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INTRODUCTION

Until recently, most of the association studies have focused on genes and the
importance of the non-coding genomic landscape has not been emphasized. The
results of the ENCODE (Encyclopedia of DNA elements) project have revealed
that a large proportion of non-coding DNA is involved in gene regulation and
that there are non-protein-coding transcripts practically everywhere in the
human genome (Birney et al. 2007). These findings indicate the importance of
genome-wide association studies (GWAS) as a tool for detecting genetic causes
of complex diseases.

Association analyses are based on the linkage disequilibrium between loci.
In case of a tight linkage between the marker and the disease causing locus, it is
possible to localize the disease gene by genotyping neighboring markers. The
difference in allele or genotype frequencies of a marker can be observed
between the case and control samples if the marker locus itself is causing the
disease or is in linkage with the susceptibility locus (Risch and Merikangas
1996).

As the disease causing locus can be investigated through neighboring
markers, it is possible to describe most of the common variants with a reduced
number of tagging SNPs. One of the crucial prerequisites for a successful
association study is estimating the power to detect association (Purcell et al.
2003). Additionally to the sample size, the frequencies of causal and marker
alleles and the disease penetrance, the power is determined by the correlation
between causal allele and observed marker. Therefore, it is important to
estimate the coverage of selected marker sets to evaluate how successfully they
can capture the genetic variation of an observed genomic region.

Due to the large variance of allelic association in different regions of the
human genome and also between populations, it is necessary to create an
empirical LD map of the population under observation. The detailed structure of
the LD patterns gives us an opportunity to create optimal sets of tagging SNPs
for association studies. In addition, it is important to estimate how similar the
LD patterns are between populations. In the case of close populations, the
tagging SNP sets could be transferrable, creating an opportunity for fixed SNP
panels.

The first part of this thesis provides an overview of genetic markers, the
concept of linkage disequilibrium and its variability in the human genome. This
is followed by an introduction to association studies and a discussion of marker
selection strategies for effectively finding the disease causing genes and alleles.
The research part of this dissertation is focused on: 1) Describing the variability
of LD and comparing the patterns of LD among European populations
2) Evaluating the performance of the tagSNPs and their transferability among
European populations 3) Evaluating the coverage of whole-genome marker sets
for genome-wide association studies.



1. REVIEW OF LITERATURE

1.1. Linkage disequilibrium in human genome
1.1.1. Genetic markers

Rapid development of technology and progress in molecular biology has
boosted the number and size of association studies in the last decade. It is now
possible to make an association study with thousands of cases and controls
genotyped for hundreds of thousands of markers across the human genome.

The first genetic markers which were sufficiently numerous and adequately
spaced across the human genome were restriction fragment length poly-
morphisms (RFLPs). They were introduced as a genetic mapping tool in 1975
(Grodzicker et al. 1975) and in 1980 Botstein et al. describes the construction of
the human genetic linkage map using restriction fragment length poly-
morphisms (Botstein et al. 1980). RFLPs are generally based on single-
nucleotide changes and therefore have heterozygosities below 50% (Ott 1999).

Many more polymorphic markers were described by Nakamura et al. in 1987
(Nakamura et al. 1987). These are called variable number of tandem repeats
(VNTRs). These polymorphic sequences contain 20-50 copies of 6100 bp
repeats. There are approximately 150,000 minisatellites across the human
genome, of which approximately 20% are polymorphic i.e. VNTRs (Feuk et al.
2006). As minisatellites were not believed to be as easy to clone and
characterize as microsatellites and also are concentrated mostly in telomeric
regions of chromosomes, they were replaced by microsatellite markers (Weber
1990). Still there is some renewed interest in VNTRs as they might have
important functional roles (Nakamura et al. 1998) and according to more recent
studies they are abundant and widespread across the human genome (Naslund et
al. 2005).

Microsatellites, also referred to as short tandem repeats (STRs) or simple
sequence repeats (SSRs) are repeats of 1-6 bp units totaling < 200 bp in length
(Toth et al. 2000). With the advent of PCR in the late 1980s, the genotyping of
STRs became straightforward and they became the markers of choice for
genome mapping (Ellegren 2004). They are mostly (CA), repeats, but also any
other short motifs, accounting for approximately 3% of the human genome
sequence (Lander et al. 2001).

Single nucleotide polymorphisms (SNPs) are the most abundant form of
genomic variation. According to their definition, SNPs are single base pair
positions in genomic DNA at which different sequence alternatives exist
wherein the least frequent allele have an abundance of 1% or greater (Brookes
1999). More than 10 million SNPs have been identified in the human genome
(Hinds et al. 2005). SNPs are usually bi-allelic, but might theoretically have up



to four alleles. In the current dbSNP build 127, there are thousands of validated
SNPs with more than two alleles, but they still contribute approximately 0.2%
of all SNPs. Therefore, a single SNP is a lot less informative than a mini- or
microsatellite, but their large number and possibilities of automation make them
a very attractive tool for mapping the human genome (Wang et al. 1998).
Current genotyping platforms enable the genotyping of hundreds of thousands
of SNPs quickly and affordably (Barrett and Cardon 2006; Pe’er et al. 2006).
New SNP panels should also be able to detect other types of variability of
genomes — copy number variations (CNVs), inversions, insertions, deletions
and other complex rearrangements (Feuk et al. 2006).

1.1.2. Linkage disequilibrium

The concept of linkage disequilibrium (LD), also known as allelic association,
dates back to 1917, when Jennings published his work on the linkage between
factor pairs (Jennings 1917). In his study, he compared the frequencies of
gametes derived from independent and linked pairs of phenotypic traits. LD
occurs when two alleles at adjacent loci tend to co-occur more frequently than
expected by their allele frequencies.

The LD between a mutant allele in a disease locus and marker alleles at
flanking loci is complete when the mutation occurs. If the evolutionary factors
are ignored, the LD will decay due to recombination events. The decay in LD is
related to the recombination fraction between loci. Recombinations between
tightly linked loci are rare and therefore LD remains strong for many
generations. The LD between loosely linked loci will decay quickly with
generations until the frequencies of four possible haplotypes between bi-allelic
loci are determined by their allele frequencies. Recurrent mutation (in either
mutant or marker locus) might also decrease the association between these loci,
but it would be a very rare case and there is no evidence that it contributes
significantly to the erosion of LD between SNPs (Ardlie et al. 2002).
Recombination events and mutations are not the only factors that affect the LD
— demographic, molecular and evolutionary forces also play major role in
shaping the LD structure (De La Vega et al. 2005; Jorde 2000; Pritchard and
Przeworski 2001).

Long range LD can be caused by an extreme founder effect or a bottleneck:
a period, when the population size is so small that a few ancestors gave rise to
most of the haplotypes that exist today (Reich et al. 2001). Also, the genetic
drift is particularly important in shaping LD, if the population has gone through
bottleneck of founder effect (Risch et al. 2003). It is also shown, that in
principle, long-range LD might be generated by a recent population mixture or
by migration (Chakraborty and Weiss 1988; Pfaff et al. 2001; Pritchard and
Przeworski 2001; Zhu et al. 2005).
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Various aspects of population structure may affect the pattern of LD. For
example, population subdivision might be an important factor in establishing
the patterns of LD. In the study of Arabidopsis it was shown that inbreeding can
cause high levels of LD (Nordborg et al. 2002).

Positive selection causes a rapid rise of allele frequency, occurring so
quickly that recombinations can not break the haplotype on which the selected
mutation occurs. Therefore, positive selection causes an allele having unusually
long-range LD (Przeworski 2002; Sabeti et al. 2002). For example, positive
selection has created high LD around the human dopamine receptor D4 gene
locus which has been found to be associated with hyperactivity disorder and
also the personal trait of novelty seeking (Ding et al. 2001). Another well-
known example is the positive selection around genes G6PD and CD40, which
is related to resistance to malaria (Sabeti et al. 2002; Saunders et al. 2005).

Gene conversion has been shown to be an important mechanism in the
breakdown of LD over short distances (Przeworski and Wall 2001; Wiuf and
Hein 2000) and also contributing to the decay of LD in human population level
(Frisse et al. 2001). In the case of gene conversion, a short stretch of one copy
of chromosome is transferred to another during meiosis — the effect is the same
as that of two very close recombinations (Ardlie et al. 2002; Chen et al. 2007).

It is well-known that the processes of generating LD are highly stochastic
(Pritchard and Przeworski 2001), therefore the variation in LD levels across
different genomic regions is expected to occur by chance (Frisse et al. 2001).

1.1.3. Measures of LD

The most common LD measure, D, quantifies the disequilibrium as the
difference between the observed frequency of the two-locus haplotype and the
frequency, it would be expected to have if those two loci would segregate
randomly. The formula was developed by Lewontin more than 40 years ago
(Lewontin 1964):

D:PAB_PAXPB

Where P43 is the observed frequency of two locus haplotype with allele A in the
first locus and B in the second locus, P4 is the frequency of allele A in first
locus and Pg is the frequency of allele B in second locus (Table 1). Although the
measure D is good for explaining LD, its numerical value is not a very good
tool for measuring the strength of and comparing levels of LD due to its
dependence on allele frequencies. To make the LD measure less dependent on
allele frequencies, another measure D’ was proposed by Lewontin in the same
paper (Lewontin 1964):
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D

D >0
' min(PA XPb'Pa XPB)
D =
b D <0
min(PA XPB'Pa Xpb)

Where the quantity in the denominator is the absolute maximum D that could be
achieved with the given allele frequencies at the two loci. D’ = 1 between two
loci only if they haven’t been separated by recombination. In this case, at most
three out of four possible two-locus haplotypes are observed in a sample (Figure
1). Values of D’ < 1 show that complete LD has been disrupted. The problem
with the D’ measure is that it is strongly inflated in small samples, even with
common alleles, but especially for SNPs with rare alleles. Because the
magnitude of D’ is dependent on sample size, it should not be used for
comparisons of the strength of LD between studies (Ardlie et al. 2002).

One of the most popular LD measure is #° (also denoted by A°), which is
currently the measure of choice for quantifying and comparing the LD (Hill and
Robertson 1968). This common scaling of D is calculated:

D
(P4 X Py X Pg X Py)

It is equal to / y2 /N, where the X ? statistic can be obtained from a 2x2 table of

haplotype frequencies and N is the total number of haplotypes in the sample.
This provides a means of testing the statistical significance of r. In the paper by
Pritchard and Przeworski, they show that 7 arises naturally in the context of
association mapping (Pritchard and Przeworski 2001). It can be shown that in
order to achieve the same power of association as you would have genotyping
disease causing allele, you need to increase the sample size by 1/, where 7 is
the coefficient of LD between marker and disease mutation (Kruglyak 1999).
Another common two-locus disequilibrium statistic J can be calculated as:

_ D
PBxPab

é

Where Py is the population frequency in the disease allele. Several studies have
shown that ¢ and D’ give more reliable estimates of physical distance between
the disease locus and the marker than D and /° (Devlin and Risch 1995; Guo
1997). Devlin and Risch have showed that J is directly proportional to the
recombination fraction and thereby a desirable measure for genetic distance
(Devlin and Risch 1995), but the measure becomes unpredictable, when the
marker is very close to the disease locus (Guo 1997). This might be one reason
why popular marker selection methods are based on D’ and 7 statistics and J
has not been used for this purpose.
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Figure 1. The formation of new haplotypes through mutation and the erosion of
LD through recombination. 1) We have two monomorphic loci, both with single
allele: A and B accordingly. Between these two loci only one haplotype (AB)
exists. 2) In first locus mutation occurs creating a new allele a. Together with
allele B in second locus, new haplotype evolves (aB). 3) In second locus also a
mutation occurs (b) on initial AB haplotype creating a new, third haplotype (Ab).
4) Recombination event between haplotypes Ab and aB occurs 5) This event
creates fourth possible haplotype (ab).



Table 1. Sample allele frequencies in a 2x2 table for two loci. Locus 1 has alleles A and
a, locus 2 has alleles B and b.

Locus 1
Locus 2 A a
B Pag P.s Py
b Pap Py Py
Py P, 1

1.1.4. The extent of LD in human genome

As the recombination rates vary across the human genome, the length and
strength of LD between loci is not solely defined by the physical distances
between loci. Many studies have shown that the LD structure is highly variable
in different regions of the human genome — close markers are not always in
strong LD (Ardlie et al. 2001; Clark et al. 1998; Moffatt et al. 2000) and
sometimes LD has been reported between quite distant markers (Abecasis et al.
2001; Daly et al. 2001; Gabriel et al. 2002; Patil et al. 2001; Reich et al. 2001).
At the extreme, variations in several orders of magnitude are observed between
meiotic recombination frequencies per unit of physical distance (Lichten and
Goldman 1995). It has been proposed that the human genome might consist of
non-recombining blocks separated by regions of high recombination, so called
recombination “hot-spots” (Ardlie et al. 2001; Jeffreys et al. 2001; Lichten and
Goldman 1995). This theory was also supported by the study of Jeffreys et al.
where they estimated the recombination frequencies in sperms and found three
clusters of recombinational hotspots accounting for 94% of the observed
recombinations of HLA class II region (Jeffreys et al. 2001). A possible cause
for this has been shown to be that the in human genome recombination rates
tend to be higher in regions with higher gene density (Fullerton et al. 2001).
There is also some evidence to indicate that mammalian recombination hot-
spots might be associated with GC rich repetitive DNA sequences (Petes 2001).
It has even been shown that the recombination hotspot reduces the effect of
strong positive selection — the rapid decay in LD upstream of the HbC allele
demonstrates the large effect the 3-globin hotspot has in decreasing the effects of
positive selection on linked variation (Wood et al. 2005).

Another important fact is that the LD varies remarkably across populations —
the pattern of LD might give information about population history and
migrations (Plagnol and Wall 2006; Reich et al. 2001). The highest levels of LD
are usually observed in isolated populations due to genetic drift (Peltonen et al.
2000). These populations can successfully be used for studying rare diseases —
they have greater phenotypic homogeneity and similar environmental
conditions, reduced genetic diversity and higher prevalence of some diseases.
Due to high LD, sparsely spaced markers can describe most of the genetic
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variations. Valuable isolates are for example Finns, Amish, Sardinians and
Bedouins, which show high frequencies of certain Mendelian diseases (Peltonen
et al. 2000). The lowest values of LD are described in African populations
(Reich et al. 2001). They are possibly caused by the differences in demographic
history as the biological determinants of LD are expected to be constant across
populations (Gabriel et al. 2002). If a population has been stable, and of a large
enough size sufficient amount of time, there can be enough recombinations to
reduce LD between distant markers to unmeasurable levels (Goldstein 2001). In
European and Asian populations, clear LD block structure is reported, hinting
that large blocks of LD can be described by a few markers (Gabriel et al. 2002;
Goldstein 2001).

Understanding the nature of LD is essential for planning the association
studies. LD enables scientists to map the locations of mutations that cause
genetic diseases by genotyping other marker SNPs (Hey 2004). Knowing the
possible causes and locations of recombination hot spots and cold spots could
make it possible to represent much of the genomic variations using only a small
number of SNPs found within the region.

1.2. The selection and evaluation of genetic markers
for association studies

1.2.1. The principles of association studies

Common inherited disorders are difficult to study because they are the result of
a combination of various genes and environmental factors (Gambano et al.
2000). These disorders tend to be inherited in families, but they don’t follow the
typical mendelian inheritance patterns. Therefore, they are usually referred to as
non-mendelian disorders, or complex disorders. Pedigree based linkage analysis
is a successful method for studying mendelian disorders, but has not been as
successful in the studies of complex genetic traits. This indicates a need for
identifying different approaches (Goddard et al. 2000). The possibility of using
dozens or even hundreds of past generations of recombination to achieve the
fine-scale gene localization is one of the advantages of association studies
(Jorde 2000). The linkage disequilibrium mapping has proved itself as a
valuable tool for finding disease related genes (Feder et al. 1996; Fujita et al.
1990; Kerem et al. 1989; Petrukhin et al. 1993). Due to its success in localizing
Mendelian disease genes, it is hoped that this approach is also useful for
localizing genes of complex diseases, even in whole-genome association studies
(Risch and Merikangas 1996).

Association analyses are based on linkage disequilibrium. With tight linkage
between the disease and marker loci, the possibility of recombination is small
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and the allelic association can be used to localize the disease gene. The allele
frequency of marker locus is different in case and control samples if the marker
locus itself is causing the disease or is in tight linkage with the susceptibility
locus (Cardon and Bell 2001; Gambano et al. 2000; Risch and Merikangas
1996).

There are two complementary approaches for selecting markers. The first
approach exploits the LD between loci in many parts of the genome. If a subset
of SNPs is genotyped, they capture information about adjacent loci and regional
haplotypes. There are several strategies for selecting informative subsets of
SNPs (also referred to as tagging SNPs or tagSNPs), which will be discussed
later (2.2.2.1). The second approach tries to access the variation of the genome
with likely functional effect. Obvious targets are non-synonymous coding
variants, as they alter the aminoacid sequence in the gene product (Hattersley
and McCarthy 2005). Their advantage is that the number of common coding
SNPs (cSNPs) is several orders of magnitude smaller than the number of
common SNPs overall (Carlson et al. 2004a). Recently, the structural variants
and non-protein-coding sequence has gained attention with their possible
influence to phenotype (Birney et al. 2007; Feuk et al. 2006). Therefore,
genotyping only non-synonymous coding variants might lead to false negative
results.

The association study design can also be classified according to its
magnitude. Due to the cost of genotyping and multiple testing corrections, the
candidate gene approach has been widely used. In this case, one or only a few
genes are studied. These genes are selected according to the results of previous
studies, or on the basis of other evidence that the gene might be associated to
the studied disease.

There are numerous association studies that cannot be replicated, which has
led to skepticism about that approach. Therefore, the importance of a good
study design is crucial for a successful association study (Cardon and Bell
2001). Current genome-wide association study (GWAS) contains multiple
steps:

e The Genome-wide SNP Genotyping: Current SNP panels contain
hundreds of thousands or even millions of SNPs, which can be quickly
and automatically genotyped for each individual. To reduce the cost of
large-scale association study, it is possible to use DNA pooling (Docherty
et al. 2007; Sham et al. 2002).

e Validation with subset of SNPs: SNPs showing the strongest association
with a disease are selected to the next step. Independent case and control
samples are tested for association with custom SNP panels. In case of the
genome-wide marker set, the number of SNPs analyzed is rather high and
the multiple-testing problem arises. Analysis of each single SNP can be
treated as an independent test and multiple testing correction must be
used for declaring a significant association in GWAS (Risch and
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Merikangas 1996). To overcome this problem, the multi-stage screening
approach can be used, assuming a smaller number of susceptibility
markers are genotyped in the second stage. The significance level for
declaring association doesn’t have to be as strict as for all markers in the
whole-genome marker panel (Hirschhorn and Daly 2005). It has been
shown that the joint analyzing the data from both stages almost always
has more power to detect genetic association then the replication based
analysis (Skol et al. 2006). Therefore, the joint analysis for all two-stage
genome-wide analysis should be used.

e Independent replication: Independent replication from different
population to validate the results.

In the case of a complex disease, the number of cases and controls should be
relatively high. This is due to the modest genetical effects of single causal
alleles (Cardon and Bell 2001; Hattersley and McCarthy 2005). Current
association studies use thousands or even tens of thousands of individuals to
analyze the effect of disease causing alleles (Herbert et al. 2006; Sladek et al.
2007; Smyth et al. 2006).

1.2.2. The selection of genetic markers for association studies

In 1998, Chapman and Wijsman claimed that single-marker LD testing with bi-
allelic markers was feasible only for rapidly growing genetic isolates because
the mapping resolution was not high enough (Chapman and Wijsman 1998).
Since then, the number of SNPs in the public databases has been rising and
currently more than 10 million validated SNPs are available (Hinds et al. 2005).

Alleles of closely located SNPs are often correlated, resulting in a reduced
genetic variability and the defining of a limited number of ,haplotype blocks”
(Patil et al. 2001). Some of these haplotypes might extend only for a few
kilobases (kb) and others may extend more than 100 kb (Abecasis et al. 2001;
Clark et al. 1998; Reich et al. 2001). The extent of LD is formed by mutation,
recombination, selection, population history and stochastic events. This
suggests that a comprehensive description of the haplotype structure of the
human genome is possible only by empirical studies with dense SNP sets.

The first large-scale publicly available SNP set was generated by Perlegen
Sciences, Inc. in 2001 (Patil et al. 2001). It contained 20 independent copies of
chromosome 21, representing the African, Asian and European chromosomes.
In this study, 35,989 SNPs were identified and 24,047 of them had minor allele
represented more than once in their dataset.

In October 2002 the International HapMap Project was launched with the
goal of determining the common variants of the DNA sequence in the human
genome and then determining their frequencies and identifying correlations
between them (Gibbs et al. 2003). A total of 269 DNA samples were studied:
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1. 90 CEPH samples from US Utah population with Northern and Western
Europe ancestry. These samples were collected by Centre d’Etude du
Polymorphisme Humain and contained info of 30 trios of two parents and
one adult child.

2. 90 Yoruba people in Ibadan, Nigeria (also 30 trios).

3. 44 unrelated Japanese in Tokyo, Japan.

4. 45 unrelated Han Chinese in Beijing, China.

The sample sizes were found to be sufficient to identify 99% of the haplotypes
with an allele frequency of 5% and higher (Gibbs et al. 2003). In the first
genotyping phase, the goal was to genotype 600,000 markers with an average
spacing of Skb. This was completed in 2005, when a resource consisting over a
million accurate SNP genotypes in 269 individuals was released (Altshuler et al.
2005). Two years later, in 2007, the second genotyping phase was finished,
adding over 2.1 million validated SNPs to the database.

The genome-wide genotype information of the HapMap project can be used
for locating recombination hotspots, LD blocks, and regions with low haplotype
diversity. This enables improved selection of tagging SNPs (tagSNPs), thereby
increasing the power of an association analysis. In the next phase of the
HapMap project, seven additional populations from the USA, Kenya and Italy
have been selected for genotyping. The main goals for the next phase are the
comparison of genome-wide patterns of variation and assessing the
transferability of tagSNPs between populations.

1.2.2.1. TagSNP selection methods

In the case of an ,,indirect” association study, the marker set will be selected to
describe most of the common variations in the genomic region under obser-
vation. There are many algorithms available to select the most informative set
of common single-nucleotide polymorphisms (tagSNPs).

The tagSNP selection methods can be based on haplotype blocks (haplo-
blocks) — regions with a low recombination rate. In 2001, Patil et al described a
greedy tagSNP selection algorithm, which was based on minimizing the number
of tagSNPs required to describe most of the common haplotypes in each block
for the entire chromosome (Patil et al. 2001). As a greedy algorithm gives an
approximate solution, Zhang et al. developed a dynamic programming algo-
rithm for haplotype block partitioning as an optimal solution to the problem
(Zhang et al. 2002). In order to describe 80% of the most common haplotypes
on the entire 21 chromosome, with 24,047 common SNPs genotyped, 3,582
SNPs in the 2,575 haplotype blocks were required. The main disadvantage of
this solution is the high variability of haplotype block borders and selected
SNPs. The marker and haploblock selection is highly dependent on the
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underlying samples and marker density (Cardon and Abecasis 2003; Carlson et
al. 2004b).

To make the haplotype block selection less dependent on marker density,
several haploblock selection methods were proposed based on LD measures.
Block borders, according to the four-gamete test (Hudson and Kaplan 1985),
can reflect the LD regions with no evidence of recombination (Wang et al.
2002). According to this method, the haplotype block is extended as long as
four possible haplotypes of a pair of bi-allelic loci are not present (Figure 1).
The addition of the fourth haplotype indicates a recombination event and
therefore identifies the block border.

Another method is based on the solid spine of LD (Barrett et al. 2005). This
method searches for a ,,spine” of LD, where the first and last marker of the
haplotype block are in strong LD with all of the intermediate markers, but does
not require that the intermediate markers are necessarily in LD with each other.

The third and most popular haploblock selection method is based on the
confidence intervals of D’. It is a normalized measure of allelic association
which reflects the history of recombinations between the SNP pairs. As the
point estimate of D’ tends to be biased upward, if a small number of samples or
rare alleles are analyzed, Gabriel et al. defines the 95% confidence interval for
each D’ estimate (Gabriel et al. 2002). The authors of this method claim that
haplotype blocks defined by this method are robust to study-specific
differences, like the frequencies of SNPs and sample sizes.

However, the haploblock borders tend to fluctuate in different populations or
even in the same population if different set of samples is selected. Cardon and
Abecasis claimed in their paper in 2003 that the confidence intervals method
shares the same problems as all methods that are based on LD measures: it is
unclear how haplotype ancestry is reflected in a matrix of pairwise LD
coefficients that are not independent and therefore the defined blocks are
subjective and arbitrary (Cardon and Abecasis 2003).

For the marker selection from the haplotype blocks, the haplotype tagging
SNP method (htSNPs) has been proposed (Johnson et al. 2001). HtSNPs are
defined as a minimum number of informative SNPs, which can be used to
distinguish between all common haplotype variants in a block. A single SNP
can distinguish between two haplotypes; two SNPs could distinguish between
up to four haplotypes, etc. The disadvantage of this tagSNP selection method is
that the relationship between the tagSNPs selected to describe haplotypes and
the power to detect disease risk associated with the existing polymorphism are
poorly addressed (Carlson et al. 2004b).

The htSNPs are not the most efficient way of describing common haplotypes
for association studies, due to the correlation or overlap between neighboring
haploblocks (Daly et al. 2001). This indicates that tagSNP selection methods,
which allow for interblock disequilibrium or ignore block boundaries

18



altogether, could be more effective than those who treat chromosomes as a
series of discrete blocks (Cardon and Abecasis 2003).

For a haploblock independent tagSNP selection, an algorithm based on the r*
LD statistic was proposed by Carlson et al., because r” is directly related to the
statistical power to detect disease associations with markers (Carlson et al.
2004b). The r*-bin method is based on a greedy algorithm. The SNP exceeding
the 1* threshold, with a maximum number of other SNPs, is identified. This
maximally informative SNP and all the associated markers are grouped as a first
r’-bin. One tagSNP is selected from each bin and can be selected for assay on
the basis of genomic context, ease of assay design, or other user specified
criteria. The binning process is iterated, analyzing not-binned markers as long
as all markers are in bins. If an SNP does not exceed the r* threshold with any
other SNP in the region, it is placed in a singleton bin. As expected, r*-bin based
tagSNPs are more powerful than an equivalent number of either haplotype-
selected htSNPs or randomly selected SNPs for detecting the association
between a tagSNP and disease phenotype (Carlson et al. 2004b).

It should be pointed out, that most of the tagSNP selection methods are
focused on describing of the common variants. Rare mutations and SNPs with
low minor allele frequency may not be detected by reduced number of marker
SNPs.

1.2.2.2. Commercial SNP sets

Currently, two major companies are providing fixed SNP panels for genome-
wide SNP genotyping — Illumina Inc. and Affymetrix Inc. Both of these
companies are offering very high throughput and accuracy with low cost per
SNP analysis. There are obvious advantages of having fixed SNP panels, inclu-
ding the possibility of combining datasets across laboratories and designing
statistical methods for commonly used panels (Barrett and Cardon 2006). These
SNP panels could be used for DNA pooling (Macgregor 2007; Steer et al. 2007)
and for detecting copy number variations in the human genome regions
(Komura et al. 2006; Peiffer et al. 2006).

Mapping 10K Array Sets from Affymetrix GeneChip series were introduced
in 2003, when a work about rapid genotyping of 14,548 SNPs in three different
human populations was published (Kennedy et al. 2003). This was followed by
Mapping 100K (Di et al. 2005) and Mapping 500K Array sets (Nicolae et al.
2006). The HumanHap 300 and later the HumanHap 550 Array Sets from the
[llumina Infinium series were developed after the end of the Hapmap’s first
genotyping phase, providing 318,000 and 555,000 tagSNPs accordingly. While
the SNPs included on the Affymetrix SNP panels are selected on the basis of
their technical quality and are evenly distributed across human genome, SNPs
on the Illumina platforms are selected using the r*-bin method from HapMap
genotype data (Pe’er et al. 2006). The HumanHap 300 is based on CEPH data,
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therefore the most efficient option for describing the genome variation of
Northern and Western European populations. The HumanHap 500 has been
altered by adding tagSNPs to describe the variation of other HapMap popu-
lations as well (JPT+CHB, YRI). To provide even more comprehensive
coverage in African and African-American populations, the new Illumina
HumanHap 650Y has been developed, with over 100,000 Yoruba-specific
tagSNPs.

To capture other types of genetic differences, such as copy number
variations, even larger SNP panels have been designed. The first the Affymetrix
SNP Array 5.0, was introduced with the Mapping 500K Array Set combined
with 420,000 additional non-polymorphic probes that can measure other genetic
differences. The Illumina Inc. responded by developing the HumanlM
BeadChip, featuring over one million markers to interrogate human genetic
variation, using SNPs and CNV probes. The latest Affymetrix Genome-Wide
Human SNP Array 6.0 features 1.8 million genetic markers, including more
than 906,600 SNPs and 946,000 CNV probes.

1.2.3. The evaluation of the performance of genetic markers

It is important to estimate the power of detecting association with the existing
marker set in any study design and disease scenario. In the case of sparser
marker set, a larger number of samples must be collected in order to achieve
sufficient power to detect the hypothesized effect (Purcell et al. 2003). A a
simple way to evaluate the performance of markers is by using the square of the
correlation coefficient (1*) between a marker and a putative causal allele
(Pritchard and Przeworski 2001). This pairwise measure has become a standard
for evaluating the performance of marker sets (Barrett and Cardon 2006; Pe’er
et al. 2006). This coverage measure can be biased upwards if tagSNPs
themselves are part of the coverage calculation or part of the reference set was
used to select tag SNPs. Therefore, the coverage measure must be corrected
considering the number of markers and the count of tagSNPs in the reference
set and the estimate for the total number of SNPs in a described region (Barrett
and Cardon 2006).
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2. RESULTS AND DISCUSSION

2.1. Aims of the present study

1. To define the extent and pattern of LD in European populations. This
information is essential for the marker selection of association studies. The
extent of LD is necessary for estimating the number of SNPs required for
describing certain genomic regions. The comparison of LD patterns across
European populations begins to answer the question of whether SNP panels
can be universally used for association studies in different populations (Ref
L, ID).

2. To evaluate the performance of tagSNPs and calculate how well the tagSNPs
of one population sample can be used to describe the variability of another
population. Different haploblock and tagSNP selection methods have been
proposed for marker selection. It is necessary to evaluate whether the
selected tagSNP set can describe the full heterogeneity of the genomic
regions. The genotype information of four HapMap population samples is
used for the marker selection of association studies from different popu-
lations. Therefore, it is important to understand how much information might
become lost by transferring the tagSNPs (Ref I, III).

3. To evaluate how well new whole-genome SNP panels can describe the
variability of the Estonian population. The Estonian population was selected
because its LD pattern has been found to be similar to other European
populations and these samples can thereby be used to describe non-HapMap
European populations. The currently available whole-genome SNP panels
are the cheapest and most convenient way of performing genotyping studies.
As the SNP selection strategies differ for these panels, it is necessary to
compare different marker sets to choose the best one for the Estonian
population samples (Ref IV).

2.2. Population samples and genotyping

Three different sets of population samples were used in this study (Table 2).
Also, publically available HapMap population samples were used for com-
parisons(Gibbs et al. 2003).

In the chromosome 22 study, three populations were used — 77 CEPH
(Coriell Cell Repositories) family DNAs, 90 unrelated DNAs from UK and 51
unrelated Estonian DNAs. CEPH and UK population markers were genotyped
using the Third Wave Technologies Invader assay (Mein et al. 2000). The
Estonian population samples were genotyped using APEX technology (Kurg et
al. 2000). In the CEPH DNA panel 1,504 were successfully genotyped, in the
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UK panel 1,285 and in the Estonian panel 908 SNPs were successfully geno-
typed. Monomorphic markers and markers with segregation error, Hardy-
Weinberg equilibrium deviations and other quality issues were not used in this
analysis.

Table 2. General information of used datasets.

. region Studied populations and # of studied
study ID region size sample size SNPs
Estonia (51), CEPH (77),
Ref1 chromosome 22q 33.4 Mb UK (90) 594
CEPH (30 trios), Estonia (170),
iﬁ?\l})j’;ﬁc‘“’ POPGEN (160), SHIP (100),
Ref I PLAU vene 749 kb KORA (170), VIN (170), LAD 169
o ionsg (160), BRISI (98), CALA
& (100)
encode regions . .
RefIII, IV ENrl12 and 1 Mb SE&%)GO trios), Estonia 1420
ENri31 ’
Whole human CEPH (30 trios), YRI (30 ~3.8
HapMap o nome 3Gb - ios), IPT (44). CHB (45) million

FKBP5 — FK-506 binding protein 5; SNCA — synuclein o, LMNA — lamin A/C, PLAU
— plasminogen activator, urinary; CEPH — Centre d’Etude du Polymorphisme Humain,
UK — United Kingdom, POPGEN — population samples collected from Schleswig-
Holstein; SHIP — Study of Health in Pomerania, KORA — Cooperative health research
in the region of Augsburg; VIN — Vinchgau; LAD — Ladinia; BRISI — Brisighella;
CALA - Calabria; YRI — Yoruba in Ibadan, Nigeria; JPT — Japanese in Tokyo, Japan;
CHB — Han Chinese in Beijing, China.

In study of four gene regions across nine European populations, 90-170
samples were genotyped. In addition to CEPH and Estonian samples, German
populations from Pomerania (SHIP) , Schleswig-Holstein (POPGEN) and urban
regions of the southern part of Germany (KORA); two alpine populations from
Vinschgau (VIN) and from Grddnertal and Gadertal (LAD); an Italian
population from the Emilia-Romagna region (BRISI) and Calabria (CALA).
SNPs were selected from four different genomic regions, which all contain
candidate genes for complex diseases. For each region, SNPs were selected
evenly, covering the gene and 76—174 kb of flanking regions in both sides of the
gene. SNPs were genotyped by the primer extension reaction of multiplex PCR
products, with the detection of allele-specific extension products by matrix-
assisted laser desoption/ionization time-of-flight (MALDI-TOF) mass spectros-

copy.
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In the third and fourth study of two ENCODE regions on chromosome 2
(ENr112 on 2p16.3 and ENr131 on 2p37.1), 1,090 ethnical Estonian population
samples were genotyped. These regions differ in their average recombination
rates and content of known genes. From two regions, 1420 SNPs were ran-
domly selected and genotyped using the Illumina GoldenGate® Assay. As a
marker validation, genotyping success >= 95%, p-level for HWE >=0.001 and
two cut-off levels of MAF were used.

Additionally, the publically available SNP genotype data from the HapMap
Consortium was used. Nearly 4 million non-redundant validated SNPs of 60
founders of CEPH (Utah residents with ancestry from northern and western
Europe), 60 founders of Yoruba (Ibadan, Nigeria) and 90 unrelated individuals
from mixed Asian (Han Chinese in Beijing and Japanese in Tokyo) population
samples have been genotyped in the International HapMap project. In the
marker validation process, each marker was tested for Mendelian incon-
sistencies (< 2), genotyping success (>80%), p-level of HWE >=0.0001 and
duplicate discrepancies (<2). Markers had to be polymorphic in at least one of
the studied populations.

2.3. Linkage disequilibrium patterns
in European populations (Ref I, II)

Each copy of a chromosome in a given population might be a unique mosaic of
ancestral chromosomes. Still, those haplotypes do not occur in the population at
frequencies expected by random recombination events in the past. This is
caused by linkage disequilibrium (LD) — consecutive marker alleles tend to be
correlated with each other. Knowing the pattern of LD is critical for marker
selection strategies in association studies. To study the pairwise LD in European
populations, it was measured along the complete sequence of human chromo-
some 22 (Table 2 Ref I). To describe the pairwise LD between markers, the
most commonly used D’ and r* statistics were calculated. According to the
results, the LD decays with distance, but shows very large variability (ref. I:
Figure 1). The analysis of the LD with a sliding window reveals that the LD
pattern is highly variable across the chromosome (ref. I: Figure 2). Regions with
nearly complete LD up to 804kb were interspersed with regions of little or
undetectable LD. When the LD patterns of different European population
samples were compared, a strong correlation between high and low recombi-
nation spots was revealed. This study demonstrates that the recombination rates
are similar across different European populations and it is possible to create
genome-wide maps of LD.

To study the LD patterns of nine distinct European populations, another
genotyping study was performed with markers from four genomic regions
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(Table 2 Ref II). Pairwise LD plots were drawn for each population and each
genomic region. Standard LD plots of pairwise LD revealed similar patterns
across population samples (ref. II: Figure A2 [online only]). To compare the LD
structure across populations in a robust probability-based assessment, haplotype
blocks were calculated with block overlaps allowed. The bootstrap frequencies
of specific boundary positions were evaluated. The calculations were based on a
sample size of 100 individuals per population, to exclude variation in sample
size as a potential cofounder. The general patterns of LD were found to be
similar across populations (ref. II: Figure 2). The LMNA gene region shows the
most conserved block starts and ends across the populations studied. Only one,
the largest haploblock varied across the populations being shifted in the range
of 7—15 kb. The overall variability of block structure among the populations
was explored using multidimensional scaling of all four gene regions. Most
extreme block structures were indicated for EST, LAD, VIN, BRISI, and CALA
population samples (ref. II : Figure 3). The German populations, SHIP, POP-
GEN, KORA, and the reference population, CEPH, appeared in the center,
indicating an intermediate block structure. In general, a conservation of LD
patterns across European population samples was observed. Still, the
bootstrapping procedure revealed shifts in the positions of LD block boundaries
between population samples.

2.4. Evaluation of the performance of the tagSNPs and
their transferability among populations (Ref 11, I1I)

One of the main purposes of the HapMap project is defining the most common
haplotypes of the human genome and then making this information freely
available in the public domain (Gibbs et al. 2003). Tagging SNPs, calculated
according to this information, should be able to adequately describe other
similar populations, i.e. Yoruba population information to describe other
African populations, CEPH — Northern and Western Europeans and Chinese
and Japanese mixed samples — Asian populations. Therefore, it is important to
evaluate how well tagSNPs can be transferred among different populations.
TagSNP transferability was measured in two different studies (Table 2 Ref
II, ). The first study evaluates the performance of tagSNPs in 9 different
European populations, giving an overview of how well each CEPH tagSNPs
covered different European populations. The second study focused on the
Estonian population and addressed the questions regarding the effect of sample
size, SNP density, and the minor allele frequency of SNPs to the tagging
performance. In both studies the tagSNPs were calculated according to the r*-
bin method(Carlson et al. 2004b). According to this method, tagging SNPs are
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selected from marker groups with a high correlation coefficient between the
markers in group (r>>0.8).

The performance of tagSNPs in the CEPH population sample was compared
with local population samples across Europe. For each population, the relative
proportion of SNPs was calculated, which was tagged by CEPH tagSNPs. For
comparison, the tagSNPs were also calculated according to a reduced number of
local samples. The selected tagSNP sets were then tested on the full SNP set in
all populations.

The tagSNPs selected according to the CEPH information performed
adequately well for three genes out of four: SNCA, FKBPS5 and LMNA (ref. 1I:
Figure 5). More than 70% of the typed SNPs had a r* value higher than 0.8 with
best tagSNP. In LMNA and SNCA genes tagSNPs which were calculated
according to CEPH population samples performed better than local samples
with 20 individuals. It takes 40 or 60 individuals from local samples to get
comparable results to the CEPH samples. In FKBP5, CEPH samples performed
better than 20 local samples in all populations, except VIN and CALA. The
CEPH tagSNPs did not describe populations in the PLAU gene region — six
populations showed a ratio of tagged SNPs < 70% (CALA 53%). Data of 20
random individuals of local populations performed better then CEPH trios.
Through CEPH tagSNPs outperformed 20 local samples of LAD and POPGEN
population samples.

Additionally, the performance of tagSNPs calculated according to HapMap
populations in two ENCODE regions was measured. The transferability of
tagSNPs was tested between different HapMap populations and Estonian
population data. CEPH tagSNPs performed equally well in both of these regions
for the Estonian population samples. More than 90% of the SNPs were
correlated with an r>0.8 for all SNPS with MAF 5% or more (ref. III: Figure
5). The CHB+JPT tagSNPs didn’t perform as well as the CEPH ones. They
captured less than 80% of SNPs in most cases. In the ENCODE 1 region,
tagSNPs were selected to have a minimum MAF of 10% showed the best
performance at capturing SNPs in any population. In the ENCODE 2 region,
MAF 5% showed the best performance. THE YRI tagSNP set worked well in
all population samples, but at the expense of using 2-3 times more tagSNPs.
TagSNP sets which were generated as a combination of CEPH and JPT+CHB
population samples improved tagging performance about 2—5%, but needed 20—
30% more tagSNPs.

The effect of minor allele frequency of SNPs was also measured for tagSNP
transferability (ref. III: Figure 6). Markers with higher MAF in the Estonian
population samples tended to be better correlated with CEPH tagSNPs. An
important aspect is that markers with very low MAF (less than 5%) were poorly
described by CEPH tagSNPs. For these SNPs, 17% of the ENCODE 1 region
and 23% of the ENCODE 2 region markers had a r* lower than 0.5 with best
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tagSNP. On the other hand, all SNPs with a MAF>20% had correlation to best
tagSNP r>0.7.

The effect of sample size used to derive the tagSNPs was calculated using
random sets of 10 to 1,000 Estonian samples. For each dataset, an average of
100 tests was used to evaluate the performance of tags relative to all poly-
morphic SNPs on the CEU sample (ref. III: Figure 7). Sample size mainly had
an effect for less frequent SNPs (MAF < 5%). For markers with higher MAF,
the optimal tagging was obtained with 90—100 independent samples. However,
the difference in tagging performance using the sample size of 60 was non-
significant for these SNPs.

The effect of marker density for tagSNP selection was assessed using six
different datasets. The 500-kbp ENCODE regions were divided into equal-sized
windows and one polymorphic SNP in each CEPH population was selected
randomly from each window. The tagSNPs were selected from these sparser
CEPH datasets and their performance was measured on Estonian population
samples. The tagging performance is worse in the case of each decreased
density that was studied (ref. III: Figure 8). The effect is larger in the low LD
ENCODE 2 region.

According to the results of different European populations, CEPH performed
well as a reference for tagSNP design in the two gene regions studied — SNCA
and LMNA. For PLAU and FKBP5, CEPH is not as reliable of a reference.
TagSNPs calculated according to a small number of local samples will give
better results. However, the increase of marker density in reference population
gives better tagSNP efficiency and transferability. In the second study with
Estonian samples, where denser SNP data was available for the CEPH
population, the results were better.

2.5. Evaluation of the performance of whole-genome
marker sets for genome-wide association studies (IV)

We compared four commercial SNP panels: HapMap 300 and HapMap 550
Array Sets from the Illumina Infinium series and the Mapping 100K and
Mapping 500K Array sets from the Affymetrix GeneChip series. Tagging
performance of these panels was evaluated among HapMap CEPH, mixed
Asian (JPT+CHB) and Yoruba (YRI) population samples and also on the
Estonian population sample (Table 2 Ref IV). To evaluate the performance of
commercial panels, for each marker present in the HapMap data, we calculated
the best tagging SNP from each commercial panel. The percentage of SNPs
covered with 1">0.8 and the mean r* between each marker and their best tagging
SNP for the investigated population was calculated. This was done with two
MAF cut-offs: 1% and 5%. According to the results, all SNP panels had poor
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coverage on the Yoruba population (ref. IV: Figure 1 A-B), but the coverage of
CEPH and JPT+CHB populations reaches up to 80-90% on HumanHap 550.
The previously unpublished HumanHap 550 had whole-genome coverage
estimations as follows: 86% CEPH, 83% JPT+CHB and 48% for YRI popu-
lation sample. It showed the best performance among the technologies analy-
zed, although the increase over HumanHap 300 is not large on the CEPH
population.

Since fewer SNPs were genotyped for the Estonian population, the mean r
and coverage could not be directly compared with the results of HapMap
populations. Many tagSNPs were not genotyped in the Estonian samples and
therefore their pairwise LD could not be calculated. As a solution, we reduced
the marker counts of other populations so that only markers present in the
Estonian dataset were used for pairwise LD calculation. The relative
performance of the commercial SNP sets were calculated on the reduced SNP
set and the results were expressed as the fractions of the coverage of the CEPH
sample (ref. IV: Figure 2A-D). The results show that the coverage of the
commercial SNP panels have the same efficiency in Estonian, JPT+CHB and
CEPH population samples and have lower tagging performance in the Yoruba
population sample. Some studies, including our own, have already shown that
CEPH population data from HapMap samples can successfully used to tag other
European populations(Conrad et al. 2006; Gonzalez-Neira et al. 2006; Willer et
al. 2006). Also, it is known that most of the common SNPs are captured by first
generation whole genome SNP panels(Barrett and Cardon 2006; Pe’er et al.
2006). Our study supports the combination of these results with this new
conclusion: commercial SNP panels can capture most of the common SNPs
from non-reference European population samples.

Current whole-genome SNP panels still don’t cover ~14% of markers
(r’<0.8) which is a quite large number of markers — if we assume that we would
like to cover circa 7.5 million markers, approximately one million of them are
poorly covered. Unfortunately, any of these might be the disease-causing SNP
that we are looking for in the association study. Our hope is that new, larger
commercial platforms will be able to cover most of the currently uncovered
SNPs by adding tagSNPs.

To investigate how universal the SNP sets of commercial platforms are for
studying different populations we counted the tagSNPs used for describing only
one population and those that could identify SNPs from multiple populations.
We determined whether each commercial SNP was the best describer of SNPs
in one, two or all three populations. Thus, it was possible to compare the
universality of coverage of the different commercial platforms in different
populations (ref. IV: Figure 3). Strong bias towards CEPH specific markers in
the HumanHap 300 panel was observed, which could be explained by the SNP
selection strategy used for this SNP panel — SNPs were picked according to the
HapMap CEPH population data using the r* based method (Carlson et al.
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2004b). In contrast, GeneChip panels describe population-specific markers from
all three populations fairly equally.

Our results show that universal markers constitute 63—82% of all SNPs and
these numbers are similar in all the commercial platforms studied.
Approximately 10% of the SNPs in commercial panels describe SNPs from
only a single population sample. The markers that are able to tag different
populations are expected to be useful in many populations. This information is
important for planning association studies in non-HapMap populations.
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CONCLUSIONS

Knowing the pattern of LD is crucial for efficient marker selection strategies.
To study the pairwise LD in European populations, it was measured along the
human chromosome 22. The LD pattern is highly variable along the 22"
chromosome. Long regions of nearly complete LD are separated by regions
with almost undetectable LD. The LD is not only dependent on the physical
distance between markers but also differs along genomic regions. At the same
time, results indicate that in general, the LD patterns are conserved across
European populations, which makes it possible to create a general LD map for
all European populations. Still, some shifts between the boundaries of high-LD
regions could be observed between populations.

CEPH samples of the International HapMap Project are performing well for
tagSNP design in most of the analyzed European populations. As the tagSNP
transferability is depending on the marker density of the reference population,
the sparser coverage of the HapMap phase I data did not provide a reliable
marker set. TagSNPs calculated according to the denser phase II data could be
transferred between populations without significant power loss. TagSNP
coverage was also found to be dependent on the SNP minor allele frequency.
Markers with higher MAF in the Estonian population samples tended to be
better correlated with the CEPH tagSNPs.

The studies have shown that HapMap populations could efficiently be
described by commercial genome-wide SNP panels (Barrett and Cardon 2006;
Pe’er et al. 2006). Several studies have also been performed to evaluate how
well other European population samples can be described by tagSNPs
calculated from HapMap CEPH data (Gonzalez-Neira et al. 2006; Willer et al.
2006). In addition to this information, it is also useful to know how well current
genome-wide genotyping arrays can capture genetic variation of a non-HapMap
population. According to the results, commercial SNP panels provide similar
levels of coverage for non-reference European population (Estonian) as to those
in the HapMap SNP sample.
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SUMMARY IN ESTONIAN

Geneetiliste haiguste kaardistamiseks kasutatav assotsiatsioonianaliiiis pohineb
kromosoomil léhestikku paiknevate lookuste vahelisel aheldatusel. Haigust
pOhjustavat lookust on vdimalik leida genotiipiseerides seda iimbritsevaid
markerlookusi. Haigete indiviidide ja kontrollgrupi markeri alleelisageduste
erinevus viitab sellele, et markerlookus ise pohjustab haigust véi on marker-
lookus tugevas korrelatsioonis haigust pohjustava lookusega.

Markerlookuste valikul tuleb silmas pidada seda, et voimalikult suur hulk
potentsiaalselt haigusega seotud genoomi varieeruvusi saaks nendega kirjel-
datud. Kuivord lookuste vaheline aheldatuse ulatus ja tugevus on inimese
genoomis piirkonniti erinev, on optimaalseks markerite valikuks vaja uuritava
populatsiooni markerite vahelise aheldatuse kaardistamine.

Antud t66 teoreetiline osa tutvustab olemasolevaid geneetilisi markereid,
nende vahelist aheldatust (LD) ning aheldatusel pohinevat assotsiatsiooni-
analiiiisi. Ulevaade on antud ka populaarsematest marker valiku metoodikatest
ning olemasolevatest lilegenoomsetest markeripaneelidest.

T60 praktilises osas on uuritud alleelse aheldatuse (LD) varieeruvust inimese
22. kromosoomi andmete pohjal, tagSNPde valiku metoodikaid ning
iilegenoomsete SNP markeripaneelide sobivust eestlaste populatsiooni varieeru-
vuse kirjeldamiseks.

Uurides 22. kromosoomi alleelset aheldatust mitmes Euroopa péritolu
populatsioonis (Eesti, Suurbritannia, CEPH) leidsime, et LD ulatus ei sdltu vaid
fitisilisest lookuste vahelisest distantsist vaid on piirkonniti viaga erinev. Leidus
pikki kromosoomi ldike, mis olid omavahel tugevalt assotsieerunud. Sellised
16igud olid tiksteisest eraldatud piirkondadega, kus aheldatus oli vdga nork,
andes tunnistust sellest, et seal toimuvad véga tihedalt rekombinatsioonid. Eu-
roopa populatsioone vorreldes selgus, et LD muster on erinevates populat-
sioonides kiillaltki sarnane. See teeb voimalikuks luua tildiseid LD kaarte mis
kirjeldaks kdiki Euroopa populatsioone. Teatavaid nihkeid tugeva aheldatusega
regioonide piirides siiski esineb.

Rahvusvahelise HapMap projekti raames kogutud CEPHi populatsiooni
valimi pohjal arvutatud markerid (tagSNPd) on histi kirjeldanud sagedasemaid
genoomi varieeruvusi paljudes analiiiisitud Euroopa populatsioonides.
TagSNPe, mis on arvutatud vastavalt HapMap projekti teise faasi andmetele,
saab kasutada teiste populatsioonide kirjeldamiseks kaotamata oluliselt hilisema
uuringu statistilises voimsuses. Oma t6ds leidsime, et tagSNPd kirjeldavad
paremini suurema minoorse alleelisagedusega markereid. Haruldasemate polii-
morfismide kirjeldamiseks ei pruugi tagSNPdel pohinev l&henemine olla
edukas.

Senised uuringud on nididanud, et tdnapdevased lilegenoomi SNP paneelid
kirjeldavad edukalt HapMap-i projekti populatsioone. Ka on uuritud seda, kui
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sarnase alleelse aheldatusega on HapMap projekti populatsioonid teiste sama
regiooni populatsioonidega. Oma t66s uurisin lisaks, et kas iilegenoomsed SNP
paneelid kirjeldavad sarnaselt HapMap populatsioonidele hésti ka eestlaste
populatsiooni. Leidsin, et kommertsiaalsed SNP paneelid kirjeldavad Eesti
populatsiooni sama efektiivselt kui HapMap projekti raames genotiipiseeritud
CEPH populatsiooni valimit.

39



ACKNOWLEDGEMENTS

I would like to thank all the co-authors of the papers which this dissertation is
based on. I am also thankful to all the people who have helped and taught me
during my studies.

I am most grateful to my supervisor, Maido Remm, for providing an
interesting topic of study, teaching me bioinformatics, and for being supportive
and encouraging during my PhD studies.

I would like to thank my first supervisor, Dr. Kristjan Zobel, for teaching me
statistics and study design in the Department of Plant Ecology.

I am thankful to Prof. Thomas F. Wienker for teaching me so much about
genetics and for providing me with the great opportunity of working in the
Institute for Medical Biometry, Informatics and Epidemiology during my visit
at the Rheinische Friedrich-Wilhelms-University in Bonn.

It has been a great pleasure to work with Dr. Elin Org from the Department
of Biotechnology during all those years. Thank you for all of the collaboration
and support.

I would like to thank Jody Novakoski for the language correction on so
many occasions and also for teaching me some basics of English.

I wish to thank all of my present and former colleagues from the Department
of Bioinformatics, Asper Biotech, Biodata, and the Department of Plant
Ecology for providing your help and a great work atmosphere.

Last but not least I would like to thank my parents and all of my family
members and friends for their love, patience and the educational discussions we
have had. Especially Merike.

40



PUBLICATIONS









Dawson, E.; Abecasis, GR.; Bumpstead, S.; Chen, Y.; Hunt, S.; Beare, DM.;

Pabial, J.; Dibling, T.; Tinsley, E.; Kirby, S.; Carter, D.; Papaspyridonos, M.;
Livingstone, S.; Ganske, R.; Lohmmussaar, E.; Zernant, J.; Tonisson, N.; Remm, M.;
Migi, R.; Puurand, T.; Vilo, J.; Kurg, A.; Rice, K.; Deloukas, P.; Mott, R.;
Metspalu, A.; Bentley, D.R.; Cardon, L.R.; Dunham, 1. (2002).

A first-generation linkage disequilibrium map of human chromosome 22.

Nature, 418(6897), 544-548.






Mueller, J. C.; Lohmussaar, E.; Migi, R.; Remm, M.; Bettecken, T.;

Lichtner, P.; Huber, S.; Illig, T; Luedemann, J.; Schreiber, S.; Wichmann, H. E.;
Pramstaller, P.; Romeo, G.; Testa, A.; Metspalu, A.; Meitinger, T. (2005).
Linkage Disequilibrium Patterns and tagSNP Transferability among European
Populations. American Journal of Human Genetics, 76(3), 387-398.






Montpetit, A.; Nelis, M.; Laflamme, P.; Mégi, R.; Ke, X.Y.; Remm, M.;
Cardon, L.; Hudson, T.J.; Metspalu, A. (2006). An evaluation of the performance
of tag SNPs derived from HapMap in a Caucasian population .

PLoS Genetics, 2(3), 282-290.



20




Migi, R.; Pfeufer, A.; Nelis, M.; Montpetit, A.; Metspalu, A.; Remm, M. (2007).
Evaluating the performance of commercial whole-genome

marker sets for capturing common genetic variation.

BMC Genomics, 8(1):159.



CURRICULUM VITAE

Reedik Migi
Date and place of birth: 18.08.1978 in Rapla, Estonia
Citizenship: Estonian
Family status: Married
Work address: Department of Bioinformatics, Institute of Molecular

and Cell Biology of Tartu University, 23 Riia Str.,
51010 Tartu, Estonia

Phone: +372 737 5002

E-mail: reedik.magi@ut.ee

Education and professional employment

1985-1996 Rapla Uhisgiimnaasium

1996-2000 B.Sc.  University of Tartu, Institute of Botany and
Ecology

2000-2003 M.Sc . University of Tartu, Institute of Botany and
Ecology

2003-... Ph.D. student in Department of Bioinformatics

2000-2002 Asper Biotech Ltd., IT specialist

2002-2003 Biodata Ltd., IT specialist

2003-... University of Tartu, research scientist

Scientific work
I have been involved with projects concerning linkage disequilibrium, asso-

ciation studies and genetic marker selection strategies to study complex
diseases.

87



CURRICULUM VITAE

Reedik Migi

Siinniaeg ja -koht: 18.08.1978 Rapla, Eesti

Kodakondsus:
Perekonnaseis:
Aadress to0l:

Telefon:
E-mail:

1985-1996
1996-2000
2000-2003
2003-...

2000-2002
2002-2003
2003-...

Eesti

Abielus

Bioinformaatika dppetool, TUMRI, Riia tn. 23, 51010 Tartu,
Eesti

+372 737 5002

reedik.magi@ut.ee

Haridus ja erialane teenistuskiik

Rapla Uhisgiimnaasium

TU bakalaureusedpe botaanika ja 6koloogia erialal

TU magistridpe taimedkoloogia ja dkofiisioloogia erialal
TU doktoridpe bioinformaatika erialal

AS Asper Biotech, IT spetsialist

OU Biodata, IT spetsialist

Tartu Ulikool, erakorraline teadur

Teadustegevus

Olen tegelenud projektidega, mis puudutavad alleelse aheldatuse uurimist,
assotsiatsioonianaliilisi ja markerite valiku metoodikaid leidmaks kompleks-
haigusi pohjustavaid geene.

88



23

PUBLICATIONS

Migi, R.; Pfeufer, A.; Nelis, M.; Montpetit, A.; Metspalu, A.; Remm, M.
(2007). Evaluating the performance of commercial whole-genome marker sets
for capturing common genetic variation. BMC Genomics, 8(1):159.

Kuningas, M.; Migi, R.; Westendorp, R.G.; Slagboom, P.E.; Remm, M.; van
Heemst, D. (2007). Haplotypes in the human Foxola and Foxo3a genes; impact
on disease and mortality at old age. European Journal of Human Genetics,
15(3), 294-301.

Kaminski, S.; Brym, P.; Rusc, A.; Wojcik, E.; Ahman, A.; Magi, R. (2006).
Associations between milk performance traits in Holstein cows and 16
candidate SNPs identified by arrayed primer extension (APEX) microarray.
Animal Biotechnology, 17(1), 1-11.

Montpetit, A.; Nelis, M.; Laflamme, P.; Migi, R.; Ke, X.Y.; Remm, M,;
Cardon, L.; Hudson, T.J.; Metspalu, A. (2006). An evaluation of the per-
formance of tag SNPs derived from HapMap in a Caucasian population . PLoS
Genetics, 2(3), 282-290.

Migi, R.; Kaplinski, L.; Remm, M. (2006). The Whole Genome TagSNP
Selection and Transferability Among HapMap Populations. /n: Pacific Sym-
posium on Biocomputing 2006: 2006. World Scientific Publ Co Pte Ltd, 2006,
535-543.

Mueller, J. C.; Lohmussaar, E.; Mégi, R.; Remm, M.; Bettecken, T.; Lichtner,
P.; Huber, S.; Illig, T; Luedemann, J.; Schreiber, S.; Wichmann, H. E.;
Pramstaller, P.; Romeo, G.; Testa, A.; Metspalu, A.; Meitinger, T. (2005).
Linkage Disequilibrium Patterns and tagSNP Transferability among European
Populations. American Journal of Human Genetics, 76(3), 387-398.

Liira, J.; Zobel, K.; Magi, R.; Molenberghs, G. (2002). Vertical structure of
herbaceous canopies: the importance of plant growth-form and species-specific
traits. Plant Ecology, 163(1), 123-134.

Dawson, E.; Abecasis, GR.; Bumpstead, S.; Chen, Y.; Hunt, S.; Beare, DM.;
Pabial, J.; Dibling, T.; Tinsley, E.; Kirby, S.; Carter, D.; Papaspyridonos, M.;
Livingstone, S.; Ganske, R.; Lohmmussaar, E.; Zernant, J.; Tonisson, N.;
Remm, M.; Migi, R.; Puurand, T.; Vilo, J.; Kurg, A.; Rice, K.; Deloukas, P.;
Mott, R.; Metspalu, A.; Bentley, D.R.; Cardon, L.R.; Dunham, I. (2002). A
first-generation linkage disequilibrium map of human chromosome 22. Nature,
418(6897), 544-548.

&9



N —

11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toiveo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiilitsete makrosamblike vairtus ohu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes méagimetsades. Tartu, 1992, 131 1k.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species

biology and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-

some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kiird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.

Lilian Jérvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

90



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIlli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera
(Lichenized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous crassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Kero-
platidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae).
Tartu, 1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

91



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kéks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-
tional strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

92



24

61.

62.

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.

. Jonne Kotta. Impact of eutrophication and biological invasionas on the

structure and functions of benthic macrofauna. Tartu 2000. 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.

Kro6t Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002.
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligo-
nucleotide microarrays. Tartu, 2002. 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003. 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003. 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation to
productivity. Tartu, 2003. 159 p

93



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003. 89 p.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003.
109 p.

Ivika Ostonen. Fine root structure, dynamics and proportion in net
primary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003. 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003. 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004.
159 p.

Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspen-
sion feeders and mesograzers in the northern Baltic Sea. Tartu, 2004.
117 p.

Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004. 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004. 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004. 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004. 128 p.

Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004. 105 p.

Ulo Maiviili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004. 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004. 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004. 167 p.

100. Ilmar Ténno. The impact of nitrogen and phosphorus concentration and

N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004. 111 p.

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments

in greenfinches. Tartu, 2004. 144 p.

94



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004. 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Han-
senula polymorpha. Tartu, 2005. 100 p.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005. 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005.
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005. 156 p.

Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005. 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005. 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005. 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005. 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005. 106 p.

Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005. 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006. 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006. 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006. 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006. 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.); Sources of variation and trade-offs in relation to
growth. Tartu, 2006. 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006. 186 p.

95



122. Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

123. Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

124. Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007.
123 p.

125.Kai Riink. Comparative ecology of three fern species: Dryopteris
carthusiana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins &
Jermy and D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007.
143 p.

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007. 89 p.

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.

128. Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007. 135 p.

129. Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007. 109 p.

130. Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007. 79 p.

131.Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007. 171 p.

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007.

133.Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007. 172 p.



	magi_et_al_2007.pdf
	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The number of SNPs in the regions studied
	Evaluating the performance of commercial marker sets in capturing the genetic variation of HapMap population samples
	Evaluating the performance of commercial marker sets in capturing the genetic variation in Estonian population samples
	The fractions of universal and population-specific SNPs in commercial panels

	Discussion
	Conclusion
	Methods
	Data
	Marker validation
	TagSNP sets and evaluation of coverage

	Authors' contributions
	Acknowledgements
	References


