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Olfactory receptor (OR) genes represent '1% of genomic coding
sequence in mammals, and these genes are clustered on multiple
chromosomes in both the mouse and human genomes. We have
taken a comparative genomics approach to identify features that
may be involved in the dynamic evolution of this gene family and
in the transcriptional control that results in a single OR gene
expressed per olfactory neuron. We sequenced '350 kb of the
murine P2 OR cluster and used synteny, gene linkage, and phylo-
genetic analysis to identify and sequence '111 kb of an ortholo-
gous cluster in the human genome. In total, 18 mouse and 8 human
OR genes were identified, including 7 orthologs that appear to be
functional in both species. Noncoding homology is evident be-
tween orthologs and generally is confined within the transcrip-
tional unit. We find no evidence for common regulatory features
shared among paralogs, and promoter regions generally do not
contain strong promoter motifs. We discuss these observations, as
well as OR clustering, in the context of evolutionary expansion and
transcriptional regulation of OR repertoires.

Animals have evolved specialized sense organs that recognize
olfactory information in the environment and transmit this

information to the brain, where it then must be processed to
create an internal representation of the external world. Humans,
for example, are thought to recognize more than 10,000 discrete
odors with exquisite discriminatory power such that subtle
differences in chemical structure often can lead to profound
differences in perceived odor quality.

Several divergent odorant receptor gene families, each encod-
ing seven transmembrane domain proteins, have been identified
in vertebrates and invertebrate species. In mammals, volatile
odorants are detected by a family of as many as 1,000 receptors,
each expressed in the main olfactory epithelium (1). Terrestrial
vertebrates have a second anatomically and functionally distinct
olfactory system, the vomeronasal organ, dedicated to the de-
tection of pheromones (2, 3). Vomeronasal sensory neurons
express at least two distinct families of receptors, each thought
to contain 100–200 genes (4–9). In the invertebrate Caenorhab-
ditis elegans, 900 chemosensory receptors are organized into four
gene families (10). Two smaller gene families, each consisting of
about 70 genes, encode the odorant receptors in Drosophila
(11–13). Thus, chemosensory detection is accomplished by at
least nine highly divergent gene families, each sharing little or no
sequence similarity. The evolutionary requirement for odorant
receptors therefore is met by the recruitment of novel gene
families rather than exploiting preexisting odorant receptor
families in ancestral genomes.

Odorant receptor genes are often highly divergent, and there
are dramatic differences in the size of the gene family between
species. During the relatively short period of terrestrial verte-
brate evolution, for example, the olfactory receptor (OR) rep-
ertoire has expanded about 10-fold since the time of a common
ancestor with aquatic fish. This striking diversification is likely to
result from frequent recombination, gene conversion, duplica-
tion, and translocation (14–17). The rapid evolutionary change

in OR repertoires may reflect the biological demands for
adaptation to changing environments on time scales at least as
frequent as speciation events.

Comparative genomics provides insight into the molecular
events that generated these extraordinary gene families and may
also facilitate the identification of regulatory elements governing
the expression of olfactory receptor genes. An olfactory neuron
expresses a given receptor from either the maternal or paternal
allele, but never both (18). In addition, OR gene expression is
spatially regulated such that a given receptor is expressed only in
one of four topographic zones in the olfactory epithelium (19,
20). The transcriptional mechanisms that ensure that an indi-
vidual olfactory neuron expresses only 1 of 2,000 OR alleles
within a rapidly evolving genome remain unknown. We have
performed a comparative genomic analysis of the orthologous
mouse–human P2 cluster of OR genes to identify structural
elements that may be involved in the dynamic evolution and
transcriptional regulation of this gene family.

Materials and Methods
Clone Identification. Using PCR primers designed from the mu-
rine P2 and I7 receptor sequences (1), we screened subpools of
a 3-fold redundant mouse (strain 129 SVJ) embryonic stem
cell-derived bacterial artificial chromosome (BAC) library (Ge-
nome Systems, St. Louis). Four positive clones were identified
(BACs 22b5, 219o16, 59i3, and 139j24). Two m50 and three B5
clones were identified from screens from a mouse (strain 129
SVJ) genomic phage library (Stratagene). Mouse BAC RP23–
388c2 (strain C57BLy6J) was identified by a BAC-End (http:yy
www.tigr.org) database search, and human P1 artificial chromo-
some (PAC) 610i20 (AF065876 and AF065874), BAC RP11–
560b16 (AC017103), BAC RP11–732a19 (AC027641), BAC
RP11–413n10 (AC024729), cosmid Q25 (AAF00005), and cos-
mid Q27 (AAF00004) were all identified in GenBank by BLAST
(http:yywww.ncbi.nlm.nih.gov). Before sequencing, clones were
localized to metaphase chromosomes by using standard fluores-
cence in situ hybridization procedures (21).

Sequence Generation. Human PAC 610i20 (AF321237), mouse
BACs 22b5 (AF321233), and the five mouse m50 (AF321236)
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and B5 (AF321235) phage clones were sequenced by the shotgun
method to high redundancy (83) and were finished by using
PCRyprimer walking. Contig assembly and finishing was accom-
plished by using PHREDyPHRAP (22, 23) and CONSED (24) soft-
ware. Mouse BAC RP23–388c2 (AF321234) was sequenced to
medium depth (53 redundancy), and the resulting 10 contigs
that extend beyond BAC 22b5 were ordered by CAP3 assembly
(25) and targeted PCR.

Isolation of 5* OR Exons by Rapid Amplification of cDNA Ends (RACE).
The olfactory epithelium from B6CBAF1yJ adult mice was
dissected, and 1.3 mg of poly(A)1 mRNA was isolated by using
oligo(dT) cellulose (Stratagene). Preparation of cDNA and
RACE protocols were as described in the Marathon cDNA
Amplification and SMART RACE PCR kits (CLONTECH).

Genomic Analysis Tools. Repeat content was determined by the
REPEATMASKER algorithm (http:yyftp.genome.washington.edu;
A. F. Smit and P. Green, unpublished results) and analyzed
for homology by using BLAST (http:yywww.ncbi.nlm.nih.gov)
and PIPMAKER algorithms (26). Genomic analysis tools avail-
able at the Baylor College of Medicine Search Launcher
(http:yywww.hgsc.bcm.tmc.edu) were used, including TSSGyTSSW
(V. V. Solovyev, A. A. Salamov, and C. B. Lawrence, unpub-
lished data), NNPP (27), and MATINSPECTOR (28).

Results and Discussion
Sequence of Orthologous P2 OR Clusters. In an effort to relate the
sequence and organization of the OR genes to their function,
we have performed a comparative genomic analysis of the
orthologous mouse and human P2 cluster of OR genes. The
pattern of expression of these genes in the olfactory epithe-
lium, the possible role of these genes in axon targeting, and
ligand specificity of odorant receptors in the cluster have been
examined extensively. Two BAC clones and five l-phage clones
containing OR genes from the mouse P2 locus were isolated.
All clones map to a single location at mouse chromosome 7E3
by f luorescence in situ hybridization (data not shown). High-
redundancy sequencing resulted in '350 kb of genomic se-
quence that contained 18 OR genes (including 1 pseudogene)
and 3 non-OR genes (Fig. 1).

Three candidate human orthologs to OR genes that reside at
the mouse P2 locus were identified from the GenBank database
(HOR11–55A, HOR11–403A, and HOR11–610A) (29). These
three genes reside in a single human PAC (610i20) that maps to
human chromosome 11p15.4, a human region syntenic to mouse
chromosome 7E3. We have generated high-redundancy genomic
sequence of the '111-kb PAC 610i20. In addition, we have
identified two cosmid and three BAC sequences that cover '400
kb at this human locus. Eight OR genes (including one pseudo-
gene) and eight non-OR genes were identified within this 400-kb
stretch of the human genome.

Both the mouse and human clusters are bounded on one side
by novel genes with homology to RNase inhibitor (RNI)
proteins. The mouse and human RNI-like genes have greater
than 80% identity and have the same predicted intron–exon
structures. Two multiexon zinc-finger genes, ZNF214 and
ZNF215, reside between the RNI-like gene and the cluster of
human OR genes. These zinc-finger genes are not present in
the mouse P2 cluster, suggesting that there has been an
insertion at the human locus or a deletion at the mouse locus.
Both of these zinc-finger genes are associated with Beckwith–
Wiedemann syndrome, a genetic disorder caused by abnor-
malities at an imprinted locus on human chromosome 11p15
(30). All nine of the non-OR ORFs identified in the regions
f lanking the mouse and human clusters have associated CpG
islands except the human RNI-like gene, which differs in this
regard from its mouse ortholog.

Seven putative OR orthologs were found upstream of the
RNI-like gene at both the mouse and human locations. Each
orthologous pair exhibits greater than 80% nucleotide sequence
identity and resides in an identical position and orientation in the
cluster. This high level of sequence identity among orthologs
contrasts with an average value of about 58% identity among the
human or mouse OR paralogs (Fig. 2). These data provide strong
evidence that these two clusters are orthologous.

The array of human OR genes is bounded on its telomeric side
by T3 and a T3-like pseudogene. At present, it is difficult to
unequivocally assign a mouse T3 ortholog. The mouse and
human T3 genes are 84% identical and are nearest one another
in the phylogenetic tree. Moreover, they reside in the same
relative orientation and share noncoding homology, suggesting

Fig. 1. Map of mouse and human orthologous OR clusters. Thick, black lines indicate finished or ordered sequence, encompassing mouse BAC 22b5, two mouse
M50-phage contigs, three mouse B5-phage contigs, human Q25 cosmid, human Q27 cosmid, and human PAC 610i20. Thin, gray lines represent unfinished draft
sequence (italicized BAC names, estimated sizes, and number of contigs indicated). OR genes are represented by green (ORF) and red (pseudogene) flags, with
the orientation of the gene indicated by the flags. Non-OR genes are represented by gray arrows (accession numbers for highest BLASTX homologies are indicated
in brackets below name). These include: mouse and human novel RNI-like genes, mouse cyclophilin-A processed pseudogene (Cyp) and HP1 chromobox-
containing genes, two human zinc-finger genes (ZNF214, ZNF215), human L21 ribosomal, cadherin FIB1 (Cad), lysosomal pepstatin-insensitive protease (LPIP),
TATA-binding factor II-30 (TAFII30), and integrin-linked kinase-1 (ILK) genes. Gene-linked CpG islands (CpGyGpC $ 0.75) are indicated by blue signs. Putative
orthologous relationships are indicated by gray lines connecting genes from both clusters.
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that they are orthologs. However, four similar T genes (T1–T4)
all share about 80% identity with hT3. Moreover, we have
identified an additional mouse T-like gene that is not contained
within the sequenced portion of the cluster and may reside distal
to the mouse B7 gene. If the true mouse T3 ortholog is at the very
telomeric end of the mouse cluster, as it is in the human array,
a single human deletion event between hI7 and hT3 could
account for the gene organization in both species.

All seven pairs of putative orthologs encode ORFs in both
species. One possible exception is the hP4 gene, whose ORF,
when compared with the mouse ortholog, begins with an ATA
instead of the expected ATG. We confirmed this codon se-
quence in four individuals (data not shown). It is possible that
either an upstream or downstream in-frame start codon is used.
The G-to-A mutation in hP4 creates a strong acceptor splice site
at bp 3–4, and the gene-structure-predicting program GENIE
predicts a two-exon coding sequence with a novel hydrophobic
leader peptide encoded by a 33-bp exon starting 1,228 bp
upstream of the main ORF. Alternatively, an in-frame ATG,
which could represent the translation initiation site, is found in
both mP4 and hP4 42 nt downstream of the presumed start site
of mP4.

The Size of the Human Cluster and the Human OR Repertoire. The
nature of the odorant receptor genes in a species and their
number will reflect the repertoire of odorants to which a given
organism is responsive. A total of seven orthologous OR pairs
were identified between mouse and human that maintain greater

than 80% sequence identity. These genes may recognize odorous
ligands required by both species. The murine cluster, however,
is approximately twice the size of the human cluster and contains
11 intact OR sequences that are absent from the human cluster.
Efforts to identify orthologs to the murine M50 and B5 genes by
library screens and database searches thus far have been unsuc-
cessful, suggesting that this array of genes is deleted rather than
translocated elsewhere in the human genome. These genes
therefore are likely to reflect ORs that afford a selective
advantage or adaptation to narrow ecological niches important
to rodents but not primates.

Can we attach significance to the diminished size of the P2
cluster in the human chromosome? It has been suggested that
humans are ‘‘microsmatic’’ and exhibit a decline in the breadth
and discriminatory power of their olfactory system, ref lected
by a diminished number of receptor genes and a high fre-
quency of OR pseudogenes in the human genome. The actual
number of functional human OR genes, however, awaits the
complete annotation of the human genome. Our studies at this
locus suggest that if there is indeed a diminution of functional
human OR sequences, this may be ascribed to block deletion
rather than the accumulation of pseudogenes. Moreover,
analysis of the T cell antigen receptor ayd-linked OR cluster
(R.P.L., J. Roach, I. Y. Lee, C. Boysen, A. F. Smit, B.J.R., and
L.H., unpublished results), the OR genes surrounding the
b-globin cluster (31), and the chromosome 17 OR cluster (32)
reveals far lower frequencies of human OR pseudogenes than
previously reported from PCR analysis. Of the 50 ORs iden-
tified at these loci, only 12 are apparent pseudogenes. The
human OR genes appear to have undergone far more frequent
duplication and translocation, such that clusters of OR genes
are fewer in number in mouse than in humans (ref. 16; J.Y.,
unpublished data). It is possible, therefore, that estimates of
the frequency of human pseudogenes, largely derived from
PCR-amplified OR sequences, may ref lect a large number of
redundant OR copies residing at duplicated human loci. For
example, the human 11p15 region contains two OR clusters
that are duplicated on multiple chromosomes (16, 33) in
addition to the single-copy P2 and b-globin OR clusters (34).
Duplications and divergence also could lead to ORs with new
specificities and at least transiently increase the effective copy
number of specific ORs. The genomic OR repertoires of
different species thus must ref lect that balance between
stability of OR genes recognizing ligands required over long
periods of evolutionary time vs. duplication and divergence
that afford rapid adaptability to environmental change.

Gene Clustering and Gene Twinning. The P2 locus in mouse con-
tains at least 18 odorant receptor genes. The organization of OR
genes into large, linked arrays is characteristic of the OR gene
family in mammals. We presume that the linkage of multiple
homologous genes affords an evolutionary adaptability because
this organization facilitates rapid crossing over and gene-
conversion events that may serve to expand and diversify the
gene family. The organization of genes into clusters also may
have regulatory significance, as it does for the HOX (reviewed
in ref. 35) and globin gene clusters (reviewed in ref. 36), but this
has not been demonstrated for the OR genes.

Evidence for duplication and divergence is apparent in the
phylogenetic tree of the 26 OR genes in the mouse and human
P2 clusters. These genes fall into four distinct clades. Within a
clade, human and mouse sequences share greater than 80%
identity, but the shared identity between clades is less than 60%.
The most similar genes most often reside next to one another,
although there are exceptions (e.g., B7 is physically close to T4,
yet it is most homologous to the physically distant B3 gene).

In general, OR genes most similar to one another tend to be

Fig. 2. Phylogenetic tree of OR genes identified at the mouse and human
orthologous locations. All 26 OR genes identified from both mouse (red) and
human (blue) OR clusters (plus one mouse T1-like gDNA fragment) are rep-
resented in a PAUP (Sinauer Associates, Sunderland, MA) parsimony tree. Zonal
expression patterns in the mouse main olfactory epithelium (1 5 dorsalmost
to 4 5 ventralmost zones) are indicated by bracketed red numbers beneath
gene names. Percent identities for the seven pairs of putative mouse–human
orthologs are indicated (square brackets). The four major clades in the tree are
rooted by black circles (MI, P, T, and B). Average pairwise identities between
OR genes from different major clades are 54%. Percent identities within the
MI clade range between 74% (M51–M51L) and 60% (M50–I7), within the P
clade range between 95% (P3–P4) and 74% (P2–P4), within the T clade range
between 92% (hT1–hT1L) and 80% (T2–T4), and within the B clade range
between 98% (B5–B6) and 65% (B2–B7).
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expressed in the same zone of the olfactory epithelium. With the
exception of the M50-I7 miniclade, the phylogenetically diverse
genes at this locus are all expressed in zone 2, the second,
dorsalmost zone (Fig. 2). In no case do we find OR genes of the
same clade in the phylogenetic tree expressed in different zones.
These data would imply that genes that share maximal sequence
identity through their coding regions also have retained those
regulatory sequences presumably governing zonal expression.

One particularly interesting example of extreme conserva-
tion is observed for the mouse and human P3–P4 pairs and the
mouse B4-B5-B6 trio. In both mouse and human, the P3 and
P4 genes are more similar to each other (.90%) than they are
to their respective orthologs. Two lines of evidence suggest
that this unexpectedly high sequence conservation between
neighboring paralogs in both mouse and human is not due to
a recent block duplication. First, the high level of paralogous
sequence identity ends abruptly at the coding-sequence
boundaries. Second, mouse and human P3 orthologs, as well as
the mouse and human P4 orthologs, share sequence homology
in 59 upstream DNA, consistent with the suggestion that both
orthologous pairs existed in an ancestor common to mouse and
human.

Recent gene conversions could be responsible for the P3–P4
similarity. These conversion events, however, must be nonran-

dom because they occur between the same pairs of genes in both
mouse and human and must be coincidentally timed such that
the twins are diverged to similar extents in both species despite
different rates of evolution (37). It is more likely that these highly
homologous sets of ORs afford a selective advantage not as a
single OR gene, but as a pair. The presence of a pair of extremely
similar but nonidentical receptors, for example, might afford the
opportunity for fine discrimination among structurally similar
odorants.

Gene Structure and Transcription. We next analyzed the RNA
transcripts from 12 individual OR genes within the mouse P2
cluster. The availability of the complete nucleotide sequence
of the cluster, along with transcriptional analysis, allows us to
determine the precise intron–exon structure of these 12 OR
genes. We generated RACE-PCR products for 12 mouse OR
genes to define the transcription start site (TSS) and identify
putative upstream promoter regions (Fig. 3). Transcription
initiates at variable distances from the initiator ATG, with the
most distant start site 9 kb (B1) and the closest start site 1.7
kb (T3) from the initiator. All of the 59 untranslated regions
have at least one upstream intron. In no case do we observe
introns that span exons of other genes. Most OR genes in the
cluster contain a single 59 intron, with M50 as an unusual

Fig. 3. PIPMAKER and analysis of the 59 UTRs and promoter regions of mouse OR genes. Gene structures for 12 mouse OR genes are plotted as determined by
59 RACE-PCR. Coding sequences are shown as thick arrows, upstream exons are shown as thin lines, and introns are shown as bent lines. The B6 and M51 genes
are alternatively spliced as shown. Relative positions to translation start sites are shown in kilobases (kb). The positions of putative promoters (excluding those
found within repeats) between 3 kb upstream and 1 kb downstream of transcription start sites as predicted by three algorithms (N 5 NNPP, G 5 TSSG, W 5 TSSW)
are indicated. Only NNPP scores .0.90 (0.33% false-positive rate) and TSSGyTSSW LDF scores .4.0 are shown. The sequence of each gene was compared with
all other mouse and human OR genes at the P2 loci. Detected sequence homology (.50% identity) is plotted according to position along the test gene and level
of sequence similarity. Dark-gray-shaded boxes surround regions of homology detected between the mouse OR gene and its human ortholog. Light-gray-shaded
boxes indicate paralogy detected between P3 and P4 and among B4, B5, and B6. A region at the putative promoter of B1 has high sequence identity to an inverted
sequence upstream of P4 (hatched rectangles). All other plots in noncoding regions represent sequence similarity of the test sequence to itself at some other
position.
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exception; it has five introns within its untranslated region
(UTR). Two of the genes, M51 and B6, reveal alternative
splicing within the 59 UTR, but this does not alter the reading
frame of the receptor. We cannot, at present, attach functional
significance to alternatively spliced forms. Differential splicing
in untranslated regions may affect the stability, the transla-
tional efficiency, or localization of RNA within the neuron.
However, analysis of UTR sequences between paralogs reveals
little sequence identity and, therefore, does not allow us to
identify conserved elements in RNA of potential functional
significance.

The determination of TSS for 12 OR genes allows us to
identify putative upstream promoter regions in orthologous
mouse and human genes. Sequence comparison between other
orthologous gene pairs has been used to delineate regulatory
regions controlling specific gene expression (e.g., refs. 38 and
39). We therefore have searched for conserved motifs in regions
within 3 kb of the experimentally determined TSS for the OR
genes. It is noteworthy that promoter-predicting algorithms,
which search for combinations of TATA boxes, associated
motifs, and canonical initiator sequences, fail to identify up-
stream promoters in the vicinity of TSSs for any of the 12 genes
examined. The highest-scoring promoter is positioned just within
the 59 UTR of P3, 120 bp downstream of the start site, and was
the only instance in which all three search algorithms used were
in agreement.

PIPMAKER analysis detects upstream homology within ortholo-
gous UTRs, but rarely does this homology encompass putative
promoter regions upstream of the start site. We detect only a
small number of putative regulatory regions shared among the
genes in the cluster and no conserved regions shared by more
than two genes. The P3–P4 and B4–B5–B6 genes are the only
exceptions to the general observation that promoter regions of
paralogs lack sequence similarity. A search against the TRANSFAC
database reveals only six conserved transcription factor-binding
motifs within the homologous mouse and human P3 and P4
promoter regions. Three of these are Ikaros motifs, along with
two S8 homeodomain motifs and a methylation-sensitive vMYB
motif. The general lack of paralogous homology and strong
promoter motifs is also evident from analyses of the mouse–
human b-globin (31) and T cell receptor (R.P.L., J. Roach, I. Y.
Lee, C. Boysen, A. F. Smit, B.J.R., and L.H., unpublished results)
OR clusters. Although we find few clues to regulatory function
in the putative promoter regions, orthology and promoter motifs
detected downstream of the TSSs suggests that these internal
regions may have regulatory importance. Evolution of compact
gene structures could have facilitated the genomic expansion of
the OR family.

An individual olfactory sensory neuron expresses one receptor
gene from a repertoire of 1,000 genes. Moreover, an OR gene is
expressed from only one of the two alleles in a given cell, but the
products of the paternal and maternal alleles are represented
equally in a population of cells (18). A second level of spatial
regulation restricts each OR gene expression to one of four zones
of the olfactory epithelium (19, 20). Finally, and most interest-

ingly, within a spatial zone a neuron expresses only 1 of the '250
genes permitted within that zone.

What regulatory mechanisms might be responsible for this
hierarchy of transcriptional control? It is reasonable to assume
that zonal control results from spatial information imparted on
OR genes and therefore might require common motifs f lanking
all genes expressed in a given zone. We and others (40) have
defined the boundary for such putative motifs. Correct zonal
expression, for example, is observed with P2 transgenes con-
taining as little as 2.0 kb of upstream DNA flanking the TSS and
1.3 kb of DNA downstream of the poly(A) addition site (R.A.,
unpublished observations). Comparison of the DNA flanking
the eight mouse genes expressed in zone II (including P2 itself)
at 11-bp resolution reveals no shared elements above noise, and
TRANSFAC searches fail to identify smaller, conserved transcrip-
tion factor-binding sites. Thus, if common regulatory elements
direct OR gene expression in a given zone, they are likely to
involve novel, scattered andyor small motifs not detected in our
analysis.

Perhaps most enigmatic are the control mechanisms ensur-
ing that only a single OR gene is expressed in an individual
sensory neuron. In one extreme model, each of the 1,000 genes
might retain different regulatory motifs that interact with a
unique combination of trans-acting factors. Such a model
would be consistent with our inability to detect conserved
sequence motifs surrounding paralogs. However, recent data
demonstrating that OR transgenes are faithfully expressed in
olfactory neurons, but are never coexpressed in the same cell
as the endogenous homolog, argue against models that invoke
1,000 different combinations of activators (41). A second
mechanism consistent with our data invokes recombination of
OR genes to a single expression site. Regulatory information,
for example, may not reside adjacent to the OR transcription
unit, and OR transcription may require recombination into a
single, active locus. Evidence for such a model awaits analysis
of the DNA from homogeneous populations of sensory neu-
rons expressing the same receptor gene. Finally, we might
invoke a novel mechanism of control in which only a single OR
transcription complex resides within olfactory neurons that
can stably accommodate only a single OR gene. Whatever the
mechanism, analysis of DNA in several OR paralogs has failed
to define a conserved regulatory motif, suggesting that either
further refined analysis is required or novel mechanisms are
operative in regulating OR gene expression.
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