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to control various aspects of sexual differentiation in Drosophila
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The hermaphrodite (her) gene is necessary for sexual
differentiation in Drosophila. Our characterization of her’s
zygotic function suggests that one set of female-specific
terminal differentiation genes, the yolk protein (yp)genes,
is transcriptionally activated by two separate pathways.
One is a female-specific pathway, which is positively
regulated by the female-specific doublesexprotein (DSXF).
The other is a non-sex-specific pathway, that is positively
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
also function independently to control downstream target

genes in the precursor cells that give rise to the vaginal
teeth and dorsal anal plate of females, and the lateral anal
plates of males. However, a female-specific pathway that is
dependent on both DSXF and HER controls the female-
specific differentiation of the foreleg bristles and tergites 5
and 6, and the male-specific differentiation of these tissues
does not require the suppression of HER’s function by
DSXM.
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A hierarchy of regulatory genes controls somatic s
determination and differentiation in Drosophila melanogaster
(reviewed, for example, by Burtis, 1993; Burtis and Wolfne
1992; Cline and Meyer, 1996; McKeown, 1992; Parkhurst a
Meneely, 1994). There are two branches in the hierarc
downstream of the transformer (tra)gene. One branch contains
the doublesex (dsx)gene (Baker and Ridge, 1980) and the oth
the fruitless (fru)gene (Ryner et al., 1996).dsx is required for
all known aspects of somatic sexual differentiation outside
the CNS (reviewed by Burtis and Wolfner, 1992) as well 
some aspects of sexual differentiation in the CNS (Taylor a
Truman, 1992; Villella and Hall, 1996). The sex determinatio
function of fru appears to be required for the sexu
differentiation of only a small set of cells in the CNS concern
with male sexual behaviors (Gailey et al., 1991; Hall, 1994; 
et al., 1996; Lawrence and Johnston, 1986; Ryner et al., 19
Taylor et al., 1994).

At the bottom of the dsx branch of the somatic sex
determination hierarchy are the dsx, hermaphrodite (her) (Pultz
and Baker, 1995) and intersex (ix)(Chase and Baker, 1995)
genes. dsxencodes sex-specific transcription factors (Burtis
al., 1991). The female-specific DSX protein (DSXF) acts
together with the her (Pultz and Baker, 1995) and ix (Erdman
et al., 1996) gene products to inhibit male differentiation a
activate female differentiation in females and, conversely, 
male-specific DSX protein (DSXM) acts to inhibit female
differentiation and activate male differentiation in male
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(Jursnich and Burtis, 1993; Taylor and Truman, 1992; Villella
and Hall, 1996; reviewed by Burtis, 1993; McKeown and
Madigan, 1992). The best-characterized termina
differentiation genes that are sex-specifically regulated by th
somatic sex determination hierarchy are the yolk protein (yp)
genes yp1, yp2and yp3. The transcription of yp1 and yp2 in
fat body cells is directly activated by DSXF in females and
inhibited by DSXM in males, through the binding of the DSX
proteins to the fat-body-specific enhancer (FBE) of yp1 and
yp2 (reviewed by Bownes, 1994).

Previous genetic results indicated that the zygotic functio
of her acts together with, or downstream of, dsx,since her and
dsx mutations have equivalent phenotypes in females, y
neither the transcription nor the splicing of the dsxpre-mRNAs
is affected in her mutants (Pultz and Baker, 1995). Recently,
we molecularly characterized the hergene and showed that (1)
her encodes a single protein with C2H2-type zinc fingers, (2)
her is transcribed throughout all developmental stages in bo
sexes, and (3) the splicing of the her pre-mRNA is not sex-
specific, suggesting that her is not sex-specifically regulated at
the levels of transcription or splicing (Li and Baker, 1998).
These results suggest that her is expressed non-sex-specifically
and is not a downstream target of dsx.The available data thus
support a conclusion that her acts together with dsx in sexual
differentiation in females.

It is unclear whether the zygotic function of her is also
involved in sexual differentiation of males. It was reported tha
there are extra bristles on the sixth sternite of her mutant males
and that males that die as pharate adults often have rota
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Fig. 1. The herand dsxgenes control ypsexpression. (A-D) Northern
analysis of yp2expression. Total RNAs of adult flies were used (20-
30 µg/lane) for the analysis (see Materials and Methods). yp2
indicates the yp2RNA level and rp49 indicates the rp49RNA level
that serves as the control for the amount of RNA loaded in each lane.
In A and D, the signals showing the XY yp2RNA levels were
obtained by longer exposure of the XY blots than the XX blots.
Except as indicated, the flies were raised at 25°C and aged as adult at
25°C for 3-4 days. The first number in the parenthesis indicates the
temperature (°C) at which the flies were raised and the second
number indicates the temperature at which the adult flies were aged.
The complete genotypes are as follows. CS, Canton-S wild-type
flies; tud: maternal genotype is tud. her1/+ : b her1/CyO. her1: b
her1/b her1. her1/+ ; P{her+}/+: b her1/+ ; P{her+}/+. dsx/+: dsx pp/+.
dsx: dsx pp/dsx pp. P{her+} is a transgene containing the her+

genomic DNA fragment B17 (Li and Baker, 1998).
genitalia (Pultz et al., 1994). These mutant male phenoty
resemble the phenotypes of males that have partially lost 
function of dsx(Pultz et al., 1994). Thus it was suggested th
her has a sexual differentiation function in males, presumab
acting together with DSXM (Pultz and Baker, 1995; Pultz et al.
1994). However, the phenotype of her mutant males could also
be interpreted as segmental transformation (Pultz et al., 19
since her, in addition to its specific roles in sex determinatio
also has a sex-independent essential function (Pultz et al., 19

We report here a characterization of the zygotic s
determination function of the her gene. We show that HER
non-sex-specifically activates the transcription of the yp genes
in fat body cells, independent of DSXF, and HER’s function in
activating yp transcription is inhibited in males by DSXM. We
provide genetic evidence that HER and DSXF also function
independently to bring about female-specific differentiation 
several other sexual dimorphic tissues. In addition, we sh
that, in some tissues, HER and DSXF function dependently to
control female-specific differentiation. Finally, we show tha
in one tissue in males, HER and DSXM are both required for
normal sexual differentiation.

MATERIALS AND METHODS

Fly stocks 
Flies were raised on standard corn meal food. Experiments were d
at the temperature indicated. All mutations not referenced in the 
and the nomenclatures of standard Drosophilagenetics can be found
in Lindsley and Zimm (1992). The her alleles used were previously
described (Pultz et al., 1994).

Northern analysis
Northern analyses of yp2 and yp3 were performed using 20-30 µg
total RNA per lane. yp2 and yp3 [32P]DNA probes were made by
random primer labeling. RNAs were electrophoresed, transferred 
probed using standard procedures. The rp49 [32P]DNA probe was
made using an asymmetrical PCR method (Innis et al., 199
Exposure of the blots and quantitation of the signals were done u
the BioRad PhosphorImager system.

CPRG assay
The lacZ activities were measured according to the previous
published protocol (Coschigano and Wensink, 1993) with t
following modification. Depending on the β-galactosidase level of
each genotype, 15-20 females were homogenized in 1 or 0.5 ml 
15-20 males in 0.5 ml lysis buffer, and 1-200 µl lysate was used to
measure the lacZ activity.

Statistical analysis
For simple t-test, we used a pocket calculator. For analysis of varian
(ANOVA) of the data in Table 2, we used the computer progra
StatView (Abacus Concepts, Inc.). To examine if there is interact
between dsxand her in females, we did ANOVA using logarithmically
transformed primary data, since if there is no interaction between dsx
and her, the expected value in her/+; dsx/+ females is the product of
the values in her/her; dsx/+females and her/+; dsx/dsxfemales.

RESULTS

her activates the yps in females, but does not
repress them in males
Previous results indicated that dsx and her may function
ce
m

ion

together to control somatic sexual differentiation. Since th
only characterized target genes of dsx are the yp genes
(reviewed by Bownes, 1994), we investigated whether heralso
regulates the expression of theyp genes and whether her
functions similarly to dsx in their regulation.

We initially used northern analysis to examine the effects 
her on expression of the yps. Since the complete loss ofher
function is lethal, the temperature-sensitive allele her1 was
used. At 25°C, her1 flies are intersexual and have severel
reduced viability while, at 18°C, they are morphologicall
normal, and have wild-type viability and fertility (Pultz et al.
1994). As shown in Fig. 1A, there is a 10-fold activation of yp2
expression by her+, since her females raised at 25°C showed
a 10-fold reduction of yp2 transcript levels as compared to
wild-type females and their her1/+ sisters. This is comparable
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otide positions of the intergenic region of yp1and yp2. Position +1 and 
t sites ofyp1and the yp2, respectively. The FBE (from position −196 to 
lement (Garabedian et al., 1986). HRR (from position −322 to −1225) is
 indicates the direction of transcription. (B) The pCR1 reporter gene
ported (Lossky and Wensink, 1995). Adh is the alcohol dehydrogenase
rlacZ is the β-galactosidase gene of Escherichia coli. The αtub 3′UTR
n of α-1 tubulin gene of Drosophila melanogaster. (C) The pML-58
ed by M. Lossky and P. Wensink. hsp3′UTR indicates the 3′UTR of the
gaster. The degree of response to the regulation by dsxandher is
 data in Fig. 1 for A, the data in Table 1 for B and the data in Table 3 for C.
to the activation effect of the dsx+ gene in females (Fig. 1D).
The 10-fold activation by her+ could be an underestimate
since her1 may not be null at 25°C with respect to its functio
in yp expression. The level ofyp2 transcript is restored to the
wild-type level inher mutant females raised at 25°C when the
also carry a transgene (P{her+}) containing a wild-type copy
of the her gene (Fig. 1C), demonstrating that it is the her1

mutation, rather than some other mutation on the her1

chromosome, that causes the reduction in yp2 transcript level.
To our surprise, yp2expression was also reduced 10-fold in th
her1 homozygous females raised at 18°C (Fig. 1A). Howev
when grown at 16°C, her1 females have levels of yp2
expression comparable to that seen in wild-type females (F
1B). These results indicate that yp2 expression is more
sensitive to the level of her function than is external sexual
morphology.

In her males, the yp2 transcript level remains unchanged
(Fig. 1A). This is in striking contrast to dsxmales where the
yp2 level is increased 20-fold compared to that of wild-typ
males and dsx/+ brothers, consistent with previous finding
that DSXM functions to repress the transcription of the yps
(Fig. 1D) (Coschigano and Wensink, 1993; Ota et al., 198
This result reflects a fundamental difference between theher
and dsx functions in males, rather than a leakiness of her1 (see
below).

Since in wild-type females the ypsare expressed both in fat
body cells and in ovarian follicle cells (Brennan et al., 198
Postlethwait et al., 1980), and the ovaries are oft
underdeveloped inher mutant females, the reduced level of yp2
transcripts inher mutant females could be due to the small siz
of the ovaries in these females, rather than reduced yp2
expression in the fat body cells. However, this is not the ca
The daughters of females homozygous for the tudor mutation
have no germlines and therefore have only rudimentary ova
(Boswell and Mahowald, 1985). In the daughters of tud
mothers, the level of yp2 transcript is comparable to that in
wild-type females (Fig. 1A), demonstrating that the majori
of the yp2transcripts detected by northern blots are synthesiz
in female fat body cells.

The loss of yp2transcripts
in her1 females could be due
to either an indirect effect, if
her has some role in the
development of fat body
tissues per se, or a direct role
of her in regulating the yps
expression. We believe her’s
effect on the ypsexpression
is likely to be direct, since
(1) the her1 mutation has
only a 2-fold effect on the
expression of a reporter gene
pML-58 (Fig. 2) that is
specifically expressed in
female fat body cells (see
below); (2) the her1

mutation has no effect on the
expression of a reporter gene
FBE-hsp70 promoter-lacZ
(Garabedian et al., 1986)
that is also specifically
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expressed in female fat body cells (data not shown); and 
shifting of the her ts mutant adult females to a non-permissiv
temperature causes a reduction of the expression of a yp-
reporter gene pCR1 (Fig. 2) (see below).

The expression of the yp1 and yp3 genes is regulated the
same way by dsxand her as is the yp2 gene. This was shown
by probing the same set of the northern blots (Fig. 1A-D) wi
probes made from yp1and y3genomic DNAs (data not shown).

Based on these results, we conclude that HER is requir
like DSXF, for the activation of the ypsin female fat body cells.
But, in contrast to DSXM, HER is not required for the
inhibition of the ypsexpression in males.

her regulates the transcription of the yp genes
The reduction of yp2 transcripts inher mutant females could
be due to the involvement ofher in the regulation of yp2
transcription or yp2RNA stability. To distinguish between the
two possibilities, we employed the yp reporter gene pCR1 (Fig.
2). In the pCR1 construct, the intergenic regulatory region 
the divergently transcribed yp1 and yp2 genes remains intact
while the coding sequences of yp1and yp2are replaced by the
Drosophila melanogaster Adhand the Escherichia coli lacZ
genes, respectively (Fig. 2; Lossky and Wensink, 1995). T
3′UTR of the Drosophila melanogasterα-1 tubulin gene is
fused to the 3′ end of the lacZ gene (Logan and Wensink,
1990). We used β-galactosidase activity to indicate the level o
pCR1 transcripts. The effects of her and dsx on the expression
of the lacZ gene of pCR1 were in all cases comparable to the
effects on the ypsexpression as monitored by northern blots
demonstrating that her, like dsx,controls the ypsexpression at
the level of transcription, rather than RNA stability.

Thus DSXF increases pCR1 activity 10-fold in females
(Table 1, compare rows 1 and 2, P<0.02, by t-test hereafter
except as noted; see Materials and Methods for details of 
enzymatic assay), whereas DSXM represses pCR1 activity
about 70-fold in males (Table 1, compare rows 3 and 
P<0.01). When DSXM is present, the transcription of pCR1 is
most likely completely turned off, since the level of β-
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Table 1. dsx and her regulate pCR1 expression
lacZ activity

Row* Genotypes† (mean)‡ s.d.§ n¶

1 pCR1; dsx/+ 7.93×10−1 1.31×10−1 2
2 pCR1; dsx 7.80×10−2 8.23×10−3 2
3 pCR1/Y; dsx/+ 4.38×10−4 2.08×10−5 2
4 pCR1/Y; dsx 2.92×10−2 2.92×10−3 2

5 pCR1/+; her/+; P{her+} 6.50×10−1 1.44×10−2 2
6 pCR1/+; her; P{her+} 7.19×10−1 5.50×10−2 2

7 pCR1; her/+ 1.73×100 4.44×10−2 2
8 pCR1; her 1.64×10−1 1.69×10−3 2
9 pCR1/Y; her/+ 2.91×10−4 4.64×10−5 2
10 pCR1/Y; her 3.69×10−4 1.36×10−5 2

11 CS F 3.19×10−4 5.79×10−7 2
12 CS M 1.54×10−4 1.41×10−5 2

13 pCR1/+; her/+ 6.50×10−1 3.31×10−2 2
14 pCR1/+; her 2.36×10−1 2.08×10−2 2

15 pCR1/+; her/+ 2.68×10−1 3.10×10−2 2
16 pCR1/+; her 3.20×10−1 2.21×10−2 2

*Rows 1-4, 5-6, 7-10, 11-12, 13-14 and 15-16 form independent groups
respectively. Each group contains results from sibs, thus formally only with
a group data can be compared. The flies in rows 13-16 are sibs, but those
rows 13-14 and 15-16 were treated at different temperatures (see below). 
flies were raised at 25°C and aged as adults at 25°C except that (1) the fli
rows 7-10 were raised at 18°C and aged as adults at 25°C, (2) the flies in 
13-14 were raised at 18°C and aged as adults at 18°C, then shifted to 25°
1 day, (3) the flies in rows 13-14 were raised at 18°C and aged as adults a
18°C.

†The complete genotypes in rows 1-16 are as follows. The pCR1 report
gene is X-linked. 1, pCR1/pCR1; dsx pp/MKRS, ry. 2, pCR1/pCR1; dsx pp/dsx
pp. 3, pCR1/BsY; dsx pp/MKRS, ry. 4, pCR1/BsY; dsx pp/dsx pp. 5, pCR1/+; b
her1/(CyO/SM1); P{her+}/ry. 6, pCR1/+; b her1; P{her+}/ry. 7, pCR1/pCR1;
b her1/SM1; ry. 8, pCR1/pCR1; b her1; ry. 9, pCR1/Y; b her1/SM1; ry. 10,
pCR1/Y; b her1; ry. 11, Canton-S wild-type female. 12, Canton-S wild-type
male. 13 and 15, pCR1/+; b her1/Gla; ry/+. 14 and 16, pCR1/+; b her1/SM1,
her2; ry/+.

‡The unit for lacZ activity is ∆OD574/min/mg fly, based on the CPRG assa
(see Materials and methods). 

§Standard Deviation.
¶The number of replicas.
galactosidase activity in dsx/+ males is similar to that seen in
wild-type (Canton-S) females that lack pCR1 and only 3-fo
higher than the level seen in wild-type males that lack pC
(Table 1, compare rows 3, 11 and 12). The observation thatdsx
has the same effect on the pCR1 activity as it has on the le
of the yps transcripts indicates that dsx regulates the yps
expression at the level of transcription, rather than the leve
RNA stability, consistent with previous findings (Coschigan
and Wensink, 1993).

Similarly, her+ activity is also required in females for the
transcriptional activation of the yps,rather than the stability of
their transcripts. Thus her+ activates pCR1 10-fold (Table 1
compare rows 7 and 8,P<0.001), comparable to what was see
by northern analysis. Consistent with the northern result, 
reduction of pCR1 activity in her1 mutant females is not due
to the underdevelopment of ovaries in her1 females, since the
lacZactivity from ovaries amounts to only 1% of the total lacZ
activity in pCR1; her+; dsx+ females (data not shown). Tha
these effects are due to the her1 mutation is shown by the fact
that one copy of the wild-typeher gene as a transgene
(P{her+}) restores the lacZ activity to the wild-type level in
her1 females (Table 1, compare rows 5 and 6,P>0.2). her2 is
another ts mutant allele of her, weaker than her1 (Pultz et al.,
ld
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1994). At permissive temperature (18°C), the pCR1 activ
remains the same in her1/her2 mutant females and their wild-
type sisters (Table 1, compare rows 15 and 16,P>0.1).
However, when the her1/her2 mutant females were shifted to
non-permissive temperature (25°C) for a day, the pCR1 activ
is reduced 3-fold compared to their wild-type sisters (Table
compare rows 13 and 14,P<0.01). This result suggests that th
effect of her1 mutation on the pCR1 activity is not the specia
property of the her1 allele, but rather a property of her
mutations per se.

In contrast to dsx, her is not required for the repression o
the ypsin males. Thus, consistent with the northern result, t
pCR1 activity remained the same in her1 homozygous males
and their her1/+ male sibs (Table 1, compare rows 9 and 1
P>0.1).

In conclusion, our results demonstrate that her, like dsx,
activates the transcription of the yps in females through the
intergenic region of yp1and yp2.

The DSX proteins are the major female-specific and
male-specific regulators of the yps
The perceptions that derive from the above experime
concerning the roles of dsx and her in regulating the
transcription of the yp genes suggest that both genes functio
in the activation of the yp genes in females, but that only dsx
functions in males, where it acts to repress the ypsexpression.
However, consideration of the quantitative aspects of the d
from these experiments indicates that this interpretation
incorrect. In particular, the data with respect to the roles 
DSXM in males and DSXF in females indicate that dsxfunction
can account for all of the difference between the sexes in 
levels of the ypsexpression. These findings with regard to dsx
clearly contradict the idea that there is a female-specific r
for her in the activation of the yp genes. Below we present the
data that lead to this contradiction and suggest two alterna
views of the role of her in regulating the yps expression that
are consistent with these results.

The argument that dsx is the major, if not the only, sex-
specific regulator of the yp genes derives from the analysis o
the transcriptional regulation of pCR1. The pCR1 lacZactivity
in dsx /+ females is about 2000-fold higher than in dsx /+
males (no expression of theyp genes) (Table 1, compare rows
1 and 3,P<0.001). However, the difference is only about 2.6
fold between the dsx homozygous female and male sibs (Tab
1, compare rows 2 and 4,P<0.02). Since females homozygou
for the X-linked pCR1 transgene were assayed, the 2.6-f
difference in the pCR1 activity between the dsx females and
males is largely, if not entirely, due to the 2-fold difference 
the gene dosage of pCR1 between females (two copies of
pCR1 transgene) and males (one copy of the pCR1 transge
This conclusion was confirmed by our data that the lacZ
activity is the same in dsxmutant females and males that carr
only one copy of the pCR1 transgene (data not shown). Th
results are consistent with previous data that the activity of 
lacZ gene under the control of the hsp70promoter and the fat
body enhancer (FBE) of yp1 and yp2 is the same in dsx/dsx
females and males (Coschigano and Wensink, 1993). Th
these results demonstrate that, in the absence of dsx, the yp
genes are expressed at the same levels in both sexes. 

In considering these results, it is important to note that tw
factors contribute to making the levels of the yps expression
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equivalent in dsx mutant males and females. First, th
expression level of the yp genes is elevated in dsx males
(compared to wild-type males), due to the absence 
repression by DSXM. Second, the expression level of the yp
genes in dsx females is reduced, due to the absence 
activation by DSXF. Thus in both dsx mutant males and
females, there are significant levels of expression of theyp
genes, and these levels are equivalent in the two sexes.

There are two ways that we can see to reconcile th
observations with regard to dsxwith the observation that her
appears to control the expression of the yp genes female-
specifically. One model is that her does function female-
specifically, but that its female-specific function is depende
on DSXF. The second model is that her functions sex-
independently to activate the expression of theyp genes, but
that its action in males is precluded by DSXM’s repression of
the yp’s expression. These two models make differe
predictions as to the effects expected of her mutants in dsx
mutant backgrounds. If the first model is correct, the prese
or absence of hershould have no effect on the ypswhen DSXF

is absent. If the second model is correct, her should be able to
activate the yps in dsxmutant males where DSXM is absent.
Experiments that distinguish the two models are describ
below.

her is a non-sex-specific activator of the yps
To examine the effects of her on the yps expression in the
absence of dsx function, we used the pCR1 reporter gene. T
obtain sufficient mutant flies in a relatively short time perio
we increased the viability of her/her; dsx/dsxflies at 25°C by
using a chromosome that contains the her1 allele and a copy
of the hsp70 promoter-her cDNA transgene named hsp-her#11

that rescues the lethality and external phenotypes of her
mutants, but not their defect in the yps expression (Table 2,
compare rows 1 and 3,P<0.0001; data not shown). 

To test whether HER activates the yps expression
independent of DSXF in females, we examined the
responsiveness of pCR1 to HER regulation in the absenc
DSXF. When DSXF is absent and HER is present in female
4,
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X
.
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).

Table 2. dsxand her act independently in females, and dsx
inhibits her in males

lacZ activity 
Row* Genotypes† (mean)‡ s.d.§ n¶

1 pCR1; her/+ dsx/+ 8.86×10−1 4.06×10−2 4
2 pCR1; her/+ dsx 3.89×10−2 2.06×10−2 10
3 pCR1; her dsx/+ 6.32×10−2 1.32×10−2 8
4 pCR1; her dsx 5.98×10−3 2.18×10−3 4
5 pCR1/Y; her/+ dsx/+ 8.20×10−4 3.58×10−4 4
6 pCR1/Y; her/+ dsx 1.93×10−2 5.92×10−3 8
7 pCR1/Y; her dsx/+ 8.07×10−4 8.98×10−5 4
8 pCR1/Y; her dsx 4.12×10−3 1.23×10−3 8

*Rows 1-8 contain results from sibs. All flies were raised at 25°C and ag
as adults at 25°C. 

†The complete genotypes in rows 1-8 are as follows. 1, pCR1/pCR1; her1

or her1 hsp-her#11 /CyO; dsx pp/MKRS, ry. 2, pCR1/pCR1; her1 or her1 hsp-
her#11 /CyO; dsx pp/dsx pp. 3, pCR1/pCR1; her1/her1 hsp-her#11; dsx
pp/MKRS, ry. 4, pCR1/pCR1; her1/her1 hsp-her#11; dsx pp/dsx pp. 5, pCR1/Y;
her1 or her1 hsp-her#11 /CyO; dsx pp/MKRS, ry. 6, pCR1/Y; her1 or her1 hsp-
her#11 /CyO; dsx pp/dsx pp. 7, pCR1/Y; her1/her1 hsp-her#11; dsx pp/MKRS,
ry. 8, pCR1/Y; her1/her1 hsp-her#11; dsx pp/dsx pp.

‡-¶Same as in Table 2.
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(her/+; dsx/dsxfemales), the pCR1 activity is increased 7-fol
as compared to the her/her; dsx/dsxfemale sibs (Table 2,
compare rows 2 and 4,P<0.01). Since HER, even when DSXF

is present, can only activate pCR1 14-fold (Table 2, comp
rows 1 and 3,P<0.0001), our data suggest that the activatio
function of HER is not strongly dependent on DSXF. 

To test whether her activates the ypsexpression in males in
the absence of the inhibition by DSXM, we examined the
responsiveness of pCR1 to her regulation in the absence of
DSXM. In males, when DSXM is present, pCR1 is not
expressed whether HER is present (her/+; dsx/+ males) or
absent (her/her; dsx/+males) (Table 2, compare rows 5 and 7
P>0.9). However, in males without DSXM, pCR1 is expressed
and the pCR1 activity is 5-fold higher when HER is prese
(her/+; dsx/dsxmales) than when HER is absent (her/her;
dsx/dsxmales) (Table 2, compare rows 6 and 8,P<0.0001).
This finding suggests that wild-type her function is normally
present in males and capable of activating the transcription
the yp genes, but its activity is normally overridden by th
inhibitory function of DSXM.

In conclusion, we have discovered that there are two sepa
pathways for the activation of the yps. One is the female-
specific activation of the yps, which is DSXF-dependent. The
other is the non-sex-specific activation of the yps, which is
HER-dependent, DSXF-independent and inhibited by DSXM.
Our results also suggest that her has the same biological
function in both sexes, providing further evidence that t
expression of her is independent of the sex determinatio
hierarchy.

DSXF and HER can activate the yps independently in
females 
We have shown that, in females, HER can act independe
of DSXF. We have also asked whether the DSXF-directed
female-specific activation of the ypsis dependent on the HER-
directed non-sex-specific activation pathway, and wheth
there is an interaction between DSXF and HER in females.

Our data showed that DSXF is still able to activate the yps
in her/her females. DSXF increases the pCR1 activity by 11
fold in her/her females (Table 2, compare rows 3 and 
P<0.0001). DSXF, even when HER is present, can only activa
the yps 20-fold (Table 2, compare rows 1 and 2,P<0.0001).
Thus, these results suggest that the activation function of DSF

is not strongly dependent on the activation function of HER
Our data also show that there is a weak interaction betw

DSXF and HER in females. We used the lacZ activity of pCR1
in the XX; her1/her1; dsx/dsx females as a baseline for
comparisons, since this reflects the pCR1 activity in t
absence of both dsxand her. When dsx+ is added (XX; her/her;
dsx/+), the lacZ activity of pCR1 is increased 11-fold (Table
2, compare rows 3 and 4,P<0.0001). If her+ alone is added
(XX; her/+; dsx/dsx), the pCR1 activity is increased 7-fold
(Table 2, compare rows 2 and 4,P<0.01). When both her+ and
dsx+ are added (XX; her/+; dsx/+), the pCR1 activity is
increased 150-fold (Table 2, compare rows 1 and 4,P<0.0001).
If her and dsxact independently, one would expect a 77-fo
increase, rather than a 150-fold increase, in the pCR1 acti
when both her+ and dsx+ are added. To examine whether th
differences between the observed and the expected values
statistically significant, we did analysis of variance (ANOVA
Our results suggest that there is an interaction between herand

ed
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dsx in the activation of theyps in females (p <0.02; see
Materials and Methods for details). However, this interacti
is weak and is not obligatory for the activation functions 
either dsxor her.

The DNA sequences mediating her regulation
Our conclusion that her’s activation of theypsappears to be
largely independent of dsxis qualified by the fact that we were
not able to use null alleles of her in these experiments. To
further address the independence of her and dsx, we asked
whether the sequences that are necessary and sufficien
mediate dsx’s regulation of theyps expression are also
sufficient to mediate her’s regulation of these genes. Previou
experiments showed that, in vitro, the DSXF and DSXM

proteins bind to the 127 bp FBE element, but not to oth
sequences of the intergenic region of yp1and yp2(Burtis et al.,
1991; Coschigano and Wensink, 1993). In vivo, the FB
element is sufficient to direct the DSX-dependent, sex-spec
expression of a reporter gene from a heterologous prom
(Coschigano and Wensink, 1993).

To address this topic, we used the yp-reporter gene pML-58
(Fig. 2). In pML-58, the DNA sequences from nucleotid
position −322 to +58 of the yp1 gene are fused to the E. coli
lacZ gene whose 3′ end is fused to the 3′UTR of the hsp70
gene (position +1 and −1225 are the transcription start sites o
yp1 and yp2, respectively) (Fig. 2). Since the DNA sequenc
from nucleotide position −196 to −322 is the FBE element
(Garabedian et al., 1986), the pML-58 construct includes b
the FBE element and the yp1 promoter. Thus, the DNA
sequences from nucleotide position −322 to −1225 are absent
in pML-58, but present in pCR1. 

We first examined the regulation of the pML-58 report
gene by dsx. Our analysis showed that the regulatory sequen
in pML-58 are sufficient to mediate regulation by dsx,
consistent with previous findings (Coschigano and Wensi
1993). DSXF increases pML-58 activity 7-fold (Table 3
compare rows 1 and 2,P<0.001). This is only 1.4-fold less than
the effect of DSXF on the pCR1 activity in females (Table 1
10-fold, compare rows 1 and 2,P<0.02), suggesting that pML-
58 contains all of the DSXF-responsive sequences. pML-5
e

r

,

,

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

Row* Genotypes† (mean)‡ s.d.§ n¶

1 pML-58; dsx/+ 1.28×10−1 7.30×10−4 2
2 pML-58; dsx 1.90×10−2 3.30×10−3 2
3 pML-58/Y; dsx/+ 5.41×10−4 2.60×10−4 2
4 pML-58/Y; dsx 6.97×10−3 6.40×10−4 2

5 pML-58; her1/+ 9.44×10−2 1.39×10−2 4
6 pML-58; her 4.57×10−2 9.40×10−3 4
7 pML-58/Y; her1/+ 3.71×10−4 4.31×10−5 4
8 pML-58/Y; her 3.47×10−4 7.14×10−5 4

*Rows 1-4 and 5-8 form independent groups, respectively. Each group
contains results from sibs. All flies were raised at 25°C and aged as adults
25°C except that the flies in rows 5-8 were raised at 18°C and aged as ad
at 25°C.

†The complete genotypes in rows 1-8 are as follows. The pML-58 repor
gene is X-linked. 1, pML-58/pML-58; dsx pp/MKRS, ry. 2, pML-58/pML-58;
dsx pp/dsx pp. 3, pML-58/BsY; dsx pp/MKRS, ry. 4, pML-58/BsY; dsx pp/dsx
pp. 5, pML-58/pML-58; b her1/SM1; ry. 6, pML-58/pML-58; b her1; ry. 7,
pML-58/Y; b her1/SM1; ry. 8, pML-58/Y; b her1; ry.

‡-¶Same as in Table 2.
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also contains all of the DSXM-responsive sequences since,
when DSXM is present, the yp-reporter on pML-58 is
completely turned off, as is pCR1 (compare row 3 of Table 
to row 3 of Table 3).

However, we found that the regulatory sequences of yp1and
yp2 in pML-58 are not sufficient to mediate regulation by her.
Thus her+ only increases the pML-58 activity 2-fold in females
(Table 3, compare rows 5 and 6,P<0.001) while her+ increases
the pCR1 activity 11-fold in females (Table 1, compare row
7 and 8,P<0.001). In addition, a previously described FBE-
hsp70 promoter-lacZ reporter gene that can mediate dsx’s
regulation was not regulated by her (data not shown)
(Garabedian et al., 1986). Thus, the DNA sequences fro
nucleotide position −322 to −1225 are necessary for her
responsiveness (termed the her responsive region, HRR,
hereafter). While pML-58 and pCR1 differ both with respec
to the portions of the yp1/2regulatory region that they contain
and in their promoters (pML-58 has the yp1 promoter and
pCR1 the yp2promoter), we believe that the difference in their
responsiveness to her are due to the differences in the
regulatory regions and not the differences in the promoters. 
particular, we showed above by northern analysis that both t
yp1 and yp2 genes responded identically to regulation by her.
Moreover, the yp1 and yp2 promoters have been shown to be
regulated sex-specifically, tissue-specifically and by tra-2 and
dsx in the same coordinated manner (Belote et al., 1985
Garabedian et al., 1985; Logan and Wensink, 1990; Tamura
al., 1985).

Since pML-58 responded well todsx regulation but not to
her regulation, a good responsiveness to dsx is not dependent
on a good responsiveness to her, consistent with our earlier
results that the DSXF-dependent female-specific activation
pathway is largely independent of the HER-dependent no
sex-specific activation pathway.

Since the HRR is necessary for about 5-fold responsivene
to her, loss of the HRR should lead to about 5-fold loss of non
sex-specific activation of the yps. This reasoning predicts that
(1) in females lacking DSXF, the lacZ activity of pML-58
should be about 5-fold less than that of pCR1, (2) in female
with DSXF, the lacZ activity of pML-58 should also be close
to 5-fold less than that of pCR1, since the HER-dependent no
sex-specific activation is largely independent of DSXF, and (3)
in males lacking DSXM, the lacZ activity of pML-58 should
be about 5-fold less than that of pCR1. For all of these thre
comparisons, the appropriate control is the lacZ activity of
pML-58 or pCR1 in wild-type male sibs, since neither reporte
gene is expressed in males when DSXM is present. Our data
described below are in agreement with these predictions. 

The pML-58 activity is 35-fold higher in dsx/dsxfemales
than in their dsx/+ male sibs (Table 3, compare rows 2 and 3
P<0.02), while the pCR1 activity is 180-fold higher in dsx/dsx
females than in their dsx/+ male sibs (Table 1, compare rows
2 and 3,P<0.01). Thus, as predicted, in females without DSXF,
the lacZ activity of pML-58 is about 5-fold less than that of
pCR1.

The pML-58 activity is 240-fold higher in dsx/+ females
than in their dsx/+ male sibs (Table 3, compare rows 1 and 3
P<0.001), while the pCR1 activity is 1800-fold higher in dsx/+
females than in their dsx/+ male sibs (Table 3, compare rows
1 and 3,P<0.001). Thus, in females with DSXF, the lacZ
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
VT‡ DLAP§ LTRB¶ T5** T6†† S6‡‡

Row* Genotypes† 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 2.2
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 2.3
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 11.4 1.4 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 11.1 100.0 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 at 23.5°C. 20 flies were scored for each
phenotype.

†Shown are progeny genotypes of parental cross: motherw; b her1/CyO; dsx pp/TM6 × father y; her1 pr/CyO; dsx pp/TM3.
‡Vaginal teeth numbers. 
§Shown are the percentage of flies scored that have fused intersexual dorsal-lateral anal plates. The dorsal anal plate of wild-type females is considered

completely fused and the lateral anal plates of wild-type males are considered completely separated.
¶The numbers of the last transverse row of bristles of basal tarsus of forelegs. In wild-type males, it is the bristle number of a sex comb.
**The percentage width of the fifth tergite that are darkly pigmented.
††Same 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. T
slightly higher value than predicted could be due to the we
interaction between DSXF and HER that we have detecte
using pCR1 (see above).

The pML-58 activity is 13-fold higher in dsx/dsxmales than
in their dsx/+ male sibs (Table 3, compare rows 4 and 
P<0.01), while pCR1 activity is 70-fold higher in dsx/dsx
males than in their dsx/+ male sibs (Table 1, compare rows 
and 3,P<0.01). Thus, as predicted, in males without DSXM,
the lacZ activity of pML-58 is about 5-fold less than that o
pCR1.

The reduced non-sex-specific activity of pML-58 could b
due to the position effect of the chromosome insertion site
the transgene. However, this is not the case since th
independent transformant lines of pML-58 showed similar lo
levels of the pML-58 activity in wild-type females (data no
shown).

In conclusion, our data showed that the FBE is not suffici
to confer her responsiveness and the major her responsive
element is located outside of FBE, in HRR (Fig. 2). Thus, HR
is necessary for the HER-dependent non-sex-specific activa
of yp1and yp2. 

Independent and dependent functioning of dsx and
her in controlling female differentiation
The fact that her and dsxmutant females have similar externa
phenotypes (Pultz et al., 1994) raises the possibility that dsx
and her may regulate other downstream target genes in
similar manner to how they regulate the ypgenes. This predicts
that the loss of hershould masculinize dsxmutant XX flies and
vice versa, since HER and DSXF regulate the yp genes
independently. In addition, the loss of her should also
masculinize dsx mutant XY flies, since DSXM inhibits her’s
activation of the yp genes. To examine whether thes
predictions are true, we compared the phenotypes of 
different external cuticular structures, which are sexua
dimorphic in wild-type adult flies, among XX and XY sibs o
the following four genotypes: (1) her/+; dsx/+, (2) her/her;
dsx/+, (3) her/+; dsx/dsxand (4) her/her; dsx/dsx.

The first cuticular structure examined was the number of 
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vaginal teeth. Our results indicate that, in the precursor ce
that give rise to vaginal teeth, herand dsxact independently as
in the case of the regulation of the yp genes in fat body. Thus,
there are on average 27.7 vaginal teeth on an XX; her/+; dsx/+
fly and 0.0 on an XY;her/+; dsx/+ fly (Table 4, column VT,
row 1 and 5). The average number of vaginal teeth on an X
her/+; dsx/dsxfly and on an XX; her/her; dsx/+fly is 12.4 and
10.5, respectively, indicating the intersexuality of these flie
(Table 4, column VT, compare rows 1 and 2,P<0.0001;
compare rows 1 and 3,P<0.0001). However, the number of
vaginal teeth on an XX; her/her; dsx/dsxfly is 2.7, significantly
less than on an XX; her/+; dsx/dsxfly (12.4) and on an XX;
her/her; dsx/+fly (10.5) (Table 4, column VT, compare rows
4 and 2,P<0.0001; compare rows 4 and 3,P<0.0001). These
results show that the loss of her masculinizes dsxmutant XX
flies and vice versa, indicating that her+ and dsx+ can act in
each other’s absence in these cells.

her’s function in vaginal teeth development is inhibited b
DSXM. The average number of vaginal teeth on an XY; her/+;
dsx/+ fly is 0.0, while on an XY; her/+; dsx/dsxfly, it is 12.2.
However, in an XY; her/her; dsx/dsxfly, the number of vaginal
teeth is 3.8, much less than that of XY; her/+; dsx/dsxflies
(12.2) (Table 4, column VT, compare rows 6 and 8,P<0.0001).
Thus the loss of her masculinizes dsx mutant XY flies,
indicating that her is capable of promoting vaginal teeth
development in XY flies if the inhibitory function of DSXM is
absent.

The second set of cuticular structures examined were 
anal plates. The dorsal anal plate of females and the two late
anal plates of males derive from the same precursor ce
(Belote and Baker, 1982). In XX and XY intersex flies, ther
is a pair of anal plates located dorsolaterally to the anal open
and they are often fused at the dorsoanterior side. This pai
anal plates (referred to as DLAP hereafter) represents 
intersexual differentiation of the precursor cells, and they a
completely fused to form the dorsal anal plate in wild-typ
females and are completely separated to form the two late
anal plates in wild-type males (Table 4, column DLAP, rows
and 5; Belote and Baker, 1982). Loss of her masculinizes dsx
mutant 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
in XX; her/+; dsx/dsxand XX; her/her; dsx/+flies are fused
at the dorsoanterior side, respectively (Table 4, column DLA
rows 1-4). Thus this result indicates that her and dsxcan act
independently in the DLAP precursor cells. In XY flies, DSXM

inhibits the her’s function in female-specific differentiation of
DLAP, since only 5% of DLAP in XY; her/her; dsx/dsxflies
are fused while 70% of DLAP in XY; her/+; dsx/dsxflies are
fused, and 0% of DLAP in XY; her/+ or her/ her; dsx/+flies
are fused (Table 4, column DLAP, rows 5-8). 

The remaining sexual dimorphic cuticular structure
examined were (1) the number and morphology of the last
(most distal) transverse row of bristles (LTRB) of the basitarsus
(LTRB form sex combs in males), (2) the degree 
pigmentation of tergite 5 (T5) and (3) the degree 
pigmentation of tergite 6 (T6). In XX flies, the intersexu
phenotypes of those structures are similar between hermutants
and dsxmutants. The loss of her does not masculinize the dsx
mutant XX flies in the LTRB precursor cells and vice ver
(Table 4, column LTRB, compare rows 2-4). The same is t
for T5 and T6 (Table 4, column T5, compare rows 2-4; colum
T6, compare rows 2-4). These results indicate that, in 
LTRB, T5 and T6 precursor cells, DSXF and HER are likely
to act together in controlling sexual differentiation. Whe
either HER or DSXF is absent, the control is abolished. If thi
hypothesis is true, then in XY flies, loss of her should not
masculinize dsxmutant flies in the LTRB, T5 and T6 precurso
cells, since DSXF is not present in those flies. This is indee
what was observed (Table 4, compare rows 6 and 8 in colu
LTRB, T5 and T6).

In summary, our results indicate that, in the precursor ce
of vaginal teeth and DLAP, HER controls downstream fema
specific differentiation genes non-sex-specifically, and HER
functioning is independent of DSXF in females and is inhibited
by DSXM in males, analogous to HER’s regulation of the yps
in fat body cells. However, our results also indicate that this
not the only mechanism by which her and dsx act. In the
precursor cells of the LTRB of forelegs, T5 and T6, HER mu
function together with DSXF.

The function of dsx and her in the development of
Sternite 6
In addition to the cuticular structures described above, we a
examined the number of the 6th sternite (S6) bristles on dsx
mutant, hermutant, and her; dsxmutant XX and XY flies. The
results indicate that (1) in XX flies, S6 differentiation follow
a default pathway that is independent of dsx(DSXF) and her,
and (2) in XY flies, S6 differentiation is dependent on both her
and dsx(DSXM). 

There are on average 18.6 S6 bristles on an XX; her/+;
dsx/+fly, while there are virtually no S6 bristles on XY; her/+;
dsx/+flies (Table 4, column S6, compare rows 1 and 5). In X
flies, loss of either dsx or her, or both, has no effect on the
number of S6 bristles (Table 4, column S6, compare rows
5), indicating that dsx and her are not required for the S6
differentiation in XX flies. However, in XY flies the loss of dsx
causes an increase of the number of S6 bristles to the fem
specific level (Table 4, column S6, compare rows 1, 5 and
indicating that DSXM suppresses bristle formation on S6 of X
flies. Consistent with the previous report (Pultz et al., 199
HER, like DSXM, is also required for the suppression of th
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bristle formation on S6 of XY flies. The loss of her in XY flies
causes an increase in the average number of S6 bristles f
virtually zero to 6.2 (Table 4, column S6, compare rows 5 a
7). This result indicates that a complete suppression of the
bristles requires both the DSXM and HER functions (Table 4,
column S6, compare rows 5 and 7). We think these resu
reflect the functioning of HER with DSXM in male-specific
sexual differentiation of S6. Note HER functions with DSXF

in female differentiation in some tissues and 93% of DSXF

sequences are also present in DSXM (Burtis and Baker, 1989).
An alternative explanation of her’s role in the suppression of
the S6 bristles is that her may be involved in specifying the
segmental identity of S6. We think this is unlikely, since the
is no other evidence to indicate that herhas homeotic functions
and the increased pigmentation of T6 in her mutant females
(Table 4, column T6, compare rows 1 and 3) is just the oppos
of what would be expected if her is required to keep T6 (and
S6) from adopting the segmental identity of a more anter
segment.

DISCUSSION

Dependent and independent functioning of her and
dsx
Our studies of how the HER and DSX proteins control seve
different aspects of sexual differentiation have revealed th
how these proteins are used varies depending on the partic
sexual phenotype being examined. These findings thus prov
new insights into the regulation of sexual differentiation.

Based on the sample of sexual phenotypes that we examin
the most prevalent way in which these proteins function is f
HER and DSXF to independently promote female
differentiation. This is the manner in which they control th
expression of the ypgenes in the fat body where we have show
that there are two separate pathways for the activation of 
yps. One is the female-specific activation of the yps, which is
DSXF-dependent. The other is the non-sex-specific activati
of the yps, which is HER-dependent, DSXF-independent and
inhibited by DSXM. Thus in wild-type females, both HER and
DSXF contribute independently to producing the high level o
expression of the yps whereas, in wild-type males, the
expression of the ypsis prevented by the inhibitory function of
DSXM, overriding the activation function of HER. We have
also shown that her and dsxcontrol downstream target genes
in a similar manner in the precursor cells that give rise to t
vaginal teeth and dorsal anal plate of females and the late
anal plates of males (DLAP). 

However, in the precursor cells of the LTRB of the foreleg
T5, T6 and S6, her and dsx use different mechanisms to
regulate sexual differentiation. It was suggested that DSF

and DSXM control, in opposite ways, a set of genes for th
sex-specific differentiation of LTRB, T5 and T6 (Jursnich an
Burtis, 1993). Our results suggest that for DSXF to control
target genes in these tissues, HER must be present, and 
versa. Thus the loss of either HER or DSXF completely
abolishes the regulatory pathway that involves both DSXF

and HER. Because of this strong dependent functioning 
HER and DSXF, HER is unable to promote female
differentiation in males where DSXF is absent. Thus unlike
the fat body and the precursor cells of vaginal teeth a
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DLAP, the male-specific differentiation of LTRB, T5 and T
does not require the suppression of HER’s function by DSXM.
Therefore, the loss of HER has no effect on the phenoty
of either XY; dsx+ or XY; dsxflies. Although HER and DSXF

are similarly involved in the female-specific differentiation o
LTRB, T5 and T6, DSXM has different roles in the male-
specific differentiation of those tissues. While in males, t
loss of DSXM leads to intersexual development of LTRB, an
to some extent T5 as well (loss of pigmentation at the 
anterior lateral margins), DSXM is dispensable in the male-
specific differentiation of T6 (see below). At the molecula
level, DSXM is likely to be responsible for upregulating th
genes for pigment production in LTRB and T5, but in T
DSXM activity is not necessary as previously suggest
(Jursnich and Burtis, 1993). Uniquely, DSXM appears to act
together with HER for the male-specific differentiation of S
since DSXM cannot completely suppress the S6 bristles 
males when HER is absent.

Three mechanisms for the sexual dimorphism in
Drosophila
Our analysis of sexual phenotypes of various tissues in theher
and dsx single mutants and the her; dsx double mutants
demonstrates that there are three ways by which sex
dimorphism is generated. The first utilizes DSXM in males and
does not require DSXF in females. The second utilizes DSXF

in females and does not require DSXM in males. The third
utilizes both DSXM in males and DSXF in females. HER is
involved in the last two modes of regulation, and likely also
at least some cases of the first mode of regulation. 

On theoretical grounds, the most parsimonious way 
generate differences between homologous tissues in the 
sexes during evolution is to have a regulatory gene prod
present in the tissues of one sex and absent in the other
thus affecting the pre-existing non-sex-specific differentiati
in one sex, but not in the other. For example, the defa
pathway for T6 is full pigmentation. The sexual dimorphis
of T6 is solely due to the suppression of the T6 pigmentat
by DSXF in females, in collaboration with HER, and is
irrespective of the presence or absence of DSXM in males.
Another example is the formation of S6 bristles. The defa
pathway is to form 18 bristles on S6. The sexual dimorphi
of S6 is caused by the suppression of the bristle formation
DSXM in males, likely in collaboration with HER, and is
irrespective of DSXF in females. However, in the presence o
selective pressures on both sexes in evolution, one way
increase sexual dimorphism is to have female- and ma
specific products of regulatory genes that each have active r
in modifying the effects of pre-existing non-sex-specifi
regulatory systems in opposite ways, thus generating dram
sex-specific features. For instance, in the absence of DSXF in
females and DSXM in males, the expression levels of the yp
genes are equivalent between the two sexes due to the non
specific control by HER. When females have DSXF and males
do not have DSXM, there is a 30-fold difference betwee
females and males in the expression levels of the ypgenes, and
when females do not have DSXF and males have DSXM, there
is a 180-fold difference between females and males (see T
1). However, a maximum difference (2000-fold) is observ
only when DSXF is present in females and DSXM is present in
males (see Table 1). The sexually dimorphic differentiation
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the precursor cells of the vaginal teeth and DLAP is similar
controlled by HER and both DSX proteins. Thus, we may vie
her as part of a non-sex-specific regulatory system in tho
tissues, which is subject to the sex-specific modification 
DSXF and DSXM.

On the molecular mechanism of the her and dsx
functions
Besides providing the above general view of how sexu
dimorphism is generated, our studies have also revealed s
mechanistic details. We showed that, in females, HER a
DSXF activate the yps in a largely independent manner. This
result is consistent with our finding that herand dsxact through
distinct sequences of the regulatory region of the yps. Since
HER is a zinc finger protein, it is likely to regulate the yps
directly. Our finding that her activates the yps non-sex-
specifically and her function is inhibited by DSXM showed that
the her and dsx genes must be expressed independently, a
thus answered the question of whether her and dsx are
expressed independently at the translational or po
translational levels, since previous studies showed that herand
dsxdo not regulate each other at the level of transcription 
splicing (see Introduction). 

That HER and DSXF act largely independently in
regulating the ypsin the female fat body is in contrast to thei
strong interaction in controlling differentiation of the LTRB
of the foreleg, and the pigmentation of T5 and T6. The
differences could be due to different organizations of th
regulatory elements of the differentiation genes bein
controlled in these tissues, or to differences between 
arrays of other factors regulating these genes, which HER a
DSXF interact with. Alternatively, there may be a very low
level of her activity present in the her mutant flies analyzed
and that level is sufficient for DSXF to function in the
regulation of the yps, but not in the regulation of the genes
being controlled in the LTRB of the foreleg or T5 and T6
Nevertheless, the finding that her and dsx act in different
ways to control various aspects of sexual differentiatio
shows that the control of sexual differentiation is mor
complex than previously thought. 

The fat-body-specific expression of the ypsis not specified
by dsxsince, in dsxmutant flies of both sexes, the expressio
of the yp-reporter genes is still restricted to fat body cells, an
this DSXF-independent and non-sex-specific expression 
repressed by DSXM (H. L. and B. S. B., unpublished data
Coschigano and Wensink, 1993). Since HER controls the yps
non-sex-specifically and independently of DSXF, and HER
function is repressed by DSXM, the question arises as to
whether HER is required for the fat-body-specific expressi
of the yps. We think HER is not necessary for the tissue
specific expression of the yps, since the FBE-hsp70promoter-
lacZ and the pML-58 transgenes, which are not regulated 
her, are still predominately, if not exclusively, expressed i
fat body cells, and the loss of her does not affect fat-body-
specific expression of the pCR1 transgene (H. L. and B.
B., unpublished data). One possibility of how the fat-bod
specificity of the yps is controlled is by the unknown fat-
body-specific factor(s) (referred to as the FBF hereafte
which is required independently of DSXF and HER for yp
expression. It has been proposed that the FBF may bind 
site (the bzip1 site) in the FBE that appears to be necess
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for the function of DSXF (An et al., 1996; An and Wensink,
1995).

We have shown that the HRR is necessary for her to
function. The question arises as to whether the HRR
sufficient for her function. Since the FBF, which likely binds
to the FBE, is necessary for HER to activate the yps, as
discussed above, the HRR is not likely to be sufficient for yp
expression. Consistent with this notion, DNA fragments th
contain HRR, but not the FBE, were previously shown to 
unable to activate the expression of the yps in fat body
(Garabedian et al., 1985, 1986).

Besides dsxand her, ix also acts in the dsxbranch of the sex
determination pathway. With respect to the regulation of theyp
genes, we have observed that ix is also required for the
transcriptional activation of the yps in females, but is not
required for their repression in males (H. L., Garrett-Enge
and B. S. B., unpublished data). Genetic studies indicate 
ix interacts with her and with dsx in regulating the yps in
females (H. L., Garrett-Engele and B. S. B., unpublished da
thus ix is likely to participate both in the HER-dependent no
sex-specific activation pathway and in the DSXF-dependent
female-specific activation pathway. One candidate DNA site
the FBE through which IX may function is the ‘ref’ site, whic
was shown to function synergistically with the DSX-bindin
site dsxA (An and Wensink, 1995). 

In summary, we have shown that one set of female-spec
terminal differentiation genes, the yp genes, is regulated by
the dsx-dependent sex-specific pathway and the her-
dependent non-sex-specific pathway. The integration of 
two regulatory systems occurs at the level of transcriptio
control. We have provided further evidence that some ot
unidentified sex-specific terminal differentiation genes a
likely to be regulated similarly by dsxand her. However, this
two-pathway mechanism does not apply to all of the se
specific terminal differentiation genes. Tissue-specific fact
and the organization of dsx- and her-binding sites in the
regulatory sequences of terminal differentiation genes 
likely to play important roles in determining which
mechanism is used by dsx and her for the sexual
differentiation of a particular tissue. Our results suggest t
one way in which sexual differentiation is achieved is by se
specific modification of the functions of non-sex-specific a
tissue-specific regulatory genes.
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