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Although potential odorant receptor genes have been identified, the precise genetic component of
perception of odours is still obscure. Although there is some evidence for heritability of a few olfactory-
related traits, no genome-wide search for loci harboring underlying genes has been published to date. We
performed a genome-wide scan to identify loci affecting the identification, intensity and pleasantness of
12 odours (cinnamon, turpentine, lemon, smoke, chocolate, rose, paint thinner, banana, pineapple,
gasoline, soap, onion) using 146 Finnish adults from 26 families. Several of these traits showed heritable
variation in the families. Suggestive evidence of linkage was found for the pleasantness of cinnamon odour
(h2¼61%) on chromosome 4q32.3 (multipoint logarithm of the odds (LOD) score 3.01), as well as for the
perceived intensity of paint thinner odour (h2¼31%) on chromosome 2p14 (multipoint LOD score 2.55).
As these loci do not contain any known human odorant receptor genes, they may rather harbor genes that
affect the central processing than the peripheral detection of the odour signal. Thus, perception of odours
is potentially modified by genes other than those encoding odorant receptors.
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Introduction
The sense of smell is crucial to many animals and

important to humans, for example, in finding food

and determining its acceptability and palatability, thus

having an influence on food choice, nutrition and

eventually on health. However, the biology of olfaction

was long the least characterized of all senses.1 Only in the

early 1990s, with the identification of a multigene family

encoding odorant receptors (ORs), significant progress has

been made in this field.2 In humans, genes for Class I (fish-

like) ORs were identified clustered on chromosome 11, and

Class II (tetrapod-specific) ORs, in contrast, located as

clusters on all chromosomes except chromosomes 20 and

Y.3 OR genes constitute the largest gene family in the

human genome.4 By systematic searches of the human

genome database, two recent studies have identified 3395

and 3886 potentially functional OR genes and 2975 and

4146 pseudogenes. Variations among individuals and

populations in the repertoire of intact and pseudogenic

forms of the candidate OR genes was found, and genotypic

disparity was suggested to underlie the observed human

phenotypic variation.7
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Several studies have been conducted to identify the

ligand-specificity of ORs in mouse, rat and human,

utilizing cell models (for a review see Mombaerts8), but

genetic studies utilizing psychophysical smell testing of

human subjects are rare. Some evidence for genetic control

of various olfactory-related traits has been provided by

twin studies,9 –12 and by a study based on pedigree

analysis.13 However, genome-wide scans for loci influen-

cing olfactory-related traits have not been published so far.

Although the potential candidate genes for ORs have been

identified, their contribution to the perception of indivi-

dual odours has not been determined. In addition to the

odorant receptor genes, other genes are also likely to

modify the perception of odours, as olfactory perception

depends not only on peripheral detection but also on

central processing.1 Psychophysical testing of study sub-

jects combined with genotyping and linkage analysis

provides a ‘hypothesis-free’ approach to the genetics of

human olfaction and potentially gives new information on

the number and character of the genes and metabolic

pathways involved.

We used psychophysical measurement of olfactory-related

traits, performed genome-wide marker analyses and adapted

statistical analyses of quantitative genetics to examine the

genetic background of olfaction. Here, we present the results

of a genome-wide screen for loci affecting the olfactory-

related traits in a study sample emerging from the

genetically homogenous population of Finland.

Subjects and methods
Subjects

A total of 146 adult Finns (100 female subjects, 46 male

subjects, aged 18–78 years, mean 49.1714.8 years) from 26

families of the Finnish migraine family study14 participated

also in this study on a revisit to the migraine study. The

study population consisted mainly of subjects with

migraine (with or without aura) confirmed by medical

diagnosis (84%) and their healthy relatives (16%). For

analyses the subjects were classified into two groups with

respect to smoking: those who had never smoked (58%)

were regarded as non-smokers and those who were

smoking or had smoked (42%) were regarded as smokers.

The subjects were asked for a written informed consent and

the study plan was approved by the Ethical Committee of

the Helsinki University Central Hospital.

Smell testing

The smell test was carried out at the clinic. Owing to blood

sampling, the psychophysical testing was conducted after

an overnight fast. Instructions for the smell test were given

to the subjects orally and a test administrator was available

for questions throughout the test. A questionnaire for

background information was mailed to subjects in advance

and they returned the filled questionnaire during their visit

to the clinic. The questionnaire contained questions for

demographic information and smoking habits, together

with other issues not reported here.

The brief smell identification testt (B-SIT, also known as

The cross-cultural smell identification testt, CC-SIT15) was

used for smell testing. The B-SIT consists of 12 odours:

cinnamon, turpentine, lemon, smoke, chocolate, rose, paint

thinner, banana, pineapple, gasoline, soap, and onion. Each

odour is microencapsulated in a separate label and released

by scratching the label with a tip of a pencil. In its original

form, the B-SIT consists of multiple-choice identification

tasks with four alternatives given for each odour (forced-

choice). For this study, evaluations of intensity and

pleasantness of each odour also were included. Thus, the

subjects were asked to scratch and sniff the labels in the

order they occur in the test booklet (order was the same for

every subject) and then to identify the odour and rate its

pleasantness and intensity, in this order. For the evaluations

of pleasantness and intensity, the subjects chose an

appropriate alternative from 5-point category scales. Cate-

gories in the pleasantness scale were labelled as ‘very

unpleasant’ (1), ‘fairly unpleasant’ (2), ‘neither pleasant

nor unpleasant’ (3), ‘fairly pleasant’ (4) and ‘very pleasant’

(5), and in the intensity scale as ‘no odour’ (1), ‘weak odour’

(2), ‘moderate odour’ (3), ‘fairly strong odour’ (4) and ‘very

strong odour’ (5). Group differences in olfactory perfor-

mance were explored using analysis of variance, t-test and

Mann–Whitney U-test where appropriate.

Linkage analysis

Genome-wide marker data (350 polymorphic microsatel-

lite markers) acquired as described previously14 were used

in linkage analysis. The program Merlin 1.0.116 was used

for variance components linkage analysis and heritability

estimation. Before linkage analyses, program PedCheck

1.117 was used to check the pedigrees for Mendelian errors,

and program PedWipe included in Merlin was used to wipe

unlikely genotypes detected by the error-option of Merlin

from the pedigree files. Statistical signicance of the

heritability estimates were assessed using program QTDT.18

Most of the genome-wide analyses were automated using

program AUTOGSCAN.19

Genetic analyses for intensity and pleasantness evalua-

tions of odours were performed using standardized data in

order to avoid bias owing to different use of rating scales by

different subjects. Standardizations were made for intensity

evaluations as follows (and accordingly for pleasantness

evaluations):

intensity evaluationof
odourXby subjectY

� meanof all intensity
evaluations by subjectY

standarddeviationof all intensity evaluations by subjectY

Calculated in this way, the standardized value (z-score)

corresponds to the distance of the original value from the

mean in SD.
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Results
The results were based on linkage analysis in a family

design in which 146 genome-scanned subjects from 26

families evaluated identity, intensity and pleasantness of

12 odours. Sensory data were combined with the genome-

wide marker data to locate underlying genetic elements

and heritability estimates were determined jointly. Before

genetic analysis, effects of age, sex, smoking habits and

migraine status were explored.

On average, 10.271.3 odours of 12 were identified

correctly. No linear correlation between the score of correct

identifications and age was found, but there was inverse

U-shaped relationship as the middle-aged (40–59 years)

scored best (F(2,145)¼5.7, Po0.01). Instead, slight nega-

tive linear correlation was found between age and average

intensity evaluation (r¼�0.26, Po0.01). Female subjects

identified more odours (10.4) than male subjects (9.8;

t¼�2.8, Po0.01). Female subjects also evaluated odours in

general as more intense than male subjects (t¼�3.6,

Po0.001). Of individual odours, female subjects evaluated

intensity of chocolate, rose, paint thinner, pineapple,

gasoline and soap as higher than male subjects

(Z¼�4.6y�2.3, Po0.05), whereas for the other odours

no differences were found. No difference in overall

pleasantness of odours was found between the genders,

but among individual odours, rose odour was evaluated as

more pleasant by female subjects (Z¼�3.9, Po0.001) and

turpentine, paint thinner and gasoline odours by male

subjects (Z¼�4.2y�2.2, Po0.05). The smokers (current

or past smokers, n¼61) and the non-smokers (never

smoked, n¼85) did not significantly differ in their ability

to identify odours. Neither were significant differences in

pleasantness or intensity evaluations for any odour

between these groups found, except for chocolate, which

was evaluated as more pleasant by the non-smokers than

by the smokers (Z¼�2.4, Po0.05). Likewise, no difference

in identification scores or in the pleasantness or the

intensity evaluations was found between the migraine

patients (n¼123) and the healthy subjects (n¼23), except

in the case of gasoline, which was evaluated as more

intense by the migraine patients (Z¼�2.5, Po0.05).

Half of the odours were identified correctly by 95% or

more of the subjects (Table 1). Among odours that were

identified by o80% of the subjects (cinnamon, turpentine,

lemon, rose and banana), those who identified an odour

correctly differed frequently in their intensity and plea-

santness evaluations from those who misidentified the

odour. Cinnamon and rose odours were evaluated as more

intense by those who correctly identified them than those

who did not (Z¼�4.2y�2.2, Po0.05). Cinnamon, lemon,

rose and banana odours were evaluated as more pleasant

(Z¼�6.2y�2.3, Po0.05) and turpentine as less pleasant

(Z¼�3.7, Po0.001) by the subjects who correctly identi-

fied the corresponding odour than the subjects who did

not.

Genetic analyses
Identification The score for correct identification of

odours had low heritability (h2¼11, 13 and 10% when

analysed without covariates, sex as covariate and sex and

age as covariates, respectively) and no evidence of linkage

for the trait was found. When individual odours were

analysed, only identification of cinnamon, turpentine,

lemon, rose and banana were included in linkage analysis

in order to avoid false positive results caused by small

variation in identification of the other odours (Table 1).

Table 1 Proportion of correct identifications of odours, as well as means and heritabilities for their intensity and pleasant
evaluations

Intensity Pleasantness

Odoura Proportion of correct identification (%) Mean (SD) Heritabilityc (%) Mean (SD) Heritabilityc (%)

1. Cinnamonb 73.1 2.4 (0.6) 0/0 3.8 (0.7) 62***/65***
2. Turpentine 54.8 2.9 (0.7) 0/0 2.8 (0.8) 32/34
3. Lemon 57.5 2.7 (0.8) 9/10 3.2 (1.0) 40*/42*
4. Smoke 99.3 3.1 (0.8) 3/4 3.2 (1.0) 40**/40**
5. Chocolate 95.2 3.5 (0.8) 31*/34** 3.9 (0.8) 6/6
6. Rose 76.7 3.2 (0.9) 33*/34** 3.7 (0.9) 24/17
7. Paint thinner 98.6 3.7 (0.9) 31*/24 2.0 (0.9) 0/0
8. Banana 74.7 3.1 (0.8) 28/27 3.5 (0.9) 0/0
9. Pineapple 90.4 2.9 (0.9) 12/12 3.6 (0.8) 0/0

10. Gasoline 99.3 3.7 (0.9) 28*/24 1.9 (0.9) 2/2
11. Soap 99.3 3.2 (0.8) 12/12 3.4 (0.8) 17/15
12. Onion 98.6 3.5 (0.9) 9/7 2.6 (0.9) 20/21

Mean 84.9 3.2 (0.5) 3.1 (0.4)

SD, standard deviation.
aOdours are in the order in which they occurred in the test.
bData for this odour were available from 104 subjects.
cAnalysis without covariates/analysis with sex as covariate; significance: *Po0.05, **Po0.01, ***Po0.001.
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Linkage for identification of the five aforementioned

analysed odours was not found.

Intensity Perceived intensity of chocolate, rose and paint

thinner showed the highest heritabilities (h2¼34, 34, and

31%, respectively). For all other odours, heritabilities of the

intensity evaluations were below 30% (Table 1). There was

evidence of a suggestive linkage between intensity of paint

thinner and marker CHLC.GATA8F03.505 on chromosome

2p14 (multipoint LOD score 2.55; Table 2 and Figures 1 and

2). No other evidence of linkage with LOD score 42.0 was

found.

Pleasantness Pleasantness of cinnamon showed the

highest heritability (h2¼65%), followed by pleasantness

of lemon (h2¼ 42%) and smoke (h2¼40%). Heritabilities of

other pleasantness evaluations were below 40% (Table 1).

There was evidence of suggestive linkage between pleasant-

ness of cinnamon odour and marker AFM295YE5 on

chromosome 4q32.3 (multipoint LOD score 3.01) as well

as two other suggestive linkages (Table 2 and Figures 3 and

4). When appropriate covariates were included in linkage

analysis, the highest LOD score increased from 2.65 (no

covariates) to 2.81 (sex as covariate) and eventually to 3.01

(sex and identification as covariates). No LOD scores over

two were found for the pleasantness evaluations of any

other odour.

Discussion
When calculating heritability estimates and LOD scores of

continuous traits, it is essential that traits are measured

uniformly and thus are comparable between individuals. In

psychophysical tests, such as the smell test in the present

study, this is not necessarily the case, because all data are

self-reported, and individuals can be expected to use rating

scales in differing ways.20 However, in genetic analyses the

relations of measurements among individuals are crucial.

Assuming that each individual uses the scales system-

atically, the differences between individuals in using the

scales differently can be corrected by standardizing the

absolute values given by each individual. In this way, inter-

individually comparable data are achieved, as values were

expressed relative to the mean. Another advantage result-

ing from standardization is more continuous-like distribu-

tion of a standardized data compared with raw categorical

data.

To our knowledge, this is the first study in which the

genetic component of olfactory-related traits, namely

identification, intensity and pleasantness of odours, was

studied by genetic linkage analysis utilising phenotypic

data gathered using psychophysical testing of humans.

Effects of gender, smoking habits and migraine status on

olfactory-related traits were studied to control their con-

founding effects in the genetic analyses when appropriate.

In contrast to smoking habits and migraine status, gender

Table 2 Evidence of linkage to olfactory-related traits

Trait Covariates Multipoint LOD score Marker Chromosome Position (cM)

Pleasantness of cinnamon odour sex, identification 3.01 AFM295YE5 4q32.3 163.65
2.56 AFM158YE9 6p22.2 47.93
2.10 AFM165XC9 1q31.3 194.98

Intensity of paint thinner odour Fa 2.55 CHLC.GATA8F03.505 2p14 91.23

cM, centimorgan LOD, logarithm of odds.
aIncluding sex as covariate resulted LOD score 1.50.

Figure 1 Genome-wide scan for intensity of paint thinner odour (no covariates). Multipoint LOD scores (black) and information content (grey).
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significantly influenced several traits, and therefore the

variance components linkage analyses were performed also

using sex as covariate. The observed sex differences,

especially superiority of female subjects to male subjects

in identification of odours, are in line with numerous

former studies (for a review see Brand and Millot21), thus

supporting the view that our method of phenotype

determination was appropriate and applicable for genetic

research as well. In scratch-and-sniff method, individual

variation in vigour of scratching may cause variation in the

amount of released odorants. This may have increased

error variation in intensity evaluations. However, for

olfactory stimuli perceived magnitude increases relatively

slowly as stimulus magnitude increases.22 Thus, the

increase in the magnitude of an olfactory stimulus must

be relatively large to result in a perceived difference. Hence,

minor differences in scratching would not be critical.

Some, but not all, migraine patients have been reported

to suffer from olfactory dysfunctions, like hyperosmia,23

osmophobia23,24 and olfactory hallucinations25–27 during

the headache phase of their attacks or preceding it as an

aura. However, the migraine patients of our study did not

report acute migraine during their visit to the clinic and

did not suffer from olfactory-related symptoms during the

smell test. In addition, there were no significant differences

in evaluations of pleasantness and intensity of individual

odours between migraine patients and healthy relatives,

except for one odour. Thus, we feel that our methodology

was applicable to search for general genetic factors under-

lying variation in pleasantness and intensity of odours

despite migraineurs in our study population.

Cognitive inputs seem to influence odour evaluations,

whether the information about the odour is given in

testing situation or odour itself evokes association. For

example, information about negative health effects of an

odorant was found to increase intensity ratings of

perceived odour and irritation.28 Verbal labels of odour

stimulus are also known to influence olfactory percep-

tion.29 Pleasantness and familiarity of odours were found

to correlate positively, and earlier experience was suggested

to influence perceived intensity.30,31 Thus, complex

Figure 2 Results of linkage analysis for intensity of paint thinner
odour on chromosome 2 in detail (no covariates).

Figure 3 Genome-wide scan for pleasantness of cinnamon odour (sex and identification of the odour as covariates). Multipoint LOD scores (black)
and information content (grey).

Figure 4 Results of linkage analysis for pleasantness of cinnamon
odour on chromosome 4 in detail (sex and identification of the odour
as covariates).
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environmental influences were probably involved in

pleasantness and intensity evaluations also in our data,

hindering the detection of potential genetic component.

Our finding that an odour tended to be evaluated as more

pleasant and more intense when it was identified correctly

is consistent with the study of Distel and Hudson.32 As the

pleasantness evaluation of cinnamon odour differed

significantly between those who identified the odour

correctly and those who did not, identification of the

odour was also applied, together with sex, as covariate for

linkage analysis of the trait and consenquently stronger

evidence for a linkage was found.

Finkel et al12 studied heritability of mean pleasantness of

six odours and reported it to be non-significant, while

heritability of pleasantness of individual odours has not

been studied earlier. Thus, our finding that pleasantness of

cinnamon odour is highly heritable can also be regarded as

novel. Likewise, Finkel et al12 studied heritability of the

mean intensity of six odours and reported it to be 25% and

only marginally significant (Po0.10), but did not examine

the odours separately. However, studies of the perception

of odours that were conducted using detection threshold

methods have given support for a genetic component of

perception of some odours, but not all. Using classical

comparison of intraclass correlations between identical

and fraternal twins Wysocki and Beauchamp9 concluded

that the ability to smell androstenone (5a-androst-16-en-3-
one) is genetically determined. Using similar methods,

Gross–Isseroff et al10 demonstrated a strong genetic

component for the perception of isoamyl acetate in

addition to androstenone, but did not find genetic effects

on the perception of citral and eugenol. In contrast, Segal

et al11 failed to show genetic contribution to detection

threshold of phenyl ethyl alcohol (PEA), and Hubert et al33

of acetic acid, isobutyric acid and cyclohexanone.

In our study, the low heritability we observed for the

total score for correct identifications of odours is somewhat

in contrast with a study by Finkel et al12 in which

significant heritability of 29% was found for odour

identification. However, they used a different smell test

(Swedish version of the National Geographic Smell

Survey34) and a twin design. Results from a twin study by

Segal et al11 performed using the University of Pennsylva-

nia Smell Identification Test (UPSIT35), suggested a genetic

influence on odour identification for male subjects, but not

for female subjects. The finding was based on a significant

intraclass correlation for 15 monozygotic male twin pairs,

but an estimate for the magnitude of genetic effects was

not presented. Low heritability indicating only a small

contribution of genetic effects to identification of odours

may be explained by the fact that prior experience,

learning and familiarity of odours are prominent for

evaluation of odour identity.36,37

In the present study, detecting the heritability for

identification of odours may also be hindered by the low

variation (75% of the subjects scored 10, 11 or 12) as

well as the non-normal distribution (skewness¼�1.2,

kurtosis¼3.0) of the score for correct identifications. The

B-SIT is aimed at rapid screening for olfactory dysfunc-

tion,15 and was probably not appropriate for detecting

sufficient variation among our subjects who in general

have the normal sense of smell. Our methods may not have

been sensitive enough to detect a genetic component

where variation was limited. We did not find any

significant or suggestive linkages for odour identification,

whether the score for identifications or the individual

odours were analysed. This suggests that identification of a

single odour is a complicated process influenced by the

detection by several ORs as well as signal transduction and

central processing of the signal,1 thus involving the

possible contribution of many genes, of which no single

gene is predominant.

The evidence for suggestive linkages to pleasantness of

cinnamon and intensity of paint thinner can be considered

as novel findings, as no genome-wide searches for loci

affecting olfactory-related traits have been performed

before the present study. According to Malnic et al5 there

are no potentially functional odorant receptor genes on

chromosomes 4 or 2p. Thus, potential genes on chromo-

some 4 influencing pleasantness of cinnamon odour and

on chromosome 2p influencing perceived intensity of

paint thinner odour may have an effect on the central

processing of signal rather than on receptors, like Wysocki

and Beauchamp9 proposed in the case of specific anosmias.

They may also influence the regulation of odorant

detection by confering variation in odorant-binding pro-

teins38,39 or in transcription of odorant receptor genes. The

potential genetic elements influencing perception of

cinnamon and paint thinner odours probably have broader

specificity, because the number of volatile compounds and

their combinations with distinctive odours greatly exceeds

the number of human genes. Thus, perception of every

single odour cannot be influenced by a gene unique to it.

Multipoint LOD scores for the other traits were very low,

even for those having heritability over 30%. Thus, the

heritability of these traits may be caused by common

family environment rather than by genetic contribution.

Alternatively, QTLs (quantitative trait loci) cannot be

detected because of the polygenic characteristic of the

genetic component, that is, each locus has a very small

relative contribution to the observed trait variance. To rule

out environmental effects from heritability estimates,

modelling of twin data will be a logical next step for

further research on heritability. Evidence of linkages,

however, supports the genetic component of heritability

estimates, and finding the highest heritability and the

strongest evidence for linkage for the same trait was hardly

a coincidence.

In conclusion, we studied the genetic component of

olfactory-related traits in a novel fashion by performing
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genome-wide screens utilising phenotypic data gathered by

psychophysical smell testing of humans. For the first time,

evidence of suggestive linkage was found for an olfactory-

related trait, namely pleasantness of cinnamon odour.

Phenotypic variation of pleasantness of the odour was

shown to have a strong genetic component that may have

an influence on regulation of detection or central proces-

sing of the odour signal. This suggests that perception of

odours may also be modified by genes other than those

coding for ORs and warrants further search for underlying

genes, as well as studying their specificity and mechanisms

of function.
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