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Abstract

We have systematically studied the physiological responses elicited by amino acids from the
principal taste organ of the Drosophilahead. Although the detection and coding of sugars and
bitter compounds have been examined extensively in this organism, little attention has been paid to
the physiology of amino acid taste. We find that one class of sensilla, the S sensilla, yield the
strongest responses to amino acids, although these responses were much weaker than the most
robust responses to sugar or bitter compounds. S sensilla are heterogeneous in their amino acid
responses, and amino acids differ in the responses they elicit from individual sensilla. Tryptophan
elicited relatively strong responses from S sensilla, and these responses were eliminated when
bitter-sensing neurons were ablated. Although tryptophan yielded little if any response in a
behavioral paradigm, phenylalanine elicited a relatively strong response in the same paradigm and
had a different physiological profile, supporting the notion that different amino acids are
differentially encoded by the repertoire of taste neurons.
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Introduction

Animals depend on taste systems to evaluate food sources. An animal must determine the
nutritive value of a potential food source, as well as the presence of toxins that it might
contain. Accurate assessment of the benefits and risks of ingestion is essential to feeding
decisions, which in turn are critical to fitness.

Drosophila provides an excellent model system in which to analyze the cellular basis of taste
(Liman et al., 2014; Freeman et al., 2015), including the basis of taste in agricultural pest
insects that cause enormous damage to the world’s food supply (van der Goes van Naters et
al., 2006). The principal taste organ on the Drosophila head is the labellum, which contains
31 taste sensilla (Figure 1A). Each sensillum contains a pore at the tip and is innervated by
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two to four taste neurons. When the sensillum makes contact with a food source, tastants
from the food enter through the pore and activate the neurons of the sensillum. There are
other taste sensilla on the tarsal segments of the legs, the pharynx, and the margin of the
wing.

The taste sensilla on the labellum fall into three morphological classes: short (S),
intermediate (1), and long (L). There are 11 S sensilla, 11 I sensilla, and 9 L sensilla, which
occupy stereotyped positions on each bilaterally symmetric half of the labellum (Figure 1A).
These neurons send axons to the subesophageal zone (SEZ) of the CNS.

Sugars, which taste sweet to humans, and toxins, which taste bitter, elicit appetitive and
aversive responses, respectively, in Drosophila. The cellular basis of these responses have
been examined in detail (Meunier et al., 2000; Dahanukar et al., 2001; Meunier et al., 2003;
Scott 2004; Thorne et al., 2004; Dahanukar et al., 2007; Jiao et al., 2007; Kwon et al., 2011,
Weiss et al., 2011). Responses to salt and to water, 7.e. osmolarity, have also been analyzed
(Liu et al., 2003; Cameron et al., 2010; Chen et al., 2010).

Amino acids are found ubiquitously in the environment, but little is known about the taste
responses they elicit from Drosophila. Amino acids are the building blocks and breakdown
products of protein. There are twenty standard amino acids that are specified by the genetic
code. Some of these amino acids can be synthesized by the fly, but several “essential” amino
acids must be consumed: arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan and valine. Essential amino acids are critical for egg
production (Sang et al., 1961), and a diet lacking amino acids has been shown to impair
larval development and to reduce adult lifespan (Lee et al., 2013). In the wild, amino acids
may be consumed as free amino acids or through protein-rich food sources, such as yeast.

Electrophysiological responses of labellar taste cells to several amino acids have been
documented in the fleshfly Boettcherisca peregrina and the blowfly Phormia regina
(Shiraishi et al., 1970). In the tsetse fly Glossina fuscipes fuscipes, a systematic
physiological analysis of amino acid detection revealed strong responses to many amino
acids in a pair of sensilla on the leg (Van Naters ef al., 1998). Weaker responses were found
in the Drosophilaleg to two of three amino acids tested; these responses were limited to a
single sensillum on the foreleg that also responds to sugars and a subset of bitter compounds
(Ling et al., 2014).

The molecular basis of amino acid response has been analyzed in most detail in mammals,
where a heterodimeric G-protein coupled receptor (GPCR) consisting of TIR1 and T1R3
subunits plays a role in amino acid recognition (Li et al., 2002). A recent study of responses
to several amino acids in leg neurons of Drosophila has revealed a requirement for the
lonotropic Receptor (IR) gene IR76b (Ganguly et al., 2017). Likewise, /R76b has been
found to be required for behavioral response of Drosophilalarvae to amino acids (Croset et
al., 2016). Taste receptors of the Gustatory receptor (Gr) family have been shown to be
required for detection of canavanine, a non-proteinogenic amino acid (Lee ef a/., 2012; Shim
etal., 2015).
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In order to characterize the cellular basis of amino acid response in the Drosophila labellum,
we used single-unit electrophysiology to measure systematically the response of all 31
labellar sensilla to 19 amino acids. We found no responses as strong as the most robust
responses to sugars or bitter compounds, but we found a pattern of excitatory responses that
we document here. S sensilla yielded the strongest responses and were heterogeneous in
their response profiles. Different amino acids elicited different responses from individual S
sensilla, suggesting that amino acid identity could in principle be coded combinatorially
from the firing patterns they evoke. Tryptophan elicited relatively strong responses from the
S sensilla. We found no responses to tryptophan in S sensilla in which bitter-sensing neurons
were ablated, suggesting that these neurons are required in these sensilla for tryptophan
response. Tryptophan, despite its relatively strong physiological response, yielded little if
any behavioral response in a CAFE assay. Phenylalanine, which elicited a stronger
behavioral response, also elicited physiological responses from S sensilla, but with a
different profile than tryptophan. The distinct profiles of phenylalanine and trytophan
support the possibility that different amino acids are differentially encoded by the taste
neuron repertoire.

abellar sensilla for electrophysiological responses to amino acids

As a means of determining which, if any, of the 31 taste sensilla of the labellum responded
strongly to amino acids, we used single-unit electrophysiology. We focused on the 20 amino
acids that are specified by the genetic code, excluding tyrosine, which is less soluble than
the others. Rather than test ~600 individual pairwise combinations of sensilla and amino
acids, we initially tested each of the 31 sensillum types with each of four mixes of amino
acids, 7.e. 124 combinations. Mix A contained six amino acids that had previously been
found to elicit strong electrophysiological responses from taste sensilla of the leg of the
tsetse fly (Figure 1B) (Van Naters ef a/., 1998). These amino acids included five with
hydrophobic side chains, Val, lle, Leu, Met, and Trp, in addition to Cys. Mix B included
Phe, Ala, Gly, and Pro. Mix C contained the five amino acids with charged side chains: Arg,
His, Lys, Asp, and Glu. Mix D contained four amino acids with polar uncharged side chains:
Ser, Thr, Asn, GIn. This analysis was designed as a screen and each amino acid was tested at
a 10 mM concentration; as a corollary the total amino acid concentrations in the four mixes
were not identical and ranged from 40 mM to 60 mM. The analysis comprised a total of 965
single-unit recordings.

The strongest responses were found among S sensilla (Figure 1C,D). S sensilla were
heterogeneous in their responses to amino acids, in agreement with results found with bitter
compounds and ammonia (Weiss et al., 2011; Delventhal et al., 2017). For example, S7 and
Sg gave stronger excitatory responses to Mix A than did S4 or Sg, similar to the pattern
found with bitter compounds and ammonia.

Mix A elicited responses from a number of S sensilla in this screen, including the strongest
response found in this survey (Sg; 22.0 spikes/s + 7.4 spikes/s, n=6). Mix B also elicited
some moderate responses. Less excitation was found with Mixes C or D.
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I sensilla and L sensilla yielded few if any responses to any mix (Figure 1C). Accordingly,
we focused the rest of our study on the S sensilla. We acknowledge that: i) sensilla that did
not respond in this screen might respond to amino acids at higher concentrations; ii) there
may be antagonistic interactions between amino acids in a mix, thereby masking responses
that would have been elicited by individual amino acids; iii) responses might depend on the
internal state of the fly, which we tested next.

There is evidence that the internal nutritional state of the fly alters its behavioral responses to
amino acids (Toshima et al., 2012; Kudow et al., 2017). There is also evidence that fasting
affects gene expression in chemosensory organs (Farhadian et al., 2012). We asked whether
starvation increased electrophysiological responses to amino acids. We focused the analysis
on five S sensilla that are more convenient to record from than others and that showed a
range of responses in our initial screen: Sg, Sg, S7, Sg and Sqg. (Figure S1A). We tested each
of these sensilla with all four mixes of amino acids to see whether starvation increased the
responses observed in control flies or induced responses not observed in control flies.

We starved flies for 24h and then measured responses. There were no differences between
starved and control responses (Figure S1B, p>0.05; n= 9-14). We note that the starvation
protocol led to debilitation and lethality: on the order of half of the recordings from starved
flies were unsuccessful. We acknowledge the formal possibility that the successful
recordings are from a subpopulation of flies that are more resistant to the effects of
starvation.

S sensilla respond to tryptophan and some other individual amino acids

Having identified S sensilla as yielding the greatest responses to amino acid mixtures, and
Mix A as eliciting the most excitation from S sensilla, we next asked whether S sensilla
responded to individual amino acid constituents of Mix A. Again we focused on Ss, Sg, S7,
Sy, and Sq, and tested all six of the amino acid constituents of Mix A at 10 mM
concentrations, each at a pH ranging from 6.8 to 6.9 (n=30 sensillum-amino acid
combinations) (Figure 2A).

Tryptophan elicited the greatest mean response among the 30 combinations, from S;: 12.9
spikes/s + 2.8 spikes/s; n=18. Tryptophan evoked a response from all five S sensilla tested.
Methionine elicited a response that was comparable to that of tryptophan from Sg, S7 and Sg,
but little or no response from Sg or Sqg. Isoleucine produced a response when tested with Sg
but little or no response with the other S sensilla. Valine elicited little or no activity from any
of these sensilla at the tested concentration. Thus individual amino acids have different
profiles when tested against the S sensilla. These results indicate that the identity of some
amino acids could in principle be encoded by the pattern of activity they elicit from
individual sensilla.

Moreover, the various S sensilla differed in their profiles when tested against these
individual amino acids. For example, S7 responded to most of these amino acids, whereas
S1o responded only to tryptophan. These results suggest that the molecular underpinnings of
amino acid response vary among the S sensilla, as is found for bitter responses.
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A previous cluster analysis of the responses of S sensilla to bitter compounds identified two
classes, S-a and S-b (Weiss et al., 2011). The same division into S-a and S-b emerged from a
cluster analysis based on their expression of Gr—-GAL4 drivers (Weiss et al., 2011). (Two
other S sensilla, S4 and Sg, did not respond to bitter compounds or express Gr-GAL4 drivers
that are expressed in bitter neurons and thus did not fall into the S-a or S-b classes in either
the functional or molecular cluster analysis.) The S-a class included Sg, S7, and Sy sensilla,
whereas Sg and Sg fell into S-b.

Accordingly, we asked whether Ss, Sg, S7, Sg and Sy also divided into S-a and S-b classes
on the basis of their responses to the individual amino acids of Mix A. We carried out a
cluster analysis using 13 clustering algorithms and did not find convincing support for such
clustering. One interpretation of these results is that the molecular underpinnings of amino
acid response differ from those of bitter responses, as discussed below.

Responses of S sensilla show different dose-dependence to tryptophan

To confirm and extend our finding that S sensilla respond to tryptophan, we carried out a
dose-response analysis. We tested six increasing concentrations of tryptophan, ranging
across more than three orders of magnitude, against Sg, Sg, S7, Sg, and Sq.

We found that the lowest doses produced small responses, whereas higher doses produced
greater responses (Figure 2B—F). However, the dose dependence differed among sensillum
types. For example, the S5 sensillum showed a lower response threshold than the Sg
sensillum.

We note that we were surprised that the response of S1g to 50 mM tryptophan appeared
lower than to a 10 mM concentration. However, declining spike rates at higher tastant
concentrations have been observed in several other insect species (Marion-Poll et a/., 2002;
Calas et al., 2006). All of these experiments followed a standard protocol in which sensilla
are stimulated successively with progressively greater doses of tastant, and it is possible that
these apparent declines represent adaptation of neurons during the course of the
experiments.

A kokumi substance does not increase the response of S sensilla to tryptophan

In addition to sweet, bitter, salty, sour, and umami taste, there is evidence for an additional
taste modality called kokumi, which is sometimes described as “heartiness” (Ohsu et al.,
2010). We were interested in the possibility that kokumi substances, which enhance certain
taste responses in mammals, might enhance the response of S sensilla to tryptophan. In
mammals, there is evidence that kokumi substances induce responses in taste cells that
express a receptor, Calcium-sensing receptor (CaSR), which may respond to amino acids in
taste cells (Bystrova et al., 2010; Ohsu et al., 2010). Accordingly, we asked whether the
kokumi substance y-glutamyl-cysteinyl-glycine (y-glu-cys-gly), when mixed with 10 mM
tryptophan, would elicit a greater response than tryptophan alone. We found the response of
Ss, Sg, S7, Sg, and Sy sensilla to tryptophan were not enhanced by the addition of y-glu-

cys-gly (Figure 3).

J Neurogenet. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Carlson

Page 6

Lack of response to tryptophan in S sensilla expressing diphtheria toxin

S sensilla contain a neuron that responds to bitter compounds, and robust responses to bitter
compounds can be recorded readily. Responses to sugar compounds are much less robust
and more difficult to record consistently from most S sensilla. We wondered whether
ablation of the bitter-responding cell of S sensilla would eliminate responses to tryptophan.
To address this question we used Gr66a-GAL4, a construct that is expressed in bitter
neurons, to drive expression of diphtheria toxin (UAS-DTA). The Gré66a-GAL4 and UAS-
DTA constructs were each backcrossed five times into our control wild type stock prior to
use, in order to minimize genetic background effects. We have previously used these
constructs successfully to ablate responses to bitter compounds (Delventhal et af., 2017).

To confirm the ablation in the present experiments we tested responses to caffeine, a well-
characterized bitter compound. As expected, we found that expression of diphtheria toxin in
the bitter neuron eliminated response to caffeine (Figure 4A,B).

We then tested tryptophan and found no response in any Ss, Sg, or S7 sensillum, 7.e. 0.0

+ 0.0 spikes/s (n = 5 for each sensillum type at each concentration). The simplest
interpretation of these results is that response to tryptophan depends on the bitter neuron.
However, we note that the response to the parental control genotypes (Gré66a-GAL4 and
UAS-DTA) was low, despite the repeated backcrossing, and only in the case of the S;
sensillum at 10 mM tryptophan was the reduction in response significant with respect to
both of these controls (p<0.0001, two-way ANOVA with Bonferroni’s multiple comparison
correction). We note finally that since sugar responses are difficult to record reliably from
most of these sensilla, we used salt solutions as positive controls to ensure that the
expression of toxin did not ablate all neurons in the sensilla (see Materials and Methods;
Hiroi et al., 2004; Delventhal et al., 2017).

Behavioral responses to tryptophan and phenylalanine

We tested the behavioral response to tryptophan in a Capillary Feeding (CAFE) assay
(Figure 5A). Flies were first starved overnight and then given a choice between two
solutions in separate capillary tubes: a mixture of 10 mM tryptophan and 1mM sucrose, and
1 mM sucrose alone. Sucrose was used in both solutions to stimulate feeding; in preliminary
experiments without sucrose we found minimal feeding. In each assay we tested a small
population of flies consisting predominantly of mated females, on the grounds that mated
females may have an elevated need for amino acids to support egg production. The volume
of each solution consumed was determined after 4h. A preference index (PI) was calculated
as: Pl = [(volume of 10 mM tryptophan and 1 mM sucrose consumed) — (volume of 1 mM
sucrose consumed)]/total volume consumed. Thus the PI could in principle range from +1
(complete preference for the solution containing tryptophan) to —1 (complete aversion to the
solution containing tryptophan).

The presence of tryptophan elicited little if any response from flies (Figure 5B; PI = -0.09
+ 0.07; n=32). We asked whether the assay were sufficiently sensitive to detect responses to
any amino acid. We therefore screened the other 18 amino acids at 10 mM concentrations
(not shown) and found that the amino acid with the greatest mean P1 in this CAFE analysis
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was phenylalanine (0.28 + 0.03; n=76)(Fig. 5B). Phenylalanine also yielded the largest mean
response of any amino acid in an electrophysiological study of taste neurons in the tsetse fly
leg (Van Naters et al., 1998). Phenylalanine was a component of Mix B, which elicited
substantial physiological responses from S sensilla (Figure 1C and S1B). We therefore tested
phenylalanine against the S sensilla that we had tested previously with tryptophan.

Phenylalanine does in fact elicit responses from S sensilla (Figure 5C-G). The sensitivities
of the five sensilla are not, however, identical to those for tryptophan. For example Sg shows
substantially greater responses than S1g to phenylalanine at higher concentrations, but Sg and
Sy are comparable to each other in their responses to tryptophan (Figure 2E,F). These
results support the possibility that different amino acids are differentially encoded by the
ensemble of taste neurons. We note finally that we were surprised to find an apparent
response of S5, albeit weak, to a 0.01 mM concentration of phenylalanine; while further
analysis will be required to investigate this observation in more detail, it is interesting that
S5 also had a lower response threshold to tryptophan than did other S sensilla (Figure 2),
and that tsetse also responds to this low concentration of phenylalanine (Van Naters et al.,
1998).

Discussion

In this study we have carried out a systematic analysis of the physiological responses of the
Drosophila labellum to the standard amino acids. The analysis has provided new insight into
an understudied problem: how amino acids are detected and encoded by the taste system.

Our electrophysiological analysis of amino acid responses is unprecedented in scope, in that
we documented the responses elicited by amino acids from each of the 31 taste sensilla of
the primary taste organ of the fly head. The study has revealed that individual amino acids
elicit different responses from different sensilla, and that individual sensilla respond
differently to various amino acids. These results suggest the possibility that the identity of
amino acids may be signaled via combinatorial coding.

It is interesting that the strongest responses to amino acids were from S sensilla. S sensilla
also produced the strongest responses to bitter compounds and to ammonia. | sensilla, by
contrast, yielded strong responses to a number of bitter compounds, but we found no strong
responses to amino acids. L sensilla produced strong responses to neither bitter compounds
nor amino acids; the lack of amino acid responses in L sensilla agrees with results of an
earlier study (Dahanukar et al., 2007). S sensilla, besides being shorter than the other
classes, are located more medially on the labellum. It would be interesting to determine if
they make more contact than other sensillar classes with certain kinds of food sources, such
as food sources with particular textures or viscosity.

Among the S sensilla, responses were heterogeneous. Particularly conspicuous was the lack
of responses from S, or Sg sensilla. This unresponsiveness to amino acids is consistent with
the lack of responses of S, or Sg to any of 16 bitter compounds tested (Weiss ef a/., 2011).
These results raise interesting questions about the function of these exceptional sensilla in
sensory coding. S, and Sg appear morphologically similar to other S sensilla but do not
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express any of 33 Gr-GAL4 drivers that are expressed in bitter neurons (Weiss et al., 2011).
These sensilla do show expression of a small number of /R-GAL4 drivers (Koh et al., 2014),
which could underlie response to another kind of sensory stimuli.

The S sensilla that responded to bitter compounds divided into two classes, S-a and S-b
(Weiss et al., 2011). Our analysis of amino acid responses of S sensilla does not reveal the
same division. The division of bitter responses may derive primarily from the segregation of
Gr receptors, which showed a similar division into S-a and S-b classes. There is evidence
that amino acid responses depend on certain IR receptors (Croset et a/., 2016; Ganguly et al.,
2017), which may be distributed among sensilla independently of Gr receptors; it will be
interesting to carry out an extensive analysis of electrophysiological responses to amino
acids in the labella of /R mutants. In any case, the differences among individual sensilla in
their response profiles to different amino acids suggests that they may also vary in the amino
acid receptors they contain. The differences among S sensilla in the dose-dependence of
responses to tryptophan, and to phenylalanine, may also reflect differences in the molecular
composition of S sensilla.

We note that while a number of essential amino acids elicited responses from some of the S
sensilla, responses were also elicited by cysteine, a non-essential amino acid. The mean
response to cysteine was in fact greater than that to valine, an essential amino acid, in most
cases. These results suggest that the need to consume a particular amino acid does not
predict perfectly the magnitude of the physiological responses it elicits.

The greatest mean physiological response we recorded was to tryptophan. Why tryptophan?
Tryptophan is an essential amino acid that is a precursor to the neurotransmitter serotonin as
well as melatonin (Murch 2000). It is found in a variety of fruits at varying concentrations,
e.g. 10x higher in banana than apple (Kader 1978; Dahinog 1982-1983; Islam 2015), and its
level is likely to vary with the extent of fruit maturation (MacRae 1992) and decomposition.
Tryptophan is synthesized by yeast and by a variety of bacteria. We do not know whether its
presence indicates the presence of nutrients or, alternatively, that the nutrients in a food
source have been largely depleted by microbes that produce tryptophan.

Overall the amino acid responses we recorded from labellar sensilla of Drosgphila are much
lower than those recorded in the tsetse fly G/ossina fuscipes fuscipes (Van Naters et al.,
1998). Tsetse responses to amino acids ranged up to ~280 spikes/s, a value higher than that
observed for any amino acid, bitter compound, or sugar tested on any taste sensillum of
Drosophila. The recordings from the tsetse fly were made from a different taste organ, the
leg. When tsetse lands on a human, sensilla on the fly legs can taste the skin. Human sweat
contains amino acids, so it is possible that amino acid taste confirms the suitability of a
feeding source for tsetse and provides information the fly needs to act upon quickly.

The strongest responses to individual amino acids documented here (on the order of 15
spikes/s) are also much lower than the strongest responses elicited by individual bitter
compounds (~60 spikes/sec) and sugars (~75 spikes/s) in studies of the Drosophila labellum,
using the same genetic strain and similar procedures (Dahanukar et al., 2007; Weiss et al.,
2011). The responses to amino acids also show a good deal of variability (most strikingly,
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the responses to 10 mM tryptophan in S10 shown in Figure 2A were substantially lower than
those in Figure 2F). It is possible that the weakness and variability of amino acid responses
reflect a lower salience of amino acid cues for the fly compared to sugars, which may signal
the presence of a food rich in many nutrients, and bitter compounds, which signal the
presence of a toxin that can cause death.

Which neuron in the S sensilla of the fly senses tryptophan? When we ablated the bitter-
sensing neuron of these sensilla we found a complete absence of any spikes in response to
tryptophan. The simplest interpretation of these results is that the bitter neuron mediates the
response. However, we cannot formally exclude the possibility that the bitter neuron is
required to support the activity of another neuron in the same sensillum that in fact
transduces the amino acid signal.

If tryptophan is in fact encoded by bitter neurons, we might expect it, like bitter compounds,
to have a negative valence. In this case the presence of tryptophan might signal the presence
of a food source whose nutrients were largely depleted, or conceivably a food source
contaminated with a toxic microbe that produces high levels of tryptophan. We did not
observe a strong aversive response in the CAFE assay. However, confident evaluation of the
valence of tryptophan in a natural context will require testing at a broad range of
concentrations, in different taste paradigms, both singly and in combination with other
chemosensory cues. We note that responses in the CAFE assay are likely to be influenced
not only by the labellar sensilla, but by other sensilla as well, including pharyngeal sensilla
and perhaps leg sensilla. It would also be interesting to explore the behavioral response to
tryptophan as a function of the internal state of the animal; the internal state has been found
to influence the behavioral response to other amino acids (Toshima et al., 2012; Ganguly et
al., 2017). We note finally that behavioral responses to complex mixtures of amino acids
may be stronger than responses to individual amino acids.

Although we have found that the tryptophan response of S sensilla depends on bitter
neurons, we do not claim that our findings can be generalized to all other amino acids, or to
all other sensilla, on either the labellum or the leg. It will be of special interest to determine
the cellular basis of the electrophysiological and behavioral response to phenylalaning,
which has a positive valence in our CAFE assay (Figure 5B). Amino acids are a diverse class
of molecules, and taste sensilla on the fly are diverse in both their anatomical and molecular
properties. In larger fly species, different amino acids were found to stimulate different cell
types in labellar taste sensilla (Shiraishi ef a/., 1970). A recent study found that some, but not
all, neurons of the Drosophila leg that responded to 100 mM serine also responded to
sucrose, supporting the idea that the cellular basis of amino acid sensation is complex
(Ganguly et al., 2017). Our study provides a foundation that should be useful in defining the
molecular and cellular basis of this complexity.

Materials and Methods

Drosophila stocks

Flies were grown on standard cornmeal-agar medium at 25°C in a 50% humidity-controlled
room. Canton-S (CS) flies were used for electrophysiological recordings and behavioral
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assays, unless indicated otherwise. Gr66a-GAL4 (Weiss et al., 2011), Gr64f-GAL4
(Dahanukar et al., 2007), and UAS-DTA (Bloomington Stock Center, Stock 25039) flies
were outcrossed into wCS for five generations before electrophysiological recordings. We
have previously used these constructs successfully to ablate responses to bitter compounds
(Delventhal et al., 2017).

Electrophysiology

Single-sensillum recordings were performed using the tip-recording method (Hodgson et al.,
1955; Delventhal et al., 2014). Electrophysiological recordings were performed on female
flies. After eclosion, 10 female flies and 2 males were transferred to a fresh food vial and
aged 2-11 days.

For recordings, a glass capillary filled with Beadle-Ephrussi Ringer solution (B&E) was
inserted into the dorsal thorax of the fly, continued through the neck, and extended into the
proboscis, thereby granting stable access to the labellar sensilla. A second glass pipette
containing the experimental tastant was connected to an amplifier with a silver wire and
acted as the recording electrode. The recording electrode with tastant was presented to the
individual sensillum and recording began upon contact.

To quantify the response, the number of action potentials (spikes) was counted over a 500
ms period, starting 200 ms after contact. To calculate the number of spikes/s, we multiplied
the number of spikes over the 500 ms period by two. A low and/or high salt stimulus (50mM
NaCl and 400 mM NaCl, respectively) was used as a positive control at the beginning and
end of the recording session for each sensillum to ensure that at least one gustatory receptor
neuron was functional (Hiroi ef al., 2004, Delventhal et al., 2017). No more than 11 tastants
were presented to each sensillum, with minimum of 1 minute between each presentation.
Traces were recorded using LabView (National Instruments, Austin, TX) and analyzed using
MATLAB.

Tastants were acquired from Sigma-Aldrich at the highest available purity. Tastants were
dissolved in 30mM tricholine citrate (TCC), which inhibits water neuron activity (Wieczorek
et al., 1989). Responses to the TCC diluent alone were subtracted to yield the indicated
values. Solutions were stored long-term as aliquots in —20°C, kept at 4°C when in use, and
discarded after one week of use.

CAFE assay

The CAFE assay was performed as described in Delventhal et a/. (Delventhal et al., 2017),
similar to the assay described originally (Ja et al., 2007). A chamber was prepared by filling
a 50 ml plastic Falcon conical tube with 30 ml of 2% agarose. Two holes were punched into
the cap, and shortened 1 ml pipette tips were inserted through the holes partially into the
chamber. Calibrated glass capillary tubes (Drummond Scientific Company, Catalog #2-
000-001) were filled with liquid food by capillary action and inserted into the chamber
through the pipette tips. Two tubes with liquid food were present in each chamber: one with
1 mM sucrose alone and the other with 1 mM sucrose and 10mM of an individual amino
acid.
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For the assay, 13 female and 2 male flies (all 7 days old) were introduced into the CAFE
chamber, and starved overnight in a 25°C, 50% humidity-controlled room. Two capillary
tubes were introduced the next morning, and flies were given four hours to ingest the liquid
food. Both individual capillaries must have had at least 0.05uL consumed and a total
consumption volume of 0.18uL for a PI calculation; only a small fraction of vials did not
meet this criterion. Average values + SEM are given.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mix A: Cysteine, lsoleucine Leucine,
Methionine, Tryptophan, Valine

Mix B: Alanine, Glycine, Phenylalanine, Proline

Mix C: Arginine, Aspartic Acid, Glutamic Acid,
Histidine, Lysine

Mix D Asparagine, Glutamine, Serine, Threonine

& o 6 G o 0 o P oS
Mize A

Mix B
Mix C
Mix D

B R T . -

Mix A
Mix B
Mix C
Mix D

D 'l s,
| r
i At

(}

i ||J.u beeclebiads A

Mix C .-rlrrirrr[ |; J|' Ir
1

Mi‘Dlllelllli bobi Lol |
L | r

Teo J[..Jn i |

bk

(T T T
I H0my
100ems.

Figure 1. Labellar sensillarespond to mixes of amino acids.
(A) The Drosophila labellum, each half of which contains ~31 sensilla. Each sensillum is

designated by a letter, indicating whether it is small (S), intermediate (1), or large (L), and a
number, indicating its position. The positions are stereotyped, although there is some
variation. Sensilla of different size classes are differentially shaded. Taken from Weiss et al.
(2011) (B) Amino acids are grouped into mixes of amino acids, with each amino acid
present in the mix at a 10mM concentration. The total concentration in each mix thus varies
from 40mM to 60mM. (C) Amino acids in Mix A elicited the strongest electrophysiological
responses to select S sensilla. The total number of recordings was 965: =318 from S
sensilla; n=279 from | sensilla; n=368 from L sensilla. (D) Sample traces, all taken from one
individual S7 sensillum. A control trace with the diluent, TCC, is shown at the bottom. The
arrow at the beginning of the trace indicates the contact artifact. Scale bar indicates 10mV,
100 ms.
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Figure 2. Tryptophan dicited aresponse from S sensilla.
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(A) Responses of S sensilla to the individual amino acids of Mix A at 10 mM concentrations
(n=12-18). (B-F) Responses of each of the five indicated S sensilla to tryptophan. Sensilla

can differentiate varying concentrations of tryptophan (n=7-14).
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Figure 3. A kokumi substance did not increase the responserate of selected Ssensillato
tryptophan.

The spike rate did not increase when 5 mM y-glutamyl-cysteinyl-glycine (y-glu-cys-gly)
was added to tryptophan (n=8-14).
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Figure 4. Lack of responseto tryptophan in S sensilla expressing diphtheria toxin.
(A) Ablation of Gré6a™ -expressing bitter neurons in Sg, Sg, and S7 sensilla with a Gré66a-

GAL4driver and UAS-DTA (diphtheria toxin). No response is observed to caffeine or
tryptophan in the sensilla that have undergone ablation. (n=5-8). (B) Sample
electrophysiological traces. Scale bar indicates 10mV, 100 ms.
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Figure 5. Phenylalanine elicits a behavioral response and a response from S sensilla
(A) CAFE assay for measuring the behavioral preference between a solution containing

sucrose alone and a solution containing sucrose and an amino acid. Taken from Delventhal
et al. (2017). (B) Little if any preference was shown in the case of tryptophan (n=32), but
phenylalanine elicited a stronger behavioral response (n=76). (C-G) Responses of each of
the five indicated S sensilla to phenylalanine. Some sensilla can differentiate varying
concentrations of phenylalanine (n=10-12).

J Neurogenet. Author manuscript; available in PMC 2018 September 01.



	Abstract
	Introduction
	Results
	A screen of labellar sensilla for electrophysiological responses to amino acids
	S sensilla respond to tryptophan and some other individual amino acids
	Responses of S sensilla show different dose-dependence to tryptophan
	A kokumi substance does not increase the response of S sensilla to tryptophan
	Lack of response to tryptophan in S sensilla expressing diphtheria toxin
	Behavioral responses to tryptophan and phenylalanine

	Discussion
	Materials and Methods
	Drosophila stocks
	Electrophysiology
	CAFÉ assay

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

