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We examine in Drosophila a group of ∼35 ionotropic receptors (IRs),
the IR20a clade, about which remarkably little is known. Of 28 genes
analyzed, GAL4 drivers representing 11 showed expression in the
larva. Eight drivers labeled neurons of the pharynx, a taste organ,
and three labeled neurons of the body wall that may be chemosen-
sory. Expressionwas not observed in neurons of one taste organ, the
terminal organ, although these neurons express many drivers of the
Gr (Gustatory receptor) family. For most drivers of the IR20a clade,
we observed expression in a single pair of cells in the animal, with
limited coexpression, and only a fraction of pharyngeal neurons are
labeled. The organization of IR20a clade expression thus appears
different from the organization of the Gr family or theOdor receptor
(Or) family in the larva. A remarkable feature of the larval pharynx is
that some of its organs are incorporated into the adult pharynx, and
several drivers of this clade are expressed in the pharynx of both
larvae and adults. Different IR drivers show different developmental
dynamics across the larval stages, either increasing or decreasing.
Among neurons expressing drivers in the pharynx, two projection
patterns can be distinguished in the CNS. Neurons exhibiting these
two kinds of projection patterns may activate different circuits, pos-
sibly signaling the presence of cues with different valence. Taken
together, the simplest interpretation of our results is that the IR20a
clade encodes a class of larval taste receptors.
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Olfaction and taste are mediated by receptors of widely di-
verse families (1, 2). Studies of receptor expression have

been critical to our understanding of chemosensory perception.
Historically, the identification of several classes of receptors has
been based largely on their expression patterns, with functional
validation not becoming available until years later. Studies of re-
ceptor expression have informed our understanding of the prin-
ciples of chemosensory coding. In some cases, analysis of receptor
expression has suggested, and subsequently revealed, complex and
elegant mechanisms of receptor gene regulation. Finally, in many
cases, elucidation of receptor expression patterns has allowed
chemosensory stimuli of particular ecological, evolutionary, or
behavioral significance to be assigned to individual receptors.
The Drosophila larva offers major advantages as an organism

in which to study the molecular and cellular basis of taste. The
larval taste system is relatively simple and can be investigated with
incisive molecular and genetic approaches. Understanding the
molecular and cellular mechanisms by which Drosophila larvae
evaluate potential food sources may suggest means of manipu-
lating the feeding of other insect larvae, some of which consume
agricultural crops and collectively cause immense damage to the
world’s agricultural output (3).
The head of the Drosophila larva contains three external che-

mosensory organs (4) (Fig. 1). The dorsal organ (DO) is innervated
by the dendrites of 21 olfactory neurons and nine gustatory neurons.
The terminal organ (TO) and ventral organ contain the dendrites of
∼21 and approximately seven gustatory neurons, respectively.
There are also internal chemosensory organs lining the pharynx,

each existing as a bilaterally symmetrical pair: the dorsal, ventral,

and posterior pharyngeal sensilla (DPS, VPS, and PPS, respec-
tively) (5–7) (Fig. 1). Each organ contains ∼17, 16, and 6 neurons,
respectively, most of which are likely to be gustatory (5). Another
organ, the dorsal pharyngeal organ (DPO), contains five neurons
(3, 5, 8). A variety of other neurons in the body wall of the thorax
and abdomen, and at the posterior tip of the larva, are also likely
to be chemosensory (9–11).
TheGustatory receptor (Gr) family comprises 60 genes (12, 13).

Expression analysis of the Gr genes using the GAL4-UAS system
has shown that 39 of the predicted proteins are likely to be
expressed in the TO, DPS, VPS, or PPS of the larva (11, 14, 15).
However, a receptor-to-neuron map of the TO neurons suggested
that many TO neurons did not express any Gr genes, consistent
with the notion that some larval taste neurons may express other
kinds of taste receptors (15).
The Ionotropic receptor (IR) family comprises 60 genes, of

which members of one clade encode odor receptors (16). An-
other clade of 35 IR genes, called the IR20a clade, was recently
shown to be expressed in gustatory neurons of Drosophila adults
(17). Analysis of GAL4 drivers of 28 genes of the clade revealed
expression of 16 drivers in adult taste neurons, collectively rep-
resenting all taste organs of the fly. Virtually nothing is known of
their expression in larvae.
Here, we carry out a systematic expression analysis of the

IR20a clade in the larval gustatory system. We find that 11 of the
GAL4 drivers show expression in larval gustatory organs. Seven
drivers are expressed in the DPS, with different drivers
expressing in different DPS neurons, and one of these drivers is
also expressed in the VPS. Another driver is expressed in the
DPO; another is expressed in nonneuronal cells of the TO; and
three are expressed in the body wall, where they are associated
with sensory hairs, sensory cones, and trachea. The neurons that

Significance

The coding of taste is based on the activity of taste receptors.
We examine in Drosophila the expression of a group of ∼35
ionotropic receptors (IRs), the IR20a clade, about which remark-
ably little is known. We find evidence that 11 are expressed in the
larva. Most are expressed in neurons of the pharynx, a taste
organ. Others are expressed in body-wall neurons that may be
chemosensory. The organization of IR gene expression differs
from the organization of expression of Gustatory receptor
taste receptor genes. Among neurons expressing IR20a recep-
tors in the pharynx, two projection patterns in the CNS can be
distinguished, perhaps representing cues with different va-
lence. Our results suggest that the IR20a clade encodes a class
of larval taste receptors.

Author contributions: S.S., T.-W.K., A.C.G., and J.R.C. designed research; S.S., T.-W.K., and
A.C.G. performed research; S.S. and J.R.C. analyzed data; and S.S. and J.R.C. wrote
the paper.

The authors declare no conflict of interest.
1To whom correspondence should be addressed. Email: john.carlson@yale.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1503292112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1503292112 PNAS | April 7, 2015 | vol. 112 | no. 14 | 4195–4201

N
EU

RO
SC

IE
N
CE

IN
A
U
G
U
RA

L
A
RT

IC
LE

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1503292112&domain=pdf
mailto:john.carlson@yale.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503292112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503292112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1503292112


express the drivers show different projection patterns in the larval
CNS. Some drivers show dynamic expression patterns over the
course of development. The simplest interpretation of the results
is that the IR20a clade encodes a class of larval taste receptors.

Results
We examined 122 GAL4 lines representing 28 members of the
IR20a clade of IR genes. Thus, on average, four independent
lines were examined for each gene. The IR-GAL4 drivers were
those drivers constructed and used by Koh et al. (17). In most
cases, the GAL4 gene was flanked by both 5′ and 3′ regions of
the IR genes in an effort to maximize fidelity of the reporter.
Most transgenes were integrated at common positions using the
phiC31 system to minimize genomic position effects (18–22).
Expression was assessed using a membrane-bound GFP encoded
by UAS-mCD8-GFP (23).
Each line was screened by examining first-, second-, and third-

instar larvae. For each IR gene that showed GFP labeling at any
stage, we chose one line that was representative, as judged by an
analysis of the numbers of labeled cells. For most genes, how-
ever, the lines were very similar, and any of several lines could
have been chosen as representative. We note that although first-
instar larvae were viewed in their entirety, second- and third-
instar larvae were dissected and the midgut and hindgut were
removed to reduce autofluorescence from the gut or its contents.
It is thus possible that one or more GAL4 constructs drive ex-
pression in intestinal cells not examined in this screen.

Taste Organs of the Larval Head Express Nine IR20a-Clade Drivers,
Some in Dynamic Patterns. A total of nine drivers of the IR20a
clade showed expression in taste organs of the larval head. Drivers
corresponding to seven genes (IR48c, IR60b, IR60e, IR67b, IR67c,
IR94f, and IR94h) were expressed in the DPS (Fig. 2; an additional
set of images showing the location of labeling with respect to the
head skeleton is illustrated in Fig. S1; also discussed below). The
patterns were remarkable in their sparseness of expression: In most
cases, a single, bilaterally symmetrical pair of neurons was observed
in the first-instar larva, although IR67c-GAL4 showed some addi-
tional expression in the CNS. The IR20a-GAL4 driver labeled
a pair of neurons too, but they are located in the DPO (Fig. 2; also
discussed below).
Third-instar larvae showed similar expression patterns for the

seven DPS drivers, with some exceptions (Fig. 3). Drivers rep-
resenting IR60b, IR60e, IR67b, IR67c, and IR94f also show

labeling of a single neuron in each of the bilaterally symmetrical
DPS organs in early and middle third-instar larvae, as in the first
instar. However, IR48c-GAL4 drove little if any expression in
the third instar, unlike in the first instar. We note also that little
if any labeling of IR67b-GAL4 was observed in the late third
instar. Thus, in these cases, labeling decreases over develop-
mental time. IR94h-GAL4 drove expression in the DPS, as in
the first instar, but usually in two bilaterally symmetrical pairs
of neurons rather than one pair (Fig. 3F). Thus, in this case, in-
creased labeling was observed over developmental time. IR20a-
GAL4 drove expression in the DPO, as in the first instar (a lateral
view is shown in Fig. 3 G and H).

Fig. 1. Chemosensory organs in the larval head and pharynx. VO, ventral
organ. We have depicted the VPS as anterior to the DPS, but they are close
and their apparent relative positions depend on the viewing angle. The DPO
is more difficult to identify than the other organs, and its position relative to
the DPS and PPS may depend on the larval stage; we have not depicted
neural processes for it.

Fig. 2. Expression in the first instar. Drivers of IR48c, IR60b, IR60e, IR67b,
IR67c, IR94f, and IR94h are expressed in a single bilaterally symmetrical pair
of neurons in the DPS. Expression of IR60b-GAL4 is weak. In the case of some
drivers, such as IR67b-GAL4, dendrites can be seen to extend in the anterior
direction from the cell bodies. The neurons that express the IR20a driver have
shorter anterior projections and appear to be located in the DPO. Anterior is
located at the top of the panels. (Scale bar: 20 μM.) An additional set of images
showing the localization of labeling with respect to the head skeleton is
shown in Fig. S1.
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IR60b-GAL4 provides another example of dynamics in ex-
pression pattern. In addition to the pair of DPS neurons seen in
the first and third instars (Figs. 2 and 3A), during the second
instar, a second pair of labeled neurons can be seen in the VPS
(Fig. 3 I and J).
Our identification of the labeled organs as the DPS, VPS, and

DPO was based initially on the position of the labeled cells with
respect to the head skeleton (Figs. 2 and 3 H, J, and L and Fig.
S1). As a further test of this identification, we carried out sys-
tematic double labeling with the drivers and an anti-IR25a anti-
body. IR25a is a highly conserved IR that has previously been
shown to label larval pharyngeal organs and may act as a cor-
eceptor with other IRs (24, 25). An example of this double la-
beling is shown in Fig. 3 K and L, and double labeling for all
drivers is shown in Fig. S2. Additional images of the colabeling at
high magnification, from an independent experiment, are pro-
vided in Fig. 4. All drivers label cells that are either IR25a+ or in
very close proximity to IR25a+ cells. The identification of the
IR25a+ pharyngeal organs as sensory organs is consistent with the
results of a double-label experiment with the anti-IR25a antibody
and an anti-Elav antibody (Fig. S2 A, 3). Although a definitive
conclusion is precluded by the fact that neither anti-IR25a nor
anti-Elav antibodies are specific for pharyngeal organs, the sim-
plest interpretation of all of the data taken together is that the
organs labeled by the drivers are the DPS, VPS, and DPO.
The TO was labeled by IR47a-GAL4 (Fig. S3 A and B). We

carried out a double-label experiment with a marker for the
closely associated DO, Orco-RFP, which labels olfactory receptor
neurons (Fig. S3 C–E). The merged image confirms the identi-
fication of the structure labeled by IR47a-GAL4 as the TO, but
the labeling pattern appears distinct from the labeling pattern
expected of chemosensory neurons. A double-label experiment
with a pan-neuronal nuclear marker, anti-Elav, does not reveal
coexpression (Fig. S3 F–H). It thus seems likely that IR47a-
GAL4 labels nonneuronal support cells of the TO, but further
analysis will be required to identify the labeled cell types de-
finitively; interestingly, in the adult taste system, IR47a-GAL4
expression appears to be neuronal (17). We note that non-
neuronal expression has also been found for a member of the
DEG/EnaC family of channels in the adult taste system (26).
In addition to examining these drivers of the IR20a clade, we

examined three GAL4 drivers of another clade of the IR su-
perfamily: IR76b-GAL4, IR25a-GAL4, and IR8a-GAL4 (16, 24).
IR76b has been shown to form heteromultimers with antennal
IRs (25). It is also expressed in gustatory sensilla of the adult fly
and has been found to be required for attraction to low con-
centrations of salt (27). We found that an IR76b-GAL4 driver
labels the DPS, VPS, DPO, and PPS, as well as the TO and the
DO (Fig. S4), consistent with the possibility that IR76b forms
heteromultimers with members of the IR20a clade.
IR25a-GAL4 labels larval taste organs, including the DPS,

VPS, DPO, PPS, and TO, as well as the DO (Fig. S4); these results
are consistent with the labeling of larval pharyngeal organs with
anti-IR25 antibody (24) (Figs. 3 K and L and 4 and Fig. S2). By
contrast, we did not observe expression of an IR8a-GAL4 driver in
taste organs of the larval head, although it is expressed broadly in
the adult olfactory system (25).

Fig. 3. Expression in later instars. (A–F) Expression in the third-instar DPS,
dorsal view. Anterior is located at the top of the panels. In A, the arrowhead
indicates a dendrite and the arrow indicates the cell body. (Scale bar: 20 μM.)
(G) IR20a driver expression in the third-instar DPO, lateral view. Anterior is
located to the left of the panel. (H) Differential interference contrast (DIC)
image of G, showing positions of labeled cells relative to the mouth hooks
(dark). (Scale bar: 10 μM.) (I) Transient IR60b driver expression in the VPS

(arrowhead) during the second instar, lateral view. The arrow indicates ex-
pression in the DPS. Anterior is located to the left of the panel. (J) DIC image
of I. (Scale bar: 10 μM.) (K) Double labeling of IR67c-GAL4 and IR25a visu-
alized with an anti-IR25a antibody, dorsal view. (L) Double labeling of IR67c-
GAL4 and IR25a, DIC image, seen in a lateral view. The arrow indicates the
DPS, showing colabeling, and the arrowhead indicates the VPS, which is
labeled only by anti-IR25a antibody.
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Expression of IR20a Clade Drivers in the Body. In addition to its
expression in the DPS, IR67b-GAL4 is expressed in the body.
Labeling is observed in cells of the abdominal segments, which
could function in contact chemosensation, or perhaps in another
sensory modality (Fig. 5 A–C).
IR56a-GAL4 is expressed in a small subset of neurons in seg-

ments six and seven of the abdomen, with expression observed
somewhat less consistently in segment five (Fig. 5 D and E). In-
terestingly, neurons labeled by IR56a-GAL4 are often observed
closely associated with the trachea, which transport gases to and
from tissues (arrowhead in Fig. 5E). The labeled neurons often
appear to contain two dendritic projections and an axon that
projects toward the ventral nerve cord of the CNS. Expression is
also observed in neurons whose cell bodies are located in the
posterior portion of the ventral nerve cord (Fig. S5). We note that
the endogenous IR56a gene is located in the intron of the sero-
tonin receptor 1A gene, which is expressed in the larval CNS (28).
IR94d-GAL4 expression is observed at the posterior end of the

abdomen in neurons that send dendrites into sensory cones (Fig.
5F). These neurons may have a chemosensory role in sensing
local gas concentrations and in mediating an escape behavior
that is triggered by hypoxia or hyperoxia (9, 29); more detailed
analysis will be required to determine their functional identity.
Labeling was occasionally observed in the body wall of other
abdominal segments. We note that although the great majority
of drivers examined in this analysis contained both 5′ and 3′
flanking regions from each endogenous IR gene, the abdominal
staining was observed with an IR94d-GAL4 driver that contained
only 5′ sequences. IR25a-GAL4 also labels neurons that in-
nervate sensory cones on the posterior portion of the abdomen,
reminiscent of the pattern of IR94d-GAL4, as well as other cells
in the thorax and abdomen.

Expression of IR20a Clade Drivers Is Distributed Among Multiple
Pharyngeal Neurons. Having established that seven drivers of the
IR20a clade each label one pair of neurons in the DPS, we
wondered whether they were all coexpressed in the same pair. To
address this question, we crossed pairs of drivers and asked
whether the resulting expression patterns were additive or over-
lapping in heterozygous animals (Fig. 6). When we crossed IR60e-
GAL4 and IR67c-GAL4, each of which labeled DPS neurons in
the third instar, the heterozygous offspring showed two pairs of
labeled DPS neurons. The simplest interpretation of these results
is that the two drivers label different pairs of DPS neurons. Similar
crosses revealed that IR60e-GAL4 is expressed in different DPS
neurons from IR94f-GAL4 and that IR67c-GAL4 is expressed
in different DPS neurons from IR94f-GAL4. The simplest in-
terpretation of these results is that there are at least three

distinguishable classes of DPS neurons in the third instar, each
expressing a different member of the IR20a clade.

Projections of Neurons to the Subesophageal Ganglion. The primary
taste center of the larval brain is the subesophageal ganglion
(SOG) (14, 15, 30). Different IR-GAL4 lines exhibit different
projection patterns within the SOG (Fig. 7). Drivers of IR60e,
IR67c, and IR94h, which express in the DPS, label projections
that extend to, or very near to, the midline. By contrast, drivers
of IR67b and IR94f also express in the DPS but extend projections
that appear distinct from the projections of IR60e, IR67c, and
IR94h. The patterns of these five lines are reminiscent of patterns
observed for certain Gr-GAL4 drivers that are expressed in the
DPS (15). Projections in the SOG were not detected for IR20a-
GAL4, which is expressed in the DPO, or for IR94d-GAL4, which
is expressed in the abdomen, nor did we observe projections for
IR48c-GAL4, which was examined in the small SOG of the first
instar, or IR60b-GAL4, which is a weak driver. We did not observe
projections in the CNS for IR47a-GAL4–expressing cells, consis-
tent with the data indicating they are nonneuronal.

Discussion
We have shown that the IR20a clade is likely to encode a class of
larval taste receptors. There have been virtually no previous data
on the expression of these genes in the larva.

Fig. 4. Pharyngeal taste neurons double-labeled with anti-IR25a antibody
(magenta) and GAL4 drivers (GFP, green) of IR60b (A), IR67b (B), and IR67c
(C). The images are presented in lateral views. (Left) GFP fluorescence
superimposed on DIC images. (Center) Anti-IR25a labeling and (Right) GFP
fluorescence superimposed on anti-IR25a labeling. (Scale bar: 5 μm.)

Fig. 5. Expression in the body. (A) Schematic of the larval third-instar body
viewed from the ventral side. Modified with permission from ref. 43. (B) IR67b-
GAL4 expression on the ventral surface. The arrow indicates driver expression.
Puncta are autofluorescent denticle belts. (Scale bar: 20 μm.) (C) High-magni-
fication view of a bifurcated sensillum surrounded by cells expressing Ir67b-
GAL4. The arrow indicates driver expression. (Scale bar: 10 μm.) (D) Expression
of IR56a-GAL4 in lateral bidendritic neurons in abdominal segments 5, 6, and
7. The white arrow indicates the cell body, and the arrowhead indicates the
neuronal process. (Scale bar: 10 μm.) (E) Cell expressing IR56a-GAL4. The white
arrow indicates the cell body, and the white arrowhead indicates an un-
labeled tracheum. (Scale bar: 10 μm.) (F) IR94d-GAL4 expression in a neuron
that sends a dendrite into a sensory cone. The white arrow indicates the cell
body. (Scale bar: 10 μm.)
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Organization of Expression. We have analyzed the expression of
the IR20a clade using GAL4 drivers. To maximize the reliability
of our analysis, we have (i) used drivers that contain not only
sequences 5′ to the IR genes but sequences 3′ to the IR genes as
well, (ii) inserted most drivers into common positions in the ge-
nome via the ϕC31 system, and (iii) examined multiple insertions
of almost all constructs. Efforts to confirm expression patterns by
in situ hybridization were made for some genes using a variety of
methods, including tyramide signal amplification, but were un-
successful, presumably due to low expression levels (16, 17).
Of 28 members of this clade, drivers representing 11 showed

expression in the larva. Eight of these drivers labeled the pharynx,
and three drove expression in neurons of the body wall that may
transmit chemical information. Within the pharynx, we observed
expression in the DPS, the VPS, and the DPO, but not in the
PPS. Surprisingly, we did not observe expression in neurons of
the TO, although these neurons collectively express 27 drivers of
the Gr family. By contrast, Gr expression has not been reported
in the DPO.
One interpretation of the expression of IR20a genes in the

pharynx, but not the TO, is that these IRs recognize metabolites
that are produced by digestion in the anterior portion of the
gastrointestinal tract. Many compounds in the larval environment
may contain sugar, acetyl, methyl, or other groups that are re-
moved during digestion. Perhaps some IRs in the pharynx rec-
ognize certain key molecules only after they have been unmasked
in transit toward the pharynx. Another possibility is that IRs and
Grs have different dynamic ranges (e.g., they recognize the same
tastants but with different sensitivities), possibly reflecting differ-
ent roles in reflexive behaviors vs. gustatory learning (31–33).
Expression of the IR20a clade drivers is strikingly sparse. For

most drivers, we observed expression in a single pair of cells in
the animal. Double-driver analysis revealed that three drivers
were expressed in different pairs of neurons in the DPS. Given
that there are ∼17 neurons in this organ (5), and seven drivers

expressed in the DPS, it is evident that only a fraction of DPS
neurons express drivers of the IR20a clade.
Of a collection of GAL4 drivers representing all 68 members

of the Gr family of taste receptors, 19 showed expression in the
DPS, with each of these drivers showing expression in one or two
pairs of DPS neurons. It will be interesting to determine how
Gr expression and IR expression are coordinated in the DPS
(i.e., how many cells express only Grs, how many express only IRs,
how many express both).
The organization of IR20a clade expression appears different

from the organization of expression of the Odor receptor (Or)
family or the Gr family in the larva. Or genes are collectively
expressed in all or nearly all of the olfactory receptor neurons in
the larval olfactory organ, in most cases in a one receptor/one
neuron fashion. Gr drivers, by contrast, are expressed in only
a fraction of cells of the larval taste organs (15) and are coex-
pressed, in some cases, at high multiplicity: Within the TO
ganglion, 17 Gr-GAL4 drivers are coexpressed in the C1 cell and
seven drivers are coexpressed in the C2 cell (15). Moreover,
manyGr genes are expressed in more than one pair of cells in the
larval gustatory system. Expression of the IR20a-clade drivers
displays a third pattern of organization. Unlike the Or genes,
expression appears to be restricted to a limited subset of cells in
the organs in which they are expressed. Unlike the Gr genes,
there appears to be relatively little coexpression, and few IR20a
drivers are expressed in more than one pair of taste neurons.
A corollary of our present results, taken together with the

results of a study by Kwon et al. (15), is that there remain many
orphan neurons in the larval taste organs (i.e., neurons to which
no receptor has been mapped). It will be interesting to determine
how many of these cells express other classes of chemosensory
receptors, such as members of the pickpocket (ppk) family of
DEG/ENaC channels (34, 35) or Transient receptor potential
(Trp) gene families (36), and how many of these cells serve other
sensory modalities or perhaps other functions.

Development. A remarkable feature of the larval pharynx is that
some of its organs are incorporated into the adult pharynx.
Whereas most larval sense organs disintegrate and are replaced
by adult organs deriving from imaginal discs, the DPS and PPS
survive (5). The DPS splits and is remodelled into the ventral
cibarial sense organ and the labral sense organ (LSO) of the
adult pharynx. Consistent with this developmental persistence,

Fig. 6. Combinatorial analysis of drivers in third instar. At the top, IR60e-
GAL4 and IR67c-GAL4 are each expressed in a single pair of cells in the
pharynx; in the double-driver combination, four cell bodies are visible, in-
dicating that the patterns are additive. The other combinations are also
additive, although in the case of the combination of IR60e-GAL4 and IR94f-
GAL4, one cell body is out of the plane of focus. (Scale bar: 20 μm.)

Fig. 7. Projection patterns in the SOG of the brain. Consistent with their
circumscribed expression patterns, these drivers label a single pair of projec-
tions. Projections from neurons that express the IR60e, IR67c, and IR94h drivers
approach or cross the midline, whereas projections from cells that express the
IR67b and IR94f drivers do not. (Scale bar: 20 μm.)
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drivers of IR60b, IR67c, IR94f, and IR94h are expressed in both
the larval DPS (Fig. 3) and the adult LSO (17).
Two drivers, IR48c-GAL4 and IR67b-GAL4, are expressed in

the DPS in the first instar, but their expression appears to decline
during the course of larval development. Consistent with this
decline, expression of neither is observed in the adult pharynx.
Not all drivers showed such a decline; in fact, IR94h-GAL4
showed increasing expression, in the sense that expression is
observed in one pair of neurons in the first instar but in two pairs
in the third instar. We acknowledge that changes in GFP fluo-
rescence may not represent the dynamics of IR protein changes
precisely. Nonetheless, it seems clear that different drivers show
different patterns of developmental dynamics.
Why might the profile of IR gene expression in the pharynx

change during the course of larval development? One possibility
is that patterns of gene expression change to accommodate dif-
ferent chemosensory needs. Although young larvae forage on the
surface of the culture medium, they subsequently begin to exhibit
a digging behavior and descend into the medium, where they
may encounter different populations of microbiota and different
chemical cues (37). Moreover, later in the third instar, larvae
stop feeding and begin to search for a pupariation site. During
this transition, new cues may become salient and some cues may
even acquire a different valence. These changes may be reflected
by changes in the patterns of IR expression. Some IRs may ac-
tivate circuits that promote feeding, whereas others may activate
circuits that promote the termination of feeding or migration
from a food source to a pupariation site. Interestingly, such
differing dynamics have not been previously documented for
drivers of Or and Gr genes, to our knowledge.
Of 16 genes of the IR20a clade that are expressed in the adult

(17), seven are expressed in larvae. Examples of drivers ex-
pressed in adults but not in larvae include IR52c-GAL4 and
IR52d-GAL4, which are coexpressed in cells of the male foreleg.
These two genes have been implicated in sexual behaviors that
are specific to adults, consistent with the adult-specific expres-
sion of these drivers. By contrast, some IR drivers, such as IR67b-
GAL4, appear to be expressed in larvae but not adults.

Function. The expression patterns described here suggest avenues
for exploration of function. IR56a-GAL4–expressing cells in the
body wall resemble cells that act in the generation of rhythmic
locomotion behavior (38, 39). It will be interesting to determine
whether mutation of IR56a affects motor behavior. Likewise, the
IR94d-GAL4 expression pattern resembles the expression pat-
tern of oxygen-sensing cells that function in an escape response
elicited by hypoxia (9).
Among drivers that are expressed in the DPS, two projection

patterns can be distinguished in the SOG. Neurons expressing
drivers of IR60e, IR67c, and IR94h send projections to the midline;
neurons expressing drivers of IR67b and IR94f do not reach the
midline. The two classes of neurons may activate different circuits;
one possibility among others is that they signal the presence of
cues with distinct valence, such as aversive vs. appetitive (40). For
several drivers, we did not observe projections in the SOG; a more
sensitive and detailed analysis will be required to investigate the
possibility that some of these other pharyngeal neurons drive
other circuits.
Among 26 members of the IR20a clade analyzed, one gene,

IR60b, is distinguished from all others by its rate of evolutionary
change (17). Specifically, it exhibits a negative direction of se-
lection value of −0.28 (P = 0.004), as measured by the McDonald–
Kreitman test (41, 42). This value suggests evolutionary
pressure to conserve the amino acid sequence of IR60b. One
interpretation is that the structure of IR60b represents a suc-
cessful solution to a difficult problem; perhaps it accurately
evaluates the level of a critical cue that must not be mistaken for
another cue.

Conclusion
In summary, we have shown that a class of IRs is expressed in
neurons of the larval taste system. This study lays a foundation
for detailed analysis of these receptors, the neurons in which they
are expressed, and the circuits that they drive. It will be of special
interest to determine how the expression and function of these
receptors are integrated with the expression and function of the
Grs in providing a molecular and cellular basis for the sense
of taste.

Materials and Methods
Drosophila Stocks. All stocks were maintained on standard Drosophila
cornmeal agarose media at 22 ± 2 °C. Animals reared for imaging were
maintained at 25 °C beginning at egg laying. The reporter construct was
UAS-mCD8::GFP (23).

Expression Constructs. Expression constructs are the same as those expression
constructs described by Koh et al. (17). Briefly, 27 constructs bearing both the
5′ and 3′ flanking regions and three constructs containing only the 5′
flanking region were generated. When integrating the constructs with P
elements, at least five and at most 10 independent lines were generated.

Table 1. Expression of drivers in taste organs

Driver TO DPS VPS DPO Body
No. of lines
examined

IR20a − − − + − 7
IR47a + − − − − 6
IR48b − − − − − 2
IR48c − +* − − − 6
IR51b − − − − − 5
IR52a − − − − − 7
IR52c − − − − − 4
IR52d − − − − − 2
IR54a − − − − − 8
IR56a − − − − + 7†

IR56b − − − − − 2
IR56c − − − − − 2
IR56d − − − − − 6
IR60b − + +‡ − − 2
IR60d − − − − − 2
IR60e − + − − − 5§

IR62a − − − − − 2
IR67a − − − − − 7
IR67b − +{ − − + 4
IR67c − + − − − 9
IR94a − − − − − 3
IR94b − − − − − 1
IR94c − − − − − 6
IR94d − − − − + 7
IR94e − − − − − 4
IR94f − + − − − 2
IR94g − − − − − 2
IR94h − +# − − − 2

IR60b drivers showed lower expressivity and penetrance than the other
drivers. IR94d-GAL4 showed a higher variability of expression pattern than
the other drivers. As indicated in the main text, patterns are not identical at
all times in development for all drivers (e.g., IR60b-GAL4 showed expression
in the VPS during the second instar but not early or late in larval development).
*Little if any labeling was observed in the third instar.
†Different lines of this driver showed marked variation in the number of
labeled segments and in the overall intensity of labeling.
‡Labeling was observed in the second-instar VPS.
§One line showed expression in an additional pair of cells lateral to the head
skeleton, in addition to labeling in the DPS.
{Little if any labeling was observed in the late third instar.
#One pair of cells was labeled in the first-instar DPS; additional cells were
labeled in the third-instar DPS.
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When integrating using the ϕC31 method (20), at least two lines were
generated with constructs at defined integration sites. We note that IR60e
contains a small deletion at its C terminus; we do not know if this de-
letion affects its function or whether other alleles are present in wild
populations.

Immunohistochemistry and Imaging. Larvae were reared at 25 °C before im-
aging. In most cases, animals were homozygous for both the IR-GAL4 and
UAS-mCD8::GFP constructs. For each IR gene examined, at least one line was
examined in the doubly homozygous condition. We examined at least five
independent lines for those constructs that were inserted with P elements
and at least two lines for those constructs inserted using ϕC31 insertion sites,
in all cases except IR94b-GAL4 (Table 1).

For the initial survey of expression, at least 11 second- and third-instar
Drosophila larvae were dissected in PBS; at least 25 first-instar larvae were
screened subsequently. In the case of second- and third-instar larvae, a va-
riety of dissection strategies were used to ensure the greatest coverage of
organs and tissues, and an effort was made to preserve sensory cells of the
head and body. In general, the midgut and hindgut were removed for im-
aging of second- and third-instar larvae because the gut or the food within is
autofluorescent. Dissections were limited to ∼15 min or less in duration.
After dissection, animals were soaked for ∼30 min in Vectashield mounting
media (Vector Laboratories), mounted, and viewed on a Zeiss confocal mi-
croscope. First-instar larvae were collected on an apple juice agar egg-lay
plate and flash-frozen ∼24 h after egg laying. They were then carefully
thawed and mounted whole. After thawing, and in some cases dissection,

animals were mounted in Vectashield mounting media and viewed on
a Zeiss confocal microscope.

Immunohistochemistry protocols used in Figs. 4 and 7 and Fig. S3 F–H
were based on a previously published technique (5). Samples of CNS tissue or
larval heads were dissected, permeabilized, and fixed in a solution of PBS
plus 0.4% Triton-X (PBS-T) and 3.7% (vol/vol) formaldehyde for at least 1 h.
They were washed three times for at least 20 min each time in PBS. (In the
case of head staining, the wash solution was PBS-T to increase permeability.)
They were incubated for at least 1 h in PBS containing 1% normal goat serum.
Primary antibodies were applied overnight at 4 °C with gentle shaking. Samples
were subsequently washed and blocked, and secondary antibody was applied
for at least 4 h at room temperature or overnight at 4 °C. For Fig. 7 and Fig. S3
F–H, rabbit anti-GFP antibodies were obtained from Invitrogen (1:500). Mouse
anti-Elav concentrate (1:250) and mouse anti-nc82 (anti-Bruchpilot, 1:10) anti-
bodies were obtained from the Developmental Studies Hybridoma Bank at the
University of Iowa; secondary immunohistochemistry fluorophores, goat anti-
rabbit 488, and goat anti-mouse 568 were obtained from Invitrogen (1:500).
Antibody concentrations used in Fig. 4, including the anti-IR25a antibody (a gift
from Richard Benton, University of Lausanne, Lausanne, Switzerland), are pro-
vided in SI Materials and Methods. The resulting images were processed using
NIH ImageJ and Adobe Photoshop.
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