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ABSTRACT
Lindroos, K. 2002. Accessing genetic variation by microarray technology. Acta Universitatis
Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
1127. 65pp. Uppsala. ISBN 91-554-5251-5.

Microarray technology is a promising approach for the simultaneous analysis of multiple single
nucleotide polymorphisms (SNPs), which are the most abundant form of genetic variation. In
this thesis enzyme-assisted microarray-based methods were developed to improve the accuracy
and genotype discrimination power of the current methods for SNP genotyping.  The improved
technology was applied for analysing recessively inherited disease mutations, for Y-
chromosomal SNPs in a population study, for an evolutionary analysis of SNPs in flycatchers
and for multiplexed quantitative determination of SNP-allele frequencies in pooled DNA
samples.

A robust attachment chemistry for immobilising oligonucleotides on glass
surface was established, based on an evaluation of eight covalent coupling methods. A four-
colour fluorescence detection strategy, which enabled a multiplexed quantitative analysis for as
little as 2% of a minority allele frequency in pooled samples was generated.

Twenty-five Y-chromosomal SNPs were screened in a collection of 300 samples
from five Finno-Ugric-speaking populations using minisequencing on microarrays. In these
populations six distinct haplotypes were defined by the six SNPs that were polymorphic. Data
from five microsatellite markers was combined with the SNP data, revealing shared Y-
chromosomal haplotypes between the Finns and the Saami, indicating, in accordance with
earlier data, at least two founding Y-chromosomal lineages in these populations.

Database screening and subsequent validation of 125 potential SNPs in the
highly repetitive type 1 interferon genes and genes coding for proteins in the interferon-related
regulatory pathways revealed 25 informative SNPs in the Finnish and Swedish populations.
These SNPs were included in a panel for microarray based genotyping that should find a variety
of applications in genetic studies due to the important immunoregulatory functions of the IFN
family.

The significance of sex-chromosome evolution on speciation was investigated in
two naturally hybridising flycatcher species (N=459) by analysing a panel of 20 SNPs using
minisequencing on microarrays. A strong selection against gene flow across the species
boundary of sex-linked genes was observed, as well as a sex-chromosomal influence on male
plumage characteristics that have previously been shown to reinforce isolation in these birds.
The results suggest a major role for sex-chromosome-mediated isolation of the two flycatcher
species.

Key words: Microarrays, SNPs, minisequencing, four-colour detection, allele frequency,
population study, evolutionary biology

Katarina Lindroos, Department of Medical Sciences, Molecular Medicine, Uppsala University,
SE-751 85, Uppsala, Sweden

 Katarina Lindroos 2002

ISSN 0282-7476
ISBN 91-554-5251-5

Printed in Sweden by Lindbergs Grafiska HB, Uppsala 2002



To Isi, Mamppa, Samu and Supe



5

TABLE OF CONTENTS

ABBREVIATIONS.......................................................................................................... 7
LIST OF PUBLICATIONS.............................................................................................. 8
THE HUMAN GENOME ................................................................................................ 9

The draft sequence........................................................................................................ 9
Genes ............................................................................................................................ 9
Repetitive sequence in the human genome................................................................. 10

Pseudogenes and functional gene paralogs ............................................................ 11
Segmental duplication ............................................................................................ 12
Interspersed repeats ................................................................................................ 12
Tandemly repeated DNA........................................................................................ 13

Sequence diversity between individuals..................................................................... 14
Large repeat-associated polymorphisms ................................................................ 14
Variations due to replication errors ........................................................................ 14

SNPs AS A TOOL FOR STUDYING THE GENOME................................................. 16
SNP discovery ............................................................................................................ 19

Experimental identification of SNPs ...................................................................... 19
In silico SNP search................................................................................................ 20
SNPs in the public databases .................................................................................. 20
Validation ............................................................................................................... 21

The polymerase chain reaction................................................................................... 21
Principles for SNP genotyping ................................................................................... 22

Allele specific oligonucleotide hybridisation......................................................... 22
Minisequencing ...................................................................................................... 22
Ligation-based SNP genotyping............................................................................. 22

DNA MICROARRAYS ................................................................................................. 24
Oligonucleotide microarray preparation..................................................................... 24

Solid support........................................................................................................... 24
Steric interference................................................................................................... 27
In situ synthesis ...................................................................................................... 27

Large-scale SNP genotyping on microarrays ............................................................. 28
Hybridisation-based genotyping on arrays ............................................................. 28
Minisequencing on microarrays ............................................................................. 29
Allele-specific primer extension on microarrays ................................................... 31
Ligase-assisted genotyping on microarrays............................................................ 31
Other array-based methods..................................................................................... 32
Arrays for repeats? ................................................................................................. 33
PCR and microarrays.............................................................................................. 33

Signal detection and labels ......................................................................................... 34
Fluorescence and radioactivity ............................................................................... 34
Four-colour detection ............................................................................................. 35

THE PRESENT STUDY................................................................................................ 36
Aims ........................................................................................................................... 36
Materials and Methods ............................................................................................... 37

DNA samples.......................................................................................................... 37
Primer synthesis...................................................................................................... 37
PCR amplification .................................................................................................. 37
Preparation of microarrays ..................................................................................... 38



6

The microarray reaction rack.................................................................................. 38
Genotyping reactions on the arrays ........................................................................ 38
Signal detection and data analysis .......................................................................... 39
Reference methods ................................................................................................. 39
Microsatellite genotyping....................................................................................... 39
Statistical analysis .................................................................................................. 39

Results and discussion................................................................................................ 40
Method development .............................................................................................. 40

Immobilisation of the oligonucleotides .............................................................. 40
Labelling strategies............................................................................................. 43
SNP search.......................................................................................................... 46
Multiplex allele frequency analysis and SNP validation on arrays .................... 47

Applications............................................................................................................ 49
Analysis of Y-chromosomal SNPs ..................................................................... 49
Sex-linked speciation in Ficedula flycatchers .................................................... 51

CONCLUDING REMARKS ......................................................................................... 53
ACKNOWLEDGEMENTS............................................................................................ 54
REFERENCES ............................................................................................................... 56



7
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HTGS High throughput genomic sequence
IFN Interferon
IFNAR Interferon alpha receptor
JAK Janus kinase
LD Linkage disequilibrium
LINE Long interspersed repeat
LTR Long terminal repeat
MALDI-TOF Matrix-assisted laser desorption/ionisation time-of-flight
Mb Megabase
MER Medium reiteration frequency
MtDNA Mitochondrial DNA
OLA Oligonucleotide ligation assay
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SNP Single nucleotide polymorphism
SSCP Single-strand conformational polymorphism
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THE HUMAN GENOME

THE DRAFT SEQUENCE

The 3.2 gigabases of genetic information in humans consisting of deoxyribonucleic acid
(DNA), is packed into 22 autosomal chromosome pairs and one sex chromosome pair,
XX in women and XY in men, for most of the cells in the human body. In addition, a
small part of the genome is located in the mitochondria (mtDNA) of the cells. The draft
sequence of the human genome became available in February 2001, enabling a more
detailed view of the structure of the genome than before. The draft sequence was
generated in two separate projects, by the public International Human Genome
Sequencing Consortium (HGP, Human Genome Project) (Lander et al. 2001) and by a
company, Celera Genomics (Venter et al. 2001).

The means to gain the sequence data varied between the two projects, the public group
used the clone-by-clone approach whereas Celera Genomics obtained the data by
whole-genome shotgun sequencing with the aid of the publicly available data by the
HGP. The mostly BAC- and PAC-based clone-by-clone approach was chosen by the
HGP since the frequency of misassembly is claimed to be lower, and the finished
product easier to assemble than using the whole-genome approach. It is also a prudent
choice for sequencing a repeat-rich genome. The whole-genome approach is suggested
to be more efficient and to yield very high-quality data for the unique regions of the
genome (Lander et al. 2001; Olson 2001; Venter et al. 2001). Comparison of the two
sequences revealed that the sequence obtained by the HGP contained at the time of
publication fewer unidentified bases that the Celera sequence. The amount of gaps in
the Celera sequence was less than in the HGP sequence, but the size of the gaps were
larger in the Celera sequence (Aach et al. 2001). A comparison of an independently
sequenced 6.9-Mb stretch of chromosome 4 to the corresponding regions of the two
draft sequences revealed that the sequence presented by Celera had better quality data,
but they had sequenced only 23% of the region whereas the HGP had sequenced 59% of
it, with twice as many misasseblies in the sequence than Celera had (Shouse 2001).

GENES

The amount of protein coding genes estimated on the basis of the two draft sequences is
roughly 30 000 (Lander et al. 2001; Venter et al. 2001), which is only about twice as
many as in the worm or fly. The fraction of the total sequence that encodes proteins is
around 1.5%, although approximately 30% of the total sequence is transcribed into
RNA, as estimated from the mean coding sequence length and gene size, respectively,
multiplied by the amount of genes (Lander et al. 2001). The amount of genes is smaller
than estimated previously with a range from 34 000 to over 100 000, for review, see
(Aparicio 2000), but also later estimates suggest a slightly higher amount, from 50 000
to 70 000 (Wong et al. 2001, Davuluri, 2001 #573). The unexpectedly small amount of
predicted genes in a complex organism such as the human being could be explained by
a higher level of regulation of genes and pathways, post-translational modifications and
alternative splicing of the primary RNA transcripts (Brett et al. 2001; Modrek and Lee



10

2001). In addition to the protein coding genes there are thousands of genes that produce
noncoding RNAs as their final product (Lander et al. 2001). The coding sequences of
most of the genes in vertebrates are split into a number of exons that are separated by
noncoding sequences, introns. Some genes, however, lack introns, for instance the
genes coding for the proteins of the type 1 interferon family (Strissel et al. 1998). The
characteristics of an average human gene are presented in Table 1.

Table 1. Characteristics of an average human gene.

Characteristic Mean value

Size of exon 145 bp
Exon number 8.8
Length of coding sequence 1276 bp
Size of introns 3365 bp
Size of 3’UTR1 770 bp
Size of 5’UTR 300 bp
Gene size 27 kb

Modified from Lander et al. 2001.
1UTR = untranslated region

REPETITIVE SEQUENCE IN THE HUMAN GENOME

The total amount of repetitive sequence is estimated to account for 50% or more of the
human genome (Lander et al. 2001). The spectrum of the repeats is very large, with
several distinct characteristics concerning both their origin and genomic location.
Although the function of most repeats is unknown, at least the telomeric minisatellites
have shown to have an important role in the genome and all the repeats contribute to the
diversity and evolution of the genome. Table 2 shows the different classes of repeats
and their major subfamilies.
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Table 2. Classes of repetitive sequence in the human genome.

Repeat type Characteristic feature

Pseudo- and retrogenes
Processed Poly(A)/Poly(T)-tail, intronless, mRNA origin

Nonprocessed Includes both exons and introns, originates in DNA
duplication

Segmental duplications

Interchromosomal Enriched in pericentromeric and subtelomeric parts
of the chromosomes

Intrachromosomal Associated with chromosome rearrangements
Interspersed repeats

LINEs1 Capable of autonomous transposition, mediates the
transposition of other repeats

SINEs2 Non-autonomous transposition, most abundant of the
interspersed repeats

LTRs3 Retrovirus-like element, autonomous transposition
capacity

DNA transposons The sequence includes terminal inverted repeats
necessary for autonomous transposition

Tandem repeats

Microsatellites Highly polymorphic, suitable as a genetic marker,
randomly distributed in the genome

Minisatellites Highly polymorphic, telomeric subfamily

Alpha satellites Centromeric location, can be used as a tool for
chromosomal studies

1LINE = long interspersed repeat
2SINE = short interspersed repeat
3LTR = long terminal repeat

Pseudogenes and functional gene paralogs

Genomic sequence that appears in a given organism in more than one copy is called a
paralog. Functional gene paralogs or retrogenes can arise when processed RNA
transcripts undergo transposition into the genome (Lower et al. 1996), see Figure 1, or
through duplication events of genomic DNA. It has been speculated that the transposed
genes might be a way to escape X-chromosomal and Y-chromosomal transcription
inactivation during meiosis in mammals (Elliott et al. 2000), but later studies show that
the origin of functional paralog genes are randomly distributed over the human
chromosomes (Venter et al. 2001). Processed pseudogenes or retropseudogenes are
copies of genes that transpose through RNA intermediates with subsequent
accumulation of mutations that makes them inactive, see Figure 1. Nonprocessed
pseudogenes arise through duplication of genomic DNA. According to Venter et al,
there is an increased occurrence of retrogenes and processed pseudogenes in gene
families that are involved in translation and nuclear regulation, implying increased
transcriptional activity of these genes (Venter et al. 2001).
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Segmental duplication

Segments of genomic sequence including portions of genes and even whole gene
families can be duplicated to other locations in the genome both intra- and
interchromosomally. The segmental duplications comprise about 5% of the total human
genome, as estimated based on the draft sequence (Lander et al. 2001).
Intrachromosomal duplications occur within a chromosome, mediating the chance for
misalignment during meiosis that results in unequal structural rearrangements of the
chromosome, for example, deletions, insertions or inversions (Ji et al. 2000).
Interchromosomal duplication consists mainly of originally coding DNA segments that
have been transposed from different areas of the genome mostly to the pericentromeric
and subtelomeric portions of the chromosomes for reasons not very well understood.
One possible explanation is that the genome has a damage-control mechanism that
inserts chromosomal breakage products into these areas. It is also suggested that the
GC-rich repeats located in close proximity of the paralogous segments may play a role
in the accumulation of the duplicates within the pericentromeric regions (Horvath et al.
2000; Ji et al. 2000; Lander et al. 2001). Venter et al. discovered in the draft of the
human sequence several large duplicated blocks, totally 1077, each including three or
more genes. For example, a large segment has been found to be duplicated on
chromosome 18 (36 Mb) and chromosome 20 (28 Mb), including 64 genes homologous
to each other. The analogous sequences on the two chromosomes have undergone some
rearrangements, including a large insertion of a 40-Mb stretch of sequence on
chromosome 18, which is absent on chromosome 20. Interestingly the two segments are
also found in the corresponding mouse chromosomal regions, and they are more similar
to their human partners than the human duplication regions are to each other, indicating
an ancient large-scale duplication event before the divergence of the two species
(Venter et al. 2001).

Interspersed repeats

Around 45% of the human genome consists of mostly inactive interspersed repeats
(Lander et al. 2001).  They can be divided into four major classes, see Table 2. The
LINEs, for example, the L1 family, and the SINEs, such as the Alu elements, are the
most numerous ones in the genome (Hwu et al. 1986). The LINEs are very efficient
autonomous repeats encoding a reverse transcriptase that enables the transposition of
the non-autonomous SINEs, the processed pseudogenes and the retrogenes into the
genome (Esnault et al. 2000; Smit et al. 1995). The autonomous LTR retrotransposons
are similar to retroviruses, coding two repeated LTR sequences that flank with a central,
coding region encoding proteins necessary for transcription (Lower et al. 1996). The
formation and integration of the LINEs, SINEs and LTR-retrotransposons into the
genome proceeds through an RNA intermediate (retrotransposition), see Figure 1. The
DNA transposon has a special mobility machinery since it can move directly as DNA.
The active DNA transposons encode an enzyme called transposase, which binds to the
terminal inverted repeats (TIRs) on the DNA transposon and catalyses the cutting and
pasting of the element (Mizuuchi 1992; Smit and Riggs 1996).
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Figure 1. Retrotransposition of repetitive sequence. The LINEs encode an internal promoter
(P) and a polymerase with reverse transcriptase (RT) homology (pol) that is thought to be
used in the formation of other non-autonomous repeats (thin arrows). The LTR
retrotransposons differ from the retroviruses by the presence of an additional envelope
coding gene (env) in the retrovirus that codes for viral membrane proteins. The pol* in the
retrovirus and LTR-retrotransposon stands for a polymerase gene coding for RT, RNAse H,
integrase and other enzymatic activities. The gag stands for a capsid protein gene. The
LTRs are essential sequences for the retrotransposons and retroviruses to integrate into the
host genome (modified from Lander et al. 2001; Lower et al. 1996).

Tandemly repeated DNA

Simple sequence repeats (SSRs), also called short tandem repeats (STRs), are tandemly
repeated small units of DNA called microsatellites with a repeat unit length of 1-4 bases
(Tautz and Renz 1984) or minisatellites (repeat unit 6-500 bases) (Jeffreys et al. 1985;
Lander et al. 2001). These comprise about 3% of the human genome, with the
dinucleotide repeats being the most abundant ones (Lander et al. 2001). A special
family of minisatellites with a repeat unit of 6 bases, (TTAGGG)n, can be found at the
telomeres, protecting the ends of chromosomes from degradation (Moyzis et al. 1988).
In addition to simple sequence repeats there are simple to moderately complex units of
tandemly repeated DNA in the centromeric area of the chromosomes. An example of
this is the α-satellites that consists of repeated monomer units of up to 171 bp in length
(Willard and Waye 1987, Manuelidis, 1978 #721). The proportion of α-satellites and
other centromeric repeats in the human genome is not clear, since they are
underrepresented in both the HGP- and the Celera-draft sequences due to the problems
of assembling sequences that include these repeats (Lander et al. 2001; Venter et al.
2001). Previous estimates however suggest that α-satellites constitute 5% of the total
genomic DNA (Willard and Waye 1987).
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SEQUENCE DIVERSITY BETWEEN INDIVIDUALS

Large repeat-associated polymorphisms

An interesting form of interindividual polymorphism has been found in the subtelomeric
zones of the chromosomes due to interchromosomal segmental duplication. A specific
subtelomeric segment can be present on a particular chromosome in one individual but
absent in the other (Ijdo et al. 1992). Trask et al. studied a 36 kb portion of DNA
containing three regions with significant homology to the olfactory receptor gene and
found that the sequence is present in chromosomes 3, 15 and 19 for all individuals in the
study, and it also appears in other chromosomes in a population specific distribution.
For instance, the Biakan Pygmy population carries 11 copies of the sequence distributed
in different chromosomes compared to the Kamerindians with 7.6 copies on average.
The African Pygmies carried the sequence more frequently on chromosome 16, and less
frequently on chromosome 11 than the other populations studied. Interestingly the
sequence is found in the chimpanzee and gorilla genome only once, in a location that is
not orthologous to any of the locations in humans, implying that this kind of sequence
variability can be very useful in studies of the evolution of primates (Trask et al. 1998).

Also the interspersed repeats show interindividual diversity. The only active SINE
element in the human genome, the Alu repeat can be present at a specific site in some
individuals and absent in others, a characteristic that has been used in studies of the
evolution of modern human populations (Watkins et al. 2001). The Y Alu polymorphic
(YAP) element, identified on the long arm of the human Y chromosome, has been used
as a marker for studying population history from the perspective of male lineages at
times when the amount of other possible Y-chromosomal polymorphic markers have
been limited (Hammer 1994). The insertion of interspersed repeats not only causes
sequence diversity but they can cause severe diseases depending on where they place
themselves. The insertion of an L1 repeat, which is the only active family member of
three distantly related LINEs, in an exon in the factor VII gene is one of the main
mutations responsible for haemophilia A (Kazazian et al. 1988).

Variations due to replication errors

STRs, especially microsatellites, are highly polymorphic with regard to unit copy
numbers (Tautz 1989). Microsatellites are believed to expand and contract by unequal
crossing-over or replication slippage (Tautz et al. 1986, Levinson, 1987 #713). Due to
their abundance they can be used as genetic markers in finding disease associated
locations in the genome (linkage analysis) and in studies of population divergence. The
highest mutation rate has been observed in dinucleotide repeats, followed by tri- and
tertranucleotide repeats (Kruglyak et al. 1998). When expansions of repeats occur in
close vicinity of genes their consequences can be severe. Expansion of trinucleotide
repeats are known to cause several genetic diseases (Timchenko 1999). For instance, the
neuromuscular disorder myotonic dystrophy, is caused by a CTG repeat expansion in
the 3’ untranslated region (UTR) of the gene encoding myotonin protein kinase. This
expansion can be several hundred repeats in affected individuals versus 5-27 in
unaffected (Aslanidis et al. 1992; Brook et al. 1992).
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Replication errors due to intrachromosomal duplications can cause small deletions,
insertions and inversions in the genome as explained earlier. These sequence variations
can disrupt the coding sequence for a gene, or the whole gene can be deleted, with a
disease causing consequence, as is the case in neurofibromatosis type 1 (NF1). A
minority of the NF1 cases result from a deletion that contains the entire NF1 gene, three
other genes and a pseudogene. The deletion originates from homologous recombination
between two duplicated sequences (Dorschner et al. 2000).

Single nucleotide polymorphisms (SNPs) are mutations where one base has been
replaced by another as a result of replication errors. If the minor allele frequency of
these mutations is less than 1% in a population, they are referred to as rare variants of
the locus instead of SNPs. The six possible substitution types were distinguished as
early as in 1959 (Freese 1959). Transitions are purine to purine (A↔G) or pyrimidine to
pyrimidine (T↔C) variations and transversions are pyrimidine to purine variations.
Even though the theoretical chance for a transition is only half of that for a transversion,
Ernst Freese could report that transitions seemed to occur more often than transversions
(Freese 1959). Later studies have confirmed this to be true, with a transition-to-
transversion ratio of ~2:1 (Venter et al. 2001), partly explained by the fact that the
frequent methylation of the cytosine (C) bases adjacent to the guanine (G) bases tend to
result in spontaneous deamination to tymine (T)(Cooper et al. 1987). Mutations
occurring in the coding regions of genes are called synonymous or silent if they do not
change the amino-acid sequence, and nonsynonymous or missense if they do. The
synonymous mutations are considered as neutral; however, there is some evidence that a
synonymous mutation can create a new splice site that can result in a genetic disorder
(Richard and Beckmann 1995). The SNP is the most frequent variation in the human
genome, occurring on average once every 1000-2000 bases (Sachidanandam et al.
2001). The distribution of the SNPs throughout the genome varies nonrandomly,
presumably due to natural selection: The rate of nucleotide diversity appears to be
highest in introns and lowest in exons, and synonymous SNPs occur more often than the
nonsynonymous ones.The intergenic regions have a lower SNP rate than the introns
(Venter et al. 2001). All the autosomal chromosomes have quite similar nucleotide
diversity, and the sex chromosomes have a lower rate of polymorphism. The nucleotide
diversity in the X chromosome is 61% of the average value of the autosomes, explained
by the lower effective population size (3/4 of that of the autosomes) and a lower
mutation rate. The mutation rate is higher in males than in females and the X
chromosome undergo male meiosis only 1/3 of the time. The Y chromosome has the
lowest effective population size of all the chromosomes (1/4 of that of the autosomes)
and consequently also the rate of polymorphism is lower (20%) than in the other
chromosomes (Sachidanandam et al. 2001).
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SNPs AS A TOOL FOR STUDYING THE GENOME
Routine analysis of SNPs in clinical work is used for the diagnosis of monogenic
disorders, as a large fraction of them are caused by SNPs or rare single base mutations.
These diseases follow the mendelian inheritance patterns, which are autosomal
dominant and recessive, X-linked dominant and recessive, and Y-linked inheritance.
The human mendelian characters are catalogued in the OMIM (Online Mendelian
Inheritance in Man) database (http://www.ncbi.nlm.nih.gov/omim/), which comprises
more than 13 000 entries at present (February 2002), with almost 10 000 linked to a
gene locus. The phenotypic outcome of a monogenic trait is often caused by several
different mutations in the same gene, such as in cystic fibrosis, which is an autosomal
recessive disease caused by several hundred mutations in the cystic fibrosis conductance
regulator (CFTR) gene (Estivill et al. 1987; Fanen et al. 1992; Riordan et al. 1989).

SNPs are variations that contribute to the common, complex diseases, as exemplified by
the G to A mutation in the factor V gene (factor V Leiden mutation) that increases the
risk for thrombosis (Bertina et al. 1994), or the genetic variation in the calpain-10 gene
that affects the susceptibility to type 2 diabetes (Horikawa et al. 2000). In order to
identify the genetic background for such diseases direct association studies can be used
where all the common, functional variants in the known position in the genome or in
selected candidate genes are analysed and their frequencies are compared between
patients and controls, see Figure 2. The major hurdle in this approach is finding all the
important mutations, especially those that are located outside the coding region can be
difficult to detect (Collins et al. 1997).

In addition to functional SNPs, also neutral SNPs with no known impact on the
phenotypic outcome can be used for identification of genes that increase the
susceptibility for complex diseases. These SNPs function as markers in linkage
disequilibrium (LD) mapping. LD mapping is based on the assumption that SNPs at
loci neighbouring a risk-conferring sequence variant will show strong statistical
association with the disease, since they are inherited together, whereas the more distant
polymorphisms will not, see Figure 2 (Collins et al. 1997; Schork et al. 1998). Given the
allelic heterogeneity of the monogenic diseases, also the complex polygenic diseases are
likely to express such characteristics, assuredly complicating the search for the
predisposing genetic variations for polygenic diseases.
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Figure 2. In a direct association study a functional disease-predisposing SNP is found that
has an increased prevalence among patients, as compared to controls (A). In the LD
mapping approach a set of particular markers (arrows) are assumed to be linked to the
disease-predisposing SNP. These markers are identified by their increased prevalence in
the affected individuals, as compared to controls, and they are used in localising the area of
the susceptibility gene (B) (slightly modified from Collins et al. 1997).

As the SNPs are very abundant biallelic mutations, they are well suited for automatic
large-scale analyses. Whole-genome LD mapping has been proposed for efficient
identification of disease predisposing genes (Collins et al. 1997), but it is unclear how
dense a map is needed. Data on haplotype structures will clarify how many SNPs are
required for the whole-genome analyses. The set of neighbouring polymorphisms
inherited together as a block through a pedigree from a single ancestral chromosome is
called a haplotype. Studies where haplotypes have been constructed from SNPs reveal
clear haplotype blocks of low diversity throughout the genome, separated by regions
with a higher haplotype diversity due to several historical recombination events, see
Figure 3 (Daly et al. 2001; Patil et al. 2001). The size of the blocks vary depending on
the rarity of the alleles as well as on the population history; the rare alleles and young
populations show larger haplotype blocks since there has been less historical
opportunity for recombinations to break down the blocks (Kruglyak 1999; Reich et al.
2001). With haplotype blocks defined in the genome, a relatively small amount of SNPs
could represent and distinguish most of the haplotypes, combined with a larger amount
of SNPs in the regions of high haplotype diversity (Goldstein 2001; Johnson et al.
2001). In addition the statistical power of the LD-based mapping analyses increases
since the haplotype blocks can be treated as alleles, decreasing the risk of failure to
detect association between a single marker and the disease conferring mutation, as
demonstrated by Johnson et al and Daly et al (Daly et al. 2001; Johnson et al. 2001).
However, the analysis of large amounts of SNPs is limited by the cost and capacity of
the current technologies. To decrease the amount of SNPs in the whole-genome LD
studies one alternative is to use SNPs in a selection of candidate genes or in candidate
genomic regions, as these markers are likely to be the most significant ones.

A B
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Figure 3. Idealised vision of block-like haplotype structure, with regions of low haplotype
diversity separated by recombinational hot spots. Lines below the blocks represent
examples of the number of common haplotypes that might be present for the blocks. SNPs
distinguishing the two common haplotypes in block 1 are showed by short vertical lines. The
graphs plot LD as a function of distance, averaged across pairs of sites, either for sites
within a given block or within a hot spot. The plots show that within a block LD decreases
only gradually with distance, or not at all. Within hot-spot areas, however, LD falls away
much more rapidly with distance (slightly modified from Goldstein 2001).

Polymorphisms in genes that encode drug-metabolising enzymes, receptors, or
transporters may enhance, reduce or totally block the effects of a certain drug. The
combination of polymorphisms in these genes leads to interindividual variability on
response to medical treatment. In pharmacogenetic analyses the SNP variability in the
drug targets are combined with the data on the patient’s response to the drug in order to
eventually individualise the medical treatment tailored to the genotype of the patient
(Evans and Relling 1999).

SNPs have low mutation rates, which is a characteristic that makes them useful in
genetic studies of human history (Sachidanandam et al. 2001). For mutations to achieve
high frequency takes many generations, and during this time they can disperse
geographically from their origin (Nickerson et al. 1998). Thus the oldest mutations are
the most frequent and widespread ones among different populations. Particularly the
SNPs on mtDNA and on the nonrecombining part of the Y chromosome, due to their
sex dependent inheritance patterns and lack of recombination, are widely used markers
in population genetic studies that can be used for analyses on human origin and
studying migration rates in human history (Cann et al. 1987; Seielstad et al. 1998).
According to commonly accepted views the origin of the human took place in Africa
(Cavalli-Sforza et al. 1994). Hammer et al studied the migrations of humans from
Africa using eight Y-chromosomal SNPs and the YAP element by grouping the markers
to ten separate haplotypes in 35 populations and eight geographic regions. The results
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suggested an African Y-chromosomal root (Hammer et al. 1998) that was consistent
with previous autosomal data (Nei and Takezaki 1996) as well as with a later study
consisting of 167 Y-chromosomal polymorphisms, suggesting that humans migrated
from Africa between 35 000 and 89 000 years ago, see Figure 4 (Underhill et al. 2000).
In addition a more recent Y-chromosomal expansion back to Africa from Asia was
suggested, observed by a high level of Y-chromosomal genetic diversity in Africans
(Hammer et al. 1998).

Figure 4.  An evolutionary
tree showing the relationship
of 24 globally spread
populations constructed from
frequencies of 116
haplotypes. The Sub-
Saharan Khoisan population
is thought to represent the
descendant of the most
ancestral Y-chromosomal
lineages of the anatomically
modern human (modified
from Underhill et al. 2000).

SNPs are convenient genetic markers for identification of individuals, and can therefore
be used in paternity testing and forensics (Syvanen et al. 1993a; Syvanen et al. 1993b).
They are also useful in evolutionary studies where the separation and genetic
relationship of different species is analysed (Hacia et al. 1998b; Saetre et al. 2001a), or
in studies where ancestral alleles of SNPs are determined, which is used in the
construction of evolutionary roots.  Hacia et al analysed 214 SNPs from humans,
gorillas and chimpanzees to determine which allele was the ancestral one. They showed
that for most of the SNPs the alleles with higher frequencies in humans were more
likely to be ancestral when compared to the less frequent alleles (Hacia et al. 1999).
Another interesting example of evolutionary genetics using SNPs as markers is the
study by Berlin and Ellegren on the inheritance of mtDNA.  Using birds as a model,
they showed that the vertebrate mtDNA is inherited without recombination by
combining mitochondrial SNP data with microsatellite data from the female-specific W
chromosome (inheritance pattern comparable to the human Y chromosome) in two
closely related falcon species (Berlin and Ellegren 2001).

SNP DISCOVERY

Experimental identification of SNPs

Before the public SNP databases were as developed as they are now, new SNPs were
detected by experimental methods. DNA sequencing of several individual samples,
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based originally on the Sanger sequencing method, is the most sensitive way to SNP
discovery that gives the precise location of the SNP (Kwok et al. 1996; Nickerson et al.
1998; Sanger et al. 1977). There are also several other methods to detect SNPs, based
on the properties of the heteroduplex DNA, such as single-strand conformational
polymorphism analysis (SSCP) (Orita et al. 1989; Sheffield et al. 1993), or  denaturing
high-performance liquid chromatography (DHPLC), which has been successfully used
in detecting Y chromosomal SNPs (Underhill et al. 1997). These are simple ways for
detecting mutations in amplified DNA fragments (PCR, see below), but the precise
position of the mutation in the fragment cannot be resolved.

In silico SNP search

When sequence data on multiple individuals became available in the public domain, the
in silico based SNP identification became an option to the experimental methods.
Comparing overlapping sequences obtained from different individuals leads to the
discovery of differences in the sequences that may be a SNP. This approach has been
successfully used in identifying SNPs from coding parts of the genome using the partial
cDNA sequences of the collection of the expressed sequence tags (EST database)
(Boguski et al. 1993). The ESTs are short sequences of the 5’ or 3’ ends of cDNA
clones, which permits the amplification of expressed sequence (genes). The sequencer
trace data from the different individuals are assembled into contigs using the base-
calling program Phred (Ewing and Green 1998) and the alignment and contig assembly
program Phrap (http://genome.washington.edu). The fraction of candidate SNPs that has
been verified experimentally as true SNPs varies from 18%-82% (Buetow et al. 1999;
Douabin-Gicquel et al. 2001; Marth et al. 1999; Picoult-Newberg et al. 1999). Sequence
comparisons to identify SNPs can also be made using the BLAST®

(http://www.ncbi.nlm.nih.gov/), and Blixem programs (Sonnhammer and Durbin 1994)
of all available sequence databases to obtain also other SNPs than those in the coding
regions of genes (Balciuniene et al. 2001; Douabin-Gicquel et al. 2001). The risk of the
in silico method for identifying SNPs is that many sequence variations might arise from
poor quality sequence data. The high amount of sequence similarity in the human
genome complicates SNP identification using sequence alignments. The RepeatMasker
program (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker) can be used for
excluding SNPs locating in repetitive elements or in some simple tandemly repeated
DNA, but pseudo- or retrogenes make the distinction between a true SNP and
paralogous sequence variation very problematic.

SNPs in the public databases

To date (February 2002) over 4 million possible SNPs have been submitted to the
public database dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), and a SNP map
(http://snp.cshl.org/) containing over 1.2 million SNPs (January 2002) with precise
chromosomal locations is available, where 85% of exons are within 5 kb of the nearest
SNP (Sachidanandam et al. 2001). However, these SNPs have mostly been found using
sequence alignments to the draft human genome sequence, and only a fraction of these
SNPs have been experimentally verified. According to The SNP Consortium, roughly
60 000 SNPs of the 1.2 million that are included in the SNP map have been found
polymorphic in three populations: African Americans, Asians and Caucasians
(November 2001, http://snp.cshl.org/). The sequencing errors and the repetitive nature
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of the genome may have led to some false positives also in the SNP databases. In
addition, the SNPs found in one population might not be polymorphic in another. The
chance to find a true SNP in any population of interest from the public domain ranges
from 50-70%, depending on the population and the minor allele frequency of the SNP
(Marth et al. 2001).

Validation

As the variable quality of the sequence data in the different databases leads to the
uncertainty of identifying true SNPs using in silico search by sequence alignment or
database screening, experimental validation of the candidate SNPs in the given
population of interest is required. Pooling DNA samples is a labour saving way to
determine allelic frequencies of SNPs. Already in 1985 pooled samples were used by
Arnheim et al. for the detection of restriction fragment length polymorphisms,
associated with susceptibility to insulin dependent diabetes mellitus within the HLA
class II loci, using Southern blot hybridisation (Arnheim et al. 1985). Allele frequencies
of microsatellite markers were determined by amplifying pooled samples with
fluorescently labelled PCR primers with subsequent gel electrophoresis separation of
the PCR products (Pacek et al. 1993). For determination of allele frequencies of SNPs
several methods have been proposed. The solid-phase minisequencing assay (see below)
allows the detection of a minor allele at a level of 1% in a pooled sample for most SNPs
when 3H-dNTPs are used for labelling (Olsson et al. 2000; Syvanen 1999). Cycle
sequencing can be used for detection of a SNP with a minimum of 10% minor allele
frequency when dye terminators are used for detection (Kwok et al. 1994; Taillon-
Miller et al. 1999). In kinetic polymerase chain reaction (PCR) the detection limit for
the minor allele has been reported to a level of 5% (Germer et al. 2000). Buetow et al.
used the minisequencing strategy in combination with a chip-based MALDI-TOF
(matrix-assisted laser desorption/ionisation time-of-flight) mass spectrometry for the
validation of over 6000 candidate polymorphisms, with a detection limit of 10% for the
frequency of the minority allele. In studies 1 and 4 we show that multiplexed allele
frequency detection using chip-based primer extension is possible for a minor allele
frequency level of 5 % to 2%, respectively, see page 47.

THE POLYMERASE CHAIN REACTION

Efficient, specific and sensitive analyses of single base variations in large genomes,
such as humans, require reduced complexity of the target DNA, obtained in practice by
amplifying the genomic fragment of interest. The polymerase chain reaction (PCR)
(Mullis and Faloona 1987; Saiki et al. 1986) is a selective amplification method based
on DNA polymerase assisted exponential amplification of specific fragments of DNA in
the presence of two oligonucleotide primers and dNTPs, yielding a 106-108 fold
amplification. All the SNP genotyping methods mentioned in this work, except for the
Southern blot (Southern 1975), are preceded by PCR amplification.
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PRINCIPLES FOR SNP GENOTYPING

Allele specific oligonucleotide hybridisation

The destabilising effect of a single base pair mismatch on the duplex formation between
oligonucleotides and natural DNA targets was studied already in 1979 (Wallace et al.
1979), and used a few years later for the detection of the A to T transversion in the β-
globin gene causing sickle cell anaemia by Southern blot hybridisation (Conner et al.
1983). Saiki et al. analysed mutations hybridising PCR products to oligonucleotide
probes that were attached onto nylon filters by fixation with ultraviolet light. The assay
was used for analysing six HLA-DQA genotypes and eight β-thalassemia mutations
detected by a colorimetric reaction (Saiki et al. 1989).

Minisequencing

DNA polymerase was first introduced in 1990 for the analysis of SNPs in the human
apolipoprotein E (Syvanen et al. 1990). The principle of the minisequencing reaction is
the extension of the 3’ end of an oligonucleotide probe using DNA polymerase and a
labelled dNTP that is annealed to the target DNA template immediately 3’ to the
nucleotide position to be analysed, see Figure 5. The assay is robust and tolerant to
small variations in the reaction conditions, allowing specific genotyping of most SNPs
simultaneously. The reaction principle has been successfully adapted to several formats
such as the solid-phase (Pastinen et al. 1997; Pastinen et al. 1996; Syvanen et al. 1992),
gel-based (Kuppuswamy et al. 1991) or solution-phase (Chen et al. 1999) assays.
Various detection strategies have also been used, such as the colorimetric detection
(Nikiforov et al. 1994; Syvanen et al. 1990), fluorescence polarisation (Chen et al.
1999), or MALDI-TOF mass spectrometry (Ross et al. 1998).

Figu
re 5.
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uencing. A 5’biotinylated, amplified template is captured in a streptavidin-coated microtiter
well. The target strand is separated from the other unbiotinylated DNA strand by alkaline
denaturation and an oligonucleotide probe is annealed to the single stranded immobilised
target. DNA polymerase extends the annealed probe with a radioactively labelled
deoxynucleotide complementary to the nucleotide at the polymorphic site (modified from
Syvanen et al. 1993b).

Ligation-based SNP genotyping

The ability of DNA ligases to distinguish between mismatched nucleotides in a DNA
double helix is the bases for the oligonucleotide ligation assay (OLA) in SNP
genotyping, see Figure 6 (Landegren et al. 1988).
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Figure 6. Ligation assay for SNP genotyping. Two oligonucleotide probes anneal to the
denatured target DNA so that the 3’end of one of the probes is immediately adjacent to the
5’ end of the other. The oligonucleotides are linked together by DNA ligase if the bases at
the junction of the probes are perfectly base-paired. The mutation detection is based on
labelling one of the probes which becomes immobilised on a streptavidin support by the
biotinylation of the other oligonucleotide if these two probes have been ligated together.

Like the minisequencing assay, the OLA has been adapted to different formats and
detection strategies: an automated colorimetric detection strategy for genotyping of
eight SNPs was presented by Nickerson et al. (Nickerson et al. 1990) and the use of
electrophoretic separation combined with fluorescent detection was proposed by
Grossman et al. (Grossman et al. 1994).
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DNA MICROARRAYS
DNA microarrays are solid units consisting of ordered immobilised oligonucleotides or
DNA molecules, enabling a simultaneous analysis of a large amount of genetic
information due to their miniaturised format. The DNA microarray concept was first
proposed to be used for the sequencing by hybridisation. Two strategies were presented:
hybridisation of oligonucleotide probes with immobilised target DNA (Drmanac et al.
1993; Drmanac et al. 1989) or vice versa  (Southern 1988; Southern et al. 1992). Today
the majority of the microarrays are used for monitoring RNA expression levels. The
first large-scale mutation detections on microarrays were based on the allele specific
oligonucleotide (ASO) hybridisation arrays (Southern et al. 1992), used for both
discovering and genotyping SNPs (Hacia et al. 1996; Halushka et al. 1999; Wang et al.
1998).

OLIGONUCLEOTIDE MICROARRAY PREPARATION

Several approaches can be used for manufacturing oligonucleotide microarrays. Both
the material of the solid supports and the immobilisation strategy can be varied. The
oligonucleotides can be synthesised in situ on the microarray, or synthesised prior to
immobilisation on the solid surface. The immobilisation of oligonucleotides can be
performed by contact printing or inkjet dispensing and several chemical anchors for
both covalent and non-covalent binding of the oligonucleotides can be used.

Solid support

Attaching oligonucleotides on solid supports, such as nylon membrane (Saiki et al.
1989), polyacrylamide (Mitra and Church 1999), polypropylene (Matson et al. 1994),
polystyrene (Nikiforov and Rogers 1995) and activated dextran (Gingeras et al. 1987)
have been described. Glass as a support material has many advantages: it is non-porous,
which is important for keeping low reaction volumes; it is durable to chemicals and
high temperatures, and it is very well suited for fluorescence-based detection (Fodor et
al. 1991) due to the low level of autofluorescence. Glass can easily be silanised (Weetall
1976) for subsequent covalent attachment of oligonucleotides, which is important for
various array applications that need strong linking of the probes. Several possibilities
for covalent attachment of pre-synthesised oligonucleotides to glass support are
available, see Table 3.
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Table 3. Covalent attachment of pre-synthesised oligonucleotides to glass support.

Attaching group on slide Active group on
oligonucleotide Reference or company

Primary amine None ArrayItTM, TeleChem International, Inc.
Primary amine Carboxylic acid Joos et al. 1997
Aldehyde Amino ArrayItTM, TeleChem International, Inc.

Epoxide Amino Lamture et al. 1994; Maskos and Southern
1992a

Isothiocyanate Amino Guo et al. 1994
N-hydroxysuccinimidyl-ester Amino Beier and Hoheisel 1999
Imidoester Amino Beier and Hoheisel 1999
Thiol Disulfide Rogers et al. 1999
No activation Silane Kumar et al. 2000
Diazonium ion None Dolan et al. 2001
Amine-reactive, 3D1 Amino Motorola Life Sciences
Thiol, 3D1 Acrylamide EZ-RAYSTM

1The surface of the slide has according to the manufactorer a three-dimensional modification increasing
the oligonucleotide binding sites, but precise information about the coating chemistry is unavailable.

The attaching groups on the glass slides are often accomplished by a homo-or
heterobifunctional cross linker that reacts with the pre-treated glass. Guo and co-
workers used the p-phenylene diisothiocyanate as a homobifunctional cross linker for
immobilising the oligonucleotide on the glass surface, see Figure 7A (Guo et al. 1994).
Similarly, Dolan et al. derivatise the glass surface with diazonium salts that react to an
aromatic amine on one of the bases in the DNA molecule, see Figure 7B (Dolan et al.
2001). The difference between these two coupling strategies is the amino-modification
at the tail of the oligonucleotide (Guo et al. 1994) versus natural DNA (Dolan et al.
2001). The unmodified DNA can be attached to the slide at any sequence location
whereas the bond of the amino-modified oligonucleotide will form at the modified tail,
as the proportion of unspecific bonding between the isothiocyanate and the amines in
the tail-modified oligonucleotide has been reported to be low compared to the tail-
oriented bonding (Beier and Hoheisel 1999). In the latter case the entire oligonucleotide
sequence is accessible for the subsequent SNP detection reaction on the array. The
problem with unspecific binding can be circumvented by the use of an attachment
chemistry that does not involve groups existing on the DNA molecule, as the
mercaptosilane slides attaching disulfide-modified oligonucleotides (Rogers et al.
1999). To increase the loading capacity of the planar glass surface a dendrimeric linker
molecule can be introduced, see Figure 7C. Using, for instance, a five-step reaction
procedure the number of oligonucleotide reactive sites can be increased by a factor of
10 (Beier and Hoheisel 1999). Immobilisation of oligonucleotides is further discussed in
the results and discussion section on page 40, as this was an important part of the
method development in this thesis.
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Figure 7. Attaching oligonucleotides to glass slides. In A the p-phenylene diisothiocyanate
reacts with both the aminofunctionalised surface and the tail of the amino-modified
oligonucleotide to form an isothiourea bond (Guo et al. 1994). In B the glass slide is treated
with p-aminophenyl trimethoxysilane, which introduces primary aromatic amines to the
surface. Diazonium salts are formed in the reaction with cold nitrous acid in HCl solution. In
the subsequent coupling reaction the terminal nitrogen of the diazonium salt bonds
covalently to the DNA molecule by attacking the aromatic ring of a DNA base in para-
position of an electron-releasing group such as the -NH2 (Dolan et al. 2001). In C the loading
capacity is enhanced using a dendrimeric linker. The branching structure of the linker is
accomplished by cross linking molecules that vary in both length and in the number of
reactive amines, added in a step-by-step reaction procedure (Beier and Hoheisel 1999).
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Steric interference

To reduce steric interference from the solid surface that affects the duplex formation
behaviour of the immobilised oligonucleotide the specific sequence must be lifted up
from the surface. The linker molecule itself can be used as a spacer between the
oligonucleotide sequence and surface, as shown by Shchepinov et al. They found that
the optimal linker length is 30-60 atoms, which increases the duplex yield of
oligonucleotides to their target by 150 fold compared to no spacer at all. A further
increase of the linker molecule was shown to decrease the yield of duplex formation
(Shchepinov et al. 1997). Guo et al. proposed the use of a spacer consisting of a poly
thymine chain prior to the specific sequence of the oligonucleotide. They tested poly(T)
spacers of up to 15 bases in length, and showed that the spacer of 15 bases gave ~20
fold enhancement of hybridisation signal compared to spacers consisting of 6 bases or
less (Guo et al. 1994). The results obtained in the two last mentioned studies are partly
contradicted by Beattie at al who found no effect of a spacer molecule on the duplex
formation between the oligonucleotide and the target strand, except with target
molecules larger than 1 kb (Beattie et al. 1995).

In situ synthesis

Combinatorial in situ synthesis of oligonucleotides on glass slides is an effective way of
manufacturing complex high-density arrays, enabled by the use of photolithographic or
physical masks. The glass needs a pre-treatment that introduces reactive (amino or
hydroxyl) groups on the surface, before the olignucleotide synthesis can begin. The
light directed in situ synthesis is demonstrated in Figure 8.

Figure 8. In light-directed synthesis the use of a photolithographic mask directs the
oligonucleotide synthesis one cycle at the time on the surface. The glass slide is modified
with a photochemically removable protecting group and illuminated through the mask, which
results in a reactive site on the surface that has been exposed to light. A nucleotide with a 3’
activated and a 5’photo protected group is incubated with the surface and coupling occurs in
the reactive site. For the next cycle, a new mask is placed on the surface to allow
illumination and subsequent photodeprotection in other sites of the slide and the procedure
is repeated (Fodor et al. 1991; Pease et al. 1994, picture from Lipshutz et al. 1999).
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The light directed synthesis is a convenient way of manufacturing high-density arrays
with random oligonucleotide sequences, however, the quality of all the oligonucleotides
is not uniform, and the arrays have turned out to be contaminated with truncated
oligonucleotides due to inefficient photodeprotection (McGall et al. 1997; Pirrung et al.
1998). This leads to reduced difference in hybridisation stability between matched and
mismatched probe-target duplexes, decreasing the accuracy of the ASO hybridisation-
based microarrays (Jobs et al. 2002). In another in situ synthesis variant a physical mask
is made of silicon rubber forming channels through which the reagents for the
oligonucleotide synthesis are added. This method suits fabrication of arrays consisting
of oligonucleotides with related sequences (Maskos and Southern 1993a; Southern et al.
1992). It is therefore more suitable for resequencing approaches and studies on
hybridisation (Maskos and Southern 1992b; Southern et al. 1994) than  genotyping of
SNPs occurring in random positions in the genome. Both of these in situ array
fabrication methods result in oligonucleotides immobilised through their 3’ tail, which
makes them unsuitable for applications such as the minisequencing on immobilised
primers, or the allele-specific primer extension approach for SNP genotyping. The in
situ synthesis can be reversed, but the yield of the 5’-3’ oligonucleotide synthesis is
lower than of the 3’-5’ directed synthesis due to the less efficient reaction mechanism
(Kwiatkowski et al. 1999; Shchepinov et al. 1997). An interesting solution for this
problem is to invert the in situ synthesised oligonucleotides, which simultaneously
removes the truncated oligonucleotides resulting in a more uniform array quality
(Kwiatkowski et al. 1999).

LARGE-SCALE SNP GENOTYPING ON MICROARRAYS

Hybridisation-based genotyping on arrays

The principle for the ASO hybridisation-based SNP detection reaction on arrays is
based on four, approximately 20-bases-long oligonucleotide probes for each SNP that
differ from each other in the middle by one of the four bases. The homozygous
genotype hybridises most strongly to the perfectly complementary probe, and the
heterozygous genotype to two probes. The target is labelled enabling the analysis of the
hybridisation pattern, see Figure 9.

Figure 9. The tiling strategy for the
detection of mutations on the ASO
hybridisation-based microarrays.
Four 17-mer oligonucleotides are
used to genotype the base in the
middle of the probe sequence. The
most stable duplex is formed
between the probe and the
perfectly matched target, which is
seen as the highest fluorescence
signal (from Lipshutz et al. 1999).
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The hybridisation reaction is dependent on both the base composition and the sequence
of the probe. The AT base pairs have a lower stability than the CG pairs due to the
differences in the amount of hydrogen bonds in their pair formation (two and three,
respectively). Gs at the end of the immobilised oligonucleotides have been shown to
increase duplex yields (Maskos and Southern 1993b); terminal GC pairs enhance the
stability of the duplex compared to internal GC pairs, and a poly(A) – poly(T) duplex is
more stable than a poly(AT) – poly(AT) duplex (Breslauer et al. 1986). Consequently,
the reaction conditions can never be optimised for all different duplexes simultaneously,
leading to a low sensitivity and specificity of the assay. The discrimination by
hybridisation is also influenced by the formation of intramolecular secondary structures
of both the target sequence and the probe, the formation of a hair-pin loop of the target
molecule can reduce the binding constant of a probe by 105-106 fold (Lima et al. 1992).
The sensitivity and specificity of the hybridisation arrays can be improved with
reference targets and complicated algorithms. For reliable genotyping the use of over 40
probes for each SNP have been reported (Hacia et al. 1996, Cho, 1999 #60, Chee, 1996
#71). The discrimination of the ASO arrays have also been improved by the use of
thermodynamic data for perfect and mismatched duplexes calculated from real-time
monitoring of the duplex formation on the array over a temperature gradient (Fotin et al.
1998), or by regulation of an outer electric field strength that can adjust hybridisation
stringency (Sosnowski et al. 1997). The use of peptide nucleic acid  (PNA)
hybridisation probes is claimed to enhance the hybridisation stability and the sensitivity,
but also with this modification the base composition and sequence influence the
stability of the duplex (Griffin et al. 1997). The insertion of an artificial mismatch to the
probe can be used to enhance the discrimination of ASO hybridisation. Guo et al. used a
base analogue mismatch, 3-nitropyrrole that clearly improved the genotype
discrimination more than the use of a natural base as mismatch (Guo et al. 1997).

Minisequencing on microarrays

In minisequencing on microarrays the oligonucleotide probe is attached to a solid
surface by its 5’ tail and the multiplexed extension reactions are performed using
labelled ddNTPs that allow only one base to be extended to each probe, see Figure 10A
(Pastinen et al. 1997). This polymerase assisted approach, also called single nucleotide
primer extension (SNE), arrayed primer extension (APEX), nested bit analysis or single
base extension (SBE) has become a widely used technique to genotype SNPs on
microarrays, implying that the method is highly feasible (Fan et al. 2000; Fortina et al.
2000, Shumaker, 1996 #368; Head et al. 1997; Kurg et al. 2000). Direct comparisons
between array-based minisequencing and ASO hybridisation has shown that the power
of genotype discrimination is at least nine times higher using the minisequencing
method (Pastinen et al. 1997). In contrast to the ASO hybridisation on arrays where the
reliable genotyping of a SNP requires multiple oligonucleotide probes only one probe is
needed for genotyping. The reaction can be performed either with four differently
labelled ddNTPs or with one labelled ddNTP in four separate detection reactions.
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Figure 10. Primer extension on microarrays. Immobilised oligonucleotide primers are
extended with labelled ddNTPs in the minisequencing reaction (A). In the tag-array
approach the extension reaction is performed in solution and the extended primers are
captured by hybridisation to the array (B). For allele-specific extension the immobilised
primer ends at the polymorphic site and the extension occurs with one labelled dNTP and
the other unlabelled dNTPs only when there is a perfect match in the 3’ tail (C).

False positive signals associated with this approach can arise from template independent
extension of the oligonucleotides when they have self-complementary base
compositions forming hair-pin loops that function both as the primer and the template
for the DNA polymerase. Redesign of the primers, or the use of the complementary
DNA strand usually solves the problem.  Some polymerase dependent false signals have
also been reported: the 3’-5’ exonuclease activity of some enzymes can cleave a few
bases from the 3’tail of the oligonucleotide probe resulting in a probe that does not end
adjacent to the variation in the template therefore forming a misincorporation of the
labelled base (Nikiforov et al. 1994). However, the use of exonuclease free polymerases
should solve this problem. In study 2 of this thesis the minisequencing reactions were
performed with the exonuclease free DynaSeqTM DNA polymerase (Finnzymes, Espoo,
Finland) in combination with a high extension reaction temperature 68 °C, and a short
reaction time (5 min). Using these parameters the false positive signals were avoidable,
and the power of genotype discrimination for the 25 Y-chromosomal SNPs included in
the study was five-fold to infinite between the two genotypes (Raitio et al. 2001).

An alternative variant for the minisequencing-based SNP genotyping on microarrays is
the use of generic oligonucleotide arrays. The multiplexed minisequencing reactions are
cycled and performed in solution, and captured to the array by hybridisation. The
minisequencing primers are designed with a “tag” sequence at their 5’tail, which is
complementary to the “anti-tag” sequence on the microarray, see Figure 10B (Fan et al.
2000; Hirschhorn et al. 2000). The advantage with this approach, compared to the
minisequencing approach with immobilised extension primers, is that the array can be
used for many different sets of SNPs, and that the temperature cycling of the extension
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reaction appears to increase the signal strength (Fortina et al. 2000). However, two
oligonucleotide probes are required for each SNP, the minisequencing primer and the
oligonucleotide on the array instead of just one in the approach with immobilised
extension primers.

Allele-specific primer extension on microarrays

Another variant of the minisequencing method is the use of two immobilised detection
primers that, instead of having their 3’-end immediately prior to the variable site, end at
the polymorphic site. The polymerase extends only those primers that have a perfect
match to the template at their 3’end. An advantage over the minisequencing method is
that this reaction can be performed in only one detection reaction with the same label on
all ddNTPs (Dubiley et al. 1999), or with a single labelled dNTP in addition to the other
three unlabelled dNTPs, which increases the signal strength, see Figure 10C (Erdogan et
al. 2001). However, this approach is not as specific as the original minisequencing
strategy, giving twice as high false positive signals when measured with fluorescently
labelled ddNTPs (Dubiley et al. 1999). The development of the allele-specific primer
extension reaction that uses RNA as template and reverse transcriptase (RT) to extend
the primers with fluorescently labelled dNTPs, is presented in study 1.  The high
temperature used in the improved protocol allows sequence specific extension of allele-
specific primers. High temperature is facilitated by including trehalose in the reaction
mixture, which stabilises the reverse transcriptase (Carninci et al. 1998; Mizuno et al.
1999). This effect was seen as a four-fold increase in signal intensity and a 25%
increase in genotype discrimination as compared to the allele-specific reaction without
the trehalose (Pastinen et al. 2000). The method was successfully used later to estimate
the prevalence of 31 disease mutations mostly belonging to the ‘Finnish disease
heritage’ in different geographical regions of Finland, with over 64 000 assigned
genotypes (Pastinen et al. 2001).

Ligase-assisted genotyping on microarrays

The ligase-assisted genotyping was applied on microarrays by Gunderson et al, ligating
the single-stranded target DNA to a probe that had been hybridised to an immobilised
oligonucleotide, see Figure 11A (Gunderson et al. 1998). More recent variants of this
method are the “stem-loop” (Broude et al. 2001) and “zip-code” DNA arrays (Gerry et
al. 1999) see Figures 11B and C. The “zip-code” based method is analogous to the “tag-
array” based system; the ligation reactions are performed in solution and separated by
hybridisation to the array. One of the ligation probes has a 5’ complementary sequence
to the “zip-code” sequence that has been immobilised on the solid surface, and the other
ligation primer is labelled (Gerry et al. 1999).
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Figure 11. Ligase mediated SNP genotyping on arrays. The labelled DNA target is
hybridised and ligated to the oligonucleotide probe which has been previously annealed to
the immobilised anchor oligonucleotide (A), or to the “stem-loop” oligonucleotide (B). The
ligation reaction at the mutation site after the hybridisation of the target DNA allows more
stringent washing conditions for the microarray, adding to the specificity of the genotyping
reaction. In the reaction with “zip-code” arrays the ligation reaction is performed in solution
and the ligated product is captured to the microarray (C).

Other array-based methods

Chip-based MALDI-TOF mass spectrometry of primer extension products was used in
large-scale by Buetow et al. for the analysis of over 6000 SNPs. The method is based on
the minisequening reaction followed by transfer of the extended primers to a silicon
chip that is analysed using a mass spectrometer (Buetow et al. 2001). Since the
distinguishing principle of the mass spectrometer is based on molecular weight, no
labelled nucleotides are needed as in other primer extension based methods. The
detection technique is however limited by resolution between masses, for instance, the 9
Da mass difference between A and T is not sufficient for unambiguous genotyping (Sun
et al. 2000). Hence combination of ddNTPs and dNTPs (Braun et al. 1997; Buetow et
al. 2001; Sun et al. 2000), or mass-tagged ddNTPs are used in the extension reaction
(Fei et al. 1998).

The “tag” or “zip-code” capturing principle has been used successfully on microsphere
arrays. A cyclic minisequencing reaction with fluorescent ddNTPs is performed in
solution with tagged minisequencing primers, which are captured on fluorescent
microspheres by hybridisation. The microspheres are then analysed using flow
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cytometry, a rapid and sensitive detection method, allowing the measurements of a few
thousand fluorescence molecules per particle. The fluorescence on the micropshere
works as an indicator for the capture tags (like the spots in the microarray), and the
fluorescent ddNTPs determines the genotype (Cai et al. 2000; Chen et al. 2000). The
throughput of the assay is dependent only on the amount of differently labelled
microspheres: currently 100 distinct microspheres are available commercially from
Luminex, allowing the analysis of 100 SNPs simultaneously
(http://www.luminexcorp.com).

Arrays for repeats?

Comparative genomic hybridisation (CGH) has been developed for genome-wide
detection of DNA sequence copy number abnormalities for the analysis of tumour cell
lines. In the original format differently labelled test and reference DNA are
cohybridised to normal metaphase chromosomes. The ratio of the fluorescence
intensities on the target chromosomes is proportional to the ratio of the copy numbers of
the corresponding sequences in the test and reference DNA, revealing deletions,
insertions and amplifications (Kallioniemi et al. 1992). However, the smallest detectable
alteration with this method is around 20 Mb.  In order to obtain higher resolution the
strategy has been adapted to microarrays using immobilised large insert clones, such as
BACs and PACs for target DNA instead of the whole genome as with the chromosomes
(Pinkel et al. 1998; Solinas-Toldo et al. 1997). The feasibility of the method was
demonstrated by the analysis of the copy number variation of a breast cancer cell line on
chromosome 20 with a resolution allowing the detection of alterations around 40 kb in
size (Pinkel et al. 1998). This array strategy could be useful for detecting variations
associated with repeats, as, for instance, the size of many of the segmental duplications
ranges from 10 kilobases to several megabases (Lander et al. 2001; Venter et al. 2001).

PCR and microarrays

For large-scale SNP genotyping single amplification for each fragment spanning the
SNP site is both time-consuming and expensive. This has led to the attempt to multiplex
the PCR so that several fragments can be amplified simultaneously by adding all the
different PCR primers in one reaction. However, setting up the multiplex PCR has
proved to be a difficult task that requires a lot of optimisation due to the different
melting temperatures between the PCR primers and to their ability to form primer-
dimers (Chou et al. 1992), caused by 3’ complementary overlap of the primers. The
more strongly amplifying loci also tend to compete out the weaker amplicons, which
requires adjustment of primer concentrations empirically.

Combining PCR and microarrays has been proposed as a means to facilitate multiplex
PCR reaction, mutation genotyping or both. Using a microelectronic chip array with
anchored amplification primers and electronic hybridisation Westin et al. performed a
multiplexed strand displacement amplification (SDA) reaction from genomic DNA on
the same array that was proposed for subsequent use in detecting mutations (Westin et
al. 2000).  Huber et al. combined the solid-phase allele specific extension reaction with
liquid phase PCR in a simultaneous thermal cycling reaction for a resequencing analysis
of two 10-bases-long stretches of the human p53 gene (Huber et al. 2001). Surprisingly,
the denaturation steps in the thermal cycling procedure did not result in false genotyping
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results, a consequence that, according to the author of the present thesis, should be
unavoidable due to hybridisation of the extended PCR primer to a mismatched allele-
specific extension primer. PCR in a polyacrylamide matrix on a glass microscope slide
has been used to amplify DNA in a localised manner. The authors suggest that the on-
chip locally amplified PCR products could be used for subsequent analyses, for
instance, mutation detection by minisequencing (Mitra and Church 1999). Multiplexed
genotyping of SNPs from PCR products, amplified on acrylamide beads in combination
with subsequent four-colour minisequencing in solution, has been proposed by Shapero
et al. The immobilised PCR products are released from the microspheres by restriction
enzyme digestion, designed to expose the SNP site in a form that can directly be
extended in the minisequencing reaction without the need for additional minisequencing
primers. The extended products are separated by gel electrophoresis. The advantage of
this method is the immobilisation of the PCR primers, minimising the interactions
between primers from different loci, and allowing easy purification of the PCR products
from excess PCR reagents. The disadvantage is the lower yield of amplified DNA
compared to conventional PCR reactions, as well as the requirement that the restriction
enzyme site exposing the SNP is present only once in the PCR product. In addition, the
gel electrophoresis separation step limits the capacity of the assay (Shapero et al. 2001).

SIGNAL DETECTION AND LABELS

Fluorescence and radioactivity

The fluorescent labelling that enables signal detection with a high resolution is clearly
the most popular detection system today. Previously a practical approach was
radioisotopic labelling. In an early evaluation of the possibility for sequence analysis by
hybridisation to oligonucleotide arrays, Southern and co-workers used 32P-labelled
probes (Southern et al. 1992), and the results were analysed by phosphorimaging
(Johnston et al. 1990). In the minsequencing approach radioactive labelling of dNTPs
(Shumaker et al. 1996) or ddNTPs (Pastinen et al. 1997, Pastinen, 1998 #297) have
been successfully used for reliable genotyping in practice. In study 2 we generated over
7000 genotypes from 24 Y-chromosomal SNPs using either radioactively (33P) or
fluorescently (TAMRA) labelled ddNTPs in the minisequencing reaction on
microarrays. These two detection alternatives were compared to each other, showing a
similar power of genotype discrimination. These results are discussed in more detail on
page 43. In the ASO-hybridisation-based mutation analyses on arrays two-colour
labelling is needed since the accurate allele discrimination relies on a separate label on
the target and reference sequence, and therefore, fluorescent labelling is a convenient
choice (Hacia et al. 1996, Chee, 1996 #71). These assays used a direct fluorescein
labelling on the reference sequence combined with indirect labelling of the biotin
derived target DNA molecules with a phycoerythrin-streptavidin conjugate. The signal
detection for these assays was performed using the same excitation laser with separate
emission filters for the two fluorophores, which resulted in significant spectral overlap
between the two dyes, leading to considerable numerical corrections (Hacia et al.
1998a).
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Four-colour detection

Minisequencing reactions on arrays with a four-colour detection system became
possible when ddNTPs labelled with fluorophores of distinct emission wavelengths and
four-laser array scanners became commercially available. This enables the reactions to
be performed in a single well instead of four separate wells, decreasing the amount of
both target DNA and reagents and increasing the throughput of the reactions on the
slides. Despite these advantages rather few studies applying four separate fluorophores
on the ddNTPs have been reported, presumably due to the fact that the characteristics of
the fluorophores influence the signals in the base extension reactions in a partly
unpredictable manner, see Table 4. Kurg et al used four-colours in the APEX-based
genotyping of ten β-thalassemia mutations in 13 samples, with a charge coupled device
(CCD) camera for signal detection (Kurg et al. 2000). Fan et al performed the tag-array
based SBE reaction using a two-colour labelling approach for 142 SNPs in 44 samples,
using a confocal scanner for detection of the fluorescence signals (Fan et al. 2000). In a
similar tag-array based genotyping system Hirschhorn et al used three separate
fluorescent labels for the four ddNTPs. A fourth label was reserved for labelling an
oligonucleotide that served as a positive control to which the signal intensities from the
other were normalised. The normalised signal intensities were then corrected in an
empirically determined matrix and the genotypes were obtained by calculating a
logarithmic genotype score (Hirschhorn et al. 2000).

Table 4. Properties of fluorophore labelling and their effects on the extension based
arrays

Property Effects

Variable size of the fluorophores The incorporation rates of the ddNTPs1

Base-fluorophore combination The incorporation rates of the ddNTPs1

Variation on the quantum yield2 The signal intensity from the assay
Different photobleaching properties2 The signal intensity from the assay
Overlapping emission spectra3 The genotype discrimination

1A 2-3 fold efficiency of the incorporation of the Cy5-ddNTP than the Cy3-ddNTP was observed by Fortina
et al, as well as variations depending on the base-fluorophore combination (Fortina et al. 2000).
2Hermanson 1996
3Hacia et al. 1998a

In study 4, a four-colour-based minisequecing assay was established that allowed both
genotyping and frequency quantification of SNPs, see page 44. The incorporation
efficiencies as well as relative signal intensities of four different fluorophores were
evaluated, and the base calling was performed with the aid of scatter plots for each SNP.
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37

MATERIALS AND METHODS

DNA samples

Blood samples for study 1 were obtained from clinicians involved in investigating the
rare inherited Finnish diseases and from Finnish volunteers. The samples for study 2
originated from several sources: The Finnish samples were from a collection for a cross-
sectional survey on coronary heart disease risk factors in Finland (Vartiainen et al.
1994), and from healthy, unrelated male blood donors (Finnish Red Cross Blood
Transfusion Service, Helsinki, Finland). The birthplaces of each individual sample
donor as well as that of his parents and grandparents were known. The Ob-Ugric and
Kola Saami samples were collected by one of the authors (Antti Sajantila) during
anthropological field surveys to West-Siberia in 1995 and the Kola Peninsula in 1996.
The collection of the Inari and Skolt Saami and Karelian samples have been described
earlier (Lahermo et al. 1999) and were provided by Dr. M.-L. Savontaus (University of
Turku, Finland). The samples from Norwegian males were provided by Dr. M.
Stenersen (University of Oslo, Norway). Blood samples for studies 3 and 4 were
obtained from Swedish volunteer blood donors. In studies 1 and 2 the DNA was
extracted from the blood samples by a standard phenol-chloroform method (Bell et al.
1981), and in studies 3 and 4 by using the Wisard Genomic DNA Purification Kit
(Promega Corporation, Medison, WI). The blood samples from the flycatchers for study
5 were collected in Italy, the Czech Republic, Spain, Germany, Norway and Sweden
and prepared as described by Saetre et al. (Saetre et al. 2001b).

Primer synthesis

The primers for all studies were synthesised by Thermo Hybaid Interactiva GmbH,
(Ulm, Germany) or Sigma Genosys (Cambridgeshire, UK), except for the 5’ disulfide
modified oligonucleotides that were purchased from Operon Technologies, Inc,
(Alameda, CA).

PCR amplification

AmpliTaq Gold DNA polymerase (Perkin-Elmer, Branchburg, NJ) was used in all PCR
amplifications that  were performed in a Programmable Thermal Controller (MJ Tetrad
Research, Watertown, MA) using a conventional denaturation, annealing and extension
procedure except for studies 1 and 2 where a “touchdown” PCR procedure was used
(Don et al. 1991). In order to unify the reaction conditions for multiplex PCR in studies
1-4, the primers contained non-specific universal sequences in their 5’ends (Shuber et
al. 1995). In study 1 this universal sequence functioned simultaneously as a T7-RNAse
promotor to enable RNA transcription in the subsequent allele-specific extension
reaction. In studies 2-4 the universal 5’tails enabled reamplification to introduce a biotin
residue to the PCR products for subsequent solid-phase minisequencing reactions. For
multiplex PCR amplifications the primer concentrations, extension times, number of
cycles, and amount of DNA polymerase was adjusted experimentally. In some cases the
success of the PCR reactions was determined by agarose gel electrophoresis.
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Preparation of microarrays

In study 2 microscope glass slides with Teflon lining forming 8 wells (Erie Scientific,
Portsmouth, NH) and in studies 1 and 3 and 5 standard microscope slides were used
(Menzel-Gläser, Braunschweig, Germany). The unmodified slides were silanised with
different reagents depending on the study, see the Results and Discussion part, page 40.
Commercially prepared slides were used in studies 3 and 4, see the Results and
Discussion part, pages 41 and 43. The oligonucleotides were diluted to a concentration
of 15-25 µM prior to printing. For studies 1, 2 and 3 a custom-made modified industrial
robot (Isel), with one or two TeleChem CPH-2 printing pins (Sunnyvale, CA) controlled
by an MCM-310 operating system and NUMO-6.0 software (Merval, Pietarsaari,
Finland), was used to print the oligonucleotides on the microscope slides. In studies 4
and 5 the ProSys 5510A instrument (Cartesian Technologies, Inc, Irvine, CA) with four
Stealth Micro Spotting Pins (SMP3, TeleChem International, Inc.) was used. The
oligonucleotide spots were 125-150 µm and the centre-to-centre distance between spots
was 210-250 µm.

The microarray reaction rack

A custom-made aluminium reaction rack was developed for study 1 and subsequently
used for the studies 3, 4 and 5. A re-usable silicon rubber grid, molded on an inverted
384-well plate using liquid silicon rubber (Elastosil RT 601 A/B, Wacker-Chemie
GmbH, Munich, Germany), was applied on the slides forming a maximum of 80
subarrays in separate reaction wells on each slide. The slides and the rubber grid were
placed in the rack and covered with a plexi-glass containing holes for pipetting the
reagents.

Genotyping reactions on the arrays

In study 1 multiplex PCR products were added to the array in a reaction mixture
containing T7 RNA polymerase, MMLV RT (Epicentre Technologies, Madison, WI),
rNTPs, unlabelled dATP and dGTP, and Cy5/Cy3 labelled dUTP and dCTP (Amersham
Pharmacia Biotech, Uppsala, Sweden). In addition trehalose was included in the
reaction mixture to stabilise the RT enzyme. The reaction time was 1-2 h at 52°C. In
studies 2 and 3 pooled and ethanol precipitated multiplex-PCR products were annealed
to the arrays for 15 min at 37°C in a humid chamber. The subsequent minisequencing
reaction was performed using a mixture containing one of the four TAMRA- (NENTM

Life Science Products, Brussels, Belgium) or P33-labelled (Amersham Pharmacia
Biotech) ddNTPs together with the other three unlabelled ddNTPs and DynaSeq DNA
polymerase (gift from Finnzymes OY, Helsinki, Finland) or ThermoSequenase
(Amersham Pharmacia Biotech). The reaction was allowed to proceed at 68oC for 5
min. In studies 4 and 5, the minisequencing reaction mixture contained Exonuclease I
and shrimp alkaline phosphatase (USB Corporation. Cleveland, Ohio, USA) treated
PCR product, all the tagged minisequencing primers and all of the four fluorescently-
labelled ddNTPs (TexasRed-ddATP, TAMRA-ddCTP, R110-ddGTP, Cy5-ddUTP,
NENTM, Life Science Products, study 4) or one of the four TAMRA-labelled ddNTPs
together with the other three unlabelled ddNTPs (study 5) and DynaSeq DNA
polymerase or ThermoSequenase. The cyclic reactions were performed in a
Programmable Thermal Controller for 34 cycles of 95ºC and 55ºC for 20 sec each. The
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minisequencing reaction product was captured to the array by hybridising at 42ºC for
2.5-3 hours.

Signal detection and data analysis

The radioactive signals in study 2 were detected after an overnight exposure to imaging
plates (Fuji, Kanawaga, Japan), using a phosphorimager instrument (Fuji BAS 1500
Bioimaging Analyzer). The signal intensities were measured with the Tina 2.10
software (Raytest, Straubenhardt, Germany). Fluorescence signals were measured using
a ScanArray 4000 (studies 1 and 2) or a ScanArray 5000 instrument (studies 3, 4 and
5, Packard BioScience, Ltd, England). The signal intensities were measured with the
Scanalyze 2.44 software (Michael Eisen, Stanford University, CA), study 1, or with the
QuantArray analysis software (Packard BioScience, Ltd, England), studies 2-5. The
signal intensities from the spots were corrected for the local background in each well,
measured immediately below the array, by subtraction.

Reference methods

In studies 1-4, the genotypes were verified by standard solid-phase minisequencing as
described (Syvanen 1997). This method was also used for the determination and
verification of allele frequencies in pooled samples in study 4 (Olsson et al. 2000;
Syvanen et al. 1993b). In study 5, SSCP-analysis (Orita et al. 1989) and sequencing
(Saetre et al. 2001a) were used for genotype verification.

Microsatellite genotyping

The PCR products of the microsatellite markers were run in an ABI 377 DNA
Sequencer according to the manuals supplied with the sequencer (PE Biosystems,
Foster City, CA). The allelic fragments were detected and sized by the GeneScan3.1
and ABI-Genotyper2.0 programs. The fragment sizes were converted into number of
repeats using five previously sequenced samples (kindly provided by Dr Manfred
Kayser, Leipzig, Germany).

Statistical analysis

In study 2 the population genetic analyses of the Y chromosomal SNP, microsatellite
and haplotype data were performed using the ARLEQUIN (ver 2.0) software (Schneider
et al. 1997).  The hierarchic distribution of Y-chromosome diversity was computed
using the analysis of molecular variance (AMOVA) software. Hardy-Weinberg
equilibrium was analysed by Genepop 1.0 software in study 1 and manually in study 4.
In study 5 the phylogenetic reconstructions were performed using the PHYLIP software
(Felsenstein 1993). In addition, factorial ANCOVA and STRUCTURE softwares were
used for variance analysis testing and the assignments tests in study 5, applying the
model-based cluster method of Pritchard et al. (Pritchard et al. 2000).
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RESULTS AND DISCUSSION

The procedure for genotyping using microarrays contains the steps demonstrated in
Figure 12. In the following sections the results from developing the microarray-based
genotyping method are presented, with respect to immobilisation of the
oligonucleotides, labelling strategy, genotype discrimination power and determination
of allele frequencies of SNPs. In addition, the experience from using public domains for
finding SNPs is discussed. Finally, the feasibility of the method is demonstrated in two
applications.

Figure 12. Steps of the genotyping procedure
on microarrays.

Method development

Immobilisation of the oligonucleotides
An oligonucleotide attachment procedure for the enzyme-assisted microarray reactions
was established for study 1, by comparing three different attachment chemistries found
in the literature. Glass slides were derivatised with epoxide-, isothiocyanate- or
aminogroups attaching pre-synthesised oligonucleotides carrying either an amino- (the
two first mentioned), or a carboxylic acid functional group at their 5’ tail (Guo et al.
1994; Joos et al. 1997; Lamture et al. 1994). The attachment procedure was evaluated
with respect to the suitability for the minisequencing reaction with immobilised
extension primers, see Figure 10A, and performed using radioactively labelled (P33)
ddNTPs. The best results were obtained using the isothiocyanate-derivatised glass,
attaching aminomodified oligonucleotides, measured as signal/noise ratios.

The isothiocyanate-coated slides performed well both in studies 1 and 2, but as new
alternatives for attaching oligonucleotides became available, we decided to evaluate
other approaches for covalent immobilisation of oligonucleotides (study 3). The aim
was to further enhance the genotyping accuracy of the minisequencing-based assays and
to compare the suitability of different immobilising strategies for fluorescent detection,
as the original the radioactive labelling used for the original comparisons had been
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replaced by fluorescence-based detection. Thus, seven novel covalent attachment
chemistries were compared to the isothiocyanate-activated glass surface. The study
included both commercially available slides and slides that were modified by ourselves,
see Table 5.

Table 5. The slide types and the modifications of oligonucleotides evaluated in the
study.

Slide type 5’modification on primer Functional group on slide

Isothiocyanate NH2- -N=C=S

SuperAldehyde1 NH2- -CHO

3D-LinkTM,2 NH2-
long-chain hydrophilic polymer

containing amine-reactive groups

Mercaptosilane3,6 HO-(CH2)6-S-S-
H2C=CH-CO-NH -SH

EZ-RAYSTM,4,6 H2C=CH-CO-NH
HO-(CH2)6-S-S- three dimensional with -SH groups

Unmodified5 (OCH3)3-Si- none

1ArrayItTM, Telechem International, Inc, Sunnyvale, CA
2Motorola Activated Slides, Motorola, Northbrook, IL
3(Rogers et al. 1999), provided by Orchid bioscience, Inc, Princeton, NJ.
4Mosaic Technologies, Waltham, MA
5(Kumar et al. 2000)
6 Both primer modifications were used on these two slides, the better one for each slide is indicated by the
underlining

To estimate the level of autofluorescence of the surface, the slides were scanned before
immobilising the oligonucleotides. Under the Green HeNe, 543.5 nm, laser excitation
the unmodified slide and the mercaptosilane-coated slide gave the lowest background
fluorescence. Unspecific binding of labelled ddNTPs to the surface was evaluated by
measuring the fluorescence of the slide outside the oligonucleotide spots after the
minisequencing reaction. In this comparison both the 3-dimensional coatings gave
higher background fluorescence than the other slides, the glass surface alone giving the
lowest signal, see Figure 13.
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Figure 13. Background fluorescence comparison of the different immobilisation supports
after the minisequencing reaction. Average signals from two different minisequencing
reactions with TAMRA labelled ddNTPs were measured under the Green HeNe, 543.5 nm
laser excitation. The laser power for all measurements was 95% and the pmt gain was 80%.
The background fluorescence on the X-axes refers to arbitrary fluorescence units.

The attachment efficiency for the oligonucleotides was determined indirectly by
terminal transferase-mediated extension of the immobilised primers using TAMRA
labelled dATP. In this evaluation the 3D-LinkTM-slides repeatedly showed a four- to
eight-fold signal intensity for all the oligonucleotides used in the experiment compared
to the mercaptosilane- and isothiocyanate-coated slides, respectively. The other surfaces
appeared to attach less oligonucleotides.

As the most relevant evaluation, the suitability for the minisequencing reaction was
analysed. The average signal intensities from all the oligonucleotides in the
minisequencing reaction were found to be significantly higher for the mercaptosilane-
coated and 3D-LinkTM-slides than for the isothiocyanate-slides that were used as a
reference. As in the terminal transferase-mediated extension reaction the other slides
showed significantly lower signal intensities. When the mercaptosilane-coated and the
3D-LinkTM -slides were compared with each other, the average signal intensities were
approximately two times higher for the 3D-LinkTM slides, but a better discrimination
between genotypes was observed when the mercaptosilane slides were used, as shown
in Figure 14. This can partly be explained by the high background fluorescence of the
3D-LinkTM -slides originating from unspecific bounding of labelled ddNTPs, as
demonstrated in Figure 13.
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Figure 14. Signal intensity ratios from minisequencing reactions performed on the 3D-LinkTM

-slides and mercaptosilane-coated slides from a sample that was homozygous at all sites
and from a sample that was heterozygous at the AGTR1 1062 and eNOS SNPs and
homozygous at the AGTR1 1166 SNP. The ratios between the signal intensities were
calculated from the reaction for one of the alleles divided by the signal from the other allele.
Ratios that were higher than 10 are indicated with numbers. The AGTR1 and eNOS refers
to the human angiotensin II type 1 receptor and the human endothelial nitric oxide synthase
receptor. The co and nc denotes the coding and non-coding strands for the three SNPs
AGTR1 1062, 1166 (Bonnardeaux et al. 1994) and eNOS (Marsden et al. 1993).

Owing to the successful results from study 3, the 3D-LinkTM-slides were used in study
4, although a slightly different reaction variant, the tag-array approach was used, see
Figure 10B. This variant of the minisequencing reaction also works well with the
isothiocyanate-coated slides, as the results in study 5 demonstrate, as this study was
performed with the isothiocyanate-coated slides. When a good-quality batch of the
isothiocyanate-coated slides was available, there was no significant difference between
the two glass coatings using the tag-array based minisequencing. However, a variable
quality between batches of the isothicyanate-coating has been noticed during the course
of this thesis (unpublished results), which is reflected as a variable level of signal
intensity or assay failures.

Labelling strategies
Both fluorescence and radioactive labels were used during the course of this work. The
genotype discrimination of the two labelling systems in the minisequencing reaction
with immobilised extension primers was evaluated in study 2, with four polymorphic Y-
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chromosomal SNPs using ddNTPs labelled with P33 or TAMRA. As demonstrated in
Table 6, the genotype discrimination for both systems was sufficient for accurate base
calling. The radioactive labelling was slightly more accurate than the fluorescence based
detection system, presumably because the large fluorescent labels affect the ddNTP
incorporation by the DNA polymerase.

Table 6. Accuracy of genotype discrimination between radioactive and fluorescence
labelling of ddNTPs for four Y-chromosomal SNPs.

SNP Tat
(T/C)

M9
(G/C)

SRY10831
(G/A)

M17
(T/G)

Fluorescent
detection 23 6.1 44 19

Radioactive
detection 50 32 48 49

Pow
er of

genotype
discrim

ination
1

1 The power of genotype discrimination is calculated from signal intensity data of five to ten samples of
each genotype and SNP, by dividing the average signal ratios (Allele1/(Allele1+Allele2) of the samples of
one genotype with the average signal ratio of the samples of the other genotype.

Despite the slightly better performance of the radioactive labelling, there are some
practical drawbacks with the use of radioactivity, besides the inconvenience of working
with it. The scatter effect from radioactive labels leads to low spatial resolution of the
arrays, which becomes a problem when the primers are included in the panel at high-
density. The “one-colour” characteristic is another disadvantage in the minisequencing
approach since four separate reaction wells for each sample are needed. In study 1 this
was circumvented by the use of the allele-specific extension principle and two detection
primers for each mutation. The advantage with this method is also the signal
enhancement effect of the primer extension, since both Cy5 labelled and unlabelled
dNTPs are used instead of ddNTPs, see Figure 10. This enhancement in signal intensity
was a necessity as an experimental fluorophore scanner with low detection sensitivity
was used in the initial phase of the study.

For quantitative analyses on microarrays the use of only one extension primer per
genotype is essential since the spot-to-spot variations between separate wells, observed
with arrays manufactured by contact-printing, are likely to introduce variability to the
results. Hence, a fluorescence-based four-colour detection method was established in
study 4, enabling the use of just one primer per SNP for each sample. The incorporation
efficiency of the differently labelled ddNTPs was evaluated for the four fluorophores
(Texas Red-A, TAMRA-C, R110-G and Cy5-U) used in the study. The DNA
polymerase used for the minisequencing reactions on the arrays has been engineered to
efficiently incorporate ddNTPs (Tabor and Richardson 1995). We observed, that the
sequence context of the SNP affects the incorporation rate of the ddNTPs. Up to three-
fold variation between the lowest and the highest signal for the T allele was seen with
synthetic templates, see Table 7. In addition, the incorporation efficiency between the
four ddNTPs varies, as demonstrated in Table 8, when TAMRA labelled ddNTPs were
used in a minisequencing reaction with synthetic templates differing only by the
variable base. The incorporation efficiency declines in the following order C>A>G>U, a
result which differs from the observation by Fortina et al (G>T>C>A) who used Cy3
labelled ddNTPs (Fortina et al. 2000). The difference between the results can be
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explained by the effect of sequence context on incorporation efficiency. In addition, the
results by Fortina et al. were obtained by a cyclic extension of immobilised extension
primers instead of extension of primers in solution, and no data on the observation was
presented.

Table 7. Signal intensities of the C and T alleles of 11 synthetic templates of Y-
chromosomal SNPs in a minisequencing reaction on arrays.

SNP C T

SRY10831 3436 3481
M6 3871 2964
DYS199 3950 3497
PN1 5473 3779
DYS271 3528 3454
SRY4064 4803 3622
M22 3872 5113
SRY2627 4779 3939
M14 2354 1815
SRY9138 3817 3131
M4 5187 3018

The reaction was performed simultaneously for all SNPs with TAMRA labelled ddNTPs. The highest and
the lowest signals are shown bolded.

Table 8. Relative signal intensities and incorporation efficiencies of the fluorophores.

A C G U

TAMRA ddNTPs1 0.5 1.0 0.4 0.2
Fluorophores only2 0.5 1.0 1.0 0.7
Four-colour minisequencing3 0.3 0.4 1.0 0.4

1Relative incorporation efficiency of the four TAMRA labelled ddNTPs in the minisequencing reaction with
synthetic templates.
2Relative signal intensities of ddNTP labelled with the fluorophores Texas Red-A, TAMRA-C, R110-G and
Cy5-U, measured after equal amounts were spotted on the microarray.
3Relative incorporation efficiency of the four differently labelled ddNTPs after the minisequencing reaction
with synthetic templates.

Table 8 shows indirectly, that the incorporation efficiency depends on the combination
of both the base and the fluorophore. For instance, the signal intensity of the TAMRA-
labelled ddCTP is twice as high as the signal intensity of the Texas Red ddATP, when
measured when only the fluorophore is spotted on the array, in contrast to 1.3 times as
high after these labels were used in the minisequencing reaction. In addition, with the
unpredictable effect on the primer sequence on nucleotide incorporation efficiency, and
the specific characteristics of the fluorophores (Table 4), genotyping a single sample is
difficult with the four-colour strategy. Thus, genotyping in study 4 was performed by
the aid of scatterplots using the data from several samples, yielding distinct clusters for
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the different genotypes for each SNP, localised on different positions along the X-axes
of the plots, see Figure 15.

Figure 15. Scatterplots of the
results of two SNPs in 75
samples. Figure A shows the
results of a SNP in the
interferon 1 receptor gene and
Figure B shows the results of a
SNP in the signal transducer
and activator 1 (STAT1) gene.

SNP search
A universally applicable microarray for SNPs belonging to the human type 1 interferon
(IFN) gene family, as well as for genes coding for proteins in the main type 1 interferon
signalling pathway, was established in study 4. Candidate SNPs were chosen from SNP
databases and by in silico BLAST sequence comparisons against the NCBI human EST
and HTGS databases (http://www.ncbi.nlm.nih.gov/), and validated with pooled DNA
samples using solid-phase minisequencing. Of altogether 125 candidate SNPs only 25
(20%) were found to be true SNPs in the Finnish and Swedish populations, see Figure
16. The low yield of true SNPs can be explained by the repetitive nature of the human
genome as the high degree of similarity makes the distinction between true allelic
differences and paralogous sequence variation difficult. The type 1 interferon gene
family has a complex genomic organisation of 15 intronless genes and 11 pseudogenes
mapping to the short arm of chromosome 9 (Strissel et al. 1998), which suggests for an
origin through retrotransposition. When the exons of these genes were aligned to the
draft sequence of the human genome all of them except one aligned to 14-16 positions
on chromosome 9 with 81-97% sequence similarity. In addition, a DNA/MER1 type
repeat was found in the 5’ region of one of the genes. The complexity of the type 1 IFN
gene family has lead to a number of false SNPs in the databases, for example the same
SNP (identified by the reference SNP identity number) is found in several of the type 1
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IFN genes in dbSNP. As the draft sequence of the human genome is constantly being
updated, also the SNP databases undergo changes. This became evident for several of
the SNPs in the study, as the information about their location in the genome changed,
even from one gene to another. The experience with these genes shows that there is a
need for a method allowing simultaneous validation of multiplex SNPs.

Figure 16. Success rate for identification of candidate SNPs and a validation path for SNPs
in genes of the interferon (IFN) system. (1) By BLAST analysis to the human working draft
sequence (January 2001), 8 of the potential PCR products were found to align to multiple
locations. (2) Sixteen of the 125 candidate SNPs were located in an Alu repeat, mammalian-
wide interspersed repeat (MIR), L1 repeat or medium reiteration frequency 1 (MER1) repeat
sequences, and unique PCR assay design was possible for 8 of them. (3) For 7 of the
candidate SNPs the PCR amplification failed and for 1 SNP the minisequencing assay
failed. (4) Of the remaining 100 candidate SNPs, 25 were polymorphic according to the
minsequencing analysis of pooled DNA samples. (5) Thirteen of the polymorphic SNPs are
located in introns, one of them is in a MIR repeat, 6 SNPs are in coding regions of the genes
and 6 SNPs are in untranslated regions.

Multiplex allele frequency analysis and SNP validation on arrays
In study 1 a one-step procedure for analysing SNPs was established, based on the allele
specific extension reaction using reverse transcriptase with RNA as template. In this
study we show that multiplex detection of alleles present as a minority of a sample is
possible using microarrays. In order to evaluate the detection limit for a minor allele
frequency a two-colour reaction procedure was used for a multiplex analysis of eight
mutations. For normalisation, a first round of allele-specific extension with Cy3-
labelled dNTPs was performed using a control sample homozygous for all the
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mutations. The same slides were then used for a second extension reaction with Cy5-
labelled dNTPs, using samples that were mixed with respect to the two genotypes in
ratios of 5%, 10%, 20% and 100%.  As little as 5% of mutant sequence was detectable
with this procedure for all eight sites, and for four of them even a lower detection level
was possible.

To develop a method for multiplexed quantitative allele frequency determination, a tag-
array-based four-colour minisequencing approach was used for analysing nine SNPs
quantitatively in study 4. As the reaction procedure enables the detection of the separate
alleles from the same spot on the array, no normalisation is needed to equalise the
differences in signal intensity at different locations on the array. Standard curves, see
Figure 17, were prepared by mixing DNA of the two genotypes at 5% or 10%
increments from 100% of one allele to 100% of the other allele. As already noticed in
study 1, the detection sensitivity varies between loci, owing to the incorporation
efficiencies and properties of the fluorophores as discussed previously. For several
alleles the detection limit for a minor allele frequency was below 2%, and for half of the
alleles below 5%.

Figure 17. Standard curves for two SNPs from genes encoding for type 1 interferon
signalling pathways. JAK1 = Janus kinase 1, IFNAR1 =interferon alpha receptor 1. The
allele ratios on the x-axes were obtained by mixing two homozygous samples in appropriate
ratios. The vertical bars indicate the standard deviations calculated from four reactions
performed in separate subarrays.

Using the four-colour microarray, the allele frequencies of the nine SNPs were
determined in the Finnish and Swedish populations by the analysis of pooled samples.
The results were compared to frequencies obtained by the solid-phase minisequencing
assay with 3H-dNTPs (Olsson et al. 2000; Syvanen 1999), see Table 9. In both of these
methods, a heterozygous sample, in which the two alleles are present in equal amounts,
is used as quantification standard to correct for sequence dependent differences in signal
intensity. As shown in Table 9, both formats of the minisequencing reaction gave
similar results, indicating that the multiplexed array-based assay is highly useful in
practice, when large amounts of SNPs need to be validated. In the system established in
study 4, 100 genotypes can be generated in each subarray, see Figure 18, and each slide
holds 56 subarrays, yielding 5600 genotypes per microscope slide. Using pooled
samples with DNA from 100-200 individuals, data on 0.5-1.0 million SNP alleles can
be gained from a single microscope slide.
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Table 9. Allele frequencies of SNPs determined by multiplex, four-colour
minisequnecing in the microarray format.

SNP1 Variation Frequency of allele 12 Frequency of allele 13

Allele1/Allele2 Swedish pool Finnish pool Swedish pool Finnish pool

STAT1-e A/C 0.87 0.91 0.88 0.90
STAT3-14 A/G 0.24 0.30 0.38 0.38
IFNAR1-e C/G 0.71 0.77 0.86 0.82
IFNAR1-v G/T 0.67 0.67 0.60 0.67
IFNAR1-w A/G 0.23 0.18 0.18 0.16
IFNAR2-k G/T 0.34 0.54 0.36 0.45
IFNAR2-m T/C 0.26 0.28 0.34 0.34

IFI27 C/G 0.93 0.89 0.95 0.89
JAK1-d A/G 0.80 0.76 0.77 0.75

1 The SNPs are from genes encoding for type 1 interferon signalling pathways.
2 Averages of four frequency calculations of four reactions on the microarray.
3 Averages of two frequency calculations of two solid-phase minisequencing reactions in microtiter plates.

Figure 18. A microscope slide showing 16 subarrays. Each
subarray containes 50 oligonucleotides printed as
duplicates.

Applications

Analysis of Y-chromosomal SNPs
Twenty-five Y-chromosomal SNPs found in the literature were analysed in study 2,
using minisequencing on microarrays in five Finno-Ugric-Speaking populations
(n=300), yielding 7500 SNP genotypes. The samples were from Finns originating from
three geographical locations in Finland, three different Saami groups, Karelians from
Russia and Ob-Ugric Mansi and Khantyi speakers, see Figure 19. Five of the SNPs
(M9, Tat, SRY10831, M17, 92R7) were found to be polymorphic in all analysed
populations and one SNP (M12) was found to be polymorphic in the Kola-Saami. Six
haplotypes were constructed from the SNP data, see Table 10 and Figure 18. These
haplotypes showed a clear difference between the Ob-Ugrics and the rest of the
populations, as the haplotype H26 is present at a 55% frequency in the Ob-Ugric
sample, whereas it is absent in other groups, with the exception of Eastern Finns, where
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it was found once. On the other hand, haplotype H2, which occurs with high frequency
in other population samples (15-52%) is absent in our Ob-Ugric sample. The Finns
showed two major haplotypes, H2 and H16, with H16 being the most frequent one. The
difference between frequencies of this haplotype in the Northern and Eastern parts of
Finland (93%, 84% respectively) as compared to Western Finland (64%) supports the
fact that the Finns have a dual origin (Kittles et al. 1998).

Figure 19.
The

geographic
origin and
the Y-
chromosom
al haplotype
frequencies

of Finno-
Ugric-

speaking
populations.

The
haploypes

were formed
from six
polymorphic

SNPs
according to Table 10.

Table 10. Nomenclature for Y-chromosomal haplotypes.

Locus
Haplotype

Tat (T/C) M9 (C/G) SRY10831
(G/A)

M17
(del G)

M12
(G/T)

92R7
(C/T)

H2+ T C G G T C
H2 T C G G G C

H26 T G G G G C
H16 C G G G G C
H1 T G G G G T

H3+ T G A T G T

The substitutions from ancestral state are shown bolded

In order to further study the genetic structure of the Finns and the Saami, who have
proven to be genetically distinct based on mitochondrial DNA sequences (Sajantila and
Paabo 1995) and autosomal markers (Sajantila et al. 1995), but similar based on Y
chromosomal microsatellites (Lahermo et al. 1999), five Y-chromosomal microsatellite
markers were genotyped and assigned to the SNP haplotypes. Within the two major
haplotypes H2 and H16, the most frequent microsatellite allele was identical, with two
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exceptions, further evidencing for two male settlement waves to Finland, as well as for
a similar Y-chromosomal genetic background of the two populations.

Our results confirm the earlier results about the origin of Finns and Saami that were
obtained with other markers, indicating the reliability of our data. This microarray could
be useful for studying other populations as well. By adding more mutations in the panel,
and by the use of the silicon rubber grid forming 80 subarrays per slide, a generally
applicable high-throughput population genetic tool would be obtained. The reason for
such a small array in study 2 was that the amount of known Y-chromosomal SNPs was
low at the time, since the reduced diversity of the Y-chromosome as compared to the X-
chromosome or the autosomes leads to difficulties finding SNPs. However, later studies
have revealed more Y-chromosomal SNPs to be used in population studies (Shen et al.
2000).

Sex-linked speciation in Ficedula flycatchers
In study 5 the tag-array-based minisequencing assay was used for analysing a panel of
20 SNPs in the pied and collared flycatchers naturally hybridising in Central Europe and
on the islands of Gotland and Öland in the Baltic Sea. The ten autosomal and ten Z-
linked SNPs had been found previously by sequencing, which revealed a lower diversity
on the Z chromosome, than would be expected with respect to the effective population
size between the autosomes and the Z chromosome. Hybridisation and backcrossing
was investigated by the comparison of genotypes in the birds occupying the same
geographic area (sympatric birds, n=302) with the genotypes of allopatric birds, i.e.
those living in separate areas (pied flycatchers n=106, collared flycatchers n=51).

Among sympatric flycatchers, pure or hybrids, no interspecific recombination was
found, as we found no cases where the same Z chromosome have alleles of the collared
species at some locus but alleles of the pied species at others, when eight species-
specific Z-linked SNPs were analysed. In contrast, two Z-linked SNPs that were
polymorphic in the collared flycatchers showed that intraspecific recombination do
occur. No backcrossed genotypes were observed within the Z-linked genes, in contrast
to autosomal genotypes, indicating that the hybrids do contribute to the gene pool.
Female birds with a hybrid sex-chromosome genotype were all sterile, whereas only
three of 11 males heterozygous at Z were sterile. This can be explained by the fact that
females are the heterogametic sex, and if the Z-linked genes affecting fertility were
partially recessive, it would affect the female sex more severely. These results show that
the Z chromosome has a major influence on hybrid fertility, and that there is a strong
selection against gene flow across the species boundary of sex-linked genes.
Additionally we observed a sex-chromosomal influence on male limited plumage
characteristics that have previously been shown to reinforce isolation in these birds. All
males heterozygous at the Z-linked genes had an intermediate phenotype with respect to
the three male limited traits that were analysed: plumage colour, neck-collar size and
forehead patch height. We found that the Z chromosome, but not the autosomes, has a
significant influence on the variance of the three traits. When compared with two not
sex-limited phenotypic traits, with clear differences between the two species, the
autosomal genotype showed to have a significant influence on the variance, but not the
Z chromosome. Our results suggest for a significant role of Z-chromosomal evolution in
mediation speciation between these two birds.
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The total amount of generated genotypes in this study was over 9000. The accuracy of
the genotyping results was validated by analysing three of the SNPs in all samples using
SSCP and by control-sequencing 8-20 samples for the remaining loci. The genotypes
obtained by the alternative methods yielded 100% concordant results with the genotypes
determined on the microarray. This evolutionary study demonstrates the usefulness and
accuracy of the tag-array-based minisequencing method for genetic studies in practice.
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CONCLUDING REMARKS

The draft sequence of the human genome enables us to study the genomic structure in
more detail than before. The low amount of genes and the large amount of repetitive
sequence observed leave many unresolved questions about the genome. The effect of
the interindividual genetic variability on the phenotype level is far from understood.
Several efficient methods for analysing the large and complex human genome have
been developed.  The microarray technology allows the simultaneous analysis of
multiple SNPs. The discrimination power of the microarray based applications is
enhanced by the use of enzyme assisted genotyping reactions. In addition, the
throughput and the power of genotype discrimination can be improved by optimising
the immobilisation of the oligonucleotides, the reaction conditions and by the right
choice of detection label. In practice, the most laborious steps for the microarray based
analyses are finding the SNPs, designing the primers and optimising multiplex PCR,
that is, steps that are needed for other current SNP detection methods as well. The
subsequent genotyping reaction on the array generates large amounts of genotypes in an
effective and accurate manner, adding more data on the unresolved questions in our
genome. However, with the few years of experience in the genetic field, it seems that
obtaining the data is not the most limiting factor for detecting all the sophisticated
functions of the genome. Equally, or even more important, is to assemble the enormous
amount of data in a way that the human mind can understand it.
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