Downloaded from jmg.bmj.com on 30 June 2008

Genome wide linkage scan for loci of musical
aptitude in Finnish families:Evidence for a major
locus at 4922

Kristiina Pulli, Kai Karma, Reijo Norio, Pertti Sistonen, Harald H Goring and Irma E
Jarvela

J. Med. Genet. published online 18 Apr 2008;
doi:10.1136/jmg.2007.056366

Updated information and services can be found at:
http://jmg.bmj.com/cgi/content/abstract/jmg.2007.056366v1

These include:
Open Access  This article is free to access

Rapid responses  You can respond to this article at:
http://jmg.bmj.com/cgi/eletter-submit/jmg.2007.056366v1

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article

Notes

Online First contains unedited articles in manuscript form that have been peer reviewed and
accepted for publication but have not yet appeared in the paper journal (edited, typeset versions
may be posted when available prior to final publication). Online First articles are citable and
establish publication priority; they are indexed by PubMed from initial publication. Citations to
Online First articles must include the digital object identifier (DOIs) and date of initial publication.

To order reprints of this article go to:
http://journals.bmj.com/cgi/reprintform

To subscribe to Journal of Medical Genetics go to:
http://journals.bmj.com/subscriptions/


http://jmg.bmj.com/cgi/content/abstract/jmg.2007.056366v1
http://jmg.bmj.com/cgi/eletter-submit/jmg.2007.056366v1
http://journals.bmj.com/cgi/reprintform
http://journals.bmj.com/subscriptions/
http://jmg.bmj.com

] ) Downloaded from jmg.bmj.com on 30 June 2008 )
JMG Online First, published on April 18, 2008 as 10.1136/jmg.2007.056366

Genomewide linkage scan for loci of musical aptitudein Finnish families:
Evidencefor a major locusat 4922

K Pullit, K Karma? R Norio®, P Sistonen?, HHH Géring®, | Jarvel &-°

'Department of Medical Genetics, University of Helsinki, Helsinki, Finland
?Department of Music Education, Sibelius Academy, Helsinki, Finland
3 Department of Medical Genetics, The Family Federation of Finland, Helsinki, Finland

“Red Cross Finland Blood Service, Helsinki, Finland

> Department of Genetics, Southwest Foundation for Biomedical Research, San Antonio, USA
® Laboratory of Molecular Genetics, Helsinki University Hospital, Helsinki, Finland

Running title: Genome wide linkage scan of musical aptitude

Address for correspondence: Adjunct professor Irma Jarveld, Department of Medical Genetics,
University of Helsinki, Helsinki, Finland, Tel +358 50 544 7030, email: irma.jarvela@kolumbus.fi

Key words: music, KarmaMusic test, Seashore test, heritability, genome-wide scan

Copyright Article author (or their employer) 2008. Produced by BMJ Publishing Group Ltd under licence.


http://jmg.bmj.com

Downloaded from jmg.bmj.com on 30 June 2008

ABSTRACT

Background: Music perception and performance are comprehensive human cognitive functions
and thus provide an excellent model system for studying human behaviour and brain function.
However, the moleculesinvolved in mediating music perception and performance are so far
uncharacterized.

Objective and methods: We have applied molecular and statistical genetic approaches to unravel the
biological background of music perception. We recruited 15 Finnish multigenerational families
(with atotal of 234 family members) via a nationwide search and defined the phenotype of all
family members using three tests used in defining musical aptitude: atest for auditory structuring
ability (KarmaMusic test; KMT) commonly used in Finland, and the Seashore pitch and time
discrimination subtests (SP and ST respectively) used internationally. We calculated heritabilities
and performed a genome wide variance components-based linkage scan using genotype data for
1000 microsatellite markers.

Results: The heritability estimates were 42% for KMT, 57% for SP, 21% for ST and 48% for the
combined music test scores. Significant evidence of linkage was obtained on chromosome 4922
(LOD 3.33) and suggestive evidence of linkage at 8913-21 (LOD 2.29) with the combined music
test scores using variance component (V C) linkage analyses. The major contribution for the 4g22
locus was obtained with KMT (LOD 2.91). Interestingly, a positive LOD score of 1.69 was shown
at 18q, aregion previously linked to dyslexia (DY X6) using combined music test scores.

Conclusion: Our results show that there is a genetic contribution to musical aptitude that is likely to
be regulated by several predisposing genes/variants.

INTRODUCTION

Musicis an ancient and universal feature across all human societies. The ability to appreciate music
requires no explicit training. The universality of musical behaviour and validity of common rules
like usage of octave-based scale systems and preference for consonance over dissonance in nearly
all types of music can be seen as evidence for innateness. Rules have arisen independently in
isolated cultures, and some of them apply also to the music perception of non-human species. This
implies that these rules have their basis in brain organization rather than in culture.1

Observations on foetuses and infants have revealed that basic auditory abilities, like pitch
discrimination and also more complex capabilities like melody recognition, are present already in
the early stages of development.? It has been argued that this s partly due to prenatal exposureto
musical stimuli. However, adults' abilities to perceive music is somewhat enculturated, whereas
infants seem to possess a more generalized capability, which obeys the aforementioned universa
rules of music.? Thisimplies the existence of an innate ability, which later in life can be modified
by environmental effects. A fundamental question iswhether, or at what level, this ability is
genetically determined.

Neuroimaging and neurophysiological studies have shown that listening to and/or playing music
has multiple effects on brain structure and function suggesting a biological effect. Neurophysio-
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logical studies have shown that musical stimuli activate specific areas of the brain.®* Active training
and practising music has been shown to enlarge some areas of the brain > and the role of genetic
predisposition to the morphological and neurophysiological changes has also been discussed.” In
investigation using positron emission tomography (PET), music listening has been reported to cause
physiological changesin cerebral blood flow, cardiovascular and muscle function.® However, the
molecules mediating these responses remain uncharacterized.It has been observed that professional
musi cianship aggregates in families. How much this aggregation is due to genetic or environmental
factors has been under debate.7,8

It has been demonstrated that there exists a genetic component in exceptional phenotypes of musical
aptitude, absolute pitch (AP), the ability to name isolated pitches without a reference pitch9 and
more recently in congenital amusia (tone deafness).® Moreover, there has been reported a
difference between monozygotic and dizygotic twin pairs in the ability to recognize anomalous
pitches in ssimple popular melodies using Distorted Tunes Test (DTT).11 To our knowledge, no
gene loci or genes for any of these traits have been identified.

Musical ability varies between individuals, and seems to be expressed at the population level in
such away that both extremes (extremely capable/incapable individuals) are rare and the majority
of individuals express moderate ability. ** Thisis atypical feature of a complex trait influenced by
severa underlying genes, environmental factors and their interactions. We hypothesized that
musical aptitude is an innate cognitive ability that is partly under genetic regulation and serves as a
basis for musical expertise in afavorable environment. To investigate this hypothesis, we recruited
families and performed heritability analysis and genome-wide linkage analysis.

SUBJECTSAND METHODS

Family material and phenotype assessment

In total, 234 individuals from 15 families of Finnish origin with some professional musicians and/or
active amateurs were recruited for the study via a nationwide search by sending information leaflets
or |etters to the families whose members had studied/were studying at Sibelius Academy or music
ingtitutes in Finland (Fig. 1a-c). The family members who first contacted us knew that there were
some musicians or active amateursin their families and informed their families about the study.
Among the professional musicians the two main groups were pianists and violinists. The amateurs
were most commonly playing the piano or singing in a choir. The phenotypes of al family members
were defined by three tests for musical aptitude: an auditory structuring ability test (the Karma
Music test, KMT) designed by one of the authors, ** and the Seashore pitch and time discrimination
subtests (SP and ST respectively).”* TheKMT has been successfully used for 30 years in Finnish
primary schools and music institutes as a test to select students to play an instrument. The KMT is
devised to measure auditory structuring in away that minimizes the effects of training and/or
culture.®® The KMT uses small, abstract sound patterns that are repeated to form hierarchic
structures. The subject’s task is to detect structural changes in these patterns, i.e., changesin the
order or number of the tones (an example of three items is enclosed in the supplementary material).
In a study that used the Mismatch Negativity (MMN) component of event related brain potentials,
persons with high vs. low scores in the auditory structuring test were compared. There was a
difference when the stimuli were sound patterns but not when mere pitches were used. This
supports the validity of the test as a measure of auditory structuring instead of sensory
differentiation.’® In contrast, SP and ST subtests consist of pair-wise comparisons of the physical
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properties of sound and are used to measure simple sensory capacities, such as abilities to detect
small differences in tone pitch or length. Testing was performed as a group test that lasted about one
hour. Groups contained members from one family or from multiple families in each “session”. A
total of 224 family members (105 males and 119 females) completed al tests and thus were
included in further analyses.

All of the tests used a continuous scoring scale (for KMT: 0-40, for SP and ST 0-50), with one point
obtained for each correct answer. The reliabilities (al pha coefficients) of the tests were: KMT .88,
SP: .91 and ST: .78. Calculating reliabilities is a standard procedure within the behavioural
sciences. Thisindex is an estimate of the share of systematic, non-random variance in
measurements (max. = 1). The correlations between the three tests were: KM T/SP: .64, KMT/ST:
41 and SP/ST: .41. These results show that the tests are reliable and only partially overlapping.

The results of the three music tests were told to the participants if they were interested. Instructions
for carrying out the tests are available by request from the authors.

Phenotype processing

To get arough idea of the age where musical aptitude stabilizes, we analyzed the relationship
between the musical aptitude test scores and age in three groups (ANOVA, Table 1). In all teststhe
results of the youngest age group were significantly lower than those of the older groups. The group
of 9-11-year-olds scored on the same level as individuals older than 12 years (p= 0.831 for KMT;
p=0.759 for SP and p=0.362 for ST). The result isin agreement with the previous studies. *>*
These data suggest that the maturation of the brain for musical aptitude occurs relatively early.

Table1l Musical aptitude test mean differences by three age groups (ANOVA). N = 224,

Age group KMT SP ST

Mean (s.d.) Mean (s.d.) Mean (s.d.)
Under 9 (N=7) 23.0(4.5) 35.6(9.2) 334 (3.2
9-11  (N=13) 32.2. (5.7) 43.2 (6.5) 39.1(5.2)
Over 11 (N=204) 325 (6.4) 425 (7.0) 40.5 (5.6)
p between means
Under 9/9-11 .002 .023 .030
Under 9/ over 11 .000 011 .001
9-11/ over 11 831 759 .362

We also characterized the relationship between the music test scores and training status (Figure 2).
A questionnaire was used for rough categorisation of training into three classes. professionals,
amateurs and individuals with no music training at al. Of the 224 family members 47 were
professionals, 135 amateurs and 42 not musically trained individuals. When training is quantified
according to the above classes as 0, 1, and 2, it correlates with the tests as follows: KM T/training:
49, SPitraining: .45, ST/training: .23. Although there was a clear connection between musical
training and the scores, the source of this relationship was not revealed by the scores: Training may
have driven performance and/or performance was driven by selection because substantial innate
musical aptitude is necessary in order to become a successful professional musician. Three lines of
evidence support the view that KMT is not sensitive to training effects. First, musical training is
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not a necessary condition for ahigh score. We have previously shown that some subjects score at
professional level without any musical training ™ and this was also demonstrated in the present data.
Second, with applicants for lower level music instruction, KMT had low correlations with earlier
music training and the correlations with other measures of musical ability (sum of playing, singing
and an echo test) were higher in all age groups.™ Third, in the abovementioned study™’ the effectsin
the event-related brain potentials could be explained from the KMT but not from the musical
training of the subjects. Thedatain KMT and SP (Figure 2) could be interpreted to indicate a
selection effect: it was impossible to become a professional musician without good auditory
structuring and pitch differentiation ability. In contrast, there were some professionals with scores
under the whole sample mean in the Seashore Time Test. This may have been partly a consequence
of therather 'unmusical’ nature of the test. Absolute lengths of the tones were compared instead of
onset distances which probably would be a much more ‘musical’ task type.

We conducted statistical genetic analyses (heritability and VC linkage analysis) on the separate
scores of the three music tests and also on a combined music test score since we hypothesized that
there would be a common denominator for the three tests. In preparation, we made the following
adjustments and transformations. A few individuals (8 for KMT, 6 for SP, and 2 for ST) scored
below the expected value for random guessing of answers (50% of answers correct), and their
scores results were elevated to these values, under the assumption that any differencesin scores
below the guessing limit are solely due to chance, rather than reflect differencesin ability. The
combined phenotype was subsequently computed as the sum of the z-scores of the three individual
test results. We summed the z-scores (i.e., values after subtraction of the mean and division by the
standard deviation) to weight all three tests equally. This would not be case if we had summed the
raw scores, as the tests have slightly different ranges. An exact inverse normal transformation was
subsequently used on al phenotypes (KMT, SP, ST, and combined) to ensure anormal distribution.
Sex, age, and age?, and their interactions were included as covariatesin all analyses, using alinear
regression model for the phenotypic mean.

We performed a simulation study to estimate the power to detect linkage in our pedigree sample. In
agreement with our small sample size, we have only modest power to detect linkage. Assuming a
heritability of 48% (identical to our estimate for the combined phenotype), we estimate that we have
50% power to detect linkage with a LOD score of 3 for alocus explaining ~55% of the phenotypic
variance.

Genotyping

Family members over 12 years of age were allowed to give a DNA sample for molecular genetic
analyses. The Ethical Committee of Helsinki University Central Hospital approved the study. After
obtaining informed consent, venous blood samples were collected from the participants and their
DNA was extracted using standard procedures. Altogether, genotype data was obtained for 205
individuals. Genotyping was conducted with 1113 microsatellite markers with an average marker
density of 3.3 cM. The genetic locations of the genotyped markers were based on the genetic map
developed by Decode genetics. *®

Statistical genetic analyses

Genotyping errors were ‘cleaned’ using the multipoint approach implemented in the software
package SimWalk2, eliminating inconsistent genotypes and those that appear unlikely to be correct.
1920 Marker allele frequencies were estimated by maximum likelihood ** and allele sharing
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probabilities were computed in at multipoint fashion using the approximate Monte Carlo Markov
chain approach implemented in the software package LOK . ? For heritability and linkage analyses,
23 variance component (VC) anal%/si swas conducted using software package SOLAR using an
additive model of allelic effects. #* All statistical genetic analyses were based on 224 individuals
with complete phenotype and covariate data.

RESULTS

Variance component (VC) heritability and linkage analyses

The heritability estimates are shown in Table 2. All examined phenotypes showed a substantial
heritability, i.e. genetic differences between individuals explain a substantial proportion of the
phenotypic variance. The highest heritability was obtained with SP and the lowest with ST.

Table 2 Heritability estimates of the music test points

Test h? p-value
KarmaMusic Test (KMT) 42% 3x10°
Seashore pitch (SP) 57% 1x107
Seashore time (ST) 21% .03
Combined 48% 1x10°

The results of the multipoint linkage analysis areillustrated in Figure 3. As expected given that we
used an inverse normal transformation and that the covariates had only moderate effects, the
residual kurtosis after accounting for the effects of covariates was not remarkable (0.364 for KMT,
0.493 for SP, -0.079 for ST and 0.461 for combined phenotype), and thus the results of the VC
linkage analysis are robust and can be interpreted in the standard way, with a LOD score >3
indicating significant evidence of linkage.® Significant evidence for linkage (LOD 3.33) was found
using the summarized test scores on chromosome 4922, near markers D45423 and D4S2460
(genetic map location 102 cM) (Fig. 4). This result appears to be driven mainly by KMT which
yielded a LOD score of 2.91 (102cM) and somewhat by ST which gave aLOD score of 1.18 at 103
cM. However, thereis no evidence of linkage to this region with SP. Suggestive evidence of linkage
was obtained on chromosome 8q (LOD = 2.29 at genetic map location 92 cM) with the combined
scores. The highest linkage peak for SP was alod score of 1.67 at 92 cM on chromosome 10.
Interestingly, the combined scores yielded a LOD score of 1.69 on chromosome 18q (at 63 cM)
which is overlapping with the DY X6 locus previously shown to be associated with dyslexia®® (Fig.
5). These findings are in agreement with the results shown above that the test results are only
partialy correlating. In addition, there are 16 chromosomal region with a LOD score >1 (Fig. 3).

DISCUSSION

To unravel the biological basis for musical aptitude, we performed genome-wide linkage analysis
using microsatellite marker s spanning the genome at ~3 cM density and were able to demonstrate


http://jmg.bmj.com

Downloaded from jmg.bmj.com on 30 June 2008

significant evidence for linkage at 4922. In silico analysis revealed of a total of 50 genes between
mar kers D4S2986 and D4S2361 (http://mww.ncbi.nlm.nih.gov). In the highest peak region between
mar kers D423 and D4S2986 an interesting candidate gene appeared: netrin receptor UNC5C
precursor interacts with netrins that direct axon extension and cell migration during neural
development. Netrinsinteract with robo family receptors. °  Interestingly, ROBOL, is known asa
candidate genes for dyslexia.”’ Theinteraction of netrin receptors and robo family receptors raises
a question about common molecular background of music and language faculties (see also below).
Further more, mutations in UNC5C homolog can cause cerebellar defects in rodents.” Cerebellar
damage is shown to cause deficits in pitch and especially time processing in humans. 2 Another
member of netrin receptor family, UNC5B, isresiding at 10g22.1 where we have a LOD score of
1.67.

On chromosome 8g13-g21 where we obtained suggestive evidence for linkage with the combined
phenotype there is amember of transient receptor potential family of ion channels, TRPA1, that
has been suggested to be a candidate for the mechanosensitive transduction channels of hair cellsin
vertebrate inner ear. The structure and mechanism of these channels that mediate hearing and
balance has been predicted, but their molecular function remains unknown. It has been suggested
that TRPA1 could be a non-essential subunit of transduction channel. *  Thismakesit an
interesting candidate gene for musical aptitude, because of less selection pressure it might be prone
to mutations and thus devel oped different forms which could account for the slight variation
between individuals' sound perceptions.

There has been discussion about common origin of music and language faculties.1 Dyslexiaisa
common constitutional syndrome that has a strong genetic component. A total of nine chromosomal
loci for dyslexia (DY X 1-9) and several putative genes have been assigned to the human genome. %’
We have previously suggested that an important predictor of dyslexia, phonological awareness, can
be understood as poor auditory structuring ability applied to language and shown that KMT predicts
dyslexia significantly.™ Strong evidence for linkage at DY X6 locus has been obtained with several
component phenotypes of dyslexia, one of them phoneme awareness, ** a subset of phonological
awareness. The putative common locus for musical aptitude and dyslexiaat 18q refers to a common
evolutionary origin of music and language faculties.

Our study is based on multigenerational families, which is expected to reduce the number of
genesalleles associated with musical aptitude compared to case-control studies. The study was
performed in families originating from an isolated population of Finland where founder effect and
genetic drift have shown to restrict the number of alleles in human diseases.® Common family
environment and lifestyle should further reduce the number of confounding factors affecting the
results. Nonetheless, the most serious limitation of this study is the relatively small sample size,
leading to imprecise estimates of heritability and alow power to detect linkage except for loci with
very large effect sizes. Given the small sample size, we did not attempt to perform bivariate or
trivariate linkage analyses with the individual music test scores, because this would necessitate
additional parameters/degrees of freedom which likely would severely reduce power. Instead, in
order to attempt to localize shared genes influencing these traits while avoiding model complexity,
we combined the individual music tests scores into an overall score in an ad-hoc manner, weighting
each of the 3 separate scores equally. For a study of this size this procedure likely leads to higher
power. Another complication is that there were more high scores than low scores in the families due
to selection bias. This might reflect a strong genetic component of musical aptitude, but the effect of
favourable environment cannot be excluded. Correcting for ascertainment is notoriously difficult
(except in specific cases such as “single ascertainment”), and we thus did not attempt to do so. This
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is conservative, because not correcting for ascertainment is not expected to increase the false
positive rate, but rather lead to areduction in power.

Our study represents the first systematic molecular genetic study that aimsin the identification of
candidate genes and genetic (biological) variants associated with musical aptitude. The results of
our study suggest that musical aptitude is an innate ability that is associated with several
predisposing genetic variants. The current work represents a starting point for further mapping,
isolation, and characterization of genes that predispose to musical aptitude. The identification of
genes/genetic variants involved in mediating music perception and performance would offer new
tools to understand the role of music in human brain function, human evolution and its relationship
to language faculty.

The Corresponding Author has the right to grant on behalf of all authors and does grant on behalf
of al authors, an exclusive licence (or non exclusive for government employees) on aworldwide
basis to the BMJ Publishing Group Ltd to permit this article (if accepted) to be published in Journal
of Medical Genetics and any other BMJPGL products and sublicences such use and exploit

al subsidiary rights, as set out in our licence (http://jmg.bmj.com/misc/iforal/licenceform.shtml).

Key points

» We demonstrated that three tests of musical aptitude, auditory structuring ability test (Karma
Music test; KMT), Seashore test for pitch (SP) and for time (ST) showed substantial heritability in
15 Finnish families

» Significant evidence of linkage was obtained on chromosome 4922 (LOD 3.33) and suggestive
evidence of linkage at 8q13-21 (LOD 2.29) with the combined music test scores using variance
component (VC) linkage analyses in the Finnish families

» Our results show that there is a genetic contribution to musical aptitude that is likely to be
regulated by several predisposing genes/variants.
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Figurelegends

Figur e 1a-c Families participating in the genome wide scan. The ages of the family members varied
between 7 and 88 years (39.3 years mean age).Test score of KMT is shown in the upper triangle, for
ST in theleft triangle and for SP in the right triangle for each subject. Subjects who had given DNA
for the genome wide scan are marked by an asterisk (*).

Figure2

Scores in the three musical aptitude tests clustered by amount of training and professional statusin
music (N=224). Because of the way the sample was collected there are more high scores than in the
population in general. This causes some ceiling effects but making the test difficult for professional
musicians would probably make it too difficult for the average subject and cause guessing that
lowers the reliability of the measurement.

Figure 3

The genome-wide LOD score plot of musical aptitude using KMT (red), SP (blue), ST (green), and
the combined phenotype (black). The marker locations were based on deCODE genetic map.
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Chromosomal locations with a LOD scores > 1 with any of the traits (KM T, SP, ST and/or
combined) have been marked by a vertical line.

Figure4

Linkage of musical aptitude defined by KMT (red), SP (blue) and ST (green) and combined
phenotype (black) to chromosome 4q.

Figure5

Linkage of musical aptitude defined by KMT (red), SP (blue) and ST (green) and combined
phenotype (black) to the DY X6 locus on chromosome 18q. The microsatellite markers with the
highest linkage values of the DY X6 locus are underlined.
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Figure2

Scores in the three musical aptitude tests clustered by amount of training and professional statusin
music. N = 224. Because of the way the sample was collected there are more high scores than in the
population in general. This causes some ceiling effects but making the test difficult for professional
musicians would probably make it too difficult for the average subject and cause guessing that

lowers the reliability of the measurement.
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Chromosome 18
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