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Summary

Background: Olfactory receptor neurons (ORNs) con-
vey chemical information into the brain, producing in-
ternal representations of odors detected in the periph-
ery. A comprehensive understanding of the molecular
and neural mechanisms of odor detection and process-
ing requires complete maps of odorant receptor (Or)
expression and ORN connectivity, preferably at single-
cell resolution.
Results: We have constructed near-complete maps of
Or expression and ORN targeting in the Drosophila
olfactory system. These maps confirm the general va-
lidity of the “one neuron—one receptor” and “one glo-
merulus—one receptor” principles and reveal several
additional features of olfactory organization. ORNs in
distinct sensilla types project to distinct regions of the
antennal lobe, but neighbor relations are not preserved.
ORNs grouped in the same sensilla do not express sim-
ilar receptors, but similar receptors tend to map to
closely appositioned glomeruli in the antennal lobe.
This organization may serve to ensure that odor repre-
sentations are dispersed in the periphery but clustered
centrally. Integrated with electrophysiological data, these
maps also predict glomerular representations of spe-
cific odorants. Representations of aliphatic and aro-
matic compounds are spatially segregated, with those
of aliphatic compounds arranged topographically ac-
cording to carbon chain length.
Conclusions: These Or expression and ORN connec-
tivity maps provide further insight into the molecular,
anatomical, and functional organization of the Dro-
sophila olfactory system. Our maps also provide an
essential resource for investigating how internal odor
representations are generated and how they are further
processed and transmitted to higher brain centers.

Introduction

The sense of smell involves peripheral systems for odor
recognition and central systems for odor discrimina-
tion. Odors are detected in the periphery by olfactory
receptor neurons (ORNs), which project their axons
centrally to synaptic modules in the brain called glo-
meruli [1]. Odors are recognized by odorant receptor
(Or) molecules expressed in ORNs. These odorant re-
ceptors are predicted G protein-coupled receptors en-
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coded by large and diverse gene families [2–4]. Activa-
tion of odorant receptors triggers ORNs to fire action
potentials, which result in spatially defined patterns of
glomerular activity in the brain [5, 6].

Two central principles of olfaction in both mammals
and insects posit that each ORN expresses just a single
odorant receptor and that each glomerulus receives in-
put only from a single class of ORNs [1]. The evidence
to support these two principles is substantial but not
conclusive. Formal proof will only come with complete
maps of Or expression and ORN connectivity. Com-
plete olfactory maps should also shed light on other
critical issues in olfaction. For example, what higher-
order organizational principles underlie the specific ar-
rangements of ORNs in the periphery and of glomeruli
in the brain? And how might this anatomical organiza-
tion relate to olfactory function? In addition, complete
olfactory maps will also be necessary for a comprehen-
sive understanding of the molecular and neural mecha-
nisms of odor detection and processing.

For most species, the large numbers of odorant re-
ceptors, ORNs, and glomeruli make the construction of
complete maps of receptor expression and ORN con-
nectivity a formidable task. For example, in mice there
are w2 million ORNs, w1000 odorant receptors, and
w2000 glomeruli. Fortunately, the olfactory system of
the Drosophila melanogaster adult is organized ac-
cording to similar principles but with vastly reduced
numerical complexity: w1300 ORNs, 62 odorant recep-
tors, and w50 glomeruli [7]. The construction of a com-
plete olfactory map for Drosophila is therefore both a
feasible and important goal.

Here, we report a systematic survey of Drosophila Or
expression at cellular resolution and the construction
of a near complete map of ORN connectivity. These ex-
pression and connectivity maps confirm the general va-
lidity of the “one neuron—one receptor” and “one glo-
merulus—one receptor” principles. They also reveal
additional organization features of the Drosophila ol-
factory system, including a topographic arrangement of
glomeruli in the antennal lobe and a tendency for ORNs
expressing related receptors to cluster centrally but not
in the periphery. These maps also allow us to predict
internal representations of olfactory stimuli, revealing a
chemotopic organization of the Drosophila antennal
lobe.

Results

Adult Odorant Receptors
The 60 Or genes of Drosophila are predicted to encode
a total of 62 odorant receptors, from transcripts origi-
nating from 62 distinct Or promoters [4, 8–10]. We con-
structed a set of mCD8-GFP reporter lines for all 62
promoters, as well as 59 GAL4 reporter lines (see Table
S1 in the Supplemental Data available with this article
online). In parallel, we performed a set of in situ hybrid-
ization experiments to detect mRNA for 54 distinct Or
genes in sections of the adult olfactory organs, the an-
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tennae and maxillary palps. For all Or genes for which
we detected expression by both of these methods, we
also probed sections simultaneously for the Or mRNA
and the corresponding Or transgenic reporter. In all, we
identified 42 Or genes for which the reporter line and
in situ hybridization labeled identical subsets of ORNs.
None of these Or genes is sex specific. In addition, our
Or83b reporter is broadly expressed in ORNs, as is
Or83b itself [8]. We failed to obtain a validated reporter
for only five of the Or genes known to be expressed in
the antenna or maxillary palp (Or1a, Or33a, Or71a,
Or85b, and Or98b), for one of which (Or71a) a validated
reporter has already been obtained by others [11, 12].
Thus, we can confidently map the expression of 44 Or
genes in the antenna and maxillary palp (Table 1 and
Figure 1).

A related family of 60 Gr genes encodes 68 predicted
gustatory receptors [4, 13, 14], some of which may ac-
tually function as odorant receptors [15]. We therefore
performed a systematic survey of Gr expression in the
olfactory system, preparing mCD8-GFP reporter lines
for 67 of 68 Gr promoters (B. Schlager, A. Kurtovic,
A.C., and B.J.D., unpublished). Only Gr21a could be
mapped to specific ORNs by both reporter expression
and in situ hybridization, consistent with previous re-
ports [13, 15]. Several other Gr reporters are also ex-
pressed in the antenna, but their expression is generally
either weak or broad or could not be confirmed by
in situ hybridization. We therefore conclude that few if
any of the other Gr genes are likely to encode odorant
receptors.

Larval Odorant Receptors
The larval olfactory system comprises just 21 ORNs
[16, 17], which also expresses members of the Or gene
family [18]. Since 14 of the Or reporters could not be
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Table 1. Molecular and Connectivity Maps of the Adult Olfactory System

Or Sensillum Glomerulus Or Sensillum Glomerulus

Or2a at3 DA4m Or59b ab2 DM4
Or7a ab4 DL5 Or59c pb3 1
Or9a ab8 VM3 Or65a at4 DL3
Or10a ab1 DL1 Or65b at4 DL3
Or13a ai1 DC2 Or65c at4 DL3
Or19a at3 DC1 Or67a ab10 DM6
Or19b at3 DC1 Or67b ab9 VA3
Or22a ab3 DM2 Or67c ab7 VC4
Or22b ab3 DM2 Or67d at1 DA1
Or23a at2 DA3 Or69aA ab9 D
Or33c pb2 VC1 Or69aB ab9 D
Or35a ac1 VC3 Or71a pb1 VC2
Or42a pb1 VM7 Or82a ab5 VA6
Or42b ab1 DM1 Or83c at2 DC3
Or43a at3 DA4l Or85a ab2 DM5
Or43b ab8 VM2 Or85d pb3 VA4
Or46aA pb2 VA7l Or85e pb2 VC1
Or47a ab5 DM3 Or85f ab10 DL4
Or47b at4 VA1v Or88a at4 VA1d
Or49a ab10 DL4 Or92a ab1 VA2
Or49b ab6 VA5 Or98a ab7 VM5v
Or56a ab4 DA2 Gr21a ab1 V

Sensillum type and target glomerulus for 44 odorant receptors for which Or-mCD8-GFP reporters were generated and validated by in situ
hybridization. Reporters for Or85b and Or98b both target the glomerulus VM5d, but neither has been validated by in situ hybridization.
etected in the adult, we suspected that these Or
enes may in fact encode larval odorant receptors. In-
eed, 11 of these reporters are expressed specifically

n the larval olfactory system. We expanded this search
o cover all Or reporters and identified another seven
r genes that are expressed in the larval as well as the
dult olfactory system. This analysis confirmed 8 of the
0 larval Or genes previously identified by both RT-PCR
nd reporter experiments, but only 3 of the additional
3 receptors with RT-PCR evidence alone [18]. Thus,
e have now identified a total of 20 larval Or genes (in
ddition to Or83b; Figure 1). This is a close match to
he 21 ORNs, consistent with the notion that, in the
arva, each ORN expresses a single and distinct odor-
nt receptor [18]. Our analysis also confirms that the

arval and adult odorant receptors are encoded by phy-
ogenetically dispersed members of the same Or family,
ome of which are stage specific whereas others are
ommon to both stages (Figure 1).

he Receptor-to-Neuron Map
n the adult, ORNs are housed in sensory sensilla of
our distinct morphological types: basiconic, trichoid,
oeloconic, and intermediate sensilla (in order of de-
reasing abundance) [19]. All four sensilla types are
ound on the antenna. The maxillary palp contains only
asiconic sensilla. We mapped each adult Or gene to
specific sensillum type simply by noting the morphol-
gy of the sensilla innervated by GFP-positive den-
rites in Or-mCD8-GFP or Or-GAL4, UAS-mCD8-GFP

lies (Figure 1).
Most sensilla contain 2–4 ORNs [19], so we proceeded

o identify pairs of Or genes expressed in distinct ORNs
f the same sensillum. For this, we performed double

abelings for most possible pairings of Or genes within
oth the basiconic and trichoid classes. This generally
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Figure 1. Phylogenetic Tree of Adult and Lar-
val Odorant Receptors

Tree of all 62 predicted Ors and Gr21a,
adapted from [4]. The sensillum type is indi-
cated for each Or expressed in the adult. “L”
indicates receptors expressed in ORNs of
the larval dorsal organ (asterisk indicates lar-
val Or genes identified by [18] but not con-
firmed by us). Or83b is broadly expressed in
both adult and larval ORNs [8]. The scale bar
indicates 50% divergence in corrected se-
quence, as defined by [4]. Sensilla types: ab,
antennal basiconic; at, antennal trichoid; ai,
antennal intermediate; ac, antennal coelo-
conic; pb, maxillary palp basiconic.
involved immunofluorescence detection of one Or
transgenic reporter and in situ hybridization to detect
the second Or, although in some cases we also per-
formed either double in situ hybridization or double im-
munofluoresence (using the mCD8-GFP reporter for
one Or and the GAL4 reporter and UAS-tlacZ for the
other). These methods allowed us to map 44 Or genes
and Gr21a to 38 ORN classes that innervate 19 distinct
and highly stereotyped sensilla types (Table 1 and Fig-
ure 2).

Basiconic Sensilla
The basiconic sensilla of the antenna comprise three
large (ab1–3), three thin (ab4–6), and four small sensilla
(ab7–10), following the nomenclature previously used
for their morphological [19] and physiological [20] class-
ification (Table 1 and Figure 2). The sensilla classes we
define as ab9 and ab10 were not identified in the physi-
ological studies, possibly because they are located
more laterally on the antenna. We confirmed the ex-
pression of Or genes in 11 antennal basiconic ORN
classes [7, 15, 21, 22], most of which had previously
only been inferred from functional data [7], and we
identified Or genes for another 11 ORN classes.
Our map of the maxillary palp comprises three thin
basiconic sensilla (pb1–3), with Or genes assigned to
all six ORN classes (Table 1 and Figure 2). This map
concurs with that recently reported for this organ [12].

In summary, we identified 31 receptor genes ex-
pressed in the basiconic ORNs, defining a total of 28
distinct ORN classes and 13 sensilla classes. With the
exception of one neuron in the ab6 sensillum, the re-
ceptor-to-neuron map of the basiconic sensilla of the
antenna and palp is now most likely complete.

Trichoid Sensilla
The trichoid sensilla are innervated by one, two, or
three neurons (T1, T2, or T3 sensilla, respectively) [19].
There are only very limited physiological data available
for the trichoid sensilla [23], and no receptor-to-neuron
assignments have previously been made. We identified
12 Or genes expressed in 9 ORN classes in 4 distinct
classes of trichoid sensilla (Table 1 and Figure 2): a sin-
gle T1 sensillum (which we refer to as at1), a single T2
sensillum (at2), and two distinct classes of T3 sensillum
(at3 and at4). The compositions of at2 and at3 seem to
be strictly stereotyped, but at4 may be slightly variable
(Figure 2). The total numbers of trichoid sensilla and
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Figure 2. Sensillum and ORN Classes

Schematics showing the composition of 17 sensilla types on the antenna and maxillary palp and 36 ORN classes. The coeloconic sensillum
ac1 and the intermediate sensillum ai1 are not shown. Or genes expressed in each ORN class are indicated (all are Or genes, except Gr21a).
Selected double-labelings to support these classifications are shown. In each case the image shown is a section of an antenna or maxillary
palp from an Or-mCD8-GFP line stained with anti-GFP (green), or an OrA-mCD8-GFP, OrB-GAL4, UAS-tlacZ fly stained with anti-GFP (green)
and anti-β-galactosidase (blue). In situ hybridization was performed to detect mRNAs for another Or gene (magenta or red). The unassigned
neuron in the ab6 sensillum may express both Or85b and Or98b, but the reporters for these genes have not yet been fully validated. The
three neurons of at4 generally express distinct receptors—Or47b, Or65a/Or65b/Or65c, and Or88a—but we also found instances of two Or47b-
positive neurons together with a single Or88a-positive neuron.
ORNs that we identified closely match the numbers re-
ported in the morphological survey [19], and as we
have assigned at least one Or to each ORN class, we
anticipate that this receptor-to-neuron map of the
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trichoid sensilla is also likely to be complete.
oeloconic and Intermediate Sensilla
oeloconic sensilla house either two or three ORNs

19], and based on the number of glomeruli innervated
y coeloconic ORNs (see below), we anticipate that
there are eight distinct classes of coeloconic ORNs.
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However, we could assign only a single Or gene, Or35a,
to the coeloconic sensilla (Table 1 and Figure 1). Or or
Gr genes might be expressed only at very low levels in
the coeloconic ORNs, making them difficult to detect
by these methods. Alternatively, these neurons may ex-
press some other type of chemoreceptor.

The intermediate sensilla number only about 20–30,
and also contain either 2 or 3 ORNs [19]. We tentatively
assigned Or13a to the intermediate sensilla, although it
is also possible that one or another of the sensilla
classes we identified as basiconic or trichoid by light
microscopy may in fact correspond to sensilla de-
scribed as intermediate by electron microscopy [19].

Odorant Receptors Expressed in the Same
Sensillum Type or Class Are Unrelated
What logic, if any, guides the selection and pairing of
Or genes in individual sensilla? With regard to sensillum
type, one might predict that the different sensilla types
would express different subfamilies of Or genes, as
defined either by the sequences of the receptors they
encode or their chromosomal locations. However, no
obvious pattern emerged when we annotated either a
phylogenetic tree or a genomic map of Or genes with
the corresponding sensillum type (Figure 1 and data
not shown). With regard to the specific combinations of
receptors expressed in ORNs of the same sensilla, two
extreme possibilities are that paired receptors might be
closely related (because the odorants they detect must
pass through a shared extracellular enviroment, and so
may be chemically related) or maximally divergent (in
order to minimize passive interference between ORNs
[24]). To test these hypotheses, we determined the se-
quence distance between two receptors for each of the
990 possible pairs of the 45 odorant receptors on our
map, and we binned each pair into one of four cate-
gories: pairs expressed in the same ORN class (e.g.,
both in ab3A), in distinct ORNs of the same sensillum
(e.g., ab3A and ab3B), in different sensilla classes of the
same type (e.g., ab3A and ab4A), or in different sensilla
types (e.g., ab3A and at1A). We found that those recep-
tors expressed in different neurons of the same sensil-
lum are, on average, no more and no less closely re-
lated to each other than those expressed in different
sensilla, different types of sensilla, or indeed any recep-
tor pair chosen at random (Figure 3). Thus, although
highly stereotyped, the selection and pairing of Or
genes into distinct sensilla types and classes does not
seem to follow any particular logic with regard to either
the sequence of the receptor or the location of its gene.

The Receptor-to-Glomerulus Map
Anatomical studies using general synaptic markers have
defined some 40–50 glomeruli in the Drosophila anten-
nal lobe, with some minor discrepancies between dif-
ferent studies [25, 26]. Our Or transgenic reporter lines
now provided a set of molecular markers for individual
glomeruli, and so we could use these reporters individ-
ually or in combination to refine existing maps and es-
tablish an atlas of 49 glomeruli (Figure 4A).

To assign receptors to individual glomeruli, we exam-
ined ORN projections for each of the promoter-mCD8-
GFP fusions. Previously, this approach had been used

to map receptors to 13 glomeruli [11, 13, 27–29]. Our
Figure 3. Ors in the Same Sensillum Are Unrelated

Sequence distances between all possible pairwise combinations of
odorant receptors, binned according to whether the two receptors
are expressed in the same neuron, same sensillum, different sen-
silla of the same type, or different types of sensilla. Sequence dis-
tances were calculated using the Jones-Taylor-Thornton method
from the PHYLIP package [66]. Numbers in parentheses indicate
the number of receptor pairs in each bin. Data are mean ± SEM.
p > 0.05 for all pairwise comparisons, except those involving Ors
expressed in the same neuron.
set of 44 verified adult Or reporters allowed us to cor-
rect 4 of these earlier assignments and to extend the
coverage to a total of 37 glomeruli (Table 1 and Figure
4B). For each Or, the projections were identical in each
animal examined (n = 8–10), with no differences be-
tween the sexes. Each Or reporter also labels just a
single glomerulus (although a few reporters are weakly
or ectopically expressed in additional ORN classes that
target other glomeruli; Figure 4B). Through a series of
unilateral deafferentation experiments [27], we deter-
mined that only the V glomerulus is innervated unilater-
ally; all other glomeruli on our map receive bilateral in-
nervation.

We anticipated that many of the glomeruli that re-
mained unassigned were likely to be innervated by coe-
loconic ORNs. To identify these glomeruli, we used an
ato-GAL4 reporter, which is expressed in all coeloconic
ORNs of the antenna and the basiconic ORNs of the
maxillary palp [30]. A total of 14 glomeruli are labeled
in ato-GAL4, UAS-mCD8-GFP flies: the six glomeruli al-
ready assigned to the six ORN classes of the maxillary
palp, the one glomerulus we had already assigned to
an antennal coeloconic ORN (VC3), and seven still un-
assigned glomeruli (DC4, DL2, VL1, VL2a, VM1, VM4,
and VM6). We therefore infer that VC3 and these seven
additional glomeruli are the targets of the antennal
coeloconic ORNs.

Segregation of Sensilla Types, but Not Sensilla
Classes, in the Antennal Lobe
Our ORN connectivity map reveals a spatial organiza-

tion in the antennal lobe that was not apparent from
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Figure 4. Map of ORN Projections in the Antennal Lobe

(A) 3D reconstruction of a male antennal lobe, showing the positions of 49 glomeruli. The view is anterior, with the labeled glomeruli removed
in each successive panel to reveal the underlying glomeruli. Glomeruli are color coded as in Figure 5.
(B) Antennal lobes of various Or-mCD8-GFP reporter lines were stained with anti-GFP to visualize the ORN axons (green), and counterstained
with the synaptic marker mAb nc82 to visualize the glomerular structure of the antennal lobe (magenta). “ato” indicates ato-GAL4, UAS-
mCD8-GFP animals. For Or71a, Or71a-GAL4, UAS-mCD8-GFP flies were examined, using the Or71a-GAL4 line reported by [11]. All others
are the direct fusions generated in this work.
In each panel, dorsal is up and lateral to the right. Images are projections of a few adjacent confocal sections. Note that the Or59c and Or67d
reporters label two glomeruli each. In both cases, further experiments indicated that only one of these glomeruli is likely to be the target of
the ORNs that express the endogenous receptor; the other (indicated in parentheses) is likely due to ectopic expression of the reporter in a
second ORN class.
the few ORN classes previously examined. Specifically,
afferents from ORNs in distinct sensilla types project to
distinct regions of the antennal lobe: ORNs in antennal
trichoid sensilla project to the lateral anterior region,
antennal basiconic sensilla to the medial region, palp
basiconic sensilla to the central-medial region, and an-
tennal coeloconic sensilla to the posterior (Figure 5).

This segregation of sensory input according to sen-
sillum type does not extend down to the level of indivi-
dual sensilla classes. Specifically, ORNs that are neigh-
bors in the same sensillum do not always project to
neighboring glomeruli (Figure 6A). Nevertheless, ORNs
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n the same sensilla class might still innervate glomeruli
hat are generally close to each other within the anten-
al lobe. To test this possibility, we first determined the
istances between all 666 pairs of the 37 assigned glo-
eruli and then asked whether glomeruli innervated by
RNs in the same sensilla are generally closer to each
ther than those innervated by ORNs in different sen-
illa. Distances were calculated in two different ways
or each pair. An average physical distance between
he geometric centers of the two glomeruli was deter-
ined from 3D reconstructions of four male antennal

obes (see Experimental Procedures). In addition, we
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Figure 5. Segregation of Sensilla Types in the Antennal Lobe

Distribution of different sensilla types on the antenna or maxillary palp and their target glomeruli in the antennal lobe. Sensilla maps for the
antenna and maxillary palp are adapted from [19] and [31], respectively. Glomeruli are colored according to sensillum type for the correspond-
ing ORN class. LB, large basiconic; TB, thin basiconic; SB, small basiconic.
determined the “degrees of separation” between each
pair: 1 for neighboring glomeruli, 2 for glomeruli that
are not themselves neighbors but have a common
neighbor, and so on. We found that, by either distance
measure, pairs of glomeruli innervated by ORNs in the
same sensilla are, on average, no closer together or
further apart than those innervated by ORNs from dif-
ferent sensilla of the same type (Figures 6B and 6C; p >
0.05 for all comparisons; Mann-Whitney U test). Thus,
sensory inputs from the different sensilla types are seg-
regated into distinct regions of the antennal lobe, but
within each of these regions the arrangement of glo-
meruli bears no obvious relationship to the location or
pairing of ORNs in the periphery.

Similar Receptors Tend to Map
to Proximate Glomeruli
We next asked whether receptors that are more closely
related by sequence tend to map to glomeruli that are
physically closer within the antennal lobe. To test this,
we examined all 938 possible pairs of the 44 odorant
receptors on our map (excluding the eight pairs that
are coexpressed in the same neuron). For each pair, we
compared the sequence divergence of the two recep-
tors and the separation of the corresponding glomeruli
in the antennal lobe. There is a strong positive correla-
tion between the two, using either the actual distances
between pairs of glomeruli (r = 0.33, p < 0.0001) or their
degrees of separation. This correlation can be attrib-
uted entirely to the antennal basiconic sensilla (r = 0.45,
p < 0.0001; Figures 7A and 7B), as it is not observed at
all for the other two sensilla types (r = 0.05, p = 0.49 for
at; r = 0.20, p = 0.20 for pb). Thus, among the antennal
basiconic sensilla, pairs of ORNs that express more
closely related receptors tend to map to more closely
positioned glomeruli.

Functional Organization of the Antennal Lobe
By integrating our molecular and anatomical maps with
existing electrophysiological data [20, 31, 32], we could
predict odor-evoked activity patterns for a total of 29
glomeruli. We classified each of these 29 glomeruli ac-
cording to whether the test odorants that elicited a
strong response (above a threshold of 50 spikes/s)
were linear aliphatic compounds or aromatic com-
pounds containing a benzene ring. This analysis sug-
gested a spatial separation of aliphatic and aromatic
odor representations in the antennal lobe (Figure 8A).
Glomeruli that respond primarily to aromatic odorants
are clustered in a ventral-central region of the antennal
lobe, whereas those that respond preferentially to ali-
phatic odorants are clustered in the medial region. This
clustering does not bear any relationship to the cluster-
ing of inputs from the different sensilla types.

The test odorants used in these physiological studies
had been selected primarily in order to maximize their
chemical diversity, rather than to systematically sample
“odor space.” Esters are, however, particularly well rep-
resented in these data sets and range in size from 4 to
12 carbons. Collectively, the odorant receptors or ORNs
that are activated above a threshold of 50 spikes/s by
these esters map to 16 of the 20 “aliphatic” glomeruli
on our map. For each of these 16 glomeruli, we noted
the carbon number of the ester that gave the maximum
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Figure 6. ORNs in the Same Sensilla Target Dispersed Glomeruli

(A) Maps of target glomeruli for ORN classes that are housed in the same sensilla. Antennal lobe reconstructions are viewed from various
angles to aid visualization, and selected glomeruli have been removed where necessary to reveal underlying glomeruli.
(B and C) Distances between glomeruli for all pairwise combinations of all 37 assigned glomeruli, binned according to whether they are
innervated by neurons housed in the same sensillum, different sensilla of the same type, or different types of sensilla. Numbers in parentheses
indicate the number of glomerulus pairs in each bin. Data are mean ± SEM. Distances between glomeruli were calculated as either the
physical distance between their respective centers (B) or as degrees of separation (C).
response. This revealed a broad ordering of glomeruli
along the posterior to anterior axis, with more anterior
glomeruli generally preferring larger esters (Figures 8B).
A similar trend was also observed for alcohols and ke-
tones, but for these compounds the data are too sparse
to draw any strong conclusions.

Discussion

Odorant Receptor Choice
In both mammals and insects, individual ORNs are
thought to express only a single functional odorant re-
ceptor [27, 33–35], although exceptions have been doc-
umented in both rats [36] and Drosophila [12]. The criti-
cal test of this hypothesis is to map, at single-cell
resolution, the expression of the entire family of odor-
ant receptor genes. We have almost completed this
task for the adult olfactory system of Drosophila mela-
nogaster, mapping 45 odorant receptors to 38 distinct
ORN classes.

Only six ORN classes express more than one recep-
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or (excluding the widely expressed Or83b [8], which
eterodimerizes with other odorant receptors but is not
unctional by itself [37, 38]; as well as the low levels of
ome additional Or or Gr genes in some neurons). In
our of these six cases, the coexpressed Or genes are
losely linked and highly conserved, suggesting that
hey arose through a relatively recent gene duplication.
hese pairs of coexpressed receptors are likely to de-
ect the same odorants, and so do not represent a
eaningful exception to the one neuron—one receptor
rinciple. The two cases of coexpressed but unrelated
nd unlinked Or genes are Or33c and Or85e in pb2A
nd Or49a and Or85f in an ab10 neuron. For the Or33c/
r85e pair, both receptors are functional when ectopi-
ally expressed, but the response profile of the pb2A
euron in which they are endogenously coexpressed
an be attributed to Or85e alone [12]. Similar compari-
ons are not yet possible for the Or49a/Or85f pair, as
here are no electrophysiological data available for
r49a or the ab10 sensillum.
In mammals, a negative feedback mechanism en-
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Figure 7. Correlation between Sequence and Glomerulus Distances

(A) Scatterplot of sequence distance versus glomerulus separation for all 250 pairwise combinations of odorant receptors expressed in
antennal basiconic sensilla. Receptor pairs coexpressed in the same neuron (and hence targeting the same glomerulus) have been excluded.
The receptor Gr21a is an outlier by sequence, and the corresponding V glomerulus is also a physical outlier in the antennal lobe. However,
the correlation between receptor sequence distances and glomerulus distances remains significant even when pairs involving Gr21a are
excluded (r = 0.28, p < 0.0001).
(B) The same receptor pairs as in (A) were grouped according to the degrees of separation of their target glomeruli. Data are the mean
sequence distance ± SEM (n) for each category.
sophila appears to be entirely deterministic, as indi-

Figure 8. Chemotopic Organization of the Antennal Lobe

(A) Odor preferences for 29 glomeruli, based on existing physiological data [20, 31, 32]. Glomerular targets of ORNs preferentially activated
by aliphatic and aromatic compounds are colored blue and yellow, respectively, and those responding to both classes are colored red.
Glomeruli activated by aliphatic compounds are DC1, DL3, DM2, DM3, DM4, DM5, DM6, VA1d, VA4, VA6, VC3, VC4, VM2, VM3, VM5v, VM7,
and 1. Glomeruli activated by aromatic compounds are VA5, VA7l, VC1, and VC2. Glomeruli activated by both aliphatic and aromatic com-
pounds are DA4l, DL1, and DL5. The VA1v and DA2 glomeruli are not predicted to respond to any of the test odorants and are colored gray.
(B) Carbon chain length preferences for 16 glomeruli with strong responses to esters. C4-5 (ethyl acetate and ethyl proprionate): DM4 and
VM7; C6 (ethyl butyrate): DM2, VM2, DM5, VM3, VC4, and 1; C7 (pentyl acetate, isoamyl acetate): VC3, DM3, VM5v, DA4m, DC1, and VA4;
C8-12 (ethyl hexanoate, geranyl acetate): VA6 and DM6.

block the expression of an endogenous receptor [43].
sures that only one functional receptor is expressed
[39–41]. The choice of a specific receptor is largely
stochastic, although each ORN is somehow restricted
to selecting from a large subset of “available” receptor
genes according to its position in the olfactory epithe-
lium [33, 34, 42]. In contrast, receptor choice in Dro-
cated by the highly stereotyped patterns of Or
expression in olfactory sensilla. There is also no evi-
dence for any negative-feedback mechanism in Dro-
sophila, as the loss of an endogenous receptor does
not lead to the expression of an alternative receptor
[21], nor does ectopic expression of a second receptor
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The 45 receptors we have mapped can be paired in
nearly 1000 different ways, yet less than 20 distinct
combinations are actually deployed in olfactory sen-
silla. Why have these specific combinations been se-
lected? One possibility is that ORNs compartmental-
ized into the same sensillum might express closely
related receptors, as the odorants they detect are
transported and processed by the same set of mole-
cules in their common sensillar lymph, and so may be
chemically related. However, we found that pairs of Or
genes expressed in the same sensillum are no more
closely related to each other than any randomly se-
lected pair. Similarly, electrophysiological surveys of a
more limited set of basiconic sensilla have shown that
ORNs housed in the same sensilla tend to have distinct
rather than similar response spectra [20, 31, 44]. These
observations are more readily explained by a model in
which ORNs housed in the same sensilla instead ex-
press divergent receptors, so as to minimize their func-
tional overlap and afford each ORN a greater dynamic
range [24].

Nevertheless, there are still many different ways in
which pairs of divergent odorant receptors could be
combined, so this consideration alone cannot com-
pletely explain the specific combinations deployed. An
additional factor may be that two odorants could be
discriminated with a higher spatial and temporal resolu-
tion if the ORNs that detect them are placed in the
same rather than distinct sensilla, possibly even allow-
ing the insect to discern whether two odorants are pre-
sent in the same or different filaments of an odor plume
[45]. This might be particularly relevant for odorants
such as pheromones, for which it may be critically im-
portant to distinguish whether the individual compo-
nents of a blend originate from a single source (a poten-
tial mate) or from two closely spaced sources.

Whatever the logic behind these pairings, it will be of
great interest to determine how they are programmed
developmentally. At present, little is known of these
mechanisms [7]. ORNs in the same sensillum are likely
to be related by lineage, and so selection of a specific
Or gene might be part of the instrinsic mechanisms that
generate diverse cell fates within each lineage. Alterna-
tively, by analogy to the signaling mechanisms that co-
ordinate rhodopsin gene selection between R7 and R8
cells in the same ommatidium in the eye [46], one ORN
in each sensillum might choose its Or first and then
instruct the Or choice of its neighbor(s). The promoter
regions we have defined will be a valuable guide in
computational and experimental approaches aimed at
defining the cis-acting determinants of Or choice, while
the transgenic reporters should facilitate genetic screens
to identify the trans-acting factors.

Olfactory Wiring
In Drosophila, axons of ORNs that express the same
odorant receptor are thought to converge upon a single
glomerulus, with each glomerulus receiving input from
just a single class of ORN. The Or axonal reporters gen-
erated prior to this study all label a single glomerulus
per antennal lobe [27, 28], as does each of our 45 veri-
fied reporters. The few cases in which we and others
[27, 29] have observed Or reporters targeting multiple
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glomeruli can most likely be explained by low levels
f “ectopic” Or expression or by reporters that do not
aithfully mimic the endogenous Or expression. Inner-
ation of a single glomerulus thus appears to be a
trict rule.
More difficult to verify, in any species, has been the

ostulate that each glomerulus receives input only from
single class of ORNs (the one glomerulus—one receptor
ypothesis). No exceptions have yet been reported in
he main olfactory systems of mice or Drosophila. How-
ver, with only a small fraction of odorant receptors ex-
mined in each case, the chances of detecting a glo-
erulus with multiple inputs had, until now, been

anishingly small. With the map of ORN connectivity
ow almost complete for Drosophila, we can confirm
hat most, and probably all, glomeruli do indeed receive
nput from just a single class of ORN. Specifically, we
ould assign each of 38 glomeruli to a single and dis-
inct ORN class and most of the remaining glomeruli to
nonoverlapping set of unidentified coeloconic ORNs.
Our connectivity map also reveals an unanticipated

opographic organization of the antennal lobe, with
RNs in distinct sensilla types projecting into distinct

egions of the antennal lobe. A similar topographic or-
anization may apply in the vertebrate main olfactory
ystem [6, 42]. Within these regions, however, neighbor
elationships are not preserved—ORNs that are neigh-
ors in the same sensillum do not target neighboring
lomeruli, or indeed even closely positioned glomeruli.
For the antennal basiconic sensilla, the distance be-

ween glomeruli does, however, correlate with the se-
uence distance between the corresponding odorant

eceptors. Thus, whereas ORNs are grouped into sen-
illa in ways that appear to favor combinations of diver-
ent receptors, their target glomeruli may be arranged

n part in ways that tend to juxtapose ORNs that ex-
ress similar receptors. This redistribution of ORNs be-
ween the periphery and the antennal lobe may contrib-
te to the formation of chemotopic maps in the brain.

Chemotopic Map in the Antennal Lobe
he peripheral [7, 12, 20, 31] and central [43, 47–49]
echanisms of Drosophila olfaction have been well de-

cribed. What has been missing until now is the causal
ink between the two. Our expression and connectivity

aps provide this link. The internal representations of
pecific odorants can now be explained and predicted
rom the knowledge of the receptors they activate, the
RNs that express these receptors, and the glomeruli

hat these ORNs target.
We have predicted odor respresentations covering

9 glomeruli for the diverse set of odorants used in the
hysiological studies [20, 31, 32]. These odor maps re-
ealed a functional organization of the antennal lobe
hat was not apparent from imaging studies in Dro-
ophila [43, 47, 48] but is consistent with imaging and
lectrophysiological data from other insects [50–52].
pecifically, aromatic and aliphatic compounds are pre-
icted to activate spatially distinct regions of the anten-
al lobe. A similar segregation of aromatic and aliphatic
epresentations has also been suggested for the larval
lfactory system [18]. We also find that, within the “ali-
hatic cluster” of the adult antennal lobe, compounds
f increasing carbon chain length are predicted to suc-
essively shift the activity pattern in an anterior di-
rection.
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These features are also not unique to insect olfactory
systems. Accumulating evidence points to a similar
functional organization of the mammalian olfactory
bulb, with distinct chemical classes activating distinct
glomerular clusters [53–55] and carbon chain length
represented topographically within each cluster [53,
56–60]. Thus, the chemotopic organization of the an-
tennal lobe that emerges from our map of the Drosoph-
ila olfactory system appears to be a common feature of
both insect and mammalian olfactory systems.

Odor Processing in the Antennal Lobe
In the antennal lobe, ORN axons synapse with second
order projection neurons (PNs), which extend axons to
the protocerebrum. As high-resolution anatomical maps
are beginning to emerge for PN axons [61, 62], it may
soon be possible to predict odor representations at
higher brain levels as well. It will be fascinating to learn
to what extent this chemotopic map is retained or trans-
formed at higher levels. Before doing so, however, it will
be essential to understand the transformations that take
place within the antennal lobe itself. Imaging studies have
indicated a high degree of correlation between the ORN
and PN responses for individual glomeruli [43, 47], sug-
gesting that the antennal lobe is primarily a relay station
with little transformation of olfactory information. In
contrast, electrophysiological data suggest that PNs
are more broadly tuned and dynamic in their responses
than the corresponding ORNs [49]. A caveat to this re-
sult, however, was that ORN and PN responses could
be compared only for a single glomerulus, DM2.

Our connectivity map will now allow more systematic
comparisons of ORN input and PN output in the anten-
nal lobe. The electrophysiological data for PNs are still
too limited for us to significantly extend this analysis
here. Nevertheless, we can make ORN versus PN com-
parisons for two additional glomeruli: VA7l and DM1.
The VA7l PNs appear to be more broadly tuned than
their presynaptic pb2B ORNs [31, 49], whereas the DM1
PNs seem to be a much closer match to the corre-
sponding ORNs, most likely of the ab1B class [20, 49].
Thus, some odors may undergo complex transformations
in the antennal lobe, whereas others may be trans-
mitted to higher brain centers with little further pro-
cessing.

In conclusion, our detailed maps of Or expression
and ORN connectivity have not only confirmed and ex-
tended our understanding of the basic molecular and
anatomical principles of the olfactory system, they also
provide a framework for understanding its functional
organization. With these maps, we can now explain and
predict how the peripheral activation of odorant recep-
tors produces a chemotopic represention in the anten-
nal lobe. In future, these maps can also be used to de-
termine precisely how olfactory information is further
processed in the antennal lobe and transmitted to
higher brain centers.

Experimental Procedures

Reporters and Flies
Predicted promoter regions were amplified by genomic PCR (Table
S1) and cloned into a transformation vector containing a single

open reading frame encoding for a fusion protein consisting of the
mCD8 extracellular and transmembrane domains, four tandem
copies of GFP, and two c-myc epitope tags. Many promoter frag-
ments were also cloned into a GAL4 transformation vector. For
double-reporter stainings, flies carrying OrA-mCD8-GFP, OrB-
GAL4, and UAS-tlacZ were examined. The ato-GAL4 line is
NP6558 [63]. All flies were raised at 25°C on standard cornmeal-
yeast-agar medium. For deafferentation experiments, the left an-
tenna or maxillary palp was removed from freshly eclosed flies,
which were then aged 15 days before dissection and staining. For
all other experiments, 3- to 5-day-old flies were examined.

Immunohistochemistry
Whole-mount adult brains and head cryosections were stained and
imaged as described in [64]. To measure glomeruli volumes, whole-
mount brains of 4-day-old adult males were stained with mAb nc82
and imaged at 512 × 512 pixels in 0.5 �m confocal sections on a
Zeiss LSM510 Meta confocal microscope. Glomeruli contours were
traced in individual sections using the Contour Surface option of
Imaris 4.0 (Bitplane AG).

In Situ Hybridization
10 �m cryosections of adult heads were pretreated, hybridized with
digoxygenin-labeled probes, and washed according to [65], with
some modifications. In brief, sections were fixed in 4% paraformal-
dehyde for 10 min, acetylated for 10 min, treated with 5 �g/ml pro-
teinase K (Roche) in PBS for 5 min, washed, and prehybridized for
4 hr at room temperature. RNA probes were prepared by in vitro
transcription of 1–1.5 kb genomic regions for each Or, which had
been PCR amplified and cloned into pBluescript. Hybridization was
performed at 65°C overnight. Slides were then washed and incu-
bated with rabbit anti-GFP (Molecular Probes, 1:1000) and alkaline
phosphatase (AP)-conjugated goat anti-DIG Fab fragments (Roche,
1:2000) at 4°C overnight. For triple stainings, mouse anti-β-galacto-
sidase (Promega, 1:1000) was also used. Fluorescent detection
was performed using 1 hr incubations with Alexa Fluor 488 goat
anti-rabbit IgG (Molecular Probes, 1:500) and, when necessary,
Alexa Fluor 633 goat anti-mouse IgG (Molecular Probes, 1:500), fol-
lowed by Fast Red (Dako Cytomation) for 3 hr at room temperature.

Supplemental Data
Supplemental Data include one table and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/17/1535/DC1/.
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