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Abstract

Heterostyly is a fascinating adaptation to promote outbreeding and a classical paradigm of botany. In the most com-

mon type of heterostyly, plants either form flowers with long styles and short stamens, or short styles and long 

stamens. This reciprocal organ positioning reduces pollen wastage and promotes cross-pollination, thus increasing 

male fitness. In addition, in many heterostylous species selfing and the generation of unfit progeny due to inbreeding 

depression is limited by a self-incompatibility system, thus promoting female fitness. The two floral forms are genet-

ically determined by the S locus as a complex supergene, namely a chromosomal region containing several individual 

genes that control the different traits, such as style or stamen length, and are held together by very tight linkage due 

to suppressed recombination. Recent molecular-genetic studies in several systems, including Turnera, Fagopyrum, 

Linum, and Primula have begun to identify and characterize the causal heterostyly genes residing at the S locus. An 

emerging theme from several families is that the dominant S haplotype represents a hemizygous region not present 

on the recessive s haplotype. This provides an explanation for the suppressed recombination and suggests a scenario 

for the chromosomal evolution of the S locus. In this review, we discuss the results from recent molecular-genetic 

analyses in light of the classical models on the genetics and evolution of heterostyly.
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Introduction

Heterostyly is a classical paradigm in plant genetics, evolu-

tion, and ecology (Barrett, 1992). It has fascinated plant sci-

entists for centuries (Gilmartin, 2015), with Charles Darwin 

laying the basis for its functional dissection with his book on 

‘The different forms of �owers on plants of the same spe-

cies’ in 1877 (Darwin, 1877). In heterostylous species, the 

individuals fall into two (distyly) or three (tristyly) distinct, 

genetically determined categories or morphs based on their 

�ower morphology. In distylous species, L-morph plants, also 

called pins, form �owers with long styles and short stamens, 

while S-morph individuals, also called thrums, form �owers 

with short styles and long stamens (Fig. 1). As heterostylous 

species often possess tubular �owers with stamen �laments 

fused to the �oral tube (Ganders, 1979), this leads to anthers 

attached to the petal tube in a low position in L-morph �ow-

ers and towards the opening of the tube in S-morph �owers. 

The two morphs thus show reciprocal herkogamy, that is the 

parts of the sexual organs involved in pollination, anthers 

and stigma, are spatially separated within a �ower, yet the 

position of male and female organs matches up between 

�owers of the two morphs. In tristylous species, stigma and 

anthers can be located at three positions in the �ower – low, 
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middle and high – and �owers have two sets of stamens of dif-

ferent heights from each other and from the stigma position. 

In L-morph plants, a long style is combined with anthers at 

low and medium heights; in M-morph �owers, the stigma is 

at the middle position, with both high and low anthers; and 

in S-morph �owers, the style is short, while the anthers are at 

the medium and high positions (Barrett, 1992). In addition 

to this reciprocal herkogamy, the morphs are often also dis-

tinguished by a suite of ancillary features, such as differences 

in pollen size and exine structure and different lengths of 

stigmatic papillae (Dulberger, 1992). Besides these anatomi-

cal and morphological features, many, but by no means all 

heterostylous species exhibit a physiological incompatibility 

system. This heteromorphic self-incompatibility, also called 

intra-morph incompatibility, is manifested in low fertilization 

success and seed set after intra-individual and intra-morph 

pollinations, effectively limiting self-fertilization (Wedderburn 

and Richards, 1990).

Heterostyly is evolutionarily very widespread amongst 

�owering plants and is found in at least 28 families (Ganders, 

1979; Barrett, 2002). It is thought to have arisen more than 

20 times independently (Lloyd and Webb, 1992a), and 

even within families, such as the Boraginaceae, multiple 

independent origins have been inferred (Cohen, 2011). By 

contrast, in other families, such as the Primulaceae, a single 

origin of  heterostyly appears more likely (Mast et al., 2006; 

de Vos et al., 2014).

Regarding its function, heterostyly is a complex adap-

tation to simultaneously promote both male and female 

fitness (Barrett and Shore, 2008). Self-incompatibility pre-

vents or at least strongly reduces self-fertilization; it thus 

limits the number of  less fit offspring due to inbreeding 

depression and increases female fitness of  the plants. By 

contrast, the morphological aspect of  heterostyly, namely 

reciprocal herkogamy, increases male fitness by promoting 

inter-morph pollen transfer over selfing (Ganders, 1979; 

Lloyd and Webb, 1992b; Stone, 1995; Keller et al., 2014). 

This reduces sexual interference and pollen wastage, that 

is the unproductive deposition of  pollen on incompatible 

self  stigmas (Barrett and Shore, 2008), or in cases without 

self-incompatibility, on self  stigmas leading to the produc-

tion of  less fit inbred offspring. It was particularly this 

latter point of  promoting cross-pollination that Darwin 

had proposed as the selective advantage of  heterostyly 

(Darwin, 1877), and a number of  studies in both field and 

garden settings has confirmed this so-called ‘cross promo-

tion hypothesis’ (Ganders, 1979; Lloyd and Webb, 1992b; 

Stone, 1995; Keller et al., 2014).

Fig. 1. Heterostyly in Primula and its molecular and genetic basis. (Top) Flowers of L-morph plants (left) and S-morph plants (middle) of Primula forbesii 
are shown, demonstrating the reciprocal herkogamy and spatial matching between the anthers of L-morph flowers and stigma of S-morph flowers and 
vice versa. Compatible crosses are indicated by the yellow arrows. Right image shows the flower of a self-compatible long homostyle, with anthers and 
stigma at the same high position. (Middle) The classical diallelic supergene model for the S locus is indicated, with the five proposed individual causal 
genes for style length (G), female incompatibility (Gm), anther position (A), pollen size (P) and male incompatibility (Pm). Uppercase letters indicate 
dominant alleles responsible for S-morph trait expression; lowercase letters indicate recessive alleles. (Bottom) Schematic representation of the molecular 
structure of the S locus. Genes are indicated by boxes. The recessive haplotype (bottom) only carries a single copy of the CFB gene, while the dominant 
haplotype (top) carries an approximately 280 kb additional segment containing five predicted genes (red frames). The correspondence between these 
genes and the genetically defined factors is indicated by double-headed arrows, with the darkness of the arrows indicating the strength of support for the 
equivalence.
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The developmental, ecological and phylogenetic aspects 

of heterostyly have been excellently and comprehensively 

reviewed elsewhere (Barrett, 1992; Barrett and Shore, 2008; 

Cohen, 2010). Given recent progress in understanding the 

molecular-genetic basis of heterostyly, the following discus-

sion will largely focus on its molecular and genetic control.

Classical genetics of heterostyly

The genetic basis of heterostyly has been studied for over a 

century (Bateson and Gregory, 1905), both because of the 

position of heterostyly as a prime example of convergent evo-

lution in plants and because of the supergene architecture of 

the responsible locus (Schwander et al., 2014) that became 

apparent early on. Many of these studies have used Primula 

species, but examples from several other families have also 

been investigated.

Soon after the rediscovery of Mendel’s laws, Bateson and 

Gregory established that heterostyly in Primula was con-

trolled by a single locus, termed S, of  which there is a dom-

inant S and a recessive s allele (Bateson and Gregory, 1905). 

S-morph individuals are S/s heterozygotes, while L-morph 

plants are homozygous for the recessive allele s/s. Plants 

homozygous for the dominant S allele are virtually never 

found in Primula, such that each compatible cross represents 

an S/s x s/s backcross, resulting in the expectation of equal 

proportions of L- and S-morph individuals in the progeny, 

that is isoplethy. A major breakthrough in our understanding 

of the genetics of heterostyly came from the work of Alfred 

Ernst who described the existence of plants with unusual trait 

combinations, such as long styles and high anthers in long 

homostyles, or short styles and low anthers in short homo-

styles (Ernst, 1928; Ernst, 1936; Ernst, 1955). In addition, 

pollen size was found to be separable from the anther posi-

tions, with unusual combinations of high anthers, but small 

pollen grains and vice versa. The pollen (male) and style/

stigma (female) incompatibility phenotypes always followed 

pollen size and style length, respectively. Based on the inherit-

ance data, the novel morphs were found to be caused by novel 

alleles at the S locus, leading to the suggestion that the S locus 

in fact represents at least three distinct, yet very tightly linked 

genes controlling the different features of heterostyly (Ernst, 

1936). According to this notion, the G locus determines style 

length and female incompatibility behaviour, with the domin-

ant allele causing short styles; the A locus determines anther 

position, with the dominant allele leading to high anthers; 

and the P locus controls pollen size and male compatibility. 

The S locus would thus be a supergene, namely a chromo-

somal segment containing very tightly linked individual genes 

that together control an integrated phenotype (Schwander 

et  al., 2014; Charlesworth, 2016). The S-morph then has 

the genotype GPA/gpa, and the L-morph gpa/gpa (Fig.  1). 

The novel morphs were interpreted by Ernst to result from 

mutations of one or two of the three genes, such that long 

homostyles would be gPA/gpa for example. Pamela Dowrick 

expanded on these �ndings by con�rming that homostyly in 

tetraploid Primula obconica is governed by a novel allele at 

the S locus (Dowrick, 1956). In addition, her own results and 

a re-examination of data from Ernst and others led her to 

conclude that homostyles were more likely to have arisen by 

recombination within the S locus supergene than by mutation 

as envisaged by Ernst and that the order of the loci was likely 

GPA (Dowrick, 1956). The well-documented observation that 

long homostyles were observed much more frequently than 

short homostyles, even though the relevant haplotypes gPA 

and Gpa should arise in equal proportions from recombin-

ation within the S locus, was ascribed to differential �tness of 

the two forms (Charlesworth and Charlesworth, 1979).

These views about the S locus supergene were reinforced by 

Lewis and Jones, based also on the occurrence of homostyles 

at high frequencies that appeared incompatible with their ori-

gin by novel mutations (Lewis and Jones, 1992). Their study 

summarized the widely accepted model of the heterostyly S 

locus (Lewis and Jones, 1992; Richards, 2003). The main fea-

tures of this model were that the S locus is a diallelic super-

gene consisting of at least three separable loci, G, P, and A; all 

dominant alleles are linked on one S haplotype, all recessive 

alleles on the s haplotype; recombination within the super-

gene is strongly suppressed; homostyles and other abnormal 

trait combinations result from rare events of recombination 

in the S locus; and the S locus is located close to a centromere 

based on the frequency of double reduction in tetraploids. 

Additional genes responsible for female and male incompati-

bility behaviour separate from G and P, respectively, have 

been proposed on the basis of the physiological arguments 

that a single locus was unlikely to control both the morpho-

logical and incompatibility phenotypes (Lewis and Jones, 

1992; Richards, 2003). For the male side, this conclusion 

was supported by an unusual novel type observed by Kurian 

and Richards, in which pollen size was separated from male 

incompatibility behaviour (Kurian and Richards, 1997), yet 

on the female side, to our knowledge, style length and incom-

patibility have never been separated due to mutation/recom-

bination at the S locus. This supergene model raised several 

questions regarding, for example, the mechanism of recom-

bination suppression, the differences between the dominant 

and recessive haplotypes, and of course the identity and func-

tion of the component individual loci.

As outlined above, the supergene model of the S locus was 

mainly established on the basis of work in Primula species. 

How does this translate to independently evolved examples 

of heterostyly? In the additional systems that have been stud-

ied, heterostyly, or at least the reciprocal herkogamy, also 

seems to be controlled by a single diallelic locus (Lewis and 

Jones, 1992). As in Primula, the S-morph is determined by the 

dominant haplotype in six out of eight studied genera with 

distyly. Evidence for this locus being a supergene is avail-

able in several systems. For example, in Turnera subulata a 

long homostyle was generated by an x-ray induced deletion 

at the S locus, indicating the presence of at least two separ-

ate genes for style and stamen length, respectively (Labonne 

et al., 2010). Similarly, long homostyly in Turnera ulmifolia 

is due to a novel allele at the S locus that causes both long 

styles and long stamens (Shore and Barrett, 1985). Also in the 

genus Fagopyrum (buckwheat), homostyly in naturally occur-

ring species appears to be due to an altered S locus haplotype, 
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supporting its status as a supergene (Matsui et  al., 2003). 

As for the more complex case of tristyly, the three different 

morphs result from different alleles at two epistatically inter-

acting loci. For Lythraceae, Oxalidaceae, and Pontederiaceae 

the dominant allele at the S locus leads to the formation of 

S-morph �owers, while homozygous recessive s/s individuals 

are either L-morphs or M-morphs depending on the geno-

type at the M locus, such that s/s M/m and s/s M/M leads to 

M-morph �owers and s/s m/m to L-morph �owers (Lewis and 

Jones, 1992; Barrett, 1993; Barrett and Shore, 2008).

Population-genetic theory makes a number of predictions 

about the molecular features of the S locus and causal hetero-

styly genes. First, as the polymorphism in the �oral morphs 

is under negative frequency-dependent balancing selection, 

the S and s alleles are expected to be maintained as stable 

polymorphisms for much longer periods of time than alleles 

at other background loci in the genome (Uyenoyama, 2005; 

Charlesworth, 2006). At the same time, recombination is sup-

pressed within the supergene and the dominant S allele is only 

ever present in a heterozygous state. This results in at least a 

4-fold reduction in the effective population size for the dom-

inant S allele, which in turn should lead to a greater effect of 

genetic drift relative to selection on the S allele as compared 

with non-S-locus associated diploid regions of the genome 

(Uyenoyama, 2005). The three effects combined, namely long-

term maintenance, suppressed recombination, and stronger 

genetic drift predict high levels of sequence divergence of S 

locus genes and the accumulation of repetitive elements and 

transposons (Uyenoyama, 2005; Charlesworth, 2006).

Models for the evolution of heterostyly

Two main models have been elaborated to explain the evo-

lution of heterostyly (Charlesworth and Charlesworth, 1979; 

Lloyd and Webb, 1992a; Lloyd and Webb, 1992b). They dif-

fer markedly in their presumed ancestral state and in the 

inferred sequence of trait acquisition. The Charlesworth 

and Charlesworth model assumes a self-compatible homo-

stylous ancestor, in which a mutation to a novel incompat-

ible pollen type spreads and establishes a polymorphism, 

if  the product of sel�ng rate and inbreeding depression is 

above 0.5 (Charlesworth and Charlesworth, 1979). A muta-

tion to a novel female type, compatible with the novel pollen 

type could then spread to establish a diallelic incompatibil-

ity system as seen in the classical examples of heterostyly. 

Reciprocal herkogamy would evolve subsequently, most eas-

ily �rst by a dominant mutation to a shorter style and then a 

recessive mutation to a higher anther position; spreading of 

these mutations would be promoted or could only occur if  

they arose in tightly linked genes. A special case would be that 

the same mutation is responsible for a novel female incom-

patibility type and a short style and this would be essential 

for the evolution of heterostyly, if  the recessive morph was 

more self-compatible than the dominant one, as seen in many 

Primula species (Charlesworth and Charlesworth, 1979; 

Wedderburn and Richards, 1990).

By contrast, the model by Lloyd and Webb is based on the 

taxonomic observation that heterostyly has only evolved in 

families with relatively simple, ‘depth-probed’ �owers with 

an intermediate level of  specialization (Lloyd and Webb, 

1992a). Such ‘depth-probed’ �owers often show approach 

herkogamy, with the stigma protruding above the anthers, 

leading to the suggestion that heterostyly evolved from 

approach-herkogamous ancestors with at least partial out-

breeding. The �rst step in this model would be the invasion 

of  such a population by a dominant mutation shortening the 

style, followed by a second mutation to elevate the anthers 

in the short-styled form to the level of  the stigma in the ori-

ginal form. Thus, reciprocal herkogamy would evolve before 

self-incompatibility. The latter is proposed to evolve second-

ary due to reciprocal physiological adaptations of  the pol-

len tubes to growth in the different stylar environments via 

either morph-linked or functionally morph-limited modi-

�er mutations. The authors of  both models concur that the 

molecular mechanism of  heteromorphic self-incompatibility 

is likely to be fundamentally different from the self/non-self  

recognition mechanisms in homomorphic self-incompatibil-

ity systems (Charlesworth and Charlesworth, 1979; Lloyd 

and Webb, 1992a; Shimizu and Tsuchimatsu, 2015). This is 

based on variability in inhibition sites of  incompatible pol-

len (tubes) and the fact that in self-compatible homostyles 

both female and male incompatibility responses are still 

intact but have been switched around, while self-compat-

ible plants in homomorphic self-incompatibility systems 

arise by inactivating mutations of  either the male or female 

components.

Some assumptions of the Charlesworth and Charlesworth 

model have been questioned early on and arguments have 

been put forward in support of the Lloyd and Webb model. 

Conceptually, a homostylous ancestral state with the high 

levels of inbreeding depression required by the Charlesworth 

and Charlesworth model appears unlikely. This is because 

non-herkogamous species and derived homostyles tend to be 

highly sel�ng (Piper et al., 1984), which in turn should purge 

the genetic load causing inbreeding depression (Ganders, 

1979). A phylogenetic argument for the Lloyd and Webb model 

is the wide distribution of some form of herkogamy, such as 

approach herkogamy amongst self-compatible monomorphic 

species of �owering plants (Ganders, 1979). Indeed, while 

this has not been achieved in many cases, ancestral-character 

reconstruction in Exochaenium has shown that heterostyly 

evolved once from an approach herkogamous ancestral state 

(Kissling and Barrett, 2013). Lastly, as mentioned above, not 

all heterostylous species show self-incompatibility, consistent 

with only having evolved the morphological aspect of hetero-

styly as the �rst step in the Lloyd and Webb model (Barrett 

and Cruzan, 1994).

With special reference to Primula, Al-Wadi and Richards 

suggested a scenario where distyly evolved from a long 

homostylous condition represented in some species in the 

section Sphondylia, with acquisition of  reciprocal herkog-

amy �rst, followed by that of  intra-morph incompatibility 

(Alwadi and Richards, 1993). However, this appears very 

unlikely in the light of  phylogenetic reconstructions dem-

onstrating that the most recent common ancestor of  the 

entire genus Primula was distylous and that the species in 
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section Sphondylia are not primitively monomorphic (Mast 

et al., 2006).

Molecular genetics of heterostyly

Identifying the molecular basis of heterostyly has been an 

important aim in order to shed light on its development, 

physiology, and evolution. Three main approaches have been 

employed. Differential expression or abundance of proteins 

or mRNAs in different morphs has been used to identify can-

didate factors; deletion mutagenesis and the search for homo-

styles have helped to delimit the chromosomal location of the 

S locus; genetic mapping and positional cloning have been 

used to de�ne the genomic sequence of the S locus.

Turnera

All three of the above approaches have been combined in the 

neotropical shrubs of the genus Turnera. Species in this genus 

show typical distyly, with the S-morph controlled by the dom-

inant S allele and the L-morph homozygous for the recessive 

s allele (Shore and Barrett, 1985). A difference is the relatively 

open, bowl-like structure of the Turnera �owers that contrasts 

with the more frequent tubular �owers found in many other 

heterostylous species (Ganders, 1979). A  polygalacturonase 

and α-dioxygenase were identi�ed as differentially abun-

dant proteins between the styles of S- and L-morph �owers; 

in particular, both proteins are only detected in S-morph 

styles (Athanasiou and Shore, 1997; Athanasiou et al., 2003; 

Khosravi et  al., 2004). The gene encoding the polygalactu-

ronase is linked to, but separate from the S locus, while the 

α-dioxygenase gene is unlinked, suggesting that expression of 

both is secondarily controlled by the causal distyly factors. 

The S locus was genetically mapped in a large population of 

backcross individuals and three markers in complete linkage 

with the S locus were discovered (Labonne et al., 2009). One 

of these markers identi�ed a retrotransposon, and another 

one a sterol sulfotransferase.

The identi�ed markers were used in two respects: to char-

acterize induced deletion mutants (Labonne et  al., 2010) 

and to initiate a chromosome walk (Labonne and Shore, 

2011). X-ray mutagenesis had identi�ed a number of dele-

tions affecting either the entire S locus or parts thereof; in 

particular, as mentioned above, one deletion resulted in a 

long homostyle phenotype and genotyping showed that the 

deletion was at the S locus, suggesting that the equivalent to 

the Primula G locus had been deleted, yet the equivalent to 

A was still present and functional (Labonne et al., 2010). In 

parallel, bacterial arti�cial chromosome (BAC) contigs were 

constructed starting from the BACs harbouring the S locus 

associated markers. This identi�ed a single BAC clone carry-

ing the recessive s allele; also two overlapping BACs derived 

from the dominant S haplotype were isolated, yet their loca-

tion relative to the causal S locus genes remains unclear 

(Labonne and Shore, 2011). Unfortunately, the sequences of 

these BAC contigs have not been reported to our knowledge; 

also, in light of the recent results from Primula it is unclear 

whether the BAC harbouring the s allele indeed contains 

recessive alleles of the causal heterostyly genes, or whether 

it lacks a fragment of S-allele speci�c sequence harbouring 

the causal heterostyly genes. Together with the establishment 

of a transformation protocol for Turnera joelii (Chafe et al., 

2015), these studies have brought us tantalizingly close to the 

molecular identities of the Turnera heterostyly genes, yet the 

last step remains to be taken.

Linum

Heterostyly is also observed in some species of  �ax (Linum), 

including Linum tenuifolium, Linum usatissimum and 

Linum grandi�orum (Dulberger, 1992). As in other systems, 

S-morph plants are assumed to be S/s heterozygous, while 

L-morph individuals are s/s homozygous recessive (Ushijima 

et al., 2012). Supergene control similar to Primula has been 

suggested (Ushijima et al., 2012) as self-compatible mono-

morphic populations have been identi�ed, yet these morpho-

logically resemble the L-morph (Nicholls, 1985). Compared 

with other systems, the difference in anther positions is not 

very pronounced in distylous Linum species, yet many of 

the typical ancillary polymorphisms are found (Dulberger, 

1992) and the distylous form is strongly self-incompatible. 

Using a combination of  proteomics and transcriptomics, dif-

ferentially abundant proteins and genes with morph-speci�c 

expression were identi�ed in L. grandi�orum (Ushijima et al., 

2012). These included in particular the THRUM STYLE-

SPECIFIC GENE 1 (TSS1) that is exclusively expressed in 

S-morph styles. This morph-restricted expression appears 

to be based on hemizygosity of  the gene, being present only 

in S-morph plants, but not in L-morph plants, thus likely 

residing on the dominant S haplotype. Two additional genes 

with expression enriched in styles of  S-morph plants encode 

an aspartyl protease and a MYB transcription factor, whose 

overexpression limits pistil growth in Arabidopsis thaliana 

(Ushijima et  al., 2012). The �nding of  likely hemizygosity 

for TSS1 is particularly relevant as it foreshadowed recent 

�ndings in Primula.

Fagopyrum

The buckwheat Fagopyrum esculentum shows typical mor-

phological distyly with intra-morph incompatibility (Darwin, 

1877). Also genetically, the system conforms to the common 

pattern, with the S-morph determined by the dominant S 

haplotype; S-morph plants are heterozygous S/s and L-morph 

plants homozygous s/s (Garber and Quisenberry, 1927; Lewis 

and Jones, 1992). The naturally occurring, self-compatible 

long homostylous species Fagopyrum homotropicum appears 

to carry an altered S locus haplotype that is dominant to the s 

haplotype yet recessive to S, with female and male incompati-

bility behaviours consistent with organ positions (Matsui et 

al., 2003). This is again consistent with this homostyle having 

arisen by recombination or mutation in an S locus supergene. 

Both molecular markers linked to the S locus and differen-

tially expressed proteins between the morphs have been identi-

�ed (Ali et al., 1998; Miljus-Dukic et al., 2004; Yasui et al., 
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2004) and a BAC library was constructed to aid in the identi-

�cation of the S locus (Yasui et al., 2008).

A breakthrough came from the use of next generation 

sequencing to identify S-morph restricted transcripts on the 

hypothesis that the dominant S haplotype may contain alleles 

not present on the s haplotype or at least not expressed from 

it. This indeed led to the identi�cation of four short-style spe-

ci�c transcripts, named SSG1 to SSG4 (Yasui et al., 2012). 

A  chimaeric plant sporting a side branch with long-styled 

�owers on an otherwise S-morph plant carried a deletion of 

the SSG2 and SSG3 genes, and SSG3 was found to be pre-

sent in each S-morph individual in a large mapping popu-

lation but not in any L-morph plants, indicating complete 

linkage between the presence of SSG3 and the dominant S 

haplotype. SSG3 encodes a protein related to the A. thaliana 

EARLY FLOWERING 3 (ELF3) protein; a second homo-

logue to A.  thaliana ELF3 is also expressed in �owers and 

is indeed more closely related to AtELF3 than the S locus 

speci�c S-ELF3, indicating that the latter arose by a dupli-

cation. The complete correspondence between the pres-

ence of a functional S-ELF3 gene and S-morph individuals 

extends even to different Fagopyrum species, indicating that 

balancing selection has maintained it as a trans-speci�c pres-

ence/absence polymorphism. Furthermore, two independ-

ently arisen self-compatible long homostylous genotypes of 

Fagopyrum carry inactivating mutations in S-ELF3, provid-

ing very strong evidence that S-ELF3 is a causal heterostyly 

locus that determines style length and possibly also female 

incompatibility behaviour in Fagopyrum.

Exploiting the availability of a BAC library, a 610 kb region 

surrounding S-ELF3 was de�ned that contained SSG2 and 

another functionally uncharacterized gene, as well as a large 

number of repetitive sequences and transposable elements. 

This work was recently expanded on by a draft sequence of 

the F.  esculentum genome combined with genotyping-by-

sequencing of L-morph and S-morph landrace individuals 

(Yasui et  al., 2016); searching for further S-morph speci�c 

contigs identi�ed a total of at least 5.4 Mb of sequence with 

evidence for absence in all L-morph individuals but presence 

in most or all S-morph individuals. The identi�ed contigs con-

tained a high fraction, almost 75%, of transposable element-

derived sequences, yet only 32 predicted genes, suggesting a 

large, non-recombining hemizygous region that accumulates 

transposable elements due to the population-genetic effects 

outlined above. Functional analysis of these additional genes 

in the candidate S locus should identify further causal hetero-

styly genes in buckwheat.

Lithospermum

Heterostyly has evolved multiple times independently within 

the Boraginaceae and even within certain genera heterostyly 

appears to have evolved several times. One such example 

is Lithospermum (Cohen, 2010). To gain insights into the 

molecular control and ultimately the repeated evolution of 

heterostyly, a transcriptomic study in Lithospermum multi-

�orum identi�ed differentially expressed genes between styles 

and corolla tubes of S- and L-morph plants at three different 

developmental stages (Cohen, 2016). This showed a dynamic 

pattern of changes in differentially expressed genes. In par-

ticular, identi�ed genes in early stages included many can-

didate regulators of organ growth and development, while 

those in late stages were enriched in factors affecting physi-

ology and stress response.

Eichhornia

The molecular basis of tristyly has recently been studied in 

Eichhornia paniculata, an annual relative of the clonal aquatic 

invader Eichhornia crassipes (Arunkumar et al., 2017). E. pan-

iculata shows the classical two-locus, two-allele control of tri-

styly, with the S locus epistatic over the M locus. Tristyly has 

been modi�ed several times independently in E. paniculata, 

giving rise to largely sel�ng semi-homostylous mid- and long-

morphs (M’ and L’), where some of the stamens are located 

at the same height as the stigma. Using a backcross of an M’ 

(genotype s/s M/M) x L’ (genotype s/s m/m) hybrid to the par-

ental L’, a large population segregating for the M locus was 

generated (Arunkumar et al., 2017). This was used to identify 

genes linked to the M locus and to map quantitative trait loci 

(QTL) for the �oral-organ traits. A large chromosomal region 

of more than 10 Mb was found to co-segregate with the M 

locus, likely containing more than 300 genes. There was some 

evidence for reduced recombination in this region, yet little 

population-genetic signals of balancing selection. Thus, the 

question whether the M locus represents a supergene in the 

classical sense or merely contains one or very few pleiotropi-

cally acting genes remains open. Consistent with earlier stud-

ies (Fenster and Barrett, 1994), the modi�ed stamen lengths 

leading to the semi-homostylous arrangement were due to 

modi�er loci, at least some of which segregate independently 

of the M locus; in particular, some of the modi�ers in the M’ 

and L’ variants were different, con�rming their independent 

origins (Arunkumar et al., 2017).

Primula

Early molecular-genetic studies in the Primula system identi-

�ed differentially expressed genes between �owers of the two 

morphs and determined their location relative to the S locus. 

In one study, none of 11 differentially expressed genes was 

found linked to the S locus, indicating that these genes are 

potential downstream components in the elaboration or func-

tion of the two morphs (McCubbin et al., 2006). A second 

study identi�ed two genes, SLL1 and SLL2, tightly linked 

to the S locus (Li et al., 2007). Also, a restriction-fragment 

length polymorphism, PvSLP1, was identi�ed in a highly 

repetitive region closely linked to the S locus (Man�eld et al., 

2005).

In addition to these molecular markers, several genes iden-

ti�ed by their mutant phenotypes were localized in close 

linkage to the S locus. This includes the dominant Hose in 

hose (Hih) mutant that causes the homeotic conversion of 

sepals to petals in Primula vulgaris due to the ectopic expres-

sion of the P. vulgaris orthologue to the B-class homoeotic 

gene GLOBOSA (PvGLO1) (Li et al., 2010). Conversely, the 
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sepaloid mutation leads to �owers containing only sepals and 

carpels, reminiscent of B-function mutants, yet no mutation 

of PvGLO1 was detected (Li et  al., 2008). The dominant 

Oakleaf mutation is also linked to the S locus and affects the 

shape of P. vulgaris leaves, rendering them more deeply lobed 

than wild-type leaves (Cocker et  al., 2015). Based on these 

various linked markers and genes, a high resolution genetic 

map of the P. vulgaris S locus region was constructed, pla-

cing GLO1 and Oakleaf on opposite sides of the S locus (Li 

et al., 2015). Three molecular markers were placed between 

Oakleaf and S, and between PvGLO1 and S, respectively, and 

constructing and sequencing of BAC contigs con�rmed this 

marker order. Fluorescence in situ hybridization using S-locus 

linked BACs as probes also con�rmed that the S locus is 

located next to the centromere, as predicted based on classical 

genetics, and is found on the largest Primula chromosome.

Parallel work in Primula veris had led to a reference gen-

ome sequence from a pool of S- and L-morph DNA (Nowak 

et al., 2015). This was combined with restriction-associated 

DNA (RAD) tag genotyping of large S- and L-morph pools 

from a semi-natural population with very short linkage dis-

equilibrium and consequently a high mapping resolution. 

RAD tagging identi�ed two markers as completely linked 

to the S locus, while for another four markers only a single 

crossover event was found. These six linked markers were 

located on four scaffolds of a combined size of more than 

640 kb, suggesting that meiotic recombination is suppressed 

in a larger region at or surrounding the S locus. Genes on 

these contigs showed higher heterozygosity in S-morph than 

in L-morph individuals, consistent with sequence divergence 

due to suppressed recombination. Transcriptome analysis 

of �owers from S- and L-morphs identi�ed a GLOBOSA-

like gene as the most highly differentially expressed, being 

restricted to S-morph �owers (Nowak et al., 2015). This gene, 

termed GLO2, represents a duplicated paralogue to GLO1 

identi�ed based on the Hih mutant in P. vulgaris.

These studies in P. vulgaris and P. veris set the stage for 

two major recent breakthroughs in our understanding of 

heterostyly in Primula, the identi�cation and functional 

characterization of the G locus in the heterostyly supergene 

(Huu et al., 2016), and the assembly of sequence models of 

the dominant and recessive S locus alleles (Li et al., 2016; 

Burrows and McCubbin, 2017). The latter came from the 

assembly and sequencing of BAC contigs starting from the 

above markers. Intriguingly, the assemblies of the S and the 

s haplotypes differed by a region of approximately 280 kb 

that was exclusively found in S-morph DNA (Li et al., 2016). 

Presence of this 280 kb insertion co-segregated perfectly with 

the S-morph phenotype in different laboratory and natural 

populations. This region contains �ve predicted genes, includ-

ing GLO2 and CYP734A50, a gene encoding a kelch-repeat 

F-box protein (KFB), a gene for a Pumilio-like RNA-binding 

protein (PUM), and a gene encoding a protein with a highly 

conserved C-terminal domain (CCM). To avoid confusion, 

the nomenclature based on P. veris will be used for GLO2 and 

CYP734A50, as the presence of GLO2 as a duplicated para-

logue and of CYP734A50 was �rst described in this species 

(Nowak et al., 2015; Huu et al., 2016). The inserted region 

is �anked by a duplicated cyclin-like F Box gene (CFB). The 

regions just �anking the insertion contain stretches without 

elevated rates of polymorphism between S- and L-morph 

haplotypes, arguing that recombination has occurred recently 

in the vicinity of the S locus. This observation is in contrast 

to the conclusion from P. veris (Nowak et al., 2015); further 

studies will be needed to resolve whether this is a difference 

between the two species analyzed or depends on the analysis 

method. Analysis of naturally occurring long homostyles in 

P. vulgaris identi�ed a one-base pair insertion in CYP734A50 

in one line and an amino-acid mutation of unknown sig-

ni�cance in another line. A spontaneous short homostyle 

mutant carried a transposon insertion in GLO2, suggesting 

that CYP734A50 and GLO2 represent the G and A loci in the 

original supergene model, respectively. Phylogenetic dating of 

the GLO2/GLO1 duplication suggests an age of more than 50 

million years ago, considerably older than the divergence of 

Primula and the most closely related non-heterostylous genus 

Androsace (Li et al., 2016).

In a parallel approach, tissue-resolved transcriptomics 

in P. veris identi�ed the CYP734A50 gene as being exclu-

sively expressed in the styles of  S-morph plants (Huu et al., 

2016). This morph-restricted expression is due to the gene 

only being present in S-morph plants and this presence/

absence polymorphism of  CYP734A50 perfectly co-segre-

gates with the morphs, not just in a large P. veris population 

but also in all other heterostylous Primula species tested, 

including Primula forbesii. The latter diverged from P. veris 

more than 20 million years ago, indicating that this trans-

speci�c CYP734A50 presence/absence polymorphism has 

been maintained by balancing selection, as predicted for a 

causal heterostyly locus. That CYP734A50 was indeed the 

G locus controlling style length was supported by several 

lines of  evidence. First, the gene was absent from several 

naturally occurring long homostylous species but present in 

all S-morph individuals of  closely related heterostylous spe-

cies. Second, naturally occurring P. vulgaris long homostyles 

showed a strongly reduced expression; incidentally, this was 

the population that only carried the amino acid exchange 

mutation (see above). Third, two independent spontaneous 

mutants of  cultivated primroses carried deletions of  the 

fourth exon. Fourth, virus-induced gene silencing (VIGS) 

of  CYP734A50 in P. forbesii resulted in long homostyles. 

The encoded cytochrome P450 enzyme is homologous to 

several functionally characterized family members from 

tobacco, rice, and A. thaliana that all inactivate brassi-

nosteroids (BRs) (Neff  et al., 1999; Ohnishi et al., 2006; 

Thornton et al., 2011) and indeed styles of  S-morph P. vul-

garis plants contain strongly reduced levels of  bioactive BRs 

compared with those of  L-morph plants (Huu et al., 2016). 

This reduced level appears to be the reason for the reduced 

cell expansion in S-morph styles that underlies their short 

length (Webster and Gilmartin, 2006), as it can be rescued 

by exogenous BR treatment. The CYP734A50 gene also 

arose from a duplication, like GLO2, and as expected from 

population genetic theory it shows a higher rate of  sequence 

divergence between Primula species compared with the 

paralogue outside of  the S locus, most likely re�ecting the 
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reduced ef�ciency of  purifying selection and greater import-

ance of  drift at the non-recombining S allele. Also, compar-

ing the genomic sequences of  the S locus genes CYP734A50 

and GLO2 with those of  their paralogues identi�es much 

longer introns in the S locus genes that contain many trans-

posable element-derived sequences and repeats.

A third independent study also established and sequenced 

two BAC contigs from P. vulgaris containing the two GLO par-

alogues (Burrows and McCubbin, 2017). One of these contigs 

contains part of the dominant S-haplotype, con�rming the 

presence of CYP734A50 and GLO2 as duplicated genes and 

of CCM in the hemizygous region of the S supergene, even 

though CCM is not annotated in this contig (Li et al., 2016; 

Burrows and McCubbin, 2017). Interestingly, the 285 kb con-

tig containing GLO1 did not identify any additional genes 

with homology to those located at the S-locus. Also, compar-

ing the P. vulgaris S locus contig with the P. veris contigs from 

the genome study suggested that the corresponding P. veris 

contig is from the s haplotype lacking the hemizygous region; 

this P. veris contig contains one of the two completely linked 

RAD tag markers (Nowak et al., 2015).

Thus, the following major conclusions can be drawn from 

these three studies. First, in contrast to the classical model, 

the S locus is not a diallelic supergene but rather a hemizygous 

region containing at least �ve genes. Second, CYP734A50 

is the G gene determining style length and possibly female 

incompatibility behaviour, while GLO2 represents a strong 

candidate for the A gene controlling anther position. Third, 

the hemizygosity of the dominant S haplotype provides a 

straightforward explanation for suppressed recombination as 

there is no homologous sequence on the s haplotype for it to 

pair with and undergo crossing-over. Fourth, long and short 

homostyles, as well as other abnormal trait combinations 

have not arisen by crossing-over within the S locus between 

homologous sequences, but rather by mutations. Fifth, at 

least the two studied genes at the S locus show the molecular-

evolutionary signatures expected for a non-recombining, per-

manently hemizygous region.

Implications of recent findings for the 
evolution, function, and breakdown of 
heterostyly

How do the above �ndings on the Primula S locus integrate 

with previous work and thinking on the topic, and what are 

their implications for the function and the evolution of het-

erostyly in Primula and possibly beyond?

An important question is how the conclusion from the 

present work that homostyles and other abnormal types can-

not have resulted from homologous recombination between 

the S and s alleles can be reconciled with the previous inter-

pretation that they arose by crossing-over within the S locus. 

Examining �anking-marker genotypes given for previously 

studied P. vulgaris short and long homostyles indicates that 

for the long homostyle the PvSLL1 genotype is homozy-

gous S-morph like, consistent with this plant being homozy-

gous for a mutant version of the dominant S haplotype; the 

PvSLL2 marker was homozygous for a novel allele, very simi-

lar in size to the described S-morph allele, which may re�ect 

intraspeci�c polymorphism in P. vulgaris (Li et al., 2007). By 

contrast, the PvSLL1 genotype of the short homostyle was 

homozygous L-morph like and heterozygous at PvSLL2, 

inconsistent with a mutational origin from the dominant S 

allele; however, this short homostyle was suggested to be due 

to mutations outside of the S locus (Li et  al., 2007), simi-

lar to the situation in a short homostyle line in F. esculentum 

(Matsui et al., 2004). Thus, overall the available results from 

genotyping Primula homostyles appear consistent with their 

origin by mutation, rather than recombination in the S locus.

A major argument against mutation was the frequent 

occurrence of such abnormal types at frequencies above 10–3, 

which appeared incompatible with known per locus muta-

tion rates of 10–4 to 10–7 (Lewis and Jones, 1992). Concerning 

the different types of mutations, the rate of point mutations 

does not appear to be higher at the S locus than elsewhere 

in the genome. This conclusion is based on the comparison 

of sequence divergence between the CYP734A50 ortho-

logues from different Primula species with that between their 

CYP734A51 paralogue sequences (Huu et al., 2016). The rate 

of synonymous changes was essentially the same between the 

CYP734A50 orthologues and the non-S locus paralogues, 

indicating that the rate of point mutations was comparable; 

it was only the rate of non-synonymous changes that was 

higher at the S locus, consistent with less ef�cient purifying 

selection. However, a major difference between the S locus 

and general euchromatic regions of the Primula genome is 

the much higher density of transposable element-derived and 

repetitive sequences (Huu et al., 2016; Li et al., 2016; Burrows 

and McCubbin, 2017). It is conceivable that some of these 

transposable elements are still potentially mobile and not 

entirely silenced and that their activity underlies the high fre-

quency at which abnormal types arise. Alternatively, these 

transposable element-derived sequences may provide a sub-

strate for illegitimate, non-homologous recombination with 

other copies outside of the S locus, which would lead to dis-

ruption of the S locus. In support of these possibilities, sev-

eral of the S haplotypes from long homostyles, either from 

naturally occurring homostylous species or from cultivated 

strains, harbour deletions of all or part of the CYP734A50 

sequence (Huu et al., 2016). That said, at least one natural 

long homostyle in P.  vulgaris is due to a single-base inser-

tion (Li et  al., 2016). Also, several of the novel abnormal 

types reported by Ernst, such as a GPA haplotype arising 

from a GP/A transheterozygous individual remain dif�cult to 

explain (Ernst, 1936; Dowrick, 1956; Lewis and Jones, 1992), 

except with trivial explanations like rare pollen cross-contam-

ination. Nevertheless, it appears that a higher mutation rate 

at the S locus resulting from residual transposable element 

activity or non-homologous recombination between repeated 

sequences offers a plausible explanation for the relatively fre-

quent occurrence of abnormal types.

Another important implication of these recent �ndings is 

that they suggest a model for the chromosomal evolution of 

the S locus supergene. For both CYP734A50 and GLO2 there 

is strong evidence that they have arisen by duplication, with 
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paralogues found outside of the S locus (Huu et al., 2016; 

Li et al., 2016; Burrows and McCubbin, 2017). However, a 

scenario of step-wise gene-by-gene duplication from unlinked 

ancestral genes, with the duplicates fortuitously ending up 

next to each other, appears highly unlikely. Rather, segmental 

duplication with subsequent gene loss and neofunctionaliza-

tion of retained genes appears to be a more plausible scenario 

(Fig. 2). The suggestion of gene loss is based on the obser-

vation that the GLO1 contigs in P. vulgaris and P. veris do 

not contain the CYP734A51 paralogue (Nowak et al., 2015; 

Burrows and McCubbin, 2017), that is the two ancestral genes 

do not appear to be neighbours as are their duplicates at the S 

locus. How this segmental duplication arose remains unclear 

at present; one possibility suggested by the duplicated CFB 

genes at the boundaries of the S locus region is that a small 

duplication of an ancestral CFB gene generated the substrate 

for illegitimate crossing-over and the origin of a segmental 

duplication. Importantly, the results from Fagopyrum and L. 

usatissimum described above also indicate that the dominant 

S locus allele is a hemizygous region potentially derived from 

duplication, suggesting that the above scenario may apply 

more widely for the evolution of heterostyly.

A third implication of the Primula work is that style length 

and the female incompatibility behaviour may both be con-

trolled by the same gene, CYP734A50. This is suggested by 

the �ndings concerning the naturally occurring long homo-

styles in Southern English P.  vulgaris populations (Crosby, 

1940; Crosby, 1949). These long homostyles are self-compat-

ible, with the long style showing the incompatibility pheno-

type of normal long L-morph styles. Sequencing identi�ed 

only a single base-pair insertion in CYP734A50 in the long 

homostyles from Somerset and an amino acid exchange and 

strongly reduced gene expression was reported for the long 

homostyle from the Chiltern Hills (Huu et al., 2016; Li et al., 

2016). Thus, unless these lines harbour undetected linked 

mutations, it appears that loss of CYP734A50 function alters 

both style length and the female incompatibility response. 

In turn, this would suggest that self-incompatibility is not 

based on a dedicated self/non-self  recognition system as in 

the well-studied examples of homomorphic self-incompati-

bility in plants, but rather depends on matching physiological 

adaptations of pollen tubes and stylar environment. These 

would only permit successful pollen tube growth in compat-

ible combinations, as suggested in the Lloyd and Webb model 

for the evolution of heterostyly (Lloyd and Webb, 1992a). It 

is well-established that the strength of intra-morph incom-

patibility varies greatly between species and even between the 

two morphs of a given species in Primula (Wedderburn and 

Richards, 1990; Richards, 2003); the proposed physiological 

scenario would seem more compatible with this variability, 

based on the effects of modi�er mutations on pollen tube 

growth in the style, than would a more classical self/non-self  

recognition mechanism. Evidence for polygenic modi�cation 

of the intra-morph incompatibility has been obtained in sev-

eral examples in Turnera (Shore and Barrett, 1986). Also, 

there may not be a common intra-morph incompatibility 

mechanism in both morphs of one species, based on differ-

ential cellular phenotypes of incompatible pollen of L- ver-

sus S-morphs, for example in Turnera (Safavian and Shore, 

2010) and in distylous species of Rubiaceae (Klein et  al., 

2009). Thus, on balance these observations seem to be more 

easily explained by intra-morph incompatibility as a second-

ary physiological adaptation as proposed by Lloyd and Webb, 

even though more elaborate mechanisms cannot be excluded 

at present, for example the BR-dependent expression of cog-

nate receptor-ligand pairs in styles and pollen tubes.

Fig. 2. Model for the chromosomal evolution of the Primula S locus supergene. A segmental duplication arises and is maintained as a polymorphism in 
the population as a proto-S locus. Duplicated genes in this region (red boxes) can be lost or acquire new activities by neofunctionalization, establishing 
the dominant S locus haplotype. Once this dominant haplotype is only ever present in heterozygotes and thus does not undergo recombination, 
transposable elements (TEs) will accumulate there, increasing the sizes of introns and intergenic regions. Coloured boxes indicate genes labelled in the 
same coloured font. The two additional predicted genes in the dominant S locus haplotype (see Fig. 1) are not shown, as no paralogues outside of the S 
locus have been reported for them, making their origin unclear.

Molecular basis of heterostyly | 5727
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
8
/2

1
-2

2
/5

7
1
9
/4

5
8
3
6
6
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



In summary, the above considerations add several plausible 

pieces to the model for the evolution of heterostyly in Primula 

(Fig.  2). Segmental duplication in an approach herkogamous 

ancestor gave rise to the proto-S locus and this duplication was 

maintained as a polymorphism in the population. The proto-S 

locus underwent gene loss and several of the duplicates evolved 

novel functions related to �ower morphology and function. In 

particular, CYP734A50 gained style-speci�c expression, reducing 

both style length and altering the permissiveness of the style for 

pollen tube growth; GLO2 evolved a novel function in promoting 

cell proliferation in the lower part of the corolla tube beneath the 

anther insertion point (Webster and Gilmartin, 2006), leading to 

the high anthers of S-morph �owers. Male incompatibility may 

then have evolved by reciprocal adaptation of the pollen tubes 

to the different stylar environments. In summary, this scenario 

is more in line with the Lloyd and Webb model than with the 

Charlesworth and Charlesworth model; in particular, all muta-

tions for acquiring novel functions by S locus genes would be 

dominant, a scenario not covered by the latter model.

Several obvious experiments suggest themselves to test the 

proposed scenario. First, a better, more contiguous genome 

assembly should be able to answer whether the S locus indeed 

arose from a segmental duplication via gene loss and neofunc-

tionalization. Second, studying many more molecularly de�ned, 

preferably small-scale mutations in CYP734A50 will answer 

whether alterations in style length and female incompatibility 

type always go together; establishing a transformation proto-

col should allow for testing this hypothesis further (Hayta et al., 

2016). Third, functional characterization of the remaining genes 

in the dominant S locus haplotype will identify the gene(s) 

required for male compatibility behaviour; this in turn may shed 

further light on the evolutionary sequence of events.

Comparison with supergenes from animals

Supergenes like the S locus also underlie complex adaptive 

polymorphisms in animals. How do the recent insights from 

heterostyly compare with �ndings in these animal systems?

Arguably the best understood examples at the molecular 

level are the mimicry supergenes in Heliconius and Papilio 

butter�ies. Heliconius numata butter�ies show Mullerian 

mimicry, with different morphs resembling one of seven dif-

ferent species of Melinea butter�ies (Joron et al., 2006; Joron 

et al., 2011). The seven distinct phenotypes are controlled by 

a supergene with haplotypes in a strict dominance hierarchy 

(Le Poul et al., 2014). The supergene is localized in a region 

containing three closely linked wing-patterning genes in 

other Heliconius species (Joron et al., 2006), one of which has 

recently been identi�ed (Nadeau et al., 2016). In H. numata, 

bene�cial allele combinations at these three patterning genes 

have been locked into supergene haplotypes by two nested 

inversions that suppress recombination between mimetic and 

non-mimetic haplotypes, but also between different mimetic 

haplotypes (Joron et al., 2011).

Harmless butter�ies in the genus Papilio show Batesian 

mimicry, imitating unpalatable species, for example from 

Danainae. Mimicry is polymorphic, with different forms 

resembling different model species. A single Mendelian locus 

determines the different phenotypes, each involving variation 

in several pattern elements of the wings. Supergene architec-

ture had therefore long been assumed (Charlesworth, 2016). 

However, recent molecular studies have indicated that allelic 

variants of only single genes – doublesex (dsx) in Papilio poly-

etes and engrailed in Papilio dardanus – determine the differ-

ent mimicry morphs (Kunte et al., 2014; Timmermans et al., 

2014; Nishikawa et  al., 2015). In P.  polyetes, the mimetic 

dsx haplotype is inverted in a 130 kb region relative to the 

non-mimetic one, explaining the suppressed recombination 

between sequence polymorphisms within dsx. By contrast, 

no structural rearrangement has been found in P. dardanus.

Another supergene based on a chromosomal inversion has 

recently been identi�ed in the ruff, a bird with three distinct 

male morphs. Two morphs are associated with different dom-

inant haplotypes of a large derived inversion, while the third 

morph is homozygous for the recessive ancestral haplotype 

(Kupper et al., 2016; Lamichhaney et al., 2016). An even larger 

inversion affecting a region >100 Mb controls two alternative 

morphs in the white-throated sparrow (Tuttle et  al., 2016). 

One of them is always heterozygous for the inversion, while 

the other morph is homozygous for the non-inverted chromo-

some. Similarly, in �re ants a large chromosomal inversion 

suppresses recombination between two haplotypes affecting 

social organization (Wang et  al., 2013); as in the sparrows, 

one of the chromosomes is never homozygous. As expected 

for non-recombining regions that are only ever present in het-

erozygotes, the respective chromosomes in sparrows and ants 

shows signs of degeneration, re�ecting the accumulation of 

mutations due to Muller’s ratchet.

Thus, virtually all molecularly de�ned supergenes in animals 

involve inversions that suppress recombination and maintain 

co-adapted alleles segregating as a single unit, yet no case of a 

segregating hemizygous region has been described. By contrast, 

no inversions have been found in examples of the heterostyly 

supergene. It will be fascinating to see whether this difference 

between the type of structural chromosomal variation that sup-

presses recombination in animal versus plant supergenes holds 

up as more examples are molecularly dissected.

Outlook

In summary, research into the molecular basis of heterostyly 

has come a long way during the last decade. Several exam-

ples are beginning to be understood in considerable detail 

and hemizygosity of the dominant S haplotype is emerging 

as a potentially widespread feature of heterostylous systems. 

This offers both an elegant solution to the problem of sup-

pressing recombination and suggests a possible evolutionary 

path based on segmental duplication, gene loss, and neo-

functionalization. At the same time, in contrast to the inten-

sively studied and molecularly characterized homomorphic 

self-incompatibility systems (Fujii et al., 2016), the molecular 

and physiological basis of heteromorphic self-incompatiblity 

remains poorly understood. We argue that more work should 

be directed towards this problem as it has critical implications 
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for the evolutionary sequence of the different component 

traits of heterostyly. In any case, if  the last decade is anything 

to go by, the future looks bright for understanding the molec-

ular and genetic basis of heterostyly as a fascinating �oral 

adaptation that functions to promote cross pollination and 

limit the harmful effects of inbreeding.
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