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Drosophila Fatty Acid Taste Signals through the PLC
Pathway in Sugar-Sensing Neurons
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Abstract

Taste is the primary sensory system for detecting food quality and palatability. Drosophila detects five distinct taste
modalities that include sweet, bitter, salt, water, and the taste of carbonation. Of these, sweet-sensing neurons appear to
have utility for the detection of nutritionally rich food while bitter-sensing neurons signal toxicity and confer repulsion.
Growing evidence in mammals suggests that taste for fatty acids (FAs) signals the presence of dietary lipids and promotes
feeding. While flies appear to be attracted to fatty acids, the neural basis for fatty acid detection and attraction are unclear.
Here, we demonstrate that a range of FAs are detected by the fly gustatory system and elicit a robust feeding response. Flies
lacking olfactory organs respond robustly to FAs, confirming that FA attraction is mediated through the gustatory system.
Furthermore, flies detect FAs independent of pH, suggesting the molecular basis for FA taste is not due to acidity. We show
that low and medium concentrations of FAs serve as an appetitive signal and they are detected exclusively through the
same subset of neurons that sense appetitive sweet substances, including most sugars. In mammals, taste perception of
sweet and bitter substances is dependent on phospholipase C (PLC) signaling in specialized taste buds. We find that flies
mutant for norpA, a Drosophila ortholog of PLC, fail to respond to FAs. Intriguingly, norpA mutants respond normally to
other tastants, including sucrose and yeast. The defect of norpA mutants can be rescued by selectively restoring norpA
expression in sweet-sensing neurons, corroborating that FAs signal through sweet-sensing neurons, and suggesting PLC
signaling in the gustatory system is specifically involved in FA taste. Taken together, these findings reveal that PLC function
in Drosophila sweet-sensing neurons is a conserved molecular signaling pathway that confers attraction to fatty acids.

doi:10.1371/journal.pgen.1003710

* E-mail: akeene@unr.edu

Citation: Masek P, Keene AC (2013) Drosophila Fatty Acid Taste Signals through the PLC Pathway in Sugar-Sensing Neurons. PLoS Genet 9(9): e1003710.

Editor: Kaveh Ashrafi, University of California San Francisco, United States of America
Received March 14, 2013; Accepted June 22, 2013; Published September 12, 2013

Copyright: © 2013 Masek and Keene. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was funded by grants from the National Center for Research Resources (5P20RR016464-11), the National Institute of General Medical Sciences
(8 P20 GM103440-11, 1 P20 GM1036550-01 and 8 P20 GM103554 02) and the National Institute of Neurological Disorders and Stroke (1R15NS080155-01A1). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The gustatory system 1is critical for interpreting the nutritional
value and potential toxicity of food compounds prior to ingestion.
Nutritionally relevant food components are detected through
specialized taste receptors expressed in sensory neurons that are
broadly tuned to specific taste modalities [1-3]. Flies are also
capable of detecting the caloric content of sugars through satiation
feedback from internal sensors [4—7]. Taste represents an analytic
sense, and unlike olfaction or vision, distinct taste modalities are
sensed and processed independently from each other. The
Drosophila gustatory system is divided into two main functional
pathways that either detect appetitive sugars or aversive bitter
substances [1,8,9]. Of the five basic taste qualities described in
humans - sweet, sour, salty, umami, and bitter, fruit flies have been
shown to detect tastants encompassed by only three of these taste
modalities - sugars, bitter and salt [7,10,11]. Foods containing
sugars, dietary lipids, and amino acids represent significant energy
sources, and their presence tends to be attractive and promote
consumption. In mammals, dietary lipids signal through mecha-
nosensory and olfactory neurons, as well as postingestive feedback
[12-15]. Dietary lipids are comprised of both triacylglycerides and
fatty acids (FAs), and growing evidence suggests that it is the free
fatty acids that are detected by the gustatory system [16-23]. Fat
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represents a potent food source that yields more than twice the
amount of energy as sugars per unit of mass. An understanding of
how dietary FFAs are sensed will provide critical insight into feeding
choice and gustatory processing.

While much is known about the detection and processing of sweet
and bitter tastants in Drosophila, the neural basis for fat taste is
unclear. Drosophila detect short-chain saturated FAs in free walking
paradigms and they prefer low, while avoiding high FA concentra-
tions [24]. Here we show that detection of a variety of FAs by the fly
gustatory system induces a robust feeding response. These FAs serve
as a dietary supplement with a potency that is comparable to sugars.
FAs are perceived as appetitive at low and medium concentrations,
and aversive at high concentrations. FA perception is independent
of the olfactory system and acidity and instead requires the same
gustatory sensory neurons that detect sugars. In mammals,
phospholipase C (PLC) signaling is a critical second messenger
required for taste. Our results demonstrate that PLC is uniquely
required to sense FAs in Drosophila, revealing a conserved gustatory
pathway that is independent from that required for sugar signaling.

Results

To determine whether dietary fatty acids are sufficient for
survival, flies were fed a diet composed exclusively of FAs
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Author Summary

The gustatory system is largely responsible for interpreting
the nutritional value and potential toxicity of food
compounds prior to ingestion. The receptors and neural
circuits mediating the detection of sweet and bitter
compounds have been identified in fruit fly, but neural
mechanisms underlying detection of other taste modalities
remain unclear. Here, we demonstrate through multiple
lines of inquiry that fatty acids represent an appetitive cue
that is sensed through the primary gustatory system. We
find that fatty acids are detected by the same neurons that
are also sensitive to sugars. Remarkably, the phospholipase
C pathway, which mediates gustatory perception in
mammals, is required in Drosophila for the taste of fatty
acids but not sugars or bitter substances. Our findings
reveal, for the first time, that fruit flies are capable of fatty
acid taste, and identify a conserved molecular signaling
pathway that is required for fatty acid feeding attraction.

(Hexanoic acid — HxA, Octanoic acid — OcA, or Linoleic acid —
LiA). HxA and OcA are short-chain saturated FAs that are
naturally found in animal and plant products, including goat milk
and coconut oil, and that are in the diet of some Drosophila species
[24]. LiA is a long-chain unsaturated FA that is essential for
human diet. The feeding preference and survival on FA diet was
measured in a capillary feeding assay (CAFE). Approximately 30
60 wild-type flies were starved for 48 hours prior to being placed
in a vial with two capillary tubes: one containing 1% solution of
various FA, and the other water. The number of surviving flies was
measured over the course of 24 hours. Flies fed on FAs had a
higher survival rate after 24 hours than control flies feeding on
water alone (P<<0.01 for all concentrations, ANOVA; Fig. 1). A
dose-response curve revealed that low concentrations of HxA
prolong survival in previously starved Drosophila. Flies were offered
1%, 0.4% or 0.1% solution of HxA and the numbers of surviving
flies were measured over the course of 24 hours (Fig. S1). Ilies fed
1% HxA showed no lethality throughout the length of the
experiment. Flies fed 0.4% and 0.1% HxA showed a progressively
decreasing survival rate that negatively correlated with concen-
tration. For all concentrations of HxA tested, flies survived longer
than control flies feeding on water alone (P<<0.01 for all
concentrations). Taken together, these findings suggest that dietary
FAs are metabolizable and partially sufficient for survival.

When provided a choice in the CAFE assay (Fig. 2A) between
FAs and water, flies strongly preferred FAs (HxA, OcA, and LiA)
at concentrations of 0.1% or greater (P<<0.001 for all groups;
Fig. 2B). Additionally, we found that flies display robust preference
for oleic (mono-unsaturated, omega-9), decanoic and myristic
acids (both saturated FAs) at concentrations of 0.4% in the CAFE
assay (data not shown).

Dietary sugars are detected through gustatory receptors on the
tarsi and proboscis as well as through internal metabolic sensors
[5,6,25,26]. To investigate whether flies detect fatty acids through
the peripheral gustatory system or through internal nutrient
sensors, we measured the reflexive feeding response in Proboscis
Extension Reflex (PER) assay (Fig. 2A). Briefly, a small volume of
either OcA or HxA was applied to the fly tarsi, and PER was
measured as previously described [27,28]. When measuring PER,
the tastant does not touch the proboscis, and therefore, cannot be
ingested. Presentation of HXA or OcA dilutions ranging from 1% -
0.01% resulted in robust PER that was significantly greater than
the response to water (P<<0.001 for all groups, except P<<0.01 for
0.01% HxA), suggesting that peripheral gustatory receptors are
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Figure 1. Dietary fatty acids are sufficient for survival. Flies were
starved for 48 hrs prior to testing, and survival was measured for 24 hrs
while flies were fed a diet composed exclusively of 0.4% HxA, OcA and
LiA. All three fatty acids alone sufficient for higher survival compared to
water alone. All data, mean * s.e.m. *** p<<0.001 compared to water
control.

doi:10.1371/journal.pgen.1003710.g001

sufficient for detection of FAs (Fig. 2C). In Poxn mutant flies,
external chemosensory sensillae are converted to mechanosensory
sensillae [29]. These mutants can detect nutrients through internal
sugar receptors, but do not display gustatory responses to tastants
[6]. The PER response to 0.4% HxA (as well as to sugars and
yeast) was abolished in Poxn mutant flies, further indicating that
FAs are detected through peripheral sensory receptors (Fig. 2D).

The dietary sugars sucrose and fructose are strong gustatory
attractants [30]. We sought to determine if flies can distinguish
between FAs and sugars by testing whether flies exhibit
concentration-dependent FA/sugar preference. To determine
the sucrose response threshold, flies were provided a choice
between water and sucrose in concentrations ranging from 0.1 to
5 mM in the CAFE assay and total ingestion was measured. Flies
displayed strong preference for sucrose at 0.5 mM and higher
(P<<0.001 for all groups) (Fig. 2E). When offered a choice between
0.4% HxA, or OcA, and a range of sucrose concentrations, flies
preferred FAs over sucrose at concentrations less than 1 mM
(P<0.001 for sucrose 0.1 mM and 1 mM), while sucrose was
preferred at concentrations greater than 2 mM (P<<0.001 for all
groups for sucrose at 2 mM and 5 mM; Fig. 2E). These results
reveal that flies display a concentration-dependent preference for
FAs over sucrose. To determine whether concentration-dependent
FA/sugar choice 1s specific to sucrose, we measured feeding
preference comparing 0.4% HxA to a range of fructose
concentrations. We found that flies similarly preferred HxA over
fructose concentrations less than 1 mM (P<<0.001 for fructose
0.5 mM and | mM) and fructose at concentrations greater than
2 mM (P<<0.001 for fructose 2 mM and 5 mM) (Fig. S2). Taken
together, these findings reveal that at certain concentrations, flies
prefer FAs over sugars as a food source.

Flies detect food through olfactory neuron dendrites that
localize to the antennae and maxillary palps, and through
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Figure 2. Fatty acids are appetitive tastants. A) Left: Capillary feeding assay CAFE provides flies a choice between a nutrient and control tube.
Right: In Proboscis extension reflex (PER) assay, flies are stimulated with a tastant on their feet and they respond with extension of their proboscis to
appetitive substances in attempt to feed. The probability of their response is proportional to the level of starvation and the hedonic value of the
substance. B) HxA, OcA, LiA acids are preferred over water in CAFE at concentrations ranging from 1-0.1%. C) The PER elicited in response to
presentation of HxA or OcA. Concentrations of 1% to 0.01% elicit significant PER responses that are concentration dependent. D) Poxn mutants lack
all peripheral taste neurons and show no response to HxA, fructose, sucrose or yeast. E) Appetitive response to FAs in two-choice feeding assay is
comparable to low concentrations of sugars and is concentration dependent. Intake of 0.4% HxA and 0.4% OcA were measured against different
concentrations of sucrose. Flies prefer sucrose to water at concentrations of 0.5 mM or greater but prefer 0.4% HxA and 0.4% OcA to T mM sucrose or
lower, while sucrose is preferred at concentrations of 2 mM and greater (p<<0.001). All data, mean *= s.e.m. ** p<0.01, *** p<0.001; NS, not
significant, t-test.

doi:10.1371/journal.pgen.1003710.9g002

gustatory neurons in the proboscis and legs [31-33]. These
chemosensory organs are located relatively close to each other and
are used for multimodal sensory processing of food cues [34]. To
determine whether detection of FAs occurs independently from
the primary olfactory system, we surgically removed antennae and
maxillary palps, generating anosmic flies that lack olfactory organs
[34,35] (Fig. 3A). No significant differences were observed in the
PER response to HxA, sugars (fructose and sucrose) or yeast
extract between intact flies and flies lacking olfactory organs
(AntMxp-; P>0.05, t-test for each pair; Fig. 3B). Preference for
low concentration of HxA (0.01%) and avoidance of a high
concentration of HxA (5%) in the CAFE assay did not differ
between anosmic and intact flies (0.01% HxA P>0.568, 5% HxA
P>0.406), suggesting olfaction is not required for HxA feeding
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preference or avoidance (Fig. 3C). Taken together, these findings
indicate that FA attraction is independent of the primary olfactory
system.

Fruit flies can sense acids and we sought to determine whether
gustatory FA detection is dependent on acidity [36]. We tested
preference for 1% HxA and OcA, as well as 0.1% acetic acid and
0.01% HCI (pH~3.5-3.6 for all) in the CAFE assay. We also
measured preference for the base NaOH (pH~9.5) to determine if
high pH affects preference. Flies strongly preferred both HxA and
OcA to water (P<<0.001 for both groups). Flies also preferred
acetic acid (P<<0.008) but the preference was significantly lower
than preference to FAs (Fig. 3D, P<<0.01 for both FAs). No
significant preferences were observed with HCI (P>0.094) or
NaOH (P>0.660; Fig. 3D) suggesting that flies are generally not
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Figure 3. The primary olfactory system and acidity are dispensable for perception of fatty acids. A) Flies were split in two groups, one
used as intact control (intact) and the other with antennae and maxillary palps surgically removed (antmxp-). B) No differences were observed in flies
with antennae and maxillary palps surgically removed (antmxp-) compared to intact controls (intact) while flies were tested for PER response to HxA,
fructose, sucrose and to yeast extract. C) Intact flies and antmxp- flies do not show difference in preference for FA (HxA 0.01%) or in avoidance (HxA
5%) in the CAFE assay. D) Preference of FAs is specific and is pH independent. Flies strongly prefer 0.1% HxA and 0.1% OcA, show weak preference for
0.1% acetic acid (AcA) and no preference for 0.01% hydrochloric acid (HCI) when tested at pH~3.5. Flies do not show preference for high pH (NaOH,
pH~9.5). E) Flies prefer HxA and OcA over HCl at matched acidity (pH~3.5). HxA diluted in PBS buffer tested against PBS retains strong preference for
HxA at the neutral pH (pH~7.2-7.4). All data, mean * s.e.m. ** p<<0.01, *** p<<0.001; NS, not significant, t-test.
doi:10.1371/journal.pgen.1003710.g003

attracted to acidic or basic substances (Fig. 3D). We tested the determine whether sweet-sensing neurons also detect FAs. To
same concentrations of HxA and OcA against HCI in the CAFE avoid potential developmental defects caused by silencing neurons
assay. Despite matching pH, flies robustly preferred HxA and throughout development, Kir2.1 expression was limited to
OcA over HCI (P<<0.001 to both FAs), suggesting that FA taste is adulthood with GAL80" [40,41]. Briefly, adult-specific Kir2.1
mediated through chemical structure rather than low pH (Fig. 3E). expression was induced in sweet-sensing neurons by incubating 3
To directly measure whether acidity is required for FA taste, we day-old flies at the non-permissive temperature of 30°C for
adjusted the pH of 0.1% HxA to neutral (pH~7-7.2) by adding 72 hours prior to testing. Flies were then starved for 48 hours at
PBS buffer (pH 7.4). Flies strongly preferred pH-neutral HxA to 22°C.. Flies expressing Kir2.1 in sweet-sensing neurons and control
PBS, confirming that FA taste is independent of acidity (P<<0.001; flies were all tested at 22°C to prevent confounds of testing
Fig. 3E). temperature on feeding behavior (Fig. 4B). Silencing sugar-sensing

Flies sense sugars through gustatory receptor neurons that neurons (Gr64f-GAL4>UAS-Kir2.1,GAL80") abolished PER
express gustatory receptor 64f (Gr64f) and can be labeled with Gr64{- response to fructose and sucrose while control flies displayed
GAL4 (Fig. 4A), and aversive tastants through bitter-sensing robust PER (P<<0.001 compared to all controls, Fig. 4C).
neurons labeled by Gr66a-GAL4 [8,37,38]. These complementary Strikingly, silencing Gr64f neurons also abolished PER response
populations of gustatory neurons can be selectively silenced to all tested concentrations of HxA (P<<0.001 compared to all
through expression of the inward rectifying K+ channel Kir2.1 controls), indicating that Gr64f-expressing neurons are also
[39]. We expressed Kir2.1 under control of Gr64f-GAL4 to required for HxA sensing (Fig. 4C). Control flies of the same
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Figure 4. Fatty acids taste requires intact PLC signaling specifically in sugar-sensing neurons. A) Expression of GFP under the control of
Gr64f-GAL4 (green). Neuropile regions are labeled by nc82 antibody (magenta). The sweet-sensing neurons ramify throughout the suboesophageal
ganglion. B) Specific neurons are silenced by expression of Kir2.1-GAL80™ at 30°C during adulthood. C) PER response to HxA is abolished with adult-
specific silencing of sugar-sensing neurons (Gr64f). Flies with silenced Gré4f neurons (Gr64f-GAL4>Kir2.1-GAL80™ at 30°C) showed significantly
reduced PER compared to control flies harboring either UAS-Kir2.1;GAL80ts or Gr64f-GAL4 alone or to flies with not activated Kir2.1 (Gr64f-
GAL4>Kir2.1GAL80™ at 22°C) (p<<0.001). D) norpA™* mutant flies are deficient in sensing HxA but respond normally to water and other tastants
including yeast, fructose, and sucrose. E) Restoring norpA™?* function selectively in Gr64f neurons by expressing the norpA transgene under control of
Gr64f-GAL4 (Gre4f-GAL4>UAS-norpA) rescues PER response to HxA compared to mutant control (norpAP24;+) (p<<0.001) to the level of control

carrying intact norpA allele (Gr64f-GAL4/+) (p>0.05). All data, mean * s.e.m. *** p<<0.001; NS, not significant, t-test.

doi:10.1371/journal.pgen.1003710.g004

genotype (Gr64f-GAL4>UAS-Kir2.1,GAL80") maintained at
22°C do not express Kir2.1, and PER response to sugars or
HxA was normal (p>0.05 compared to other control groups,
p<<0.001 to the same genotype at 30°C). These findings indicate
that FAs are sensed by, and confer feeding through, the same
population of gustatory neurons that detect sugars.

In vertebrates, the tastes of sweet, bitter, and amino acids are
dependent upon phospholipase C (PLC) signaling [42-44]. We
measured PER in response to FAs in flies mutant for no receptor
potential A (norpA), a fly ortholog of mammalian PLC. The mutant
norpAT** is a null allele and has previously been reported to have
deficits in visual performance [45]. norpA™?* flies displayed
dramatically reduced PER in response to HxA and OcA
compared to wild-type controls (P<<0.001 for both groups),
suggesting that norpd is required for FA taste (Fig. 4D). However,
PER response to fructose, sucrose, and yeast were comparable in
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norpA”** and control flies (P>0.05 for all groups), suggesting that
norpA activity is required for sensing FAs specifically (Fig. 4D). To
localize the neurons where norpA is required for FA taste, we
selectively restored norpA function to the sweet-sensing neurons.
Flies with norpA expression limited to the Gr64f-expressing neurons
showed greater PER response to HxA than norpA™* mutants
(P<<0.001 for both HxA concentrations) and were statistically
indistinguishable from control flies (Gr64f-GAL4, 0.4% HxA
P=0.808 and 1% HxA P=0.082). These findings suggest that
norpA functions in sweet-sensing neurons to detect FAs (Fig. 4E).
No rescue was observed in flies with norp4 expression limited to the
rhodopsin-1 expressing neurons, where norpA is required for proper
function of a visual system or in bitter-sensing Gr66a-expressing
neurons (Fig. S3), confirming that the rescue of norpd in sweet-
sensing neurons is not due to leakiness of the rescue transgene. To
confirm rescue results, norpd was selectively targeted in sweet-
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sensing neurons through expression of two-independent RNAI1
lines. Transgenic flies with Gr64f-GAL4 and norpA-IR1 or norpA-
IR2 displayed significantly reduced PER to HxA compared to
control flies harboring Gr64f~-GAL4 or UAS-RNAI transgenes
alone (Fig. S4; P<<0.01), confirming that norp4 is required in sweet-
sensing neurons for FA taste. Both sucrose and fructose response of
flies with RNAi-norpA expressed under control of Gr64f-GAL4 was
comparable to controls confirming that norpA4 expression in sweet-
sensing neurons is selectively required for FA sensing. The
receptors TRPM5 and TRPAT signal through the PLC gustatory
pathway in mammals and are proposed to be a polyunsaturated
FA sensor in Drosophila and mammals [46,47]. In Drosophila,
TRPALI is also expressed in bitter-tasting neurons and confers
avoidance of electrophiles [48,49]. However, TRPA] mutant flies
(dTrpA1™) display a wild-type response to FAs suggesting TRPA1
is dispensable for FA taste in Drosophila (Fig. S3) [50]. We conclude
that FA taste in flies requires norpA/PLC function in sweet-sensing
neurons, indicating that fly FA taste utilizes a pathway conserved
in mammals.

Discussion

Our findings demonstrate that Drosophila display robust attrac-
tion and feeding response when presented with FAs. This
preference is specific to the gustatory properties of FAs and is
independent from acidity and smell. The response to FAs is
mediated by a small population of neurons in the gustatory system
that is also responsible for perception of sugars and glycerol [8,51].
Functional norpA/PLC signaling in these neurons is required for
FA-induced feeding response, but is dispensable for sugar sensing,
suggesting that distinct signaling pathways mediate sugar and FA
response in these cells. Therefore, these findings have important
implications for understanding how animals detect, and are
attracted to, fatty acids.

Fatty acids are detected through the gustatory system
Our findings demonstrate that FAs are sensed by the primary
gustatory system and promote feeding. Flies displayed preference
for 6 different FAs tested including hexanoic acid, octanoic acid,
decanoic acid, myristic acid, linoleic acid and oleic acid. These
represent diverse classes of FAs including short chain and long
chain saturated FAs (C6:0 to C14:0) as well as mono- and poly-
unsaturated FAs (C18:1, C18:2). These FAs were selected because
of known preference by other species of Drosophila (short-chain
SFAs), preference by D. melanogaster larvae and adults (long-chain
saturated and unsaturated FAs) or involvement in mosquito’s
olfactory preference cues (long-chain SFAs) [24,52,53]. Ilies
displayed robust responses to all FAs indicating that they are
capable of sensing, and displaying preference for diverse FAs.
Flies with surgically ablated olfactory organs retain robust
appetitive response to FAs in CAFE and PER assays, showing that
the preference for FAs 1s fully independent of the olfactory system
(Fig. 3B and C). High concentrations of FAs are aversive to flies
and inhibit feeding through the gustatory and olfactory systems
(Fig. 3C). At high concentrations, the majority of short-chain FAs
emits a pungent smell that is repulsive to Drosophila melanogaster.
Species with unique host-plant preference including D. sechellia that
feed on ripe Morinda citrifolia fruit show preference even to high
concentration of short chain FAs [54], suggesting that FA
preference/avoidance choice is species-specific and dependent
on diet. However, our findings reveal that low concentrations of
short chain FAs induce a robust feeding response in D. melanogaster,
which we demonstrated using two independent gustatory assays

(Fig. 2).
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We employed the PER assay where only tarsal neurons are
stimulated to distinguish between gustatory stimulation and
ingestion of FAs. Robust appetitive response to FAs in the tarsal
PER assay indicates that post-ingestive feedback is dispensable
for detection and preference to FAs (Fig. 2C). Preference for
sugars based on nutritional information is sufficient even in the
absence of gustatory cues [4—6] suggesting that peripheral
sensory neurons and internal satiation sensors function inde-
pendently. It remains to be determined whether flies are capable
of sensing FAs through internal metabolic sensors. Future
studies examining long-term food choice in norpA and Poxn
mutant flies lacking FA taste may address this question. Fatty
acids are hydrophobic chemicals and their texture differs from
water or hydrophilic sugar solutions. Flies with genetically
silenced  gustatory neurons (Gro4f-GAL4>UAS-Kir2.1,-
GALB0") do not respond to FAs or sugars (Fig. 4C). Genetic
silencing of sugar-sensing neurons does not impair mechanore-
ceptor function, indicating that the mechanical properties of
FAs do not contribute to the FA-induced feeding response. Acid
sensing in Drosophila regulates egg-laying, food-choice, and
avoidance behavior [24,36,52,55]. However, flies robustly
respond to HxA buffered to pH~7 indicating that the appetitive
response to FAs is independent of acidity.

In mammals, FAs are detected through mechanosensory,
gustatory and olfactory sensory systems [21,56,57]. Due to this
multi-modal detection, establishing perception of dietary lipids and
FAs as a distinct taste modality has been challenging [58,59].
Previous studies have revealed that D. melanogaster can detect FAs,
but did not discriminate between feedback from internal satiation
sensors, gustatory, or olfactory signals [24,52]. Our findings
demonstrate that FAs are sensed specifically through the gustatory
system, independent of acidic properties, mechanical, olfactory, or
metabolic feedback. Therefore, in addition to sweet, bitter, salt,
water and carbonation, FAs represent a novel taste modality in

Drosophila [60-63].

Fatty acids signal through sugar-sensing neurons

FAs sensing requires the same neurons that detect sugars and
induce feeding behavior. Genetic silencing of Gr64f neurons
abolished PER response to all concentrations of HxA and all
tested sugars (Fig. 4C). The appetitive response elicited by FA-
driven activation of sugar-sensing neurons indicates that these
neurons harbor receptors for multiple taste modalities. In
addition to sugars and FAs, the same neurons are activated by
glycerol, an appetitive and nutritionally relevant alcohol that is
detected through the specific receptor Gr64e [64]. The co-
expression of multiple appetitive gustatory receptors allows
Drosophila to categorize food sources in the absence of distinct
neurons for each appetitive taste modality. Taken together,
these findings support the labeled lines model for gustatory
processing, where one subset of sensory neurons confers
attractive behavior and the complementary subset confers
repulsive behavior [9,60].

While it is clear that FAs are sensed in gustatory neurons, our
findings do not rule out the presence of internal FA receptors.
GRs mediating sugar-response are expressed in peripheral
sensory neurons, but also in abdominal neurons where they
are involved in detection of sugars in hemolymph and in
metabolic regulation [25,65,66]. Flies can detect and respond to
FA-based diet by perception of FAs through their peripheral
sensory neurons, but it remains to be determined whether the
internal neurons can also perceive FAs and regulate metabol-
ically-relevant processes directly.
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Molecular mechanisms of FA taste

Mutation of the PLC ortholog norpAd abolishes the appetitive
response to FAs, without affecting response to other appetitive
taste stimuli including sugars and yeast. Expressing the wild-type
allele of norpA selectively in sweet-sensing neurons under the
control of Gr64f~-GAL4 revealed that these neurons are necessary
for detection of FAs, and the PLC signaling pathway is selectively
required for FAs response. These findings indicate that shared
neurons regulate FA and sugar taste, while distinct transduction
pathways are involved in processing of each sensation. The
Drosophila gene norpA is an essential component of the transduction
pathways in visual and olfactory system [67] and has previously
been implicated in TRPAl-dependent taste through function in
bitter-sensing neurons [48]. The Drosophila genome encodes for
two norpA isoforms [68]. It is possible that these isoforms have
distinct functions that allow for independent regulation of vision
and taste. In mice, PLC is selectively expressed in taste cells, and
PLC knockout mice do not respond to sweet, amino acid, and
bitter tastants [42,69]. The specific requirement for PLC signaling
in FA taste in fly suggests a conserved gustatory transduction
pathway that is more similar to mammalian taste than to other
taste modalities in Drosophila.

PLC-signaling is coupled to diacylgylcerol (DAG) that activates
Drosophila Transient Receptor Potential (TRP) and TRP-like
(TRPL) channels [70], raising the possibility that TRP channels
function as FA receptors. dTRPA1 functions in the Drosophila brain
as a temperature sensor [50] and in the proboscis where it
mediates avoidance response in bitter-sensing neurons [48,49,71].
In mammals, TRPAl expresses in taste cells [72] and also
functions as a receptor for polyunsaturated fatty acid [47];
however, we find that TRPA1 mutant flies have normal appetitive
response to FAs (Fig. S3). In mammals, CD36, a lipid binding
protein, is expressed in gustatory oral tissue and appears to be
selectively involved in FA taste. CD36 knock-out animals show no
preference for FAs but retain their preference for sugars [20],[73].
CD36 is conserved in flies but it is expressed only in olfactory
neurons and function in olfactory detection of pheromones that
are FFA-derived [74]. Future work determining the FA receptors
that activate PLC signaling will be central to understanding FA
taste in Drosophila.

While our findings reveal the importance of PLC signaling in
Drosophila, we did not identify the receptor(s) required for sensing
FAs. A number of GRs have unknown ligands and are co-
expressed with Grba/Gr64f including Gr61a and Gr61b-d, raising
the possibility that these are ligands for FAs [3]. Targeting these
receptors selectively in Gr64f-expressing GRNs and testing flies for
FA response in the CAFE or PER assays may be useful for
identifying the FA receptor. A bioinformatic approach has also
been used to search for gustatory receptors in Drosophila.
Microarray analysis for genes differentially expressed between
Poxn mutants that lack all chemosensory sensillac and wild-type
flies, led to the identification of pickpocket28, a Drosophila water
receptor [63]. We localize FA taste to sweet-sensing neurons and
therefore it is feasible to apply cell-sorting techniques followed by
expression analysis [75] to reveal candidate receptors signaling FA
taste.

Discrimination of different appetitive substances in
Drosophila

Previous work demonstrated that Drosophila use a relatively
simple system of categorizing tastes within a given modality,
discriminating distinct sugars based on intensity but not quality
[30]. Because FAs are sensed by the same neurons that detect
sugars it is possible that flies can only distinguish between FAs and
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sugars based on concentration-dependent intensity. Alternatively,
FAs could be discriminated based on distinct temporal signaling
resulting from the different transduction pathway. A parallel
system is utilized by bitter-sensing neurons, where certain bitter
substances signal through G-protein coupled receptors (GPCRs),
and electrophilic tastants signal though TRPA1 channels [49].
Future studies examining FA-conditioned memories may provide
insight into gustatory processing in Drosophila and advance our
understanding of gustatory conditioning. Testing FAs, sugars and
glycerol in conditioning discrimination assay [5,28,30] may reveal
whether different chemical groups are perceived differently based
on their chemical structures and underlying transduction path-
ways.

Materials and Methods

Animals

Drosophila stocks were maintained on standard cornmeal/agar/
molasses medium at 25°C, 70% humidity, in a LD incubator with
12:12 light/dark cycle. Experiments were performed with wild-
type Canton-S flies (From M. Heisenberg, Wuerzburg University)
and the following transgenic lines were used: Gr64f~-GAL4 (From
J. Carlson, Yale University; [76], Kir2.1-GAL4;GAL80" (From H.
Tanimoto, MPI, Munich; [40]), w;norpA">*,UAS-norpA (From C.
Schnaitmann, MPI, Munich), w;norpA™>* [45], w-;;d TrpA1™ [50]
.The RNAI lines used to target norpA were part of the Transgenic
RNAi Project collection from JFRC/HHMI. Bloomington stock
#31113 is referred to as norpA-IR*! and stock #31197 is referred
to as norpA-IR#*? [77].

Chemicals

All chemicals used for behavioral assays were purchased from
Sigma Aldrich including fructose, sucrose, hexanoic acid, octanoic
acid, linoleic acid, acetic acid, oleic acid, decanoic acid, myristic
acid, HCI and NaOH. Yeast extract (Bio-Rad, NitroBacter). FAs
were first diluted in 80% ethanol in ratio 1:10, then further diluted
in water. Control solutions were also mixed with ethanol to
achieve the same final concentration of ethanol. HxA was diluted
in PBS buffer to increase pH to 7.2. It was then tested against PBS
of pH 7.4. pH was measured by SevenEasy pH Meter, Mettler
Toledo, Columbus, OH.

Behavioral experiments

Proboscis extension reflex (PER). Three to five day old
female flies were collected and placed on fresh food for 24 hours,
then starved for 24 to 48 hours in food-vials containing wet
Kimwipe paper. Only for experiments with norpA4, males were used
for both experimental and control groups. Flies were then
anaesthetized under COs», glued with nail polish (Cat#72180,
Electron Microscopy Science) on a microscopy slide to their
thorax and wings, leaving heads and legs unconstrained [28].
Following 3-6 hours recovery in a humidified chamber the slide
was mounted vertically under the dissecting microscope (Leica,
S6E) and PER was observed. PER induction was performed as
described previously [10]. Briefly, flies were satiated with water
before and during experiments. Flies that did not water satiate
within 5 mins were excluded from experiments. A 1 ml syringe
(Tuberculine, BD&C) with an attached pipette tip (TipOne, #
1111-0200) was used for tastant presentation. Tastant was
manually applied to tarsi for 2-3 sec three times with 10 s inter-
trial interval and the number of full proboscis extensions was
recorded [10,78]. Tarsi were then washed with distilled water
between applications of different tastants and flies were allowed to
drink water during the experiment ad lbitum. Each fly was assayed
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for response to multiple tastants. PER response was calculated as a
percentage of proboscis extensions to total number of tastant
stimulations to tarsi [28].

Two-choice capillary feeding assay (CAFE). A modified

volumetric drinking assay was used to test food preference
[7,30,79]. Flies were allowed to drink two solutions presented in
capillaries  (WPI, #1B150F-4 ID 1 mm, OD 1.5 mm, with
filament) attached to an empty food vial and vials were placed
in 45° angle. The openings of the capillaries were aligned with the
ceiling of the vial. Following 24 or 48 hours of starvation, 30-60
flies were placed into a vial and food consumption was measured.
The volume consumed was calculated as the length of liquid
missing from the capillary minus the length missing due to
evaporation in control capillary tubes, multiplied by the cross-
section of the inner diameter of the capillary. Consumption was
measured every hour following the introduction of flies into the
assay. Taste compounds were mixed with Allura red food dye
(FD&C red #40) to a concentration of 3 pl per 1 ml of solution for
better visibility in the capillary tube. Following the conclusion of
the assay flies were anaesthetized and the number of flies in each
vial was counted, corrected for number of flies that died over the
course of the experiment (See Survival Index). Total consumption
per fly was measured as volume consumed in each capillary
divided by number of live flies in the vial. Preference Index (PI)
was calculated as volume consumed from capillary with test
solution minus volume consumed from capillary with control
solution, divided by total volume consumed.
Flies were starved for 48 hours prior to the
experiment. To calculate survival index, the number of dead flies
in CAFE vials was counted over the time starting at 3 minutes
after onset of the experiment until 24 hours. At the end of the
experiment, all flies were counted and the ratio of survivals was
calculated.

Survival index.

Statistics

Statistical analyses were performed using InStat software
(GraphPad Software 5.0 Inc.). For PER experiments, most tested
groups violated the assumption of the normal distribution.
Therefore, all the data were analyzed with non-parametric
statistics. All experiments include data from >20 flies. Each fly
was sampled three times with the same stimulus. The response was
binary (PER yes/no), and these three responses were pooled for
values ranging from 0 to 3. Kruskal-Wallis test (nonparametric
ANOVA) was performed on the raw data from single flies and
Dunn’s Multiple Comparisons test was used to compare different
groups. For capillary feeding assay, 3060 flies were used per tube
and 4 to 20 tubes per group were tested. Wilcoxon signed rank test
(non-parametric) with two-tailed P value was used to test
significance on single groups. In figures, graph bars are mean
values and error bars are standard error of the mean.

Supporting Information

Figure S1 Survival dose-response curve for hexanoic acid. Flies
were starved for 48 hrs prior to the start of the experiment, and
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