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In Drosophila, the detection of sweet and
bitter compounds is mediated, for the
most part, by distinct gustatory receptors
(Grs) expressed in sweet and bitter gusta-
tory receptor neurons (GRNs), respec-
tively. The GRNs are intermixed within
hair-like structures called taste sensilla
that are distributed in different body
parts, including the labelum, pharynx,
distal segments of the legs (tarsi), wing
margins, and ovipositor.

Engaging in appropriate feeding behav-
iors in response to different tastants, such as
acceptance of appetitive (sweet) foods and
rejection of toxic (bitter) foods, are essential
for survival of animals. To promote behav-
ioral avoidance, some bitter compounds
have been proposed to not only activate bit-
ter GRNs but also inhibit sweet GRNs. Acti-
vation profiles of labelar and tarsal sensilla
in response to several bitter compounds
have been well characterized using single
sensillum recordings (Weiss et al., 2011;
Ling et al., 2014). In addition, the suppres-
sion of sweet taste by bitter compounds has
been observed in Lepidoptera (Schoon-
hoven and van Loon, 2002), leech (Li et al.,
2001), and Drosophila (Meunier et al., 2003;
König et al., 2014) with both electrophysio-

logical and behavioral analyses. Moreover, a
recent study suggests that an odorant bind-
ing protein, OBP49a, expressed in gustatory
organs, is required for sweet neuron inhibi-
tion by bitter compounds (Jeong et al.,
2013). However, the relative contribution of
the two bitter sensing pathways (i.e., activa-
tion of bitter GRNs and inhibition of sweet
GRNs) in controlling feeding behaviors,
and whether they are independent of each
other, is unclear. The detailed genetic, phys-
iological, and behavioral analyses of these
pathways are also lacking. A recent arti-
cle in The Journal of Neuroscience by
French et al. (2015) parses out the two
pathways by assessing electrophysiolog-
ical and behavioral responses of flies to
sucrose mixed with either strychnine
(which activates bitter GRNs and inhib-
its sweet GRNs) or L-canavanine (which
only activates bitter GRNs) (Lee et al.,
2012).

To quantify food acceptance behavior,
French et al. (2015) presented flies with
sugar/bitter mixtures to two main taste
organs (labelum and tarsi) and scored in-
dices for both proboscis extension reflex
(PER) and proboscis retraction (PR). Flies
robustly extended their proboscis upon
sugar stimulation, but PER was reduced
when aversive compounds were mixed
with sugar. Mixing strychnine but not
L-canavanine with sucrose reduced PER,
suggesting that inhibiting sweet GRNs is a
key factor for reducing PER. In contrast,
both strychnine and L-canavanine re-
duced PR, indicating that bitter GRNs are
involved in this behavior. Consistent with

this idea, genetic ablation of Gr66a-
expressing bitter GRNs greatly reduced PR
but had no effect on PER to sucrose mixed
with either strychnine or L-canavanine. In
addition to PER/PR assays that have rela-
tively short time scales, the authors used
multiple choice capillary feeder (MultiCAFE)
and binary choice feeding assays to evaluate
food consumption and preference over 2 h
(French et al., 2015, their Fig. 4). Similar to the
PER/PR results, mixing either strychnine or
L-canavanine with sucrose significantly de-
creased food consumption and induced food
rejection. Interestingly, flies without func-
tional bitter GRNs still avoided strychnine-
mixedfoodbutnotL-canavanine-mixedfood
in both MultiCAFE and binary choice feeding
assays, arguing that inhibition of sweet GRNs
by strychnine is sufficient to trigger avoidance
in the absence of bitter GRNs.

French et al. (2015) next examined the
cellular basis of sugar inhibition by com-
paring electrophysiological recordings
from different types of labelar sensilla
upon presenting sucrose alone or sucrose/
bitter mixtures. They found that two ad-
ditional bitter compounds, caffeine and
nicotine, did not inhibit responses to
sugar (French et al., 2015, their Fig. 5).
Notably, since caffeine alone activates bit-
ter GRNs in s- and i-type sensilla (Weiss et
al., 2011), one might expect the total spike
number evoked by the sucrose/caffeine
mixture to be higher than that evoked by
sucrose alone, simply by having both
sucrose- and caffeine-induced spikes. Un-
expectedly, this was not seen in their s6
and i9 sensillum recordings (French et al.,
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2015, their Fig. 5D,E). The simplest ex-
planation is that sugar stimuli suppress
bitter GRN activity if presented at high
concentrations, but this idea requires fur-
ther investigation, especially given that
such a mechanism could potentially be
harmful to animals.

Why do bitter compounds differ in
their ability to inhibit sweet GRNs? One
intriguing hypothesis is that the ability to
inhibit sugar responses correlates with the
toxicity of bitter compounds: the more
toxic the compound, the more potent its
sugar inhibition ability. Alternatively, dif-
ferent bitter compounds might inhibit re-
sponses induced by different sugars by
selectively targeting distinct sweet Grs.
However, no dose-dependent responses
to the panel of bitter compounds were re-
ported in this study and it is expected that
the ability of bitter compounds to inhibit
sugar responses depends on the concen-
trations of each substance. This hypothe-
sis is supported by a recent study where
sweet GRN activity was completely abol-
ished with 5 mM caffeine mixed with 10
mM sucrose (instead of 100 mM sucrose
used in French et al., 2015) (Jeong et al.,
2013). Future studies that examine dose-
dependent responses for a larger panel of
bitter compounds, tested in sugar/bitter
mixtures with 10 and 100 mM sucrose as well
as other sugars, will yield deeper insight into
the capacity of bitter compounds to inhibit
different sugar responses.

Several possible mechanisms may con-
tribute to the suppression of sweet GRNs by
bitter compounds. One possibility is that
sweet and bitter GRNs directly interact with
each other. For example, in the Drosophila
olfactory system, nonsynaptic lateral inhibi-
tion of an olfactory receptor neuron (ORN)
is observed when transiently activating its
neighboring ORN (Su et al., 2012). The la-
belar i9 sensillum may be an excellent place
to address whether such ephaptic interac-
tion also occurs in gustatory sensilla, be-
cause it houses only one sweet and one bitter
GRN. To do this, French et al. (2015) ex-
pressed channelrhodopsin 2 (ChR2) in
Gr66a-expressing bitter GRNs and, within
the time course of the sucrose stimulus, pre-
sented blue light to transiently activate bitter
GRNs. Interestingly, they found no reduc-
tion of sustained activity of sweet GRNs
during optogenetic activation of bitter
GRNs, suggesting the lateral inhibition does
not occur in gustatory system (French et al.,
2015, their Fig. 8).

Another mechanism by which bitter
compounds may suppress sweet GRN ac-
tivity is through inhibitory GABAergic in-
terneurons. This type of presynaptic

modulation mediated by GABAB recep-
tors has been shown in both olfactory and
gustatory systems (Wilson and Laurent,
2005; Olsen and Wilson, 2008; Root et al.,
2008; Chu et al., 2014). A recent study by
Chu et al. (2014) demonstrated that both
sweet (labeled by Gr64f-LexA) and bitter
(labeled by Gr66a-LexA) GRNs in the la-
belum have synaptic connections with
GABAergic interneurons (labeled by
GAD1-Gal4). The fact that GABAB recep-
tors are expressed only in sweet but not
bitter GRNs allows suppression of sw-
eet GRNs upon bitter GRN activation
through presynaptic gain control. Based
on this finding, one would expect optoge-
netic activation of bitter GRNs to inhibit
sweet GRNs through GABAergic in-
terneuron circuits. However, the results
by French et al. (2015) are inconsistent
with this idea, because optogenetic activa-
tion of bitter GRNs had no effect on the
activity of sweet GRNs (which express
Gr64f) in the i9 sensillum. Given that
other types of sensilla were not assessed, it
is possible that the bitter GRN in the i9
sensillum has no synaptic contact with
GABAergic interneurons. Considering
that Gr66a-labeled bitter GRNs are
present in all s- and i-type sensilla, it is
conceivable that the GFP-reconstituted
signals of Gr66a-LexA and GAD1-Gal4
drivers shown by Chu et al. (2014) were
from other types of labelar sensilla but not
the i9 sensillum. It is also possible that
GABAergic modulation is restricted to
axon terminals and affects synaptic trans-
mission rather than spike activity ob-
tained from single sensillum recordings.
Future studies using Gr47b-Gal4 (which is
only expressed in bitter GRNs of i8, i9,
and i10 sensilla) to perform GFP reconsti-
tution across synaptic partners (GRASP)
assays will be more specific to determine
whether neurons within the i9 sensillum
make synaptic contact with GABAergic in-
terneurons. Moreover, optogenetic activa-
tion of GABAergic interneurons during
recordings of sugar-evoked activity in sweet
GRNs in different labelar sensilla will pro-
vide more direct information about the in-
volvement of GABAergic interneurons in
suppressing sweet GRN activity.

In conclusion, French et al. (2015) pro-
vide insights into the cellular and behavioral
contributions of sweet GRN inhibition by
bitter compounds in both labelar and tarsal
hairs. The dispensability of bitter GRNs for
sweet GRN inhibition suggests that bitter
compounds may directly modulate sweet
GRN activity. With the aid of optogenetics,
the authors demonstrated that unlike the ol-
factory system, GRNs do not have ephaptic

interactions, although the involvement of
GABAergic interneurons needs to be fur-
ther evaluated. Their work not only con-
firms the behavioral role of sweet GRN
inhibition but also provides an optogenetic
experimental design with which to uncover
mechanisms that integrate different taste
inputs.
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