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Abstract: Handedness is the most pronounced behavioral asymmetry in humans. Genome-wide
association studies have largely failed to identify genetic loci associated with phenotypic variance
in handedness, supporting the idea that the trait is determined by a multitude of small, possibly
interacting genetic and non-genetic influences. However, these studies typically are not capable of
detecting influences of rare mutations on handedness. Here, we used whole exome sequencing in a
Turkish family with history of consanguinity and overrepresentation of left-handedness and
performed quantitative trait analysis with handedness lateralization quotient as a phenotype. While
rare variants on different loci showed significant association with the phenotype, none was
functionally relevant for handedness. This finding was further confirmed by gene ontology group
analysis. Taken together, our results add further evidence to the suggestion that there is no major
gene or mutation that causes left-handedness.
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1. Introduction

Handedness is a heritable trait [1] and, historically, it was thought that left-handedness was
determined by a major gene effect [2]. This idea was based on the statistical distribution of the
phenotype, but has since been refuted by molecular studies. In particular, the fact that genome-wide
associations studies (GWAS) consistently failed to identify a gene that explains enough phenotypic
variance to qualify as a single-gene explanation has disproven single gene theories [3,4]. Thus, most
authors today agree that handedness is likely to be a multifactorial trait that is determined by several
different genetic and non-genetic factors (e.g., [5-8]). A number of contributing loci have been
identified by GWAS and candidate gene studies using handedness questionnaires or hand skill tests
like the pegboard test as phenotypes, e.g., LRRTM1, PCSK6 and AR [9-15]. However, the general
understanding is that there is likely a large number of yet unidentified genetic contributions to
handedness [5]. Besides replication of published loci, identification of new candidate genes therefore
is one of the major aims of current research on handedness genetics. Since GWAS in healthy cohorts
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are unlikely to identify rare genetic variants relevant for handedness, other methods to identify
candidate genes should also be considered.

One possible way to increase statistical power to detect relevant candidate genes for handedness
without the need for overly large cohorts is testing population isolates with reduced genetic
heterogeneity and overrepresentation of left-handedness. For example, Somers et al. [16] performed
a genome-wide genetic linkage study of left-handedness and language lateralization in a sample of
368 subjects from a population isolate in the Netherlands. Due to the geographical isolation of the
town that the subjects were recruited from, as well as a genetic bottleneck event in the early 17th
century, founders in the sample of Somers et al. [16] showed lower genetic heterogeneity than
random samples from the Dutch population. The sample was deliberately enriched for left-
handedness, as the authors only selected families that had left-handed subjects in at least two
generations, with at least two left-handed family members per generation. This resulted in a sample
in which 24% of participants were left-handed, roughly 2.5 as many as in the general population.
While Somers et al. [16] did not observe any genome-wide evidence for linkage in handedness, there
was at least suggestive evidence for linkage for left-handedness in the 22q13 region. Somers et al. [16]
argued that the absence of any significant linkage indicates that there is no major gene coding for
handedness and it is likely to be a polygenic complex trait.

In addition to testing populations that show lower genetic heterogeneity than the general
population due to a genetic bottleneck in the past and a more or less isolated way of living, another
methodological option to detect genetic variants that influence handedness is to test families with a
history of consanguineous marriage and an overrepresentation of left-handedness. This method has
for example been used by Kavaklioglu et al. [17]. These authors used whole exome sequencing in 17
members of an extended family from Pakistan that practiced consanguineous marriage and had an
overrepresentation of non-right-handed members (about 40%). Neither multipoint linkage analysis
across all autosomes nor single-point analysis of exomic variation resulted in any clear candidate
genes or mutations, leading Kavaklioglu et al. [17] to conclude, similar to Somers et al. [16], that
handedness is a polygenic complex trait and not driven by a major gene or single mutation.

Although neither of these studies observed any significant effects, this does not necessarily
imply that rare mutations could not affect handedness in other samples. Thus, more research in
similar samples in other regions is needed. Also, previous studies in bottleneck populations analyzed
handedness as a dichotomous variable (e.g., right-handedness/non-right-handedness). However, it
is commonly measured as a continuous variable using a lateralization quotient (LQ) [18], ranging
from -100 (consistent left-handedness) to +100 (consistent right-handedness). Interestingly, findings
from a recent PCSK6 candidate gene study on handedness showed that the direction and degree of
handedness might underlie differential genetic influences [9]. Thus, using the LQ as a phenotype
instead of differentiating between left- and right-handers could potentially yield interesting insights
into the genetics of handedness. To this end, we performed whole exome sequencing in nine members
of an extended Eastern Turkish family that practices consanguineous marriage and has an
overrepresentation of left-handedness. We then conducted a quantitative trait analysis with
handedness LQ as a trait. Our hypothesis was that if there was indeed a major gene effect of a rare
variant in this cohort, this variant should be significantly related to handedness LQ. If no such
association was found, this would further confirm the idea that handedness is not driven by a major
gene effect.

2. Materials and Methods

2.1. Participants

All participants were from Turkey, specifically from the vicinity of Sanl1 Urfa, a city in the east
of Turkey. This area was chosen as it has a higher prevalence of kin marriage compared to other
regions of Turkey. The study was approved by the ethics committee of Dokuz Eyliil University,
Faculty of Medicine, Izmir, Turkey. All participants were treated in accordance with the declaration
of Helsinki. All participants gave written informed consent, and in case of participants younger than
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18 years, the parents also gave written informed consent. Subjects were compensated for participating
in the experiment with a gift of high quality Turkish sweets, as they refused to take money as
reimbursement. Nine members of the family, two female and seven male, with a mean age of 29.33
(SD = 13.07; range: 11-46 years) agreed to participate in the study (Figure 1). Verbal interviews
confirmed at least four consanguineous marriages between living family members and a family
history of previous consanguineous marriages. None of the participants had a history of any
psychiatric diseases or neurological diseases.
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Figure 1. Family tree for the investigated cohort. Squares indicate male family members, circles
indicate female family members. Asterisks indicate family members that participated in the present
study. For these family members, handedness was determined using the Edinburgh Handedness
Inventory (EHI). For other family members shown in the figure, handedness was assessed by verbal
report. Black indicates left-handedness, white right-handedness and white with black shading
ambidexterity. For family members with grey symbols, no information about handedness could be
obtained. Consanguineous marriages are indicated by dotted lines. Consanguineous marriages were
also performed by several family members of earlier generations not shown in this figure, as
confirmed by verbal report.

2.2. Phenotyping

2.2.1. Edinburgh Handedness Inventory

Handedness was assessed with a Turkish translation of the EHI [18]. In this questionnaire,
participants have to indicate whether they prefer to use left or right hand for ten different activities
which are hand preference in writing, drawing, throwing a ball, using scissors, a toothbrush, a knife
(without fork), a spoon, and a broom (upper hand), striking a match, and opening a box. An
individual LQ can be calculated using the Formula LQ = [(R - L)/(R + L)] x 100 (R = the number of
right-hand preferences; L = the number of left-hand preferences) as based on participants’ answers.
The LQ has a range between +100 and —100. Positive values indicate right-handedness and negative
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values indicate left-handedness. At the same time, higher absolute values indicate more consistent
handedness and lower absolute values indicate more inconsistent handedness or ambidexterity.

2.2.2. Pegboard Test

In addition to questionnaires like the EHI that assess hand preference, hand skill can be assessed
with motor tasks such as placing dots in squares or circles on a sheet of paper as quickly as possible
[19,20], or picking up matches placed on a table as quickly as possible [19]. The most commonly used
measure is the so-called “pegboard task” (e.g., [15,21,22]) that was also utilized to determine
participants manual hand skills in the present study. The test consists of measuring the time taken
by the subjects to move, with each hand separately, a row of 10 pegs on a board from one location to
another. The test is repeated three times for each hand. The measure of relative hand skill (PegQ) is
calculated as the difference between the average times for the left hand (L) and the right hand (R), (L
- R), divided by the average time for both hands combined, (L + R)/2 [15]. A positive PegQ
demonstrates superior relative right-hand skill, and a negative PegQ demonstrates superior relative
left-hand skill.

2.2.3. Dichotic Listening Task

The Dichotic Listening Task is a noninvasive behavioral test to determine language
lateralization. During a dichotic listening test, two different consonant-vowel (CV) syllables are
presented to participants simultaneously using headphones, one to the right ear and one to the left
ear. The syllables used in the present study were “BA, DA, GA, KA, PA, TA” [23]. Participants are
instructed to indicate the syllable which they heard best by pressing a button [23]. Overall, 72
stimulus pairs were presented with Sony stereo headphones type MDR-ZX100 using Presentation
software (https://www.neurobs.com/). The stimuli consisted of two times presenting all possible 36
combinations of the six syllables, including homonyms (e.g., BA-BA). Syllables were spoken by a
native Turkish speaker and were provided by Dokuz Eyliil University, Faculty of Medicine,
Biophysics Department. Voice-onset times were controlled for.

2.3. Collection of DNA Samples

For the non-invasive collection of high quality DNA, saliva samples were collected using
Oragene-DNA OG-500 saliva self-collection kits. These kits were used since they ensure DNA sample
stability at room temperature for a prolonged time, which was essential since data collection took
place in a field study without permanent access to refrigeration. From each participant, 2 mL of saliva
were collected.

2.4. Whole Exome Sequencing

DNA was extracted from saliva samples and purified according to the kit protocol. All samples
passed initial quality control with OD260/0OD280 ratios between 1.6 and 2.0, and were then shipped
to GATC Biotech AG (Konstanz, Germany), a service provider for DNA sequencing and
bioinformatics (www.gatc-biotech.com). In addition to the nine samples from the family, we also
included one sample of an unrelated right-hander from Turkey, to differentiate possible regional
exome variation from true rare variants specific for the family, in addition to comparison against
other reference genomes (see below). All samples passed a second DNA quality control performed
by GATC. “INVIEW HUMAN EXOME” (http://www.gatc-biotech.com/de/produkte/inview-
applikationen/inview-human-exome.html) was chosen as the whole exome sequencing platform. The
array used was an Agilent Genomics SureSelectXT All Exon V5 (Agilent Technologies, Santa Clara,
CA, USA). Mapping to the UCSC Genome Browser Homo Sapiens reference genome (hgl9) was
performed using BWA (Burrows-Wheeler Aligner; http://bio-bwa.sourceforge.net/[24], with default
parameters. On average, 99.13% of high quality reads were mapped to the reference genome (see
Table S1 for mapped read metrics for all samples). Removal of polymerase chain reaction (PCR)
duplicates was conducted using Picard (http://broadinstitute.github.io/picard/) and local
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realignment using GATK (Genome Analysis Toolkit; https://software broadinstitute.org/gatk/) [25].
On average, 93.99% of the exome was covered with a sequence depth read of at least 10x (see Table
52 for the depth of coverage summary). single-nucleotide polymorphism (SNP) and InDel calling was
performed using GATK'’s UnifiedGenotyper (https://software.broadinstitute.org/gatk/documentation/
tooldocs/current/org_broadinstitute_gatk_tools_walkers_genotyper_UnifiedGenotyper.php)  [25],
with a Bayesian genotype likelihood model. Subsequently, variant annotations were performed using
snpEff (http://snpeff.sourceforge.net/) [26]. Further analysis of exome data and quantitative trait
analysis was performed using “QIAGEN Ingenuity Variant Analysis” (http://www.ingenuity.
com/products/variant-analysis) (see results for analysis pathway). The quantitative trait test that was
used represents a continuous version of the Sequence Kernel Association Test (SKAT) where each
sample is associated with a continuous quantity (in our case handedness LQ) instead of a case and
control label. The underlying test is a variance component score test, based on a linear mixed effects
model where the impact of rare variants is taken into account as random effects and co-variants are
included as fixed affects. The quantitative trait test determines asymptotic p-values that are
calculated approximately using Kuonens saddlepoint method. Furthermore, Gene ontology (GO)
analysis was performed using the webtool WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt/).
This was done in order to identify whether associated gene variants were involved in GO groups
with functional significance for handedness development (e.g., left-right axis differentiation or
nervous system development). The minimum number of genes included in each GO group was set
to five, and analyses were corrected for hypergeometric testing (p < 0.001) using false discovery rate
(FDR) correction [27].

3. Results

3.1. Phenotyping

All nine family members investigated were left-handed according to EHI results (mean LQ:
—84.44, standard deviation: 26.51; range: 100 to —20). The person from whom the control sample was
obtained was right-handed (LQ: 100). Analysis of pegboard data showed that seven family members
showed superior left hand skill and two family members slightly superior right hand skills (mean
PegQ: -0.17, standard deviation: 0.15; range: —0.45 to 0.04). The control person showed superior right
hand skills (PegQ: 0.19). For the dichotic listening data, three family members showed a left ear
advantage (33.33%) and six showed the typical right ear advantage (66.66%). Dichotic listening data
were analyzed non-parametrically due to the small sample size. In absolute number, family members
on average reported more syllables presented to the right ear (35.67, standard deviation: 9.72) than
to the left ear (29.56, standard deviation: 6.50), but this difference failed to reach significance (Z: -1.31,
p=0.19). To determine whether this nonsignificant result was indicating a real absence of an effect or
rather was an artefact due to the small sample size, we also analyzed the data with a bootstrapped t-
test for dependent comparisons with 5000 iterations. As this comparison also failed to reach
significance (p = 0.26) it is likely that family members indeed did not show the typical right ear
advantage found in the population.

3.2. Sequencing Results

Overall, the analysis detected 299,431 variants on 19,576 genes in family members that were non-
identical to the reference genome. As a first step, variants with a call quality less than 20 and all
variants in highly variable exonic regions were excluded, narrowing down the number of variants to
235,339 on 19,075 genes. We then excluded all variants that were present in less than at least seven of
the nine family members (77.78%), resulting in 9714 variants on 4376 genes. This was done in order
to include only variants that were consistently typical for the sample. Furthermore, all variants with
a frequency higher than 3% in the 1000Genomes project (http://www.1000genomes.org/) were
excluded, as we focused on detecting rare variants. This step resulted in 810 variants on 411 genes
left in the analysis. Afterwards, only variants likely to cause loss of function of a gene were included
using the “Predicted deleterious” filter, resulting in 116 variants on 69 genes. This was done to only
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include causal genetic variants that affect protein function. As a last step, quantitative trait analysis
was performed to include only variants that showed significant relations with handedness LQ with
p-values of at least p < 0.01. This analysis revealed 49 variants on 26 genes that were significantly
associated with the phenotype (see Table 1). Most of these genes were involved in general cellular
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processes and only very few were associated with the brain or neuronal processes specifically.

Table 1. Rare gene variants statistically associated with the phenotype. IDs from the Single Nucleotide

Polymorphism Database (dbSNP) are given when available. Likely gene functions were determined

using PubMed (http://www.ncbi.nlm.nih.gov/gene). (Chr. = chromosome).

Chr. Gene dbSNP ID Likely Function
2 ANKRD36C 202102082 Ion channel inhibitor activity
3 MUC20 ggggig: Cellular protein metabolism
4 ZNF595 - Regulation of DNA transcription
4 FRGI 199978807 Associated with facioscapulohumeral muscular
201142987 dystrophy
71540917
775174499
747768677
759956700
796070497
796719496
7 MUC3A 796627084 Cellular protein metabolism
796799995
796422604
796558082
796345426
796976589
62483696
10 FRG2 200347477 Protein coding in the nucleus
770290437
34490696
1 MUCE iggg?’i;?g Cellular protein metabolisrﬁ/ production of gastric
111641154 faan
112301388
78265558
11 MUC5AC 77449329901931(1 Cellular protein metabolism
1 TRIM49 74584169 Protein-protein interactions, Preferentially expressed in
testis
14 HOMEZ 148005528 Regulation of DNA transcription
15 GOLGAG6L2 76062343 Protein binding
16 CBFA2T3 ;gggg; Transcription corepressor activity
17 CCDC144NL 73298040 Affects blood copper, selenium and zinc
17 KCNJ12 77987694 Encodes an inwardly rectifying K+ channel in neurons,
80335301 heart and muscle cells.
17 RECQL5 142406301 DNA helicase activity
18 CNDP1 10663835 Encodes a rgember Aof the M20 meta?loproteasg family
that is specifically expressed in the brain
19 MUC16 4992693 Cellular protein metabolism
19 ZNF443 62114866 Regulation of DNA transcription
19 SIGLEC11 9676436 Anti-inflammatory and immunosuppressive signaling
78673790
21 BAGE2 9808647 Melanoma antigen
21 BAGE5 113315187 Melanoma antigen
76876438
74463481
X RBMX 74667874 RNA binding
35899675

77794331
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Gene ontology (GO) analysis showed that the identified genes were significantly enriched
within nine GO groups. The majority of these GO groups were related to protein glycosylation (see

Table 2). The remaining GO group was “Golgi lumen”.

Table 2. Results of the GO group analysis. p-values are Benjamini-Hochberg corrected.

GO Group Genes Adjusted p-Value

O-glycan processing 5 0.0000002

Protein O-linked glycosylation 5 0.0000005
Post-translational protein modification 5 0.00005
Protein glycosylation 5 0.0001
Macromolecule glycosylation 5 0.0001
Glycosylation 5 0.0001
Glycoprotein biosynthetic process 5 0.0002
Glycoprotein metabolic process 5 0.0005

Golgi lumen 5 0.0000007

4. Discussion

Handedness is a trait that has been related to both cognitive ability [28] and psychopathology
[29], making the identification of genetic factors underlying its ontogenesis highly interesting for
cognitive neuroscientists and clinical psychologists alike. Here, we performed whole exome
sequencing in nine members of an extended Eastern Turkish family with a long history of
consanguineous marriage and an overrepresentation of left-handedness. For the first time, we used
quantitative trait analysis in such a cohort in order to identify rare genetic variants that were
associated with handedness.

The results from the EHI clearly revealed that all nine tested family members were left-handers
and, for most family members, these findings were also supported by the results of the pegboard test.
Family members showed reduced language lateralization. While in the general population about 95%
of individuals show left hemispheric language dominance, in our sample only 66.66% of individuals
showed a right-ear advantage during dichotic listening and there was no significant right-ear
advantage. This number is however only slightly lower than the 70-80% observed in left-handed
samples [30]. Given the small sample size of the present study, we would assume that our data are
within the normal range for left-handed populations.

The quantitative trait analysis revealed rare variants on 49 loci on 26 genes that were
significantly associated with the EHI LQ. However, the biological significance of these genes for
handedness remains unclear. As handedness represents a functional asymmetry between the left and
right motor cortices in controlling for fine motor skills [6], one would expect genes involved in
shaping this phenotype to be specifically expressed in the brain or spinal cord. Moreover, they should
have functional relevance for left-right axis development or nervous system development or function
in the broadest sense. Almost all of the genes that were associated with handedness LQ in the present
study did not meet these criteria, as they were involved in general cellular or regulatory processes
not specific for nervous tissue. Furthermore, some genes clearly were relevant for function in body
parts other than the brain, making an involvement in handedness development highly unlikely. Only
two out of 26 genes showed a functional relevance for neuronal functioning in the broadest sense.
The first of these genes, KCNJ12 (potassium voltage-gated channel subfamily ] member 12), encodes
a functional inward rectifier potassium channel [31]. Functionally, most studies have linked it to the
heart (e.g., [32]) or muscle [33] function, but also tumerogenesis [34]. While a recent study suggested
that protein-protein interactions between a G protein-gated inwardly rectifying potassium channel
(Kir3), G proteins and G protein-coupled neurotransmitter receptors might be functionally relevant
for GABA-B receptors [35], direct evidence linking KCNJ12 to a specific function in the central
nervous system is sparse. While Stonehouse et al. [36] could show that the inwardly rectifying
potassium ion channel encoded by KCNJ12 in humans can be localized in sections of rat hindbrain
and dorsal root ganglia tissue, there is no evidence for a functional link to handedness development
so far. The second gene, CNDP1 (carnosine dipeptidase 1), encodes a member of the M20
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metalloprotease family which acts as carnosinase. While it is expressed in the brain, most studies
have linked it to susceptibility for diabetic nephropathy in human diabetic patients (e.g., [37]), with
no evidence for a direct functional link to handedness. Thus, the analysis of functionally relevant rare
variants did not result in any evidence for a major gene or mutation determining handedness in our
cohort.

This interpretation was further supported by the result of the GO analysis. Out of nine GO
groups that reached significance, seven were linked to glycosylation, an enzymatic process that
attaches glycans to other molecules. Glycosylation represents an important post-translational
modification of proteins in a vast number of different tissues. While congenital disorders of
glycosylation have been shown to affect central nervous function [38], glycosylation has also been
related to the development and progression of several different types of cancer and other diseases
unrelated to the brain [39]. Interestingly, it has been shown that inbreeding in human populations
strongly affects the glycosylation of human plasma proteins, potentially leading to the increased
prevalence of tumors that has been reported in certain isolated populations as well as other
phenotypic changes [40]. Thus, it is likely that the significant effects for glycosylation-related GO
groups were an effect of inbreeding and only by happenstance were associated with the handedness
phenotype. The other three significant GO groups also were unlikely to affect handedness, as they
either represented processes unrelated to the brain or were too general (“Golgi lumen” “post-
translational protein modification”) to specifically be involved in the formation of the functional
motor cortex asymmetry underlying handedness.

The present study contains several methodological aspects that have the potential to be
optimized in future studies. Clearly, testing a larger group of family members with a consanguineous
background would be ideal. Unfortunately, we were only able to recruit left-handed family members
in the present study, but for future studies including both left-and right-handers from the same
family would by optimal. Also, for quantitative trait analyses, larger cohorts would be favorable, if
recruitment is possible. This would be particularly important as the GATK protocol used for variant
calling in the present study gives optimal results with sample sizes of 30 or larger. Moreover, in our
cohort there was the possibility that some of the individuals (e.g., P69, see Figure 1) married in with
potentially their own forms of left-handedness, and do not necessarily share a genetic basis with the
other members of the family. This could have confounded the analysis and should be controlled for
when recruiting cohorts for future studies. Moreover, the test used to determine quantitative trait
association did not account for different degrees of relatedness, but for a weakly heritable trait this is
unlikely to bias the results. As rare variants might be highly cohort-specific, more studies in cohorts
with diverse ethnic backgrounds are needed to completely exclude a possible influence of major rare
variants on handedness. Another possible criticism of our data could be that it is unclear to what
extent an overrepresentation of left-handedness is a specific characteristic of the sample that was
investigated in our study or the general population it comes from. While there is no specific published
data on handedness in the vicinity of Sanli Urfa, studies in Turkish samples indicate that the
frequency of left-handedness in Turkey is between 6% and 11% [41-43], which is in line with what
has been found in other populations worldwide (around 10%). Tan reports the incidence of familial
left-handedness in Turkey to be around 28.4% [43], which is lower than the 39.3% that has been
reported in a large American sample [44]. Thus, the over-representation of left-handedness observed
in our sample is typical for this family, not the general population in Turkey.

5. Conclusions

Taken together, both the analysis of single rare variants and the analysis of GO groups revealed
no indication for a rare variant that could realistically determine handedness. Thus, our analysis in a
Turkish cohort with lower genetic heterogeneity than the general population independently
replicates previous findings from similar studies in Dutch [16] and Pakistani [17] cohorts. Thus, our
study supports the conclusions of these studies that handedness is likely to be determined by
complex polygenic and/or epigenetic factors [45].
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Supplementary Materials: The following are available online at www.mdpi.com/link, Table S1: Mapped read
metrics for all samples, Table S2: Depth of coverage summary with total and average bases and the percentage
of the exome covered with at least 2x, 5%, 10, 20x and 30x sequence depth read.
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