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TAG]1-negative axon fascicles. Similarly, a
major change in the expression of adhesion
factors has also been reported: down-regu-
lation of TAG1 expression as the commis-
sural neurons cross the floor plate (2). The
arrival of substance P—containing axon ter-
minals at the floor plate may modulate or
initiate this change; in such a mechanism,
release of substance P onto the floor plate
would cause floor plate secretion of factors
taken up by axons of passage (12). Here, we
suggest that during development, substance
P initiates or may modulate programs of
gene expression in floor plate cells, which
may in turn influence and guide the growth
and development of neuronal pathways
within the brain and spinal cord.
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Genetic Feminization of Brain Structures and
Changed Sexual Orientation in Male Drosophila

Jean-Francois Ferveur,*} Klemens F. Stortkuhl,
Reinhard F. Stocker, Ralph J. Greenspan

The neural basis of sexual orientation in Drosophila was studied by the production of males
with regionally feminized brains. Such flies express the female form of the sex determi-
nation gene transformer in a limited number of neurons under the control of GAL4
enhancer trap inserts. This method facilitated the creation of lines with a stable pattern
of feminization. In tests of sexual preferences, flies that were feminized in a portion of the
antennal lobes or in a subset of the corpora pedunculata (mushroom bodies) courted both
males and females. These two brain structures, both of which are involved in olfactory
processing, may function in the recognition of sex-specific pheromones, in the control of

sex-specific behaviors, or both.

I the fruit fly Drosophila melanogaster, most
aspects of sexual behavior are genetically
controlled (I, 2). Sexual recognition of fe-
males by males largely relies on sexually
dimorphic contact pheromones (3), and
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performance of male courtship requires ge-
notypically male cells in higher centers of
the nervous system (4).

To understand the neural basis of sexual
orientation in Drosophila, we generated
male flies with different patterns of regional
feminization of the nervous system by using
a GAL4 enhancer trap strain (5). The ran-
dom insertion of the GAL4 transposon
leads to a line of flies that express GAL4 in
a stable tissue-specific manner that is de-
pendent on the enhancer gene next to
which the transposon is inserted. When
each GALA4 line is crossed with a line that
contains the reporter feminizing gene up-



stream activating sequence—transformer (UAS-
tra), the corresponding tissues are domi-
nantly (6) and autonomously (7) feminized
(Fig. 1). In contrast to the standard gynan-
dromorph  technique, which produces
unique patterns of sex mosaicism in each
individual (8), the GAL4 enhancer trap
strains produce stable mosaic lines. This
allows the detection of probabilistic aspects
of behavior and the examination of the
anatomical staining patterns in greater de-
tail. Our sex mosaic flies also present the
advantage of having cells that are neither
abnormal (mutant) nor missing (ablated)
but that are either male or female.

Drosophila melanogaster males are normal-
ly heterosexual (9). Transformed males from
crosses involving GAL4 lines 1, 2, and 3, but
not lines 4 and 5, showed a homosexual
attraction to wild-type males (Fig. 2) (10).
Males of various genotypes, homozygous for
the same GAL4 inserts (without tra) or het-
erozygous for the reporter gene UAS-tra, did
not show such a high level of homosexual
response, as expected from other results (9,
11). Heterosexual responses were normal;
males from all five of these transformed lines
initiated courtship toward decapitated wild-
type females just as normal males do (12).

Because males of different transformed
strains exhibited two distinct behavioral
classes of responses (bisexual and heterosex-
ual), we examined their GAL4 expression
patterns to look for a relation between anat-
omy and behavior. The patterns of expres-
sion in the five GAL4 enhancer trap lines,
which correspond to those regions femi-
nized by UAS-tra, were revealed by a cross
with a UAS-lacZ reporter strain (Fig. 1).
Differences in sexual orientation could thus
be correlated with a relatively limited num-
ber of differences in expression. The pat-
terns in the five selected strains overlapped
in both the central nervous system (CNS)
and in the peripheral nervous system
(PNS). There was a correlation between
the performance of homosexual courtship
and the expression of GAL4 in the anten-
nal lobes (ALs) and the mushroom bodies
(MBs) (Fig. 3).

As the exclusive neural targets of the
olfactory sensilla of the third antennal seg-
ment and of the maxillary palps, the ALs are
the primary olfactory association center (13,
14). Their subunits, the glomeruli, are orga-
nized into odor-discriminating areas (15). In
Drosophila and in other insects, olfactory in-
formation processed in the different glomer-
uli is transferred by means of local interneu-
rons into the calyces of the MBs (13, 16)
and into the lateral protocerebrum (13, 17).
MBs, which can show a significant structural
plasticity depending on social environment
(18), age, and sex (19), are thought to be the
higher center for odor discrimination and
associative odor learning (20).

SCIENCE

In bisexual strains 1, 2, and 3, GAL4 was
expressed in a subset of the MBs, in a
specific portion of the ALs, or both. This
was not the case in heterosexual strains 4
and 5, in which GAL4 is never expressed in
the MBs or is expressed in a different por-
tion of the ALs (Fig. 4). In bisexual strains
1 and 2, GAL4 was expressed in a subset of
the MBs, including the calyces, the pedun-
culi, and the alpha and beta lobes. Strain 2
showed no expression elsewhere except in
the fan-shaped body of the central complex
and in the giant descending interneuron
that extends to the thoracic ganglia. In
bisexual strains 1 and 3 and in heterosexual

Fig. 1. Schema for the pro-
duction of partially trans-
formed males. Strains car-
rying  enhancer  trap
P[GAL4;w*] insertions (5)
were mated to a reporter
strain carrying UAS-tra to
produce regional feminiza-
tion. The UAS-tra lines
were originally generated
with a pUAST vector (5)
into which a cDNA of the
female spliced form of the
transformer gene (pE6.9.1)
(6) had been inserted as an
Eco Rl fragment. Transfor-
mation was carried out with
the w;P[(A2-3)](99B) strain

)

GAL4
Expression

strain 4, GAL4 was expressed in the ALs. In
strain 1, local interneurons that connect
most or all glomeruli were stained, whereas
in strain 3, the expression in the central
brain was mostly restricted to a few glomer-
uli. The difference of expression in the ALs
between bisexual strain 3 and heterosexual
strain 4 was restricted to the DM2, DA3,
and DA4 glomeruli (13, 21). These were
the only transformed neural structures that
showed any correlation with changed sexu-
al orientation. The arista did show a corre-
lation, but no sexual dimorphism has yet
been observed in this organ and it is not
thought to have a chemosensory role (22).

x UAS-tra &)
strain
/ Feminization
GAL4strain et
x UAS-lacZ
strain

)

B-Galactosidase
staining

as host (34). The A2-3 element was eliminated, and the second chromosome transformants were balanced
with In@2LR)O,Cy (35). Each GAL4 line was also mated to a UAS-/acZ strain to determine GAL4 expression

patterns (36).

Fig. 2. Courtship behavior of transformed and
control males. The length of each bar shows the
percentage of flies of a given genotype perform-
ing courtship (37). Forty flies were tested for each
strain. Only flies that courted more than 20 s were
counted as courting males. All flies used in court-
ship tests were individually stored in food vials
and tested when 4 days old in a mating chamber
(0.2 cm3) at 25°C for 10 min. Each transformed
(GAL4/+;UAS-tra/+) male was tested once ei-
ther with a decapitated wild-type male (black bar)
or female (white bar) (72). At the same time, con-
trol flies homozygous for the same GAL4 insert or
heterozygous for the UAS-tra gene were tested
under the same standard conditions. We decap-
itated sex-object wild-type (Canton-S) female and
male flies 10 to 30 min before the experiment to
standardize the stimulus provided to the subject
flies. The proportion of time spent courting, mea-
sured by the courtship index (Cl), was generally
consistent in each group. All transformed males
had a Cl from 0.45 * 0.06 to 0.66 = 0.04 when
courting virgin females, with the exception of 2-tra
males (Cl = 0.26 * 0.04). Control homozygous
GAL4 males had a Cl of 0.58 + 0.04 to 0.80

[ —B uAS-traie

1 B 5/uAs-trals of

: m

. M o/ uAstrals

W s o
I_— 3/+;UAS-tra/+ g

5/5;++ o

I I 33+l+
Y — A
I .| 224+ o
e—— L A
QI \°! N+
| 1
100 0

Flies performing male courtship (%)

+ 0.03 with virgin females. Where controls and

transformed males courted other males, the Cl ranged from 0.20 + 0.02 to 0.32 *+ 0.06. Male flies of
transformed strains 1-, 2-, and to a lesser extent 3-, but not 4- and 5-tra, had an intersexual
morphology, with a loss of pigmentation of the last abdominal tergites, and changes in genitalia. In all
cases, however, the distal segments of the front legs, thought to be a primary site of pheromone
detection in males (24), had a male-like aspect as shown by the presence of sex combs. No qualitative
intrastrain variation was observed for these morphological phenotypes.
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In many insect species, glomerular archi-
tecture shows sexual dimorphism with the
male macroglomerular complex specialized
for processing volatile female pheromones
detected by the antennae (23). No such
structure exists in Drosophila. In D. melano-

904

Fig. 3. Patterns of GAL4 expression in the central brain. Stippled areas, visualized with lacZ staining,
correspond to the area feminized with UAS-tra. The intensity of staining is indicated by the density of dots.
(A) Schematic representation of a dorsal view of a fly head; the outlined area of the central brain is
enlarged in (B), which indicates the principal structures in which GAL4 is expressed in strains 1 through
5. AGT, antennoglomerular tract; AL, antennal lobes; AN, antennal nerve; Cx, calyx (as part of the MB);
FO, fan-shaped organ (of the central complex); G, gustatory centers and suboesophageal ganglia; GC,
great commissure; LCB, lateral cell bodies; MB, (pedunculus of the) mushroom body; and PI, pars

intercerebralis.

E

i

Fig. 4. Photomicrographs showing /acZ expression

S -l

pattern in the ALs and in the MBs of the five GAL4

strains. Areas stained in blue correspond to the structures that are feminized when crossed with a
UAS-tra strain. (A through E) Horizontal epon sections (10 wm) of Drosophila heads. (A) and (C) to (E)
correspond to the medio-anterior part of the brain including the ALs, and (B) is a composite picture
including both the ALs and the calyces of the MBs. (F) Frontal view of a brain whole mount of strain 1. In
all photos, the arrowheads point to the cell bodies lateral to the ALs. (A), strain 1; (B), strain 2; (C), strain
3; (D), strain 4; and (E), strain 5. Arrows show in (A) arborization of local interneurons, in (B) the calyx of the
MB, in (C) the DM2 glomerulus, in (D) the VA1 (27) glomerulus, and in (F) the MB. All preparations were
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incubated with X-Gal substrate (38). Scale bars are 25 um.

gaster, known female pheromones are non-
volatile contact pheromones that are de-
tected principally by the distal segments of
the male’s front two pairs of legs (24). How-
ever, the maxillary palps show a slight sex-
ual dimorphism for the number of olfactory
basiconic sensilla (13, 14) and have been
implicated in the detection by males of
inhibitory signals from fertilized females
(25). These signals may possibly be short-
range anti-aphrodisiac pheromones (26).
The DM2 glomerulus, which receives sen-
sory inputs from the basiconic sensilla
borne by the maxillary palps, may thus be
functionally homologous to the macroglo-
merular structure (13, 14, 27). DM2 is con-
nected to the calyx of MBs through the
antenno-glomerular tract by the processes
of unilateral output interneurons (13).
MBs, which are known to be the higher
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brain structures involved in the processing
of chemosensory information, have ~10%
more Kenyon cell axon fibers in females
than are in males (19). However, no obvious
sexual dimorphism of the neuroblast precur-
sors of the MBs has been observed during
development and metamorphosis (28).

Our results suggest that in the trans-
formed bisexual males of strains 1, 2, and 3,
the ALs and the MBs, which are two linked
neural structures involved in the detection
and the processing of sex pheromones, have
been feminized or at least are incompletely
developed as male structures. The bisexual
behavior of strains 2 and 3 is correlated with
a restrictive expression in a subset of the
MBs and in a few glomeruli of the ALs
(DM2, DA3, and DA4), respectively. This
changed sexual orientation could result from
an error in the connectivity between the



ALs and the MBs as a result of the differenc-
es in their sexual phenotype (29). Strain 1
shows a partial and simultaneous expression
of tra in both the MBs and in the ALs. The
fact that transformed males of this strain
showed homosexual behavior less frequently
than totally bisexual strains 2 and 3 could
thus be the result of the concordance of
sexual genotype in both brain structures. Al-
ternatively, it may simply be attributable to a
less complete transformation of the crucial
substructures.

There are two possible explanations for
the behavioral consequences of the trans-
formations studied here. These strains may
lack a male-specific inhibition center that
enables wild-type males to detect anti-
aphrodisiac pheromones and possibly oth-
er inhibitory odors (25, 30) that are capa-
ble of blocking male-male courtship (26).
In this case, transformed males would not
be able to detect that the courted flies
were males and would be induced to court
by some other chemical or visual stimuli.
Alternatively, wild-type females may pos-
sess sex-specific nervous structures for de-
tecting male aphrodisiac pheromones (9).
In this case, males in the strains that
exhibit high levels of homosexual court-
ship would respond to males because they
are stimulated by them, but their behavior
would remain typically male because other
crucial parts of the nervous system are still
male (4). The female-specific responsive
center is likely to correspond to a site
identified in earlier gynandromorph ex-
periments as the main focus for female
sexual receptivity (31). This area includes
neurons in the medio-anterior region of
the brain in which the glomeruli DM2,
DA3, and DA4 lie. Whichever interpre-
tation is correct, because the strains retain
the ability of normal males to detect fe-
male aphrodisiac pheromones, the exis-
tence of separate or composite central
structures for the analysis of sex-specific
pheromones seems probable.

This study shows that the relation be-
tween genotype, brain structure, and sexual
orientation is complex, even in an organism
as relatively simple as Drosophila. Subtle
differences in human brain structures have
been correlated with male homosexuality
(32), as have certain genetic markers (33).
In spite of the behavioral and phylogenetic
gulf that separates our studies, investiga-
tions of Drosophila sexual behavior may pro-
vide insights into fundamental aspects of
the relation between genes, brain structure,
and sexual behavior in higher organisms.
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