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Abstract

Allelic variation at 4 loci in the human olfactory receptor gene OR7D4 is associated with 
perceptual variation in the sex steroid-derived odorants, androstenone, and androstadienone. 
Androstadienone has been linked with chemosensory identification whereas androstenone makes 
pork from uncastrated pigs distasteful (“boar taint”). In a sample of 2224 individuals from 43 
populations, we identified 45 OR7D4 single nucleotide polymorphisms. Coalescent modeling of 
frequency-site-spectrum-based statistics identified significant deviation from neutrality in human 
OR7D4; individual populations with statistically significant deviations from neutrality include 
Gujarati, Beijing Han, Great Britain, Iberia, and Puerto Rico. Analysis of molecular variation values 
indicated statistically significant population differentiation driven mainly by the 4 alleles associated 
with androstenone perception variation; however, fixation values were low suggesting that genetic 
structure may not have played a strong role in creating these group divisions. We also studied 
OR7D4 in the genomes of extinct members of the human lineage: Altai Neandertal and Denisovan. 
No variants were identified in Altai but 2 were in Denisova, one of which is shared by modern 
humans and one of which is novel. A functional test of modern human and a synthesized mutant 
Denisova OR7D4 indicated no statistically significant difference in responses to androstenone 
between the 2 species. Our results suggest non-neutral evolution for an olfactory receptor gene.
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Introduction

Olfactory receptor genes were originally identified in rats (Buck 
and Axel 1991); in humans, these genes are unusually diverse and 
rapidly evolving (Olender et al. 2004, 2012; Mainland et al. 2014). 
Olfactory receptors are proteins expressed in the cell membranes 
of olfactory sensory neurons that detect airborne odor molecules 

(odorants); each receptor detects more than one odor and each odor 
activates more than one receptor (Buck and Axel 1991). Most odor-
ant-olfactory receptor gene relationships have yet to be identified in 
humans but roughly 40 are known (Mainland et al. 2014).

Comparative rates of change in olfactory receptor genes indicate 
that humans have not experienced more pseudogenization compared 
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with other primates (Matsui et al. 2010). Analysis of population differ-
ences in human olfactory haplotypes suggests high diversity, perhaps 
reflecting local adaptation (Menashe et al. 2002). Substantial variation 
exists at the individual level: the difference in number of expressed 
olfactory receptors between any pair of individuals is at least 14% 
(Zhang et al. 2007; Verbeurgt et al. 2014) but a rate of 30% has also 
been reported (Mainland et al. 2014). In addition, variation in olfac-
tory receptor gene sequences among individuals is very high, second 
only to that seen in immune system genes (Menashe et al. 2003).

The evolutionary source of variation in human olfactory recep-
tors is not fully understood but several studies have found evidence 
for positive selection acting on some human olfactory receptor genes 
(Gilad et  al. 2000, 2003, 2005; Menashe et  al. 2002; Gilad and 
Lancet 2003; Gimelbrant et al. 2004; Alonso et al. 2008; Moreno-
Estrada et  al. 2008). The underlying adaptive context of possible 
selective pressures acting on olfactory receptor genes is not known 
but may be linked to food (Matsui et al. 2010; Jaeger et al. 2013; 
McRae et al. 2013) and health (Spehr et al. 2003; Griffin et al. 2009; 
Neuhaus et  al. 2009; Pluznick et  al. 2009; Gu et  al. 2014; Busse 
et al. 2014). In addition, copy number variants (deletions and dupli-
cations of large genetic segments across genomes) have affected the 
olfactory receptor gene family significantly more often than other 
genomic coding regions (Hasin et  al. 2008; Waszak et  al. 2010; 
Veerappa et al. 2013). The phenotypic impact of copy number vari-
ants on odorant perception is currently unknown.

This article is focused on genetic variation in OR7D4, which has 
been associated with an olfactory phenotype (Keller et  al. 2007). 
The OR7D4 receptor recognizes androstenone. Androstenone is bio-
logically significant in mammal social behavior as a sex steroid but 
the role of androstenone as a chemical signal in humans (Loos et al. 
2014; Zhou et al. 2014) is contested (Wyatt 2015). Androstenone 
is the primary odorant in boar taint, the smell of meat from adult 
non-castrated male pigs and boars. The odor is unpleasant to the 
majority of humans, with the exception of those individuals carrying 
mutations that render the receptor less functional or nonfunctional 
(Lunde et al. 2012). Phenotypic variation in the detection and per-
ception of androstenone in humans has been associated with 2 single 
nucleotide polymorphisms (SNPs) in OR7D4 that are in complete 
linkage disequilibrium (rs61729907 and rs5020278) (Keller et  al. 
2007; Knaapila et al. 2012a, 2012b; Lunde et al. 2012). The ances-
tral genotype of the linked SNPs has a phenotype that is sensitive to 
androstenone whereas the derived genotype is less sensitive to the 
odorant. Two additional SNPs also have been shown to decrease 
(rs61732668) and increase (rs5020280) sensitivity to androstenone.

In this study, we address the following question: Is there a sig-
nificant pattern in the geographic distribution of variant alleles in 
OR7D4 and, if so, what evolutionary explanation best describes 
it? To answer this question, we generated new sequence data and 
extracted variant calls from the 1000 Genomes data set to analyze 
geographic variation and identify possible evolutionary adaptive 
trends. We also extracted variant calls from the published genomes 
of Denisova and Altai Neandertal. Finally, we created a mutant 
Denisova OR7D4 to test its response to androstenone.

Materials

Modern human data
We used 24 world populations from 1000 Genomes (n  =  2081) 
(1000 Genomes Project Consortium 2012; Table  1). Some 1000 
Genomes populations are genetically admixed (e.g., Puerto Ricans, 
Peruvians in Lima) or recent immigrants to an area (e.g., Gujarati in 
Houston Texas, Mexicans in LA) but many are from (comparatively) 

nonadmixed groups (e.g., Esan, Mende, Punjabi). We also sequenced 
19 populations from Coriell Institute for Medical Research (n = 143) 
not included in 1000 Genomes; these are (comparatively) nonad-
mixed groups (e.g., Atayal and Ami hunter-gatherers in Taiwan, 
Mbuti and Biaka hunter-gatherers in Central Africa). Only samples 
that did not overlap with 1000 Genomes data were used. These sam-
ples were included to provide Native American and Melanesian data 
and additional sets of indigenous populations.

Hominin data
Denisova and Altai Neandertal are Pleistocene Eurasian hominin 
species known from specimens excavated from Denisova Cave in 
southern Siberia in 2010 (Krause et  al. 2010; Reich et  al. 2010; 
Prüfer et  al., 2014; Table  1). Altai is related to Neandertals from 
Croatia, Germany, and the Caucasus (Prüfer et al., 2014). Denisova 
may have interbred with the ancestors of modern-day Melanesians 
during the Denisova migration from Africa to Siberia (Reich et al. 

Table 1.  Materials (n = 2224)

Africa Central Africaa Biakaa 5

Mbutia 4
Sub-Saharan Sub-Saharan Africana 9

Esanb 99
Gambianb 113
Kenyanb 99
Mendeb 85
Yorubanb 108

North Africa North Africaa 7
Middle East Ashkenazima 10
Asia South Asia Bengalib 86

Telugub 102
Punjabib 96
Gujarati 103
Tamil, Sri Lankab 102

East Asia Amia 10
Atayala 9
Daib 93
Han-Beijingb 103
Han-Southernb 105
Japaneseb 104
Kinhb 99

Oceania Melanesia Boungainvillea 5
Europe Basquea 10

Czecha 10
Finlandb 99
Great Britainb 91
Hungariana 9
Iberianb 107
Icelandb 12
Northern Europeana 10
Russiana 9
Toscanib 107

Americas Indigenous America Karitianaa 5
Mayaa 4
Pimaa 5
Quechuana 4
Suruia 5

Admixed America Columbiansb 94
Mexicans 64
Puerto Ricanb 104
Barbadoan 96
Peruviansb 85

aCoriell samples that do not overlap with 1000 Genomes.
b1000 Genomes samples.
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2010; Prüfer et al., 2014). Analysis of genomic data indicates that 
Denisova and Altai branched away from modern humans between 
550 000 and 765 000 years ago and from each other between 445 000 
and 473 000 years ago (Prüfer et al., 2014). Denisova inhabited the 
cave between 30 000 and 50 000 years ago. Individuals genetically 
identified as Neandertals were found as close as 100 km away from 
Denisova Cave. Finally, indirect evidence (i.e., stone tools) places 
modern humans in the area at 40 000 years ago. Thus, there is a clear 
possibility that three hominin species were contemporary to Altai at 
the same time (Krause et al. 2010).

Methods

Modern human DNA sequencing (Coriell samples)
Human genomic DNA sequences were amplified using Qiagen HotStar 
Taq with primers upstream (5′-AAGTGATGACAAGCTGAGCTGC-3′) 
and downstream (5′-CCACAACATTTGCCTTAGGGGTA-3′) of 
the OR7D4 open reading frame. PCR products were purified using 
Sephacryl S-400 (GE HealthCare) then sequenced with an ABI 
Biosystems 3100 or 3730 Genetic Analyzer.

Hominin variant calling
The Denisovan genome (Reich et al. 2010) was generated from DNA 
extracted from a finger bone and has an average coverage of 30×. 
The Altai Neandertal genome was generated from DNA extracted 
from a toe bone and has an average coverage of 50×. Contamination 
of Denisova and Altai Neandertal with modern human DNA is esti-
mated to be less than 1%. We identified variants in the published 
genomes of Altai Neandertal and Denisova from VCF files aligned 
to NCBI Build Human Genome Build GRCh37/hg19. We verified 
these variants using the genome browser at UC Santa Cruz (UCSC 
Genome Browser 2002) by creating a custom track linked to BAM 
format files aligned to NCBI Build Human Genome Build GRCh37/
hg19 and viewing the data relative to the modern human genome. 
VCF and BAM files are located at http://cdna.eva.mpg.de/neander-
tal/altai/ in the “AltaiNeandertal” and “Denisova folders” (at the 
Max Planck Institute for Evolutionary Anthropology in Leipzig).

Cloning and sequencing
The Denisova OR7D4 was created by mutating the 204th amino 
acid in human OR7D4 from alanine to threonine (A204T) using 
chimeric PCR. Forward and reverse PCR primers containing the 
desired mutation were designed to have a 56°C or 58°C anneal-
ing temperature, obtained from Integrated DNA Technologies, 
and diluted to 5  μM. The respective forward and reverse primer 
sequences were 5′-TGTGGCCACGACACTGCTGGG-3′ and 
5′-CCCAGCAGTGTCGTGGCCACA-3′ for the A204T mutant. 
Chimeric PCR was performed using Phusion polymerase and 
OR7D4 in a pCI vector as a template, with separate reactions using 
the forward primers paired with a 3′ pCI primer and reverse primers 
paired with a 5′ pCI primer. The reaction was started at 98°C for 30 
s, then run for 25 cycles of the following conditions: denaturation 
at 98°C for 5 s, primer annealing at 55°C for 15 s, and elongation 
at 72°C for 30 s. The reaction was then held at 72°C for 5 min. The 
products resulting from the forward and reverse primers were com-
bined for each mutant and diluted 10× with distilled water (Gibco). 
A second PCR was performed using Phusion polymerase, 5′ and 3′ 
pCI primers, and the combined and diluted products for each desired 
mutant as the template. The same PCR conditions were used.

The products were purified using the QIAquick PCR Purification 
Kit (Qiagen), cut with MluI and NotI restriction enzymes, run on a 
1.1% agarose gel with GelRed, and extracted using the QIAquick Gel 

Extraction Kit (Qiagen). The products were then ligated into Rho-
tagged pCI cut with MluI and NotI using T4 ligase (New England 
Biolabs), and used to transform competent ampicillin-resistant 
Escherichia coli. These were plated on LB-ampicillin plates and incu-
bated at 37°C overnight, then grown in 4 mL of 2XYT-ampicillin 
(100 mg/mL) medium overnight at 37°C. The Denville Miniprep 
Purification Kit was used to lyse the bacteria and purify the plasmid 
DNA. The concentration of the products was determined using an 
Eppendorf Biophotometer, and then adjusted to 100 ng/μL using tris–
ethylenediaminetetraacetic acid buffer. The products were amplified 
using HotstarTaq PCR and purified using Sephacryl (GE Healthcare). 
The products were sequenced using BigDye Terminator Sequencing 
Kit (Applied Biosystems), purified using Sephadex (GE Healthcare), 
and sequenced with 3130 Genetic Analyzer (Applied Biosystems).

Luciferase assay
Hana 3A cells were plated on Poly-D-lysine coated 96-well plates 
(Corning #3843) and cotransfected using 20 μL Lipofectamine2000 
(Invitrogen) per plate with the prepared OR7D4 mutant (5 ng/well); 
the receptor transporting protein 1S (RTP1S, 5 ng/well) and the type 
3 muscarinic acetylcholine receptor as previously described (Zhuang 
et al. 2009). The cells were also transfected with elements from the 
Dual-Glo Luciferase Assay System (Promega): the cAMP response 
element (CRE) coupled with a luciferase reporter gene (10 ng/well); 
and the constitutively active SV40 promoter region coupled with 
the Renilla luciferase (RL) reporter (5 ng/well). Each OR was trans-
fected into 3 columns (24 wells) of the 96-well plate. About 18–24 h 
after transfection, the medium was replaced with 0, 0.1, 0.316, 1, 
3.16, 10, or 31.6 μM of androstenone or decenal (a negative con-
trol) in CD293 (Gibco). The cells were incubated at 37°C for 3.5 h, 
then stimulated with 10 μL of Dual-Glo luciferase buffer (Promega) 
per well, then read using BMG Labtech POLARStar Optima plate 
reader. Promega Stop-and-Glo buffer and RL substrate were then 
added and the plates were read again. The degree of activation was 
quantified for each well in Microsoft Excel using the formula (L − 
400)/(RL − 400), where L is the plate reader output after luciferase 
activation and RL is the output after addition of RL substrate.

Data analyses
PHASE (Stephens et  al. 2001; Stephens and Scheet 2005) was used 
to reconstruct ancestral haplotypes for the Coriell populations (1000 
Genomes data were already phased). To identify signatures of selection 
in human OR7D4, we tested the null-hypothesis that all mutations are 
selectively neutral (Kimura 1983) via Ka/Ks ratio and an analysis of 
expected and observed amounts of mutation and genetic drift using Fu 
and Li’s D (with Pan troglodytes and Gorilla gorilla as outgroups) (Fu 
and Li 1993) in DnaSP (Librado and Rozas 2009). We visualized the 
geographical distribution of allele frequencies in the statistical package 
R (R Development Core Team 2008) using the “Rworldmap” pack-
age (South 2011). Using the geographic distribution of alleles and geo-
graphic proximity of populations, we created groups and tested the null 
hypothesis that the geographic distribution of phased haplotypes do not 
show geographical genetic structure using ARLEQUIN (20 000 permu-
tations) (Excoffier and Lischer 2010). Finally, we used fixation index 
values to determine if genetic structure had an impact on selection.

Results

Variation data
There were 45 SNPs (33 missense, 17 of which were singletons; 12 
synonymous, 5 of which were singletons) among populations in the 
coding region of human OR7D4 (Supplementary Table S1). Full 
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allele frequency data for this sample are found in Supplementary 
Table S2 (global minor allele frequency data from NCBI are 
reported in Supplementary Table S1); data for 50 haplotypes (25 
of which are singletons) are found in Supplementary Table S3. 
The most common missense SNPs were the linked pair associated 
with androstenone perception variation (rs61729907, rs5020278); 
these were found at an average frequency of 16% across our 
sample with the highest frequencies in Eurasia—up to 40% in 
some populations. The mutation rs61732668 results in a severely 
impaired receptor and phenotype that is insensitive to andros-
tenone (or sensitive only in very high concentrations). The muta-
tion was found in most African populations (excepting Mbuti and 
North Africa) with several having a frequency of 20%. The muta-
tion was also found in some new world populations at a rate of 
2% (Puerto Rico, Columbia, and Peru) and 12% (Afro-Caribbean 
population in Barbados). The mutation rs5020280 results in a phe-
notype of increased sensitivity to androstenone and was found in 
all African populations (excepting Biaka and Sub-Saharan Africa) 
at a rate between 1% and 10%. New world populations with the 
mutation included Puerto Rico, Afro-Caribbean, and Mexicans in 
LA at a rate of less than 1%—the same rates were found in Kihn, 
Beijing Han, and Tuscans. The most common synonymous SNP is 
rs8109935.

Two Denisova variants were identified across multiple sequences 
(≥75%); one was a missense mutation resulting in an amino acid 
change in the sixth transmembrane region and the other was a syn-
onymous change also found in modern humans. Nine variants were 
identified in Altai Neandertal (7 of which are shared with modern 
humans) but none appeared in more than 3 sequences (≥10%) and 
are likely to be artifacts of genome degeneration or sequencing 
errors. Altai Neandertal and Denisova had no variants in common.

Selection
The ratio of substitution rates at nonsynonymous and synonymous 
sites (Ka/Ks) was 0.392 when humans were compared with 2 apes 
(chimpanzee and gorilla) and 0.474 when compared only to chim-
panzee (Supplementary Table S4). Results of a coalescent model of 
Fu and Li’s D statistic and Tajima’s D statistic (Supplementary Table 
S4) suggested some variants may have been selected across human 
OR7D4. A sliding windows analysis with a window size of 200 and 
a step size of 50 (Supplementary Table S5) identified androstenone 
variants as having statistically significant low values (−4.86). One 
other window had a slightly lower value (−5.07) and may have con-
tributed to the overall low Fu and Li’s D value; the only nonsin-
gleton missense variant in that windows was rs138510982 which 
causes a mutation in the seventh transmembrane region. A coales-
cent model of Fu and Li’s D* for specific populations identified 5 
populations with statistically significantly low values (Figure 1 and 
Supplementary Table S4).

Genetic and geographic variation
The global distribution of androstenone-related alleles (rs61729907–
rs5020278, rs61732668, rs5020280) suggested a geographic pat-
tern of increased frequencies in the linked pair outside of Africa 
and loss of the other 2 nonlinked alleles (Figure 2); while Gujurati 
have the nonlinked alleles, those are carried on singleton haplotypes 
(Supplementary Table S3). Furthermore, African populations are 
dominated by the nonlinked alleles (rs61732668, rs5020280) rather 
than the linked alleles (rs61729907–rs5020278), except in the North 
African and Mbuti populations.

We used geographic regions within continents as well as the dis-
tribution of androstenone alleles to create groups of populations in 
order to test genetic structure using analysis of molecular variation 
(AMOVA). AMOVA results (Supplementary Table S6) indicated 
significant molecular variation among-groups, 6.62% (FCT: 0.07, 
P  =  0.00), within-populations, 92.59% (FST: 0.07, P  =  0.00), and 

Figure 1.  Selection test results for Fu and Li’s D (compared with chimpanzee 
and gorilla) and D* by population (except Surui, who are monomorphic).
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among-populations within groups 0.79% (FSC: 0.01; P = 0.00). The 
majority of the variation is within populations. Fixation for nonsin-
gleton missense variants are visualized in Figure 3 (negative values 
set to 0); there were 5 variants with statistically significant fixation 
values. About 3 of the 5 variants with statistically significant values 
(rs5020280, rs61729907, and rs5020278) shared the same FST and FCT 
fixation values (with no statistically significant fixation for FSC); these 
variants included the 2 linked androstenone SNPs and the 1 variant 
that increases sensitivity (rs5020280). The among-group and within-
populations fixation value for the allele that decreases androstenone 
sensitivity (rs61732668) were the only high values across the table; 
this variant was predominant in African populations and new world 
populations with African admixture. The final variant, rs57568862, 
had the highest among-populations value and a within-populations 
value similar to the linked pair; this variant appeared only in Yoruba, 
Sub-Saharan Africa, and Afro-Caribbean from Barbados.

The reconstruction of Denisovan OR7D4 in vitro resulted in 
functional data not statistically different from human OR7D4: the 
Denisova receptor responded to androstenone in a similar fashion to 
the modern human OR7D4 wild type receptor (Figure 4).

Discussion

There is tremendous functional variability in the human sense of 
smell (Mainland et  al. 2014) which may be attributable to popu-
lation specific selective pressure to local environments (Menashe 
et  al. 2002; Gilad and Lancet 2003) or food (Jaeger et  al. 2013). 
Significant population differentiation is a major indicator of local 
adaptation but it may be confounded by demography especially for 
species with relatively low effective population size, such as humans. 
The variation present in OR7D4 alters perception of the odorant 
androstenone, rendering those with mutations less sensitive to the 
smell and rating it positively (Keller et al. 2007; Alonso et al. 2008). 

We analyzed the geographic distribution of genetic variants across 
OR7D4 in 43 human populations and identified possible evolution-
ary adaptive trends.

Tests for selection included the Ka/Ks test and coalescent model-
ling of allele frequency spectra tests. The low Ka/Ks ratio indicates 
there have been more synonymous than nonsynonymous changes 
which suggests purifying selection or conservation of the ancestral 
state. But, a low ratio also could suggest an evolutionary history of 
both positive and purifying selection acting within different areas 
of the gene or at different points in its evolutionary history. Indeed, 
the results of the coalescent modeling of Tajima’s D and Fu and Li’s 
D and Fu and Li’s D* indicated a signature of positive selection 
acting on OR7D4 whereas the sliding window analysis indicated 
that the high frequency alleles associated with phenotypic variation 
in androstenone perception were the targets of that selection. The 
population-specific tests gave mixed results: five populations had 
statistically significant and negative D* but not statistically signifi-
cant Tajima’s D.

Fixation values aid interpretation of the discrepancy between the 
Ka/Ks and frequency spectra tests results. Under a model of puri-
fying selection, the expectation is decreasing levels of diversity in 
the targeted gene. In humans, there are more missense mutations 
than synonymous mutations and less functioning alleles are at higher 
frequencies in various world populations in comparison to normal 
functioning alleles. Indeed, the highest statistically significant F-value 
from the AMOVA (rs61732668, 0.157) is one that impairs receptor 
functioning and sensitivity to androstenone; high FST values relative 
to other SNPs are interpreted as evidence for natural selection (Weir 
and Cockerham 1984). Thus, the high frequency of variants that 
impair receptor function, high fixation values for deleterious alleles, 
and selection test results all suggest the interpretation of the Ka/Ks 
ratio as maintenance of the ancestral state via purifying selection is 
not likely.

Figure 2.  Geographic distribution of 4 main androstenone variants affecting phenotype.

Figure 3.  Nonsingleton missense variant fixation values from AMOVA (negative values of FST were set to 0).
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Another possible explanation for the signature of positive selec-
tion is population structure (e.g., demographic expansion). The 
geographic distribution of alleles associated with androstenone 
perception suggested a typical pattern—more variation in African 
populations (Tishkoff et  al. 2002; Campbell et  al. 2008; Jorde 
et al. 2000; Li et al. 2008; Tishkoff et al. 2009) and low variation 
in Native American populations (Wang et al. 2007). An unexpected 
pattern identified was that Africans had higher frequencies of vari-
ation in the 2 unlinked androstenone alleles whereas Eurasians had 
higher frequencies of the linked pair. Indeed, the only populations 
with statistically significant selection statistics were Eurasian except 
Puerto Ricans; however, Puerto Ricans are an admixed new world 
population with a large contribution of their genetic makeup from 
Europe. One estimate for genome-wide European ancestry in Puerto 
Ricans is 67% (18% African and 15% Native American) (Tang et al. 
2007) whereas another (using only 1000 Genomes data) estimate is 
52% European (27% African, 11% Native American, 9% south-
west Asian) (Elhaik et al. 2014). Furthermore and excluding single-
ton haplotypes, 1 of the 2 haplotypes (Haplotype 6) containing the 
linked pair is found exclusively in Eurasian populations and Puerto 
Ricans; the other haplotype containing the linked pair is found in 
all world populations (excepting indigenous Americans and Mbuti 
and Biaka) and is at the highest frequency in Europe and Asia 
(19%), the lowest frequency in Africa (6%), and a low frequency in 
admixed new world populations (9%). Of the two unlinked alleles, 
rs61732668, is found only in African and New World admixed 
populations and rs50202280 exhibits the same pattern except it is 
also found in 1 Han from Beijing and 3 Kihn. With the exception of 
rs61732668, fixation values (excepting rs61732668) were low com-
pared with the average human FST of ≈0.11 (Akey et al. 2002; Weir 
et al. 2005; Barreiro et al. 2008). The low fixation values suggest that 
the statistically significant selection test results are not likely to have 
been influenced by population structure (Akey et al. 2002).

A final explanation might be that relaxed constraint is operat-
ing on OR7D4. Taken as a whole, pseudogenization in the olfac-
tory receptor gene family has been attributed to relaxed functional 
constraint (Glusman et al. 2001; Gimelbrant et al. 2004). But, there 
is also evidence of positive selection operating on olfactory receptor 
genes (Gilad et  al. 2000; Menashe et  al. 2002; Gilad and Lancet 
2003; Gilad et al. 2003, 2005; Gimelbrant et al. 2004; Alonso et al. 
2008; Moreno-Estrada et al. 2008). Differentiating positive selection 
and relaxed constraint might be particularly challenging in olfactory 
receptor genes due to the rapid evolution of functional sequences 
and rapid expansion of the olfactory receptor gene family (Vallender 
et al. 2004).

If selection is operating, why might lower functioning alleles 
be selected? One environmental source of androstenone is human 
bodily secretions with more odorant in male sweat and the 
amount of sweat excreted varying across populations and among 
individuals; the androstenone-related human steroid androstadi-
enone has been putatively identified as a pheromone conveying 
masculinity in humans (Zhou et al. 2014) but all roles for these 
compounds in human chemical communication are contested 
(Wyatt 2015). This explanation is not very likely. Another source 
of androstenone is Sus Scrofa, or boar. Boar originated in Asia and 
Eurasian populations in our study had higher frequencies of the 
linked alleles that reduce phenotypic sensitivity to boar taint. But, 
boar bones are not found in high frequency in archaeological sites 
in Asia until around the Neolithic when they were domesticated. 
During the Neolithic, pigs were a central resource in the domesti-
cation package that spread rapidly throughout Asia into Europe 
and the Middle East (Larson et al. 2010). Modern Europeans car-
rying the linked alleles showed minimal (if any) aversion to the 
heavy concentration of androstenone in non-castrated male pigs 
(Lunde et al. 2012); perhaps the lack of averseness to boar taint 
influenced the rapid domestication of these animals during the 
Neolithic.

Olfaction is a primary sense involved in the detection of envi-
ronmental and conspecific cues (e.g., recognition of mates, off-
spring recognition, predators, tainted food, chemical dangers). 
Mutations often accumulate on redundant genes, including olfac-
tory receptor genes, rendering them nonfunctional over time. This 
pattern is evident in humans but we also see new functional vari-
ants emerge (Mainland et al. 2014). An example in a related fam-
ily of genes is seen in the pseudogenization and loss of selective 
constraints on bitter-taste receptors in higher primates alongside 
evidence for positive selection in TAS2R16 (Wooding et al. 2004, 
2006; Kim et al. 2005; Soranzo et al. 2005), which exhibits geo-
graphically patterned variation linked to adaptation. Our study is 
the first analysis of variation in a human olfactory receptor across 
a large sample of world populations and paleogenomes, and indi-
cates how a range of anthropological, genetic, and neurobiologi-
cal skills will be necessary to unravel how our olfactory genome 
evolved.

Supplementary material

Supplementary material can be found at http://www.chemse.oxford-
journals.org/

Figure 4.  Denisova and Human OR7D4 functional response data: normalized in vitro dose response of human OR7D4 and the Denisova variant A204T to 
androstenone, compared with vector pCI with no insert, as measured in a luciferase assay.
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