
Dr Tatiana, the counsellor for organisms with bizarre 
sexual habits, stated that: “If not for sex, much of what 
is flamboyant and beautiful in nature would not exist. 
Plants would not bloom. Birds would not sing. Deer 
would not sprout antlers. Hearts would not beat so 
fast.”1 Inspired by this flamboyance and beauty, natu-
ralists have long observed sexually dimorphic traits and 
explored the selective advantage such traits endow upon 
their possessors2.

Sexually dimorphic traits are widespread (FIG. 1) and 
can generally be divided into three classes: primary, 
secondary and ecological sex traits. Primary sex traits 
include anatomical and physiological characteristics that 
contribute directly to sexual reproduction. Secondary 
sex traits are modifications to animal morphology and 
behaviour that contribute to their possessor’s reproduc-
tive success, such as the elaborate peacock tail and male 
lion’s mane. Ecological sex traits are characteristics that 
differ between the two sexes when they occupy different 
habitats of life, such as the distinct bill morphologies of 
male and female purple-throated carib hummingbirds, 
which adapt the two sexes to feed more efficiently on 
separate flower species3.

The catalogue of sex traits is vast, but our mechanistic 
understanding of how these traits develop and evolve is 
extremely limited; however, insights are rapidly being 
obtained from a range of model species, particularly 
fruitflies. All sexually dimorphic traits are fundamentally 
the product of sex-limited gene expression during embry-
onic, juvenile and adult development. The elucidation of  

how dimorphic traits develop is a prerequisite to under-
standing the genetic changes and molecular mecha-
nisms that underlie their evolutionary origin. For any 
given trait, this understanding requires knowledge 
of both the species sex-determination system and  
the genetic networks that govern trait development. The 
goals of this Review are to briefly summarize progress 
made in understanding the constitution of diverse sex- 
determination systems and to explore in depth how  
sex-determination systems are integrated with the genetic 
networks that underlie sexually dimorphic trait develop-
ment and the molecular mechanisms by which sexually 
dimorphic traits evolve. A common theme emerging from 
these studies is that the integration of sex determination 
and other transcriptional inputs by cis-regulatory elements 
(CREs) is central to the development and evolution of 
sexually dimorphic traits. We discuss how new empiri-
cal studies shed light on some long-standing questions 
raised by evolutionary theory, and suggest a framework 
for future studies of the development and evolution of 
conspicuous dimorphic traits in ecologically well-studied  
but non-traditional genetic model organisms.

Diverse sex-determination hierarchies converge
One of the most surprising facts about animal sex- 
determination systems is that they are remarkably diverse, 
especially at the top of the genetic hierarchies that initiate 
sexual identity (FIG. 2), whereas their downstream compo-
nents are typically more evolutionarily conserved4–7. The 
initial cue for an embryo to develop as a particular sex 
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Sexually dimorphic traits
Any difference between males 
and females/hermaphrodites in 
appearance, cellular chemistry 
or behaviour.

Sex-limited gene expression
Any differences in the  
overall expression profile of  
a gene between males and 
females/hermaphrodites.

Cis-regulatory element
A discrete region of DNA 
adjacent to a gene that affects 
the expression level of the gene.
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Abstract | Sexual dimorphism is common throughout the animal kingdom. However, a 
molecular understanding of how sex-specific traits develop and evolve has been 
elusive. Recently, substantial progress has been made in elucidating how diverse 
sex-determination systems are integrated into developmental gene networks. One 
common theme from these studies is that sex-limited traits and gene expression are 
produced by the combined action of transcriptional effectors of sex-determination 
pathways and other transcription factors on target gene cis-regulatory elements. 
Sex-specific traits evolve by the gain, loss or modification of linkages in the genetic 
networks regulated by sex-determination transcription factors.
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Figure 1 | Animal sexual dimorphism. A general feature of animals is the 
differentiation of the two sexes both morphologically and behaviourally. Here we refer 
to these characteristics as sexually dimorphic traits. A common type of sexually 
dimorphic trait is the elaborate modification of male morphology, such as the horns of 
many beetle species (Strategus aloeus, a), the peacock’s tail (Pavo cristatus, b), the caudal 
‘sword’ of the swordtail fish (Xiphophorus helleri, c) and the lion’s mane (Panthera leo, d). 
Additionally, the two sexes can differ in coloration, as shown here for the golden toad 
(Bufo periglenes, e). Females can be the more highly adorned sex: female garden spiders 
(Argiope aurantia, f) are both larger and more conspicuously marked than males.  
Image a  A. Wild. Image b  K. Lu. Image c  M. K. Meyer. Image d  C. Lambert  
(www.cmldigitaldetails.com). Image e  Science Photo Library. Image f  T. Bartlett.

Heteromorphic sex 
chromosomes
Chromosomes that differ  
in appearance and gene 
content, are unequally shared 
between the sexes and 
function in sex determination.

Genetic balance
A mechanism of sex 
determination in which the 
quantity or dose of a particular 
sex chromosome rather than 
the content determines the  
sex of a zygote.

Hedgehog signalling
The hedgehog proteins are  
a class of secreted cell–cell 
signalling molecule. The name 
derives from the appearance  
of embryonic Drosophila 
melanogaster mutants that 
lack hedgehog gene function. 
There are many vertebrate 
genes that encode  
hedgehog homologues.

Bipotential gonad
The last embryonic  
tissue precursor that can 
differentiate into either the 
ovary or the testis.

Monotremes
Non-eutherian, egg-laying 
mammals.

may involve either environmental or genetic factors. One 
common genetic factor is the presence of heteromorphic  
sex chromosomes, such as the XY complement that 
is typical of male mammals and fruitflies or the ZW 
chromosomes in female birds and many reptile spe-
cies. However, the genetic mechanism enabled by these 
heteromorphic chromosomes can differ substantially. 
Considerable progress has been made in understanding 
these mechanisms in a wide variety of species. Here, we 
briefly highlight the current understanding of the genetic 
balance mechanisms that control the initiation of sex 
determination in the fruitfly Drosophila melanogaster, 
the nematode Caenorhabditis elegans and the honeybee 
Apis mellifera, as well as the dominant male factor system 
encoded by the Y chromosome Sry gene that operates in 
most mammals8–11 (FIG. 2).

D. melanogaster uses a genetic balance mechanism as 
the initial cue to specify the sex of embryos by regulating 
a cascade of sex-specific RnA splicing that culminates 
with the splicing of nascent transcripts from the fruitless 
(fru) and doublesex (dsx) genes. This results in the pro-
duction of the female-specific isoform of DSX (DSXF) in 
females and the male-specific isoforms of DSX (DSXm) 
and FRu (FRum) in males4 (FIG. 2). These sex-specific 
proteins act as the major effectors of sexual differen-
tiation through the regulation of downstream target  
gene expression.

Approximately 20% of all animal species are esti-
mated to use a haplodiploid sex-determination system, 
in which males develop from unfertilized (haploid) eggs 
and females develop from fertilized (diploid) eggs12. 
In the haplodiploid honeybee species A. mellifera, sex 
is not determined by fertilization but rather by alleles 
of the complementary sex determiner (csd) gene13. csd 

seems to be an evolutionary innovation that arose in the  
honeybee lineage14 to initiate sexual differentiation 
though the regulation of a cascade of sex-specific RnA 
splicing. This pathway apparently culminates in the 
production of sex-specific transcripts from A. mellifera 
dsx15, which is homologous to dsx in fruitflies (FIG. 2).

In the nematode C. elegans, the initial cue for sex 
determination is decided by a genetic balance mecha-
nism, whereby animals with a single X sex chromosome 
(XO) develop as males and XX individuals develop as 
hermaphrodites. This chromosomal difference initi-
ates a complex genetic pathway that converges upon the 
transformer 1 (tra‑1) gene, which governs all phenotypic 
differences between the two sexes16. tra‑1 is homologous 
to the D. melanogaster Cubitus interruptus (Ci) gene and 
the human GLI genes, which encode transcription fac-
tors that act as the terminal effectors of their respective 
hedgehog signalling pathways17. Although both sexes in 
C. elegans possess tra‑1, recent studies have found that 
the difference in X chromosome dosage results in the 
sex-specific regulation of TRA-1 proteolytic process-
ing18,19. In males, the DnA-binding protein isoform 
TRA-1A is degraded, whereas in hermaphrodites it is 
cleaved to produce a phosphoisoform called TRA-1100 
that is resistant to further degradation19. TRA-1 func-
tions as the major effector of sexual differentiation, and 
in hermaphrodites it promotes sex-limited gene expres-
sion and trait development. Although TRA-1 is distinct 
from the major effectors used in both fruitflies and  
honeybees, among the key downstream targets TRA-1 
regulates are the genes doublesex/male abnormal 3 
domain family 3 (dmd‑3) and male abnormal 3 (mab‑3), 
which are homologous to the dsx gene (FIG. 2).

In most mammals, male sexual development is estab-
lished by the activity of a single Sry gene that resides on 
the male-limited Y chromosome and acts as the testes-
determining factor. SRY protein expression in cells of the 
bipotential gonad initiates the development of the testis 
rather than the ovary20 (FIG. 2). Sry is not found in the 
genomes of monotreme mammals and non-mammalian 
vertebrates and therefore other diverse factors are likely 
to act as the effector to initiate gonad development21. 
However, the downstream genes, such as SRY-box 9 
(Sox9) and doublesex and mab-3-related transcription 
factor 1 (Dmrt1)6, are more broadly conserved. In addi-
tion to Sox9 having a conserved function in vertebrate 
Sertoli cell specification, a homologue, Sox100B, is essen-
tial for D. melanogaster testis development22. Dmrt1 is 
expressed during and has an essential role in testes devel-
opment throughout vertebrates, including mammals and 
birds23. Dmrt1 is homologous to genes that are involved 
in sexual differentiation, including DM-W, dsx and 
mab‑3 in frogs, fruitflies and nematodes, respectively24,25, 
and one paralogue, DMY, has evolved to act as the male 
sex-determining gene in some medaka fish species26.

The molecular resolution of the honeybee, nematode 
and mouse sex-determination systems has highlighted 
an important general evolutionary theme — the tops 
of the sex-determination regulatory hierarchies have 
diverged dramatically but generally converge upon the 
regulation of more broadly conserved genes that encode 
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Figure 2 | sex-determination hierarchies. Diverse animal species use distinct 
sex-determination systems to produce morphologically and behaviourally distinct sexes. 
Although the hierarchies largely differ in mechanism and gene content, especially at the 
higher tiers, several systems have homologous regulatory proteins that are the major 
effectors of sexual differentiation and/or homologous downstream target genes that are 
regulated by the major effector. Proteins and genes that have homologues with similar 
roles in other species are indicated by red shading. bab, bric a brac; ceh-30, C. elegans 
homeobox 30; desatF, desaturase F (also known as fad2); dmd-3, doublesex/male abnormal 
3 domain family 3; Dmrt1, doublesex and mab-3-related transcription factor 1; DSX, 
Doublesex; DSXF, female-specific Doublesex isoform; DSXM, male-specific Doublesex 
isoform; egl-1, egg laying defective 1; FRUM, male-specific Fruitless isoform; mab-3, male 
abnormal 3; Mis, Müllerian inhibiting substance; Ptgds, prostaglandin D synthase; SOX9, 
SRY-box 9; SRY, sex-determining region Y; TRA-1, Transformer 1; yp, yolk protein.

Sertoli cell
A cell in the testis that secretes 
factors, including Müllerian 
inhibiting substance, and 
provides nourishment to  
early sperm cells.

Oviparous
Animals that reproduce  
by laying eggs that develop 
and hatch outside the  
mother’s body.

Wattle
A fleshy coloured fold of skin 
hanging from the neck or 
throat of certain bird species.

transcription factors that directly regulate sex-limited 
gene expression. understanding how sexually dimorphic 
traits develop has required investigation into how sex-
determination effectors are integrated into developmental  
gene networks.

Genetic switches and sexually dimorphic traits
Recent studies in diverse models, including fruitflies, 
nematodes and mice, have begun to reveal how sex-
determination systems produce sex-limited expression 
and trait development. Despite the molecular differences 
in these systems, an important generality has emerged — 
the major effectors of sex-determination systems act in 
combination with other non-sex-specific transcription 
factors to limit gene expression to a single sex (FIG. 3).

Regulation of sexual dimorphism in mammals. Although 
it has been known for over 20 years that mammalian SRY 
possesses a DnA-binding domain, the molecular mecha-
nism by which it regulates male-limited gene expression 
and testis development was unknown until recently.

When expressed in mouse Sertoli cell precursors, 
SRY upregulates the expression of Sox9, which encodes 
a transcription factor that regulates the expression 
of genes that are essential for normal testis develop-
ment27,28. This upregulation is achieved by SRY binding 

to several DnA sequences (binding sites) in a CRE 
upstream of the Sox9 gene29. However, binding of SRY 
to this CRE is not sufficient for Sox9 expression, which 
requires the concomitant binding of a second transcrip-
tion factor, steroidogenic factor 1 (SF1), to the CRE. The 
activities of the sex-specific SRY protein and the region-
specific (but sexually monomorphic) SF1 protein are 
integrated by this single CRE and collectively constitute 
a sexually dimorphic genetic switch that controls the 
male-specific expression of Sox9 (FIG. 3a). This regu-
latory logic, wherein a CRE integrates both sex- and 
region-specific transcription factors, is an emerging 
theme that we suggest is likely to be a general feature 
of the genetic pathways that govern the development of 
sexually dimorphic traits.

most traits that distinguish the two sexes in verte-
brates are not, however, directly controlled by the sex-
determination system. Rather, they develop secondarily 
to the development of the ovaries and testes under the 
influence of the sex-specific hormones oestrogen and 
testosterone, respectively. These hormones interact with 
their cognate steroid receptors in target cells, and the 
ligand–receptor complexes exert their effects on gene 
regulation. Each steroid receptor has DnA-binding 
domains and regulates gene activity by binding to target 
CREs in collaboration with other DnA-binding pro-
teins30–32. This regulatory logic (FIG. 3b) has been shown 
in molecular detail for androgen-receptor regulation of 
sex-limited protein (Slp) gene expression in the male 
mouse kidney33 and for oestrogen-receptor regulation 
of vitellogenin B1 (vtg b1) gene expression in the liver of 
oviparous vertebrate females34,35.

It is well known that male-limited traits, such as the 
lion’s mane, the swordtail fish’s sword, deer antlers and 
the wattles of some bird species, are regulated by tes-
tosterone or testosterone derivatives, whereas female- 
limited traits, such as mammary gland development and  
the suppression of elaborate plumage in peahens  
and pheasants, are regulated by oestrogen. Therefore, the 
regulation of gene expression by the steroid receptors 
is essential for the development of sexually dimorphic 
traits. However, the identity of the target genes under-
lying these specific complex traits and the molecular 
details of their regulation remain largely unknown.

Regulation of sexual dimorphism in C. elegans. model 
animals, such C. elegans and D. melanogaster, provide 
tractable systems for dissecting how the transcription-
factor effectors of sex-determination systems influence 
developmental pathways. In C. elegans, the two sexes 
differ in many morphological traits, such as the tail. 
The hermaphrodite tail is whip like, whereas the male 
tail is blunted and possesses copulatory structures16. 
Sexually dimorphic development of the tail depends 
upon the activity of tra‑1, the terminal effector of the 
sex-determination system. In males, the relative inac-
tivity of tra‑1 permits the expression of the paralogous 
genes dmd‑3 and mab‑3 in cells that contribute to tail 
morphology36. These genes encode transcription factors 
that govern the cell fusion and retraction events that 
sculpt the male tail. Expression of dmd-3 is mediated 
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Figure 3 | Regulatory logic of sexually dimorphic genetic switches. An emerging 
theme from studies on the regulation of sex-limited gene expression is the presence 
of sexually dimorphic genetic switches. These switches consist of a cis-regulatory 
element (CRE, white bars) that is adjacent to a gene (coloured bars) and that 
possesses binding sites for both a region-specific transcription factor (yellow ovals) 
and a transcription factor effector of the sex-determination pathway of that species 
(male and female effectors are shown in blue and pink, respectively). a | In most 
mammals, the developmental decision in males to make testes rather than ovaries 
depends upon the upregulation of sex-determining region Y (SRY)-box 9 (Sox9)  
gene expression in precursors of the Sertoli cells. This upregulation results from  
the SRY and steroidogenic factor 1 (SF1) proteins binding to a CRE upstream of  
Sox9. b | Sexual differentiation in vertebrates largely occurs after the development 
of the testes and ovaries. This delayed development is initiated by the activities of 
the male (testosterone, blue) and female (oestrogen, pink) sex-specific hormones, 
which interact with the androgen receptor (AR) and oestrogen receptor (ER), 
respectively, in target tissues. These ligand–receptor complexes bind to CREs and,  
in combination with one or more region-specific transcription factors, activate 
sex-limited gene expression. c | In Caenorhabditis  elegans, sexual dimorphism  
is controlled by the activity of TRA-1A. TRA-1A is degraded in males but persists  
in hermaphrodites, in which it can bind to CREs, such as that of the doublesex/male 
abnormal 3 domain family 3 (dmd-3) gene, and repress expression. d | In Drosophila 
melanogaster, male- and female-specific isoforms of the Doublesex (DSX) 
transcription factor, DSXM and DSXF, respectively, bind to CREs in combination with 
region-specific transcription factors, such as Abdominal B (ABD-B) in the case of bric 
a brac (bab) gene regulation, and collectively mediate sex-limited gene expression. 
Slp, sex-limited protein; vtg b1, vitellogenin B1.

Oenocytes
Specialized cells that lie 
underneath the dorsal and 
ventral cuticle of adult fruitfly 
abdomens. They are arranged 
in metameric transverse stripes 
that do not cross the midline  
of the body.

by an adjacent CRE that contains an apparent binding 
site for TRA-1A, the phosphoisoform of TRA-1 that is 
present in hermaphrodites, and this site is required for 
the repression of dmd‑3 in hermaphrodite tail cells. In 
addition to the sex-specific input of TRA-1A, the activ-
ity of dmd‑3 CRE requires inputs from other unknown 
transcriptional regulators. In hermaphrodites, three 
additional genes have been shown to be negatively 
regulated by TRA-1A37–39, and hence this seems to be a 
general regulatory logic that is used in C. elegans devel-
opment to control sex-specific gene expression and trait  
formation (FIG. 3c).

Regulation of sexual dimorphism in fruitflies. D. mela‑
nogaster males and females also differ in several morpho-
logical traits, including the fully pigmented cuticle that 
covers the posterior abdomen of males but not females. 
This sexual dimorphism results from the sexually and 
spatially restricted expression of genes involved in pig-
ment formation. Two key regulators of this sex-limited 
gene expression are the tandemly duplicated bric a brac 1  
(bab1) and bab2 genes, which encode dominant repres-
sors of pigmentation. The BAB proteins are expressed 
dimorphically in patterns that are the inverse of the 
melanic pigmentation pattern on the abdomen of each 
sex. Sexually dimorphic bab expression is a composite 
of the activity of two separate CREs in the bab locus40. 
One CRE directs expression in anterior abdominal seg-
ments, in which bab is expressed equivalently in both 
sexes (monomorphic), whereas the other CRE directs 
female-specific (dimorphic) bab expression in the poste-
rior segments. The region- and sex-specific activity of the 
dimorphic CRE is controlled by the direct binding of the 
region- and sex-specific transcription factors Abdominal 
B (ABD-B) and DSX, respectively. In D. melanogaster 
females, the isoform DSXF activates the bab dimorphic 
CRE by binding to two sites, whereas in males, the male-
specific isoform DSXm represses expression by binding 
to these same sites.

Similar modes of sex-specific regulation of other 
genes by DSX have also been revealed. like the expres-
sion of bab, expression of the yolk protein (yp) genes in 
the fat body is inversely regulated by the sex-specific iso-
forms of DSX41. Similarly, expression of the desaturase F 
(desatF, also known as fad2) pheromone gene in adult 
female oenocytes requires the direct binding of DSXF to a 
single site in a CRE42. These examples indicate that there 
is a general genetic switch logic that is used in fruit-
flies to regulate sex-specific gene expression and trait  
development (FIG. 3d).

Although the molecular details of the regulation of 
sexually dimorphic gene expression in mammals, nema-
todes and fruitflies are distinct, in each case CREs that are 
essential for trait development integrate both region- and 
sex-specific regulatory inputs. Collectively, these compo-
nents act as sexually dimorphic genetic switches that gov-
ern sex-limited gene expression and trait formation. We 
suggest that similar sexually dimorphic genetic switches 
are a general feature of the control of sexually dimorphic 
trait formation throughout the animal kingdom.

Sexual dimorphism in the brain and behaviour
One special class of sexually dimorphic traits are those 
behaviours that differ between males and females of the 
same species and are typically involved in mate attrac-
tion and choice. Among these are elaborate courtship 
displays, such as those performed by male fruitflies 
and bower birds to onlooking females, physical con-
tests between males for access to females, such as those 
observed for stalk-eyed flies and elephant seals, and mate 
choice, such as for female swordtail fish and widow birds, 
in which the trend is to select the most highly adorned 
or endowed male. understanding the anatomical and 
molecular bases of such behaviours is a central goal of 

R E V I E W S

800 | nOvEmBER 2009 | vOlumE 10  www.nature.com/reviews/genetics

© 2009 Macmillan Publishers Limited. All rights reserved



Mesothoracic ganglion
Part of the central nervous 
system that supplies motor 
neurons to the wing muscles of 
the mesothoracic segment.

Homeobox gene
A member of the family of 
genes that are largely involved 
in patterning the primary 
animal body axis during 
development. In many species, 
homeobox genes are clustered 
together on defined 
chromosomes and are often 
sequentially expressed.

developmental neurobiology and is a prerequisite to 
understanding the origins of new behaviours. Decades 
of behavioural genetics in fruitflies has made this spe-
cies a leading model for exploring the genetic and  
neurobiological bases of behaviour.

It has been known for 30 years that male- and female-
specific behaviours in fruitflies are governed by various 
brain regions43,44. Several recent studies have described 
genes that govern the development of some of the 
nervous system regions that develop dimorphically in 
D. melanogaster and contribute to sexually dimorphic 
behaviour. Among these loci are dsx and the male-specific  
transcripts produced by fru (fruM)45.

One sexually dimorphic neural cluster has been 
identified that has a role in the initiation of courtship 
by males46. This cluster, referred to as P1, consists of 20 
interneurons that are normally present only in males 
and are required for effective courtship. The products 
of the sex-specific transcripts from both the dsx and 
fru loci are necessary for the correct number and pro-
jection of these P1 neurons in males. In females, DSXF 
acts to remove these neurons through programmed cell 
death. Interestingly, when this cluster was genetically 
induced to develop in females, the animals expressed  
male-like behaviour46.

The fru and dsx genes have additional functions in 
fruitfly neural development and behaviour. For instance, 
fruM initiates the development of male-specific neural 
projections that function in a neural circuit that elicits 
a sexually dimorphic behavioural response to a male 
pheromone47. And in the mesothoracic ganglion, both fruM 
and dsxM expression and function are required for the 
production of the male-specific courtship song48.

no sexually dimorphic genetic switch has yet been 
identified for any gene in the pathways that lead to sexu-
ally dimorphic neuronal development and behaviour. 
However, as fru and dsx are expressed at many different 
times and places during the development of the central 
nervous system and have context-dependent effects on 
cell proliferation, cell death, cell morphology and cell 
function45, they must collaborate with other transcrip-
tion factors to govern sex-limited gene expression in 
the nervous system. We anticipate that these transcrip-
tion factors also converge upon CREs to act as sexually 
dimorphic genetic switches in the pathways governing 
neural development and behaviour.

The evolution of sexually dimorphic traits
The origin of sexually dimorphic traits has long been 
and remains a central interest in evolutionary biology. 
Charles Darwin was fascinated with sexually dimorphic 
traits and wrote about them at length in The Descent of 
Man, and Selection in Relation to Sex 49. Darwin was 
famously troubled as to how the most elaborate of these 
traits could evolve by natural selection. In a letter penned 
to the American botanist Asa Gray, he wrote: “The sight 
of a feather in a peacock’s tail, whenever I gaze at it, 
makes me sick!” (letter to Asa Gray, 3 April 1860.)

In order to explain how certain exaggerated and seem-
ingly burdensome traits could evolve by natural selection, 
Darwin came upon the concept of sexual selection. He 

proposed that these traits are selected for “the advantage 
which certain individuals have over other individuals of 
the same sex and species, in exclusive relation to repro-
duction.” Although the concept of sexual selection was 
not initially well received, it is now widely accepted and 
has been substantially enriched by the work of generations 
of biologists following Darwin. However, whereas ecolo-
gists have made great strides in documenting and under-
standing sexual selection, the genetic paths by which  
these traits evolve have been relatively unexplored.

Evolution of sexual dimorphism in fruitflies. One class 
of model traits are the sexually dimorphic morphologies 
that have evolved in the fruitfly genus Drosophila. For 
example, male-specific sex combs are common in fruit-
fly species in the subgenus Sophophora. These structures 
are produced by the modification of mechanosensory 
bristles on the prothoracic leg and function in court-
ship and mating50,51. Substantial diversity in sex-comb 
morphology, including differences in bristle number, 
size, shape, colour and orientation, has arisen through-
out Sophophora. Recent studies have shown that similar 
sex-comb orientations have evolved by distinct develop-
mental mechanisms, including sex-specific patterning of 
bristle precursors or male-specific repositioning of cells 
during development52. Furthermore, the phylogenetic 
distribution of these developmental mechanisms suggests 
that both mechanisms have evolved more than once.

Although it is clear that the complete genetic path-
ways that produce diverse sex-comb morphologies vary 
among related species, a common feature is the male-
specific expression of the homeobox gene Sex combs 
reduced (Scr) in the developing legs53. Scr is necessary 
for sex-comb development in D. melanogaster54, and Scr 
expression has evolved to be upregulated in a sex- and 
region-specific manner, which might involve the inte-
gration of sex- and region-specific transcription factors 
with a CRE governing Scr expression.

Evolution of sexually dimorphic expression
Gain of binding sites for sex-determination factors. 
How do CREs evolve to be regulated in a sex- and 
region-specific manner? One mechanism, the gain of 
a sex-determination-factor binding site, was identified 
by tracing the production and evolution of pheromones 
among fruitflies42. Fruitfly cuticles typically contain an 
assortment of hydrocarbons. The structure and amount 
of hydrocarbons can vary between species, including 
some long-chain hydrocarbons that are sex specific and 
act as pheromones55. In D. melanogaster, females pro-
duce long-chain hydrocarbons that possess two double 
bonds, referred to as dienes, which are required for full 
attractiveness to males during courtship. Diene produc-
tion requires the activity of a desaturase encoded by 
desatF, which is expressed specifically in adult females56. 
A recent study traced the regulation and evolution of 
desatF expression among related species of fruitflies and 
found that desatF expression and diene production have 
undergone several transitions in sex-specific regulation. 
One key finding was that the transition from mono-
morphic to dimorphic (female-specific) expression in  
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Fitness
A quantity that is proportional 
to the mean number of viable, 
fertile progeny produced by  
a genotype.

Pleiotropic
The phenomenon by which a 
single gene is responsible for 
several distinct and seemingly 
unrelated phenotypic effects.

the lineage of D. melanogaster resulted, in part, from the 
gain of a single binding site for DSXF in a CRE upstream of  
desatF (FIG. 4a). Furthermore, a phylogenetic survey 
of desatF expression and CRE function revealed that 
in one species, a reversion to monomorphic desatF 
expression occurred through the functional inactiva-
tion of this DSX-binding site. This study showed the 
transition from sexually monomorphic to dimorphic 
gene expression states, although this probably evolved 
incrementally in a process that involved an intermedi-
ate state or states in which the expression differences 
between the two sexes were a matter of degree rather 
than presence or absence. Perhaps initial differences in 
the degree of dimorphism were due to the evolution of 
less than optimal DSX binding sites in the CRE. It seems 

plausible that future studies of other sexually dimorphic  
traits or patterns of gene expression that differ in 
degrees will reveal such intermediate states for sexually 
dimorphic genetic switches.

Modification of sexually dimorphic genetic switches. 
The gain of a binding site for a sex-determination effec-
tor is one route to acquiring sexually dimorphic gene 
expression, but other molecular paths are also possible, 
including the modification of an existing sexually dimor-
phic genetic switch. male-specific pigmentation and 
dimorphic bab expression in D. melanogaster has been 
inferred to be a derived character and expression state 
that evolved from a monomorphic ancestor57. Following 
the identification of the dimorphic CRE mediating the 
female-specific expression of bab in D. melanogaster 
(described above), the evolution of this dimorphic  
bab expression pattern from an ancestrally monomorphic  
expression state has been traced40. Surprisingly, the 
dimorphic CRE existed before the evolution of dimor-
phic pigmentation and bab expression, and this CRE 
was ancestrally regulated by the same sex- and region-
specific transcription factors. However, the activity of this 
ancestral CRE was limited to regulating bab expression 
in the most posterior abdominal segments of females 
during development. The expansion of bab expres-
sion into more anterior segments of females occurred 
through a ‘molecular remodelling’ process that included 
a multitude of changes to the ancestral CRE, includ-
ing the number, polarity and topology of ABD-B- and 
DSX-binding sites (FIG. 4b). Therefore, sex-limited gene 
expression can evolve by modifying a CRE to co-opt a 
transcriptional effector of a sex-determination pathway or  
by expanding gene expression into new body regions.

These recent studies go a long way towards resolving 
long-standing questions about how the two sexes can 
evolve to be morphologically and behaviourally distinct. 
Darwin was puzzled as to “Why certain characters should 
be inherited by both sexes, and other characters by one 
sex alone.”49 Ronald Fisher was aware that most muta-
tions studied by geneticists produced similar phenotypic 
effects in both sexes, and that for sexual dimorphism 
to evolve, the effects of mutations need to be limited to 
a single sex58. Alleles that have inverse fitness effects in 
the opposite sex are referred to as sexually antagonistic 
and have been theorized to stymie trait evolution until 
the genetic architecture evolves to allow independent  
adaptation in each sex59,60.

Before the studies discussed above, it had not been 
sufficiently resolved as to how the genetic architecture 
for a trait could be uncoupled to allow the independ-
ent adaptation of the two sexes and, moreover, how the 
effects of mutation could be limited to a single sex. We 
suggest that functional properties of CREs61 explain how 
male and female development can be uncoupled. The 
modular nature of CREs allows gene activity to evolve in 
one body region independently from all other domains 
of expression, therefore minimizing the pleiotropic fitness 
effects of mutations. Sex-limited gene expression can 
evolve exclusively in one given domain of gene expres-
sion by mutations that result in the gain of regulation by 
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Figure 4 | two routes by which sexually dimorphic gene expression evolves. 
Evolutionary theory has struggled with the problem of how sexually dimorphic traits 
can evolve when the fitness effects of mutations differ between the two sexes. The 
essence of the problem is a lack of understanding of how mutational effects can be 
limited to a single sex. Recent studies in Drosophila melanogaster have shown two such 
routes by which sex-limited gene expression evolves. a | The production of cuticular 
diene hydrocarbons in Drosophila species requires the expression of the desaturase F 
(desatF, also known as fad2) gene in oenocytes (outlined in green). Ancestrally,  
this gene was expressed in the oenocytes of both sexes (left). In the lineage of 
D. melanogaster, a sexually monomorphic cis-regulatory element (CRE, white bar) was 
modified to possess a binding site for the Doublesex (DSX) protein. This binding site 
facilitated the co-option of this effector of the sex-determination pathway to limit 
desatF expression to females (right). Region-specific transcription factors are shown  
as yellow ovals. b | The evolution of male-specific abdominal pigmentation in 
D. melanogaster resulted in part from the evolution of dimorphic bric a brac (bab) gene 
expression in posterior body segments. Ancestrally, bab expression was sexually 
dimorphic in the most posterior segment of the abdomen through the action of a CRE 
that was active solely in females (left). Through the modification of transcription factor 
binding site number, polarity and topology, CRE activity was extended into more 
anterior segments. This example shows how the effects of mutational changes in a CRE 
directly controlled by the effector of the sex determination pathway are limited to a 
single sex. DSXF, female-specific DSX isoform; DSXM, male-specific DSX isoform.
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an effector of the sex-determination pathway. moreover, 
any subsequent mutation to a sexually dimorphic CRE 
will have effects that are limited to a single sex.

A future roadmap
We are at a new juncture in biology regarding our abili-
ties to understand the genetic, molecular and develop-
mental basis of sex-trait formation in model animals. 
But to harness this power in understanding the origin 
of traits, a broader perspective and agenda is called for. 
We now have examples of the types of genetic changes 
and molecular mechanisms by which some dimor-
phic traits have evolved, but the ecological roles and 
significance of these traits have not been sufficiently 
studied. Conversely, for traits such as side-blotches on 
male lizards62, hummingbird bill dimorphism3 and the 
nuptial colour of three-spined sticklebacks63, we have 
a clear understanding of trait ecology, but the genetic 
and molecular basis of their development remains 
unknown. An important goal for the future will be to 
merge ecological and molecular approaches to provide a 
more integrated understanding of how adaptive sexually 
dimorphic traits evolve.

The simplest route to achieving this goal may be to 
ascertain the ecological role of dimorphic traits in model 
species such as D. melanogaster by, for example, assess-
ing whether and how male-specific pigmentation con-
tributes to reproductive success. A second, seemingly 
more difficult but potentially more rewarding path is to 
uncover the molecular underpinnings of sexually dimor-
phic traits for which the ecological importance is obvi-
ous or well studied. This is a daunting task as many of the 
most compelling and ecologically well-studied traits did 
not evolve in the traditional model organisms favoured 
by geneticists and molecular biologists. However, in this 
era of robust genomic and molecular biology tools, gene 
sequences can readily be obtained, gene expression can 
be assessed and gene function can be manipulated, so 
it is realistic to pursue such endeavours. Some progress 
has already been made in identifying genes or candidate 
genes that are involved in the development of elaborate 
male traits, such as the swords of some Xiphophorus 
fish64, the stalk eyes of some diopsid fly species65 and 
the horns of Onthophagus beetles66. Indeed, if Darwin 
were alive today, he might feel much less nauseous, and 
rightfully so.
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	Figure 2 | Sex-determination hierarchies. Diverse animal species use distinct sex-determination systems to produce morphologically and behaviourally distinct sexes. Although the hierarchies largely differ in mechanism and gene content, especially at the higher tiers, several systems have homologous regulatory proteins that are the major effectors of sexual differentiation and/or homologous downstream target genes that are regulated by the major effector. Proteins and genes that have homologues with similar roles in other species are indicated by red shading. bab, bric a brac; ceh-30, C. elegans homeobox 30; desatF, desaturase F (also known as fad2); dmd-3, doublesex/male abnormal 3 domain family 3; Dmrt1, doublesex and mab-3-related transcription factor 1; DSX, Doublesex; DSXF, female-specific Doublesex isoform; DSXM, male-specific Doublesex isoform; egl-1, egg laying defective 1; FRUM, male-specific Fruitless isoform; mab-3, male abnormal 3; Mis, Müllerian inhibiting substance; Ptgds, prostaglandin D synthase; SOX9, SRY-box 9; SRY, sex-determining region Y; TRA-1, Transformer 1; yp, yolk protein.
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	Figure 3 | Regulatory logic of sexually dimorphic genetic switches. An emerging theme from studies on the regulation of sex-limited gene expression is the presence of sexually dimorphic genetic switches. These switches consist of a cis-regulatory element (CRE, white bars) that is adjacent to a gene (coloured bars) and that possesses binding sites for both a region-specific transcription factor (yellow ovals) and a transcription factor effector of the sex-determination pathway of that species (male and female effectors are shown in blue and pink, respectively). a | In most mammals, the developmental decision in males to make testes rather than ovaries depends upon the upregulation of sex-determining region Y (SRY)-box 9 (Sox9) gene expression in precursors of the Sertoli cells. This upregulation results from the SRY and steroidogenic factor 1 (SF1) proteins binding to a CRE upstream of Sox9. b | Sexual differentiation in vertebrates largely occurs after the development of the testes and ovaries. This delayed development is initiated by the activities of the male (testosterone, blue) and female (oestrogen, pink) sex-specific hormones, which interact with the androgen receptor (AR) and oestrogen receptor (ER), respectively, in target tissues. These ligand–receptor complexes bind to CREs and, in combination with one or more region-specific transcription factors, activate sex-limited gene expression. c | In Caenorhabditis  elegans, sexual dimorphism is controlled by the activity of TRA-1A. TRA-1A is degraded in males but persists in hermaphrodites, in which it can bind to CREs, such as that of the doublesex/male abnormal 3 domain family 3 (dmd‑3) gene, and repress expression. d | In Drosophila melanogaster, male- and female-specific isoforms of the Doublesex (DSX) transcription factor, DSXM and DSXF, respectively, bind to CREs in combination with region-specific transcription factors, such as Abdominal B (ABD‑B) in the case of bric a brac (bab) gene regulation, and collectively mediate sex-limited gene expression. Slp, sex-limited protein; vtg b1, vitellogenin B1.
	Sexual dimorphism in the brain and behaviour
	The evolution of sexually dimorphic traits
	Evolution of sexually dimorphic expression
	Figure 4 | Two routes by which sexually dimorphic gene expression evolves. Evolutionary theory has struggled with the problem of how sexually dimorphic traits can evolve when the fitness effects of mutations differ between the two sexes. The essence of the problem is a lack of understanding of how mutational effects can be limited to a single sex. Recent studies in Drosophila melanogaster have shown two such routes by which sex-limited gene expression evolves. a | The production of cuticular diene hydrocarbons in Drosophila species requires the expression of the desaturase F (desatF, also known as fad2) gene in oenocytes (outlined in green). Ancestrally, this gene was expressed in the oenocytes of both sexes (left). In the lineage of D. melanogaster, a sexually monomorphic cis-regulatory element (CRE, white bar) was modified to possess a binding site for the Doublesex (DSX) protein. This binding site facilitated the co-option of this effector of the sex-determination pathway to limit desatF expression to females (right). Region-specific transcription factors are shown as yellow ovals. b | The evolution of male-specific abdominal pigmentation in D. melanogaster resulted in part from the evolution of dimorphic bric a brac (bab) gene expression in posterior body segments. Ancestrally, bab expression was sexually dimorphic in the most posterior segment of the abdomen through the action of a CRE that was active solely in females (left). Through the modification of transcription factor binding site number, polarity and topology, CRE activity was extended into more anterior segments. This example shows how the effects of mutational changes in a CRE directly controlled by the effector of the sex determination pathway are limited to a single sex. DSXF, female-specific DSX isoform; DSXM, male-specific DSX isoform.
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