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Genome-wide Study of Families with Absolute Pitch
Reveals Linkage to 8q24.21 and Locus Heterogeneity

Elizabeth Theusch,1,2 Analabha Basu,1 and Jane Gitschier1,2,3,*

Absolute pitch (AP) is the rare ability to instantaneously recognize and label tones with their musical note names without using a refer-

ence pitch for comparison. The etiology of AP is complex. Prior studies have implicated both genetic and environmental factors in its

genesis, yet the molecular basis for AP remains unknown. To locate regions of the human genome that may harbor AP-predisposing

genetic variants, we performed a genome-wide linkage study on 73 multiplex AP families by genotyping them with 6090 SNP markers.

Nonparametric multipoint linkage analyses were conducted, and the strongest evidence for linkage was observed on chromosome

8q24.21 in the subset of 45 families with European ancestry (exponential LOD score ¼ 3.464, empirical genome-wide p ¼ 0.03). Other

regions with suggestive LOD scores included chromosomes 7q22.3, 8q21.11, and 9p21.3. Of these four regions, only the 7q22.3 linkage

peak was also evident when 19 families with East Asian ancestry were analyzed separately. Though only one of these regions has yet

reached statistical significance individually, we detected a larger number of independent linkage peaks than expected by chance overall,

indicating that AP is genetically heterogeneous.
Absolute pitch (AP [MIM 159300]), commonly referred to

as perfect pitch, is the rare ability to identify tones with

their corresponding musical note names without the aid

of a reference tone. Identification is instantaneous and

quite effortless for those who possess AP, much as the

assignment of visible light frequencies with color names

is for most people. It is distinguishable from relative pitch,

a learned ability common in trained musicians, in which

the pitch of a tone is inferred by mental comparison to

an external reference tone.

AP is a complex trait, and both environmental and genetic

factors may play a role in its genesis. Musical training during

a critical period of childhood development1–4 probably

contributes to the acquisition of AP, but this training alone

is insufficient; many people receive early musical training

but do not develop AP. Other environmental factors have

been suggested to influence whether an individual develops

AP, including the type of musical training that the

individual received5 and the individual’s tone language

fluency.6 We and others hypothesize that the genetic

makeup of the individual also contributes to the develop-

ment of this ability.4,7–9 Familial aggregation studies have

estimated the sibling recurrence-risk ratio (ls) for absolute

pitch to be between 7.8 and 15.1 after controlling for early

musical training.9,10 Twin observations, although limited,

give further support to this hypothesis. Three pairs of mono-

zygotic twins concordant for AP and one pair of dizygotic

twins discordant for AP have been reported in the litera-

ture;11 in our study, seven of ten monozygotic twin pairs

were confirmed as concordant for AP, whereas only nine

of 20 dizygotic twin pairs were confirmed or reported to be

concordant (E.T., unpublished data). Together, these data

suggest that it is likely that a combination of environmental

and genetic factors promote the genesis of AP.
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Interestingly, one study showed that infants preferen-

tially use AP cues over relative pitch cues in certain situa-

tions, suggesting that all people might be born with AP

but that the majority lose their AP abilities with age.12

Thus, an attractive hypothesis is that genetic factors might

extend this neurodevelopmental window to a duration

sufficient to intersect with the onset of musical training.

In this study, as a first step toward identifying these

genetic factors, we conducted whole-genome, nonpara-

metric linkage analyses on multiplex AP families and

successfully identified a region of significant linkage. More-

over, we found evidence for genetic heterogeneity both

within and between populations of different ancestry.

To facilitate the recruitment of individuals with AP, we

employed an online pitch-naming test and survey, as

described previously.4,13 Subjects were advised that by

filling in the survey they were providing implicit consent

to participate in this aspect of the study. Participants

who exceeded our threshold for AP on our pitch-naming

test and who reported at least one relative with AP were

asked to invite their relative(s) to also enter the study via

the website. Study participants from families in which AP

ability was documented in at least two family members

who were not simply a parent-child relative pair and who

resided in the United States or Canada were invited to

contribute DNA samples to our linkage study. Participating

family members were also encouraged to invite other

family members who may be informative for our genetic

analysis to contact us and provide a DNA sample, even if

they did not possess AP. Participants who chose to donate

mouthwash or saliva samples were given kits for self-

collection of these samples. Blood samples were collected

by a mobile phlebotomy service (ExamOne), and many

of these were immortalized by Epstein Barr Virus (EBV)
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transformation.14 DNA was extracted from mouthwash

samples, whole blood, and lymphoblastoid cell lines with

Gentra Puregene DNA purification kits (QIAGEN). Saliva

samples were collected in Oragene DNA self-collection

kits and purified according to the manufacturer’s instruc-

tions (DNA Genotek). Written informed consent was ob-

tained from all participants who contributed DNA samples

to our study. This study was approved by the Committee

on Human Research at the University of California, San

Francisco (UCSF).

Overall, DNA samples from 73 families with at least one

non-parent-child AP relative pair were collected for linkage

analysis (Figure S1, available online). Nineteen families re-

ported predominantly East Asian ancestry (E Asian), eight

families reported being Ashkenazi Jewish (AJ), one family

was Indian (I), and the remaining 45 families were predom-

inantly of mixed European ancestry (Eu) (Table S1). The

distribution of AP relative pairs in these families is summa-

rized in Table 1.

DNA samples from 281 individuals (indicated by the þ
signs in Figure S1) were genotyped with 6090 SNPs on

the Infinium HumanLinkage-12 BeadChip (Illumina) in

the UCSF Genomics Core Facility. These SNPs are located

at an average spacing of 0.58 cM (441 kb) throughout the

human genome, and their genetic map positions have

been estimated on the deCODE genetic map.15 The Geno-

typing Module of Illumina’s BeadStudio software was used

to manually inspect SNP genotype calls on intensity plots.

Once obvious errors were resolved, the genotype data were

analyzed with Pedcheck to locate Mendelian inconsis-

tencies.16 These errors were corrected by the adjustment

of genotype calls or by elimination of genotypes from

the data set after reinspection of the intensity plots. Merlin

was used for the detection and removal of unlikely geno-

type combinations that appeared to have arisen from

excessive numbers of recombinations.17

Multipoint nonparametric linkage analyses were per-

formed on the genotype data with the use of Merlin,17

which estimates identical-by-descent allele sharing among

affected relatives. To anticipate potential locus heteroge-

Table 1. Description of Families Used in Linkage Analysis

Eu/AJ/I Eua E Asian

No. of families 54 45 19

No. of individuals genotyped 220 184 61

No. of AP individuals genotyped 128 108 40

No. of AP sibling pairs 73 65 16

No. of AP avuncular pairs 8 3 1

No. of AP cousin and distant pairs 5 5 4

No. of AP relative pairsb 86 73 21

a The European descent (Eu) sample set is a subset of the Eu/AJ/I sample set,
excluding one Indian and eight Ashkenazi Jewish families.
b AP parent-child pairs were not included in the relative-pairs count.
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neity within and between populations of different ancestry

and potential allele frequency differences, we performed

separate linkage analyses on the combined group of Euro-

pean, Ashkenazi Jewish, and Indian ancestry families

(Eu/AJ/I) and the East Asian ancestry (E Asian) families, as

well as the European ancestry (Eu) families alone. Because

parental genotype data were lacking in some of our pedi-

grees, weused Merlin to form clusters18 of correlated markers

that exhibited pairwise r2 values greater than 0.16, to ensure

that marker-marker linkage disequilibrium was not inflating

our multipoint linkage scores.19 HapMap marker allele

frequencies were used for these analyses, though similar

results were obtained when allele frequencies were esti-

mated from the founders in our families. Multipoint Kong

and Cox exponential nonparametric LOD scores20 obtained

with Whittemore and Halpern’s SALL statistic21 were then

calculated for each marker or marker cluster.

We empirically estimated p values for our LOD scores by

conducting 10,000 gene-dropping simulations under the

null hypothesis of no linkage in Merlin17 and by retaining

the LOD scores from the highest independent (separated

by R 40 cM) linkage peaks on the autosomes in each repli-

cate. On average, there were about 78 independent linkage

peaks per genome scan. These simulations used the same

marker spacing, clustering, family structures, and informa-

tiveness of our study, and we conducted separate sets of

simulations on the three subpopulations. The 500th high-

est LOD score from these simulations was taken to be the

empirical threshold for statistical significance (expected

to occur in one of every 20 genome scans by chance),

and the 10,000th highest LOD score was the empirical

threshold for suggestive linkage (expected to occur once

in every genome scan by chance).

By conducting linkage analysis on the combined set of

Eu/AJ/I families, we found that peak LOD scores for two

regions of the genome exceeded our empirical threshold

for suggestive linkage (LOD ¼ 1.874): chromosome

8q24.21 at rs3057, with a LOD score of 2.330, and chromo-

some 8q21.11 at rs1007750, with a LOD score of 2.069

(Figure 1A and Table 2). These regions are shown in more

detail in Figure 2, and the contributions of individual fami-

lies to peak LOD scores is detailed in Table S1. In addition,

regions on chromosomes 2, 6, 7, 8, 9, 11, and 14 achieved

nominal LOD scores greater than 1.0 but did not meet the

criteria for suggestive linkage (Table 3).

Examining data for the Eu families alone, we detected

one region, with a maximum LOD score at rs3057 on chro-

mosome 8q24.21 (Figure 1B), that showed strong evidence

for linkage, having a nonparametric multipoint exponen-

tial LOD score of 3.464 (empirical genome-wide p ¼
.0300). This value exceeded the empirical threshold for

significant linkage (LOD ¼ 3.231) obtained from 10,000

autosomal gene-dropping simulations. We then used the

method of Camp and Farnham22 to correct for multiple

testing. A linear regression of the Eu/AJ/I nonparametric

LOD scores versus the corresponding Eu nonparametric

LOD scores had an r2 value of 0.7874, indicating that these
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Figure 1. Results of Whole-Genome Linkage Analysis
Nonparametric multipoint exponential LOD scores were calculated for every marker or marker cluster position across the genome with
the use Merlin for (A) the 54 families of European, Ashkenazi Jewish, and Indian (Eu/AJ/I) descent, (B) a subset of 45 families of mixed
European (Eu) descent, and (C) 19 families of East Asian (E Asian) descent. Only nonnegative LOD scores are shown. Red and blue lines
indicate empirical thresholds for significant and suggestive linkage, respectively, with 10,000 gene dropping simulations used.
two analyses represented 1.213 independent tests. After

this correction, the 8q24.21 linkage peak remained signif-

icant, with a p value of 0.0364. Three additional regions,

on chromosomes 8q21.11 (LOD ¼ 2.236 at rs1007750),

7q22.3 (LOD ¼ 2.074 at rs2028030), and 9p21.3 (LOD ¼
2.048 at rs2169325), exceeded the empirical threshold

for suggestive linkage (LOD ¼ 1.869). Figure 2 shows these

regions in more detail. In addition to these significant and

suggestive hits (Table 2), several other regions of the

genome on chromosomes 2, 4, 6, 10, 11, and 15 had
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peak LOD scores greater than 1.0 (Table 3). We did not

conduct a similar analysis on the eight Ashkenazi Jewish

families, because we felt that the sample size was too small

to allow linkage detection with any certainty, but it

appears that the Ashkenazi Jewish families do not show

linkage to the top Eu linkage regions (Table S1). Overall,

this linkage analysis indicates that there is a genetic basis

for AP in the Eu population.

Using the E Asian families, we observed that no linkage

peak exceeded the empirical threshold for suggestive
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Table 2. Significant and Suggestive Chromosome Regions from Multipoint Nonparametric Linkage Analysis

Sample Set Region Marker deCODE cM LODa Empirical p Valueb Interval Size (Mb)c Flanking Markers

Eu/AJ/I 8q21.11 rs1007750 86.732 2.069 0.6490 22.86 rs997493-rs10105219

Eu/AJ/I 8q24.21 rs3057 139.741 2.330 0.3611 6.01 rs1562435-rs2102861

Eu 7q22.3 rs2028030 117.774 2.074 0.6402 4.04 rs887882-rs1013920

Eu 8q21.11 rs1007750 86.732 2.236 0.4500 11.75 rs695167-rs716349

Eu 8q24.21 rs3057 139.741 3.464 0.0300d 5.54 rs755520-rs2102861

Eu 9p21.3 rs2169325 46.478 2.048 0.6786 7.91 rs748530-rs9103

a The top multipoint nonparametric exponential LOD scores from linkage analysis of the European, Ashkenazi Jewish, and Indian ancestry sample set (Eu/AJ/I) and
the subset of families of European ancestry (Eu).
b Empirical genome-wide p values were estimated for each sample set independently by calculating the average numbers of independent linkage peaks expected
under the null hypothesis of no linkage per genome scan, with 10,000 autosomal simulations run.
c Intervals are LOD � 1.
d Bold italics denote significant results (p < 0.05).
linkage (LOD ¼ 1.822), but regions on chromosomes 1, 3,

7, 13, 18 and 19 had linkage peaks with LOD scores greater

than 1.0 (Figure 1C and Table 3). Notably, there was no

evidence in the E Asian population for linkage in the

region of significant linkage (8q24.21) from the Eu sample

set. In fact, the chromosome 7 region was the only E Asian

region with a LOD score over 1.0 that showed overlap with

linkage peaks observed in the Eu data set (Figure 2A).

Because AP is a complex trait and many loci could poten-

tially be involved in its genesis, we also used locus-count-

ing methods23,24 to evaluate the significance of our linkage

results. Again, as with our linkage analyses, we considered

the two main sample sets (Eu/AJ/I and E Asian) and the Eu

subset separately. First, the top observed linkage regions

with LOD scores > 1.0 were arranged in order by rank (r).

For each of these observed LOD scores (Z), the number of

independent linkage regions (separated by a genetic

distance of at least 40 cM) that had LOD scores at least as

large as Z in 10,000 autosomal gene-dropping simulations

were tallied and divided by 10,000 to determine the

average number of times that a LOD score of Z’s magnitude

was seen in a simulation scan. The final step was to deter-

mine the proportion of simulations that had at least as

many independent linkage peaks at or above Z as we

observed in our linkage analysis (r). If 5% or more of the

10,000 simulations did not contain at least as many inde-

pendent linkage peaks as our linkage scan did at a LOD

score threshold of Z, the excess of linkage peaks at that

threshold was considered significant.

Table 3 summarizes the results of this locus-counting

analysis for each sample set. In the Eu subset, we observed

four independent linkage peaks at or above a LOD score of

2.048; however, on the basis of 10,000 simulations, only

0.68 independent linkage peaks would be expected under

the null hypothesis of no linkage at that threshold. The

difference between the observed number of linkage peaks

and the number expected under the null hypothesis of

no linkage based on the simulations was significant (p ¼
0.0042). Similarly, a significant (p < 0.05) excess of linkage

peaks was observed for the 1st-, 3rd-, 5th-, 10th-, and
The Am
11th-ranked independent linkage regions at LOD score

thresholds of 3.464, 2.074, 1.723, 1.1, and 1.082, respec-

tively (Table 3). These results indicate that the genetic basis

for AP exhibits locus heterogeneity, at least in the Eu pop-

ulation. Though an excess of linkage peaks was also

observed when the Eu/AJ/I sample set was used, this differ-

ence was not significant. No obvious excess of linkage

peaks was found in the E Asian linkage scan with this

analysis.

Together, the findings discussed above provide strong

evidence that at least one gene promotes the genesis of

AP in individuals of European ancestry and that AP prob-

ably results from genetic factors that vary both within

and between different populations, conclusions that are

supported by evidence for linkage in more regions than ex-

pected by chance.

The top linkage peak on chromosome 8q24.21 in the Eu

subset had a maximum multipoint nonparametric LOD

score of 3.464 at the SNP rs3057, which lies at approxi-

mately 140 cM on the chromosome 8 deCODE genetic

map. In the UCSC genome browser, it appears that four

genes lie closest to this peak: GSDMC (gasdermin C [MIM

608384]), FAM49B (a hypothetical protein-coding gene),

ASAP1 (ArfGAP with SH3 domain, ankyrin repeat and PH

domain 1 [MIM 605953]), and ADCY8 (adenylate cyclase 8

(brain) [MIM 103070]). ASAP1 is expressed in a variety of

tissues, including the brain,25 and ADCY8 is expressed

almost exclusively in the brain26 and is thought to play

a role in learning and memory.27,28 Given that the linkage

peak is observed in a single, although broad, population,

linkage disequilibrium analysis may help to narrow the

interval in the search for genetic variants that lead to AP.

The genetic basis for musical abilities is a subject of

growing curiosity. A recent linkage study on Finnish fami-

lies with musical aptitude, as determined by several

different tests, reported significant evidence for linkage at

4q22 and suggestive evidence for linkage at 8q13-21.29

Though we saw no evidence for linkage of AP to 4q22,

we did observe suggestive evidence for linkage to

8q21.11 at 86.7 cM, close to the peak (chromosome 8 at
erican Journal of Human Genetics 85, 112–119, July 10, 2009 115



92 cM) reported in the musical-aptitude study. AP and

musical aptitude may share linkage to this genomic region,

though it was not the top linkage peak in either study.

Figure 2. Multipoint Nonparametric Exponential LOD Scores at
Each Marker or Marker Cluster Position
LOD scores were calculated with the use of data from 54 families of
European, Ashkenazi Jewish, and Indian descent (Eu/AJ/I), the
subset of 45 families of European descent (Eu), and 19 East Asian
families (E Asian). Genetic distance is measured in deCODE cM.
Results are shown for (A) chromosome 7, (B) chromosome 8,
and (C) chromosome 9.
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Another recent study suggested that polymorphisms in

the arginine vasopressin receptor 1A gene may be associated

with musical memory,30 but none of our top linkage peaks

fall near the AVPR1A gene on chromosome 12.

This study bears extension by further recruitment within

our own laboratory and replication by other groups inter-

ested in this question. Our LOD scores were modest in

comparison to the theoretical maximum nonparametric

multipoint exponential LOD scores predicted for our

samples (maximum exponential LOD scores were 40.03,

34.31, and 12.34 for the Eu/AJ/I, Eu, and E Asian analyses,

respectively), and our study was probably underpowered,

especially in the case of the E Asian and AJ families. Theo-

retically, a study of 100 affected sibling pairs could have

greater than 90% power to detect linkage, assuming that

the ls ¼ 10, the recombination fraction between the

marker and trait locus (q) < .05, and the markers are fully

informative, and a similar study of only 40 affected sibling

pairs would have 20%–70% power, depending on q.31

Though the SNPs in our study were closely spaced (q <

0.27 on average), they were not completely informative

(average polymorphism information content [PIC] ¼
0.35).32 Moreover, we were unable to acquire DNA from

informative relatives, such as parents, in some of the fami-

lies, so the probabilities that AP relatives share alleles iden-

tically by descent were difficult to determine with certainty

for these families, thus reducing power further. Despite

these considerations, our study was able to detect signifi-

cant linkage at one locus in the Eu subset, though it was

probably underpowered to detect loci that make smaller

contributions to predispose individuals to develop AP.

AP is a complex trait, and the discovery of genes respon-

sible for AP will provide the first step in unraveling the

interplay between genetic predisposition and environ-

mental influences. For some of our families, incomplete

penetrance can be partially explained by a lack of early

musical training in some family members. Overall, how-

ever, gene-environment interactions may not be the sole

complexity. This degree of complexity prompted us to

use nonparametric linkage analysis to search for suscepti-

bility loci for AP, relying on the calculation of likelihoods

that alleles are shared identically by descent among AP

relatives. Though parametric linkage analysis is theoreti-

cally a more powerful approach, it would have required

us to estimate the prevalence, penetrance, and mode of

inheritance of AP, which are uncertain. Our study shows

that not one but a number of different loci may foster

AP, despite the fact that it is a dichotomous trait.13

Although one genetic variant in any of a variety of genes

could predispose individuals to developing AP by itself, it

is also possible that gene-gene interactions might be

required for the development of AP. The existence of

more than one gene involved in AP could also be beneficial

in elucidating the molecular pathways that give rise to it.

In summary, we found several regions of the human

genome that show evidence of linkage to AP in this

study, including one region of significant linkage on
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Table 3. Evaluation of Nonparametric Peak LOD Scores > 1.0 by Locus Counting

Sample Seta Chr deCODE cM Observed LOD (Z) Rank (r)
No. of LODs R Z Generated
Per Simulated Scanb

Proportion of Simulations
with r LODs R Zc

Eu/AJ/I 8 139.741 2.330 1 0.3611 0.3034

Eu/AJ/I 8 86.732 2.069 2 0.6490 0.1372

Eu/AJ/I 9 47.565 1.864 3 1.0240 0.0878

Eu/AJ/I 7 117.774 1.499 4 2.2296 0.1852

Eu/AJ/I 14 27.385 1.322 5 3.2538 0.2299

Eu/AJ/I 6 99.679 1.201 6 4.2168 0.2462

Eu/AJ/I 11 78.450 1.080 7 5.4576 0.3032

Eu/AJ/I 8 43.577 1.038 8 5.9693 0.2498

Eu/AJ/I 2 145.803 1.007 9 6.3761 0.1898

Eu 8 139.741 3.464 1 0.0300d 0.0293d

Eu 8 86.732 2.236 2 0.4500 0.0750

Eu 7 117.774 2.074 3 0.6402 0.0262d

Eu 9 46.478 2.048 4 0.6786 0.0042d

Eu 6 99.679 1.723 5 1.3904 0.0128d

Eu 2 130.661 1.205 6 4.2078 0.2494

Eu 11 78.450 1.160 7 4.6294 0.1839

Eu 10 41.725 1.147 8 4.7538 0.1072

Eu 15 47.975 1.133 9 4.8958 0.0590

Eu 2 185.422 1.100 10 5.2524 0.0378d

Eu 4 25.557 1.082 11 5.4560 0.0209d

E Asian 1 25.394 1.606 1 1.6028 0.7996

E Asian 18 49.984 1.399 2 2.5007 0.7123

E Asian 1 81.597 1.326 3 2.9287 0.5621

E Asian 7 118.517 1.277 4 3.2562 0.4078

E Asian 13 114.683 1.064 5 5.1098 0.5854

E Asian 19 55.795 1.051 6 5.2597 0.4296

E Asian 3 168.852 1.040 7 5.3825 0.2912

Both b and c were calculated for all observed independent linkage peaks with LOD scores exceeding 1.0.
a Simulations were conducted independently for the European, Ashkenazi Jewish, and Indian sample set (Eu/AJ/I), for the European ancestry subset (Eu), and for
the East Asian (E Asian) sample set.
b Average numbers of independent linkage peaks per genome scan observed under the null hypothesis of no linkage in 10,000 autosomal simulations.
c The proportion of 10,000 autosomal simulations that had at least r linkage regions with LOD scores greater than or equal to the observed LOD score.
d Bold italics denote significant results (p < 0.05).
chromosome 8q24.21. These findings suggest that

multiple regions of the genome harbor AP-predisposing

variants that could be discovered upon further research.

These results provide strong support for the role of genetics

in the etiology of AP and will provide the basis for future

studies dissecting the interplay between nature and

nurture in the development of AP.

Supplemental Data

Supplemental Data include one figure and one table and can be

found with this article online at http://www.ajhg.org/.
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