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The female-specific Doublesex isoform regulates pleiotropic
transcription factors to pattern genital development in

Drosophila

Sujash S. Chatterjee, Locke D. Uppendahl*, Moinuddin A. Chowdhury, Pui-Leng Ip and Mark L. Siegal®

SUMMARY

Regulatory networks driving morphogenesis of animal genitalia must integrate sexual identity and positional information.
Although the genetic hierarchy that controls somatic sexual identity in the fly Drosophila melanogaster is well understood, there
are very few cases in which the mechanism by which it controls tissue-specific gene activity is known. In flies, the sex-
determination hierarchy terminates in the doublesex (dsx) gene, which produces sex-specific transcription factors via alternative
splicing of its transcripts. To identify sex-specifically expressed genes downstream of dsx that drive the sexually dimorphic
development of the genitalia, we performed genome-wide transcriptional profiling of dissected genital imaginal discs of each sex
at three time points during early morphogenesis. Using a stringent statistical threshold, we identified 23 genes that have sex-
differential transcript levels at all three time points, of which 13 encode transcription factors, a significant enrichment. We focus
here on three sex-specifically expressed transcription factors encoded by lozenge (/z), Drop (Dr) and AP-2. We show that, in
female genital discs, Dsx activates /z and represses Dr and AP-2. We further show that the regulation of Dr by Dsx mediates the
previously identified expression of the fibroblast growth factor Branchless in male genital discs. The phenotypes we observe upon
loss of Iz or Dr function in genital discs explain the presence or absence of particular structures in dsx mutant flies and thereby
clarify previously puzzling observations. Our time course of expression data also lays the foundation for elucidating the
regulatory networks downstream of the sex-specifically deployed transcription factors.
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INTRODUCTION

Many aspects of animal physiology, behavior and body structure
show differences between the sexes. The most obvious sexual
dimorphism is in the reproductive organs. Much is known about
the genetic control of sex-determination in model and non-model
organisms (Cline and Meyer, 1996; Marin and Baker, 1998;
Manolakou et al., 2006), yet relatively little is known about the
mechanisms that integrate sexual identity and positional cues to
control genital morphogenesis (Christiansen et al., 2002; Estrada et
al., 2003).

The sex-determination hierarchy of Drosophila melanogaster
has three branches that respectively control X-chromosome dosage
compensation, male courtship behavior and most somatic sexual
differentiation (Christiansen et al., 2002). In the third branch,
alternative splicing of doublesex (dsx) pre-mRNA produces sex-
specific transcription factors with identical DNA-binding domains.
The canonical example of how Dsx regulates its targets is provided
by the yolk protein genes ¥p/ and Yp2, which share an enhancer to
which Dsx binds (Burtis et al., 1991). The female isoform (DsxF)
activates, whereas the male isoform (DsxM) represses, Yp gene
expression (Bownes, 1994). Similar effects of DsxF and DsxM are
seen at an enhancer of the tandem bric a brac 1 (babl) and bab?2
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genes, which control abdominal pigmentation (Kopp et al., 2000;
Williams et al., 2008). Dsx also binds to an enhancer of Fad?2,
which is involved in producing female pheromones (Shirangi et al.,
2009). DsxF is required for activating Fad2, but DsxM is not
required for its repression in males (Shirangi et al., 2009).

The Ypl1/2, babl/2 and Fad2 enhancers are the only known
direct targets of Dsx. Efforts to find other targets have included
microarray studies profiling transcriptomes of males, females and
sex-determination mutants. Whole adult flies (Arbeitman et al.,
2004), whole pupae (Lebo et al., 2009) and adult heads and central
nervous systems (Goldman and Arbeitman, 2007) have been
assayed. From these studies, regulation by Dsx appears to be more
complex than the direct target examples suggest, in that any given
gene might be activated or repressed by DsxF and activated or
repressed by DsxM. However, as these studies acknowledged, the
apparent complexity might result from indirect interactions.

Although no known case of direct regulation by Dsx occurs in
genital tissue, it is likely that the developing genitalia are a major
site of Dsx action. Indeed, whereas many cells do not even ‘know’
their sex, as defined by expression of dsx (Hempel and Oliver,
2007; Camara et al., 2008; Arbeitman et al., 2010; Robinett et al.,
2010), nearly every cell of the developing genitalia expresses dsx
at the onset of metamorphosis (Robinett et al., 2010). The genitalia
derive from the genital imaginal disc (Nothiger et al., 1977;
Schiipbach et al., 1978; Cohen, 1993), which is patterned during
larval life and differentiates into the terminalia (genitalia and
analia) during metamorphosis (Fig. 1). Abdominal segments A8,
A9 and A10 contribute cells to the disc. The female genitalia derive
predominantly from the A8 primordium, the male genitalia
predominantly from the A9 primordium, and the analia from the
A10 primordium (Christiansen et al., 2002; Estrada et al., 2003).
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Two genes that are expressed sex-differentially in the genital
disc, branchless (bnl) and dachshund (dac), provide our best
picture of how dsx controls genital morphogenesis. Bnl, which is
the fly fibroblast growth factor (FGF), is expressed in two bowl-
like sets of cells in the A9 primordium in male discs; there is no
expression in female discs because DsxF cell-autonomously
represses bnl (Ahmad and Baker, 2002). Bnl recruits mesodermal
cells expressing the FGF receptor Breathless (Btl) to fill the bowls;
these Btl-expressing cells develop into the vas deferens and
accessory glands (Ahmad and Baker, 2002).

Dac, a transcription factor, is expressed in male discs in lateral
domains of the A9 primordium and in female discs in a medial
domain of the A8 primordium (Keisman and Baker, 2001). These
lateral and medial domains correspond to regions exposed to high
levels of the morphogens Decapentaplegic (Dpp) and Wingless
(Wg), respectively. Dsx determines whether these signals activate
or repress dac (Keisman and Baker, 2001). Male dac mutants have
small claspers with fewer bristles and lack the single, long
mechanosensory bristle (Gorfinkiel et al., 1999; Keisman and
Baker, 2001). Female dac mutants have fused spermathecal ducts
(Keisman and Baker, 2001) and a disorganized gonopod
(Gorfinkiel et al., 1999).

To identify more genes that are expressed sex-differentially in
the developing genitalia, and in particular to find genes with major
patterning roles during genital morphogenesis, we transcriptionally
profiled male and female genital discs at three time points. Because
key patterning genes are expressed in late third-instar larval (L3)
genital discs (Chen and Baker, 1997; Gorfinkiel et al., 1999;
Keisman and Baker, 2001; Keisman et al., 2001; Ahmad and
Baker, 2002), our first time point is L3. Our next time points, at ~6
(P6) and 20 (P20) hours after puparium formation (APF), are times
of important morphogenetic change (Fig. 11-L). In P6 male discs,
Btl-expressing cells begin transitioning to epithelium as they
differentiate into the vas deferens and accessory glands (Ahmad
and Baker, 2002). By P20, this transition is complete (Ahmad and
Baker, 2002); a clear division between internal and external
terminalia is also evident (P. Ehrensperger, Diplomarbeit,
University of Ziirich, 1972). In P6 female discs, the ducts of the
accessory glands and spermathecae emerge as protuberances of the
disc epithelium. At P20, each protuberance has formed a lumen and
the ducts begin elongating out of the disc; a clear division between
internal and external terminalia is also evident (Epper, 1983).

Our microarray results provide a global profile of early genital
morphogenesis. They also led us to focus on three genes — lozenge
(Iz), Drop (Dr) and AP-2 — that are sex-specifically expressed at all
three time points assayed and that encode well-studied transcription
factors. Lz functions in eye and blood cell development (Canon and
Banerjee, 2000). Dr [also known as Muscle segment homeobox
(Msh)], functions in muscle development (Furlong, 2004), neural
development (Ramos and Robert, 2005) and dorsal fate
specification (Milan et al., 2001). AP-2 functions in limb outgrowth
and brain development (Monge et al., 2001). We show how Dsx
limits the expression of each of these factors to the genital disc of
one sex, and how these factors contribute to genital morphogenesis.

MATERIALS AND METHODS

Fly strains and crosses

Flies were raised on standard medium and, unless specified otherwise, at
25°C. Alleles and chromosomes are described in FlyBase (Tweedie et al.,
2009). Genital discs for microarrays and in situ hybridizations were
dissected from esg@L*E  UAS-GFPnls/CyO and Canton-S flies,
respectively. Three stocks containing dsx-null mutations were used: (1) w;,

Df(3R)dsx15/TM6B, Th, which carries a large deficiency spanning dsx;
(2) w; Df(3R)f01649-d09625/TM6B, Th; and (3) w, Df(3R)f00683-
d07058/TM6B, Th. The latter two deficiencies are FLP/FRT-mediated
deletions that eliminate all dsx coding sequence but leave neighboring genes
intact. These deletions, the endpoints of which are piggyBac insertions
corresponding to the designations following ‘Df(3R)’ (Parks et al., 2004),
were generated and generously provided before publication by Carmen
Robinett (Janelia Farm Research Campus, Howard Hughes Medical Institute,
VA, USA). We confirmed the extents of these deletions, and the absence of
dsx sequences in Df(3R)dsx15, by PCR analysis of genomic DNA.

For RNAI, the NP6333-Gal4 driver (P{GawB}Pen""%33%), which
expresses in wing, leg and genital discs (Stieper et al., 2008), was used.
Gene-specific UAS-RNAi constructs were obtained from the Vienna
Drosophila RNAI Center, and the UAS-Dicer-2 transgene P{UAS-Dcr-2.D}
was used to increase RNAI activity (Dietzl et al., 2007).

Ectopic expression clones were generated using flip-out Gal4 (Ito et al.,
1997; Pignoni and Zipursky, 1997) by heat shocking first-instar larvae (24-
48 hours after egg laying) at 38°C. GFP-labeled feminized clones were
generated in y w, P{hsFLP}!1/Y; P{AyGAL4}/P{UAS-tra.F}; P{UAS-
GFP.S65T})/+ larvae. P{AyGAL4} expresses Gal4 under the control of the
Actin 5C promoter only after FLP excises an intervening " cassette. Heat-
shocked larvae were incubated at 18°C until dissection at L3 [following
Keisman and Baker (Keisman and Baker, 2001)]. Masculinized clones
were generated by heat shocking w, P{UAS-tra2.IR}61X/w, P{hsFLP}I;
+/P{AyGAL4)}; P{UAS-tra2.IR}824-3/P{UAS-GFP.S65T} larvae. Dr loss-
of-function clones were generated by heat shocking y w, P{hsFLP}1/Y;
P{AyGAL4}, P{UAS-GFP.S65T}/+; UAS-DrRNAi, UAS-Dcr-2/bnl-lacZ
larvae. The bnl-lacZ insertion is the enhancer-trap allele bnl’%*’°,

L3 expression of eyg and ap and pupal expression of /z were assayed
using the enhancer-trap alleles eyg™>"?, ap/™ % and 125", respectively.

Morphological staging and dissections

Wandering L3 larvae were sexed by gonad size. Collections from pupal
stages were standardized using sex-nonspecific morphological landmarks
(Bainbridge and Bownes, 1981). Each sex-sorted larva was observed until
it reached the white prepupa stage (0 hours APF), which lasts 15-20
minutes and thereby improves synchronization of the following stages. An
air bubble forms mid-dorsally on the puparium at ~4 hours APF and peaks
in size at 6-6.5 hours APF. For P6 samples, rather than merely timing 6
hours since white prepupa, each animal was observed every 20 minutes
from 5 hours APF until peak bubble size was evident, at which time its
genital disc was dissected. For P20, we observed that esg-driven GFP
expression in an oval patch in the eye disc becomes visible at ~20 hours
APF. We observed each pupa every 20 minutes from 18 hours APF until
GFP appeared in the eye, at which time its genital disc was dissected.
Morphologies of P6 and P20 discs collected this way showed little within-
sex variation and matched previous descriptions (P. Ehrensperger,
Diplomarbeit, University of Ziirich, 1972) (Epper, 1983).

RNA isolation and microarray analysis

For each microarray sample, about ten L3, five P6 or five P20 discs were
dissected in cold PBS and immediately transferred into Ambion MELT lysis
buffer. Total RNA was extracted, then purified and concentrated using
Qiagen RNeasy MinElute. RNA integrity and concentration were determined
by Bioanalyzer (Agilent, Santa Clara, CA, USA) and NanoDrop ND-1000A
(Thermo Fisher Scientific, Waltham, MA, USA). From 20 ng RNA per
sample, biotin-labeled cDNA was produced by linear amplification with the
NuGEN Ovation Biotin System. cDNA was quantified by NanoDrop and 1.5
ug hybridized to an Affymetrix GeneChip Drosophila Genome 2.0 Array
and scanned following the manufacturer’s protocols. Analyses were
performed using R/Bioconductor (Gentleman et al., 2004). Microarray data
are deposited in NCBI GEO with accession GSE23344.

In situ hybridizations

In situ hybridizations used digoxygenin-labeled antisense riboprobes
(Sullivan et al., 2000; Kosman et al., 2004). Probe templates were either
linearized cDNA clones (Drosophila Genomics Resource Center) or PCR-
amplified sequences (clone IDs and PCR primer sequences are listed in
Table S1 in the supplementary material).
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Immunofluorescence

Larval tissues were dissected in cold PBS, fixed in 4% paraformaldehyde
for 45 minutes, washed in PBS containing 0.2% Triton X-100 and
incubated with primary antibodies at 4°C overnight (Xu and Rubin, 1993).
Primary antibodies were mouse anti-Lz (1:10 dilution; Developmental
Studies Hybridoma Bank), rat anti-Al (1:100) (Campbell et al., 1993),
rabbit anti-Dr (1:500) (von Ohlen and Doe, 2000), rabbit anti-AP-2
(1:1000) (Monge et al., 2001) and rabbit anti-B-gal (1:500; Promega).
Alexa Fluor-conjugated secondary antibodies were used (1:1000;
Invitrogen). Discs were mounted in DAPI-containing Vectashield.
Confocal images were acquired using a Leica SP5 scanning microscope.

Dsx binding site analysis

All matches to the ACAATGT Dsx consensus binding sequence within
non-coding sequence were identified using Target Explorer (Sosinsky et
al., 2003). Sequence coordinates of each gene were obtained from FlyBase
R5.29 (Tweedie et al., 2009).

RESULTS

Genome-wide profiling identifies transcripts
expressed differentially in developing male and
female genital discs

To identify genes involved in sex-specific differentiation of the
genitalia, we transcriptionally profiled male and female genital
discs at three time points: L3, P6 and P20 (see Materials and
methods; Fig. 1). To aid in identifying genital discs, and thereby
avoid loss or contamination of tissue, we used animals expressing
GFP in all imaginal discs (esg?“*8, UAS-GFPnls/CyO) (Keisman
et al., 2001). Four biological replicates were performed for each
sex at each time point. Affymetrix GeneChip data were background
corrected and normalized using RMA (Irizarry et al., 2003) and
sex-differential expression was tested using significance analysis
of microarrays (SAM), which controls the false discovery rate
(FDR) (Tusher et al., 2001).

We validated microarray accuracy by verifying that all
previously identified sex-differentially expressed genes were
identified as such in our analysis, and by visualizing the expression
of a representative subset of previously uncharacterized genes in
genital discs. Five loci were previously shown to be expressed sex-
differentially in L3 genital discs. Of these, all five were
significantly differentially expressed in our analysis at a stringent
FDR threshold of 0.05: bnl and bt/ (Ahmad and Baker, 2002);
abdominal A (abd-A) (Freeland and Kuhn, 1996; Casares et al.,
1997; Chen et al., 2005); Wnt oncogene analog 2 (Wnt2) (Kozopas
et al., 1998); and the paralogous, adjacent spalt (sal) genes (Dong
et al., 2003). Additional significant loci can be considered positive
controls as well, although their expression in genital discs had not
been quantified directly: the female-specific dsx isoform; male-
specific lethal 2 (msl-2), which shows lower mRNA levels in whole
females than males (Bashaw and Baker, 1997); bab1/2, the protein
expression of which in L3 discs appears different in males and
females but had not been quantified (Couderc et al., 2002); Pox
neuro (Poxn), which was shown to be expressed in male discs at
time points later than ours (Boll and Noll, 2002); and stumps,
which appears upregulated in bzl-expressing cells as they transition
to epithelium (Ahmad and Baker, 2002) and which shows,
consistent with this observation, significantly male-biased
expression at P6 and P20 but not L3. Another notable gene is
paired (prd), which is required for male accessory gland
development but was undefined in terms of genital disc expression
(Xue and Noll, 2002). We find prd expression significantly male
biased at P6 and P20. A final gene that can be considered a positive
control is Myosin 31DF (Myo31DF), which controls directional

Fig. 1. The terminalia of D. melanogaster and their development
from an imaginal disc. Adult female (A) and male (B) derivatives of
the genital disc. The genital disc of a late third-instar female (C-E) or
male (F-H) larva is shown in ventral view, dorsal view and parasagittal
section, respectively. Parasagittal-section positions are shown as dashed
lines (C,D,F.G). The female (1,J) or male (K,L) genital disc is shown in
dorsal view 6 or 20 hours after puparium formation (APF), respectively.
Derivatives of embryonic segment A8 are in orange, A9 in blue and
A10 in yellow. Derivatives of recruited mesodermal cells are in gray.

ov, oviduct; sp, spermathecae; sr, seminal receptacle; ut, uterus; ag,
accessory gland; re, rectum; go, female gonopod; ap, anal plates; vd,
vas deferens; ed, ejaculatory duct; eb, ejaculatory bulb; ga, genital arch;
cl, claspers; pa, penis apodeme; hy, hypandrium. Schematics in A,B are
adapted from Bryant (Bryant, 1978) and Keisman et al. (Keisman et al.,
2001) with kind permission from Elsevier, those in I,J are adapted from
Epper (Epper, 1983) with kind permission from Springer Sciences+
Business Media and those in K,L are adapted with kind permission of

P. Ehrensperger (P. Ehrensperger, Diplomarbeit, University of Zurich,
1972).

rotation of the male disc during metamorphosis (Spéder et al.,
2006). Myo31DF has been shown to be expressed in the male
genital disc at L3 (Spéder et al., 2006) and at 25 hours APF when
rotation commences (Suzanne et al., 2010), although it has not been
reported whether Myo31DF is sex-specifically transcribed. We find
Myo31DF to be male biased at all three time points, but
significantly so only at P20.

Our validation of previously uncharacterized genes focused on
L3. SAM identified 55 probe sets (corresponding to 51 unique,
annotated genes) with sex-differential L3 expression at a FDR
threshold of 0.05 (see Table S2 in the supplementary material). We
assayed genital disc expression of 17 of these genes by in situ
hybridization and, when possible, using enhancer traps or
immunofluorescence. As shown below and in Fig. S1 in the
supplementary material, all 17 showed sex-differential expression
in L3 genital discs, strongly validating the microarray analysis.

Having gained confidence in our microarray results, we
proceeded with analysis of the P6 and P20 data. The number of
genes with significant sex-differential expression increases through
development: at the identical FDR threshold of 0.05, SAM
identified sex-differential expression for 319 probe sets (297 genes)
at P6 (see Table S3 in the supplementary material) and 435 probe
sets (400 genes) at P20 (see Table S4 in the supplementary
material). This increase through development is perhaps expected,
as male and female tissues become ever more divergent from one
another.
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Fig. 2. Genes expressed sex-differentially in Drosophila genital
discs. (A) Venn diagram summarizing transcriptional profiling
comparisons at late third instar (L3) and 6 (P6) or 20 (P20) hours APF.
The numbers of genes that were expressed significantly more highly in
female discs are in orange and those expressed significantly more highly
in male discs are in blue [the four remaining genes (black) switch sex
bias from P6 to P20]. (B) PAM-clustered heat map of expression values
of significantly sex-differentially expressed probe sets. Values are
median-centered by probe set (row) and on a log2 scale, as indicated.
Genes and cluster numbers discussed in the text are indicated.

In total, 601 genes show significant sex-differential expression
for at least one time point (Fig. 2A). Of these, 124 are significant
at two or more time points. Of the 124, only four — achaete (ac),
Tissue inhibitor of metalloproteases (Timp), Nidogen/entactin
(Ndg) and Amyrel — switch sex bias. All four show significantly
higher expression in females at P6 and in males at P20. That the
vast majority of differentially expressed genes show consistent sex
bias across time points suggests that, during early morphogenesis,
male and female discs consistently differ either in the relative
importance of the processes in which these genes participate or in
the relative proportion of tissue undergoing these processes. The
switch in expression of the four exceptions could reflect sex
differences in the timing of particular processes. The proneural
gene ac shows dynamic expression in wing discs (Skeath and
Carroll, 1991). The male and female genitalia might differ in the
dynamics of sensory organ specification. Likewise, Timp is
involved in tissue remodeling during wing morphogenesis (Kiger
et al.,, 2007) and Ndg encodes an extracellular matrix protein
(Artero et al., 2003). Male and female discs might perform similar
remodeling steps at different times. Amyrel encodes an amylase
(Da Lage et al., 1998), the potential role of which in
morphogenesis is unclear.

Although few genes switch sex-differential expression across
developmental stages, clustering of transcriptional profiles for the
601 significant genes does reveal distinct expression patterns (Fig.

2B). The gene expression profiles were divided into 16 clusters
(see Table S5 in the supplementary material) using partitioning
around medoids (PAM) (Kaufman and Rousseeuw, 1990) with an
average-silhouette strategy to choose the appropriate number of
clusters (van der Laan et al., 2003). To explore the biological
significance of these clusters, we tested for over-representation of
gene ontology (GO) molecular function annotations within clusters.
At top and bottom of the clustergram (clusters 1 and 16) are genes
with higher expression in males or females, respectively, at all three
time points. In both clusters, several related terms associated with
transcription factors are over-represented (the most over-
represented term for cluster 1 is ‘transcription regulator activity’,
P=9.1X1077, Bonferroni-corrected hypergeometric test; for cluster
16 “transcription factor activity’, P=8.7X107). Because such sex-
differentially expressed regulatory genes are prime candidates for
driving sex-specific genital development, we focused on these
genes for subsequent analyses, as described below.

Three other clusters are also over-represented with
transcriptional regulators: cluster 4, which contains genes highly
expressed in females and males at P6, but in males only at P20
(‘transcription factor activity’, P=0.018); cluster 5, which contains
genes highly expressed in males at P20 (‘specific RNA polymerase
IT transcription factor activity’, P=0.0011); and cluster 15, which
like cluster 16 contains genes highly expressed in females at all
three time points, although with a dip in both sexes at P6
(‘transcription factor activity’, P=0.00035). Two clusters have other
over-represented functions. Cluster 2, which contains genes highly
expressed in males at P6 and P20, is over-represented with
metalloexopeptidases (P=0.00068). All five metalloexopeptidases
in this cluster are abundant in the adult vas deferens (Dorus et al.,
2006; Takemori and Yamamoto, 2009). Cluster 13, which contains
genes highly expressed in females at P20, is over-represented with
genes encoding structural constituents of the chitin-based cuticle
(P=0.029). This result could mean that females and males deposit
cuticle at different times, and supports the previous finding that
cuticle-related genes show sex-differential expression during
metamorphosis (Lebo et al., 2009).

Enrichment of Dsx binding sites in

sex-differentially expressed genes

To determine whether the set of significantly sex-differentially
expressed genes is likely to contain direct Dsx targets, we tested for
enrichment of putative Dsx binding sites. In vitro selection of Dsx-
binding oligonucleotides (Erdman et al., 1996), as well as
footprinting analyses of Dsx direct targets (Burtis et al., 1991;
Williams et al., 2008; Shirangi et al., 2009), point to the 7-mer
ACAATGT as a strong consensus Dsx binding site. Because
Drosophila enhancers may reside distant from the transcriptional
start site, including in introns, we searched for ACAATGT matches
within different distances (0.5, 1, 2, 5 or 10 kb) from the annotated
beginning of each gene, with any match within an intron or
untranslated region (UTR) considered to be at 0 distance. For each
distance cut-off, there are significantly more ACAATGT matches
among the sex-differentially expressed genes than among the
remainder; this result holds for genes differentially expressed at L3,
P6 or P20, as well as for the union of these gene sets (see Table S6
in the supplementary material). The sex-differentially expressed
genes have larger introns on average, but this difference does not
negate the over-representation of putative Dsx sites, as comparisons
based on the density, rather than the number, of sites are significant
as well (see Table S7 in the supplementary material). The largest
over-representation of putative Dsx sites occurs for L3 (e.g. for the



Regulators of genital morphogenesis

RESEARCH ARTICLE 1103

caup

Fig. 3. Sex-differential expression of genes encoding
transcription factors. (A-H) Female (A,C,E,G) and male (B,D,F,H)
Drosophila genital discs. (A,B) Anti-Al immunofluorescence. (C,D) In situ
hybridization with toe mRNA. Its paralog eyqg is expressed in a matching
pattern, as visualized with eyg-lacZ (not shown). (E,F) Anti-B-gal
immunofluorescence of the ap-lacZ enhancer trap (which matches the
ap mRNA expression pattern, not shown). (G,H) In situ hybridization
with caup mRNA. Immunofluorescence images are maximum intensity
confocal projections.

0.5 kb distance, there are 2.76-fold more ACAATGT matches for the
sex-differentially expressed genes at L3, 1.55-fold more at P6 and
1.47-fold more at P20). Sex-differential expression at later time
points might therefore be due to more indirect regulation.

Sex-differentially expressed transcription factors
as candidate regulators of sex-specific genital
morphogenesis

Twenty-five probe sets (23 genes) have significant male-biased or
female-biased expression at all three time points (Fig. 2A). Of these
genes, 13 are annotated with ‘transcription factor activity’, a highly
significant enrichment (P=1.56x10"'%). These 13 include the
positive-control genes abd-A, salr, dsx, babl and Poxn. The
remaining eight with previously uncharacterized sex-differential
expression are aristaless (al), evegone (eyg), twin of eyg (toe), Iz,
apterous (ap), caupolican (caup), Dr and AP-2.

Five of the eight genes show expression in both female and male
genital discs, but, consistent with the microarrays, expression is
clearly higher in one sex (Fig. 3). Three (a/, eyg and foe) are female
biased. The eyg and toe genes are paralogs expressed in nearly
identical domains in other tissues (Yao et al., 2008). The others (ap
and caup) are male biased. Further characterization of al, eyg/toe,
ap and caup will be presented elsewhere.

The remaining three of the eight genes are expressed exclusively
in female (/z) or male (Dr, AP-2) discs. Through genetic and clonal
analysis, we characterized their positions in the sexual-
differentiation hierarchy and their roles in genital morphogenesis.

DsxF activates /z to promote development of the
spermathecae and female accessory glands
In L3 female discs, /z is expressed in an anterior medial domain in
the A8 primordium and in lateral domains in the A9 primordium
(Fig. 4A). In male discs, Iz is not expressed (Fig. 4B). During
metamorphosis, /z is expressed in the primordia of the spermathecae
and accessory glands as they form ducts that grow out of the female
disc (Fig. 4C-E). Anderson (Anderson, 1945) showed that female /z
mutants lack spermathecae and accessory glands. Using a
temperature-sensitive allele we confirmed this result and showed
that, consistent with its continued expression throughout
metamorphosis, /z continues to be required after L3 for proper
differentiation of these organs (Fig. 4F-H). Females homozygous
for 1z! were raised at 16°C, the permissive temperature, then
shifted to 29°C, the restrictive temperature. When the shift occurred
at L3, spermathecae and accessory glands completely failed to form
(Fig. 4G). When the shift occurred at ~P24 (a developmental stage
equivalent to ~24 hours APF at 25°), spermathecal ducts formed but
often at least one of the spermathecal caps was absent (Fig. 4H).
To determine if and how dsx regulates /z in the genital disc, we
examined Lz expression in dsx-null flies [Df{3R)f00683-
d07058/Df(3R)f01649-d09625]. We observed a complete absence of
Lz (Fig. 41). Thus, DsxF is required to activate /z in female genital
discs. This requirement is cell-autonomous. When a GFP-marked
masculinized clone [expressing RNAi against transformer 2 and
therefore expressing DsxM rather than DsxF (Fortier and Belote,
2000)] intersected the normal /z expression domain, Lz expression
was lost (Fig. 4J). To test whether DsxF is sufficient to activate /z
expression in the male disc, we assayed feminized clones expressing
the female isoform of the dsx splicing regulator Transformer (Tra)
(Ferveur et al., 1995). We examined 24 male discs with Tra-
expressing clones. In two of the discs we observed ectopic Lz. Lz
expression was confined to cells within a clone, implying cell-
autonomous activation, but not all cells within the clone expressed Lz,
suggesting that DsxF functions with one or more spatially restricted
factors to activate Iz (Fig. 4K). Consistent with spatially restricted
competence to activate /z in response to DsxF, we did not observe
ectopic Lz expression in the remaining 22 clone-bearing discs.
Because dsx-null discs lack /z expression and because /z is
required for development of spermathecae and female accessory
glands, dsx-null flies should lack these organs. However, previous
studies observed these organs in the putatively null mutants dsx’
(Hildreth, 1965) and Df{3R)dsx15/dsx*} (Arbeitman et al., 2004),
with one or two spermathecae found in 24% of mutant animals
(Hildreth, 1965). Because of this discrepancy, we re-examined the
presence of spermathecac and female accessory glands in
unambiguously dsx-null flies. Out of 50 Df(3R)f00683-
d07058/Df(3R)f01649-d09625 and 50  Df(3R)f00683-
d07058/Df(3R)dsx15 animals, none had spermathecae or female
accessory glands. Therefore, the true loss-of-function phenotype
for dsx is an absence of spermathecae and female accessory glands,
as reflected in the loss of Iz expression in dsx mutant genital discs.

DsxF represses Dr in the female genital disc

Dr is expressed exclusively in male discs, in two domains (Fig.
5A.B): (1) a medial domain on the ventral surface of the A9
primordium encompassing the bnl-expressing cells but extending
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laterally and posteriorly; and (2) a subset of the b#/-expressing cells
that are adjacent to those expressing bnl (and Dr). To determine if
and how dsx regulates Dr in the genital disc, we assayed
Df(3R)f00683-d07058/Df(3R)f01649-d09625 animals. Dr is
expressed in the A9 primordium of dsx-null discs (Fig. 5C),
implying that DsxM is not required for Dr expression and instead
that DsxF represses Dr in female discs. Dr repression by DsxF is
cell-autonomous. When GFP-marked feminized clones in male
discs intersected the normal Dr expression domain, Dr expression
was lost (Fig. 5D).

Dr is required to activate bnl expression in the
male genital disc

Because Dr is expressed in the bnl-expressing cells, and because
DsxF represses both bnl (Ahmad and Baker, 2002) and Dr (this
study), we hypothesized that Dr is required to activate bn/ in the
male disc. To test this, we reduced Dr expression in the genital
disc using RNAi and visualized a lacZ enhancer trap that
faithfully reports bnl expression (Ahmad and Baker, 2002). In
male discs expressing Dr RNAI driven by a disc-specific Gal4

Fig. 4. Sex-specific expression, function and
regulation of /z. (A,B) Anti-Lz immunofluorescence
(magenta). Shown are a confocal slice near the ventral
face of the female disc (A), a reconstructed parasagittal
section (A") and a confocal slice near the dorsal face (A").
Ventral, parasagittal and dorsal views are schematized
beneath, with Lz expression indicated by the striped
regions. Dashed lines indicate the approximate
parasagittal section position. (B) Representative confocal
slice toward the ventral surface of the male disc.

(C-E) Expression of Iz in P20 (C), P38 (D) and P67 (E)
female discs in the cells giving rise to the spermathecae
(white arrowheads) and accessory glands (open
arrowheads), as visualized by /z-Gal4-driven GFP
expression (magenta). (F-H) /77 female raised at the
permissive temperature (F), or shifted to the restrictive
temperature at L3 (G) or ~P24 (H). Arrowheads as in C-E;
asterisk denotes spermathecal duct without cap.

(I) Representative confocal slice toward the ventral surface
of a dsx-null genital disc, showing the absence of Lz
expression (magenta). (J-J") Reduced Lz expression in a
masculinized clone (arrowhead). Lz expression (J) and GFP-
marked clones (J') are shown individually, then merged in
magenta and green, respectively (). (K-K”) Induced Lz
expression in a feminized clone (arrowhead). Lz expression
(K) and GFP-marked clones (K’) are shown individually,
then merged in magenta and green, respectively (K”).
Nuclei in A,B,I are counterstained with DAPI (green).
Abbreviations as in Fig. 1.

driver (+/NP6333-Gal4; UAS-DrRNAi, UAS-Dcr-2/bnl-lacZ),
lacZ expression was dramatically reduced relative to controls
lacking the UAS constructs (Fig. SE,F). This regulation is cell-
autonomous: Dr RNAI clones that intersected the normal bnl
expression domain dramatically reduced /acZ expression (Fig.
5G).

Despite their major reduction in bnl expression, discs with
NP6333-driven RNAIi have normal morphologies (Fig. 5F). This
unexpected lack of effect on mesodermal cell recruitment could be
caused by late RNAI activation by NP6333-Gal4. That is, Dr (and
therefore bnl) expression could have been sufficiently high earlier
in larval development, when the recruitment occurs (Ahmad and
Baker, 2002). Large clones expressing Dr RNAi support this
inference: clones that entirely eliminated bn/ expression on one side
of the disc (Fig. SH) also caused a lack of mesodermal cell
recruitment and therefore a malformation of that side (Fig. 5I).

Ahmad and Baker (Ahmad and Baker, 2002) observed that
putatively dsx-null genital discs [dsx’/Df{3R)dsx15] not only show
bnl expression in the A9 primordium, but also ectopic expression
in A8, which appeared to recruit additional sets of bt/-expressing
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cells. The ectopic bnl expression was observed in virtually all dsx
mutant discs, as were the abutting bt/-expressing cells; the latter
formed deeply invaginating pockets in 20-25% of dsx mutant discs
(S. Ahmad, personal communication). Because a high percentage
of dsx mutant animals had been observed to have more than two
male accessory glands [62% of dsx! mutants (Hildreth, 1965)],
Ahmad and Baker (Ahmad and Baker, 2002) concluded that these
extra pockets gave rise to the extra glands. Despite examining ~20
dsx-null genital discs, we never observed Dr expression in the A8
primordium (Fig. 5C). Likewise, despite examining ~20
Df(3R)f00683-d07058/Df(3R)dsx15, bnl-lacZ discs, we never
observed lacZ expression in the A8 primordium. Moreover, in
neither case did we ever observe extra mesodermal cell pockets of
any depth. We therefore reasoned that, as with /z, a difference in
dsx genotype was causing the discrepancy. We examined
50  Df(3R)f00683-d07058/Df(3R)f01649-d09625 and 50
Df(3R)f00683-d07058/Df(3R)dsx 15 mutants and found that all had

Fig. 5. Sex-specific expression, regulation
and function of Dr. (A-C) Anti-Dr
immunofluorescence (magenta). Shown are a
confocal slice near the ventral face of the male
disc (A), a reconstructed parasagittal section
(A") and a confocal slice near the dorsal face
(A"). Schematics beneath are as for Lz in Fig.
4. (B) Representative confocal slice toward the
ventral surface of the female disc.

(C) Representative confocal slice toward the
ventral surface of a dsx-null genital disc.
(D-D”) Reduced Dr expression in a feminized
clone (arrowhead). Dr expression (D) and GFP-
marked clones (D) are shown individually,
then merged in magenta and green,
respectively (D). (E) Expression of bnlin
control +/NP6333-Gal4, +/bnl-lacZ male disc.
(F) Reduced expression of bnl in +/NP6333-
Gald; UAS-DrRNAI, UAS-Dcr-2/bnl-lacZ RNAI
male disc. (G-G”") Reduced bnl expression in a
Dr RNAI clone. Expression of bnl-lacZ (G) and
GFP-marked clones (G’) are shown individually,
then merged in magenta and green,
respectively (G”). The arrowhead marks a clone
that intersects the normal bn/ expression
domain. (H-H") Analogous panels to G-G”
showing a larger Dr RNAI clone. (I) DAPI
staining of the disc in H showing
malformation (arrowhead). (J-L) Internal
genitalia of +/CyO; UAS-DrRNA|, UAS-Dcr-2/+
control male (J) and +/NP6333-Gal4; UAS-
DrRNAI, UAS-Dcr-2/+ RNAI male (K,L).

(M-R) Hypandrium and penis apparatus (M,N),
clasper (O,P) and posterior lobe and lateral
plate (Q,R) of control (M,0,Q) and RNAI (N,PR)
males. Nuclei in A-C,E,F are counterstained
with DAPI (green). te, testis; Ip, lateral plate;
pl, posterior lobe; cm, clasper mechanosensory
bristle; other abbreviations as in Fig. 1.

exactly two male accessory glands. The occasional presence of
extra male accessory glands in some dsx mutants, like the
occasional presence of spermathecae, might therefore be due to
residual (and potentially neomorphic) dsx activity. This is a
plausible explanation as dsx coding sequence is present and
transcribed in both dsx! and dsx?? (data not shown). All dsx exons
are present in dsx’. In dsx®*, exons 1-3 (including the sequence
encoding the Dsx DNA-binding domain) are present, whereas the
remaining exons are absent, consistent with a prior report that dsx”*
produces a shortened transcript (An and Wensink, 1995).

Dr is required for proper development of internal
and external male genital structures

Because Dr is required for bn/ expression in the male disc, and
because the bnl-recruited mesodermal cells become the accessory
glands and vas deferens, we hypothesized that Dr would be
required for proper development of these organs. In addition, the
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more lateral and posterior domains of Dr expression suggested a
role in the development of external genital tissues. We examined
males expressing disc-specific Dr RNAi (+/NP6333-Gal4,; UAS-
DrRNAi, UAS-Dcr-2/+) and their control brothers lacking NP6333-
Gal4 (Fig. 5J-R). Of 40 Dr RNAI flies, 25 (~63%) showed
deformed ejaculatory ducts, small accessory glands and malformed
vas deferens (Fig. 5K). Consistent with the vas deferens defect,
these males also exhibit underdeveloped, uncoiled testes (Stern,
1941a; Stern, 1941b; Kozopas et al., 1998). Six of the 40 RNAI
flies (15%) had more severe phenotypes in the internal genitalia,
including severely deformed ejaculatory ducts, absent accessory
glands and absent vas deferens, which in turn caused the testes to
be unattached (Fig. SL).

Dr RNAI also caused defects in external genital structures. The
apodeme and hypandrium of the penis apparatus were abnormal in
23 of 30 RNAi males (~77%). Relative to those of control brothers,
the apodeme and hypandrium were both smaller and the hypandrial
processes were deformed (Fig. SM,N). The claspers of RNAi males
were also smaller, with fewer bristles on average [19.1+0.6 (mean
+ s.e.m.) bristles in RNAi males, 22.84+0.4 in controls; two-sided
Wilcoxon rank-sum test, P=0.0034]. Some RNAi males had far
fewer clasper bristles than any control male (Fig. 5O,P). Moreover,
as in dac mutants (Keisman and Baker, 2001), Dr RNAI claspers
lacked the long, mechanosensory bristle (Fig. 50,P). The genital
arch was also affected. The RNAi males showed significantly
misshapen posterior lobes (Fig. 5Q,R). The lateral plates were also
smaller, with fewer bristles between the tip of the lateral plate and
the base of posterior lobe (Fig. 5Q,R).

AP-2 is repressed by DsxF and required for proper
male genital morphogenesis

AP-2 is expressed exclusively in the male disc, in three domains
(Fig. 6A,B): (1) in the A9 primordium in a medial domain on the
ventral surface that encompasses the bnl-expressing cells; (2) in the
center of each half of the dorsal side of the A9 primordium; and (3)
in the center of each half of the A10 primordium. To determine

Fig. 6. Sex-specific expression,
regulation and function of AP-2.
(A-C) Anti-AP-2 immunofluorescence
(magenta). Shown are a confocal slice
near the ventral face of the male disc (A),
a reconstructed parasagittal section (A’)
and a confocal slice near the dorsal face
(A"). Schematics beneath are as for Lz in
Fig. 4. (B) Representative confocal slice
toward the ventral surface of the female
disc. (C) Representative confocal slice
toward the dorsal surface of a dsx-null
disc. (D-F) Internal genitalia of control
male (D), AP-22/AP-2"®> mutant male (E)
and NP6333-Gal4/UAS-AP-2RNAI; UAS-
Dcr-2/+ RNAi male (F). (G) Dr (magenta)
expression in AP-22/AP-2°> mutant male
disc. (H-H”") AP-2 expression in Dr RNAI
clones. AP-2 expression (H) and GFP-
marked clones (H’) are shown individually,
then merged in magenta and green,
respectively (H"). Nuclei in A-C,G are
counterstained with DAPI (green). te,
testis; other abbreviations as in Fig. 1.

whether and how the sex-determination hierarchy controls male-
specific expression of AP-2, we examined Df(3R)f00683-
d07058/Df(3R)f01649-d09625 animals. AP-2 is expressed in dsx-
null discs, implying that DsxF normally represses AP-2 in the
female genital disc (Fig. 6C). We examined the effects of loss of
AP-2 function with mutants that survive to pharate adults (4P-
2%/4P-2"%) (Monge et al., 2001) and with RNAI (Fig. 6D-F). In AP-
2 mutants, relative to wild-type controls, the accessory glands were
reduced more than 50%, the vas deferens were narrower at their
distal ends and the anterior ejaculatory duct was less bulbous (Fig.
6D,E). Similar phenotypes were observed with NP6333-driven AP-
2 RNAI and not in control brothers lacking the driver. Of 30 RNAi
males (NP6333-Gal4/UAS-AP-2RNAi; UAS-Dcr-2/+), 23 (~77%)
showed accessory glands that were similar in size to those of 4P-
2%/4P-2"° males (Fig. 6F). Seven of these 23 showed severely
deformed accessory glands and vas deferens, with unattached or
underdeveloped testes, similar to the most severe phenotypes seen
with Dr RNAIi. Nineteen of the 30 (~63%) RNAi males also
showed deformed or underdeveloped ejaculatory ducts (Fig. 6F).

Dr and AP-2 are independently regulated by Dsx
Because Dr expression and AP-2 expression overlap on the ventral
surface of the A9 primordium of the male disc, and because their
loss-of-function phenotypes overlap, we examined whether either
regulates the other. In genital discs of male AP-2 mutants (AP-
2?/4P-2"%), Dr expression was unaffected (Fig. 6G). Likewise, AP-
2 expression was unaffected in Dr RNAi clones (Fig. 6H). These
results imply that Dsx controls Dr and AP-2 expression in parallel,
rather than through a linear pathway.

DISCUSSION

A common theme in the evolution of development is that a limited
‘toolkit’ of regulatory factors is deployed for different purposes
during morphogenesis (Carroll et al., 2001). It is therefore not
surprising that the key regulators of genital morphogenesis we
identified are pleiotropic factors with roles in other developmental
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processes. Fig. 7 presents our current understanding of how dsx
controls the sex-specific deployment of regulatory factors in the
genital disc and, thereby, the development of sex-specific
structures. To the two previously established genes downstream of
dsx in the genital disc (bn/ and dac), we add three new genes: /z,
Dr and AP-2.

As with bnl and dac, it remains to be determined whether these
downstream genes are direct Dsx targets. Each contains at least one
match within an intron to the consensus Dsx binding sequence
ACAATGT. Future work will determine whether these matches are
indeed contained within Dsx-regulated genital disc enhancers.
Moreover, efforts are underway to define Dsx binding locations
genome-wide through experiments rather than bioinformatics (B.
Baker and D. Luo, personal communication); combined with our
expression data, these binding data could speed the discovery of a
large number of sex-regulated genital disc enhancers.

An important future direction will be to determine how spatial
and temporal cues are integrated with dsx to regulate downstream
genes. Because /z is expressed in the anterior medial region of the
female disc, we hypothesize that, like dac, it is activated by Wg
and repressed by Dpp (Fig. 7). Such combinatorial regulation could
explain the spatially restricted competence of cells in the male disc
to activate /z in response to DsxF. Although Dr, AP-2 and Iz are
expressed at L3, P6 and P20, many other genes are differentially
expressed at only one or two of these time points. How these
timing differences are regulated is an important unanswered
question, especially for genes such as ac, which shifts from highly
female biased at P6 to highly male biased at P20. Our finding that
Dsx binding sites are most enriched in genes with sex-biased
expression at L3 suggests that indirect regulation through a cascade
of interactions might contribute to expression timing differences.

We have already shown that DsxF indirectly represses bnl by
repressing Dr. To date, Dr has been shown to repress, but not
activate, transcription (Ramos and Robert, 2005). Therefore,
activation of hnl by Dr might itself be indirect, via repression of a
repressor (Fig. 7). The regulation of bn/ by Dr is sufficient to
explain the sex-specific expression of bn/. However, upstream of
bnl are two sequence clusters that match the consensus binding
motif of Dsx (Ahmad and Baker, 2002). Thus, bn/ might be
repressed both directly and indirectly by Dsx, in a coherent feed-
forward loop (FFL). FFLs attenuate noisy input signals (Shen-Orr
et al., 2002). An FFL emanating from Dsx could provide a
mechanism of robustly preventing bn/ activation in female discs,
despite potential fluctuations in DsxF levels.

Fig. 7. Control of Drosophila sex-specific genital
development by dsx. Genes or proteins that are active in
females or males, and the genital structures that require
their functions, are in pink or blue, respectively. The
different dac expression domains (lateral in males, medial
in females) are shown separately in order to indicate their
different regulatory inputs, with effects of Dpp or Wg that
occur without Dsx repression in green. Hypothetical genes
(indicated by a question mark) and interactions are in gray.

DsxM

Understanding how Dr controls the morphogenesis of external
structures is also important. The posterior lobe will be of particular
interest because it is the most rapidly evolving morphological
feature between D. melanogaster and its sibling species (Coyne,
1983). Mutations in Poxn and sal also impair posterior lobe
development (Boll and Noll, 2002; Dong et al., 2003).
Understanding how these two regulators work with Dr to specify
and pattern the developing posterior lobe could substantially
advance efforts to understand its morphological divergence.
Likewise, understanding how /z governs spermathecal development
could advance evolutionary studies, as this organ also shows rapid
evolution (Pitnick et al., 1999).

The extent to which the regulators that we have identified play
deeply conserved roles in genital development remains to be
determined. Although sex-determination mechanisms evolve
rapidly, some features are shared by divergent animal lineages
(Marin and Baker, 1998; Zarkower, 2002; Siegal and Baker, 2005;
Williams and Carroll, 2009). The observation that FGF signaling
is crucial to male differentiation in mammals (Brennan and Capel,
2004), or that mutations in a human sa/ homolog cause anogenital
defects (Dong et al., 2003), could reflect ancient roles in genital
development or convergent draws from the toolkit.

Whether AP-2, Dr and /z play conserved roles in vertebrate
sexual development is similarly uncertain. In mice, an AP-2
homolog is expressed in the urogenital epithelium (albeit in both
sexes) and at least one AP-2 homolog shows sexually dimorphic
expression (albeit in the brain) (Coelho et al., 2005). The mouse Dr
homolog Msx1 is expressed in the genital ridge (MacKenzie et al.,
1997) and Msx2 functions in female reproductive tract
development (Yin et al., 2006). In chick embryos, Msx/ and Msx2
are expressed male specifically in the Miillerian ducts (Ha et al.,
2008). The mouse /z homolog Amll (Runx1) is expressed in the
Miillerian ducts and genital tubercle (Simeone et al., 1995). As
more data accumulate on the genetic mechanisms controlling
genital development in other taxa, the question of how deeply these
mechanisms are conserved might be resolved.
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