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The Molecular and Cellular Basis of Taste Coding in the Legs
of Drosophila
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To understand the principles of taste coding, it is necessary to understand the functional organization of the taste organs. Although the
labellum of the Drosophila melanogasterhead has been described in detail, the tarsal segments of the legs, which collectively contain more
taste sensilla than the labellum, have received much less attention. We performed a systematic anatomical, physiological, and molecular
analysis of the tarsal sensilla of Drosophila. We construct an anatomical map of all five tarsal segments of each female leg. The taste
sensilla of the female foreleg are systematically tested with a panel of 40 diverse compounds, yielding a response matrix of ~500
sensillum-tastant combinations. Six types of sensilla are characterized. One type was tuned remarkably broadly: it responded to 19 of 27
bitter compounds tested, as well as sugars; another type responded to neither. The midleg is similar but distinct from the foreleg. The
response specificities of the tarsal sensilla differ from those of the labellum, as do n-dimensional taste spaces constructed for each organ,
enhancing the capacity of the fly to encode and respond to gustatory information. We examined the expression patterns of all 68
gustatory receptors (Grs). A total of 28 Gr-GAL4 drivers are expressed in the legs. We constructed a receptor-to-sensillum map of
the legs and a receptor-to-neuron map. Fourteen Gr-GAL4 drivers are expressed uniquely in the bitter-sensing neuron of the
sensillum that is tuned exceptionally broadly. Integration of the molecular and physiological maps provides insight into the
underlying basis of taste coding.
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Introduction

Brillat-Savarin (1825) observed that “It is not easy to determine
precisely what parts make up the organ of taste.” Although not
easy, it is critical to define the individual elements of gustatory
organs to understand the principles of gustatory coding. There is
a special need to define the components in Drosophila, which has
emerged as a leading genetic model system for the study of taste
(Montell, 2009).

The legs of Drosophila are gustatory organs. Their tarsi con-
tain taste sensilla that make initial contact with potential food
sources. Subsequent contact is made by sensilla on the labellum,
a taste organ of the mouthparts. Both taste organs report the
presence of sugars, an indication of nutritive value, and bitter
compounds, an indication of toxicity. Evaluation of these tastants
informs the vital decision as to whether to ingest a food source
(Dethier, 1976).
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The taste sensilla of the Drosophila labellum were analyzed
extensively. Most of the ~31 labellar sensilla contain four gusta-
tory neurons: (1) one responsive to sugars; (2) one to bitter com-
pounds and high salt concentrations; (3) one to low salt
concentrations; and (4) another to water or low osmolarity (Hi-
roi etal., 2004). A panel of 16 bitter tastants was tested against all
31 sensilla and defined five classes of sensilla (Weiss et al., 2011).
One class gave no excitatory responses to any bitter compound.
The other four classes each contained one bitter-sensing neuron,
with a different response profile in each class.

There has been much less analysis of the tarsal sensilla, in part
because of technical challenges in recording from them. Electro-
physiological recordings from the four most distal tarsal seg-
ments of forelegs revealed four kinds of cells, excited by sugars,
bitter compounds, water, or low concentrations of salt (Meunier
etal., 2000, 2003). Sensilla were not identical: one was excited by
berberine but not quinine, two were excited by quinine but not
berberine, and others were excited by neither (Meunier et al.,
2003). Heterogeneity among sensilla in response to pheromonal
or other taste stimuli was also observed in subsequent studies
with limited numbers of tarsal sensilla and stimuli, using either
electrophysiology (Toda et al., 2012) or Ca** imaging (Miy-
amoto et al., 2013).

Here we examine basic principles of taste coding through a
systematic anatomical, electrophysiological, and molecular ex-
amination of tarsal sensilla. We provide an anatomical map of the
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Figure 1. A, Drosophilaleg. B, Scanning electron micrographs of the tarsi. In addition to taste sensilla, other bristles are visible.
Arrowheads indicate the f2a, f3a, f4b, and f5b sensilla. Scale bar, 10 um. €, Map of tarsal taste sensilla. All sensilla are organized
in pairs, except f1b and f4c in the foreleg and f3a in the midleg, which are marked with an asterisk. The lateral aspect of the leg is
shown; most sensilla have a counterpart, extending from the medial side of the leg, which is not visible in the diagram. We note
that f4cis small, although not so designated by “s.” D, Tips of tarsal sensilla and a labellar sensillum, L,. Scale bar, 10 um.

J. Neurosci., May 21,2014 - 34(21):7148-7164 7149

sensilla of all five tarsal segments of female
forelegs, midlegs, and hindlegs. We test
electrophysiologically 40 tastants against
the taste sensilla of the female foreleg. Six
functional types of sensilla are defined.
The foreleg, midleg, and labellum are
functionally distinct, providing different
patterns of sensory input with which the
fly may evaluate potential food sources.
We analyze the expression of all 68 gusta-
tory receptor (Gr) taste receptors and find
that 28 Gr—GAL4 drivers are expressed in
the legs. The molecular results are integrated
with the anatomical and physiological results
to generate a receptor-to-neuron map and
to elucidate the underlying molecular and
cellular bases of taste coding.

Materials and Methods

Drosophila stocks. Canton-S flies, raised on
standard cornmeal agar medium at room tem-
perature (22 * 2°C), were used for electro-
physiological recordings at ages 5-7 d after
eclosion. Transgenic flies used for GFP visual-
ization were kept at 25°C for 5-10 d after eclo-
sion before experimentation. For visualization
of GFP by light microscopy, lines doubly ho-
mozygous for the Gr—GAL4 driver and for
the UAS—-mCD8:GFP reporter were used ex-
cept in cases in which the lines were homozy-
gous lethal. The collection of Gr—-GAL4 lines
was from Weiss et al. (2011), supplemented by
additional Gr—GAL4 lines from H. Amrein
(Texas A&M Health Sciences Center, College
Station, TX) (Gr28a—GAL4, Gr28b.d—GALA4,
Gr59b—GAILA4, and Gr68a—GAL4 ) and K. Scott (UC
Berkeley, Berkeley, CA) (Gr2la-GAL4, Gr22c—
GAIA, Gr28b.e-GAL4). w;UAS-mCD8~GFP was
used as a source of GFP reporter, and Gr66a—RFP
was from Dahanukar et al. (2007).

Tastants. Tastants were dissolved in 30 mMm
tricholine citrate (TCC; Sigma-Aldrich), which
inhibits the activity of the water cell (Wiec-
zorek and Wolft, 1989). Tastants of the highest
purity available were obtained from Sigma-
Aldrich. All tastants were stored at —20°C, and
aliquots were kept at 4°C and discarded after 1
week of use. Sugars were tested at 100 mm con-
centrations, and amino acids were tested at 25
mwm. Other tastants were tested at the following
concentrations unless otherwise indicated:
aristolochic acid, 1 mm; berberine chloride, 1
muy; caffeine, 10 mM; coumarin, 10 mm;
N-diethyl-m-toluamide (DEET), 10 mm; dena-
tonium benzoate, 10 mum; escin, 10 mm; gossy-
pol, 1 mum; lobeline hydrochloride, 1 mw;
saponin from quaillaja bark, 1%; sucrose oca-
taacetate, 1 mu; sparteine sulfate salt, 10 mw;
strychnine nitrate salt, 10 mm; theophylline,
10 myv; gibberellic acid, 10 mwm; (—)-catechin, 1
mu; cucurbitacin hydrate, 1 mu; atropine, 1
mM; harmaline, 1 mym; (—)-nicotine, 1%; sini-
grin hydrate, 10 mwm; theobromine, 10 mm; na-
ringen, 1 mm; amygdalin, 1 mu; salicin, 10 my;
and allyl isothiocyanate (AITC), 2%.

Electron microscopy. Legs from 5-d-old flies
were dissected and rinsed in increasing con-
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centrations of ethanol (10, 30, 50, and 100%) over 2 h and were incubated
in 100% ethanol overnight. Samples were then dehydrated with critical
point drying using liquid carbon dioxide before being sputter-coated
with gold or platinum. At least two sensilla of each kind (e.g., fla) were
observed.

Electrophysiology. Electrophysiological recordings were performed
with the tip-recording method (Hodgson et al., 1955), with minor mod-
ifications. All electrophysiological testing was of female Canton-S flies
5-7 d after eclosion. Flies were transferred to fresh food shortly after
eclosion and tested 5-7 d later. Flies were decapitated 1-2 h before re-
cordings. For recording, the flies were secured with insect pins and
double-sided tape on a microscope slide coated with Sylgard (Dow Corn-
ing). Briefly, a reference electrode containing Ringer’s solution was in-
serted into the body of the fly. The recording electrode consists of a fine
glass pipette (10—15 wm tip diameter) and connects to an amplifier with
a silver wire. This pipette performs the dual function of recording elec-
trode and container for the stimulus. Recording starts the moment the
glass capillary electrode contacts the tip of the sensillum. Neuronal firing
frequencies were calculated by counting the number of action potentials
elicited from 200 to 700 ms after initial contact, as in previous studies
(Dahanukar et al., 2001, 2007; Weiss et al., 2011). Traces were recorded
using TasteProbe (Syntech) and analyzed with Autospike 3.1 (Syntech).

To avoid the effect of desensitization, stimuli were given at least 3 min
apart. Also, as a precaution, each fly was tested periodically with 100 mm
sucrose. Recording was continued from the fly only if a normal response
to this strong stimulus was measured.

Statistical analysis. Hierarchical cluster analyses were performed using
Ward’s method with PAST (paleontological statistics software package
for education and data analysis; Hammer et al., 2001). This technique
organizes the data into clusters based on the response profiles of each
sensillum to the panel of tastants. Euclidean distances were calculated
according to Ward’s classification method for the hierarchical cluster
analysis. All error bars are SEM. Molecular descriptors were calculated by
Dragon (http://www.talete.mi.it). Descriptors were normalized for prin-
cipal component analysis.

Results

Anatomical organization of tarsal taste sensilla

We examined legs on females of our laboratory Canton-S strain of
Drosophila for the presence of taste sensilla, using both light and
scanning electron microscopy (Fig. 1 A, B). On the tarsal segments of
the foreleg, midleg, and hindleg, we observed ~28, 21, and 22 sen-
silla, respectively, with morphology expected of taste sensilla.

We constructed a map of these sensilla (Fig. 1C) using a nomen-
clature used in previous studies of insect taste organs (Meunier et al.,
2000, 2003; Zhang et al., 2010, 2011). Each sensillum is designated
according to sex (m or f), tarsal segment (1 to 5, with 1 the most
proximal), and identity within each segment (a to d, with “a” the
most proximal; s to designate small sensilla; v to designate a sensil-
lum named by Miyamoto etal., 2013). Most sensilla are organized in
symmetric pairs, with lateral sensilla having symmetric counterparts
on the medial side of the leg; the few exceptions to this symmetry rule
are indicated by asterisks in Figure 1C. The organization of the tarsal
sensilla was stereotyped, with <<10% of flies deviating from the con-
sensus pattern among 50 flies examined.

Our map agrees reasonably well with one that was established
previously for the four most distal segments of the Drosophila
female foreleg (Meunier et al., 2000); an exception is that, in our
laboratory strain, we observed one additional sensillum that we
designate f4c, and we added the f5v sensillum identified by Miy-
amoto et al. (2013) (Fig. 1C). We also extended previous work in
two other ways. First, we mapped the first tarsal segment of the
foreleg. This most proximal segment contains four sensilla, three
on the dorsal side of the segment and one in a more ventral
position. Second, we constructed maps of the midleg and
hindleg, as well as the foreleg (Fig. 1C).
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Table 1. Compounds tested

Human taste
Tastant perception Source/remarks
Monosaccharides
d-Fructose (100 mm) Sweet Honey, fruits
d-Glucose (100 mm) Sweet Most common sugar
d-Xylose (100 mwm) Sweet Corn cobs, pecan shells, cottonseed hulls
Disaccharides
d-Maltose (100 mm) Sweet Malt sugar
d-Sucrose (100 mw) Sweet Principal sugar in fruits and vegetables
Trehalose (100 mm) Sweet Fungi, moulds, algae, yeast
Palatinose (100 mm) Sweet Honey, sugar cane
Trisaccharides
Maltotriose (100 mu) Sweet Corn syrup; amylolyosis product of starch
Alkaloids
Atropine (1 mm) Bitter Deadly nightshade, Jimson weed,
Tailflower
Berberine (1 mw) Bitter Golden seal, bayberry, Oregon grape
and goldthread
Caffeine (10 mm) Bitter Coffee, chocolate, tea, kola nut
Harmaline (1 mm) Bitter Jungle vine, Syrian rue
Lobeline (1 mm) Bitter Indian tobacco, Cardinal flower
Nicotine (1%) Bitter Tobacco, nightshades
Quinine (1 mwm) Bitter Cinchona tree bark
Sparteine (10 mu) Bitter Scotch broom
Strychnine (1 mm) Bitter Strychnos seeds
Theobromide (1 mm) Bitter (acao, tea, kola nut, chocolate
Theophylline (10 mu) Bitter Tea leaves
Phenanthrene
Aristolochic acid (1 mm) Bitter Aristolochia family of plants
Terpenoids
Azadirachtin (1 mm) Bitter Neem tree
Escin (10 mwm) Bitter Horse chestnut tree
Gossypol (1 mm) Bitter Cotton
Saponin (1%) Bitter Soapbark tree
Terpene
Gibberellic acid (1 mm) Bitter Plant growth hormone
Benzopyrone
Coumarin (10 mm) Bitter Tonka bean, honey clover
Phenol
Catechin (1 mwm) Bitter Spotted knapweed, cacao beans
Glycosides
Amygdalin (1 mm) Bitter Fruit seeds
Cucurbitacin (1 mu) Bitter Pumpkins, gourds
Naringen (1 mm) Bitter Grapefruit
Salicin (1 mwm) Bitter Poplar and willow bark
Sinigrin (1 mwm) Bitter Brussel sprouts, broccoli, black mustard
Allylisothiocyanate (2 mm) ~ Pungent Mustard, horseradish, wasabi
Amino acids
I-Alanine (50 mm) Sweet Nonpolar
I-Histidine (50 mu) Bitter Charged side chain
I-Asparagine (50 mu) Sour Uncharged with polar side chain
Synthetic
Denatonium (10 mu) Bitter Most bitter compound known to man
Sucrose octaacetate (1mm)  Bitter Inert ingredient in herbicides and
pesticides
DEET (10 mm) Bitter Insect repellent

The organization of the taste sensilla was similar on all three
legs, with two exceptions. The f1b, {3b, f4c, and f5s sensilla were
found only on the foreleg, and f3a was unpaired only on the
midleg.

An additional 10-12 presumptive taste sensilla were observed
on the tibia of each leg. The tibia appeared more variable in both
number and location of sensilla, but this apparent variability
could be attributable in part to the presence of a dense population
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tarsal sensilla on the foreleg as detailed be-
low, including both lateral and medial
sensilla of each pair, except that we did not
analyze f1b, which was difficult to access
because of the angle at which it projects;

TCC

Denatonium

Caffeine

f5v and f4c pose major challenges because
of limited accessibility but are considered
below.

We tested a panel of 40 compounds,
chosen for their chemical diversity and their
ecological or behavioral significance to Dro-
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of thick, long spines that often obstructed the view of taste sen-
silla. We focused the rest of our analysis on tarsal sensilla because
of their anatomical consistency, ease of viewing, and accessibility
to physiological recording.

We also examined male legs (Fig. 1B, right). Male forelegs
contain more taste sensilla than their female counterparts (Nayak
and Singh, 1983), and many of them are asymmetric. On account
of the relative simplicity of female forelegs, we focused our anal-
ysis on females. Male midlegs and hindlegs appeared similar to
their female counterparts.

Taste sensilla on the labellum contain two morphological
classes of tips: forked and straight (Falk et al., 1976). We exam-
ined the morphology of the tarsal taste sensilla by scanning elec-
tron microscopy at 8000-20,000X magnification. At least two
sensilla of each kind (e.g., fla) were examined. All the female
foreleg tarsal sensilla examined (n = 53 tips) contained straight
tips (Fig. 1D; tips of four tarsal sensilla and one forked labellar
sensillum, L, are shown). Likewise, only straight tips were ob-
served in more limited analysis of the midleg (n = 16) and
hindleg (n = 4) of females and the foreleg of males (n = 9).

Systematic analysis of taste responses in the foreleg

We systematically measured the electrophysiological responses of
female tarsal sensilla, initially on the foreleg, to a panel of tastants.
The foreleg was chosen because it has been the subject of previous
behavioral studies in a variety of insects (Ma and Schoonhoven,
1973; Du et al., 1995; Ozaki et al., 2011; Ryuda et al., 2013) and
because recording from the other legs is more technically chal-
lenging. The female foreleg was chosen because its sensillar orga-
nization is simpler than that of the male foreleg. We examined all

otpd o

Denatonium Benzoate

[2es

Lobeline

Sample traces from Canton-S flies. Arrow indicates the contact artifact observed at the beginning of each
trace. TCCwas tested at a 30 mm concentration, berberine was tested at 1 mm, and denatonium and caffeine were tested at

sophila or other insects (Table 1). The panel
oo includes sugar compounds, including
— monosaccharides, disaccharides, and
oligosaccharides, bitter compounds,
such as alkaloids and glycosides, amino
acids, and allyl-isothiocyanate, a pun-
gent compound found in wasabi. Most
of these compounds have not been tested
previously with leg sensilla. Sugars were
tested at 100 mM concentrations; concentra-
tions of bitter compounds depended on
their solubility and in most cases were tested
at 1 mMm concentrations. These concentra-
tions were also chosen to allow compari-
son with previous studies of labellar
sensilla (Dahanukar et al., 2007; Weiss et
al., 2011) and in many cases because of
their behavioral significance.

We used single-unit electrophysiology
to measure the response elicited by each
member of the panel. Because contact ar-
tifacts are often observed when the elec-
trode contacts the sensillum, we quantified responses by
counting the number of action potentials generated from 200 to
700 ms after contact, as in previous studies (Dahanukar et al.,
2001, 2007; Weiss et al., 2011) rather than during the period
immediately after contact.

As in previous studies (Dahanukar et al., 2001, 2007; Weiss et
al., 2011), tastants were dissolved in 30 mm TCC to suppress
activity of the water-sensing neuron and to thereby produce re-
cordings with less background firing arising from the water neu-
ron (Wieczorek and Wolff, 1989). Recordings from tarsal sensilla
with TCC alone revealed very low activity, approaching 0 spikes/s
in many cases.

We initially tested all 40 compounds of the panel against
the 24 more accessible taste sensilla, constituting 12 symmet-
ric pairs, on the female foreleg tarsi. Most recordings were
performed on either the lateral side of the right leg or the
medial side of the left leg. No difference was observed between
these sensillar counterparts, and therefore we pooled the data
and report the results for the 12 pairs of sensilla without regard
to their lateral versus medial location or location on the right
versus left leg.

On account of the unprecedented number of sensillum—tas-
tant combinations tested in this study (n = 480), we imple-
mented a strategy to maximize economy of experimentation. We
initially tested the responses of all tastants in each of these 12 pairs
of sensilla three times, distributed across multiple flies, in most
cases three. If there was little or no response, defined as a mean
response of <5 spikes/s, from a particular kind of sensillum, no
additional tests were conducted. If the mean response was =5
spikes/s, the compound was tested at least seven times, with these

Caffeine

Sucrose
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recordings taken from at least three flies.
We note that 5 spikes/s is >2 SDs above
the background firing rate in most sen-
silla. Efforts were made to avoid desensi-
tization during testing and to ensure that
recordings were taken only from healthy
flies (see Materials and Methods).

A functional map of the female foreleg
tarsal taste sensilla

We first confirmed results of a previous
study (Meunier et al., 2003) that f4s and
f5s both respond to the bitter compound
denatonium but differ in their sensitivity
to berberine and caffeine, which elicit re-
sponses from f5s but not f4s at the tested
concentration (Fig. 2A). We also con-
firmed the response of the 5s sensillum to
sucrose (Meunier et al., 2000; Fig. 2B).

We then tested physiological responses
of 480 (40 X 12) tastant—sensillum com-
binations (Fig. 3, Table 2). The response
matrix shows that different sensilla re-
spond to distinct subsets of tastants, and
different tastants elicit responses from
distinct subsets of sensilla. The greatest
mean responses observed were those elic-
ited by 100 mM sucrose from f5s, f5b, and
f4s, which were ~50 spikes/s. All tested
sugars evoked responses of =10 spikes/s
from at least one sensillum, with the ex-
ception of xylose, which elicited little or
no response from any sensilla. Of the 40
tested tastants, 27 were bitter compounds,
and most of them elicited a mean response
>5 spikes/s from at least one sensillum;
only seven elicited little or no response
from any sensilla. The greatest responses
to bitter compounds were those elicited
by sparteine and aristolochic acid from
f5s, which were 49 = 2 and 41 * 4
spikes/s, respectively. Two of the tested
amino acids elicited weak responses from
one sensillum, f5s in both cases.

The tarsal sensilla differed markedly in
their tuning breadths (Fig. 4). One sensil-
lum, f5s, responded to more tastants than
any other: it gave responses of =5 spikes/s
to 28 of the 40 compounds tested, includ-
ing both sugars and bitter compounds. f4s
and f5b had narrower response profiles,
giving mean responses of =5 spikes/s to
16 tastants. f3b, £2b, and f4b had still nar-
rower spectra: they gave such responses to
five, five, and four tastants, respectively,
all sugars. The other sensilla gave no such
responses to any tested compounds.

To determine how many functional
types of sensilla could be distinguished
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Figure3.  Response profiles of 12 pairs of foreleg sensilla. The heat map shows the electrophysiological responses of 12 female foreleg
tarsal sensilla to a panel of 40 compounds. Control responses to the TCCwere not subtracted. Values represent the mean responses in spikes
per second. For each value, n = 7 for responses =5 spikes/s; otherwise, n = 3. Numerical data are provided in Table 2.

from the analysis of these 12 sensilla with the panel of 40 tastants,  tuned sensillum. Type A2 consists of f4s and f5b, whose sugar
we performed a hierarchical clustering analysis. The analysis re-  responses are similar to those of Al but that respond to fewer
vealed four functional types (Fig. 5A), designated A1, A2, B,and  bitter compounds (Fig. 5B). Type B includes f4b, f3b, and 2b,
C. Type Al consists of a single member, f5s, the most broadly =~ which show lower responses to sugars than types Al or A2 and
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Table 2. Response profiles of 12 pairs of foreleg sensilla
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f5s f5b f5a fas f4b f3b f3a f2b f2a fid flc fla
TCC 28+06 07*x04 02*02 01*01 00+00 0202 1209 00*x00 19+14 18+12 19*+10 32=*23
Fructose 10818 92*+11 05*x05 123*+22 18*x06 05*05 04*x04 0503 20x£11 03*03 00*=00 0.0=x=00
Glucose 265+37 235+25 00*+00 308*+29 104+19 14+x11 00+00 122*+41 17*x17 00*x00 00+00 08=*+08
Maltose 421*+26 382*26 00*+00 446=*37 17.7*x45 219£39 34*+23 197*x36 1407 1713 00Xx00 29+20
Maltotriose 316 34 343*x44 00£00 397*x66 87*+40 82*x22 00+x00 87*x17 10x10 00Xx00 07x07 07=x07
Palatinose 27+10 300*+48 00*x00 390*+26 13+x10 108*22 00+00 11.3*+09 00=*00 00*x00 07*07 0000
Sucrose 51,730 502*44 03*+03 545*32 139*37 214*£26 00*x00 187*x22 00*+00 1.0x07 30*x17 27*x27
Trehalose 0020 17020 00=x00 15520 18*x12 47%x18 07x07 33x20 15%x15 0707 2515 00=x=00
Xylose 2012 00*00 00+00 00*x00 00+00 00*+00 00*00 00*00 00+00 00+00 00*+00 00=*00
Amygdalin 08+08 00*x00 00*00 00*x00 00+00 00*+00 00*x00 00=*x00 00*00 00+00 27*+27 00=*00
Aristolochic acid 414+37 00x£00 00X£00 00*x00 00*+00 13*x13 0505 00X£00 00x+00 00*x00 05%=05 00=x00
Atropine 152+22 00*x00 00*+00 00*+00 07*07 00*x00 00+00 00*00 00+00 0707 00=*x00 00=*00
Azadirachtin 103+£19 52+22 00+00 84*+21 00*00 00*x00 00*00 00*00 00+00 07%x07 07=*07 00=x00
Berberine 244 + 41 00*X00 00X£00 00*x00 00*+00 00*x00 00*+00 00X£00 00x+00 00*x00 00=x00 00x00
(affeine 249+20 00*+00 13*x13 02*x02 00*x00 00*00 00+00 00*+00 00*00 00*00 00*00 0000
Catechin 2008 04*04 00*£00 20+20 20+20 00*+00 00*00 07*07 07*07 13*07 00*+00 00=*00
Coumarin 2914 0604 00Xx00 47*+23 0505 00=x00 20%X£12 00=x00 00x£00 27x27 13*x13 00=x=00
Cucurbitacin 186+15 20+20 00+00 216*+25 00*00 00*00 00*00 07*07 00+00 0707 00=*x00 00=*00
DEET 00+00 00*00 00+00 04*04 00*x00 16=*x16 00*x00 00=*x00 00*x00 00*x00 00x00 0000
Denatonium 273+14 283*x36 04*x£04 225*+13 00*+00 08*x08 00*+x00 00*x£00 0707 00*x00 00=x00 0707
Escin 84+09 00*x00 00+00 00*x00 00+00 00*+00 07*07 00*00 07*07 00+00 00*+00 00=*00
Gibberellic acid 131+24 00*+00 00*+00 14+14 00x00 20*x20 00*x00 00*x00 07*07 13x13 07x07 13x07
Gossypol 23210 27*x27 00x00 00*+00 00*x£00 13%x13 13%£07 07x07 00x£00 0000 00*x00 13=x07
Harmaline 5614 88*23 00*00 124+21 00+00 00*+00 00*00 07*07 00*00 00+00 00*+00 00=*00
Lobeline 181+£19 294+26 00+00 282*+37 00*00 00*x00 00*00 15+x10 00+00 00*x00 00=*00 00=*00
Naringin 1609 00x00 00X£00 00*x00 00*+00 00*x00 00*+00 00*x£00 13*+13 00Xx00 00=x00 00x00
Nicotine 94+15 34*+18 00*X00 10*x10 00+00 00*+00 07*07 1.0*x10 00*x00 00+00 00*+00 07=*07
Quinine M1£09 246+20 03*+03 265*+22 04*+04 04*x04 00*£00 00*00 00+00 00*x00 13*x13 07=*07
Salicin 00X00 00*x00 00Xx00 00*+00 00x£00 20%x20 07*x07 07%x07 00x£00 0000 27*x27 00=x00
Saponin 00*+00 00*00 07*07 07x07 00*00 0707 00*00 00*00 07*07 00+00 00*+00 00=*00
Sinigrin 93*+15 10514 00*£00 90*19 15*15 00*+00 07*07 07=*x07 00*£00 07*07 00*+00 07=*07
Sparteine 488 +20 245*x26 00*X00 26714 00*+00 00*x00 00*+00 05*x05 00+00 00X=00 00=x00 00=x00
Strychnine 215+20 154+38 1.0*x10 21.8*+24 00*x00 00*x00 00+00 05*+05 00=*00 00*00 00*00 0000
Sucrose octaacetate 163 =21  00*+00 08+08 00+00 00+00 00*00 00*00 13*x13 13%£07 00+00 00*+00 00=*00
Theobromine 96*15 0505 00*x00 24*+24 00X£00 00x00 00X£00 00x00 13x£07 00x00 13*+x13 20=x12
Theophylline 29+24 00*+00 00*00 00*x00 00*00 00+00 00+00 00*+00 07*07 13*x13 00x00 0000
AITC 3011 04*x04 05+05 00*x00 07+07 05*+05 33*24 00=*x00 00*00 0707 00*x00 00=*00
Alanine 4016 00*+00 00*x00 00*+00 00X£00 00x00 00*x£00 00Xx00 00x£00 0000 00*x00 00=x=00
Asparagine 2015 08*03 03+03 03*x03 03+03 10*+06 00*00 15*+10 12+08 08+08 00*+00 04=*04
Histidine 12514 11x09 00+00 22*+08 00*00 00*x00 00*00 00*00 15+10 0707 00=*00 00=*00

Values represent the mean == SEM number of spikes per second. For each value, n = 7 if responses are =5 spikes/s; otherwise, n = 3. Sensilla f4c and f1b were not included in the analysis because of their inaccessibility. Control responses

to TCC were not subtracted.

which show little if any response to bitter compounds. Type C
showed little if any response to any tested compound. The iden-
tification of four types, based on analysis of 480 tastant—sensillum
combinations, is consistent with previous studies of more limited
scope (Meunier et al., 2000, 2003).

The distribution of these types on the female foreleg is shown
in Figure 5C. There is a correlation between sensillar tuning
breadth and location. The more broadly tuned A1 and A2 sensilla
are located closer to the distal tip of the leg. Thus, more broadly
tuned sensilla are more likely to come directly in contact with
potential food sources. Most C sensilla are located in the more
proximal tarsal segments and in the dorsal side of the leg, where
they likely have less direct contact with potential food sources.

Tarsal responses differ from labellar responses

Many of the compounds tested against tarsal sensilla in this study
were tested previously against labellar sensilla (Dahanukar et al.,
2007; Weiss et al., 2011). Moreover, the present analysis of tarsal
sensilla was performed with the same laboratory strain, under
similar experimental conditions, and using similar means of eval-

uating response as two previous studies of labellar sensilla, pro-
viding an unusual opportunity for comparison.

One simple parameter is the maximum response elicited by
each tastant in each organ. Of the 27 bitter compounds tested
against the foreleg in this study, 15 were tested systematically
against all labellar sensilla. Some bitter compounds, such as
sparteine, elicited strong responses from at least one sensillum in
the foreleg and one in the labellum (Fig. 6). Aristolochic acid
elicits a much stronger response from a foreleg sensillum (f5s)
than from any labellar sensillum (13 spikes/s maximum, from
S;). In contrast, saponin elicits one of the strongest labellar re-
sponses (52 spikes/s from the labellar sensillum S;) but essentially
no response from any tarsal sensillum tested. A few of the bitter
compounds, including cucurbitacin and atropine, elicited >10
spikes/s in the foreleg but not in the labellum, although we note
that these compounds were tested to a limited extent in the label-
lum (Weiss et al., 2011).

Another way of comparing taste representations is to construct
for each organ an n-dimensional taste space in which each dimen-
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Figure4.

Tarsal sensilla exhibit a wide range of tuning breadths. Sensilla are from the female foreleg. Tuning curves are constructed by arranging the 40 tastants along the x-axis according to the

magnitude of responses they elicited in each sensilla. The tastants that elicited the strongest responses are placed in the center, and those that elicited the weakest responses are placed near the
edges. As a result, the order of tastants is not the same for each sensillum. Data are from Table 2. The functional type of each sensillum is indicated in parentheses (Fig. 5).

sion of the space represents the response of one type of sensillum. If
one constructs a four-dimensional space representing these four
types of foreleg taste sensilla and if one considers the Euclidean dis-
tance between each pair of tastants in this space, then the mean =+
SEM distance between all pairwise combinations of the 15 bitter
tastantsis 21 = 1 spikes/s (n = 105). The space can be represented in

three dimensions by applying principal components analysis (Fig.
7). The corresponding mean = SEM distance for a five-dimensional
space representing the five types of labellar sensilla (Weiss et al.,
2011) is greater: 32 = 1 spike/s (n = 105; p < 0.001, paired ¢ test).
In a nine-dimensional space representing combined sensory in-
put from both organs, the mean distance is 40 * 1 spike/s (n =
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Figure 5.

unlabeled in the diagram.

Four functional types of tarsal sensilla on the female foreleg. A, Cluster analysis, based on Ward's method, of
individual sensilla according to physiological responses. B, Mean responses of all sensilla in each of the indicated functional
types. Error bars indicate SEM. Tastants are ordered to clarify the differences among sensillar types. Data are from Table 2.
Control responses to TCC are small, are shown to the left, and are not subtracted from the means. C, Distribution of these
four functional types on the female foreleg. Sensilla f1b, f4c, and f5v were not included in this physiological analysis and are
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105). The greater separation of tastants in
the combined space (p < 0.001 in each
case, paired ¢ test) reflects the greater
number of sensillum types that results
from the evolution of two functionally di-
verse taste organs.

Finally, we asked whether bitter tas-
tants that are close together in this com-
bined taste space are close in chemical
structure. We calculated Euclidean dis-
tances between tastants in a 1486-
dimensional chemical taste space, in
which each dimension represents a mo-
lecular descriptor of the structure of the
tastants. A regression analysis did not re-
veal a relationship between physiological
distances (Fig. 7) and chemical distances
(r=0.14, p > 0.05). This result provides a
striking contrast to the olfactory system,
in which comparable analyses reveal
much greater r values (Haddad et al,
2008) and may be in part attributable to
the extensive coexpression of taste recep-
tors in individual bitter-sensing neurons
(Thorne et al., 2004; Wang et al., 2004;
Moon et al., 2009; Weiss et al., 2011) as
opposed to the expression of only one or a
small number of odor receptors in each
olfactory receptor neuron (ORN; Su et al.,
2009).

Other functional types of sensilla in the

midleg and foreleg

The anatomical organization of the fe-
male midleg is similar to that of the foreleg
(Fig. 1C). We asked whether the func-
tional organization is also similar. There
has been little if any previous physiologi-
cal or behavioral analysis of the Drosophila
midlegs. There are some limited data from
a behavioral study of the blowfly Phormia
regina (Dethier, 1976) and a study in adult
nymphalid butterflies (Omura et al,
2011).

Electrophysiological analysis of the
midlegs and hindlegs is severely ham-
pered by their location, which compli-
cates the preparation and makes access to
sensilla more difficult, and their length,
which reduces the stability of the prepara-
tion. We were unable to make recordings
from hindlegs but were able to make re-
cordings from midlegs, although with a
much reduced success rate. On account of
this reduced rate, we focused our analysis
on a panel of 15 compounds that distin-
guish among the four functional types of
foreleg sensilla described above.

The physiological responses of midleg
sensilla are shown along with responses to
the same tastants in the foreleg (including
the responses of foreleg sensilla f5v and
f4c as described below) so as to permit
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Figure6.  Comparison of the maximum physiological responses to bitter compounds elicited
from the labellum and the 14 foreleg sensilla (see below). Each value represents the maximum
mean = SEM response elicited from an individual sensillum in the legs and labellum for each
given tastant. The identity of the sensillum varies for different tastants, e.g., in the labellum,
caffeine elicited the greatest response from the S, sensillum and lobeline elicited the greatest
response from the I, sensillum. Responses to the TCC diluent are subtracted from both labellar
and tarsal values (responses were not subtracted in Table 2). The labellar data are from Weiss et
al. (2011).

convenient comparison (Fig. 8, Table 3). The midleg contains
three sensilla that respond to both sugars and bitter compounds.
Their response profiles appear similar to those of f5b and f4s on
the foreleg, although the difference in size of the datasets makes it
difficult to establish their correspondence rigorously via a cluster
analysis.

Striking differences between the midleg and the foreleg are
also apparent. First, the broadly tuned f5s is absent in the midleg,
and none of the midleg sensilla are so broadly tuned. As a result,
the midleg responds to fewer bitter compounds than the foreleg.
Second, no type B sensilla (foreleg sensilla f4b, f3b, and f2b, which
give moderate responses to some sugars but no bitter com-
pounds) were identified in the midleg. Rather, a majority of the
midleg sensilla responded to none of the tested compounds, in a
pattern indistinguishable from the type C sensilla. These data
suggest the possibility that, in the midleg, the type B sensilla are
transformed into type C sensilla, thereby losing their sugar
responses.

In addition to the 12 pairs of foreleg sensilla described above,
we tested two additional foreleg sensilla that were difficult to
access, f5v and f4c, with the limited panel of 15 compounds (Fig.
8, Foreleg). We observed strong responses to sugar compounds in
f5v of the foreleg, stronger than those in other foreleg sensilla, but
this sensillum showed little if any response to bitter compounds.
This finding is consistent with data reported in a previous study
that used calcium imaging (Miyamoto et al., 2013). The f4c sen-
sillum responded to several bitter compounds, including denato-
nium and lobeline, but not caffeine, theophylline, or sucrose
octaacetate. The response profile of f4c to bitter compounds re-
sembles that of the A2 sensilla (f5b and f4s). However, f4c differs
from the A2 sensilla in that it shows little if any response to sugars.
Thus, the results obtained with this limited tastant panel indicate
that the foreleg sensilla f5vand f4c constitute two functional types
of tarsal sensilla distinct from the four described above, a conclu-
sion supported by a hierarchical cluster analysis (data not
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shown). Thus, these results bring to six the total number of func-
tional types of sensilla on the foreleg.

Gr—GAL4 expression in the tarsi

We analyzed expression patterns of all 68 members of the Gr
family in the tarsi of each of the three legs in both male and female
flies. We used the GAL4—UAS system, which has been more suc-
cessful for the analysis of Gr gene expression patterns than in situ
hybridization, presumably because levels of Gr gene expression
are low (Clyne et al., 2000; Dahanukar et al., 2001; Dunipace et
al., 2001; Scott et al., 2001). We used 67 Gr—GAL4 drivers to
represent the 68 receptors (Weiss et al., 2011); one line, Gr23a—
GAL4, represents two receptors, Gr23a.a. and Gr23a.b, that are
encoded by alternatively spliced transcripts sharing a common 5’
region. For most receptors, two independent Gr—GAL4 lines were
examined.

For each driver, we mapped reporter expression to identified
sensilla in the tarsi by following each GFP-labeled dendrite to the
shaft of a sensillum using a confocal microscope. We mapped
GFP reporter expression in tarsi for 27 Gr—GAL4 drivers (Figs.
9-11). All 27 drivers show expression in the forelegs, with 14 of
these drivers showing expression only in the forelegs and 13 in the
tarsi of all the legs. None of the drivers are expressed solely in the
midlegs or hindlegs. Interestingly, all of the 14 foreleg-restricted
Gr—GAL4 drivers are expressed specifically in a single pair of
sensilla (f5s/m5s). The overall expression patterns of Gr—-GAL4
drivers in the midlegs and hindlegs are very similar to each other.
We also observed expression in legs of a 28th line, Gr68a—GAL4,
in agreement with previous studies (Bray and Amrein, 2003;
Ejima and Griffith, 2008), but both neuronal and non-neuronal
cells were labeled and the pattern was difficult to interpret with
confidence.

Despite differences in organization and function of taste sen-
silla between the two sexes in the forelegs (Nayak and Singh, 1983;
Meunier et al., 2000), we did not observe any sexual dimorphism
in the expression of Gr—GAL4 drivers other than Gr68a, which
has been reported previously to show sexually dimorphic expres-
sion in the male foreleg (Bray and Amrein, 2003; Ejima and Grif-
fith, 2008). The rest of the Gr—GAL4 drivers showed similar
expression patterns in the two sexes.

Although expression of most of the Gr drivers was observed
previously in the labellum, expression of Gr68a—GAL4 and
Gr58c—GAL4 has not. However, we note that Gr58c—GAL4 also
exhibited expression in a small number of enteroendocrine cells
in the midgut, which may have chemosensory function (Park and
Kwon, 2011). Curiously, Gr58c—-GAL4 is not expressed in the
sex-specific sensilla of the male forelegs. Instead, it is expressed in
the 5b and 4s sensilla in all three pairs of legs and in the f4c
sensillum of the forelegs, and it showed similar expression pat-
terns in both sexes. However, its expression does not exclude a
role in detecting contact pheromones, and in fact Gr58c—GAL4 is
coexpressed with Gr32a—GAL4. Gr32a was reported to regulate
male courtship behavior (Miyamoto and Amrein, 2008;
Koganezawa et al., 2010; Fan et al., 2013).

A receptor-to-neuron map of the tarsi

To increase further the resolution of the analysis, we assigned
each tarsal Gr-GAL4 driver to individual gustatory receptor
neurons (GRNs; Fig. 12). This mapping was based on double-
labeling experiments in males with Gr—GAL4 drivers and Gr66a—
RFP (Fig. 12A), which is a marker of bitter neurons (Thorne et al.,
2004; Wang et al., 2004; Marella et al., 2006), and on analysis of
GFP reporter expression in flies carrying pairwise combinations
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Figure7. Distribution of tastants in a taste space based on sensillum response. The first three principal components (PC1-P(3)
of a foreleg, labellum, and combined space are shown, based on 15 bitter compounds that were tested systematically against all
labellar and foreleg tarsal sensilla. The mean Euclidean distances between all pairwise combinations of tastants in each space are

shown at the bottom right. The foreleg space is based on the 12 sensilla that have been analyzed in greatest detail.
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neuron expressing drivers associated with
bitter reception but no neuron expressing
drivers of the sugar receptor clade.

The bitter-sensing neurons collectively
express many receptors. The colabeling
analysis suggests the expression of 20 Gr
genes in bitter-sensing neurons (Fig.
12B). These results are consistent with
mapping in the labellum, in which 17 of
these Gr—GAL4 drivers were found coex-
pressed with Gr66a in bitter-sensing
neurons, and they predict that three addi-
tional receptors, Gr22c, Gr28b.c, and
Gr58c, also function in the recognition of
aversive compounds. Thus, at least 20 re-
ceptors may act in bitter detection in tar-
sal taste neurons. Drivers representing
three of these, Gr33a, Gr39a.a, and Gr89a,
are expressed in every neuron that is la-
beled by a bitter receptor driver, an obser-
vation supported by a broad requirement
of Gr33a for responses to deterrent cues
(Moon et al., 2009). Gr33a, Gr39a.a, and
Gr89a were proposed to be “core bitter
Grs” along with two other receptors be-
cause they map to all bitter neurons in the
labellum (Weiss et al., 2011).

The tarsal neurons that express bitter
receptor drivers show striking variation in
molecular complexity. The presumed bit-
ter neuron of the m5s sensillum expresses
18 Gr drivers, whereas its counterparts in
mb5b, m4s, and m4c express only five driv-
ers. In contrast, all of the presumed sugar
neurons express between three and five
drivers.

Drivers of the sugar receptor clade are
expressed combinatorially. Gr61a—GAL4
and Gr64f-GAL4 are expressed in all of
these combinations, and Gr5a—GAL4 is
expressed in most. Of particular interest is

of drivers (n > 20 combinations, including Gr32a—-GAL4 com-
bined with Gr33a—GAL4, Gr39a.a—GAL4, Gr58c-GAL4, and
Gr89a—-GAL4; data not shown).

This analysis generated a receptor-to-neuron map of Gr—
GAL4 expression in tarsal sensilla (Fig. 12B). The map identifies
six types of sensilla, each distinct from the sensillum types defined
for the labellum in terms of Gr—GAL4 expression (Weiss et al.,
2011). The types were diverse in their patterns of receptor expres-
sion. Two types of sensilla, one comprising m5b and m4s and the
other comprising m5s, each contain one neuron that expresses
bitter receptor drivers, such as Gr66a—GAL4 or Gr33a—GAL4, and
one neuron that expresses drivers of genes that belong to a clade
of sugar receptors, such as Gr5a—GAL4 (Robertson et al., 2003;
Dahanukar et al., 2007; Jiao et al., 2007). Three types of sensilla,
collectively including m5v, m3b, m2b, and m4b, contain one
neuron that expresses drivers of the sugar receptor clade but do
not contain a neuron expressing bitter receptor drivers (with the
possible exception of Gr36a—GAL4, which mapped to m5v but
could not be mapped to a neuron within this sensillum). The
sixth type, containing m4c, is reciprocal, in that it contains a

the finding that, in m5v, the trehalose re-

ceptor driver Gr5a—GAL4 is not ex-
pressed, but there is expression of Gr43a—GAL4, representing
a highly conserved member of the Gr gene family implicated in
fructose reception (Sato et al., 2011; Miyamoto et al., 2012;
Mishra et al., 2013). Such combinatorial expression is also
observed in the labellum (Weiss et al., 2011).

Discussion

We performed a systematic anatomical, physiological, and mo-
lecular analysis of the tarsal sensilla of Drosophila. We con-
structed an anatomical map of the female tarsal sensilla,
including all legs; sensilla on the female foreleg and midleg were
tested with a broad panel of compounds, yielding 675 sensillum—
tastant combinations. We analyzed the expression of all 68 mem-
bers of the Gr family in tarsal taste sensilla. This integrated study
provides insight into the molecular and cellular bases of taste
coding in the fly.

The anatomical analysis identified 26, 21, and 22 taste sensilla
on the female foreleg, midleg, and hindleg, respectively, in rea-
sonable agreement with previous studies. Most foreleg sensilla
exist as bilaterally symmetric pairs on the lateral and medial sides
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Other functional types of sensilla in the midleg and foreleg. The heat map shows the electrophysiological responses of female midleg tarsal sensilla and the foreleg sensilla f5v and f4c

to a panel of 15 tastants. Values represent the mean responses in spikes per second. For each value, n = 7 for responses =5 spikes/s; otherwise, n = 3. Control responses to the TCC were not
subtracted. Values for other sensilla of the female foreleg are included for comparison and are taken from Table 3.

Table 3. Responses of other functional types of sensilla in the foreleg and midleg

Midleg Foreleg
f5v f5b f5a fas f4b f2b f2a fid flc fla f5v fac
TCC 03*+03 00x00 05+05 00=*x00 00*+00 00*x00 00x00 00*+00 00+00 00£00 0000 00x00 00x00
Fructose 25+x15 54+16 0000 86*+09 0000 05%£05 00+00 1010 00*x00 07x07 0000 48064 0.0=*00
Glucose 277+59 175+18 0000 159+25 03£03 00X00 1.0+07 0000 0000 0707 00+00 61242 43=*20
Maltose 31824 295+22 05+05 455+76 00*£00 00*£00 00x00 1515 00*£00 07*=07 00=*=00 462+21 0.0=*00
Sucrose 495*+37 425*47 00£00 398+31 07*+07 0000 00£00 12+08 00*+00 0505 00£00 91863 69*37
Aristolochic acid 0000 00x00 00*+00 00=*x00 00*+00 00£00 0505 00*+00 00+00 00£00 0000 00x00 69=x00
Berberine 83+20 00x00 07*+07 00*+00 00X00 00£00 08+08 0000 0000 00£00 40+20 00*+00 00=*00
(affeine 0000 00x00 00*+00 00*x00 00*+00 2020 00x00 1.0*+07 00+00 07%£07 2020 00x00 03x03
Denatonium 20011 297%£23 1007 244+28 0000 20+£20 0000 47%+29 00*x00 20%x20 0000 0.0=*=00 33.7*12
Lobeline 211+26 296+24 00+00 283*+50 0000 00*x00 00+00 08*+08 00*x00 28*x12 20+20 0707 220=*+15
Quinine 31213 212+£43 13£07 244+£32 40=*x27 37*+x23 0000 12%£12 00*=00 03+03 30*x24 28*15 202=*+63
Sparteine 20+50 26720 1510 26.0*+18 04*+04 20£12 00+00 1308 0404 2727 0000 11*+07 239*+38
Strychnine 63*+25 6529 00*+00 18420 00*+00 0000 00x00 00*+00 00+00 0505 40*=23 00=x00 200=x33
Sucrose octaacetate 0.0 =00 00*=00 00*£00 00£00 00+00 00*=00 07*07 13x13 0000 2727 0000 00x00 0000
Theophylline 2820 18*18 12*+12 24+19 00*+00 1.0*x06 00+00 00*+00 1713 15%x10 00+00 00*+00 0000

Values represent the mean == SEM responses of spikes per second. For each value, n = 7 if responses =5 spikes/s; otherwise, n = 3. Control responses to the TCC diluent were not subtracted.

of the leg, and most have counterparts on midlegs and hindlegs.
Both exceptions to the foreleg symmetry rule, f1b and f4c, are also
exceptional in not having counterparts on other legs and in pro-
jecting from the leg at an angle that made physiological analysis
difficult. It will be interesting to determine whether these sensilla
are evolutionary innovations that confer function in a behavior
mediated by forelegs, perhaps in courtship, grooming, or in an
aggressive behavior, such as boxing, if not in food source evalu-
ation (Phillis et al., 1993; Greenspan and Ferveur, 2000; Chen et
al., 2002; Fan et al., 2013).

A very low level of spontaneous firing was observed when
TCC was tested alone, without any sugar or bitter compounds.
Some ORNS exhibit high levels of spontaneous firing and can be
inhibited by some odorants and excited by others (de Bruyne et
al., 2001; Raman et al., 2010). Low levels of background firing in
tarsal taste neurons may constrain the ability of these neurons to
encode tastants via inhibition. However, the low background fir-

ing levels in tarsal neurons may enhance the signal-to-noise ratio
of their excitatory responses.

A remarkable feature of the Drosophila tarsal taste neurons is
their paucity. The tarsal neuron that is most broadly tuned—that
detects 19 of 27 bitter compounds— exists as a single bilaterally
symmetric pair in the foreleg, and it has no counterparts in the
midleg. Thus, the function of alerting the animal to the presence of
many potentially toxic compounds may be relegated to a single pair
of neurons on each foreleg. We examined other Drosophila species,
including pseudoobscura and sechellia, and observed very similar an-
atomical patterns of sensillar organization (data not shown).

In contrast to the small numbers of tarsal taste neurons, most
ORN classes in the Drosophila olfactory system contain tens of
members. Moreover, ORNs of a class converge on a single glom-
erulus, which may increase the signal-to-noise ratio of olfactory
transmission (Wilson and Mainen, 2006). In tarsal neurons, the
low background firing level may represent an alternative mecha-
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Figure9.  Expression of G—GAL4driversin GRNs of the foreleg. A, Compressed z-stacks of single female forelegs showing GFP reporter expression driven by Gr—GAL4 constructs. Images were cropped to focus on the three
distal tarsomeres (tarsal segments), in which most GFP expression was observed. GFP expression was also observed in the second tarsomere in a few Gr—GAL4 drivers (Fig. 11). Most sensilla contain a symmetric counterpart on
theoppositeside of theleg; depending on the angle of the photograph, labeling of a symmetricsensillum can be viewed in some cases but notall. B, Compressed z-stacks of single male forelegs showing GFP reporter expression
of Gr—GAL4drivers. We note that, in some cases, e.g., Gr64fand Gr5a, we occasionally observe what appearto be two cell bodiesin the third tarsomere; itis possible that the cell bodies are the two symmetricsensilla viewed from
anangle. Labeling of m5v by Gr36a—GAL4 was weak. Asterisks indicate sensilla without a symmetric counterpart.
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midleg and hindleg. Asterisks indicate sensilla without a symmetric counterpart.

nism for enhancing the signal-to-noise ratio, in effect compen-
sating for their paucity.

Approximately half of the sensilla analyzed in this study, the
type C sensilla, did not respond to any tested tastants. In contrast,
all of 21 labellar sensilla tested responded to sugars (Hiroi et al.,
2002). The tarsal type C sensilla are located predominantly in the
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more proximal tarsal segments, in which they are less likely to
make contact with potential food sources, and all are on the dor-
sal side of the leg, in which they may make contact with other flies.
For example, when a male taps a female during courtship, type C
sensilla on the male leg may make contact with the female cuticle.
Although these sensilla contain four neurons, none responds
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Figure11.  Summary of Gr-GAL4 expression in the legs. Tarsal Gr—GAL4 drivers are mapped to individual sensilla in the three pairs of legs in males and females. Gr—GAL4 expression patterns in

the midlegs and hindlegs are identical in male and female flies. + denotes expression of GFP reporter; — indicates no expression; - is used for drivers that are expressed in leg neurons but for which
expression has not been mapped. *CNS projection patterns (data not shown) suggest that Gr57a—GAL4 is expressed in the legs, but labeling of tarsal cells was not visualized; **expression of
Gr68a—GAL4 was observed in legs, in agreement with Bray and Amrein (2003) and Ejima and Griffith (2008), but both neuronal and non-neuronal cells were labeled and the pattern was difficult to

interpret with confidence.

electrophysiologically to sugars or bitter compounds. These re-
sults are at variance with the standard four-neuron model of a
taste sensillum, in which the four neurons respond to sugars,
bitter compounds or low-salt concentrations, high-salt concen-
trations, and water, respectively (Rodrigues and Siddiqi, 1978;
Fujishiro et al., 1984; Hiroi et al., 2002, 2004). Rather, our phys-
iological results are consistent with a model in which sugar or
bitter neurons are replaced in type C sensilla with neurons that
confer an attractive or repulsive response to pheromones, pro-
moting male—female courtship or inhibiting male-male court-
ship (Bray and Amrein, 2003; Miyamoto and Amrein, 2008; Lu et
al., 2012; Thistle et al., 2012; Toda et al., 2012). The electrophys-
iological methods used in our study are difficult to use with many
Drosophila pheromones, which are too hydrophobic to dissolve
in the aqueous solution that is commonly used simultaneously
for stimulus delivery and recording. Limited testing with DMSO
as a solvent (Toda et al., 2012) and the pheromone cis-vaccenyl
acetate as a stimulus against all foreleg sensilla did not yield con-
clusive results in our analysis.

Forelegs are distinct from midlegs in their physiological re-
sponses to sugars and bitter compounds. Forelegs contain more
distinguishable types of sensilla than midlegs. More foreleg sen-
silla respond to sugars, and more bitter compounds elicit re-
sponses from forelegs. These differences may reflect a different
role for the two pairs of legs in feeding behavior, with the forelegs
playing an exploratory role and acting, in the case of bitter recep-
tion, as an “early warning system.” The different response spectra
of the two kinds of legs also provide an additional degree of
freedom that can in principle expand the capacity of the system to
encode taste information.

Overall, the number of distinct patterns of bitter response
among tarsal and labellar sensilla is smaller than the number of
functional classes of ORNs in the antenna (~50) but comparable

with the number of ORN classes in the maxillary palp (six). The
maxillary palp is located in close proximity to the labellum and
was proposed to act as a close-range olfactory sensor that func-
tions in taste enhancement and that influences feeding decisions
(Shiraiwa, 2008).

The functional map constructed in this study raised questions
about the molecular basis of taste coding. For example, how, at
the molecular level, does one sensillum, f5s, detect more than
two-thirds of a structurally diverse set of bitter compounds?

We investigated the molecular basis of taste coding in the legs
through a systematic expression analysis of all 68 Grs. Of this large
repertoire, drivers representing 20 Grs are expressed in neurons that
mediate bitter response (Wang et al., 2004), and these receptors are
for convenience referred to as “bitter receptors”; drivers represent-
ing six Grs are expressed in neurons that respond to sugar and are
referred to as “sugar receptors.” The resulting receptor-to-neuron
map provides a molecular basis for the coding properties of the
neurons. An integrated molecular and functional map (Fig. 13)
shows the following: (1) the sensillum that responds to the greatest
number of bitter compounds (f5s) expresses the greatest number of
bitter receptor drivers; (2) the sensillum that responds to bitter com-
pounds but not sugars (f4c) expresses drivers of bitter receptors but
not sugar receptors; (3) the sensilla that respond to sugars but not
bitter compounds (f2b, f3b, and f5v) express drivers of sugar recep-
tors but not bitter receptors (with the possible exception of Gr36a—
GAL4 in {5v); (4) the sensilla that respond to both sugars and bitter
compounds express both sugar and bitter receptor drivers; and (5)
the sensilla that responded to neither sugars nor bitter compounds
express none of the 68 Gr drivers.

We acknowledge limitations to the analysis. Some Gr—GAL4
drivers may not reflect expression of the endogenous Gr genes in
all respects; there are receptors other than Grs that confer gusta-
tory function (Xu et al., 2002; Liu et al., 2003; Cameron et al.,
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inmale flies; only the fourth and fifth tarsomeres are shown because Gr66a—RFP labeling is observed only in the fifth tarsomere and most drivers are expressed in either the fourth or fifth tarsomere.
The RFP labeling is weak in some cases (e.g., in the cases of Gr33a and Gr28b.d). The images are optimized to show red/green overlap, and, as a result, some of the GFP-labeled cells are difficult to
visualize (e.g., in the cases of Gro4c and Gr39a.a). Asterisks indicate sensilla without a symmetric counterpart. B, Receptor-to-neuron map of the forelegs. Gr-GAL4 drivers are assigned to individual
GRNs based on their coexpression with Gr66a—RFP and by examining GFP expression in flies carrying pairwise combinations of Gr-GAL4 transgenes (n > 20 combinations were tested, including 10
combinations of sugar receptor drivers, 5 combinations of bitter receptor drivers, and 6 combinations of sugar and bitter receptor drivers; data not shown). Gr36a is excluded from the map because
of faint expression in the colabeling analysis. Mapping of Gr32a—GAL4 and Gr38c—GAL4, which were not colocalized with Gr66a—RFP, were determined by a pairwise double driver experiment of

Gr32a—GAL4 with four other drivers (Gr33a—GAL4, Gr39a.a—GAL4, Gr58¢—GAL4, and Gr89a—GAL4).

2010; Croset et al., 2010; Kang et al., 2010; Pikielny, 2010; Zhang
et al., 2013); our panel of bitter compounds is necessarily con-
fined to a sampling of tastant space, and more extensive testing
could reveal distinctions between GRNs that appear identical in
our analysis. We focused on bitter compounds and sugars, which
have been shown to signal via Grs, and many other classes of
tastants are not considered here.

Our systematic molecular and functional analysis supports
fundamental concepts concerning the functional organization

of the Drosophila taste system. Both kinds of analysis indicate
diversity among taste neurons, among taste sensilla,
between forelegs and other legs, and between the legs and
labellum. Differential expression of Gr genes provides a mo-
lecular mechanism to explain much of the functional diver-
sity. The diversity among legs and taste organs may reflect
differences in the roles of these organs in feeding behaviors.
The molecular and cellular complexity of the taste system re-
vealed in this study may enhance the precision of sensory
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Asterisks indicate sensilla without a symmetric counterpart.

representations and may enrich its behavioral and evolution-
ary plasticity.

The maps we constructed here may provide a framework for
elucidating the molecular basis of response to individual tastants.
The maps should also aid in the design of behavioral experiments
to test the limits of taste discrimination in the fly (Masek and
Scott, 2010); for example, they identify bitter tastants that acti-
vate different subsets of sensilla in the foreleg. Finally, they estab-
lish a foundation that may be useful in exploring the mechanisms
by which a small number of neurons initiates behavior that is
essential to the sustenance of life.
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