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Summary

Olfactory signaling is initiated by interactions between
odorants and olfactory receptors. We show that the
C. elegans odr-10 gene is likely to encode a receptor
for the odorant diacetyl. odr-10 mutants have a spe-
cific defect in chemotaxis to diacetyl, one of several
odorants detected by the AWA olfactory neurons. odr-
10 encodes a predicted seven transmembrane domain
receptor; a green fluorescent protein-tagged Odr-10
protein is localized to the AWA sensory cilia. odr-10
expression isregulated by odr-7, a transcription factor
implicated in AWA sensory specification. Expression
of odr-10from a heterologous promoterdirects behav-
ioral responses to diacetyl, but not to another odorant
detected by the AWA neurons. These results provide
functional evidence for a specific interaction between
an olfactory receptor protein and its odorant ligand.

Introduction

The remarkable discriminatory power of the olfactory
system allows animals to generate diverse behavioral
responses to odorants. Subtle alterations in chemical
structures between two odorants can result in substan-
tial differences in perceived olfactory quality. For exam-
ple, two enantiomers of carvone produce the distinct
sensations of spearmint and caraway. This perceptual
difference suggests that distinct neuronal pathways are
preferentially activated by each enantiomer, probably
owing to selective binding of the odorants to different
olfactory receptor proteins.

The receptors that interact with odorants are likely
to be G protein—-coupled seven transmembrane domain
proteins. Vertebrate olfactory neurons produce cAMP
in response to odorants (Pace et al., 1985; Sklar et al.,
1986), which activates a cyclic nucleotide-gated chan-
nel in the olfactory cilia (Nakamura and Gold, 1987; Fire-
stein et al., 1991). The cAMP pathway is thought to be
the major vertebrate olfactory transduction pathway, but
odorants also stimulate IP; production in invertebrate
and vertebrate olfactory neurons (Boekhoff et al., 1990,
1994; Breer et al., 1990). Candidate receptor molecules
have been identified in several sensory systems. In
mammals, putative olfactory receptors are encoded by
alarge family consisting of ~1000 receptor genes (Buck
and Axel, 1991) that may interact with odorants (Raming
etal., 1993). An additional family of genes might encode
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mammalian pheromone receptors (Dulac and Axel,
1995). These genes are expressed in the neurons of
the olfactory epithelium and the vomeronasal organ,
respectively. In the nematode Caenorhabditis elegans,
several different families of candidate chemosensory
receptor genes have been identified (the sr genes, which
consist of sra, srb, srd, sre, srg, and sro families)
(Troemel et al., 1995). These gene families encode po-
tential chemosensory receptors based on their similarity
to known G protein—coupled receptors and their prefer-
ential expression in chemosensory neurons.

It is not known how any of these sensory receptors
interacts with its ligands. Itis possible that each receptor
interacts with only a small number of odorants, so that
specific olfactory stimuli activate only a few receptors.
Alternatively, the receptors might be able to recognize
many different odorant molecules, with discrimination
arising through later processing and integration of infor-
mation by the nervous system. To address these issues,
it is necessary to identify the odorant ligands that acti-
vate a given olfactory receptor protein under physiologi-
cal conditions.

In the nematode C. elegans, molecular and functional
properties of individual chemosensory neurons can be
analyzed in the whole animal. An adult C. elegans her-
maphrodite has 302 neurons in its nervous system, in-
cluding 14 types of chemosensory neurons (White et al.,
1986). In most cases, one type of neuron consists of a
bilaterally symmetric pair of neurons with similar func-
tions. The functions of 10 types of chemosensory neu-
rons have been defined through behavioral analysis of
animals in which particular cells have been killed. Two
types of chemosensory neurons, called AWA and AWC
neurons, are similar to vertebrate olfactory neurons in
that they detect volatile (airborne) attractants (Barg-
mann et al., 1993). Each pair of neurons detects several
different odorants: the AWA olfactory neurons detect
diacetyl, pyrazine, and thiazoles, whereas the AWC ol-
factory neurons detect benzaldehyde, butanone, isoa-
myl alcohol, and thiazoles. In the presence of saturating
levels of one odorant, animals can still respond to other
odorants that are sensed by the same olfactory neuron
(Bargmann et al., 1993; Colbert and Bargmann, 1995).
These behavioral experiments suggest that one olfac-
tory neuron has several distinct odorant-binding sites.

The expression patterns of the candidate sr receptor
genes in C. elegans provide a possible explanation for
the diverse functions mediated by single sensory cell
types (Troemel et al., 1995). Multiple candidate receptor
genes are expressed in a single chemosensory neuron,
suggesting that the ability of these neurons to recognize
many chemicals arises through the expression of several
different receptors. However, the ligands for the sr re-
ceptors have not been defined.

A genetic approach to chemosensation provides a
way to relate the functions of individual genes to particu-
lar behavioral responses. To identify the functions of
genes involved in olfaction in C. elegans, we have con-
ducted behavioral screens for mutants with specific ol-
factory defects (odr, or odorant-response mutants). Mu-
tations in some odr genes affect many or all olfactory
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responses, whereas others have more selective effects
on olfaction (Bargmann et al., 1993). Here we describe
the genetic and molecular characterization of the odr-
10 gene, which functions in the response to a specific
odorant, diacetyl. odr-10 encodes a predicted seven
transmembrane receptor that might interact directly
with diacetyl in olfactory transduction.

Results

odr-10 Mutants Are Defective in Chemotaxis

to Diacetyl

When placed in a gradient of an attractive odorant, C.
elegans moves toward the peak of the gradient (Barg-
mann et al., 1993). Over 90% of wild-type animals accu-
mulate at a point source of a strong attractant such as
diacetyl in chemotaxis assays. A modified version of
this assay was used to identify mutants with defects
in their diacetyl responses. Mutagenized animals were
given a choice between the attractants diacetyl and
pyrazine, which are both recognized by the AWA olfac-
tory neurons (Bargmann et al., 1993). Under the condi-
tions used, wild-type animals preferentially accumu-
lated at the diacetyl, animals that did not sense either
odorant distributed randomly across the plate, and ani-
mals that did not sense diacetyl accumulated at the
pyrazine. After two rounds of this behavioral enrichment
and subsequent retesting, a single strain with a mutation
in the odr-10 gene was isolated.

odr-10(ky32) mutants were tested for chemotaxis to
a panel of volatile odorants. The mutants were defective
in their response to diacetyl, but exhibited wild-type
behavior in their responses to all other tested odorants
(Figure 1A). They also displayed normal responses to
water-soluble attractants such as NaCl and lysine, to
water-soluble repellents, and to mechanical stimuli (data
not shown). Their development, locomotion, and fertility
appeared to be normal.

Diacetyl is very similar in its chemical structure to
two other attractants, butanone and 2,3-pentanedione,
which are sensed primarily by the AWC olfactory neu-
rons (Bargmann et al., 1993; P. S. and C. |. B., unpub-
lished data) (Figure 1B). To determine whether odr-10
mutants were subtly affected in their responses to any
of these odorants, they were tested for chemotaxis to
a range of different odorant concentrations (Figure 1C).
odr-10 mutants responded to high but not low concen-
trations of diacetyl (Figure 1C). However, their responses
to all other odorants were normal for the entire range
of tested concentrations.

odr-10 was mapped to the X chromosome, close to
the gene unc-6 (see Experimental Procedures). A dele-
tion that spans the odr-10 locus was used to determine
whether the odr-10 mutant defect was enhanced by
lowering levels of odr-10 activity. When odr-10(ky32)
was placed intrans to the genetic deficiency uDf1, which
deletes the odr-10region, the heterozygous animals did
not exhibit additional defects (data not shown). In partic-
ular, odr-10(ky32)/ubDfl animals displayed normal che-
motaxis to pyrazine, and their chemotaxis to diacetyl
was similar to that of odr-10(ky32) animals. No other
behavioral or developmental defects were apparent in

this strain. These results are consistent with the odr-
10(ky32) mutation causing a loss of odr-10 function.

0odr-10 Encodes a Predicted Seven

Transmembrane Domain Receptor

The odr-10 gene was cloned using the C. elegans physi-
cal map and rescue of the odr-10 behavioral phenotype
(Coulson et al., 1986, 1988). In brief, genetic map data
placed odr-10 between the unc-6 gene, which is cloned
(Ishii et al., 1992), and the DNA polymorphism stP33
(Williams et al., 1992) (Figure 2A). Cosmids from this
interval were injected into odr-10 mutants together with
thelin-15 gene as a marker toidentify transgenic animals
(Mello et al., 1991; Clark et al., 1994; Huang et al., 1994).
The resulting transgenic strains were tested for chemo-
taxis to diacetyl. The cosmid C41B5 was able to comple-
ment the odr-10 defect, as was a 3.3 kb Scal-EcoRV
subclone of the cosmid (Figure 2B).

The Scal-EcoRV subclone was used to probe a mixed-
stage C. elegans cDNA library (Barstead and Waterston,
1989), and three cDNA clones were isolated. Two cDNAs
appeared to be full length, based on the fact that they
began with sequences from the C. elegans splice leader
SL1 (Krause and Hirsh, 1987) and ended with a polyA
stretch. The full-length cDNAs were 1118 bp long, and
encoded a predicted protein of 339 amino acids (Figure
3A). The corresponding genomic region has been se-
quenced by the C. elegans sequencing consortium (Sul-
ston et al., 1992; Wilson et al., 1994; R. Waterston, A.
Coulson, J. Sulston, et al., personal communication).
The odr-10 gene is entirely contained within the 3.3 kb
rescuing fragment and includes eight exons and seven
introns (Figure 3B).

Hydrophobicity analysis of odr-10 revealed seven
hydrophobic peaks that could correspond to mem-
brane-spanning domains (Figure 3C). This structure is
reminiscent of G protein—coupled receptors (Probst et
al.,, 1992). BLAST (basic local alignment search tech-
nique) searches of GenBank and EST (expressed se-
quence tag) databases did not reveal a high degree of
similarity between odr-10 and any known gene (Altschul
et al., 1990). However, the highest similarity that was
detected in these searches was to one of the candidate
vertebrate olfactory receptors, 114 (Buck and Axel,
1991), with which odr-10 showed 12% amino acid iden-
tity over its entire length. Weak similarity was also ob-
served between odr-10 and srd-1 and srd-2, two of
the candidate chemosensory receptor genes that have
recently been identified in C. elegans (Troemel et al.,
1995).

To confirm that this coding region corresponded to
odr-10, a frameshift mutation was generated within the
cloned gene at an Xhol site just before transmembrane
domain VI. This frameshifted clone could no longer com-
plement the odr-10 mutant phenotype (Figure 2B).

A Null Mutation in odr-10 Causes

a Diacetyl-Specific Chemotaxis Defect

The coding region of the odr-10 gene was sequenced
in odr-10(ky32) to identify the mutation responsible for
its defect. The odr-10(ky32) mutation is a G to A transi-
tion on the noncoding strand that results in the substitu-
tion of a tyrosine for a histidine in the third predicted
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Figure 1. odr-10 Mutants Do Not Respond to
Diacetyl

(A) Chemotaxis responses of wild-type and
odr-10 mutants to volatile odorants. Re-
sponses of wild-type animals are indicated
by closed bars, responses of odr-10(ky32)
mutants by hatched bars, and responses of
odr-10(ky225) animals by stippled bars. Che-
motaxis index = (animals at the odorant —
animals at the control)/total animals on the
plate. A chemotaxis index of 1.0 indicates
complete attraction; a chemotaxis index of
—1.0indicates complete repulsion. Each data
point represents the average of six indepen-
dent chemotaxis assays, using ~100 animals
in each assay. Error bars equal the SEM. One
microliter of diluted odorant was used per
assay. Dilutions of odorants (in ethanol) were
the following: 1:200 benzaldehyde, 1:1000
butanone, 1:200 isoamyl alcohol, 1:1000 2,3-
pentanedione, 1:1000 diacetyl, 10 mg/ml pyr-
azine, and 1:1000 2,4,5-trimethylthiazole.
Neurons required for the responses to these
dilutions of odorants are indicated.

(B) Chemical structures of diacetyl (2,3-bu-
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membrane-spanning domain of the protein (Figures 3A
and 3B). This missense mutation might cause a partial
defect in odr-10 function, or it might eliminate all odr-
10 activity.

To determine the consequences of a complete loss of
odr-10 function, we generated a mutation that deleted
most of the odr-10 coding region. The mutation odr-
10(ky225) was generated by insertion of the transposon
Tclinto the endogenous odr-10 gene followed by impre-
cise Tcl excision (Zwaal etal., 1993). This deletion elimi-
nated all odr-10 coding sequences beyond the end of
the third predicted transmembrane domain of the pro-
tein (Figures 3A and 3B). odr-10(ky225) animals were
tested for chemotaxis and found to be indistinguishable
from odr-10(ky32) animals (Figure 1A and data not
shown). Like odr-10(ky32) mutants, they showed a
strong defect in chemotaxis to diacetyl, but normal che-
motaxis to other ketones and to other odorants sensed
by AWA. Since this deletion allele is likely to eliminate

2,3 - pentanedione

all odr-10 function, these results indicate that odr-10 is
uniquely important for the diacetyl response.

odr-7 Is Expressed in the Cilia of the AWA

Olfactory Neurons

The Specific phenotype of odr-10 mutants and the simi-
larity between odr-10 and other receptors suggested
that odr-10 might encode an olfactory receptor for dia-
cetyl. To determine where the odr-10 gene was ex-
pressed, the odr-10 promoter was used to drive expres-
sion of the reporter gene GFP (green fluorescent protein)
in transgenic worms (Chalfie et al., 1994; A. Fire, S. Xu,
J. Ahnn, and G. Seydoux, personal communication). This
fusion gene was strongly expressed in the two AWA
neurons, which are the only neurons that sense low
concentrations of diacetyl (Figure 4). The AWA neurons
have sensory cilia that are exposed to the environ-
ment in specialized sensory organs at the tip of the
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Figure 2. Genetic Map Position and Cloning of odr-10

(A) Genetic map position of odr-10 on linkage group X.

(B) Localization of the odr-10 gene. At top is a restriction map of
the odr-10 genomic region. The arrow indicates the direction of odr-
10 transcription. Below are shown the subclones that were tested for
rescue of the odr-10 mutant phenotype. The number of independent
transgenic lines with an average chemotaxis index in the indicated
intervals is shown as a fraction of the total lines tested; a minimum
of 3 independent chemotaxis assays were conducted per line. An
inverted triangle indicates the insertion of a frameshift mutation (see
Experimental Procedures). The coding region of GFP was fused
to odr-10 to create a GFP-tagged Odr-10 protein (see text and
Experimental Procedures). Xb = Xbal, Sa = Sacll, Sc = Scal, X =
Xhol, H = Hpal, S = Smal, E = EcoRV.

animal’s nose (Ward etal., 1975; Ware et al., 1975). From
these cilia, the AWA dendrites project back to cell bodies
near the posterior pharynx (Figure 4A). Since GFP dif-
fuses freely through the cytoplasm of the cells, the char-
acteristic axon and dendrite morphology of the cells,
together with the position of the cell bodies, was used
to assign their identity as AWA neurons. A lower level
of GFP expression was observed in the four mechano-
sensory neurons called CEP (e.g., see Figure 6B); this
weak staining may not reflect expression of the endoge-
nous odr-10 gene (see Experimental Procedures).

If odr-10 is directly involved in odorant recognition,
its protein product should be localized to the sensory
cilia, the site at which odorants interact with their recep-
tors. To examine the subcellular localization of Odr-10,
the GFP reporter was fused to the extreme C terminus of
odr-10 to produce a fluorescent tagged Odr-10 protein.
This fusion gene partially complemented the diacetyl
chemotaxis defect of odr-10 mutants (see Figure 2B).
Expression of the GFP-tagged Odr-10 protein was lim-
ited to the extreme anterior region of the AWA olfactory

and the extent of the ky225 deletion are indicated, along with the
nucleotide and predicted amino acid alterations in ky32.

(C) Hydrophobicity plot of Odr-10. The plot was derived by Kyte—
Doolittle hydropathic analysis of the predicted amino acid sequence
of Odr-10 (Kyte and Doolittle, 1982).
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Figure 3. Sequence Analysis of odr-10

(A) Nucleotide and predicted amino acid sequences of the odr-10
cDNA. Nucleotides are numbered beginning at the first nucleotide
of the cDNA. Amino acids are numbered (in italics) starting at the
first methionine. The STOP codon is marked by an asterisk. Splice
junctions are marked by vertical lines and were determined by com-
parison of the sequences of the cDNA and corresponding genomic
region. Nucleotides in bold at the 5’ end are predicted to be derived
from the trans-splice leader SL1 (Krause and Hirsh, 1987). The histi-
dine residue that is altered to a tyrosine in the ky32 mutation is
boxed. The open triangle denotes the beginning of the ky225 dele-
tion. Residues predicted to form transmembrane domains 1 through
7 are indicated. The GenBank accession number for odr-10 is
U49449.

(B) Structure of the odr-10 gene. The location of the ky32 mutation
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neurons, within the stereotypic branched AWA sensory
cilia (Figure 5). Thus, the Odr-10 gene product appears
to be localized to the sensory structures that mediate
olfaction.

odr-10 Expression Is Controlled by the odr-7

Gene, Which Regulates Olfactory Specificity

The odr-7 geneis specifically required for olfactory func-
tion of the AWA neurons (Sengupta et al., 1994). Al-
though their AWA neurons appear normal, odr-7 null
mutants are unable to respond to any of the odorants
that are recognized by the AWA neurons. odr-7 encodes
a predicted transcription factor with similarity to the
DNA-binding domains of the nuclear receptor superfam-
ily; it has been proposed to regulate AWA sensory speci-
ficity by controlling the expression of AWA olfactory
signaling molecules (Sengupta et al., 1994). If this expla-
nation is correct, and if odr-10 encodes the receptor
for diacetyl, odr-10 expression should be regulated by
odr-7.

The expression of endogenous odr-10 mRNA was ex-
amined in wild-type and odr-7 mutant animals by re-
verse transcription—polymerase chain reaction. The odr-
10 message was present in wild-type animals but barely
detectable in odr-7(ky4) null mutants (Figure 6A). The
expression of the odr-10::GFP fusion gene was also
examined in odr-7 mutant animals. An integrated odr-
10::GFP fusion gene was expressed in AWA in 100% of
wild-type adults (n = 36). By contrast, the same inte-
grated fusion gene was expressed in AWA in only 20%

cell bodies

Figure 4. An odr-10::GFP Fusion Gene is Ex-
pressed in the AWA Neurons

(A) Schematic diagram of cell bodies in the
anterior sensory ganglion (lateral view). The
cell body and processes of the AWA neuron
are indicated in green. Anterior is at left and
dorsal is up.

(B) Lateral view of a transgenic animal ex-
pressing the integrated odr-10::GFP fusion
gene (see Experimental Procedures). The
solid arrow indicates the dendrite and the
dashed arrow indicates the cell body of the
AWA neuron.

(C) Dorsal view of a transgenic animal ex-
pressing the integrated odr-10::GFP fusion
gene. The solid arrows indicate the dendrites
and the dashed arrows indicate the cell bod-
ies of the AWA neurons. Scale bar = 10 pm.

of odr-7(ky4) animals (n = 40), and its expression in
those animals was much weaker than observed in wild-
type animals (Figure 6B). This odr-10::GFP fusion gene
included 1 kb upstream of the predicted start site of
odr-10, indicating that sequences sufficient to confer
regulation by odr-7 are included within this region.

odr-10 Rescues Diacetyl but Not Pyrazine
Responses in an odr-7 Mutant

The loss-of-function alleles of odr-10 indicate that this
gene is necessary for chemotaxis to diacetyl, but not
necessary for chemotaxis to pyrazine. Two generalmod-
els could explain these results. Odr-10 protein might
specifically interact with diacetyl and not pyrazine. Alter-
natively, Odr-10 protein might interact with both odor-
ants but be partly redundant with a second receptor in
the AWA neurons that senses pyrazine, but not diacetyl.
To distinguish between these models, we asked whether
odr-10 could rescue specific odorant responses in ani-
mals that lacked all AWA functions due to a mutation
in the odr-7 gene (Sengupta et al., 1994).

The wild-type odr-10 cDNA was introduced into odr-7
mutants under control of the odr-3 promoter, which
drives expression in both the AWA and the AWC sensory
neurons (K. Roayaie and C. I. B., unpublished data).
odr-7 mutants did not chemotax to diacetyl or pyrazine,
but transgenic odr-7 animals expressing the odr-3::o0dr-
10 fusion gene were able to chemotax to diacetyl, but
not pyrazine (Table 1). Thus, the odr-10 gene product
was sufficient to restore the diacetyl response in an
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Figure 5. The Odr-10 Protein is Localized to the Sensory Cilia of
the AWA Neurons

(A) Expression of the Odr-10 protein tagged with GFP (see Experi-
mental Procedures). Strong GFP expression is seen at the tip of the
nose, and faint expression is seen in the dendrites and cell bodies
of the AWA neurons. Scale bar = 10 pm.

(B) Higher magnification view of the cilia of a transgenic animal
expressing the Odr-10 protein tagged with GFP. The AWA cilia are
identified by their characteristic branched pattern. Three dimen-
sional images were acquired using wide-field fluorescence micros-
copy and constrained iterative deconvolution (Hiraoka et al., 1990).
Scale bar = 10 pm.

(C) Schematic diagram of the sensory cilia of the AWA neurons. The
image of the sensory cilia in (B) is shown. The solid and dashed lines
represent the cilia of the two bilaterally symmetrical AWA neurons on
the near and far sides of the animal, respectively.

odr-7 mutant, but not sufficient to restore the pyrazine
response. These results indicate that expression of Odr-
10 can confer a specific responsiveness to diacetyl on
either the AWA or the AWC olfactory neurons.

Discussion

odr-10 Encodes a Candidate Receptor for Diacetyl

Based on their sequences and expression patterns, sev-
eral families of vertebrate and invertebrate seven trans-
membrane domain proteins have been proposed to en-
code olfactory receptors (Buck and Axel, 1991; Ngai et

al., 1993b; Dulac and Axel, 1995; Troemel et al., 1995).
The data presented here provide direct evidence that a
single C. elegans receptor is required for the physiologi-
cal response to an odorant, and indicate that the odr-
10 gene product is likely to be a receptor for the odorant
diacetyl.

Two genetic results implicate odr-10 as a critical com-
ponent of the olfactory response to diacetyl. First, muta-
tions in odr-10 lead to a selective loss in the animal’s
ability to sense diacetyl. The mutants exhibit normal
responses to other odorants recognized by the AWA
olfactory neurons, and thus are not completely defective
in AWA function. Second, expression of a wild-type odr-
10 cDNA specifically restores diacetyl sensitivity to a
mutant (odr-7) that has lost its response to several
odorants.

The pattern of odr-10 expression suggests that odr-10
is directly involved in sensory transduction. odr-10::GFP
gene fusions are expressed at high levels in the AWA
neurons, the single type of olfactory neuron that senses
low concentrations of diacetyl. In addition, a tagged
protein that contains the entire odr-10 coding region
is localized to the AWA sensory cilia. These cilia are
probably used mainly for sensory transduction, and ex-
pression here suggests sensory function for odr-10. Be-
cause all AWA synapses are located on the AWA axons,
which are distant from the cilia, odr-10 is unlikely to
participate in synaptic transmission (White et al., 1986).

Sequence analysis predicts that odr-10 encodes a
seven transmembrane domain receptor of the G protein—
coupled superfamily, with distant similarity to the candi-
date mammalian olfactory receptors. At least 10 addi-
tional C. elegans genes that are similar to odr-10 have
been found in the sequenced regions of the C. elegans
genome (Wilson et al., 1994; J. H. C., E. Troemel, and
C. I. B., unpublished data; J. Sulston, A. Coulson, R.
Waterston et al., personal communication). The pre-
dicted odr-10 sequence includes several residues that
are conserved in the G protein—coupled receptor super-
family, particularly residues around the third and sev-
enth transmembrane domains (Probst et al., 1992). As
yet there is no direct evidence for G protein involvement
in C. elegans olfaction, but G proteins have been shown
to function in pheromone detection and in other forms
of chemosensation in worms (R. Zwaal and R. Plasterk,
personal communication; E. Troemel and C.I. B., unpub-
lished data). Since G protein signaling pathways are
used in olfaction in vertebrates and other invertebrates
(Jones and Reed, 1989; Breer et al., 1990), itis likely that
they also function in the C. elegans olfactory system.

In mammals, it has been suggested that olfactory re-
ceptors may be part of an axon guidance system for
olfactory neurons (Singer et al., 1995; Sullivan et al.,
1995); neurons that express a single olfactory receptor
projectto common target glomeruli in the olfactory bulb
(Ressler et al., 1994; Vassar et al., 1994). Two observa-
tions make it unlikely that odr-10 plays a direct role in
axon guidance of C. elegans olfactory neurons. First,
odr-10 mutants have morphologically normal AWA ax-
ons, so this receptor is not required for normal axon
outgrowth and guidance. Second, the Odr-10 gene
product appears to be localized to the sensory cilia of
the AWA neurons, while axon outgrowth occurs from a
distant part of the cell.
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Figure 6. Expression of odr-10 is Regulated by odr-7
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(A) Expression of odr-10 in wild-type, odr-10(ky32), and odr-7(ky4) mutant animals. odr-10 message was amplified by nested reverse transcrip-
tion—-polymerase chain reaction and detected by hybridization to an odr-10 cDNA probe (see Experimental Procedures). sem-5 message was

amplified in parallel as a positive control.

(B) Expression of an odr-10::GFP integrated fusion gene in wild-type and odr-7(ky4) animals (lateral views). (Left) Expression of the fusion
gene in an odr-7(+) background. The solid arrow indicates the position of the AWA cell body showing bright expression. The dashed arrow
indicates the position of the CEP neurons. (Right) Expression of the integrated fusion gene in odr-7(ky4) mutants. The solid arrow indicates
the expected position of the cell body of the AWA neuron. The dashed arrow indicates faint expression in one of four CEP neurons (see text
and Experimental Procedures). This is the same fusion gene that is shown in Figure 4. Scale bar = 10 pm.

Odorant Specificity of the odr-10 Gene Product
Individual olfactory neurons in C. elegans can sense
several different odorants, including odorants that can
be distinguished by the animal in behavioral assays
(Bargmann et al., 1993; Colbert and Bargmann, 1995).
In principle, each neuron could express one olfactory
receptor that detects many odorants, or several more
specific olfactory receptors. The expression patterns of
the putative chemosensory receptors encoded by the
sra, srb, srd, sre, srg, and sro genes indicate that one
sensory neuron can express many different candidate
receptors (Troemel et al., 1995). Similarly, the genetic
properties of odr-10 favor the model that several olfac-
tory receptors are expressed per neuron. The AWA ol-
factory neurons sense several structurally dissimilar
odorants that are discriminated by the animal, including
diacetyl and pyrazine. odr-10 null mutants have defec-
tive responses to diacetyl but not pyrazine, suggesting
the existence of at least one additional receptor on the
AWA neurons.

Diacetyl specificity of Odr-10 was also indicated by

Table 1. odr-10 Expression Driven by the odr-3 Promoter
Rescues Diacetyl but Not Pyrazine Responses in odr-7(ky4)
Mutants

Chemotaxis
Strain Fusion Gene Injected Diacetyl Pyrazine
odr-7(ky4) none - -
odr-7(ky4) odr-10 cDNA - -
(no promoter)
odr-7(ky4) odr-3::0dr-10 + -
odr-10(ky32) none - +
odr-10(ky32) odr-3::0dr-10 + +

Fusion genes were microinjected into an odr-7(ky4) lin-15(n765ts)
X strain or an odr-10(ky32) lin-15(n765ts) X strain together with lin-
15 marker DNA. At least four independent transgenic lines carrying
each fusion gene were tested. Chemotaxis indices of 0-0.3 were
scored as negative; indices of 0.3-1.0 were scored as positive. A
minimum of three chemotaxis assays were conducted per
transgenic line.

the observation that the odr-10 cDNA rescues the diace-
tyl but not the pyrazine defect of odr-7 mutants. Presum-
ably, at least one additional gene controlled by the can-
didate transcriptional regulator odr-7 is required for a
normal pyrazine response.

The AWA neurons sense diacetyl at low concentra-
tions, probably in the nanomolar range. However, they
detect 2,3-pentanedione 10- to 100-fold less efficiently,
and they do not detect 2-butanone at all (Bargmann et
al., 1993; P. S. and C. |. B., unpublished data). Therefore,
the diacetyl-sensing pathway of the AWA neurons se-
lects among molecules with similar structures. If odr-
10 encodes the diacetyl receptor, this selectivity might
be an intrinsic property of Odr-10, and the biochemical
sensitivity of the Odr-10 protein to odorant agonists or
antagonists could generate behavioral specificity.

Although many other tested odorant responses are
normal in odr-10 mutants, Odr-10 might sense odorants
other than diacetyl. The AWA neurons are redundant
with the AWC neurons for a number of olfactory re-
sponses, and a defect in the AWA component of those
responses might not be apparent in behavioral assays.

Parallels between Vertebrate

and Invertebrate Olfaction

The sequence similarity between odr-10 and the verte-
brate olfactory receptors is limited to a few residues in
the predicted proteins (~10% overall amino acid iden-
tity). odr-10 is more similar to these receptors than to
other G protein—-coupled receptors, but it is unclear
whether the vertebrate and invertebrate olfactory recep-
tors are derived from a common ancestor.

Vertebrate olfactory neurons have been reported to
respond to many different odorants. For example, as
many as 25% of all salamander olfactory neurons gener-
ate an electrical response to cineole (Firestein et al.,
1993). If these salamander neurons are like mammalian
olfactory neurons and express only one olfactory re-
ceptor gene per neuron, then that one receptor might
recognize a broad variety of odorants. One rat olfactory
receptor clone, OR5, has been shown to generate an
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IP;response to many different odorants when expressed
in SF9 cells (Raming et al., 1993). These studies suggest
that vertebrate odorant-receptor interactions are rela-
tively promiscuous. However, they were conducted at
micromolar odorant concentrations, whereas physio-
logical levels are in the nanomolar or picomolar range.
At lower odorant concentrations, vertebrate receptors
might also show the striking specificity observed with
Odr-10.

Whereas individual C. elegans neurons probably ex-
press several receptor genes, mammalian olfactory neu-
rons probably express only one receptor gene per neu-
ron (Ressler et al., 1993; Vassar et al., 1993; Chess et
al., 1994). Why should this difference exist? C. elegans
has only 32 chemosensory neurons, but chemosensa-
tion is its most complex sensory modality and the main
mechanism by which the animal makes qualitative judg-
ments of its environment. Given the apparent chemical
specificity of Odr-10 and the small number of sensory
neurons, each cell might need to express many recep-
tors for the animal to recognize the full spectrum of
salient odorants. It will be interesting to determine
whether olfactory systems of intermediate complexity,
such as those of insects (Siddiqi, 1987), lobsters (Boek-
hoff et al., 1994), and fish (lvanova and Caprio, 1993;
Ngai et al., 1993a; Kang and Caprio, 1995), follow the
mammalian pattern or the nematode pattern of receptor
expression.

Experimental Procedures

Strains and Genetics
Wild-type worms were C. elegans variety Bristol, strain N2. Worms
were grown using standard methods (Brenner, 1974).

Strains used in this work were: CX2111 unc-58(e665dm) X,
MT1079 egl-15(n484) X, PS1032 syDfl/unc-2(e55) lon-2(e678) X,
TY1093 unc-42(e270) V; szT1/uDfl X, CX2641 dpy-8(e130) stDf1/
lon-2(e678) egl-15(n484) X; CB678 lon-2(e678) X, TY0367 unc-
18(e81) dpy-6(e14) X, CX2629 lon-2(e678) odr-10(ky32) unc-6(n102)
X, CX2818 lin-15(n765ts) X, CX2366 odr-7(ky4) lin-15(n765ts) X,
CX2275 odr-7(ky4) unc-9(e101) X, CB101 unc-9(e101) X, MT3126
mut-2(r459) I; dpy-19(n1347) Il and C. elegans variety Bergerac,
strain RW7000.

Isolation of odr-10(ky32) and odr-10(ky225)
odr-10(ky32) was identified in a behavioral screen for animals that
could not chemotax to diacetyl. The mutagenesis and mutant
screens were performed as described previously (Bargmann et al.,
1993). In brief, wild-type animals were mutagenized using the muta-
gen ethyl methanesulfonate (EMS). The F2 progeny of ~3600 muta-
genized F1 animals were screened by giving them a choice between
point sources of 1:10 dilution of diacetyl and 1 mg/ml pyrazine. After
two rounds of choosing animals at the pyrazine, individual animals
were placed on 6 cm plates, allowed to self-fertilize, and their prog-
eny retested for chemotaxis defects.

odr-10(ky225) was generated by insertion and imprecise excision
of the transposon Tcl (Zwaal et al., 1993). Tc1 and odr-10- specific
primers were used to screen 1000 frozen stocks of the mutator
strain MT3126 by PCR, identifying one strain with a Tcl insertion
within the second intron of odr-10. The odr-10::Tc1 strain was sub-
jected to 68.7 mJ/cm? irradiation in a Stratagene UV Stratalinker to
produce DNA breaks, and the progeny screened via PCR for impre-
cise excision of Tcl. An animal with a 1351 bp deletion that extended
from the Tcl insertion site to 428 bp past the odr-10 stop codonwas
identified. The predicted product from this deletion (odr-10(ky225))
lacks all coding sequences past the N-terminal 120 amino acids of
odr-10.

Both mutations were backcrossed four times before behavioral
testing.

Mapping of odr-10

The initial isolate of odr-10 carried two mutations: odr-10(ky32) and
odr(ky47). Both mutations were linked to unc-58(e665dm) X.
odr(ky47) was mapped near egl-15(n484) X. odr-10(ky32) was cov-
ered by the genetic deficiency syDf1 X but uncovered by the genetic
deficiencies uDfl X and stDfl X. These data placed odr-10(ky32)
between mec-2 and unc-6 on LG X.

odr-10(ky32) was separated from odr(ky47) by the following strat-
egy: a strain carrying the two linked mutations odr-10(ky32) and
dpy-6(e14) X was generated by isolating Dpy non-Unc recombinants
in odr-10(ky32) odr(ky47)/unc-18(e81) dpy-6(e14) X animals. 8/8 Dpy
non-Unc recombinants segregated odr-10(ky32). Males carrying the
lon-2(e678) X mutation were mated with odr-10(ky32) dpy-6(e14) X
animals, and recombinants carrying only the odr-10(ky32) mutation
were isolated on the basis of their behavioral phenotype in chemo-
taxis assays.

Restriction fragment length polymorphisms between the Bristol
strain N2 and the Bergerac strain RW7000 were used to further
localize odr-10. The polymorphism stP33 is a 260 bp fragment de-
tected in RW7000 using PCR (Williams et al., 1992). RW7000 males
were mated with hermaphrodites carrying the three linked mutations
lon-2(e678) odr-10(ky32) unc-6(n102) X. 3/13 Lon non-Unc recombi-
nants lost the stP33 Bergerac polymorphism. Of these three, two
recombinants segregated odr-10(ky32). This analysis placed odr-
10 between stP33 and the gene unc-6 on the physical map.

Molecular Biology Methods

All general molecular biology manipulations were performed using
standard methods (Sambrook et al., 1989). Sequencing was per-
formed using the fmol sequencing system (Promega). Sequence
analysis was carried out using GeneWorks (Intelligenetics). Se-
quence comparisons were performed using the BLAST network ser-
vice (Altschul et al., 1990) and the CLUSTAL W program (Thompson
et al.,, 1994). Preliminary sequence of the odr-10 genomic region
was obtained courtesy of the C. elegans sequencing consortium at
Washington University (St. Louis) (Wilson et al., 1994).

Germline Transformation

Germline transformation was carried out as described (Mello et al.,
1991; Sengupta et al., 1994). Marker lin-15 DNA (Huang et al., 1994)
was used at a concentration of 50 pg/ml and test DNA at a concen-
tration of 30 pg/ml. Transgenic animals were identified by rescue
of the lin-15(n765ts) multivulval phenotype at 20°C.

Isolation and Characterization of cDNAs

The 3.3 kb Scal-EcoRV rescuing genomic fragment was used to
screen approximately 1X 10° plaques of a mixed stage C. elegans
cDNA library (Barstead and Waterston, 1989). Three positive clones
were identified and partial sequences were obtained from both ends
of the clones. One clone was a hybrid cDNA obtained from fusion
of a partial odr-10 cDNA with an unidentified cDNA. The remaining
two cDNAs were identical and encoded odr-10. One of these cDNAs
was sequenced completely on both strands using *P-end-labeled
oligonucleotides.

Sequencing of the odr-10(ky32) Mutant Allele

Genomic DNA was isolated from N2 and odr-10(ky32) animals as
described (Klein and Meyer, 1993). The genomic region containing
the odr-10 gene was amplified using the primers PS-37 (5'-CCT
CGT GAA ATC AGA TTT CAG-3’) and PS-38 (5'-ACA TTC ATC ACG
TCG GAA CTT-3') flanking the open reading frame. At least one
strand of the open reading frames of all eight exons, the splice
junctions, and ~50 bp beyond the initiator methionine and the termi-
nation codon were sequenced. The exon containing the ky32 muta-
tion was sequenced on both strands.

Generation of the Frameshift Mutation

A frameshift mutation was created at the Xhol site in the sixth exon
of the odr-10 gene using the following strategy: the Scal-EcoRV
rescuing genomic fragment was cloned into the EcoRV site of the
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pBluescript plasmid. The Xhol site in the polylinker was destroyed
by digesting this plasmid with Apal and Sall, blunting the overhang-
ing ends, and religating. A frameshift was then created at the re-
maining Xhol site in the odr-10 gene by digesting with Xhol, filling
in the protruding ends, and religating. This results in a frameshift
after Arg-241 of Odr-10. The mutation was confirmed by DNA se-
quencing.

Generation of odr-10 Expression Constructs

A translational odr-10::GFP fusion gene was made by ligating ~1
kb of upstream promoter sequences and sequences encoding the
first four amino acids of odr-10 in-frame into the GFP expression
vector pPD95.77 (Chalfie et al., 1994; A. Fire, S. Xu, J. Ahnn, and
G. Seydoux, personal communication). The GFP gene used in all
experiments contains five engineered introns and the mutation S65C
(Heim et al., 1995). odr-10 sequences were amplified from a sub-
clone of the genomic region in pBluescript. PCR was performed
using the T3 primer and an odr-10-specific primer engineered to
contain a BamHl site at one end (PS-44; 5'-TAG GGT AAT GGATCC
TTC TCC CGA CAT GGA GCT GTA-3'). The resulting product was
subcloned into the Sall and BamHlI sites of pPD95.77. This strategy
resulted in the addition of 20 amino acids between the fourth residue
of the Odr-10 protein and the first methionine of GFP.

The Odr-10 protein tagged with GFP was constructed by ampli-
fying ~1 kb of odr-10 promoter sequences together with sequences
encoding residues 1-337 of the Odr-10 protein, and ligating the PCR
product in-frame into pPD95.77. Amplification was performed from
a subclone of the odr-10 genomic region in pBluescript using the
primers T3 and PS-59 (5'-CAT TCA TCA GGA TCC AAC TTG AGA
CAA ATT GGC-3'). PS-59 was designed to contain a BamH]I site at
the end. The amplified fragment was cloned into the Sall and BamHI
sites of the pPD95.77 vector. This tagged protein includes 20 addi-
tional amino acids between Val-337 of Odr-10 and the initiator methi-
onine of GFP. The sequence of the PCR product was confirmed by
DNA sequencing.

The odr-3::0dr-10 expression construct was made in several
steps. First, odr-10 sequences encoding residues 1-337 of Odr-
10 were amplified and inserted into pBluescript to remove the 3’
untranslated region and polyA tail. Amplification was carried out on
a plasmid containing the odr-10 cDNA using the T3 and PS-59
primers. Second, a STOP codon was inserted by ligating an Nhel
linker (New England Biolabs) containing Stops in all three frames at
the 3’ end of the modified odr-10 cDNA. Sequence analysis of this
cDNA revealed three PCR-induced point mutations, which were
removed by replacing an Nsil-Bsml fragment of the cDNA with a
fragment from the original odr-10 cDNA. Third, the GFP gene in the
Tu#62 expression vector was replaced with the odr-10 cDNA. This
essentially creates a promoterless odr-10 “expression” vector. Fi-
nally, a Hindlll fragment containing approximately 3 kb of upstream
sequences and sequences encoding the first 36 amino acids of
odr-3 was inserted into the Sphl site in the polylinker of the odr-
10 “expression” vector by blunt-ended ligation. All junctions were
verified by sequencing.

Most amplification reactions were carried out using 50-100 ng of
plasmid DNA and 100 ng of each primer in 50 mM KCI, 10 mM
Tris (pH 8.0), 1.5 mM MgCl,, and 200 pM of each dNTP. Reaction
conditions were 94°C for 30 s, 52°C for 1 min, 72°C for 1 min for 15
cycles on an MJ Research thermal cycler.

Detection of odr-10 Transcripts by Reverse
Transcription-Polymerase Chain Reaction

Total RNA was prepared from mixed stage N2, odr-10(ky32) and
odr-7(ky4) animals by LiCl precipitations (Michael Finney, personal
communication). First strand cDNAs for odr-10 and sem-5 (Clark et
al., 1992) were prepared in the same reaction using the primers PS-
38 and sem-5#5 (5'-TGG AGA TTA AGT AAG AGA GGG C-3') and
10 ng of total RNA, essentially as described (Aatsinki et al., 1994).
The cDNAs were used as templates for PCR amplification, using
the primers SL1, PS-38, and sem-5#5 to detect odr-10 (test) and
sem-5 (positive control) messages. The first amplification of odr-10
and sem-5 cDNAs was performed in the same reaction. Reactions
were subjected to additional rounds of amplification using SL1 and
the nested primer PS-43 (5'-TGA AAT TGG CGT TTG CAT TCA-3')

for odr-10 and SL1 and sem-5#14 (5’-GTT GAATTT GAC AGC C-3’)
for sem-5. Nested reactions for odr-10 and sem-5 were performed
separately. The conditions for PCR were as described above except
that 30 cycles of amplification were carried out in each round. The
reaction products were resolved by electrophoresis, transferred to
a nylon membrane, and probed with *P-labeled odr-10 cDNA or a
sem-5 genomic fragment.

Expression of odr-10::GFP Fusion Genes

Transgenic C. elegans lines generated by microinjection bear extra-
chromosomal arrays of the injected DNA that are occasionally lost
during meiosis and mitosis. To confirm the expression pattern of
the odr-10::GFP fusion gene, a strain was generated where the
fusion gene (and marker lin-15 DNA) were integrated into the ge-
nome (Mello etal., 1991). Approximately 40 L4 larvae of a transgenic
line carrying the extrachromosomal array of odr-10::GFP and lin-15
were irradiated with gamma rays from a **'Cs source (6000 rads).
Six hundred transgenic F2 progeny of the mutagenized animals
(recognized by theirlin-15+ phenotype) were cloned onto individual
plates. Potential integrants were identified by the absence of lin-
15 mutant progeny. A single strain CX3260 (lin-15(n765ts); kyIn37)
resulted from integration of the extrachromosomal array into LG I,
near rol-6. This strain showed bright GFP expression in both AWA
neurons in all animals. Although somewhat masked by this bright
fluorescence, faint but consistent expression was also observed in
the CEP neurons. Rarely, expression was also observed in other
neurons, including ASI.

The expression pattern of the odr-10::GFP fusion gene was unal-
tered in odr-10(ky32) animals (data not shown). Additionally, the
localization of the Odr-10 protein tagged with GFP was unaltered,
and the AWA neurons had normal morphology of their sensory cilia,
axons, and dendrites in odr-10 mutants. An odr-7::GFP fusion gene
is expressed only in the AWA neurons. Expression of this fusion
gene was unaltered in odr-10(ky32) animals, indicating that the odr-
10(ky32) mutation did not alter AWA cell fate (data not shown).

To visualize odr-10::GFP expression in odr-7 mutants, the follow-
ing strategy was used: N2 males were mated with lin-15(n765ts);
kyln37 hermaphrodites to obtain lin-15(n765ts); kyln37/+ males.
Heterozygous males were mated with unc-9(e101) X and odr-7(ky4)
unc-9(e101) X hermaphrodites, and cross-progeny heterozygous for
both kyIn37 and unc-9 were cloned out. Unc animals in the F2
generation were again cloned out and homozygosed for kyIn37 by
examination under fluorescence. The presence of the odr-7(ky4)
mutation was confirmed by complementation analysis. GFP expres-
sion was observed faintly but consistently in the CEP neurons in
both wild-type and odr-7(ky4) animals. Since the endogenous odr-
10 message was greatly reduced or absent in odr-7(ky4) mutants
(Figure 6A), the expression of the reporter gene fusion in CEP may
not be characteristic of the endogenous odr-10 gene.

Acknowledgments

We thank Wallace Marshall for generating the high magnification
image of the AWA cilia. We are grateful to Ligin Tong and Penny
Mapa for excellent technical support; Kate Wesseling for the Tcl
insertion library; Kayvan Roayaie for the odr-3 clone; Scott Clark
for sem-5 sequences; Bob Barstead for the cDNA library; Alan Coul-
son and John Sulston for cosmids; Andy Fire and Marty Chalfie for
the GFP expression vectors; the Caenorhabditis Genetics Center
and the Meyer lab for strains; and the C. elegans sequencing consor-
tium at Washington University, St. Louis, for preliminary sequence
data. We would also like to thank Caroline Murphy for assistance
with software and Andrew Murray, Ira Herskowitz, Cynthia Kenyon,
Noelle Dwyer, and Villu Maricq for critical comments on the manu-
script.

P. S. was supported by a fellowship from the American Cancer
Society, California Division. C. |. B. is an Assistant Investigator of the
Howard Hughes Medical Institute, a Searle Scholar, and a Markey
Scholar. This work was supported by Public Health Service grant
DC01393 from the National Institute on Deafness and Other Commu-
nication Disorders at the National Institutes of Health.

Received December 21, 1995; revised January 29, 1996.



Cell
908

References

Aatsinki, J.T., Lakkakorpi, J.T., Pietila, E.M., and Rajaniemi, H.J.
(1994). A coupled one-step reverse transcription PCR procedure for
generation of full-length open reading frames. BioTechniques 16,
282-288.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.

Bargmann, C.l., Hartwieg, E., and Horvitz, H.R. (1993). Odorant-
selective genes and neurons mediate olfaction in C. elegans. Cell
74, 515-527.

Barstead, R.J., and Waterston, R.H. (1989). The basal component
of the nematode dense-body is vinculin. J. Biol. Chem. 264, 10177-
10185.

Boekhoff, 1., Tareilus, E., Strotmann, J., and Breer, H. (1990). Rapid
activation of alternative second messenger pathways in olfactory
cilia from rats by different odorants. EMBO J. 9, 2453-2458.

Boekhoff, I., Michel, W., Breer, H., and Ache, B. (1994). Single odors
differentially stimulate dual second messenger pathways in lobster
olfactory receptor cells. J. Neurosci. 14, 3304-3309.

Breer, H., Boekhoeff, I., and Tareilus, E. (1990). Rapid kinetics of
second messenger formation in olfactory transduction. Nature 345,
65-68.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genet-
ics 77, 71-94.

Buck, L., and Axel, R. (1991). A novel multigene family may encode
odorant receptors: a molecular basis for odor recognition. Cell 65,
175-187.

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., and Prasher, D.C.
(1994). Green fluorescent protein as a marker for gene expression.
Science 263, 802-805.

Chess, A., Simon, |., Cedar, H., and Axel, R. (1994). Allelic inactivation
regulates olfactory receptor gene expression. Cell 78, 823-834.

Clark, S.G., Stern, M.J., and Horvitz, H.R. (1992). C. elegans cell-
signalling gene sem-5 encodes a proteinwith SH2 and SH3 domains.
Nature 356, 340-344.

Clark, S.G., Lu, X., and Horvitz, H.R. (1994). The Caenorhabditis
elegans locus lin-15, a negative regulator of a tyrosine kinase signal-
ling pathway, encodes two different proteins. Genetics 137,
987-997.

Colbert, H.A., and Bargmann, C.I. (1995). Odorant-specific adapta-
tion pathways generate olfactory plasticity in C. elegans. Neuron
14, 803-812.

Coulson, A.R., Sulston, J., Brenner, S., and Karn, J. (1986). Towards
a physical map of the genome of the nematode Caenorhabditis
elegans. Proc. Natl. Acad. Sci. USA 83, 7821-7825.

Coulson, A., Waterston, R., Kiff, J., Sulston, J., and Kohara, Y. (1988).
Genome linking with yeast artificial chromosomes. Nature 335,
184-186.

Dulac, C., and Axel, R. (1995). A novel family of genes encoding
putative pheromone receptors in mammals. Cell 83, 195-206.
Firestein, S., Zufall, F., and Shepherd, G.M. (1991). Single odor-
sensitive channels in olfactory receptor neurons are also gated by
cyclic nucleotides. J. Neurosci. 11, 3565-3572.

Firestein, S., Picco, C., and Menini, A. (1993). The relation between
stimulus and response in olfactory receptor cells of the tiger sala-
mander. J. Physiol. 468, 1-10.

Heim, R., Cubitt, A.B., and Tsien, R.Y. (1995). Improved green fluo-
rescence. Nature 373, 663-664.

Hiraoka, Y., Sedat, J.W., and Agard, D.A. (1990). Determination of
three-dimensional imaging properties of a light microscope system.
Partial confocal behavior in epifluorescence microscopy. Biophys.
J. 57, 325-333.

Huang, L.S., Tzou, P., and Sternberg, P.W. (1994). The lin-15 locus
encodes two negative regulators of Caenorhabditis elegans vulval
development. Mol. Biol. Cell 5, 395-412.

Ishii, N., Wadsworth, W.G., Stern, B.D., Culotti, J.G., and Hedgecock,

E.M. (1992). UNC-6, a laminin-related protein, guides cell and pio-
neer axon migrations in C. elegans. Neuron 9, 873-881.

Ivanova, T.T., and Caprio, J. (1993). Odorant receptors activated by
amino acids in sensory neurons of the channel catfish Ictalurus
punctatus. J. Gen. Physiol. 102, 1085-1105.

Jones, D.T., and Reed, R.R. (1989). Golf: an olfactory neuron spe-
cific-G proteininvolved in odorant signal transduction. Science 244,
790-795.

Kang, J., and Caprio, J. (1995). In vivo responses of single olfactory
receptor neurons in the channel catfish, Ictalurus punctatus. J. Neu-
rophys. 73, 172-177.

Klein, R.D., and Meyer, B.J. (1993). Independent domains of the
Sdc-3 protein control sex determination and dosage compensation
in C. elegans. Cell 72, 349-364.

Krause, M., and Hirsh, D. (1987). A trans-spliced leader sequence
on actin mRNA in C. elegans. Cell 49, 753-761.

Kyte, J., and Doolittle, R.F. (1982). A simple method for displaying
the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.
Mello, C.C., Kramer, J.M., Stinchcomb, D., and Ambros, V. (1991).
Efficient gene transfer in C. elegans: Extrachromosomal mainte-
nance and integration of transforming sequences. EMBO J. 10,
3959-3970.

Nakamura, T., and Gold, G.H. (1987). A cyclic-nucleotide gated con-
ductance in olfactory receptor cilia. Nature 325, 442-444.

Ngai, J., Chess, A., Dowling, M., Necles, N., Macagno, E., and Axel,
R. (1993a). Coding of olfactory information: topography of odorant
receptor expression in the catfish olfactory epithelium. Cell 72,
667-680.

Ngai, J., Dowling, M., Buck, L., Axel, R., and Chess, A. (1993b). The
family of genes encoding odorant receptors in the channel catfish.
Cell 72, 657-666.

Pace, U., Hanski, E., Salomon, Y., and Lancet, D. (1985). Odorant-
sensitive adenylate cyclase may mediate olfactory reception. Nature
316, 255-258.

Probst, W.C., Snyder, L.A., Schuster, D.I., Brosius, J., and Sealfon,
S.C. (1992). Sequence alignment of the G-protein coupled receptor
superfamily. DNA Cell Biol. 11, 1-20.

Raming, K., Krieger, J., Strotmann, J., Boekhoff, I., Kubick, S., Baum-
stark, C., and Breer, H. (1993). Cloning and expression of odorant
receptors. Nature 361, 353-356.

Ressler, K.J., Sullivan, S.L., and Buck, L.B. (1993). A zonal organiza-
tion of odorant receptor gene expression in the olfactory epithelium.
Cell 73, 597-609.

Ressler, K.J., Sullivan, S.L., and Buck, L.B. (1994). Information cod-
ing in the olfactory system: evidence for a stereotyped and highly
organized epitope map in the olfactory bulb. Cell 79, 1245-1256.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
ing: A Laboratory Manual (Cold Spring Harbor, NY: Cold Spring
Harbor Press).

Sengupta, P., Colbert, H.A., and Bargmann, C.I. (1994). The C. eleg-
ans gene odr-7 encodes an olfactory-specific member of the nuclear
receptor superfamily. Cell 79, 971-980.

Siddigi, O. (1987). Neurogenetics of olfaction in Drosophila melano-
gaster. Trends Genet. 3, 137-142.

Singer, M.S., Shepherd, G.M., and Greer, C.A. (1995). Olfactory re-
ceptors guide axons. Nature 376, 19-20.

Sklar, P.B., Anholt, R.R.H., and Snyder, S.H. (1986). The odorant-
sensitive adenylate cyclase of olfactory receptor cells: differential
stimulation by distinct classes of odorants. J. Biol. Chem. 261,
25538-25543.

Sullivan, S.L., Bohm, S., Ressler, K.J., Horowitz, L.F., and Buck,
L.B. (1995). Target-independent pattern specificationin the olfactory
epithelium. Neuron 15, 779-789.

Sulston, J., Du, Z., Thomas, K., Wilson, R., Hillier, L., Staden, R.,
Halloran, N., Green, P., Thierry-Mieg, J., Qiu, L., et al. (1992). The
C. elegans genome sequencing project: a beginning. Nature 356,
37-41.

Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL



odr-10 Encodes an Olfactory Receptor
909

W: improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucl. Acids Res. 22, 4673-4680.
Troemel, E.R.,Chou, J.H., Dwyer, N.D., Colbert, H.A., and Bargmann,
C.l1.(1995). Divergent seven transmembrane receptors are candidate
chemosensory receptors in C. elegans. Cell 83, 207-218.

Vassar, R., Ngai, J., and Axel, R. (1993). Spatial segregation of odor-
ant receptor expression in the mammalian olfactory epithelium. Cell
74, 309-318.

Vassar, R., Chao, S.K., Sitcheran, R., Nunez, J.M., Vosshall, L.B.,
and Axel, R. (1994). Topographic organization of sensory projections
to the olfactory bulb. Cell 79, 981-992.

Ward, S., Thomson, N., White, J.G., and Brenner, S. (1975). Electron
microscopical reconstruction of the anterior sensory anatomy of the
nematode Caenorhabditis elegans. J. Comp. Neurol. 160, 313-337.
Ware, R.W., Clark, D., Crossland, K., and Russell, R.L. (1975). The
nerve ring of the nematode Caenorhabditis elegans: sensory input
and motor output. J. Comp. Neur. 162, 71-110.

White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986).
The structure of the nervous system of the nematode Caenorhabditis
elegans. Phil. Transact. R. Soc. Lond. B 314, 1-340.

Williams, B.D., Schrank, B., Huynh, C., Shownkeen, R., and Wa-
terston, R.H. (1992). A genetic mapping system in Caenorhabditis
elegans based on polymorphic sequence-tagged sites. Genetics
131, 609-624.

Wilson, R., Ainscough, R., Anderson, K., Baynes, C., Barks, M.,
Bonfield, J., et al. (1994). 2.2 Mb of contiguous nucleotide sequence
from chromosome lIl of C. elegans. Nature 368, 32-38.

Zwaal, R.R., Broeks, A., van Meurs, J., Groenen, J.T., and Plasterk,
R.H. (1993). Target-selected gene inactivation in Caenorhabditis
elegans by using a frozen transposon insertion mutant bank. Proc.
Natl. Acad. Sci. USA 90, 7431-7435.



