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Introduction and Methods

Human behavioural genetics aims to unravel the genetic and environmental contributions to 

variations in human behaviour. Behaviour is a complex trait, involving multiple genes that are 

affected by a variety of other factors. Genetic epidemiological research of behaviour goes back 

to Sir Francis Galton (1822-1911), who systematically studied heredity of human behaviour and 

mind, introducing major statistical concepts such as correlation and regression towards the 

mean. After a brief period in which genetic research of behaviour fell into dismay as a result of 

its association to eugenics and the Nazi regime, there is at present growing scientific interest 

in genes and behaviour. Without a doubt, behaviour in humans and animals is for a large part 

genetically determined1. In this thesis, I have limited myself to a number of diseases and traits. 

Attention Deficit Hyperactivity Disorder (ADHD)

One of the most common psychiatric disorders that causes significant behavioural and social 

impairment throughout the life2, particularly in early childhood and adolescence is Attention 

Deficit/Hyperactivity Disorder (ADHD).  ADHD is a complex disorder in which both environmental 

and genetic factors are implicated. ADHD is characterized by inappropriate levels of inattention, 

hyperactivity and impulsivity that has an onset in childhood and that has major impact on 

aspects of behavior including learning. The disease is recognized increasingly, particularly 

among boys. ADHD is affecting between 8-12 percent of children worldwide, predominantly 

boys and is one of the most heritable psychiatric disorders. 

A large number of candidate gene studies have been conducted targeting proteins that are 

implicated in the pathology of ADHD, e.g. dopamine. Genes studied most are the dopamine 

transporter gene (DAT1), which maps to 5p15, the dopamine D4 (DRD4, 11p15), and D5 (DRD5, 

4p16) receptor genes. These studies have yielded a number of replicated findings but meta-

analyses show that the associated variants are of small effect sizes, with odds ratio ranging from 

1.13 to 1.9. Genome-wide linkage studies have pointed towards several loci including 1p36, 2q21, 

2q35, 4q13.2, 5p13, 5q13.1, 5q33.3, 6q12, 6q22-23, 7p13, 7q21, 9q22, 11q22, 13q12, 14q12, 15q15, 

16q23, 17p11, and several other regions with nominally significant evidence of linkage. Finally, 

genome-wide association studies (GWAS) have been conducted as part of the Genetics Analysis 

Information Network (GAIN), a public-private partnership between the National Institutes of 

Health and the private sector with the goal of promoting genome mapping for various complex 

diseases. None of the GWAS conducted so far have yielded any significant association for ADHD. 

CDH13 was however, replicated in three studies3. In this thesis, I have combined genome wide 

linkage analysis and association analyses to study the genetics of ADHD. 
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Personality

Research into human personality has always been an integral part of behavioral science and 

research goes back to Galton. Apart from influencing behaviour, personality traits are also 

important risk factors for many psychiatric and non-psychiatric disorders4-30. Personality traits are 

complex and heritable with heritability estimates ranging from 33 to 60%31-35. Various models 

for the assessment of personality have been developed and one of these is the five factor 

model that divides human personality into five basic, universal types including Neuroticism, 

Extraversion, Openness, Agreeableness and Conscientiousness36, assessed using the NEO 

Inventory (NEO-FFI or NEO-PI-R)36. These five traits, which were developed based on a lexical 

hypothesis, are defined by six baseline traits each, for instance, Neuroticism is defined by 

anxiety, hostility, depression, self-consciousness, impulsiveness and vulnerability; Extraversion 

is defined by warmth, gregariousness, assertiveness, activity, excitement seeking and positive 

emotion; Openness by fantasy, aesthetics, feelings, action, ideas and values; Agreeableness 

by trust, straightforwardness, altruism, compliance, modesty and tender-mindedness; and 

Conscientiousness by competence, order, dutifulness, achievement-striving, self-discipline and 

deliberation. 

The negative dimensionality of Neuroticism and its association with depression, addiction, 

digestive system disorders and cardiovascular problems made it an attractive trait to explore 

genetically especially in a candidate gene setting where the primary targets were the genes in 

the dopamine and serotonin pathways. Genes that have been implicated in personality through 

candidate gene studies include SLC6A4 and TPH1 for Neuroticism, ADH4 for Extraversion and 

Agreeableness and CHRM2 for Agreeableness and Conscientiousness. Also genome-wide 

linkage studies have performed somewhat better but targeted personality traits assessed with 

other instruments including Eysenck’s personality questionnaire (EPQ)37 (measures Neuroticism, 

Extraversion and psychotism or the Tri-dimensional Personality Questionnaire (TPQ)38 (assesses 

novelty seeking, harm avoidance and reward dependence). These studies have discovered 

several loci for Neuroticism/harm avoidance (see the chapter 3.1 for a detailed overview), of 

which 1q, 8p, 11q, 12q and 18q were replicated for Neuroticism in various studies. 

The advent of hypothesis free genome-wide association studies (GWAS) gave an opportunity to 

dig deep into the genetics of not particularly Neuroticism where some biological hypothesis in 

terms of plausible pathways was available, but also to explore other personality traits for which 

this information was almost entirely non-existent. The first GWAS39 on these five personality traits 

did not yield much but the sample size was most likely the limiting factor (N = 3,972). Although 

the CLOCK gene was associated with Agreeableness findings were not replicated. Another two 

GWAS relatively small GWAS (N = 1,227 and N = 2,235) suggested association of MAMDC1 and 

NKAIN2 genes with Neuroticism40-41. Realizing the need for larger sample sizes, a large meta-
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analysis including ~ 18,000 individuals from 10 cohorts, was performed which associated RASA1 

gene with Openness and KATNAL2 with Conscientiousness. However, also the findings on this 

large study remain to be replicated. There may be various explanations for the limited success of 

GWAS. The first is that the sample sizes were not impressive in terms of the number of subjects 

studied, variants discovered and the non-reproducibility of the findings. Other explanations may 

be related to the fact that the contribution of rare variants to the make up of human personality 

may be more important than expected or that more complex mechanisms are involved. The 

complex mechanisms that remain to be explored are parent of origin effects and the presence 

of structural variants including copy number variants (CNVs).

A parent-of-origin effect, or genomic imprinting, results from epigenetic modification of the 

genome which, in turn, results in unequal transcription of parental alleles. For these imprinted 

genes, expression of the alleles is dependent upon the sex of the parent from which they were 

inherited42. It has been shown that standard association analysis provides suboptimal power to 

discover disease susceptibility variants that exhibit parental-origin-specific effects43. At present 

the incorporation of parent-of-origin effects in the association model requires a family based 

setting. Although development of methods like long range phasing have been developed, 

which might enable population based studies to incorporate parent-of-origin effects in 

the association models, currently these methods have not been applied because of their 

computational complexities. A Transmission Disequilibrium Test (TDT), which requires family 

trios, is frequently used to test for parent-of-origin effects.

 CNVs are explained by genomic rearrangements that sometimes lead to a deletion, duplication, 

inversion or a translocation of certain genes which changes the number of copies of those genes. 

As a consequence, a person may carry less than two (deletion) or more than two (gain) copies of 

the gene (called CNVs) resulting in the loss or gain of a function. CNVs may either be inherited or 

caused by de novo mutation. Microarray data may be used to evaluate the evidence for CNVs. A 

loss or a gain in the probe intensities coupled with increased homozygosity or mosaicism of the 

genotype frequencies of the SNP probes points towards the presence of CNVs.

Linkage analysis is a powerful tool to detect rare variants and now that the next generation 

sequencing techniques are providing an opportunity to zoom into the DNA further, the time is 

ripe for finding the actual causal variants. In the chapter 3 of this thesis I use various contemporary 

gene mapping techniques to find susceptible genes (regions) that influence personality traits.

	

Sleep and caffeine use

Sleep is highly complex anabolic state generated by multiple brain regions and neurotransmitter 

systems44, accentuating the growth and rejuvenation of the immune, nervous, skeletal and 



Introduction and Methods

17

muscular systems. Sleep is known to be regulated by two mechanisms: (1) a circadian process 

that regulates the sleep-wake cycle (i.e., for being awake during the day and asleep during 

night) and (2) a homeostatic process that regulates the duration of sleep according to the sleep 

pressure that accumulates during wakefulness, i.e. the longer the period of wakefulness during 

the day, the greater the sleep pressure and the greater will be the duration of sleep when it is 

permitted44. Sleep disturbances are associated with cognition45, body mass index (BMI)46, blood 

pressure, and cardiomyopathies47-48. Apart from psycho-somatic health, the morbidity and 

mortality associated with car crashes due sleepiness are high with short duration of sleep having 

the greatest negative impact on alertness49. Short sleep has also been linked to disease50-51 

and mortality52. Sleep latency (time to fall asleep) is associated with academic performance in 

children and adolescents53 and also known as an important measure of well being54. Persistent 

increase in sleep latency is a major characteristic of sleep onset insomnia and delayed sleep 

phase syndrome55-57. Despite high heritability estimates (sleep duration h2 = 40%, sleep latency 

h2 = 44%) these traits remain genetically unexplored. Most genetic findings for sleep duration 

come from gene knockout studies in mice and drosophila; these include NPAS2, BMALI, CLOCK 

and DEC2 (regulating sleep duration)58. A small-scale genome-wide scan and a candidate clock 

gene study reported weak associations of sleep duration with common gene variants of PROK259 

and CLOCK60. So far no genetic variant has been reported for sleep latency.  

	

Coffee/caffeine is a known sleep antagonist61 yet the most widely used beverage worldwide with 

known health benefits62-63. It is a primary source of caffeine among adults and also a model for 

addiction64-65. Caffeine is known to have behavioral effects and many users experience beneficial 

effects on psychomotor speed, mood and alertness66-68, while others experience negative effects 

such as insomnia, anxiety and dysphoria69-70. The genetic contribution to coffee intake has been 

estimated to be in the range of 39 to 56%. Most genetic studies have focused on caffeine and 

restricted the genes search primarily to polymorphisms in the CYP1A2 gene71-72, which is known 

to be involved in the metabolism of caffeine. Further, a polymorphism in the ADORA2A gene has 

been associated with caffeine consumption in a candidate gene study73. To date no large scale 

systematic effort has been made to uncover the genes associated with coffee intake.

Study Population(s)

The studies in the first part (chapters 2 & 3) of this thesis targeting ADHD and personality 

are essentially conducted primarily within the framework of the Genetic research in isolated 

population (GRIP) program. The study sample consisted of ~ 3,000 individuals who participated 

in the Erasmus Rucphen Family (ERF) study74. The ERF cohort was ascertained from a genetically 

isolated region in the southwest of the Netherlands. The study population descended from 20 

related couples that lived in the isolate between 1850 and 1900; genealogical data, available 

from 1750, captures all individuals in a single 23 generation pedigree including more than 
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23,000 individuals. Pedigree members 18 years and older were invited to participate. Spouses 

were invited only for descendents who had children older than 18 years. The pedigree is marked 

by multiple consanguinity and increased inbreeding. Replication is crucial is modern genetic 

research. In this thesis we sought replication in the GAIN consortium (958 proband-parent trios) 

for ADHD, which included samples from eight countries including Belgium, Germany, Ireland, 

Israel, the Netherlands, Spain, Switzerland, and the United Kingdom. The study presented in 

chapter 3.2 also includes twin samples from Netherlands (NTR) and Australia (QIMR), which are 

described below.

The studies in the second part (chapter 4) of this thesis are conducted in a larger framework 

including the ERF and the Rotterdam study (RS-I & RS-II). The Rotterdam Study-I (RS-I) is a 

prospective population-based cohort study of 7,983 residents aged 55 years and older living 

in Ommoord, a suburb of Rotterdam, the Netherlands and The Rotterdam Study-II (RS-II) is a 

prospective population-based cohort study of respectively 3,011 residents aged 55 years and 

older. Other studies include:

•	 EGCUT: The Estonian Genome Center, University of Tartu (EGCUT) is a bio-bank 

consisting of data of 40000 individuals from a population based Estonian cohort aged 

18 years and older.

•	 KORA: The KORA research project has evolved from the WHO MONICA study 

(Monitoring of Trends and Determinants of Cardiovascular Disease). The KORA study 

uses the samples from the KORA S4 survey, which is a population-based sample from 

the general population living in the region of Augsburg, Southern Germany.

•	 KORCULA: The Korcula Study is a family-based, cross-sectional study on the Dalmatian 

island of Korcula.

•	 NESDA: The Netherlands Study of Depression and Anxiety includes ~ 1800 unrelated 

cases with a current or remitted major depressive disorder and ~ 1800 healthy 

controls.

•	 Netherlands Twin Register (NTR), which was established in 1987 and contains 

information about Dutch twins and their families voluntarily taking part in research.

•	 ORCADES: The Orkney Complex Disease Study is a family-based cross sectional genetic 

epidemiological study in the isolated Scottish islands of Orkney. Genetic diversity is 

decreased compared to the mainland Scottish samples, consistent with high extent 

of endogamy.

•	 SPLIT: The SPLIT study is a population based cohort study of 416 individuals residing in 

the city of Split, Croatia.

•	 SHIP: The Study of Health in Pomerania is a longitudinal population-based cohort 

study in West Pomerania, a region in the northeast of Germany with a total population 

of 212,157 inhabitants.
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•	 TwinsUK: The TwinsUK cohort consisted of a group of twins ascertained to study 

the heritability and genetics of age-related diseases (www.twinsUK.ac.uk). These 

unselected twins were recruited from the general population through national media 

campaigns in the UK and shown to be comparable to age-matched population 

singletons in terms of disease-related and lifestyle characteristics.

•	 QIMR: Consists of twins recruited from the Australian Twin Registry who were mailed 

a Health and Lifestyle Questionnaire between 1980 and 1982. Twins were recruited 

through national media campaigns.

•	 LifeLines: The LifeLines Cohort Study is a multi-disciplinary prospective population-

based cohort study examining in a unique three-generation design the health and 

health-related behaviours of 165,000 persons living in the North East region of The 

Netherlands. All survey participants are between 18 and 90 years old at the time of 

enrollment. Recruitment has been going on since the end of 2006, and until January 

2011 over 40,000 participants have been included.

A formal description of these cohorts is provided in the forthcoming chapters.

Statistical Analysis

From a statistical perspective various approaches can be distinguished in gene discovery. In 

family based studies, linkage analysis can be conducted. In this analysis we study the segregation 

of the trait with a genomic region that encompasses a mutation involved in the disease. The 

approach is most powerful to detect major mutations, that are relatively rare and have a impact 

on the disease risk. In population-based studies, association analyses can be conducted, in 

which certain variants are related to the presence of disease. 

Linkage Analysis

Linkage analysis is based on the fact that alleles at the same locus on a chromosome should 

co-segregate at a rate (recombination rate) that is directly proportional to the distance 

between these alleles. The objective of linkage analysis is to estimate the recombination rate 

(conventionally denoted by θ). Under the null hypothesis of no linkage θ = 0.5. The two alleles 

are said to be linked if they co-segregate more often than expected or in other words θ < 0.5. 

Log of odds (LOD) scores are generally used to test linkage. These are estimated as
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Classical linkage requires the specification of the disease model in terms of the allele frequency 

and the mode of inheritance (e.g. dominant, recessive). Although the approach may be 

powerful to find the genetic origin of disease in families affected with a monogenetic disease, 

the approach is not powerful for complex diseases due to the presence of multiple phenocopies 

(person with the same disease but with a different (genetic) origin). To overcome this problem, 

non-parametric methods have been developed including variance components for quantitative 

outcome. Non-parametric linkage analysis relies on sharing of alleles identical by descent (IBD) 

or identical by state (IBS) between affected relatives

Linkage Analysis 
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 where ‘S’ is the allele transmission count. Since the test ignores between family variation and 

families with homozygous parents, this results in the loss of power of the association analysis. 

However for specific application such as parent-of-origin testing or haplotype association 

analysis the TDT is powerful. In the next chapter I propose a new and more powerful test for 

association analysis of quantitative traits in family based samples. 
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ABSTRACT

Feasibility of genotyping of hundreds and thousands of single nucleotide polymorphisms (SNPs) 

in thousands of study subjects have triggered the need for fast, powerful, and reliable methods 

for genome-wide association analysis. Here we consider a situation when study participants 

are genetically related (e.g. due to systematic sampling of families or because a study was 

performed in a genetically isolated population). Of the available methods that account for 

relatedness, the Measured Genotype (MG) approach is considered the ‘gold standard’. However, 

MG is not efficient with respect to time taken for the analysis of genome-wide data. In this 

context we proposed a fast two-step method called Genome-wide Association using Mixed 

Model and Regression (GRAMMAR) for the analysis of pedigree-based quantitative traits. This 

method certainly overcomes the drawback of time limitation of the measured genotype (MG) 

approach, but pays in power.  One of the major drawbacks of both MG and GRAMMAR, is that 

they crucially depend on the availability of complete and correct pedigree data, which is rarely 

available. In this study we first explore type 1 error and relative power of MG, GRAMMAR, and 

Genomic Control (GC) approaches for genetic association analysis. Secondly, we propose an 

extension to GRAMMAR i.e. GRAMMAR-GC. Finally, we propose application of GRAMMAR-GC 

using the kinship matrix estimated through genomic marker data, instead of (possibly missing 

and/or incorrect) genealogy. Through simulations we show that MG approach maintains high 

power across a range of heritabilities and possible pedigree structures, and always outperforms 

other contemporary methods. We also show that the power of our proposed GRAMMAR-GC 

approaches to that of the ‘gold standard’ MG for all models and pedigrees studied. We show 

that this method is both feasible and powerful and has correct type 1 error in the context of 

genome-wide association analysis in related individuals.	
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INTRODUCTION

Most of the complex genetic diseases have risk factors that are quantitative in nature. For 

instance, cholesterol level is a risk factor for myocardial infarction, Body mass index is a risk factor 

for type 2 diabetes. These quantitative traits (QTs) often have strong genetic determinants. It 

is therefore, of considerable interest to map the genes underlying QTs1. For most QTs relevant 

for human health and disease a large proportion – ranging from 30 to 80%  – of variation is 

explained by genetic factors. Multiple genes are expected to contribute to this variation. The 

proportion of variation explained by a single gene is expected, however, to be small (less 

than 5%). For example, one of most known quantitative trait loci (QTLs), APOE is strongly and 

consistently associated with increased total cholesterol levels. Yet it explains only about 2-5% of 

the variation of this trait2-3. When effects of specific common variants are expected to be small, 

association analysis provides a powerful approach to identify the gene compared to linkage 

analysis4. Genome-wide association analysis is a powerful tool to disentangle the complexity of 

quantitative traits, even in family based studies. 

For pedigree-based association analysis several methods and software packages have 

been developed that utilize information about transmission of alleles, such as the orthogonal 

test for within-family variation 5 and family-based association test 6-7. As these methods analyze 

within-family variation, they are robust to population stratification. However, these methods 

ignore a large proportion of information provided by the between-family variation leaving room 

for improvement. 

A conventional polygenic model of inheritance, which is a statistical genetics’ “gold standard”, is 

a mixed model 

				     y = μ + G + e,

where μ is the overall mean, G is the vector of random polygenic effect, and e is the vector of 

random residuals. This model may be extended to study association by including a kg term, 

where k is the marker genotype effect, and g is the vector of genotypes. Such a model is known 

as the measured genotype (MG) model8. The MG approach, implemented using (restricted) 

maximum likelihood, is a powerful tool for the analysis of QTs when ethnic stratification can 

be ignored9-10 and pedigrees are small or when there are few dozens or hundreds of candidate 

polymorphisms to be tested. This approach, however, is not efficient in terms of computation 

time. This hampers the application of MG in genome-wide association analysis. 

We proposed a fast two-step approximation to MG, a Genome Wide Rapid Association 

using Mixed Model and Regression (GRAMMAR)11 . In the first step the individual environmental 

residuals are estimated, using additive polygenic model. Then the test of association is performed 

using these familial correlation-free residuals with a rapid least squares or score method. Though 

the two-step method is indeed computationally efficient and outperforms family based 

approaches like FBAT and QTDT in terms of power and speed, it loses power compared to MG11. 
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The test becomes increasingly conservative and less powerful with the increase in the number 

of large full-sib families and increased heritability of the trait. Interestingly, empirical power of 

GRAMMAR is very close to that of MG.

Both classical MG and GRAMMAR approaches rely heavily on the availability, 

completeness, and correctness of genealogical information. When these assumptions are 

violated, the most likely outcome is inflation in type 1 error. Practically, genealogical information 

may often be available only for a limited number of generations, it may be inaccurate, and it may 

become increasingly inaccurate back in time. This may be taken as an argument for application 

of underpowered TDT-like methods to avoid false positive or negative results.

We and others reason that genomic data can be used to correct for the (only partly 

observed) true genealogy. With the new array technologies, large numbers of markers can be 

typed over the genome. These provide information on ‘genomic background’, which can be 

used to infer population (sub) structure and relations between study participants, which is 

classically done using the genealogy. In a recent study of type 2 diabetes, genomic control (GC) 

was applied to control for relatedness among cases and controls from Icelandic population12, 

However, the type 1 and  2 errors of GC were not yet systematically investigated in the context 

of pedigree data analysis. In this study we aim to exploit the ideas of genomic background to 

extend our work on family based association11 and determine how powerful and efficient the 

method for genome-wide association analysis of QTs in samples of related individuals is. 

METHODS

Only minor proportion of markers in a genome-wide association study is expected to be 

truly associated with an analysis trait, and a vast majority of the markers may be thought of as 

realizations under the null hypothesis and can be used to characterize the null distribution of the 

test statistics. This idea follows that of Genomic Control (GC) method13, which was introduced in 

the context of association analysis in population-based studies, where population stratification 

and cryptic relatedness may be present.

Following Devlin and Roeder13-14 we suggest estimation of the test statistic inflation 

factor λ by regressing the trait on N loci. From each regression analysis, estimate T
i
2=β

i
2/ Var(β

i
), 

where β
i
 is the effect of the i-th SNP (i from 1 to N) and Var(β

i
) is the variance of the estimate. 

Inflation factor is estimated as 

		       λ
 
= Median (T

1
2,T

2
2,…,T

N
2)/0.456

where 0.456 is the median of the χ
1

2 distribution with a non-central variance equal to φ. The 

number of loci used, N, in a genome-wide association study is typically reflecting all loci 

investigated or the ones generating lowest 95% of test statistics15-16. It should be noted that the 

value of λ in conventional GC is constrained to be greater than one as values less than one have 

no theoretical meaning.
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We propose use of GC to correct for conservativeness of the GRAMMAR approach 

outlined earlier. This method which we call GRAMMAR-GC involves three steps: (a) trait heritability 

is estimated by using trait and pedigree data using the following mixed model 
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following mixed model  

yi = μ + 
j
 βj cij + Gi + ei 

where βj is the effect of jth covariate , cij is the value of jth covariate and μ, G, and e are 

defined earlier. And environmental residuals are estimated as  

*
iy  = y – ( ˆ  + 

j
 βj cij + iĜ ) 

 (b) the markers are tested for association with these residuals using simple linear 

regression  

*
iy  = μ + kgi + ei 

where k and g are defined earlier 

(c) GC procedure is applied to correct the test statistic. The deflation factor  is estimated 

by regressing residuals from step (a) on each of the k null loci and from each regression 

analysis Tk
2 = 2ˆ

k /var k
ˆ )  is estimated, where k

ˆ  is the effect of the kth  SNP. 

factor    is estimated as  ζ ˆ = median (T1
2,T2

2,…,TK
2)/0.456.  Then T  / 2  ̂  is compared with 2

)1(  to 

determine whether the locus is significantly associated with the QT 14. 

Steps (a) and (b) comprise the original GRAMMAR approach, leading to a 

conservative test. In step (c), GC is used to estimate the deflation factor .  This deflation 

factor is estimated in exactly the same way Bacanu et al. 14 estimate inflation factor λ for 

quantitative traits. The only difference is that  < 1 in contrast to  in conventional GC 

methods which is constrained to be > 1. This difference comes from the fact that residuals 

from step (a) are regressed on null loci to obtain the estimate of  instead of original trait 

data as in conventional GC.  

The original GRAMMAR relies on the availability of a precise and complete 

pedigree structure for heritablity estimation in step (a). This can, however, be done by 

using kinship coefficients estimated from genomic data where the genomic estimate of 

kinship for a pair of individuals i and j is obtained using the formula 17 
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ij
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earlier. And environmental residuals are estimated as
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(b) the markers are tested for association with these residuals using simple linear regression
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where k and g are defined earlier

(c) GC procedure is applied to correct the test statistic. The deflation factor ζ is estimated 

by regressing residuals from step (a) on each of the k null loci and from each regression 
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where g
ik
 is the genotype of the i-th person at the k-th SNP of the (coded as 0, 1/2 and 1, for rare 

allele homozygote, heterozygote and common homozygote, respectively), p
k
 is the frequency 

of the major allele, and n is the number of SNPs used for kinship estimation.

Heritability is then estimated by maximizing the log-likelihood of the data
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where y is the vector of trait values,  is the mean and  = G
2 + Ie

2 is the variance-

covariance matrix. Here,  is the relationship matrix whose elements are defined as 2 fij, 

G
2 is the additive genetic variance due to polygenes, I is the identity matrix and e

2 is the 

residual variance. Trait environmental residuals were obtained as  

)ˆ(ˆˆ 12*    yy e  

To avoid confusion we refer to the new method as Pedigree GRAMMAR-GC 

where y is the vector of trait values, μ is the mean and Σ = φσ
G

2 + Iσ
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2 is the variance-covariance 
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matrix. Here, φ is the relationship matrix whose elements are defined as 2 f
ij
, σ

G
2 is the additive 

genetic variance due to polygenes, I is the identity matrix and σ
e

2 is the residual variance. Trait 

environmental residuals were obtained as 

where gik is the genotype of the i-th person at the k-th SNP of the (coded as 0, 1/2 and 1, 

for rare allele homozygote, heterozygote and common homozygote, respectively), pk is 

the frequency of the major allele, and n is the number of SNPs used for kinship estimation. 

Heritability is then estimated by maximizing the log-likelihood of the data 

 )()(log
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log 1    yyL T
e  

where y is the vector of trait values,  is the mean and  = G
2 + Ie

2 is the variance-

covariance matrix. Here,  is the relationship matrix whose elements are defined as 2 fij, 

G
2 is the additive genetic variance due to polygenes, I is the identity matrix and e

2 is the 

residual variance. Trait environmental residuals were obtained as  

)ˆ(ˆˆ 12*    yy e  

To avoid confusion we refer to the new method as Pedigree GRAMMAR-GC To avoid confusion we refer to the new method as Pedigree GRAMMAR-GC (PedGR-

GC) when in step (a) heritability is estimated from the genealogy, and Genomic GRAMMAR-

GC (GenGR-GC) when the heritability is estimated from the genomic data. For PedGR-GC, 

environmental residuals were estimated using ASReml 18. All other computations were performed 

using freely available R software (http://www.r-project.org); computations associated with 

GenGR-GC were facilitated by GenABEL package for R19, implementing procedures to compute 

genomic kinship, maximize polygenic models and compute the residuals. 

Pedigrees used

To investigate type 1 error and power of the proposed methods we used three different 

 pedigree structures representing three different study scenarios. For example, Nuclear pedigrees 

(NP) simulated a study performed in the outbred population, the Erasmus Rucphen Family study 

(ERF) population is a study of a genetically isolated population and Idealized Pig Population (IPP) 

simulates a livestock population. 

NP:  337 sib-trios each having 3 phenotyped and genotyped siblings; in total, 1011 individuals 

were available for the analysis. The founders in each pedigree were assumed to be unrelated.

ERF: 1010 phenotyped and genotyped individuals all related to each other in a single large 

complex pedigree of about 10,000 individuals. The pedigree extends up to 23 generations and 

contains thousands of loops. The phenotyped individuals are a part of Erasmus Rucphen Family 

(ERF) study, performed in a young genetically isolated Dutch population20.

IPP: idealized pig population, consisting of 10 sires, each mated with 10 dams, nine of which 

have 10 and one 11 measured offspring. Thus each sire has 101 half-sib offspring in families of 

10 full-sibs. In total 1010 phenoytped individuals were available for the analysis.

Genetic data was simulated using each of these pedigrees under several models. The 

SNP that was analyzed for association had a minor allele frequency of 10%. For studying type 1 

error this SNP was not associated with the trait while for studying power this SNP explained 1, 

2, or 3% of the total trait variation and acted in an additive manner. The total heritability of the 

trait was set to 30, 50, and 80% and this included the variation due to the QTL studied. To enable 

genomic control, we also simulated 200 unlinked SNPs for each realization. 

These pedigrees and models were used to evaluate original GRAMMAR and thus we 

can directly compare type 1 error and power of the suggested methods to these evaluated by 

Aulchenko et al 11, namely, MG, DFS (linear regression which does not take family structure into 

account), QTDT and FBAT. 
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RESULTS

Table 1 shows the 95th percentile of the test statistic and type 1 error (proportion of simulations 

that resulted in a c2 ≥ 3.84 and c2 ≥ 6.64, corresponding to tabulated α = 0.05 and 0.01 

respectively) for GC and PedGR-GC and GRAMMAR. For GC and PedGR-GC  type 1 error is close 

to the nominal α while GRAMMAR is conservative and this conservativeness increases with the 

increase in the number of sibships and the heritability of the trait.
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Figure 1: power of MG (red line), GRAMMAR (green line), PedGR-GC (blue dashed line), and GC (pink dashed 
line) to detect association under different heritability models and pedigree structures. The three rows show 
the power under different heritability models (from 30% to 80%) and the three columns show power 
achieved in different pedigrees namely nuclear pedigrees (NP), Erasmus Rucphen Family (ERF), and idealized 
pig population (IPP). The y-axis of each panel shows power while the x-axis shows the proportion of variance 
explained by the QTL under study. The red (for MG), green (for GRAMMAR), blue (for PedGR-GC), and pink (for 
GC) circles show the empirical power estimates. The power estimates are based on a = 0.01. The empirical 
power estimates are based on 1000 simulations for NP, and IPP, and 100 simulations for ERF.
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Supplementary Table 1 and Figure 1 illustrate the power of the proposed (GC and PedGR-GC) 

and previous methods (MG and GRAMMAR). In the Figure 1, power to reach c2 ≥ 6.64 (a = 0.01) 

is depicted with circles. From the available evaluation points we also estimated the slope of 

linear regression of non-centrality parameter on proportion of variance explained and used this 

slope to derive power curves. 

Figure 1 shows that the power of PedGR-GC (blue dashed line) is very close to the 

power of the ‘gold standard’ measured genotype approach (red line) for all scenarios. These two 

methods appear to be the most powerful of all methods for all pedigree structures and genetic 

models evaluated. The power of GC (pink dashed line) is close to that of MG and PedGR-GC 

when the heritability is low but its’ power declines when the heritability of the trait increases or 

when pedigrees with large number of full-sib families (IPP) are investigated. GRAMMAR (green 

line) performs similar to GC in a sample of nuclear families and in the ERF sample, but is more 

powerful when IPP pedigree is investigated. 

To study the potential of described methods on genome-wide scale we used 695 

people who are a part of the ERF pedigree and who were genotyped using Illumina 6K SNP 

linkage panel. Based on pedigree records, the 695 people formed 471 pairs of first-, 311 pairs of 

second-, 681 pairs of third- and 1,105 pairs of forth-degree relatives and 223,578 pairs of more 

distant relationship. 

We generated 500 replicas for each of the models assuming total trait heritability of 

30, 50 and 80%. In each replica, we selected five hundred random SNPs each explaining equal 

proportion of variance amounting to the total heritability minus 4%, and one random SNP 

explaining 4% of the phenotypic variance. The analysis trait was obtained as a sum of the SNP 

effects and a random number from the Normal distribution with mean zero and variance 0.7, 0.5 

or 0.2 for total trait heritabilities of 30, 50 and 80%, respectively.

Type one error was estimated as the proportion of non-associated SNPs (> 2.5 million 

tests in total) showing association P-value of 5% or less. The statistical power was estimated as 

the proportion of replicas in which the SNP explaining 4% of variance passed genome-wide 

significant threshold (Bonferroni-corrected p-value 0.05 / 5524 = 9 * 10-6). 

For analysis, we used GC, PedGR-GC and GenGR-GC. For GenGR-GC, the kinship matrix 

used was estimated from genomic information on 5524 autosomal SNPs typed in 695 members 

of the ERF study. 

All methods showed a genome-wide type 1 error which was very close, but lower than 

the pre-specified threshold of 5% (Figure 2A). The methods tended to be more conservative 

at higher heritabilities. These results are consistent with the observations of others, that GC is 

conservative, and can be explained by the fact that all SNPs, some of which were associated with 

the trait, are used to estimate the null distribution of the test statistic. 
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Figure 2 
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Figure 2: type 1 error (A) and power (B) to achieve 5% genome-wide significance at the truly associated SNP 
in a study of 695 ERF people genotyped for 5524 autosomal SNPs.

DISCUSSION

In this work we aimed to develop fast and powerful methods for genome-wide association 

analysis in samples of related individuals by exploiting the ideas of genomic background for 

correction of the distribution of the test statistics and for inferring the relation between study 

subjects. We show that methods, which exploit only genomic background, such as Genomic 

Control (GC) and GRAMMAR-GC using genomic kinship, are powerful and genome-wide feasible 

methods. Moreover, genomic GRAMMAR-GC, which infers genetic relations from genomic data, 

may be superior to the methods that use pedigree information in an exact manner.

 Our simulations show that GC is a valid method to study data coming from samples of 

related individuals. GC can be a powerful tool for the analysis of pedigree based quantitative trait 
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loci. It outperforms traditional family based approaches like QTDT and FBAT (cf. Table 1 & Table 2 

of Aulchenko et. al.11). The power of GC is close to that of the ‘gold standard’ measured genotype 

approach when trait heritability is low or moderate and human pedigrees are studied. However, 

the power of GC drops notably with high trait heritability and when pedigrees involve very large 

sibships, which are likely to be observed in animal pedigrees. 

The results that GC was less powerful, than GRAMMAR-GC based methods, and tended 

to lose power at higher heritabilites (Figure 2B), are not surprising and are consistent with our 

previous findings 11. Interestingly enough in a study of real Genome-wide data in ERF pedigree, 

GenGR-GC was consistently more powerful than pedigree-based GRAMMAR-GC (PedGR-GC), 

and the power advantage became more pronounced at higher heritabilities. 

We proposed an extension to the GRAMMAR method 11, which increases its’ power, maintains a 

nominal type 1 error and also does not require the precise knowledge of pedigree structure. Our 

method (GRAMMAR-GC) involves three steps which include removing the correlation from the 

data using relationship matrix estimated from either the pedigree or the genome (derivation of 

environmental residuals), using the correlation-free residuals from step 1 as the trait to perform 

association analysis, and then applying GC to correct the test statistic. We show through 

simulations that our proposed method performs very similar to the Measured Genotype (MG) 

approach with respect to type 1 error and power yet it is fast and feasible for genome-wide 

association analysis. By analysis of real genome-wide SNP data we showed that when the 

genomic data is used to estimate the relationship matrix (GenGR-GC) instead of the estimate 

obtained from genealogy, the power might be even improved. 

One of our conclusions is that in genome-wide association studies of related 

individuals genomic background based methods such as genomic GRAMMAR-GC should be 

preferred over the ones exploiting known pedigree structure, such as pedigree GRAMMAR-GC 

or MG approach. There are two reasons why we believe that GenGR-GC should be preferred over 

its’ pedigree analog.

First, errors in genealogy such as mis-specification of relations can lead to either 

false positives or negatives. Secondly, relationship coefficient computed from a pedigree 

is an expectation of the proportion of genome shared identical by descent (IBD) under the 

infinitesimal model, assuming infinite number of unlinked loci. The true proportion of genome 

shared, however, may deviate from this expectation 17. For example, for remote relatives there is a 

fair chance of not sharing any genomic loci IBD. We may speculate that kinship estimated based 

on marker data can reflect the true unobserved genomic sharing better then the expectation 

computed from even a correct pedigree. If this is true, under the polygenic model we should 

expect that methods based on kinship estimated from marker data will be more powerful 

than the methods estimating kinship from the pedigree. We however leave a more detailed 

investigation of effects of pedigree error and precision of genomic kinship estimates on type 1 

error and power to future works. 
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Another advantage of the GRAMMAR-GC is that the environmental residuals used 

for the analysis are free from familial correlations. Therefore the structure of the data becomes 

exchangeable. This means that permutation techniques may be applied to derive empirical 

measures of significance. In the analysis of data where adjacent SNPs are correlated due to 

linkage disequilibrium, thresholds set via permutation will account for these correlations and 

result in less stringent thresholds than those set by Bonferroni correction. This will become more 

and more important in the future, when denser marker maps with millions of SNPs will be applied 

to do association studies. Another attractive feature is that a range of new methods developed 

for classical “unrelated individuals” design can be applied to polygenic residuals obtained at the 

first stage of the analysis. In recent years, much progress was made in development of powerful 

methods and software which are robust to possible allelic heterogeneity through utilization of 

haplotype clustering and population genetic coalescence modeling 21-22. 

Finally, GRAMMAR-GC is easily extendable: for example, it is easy to include covariates, 

interactions with sex and environment, gene-gene interactions and parent of origin effects.

To conclude, GRAMMAR-GC is a fast powerful approach for genome-wide association 

analysis of quantitative traits in samples of related individuals, which does not require precise 

knowledge of pedigree structure. This method is implemented as part of the GenABEL package, 

available at http://cran.r-project.org/. 
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SUPPLEMENTARY INFORMATION

Supplementary table 1. Empirical (permutation-based) type 1 error of disregarding-family-structure (DFS), 
2-Step and FBAT analyses. Significantly inflated (conservative) type I errors are indicated in bold (italic), P≤0.05

Pedigree α=0.05 α=0.01

   MAF h2 DFS 2-Step FBAT DFS 2-Step FBAT

NP

   0.1 0.3 0.058 0.029 0.06 0.013 0.009 0.015

   0.1 0.3q 0.06 0.036 0.061 0.017 0.005 0.01

   0.1 0.5 0.073 0.022 0.048 0.015 0.002 0.01

   0.5 0.3 0.063 0.039 0.052 0.02 0.005 0.012

   0.5 0.3q 0.062 0.032 0.046 0.018 0.006 0.012

   0.5 0.5 0.085 0.028 0.042 0.019 0.003 0.008

ERF

   0.1 0.3 0.086 0.028 0.049 0.02 0.005 0.005

   0.1 0.3q 0.077 0.031 0.056 0.022 0.005 0.007

   0.1 0.5 0.108 0.023 0.053 0.023 0.003 0.011
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Supplementary table 3. Power, based on empirical (permutation-based) threshold of significance for the 
2-Step and FBAT analyses

α=0.05 α=0.01

MAF h2 2-Step FBAT 2-Step FBAT

NP qtl0.01

  0.1 0.3 0.798 0.507 0.606 0.273

  0.1 0.3q 0.832 0.509 0.603 0.285

  0.1 0.5 0.794 0.572 0.569 0.336

  0.5 0.3 0.83 0.533 0.645 0.285

  0.5 0.3q 0.832 0.497 0.592 0.25

  0.5 0.5 0.799 0.56 0.557 0.325

NP qtl0.02

  0.1 0.3 0.991 0.803 0.934 0.603

  0.1 0.3q 0.987 0.802 0.935 0.591

  0.1 0.5 0.984 0.869 0.927 0.665

  0.5 0.3 0.988 0.805 0.942 0.619

  0.5 0.3q 0.988 0.782 0.948 0.539

  0.5 0.5 0.973 0.868 0.918 0.668

NP qtl0.03

  0.1 0.3 0.999 0.934 0.992 0.806

  0.1 0.3q 0.997 0.923 0.991 0.793

  0.1 0.5 0.999 0.956 0.986 0.863

  0.5 0.3 1.000 0.945 0.999 0.812

  0.5 0.3q 1.000 0.916 0.992 0.781

  0.5 0.5 0.999 0.959 0.989 0.857

ERF qtl0.01

  0.1 0.3 0.78 0.32 0.6 0.14

  0.1 0.5 0.76 0.39 0.54 0.19

  0.5 0.3 0.84 0.34 0.52 0.12

  0.5 0.5 0.69 0.29 0.47 0.11

ERF qtl0.02

  0.1 0.3 0.96 0.54 0.89 0.3

  0.1 0.5 0.98 0.61 0.90 0.41

  0.5 0.3 0.95 0.51 0.90 0.24

  0.5 0.5 0.99 0.69 0.90 0.42
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ABSTRACT

Attention Deficit/Hyperactivity Disorder (ADHD) is a common, highly heritable, neuropsychiatric 

disorder among children. Linkage studies in isolated populations have proved powerful to 

detect variants for complex diseases, such as ADHD.

We performed a genome-wide linkage scan for ADHD in 9 patients from a genetically 

isolated population in the Netherlands, who were linked to each other within ten generations 

through multiple lines of descent. The genome-wide scan was performed with a set of 400 

microsatellite markers with an average spacing of ± 10-12 centimorgan. We performed multipoint 

parametric linkage analyses using both recessive and dominant models. Our genome scan 

pointed to several chromosomal regions that may harbour ADHD susceptibility genes. None 

exceeded the empirical genome-wide significance threshold but the LOD scores were >1.5 for 

regions 6p22 (HLOD = 1.67), and 18q21-22 (HLOD = 2.13) under a recessive model. We followed 

up these two regions in a larger sample of ADHD patients (n = 21, 9 initial and 12 extra patients). 

The LOD scores did not increase after increasing the sample size [6p22 (HLOD = .51, 18q21-

22 (HLOD = 1.83)]. However, the LOD score on 6p22 increased to 2 when a separate analysis 

was performed for the inattentive type ADHD children. The linkage region on chromosome 18q 

overlaps with the findings of association of rs2311120 (p-value = 10-5) and rs4149601 (p-value 

= 10-4) in the genome-wide association analysis for ADHD performed by the GAIN consortium. 

Further, there was an excess of regions harbouring serotonin receptors (HTR1B, HTR1E, HTR4, 

HTR1D, and HTR6) that showed a LOD score > 1 in our genome-wide scan.
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INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is a disruptive behaviour disorder characterized 

by a persistent pattern of inattention and/or hyperactivity-impulsivity that is more frequent 

and severe than is typical for unaffected individuals in the same stage of development. Some 

impairment from these symptoms must be present in at least two settings, e.g. at home and 

at school1. ADHD has an onset in childhood but it can persist through adolescence and into 

adulthood. Five to seven percent of children and three percent of adults are estimated to be 

affected with ADHD2-3. Boys are three to four times more often diagnosed with ADHD than 

girls3-4.

ADHD is a complex disorder influenced by both genetic and environmental factors. 

Heritability estimates from twin and adoption studies show a strong genetic component ranging 

from 60 to 90%5-10, and sibling relative risk estimates range from a 4 to an 8 fold increase11-12.

A large number of genetic studies of ADHD followed a candidate gene approach 

focusing mainly on the genes involved in the dopaminergic and serotonergic pathways13.  Genes 

studied most are the dopamine transporter gene (DAT1), which maps to 5p15, the dopamine 

D4 (DRD4, 11p15) and D5 (DRD5, 4p16) receptor genes. These studies have yielded a number of 

replicated findings but meta- analyses show that the associated variants are of small effect sizes, 

with odds ratio ranging from 1.13 to1.914-15. 

Until now, there have been 7 independent genome-wide linkage scans for ADHD. These 

include affected sib-pair (ASP) linkage studies16-24 and studies of extended multigenerational 

families25-26. These studies suggested linkage to 1p36, 2q21, 2q35, 4q13.2, 5p13, 5q13.1, 5q33.3, 

6q12, 6q22-23, 7p13, 7q21, 9q22, 11q22, 13q12, 14q12, 15q15, 16q23, 17p11, and several other 

regions with nominally significant evidence of linkage but no outstanding replications. The 

continued failure to replicate linkage findings for ADHD has led researchers to believe that the 

genes affecting ADHD have common variants with very small effects that cannot be detected 

successfully with methods relying on linkage and hence advocated the use of association 

analysis20, or alternatively, are rare variants with strong effects that fail to replicate because of 

family specific mutations. A recent genome-wide association study of ADHD performed by the 

International Multisite ADHD Genetics (IMAGE) group, which was conducted as a part of Genetic 

Association Information Network (GAIN), included 958 parent-child trios and 600,000 SNPs, but 

failed to provide convincing evidence for a number of common risk variants27. 

While association analysis is a powerful tool to detect common variants with small 

effects, linkage analysis has proven successful in the detection of rare variants with large effects. 

Linkage, for common diseases, has been very successful in isolated populations28-29, as drift and 

founder effects lead to the extinction of most rare variants, while a small number is retained, 

which, over subsequent generations, become frequent30. This is crucial for linkage as it implies 

that genetic heterogeneity is reduced31-32.
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In the current study, we report the results of an independent genome-wide linkage 

scan of ADHD children, which was performed in a genetically isolated population in the 

Netherlands. We compare our linkage findings to that of the genome-wide association study of 

ADHD performed by the IMAGE group.

 

MATERIAL & METHODS

Study Population

This study was conducted within the framework of the Genetic Research in Isolated populations 

(GRIP) program. Approximately 150 individuals founded this population, located in the South 

West of The Netherlands, in the middle of the 18th century. The population expanded from 

700 inhabitants in 1848 to more than 20,000 inhabitants at present. For this population, a 

genealogical database including records for more than 100,000 individuals is available.

For this study, two paediatric neurologists, to whom ADHD patients are referred 

in GRIP, asked all of their patients diagnosed with ADHD to participate in this study (n = 49, 

22% females)33. Thirty-three (67%) patients and their parents agreed to participate. Of these 33 

patients 2 were excluded from analysis because their genealogy could not be worked out, and 

5 children were excluded because they did not fulfil the criteria used for the diagnosis of ADHD 

in the present study. Of the remaining 26 patients, 21 were inbred, of whom only 9 patients, 

who could be linked to each other within no more than 10 generations, were used in the initial 

analysis, and all 21 inbred patients were used in the follow up analysis.

Table1: Baseline characteristics of the study population

Characteristics All Included in genome-wide 
linkage analysis

Number of patients 26 9

Number of inbred patients 21 9

Number of patients who received diagnosis 
from two informants

16 7

Mean age at examination (range) 10(6-16) 10(6-15)

Females (%) 23.1 33.3

Mean Kinship 0.002 0.014

Mean Inbreeding 0.002 0.006

ADHD subtype

Inattentive 12 5

Hyperactive-impulsive 3 -

Combined 11 4
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Psychiatric Assessment

The Dutch version of the National Institute of Mental Health Diagnostic Interview Schedule for 

Children (NIMH DISC or DISC)-IV was used to assess DSM-IV diagnoses34-36. Psychologists and 

psychology students trained by the authors of the Dutch DISC-IV administered the DISCs. The 

training schedule used was similar to that used by the authors of the original English version, 

at Columbia University, New York. To obtain information regarding a wide range of current 

DSM-IV Axis 1 diagnoses, parent DISCs (DISC-P) were administered during face-to-face contacts, 

at a community general health centre or in a children’s hospital. Furthermore, lifetime ADHD 

symptoms were also assessed with the DISC-P. Teachers were interviewed with the ADHD 

section (current, not lifetime) of the teacher DISC (DISC-T) via telephone. The child version of 

the DISC (DISC-C) was not applied since most of the children included in our sample were too 

young (< 11 years of age). Children receiving treatment were withdrawn from medication for 

this study prior to the interview. 

Phenotypic subgroups (inattentive, hyperactive/impulsive, and combined) of ADHD 

were formed based on application of the DSM-IV criteria that had been assessed with the DISC. 

Current ADHD diagnoses were based on information from both parents and teachers. Two types 

of ADHD diagnoses were derived: (1) ‘based on one informant’, and (2) ‘based on two informants’. 

A diagnosis of ADHD based on one informant was applied when either a parent or a teacher 

scored six or more criteria for the inattentive, hyperactive or combined phenotype positive, 

while the other informant scored less than three criteria positive. A diagnosis of ADHD based 

on two informants was applied when one informant scored six or more criteria of one of the 

ADHD subgroups positive and the second informant scored three or more criteria positive. The 

threshold of ‘3 criteria positive’ was chosen arbitrarily for the purpose of the present study. The 

DSM-IV does not provide explicit rules for the number of criteria that need to be positive in 2 

settings to obtain an ADHD diagnoses. It merely states that symptoms have to be present in 

at least 2 settings. If a child did not fulfill the criteria for current ADHD with the DISC-P, lifetime 

information from the DISC-P was used to obtain a lifetime diagnosis of ADHD. The baseline 

characteristics of the patients are given in table 1.

Genotyping

Blood was drawn for all patients and their parents. DNA was extracted from peripheral leucocytes 

using standard procedures37. We performed the genome-wide linkage scan on 9 patients and 

their parents with a set of 400 fluorescently labelled, highly polymorphic micro-satellite markers 

(distance between markers ± 10-12 cM) covering the whole genome. The remaining, distantly 

related, 17 patients and their parents were only typed for the markers in the regions of interest 

on chromosomes 6 (n = 12) and 18 (n = 7). The genotyping experiments were done following 

manufacturer instructions (Applied Biosystems, Foster City, CA).
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Statistical Analysis

For the 9 patients used in the initial genome-wide scan, a pedigree was extracted from the 

database. Since the size of the pedigree was too large (n = 2206) to be analyzed with any of 

the available soft ware packages for linkage analysis, we divided the pedigree into two smaller, 

analysable sub-pedigrees using PEDCUT software. This program allows identification of sub-

pedigrees that fall within a pre-specified pedigree bit-size limit that can be analyzed, maximizing 

the size of the subgroups38. One of sub-pedigrees (Figure 1a) had bit-size of 46 and contained 

146 individuals (6 patients) and the other sub-pedigree (Figure 1b) had bit-size of 19 and 

contained 41 individuals (3 patients). 

We checked all the markers for Mendelian inconsistencies using PEDCHECK, and in 

the case of inconsistencies, a second round of laboratory quality control was performed. In 

case the reasons for the problem could not be identified, the genotypes of the parents and 

child(ren) were set to missing. Marker allele frequencies were estimated by pooling the data 

from a sample of 447 people from the same population, using the maximum likelihood method 

as implemented in the PoolSTR software39. Data handling and preparation of input files was 

done with MEGA240.

For the genome-wide linkage analysis, we performed affected only analyses using 

both dominant and the recessive models. Multipoint parametric linkage analysis under the 

dominant model was performed assuming a disease allele frequency of 0.001, complete 

penetrance and a phenocopy rate of 0.01 using SIMWALK2. 

The recessive analysis was performed using homozygosity mapping41. We adjusted for 

inbreeding using the shortest loop and a hypothetical loop capturing all cryptic inbreeding42. 

The disease allele frequency was set to 0.01. A model with complete penetrance and no 

phenocopies was used to perform heterogeneity LOD score computations with MERLIN43. 

Haplotypes were constructed using SIMWALK2.

	 The genome-wide significance thresholds were determined empirically by 

performing 1000 genome-wide simulations of our data under the null hypothesis of no linkage. 

We used the complete pedigree, including all 2206 members, for marker simulation. Unlinked 

markers were dropped in the complete pedigree. Number of markers and intermarker distances 

were simulated according to the typed marker set. We performed linkage analysis using the 

subpedigrees. Disease-allele frequency, genetic models, pedigrees, and penetrances were the 

same as those we used in the actual linkage analysis. Genotypes of untyped individuals were 

set to “missing.” For each genome screen, the highest HLOD score was recorded. The cumulative 

density function of the obtained 1000 maximum HLOD scores approximates the distribution 

of the genome-wide type I error rates. Our simulations showed that an HLOD score of 2.65 

corresponds to a genome-wide type I error rate of 5% and that an HLOD of 1.78 corresponds to 

a genome-wide type I error of 50%.
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39121 3926742034 330393303843886 39268 4791537399 35748

inbreeding coef 0,03 0,004 0,002 0,002 0,001 0,001 0,004 0,006 0,002

markers 42034 43886 39121 33038 39268 39267 37399 47915 35748

D18S 59 5 5 4 2 4 1 1 5 1 5 1 5 2 2 5 1 2 1

D18S 452 1 2 2 4 3 7 4 1 4 6 4 2 5 6 8 5 2 1

D18S 464 1 1 3 2 2 1 1 2 1 1 1 1 1 1 1 3 1 1

D18S 474 7 10 7 12 4 1 1 1 7 3 5 10 5 6 10 6 2 1

D18S 64 5 5 1 1 3 1 4 3 2 2 2 2 1 2 4 1 1 1

D18S 68 11 3 8 6 4 6 2 3 2 4 2 4 5 2 3 5 1 2

D18S 1161 8 8 2 2 8 10 1 4 3 10 3 10 6 3 2 4 1 1

 
Figure 1: sub-pedigrees after breaking the complete pedigree. Inbreeding coefficients and haplotypes for 
chromosome 18 for all 9 patients are shown at the bottom

RESULTS

As expected, due to the selection on relationship within 10 generations, those included in the 

initial genome-wide linkage analysis had an almost 10 fold higher average kinship compared to 

that of all patients. These patients also showed an increased inbreeding coefficient, which may 

point to a recessive form of disease.

Results of the complete genome wide scan from both the dominant model and 

recessive model with shortest and hypothetical loops are illustrated in the Figures 2a, 2b, and 2c.  

There was no genome-wide significant evidence for linkage under either model. 

The highest LOD score under the dominant model was observed at 6q16 (HLOD = 0.91). Other 

regions that showed weak evidence of linkage include 2q23-24 (HLOD = 0.81), 3q24 (HLOD 

= 0.75), and 12p13 (HLOD = 0.71). Homozygosity mapping yielded 5 genomic regions with 

HLOD ≥ 1. The strongest evidence of linkage was observed at 18q21-22 (D18S64, HLOD = 2.13). 

Other regions with HLOD ≥ 1 include 6p23 (D6S470, HLOD = 1.68), 6p12 (D6S257, HLOD = 1.07), 

a						               b



Chapter 2

54

1p36 (D1S214, HLOD = 1.09), 18p11 (D18S59, HLOD = 1.15), and 15q25 (D15S205, HLOD = 1.19). 

Details are provided in table 2. Adjusting for multiple inbreeding loops (Figure 2c) did not alter 

our findings, decreasing LOD scores only marginally.

Table 2: MLS ≥ 1 under homozygosity mapping

Chromosome Position
(cM)

Most likely 
cytogenetic 
location

Nearest 
marker

Multipoint HLOD based on homozygosity 
mapping

Liberal*1 Conservative*2

1 17 1p36 D1S450 1.1 0.258

5 174 5q33 D5S422 0.73 1.03

6 20 6p22 D6S289 1.67 0.85

6 69 6p12 D6S257 1.07 0.47

6 102 6q15 D6S462 1.125 0.58

15 78.5 15q25 D15S205 1.19 0.54

18 117 18q21 D18S64 2.13 1.27

18 140 18q22 D18S1161 1.2 1.81

18 0 18p11 D18S59 1.15 0.22

*estimated using MERLIN
1 results from the linkage analysis of pedigrees based on shortest inbreeding loop.
2 results from the linkage analysis of pedigrees constructed hypothetically using the inbreeding coefficient

The patients’ haplotypes at chromosome 18 (presented in Figure 1) show excess of homozygosity 

but not at a single marker. Four out of nine patients are homozygous for allele 1 of the marker 

D18S464. This is, however, the most common allele, with a frequency of homozygosity of 

0.42. Also, at marker D18S64, five patients are homozygous: two are homozygous for allele 1 

which has a frequency of homozygosity of 0.05, two are homozygous for allele 2 which has a 

frequency of homozygosity of about 0.002 and one patient is homozygous for allele 5 which has 

a frequency of homozygosity of 10-9.

The regions of interest on chromosome 18 and 6 were additionally typed for the 

remaining distantly related 17 patients, and the data from all 21 inbred patients (Figure3) was 

reanalyzed. For this analysis, we used only the recessive model of inheritance as it yielded the 

evidence for linkage in the initial analyses.

The LOD scores did not increase by increasing the sample size, but rather decreased 

due to adding non-informative individuals (Figure 4). On chromosome 6p, the highest LOD 

score we observed was HLOD = 1.51, at marker D6S470, using homozygosity mapping. This 

HLOD score increased to 2 at marker D6S1574 when a recessive model with a disease allele 

frequency of 0.01 and complete penetrance was run separately for the 10 patients with only 

inattentive type ADHD (Figure 4). For chromosome 18, the highest LOD score observed was
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Figure 2: LOD score plots from multipoint analyses of the whole autosomal genome in 9 ADHD patients. A 
shows the LOD scores for dominant model, B and C for recessive model under homozygosity mapping with 
the shortest loop and hypothetical loop respectively. The horizontal axis depicts the whole genome divided 
into 22 autosomes, and the vertical axis depicts the LOD scores in each panel.
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Figure 3: sub-pedigrees after breaking the complete pedigree for all 26 patients and haplotypes for 
chromosome 18 for only the inbred patients (n = 21) are shown at the bottom.
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1.83 at marker D18S1161. The haplotype analysis, however, revealed that 11 out of 21 inbred 

patients were homozygous for the same allele at marker D18S464 (Figure 3) and 10 patients 

were homozygous at marker D18S64. 
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inattentive subtype only and in 4B shows the results of a dominant model that was run separately for the 
inattentive type only using SIMWALK2.
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Finally, we compared our findings to those from the genome-wide association 

analysis of the GAIN consortium. The chromosome 18 region identified in our linkage analysis 

also showed evidence for association in the GAIN analysis; rs2311120 (p-value = 10-5), rs4149601 

(p-value = 10-4), rs9973180 (p-value = 10-4) and rs2006776, (p-value = 10-4) are located in the 

linkage region we identified (Figure 4). These single nucleotide polymorphisms (SNPs), 

particularly rs2311120, which was the third most significant SNP, were among the top 100 most 

strongly associated SNPs in the GAIN consortium. Also for chromosome 6p in the region we 

identified in our genome-wide scan there was also some evidence of association in the GAIN 

study (rs2772387, p-value = 3*10-4).

DISCUSSION

We performed a genome-wide scan using two extended families from a genetically isolated 

Dutch population. Since these pedigrees were selected based on consanguinity, we selected 

families with recessive form of disease. There was an increased inbreeding so we did not 

expect a dominant form of disease. We, however, tested a dominant model because in isolated 

populations the disease may appear in pseudo-dominant forms. We did not observe evidence 

of significant or even suggestive linkage under a dominant model. Using a recessive model, 

we identified 6 genomic regions with HLOD score >1. Although none of these regions passed 

the genome-wide significance threshold, there was suggestive evidence of linkage at 18q21-22 

(HLOD = 2.13, marker D18S64). The LOD score did not increase with the increase in the sample 

size. This may be explained by the fact that the patients selected for the genome-wide linkage 

analysis were the ones showing the strongest evidence for a recessive form of the disease, as 

the inbreeding coefficient was the highest for these patients (Table 1). The region 18q21-22 has 

been implicated earlier as a major susceptibility locus for bipolar disorder44. None of the children 

in our sample received a clinical or DISC-P diagnosis of bipolar disorder, and none of the children 

received a clinical diagnosis of schizophrenia or were scored positive on the psychosis screen of 

the DISC-P. Since none of the patients included in our study showed evidence of bipolar disorder 

or schizophrenia, there is no evidence of misdiagnosis explaining our finding. Considering the 

fact that some of the symptoms of ADHD and bipolar disorder coincide, and that ADHD in 

childhood increases the risk for later developing bipolar disorder, this finding suggests that this 

locus might harbour pleiotropic genes that increase the risk of both ADHD and bipolar disorder. 

Our findings are further supported by the fact that this region showed evidence of association 

in the GAIN study; rs2311120 was the third most significant SNP in the GAIN analysis. There were 

also other, less significant, SNPs in the same region (rs9973180, p-value = 10-4, rs2006776, p-value 

= 10-4) supporting the hypothesis that this region is implicated in ADHD. This region, however, 

did not show evidence of linkage when an ASP linkage scan19 was performed by the IMAGE 

group, which used a sample largely from the GAIN families.
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The other interesting region in our genome-wide scan comprises of two adjacent 

regions on chromosome 6: 6p22-24 (HLOD = 1.67, marker D6S257) and 6p12 (HLOD = 1.07, 

marker D6S257). 6p22 is one of the most frequently replicated susceptibility regions for reading 

disability (RD) or dyslexia45-48, and has also been implicated as a susceptibility locus for ADHD49 

in a study of ADHD within sibpairs identified for RD . In a sub-analysis of this region, the LOD 

score increased to HLOD = 2 (marker D6S309) when the data were analysed separately for the 

patients having predominantly inattentive type ADHD. However, subgroup analyses may cause 

false positive findings and remain to be confirmed. When considering other regions that were 

suggested by others, the region 6q15 that had a HLOD of 1.13 in our study and also harbours 

serotonin receptor genes HTR1B and HTR1E is adjacent (distance = 10 cM) to the region 6q14, 

which was identified by Ogdie et al23-24 as a nominally significant susceptibility locus for ADHD. 

Our genome scan also showed some evidence of linkage to 5q33 (conservative homozygosity 

mapping HLOD = 1.03, marker D5S422) (Figure 2c). This region harbours serotonin receptor 

4 (HTR4) and was first identified with significant evidence of linkage in a genome-wide scan 

for ADHD in an isolated population from Colombia25. The region 1p36 (HLOD = 1.09, marker = 

D1S450) has recently been identified as a susceptibility locus for ADHD with significant evidence 

of linkage in a linkage study of quantitative ADHD traits performed by the IMAGE group22. This 

region harbours serotonin receptor 6 (HTR6), and serotonin receptor 1D (HTR1D) genes. It is of 

interest that each of these marginally linked regions includes serotonin receptors. HTR1B, HTR1E, 

HTR4, HTR1D, and HTR6 genes are known candidate genes for ADHD, although, except for 

HTR1B50-52, the association of these genes with ADHD has not been established. 

Although our study sample was small, the strength of our population lies in the fact 

that we can select patients based on genealogy. In that way, we can specifically target patients 

with dominant, or, in this case, recessive forms of disease based on their consanguinity. Taken 

together with the GAIN results, our study yields evidence that 18q21-22 may be relevant for 

ADHD. Our findings, in conjunction with those of GAIN, ask for further follow-up of the region. 

Further, our study suggests that the serotonin receptors HTR1B, HTR1E, HTR4, HTR1D, and HTR6 

might be implicated in ADHD. 

While isolated populations may facilitate the detection of linkage, caution is required in 

generalising the results to other populations. It is, therefore, necessary that these regions be 

followed up in other populations. Although our findings are compatible with those of GAIN, 

their credibility will increase if confirmed elsewhere.
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ABSTRACT

The NEO Five Factor Inventory divides human personality traits into five dimensions: neuroticism, 

extraversion, openness, conscientiousness and agreeableness. In this study, we sought to 

identify genes with large effects for the five NEO personality traits by performing genome 

wide linkage analysis of individuals scoring in the extremes of these traits (> 90th percentile). 

Affected-only linkage analysis was performed using Illumina 6K linkage panel in a family-based 

study, the Erasmus Rucphen Family study (ERF). We subsequently determined whether distinct, 

segregating haplotypes found with linkage analysis were associated with the trait of interest in 

the population. Finally, a denser SNP genotyping array (Illumina 318K) was used to search for 

copy number variations (CNVs) in the associated regions. In the families with extreme phenotype 

scores, we found significant evidence of linkage for conscientiousness to 20p13 (rs1434789, LOD 

= 5.86) and suggestive evidence of linkage for neuroticism to 19q, 21q and 22q, extraversion to 

1p, 1q, 9p and12q, openness to 12q, 19q, and agreeableness to 2p, 6q, 17q and 21q. Haplotype 

analysis showed unique haplotypes in 21q22 for neuroticism (p-values = 0.009, 0.007), in 17q24 

for agreeableness (marginal p-value = 0.018) and in 20p13 for conscientiousness (marginal 

p-values = 0.058, 0.038) segregating in high LOD score contributing families. No evidence for 

CNVs in any of the associated regions was found. Our findings imply that there may be genes 

with large effects involved in personality traits, which may be identified with next generation 

sequencing techniques.
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INTRODUCTION

Research into human personality has always been an integral part of behavioral science. 

Numerous epidemiological studies show that personality traits are important risk factors for 

many psychiatric and non-psychiatric disorders1-9. Personality traits are thought to be complex 

and determined largely by genetic factors10. Over the last few decades, various models for the 

assessment of personality have been developed, including the five factor model that divides 

human personality into five basic, universal  types11. The NEO Five Factor Inventory (NEO-FFI) 

assesses these fundamental traits which include (1) neuroticism – a tendency to experience 

negative emotions, (2) extraversion – a predisposition towards enthusiasm, positive emotions 

and action, (3) openness – the extent of an individual’s intellectual curiosity, (4) agreeableness 

– a propensity for cooperation and harmony, and (5) conscientiousness – the inclination to 

control, regulate and direct impulses12. Although the five scales are designed to be orthogonal, 

correlations appear due to self-reporting13. 

To date, genetic research has focused on neuroticism, primarily because of its 

association with disease and mortality1-4; 6-9; 14-15.  Recent studies showed that other personality 

traits might also be important risk factors for different diseases; extraversion is a determinant of the 

future onset of bipolar disorder16, conscientiousness is associated with Alzheimer disease (AD)17, 

and several studies demonstrated that low scores in novelty seeking, a measure of creativity18, 

are associated with a higher risk of developing Parkinson’s disease19-21. There is increasing interest 

in the relationship between personality traits and treatment outcomes22. Another interesting 

aspect of personality is that these traits, specifically openness and conscientiousness, have been 

associated with higher academic achievement and better work performance23.

	 Twin studies provided heritability estimates of the NEO personality traits ranging from 

33 to 61%10; 24-27. Despite the high heritability, the genetics of these personality traits are not 

well understood.  Candidate gene studies associated neuroticism with SLC6A428-30 and TPH131 

and agreeableness, extraversion and conscientiousness with ADH4 and CHRM232. Genome wide 

association studies suggested association between the CLOCK gene and agreeableness and the 

MAMDC1 and NKAIN2 genes and neuroticism, however replication efforts were inconsistent33-36.  

There have been seven published genome-wide linkage scans for quantitative measures of 

personality traits, evaluated using either Eysenck’s personality questionnaire (EPQ)37 (measures 

neuroticism, extraversion and psychotism  or the Tri-dimensional Personality Questionnaire 

(TPQ)18; 38 (assesses novelty seeking, harm avoidance and reward dependence), as continuous 

outcomes including six exclusively for neuroticism39-45. These studies provided evidence for 

linkage between neuroticism/harm avoidance and several different loci (Table 1). Of the linked 

regions 1q, 8p, 11q, 12q and 18q were replicated for neuroticism in various studies39-40; 42; 44. 

Genome-wide association studies (GWAS) and linkage with quantitative outcomes 

target genes with small to moderate effects. We hypothesized that there may be genes with 
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large effects underlying the NEO personality traits and that these might be localized by studying 

persons scoring in the extremes for these phenotypes. We searched for such genes for all of 

the NEO-FFI personality traits by performing affected-only linkage analysis and haplotype 

association analysis. To translate the findings to the full distribution of the scale, we subsequently 

associated the haplotypes linked to the extremes to the outcomes on a quantitative scale.  

MATERIAL AND METHODS

Study population

The study sample consisted of 2657 individuals who participated in the Erasmus Rucphen Family 

(ERF) study. The ERF cohort was ascertained from a genetically isolated region in the southwest 

of the Netherlands. The study population descended from 20 related couples that lived in the 

isolate between 1850 and 1900; genealogical data, available from 1750, captures all individuals 

in a single 23 generation pedigree including more than 23,000 individuals. Pedigree members 

18 years and older were invited to participate. Spouses were invited only for descendents who 

had children older than 18 years. 

Personality Assessment

The five basic personality types (neuroticism, extraversion, openness, agreeableness and 

conscientiousness) were assessed using the NEO Five Factor Inventory (NEO-FFI)12. The short 

form of this inventory consists of 60 items, 12 for each trait. Answers for each question were 

given on a 5-point scale and the total scores for each of the five traits ranged from 12 to 60. 

Because long questionnaires are often repetitious in nature and may cause the respondent to 

lose interest, the scores were considered invalid if the respondents gave the same response for 

at least 20 consecutive items (n = 114) or if they answered less than 9 questions in total (n = 176) 

on a single scale. 

Genotyping 

For all participants, genomic DNA was extracted from peripheral venous blood utilizing the 

salting out method46. For genome-wide linkage analysis, genotyping was performed using the 

Illumina 6K linkage panel that includes markers distributed evenly across the human genome 

(median inter-marker distance = 301 kb). We used 5250 single nucleotide polymorphisms (SNPs) 

after quality control (call rate > 95%) and the exclusion of X-chromosome SNPs. The genotyping 

was performed at the Centre National de Génotypage in France according to the manufacturer’s 

protocol. For copy number variation analysis, we used an Illumina 318K SNP array. For this panel, 

micro-array based genotyping according to the manufacturer’s instructions was performed at 

the Leiden Genome Technology Center of the Leiden University Medical Center.
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Table 1: A summary of published genome wide linkage studies for neuroticism

Study Questionnaire/trait Chrom Region (cM) Markers Lod score P-value

Gillespie et al. 
2008

JEPQ/Neuroticism 5 15 - 1.52a 0.008

10 105-125 - 1.79a 0.004

12 110 - 1.58a 0.007

15 100 - 1.79a 0.004

16 90-95 - 2.35a 0.001

19 30 - 1.91a 0.003

Wray et al. 2008 EPQ/NEO/
Neuroticism

2 112 D2S1790 1.6 -

5 191 D5S211 2.2 -

6 75 D6S2410 1.5 -

8 45 D8S1771 1.6 -

8 134 D8S592 1.6 -

10 5 D10S1412 2.0 -

10 175 D10S212 1.7 -

14 103 D14S1434 2.6 -

15 17 GTTTT001 1.8 -

18 117 D18S61 1.9 -

Kuo et. al. 2007 EPQ/Neuroticism 1 49 D1S470 1.77 -

1 83 D1S476 1.38 -

2 157 D2S349 1.07 -

9 162 D9S1826 1.02 -

11 43 D11S4080 2.06 -

12 175 D12S1638 2.13 -

15 124 D15S1014 1.03 -

18 91 D18S68 1.39 -

18 115 D18S1009 1.10 -

Neale et al. 2005 EPQ/Neuroticism 1 137 AMY 1.91a 0.003

3 104.5 D3S2406 1.39a 0.0113

6 147.3 D6S1003 1.39a 0.0112

11 132 D11S4150 1.41a 0.0108

12 45.5 D12S1042 2.22a 0.0014

Nash et al. 2004 EPQ/Neuroticism 1 80 D1S2890 1.6 0.62

6 47 D6S1610 2.7 0.07

Fullerton et al. 
2003

EPQ/Neuroticism 1 126 D1S2868 3.25a 0.00011

4 176 D4S1539 3.15a 0.00014

7 42 D7S516 3.18a 0.00013

8 8 D8S277 2.29a 0.00117

11 99 D11S898 3.00a 0.00020

12 105 D12S346 3.95a 0.00002

13 64 D13S153 3.12a 0.00015

Cloninger et al. 
1998

TPQ/Harm-
avoidance

8* 17 D8S1106 3.2 0.00006

11 194 D11S1327 1.6 0.003

18 109 1.6 0.004

EPQ = Eysenck personality questionnaire, JEPQ = Junior Eysenck personality questionnaire, TPQ = Tri-dimensional personality 
questionnaire.    * region confirmed by Zohar et al. 2003 in an independent candidate region study
a  LOD scores not reported in the actual studies but calculated for comparison in this study using the conversion χ2/ 2*ln(10)



Chapter 3.1

70

Table 2: General characteristics of the individuals selected for the linkage analysis 

Neuroticism Extraversion Openness Agreeableness Conscientiousness

Number 221 176 215 227 178

Age 47.5(14.2) 41.7(14.8) 42.1(13.5) 49.9(14.0) 50.0(14.0)

% women 70 54 61 78 56

Range in scale 12-59 16-60 13-52 20-60 23-60

Threshold score at 
90th Percentile

42 48 40 51 54

Scores

Neuroticism 45.9(3.8) 25.5(7.4)** 30.1(8.4)* 27.3(8.9)** 26.8(7.2)**

Extraversion 33.5(7.1)** 51.4(2.3) 42.3(5.9)** 42.8(6.9)** 45.1(6.5)**

Openness 32.4(6.1)* 34.5(6.8)** 43.8(2.7) 31.8(6.4)* 32.1(6.5)*

Agreeableness 42.4(6.4)** 46.5(5.9)** 43.8(6.3) 53.6(2.5) 47.1(6.6)**

Conscientiousness 42.3(6.9)** 51.6(5.4)** 46.1(7.0) 50.5(5.5)** 56.8(1.7)

* Difference between means of highest 10% and lowest 90% at p < 0.05, ** at p < 0.001
 Values are means (standard deviation), unless otherwise indicated

Statistical Analyses

Linkage analysis

We performed affected only genome-wide linkage analysis by defining the affected as those 

people who scored above the 90th percentile for each of the five traits. The 90th percentile was 

chosen so as to maximize power based on our simulation studies evaluating different cut-offs47. 

The simulations suggest that for different sample size the power is highest for the 10% cut-off 

as published earlier47. General characteristics of the sample selected for the linkage analysis is 

given in Table 2 and the correlation structure of these five traits at the population level is given 

in Supplementary Table 1.

The affected individuals for each trait were linked via a single large pedigree which 

was later clustered into small (≤ 18 bits) families for analytical purposes using pedigree clustering 

software48.  We performed multipoint non-parametric (NPL) using the ‘all’ option in MERLIN49, 

which uses Kong & Cox50 linear model to evaluate the presence of linkage. We also performed 

parametric linkage analyses using both dominant and recessive models with complete 

penetrances and a disease allele frequency of 0.01 using MERLIN.The allele frequencies were 

estimated from all genotyped individuals in the pedigrees for each trait. On average (across all 

traits) 1249 Mendelian inconsistencies were observed for which we set the genotypes of the 

individuals within the whole family to missing. 
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Genome-wide simulations

Genome-wide significance thresholds were determined empirically by performing 

500 genome-wide simulations under the null hypothesis of no linkage and using NPL with the 

‘all’ option. Marker allele frequencies we set to the ones observed in our data. Pedigree clustering 

was performed using individuals having upper 10% of a value of a quantitative trait. For each 

genome screen, the highest log of odds (LOD) score was recorded. The cumulative density 

function of the simulated maximum LOD scores approximates the distribution of the genome-

wide type I error rate. Our simulations showed that a LOD score of 4.1 corresponds to a genome-

wide type I error rate of 5% and that an LOD of 2.8 corresponds to a genome-wide type I error 

of 50%. The NPL ‘all’ option was chosen for simulations since it would provide us with the most 

conservative threshold keeping in mind the structure of our pedigrees51.

Haplotype construction & Association analysis

For regions showing significant or suggestive evidence of linkage, haplotypes were constructed 

for the families that contributed predominantly to the LOD score (contributing a LOD score 

of  ≥ 1) in SIMWALK52-53. Haplotype association analysis was conducted using the “e” option 

in FBAT54-55 to test for association in the presence of linkage, once the segregating haplotype 

was ascertained. The association analysis was run with an additive model when the highest 

LOD scores were observed with NPL. A recessive or a dominant model was used if the highest 

LOD score was obtained under one of those models. Also for binary trait haplotype association 

analysis (binary analysis) we used the highest scorers (> 90th percentile) as cases. In addition, we 

also performed a quantitative trait haplotype association analysis (quantitative analysis) in the 

total population. Frequencies of the haplotypes (f ) were estimated from the total population. 

Bonferroni corrections were applied to the nominal p-values for the number of haplotypes tested 

per region. To get the estimate of odds ratio (OR) and effect size we also performed logistic and 

linear regression analyses in SPSS, for the haplotypes that showed evidence of association in 

FBAT, using the same model under which association was observed. 

CNV analysis

In the regions that showed evidence of linkage and association, we searched for common 

copy number variants (CNVs) in individuals who were carrying the haplotype using the CNV 

partition tool in Beadstudio 2.4.4. We also used probe intensities (as measured by Log R Ratios) 

and genotype frequencies of the SNP probes (as measured by B-allele frequencies) to visually 

detect CNVs in the associated regions56-57. 
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RESULTS 

We report the Kong & Cox log of odds (LOD) score for the NPL and heterogeneity LOD 

score (HLOD) for the parametric linkage analyses. Table 3 gives regions with significant and 

suggestive linkage in either of the parametric or the NPL analysis. Table 4 provides the results of 

haplotype association analysis for the identified haplotypes including the ORs associated with 

the haplotypes.

Neuroticism

NPL analysis revealed two regions with suggestive evidence of linkage (LOD > 2.82)  

on chromosomes 19q13 and 21q22, and the recessive model gave one suggestive locus on 

chromosome 22q11 (Figure 1A, Table 3). None of the LOD scores reached genome-wide 

significance. We constructed haplotypes for the three suggestive regions (data not shown) in 

the families that were predominantly contributing to the LOD scores. For 21q22, we identified 

two unique haplotypes (H21N1
 & H21

N2
 with frequencies of 0.47 and 0.26). H21

N1
 was shared 

by six out of the nine individuals belonging to 3 high LOD score families (Supplementary 

Figure 1), five of which were homozygous carriers. Two of the remaining three were carriers 

of H21
N2

. H21
N
 covered 1.5 centiMorgan (cM) between rs2835574 and rs1016694. Both H21

N1 

and H21
N2

 showed nominally significant evidence of association in the binary analysis based 

on the total ERF population (p-value = 0.009, OR  = 1.2 & p-value = 0.007, OR = 0.76). Both 

haplotypes remained significant after correction for multiple testing. H21
N
 lies in the Down’s 

syndrome critical region and covers 10 genes including TTC3, DSCR9, DSCR3, DYRK1A, KCNJ6 and 

PIGP (Table 4). 

Extraversion 

Suggestive evidence of linkage was observed to chromosomes 1p31, 1q24, 9p24 and 12q24 

in the NPL analysis (Figure 1B, Table 3). The LOD score for chromosome 12 (4.01) approached 

genome-wide significance. For 12q24, a distinct haplotype (H12
E
) was observed in three high 

LOD score families (data not shown). H12
E
 covered a 1 cM region between rs1278602 and 

rs7960480 and was shared by seven out of nine individuals with extreme phenotype belonging 

to the three families. Three of the seven were homozygous and 4 were heterozygous for the 

haplotype. H12
E
 was the most frequent haplotype in the region (f = 0.36) but was not significant 

when tested for association (Table 4). 
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Figure 1

Figure 1. Genome wide linkage results from dominant (green), recessive (red) models, and non-
parametric linkage (NPL) analysis (blue). The X-axis depicts the whole autosomal genome divided into 22 
chromosomes. The Y-axis shows the heterogeneity LOD scores (HLOD) for dominant and recessive models 
and LOD scores from NPL analysis. (A) Neuroticism, (B) Extraversion, (C) Openness, (D) Agreeableness and (E) 
Conscientiousness.
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Openness

For openness, there were two regions with a LOD > 2.82, one on chromosome 12q24, 

overlapping with extraversion, and one on 19q13, overlapping with neuroticism (Figure 1C, 

Table 3). This overlap is in line with the correlation structure of the traits (Supplementary Table 

1) and the findings in Table 2. Supplementary Table 1 shows a strong correlation in the overall 

population. Those scoring higher than the 90th percentile of the openness distribution were 

also significantly different in their means for neuroticism and extraversion when compared with 

individuals with lower scores on openness (Table 2).  On 12q24, a unique haplotype (H12
O
) 

was observed in 5 out of 14 individuals with extreme phenotypes from 4 contributing families 

(not shown). H12
O
 covered a roughly 1 cM region between rs1278602 and rs7960480 and was 

relatively rare (f = 0.05) in the total ERF population. The haplotype differed from the one observed 

for extraversion in the same region. No evidence of association was observed for H12
O
 in either 

binary or quantitative trait haplotype association analysis (Table 4).

Agreeableness

Suggestive evidence of linkage was observed on chromosomes 2p25, 6q27, 17q24, and 21q22 

in NPL analysis (Figure 1D, Table 3). The 21q22 region was the same as that observed for 

neuroticism (Table 3), in accordance with the correlation structure (Supplementary Table 

1) and  the findings in  Table 2 where those who scored high on agreeableness also scored 

low on neuroticism when compared with the less agreeable individuals (Table 2). In contrast 

to other NEO traits where there were only a few families predominantly contributing to the 

LOD score in the linked regions, for agreeableness there was no single family contributing a 

LOD score > 1. Instead there were multiple families each contributing positively to the total 

score. Construction of haplotypes in the three most contributing families revealed distinct 

haplotypes for chromosomes 6 (H6A
), 17 (H17

A
) and 21 (H21

A
) (not shown). Of these, only H17

A 

(Supplementary Figure 2) showed significant evidence of association in the quantitative 

trait haplotype association analysis (p = 0.018, the change in agreeableness associated with 

carriership of 1 extra allele (β = 0.31). H17
A
 had a frequency of 0.17, covers a 0.3 cM region and 

is flanked by rs411602 and rs1981647 (Table 3). The region covered by the haplotype did not 

contain any genes, but the nearby genes include KCNJ2, KCNJ16 and MAP2K6. 

Conscientiousness

A significant LOD score was observed for chromosome 20 (HLOD = 5.86, at rs1434789 under 

the recessive model, 5.28 under the dominant model and a LOD of 4.47 under NPL) (Figure 1E, 

Table 3). Construction of haplotypes in six families revealed two major segregating haplotypes 

(H20
c1

 & H20
c2

, Supplementary Figure 3) with frequencies of 0.339 and 0.231. Under a recessive 

model, H20
c2

 showed borderline significance at a nominal level (p-value = 0.058, OR = 1.4) (Table 

4). No association was observed under the dominant or additive models. The haplotype covers 
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a half cM region flanked by rs1434789 and rs434609.The region contains 5 genes, all belonging 

to the beta defensin protein family (DEFB). When tested for association under a recessive model, 

the top 10% scorers included only 8 families. To improve statistical power, we extended the 

association study to those scoring in the highest 30% of the distribution, enlarging the analysis 

to 25 families. In this analysis the haplotype became marginally significant (p-value = 0.038) but 

could not survive Bonferroni correction. 

CNV analysis

Supplementary Figures 4, 5 and 6 show the CNV analysis of the regions 21q22, 17q24 and 20p13 

for neuroticism, agreeableness and conscientiousness, respectively, for one carrier of H21N1
, ten 

carriers of H17
A
 and four carriers of H20

C2
. The CNV partition tool did not detect any CNV in the 

region. In the visual detection, the B-allele frequencies revealed a loss of heterozygosity (LOH) 

for homozygous carriers of the haplotypes in the regions, but the probe intensities did not point 

towards a deletion. Combining the two analyses makes it more likely that we are dealing with 

classical genomic variation for which individuals are homozygous by descent.   

DISCUSSION

In our study of extended families, we found significant evidence (LOD > 4.12) of linkage 

for conscientiousness to 20p13 (rs1434789, LOD=5.86) and suggestive evidence of linkage for 

neuroticism to 19q, 21q and 22q, extraversion 1p, 1q, 9p and12q, openness to 12q, 19q, and 

agreeableness to 2p, 6q, 17q and 21q. Haplotype construction and association analysis showed 

unique haplotypes (H21N1
 & H21

N2
) on 21q22 for neuroticism (p-values = 0.009, 0.007), on 17q24 

for agreeableness ((H17
A
, p-value = 0.018) and on 20p13 for conscientiousness ((H20

C2
, p-value 

= 0.058) segregating in high LOD score contributing families. We did not detect evidence of 

CNVs in the regions; however, these analyses should be interpreted with caution given the low 

density of the array used. 

In this study we aimed to find genes that are overrepresented in individuals with 

extreme phenotype. Although it has been argued that this may lead to a reduction of power 

as compared to a quantitative trait outcome in which all individuals are used58, our simulation 

studies based on variants with large effect suggest that this a powerful approach47. When 

comparing the results discussed here to those derived from the analysis of the test results as 

quantitative outcomes (presented in Supplementary Figure 7), the overlap is limited. This 

is most likely explained by the fact that the extreme analysis will pick up genes with relative 

large effects. Yet at the 20p13 and 17q24 regions that show linkage to Conscientiousness and 

agreeableness respectively, there are linkage signals (albeit weak) also in the quantitative trait 

analysis. 
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Our study is the first to report linkage analysis of all 5 dimensions of the NEO personality 

traits. With haplotype construction and association analyses, we attempted to reduce the 

size of the regions and find segregating haplotypes that were associated with the traits. The 

construction of haplotypes also helped us reduce the size of the linked regions and thus avoid 

multiple testing issues in the subsequent association analyses to the extent that we only had 

to adjust for the number of haplotypes tested. Since we tested haplotypes only for a single 

trait, we did not adjust for the total number of haplotypes tested over the 5 scales. The family-

based design also gave us an opportunity to look for CNVs that might be segregating in the 

population. It could be argued that utilizing a denser array than the 318K we used could have 

revealed smaller CNVs, in particular deletions. We observed some overlap of the linked regions 

between certain personality traits, for instance, the locus 19q13 was shared by neuroticism and 

openness, 21q22 by neuroticism and agreeableness, and 12q24 by extraversion and openness 

(Table 3). This is most likely due to the fact that strong correlations were observed between 

the personality traits (Table 2 and supplementary Table 1). These correlations, although 

theoretically unexpected for orthogonal scales, was also observed in previous studies34. It is 

interesting to note that most of our suggestive linkage peaks come from the NPL analysis but 

that these are usually followed by some what lower scores from both dominant and recessive 

models. This is in accordance with the work of Greenberg et al59, which suggests that parametric 

LOD scores are more powerful compared to NPL only when the correct model (which is usually 

unknown for complex traits) is specified. Misspecification of parameters in the parametric 

linkage analysis has serious negative impact on its power to detect linkage60. 

When comparing the suggestive regions for neuroticism in our study with those of 

others, there was no overlap with previous linkage findings. This might be due to the fact that 

earlier studies used different instruments to assess neuroticism (or similar traits), such as Eysenck’s 

Personality Questionnaire (EPQ) or the Tri-dimensional Personality Questionnaire (TPQ) (Table 1). 

Nevertheless, there were regions with moderate linkage signals that overlapped with those of 

previous studies. These include a locus on 5p, which gave a LOD score of 2.76 under a dominant 

model in our study (Figure 1A) for neuroticism, and overlaps with the finding of Gillespie et 

al.41 (Table 1). Similarly, two loci on chromosome 11, 11p14 (rs1564745, LOD = 1.75) and 11q23 

(rs1013582, LOD = 1.95), and one locus on chromosome 10 (rs6580, LOD = 1.26) overlap with 

previous findings on neuroticism (Figure 1A, Table 1)39-40; 42; 44. For extraversion, the 12q24 locus  

(LOD = 4.01)overlaps with one identified previously by Gillespie et al. (p-value = 0.009)41. This is, 

perhaps, the most interesting overlap, since with a LOD score of 4.01 this region almost fulfilled 

our strict threshold for significant linkage (LOD=4.1). From regions harboring studied candidate 

genes, mild linkage signals (LOD = 1.16) were observed for the TPH1 region for neuroticism 

and the ADH4 region for agreeableness (LOD = 1.33) and extraversion (LOD = 0.56) (Figure 

1B). The overlap of our findings with those of others shows that our founder population in the 

southwestern part of the Netherlands is representative of the general population. This is in line 
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with the findings from our simulation studies that show that variants with frequencies > 0.001 

are expected to be conserved in this population61. 

The most interesting region in our study was 20p13 for conscientiousness, which gave 

significant linkage signals under all three models. We were able to identify two haplotypes in this 

region segregating in high LOD score contributing families (H21
C1

 & H21
C2

). This haplotype covers 

a 100 kilobase (kb) region on 20p13 and contains 5 genes belonging to the beta defensin family 

(Table 4). Defensins play a role in the immunologic response to invading microorganisms. Other 

genes in the region include ZCCHC3, a gene with unknown function; SOX12, part of the SOX 

gene family that has been implicated in cell fate decisions in a diverse range of developmental 

processes involved is sex determination; and NRSN2, involved in the maintenance and/

or transport of vesicles. This region was previously implicated in spinocerebellar ataxia62 and 

neuro-degeneration63. H20
C2

 showed only borderline significance (p-value = 0.058) under a 

recessive model in the haplotype association analysis despite the high LOD scores observed 

for this region (LOD = 5.86). An explanation for the borderline significance of H20
C2 

may be 

the reduced number of families under the recessive model (8 families for the recessive model 

compared to 39 families for the additive model) for the estimation of the test statistic, resulting 

in a loss of power. This explanation was supported by the fact that a significant p-value (0.038) 

was observed when the analysis was run using the highest 30% as affected instead of the usual 

top10%. No significance was observed under additive or dominant models, which suggests a 

recessive mode of inheritance for this haplotype and its association with conscientiousness. 

Genes with recessive effects are difficult to identify in the general population but founder 

populations provide a strong vehicle to identify these genes.

The second most interesting region was 21q22 (LOD = 3.73) for neuroticism. Although 

the LOD score is not significant according to our stringent criteria, we found two haplotypes 

(H21A1
& H21

A2
) shared by individuals who had the extreme phenotypes. These haplotypes spread 

over 780 kb on 21q22 (Table 3), which is also known as the Down syndrome critical region. 

Association analysis showed significant results for H21
N1

 (p-value = 0.009) and H21
N2

 (p-value 

= 0.007) in the binary trait analysis. This region encompasses 10 genes, including TTC3, DSCR9, 

DSCR3, DYRK1A, KCNJ6 and PIGP, and has been associated with cognitive and mental impairment 

in individuals with Down’s syndrome64-65. DYRK1A has been associated with conscientiousness, 

which is strongly inversely correlated with neuroticism (see Supplementary Table 1)34. This is an 

interesting finding as many of the common physical and cognitive features of Down’s syndrome 

may be present in apparently normal individuals.

The third most interesting locus was 17q24 for agreeableness (LOD = 3.32), since 

this region harbored a shared haplotype, H17
A, 

that was observed in individuals with extreme 

phenotypes in high LOD score contributing families. H17
A
 covered an 80 kb region on 17q24 

and includes KCNJ2, KCNJ16 and MAP2K6 (Table 3). KCNJ2 has been associated with Andersen 

syndrome, which is characterized by periodic paralysis, cardiac arrhythmias and dysmorphic 
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features66 and MAP2K6 has been associated with Alzheimer’s disease67. In the association analysis 

H17
A
 showed a p-value of 0.018 in the quantitative trait analysis but not the binary trait showing 

evidence of linkage. This may be explained by the fact that, unlike other personality traits, for 

agreeableness there was no single family contributing largely (LOD > 1) to the LOD scores. 

Instead, there were multiple families each contributing positively to the scores, which points 

towards the presence of a common variant rather than a rare one. Of interest is the fact that 

two of the three regions of interest harbor potassium/magnesium channels that are conserved 

in most mammalian cells (KCNJ2, KCNJ6, KCNJ16) while in the other region one of the genes 

(SOX12) is known to interact with a potassium channel (KCNJ10). 

Other interesting regions include 19q13 and 22q11 for neuroticism. Chromosome 

19q13 is a very important region that contains the apolipoprotein E gene (APOE). Both 

neuroticism and APOE are known to be associated with AD1; 5; 68. The 22q11 region is of interest 

since it was found to be associated with schizophrenia69, while neuroticism is a known risk 

factor of schizophrenia9; 16. Finally the 12q24 region for extraversion, which showed borderline 

significance in our study, was found earlier by Gillespie et al.41 in a linkage analysis of the 

same trait. Additionally, this region was previously associated with  schizophrenia and bipolar 

disorder70-71. 

In this study, we attempted to identify genes with relatively large effects on personality 

traits. Although the estimates of odds ratio and effect size are moderate, these effects are rare 

compared the low ORs seen in GWAS (1.01 < OR < 1.15). GWAS may still yield novel genes 

with small effects with large enough samples, there is growing interest in whole genome 

sequencing aiming to indentify loci with large effects. Our study suggests that such loci can be 

identified for personality traits. Our linkage analysis revealed three interesting regions (20p13 for 

conscientiousness, 21q22 for neuroticism and 17q24-25 for agreeableness), which may include 

genes that exert moderate to large effects on NEO personality traits. The overlap with previous 

linkage studies, and with associated personality disorders, suggests that the findings in our 

population can be extrapolated to other populations. We confirm linkage of conscientiousness 

with 20p13, of neuroticism with 21q22 and of agreeableness with 17q24. The other identified 

regions need to be followed up with deep sequencing, which may help in capturing the actual 

mutation responsible for the linkage signals.
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SUPPLEMENTARY INFORMATION

Supplementary table 1: Partial correlation coefficients for all the NEO personality traits in the general 
population adjusted for age and sex

Traits Neuro-
ticism

Extra-
version

Open-
ness

Agree-
ableness

Conscien-
tiousness

Neuroticism Correlation 1.000 -.470 -.081 -.304 -.353

P-value NA .000 .000 .000 .000

Extraversion Correlation -.470 1.000 .145 .268 .445

P-value .000 NA .000 .000 .000

Openness Correlation -.081 .145 1.000 -.049 -.056

P-value .000 .000 NA .017 .007

Agreeableness Correlation -.304 .268 -.049 1.000 .311

P-value .000 .000 .017 NA .000

Conscientiousness Correlation -.353 .445 -.056 .311 1.000

P-value .000 .000 .007 .000 NA
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Supplementary Figure 1. Three high LOD score contributing families for neuroticism for the chromosome 
21q22. Males are depicted with squares and females with circles. Solid squares are affected males and solid 
circles are affected females. Two distinct shared haplotypes are marked by red and blue boxes.
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Supplementary Figure 1. (Continued)
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Supplementary Figure 2. Three high LOD score contributing families for agreeableness for the chromosome 
17q24-25. Males are depicted with squares and females with circles. Solid squares are affected males and 
solid circles are affected females. Shared haplotype is marked by a red box.
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Supplementary Figure 2. (Continued)
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Supplementary Figure 2. (Continued)
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Supplementary Figure 3. Three high LOD score contributing families for conscientiouness for the 
chromosome 20p13. Males are depicted with squares and females with circles. Solid squares are affected 
males and solid circles are affected females. Two distinct shared haplotypes are marked by red and blue 
boxes.
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Supplementary Figure 3. (Continued)
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Supplementary Figure 3. (Continued)
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Supplementary Figure 4. CNV analysis for one highly neurotic individual who was also a homozygote 
carrier of H21N1. The top panel shows the frequency of the SNP probes (B-allele frequency) and the lower 
panel shows the probe intensities (Log R ratio) in the region of the associated haplotype H21N1. Region with 
excess homozygosity is highlighted.
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Supplementary Figure 5. CNV analysis for 10 highly agreeable individuals. The top panel shows the 
frequency of the SNP probes (B-allele frequency) and the lower panel shows the probe intensities (Log R 
ratio) in the region of the associated haplotype H17A. Regions with excess homozygosity are highlighted.
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Supplementary Figure 6. CNV analysis for 4 extremely conscientious individuals. The top panel shows the 
frequency of the SNP probes (B-allele frequency) and the lower panel shows the probe intensities (Log R 
ratio) in the region of the associated haplotype H20C1.
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Supplementary Figure 7. Results of quantitative trait linkage analysis for each of the five personality 
traits performed using variance components linkage analysis in MERLIN. From top to bottom, neuroticism, 
extraversion, openness, agreeableness and conscientiousness. The horizontal axis shows the whole 
autosomal genome divided into 22 chromosomes. The vertical axis shows the LOD scores.
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ABSTRACT

Personality traits are complex phenotypes related to social and health outcomes, including 

psychiatric and somatic disorders. Individually, various gene finding methods have not 

achieved much success in finding genetic variants that account for differences in personality 

traits. We performed a meta-analysis of 4 unpublished genome-wide linkage scans (N = 6149 

subjects) of five basic personality traits assessed with the NEO-FFI. We compared the significant 

regions to the results of a recent meta-analysis of genome-wide association studies (GWAS) 

(N ~ 17,000). We found significant evidence for linkage for neuroticism to chromosome 3p14 

(rs1490265, LOD = 4.67) and to chromosome 19q13 (rs628604, LOD = 3.55), for extraversion 

to 14q32 (ATGG002, LOD = 3.3); for agreeableness to 3p25 (rs709160, LOD = 3.67) and to two 

adjacent regions on chromosome 15; 15q13 (rs970408, LOD = 4.07) and 15q14 (rs1055356, 

LOD = 3.52) in the individual scans. In the meta-analysis, we found strong evidence of linkage 

of extraversion to 9q34, 10q24 and 11q22, openness to 2p25, 3q26, 9p21, 11q24, 15q26 and 

19q13, and agreeableness to 4q34 and 19p13. When combining these data with the association 

results of the GWAS of these personality traits, significant evidence of association was detected 

for openness at 11q24 (rs677035, p-value = 2.6*10-06). Borderline evidence for association 

was detected between neuroticism and rs332389 (p-value = 9*10-05) at 3p14 and between 

extraversion and rs7088779 (p-value = 4.2*10-06) at 10q24. Our study suggests that combining 

linkage and association is a useful approach in the identification of genes involved in complex 

phenotypes such as personality. 
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INTRODUCTION

Human personality is a compound of complex traits that are associated with several psychiatric1-16, 

and somatic disorders17-26. Despite high heritability ranging from 33% to 60%, the understanding 

of the genetic origins of personality trait variation is extremely limited. Where linkage analyses 

have identified several large regions with suggestive linkage, very few overlap. Candidate gene 

studies have their own concerns in that the findings have generally not been replicated (see 

chapter 3.1). A recent genome-wide association study (GWAS) including up to 18,000 individuals 

has yielded only a few loci that attained genome-wide significance27.

The general success of GWAS in gene discovery and failure to replicate most of the significant 

linkage peaks for complex traits and diseases has shifted interest towards GWAS. Association 

studies have benefitted from precise estimation of the locus, reproducibility of the findings and 

the availability of large population-based cohorts, which has lead to powerful studies for gene 

discovery as well as replication using meta-analyses. However, there is increasing debate on 

the question whether GWAS in the long run will be able to unravel the genetics of complex 

disease completely.  The ‘case of missing heritability28 has led to the view that common traits 

may be driven by variants with frequencies between 0.001 and 0.01, which are not included in 

the present arrays and cannot be imputed reliably, although other explanations have also been 

suggested29. It is hypothesized that these variants would be unveiled through sequencing the 

entire genome. As it will be difficult to find and replicate rare variants in the general population, 

family based studies, which are believed to be enriched for rare variants are expected to provide 

a powerful platform for the discovery of such variants using various sequencing techniques. 

However, the return of family studies also raises the question whether meta-analyses of family-

based studies will work. Because of financial restrictions, there are few large families subject to 

whole genome/ whole exome sequencing to date. We have evaluated this question therefore, 

using linkage analyses of large family-based studies and addressing personality as a quantitative 

outcome. Until large scale sequencing becomes inexpensive and various statistical tools are 

developed to enhance power for detecting the presence of rare variants in huge datasets, 

combining genome-wide linkage and association studies might be useful in discovering 

such variants. With this two pronged strategy linkage can overcome the problem of locus 

heterogeneity and association can compensate for the failure of linkage to pinpoint the actual 

genes.

	 Despite the fact that rare variants are weakly tagged by the common single nucleotide 

polymorphisms (SNPs) present in the current arrays29-30, association signals in GWAS at loci 

including rare variants have been seen in particular for lipids28. Also two recent papers argued 

that common variants may tag more rare ones from a theoretical perspective29-30 implying that 

linkage and association analyses should be able to identify the same loci. For complex traits it 

was suggested to use genome-wide linkage and association analyses methods in a two step 
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analysis to maximize power31.

In this study we have combined the information from the results of four unpublished genome-

wide linkage scans of personality traits (neuroticism, extraversion, openness, agreeableness and 

conscientiousness) and their meta-analysis with the results of a recently published meta-analysis 

of GWAS of the same traits27. This is by far the largest linkage study conducted for the NEO 

personality traits combined with the largest GWAS of these traits conducted to date.  

MATERIALS AND METHODS

We performed a meta-analysis of linkage studies that used the NEO Five Factor Inventory (NEO-

FFI) or the Revised NEO personality inventory (NEO-PI-R)32 to assess the five basic personality 

traits including: (1) neuroticism—a trait that refers to the tendency to experience negative 

emotions: (2) extraversion – a measure of sociability, positive emotions and action: (3) openness 

— a measure of intellectual curiosity and preference for variety: (4) agreeableness — a measure 

of altruism, cooperation and harmony,: and (5) conscientiousness — a measure of an individual’s 

tendency to plan, organize and direct his impulses32. This five-factor model is a hierarchical model 

where each of these five traits is defined by six underlying facets assessed by the NEO-PI-R. These 

five traits, also known as the Big Five, are considered universal33 and stable in adulthood34. The 

five factors are expected to be orthogonal, but correlations appear possibly due to self-report 
35. Women score generally higher on Neuroticism and Agreeableness36-38 compared to men. The 

NEO-FFI consists of 60 items, 12 for each trait, whereas the NEO-PI-R consists of 240 questions 

inclusive of the ones in the NEO-FFI. Answers are given on these on a 5-point scale, which are 

then added to give a total score. The current study included unpublished linkage scans from 

four independent populations including the Erasmus Rucphen Family (ERF), the Netherlands 

Twin Register (NTR), the Australian Adolescent sample (QIMR_adolescent) and the Australian 

adult sample (QIMR_adult) (Table1). ERF and NTR used the NEO-FFI for personality assessment 

whereas the Australian samples were assessed with either NEO-FFI or NEO-PI-R but for this study 

the 60 items of the NEO-FFI was used for the final assessment. Within each cohort the scores 

were considered invalid if an individual answered fewer than nine questions otherwise the 

missing data were imputed by taking the individual’s average score for the valid items of that 

dimension.



Refining genome-wide linkage intervals using GWAS identifies several loci influencing NEO Personality Dimensions

103

Table1: General Features of independent genome scan

Cohort ERF VU QIMR_Adolescents QIMR_Adults

Origin Dutch Dutch Australian* Australian*

Design Extended families sibpairs sibpairs Sibpairs+Extended 
families

Sample size 
(%women)

2244 (55.0) 1507 (61.6) 1096(56.5) 1349(55.7)

Total # Markers 
used 

5250 864 5479 5479

Marker Type Single neucleotide 
polymorphisms

Microsatellites Single neucleotide 
polymorphisms

Single neucleotide 
polymorphisms

Analysis Type Variance 
components

Variance 
component

Variance 
components

Variance 
components

Analysis Software Merlin Merlin Merlin Merlin 

Personality 
assessment

NEO-FFI   NEO-FFI NEO-PI-R/ NEO-FFI NEO-PI

* Majority of sample is Causasian, predominantly Ango-Celtic (ancestry outliers, identified using HapMap3 and 
GenomeEUTwin individuals as a reference panel, were excluded).

Erasmus Rucphen Family (ERF)

The study sample consisted of 2657 individuals who participated in Erasmus Rucphen Family 

(ERF) study39. The study population essentially consists of one extended family spanning over 23 

generations and including more than 23,000 individuals descending from 20 related couples that 

lived in the region between 1850 and 1900. All descendants were ascertained and descendants 

of 18 years and older were invited to participate. Spouses were invited only for family members 

that had children of 18 years and older. 

For all participants genomic DNA was extracted from peripheral venous blood utilizing the 

salting out method40. For genome-wide linkage analysis genotyping was performed using the 

Illumina 6K linkage panel that includes markers distributed evenly across the human genome 

(median distance between markers is 301 kb). Of the 6000 single nucleotide polymorphisms 

(SNPs) we used 5250, after quality control and excluding X-chromosomal SNPs. The genotyping 

was performed at the Centre National de Génotypage in France according to the standard 

protocol. 

Variance component multipoint linkage analysis was performed using MERLIN v.1.0.1 software41 

for all the five personality traits. The pedigrees were split on non-overlapping fragments of 

no more than 18 bits with the help of two programs: Jenti42 and PedSTR43. Three sets of sub-

pedigrees were obtained with different parameters with the help of these programs, which 

were then analyzed separately. These three sets differed one from another by number, size 

and structure of pedigree fragments. However, they demonstrated similar profiles of LODs for 

all analyzed traits (Spearman correlations varied from 0.6 (p-value < 0.001) to 0.8 (p-value < 
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0.001), which allowed us to use the maximum of three values of LOD for each marker locus44. In 

accordance with Bonferroni correction suggestive and significant thresholds were estimated as 

2.34 and 3.75, respectively.

The analysis was based on 2244 genotyped and phenotyped persons from ERF. All traits were 

adjusted on sex and age. Marker allele frequencies were estimated from the data. 

Netherlands Twin Register (NTR)

The Netherlands Twin Register (NTR)45 focuses on longitudinal phenotypic and biological data 

collection in Dutch twins and their family members. NTR linkage sample consists of 711 families 

with 3,412 non-clone individuals (1,438 founders, 1,870 females) with average 4.8 subjects 

per family. 282 of these families have both founders genotyped and 138 families had one 

genotyped founder. In addition, there are 290 nuclear families with no genotyped founders, and 

one extended pedigree with four founders without genotypes. Autosomal genomes had 757 

markers spaced at an average of 4.76 cM (range 0.0-20.59 cM), with average heterozygosity of 

0.76. Founders had the genetic data for 446 autosomal microsatellites. NEO measures together 

with the age and gender information were available for a total of 998 non-founder subjects 

(383 males; 615 females) from 409 families with genetic data. Of 409 families, 270 had two 

phenotyped siblings, 113 had three, 19 had four, one family had five, four families had six, and 

two families had seven phenotyped siblings resulting in total of 835 sibling pairs. In addition, this 

sample also features 83 phenotyped MZ clones. 

The genetic maps were obtained through the Rutgers University Map Interpolator46. The allele 

frequencies were estimated with the Mendel v.10.0 software package41. VC linkage scan of 

the autosomal genome was conducted with Merlin v.1.1.232 using the multipoint identity-by-

descent (IBD) information with age and sex as covariates at 1 cM resolution.

Australian Study Sample (QIMR)

NEO personality data (NEO-PI-R or NEO-FFI) were collected as part of two independent research 

streams – one focused on an adult sample (QIMR_adult) and the other with an adolescent/

young adult focus (QIMR_adolescent).  The QIMR_adult data were collected as part of the 

Nicotine Addiction Genetics (NAG) study (2001-2005), which targeted families based on heavy 

smoking index cases identified in earlier interviews and questionnaires47-48-49, and was itself 

part of the Interactive Research Project Grants (IRPG).  This sample comprised 1349 genotyped 

individuals aged 21 to 85 years (M = 45.5±13.1), from 519 families, and included 15 complete MZ 

pairs for whom data were averaged.

The QIMR_adolescent data were collected from two population studies under the umbrella 

of the Brisbane Adolescent and Young Adult Twin Studies, specifically, studies of cognition 

(1996-ongoing)50 and health and well-being (2002-2003)50, and from a study of borderline 

personality disorder (2004-2006)51.  This sample comprised 1096 genotyped individuals aged 



Refining genome-wide linkage intervals using GWAS identifies several loci influencing NEO Personality Dimensions

105

16 to 27 years (M = 19.4±2.7), from 563 families, and included 127 complete MZ pairs for whom 

data were averaged.  

Participants were typically Caucasian, predominantly Ango-Celtic (ancestry outliers, identified 

using HapMap3 and GenomeEUTwin individuals as a reference panel, were excluded).  Written, 

informed consent was obtained from all participants and from a parent or guardian for those 

aged under 18.  Ethics approval was received from the institutional review boards appropriate 

to each study (Queensland Institute of Medical Research and Washington University School of 

Medicine). 

SNP selection for linkage analysis was matched as far as possible to the SNP set used with 

the ERF sample.  The final selection contained 5479 SNPs, of which 5181 had a direct match 

with our genotyped or imputed data.  For the remaining 298 SNPs, proxies based on linkage 

disequilibrium ( > 0.8), or position, were used.

Genotyping was done using the Illumina 610K or 370K SNP platform and Illumina BeadStudio 

software, with 269,840 SNPs common to the subsamples passing QC (28% of the SNPs selected 

for linkage were from this set of SNPs).  Data were imputed using HapMap I+II (CEU, build 36, 

release 22) and MACH, as described in Medland et al.52. Variance component multipoint linkage 

analyses of the five personality domains were run for the adolescent and adult samples using 

MERLIN 1.1.241.  Sex and age were included as covariates in all analyses.

Meta-analysis of linkage scans

Results from individual genome-wide linkage scans were combined together in a meta-analysis 

using the Genome Search Meta-Analysis (GSMA) method53 as implemented in the GSMA 

program54. The GSMA method divides the genome into several bins of equal width (chosen 

arbitrarily). The criteria of selecting bin-width includes that the bins are not too narrow so that 

correlation arises between adjacent bins owing to the wide linkage peaks usually extending to 

30 centiMorgans (cM); and not too wide so the smallest chromosome should have at least 2 

bins. Traditionally a bin width of 30 cM, which gives 120 bins across the autosomal genome, is 

used. The highest log of odds (LOD) score in each bin is then recorded and the bins are ranked 

in descending order in each sample with the bin with the highest LOD score getting the highest 

rank.  The ranks within a bin are summed across each study to get a summed rank (SR). Bins with 

higher SR indicate evidence of linkage across the studies. The SR statistic is tested for significance 

using its distribution function or by simulation54 which gives the probability of observing a 

given SR for a bin (P
SR

). P
SR

 only gives the point-wise probability for the SR for a certain bin. A 

genome-wide interpretation of the results is obtained through the ordered statistic (OR), which 

determines the probability (P
OR

) of a given SR for a bin by chance when bins are assigned ranks 

randomly in multiple simulations 55. Simulations show that a bin with a significant P
SR

 and a 

significant P
OR

 (P
SR

 < 0.05 & P
OR

 < 0.05)
 
has a high probability of containing a true susceptibility 

locus55.  For an individual bin the genome-wide significance is defined as P
SR

 < 0.05/number of 
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bins and suggestive as P
SR

 < 1/number of bins. For an individual scan we used 3.3 as significant 

and 1.9 as suggestive linkage threshold.

In this study except for the NTR sample genome-wide linkage results were reported against 

SNP markers which helped us map all the results directly to the base pair positions. For NTR 

we mapped all the results to base pair positions by interpolation and using base pair positions 

from Rutgers map 46. For each study we divided the autosomal genome into 125 bins of width 

25 million base pairs (mbp) each. This division gave a maximum of 10 bins on chromosome 1 

and a minimum of 2 bins on chromosome 22. To evaluate the possibility of correlation between 

adjacent bins, we performed the analysis using a bin-width of 40mbp also. We performed 

weighted meta-analysis, where weights were calculated as the square root of the sample size in 

each study. 10,000 permutations were performed to get the P
SR

 and P
OR

. A bin was considered 

significant if (1) either the Bonferroni corrected significance was achieved i.e. P
SR

 < 0.0004 for a 

bin or (2) if both P
SR 

and P
OR

 were nominally significant for multiple bins 55. Suggestive linkage 

threshold was set at P
SR

 < 0.008. We also tested for heterogeneity between studies using the 

HEGSMA 56 software.

In an attempt to discover the variant that might be causing the linkage signals, we fine mapped 

the regions with significant evidence of linkage in each individual study and significant and 

suggestive bins of the meta-analysis with the results of a meta-analysis of genome-wide 

association studies (GWAS) of the same NEO personality traits27. The meta-analysis of GWAS (n 

> 17000) included the samples used in this study (and many others as well) but the marker sets 

used were different.
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RESULTS

Individual Scans

The results from individual genome-wide linkage scans are provided in Supplementary Figures 

1-5 and significant and suggestive findings are summarized in table 2. Significant evidence of 

linkage was observed for neuroticism in the ERF study at chromosome 3p14 (rs1490265, LOD 

= 4.67) and at chromosome 19q13 (rs628604, LOD = 3.55) in the QIMR (adolescent) sample; 

for extraversion at 14q32 (ATGG002, LOD = 3.3) in the NTR sample; for agreeableness at 3p25 

(rs709160, LOD = 3.67) and two adjacent regions on chromosome 15 including 15q13 (rs970408, 

LOD = 4.07) and 15q14 (rs1055356, LOD = 3.52) in the QIMR (adolescents) study. Of these regions, 

we found borderline significant evidence for association after adjusting for the number of SNPs 

in the region for 3p14 (rs332389, p-value = 9.4*10-05, Bonferroni threshold = 2.4*10-05) and 19q13 

(rs7260291, p-value = 2.7*10-04, Bonferroni threshold = 1.43*10-04) in the GWAS. Additionally for 

rs332389 the direction of the effect was also consistent across all the populations included in 

the association study27. Rs332389 lies in the gene SLC25A26, while rs7260291 is an intergenic 

SNP where the nearby genes include DKKL1 and CCDC155. Considering the suggestive findings 

there was an overlap at chromosome 2q14 between ERF (LOD = 2.1) and NTR (LOD = 2.03) for 

neuroticism.  For openness there were two adjacent regions at chromosome 11q25 for ERF (LOD 

= 2.05) and 11q24 for QIMR-adolescent (LOD = 2.55); and chromosome 12q23 for ERF (LOD = 

2.85) and 12q24 for NTR (LOD = 1.96) that showed suggestive evidence of linkage. 

Meta-analysis

Genome-wide results of the meta-analysis are illustrated in Figure 1. Table 3 provides a summary 

of the bins with significant and suggestive evidence of linkage. None of the bins crossed the 

Bonferroni corrected genome-wide significance threshold. However, there were multiple bins 

for which both PSR
 and P

OR
 were nominally significant (Table 3, Figure 1). For neuroticism 

suggestive evidence of linkage was observed for bins 18.3 and 3. The SNPs with the lowest 

p-values in the GWAS in these two bins were rs9875468 (bin = 3.1, p-value = 2.2*10-04) and 

rs12956293 (bin =18.3, p-value = 9.3*10-05) (Figure 1A). These associations were not significant 

after adjusting for the number of SNPs in the bin (Table 3).
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Figure 1. Results of the meta-analysis of the linkage scans. Panel A for neuroticism, B for extraversion, C for 
openness, D for agreeableness and E for conscientiousness. Dots represent P

SR
 and triangles represent P

OR
. 

The X-axis shows the whole autosomal genome divided by solid vertical lines into chromosomes, which are 
further divided into bins by dotted grey lines. The Y-axis shows the negative principal log of the p-values. The 
red horizontal dotted line represents the nominal threshold p-value = 0.05), the grey dotted horizontal line 
represents the suggestive threshold p-value = 0.008), and the light blue horizontal dotted line represents 
the bonferroni corrected threshold p-value = 0.0004). A bin is considered significant if a dot for that bin 
surpasses the sky blue line or if both the dot and the triangle for a specific bin are above the dotted red line. 
The green diamonds represent the p-values of the SNPs from the results of the meta-analysis of the GWAS 
of the same traits falling in the bins of interest. The green diamonds with the red outline are the p-values 
significant/borderline significant after correcting for the number of total SNPs in the bin.

For extraversion five bins showed nominally significant P
SR

 and P
OR

. These included bins 9.6, 11.5 and 

two adjacent bins on chromosome 10 (10.4 and 10.5). Suggestive evidence of linkage was obtained 

for bin 9.5. Heterogeneity among studies was detected at a nominally significant level for bins 9.5, 

9.6 and 10.5 (Table 3). The linkage signals on the adjacent bins on chromosome 9 and 10 were 

being caused by the same peaks that extended over 40cM (Supplementary figure 2). Adjacent bins 

on chromosome 9 showed evidence of suggestive linkage when the bin-width was increased to 

40mbp. However, the finding for the new bin on chromosome 10 covering the previous bin 10.4 

and partially covering the 10.5 bin remained significant and the adjacent bin did not show linkage 

signals. When comparing the significant and suggestive bins with the meta-analysis of GWAS we 

identified clusters of SNPs with low p-values for the bin in chromosome 10 (rs7088779, p-value = 

4.2*10-06) (Table 3, Figure 1B). rs7088779 was marginally significant after being corrected for for 

the number of SNPs in the bin. This SNP is located between CRTAC1 (cartilage acidic protein 1) and 

C10orf28; a region previously implicated in Alzheimer’s disease. 

For openness five bins were significant in that they showed both P
SR

 and P
OR

 < 0.05 (Table 3, Figure 

1C). The bins include 9.1, 11.6, 15.4 and 19.3. Suggestive evidence of linkage was obtained for bin 

12.5. A cluster of 8 SNPs with very low p-vales was identified from the GWAS for the bin 11.6 (Figure 

1C), which maps to 11q24 region. The most significant SNP (rs677035) showed an observed p-value 

of 2.6*10-06 which passed the Bonferroni threshold.  Rs677035 is an intergenic SNP located between 

FLI1 and KCNJ1. KCNJ1 is potassium inwardly-rectifying channel, subfamily J, member 1 and FLI1 

encodes the Friend leukemia virus integration 1 protein. No heterogeneity was detected for any of 

the bins that showed nominally significant P
SR

 and P
OR

. 

Two bins showed nominally significant P
SR

 and P
OR

 for agreeableness. These include bins on 

chromosome 4 and 19 (Table 3, Figure 1D). Suggestive evidence of linkage was obtained for bin 

1.1. Heterogeneity between studies was detected for bin 4.8. We identified clusters of SNPs with low 

p-values from the GWAS for bins 1.1 (rs6699411, p-value = 1.9*10-04) and 4.8 (rs13113475, p-value 

= 4.8*10-05) and an isolated SNP (rs10413538) with a low p-value (3.7*10-04) for bin 19.1 (Figure 1D). 

These SNPs were not significant when corrected for the total number of SNPs in the bin. 

Suggestive linkage was observed for bins 6.3 and 8.6 for conscientiousness (Table 3, Figure 1E). 

Bin 6.3 showed strong evidence of heterogeneity among studies. We identified a cluster of 3 SNPs 

for bin 6.3 in the GWAS with the most significant (rs2807510) having a p-value of 2.18*10-05, and a 

cluster of 3 SNPs for bin 8.6 with the most significant SNP (rs2977475) with a p-value of 8.33*10-05. 

None of these SNPs surpassed Bonferroni corrected threshold.
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DISCUSSION

In the individual studies we found significant evidence for linkage for neuroticism to 

chromosome 3p14 (rs1490265, LOD = 4.67) and to chromosome 19q13 (rs628604, LOD = 

3.55), for extraversion to 14q32 (ATGG002, LOD = 3.3); for agreeableness to 3p25 (rs709160, 

LOD = 3.67) and two adjacent regions on chromosome 15 including 15q13 (rs970408, LOD 

= 4.07) and 15q14 (rs1055356, LOD = 3.52). In the meta-analysis, we found strong evidence 

of linkage of extraversion to 9q34, 10q24 and 11q22, openness to 2p25, 3q26, 9p21, 11q24, 

15q26 and 19q13, and agreeableness to 4q34 and 19p13. When combining these data with 

the association findings of the recently published GWAS of these personality traits, there was 

significant evidence of association between openness and rs677035 (p-value = 2.6*10-06) in the 

11q24 region, which retained significance after adjusting for multiple testing. The evidence was 

borderline for association between neuroticism and rs332389 (p-value = 9*10-05) in the 3p14 

region and between extraversion and rs7088779 (p-value = 4.2*10-06) in the 10q24 region.

	 In this study we performed genome-wide linkage analysis of the NEO personality 

traits in four independent populations and then combined these together in a meta-analysis 

using the GSMA method. Our meta-analysis included 6149 individuals for multiple extended 

families and families with sib-ships. There are a number of methodological issues relevant for the 

interpretation of the findings. For the meta-analysis we used the physical map (base pair positions) 

as opposed to the genetic map (centiMorgan position) that was used in previous studies that 

applied GSMA to meta-analyze linkage scans. The physical map is more accurate and therefore 

better suited to defining the bin boundaries. We also used a bin-width of 25 million base pairs 

(which would roughly translate to 25 cM) as opposed to the traditional 30cM bin-width used in 

all previous studies. Our choice of 25 mbp was made after taking into account the genetic maps 

of all four studies and specially the position of last reported markers on each chromosome in all 

studies (on chromosome 22 the last reported marker was located at around 49mbp). This helped 

us avoid any sort of manipulation of the results from any population and use the maximum 

available information. However, this selection could lead to a correlation between two adjacent 

bins. Interestingly this correlation was observed only for extraversion in two pairs of adjacent 

bins on chromosomes 9 and 10. The size of the linkage peak on chromosome 9 extends to about 

50 cM (supplementary figure 2) implying that choice of a bin-width of more than 30 cM could 

not have removed this correlation. For chromosome 10 the significance remained even after 

increasing the bin-width to 40mbp, which suggests that our result on 10q24 for extraversion is 

consistent. The GSMA gave broad linkage regions spread over 25 mbp, but we made an effort 

to localize the susceptibility genes by using additional information from the meta-analysis of 

GWAS. 

It is interesting to note that none of the significant regions from the individual scans showed 

any evidence of linkage in the meta-analysis. There may be several explanations for this 
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inconsistency. First, our significant findings of individual studies may just be false positives. 

This may be a possibility, but it is difficult to believe that all significant findings are false, since 

variance components linkage analysis is usually robust and conservative in detecting linkage57 

given the trait is normally distributed (which was true in our case). Second, there may have 

been differences in the power of the various studies. For example, the reason why the linkage 

of neuroticism to 3p14 was detected in the ERF study only may be the size of the study, which 

was twice as large as any other included study. Third, there may be locus heterogeneity across 

populations. High locus heterogeneity, which results in inconsistent linkage peaks, is one 

characteristic of complex traits like personality. It has been recognized by the authors of the 

GSMA method that it cannot deal with heterogeneity across studies and as such population-

specific/rare mutations, which are more likely to have larger effects, will not be detected in 

the meta-analysis53 with this method. When considering our results, the rank based test used 

is insensitive to the significance of a linkage peak in an individual study and is more adept at 

finding subtle linkage peaks present in all studies included in the meta-analysis. For instance 

the meta-analysis ignores the overlap at chromosome 2q14 between ERF (LOD = 2.01) and NTR 

(LOD = 2.03) for neuroticism despite falling in the same bin. Similarly two adjacent regions for 

openness at chromosome 11q25 for ERF (LOD = 2.05) and 11q24 for QIMR-adolescent (LOD = 

2.55) and chromosome 12q23 for ERF (LOD = 2.85) and 12q24 for NTR (LOD = 1.96) that showed 

suggestive evidence of linkage were not picked up in the meta-analysis. Such results were also 

observed in studies that used parametric methods (Fisher’s method) to meta-analyze genome-

wide linkage scans58.

	 Our major finding from the individual scans was 3p14 for neuroticism, which gave 

very significant linkage signals (LOD = 4.67) in the ERF study, showed strong evidence of 

association (rs332389, p-value = 9.4*10-05) in the GWAS and was previously linked to neuroticism 

in a linkage scan of nicotine dependent smokers59. Rs332389 is an intronic (NM_173471.2) SNP 

that lies in the gene SLC25A26. SLC25A26 encodes S-adenosylmethionine mitochondrial carrier 

protein60-61. S-adenosylmethionine is a substrate involved in methyl group transfers and is 

orally administered to treat depression62-63. The most interesting finding of the meta-analysis 

is 11q24 that showed nominally significant P
SR

 and P
OR

 and also significant association in the 

GWAS after adjusting for multiple testing. The 11q24 region is implicated in mental retardation64 

and migraine65.  The significant SNP in the GWAS rs677035 is located between FLI1 and KCNJ1. 

Previously we have found linkage to other potassium channel genes including KCNJ2, KCNJ6 

and KCNJ16 (see Chapter 3.1), making KCNJ1 the most interesting gene in the region. The other 

regions of interest include 10q24 for extraversion. The region showed both P
SR

 and P
OR

 < 0.05, and 

additionally showed borderline significant evidence of association in the meta-analysis of GWAS 

after adjusting for multiple testing. Both regions have been implicated in neurological diseases 

earlier. At present we cannot discard other regions that showed a high probability of containing 

true susceptibility loci in the linkage analyses as being false positives based on insignificant 
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association results of the GWAS.  Our GWAS data have been relatively underpowered. These 

regions are good candidates for sequencing exomes and regulatory regions and may unveil 

variants with moderate to large effects contributing to the make-up of human personality. All 

eyes are now on the next generation sequencing techniques, which are expected to uncover 

these rare variants with relatively high effects on trait outcomes. These developments have 

brought family based studies back to the frontline of research. However, our study forecasts a 

number of the problems to be anticipated in high-throughput sequencing in regions of interest. 

In particular, replications may prove difficult across populations. At present, the methods 

combining evidence from different family based studies have major limitations. The criteria for 

significant evidence for linkage in the meta-analyses were not reached in this paper combining 

large population-based studies. The highest level of significance for linkage reached, translated 

into a high probability (of unknown size) to include a susceptibility locus. It is obvious that false 

negatives may occur due to locus heterogeneity using the current methods. To overcome these 

problems, we combined the data from the linkage analyses of the five basic NEO personality 

traits in four independent populations with those of the genome wide association analyses. 

Most likely, also in the analyses of next generation sequencing this combination of linkage 

and association will be crucial. Here we relied on classical association analysis and genetic 

imputations based on HapMAP. This approach will be strengthened by imputing populations 

that underwent GWAS using the 1000 genomes, providing a greater resolution and a better 

coverage of rare variants.

In summary, we found significant evidence of linkage of neuroticism to 3p14 and regions 

with high probability of containing true susceptibility loci including 11q24 for openness and 

10q24 for extraversion. An important conclusion from our study is, however, that the current 

methods available for meta-analyzing family based studies are far from optimal. However, we 

also conclude that combining information from linkage and association is a useful approach in 

the identification of genes involved in complex phenotypes such as personality. 
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1. Genome-wide linkage plots for individual scans for neuroticism. The vertical axis 
shows the log of odds score and the horizontal axis shows the distance on the chromosome in centiMorgan.
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Supplementary Figure 2. Genome-wide linkage plots for individual scans for extraversion. The vertical axis 
shows the log of odds score and the horizontal axis shows the distance on the chromosome in centiMorgan.
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Supplementary Figure 3. Genome-wide linkage plots for individual scans for openness. The vertical axis 
shows the log of odds score and the horizontal axis shows the distance on the chromosome in centiMorgan.
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Supplementary Figure 4. Genome-wide linkage plots for individual scans for agreeableness. The vertical 
axis shows the log of odds score and the horizontal axis shows the distance on the chromosome in 
centiMorgan.

0
50

10
0

15
0

20
0

25
0

0.01.53.0
ch

ro
m

os
om

e 
1

0
50

10
0

15
0

20
0

25
0

0.01.53.0

ch
ro

m
os

om
e 

2
0

50
10

0
15

0
20

0

0.01.53.0

ch
ro

m
os

om
e 

3

A
gr

ee
ab

le
ne

ss

0
50

10
0

15
0

20
0

0.01.53.0

ch
ro

m
os

om
e 

4
0

50
10

0
15

0
20

0

0.01.53.0

ch
ro

m
os

om
e 

5

0
50

10
0

15
0

0.01.53.0

ch
ro

m
os

om
e 

6
0

50
10

0
15

0

0.01.53.0

ch
ro

m
os

om
e 

7
0

50
10

0
15

0

0.01.53.0

ch
ro

m
os

om
e 

8
0

50
10

0
15

0

0.01.53.0

ch
ro

m
os

om
e 

9
0

50
10

0
15

0

0.01.53.0

ch
ro

m
os

om
e 

10

0
50

10
0

15
0

0.01.53.0

ch
ro

m
os

om
e 

11

LOD score

0
50

10
0

15
0

0.01.53.0

ch
ro

m
os

om
e 

12
0

20
40

60
80

10
0

0.01.53.0

ch
ro

m
os

om
e 

13
0

20
40

60
80

10
0

0.01.53.0

ch
ro

m
os

om
e 

14
0

20
40

60
80

10
0

0.01.53.0

ch
ro

m
os

om
e 

15

0
20

40
60

80
10

0

0.01.53.0

ch
ro

m
os

om
e 

16
0

20
40

60
80

10
0

14
0

0.01.53.0

ch
ro

m
os

om
e 

17
0

20
40

60
80

10
0

12
0

0.01.53.0

ch
ro

m
os

om
e 

18
0

20
40

60
80

10
0

0.01.53.0

ch
ro

m
os

om
e 

19
0

20
40

60
80

10
0

0.01.53.0

ch
ro

m
os

om
e 

20

20
40

60
80

0.01.53.0

ch
ro

m
os

om
e 

21
0

20
40

60

0.01.53.0

ch
ro

m
os

om
e 

22

ER
F

N
TR

Q
IM

R_
A

D
O

L

Q
IM

R_
A

D
U

LT

Le
ge

nd



Refining genome-wide linkage intervals using GWAS identifies several loci influencing NEO Personality Dimensions

125

Supplementary Figure 5. Genome-wide linkage plots for individual scans for conscientiousness. The 
vertical axis shows the log of odds score and the horizontal axis shows the distance on the chromosome in 
centiMorgan.
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ABSTRACT

Coffee consumption is a model for addictive behaviour. We performed a meta-analysis of 

genome-wide association scans (GWAS) on coffee intake from eight Caucasian cohorts (N > 

18000) and sought replication of our top findings in a further 8000 individuals. We also performed 

a gene expression analysis treating different cell lines with caffeine in order to identify caffeine-

responsive genes that would be good candidates for genes influencing coffee-drinking habits 

Genome-wide significant association was observed for two single nucleotide polymorphisms 

(SNPs) in the 15q24 region. The two SNPs rs2470893 and rs2472297 (p-values =1.6*10-11 & 

2.7*10-11), which were also in strong linkage disequilibrium (r2 > 0.6) with each other lie in the 

23-kilobases long commonly shared 5-prime flanking region between CYP1A1 and CYP1A2 

genes. CYP1A1 was found to be down-regulated in the lymphoblastoid cell lines treated with 

caffeine. CYP1A1 is known to metabolize polycyclic aromatic hydrocarbons which are important 

constituents of coffee, while CYP1A2 is involved in primary metabolism of caffeine. Significant 

evidence of association was also detected at rs382140 (p-value = 3.9*10-09) near the NRCAM 

-- a gene implicated in vulnerability to addiction, and at another independent hit rs6495122 

(p-value = 7.1*10-09) – a SNP associated with blood pressure -- in the 15q24 region near gene 

ULK3, in the meta-analysis of discovery and replication cohorts. Our results from GWAS and 

expression analysis also strongly implicate CAB39L as a gene that influences coffee drinking. 

Moreover, association analysis of our top hits with coffee-related phenotypes suggests that 

the ‘T’ allele of rs2470893, which is positively associated with coffee drinking, is also positively 

associated with systolic and diastolic blood pressure.
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INTRODUCTION

 Coffee is the most widely used beverage worldwide with known health benefits1-3. 

Coffee drinking has been associated with a decreased risk of dementia and Alzheimer’s disease 

and type 2 diabetes4. However, coffee intake has also been associated with increased risk of 

some cancers5-7, blood pressure8-9 and myocardial infarction10. The contradictory epidemiological 

findings on coffee intake and its effects on various diseases may be attributed to the different 

contents of coffee. Apart from caffeine, its most well known constituent that stimulates the 

central nervous system, coffee is a source of complex organic compounds with beneficial anti-

oxidant and endocrine properties11-12. However, roasting of coffee beans is known to produce 

polycyclic aromatic hydrocarbons (PAH)13 which are a class of carcinogenic chemicals that are 

formed by the incomplete combustion of organic matter. At unusually high doses, coffee is 

known to have potentiating effects on mutagenesis12 including cytotoxicity of X-rays, ultraviolet 

light and chemotherapeutic agents12. Most of these mutagenic effects are known to be 

independent of caffeine14 and have been attributed to aliphatic dicarbonyls14-16 and hydrogen 

peroxide15. 

The P450 system in the liver plays a key role in coffee metabolism. The cytochrome 

P4501A1 encoded by the gene CYP1A1 is known to metabolize PAHs such as benzo(a)pyrene. 

The caffeine content (~100mg/cup of coffee) is primarily metabolised in the liver by the 

cytochrome p450 CYP1A2, and is further broken down by the enzymes CYP2A6 and NAT217-20. 

Most of the biological effects of caffeine including the effects on the brain and central nervous 

system are mediated through antagonism of the adenosine receptors, specifically the A1 and 

A2A receptors21. Accumulating evidence from a number of sources points to the A
2A

 receptor 

as the main target for caffeine22. Under normal conditions, adenosine is hypothesised to 

activate the adenosine receptors, leading to subsequent activation of adenylyl cyclase and of 

Ca2+ channels21. Adenosine acts to inhibit the release of neurotransmitters. Antagonism of the 

adenosine pathway leads to many downstream changes including changes in the dopaminergic 

system that result in decreased affinity of dopamine for the dopamine receptors23, and changes 

in gene expression. It is through these mechanisms that caffeine mediates its effects on the 

brain and behaviour21. These changes in gene expression are not well understood, but the use of 

microarrays may give insight into the molecular changes brought about by caffeine24.

Ordinary caffeine use has generally not been considered to be a case of drug abuse, 

and is indeed not so classified in DSM-IV (Diagnostic and Statistical Manual of Mental Disorder) 

but caffeine may be a model drug for studies of abuse25 and withdrawal effects when coffee 

consumption is stopped have been discussed. Many users experience withdrawal symptoms 

which include headache, decreased alertness and concentration, and depressed mood and 

irritability26-27. Beneficial effects from caffeine include improved psychomotor speed28, mood29 

and alertness30. Several studies have shown that subjects reported higher levels of alertness 
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and concentration along with increased appetite for work21; 29. Some have postulated that the 

positive effects can be explained by a reversal of the withdrawal symptoms in habitual users31-32, 

but this has been refuted by studies of caffeine intake in non-habitual users33-34. It is also clear 

that some users experience negative effects such as insomnia, anxiety and dysphoria35-36. 

Caffeine consumption is also known to play a role in suicide37.  

Genetic studies in twins suggest that the heritability estimates of coffee consumption 

range from 0.39 to 0.5630,38-39. Most genetic studies have focussed on caffeine and have restricted 

the gene search primarily to polymorphisms in the CYP1A2 and ADORA2A genes. Metabolism 

of caffeine by the CYP1A2 enzyme shows substantial variation between people40-41, due to 

both genetic and environmental factors42. There is some evidence, though not genome-wide 

significant, that polymorphisms in the gene are known to moderate the association between 

coffee consumption and hypertension 43 and myocardial infarction10 as well as the risk breast 

cancer risk in BRCA1 carriers44. No association has been found between variants in CYP1A2 and 

caffeine consumption22, but a SNP in this gene (rs762551) has been shown to be associated 

with high inducibility of the CYP1A2 enzyme in smokers45. A candidate gene study associated a 

polymorphism in the ADORA2A gene (rs5751876) with caffeine consumption22 in a Costa Rican 

sample. This SNP has also been implicated in increasing risk to panic disorder in two separate 

studies in Caucasian populations46-47 but none of the findings on ADORA2A reached genome 

wide significance nor were they replicated.

We have conducted a genome-wide association analysis (GWAS) meta-analysis of 

>18,000 individuals to identify common genetic variants that influence coffee consumption. We 

tested for association with > 2.6 million polymorphisms that tag the vast majority of common 

human genetic variation. We combined the GWAS results with gene expression data from cells 

differentially treated with caffeine to identify genes whose pattern of expression is changed after 

caffeine treatment and which harbor polymorphisms that show evidence of association. 

MATERIAL AND METHODS

Study populations

The study included participants from eight cohorts including

Erasmus Rucphen Family (ERF): The Erasmus Rucphen Family study is a family based study that 

includes over 3000 participants descending from 22 couples living in the Rucphen region in 

the 19th century. All living descendants of these couples and their spouses were invited to take 

part in the study. The frequency of coffee consumption and frequency was assessed with a 

questionnaire. 1814 participants who had both phenotype and genome-wide genotype data 

(54% women)48 were available for the analysis.

Cooperative Health Research in the Augsburg Region (KORA): The KORA F4 study is a follow-up study 
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to the KORA-Survey 2000 (S4, 10/1999 – 7/2001). It was conducted between October 2006 and 

May 2008. From the KORA F4 survey (full cohort n = 3080), 1814 individuals aged between 32 to 

81 years were selected for genotyping on the Affymetrix 1000K49 chip.  Coffee consumption was 

assessed with a questionnaire asking the number of cups of coffee consumed per day.

Rotterdam Study (RS-I & RS-II): The Rotterdam Study-I (RS-I) is a prospective population-

based cohort study of 7,983 residents aged 55 years and older living in Ommoord, a suburb 

of Rotterdam, the Netherlands. Coffee consumption was assessed with a food frequency 

questionnaire. In total 4139 individuals who had both phenotype and genotype data were used 

in the analysis50. The Rotterdam Study-II (RS-II) is a prospective population-based cohort study of 

respectively 3,011 residents aged 55 years and older and the coffee consumption was assessed 

in the same manner.

Netherlands Twin Register (NTR): A sample of (mostly) adult twins was obtained from the 

Netherlands Twin Register (NTR), which was established in 1987 and contains information about 

Dutch twins and their families voluntarily taking part in research51. Since 1991, every 2 to 3 

years a questionnaire is mailed to adult twins and their family members registered with theNTR. 

These questionnaires contain items about health, lifestyle and personality. In 2000 the fifth NTR 

survey was send out52 and contained the question: ‘On average, how many cups of caffeinated 

coffee do you drink in one day?’ This survey was completed by 6782 subjects, data on coffee 

consumption were available for 6673 subjects. The mean age of the respondents was 30.0 (SD 

10.9). Genome-wide genotyping was available for 1087 subjects with coffee data.

The Study of Health in Pomerania (SHIP):  SHIP is a longitudinal population-based cohort study 

in West Pomerania, a region in the northeast of. The baseline sample SHIP-0 comprised 4308 

subjects53-54. Coffee consumption was assessed with the question: “How many cups of caffeinated 

coffee do you drink per day?”. In total 2125 individuals (77.4 % women) with both phenotype 

and genome-wide genotype data were available for the analysis.

TwinsUK: The TwinsUK cohort consisted of a group of twins ascertained to study the heritability 

and genetics of age-related diseases (www.twinsUK.ac.uk). These unselected twins were 

recruited from the general population through national media campaigns in the UK and 

shown to be comparable to age-matched population singletons in terms of disease-related 

and lifestyle characteristics 55-56.The TwinsUK I and II cohorts consist of twins from the adult 

twin British registry, also shown to be representative of singleton populations and the United 

Kingdom population55. Coffee consumption was assessed by questionnaire and genome-wide 

genotype and imputed data were available for 1,092 (TwinsUKI), and 1919 (TwinsUKII) samples. 

Ethics approval was obtained from the Guy’s and St. Thomas’ Hospital Ethics Committee. Written 

informed consent was obtained from every participant to the study. 

QIMR: Twins recruited from the Australian Twin Registry were mailed to a Health and Lifestyle 

Questionnaire between 1980 and 1982. Twins were recruited through national media campaigns. 

As part of the questionnaire, participants were asked “How many cups of coffee would you 
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drink on average per day?”27. The age range of respondents was 17-88 with a mean age of 31. 

1,988 unrelated individuals provided both phenotype and genotype information. Detailed 

descriptions of phenotyping, genotyping, imputation and QC protocol are given elsewhere27; 57.

Genotyping & Imputation

The participating cohorts were genotyped on commercially available platforms including 

Affymetrix, Illumina and Perlegen (Supplementary Table 1). Quality control was done in 

each group separately. The overall criteria were to exclude individuals with low call rate, excess 

heterozygosity, and gender mismatch. Based on sample size and study specific characteristics, 

different criteria were used (Supplementary table 1). Imputations of non-genotyped SNPs in 

the HapMap CEU v22 were carried out within each study using MACH58-59 or IMPUTE60-61. 

Genome-wide association and Meta analysis

We conducted a meta-analysis of 10 GWAS from eight cohorts, consisting of more than 18,000 

individuals and about 2.6 million imputed and genotyped SNPs. For each GWAS the association 

analysis was performed using linear regression analysis by regressing coffee categories62 on 

age, sex and SNP allele dosage in ProbABEL63, SNPTEST64 or QUICKTEST (http://toby.freeshell.

org/software/quicktest.shtml) (Supplementary Table 1). The coffee categories were defined 

as (1) 0-2 cups/day, (2) 3-4 cups/day, (3) 5-6 cups/day, (4) 7-9 cups/day and (5) 10 or more cups/

day62. For ERF, which is a family-based cohort, the analysis was done using a mixed model65-66 

incorporating a relationship matrix estimated from the genotyped data67. A fixed effects meta-

analysis was conducted in METAL using the inverse variance weighted method. All SNPs that 

had a low minor allele frequency (MAF < 0.01) and low imputation quality (Rsq/proper_info < 

0.3) were dropped from the meta-analysis. Genomic control correction was also applied to all 

cohorts prior to the meta-analysis. 

Replication Analysis

We sought in-silico replication of the SNPs that showed a p-value < 1*10-06 (Table 1) in an 

independent Dutch cohort (LifeLines, N = 7929, % of women = 57). The LifeLines Cohort Study 

is a multi-disciplinary prospective population-based cohort study examining in a unique three-

generation design the health and health-related behaviours of 165,000 persons living in the 

North East region of The Netherlands. All survey participants are between 18 and 90 years old at 

the time of enrollment. Recruitment has been going on since the end of 2006, and until January 

2011 over 40,000 participants have been included. The genotyping for LifeLines was performed 

on Illumina CytoSNP12 v2. Genetic Imputations were performed in BEAGLE v3.1.0 using build 

36 HapMap CEU v22 as the reference population. The statistical analysis was performed in PLINK 

using the same analysis model as in the discovery phase. 
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Gene Expression Analysis

We used public gene expression databases for lymphocytes and brain to examine the expression 

of genes implicated by the GWAS68-70 (http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/). In 

addition , we performed caffeine treatment on three different cell types as part of a project to find 

inherited protein truncating mutations by Gene Inhibition of Nonsense Mediated Decay (GINI)71: 

1) lymphoblastoid cell lines (LCLs) established from the blood of 24 females from hereditary 

non-BRCA1/2 breast cancer families recruited into the Kathleen Cuningham Foundation for 

Research into Breast Cancer (kConFab), 2) a cell line newly established from a breast to bone 

metastasis; 3) the colon cancer cell line, HT29. Experiments were performed in triplicate for each 

sample. Optimisation experiments determined cell number and caffeine concentration for each 

cell type. For LCLs, 3.5 x 106 cells were plated in 10mls of tissue culture medium (RPMI-1640 

supplemented with 10% fetal calf serum) containing 7.5mM caffeine (Sigma). For both the HT29 

and bone metastasis cell line, 1 x 106 cells were plated in 10mls of tissue culture medium (RPMI-

1640 supplemented with 10% fetal calf serum) 24 hours prior to treating the cells with media 

containing 10mM caffeine (Sigma). All cell lines were incubated with caffeine for a total of eight 

hours at 37°C in a humidified atmosphere containing 5% carbon dioxide. Matching untreated 

cells were used as controls.

Total RNA was extracted from both caffeine treated and untreated control cells using 

the RNeasy RNA Extraction Kit (Qiagen) as per the manufacturer’s instructions. Biotinylated 

cRNA was prepared from 450ng of total RNA using the Illumina TotalPrep RNA Amplification Kit 

(Ambion). After quantification using a ND-1000 spectrophotometer (Nanodrop Technologies), 

a total of 156 samples (750ng cRNA per sample) were hybridised to HumanHT-12 Expression 

BeadChips (Illumina) using all manufacturer’s reagents for washing, detecting and scanning as 

per the Whole-Genome Gene Expression Direct Hybridisation Assay protocol (Illumina). 

The HumanHT-12 Expression BeadChips (Illumina) contains 48,803 probes that 

cover more than 25,000 annotated genes. Expression data were collated and quality checked 

in Illumina BeadStudio and then imported into GeneSpring V10.0 (Agilent Technologies). Data 

were quantile normalised to the baseline of the median of all samples and then filtered using 

an Illumina detection score of >0.95 in at least one sample. To identify differentially expressed 

genes between each caffeine treated sample to its own untreated control, a linear model was 

implemented using R and the LIMMA (Smyth, 2005) package. Data were adjusted for multiple 

testing with a false discovery rate of 5%. Two criteria were used to select the set of relevant 

genes. First a set of genes with a log-odds (B statistic)> 0 was selected. Then, a hierarchical 

search of genes based on log Fold Changes. Gene lists were then imported into GeneSpring 

V10.0 (Agilent Technologies) for data visualisation and to determine overlapping genes between 

different cell types.
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RESULTS 

Genome-wide Association analysis

The descriptive statistics of each cohort are provided in the Supplementary Table 2. Genome-

wide association results are provided in Supplementary Figure 1 and the quantile-quantile 

plot is provided in the Supplementary Figure 2. In the classical GWAS two SNPs rs2470893 

and rs2472297 exceeded the genome-wide significance threshold of 5*10-08, with the best hit 

rs2470893 (p = 2.3*10-08). The two SNPs are in strong linkage disequilibrium (LD) (r2 = 0.70) and 

are located at 15q24, between the genes CYP1A1 and CYP1A2 (Figure 1). Neither of the  SNPs are 

in strong linkage disequilibrium (LD) with rs762551, the SNP previously identified as increasing 

CYP1A2 inducibility in caffeine in smokers (r2 = 0.12 and 0.06 respectively) and rs762551 showed 

only nominal significance in the analysis (p = 0.003).  The minor “T” allele of the most significant 

SNP rs2470893 was consistently positively associated with coffee consumption across all the 

cohorts with effect estimates ranging from 0.013 to 0.169. Rs2470893 was genotyped in four 

cohorts and in these the minor allele frequency ranged from 0.26-0.35. Imputation quality was 

high in the other cohorts ranging from 0.79 to 1. The association signals at the CYP1A1/CYP1A2 

locus remain unchanged when a separate analysis adjusted for smoking status was performed 

in the two cohorts ERF (rs2470893, p-value = 8.5*10-04; rs2472297, p-value = 8.8*10-04) and RS-II 

(rs2470893, p-value = 5.3*10-07; rs2472297, p-value = 6.3*10-08), which were the primary cohorts 

driving the association signal at 15q24.
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Figure 1 shows that there are a number of signals in other genes in the chromosome 15 region. 

Strong association was observed for rs6495122 (p = 8.22 x 10-08) (Table 1). This SNP is located 

at chromosome 15q24 in the intergenic region between the genes ULK3 and CPLX3 and does 

not appear to be in strong LD with the two best hits in this region (rs2470893, r2 = 0.175 and 

rs2472297, r2 = 0.086) (Figure 1). A secondary conditional association analysis of the 15q24 

region in the RS-II (which was the largest contributor to the association signal at 15q24, p-value 

= 8.4*10-06) adjusting for the two most significant findings (rs2470893 and rs2472297) revealed 

strong association of rs6495122 (p-value = 2.6*10-07, β = 0.19) and rs12487 (p-value = 1.9*10-07, β 

= 0.19) with coffee drinking (Supplementary Figure 3). 
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Figure 1. Regional association plot for 15q24. The vertical axis shows the negative logarithm of the 
association p-values and the horizontal axis shows the position in mega bases. Each dot represents a SNP 
and the colours of the dots represent the extent of linkage disequilibrium with the top SNP. Genes in the 
region are shown below the horizontal axis.

	 Other SNPs on different chromosomes that showed strong evidence of association 

(p-values below 1*10-06) are listed in Table 1. These include rs16868941, which is an intronic 

SNP in the NCALD gene (p-value = 1.5*10-07; Supplementary Figure 4); rs382140, an intergenic 

SNP between the genes LAMB4 and NRCAM (p-value = 3.3*10-07; Supplementary Figure 5) and 

rs9526558, an intronic variant within CAB39L (p-value = 6.79*10-07 ; Supplementary Figure 6). 
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Figure 2. Forest plot for the top hits from the GWAS. Vertically left, the populations included in the GWAS 
and the replication phase. The boxes represent the precision and horizontal lines represent the confidence 
intervals. The diamond represents the pooled effect estimate from the meta-analysis of all cohorts. The 
horizontal axis shows the scale of the effects.

Replication Analysis
Table 2 provides results from replication analysis and the meta-analysis of discovery and 

replication cohorts. Replication was sought for six SNPs presented in the Table 1 which 

necessitated a Bonferroni corrected significance threshold of 8.3*10-03. Because of bad imputation 

quality in the replication cohort, no replication was performed for rs9526558. Significant 

association was observed in the replication analysis for the two genome-wide significant 

hits; rs2470893 (p-value = 7.2*10-05) and rs2472297 (p-value = 1.9*10-05) in the CYP1A1/CYP1A2 

region (Table 2, Figure 2). The meta-analysis of the discovery and replication cohorts showed 

a strongly significant association of rs2470893 (p-value = 1.6*10-11) and rs2472297 (p-value = 

2.7*10-11). Among marginally significant SNPs in the genome-wide analysis, the SNP rs382140 

near the NRCAM gene also showed significant association in the replication analysis (p-value = 

1.3*10-03). The meta-analysis of the discovery and replication cohorts yielded a genome-wide 

significant association of rs382140 with coffee drinking (p-value = 3.9*10-09) (Table 2, Figure 
2). Rs6495122 also showed nominal significance in the replication analysis (p-value = 0.02). 

Although this p-value did not pass the Bonferroni threshold, the meta-analysis of discovery 

and replication cohorts showed genome-wide significant association of rs6495122 with coffee 

drinking (p-value = 7.1*10-09) (Table 2, Figure 2). 
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Expression analyses
First, we evaluated to what extent the SNPs above are associated with a differential expression 

in public expression databases. For none of the SNPs discussed above there was evidence for 

altered expression in brain70. Supplementary table 3 shows that rs2470893 is involved in the 

expression of the COX5A gene (p-value = 1.2*10-04). Also the second locus in the region tagged by 

rs2470893 is associated with COX5A expression. Of the four regions that did not reach genome 

wide significance, only the chromosome 7 region shows evidence of differential expression in 

lymphocytes. Rs382140 is associated with the expression of the SEMA3D gene (p-value = 2.0*10-04)

a gene most likely involved in axonal guidance. However, this SNP is also associated with 

expression of several other genes in trans including SUCLG2, TOLLIP, NRG2 and HFE.  Of these 

genes, HFE is most well known in coffee research, being one of the major genes involved in iron 

metabolism. The protective effect of coffee for risk of type 2 diabetes mellitus is suggested to be 

at least partially, explained by the iron absorption inhibitory effect of coffee72-73.

Next, we examined to what extent caffeine alters expression of the genes which are tagged by the 

associated SNPs reported above. A total of 647 autosomal genes were found to be differentially 

expressed in all three types of cell-lines (data not shown). CYP1A1 encoding the protein that 

metabolizes PAHs was found to be down-regulated by caffeine in LCLs (log-fold-change (logFC) 

= 0.109, p-value
adj

 = 5.38*10-08, β = 9.54) but no evidence of differential expression after caffeine 

treatment was observed for CYP1A2 or the NRCAM genes in any of the three cell types. However, 

the enzyme encoded by this gene acts primarily in the liver as part of the cytochrome p450 

system and we did not treat any liver-derived cell lines. CAB39L was differentially expressed in all 

three cell types. The change in expression following caffeine treatment was most pronounced 

in LCLs (logFC = -0.64, p-value
adj 

= 3.8*10-27, β = 55.03). In combination with the GWAS results, 

with finding, this finding suggests that CAB39L is involved caffeine metabolism and intake. There 

are two probes on the Illumina array that represent the NRCAM gene. However, neither of these 

probes was in the differentially expressed gene lists for all three cell line types. That is, gene 

expression of NRCAM was not found to be differentially expressed after treatment with caffeine.

Coffee related phenotypes
We tested for the association of the top hits from the GWAS with two established coffee related 

phenotypes: blood pressure and Alzheimer’s disease. For blood pressure and hypertension we 

used the data from Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE). 

Significant association was found for the top hit rs2470893 with systolic (p-value = 5*10-03) and 

diastolic blood pressure (p-value = 1.6*10-04) and a borderline association was observed with 

hypertension (p-value = 0.02). The ‘T’ allele which was associated with increased coffee drinking 

was also associated with increased blood pressure. This association appears to be independent 

of rs6495122 (Figure 1, r2 = 0.175), which was found to be associated with blood pressure in 

a previous study74.  For Alzheimer Disease (AD), we used the data from Rotterdam Study (RS) 

and two previously published GWAS on AD75-76. No association of any of the SNPs tested was 

detected with AD. 
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DISCUSSION

We conducted a meta-analysis of GWAS on coffee consumption from eight cohorts comprising 

>18,000 individuals of Northern European ancestry and attempted replication of our top 

findings from the GWAS in another ~ 8000 individuals from an independent cohort. Successful 

replication of the two genome-wide significant hits rs2470893 and rs2472297, which are also 

in strong LD and located between the CYP1A1 and CYP1A2 genes, and differential expression 

of the CYP1A1 gene after caffeine treatment in lymphoblastoid cell lines strongly implicates 

theCYP1A1/CYP1A2 locus in coffee drinking. Our study also suggests significant association of a 

SNP rs382140 in the promoter region of the NRCAM gene with coffee drinking, and the combined 

results from association (rs9526558) and expression analysis implicate CAB39L in coffee drinking. 

	 Caffeine is known to be metabolized primarily by CYP1A2 in the liver, and hence CYP1A2 

has long been a candidate gene for coffee consumption. A previous study showed that C->A 

polymorphism in the intron I of CYP1A2 was associated with increased caffeine metabolism77. 

The CYP1A2 gene encodes a P450 enzyme involved in O-de-ethylation of phenacetin78. The 

human hepatic microsomal caffeine 3-demethylation, which is the initial major step in caffeine 

biotransformation in humans, is selectively catalyzed by CYP1A2 78. CYP1A1 encodes the member 

P1-450 of the cytochrome P450 superfamily of enzymes. P1-450 is most closely associated with 

polycyclic-hydrocarbon-induced AHH activity67and known to metabolize PAHs such as benzo(a)

pyrene, which is a constituent of coffee known to be involved in carcinogenesis12. The CYP1A1 

and CYP1A2 genes are separated by a 23-kb segment that contains no other open reading 

frames. They are in opposite orientation, revealing that they share a common 5-prime flanking 

region79. Cytochrome P450 genes are a superfamily of heme-containing mono-oxygenases 

that metabolize many xenobiotics, including drugs, carcinogens and toxicants, as well as 

endogenous compounds such as fatty acids and neurotransmitters. CYP1A1 has been identified 

in human brain80 and localized to the cortical regions, midbrain, basal ganglia and cerebellum81, 

while CYP1A2 has been found in most brain regions examined82-83. 

A third SNP - rs6495122 – approached genome-wide significance (p = 8.22 x 10-08).  

This SNP is also located on chromosome 15, but is not in strong LD with the genome-wide 

significant SNPs (r2 = 0.175 and 0.086 respectively). Also the secondary conditional analysis in 

RS-II suggests that rs6495122 is independent of the two most significant hits in this region 

(rs2470893 and rs2472297) (Supplementary Figure 3).  A previous meta-analysis found this 

SNP to be significantly associated with diastolic blood pressure, and nominally associated 

with systolic blood pressure and hypertension74. There is evidence that caffeine consumption 

is associated with an increase in blood pressure. Consuming a dose of caffeine equivalent to 

2-3 cups of coffee (200-250mg) has been found to increase both systolic and diastolic blood 

pressure9. Results from studies examining the long-term effects of caffeine on blood pressure 

and risk to hypertension have been mixed20. Our studies underscore a joint genetic background 
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of coffee consumption and blood pressure.

Of the non-15q24 loci, rs382140 near the NRCAM is an interesting locus. This SNP 

showed a p-value of 3.9*10-09 in the association analysis.  NRCAM encodes Neuronal cell adhesion 

molecule, is expressed in brain and is involved in several aspects of nervous system development. 

Allelic variants of this gene have been associated with autism84 and addiction vulnerability85-86. 

Genetic variants that increase risk to addiction may also influence coffee consumption, as twin 

studies have shown that there is some overlap in the heritability of coffee consumption and use 

of nicotine and alcohol87-88.  Caffeine has been described as “a model drug of abuse”25; 89-90 and 

the finding of the NRCAM gene are in line with this hypothesis. Expression of NRCAM was also 

found to be up regulated in papillary thyroid carcinomas91. 

CAB39L was found to be up-regulated in all three cell types used in the expression 

analysis in this study in addition to strong association signals in the meta-analysis (rs9526558, 

p-value = 6.8*10-07). CAB39L encodes calcium binding protein 39-like, a gene that is expressed in 

the brain. The function of this gene is not well characterized but the encoded protein interacts 

with the serine/threonine kinase 11 (STK11) gene. This gene, which encodes a member of the 

serine/threonine kinase family, regulates cell polarity and functions as a tumor suppressor. 

	 An intronic SNP in the gene NCALD also showed suggestive evidence of association 

with coffee consumption (rs16868941 p= 1.5*10-07). Like CAB39L, NCALD is involved in calcium 

metabolism. NCALD encodes a member of the neuronal calcium sensor (NCS) family of calcium-

binding proteins. The protein is cytosolic at resting calcium levels but elevated intracellular 

calcium levels induce a conformational change that exposes the myristoyl group, resulting 

in protein association with membranes and partial co-localization with the perinuclear 

trans-golgi network. The protein is thought to be a regulator of G protein-coupled receptor 

signal transduction. Several alternatively spliced variants of this gene have been determined, 

all of which encode the same protein. The gene has shown to be associated with diabetic 

nephropathy92. Earlier we found evidence for association of the NCALD gene with sleep latency 

(rs17498920, p-value = 2*10-05) (NA, unpublished data). Coffee intake is known to interfere with 

melatonin secretion93 thereby delaying the onset of sleep.

In this study, we have combined gene expression data from three cell types treated 

with caffeine with GWAS data to study gene implicated in coffee drinking habits in more detail. 

Gene expression in lymphocytes strengthens the evidence of association for CYP1A1 and CAB39L. 

Although in analysing the effects of caffeine, it would be most pertinent to study changes in 

other cells and tissues including liver and brain tissue, there is some evidence to suggest that 

gene expression in blood can be a good marker of gene expression in the central nervous 

system and so LCLs may provide a good alternative94. It should be noted that the concentration 

of caffeine we used is in the lower limit of that found in the bloodstream after drinking a 

cup of coffee. A recent study suggests that there are different patterns of gene expression at 

various concentrations of caffeine24, and further studies of gene expression should use different 



Genome-wide association and gene expression analyses suggest association of CYP1A1/CYP1A2 with coffee drinking

215

concentrations of caffeine within the normal range found after caffeine consumption in humans.

The fact that an individual would choose to abstain from coffee or drink only very 

small quantities may relate to insomnia, anxiety, trembling or other side-effects of caffeine. It will 

likely be informative to test whether carriers of coffee consumption alleles experience the same 

or different side-effects from caffeine. Analysis of individuals according to caffeine symptoms 

and compared to controls may provide more power for detecting caffeine sensitivity alleles. 

Our study is an important step in understanding the genetics of coffee/caffeine consumption. 

Caffeine is the most used psychoactive drug in the world, and coffee is the most common form 

of caffeine consumption among adults. Therefore, our results have implications not only for 

understanding individual differences in caffeine consumption, but also for many other human 

traits and diseases such as blood pressure. Previous overlap in SNPs identified for caffeine-

induced anxiety and panic disorder indicate that an understanding of how caffeine mediates its 

effects will help decipher the genetics of anxiety and anxiety disorders. Similarly, other studies 

have identified interactions between long-term caffeine use, common variants and risk of 

disease and our results can inform future studies in these areas. 

	 In summary, we report association of the CYP1A1/CYP1A2 locus with coffee drinking. 

The region is also significantly implicated in a separate meta-analysis of GWAS of coffee drinking 

conducted by the deCODE in about 7000 coffee drinkers (deCODE, unpublished data). We 

further report association of the variant rs382140 near the NRCAM gene and an intronic variant 

(rs9526558) in the CAB39L gene with coffee consumption. No evidence for the NRCAM gene 

was observed in the deCODE data, which may be attributed to the different study design used 

in the two studies (exclusion of coffee non-drinkers in deCODE). The evidence of association of 

the CAB39L gene is further supported by the fact that consistent effects (with respect to size and 

direction) were observed for the rs9526558 in the deCODE samples. These GWAS findings are 

further strengthened by differential expression of CYP1A1 and CAB39L after caffeine treatment of 

different cell types.
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Supplementary Table 2. Descriptive Statistics of all cohorts in the study

Population sample Average cups of 
coffee/day(sd)

Average age
(sd)

ERF Total 5.47(3.95) 48.62(14.49)

Male 5.88(4.39) 49.37(14.48)

Female 5.13(3.49) 48.04(14.48)

KORA Total 3.34 (2.95) 53.91 (8.86)

Male 3.44 (3.22)                          54.22 (8.92)

Female 3.26 (2.66) 53.62 (8.79)

NTR1 Total 2.79(2.96) 33.16(11.71)

Male 4.17(3.33) 33.51(12.41)

Female 2.23(2.59) 33.02(11.42)

NTR2 Total 2.98(3.14) 33.53(12.23)

Male 4.33(3.71) 33.37(11.49)

Female 2.20(2.45) 33.63(12.66)

RS-I Total 3.85 (1.91) 70.21 (9.65)

Male 4.16 (2.09) 68.57 (8.59)

Female 3.63 (1.75) 71.26 (10.12)

RS-II Total 4.36 (2.64) 65.98(10.55)

Male 4.76(2.72) 64.74(9.49)

Female 4.03(2.52) 66.83(11.14)

SHIP Total 2.67 (1.95) 53.45 (15.35)

Male 2.79 (2.10) 59.77 (12.52)

Female 2.63 (1.91) 51.60 (15.61)

TwinsUKI Total 1.72 (2.51) 54 (11.32)

Male 2 (1.73) 34.97 (10.1)

Female 1.72 (2.51) 54.05 (11.29)

TwinsUKII Total 1.61 (2.12) 54.2 (12.68)

Male 1.74 (2) 54.55 (13.04)

Female 1.59 (2.14) 54.15 (12.63)

QIMR Total 2.82(2.40) 31.46(11.14)

Male 2.62 (2.33) 28.09 (7.94)

Female 2.89 (2.42) 32.66 (11.55)

LifeLines Total 4.01(2.40) 47.48(10.82)

Male 4.67(2.47) 47.69(10.91)

Female 3.52(2.21) 47.33(10.76)
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Supplementary Table 3. eQTL analysis of the top hits in GWAS 

ProbeID Pos SNP Allele Effect H2 Lod Pvalue Chr gene

1557325_at 72.913 rs6495122 C 0.289 4.14 3.238 0.00011 15 ---

209956_s_at 72.807 rs2470893 G -0.335 4.62 3.299 1.00E-04 15 CAMK2B

229426_at 72.807 rs2470893 G 0.346 4.93 3.224 0.00012 15 COX5A

229426_at 72.913 rs6495122 C -0.351 6.11 4.708 3.20E-06 15 COX5A

232016_at 72.913 rs6495122 C 0.275 3.74 3.007 2.00E-04 15 KIAA1018

240756_at 72.913 rs6495122 C -0.282 3.94 3.197 0.00012 15 ---
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Supplementary Figure 2. Quantile-Quantile plot for Coffee drinking. The horizontal axis shows the 
negative logarithm of the expected p-values from a 1 d.f. chi-square distribution and the vertical axis shows 
the negative logarithm of the p-values from the observed chi-square distribution. Each black dot represents 
a SNP. 

Supplementary Figure 3. Regional association plot for 15q24 in the RS-II after adjusting for the two most 
significant hits in the region. The vertical axis shows the negative logarithm of the association p-values and 
the horizontal axis shows the position in mega bases. The purple diamond represents rs6495122, circles 
represent other SNPs in the region with different colours representing the extent of linkage disequilibrium 
of these SNPs with rs6495122. Genes in the region are shown below the horizontal axis.

0

2

4

6

8

10

−
lo

g 1
0
(p

−
va

lu
e)

0

20

40

60

80

100

Recom
bination rate (cM

/M
b)

rs6495122

●

●

● ●
●● ●● ●●

● ●● ●

● ●
●

●

●

●
●

●
●

●

●● ● ●●●
●

● ●● ●
●●● ●●●

●

●●
●

●

●

●

●
●

●
●●

●

●
●

●● ●

●

●●
●

●

●
●

●

●

●

●
●●●

● ●

●●
●

● ● ●●● ●●
●

●

●

● ●●●
0.2

0.4

0.6

0.8

r2

EDC3 CYP1A1

CYP1A2

CSK

LMAN1L

CPLX3

ULK3

SCAMP2

MPI

C15orf17

COX5A

RPP25

SCAMP5

PPCDC

72.8 72.9 73 73.1

Position on chr15 (Mb)

Plotted SNPs

Supplementary Table 3



Chapter 4.3

230

Supplementary Figure 4. Regional association plot for chromosome 8 (rs16868941). The vertical axis shows 
the negative logarithm of the association p-values and the horizontal axis shows the position in mega bases. 
Each dot represents a SNP with the purple dot representing the top SNP (rs16868941) in the region while 
other colours representing the extent of linkage disequilibrium of other SNPs with top SNP. Genes in the 
region are shown below the horizontal axis.
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Supplementary Figure 5. Regional association plot for chromosome 7 (rs382140). The vertical axis shows 
the negative logarithm of the association p-values and the horizontal axis shows the position in mega bases. 
Each dot represents a SNP with the purple dot representing the top SNP (rs382140) in the region while other 
colours representing the extent of linkage disequilibrium of other SNPs with top SNP. Genes in the region 
are shown below the horizontal axis.
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Supplementary Figure 6. Regional association plot for chromosome 13 (rs95265580). The vertical axis 
shows the negative logarithm of the association p-values and the horizontal axis shows the position in mega 
bases. Each dot represents a SNP with the purple dot representing the top SNP (rs95265580) in the region 
while other colours representing the extent of linkage disequilibrium of other SNPs with top SNP. Genes in 
the region are shown below the horizontal axis.
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Findings of this thesis 

Behaviour refers to the actions of an organism, usually in relation to its environment. In humans, 

behaviour appears to be controlled primarily by the endocrine and nervous systems. The 

complexity of behaviour in humans is correlated to the complexity of the nervous system. 

Behaviours can be innate or learned. Many behaviours are highly heritable both within and 

across species.

	 In this thesis I have made an effort to unfold the genetics of traits that have a strong 

behavioural aspect and are known to affect social, somatic and psychological health. The traits 

I have studied concern a variety of outcomes including personality, ADHD, coffee drinking and 

sleep. All are common and/or quantitative traits and also known to be significantly heritable. 

I have made use of various gene mapping techniques including linkage and association. 

Moreover, I also use more advanced molecular and statistical analysis including copy number 

variation (CNV) and genomic imprinting analysis to find genetic variants associated with these 

traits. Using these methods I discovered novel loci (genes) implicated in the traits studied.

	 The first trait studied in this thesis is attention deficit hyperactivity disorder (ADHD). 

ADHD is a psychiatric developmental disorder1 with an extremely strong behavioural 

component, which results in impaired social and/or academic functioning. In chapter 2 we 

report the findings of a genome-wide linkage analysis of ADHD in nine inbred children identified 

in the Genetic Research in Isolated Populations (GRIP program). We found suggestive evidence 

of linkage (LOD = 2.2) of ADHD to a novel locus at 18q21-22 using homozygosity mapping. This 

finding was also supported by the genome-wide association analysis performed by the Genetic 

Association Information Network (GAIN) (rs2311120, p-value = 1.06*10-05).  In a sub-analysis of 

inattentive type ADHD children we also found suggestive evidence of linkage to 6p22 (LOD=2), 

a region which was found earlier for ADHD in patients with reading disability2. Other regions 

with HLOD ≥ 1 include 1p36, 5q33, 6p12, 18p11, and 15q25. Although not significant, most 

of these regions including 1p36, 5q33 and 6p12 overlap or are adjacent to those found by the 

previous studies3-5 and harbour serotonin receptors including HTR1B, HTR1E, HTR4, HTR1D, and 

HTR6. This suggests that linkage analysis is a powerful approach for identification of genetic 

loci as we were able to discover several interesting candidate regions with only nine patients 

compared to the 958 trios in the GAIN analysis.

	 I next focused on personality traits. The structure of human personality has 

traditionally been accounted for by a relatively small set of traits. Over the last century, 

scientific consensus has converged on a taxonomic model of personality traits based on five 

higher-order dimensions of Neuroticism, Extraversion, Openness to Experience, Agreeableness 

and Conscientiousness, known as the Five-Factor Model (FFM)6. These five dimensions are 

developed as orthogonal scales and therefore are largely independent. Together they provide 

a broad description of personality. Neuroticism is commonly defined as emotional instability; 

it involves the experience of negative emotions such as anxiety, depression, hostility, and 
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vulnerability to stress. Extraversion is characterized by positive emotions, gregariousness, and 

the tendency to be active, seek out stimulation and enjoy the company of others. Openness 

to Experience involves active imagination, aesthetic attentiveness, variety preference and 

intellectual curiosity. Agreeableness can be defined as the tendency to be cooperative and 

compassionate rather than suspicious and antagonistic towards others. Lastly, the dimension of 

Conscientiousness reflects self-discipline, carefulness, thoroughness, organization, deliberation 

and achievement. Personality traits predict a host of social, behavioural and health outcomes, 

such as job performance, longevity, and many psychiatric disorders, including substance abuse 

and dependency, mood disorders such as major depressive disorder (MDD), anxiety disorders, 

and personality disorders7-20. Although highly heritable with heritability estimates ranging 

between 33% and 65%21-25, finding genes implicated in personality has proved to be difficult. 

	 During my PhD training, I participated in a large genome-wide association study 

(GWA) aiming to identify common genetic variants with small effects. Included in the analyses 

were ten discovery samples (17,375 adults) and five in-silico replication samples (3,294 adults). 

All participants were of European ancestry. Personality scores for Neuroticism, Extraversion, and 

Openness to experience, Agreeableness, and Conscientiousness were based on the NEO Five-

Factor Inventory (NEO-FFI)6. Genotype data were available of ~ 2.4 million single nucleotide 

polymorphisms (SNPs; both directly typed and imputed using HAPMAP data). In the discovery 

samples, classical association analyses were performed under an additive model followed by 

meta-analysis using the weighted inverse variance method. Results showed genome-wide 

significance for Openness to experience near the RASA1 gene on 5q14.3 (rs1477268 and 

rs2032794, p-value = 2.8*10-8 and p-value = 3.1*10-8) and for Conscientiousness in the brain-

expressed KATNAL2 gene on 18q21.1 (rs2576037, p-value = 4.9*10-8). We further conducted a 

gene-based test that confirmed the association of KATNAL2 to Conscientiousness. In-silico 

replication did not, however, show significant associations of the top SNPs with Openness and 

Conscientiousness, although the direction of effect of the KATNAL2 SNP on Conscientiousness 

was consistent in all replication samples. Larger scale GWA studies and alternative approaches 

are required for confirmation of KATNAL2 as a novel gene affecting Conscientiousness.

	 For this thesis I followed an alternative approach. To find genetic loci that may 

confer moderate to large effects on personality traits of Neuroticism, Extraversion, Openness, 

Agreeableness and Conscientiousness, in chapter 3.1 I performed qualitative genome-wide 

linkage scans of high scoring individuals (> 90th percentile) for each of the five traits in the Erasmus 

Rucphen Family (ERF) Study. We found significant evidence of linkage of Conscientiousness to 

20p13 under the recessive model (log of odds (LOD) = 5.86). Haplotype construction revealed 

a distinct haplotype segregating in six high LOD score contributing families, which showed 

marginal association (p-value = 0.058 and 0.038) under a recessive model. This haplotype covers 

a 100 kilobase (kb) region on 20p13 and contains 5 genes belonging to the beta defensin family 

(DEFB). We also found suggestive evidence of linkage of Neuroticism to 21q22 (LOD = 3.42), 
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where we found two significant haplotypes (p-values = 0.009, 0.007), one of which was being 

shared in a homozygous state by most of the high scoring individuals from three high LOD 

score contributing families. This region harbors 10 genes, including TTC3, DSCR9, DSCR3, DYRK1A, 

KCNJ6 and PIGP, and has been associated with cognitive and mental impairment in individuals 

with Down’s syndrome26. Suggestive linkage (LOD = 3.32) yet a significant haplotype (p-value 

= 0.018) was found for Agreeableness in the 17q24 region. Genes in this region include KCNJ2, 

KCNJ16 and MAP2K6. Excess homozygosity in each of these linked regions prompted us to look 

for deletions in the regions. However, the copy number variation (CNV) analysis did not provide 

evidence for CNVs. These regions did not emerge in the GWAS I mentioned earlier. There may be 

several explanations for this including a false positive finding in this study. However, more likely, 

GWA studies are unlikely to pick up relatively rare recessive variants27. Such variants may indeed 

explain part of the missing heritability in quantitative traits27.  

	 In chapter 3.2 we performed an alternative linkage analysis including the various 

personality outcomes quantitatively. Although quantitative traits are a powerful approach, 

the number of subjects to be studied is critical. Further, also for linkage analysis replication is 

important to exclude false positive findings. Therefore, a meta-analysis of four un-published 

quantitative trait linkage analyses of the five personality traits was conducted. The samples 

(N = 6,149) included Erasmus Rucphen Family Study (ERF), Netherlands Twin Register (NTR) 

and an adult and adolescent sample from Australia (QIMR). To maximize power we combined 

genome-wide linkage and association analyses methods in a two step analysis 28. The regions 

of significant and suggestive evidence of linkage were fine mapped using the results of the 

largest meta-analysis of genome-wide association studies (N ~ 18,000) of these five personality 

traits. Significant linkage was detected for Neuroticism at chromosome 3p14 (LOD = 4.67) and 

at chromosome 19q13 (LOD = 3.55), for Extraversion at 14q32 (LOD = 3.3); for Agreeableness 

at 3p25 (LOD = 3.67) and at two adjacent regions on chromosome 15 including 15q13 (LOD 

= 4.07) and 15q14 (LOD = 3.52) in the individual scans. In the meta-analysis, we found strong 

evidence of linkage of Extraversion to 4q34, 9q34, 10q24 and 11q22, Openness to 2p25, 3q26, 

9p21, 11q24, 15q26 and 19q13, and Agreeableness to 4q34 and 19p13. When combining these 

data with the association results of the GWAS of these personality traits, significant evidence 

of association was detected for Openness at 11q24 (rs677035, p-value = 2.6*10-06). Borderline 

evidence for association was detected between Neuroticism and rs332389 (p-value = 9*10-05) 

at 3p14 and between Extraversion and rs7088779 (p-value = 4.2*10-06) at 10q24. Of these three 

SNPs, rs677035 is an intergenic SNP located between FLI1 and KCNJ1, rs332389 is intronic to 

the gene SLC25A26 and rs7088779 is located between CRTAC1 (cartilage acidic protein 1) and 

C10orf28; a region previously implicated in Alzheimer’s disease. Also in the quantitative linkage 

analysis, which is more similar to GWAS, there was no evidence for a role of KATNAL2 or RASA1 

for Conscientiousness and Openness. Again one may argue that this may be explained by a 

false positive finding or the differences in power for the various variants implicated in these 
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complex traits. An interesting gene family that emerges from the linkage studies in this thesis 

is the KCNJ family. The linkage regions we  identified using both dichotomous and quantitative 

outcome are enriched with KCNJ genes including KCNJ6, KCNJ16, KCNJ2 and KCNJ1. KCNJs are 

inwardly rectifying potassium channels. They are the targets of multiple toxins, and malfunction 

of the channels has been implicated in several diseases including neurological and endocrine 

disorders29 and electrocardiogram arrhythmias30.

	 Epigenetic effects, of which genomic imprinting is a form, is often cited as a reason 

for the loss of efficiency of genome-wide association studies in identifying common variants 

for complex traits31. In chapter 3.3 we performed a genome-wide search for imprinted regions 

for personality traits in the ERF sample using SNPs from the Illumina 6K linkage panel. We 

found significant differences in paternally and maternally transmitted alleles at 6q25 (rs602890, 

p-value = 5*10-07) for Extraversion and at 4q21 (rs1880719, p-value = 8*10-07) for Agreeableness. 

The two SNPs, which did not show any significance in a general association test, showed 

significant association when parental origin of alleles was incorporated in the association model 

(p-value= 3*10-06 for rs602890 and p-value = 1*10-06 for rs1880710). Rs602890 showed opposite 

and nominally significant effects when inherited from father (β = -2.78, p-value = 2.7*10-03) 

and mother (β = 4.33; p-value = 2*10-04) and rs1880719 showed significant association with 

Agreeableness only when inherited from the mother (β = -4.47, p-value = 6*10-05). The 6q25 

region is a known imprinted region32, while imprinting is also hypothesized as the reason for the 

central nervous system overgrowth in the 4q21/4q23 syndrome33. Rs602890 is an intronic SNP 

in the gene ZDHHC14 and rs1880719 is an intronic SNP in the gene SCD5 encoding Stearoyl-

CoA desaturase. None of these SNPs showed any evidence of association in the large GWAS or 

linkage studies when ignoring parent-of-origin effects. These findings can only be replicated 

in a family based sample. An attempt to replicate the two most interesting findings (rs1880719 

and rs602890) in the Australian twin samples failed to provide sufficient evidence of parent-of-

origin effects. We assume that this may be due to the sparse set of markers that we used in our 

analysis (5,250), making it difficult to pinpoint the region of interest precisely. A fine mapping 

of the 4q21 region revealed four additional significant SNPs (in high LD with rs1880719) in the 

same gene (SCD5). At present another replication effort is being made in the twin sample from 

the Netherlands Twin Registry (NTR).

	 Finally, we have studied sleep and caffeine in the thesis. Epidemiological studies have 

shown that sleep duration is associated with psycho-somatic malfunctioning34-37. In chapter 

4.2 we performed the first large scale genome-wide association analysis of sleep duration in 

7 European cohorts (N = 4,260). We identified an intronic variant on chromosome 12p12.1 

(rs11046205) in the ABCC9 gene and validated it in a replication study. When the conserved 

Drosophila homologue was knocked down pan-neuronally by RNAi, night sleep duration was 

reduced. ABCC9 encodes an ATP-sensitive potassium channel subunit (SUR2), which functions 

as a sensor of intracellular energy. Our findings therefore link sleep and its restorative effects, 
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known in physiological terms as the homeostat, to cellular energy metabolism. Time to fall 

asleep (sleep latency) is a major determinant of the quality of sleep. Increased sleep latency is 

one of the major characteristic of sleep onset insomnia38 and delayed sleep phase syndrome39, 

which are two common circadian disorders that hamper an individual’s social and academic life 

and work performance. With no previous genetic studies performed on this trait, in chapter 4.1 

we performed a meta-analysis of seven genome-wide association studies consisting of 4,270 

individuals of Caucasian origin. We found strong evidence of association of a variant (rs9900428, 

p-value = 5.7*10-08) of the hexaribonucleotide binding protein 3 (HRNBP3) (also known as FOX3) 

with sleep latency. We successfully replicated our findings in five additional cohorts (N = 10,901). 

The meta-analysis of discovery and replication cohorts showed a genome-wide significant 

association of rs9900428 (p-value = 3.8 *10-08). The FOX3 gene is a highly brain specific protein 

that belongs to the family of FOX genes, which are regulators of pre and postnatal alternative 

splicing in muscle and brain tissues. FOX3 is suggested to be an upstream regulator for alternative 

splicing of brain specific mRNAs involved in glutamatergic and GABAergic transmission. This is 

the first genome search on sleep latency and no variant for sleep latency has been reported 

earlier.

	 We finally study a major determinant of sleep latency, caffeine. Caffeine is known to 

have behavioural effects when taken in moderate amounts40-42. High doses of caffeine can have 

also negative effects such as anxiety, restlessness and insomnia. Caffeine intake is also described 

as a model of drug abuse43 and coffee is the major source of caffeine in adults. In chapter 4.3 we 

performed a large scale meta-analysis of genome-wide association studies on coffee intake. Our 

data (N ~ 18,000) consisted of samples from eight cohorts. We found genome-wide significant 

evidence of association of a variant (rs2470893) in 15q25 region, intergenic to genes CYP1A1 and 

CYP1A2. The “T” allele of rs2470893 was positively associated with coffee drinking. The CYP1A1 

gene was also found to be down-regulated after caffeine treatment in lymphoblastoid cell lines. 

CYP1A1 is known to metabolize polycyclic aromatic hydrocarbons such as benzo(a)pyrene, 

which is an important constituent of coffee and also known to be involved in the mutagenesis 

resulting from coffee intake while CYP1A2 is involved in primary metabolism of caffeine. 

Combined evidence from GWAS and caffeine expression analysis suggests that CYP1A1 regulates 

coffee drinking and that this association is independent of smoking status. Apart from CYP1A1/

CYP1A2 we also found strong evidence of association of coffee intake with polymorphisms in 

NCALD (rs16868941), NRCAM (rs382140) and CAB39L (rs9526558) genes. Earlier we found strong 

association of the NCALD gene with sleep latency (rs17498920, p-value = 2*10-05). This is an 

interesting finding since coffee intake is known to interfere with melatonin secretion and delay 

the onset of sleep. A replication analysis of the top findings from the GWAS in a further 8,000 

individuals of Dutch origin (LifeLines), confirmed association of CYP1A1/A2 locus and rs382140 

near the NRCAM gene with coffee drinking. CAB39L, although not successfully replicated was 

found to be up-regulated in all the three cell lines studied after caffeine treatment suggesting 



General Discussion

239

that the gene is indeed involved in caffeine metabolism and intake. Association analysis of 

the polymorphisms in these genes with coffee related phenotypes including blood pressure, 

mortality, cancer mortality, lipids and Alzheimer disease (AD) revealed significant association 

of rs2470893 (CYP1A1/1A2) with systolic and diastolic blood pressure, where again “T” allele was 

positively associated, suggesting that increased coffee intake elevates blood pressure44. The 

association of our top hits with blood pressure is very interesting and strengthens the argument 

that coffee consumption elevates blood pressure45.  

In search of the missing heritability

For the past 5 years genome-wide association studies (GWAS) have dominated the search for 

new genes for complex diseases overtaking other approaches of gene finding such as candidate 

gene and linkage analyses. Facilitated by technological developments in molecular biology, 

genetic epidemiologists have so far discovered many variants associated with several common 

diseases and traits such as Type 2 Diabetes, age-related macular degeneration and Crohn’s 

disease46. There currently are 26 established susceptibility genes published for type 2 diabetes47 

54 for human height and 22 for lipid levels48-49. These variants still explain only a small part of the 

genetic variance or heritability, for human height and lipids up to 4–6%50-51, and subsequently 

the search for novel variants continues to unravel ‘missing heritability’.

	 This missing heritability is explained by additional rare variants with strong effects 

and/or common variants with weak effects, acting additively and/or interacting with other 

genetic and environmental variants. To discover these additional genetic factors, GWAS need 

to enlarge, and this has led to further expansion of existing consortia and the establishment 

of new ones. Since the first publication in 200552, GWAS have undergone enormous evolution: 

from 10,000 single nucleotide polymorphisms (SNPs) in 100 individuals of a single sample52 

to 1  million genotyped and ~ 2.5  million imputed SNPs in more than 80,000 individuals of 

multiple samples 53. The decreasing costs of genotyping, new statistical methodologies, and 

increasing willingness of the scientists to share and pool data sets have facilitated these rapid 

developments and made this approach very successful also in the setting of epidemiology. For 

instance, the Cohort for Health and Aging Research (CHARGE) is studying multiple common 

traits in 50,000–70,000 individuals from US and European follow-up studies54-56, and the Dutch 

three-generation study LifeLines is going to include 165,000 participants57

	 While increasing size will help in finding new variants with smaller effects, there will 

also be true positives that remain undetected in the larger consortia because of the stringent 

threshold levels of statistical significance imposed in GWAS (p-value  <  5  *10−08) to adjust for 

multiple testing. The chances of success of consortia are further reduced if confounding due to 

population heterogeneity, also refer to as population admixture, is to be adjusted for, which is the 

case when populations are of different genetic origins. Therefore new approaches are needed 

to identify genetic variants explaining the missing heritability and one such new approach was 
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used successfully in a recent GWAS in schizophrenia that was published in Nature58. The classical 

GWAS analysis produced only one genome-wide significant polymorphism, but the authors 

used a new ‘genetic scoring’ method through which they demonstrated that there indeed 

existed undetected variants below the threshold. How to detect variants that are not detected? 

Basically, the method tests the association of a score variable that manifests a combined effect 

of many SNPs. The polymorphisms in the score are selected on the basis of their nominal 

p-value in the predefined discovery sample. Scores can be generated for any arbitrarily chosen 

threshold of nominal statistical significance, for instance selecting all SNPs with p-values lower 

than e.g. 0.01, 0.1 or 0.5. The significance of the score is then tested by using it as a predictor 

in a simple regression model in an independent ‘target sample’. In this target sample, a one-

parameter test for all SNPs can be used, thus relaxing the conservative p-value of 5*10−08 

needed for testing all SNPs in GWAS to classical significance level of 0.05. Using data from the 

International Schizophrenia Consortium with men defined as the discovery sample and women 

as the target sample, the authors showed that a score based on all SNPs with p-value < 0.5 was 

most strongly and significantly correlated with schizophrenia in the target sample compared to 

the scores based on other thresholds. The fact that the set of SNPs with p-value < 0.5, including 

both many falsely and an unknown number of truly associated SNPs, predicted better than the 

score with p-value < 5*10−08 suggests that both the number of undetected relevant variants as 

well as their joint effect on the outcome is substantial58. The authors further showed that the 

score correlated significantly with related diseases as bipolar disorder, but not with unrelated 

outcomes such as Crohn’s disease, coronary artery disease, hypertension, rheumatoid arthritis or 

type 1 and type 2 diabetes. This suggests that schizophrenia and bipolar disorder have a shared 

genetic component and also that the selected alleles were specific to schizophrenia and related 

disorders58.

	 The genetic scoring method is logical and simple as among the SNPs that fail to reach 

the significance threshold in the GWAS there ought to be true associations, which just do not 

reach the threshold because the study does not have enough power59. There may, however, be 

several caveats. First, the informative value of the approach depends on the size of the discovery 

sample. If the discovery sample is small, more falsely associated SNPs will be selected at each 

threshold, and consequently scores do not explain much of the phenotypic variance in the 

target sample. The second caveat is that also a score based on 38,000 SNPs with a p-value lower 

than 0.5, derived in a discovery sample of 3,800 individuals, explained only 3% of the heritable 

variance in the target population of 3,100 persons. It can be expected that a larger discovery set 

will select more true positives among those with a p-value lower than 0.5 and therefore explain 

a higher percentage of the variance in the target sample. However, simulations showed that the 

variance explained by the scores can increase from 3 to 20% if the size of the discovery sample is 

increased to 20,000 individuals58. Thus, also for this new method the size of the discovery sample 

is an important determinant of success. Third, one of the major conclusions on the basis of this 
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method is that there are undetected common genetic contributions. Of course one may argue 

that this observation could already be inferred from the fact that there is ‘missing heritability’. But 

perhaps an even more important limitation of the genetic scoring method is that it does not tell 

which one(s) of the variants included is responsible for the statistical significance.

	 Then what can we do with this information? First, the method may be used to improve 

our understanding the genetic architecture of the disease or trait. Scores can be calculated and 

tested for multiple different significance thresholds levels of statistical significance. By comparing 

the proportions of explained variance across these thresholds, a pattern may be observed. When 

going up from a very low threshold, e.g., p-value < 10−07 to p-value < 0.5, we may see that scores 

may rise to a certain point and then either decline or become stable, a pattern which suggests 

that a few genes with stronger effects may be involved. When the proportion of explained 

variance monotonically increases until all SNPs are included in the scores, there are likely to be 

a large number of common variants with small effects. So the scores calculated over several 

different cut offs can give an indication on how complex the trait is, on the likelihood that the 

trait has a polygenic basis. For example, for schizophrenia the score goes up from 0.004 to 0.025 

by moving up from a threshold of p-value < 0.01 to p-value < 0.558, which is an indication that 

many more common low risk variants are likely involved in schizophrenia.

	 Second, this method could be considered as an intermediate step in the gene 

discovery process. When scores are statistically significant, one may consider to only analyzing 

the included SNPs in the independent samples. For replication purposes this leads to a less 

stringent level of statistical significance, and potentially to a higher likelihood of finding 

susceptibility variants. Because the success of this approach will depend on the size of the 

discovery sample — the larger the discovery sample the more likely true susceptibility genes 

will be selected in the scores — its added value of selecting SNPs in much smaller independent 

populations may not be efficient. More promising is to use the score approach to select SNPs 

for use in complex modelling of the trait for instance to study gene by gene interactions which 

otherwise seems impossible with 2.5 million SNPs.

	 Third, the method could be used to predict disease for preventive and clinical 

purposes. Evans and colleagues applied the score approach and assessed the discriminative 

ability for several threshold levels of statistical significance in several complex diseases 60. 

When significance thresholds were varied from 10−05 to 0.8, discriminative ability improved for 

bipolar depression, coronary heart disease, hypertension and type 2 diabetes, but decreased for 

rheumatoid arthritis and type 1 diabetes prediction. For all diseases, the discriminative ability 

was lower than what would be obtained when testing known susceptibility genes, except for 

hypertension where no susceptibility variants were known at the time and for bipolar disorder 

for which the score performed better than the known variants, but only for the liberal and not 

for the stringent significance thresholds. It is also suggested that the shared genetic liability 

between schizophrenia and bipolar disorder would make the genetic based refinement of the 
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diagnosis of these diseases possible, which may also be tried for other diseases with overlapping 

symptoms58. Of all potential applications of the genetic scoring method, this is the least 

substantiated, and it may still be too premature61. However, when the proportion of variance 

explained by the scores can increase from 3 to 20%, as suggested by simulation analyses by 

improving the power of the discovery set58, the discriminative accuracy could be in the range of 

what we commonly see for non-genetic risk prediction models in e.g., cardiovascular diseases, 

diabetes and mortality62-64.

	 GWAS have been very successful in finding multiple variants for many traits, but we 

are reaching the limits of what can be found through this approach sooner or later. Whether 

the genetic scoring method will be successful in finding more risk variants for complex traits 

and in unravelling ‘missing heritability’ remains to be determined. So far we applied this 

method successfully in depression65, lipids and glaucoma66. Although the approach works, the 

variance explained is still very low, limiting the value for application in public health or decision 

making. More recently a new approach has been proposed which uses the restricted maximum 

likelihood modelling (REML) to estimate the variance explained by the SNPs67. The authors show 

that using REML and kinships estimated from the genotyped SNPs, they could explain roughly 

half of the heritability of human height using common SNPs. For the remaining half they suggest 

incomplete LD between causal variant and the SNPs as the major limitation, which, they suggest, 

might be overcome using larger discovery samples. An issue to be evaluated is the extent to 

which the data over fits the regression model, limiting the predictive value to the population 

studied. It is clear that such over fitting makes the approach useless in the field of epidemiology 

or public health. The new genetic score method is one approach, approaches aiming at testing 

of more complex models with gene by gene and gene by environment interactions may be 

another avenue, although it is clear that epistasis and gene-environment interactions do not 

form a part of the missing heritability. Last but not least technological developments may come 

to rescue with new development in high throughput sequencing. 
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Future research

With whole-genome sequencing of hundreds of individuals within our reach, contemporary 

thinking in genetic epidemiology is distributed within two extremes: continue enlarging the 

GWAS to find more variants using the SNPs or to go forward with whole genome/exome 

sequencing with a view to find rare variants. The proponents of the former suggest that given 

enough sample size the GWAS will be able to find most of the genetic variants67 associated with 

a certain trait or in other words people who strictly adhere to the common disease/common 

variant theory. Others suggest that we have reached the limit with the GWAS68-69 and profess 

sequencing. As expected and based upon population genetics, my thesis shows that the two 

lines of thought are not mutually exclusive and should converge with infinitively large samples. 

We have witnessed overlap of our linkage findings for ADHD and personality traits with those 

of the respective GWAS.

	 If larger GWAS are to be performed, more complex modelling including parent-of-

origin effects may be useful as we and others have shown70. Currently only family based studies 

are capable of performing such analysis. A limitation of these studies is that the replication 

samples are usually not available. However, more recently developed long range phasing 

method71 may enable population based studies to incorporate parent-of-origin effects in the 

association models. Also for the complex traits, reducing the complexity of the trait, that is, the 

use of simpler base level phenotypes is another approach which can improve the performance/

power of the GWAS to detect common variants. This is already being done for a variety of 

complex traits/disorders. For instance, each of the five personality traits mentioned earlier in this 

thesis are defined by six underlying sub-phenotypes. We are now performing the GWAS on each 

of the individual sub-phenotypes in an ongoing study. Expansion of the GWAS in terms of the 

number of SNPs used is yet another avenue which might lead to the discovery of more of the 

common variation. Most consortia are now switching to 1000 genomes72 as the reference set 

for SNP imputations rather than the HapMap. This will increase the number of SNPs from 2.5 to 8 

million to be used in the GWAS, thus improving the chances of finding more common variants. 

	 Needless to say that whole genome/exome sequencing will reveal the rare variants 

in the genome, however, the enthusiasm is also coupled with a feeling of anxiety about what 

sequencing will reveal and whether or not we are capable of handling such an enormous 

amount of information with contemporary bioinformatics and methodological tools. Provided 

the technological and methodological advances, the ultimate goal is to do a whole genome 

sequencing of all the enrolled subjects and to perform genome-wide association studies of the 

3 billion base pairs69, meanwhile designs that are optimized to detect rare variants in smaller 

samples are suggested69. These include sequencing affected individuals in families and extreme-

trait sequencing. Targeted sequencing of interesting regions might be something to start with. 

So far linkage studies have discovered several regions for many psychiatric and non-psychiatric 

traits. These regions are potentially interesting targets for sequencing and might reveal rare 
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mutations73. Homozygosity mapping may also be used as a tool to provide interesting regions 

for targeted sequencing74.

	 The findings in this thesis especially the linkage findings are interesting targets for 

deep sequencing.  Apart from these there are a number of findings in this thesis that require a 

follow up. First, is the KCNJ gene family that is linked to personality traits. These genes should 

be characterized in more detail in humans e.g. by sequencing. These genes may also link 

personality to related traits, for instance, heart and electrocardiogram (ECG) traits. For Sleep, the 

genes that we have identified (ABCC9 for sleep duration and HRNBP3/FOX3) also require further 

investigation. Although, we successfully authenticate our findings by either performing gene 

knockout study or through replicating in other populations, the biological mechanisms through 

which these genes influence sleep traits remain elusive and need to be explored. For the genes 

that we have discovered for coffee intake, it will be of interest to link the findings to coffee 

related traits and diseases. Another interesting avenue will be to look at these genes from the 

perspective of addiction. 
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Findings of this thesis 

Behaviour refers to the actions of an organism, usually in relation to its environment. In humans, 

behaviour appears to be controlled primarily by the endocrine and nervous systems. The 

complexity of behaviour in humans is correlated to the complexity of the nervous system. 

Behaviours can be innate or learned. Many behaviours are highly heritable both within and 

across species.

	 In this thesis I have made an effort to unfold the genetics of traits that have a strong 

behavioural aspect and are known to affect social, somatic and psychological health. The traits 

I have studied concern a variety of outcomes including personality, ADHD, coffee drinking and 

sleep. All are common and/or quantitative traits and also known to be significantly heritable. 

I have made use of various gene mapping techniques including linkage and association. 

Moreover, I also use more advanced molecular and statistical analysis including copy number 

variation (CNV) and genomic imprinting analysis to find genetic variants associated with these 

traits. Using these methods I discovered novel loci (genes) implicated in the traits studied.

	 The first trait studied in this thesis is attention deficit hyperactivity disorder (ADHD). 

ADHD is a psychiatric developmental disorder1 with an extremely strong behavioural 

component, which results in impaired social and/or academic functioning. In chapter 2 we 

report the findings of a genome-wide linkage analysis of ADHD in nine inbred children identified 

in the Genetic Research in Isolated Populations (GRIP program). We found suggestive evidence 

of linkage (LOD = 2.2) of ADHD to a novel locus at 18q21-22 using homozygosity mapping. This 

finding was also supported by the genome-wide association analysis performed by the Genetic 

Association Information Network (GAIN) (rs2311120, p-value = 1.06*10-05).  In a sub-analysis of 

inattentive type ADHD children we also found suggestive evidence of linkage to 6p22 (LOD=2), 

a region which was found earlier for ADHD in patients with reading disability2. Other regions 

with HLOD ≥ 1 include 1p36, 5q33, 6p12, 18p11, and 15q25. Although not significant, most 

of these regions including 1p36, 5q33 and 6p12 overlap or are adjacent to those found by the 

previous studies3-5 and harbour serotonin receptors including HTR1B, HTR1E, HTR4, HTR1D, and 

HTR6. This suggests that linkage analysis is a powerful approach for identification of genetic 

loci as we were able to discover several interesting candidate regions with only nine patients 

compared to the 958 trios in the GAIN analysis.

	 I next focused on personality traits. The structure of human personality has 

traditionally been accounted for by a relatively small set of traits. Over the last century, 

scientific consensus has converged on a taxonomic model of personality traits based on five 

higher-order dimensions of Neuroticism, Extraversion, Openness to Experience, Agreeableness 

and Conscientiousness, known as the Five-Factor Model (FFM)6. These five dimensions are 

developed as orthogonal scales and therefore are largely independent. Together they provide 

a broad description of personality. Neuroticism is commonly defined as emotional instability; 

it involves the experience of negative emotions such as anxiety, depression, hostility, and 
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vulnerability to stress. Extraversion is characterized by positive emotions, gregariousness, and 

the tendency to be active, seek out stimulation and enjoy the company of others. Openness 

to Experience involves active imagination, aesthetic attentiveness, variety preference and 

intellectual curiosity. Agreeableness can be defined as the tendency to be cooperative and 

compassionate rather than suspicious and antagonistic towards others. Lastly, the dimension of 

Conscientiousness reflects self-discipline, carefulness, thoroughness, organization, deliberation 

and achievement. Personality traits predict a host of social, behavioural and health outcomes, 

such as job performance, longevity, and many psychiatric disorders, including substance abuse 

and dependency, mood disorders such as major depressive disorder (MDD), anxiety disorders, 

and personality disorders7-20. Although highly heritable with heritability estimates ranging 

between 33% and 65%21-25, finding genes implicated in personality has proved to be difficult. 

	 During my PhD training, I participated in a large genome-wide association study 

(GWA) aiming to identify common genetic variants with small effects. Included in the analyses 

were ten discovery samples (17,375 adults) and five in-silico replication samples (3,294 adults). 

All participants were of European ancestry. Personality scores for Neuroticism, Extraversion, and 

Openness to experience, Agreeableness, and Conscientiousness were based on the NEO Five-

Factor Inventory (NEO-FFI)6. Genotype data were available of ~ 2.4 million single nucleotide 

polymorphisms (SNPs; both directly typed and imputed using HAPMAP data). In the discovery 

samples, classical association analyses were performed under an additive model followed by 

meta-analysis using the weighted inverse variance method. Results showed genome-wide 

significance for Openness to experience near the RASA1 gene on 5q14.3 (rs1477268 and 

rs2032794, p-value = 2.8*10-8 and p-value = 3.1*10-8) and for Conscientiousness in the brain-

expressed KATNAL2 gene on 18q21.1 (rs2576037, p-value = 4.9*10-8). We further conducted a 

gene-based test that confirmed the association of KATNAL2 to Conscientiousness. In-silico 

replication did not, however, show significant associations of the top SNPs with Openness and 

Conscientiousness, although the direction of effect of the KATNAL2 SNP on Conscientiousness 

was consistent in all replication samples. Larger scale GWA studies and alternative approaches 

are required for confirmation of KATNAL2 as a novel gene affecting Conscientiousness.

	 For this thesis I followed an alternative approach. To find genetic loci that may 

confer moderate to large effects on personality traits of Neuroticism, Extraversion, Openness, 

Agreeableness and Conscientiousness, in chapter 3.1 I performed qualitative genome-wide 

linkage scans of high scoring individuals (> 90th percentile) for each of the five traits in the Erasmus 

Rucphen Family (ERF) Study. We found significant evidence of linkage of Conscientiousness to 

20p13 under the recessive model (log of odds (LOD) = 5.86). Haplotype construction revealed 

a distinct haplotype segregating in six high LOD score contributing families, which showed 

marginal association (p-value = 0.058 and 0.038) under a recessive model. This haplotype covers 

a 100 kilobase (kb) region on 20p13 and contains 5 genes belonging to the beta defensin family 

(DEFB). We also found suggestive evidence of linkage of Neuroticism to 21q22 (LOD = 3.42), 
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where we found two significant haplotypes (p-values = 0.009, 0.007), one of which was being 

shared in a homozygous state by most of the high scoring individuals from three high LOD 

score contributing families. This region harbors 10 genes, including TTC3, DSCR9, DSCR3, DYRK1A, 

KCNJ6 and PIGP, and has been associated with cognitive and mental impairment in individuals 

with Down’s syndrome26. Suggestive linkage (LOD = 3.32) yet a significant haplotype (p-value 

= 0.018) was found for Agreeableness in the 17q24 region. Genes in this region include KCNJ2, 

KCNJ16 and MAP2K6. Excess homozygosity in each of these linked regions prompted us to look 

for deletions in the regions. However, the copy number variation (CNV) analysis did not provide 

evidence for CNVs. These regions did not emerge in the GWAS I mentioned earlier. There may be 

several explanations for this including a false positive finding in this study. However, more likely, 

GWA studies are unlikely to pick up relatively rare recessive variants27. Such variants may indeed 

explain part of the missing heritability in quantitative traits27.  

	 In chapter 3.2 we performed an alternative linkage analysis including the various 

personality outcomes quantitatively. Although quantitative traits are a powerful approach, 

the number of subjects to be studied is critical. Further, also for linkage analysis replication is 

important to exclude false positive findings. Therefore, a meta-analysis of four un-published 

quantitative trait linkage analyses of the five personality traits was conducted. The samples 

(N = 6,149) included Erasmus Rucphen Family Study (ERF), Netherlands Twin Register (NTR) 

and an adult and adolescent sample from Australia (QIMR). To maximize power we combined 

genome-wide linkage and association analyses methods in a two step analysis 28. The regions 

of significant and suggestive evidence of linkage were fine mapped using the results of the 

largest meta-analysis of genome-wide association studies (N ~ 18,000) of these five personality 

traits. Significant linkage was detected for Neuroticism at chromosome 3p14 (LOD = 4.67) and 

at chromosome 19q13 (LOD = 3.55), for Extraversion at 14q32 (LOD = 3.3); for Agreeableness 

at 3p25 (LOD = 3.67) and at two adjacent regions on chromosome 15 including 15q13 (LOD 

= 4.07) and 15q14 (LOD = 3.52) in the individual scans. In the meta-analysis, we found strong 

evidence of linkage of Extraversion to 4q34, 9q34, 10q24 and 11q22, Openness to 2p25, 3q26, 

9p21, 11q24, 15q26 and 19q13, and Agreeableness to 4q34 and 19p13. When combining these 

data with the association results of the GWAS of these personality traits, significant evidence 

of association was detected for Openness at 11q24 (rs677035, p-value = 2.6*10-06). Borderline 

evidence for association was detected between Neuroticism and rs332389 (p-value = 9*10-05) 

at 3p14 and between Extraversion and rs7088779 (p-value = 4.2*10-06) at 10q24. Of these three 

SNPs, rs677035 is an intergenic SNP located between FLI1 and KCNJ1, rs332389 is intronic to 

the gene SLC25A26 and rs7088779 is located between CRTAC1 (cartilage acidic protein 1) and 

C10orf28; a region previously implicated in Alzheimer’s disease. Also in the quantitative linkage 

analysis, which is more similar to GWAS, there was no evidence for a role of KATNAL2 or RASA1 

for Conscientiousness and Openness. Again one may argue that this may be explained by a 

false positive finding or the differences in power for the various variants implicated in these 
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complex traits. An interesting gene family that emerges from the linkage studies in this thesis 

is the KCNJ family. The linkage regions we  identified using both dichotomous and quantitative 

outcome are enriched with KCNJ genes including KCNJ6, KCNJ16, KCNJ2 and KCNJ1. KCNJs are 

inwardly rectifying potassium channels. They are the targets of multiple toxins, and malfunction 

of the channels has been implicated in several diseases including neurological and endocrine 

disorders29 and electrocardiogram arrhythmias30.

	 Epigenetic effects, of which genomic imprinting is a form, is often cited as a reason 

for the loss of efficiency of genome-wide association studies in identifying common variants 

for complex traits31. In chapter 3.3 we performed a genome-wide search for imprinted regions 

for personality traits in the ERF sample using SNPs from the Illumina 6K linkage panel. We 

found significant differences in paternally and maternally transmitted alleles at 6q25 (rs602890, 

p-value = 5*10-07) for Extraversion and at 4q21 (rs1880719, p-value = 8*10-07) for Agreeableness. 

The two SNPs, which did not show any significance in a general association test, showed 

significant association when parental origin of alleles was incorporated in the association model 

(p-value= 3*10-06 for rs602890 and p-value = 1*10-06 for rs1880710). Rs602890 showed opposite 

and nominally significant effects when inherited from father (β = -2.78, p-value = 2.7*10-03) 

and mother (β = 4.33; p-value = 2*10-04) and rs1880719 showed significant association with 

Agreeableness only when inherited from the mother (β = -4.47, p-value = 6*10-05). The 6q25 

region is a known imprinted region32, while imprinting is also hypothesized as the reason for the 

central nervous system overgrowth in the 4q21/4q23 syndrome33. Rs602890 is an intronic SNP 

in the gene ZDHHC14 and rs1880719 is an intronic SNP in the gene SCD5 encoding Stearoyl-

CoA desaturase. None of these SNPs showed any evidence of association in the large GWAS or 

linkage studies when ignoring parent-of-origin effects. These findings can only be replicated 

in a family based sample. An attempt to replicate the two most interesting findings (rs1880719 

and rs602890) in the Australian twin samples failed to provide sufficient evidence of parent-of-

origin effects. We assume that this may be due to the sparse set of markers that we used in our 

analysis (5,250), making it difficult to pinpoint the region of interest precisely. A fine mapping 

of the 4q21 region revealed four additional significant SNPs (in high LD with rs1880719) in the 

same gene (SCD5). At present another replication effort is being made in the twin sample from 

the Netherlands Twin Registry (NTR).

	 Finally, we have studied sleep and caffeine in the thesis. Epidemiological studies have 

shown that sleep duration is associated with psycho-somatic malfunctioning34-37. In chapter 

4.2 we performed the first large scale genome-wide association analysis of sleep duration in 

7 European cohorts (N = 4,260). We identified an intronic variant on chromosome 12p12.1 

(rs11046205) in the ABCC9 gene and validated it in a replication study. When the conserved 

Drosophila homologue was knocked down pan-neuronally by RNAi, night sleep duration was 

reduced. ABCC9 encodes an ATP-sensitive potassium channel subunit (SUR2), which functions 

as a sensor of intracellular energy. Our findings therefore link sleep and its restorative effects, 
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known in physiological terms as the homeostat, to cellular energy metabolism. Time to fall 

asleep (sleep latency) is a major determinant of the quality of sleep. Increased sleep latency is 

one of the major characteristic of sleep onset insomnia38 and delayed sleep phase syndrome39, 

which are two common circadian disorders that hamper an individual’s social and academic life 

and work performance. With no previous genetic studies performed on this trait, in chapter 4.1 

we performed a meta-analysis of seven genome-wide association studies consisting of 4,270 

individuals of Caucasian origin. We found strong evidence of association of a variant (rs9900428, 

p-value = 5.7*10-08) of the hexaribonucleotide binding protein 3 (HRNBP3) (also known as FOX3) 

with sleep latency. We successfully replicated our findings in five additional cohorts (N = 10,901). 

The meta-analysis of discovery and replication cohorts showed a genome-wide significant 

association of rs9900428 (p-value = 3.8 *10-08). The FOX3 gene is a highly brain specific protein 

that belongs to the family of FOX genes, which are regulators of pre and postnatal alternative 

splicing in muscle and brain tissues. FOX3 is suggested to be an upstream regulator for alternative 

splicing of brain specific mRNAs involved in glutamatergic and GABAergic transmission. This is 

the first genome search on sleep latency and no variant for sleep latency has been reported 

earlier.

	 We finally study a major determinant of sleep latency, caffeine. Caffeine is known to 

have behavioural effects when taken in moderate amounts40-42. High doses of caffeine can have 

also negative effects such as anxiety, restlessness and insomnia. Caffeine intake is also described 

as a model of drug abuse43 and coffee is the major source of caffeine in adults. In chapter 4.3 we 

performed a large scale meta-analysis of genome-wide association studies on coffee intake. Our 

data (N ~ 18,000) consisted of samples from eight cohorts. We found genome-wide significant 

evidence of association of a variant (rs2470893) in 15q25 region, intergenic to genes CYP1A1 and 

CYP1A2. The “T” allele of rs2470893 was positively associated with coffee drinking. The CYP1A1 

gene was also found to be down-regulated after caffeine treatment in lymphoblastoid cell lines. 

CYP1A1 is known to metabolize polycyclic aromatic hydrocarbons such as benzo(a)pyrene, 

which is an important constituent of coffee and also known to be involved in the mutagenesis 

resulting from coffee intake while CYP1A2 is involved in primary metabolism of caffeine. 

Combined evidence from GWAS and caffeine expression analysis suggests that CYP1A1 regulates 

coffee drinking and that this association is independent of smoking status. Apart from CYP1A1/

CYP1A2 we also found strong evidence of association of coffee intake with polymorphisms in 

NCALD (rs16868941), NRCAM (rs382140) and CAB39L (rs9526558) genes. Earlier we found strong 

association of the NCALD gene with sleep latency (rs17498920, p-value = 2*10-05). This is an 

interesting finding since coffee intake is known to interfere with melatonin secretion and delay 

the onset of sleep. A replication analysis of the top findings from the GWAS in a further 8,000 

individuals of Dutch origin (LifeLines), confirmed association of CYP1A1/A2 locus and rs382140 

near the NRCAM gene with coffee drinking. CAB39L, although not successfully replicated was 

found to be up-regulated in all the three cell lines studied after caffeine treatment suggesting 
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that the gene is indeed involved in caffeine metabolism and intake. Association analysis of 

the polymorphisms in these genes with coffee related phenotypes including blood pressure, 

mortality, cancer mortality, lipids and Alzheimer disease (AD) revealed significant association 

of rs2470893 (CYP1A1/1A2) with systolic and diastolic blood pressure, where again “T” allele was 

positively associated, suggesting that increased coffee intake elevates blood pressure44. The 

association of our top hits with blood pressure is very interesting and strengthens the argument 

that coffee consumption elevates blood pressure45.  

In search of the missing heritability

For the past 5 years genome-wide association studies (GWAS) have dominated the search for 

new genes for complex diseases overtaking other approaches of gene finding such as candidate 

gene and linkage analyses. Facilitated by technological developments in molecular biology, 

genetic epidemiologists have so far discovered many variants associated with several common 

diseases and traits such as Type 2 Diabetes, age-related macular degeneration and Crohn’s 

disease46. There currently are 26 established susceptibility genes published for type 2 diabetes47 

54 for human height and 22 for lipid levels48-49. These variants still explain only a small part of the 

genetic variance or heritability, for human height and lipids up to 4–6%50-51, and subsequently 

the search for novel variants continues to unravel ‘missing heritability’.

	 This missing heritability is explained by additional rare variants with strong effects 

and/or common variants with weak effects, acting additively and/or interacting with other 

genetic and environmental variants. To discover these additional genetic factors, GWAS need 

to enlarge, and this has led to further expansion of existing consortia and the establishment 

of new ones. Since the first publication in 200552, GWAS have undergone enormous evolution: 

from 10,000 single nucleotide polymorphisms (SNPs) in 100 individuals of a single sample52 

to 1  million genotyped and ~ 2.5  million imputed SNPs in more than 80,000 individuals of 

multiple samples 53. The decreasing costs of genotyping, new statistical methodologies, and 

increasing willingness of the scientists to share and pool data sets have facilitated these rapid 

developments and made this approach very successful also in the setting of epidemiology. For 

instance, the Cohort for Health and Aging Research (CHARGE) is studying multiple common 

traits in 50,000–70,000 individuals from US and European follow-up studies54-56, and the Dutch 

three-generation study LifeLines is going to include 165,000 participants57

	 While increasing size will help in finding new variants with smaller effects, there will 

also be true positives that remain undetected in the larger consortia because of the stringent 

threshold levels of statistical significance imposed in GWAS (p-value  <  5  *10−08) to adjust for 

multiple testing. The chances of success of consortia are further reduced if confounding due to 

population heterogeneity, also refer to as population admixture, is to be adjusted for, which is the 

case when populations are of different genetic origins. Therefore new approaches are needed 

to identify genetic variants explaining the missing heritability and one such new approach was 
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used successfully in a recent GWAS in schizophrenia that was published in Nature58. The classical 

GWAS analysis produced only one genome-wide significant polymorphism, but the authors 

used a new ‘genetic scoring’ method through which they demonstrated that there indeed 

existed undetected variants below the threshold. How to detect variants that are not detected? 

Basically, the method tests the association of a score variable that manifests a combined effect 

of many SNPs. The polymorphisms in the score are selected on the basis of their nominal 

p-value in the predefined discovery sample. Scores can be generated for any arbitrarily chosen 

threshold of nominal statistical significance, for instance selecting all SNPs with p-values lower 

than e.g. 0.01, 0.1 or 0.5. The significance of the score is then tested by using it as a predictor 

in a simple regression model in an independent ‘target sample’. In this target sample, a one-

parameter test for all SNPs can be used, thus relaxing the conservative p-value of 5*10−08 

needed for testing all SNPs in GWAS to classical significance level of 0.05. Using data from the 

International Schizophrenia Consortium with men defined as the discovery sample and women 

as the target sample, the authors showed that a score based on all SNPs with p-value < 0.5 was 

most strongly and significantly correlated with schizophrenia in the target sample compared to 

the scores based on other thresholds. The fact that the set of SNPs with p-value < 0.5, including 

both many falsely and an unknown number of truly associated SNPs, predicted better than the 

score with p-value < 5*10−08 suggests that both the number of undetected relevant variants as 

well as their joint effect on the outcome is substantial58. The authors further showed that the 

score correlated significantly with related diseases as bipolar disorder, but not with unrelated 

outcomes such as Crohn’s disease, coronary artery disease, hypertension, rheumatoid arthritis or 

type 1 and type 2 diabetes. This suggests that schizophrenia and bipolar disorder have a shared 

genetic component and also that the selected alleles were specific to schizophrenia and related 

disorders58.

	 The genetic scoring method is logical and simple as among the SNPs that fail to reach 

the significance threshold in the GWAS there ought to be true associations, which just do not 

reach the threshold because the study does not have enough power59. There may, however, be 

several caveats. First, the informative value of the approach depends on the size of the discovery 

sample. If the discovery sample is small, more falsely associated SNPs will be selected at each 

threshold, and consequently scores do not explain much of the phenotypic variance in the 

target sample. The second caveat is that also a score based on 38,000 SNPs with a p-value lower 

than 0.5, derived in a discovery sample of 3,800 individuals, explained only 3% of the heritable 

variance in the target population of 3,100 persons. It can be expected that a larger discovery set 

will select more true positives among those with a p-value lower than 0.5 and therefore explain 

a higher percentage of the variance in the target sample. However, simulations showed that the 

variance explained by the scores can increase from 3 to 20% if the size of the discovery sample is 

increased to 20,000 individuals58. Thus, also for this new method the size of the discovery sample 

is an important determinant of success. Third, one of the major conclusions on the basis of this 
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method is that there are undetected common genetic contributions. Of course one may argue 

that this observation could already be inferred from the fact that there is ‘missing heritability’. But 

perhaps an even more important limitation of the genetic scoring method is that it does not tell 

which one(s) of the variants included is responsible for the statistical significance.

	 Then what can we do with this information? First, the method may be used to improve 

our understanding the genetic architecture of the disease or trait. Scores can be calculated and 

tested for multiple different significance thresholds levels of statistical significance. By comparing 

the proportions of explained variance across these thresholds, a pattern may be observed. When 

going up from a very low threshold, e.g., p-value < 10−07 to p-value < 0.5, we may see that scores 

may rise to a certain point and then either decline or become stable, a pattern which suggests 

that a few genes with stronger effects may be involved. When the proportion of explained 

variance monotonically increases until all SNPs are included in the scores, there are likely to be 

a large number of common variants with small effects. So the scores calculated over several 

different cut offs can give an indication on how complex the trait is, on the likelihood that the 

trait has a polygenic basis. For example, for schizophrenia the score goes up from 0.004 to 0.025 

by moving up from a threshold of p-value < 0.01 to p-value < 0.558, which is an indication that 

many more common low risk variants are likely involved in schizophrenia.

	 Second, this method could be considered as an intermediate step in the gene 

discovery process. When scores are statistically significant, one may consider to only analyzing 

the included SNPs in the independent samples. For replication purposes this leads to a less 

stringent level of statistical significance, and potentially to a higher likelihood of finding 

susceptibility variants. Because the success of this approach will depend on the size of the 

discovery sample — the larger the discovery sample the more likely true susceptibility genes 

will be selected in the scores — its added value of selecting SNPs in much smaller independent 

populations may not be efficient. More promising is to use the score approach to select SNPs 

for use in complex modelling of the trait for instance to study gene by gene interactions which 

otherwise seems impossible with 2.5 million SNPs.

	 Third, the method could be used to predict disease for preventive and clinical 

purposes. Evans and colleagues applied the score approach and assessed the discriminative 

ability for several threshold levels of statistical significance in several complex diseases 60. 

When significance thresholds were varied from 10−05 to 0.8, discriminative ability improved for 

bipolar depression, coronary heart disease, hypertension and type 2 diabetes, but decreased for 

rheumatoid arthritis and type 1 diabetes prediction. For all diseases, the discriminative ability 

was lower than what would be obtained when testing known susceptibility genes, except for 

hypertension where no susceptibility variants were known at the time and for bipolar disorder 

for which the score performed better than the known variants, but only for the liberal and not 

for the stringent significance thresholds. It is also suggested that the shared genetic liability 

between schizophrenia and bipolar disorder would make the genetic based refinement of the 
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diagnosis of these diseases possible, which may also be tried for other diseases with overlapping 

symptoms58. Of all potential applications of the genetic scoring method, this is the least 

substantiated, and it may still be too premature61. However, when the proportion of variance 

explained by the scores can increase from 3 to 20%, as suggested by simulation analyses by 

improving the power of the discovery set58, the discriminative accuracy could be in the range of 

what we commonly see for non-genetic risk prediction models in e.g., cardiovascular diseases, 

diabetes and mortality62-64.

	 GWAS have been very successful in finding multiple variants for many traits, but we 

are reaching the limits of what can be found through this approach sooner or later. Whether 

the genetic scoring method will be successful in finding more risk variants for complex traits 

and in unravelling ‘missing heritability’ remains to be determined. So far we applied this 

method successfully in depression65, lipids and glaucoma66. Although the approach works, the 

variance explained is still very low, limiting the value for application in public health or decision 

making. More recently a new approach has been proposed which uses the restricted maximum 

likelihood modelling (REML) to estimate the variance explained by the SNPs67. The authors show 

that using REML and kinships estimated from the genotyped SNPs, they could explain roughly 

half of the heritability of human height using common SNPs. For the remaining half they suggest 

incomplete LD between causal variant and the SNPs as the major limitation, which, they suggest, 

might be overcome using larger discovery samples. An issue to be evaluated is the extent to 

which the data over fits the regression model, limiting the predictive value to the population 

studied. It is clear that such over fitting makes the approach useless in the field of epidemiology 

or public health. The new genetic score method is one approach, approaches aiming at testing 

of more complex models with gene by gene and gene by environment interactions may be 

another avenue, although it is clear that epistasis and gene-environment interactions do not 

form a part of the missing heritability. Last but not least technological developments may come 

to rescue with new development in high throughput sequencing. 
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Future research

With whole-genome sequencing of hundreds of individuals within our reach, contemporary 

thinking in genetic epidemiology is distributed within two extremes: continue enlarging the 

GWAS to find more variants using the SNPs or to go forward with whole genome/exome 

sequencing with a view to find rare variants. The proponents of the former suggest that given 

enough sample size the GWAS will be able to find most of the genetic variants67 associated with 

a certain trait or in other words people who strictly adhere to the common disease/common 

variant theory. Others suggest that we have reached the limit with the GWAS68-69 and profess 

sequencing. As expected and based upon population genetics, my thesis shows that the two 

lines of thought are not mutually exclusive and should converge with infinitively large samples. 

We have witnessed overlap of our linkage findings for ADHD and personality traits with those 

of the respective GWAS.

	 If larger GWAS are to be performed, more complex modelling including parent-of-

origin effects may be useful as we and others have shown70. Currently only family based studies 

are capable of performing such analysis. A limitation of these studies is that the replication 

samples are usually not available. However, more recently developed long range phasing 

method71 may enable population based studies to incorporate parent-of-origin effects in the 

association models. Also for the complex traits, reducing the complexity of the trait, that is, the 

use of simpler base level phenotypes is another approach which can improve the performance/

power of the GWAS to detect common variants. This is already being done for a variety of 

complex traits/disorders. For instance, each of the five personality traits mentioned earlier in this 

thesis are defined by six underlying sub-phenotypes. We are now performing the GWAS on each 

of the individual sub-phenotypes in an ongoing study. Expansion of the GWAS in terms of the 

number of SNPs used is yet another avenue which might lead to the discovery of more of the 

common variation. Most consortia are now switching to 1000 genomes72 as the reference set 

for SNP imputations rather than the HapMap. This will increase the number of SNPs from 2.5 to 8 

million to be used in the GWAS, thus improving the chances of finding more common variants. 

	 Needless to say that whole genome/exome sequencing will reveal the rare variants 

in the genome, however, the enthusiasm is also coupled with a feeling of anxiety about what 

sequencing will reveal and whether or not we are capable of handling such an enormous 

amount of information with contemporary bioinformatics and methodological tools. Provided 

the technological and methodological advances, the ultimate goal is to do a whole genome 

sequencing of all the enrolled subjects and to perform genome-wide association studies of the 

3 billion base pairs69, meanwhile designs that are optimized to detect rare variants in smaller 

samples are suggested69. These include sequencing affected individuals in families and extreme-

trait sequencing. Targeted sequencing of interesting regions might be something to start with. 

So far linkage studies have discovered several regions for many psychiatric and non-psychiatric 

traits. These regions are potentially interesting targets for sequencing and might reveal rare 
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mutations73. Homozygosity mapping may also be used as a tool to provide interesting regions 

for targeted sequencing74.

	 The findings in this thesis especially the linkage findings are interesting targets for 

deep sequencing.  Apart from these there are a number of findings in this thesis that require a 

follow up. First, is the KCNJ gene family that is linked to personality traits. These genes should 

be characterized in more detail in humans e.g. by sequencing. These genes may also link 

personality to related traits, for instance, heart and electrocardiogram (ECG) traits. For Sleep, the 

genes that we have identified (ABCC9 for sleep duration and HRNBP3/FOX3) also require further 

investigation. Although, we successfully authenticate our findings by either performing gene 

knockout study or through replicating in other populations, the biological mechanisms through 

which these genes influence sleep traits remain elusive and need to be explored. For the genes 

that we have discovered for coffee intake, it will be of interest to link the findings to coffee 

related traits and diseases. Another interesting avenue will be to look at these genes from the 

perspective of addiction. 
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Gedrag betreft het handelen van een organisme, meestal in relatie to de omgeving. Bij mensen 

lijkt gedrag primair bepaald te worden door het endocriene stelsel en het zenuwstelsel. De 

complexiteit van gedrag bij mensen is gecorreleerd aan de complexiteit van het zenuwstelsel. 

Gedrag kan aangeboren zijn, of aangeleerd. Veel vormen van gedrag zijn in hoge mate erfelijk, 

zowel binnen een soort als tussen soorten onderling.

In dit proefschrift heb ik een poging gedaan om de genetica te doorgronden van 

eigenschappen met een sterk gedragsaspect en waarvan bekend is dat ze de sociale, somatische, 

en psychologische gezondheid beïnvloeden. Ik heb een breed aantal eigenschappen 

bestudeerd, waaronder persoonlijkheid, attention deficit hyperactivity disorder (ADHD), koffie 

drinken en slaap. Deze zijn alle algemeen voorkomende kwantitatieve eigenschappen en het 

is bekend ze in belangrijke mate erfelijk bepaald zijn. Ik heb gebruik gemaakt van verschillende 

technieken voor het in kaart brengen van genen waaronder linkage- en associatieanalyse. 

Daarnaast heb ik gebruik gemaakt van geavanceerdere moleculaire and statistische analyses, 

waaronder copy number variation (CNV) en analyse van genoom imprinting voor het zoeken van 

genetische varianten die geassocieerd zijn met deze eigenschappen. Met deze methoden heb 

ik nieuwe loci (genen) ontdekt welke betrokken zijn bij deze eigenschappen.

De eerste eigenschap die in dit proefschrift is onderzocht is ADHD. ADHD is een 

psychiatrische ontwikkelingsstoornis met een zeer sterke gedragscomponent, resulterend in een 

verminderd sociaal en/of academisch functioneren. In hoofdstuk 2 rapporteren wij resultaten 

van een genoomwijde linkage-analyse van ADHD in negen kinderen van verwante ouders uit 

het programma voor Genetisch Onderzoek in geIsoleerde Populaties (GRIP). Gebruikmakend 

van het in kaart brengen van homozygoziteit vonden we suggestief bewijs voor linkage (log 

of odds (LOD) = 2.2) van ADHD met een nieuwe locus op 18q21-22. Deze uitkomst werd verder 

ondersteund door de genoomwijde associatieanalyse uitgevoerd door het Genetic Association 

Information Network (GAIN) dat een verband vond met een Single Nucleotide Polymorphism (SNP), 

een variatie in één basepaar, in deze regio (rs2311120, p-value = 1.06*10-05). In een subanalyse 

van kinderen met ADHD van het onoplettende type vonden we ook suggestief bewijs van 

linkage met 6p22 (LOD = 2), een gebied dat eerder gevonden was voor ADHD bij patiënten met 

een leeshandicap. Andere gebieden met HLOD ≥ 1 zijn 1p36, 5q33, 6p12, 18p11 and 15q25. 

Hoewel niet significant, overlappen de meeste van deze gebieden, waaronder 1p36, 5q33 and 

6p12, de gebieden die in eerdere studies werden gevonden, of liggen ze er vlak naast. Deze 

gebieden bevatten serotonine receptoren waaronder HTR1B, HTR1E, HTR4, HTR1D en HTR6. Dit 

wijst erop dat linkage-analyse een krachtige aanpak is voor de identificatie van genetische loci 

aangezien we verschillende interessante kandidaat-gebieden konden ontdekken met slechts 

negen patiënten vergeleken met de 958 trio’s in de GAIN analyse.

Vervolgens heb ik mij gefocust op persoonlijkheid. De structuur van de menselijke 

persoonlijkheid wordt traditioneel toegeschreven aan een relatief kleine groep kenmerken. 

Gedurende de afgelopen eeuw is de wetenschappelijke consensus toegegroeid naar een 
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taxonomisch model van persoonlijkheidskenmerken gebaseerd op vijf hogere orde dimensies 

als neuroticisme, extraversie, het openstaan voor ervaringen, plezierigheid en zorgvuldigheid, 

bekend als het Vijf Factoren Model (Five Factor Model, FFM). Deze vijf dimensies zijn ontwikkeld als 

orthogonale schalen en daardoor grotendeels onafhankelijk. Gezamenlijk leveren ze een brede 

beschrijving van persoonlijkheid. Neuroticisme wordt gewoonlijk gedefinieerd als emotionele 

instabiliteit; het betreft het ervaren van negatieve emoties zoals overmatige bezorgdheid, 

depressie, vijandigheid en gevoeligheid voor stress. Extraversie wordt gekarakteriseerd door 

positieve emoties, de neiging om actief te zijn, het zoeken naar stimulans en het genieten van het 

gezelschap van anderen. Openstaan voor ervaringen omvat een actieve verbeelding, aandacht 

voor esthetiek, een voorkeur voor variatie en intellectuele nieuwsgierigheid. Plezierigheid 

kan worden gedefinieerd als de neiging tot samenwerken en medelevend zijn in plaats van 

wantrouwend en antagonistisch jegens anderen. De dimensie zorgvuldigheid, tenslotte, 

betreft zelfdiscipline, nauwgezetheid, grondigheid, gestructureerdheid, bedachtzaamheid en 

het verwezenlijken van zaken. Persoonlijkheidskenmerken voorspellen tal van aan uitkomsten 

op sociaal, gedrags- en gezondheidsgebied, zoals prestaties op het werk, hoge ouderdom 

en vele psychiatrische aandoeningen, waaronder misbruik en afhankelijkheid van middelen, 

stemmingsstoornissen zoals depressie, angststoornissen en persoonlijkheidsstoornisen. Het 

vinden van genen waaraan persoonlijkheid kan worden toegeschreven is moeilijk gebleken 

ondanks de grote erfelijke component, waarbij de schattingen voor de erfelijkheid uiteenlopen 

van 33 % tot 65 %.

Gedurende mijn promotieonderzoek heb ik meegewerkt aan een grote genoomwijde 

associatiestudie (GWA) met als doel het identificeren van veelvoorkomende genetische variaties 

met kleine effecten. In de analyses werden tien groepen voor eerste analyse (17,375 volwassenen) 

en vijf in-silico replicatiegroepen voor het bevestigen van de bevindingen (3,294 volwassenen) 

meegenomen. Alle participanten waren van Europese afkomst. Persoonlijkheidsscores voor 

neuroticisme, extraversie, openheid voor ervaringen, plezierigheid en zorgvuldigheid waren 

gebaseerd op de NEO vijf-factoren schaal (Neo Five-Factor Inventory, NEO-FFI). Genotype-data 

was beschikbaar van ca. 2.4 miljoen SNPs (zowel direct getypeerd als geïmputeerd met behulp 

van HAPMAP data). In de groepen voor eerste analyse werden klassieke associatieanalyses 

uitgevoerd op basis van een additief model, gevolgd door meta-analyse gebruikmakend van 

de gewogen inverse-variantiemethode. De resultaten lieten genoomwijde significantie zijn 

voor het openstaan voor ervaringen in de buurt van het RAS1 gen op 5q14.3 (rs1477268 en 

rs2032794, p-value = 2.8*10-08 en p-value = 3.1*10-08) en voor zorgvuldigheid in het KATNAL2 gen 

op 18q21.1 (rs2576037, p-value = 4.9*10-08) dat tot uitdrukking komt in de hersenen. Daarnaast 

hebben we een gen-gebaseerde test uitgevoerd welke de associatie bevestigde tussen KATNAL2 

en zorgvuldigheid. In silico replicatie liet echter geen significante associaties zien van de top 

SNPs met openheid en zorgvuldigheid, hoewel de richting van het effect van de KATNAL2 SNP 

op zorgvuldigheid wel consistent was in alle replicatiesamples. GWA studies op grotere schaal 
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en een alternatieve aanpak zijn nodig om te bevestigen dat KATNAL2 een nieuw gen is dat 

betrekking heeft heeft op zorgvuldigheid.

Voor dit proefschrift heb ik een alternatieve aanpak gevolgd. Om genetische loci te vinden 

welke mogelijk middelgrote tot grote effecten hebben op de persoonlijkheidskenmerken 

neuroticisme, extraversie, openheid, plezierigheid en zorgvuldigheid, heb ik in hoofdstuk 3.1 

een genoomwijde linkage-scan uitgevoerd van hoog-scorende individuen (percentiel) in de 

Erasmus Rucphen Familie studie (ERF) voor elk van de vijf kenmerken. Wij vonden significant 

bewijs voor linkage van zorgvuldigheid met 20p13 bij een recessief model (LOD = 5.86). 

Haplotype-constructie leverde een specifiek haplotype op dat overerfde in zes families met 

hoge LOD score-bijdragen, welke een marginale associatie vertoonden (p-value = 0.058 en 

p-value = 0.038) bij gebruik van een recessief model. Dit haplotype beslaat een gebied van 

100 kilobase (kb) op 20p13 en bevat vijf genen behorend tot de familie van beta defensinen 

(DEFB). Wij vonden ook suggestief bewijs van linkage van neuroticisme met 21q22 (LOD = 3.42, 

alwaar we twee significante haplotypen vonden (met respectievelijk p-value = 0.009 en p-value 

= 0.007). De hoogst scorende individuen uit drie families met een hoge LOD-score bijdrage 

hadden een homozygotie voor één van deze haplotypen gemeen. Dit gebied bevat tien genen 

waaronder TTC3, DSCR9, DSCR3, DYRK1A, KCNJ6 en PIGP, en wordt geassocieerd met cognitieve 

en mentale achteruitgang in individuen met het syndroom van Down. Voor plezierigheid 

vonden wij suggestieve linkage (LOD = 3.32), maar wel een significant haplotype (p-value = 

0.018) in het gebied 17q24. Genen in dit gebied zijn ondermeer KCNJ2, KCNJ16 en MAP2K6. 

Overmatige homozygositeit in elk van deze gevonden gebieden deed ons zoeken naar deleties 

in deze regios. Echter, er bleek uit een analyse van variaties in het aantal kopieën (copy number 

variation, CNV) geen bewijs te zijn voor CNVs. Deze gebieden kwamen niet naar voren in de 

eerder genoemde GWAS. Hiervoor kunnen verschillende verklaringen voor zijn, waaronder een 

fout-positief resultaat in deze studie. Het is echter meer voor de hand liggend dat GWA studies 

vermoedelijk niet in staat zijn om relatief zeldzame recessieve varianten op te pikken. Zulke 

varianten zouden daadwerkelijk een deel van de onverklaarde erfelijkheid (missing heritability) 

kunnen verklaren in kwantitatieve eigenschappen.

In hoofdstuk  3.2 hebben we een alternatieve linkage-analyse uitgevoerd waar in de 

verschillende persoonlijkheidsuitkomsten kwantitatief werden geanalyseerd. Hoewel analyse 

van kwantitatieve eigenschappen een krachtige aanpak is, is het aantal te onderzoeken 

individuen van groot belang. Bovendien is replicatie ook voor linkage-analyse van belang 

om fout-positieve resultaten uit te sluiten. Daarom hebben we een meta-analyse van vier 

niet eerder gepubliceerde linkage-analyses van kwantitatieve eigenschappen van de vijf 

persoonlijkheden uitgevoerd. De samples (N = 6,149) bestonden uit de Erasmus Ruchpen 

Familie studie (ERF), het Nederlands Tweelingen Register (NTR) en een sample met volwassenen 

en adolescenten uit Australië (QIMR). Voor een zo hoog mogelijke power hebben we methoden 

voor genoombrede linkage- en associatieanalyse gecombineerd in een tweestaps analyse. De 



Samenvatting van dit proefschrift

253

gebieden met significant en suggestief bewijs voor linkage werden fijner in kaart gebracht met 

behulp van de resultaten van de grootste meta-analyse van genoombrede associatiestudies (N 

> 18,000) van deze vijf persoonlijkheidskenmerken. Significante linkage werd gevonden voor 

neuroticisme op chromosoom 3p14 (LOD = 4.67) en op chromosoom 19q13 (LOD = 3.55), voor 

extraversie op 14q32 (LOD = 3.3); voor plezierigheid op 3p25 (LOD = 3.67) en op twee naast 

elkaar gelegen gebieden op chromosoom 15, waaronder 15q13 (LOD = 4.07) and 15q14 (LOD 

= 3.52) in de individuele scans. In de meta-analyse vonden we sterk bewijs voor linkage van 

extraversie met 4q34, 9q34, 10q24 and 11q22, openheid met 2p25, 3q26, 9p21, 11q24, 15q26 

and 19q13, en plezierigheid met 4q34 and 19p13. Na combineren van deze gegevens met 

de associatieresultaten van de GWAS van deze persoonlijkheidskenmerken detecteerden we 

voldoende bewijs voor openheid met 11q24 (rs677035, p-value = 2.6*10-06). We vonden bewijs 

met bijna statistisch significante voor associatie tussen neuroticisme en rs332389 (p-value = 

9*10-05) op 3p14, en tussen extraversie en rs7088779 (p-value = 4.2*10-06) op 10q24. Van deze 

drie SNPs is rs677035 een tussen twee genen gelegen SNP tussen FLI1 en KCNJ1, rs332389 ligt 

in het intron van het gen SLC25A26 en rs7088779 is gesitueerd tussen CRTAC1 (cartilage acidic 

protein 1) en C100rf28, een regio welke eerder geassocieerd is met de ziekte van Alzheimer. Ook 

in de kwantitatieve linkage-analyse, welke meer gelijk is aan GWAS, was er geen bewijs voor een 

rol van KATNAL2 or RASA1 voor zorgvuldigheid en openheid. Wederom kan er gesteld worden 

dat dit verklaard kan worden door een fout-positief resultaat of door verschillen in power voor 

de diverse varianten betrokken bij deze complexe eigenschappen. Een interessante familie 

van genen die tevoorschijn komt uit de linkage-studies in dit proefschrift is de KCNJ familie. 

De door ons, door middel van analyse van dichotome en kwantitatieve uitkomsten gevonden 

linkage-gebieden bevatten opvallend veel KCNJ genen, waaronder KCNJ6, KCNJ16, KCNJ2 and 

KCNJ1. KCNJs zijn kalium kanalen die de potentiaal naar binnen toe herstellen. Ze zijn doelen 

van meerdere toxines en het disfunctioneren van deze kanalen wordt in verband gebracht met 

verschillende ziekten waaronder neurologische en endocriene aandoeningen en aritmieën op 

het elektrocardiogram.

Epigenetische effecten, waarvan imprinting van het genoom een van de vormen is, wordt 

vaak aangehaald als reden voor verlies aan efficiëntie van genoomwijde associatie studies voor 

het identificeren van veelvoorkomende varianten geassocieerd met complexe eigenschappen. 

In hoofdstuk 3.3 ondernamen we een genoomwijde zoektocht naar gebieden met imprinting 

voor persoonlijkheidskenmerken in het ERF sample gebruikmakend van SNPs van het Illumina 

6K linkage panel. We vonden significante verschillen in paternaal en maternaal doorgegeven 

allelen op 6q25 (rs602890, p-value = 5*10-07) voor extraversie en op 4q21 (rs1880719, p-value 

= 8*10-07) voor plezierigheid. De twee SNPs, welke niet significant waren in een algemene 

associatietest, vertoonden wel significante associatie indien de parentale herkomst van 

de allelen meegenomen werd in het associatiemodel (p-value = 3*10-06 voor rs602890 en 

p-value =1*10-06 voor rs1880710). De SNP rs602890 vertoonde tegenovergestelde en nominaal 
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significante effecten indien geërfd van vader (β = -2.78, p-value = 2.7*10-03) en moeder (β = 

4.33, p-value = 2*10-04) en rs1880719 vertoonde alleen significante associatie met plezierigheid 

indien geërfd van de moeder (β = -4.47, p-value = 6*10-05). Het 6q25 gebied staat bekend als een 

gebied met imprinting, terwijl imprinting ook verondersteld wordt als reden voor de te sterke 

groei van het centrale zenuwstelsel in het 4q21/4q23 syndroom. SNP rs602890 ligt in het intron 

van het ZDHHC14 gen en rs1880719 is een SNP in het intron van het SCD5 gen dat codeert voor 

stearoyl-CoA desastrase. Geen van deze SNPs vertoonde enig bewijs van associatie in de grote 

GWAS of linkage-studies als ouderschapseffecten buiten beschouwing werden gelaten. Deze 

resultaten kunnen slechts gerepliceerd worden in een familiegebaseerd sample. Een poging 

om de twee interessantste resultaten (rs1880719 and rs602890) te repliceren in de Australische 

tweeling samples leverde onvoldoende bewijs op voor ouderschapseffecten. We nemen aan 

dat dit komt door de ver uiteen liggende markers die we in onze analyse gebruikten (N = 5,250), 

hetgeen het moeilijk maakte om het gebied precies aan te wijzen. Het op fijnere schaal in kaart 

brengen van het 4q21 gebied resulteerde in additionele significante SNPs (in hoog LD met 

rs1880719) in hetzelfde gen (SCD5). Momenteel wordt er gewerkt aan een andere replicatie in 

het tweelingen sample van het Nederlands Tweelingen Register (NTR).

Tenslotte hebben we in dit proefschrift slaap en cafeïne bestudeerd. Epidemiologische 

studies hebben aangetoond dat slaapduur geassocieerd is met verminderd psychosomatisch 

functioneren. In hoofdstuk  4.2 hebben we de eerste grootschalige genoomwijde 

associatieanalyse uitgevoerd voor slaapduur in 7 Europese cohorten (N = 4,260). We hebben 

een variant in een intron geïdentificeerd op chromosoom 21p12.1 (rs11046205) in het ABCC9 

gen en we hebben deze variant gevalideerd in een replicatiestudie. Zodra de geconserveerde 

Drosophila homoloog werd uitgeschakeld pan-neuronisch door RNAi, werd de nachtslaapduur 

gereduceerd. ABCC9 codeert voor een subeenheid van een ATP-gevoelig kalium kanaal, welke 

functioneert als sensor van intracellulaire energie. Op die manier verbinden onze resultaten 

slaap en haar herstellende effecten, in fysiologische termen bekend als de homeostaat, met 

energiemetabolisme in de cel. De tijd tot het in slaap vallen (slaaplatentietijd) is een belangrijke 

determinant voor de kwaliteit van slaap. Toename van slaaplatentietijd is een van de voornaamste 

kenmerken van sleep onset insomnia en delayed sleep phase syndrome, twee veelvoorkomende 

circadiane stoornissen welke het sociale en academische leven en de arbeidsprestaties van een 

individu hinderen. Waar eerder nog geen genetische onderzoeken gedaan waren naar deze 

eigenschap, hebben wij in hoofdstuk 4.1 een meta-analyse uitgevoerd van zeven genoomwijde 

associatiestudies bestaande uit 4,270 individuen van Europese origine. We vonden sterk bewijs 

voor de associatie van een variant (rs9900428, p-value = 5.7*10-08) van het hexaribonucleotide 

bindend proteïne 3 gen (HRNBP3, ook bekend als FOX3) met slaaplatentietijd. We hebben onze 

resultaten succesvol gerepliceerd in vijf additionele cohorten (N = 10,901). De meta-analyse 

van het eerste-analyse cohort en de replicatiecohorten toonde een genoomwijde significante 

associatie van rs9900428 (p-value = 3.8*10-08). Het FOX3 gen codeert voor een sterk hersen-
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specifiek eiwit en behoort tot de familie van de FOX genen, welke regulatoren zijn van pre- 

en postnatale alternative eiwitsplitsingen in spier- en hersenweefsel. Het FOX3 eiwit wordt 

verondersteld een stroomopwaartse regulator te zijn voor alternatieve splitsing van hersen-

specifieke mRNAs die betrokken zijn in neurotransmissie via glutamaten en GABA. Dit is de 

eerste genoomwijdezoektocht naar slaaplatentietijd en er was eerder nog geen variant voor 

slaaplatentietijd gerapporteerd.

We hebben tenslotte een belangrijke determinant van slaaplatentietijd bestudeerd, cafeïne. 

Van cafeïne is bekend dat het effect heeft op gedrag indien ingenomen in matige hoeveelheden. 

Hoge doses cafeïne kunnen ook negatieve effecten hebben zoals nervositeit, rusteloosheid en 

slapeloosheid. De inname van cafeïne wordt ook gebruikt als model voor drugsmisbruik, en 

koffie is de belangrijkste bron van cafeïne in volwassenen. In hoofdstuk 4.3 hebben we een 

grootschalige meta-analyse gedaan van genoomwijde associatiestudies van koffie inname. Onze 

data (N > 18,000) bestond uit samples van tien cohorten. We vonden genoomwijd significant 

bewijs voor associatie van een variant (rs2470893) in het 15q24 gebied, gelegen tussen de genen 

CYP1A1 en CYP1A2. Het “T” allel van rs2470893 werd positief geassocieerd met koffie drinken. 

Het CYP1A1 gen werd ook minder actief na cafeïnebehandeling in lymphoblastoïde cellijnen. 

Van CYP1A1 is bekend dat het polycyclische aromatische koolwaterstoffen zoals benzo(a)pyreen 

metaboliseert, hetgeen een belangrijk bestanddeel van koffie is en waarvan ook bekend is dat 

het betrokken is bij de mutagenese als gevolg van koffie inname, terwijl CP1A2 betrokken is bij 

de primaire afbraak van cafeïne. Gecombineerd bewijs van GWAS en cafeïne expressie analyse 

suggereert dat CYP1A1 het drinken van koffie reguleert en dat deze associatie onafhankelijk is van 

rookstatus. Naast CYP1A1/CYP1A2 vonden we ook sterk bewijs voor associatie van koffie-inname 

met varianten in de genen NCALD (rs16868941), NRCAM (rs382140) en CAB39L (rs9526558). 

Eerder vonden we een sterke associatie van het NCALD gen met slaaplatentie (rs17498920, 

p-value = 2*10-05). Dit is een interessante bevinding omdat het bekend is dat koffie-inname 

interfereert met melatoninesecretie en het begin van de slaap vertraagt. Een replicatie analyse 

van de top bevindingen van de GWAS in 8,000 individuen van Nederlandse afkomst (LifeLines), 

bevestigde associatie van het CYP1A1/A2 locus en rs382140 in de buurt van het NRCAM gen met 

het drinken van koffie. CAB39L, hoewel niet succesvol gerepliceerd, bleek te zijn opgereguleerd 

in alle drie de cellijnen die bestudeerd waren na cafeïne behandeling wat suggereert dat het gen 

inderdaad betrokken is bij cafeïne metabolisme en –inname. Associatieanalyse van de varianten 

in deze genen met de koffie gerelateerde fenotypen bloeddruk, mortaliteit, kankermortaliteit, 

lipiden en de ziekte van Alzheimer liet significante associatie van rs2470893 (CYP1A1/1A2) met 

systolische en diastolische bloeddruk zien waar wederom het “T” allel positief geassocieerd 

was, wat suggereert dat verhoogde koffie-inname de bloeddruk verhoogt. De associatie van 

onze top hits met bloeddruk is zeer interessant en versterkt het bewijs dat koffieconsumptie de 

bloeddruk verhoogt. 
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