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Abstract 
 
Analysis of genetic relatedness is of great importance in forensic casework such as 
immigration and identification cases. The conventional methods for relationship testing are 
not sufficient in the most complicated cases, because more genetic markers are required to 
obtain results with satisfactory statistical security. This study demonstrates that microarrays, 
which can be used to genotype thousands of single nucleotide polymorphisms (SNPs), could 
be a promising solution to this problem. The microarray technique used in this study 
performed very well on blood samples and also worked well in combination with whole 
genome amplification, but did not generate any results when used on severely degraded 
materials.  
 
Markers suitable for relatedness analysis were selected from the microarray and were 
successfully tested on families with known genetic relations. Although a maximum of 64 
autosomal markers were used, there is a great potential of selecting the hundreds or thousands 
of markers that may be required in some cases of relatedness investigation. 

 
     
 
Sammanfattning 
 
Genetisk släktskapsanalys har stor betydelse inom forensiskt arbete, framförallt i 
immigrationsärenden och identifieringsärenden. De mest komplicerade fallen kan dock vara 
omöjliga att lösa med de metoder som används idag, på grund av att antalet genetiska 
markörer är för litet för att ge tillräcklig statistisk säkerhet. Den här studien visar att 
microarrayer, som kan användas för genotypning av tusentals singelnukleotidpolymorfier 
(SNP), utgör en potentiell lösning på detta problem. Microarraytekniken som användes i 
denna studie visade mycket goda resultat i analys av blodprover, och fungerade också väl i 
kombination med helgenomsamplifiering. Den gav dock inga resultat då den användes på 
kraftigt degraderat material. 
 
Lämpliga markörer för släktskapsanalys sorterades ut från det stora antalet markörer på 
microarrayen, och testades med goda resultat på personer med kända släktskapsförhållanden. 
Maximalt 64 markörer användes, men det finns en stor potential att välja ut de hundratals eller 
tusentals markörer som kan behövas i vissa släktutredningar.  
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Abbreviations  
 
bp Base pair 

cM Centimorgan   

DNA Deoxyribonucleic acid 

LR Likelihood ratio 

mtDNA Mitochondrial DNA 

NCBI National Center for Biotechnology Information 

PCR Polymerase chain reaction 

QC Quality control 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

SNP Single nucleotide polymorphism 

STR Short tandem repeat 

WGA Whole genome amplification 
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1    Introduction 
 
The genetics department of the National Board of Forensic Medicine performs paternity 
testing, but also more complicated relatedness investigations. The analysis of genetic 
relatedness is of great importance in immigration cases involving asylum and family 
reunification (Karlsson et al., 2007). Both the number and the complexity of these cases has 
increased extensively in recent years, mainly because of an amendment in the Swedish law 
the 1st of July 2006, which gave the Swedish Migration Board the possibility to offer DNA 
analysis to asylum seekers (Utlänningslag (2005:716) 13 kap. 15 §).  
 
Investigation of genetic relatedness can also be very useful in the identification of deceased 
individuals (Prinz et al., 2007). For example, DNA-based relationship testing played an 
important role in the identification of victims of the 2004 tsunami disaster in Southeast Asia. 
Identification cases can be complicated if no first-degree relatives are available, which may 
be the case in mass disasters where many members of the same family may be among the 
victims. 
 
At present, a panel of 15 short tandem repeat (STR) markers is routinely used in kinship 
analysis (Montelius et al., 2008). If a relationship cannot be established with ≥99.99% 
probability, which is the quality requirement of the National Board of Forensic Medicine, an 
additional set of 5 STRs can be used. In special cases, STR markers on the sex chromosomes 
may be used as well (Holmlund et al., 2006 and Tillmar et al., 2008). However, the additional 
STRs are not always sufficient to confirm relationships in the most complicated cases. 
Difficulties often arise when possible close relationships are to be tested against each other. 
Examples include issues such as whether a man is the father, uncle or grandfather of a child, 
or whether two children are siblings or half-siblings.  
 
To solve the most complicated immigration and identification cases more genetic markers 
would be necessary. For example, several thousands of markers could be required to 
distinguish between relations such as grandparent - grandchild, uncle - niece and half-
siblings (Egeland and Sheehan, 2008). The introduction of microarrays may be a possible 
solution to this problem. Microarrays are chips covered with oligonucleotides, which can be 
used for genotyping of several thousands of single nucleotide polymorphism (SNP) markers 
(Bier et al., 2008).  
 
The aim of this thesis is to evaluate the performance of microarray technology in genetic 
relatedness analysis. Is it possible to confirm genetic relations using microarrays? What are 
the pros and cons of the technology, and what are the prospects of the future?  
 
A panel of autosomal SNP markers suitable for kinship analysis will be developed and tested 
on individuals with known genetic relationships. Markers on the X- and Y-chromosomes and 
in mitochondrial DNA will also be studied. The performance of microarrays on degraded 
DNA will be evaluated through an authentic identification case, which consists of a cranium 
that was found in the Swedish mountains in the spring of 2008. The cranium is believed to 
belong to a woman who disappeared in the area in 1942. Two grandchildren of the missing 
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woman have recently given blood samples that will be used as references in the identification 
work. To obtain sufficient amounts of DNA for microarray analysis, whole genome 
amplification (Lasken and Egholm, 2003) will be tested on the cranium sample.  
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2    Theoretical background 
 
2.1    Analysis of genetic relatedness 
 

Persons who belong to the same family are genetically related because of their shared 
ancestry (Weir et al., 2006). The relationships can be estimated by analysing DNA 
polymorphisms. Such analyses can be valuable in many forensic applications such as 
paternity testing, identification of deceased individuals and determination of the most 
probable relation between a person applying for immigration and the alleged relatives of the 
person.  
 
 
2.1.1    Genetic markers 
 

A genetic marker is a polymorphic DNA locus that is useful in genetic analysis (Hartwell et 
al., 2008). There are two types of genetic markers currently used in relatedness analysis: 
short tandem repeats (STRs) and single nucleotide polymorphisms (SNPs) (Weir et al., 
2006). STRs, also known as microsatellites, consist of repetitive DNA (e.g. 
CGTCGTCGTCGT or CGT · n). The number of repeats varies in a population. The 
polymorphisms arise from random events that produce a short repeated sequence in DNA 
(Hartwell et al., 2008). Individual STR loci often mutate into several alleles because DNA 
polymerase has a tendency to slip when the same sequence unit (e.g. CGT) is repeated over 
and over again, thus introducing alleles with more or fewer repeats. Therefore each locus 
usually has up to 10 different alleles with different population frequencies. New alleles arise 
at an average rate of 10-3 per locus and generation. The rate is relatively high and results in a 
large amount of variation within a population, but it is still low enough that changes usually 
do not occur within a few generations of a family. 
 
SNPs arise from single base-pair substitutions due to mutagenic chemicals or mistakes in 
DNA replication (Hartwell et al., 2008). The probability that any particular base in the 
genome will mutate is very low (10-9 per generation), and therefore it is highly unlikely for a 
certain SNP to mutate more than once and successfully spread the new allele in a population. 
Because of this, SNP loci are nearly always biallelic. The ratio of the two alleles in a 
population can range from less than 1:100 to 50:50. SNPs with population frequencies of 
approximately 50:50 have been shown to be the most informative for relatedness analysis 
(Gill, 2001). For SNPs, as well as for STRs, the allele frequencies often differ between 
different populations. 
 
SNPs are much more numerous than STRs, but they are not as commonly used in the 
forensic field, mainly due to their lower degree of variability (Weir et al., 2006). 
Nevertheless, the interest of SNP markers is increasing because of their many advantages: 
they have very low mutation rates which is interesting in relationship testing, they can be 
analysed in short amplicons which is desirable when analysing degraded samples, and finally 
they are suitable for analysis with high throughput technologies such as microarrays (Sobrino 
et al., 2005). The largest set of SNPs presently used for forensic purposes includes 52 
markers and was developed by the SNPforID consortium (Sanchez et al., 2006).       
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2.1.2    Statistical analysis    
 

The probability of a genetic relationship between two or more individuals can be calculated 
using genetic evidence in combination with prior information (Evett and Weir, 1998). The 
genetic evidence is used to calculate a likelihood ratio between two hypotheses. A paternity 
case will be used as an example, but the principles can be used for any genetic relationship, 
such as siblings or cousins. The hypotheses in a regular paternity case with a child C, a 
mother M (known to be the biological mother of C) and an alleged father AF, are: 
  

H1: AF is the biological father of C  
H2: Some other man is the biological father of C. 
 

According to Bayes’ theorem, the posterior odds of the genetic relation can be written as  
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or 

 
Posterior odds = Likelihood ratio · Prior odds. 
 

E is here the genetic (DNA) evidence whereas I is non-genetic information, which for 
example can include statements made by M and AF about their relation. The likelihood ratio 
is the ratio between the likelihood of the DNA evidence given the first hypothesis and the 
likelihood of the DNA evidence given the second hypothesis. Prior odds are based on the 
prior, non-genetic evidence. In paternity testing, the prior odds are usually set to 50/50 
(meaning that the two hypotheses are a priori equally probable), resulting in  
 

Posterior odds = Likelihood ratio.  
 

This is called a flat prior. If, for example, trying to identify a body in an aircraft accident with 
100 missing persons, it may instead be reasonable to set the prior probability of a relation to 
1/100 (Weir et al., 2006). In other relationship tests, the age of the individuals may indicate 
that some relationships are more likely than others. 
 
If a flat prior is assumed, equation 2.1 can be rewritten and rearranged to give the posterior 
probability of H1 (that is, the probability of H1 given the DNA evidence and the prior 
information): 
 

1
),|Pr( 1 


LR

LR
IEH ,               (2.2) 

 
where LR is the likelihood ratio mentioned above (Evett and Weir, 1998). 
 
An autosomal locus consists of one paternal allele and one maternal allele (Egeland et al., 
2005). The alleles can be either equal, giving a homozygote locus, or different, giving a 
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heterozygote locus. The probability of a certain genotype can be calculated using Hardy-
Weinberg’s law, which states that the probability of a particular combination of alleles is 
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where pi is the frequency of allele Ai in the population. The equation is valid if the population 
is at so called Hardy-Weinberg equilibrium, theoretically meaning random mating, no 
selection, no mutation and no migration. Deviations from Hardy-Weinberg equilibrium can 
be detected using for example a χ 2 test. 
 
As an example, the genotypes of M, AF and C at a particular biallelic SNP locus could be    
M = {AA}, AF = {BB} and C = {AB}. Assuming Hardy-Weinberg equilibrium, the likelihood 
of this data if H1 was true would be 
 

      22222
1 1)|,,Pr( BABA ppppHABCBBAFAAM  , 

 
where pA and pB are the population frequencies of the alleles A and B, respectively. The 
likelihood of the data if instead H2 was true would be 
 
       3222

2 1)|,,Pr( BABBA pppppHABCBBAFAAM  . 
 
The likelihood ratio is then given by  
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The likelihood of a set of DNA data (e.g. a set of SNP alleles) is calculated by multiplying 
the likelihoods of each locus. The posterior probability can then be calculated using equation 
2.2. For complex calculations including many markers and persons, software based on the 
above principles can be used to determine likelihoods and posterior probabilities for different 
genetic relations. Examples of software include Familias (Egeland et al., 2000) and Merlin 
(Abecasis et al., 2002). 
 
In parentage testing, parentage can be excluded directly if the alleles of the child do not 
match alleles of the alleged parents (Evett and Weir, 1998). For example, two individuals 
with AA genotypes cannot have an AB child unless a mutation has occurred. In such cases the 
numerator of the likelihood ratio, and thus the posterior probability of parentage, will be 
zero. To take the possibility of mutations into account, a commonly accepted rule is to only 
exclude parentage if more than two loci do not match between alleged parent and child 
(Butler, 2005). When exclusion cannot be made, the weight of evidence needs to be 
statistically interpreted as shown above. 
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2.1.3    Linkage and linkage disequilibrium 
 

The calculations in section 2.1.2 assume independently segregating loci. Phenomena such as 
genetic linkage and linkage disequilibrium may give rise to false probability values and 
should therefore be taken into account.  
 
Genetic linkage occurs between markers that are situated close to each other on the same 
chromosome (Hartwell et al., 2008). Markers that are far apart on the same chromosome may 
be genetically unlinked because of the crossing-over that occurs between homologous 
chromosomes during meiosis. The degree of linkage can be represented by the genetic 
distance, which is measured in units of centimorgan (cM). 1 cM corresponds to a 
recombination frequency of 1%. If the genetic distance between two loci is ≥50 cM they have 
a 50% chance of recombining during meiosis (which is the same as for markers on different 
chromosomes) and are thus considered genetically unlinked. Genetic distances do not always 
correspond to physical distances, but in humans 1 cM on average corresponds to about 1 
million bp.  
 
Since linked markers are inherited together more often than independently assorting markers, 
they may cause falsely high probabilities if the linkage is not taken into account. They are 
therefore more complicated to handle than unlinked markers, and are not extensively used 
within forensic genetics. However, some questions of genetic relatedness can only be solved 
if linked markers are used (Egeland and Sheehan, 2008). For example, linked markers may 
be required to distinguish between the relations grandparent - grandchild, uncle - niece and 
half-sibs, since they all give the same probabilities if only unlinked autosomal markers are 
used. 
 
Linkage disequilibrium is a dependency between alleles at different loci within a population 
(Evett and Weir, 1998). If the probability of inheriting a specific allele at one locus is related 
to the probability of inheriting a specific allele at another locus, the two alleles are said to be 
in linkage disequilibrium. Linkage disequilibrium may be a result of genetic linkage but can 
also exist between alleles at loci on different chromosomes.  
 
The software Merlin (Abecasis et al., 2002) takes linkage into account by using the genetic 
distances between markers. Linkage disequilibrium is however much more difficult to 
handle. 
 
 
2.1.4    X-chromosomal, Y-chromosomal and mitochondrial markers  
 

In some cases, markers on the sex chromosomes and in mitochondrial DNA (mtDNA) can be 
of great value in relatedness analysis.  
 
A male always passes his X-chromosome on to his daughters without any recombination 
(Szibor, 2007). Thus if two female individuals have the same father they always share at least 
one allele at each X-chromosomal locus, the paternal one (if no mutations have occurred). 
There are many applications of analysing X-chromosomal markers; one of the main ones is 
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testing whether two girls share the same father. In father - son cases however the X-
chromosome is of no use at all.  
 
The Y-chromosome is inherited from father to son (Gusmão et al., 2006). Y-chromosomal 
DNA is haploid and generally does not recombine (except for a small part that recombines 
with X and thus is not male-specific). Therefore a male has the same Y-chromosome as his 
father unless any mutation has occurred. 
 
mtDNA is inherited from mother to children via mitochondria in the egg cell (Bär et al., 
2000). Like the Y-chromosome, the mitochondrial genome is haploid and does not undergo 
recombination. Thus a mother and her children share exactly the same mtDNA unless any 
mutation has occurred. These properties can be very useful in many cases, especially when 
looking at remote relationships. mtDNA is especially valuable when analysing poor sources 
of DNA such as hair shafts, bones and burnt or decomposed tissue. mtDNA is present in 
many copies per cell and is therefore more likely than nuclear DNA to be present in 
sufficient amounts for analysis. 
 
Due to the lack of recombination, each Y-chromosome or mtDNA type is defined as a 
sequence or haplotype (haploid genotype) and should be treated as a single locus (Gusmão et 
al., 2006). When exclusion cannot be made, a likelihood ratio can be calculated based on an 
estimated population frequency of the haplotype. Autosomal and X-chromosomal alleles that 
are located so close together (<0.1 cM apart) that they virtually always are inherited together 
are also referred to as haplotypes (Hartwell et al., 2008).  
 
Haplotypes can be assigned to haplogroups, where all the haplotypes in a group share a 
certain SNP mutation that was initially established in a common ancestor (Jobling, 2001). A 
test for such haplogroup-defining SNPs can confirm which haplogroup a sample belongs to, 
and likelihood ratios can be calculated based on haplogroup population frequencies. 
 
 
2.2    Microarray technology   
 
DNA microarrays, sometimes called DNA chips, allow simultaneous detection of a great 
number of DNA polymorphisms in a sample (Bier et al., 2008). The term microarray can be 
used to describe a variety of devices, for example chips for protein detection, but in this 
report the term will refer to DNA microarrays.     
 
A microarray is composed of nucleic acids immobilised to a solid surface that can be made 
from glass, silicon or polymers (Bier et al., 2008). The microarray consists of microscopic 
spots or features, and each feature contains multiple copies of the same DNA strand. The 
number of features per chip may vary from less than a hundred to hundreds of thousands. 
The basic analysis mechanism is the hybridisation of DNA molecules in a sample to 
complementary strands on the chip. Buffer conditions and temperature are chosen so that 
only perfectly matching strands form stable hybrids. The fixed nucleic acids on the chip, with 
known sequences, are called probes, whereas the free nucleic acids in the sample are called 
targets. The target DNA is usually labelled with fluorescent dyes and can be detected after 
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hybridisation to the chip. Different controls are often incorporated into the procedure. After 
incubation with the sample, the chip is washed and read in a scanning or imaging device, and 
a picture of the fluorescence intensity of the different spots is obtained. Software tools are 
then used for data extraction and analysis. Although hybridisation is always the basic 
mechanism in microarray technology, different methods for SNP detection involving 
enzymes, like polymerases and ligases, can also be applied using microarrays (Sobrino et al., 
2005). A schematic view of a microarray is given in Figure 2.1. 
 
On microarrays for SNP detection two probes are used for each SNP, one for each allele. No 
hybridisation will take place if there is a single mismatch between a probe and a target 
strand, which makes it possible to distinguish between the two alleles of a SNP.  
 
 
a)        b) 

                    
 

Figure 2.1  (Affymetrix, 2005). Schematic view of a microarray. a) The array consists of microscopic features. 
Each feature contains multiple copies of the same DNA strand, referred to as probes. b) DNA strands in the 
sample hybridise to complementary strands on the chip. No hybrids will form if there is a single mismatch, 
which makes it possible to distinguish between the two alleles of a SNP.  
 
 
There are two main approaches for microarray production: synthesis on the chip and 
deposition of pre-synthesised oligonucleotides on the chip (Bier et al., 2008). In the first 
approach it is common to start with a chemically activated silicon surface covered with 
photo-labile protecting groups. The chip is then exposed to UV irradiation through a mask 
that either blocks or transmits light, so that certain locations become reactive. Nucleotides 
that bear the same photo-labile protecting groups at their 3’ ends may bind to the activated 
surface with their 5’ ends. The procedure is repeated with all four bases and results in an 
array with defined sequences in each feature. This technique is called photolithography and is 
summarised in Figure 2.2.  
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When depositing pre-synthesised oligonucleotides on a chip, different spotting techniques are 
used (Bier et al., 2008). Needles can be dipped into a probe solution and then spot a certain 
amount on the chip by contacting the surface. Another method uses a nozzle that is activated 
to release droplets on the chip without touching the surface, using the same technology as an 
ink-jet printer.  
 
 

 

 
 

Figure 2.2  (Affymetrix, 2005). Photolithographic synthesis. A mask lets UV light through to specific features 
where the next nucleotide is to be built. DNA strands that are hit by light are deprotected or activated. 
 
 
2.2.1    Affymetrix GeneChip Genome-Wide Human SNP Array 6.0 
 

There are many companies that manufacture microarrays of different sizes and designs. The 
microarray used in this study was the GeneChip Genome-Wide Human SNP Array 6.0, 
manufactured by Affymetrix, which is shown in Figure 2.3. The array was selected because 
of its large number of markers and the possibility to analyse DNA from the sex chromosomes 
and mtDNA. Furthermore, the required equipment (hybridisation oven, fluidics station and 
fluorescence scanner) was available at Linköping University. The array, hereafter referred to 
as SNP Array 6.0, contains probes for more than 906 600 SNPs including some SNPs on the 
X- and Y-chromosomes and in mtDNA (Affymetrix, 2007). The array also contains about 
946 000 probes for copy number variation (not analysed in this study).  
 
Affymetrix microarrays are manufactured through photolithography, using a mask and UV 
light to build the probes nucleotide by nucleotide (Affymetrix, 2005). Each chip is about 1.28 
cm by 1.28 cm and contains features as small as 5 µm by 5 µm. Millions of copies of 25 
bases long probes are built onto each feature. On the SNP Array 6.0 there are three or four 
features for each allele, meaning six or eight features per SNP. 
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Figure 2.3  The GeneChip Genome-Wide Human SNP Array 6.0. The chip is 1.28 by 1.28 cm and contains 
probes for more than 900 000 SNPs. The sample is injected on the backside. 
 
 
The microarray analysis starts with two separate digestions of genomic DNA using the 
restriction enzymes NspI and StyI (Affymetrix, 2007). The resulting fragments are then 
ligated to so-called adaptor sequences that recognise the 4 bp overhangs from digestion. The 
ligation is performed by T4 DNA ligase which catalyses the formation of a phosphodiester 
bond between the fragment and its adaptor. PCR amplification using Titanium Taq DNA 
polymerase is then performed with generic primers that recognise the NspI and StyI adaptor 
sequences. The PCR conditions have been optimised to preferentially amplify fragments in 
the range 200 to 1100 bp. The PCR products from each restriction enzyme digest are pooled 
and purified using polymer-coated magnetic beads that bind DNA. The amplified DNA is 
then fragmented using DNase, with reaction conditions optimised to obtain fragments of 
<180 bp. The fragmentation products are labelled with biotin molecules using an enzyme 
called terminal deoxynucleotidyl transferase.  
 
After labelling a hybridisation mix is added to the samples. The mix contains reagents that 
improve hybridisation and reduce background. It also contains an oligonucleotide control 
reagent, which binds to specific probes on the chip, working as a hybridisation control. The 
DNA is then heat denatured and each sample is hybridised onto a microarray. Each array is 
washed in order to remove all fragments that have not hybridised. The chips are then stained 
with streptavidin that has been labelled with the fluorescent dye R-phycoerythrin. 
Streptavidin binds to biotin, which has previously been attached to each DNA fragment. 
After that, the samples are stained with a biotinylated anti-streptavidin monoclonal antibody. 
New fluorescently labelled streptavidin molecules then bind to the biotin molecules on the 
antibody, hence strengthening the fluorescence signal. Finally, the arrays are scanned in a 
fluorescence scanner and an image is obtained. An overview of the assay is given in Figure 
2.4. 
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Figure 2.4  (Affymetrix, 2007). Overview of the GeneChip Genome-Wide Human SNP Array 6.0 assay. The 
DNA is digested by restriction enzymes, ligated to adaptors and amplified using PCR primers that bind to the 
adaptors. PCR products are then fragmented, fluorescently labelled and hybridised to a chip, and finally the 
chips are scanned and genotyped.  
 
 
The Affymetrix software Genotyping Console is used to translate the fluorescence intensities 
of the array features into genotypes. Probes for the oligonucleotide control reagent form a 
pattern on the chip, which is used to place a grid on the fluorescence image. An example is 
shown in Figure 2.5. Genotyping is built on the fact that each feature (containing probes for a 
certain SNP allele) has a known position in the grid.  
 
 

 

 
 

Figure 2.5  Part of a fluorescence image, displaying individual features. A pattern of oligonucleotide control 
reagent probes can be seen in the upper left corner. Such patterns are evenly spaced over the array and are used 
to align a grid, also visible in the figure, over the fluorescence image. 
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The genotyping algorithm uses the fluorescence intensities in the two probes (called A and 
B) for each SNP to create a two-dimensional A-signal versus B-signal space, or cluster 
graph, which can be seen in Figure 2.6 (Affymetrix, 2008). Samples with similar intensities 
form genotype clusters. Each sample is assigned the genotype of the cluster to which it 
belongs. 
 
 

 
 

Figure 2.6  Cluster graph in Genotyping Console. The fluorescence signal of the A allele probe is shown on the 
x-axis and the fluorescence signal of the B allele probe is shown on the y-axis. Each point represents one 
sample. Samples with similar intensities form genotype (AA, AB or BB) clusters.  
 
 
2.3    Whole genome amplification 
 
Whole genome amplification (WGA) can be used when the DNA quantity in a sample is not 
sufficient for the planned genetic analyses (Lasken and Egholm, 2003). Limited DNA yields 
are especially common in forensic samples. Unlike the polymerase chain reaction (PCR), 
which targets specific sequences, the purpose of WGA is to amplify the entire genome with 
minimal loss of information. Early WGA methods were based on PCR and did not give a 
complete genomic coverage. A newer method, used in this study, is called multiple 
displacement amplification. It is not PCR-based but isothermal. The technique gives a more 
complete and uniform coverage than previously known methods and the amplification is 104-
106-fold. Multiple displacement amplification uses a special DNA polymerase from the 
bacteriophage φ29, which can amplify DNA isothermally at 30˚C (Dean et al., 2002). 
Random hexamers are used as primers. DNA samples first go through alkaline denaturation, 
but after that no denaturation, and consequently no thermal cycling, is needed. The reason for 
this is the property of φ29 polymerase to displace already synthesised strands when moving 
along the DNA template. The released strands then become templates for new replications. 
An overview of the process is given in Figure 2.7. 
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Figure 2.7  (Qiagen. WGA Tutorial). Schematic representation of multiple displacement amplification. Random 
hexamer primers anneal to the template strand. φ29 DNA polymerase moves along the DNA template, 
displacing the complementary strand. The displaced strand becomes a new template for replication.  
 
 
Multiple displacement amplification can be carried out on purified genomic DNA as well as 
directly on biological samples such as blood and tissue culture cells. The technique has 
recently been shown to work well for amplification before analysis on Affymetrix 
microarrays (Xing et al., 2008). 
 
 
2.4    Degraded DNA and contamination 
 
After the death of an organism, DNA molecules are degraded by cellular enzymes such as 
lysosomal nucleases (Pääbo et al., 2004). DNA also becomes exposed to bacteria, fungi and 
insects that feed on and degrade macromolecules. Different chemical processes may cause 
further damage such as nucleotide modifications. Nevertheless, small amounts of DNA may 
survive for several years in materials such as bones and teeth. The survival does not 
necessarily depend on the age of the specimens, but rather on the surrounding environmental 
conditions such as temperature and humidity. DNA extracted from fossil remains is usually 
degraded to fragments of average sizes between 100 to 500 bp. The degraded DNA often 
contains damages and modifications that may block DNA polymerase during PCR or cause 
the incorporation of incorrect bases.  
 
Hence, old specimens such as skeletal remains contain only small amounts of DNA (if any), 
which is usually damaged and complicated to analyse (Pääbo et al., 2004).  Therefore, even 
minute amounts of contaminant DNA can be a severe problem, yielding false results that are 
difficult to distinguish from authentic ones. To avoid laboratory contamination, ancient 
specimens should be handled in dedicated laboratory facilities that have never been used for 
post-PCR work. Workspaces should be cleaned with oxidants such as bleach (sodium 
hypochlorite, NaClO) and irradiated with UV light.  
 
Studies of human contamination in ancient dog specimens have shown that the level of 
contamination decreases significantly if bone powder is treated with bleach prior to DNA 
extraction (Malmström et al., 2007). The amount of authentic DNA also decreases, but to a 
lesser degree (>99% of the contaminant DNA was lost, but only 77% of the authentic DNA). 
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3    Materials and methods 
 
A complete list of vendors for the reagents and equipment used in this study is given in 
Appendix A. The term water does in this report refer to deionised Milli-Q Synthesis H2O 
(Millipore), treated with UV irradiation.   
 
 
3.1    Blood samples 
 
Blood samples were obtained from 19 individuals belonging to three different families with 
known family relations according to Table 3.1. DNA extractions were made either by a 
previously described SDS-Urea method (Lindblom and Holmlund, 1988) or by using the 
QIAamp Minikit (Qiagen) according to the manufacturer’s instructions. DNA concentrations 
were determined by measuring the absorbance at 260 nm using a NanoDrop-1000 
spectrophotometer (Thermo Fisher Scientific). Samples where then diluted to 50 ng/µl using 
reduced EDTA TE buffer (0.1 mM EDTA, 10 mM Tris HCl, pH 8.0). 50 ng/µl is the 
recommended starting concentration for microarray analysis according to the Affymetrix 
protocol. 
 
 
Table 3.1  Family relations of the 19 tested individuals. Genders (m=male and f=female) are given in 
parenthesis. There are no known genetic relationships between the parents in each family or between families. 
 

 Family 1 Family 2 Family 3 
 

Mother 
 

1a  (f) 
 

2a  (f) 
 

3a  (f) 
Father 1b  (m) 2b  (m) 3b  (m) 
    
Children 1c  (m) 2c  (f) 3c  (m) 
 1d  (f) 2d  (m) 3d  (m) 
 1e  (m) 2e  (m) 3e  (m) 
 1f   (f) 2f   (f)  
  2g  (f)  
  2h  (m) 

 
 

 
 
Blood samples were also obtained from two grandchildren (daughter-daughters) of the 
missing woman. These were processed in the same manner as the above family samples, and 
will be referred to as 4a and 4b. 
 
All individuals who left blood samples gave informed consent for genetic testing.  
 
 
3.2    Cranium samples 
 
The cranium, believed to belong to the missing woman, was obtained from the technical 
division of the Västerbotten police. Four pieces of about 10 cm2 each were sawed out of the 
cranium using a saw-blade washed in 0.5% bleach. The thickest and most compact areas of 
the cranium were chosen, resulting in two pieces from the frontal bone and two pieces from 
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the occipital bone. The pieces were placed in PBS buffer over night. Visible dirt was 
removed using UV-irradiated knifes and toothbrushes. To remove contaminant DNA, the 
pieces were washed in 0.1 M HCl and then in water and 95% EtOH according to previous 
recommendations (Malmström et al., 2007). They were then dried in 56ºC over night. 
 
The bone pieces were grinded using a 6850 Freezer/Mill metal blender (SPEX CertiPrep) 
half-filled with liquid nitrogen. UV-irradiated tubes were used. After grinding, all work with 
the bone powder was performed in a laboratory dedicated for work with ancient DNA. All 
surfaces had been cleaned with 1 M HCl or 0.5% bleach and the laboratory and all equipment 
had been UV-irradiated. Laboratory personnel wore full zip suits, protective shoe covers, 
facemasks and sterile gloves.  
 
For further removal of possible contamination, the powder from one of the frontal and one of 
the occipital bone pieces were treated with 0.5% bleach and then washed in water. 
 
 
3.2.1    DNA extraction from bone powder 
 

DNA was extracted from 100 mg of each bone powder sample using the QIAamp 
Investigator kit (Qiagen) according to the manufacturer’s instructions. 100 µl water was used 
as negative control. Briefly, the samples were lysed with proteinase K and bound to silica-
membrane spin columns. For each sample, 40 µl water was used for elution. DNA 
concentrations of the extractions were measured using NanoDrop.  
 
To obtain a cranium sample with higher concentration, a new extraction was made from the 
unbleached frontal bone specimen, which earlier got the highest concentration. This time five 
100 mg-portions of bone powder were lysed according to the QIAamp Investigator protocol, 
and the five lysates where then run on the same spin column. DNA was eluted using 25 µl 
ATE buffer. The sample was quantified using NanoDrop and diluted to 50 ng/µl with 
reduced EDTA TE buffer (0.1 mM EDTA, 10 mM Tris HCl, pH 8.0). This sample will be 
referred to as Cext. 
  
 
3.2.2    Whole genome amplification 
 

To obtain the amounts of DNA required for microarray analysis, whole genome 
amplification was performed on the cranium extractions (except for Cext). Prior to WGA, two 
positive controls were prepared using DNA from the individual 2b. For the first control, 
DNA was diluted to 2 ng/µl using water, and for the second control DNA was artificially 
degraded using DNaseI (Promega) according to a previous protocol (Nicklas and Buel, 
2006). Degradation was interrupted after 10 s, 40 s, 1.5 min, 2.5 min, 5 min and 10 min, 
respectively. The fragment lengths after degradation were checked by electrophoresis at 120 
V using 2% TBE agarose gel containing ethidium bromide. The sample that had been 
degraded for 5 min, which had fragment lengths of approximately 100-500 bp, was chosen as 
a positive control since such fragment sizes are common in degraded bone samples.   
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WGA was performed using the REPLI-g Mini Kit (Qiagen). The extractions, including a 
negative control, and the two positive controls were amplified according to the 
manufacturer’s instructions. Briefly, 5 µl of each sample was denatured using an alkaline 
denaturation buffer. The samples were then amplified with φ29 DNA polymerase and 
random hexamer primers at 30ºC for 16 hours. After that, the enzyme was inactivated by 
heating to 65ºC. Because of the added primers and nucleotides, optical quantification 
methods such as NanoDrop would not give accurate concentrations. No suitable method for 
quantification of only double-stranded DNA was available. According to the manufacturer 
however, the REPLI-g Mini Kit typically yields 10 µg in a 50 µl reaction (200 ng/µl) 
regardless of the starting concentration. WGA products were checked by gel electrophoresis 
as described above. 
 
Two whole-genome amplified samples were chosen for microarray analysis: the unbleached 
frontal bone sample, which will be referred to as CWGA, and the bleached frontal bone 
sample, which will be referred to as Cbleach-WGA. The whole-genome amplified positive 
controls will be referred to as PWGA for the normal DNA and Pdeg -WGA for the degraded DNA. 
A summary of cranium samples and controls is given in Table 3.2.  
 
 
Table 3.2  Summary of the cranium samples and positive controls selected for microarray analysis. 
 

Sample Description 
Cext Extraction from 500 mg of bone powder 
CWGA Whole genome amplification of DNA from 100 mg of bone powder 
Cbleach-WGA Whole genome amplification of DNA from 100 mg of bone powder, previously treated 

with bleach 
PWGA Whole genome amplification of DNA from the individual 2b 
Pdeg-WGA Whole genome amplification of DNA from the individual 2b, previously degraded 

with DNaseI 
 
 
The sample CWGA and the two positive controls were assumed to have concentrations of 
approximately 200 ng/µl and were therefore diluted 1:4 using reduced EDTA TE buffer (0.1 
mM EDTA, 10 mM Tris HCl, pH 8.0). Cbleach-WGA was thought to have a lower concentration 
since it was not visible after gel electrophoresis, and it was therefore not diluted. 
 
 
3.3    Microarray analysis 
 
DNA extractions from the 21 blood samples were genotyped using the Affymetrix GeneChip 
Genome-Wide Human SNP Array 6.0. The protocol recommended by the manufacturer was 
followed.  
 
Briefly, 250 ng of genomic DNA was digested with NspI and StyI (New England Biolabs), 
respectively. The digestion products were then ligated to NspI and StyI adaptors 
(Affymetrix) using T4 DNA ligase (New England Biolabs). Samples were amplified by PCR 
using Titanium Taq polymerase (Clontech) on a GeneAmp PCR System 9700 thermal cycler 
(Applied Biosystems). PCR products were checked by electrophoresis at 120 V using 2% 
TBE agarose gel. The products were then pooled and purified using AMPure Magnetic Beads 
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(Agencourt) and quantified using NanoDrop. After that, DNA was fragmented using DNaseI 
(Affymetrix). Lengths of the resulting DNA fragments were checked by electrophoresis at 
120 V using 4% TBE agarose gel. Fragments were biotin-labelled using terminal 
deoxynucleotidyl transferase (Affymetrix).  
 
After addition of a hybridisation mix, the samples were heat denatured, injected into 
microarrays and hybridised in a GeneChip Hybridization Oven 640 (Affymetrix) over night. 
The arrays were then washed and stained in a GeneChip Fluidics Station 450 (Affymetrix). 
R-phycoerythrin streptavidin (Molecular Probes) and biotinylated anti-streptavidin antibody 
from goat (Vector Laboratories) were used for staining. Fluorescence images were obtained 
with a GeneChip Scanner 3000 7G (Affymetrix).  
 
A positive control of reference genomic DNA (Reference 103, obtained from Affymetrix) 
was run with every batch of 6-7 samples. The reference contained DNA from a male with 
European origin. A negative control of water was also run with every batch, but was 
discarded after gel electrophoresis of PCR products and was thus not analysed on 
microarrays. 
 
The three cranium samples, Cext, CWGA and Cbleach-WGA, were analysed on microarrays along 
with the positive controls PWGA and Pdeg-WGA. The samples were processed in the same 
manner as above, but to obtain sufficient DNA concentrations from the cranium samples and 
the artificially degraded positive control, additional PCR reactions were carried out on these 
samples according to the Affymetrix recommendations for formalin-fixed, paraffin-
embedded (FFPE) samples, which are usually degraded (Affymetrix, 2006). 
 
After scanning, all blood and cranium samples were genotyped using the Genotyping 
Console software (Affymetrix). To obtain high-quality results, at least 44 samples should be 
genotyped together for a proper formation of clusters, but more is better (Affymetrix, 2008). 
This was solved by using data from 270 samples in the HapMap project (The International 
HapMap consortium, 2005) that had been analysed with the SNP Array 6.0. The HapMap 
data was freely available and contained fluorescence image files from 90 Northwest 
European, 90 Nigerian, 45 Chinese and 45 Japanese individuals.  
 
Because the three cranium samples and the degraded positive control did not pass the quality 
control in Genotyping Console, a second genotyping was performed without them. Bad 
performing samples may otherwise affect the performance of other, higher-quality samples, 
since the genotyping algorithm is based on clustering of all samples. 
 
The genotypes of reference genomic controls from different batches were compared to check 
the reproducibility of the assay. The concordance between the normal and the whole-genome 
amplified sample from the individual 2b was also checked, as well as the concordance 
between different cranium samples. No-calls (SNPs that had not been assigned genotypes) 
were not included in the comparisons. 
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3.4    Additional analyses of cranium samples 
 
To verify the presence of human mtDNA in the cranium extractions, a species determination 
was made by sequencing a part of the 16S rRNA gene as earlier described (Karlsson and 
Holmlund, 2007) using the pyrosequencing technique (Ronaghi et al., 1996). Pyrosequencing 
is a sequencing-by-synthesis technique, which uses the fact that pyrophosphate is released 
during the synthesis of DNA. One nucleotide is added at a time and a cascade of enzymatic 
reactions generates detectable light that is proportional to the number of incorporated 
nucleotides. The negative extraction control was also analysed. Genomic DNA from the 
individual 2b, diluted with water to 2 ng/µl, was used as positive control. 
 
To test whether the routinely used set of 15 STRs would be of any use on the degraded 
material, all cranium samples were analysed using the AmpFℓSTR Identifiler PCR 
amplification kit (Applied Biosystems). A protocol routinely used at the genetics department 
(Montelius et al., 2008) was followed. Briefly, the marker regions were PCR-amplified and 
labelled with fluorescent dyes, and alleles were defined through capillary electrophoresis on 
an ABI Prism 3100 Genetic Analyzer instrument (Applied Biosystems).  
 
To test whether male DNA was present, the samples were analysed for the Y-chromosomal 
SNP markers M78, M89 and M170 according to a previously described protocol (Karlsson et 
al., 2006) using pyrosequencing technique (Ronaghi et al., 1996).  
 
 
3.5    Development of a SNP panel 
 
54 unlinked autosomal SNP markers suitable for relatedness analysis were selected using the 
following criteria: 
 

1. The genetic distance between SNPs on the same chromosome should be >50 cM to 
avoid genetic linkage.  

 
2. SNPs should not be located in any known gene. This reduces the risk of getting 

unwanted information about heritable diseases or traits. 
 

3. SNP call rates should be >99% in the 270 HapMap samples and 100% in the 21 blood 
samples analysed in this study. The criterion was chosen to get a robust system with 
high probability of obtaining genotypes for all SNPs. 

 
4. SNPs should have a minor allele frequency >0.35 in all populations. Allele 

frequencies close to 0.5 make the SNPs as informative as possible in relatedness 
testing. 

 
5. Allele frequencies should not differ by >0.15 between any of the four populations 

represented among HapMap samples. Very similar allele frequencies in different 
populations make it possible to use the same frequencies in relationship calculations, 
regardless of which population the tested persons belong to.  
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6. A χ2 test for deviations from Hardy-Weinberg equilibrium should result in a p-value 
>0.05 (meaning no significant deviations). This is important since Hardy-Weinberg 
equilibrium is assumed in relatedness calculations. 

 
7. SNP cluster graphs should only contain well-defined genotype clusters. 

 
8. SNPs should not show any significant linkage disequilibrium. 

 
The filtration function in Genotyping Console was used to select candidate SNP markers 
with call rates >99%, Hardy Weinberg p-values >0.05 and an observed minor allele 
frequency >0.45 (among all the HapMap samples and the samples of this study). SNPs with 
allele frequencies close to 0.5 and very similar frequencies in all populations according to 
criteria 4 and 5 were then selected manually and checked for location in known genes using 
the Gene Sequence map in NCBI Map Viewer (http://www.ncbi.nlm.nih.gov/projects 
/mapview). Genetic positions in cM were found using the deCODE genetic map (Kong et al., 
2002), also in NCBI Map Viewer. Only SNPs >50 cM apart from each other were chosen. 
SNP cluster graphs in Genotyping Console were inspected to ensure that genotype clusters 
were well separated. 
 
To evaluate the possibility of combining the selected SNP panel with the 15 routinely used 
STRs, the 54 SNPs were checked for genetic linkage with the Identifiler STR panel using 
NCBI Map Viewer. 
 
In order to try the use of linked markers, 10 additional SNPs on the chromosomes 1-4 were 
selected according to the same criteria as above, except for criterion number 1. This resulted 
in a panel of totally 64 markers, with genetic linkage between markers on the mentioned 
chromosomes.  
 
Fisher’s exact test for linkage disequilibrium was carried out for the 64 markers using the 
software GDA (Lewis and Zaykin, 2001). Details about the test can be found in Appendix B.  
 
 
3.6    Statistical analysis 
 
Relatedness analysis was performed using the 54 selected SNPs and the Familias software 
(Egeland et al., 2000), and posterior probabilities were obtained. European allele frequencies 
reported by the International Hapmap project at NCBI Entrez SNP (http://www.ncbi.nlm. 
nih.gov/sites/entrez?db=snp) were used. A flat prior was used in all analyses.  
 
The following relations were tested on all parents and children presented in Table 3.1: 
 
      1.  M and AF are the biological parents of C against 
           M and another man are the biological parents of C 
 
      2.  AM and F are the biological parents of C against 
           F and another woman are the biological parents of C  
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The following relations were tested on all pairs of siblings: 
 
      1.  C1 and C2 are siblings against 
           C1 and C2 are unrelated 
 
      2.  C1 and C2 are half-siblings (sharing the same mother) against 
           C1 and C2 are unrelated 
 
The following relations were tested on the two grandchildren, 4a and 4b, of the missing 
woman (known to be first-cousins): 
 
      1.  C1 and C2 are first-cousins against 
           C1 and C2 are unrelated 
 
      2.  C1 and C2 are siblings against 
           C1 and C2 are unrelated 
 
      3.  C1 and C2 are half-siblings (sharing the same mother) against 
           C1 and C2 are unrelated 
 
No analyses were performed on the cranium samples since they failed to produce any 
interpretable results. Two paternity cases (the relations 1b - 1c and 1b - 1e) that did not reach 
a posterior probability of ≥99.99% and two sibling relations (1c - 1d and 1d - 1e) that also 
got low values were analysed for the panel of 54 markers plus the 10 additional markers 
using the software Merlin (Abecasis et al., 2002), which handles linked markers. Likelihoods 
were obtained and posterior probabilities were calculated using equation 2.2 and Microsoft 
Excel worksheets.  
 
 
3.7    Analysis of the X- and Y-chromosomes and mtDNA 
 
Probes for 36 865 X-chromosomal markers were present on the Affymetrix SNP Array 6.0. 
SNPs that showed any heterozygosity in men or had a minor allele frequency of <1% were 
removed, leaving 32 718 X-chromosomal SNPs. The genotypes of these were compared 
between fathers and daughters, as well as between unrelated men and women. Comparisons 
were made using in-house C# software. Men only have one allele at each locus whereas 
women have two. A locus was denoted as a mismatch if the male allele was not present in the 
woman he was compared to. 
 
257 Y-chromosomal and 110 mitochondrial SNP markers were available on the chip. These 
were compared to the haplogroup-defining Y-chromosomal and mitochondrial SNPs 
presented by Karafet et al (2008) and Behar et al (2008), respectively, in order to find out if 
any haplogroup-defining SNPs were present on the chip.  
 
SNPs that had a minor allele frequency of <1% or did not form well-separated clusters were 
removed from the analysis, leaving 185 Y-chromosomal and 85 mitochondrial markers. The 
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Y-chromosomal genotypes were compared between fathers and sons and between unrelated 
men. The mitochondrial genotypes were compared between mothers and children and 
between the two cousins 4a and 4b (who share the same maternal grandmother), as well as 
between unrelated persons. Loci with different alleles in two compared individuals were 
denoted as mismatches. 
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4    Results 
 
4.1    Laboratory quality controls 
 
Three quality controls were performed during the sample processing prior to microarray 
analysis: gel electrophoresis of PCR products, quantification of pooled PCR products and gel 
electrophoresis of fragmentation products. Additional controls were performed during the 
preparation of cranium samples. 
 
 
4.1.1    Blood samples 
 

After amplification with Titanium Taq polymerase, all PCR products had an average size 
distribution between 250 and 1100 bp, which they should have according to the 
manufacturer’s protocol. An electrophoresis gel with PCR products from some of the blood 
samples is shown in Figure 4.1. 
 
 

 
 

Figure 4.1  Electrophoresis gel after PCR amplification of samples from one of the families (Family 1) of the 
study. A-F represent the individuals 1a-1f presented in Table 3.1. Digestion products from the NspI and StyI 
reactions were amplified separately. Fragments have an average size of approximately 250-1100 bp. 
 
 
After pooling of NspI and StyI PCR products and purification with magnetic beads, the DNA 
concentration should be in the range 4.5-7.0 µg/µl. This was the case for all blood samples. 
The NanoDrop A260/A280 ratio was between 1.8 and 2.0 in all samples, indicating a high 
purity after the magnetic bead purification.  
 
After the fragmentation reaction, which was performed on the pooled and purified PCR 
products, the average fragment size should be smaller than 180 bp. This was true for all 
samples. An electrophoresis gel after fragmentation is shown in Figure 4.2. 
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Figure 4.2  Electrophoresis gel after the fragmentation of samples from Family 1. A-F represent the individuals 
1a-1f presented in Table 3.1. NspI and StyI amplification products have here been pooled. Fragments are <180 
bp. 
 
 
4.1.2    Cranium samples 
 

According to NanoDrop quantification, DNA was present in all cranium extractions. DNA 
concentrations are shown in Table 4.1. The negative control had a concentration of 3.1 ng/µl, 
but it appeared to be blank in the following analyses. 
 
 
Table 4.1. DNA concentrations obtained from NanoDrop measurements after extraction from bone powder. 
 

Sample DNA concentration [ng/µl] 
Frontal bone powder 26.4 
Frontal bone powder treated with bleach 6.7 
Occipital bone powder 15.1 
Occipital bone powder treated with bleach 5.4 
Frontal bone powder, second extraction (Cext) 63.3 
Negative control 3.1 

  
 
The gel after electrophoresis of artificially degraded DNA is shown in Figure 4.3. The 
samples that were treated with DNaseI for 2.5 min, 5 min and 10 min were visibly degraded, 
with fragment lengths of approximately 150-2000 bp, 100-500 bp and 75-200 bp, 
respectively. Only small differences could be seen for samples with shorter degradation 
times. The sample with fragment sizes of 100-500 bp was chosen as a degraded positive 
control for WGA and microarray analysis. 
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Figure 4.3  Electrophoresis gel after artificial degradation of DNA. Genomic DNA was degraded with DNaseI 
for A: 10 min, B: 5 min, C: 2.5 min, D: 1.5 min, E: 40 s and F: 10 s. A, B and C are visibly degraded, 
containing short DNA fragments. 
 
 
The electrophoresis gel after WGA can be seen in Figure 4.4. The negative control and the 
samples treated with bleach do not show any signs of DNA content. The occipital bone 
sample is weak, but the other cranium samples seem to be amplified.  
 
 

 
 

Figure 4.4  Electrophoresis gel after WGA. A and B: occipital bone, C: occipital bone treated with bleach, D 
and E: frontal bone, F: frontal bone treated with bleach. The positive control to the left had been artificially 
degraded whereas the one to right had not. Fragment sizes are >2000 bp. 
 
 
After PCR amplification with Titanium Taq polymerase, the degraded samples appeared to 
be amplified and in the correct size interval of 200 – 1100 bp, but they showed a more 
irregular distribution than non-degraded samples. A gel picture containing PCR products of 
the cranium samples is shown in Figure 4.5. 
 
 

 
 

Figure 4.5  Electrophoresis gel after PCR amplification of cranium samples, controls and blood samples from 
the cousins 4a and 4b. A: PWGA, B: 4a, C: 4b, D: Pdeg-WGA, E: Cext, F:  CWGA, G: Cbleach-WGA. The positive control 
denoted ‘+’ is the Reference 103. Fragments have an average size of approximately 250-1100 bp. 
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After pooling and purification, all samples had DNA concentrations in the range 4.5-7.0 
µg/µl except Cext, which had a concentration of 3.9 µg/µl. The A260/A280 ratio was between 
1.8 and 2.0 in all samples. 
 
After the fragmentation reaction, all samples had an average fragment size smaller than 180 
bp. An electrophoresis gel after fragmentation is shown in Figure 4.6. 
 
 

 
 

Figure 4.6  Electrophoresis gel after the fragmentation of cranium samples, controls and blood samples from 
the cousins 4a and 4b. A: PWGA, B: 4a, C: 4b, D: Pdeg-WGA, E: Cext, F:  CWGA, G: Cbleach-WGA. The positive control 
denoted ‘+’ is the Reference 103. Fragments are  <180 bp. 
 
 
4.2    Scanning and genotyping 
 
The scanning of microarrays resulted in fluorescence image files, which were then used for 
genotyping in the Genotyping Console software. 
 
 
4.2.1    Blood samples 
 

Fluorescence images were obtained from all samples. The image from the individual 2b is 
shown as an example in Figure 4.7a. An enlargement of the upper left corner, showing a 
pattern of oligonucleotide control reagent probes, is given in Figure 4.7b.  
 
Quality control values (QC-values) were generated by the Genotyping Console software, and 
all blood samples passed the quality control. The QC-value reflects the ability of the 
experiment to resolve SNP signals into genotype clusters (Affymetrix, 2008). The different 
genotypes should be well resolved to give a high QC-value. A sample passes the quality 
control if its QC-value is ≥0.4, and the mean QC-value in a batch of samples should be ≥1.7. 
QC-values for the blood samples are given in Table 4.2a. The mean QC-value was 2.49 
among the blood samples and 2.73 among the genomic controls (Reference 103, Affymetrix).  
  
The call rates, that is, the proportion of SNPs that were assigned a genotype, are also shown 
in Table 4.2a. The mean chip call rate was 99.29% among the blood samples and 99.60% 
among the genomic controls. 

 
 26



The mean concordance (which reflects the reproducibility) between two genomic reference 
control samples was 99.81%. The lowest observed concordance was 99.73%.  
 
 
4.2.2    Cranium Samples 
 

Fluorescence images from the degraded samples Cext, CWGA, Cbleach-WGA and Pdeg-WGA were 
darker than the images from non-degraded samples, indicating that less hybridisation had 
taken place. The oligonucleotide control reagent patterns were clearly visible. The image of 
the cranium sample Cext is shown in Figure 4.8a, and the upper left corner containing a 
control pattern is shown in Figure 4.8b.  
 
None of the cranium samples passed the quality control in the Genotyping Console software, 
nor did the degraded positive control. QC-values and call rates for the degraded samples are 
given in Table 4.2b. The three cranium samples were reported as male (due to a presence of 
Y-chromosomal SNP calls), but since QC-values were ≤0, the result is not to be trusted.  
 
In most cluster graphs, the degraded samples were outliers. An example is shown in Figure 
4.9. The three different cranium samples, although from the same individual, did not show 
any concordance. The two positive controls PWGA and Pdeg-WGA did not show any concordance 
either. The results were similar when only SNPs sited on short restriction fragments (50-200 
bp) were studied. Even when only SNPs on short fragments of mtDNA were sorted out, the 
samples continued to be outliers in the cluster graphs and the cranium samples did not 
resemble each other. The cranium samples were as different from the two alleged 
grandchildren as they were from all other samples, hence no conclusions could be made 
about the identity of the cranium.  
 
The concordance between the normal and the whole-genome amplified samples of the 
individual 2b was 98.93%.  
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a)            b)                                                                                       
 

    

 

 
 

Figure 4.7  Fluorescence image after scanning of a blood sample. a) Fluorescence image from the individual 
2b. Bright areas indicate hybridisation. The bright cross contains probes for copy number variation (not studied 
in this project) whereas the other areas contain probes for SNPs. Each SNP allele has probes in at least three of 
the quadrants. b) Enlargement of the upper left corner of the array, displaying a pattern of oligonucleotide 
control reagent probes.  
 
 
 
a)            b)                                                                                       
 

     
 

Figure 4.8  Fluorescence image after scanning of a cranium sample. a) Fluorescence image from the sample 
Cext, an extraction from unbleached frontal bone powder. The image is typical for the degraded samples. It is 
clearly darker than the images from blood samples, indicating less hybridisation. b) Enlargement of the upper 
left corner, displaying a normal pattern of oligonucleotide control reagent probes. The surrounding SNP probes 
are darker than the corresponding probes on blood sample arrays. 
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Figure 4.9  A SNP cluster graph containing all samples in this study plus 270 samples from the HapMap 
project. The degraded samples down to the left are clear outliers. For this particular SNP marker, two of the 
degraded samples were assigned genotypes whereas two were no-calls (pictured as crosses). However, genotype 
calls are not to be trusted if the QC-value falls below 0.4, which was the case with these four samples. The 
degraded samples were excluded from the final genotyping, since they otherwise could affect the performance 
of the other samples. 
 
 
 
Table 4.2  Quality control values (QC-values) and call rates obtained from the Genotyping Console software 
for all samples analysed on microarrays. QC-values should be ≥0.4 to pass the quality control. a) QC-values and 
call rates for blood samples. All samples had QC-values >0.4. b) QC-values and call rates for cranium samples 
and whole-genome amplified positive controls. PWGA (the sample from the individual 2b that had been diluted 
and whole-genome amplified) had a QC-value >0.4. 

 

              a)                 b) 
  

Sample QC-value Call rate  Sample QC-value Call rate 
1a 2.14 99.14  Cext -0.19 82.24 
1b 2.52 99.31  CWGA 0.00 79.70 
1c 2.31 99.19  Cbleach-WGA 0.00 80.31 
1d 2.31 98.64  PWGA 1.84 95.72 
1e 2.14 99.39  Pdeg-WGA -0.03 78.59 
1f 2.32 99.43     
2a 2.99 99.50     
2b 2.91 99.72     
2c 2.89 99.74     
2d 3.28 99.72     
2e 2.74 99.65     
2f 3.23 99.80     
2g 2.56 99.49     
2h 2.36 99.44     
3a 2.21 99.19     
3b 2.02 97.66     
3c 1.60 98.99     
3d 2.13 99.20     
3e 2.28 99.43     
4a 2.76 99.30     
4b 2.59 99.21     
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4.3    Additional analyses of cranium samples 
 
Species determination using pyrosequencing confirmed the presence of human mtDNA in the 
extraction from unbleached frontal bone powder. Only this sample and the positive control 
generated complete and correct sequences. The other cranium samples did not pass quality 
control, but a few small peaks were visible in the pyrograms, indicating that small amounts 
of human DNA may be present. The extracted negative control was blank. Pyrograms from 
the unbleached and bleached frontal bone samples are shown in Figure 4.10.  
 
 
                a)  
 

              

             b) 
 

 
 

Figure 4.10  Pyrograms from species determination, obtained through pyrosequencing a part of the 16S rRNA 
gene. Peak heights are proportional to the number of incorporated nucleotides. a) Pyrogram of the unbleached 
frontal bone sample. The obtained sequence is specific for human mtDNA (as reported by Karlsson and 
Holmlund, 2007). b) Pyrogram of the bleached frontal bone sample. The sample did not generate a complete 
sequence although some weak peaks are visible. 
 
 
The Identifiler STR analysis did not generate any interpretable results. The analysis of Y-
chromosomal SNPs did not show any results either, but it is not possible to tell whether it 
was because the samples were female or because they were too severely degraded for the 
analysis. 
 
 
4.4    SNP panel 
 
The selection of suitable SNPs resulted in a panel of 54 genetically unlinked markers: four 
markers each on chromosomes 1-3, three markers each on chromosomes 4-7 and two 
markers each on all the remaining autosomes. The entire list of SNPs in the panel, including 
their genetic positions, Hardy-Weinberg p-values and European allele frequencies, is given in 
Table C.1 of Appendix C. 
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If the panel is to be used as a supplement to the 15 routinely used STR markers, 15 of the 
SNPs need to be removed for the two panels to be genetically unlinked. Genetic positions of 
the 15 Identifiler markers and the SNPs in linkage with each marker can be viewed in Table 
C.2 of Appendix C.  
 
10 additional SNP markers on chromosomes 1-4 (in linkage with the 54-marker set) were 
also selected. The markers and their respective genetic positions, Hardy-Weinberg p-values 
and European allele frequencies are given in Table C.3 of Appendix C. 
 
 
4.5    Statistical analysis 
 
Using the 54-marker panel and the Familias software, posterior probabilities of parentage 
were ≥99.99% in all cases except the relations between 1b - 1c and 1b - 1e, which had 
posterior probabilities of 99.985% and 99.981%, respectively. Posterior probabilities of the 
26 tested parentage relations are shown in Table 4.3. When the 10 additional SNP markers 
were included and analysed using Merlin, the 1b - 1c and 1b - 1e relations got posterior 
probabilities of paternity of 99.99974% and 99.99912%, respectively. 
 
 
Table 4.3  Posterior probabilities of parentage in the three tested families (presented in Table 3.1), obtained 
when 54 unlinked SNP markers were analysed in the Familias software. 
 

Family 1   
 1a 1b 
  1c 0.9999978 0.99985 
  1d 0.99999931 0.9999948 
  1e 0.99999953 0.99981 
  1f 0.9999963 0.999983 
   
Family 2  
 2a 2b 
  2c 0.999999926 0.99999959 
  2d 0.99999978 0.99999973 
  2e 0.9999935 0.9999984 
  2f 0.99999976 0.99999985 
  2g 0.99999982 0.99999897 
  2h 0.9999985 0.99999982 
   
Family 3  
 3a 3b 
  3c 0.99999985 0.99999999927 
  3d 0.999999967 0.9999999971 
  3e 
 

0.999999988 
 

0.9999999976 
 

 
 
Using the 54-marker panel, the posterior probabilities of sibling relations, shown in Table 
4.4, were >99% in most cases and exceeded 99.99% in a third of the cases. The relations 
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between 1c - 1d and 1d – 1e got very low values (58.61% and 34.05%, respectively). This 
was not completely unexpected since siblings can be very different by chance. When the 10 
additional SNP markers were included, the 1c - 1d and 1d - 1e relations got posterior 
probabilities of 61.23% and 96.91%, respectively. 
 
Using the 54-marker panel, the posterior probability of a half-sibling relation exceeded the 
posterior probability of a sibling relation in 5 of the 24 pair-wise tests. Hopefully this will 
change if more markers are added. When the sibling and half-sibling hypotheses were tested 
on unrelated individuals, posterior probabilities of on an average 0.019% and 9.1% were 
obtained, respectively.  
 
 
Table 4.4  Posterior probabilities for pair-wise sibling relations. Posterior probabilities for half-sibling relations 
are shown in parentheses. In five of the relations (written in italics) the half-sibling relation got a higher 
probability than the sibling relation. 
 

Family 1      
 1c 1d 1e   
  1d 0.5861 (0.8518)     
  1e 0.99947 (0.9954) 0.3405 (0.8644)    
  1f 
 

0.9929 (0.9832) 
 

0.999908 (0.9983) 
 

0.9800 (0.9803) 
   

Family 2      
 2c 2d 2e 2f 2g 
  2d 0.9911 (0.9846)     
  2e 0.9872 (0.9672) 0.99943 (0.9887)    
  2f 0.9738 (0.9850) 0.999952 (0.9979) 0.99968 (0.9919)   
  2g 0.999978 (0.9982) 0.999975 (0.9983) 0.8365 (0.9427) 0.999931 (0.9983)  
  2h 
 

0.999942 (0.9986) 
 

0.99978 (0.9955) 
 

0.9986 (0.9829) 
 

0.9989 (0.9908) 
 

0.99942 (0.9938)
 

Family 3      
 3c 3d    
  3d 0.999938 (0.9956)     
  3e 
 

0.99982 (0.9968) 
 

0.99999985 (0.9996) 
    

 
 
The posterior probability of a cousin relation between 4a and 4b was 95.13%. Surprisingly, 
the posterior probabilities of sibling and half-sibling relations were higher: 99.79% and 
99.46%, respectively. The reason for this could be that the cousins have origins in a 
subpopulation (Saami) that may be a little different from the general Northwest European 
population, making them appear more closely related. Another possibility could be the 
existence of some unknown genetic relation between their fathers, which would make the 
women more similar than normal cousins. 
 
 
4.6    Analysis of the X- and Y-chromosomes and mtDNA 
 
Unexpectedly, between 10 and 31 mismatches were found when the X-chromosomes of 
fathers and their daughters were compared (that is, at 10-31 of the 32 718 loci, the allele of 
the father was not found in his daughter). This is probably due to genotyping errors. The 
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algorithm used by Affymetrix does not seem to be optimal for X-chromosomal markers 
because they are hemizygote in men. Almost all of the mismatching loci had SNP cluster 
graphs that did not show well-defined genotype clusters. It is likely that additional errors 
occurred that did not result in mismatches. When unrelated men and women were compared, 
an average of 4100 mismatches was found.  
 
Only a few haplogroup-defining SNPs were found to be present on the chip, and 
unfortunately these were of no use. The represented haplogroups are rare in Europeans, and 
none of the analysed samples belonged to any of them. 
 
The two fathers 1b and 3b had the same genotypes at all the 185 Y-chromosomal markers. 
The father 2b had an own type, differing from the other one at 88 loci. All sons had exactly 
the same types as their fathers, except the individual 2h who had one mismatch. This could 
be the result of a genotyping error but may also be caused by a mutation.   
 
There were seven different maternal lineages among the analysed samples, but only five 
different mtDNA types were found. The cousins (4a and 4b) had the same type as the 
individual 2a and her children and the individual 1b had the same type as 3a and her children. 
The five types differed at 1-10 of the total 85 loci. As expected, all children had exactly the 
same types as their mothers. The two cousins, who share the same maternal grandmother, 
also shared the same mtDNA type. 
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5    Discussion 
 
High-density microarrays like the ones manufactured by Affymetrix are powerful tools for 
genotyping hundreds of thousands of SNP markers in only a few days. Their main 
application is the mapping of human disease genes (Affymetrix, 2005), but the results of this 
study imply that they also can be a promising supplement to currently used methods in the 
analysis of genetic relatedness.  
 
The technique showed very good results with high call rates in the analysis of blood samples. 
The assay had a reproducibility of about 99.8%. This means that a few errors are likely to 
occur when large numbers of markers are studied, but it should be possible to decrease the 
risk of errors by only using SNPs that form well-defined genotype clusters.  
 
The analysis of DNA from the human cranium did not yield any interpretable results, not 
even in mtDNA. Relatively high DNA quantities were detected in the cranium extractions 
using NanoDrop, but this could be of bacterial or fungal origin and not necessarily human. 
The presence of human mtDNA could however be verified by pyrosequencing, but the 
material was apparently too damaged for microarray analysis as well as for routinely used 
methods. Human DNA that had been artificially degraded with DNaseI (with fragment sizes 
of 100-500 bp) did not produce any results either, and use of Affymetrix microarrays is thus 
not recommended for genotyping of degraded materials. On the other hand, the technique 
may be very useful for small amounts (~2 ng) of higher-quality DNA, since it performed well 
in combination with whole genome amplification. 
 
54 unlinked autosomal markers were selected that had high call rates, well-defined cluster 
graphs, allele frequencies close to 0.5 in all populations and no detectable deviations from 
Hardy-Weinberg or linkage equilibrium. Selection of more than about 54 SNPs is hazardous 
if genetic distances are to be ≥50 cM. The SNP panel was tested on families with known 
relations and the resulting posterior probabilities were slightly lower than the ones normally 
obtained with the routinely used STR panel. 10 additional markers were introduced and 
successfully analysed using the Merlin software, which handles linked markers, resulting in 
increased posterior probabilities.  
 
The use of linked autosomal markers is rather limited within forensic genetics, but it has a 
great potential to solve cases that cannot be solved with routinely used methods. It should be 
possible to select several hundreds of linked SNP markers based on criteria similar to the 
ones developed in this study, for use in more complex cases such as grandparent – 
grandchild, uncle – niece and half-sibling relations. Linkage disequilibrium would probably 
be the main challenge, since the ‘multiple-testing problem’ (discussed in Appendix B) makes 
it difficult to detect associations between single pairs of loci, and the problem increases as 
more markers are used. One approach may be to test the same set of markers in different 
random samples of the population, and then to exclude SNPs that show significant 
associations in several tests.  
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If a set of genetic markers should perform equally well regardless of population, it would 
have to be tested on more populations. Yet the freely available HapMap data represents a 
good starting point for selection of candidate universal SNPs.  
 
The results for the X-chromosome showed an unexpected difference between fathers and 
their daughters that seems too high to be caused by mutations. The appearances of the cluster 
graphs indicate that the mismatches are due to genotyping errors. As mentioned, a few errors 
are likely to occur when a lot of markers are studied, but the algorithm used by Affymetrix 
seems to have additional problems when handling the X-chromosomal markers, which are 
hemizygote in men. However, selection of SNPs with well-defined clusters should reduce the 
risk of erroneous results. It should not be a problem to select a smaller set of X-chromosomal 
markers according to the earlier discussed criteria for analysis with the Merlin software.  
 
No haplogroup-defining SNPs of value could be found on the chip. The Y-chromosomal and 
mitochondrial genotypes obtained by the SNP Array 6.0 technique can always be used for 
exclusions, but to confirm genetic relations with statistical security other methods should be 
used. A microarray for resequencing of the entire 16 kb mitochondrial genome is 
commercially available and may be of use (Affymetrix, 2005-2006), but the Y-chromosome 
is probably best studied with previously known methods such as STR-typing. 
 
The microarray used in this study contains a fixed set of SNP probes. Alternatives may 
include custom-made or in-house arrays where there is a possibility to only analyse SNPs 
known to be of interest. This would probably require a lot of knowledge and validation, but it 
may be of special interest since the Affymetrix array with more than 900 000 markers most 
likely contains a lot of undesired information about diseases and traits. Even though only a 
selection of ‘harmless’ SNPs is to be used, the information will still be available which is an 
important ethical concern. Custom-made arrays could also be useful for including 
haplogroup-defining Y-chromosomal and mitochondrial markers. 
 
In conclusion, microarrays appear to be very useful for analysis of genetic relatedness 
although some problems remain to be solved. The arrays that were evaluated in this study 
were not very suitable for analysis of Y-chromosomal or mitochondrial markers, and a lot of 
research and optimisation remains before it will be possible to analyse severely degraded 
materials. X-chromosomal markers may be of great use, but need to be carefully selected 
because of the properties of the available algorithm. However, for high-quality starting 
materials there is a great potential to select the hundreds, if not thousands, of autosomal 
markers that may be required in complex relationship tests. The biochemical and technical 
tools are apparently available, and the main future challenge is likely to be the statistical 
handling of large numbers of markers, for example regarding linkage disequilibrium.  
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Appendix A 
 
The reagents and equipment used in this study were obtained from the following vendors: 
 
Affymetrix, Santa Clara, USA. http://www.affymetrix.com. 
 
Agencourt, Beverly, USA. http://www.agencourt.com. 
 
Applied Biosystems, Foster City, USA. http://www3.appliedbiosystems.com. 
 
Clontech, Mountain View, USA. http://www.clontech.com. 
 
Millipore, Billerica, USA. http://www.millipore.com. 
 
Molecular Probes, Paisley, UK. http://www.invitrogen.com/site/us/en/home/brands 
/Molecular-Probes.html. 
 
New England Biolabs, Ipswich, USA. http://www.neb.com. 
 
Promega, Madison, USA. http://www.promega.com. 
 
Qiagen, Hilden, Germany. http://www1.qiagen.com. 
 
SPEX CertiPrep, Metuchen, USA. http://main.spexcsp.com. 
 
Thermo Fisher Scientific, Wilmington, USA. http://www.nanodrop.com.  
 
Vector Laboratories, Burlingame, USA. http://www.vectorlabs.com. 
 

 
 43



 

 
  
 
 



Appendix B 
 
Fisher’s exact test for linkage disequilibrium was carried out using the software GDA (Lewis 
and Zaykin, 2001). The genotypes of 30 individuals were included: 7 unrelated individuals 
from this study along with Reference 103 (Affymetrix) and 22 randomly chosen HapMap 
individuals. Pair-wise tests of the 64 SNP markers resulted in a total of 2016 comparisons. In 
such an analysis, the ‘multiple testing problem’ needs to be taken into account (Zaykin et al., 
2002). In a single comparison, a p-value of less than 0.05 would normally be considered 
significant and interpreted as evidence for linkage disequilibrium between the two compared 
markers. However, when performing multiple tests about 5% of these are expected to give 
significant results purely by chance alone.  
 
About 5% of the tests in this study generated p-values less than 0.05. Hence the number of 
significant p-values is not larger than would be expected if no linkage disequilibrium existed.  
 
A common way to deal with the multiple testing problem is to carry out a Bonferroni 
correction of the significance level (Evett and Weir, 1998). This means that the significance 
level, α, is decreased to α/N where N is the number of performed tests. In this case, the 
corrected significance level is 
 

 51048.2
2016

05.0  . 

 
No p-value of this study fell below the corrected significance level and no linkage 
disequilibrium could thus be detected. However, the Bonferroni method is probably not 
optimal for such large numbers of tests, and regardless of method it will be difficult to detect 
true associations between single pairs of alleles. One approach may be to perform the above 
statistical test several times with the same set of markers but on different random samples of 
the population. If any pair of SNPs shows significant associations in several tests, then one in 
the pair should be excluded from the panel. 
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Appendix C 
 
Table C.1  Panel of 54 unlinked SNPs selected for this study. Genetic positions were obtained from the 
deCODE genetic map in NCBI Map Viewer, Hardy-Weinberg p-values were calculated in the Genotyping 
Console software (Affymetrix) and European allele frequencies were obtained from NCBI Entrez SNP. Allele 
bbreviations A, C, G and T refer to the bases adenine, cytosine, guanine and thymine, respectively. a  

Short 
code  

rs ID 
 
 

Chromosome
 
 

Genetic position
[cM] 
 

Hardy- 
Weinberg 
p-value 

European allele 
frequencies 
 

S1 rs1490413 1 6.15 0.559 A 0.425 G 0.575 
S2 rs2792780 1 78.26 0.718 G 0.508 T 0.492 
S3 rs6678095 1 190.11 0.558 C 0.442 T 0.558 
S4 rs9442211 1 256.25 0.743 C 0.517 T 0.483 
S5 rs891255 2 13.26 0.280 C 0.600 T 0.400 
S6 rs964992 2 70.12 0.482 C 0.558 T 0.442 
S7 rs1446609 2 206.30 0.908 G 0.517 T 0.483 
S8 rs1864868 2 259.20 0.682 C 0.525 G 0.475 
S9 rs4684670 3 2.32 0.478 A 0.550 T 0.450 
S10 rs358886 3 75.77 0.751 C 0.543 T 0.457 
S11 rs11709640 3 133.94 0.413 C 0.567 G 0.433 
S12 rs3796283 3 202.15 0.412 C 0.567 T 0.433 
S13 rs1751848 4 3.70 0.457 A 0.483 G 0.517 
S14 rs10516885 4 99.65 0.426 A 0.450 G 0.550 
S15 rs1554472 4 151.75 0.322 C 0.500 T 0.500 
S16 rs11134032 5 10.82 0.581 A 0.483 G 0.517 
S17 rs9314208 5 109.27 0.552 A 0.483 G 0.517 
S18 rs852739 5 166.29 0.292 C 0.492 T 0.508 
S19 rs4389803 6 8.12 0.940 A 0.542 G 0.458 
S20 rs6900780 6 120.23 0.844 A 0.500 G 0.500 
S21 rs4708582 6 187.47 0.349 C 0.508 T 0.492 
S22 rs10252183 7 7.51 0.718 C 0.517 G 0.483 
S23 rs4729068 7 103.34 0.800 G 0.450 T 0.550 
S24 rs4960697 7 177.77 0.522 A 0.417 G 0.583 
S25 rs2408057 8 11.96 0.363 C 0.525 T 0.475 
S26 rs10955513 8 115.21 0.347 C 0.525 T 0.475 
S27 rs913416 9 30.52 0.556 C 0.475 T 0.525 
S28 rs4837710 9 127.75 0.602 A 0.475 G 0.525 
S29 rs10903646 10 4.94 0.552 C 0.525 T 0.475 
S30 rs4307646 10 174.96 0.907 A 0.483 G 0.517 
S31 rs10839598 11 10.79 0.649 A 0.456 C 0.544 
S32 rs1873873 11 139.95 0.355 C 0.550 T 0.450 
S33 rs734075 12 13.22 0.691 A 0.542 C 0.458 
S34 rs11060771 12 165.54 0.816 A 0.542 G 0.458 
S35 rs6490872 13 10.71 0.994 C 0.500 T 0.500 
S36 rs2873580 13 123.71 0.672 C 0.534 T 0.466 
S37 rs6574300 14 20.21 0.291 A 0.458 G 0.542 
S38 rs11628812 14 92.19 0.743 G 0.567 T 0.433 
S39 rs8037429 15 51.30 0.208 C 0.508 T 0.492 
S40 rs6598458 15 123.98 0.190 A 0.408 G 0.592 
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Table C.1  Continued. 
 

Short 
code  

rs ID 
 
 

Chromosome
 
 

Genetic position
[cM] 
 

Hardy- 
Weinberg 
p-value 

European allele 
frequencies 

 
S41 rs1532927 16 21.46 0.780 A 0.400 G 0.600 
S42 rs4889107 16 100.97 0.315 A 0.558 G 0.442 
S43 rs4791969 17 29.73 0.640 A 0.467 G 0.533 
S44 rs49789613 17 108.91 0.861 A 0.475 T 0.525 
S45 rs2027667 18 20.10 0.490 C 0.559 T 0.441 
S46 rs664358 18 94.59 0.920 C 0.558 T 0.442 
S47 rs873289 19 0.51 0.645 C 0.517 T 0.483 
S48 rs10421563 19 105.71 0.727 A 0.533 G 0.467 
S49 rs6108021 20 24.59 0.646 G 0.542 T 0.458 
S50 rs6101183 20 98.62 0.517 C 0.467 T 0.533 
S51 rs4541312 21 3.86 0.560 C 0.508 G 0.492 
S52 rs6518252 21 65.59 0.393 C 0.508 G 0.492 
S53 rs2058119 22 2.97 0.939 A 0.467 G 0.533 
S54 rs4605480 22 68.81 0.691 C 0.425 T 0.575 

 
 
 
Table C.2  STR markers of the Identifiler kit (Applied Biosystems) and their genetic positions according to the 
deCODE genetic map. 15 of the 54 SNPs in this study are in genetic linkage with the Identifiler panel according 
to the cM measures. 
 

STR locus  Chromosome Genetic position [cM] SNPs in linkage 
CSF1PO 5 144.60 S17, S18 
D7S820 7 97.88 S23 
D8S1179 8 129.33 S26 
D21S11 21 16.63 S51, S52 
D2S1338 2 217.01 S7, S8 
D3S1358 3 69.28 S10 
D13S317 13 64.15 - 
D16S539 16 122.49 S42 
TH01 11 1.99 S31 
D18S51 18 87.91 S46 
D19S433 19 50.82 - 
TPOX 2 3.69 S5 
vWA 12 16.71 S33 
D5S818 5 127.30 S17, S18 
FGA 4 149.87 S15 
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Table C.3  10 additional SNP markers on chromosomes 1-4. The 10 SNPs are in genetic linkage with the 54-
marker panel shown in Table C.1. 
 

Short 
code  
 

rs ID 
 
 

Chromosome
 
 

Genetic position
[cM] 
 

Hardy- 
Weinberg 
p-value 

European allele 
frequencies 
 

S55 rs2744649 1 24.45 0.640 A 0.475 G 0.525 
S56 rs4839282 1 130.90 0.562 A 0.533 T 0.467 
S57 rs10863404 1 224.61 0.861 A 0.567 T 0.433 
S58 rs11127273 2 53.63 0.815 A 0.500 T 0.500 
S59 rs7579747 2 158.15 0.905 A 0.550 G 0.450 
S60 rs1014680 2 214.62 0.726 A 0.558 G 0.442 
S61 rs6782967 3 22.35 0.855 A 0.600 G 0.400 
S62 rs6787506 3 183.07 0.908 G 0.492 T 0.508 
S63 rs7666965 4 34.97 0.707 C 0.500 G 0.500 
S64 rs2726684 4 111.26 0.908 C 0.500 T 0.500 
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