested a model for the S-locus that included at least

three separate loci governing style length and female incom-

patibility (G), anther position (A), and pollen size and male

incompatibility (P). Under this model, S-morph plants were

thus heterozygotes (S/s, or GPA/gpa) and L-morph plants

were homozygous recessives at the S-locus (s/s, or gpa/gpa).
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Ernst considered floral morphs with intermediate character

combinations to be the result of mutation, but rare recombi-

nation was later accepted as a more likely cause of break-

down of distyly to homostyly (Dowrick 1956; Lewis and Jones

1992). A third explanation posits that modifiers unlinked to

the supergene might gradually alter style and stamen position

(Mather and Winton 1941; reviewed by Ganders 1979).

Classic genetic work in Primula thus suggested that hetero-

styly was governed by a diallelic supergene consisting of

closely linked loci with separable effects on different aspects

of morph differences and incompatibility, the traits of the S-

morph being governed by dominant alleles of the underlying

genes (reviewed by Kappel et al. 2017).

The Distyly Supergene in Primula Harbors a Large
Hemizygous Region Formed by Gene Duplication and
Translocation

Despite the long-standing interest in the genetic basis of dis-

tyly, until recently very little was known about the genomic

architecture of the S-locus. This is now rapidly changing,

thanks to genomic and functional work on the Primula S-locus

(Huu et al. 2016; Li et al. 2016; Burrows and McCubbin 2017;

Cocker et al. 2018). The recent sequencing of the S-locus

in Primula showed that the dominant S-haplotype harbors

a 278-kb insertion relative to the recessive s-haplotype

(Li et al. 2016; Cocker et al. 2018) (fig. 2D). The insertion

harbors five genes, including CYP734A50, which likely gov-

erns style length, based on functional studies (Huu et al.

2016) as well as sequence and expression analyses of naturally

occurring floral variants (homostyles; Huu et al. 2016; Li

et al. 2016). Another gene within the 278-kb insertion,

GLOT (also called GLO2), is involved in determining anther

position (Li et al. 2016; Huu et al. 2020). Thus, the 278-kb

insertion in the dominant S-haplotype harbors at least two

genes important for the determination of morph differences,

and characterization of homostylous mutants has demon-

strated that breakdown of distyly is not due to recombination

but due to mutations, as originally proposed by Ernst

(Huu et al. 2016; Li et al. 2016). The S-locus presence–

absence polymorphism is shared among distylous species

that diverged more than 20 Ma (Huu et al. 2016) and analyses

of gene duplication timing suggest that the S-locus may be

as old as 50 Myr, predating the origin of heterostyly in Primula

(Li et al. 2016). S-locus polymorphism has therefore been

maintained over extended evolutionary timescales, as one

would expect for a locus under strong long-term balancing

selection.

The presence of a large polymorphic insertion governing

distyly potentially offers an explanation for both the rarity of

recombination at the S-locus and the dominance of S-alleles,

whose recessive counterparts are simply missing (Huu et al.

2016; Li et al. 2016). However, there is some uncertainty re-

garding the degree of recombination suppression around the

S-locus (Kappel et al. 2017), which is located next to a cen-

tromere (Li et al. 2015) and thus might be expected to be

located in a genomic region with generally low recombination

rates. Thus, it is not entirely clear whether the insertion caused

recombination suppression at the supergene, or whether re-

combination was ancestrally low in this genomic region. Two

of the constituent genes in the hemizygous region,

CYP734A50 and GLOT, have paralogs outside of the S-locus

(Huu et al. 2016; Li et al. 2016; Burrows and McCubbin

2017). This indicates that the Primula S-locus could be an

example of a supergene that originated by gene duplication

and translocation driven by selection, possibly involving inter-

actions. A recent study showed that the paralogs of

CYP734A50 and GLOT are unlinked or at least very distant

on the same chromosome (Huu et al. 2020), supporting step-

wise assembly of the S-locus. Molecular evolutionary analyses

of these two genes and their paralogs did not permit

firm conclusions on which of these genes, GLOT or

CYP734A50, was duplicated first (Huu et al. 2020). Still, step-

wise duplications seem more likely than an origin through

one large segmental duplication followed by gene loss and

neofunctionalization, as previously suggested (Kappel et al.

2017).

Limited Molecular Genetic Evidence for Degeneration at
the Primula S-Locus

The genomic architecture of the distyly S-locus is expected to

affect patterns of molecular evolution. As only crosses be-

tween S- and L-morph plants result in offspring, no S/S gen-

otypes are generated, and the dominant S-haplotype is

expected to experience a reduction in its Ne to one-quarter

of that at autosomal loci. Lack of recombination in combina-

tion with reduced Ne is expected to lead the dominant S-hap-

lotype to accumulate deleterious alleles and repeats at a

higher rate than collinear autosomal regions (box 2).

However, due to hemizygosity, selection on recessive alleles

(either beneficial or deleterious) is expected to be more effi-

cient in the S-haplotype, countering the effects outlined

above. This is expected to slow down degeneration of the

dominant S-haplotype, relative to expectations for supergenes

that harbor inversions (box 2).

Genetic studies have documented segregation patterns con-

sistent with the existence of thrum-linked recessive lethal alleles

(Kurian and Richards 1997), implying that the dominant S-hap-

lotype may be accumulating recessive deleterious alleles. As

most molecular genetic studies have focused on gene function

and genomic architecture, it is still unclear whether the domi-

nant S-haplotype shows evolutionary genetic signatures of de-

cay. However, Huu et al. (2016) showed that CYP734A50 is

evolving significantly faster than its non-S-linked paralog, likely

as a result of a lower efficacy of purifying selection. The Primula

vulgaris S-locus further exhibits an excess of repeats and TE-

derived sequences relative to the genome-wide average values
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for assembled contigs, and relative to 171kb of immediately

flanking assembled regions (Cocker et al. 2018). Further assess-

ment of variation in repeat content across Primula chromo-

somes using more contiguous genome assemblies would be

useful to assess how unusual the repeat content of the S-locus

region is, and further molecular evolutionary analyses to test for

degeneration are also warranted.

In conclusion, recent genomic studies have shown that the

Primula S-locus genomic architecture differs significantly from

expectations under the classic model of a diallelic supergene,

and that a hemizygous region found only on the dominant S-

haplotype contains genes that are functionally important for

distyly. The genomic architecture of the distyly supergene in

Primula differs markedly from supergene architectures in

Solenopsis and Papilio with respect to the type of structural

variation it harbors (fig. 2), and more work will be required to

understand whether the S-locus is degenerating.

Elucidation of distyly supergenes is now underway in other

systems with similar inheritance of distyly, including Linum,

Fagopyrum, and Turnera (Ushijima et al. 2012; Yasui et al.

2012; Shore et al. 2019, see also review by Kappel et al.

2017). Interestingly, in several of these systems hemizygous

S-linked regions have been found, suggesting that hemi-

zygosity could be a general feature of distyly S-loci (discussed

in Kappel et al. 2017; Barrett 2019). However, in at least one

system (Turnera) the dominant S-haplotype harbors several

derived inversions in addition to an insertion (Shore et al.

2019), suggesting that it is premature to completely rule

out a role for inversions in the evolution of heterostyly S-loci

in plants. These findings on heterostyly supergenes thus high-

light how new genomic studies can revolutionize our under-

standing of model systems in classical genetics.

Conclusions and Open Questions

In this review, we have showcased recent genomic studies

that have provided novel insights into the link between geno-

mic architectures and the evolutionary fate of supergenes. So

far, the clearest evidence for degeneration has been found at

large supergenes harboring inversions, as expected from the-

ory and simulations. Using simulations, we also showed that

the genomic architecture, and in particular the type of struc-

tural variation present at a supergene, is crucial for the rate of

degeneration.

An outstanding question concerns whether the processes

that lead to accumulation of repeats and deleterious muta-

tions could also contribute to maintenance of supergene poly-

morphisms. Both theoretical and empirical work indicate

a potentially critical role for associative overdominance.

Recent theoretical work has shown that a transition from

background selection to associative overdominance can occur

in regions of low recombination (Gilbert et al. 2020).

Empirically, in the case of Müllerian mimicry of H. numata,

it has been proposed that disassortative mating among

different mimetic morphs evolved to avoid negative fitness

consequences resulting from the expression of recessive del-

eterious load in homokaryotypes for derived inverted arrange-

ments (Jay et al. 2021). Recessive lethality of derived inverted

supergene haplotypes has also been documented in the ruff

supergene that governs mating morphs (Küpper et al. 2016).

Could it therefore be that deleterious mutation accumulation

contributes to balancing selection maintaining supergene

architectures? The evolution of the genetic load at supergenes

and the associated evolutionary consequences deserve to be

investigated in more depth along with processes that involve

adaptive variation.

Another outstanding question concerns the evolution of

recombination suppression at supergenes other than sex

chromosomes. How often does it occur, and what are the

driving forces? It remains unclear what forces drive cessation

of recombination around supergenes, and what determines

whether the non-recombining region expands or not.

Investigating the nature and impact of selective and neutral

processes in shaping the evolution of supergene haplotypes is

an important aim for future studies. Furthermore, determin-

ing the extent of the reduction in recombination and the

context in which it occurs (i.e., only in heterokaryotypes vs.

in all genotypes) will be key to linking this work with theoret-

ical investigations of supergene degradation.

Theoretical and empirical work show that the genomic ar-

chitecture of a supergene is inextricably tied to its evolutionary

fate. Here, we have highlighted both empirical and theoretical

techniques that will be crucial for further studies of this topic.

Specifically, forward simulations (box 2) and long-read se-

quencing combined with new bioinformatic techniques (box

1) provide avenues forward. Such work will allow for a more

general understanding of the evolution of supergene archi-

tectures and the evolutionary causes and consequences of

structural genomic variation.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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