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MHC-Linked Olfactory Receptor Loci Exhibit
Polymorphism and Contribute to
Extended HLA/OR-Haplotypes
Anke Ehlers,1 Stephan Beck,2 Simon A. Forbes,3 John Trowsdale,3 Armin Volz,1

Ruth Younger,2 and Andreas Ziegler1,4

1Institut für Immungenetik, Universitätsklinikum Charité, Humboldt-Universität zu Berlin, 14050 Berlin, Germany;
2The Sanger Centre, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SA, UK; 3Department of Pathology,
Division of Immunology, University of Cambridge, Cambridge CB2 1QP, UK

Clusters of olfactory receptor (OR) genes are found on most human chromosomes. They are one of the largest
mammalian multigene families. Here, we report a systematic study of polymorphism of OR genes belonging to
the largest fully sequenced OR cluster. The cluster contains 36 OR genes, of which two belong to the
vomeronasal 1 (V1-OR) family. The cluster is divided into a major and a minor region at the telomeric end of
the HLA complex on chromosome 6. These OR genes could be involved in MHC-related mate preferences. The
polymorphism screen was carried out with 13 genes from the HLA-linked OR cluster and three genes from
chromosomes 7, 17, and 19 as controls. Ten human cell lines, representing 18 different chromosome 6s, were
analyzed. They were from various ethnic origins and exhibited different HLA haplotypes. All OR genes tested,
including those not linked to the HLA complex, were polymorphic. These polymorphisms were dispersed along
the coding region and resulted in up to seven alleles for a given OR gene. Three polymorphisms resulted either
in stop codons (genes hs6M1-4P, hs6M1-17) or in a 16–bp deletion (gene hs6M1-19P), possibly leading to lack of
ligand recognition by the respective receptors in the cell line donors. In total, 13 HLA-linked OR haplotypes
could be defined. Therefore, allelic variation appears to be a general feature of human OR genes.

[The sequence data reported in this paper have been submitted to EMBL under accession nos. AC006137, AC004178,
AJ132194, AL022727, AL031983, AL035402, AL035542, Z98744, CAB55431, AL050339, AL035402, AL096770,
AL133267, AL121944, Z98745, AL021808, and AL021807.]

Studies on inbred mice and rats have shown that prod-
ucts of MHC genes influence individual-specific odors
(Yamazaki et al. 1979, 1999; Singh et al. 1987; Brown et
al. 1989; Penn and Potts 1998a; for review, see Penn
and Potts 1998b), which play an important role in
mate choice (Yamazaki et al. 1976; Potts et al. 1991;
Penn and Potts 1998c): MHC-dissimilar mating part-
ners are preferred. It has even been demonstrated that
the reproductive performance of mice can be influ-
enced via urine odors by a discrete point mutation in
the H-2K gene (Yamazaki et al. 1986). A preference for
MHC-dissimilar odor types has also been reported for
humans: Odors were rated the more attractive the
fewer HLA-class I antigens were shared by the provider
of the odor and its recipient (Wedekind et al. 1995;
Wedekind and Füri 1997). Although currently un-
proven, an interaction between the products of MHC
genes or molecules associated with them and linked
OR loci, as suggested by Yamazaki and colleagues

(1976), could have evolved either to avoid the disad-
vantages connected with inbreeding or to favor the
selection of an MHC-divergent partner leading to
MHC-heterozygous offspring with improved protec-
tion against attack by parasites (Potts and Wakeland
1993; Beauchamp and Yamazaki 1997; Penn and Potts
1998b). Linked genes controlling mating preferences
are not uncommon in other phyla: For example, in the
mating and sexual development of the mushroom
Coprinus cinereus, several closely linked polymorphic
pheromone and pheromone receptor genes determine
B mating-type specificities (O’Shea et al. 1998).

Vertebrates have evolved two chemosensory sys-
tems that are able to discriminiate a large array of
scents: the main olfactory epithelium (MOE) and the
vomeronasal organ (VNO). The MOE apears to dis-
criminate odors from the environment (conscious
odor perception; Zhao et al. 1998), whereas receptors
expressed in the VNO appear to recognize substances
such as pheromones that result in behavioral responses
that do not involve higher cognitive centers of the
brain (subconscious odor perception; Wysocki 1989;
Leinders-Zufall et al. 2000). The OR of the VNO belong
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to two distinct families (V1-OR and V2-OR) of ∼50–100
genes each (Dulac and Axel 1995; Herrada and Dulac
1997; Matsunami and Buck 1997), while the family of
the unrelated MOE-expressed OR (M-OR) genes con-
tains up to 1000 members in mammals, including man
(Buck and Axel 1991). The three types of polypeptides
are G-protein-coupled receptors (GPCR) with putative
seven transmembrane domains (TM1–TM7); they com-
prise also extracellular (EC1–EC4) and cytoplasmatic
regions (CP1–CP4).

In humans, M-OR genes are located on nearly all
chromosomes (Rouquier et al. 1998b), and a few M-OR
loci in close linkage to the HLA-F locus were described
several years ago (Fan et al. 1995; Gruen et al. 1996).
We have recently demonstrated that at least 36 OR
genes, two of them of the V1-OR type and the rest
M-OR loci, are located in the immediate vicinity of the
HLA-F locus in one major and one minor cluster
(Younger et al. 2000; Ziegler et al. 2000a). Alleles of
these genes would be subject to the strong linkage dis-
equilibrium that is a characteristic feature of this chro-
mosomal region (Malfroy et al. 1997; Tay et al. 1997;
Naruse et al. 1998). So far, allelic variations of human
OR genes have not been described (Mombaerts
1999a,b), although such variations might be expected
to contribute to individual odor perception. They
could be particularly pronounced for OR genes in close
linkage to the highly polymorphic HLA class I loci.

To provide a foundation for further studies, this
work aims to determine whether OR genes, and in par-
ticular those in HLA-linkage, exhibit polymorphisms.
To this end, we have concentrated on the potentially
expressible M-OR genes with open reading frames
(ORF) and investigated whether allelic variation is a
regular feature of these loci. Thirteen HLA-linked and,
for comparison, three OR genes from chromosomes 7,
17, and 19 were analyzed in detail using 10 cell lines
from different ethnic origins and with different HLA
haplotypes. The results indicate that all M-OR loci ana-
lyzed are polymorphic.

RESULTS

Genomic Organization of HLA-Linked OR Genes
The MHC-linked OR clusters contain at least 36 OR loci
(a detailed account of the genomic organization will be
published elsewhere [Younger et al. 2000]), 34 of
which are members of the M-OR family, and two of
which are of the V1-OR type (Fig. 1). From sequencing
of PACs and BACs covering the region telomeric of
HLA-F, 15 of the identified M-OR genes (hs6M1-1, -3,
-6, -10, -12, -15, -16, -17, -18, -20, -21, -27, -28, -32, -35)
showed complete open reading frames (ORFs) of the
expected length and, therefore, were predicted to be
functional. The remaining 19 loci (hs6M1-2P, -4P, -5P,
-7P, -8P, -9P, -13P, -14P, -19P, -22P, -23P, -24P, -25P,

-26P, -29P, -30P, -31P, -33P, -34P) appeared to be pseu-
dogenes. With the exception of the hs6M1-10, -32, and
-35 genes, all other OR loci with intact ORF were lo-
cated in the major HLA-linked OR cluster between
HLA-F and RFP. The following 22 M-OR genes were
analyzed in detail by sequencing: 21 are located within
the 560 kb directly telomeric of the GABBR1 locus (Pe-
ters et al. 1998; Younger et al. 2000; hs6M1-1; -2P, -3,
-4P, -5P, -6, -7P, -8P, -12, -13P, -15, -16, -17, -18, -19P,
-20, -21, -23P, -24P, -25P, -26P), whereas hs6M1-10 is
part of the minor HLA-linked OR cluster distal of the
RFP gene (Fig. 1). To compare the degree of polymor-
phism between HLA-linked and non-HLA-linked OR
genes, three additional OR genes (hs7M1-1, hs17M1-20,
and hs19M1-4) located on chromosomes 7, 17, and 19,
respectively, were investigated. Sequences were deter-
mined for all OR genes in 10 cell lines (Table 1) chosen
from different ethnic groups and selected to possess
distinct HLA class I haplotypes to maximize the chance
of detecting polymorphisms in HLA-linked OR loci.
The high degree of homology exhibited by some of the
OR genes—for example, hs6M1-3 and hs6M1-6 or
hs6M1-12 and hs6M1-16 (Younger et al. 2000; Ziegler
et al. 2000b)—was taken into account during the de-
sign of primers for amplifications by PCR.

Figure 1 Chromosome 6 ideogram. All identified OR genes in
the vicinity of the HLA complex (hs6M1-1 to -35P, and the V1-OR
type loci hs6V1-1P, -2P) and their approximate location on the
physical map are indicated. The genes highlighted in bold type
are those that have been analyzed here in more detail.
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Table 1. Nucleotide and Amino Acid Substitutions and Mutations
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Table 1. (Continued)

Nucleotide and amino acid substitutions and silent mutation within the different domains of the HLA-linked and non-HLA-linked OR
genes leading to the indicated alleles. HLA class I haplotypes and ethnic origins of the analyzed cell lines are also indicated.
aMost likely allele.
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OR Pseudogenes
Analysis of the PAC- or BAC-derived genomic se-
quences revealed that 17 of the HLA-linked OR loci,
including several of them analyzed in detail on all 10
cell lines (hs6M1-2P, -7P, -8P, -13P, -23P, -24P, -25P,
-26P) could be characterized as pseudogenes because of
frameshifts, in-frame stop codons, or missing start
codon. For several of these pseudogenes, between one
and three alleles were found (data not shown), differ-
ing only by 1 or 2 nt in the respective cell lines (in the
case of hs6M1-5P, -24P, -25P, and -26P, only the re-
gions containing the stop codon or frameshifts were
sequenced).

OR Genes With Open Reading Frames
Fourteen of the tested genes (hs6M1-1, -3, -6, -10, -12,
-15, -16, -17, -18, -20, -21; hs7M1-2; hs17M1-20;
hs19M1-4) showed an intact ORF-containing sequence
for all domains as predicted by comparison with other
known OR genes. Three of the HLA-linked genes ap-
peared particularly interesting, as they exhibited intact
ORFs in some of the cell lines but qualified as pseudo-
genes in others: hs6M1-4P, -17, and -19P (the gene sta-
tus is defined here by the genomic sequence of the OR
from the PAC or BAC used to obtain the original se-
quence information).

The 13 HLA-linked M-OR genes with ORF analyzed
here (Table 1) exhibited 52 nucleotide substitutions al-
together: 16 (31%) were silent and 36 (69%) resulted in
a change in the amino acid sequence, while the hs6M1-
19P gene exhibited a frameshift-generating deletion.
Besides the hs6M1-1 gene, which showed only a single
silent mutation, all other genes exhibited at least two
alleles with different amino acid sequences in the 10
cell lines analyzed. Apart from the hs6M1-19P locus,
the amino acid replacements were always based on
single nucleotide substitutions in the respective
codons. The polymorphisms within the OR genes oc-
curred at different positions (Table 1; Fig. 2): for ex-
ample, hs6M1-3 exhibited variations in TM3, CP3, and
TM6, whereas in hs6M1-6, polymorphisms resulting in
amino acid (AA) changes in TM2, 3, 4, and 5 were

found, and hs6M1-4P was characterized by AA changes
in the extracellular domains EC1 and EC3. However,
exceptions to this finding were also observed: The
variations of hs6M1-3 (AA 113) and hs6M1-6 (AA 111)
in TM3 were located at corresponding AA positions
and used the same codons, a situation similar to that of
hs6M1-20 (AA 104) and hs6M1-21 (AA 106), although
the latter gene exhibited only a silent mutation at this
position.

Amino Acid Substitutions Within OR
The frequency of these AA substitutions varied consid-
erably. For example, the Ala146Val substitution in
TM4 of hs6M1-6 was found on 11 of 19 chromosomes
analyzed (including the PAC from which the sequence
was derived), whereas other substitutions like the
Ala111Thr change in TM3 of hs6M1-6 were found only
in the two haplotypes from the WT51 cell line (Table
1). We detected conservative substitutions where both
amino acids of the OR have similar properties, as in the
case of the Ala182Val exchange in EC3 of hs6M1-4P as
well as drastic substitutions like the Gln234Arg ex-
change in CP3 of hs6M1-10, leading to a change in the
polarity of the residue. The three OR on chromosomes
7, 17, and 19 exhibited very similar properties. Each of
them revealed polymorphisms that resulted in both
conservative as well as nonconservative AA changes in
the expected proteins. AA substitutions were not found
in each of the protein domains, but this could be be-
cause of the small number of non-HLA-linked genes
analyzed so far.

OR Genes With Potentially Functional
and Nonfunctional Alleles
In the case of the OR genes hs6M1-4P and -17, alleles
(hs6M1-4P* 01 and -17* 05, respectively) were found
that are likely to give rise to nonfunctional protein
products, while all other alleles at these loci are ex-
pected to be fully functional (Table 1). Yet another
situation was observed for the hs6M1-19P gene: One of
the two alleles found among the 10 cell lines and the
original genomic sequence (hs6M1-19P* 01) had a 16-
bp deletion within TM4, resulting in a frameshift and a
presumably nonfunctional OR protein, while the other
allele exhibited an intact ORF. In contrast to the
hs6M1-4P and -17 genes, no further polymorphisms
were observed for this locus.

Numbers of OR Alleles
The number of alleles for each of the OR loci was also
quite different (Table 2). While hs6M1-1, -10, -18, and
-19P exhibited only two alleles (with the variation in
hs6M1-1 resulting in no amino acid exchange), the
other OR genes had three (hs6M1-6, -15, and -16), four
(hs6M1-3, -12, and -21), five (hs6M1-4P and -17), or
even seven (hs6M1-20) alleles, thus approaching the

Figure 2 Frequency of polymorphisms leading to AA ex-
changes within all analyzed HLA-linked OR with ORF. The do-
mains of the expressed proteins are plotted against the number
of AA exchanges within these domains, expressed as a fraction of
each domain’s length.
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variability of the HLA-A gene in the cell line panel. The
OR genes on chromosomes 7, 17, and 19 showed three,
four, and two alleles and were therefore comparable
with the HLA-linked OR loci. The allele definitions
were not always unambiguous because of the presence
in some of the cell lines of two alleles for a given locus.
While this could be expected in our study for the non-
HLA-linked genes, we had anticipated that the use of
HLA-homozygous typing cells or hemizygous cell lines
(BM19.7 and BM28.7 are reciprocal HLA haplotype loss
mutants derived from the same maternal cell line)
would circumvent this problem. Because of this com-
plication, the allele designations are in some cases only
tentative.

OR Haplotypes
The analysis given here allowed us also to define hap-
lotypes of HLA-linked OR genes extending over a dis-
tance of nearly 2000 kb, from hs6M1-10 to hs6M1-12
(Table 2). A minimum of 13 different OR haplotypes
could be deduced. Two cell lines (H2LCL and YAR)
shared alleles for all HLA-linked OR loci investigated,
although they exhibited distinct HLA class I haplo-
types. The OR haplotypes of all other cell lines differed,
and in the case of OLGA, SA, WT51, and KR3598, even
the paternal and maternal haplotypes were distin-
guishable. However, certain combinations of neigh-
boring alleles were conserved between several of the
cell lines. For example, with the exception of the
hs6M1-20 and -21 loci, one haplotype of SA was iden-
tical to that of H2LCL and YAR, and the BM19.7 and
BM28.7 cell lines had the alleles of hs6M1-4P, -3, -6,
and -21 loci in common, while one of the OLGA and
one of the KR3598 haplotypes, respectively, shared the

alleles of hs6M1-15, -1, -4P, -3, and -6. The OR haplo-
types of the cell lines WT51 and AMAI appeared to be
the most divergent among the set of cell lines em-
ployed. However, even in these cases, the alleles of the
closely linked OR loci hs6M1-20 (only AMAI), -19P,
and -18 were observed at least partly also in LG2, OLGA
(both haplotypes), SA (one haplotype), and BM28.7.
The three different HLA-A2 bearing haplotypes were
associated with four different haplotypes of HLA-
linked OR genes (Table 2).

DISCUSSION
Allelic variability of human M-OR genes has been pre-
dicted (Mombaerts 1999b) but not conclusively
shown. Therefore, the demonstration of OR gene vari-
ability reported here is the first such systematic study
and provides clear-cut evidence that sequence poly-
morphisms are a regular feature of these genes, irre-
spective of their chromosomal location. As HLA class I
and II genes are characterized by extreme genetic poly-
morphism, with far more than 100 alleles for each of
the HLA-A and -B genes, respectively (Bodmer et al.
1999), OR genes in close linkage to the HLA complex
may be expected to exhibit pronounced variability as
well, as demonstrated for the GABBR1 locus (Peters et
al. 1998). Our finding that three of the HLA-linked OR
genes analyzed exhibit alleles that are likely to be ei-
ther functional or nonfunctinal, respectively, has also
been foreseen (Mombaerts 1999b). The type of poly-
morphism observed by us is qualitatively different
from that found by Trask and coworkers (1998). They
described a 36-kb sequence containing three OR genes,
one of them potentially functional, that may be in-

Table 2. OR Alleles and Haplotypes in the 10 Analyzed Cell Lines

Cell
Line

OR gene � hs6M1- HLA
OR

Haplotype10 15 1 4P 3 6 21 20 19P 18 17 16 12 A B

H2LCL *01 *01 *01 *01 *01 *01 *01 *03 *02 *01 *02 *01 *03 A3 B7 1
YAR *01 *01 *01 *01 *01 *01 *01 *03 *02 *01 *02 *01 *03 A26 B38 1
LG2 *01 *01 *01 *01 *01 *01 *01 *01 *01 *01 *01 *01 *03 A2 B27 2
OLGA-1 *01 *01 *01 *01 *01 *01 *01 *05 *01 *01 *03 *01 *01 A31 B62 3
OLGA-2 *01 *01 *01 *02 *02 *02 *03 *07 *01 *01 *03 *01 *04 A31 B62 4
SA-1 *01 *01 *01 *01 *01 *01 *02 *05 *02 *01 *02 *01 *03 A24 B7 5
SA-2 *01 *01 *01 *01 *02 *02 *02 *06 *01 *01 *02 *01 *02 A24 B7 6
BM28.7 *01 *01 *01 *05 *02 *02 *01 *01 *01 *01 *01 *02 *01 A1 B35 7
BM19.7 *01 *01 *02 *05 *02 *02 *01 *03 *02 *01 *05 *03 *02 A2 B13 8
WT51-1 *01 *02 *01 *03 *03 *03 *01 *02 *01 *01 *02 *01 *01 A23 B65 9
WT51-2 *01 *02 *01 *03 *03 *03 *01 *02 *01 *01 *02 *01 *04 A23 B65 10
KR3598-1 *02 *01 *01 *01 *02 *01 *01 *03 *02 *02 *03 *01 *02 A2 B44 11
KR3598-2 *02 *01 *01 *02 *02 *02 *01 *04 *01 *02 *03 *01 *03 A2 B44 12
AMAI *01 *03 *01 *04 *04 *02 *04 *01 *01 *01 *04 *03 *01 A68 B53 13
Number of alleles 2 3 2 5 4 3 4 7 2 2 5 3 4

Note. In the case of the cell lines OLGA, SA, WT51, and KR3598, respectively, the two deducted haplotypes are indicated. However,
only in the case of WT51 can an allele of a given OR gene be assigned to one of these haplotypes with certainty.
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serted at various subtelomeric chromosomal sites, lead-
ing to a variable number of OR loci in individual ge-
nomes.

The major and minor M-OR gene clusters are sepa-
rated from HLA-F by a distance of 135 kb and ∼2000 kb,
respectively (Fig. 1; for details, see Younger et al. 2000).
Of the 34 M-OR genes within the two clusters, 17
(50%) are potentially functional at least in some of the
haplotypes, while 50% are pseudogenes with unclear
functional status. Another study (Rouquier et al.
1998b) arrived at an estimate of 72% pseudogenes
among the M-OR loci within the human genome,
while the OR gene cluster in the human chromosomal
region 17p13.3 contained nearly double as many genes
with ORF than with pseudogenes (Glusman et al.
2000). The frequency of potentially functional genes is
greater in the major than in the minor HLA-linked
cluster (14/25 [56%] vs. 3/9 [33%]). However, these
numbers are likely to be underestimates. First, inspec-
tion of further alleles of the pseudogenes may yield
variants with ORF; second, the search of EST databases
has revealed that at least the hs6M1-14P and -24P genes
are transcribed (Younger et al. 2000). Finally, the ex-
pression of functional chemokine receptors despite
loss of the first two transmembrane domains (Ling et
al. 1999) may indicate that OR genes lacking start
codons (e.g., hs6M1-14P) could be expressed also at the
protein level by using an alternative ATG start codon at
the beginning of extracellular domain 2. In this con-
text, the finding of two ESTs splicing to this methio-
nine in the hs6M1-16 gene is remarkable, resulting in a
possibly functional, N-terminally truncated OR gene
product (Younger et al. 2000). Similarly, it could be
that the hs6M1-17* 05 allele, which exhibits a stop
codon in the first cytoplasmic domain (Table 1), is in
fact functional.

However, this situation is likely to be different for
the hs6M1-4P*01 and -19P*01 alleles (Table 1). In the
first case, the stop codon occurs within the third ex-
tracellular domain, while hs6M1-19P*01 exhibits a siz-
able deletion, also within this domain. In either case,
the resulting C-terminally truncated protein is highly
likely to be nonfunctional. The frequency of the two
nonfunctional alleles, respectively, is quite high
among the cell lines analyzed: In both cases, more than
half of the chromosome 6s carried these sequence
polymorphisms. This is in contrast to the hs6M1-17*05
allele, which occurred only in the HLA hemizygous
BM19.7 cell line. The hs6M1-19P*01 allele must have
been derived from the potentially functional hs6M1-
19P*02 allele, as it appears very unlikely that an inser-
tion of 16 bp, at the correct position, into the *01 allele
would have occurred to restore the *02 allele. There-
fore, the hs6M1-19P gene is an example of pseudo-
genization within the human species, not just between
species as described by Rouquier and colleagues

(1998a). Clearly, more work is needed to evaluate the
frequency with which comparable events occur in fur-
ther individuals and other OR genes.

The allelic differences observed for nearly all of the
OR genes studied here could affect their interaction
with extracellular ligands or intracellular proteins of
the signal transduction cascade. By comparing se-
quence features of 197 OR from various species, Pilpel
and Lancet (1999) have found that the regions of high-
est sequence diversity among these OR are located
within the transmembrane regions 3, 4, 5, and 6, al-
though the extracellular regions 2 and, in particular, 4
(EC1 and EC3 in their nomenclature) are also highly
variable. However, in the set of HLA-linked OR studied
here, EC4 exhibits no variability at all (Fig. 2), and only
a silent polymorphism is observed within the TM7 re-
gion in hs6M1-15 (Table 1). The exchanges in the
transmembrane regions could have functional conse-
quences, as it has been suggested that these domains
are involved in ligand binding (Buck and Axel 1991;
Pilpel and Lancet 1999). Even conservative AA ex-
changes like the Val159Ile polymorphism in TM4 of
hs6M1-20 might well give rise to changes in ligand
specificity, as this has been shown for a similar AA
exchange (Val206Ile, in TM5 of a murine OR), which
leads to preferential binding of either octanal or hept-
anal (Krautwurst et al. 1998). The Arg138Trp polymor-
phism in the hs6M1-17 gene can serve as an example
for several of the nonconservative exchanges that are
even more likely to result in a functional difference.
Furthermore, M-OR genes contain intracellular AA-
sequences that are highly conserved and are thought to
be important for receptor function, possibly G-protein
binding (Hedin et al. 1993). This is exemplified by the
ORIC1, ORIC2, and ORIC3 sequence motifs in cyto-
plasmic loops CP1, 2, and 3 (Pilpel and Lancet 1999).
The hs6M1-17 gene exhibits changes in the first two of
these motifs (in CP1, a Gln55His replacement in nearly
all alleles, and in CP2, an Arg121Cys polymorphism),
while the hs6M1-10 and hs6M1-21 genes were poly-
morphic in CP3 (Table 1).

The task of reliably distinguishing thousands of
odors might best be accomplished by OR that are not
only numerous but also polymorphic. However, in the
absence of any data on ligand specificity for the HLA-
linked OR, it is clearly premature to embark on specu-
lations regarding the possible importance of AA re-
placements within any of the OR domains. Only those
OR with potentially functional and nonfunctional al-
leles like hs6M1-4P allow us to predict that individuals
who are homozygous for the hs6M1-4P*01 allele may
exhibit a specific anosmia. It is evident that this olfac-
tory deficit offers interesting opportunities to correlate
behavioral features with genetic polymorphisms (see
also Mombaerts 1999b). Persons heterozygous for an
active and an inactive allele might exhibit altered
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odorant detection thresholds than people homozygous
for the active allele. It is, however, possible that the
situation will not be as simple, as the specificities of
different OR proteins might overlap, so that an inac-
tive OR could be compensated for by related receptors,
possibly even within the same OR cluster (Malnic et al.
1999; Tsuboi et al. 1999).

For the first time, the data presented here allow
also the definition of haplotypes for any of the known
OR gene clusters (Table 2). Despite limited OR poly-
morphism, when compared to HLA class I loci, it was
possible to demonstrate the presence of 13 distinct
haplotypes of HLA-linked OR genes among the cell
lines analyzed, which represent 18 different chromo-
some 6s. As pointed out before, the number of haplo-
types is higher than that of the HLA class I haplotypes
within the cell line panel. Despite the consanguineous
origin of most of the cell lines employed here, it can
not be excluded that some are in fact not HLA class I
homozygous, possibly leading to an increase in OR
gene polymorphism, as well. Obviously, candidates for
this constellation are OLGA, SA, WT51, and KR3598,
which are characterized by one (WT51) to six (OLGA)
HLA-linked OR loci with two alleles. These numbers
are subject to further changes when all HLA-linked OR
genes will have been discovered and additional poly-
morphisms detected. The analysis of the OR gene hap-
lotypes reveals also that the cell lines H2LCL and YAR
share identical OR alleles for all loci analyzed, with the
sole exception of the hs19M1-4 gene, where H2LCL but
not YAR exhibits heterozygosity. YAR is of Jewish ori-
gin, while we could not trace the origin of H2LCL (de-
scribed to be of Caucasian origin) with certainty.

It is currently unclear whether the sharing of
blocks of alleles by different HLA-linked OR haplotypes
(Table 2), which to some extent reminds us of the or-
ganization of the HLA class I region into three genomic
blocks (reviewed by Kulski et al. 2000), will be observed
also after further individuals have been analyzed. The
CEPH families provide a good opportunity for such
studies: They have been HLA typed, and extended hap-
lotypes caused by linkage disequilibrium are known to
exist between the HLA-A and HFE genes in these fami-
lies (Malfroy et al. 1997). As MHC class I and/or linked
loci are involved in shaping individual-specific odors
and odor preferences (Wedekind et al. 1995; Wedekind
and Füri 1997; Penn and Potts 1998b; Milinski and
Wedekind 2000), further research in this area might also
seek to provide evidence in favor of or against a func-
tional connection between linked HLA and OR genes.

METHODS

Cell Culture
Cell lines were derived from different donors, representing
different HLA haplotypes and different ethnic origins. Eight

of the 10 cell lines were HLA homozygous, whereas two
(BM19.7, BM28.7) were HLA hemizygous (Ziegler et al. 1985;
Volz et al. 1992). All cell lines were grown in RPMI 1640 me-
dium containing antibiotics and 10% fetal calf serum.

Polymerase Chain Reaction
We designed two to three pairs of primers for the respective
genes (hs6M1-1 = AL022727; hs6M1-2P = AL022727, AJ132194;
hs6M1-3 = AL022727; hs6M1-4P = AL022727; hs6M1-
5P = AL022727; hs6M1-6 = AL022727; hs6M1-7P = AL022727;
hs6M1-8P = CAB55431; hs6M1-10 = Z98744; hs6M1-
12 = AL031983, AC006137; hs6M1-13P = AL031983,
AC006137; hs6M1-15 = AL035402; hs6M1-16 = AL035542,
AC004178; hs6M1-17 = AL035542; hs6M1-18 = AL035542;
hs6M1-19P = AL035542; hs6M1-20 = AL035542; hs6M1-
21 = AL096770 ; hs6M1-23P = AL050339 ; hs6M1-
24P = AL050339; hs6M1-25P = AL050339; hs6M1-
26P = AL035402 ; hs7M1-1 = AC004853 ; hs17M1-
20 = AC002085; and hs19M1-4 = AC002988), resulting in
overlapping PCR products. Because two different sequencing
strategies were employed, PCR primers were generated with or
without M13 tail. Specificity of the primers was tested by
aligning all known ORs.

PCR primers were generated with M13 for/rev tails to
sequence the PCR products with fluorescence-labeled M13
primers. For PCR, ∼100 ng template DNA, 10 pmole of each
primer, 0.2 mM of each dNTP (Pharmacia Biotech), 1 U Am-
pli-Taq DNA-polymerase (Perkin-Elmer), and 1� buffer (Per-
kin Elmer) were used in a final volume of 20 µL.

PCR primers without M13 tail were used for subsequent
sequencing with the ABI Prism cycle sequencing kit. For PCR,
∼50 ng template DNA, 100 ng of each primer, 2 mM of each
dNTP (GIBCO), 1–2 mM MgCl2, 1 U Taq polymerase (GIBCO)
and 1� KCl buffer was used in a final volume of 50 µL. The
primers and PCR conditions are given in Table 3.

Cycle Sequencing
We used two different sequencing strategies. Sequence analy-
sis was performed either using the Thermo Sequenase fluores-
cent labeled primer cycle sequencing kit with 7-deaza-dGTP
(Amersham Pharmacia Biotech) employing 150 ng DNA for 1
kb, 1 pmol primer (M13for: 5�-TGTAAAACGACGGCCAGT;
M13rev: 5�-CAGGAAACAGCTATGACC), 0.25 µL DMSO and
2 µL reaction mix in a final volume of 7 µL (27 cycles; 95°C for
4 min, 95°C for 15 sec, 56°C for 15 sec, 70°C for 15 sec)
followed by analysis on 4% polyacrylamide gels with a LI COR
sequencer (MWG Biotech) or by employing 3.2 pmol of each
of the PCR primers using the ABI Prism cycle sequencing kit.
In this case, the DNA products were electrophoresed through
6% polyacrylamide gels in an ABI semiautomatic sequencer.

Restriction Analysis
All nucleotide substitutions observed by ABI cycle sequencing
were subsequently confirmed by restriction analysis. Se-
quences of the two alternate alleles were restriction mapped
using the tacg (v2.38) program at University of California Irv-
ine. Restriction enzymes detecting the polymorphic site were
selected and used to digest 10 µL of the PCR products gener-
ated from the panel of DNAs in a 50-µL reaction overnight.
Digestion products were then analyzed on a 2.5% agarose gel.

Cloning
Most of the genes showing heterozygous positions in different
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PCR fragments after sequencing with fluorescence-labeled
M13 primers were amplified by PCR with both exterior prim-
ers to a DNA fragment encoding the full-length receptor. The
fragments were cloned into vector pCR II-TOPO (Invitrogen)
according to the manufacturer’s recommendations and
grown overnight in 200 µL LB medium with ampicillin. The

full-length insert was recovered by PCR with the same primers
and sequenced to determine the respective alleles of the
genes.

Nomenclature
In the absence of an official OR nomenclature, we have as-

Table 3. PCR Primers and PCR Conditions

Ehlers et al.

1976 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


signed unique designations to describe OR genes unambigu-
ously (Younger et al. 2000; Ziegler et al. 2000a). The names
identify the species (hs for humans [Homo sapiens], mm for
mouse [Mus musculus]), followed by a number representing
the chromosome (e.g. “6” for chromosome 6), then a letter
and a number indicating the OR type and subtype, (“M1” for
MOE subtype 1; “V1” and “V2” for the two VNO subtypes).
This descriptive information is followed by a dash (�) and an
arbitrary but unique gene identification number. Pseudo-
genes are indicated with a “P” (e.g., hs6M1-4P). Following the
HLA nomenclature, OR alleles are indicated by an asterisk (*)
and a unique allele number (hs6M1-20*07). The allele *01 was
used here to indicate the allele in the originally sequenced
genomic DNA. Furthermore, OR genes and proteins may be
referred to as “M-OR”, “V1-OR,” or “V2-OR” depending on
the type and subtype they belong to. This proposal for a con-
sistent OR gene nomenclature was discussed and submitted to
the HUGO/GDB Nomenclature Committee for consideration.
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