
Fig. 1 The olfactory receptor gene
cluster on human chromosome
17p13.3. Genes are depicted in the
correct order, orientation and spacing
within the cluster. The OR coding
regions (black) are those resequenced
for the presently study. ψ, Pseudo-
genes; squares, OR upstream introns
from which an ∼ 1-kb segment was
resequenced. Two genes (OR1A2 and
OR1A1) and one pseudogene (OR1R1P) were not analysed due to problems in their PCR amplification from genomic DNA. Two more genes (OR1D4 and OR1D5)
were not included because they were 99.3% identical and their respective alleles could not be resolved.
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Substantial efforts are focused on identifying single-nucleotide
polymorphisms (SNPs) throughout the human genome, particu-
larly in coding regions (cSNPs), for both linkage disequilibrium
and association studies1,2. Less attention, however, has been
directed to the clarification of evolutionary processes that are
responsible for the variability in nucleotide diversity among dif-
ferent regions of the genome3. We report here the population
sequence diversity of genomic segments within a 450-kb clus-
ter4,5 of olfactory receptor (OR) genes6,7 on human chromosome
17. We found a dichotomy in the pattern of nucleotide diversity
between OR pseudogenes and introns on the one hand and the
closely interspersed intact genes on the other. We suggest that
weak positive selection is responsible for the observed patterns
of genetic variation. This is inferred from a lower ratio of poly-
morphism to divergence in genes compared with pseudogenes
or introns, high non-synonymous substitution rates in OR genes,
and a small but significant overall reduction in variability in the
entire OR gene cluster compared with other genomic regions.
The dichotomy among functionally different segments within a
short genomic distance requires high recombination rates within
this OR cluster. Our work demonstrates the impact of weak posi-
tive selection on human nucleotide diversity, and has implica-
tions for the evolution of the olfactory repertoire.
A central aspect of research in human genetics concerns the asso-
ciation of variations in DNA sequences with human evolutionary
history or heritable phenotypes. SNPs represent the most com-
mon type of variation, occurring on average once every
500–1,000 bp (ref. 8); however, there is considerable variability in
the frequency of SNPs in different regions of the genome9–11.

The OR proteins are G-protein-coupled receptors constituting
the molecular basis for the sense of smell7,12,13. The OR genes,
whose coding regions lack introns, are organized in genomic
clusters6,14. We have analysed the population variability of seven
intact OR genes, five pseudogenes and seven upstream intronic
regions, all residing within a well-studied genomic cluster4–6 on
human chromosome 17p13.3 (Fig. 1).

We identified 59 SNPs (Table 1 and Fig. 2). By several mea-
sures, pseudogenes and introns had substantially more variation
than intact genes (Table 1). Thus, the average number of haplo-

types was significantly greater in pseudogenes (3.8±1.4) and
introns (4.1±0.7; data not shown) than in intact genes (2.3±0.4;
Z=2.3, P<0.01). Although the OR genes displayed a simple hap-
lotype pattern, the OR pseudogenes and intron segments showed
an unusual distribution (Fig. 2). Some, most notably OR3A4P,
contained ancient allelic haplotypes in relatively high propor-
tions, in conjunction with the most recent forms, with few or no
intermediates (manuscript in preparation).

Both Watterson’s θ and nucleotide diversity (π), were higher
for the pseudogenes and introns than for the intact OR genes
(Table 1). The average nucleotide diversity for pseudogenes was
0.11%, whereas average nucleotide diversity for introns was
0.10%, closely matching the average value for silent substitutions
in the human genome15. In contrast, average nucleotide diversity
for intact OR genes was only 0.03% (Table 1).

Several statistical tests are available for comparing the distribu-
tion of nucleotide variation in a population with that expected
under a standard neutral model at equilibrium with respect to
mutation and drift16,17. For example, Tajima’s D is formulated so
that the expected value of the test statistic is equal to 0 under the
null hypothesis. Negative values for this statistic reflect an excess
of low-frequency variants in the population, consistent with pos-
itive directional selection or a population expansion. Positive val-
ues reflect an excess of intermediate-frequency variants in the
population, consistent with balancing selection or a population
contraction. We observed nine loci with positive values and ten
with negative values for Tajima’s D, with average values near the
neutral expectation of zero (Table 1). Fu and Li’s D is similarly
formulated, but is based on the number of singletons in a sample.
Neither Tajima’s D nor Fu and Li’s D is significant for any of the
loci (Table 1). Thus, there is no evidence for departures from
neutral expectations in the frequency distribution, although it is
important to bear in mind that these tests are not very powerful
when few segregating sites are considered18.

The average pairwise divergence between human and chim-
panzee alleles for all segments is shown (Table 1). This analysis is
based on comparisons between orthologues19. Divergence is
greater at pseudogenes (D=2.34%) compared with genes
(D=1.88%), although the difference in divergence is not as large
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as the difference in levels of human nucleotide diversity between
these classes of loci. Notably, the observed divergence at OR
pseudogenes (D=2.34%) is considerably higher than previous
estimates for human-chimpanzee divergence at silent sites
(D=1.4%; ref. 20) or pseudogenes (D=1.6%; ref. 21). OR pseudo-
gene divergence, however, was nearly identical to silent-site diver-
gence at intact OR genes (D=2.3%). This suggests that the
underlying mutation rate may be similar in both classes of loci.

In general, population-level processes are expected to affect all
loci in a roughly equal fashion, whereas deterministic processes,
such as selection, are expected to act in a locus-specific manner.
This general principle has led to several statistical tests for detect-
ing selection, based on comparisons of levels of polymorphism
with divergence for different loci22,23. The interspersed nature of
OR genes and pseudogenes within a single genomic cluster on
chromosome 17 presents an opportunity to disentangle selective
effects acting on genes from demographic influences on all loci.
Several observations in the current data set suggest that weak
positive selection may be acting on intact OR genes.

First, the ratio of polymorphic to fixed variants for OR genes
(9/114) versus OR pseudogenes (21/91) or OR introns (30/125)
is significantly heterogeneous (Fisher’s exact test (FET), P≤0.01
for each; Table 2). This deviation appears to be due largely to an
excess of non-synonymous fixations. When non-synonymous
sites within OR genes are compared with pseudogenes, the ratios
are significantly heterogeneous (5/70 versus 21/91; FET, P=0.01),
but when synonymous sites within OR genes are compared with
pseudogenes, the ratios are not significantly different (4/44 ver-
sus 21/91; FET, P>0.1). The more conservative Hudson, Kreit-
man and Aguade (HKA) test22

revealed a marginally signifi-
cant reduction in the ratio of
polymorphism to divergence at
OR genes compared with
pseudogenes (0.05<P<0.10).

Second, the ratio of non-syn-
onymous to synonymous sub-

stitutions on a per-site basis for OR genes in a comparison
between human and chimpanzee is high (average Ka/Ks=0.74;
Table 3). For example, the average value of Ka/Ks for 49 genes in
primates is 0.27 (ref. 24), approximately one-third the average
value for OR genes. Ka/Ks values that are higher than average, but
below unity, are difficult to interpret and may reflect either a low
level of constraint or weak positive selection.

Third, HKA comparisons between either intact OR genes or
OR pseudogenes and four other loci that have been well surveyed
in humans (DMD (ref. 25), PDHA1 (ref. 26), LPL (ref. 3) and
HBB (ref. 27)) revealed significantly different ratios of polymor-
phism to divergence (Table 4). In all cases, loci in the OR cluster
show lower levels of polymorphism relative to divergence than do
the other genes. For each comparison, the effect is stronger for
the OR genes than for the pseudogenes. These observations are
consistent with weak positive selection depressing the level of
variability in this region of chromosome 17, although differences
in levels of polymorphism among loci may also be influenced by
the different sampling schemes used in these studies.

It was an unexpected result that differences in patterns of vari-
ation occur among closely interspersed segments within a rela-
tively small genomic region. The differences in levels of variation
between genes and pseudogenes (Table 4) suggest that pseudo-
genes, which are typically 1–10 kb away from coding regions,
undergo only modest ‘hitchhiking’ effects, whereby fixation of
neutral mutations occurs through linkage to advantageous
mutations. This, in turn, implies that there has been significant
recombination in the history of our sample. In fact, the recom-
bination rate for this region of chromosome 17, estimated from

Table 1 • Population variability parameters for intact OR genes, pseudogenes and introns

Gene length sample size S Watterson’s θ Nucleotide diversity Tajima’s D Fu and Li’s D Average pairwaise D

OR1E2 972 34 1 0.03 0.04 1.52 –0.71 1.59
OR3A3 948 30 2 0.05 0.06 0.38 0.71 2.90
OR1E1 945 34 1 0.03 0.05 1.52 0.51 1.32
OR3A1 947 31 1 0.03 0.03 0.29 0.51 1.88
OR3A2 948 30 2 0.05 0.02 –1.27 –0.72 2.52
OR1G1 942 30 1 0.03 0.01 –1.00 –0.71 2.12
OR1D2 939 32 1 0.03 0.01 –1.24 0.51 0.85
average (genes) 948.7 31.57 1.3 0.04 0.03 0.03 0.57 1.88
s.d. 10.80 1.81 0.5 0.01 0.02 1.22 0.10 0.70

Pseudogene
OR3A5P 771 32 2 0.07 0.06 –0.36 –0.72 2.26
OR3A4P 883 35 7 0.20 0.15 –0.73 1.23 1.81
OR1D3P 940 31 4 0.11 0.11 0.17 0.98 2.37
OR1P1P 993 31 3 0.08 0.10 0.75 0.86 2.05
OR1E3P 948 35 5 0.13 0.12 –0.35 0.98 3.19
average (pseudo) 907 32.8 4.2 0.12 0.11 –0.10 0.95 2.34
s.d. 85.50 2.05 1.9 0.05 0.03 0.57 0.19 0.52

OR introns
OR3A3 1021 31 4 0.10 0.10 0.00 0.23 0.98
OR3A4P 968 30 8 0.22 0.22 0.12 0.78 1.12
OR3A1 914 32 5 0.14 0.13 –0.21 0.98 0.97
OR3A2 921 32 4 0.10 0.07 –0.89 0.23 3.75
OR1P1P 875 30 2 0.06 0.07 0.42 0.71 1.54
OR1G1 1134 31 3 0.07 0.06 –0.22 0.86 1.36
OR1D2 951 31 3 0.07 0.06 –0.56 0.86 1.32
average (introns) 969.1 31.00 4.1 0.11 0.10 –0.19 0.66 1.58
s.d. 86.04 0.82 2 0.06 0.06 0.43 0.30 0.98

More details on these genes are available (http://bioinfo.weizmann.ac.il/HORDE). Watterson’s θ and the nucleotide diversity values are calculated per base pair in
percentage.

Table 2 • Variation contrasts

OR genes OR pseudogenes OR introns

silent replacement total total total
SNPs 4 5 9 21 30
Fixed differences 44 70 114 91 125

Contrasts between human polymorphism and human-chimpanzee divergence in OR genes, pseudogenes and introns.
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comparison of genetic and radiation-hybrid maps28, is 1.6
cM/Mb, somewhat higher than the genome-wide average rate of
approximately 1 cM/Mb.

The signature of positive selection within the OR gene cluster
is noteworthy. OR genes, likely constituting the largest multigene
family in vertebrates, are under a unique set of evolutionary con-
straints and pressures. Individual OR genes may seldom be essen-
tial for survival, but it appears that the general enhancement and
diversification of the size of the OR repertoire may confer a selec-
tive advantage. In addition, it has been suggested that for every
odorant there may be several receptors that bind with different
specificities13. Thus, a ‘shifting terrain’ scenario may be envis-
aged, in which relaxation of constraint occurs at some amino
acid positions, whereas novel advantageous mutations are fixed
under positive selection at other sites.

Our results suggest that weak positive selection can have
important effects on the patterns of nucleotide diversity in

human evolution. Studies of other gene families will help deter-
mine the generality of such findings.

Methods
DNA samples. Human genomic DNA was from two sources. Genomic
DNA of 20 unrelated anonymous individuals was isolated from buffy
coats obtained from the Israeli Blood Bank, and samples from 30 unrelat-
ed individuals, provided by the National Laboratory for the Genetics of
Israeli Populations at Tel Aviv University, were derived from the following
ethnic groups: Ashkenazi Jews (n=10), Bedouins (n=10) and Yemenite
Jews (n=10).

We isolated genomic DNA from chimpanzee (Pan troglodytes) from whole
blood (provided by Y. Horvitz) using the Genomix DNA preparation kit
(Talent SRL). Genomic DNA of chimpanzee was provided by K.K. Kidd.

PCR procedures. We designed primers (Table A, see http://genetics.
nature.com/supplementary_info/) for PCR to amplify the full ORF of the
12 human OR genes, and seven ∼ 1 kb segments from the OR introns,
based on the available sequences5. We used the same primers for the
sequencing reactions.

We carried out PCR in a total volume of 25 µl containing deoxynu-
cleotides (0.2 µM of each; Promega), primers (50 pMol of each), PCR
buffer (containing 1.5 µM MgCl2, 50 µM KCl, 10 µM Tris, pH 8.3, 1 U Taq
DNA polymerase (Boehringer)) and genomic DNA (50 ng). PCR condi-
tions were as follows: 35 cycles of denaturation at 94 ˚C, annealing at 55 ˚C
and extension at 72 ˚C, each step for 1 min. The first step of denaturation
and the last step of extension were 3 min and 10 min, respectively. PCR
products were separated on a 1% agarose gel and purified using the High
Pure PCR Product Purification kit (Boehringer).

Cloning of PCR products. We subcloned the PCR products into the
pAMP1 vector, without prior purification, using the Clone AmpTM Sys-
tem (Gibco BRL). We extracted the DNA from the subclones using the

Fig. 2 Allelic haplotypes of OR genes and pseudogenes. Haplotypes of OR pseudogenes (a) and genes (b). The top nucleotides are the human-specific polymor-
phic bases and the bottom ones are the chimpanzee forms. ψ, A pseudogene. The per cent frequency of each allelic haplotype in the population is indicated.

Table 3 • Synonymous versus non-synonymous substitutions
in intact OR genes

Gene Ka (s.d.) Ks (s.d.) Ka/Ks

OR1E2 0.010 (0.006) 0.012 (0.007) 0.821
OR3A3 0.030 (0.009) 0.042 (0.020) 0.721
OR1E1 0.011 (0.007) 0.016 (0.012) 0.672
OR3A1 0.011 (0.006) 0.028 (0.011) 0.402
OR3A2 0.019 (0.008) 0.036 (0.018) 0.528
OR1G1 0.023 (0.009) 0.020 (0.012) 1.221
OR1D2 0.008 (0.004) 0.009 (0.006) 0.819

Average (sd) 0.016 (0.008) 0.023 (0.012) 0.740 (0.260)

Ka is the fraction of altering (non-synonymous) substitutions, Ks is the fraction
of silent (synonymous) substitutions.

a b
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Wizard Plus SV minipreps DNA purification system (Promega) and
sequenced using vector primers from both directions.

DNA sequencing. Sequencing reactions were performed on PCR products
or clones in both directions with dye-terminators (Dye terminator cycle
sequencing kit; Perkin Elmer) on an ABI 373 or ABI 377 automated
sequencer. After base calling with the ABI Analysis Software (version 3.0),
the analysed data were edited using the Sequencher program (GeneCodes,
version 3.0).

Determination of polymorphism and divergence. We determined haplo-
types for each of the OR genes, introns and pseudogenes by sequencing PCR
amplification products directly. For individuals containing more than one
heterozygous site within a locus, multiple clones were sequenced to resolve
phase. We used the Sequencher software to assemble the sequences and to
identify DNA polymorphisms. To avoid sequencing errors, only SNPs
appearing in two or more individuals were considered (7 singletons were
excluded from data analysis which were found in OR1E2, OR3A5P, OR3A2,
OR1G1 and in the intronic segments of OR3A3, OR3A4P, OR3A2). Inclusion
of these singletons in the analysis of polymorphism and divergence (Table 2)
did not alter the results. The ratio of polymorphic to fixed variants for OR
genes (12/114) versus OR pseudogenes (22/91) or OR introns (33/125)
remains significantly heterogeneous (FET, P<0.05 for each). The human OR
coding sequences were aligned with the chimpanzee and gorilla sequences.

Data analysis. The analyses described here depends on our ability to
uniquely amplify products from genomic DNA that correspond to a single
genetic locus. OR genes have been shown to undergo complex evolutionary
processes of gene duplication and gene conversion4,5,14,19. Although more
ancient gene duplications pose no problem, very recent ones may lead to

ambiguity of allele identification, as exemplified by the gene pair OR1D4
and OR1D5 (ref. 5), which were excluded from our study. It is important to
make sure that paralogues are not mistaken for alleles, as was done here, by
ascertaining that in all individuals only a maximum of two alleles appear
for each gene. Gene conversion would pose a barrier only if it is represented
in polymorphic forms. Such instances have so far not been reported. After
sequence alignment, the frequency of all polymorphic sites was calculated.
We used two measures for the nucleotide variability in each locus; Watter-
son’s θ (ref. 29), which is based on the number of segregating sites in the
sample; and nucleotide diversity30 (π), which is based on the average num-
ber of differences between all sequences in a sample. Tjima’s D statistic16

and Fu and Li’s D (ref. 17) were calculated to test for deviations from neu-
tral frequency distribution. Ratios of polymorphism to divergence were
compared and assessed using Fisher’s exact statistic test and the HKA test22.

GenBank accession numbers. OR1E1, AF087916; OR1D2, AF087917;
OR1D3P, AF087919; OR3A4P, AF087920; OR3A5P, AF087921; OR3A1,
AF087924; OR1E2, AF087925; OR3A3, AF087926; OR1P1P, AF087927;
OR1G1, AF087928; OR1E3P, AF087929; OR3A2, AF087930.
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sites; ES, expected segregating sites; D, observed divergence; ED, expected divergence; T, divergence time as in ref. 22.
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