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Non-autonomous sex determination controls sexually dimorphic

development of the Drosophila gonad
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SUMMARY

Sex determination in Drosophila is commonly thought to be a cell-autonomous process, where each
cell decides its own sexual fate based on its sex chromosome constitution (XX vs. XY). This is in
contrast to sex determination in mammals, which largely acts non-autonomously through cell-cell
signaling. Here we examine how sexual dimorphism is created in the Drosophila gonad. We have
identified a novel male-specific cell type in the embryonic gonad, the pigment cell precursors.
Surprisingly, using sexually mosaic embryos, we find that sex determination in both the pigment cell
precursors and the male-specific somatic gonadal precursors is non-cell autonomous. Male-specific
expression of Wnt2 in the embryonic gonad is necessary and sufficient for pigment cell precursor
formation. Our results indicate that non-autonomous sex determination is important for creating
sexual dimorphism in the Drosophila gonad, similar to the manner in which sex-specific gonad
formation is controlled in mammals.
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INTRODUCTION

A critical decision during development is whether an individual should develop as male or
female. Sex determination imparts a sexual identity to an embryo, which is then used by cells
and tissues to create different forms in males and females (sexual dimorphism). Cells can
determine their sex in an autonomous manner by directly interpreting the sex determination
switch (e.g., whether they are XX or XY). Alternatively, cells can undergo non-autonomous
sex determination, in which local or systemic signals determine whether they should develop
as male or female.

A commonly held view is that sex determination in Drosophila is almost exclusively cell
autonomous, and “every cell decides for itself” what its sexual phenotype should be (Gilbert,
2006; Wolpert et al., 2006). For example, when cells of male or female genotype are present
in the same individual (gynandromorphs), cells follow a male or female developmental
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program according to their genotype, independent of the cells around them. This is thought to
contrast strongly with sex determination in mammals, which is largely non-cell autonomous.
In the mouse, only a subset of cells in the somatic gonad is thought to directly respond to their
sex chromosome genotype (XX vs. XY). Local cell-cell interactions non-autonomously control
the sexual fate of the rest of the gonad, and systemic hormones such as testosterone influence
other tissues of the embryo (reviewed in (Ross and Capel, 2005)). However, previous work
has shown that cell-cell interaction is also important for creating sexual dimorphism in
Drosophila, including in the germline (Nothiger et al., 1989; Steinmann-Zwicky et al., 1989),
muscle of Lawrence (Lawrence and Johnston, 1986), and the genital disc (Ahmad and Baker,
2002; Keisman et al., 2001), suggesting that non-autonomous sex determination may be more
prevalent in Drosophila than is commonly thought.

During somatic sex determination in Drosophila, the presence of two X chromosomes
promotes a female identity by inducing expression of Sex lethal, which is responsible for
splicing transformer (tra) RNA so as to produce functional TRA protein. tra controls all known
aspects of sexual dimorphism in the soma, except for the difference in body size between males
and females (Cline and Meyer, 1996). Downstream of tra, doublesex (dsx) is the critical
regulator of male vs. female appearance (Baker and Ridge, 1980; Hildreth, 1965), while
additional genes, such as fruitless, control sex-specific behavior (Ryner et al., 1996). TRA acts
in conjunction with Transformer-2 (TRA-2) to splice dsx pre-RNA into the female form
encoding the DSX-F transcription factor. In males, dsx is spliced in the default, male-specific
manner to encode for DSX-M (Burtis and Baker, 1989). The DSX transcription factors are
thought to regulate the genes that control sexual dimorphism, although only one direct DSX
target, the yolk protein locus (Burtis et al., 1991; Coschigano and Wensink, 1993), has so far
been identified.

Sex-specific development of the gonads may be the most fundamental and conserved aspect
of sexual dimorphism, as it is required for the generation of male and female gametes that form
the basis for sexual reproduction. The Drosophila embryonic gonad arises from the association
of germ cells with specific somatic cells (somatic gonadal precursors or SGPs) that form within
the mesoderm (Van Doren, 2006). We have previously shown that the gonad is already sexually
dimorphic at the time of its initial formation, as male-specific SGPs (msSGPs) only join the
male gonad and die by apoptosis in females (DeFalco et al., 2003). msSGPs express SOX100B,
a homolog of the mammalian transcription factor SOX9 required for sex determination in
humans and mice (Barrionuevo et al., 2006; Chaboissier et al., 2004; Foster et al., 1994; Huang
etal., 1999; Qin and Bishop, 2005; Wagner et al., 1994). In addition, sex-specific development
of the male germline stem cell niche, or hub, also occurs in the embryonic gonad (Le Bras and
Van Doren, 2006). Finally, sex-specific signaling from the soma to the germline helps
determine sexual identity of the germ cells in the embryo (Staab et al., 1996; Wawersik et al.,
2005).

Another aspect of sexual dimorphism in the gonad is the presence of pigment cells (PCs) around
the testis, but not the ovary (Fuller, 1993), which are likely to be important for testis function.
PCs are also found around portions of the male reproductive tract, which is derived from the
genital imaginal disc and only attaches to the gonad during metamorphosis. A male genital
disc can induce PC formation when transplanted into female larvae (Hadorn and Bertani,
1948). Furthermore, mutants for one of the Wnt family of secreted ligands, Wnt2, lack pigment
cells, and Wnt2 expression in the male genital disc is likely to account for the PC-inducing
activity of this tissue (Kozopas et al., 1998). However, PCs normally originate from the testis
and do not require contact with the genital disc for their formation (Stern and Hadorn, 1939).
How PCs are normally specified in a sex-specific manner in the male gonad has not been
investigated.
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Here we provide evidence that PC precursors are recruited from the fat body mesoderm to join
the testis in late embryos. Interestingly, the male somatic gonad induces PC precursor formation
in a manner that involves non-autonomous sex determination; both the male and female fat
body are capable of forming PC precursors when associated with a male gonad. Wnt2 is
expressed male-specifically in the embryonic gonad, and is necessary and sufficient for PC
precursor formation in this tissue. In addition, we show that sex-specific development of the
msSGPs is also controlled through a non-cell autonomous mechanism, but this is independent
of Wnt2. This work demonstrates that non-cell autonomous sex determination, involving local
cell-cell interactions, is an important aspect of sex-specific gonad development in
Drosophila, and that regulation of sexual dimorphism in flies shares many features with
mechanisms observed in mammals.

Two distinct male-specific cell types express SOX100B in the embryonic gonad

While examining the expression of SOX100B throughout gonad development (T.D., S. Nanda,
M.V.D., and S. Russell, unpublished data, Figure 1), we observed two populations of
SOX100B-positive cells in the late embryonic (stage 17) male gonad that were not present in
the female gonad. The first was a tight cluster of SOX100B-positive cells in the posterior of
the gonad, which appeared to be the msSGPs that we had observed at earlier stages (DeFalco
etal., 2003). The second was a layer of SOX100B-positive cells surrounding the outside of the
gonad (ensheathing cells), which we had not detected at earlier stages. Since these two cell
types both express SOX100B, we investigated the relationship between the msSGPs and the
ensheathing cells by first examining the expression of additional molecular markers. msSGPs
express Abdominal-B (ABD-B) and Eyes Absent (EYA) (DeFalco et al., 2003), but we did
not observe expression of either of these msSGP markers in the ensheathing cells (Figures 1A
and 1B). In addition, we identified a GAL4 line (Kruppel(Kr)-GAL4) that drives UAS-GFP
expression in the ensheathing cells but not in the msSGPs (Figures 1C and 1D). Thus, the
msSGPs and ensheathing cells have different identities based on their pattern of gene
expression.

We next investigated whether the ensheathing cells arise independently of the msSGPs by
examining gonads that lack msSGPs. In Abd-B mutant gonads, msSGPs are absent (Figure 1E)
(DeFalco et al., 2004), yet we still observed the SOX100B-positive ensheathing cells at stage
17 (Figure 1F). Furthermore, in shotgun/E-cadherin mutants the msSGPs sometimes fail to
join the gonad (Jenkins et al., 2003), but SOX100B-positive cells were still observed around
the gonad at stage 17 (data not shown). These data suggest that msSGPs are not required for
the ensheathing cells to be present.

Finally, to verify that the ensheathing cells are independent of the msSGPs, we conducted
lineage tracing of the msSGPs. We identified a GALA4 line that, within the gonad, is expressed
only in the msSGPs (Figure 1G, even-skipped stripe 3+7-GAL4, a gift from S. Small). We
combined this with UAS-GAL4 (Hassan et al., 2000) to permanently express UAS-GFP in the
msSGPs and their descendents. We observed robust expression of GFP in the msSGPs at stage
13 (Figure 1G) and in the posterior cluster of SOX100B-expressing cells at stage 17 (Figure
1H, arrow). However, the SOX100B-positive ensheathing cells (Figure 1H, arrowheads) did
not exhibit GFP expression, nor did any other cells in the embryonic gonad. This indicates that
the msSGPs do not give rise to the ensheathing cells and that these two male-specific cell types
are specified independently in the embryonic gonad.
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SOX100B-positive ensheathing cells appear to give rise to testis PCs

In adult testes, SOX100B labels a population of cells with large nuclei that surround the outside
of the testis, reminiscent of the PCs (T.D., S. Nanda, M.V.D., and S. Russell, unpublished data).
To investigate whether the ensheathing cells in the stage 17 embryonic gonad give rise to the
adult PCs, we first examined whether these two cell types express other molecular markers in
common. We found that Kr-GALA4, which labels the ensheathing cells in the embryonic gonad,
isalso expressed in the adult PCs. When Kr-GAL4 was combined with UAS-GFP, we observed
GFP expression along the entire length of the adult testis and seminal vesicle, coincident with
the PC layer that gives a yellow color to the testis (Figures 2A and 2A’). GFP expression was
only in the outer layer of the testis where the PCs reside (inset, Figure 2A’). We next examined
two markers of the adult PCs, lacZ [B-57] and lacZ [857] (Gdnczy, 1995). We found that
SOX100B was co-expressed with these markers in the adult testis, demonstrating that
SOX100B is expressed in adult PCs (Figure 2B and data not shown). Furthermore, lacZ
[B-57] marker expression was also seen in stage 17 embryonic gonads, where it overlapped
with SOX100B expression in the ensheathing cells (Figure 2C). Therefore, the ensheathing
cells and PCs share common molecular marker expression, consistent with the ensheathing
cells giving rise to the PCs.

Since the msSGPs also express SOX100B, we wanted to verify that msSGPs were not
contributing to the adult PCs. We examined viable Abd-B mutants in which msSGPs are absent
in the embryo (Figure 1E and data not shown) and still observed a wild-type number of
SOX100B-positive PCs around the adult testis (Figures 2D and 2E), indicating that msSGPs
are not required for adult PC formation.

Wnt2 mutant larval and adult gonads specifically lack PCs (Kozopas et al., 1998), indicating
that this factor is important in PC specification or maintenance. If the ensheathing cells around
the embryonic gonad are PC precursors, we reasoned that they might also be missing in
Wnt2 mutants. We found that the ensheathing cells (SOX100B-positive, ABD-B-negative) are
indeed missing in Wnt2 mutant embryos (Figures 2F vs. 2G). In contrast, the msSGPs
(SOX100B, ABD-B double-positive) were unaffected in Wnt2 mutants; they still joined the
gonad in males (Figure 2G) and were not present in females (data not shown). Taken together,
our results indicate that the ensheathing cells of the embryonic gonad are likely to give rise to
the PCs of the adult testis, and that Wnt2 plays a role in the initial specification of these cells
in the embryo (see below). Consequently, we will refer to the ensheathing cells as PC
precursors.

PC precursors are recruited to the gonad from surrounding fat body

Since the PC precursors appear around the outside of the late embryonic gonad, we investigated
whether they are derived from the fat body mesoderm that surrounds the gonad. Two genes
that are required for fat body development, and are often used as markers for fat body identity,
are seven up (svp) and serpent (srp) (Hoshizaki et al., 1994; Sam et al., 1996). We observed
expression of both svp (as assayed with a svp-lacZ enhancer trap) and SRP (as determined by
an anti-SRP antibody) in the PC precursors (Figures 3A and 3B), consistent with a fat body
origin for these cells. In addition, we found that the PC precursors failed to form in srp mutant
embryos, in which fat body development is severely defective. In contrast, the msSGPs (co-
labeled with SOX100B and EYA, Figure 3C) and SGPs (Supplemental Figure S1A) (Moore
etal., 1998, Riechmann, et al., 1998) were still present. These data indicate that a subset of
cells from the fat body mesoderm are recruited to join the developing testis and form PC
precursors.

We have also found that PC precursor formation requires empty spiracles (ems), which encodes
a homeobox transcription factor (Dalton et al., 1989). Immunostaining with an anti-EMS
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antibody revealed that EMS is expressed in the PC precursors (Figures 3D and 3E) in the same
pattern as SOX100B and in the same cells that express Kr-GAL4 (data not shown). In addition,
an analysis of ems mutants revealed a lack of SOX100B-positive PC precursors surrounding
the gonads, while the posterior cluster of SOX100B-positive msSGPs was still observed
(Figures 3F and 3G). Staining with anti-SRP antibody revealed that, apart from the lack of PC
precursors, the fat body is otherwise properly specified and organized around the gonad in
ems mutants (data not shown). Thus, ems is specifically required for the formation of this male-
specific cell type in the Drosophila gonad.

Regulation of pigment cell precursor formation by tra and dsx

Since the PC precursors are a male-specific cell type, we examined how their specification is
regulated by key genes in the sex determination pathway. transformer (tra) and doublesex
(dsx) are required for sexual dimorphism of the soma, and we have previously shown these
two genes are necessary for proper development of sexual dimorphism in the embryonic gonad
(DeFalco et al., 2003; Le Bras and Van Doren, 2006). tra promotes female development, so
we expect tra mutant gonads to be masculinized. Indeed, we observed SOX100B-positive PC
precursors in both XX and XY gonads in tra mutants (Figures 4A and 4B). Conversely, when
we expressed TRA ubiquitously in the soma (using tubulin-GAL4 and UAS-traF), both XX
and XY gonads lacked PC precursors (Figures 4C and 4D). Interestingly, in dsx mutant
embryos, PC precursors were observed in both XX and XY gonads (Figures 4E and 4F), and
both appeared similar to wild-type males. This indicates that dsx is not required in males to
specify PC precursors, but rather is only necessary in females to repress PC precursor
specification (although dsx may still play a role later in PC development in males).

We also wanted to determine whether male-specific development of the PC precursors is
regulated similarly to the msSGPs, which are initially specified in both sexes but undergo
programmed cell death in females. To test this, we examined Df(H99) mutant embryos that are
deficient for programmed cell death (White et al., 1994). msSGPs survive in both males and
females in this background (DeFalco et al., 2003) (Figures 4G and 4H, arrows). However, we
found that in Df(H99) mutants, sexual dimorphism of PC precursors was unaffected,;
SOX100B-positive cells were observed only around the gonads in XY embryos, and not in XX
embryos, as in wild-type (Figures 4G and 4H). Thus, although msSGPs and PC precursors both
depend on dsx for sex-specific development, the cellular mechanisms employed to ensure
sexual dimorphism of the two cell types are different.

Non-cell autonomous control of sex determination in the Drosophila gonad

We next investigated whether the sex determination pathway acts cell-autonomously or non-
cell autonomously to control sex-specific development of the Drosophila gonad. To do this,
we used sexual mosaics in which some TRA-expressing, and therefore female, cells are present
in an otherwise male embryo. We could then assess whether TRA expression was sufficient
to dictate the sex-specific development of a particular cell type (cell-autonomously) or whether
those cells developed according to the sex of the cells around them (non-autonomously). We
studied three different male-specific cell types in the embryonic gonad: the hub cells that form
the male germline stem cell niche (Le Bras and VVan Doren, 2006), the msSGPs and the PC
precursors. Ubiquitous expression of TRA in XY embryos (using tubulin-GAL4 and UAS-
traF) is sufficient to feminize the gonad and block the formation of each of these male-specific
cell types (DeFalco et al., 2003; Le Bras and Van Doren, 2006) (Figure 4D). To create sexual
mosaics, we used paired-GAL4 (prd-GAL4) to express UAS-tra™ in subsets of cells in XY
embryos (Figure 5). prd-GALA4 is expressed in alternating parasegments (PSs) of the embryo,
including SGPs in the middle of the gonad (PS11), msSGPs (PS13), and subsets of cells in the
fat body surrounding the gonad (Figure 5C). To verify where UAS-traF is expressed, we used
UAS-GFP to label the prd-GAL4-expressing cells directly with GFP.
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Previously, we found that the hub normally forms during late embryogenesis (stage 17) from
two types of SGPs; those that express prd-GAL4 (PS11) and those that do not (PS10) (Le Bras
and Van Doren, 2006) (Figure 5D). However, when TRA was expressed using prd-GAL4 and
UAS-traF, we observed that cells expressing TRA were now excluded from forming part of
the hub (Figure 5F), and the hub was formed entirely of cells that lacked prd-GAL4, and
therefore TRA expression. Thus, feminizing an SGP through expression of TRA is sufficient
to prevent it from taking on a male-specific hub cell identity, independent of the fate of
surrounding cells. This indicates that sex determination in the hub acts through a cell-
autonomous mechanism.

A very different result was obtained when the same experiment was conducted with the
msSGPs. Even though prd-GALA4 is expressed strongly in the msSGPs compared to the SGPs
(Figure 5C), we did not observe any effect on msSGP development when UAS-tra" was
expressed using this driver (Figure 5E). The msSGPs still survived and joined the posterior of
the gonad as they do in wild-type males. This indicates that expression of TRA in the msSGPs
themselves is unable to cause them to develop in the female mode, in contrast to what we
observed when UAS-traF was expressed throughout the embryo using tubulin-GAL4 (DeFalco
et al., 2003). We conclude that sex determination in the msSGPs acts through a non-cell
autonomous mechanism; another cell type besides the msSGPs themselves must determine
whether the msSGPs survive, as they normally would in males, or undergo apoptosis, as they
normally do in females.

We next investigated which other cell type might be regulating the survival of the msSGPs.
dsx is essential for proper sex-specific development of the msSGPs (DeFalco et al., 2003), and
dsx expression in the embryo is limited to the somatic gonad (SGPs and msSGPs) (Hemple
and Oliver, 2007, Berkeley Drosophila Genome Project Gene Expression Database, Figure
5G). This suggests that the SGPs might regulate the development of the msSGPs, either by
producing a survival signal in males, or a pro-death signal in females. To test this hypothesis,
we examined the development of the msSGPs in embryos that lack SGPs. We utilized two
different genetic backgrounds that block SGP specification, but not msSGP specification:
double mutants of tinman and zinc finger homeodomain 1 (tin zfh-1) (Broihier et al., 1998) and
mutants of abdominal A (abd-A) (Brookman et al., 1992). In both of these genotypes, the initial
specification of the msSGPs in both sexes at stage 12 is normal (DeFalco et al., 2003) (Figure
51). However, we no longer observed normal msSGPs in either females or males at later stages
(stage 15), indicating that the msSGPs now died in both sexes (Figure 5J and data not shown).
Intin zfh-1 mutants, msSGPs were observed in 94% (n=34) of embryos at stage 12, but msSGPs
were not observed inany embryos at stage 15 (n=21). In abd-A mutants, msSGPs were observed
in 100% of embryos at stage 12 (n=26), while at stage 15 (n=28), 29% had no msSGPs and
71% exhibited greatly reduced numbers of msSGPs (only 1-3 remained); no embryos exhibited
a normal msSGP cluster. These data indicate that the SGPs are required for survival of the
msSGPs.

We next wanted to verify that the loss of msSGPs in these genetic backgrounds was due to
apoptosis, as opposed to other explanations, such as improper msSGP specification. msSGPs
normally undergo apoptosis in females in a manner that is dependent on the programmed cell
death gene head involution defective (hid) (DeFalco etal., 2003). If the msSGPs are lost through
a similar mechanism in abd-A mutants, we expect that this would also be dependent on hid.
Indeed, we found that msSGPs were restored in abd-A hid double mutants (92% of double
mutant embryos had >4 msSGPs at stage 15, n=37). We conclude that msSGPs undergo
apoptosis in both sexes in embryos that lack SGPs. This suggests that the SGPs regulate sex-
specific development of the msSGPs, and do so through a survival signal produced only in
males. The nature of this survival signal has not yet been identified, but it does not appear to
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act via the JAK/STAT or Wnt pathways that we have shown are active in the male but not
female gonad (below) (Wawersik et al., 2005).

Finally, we investigated whether sex determination in the PC precursors acts through a cell-
autonomous or non-cell autonomous mechanism. Again, we expressed TRA using prd-GAL4
and UAS-traF, and expected that if TRA is acting cell autonomously to repress PC precursor
identity, then TRA-expressing cells should be unable to take on a male identity and become
PC precursors. However, we found that TRA-expressing cells did exhibit SOX100B expression
indicative of becoming PC precursors (Figure 5H). In contrast, expression of TRA more
generally (via tubulin-GAL4 and UAS-traF) was able to completely block PC precursor
formation (Figure 4D). This indicates that fat body cells do not need to be male themselves to
take on the PC identity and that, like the msSGPs, the PC precursors exhibit a non-cell
autonomous mechanism of sex determination.

Male-specific expression of Wnt2 in the somatic gonad regulates PC precursor formation

We next wanted to determine the mechanism that regulates non-autonomous sex determination
in the PC precursors of the embryonic gonad. Since Wnt2 mutant adults lack PCs (Kozopas et
al., 1998), and Wnt2 is required for formation of PC precursors in the embryonic gonad (Figure
2G), we tested whether it represents the non-autonomous signal that directly controls sexually
dimorphic development of these cells. We first examined the expression of Wnt2 at the time
of PC precursor specification to ascertain if there is a difference between males and females.
Earlier in embryogenesis, Wnt2 is expressed in the posterior of the embryonic gonad of both
sexes (Kozopas et al., 1998; Russell et al., 1992), including the msSGPs (DeFalco et al.,
2003). However, at the time that PC precursors first form (stage 17), Wnt2 was observed
exclusively in male gonads and was not detectable in female gonads (Figures 6A and 6B).
Expression appears to be primarily in the somatic gonad (SGPs and msSGPs), and little or no
expression is detected in the germ cells. Co-labeling for Wnt2 RNA and a PC precursor marker
(Kr-GAL4, UAS-GFP) showed that Wnt2 expression is only in SGPs and not in the PC
precursors or surrounding fat body itself (Figure S1B). Given the role of dsx in PC specification,
we looked at Wnt2 expression in dsx mutants and found that Wnt2 was expressed in 100% of
dsx mutant embryos (i.e., in both XX and XY gonads, n=25) (Figure 6C). This is consistent
with our observations that PC precursors are present in both XX and XY dsx mutant gonads
(Figures 4E and 4F).

Previous work showed that Wnt2 expression is sufficient to either induce or maintain PCs in
larval and adult females (Kozopas et al., 1998). To see if Wnt2 expression is sufficient to induce
PC precursors at the time and place that they normally appear in the embryonic gonad, we
expressed Wnt2 in gonads of both sexes. We used a germ cell-specific GAL4 driver to localize
Wnt2 to the gonad and examined SOX100B expression in females. Strikingly, we found that
Wnt2 expression was sufficient to induce the formation of SOX100B-expressing cells around
an otherwise female gonad (Figure 6D). Expression of Wnt2 in females also induced EMS
expression in these surrounding cells (Figure S1C), indicating that they are truly PC precursors.
We conclude that male-specific expression of Wnt2 is necessary and sufficient to control the
sexually dimorphic formation of PC precursors in the embryonic gonad.

Interestingly, SOX100B-expressing cells are only observed around the gonads at stage 17 in
this experiment, even though Wnt2 expression in the gonad (germ cells) begins much earlier
(Van Doren et al., 1998). This is consistent with the fact that Wnt2 is normally expressed in
the somatic gonad in both males and females at earlier stages, yet PC precursors are not
specified in females. Thus, the fat body must only be competent to form PC precursors at stage
17, when Wnt2 expression has normally become male-specific (Figures 6A and 6B). In
addition, although Wnt2 was sufficient to induce a robust number of PC precursors around the
female gonads, these cells did not exhibit the same morphology as in males and did not appear
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to attach as closely to the female gonads (Figure 6D). There may be other differences in the
properties of the male vs. female gonads, besides Wnt2 expression, that regulate interactions
with the PC precursors. We also expressed Wnt2 in other segments of the embryo (using prd-
GALA4), and observed ectopic SOX100B-expressing cells in the fat body in other regions (data
not shown). This suggests that the competence to form PC precursors is not limited to the fat
body immediately surrounding the gonad. Lastly, the Wnt2-expressing females grow up to be
fertile adults, indicating that the presence of ectopic PCs does not interfere with female gonad
development.

We next wanted to address whether the Wnt2 signal is being received directly by the fat body
to influence PC precursor formation. Signaling through the canonical Wnt pathway can be
blocked in a cell-autonomous manner by expressing dominant negative pangolin/TCF (UAS-
dTCF 4N) (van de Wetering et al., 1997) or constitutively active shaggy (glycogen synthase
kinase, UAS-sgg2h) (Hazelett et al., 1998). We again used the prd-GAL4 driver to express
these reagents in a subset of cells in the gonad and fat body. If Wnt signaling is required in fat
body cells for PC specification, we expect that cells that cannot transduce the Wnt signal will
not become PC precursors and will not express SOX100B. In control embryos expressing solely
prd-GAL4 and UAS-GFP, we observed that 100% of male gonads (n=27 gonads) contained
some PC precursors that co-express SOX100B and GFP (Figure 6E). However, when prd-
GAL4 was also driving expression of either UAS-dTCF 4N or UAS-sggat, GFP-expressing
cells near the gonad never exhibited SOX100B expression (n=26 gonads) (Figures 6F and 6G),
indicating that they could no longer form PC precursors. Anti-SRP antibody staining revealed
that the fat body was specified normally in these embryaos, even in the domains expressing the
Whnt pathway inhibitors (data not shown). Since PC precursors were still formed, but did not
arise from the pool of fat body cells in which Wnt signaling was blocked, we conclude that the
Wnt2 signal is received directly by the fat body to control PC specification and that it acts
through the canonical Wnt pathway.

DISCUSSION

Here we have shown that two distinct male-specific cell types in the Drosophila gonad exhibit
non-autonomous sex determination. For both the msSGPs and the PC precursors, the sex
determination pathway does not act in these cells themselves, and both are dependent on sex-
specific signaling from the SGPs in order to develop properly as male or female. These findings
are in contrast to the commonly held view that sex determination in Drosophila is a cell-
autonomous process, and demonstrate the similarity in sex-specific gonad development
between flies and mammals.

The mechanism for creating sexual dimorphism in the PC precursors

We have identified a novel, sex-specific cell type in the Drosophila embryonic gonad, the PC
precursors, and studied the mechanism by which the sex determination switch controls the sex-
specific development of these cells (Figure 7). Our data indicate that male-specific expression
of Wnt2 in the SGPs of the gonad signals non-autonomously to the fat body to form PC
precursors. dsx ensures that PC formation is male-specific by repressing Wnt2 expression in
female gonads in late-stage embryos (stage 17). The sex of the fat body itself does not affect
PC precursor formation, as cells with a female identity can form PC precursors when associated
with a male gonad or with a female gonad that expresses Wnt2. Furthermore, Wnt2 acts directly
on the fat body, since blocking Wnt signaling in male fat body cells prevents them from forming
PC precursors. PC precursor identity in the fat body is regulated by ems acting upstream of
Sox100B in response to the Wnt2 signal. An interesting question is whether Wnt2 is a direct
downstream target of DSX in controlling sexual dimorphism. The DNA binding specificity
for DSX has been determined (Erdman et al., 1996), and there are a number of sites upstream
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of the Wnt2 start of transcription that either exactly match or closely match the DSX binding
consensus sequence. Several of these sites are conserved between different Drosophila species
(Figure S2). However, we have not yet identified a fragment of the Wnt2 promoter that allows
us to test whether Wnt2 expression in the somatic gonad is directly regulated by DSX, since
the upstream region that includes the putative DSX binding sites does not promote expression
in the gonad (data not shown).

The creation of sexual dimorphism in the PC precursors differs from that of the msSGPs. While
the PC precursors are apparently only specified in males and recruited to form part of the testis
(this work), msSGPs are initially specified in both sexes, and are only present in the male gonad
because they undergo programmed cell death specifically in females (DeFalco et al., 2003).
Furthermore, the germline stem cell niche in the testis (the hub) is formed from a population
of anterior SGPs that are present in the gonads of both sexes, but only form the hub in males
and presumably form part of the ovary in females (Le Bras and VVan Doren, 2006). These events
are all regulated by dsx, and demonstrate the diverse cellular mechanisms that a sex
determination gene can utilize to control sexual dimorphism. Interestingly, in dsx null mutant
embryos each of these cell types develops as if it were male. Thus, the male mode of
development can at least be initiated in these cell types in the absence of dsx function, and
dsx primarily acts in females to repress male development. dsx is clearly required in males at
some point for proper testis formation (Hildreth, 1965), therefore some cell types in the gonad
may not be entirely masculinized in dsx mutants.

Non-autonomous sex determination in Drosophila

The non-autonomous nature of PC precursor specification contrasts with the commonly held
view that sex determination in Drosophila is a cell-autonomous process, where “every cell
decides for itself” whether it should develop as male or female based on its own intrinsic sex
chromosome constitution. We have also shown that the msSGPs undergo non-autonomous sex
determination; our data indicate that a male-specific survival signal coming from the SGPs
allows the msSGPs to survive and join the male gonad, while they undergo apoptosis in females
(Figure 7). Finally, we have previously shown that non-autonomous sex determination in the
germ cells requires a male-specific signal from the SGPs that acts through the JAK/STAT
pathway (Wawersik et al., 2005). Thus, not only does non-cell autonomous sex determination
occur in the Drosophila gonad, it appears to be the predominant mechanism of sex
determination. Of the cell types tested so far, only the hub cells, which form from a subset of
SGPs (Le Bras and Van Doren, 2006), appear to decide their sexual fate in an autonomous
manner. Our current model (Figure 7) is that the SGPs determine their sex in a cell autonomous
manner, and then signal to other cell types in the gonad (PC precursors, msSGPs, and germ
cells) to control the sex-specific development of these cells via non-autonomous sex
determination.

Non-autonomous sex determination is not limited to the gonad; other tissues have been shown
to decide their sex through cell-cell signaling. In the genital imaginal disc, the sexual identity
of a signaling center, the A/P organizer, largely determines whether the disc will develop in
the male or female mode. This is controlled non-cell autonomously through Wingless and
Decapentaplegic signaling (Keisman et al., 2001). In addition, sex-specific migration of
mesodermal cells into the male genital disc is regulated by male-specific expression of the
Fibroblast Growth Factor Branchless in the genital disc (Ahmad and Baker, 2002). Finally, in
the nervous system, male neurons can non-cell autonomously induce the formation of the male-
specific muscle of Lawrence from female muscle precursors (Lawrence and Johnston, 1986).
Given the large number of tissues and cell types that undergo non-autonomous sex
determination, it seems that we can abandon the conventional view that sex determination in
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Drosophila is an obligatorily cell-autonomous process; while some cell types utilize a cell-
autonomous mechanism, many cell types clearly do not.

One reason why sex determination has been traditionally thought of as a cell-autonomous
process in Drosophila is due to its relationship with X chromosome dosage compensation. This
is the process by which gene expression from the single X chromosome in males is regulated
to match that from the two X chromosomes in females. Both sex determination and X
chromosome dosage compensation are regulated by the number of X chromosomes, acting
through the master control gene Sex lethal (SxI) (Cline and Meyer, 1996). It is likely that most
or all cells count their X chromosomes and use this information to control X chromosome
dosage in a cell-autonomous manner. However, as discussed above, it is now clear that cells
do not necessarily use this information to decide their sex. Consistent with this idea, the
expression of dsx, a key regulator of sex determination downstream of Sxl, is surprisingly tissue
specific. Within the embryo, dsx is only expressed in the SGPs and msSGPs of the gonad
(Hemple and Oliver, 2007, BDGP GEP, Figure 5G). Thus, not all cells even express the
machinery to translate their sex chromosome constitution into sexual identity, and it is therefore
necessary that sex-specific development of many cell types be controlled non-autonomously.

Common mechanisms control gonad sexual dimorphism in diverse species

The non-autonomous cell-cell interactions that control gonad sexual dimorphism in
Drosophila show great similarity to sex-specific gonad development in other species. In
mammals, somatic sex determination is based on the presence or absence of the Y chromosome.
The critical Y chromosome gene Sry is mainly expressed in a subset of cells in the somatic
gonad in the mouse embryo (Albrecht and Eicher, 2001; Koopman et al., 1990), similar to
dsx expression in the Drosophila embryonic gonad. Sry is only thought to be important for
formation of Sertoli cells in males, and the sexually dimorphic development of all other cell
types is thought to be regulated by local cell-cell interaction or hormonal cues (reviewed in
(Ross and Capel, 2005)). An excellent example of non-autonomous sex determination in the
mouse is the recruitment of cells from the neighboring mesoderm (mesonephros) to form
specific cell types in the mouse testis (Buehr et al., 1993; Martineau et al., 1997). Recruitment
of these cells is dependent on the sex of the gonad, not the sex of the mesonephros (Capel et
al., 1999; Tilmann and Capel, 1999). In addition, sex-specific development of other somatic
cell types in the mouse gonad is regulated non-autonomously by cell-cell interaction, as is
sexual identity in the germline. Thus, the use of non-cell autonomous sex determination and
sex-specific cell recruitment are common mechanisms for creating gonad sexual dimorphism
in flies and mice.

Non-autonomous sex determination in the mouse also utilizes signaling through the Wnt
pathway. Wnt4 acts as a “pro-female” gene that opposes Fibroblast growth factor 9 to regulate
sex determination in the gonad (Kim et al., 2006). In early stages of gonad development,
Wnt4 knockout females form a male-specific coelomic blood vessel and exhibit ectopic
migratory steroidogenic cells, suggesting that Wnt4 acts to inhibit endothelial cell and steroid
cell migration from the mesonephros into the female gonad (Jeays-Ward et al., 2003).
Interestingly, Wnt4 also has been shown to have a role in the male gonad, as male knockout
mice show defects in Sertoli cell differentiation, downstream of Sry but upstream of Sox9
(Jeays-Ward et al., 2004). Wnt7a also has been implicated in sexual dimorphism in the
reproductive tract, as Wnt7a knockout mice fail to express Mullerian-inhibiting substance
(MIS) type Il receptor in the Mullerian duct mesenchyme, which is required for regression of
the duct in male embryos (Parr and McMahon, 1998). In addition, a number of Wnt genes have
been found to be expressed sex-specifically in the gonad through sex-specific gene profiling
(Nef et al., 2005), indicating that other Wnt family members play a role in creating sexual
dimorphism in the mammalian gonad.
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It is also interesting that several conserved transcription factors act during gonad development
in diverse species. Sox100B is the fly homolog of SOX9/Sox9, a critical regulator of sex
determination and male gonad development in humans and mice (Chaboissier et al., 2004;
Foster et al., 1994; Huang et al., 1999; Wagner et al., 1994). Similarly, a mouse homolog of
ems, Emx2, is expressed in the developing gonad and is required for development of the
urogenital system (Miyamoto et al., 1997). Lastly, dsx homologs of the DMRT family have
been implicated in sex-specific gonad development in diverse species (Hodgkin, 2002). Thus,
not only are the cellular mechanisms, such as non-cell autonomous sex determination and cell-
cell recruitment, common between flies and mice, but the specific genes that regulate sexually
dimorphic gonad development may also be conserved. Since the formation of testes vs. ovaries,
and sperm vs. egg, are critical features of sexual reproduction, they may represent processes
that are highly conserved across the animal kingdom.

EXPERIMENTAL PROCEDURES

Fly Stocks

The following stocks were used: HCJ199(ry") (W. Bender) (Bender and Hudson, 2000),
whnt2!, Wnt2° (R. Nusse), svp97842 (svp-lacz), srp3, ems?, tral, dsx!, dsx23, abd-AMX1 |
tinCC14 zfh-17526 (R, Lehmann), hidWR*X1 (A, Bergmann), Df(3L)H99, UAS-GAL412B,
UAS-GFP.nls8, UAS-GFP.nls14, UAS-traF-20J7 (Ferveur et al., 1995), UAS-dTCF 4N (van
de Wetering et al., 1997) and UAS-sggS9A (also called UAS-sgg2°!) (Hazelett et al., 1998) (J.
Treisman), even-skipped stripe3+7-GAL4 (S. Small), paired-GAL4 (Brand and Perrimon,
1993), nanos 3'UTR::VP16-GAL4 (nos-GAL4) (Van Doren et al., 1998), tubulin-GAL4-LL7,
lacZ[857] (E. Matunis; Gdénczy, 1995), lacZ[B-57] (E. Matunis; Gonczy, 1995). Kr-GAL4,
UAS-GFP used was present on both TM3 and CyO balancer chromosomes (TM3, P[GAL4-
Kr.C]DC2, P[UAS-GFP.S65T]DC10 and CyO, P[GAL4-Kr.C]DC3, P[UAS-GFP.S65T]
DC7) (Casso et al., 2000) and showed similar gonad expression with both chromosomes.
Lineage tracing using the UAS-GAL4 construct has been successfully used in the nervous
system (Hassan et al., 2000) and in the gonad (Le Bras and VVan Doren, 2006). w118 was used
as a wild-type control. Information about unspecified stocks can be found on Flybase
(http://flybase.bio.indiana.edu).

Antibody Stainings and In Situ Hybridization

Embryos were fixed and stained as described in (DeFalco et al., 2003). Stage 17 embryos were
subjected to a single three-second pulse with a Branson Sonifier 250 in order to facilitate
antibody penetration through cuticle, as in (Le Bras and VVan Doren, 2006). Following staining,
embryos were mounted in 2.5% DABCO (Sigma-Aldrich, St. Louis, MO, USA) and mounted
on slides for imaging on a Zeiss 510 Meta confocal microscope. Pictures of embryos and
embryonic gonads are always oriented so that anterior is to the left. Adult testes and ovaries
were dissected in PBS, followed by a 30-minute room temperature fixation in 4.5%
formaldehyde in PBS containing 0.1% Triton X-100 (PBTx). Staining was performed as
described in (Gonczy et al., 1997), and samples were mounted on slides in 2.5% DABCO.

The following antibodies were used: chicken anti-VASA (K.Howard) at 1:5,000 or 1:10,000;
rabbit anti-VASA (R. Lehmann) at 1:10,000; rabbit anti-SOX100B at 1:1,000 (S. Russell);
mouse anti-ABD-B 1A2E9 (Development Studies Hybridoma Bank: DSHB, S. Celniker) at
1:50; mouse anti-EYA 10H6 (DSHB, S. Benzer/N.M. Bonini) at 1:25; rabbit anti-GFP (Torrey
Pines) at 1:2,000; mouse anti-GFP (Santa Cruz) at 1:50; mouse anti-FAS3 7G10 (DSHB, C.
Goodman) at 1:30; rabbit anti-B-GAL (Cappel) at 1:10,000; mouse anti-B-GAL (Promega) at
1:10,000; mouse anti-SXL M18 (DSHB, P. Schedl) at 1:50; rat anti-DN-cadherin Ex #8
(DSHB, T. Uemura) at 1:20, rabbit anti-EMS at 1:500 (U. Walldorf); guinea pig anti-TJ (D.
Godt) at 1:3,000 and rabbit anti-SRP (R. Reuter) at 1:1,000. The following secondary
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antibodies were all used at 1:500: Cy5 goat anti-chicken (Rockland), Alexa 546 goat anti-
chicken, Alexa 546 or 488 anti-rabbit, Alexa 546 or 488 goat anti-mouse and Alexa 488 goat
anti-guinea pig. All Alexa antibodies are from Molecular Probes (Invitrogen, Carlsbad, CA,
USA).

In situ hybridization was performed as previously described (DeFalco et al., 2003), either using
Fast Red as a fluorescent substrate (Roche, Indianapolis, IN, USA) or a colorimetric (NBT/
BCIP) substrate, except that antibody staining was performed after the in situ reaction was
developed.

Genotyping and sexing of embryos

In these experiments, GFP or lacZ-expressing balancer chromosomes were used to distinguish
homozygous mutant embryos from balancer-containing heterozygous siblings. Sexing of
embryos was done via female-specific anti-SXL staining (Figures 1E-1F, 2F-2G, 3C, 3F-3G,
4A-4H, 5E, and 6D) or lacZ-expressing X chromosomes (Figures 1A-1D, 3B, 3D-3E, and
6A-6B) as described in (DeFalco et al., 2003). Additionally, male-specific anti-SOX100B
staining (Figures 1G-1H,2C,3A,5C, 5H, and 6E-6G) (DeFalco et al., 2003) or male-specific
anti-NCAD staining (Figures 5D and 5F) (Le Bras and Van Doren, 2006) was also used to
determine sex of embryos.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SOX100B identifies two distinct sexually dimorphic cell types in the embryonic gonad
Embryonic gonads immunostained as indicated in the figure. Anterior is to the left in each
panel. (A,B) Wild-type st. 17 male gonads. msSGPs express ABD-B (A) and EY A (B) (arrows),
in addition to SOX100B, whereas the ensheathing cells express only SOX100B. In this genetic
background, a few posterior SGPs also express both SOX100B and ABD-B, as has been
observed previously (DeFalco et al., 2003). (C,D) St. 17 XX (C) and XY (D) gonads from
embryos expressing Kr-GAL4, UAS-GFP constructs on a TM3 balancer chromosome. GFP
is expressed in cells ensheathing male gonads (arrowhead), but is not expressed in msSGPs
(arrow). (E,F) Embryos homozygous for the HCJ199 allele of Abd-B. Male gonads lack
msSGPs at both st. 15 (E) and st. 17 (F), but still exhibit SOX100B-positive ensheathing cells
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at st. 17. (G,H) Embryos expressing evestr3+7-GAL4 in combination with UAS-GFP and

UAS-GAL4 for permanent lineage tracing. msSGPs (arrows) express GFP at st. 13 (G) and st.
17 (H) but SOX100B-positive ensheathing cells do not (arrowheads).
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Figure 2. SOX100B-expressing cells give rise to testis PCs

St. 17 gonads and adult testes immunostained as indicated in the figure. Anterior is to the left
in each panel. (A,A’) Kr-GAL4, UAS-GFP adult testis examined by either light microscopy

(A) orimmunofluorescence (B). Inset: Slice of three-dimensional reconstruction of testis. Note
that GFP expression is coincident with the yellow pigmentation of the testis and is only in the
outer layer of cells. (B,C) The B-57 enhancer trap labels PCs in the adult testis (B) and st. 17
embryonic male gonad (C), and co-localizes with SOX100B (arrowheads). (D,E) Adult testes
showing SOX100B-positive PCs in both wild-type (D) and AbdB[HCJ199] mutants (E). The
AbdB[HCJ199] mutant testes do not have the normal, elongated appearance of wild-type testes,
likely due to defects in interaction with the genital disc. (F,G) St. 17 embryonic male gonads
immunostained to reveal msSGPs (co-expressing ABD-B and SOX100B) and PCs (SOX100B
only, arrowheads). In addition, a few posterior SGPs also co-express ABD-B and SOX100B

(DeFalco et al., 2003). Note that PCs are observed in wild-type (F) but not Wnt2 mutants (G).
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Figure 3. PC precursors are specified from fat body cells surrounding the male gonad

St. 17 gonads immunostained as indicated in the figure. Anterior is to the left in each panel.
(A) Expression of the svp-lacZ fat body enhancer trap overlaps with SOX100B-positive PC
precursors. (B) Cells that express the PC precursor marker Kr-GAL4, UAS-GFP also express
SRP. (C) A srp mutant gonad that lacks PC precursors but has msSGPs (co-expressing
SOX100B and EYA, arrow). (D,E) EMS is expressed in cells that ensheath the male (D), but
not female (E) embryonic gonad. (F,G) SOX100B-positive PC precursors surround the wild-
type male gonad (F, arrowhead) but are not observed in ems mutant gonads (G), which only
exhibit SOX100B expression in msSGPs (arrow).
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Figure 4. tra and dsx control sexual dimorphism in the PC precursors

St. 17 gonads immunostained with anti-VASA (germ cells, red) and anti-SOX100B (green).
Anterior is to the left in each panel. (A,B) SOX100B-positive PC precursors are observed in
both XX (A) and XY (B) tra mutant embryos. (C,D) PC precursors are not observed in either
XX (C) or XY (D) gonads when the female form of tra is ectopically expressed using UAS-
traF; tubulin-GALA4. (E,F) PC precursors are observed in both XX (A) and XY (B) dsx mutant
embryos. (G,H) Df (H99) mutants defective for apoptosis. Note that PC precursors
(arrowheads) are still observed in XY (H) but not XX (G) embryos, similar to wild type. In
contrast, msSGPs (arrows) are observed in both XY and XX embryos.
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Figure 5. Non-cell autonomous control of sex determination in the Drosophila gonad

(A,B) Diagram of prd-GAL4 expression (green) in the embryonic gonad at st. 15 (A) and st.
17 (B). Anterior is to the left in each panel. Approximate PS numbers are indicated in (A) based
on the known pattern of prd gene expression. The black line in (B) outlines the hub. (C-F, H-
J) Immunostainings of embryonic gonads as indicated. (C) GFP expression from st. 15 male
embryo expressing prd-GAL4 and UAS-GFP. Traffic Jam (TJ) staining labels PS10-12 SGP
nuclei. Lines separate GFP-positive and GFP-negative regions of the gonad. Note that GFP is
expressed in PS 11 SGPs and strongly in the msSGPs from PS 13. GFP is also expressed in
subsets of cells surrounding the gonad. (D) GFP expression from st. 17 male embryo expressing
prd-GAL4 and UAS-GFP. Note that the hub (outline, labeled with DN-cadherin) is normally
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composed of GFP-positive (PS11) and GFP-negative (PS10) cells. (E) A similar embryo as in
(C) but expressing TRA instead of GFP. Note that the msSGPs are still present in the XY gonad
even though they express TRA. (F) A similar embryo as in (D) but now expressing TRA in
addition to GFP. Note that GFP/ TRA expressing cells do not contribute to the hub (outline),
in contrast to GFP-alone expressing cells in (D). (G) St. 15 wild type embryo labeled by in
situ hybridization for dsx mRNA. (H) St. 17 embryo expressing prd-GAL4, UAS-GFP and
UAS-traF, immunostained for SOX100B and GFP. Note that GFP/ TRA expressing cells
(arrowheads) can still become PC precursors based on their expression of SOX100B and their
position and morphology. (1,J) tin zfh-1 double-mutant embryos. Note that msSGPs (arrows,
co-labeled with EYA and SOX100B) are present at st. 12 (1), but not at st. 15 (J).

Dev Cell. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeFalco et al.

Page 23

#XX; UAS-Wnt2: i "
D nos-GAL4 o

-

Figure 6. Wnt2 acts non-autonomously to regulate sex-specific PC precursor specification

(A-C) St. 17 embryos labeled by fluorescent in situ hybridization for Wnt2 mRNA (red) and
anti-VASA immunostaining (green). Anterior is to the left in each panel. (A’-C”) Wnt2 mRNA
channel alone. (A,B) Wild type embryos. Wnt2 expression is robust in male embryonic gonads
at st. 17 (B,B’) but is not detectable above background in females (A,A’) at this stage. (C)
dsx1/dsx23 mutant gonad. Wnit2 expression is now observed in 100% of embryos. (D-G) St. 17
embryos immunostained as indicated in the figure. (D) Female embryo exhibiting SOX100B-
positive PC precursors when Wnt2 is ectopically expressed in the germ cells (UAS-Wnt2,
nos-GALA4). (E-G) Embryos expressing prd-GAL4 and UAS-GFP either alone (E), or in
combination with UAS-dTCFAN (F) or UAS-sgg®°t (G). Note that some GFP-positive cells

Dev Cell. Author manuscript; available in PMC 2009 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeFalco et al.

Page 24

become SOX100B-positive PC precursors when expressing GFP alone (E, arrowheads), but
not when expressing UAS-dTCFAN (F) or UAS-sgg2t (G).
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Figure 7. Model for non-autonomous control of sexual dimorphism in the Drosophila gonad
Diagram of a male gonad. Anterior is to the left. Sexual dimorphism of three cell types is
controlled non-autonomously via different types of male-specific cell-cell signaling from the
SGPs: Wnt2 expression induces PC precursor formation, the JAK/STAT pathway regulates
male germ cell development, and an unknown signal promotes msSGP survival in male gonads.
Inset shows a model for PC specification, in which Wnt2 is regulated by dsx to induce male
PC fate in surrounding fat body cells. Although Wnt2 is genetically downstream of dsx as
indicated, our data indicate that dsx acts in the female gonad to directly or indirectly repress
Wnt2 expression.
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