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INTRODUCTION 
 
The availability of human DNA sequence and variations, together with advances 
in new technology, have enabled the detailed analysis of associations between 
genetic markers and phenotypes. More than a thousand genes have been 
identified that cause rare Mendelian disorders – in which a mutation has high 
penetrance, and a defect in a single gene is necessary and sufficient to cause 
disease. But most common diseases are caused by a combination of variations at 
many genetic loci that are not fully penetrant and are affected by environment and 
lifestyle. Phenotypic and genetic heterogeneity may also complicate the 
elucidation of the true cause of a disease. Understanding the genetic variation 
between different populations is a prerequisite to study the genetic component of 
common complex diseases, like type II diabetes, cardiovascular diseases, 
hypertension, cancer, etc., which is the topic of my thesis. 

With the development of microarray technology and bioinformatics, the genome 
of thousands of individuals can be studied on a large scale, in a single study. 
Association studies were previously performed on a small scale, examining only 
markers from candidate genes. However, as whole-genome studies become 
feasible, hundreds of new single nucleotide polymorphisms (SNPs) associated with 
specific diseases, have been discovered. Current technology enables the genotyping 
of over one million markers from a single genome. As commercial chips become 
widely available, SNP panels must be evaluated so the correct arrays for particular 
studies and populations are selected. 

An important preliminary task for association studies is the selection of cases 
and controls. Since the samples from one population may be insufficient for the 
required number of cases and controls, there is an opportunity to combine the 
studied individuals from various populations. However, the allele frequencies 
can vary widely throughout the world. In addition, confounding factors of 
association studies, such as heterogeneity in alleles, populations and pheno-
types, may lead to false positives or negatives, and must be considered carefully 
before data analysis. Therefore, prior characterization of populations is required 
so that the most relevant ones can be combined without loss of study power. 

This thesis gives an overview of some factors that should be considered in 
designing whole-genome genotype studies. The first part of the thesis provides an 
overview of the structure of the human genome, specifically the linkage 
disequilibrium patterns and tagging SNP (tagSNP) selection. Then the selection of 
an appropriate SNP panel and study subjects for genome-wide association studies is 
reviewed. Correlation between the genetic and geographic distances of human 
populations, as discussed in recent publications, is surveyed. Finally, the research 
section of this thesis concentrates on three issues: 1) transferability of tagSNPs 
selected from HapMap data to the Estonian population; 2) evaluation of the 
coverage of the Estonian population on commercial chip panels; and 3) 
characterization of the genetic structure of the Estonian population and comparison 
with other European populations. 
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1. REVIEW OF LITERATURE 
 

1.1 Linkage disequilibrium in the human genome 
 

1.1.1 Genetic markers 
 
The first nucleotide sequence-based polymorphisms that achieved popularity for 
studying genetic diversity in the human genome were restriction fragment 
length polymorphisms (RFLPs), in the 1980s (Jeffreys, 1979; Chakravarti et al., 
1984). The development of technologies such as polymerase chain reaction 
allowed the study of different types of genetic markers, like microsatellites 
(STRs – short tandem repeats), minisatellites (VNTRs – variable number of 
tandem repeats), short insertions and deletions, and finally, the most common 
polymorphic genetic markers – single nucleotide polymorphisms (SNPs). In 
addition, copy number variations (CNVs), which are structural variations 
greater than one kilobase in size, have increasingly been researched recently, 
since they account for most bases that vary among human genomes, and have 
been associated with many human diseases, schizophrenia (Walsh et al., 2008), 
Crohn’s disease, psoriasis (Buchanan and Scherer, 2008; Gu et al., 2008; 
Conrad et al., 2009). 

Currently, the most commonly used DNA variations in association studies 
are SNPs. Since SNPs are usually binary, they are well-suited to automated, 
high-throughput genotyping (Wang et al., 1998). Their frequency is appro-
ximately 1 per 300 base pairs, but their density varies up to ten-fold in different 
regions of the genome (Sachidanandam et al., 2001). In addition, the mutation 
rate of SNPs is lower than STRs, making them a good indicators for studying 
genetic variation in the human genome (Jorde, 2000). 

The phenotypic effect of a SNP depends on its location in the gene. SNPs in 
the coding region may affect the protein structure and function, and tend to 
cause genetic diseases with dominant or recessive inheritance patterns. SNPs 
can alter the structure of proteins involved in drug metabolism, and are 
therefore often a direct target of pharmacogenetics (Roses, 2000). The majority 
of SNPs are located in the non-coding areas of genes, and probably have an 
impact on the regulation of gene expression. In addition, SNPs in introns and 
intergenic regions often appear in association studies of complex diseases 
(WTCCC, 2007). These SNPs may be in linkage disequilibrium (LD) with the 
DNA variations associated with the disease, or may influence expression of 
nearby genes. 

The selection of SNPs for an association study usually depends on the nature 
of the study, and may follow one of two strategies: 
1. Direct strategy – SNPs selected for the association study are putative causal 
variants. This type of study is easy to analyze, but the selection of candidate 
polymorphisms is difficult. Non-synonymous SNPs in the coding region of a 
gene lead to an amino acid change and are obvious candidates for causal 
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variants. Although most variants that alter gene regulation and expression are in 
non-coding regions in the genome and the selection of causal variant is more 
difficult. However, the direct strategy of SNP selection has the potential to 
discover the primary genetic cause of a disease. 
 
2. Indirect strategy – selected SNPs are a surrogate for the causal locus. Here 
the disease-causing locus has been localized by linkage between two poly-
morphisms, so the occurrence of a particular SNP predicts the presence of the 
second (disease-causing)SNP (Kruglyak, 1999). There is a non-random, regular 
association between the alleles of the disease-causing mutation and the studied 
polymorphism i.e. linkage disequilibrium, or LD (Reich et al., 2001). The 
number of studied markers depends on the extent of LD observed in a particular 
population and genomic region. The extent of observed LD can vary widely 
throughout the genome, on scale of 1–100 kb, and occasionally extending up to 
hundreds of kilobases (Dawson et al., 2002; Gabriel et al., 2002). Thus, the 
number of markers needed for an association study ranges from 500,000 to 1 
million, as this level of detection is now possible with current whole-genome 
genotyping platforms. However, this method is limited by variation in the extent 
of LD in the genome, and the fact that 0.5–1% of all high-frequency SNPs are 
untaggable, meaning that no other proxy SNPs occur within 100 kb (Frazer et 
al., 2007). 
 
 

1.1.2 Linkage disequilibrium 
 
The appearance of new mutations in a DNA sequence is infrequent, and 
mutations usually do not arise at the same site as previous mutations. Therefore, 
a SNP can be used as a marker to provide information about the presence of 
nearby variants. The non-random association of two polymorphisms at different 
loci is the basis of linkage disequilibrium. LD is affected by many factors, 
including new mutations, gene conversion or recombination events that lead to 
formation of new haplotypes (Weiss and Clark, 2002), which are particular 
combinations of alleles observed in a population. In principle, the number of 
haplotypes depends on the number of polymorphisms in the region, for 
example, three SNPs give rise to 23 different haplotypes, from which 3–5 haplo-
types are usually found to be more frequent in the population than others. 
 
 

1.1.2.1 Recombination 
 
Recombination rates vary widely across the genome, and are a major deter-
minant of LD. Regions with a high rate of recombination events are usually 
referred as recombination “hotspots”, and the regions with low recombination 
as “coldspots”. Typically, 80% of the recombination occurs within 10 to 20% of 
the genome. Recombination rates generally tend to be higher in telomeric 
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regions than in centromeric regions. The human genome has approximately 
25,000–50,000 recombination hotspots, which is comparable to the total 
number of human genes. Recombination hotspots in human genomes 
preferentially occur within 50 kb of genes, but are usually located outside the 
transcribed domain (Myers et al., 2005). 
 
 

1.1.2.2 Mutation rates 
 
The average mutation rate per nucleotide site ranges from 1.3 x 10–8 and 2.7 x 
10–8, assuming a human generation time of 20 years. The human diploid 
genome contains 7 x 109 bp (Marshall, 1999), which leads to an estimate of 175 
new mutations per generation (range 91–238). The accuracy of the estimated 
mutation rate depends more on uncertainties in divergence time, ancestral 
population size, and generation time, than on estimates of molecular sub-
stitution rates, which have standard errors of approximately one-tenth of the 
mean values (Nachman and Crowell, 2000).  
 
 

1.1.2.3 Measures of LD 
 
The extent of LD can be characterized by two common pair-wise measures, D´ 
and r2. D´ is defined as 1 in the absence of obligate recombination, and declines 
only because of recombination or recurrent mutation. In contrast, r2 is the square 
of the correlation coefficient between two SNPs. If two SNPs are independent 
of each other, r2=0. In the case of perfect LD, the allele frequencies of the two 
SNPs are the same, and r2=1. 
 
 

1.1.3 Haplotype blocks 
 
In 2001, several groups described the block-like structure of human LD patterns 
(Daly et al., 2001; Patil et al., 2001; Jeffreys et al., 2004). Haplotype blocks are 
sizable regions which show little evidence of historical recombination, and 
which contain only a few common haplotypes (Gabriel et al., 2002). The idea 
raised that since these common haplotypes capture most of the genetic variation 
across a sizable region, these haplotypes and the undiscovered variants they 
contain, can be tested using a small number of SNPs, called tagSNPs. 
Furthermore, characterization of haplotype blocks could be the foundation for 
constructing a haplotype map of the human genome, which would facilitate 
comprehensive genetic association studies of human disease. 
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1.1.3.1 HapMap project 
 
In 2002, a project called “The Haplotype Map of the Human Genome” 
(www.hapmap.org) was launched by the International HapMap Consortium. 
The main goal was to describe variation patterns in four populations in a way 
that would help researchers find complex disease genes by analyzing tagSNPs. 
The goal was to reduce the number of SNPs that needed to be tested in any 
given association study. A fine-scale genetic map of the human genome is a 
major requirement for designing and analyzing association mapping experi-
ments. 

The phase I HapMap showed variation patterns for four populations: 30 
parent-offspring trios representing residents of Utah in the United States with 
ancestry from Northern and Western Europe (CEU), 30 trios from Yoruba in 
Ibadan, Nigeria (YRI), 45 Han Chinese in Beijing, China (CHB), and 44 
Japanese in Tokyo, Japan (JPT). As the allele frequencies between CHB and 
JPT are generally similar, these populations are usually analyzed together. SNPs 
were selected at 5 kb intervals across the genome, with the requirement that the 
minor allele frequency (MAF) be ≥0.05, which defines a “common” SNP. 
Approximately 1.3 million SNPs were genotyped in phase I of the project 
(TheInternationalHapMapConsortium, 2005). 

In phase II of the HapMap project, a further 2.1 million SNPs were geno-
typed for the same set of individuals. The resulting marker map had a SNP 
density of approximately one per kilobase.  The phase II HapMap differs from 
the phase I HapMap not only in SNP density, but also in the frequency 
distribution of minor alleles, and in LD patterns. In phase II, the marker 
selection criteria did not include a requirement for only common SNPs, so this 
HapMap contains more low frequency SNPs, with a better representation of rare 
SNPs (Frazer et al., 2007). 

The SNPs in the HapMap database were tested only in four populations, so 
questions have been raised about the transferability of its information to other 
populations. Several studies have addressed it in lower scale. Thus, the phase III 
HapMap has data for approximately 1.5 million genetic markers for 1115 
individuals from 11 populations: the initial HapMap samples, and samples from 
seven additional populations (Luhya in Webuye, Kenya; Maasai in Kinyawa, 
Kenya; people with African ancestry in the south-western U.S.; Gujarati Indians 
in Houston, Texas, U.S.; metropolitan Chinese in Denver, Colorado, U.S.; 
people of Mexican origin in Los Angeles, California, U.S.; and Tuscans in 
Italy). 

Extending the catalog to include rare variants will require whole-genome 
sequencing of much larger samples. In 2008, the 1000 Genomes Project 
(www.1000genomes.org) was launched to sequence the genomes of appro-
ximately 1200 people from around the world. As of May 26, 2009, the first set 
of SNPs representing the preliminary analysis of four genome sequences is 
available for download. 
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1.1.3.2 ENCODE project 
 
In September 2003, a public research consortium named ENCODE, for en-
cyclopedia of DNA elements, (http://www.genome.gov/10005107) was 
launched by the U.S. National Human Genome Research Institute (NHGRI) to 
identify all functional elements in the human genome. The studied sequence 
corresponds to 30 megabases (Mb), or roughly percent of the total human 
genome (Birney et al., 2007). Ten of these regions were selected for HapMap 
project to compare the genome-wide resource with more complete database of 
common and rare variants. Each 500 kb region was sequenced for 48 indi-
viduals, and all SNPs discovered in these regions were genotyped in 269 
HapMap samples. The regions were selected from different chromosomes and 
differed by gene density (0–5.9%), and recombination rate (0.5–2.6 cM/Mb) 
(TheInternationalHapMapConsortium, 2005). 
 
 

1.1.4 Selection of tagSNPs 
 
The HapMap project has created a significant resource for LD-based marker 
selection for genome-wide association studies (GWAS). Correlation among 
nearby variants (i.e. LD) enables the selection of informative tagSNPs that act 
as proxies for nearby variants. TagSNPs can be used to capture the vast 
majority of SNP variation in a region, thereby substantially reducing the cost of 
genotyping (Johnson et al., 2001). 
 Several strategies exist for tagSNP selection. One possibility is to use the 
greedy search algorithm, which selects the minimum number of tagSNPs 
necessary to monitor the remaining non-tagSNPs above a threshold level of 
correlation, usually set as r2>0.8 (Carlson et al., 2004). TagSNP are selected so 
the SNP is directly assayed or exceed a threshold level of LD (r2>0.8) with the 
assayed SNP. Another method is to select the tagSNPs from the pre-defined 
haplotype blocks (Gabriel et al., 2002). The limitation of this method is that it 
requires full knowledge of recombination events in the region. In addition, some 
SNPs may be associated with only one haplotype, while others may represent 
clades of related haplotypes. Also, block boundaries are not always consistent 
within or between populations (Crawford et al., 2004; TheInternationalHap 
MapConsortium, 2005). Thirdly, unlike haplotype blocks, which are defined as 
contiguous groups of SNPs, the SNPs may make up a bin that can be 
interdigitated with SNPs that are part of other bins (Hinds et al., 2005). 
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1.2 Concept of the genome-wide association study 
 
Genetic disorders can be clustered into two classes, monogenetic and complex 
disorders. Monogenetic disorders are a direct consequence of a single defect in 
a locus, and linkage mapping is commonly used to identify the probable locus 
for these disorders (Kruglyak, 1999). Monogenetic disorders show Mendelian 
inheritance, so large pedigrees are the basis for studying these diseases by 
comparing the frequency of studied markers between disease carrying, and non-
carrying family members. A difference in the frequency of a studied marker 
allele between the two groups indicates the likelihood of association with the 
disease (Risch and Merikangas, 1996). 
 Many genes may contribute to a disease, however, and a mutation at a single 
locus may have different phenotypic expressions. For example, the solution to 
cystic fibrosis was expected to follow the identification of the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene in 1989 (Kerem et al., 
1989). However, today we know that over 1000 mutations are found in this 
single gene, and many variations of the disease within the same CFTR genotype 
are known (Cystic Fibrosis Mutation Database, www.genet.sickkids.on.ca/ 
cftr/app). In addition, other conditions such as infertility, diarrheal diseases and 
asthma have been associated with mutations in the CFTR gene.  

Complex disorders such as cardiovascular disease, hypertension, diabetes or 
cancer are difficult to study, since many genes contribute to the disease, and the 
effect of any single locus is weak. Complex diseases are also studied in 
families, but most studies are performed between groups of unrelated disease-
carrying individuals and non-carriers. Using association studies, markers can be 
directly associated with a disease or a disease-causing marker (Cardon and Bell, 
2001). Traditionally, candidate genes were used in association studies, but 
technological developments have made whole-genome association studies 
possible. As of 2009, over 300 GWAS have been performed (www.genome.gov/ 
gwastudies). 
 
Study design is most challenging aspect of association studies, with many 
factors to consider, including the loci to genotype and the number of individuals 
to study. 
 
 

1.2.1 Sample size and power 
 
The individuals enrolled in an association study must be thoroughly pheno-
typed. Often, variations in a single population are of insufficient frequency to 
provide an adequate number of individuals for a study. Therefore, access to 
several different biobanks is crucial. 

A critical question is the number of samples needed to achieve the study 
power of 80%? In association studies, a clear correlation is seen between the 
sample size and the between-marker correlation (r2) that is required to achieve a 
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certain level of power (Pritchard and Przeworski, 2001). The relationship 
specifies that N subjects are needed to achieve a certain level of power when the 
disease variant is directly observed and analyzed, but the number of required 
subjects increases (N/r2) when a tagSNP for the disease variant with a cor-
relation of r2 is analyzed. Thus, the power of allelic association studies depends 
primarily upon sample size, the effect of the susceptibility locus, the strength of 
LD with the marker, and the frequencies of susceptibility and marker alleles 
(Zondervan and Cardon, 2004). Figure 1 illustrates the sample size needed to 
detect disease variants with allelic odds ratios (OR) ranging from 1.2 to 2, at 
80% power and significance level of p<10–6, assuming a multiplicative model 
for the effects of alleles, and perfect correlative LD between alleles of the test 
markers and disease variants. The number of individuals increases as OR 
decreases, and additional study subjects are required to detect low frequency 
alleles, as complex diseases are assumed to be influenced by many genetic loci 
that each has a modest effect on the trait (Reich and Lander, 2001; Wang et al., 
2005).  

 
 
Figure 1. The numbers of cases and controls that are required in an association study to 
detect disease variants with different allelic odds ratios with the study power of 80% at 
a significance level of p<10–6 (Wang et al., 2005). 
 
 
Limitations in the design of early GWAS, such as imprecise phenotyping and 
the use of control groups of questionable comparability, may have affected the 
identification of variants associated with common diseases (Manolio et al., 
2009). Furthermore, variants with small effects are not penetrant enough to 
show Mendelian segregation, and are therefore not detected using traditional 
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linkage approaches or association studies, especially when commercial SNP 
panels are used (Figure 2). Thus, the genetic components of many common 
complex diseases still remain unknown, as the “dark matter” of genetics 
(McCarthy and Hirschhorn, 2008). Identification of such variants is chal-
lenging, but next-generation sequencing technology should allow the study of 
rare variants (frequency <5%), which will extend our understanding of the 
genetic components of common complex diseases. 
 

 
 
Figure 2. The allele frequency and effect of susceptibility locus that increases the risk 
to develop a disease (McCarthy et al., 2008). 
 
 
 

1.2.2 Population stratification 
 
Population stratification may affect the results of large-scale association studies, 
and therefore should be tested carefully before data analysis. Specifically, 
population stratification refers to differences in allele frequencies between cases 
and controls that is caused by systematic differences in ancestry, rather than by 
the association of genes with the disease (Figure 3) (Marchini et al., 2004). 
Disease prevalence often changes with geography and ethnic origin, and allele 
frequencies can vary widely throughout the world. Confounding factors of 
association studies such as allelic, population, and phenotype heterogeneity may 
lead to false positives or negatives and should be considered carefully before 
data analysis.  

One biobank or sample collection is usually not large enough to contain the 
required sample size for a study power of 80%, so collaboration between 
biobanks has become common, as has meta-analysis involving large-scale 
analysis of data-sets genotyped at several institutions. Since the number of cases 
may be limited, the number of controls can be increased. Large sets of control 
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genotypes are publicly available, but care must be taken to assessing the 
appropriateness of a set of controls. 

 
 

 
 
Figure 3. Population stratification in case-control association studies. In population 2, 
the percentage of cases is larger so the frequency of A allele is higher and could cause 
false positive associations in studies (Marchini et al., 2004).  
 
 
 

1.2.3 Parameters to detect the population stratification 
  
Population stratification can be detected using several methods. One is 
genotyping >300 unlinked markers that are scattered throughout the genome, 
are not linked to any phenotypes, and whose allele frequencies differ between 
populations (Freedman et al., 2004). Study subjects are considered to be 
correctly selected if the unlinked maker alleles are similar in cases and controls 
(Pritchard and Rosenberg, 1999).  

In the genomic control method, the inflation factor lambda (λ) is calculated 
based on marker allele frequencies, and is used to reevaluate a χ2 test (Devlin 
and Roeder, 1999). The value of λ is estimated as the median of the observed 
chi-square statistics divided by the median of the central chi-square distribution 
with one degree of freedom (i.e. 0.455), and is expected to be constant across 
the genome. Population stratification often inflates the null distribution of the 
test statistic, so the genomic control method applies a correction by dividing the 
association test chi-square values by λ. The disadvantage of this method is that 
it corrects for stratification using a uniform overall inflation factor to adjust 
association statistics at each marker. However, some markers differ more than 
others in their allele frequencies across ancestral populations. Thus, this 

5
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uniform adjustment may be insufficient for some markers and superfluous for 
others, leading to a loss in power. 

A third method takes advantage of clustering. The structured association 
method also uses information from unlinked markers, but instead of generating 
an estimated scaling factor, it uses the marker information to divide the 
population into homogenous subpopulations (Pritchard et al., 2000a). The 
disease-marker association test is then performed for each subgroup, and the 
final results generated by combining the previously analyzed data of each 
subgroup (Pritchard et al., 2000b). The Bayesian clustering method (the 
STRUCTURE program) described by Pritchard et al. (2000a) is often used to 
detect genetic substructure of a population. However, analyzing genome-wide 
data with the STRUCTURE program is computationally intensive, as it is a 
Markov chain Monte Carlo (MCMC) sampling-based approach. 

Lately, many studies have used principal component analysis (PCA) to 
detect population stratification. PCA was first applied to genetic data by 
Cavalli-Sforza and colleagues to infer the worldwide axes of human genetic 
variation from the allele frequencies of various populations (Menozzi et al., 
1978). This approach is applied in the EIGENSOFT software, which focuses on 
individual genotype data, and assigns a statistical significance to each axis 
(Patterson et al., 2006; Price et al., 2006; Roeder and Luca, 2009). Most of the 
eigenvalues of the theoretical covariance will be “small,” or nearly equal, 
arising from sampling noise, while only a few eigenvalues will be “large,” ref-
lecting past demographic events. The first two eigenvalues usually describe the 
greatest variance between individuals. In contrast to the genomic control 
method, only markers that vary because of population admixture or ancestry are 
corrected in the association study (Price et al., 2006). 

Multidimensional scaling (MDS) of pair-wise identity by state (IBS) sharing 
data can also be used to visualize population genetic structure, and is available 
in PLINK software (Purcell et al., 2007). In the first phase, an IBS matrix of 
distance is conducted containing each pair-wise combination of all individuals, 
and secondly the classical MDS analysis is applied to explore the similarities in 
the matrix.  

Finally, in addition to the described methods to detect population strati-
fication, a measure often used in population genetics is Wright’s Fst, which 
describes the proportion of total variation in allele frequency that is due to 
differences between populations (Wright, 1969). On the basis of HapMap data, 
the Fst is lowest between populations with European and Asian descent 
(Fst=0.07), and highest between populations with African and Asian descent 
(Fst=0.12) (TheInternationalHapMapConsortium, 2005). 
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1.2.4 Evaluation of the performance  
of commercial genotyping panels 

 
Current whole-genome DNA chips allow the genotyping of 100,000 to  
1 million SNPs from one individual. Two main companies, Illumina Inc. 
(www.illumina.com) and Affymetrix Inc. (www.affymetrix.com) offer DNA 
chips at different scales. Although both companies originally offered smaller 
scale chips, they have currently reached 1 million SNPs per chip, which is 
approximately 10% of the common SNPs with MAF≥0.05 in the human 
genome. 

Chips are often evaluated by estimating the proportion of SNPs captured at a 
certain level, usually r2>0.8, which is referred to as the coverage of the chip 
(Barrett and Cardon, 2006). The strategy of SNP selection has an impact on the 
coverage, and differs between the Illumina and Affymetrix chips. SNPs on 
Illumina chips are selected using a pair-wise correlation-based algorithm 
applied to genotype data from HapMap samples. In contrast, SNPs on the 
Affymetrix chips are preselected primarily on the basis of technical quality and 
distribute evenly across the human genome (Pe'er et al., 2006). 

Evaluating the Illumina and Affymetrix chips that have been most com-
monly used for GWAS shows that increasing the sample size is likely to have a 
larger effect on power than increasing the chip SNP density (Spencer et al., 
2009). The sample size needed to study common human diseases is usually 
large, with more than 2000 cases and 2000 controls required for a relative risk 
of 1.3–1.5 to detect the causal variant. For common alleles, the most effective 
chips have been the Affymetrix 100 K and 500 K chips, and the Illumina 300 K 
chip (Table 1). One way to improve the SNP coverage of the genome is to 
predict or impute the missing genotypes using, for example, HapMap data 
(Marchini et al., 2007). The imputation has an even greater effect on low 
frequency SNPs that are usually missing from the commercial SNP chips 
(Spencer et al., 2009). 

Using the budget of a study as a fixed variable, we can estimate the sample 
size and power of a given study. The table 2 illustrates a situation with a fixed 
budget and relative risk of 1.5, MAF of at least 0.05 and a p-value threshold of 
5x10–7. The same tendency is seen if more samples are included to obtain an 
optimum power of 0.821 with the lowest price per chip. Compared to the 
Illumina 1M chip, which reaches a power of 0.635, the Illumina 300 K has 17% 
greater power with three times fewer SNPs (Spencer et al., 2009). 
 Thus, the design of a GWAS is important and should be performed carefully. 
A calculation of study power must take into account the set of SNPs on the 
selected chips, the sample size, the effect size and the budget. 
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Table 1. The power for each commercial chip type for an equal number of cases and 
controls (2000 vs. 2000) and a relative risk of 1.3 at the causal SNP and p-value 
threshold of 5x10–7. “Complete” chip – when all SNP available in HapMap database are 
genotyped (Spencer et al., 2009). 

 
 
Table 2. Power achieved by different chips with a budget of $2,000,000, and assuming 
a disease causing allele with a relative risk of 1.5, a minor allele frequency of at least 
0.05, and a p-value threshold of 5x10–7. The last line of the table shows the power that 
would be obtained using the “Complete” chip that types all the SNPs in HapMap 
database (Spencer et al., 2009). 

 
 
 
 
 

1.3 Genetic structure maps  
 
Genome-wide genotyping of hundreds of thousands of autosomal markers has 
enabled the construction of accurate genetic structure maps of populations that 
correlate to some extent with geographical maps. In association studies, the 
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ancestry of each study participant prior to data analysis must be determined to 
reduce false positive associations with a trait, or reducing the power to detect 
such an association.  

The ancestry of each study subject can be determined using ancestry-
informative markers. These are typically SNPs that show large allele frequency 
differences between populations. The markers with the most allele frequency 
variability between populations are usually at loci that determine the skin 
pigmentation, hair morphology and coloration, or are associated with dietary 
adaptation and the immune system (Coop et al., 2009). Examples include the 
skin pigmentation locus SLC24A5, with an allele with a nonsynonymous SNP 
that is strongly associated with lighter skin color, and has a high frequency 
within European, Middle East and South Asian populations (Lamason et al., 
2005); the hair and skin coloration locus MC1R, with an allele with a non-
synonymous SNP that shows a high frequency in East Asian and American 
populations (Rana et al., 1999); a nonsynonymous SNP in the EDAR gene that 
affects hair morphology and shows a similar geographic pattern as the MC1R 
gene (Sabeti et al., 2007); the KITLG locus that leads to lighter skin 
pigmentation and one haplotype of that gene is present only in non-African 
populations, with a high frequency across Eurasia, the Americas and Oceania 
(Miller et al., 2007); and SNPs in lactase (Bersaglieri et al., 2004), and in the 
adaptive immune system Toll-like receptor 6 (Todd et al., 2007) gene region, 
which have a marker frequency gradient across Europe. 
 Genetic structure maps can be classified by dimensions using global, Euro-
pean, and single population genetic maps. This thesis concentrates on the 
genetic structure of European populations, so the relevant European genetic 
structure maps are considered in detail, and only studies using more than 
100,000 markers are reviewed. 
 
 

1.3.1 Global genetic structure maps 
 
Genetic and geographic distances correlate well in the global genetic structure 
map (Li et al., 2008), which shows a boomerang-like curve with Africa on one 
side and Oceania in the other, with Europe as the turning point (Figure 4). 
Between Africa and Europe are the Middle East and Mexico (Nelson et al., 
2008), and between Europe and Oceania are Central-, South- and East Asia, and 
Native Americans (Jakobsson et al., 2008). The genetic variability between 
subpopulations is characterized by Fst, which varies from 0.1 to 0.15 for world 
populations and is much smaller within continental populations. The Fst-value 
also depends on the population history. Within Europe, the Fst-value is 0.006, 
while Amerindians show a much higher level of diversity, with Fst=0.04 or 
greater (Cavalli-Sforza et al., 1994). 
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Figure 4. Global genetic structure map. The genetic variance (based on 512,762 SNP 
genotypes) between different world populations (443 unrelated HGDP-CEPH indi-
viduals) was analyzed using the multidimensional scaling of allele-sharing distance 
between individuals (Jakobsson et al., 2008). C/S Asia – Central/South Asia; HGDP-
CEPH – Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain.  
 
 
 

1.3.2 European genetic structure maps 
 
The first studies to use whole-genome genotype data of European-Americans 
identified a clear gradient from northwest to southeast in Europe (Bauchet et al., 
2007; Price et al., 2008; Tian et al., 2008b). Analysis of whole-genome data on 
a larger number of individuals sampled from multiple European populations 
extended these findings (Heath et al., 2008; Lao et al., 2008; Novembre et al., 
2008). The European genetic structure map published by Novembre et al. 
(2008), is the most precise map so far, covering 37 European populations, 
although 25 are represented by fewer than 20 individuals (Figure 5). The Baltic 
countries are not included in these studies and only one individual from Latvia 
is represented on the genetic map published by Novembre et al. As expected, 
the first two principal components (PC1 and 2) correlate well with the 
geographic axes (r2 = 0.71 for PC1 versus latitude; r2 = 0.72 for PC2 versus 
longitude) (Lao et al., 2008; Novembre et al., 2008). In addition, PC1 aligns 
northwest/southeast with an eigenvalue of 4.09, and PC2 aligns northeast/ 
southwest with an eigenvalue of 2.04. European genetic structure maps show 
that Spain, Italy and the Balkan Peninsula are in the south, and that Finland and 
East-Europe are in the north, as the Western- and Central European populations 
are in the middle of the genetic structure maps. 
 The genetic structure of Asia (Tian et al., 2008a) and Africa (Tishkoff et al., 
2009) have been also studied. 
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Figure 5. European genetic structure map. The genetic structure in Europe is illustrated 
with the scatter plot of the two first PCs from the PC analysis that was performed using 
genotype data (Affymetrix 500K chip) of 1387 Europeans. Small colored labels 
represent individuals and large colored points represent the median PC1 and PC2 values 
for each country: AL, Albania; AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; 
BG, Bulgaria; CH, Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, 
Denmark; ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR, 
Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK, Macedonia; 
NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO, Romania; RS, Serbia 
and Montenegro; RU, Russia, Sct, Scotland; SE, Sweden; SI, Slovenia; SK, Slovakia; 
TR, Turkey; UA, Ukraine; YG, Yugoslavia (Novembre et al., 2008). 
 

 
 

1.3.3 Single population genetic structure maps 
 
On the global map, single populations generally appear to be homogenous, but 
analysis at the population level usually shows slight genetic structure. The 
genetic structure of several larger populations, for example Japan (Yamaguchi-
Kabata et al., 2008) and Mexico (Silva-Zolezzi et al., 2009), have been studied. 
Furthermore, the genetic variation in genetically isolated Ashkenazi Jews was 
compared to the HapMap CEU population (Olshen et al., 2008), showing small 
but significant differences in measures of genetic diversity (mean Fst=0.009).  



24 

Much interest has focused on European populations, for example Iceland (Price 
et al., 2009), Finland (Jakkula et al., 2008), Northern Europe (Salmela et al., 2008; 
McEvoy et al., 2009), Germany (Steffens et al., 2006), and the United Kingdom 
(WTCCC, 2007). The Icelandic population arose from an admixture of Norse and 
Gaelic ancestors around 1100 years ago. The plot of the first two PCs from the PCA 
shows remarkable concordance with Icelandic geography, following a ring-shape 
topology (Figure 6). The population structure is minimal (average Fst=0.0026) and 
the difference between regions is due to recent genetic drift that occurred in the 
1100 years since the first settlement of Iceland (Price et al., 2009). 
 

 
 
Figure 6. The genetic structure of Iceland. PCA plot of 877 samples with most of their 
ancestry from 11 regions of Iceland. The PCA analysis was ran using genotype data of 
292,289 SNPs. The samples from Norway and Scotland added on the map show that the 
varying contributions from ancestral populations are not a major determinant of genetic 
differences between Icelandic regions, rather is the recent genetic drift in the Icelandic 
gene pool (Price et al., 2009). 
 
 
 

Another well-studied founder population is in Finland, which has been 
inhabited for 10,000 years. Two major migration waves have had the greatest 
influence on the genetic structure of the population. The presence of subisolates 
make it a good country for identifying Mendelian disease genes (Varilo and 
Peltonen, 2004). The genetic structure map of Finland corresponds well with 
east-west and north-south geographies, and demonstrates internal migration 
from country-sides to the capital city (Figure 7). Differences in Fst-values 
between Helsinki and recent subisolates (Fst=0.004) are comparable with the Fst-
values between northwest and southeast European populations (Heath et al., 
2008). As somewhat smaller genetic structure has been described within Ger-
many (Northern Germany / Southern Germany, Fst=0.00017 (Steffens et al., 
2006)), and United Kingdom (WTCCC, 2007). 
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Figure 7. The genetic structure of Finland. The genetic variance between Finnish 
subisolates (901 samples) as well as the Helsinki (162), Swedish (302) and CEU (60 
samples) populations is represented on the multidimensional scaling plot. Genotype data 
of 231,116 SNPs was used to perform the PC analysis. CEU – Utah residents with 
ancestry from Northern and Western Europe, SWE – Sweden, HEL – Helsinki, ESS – 
early-settlement south, the south coastal region, ESW1 – early-settlement west, South 
Oulu, ESW2 – North Oulu, ESN – early-settlement north, the Tornio-River valley in 
West Lapland, LSW – late-settlement west, South Ostrobothnia, LSC – late-settlement 
central, Central Finland, LSN – late-settlement north Central Lapland, ISS – isolate 
south, South Kainuu, ISC – isolate central, North Kainuu, and ISN – isolate north, East 
Lapland (Jakkula et al., 2008). 
 
 
Nonetheless, the picture of the genetic structure of European populations is still 
incomplete. Efforts have been made to describe the genetic structure of Europe, 
with an emphasis on the western- and central countries. In summary, analyses 
of genetic structure using different methods show minor genetic differences 
between nearby populations, and larger variation with more distant and isolated 
populations. 
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2. AIMS OF THE PRESENT STUDY 
 
1. To describe tagSNP transferability from HapMap populations to the Estonian 
population, and to determine how SNP density, minor allele frequency, and 
sample size influence tagSNP selection. 
 
2. To evaluate the performance of commercial SNP panels – Illumina 300 K 
and 550 K, and Affymetrix 100 K and 500 K. 
 
3. To characterize the genetic structure of Estonia and compare it to other 
European populations. 
 
 
 
 
 
 
 
 
 
 



27 

 

3. RESULTS AND DISCUSSION 
 

3.1 Studied populations and regions 
 
Populations 
Throughout this analysis, the genotype information of 1090 DNA samples, 
selected from 10,317 samples from the Estonian biobank in 2005 were used. 
Eighty samples (40 males and 40 females) were selected randomly by place of 
birth, from each of 13 Estonian counties (Harju, Ida-Viru, Jõgeva, Järva, Lääne-
Viru, Põlva, Pärnu, Rapla, Saaremaa, Tartu, Valga, Viljandi, Võru), and 50 
samples (25 males and 25 females) were selected from the combined Hiiumaa 
and Läänemaa counties (Ref. I, Figure 1). Estonia is a small country (43,400 
km2) in the Baltic region of Northern Europe. As a coastal area, it has been the 
recipient of several migration waves from neighboring countries, and the 
population is approximately 1 million Estonians, 300,000 Russians and other 
nationalities. In all studies, individuals with Estonian descent were analyzed. As 
demonstrated in the III study, the genetic structure of Estonians, although 
minimal, is still detectable and might be used in future studies, if correlation 
with a disease pattern can be demonstrated. 
 Genotype data from two ENCODE regions (described below) were used in 
the I and II studies. From each ENCODE region, 768 selected SNPs were 
genotyped at McGill University and Genome Quebec Innovation Centre as part 
of the HapMap project, using the Illumina GoldenGate assay. An overview of 
the studied populations and regions is in table 3. 

In the III study, whole-genome genotype data from 3112 individuals 
analyzed with Illumina 318K/370CNV chips was used. The samples represent a 
total of 19 cohorts from 16 countries: Austria (Vienna), Bulgaria (entire 
country), Czech Republic (Prague, Moravia and Silesia), Estonia (entire 
country), Finland (Helsinki, and a young internal subisolate of Kuusamo), 
France (Paris), two cohorts from Germany (Schleswig-Holstein (north), and the 
Augsburg region (south)), Hungary (entire country), two cohorts from Italy 
(Borbera Valley (north), and Region of Apulia (south)), Latvia (Riga), 
Lithuania (entire country), Poland (West-Pomerania), Russia (Andreapol district 
of the Tver region), Spain (entire country), Sweden (Stockholm) and Switzer-
land (Geneva) (Ref. III, Table 1). Approximately half of the samples were 
genotyped at the Estonian Biocentre and raw data was obtained from the centers 
for other populations (Ref. III, Table 1). After quality control procedures, 
273,464 SNPs remained and were used for further analyses. 

The HapMap data used throughout these studies comprised four populations, 
namely CEU – U.S. Utah residents with ancestry from Northern and Western 
Europe, YRI – Yoruba people of Ibadan, Nigeria, CHB – unrelated individuals 
from Beijing, China, and JPT – unrelated individuals from Tokyo, Japan. 
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Table 3. Studied populations and regions. 
 

Study Studied populations 
# of 

individuals
Studied regions 

Illumina 
genotyping 

assay 
Ref. I, 
II 

Estonia 1090 ENCODE regions
GoldenGate 

assay 
 HapMap samples  ENr112 (500 kb)  
      CEU 60 ENr131 (500 kb)  
      CHB 45   
      JPT 44   
      YRI 60   
     
Ref. III Austria (Vienna) 88 whole genome CNV370 
 Bulgaria 48  CNV370 

 
Czech Republic  
(Prague and Moravia) 

94  CNV370 

 Estonia 1090  CNV370 
 Finland (Helsinki) 100  CNV370 
 Finland (Kuusamo) 84  CNV370 
 France (Paris) 100  HumHap300 

 
Northern Germany  
(Schleswig-Holstein) 

210  HumHap300 

 
Southern Germany  
(Augsburg region) 

473  CNV370 

 Hungary 50  CNV370 

 
Northern Italy            
 (Borbera Valley) 

96  CNV370 

 
Southern Italy      
(Region of Apulia) 

95  CNV370 

 Latvia (Riga) 95  CNV370 
 Lithuania 95  CNV370 
 Poland (West-Pomerania) 48  CNV370 

 
Russia (Andeapol district of 
Tver region) 

96  CNV370 

 Spain 200  HumHap300 
 Sweden (Stockholm) 100  HumHap300 
 Switzerland (Geneva) 216  HumHap550 
 HapMap samples    
      CEU 60  HumHap300 
      CHB 44  HumHap300 
      JPT 44  HumHap300 
      YRI 55  HumHap300 
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Regions 
Two 500 kb ENCODE regions on chromosome 2 (ENr112 on 2p16.3 
(ENCODE 1) and ENr131 on 2p37.1 (ENCODE 2)) were analyzed in studies I 
and II. These regions were previously resequenced in entirety in 48 individuals 
from various origins, and were genotyped in four populations as part of the 
HapMap project. The regions differ in their average recombination rates 
(0.8 cM/Mb for ENCODE 1 and 2.1 cM/Mb for ENCODE 2). Overall, 2431 
SNPs in ENCODE 1, and 2067 SNPs in ENCODE 2 have been successfully 
genotyped as part of HapMap. From each of the ENCODE regions, 768 random 
SNPs were selected and genotyped in 1090 samples from Estonia. Of these, 721 
SNPs in ENCODE 1, and 699 SNPs in ENCODE 2, passed all genotyping 
quality criteria and were used in studies I and II. 
 
 
 

3.2 Evaluation of tagSNPs derived from HapMap in 
Estonian population sample (I) 

 
The HapMap project aimed to describe the LD structure of four populations – 
Europeans (U.S. residents with ancestry from Northern and Western Europe), 
Chinese (from Beijing), Japanese (from Tokyo) and Africans (Yoruba people of 
Ibadan, Nigeria), with a goal of minimizing the number of SNPs required for 
association studies. The four population samples were proposed as references for 
selecting tagSNPs for other world populations. We performed several analyses to 
determine the transferability and performance of tagSNPs from HapMap to the 
Estonian population. We used data for 1536 SNPs from two 500 kb ENCODE 
regions on chromosome 2, genotyped for 1090 individuals from Estonia.  
 The Estonian sample appeared to be similar to the CEU sample (Ref. I, 
Figure 2) by comparison of MAF distributions between studied populations. 
This was also found for LD block distribution, but the LD structure appeared to 
match the CHB/JPT structure (Ref. I, Figure 3). Using median-joining network 
analysis, common haplotypes shared in all studied populations were found. As 
expected, the Estonian samples most often shared haplotypes with the CEU. 
However, depending on the region studied, the two European samples (CEU 
and Estonia) occasionally had different haplotype frequencies, some of which 
were present only in the Estonian samples, or were shared with CHB/JPT. 
 STRUCTURE program analysis could not detect the population substructure 
within Estonia, possibly because the number of available markers was too low 
or the two ENCODE regions too narrow to detect a population substructure. 

To describe the transferability of tags across the populations, we selected 
tagSNPs from the HapMap sample and tested them on other population 
samples. Pair-wise algorithm of the Tagger (de Bakker et al., 2005) was used to 
select tags with different allele frequencies, and with a high correlation co-
efficient measure, r2=0.8. The tagSNPs selected from the CEU HapMap 
samples captured most of the variation in the Estonian sample (90–95% of 
SNPs with MAF>5%) (Ref. I, Figure 5). The CHB/JPT tags performed less well 
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on CEU or Estonian sample, capturing only 80% of the SNPs. The YRI tags 
worked surprisingly well on other samples, but required the use of two to three 
times more tagSNPs. Many more tagSNPs were required for lower LD regions, 
and tagging performance dropped sharply for SNPs with MAFs of 10% or 
higher. The latter could be explained by the presence of many SNPs with high 
allele frequencies in the target population, but with frequencies lower than the 
selected MAF threshold in the population from which the tagSNPs were 
selected. Nonetheless, our analysis showed that for the low-recombination 
ENCODE 1 region, one tag every 6 kb was sufficient to capture all common 
alleles (MAF>5%), while one tag every 4 kb was sufficient for the high-re-
combination ENCODE 2 region. 

Allele frequency, sample size and SNP density in the dataset used to select 
the tags, all had important effects on tagging performance and therefore must be 
taken into account when designing association studies.  

To illustrate the MAF distribution, tagSNPs were selected from the CEU 
sample and tested on Estonian sample (Ref. I, Figure 6). As expected, markers 
with higher allele frequencies in the Estonian sample tended to correlate better 
with tagSNPs selected from the CEU sample. However, markers with MAF<5% 
were poorly captured by the CEU tags. Thus, association study planning must 
consider that low-frequency, population-specific SNPs might not be covered by 
tagSNPs selected from the HapMap. 

To test the sample size needed for optimal tagging, tagSNPs were selected 
from different sets of 10 to 1000 Estonian samples and tested on CEU sample 
(Ref. I, Figure 7). The optimal tagging of SNPs with MAF<5% required at least 
90–100 independent samples, and sample size was a more crucial factor for the 
less frequent SNPs (MAF<5%). 

To test the effect of SNP density on selection of tagSNPs, the 500 kb 
ENCODE region was divided into equal-sized (1.3–10 kb) windows, and one 
polymorphic SNP from the CEU population was selected for each. Performance 
of the selected tagSNPs was measured using the Estonian sample (Ref. I, Figure 
8). A clear decline in tagging performance was observed for with each decrease 
in density studied. The best performance was obtained when selected SNPs 
occurred every 1.3 kb, which mimics HapMap Phase II. 
 LD patterns and the transferability of tagSNPs from HapMap data have been 
studied previously on samples from different global geographical regions (de 
Bakker et al., 2006; Gonzalez-Neira et al., 2006; Xing et al., 2008). Several 
studies on European populations have shown that tagSNPs selected from the 
HapMap CEU samples perform well in samples from a wide variety of 
European populations, with ~75–95% of non-tagSNPs in LD with CEU selected 
tagSNPs at a level of r2≥0.8 (Mueller et al., 2005; Ribas et al., 2006; Willer et 
al., 2006; Lundmark et al., 2008). The same tendency was seen with the 
Estonian sample, with 90–95% of common SNPs captured by the tagSNPs 
selected from the CEU HapMap sample. TagSNPs selected from the HapMap 
data also performed well in population isolates (Service et al., 2007; Lundmark 
et al., 2008). 
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3.3 Evaluation of commercial genotyping panels (II) 
 
Two main companies, Illumina Inc. and Affymetrix Inc., produce whole-
genome genotyping chips with different levels of genome coverage. To better 
understand how well these chips capture common variations in the human 
genome, we selected two SNP panels from each company for performance 
analysis. The HumanHap 300 and HumanHap 550 Array Sets from the Illumina 
Infinium series, and the Mapping 100 K and Mapping 500 K Array Sets from 
the Affymetrix GeneChip series were tested in four HapMap populations, and in 
Estonian population samples. 

Tagging performance was tested using the same genotyping data as the I 
study, from the two ENCODE regions ENr112 on 2p16.3, and ENr131 on 
2p37.1. The number of SNPs present in each HapMap population is in Ref. II, 
Table 1. 
 For each marker in the HapMap data, the best tagging SNP from each 
commercial SNP panel was determined. The percentage of SNPs covered at 
r2≥0.8 was calculated, along with the mean r2 between each marker and its 
optimal tagging SNP. This was done at MAF cut-offs of 0.01 and 0.05. The best 
performance for all tested SNP panels was seen in the non-African HapMap 
populations. The HumanHap 550 panel showed the highest coverage, with 80–
90% in European and Asian populations at a MAF cut-off of 1% (Ref. II, Figure 
1 A). At a MAF cut-off of 5%, the HumanHap 550 showed the most SNP 
coverage, but the HumanHap 300 also showed good performance for European 
(89%) and Asian (70%) populations (Ref. II, Figure 1 B). The higher number of 
SNPs on the HumanHap 550 panel did not result in a large advantage over the 
HumanHap 300 panel, since the selected tagSNPs showed nearly the same 
values.  

Whole-genome coverage of the commercial panels was also tested. Here 
again, the HumanHap 550 had the best results: CEU – 86%, JPT/CHB – 83% 
and YRI – 48%. These results also confirmed that the ENCODE regions 
accurately reflected the whole genome. The results were consistent with pre-
vious analysis of coverage by these commercial panels, with the exception of 
the HumanHap 550. Our obtained values were identical to an earlier study, in 
spite of some differences in data (Barrett and Cardon, 2006).   

The performance of commercial SNP sets was tested using the Estonian 
samples. Since the number of genotyped SNPs was lower in the Estonian 
population (1420) than in the HapMap samples (CEU – 4670; CHB/JPT – 4495; 
YRI – 4540), markers were selected according to those genotyped in the 
Estonian samples (Ref. II, Table 2). Calculations were carried out for the 
HapMap and Estonian populations, and the results expressed as a fraction of the 
coverage of the CEU sample (Ref. II, Figure 2 A-D). The results showed that 
non-African populations and Yoruba sample were covered equally well by the 
commercial products. 

The universal and population-specific SNPs on the commercial panels were 
also analyzed. For each SNP in the HapMap population, the highest-performing 
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tagSNP on the commercial panel was determined. We then determined whether 
the commercial SNP was the best describer for one, two or all three populations 
(Ref. II, Figure 3). A strong bias towards CEU-specific SNPs was seen for the 
Illumina HumanHap 550 and particularly for the HumanHap 300. This could be 
because the SNPs were chosen from the HapMap database, which ensured that 
the HapMap populations had the best coverage. In contrast, the GeneChip 100 
K and GeneChip 500 K described population-specific markers from all 
populations fairly equally. The results show that universal markers constitute 
63–82% of all markers, for all studied commercial platforms studied, and 
approximately 10% of the SNPs describe SNPs from only a single population 
sample. 
 In this study, we have shown that commercial SNP panels, particularly 
Illumina panels with SNPs chosen from the HapMap database, can capture most 
of the common SNPs from non-reference European population samples. The 
Illumina HumanHap 550 whole-genome coverage reached 86%, and 
HumanHap 300 coverage was 76%. Thus, for performance and chip price 
considerations in study design, the HumanHap 300 could be selected without 
compromising much information. However, new, improved SNP panels with 
one million or more markers are becoming available, offering the possibility of 
denser genome-wide coverage. 
 
 

3.4 European genetic structure map (III) 
 
In the I and II studies, we examined the transferability of tagSNPs from 
HapMap to other populations, and evaluated commercial panels from two major 
companies. Before performing an association study, however, cases and 
controls must be carefully selected. Since one population may not be able to 
provide sufficient samples for studying a complex disease, samples from 
different population might be combined. In this III study, we examined the 
population structure within Estonia, and within other European countries, and 
compared the genetic structure between these populations.   
 To describe the genetic structure across Europe, we used whole-genome 
genotype data of more than 270,000 SNPs (the number of SNPs remaining after 
quality control (QC)), genotyped with Illumina 318K/370CNV chips. SNPs 
found to be out of Hardy-Weinberg equilibrium at p<10–5, or missing more than 
1% of genotypes, or with a MAF<0.01 were removed from the dataset during 
the QC procedures (WTCCC, 2007). Samples from 3112 individuals, 
comprising 19 cohorts across 16 European countries, were used. The large 
number of markers enabled us to study the MAF spectrum between Estonia and 
neighboring countries. We found that the correlation coefficient r2 for MAFs of 
the studied SNPs varied markedly between Estonia and other countries, 
including 0.9247 for Latvia, 0.8913 for Finland, and 0.7312 for Southern Italy. 
The genome-wide LD, as expected, was more extensive in isolated than in 
outbred populations (Ref. III, Figure 1). In addition, the cohorts diverged more 



33 

clearly at larger LD distances (above 75 kb), and the LD extent decreased from 
northern to southern countries. 
 Genetic structure was determined using PCA in three dimensions, on 
intercontinental and intracontinental scales, and within a single country (Ref. 
III, Figure 2). First, genetic structure within Europe was analyzed. A major 
gradient from northwest to southeast was identified as the first PC, with an 
eigenvalue of 8.7. The second PC identified a gradient from Finland to the 
Southern European countries, with an eigenvalue of 4.9. When the Asian and 
African HapMap populations were added to the European samples, the 
eigenvalue of the first PC increased to 36.6, and second to 23.8. The Asian and 
African populations were distant from the European populations, while the CEU 
samples overlapped with the other European populations in the analysis. When 
the data of Asian and African populations was included, the PC analysis 
indicated that Europe is quite uniform.  

We also studied the internal genetic structure of several of the studied 
populations, for which two or more cohorts were available (Ref. III, Figure S3) 
and found pronounced intrapopulation genetic differences in Finland and Italy. 
Kuusamo was previously shown to be a young population isolate, with a genetic 
structure that differs from that of Helsinki (Varilo et al., 2000). The two Italian 
cohorts represented a small mountain village in Northern Italy and the Apulia 
region in Southern Italy. Somewhat smaller genetic diversity was seen in an 
analysis of three cohorts from Czechia, and an analysis of Southern and 
Northern Germany. PC analysis of 966 Estonians, representing 14 counties, 
revealed the fine-structure of the population, with eigenvalues for the first two 
PCs of 1.9 and 1.5. The spread of individuals was relatively wide, with sub-
regions overlapping on an individual level, but the median PC values, calculated 
for each county, correlated remarkably with the regional map of Estonia.  

The genetic variance between populations was also studied using the fixation 
index (Fst) and the inflation factor lambda (λ). The values of Fst correlated 
considerably with geographic distance (r2=0.382, p<<0.01). Values ranged from 
≤0.001 for neighboring countries, to 0.023 between Southern Italy and a young 
subisolate of Finland (Kuusamo) (Ref. III, Table S2). The intrapopulation 
variability was also measured by Fst, and mean Fst was 0.001 for the 14 Estonian 
counties, 0.005 for Finland, 0.000 for Germany and 0.005 for Italy.  
 The pair-wise inflation factor lambda (λ) was calculated for studied samples, 
using the genomic control method (Devlin and Roeder, 1999). Values of λ 
ranged from unity (between samples from the same country) to 4.21 (between 
Spain and the Kuusamo region). The overall average λ value was 1.82; in 
separate clusters, it was 1.23 for the Baltic Region, Western Russia and Poland; 
1.54 for Italy and Spain; 1.22 for Central and Western Europe; and 1.86 for 
Finland. The correlation coefficient between geographic distance and λ was 
r2=0.386 (p<< 0.01). This value is probably an underestimate of the European-
wide relationship due to the inclusion of samples from the young population 
subisolate Kuusamo, and the highly heterogeneous international metropolis 
Geneva. 
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Marker-wise significance tests for allelic differences in pair-wise com-
parisons of the studied samples (i.e., simulated association studies between 
populations) resulted in 2263 loci that were significantly different between the 
studied populations. As our sample included some genetically and geo-
graphically distant cohorts, such as Finns and Italians, where strong founder 
effects and isolation-driven genetic drift has changed allele frequencies, only 
loci that were present in non-Italian and non-Finnish comparisons were con-
sidered. Furthermore, comparing only loci that had at least two significant hits 
in at least two pair-wise comparisons caused the total number of significantly 
different loci to decrease to 18 (Ref. III, Table S4).  Four genes were within the 
LCT (lactase) loci, a haplotype block covering more than 1 Mb (Bersaglieri et 
al., 2004)) that differentiates not only between European populations (Heath et 
al., 2008), but also within a given population (WTCCC, 2007).  

Since we examined the function of the twenty-two most variable SNPs 
between populations identified by PCA (11 SNPs for the first PC and 11 SNPs 
for the second), the SNPs were expectedly from the genes which allele fre-
quencies varied the most between populations (Ref. III Table S3). The three 
genetically most variable SNPs revealed by PC analysis represented loci that 
were also present in the list of 18 loci from the marker-wise significance test. 
 Based on the analysis performed in this III study, we conclude that using 
neighboring populations in association studies is meaningful, because their 
genetic similarities minimize the loss of power. For example, the Baltic 
countries may be analyzed together with Western Russia and Poland, and data 
from Central and Western Europe can be analyzed together. Interestingly, 
language similarity does not always match the genetic background of the two 
populations. For example, Estonia and Finland show more differences in 
genetic structure than either does with Latvia, even though the Finnish language 
is from the same Finno-Uralic group as Estonian, and Latvian belongs to Balto-
Slavic language group. Knowledge of genetic distances between different 
populations is helpful in defining which biobanks can reasonably contribute 
samples and data to a GWAS. 
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CONCLUSIONS 
 
Following conclusions can be drawn from the current Ph.D. thesis: 
1)  TagSNPs selected from the CEU HapMap sample, representing two 500 kb 

ENCODE regions, capture most of the variation in the Estonian sample (90–
95% of the SNPs with a MAF >5%). In addition, the allele frequency, 
sample size and SNP density in the dataset used to select the tags, all have 
important effects on tag performance, and must be considered in designing 
association studies.  

2)  From the four evaluated commercial SNP panels: Illumina 300 K and 550 K, 
and Affymetrix 100 K and 500 K, all SNP sets have the coverage of 
approximately 50% on HapMap Yoruban population, whereas the coverage 
of HapMap CEU and Asian populations can reach to 80–90% on Illumina 
500 K. The results show that the Estonian population is tagged with the same 
efficiency as the HapMap CEU population sample, as the coverage of 
Illumina 550 K reaches up to 86%, and Illumina 300 K coverage is 76% in 
these populations of European descent. 

3) PC analysis of genotype data of more than 270,000 SNPs of 3112 individuals 
from Europe yielded a genetic structure map of Europe in which two first 
PCs highlighted genetic diversity corresponding to a northwest to southeast 
gradient, and positioned the populations according to their approximate 
geographic origin. The results of this thesis demonstrate that Estonian 
samples can be analyzed with most other European samples, with the 
exception of the isolates (Kuusamo) identified here and the southernmost 
Europeans, without great loss of power. Using the estimated values of Fst and 
λ, we can now calculate how much power would be lost by combining 
populations in a study, and the precise benefits of increasing the number of 
subjects using samples from other European biobanks. 
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SUMMARY IN ESTONIAN 
 
Eesti populatsiooni geneetiline struktuur ja geneetiline kaugus 

teistest Euroopa päritolu populatsioonidest 
 
Kogu genoomi hõlmavaid juht-kontrolluuringuid on läbi viidud juba mitmeid 
aastaid. Seda on võimaldanud kõrgtihedusega DNA kiipide tehnoloogia, mis 
võimaldab üle kogu genoomi otsida uusi komplekshaiguseid põhjustavaid 
regioone. Oluline juht-kontrolluuringute läbiviimisel on algne uuringu disain, 
mille käigus valitakse genotüpiseeritavad SNP markerid (ühenukleotiidsed 
DNA polümorfismid) ja uuritavad indiviidid. Käesolevas doktoritöös on 
käsitletud mõlemaid aspekte.  
1)  Hindasin HapMap andmebaasist valitud tagSNPde (SNP markerit “esindav“ 

SNP) sobivust kirjeldamaks sagedasi markereid (minoorse alleeli sagedus 
>5%) Eesti populatsioonis. Uuritavate piirkondadena kasutasin kahe 500 kb 
pikkuse ENCODE regiooni genotüpiseerimise andmeid. Saadud tulemused 
näitasid, et HapMap CEU (Lääne- ja Põhja-Euroopa päritolu Utah’s, 
Ameetika Ühenriikides elavad indiviidid) populatsiooni põhjal valitud 
tagSNPd kirjeldavad 90–95% Eesti populatsioonis esinevatest sagedastest 
markeritest. Samuti mõjutavad tagSNPde valimise efektiivsust markeri 
alleelisagedus, SNPde tihedus ja indiviidide arv.  

2)  Kuna sobiva kiibi valik uuringuks on väga oluline, hindasin nelja kommert-
sionaalse kiibi sobivust Eesti populatsiooni kirjeldamiseks. Valitud kiibid 
olid järgmised: Illumina HumanHap 300 K ja 550 K ning Affymetrix’i 
Mapping 100 K ja 500 K. Parima kattuvusega olid Illumina poolt pakutavad 
kiibid – HumanHap 550 K kattuvus oli 86% ja HumanHap 300 K korral 
76%.  

3)  Uurisin Eesti geneetilist struktuuri ja hindasin geneetilist kaugust teistest 
Euroopa populatsioonidest. Kasutades peakomponentanalüüsi, mis hindab 
indiviidide geneetilist erinevust üksteisest, koostasin Euroopa geneetilise 
struktuuri iseloomustava kaardi. Peakomponentanalüüsi kaks esimest kom-
ponenti lahutavad Euroopa populatsioonid loode-kagu suunaliselt vastates 
populatsioonide geograafilisele asendile. Eesti populatsiooni suhteliselt 
ühtlane geneetiline struktuur annab hea eelise komplekshaiguste kaardista-
miseks juht-kontrolluuringus. Samuti on hea koostööd teha teiste Euroopa 
biopankadega, sest suurem osa Euroopa populatsioonidest, välja arvatud 
geneetilised isolaadid ning Euroopa lõunapoolsemad populatsioonid, on 
geneetiliselt sarnased Eestiga ning tulenevalt populatsioonide erinevuste 
korrigeerimisest andmete analüüsimisel on uuringu võimsuse kadu mini-
maalne. 
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