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Abstract. The recent identification of candidate receptor
genes for sweet, umami and bitter taste in mammals has
opened a door to elucidate the molecular and neuronal
mechanisms of taste. Drosophila provides a suitable sys-
tem to study the molecular, physiological and behavioral
aspects of taste, as sophisticated molecular genetic tech-
niques can be applied. A gene family for putative gusta-
tory receptors has been found in the Drosophila genome.
We discuss here current knowledge of the gustatory phys-
iology of Drosophila. Taste cells in insects are primary
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sensory neurons whereupon each receptor neuron re-
sponds to either sugar, salt or water. We found that par-
ticular tarsal gustatory sensilla respond to bitter com-
pounds. Electrophysiological studies indicate that gusta-
tory sensilla on the labellum and tarsi are heterogeneous
in terms of their taste sensitivity. Determination of the
molecular bases for this heterogeneity could lead to an
understanding of how the sensory information is
processed in the brain and how this in turn is linked to be-
havior.

Key words. Taste receptor; gustatory receptor neuron; Drosophila; electrophysiology; enhancer trap; Gal4/UAS.

Introduction

From bacteria to humans, the ability to detect chemical
information in the external environment is essential for
survival. Volatile substances are recognized by olfactory
sensory neurons in which a large number of olfactory re-
ceptors (ORs) are expressed. Olfaction is a vital facility
that enables organisms to detect foods, predators and
mates. In contrast, gustation is necessary to determine
whether soluble substances are nutritive or aversive
foods. In insects, gustation also has a role in mate recog-
nition in courtship behavior and in the choice of oviposi-
tor sites. Drosophila offers several advantages to explore
the mechanism of gustation at different levels of an or-
ganism. In Drosophila, as in other insects, taste sub-
stances are recognized by bipolar gustatory receptor neu-
rons (GRNs) [1, 2] whose axons project directly to the
central nervous system (CNS). To determine the coding
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mechanism for taste in the CNS, it is necessary to iden-
tify the function of each GRN and to investigate its cen-
tral projection pattern. In Drosophila, an olfactory recep-
tor (Or) gene family consisting of at least 60 genes was
identified by searching the genomic sequence [3–6]. The
odor ligands for OR43a were identified by employing a
heterologous expression system and overexpression ex-
periments in vivo [7, 8]. Dobritsa et al. isolated mutants
for Or genes and showed that Or22a and Or47a are nec-
essary for sensing ethyl butyrate and pentyl acetate, re-
spectively [9]. The projection pattern of olfactory recep-
tor neurons expressing a particular OR gene has been
studied by employing molecular genetic tools [9–11].
Compared with the degree of progress made in olfactory
research, the molecular mechanisms of gustation are less
well understood. With the recent identification of puta-
tive gustatory receptor genes, it might now be possible for
the receptor mechanism of taste to be elucidated [12–14].
To this end, it will probably be necessary to combine both
molecular and physiological approaches. We introduce
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here a summary of recent progress made on the physiol-
ogy and molecular biology of taste in Drosophila.

Taste organs, gustatory receptor neurons and feeding
behavior

In humans, taste modalities are categorized into sweet,
bitter, salty, sour and umami. Taste cells in vertebrates are
specialized epithelial cells that are innervated by taste
neurons. Previous studies showed that a single taste cell
in mouse responds to compounds belonging to multiple
taste modalities [15, 16]. However, recent molecular stud-
ies suggest that a single taste cell responds to one taste
modality [17–20]. In insects, taste cells are primary sen-

sory neurons and directly send axons to the CNS, as is the
case with olfactory receptor neurons of both mammals
and insects. Pioneering work using larger flies, Phormia
and Boettcherisca, provided helpful knowledge of the
foraging and chemosensory electrophysiology of flies
[21, 22]. Drosophila melanogaster provides an excellent
experimental system to study the taste receptor mecha-
nisms, as approaches employing behavioral, electrophys-
iological and molecular genetic analyses can be applied
and integrated. Taste reception in Drosophila is mediated
by gustatory sensilla on the labellum, legs, wings and
genitalia in the adult fly (fig. 1a–c) [1, 2, 23]. To date,
there have been no physiological studies on the sensilla of
the wings and genitalia. In total, 31 gustatory sensilla are
located on each half of the labellum. Gustatory sensilla

Figure 1. Morphology of Drosophila taste organs. (a) Labellum, (b) wing and (c) tarsus. Arrows in (b) and (c) indicate gustatory sensilla.
(d) A schematic diagram of a typical chemosensillum. GSNs are surrounded by accessory cells, named the thecogen, tormogen and tri-
chogen cells. Scale bars represent 50 mm.
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on the labellum are classified into three types: L-, S- and
I-type, based on their shape and location. S- and L-type
sensilla house four GRNs, while I-type sensilla have two
GRNs (fig. 1d). GRNs in insects are specialized in that
each neuron responds exclusively to either sugar, water,
or low or high concentrations of salt. The respective
GRNs are called S, W, L1 and L2 cells [2]. S cells are
sugar receptor cells and respond to mono-, di- and trisac-
charides, but do not respond to artificial sweeteners. W
cells are specialized to respond to water. Water cells seem
to have evolved in insects that must contend with water
loss from the cuticle. It is known that the activity of the
water receptor neurons is inhibited by high osmolarity,
but nothing is known about the molecular mechanism of
the water receptor. L1 and L2 cells respond to low and
high concentrations of salt, respectively. The significance
of the presence of two separate cell types for salt is not
known. Low concentrations of salt may be a positive sig-
nal for flies, while high concentrations of salt may be an
aversive signal.  Since the spike frequency of the L2 cells
to high concentrations of salt is low and its dose depen-
dence is not evident, there may be other stimulants for L2.
Axons of labellar GRNs connect directly with interneu-
rons in the subesophageal ganglion (SOG), where gusta-
tory information is processed [2, 24]. The dendrites of
GRNs are located in the lumen within the sensillum, sep-
arate from the second lumen filled with sensilla lymph.
Most gustatory sensilla on the labellum have a two-
pronged tip, with one of the tips holding the sensillum
pore. On the other hand, single-tipped sensilla have a pore
at the end of each sensillum. About 30 sensilla are located
on the tibia and tarsi of each leg, with prothoracic legs
having more sensilla than meso- and metathoracic legs,
and male prothoracic legs having about three times more
sensilla than those of females. Axons of GRNs in the tarsi

project to the thoracic-abdominal ganglion. Neu-
roanatomical studies revealed the neuronal projection
patterns of GRNs in the labellum or tarsi using horserad-
ish peroxidase as a neurotracer [25–28]. The structural
feature of GRNs is especially suitable for electrophysio-
logical studies since, using the tip-recording method, it is
possible to record nerve impulses originating from GRNs
by stimulating a chemosensillum. Nerve impulses origi-
nating from each GRN can be discriminated by their fir-
ing intervals and magnitude (fig. 2) [29, 30].
For behavioral analyses several methods are available to
measure the taste sensitivity of flies. Tanimura et al. de-
veloped a two-choice preference test to measure taste
sensitivity to sugars.  They defined a genetic dimor-
phism of taste sensitivity to trehalose using this method
[31, 32]. In the two-choice preference test, flies are al-
lowed to feed between two kinds of sugar-agar solutions,
each colored with a different food dye. The flies were
able to discriminate a remarkably small difference of
sweetness between the two solutions and consumed the
sweeter one. Since the taste sensitivity is measured in
comparison with a control sugar in this test, taste sensi-
tivity for an individual tastant should be measured by an-
other method. The use of a food dye enables the intake of
an individual tastant to be quantified by measuring the
absorbance of homogenized flies after the ingestion of a
colored solution. Taste responses can also be measured
by a proboscis extension reflex (PER) test. The PER test
measures the taste response to a single tastant. In this
test, the prothoracic tarsus is touched with a drop of
sugar solution. If a fly perceives the stimulus, it extends
its proboscis. This test uses populations of flies and
shows that the proportion of responding flies increases
as the sugar concentration is raised. The PER depends on
the satiety of the flies. PER tests can also be done by bi-

Figure 2. Electrophysiological recordings from Drosophila chemosensilla. (A) A schematic diagram of the tip-recording method. The elec-
trode is used for both stimulating and recording. (B) Spike firing pattern of each GRN recorded from a labellar chemosensillum. Each trace
indicates impulses during the first 500 ms after stimulation. Filled squares show W cell spikes, open squares show S cell spikes, open cir-
cles show L1 cell spikes and filled triangles show L2 cell spikes.



lateral stimulation of the legs. Flies retract the proboscis
when one leg is stimulated with a sugar solution while
the other leg is stimulated with a high concentration of
salt. The advantage of the Drosophila behavioral assay is
that taste sensitivity can be easily quantified, and a dif-
ference in the taste sensitivity can be compared among
strains. Furthermore, these behavioral assays can be used
to screen for taste mutants.

Multiple taste receptors for sugars and the Gr gene
family

Previous studies have indicated that there are at least
three separate receptor sites for sugars on the membrane
of the sugar receptor neurons of Drosophila. First, prote-
olytic treatment of gustatory sensilla eliminated the nerve
response to fructose without affecting responses to other
sugars [29]. This finding indicated the presence of a spe-
cific receptor for fructose. Second, mutants showing re-
duced responses to specific sugars with a glucopyra-
noside moiety have been reported [31, 33, 34]. These
studies suggested the presence of separate receptor sites
for glucopyranosides. Third, genetic dimorphism was
found in the taste sensitivity for disaccharide trehalose
among the laboratory strains [32]. The genetic dimor-
phism is controlled by a single gene, named Tre, on the X
chromosome [31]. Gene dosage studies suggested that
the Tre gene product might be a receptor protein for tre-
halose [32]. Most laboratory strains have either a high or
a low sensitivity to trehalose. Such a dimorphism also ex-
ists in flies in natural populations. These three receptor
sites have been tentatively named F, G and T sites. Su-
crose is composed of glucose and fructose, and trehalose
is a disaccharide of glucose. It is interesting to note that
the fructose moiety of sucrose does not seem to bind to
the F site, in the same way that the glucose moiety of su-
crose does not bind to the T site. Thus, there must be a
strict stereospecificity between a ligand and a putative
sugar receptor. It is also interesting to note that trehalose
possesses a unique structure.
Receptors for sweet and bitter taste are believed to belong
to the family of G-protein-coupled receptors (GPCRs). In
mammals, putative taste receptors (TRs) have been iden-
tified [17]. T1R2, T1R3 and T1R1 have been demon-
strated to mediate sweet and umami tastes by expressing
these receptors in cultured cells [19, 35, 36]. In
Drosophila, a Gr gene family that includes 70 putative
gustatory receptors has been found using a computer al-
gorithm to search the genome database [12–14, 37]. In
Anopheles gambiae, 76 putative gustatory receptors
(AgamGPRgrs) were found using bioinformatic ap-
proaches [38]. Phylogenic analysis between Agam
GPRgrs and Grs showed that there is likely to be a com-
mon ancestor among Diptera gustatory receptors. In
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Drosophila, a GPCR gene that is expressed in GRNs was
reported to control taste sensitivity to trehalose [39].
Transgenic analysis subsequently showed that one of the
Grs is needed to recognize the sugar trehalose [40, 41].
The function of other Grs is not known. 
In order to examine the function of putative gustatory re-
ceptors, it is important to demonstrate their expression in
the taste organ. The expression of several Grs was exam-
ined in adult and larval gustatory organs. Clyne et al. an-
alyzed the expression of 19 Grs using reverse transcrip-
tion polymerase chain reaction (RT-PCR) and confirmed
that 18 Grs are expressed in gustatory receptor neurons in
the labellum [12]. Transcriptional levels of most Grs are
too weak to be detected by in situ hybridization, meaning
that the Gal4/upstream activation sequence (UAS) system
may help to detect the gene expression if an effective pro-
moter sequence is available. Dunipace et al. and Scott et
al. independently established Gal4 strains that contain Gr
promoter::Gal4 element [13, 14]. They investigated ex-
pression patterns of Grs using a marker gene, UAS-green
fluorescent protein (GFP) or UAS-lacZ, and confirmed
that their expression is localized to gustatory receptor
neurons, but the expression among sensilla was spatially
limited. Surprisingly, one Gr is expressed in the olfactory
organ. In this way, 12 transgenic strains that covered 10
Grs were examined, and the expression of 9 Grs was con-
firmed in the labellum and the legs. Hiroi et al. reexam-
ined the expression of Grs using 6 out of 12 Gr pro-
moter::Gal4 strains. By tracing the GFP-expressing den-
drite, they could identify the sensillum innervating 
a particular neuron. They found that Grs are mainly 

Figure 3. The expression profile of Grs in Gr-Gal4/UAS-GFP. The
arrangement of each chemosensillum is indicated by symbols. The
square indicates the position of L-type sensilla. The diamond and
the circle indicate the positions of I-type and S-type sensilla, re-
spectively. The expression pattern of each Gr is indicated by the
black coloring. Most of the Grs are expressed in S-type sensilla. 



expressed in the S-type sensilla (fig. 3) [42]. Two out of 
6 Grs were expressed in a part of the L-type sensilla, al-
though significant differences in physiological response
among the L-type sensilla have not been found so far.
Taste responses to sugars are different for each of the
three types of sensilla [42]. L-type sensilla give good re-
sponses to sugars, while I-type sensilla show poor re-
sponses to sugars. S-type and L-type sensilla both re-
spond to sucrose but do not respond well to glucose and
trehalose. At present, a relationship cannot be found be-
tween the expression pattern of Grs and the variations in
sugar sensitivity. There remains a possibility that the ex-
pression pattern of Gr promoter::Gal4 does not reflect the
original expression pattern, or that the Gal4 expression
level is too low to be detected. Also, Grs may interact
with unknown compounds. We do not have reasons for
why there are so many Gr genes. In mammals, a recent
study indicated that taste receptors function as het-
erodimers of GPCRs belonging to the T1R family.
T1R2/T1R3 is activated by sweet compounds with differ-
ent chemical structures, whereas T1R1/T1R3 is the
umami taste receptor and interacts with most of the
amino acids [35, 36].  If these T1Rs are the only sweet and
umami receptors, then the ligand-receptor system in gus-
tation is quite different from that in olfaction. Further-
more, it remains unresolved as to whether Grs of
Drosophila function as heterodimers.

‘Bitter’ taste in Drosophila

A bitter taste sensation is critical for organisms to avoid
toxic substances. Since bitterness is a psychological term
for humans, we will use the word ‘deterrent’ for insects.
Deterrent cells have a functional role for herbivorous in-
sects in the recognition of noxious secondary plant sub-
stances and are known to be involved in host-plant inter-
actions [43]. The silkworm, for example, is a mono-
phagous insect, but one mutant strain has a wide range of
diet. The deterrent cells in this mutant were found to have
lost their sensitivity to some of the deterrent compounds
tested [44]. In Manduca sexta, although dietary exposure
to caffeine desensitizes deterrent cells to caffeine, dietary
exposure to salicin or aristolochic acid does not desensi-
tize the deterrent cells to those compounds [45]. In this
way, a deterrent cell may express multiple receptors for
different deterrent compounds. A deterrent compound,
quinine, was used as a repellant in previous behavioral
experiments with Drosophila [46, 47]. However, while it
is known that quinine inhibits the activity of sugar recep-
tor neurons, no data have yet been published showing that
a GRN responds to deterrent compounds. If Drosophila
has a receptor cell for deterrents, it provides an attractive
system to investigate the molecular mechanism of deter-
rent sensitivity. 

Using the two-choice preference test, we examined the ef-
fect of deterrents on sugar reception and found several
compounds that inhibited the sugar response. We also
found that stimulation of tarsal sensilla with deterrents in-
hibited the PER elicited by sugar stimulation. These be-
havioral results suggest the presence of deterrent cells on
the leg. Previous electrophysiological work was done on
the L-type labellar sensilla, since other gustatory sensilla,
that is, the S- and I- type sensilla on the labellum, are not
always easily accessed by an electrode and can give poor
responses [42]. Likewise, with the exception of one study,
gustatory sensilla on the legs have not been used for elec-
trophysiological recordings in Drosophila [48]. We re-
cently found that specific sensilla on the prothoracic legs
respond to compounds that are known as bitter for humans
or deterrent for other insects and identified the responding
cells as L2 cells [49]. It is interesting to note that the L2
cells may detect noxious information for flies, since they
also respond to high concentrations of salts. In L2 cells,
spikes evoked by deterrent compounds occur with a la-
tency, the length of which is dependent on the concentra-
tion of the deterrent compounds. Deterrent compounds
also inhibit the activity of S and W cells, with the same la-
tency as that observed in L2 cells. This means that S, W
and L2 cells are likely to have a common receptor mecha-
nism for deterrent compounds [49]. In gustatory sensilla
located on the terminal tarsal segments, sensillum 5b re-
sponds to quinine, and another type, 5s, responds to
berberine, with both types responding to denatonium and
strychnine. These physiological data suggest that there are
separate receptors in a GRN for the respective deterrent
compounds. We also found that the S- and I-type sensilla
on the labellum respond to deterrent compounds [M. Hi-
roi et al., unpublished]. Some Gr genes are expressed in
one of the GRNs at the base of S-type sensilla.
We may now ask whether Gr’s function as receptor proteins
for deterrent compounds or whether alternative mecha-
nisms are involved. A family of candidate receptors (T2Rs)
for bitter compounds was identified in humans and mice
[18, 50]. T2Rs are located on a genomic region that is ge-
netically linked to loci that influence the perception of bit-
ter taste. The study, which employed in situ hybridization
experiments, suggested that multiple T2R genes are ex-
pressed in a single taste cell. So far, heterologous expres-
sion analysis indicates that the function of two human T2Rs
and one mouse T2R is to interact with different bitter com-
pounds [51]. One of the Gr genes is specifically expressed
on the sensilla housing a deterrent-sensitive cell. Further
experiments are needed to confirm the role of the Gr. 

Molecular dissection of the taste transduction
pathway
A heterologous expression system can be used to investi-
gate the ligand specificity of putative gustatory receptors.
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Even though the intrinsic signaling mechanism for
GPCRs is not known, the signaling machinery present in
cultured cells can be utilized by expressing a suitable type
of G protein and then monitoring changes in the intracel-
lular Ca2+ concentration using a fluorescent dye. In mam-
mals, the heterodimer of T1R2 and T1R3 was shown us-
ing a heterologous expression system to function as a
sweet receptor [19, 35]. T1R2 and T1R3 are coexpressed
in taste receptor cells in the papilla lingualis. The heterol-
ogous expression system, however, has several problems.
First, the efficiency of the translocation of receptor pro-
teins to the plasma membrane is a critical factor. There is
a requirement of accessory proteins for integration of the
receptor protein into the plasma membrane in Drosophila
and Caenorhabditis elegans [52–54]. Though it is uncer-
tain whether the results obtained in the heterologous ex-
pression precisely reflect the function of receptors in
vivo, an alternative approach, such as gene silencing or
conditional gene knockout, is required.
In mammals, several molecules, such as Ga, phospholi-
pase C and phosphodiesterase, as well as the inositol
1,4,5-triphosphate receptor and the transient receptor po-
tential-like channel, have been proposed to be involved in
the taste transduction pathway [55]. a-Gustducin, which
is a subset of heterotrimeric G protein, has been shown to
be involved in sweet and bitter taste transduction [56, 57].
Recently, Zhang et al. used a knockout mouse to confirm
that phospholipase C-b2 (PLCb2) is essential for sweet
and bitter signal transduction [20]. They also showed that
a transient receptor potential-like channel (TRPM5) is in-
volved in both the sweet and bitter taste signaling path-
ways. The signal transduction pathways in insects are yet
to be determined but may be different from those in ver-
tebrates, as in the case of the visual system [58].
The above proposals are based on the assumption that the
molecular bases of taste receptors involve GPCRs. How-
ever, a completely different hypothesis has been pro-
posed. Murakami and Kijima recorded taste responses
from a sensory process in the flesh fly using the patch
clamp method [59]. They cultured taste sensory processes
from labellar gustatory sensilla of the flesh fly and found
the existence of a sucrose-gated channel-type receptor on
the distal membrane of the sensory process of the sugar
receptor cell. The channel is directly activated by sugars
and transduces taste information without the mediation of
any secondary messengers or G proteins. At present,
there are no lines of evidence to exclude this ligand-gated
ion channel hypothesis, but molecular studies are neces-
sary to prove the existence of such a molecule.

Molecular genetic approaches to identify genes
expressed in GRNs
To understand the neural pathway of taste information
processing, we need to identify each functional class of
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GRNs, S, W, L1 and L2 cells, and to trace the central pro-
jection of each GRN. To this end, a genetic marker is
needed to label each gustatory neuron. In Drosophila, the
enhancer trap method can be used to identify genes ex-
pressed in a specific group of cells [60]. This molecular
genetic technique is based on the property of the P-ele-
ment transposon, which mediates integration of a reporter
gene into the genome. The expression of the reporter gene
is affected by the enhancer activity around the integration
site. The expression of a gene that is nearest to the inte-
gration site of the reporter gene can then be trapped based
on the expression pattern of the reporter gene. Strains in
which a reporter gene is expressed in the gustatory recep-
tor neurons have been screened and used to investigate the
neural pathway and taste information processing mecha-
nisms. Rodrigues et al. identified at the behavioral level a
loss-of-function mutant of malvolio (mvl) that showed re-
duction of sugar taste acceptance and increased avoidance
of salt [61]. In this mutant, P[w+-lacZ] element is inserted
upstream of the transcriptional start site of the mvl gene.
The mvl gene is expressed in adult GRNs and in larval
chemosensory neurons, antennomaxillary complex
(AMC). The mvl gene encodes a membrane protein that
belongs to a group of natural resistance-associated
macrophage proteins (Namps) or transporter. Since the
nerve response of GRNs did not change in the mvl mutant,
the mvl gene may function in the neuronal processing or
discrimination of gustatory information. Nakamura et al.
reported that the defective proboscis extension response
(dpr) gene is required for the salt response [62]. In normal
flies, a sugar solution mixed with a certain concentration
of salt does not induce PER, but this inhibition was not ob-
served in a dpr mutant strain. The dpr gene is expressed in
a subset of GRNs and encodes for a transmembrane pro-
tein that belongs to the protein family having Ig repeats.
The molecular mechanism of the dpr mutant phenotype is
not clear, but the dpr-Gal4 strain provides a marker for the
L1 or L2 cells. Further studies are necessary to clarify how
the cell adhesion molecule has modified the function of
the sugar receptor mechanism.
The second generation of the enhancer trap system is
mediated by the Gal4 element, which encodes for a tran-
scriptional factor of yeast [63]. In this system, Gal4 is
randomly integrated into the Drosophila genome in the
same way as the enhancer trap system. Gal4 directs the
expression of any gene downstream to UAS elements.
Thus, the combination of Gal4 and a UAS strain permits
ectopic expression of a different cell marker gene, such
as GFP or lacZ (fig. 4A). Balakireva et al. reported a
Gal4 enhancer trap strain, Voila1, that shows abnormal
courtship and a defect in salt taste behavior [64, 65]. In
the Voila1 strain, Gal4 is expressed in the adult CNS and
GRNs and in the larval AMC. Molecular analysis re-
vealed that the P[Gal4] transposon is inserted upstream
of the prospero gene, which encodes a transcription fac-



rons and the neural mechanism of gustatory information
processing.

Perspective

Recent physiological studies in Drosophila show that
gustatory sensilla in both the labellum and the tarsi are
not homogeneous in terms of taste sensitivity to different
compounds. For example, the profile of sugar sensitivity
is different among the three types of labellar sensilla,
while gustatory sensilla on the tarsus show distinct re-
sponses to different kinds of bitter compounds. There are
several sensilla on the tarsus that do not respond to any
stimuli examined so far, which suggests that mechanisms
could be in place for the identification of other, unknown
stimulants [48]. The expression pattern or expression
level of Grs may cause the heterogeneity or the signal
transduction pathway to be different, for example, being
mediated by a ligand-gated ion channel. The behavioral
significance of the heterogeneity is an interesting prob-
lem to be solved. In Drosophila, olfactory receptor neu-
rons expressing the same receptor gene project to a spe-
cific glomerulus in the antennal lobe [6, 14, 68]. In the
gustatory system, it is thought that a glomerulus-like unit
does not exist in the SOG. To determine the neural pro-
cessing of taste information, it is necessary to character-
ize GRNs functionally and to make a projection map of
them. Moreover, the function of Gal4-expressing GRNs
can be disrupted using the Gal4-UAS system. A neuro-
toxin gene, cell death genes and genes for modulating
neuronal activity can be used under the control of UAS.
UAS-EKO (electrical knockout) can be used to block
potassium conductance in targeted cells [69]. Among
these effector genes, shibirets1 is only available for condi-
tional inhibition. Conditional inhibition of GRNs, on the
other hand, is highly effective in avoiding developmental
aberrations and lethality. The activity pattern of olfactory
neurons in the fly brain can be monitored in vivo using a
microscopy technique and a calcium-sensitive fluores-
cent protein such as cameleon or G-CaMP [10, 11]. This
technique can be applied to visualize the activity of
GRNs. To determine taste reception mechanisms at the
molecular level, a targeted gene suppression technique is
required. Specific gene expression can be suppressed by
double-stranded RNA (dsRNA) in various organisms
[70]. Using the Gal4-UAS system, it is possible to consti-
tutively interfere with a tissue-specific gene based on the
RNAi mechanism (GAL4i). Kalidas and Smith demon-
strated olfactory neuron-specific gene targeting using the
GAL4i technique [71]. They disrupted the function of
dGqa, which is part of the signal transduction pathway of
olfaction, and the fly exhibited abnormal olfactory be-
havior. The GAL4i technique is an effective method to
determine the function of Grs and the putative molecules
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tor. Grosjean et al. demonstrated that the prospero gene
is required for the normal development of the nervous
system [66]. We have recently identified water GRNs (W
cells) using the Gal4 enhancer trap system (fig. 4B) (Ino-
shita et al., in preparation). We screened Gal4 enhancer
trap strains by monitoring GFP expression and found a
strain in which Gal4 is expressed in one of four GRNs at
the base of every gustatory sensillum on the labellum.
When the neurotransmission of the Gal4-expressing
neurons was inhibited by the targeted expression of
shibirets1, which inhibits synaptic vesicle endocytosis un-
der restrictive temperature conditions [67], PER to water
was dramatically reduced. In the Gal4 enhancer trap sys-
tem, the Gal4 expression generally conforms to the en-
hancer activity of flanking genes near the P[Gal4] inser-
tion site. In this case, flanking genes are not expressed in
W cells. However, this Gal4 strain is useful to mark W
cells. W cells can be ablated by the targeted expression
of a cell death gene that is under the control of UAS.
Functional identification of all the GRNs would help in
the investigation of the axonal projections of these neu-

Figure 4. (A) Gal4/UAS system. By crossing a Gal4 enhancer trap
strain with a strain having UAS-GFP, GFP is expressed in the F1

flies in a spatially and temporally restricted manner. (B) (a) and (b)
W cells can be visualized with the aid of GFP. GFP is observed in
one of four GRNs at the base of each chemosensillum. Scale bars
represent 50 mm in (a) and 25 mm in (b). 



of taste signal transduction. We believe that integrated
multilateral approaches employing behavioral, electro-
physiological, modern genetic, and molecular biological
techniques should provide powerful tools to study the
transduction of taste mechanisms.

Acknowledgements. The authors thank Makoto Hiroi and Tsuyoshi
Inoshita for sharing some of their data prior to publication. We also
thank Akira Matsumoto for helpful discussions. H. Ishimoto is the
recipient of a Research Fellowship from the Japan Society for the
Promotion of Science. Financial support for this work was provided
by a Grant-in-Aid for Scientific Research on Priority Areas from
the Ministry of Education, Culture, Sports, Science and Technology
of Japan to T. Tanimura.

1 Stoker R. F. (1994) The organization of the chemosensory sys-
tem in Drosophila melanogaster: a review. Cell Tissue Res.
275: 3–26

2 Singh R. N. (1997) Neurobiology of the gustatory systems of
Drosophila and some terrestrial insects. Microsc. Res. Tech.
39: 547–563

3 Clyne P. J., Warr C. G., Freeman M. R., Lessing D., Kim J. and
Carlson J. R. (1999) A novel family of divergent seven-trans-
membrane proteins: candidate odorant receptors in Drosophila.
Neuron 22: 327–338

4 Gao Q. and Chess A. (1999) Identification of candidate
Drosophila olfactory receptors from genomic DNA sequence.
Genomics 60: 31–39

5 Vosshall L. B., Amrein H., Morozov P. S., Rzhetsky A. and Axel
R. (1999) A spatial map of olfactory receptor expression in the
Drosophila antenna. Cell 96: 725–736

6 Vosshall L. B., Wong A. and Axel R. (2000) An olfactory sen-
sory map in the fly brain. Cell 102: 147–159 

7 Stortkuhl K. F. and Kettler R. (2001) Functional analysis of an
olfactory receptor in Drosophila melanogaster. Proc. Natl.
Acad. Sci. USA 98: 9381–9385

8 Wetzel C. H., Behrendt H. J., Gisselmann G., Stortkuhl K. F.,
Hovemann B. and Hatt H. (2001) Functional expression and
characterization of a Drosophila odorant receptor in a heterol-
ogous cell system. Proc. Natl. Acad. Sci. USA 98: 9377–9380

9 Dobritsa A. A., Naters W. G., Warr C. G., Steinbrecht R. A. and
Carlson J. R. (2003) Integrating the molecular and cellular basis
of odor coding in the Drosophila antenna. Neuron 37: 827–841

10 Fiala A., Spall T., Diegelmann S., Eisermann B., Sachse S., De-
vaud J. M. et al. (2002) Genetically expressed cameleon in
Drosophila melanogaster is used to visualize olfactory infor-
mation in projection neurons. Curr. Biol. 12: 1877–1884

11 Wang J. W., Wong A. M., Flores J., Vosshall L. B. and Axel R.
(2003) Two-photon calcium imaging reveals an odor-evoked
map of activity in the fly brain. Cell 112: 271–282

12 Clyne P. J., Warr C. G. and Carlson J. R. (2000) Candidate taste
receptors in Drosophila. Science 287: 1830–1834

13 Dunipace L., Meister S., McNealy C. and Amrein H. (2001)
Spatially restricted expression of candidate taste receptors in
the Drosophila gustatory system. Curr. Biol. 11: 822–835

14 Scott K., Brady R. Jr., Cravchik A., Morozov P., Rzhetsky A.,
Zuker C. S. et al. (2001) A chemosensory gene family encod-
ing candidate gustatory and olfactory receptors in Drosophila.
Cell 104: 661–673

15 Gilbertson T. A., Boughter J. D. Jr., Zhang H. and Smith D. V.
(2001) Distribution of gustatory sensitivities in rat taste cells:
whole-cell responses to apical chemical stimulation. J. Neu-
rosci. 21: 4931–4941 

16 Caicedo A., Kim K. N. and Roper S. D. (2002) Individual
mouse taste cells respond to multiple chemical stimuli. J. Phys-
iol. 544: 501–509

17 Hoon M. A., Adler E., Lindemeier J., Battey J. F., Ryba N. J. P.
and Zuker C. S. (1999) Putative mammalian taste receptors: a
class of taste-specific GPCRs with distinct topographic selec-
tivity. Cell 96: 541–551

18 Adler E., Hoon M. A., Mueller K. L., Chandrashekar J., Ryba
N. J. and Zuker C. S. (2000) A novel family of mammalian taste
receptors. Cell 100: 639–702

19 Nelson G., Hoon M. A., Chandrashekar J., Zhang Y., Ryba N. J.
and Zuker C. S. (2001) Mammalian sweet taste receptors. Cell
106: 381–390

20 Zhang Y., Hoon M. A., Chandrashekar J., Mueller K. L., Cook
B., Wu D. et al. (2003) Coding of sweet, bitter and umami
tastes: different receptor cells sharing similar signaling path-
ways. Cell 112: 293–301

21 Dethier V. G. (1976) The Hungry Fly, Harvard University Press,
Cambridge, Mass.

22 Morita H. and Shiraishi A. (1985) Chemoreception Physiology.
In: Comprehensive Insect Physiology, Biochemistry and Phar-
macology, vol. 6, pp. 133–170, Kerkut G. A. and Gilbert L. I.
(eds), Pergamon, New York

23 Falk R., Bleiser-Avivi N. and Atidia J. (1976) Labellar taste or-
gans of Drosophila melanogaster. J. Morphol. 150: 327–342

24 Mitchell B. K., Itagaki H. and Rivet M. P. (1999) Peripheral and
central structures involved in insect gustation. Microsc. Res.
Tech. 47: 401–415

25 Nayak S. V. and Singh R. N. (1983) Sensilla on the tarsal seg-
ments and mouthparts of adult Drosophila melanogaster
Meigen (Diptera: Drosophilidae). Int. J. Insect Morphol. Em-
bryol. 12: 273–291 

26 Nayak S. V. and Singh R. N. (1985) Primary sensory projec-
tions from the labella to the brain of Drosophila melanogaster
Meigen (Diptera: Drosophilidae). Int. J. Insect Morphol. Em-
bryol. 14: 115–129

27 Lienhard M. C. and Stocker R. F. (1987) Sensory projection
patterns of supernumerary legs and aristae in Drosophila
melanogaster. J. Exp. Zool. 244: 187–201 

28 Shanbhag S. R. and Singh R. N. (1992) Functional implications
of the projections of neurons from individual labellar sensillum
of Drosophila melanogaster as revealed by neuronal-marker
horseradish peroxidase. Cell Tissue Res. 267: 273–282 

29 Tanimura T. and Shimada I. (1981) Multiple receptor proteins
for sweet taste in Drosophila discriminated by papain treat-
ment. J. Comp. Physiol. 141: 265–269 

30 Fujishiro N., Kijima H. and Morita H. (1984) Impulse fre-
quency and action potential amplitude in labellar chemosen-
sory neurons of Drosophila melanogaster. J. Insect Physiol. 30:
317–325

31 Tanimura T., Isono K., Takamura T. and Shimada I. (1982) Ge-
netic dimorphism in the taste sensitivity to trehalose in
Drosophila melanogaster. J. Comp. Physiol. 147: 433–437 

32 Tanimura T., Isono K. and Yamamoto M. (1988) Taste sensitiv-
ity to trehalose and its alteration by gene dosage in Drosophila
melanogaster. Genetics 119: 399–406

33 Isono K. and Kikuchi T. (1974) Autosomal recessive mutation
in sugar response of Drosophila. Nature 248: 243–244

34 Rodrigues V. and Siddiqi O. (1981) A gustatory mutant of
Drosophila defective in pyranose receptors. Mol. Gen. Genet.
181: 406–408

35 Li X., Staszewski L. Xu H., Durick K., Zoller M. and Adler E.
(2002) Human receptors for sweet and umami taste. Proc. Natl.
Acad. Sci. USA 99: 4692–4696

36 Nelson G., Chandrashekar J., Hoon M. A., Feng L., Zhao G.,
Ryba N. J. et al. (2002) An amino-acid taste receptor. Nature
416: 199–202

37 Robertson H. M. (2001) Taste: independent origins of chemore-
ception coding systems? Curr. Biol. 11: 560–562

38 Hill C. A., Fox A. N., Pitts R. J., Kent L. B., Tan P. L., Chrystal
M. A. et al. (2002) G protein-coupled receptors in Anopheles
gambiae. Science 298: 176–178

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 17



55 Lindermann B. (2001) Receptors and transduction in taste. Na-
ture 413: 219–225

56 Wrong G. T., Gannon K. S. and Margolskee R. F. (1996) Trans-
duction of bitter and sweet taste by gustducin. Nature 381:
796–800

57 Ruiz-Avila L., Wong G. T., Damak S. and Margolskee R. F.
(2001) Dominant loss of responsiveness to sweet and bitter
compounds caused by a single mutation in alpha-gustducin.
Proc. Natl. Acad. Sci. USA 98: 8868–8873

58 Hardie R. C. and Raghu P. (2001) Visual transduction in
Drosophila. Nature 413: 186–193

59 Murakami M. and Kijima H. (2000) Transduction ion channels
directly gated by sugars on the insect taste cell. J. Gen. Physiol.
115: 455–466

60 O’Kane C. J. and Gehring W. J. (1987) Detection in situ of ge-
nomic regulatory elements in Drosophila. Proc. Natl. Acad.
Sci. USA 84: 9123–9127

61 Rodrigues V., Cheah P. Y., Ray K. and Chia W. (1995) malvolio,
the Drosophila homologue of mouse NRAMP-1 (Bcg), is ex-
pressed in macrophages and in the nervous system and is re-
quired for normal taste behavior. EMBO J. 14: 3007–3020

62 Nakamura M., Baldwin D., Hannaford S., Palka J. and Montell
C. (2002) Defective proboscis extension response (DPR), a
member of the Ig superfamily required for the gustatory re-
sponse to salt. J. Neurosci. 22: 3463–3472

63 Brand A. H. and Perrimon N. (1993) Targeted gene expression
as a means of altering cell fates and generating dominant phe-
notypes. Development 118: 401–415

64 Balakireva M., Stocker R. F., Gendre N. and Ferveur J. F. (1998)
Voila, a new Drosophila courtship variant that affects the ner-
vous system: behavioral, neural and genetic characterization. J.
Neurosci. 18: 4335–4343

65 Balakireva M., Gendre N., Stocker R. F. and Ferveur J. F. (2000)
The genetic variant Voila1 causes gustatory defects during
Drosophila development. J. Neurosci. 20: 3425–3433

66 Grosjean Y., Lacaille F., Acebes A., Clemencet J. and Ferveur J.
F. (2003) Taste, movement and death: Varying effects of new
prospero mutants during Drosophila development. J. Neuro-
biol. 55: 1–13

67 Kitamoto T. (2001) Conditional modification of behavior in
Drosophila by targeted expression of a temperature-sensitive
shibire allele in defined neurons. J. Neurobiol. 47: 81–92

68 Gao Q., Yuan B. and Chess A. (2000) Convergent projections of
Drosophila olfactory neurons to specific glomeruli in the an-
tennal lobe. Nat. Neurosci. 3: 780–785

69 White B. H., Osterwalder T. P., Yoon K. S., Joiner W. J., Whim
M. D., Kaczmarek L. K. et al. (2001) Targeted attenuation of
electrical activity in Drosophila using a genetically modified
K(+) channel. Neuron 31: 699–711

70 Hammond S. M., Caudy A. A. and Hannon G. J. (2001) Post-
transcriptional gene silencing by double-stranded RNA. Nat.
Rev. Genet. 2: 110–119

71 Kalidas S. and Smith D. P. (2002) Novel genomic cDNA hy-
brids produce effective RNA interference in adult Drosophila.
Neuron 33: 177–184

18 H. Ishimoto and T. Tanimura Molecular neurophysiology of taste in Drosophila

39 Ishimoto H., Matsumoto A. and Tanimura T. (2000) Molecular
identification of a taste receptor gene for trehalose in
Drosophila. Science 289: 116–119

40 Dahanukar A., Foster K., van der Goes van Naters W. M. and
Carlson J. R. (2001) A Gr receptor is required for response to
the sugar trehalose in taste neurons of Drosophila. Nat. Neu-
rosci. 4: 1182–1186

41 Ueno K., Ohta M., Morita H., Mikuni Y., Nakajima S., Ya-
mamoto K. et al. (2001) Trehalose sensitivity in Drosophila
correlates with mutations in and expression of the gustatory re-
ceptor gene Gr5a. Curr. Biol. 11: 1451–1455

42 Hiroi M., Marion-Poll F. and Tanimura T. (2002) Differentiated
response to sugars among labellar chemosensilla in
Drosophila. Zool. Sci. 19: 1009–1018

43 Schoonhoven L. M. and van Loon J. J. A. (2002) An inventory
of taste in caterpillars: each species has its own key. Acta. Zool.
Acad. Sci. Hung. 48: 215–263 

44 Asaoka K. (2000) Deficiency of gustatory sensitivity to some
deterrent compounds in “polyphagous” mutant strains of the
silkworm, Bombyx mori. J. Comp. Physiol. 186: 1011–1018

45 Glendinning J. I., Ensslen S., Eisenberg M. E. and Weiskopf P.
(1999) Diet-induced plasticity in the taste system of an insect:
Localization to a single transduction pathway in an identified
taste cell. J. Exp. Biol. 202: 2091–2102

46 Tompkins L., Cardosa M. J., White F. V. and Sanders T. G.
(1979) Isolation and analysis of chemosensory behavior mu-
tants in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA
76: 884–887

47 Fresquet N., Fournier D. and Gauthier M. (1998) A new attempt
to assess the effect of learning processes on the cholinergic sys-
tem: studies on fruitflies and honeybees. Comp. Biochem.
Physiol. Biochem. Mol. Biol. 119: 349–353

48 Meunier N., Ferveur J. F. and Marion-Poll F. (2000) Sex-spe-
cific non-pheromonal taste receptors in Drosophila. Curr. Biol.
10: 1583–1586

49 Meunier N., Marion-Poll F., Rospars J-P. and Tanimura T.
(2003) Peripheral coding of bitter taste in Drosophila. J. Neu-
robiol. 56: 139–152

50 Matsunami H., Montmayeur J-P. and Buck L. B. (2000) A fam-
ily of candidate taste receptors in human and mouse. Nature
404: 601–604

51 Chandrashekar J., Mueller K. L., Hoon M. A., Adler E., Feng
L., Guo W. et al. (2000) T2Rs function as bitter taste receptors.
Cell 100: 703–711

52 Colley N. J., Baker E. K., Stamnes M. A. and Zucker C. S.
(1991) The cyclophilin homolog ninaA is required in the secre-
tory pathway. Cell 67: 255–263

53 Stamnes M. A., Shieh B. H., Chuman L., Harris G. L. and
Zucker C. S. (1991) The cyclophilin homolog ninaA is a tissue-
specific integral membrane protein required for the proper syn-
thesis of a subset of Drosophila rhodopsins. Cell 65: 219–227

54 Dwyer N. D., Troemel E. R., Sengupta P. and Bargmann C. I.
(1998) Odorant receptor localization to olfactory cilia is medi-
ated by ODR-4, a novel membrane-associated protein. Cell 93:
455–466


