
Genomics of sex determination in
Drosophila
Emily Clough and Brian Oliver

Abstract
Drosophilists have identifiedmany, or perhaps most, of the key regulatory genes determining sex using classical gen-
etics, however, regulatory genes must ultimately result in the deployment of the genome in a quantitative manner,
replete with complex interactions with other regulatory pathways. In the last decade, genomics has provided a
rich picture of the transcriptional profile of the sexes that underlies sexual dimorphism. The current challenge is
linking transcriptional profiles with the regulatory genes.This will be a complex synthesis, but the prospects for pro-
gress are outstanding.
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ACTIVATORS, SELECTORSAND
REALIZATORS
In the heady days when the idea that genes con-

trolled development in a hierarchical manner was

gaining ground, Garcia-Bellido [1] formalized the

classification of genes responsible for patterning the

anterior–posterior axes of Drosophila. In this model,

activators gather positional information to turn on

(or off) selector genes for particular fates, which in

turn deploy a battery of genes that do the work of

producing the phenotype. A tree is a good metaphor

for this concept, where the activators are the roots,

the selectors are trunks and branches and the realiza-

tors are leaves.

Molecular genetics has been incredibly adept at

identifying and understanding the regulatory se-

lectors in the trunk. Loss of these genes results in

clean and overt phenotypes. Loss of activators often

results in broad phenotypes, and molecular genetics

is quite useful for finding these through a combin-

ation of expression analysis in mutants and genetic

interactions. Molecular genetics does not do a very

good job with the leaves. This is almost certainly due

to the fact that many realizator genes, by definition,

make smaller contributions to the phenotype. Losses

of a few leaves here and there are easy to overlook,

but these small additive or synergistic effects are

exactly the type of phenotypes that we will need

to understand when thinking about oligogenic geno-

types associated with disease risk in humans, or

underlying the small differences in fitness that drive

evolution. Identifying and understanding the role of

the genes in the canopy permits a full understanding

of a developmental pathway.

Transcript profiling first by microarrays and now

by RNA-Seq is an appealing tool for surveying the

number and types of leaves on the tree. More im-

portantly, gene expression can be used to cluster sets

of co-expressed genes [2]. It was hoped that these

batteries of co-regulated genes could be easily linked

to transcription factors by profiling mutants and then

discovering the enriched motifs in the cis-regulatory

sequences proximal to the members of those gene

batteries. These studies have seen mixed success, as it

became clear that genes that are co-expressed are not

usually co-regulated by a clean set of conserved se-

lectors [3]. Even though working backwards from

the leaves is too complex due to multiple solutions
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to a given transcriptional output, there is progress

being made working outwards from known genes

using combinations of expression profiling in selector

gene mutants, determining where transcription fac-

tors bind by chromatin immunoprecipitation (ChIP),

and of course genetics [3–6].

Early in the age of gene discovery Morgan,

Sturtevant and others identified mutations in trans-
former (tra) [7] and intersex (ix) [8] that transformed

females into males and revealed that sex determin-

ation in flies is genetic in nature and is broadly regu-

lated by a few key genes. Bridges clearly understood

that the contribution of many genes located on the

X chromosome was important for determining sex

[9]. The core roots, trunk and major branches of the

sex determination pathway were established by 1980

[10] and have stood the test of time [11]. The fol-

lowing decades of genetics and biochemistry gave

form to our molecular understanding of somatic

sex determination that terminates with the transcrip-

tion factors doublesex (DSX) and fruitless (FRU) for

sexual dimorphisms, and the chromatin-modifying

dosage compensation complex (DCC) for sex-

specific viability [12] (Figure 1). Thanks to the cap-

abilities of genome-wide transcription profiling, we

can now see the leaves. Still unresolved are the

branches between the leaves and trunk, which are

key to understanding how sex-specific phenotypes

and transcriptomes are linked to the trunk. Here

we describe as much of the tree as is currently visible

with a concentration on the structure and diversity of

the canopy.

THEROOTSANDTRUNK
The activators of somatic sex determination that lie

at the roots of the somatic sex determination path-

way are a collection of genes located on the X

chromosome (Scute, Sisterless-A, Runt and

unpaired) whose protein products induce expression

at the ‘early’ promoter (Pe) of Sexlethal (Sxl), the first

selector gene of the pathway [13]. It is thought that

the Pe responds directly to the concentrations of

these X-linked gene products and that the threshold

concentration for Pe activation is reached in females

but not in males [13]. SXL protein produced from

the Pe-produced mRNA acts to ensure continuous

SXL protein production only in females by blocking

splicing of a Sxl mRNA isoform from the mainten-

ance promoter (Pm) that produces an untranslatable

Sxl isoform containing stop codons in the open

reading frame [14]. Without SXL protein produced

from the Pe in males, Sxl mRNA produced from the

Pm is spliced into the untranslatable form and thus

Sxl is kept ‘off’ in males and ‘on’ in females [13, 14].

SXL protein functions in sex determination in fe-

males by directing the splicing of tra mRNA into a

translatable form while in males, where Sxl is absent,

tra mRNA is spliced into an isoform containing an

exon with stop codons in all reading frames located

near the start of the open reading frame that prohibits

translation of the full-length mRNA [15, 16]. The

presence of TRA protein in females enables splicing

of dsx mRNA into a female-specific isoform (dsxF),
whereas in males, where TRA protein is not made,

dsx mRNA is spliced into a male-specific isoform

(dsxM) [17–19]. Male and female DSX isoforms

both encode zinc finger proteins that are identical

at the amino terminus where the DNA binding

domain is found but differ at their carboxy termini

[20–22]. TRA is also responsible for splicing a subset

of fru mRNAs into female- and male-specific iso-

forms. In females, fru mRNA from the P1 promoter

is spliced under direction of TRA into an mRNA

that upon translation, produces a truncated nonfunc-

tional protein, whereas in males, fru mRNA from

the P1 promoter encodes an intact male-specific

Fru protein isoform (FruM) characterized as a

BTB-POZ transcription factor [23–26].

DSX is responsible for almost all somatic sex de-

termination throughout the Drosophila body includ-

ing functions in the CNS while FRU functions

exclusively in the CNS [24, 25, 27]. Biochemical

analysis of DSXF and DSXM proteins revealed that

they both bind directly to specific DNA sequences in

the enhancer of the sex-biased expressed yolk pro-

tein (Yp) genes in the adult fatbody, and it was con-

cluded that DSX functions as a terminal transcription

factor in this pathway [21, 22]. Other genes that have

roles in somatic sex determination include intersex
(ix) and hermaphrodite (her). ix functions in parallel

or downstream of dsx and has been identified as a

protein partner for the female-specific DSXF that is

required for DSXF function [10, 28–30]. HER

encodes a zinc finger protein whose function is de-

pendent on DSX for some phenotypes (female-

specific foreleg bristles and pigmentation of tergites

5 and 6) and independent of DSX for a role in Yp
gene expression activation in females and develop-

ment of vaginal teeth. With the core members of the

somatic sex determination [31, 32] pathway identi-

fied and the observation that genes in the terminal
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positions of the sex determination pathway are tran-

scription factors, the pursuit of traditional genetic

screens to identify other genes with global roles in

sex determination in Drosophila would unlikely be

fruitful. The study of sex determination in

Drosophila was ripe for the genomics era.

THE LEAVES
The development of high-throughput techniques for

genome-wide transcriptome analysis has provided

insight into the impact of sex on gene expression.

Some of the earliest microarray studies performed in

Drosophila included analysis of male and female

adult transcriptomes and revealed thousands of

genes with sex-biased gene expression [33–37].

The early reports of widespread sex-biased gene ex-

pression with arrays that assayed portions of the

Drosophila genome have been corroborated with

arrays that complement the ever updating annota-

tions of the fully sequenced Drosophila genome

[38–46] and now RNA-sequencing (RNA-seq)

[47]. Studies using a variety of microarray platforms

and analysis methods or RNA-sequencing report

that 17–73% of the genome is expressed in a

sex-biased manner in whole adult flies of various

Drosophila melanogaster strains [35, 36, 40–42,

46, 47]. The exact number of sex-biased genes de-

pends on thresholds used for significance. Genes with

male-biased or male-specific expression are observed

in greater numbers and with overall higher expres-

sion levels compared to genes with female-biased or

female-specific expression, a characteristic that is

observed in multiple Drosophila species [34, 42, 43,

46–48]. Expression studies of whole flies, ovaries and

testes, gonadectomized male and female adults or

tudor mutant adult males or females that lack a germ-

line revealed that the majority of sex-biased gene

expression in adults occurs in the gonads [33, 34,

42, 49]. Transcript-specific microarrays and RNA-

seq have enabled the study of sex-biased gene

expression at the transcript level in whole flies and

dissected tissues where hundreds of transcript iso-

forms with sex-biased transcription have been

detected [41, 47, 50–52]. McIntyre etal. [41] estimate

that up to 22% of genes represented by multiple

transcripts in the Drosophila genome express isoforms

in a sex-biased manner, revealing that sex-biased use

of transcript isoforms is a widely used mechanism to

diversify a sex-biased transcriptome. As described

above, sex-biased transcript isoform production is

certainly important for establishment and mainten-

ance of the somatic sex determination pathway as all

selector genes use alternative splicing to restrict pro-

tein products to a particular sex [14, 16–19].

The interest in the extent of sex-differential gene

expression and sexual differentiation of diverse tissues

has led researchers to perform microarray, RNA-seq,

serial analysis of gene expression and some medium-

throughput transcriptome experiments on many

sexed tissues and developmental stages of Drosophila,
including intact head and dissected CNS [50, 53–55],

genital disc [56], leg [57, 58], developmentally staged

pupae [59], male accessory gland [60], embryonic

gonads [61], ovaries and testes [34, 42, 43, 51] and

bam mutant ovaries and testes that arrest at early

stages of germ cell development in both female

Figure 1: The somatic sex determination pathway of
Drosophila melanogaster. SisA, sisterless-A; UPD, un-
paired; SXL, sex lethal; DCC, dosage compensation
complex; TRA, transformer; TRA2, transformer2;
DSX, doublesex; FRU, fruitless.
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and males and are therefore enriched for germ stem

cells and early stage germ cell cysts [51, 62]. A list of

publications using medium- to high-throughput

techniques to identify sex-differentially expressed

genes is presented in Table 1. Publicly available data-

bases for genes with sex-biased expression in

Drosophila melanogaster, Drosophila simulans and

Anopheles gambiae include Sebida, FlyAtlas and

MozAtlas [63–65]. Comparing genes identified

with sex-biased expression in various dissected

tissues reveals that tissues typically express unique

sets of genes in a sex-biased manner (Table 1).

Furthermore, when sex-differential expression of

whole flies was analyzed over a time course of de-

velopment during metamorphosis, different stages

were associated with distinct sets of genes with few

genes with sex-biased gene expression shared be-

tween stages [59]. These observations suggest that

many genes participate in sexual development and

differentiation and the connection of branches to

leaves will depend on spatial and temporal context.

Multiple genome-wide studies reveal that the

gonads are the greatest source of sex-biased gene

expression in Drosophila. This may be expected

given their role in producing sex-specific gametes

that are completely different in form. What is clear

is that female and male gonads use distinct batteries

of genes to produce their respective gamete. Testes

are observed to express greater numbers of genes

than ovaries and more genes with higher expression

levels [34, 42, 51]. Furthermore, many of the

testis-expressed genes appear unique to the testis

[34]. Sex-biased transcript isoforms are also abundant

in the gonad where hundreds of sex-specific or

sex-biased transcript isoforms have been identified

[45, 51, 52]. The greatest divergence of the male

and female gonadal transcriptomes appears to occur

when germ cells differentiate into eggs and sperm as

populations of male and female germ stem cells and

early dividing cysts in bam mutant gonads display

higher transcriptome congruence (r¼ 0.716) than

wild-type gonads (r¼ 0.182) [51]. Linking the

Table 1: Publications reporting medium- to high-throughput sex-biased gene expression in Drosophila melanogaster:
whole flies or dissected tissues

References Tissue Journal

Andrews et al. [34] Gonad Genome Research 10:2030^43
Swanson et al. [60] Male accessory gland PNAS 98:7375^9
Jin et al. [35] Whole adult Nature Genetics 29:389^95
Arbeitman et al. [33] Whole adult Science 297:2270^75
Dauwalder et al. [54] Head Genes and Development 16:2879^92
Fujii and Amrein [55] Head EMBO J 21:5353^63
Xu et al. [58] Leg Cell Tissue Research 307:381^92
Parisi et al. [43] Whole adult, Gonad Science 299:697^700
Ranz et al. [36] Whole adult Science 300:1742^5
Meiklejohn et al. [37] Whole adult PNAS 100:9894^9
Stolc et al. [44] Whole adult Science 306:655^60
Gibson et al. [40] Whole adult Genetics 167:1791^99
Arbeitman et al. [49] Whole adult Development 131:2007^21
Parisi et al. [42] Gonad, whole adult and gonadectomized adult Genome Biology 5:R40
Barmina et al. [57] Leg Developmental Biology 288:528^44
McIntyre et al. [41] Whole adult Genome Biology 7:R79
Baker et al. [39] Whole adult BMCGenomics 8:454
Chintapalli et al. [64] Multiple tissues,Whole adult Nature Genetics 39:715^20
Goldman et al. [53] Head PLoS Genetics 3:e216
Zhang et al. [46] Whole adult Nature 450:233^7
Ayroles et al. [38] Whole adult Nature Genetics 41:299^307
Lebo et al. [59] Whole pupae BMCGenomics 10:80
Casper and Van Doren [61] Embryonic gonad Development 136: 3821^30
Telonis-Scott et al. [45] Whole adult Genetics 181: 421^34
Parisi et al. [66] Adult carcass BMCGenomics 11:346
Gan et al. [51] Gonad Cell Research 20:763^83
Chang et al. [50] Head BMCGenomics 12:364
Chatterjee et al. [56] Genital disc Development 138:1099^1109
Hartmann et al. [52] Whole adult RNA 17:453^68
Graveley et al. [47] Whole adult Nature 471:473^9

390 Clough and Oliver



unique batteries of expressed genes in male and

female gonads to the somatic sex determination

pathway may be especially challenging. Germ cell

sex determination is achieved through nonauto-

nomous action of the somatic sex determination

pathway members in the somatic cells and intrinsic

factors in the germ cells themselves [67]. dsx is not

expressed in the germ cells and consistent with this

observation, genetic data demonstrate that tra and dsx
have no cell-autonomous function in germ cell sex

determination [68–72]. It has been recently shown

that Sxl is required intrinsically for female germ cell

sex determination, revealing the existence of another

branch from the selector trunk [73]. To date the only

known signaling pathway under dsx control in the

somatic gonadal cells affecting male germ cell sex-

biased gene expression is the JAK/STAT pathway

[74]. Identifying direct targets of SXL in embryonic

germ cells and the signaling molecules under DSX

control that emanate from the somatic cells to in-

struct germ cell sex determination is critical for

making the connections between the sex-biased

gene expression in the gonad—the largest source of

sex-biased gene expression in the whole fly—to the

pathway.

LOOKING FORMINOR BRANCHES
Several studies have investigated the dependence of

genome-wide sex-biased gene expression on mem-

bers of the sex determination pathway [49, 50,

53, 59]. Expression profiles of wild-type sexed flies

or tissues have been compared to those of tra and dsx
mutants to identify genes under control of

sex-determination pathway members. These studies

suggest that genes with sex-biased gene expression

may be regulated at all levels of the sex determin-

ation pathway: upstream of TRA, downstream of

TRA and regulated by DSX or FRU, or down-

stream of TRA and not regulated by DSX or

FRU; however, genetic and phenotypic confirm-

ations of these observations are needed. There is

also a physiological control of sex-biased expression

as the status of the germline alters sex-biased expres-

sion in distant somatic tissues [66] and as tra and dsx
mutations disrupt the germline some of the genes

that appear to regulated upstream of tra or dsx may

in fact be an indirect effect of the atrophied gonads of

tra and dsx mutants. fit (female-specific independent

of transformer) is an example of a gene with fe-

male-biased expression in the fat cells of the head

that is regulated upstream of TRA (expression is

associated only with XX individuals regardless of

TRA function) and responsiveness to germline

status [55, 66]. However, in fit’s case, lack of a germ-

line has been shown to increase female-biased ex-

pression revealing negative feedback from the

germline to the distant fat cells of the head and com-

plexity of regulation for sex-biased gene expression

[55, 66]. Genes potentially regulated upstream of

TRA have been postulated to either be regulated

directly by SXL or result from an effect of X

chromosome composition [50, 53]. Evidence for

this latter hypothesis is supported by the observation

that genes demonstrating sex-biased expression in

the Drosophila head and are not dependent on

TRA are enriched on the X chromosome and may

be associated with DCC entry sites [50, 53]. As a

means of identifying genes that could be regulated

directly by SXL, genes with sex-biased expression

not dependent on TRA at the gene or transcript

level were searched for matches to the SXL

sequence-binding motif [50, 52]. These searches

yielded few candidate SXL direct target genes

(<10% of sex-biased transcript isoforms contained a

SXL binding sequence in Chang et al. [50] and 9% of

the sex-biased transcript isoforms in Hartmann et al.
[52] when using a 100 bp window on either side of

the splice site associated with sex-biased exon usage),

although Chang etal. [50] caution that the SXL bind-

ing site has not been well characterized which would

limit this analysis. A low yield also occurred when

looking for TRA binding sites among the 362 genes

in the head with sex-biased transcript isoforms where

six genes were identified with a TRA binding site

and these six included dsx, fru and Sxl [50]. Tissue

specificity and developmental context should be

considered in any future searches for direct SXL or

TRA targets. The ability of ectopic Sxl expression to

enable XY germ cells to enter the oogenesis pathway

when transplanted into XX hosts depended on the

developmental window of Sxl expression [73]. Sxl
expressed in XY germ cells from embryonic stage

9 onwards was sufficient to allow oocyte production,

whereas Sxl expression in XY germ cells beginning

at embryonic stage 16/17 was not [73].

Transcriptome profiling experiments of dsx mu-

tants have also shed light on DSXs transcriptional

control of its targets [49, 53, 59]. For those genes

identified as downstream of TRA and DSX,

genome-wide transcriptome experiments have indi-

cated that both DSX protein isoforms may be
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capable of either activation or repression of its targets

[49, 53, 59]. In the genetic and biochemical charac-

terization of DSX’s role in directly regulating tran-

scriptional activity of the Yp1 and Yp2 genes at their

shared enhancer, it was observed that both DSXF

and DSXM directly bind the enhancer sequence

and that DSXF activates Yp gene expression in fe-

males, whereas DSXM protein represses Yp gene ex-

pression in males [21, 30, 75]. The opposite

transcriptional outcomes by DSX sex-specific iso-

form regulation of the same target gene became a

model for how DSX may generally direct sexual

differentiation through its target genes. This model

holds true for another identified direct DSX target

gene, bab1 [76]. However, comparison of expression

profiles of wild-type, tra and dsx mutant tissues fol-

lowed up with RNA in situ experiments suggest that

DSX target genes may be regulated by DSX isoforms

in diverse ways that can be classified in four different

modes: (i) activation by DSXF and repression by

DSXM as observed for the Yp genes; (ii) repression

by DSXF and activation by DSXM; (iii) activation by

both DSXF and DSXM; and (iv) repression by both

DSXF and DSXM [49, 53, 59]. A solo mode exists as

well: the DSX direct target gene Fad2/DesatF is acti-

vated only by DSXF protein and DSXM apparently

plays no role in repressing its expression in males

[77]. Identification of all DSX target genes and char-

acterization of DSX’s role in their transcriptional ac-

tivity are needed to understand the full spectrum of

DSX’s function in transcriptional regulation.

Identifying the direct target genes of the transcrip-

tion factors at the terminal end of the pathway is an

essential step in understanding how sex-biased or

sex-specific gene expression is produced and regu-

lated. To this end, Luo et al. [78] have used the

DamID protocol to identify the genome-wide tar-

gets of the DSXF protein. Among their list of genes

associated with bound DSX protein is the already

defined DSX target bab1, and bnl, a gene shown to

be under DSX regulation in the genital disc [76, 79]

suggesting that this data set will be a valuable asset for

identifying direct DSX target genes and making con-

nections between the sex determination pathway

and genes with sex-biased gene expression.

CHALLENGES
The clear bottleneck for our understanding of sex

determination and differentiation is in the canopy.

We will need to develop a more refined map of

the leaves, looking at individual tissues and cells

through development, as well as the dependencies

due to nonautonomous interactions among

branches. We will also need to identify the direct

targets of each branch of pathway, again in the con-

text of space and time. This march toward the leaves

will probably be iterative as more and more branch

points are identified. Finally, we should not be

overly enamored with hierarchical models, as sex de-

termination intersects with multiple other pathways

[76, 80, 81]. For example, to make sure that sex

combs develop on the first leg only in males and

that sex-specific pigmentation differences occur in

the abdomen; sex-determining inputs must be coor-

dinated with the HOX activators, selectors and rea-

lizators outlined by Garcia-Bellido.

Key point

� Genomics has given us an outstanding picture of transcription in
the Drosophila sexes. The future challenge will be to link these
changes to the key regulatory genes that were identified in the
last century.
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