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Mammalian sweet, bitter, and umami taste is mediated by a single
transduction pathway that includes a phospholipase C (PLC)β and
one cation channel, TRPM5. However, in insects such as the fruit
ﬂy, Drosophila melanogaster, it is unclear whether different tastants, such as bitter compounds, are sensed in gustatory receptor
neurons (GRNs) through one or multiple ion channels, as the cation
channels required in insect GRNs are unknown. Here, we set out
to explore additional sensory roles for the Drosophila TRPA1 channel, which was known to function in thermosensation. We found
that TRPA1 was expressed in GRNs that respond to aversive compounds. Elimination of TRPA1 had no impact on the responses to
nearly all bitter compounds tested, including caffeine, quinine, and
strychnine. Rather, we found that TRPA1 was required in a subset
of avoidance GRNs for the behavioral and electrophysiological
responses to aristolochic acid. TRPA1 did not appear to be activated or inhibited directly by aristolochic acid. We found that
elimination of the same PLC that leads to activation of TRPA1 in
thermosensory neurons was also required in the TRPA1-expressing
GRNs for avoiding aristolochic acid. Given that mammalian TRPA1
is required for responding to noxious chemicals, many of which
cause pain and injury, our analysis underscores the evolutionarily
conserved role for TRPA1 channels in chemical avoidance.
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RPA1 is an evolutionarily conserved cation channel (1–4),
which in vertebrates is expressed in nociceptive neurons and
functions in the detection of noxious or pungent chemicals
ranging from mustard oil to environmental irritants (4–11).
Mammalian TRPA1 may also function in the detection of thermal
cold (1, 7, 12), although this issue is controversial (6). Nevertheless, Drosophila TRPA1 is a known mediator of temperature
sensation, as it is activated directly by temperatures in the warm
range (2) and is necessary for thermotaxis in response to excessively warm temperatures (13). In addition, this channel also
functions in the discrimination of the preferred temperature over
suboptimal temperatures in the comfortable range (14). In this
latter case, TRPA1 is activated downstream of a phospholipase
C (PLC)-dependent signaling cascade, demonstrating that it can
be activated by intracellular chemical signals.
Given the broad roles of PLC signaling in sensory physiology in
many organisms, we wondered whether TRPA1 might also function in other sensory modalities, such as contact chemosensation
or taste. Mammalian sweet, bitter, and umami taste is universally
dependent on PLC signaling and the TRPM5 channel (15, 16). In
insects, such as the fruit ﬂy Drosophila melanogaster, it is unclear if
the detection of tastants in gustatory receptor neurons (GRNs)
operates through PLC signaling or TRP channels. It has been
reported that the wasabi response requires the ﬂy TRP channel,
Painless (17). However, it is not known if Painless functions in
GRNs or in the central nervous system or whether it responds
directly to wasabi or through a signaling cascade.
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Our understanding of the molecular components required for
contact chemosensation in insects is limited primarily to the
identiﬁcation of a series of gustatory receptors (18–25). Currently, the channels required for contact chemosensation in
insects are not known. Contact chemosensation is critically important in insects as it allows the animals to detect nonvolatile
pheromones and differentiate attractive foods from noxious
tastants (antifeedants) produced by plants (26–28). Whether
insects use a single set of signaling molecules, such as channels,
to sense all bitter chemicals or whether there are distinct channels employed for sensing different tastants in GRNs is unclear.
On the basis of electrophysiological analyses in insects, such as
Manduca sexta, it has been proposed that there are multiple
transduction pathways that function in response to bitter compounds. Speciﬁcally, it has been suggested that the plant antifeedant, aristolochic acid, is detected through a transduction
mechanism distinct from what acts in response to caffeine and
other bitter compounds (29, 30).
In the current study, we found that Drosophila trpA1 was
expressed in a subset of avoidance GRNs. Rather than displaying
a broad role in the sensation of bitter compounds, we found that
trpA1 was required in GRNs for avoiding aristolochic acid, but
not any other bitter compound tested. Thus, in contrast to
mammals, Drosophila does not rely on a single channel to mediate the deterrent response to noxious chemicals. TRPA1 was
not modulated directly by aristolochic acid, suggesting that it is
activated downstream of a signaling cascade. We found that the
same PLC that functioned in concert with TRPA1 for larval
thermosensation (14) was also required in the trpA1-expressing
GRNs for sensing aristolochic acid.
Many mammalian thermoTRPs serve as molecular integrators
of sensory input (31). An example of this phenomenon is the
hyperalgesia that results from activation of TRP channels in
nociceptive neurons by thermal heat or cold and by chemicals
produced during inﬂammation (5, 6, 9, 32–34). The mammalian
taste transduction channel, TRPM5 (15, 16), also integrates
chemical and thermal input, as the response to certain tastants
such as sugars is enhanced at higher temperatures (35). However, Drosophila TRPA1 represents the ﬁrst TRP that is required
in separate chemosensory and thermosensory receptor cells, to
function in taste and temperature discrimination. Because
mammalian TRPA1 functions in the avoidance of pungent or
dangerous compounds, our analysis underscores that avoidance
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Results
Expression of trpA1 in Aversive Gustatory Receptor Neurons. Currently, the only known role for Drosophila TRPA1 is in temperature discrimination (13, 14). To identify additional functions for
TRPA1, we set out to examine the presumptive expression pattern
using a GAL4 reporter. We used homologous recombination to
introduce the GAL4 gene at the site of the normal translation
initiation codon for TRPA1 (trpA1GAL4), so that the reporter
would be expressed under control of the transcriptional regulatory
region of trpA1. In addition, we deleted a 185-bp region encoding
the N-terminal 61 residues, thereby generating a new trpA1 allele
(Fig. 1 A and B).
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Fig. 1. Generation and expression of a trpA1GAL4 reporter and mutant.
(A) Schematic of the trpA1 genomic locus. The trpA1 exons are indicated by
blue rectangles. The targeted trpA1GAL4 was generated by ends-out homologous recombination (49), resulting in deletion of 185 nucleotides spanning
the trpA1 translation initiation codon (ATG). The green and red rectangles
indicate the GAL4 and miniwhite genes, respectively. The arrows indicate the
primers used for PCR conﬁrmation of the targeting and deletion in trpA1.
(B) PCR analyses of genomic DNA to verify the targeting of the left and right
arms and the deletion in trpA1. The size markers indicate kilobases. (C) Spatial
distribution of the trpA1 reporter in a dissected labellum. A UAS-mCD8::GFP
transgene was crossed into a trpA1GAL4/+ background and the tissue was
stained with anti-GFP. The Inset (lower right) shows a magniﬁed view of a GRN
from an s6 sensillum. (D) RT-PCR analyses performed using RNA prepared from
the indicated ﬂies. (E) Coexpression of the trpA1 reporter with a subset of
GR93a-expressing GRNs. The labellum was dissected from UAS-GFP;trpA1/+
ﬂies and stained with anti-GFP and anti-GR93a.
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To examine the spatial distribution of the trpA1-GAL4 reporter, we introduced a UAS-mCD8::GFP transgene into the
trpA1GAL4/+ background. We found that expression of GFP was
pronounced in the adult labellum, which houses gustatory sensilla and serves as the functional equivalent of the mammalian
tongue (Fig. 1C). The labellum includes three types of sensilla,
which are categorized on the basis of their length (s-type, short;
i-type, intermediate; and l-type, long) (26, 27). Aversive compounds are detected principally by GRNs in the s- and i-type
sensilla, whereas sugars are most effective in stimulating GRNs
in the l-type sensilla. We found that the GFP labeled 11–13
GRNs that were housed in both i-type (i1–i9) and s-type (s6, s9,
and s12) sensilla, but not in l-type sensilla (Fig. 1 C and E).
Nearly all GRNs that respond to avoidance chemicals (∼22)
express the gustatory receptors (GRs), GR66a and GR93a (18,
21, 36, 37). Neither of these GRs is detected in GRNs that express GR5a and respond to sugars (18, 21, 23, 36–38). We found
that all of the 11–13 GRNs that were labeled with the trpA1
reporter, using anti-GFP, stained a subset of anti-GR93a positive
GRNs (Fig. 1E). However, we were unable to detect antiTRPA1 staining, possibly due to low levels of the TRPA1 protein
in the labellum.
To verify that the trpA1 reporter reﬂected the bona ﬁde expression pattern in the labellum, we examined trpA1 RNA levels
after genetically ablating either Gr66a- or Gr5a-expressing GRNs.
This was accomplished by expressing the cell death gene (UAShid) under control of either the Gr66a-GAL4 or the Gr5a-GAL4.
In support of the conclusion that the trpA1 reporter was expressed
in aversive GRNs, we detected the trpA1 RT-PCR product using
RNA prepared from labella dissected from Gr5a-GAL4/UAS-hid
ﬂies but not from Gr66a-GAL4/UAS-hid animals (Fig. 1D).
trpA1 Was Required in Gustatory Receptor Neurons for Avoiding
Aristolochic Acid. To address whether trpA1 was required for the

behavioral responses to aversive tastants, we conducted a binary
food-choice assay. We placed ﬂies in 72-well microtiter dishes that
contained wells alternating between 1 mM sucrose and 5 mM
sucrose laced with an aversive tastant. We mixed the two different
tastants with red or blue food coloring and scored food preferences by examining whether the abdomens were red, blue, or
purple. A preference index (P.I.) of 1 or 0 results if there is
a complete preference for one or the other tastant, whereas a P.I.
of 0.5 indicates a lack of bias for the two alternatives. If wild-type
ﬂies are given a choice between 1 mM and 5 mM sucrose, they
display a strong preference for the higher concentration of sugar
(Fig. 2A). However, if the 5 mM sugar is combined with an
aversive tastant, they consume the 1 mM sucrose. As expected,
because trpA1 is expressed in avoidance GRNs, the trpA11 mutant
ﬂies exhibited a normal preference for 5 mM over 1 mM sucrose
(Fig. 2A). However, the mutant animals also avoided most bitter
chemicals tested. These included caffeine, quinine, strychnine,
and four others (Fig. 2A).
In contrast to the wild-type avoidance to most bitter compounds, we found that the trpA11 ﬂies displayed a reduced aversion to aristolochic acid (Fig. 2A). In addition to TRPA1, there
are 10 additional group 1 TRPs encoded in the Drosophila genome (39), and with the exception of trpm and nompC (trpn),
mutations affecting the remaining 8 have no obvious effect on
viability. All 8 of these other viable trp mutants displayed a normal
preference for 1 mM sucrose over 5 mM sucrose plus aristolochic
acid (Fig. 2B).
To conﬁrm that trpA1 was required for avoiding aristolochic acid,
we examined additional alleles and tested for rescue of the mutant
phenotype with a UAS-trpA1 transgene (13). We found that the
behavioral phenotype was indistinguishable between trpA11 and
two other alleles: trpA1ins and trpA1GAL4 (Fig. 2C). In addition, we
rescued the loss of avoidance to aristolochic acid by expressing
UAS-trpA1 under control of the trpA1-GAL4 (trpA1GAL4; Fig. 2D).
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to noxious chemicals is a phylogenetically conserved feature of
TRPA1 channels.
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we focused on a sensillum (s6), which is a readily accessible
sensillum that expresses trpA1 (Fig. 1C) and responds to a wide
diversity of aversive compounds (40). Consistent with the behavioral analyses, application of sucrose, caffeine, and most
other bitter compounds induced a similar frequency of action
potentials in wild-type or trpA11 ﬂies (Fig. 3 A and B). However,
loss of trpA1 virtually eliminated aristolochic acid-induced action
potentials (Fig. 3 A and B). Because these same s6 sensilla still
responded to other bitter compounds, the defect in the aristolochic acid response did not appear to reﬂect a requirement for
trpA1 for development or maintenance of the GRNs in the s6
sensilla. The impairment in aristolochic acid-induced action
potentials was due to loss of trpA1 because we rescued this
phenotype by expressing UAS-trpA1 under control of either the
trpA1-GAL4 or the Gr66a-GAL4 (Fig. 3 B and C).
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Fig. 2. trpA1 mutation caused impaired behavioral avoidance of aristolochic
acid. (A) Survey of behavioral response to bitter compounds in trpA11 ﬂies.
Binary food-choice assays were performed using 1 mM sucrose alone versus
5 mM sucrose alone or 5 mM sucrose with 10 mM caffeine, 1 mM quinine,
0.3 mM denatonium, 0.1 mM berberine, 0.3 mM lobeline, 2 mM papaverine,
0.5 mM strychnine, or 10 mM aristolochic acid (n ≥ 4). (B–D) Flies were allowed
to select 1 mM sucrose alone or 5 mM sucrose plus 10 mM aristolochic acid. (B)
Survey of trp mutants for avoidance to aristolochic acid. (C) Veriﬁcation of
aristolochic acid behavioral avoidance in three trpA1 mutant alleles: trpA11,
trpA1ins, and trpA1GAL4. (D) Rescue of trpA1 impairment by expressing UAStrpA1 under control of the trpA-GAL4 (trpA1GAL4) or the Gr66a-GAL4. Asterisks
denote statistical signiﬁcance (P < 0.05) using unpaired Student’s t test. The
error bars represent SEMs. See Tables S1–S4 for detailed statistics.
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To verify that trpA1 was required in GRNs for sensing aristolochic acid, we performed tip recordings. To conduct this analysis
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rather than cells in the central nervous system because we also
rescued the trpA11 phenotype by expressing UAS-trpA1 under
control of the Gr66a-GAL4 (Fig. 2D).
Because TRPA1 is activated with a thermal threshold between
24 °C and 29 °C (2), we considered whether the response to
aristocholic acid was temperature dependent. The aversion to
caffeine, which is independent of TRPA1, was virtually identical
at 18 °C and 29 °C. Avoidance to aristocholic acid was slightly
increased at 29 °C relative to 18 °C (Fig. S1). However, this
difference was not statistically signiﬁcant (P = 0.10).
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Fig. 3. trpA1 is required for aristolochic acid-induced action potentials. (A) Tip
recordings were performed on s6 bristles except for the sucrose recordings,
which were performed on l4 and l6. Shown are the average frequencies of
action potentials after application of 50 mM sucrose, 10 mM caffeine, 1 mM
quinine, 1 mM denatonium, 0.1 mM berberine, 1 mM lobeline, 1 mM papaverine, 1 mM strychnine, or 1 mM aristolochic acid (n ≥ 7). (B) Sample tip
recordings after application of recording pipettes with buffer alone, caffeine,
or aristolochic acid. (C) Impairment of aristolochic acid-induced action potentials in multiple trpA1 alleles and rescue of the defect by expressing UAS-trpA1
under control of either trpA1-GAL4 (trpA1GAL4) or Gr66a-GAL4 (n ≥ 7). The
error bars represent SEMs. The asterisks indicate signiﬁcant differences from
wild type (P < 0.05). Detailed statistics are presented in Tables S5 and S6.
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Fig. 4. Aristolochic acid did not activate or inhibit Drosophila TRPA1 in
vitro. (A) Two-electrode voltage clamp recordings from Xenopus oocytes
expressing TRPA1. Aristolochic acid (0.1 mM) (23 °C) did not activate TRPA1
(ΔI ± SEM = −0.0004 ± 0.0002 μA, n = 3). Lower concentrations of aristolochic
acid (dropwise addition of 0.1 mM solution) to the bath did not induce
channel activation (ΔI = −0.0002 ± 0.0002 μA, n = 4). Heated (37 °C) ND96
buffer resulted in the strong activation of TRPA1 (ΔI = −2.662 ± 0.418 μA,
n = 6). (B) Aristolochic acid did not inhibit TRPA1. Voltage-clamped oocytes
were preincubated in 0.25 mM aristolochic acid for 5 min and then warmed
in the presence of aristolochic acid (ΔI = −2.190 ± 0.591 μA, n = 4).
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strate that a TRP channel functions in insect GRNs and is required in both thermosensory and gustatory receptor neurons,
rather than serving exclusively as a molecular integrator of
thermal and chemical input in the same neurons.
In mammals, a single transduction pathway that includes
a PLC and TRPM5 is required broadly for the responses to all
sugars, bitter compounds, and L-glutamate (15, 16). The speciﬁcity for different bitter and sweet tastants is mediated exclusively by distinct G protein-coupled receptors.
In insects, such as Manduca, it has been proposed that multiple
signaling pathways are involved in the response to different bitter
compounds, such as aristolochic acid and caffeine (29, 30). Currently, there are no reports providing molecular or genetic evidence in favor of this proposal. In the present study, we present
ﬁndings supporting this hypothesis. TRPA1 was expressed in
a subset of aversive but not attractive GRNs and was dispensable
for sensing sucrose and most bitter chemicals tested, such as
caffeine. Among the aversive chemicals tested, TRPA1 was required exclusively for avoiding the naturally occurring plant
antifeedant, aristolochic acid. Thus, in contrast to mammalian
taste, there is not a single set of signaling proteins, such as one
taste transduction channel, which functions in the sensation of
a diversity of tastants.
It appears that TRPA1 was not activated directly by aristolochic
acid, but functioned in vivo through a transduction pathway that
employs a PLC. Consistent with this proposal, we found that mutation of the PLC, encoded by the norpA locus, greatly reduced
aristolochic acid-induced action potentials and this impairment was
rescued by expressing norpA under control of the trpA1 promoter.
The small remaining response in the norpA mutant ﬂies raises the
possibility that an additional PLC may also contribute to response to
aristocholic acid. Consistent with the link between TRPA1 and PLC
in Drosophila taste, we have shown recently that TRPA1 functioned
in larvae in the selection of the preferred temperature (18 °C) over
other temperatures in the comfortable range (19–24 °C) downstream of a PLC-dependent signaling cascade (14).
Finally, it appears that Drosophila TRPA1 has a common role in
avoiding noxious stimuli. In thermosensation, TRPA1 functions in
sensory cells involved in selecting the preferred temperature over
noxious heat and over slightly suboptimal temperatures, whereas
in the gustatory system TRPA1 is required for avoiding aristolochic acid. Given that vertebrate TRPA1 channels participate in the
PNAS | May 4, 2010 | vol. 107 | no. 18 | 8443
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Discussion
In mammals, distinct TRP channels function in thermosensation
and in taste. These include the taste transduction channel,
TRPM5, and several other TRPs that respond to temperatures
ranging from noxious cold to noxious heat (31). Nevertheless, it
is clear that mammalian TRPM5, which is activated in taste receptor cells downstream of a PLC cascade (15, 16), is also
modulated by temperature in taste receptor cells (35). Moreover,
the activities of multiple thermoTRPs in thermosensory neurons
are regulated either directly or indirectly by chemicals (31).
In the current work we demonstrate that the same Drosophila
TRP channel (TRPA1), which is known to be required in thermosensory neurons for temperature sensation (13, 14, 43), is also
required in GRNs for the taste response. These results demon-

A
Preference index

it could be a direct sensor for aristolochic acid or function
downstream of a signaling cascade. To address whether TRPA1
was directly activated by aristolochic acid, we expressed the same
trpA1 DNA construct in Xenopus oocytes that rescued the trpA1
phenotype, and measured membrane current following application of aristolochic acid. Addition of aristolochic acid to the bath
solution did not activate TRPA1 (Fig. 4A). This result was not
due to an absence of functional TRPA1 channels because
TRPA1 was thermally activated by warm temperatures (Fig. 4A),
as previously reported (2). Thermal activation of TRPA1 was not
inhibited by aristolochic acid (Fig. 4B). Thus, aristolochic acid
neither activated nor inhibited TRPA1 directly.
The activity of many TRP channels is linked to PLC signaling
cascades in vivo, and mammalian taste sensation requires PLCβ.
However, a role for a PLC in Drosophila taste has not been
reported. We tested whether PLC was required for sensing aristolochic acid by examining two norpA alleles (norpAP24 and norpAP54), which did not express detectable levels of the same PLC
(41, 42) that was required for activation of TRPA1 in a subset of
thermosensory neurons in larvae (14). Avoidance of aristolochic
acid was signiﬁcantly reduced in norpAP24 and norpAP54 ﬂies
(Fig. 5A), although the P.I.’s were higher than in the trpA1 mutant.
We rescued the impairment in norpA mutant ﬂies by expressing
UAS-norpA under control of the trpA1-GAL4 (trpA1GAL4/+). In
addition, the frequencies of aristolochic acid-induced action
potentials were reduced greatly in norpAP24 and norpAP54 ﬂies
(Fig. 5B), and this deﬁcit was rescued by expression of UAS-norpA
in trpA1-expressing GRNs. These results indicated that TRPA1
and PLC functioned in the same cells for sensing aristolochic acid.

sensation of excessively cold temperatures and noxious chemicals,
it appears that TRPA1 is an ancient evolutionarily conserved detector of aversive stimuli.
Methods
Fly Stocks. The norpAP24 and norpAP54 alleles were from W. Pak. The following ﬂy lines were described previously: (i) trpA11 (14), (ii) trpA1ins (43),
(iii) pain1 (44), (iv) trpP343 (originally isolated in the W. Pak lab) (45), (v)
trpl302 (46), (vi) nan36a (47), (vii) Gr66a-GAL4 (48), and (viii) Gr5a-GAL4 (36).
Additional trp mutants were deletions generated by P-element excisions: (i)
pyxex and (ii) wtrwex. The following ﬂies were from the Bloomington Stock
Center: (i) iav1, (ii) w1118, and (iii) UAS-mCD8::GFP. The w1118 strain was used
as the “wild-type” control. The trpA11 mutation was recombined into
a w1118 background for ﬁve generations. The UAS-trpA1 transgene (13)
contained a single residue change (H408R) (43).
Homologous Recombination. We generated the trpA1GAL4 allele by ends-out
homologous recombination (49). We subcloned 2.9- and 3.2-kb trpA1 genomic DNA fragments into pw35GAL4 (Fig. 1A) (25). We generated nontargeted transgenic ﬂies by germ-line transformation (BestGene) and
generated the targeted allele as described (49). We conﬁrmed targeting of
PCR analyses and outcrossed the trpA1GAL4 ﬂies to w1118 for ﬁve generations.
Immunostaining of Labella. Antibody stainings of whole labella (Fig. 1C) were
performed as described (18). Brieﬂy, we dissected labella from 3- to 7-dayold ﬂies and placed them in 24-well cell culture cluster plates (Costar) containing 940 μL of ﬁx buffer [0.1 M Pipes (pH 6.9), 1 mM EGTA, 1% Triton
X-100, 2 mM MgSO4, 150 mM NaCl] and 60 μL of 37% formaldehyde on ice
for 45 min. The tissues were washed three times (1× PBS, 0.2% saponin) and
blocked for 4–8 h at 4 °C with 1 mL of blocking buffer (1× PBS, 0.2% saponin,
5 mg/mL BSA). The tissues were incubated with the primary antibodies
overnight at 4 °C, washed three times, blocked for 15 min, and incubated
with the secondary antibodies (Alexa 488 and Alexa 568, 1:200; Invitrogen–
Molecular Probes) for 4 h at 4 °C and washed three times. To obtain improved antibody penetration for detecting endogeneous GR93a (Fig. 1E), we
ﬁxed the tissue in 2% paraformaldehyde in PBS at room temperature for
15 min, washed it three times, and bisected the tissue as described (25). The
tissue was blocked in 5% goat serum, transferred into 1.25× PDA solution
[37.5% glycerol, 187.5 mM NaCl, 62.5 mM (Tris pH 8.8)], and viewed by
confocal microscopy (Carl Zeiss LSM510). Primary antibodies were used at
the following dilutions: mouse anti-GFP, 1:1,000 (Invitrogen–Molecular
Probes); and rabbit anti-GR93a, 1:1,000.
RT-PCR Analyses of Gr66a-GAL4/UAS-hid Flies. Adult labella from wild-type,
Gr5a-GAL4/UAS-hid, and Gr66a-GAL4/UAS-hid ﬂies were dissected and RNA
was extracted (Stratagene) as described (18). AMV reverse transcriptase was
used for generating cDNAs (Promega). For RT-PCR analyses, we used the
following primers for trpA1: 5′-GACTTCGGGCGACAAGGAGA-3′ and 5′CTCGCCCCACTGGAAGAAGA-3′ and rp49 primers as a control. The trpA1 and
rp49 products were produced after 35 and 25 cycles, respectively.

from Fluka, and berberine sulfate trihydrate was purchased from Wako
Chemical. All compounds were dissolved in H2O.
Behavioral Assays. Two-way choice assays were performed essentially as described (50). Brieﬂy, 3- to 6-day-old ﬂies (50 ± 10 ﬂies per experiment) were
starved on 1% agarose for ∼18 h and placed into 72-well microtiter dishes
with 1% agarose. Alternating wells contained either red (sulforhodamine B,
0.2 mg/mL; Sigma-Aldrich) or blue dye (Brilliant blue FCF, 0.125 mg/mL; Wako
Chemical) plus 1 mM sucrose or 5 mM sucrose alone or 5 mM sucrose laced
with 1 mM quinine, 0.3 mM denatonium, 0.1 mM berberine, 0.3 mM lobeline,
2 mM papaverine, 0.5 mM strychnine, 10 mM caffeine, or 10 mM aristolochic
acid. The ﬂies were allowed to feed for 90 min at room temperature. The
numbers of ﬂies with blue (NB), red (NR), or purple (NMIX) abdomens were
tabulated, and the P.I. was determined: (NB + 0.5Nmix)/(NR + NB + Nmix).
Tastant-Induced Action Potential Recordings (Also Referred to as Tip Recordings).
Tastant-induced action potentials were determined as described (21). Brieﬂy,
3- to 7-day-old ﬂies were immobilized with a reference electrode ﬁlled with
Drosophila Ringer’s solution by inserting the electrode from the thorax all
the way through to the labellum. We stimulated bristles with a recording
electrode (10- to 20-μm tip diameter), which included the indicated concentration of each of the bitter compounds and 1 mM KCl or 50 mM sucrose with
30 mM tricholine citrate as the electrolyte. We performed tip recordings on
s6 (bitter compounds), l4, or l6 sensilla (sucrose). The recording electrode was
connected to a preampliﬁer (TASTE PROBE; Syntech), which ampliﬁed the
signals 10-fold, in conjunction with a 100- to 3,000-Hz band pass ﬁlter. The
action potentials were acquired at a 12-kHz sampling rate. The number of
action potentials was based on the activity recorded 50–550 msec after application of the chemicals. We performed all recordings 6–21 times.
Functional Expression of TRPA1 in Xenopus Oocytes. Xenopus laevis (Xenopus 1)
ovaries were removed and treated with 2 mg/mL collagenase A (Roche) in OR2
ringers. Oocytes were cultured in OR3 medium at 15–19 °C. The pOX-ER trpA1
vector (H408R; gift of A. Patapoutian), or a wild-type (H408) trpA1 construct
provided by P. Garrty (43), was linearized, and capped mRNA was transcribed
using a T3 mMessage mMachine (Ambion). Stage V–VI oocytes were injected
(Nanoject II; Drummond Scientiﬁc) with 50 nL TRPA1 mRNA or H2O.
Two-electrode voltage clamp recordings were conducted 3–4 days postinjection. Membrane potentials were maintained at −40 mV. Currents and
bath temperature were recorded in pClamp 8 (Molecular Devices), using
a Warner Instruments oocyte clamp (OC-725A) and an Axon DigiData 1320
digital acquisition system (Molecular Devices) with 500 Hz ﬁltering. The bath
chamber was perfused with ∼22–24 °C ND96 buffer (96 mM NaCl, 2 mM KCl,
1 mM MgCl2, 5 mM Hepes, 1.8 mM CaCl2, pH 7.5). To activate TRPA1 by heat,
ND96 was prewarmed to 37 °C and perfused into the recording chamber
three times. Aristolochic acid I (Sigma A9451)-containing solutions (0.1 and
0.25 mM in ND96 buffer) were sonicated for 30 min at 37 °C before use.
Aristolochic acid did not directly activate either the H408 or the H408R
TRPA1 derivatives.

Chemicals. Sucrose, aristolochic acid, caffeine, denatonium benzoate, papaverine hydrochloride, quinine hydrochloride, and strychnine nitrate salt
were obtained from Sigma-Aldrich. Lobeline hydrochloride was purchased
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