
0123456789();: 

Many animal species exhibit multiple sex-​specific 
morphs, that is, discrete phenotypes observed in only 
one sex (Fig. 1). Sex-​specific morphs go beyond poly-
morphism in any one trait and typically include many 
different traits, spanning such disparate characteris-
tics as behaviour, physiology, colour and body size1,2. 
Sex-​specific morphs represent a form of sexual dimor-
phism and, therefore, must arise from differences in 
selection as it acts on females and males. However, 
sex differences in selection typically result in bimodal 
phenotypic differences between males and females, and 
sex-​specific morphs represent an expansion beyond this 
dichotomous view of sexual diversity3.

Although ecological pressures can differ between 
the sexes4, differences in reproductive interests are by 
far the greatest source of sex differences in selection5. It 
is therefore perhaps not surprising that most sex-​specific 
morphs are associated with alternative mating strategies2,3, 
and there are many evocative examples (Table 1).

The remarkable diversity of sex-​specific morphs 
offers unique opportunities to understand the genetic 
basis of complex phenotypes, as the discrete nature of 
many morphs makes it easier to both categorize and 
compare genomes and transcriptomes than for contin-
uous traits. They also offer a potentially valuable sys-
tem to study the way that groups of otherwise unrelated 
traits become genetically linked, either transcriptionally 
or physically. Beyond this, sex-​specific morphs allow for 
the study of the forces needed to generate and maintain 
diversity. Sex-​specific morphs can also offer important 

insights into how phenotypes can be limited in expres-
sion in one sex or the other, a particularly timely 
model given recent imperatives to better understand 
sex-​specific biology6–9. Finally, because sex-​specific 
morphs often display a combination of both male and 
female traits, they offer a route to expand studies of 
sexual diversity beyond bimodal male–female compari-
sons, mirroring in many ways recent societal interest in 
understanding human sexual diversity.

Ecological and endocrinological studies of sex-​ 
specific morphs have been advancing for some time. By 
contrast, genomic and transcriptomic studies of morphs 
have emerged far more recently. These studies are reveal-
ing many different paths to the evolution of sex-​specific 
morphs and make it possible to study complex selection 
dynamics at the molecular level.

In this Review, I summarize several fascinating exam-
ples of sex-​specific morphs, then briefly review theories 
about their evolutionary origin as well as their devel-
opment. After discussing recent case studies that have 
determined the genomic and transcriptomic basis of 
morph diversity and synthesizing their common find-
ings, I conclude with open questions for the study of 
these remarkable systems.

Examples of sex-​specific morphs
Dimorphic systems. Wild turkeys (Meleagris gallopavo)  
are co-​operative breeders with two male morphs. 
Dominant males display directly to females dur-
ing the mating season and show more exaggerated 

Alternative mating 
strategies
Different reproductive 
behaviours used by male or 
female animals. Sometimes 
referred to as alternative 
reproductive tactics.
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f  Para guppy (Poecilia parae)

e  Swallowtail butterfly (Papilio polytes)

d  Blue-tailed damselfly (Ishinura elegans)
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sexually selected traits, including more vivid head and 
neck colouration, and more exaggerated caruncles com-
pared with subordinate males10. Subordinate brothers 
cooperate to defend their family’s position on the mating 
grounds against other groups of males and encourage 
females to mate with their dominant brother11. Similar 
in some ways to subordinate male turkeys, sneaker male 
morphs exist in many species, such as in the scarab bee-
tle (Onthophagus taurus)12. Sneaker scarab beetles, like 
subordinate male turkeys, do not display key sexually 
selected somatic traits, in this case a horn (Fig. 1a). But, 
in contrast to subordinate turkey males, which do not 
breed, sneakers mate by stealth, and although they tend 
to have small body size relative to territorial males, they 
often have a very large testes-​to-​body size ratio so as to 
maximize fertilization from stolen mating events3,13.

More complex morph systems. Some species, such as the 
ruff (Philomachus pugnax)14,15 and the ocellated wrasse 
(Symphodus ocellatus)16, have three male morphs. Like the 
dominant male turkey, territorial male morphs defend 
the nesting site against other males and often invest 
in somatic and behavioural traits that attract females. 
A helper male, or satellite male, lacks somatic sexually 
selected traits but assists the territorial male in territorial 
defence and/or parental care and, in exchange, obtains 
a fraction of the fertilization events at the site. Because 
the sneaker morph invests nothing in territorial defence, 
parental care or somatic sexually selected traits, it is able 
to redirect resources into sperm production. The ruff and 
the ocellated wrasse also make an interesting contrast, as 
although both species exhibit similar morphs, the under-
lying genetics differ. Although males of the ocellated 
wrasse can transition between morph phenotypes over 
their life cycle16, the morphs of the ruff are heritable and 
determined at conception based on genotype14,15. There 
are other variations on three-​morph systems, such as in 
the side-​blotched lizard (Uta stansburiana), which are 
also highly heritable17. Instead of a satellite morph, this 
species contains two territorial morphs, one with large 
territories and one with small, the latter referred to as 
a mate guarder, as well as a sneaker morph, and each 
morph is associated with a distinct head colour (Fig. 1c).

Many examples of male dimorphism and trimor-
phism exist, but there are fewer examples of more com-
plex systems. The tawny dragon (Ctenophorus decresii) 
exhibits four male morphs, which differ in throat col-
our, aggression and anti-​predator behaviour18,19. Two 
species of stag beetle (Odontolabis sommeri lowei and 
Odontolabis brookeana) are also tetramorphic, with 

alpha, beta, gamma and bolt-​cutter males, the latter 
named because the mandibles resemble a bolt-​cutter 
tool. The stag beetle morphs differ in body size and man-
dible shape and allometry20. Like the scarab beetle horns, 
stag beetle mandibles are used as weapons in male mat-
ing contests, and the different-​shaped mandibles of the 
four morphs represent different competitive strategies.

The largest number of co-​occurring clearly dis-
crete morphs may be in the pentamorphic para guppy 
(Poecilia parae), which has a highly aggressive male 
morph that mates via coercion, a female mimic, or  
gynomorph, that mates via stealth, and three males with 
different levels of aggression that entice females through 
mate preference (Fig. 1f). Each of these morphs is associated 
with complex differences in size, behaviour, colour and  
sperm morphology21–23, and each morph is Y-​linked  
and therefore inherited perfectly from father to son24,25.

Female-​specific morphs. There are female morphs as 
well, most notably the castes of social insects26, which 
represent specialization of labour within the super-​
organism. Female-​limited reproductive morphs are 
arguably less common than male morphs, and result 
in some cases from ecological selection27, and in others 
from male mating harassment. In many damselflies, such 
as Ishinura elegans28–30 (Fig. 1d), some females exhibit a 
male-​mimicking andromorph phenotype. Similarly, some 
swallowtail butterflies in the genus Papilio exhibit several 
female-​specific mimetic polymorphisms (Fig. 1e). In this 
case, some females are Batesian mimics, likely resulting 
from ecological selection, and some are andromorphs, 
whereas males are monomorphic within populations 
and non-​mimetic27,31,32. In both damselflies and swal-
lowtails, andromorphs may benefit from reduced sexual 
harassment. However, whereas male morphs, including 
sneakers, territorial and female mimics, have evolved 
many times independently across vertebrates and inver-
tebrates, female andromorphs seem to have evolved far 
less often. The reduced prevalence of female morphs 
compared with male morphs is likely a function of the 
directionality of sexual selection. Sex-​specific morphs 
are often associated with mating systems with a high 
level of sexual selection, resulting from substantial vari-
ance in male fitness13. Sexual selection is typically more 
prevalent in males, and this may create more reproduc-
tive niches33 in males than females, which are then filled 
by various reproductive morphs.

Origin of morph diversity
Sex-​specific morphs likely result from disruptive 
selection, whereby extreme phenotypes have higher 
reproductive fitness than intermediate ones. What is unu-
sual in the case of sex-​specific morphs is that disruptive 
selection acts on normal continuous phenotypic varia
tion for multiple traits simultaneously33,34 and in only one 
sex. For example, in the case of dimorphic species with 
territorial and sneaker male morphs, the advantage to 
sneakers comes from being both small and unobtrusive, 
so as to gain access to females without notice. At the same 
time, because fertilization success often largely resembles 
a raffle competition, with each sperm cell representing a  
raffle ticket35, sneaker morphs benefit from having 

Sexually selected traits
Traits that help to increase 
reproductive fitness. Somatic 
sexually selected traits, such  
as songs or bright colours, can 
help to attract mates, or, like 
antlers, can be used in male–
male competition for access  
to mates. Gonadal sexually 
selected traits often relate  
to sperm competition after 
mating.

Caruncles
Fleshy tuberosities that can be 
present on head, neck, cheeks 
or throat of some birds. In the 
case of turkeys, caruncles 
include the wattle and the 
snood, an erectile protuberance  
on the forehead.

Sneaker male
A male that lacks somatic 
sexually selected traits and 
mates primarily via stealth.

Territorial males
Sometimes called bourgeois or 
alpha males. A male reproduc-
tive strategy that is typically 
associated with somatic sexu-
ally selected traits, such as 
bright colours and mating 
behaviours, to attract females 
to a specific defended territory 
or nesting site.

Helper male
Sometimes called a satellite 
male in birds and fish. A male 
morph that lacks sexually 
selected traits and behaviours, 
and which assists a territorial 
male in nest defence and  
care in exchange for a limited  
number of fertilization events.

Heritable
A phenotype that is at least 
partially transmitted geneti-
cally from parents to offspring.

Allometry
The scaling relationships 
between size and shape across 
different parts of the body.

Fig. 1 | examples of sex-specific morphs. a | Scarab beetle (Onthophagus taurus). Males 
from left to right: horned, hornless. b | Dwarf spider (Oedothorax gibbosus). Males, left to 
right: hunched, flat. c | Side-​blotched lizard (Uta stansburiana). Males from left to right: 
orange (large territory), blue (small territory), yellow (sneaker). d | Blue-​tailed damselfly 
(Ishinura elegans). Females from left to right: androchrome (andromorph), rufenscens-​ 
obsoleta, infuscans. e | Swallowtail butterfly (Papilio polytes). Males are monomorphic 
within populations, but two morphs exist: alphenor (top) and polytes (bottom). Females 
from left to right: cyrus (andromorph, alphenor top, polytes bottom), polytes (Batesian 
mimic of Pachliopta aristolochiae), romulus (Batesian mimic of Pachliopta hector) and the-
seus (Batesian mimic of P. aristolochiae, black form). f | Para guppy (Poecilia parae). Males 
from left to right, top row: blue melanzona, yellow melanzona, red melanzona; bottom 
row: parae and immaculata (gynomorph).
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enlarged testes to produce enormous quantities of sperm, 
or more tickets in the fertilization raffle, to maximize 
reproductive success, and therefore their fitness, from 
limited opportunities36 (Fig. 2). Being small without high 
sperm production is not as advantageous, as the male 
would be unable to quickly flood another male’s nest or 
a female’s reproductive tract with gametes to maximize 
the benefit from rare stolen fertilization events.

For a territorial male, disruptive selection acts in the 
opposite direction to that for the sneaker male. Being 
large is often key to defending the territory against 
other males, and displaying additional traits that attract 
females increases mating opportunities. Because energy 
is finite, territorial males cannot invest in all traits. 
Redirecting energy from somatic growth towards sperm 
production2,37 would likely reduce reproductive fitness, 
as the male would be unable to defend and maintain a 
territory. Similarly, redirecting energy from female pref-
erence traits to spermatogenesis would likely reduce 
reproductive fitness, as the male would be unable to 
attract females for mating.

Thus, for both territorial and sneaker males, inter-
mediate forms, or forms with mismatched traits, are 
less fit. The morph-​specific combinations of different 
extreme phenotypes allow that sex to occupy a greater 
range of reproductive niches within the fitness land-
scape. In this framework, the genetic and evolutionary 
questions about how to maintain the integrity of the 
suites of characters associated with morphs are similar 
to questions about local adaptation of multiple traits in 
the face of gene flow between populations. However, the 
case of morphs is complicated in that multiple morphs 
exist within the same, interbreeding, population and the 
traits are present in only one sex.

How to make a morph
The disruptive selection that acts on multiple traits 
in morphs leads to shifts in the relationships between 
those traits. Many traits co-​vary — for example, horn or 
mandible length in beetles co-​varies with body size20,37,38, 
so larger beetles will also have larger horns or mandi-
bles. Because beetle horns or mandibles are often used  

Table 1 | examples of sex-​specific morphs

species notes Heritable?

Dimorphism

Wild turkey (Meleagris 
gallopavo)

Co-​operative breeder with dominant (breeding) and 
subordinate (non-​breeding) males11

No, dominance among sibling males is established 
via fights just before sexual maturation10

Scarab beetle (Onthophagus 
taurus) and rhinoceros beetle 
(Trypoxylus dichotomus)

Territorial and sneaker morphs associated with size of horns, 
which are important in male–male competition12,60

No, morph associated with developmental diet60,68

Bluehead wrasse (Thalassoma 
bifasciatum)

Terminal (territorial) males are larger and exhibit sexually 
selected colouration and behaviours. Initial phase males  
are female mimics

No, sequential hermaphrodite, individuals mature as 
either females or initial phase males, and both can 
become terminal phase males later in life under the 
right social conditions69

Peacock blenny (Salaria pavo) Territorial males are larger and have sexually selected 
somatic traits in contrast to female-​mimic males

No, males transition from female-​mimic to territorial 
phenotypes as they grow larger with age70

Dwarf spider (Oedothorax 
gibbosus)

Hunched males exhibit cephalic ornaments used in nuptial 
feeding, while flat males lack these features and mature 
earlier to gain an initial reproductive advantage33

Yes54

Trimorphism

Side-​blotched lizard  
(Uta stansburiana)

Males with large territories, small territories and sneaker. 
Throat colour co-​varies with reproductive strategy17

Yes71

Ruff (Philomachus pugnax) Territorial ‘independent’ males, satellite helper males and 
sneaker ‘faeder’ males72

Yes, morphs associated with large autosomal 
inversions14,15

Ocellated wrasse (Symphodus 
ocellatus)

Territorial, satellite and sneaker males16 No, males can change their morph throughout the 
life cycle16

Blue-​tailed damselfly (Ishinura 
elegans)

Andromorph females mimic males in all aspects except 
genitalia. Two other female morphs differ in colour73

Yes, Mendelian74

Tetramorphism

Tawny dragon lizard 
(Ctenophorus decresii)

Male morphs differ in throat colour and aggression level19 At least partially18

Stag beetle (Odontolabis 
sommeri lowei and Odontolabis 
brookeana)

Alpha and beta males are large with long mandibles that 
differ in shape, gamma males are small and likely represent 
sneaker morphs, and bolt-​cutter males have wide mandibles 
that may give them an advantage in some mating contests20

Gamma male morph is likely facultative based on 
body size at pupation, and other three males may be 
at least in part heritable20

Swallowtail butterfly (Papilio 
polytes)

Three female mimetic and one andromorph. Males are 
monomorphic within populations and non-​mimetic

Yes, based on alleles of the doublesex locus2,27,32

Pentamorphism

Para guppy (Poecilia parae) Male morphs include a female mimic, coercive male and 
three separate male morphs that mate via female choice21–23

Yes, Y-​linked24,25

Female mimic
Also called a gynomorph.  
A male morph that exhibits 
female somatic phenotypes.

Andromorph
Also called a male mimic, a 
female morph that exhibits 
many male somatic 
phenotypes.

Batesian mimics
Organisms that mimic the 
warning colouration of a 
noxious model, thereby gaining 
protection from predators.

Disruptive selection
A form of selection in which 
extreme phenotypes are more 
fit than intermediate forms.
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as weapons in male–male competition for mates, the 
size of these weapons is crucial to different reproduc-
tive niches. Therefore, to occupy different reproductive 
niches, different morphs exhibit different allometric 
relationships between horn or mandible length and body 
size20,38 (Fig. 3).

Body size and horn or mandible size can be thought  
of as two modules, encoded by different suites of genes, of  
the body that are developmentally integrated in various 
ways across morphs to prevent mismatching of traits. 
Similarly, relative testes size, and therefore sperm count, 
also varies with body size in species, and the slope of 
this relationship can differ across male morphs39, rep-
resenting another integrated module of morph pheno-
type. Some phenotypic traits, such as mating behaviour, 
are less continuous than body size, but they also repre-
sent modules that are integrated into the overall morph 
phenotype.

Morphs represent a range of sexualization. Sexual dimor-
phism, differences between males and females, also often 
results from differences in allometric relationships40,41. 
Interestingly, many intra-​sexual morphs represent a 
mixture of male and female allometries. For example, the 
hornless sneaker beetle males often resemble females for 
that trait38,42,43 (Fig. 1a), but are otherwise phenotypically 

male (Fig. 3). More extreme examples are andromorphs 
and gynomorphs, which mimic the other sex for many 
somatic traits but have the gonad of their genetic sex. 
Therefore, some morphs represent an expansion of 
the bimodal relationship often observed in males and 
females and can sometimes be thought of as represent-
ing variation in the degree of sexualization, and even  
different mix-​and-​match combinations of male and 
female traits44.

This variation in sexualization is evident in transcrip-
tome studies of morphs. Many genes differ in expression 
between males and females, and these sex-​biased genes 
are thought to be related to phenotypic sex differences45. 
Transcriptome studies of intra-​sexual morphs reveal a 
range of sex-​biased gene expression. For example, sub-
ordinate male turkeys show a pattern of demasculiniza-
tion in gene expression compared with dominant males, 
consistent with their phenotype44. More simply stated, 
subordinate males are clearly male, but somewhat less 
transcriptionally masculine than dominant males.

Mixing and matching male and female traits. Other tran-
scriptome studies reveal greater ranges of sexualization. 
Female-​mimicking male morphs in the bluehead wrasse 
(Thalassoma bifasciatum)46 and in the peacock blenny 
(Salaria pavo)47 show greater transcriptional similarity 
to females in the brain compared with territorial males, 
as do satellite males in the ocellated wrasse48. Female 
morphs show a similar pattern, with andromorph 
females in the blue-​tailed damselfly transcriptionally 
more similar to males than to either of the other female 
morphs49.

Interestingly, gonad transcriptomes show very differ-
ent patterns compared with those of the brain48 among 
ocellated wrasse morphs, reflecting differences in invest-
ment in sperm production48,50 and illustrating how a 
morph can comprise mix-​and-​match combinations of 
male and female traits. This mix-​and-​match combina-
tion of male and female traits is also evident in O. taurus  
transcriptomes, in which the horn tissue of sneaker 
(hornless) males is transcriptionally more similar to that 
of females than that of large-​horned (territorial) males. 
By contrast, the leg tissue of male morphs is more similar 
to each other than either is to female leg tissue51.

Heritable morphs
Pedigree analysis of morph phenotypes has been used 
for some time to determine whether morphs are herita-
ble or not (Table 1). Only recently have genomic compar-
isons across heritable morphs been used to determine 
the genetic basis of morph phenotypes. Many of these 
studies have linked morph phenotypes to supergenes, 
regions of chromosomes, typically inverted, that con-
tain several genes. The inversions prevent recombination 
and presumably keep alleles at multiple genes underlying 
each morph linked together to prevent mismatching of 
traits52.

Sex determination supergenes. Many sexual dimor-
phisms are linked to the sex determination pathway, 
reviewed in53. It is therefore perhaps not surprising 
that genes in the sex determination pathway have been 
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Fig. 2 | Disruptive selection for extreme male traits 
results in different reproductive morphs. Example case  
of a species with two male morphs, a territorial male and a 
sneaker. Sneakers benefit from being both small and unob-
trusive, and having enlarged testes to produce enormous 
quantities of sperm to maximize reproductive success. 
Selection acts in the opposing direction for territorial males, 
for whom large body size is key to defending the territory 
against other males, and secondary sexually selected traits 
attract females. Redirecting investment in either of these 
traits towards sperm production reduces reproductive 
fitness for territorial males.

Reproductive fitness
The relative ability of a geno-
type to pass on its genetic 
material to the next genera-
tion. Often measured as  
the proportion of offspring  
generated relative to other 
genotypes in the population.

Integrated
The tendency of different traits 
to vary jointly in a coordinated 
manner throughout a morpho-
logical structure or even a 
whole organism.

Sex-​biased genes
Genes that are transcribed at 
different levels in males and 
females. Often thought to be a 
major underlying mechanism 
for sexually dimorphic 
phenotypes.

Supergenes
Chromosomal regions that 
encompass multiple genes that 
are inherited together because 
of close genetic linkage. Often 
supergenes are associated with 
chromosomal inversions, which 
prevent recombination with the 
alternative allele.
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implicated in some morph-​associated supergenes, again 
revealing a link between morphs and sexualization. For 
example, in the dwarf spider (Oedothorax gibbosus; 
Table 1 and Fig. 1b), hunched males are encoded by a 

3 Mb autosomal genomic fragment that contains, among 
other genes, an extra copy of the key sex-​determining 
gene doublesex54. For many genes, copy number is related 
to expression level55,56, which is also true for doublesex in 
the hunched morph. Hunched males with the doublesex-​
containing fragment have higher total doublesex expres-
sion than flat males, which lack the extra copy, and 
elevated doublesex expression likely leads to the mascu-
linized hunched morph through the regulation of several 
downstream genes. Interestingly, doublesex is expressed 
less in females than in either male morph, regardless of 
whether she carries the hunched male genomic frag-
ment, and this likely represents overarching regulatory 
control of doublesex through sex hormones or other 
aspects of the sex determination pathway. In the case of 
dwarf spiders, activation is limited to males, and once 
activated, expression level is related to copy number.

The pentamorphic para guppy, P. parae also rep-
resents an interesting case of the interplay between 
supergenes and sex determination. In this case, each 
of the five male morphs is associated with a distinct  
Y chromosome24,25, ensuring that all the sons from a male  
share his phenotype. Although the sex-​determining 
gene in this species is not yet known, the presence of a 
Y chromosome determines maleness. Further work in 
this system will no doubt reveal more about the interplay 
between sex determination and the genes that underlie 
these morphs.

The three male morphs of the ruff, P. pugnax, are 
encoded by large autosomal inversions14,15,57. In this case, 
the inversions associated with both satellite and sneaker 
(faeder) males are dominant over territorial males, and 
both inversions are lethal in the homozygous state. 
Independent males exhibit elevated testosterone levels 
compared with satellites and faeders14, consistent with 
their masculinized phenotype. The gene content of these 
inversions has recently been annotated57 but is not yet 
available, and future work will reveal whether the testos-
terone differences are due to differences in copy number 
of sex-​determining genes within the inversions.

The andromorph females in Papilio polytes are also 
associated with inversions, but in this case, the inver-
sions are contained within a single gene27,32. Supergenes 
are typically thought to physically link alleles at multiple 
loci, and instead of linking multiple genes, this supergene 
is comprised of two inversions, one at either end of the 
gene. More importantly, the gene that contains the inver-
sions that differentiates andromorphs from mimetic 
females is doublesex, the same gene that apparently con-
trols male morphs in dwarf spiders. However, in contrast 
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to dwarf spiders, in which doublesex expression level is 
key to male morphs, in swallowtails, different alleles of 
doublesex result in different isoforms, or splice variants,  
of the gene in andromorph versus mimetic females, which  
in turn affect expression of many downstream genes.

Balancing selection and the maintenance of morph 
genetic diversity. Once generated via disruptive selec-
tion, morphs that are at least partially heritable are 
thought to be maintained through balancing selection17,33, 
whereby the fitness of each morph is related to the fre-
quency of the others17,30. To go back to the two-​morph 
example of territorial and sneaker males, the fitness  
of territorial males is inversely related to the frequency of  
sneakers — as more and more sneakers parasitize a terri-
torial male’s nest or territory, the proportion of offspring 
in that nest or territory that he sires decreases. At the 
same time, sneaker males are reproductive parasites of 
territorial males, and require the nest or territory pro-
vided by territorial males to reproduce. As the frequency 
of territorial males decreases, so too does the fitness of 
sneaker males. The resulting frequency of each morph 
is therefore balanced by the frequency of the other. Put 
another way, the mean fitness of sneakers relative to 
territorial males decreases as the frequency of sneakers 
increases, maintaining a balance in the frequency of 
alleles underlying each morph type.

The complex dynamics needed to generate and 
maintain multiple heritable morphs might be expected 
to result primarily in dimorphic or trimorphic systems. 
Indeed, the number of tetramorphic examples is rela-
tively small (Table 1). However, the para guppy (P. parae) 
exhibits five heritable morphs, each with distinct colour 
and mating tactics22,24. The five Y-​linked morphs are  
maintained via balancing selection that involves a 
complex interaction of female preference, male–male  
competition and predation21–23, suggesting that more 
morphs are possible when selection dynamics are 
governed by multiple forces.

Facultative morphs
Many morphs are largely determined on the basis of envi-
ronmental or social conditions. Although there can be 
some heritable aspects that influence morph determina-
tion, in these cases, technically all individuals have the 
potential to exhibit any morph phenotype. This repre-
sents a form of polyphenism, whereby a single genome 
can give rise to multiple phenotypes58. Morphs can be 
determined at maturity, often on the basis of developmen-
tal nutritional status59,60, or can be plastic, with individuals 
transitioning between morphs throughout their lifespan 
depending on the optimal strategy for their relative size.

Developmental modularity through threshold traits. 
Some of the best examples of morphs determined at 
maturity on the basis of developmental nutrition come 
from beetles. Rhinoceros beetle (Trypoxylus dichotomus) 
males have two morphs associated with the size of the 
forked horn on their heads. In nutrient-​rich conditions, 
male beetles grow significantly larger horns and adopt a 
territorial strategy, whereas a nutrient-​poor diet causes 
the development of small horns and a sneaker strategy. 

Female beetles, in contrast, lack horns irrespective of 
nutritional status. In this example, male horn size is 
mediated by male-​specific changes to insulin or insulin-​
like growth factor activity60 in response to food intake, 
demonstrating male-​limited interaction between an 
environmental condition (nutrition) and insulin reg-
ulation. In O. taurus beetles, the interaction between 
beetle horn size and nutrition is further mediated by 
doublesex61, and artificial doublesex knockdown mutants 
exhibit less nutrition-​dependent horn growth59, again 
showing the important interaction between key sex 
determination genes and sex-​specific morphs.

The interaction between insulin or insulin-​like 
growth factor signalling, nutrition and horn size in 
male beetles hints at the underlying ecological reason.  
If males with insufficient nutrition, either from rationed 
maternal effects or limited nutrition during develop-
ment, were to invest in horn growth the resulting stunted 
horn would be insufficient to win competitive battles for 
access to females. In this situation, the hornless sneaker 
morph may represent the best strategy to deal with a bad  
situation. Of course, nutritional status and insulin 
are continuous traits, and male horn size is bimodal.  
This represents a threshold trait42, whereby a morph 
phenotype is triggered by a critical value, in this case 
nutrition. Threshold traits represent a form of develop-
mental modularity, in which the threshold mechanism  
(in this case, insulin signalling), evolves independently 
of the downstream phenotypes it regulates. Also, mul-
tiple phenotypes (in this case horns, body size and  
mating behaviour), can be integrated into the thresh-
old, or dissociated from it, depending on evolutionary 
pressures42,58,62,63.

Sequential morphs. In contrast to the beetle morphs, 
which are determined by developmental nutrition and, 
once evident at maturity, are maintained for the life 
of that male, some facultative sex-​specific morphs are 
sequential, with individuals transitioning across differ-
ent morphs depending on their relative condition or 
other factors. This strategy is particularly evident in fish, 
which exhibit indeterminate growth and for which size is 
often a key factor in the ability of a male to defend a 
nest and attract females. In a wide variety of fish species, 
young males of insufficient size to successfully defend a 
nest territory experience higher reproductive success as 
sneakers, satellites or female mimics13. Only males that 
survive long enough to reach a large size relative to oth-
ers in the population are likely to succeed with a territo-
rial strategy. Thus, in these cases, male morphs represent 
different positions in the size hierarchy, and males can 
essentially move through the ranks as they grow.

For all sequential facultative morphs, the pathway 
that underlies the transition needs to be activated and, 
just like heritable morphs, this activation is often asso-
ciated with the sex determination pathway in the form 
of sex hormones. This process has been well studied 
in many fish species, and fish differ from many other 
animal groups in using two forms of androgen to dif-
ferentiate gonadal from somatic sexual traits. In this 
case, similar to many other animals, testosterone is 
associated with male gonadal sex and is observed in 

Isoforms
Proteins produced from the 
same genetic locus but which 
differ in exon order or 
combination.

Balancing selection
A form of selection in which 
multiple phenotypes (or alleles) 
are maintained in a population.

Threshold trait
A phenotype for which the 
variation assorts into groups 
instead of continuously, and for 
which the underlying cause is 
determined by a critical value.

Indeterminate growth
A form of growth that 
continues throughout the  
life of the organism, instead of 
stopping at a predetermined 
size or age.
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all types of male morph. However, somatic sexually 
selected traits are often associated with another sex hor-
mone, 11-​ketotestosterone, which typically circulates 
at the highest levels in territorial males48,64,65. The two 
androgens allow for the uncoupling of somatic sexually 
selected traits from gonadal sex. Furthermore, arginine 
vasotocin — a hormone produced by neurosecretory 
cells in non-​mammalian vertebrates, including birds, 
fishes and amphibians — is associated with female 
somatic sexual characteristics and spawning behaviour. 
When expressed in males, arginine vasotocin allows for 
the female mimicry of somatic traits and behaviours 
associated with male gynomorphs13,64,66,67. Different com-
binations of androgens and arginine vasotocin therefore 

underlie the variation in sex-​specific morphs, mirroring 
the phenotypic mixing and matching of male and female 
traits as well as differing degrees of sexualization.

Concluding remarks
Sex-​specific morphs are increasingly useful for study
ing  the evolutionary causes and genetic basis of 
intra-​specific variation. The modularity of the diverse 
traits associated with many morphs offer a powerful sys-
tem for studying how the genes that underlie traits can be 
integrated, through either physical or regulatory linkage. 
Additionally, the need to understand sex-​specific biol-
ogy has become increasingly clear6–9, and sex-​specific 
morphs offer important insights into the genetic archi-
tecture of phenotypes limited in expression to one sex or 
the other, which is crucial for understanding sex differ-
ences. Finally, because sex-​specific morphs often display 
a range of sexualization and a combination of both male 
and female traits, they offer a route to expand studies of 
sexual diversity beyond bimodal male–female compari-
sons, mirroring in many ways recent societal interest in 
understanding human sexual diversity.

Although many important questions remain (Box 1), 
the recent use of genomic and transcriptomic approaches 
to the study of sex-​specific morphs has revealed several 
important trends. Transcriptome studies have shown 
that overall gene expression mirrors the range of sexual-
ization observed in morph phenotypes44. This approach 
has revealed the regulatory modularity that forms the 
underlying basis for the mix-​and-​match combinations 
of male and female traits observed in many morphs46–51. 
For heritable morphs, the link between morphs and 
supergenes14,15,25,27,32,54,57, particularly supergenes  
that contain sex-​determining genes25,27,32,54, suggests that  
several alleles and linked loci are needed to encode 
morph phenotypes. However, facultative morphs 
show that this complex architecture may be simply 
controlled transcriptionally via sex-​specific hormonal 
signalling48,60,61,64,65. Whether these represent two dis-
tinct genetic models for morph evolution or they share 
similar ultimate mechanisms remains an intriguing area 
for future work.

Published online xx xx xxxx

Box 1 | Outstanding questions about sex-​specific morphs

•	Is the genetic architecture of heritable and facultative morphs fundamentally different? 
The link between morph phenotypes and supergenes14,15,25,27,32,54,57, particularly super-
genes that contain sex-​determining genes25,27,32,54, suggests that heritable morphs are 
often encoded by alleles at several linked loci, implying polygenic control. This is some-
what at odds with results from facultative morphs, which suggest a simpler singular 
hormonal control mechanism that regulates suites of downstream genes59–61. How 
these two models relate to each other, and whether they represent two alternative end 
points to morph determination or one is an intermediate to the other in an evolutionary 
progression, remain to be determined.

•	The predicted link between disruptive selection and multiple discrete morph 
phenotypes2 remains largely theoretical. What is the genetic locus of disruptive 
selection, and what strength is needed to drive morph evolution in natural systems? 
Can experimental evolution be used to artificially generate discrete morph 	
phenotypes, and if so, how does this affect development, regulatory networks 	
and genomic organization?

•	For heritable morphs, what are the forces of balancing selection needed to maintain 
diversity? What determines the maximal number of morphs that can be maintained 	
in a population and how is this related to the complexity of genetic architecture?

•	Why are morphs more often observed in males than females? Is it generally true 	
that sex-​specific morphs are primarily the result of sexual selection providing more 
reproductive niches for males33, and are other forces at play as well, such as predation 
or ecological niche partitioning?

•	At what point does continuous variation transition to discrete morphs? Comparative 
studies in outgroup species would be helpful to determine whether they exhibit evi-
dence of continuous variation for the traits seen in discrete distributions in morphs and 
how this relates to relative fitness. Recent reports suggest possible intermediate stages 
of morphs76,77 and may prove very useful in understanding the initial evolutionary 
stages of morph diversity.
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