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A Novel Family of Divergent
Seven-Transmembrane Proteins:
Candidate Odorant Receptors in Drosophila

different morphological categories of sensilla are distrib-
uted in overlapping patterns across the surface of the
antenna (Figures 1C–1F) (Venkatesh and Singh, 1984;
Stocker, 1994).

Electrophysiological studies show that each morpho-
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logical category of sensilla can be divided into differentYale University
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1C–1F), defined by the characteristic response profiles
of their ORNs (Siddiqi, 1991; Clyne et al., 1997; M. de
Bruyne, P. J. C., and J. R. C., unpublished data). For s.

Summary trichodea, the different functional types are segregated
into zones on the surface of the antenna (Figure 1C);

Although insects have proven to be valuable models segregation is also observed for the different functional
for exploring the function, organization, and develop- types of s. coeloconica (Figure 1D). This zonal organi-
ment of the olfactory system, the receptor molecules zation is less conspicuous for large and small s. basi-
that bind odors have not been identified in any insect. conica, of which different functional types are intermin-
We have developed a novel search algorithm, used it gled (Figures 1E and 1F). Electrophysiological data
to search the Drosophila genomic sequence database, suggest that there are on the order of 30 different classes
and identified a large multigene family encoding seven of ORNs in the antenna, a rough estimate based upon
transmembrane domain proteins that are expressed the odor response profiles of individual ORNs (and, in a
in olfactory organs. We show that expression is re- few cases, the assumption that the neurons of particular
stricted to subsets of olfactory receptor neurons functional types of sensilla have unique response pro-
(ORNs) for a number of these genes. Different mem- files).
bers of the family initiate expression at different times In contrast to the antenna, the organization of the
during antennal development. Some of the genes are z120 ORNs of the maxillary palp is simpler. There are
not expressed in a mutant of the Acj6 POU-domain z60 s. basiconica on the maxillary palp, each housing
transcription factor, a mutant in which a subset of two ORNs (Singh and Nayak, 1985). The 120 ORNs fall

into six different classes based upon their odorant re-ORNs show abnormal odorant specificities.
sponse profiles (M. de Bruyne, P. J. C., and J. R. C.,
submitted; Clyne et al., 1999 [this issue of Neuron]).

Introduction Neurons of the six ORN classes are always found in
characteristic pairs in three functional types of s. basico-

Animals can detect a vast array of odors with remarkable nica, with the total number of neurons in each class
sensitivity and discrimination. Olfactory information is being equal. Each class is distributed broadly over all,
first received by olfactory receptor neurons (ORNs), or almost all, of the olfactory surface of the maxillary
which transmit signals into the CNS where they are pro- palp.
cessed, ultimately leading to behavioral responses. An Thus, electrophysiological and anatomical studies
enormous amount of investigation into olfactory func- suggest that there are on the order of 35 classes of
tion, organization, and development has been carried ORNs in the adult fly (z30 on the antenna and 6 on the
out in insect model systems for many years (Kaissling, palp), each class with a distinct odor sensitivity. Classes
1987; Hildebrand, 1995). However, a number of central of ORNs found in the antenna are arrayed in zones, while
questions have been refractory to incisive analysis be- the classes of ORNs found in the maxillary palp are
cause the receptor molecules to which odor molecules distributed in a less ordered fashion. ORNs in both the
bind have not been identified in any insect. maxillary palp and the antenna extend their axons to

To investigate the molecular mechanisms of olfactory the antennal lobe of the brain, where first-order pro-
cessing of olfactory information occurs. The lobe con-function and development, we are studying the olfactory
tains z40 olfactory glomeruli, spheroidal modules wheresystem of Drosophila melanogaster, which is highly sen-
ORN axons converge and where their terminal branchessitive and capable of odor discrimination (Siddiqi, 1987;
form synapses with the dendrites of their target in-Carlson, 1996). There are two olfactory organs on the
terneurons (Stocker, 1994; Hildebrand and Shepherd,adult fly: the third segment of the antenna and the maxil-
1997; Laissue et al., 1999).lary palp (Figure 1A). In both organs, ORNs are housed

What is the molecular basis for the distinct odor sensi-in sensory hairs called sensilla. The organization of the
tivities of the different classes of ORNs? One possibilityz1200 ORNs of the antenna is complex but ordered.
is that each class of ORN expresses a unique odorantOn the antenna, there are different morphological cate-
receptor, as has been proposed for vertebrate olfactorygories of sensilla: s. trichodea, s. coeloconica, large s.
systems (Ngai et al., 1993a; Ressler et al., 1993; Vassar etbasiconica, and small s. basiconica (Figure 1B). The
al., 1993; Buck, 1996; Hildebrand and Shepherd, 1997).
Alternatively, each class of ORN might express a unique
combination of a large set of receptors, as found in‡ To whom correspondence should be addressed (e-mail: john.
chemosensory cells of the nematode, C. elegans (Troe-carlson@yale.edu).
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Figure 1. An Overview of the Olfactory Sys-
tem of the Drosophila Adult

(A) The two olfactory organs of the adult fly,
the third antennal segment (arrow) and the
maxillary palp (arrowhead). Scale bar, 100
mm. Taken from Riesgo-Escovar et al. (1995).
(B) Higher magnification of part of a third an-
tennal segment showing the morphological
categories of olfactory sensilla: s. basiconica
(“B”), s. trichodea (“T”) and s. coeloconica
(“C”). There are z150 trichoid, 200 basiconic,
and 60 coeloconic sensilla on the antennal
surface (Stocker, 1994). Scale bar, 5 mm.
Taken from Riesgo-Escovar et al. (1997).
(C–F) Diagram of the olfactory sensilla on the
anterior face of the third antennal segment.
The different morphological categories of
sensilla are indicated by different shapes, and
the colors indicate different functional types
of sensilla within each morphological cate-
gory (see text). Dorsal is at the top and medial
is to the left.
(C) Distribution of different functional types
of s. trichodea. Note the zonal distribution of
the two types.
(D) Distribution of different functional types
of s. coeloconica. As for s. trichodea, each
functional type occupies a distinct zone.
(E) The large s. basiconica are densely clus-
tered in a small dorsomedial region, where
the different functional types are intermin-
gled. For simplicity, only two types are shown.
(F) The small s. basiconica are widely dis-
persed, and the different functional types are
intermingled.

genes, and several lines of evidence suggest that for context of highly tractable experimental systems in
which there is a wealth of knowledge about olfactoryinsects such a family would belong to the superfamily

of seven-transmembrane G protein–coupled receptors function and organization. For example, Drosophila of-
fers the advantages of a model genetic organism to-(GPCRs). First, there is evidence that insects generate

responses to odorants via GPCR-activated second- gether with the ability to measure olfactory function
conveniently in vivo, through either physiological or be-messenger systems. For example, a rapid and transient

increase in inositol 1,4,5-trisphosphate (IP3) has been havioral means. Interest in insect odorant receptors has
also arisen because of the critical role of olfaction in theobserved in response to stimulation with pheromone

and other odors using antennal preparations from vari- attraction of many insect pests to their plant hosts, of
insect vectors of disease to their human hosts, and ofous insect species (Breer et al., 1990; Boekhoff et al.,

1993; Wegener et al., 1993). This increase in IP3 can insects to their mates. Nevertheless, efforts to identify
odorant receptors in insects, based upon searches forbe blocked by pertussis toxin, implicating a G protein

signaling cascade (Boekhoff et al., 1990). In Drosophila, genes bearing sequence similarities to odorant receptor
genes from other organisms, or on other strategies, havenorpA mutants, which lack the phospholipase C that

is an essential component of phototransduction, also been unsuccessful.
Here, we describe a novel multigene family encodingexhibit reduced olfactory responses of the maxillary

palp (Riesgo-Escovar et al., 1995). A second reason to candidate odorant receptors that we identified from the
Drosophila genomic sequence database. The 16 genessuspect that odorant receptors in Drosophila are GPCRs

is that GPCRs have been shown to be odorant receptors described here were discovered using novel computer
programs that identify diagnostic features of the proteinin both vertebrates and C. elegans; moreover, abundant

evidence indicates that olfactory information in these structure of the seven-transmembrane GPCR superfam-
ily. Members of this new family are highly divergent fromother organisms is transduced by GPCR-activated sec-

ond-messenger systems (Buck, 1996; Bargmann and previously defined genes. Nearly all of the genes are
found to be expressed in one or both of the olfactoryKaplan, 1998). It would thus seem unlikely that a family

of receptors that have a completely novel structure and organs, and for a number of genes we show that this
expression is restricted to a subset of ORNs. We showthat use a completely different transduction mechanism

would have arisen in insects. that expression of different genes is initiated at different
times during the development of the adult antenna, andThere have been extensive efforts to identify odorant

and pheromone receptors in a variety of insects using that expression of a subset of these candidate receptor
genes depends on the POU-domain transcription factor,a wide range of strategies. These efforts have been driven

in part by interest in analyzing receptor genes in the Acj6.
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Figure 2. Genomic Organization and Hy-
dropathy Plots of DOR Genes

(A) Genomic organization of DOR genes (not
to scale). The genes shown are those identi-
fied from 16% of the total genomic sequence;
most of the available sequence is from chro-
mosome 2. The approximate chromosomal
location of each gene is indicated. Genes
separated by less than 1 kb are jointly under-
lined. Within each cluster, all genes are ori-
ented in the same direction. The transcrip-
tional orientation of the DOR genes with
respect to the chromosome is unknown for
2F.1, 25A.1, 47E.2, 59D.1, and the cluster at
33B.
(B) The 2F.1 gene is flanked by two closely
linked genes, fs(1)k10 and crn. The arrow-
heads indicate the 39 ends of the genes; for
2F.1, the end of the arrow indicates the posi-
tion of the poly(A) addition signal sequence.
(C) Hydropathy plots of the genes whose ex-
pression patterns are shown in Figures 4–6.
Hydrophobic peaks predicted by Kyte–Doo-
little analysis appear above the center line.
The approximate positions of the seven puta-
tive transmembrane domains are indicated
above the first hydropathy plot. Similar plots
were obtained for all the DOR genes.

Results predicted transmembrane domains. We therefore exam-
ined the genomic DNA surrounding each of the com-
puter-identified ORFs for the presence of neighboringIdentification of a Family of Putative

G Protein–Coupled Receptors ORFs encoding additional transmembrane domains to
which the original ORFs might be spliced. We used theIn vertebrates and nematodes, it is estimated that there

are hundreds of olfactory receptor genes, widely dis- Drosophila 59 and 39 intron–exon consensus splice se-
quences in this analysis to help identify linked exonstributed in the genome (Buck and Axel, 1991; Troemel

et al., 1995). With z10% of the Drosophila genome (Mount et al., 1992). This analysis yielded several genes
that could encode seven transmembrane domain pro-sequenced, we thought it likely that some of the Dro-

sophila odorant receptor genes had been sequenced. teins.
RT–PCR with primers designed from two of these finalWe adopted a two-part strategy to identify odorant re-

ceptor genes from the genomic database. First, we de- candidates yielded amplification products from anten-
nal cDNA (data not shown). From RT–PCR experiments,signed a computer algorithm to search the Drosophila

genomic sequence for open reading frames (ORFs) from the two genes did not appear to be expressed in the
maxillary palp, abdomen, thorax, or head from whichcandidate odorant receptor genes. Second, we used

RT–PCR to see if transcripts from any of these ORFs olfactory organs had been removed, suggesting that
these genes were expressed specifically in the antenna.were expressed in olfactory organs.

For our computational screens, we used the genomic These two genes are located within 500 bp of each
other at cytological position 22A (Figure 2A), and theirsequence data obtained by FTP from the Berkeley Dro-

sophila Genome Project (BDGP) (http://www.fruitfly.org; predicted proteins are 75% identical at the amino acid
level (see below).version available in June 1998). We first identified ORFs

of 300 bases or longer in all six frames. Next, a program To determine if these two candidates were part of a
larger family of genes encoding seven transmembranewritten to identify GPCRs statistically by their physico-

chemical profile was used to screen for candidate ORFs domain proteins, we used their sequences in BLAST
searches of the Drosophila genome database to identify(see Experimental Procedures). We then reduced the

number of possible candidates by comparing them to related genes (Altschul et al., 1990). Homologs of the
two candidates were found, and their sequences wereDrosophila codon usage tables (http://flybase.bio.indi

ana.edu; version 10). Candidate ORFs whose codon us- used in turn for further database searches. In total, 16
genes have been identified from the z16% genomicage differed at a significance level of 0.0005 by the chi-

square statistic were discarded from the candidate set. sequence currently available. We have tentatively named
this family of genes DOR (for Drosophila olfactory recep-Using these screening steps, we obtained 34 candidate

ORFs. tor), and each individual gene was named based upon
its cytogenetic location in the genome. Thus, the twoFurther analysis revealed that 8 of the 34 candidate

ORFs corresponded to genes of known function, for genes identified initially are DOR22A.1 and DOR22A.2,
which we abbreviate here as 22A.1 and 22A.2. (The finalexample a cyclic nucleotide–gated channel (Baumann

et al., 1994), and we did not analyze these ORFs further. digit in this nomenclature is used to distinguish the
genes at a site and does not refer to the cytogeneticMost of the remaining ORFs encoded fewer than seven
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Figure 3. Amino Acid Sequence Alignment of DOR Genes

All DNA sequences were obtained from the BDGP database, and the determination of predicted amino acid sequences is described in
Experimental Procedures. Residues conserved in .50% of the predicted proteins are shaded. The approximate locations of predicted
transmembrane domains 1–7 are indicated. Exon–intron boundaries are shown with vertical lines.

band number.) The genomic locations of all of the DOR 1992). In addition, the spacing of the putative transmem-
brane domains gives rise to predicted intracellular andgenes identified so far are indicated in Figure 2A, and

an alignment of their amino acid sequences is presented extracellular loops similar in size to those in many fami-
lies of GPCRs (Probst et al., 1992).in Figure 3. Of the 16 family members, 13 have been

found to be expressed in either the antenna or the maxil- Amino acid sequence identity among the DOR genes
ranges from z10%–75%, with many genes showing alary palp, or in both, based upon RT–PCR analysis (Table

1) and in situ hybridizations to RNA in tissue sections relatively low level of identity to each other (z20%). Two
pairs of clustered genes, 22A.1/22A.2 and 33B.1/33B.2(described below).

The DOR genes have no significant similarities to any show the highest identity, with 75% and 57% identities,
respectively. However, not all clustered genes showknown genes, and do not appear in any of the Drosophila

EST databases. However, Kyte–Doolittle hydropathy high degrees of similarity. 33B.3, for example, is only
28% identical to both 33B.1 and 33B.2, and 46F.1 andplots of the predicted proteins show that each has ap-

proximately seven peaks that could represent trans- 46F.2 are only 29% identical. In addition to exhibiting
sequence identity, many of the genes contain introns inmembrane domains (Figure 2C) (Kyte and Doolittle,

1982). The lengths of the 16 proteins are between 369 corresponding locations (Figure 3), consistent with their
constituting a family derived from a common ancestraland 403 amino acids, similar to the lengths of most

previously described families of GPCRs (Probst et al., gene.
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Table 2. Summary of RNA In Situ Hybridization DataTable 1. Tissue-Specific Expression of DOR Genes Determined
by RT–PCR

Gene Antenna Maxillary palp acj66

Maxillary
33B.3 2a 17 6 1 (n 5 5) 2Gene Antenna Palp acj66

46F.1 2 18 6 1 (n 5 5) 2

47E.1 40 6 1 (n 5 6) 2 12F.1 1 ND ND
22A.1 1 2 1 22A.2 22 6 1 (n 5 11) 2 1

25A.1 16 6 1 (n 5 5) 2a 122A.2 1 2 1

22C.1 2 2 ND 22A.1 17 6 1 (n 5 9) 2 NDa

2F.1 1 2 ND23A.1 1 2 1

24D.1 2 2 ND 23A.1 2a 2 NDa

33B.1 2a 2 ND25A.1 1 1 1

33B.1 1 2 2 33B.2 2a 2 ND
46F.2 2a 2 ND33B.2 1 2 2

33B.3 1 1 2
The number of cells expressing each DOR gene 6 SEM is shown.43B.1 1 2 1
“n” indicates the number of olfactory organs for which a complete46F.1 2 1 2
set of cross sections was counted. “1” indicates that stained cells46F.2 1 2 2
were clearly observed but not quantitated; “2” indicates no labeled47E.1 1 2 1
cells were observed.47E.2 1 2 1
ND, not determined.59D.1 2 2 ND
a Expression detected by RT–PCR (Table 1).

For each gene, expression was examined in the null mutant acj66

in those organs that showed expression in wild type, except that
for DOR 25A.1, expression in acj66 has been examined only in the data indicate that some of these genes have one or two
antenna. ND, not determined.

closely related homologs but that none belongs to a
large subfamily of highly related genes.

DOR Genes Are Expressed in SubsetsThere are 67 residues that are conserved among at
least 50% of the genes, and most of these (49) are in of Olfactory Receptor Neurons

Olfactory receptor neurons of the adult fly are locatedthe C-terminal halves of the proteins (Figure 3). Among
the conserved residues are a serine and a threonine in both the antenna and the maxillary palp. To ask

whether any of the DOR genes are expressed in thesein the intracellular C-terminal tail, residues frequently
conserved in this region of GPCRs (Probst et al., 1992). neurons, we carried out in situ hybridization to RNA in

adult tissue sections. Of 11 genes examined, 7 showedThe most divergent region in the sequences is a stretch
of 30 amino acids representing part of the first extracel- detectable expression, which in every case was ob-

served only in the olfactory organs (Table 2). The 46F.1lular loop and nearly all of transmembrane domain 3.
The divergence in this region also occurs in the most probe hybridized to a subset of ORNs in the maxillary

palp (Figure 4A). Counting of labeled ORNs in serialconserved pairs of genes: 22A.1 and 22A.2 are 75%
identical overall but only 50% identical in this region, sections revealed that the total number of 46F.1-staining

ORNs per maxillary palp was 18 6 1 (Table 2), or 15%and 33B.1 and 33B.2 are 57% identical overall but only
33% identical in this region. We note that transmem- of the 120 olfactory neurons in the maxillary palp. A

similar number of neurons, 17 6 1, was labeled by an-brane domains 3, 4, and 5 are exceptionally divergent
in rat odorant receptors and have been proposed to other probe, 33B.3 (Figure 4B). The neuronal identity of

the labeled cells was apparent from the presence inplay a role in odorant binding (Buck and Axel, 1991).
Some of the genes are clustered in the genome (Figure many cases of a well-defined axon projecting from the

labeled cell body and joining the maxillary nerve (Figures2A), while others are apparently isolated. Within a clus-
ter, the average intergenic distance is on the order of 4B and 4C). For both probes, the labeled neurons were

distributed broadly over the olfactory surface of the or-500 bp. Clustered DOR genes do not necessarily have
introns in corresponding locations (e.g., 46F.1 and gan, and were interspersed among unlabeled neurons

(Figures 4A–4C). We note that staining in many cells46F.2), but all clustered genes have their transcriptional
orientations in the same direction (Figure 2A). At least appeared annular, which we interpret to reflect a perinu-

clear distribution of mRNA, as expected of an mRNAone of the DOR genes (2F.1) is flanked closely on both
sides by two apparently unrelated genes (Figure 2B) present at highest concentrations in the cell bodies of

these ORNs (Figure 4B). The 33B.3 and 46F.1 genes(Haenlin et al., 1987).
To determine whether any of the DOR genes have are evidently expressed in different subsets of ORNs,

because the number of neurons hybridizing with a mixedclosely related homologs, we used coding regions from
nine of the genes to probe Southern blots of Drosophila probe was greater than the number of neurons that hy-

bridized when either probe was used individually (datagenomic DNA at high or reduced stringency. For the
closely related genes, such as 22A.1 and 22A.2, we used not shown). For neither probe was hybridization de-

tected in the antenna, head, or thorax.a combined probe. Each probe appeared to detect only
its own sequence at high stringency, while at lower strin- Many of the DOR genes are expressed in the antenna

and not in the maxillary palp, as determined by RT–PCRgency most genes detected one or two novel bands
(data not shown). As expected, because of the overall (Table 1). For several genes, we confirmed this localiza-

tion by in situ hybridization. The 47E.1 probe hybridizedlow level of similarity, none of these extra bands corre-
sponded to any of the other known DOR genes. These to 40 6 1 cells in a broad area across the antenna
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times during pupal development. In Drosophila, ORN
axons first leave the developing antenna at z16 hr after
puparium formation (APF) (Lienhard and Stocker, 1991;
Ray and Rodrigues, 1995; Reddy et al., 1997), and the
diameter of the antennal nerve continues to increase
until 72 hr APF (Stocker et al., 1995). Glomeruli first
become visible in the antennal lobe at z48 hr APF. We
examined developing antennae at 16 hr, 24 hr, 36 hr, 48
hr, 54 hr, 60 hr, 72 hr, and 93 hr APF (adults eclosed
from the pupal case at z100 hr).

Cells positive for 22A.2 were first seen at 60 hr APF,
indicating that detectable expression begins between
54 hr and 60 hr, well within the period in which the
antennal nerve is still increasing in diameter (Figures 6A
and 6B). A subset of cells was labeled at this time, and
they were restricted to a subregion of the developingFigure 4. DOR Genes Are Expressed in Subsets of Olfactory Recep-

tor Neurons in the Maxillary Palp antenna; the pattern appears comparable to that of the
In situ hybridizations to tissue sections of maxillary palps. (A) shows mature antenna, although we have not characterized it
a frontal section; all other sections are sagittal. in as much detail as that of the adult. Labeling with
(A) A 46F.1 probe reveals expression in a subset of ORNs that are 22A.2 was also observed in antennae at all subsequent
broadly distributed. The background staining at the periphery of time points. Interestingly, cells positive for 47E.1 andthe organ represents nonspecific labeling of the cuticle, observed

25A.1 were not observed until much later, at the 93 hrequally for sense and antisense probes.
time point; they were not observed at any of the earlier(B) A 33B.3 probe also hybridizes to a subset of cells. Note the

perinuclear distribution of the staining: the annular staining pattern times (Figures 6C and 6D and data not shown). For
of the neuron at the top, right of center, is particularly conspicuous. comparison, we also performed in situ hybridization with
Unlabeled ORNs are visible under the cuticular surface (top center). a probe representing the odorant-binding protein OS-E
(C) At higher magnification, it can be seen that the cells expressing (McKenna et al., 1994), which is believed to play a role46F.1 are neurons. Note the axons projecting from the cells into the

in olfactory function, but which has not been implicatednerve (“n”) that runs through the middle of the maxillary palp. The
in a developmental process. OS-E was also first ob-arrowhead indicates an ORN that is not expressing 46F.1, adjacent

to an ORN that is strongly stained. The light staining of the nerve served at 93 hr, at which time it shows very abundant
is background staining, observed equally for sense and antisense expression (Figures 6E and 6F).
probes.
(D) 33B.3 is not expressed in the acj6 null mutant, acj66. Expression of a Subset of Candidate Receptor

Genes Depends on the POU-Domain
Transcription Factor Acj6

(Figures 5A and 5B), including both anterior and poste- Little is known about the regulation of odor receptor
rior faces, similar to the distribution pattern of small s. genes, a process critical to the establishment of olfac-
basiconica (Figure 1F). A probe from the 25A.1 gene tory neuron identity and ultimately to the process of
hybridized to fewer cells, 16 6 1, but in a region of the olfactory coding. In C. elegans, the odr-7 gene, a mem-
antenna similar to that of 47E.1 staining, as judged by ber of the nuclear receptor superfamily, has been shown
reconstruction of serial sections (Figures 5C and 5D). to regulate the odorant receptor gene odr-10 (Sengupta
The 22A.2 probe hybridized to 22 6 1 cells in a different et al., 1994, 1996). In Drosophila, null mutations of the
distribution, clustered in the dorsomedial region of the acj6 gene, which encodes a POU-domain transcription
antenna (Figure 5E). This pattern matches the distribu- factor, eliminate the odor response of three of the six
tion of the large s. basiconica (Figure 1E). The expression classes of maxillary palp ORNs (Clyne et al., 1999). A
patterns of the three genes in the antenna are illustrated fourth ORN class on the maxillary palp is altered to a
schematically in Figure 5G. None of these three probes new class of ORN with a novel odor sensitivity. These
revealed expression in the maxillary palp, head, or tho- data suggest that Acj6 plays a role in the differentiation
rax. In summary, we have demonstrated that the DOR of certain maxillary palp ORNs, perhaps by determining
family is expressed in ORNs and that the expression of which olfactory receptor gene(s) are expressed. To ad-
individual members is restricted to distinct subsets of dress the possibility that Acj6 regulates odorant recep-
cells in the olfactory organs. tor genes, we hybridized probes from the 33B.3 and

46F.1 genes to sections of maxillary palps from the null
Expression Patterns of Candidate Olfactory mutant acj66. No hybridization was detected in either
Receptor Genes during Development case (Figure 4D and data not shown), nor was expres-
Recent evidence supports a dual role for the vertebrate sion of either gene detected by RT–PCR from acj66 max-
olfactory receptor genes: first, an instructive role in guid- illary palps (Table 1).
ing the axons of ORNs to the correct glomeruli during acj6 mutations also affect the physiological response
development (Mombaerts et al., 1996; Wang et al., 1998) of antennal neurons to odors (Ayer and Carlson, 1991,
and, second, as odorant receptors in the adult (Zhao et 1992). We therefore hybridized the 22A.2, 25A.1, and
al., 1998). To address the possibility that the DOR genes 47E.1 probes to sections of acj66 antennae. All three
might also play a role in development, we hybridized probes hybridized to groups of cells in the same loca-

tions as in the wild-type antenna (Figure 5F, Table 2,three DOR probes to antennal sections from different
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Figure 5. DOR Genes Are Expressed in Sub-
sets of Antennal Cells

Shown are in situ hybridizations to tissue sec-
tions of third antennal segments. In (A), (B),
(D), and (F), the plane of section passes
through the fluid-filled interior of the antenna.
(A and B) A 47E.1 probe hybridizes to a subset
of cells that are broadly distributed.
(C and D) A 25A.1 probe hybridizes to a
smaller subset of cells. The angle of section
in (C) differs somewhat from the other panels.
(E) A 22A.2 probe hybridizes to a subset of
cells in the dorsomedial region where the
large s. basiconica are located.
(F) 22A.2 is expressed in the acj66 mutant, in
contrast to 33B.3 (Figure 4D).
(G) Summary of distributions of labeled cells
for 47E.1 (open circles), 25A.1 (closed cir-
cles), and 22A.2 (shaded circles) on the ante-
rior face of the antenna, based on analysis of
expression in 30–50 antennae for each gene.

and data not shown). RT–PCR amplification showed that extrapolation, the size of this family may be on the order
of 100 genes, making it the largest gene family identifiedexpression of certain other DOR genes, 33B.1, 33B.2,

33B.3, and 46F.2, was eliminated in the antenna of acj66 in Drosophila.
There are several lines of evidence indicating that(Table 1). Thus, in the acj66 mutant, one subset of candi-

date odorant receptor genes was not expressed while these genes are likely to encode Drosophila odorant
receptors. First, the predicted proteins encoded by thea different subset remained unaffected. Interestingly,

genes within a cluster all showed similar dependency genes each contain approximately seven potential trans-
membrane domains, as expected of GPCRs. Second,on Acj6: 33B.1, 33B.2, and 33B.3, for example, all de-

pended on Acj6, whereas 22A.1 and 22A.2 did not. In we have found that the genes are expressed in one or
both of the two olfactory organs, and for a number ofsummary, these data support a role for acj6 in the regula-

tion of a subset of olfactory receptor genes. genes have shown that this expression is restricted to
a subset of ORNs, as expected for odorant receptors.
Third, the large number of family members, and theDiscussion
clustered location of some in the genome, are reminis-
cent of odorant receptors in other organisms.Candidate Drosophila Odorant Receptor Genes

We used a novel strategy to search the Drosophila geno- Comparison of the sequences of these candidate
odorant receptors to those from other organisms showsmic sequence database for genes encoding potential

GPCRs, leading to the identification of a multigene fam- that they are extremely divergent from known odorant
receptors and other GPCR families. This is not surpris-ily with properties expected of odorant receptors. In

addition to these genes, we also identified by this strat- ing, as searches for these genes based on sequence
similarity to odorant receptors from other organisms hadegy a wide variety of other transmembrane proteins,

a few previously identified by other means and many not succeeded, and the odorant receptor families in
vertebrates and C. elegans are essentially unrelated.representing novel proteins with similarity to known

transmembrane proteins. These results suggest that the There is a great deal of sequence divergence among the
DOR genes, much more than among the rat sequencesalgorithm may be of widespread use in identifying new

receptors, channels, and other transmembrane pro- reported by Buck and Axel (1991), for example. More-
over, genomic Southern blots have shown that none ofteins.

The family of candidate odorant receptor genes cur- nine DOR genes tested defines a subfamily of more
than two or so well-conserved genes. The DOR familyrently contains 16 members, identified from the 16% of

the Drosophila genomic sequence that is available. By therefore differs in this respect from the mouse family,
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have identified contain smaller numbers of genes (three
or fewer) than in other organisms (Troemel et al., 1995;
Sullivan et al., 1996; Barth et al., 1997), a number of
interesting features of the clustered genes are already
apparent. As found in other organisms (Barth et al.,
1997), Drosophila odorant receptor genes within a clus-
ter are not necessarily coordinately regulated, such that
genes within a cluster are expressed in different subsets
of cells, and even in different olfactory organs (e.g.,
46F.1 is expressed in the maxillary palp, whereas 46F.2
is expressed in the antenna). So far, all genes identified
within a cluster, however, are transcribed in the same
orientation. Genes within a cluster sometimes do, but
sometimes do not, share intron positions, suggesting
that introns may have become lost following gene dupli-
cation; a phylogenetic study revealed extensive gene
duplication and intron loss among the chemoreceptor
genes of C. elegans (Robertson, 1998).

Organization of the Drosophila Olfactory System
The number and broad distribution of maxillary palp
neurons expressing 46F.1 and 33B.3 are intriguing in
light of electrophysiological studies. There are z120
ORNs on the palp, which fall into six different classes
based upon their odorant response profiles. Each class
contains roughly equal numbers of neurons, distributed
broadly over the olfactory surface of the palp. Thus, if
an individual receptor gene is expressed in all ORNs
of a functional class, one might expect a gene to be
expressed in a broad distribution, in z20 neurons, in
good agreement with the distribution and numbers ob-
served for both 46F.1 and 33B.3 (18 6 1 and 17 6 1,
respectively).

The two DOR genes whose expression was detected
by in situ hybridization in the maxillary palp are ex-
pressed in ORNs housed within s. basiconica, the only
morphological class of sensilla on the palp. In the an-
tenna, the 22A.2 probe consistently hybridized to a sub-
set of cells in a portion of the dorsomedial region of
the antenna that contains almost exclusively large s.

Figure 6. Expression of DOR Genes during Antennal Development basiconica (Figure 1E). The 47E.1 and 25A.1 probes hy-
In situ hybridizations to tissue sections of third antennal segments bridize to subsets of cells in a distinctly different region
at different times during pupal development. The times indicated

of the antenna, which may correlate with the distributionrefer to hours APF (after puparium formation). Arrows indicate la-
of small s. basiconica, of which at least two functionalbeled cells.
types are intermingled (Figure 1F). We note that the(A) Expression of 22A.2 is not observed at 54 hr APF. Note that

background staining is absent in sections taken at 54 hr (or at earlier numbers of cells to which 47E.1 and 25A.1 hybridize are
times), presumably due to the immaturity of the cuticle. different: 40 6 1 and 16 6 1; one possible interpretation
(B) Expression of 22A.2 is observed at 60 hr APF. is that they are expressed in distinct functional types of
(C) 47E.1 expression is not observed at 72 hr APF. Background

small s. basiconica. We note that this region also con-staining is seen with both sense and antisense probes on the cuticu-
tains s. trichodea and s. coeloconica, however, and al-lar surface of the sacculus (s), a multichambered sensory pit, and
though the labeling patterns do not correlate with thethe dot at the bottom of the third antennal segment is nonspecific

staining of a section of tracheal tissue. distribution of either of two functional classes of s. tri-
(D) Expression of 47E.1 is detected at 93 hr APF. chodea (Clyne et al., 1997), a definitive identification of
(E) The odor binding protein OS-E is not expressed at 72 hr APF. the sensillar type will require further investigation. If,
The small dots at the bottom of the antenna are nonspecific staining

in fact, all of the DOR genes are expressed in only oneof a section of tracheal tissue, observed with both sense and anti-
of the morphological categories of sensilla, the s. bas-sense probes.
iconica, we would predict that there are other, as yet(F) Abundant expression of OS-E is seen at 93 hr APF.
unidentified, families of receptors that are expressed
in the other morphological categories of sensilla. This

for example, where most odorant receptor genes belong would mean that the number of odorant receptors in
to subfamilies of approximately seven to ten genes Drosophila might be substantially larger than 100.
(Ressler et al., 1993). We have identified three DOR genes that are ex-

pressed in the maxillary palp (Table 1), from the 16% ofAlthough, at present, the clusters of DOR genes we
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the genome analyzed. As these three genes, like most receptors in axon guidance and glomerulus formation,
DOR genes, are not clustered in the genome, linear ex- a role for which evidence has been found in vertebrates
trapolation suggests that the entire genome contains (Mombaerts et al., 1996; Wang et al., 1998) but not C.
on the order of 18 DOR genes expressed in the maxillary elegans. In zebrafish, odorant receptors show asynchro-
palp, an organ that has six functional classes of neurons nous onset of expression during development of the
(M. de Bruyne, P. J. C., and J. R. C., submitted; Clyne olfactory placode (Barth et al., 1996). The DOR genes
et al., 1999). If all neurons within a functional class, i.e., also show heterogeneity in their temporal regulation:
with the same odor specificity, are identical in terms of expression of two other DOR genes begins much later
their receptor expression, then the ratio of expressed than for the 22A.2 gene. If, in fact, individual ORNs ex-
genes to neuronal classes in this organ would be consis- press more than one DOR gene, perhaps some have
tent with a model in which an individual ORN expresses acquired a specialized role in development.
a small number of odorant receptors; however, further We have also found evidence that different DOR genes
data are needed to establish conclusively the number are expressed at different levels of abundance within
of receptor genes expressed per cell. Olfactory neurons cells. Although RT–PCR experiments showed expres-
in other organisms appear to lie at either of two ex- sion of 25A.1 in both antenna and maxillary palp, in situ
tremes: in the vertebrates, it is believed only one recep- hybridization revealed expression of 25A.1 only in the
tor is expressed per ORN (Ngai et al., 1993b; Ressler antenna of each animal examined; conversely, although
et al., 1993; Vassar et al., 1993); in C. elegans, z550 RT–PCR experiments showed expression of 33B.3 in
chemoreceptors are likely to be distributed among 14 both olfactory organs, in situ hybridization detected la-
classes of chemosensory neurons (Troemel et al., 1995). bel only in the maxillary palp of each animal examined

ORNs in Drosophila and other insects project to an (Tables 1 and 2). These results suggest that a receptor
olfactory processing center, the antennal lobe, which gene may be expressed at different cellular levels in the
is much like the olfactory bulb of vertebrates. Like its two organs and that different genes may be expressed
vertebrate counterpart, the antennal lobe contains olfac- at different cellular levels in the same organ. Such an
tory glomeruli, of which the antennal lobe of Drosophila explanation would suggest that there are mechanisms
has z40 (Stocker et al., 1995; Laissue et al., 1999). In governing not only the spatial and temporal control of
vertebrates, there is an approximate equivalence be- DOR genes but also their levels of expression.
tween the estimated number of odorant receptor genes If DOR genes are, in fact, expressed at different cellu-
and the number of glomeruli (Barth et al., 1996; Buck, lar levels in particular ORNs, then perhaps the five DOR
1996); since C. elegans does not contain glomeruli, it genes that we were unable to detect in the antenna by
has not been possible until now to consider whether the in situ hybridization—despite clear evidence for their
evolutionary conservation of this equivalence extends antennal expression from RT–PCR, a more sensitive
to invertebrates. If, in fact, the number of DOR genes is technique—are among those expressed at low levels.
100, then the ratio of odorant receptor genes to glomeruli We note that in C. elegans, expression of a number of
would exceed two and would rise if additional families candidate odorant receptors was undetectable using
of odorant receptor genes were discovered. We note GFP fusion genes (Troemel et al., 1995).
that the number of glomeruli receiving input from the As a first step in investigating the mechanisms
maxillary palp has been variously estimated as three through which the complex regulation of DOR genes is
and five (Venkatesh and Singh, 1984; Stocker et al., achieved, we tested the role of the POU-domain tran-
1995); if our estimate of 18 genes expressed in the maxil- scription factor Acj6, which we have previously found
lary palp is correct, then the ratio of these receptor to act in governing olfactory neuron identity. We found
genes to their corresponding glomeruli would fall in the

that Acj6 is, in fact, required for expression of the DOR
range of three to six.

family. Two lines of evidence, RT–PCR and in situ hybrid-
ization analysis, both indicate that proper expression of
a specific subset of DOR genes depends on Acj6. TheRegulation of DOR Genes
results suggest that the odor specificity of a subset ofThe DOR family is subject to complex regulation. First,
ORNs is governed at least in part by the action of thethe expression of individual DOR genes exhibits highly
Acj6 POU-domain transcription factor on DOR genes,specific tissue and spatial localization. Some genes are
and they are fully consistent with the notion that DORexpressed in the antenna but not the maxillary palp;
genes may encode odorant receptors.others show expression in the maxillary palp but not the

The isolation of genes likely to encode odorant recep-antenna. Within an organ, expression of a particular DOR
tors in Drosophila opens a number of avenues for futuregene is restricted to a subset of cells. In the antenna, the
investigation. Drosophila provides the ability to manipu-patterns of expression are spatially regulated, exhibiting
late odor receptors genetically and test the functionalregional specificity of expression as detailed above. In
consequences of such manipulations in vivo, eitherthe maxillary palp, expression is limited to a population
physiologically or behaviorally. Such analysis may beof neurons approximately equal in number to the neu-
useful in examining potential roles of DOR proteins inrons of a functional class.
olfactory response and in development. It may also beDOR genes are also subject to interesting temporal
possible to isolate homologous genes in other insects,regulation. One gene, 22A.2, is expressed in the devel-
including some that provide excellent opportunities foroping antenna during a time when the antennal nerve
research and some of agricultural or medical importanceis still increasing in diameter (Stocker et al., 1995). These

data leave open a possible role for Drosophila olfactory that rely on olfactory cues to locate their hosts.
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Experimental Procedures the lengths indicated in Figure 3. The 2F.1 gene was independently
predicted to be a gene (GenBank accession number 2661571) by
the EMBL genefinder program.Computer Algorithm to Recognize G Protein–Coupled

Receptors (GPCRs)
Briefly, the algorithm uses statistical characterization of amino acid Reverse Transcriptase PCR
physicochemical profiles in combination with a nonparametric dis- Individual flies were frozen in liquid nitrogen, and antennae and
criminant function. The key approach is to use the information in maxillary palps were dissected by hand. On average, 150 antennae
the interplay between the local structure (transmembrane a helix) or 200 maxillary palps were used for RNA preparation. Total RNA
and the global structure (repeated multiple domains) and character- was prepared as described elsewhere (McKenna et al., 1994). The
ize this information with concise statistical variables. The algorithm RNA was treated with DNaseI (GIBCO BRL) for 30 min at 378C,
was trained on a set of 100 putative GPCR sequences from the phenol/–chloroform extracted, and reprecipitated. The entire RNA
GPCRDB (http://swift.embl-heidelberg.de/7tm) and a set of 100 ran- preparation was used for oligo dT–primed cDNA synthesis using
dom proteins selected from the SWISSPROT database. (We later Superscript II Reverse Transcriptase (GIBCO BRL) according to the
expanded this training set greatly, but that version was not used manufacturer’s directions. PCR was performed using Sigma Taq
for the genes reported in this paper.) In the first step, we used three polymerase under standard cycling conditions, with an annealing
sets of descriptors to summarize the physicochemical profiles of temperature of 608C, gene-specific primer concentration of 1 pM,
the sequences. These are: GES scale of hydropathy (Engelman et and magnesium concentration of 2.5 mM. For all genes except 2F.1,
al., 1986), polarity (Brown, 1991), and amino acid usage frequency. primer pairs that span introns were used in order to distinguish PCR
For the first two of these measurements, we computed a sliding bands amplified from cDNA from those amplified from any remaining
window profile (White, 1994) using a kernel of a 15 amino acid genomic DNA.
constant function convoluted with a 16 amino acid Gaussian func-
tion. These profiles were then summarized with three statistics: Nucleic Acid Hybridization
the periodicity (characterizing the quasiperiodic presence of the For in situ hybridization, coding regions of the DOR genes were
transmembrane domain), average derivative (characterizing the subcloned into the pGEM-T Easy vector (Promega). Digoxygenin-
abrupt change between the transmembrane domain and the non- labeled RNA probes were generated and hydrolyzed according to
transmembrane domain), and the variance of the derivative (also the manufacturer’s instructions (Boehringer Mannheim, Indianapo-
characterizing the abrupt change). Therefore, each sequence was lis, IN). In situ hybridizations to RNA in tissue sections were per-
characterized by seven variables. These seven variables were used formed using a modified version of procedures described elsewhere
in a nonparametric linear discriminant function that was then opti- (Hafen and Levine, 1986; Chadwick and McGinnis, 1987). Briefly,
mized to separate the known GPCRs from random proteins in the heads were dissected from animals and fixed in 4% paraformalde-
training set. The same linear discriminant function with the scores hyde/PBS for 15 min. Tween-20 was then added to 0.1% and heads
derived from the training set was then used to screen the genomic were fixed for an additional 30 min. Samples were washed twice
database for candidate genes. The candidate sequences were given for 5 min in 0.1% Tween 20/PBS (PBST), cut into 8 mm frozen
significance values by an odds ratio of the GPCRs and non-GPCRs sections, and mounted on poly-L-lysine-treated slides (Sigma). Sec-
computed using the observed empirical distribution of the training tions were dried onto slides for 30 min at room temperature and
set. Those sequences with better than 95% odds ratio were consid- then fixed for an additional 30 min in 4% paraformaldehyde/PBST.
ered for further analyses, described in the Results. More detailed Samples were washed for a total of 2 hr in PBST with five changes of
information about the algorithm is available as supplemental data in buffer, followed by an incubation for 5 min in 1:1 PBST:hybridization
the online version of this paper (http://www.neuron.org/cgi/content/ buffer (50% formamide, 5X SSC, 50 mg/ml heparin, 0.1% Tween
full/22/2/327/DC1). 20), and then prehybridized for 2 hr at 558C in hybridization buffer.

Hybridizations were carried out for 12–18 hr at 558C at probe concen-
trations of 5 ng/ml. Posthybridization washes consisted of threeSequence Analysis
washes of 1 hr each in fresh hybridization buffer at 558C followedOur computer algorithms identified the ORFs for the second exons
by an overnight wash. The next day, specimens were washed for 1 hrof 22A.1 and 22A.2, which encode transmembrane domains 1–4.
in fresh hybridization buffer and then 5 min in 1:1 PBST:hybridizationThese ORFs are on the BDGP P1 clone called DS005342. We exam-
buffer, followed by five washes in PBST for 5 min each. Digoxygenin-ined the DS005342 sequence around the initial ORFs for neighboring
labeled RNA probes were detected according to the manufacturer’sORFs that encoded additional potential transmembrane domains.
instructions using alkaline phosphatase–conjugated anti-digoxy-Key to the identification of these neighboring ORFs was the pres-
genin antibody (Boehringer Mannheim, Indianapolis, IN).ence of intron–exon consensus splice sequences: GTRAGT for the

For the developmental studies, Drosophila were collected as white59 end and HAG for the 39 end (Mount et al., 1992). 22A.1 and 22A.2
prepupae and kept at 258C on moist filter paper for the indicatedwere found to have two other introns in corresponding locations,
number of hours, at which time they were fixed. At 258C, the approxi-all of which had conserved splice sequences.
mate time from the white prepupal stage to eclosion is 100 hr (Ash-The amino acid sequences of 22A.1 and 22A.2 were used in
burner, 1989).searches of the Drosophila genome database using the tBLASTn

For genomic Southern blots, hybridizations were at 658C (highprogram of the BDGP. These searches yielded partial sequences
stringency) or 558C (reduced stringency) in 7% SDS, 0.5 M sodiumof most other members of the DOR family. To complete the se-
phosphate buffer [pH 7.2], and 1 mM EDTA [pH 8.0].quences of these genes, we performed an analysis of the genomic

DNA around each identified ORF as we did for 22A.1 and 22A.2,
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GenBank Accession Numbers

The genomic clone (P1 or cosmid), the sequence range in the geno-
mic clone for the predicted coding region, and the GenBank Acces-
sion Number of the genomic clone (in parentheses) are listed below
for each DOR gene. The sequence range is correct as of 26 January
1999; however, some may change as some P1 clones are in unor-
dered pieces.

59D.1, DSO7462 1894-700 (AC005672); 23A.1, DSO6400 122346-
121150 (AC005558); 33B.1, DSO6189 29614-28415 (AC006240);
33B.2, DSO6189 27938-26630 (AC006240); 33B.3, DSO6189 26150-
24920 (AC006240); 2F.1, 30B8 22942-24202 (AL009195); 22A.1,
DSO5342 13596-15031 (AC004121); 22A.2, DSO5342 15686-17139
(AC004121); 47E.1, DSO0724 63353-64694 (AC006066); 46F.1,
DSO5033 73610-72317 (AC005974); 46F.2, DSO5033 72218-71006
(AC005974); 22C.1, DSO0164 26252-29627 (AC004716); 24D.1,
DSO6482 45051-43643 (AC004371); 43B.1, DSO2358 29787-31457
(AC005425); 47E.2, DSO0971 24291-22692 (AC005638); 25A.1
DSO8170 61009-62575 (AC005463).

The predicted amino acid sequences of the DOR proteins have been
included as supplemental data in the online version of this paper
(http://www.neuron.org/cgi/content/full/22/2/327/DC1).


