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SUMMARY

The integration of multiple developmental cues is crucial differentially expressed in the male and female genital
to the combinatorial strategies for cell specification that discs, and plays sex-specific roles in the development of the
underlie metazoan development. In thédrosophilagenital  genitalia. Furthermore, the sex determination hierarchy
imaginal disc, which gives rise to the sexually dimorphic mediates this sex-specific deployment dcby modulating
genitalia and analia, sexual identity must be integrated the regulation of dac by the pattern formation genes
with positional cues, in order to direct the appropriate  wingless(wg) and decapentaplegid¢dpp). We find that the
sexually dimorphic developmental program. Sex sex determination pathway acts cell-autonomously to
determination in Drosophilais controlled by a hierarchy of  determine whetherdacis activated bywg signaling, as in
regulatory genes. The last known gene in the somatic females, or bydppsignaling, as in males.

branch of this hierarchy is the transcription factor

doublesexdsy); however, targets of the hierarchy that play

a role in sexually dimorphic development have remained Key words:Drosophilg Genital disc, Sex determinatiomingless
elusive. We show that the genedachshund (dac) is  decapentaplegidPattern formation

INTRODUCTION disc that comprises the primordia of the female genital, male
genital and anal structures. In females, the female genital
A variety of molecular and genetic studies have revealegrimordium develops, while the male genital primordium is
that many important regulatory molecules are used toepressed and the anal primordium takes on the female form.
control diverse developmental processes. For example, signabnversely, in males, the female primordium is repressed, the
transduction pathways such as the receptor tyrosine kinasméle primordium develops, and the anal primordium takes on
Ras/mitogen-activated protein kinase pathway (Tan and Kinthe male form. Thus, by late third instar, the genital disc
1999), cell-cell signaling molecules such as Notch and itexhibits a characteristic sexual dimorphism, with the active and
ligands (Artavanis-Tsakonas et al., 1999), and morphogenspressed genital primordia occupying stereotypical places
such as Wingless/WNT (Cadigan and Nusse, 1997) andithin the epithelium (Fig. 1A,B).
Dpp/TGH3 (Massague and Wotton, 2000) are deployed during Somatic sex determination outside of the central nervous
the differentiation of multiple cell and tissue types, withsystem inDrosophilais controlled by a well characterized
context-specific outcomes. This presents one of the majdierarchy of regulatory genes (Fig. 2), whose function
outstanding questions in developmental biology: how is theulminates in the production of sex-specific proteins encoded
context-specific interpretation of generic developmentaby the doublesex(ds® locus (Cline and Meyer, 1996). The
signals achieved? master regulatory gen8ex lethal(Sx) is activated only in
Sexual differentiation inDrosophila melanogasteis an  females and directs the female-specific splicing of the
attractive system in which to address this question. It involvesansformer(tra) pre-mRNA, so that an mRNA encoding Tra
the integration of a simple, binary fate choice (male or femalg)rotein is produced. Together with the product of the
with a host of developmental decisions in dimorphic tissueransformer-2(tra-2; tra2 — FlyBase) locus, Tra directs the
that range from leg bristles to the central nervous system (Clirfemale-specific splicing of thdsx pre-mRNA, producing an
and Meyer, 1996; Ryner et al., 1996). The most extensiveRNA that encodes the Dsprotein. In males, where Sxl
sexual dimorphism is found in the male and female genitaligyrotein is absentra pre-mRNA is spliced by default in the
both of which are derived from the genital imaginal discmale pattern, producing an mRNA that does not encode
(reviewed by Lauge, 1982). The genital disc is a compounfiinctional Tra protein. In the absence of Tra protdgxpre-
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MRNA is spliced by default into the male-specific mRNA, control pattern formation in imaginal discs. Therefore, as a
which encodes the D®xprotein. dsxis the last gene in the prelude to this effort, we characterized the role of known
somatic sex-determination hierarchy and controls all aspects péttern formation genes in the genital disc (Chen and Baker,
somatic sexual differentiation outside of the central nervou3997). We and others have shown that the same genetic
system. hierarchies that control pattern formation in the thoracic

The male- and female-specific Dsx proteins are transcriptioimaginal discs function analogously in the genital disc
factors that share a common zinc-finger DNA-binding domairfFreeland and Kuhn, 1996; Chen and Baker, 1997; Casares et
(Erdman and Burtis, 1993). The only genes that are known @., 1997; Sanchez et al., 1997; Emerald and Roy, 1998).
be directly regulated by the Dsx proteins are the yolk proteilVithin each of the three genital primordia, there is an anterior
genesyplandyp2(YplandYp2— FlyBase). Thgpgenes are and a posterior compartment, specified byehgrailed(en
expressed in the fat bodies of females, but not males. Thigne. As in the leg disen acts through the secreted protein
restricted expression is the result of the coordinate regulatiencoded byhedgehog(hh) to de-repressvingless(wg) and
of bothyp genes by Dsx and tissue-specific factors acting odecapentaplegic (dpp) in complementary and mutually
a compact regulatory element, the fat body enhancexclusive domains along the anterior/posterior (A/P) border.
(Garabedian et al., 1986; Logan et al., 1989; Burtis et al., 199%g anddpp, in turn, encode secreted morphogens that specify
Coschigano and Wensink, 1993; An and Wensink, 1995a; Apositional information (Gelbart, 1989; Klingensmith and
and Wensink, 1995b). Consistent with an instructive role foNusse, 1994; Lecuit et al., 1996; Nellen et al., 1996). While
thedsxlocus, both male and female Dsx proteins are requirethe paired leg discs each possess a dorsal stripgpmf
for properyp gene regulation: D$xactivates transcription of expression and a ventral stripevaf expression, the bilaterally
theyp genes in females and D%xepresses their transcription symmetric, unpaired genital disc has a single, medigl
in males (Coschigano and Wensink, 1993). Evidence suggestspression domain that is flanked by two latdpdexpression
that regulation bydsx is superimposed on tissue-specific domains. The mutually exclusive domains we§ and dpp
regulation by direct interaction of Dsx proteins with tissue-expression are maintained by a system of mutual antagonism:
specific transcription factors (An and Wensink, 1995a; An anéh the leg disc, for example, ventialy expression represses
Wensink, 1995b). dppexpression to confine it dorsallypp, in turn, repressesg

One unanswered question with respect to genital disexpression to confine it ventrally (Brook and Cohen, 1996;
development concerns whethdsx plays a permissive or an Jiang and Struhl, 1996; Johnston and Schubiger, 1996; Penton
instructive role in the differentiation of the genitalia. In theand Hoffmann, 1996; Theisen et al., 1996).
absence ofdsx function, both male and female genitalia While studying pattern formation in the genital disc, we
differentiate (Baker and Ridge, 1980), although these genitalidiscovered that thdachshunddac) gene, a known target of
are frequently incomplete. This result suggests that the primaryg and dpp regulation in the leg disc, is expressed sex
role of the sex-specific Dsx proteins is simply to specify whictspecifically in the genital disc. In the leg disac which is
genital primordium will develop. In this ‘permissive’ model, required for the differentiation of mid-proximal structures, is
the male or female Dsx protein represses the inappropriaéxpressed in a mid-proximal ring (Mardon et al., 1994). To
genital primordium; other selector genes would then specifproduce this expression pattern, intermediate levels of the Wg
which structures differentiate from the primordium that doesand Dpp proteins co-operate to activatac in the mid-
develop. However, several lines of evidence suggestdéhat proximal leg, while high levels of Wg and Dpp in turn repress
plays an instructive role in sexual differentiation. In particulardac excludingdac expression from the distal leg (Lecuit and
there is evidence that the male and female primordia a@ohen, 1997). Other genes suchhasnothoraxrefine this
somewhat plastic, and can give rise to elements usualhggulation in order to bring about the final patterndat
restricted to the opposite sex. Thus, cer@s® mutants, in  expression (Abu-Shaar and Mann, 1998; Gonzalez-Crespo et
addition to a more or less fully developed male genitaliaal., 1998; Goto and Hayashi, 1999; Wu and Cohen, 1999).
differentiate an extra, rudimentary set of male genitalia. These We report that in the male genital disiacis activated by
extra male structures are frequently found intermingled witldpp and repressed byg, while in female genital discs, the
the female genitalia, suggesting that they derive from theonverse relationship exists. This results in the sex-specific
female genital primordium (Baker and Ridge, 1980; Epperdeployment oflacto different regions of the genital primordia,
1981). This phenotype is also produced by temperatur@here we show it is required for the appropriate differentiation
sensitive alleles dfa-2 when a developing female primordium of both male and female genital structures. Furthermore, we
is shifted to the male-determining temperature late irdemonstrate that the sex-determination pathway acts cell-
development (Belote and Baker, 1982; Sanchez and Granadiraytonomously to modulate the regulatory relationship between
1992). Late shifts from the male- to the female-determiningvg, dpp and dac. This finding constitutes the first
temperature hinted that the male primordium has an analogodsmonstration that the sex determination pathway plays an
capacity to differentiate rudimentary female structures, thougimstructive role in the sex-specific differentiation of the
this result was not conclusive (Belote and Baker, 1982). Insigigenitalia.
into the role ofisxin genital disc development might be gained
by the discovery of genes whose expression in the genital
primordia is regulated bgisx MATERIALS AND METHODS

One approach to identifying potentidbx targets in the
genital disc is to look for genes that are expressed in sestocks
specific patterns in that tissue. We reasoned that such targetse following mutant alleles and transgenes were used in this
might be coordinately regulated lisx and the genes that study: UASwg (H. Krause, unpublished)lJAS-tkv* (Nellen et
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al., 1996); Actin>CD2>GAL4 (Pignoni and Zipursky, 1997); Clones that ectopically express dpp were generated in larvae of the
Actin>y*>GAL4,UAS-GFP (lto et al., 1997); UAS-dpp 37A.2 following genotypes: y w hsflpl; UAS-dpp/Actin®yGAL4, UAS-
(Staehling-Hampton and Hoffmann, 199WAS-tra (Ferveur et al., GFP (see Fig. 6A); Actin>CD2>GAL4; UAS-dpp, wg-lacZ/UAS-
1995); UAS>arm* (Zecca et al., 1996)yg-lacZ and dpp-lacZare ~ GFP; MKRS, hsFLP/+ (see Fig. 6B); Actin>CD2>GAL4/y w hslflp1;
inserts of dacZ enhancer trap into th@g anddpploci, respectively  UAS-dpp, wg-lacZ/UAS-GFP; MKRS, hsFLP/+ (see Fig. 6E). Clones
(Tabata and Kornberg, 1994); UA®2-IR (Fortier and Belote, that ectopically express tkv* were generated in larvae of the genotype
2000); UAS-GFP.S65Tis an insertion on the 2nd chromosome Actin>CD2>GAL4; UAS-GFP/+; UAS-tkv*/MKRS, hsFLP.
(http://flybase.bio.edu/.bin/fbpcg.htmI?FBrf0086268)pp2  and Clones that ectopically express the fentedecDNA (tra* clones)
dppl4 (Spencer et al., 1982; St Johnston et al., 198@7X3 and  were generated in larvae of the genotypev hsflpl/yw; UAS-
wgC*4 (Baker, 1987); ds¥®*R3 (Duncan and Kaufman, 1975); tra/Actin>y*>GAL4, UAS-GFP Larvae in whichtra* clones were
dsX*R15 (Baker et al., 1991)hsflplis an insertion on the first induced were raised at 25°C and then shifted to 18°C after heat shock.
chromosome (Golic and Lindquist, 1989sflp on the MKRS  This regimen was adopted when it was discovered that at 25°C,
balancer chromosome (Chou and Perrimon, 1992f|p122 is ubiquitous GAL4-drivenUAS-tra in addition to feminizing males,
synonymous witthsflp.1(Jiang and Struhl, 1995). has a dominant negative effect that masculinizes females. At 18°C,
hsflp122is expressed at much higher levels thesilpl under  GAL4 drives expression at lower levels; ubiquitous GAL4-driven
comparable heat shock conditions and is ‘leaky’, in that it can caudgAS-tra under these conditions transforms XY males into grossly
flip-out in the absence of heat shock when larvae are raised at 25f0rmal females without masculinizing XX females (E. K,
(E. K., unpublished observations). Therefore, we only used it in onenpublished observations).
experiment, in which we wished to induce flip-out in virtually every Clones in whichtra-2 function was blocked by expression of the

single cell (see below). tra-2 inverted repeatUAS-tra2-IR (tra2IR clones) were generated
] o in larvae of the genotypéctin>CD2>GAL4/w,UAS-tra-2IR; UAS-
Antibody staining GFP/+; MKRS, hsFLP /UAS-tra-2-IR

Tissues were prepared for antibody staining by fixation in fresh, ice- Larvae in whichtra2IR clones were induced were raised at 25°C

cold PLP (4% paraformaldehyde, 75 mM lysine, 11 mM Nahd  and shifted to 29°C after heat shock to maximize GAL4-driven

were then fixed overnight at 4°C. Washes were carried out at 4°C expression from the UAS promoter. These conditions create the

0.1M NaPQ pH 7.2, 0.1% saponin. Samples were incubated irstrongestra2 loss-of-function phenotype (Fortier and Belote, 2000).

antibody diluted into 0.1M NaPf{pH 7.2, 0.1% saponin, 2% normal Sibling males are of the genotypetin>CD2>GAL4/Y; UAS-GFP/+;

goat serum. Antibody dilutions were as follows: mouse anti-Dac 2-831KRS,hsflp/UAS-tra-2-lRand thus have only one copy of tHAS-

(a generous gift from Graeme Mardon) 1:200; Cy3 anti-mouse ana2-IR transgenetra2IR clones had no effect attac expression in

Cy5 anti-Rabbit (Jackson Immunoresearch), 1:200; rabbif3egdit  the male genital disc, as expected (data not shown).

(Cappel), 1:5000. The genital disc was stained while attached to Heat-shock conditions varied as different genotypes and times of

inverted larval abdomens, then dissected and mounted in VectaShiabne induction necessitated. For example, owing to the perdurance

(Vector Laboratories)vg anddpp expression patterns were detected of tra2 gene product (Baker and Ridge, 1980; Wieschaus and

by staining genital discs from larvae carrying-lacZ or dpp-lacZ  Nothiger, 1982) we wanted to induga2IR clones in the first instar.

reporter genes. Samples were observed using a Zeiss Axiophbherefore, a stronger heat shock was required, owing to the relative

fluorescent microscope, or imaged using a BioRad MRC1024hefficiency of clone recovery when clones are induced at this time.

confocal microscope. Times and durations of heat shock were: 48-72 hours after egg laying
(hAEL), 37°Cx 30 minutes (see Fig. 5A); 24-48 hAEL, 37%G0

Staging of pupae

Pupae were collected as white pre-pupae

raised to the indicated time at 25°C.

B
Ectopic expression using the flip-out
GAL4 system B
GFP-marked clones that ectopically exp F
the genes indicated below were created
the flip-out GAL4 system (lto et al., 19! AP
Pignoni and Zipursky, 1997). This syster |a|a|a|
derived from a combination of the flip-c FMA

technique described by Struhl and Be
(Struhl and Basler, 1993) and the GAL4/L
technique for ectopic gene expres:
described by Brand and Perrimon (Brand
Perrimon, 1993).

Clones that ectopically expresggy were
generated in larvae of the genotypew
hsflpl/yw; UAS-wg/ Actin®y>GAL4, UAS Fig. 1. The genital disc and its development. In all panels anterior is upwards; sagittal
GFP. Clones that ectopically expreasm* sections are oriented with ventral towards the left. (A) Confocal images and parasagittal
were generated in larvae of the genotypg  reconstructions of the genital disc stained to reveal nuclei. Top, male genital disc; bottom,
hsflpl/yw; Actin>y>GAL4, UAS-GFP/+  female genital disc. Note the mass of loosely packed adepithelial cells that clings to the
UAS>arm*/+ory w hsflp122/yw; Actin>y> female genital disc (arrows). (B) Origin and topology of the genital disc primordia. The
GAL4, UAS-GFP/+; UAS>arm*/+ The  genital disc primordia derive from segments A8 (female, F), A9 (male, M) and A10 (anal, A).
latter genotype was used to induce flip In males (top), the female primordium is repressed, the male primordium grows, and the anal
arm* in nearly every single cell in the gen plates take on the male fate. In females (bottom), the male primordium is repressed, the
disc; expression from thesflpl22transgen  female primordium develops, and the anal plates take on the female fate. Note the relative
is so strong that a single 30 minutes positioning of the primordia in the mature disc (adapted from F. Epper, PhD thesis, University
shock at 37°C will accomplish this. of Zurich, 1980).

F M A
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minutes (see Fig. 5B); 48-72 hAEL, 37%30 minutes (see Fig. 5C- genital disc. In the female genital distacis expressed in a
H); 48-72 hAEL, 37°C< 40 minutes (see Fig. 6A); 72-96 hAEL, 37°C medial domain centered aroumd) expression, while in the
x 45 minutes (see Fig. 6B-G); 24-48 hAEL, 37*@0 minutes (see male genital disojacis expressed in two lateral domains that
Fig. 7A,B); 24-48 hAEL, 37°CGx 45 minutes (see Fig. 7C,D). abut and partially overlap wittpp expression (Fig. 3E,F). On
closer examination, the femalac domain reveals itself to be
Male genitalia were dissected in PBS, boiled for 5 minutes in 100}6:0_mpos.ed of a swathe of expression in thg ventral female
KOH to remove soft tissue, dehydrated in an ethanol serie?,”r.nord'um and a broad dom‘?"” in the anterior of the RMP,
equilibrated in acetone and mounted in Araldite for observationVhich also expressasg in a thin band of cells. Each of the
Female internal and external genitalia were dissected in PBS, fixed W0 maledacexpressing domains begins at the lateral edge of
freshly made 3.7% formaldehyde in PBS overnight to preserve sofhe ventral epithelium, wraps around this edge and spreads out
tissue, dehydrated in an ethanol series, equilibrated in acetone aadto the dorsal epithelium.
mounted in Araldite for observation. In order to understand the role adicin the differentiation
Statistics of the genitalia, we needed to know vyhich adglt structures were
o ) _ derived from thelac-expressing cells in the third instar genital
Statistical ~analyses were performed using StatView (Abacugisc Owing to the complex metamorphosis of the genitalia, the

Mounting of adult genitalia

Concepts). correlation between imaginal disc expression patterns and
adult structures is not as readily apparent in the genital disc as
it is in thoracic discs, so we examined the expression pattern

RESULTS of dac during metamorphosis in wild-type animals. The

o ) o . expression oflacis shown in Fig. 4 at 48 hours after puparium
dac expression in the genital disc is sex specific formation (APF), when the fate of tlimcexpressing cells is

The genital imaginal disc is unique in structure andclear. In the female (Fig. 4A,C), th@acexpressing cells
organization among the imaginal discs Drosophila  contribute to the ducts that connect the spermethecae and
Although the thoracic discs each derive from a single segmerparovaria to the uterus, as well as to the region of the uterine
the genital disc actually consists of three imaginal primordiawall from which these ducts originate. In the male (Fig. 4B,D),
the female primordium, derived from abdominal segment A8dac is expressed in what will become the clasper teeth.
the male primordium (A9) and the anal primordium (A10).According to the fate maps of the male and female genital disc
While the thoracic discs exist in pairs, the genital disc igP. Ehrensperger, Diplomarbeit, University of Zurich, 1972;
unpaired and bilaterally symmetric. Finally, the developmenEpper, 1983b), the structures that express dac at 48 hours APF
of the genital disc is sexually dimorphic, as only theare likely derived from the same population of cells that
appropriate genital primordium develops in each sex, while thexpresses dac in the third instar disc.
inappropriate primordium is consigned to a ‘repressed’ state To ask whethedacis required in the adult structures whose
(Nothiger et al., 1977; Schupbach et al., 1978; Belote angrecursors expressdac at 48 hours APF, we examined the
Baker, 1982; Dubendorfer and Nothiger, 1982; Epper and
Nothiger, 1982). These factors conspire to produce th
morphology seen in the third instar genital discs (Fig. 1A,B)
the female genital disc has a dorsal and a ventral epitheliur
The highly columnar ventral epithelium consists of the femalt Sxl
genital primordium; the dorsal epithelium is made up in the 1
tra

Female Male

anterior by the repressed male primordium (RMP), with the

posterior third comprising the anal primordium. In the male tra-2 tra-2
genital disc, the male primordium develops to produce a highl

folded ventral epithelium and a thin dorsal epithelium. The ane

primordium retains its position at the posterior of the dorsa dsx dsx
epithelium. While the RMP is integrated seamlessly into the \
epithelium of the female disc, the repressed female primordiul Dsx Dsx
(RFP) is clearly set aside at the ventral posterior end of tr glgév é(clf

male genital disc.

Most pattern formation genes, suchesspatched Distal-
less and optomotor blind(bifid — FlyBase) are expressed in
domains that are homologous between the male and feméFig. 2. The sex determination hierarchy. Shown is an abbreviated
disc, and that reflect the maintenance of the regulatorversion of the somatic sex determination hierarchy (for a more
relationships between these genes that have been describedcomplete description, see Meyer and Cline 198&lis activated
the leg disc (Chen and Baker, 1997; Sanchez et al., 1990nly in f_emale_s _and triggers female differentiatiSnldi_re_cts the
Gorfinkiel et al., 1999; E. K., unpublished observations). Théroductive splicing ofra pre-mRNA so that Tra protein is made.
expression patterns afg anddppare good examples: in both & together with the product of tha-2 locus, d'reCtSéhe f;male-
male and female genital disosg is expressed in a single specific splicing ofisxpre-mRNA, so that it encodes Dsks

. . A ._represses male differentiation and activates female differentiation.
medial domain along the A/P border (Fig. 3A,B) that SMales lackSxl(gray), and thus lack functionth product as well.

complementary to the twdpp-expressing domains that flank apsent Tradsxpre-mRNA is spliced by default in the male-specific
it laterally (Fig. 3C,D). In contrast, we found thdac pattern which encodes D8xDsX" represses female differentiation
expression is radically different between the male and femaand activates male differentiation.
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genitalia ofdac® pharate adults that were dissected from thei

pupa caseslacd is a null allele, andac® animals rarely eclose
successfully, owing to their truncated legs. The fenuale
phenotype is quite subtle. In wild-type females, each of the tw
spermethecae has a duct that connects it to the uterus (Fig. ¢

E). These ducts attach to the uterus side by si@emutant wo
females still have two spermethecae, but the two ducts a

fused into one branched duct that is shared by bot
spermethecae (Fig. 4G). Compared with wild type, rdale

null flies exhibit a severe reduction of the clasper (Fig. 4H)

The claspers are truncated, have a reduced number of clas

teeth bristles, and lack the long bristle at their ‘distal’ end, a dpp
has been previously reported (Gorfinkiel et al., 1999). Thus

dacis deployed in a sex-specific fashion to non-homologou
regions of the male and female genital discs, where it plays

role in the differentiation of adult genital structures.

d
A

wg activates dac in the female genital disc and
represses dac in the male dac

The coincidence offganddacexpression in the female genital
disc, taken together with the knowledge that Wg activétes
in the leg discs (Lecuit and Cohen, 1997), strongly sugges
that there is also a regulatory relationship between these tv
genes in the genital disc. Moreover, the absenaaofrom cx3
thewg-expressing domain in the male genital disc suggests th we
this regulatory relationship is sex specific. To elucidate thr wg
regulatory relationship betweevg anddac we examined the
affect of wg loss- and gain-of-function odac expression in
both male and female genital discs.

wg function was removed using a heteroallelic combinatior dppm
of thewg alleleswg®*3 andwgC*4 This combination of alleles
has been shown to provide sufficiemtg function for dpp
embryonic development, but adults show loss of structure
whose fates are specified g, presumably owing to impaired

wg function in imaginal discs (Baker, 1987, Baker, 1988)'Fig 3.wg, dppanddacin the genital disc. (A-F) Confocal images of
Imaginal discs were dissected fr XJwgC*4 larvae and PN - - i
stairg\]ed with an anti-Dac monoclogg?cantibgz Although thesgenltal discs showing the expression pattemsg. ), dpp

: ! Y. g (C,D) anddac(E,F) in the male (left) and female (right). Note that
mutant discs are smaller than wild type, the effectdan  gacexpression correlates roughly with thatafin the female disc,
expression is unambiguous: in the female genital dlac, but with that ofdppin the male genital disevg anddppexpression
expression is absent or severely reduced (Fig. 3Hwere detected usirigcZreporter lines stained with arfiigal
Occasionally a small area of low-lexddc expression remains antibodiesdacexpression was revealed by staining with an anti-Dac
(arrow, Fig. 3H). Male discs, on the other hand, show imonoclonal antibody. (G-&acexpression in genital discs from
dramatic expansion adac expression, which now spans the Mutant larvae. (G,H) Third instar genital discs fragf-*3wg-*4
entire disc (Fig. 3G). Thus, removingg function not only ~ Mutant larvaedacexpression in the male genital disc (G) expands
reveals a sex-specific requirement fog to activatedac in ~ 2Cross the disc (7/7 discs), while in the female discdat),
females, but shows a probable involvementigin restricting expression is severely reduced (13/13 discs). Arrow and arrowheads

X N . ._indicate faint remnardacexpression. (1,J) Third instar genital discs
dacexpression to the lateral domains in the male genital disggp dpp'2dpp14 mutant larvaedacexpression is virtually

We wished to determine vfg expression was sufficient, as yndetectable in the male disc (15/15 discs) (I) but remains in the
well as necessary, to activatac expression. We assessed thefemale disc (16/16 discs) (J), even though the female disc is severely
effect of ectopically expressingg on dacexpression by using reduced. The images in H,I have been artificially brightened so that
the flip-out GAL4 system (lto et al., 1997; Pignoni andthe outlines of the discs can be seen.

Zipursky, 1997) to create GFP-marked clones that exprgss

at novel, random locations in the genital disc. In the femal

genital disc, the effect of these clonedagexpression varies, ambiguous behavior of ventralg-expressing clones comes
depending on their location within the diseg-expressing from the fact thatippis known to antagonizeg function.dpp
clones in the dorsal RMP clearly cause ectdpicexpression is not expressed in the dorsal RMP, wherg-expressing
both in and around the clone (Fig. 5A). Clones in the ventratlones more reliably activatiac and the ventral regions where
female primordium have a more ambiguous behavior. Ventralppis expressed in the female genital disc are near the regions
clones do not reliably cause ectogacexpression; clones that where wg expression activatesac poorly (see Fig. 3D).

do expresglac do so at levels below that of the endogenoud-urthermore, we noticed that the fdac-activating clones that
dac domain (Fig. 5B). A possible explanation for thewere found in the ventral primordium show a non-uniform
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distribution of dac expression within the clone: ectopi@ac  for dpp expression in imaginal discs (Spencer et al., 1982; St
expression is restricted to the regions of these clones that alehnston et al., 1990; Blackman et al., 1991). As is the case
furthest from thedpp-expressing domain (Fig. 5B, inset). for wg mutants, genital discs fromppl9dpl4 larvae are

We reasoned that dpp preventsvg-mediated activation of smaller than wild type. Still, fematipp1%dppl4genital discs
dacin the female primordium, we might overcome the effect
of dpp by constitutively activating thevg signal transduction
pathway.armadillo (arm) is the most downstream effector of
the wg signal transduction pathway (reviewed in Dierick and
Bejsovec, 1999); a modified version of #wen gene product
that lacks a negative regulatory domamm?*, is known to be
constitutively active (Zecca et al., 1996; Pai et al., 1997). W
used the flip-out GAL4 system to make GFP-marked clones i
the genital disc that expressm*. Thesearm*-expressing
clones recapitulate the results obtained using ectomjc
expression (data not shown). We observe sex-specif
activation ofdac, but this is still restricted to specific regions
of the female disc. It was difficult to tell with certainty where
arm* clones could and could not activatac, owing to their
tendency to sort from the surrounding epithelium. Ubiquitous
activation ofwg signaling would be expected to prevent the
expression oflppin the ventral primordium, perhaps allowing
the arm*-expressing cells to activatgéac. Therefore, in a
second experiment, we used strong heat-shock conditions tt
causearm* to be expressed in nearly every cell in the genita
disc (see Materials and Methods). In the female genital dis
near-ubiquitous expression afm* causeslacto be activated
ectopically in the ventral primordium (Fig. 5C,D). These
results suggest that the failure of mawmg and arm*-
expressing clones to activadacin the ventral primordium of
the female disc in earlier experiments is indeed due to tt
ability of dpp to repressdac there. Consistent with this
interpretation, occasional wild-type patches of cells cause nol
autonomous repression dgc in the arm*-expressing cells
around them (Fig. 5D, arrows). A wild-type patch of cells in
the presumptivedpp-expressing domain would allowlpp
expression; Dpp could then spread into the surrounating
cells and prevent them from expressigac. It is not clear
whetherdppacts indirectly, to preventg from activatingdac,
or repressedac expression directly (see Discussion).

In contrast to the activation seen in the female-
expressing clones in males are associated with the repressFig. 4.dacis required for the proper differentiation of the genitalia.
of dac when awg-expressing clone approaches or overlaps(A-D) Expression otlacat 48 hAPF. (A,C) Confocal image of
with the endogenous mabtacexpressing domain (data not female genitalia (A) and schematic (C) showitag expression (red
shown). Moreover, male discs with near-ubiquitcarsn* in scher_natlc) in the ducts that connect the sp_ermetheca_e (SP) and
expression show a severe reduction or complete elimination Parovaria (PV) to the uterus (U) and in the adjacent uterine wall.
dacexpression (Fig. 5E,F). This effect is cell-autonomous: onw(B’D) Confocal image of male genitalia (B) and schematic

h . . le di ined ild r(D) showingdacexpression in the developing claspers (CL) and a
sucharm®-expressing male disc contained a wild-type palClgjyer of expression at the edge of the lateral plate (LP). SR, seminal

of cells in the dacexpressing region; this patch of cells receptacle; VP, vaginal plate; AP, anal plate; PA, penis apparatus. (E-
expresseslacnormally (Fig. 5G, H). Thuswg exhibits a sex-  H) Thedacmutant phenotype. (E,G) Wild-type (E) atiac®

specific regulatory relationship wittlac in the genital disc (G) female internal genitalia. The ducts that connect the

whereby it activateslac expression in females but repressesspermethecae to the uterus (arrow, E) have fused in the mutant

dacexpression in males. (arrow, G). This phenotype was partially penetramtac®

homozygotes (8/12 spermethecal ducts are fused). This is significant
dpp activates dac in males, but represses dac in compared witldac}/CyO heterozygous siblings (0/18 fused) using
females Fisher’s exact tesP&0.0001). (F,H) Wild-type (F) andac®

: : (H) male external genitalia. The clasper (arrow, F) is severely
To explore the regulatory relationship betwetgp and dac reduced in the mutant (arrow, H). Average number of clasper teeth

we examined t_he _effect that loss and gal_ldmﬁf_unctlon has bristles per clasper siddac® homozygotesr=12): 15.5+1.38s.d.;
ondacexpression in male and female genital discs. Lodppf  ga@/cy0 (1=10): 25.1+1.72 s.d. This difference is significant
function was assayed indppfiscV heteroallelic combination, (pP<0.0001) using an unpaired two-tailetést. Schematics are
dp19dppil4 This class of alleles retains embryormipp  adapted from Epper (Epper, 1983a) (female) and from P. C.
function but has been shown to lack enhancers that are requitEhrensperger (PhD thesis, University of Zurich, 1983) (male).
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expresglacin a medial domain at levels comparable with wild  In addition to repressindacin the female genital disdpp
type (Fig. 3J; compare with 3F). Matippf1Zdpfl4 genital  also appears to activate it. Careful examination of wild-type
discs, however, show very little, if any, detectallleac female discs shows two small regions of low-lewklc
expression (Fig. 3I; compare to 3E). Thdgpis required for  expression in the presumptigdppexpression domain (data not
dac expression in male, but not female, genital discs. We d
not reproducibly observe a lateral expansiodaifexpression

in female discs, as might be expected if latdpgd expression
functions to restricdac to the medial domain in females.
However, the presumptidppdomains may simply be missing
from these severely reduced discs.

In order to determine dppis sufficient, as well as necessary,
to activatedacexpression in the male genital disc, we used tht
flip-out GAL4 system to produce GFP-marked clones tha
expressdpp ectopically. As was observed fapp loss of
function, ectopicdppexpression has a sex-specific effectian
expression. In males, ectolpp can cause ectopic expression
of dac(Fig. 6A) in and around th@pp-expressing clone. There
does, however, seem to be a limited region of the male genit
disc that is competent to activatacin response tapp only
clones that are in the thin dorsal epithelium anterior to the an
primordium show ectopidacexpression. When large numbers
of smalldpp-expressing clones are produced in the early thirc
instar, dac expression can be observed to spread into a larg
band of cells that crosses the entire dorsal epithelium (Fig. 6E
This ectopic expression does not seem to be associated with ¢
clone in particular, but rather seems to reflect the combine
influence of thedpp-expressing clones that perforate the disc.
We infer that this band of cells defines the region of the dis
that is competent to expredac. A clearer result was obtained
when a constitutively active form of thdpp receptor,tkv*
(Nellen et al., 1996) was expressed in GFP-marked clones ma
in the early third instartkv* should activate thelpp signal
transduction pathway, but only in the cells in which it is
expressed. These smtidl* clones can be observed to activate _ . _
dac cell-autonomously when they occur in ttieccompetent  F19- - Sex-specific regulation alacby wgandarn. Confocal
domain (Fig. 6C,D). The two larger clones in this figure do noimages of female (A-D) and male (E-H) genital discs in wiighor

. . . : the constitutively active signaling molecw@sam*, has been
activatedac uniformly; the portion of the clones that does nOtectopicaIIy expressed. In all merged panels, clones, marked with

is presumably outside of tlac-competent domain. It is N0t GrEp. are shown in red, while Dac staining is shown in light blue.

clear whydpp signaling does not activatiac throughout the  (a) wg-expressing clones in the dorsal (RMP) region of the female
disc; there must be other factors that restrict the expression disc cause ectopic expressiordatin and around the clone (arrow),

dac while ventralwg expressing clones frequently do not (e.g.

In females, ectopic expression dpp in the genital disc arrowhead). (B) A ventrakig-expressing clone in a female disc
causes repression dac When large numbers of smatlpp- showing low level ectopidacexpression only on the side of the
expressing clones are made in the early third instac, cI_one distal to thelppexp_ression domain. 'I_'he red channel has been
expression is severely reduced throughout the disc (Fig. 6E9immed to allow thelacsignal to be seen; inset, raw data fréat
We note that this is the same as thg loss-of-function channel only, with clone outlined in yellow. THpp-expressing

h " Th tent and bed . | . domain is located up and to the left of the clone (compare with Fig.
phenotype. The extent and numbedpp-expressing clones in 3D). (C,D) A female genital disc with near-ubiquit@re*

these discs might be expected to block the expressiagof  expression. (C) Single channel image shows the extexrtiof

indeed, expression detected fromvgrlacZreporter carried on  expression; a small patch in the ventral epithelium does not express
the same chromosome as the Udy$ transgene is severely arm* (arrow). Broken yellow line partially outlines the mass of
reduced in this experiment (data not shown). This makes adepithelial cells. (D) Disc from C, showing the resultiant

difficult to determine ifdppis repressinglacby antagonizing expressiondacis activated ectopically in the ventral epithelium. The
wg-mediateddac activation in thedacexpressing cells, or patch ofarm* non-expressing ce_IIs has created a region (between the
simply by reducing the expressionwed. We favor the former ar_rows) wheralaccannot be a_lctlvgted larm*, presumably because
interpretation, based on the behavior of srtkaf-expressing IS patch expresselpp Adepithelial cells do not expredac (E-H)
clones that were made in the early third instar. These clond\Sa/-uPiquitous expression afm* repressedacin male genital

. discs. (E,F) Single channel images of a male genital disc showing
repressdac cell autonomously (Fig. 6FG). Because the_ .. (E) anddacexpression (F)dacexpression is almost

surrounding cells exprestac we infer that this field of cells completely absent from this disc. (G,H) A male genital disc with a
continues to receive sufficientg signal to activatedac  ‘patch’ of nonarm*-expressing cells (arrow, G). Cells within this
Therefore,dpp signal transduction can bloakac activation  patch expresdac(arrow, H). All clones were induced in second
even in the presence of thg signal. instar except for (B), which was induced in the first instar.
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shown). Furthermore, on rare occasion we observe that ectoj
dpp expression can activateéac, albeit at very low levels
compared with the medialwg-dependent domains (data
not shown). This activation is barely detectable, but is
reproducible. We also noticed thatvig mutant female discs,
some of the remnanacexpression is in the presumptidpp-
expressing region (Fig. 3H, arrowheads). We suspect that tF
expression reflects a vestigial ability dpp to activatedac
that has been over-ridden in the female genital disc (se
Discussion).

The sex determination pathway acts cell

autonomously to modulate  dac regulation by wg and
dpp

There are two possible mechanisms that could account for tl
sex-specific regulation afacby wganddppin the genital disc.

In one scenario, the sex determination pathway acts directly
each cell to modulatdac regulation. However, the male and
female primordia derive from different abdominal segments
the identity of these segments is controlled by transcriptio
factors from the bithorax complex (Casares et al., 1997
reviewed by Jurgens and Hartenstein, 1993). Thus, &
alternative hypothesis is that the genes that control segmen
identity modulatedac regulation bywg anddpp. The results
look ‘sex specific’ because only one segmental primordium i
allowed to develop in each sex. To distinguish between thes
possibilities, we changed the genetic sex of cells in GFF
marked clones by using the flip-out GAL4 system to_ - . .
manipulate components of the sex-determination pathway. W9: 8- Sex-specific regulation afacby dppandtkv*. Confocal
shall distinguish between the chromosomal sex of an organisImages of male (A-D) and female (E-G) genital discs in wiiniy

. 4 ; or the constitutively activdppreceptortkv*, has been ectopically
or genital disc (XX versus XY) and the genetic sex of cells aexpressed. In all merged panels, clones, marked with GFP, are shown

controlled by the sex determination pathway. in red, whiledacstaining is shown in light blue. (A) A second instar

We generated genetically female clones in the context of dpp-expressing clone in the male genital disc can cause ectopic
chromosomally male genital disc by ectopically expressing activation ofdac(arrow) in the dorsal epithelium. Note that the
female-specifictra cDNA (Ferveur et al., 1995); we shall expression oflacis non-uniform around the clone. Clones induced
refer to such clones @g* clones. Ubiquitous expression of in firstand third instar had similar effects. (B) A male genital disc
a female tra cDNA transforms XY males into females with multiple third instadpp-expressing clones shows activation of
(McKeown et al., 1988). As the somatic sex determinatiorfjacm a band a’cros.s the dorsal epithelium. This ban.d may define the
pathway acts cell-autonomously (Baker and Ridge, 1980, w t2CPRERT 0L () TiC T HCREstan SORL
reasoned that if the sex of a cell determines its .regulatlon «,dac_competem, regiondacexpression (C) and merge (D) showing
dag then we should see a cell-autonomous variatiodaof  octgnicdaccaused bykv*-expressing clones (arrows). Note tHat
expression in adjacent male and female cells at the clofexpression is non-uniform within two of the clones. d&}
border. Bearing out this predictiotra®™ clones in the male expression in sibling female genital discs, one of which (bottom)
genital disc have a dual behavior, depending on their locaticcarries the UAS-dpp transgene. Inset: GFP channel shows that both
within the disc. Where these clones extend laterally into thdiscs are perforated by UAS-GFP-expressing clones. The UAS-dpp
endogenous maleac domain, they appear to repredac carrying disc shows almost complete losslaé expression, while
expression cell autonomously (Fig. 7B): male cells adjacent tdacexpression in the control disc (top) is normal. (F,G) A female
the clone expresacnormally, but the female cells within the genital disc containing small third instiw*-expressing clones.
clone are unable to do so. However, when such a clone exterf}F)ldaC?Xpress".’“ in atﬁorgposst;[e dOf Se‘.’er(a' Conf‘)m?(';)s'l'\zes Shof""s

: : oles of repression in the dorsiicdomain (arrows). erge o

mec_ilally, towards the source of the S|gr_1al_, the female Cel.ls GFP-channel shows 1:1 correspondence of clonedamnd
begin to expresdaccell-autonomously within the clone, while repression.
the adjacent male cells cannot (Fig. 7A). We infer that thes
genetically femaléra®™ cells are unable to activadeclaterally
in response talpp but, like their counterparts in a female clones that activatdac there. As expectedra®™ clones have
genital disc, activatdacmedially in response twg signaling.  no effect ordacexpression in the female genital disc (data not
We interpret these results to mean that in the male primordiushown).
(A9), it is indeed genetic sex and not segmental identity that To address whetheacis regulated by the sex determination
determines howdacis regulated. The behavior oh* clones pathway or segmental identity in the female primordium, we
in the male genital disc offers no insight as to hiee is  created genetically male clones within the female genital disc
regulated in the female (A8) primordiuatacis not expressed and assessed their effects dac expression. We availed
in the RFP in the male disc, and we did not observerafly ourselves of a new technique, which combines the flip-out
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GAL4 system with dsRNA-mediated interference (reviewed irthe somatic sex determination hierarchy that controls genital
Bosher and Labouesse, 2000), to generate clones in which tisc development, and encodes male- and female-specific
function of thetra-2 gene is disrupted. In these clones, GAL4transcription factors (Baker and Ridge, 1980; Burtis and Baker,
activates transcription of a transgene in which an inverted989; Erdman and Burtis, 1993). Thdsxis the most likely
repeat of thdra-2 locus has been placed under the control otandidate to mediate sex-specifiac regulation bywg and

the UAS promoter. When expressed ubiquitously at high leveldpp. On the basis of our results witta* andtra2IR clones,
throughout the fly, this construct produces a sttoa@ loss- we can make predictions as to how Dsand Dsk might
of-function phenotype, transforming XX females into somaticregulatedac. For exampletra®™ clones in a chromosomally
males (Fortier and Belote, 2000). We shall refer to clones thatale genital disc stop expressing the Dgsoform and begin
express thdra-2 inverted repeat asa2IR clones. If the sex expressing the Déxisoform. Concomitantly, such clones
determination pathway controtiac regulation in the female repress (or loseflac expression laterally and activatiac
genital disc as well as the male disc, we expa@R clones  expression medially. Therefordac expression in the lateral

to switch from the female to the male modela€regulation. domain might require D$X be repressed by Dsxor both.
That is, they should repredsicin the medialwg-dependent Converselydacactivation in the medial domain might require
domain, but activatdac laterally wheredppis expressed. Dsx, be repressed by D8xor both.

The behavior of genetically maldra2IR clones in In order to distinguish between these possibilities, we
chromosomally female genital discs depends on whether the
are made in the repressed male primordium (A9) or in th
female primordium (A8). In the RMRra2IR clones cause
large outgrowths that, when of sufficient size, begin to take o
the morphology of the male genital disc. This mirrors a simila
result obtained wherra function is removed by mitotic
recombination (Epper and Nothiger, 1982), supporting ou
interpretation that these clones are switching to the male mou
of differentiation.dac expression in these clones has a dua
behavior: Where such clones extend medially, into viige
dependentlac domain, they appear to repretsc (Fig. 7C).
However, clones that extend laterally, into the region of the dis
wheredac is expressed in males, can activdse expression
(Fig. 7D). Large clones that span these two regions exhibit bo
types of behavior simultaneously. We interpret these results
mean that genetically male cells cannot expdesé response
to wg but do expresgac when provided with thelpp signal.
This result is precisely the inverse of that obtained viteen
clones were made in the male genital disc, and corroborat
our conclusion that in the male (A9) primordium, the sex
determination pathway determines hdacis regulated bwg
anddpp.

The behavior oftra?IR clones in the female primordium
(A8) of a chromosomally female disc is less informative. Thes
clones are never observed to activai@c in the female
primordium, even though they might grow to be quite large an
encompass much of the presumptigp-expressing domain
(Fig. 7D). Only a fewtra2IR clones are observed to extend
medially into thewg-dependentiacdomain, and these repress

dac expression (data not shown). The obs_erved repression Fig. 7. The sex determination pathway determidasregulation.
daccould be interpreted tc.) mean that genetically male A8 CeIIConfocal images of genital discs showing GFP-marked clones (left),
are unable to expresfac in response tavg. However, it is  gacexpression (middle), and merged images (right). (AB)-
important to note that the fate of A8 cells in a genetically malexpressing clones in male genital discs. (A) A clone extending

fly is to become part of the repressed female primordiurmedially activateslacexpression ectopically within the clone
(Nothiger et al., 1977; Schupbach et al., 1978; Epper an(arrow). (B) A clone extending laterally into the endogenous male
Nothiger, 1982; Wieschaus and Nothiger, 1982). Accordinglydacdomain causes repressiondaic cell-autonomously.

the male cells in these clones might be adopting a general(C.D) A female genital disc containing several lang&IR-
non-responsive state similar to that of the RFP. These resu®xPressing clones. One clone in the RMP has caused a large

do not allow us to determine whether the sex determinatioOUtgrOWth; another large clone takes up a significant fraction of the

: : : ventral female primordium. (C) The RMP clone extends medially
&%tg\:]vg)é’pgzns'i%memal identity, modulate regulation by into the endogenoutacdomain and repressdaccell-

autonomously. (D) The same RMP clone activa@swhere it

. . . - extends laterally (arrow). The large clone in the female primordium
dOUbletseX is the likely mediator of sex-specific dac (broken yellow line) does not activadac even though it occupies
regulation much of the presumptiv@pp-expressing region. All clones were
dsxis the most downstream regulatory gene in the branch dnduced in the first larval instar.
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examined the effect afsxloss of function ordacexpression. wgor arm* by activatingdac while ectopic expression dpp
Genital discs from XX females of the genotyge¥*R3  repressesdac Thus, wg signaling is both necessary and
ds¥M+R15\ere dissected and stained with anti-Dac monoclonaufficient fordac expression in the female disc.
antibody. This allelic combination is a molecular null ésix It could be argued that repressiordatby dppin the female
(Taylor, 1992), and both the male and female primordia oflisc is simply an indirect result of the ability dpp to
an XX ds¥®P*R3dsyM+R15 genital disc develop. In the male downregulatevgexpression. Based on the following evidence,
primordium of these intersexual discs, we observe ectopiwe favor the interpretation that the repressiodaafby dppin
activation ofdacin a medial domain (Fig. 8B), while the lateral the female disc does not act at the levelvgfexpression. If
dacexpression domains appear normal. Thus, we conclude thdpprepressedacsolely by preventingvg expression, then this
in the male primordium D$Xis not required to activatéac  repression should be over-ridden by ectopic expressiargof
expression in the lateral domain, and therefore the loda®mf or arm*, as these are expressed from a promoter dppt
expression laterally itra* clones must be due to repressioncannot regulate. We observe instead thgtand arm* can
by DsX. Furthermore, the ectopic medial expressiord@aé  activate dac only in certain regions of the disc. This non-
suggests that D8kis required to repress activation ddc  uniform response oflac to wg expression omarm* can be
medially in the male primordium and that this activation doegxplained, at least in part, by the abilitydgpto antagonize
not require Dsk wg-mediateddac activation. Near-ubiquitous expression of
With respect tadac regulation in the female primordium, arm*, a condition that would be expected to repregp
our results are ambiguous. Sometim#ac expression is allowsdacto be activated ectopically karm* in the ventral
completely absent from the female primordiumdsf®*R3/  female disc. However, a patch of wild-type cells in the
dsy¥M+R15 mutant genital discs; in other instances there is @resumptivedpp-expressing domain caused a ‘halo’ dic
reduced medial domain that expresdas at wild-type levels repression that extends into tlem*-expressing cells. We
(Fig. 8A, arrow). We never observed ectopic activatiodasf  interpret this halo of repression to be the result of Dpp that
laterally in the female primordium, which would be expecteds diffusing from this wild-type patch. Finally, smalv*-
if Dsxf were required to represkc expression there. This is expressing clones are observed to repmss expression
consistent with the result th&ta?IR clones, which switch cell-autonomously in the female genital didac expression
expression from Ddxto Dsx¥", do not cause ectopic lateral remains intact in the surrounding cells, arguing that these
activation ofdacin the female primordium. The results would clones continue to receive theg signal. Our results cannot
seem to imply that Déxs partially required for the medial distinguish whethedpp represseslac by acting directly on
(wg-activated) expression afac in the female primordium. dac regulatory regions, or by interfering wittvg signal
However, the female primordium develops to variable extertransduction generally. We note that Brook and Cohen reported
in dsx mutants, and thus the reducddc expression might that the ability ofwg to activate theH15 gene in the leg was
reflect a general retardation of the development of thantagonized by endogenadpexpression (Brook and Cohen,
primordium. We favor the interpretation that Dz not  1996). They observed a non-uniform responske 18 around
required for medial activation dfacin the female primordium. a patch of ectopievg expressionH15 was expressed only on
the side of thewg-expressing patch that was distal to the
endogenoudppdomain. This is strikingly similar to the results

DISCUSSION we observed in ventrakvg-expressing clones in the female
i L . . genital disc.
Sex-specific gene regulation in the genital disc In the male genital disdppactivateslacwhile wgrepresses

One important unanswered question concerning the genital First, dac expression partially overlaps the two latedpp

disc has been whether the sex determination pathwaygsand expressing domains. Furthetpp mutant male genital discs

in particular, plays an instructive or permissive role in itslose dac expression, while inwg mutant male discsgac
development and differentiation. In this work we show that irexpression actually expands across the disc. Finally, ectopic
some respects, this role is demonstrably instructive. The sexpression ofippand the activatedppreceptoitkv* can cause
determination pathway mediates the sex-specific deployment
of a genedac to specific regions of the genital disc, where it A
is required for the differentiation of adult structures.
Intriguingly, the sex determination pathway achieves this fee
by modulating the regulation dficby wg anddpp, two genes
whose function is to establish positional identity within the
disc. Modulation of existing regulatory interactions may prove
to be a general strategy for producing sexual dimorphism.

dac regulation by wg and dpp

We have shown thafacis sex-specifically regulated g and
dpg'g‘ the genital disc. (Ijn the femal_e 9?’”“{;‘\' d;&yacltlvates_i[ | dsX@*R3/dsyM+RIS mutant genital disc. (A) Confocal section through
anddpp represse_sdac ac expression in the femalé genital y,o maledacexpression domains, showing that they are normal.
disc correlates witlvg expression in both the ventral female \qte the small patch afacexpression in the female primordium
primordium and the dorsal RMP. Furtheig mutant female  (arrow). (B) A projection of several confocal sections from the
genital discs loselac expression, whiledpp mutant female  ventral region of the male primordium, showing ectopic medial
discs do not. Finally, female genital discs respond to ectopexpression oflac(arrow).

Fig. 8.dsxis required for propedacregulation in the male
primordium. Confocal images showidgcexpression in an XX
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while high levels of Wg and Dpp together represtasc
A9 expression (Lecuit and Cohen, 1997). It is tempting to
.- Dsxf speculate that this regulatory relationship has been modified to
produce that observed in the genital disc. This is consistent
3 with the observation that in the male primordium of H&x
[\\ discs,dacis expressed in both laterdpp-dependent domains
wg dac dpp and in a medial, presumablyg-dependent domain. In further

PN support of this hypothesis, we note that in the female genital
\J disc, there is a barely detectable levetiat expression in the
presumptive dpp-expressing domain, and a low level of
Dsx

m Dac remains in the lateral regions of female discs fragn

mutant larvae. Moreover, ectopilpp in the female disc was

Fig. 9. A model for combinatoriaflacregulation in the male occasionally observed to activatiac at very low levels, in
primordium. The evidence suggests that begranddppare capable  addition to repressing it. This may reflect a vestigial ability of
of activatingdacin the male primordium in the absencedek dppto activatedacin the female genital primordium that has

function (see text). Sex-specific regulatiordatin the female ; ; . .
genital disc (pink) occurs when Daxrnsdppinto a repressor of been suppressed during the evolution of the genital disc.

dacand possibly potentiates activationuy. In the male genital : P
disc (blue), DsX turnswginto a repressor afacbut is not required dac regulation by the sex determination pathway

for activation ofdacby dpp. A number of obstacles make it difficult to demonstrate that the
sex determination pathway is responsible for the sex-specific
regulation of a gene in the genital disc. These obstacles stem
ectopic expression oflac in the male disc, while ectopic from the fact that the male and female primordia, which are
expression ofvg or arm* repressedac Ectopicdppandtkv*  the primary constituents of their respective discs, differ in their
can only activatelacin a small daccompetent’ region of the segmental origin (Nothiger et al., 1977; Schupbach et al., 1978;
dorsal epithelium in the male, leading us to suspect that theEpper and Nothiger, 1982). This raises the possibility that ‘sex-
are additional factors that regulatac specific’ gene regulation is really just segment-specific gene

It is not clear whethewg repressesiac in the male disc regulation, made to look sex specific by the fact that only
directly or by antagonizingdpp-mediateddacactivation. From one primordium develops in each sex. We attempted to address
a formal genetic standpoint, the expansiondat into the this concern by creating clones of the opposite genetic sex
medial domain of a mal&g mutant genital disc would argue in chromosomally male and female genital discs. Thus, for
that wg represseslac However, it has been shown that lossexample, we were able to examitec regulation in the male
of wg function can allowdpp expression to invade the (A9) primordium, in both male and female cells. By varying
presumptivewg-expressing domain (Brook and Cohen, 1996the genetic sex of cells in a context where segmental identity
Jiang and Struhl, 1996; Penton and Hoffmann, 1996; Theisés uniform, we hoped to disentangle the contributions of sex
et al., 1996). Thus, the observed expansiodaafexpression and segmental identity tac regulation.
could reflect the expansion of tldpp-expressing domain. In the male primordium of both male and female discs, the
Nevertheless, we favor the interpretation tiagg regulates regulation ofdac varies according to the genetic sex of the
dac in the male genital disc in a manner independent of itsell. Genetically female clones in the male (A9 derived)
antagonism oflppfunction. A precedent for such a regulatory primordium of the male genital disc are unable to expiass
relationship exists: the male primordium, in its incarnation ai the lateral maledpp-dependent) domain, but are able to
the RMP of a female disc, expresgesin response tavg. We  expressdac when they extended medially, towards the source
note also that the ectopic medial expressiordat in dsx  of Wg. Conversely, in the female genital disc, genetically male
mutant discs correlates witlig expression, implying that in clones in the repressed male primordium (A9) lose their ability
the absence of D8% wg activatesdac in the male genital to expressdac in the medial, wg-dependent domain, and
primordium. begin to expresdaclaterally, presumably in response to Dpp.

It is interesting to considedac regulation in light of the Finally, dacexpression is abnormal in intersexual genital discs
evolution of the genital disc. The single, bilaterally symmetridrom dsxmutant larvae: The male primordium @$x genital
genital disc is thought to have evolved from paired genitatliscs expressedac in both the endogenous, lateral male
discs that fused across the ventral midline (Gleichauf, 193@lomains, and in a slightly weaker medial domain that
Dubendorfer, 1971; Emmert, 1972). Pattern formation magorresponds roughly to the region whéna" clones are able
have been accomplished in these paired discs in much the satne activate dac Thus, we conclude that, in the male
way that it is in the leg imaginal disc. This hypothesis igprimordium, the sex determination pathway determines how a
supported by comparative studies of pattern formation genell will regulatedac
and their regulatory interactions in the leg and genital discs, In the female primordium our results fail to show a role for
which show that the essential regulatory relationships arthe sex determination pathwaydacregulation. If such a role
preserved (Chen and Baker, 1997; Casares et al., 199%ists, we would expect that genetically male clones in the
Sanchez et al.,, 1997; Gorfinkiel et al., 1999). Thus, théemale primordia of a female genital disc would activdde
regulation ofdac in the leg disc provides a context for the laterally, like their counterparts in the male primordia. They do
interpretation of our results. In the legg anddpp cooperate  not, even when they take up much of the presumpipe
to produce the mid-proximal ring oflac expression. expressing domain. We would also expect such clones to
Intermediate levels of Wg and Dpp synergize to actidate  repressdac medially. Only a few clones were observed to
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extend into the medialg-expressing domain, and as expectedtissue cannot differentiate male structures. To reconcile these
these appear to repredac Interpretation of these results is data, we propose that repression of the inappropriate genital
complicated by the fact that changing the genetic sex of a cglfimordium involves two separable processes: repression of
in the genital disc can cause it to enter the ‘repressed’ staggowth and the prevention of differentiation. Thus, clones of
(Epper and Nothiger, 1982; Wieschaus and Nothiger, 1982%ells of the inappropriate genetic sex cannot differentiate, but
Thus, for example, if a genetically male clone repredses they can grow and contribute to a morphologically normal
when it intersects the medialac domain in the female genital primordium.
primordia, we can conclude either that the sex determination This poses yet another question. Cells tra& clone in the
pathway regulatedac expression or that the cells, which are male primordium of a male genital disc are analogous to the
now male, have adopted a repressed state and are generalyls in the repressed male primordium of a wild-type female
unresponsive. A similar caveat prevents us from interpretingenital disc: both are genetically female, and both have A9
the failure oftra2IR clones to activatelac ectopically in the segmental identity. Why doa* clones in the male primordium
female primordium. We are not concerned ttrat clones grow, while the repressed male primordium in a female disc
in the male primordium of male genital discs enter such does not? One possibility is that the decision of the male
generally non-responsive state, because these clones bgtimordium to grow in a male disc is made befmeg clones
repressand activatedac expression. The expression pattern ofwere induced and cannot be over-ridden by a later switch of
dacin the female primordium of dsxmutant genital disc is genetic sex. However, temperature-shift experiments tvéth
also difficult to interpretdac is not activated ectopically in 2 alleles suggest that the decision of a genital primordium to
the lateral domains of thdsx female primordium, which is develop can be reversed later in development (Belote and
consistent with the failure ofra2lR clones to cause such Baker, 1982; Sanchez and Granadino, 1992). Furthermore,
activation. However, even the mediakg-dependentdac  occasional, largéra® clones can cause severe reductions in
domain is frequently absent or severely reduced indéxe male genital discs (data not shown). This observation leads us
female primordium, and thus we are reluctant to draw anjo suggest a model in which growth in the genital disc is
conclusions from the absence of ectagéc laterally. regulated from within organizing zones, such as the domains

We propose a model (Fig. 9) fdacregulation in the male of wganddppexpression. According to this model, the sex of
primordium, in which the different isoforms of Dsx protein the cells in the organizing regions would determine how the
modulatedacregulation bywg anddpp. In the absence afsx ~ disc grows, while cells in other regions would respond
bothwg anddppcan activatelac producing the two domains accordingly, regardless of their sex. & clones that cause
of dac expression observed in the male primordium afsa reduction could result when such a clone intersects with one
disc. In the female, D&modulatesdpp activity so thatdpp  of the postulated organizing centers within the disc. The
becomes a repressor dag DsX¥ may also potentiate the implication is that the sex determination pathway acts in yet
activation ofdac by wg. In the male, DS® modulateswg  undiscovered ways to modulate the function of the genes that
activity so that it becomes a repressodad, leavingdppalone  establish pattern in the genital disc. We have found one such
to activatedac In support of this model, we note that the Dsxinteraction in the regulation afag further study is needed to
proteins act in a similar manner to positively or negativelydetermine if others exist, and what role they play in producing
modulate the effect of tissue-specific regulators ogplyeenes  the sexual dimorphism of the genital disc and its derivatives.
(An and Wensink, 1995a; An and Wensink, 1995b).
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