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The frequency of left-handedness in the general population is around 11%. Both environmental
and genetic models have been proposed to explain the aetiology of human handedness. The
majority of genetic models, such as those of Annett, McManus and Klar, propose a single gene
determinant with a non-Mendelian inheritance pattern. As left-handedness is correlated with
cerebral asymmetry and is a feature of left – right asymmetry, genes involved in the development
of left – right asymmetry can be considered as candidate genes. Candidate gene analysis was
performed using an informative extended pedigree, and also using nuclear families of right-handed
parents with left-handed children. Segregation analysis in the extended pedigree identified allele
sharing in the NODAL and DNAHC13 candidate regions on chromosome 10 and 1. Linkage analysis
using the models of Klar and McManus, and non-parametric analysis on nuclear families,
subsequently excluded all candidate regions tested. This demonstrates the power to identify the
genes specifying handedness by the conduct of extended genetic studies on these and similar
cohorts.
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Introduction
Left-handedness has a frequency of 10 – 12% in the general

population with a higher frequency of left-handedness in

the male population compared to the female population.1

Left-handedness has been correlated with a number of

other traits ranging from risk of breast cancer,2 auto

immune disorders, decreased survival fitness and a better

recovery from stroke.3

A relationship exists between cerebral dominance and

handedness. Left-hemisphere dominance occurs in 97% of

right-handed people, but only in 70% of left-handed

people. The other 30% of left-handed individuals have

anomalous or right-hemisphere dominance.4,5

The genetics of handedness in humans is controversial.

Both environmental and genetic models have been

proposed to explain the genetics of human handedness.

Several genetic models have been suggested that allow

for the influence of other, yet to be determined, factors

by using the biological mechanism of fluctuating asym-

metry. Fluctuating asymmetry postulates that handedness

is determined by chance due to noise and stochastic

events during development.6 Hence fluctuating asymmetry

will result in 50% left-handedness and 50% right-handed-

ness.6

McManus proposed a genetic model where a single

gene, having two alleles C and D, is responsible for left-

handedness.6 Individuals with the homozygous D/D geno-

type will be right-handed, while heterozygotes will have a

75% chance of becoming right-handed. The homozygous

C/C genotype will exhibit fluctuating asymmetry.6 Klar7

proposed a single gene model similar to the one of
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which genotypes R/R and R/r will result in right-handed-

ness and genotype r/r in fluctuating asymmetry.7 Klar

calculated the gene frequencies for R and r to be 58 and

42% respectively.7

Due to the relation between left-handedness and cere-

bral asymmetry, we hypothesised that genes involved in

the development of left – right asymmetry can be consid-

ered as candidate genes. The gene Lrd, located on

mouse chromosome 12, causes murine situs inversus and

codes for a dynein heavy-chain molecule.8 The localisa-

tion of other murine heavy chain dyneins has been

determined by Vaughan et al.9 Because a dynein molecule

is involved in the development of left – right asymmetry,

and is thus a candidate gene for handedness, other

dyneins can also be considered as candidate genes.

Another gene that plays a crucial role in the development

of left – right asymmetry is Nodal.10 Nodal is a member of

the TGFb superfamily of secreted proteins and is one of

the key players in the L-R asymmetry pathway. Nodal is

asymmetrically expressed in the node and in the left

lateral plate mesoderm in the developing mouse

embryo.10

In this study we report the analysis of several candidate

regions for left-handedness in an extended family and

several nuclear families. Both parametric and non-para-

metric analyses were performed which permitted

exclusion of several candidate regions harbouring genes

with the models of Klar or McManus.

Materials and methods
Sample collection

The study was approved by the human research ethics

committee of the Women and Children’s Hospital,

Melbourne, Australia. We collected samples of one large

extended pedigree and 27 nuclear families consisting of

two right-handed parents and at least two left-handed chil-

dren. Nuclear families consisting of right-handed parents

with left-handed children are the most informative pedi-

gree structure for linkage calculations using the model of

Klar, as it maximises the proportion of parents that are

heterozygous R/r at the locus level.11 Consequently, and

analogous to standard autosomal recessive disorders, the

heterozygosity of the right-handed parents and the homo-

zygosity of the left-handed children at the locus level, will

result in informative meioses and more power in linkage

calculations.11

All families are of Caucasian origin and living in

Australia. We collected a total of 173 individuals, 107 of

who were right-handed (62%) and 66 of who were left-

handed (38%). Handedness was assessed using the Edin-

burgh Inventory,12 which was posted to participants.

Laterality quotient scores (LQ scores) were calculated for

every participant.12 Individuals were excluded from the

study if their LQ scores and handedness for writing were

contradictory.

Sample preparation

Mouthwashes were used as the primary source of DNA.13

The buccal cells in the 10 ml water mouthwash were

pelleted down by centrifugation for 15 min at

3000 rpm. Following resuspension of the pellet in

300 ml SE buffer (0.75 M NaCl, 25 mM EDTA), the cells

were lysed and the proteins were denatured by

addition of 15 ml of Proteinase K (5 mg/ml, Roche

Molecular Diagnostics, Mannheim, Germany) and 145 ml

of 20% SDS with incubation for 2 h at 378C. The DNA

was then extracted using an ethanol precipitation. DNA

concentration was determined spectrophotometrically

and the samples were diluted to a final concentration

of 25 ng/ml of DNA.

Candidate region selection and determination

Chromosome 14q32 was treated as a candidate region

because the human orthologue of the gene Lrd was origin-

ally reported to be located in this region14 although it is

now known that this gene is located at chromosome 7p22

(M Brueckner, personal communication). Markers

D14S272, D14S260, D14S542 and D14S1007, located on

chromosome 14q32 near the Ig constant heavy-chain

region, were employed to analyse this region.

The candidate regions for the other dyneins were

determined through a combination of the information

present in different databases and the study by Vaughan

et al.9 The candidate region for Dnahc1 (Dynein Axone-

mal Heavy-Chain 1) is located on murine chromosome

14, and the human syntenic region is chromosome

3p21-14, which contains markers D3S3647 and

D3S1300. Human chromosome 6p21 is the candidate

region for DNAHC6 and DNAHC8, which are localised

on mouse chromosome 6 and 17 respectively. Dnahc13

is localised on mouse chromosome 12 with the human

syntenic region being at 14q32.9 The same markers were

analysed for this region as for the candidate region of

Lrd. A cytoplasmic dynein heavy-chain (Dnchc1) has the

same localisation in mouse and human as Dnahc13.

Dnahc2 has been localised to mouse chromosome 11

and human chromosome 17p13, which contains markers

D17S786 and D17S1828.

The human NODAL gene is located in a 4 cM interval on

chromosome 10 between markers D10S210 and D10S537

(Genemap 99 http://www.ncbi.nlm.nih.gov/genemap/). To

analyse this region, markers D10S1670, which was located

less than 1 cM away from D10S210, and D10S537 were

chosen.

Radiation hybrid mapping

The Genebridge4 Radiation hybrid mapping panel was used

to determine the localisation of the LRD gene. Primers

RG252K1 (TCACATGAACTGTAATGTTTG) and RG252K2

(AATAACACATCCTGGTCATAC) were employed in the

PCR on the panel.

Candidate gene analysis for human handedness
T van Agtmael et al

624

European Journal of Human Genetics



Microsatellite analysis

Fragments were amplified with different annealing tempera-

tures between 528C and 588C depending on the

microsatellite, on a Geneamp 9700 PCR system (Perkin

Elmer, Foster City, USA). PCR conditions included an initial

2 min denaturation step at 948C followed by 33 cycles of

denaturation at 948C for 45 s, annealing for 45 s at the

specified temperature and extension for 45 s at 728C. An

additional 2 min extension step at 728C was used as the

final step in every PCR reaction. PCR reactions were

performed in a final volume of 20 ml using 25 ng of DNA,

4 pmol of each dNTP, 100 ng of primer, a standard reaction

buffer and a final MgCl2 concentration between 1 and

2 mM (depending on the microsatellite).

The markers for chromosome 14 were fluorescently end-

labelled and separation of the PCR products was done on a

Corbett fragment analyser (Corbett Research, Sydney,

Australia). Other microsatellites were radioactively end-

labelled with g[33P]-dATP and the fragments were separated

on a 6.5% denaturing acrylamide gel.

Data analysis

Linkage analysis and simulation studies were done using

the programs of the Linkage package.15 Genehunter16 was

used for the non-parametric analysis on the nuclear

families. Two genetic models were used in the parametric

data analysis. The model by Klar7 was coded as autosomal

recessive with 50% penetrance to account for the 50%

chance of becoming right-handed with an r/r genotype.

Gene frequencies were set at 58 and 42% for the R and r

frequencies respectively, as postulated by Klar.7 The model

of McManus6 was coded as autosomal dominant with

50% penetrance for the C/C genotype and 25% penetrance

for the D/C genotype. McManus proposed the gene

frequency for the C and D allele to be 15.5 and 84.5%

respectively in the general population.6 We used these

frequencies in our linkage calculations using the model of

McManus.

Results
Candidate regions

Left-handedness can be considered as a feature of left-right

asymmetry. Hence genes involved in the establishment of

left-right asymmetry can be considered as candidate

genes.11 Because the murine gene Lrd, an axonemal

heavy-chain dynein, is involved in the development of

left – right asymmetry,8 the region of the human LRD gene

and other axonemal dyneins were treated as candidate

regions. An overview of the analysed axonemal dynein

heavy-chain candidate regions is given in Table 1 (see Mate-

rials and methods for a more detailed description of the

determination of the candidate regions and the chosen

microsatellites).

Localisation of the human LRD gene

To determine the localisation of the human orthologue of

Lrd, the sequence of the Lrd gene was used in a Blast search

which showed that BAC RG252K19 contains the human

orthologue. Radiation hybrid mapping using the Gene-

bridge 4 panel with two primers from BAC RG252K19

localised RG252K19 and thus LRD, telomeric to marker

D7S531 on chromosome 7p22 (see Table 1 for the micro-

satellites used to analyse this region.)

Candidate gene analysis using the extended pedigree

Allele sharing results in the extended pedigree Manual

allele sharing analysis was employed to study the different

candidate regions in the extended pedigree. The model of

Klar stipulates that all left-handed individuals must be r/r

homozygous. Therefore the left-handed parent of a right-

handed child can pass either of the r alleles to any child,

whether the child is right- or left-handed. The feature of

fluctuating asymmetry in the genetic model means that

right-handed individuals can also have the r/r genotype.

Right-handed parents who are r/r homozygous would also

pass on either of the r alleles to their left-handed chil-

dren.

Due to the high gene frequency of the r allele in the

general population, an r-allele introduced into the pedigree

by a non-founder may not have the same surrounding

haplotype as the r-allele of the founders. This can result

in two different marker haplotypes in r/r homozygous

parents.11 Consequently, left-handed children of these r/r

right-handed parents could still be linked to the same locus

without having inherited the same marker haplotype.11

These characteristics have to be taken into account when

performing segregation analysis and can be used to measure

a degree of linkage.

Table 1 Overview of the different candidate regions

Localisation Gene Location Size Microsatellites

Chromosome 3 DNAHC1 3p21 10 cM D3S3647, D3S1300
Chromosome 6 DNAHC6/DNAHC8 6p21 7 cM D6S464, D6S1616
Chromosome 7 LRD 7p22 29 cM D7S2477, D7S1532, D7S531, D7S2508, D7S3047
Chromosome 10 NODAL 10p15 4 cM D10S1670, D10S537
Chromosome 14 DNAHC13 14q32 11 cM D14S272, D14S260, D14S542, D14S1007
Chromosome 17 DNAHC2 17p13 10 cM D17S786, D17S1828

The size of the different regions is given in centiMorgans (cM).
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Our analysis compared the observed segregation pattern

to the ideal segregation pattern one would expect under

complete co-segregation between left-handedness and the

linked marker. Practically, this implied assessing the

amount of observed allele sharing between left-handed

individuals. If left-handed individuals do not show allele

sharing, it will be necessary to invoke various r/r genotypes

in right-handed individuals to make the segregation pattern

correspond to a linked segregation pattern. Therefore the

higher the number of r/r haplotypes that have to be

assigned to right-handed individuals, reflecting the lower

amount of allele sharing in left-handed subjects, the less

likely a region will be linked. On the other hand, if no

assumptions have to be made this will indicate complete

allele sharing in left-handed individuals and the agreement

with the segregation pattern of a linked marker. It is then

feasible to assign degrees of possible linkage to the analysed

candidate regions.

The NODAL candidate region on chromosome 10 shows

allele sharing on the left side of the pedigree with left-

handed individuals sharing haplotype 4 : 2 at markers

D10S1670 and D10S210 (Figure 1). Complete segregation

of this haplotype can be observed in this side of the pedi-

gree, suggesting co-segregation of left-handedness with

these markers. On the right side of the family, the situation

is more complex as only individual IV: 26 has a haplotype

(haplotype 6 : 8) from one of the founders (Figure 1). Based

on the haplotypes of individuals IV : 26, IV : 27, IV : 28 and

IV: 37, we have to invoke a r/r genotype in individual

II : 6 to make the data fit with linkage. Hence, it can be

concluded that the results on the left side of the pedigree

are promising but need confirmation by linkage analysis

and candidate gene analysis in nuclear families.

For the DNAHC13 candidate region on chromosome 14,

haplotype 4 : 4 : 3 : 1, at markers D14S272, D14S260,

D14S542 and D14S1007, seems to segregate through the left

side of the pedigree (Figure 2). However, individual V: 11

does not have the 4 : 4 : 3 : 1 haplotype but this is possible

as both parents are left-handed. Although individuals

IV : 9 and IV: 10 share the 4 : 4 : 3 : 1 haplotype, it is possible

that this is by chance if the maternal haplotype is homo-

zygous 4 : 4 : 3 : 1. On the right side the 4 : 4 : 3 : 1 haplotype

is not shared between the left-handed individuals. However,

it can be concluded from the haplotypes of subjects IV : 37,

V : 14 and V: 15 who share haplotype 1 : 3 : 2 : 4, that left-

handed individual II : 5 has passed on the other haplotype.

To explain the haplotypes of subjects IV : 26, IV : 27 and IV:

28 we have to invoke a r/r genotype in subject III : 14

(Figure 2). In conclusion, the small number of right-handed

people that need to have an r/r genotype invoked suggests

possible linkage to chromosome 14.

No allele sharing was observed in the extended pedigree

for the other candidate regions (data not shown). Thus it

can be concluded that the NODAL and DNAHC13 regions

on chromosomes 10 and 14 require further investigation.

Linkage analysis using the extended pedigree

Linkage analysis with Klar’s model was used to analyse the

different candidate regions in the extended pedigree. The

highest LOD scores were obtained for the NODAL candidate

region with a LOD score of 1.62 at y=0.0 for marker

D10S1670 (Table 2). These results support the segregation

analysis results as the NODAL region showed the highest

degree of allele sharing. However, no significant negative

LOD scores were obtained for the other regions despite

the observed lack of allele sharing (Table 2), thereby illus-

trating the lack of power of the extended pedigree for

linkage analysis.

To assess the significance of the linkage analysis results,

we performed a simulation analysis of the extended pedi-

gree using the program SLINK.17,18 A maximum obtain-

able LOD score of 1.69 was obtained. This shows that

Figure 1 Microsatellite analysis of the chromosome 10 candidate region in the extended pedigree. Left-handed individuals are
represented by filled symbols.
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the obtained LOD score of 1.62 for marker D10S1670

warrants further investigation of this region using nuclear

families. Hence, 27 nuclear families consisting of right-

handed parents with left-handed children were used to

further analyse the different candidate regions.

Candidate gene analysis using nuclear families
Allele sharing analysis on nuclear families

An overview of the allele sharing analysis of the different

candidate regions in the nuclear families is given in Table

3. Based on the model of Klar, one can expect 75% allele

sharing for a linked marker in the different nuclear

families.11 The largest amount of allele sharing observed

with these microsatellites is 41% for marker D3S3647. Based

on these results it is unlikely that any of these markers are

linked to a locus for handedness. However, to complement

this analysis, parametric and non-parametric linkage analy-

sis was performed on the nuclear families.

Linkage analysis using Klar’s model

The results of the linkage analysis are given in Table 4a. At

y=0.1, markers D3S1300 and D6S1616 gave LOD scores

of 72.93 and 72.37 respectively thereby excluding the

chromosome 3 (DNAHC1) and chromosome 6 (DNAHC6

and DNAHC8) candidate regions. Linkage analysis for

chromosome 7 resulted in the exclusion of a proportion

of the candidate region. However, because the LOD

values obtained with D7S2477 exclude the region between

D7S2477 and D7S531, as a LOD value of 72.44 at y=0.05

was obtained, and LRD is located in the 3 cM interval

between D7S531 and D7S2477, the LRD candidate region

can be excluded. The NODAL candidate region can be

excluded by combining the regions excluded by the LOD

scores of markers D10S1670 and D10S537. Two-point analy-

sis of the DNAHC13 candidate region on chromosome 17

resulted in the complete exclusion of the interval as marker

D17S786 gave a LOD score of 72.86 at y=0.1. It can there-

fore be concluded that all candidate regions can be

excluded from harbouring a gene for human handedness

with the model of Klar.

Linkage analysis using the model of McManus

The calculations using the model of McManus resulted in

non-significant LOD scores for all markers analysed on

Figure 2 Microsatellite analysis of the chromosome 14 candidate region in the extended pedigree. Left-handed individuals are
represented by filled symbols.

Table 2 Allele sharing results of the candidate regions in
the nuclear families

Allele No allele Number %
sharing sharing of family sharing

D3S3647 7 8 17 41
D3S1300 5 15 20 25
D6S464 8 13 21 38
D6S1616 6 19 25 24
D7S2477 8 14 22 36.40
D7S1532 9 15 24 375
D7S531 7 11 18 38.90
D7S2508 6 18 24 25
D2S3048 6 18 24 25
D10S1670 6 12 18 33.30
D10S537 6 14 20 30
D14S272 6 10 16 37.50
D14S260 7 18 25 28
D14S542 7 18 25 28
D14S1007 7 16 23 30.40
D17S1828 8 16 24 33.30
D17S786 3 19 22 13.60

The number of families for which data could be collected is given.
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chromosomes 7, 10 and 14 (data not shown). Analysis of

the regions on chromosomes 3, 6 and 17 resulted in signif-

icant negative LOD scores for one of the analysed markers

(Table 4b).

Non-parametric linkage analysis

Non-parametric analysis failed to reach significant

values for any of the analysed markers (data not

shown). The highest NPL score was obtained for

marker D10S537 which gave a NPL score of 1.13 with

a pointwise P-value of 0.12. However marker D10S1670,

which gave the highest LOD score in the extended

pedigree, gave a negative NPL score of 70.27 with a

P-value of 0.58. It can therefore be concluded that

the NPL analysis confirms the manual allele sharing

analysis.

Table 3 LOD score table of the different candidate regions analysed with the extended pedigree

Klar

theta 0 0.01 0.05 0.1 0.2 0.3 0.4
D3S3647 70.12 70.06 0.08 0.15 0.18 0.13 0.07
D3S1300 70.12 70.05 0.16 0.3 0.36 0.26 0.11
D6S464 70.39 70.33 70.17 70.06 0.01 0 70.02
D6S1616 70.65 70.58 70.38 70.23 70.09 70.03 70.01
D7S2477 70.09 70.05 0.04 0.09 0.08 0.05 0.02
D7S1532 70.74 70.65 70.38 70.18 0.02 0.06 0.04
D7S531 70.2 70.13 0.04 0.15 0.19 0.13 0.05
D7S2508 71.71 71.47 70.87 70.47 70.1 0.02 0.03
D7S3048 70.21 70.17 70.06 0.01 0.04 0.03 0.01
D10S1670 1.62 1.57 1.38 1.16 0.74 0.38 0.11
D10S537 70.43 70.35 70.14 0 0.07 0.01 70.05
D14S272 0.27 0.3 0.38 0.39 0.31 0.18 0.08
D14S260 70.6 70.53 70.31 70.15 0 0.04 0.04
D14S542 70.19 70.09 0.12 0.24 0.27 0.2 0.1
D14S1007 0.62 0.6 0.53 0.45 0.3 0.18 0.07
D17S1828 0.94 0.91 0.81 0.68 0.42 0.18 0.03
D17S786 0.39 0.43 0.53 0.57 0.47 0.28 0.1

Table 4 Linkage analysis results of the different candidate regions in the nuclear families using the models of Klar (a) and
McManus (b)

a Klar
theta 0 0.01 0.05 0.1 0.2 0.3 0.4
D3S3647 72.23 72.02 71.39 70.88 70.33 70.11 70.02
D3S1300 76.7 76.15 74.42 72.93 71.22 70.42 70.09
D6S464 72.86 72.53 71.60 70.93 70.27 70.05 0.00
D6S1616 75.53 75.05 73.58 72.37 71.00 70.35 70.08
D7S2477 74.07 73.66 72.44 71.45 70.45 70.09 70.01
D7S1532 72.71 72.36 71.31 70.53 0.11 0.18 0.06
D7S531 72.50 72.21 71.32 70.66 70.07 0.05 0.02
D7S2508 73.58 73.21 72.05 71.13 70.24 0.02 0.02
D7S3048 75.90 75.40 73.81 72.47 70.97 70.31 70.06
D10S1670 72.97 72.71 71.91 71.26 70.53 70.19 70.04
D10S537 72.48 72.15 71.16 70.42 0.16 0.19 0.07
D14S272 73.18 72.92 72.09 71.40 70.61 70.22 70.05
D14S260 75.06 74.59 73.10 71.89 70.62 70.15 70.02
D14S542 73.92 73.47 72.18 71.21 70.29 70.01 0.01
D14S1007 74.58 74.18 72.96 71.92 70.77 70.25 70.05
D17S1828 74.11 73.66 72.33 71.28 70.27 0.02 0.03
D17S786 76.56 76.01 74.31 72.86 71.18 70.40 70.08

b McManus
theta 0 0.01 0.05 0.1 0.2 0.3 0.4
D3S3647 70.74 70.68 70.48 70.32 70.13 70.05 70.01
D3S1300 72.3 72.13 71.59 71.11 70.51 70.2 70.04
D6S464 70.98 70.88 70.59 70.35 70.10 70.02 0.00
D6S1616 72.12 71.96 71.43 70.98 70.44 70.17 70.04
D17S1828 71.00 70.87 70.50 70.22 0.02 0.05 0.02
D17S786 72.54 72.33 71.68 71.13 70.49 70.18 70.04
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Based on the linkage analysis results in the nuclear

families, all candidate regions can be excluded from

harbouring a gene with the models of Klar and McManus

which is supported by the data of the non-parametric

analysis.

Discussion
Left-handedness has been studied intensively, although

only a very small number of molecular projects have been

undertaken and the genetic model of human handedness

still remains to be elucidated. Because the inheritance

pattern of handedness in humans does not follow a classic

Mendelian inheritance pattern, it is often considered as a

complex trait.19 However, the proposed genetic models

such as those of Klar7 and McManus6 consider handedness

as a single gene trait with a non-Mendelian inheritance

pattern.

In order to test the feasibility of mapping genes for

human handedness we collected 27 nuclear families

consisting of right-handed parents and at least two left-

handed children, and an extended pedigree to analyse

different candidate regions. Left-handedness was modelled

as a single gene disorder with a non-Mendelian inheritance

pattern and candidate gene analysis was performed using

the models of Klar and McManus. The genetic right-shift

model of Annett,20 in which a right shift increases the

chance of humans being right-handed, was not used sepa-

rately in the analysis as her model is to a certain degree

quite similar to the model of McManus.6,20,21 However

underlying differences exist between the two models in

their description of handedness.21 Annett based her model

on the unimodal distribution of skill differences in handed-

ness20 rather than the bimodal distributed direction of

handedness (used by Klar and McManus), which indicates

what hand is used for unimanual tasks. It is the direction

of handedness that is more genetically determined than

the difference in skill.6

Manual segregation analysis of the extended pedigree

identified allele sharing in the NODAL and DNAHC13

candidate regions on chromosomes 10 and 14. LOD score

analysis resulted in non-significant LOD scores for all candi-

date regions with a maximum LOD score of 1.62 for marker

D10S1670 thereby supporting the results of the segregation

analysis of this region. However, similar LOD scores were

obtained for the regions on chromosome 14 and 17, despite

a marked difference in degree of allele sharing. These results

indicate the problematic nature of manual segregation

analysis and lack of sufficient power in the pedigree for

linkage analysis using Klar’s model.

The problems with the segregation analysis are caused by

the characteristics of Klar’s model. The fluctuating asymme-

try component of the model creates the possibility that

right-handed individuals have the same genotype at the

trait locus as left-handed individuals.7 Left-handed children

from these right-handed individuals do not have to share

the marker haplotype as the right-handed individuals could

have passed on either allele to their children.11 In addition,

due to the high gene frequency of the r allele, it is very

likely that the r allele will be introduced into the family

by a founder as well as non-founders. Therefore it is possi-

ble to invoke the presence of a second handedness

determining haplotype (introduced by a non-founder) to

explain the lack of allele sharing of the ancestral haplotype

between left-handed individuals. Based on this, the high

gene frequency and the fluctuating asymmetry in the

model make it possible to make any data fit a scenario of

linkage. This makes it impossible to exclude any candidate

region and the segregation analysis merely becomes a tool

to classify the degree of allele sharing or linkage.

Subsequent allele sharing analysis of the candidate

regions in 27 nuclear families indicated that the highest

amount of allele sharing was 41% for D3S3647. Given the

fact that 75% of families linked to a region will show

complete allele sharing,11 these results indicate the possible

exclusion of the analysed regions. Additional LOD score

analysis with the model of Klar resulted in the complete

exclusion of all regions thereby confirming the allele shar-

ing results. Non-parametric analysis and analysis with the

model of McManus resulted in non-significant results

except for markers D3S1300, D6S1616, D7S3048 and

D17S796 which gave significant negative results with the

model of McManus.

These results indicate that it is unlikely that a recessive

gene is linked to any of the markers tested in these families.

In addition, assuming that left-handedness is monogenic,

these results show that the positive result in the extended

family of chromosomes 10 is a false positive result.

However, it should be noted that as we have treated human

handedness as a monogenic trait with a non-Mendelian

inheritance pattern, the exclusion only applies to genes

with the specified genetic model. Results from the non-

parametric analysis support the exclusion of the analysed

candidate regions.

Although Corballis22 has argued against it, several reports

have suggested that a locus for handedness is located on

the X-chromosome23,24 which can act through X-inactiva-

tion in females.25 Association analysis on 180 pairs of left-

handed brothers resulted in a suggestive LOD score of 2.8

with marker DXS99026 if the data were analysed for a differ-

ence in variance of left-hand skill. However it has been

argued that it is the direction of handedness rather than

the skill difference that is genetically determined whilst

the degree and thus skill is more environmentally deter-

mined.6 In addition earlier reports22,27 at the time of

study did not specify a specific locus which made the X-

chromosome unsuitable for a candidate gene analysis.

However very recently Crow28 has suggested Protocadherin-

XY as the likely candidate.

The enormous progress that has been made in the eluci-

dation of the left – right asymmetry pathway has resulted in
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a plethora of candidate genes. Given the substantial

number of candidate genes a genome scan on handedness,

instead of candidate gene analysis, is recommended. A

genome scan would also reveal the absence or presence of

a locus with a major effect, thereby providing more infor-

mation regarding the genetics of human handedness.
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