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A B S T R A C T

We previously reported that paternally inherited human leukocyte antigen (HLA) alleles are a template for
women’s preferences for male odors (p � 0.0007). However, it has been suggested that sequence variation in a
nearbyolfactory receptor (OR) cluster on chromosome6p influences smell preference. Todeterminewhether the
HLA-linkedORgenescontribute topreviouslyobservedHLA-mediatedbehaviors,weuse theodorpreferencedata
from our earlier study in combinationwith a new resequencing study of four functional, HLA-linked OR genes in
the samesubjects.Our results indicate thatORalleles in thegenes surveyedarenot in linkagedisequilibriumwith
HLA variation and do not explain the previous findings of HLA-associated odor preference.

� 2010 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

mell preferences reserved.
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. Introduction

The genes of the major histocompatibility complex (MHC) play
ritical roles in immune response and disease resistance, as well as in
ediating social and reproductive behaviors [1,2]. In rodents, MHC

oci are involved in mating preferences and kin recognition [3–6].
dor-guided kin recognition has also been reported in a number of
ther vertebrates, including fish, birds, hamsters, beavers, and hu-
ans [3–8]. In some vertebrates, MHC-mediated behaviors are olfac-

orymediated [1,6,9–12], but in others this is not the case [3,13].
The human MHC, encoding the human leukocyte antigens

HLA), includes the most polymorphic loci in the genome and has
een implicated in human mate choice [14,15] and odor prefer-
nces [8,16,17]. Previouswork in our laboratory demonstrated that
aternally inherited HLA alleles influence a woman’s preferences
ormale odors [16]. Specifically,womenpreferred the odors ofmen
ith more HLA matches to her paternally inherited alleles (1.39 �
.15 matches to most preferred vs. 0.55 � 0.10 matches to least
referred out of five possible matches; p � 0.0001 by paired t test).
atches to alleles inherited fromhermother or to the noninherited
lleles from either parent did not influence her choice (p � 0.50).
The region of chromosome 6p21 containing the HLA complex

as among the highest levels of linkage disequilibrium (LD)
H
* Corresponding author.

E-mail address: eethomps@uchicago.edu (E.E. Thompson).

198-8859/10/$32.00 - see front matter � 2010 American Society for Histocompatibility
oi:10.1016/j.humimm.2009.10.004
bserved in the human genome [18,19], with large stretches of
D encompassing both HLA and non-HLA loci. Therefore, the
dentification of specific variants, or even genes that contribute
o HLA-associated diseases or behaviors, is not straightforward
ecause of the complicated relationships among loci in the re-
ion. For example, a cluster of olfactory receptor (OR) genes is
ocated telomeric to the HLA complex, within a region of high LD
panning more than 500 kb [19]. Proteins encoded by OR loci
erve as the basis for odor detection, and it has therefore been
uggested that the close linkage of the OR cluster with the HLA
omplex could account for some of the behavioral observations
ttributed to HLA [16,20–23]. This could occur if alleles in OR
enes and HLA haplotypes are in sufficient LD so the HLA alleles
r haplotypes merely serve as markers for the relevant OR al-
eles. In addition, alleles at the HLA-linked OR genes (in the
mellers) would have to specifically bind odorants produced by
LA molecules (in the donors).
To further examine this question, we resequenced four func-

ional HLA-linked OR genes in the same subjects that participated
n our previous study of HLA-associated odor preferences [16], and
e examined patterns of LD between the OR and HLA loci in these
ubjects. We then directly tested the hypothesis that variation in
heseHLA-linkedORgenes influencewomen’s preferences formale
ody odors or account for all or some of the previously observed

LA-associated preferences.

and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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. Subjects and methods

.1. Study sample

The 49 women participants are of European descent and were
nmarried at the time of our earlier study. The average age was 25
ears (range, 13–56 years), and none were using hormonal contra-
eption or had ever been pregnant. The women were unaware of
he study hypothesis and the identity of the odors in question. The
ix male T-shirt donors ranged in age from 23 to 47 years of age
average, 31.3 years).More detailed information on sample compo-
ition, odor collection, olfactory sessions, and HLA typing can be
ound in Jacob et al. [16].

.2. Studies of OR genes

Four functional (single-exon) OR geneswere selected from each
f the three LDbins thatwepreviously identified in this region [24].
o represent the variation in this region, we studied (1) OR2H2
called FAT11 [20] andOR2H3 [24] in our previous studies), the only
R gene in the most proximal bin (closest to the HLA gene cluster),
2) OR5V1 from the most distal bin, and (3) OR12D2 and OR10C1
rom the middle bin. PCR and sequencing primers were designed
ccording to GenBank sequences (OR12D2, NM_013936; OR10C1,
T_113893; OR2H2, NM_007160; and OR5V1, NM_030876). DNA
romone chimpanzeewas amplified and sequenced using the same
rimers and used to determine the ancestral allele at each single
ucleotide polymorphism (SNP). All genes were amplified using
agGold DNA polymerase, primers, and amplification conditions as
escribed in Supplemental Table 1. Polymerase chain reaction
roducts were cleaned with exonuclease I (New England Biolabs,
pswich, MA) and shrimp alkaline phosphatase (United States Bio-
hemicals, Marblehead, MA). Dye-terminator sequencing was per-
ormed with ABI Big Dye Terminator v. 3.1 Cycle Sequencing kit,
nd products were analyzed on an ABI 3700 or 3730 automated
equencer (Applied Biosystems, Foster City, CA). The Phred-Phrap-
onsed package was used to assemble and analyze all sequences
25]. All putative polymorphismswere visually inspected and indi-
idual genotypes were confirmed using Consed. All SNPs in this
tudy were in Hardy-Weinberg equilibrium and we observed no
endelian errors.
A low-frequency copy number variant in the region encompass-

able 1
ummary of 22 SNPs identified in the four OR genes surveyed

ene Marker Allelea Effect Frequencyb

R5V1 rs6930033 T/G L23F 0.2
rs9257770 T/G I45M 0.04

R12D2 rs9257834 G/T V47F 0.51
rs4987411 C/T L56P 0.49
rs2073154 C/G F113L 0.51
rs2073153 G/T R120L 0.49
rs2073152 G/C S12 1C 0.71
rs2073151 A/G I159V 0.49
rs2073150 C/T L25 5L 0.49

R10C1 rs17184009 C/T Q55X 0.02
rs2074469 T/C F60L 0.16
rs11755177 C/T F61F 0.02
rs11755182 C/A R89S 0.02
rs17177639 C/T R121C 0.02
rs17177646 C/T R138W 0.02
rs2074468 T/C P160S 0.02
rs2074466 C/A P174Q 0.18
rs2074464 G/A M24 6V 0.43
rs10946991 C/A A254A 0.02
rs11968123 T/G M31 0R 0.02

R2H2 rs3129034 T/C L30F 0.2
rs1233387 T/C A48V 0.55

Alleles shown as ancestral/derived.
Frequency of the derived allele.
ng the OR2H2 gene has been reported [26,27] (two events in 270
F
l

apMap individuals [27]). To investigate the possibility of copy
umber variation more directly, we performed quantitative PCR of
enomicDNAwith a known two-copy control gene (OR12D2) in the
9 study participants. Based on the ratio of the two genes, three
omen appear to have more than two copies of OR2H2; however,
emoving these women from the analysis did not affect the results.

.3. Haplotype construction and parent of origin

Each of the women and their parents were previously geno-
yped for two SNPs in OR2H2 and one SNP each in OR10C1 and
R12D2 [24]. Because no family data were available for SNPs in
R5V1, the parents of each woman were genotyped by direct se-
uencing for the two SNPs in this gene. Haplotype construction and
arent of origin were determined by direct observation of alleles in
he women participants and their parents.

.4. Data analysis

Linkage disequilibrium between OR SNPs and multi-allelic HLA
enes was assessed by r2, with the average value calculated as the
ean of all pairwise r2 between OR SNPs and each allele at the five
LA loci.
To test the hypothesis that diplotypes or alleles at OR loci were

ssociated with female’s preferences for male odors, we con-
tructed test statistics that quantify the difference in preference for
ubjects grouped by genotype/diplotype. For diplotype compari-
ons, we counted the number of times each donor was ranked as
he most or least preferred according to women’s diplotype (for all
iplotypes with at least five occurrences). The results were ana-
yzed by �2 tests. To confirm that the previously reported associa-
ion between paternally inherited HLA alleles and preferences for
ale odor donors cannot be explained by sequence variation at the
R genes,we repeated the same analysis as in our earlierwork [16],
tratified by paternally inherited alleles at the SNPs in theOR genes.
or every smellerwe calculated the difference between the number
f paternal HLA matches with the most and least preferred donor.
ig. 1. Linkage disequilibriumbetween SNPs in four 6p21–22ORgenes andfiveHLA
oci. r2 values were averaged across all allele combinations for each pair of loci.
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hese differences were shown previously to be significantly larger
han zero using a sign test, and we contrasted, for every SNP, the
istribution of the signs between the two groups formed based on
he paternally inherited allele. The comparison of the two allele
roups was performed using Fisher’s exact test.

. Results

Twenty-two SNPs in four OR genes are present in this sample
Table 1). Eighteen result in nonsynonymous/replacement changes,
hree in synonymous/silent changes, and one in a nonsense muta-
ion. The OR10C1 gene may be a segregating pseudogene, as we

ig. 2. Polymorphisms and diplotypes at each of four OR genes are shown for 49wom
t each polymorphic site. Each observed haplotype (combination of alleles inherite

arents is referred to as a diplotype. The women’s ranking of each of six odor donors (labe
iplotype (from Jacob et al. [16]).
bserved a nonsense mutation on a unique haplotype background
rs17184009, Q55X).

To first determine whether variation in any of the OR genes was
n long-range LD with HLA loci, we examined the LD pattern be-
ween OR SNPs and alleles at the five HLA genes included in our
arlier study, in the same 49 women, using the LD measure r2 (Fig.
). OR2H2 is the closest OR gene to the HLA complex, and although
t contains the SNP with the highest r2 values (rs3129034), it still
hows overall very low levels of LD with alleles at HLA loci: HLA-A
mean r2, 0.04; range, 0.00–0.17), HLA-C (mean r2, 0.10; range,
.02–0.23), HLA-B (mean r2, 0.05; range, 0.00–0.21), HLA-DR

ellers. Gray andwhite squares indicate ancestral and derived alleles, respectively,
one parent) was assigned a number; the pair of haplotypes inherited from both
en sm
d from
led 1–6) as the least and most preferred are shown for women genotyped by each
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mean r2, 0.02; range, 0.00–0.08), and HLA-DQB1 (mean r2, 0.03;
ange, 0.00–0.08) (Fig. 1). Overall, levels of LDbetween alleles atOR
NPs andfiveHLA genes are not sufficient to implicateOR sequence
ariation in the previously reported associations with HLA and
mell preference (Fig. 2).

To directly rule out this possibility, we next tested the hypoth-
sis that alleles at one or more OR genes determine preferences for
ale odors. Because each of the five unrelated male donors had a
nique set of HLA alleles [16], we considered each male to have a
nique HLA-based odor profile. No genotype at any of the OR loci
as associated with women’s choice of either the most or the least
referred donor (�2 test, p � 0.05). The smellers’ diplotypes (pair of
aplotypes) at each OR gene and choice of the most preferred and
he least preferred odor donor are shown in Fig. 2. At each locus, the
hoice of their most and least preferred odor was random with
espect to the smeller’s diplotype (�2 test, p� 0.05 for all diplotypes
ith at least five occurrences).
Finally, because we previously reported that women preferred

he odors of menwithmore HLAmatches to their paternally inher-
ted alleles (vs. maternally inherited alleles or noninherited alleles
romeither parent), we examinedwhether the paternally inherited
llele at each OR SNP influenced these results. Of the 22 OR SNPs,
ightwerenot polymorphic on thepaternally inheritedhaplotypes.
or the remaining 14 SNPs, we stratifiedwomen by their paternally
nherited OR alleles and tested whether the distribution of the
aternal HLA matches to least and most preferred donor was dif-
erent in the two groups. Because the original analysis was done
ith a sign test, we contrasted the signs (see Methods) and found
o evidence that the HLA effect is dependent on the alleles inher-
ted at the linked OR loci (p � 0.05 for every SNP).

. Discussion

We demonstrate here, for the first time, that HLA-based choices
f humanodors [16] are not influencedby variation in the linkedOR
ene cluster. We previously observed recombination between
LA-A and OR2H2 [20] and suggested that there might be insuffi-
ient LD between OR2H2 and HLA loci to account for the associa-
ions between olfactory-mediated behaviors and HLA genes per se,
lthough this conclusion was disputed by others [23]. Here, we
hownot only thatmeasures of LD between theOR andHLA loci are
egligible (maximum mean r2 � 0.05) but also that odor prefer-
nces are not associated directly with variation in the linked OR
enes.
Our study sample provides a unique opportunity for investigat-

ng HLA- vs. OR-based odor preferences, because we previously
emonstrated preferences for male odors based on the number of
LA matches between the odor donors and each woman’s pater-
ally inherited HLA alleles in this same sample [16]. The results
resented here clearly show that there is insufficient LD between
he HLA and OR genes to account for the observed HLA-mediated
ffects in human beings. Althoughwe did not survey all OR genes in
he extendedMHC, thehaplotype structure andpattern of LD in this
egion [19,24,28,29] make it unlikely that variation in other OR
enes would provide contradictory results. Thus, we conclude that
he evidence for HLA-based mate choice and odor preferences in
umans is not caused by standing variation at OR loci in the ex-
ended MHC on chromosome 6p.
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