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Abstract

Nutrient intake and avoidance of toxins are essential for survival and controlled by attractive and aversive feeding responses.
Drosophila melanogaster presents one of the best characterized systems for studies on chemosensation, which is mediated
by multigene families of chemoreceptors, including olfactory receptors, gustatory receptors, and odorant-binding proteins
(OBPs). Although the response profiles of gustatory receptors have been well studied, the contribution of OBPs to food intake
is largely unknown. As most aversive (“bitter”) tastants are hydrophobic, we hypothesized that OBPs may fulfill an essential
function in transporting bitter tastants to gustatory receptors to modulate feeding behavior. Here, we used 16 RNA| lines that
inhibit expression of individual target Obp genes and show that OBPs modulate sucrose intake in response to a panel of nine
bitter compounds. Similar to their function in olfaction, OBPs appear to interact with bitter compounds in a combinatorial
and sex-dependent manner. RNAi-mediated reduction in expression of individual Obp genes resulted either in enhanced or
reduced intake of sucrose in the presence of bitter compounds, consistent with roles for OBPs in transporting tastants to bit-
ter taste receptors, sequestering them to limit their access to these receptors, or interacting directly with gustatory neurons

that respond to sucrose.
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Introduction

Aversive taste responses have evolved to prevent ingestion of
toxic compounds. Toxins comprise a wide variety of chemi-
cals and large families of gustatory receptors have evolved
both in insects and mammals to enable their detection. In
humans such compounds evoke a bitter taste perception. In
mouse, multiple bitter taste receptors are expressed in indi-
vidual taste cells enabling an appropriate rejection response
to bitter compounds with little discrimination in taste quality
(Chandrashekar et al. 2000; Mueller et al. 2005). Bitter (i.e.,
aversive) taste perception is essential for insects to enable
avoidance of plant toxins and unfavorable oviposition sites.
The gustatory system of Drosophila melanogaster has been
studied extensively and gustatory receptors that detect sweet
tastants (Dahanukar et al. 2001; Ueno et al. 2001; Slone
et al. 2007), bitter tastants (Meunier et al. 2003; Thorne
et al. 2004; Lee et al. 2009; Weiss et al. 2011), as well as acid
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(Charlu et al. 2013), water (Cameron et al. 2010; Chen et al.
2010), carbon dioxide (Fischler ez al. 2007), and pheromones
(Bray and Amrein 2003; Moon ez al. 2009) have been iden-
tified. Taste representations for different modalities project
to segregated regions of the suboesophageal ganglion (Scott
et al. 2001; Wang et al. 2004; Marella et al. 2006). Gustatory
neurons that mediate aversive taste responses in Drosophila
also express multiple bitter taste receptors (Thorne et al.
2004; Lee et al. 2009; Weiss et al. 2011) with limited dis-
crimination in taste quality, similar to the mouse bitter taste
system (Masek and Scott 2010). A comprehensive study of
taste responses in subclasses of small, intermediate and large
sensilla of the labellum characterized the molecular response
profiles of 33 bitter taste receptors in all 31 labellar taste sen-
silla against a panel of 16 bitter compounds and identified
four classes of bitter taste neurons (Weiss ez al. 2011).
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Bitter compounds are comparable to odorants in that they
are generally small poorly water soluble molecules, such as
alkaloids or terpenoids. In the insect olfactory system, trans-
port of hydrophobic odorants is facilitated by odorant-bind-
ing proteins (OBPs; Wojtasek and Leal 1999; Xu et al. 2005;
Grosse-Wilde er al. 2006), which modulate olfactory behav-
ioral responses (Swarup et al. 2011). There is evidence that
OBPs may also play a role in gustatory perception. OBP57d
and OBP57¢ in taste hairs on the tarsi mediate recognition
of hexanoic acid and octanoic acid, plant-derived toxic com-
pounds, and mutations in these OBPs enable host-specific
adaptation of Drosophila sechellia to the fruit of Morinda cit-
rifolia (Matsuo et al. 2007; Matsuo 2008). Furthermore, many
OBPs are expressed in the labellum, the pharyngeal labral
sense organ, the dorsal and ventral cibarial organs, and taste
sensilla on the tarsi and wing margins (Galindo and Smith
2001).

Based on previous studies, it is reasonable to hypothesize
that OBPs may function as transporters of hydrophobic
tastants similar to their role in olfaction. To test this hypoth-
esis we measured feeding behavior of flies exposed to a panel
of bitter tastants, while suppressing the expression of indi-
vidual Obp genes using RNA interference with the binary
GAL4-UAS expression system (Brand and Perrimon 1993).
Our results show that, similar to their roles in olfaction,
OBPs modulate ingestion of bitter tastants in a combinato-
rial and sexually dimorphic manner.

Materials and methods

Drosophila stocks

Sixteen lines expressing RNAi corresponding to Obp tran-
scripts under UAS promoters inserted in the neutral phiC31
integration site along with the co-isogenic progenitor control
line (y,w"":P{artPy*,w’’}) were obtained from the Vienna
Drosophila RNAi Center (http://www.vdrc.at; Dietzl et al.
2007). Each of these lines and the progenitor control was
crossed to a tubulin-GAL4 driver line () w'; P{tubP-GALA4}
LL7ITM3; Sb") to suppress the expression of the target Obp
gene. F1 offspring was used for both molecular and behavioral
experiments. The efficiency and specificity of RNAi-mediated
suppression of individual Obp genes in these lines has been
reported previously (Swarup ez al. 2011). Flies were grown on
cornmeal-molasses-agar medium at 25°C and a 12h/12h light/
dark cycle. The UAS-Obp RNAi lines provided viable offspring
when crossed to the tubulin-GAL4 driver line with normal
morphology, development time and fertility, except males of
the tubulin-GAL4/UAS-Obp58b RNAI line, for which we could
not obtain behavioral measurements due to poor viability.

Tastants

We selected 13 bitter tastants, which were obtained from
Sigma-Aldrich (St Louis, MO, USA) and dissolved in 50 mM

sucrose for behavioral assays. Corresponding catalogue num-
bers are: sucrose, SigmaUltra (S7903); berberine chloride
(B3251); caffeine (C0750); coumarin (C4261); denatonium
benzoate (D5765); N,N-diethyl-meta-toluamide (PS902);
escin (E1378); (-)-lobeline hydrochloride (141879); papa-
verine hydrochloride (P3510); N-phenylthiourea (P7629);
quinine hydrochloride dehydrate (Q1125); D-(—)-salicin
(S0625); D-(+)-sucrose octaacetate (252603); theophylline
(T1633); and umbelliferone (H24003).

Behavioral assays

Capillary feeder (CAFE) assay

Three to four day-old flies were separated by sex and food
deprived for 24 h on starvation media with 1.5% agar to avoid
dehydration. Eight individuals of the same sex were placed in
each vial. Three capillaries were inserted through the foam cap
and 50mM sucrose solution (control) or S0mM sucrose solu-
tion supplemented with bitter tastant was aspirated into each
capillary. Mineral oil was placed on the top of the capillary
to minimize evaporation and the initial level of the solution
was marked on the capillary (Figure 1A). A control for evapo-
ration without flies was included each time. Three replicates
were run over 3 days with three replicates per day to account
for environmental variation. The assay was conducted for 24 h
in a closed humid chamber with 80% humidity. The amount
of solution consumed was calculated by measuring the dif-
ference in the levels of solution in the capillaries before and
at the end of the assay and correcting for evaporation rate.
All tubulin-GAL4/UAS-Obp RNAI lines were measured con-
temporaneously for each tastant along with a tubulin-GAL4/
UAS-progenitor control line (i.e., flies that carry the tubulin-
GALA4 driver without a UAS transgene in the same genetic
background).

Proboscis extension reflex

We performed PER assays on tubulin-GAL4/UAS-Obp28a
RNAi and tubulin-GAL4/UAS-progenitor F1 offspring essen-
tially as described by Shiraiwa and Carlson (2007). Three
to 4 day-old flies were separated by sex and food deprived
for 24h. Flies were immobilized in 200 pl micropipette
tips with widened opening, with their heads protruding
from the tip. We used fine paint brushes to deliver S0mM
sucrose solution, distilled water, or 50mM sucrose solution
supplemented with 0.8 mM quinine solution, in the order:
sucrose-water-tastant-water-sucrose. We discarded flies that
did not respond to sucrose solution and flies that responded
to water. Each fly was tested only once and the response
was recorded as all (1) or none (0). Three sets of 15 flies
per sex were measured for each line. Significant differences
in PER responses between tubulin-GAL4/UAS-Obp28a and
tubulin-G A L4/progenitor F1s were determined by two tailed
Student’s # tests.
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Figure 1 Inhibition of nutrient intake by aversive tastants. (A) Schematic

diagram of the Capillary Feeding (CAFE) assay. Eight individuals of the same
sex are placed in each vial. Three capillaries are inserted through the foam
cap and 50mM sucrose solution (positive control) or a 50mM sucrose
solution supplemented with bitter tastant is aspirated into each capillary.
Mineral oil is placed on the top of the capillary to prevent evaporation. Flies
are allowed to feed for 24 h in a closed humid chamber with 80% humidity.
(B) The figure shows two representative examples for dose-dependent con-
sumption of sucrose solution supplemented with bitter tastant, coumarin,
and papaverine. Consumption of bitter tastants is represented as percent-
age of sucrose intake by offspring from the progenitor control line (yw'""®
PlattPy",w*?) crossed to the tubulin-GAL4 driver line. Arrows indicate the
optimally discriminating bitter tastant concentrations selected for further
experiments. Males are shown in grey bars and females in black bars.

Assessment of Obp gene expression levels in proboscis

Independent triplicates of 100-150 probosces were manually
collected from tubulin-GAL4/UAS-Obp RNAi and tubulin-
GAL4/UAS-progenitor control Fls. RNA from probosces
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was extracted from F1 males and females separately. The
efficiency of RNAi-mediated suppression of expression of
Obp28a and Obp56h genes in probosces of tubulin-GAL4/
UAS-Obp RNAI Fls was assessed by quantitative real time
PCR using the SYBR green detection method, as described
previously (Swarup et al. 2011). Statistically significant dif-
ferences in Obp expression levels in probosces of tubulin-
GAL4/UAS-Obp RNAIi Fls and tubulin-GAL4/progenitor
F1s were determined by two tailed Student’s 7 tests.

Data analysis

Statistical significance of sucrose consumption between fubu-
lin-GAL4/UAS-Obp RNAi lines and the tubulin-GAL4/UAS-
progenitor was estimated using a fixed two-way ANOVA
model, Y=u+ G+ S+ E, where u is the overall mean, G the
effect of genotype, that is the tubulin-GAL4/UAS-Obp RNAi
lines versus the tubulin-GAL4/UAS-progenitor lines, S the
fixed effect of sex and E the environmental variance. Bitter
tastant consumption data were analyzed using a three-way
fixed ANOVAmodel, Y=u+L+S+T+LXS+LXxT
+SX T+ LXSxXT+ E, where u is the overall mean, L the
effect of UAS-Obp RNAi lines, S the effect of sex, T the effect
of bitter tastant, and E the environmental variance. Next, the
data were analyzed by tastant using a reduced fixed two-way
ANOVA model, Y =u + L + S + E, where u is the overall
mean, L the effect of the tubulin-GAL4/UAS-Obp RNAI line
versus the tubulin-GAL4/UAS-progenitor line, S the fixed
effect of sex and E the environmental variance. The data were
further analyzed by tastant and sex using a reduced one-way
ANOVA model, Y = u + L+ E, where u is the overall mean,
L the fixed effect of the tubulin-GAL4/UAS-Obp RNAi lines,
and E the environmental variance. Analyses of variance and
tests of significance were calculated using the Proc GLM pro-
cedure in SAS (SAS Institute, Cary, NC, USA).

Results

Assessment of reduction in feeding to a panel of bitter
tastants

To assess the effects of bitter tastants on sucrose consump-
tion we measured dose-dependent responses to 13 tastants
of offspring from the progenitor control line (y,w'''*:
P{attPy*,w'}) crossed to the rubulin-GAL4 driver line, for
males and females separately, over concentrations ranging
from 1-30mM. These tastants include naturally occurring
alkaloids, terpenoids, and phenolic compounds, as well
as three synthetic compounds. Many of them are toxic,
perceived as bitter by humans, and have been tested in
Drosophila previously (Meunier ez al. 2003; Hiroi et al. 2004,
Thorne et al. 2004; Wang et al. 2004; Marella et al. 2006; Lee
et al. 2009). We selected concentrations that resulted in a
decline of about 50% of sucrose consumption compared to
control for subsequent studies. These concentrations enable
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detection of both reductions and increases in consumption
during inhibition of expression of target Obp genes with
RNAIi. Examples of dose-response profiles for two bitter
tastants, coumarin and papaverine, are shown in Figure 1B.
In each case ~50% reduction in sucrose consumption occurs
at SmM bitter tastant for both sexes. Optimal discriminatory
concentrations for the other tastants were 7.5mM for ber-
berine chloride, 5mM for caffeine, 0.5mM for denatonium
benzoate, 1 mM for escin, 2.5 mM for N-phenylthiourea and
theophylline, and 0.8 mM for quinine hydrochloride dehy-
drate (Supplementary Figure 1). We did not observe reduc-
tions in sucrose intake for N,N-diethyl-meta-toluamide,
d-(-)-salicin, sucrose octaacetate, and umbelliferone, which,
therefore, appear not to be perceived as aversive. Hence,
these four tastants were excluded from further studies.

Effects of inhibition of expression of Obp genes by RNAi
on feeding behavior

We determined feeding response profiles to 9 bitter tastants
and sucrose for each tubulin-GAL4/UAS-Obp RNAi line
and the control. Since we did not find significant differ-
ences between sucrose intake without bitter tastant among
the tubulin-GAL4/UAS-Obp RNAi lines and the control line
(Table 1), we analyzed the data without normalization for
sucrose consumption and used a three way ANOVA to assess
statistically significant differences between rtubulin-GAL4/
UAS-Obp RNAi lines and the control. We found significant
effects for the Line, Line-by-Tastant, and Line-by-Sex terms
for all tubulin-GAL4/UAS-Obp RNAi lines (Table 2). We then
used a reduced ANOVA model to identify tastant-specific
and sex-specific effects for each tubulin-GAL4/UAS-Obp
RNAi line.

Disruption of expression of individual Obp genes resulted
in altered feeding responses to multiple, but not all tastants
(Figure 2A; Supplementary Figure 2), indicating that modula-
tion of consumption of bitter tastants by OBPs is combina-
torial, similar to their effects on olfactory behavior (Swarup
et al. 2011). Inhibition of Obp expression could result either in
increased or reduced consumption depending on the odorant
or OBP. For example, suppression of expression of Obp28a
led to increases in consumption of bitter tastants, whereas
inhibition of expression of Obp56h led to dramatic reduc-
tions in bitter taste consumption (Figure 2A). We isolated
probosces from tubulin-GAL4/UASObp28a RNAi, tubulin-
GAL4/UASObp56h RNAi and control flies and showed that
mRNA for Obp28a was virtually eliminated and mRNA lev-
els for Obp56h were reduced by approximately 95% and 98%
in males and females, respectively (Figure 2B). The largest
increase in bitter tastant intake in tubulin-GAL4/UASObp28a
RNAi flies was observed for quinine (Figure 2A). To confirm
that this increase in quinine intake was due to gustation rather
than postingestive effects, we measured probosic extension
responses for tubulin-GAL4/UAS-Obp28a RNAi flies and con-
trols. The observed increase in quinine intake in the CAFE

Table 1 Analysis of variance of sucrose consumption by tubulin-
GAL4/UAS-Obp RNAI and progenitor control RNAI lines

Source of variation df MS F P value
Genotype 1 13.42 1.79 0.18
Sex 1 9.06 1.21 0.27
Genotype x Sex 1 4.44 0.59 0.44
Error 216 7.50

df, degrees of freedom; MS, mean squares

Table 2  Analysis of variance of bitter tastant consumption by tubulin-
GAL4/UAS-Obp RNAI and progenitor control RNAI lines

Source of variation df MS F P value
Line 16 425.56 81.89  <0.0001
Tastant 8 1034.63 199.11 <0.0001
Line x Tastant 128 68.29 13.14 <0.0001
Sex 1 401.60 77.29  <0.0001
Line x Sex 15 61.60 11.85  <0.0001
Sex x Tastant 8 354.79 68.28 <0.0001
Line x Sex x 120 38.97 7.50  <0.0001
Tastant

Error 1888 5.20

df, degrees of freedom; MS, mean squares

assay was paralleled by a substantial increase in the proboscis
extension response (Figure 2C). Thus, gustatory perception
contributes to modulation of consumption of bitter tastants
by OBPs.

Feeding response profiles for all other tubulin-GAL4/UAS-
Obp RNA:i lines are illustrated in Supplementary Figure 2
and summarized in Figure 3, which illustrates that inhibi-
tion of individual Obp genes modulates feeding behav-
ior with different bitter tastants and each bitter tastant is
affected by a different subset of Obp RNAI targets. When
feeding responses are considered pooled across sexes, inhi-
bition of some OBPs consistently, albeit with minor excep-
tions, leads to increased consumption of the cognate bitter
tastants (e.g., A5, OBP28a, OBP57b, OBP83c), whereas
others lead to a decrease in bitter taste consumption
(e.g., OBP18a, OBP22a, OBP56¢, OBP56h, OBP58b, and
OBP59a; Figure 3).

Since our ANOVA revealed significant effects by sex and
all sex interaction terms (Table 2), we examined feeding
responses of the tubulin-GAL4/UAS-Obp RNAi for males
and females separately. This analysis reveals extensive sexual
dimorphism (Figure 4), similar to that observed previously
for combinatorial effects of OBPs on olfactory behavior
(Swarup et al. 2011), indicating that inhibition of Obp gene
expression affects feeding behavior differently in males and
females.
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Figure 2  Behavioral responses of tubulin-GAL4/UAS-Obp28a and tubulin-GAL4/UAS-Obp56h RNAI lines to bitter tastants. (A) Consumption of 9 bitter
tastants by tubulin-GAL4/UAS-Obp28a RNAI and tubulin-GAL4/UAS-Obp56h RNAI lines represented as solution intake in millimeters summed over three
capillaries. Asterisks denote significant changes in consumption of bitter tastants between females, shown in black bars; males, shown in grey bars, and
corresponding consumption of the progenitor control line, shown in open bars, as determined by Tukey's test (*P < 0.05; **P < 0.005; ***P < 0.0001).
(B) Changes in mRNA levels in the probosces of tubulin-GAL4/UAS-Obp28a and tubulin-GAL4/UAS-Obp56h RNAI flies, shown as a percentage of the
expression level in the control line (dotted line). Asterisks denote significant changes determined by two tailed Student t tests (**P < 0.005; ***P < 0.0001).
(C) Proboscis extension response (PER). Tubulin-GAL4/UAS-Obp28a RNAI flies, represented by black and grey bars for females and males, respectively,
and tubulin-GAL4/progenitor control flies (open bars) were stimulated with a 2ul droplet of 0.8 mM quinine for up to 5 s. Full proboscis extension in
response to the stimulus was counted as a positive response. Asterisks denote significant changes determined by two tailed Student’s t tests (**P < 0.001;
**%p < 0.0001).
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Figure 3 Combinatorial response profiles for intake of bitter tastants of tubulin-GAL4/UAS-Obp RNAI lines. The red boxes and “up” arrow sign (1) indi-
cate more consumption of bitter tastant compared to the control, while the blue boxes and “down” arrow sign (]) indicate less consumption of aversive
tastant compared to the control. Numbers represent the magnitude of changes in consumption level as percentage compared to control. Note, that only
female flies for the tubulin-GAL4/UAS-Obp58b RNAI line were available for testing.

Discussion

OBPs and gustation

In recent years, substantial evidence has accumulated that
OBPs function as carriers of hydrophobic ligands in the olfac-
tory system (Wojtasek and Leal 1999; Xu et al. 2005; Grosse-
Wilde et al. 2006; Swarup et al. 2011). Association of some
OBPs with host plant selection (Matsuo et al. 2007; Matsuo
2008) and their expression in multiple taste organs (Galindo
and Smith 2001) has led us to hypothesize that, in addition
to modulating olfactory behavior, OBPs modulate feeding
behavior, especially the avoidance of bitter tastants, which
are mostly hydrophobic compounds. Results from our experi-
ments consolidate this notion and show that suppression of
individual OBPs affects intake of bitter substances. There are
two caveats to this interpretation. First, we cannot exclude
that olfactory cues may contribute to feeding behavior in the
CAFE assay and that part of the aversive perception of bitter
tastants may be mediated via olfactory receptors upon con-
tact with the antenna. Second, we cannot exclude postinges-
tive effects rather than gustatory input on feeding behavior. To
evaluate these caveats we chose a more detailed follow-up on
OBP28a. We selected this particular OBP, because 1) suppres-
sion of OBP28a consistently shows increased intake across the
panel of bitter tastants, suggesting that OBP28a functions as a
transporter of bitter tastants to gustatory receptors; 2) Obp28a
mRNA is relatively abundant in isolated probosces; 3) RNAi

that targets Obp28a results in nearly complete obliteration of
its message; and, 4) RNAi-mediated inhibition of Obp28a
results in an exceptionally large increase (188%) in intake of
quinine, a standard bitter tastant. We showed that in the case
of Obp28a increases in proboscis extension responses paral-
leled increases in intake of quinine. Thus, at least OBP28a
contributes directly to gustation.

Sexually dimorphic effects of OBPs on feeding behavior

The interaction diagrams between OBPs and bitter tastants
are overlapping, but distinct for males and females (Figure 4).
This is perhaps not surprising, as previous studies have
shown profound differences in expression levels of Obp genes
between the sexes (Zhou ef al. 2009) and combinatorial inter-
actions between OBPs and odorants also show extensive sex-
ual dimorphism (Swarup et al. 2011). These sex differences
may have ecological significance as females evaluate oviposi-
tion sites, whereas males use, among others, gustatory cues
to evaluate females as mating partners by detecting cuticular
pheromones (Bray and Amrein 2003; Moon et al. 2009). The
observed sexual dimorphism of the effects of OBPs on feed-
ing behavior is in line with the previous assessment that males
and females utilize the repertoire of chemosensory genes dif-
ferently (Zhou et al. 2009; Swarup et al. 2011). This type of
sex dependent phenotypic plasticity may be related to differ-
ent toxins males and females are likely to encounter during
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Figure 4 Sexually dimorphic combinatorial response profiles for intake of bitter tastants of tubulin-GAL4/UAS-Obp RNAI lines. (A) Females, (B) Males.
The red boxes indicate more consumption of bitter tastant compared to the control, while the blue boxes indicate less consumption of aversive tastant

compared to the control.

distinct activities of their life cycle (e.g., only females are con-
cerned with identifying suitable oviposition sites).

Mechanisms by which OBPs and bitter tastants may
modulate sucrose intake

Recognition of bitter tastants by OBPs appears to be com-
binatorial with any given OBP being able to interact with
more than one tastant and each tastant with multiple OBPs
(Figure 3). The pattern of interactions suggests a distinct,
albeit not perfect, grouping of OBPs into two categories:
OBPs that increase the consumption of bitter tastants when
their expression is compromised, and OBPs that reduce
the ingestion of bitter compounds when their expression
is suppressed. The most parsimonious explanation for
this phenomenon is that OBPs fulfill different functions:

transport of bitter tastants to their cognate receptors, and
sequestration or clearance of bitter tastants. The former
would lead to an increase in feeding behavior, when inhib-
ited, as is the case for OBP28a, whereas the latter would
lead to a reduction in feeding behavior, as is the case for
OBP56h. Alternatively, it is possible that some OBPs upon
binding bitter tastants may interact directly with sucrose
sensitive neurons and modulate their activity, as has been
demonstrated recently for OBP49a, which is expressed in
thecogen cells (Jeong ez al. 2013). Binding of bitter tastants
to OBP49a does not affect bitter taste sensation, but leads
to inhibition of sucrose sensing gustatory neurons likely
by interacting with Gr64a, a component of the sucrose
receptor complex (Jeong et al. 2013). However, the precise
molecular mechanism of this interaction remains to be
elucidated.
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Supplementary material

Supplementary material can be found at http://www.chemse.
oxfordjournals.org/
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