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SUMMARY

The hermaphrodite (her) gene is necessary for sexual genes in the precursor cells that give rise to the vaginal
differentiation in Drosophila Our characterization of hers  teeth and dorsal anal plate of females, and the lateral anal
zygotic function suggests that one set of female-specific plates of males. However, a female-specific pathway that is
terminal differentiation genes, theyolk protein (yp)genes, dependent on both DSX and HER controls the female-
is transcriptionally activated by two separate pathways. specific differentiation of the foreleg bristles and tergites 5
One is a female-specific pathway, which is positively and 6, and the male-specific differentiation of these tissues
regulated by the female-specificloublesexprotein (DSXF). does not require the suppression of HER'’s function by
The other is a non-sex-specific pathway, that is positively DSXM.

regulated by HER. The HER pathway is prevented from

functioning in males by the action of the male-specific

doublesexprotein (DSXM). The HER and DSX pathways  Key words:hermaphroditegher), doublesexdsy, yolk protein(yp),
also function independently to control downstream target Sexual differentiationDrosophila melanogaster

INTRODUCTION (Jursnich and Burtis, 1993; Taylor and Truman, 1992; Villella
and Hall, 1996; reviewed by Burtis, 1993; McKeown and
A hierarchy of regulatory genes controls somatic seMadigan, 1992). The  best-characterized terminal
determination and differentiation Drosophila melanogaster differentiation genes that are sex-specifically regulated by the
(reviewed, for example, by Burtis, 1993; Burtis and Wolfner,somatic sex determination hierarchy are ybi protein (yp)
1992; Cline and Meyer, 1996; McKeown, 1992; Parkhurst andenesypl, yp2andyp3 The transcription ofpl andyp2in
Meneely, 1994). There are two branches in the hierarchfat body cells is directly activated by D&X females and
downstream of the#ansformer (tra)yene. One branch contains inhibited by DSX! in males, through the binding of the DSX
thedoublesex (dsx)ene (Baker and Ridge, 1980) and the otheproteins to the fat-body-specific enhancer (FBEypt and
thefruitless (fru)gene (Ryner et al., 1996Jsxis required for  yp2 (reviewed by Bownes, 1994).
all known aspects of somatic sexual differentiation outside of Previous genetic results indicated that the zygotic function
the CNS (reviewed by Burtis and Wolfner, 1992) as well a®f heracts together with, or downstream déx,sinceherand
some aspects of sexual differentiation in the CNS (Taylor andsx mutations have equivalent phenotypes in females, yet
Truman, 1992; Villella and Hall, 1996). The sex determinatiomeither the transcription nor the splicing of tsxpre-mRNAs
function of fru appears to be required for the sexualis affected inher mutants (Pultz and Baker, 199%ecently,
differentiation of only a small set of cells in the CNS concerneave molecularly characterized ther gene and showed that (1)
with male sexual behaviors (Gailey et al., 1991; Hall, 1994; Itder encodes a single protein withk-type zinc fingers, (2)
et al., 1996; Lawrence and Johnston, 1986; Ryner et al., 1996er is transcribed throughout all developmental stages in both
Taylor et al., 1994). sexes, and (3) the splicing of ther pre-mRNA is not sex-

At the bottom of thedsx branch of the somatic sex specific, suggesting thheris not sex-specifically regulated at
determination hierarchy are tisx, hermaphrodite (he@Pultz ~ the levels of transcription or splicing (Li and Baker, 1998)
and Baker, 1995) anuhtersex (ix)(Chase and Baker, 1995) These results suggest tihatr is expressed non-sex-specifically
genesdsxencodes sex-specific transcription factors (Burtis eaind is not a downstream targetdsi. The available data thus
al., 1991). The female-specific DSX protein (O%Xacts  support a conclusion thager acts together witlisxin sexual
together with théher (Pultz and Baker, 1995) anxl (Erdman  differentiation in females.
et al., 1996) gene products to inhibit male differentiation and It is unclear whether the zygotic function bér is also
activate female differentiation in females and, conversely, thewolved in sexual differentiation of males. It was reported that
male-specific DSX protein (DK acts to inhibit female there are extra bristles on the sixth sternitbesimutant males
differentiation and activate male differentiation in malesand that males that die as pharate adults often have rotated
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genitalia (Pultz et al., 1994). These mutant male phenotypt ) K
resemble the phenotypes of males that have partially lost tl A. 5 NN ?GQ" 6 & N A N
function of dsx(Pultz et al., 1994). Thus it was suggested tha R R A
her has a sexual differentiation function in males, presumabl XX A

acting together with DSX (Pultz and Baker, 1995; Pultz et al., yp2
1994). However, the phenotype tedr mutant males could also ?
be interpreted as segmental transformation (Pultz et al., 199

sinceher, in addition to its specific roles in sex determination, ao W i o 8

also has a sex-independent essential function (Pultz et al., 199 - o - .-
We report here a characterization of the zygotic se:

determination function of thber gene. We show that HER @ & il ¥

non-sex-specifically activates the transcription ofythgenes B A C R

. . . . . pn . AN N

in fat body cells, independent of D§and HER'’s function in @ @ @ ¢ @

activatingyp transcription is inhibited in males by D&XWe T xx XX

provide genetic evidence that HER and ['S¥so function

independently to bring about female-specific differentiation |r PRI R Yp2  —————

several other sexual dimorphic tissues. In addition, we sho

that, in some tissues, HER and DS¥nction dependently to 19 8

control female-specific differentiation. Finally, we show that, 49 T

in one tissue in males, HER and D%¥re both required for

normal sexual differentiation. D. 5

]
ng g}\ é‘j‘ Cfg 6‘:"1\ 6G‘"+
XX XY

MATERIALS AND METHODS

Fly stocks yp2 - — -

Flies were raised on standard corn meal food. Experiments were do
at the temperature indicated. All mutations not referenced in the te
and the nomenclatures of standBrdsophilagenetics can be found

in Lindsley and Zimm (1992). Thieer alleles used were previously
described (Pultz et al., 1994). Fig. 1. Theheranddsxgenes controypsexpression. (A-D) Northern

analysis ofyp2expression. Total RNAs of adult flies were used (20-
Northern analysis 30 pg/lane) for the analysis (see Materials and Methggh).
Northern analyses ofp2 and yp3 were performed using 20-30y indicates the/p2RNA level andrp49indicates thep49 RNA level
total RNA per laneyp2 and yp3 [32P]DNA probes were made by that serves as the control for the amount of RNA loaded in each lane.
random primer labeling. RNAs were electrophoresed, transferred ad A and D, the signals showing the X¥2RNA levels were
probed using standard procedures. Tp49 [32P]DNA probe was obtained by longer exposure of the XY blots than the XX blots.
made using an asymmetrical PCR method (Innis et al., 1990kxcept as indicated, the flies were raised at 25°C and aged as adult at
Exposure of the blots and quantitation of the signals were done usi@§°C for 3-4 days. The first number in the parenthesis indicates the

P49 WAL S . ..

the BioRad Phosphorimager system. temperature (°C) at which the flies were raised and the second
number indicates the temperature at which the adult flies were aged.
CPRG assay The complete genotypes are as follows. CS, Canton-S wild-type

The lacZ activities were measured according to the previouslyflies;tud: maternal genotype tsid. her'/+: b hef/CyO. hert: b
published protocol (Coschigano and Wensink, 1993) with thdier/b her. herl/+; P{her‘}/+: b her/+; P{hert}/+. dsx/+ dsx p/+.
following modification. Depending on thg-galactosidase level of dsx dsx p/dsx (. P{her*} is a transgene containing ther

each genotype, 15-20 females were homogenized in 1 or 0.5 ml aggnomic DNA fragment B17 (Li and Baker, 1998).

15-20 males in 0.5 ml lysis buffer, and 1-2@0lysate was used to

measure théacZ activity.

together to control somatic sexual differentiation. Since the
only characterized target genes afx are theyp genes
ﬁfreviewed by Bownes, 1994), we investigated whelieealso

Statistical analysis

For simplet-test, we used a pocket calculator. For analysis of varian

(ANOVA) of the data in Table 2, we used the computer progral equlates the e . ft d whethdr

StatView (Abacus Concepts, Inc.). To examine if there is interactiOI? gule Ne expression of e genes and whe er

betweerdsxandherin females, we did ANOVA using logarithmically functions similarly todsxin their regulation.

transformed primary data, since if there is no interaction betdmen e initially used northern analysis to examine the effects of

andher, the expected value Ier/+; dsx/+females is the product of her on expression of thgps Since the complete loss bér

the values irer/her; dsx/+females andher/+; dsx/dsxfemales. function is lethal, the temperature-sensitive allets! was
used. At 25°Cher® flies are intersexual and have severely
reduced viability while, at 18°C, they are morphologically

RESULTS normal, and have wild-type viability and fertility (Pultz et al.,
1994). As shown in Fig. 1A, there is a 10-fold activatiogps#

her activates the yps in females, but does not expression byer*, sinceher females raised at 25°C showed

repress them in males a 10-fold reduction ofyp2 transcript levels as compared to

Previous results indicated thaisx and her may function  wild-type females and theirerl/+ sisters. This is comparable
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to the activation effect of thésx* gene in females (Fig. 1D). expressed in female fat body cells (data not shown); and (3)
The 10-fold activation byher" could be an underestimate, shifting of theherts mutant adult females to a hon-permissive
sinceher! may not be null at 25°C with respect to its functiontemperature causes a reduction of the expression ygf a
in yp expression. The level gfp2transcript is restored to the reporter gene pCR1 (Fig. 2) (see below).
wild-type level inhermutant females raised at 25°C when they The expression of thgpl and yp3 genes is regulated the
also carry a transger{f{her*}) containing a wild-type copy same way bylsxandher as is theyp2 gene. This was shown
of the her gene (Fig. 1C), demonstrating that it is thel by probing the same set of the northern blots (Fig. 1A-D) with
mutation, rather than some other mutation on He#l  probes made froryplandy3genomic DNAs (data not shown).
chromosome, that causes the reductioppidtranscript level. Based on these results, we conclude that HER is required,
To our surpriseyp2expression was also reduced 10-fold in thelike DSXF, for the activation of thgpsin female fat body cells.
herl homozygous females raised at 18°C (Fig. 1A). HoweverBut, in contrast to DS¥, HER is not required for the
when grown at 16°Cherl females have levels ofp2 inhibition of theypsexpression in males.
expression comparable to that seen in wild-type females (Fi% o
1B). These results indicate thgp2 expression is more her regulates the transcription of the  yp genes
sensitive to the level dfier function than is external sexual The reduction ofp2 transcripts inher mutant females could
morphology. be due to the involvement dfer in the regulation ofyp2

In her males, theyp2 transcript level remains unchanged transcription olyp2 RNA stability. To distinguish between the
(Fig. 1A). This is in striking contrast tsx males where the two possibilities, we employed tlge reporter gene pCR1 (Fig.
yp2 level is increased 20-fold compared to that of wild-type2). In the pCR1 construct, the intergenic regulatory region of
males anddsx/+ brothers, consistent with previous findings the divergently transcribegpl andyp2 genes remains intact
that DSX functions to repress the transcription of §ms  while the coding sequencesygfl andyp2are replaced by the
(Fig. 1D) (Coschigano and Wensink, 1993; Ota et al., 1981 Drosophila melanogaster Adand theEscherichia coli lacZ
This result reflects a fundamental difference betweerhd¢ine genes, respectively (Fig. 2; Lossky and Wensink, 1995). The
anddsxfunctions in males, rather than a leakinessest (see 3'UTR of the Drosophila melanogastea-1 tubulin gene is
below). fused to the 3end of thelacZ gene (Logan and Wensink,

Since in wild-type females thgpsare expressed both in fat 1990). We usefl-galactosidase activity to indicate the level of
body cells and in ovarian follicle cells (Brennan et al., 1982pCR1 transcriptsThe effects oheranddsxon the expression
Postlethwait et al., 1980), and the ovaries are oftenfthelacZgene of pCR1 were in all cases comparable to their
underdeveloped ihermutant females, the reduced leveyp®  effects on the/psexpression as monitored by northern blots,
transcripts irher mutant females could be due to the small sizalemonstrating thdter, like dsx,controls theypsexpression at
of the ovaries in these females, rather than redyg® the level of transcription, rather than RNA stability.
expression in the fat body cells. However, this is not the case. Thus DSX increases pCR1 activity 10-fold in females
The daughters of females homozygous fortttor mutation  (Table 1, compare rows 1 and <0.02, byt-test hereafter
have no germlines and therefore have only rudimentary ovariexcept as noted; see Materials and Methods for details of the
(Boswell and Mahowald, 1985). In the daughtersta  enzymatic assay), whereas D%Xepresses pCR1 activity
mothers, the level ofp2 transcript is comparable to that in about 70-fold in males (Table 1, compare rows 3 and 4,
wild-type females (Fig. 1A), demonstrating that the majorityP<0.01). When DS¥ is present, the transcription of pCR1 is
of theyp2transcripts detected by northern blots are synthesizesost likely completely turned off, since the level Bf
in female fat body cells.

The loss ofyp2transcript:
in her! females could be dt

to either an indirect effect, wl 196 322 1225 yp2 dsx  her
her has some role in tt /‘:‘ | FBE | HRR > 1 i —
development of fat boc A. v/ 7/ P tHE
tissues di yp2

per se, or a direct r
of her in regulating theyps Adh  *%8 | FBE | HRR 1292 jacz
expression. We believeers B. £ 1 ] AR " PCR1 o

effect on theypsexpressiol

is likely to be direct, sinc lacz +58 FBE

(1) the herl mutation ha C. gi’]’ﬁ"j—l—, PML-58  +++  +/-
only a 2-fold effect on th

expression of a reporter ge Fig. 2.yp-reporter genes and their responsedstandher regulation. (A) Simplified view ofplandyp2

pML-58 (Fig. 2) that i The numbers indicate the nucleotide positions of the intergenic regyprd ahdyp2 Position +1 and
specifically expressed —1225_are the transcription start siteypf and theypz respectively. The FBE (from positie1196 to
female fat body cells (s -322) is the fat_body e_nhancer el_em_ent (Garab_edlarj etal., 1986)_. HRR (from pe3dan-1225) is
below); (2) the her theher-responsive region. Arrow indicates the direction of transcription. (B) The pCRL1 reporter gene

structure has been previously reported (Lossky and Wensink, #8853 the alcohol dehydrogenase

mutation has no effect ont gene ofDrosophila melanogastelacZ is theB-galactosidase gene B&cherichia coliTheatub 3UTR

expression of a reporter ge indicates the 'untranslated region @f-1 tubulin gene obrosophila melanogaste(C) The pML-58
FBE-hsp70 promotetacZ reporter gene construct is provided by M. Lossky and P. WersipR!UTR indicates the'®ITR of the
(Garabedian et al., 19€ hsp70gene ofDrosophila melanogasteThe degree of response to the regulatioddxandheris

that is also specifical indicated, which is based on the data in Fig. 1 for A, the data in Table 1 for B and the data in Table 3 for C.



2644 H. Liand B. S. Baker

Table 1.dsxand her regulate pCR1 expression 1994). At permissive temperature (18°C), the pCR1 activity
IacZ activit remains the same imerl/her? mutant females and their wild-
y ;

Row* Genotypest (mean)t s.d§ nf type sisters (Table 1, compare rows 15 and B;SQ.l).
1 0CRL; dsx/t 703101 13101 2 However, when théer/her? mutant females were shifted to.
2 PCRL: dsx 7.80x102 82103 2 non-permissive temperature (25°C) for a day, the pCR1 activity
3 PCR1/Y;  dsx/+ 4.3810™ 2.0810° 2 is reduced 3-fold compared to their wild-type sisters (Table 1,
4 pCRLY;  dsx 292102 2.9%10° 2 compare rows 13 and 1B<0.01). This result suggests that the
5 pCR1/+;  her/+; P{her}  6.50x101 1.44x102 2 effect ofherl mutation on the pCR1 activity is not the special
6 PCRL/+;  her, P{her’} 7110 550102 2 property of theher allele, but rather a property dier
7 PCR1; her/+ 1.73x10° 444102 2 mutations per se.
8 PCRL, ~ her 1-64><1(Ti 1-69<1U§ 2 In contrast todsx heris not required for the repression of
20 PCR1/Y,  her/+ 290107 4.65107 2 theypsin males. Thus, consistent with the northern result, the

pCR1/Y;  her 3.6910" 1.36x105 2 L . ']
1 cs E 319104 7007 2 pCR1 activity remained the sametliert homozygous males

. _ Ay ;

o Ca M 154104 1410105 2 gr;% tlr;elrher/+ male sibs (Table 1, compare rows 9 and 10,
18 PCRLW  her 6.50407 331102 2 In conclusion, our results demonstrate that, like dsx

pCR1/+;  her 2.36x10" 2.0%102 2 ; o ;
15 R/ her/ > 6510 310002 2 activates the transcription of thygsin females through the

p +; er/+ . . H H H
16 pCR1/+;  her 3.20x101  221x102 2 intergenic region oyplandyp2

*Rows 1-4, 5-6, 7-10, 11-12, 13-14 and 15-16 form independent groups, 1€ DSX proteins are the major female-specific and
respectively. Each group contains results from sibs, thus formally only withinmale—speCIfIC regulators of the yps

a group data can be compared. The flies in rows 13-16 are sibs, but those inThe perceptions that derive from the above experiments
rows 13-14 and 15-16 were treated at different temperatures (see below). All - - .

flies were raised at 25°C and aged as adults at 25°C except that (1) the flies%’ncemm,g the roles ofisx and her in regulating the.
rows 7-10 were raised at 18°C and aged as adults at 25°C, (2) the flies in rofgnscription of the/p genes suggest that both genes function
13-14 were raised at 18°C and aged as adults at 18°C, then shifted to 25°C for the activation of thgp genes in females, but that ordgx

1 day, (3) the flies in rows 13-14 were raised at 18°C and aged as adults at functions in males, where it acts to repressyfheexpression.

18°C. . . o
tThe complete genotypes in rows 1-16 are as follows. The pCR1 reporterHowever’ consideration of the quantitative aspects of the data

gene is X-linked. 1, pPCR1/pCRAsx /MKRS ry. 2, pCR1/pCR1dsx /dsx from these expgriments indicates_that this interpretation is
pP. 3, pCRIBSY; dsx ?/MKRS ry. 4, pCR1/BSY; dsx p/dsx f. 5, pCR1/+b incorrect. In particular, the data with respect to the roles of

herl/(CyO/SM1); Pthet}/ry. 6, pCR1/+b hert; P{her'}/ry. 7, pCR1/pCR1; DSXM in males and DSXin females indicate thalsxfunction

gggi’/a\glﬁéﬁ,?;/plclmégﬁgibshsv%%sé ?gﬁ;g‘?;%’;’:& o 10, ype CaN account for all of the difference between the sexes in the

male. 13 and 15, pCR1/b:hef/Gla: ry/+. 14 and 16, pCR1/4 het/sm1,  |€vels of theypsexpression. These findings with regardisx

her?; ry/+. P Y P clearly contradict the idea that there is a female-specific role
$The unit forlacZ activity is AODs74min/mg fly, based on the CPRG assay for herin the activation of thgp genes. Below we present the

(see Materials and methods). data that lead to this contradiction and suggest two alternative

§Standard Deviation.

{The number of replicas views of the role oher in regulating theyps expression that

are consistent with these results.

The argument thadlsx is the major, if not the only, sex-
galactosidase activity idsx/+ males is similar to that seen in specific regulator of thgp genes derives from the analysis of
wild-type (Canton-S) females that lack pCR1 and only 3-foldhe transcriptional regulation of pCR1. The pdRAZ activity
higher than the level seen in wild-type males that lack pCRih dsx /+ females is about 2000-fold higher thandsx /+
(Table 1, compare rows 3, 11 and 12). The observatiodsiiat males (no expression of tlyp genes) (Table 1, compare rows
has the same effect on the pCR1 activity as it has on the levdlsand 3,P<0.001). However, the difference is only about 2.6-
of the yps transcripts indicates thadsx regulates theyps fold between thelsxhomozygous female and male sibs (Table
expression at the level of transcription, rather than the level df, compare rows 2 and B<0.02). Since females homozygous
RNA stability, consistent with previous findings (Coschiganofor the X-linked pCR1 transgene were assayed, the 2.6-fold
and Wensink, 1993). difference in the pCR1 activity between ttiex females and

Similarly, her" activity is also required in females for the males is largely, if not entirely, due to the 2-fold difference in
transcriptional activation of thgps,rather than the stability of the gene dosage of pCR1 between females (two copies of the
their transcripts. Thuhert activates pCR1 10-fold (Table 1, pCR1 transgene) and males (one copy of the pCR1 transgene).
compare rows 7 and B<0.001), comparable to what was seenThis conclusion was confirmed by our data that eZ
by northern analysis. Consistent with the northern result, thactivity is the same idsxmutant females and males that carry
reduction of pCR1 activity itierl mutant females is not due only one copy of the pCR1 transgene (data not shown). These
to the underdevelopment of ovarieshiar! females, since the results are consistent with previous data that the activity of the
lacZ activity from ovaries amounts to only 1% of the tééalz ~ lacZ gene under the control of thep70promoter and the fat
activity in pCR1;her"; dsx females (data not shown). That body enhancer (FBE) ofpl andyp2is the same imdsx/dsx
these effects are due to ther! mutation is shown by the fact females and males (Coschigano and Wensink, 1993). Thus,
that one copy of the wild-typder gene as a transgene these results demonstrate that, in the absendsxthe yp
(P{her*}) restores thdacZ activity to the wild-type level in genes are expressed at the same levels in both sexes.
her! females (Table 1, compare rows 5 and$0.2). her? is In considering these results, it is important to note that two
another ts mutant allele bkr, weaker tharer! (Pultz et al., factors contribute to making the levels of yys expression
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equivalent in dsx mutant males and females. First, the(her/+; dsx/ds¥emales), the pCR1 activity is increased 7-fold
expression level of thgp genes is elevated idsx males as compared to thber/her; dsx/dsxfemale sibs (Table 2,
(compared to wild-type males), due to the absence afompare rows 2 and <0.01). Since HER, even when DSX
repression by DSX. Second, the expression level of §® is present, can only activate pCR1 14-fold (Table 2, compare
genes indsx females is reduced, due to the absence ofows 1 and 3P<0.0001), our data suggest that the activation
activation by DSX. Thus in bothdsx mutant males and function of HER is not strongly dependent on DSX
females, there are significant levels of expression ofythe  To test whetheher activates thg/psexpression in males in
genes, and these levels are equivalent in the two sexes. the absence of the inhibition by D¥Xwe examined the
There are two ways that we can see to reconcile thesesponsiveness of pCR1 ker regulation in the absence of
observations with regard msxwith the observation thater ~DSXM. In males, when DSX is present, pCR1 is not
appears to control the expression of §egenes female- expressed whether HER is presenmér(+; dsx/+ males) or
specifically. One model is thdier does function female- absentlier/her; dsx/+males) (Table 2, compare rows 5 and 7,
specifically, but that its female-specific function is dependen®>0.9). However, in males without D8X pCR1 is expressed
on DSX. The second model is thdter functions sex- and the pCR1 activity is 5-fold higher when HER is present
independently to activate the expression ofyth@enes, but (her/+; dsx/dsxmales) than when HER is absehei(her;
that its action in males is precluded by D8Xrepression of dsx/dsxmales) (Table 2, compare rows 6 andP§0.0001).
the yp's expression. These two models make differenfThis finding suggests that wild-tygeer function is normally
predictions as to the effects expectedhef mutants indsx  present in males and capable of activating the transcription of
mutant backgrounds. If the first model is correct, the presendbe yp genes, but its activity is normally overridden by the
or absence diershould have no effect on tgpswhen DSX  inhibitory function of DS¥.
is absent. If the second model is corréet,should be able to In conclusion, we have discovered that there are two separate
activate theypsin dsxmutant males where DYXis absent. pathways for the activation of thgs One is the female-
Experiments that distinguish the two models are describespecific activation of thgps which is DSX-dependent. The

below. other is the non-sex-specific activation of s which is
_ o HER-dependent, DSXindependent and inhibited by D8X
her is a non-sex-specific activator of the  yps Our results also suggest thhaér has the same biological

To examine the effects dfer on theyps expression in the function in both sexes, providing further evidence that the
absence ofisxfunction, we used the pCR1 reporter gene. Teexpression ofher is independent of the sex determination
obtain sufficient mutant flies in a relatively short time period hierarchy.
we increased the viability dfer/her; dsx/dsflies at 25°C by ) ) )
using a chromosome that contains tieg! allele and a copy DSXF and HER can activate the yps independently in
of thehsp70promoterher cDNA transgene namdusp-hefll  females
that rescues the lethality and external phenotypeheof We have shown that, in females, HER can act independently
mutants, but not their defect in tlyps expression (Table 2, of DSXF. We have also asked whether the DSliected
compare rows 1 and 8<0.0001; data not shown). female-specific activation of thgsis dependent on the HER-
To test whether HER activates thgps expression directed non-sex-specific activation pathway, and whether
independent of DSX in females, we examined the there is an interaction between D'Sahd HER in females.
responsiveness of pCR1 to HER regulation in the absence of Our data showed that DSXs still able to activate thgps
DSXF. When DSX is absent and HER is present in femalesin her/herfemales. DSX increases the pCR1 activity by 11-
fold in her/her females (Table 2, compare rows 3 and 4,
P<0.0001). DSX, even when HER is present, can only activate
the yps 20-fold (Table 2, compare rows 1 andP%0.0001).
Thus, these results suggest that the activation function of DSX
lacZ activity is not strongly dependent on the activation function of HER.

Table 2.dsxand her act independently in females, andisx
inhibits herin males

Row* Genotypest (mean): sd§ nf Our data also show that there is a weak interaction between

1 PCRL; her/+  dsxi+  8.86:10° ; 4.06x10° i 4 DSXF and HER in females. We used theZ activity of pCR1

2 Sgﬁi? perftdsx 389405 20040 0 in the XX; her/herl; dsx/dsxfemales as a baseline for

2 pCRI: her dsx 50102 218103 4 comparisons, since this reflects the pCR1 activity in the

5 pCR1/Y;  her/+ dsx/+  8.20x10% 358104 4 absence of bottisxandher. Whendsx is added (XXher/her;

6 pCRL/Y;  her/+  dsx 1.9%102 59%10° 8 dsx/4), thelacZ activity of pCR1 is increased 11-fold (Table

7 pCleYg Eef SSXH 807107 898405 4 2, compare rows 3 and B<0.0001). Ifhert alone is added

8 PCRLYY,  her X 41210%  1.2310% 8 (XX; her/+; dsx/ds¥, the pCR1 activity is increased 7-fold
*Rows 1-8 contain results from sibs. All flies were raised at 25°C and age(sTable 2, compare rows 2 andP0.01). When bOthel.*.anq

as adults at 25°C. dsx are added (XX;her/+; dsx/4), the pCR1 activity is
tThe complete genotypes in rows 1-8 are as follows. 1, pCR1/F@R1; increased 150-fold (Table 2, compare rows 1 aiik8,0001).

orhti1 hsp-hef11/CyQ, dsx F/MKRS 1y. 2, prRll/pCtherlllor her! hsp- If her anddsxact independently, one would expect a 77-fold

her.}/CyQ, dsx /dsx . 3, pPCRL/PCR1ner/her’ hsp-hefl; dsx ~increase, rather than a 150-fold increase, in the pCR1 activity

PP/IMKRS ry. 4, pCR1/pCR1her/her hsp-hetll dsx F/dsx . 5, pCR1/Y; hen bothhert and dsx* dded. Ti . hether th

her! or hert hsp-hef11/CyO, dsx F/MKRS ry. 6, pCR1/Y;hert or her! hsp- when bolhheér” anddsx™ are added. 10 examine whether the

her*L1/CyO, dsx p/dsx 5. 7, pCRL/Y:her/hert hsp-hefL dsx BIMKRS d|ffe_re.nces petvygen the ob;erved and the prected values are

ry. 8, pCR1/Y:her/her! hsp-hef1L dsx /dsx . statistically significant, we did analysis of variance (ANOVA).

1-TSame as in Table 2. Our results suggest that there is an interaction bettversamnd
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dsx in the activation of theypsin females | <0.02; see also contains all of the DS%responsive sequences since,
Materials and Methods for details). However, this interactiowhen DSX is present, theyp-reporter on pML-58 is
is weak and is not obligatory for the activation functions ofcompletely turned off, as is pCR1 (compare row 3 of Table 1

eitherdsxor her. to row 3 of Table 3).
o ] However, we found that the regulatory sequencepbénd
The DNA sequences mediating her regulation yp2in pML-58 are not sufficient to mediate regulationHsy.

Our conclusion thaher’s activation of theypsappears to be Thushert only increases the pML-58 activity 2-fold in females
largely independent afsxis qualified by the fact that we were (Table 3, compare rows 5 and®;0.001) whileher* increases
not able to use null alleles dfer in these experiments. To the pCR1 activity 11-fold in females (Table 1, compare rows
further address the independencehef and dsx, we asked 7 and 8,P<0.001). In addition, a previously described FBE-
whether the sequences that are necessary and sufficient tgp70 promotertacZ reporter gene that can medialexs
mediate dsXs regulation of theyps expression are also regulation was not regulated bker (data not shown)
sufficient to mediatders regulation of these genes. Previous(Garabedian et al., 1986). Thus, the DNA sequences from
experiments showed that, in vitro, the DS¥nd DS nucleotide position-322 to -1225 are necessary fdrer
proteins bind to the 127 bp FBE element, but not to otheresponsiveness (termed theer responsive_egion, HRR,
sequences of the intergenic regioryptandyp2(Burtis et al.,  hereafter). While pML-58 and pCR1 differ both with respect
1991; Coschigano and Wensink, 1993). In vivo, the FBHo the portions of thgpl/2regulatory region that they contain
element is sufficient to direct the DSX-dependent, sex-specifiand in their promoters (pML-58 has tlgel promoter and
expression of a reporter gene from a heterologous promotpCR1 theyp2promoter), we believe that the difference in their
(Coschigano and Wensink, 1993). responsiveness ther are due to the differences in the
To address this topic, we used thpereporter gene pML-58 regulatory regions and not the differences in the promoters. In
(Fig. 2). In pML-58, the DNA sequences from nucleotideparticular, we showed above by northern analysis that both the
position—322 to +58 of the/pl gene are fused to the coli  yplandyp2genes responded identically to regulationhiey.
lacZ gene whose '3end is fused to the’'GTR of thehsp70  Moreover, theypl andyp2 promoters have been shown to be
gene (position +1 andl225 are the transcription start sites ofregulated sex-specifically, tissue-specifically andrby? and
yplandyp2 respectively) (Fig. 2). Since the DNA sequencedsx in the same coordinated manner (Belote et al., 1985;
from nucleotide position-196 to-322 is the FBE element Garabedian et al., 1985; Logan and Wensink, 1990; Tamura et
(Garabedian et al., 1986), the pML-58 construct includes botal., 1985).
the FBE element and thgpl promoter. Thus, the DNA Since pML-58 responded well tisx regulation but not to
sequences from nucleotide positieB22 to—-1225 are absent her regulation, a good responsivenessisais not dependent
in pML-58, but present in pCR1. on a good responsivenesstter, consistent with our earlier
We first examined the regulation of the pML-58 reporterresults that the DSXdependent female-specific activation
gene bydsx Our analysis showed that the regulatory sequencesathway is largely independent of the HER-dependent non-
in pML-58 are sufficient to mediate regulation lisx  sex-specific activation pathway.
consistent with previous findings (Coschigano and Wensink, Since the HRR is necessary for about 5-fold responsiveness
1993). DSX increases pML-58 activity 7-fold (Table 3, toher, loss of the HRR should lead to about 5-fold loss of non-
compare rows 1 and P<0.001). This is only 1.4-fold less than sex-specific activation of thgos This reasoning predicts that
the effect of DSX on the pCR1 activity in females (Table 1, (1) in females lacking DSX the lacZ activity of pML-58
10-fold, compare rows 1 andR20.02), suggesting that pML- should be about 5-fold less than that of pCR1, (2) in females
58 contains all of the DSXresponsive sequences. pML-58 with DSXF, thelacZ activity of pML-58 should also be close
to 5-fold less than that of pCR1, since the HER-dependent non-
sex-specific activation is largely independent of BSd (3)
r in males lacking DSX, thelacZ activity of pML-58 should
lacZ activity be about 5-fold less than that of pCR1. For all of these three

Table 3.dsx but not her, regulates pML-58 expression

Row! Genotypest (mean); sd§ comparisons, the appropriate control is theZ activity of

% EME?? 32& i'éi}gl E'ggigi 3 pPML-58 or pCR1 in wild-type male sibs, since neither reporter
3 DML-58/Y:  dsx/+ 5.41x10°4 260104 2 gene is expressed in males when ISX present. Our data

4 PML-58/Y; dsx 6.97x10°3 6.40<107 2 described below are in agreement with these predictions.

5 pML-58; herl/+ 9.44¢10°2 13102 4 The pML-58 activity is 35-fold higher insx/dsxfemales

6 pML-58; her 4.57x10°2 9.40x10°3 4 than in theirdsx/+ male sibs (Table 3, compare rows 2 and 3,
7 pML-58/Y; herl/+ 3.71x10™ 4.31x10°° 4 P<0.02), while the pCR1 activity is 180-fold higherdsx/dsx

8 PML-58/Y;  her 34m10%  7.1410° 4 females than in theilsx/+ male sibs (Table 1, compare rows

*Rows 1-4 and 5-8 form independent groups, respectively. Each group 2and 3P<0.'0.1)' Thus, as pr.edlcted, in females without B’SX
contains results from sibs. Al flies were raised at 25°C and aged as adults at€ lacZ activity of pML-58 is about 5-fold less than that of
25°C except that the flies in rows 5-8 were raised at 18°C and aged as adultpCR1.
at 25°C. The pML-58 activity is 240-fold higher idsx/+ females

tThe complete genotypes in rows 1-8 are as follows. The pML-58 reporte ; ; + ;
gene is xlinked. 1. pML.58/pML.581sx BIMKRS ry. 2. pML-58/pML-58: than in the|rd_sx/ male sibs ('_I'able_ 3, compare rows 1 and 3,
pP. 5, pML-58/pML-58:b hel/SMZ, ry. 6, pML-58/pML-58:b her; ry. 7, females than in theilsx/+ male sibs (Table 3, compare rows
pML-58/Y; b he/SMJ; ry. 8, pML-58/Y;b her; ry. 1 and 3,P<0.001). Thus, in females with DEXthe lacZ

t-TSame as in Table 2. activity of pML-58 is 7.5-fold less than that of pCR1. The 7.5-
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Table 4.dsxand her regulate sexual differentiation via different mechanisms

VTt DLAPS LTRBY T5** T6tTT S61t
Row* Genotypest Mean s.d. % Mean s.d. Mean s.d. Mean s.d. Mean s.d.
1 XX; her/+ ; dsx/+ 27.7 1.9 100 5.3 0.5 37.8 4.0 77.3 6.6 18.6 22
2 XX; her/+ ; dsx 12.4 4.0 80 7.6 0.5 88.9 6.2 100.0 0.0 20.4 1.8
3 XX; her, dsx/+ 10.5 3.2 30 7.3 1.2 84.0 4.8 99.6 1.6 18.3 23
4 XX; her, dsx 2.7 2.7 5 7.3 0.9 88.1 8.1 100.0 0.0 18.8 4.9
5 XY; her/+ ; dsx/+ 0.0 0.0 0 114 14 92.1 3.7 100.0 0.0 0.1 0.4
6 XY; her/+ ; dsx 12.2 3.3 70 7.2 0.7 86.1 9.1 99.8 0.9 17.5 2.2
7 XY; her, dsx/+ 0.0 0.0 0 10.1 1.2 92.2 3.7 100.0 0.0 6.2 2.0
8 XY; her, dsx 3.8 3.6 5 7.3 0.9 89.8 111 100.0 0.0 17.3 2.1

*Rows 1-8 contain results from sibs, thus data can be compared. All flies were raised at 23.5°C and aged as adults afli23.8#&e2@ored for each
phenotype.

tShown are progeny genotypes of parental cross: mathehef/CyO; dsx BITM6 x fathery; her pr/CyO; dsx BITM3.

FVaginal teeth numbers.

8Shown are the percentage of flies scored that have fused intersexual dorsal-lateral anal plates. The dorsal anal pfptefefweilds is considered
completely fused and the lateral anal plates of wild-type males are considered completely separated.

fThe numbers of the last transverse row of bristles of basal tarsus of forelegs. In wild-type males, it is the bristlé asebeomb.

**The percentage width of the fifth tergite that are darkly pigmented.

ttSame as ** except that the sixth tergite is measured.

$$The numbers of bristles on the sixth sternite.

fold reduction is close to the predicted 5-fold reduction. Thevaginal teeth. Our results indicate that, in the precursor cells
slightly higher value than predicted could be due to the weathat give rise to vaginal teether anddsxact independently as
interaction between DSXand HER that we have detected in the case of the regulation of tiegenes in fat body. Thus,
using pCR1 (see above). there are on average 27.7 vaginal teeth on anhéX:; dsx/+

The pML-58 activity is 13-fold higher idsx/dsxmales than fly and 0.0 on an XYher/+; dsx/+fly (Table 4, column VT,
in their dsx/+ male sibs (Table 3, compare rows 4 and 3row 1 and 5). The average number of vaginal teeth on an XX;
P<0.01), while pCR1 activity is 70-fold higher idsx/dsx her/+; dsx/dsXly and on an XXher/her; dsx/+ly is 12.4 and
males than in theidsx/+ male sibs (Table 1, compare rows 4 10.5, respectively, indicating the intersexuality of these flies
and 3,P<0.01). Thus, as predicted, in males without MSX (Table 4, column VT, compare rows 1 and P%0.0001;
the lacZ activity of pML-58 is about 5-fold less than that of compare rows 1 and $<0.0001). However, the number of
pCR1. vaginal teeth on an X>qer/her; dsx/dsAy is 2.7, significantly

The reduced non-sex-specific activity of pML-58 could beless than on an XXher/+; dsx/dsxfly (12.4) and on an XX;
due to the position effect of the chromosome insertion site dfer/her; dsx/+fly (10.5) (Table 4, column VT, compare rows
the transgene. However, this is not the case since thrdeand 2,P<0.0001; compare rows 4 andR350.0001). These
independent transformant lines of pML-58 showed similar lowesults show that the loss leér masculinizesisxmutant XX
levels of the pML-58 activity in wild-type females (data notflies and vice versa, indicating thagér* anddsx can act in
shown). each other’s absence in these cells.

In conclusion, our data showed that the FBE is not sufficient her’s function in vaginal teeth development is inhibited by
to confer her responsiveness and the majuer responsive DSXM. The average number of vaginal teeth on anher{+;
element is located outside of FBE, in HRR (Fig. 2). Thus, HRRIsx/+fly is 0.0, while on an XYher/+; dsx/dsXly, it is 12.2.
is necessary for the HER-dependent non-sex-specific activatittowever, in an XYher/her; dsx/dsfly, the number of vaginal

of yplandyp2 teeth is 3.8, much less than that of X¥ér/+; dsx/dsxflies
o (12.2) (Table 4, column VT, compare rows 6 anB<§).0001).

Independent and dependent functioning of ~ dsx and Thus the loss ofher masculinizesdsx mutant XY flies,

her in controlling female differentiation indicating thather is capable of promoting vaginal teeth

The fact thaher anddsxmutant females have similar external development in XY flies if the inhibitory function of D&Xs
phenotypes (Pultz et al., 1994) raises the possibilitydkat absent.
and her may regulate other downstream target genes in a The second set of cuticular structures examined were the
similar manner to how they regulate §fpegenes. This predicts anal plates. The dorsal anal plate of females and the two lateral
that the loss dfiershould masculinizdsxmutant XX flies and anal plates of males derive from the same precursor cells
vice versa, since HER and DSXegulate theyp genes (Belote and Baker, 1982). In XX and XY intersex flies, there
independently. In addition, the loss dfer should also is a pair of anal plates located dorsolaterally to the anal opening
masculinizedsx mutant XY flies, since DSX inhibits hers  and they are often fused at the dorsoanterior side. This pair of
activation of theyp genes. To examine whether theseanal plates (referred to as DLAP hereafter) represents the
predictions are true, we compared the phenotypes of fivatersexual differentiation of the precursor cells, and they are
different external cuticular structures, which are sexuall}completely fused to form the dorsal anal plate in wild-type
dimorphic in wild-type adult flies, among XX and XY sibs of females and are completely separated to form the two lateral
the following four genotypes: (er/+; dsx/+, (2) her/her;  anal plates in wild-type males (Table 4, column DLAP, rows 1
dsx/+, (3) her/+; dsx/dsxand (4)her/her; dsx/dsx. and 5; Belote and Baker, 1982). Losshef masculinizegisx

The first cuticular structure examined was the number of theutant XX flies and vice versa, since only 5% of DLAP in XX;
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her/her; dsx/dsxare fused, while 80% and 30% of the DLAP bristle formation on S6 of XY flies. The losstadrin XY flies

in XX; her/+; dsx/dsxand XX; her/her; dsx/+flies are fused causes an increase in the average number of S6 bristles from
at the dorsoanterior side, respectively (Table 4, column DLARjirtually zero to 6.2 (Table 4, column S6, compare rows 5 and
rows 1-4). Thus this result indicates thar anddsxcan act 7). This result indicates that a complete suppression of the S6
independently in the DLAP precursor cells. In XY flies, %X bristles requires both the D8Xand HER functions (Table 4,
inhibits thehers function in female-specific differentiation of column S6, compare rows 5 and 7). We think these results
DLAP, since only 5% of DLAP in XYher/her; dsx/dsilies  reflect the functioning of HER with DSKin male-specific

are fused while 70% of DLAP in X¥er/+; dsx/dsxlies are  sexual differentiation of S6. Note HER functions with 'SX
fused, and 0% of DLAP in X¥her/+ or her/ her; dsx/+flies  in female differentiation in some tissues and 93% of BSX
are fused (Table 4, column DLAP, rows 5-8). sequences are also present in MJBurtis and Baker, 1989).

The remaining sexual dimorphic cuticular structuresAn alternative explanation dfers role in the suppression of
examined were (1) the number and morphology of &st | the S6 bristles is thdier may be involved in specifying the
(most distal) tansverseaw of kristles (LTRB) of the basitarsus segmental identity of S6. We think this is unlikely, since there
(LTRB form sex combs in males), (2) the degree ofis no other evidence to indicate thar has homeotic functions
pigmentation of tergite 5 (T5) and (3) the degree ofand the increased pigmentation of T6hier mutant females
pigmentation of tergite 6 (T6). In XX flies, the intersexual(Table 4, column T6, compare rows 1 and 3) is just the opposite
phenotypes of those structures are similar betlieemutants  of what would be expected lifer is required to keep T6 (and
anddsxmutants. The loss dfer does not masculinize tlsx ~ S6) from adopting the segmental identity of a more anterior
mutant XX flies in the LTRB precursor cells and vice versasegment.

(Table 4, column LTRB, compare rows 2-4). The same is true

for T5 and T6 (Table 4, column T5, compare rows 2-4; column

T6, compare rows 2-4). These results indicate that, in thelSCUSSION

LTRB, T5 and T6 precursor cells, D5X¥nd HER are likely . o

to act together in controlling sexual differentiation. WhenDependent and independent functioning of  her and

either HER or DSX is absent, the control is abolished. If this dSX

hypothesis is true, then in XY flies, loss ldr should not  Our studies of how the HER and DSX proteins control several
masculinizedsxmutant flies in the LTRB, T5 and T6 precursor different aspects of sexual differentiation have revealed that
cells, since DSKis not present in those flies. This is indeedhow these proteins are used varies depending on the particular
what was observed (Table 4, compare rows 6 and 8 in columsexual phenotype being examined. These findings thus provide
LTRB, T5 and T6). new insights into the regulation of sexual differentiation.

In summary, our results indicate that, in the precursor cells Based on the sample of sexual phenotypes that we examined,
of vaginal teeth and DLAP, HER controls downstream femalethe most prevalent way in which these proteins function is for
specific differentiation genes non-sex-specifically, and HER'$IER and DSX to independently promote female
functioning is independent of DSXn females and is inhibited differentiation. This is the manner in which they control the
by DSXM in males, analogous to HER’s regulation of ips  expression of thgpgenes in the fat body where we have shown
in fat body cells. However, our results also indicate that this ithat there are two separate pathways for the activation of the
not the only mechanism by whidmer and dsx act. In the yps One is the female-specific activation of thgs which is
precursor cells of the LTRB of forelegs, T5 and T6, HER musDSXF-dependent. The other is the non-sex-specific activation

function together with DSX of theyps which is HER-dependent, D$Xndependent and

. . inhibited by DS, Thus in wild-type females, both HER and
The function of dsx and her in the development of DSXF contribute independently to producing the high level of
Sternite 6 expression of theyps whereas, in wild-type males, the

In addition to the cuticular structures described above, we alsxpression of thgpsis prevented by the inhibitory function of
examined the number of the 6th sternite (S6) bristledson DSXM, overriding the activation function of HER. We have
mutant,her mutant, ander; dsxmutant XX and XY flies. The also shown thaher anddsxcontrol downstream target genes
results indicate that (1) in XX flies, S6 differentiation followsin a similar manner in the precursor cells that give rise to the
a default pathway that is independentdsek (DSXF) andher,  vaginal teeth and dorsal anal plate of females and the lateral
and (2) in XY flies, S6 differentiation is dependent on lihath  anal plates of males (DLAP).

anddsx(DSXM). However, in the precursor cells of the LTRB of the foreleg,
There are on average 18.6 S6 bristles on an bét{+; T5, T6 and S6her and dsx use different mechanisms to
dsx/+fly, while there are virtually no S6 bristles on Xr/+; regulate sexual differentiation. It was suggested that DSX

dsx/+flies (Table 4, column S6, compare rows 1 and 5). In XXand DS control, in opposite ways, a set of genes for the
flies, loss of eithedsxor her, or both, has no effect on the sex-specific differentiation of LTRB, T5 and T6 (Jursnich and
number of S6 bristles (Table 4, column S6, compare rows Burtis, 1993). Our results suggest that for SX control

5), indicating thatdsx and her are not required for the S6 target genes in these tissues, HER must be present, and vice
differentiation in XX flies. However, in XY flies the lossagx  versa. Thus the loss of either HER or DSompletely
causes an increase of the number of S6 bristles to the femaidolishes the regulatory pathway that involves both DSX
specific level (Table 4, column S6, compare rows 1, 5 and 6and HER. Because of this strong dependent functioning of
indicating that DSX suppresses bristle formation on S6 of XY HER and DSX, HER is unable to promote female
flies. Consistent with the previous report (Pultz et al., 1994)lifferentiation in males where D$Xs absent. Thus unlike
HER, like DSX, is also required for the suppression of thethe fat body and the precursor cells of vaginal teeth and
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DLAP, the male-specific differentiation of LTRB, T5 and T6 the precursor cells of the vaginal teeth and DLAP is similarly
does not require the suppression of HER's function by WSX controlled by HER and both DSX proteins. Thus, we may view
Therefore, the loss of HER has no effect on the phenotypder as part of a non-sex-specific regulatory system in those
of either XY;dsx or XY; dsxflies. Although HER and DSX tissues, which is subject to the sex-specific modification by
are similarly involved in the female-specific differentiation of DSXF and DSX,

LTRB, T5 and T6, DSX has different roles in the male- _

specific differentiation of those tissues. While in males, thén the molecular mechanism of the  her and dsx

loss of DSX leads to intersexual development of LTRB, andfunctions

to some extent T5 as well (loss of pigmentation at the TBesides providing the above general view of how sexual
anterior lateral margins), D9Xis dispensable in the male- dimorphism is generated, our studies have also revealed some
specific differentiation of T6 (see below). At the molecularmechanistic details. We showed that, in females, HER and
level, DSX is likely to be responsible for upregulating the DSXF activate theypsin a largely independent manner. This
genes for pigment production in LTRB and T5, but in T6,result is consistent with our finding thegranddsxact through
DSXM activity is not necessary as previously suggestedistinct sequences of the regulatory region ofyths Since
(Jursnich and Burtis, 1993). Uniquely, D®Xppears to act HER is a zinc finger protein, it is likely to regulate tes
together with HER for the male-specific differentiation of S6.directly. Our finding thather activates theyps non-sex-
since DS cannot completely suppress the S6 bristles opecifically andherfunction is inhibited by DSX showed that

males when HER is absent. the her anddsx genes must be expressed independently, and
thus answered the question of whether and dsx are

Three mechanisms for the sexual dimorphism in expressed independently at the translational or post-

Drosophila translational levels, since previous studies showecdtratnd

Our analysis of sexual phenotypes of various tissues inethe dsxdo not regulate each other at the level of transcription or
and dsx single mutants and theer, dsx double mutants splicing (see Introduction).
demonstrates that there are three ways by which sexualThat HER and DSX act largely independently in
dimorphism is generated. The first utilizes )X males and  regulating theypsin the female fat body is in contrast to their
does not require DSXin females. The second utilizes DSX strong interaction in controlling differentiation of the LTRB
in females and does not require D%X males. The third of the foreleg, and the pigmentation of T5 and T6. These
utilizes both DS¥ in males and DSXin females. HER is differences could be due to different organizations of the
involved in the last two modes of regulation, and likely also irregulatory elements of the differentiation genes being
at least some cases of the first mode of regulation. controlled in these tissues, or to differences between the
On theoretical grounds, the most parsimonious way tarrays of other factors regulating these genes, which HER and
generate differences between homologous tissues in the MaBXF interact with. Alternatively, there may be a very low
sexes during evolution is to have a regulatory gene produtdgvel of her activity present in théaer mutant flies analyzed
present in the tissues of one sex and absent in the other sard that level is sufficient for DSXto function in the
thus affecting the pre-existing non-sex-specific differentiatiomegulation of theyps but not in the regulation of the genes
in one sex, but not in the other. For example, the defaulieing controlled in the LTRB of the foreleg or T5 and T6.
pathway for T6 is full pigmentation. The sexual dimorphismNevertheless, the finding thaer and dsx act in different
of T6 is solely due to the suppression of the T6 pigmentatioways to control various aspects of sexual differentiation
by DSX in females, in collaboration with HER, and is shows that the control of sexual differentiation is more
irrespective of the presence or absence of BSX males. complex than previously thought.
Another example is the formation of S6 bristles. The default The fat-body-specific expression of tygsis not specified
pathway is to form 18 bristles on S6. The sexual dimorphisrby dsxsince, indsxmutant flies of both sexes, the expression
of S6 is caused by the suppression of the bristle formation f theyp-reporter genes is still restricted to fat body cells, and
DSXM in males, likely in collaboration with HER, and is this DSX-independent and non-sex-specific expression is
irrespective of DSX in females. However, in the presence ofrepressed by DSX (H. L. and B. S. B., unpublished data;
selective pressures on both sexes in evolution, one way €@oschigano and Wensink, 1993). Since HER controlg ke
increase sexual dimorphism is to have female- and mal@on-sex-specifically and independently of 3SXnd HER
specific products of regulatory genes that each have active rolesiction is repressed by DX the question arises as to
in modifying the effects of pre-existing non-sex-specificwhether HER is required for the fat-body-specific expression
regulatory systems in opposite ways, thus generating dramati€ the yps We think HER is not necessary for the tissue-
sex-specific features. For instance, in the absence of BSX specific expression of thgs since the FBErsp70promoter-
females and DSX in males, the expression levels of §y® lacZ and the pML-58 transgenes, which are not regulated by
genes are equivalent between the two sexes due to the non-dasr, are still predominately, if not exclusively, expressed in
specific control by HER. When females have D&¥d males fat body cells, and the loss b&r does not affect fat-body-
do not have DS¥, there is a 30-fold difference between specific expression of the pCR1 transgene (H. L. and B. S.
females and males in the expression levels ofpliteenesand  B., unpublished data). One possibility of how the fat-body
when females do not have D5Xnd males have DX there  specificity of theypsis controlled is by the unknowrat
is a 180-fold difference between females and males (see Taliledy-specific _&ctor(s) (referred to as the FBF hereafter)
1). However, a maximum difference (2000-fold) is observedvhich is required independently of D8Xnd HER foryp
only when DSX is present in females and D¥Xs present in  expression. It has been proposed that the FBF may bind to a
males (see Table 1). The sexually dimorphic differentiation o$ite (the bzipl site) in the FBE that appears to be necessary
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for the function of DSX (An et al., 1996; An and Wensink, Baker, B. S. and Ridge, K(1980). Sex and the single cell: On the action of
1995). major loci affecting sex determination iBrosophila melanogaster

We have shown that the HRR is necessary Her to Genetics9d, 383-423.

. . . -Belote, J. M. and Baker, B. S.(1982). Sex determination in Drosophila
fun(_:tl_on' The questl_on ar_lses as 1o Whet_her _the H_RR 15 melanogaster: analysis of transformer-2, a sex-transforming |&cas.
sufficient forh_erfunctlon. Since the FBF, Wh_|ch likely binds  Natl. Acad. Sci. USK9, 1568-1572.
to the FBE, is necessary for HER to activate yjps as  Belote, J. M., Handler, A. M., Wolfner, M. F.,, Livak, K. J. and Baker, B.
discussed above, the HRR is not likely to be sufficientfor ~ S. (1985). Sex-specific regulation of yolk protein gene expression in
expression. Consistent with this notion, DNA fragments th ozx:ﬁpg"ageg :fﬁi?]‘:ﬁél 6. A P(1985).tudor, & gene required for
contain HRR, ,bUt not the FBE, V,Vere prewou_sly shown to b asserﬁbly of the germ plasr7n in Drosophila myelanoga@BIi. 50, 97-
unable to activate the expression of tygs in fat body 104.

(Garabedian et al., 1985, 1986). Bownes, M. (1994). The regulation of thgolk proteingenes, a family of

Besidegdsxandher, ix also acts in thdsxbranch of the sex sex differentiation genes irosophila melanogasteBioEssaysdl 6, 745-
determination pathway. With respect to the regulation ofphe _ 72

L - Brennan, M. D., Weiner, A. J., Goralski, T. J. and Mahowald, A. P(1982).
genes, we have observed thatis also required for the The follicle cells are a major site of vitellogenin synthesis in Drosophila
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