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Maria Balakireva,1 Nanaë Gendre,2 Reinhard F. Stocker,2 and Jean-François Ferveur3
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Voila1, an enhancer-trap strain in Drosophila melanogaster,
expresses GAL4 in most gustatory neurons, both before and
after metamorphosis. Voila1 expression starts at embryonic
stage 10. In the periphery, it labels larval gustatory sensilla in
the antennomaxillary complex as well as in the pharynx. GAL4
is also expressed in the CNS in a manner that prefigures
expression in adult flies. Most Voila1/1 homozygotes die be-
tween second larval instar and early adulthood. Moreover, es-

caping Voila1/1 larvae do not show gustatory responses to NaCl
and sucrose. The simultaneous rescue of normal larval gusta-
tion together with adult viability after removal of the transpos-
able PGAL4 element suggests that both these phenotypes are
caused by the same inserted element.
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The study of the taste sensory system requires the availability of
a reliable behavioral phenotype (or phenotypes) related to the
genetic alteration of a restricted number of neurons. In the fruit
fly Drosophila melanogaster, the recent engineering of PGAL4
enhancer-trap strains expressed in a specific subset of neurons
(Brand and Perrimon, 1993) has made it possible to begin unrav-
eling the function of neurons by studying behavior in parallel with
genetic misexpression (Ferveur et al., 1995; Sweeney et al., 1995;
Connolly et al., 1996).

The major components of the chemosensory system of Dro-
sophila larvae are the dorsal organ (DO), the terminal organ
(TO), and a number of pharyngeal sensilla (for review, see
Stocker, 1994). The structural features of the DO and TO, which
together form the antennomaxillary complex (AMC), suggest
that they are involved in olfaction and taste, respectively (Singh
and Singh, 1984). This has recently been confirmed by electro-
physiological recording (Oppliger et al., 2000) and chemosensory
preference assays after toxin-induced silencing of larval chemo-
sensory neurons (Heimbeck et al., 1999).

During metamorphosis of holometabolous insects, most of the
larval motor neurons and many interneurons persist and combine
with new imaginal neurons to form the adult CNS (Truman et al.,
1993). Conversely, almost all larval sensory neurons degenerate,
and adult sensory neurons form de novo (Jan and Jan, 1993).
Exceptions are specialized subsets of larval sensory neurons that
may act as a scaffold during peripheral neuronal reorganization

(Williams and Shepherd, 1999). Apart from cellular persistence,
other precise sensory functions appear to be conserved through
metamorphosis. In the visual system, some opsin pigments are
expressed in both the larval photoreceptor organ and the adult
compound eye (for review, see Meinertzhagen and Hanson,
1993). A mutant study has also indicated that larval and adult
visual transduction systems share several proteins (Busto et al.,
1999). Such a two-stage screening has allowed Riesgo-Escovar et
al. (1992) to isolate enhancer-trap lines showing very restricted
expression patterns in both larval and adult olfactory organs.
Among the candidate genes, acj6 showed altered larval and adult
olfaction in response to specific chemicals (McKenna et al., 1989;
Ayer and Carlson, 1991). acj6 was subsequently used to charac-
terize the first Drosophila olfactory receptors (Clyne et al., 1999).

Similarly, we show here that the Voila1–PGAL4 strain, which
was found to express GAL4 specifically in adult taste sensilla
(Balakireva et al., 1998), also specifically labels gustatory organs
during larval and pupal stages. Not surprisingly, homozygous
Voila1/1 larvae exhibit serious gustatory defects. Moreover, most
homozygous individuals, which are smaller than controls, die
between second larval instar and late pupal stages. On the basis of
genetic and behavioral experiments, we suggest that Voila plays a
crucial role during the development and/or maturation of the
gustatory system.

MATERIALS AND METHODS
Fly stocks and genetics. Strains were kept at 25°C (unless otherwise
noted) in a 12 hr dark/ light cycle on standard cornmeal food. A descrip-
tion of the chromosomes and mutations used in this study can be found
in Lindsley and Zimm (1992). As a control strain, we chose Canton-S
(CS), which is a laboratory strain that has been studied for several
decades. The PGAL4 enhancer-trap line DB345 was isolated in a screen
for expression in the adult chemosensory system (Balmer, 1994) and was
subsequently named Voila 1 because of its dominant bisexual courtship
phenotype in heterozygote males (Balakireva et al., 1998). The Voila 1

variant is a recessive lethal that has been maintained balanced over the
chromosomes TM3, Sb Ser, or TM6C, Sb Tb, or TM6, Ubx (a gift of P.
Santamaria, Gif-sur-Yvette, France).
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Complementation analysis of Voila 1 was performed with a set of
deficiencies uncovering the chromosomal region 86C-87C [for break-
points and origin, see Reuter et al. (1987)]. Each deficiency was tested in
a trans-heterozygous combination against the homologous chromosome 3
carrying Voila 1.

Derivative lines of Voila 1 were produced according to the standard
procedure (Cooley et al., 1988). Mobilization of the Voila 1–PGAL4
transposon was performed by mating males carrying the transposase-
producing D2–3 chromosome (Robertson et al., 1988) together with
Voila 1/TM3 females. Individual F1 male progeny carrying both chromo-
somes 3 (one with Voila 1 and one with the D2–3 transposase) were mated
to w;1/TM3 females. Each F2 w 2 male was used to establish a derivative
line containing an independent Voila excision event (Voila exc) balanced
over the TM3, Sb Ser chromosome (the white eye color indicates that at
least the part of the PGAL4 transposon containing the w 1 minigene
sequence has been excised from the genome of the Voila 1 strain).

Developmental lethalit y. For measuring developmental lethality, eggs
were collected for a period of 24 hr at 25°C (for experiments performed
at 25 and 29°C) or at 20°C (for experiments at 20°C) and deposited in
vials at the experimental temperature. Thirty to forty hours after the end
of egg-laying, the number of dead embryos was counted. Strains carrying
a balancer chromosome are expected to yield an average of 25% dead
embryos (homozygous for the balancer chromosome). Adults emerging
from the pupal case were counted according to their genotype (nA), and
the frequency of adult survival was estimated relative to the number of
surviving embryos (nA/nE). The frequency of lethality during pupal life
was also directly measured (nP/nE). The occurrence of lethality during
larval stages is thus the difference between the number of hatching
embryos minus the number of individuals that reach (and die during)
pupariation and adulthood (nL 5 nE 2 [nP 1 nA]).

The respective lethality of both homozygous and heterozygous Voila 1

genotypes was assessed with the dominant marker Tubby (Tb) carried on
the balancer chromosome TM6C, Sb Tb. The Tb marker makes it
possible to distinguish both genotypes during larval and pupal stages.
The lethality of the different adult genotypes was based on our estimation
carried out with both Voila 1/TM3 and Voila 1/TM6 strains. A similar
protocol was used to estimate the lethality of flies carrying derivative
Voila exc chromosomes or deficiencies.

Food renewal was performed by transferring first instar larvae (once)
on fresh food medium. For all experiments, the number of larvae was
roughly controlled (200–300) to prevent competition for food resources.

Gustatory tests. Petri dishes divided into halves (Falcon 1003) were
filled with 1% agarose/water (control) and 1% agarose/test solution (test)
on opposite halves (Heimbeck et al., 1999). Chemicals tested were
sucrose (Fluka 84100) and NaCl (Fluka 71380). Thirty to fifty late
second–early third instar larvae were placed on the center of the dish and
allowed to move freely. The number of larvae found on control (Nc) and
test (Ns) halves was counted after 10, 15, 30, and 60 min. Larvae found
at ,0.5 cm from the separating line were not included in the calculation.
A response index (RI ) was calculated for each time point (RI 5 [Ns 2
Nc]/[Ns 1 Nc]).

The RI values were relatively stable between 15 and 60 min of the test
period. This is the reason why we have shown the RI values that were
yielded after 30 min. However, the RI values toward sucrose that were
very significantly different between strains at 15 min are also described in
Results. We used two-way ANOVA to compare the difference between
our data that were normally distributed within most samples (for each
genotype, for a given concentration, and time of observation). Statistical
significance was tested with least significant difference and Newman–
Keuls post hoc tests.

Reporter gene expression. Voila 1/TM6 was crossed with either UAS–
lacZ (Brand and Perrimon, 1993) or UAS-green fluorescent protein
(GFP) (Yeh et al., 1995). For visualization of b-galactosidase, embryos
were stained with X-Gal according to Ghysen and O’Kane (1989).
Larvae and pupae were dissected in Millonig’s buffer, fixed in 1%
glutaraldehyde (in Millonig’s), and stained for b-galactosidase activity
with a solution containing 5–10 mg X-Gal /ml DMSO (Brand and Perri-
mon, 1993). Embryos and the dissected parts of larvae and pupae were
mounted in Faure’s solution (Ashburner, 1989).

For visualization of GFP through the confocal microscope, larvae and
pupae were dissected in Drosophila Ringer’s solution and fixed in 4%
paraformaldehyde [for details, see Laissue et al. (1999)]. Counterstaining
of the neuropil was performed by mAb nc82 and the Cy3 fluorophore
(Laissue et al., 1999). The dissected tissues were embedded in Vectash-
ield medium (Vector Laboratories, Burlingame, CA) and viewed with a

Bio-Rad MRC 1024 confocal microscope equipped with a Kr/Ar laser.
Multiple series of optical sections of 0.9 mm were taken with 512 3 512
pixel resolution.

RESULTS
Preimaginal lethality
The PGAL4 enhancer trap line Voila1, which was isolated in a
screen for expression in the adult chemosensory system, yielded
only viable heterozygous adult flies (Voila1/1). Voila 1/1 exhibited
developmental lethality at various stages (see below). Further-
more, homozygous Voila1 larvae and pupae remained much
smaller than Voila1/1 or wild-type genotypes (Fig. 1). We do not
know yet whether this effect is caused by starvation. We have not
noted obvious abnormal movements, digging, or feeding behav-
iors of mutant larvae.

The lethality of Voila 1/1 homozygotes was clearly postembry-
onic: individuals died between the second larval instar and the
late pupal stage. The developmental lethality that occurred dur-
ing embryonic, larval, pupal, and early imaginal stages was mea-
sured by counting the frequency of individuals surviving at the
end of each of these developmental phases. The Voila 1/1 geno-
type showed a highly reproducible pattern of lethality during
development (Fig. 2A).

Temperature and feeding conditions, but not genetic
background, affect developmental lethality
At 25°C, ;83% of Voila 1/1 homozygotes died before reaching
puparium formation (Fig. 2A). We tested the influence of differ-
ent genetic backgrounds (each one including a different balancer
for chromosome 3: TM3, Sb Ser, or TM6, Ubx, or TM6C, Sb Tb).
At 25°C, the lethality profile between these three strains showed
only slight quantitative variations: 5–12% of individuals died
during pupal life, and the 5–12% of adult escapers (of both sexes)
died during their first 2 d of adult life (data not shown). The
surviving imagoes had difficulties standing up and therefore
showed no visible locomotor activity.

We also tested the influence of temperature and food on
developmental lethality. When the developmental temperature
was either shifted down to 20°C or raised to 29°C, no Voila1/1

adult flies eclosed (Fig. 2A). In both cases, the percentage of
dying larvae increased dramatically (95–98%); 25°C is thus the
most favorable temperature for prolonging the survival of Voila1/1

Figure 1. A, B, Homozygous Voila 1/1 larvae and pupae (lef t side in each
panel) are significantly smaller than the corresponding wild-type stages
(right side). A, Third instar larvae. B, Pupae after head eversion.
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homozygotes. Food quality also largely influenced the lethality
profile (Fig. 2A). Larvae that were transferred to fresh food
medium during their first instar showed an increased probability
of reaching puparium formation (43%) as compared with siblings
held on the same medium throughout larval development (17%).
As a consequence, the larvae that were raised on renewed food
more frequently yielded adult flies (38%) than larvae held on
unchanged medium (12%). Nevertheless, no Voila1/1 imago sur-
vived for more than 48 hr, regardless of rearing conditions.

For the rest of our study and to standardize our measurements,
these experimental conditions were kept constant. Strains were
always raised at 25°C and held on the same food medium during
their entire preimaginal development.

Genetic mapping of developmental lethality
Voila1 was originally mapped to chromosome 3, at 86E1–2 (Bala-
kireva et al., 1998). To confirm that developmental lethality was
caused by the PGAL4 transposon inserted at the Voila locus, we
performed two series of genetic experiments. First, a complemen-
tation analysis was made with several strains carrying a deficiency
in the chromosomal region surrounding Voila (86D4-E19) (Fig.
2B). We found that neither Df(3R)Kx1 nor Df(3R)T-32 defi-
ciency could complement the defect caused by Voila 1 on the
homologous chromosome: both double heterozygotes (Df(3R)/
Voila1) showed embryonic lethality. This was not the case with
the other deficiencies tested here. It should be remembered that
both Kx1 and T-32 deficiencies were previously found to yield
abnormal adult male courtship behavior (Balakireva et al., 1998).
The Df(3R)cu40 deficiency, which was not previously tested,
induced semi-lethality during development when paired with the
Voila1 chromosome (Fig. 2B). This defect indicates that cu40
deficiency partially uncovers the genomic region involved in adult
viability.

The second genetic experiment was performed to rescue adult
viability by remobilizing the PGAL4 transposon. Each remobili-
zation event was subsequently maintained in a Voilaexc strain. We
obtained 61 Voilaexc strains, each of which was characterized for
the profile of developmental lethality of its homozygous Voilaexc/exc

flies (M. Balakireva, unpublished data). Out of these Voilaexc

strains, adult viability was completely rescued in 35 cases (viable
strains 5 Voilaexc-Vb lines). Data are shown for the Voila23 and
Voila57 strains that exhibited mortality curves that were very
similar to that of the control CS strain (Fig. 2C). This rescue
indicates that the PGAL4 transposon is responsible for the de-
velopmental lethality of Voila1/1 homozygotes.

Remobilization can often yield imprecise excisions of the trans-
poson, thus producing new alleles at the same locus (Wilson et al.,
1989; Deak et al., 1997). The profile of developmental lethality of
the 26 other Voilaexc lines that showed no rescue of adult viability
was thus examined in detail. These Voilaexc-Lt lines (Fig. 2C,

Figure 2. A–C, Cumulative lethality during different phases of develop-
ment of (A) homozygous Voila 1/1 in various environmental conditions
and (B, C) of various genotypes. A, Effect of temperature and food quality
on the lethality rate for Voila 1/1 genotype. B, Complementation analysis
of Voila 1 with different genetic deficiencies. Deficiencies shown above the
graph are aligned with the salivary gland chromosome map (Lindsley and

4

Zimm, 1992). Bars represent the extent of the deficiencies, and hatched
regions indicate uncertainty as to breakpoint position. The density of bars
represents developmental viability (black, lethal; striped, semi-lethal;
white, viable). The position for the insertion of the PGAL4 transposon is
shown above the chromosome. C, Genetic analysis with various homozy-
gous Voila exc/exc excision alleles. For all strains, the genetic background
included the TM3 balancer carrying either Sb Ser or Sb Tb. The main
phases of development are indicated in days (as measured after egg-laying
at 25°C). Time scale was readjusted as for the other developmental
temperatures. Each value corresponds to one or two experiments; each
experiment was performed with more than 250 embryos.
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lethal strains) exhibited various patterns of lethality. The most
dramatic case was found in the Voila17 strain in which all ho-
mozygous Voila17/17 embryos died. On the other hand, Voila2,
Voila11, and Voila79 strains exhibited only a slight lethality: only
a few homozygotes died during their preimaginal development,
with a high proportion (.85%) of eclosing adult flies. However,
even in these strains, homozygous Voilaexc/exc imagoes never
survived for more than 48 hr. Furthermore, they behave very
poorly, like Voila1/1 adult escapers (see above). Between these
two extreme cases, other Voilaexc-Lt lines (such as Voila69, Voi-
la78, and Voila38) showed an intermediate profile of developmen-
tal lethality that was somewhat similar to the Voila1/1 genotype.

Gustatory defects in Voila larvae tested with
sodium chloride
Voila1/1 and Voila1/TM3 larvae were compared with larvae from
the control strain (CS) and with homozygous larvae from two
Voilaexc-Vb (Voila23/23 and Voila57/57) strains with rescued devel-
opmental viability. Gustatory responses after 30 min were mea-
sured as RI, which indicates the relative number of larvae choos-
ing agar mixed with the test solution versus neutral agar (see
Materials and Methods).

Voila1/1 homozygotes showed RI values that were significantly
different from the four other genotypes (0.00001 , p , 0.019;
except for both Voilaexc-Vb strains at 0.1 M). The values shown on
Figure 3A indicate that Voila1/1 larvae are unable to choose
between neutral agar and agar mixed with NaCl, at the three
concentrations tested here. Conversely, larvae of all other geno-
types were clearly repelled by the higher concentration (0.5–0.3
M) of salt. Interestingly, both Voilaexc-Vb strains of larvae showed
RI values that were similar to the RI values of the CS control
genotype. Furthermore, Voila 1/TM3 showed RI values that were
significantly different from both Voilaexc-Vb strains ( p 5 0.002–
0.007) at 0.5 M. If RI values were relatively stable during the
entire 60 min test period for most data points, Voilaexc-Vb—but
not Voila1/TM3 heterozygotes and CS—larvae were slightly at-
tracted by NaCl during the first 15 min (data not shown).

These results show that Voila1/1 larvae are impaired for their
response to salt because, unlike the four other genotypes, they
cannot discriminate between NaCl mixed with agar and neutral
agar. The PGAL4 transposon is clearly responsible for the gus-
tatory defect of Voila1/1 larvae because homozygous larvae of
both Voilaexc-Vb strains showed rescued RI values in response to
NaCl. Gustatory indifference to salt appears to be recessively
controlled by the mutation. However, Voila1/TM3 larvae seem to
be more sensitive to 0.5 M NaCl than the larvae from the three
other strains. This effect is not caused by the TM3 balancer
because TM3/1 larvae did not show abnormal gustatory response
(data not shown).

Gustatory behavior toward sucrose
The tests performed with 0.1–0.5 M sucrose suggest that Voila1/1

larvae are barely attracted toward this substance (Fig. 3B). In
contrast to the data obtained with NaCl (see above), few signif-
icant differences were noted between Voila1/1 and larvae of other
genotypes (with Voila1/TM3, at 0.5 M: p 5 0.011; and with CS, at
0.1 M: p 5 0.036). In contrast, heterozygous Voila 1/TM3 larvae
showed very contrasted responses depending on the dose of
sucrose: they were repelled by 0.5 M and yielded significant
difference with CS and both Voilaexc-Vb strains (0.00001 , p ,
0.002). Voila1/TM3 larvae were indifferent at 0.3 M sucrose, and
their RI values were still significantly lower than that obtained
with both Voilaexc-Vb strains ( p 5 0.001–0.014).

After 15 min of test, significant differences were noted between
Voila1/1 and the four other genotypes at 0.1 M (0.00001 , p ,
0.006), and with both Voilaexc-Vb strains at 0.3 M ( p 5 0.0001). On
the other hand, Voila1/TM3 showed a slight difference with CS at
0.5 M ( p 5 0.041) but more substantial difference with both
Voilaexc-Vb strains at 0.3 and 0.5 M (0.00001, p , 0.006). If the
gustatory defect of Voila1/1 larvae on sucrose was not as strong as
that observed with NaCl, the reaction of heterozygote Voila1/
TM3 larvae was more spectacular (if compared with the other
genotypes), especially after 30 min of test. The strong aversive

Figure 3. A, B, Mean (and SE) of larval gustatory responses in tests
involving different concentrations of NaCl (A) and sucrose (B). For each
test, ;50 second instar larvae were put in the middle of a Petri dish that
was divided into two halves containing either neutral agar or agar mixed
with the substance to be tested. The numbers of larvae present on each
side were noted after 30 min. The response index represents their relative
number on each side. Larvae that did not move from the starting point
were not taken into account (see Materials and Methods). The dashed line
represents indifference (RI 5 0); negative RI values on the y-axis repre-
sent repulsion, and positive values represent attraction. Each data point
represents the mean of 5–16 replicate experiments. Two-way ANOVA
revealed a significant effect of genotype and concentration for NaCl and
sucrose (respectively, df 5 113 and 132; Fgenotype 5 21.28 and 6.29;
Fconcentration 5 16.25 and 14.50; 0.000001 , p , 0.0001), but not of their
interaction (F 5 1.68 and 1.72; p 5 0.10–0.11).
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response noted with 0.5 M was likely caused by a single copy of
Voila1 because TM3/1 larvae were slightly attracted by that
concentration of sucrose (data not shown).

Embryonic expression of Voila1

To better understand the developmental lethality and the lack of
gustatory discrimination in Voila1/1 larvae, we studied the devel-
opmental expression of the PGAL4 line Voila 1, using lacZ and
GFP reporter products for visualization.

Embryonic lacZ expression in Voila1 was observed for the first
time at stage 10, when the stomodeum invaginates (cf. Campos-
Ortega and Hartenstein, 1985; Hartenstein, 1993). Staining con-
sisted of diffuse patches in the entire germ band, with the highest
intensity in a paired cluster of cells in the head region (Fig.
4A,B). At stage 11, large neuroblast-like cells were seen at the
periphery of the patches (Fig. 4C). During germ band retraction,
the patches became segmental, and staining intensity increased
dramatically. From stage 13 onward, strong labeling included
three different components: the CNS, twin spots at the anterior
tip of the head, and a dorsoventral stripe of cells in each body
segment (Fig. 4D,E). Whereas the twin spots represent the pre-
cursors of the AMC complex, the dorsoventral stripes correspond
to developing sensory elements of the body wall. Staining of
dorsal, lateral, and ventral cells in both thoracic and abdominal
segments suggests that the expression includes different types of
sensilla (cf. Campos-Ortega and Hartenstein, 1985). During late
stages, staining intensity in the CNS faded significantly (Fig. 4F).

Larval expression
Reporter gene expression in second and third instar larvae of
Voila1 was restricted almost exclusively to chemosensilla and
CNS elements. In the periphery, label resided in the AMC and an

anterior and a posterior group of pharyngeal gustatory sensilla
(Fig. 5A,D). In the AMC, dendritic staining extended to the
cuticular portion of the gustatory TO (Fig. 5B,E,F), suggesting
that expression is neuronal. Label was particularly strong in the
dorsolateral group of TO sensilla, the afferents of which reach the
brain via the larval antennal nerve (Fig. 5E) (Kankel et al., 1980).
Weaker staining was sometimes also observed in the second
component of the AMC, the olfactory DO, but no dendrites were
labeled (Fig. 5B). The third putative gustatory AMC component,
the ventral organ (Chu-Wang and Axtell, 1972; Singh and Singh,
1984), did not reveal any expression. On the other hand, many
pharyngeal sensilla were stained, including an anterior group
behind the mouth hooks (Kankel et al., 1980; Singh and Singh,
1984) and a paired sensillum in the posterior pharyngeal wall
(Fig. 5A,D). In all of these cases, the label extended to the
cuticular pores and also for some distance in the axons. In
summary, we interpret GAL4 expression in these gustatory sen-
silla as neuronal but cannot exclude additional glial or sheath cell
expression. In the olfactory DO, expression may be either neu-
ronal, although weak, or restricted to sheath and/or glial cells. In
the second larval instar, weak expression occurred in subsets of
chordotonal organs.

Larval GAL4 expression was present also in the brain, sube-
sophageal ganglion (SOG), and ventral nerve cord (Fig. 5C,G,H).

Figure 4. A–F, Embryonic expression pattern of Voila 1 visualized by the
lacZ reporter. A, B, At embryonic stage 10, staining appears in the entire
germ band, with a strongly expressing cluster of cells in the head region
(arrowheads). C, At stage 11, large neuroblast-like cells (arrowheads) are
seen in each segment. D, E, At subsequent stages (D, stage 13; E, stage
14), strong label appears at three sites: in the CNS, in a segmental,
dorsoventral stripe of cells (arrowheads), probably part of the PNS, and in
twin spots at the anterior tip of the head (arrows), very likely the
precursors of the antennomaxillary complex. F, At stage 16, staining
intensity in the CNS begins to fade. Scale bar, 50 mm.

Figure 5. A–H, Larval Voila 1 expression pattern shown with lacZ (A–E,
H ) and GFP reporters (F, G). A–C, Second larval instar. Expression is
seen in the antennomaxillary complex (A, amc) and in an anterior and
posterior group of pharyngeal sensilla (A, ap, pp). In the AMC, dendritic
staining extends to the gustatory terminal organ (B, to) but not the
olfactory dorsal organ (B, do). Intense labeling occurs in the mushroom
bodies (C, arrowheads; b/g lobes, arrow) and in additional scattered cells
in the brain and ventral nerve cord. D–H, Third larval instar. Peripheral
expression is similar as in second instar ( D). Neurons are labeled exclu-
sively in the terminal organ (E, F ), including the so-called dorsolateral
group of sensilla (E, arrowhead), but not in the dorsal organ. Massive
staining occurs in the mushroom bodies (G, arrowheads; b/g lobes, arrow)
and in many cells of the brain and thoracic ganglia (H, arrowheads). The
neuropil in G was counterstained by mAb nc82. Scale bar, 50 mm.
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In the brain, massive expression occurred in the mushroom bod-
ies. The pattern consisted of a large cluster of cells in the dorsal
hemispheres, presumably Kenyon cells, and of several distinctive
tracts, such as the pedunculus and the a and b/g lobes (Fig. 5C,G).
In the second larval instar, a number of additional cells showed
reporter expression in the brain, SOG, and ventral ganglia (Fig.
5C). They extended short processes, suggesting that they might be
interneurons. In third instar larvae, the pattern in abdominal
ganglia remained unchanged, whereas numbers and staining in-
tensity of elements in the brain and thoracic ganglia increased
dramatically (Fig. 5H). The labeling of all of these cells prevented
tracing of gustatory afferents up to their central target regions.

Pupal expression
Expression in the developing adult peripheral nervous system
(PNS) was first observed at puparium formation in leg imaginal
disks (Fig. 6A). The pattern consisted of two distal clusters of
cells with axonal processes. From 2 hr after puparium formation
(APF), these processes assembled in two nerves in the elongating
leg (Fig. 6B,C). In the wing disk, initial expression was seen at 8
hr APF in evenly spaced cell clusters at the anterior wing margin
(Fig. 6D). At 16 hr APF, the clusters were clearly revealed as wing
sensilla, characterized by dendritic-like processes. The clusters
coincided with the known pattern of approximately 30 chemo-
sensilla on the dorsal triple row and approximately 12 chemosen-
silla on the ventral triple row (cf. Stocker, 1994) (Fig. 6E). Nerve
staining in the marginal wing vein indicated that the expression in
the sensilla was neuronal. Additional expression in sheath cells
remains possible. At 24 hr APF, slightly more than 40 stained
elements with dendritic and axonal processes were present on the
wing margin, corresponding to the numbers of adult taste bristles
(Figs. 6F, 7B). In the legs, both strongly and moderately express-
ing elements were present (Fig. 6F). Strongly labeled clusters
were similar in numbers to known chemosensory bristles; for
example, 10 were within the two distal tarsal segments of meso-

thoracic or metathoracic legs (Fig. 7A) (cf. Nayak and Singh,
1983). Moderate expression was present in future mechanosen-
sory bristles (Fig. 7A), but in contrast to chemosensilla, these
components did not exhibit axon-like processes. An additional,
weakly stained element was cells on certain wing veins, at the sites
of prospective campaniform sensilla (Fig. 7B). GAL4 expression
in taste bristles and campaniform sensilla was shown to persist
during adulthood, whereas expression in mechanosensory bristles
is lost (Balakireva et al., 1998).

Massive expression occurred also in the developing labial palps
and antennae. At 24 hr APF, all prospective taste bristles in the
labial palps, including their afferent nerves, were stained (Fig.
7C). This pattern is identical to the expression in adult palps
(Balakireva et al., 1998). In the antenna, the entire third segment
and a ring of cells in the second segment, very likely the devel-
oping Johnston’s organ, were strongly labeled (Fig. 7D). In the
adult, weak labeling was reported from the Johnston’s organ
(Balakireva et al., 1998). Staining of nerves between the antennal
segments and further toward the brain suggests that in the mid-
pupa at least some of the cells expressing GAL4, including those
in olfactory sensilla, are neurons (Fig. 7D). At 48 hr APF, anten-
nal nerve staining disappeared completely (data not shown). In
contrast, cellular labeling in the third segment was shown to
persist during adulthood, which was interpreted as expression in
sheath cells (Balakireva et al., 1998). These observations suggest
that in Voila1, differentiating olfactory neurons transiently ex-
press GAL4, whereas sheath cell expression in olfactory sensilla
persists in the adult fly. Apart from the PNS, numerous cells in
the CNS and the fat body were labeled during pupal stages.

Figure 6. A–F, Confocal images of early pupal Voila 1/UAS–GFP ex-
pression pattern. A, At puparium formation, expression appears in the
third leg disks in two distal clusters of cells (arrowheads) with axon-like
processes (arrow). B, At 2 hr APF, two nerves are visible in the elongating
leg (arrowheads). C, At 4 hr APF, leg segmentation begins (arrowheads).
D, In wing disks, initial expression is seen at 8 hr APF in regularly spaced
groups of cells along the anterior margin (arrowheads). E, At 16 hr APF,
the clusters of cells are clearly revealed as wing sensilla. Their distribution
coincides with the adult pattern of approximately 30 chemosensilla on the
dorsal triple row (arrowheads) and approximately 12 chemosensilla on the
ventral triple row (arrows). F, At 24 hr APF, the strong staining pattern in
legs (arrowheads) and wings (arrows) is reminiscent of the pattern of
chemosensilla. Scale bar, 100 mm.

Figure 7. A–D, Voila 1/UAS–lacZ expression pattern 24 hr after pupa-
rium formation. In legs (A), wings (B), and labial palps (C), strong
expression is seen in developing gustatory sensilla (arrowheads) and
afferent nerves (arrows). In the legs, strongly and moderately stained
elements can be distinguished. For example, in the metathoracic leg
shown in A, approximately 10 intensely labeled cell clusters are present in
the two distalmost tarsal segments (lef t), corresponding to known num-
bers of taste bristles. In addition, future mechanosensory bristles exhibit
moderate expression (arrowhead). On the wing margin (B), approxi-
mately 40 bristle sensilla are intensely stained (arrowhead), reflecting the
numbers of adult taste bristles. Weak expression is also present in certain
wing veins (B, asterisk) and in the fat body of the palps (C, asterisks). D,
The entire second and third antennal segments (open and filled circles,
respectively) are strongly labeled. The transient staining of nerves be-
tween the antennal segments (arrowheads) and toward the brain (arrows)
suggests that at least some olfactory neurons express GAL4 at this stage.
Scale bar, 100 mm.
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DISCUSSION
Reporter gene expression
The expression pattern of Voila1 is almost identical when com-
paring lacZ and GFP reporter labels, suggesting that the pattern
described here includes all cells that express GAL4 in significant
amounts. The most striking attribute of Voila1 expression in the
PNS is its almost complete restriction to gustatory sensilla (for
exceptions, see below). This applies to larval and pupal life as well
as to the adult stage (Balakireva et al., 1998).

Invariable staining of dendritic and axonal portions in these
sensilla shows that GAL4 expression is neuronal, although addi-
tional expression in sheath cells cannot be excluded. The intensity
of staining in the TO as well as in leg and wing chemosensilla
suggests that most, if not all, of the receptor neurons comprising
these sensilla express GAL4. However, a small subset of known
or suspected taste sensilla remain unlabeled, for example the
ventral organ in the larva (Chu-Wang and Axtell, 1972; Singh and
Singh, 1984) or, in the adult, labellar taste pegs, a subset of labral
sensilla and the dorsal cibarial sense organ (Balakireva et al.,
1998). This implies genetic and/or functional differences despite
the “common” gustatory function.

In addition to taste sensilla, a number of other sensilla express
GAL4 in Voila1, such as the larval DO, mechanosensory bristles
during leg formation, olfactory sensilla in the developing antenna,
and a few wing campaniform sensilla. However, except in the
latter two cases, these elements do not exhibit axonal labeling,
which suggests an expression in sheath cells rather than neurons.
Alternatively, low level neuronal GAL4 expression remains pos-
sible even in nongustatory sensilla. It will be interesting to com-
bine Voila 1 with mutant genes involved in the specification of the
sensory system [such as poxn (Nottebohm et al., 1994)] to obtain
clues about the possible developmental role(s) of Voila1.

GAL4 expression in sensory neurons begins very early during
differentiation. For example, in leg disks, expression in two distal
clusters of neurons and in corresponding nerves extending toward
the leg base is already visible at pupariation. This pattern is
reminiscent of a set of premetamorphic neurons that may serve as
afferent pioneers (Jan et al., 1985; Tix et al., 1989). Whether they
are still functional in the adult is not known. In the wing margin,
we observe labeled cell clusters at 8 hr APF and axons at 16 hr
APF, a time course that corresponds to earlier reports of neuro-
nal differentiation (Murray et al., 1984). The expression pattern
corresponds from the very beginning to the known pattern of
taste sensilla. Mechanosensory wing bristles are never stained,
but those on the legs show transient moderate staining, which
disappears again during late pupal life. Also, the second and third
antennal segments contain many stained cells, especially during
development. At 24 hr APF, labeling of nerves between the
antennal segments and toward the brain implies that at least some
of the expression in the third segment (and perhaps in the
second) is neuronal. Later on, axonal staining disappears again,
but intense expression in the third antennal segment persists in
the adult (Balakireva et al., 1998).

In conclusion, with the exception of a few wing campaniform
sensilla (see above), the only mature sensilla that show neuronal
expression in Voila1 are gustatory. In mature olfactory sensilla on
the antenna and maxillary palp, GAL4 expression appears to be
localized in sheath cells or glial cells (or in neurons at low levels).
This spatiotemporal pattern of expression suggests a bifunctional
neuronal role of an underlying gene or genes, apart from possible
roles in associated cells. On the one hand, such a gene may be

involved in the maturation of gustatory and olfactory neurons,
and on the other it may directly assist in gustation. The latter role
is convincingly demonstrated by the recessive gustatory mutant
effects of Voila1 and is further supported by dominant courtship
effects that may be caused by defects in pheromonal detection
(Balakireva et al., 1998).

The CNS expression of Voila 1 is widespread, and it remains
unclear whether the labeled neural tissues correspond to taste
function. In the larval CNS, the structures that show the strongest
expression include the mushroom bodies, the SOG, and the
ventral ganglia. Interestingly, adult flies show a particularly strong
expression in the same three structures. It is possible that part of
the larval and adult CNS staining corresponds to the primary
projection of gustatory afferents, yet the widespread GAL4 ex-
pression prevented us from further analyzing Voila1 patterns at
that level.

Possible function of Voila in gustation
during development
Among the Drosophila chemosensory mutants that have been
described, the great majority exhibit olfactory defects. In some
cases, olfactory anomalies have been shown to affect both larval
and adult development (Carlson, 1996). Conversely, mutations
that specifically alter gustation have been described much less
frequently (Isono and Kikuchi, 1974; Falk and Atidia, 1975;
Tompkins et al., 1979), and very few of them are directly related
to a defect in the gustatory nervous system (Rodrigues et al.,
1995). Voila1 is a rare example of a genetic variant that alters
gustation and is simultaneously expressed in the gustatory system
at both premetamorphic and postmetamorphic stages. We have
not yet tested the olfactory response of Voila1.

We previously hypothesized that the hyperexcitability observed
in adult heterozygous Voila1/TM3 males was caused by defective
expression of Voila in a neural center (mushroom bodies),
whereas the ectopic expression of the UAS-transformer transgene
in the gustatory sensory neurons was responsible for altered male
pheromonal perception (Balakireva et al., 1998). The present
study indicates that Voila1 is also involved in larval gustation of
NaCl and sucrose. Voila1 creates a dose-dependent effect on
larval gustation because homozygous larvae were indifferent to
NaCl, whereas heterozygous Voila1/TM3 larvae showed in-
creased avoidance response toward both substances at 0.5 M, as
compared with the CS strain. Rescue of the gustatory defect
toward NaCl was obtained after removal of the PGAL4 transpo-
son: homozygous larvae from both Voilaexc-Vb strains were re-
pelled by NaCl. We need to investigate the relationship between
the number of Voila1 copies and the specificity of defective
gustatory phenotype.

The fact that remobilization of PGAL4 simultaneously rescued
larval gustation and adult viability suggests that both anomalies
are caused by the same transposon. We are currently investigating
the causal relation between both phenotypes. Two preliminary
observations support a causal link: (1) the reduced size of Voila1/1

larvae and pupae (Fig. 1), which could be caused by abnormal
gustation and starvation of homozygous wandering larvae, and
(2) their frequency of reaching, but not of surviving, during
adulthood that can be slightly increased by selecting more favor-
able environmental conditions (25°C, transfer to fresh food).
Cloning and characterization of the gene(s) responsible will help
elucidate the correct hypothesis.

The fact that the different Voilaexc-Lt strains exhibit very dif-
ferent patterns of developmental lethality suggests that Voila has
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a complex effect, rather than an all-or-none function, on survival
during development. After the genetic approach presented here,
we are currently performing the molecular dissection of the Voila
locus with a set of Voilaexc strains. Preliminary data indicate that
rescue of developmental defects does not overlap with the rescue
of behavioral anomalies observed in adult male flies (Y. Grosjean,
M. Balakireva, and J-F. Ferveur, unpublished observations). It
will be very interesting to determine whether preimaginal and
adult phenotypes are encoded and regulated by different molec-
ular sequences. However, several Voilaexc-Lt strains that were
surveyed for their GAL4 pattern of expression did not show any
qualitative difference, although changes in intensity cannot be
formally excluded (N. Gendre and R. Stocker, unpublished
observations).

This study shows that the Voila1 strain is very useful for
specifically manipulating taste sensory organs during preimaginal
development because of its limited GAL4 expression in the pe-
riphery. New PGAL4 strains make it possible to manipulate
different subsets of chemosensory neurons in living larvae and
flies (Heimbeck et al., 1999). Simultaneous use of various second-
ary reporters, in particular vital transgenic markers (such as
UAS–GFP or UAS–GFP S65T) (Brand, 1995; Cubitt et al., 1995;
Yeh et al., 1995), makes it possible to visualize the patterns of
expression in these groups of neurons during all phases of devel-
opment. The combined use of these genetic tools, together with
the molecular elucidation of the identity of Voila, will help us to
better understand how taste sensitivity arises during development
and how it differs from olfaction.
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